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In this study, individual and copyrolysis experiments were performed with pressed neem oil cake (NOC) and waste thermocol
(WT) to produce high grade liquid oil. The effects of reactor temperature, heating rate, feed ratio, and reaction time on product
yields were investigated to identify the optimum parameters for maximum oil yield. The maximum oil yield of 49.3 wt%,
73.4 wt% and 88.5wt% was obtained from NOC pyrolysis, copyrolysis, and WT pyrolysis under optimized conditions. During
copyrolysis, the maximum oil product was obtained under NOC/WT ratio of 1:2 and at the temperature of 550°C. The liquid
oils obtained from thermal and copyrolysis were subjected to detailed physicochemical analysis. When compared to biomass
pyrolysis, the copyrolysis of WT and NOC had a substantial improvement in oil properties. The copyrolysis oil shows higher
heating value of 40.3 MJ/kg with reduced water content. In addition to that, the copyrolysis oil obtained under optimized
conditions is analyzed with Fourier transform infrared spectroscopy (FT-IR) and Gas chromatography-mass spectrometry
(GC-MS) analysis to determine the chemical characterization. The analysis showed the presence of aliphatic and aromatic
hydrocarbons in the oil.

1. Introduction

The need for energy in developing countries due to popula-
tion growth leads to a shortage of resources. The necessity of
renewable energy sources and efficient technologies for con-
verting renewable sources into alternative fuels has now
been recognized by the scientific community [1]. As a result,

solar, hydro, wind, and biomass play an essential role in
increasing renewable energy security with reduced pollution.
The utilization of low polluting fuels like biomass has
attracted more attention nowadays [2]. Furthermore, by
2035, biomass sources have the potential to contribute about
10% of global total energy consumption and biofuels will
account for approximately 27% of global transportation fuels
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[3]. Biomass is a potential source that is now being used in
all energy sectors to replace fossil fuels. Agricultural residues
are the kind of biomass from which valuable chemical ele-
ments and energy rich fuels can be extorted by various ther-
mochemical conversion processes [4]. Biomass has many
advantages, including low sulphur content and zero CO,
emissions during recycling [5]. Various physical, chemical,
and biological conversion processes are used to transform
biomass into liquid, solid, and gaseous biofuel [6]. The main
reason for biomass utilized for energy recovery is due to its
low cost, year round availability, and higher conversion effi-
ciency. Biofuels, in general, make no contribution towards
CO, accumulation in the atmosphere [7].

Plastics are used for a variety of applications and are
growing more popular every year as a result of their various
advantages. But recycling and disposal are the two main dis-
advantages and are challengeable. Disposal and conversion of
solid plastic waste are complicated one for most developing
countries [8]. Plastics in various forms, such as low density
polyethylene, polyethylene terephthalate, polyvinyl chloride,
and polystyrene, are mostly produced for single use and
accumulate in the world in huge volumes. They are waste
commodity plastics becoming more prevalent. They dissolve
slowly in the soil and contaminate it. So it should not be
disposed of through the land filling method. They are not
biodegradable, and it takes more than 400 years to break
them down [9]. Currently, less than 9% of total plastic waste
is physically recycled, 12% is burned, and the remainder ends
up in landfills and the oceans [10]. It is a transparent mate-
rial, but sometimes colourants can be added to it to make it
colourful. It is thermally resistant, light in weight, inexpen-
sive, and strong, making it suitable for a variety of applica-
tions. It is generally called polystyrene or thermocol which
is recyclable and comes in two different types, such as
expanded and solid.

The two possible sources for the production of alternative
fuels are biomass and waste polymers. Pyrolysis, hydropyro-
lysis, and catalytic cracking are the common techniques used
for the conversion of wastes into valuable fuels. Among other
thermochemical conversion techniques, pyrolysis is a hope-
ful option due to its ease of operation and higher oil yield
[11]. It is a thermal degradation process of feedstocks in
which the biopolymers are broken down at elevated temper-
ature in an oxygen-deficient environment to generate energy
rich liquids, charcoal, and gaseous products [12]. Reactor
temperature, pretreatment of the raw material, particle size,
and heating rate of the reaction had an impact on the yield
of the biofuel produced during pyrolysis. At lower tempera-
ture (<300°C), higher solids are formed. The breakdown of
the existing glycosidic linkages in the polysaccharide struc-
tures generates mixes of levoglucosan, anhydrides, and oligo-
saccharides when the pyrolysis temperature is 300-450°C.
Acetaldehyde, glyoxal, and acrolein chemicals are generated
when the pyrolysis process is performed at temperatures
more than 450°C [13]. Biofuel from biomass can be obtained
through catalytic and noncatalytic processes. The compo-
nents obtained from these processes are a combination of
acids, alcohols, and phenols. Hydrocarbon in the oil can be
obtained through synergistic effect and thermal cracking of
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biomass [14]. According to this study, the oil product
obtained through the pyrolysis of palm oil empty fruit bunch
can be considered an energy rich alternative fuel. Biofuels
produced by biomass pyrolysis have some drawbacks,
including higher oxygen content, poor heating value, and
corrosive in nature. Pyrolysis of biomass combined with
polymer is an efficient way for the production of energy rich
synthetic liquid fuel by increasing the feedstock’s total H/Ceft
[15]. It could adjust carbon, hydrogen, and oxygen content
prominent to positive synergistic effects. Jatropha, Mahua,
Karanja, Sorghum, and Kusum are the dedicated energy
plants widely available in India for the production of biofuels.
These plants are generally grown all over the world. The ben-
efits of pyrolysis of different oil seed cakes have been reported
in several studies [16-18]. A huge amount of solid waste is
produced every year as pressed oil cake, which is the outcome
of the oil industries.

Azadirachta indica is a versatile medicinal plant with a
broad range of biological activities. It is commonly called
as neem tree and is cultivated in every part of the Indian
subcontinent. All parts of the tree have been utilized as tra-
ditional medicine for household remedies against a variety
of human illnesses [19]. The neem seed has a maximum
oil content of 40-50% by weight and is primarily used to
produce almost 3.5 lakhs tonnes of oil every year [20]. Neem
oil is usually used for various medicinal purposes, and part
of it is used for the production of biodiesel through various
chemical processes. NOC is considered an imperative agro
industrial by-product of the oil industry and is available in
plenty. The WT utilized in this study is expanded polysty-
rene, which is widely manufactured across the world and
used in a variety of purposes, including packaging, dispos-
able cups, and insulators. However, once recycled, expanded
polystyrene foam waste loses its foam qualities. It is feasible
to re-gas recovered polystyrene, but this increases the cost of
the product compared to virgin material [21]. The majority
of WT trash is disposed by land filling, which is not environ-
mentally friendly because WT is not biodegradable [22]. The
copyrolysis of biomaterial with polymer is simple, cost-effec-
tive, and produces high-quality liquid products [23]. When
compared to individual pyrolysis, the copyrolysis process
yields more oil due to its synergistic effect [24]. Many
researchers have investigated the copyrolysis of many poly-
meric materials with various biomass [25]. Shadangi and
Mohanty [26] used a fixed bed reactor to copyrolyze Karanja
and Niger seeds with thermocol under a 2:1 blending ratio
to generate maximum oil with improved heating value.
Mohapatra and Singh [27] examined the effects of process
parameters and blending ratio on product yield by utilizing
sugarcane bagasse and waste thermocol. When compared
to biomass pyrolysis oil, the copyrolysis oil has a higher
heating value, carbon, and hydrogen content [28].

To the best of the authors’ knowledge, no study has been
published on the pyrolysis of NOC blended with WT to pro-
duce pyrolysis oil. The aim of this study is to explore the
pyrolysis technique as an effective and ecologically responsi-
ble way to dispose of WT along with NOC by transferring
them into value-added compounds. In this study, experi-
ments were conducted under different temperature, heating
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rate, and blending ratios to investigate the effects on end
products. With the aim of utilizing polymeric materials with
biomass for the production of energy rich biofuel, WT pel-
lets were mixed with NOC under different blending ratios.
The pyrolysis oil obtained from thermal and copyrolysis
was subjected to a detailed physicochemical analysis. In
addition to that, a detailed chemical analysis was done on
copyrolysis oil to identify the various chemical compounds
present in the oil. The results obtained in this study offer a
fundamental understanding of WT pyrolysis and present a
novel waste reduction and hazard mitigation strategy.

2. Materials and Methods

The pressed neem cakes were collected from local oil mills
located in Coimbatore, India. In order to remove the traces
of oil and moisture, the material was dried in direct sunlight
for one week. The WT sheets were collected from a local ven-
dor. Before conducting pyrolysis experiments, NOC were
cleaned carefully. After cleaning, they were air dried in the
sunlight for a week. The material was further milled in a ball
mill to prepare it for further analysis. In order to prepare for
proximate and component analyses, the material was dried in
an oven maintained at +100°C for 45 minutes. The NOC
used for pyrolysis was maintained at 0.5 to 1.0 mm. WT used
for this study was heated at +120°C for 60 min in an oven and
then powdered using a hammer mill. NOC and WT granules
were stored in airtight polythene containers until they were
used for a further study.

2.1. Characterization. The proximate analyses of the selected
feedstocks were performed in accordance with ASTM stan-
dards. The concentrations of carbon, hydrogen, nitrogen,
and sulphur were analyzed using an Elementar Vario EL-
III analyzer. The difference between the total compositions
was used to determine the oxygen concentration of the sam-
ples. The heating value of the materials was calculated by
Dulong using equations (1) and (2) proposed by Madhu
et al. [29].

338.2x C +1442.8 x (H — (O/8))
1000

, (1)

HHV ., (MJ/kg) =

LHV 4, (MJ/kg) = HHV - (0.218 x H). (2)

The BRUKER Optik FT-IR spectrometer was employed
to identify the functional groups of the oil sample. The spec-
troscopy collected the spectral with the range of 500-
4000cm™. A THERMO GC-TRACE ULTRA VER: 5.0,
equipped with a THERMO MS DSQ-II analyzer, was used
for the analysis of total chemical elements. The temperature
of the column was initially set at 70°C and then increased
to 300°C at a rate of 15°C/min. The spectra in this study were
collected at 40-650m/z.

2.2. Experimental Setup. The pyrolysis and copyrolysis
experiments were conducted in a stainless steel tubular reac-
tor (L: 15cm, ID: 10 cm). The reactor was heated electrically
and insulated perfectly using mineral wool and Chromel-
Alumel. The temperature of the reactor was controlled by

PID a controller and measured with the help of thermocou-
ples fixed at two different points within the reactor. The con-
denser unit was connected with sufficient ice water
maintained at 5°C. For each run, the reactor was packed with
50g of feedstock. The evolved gas condensed at the con-
denser was collected and stored in a borosilicate bottle. In
order to separate the oil from the aqueous phase, the col-
lected liquid was centrifuged at 3000 rpm. Figure 1 shows
the reactor used for the study.

2.3. Experimental Procedure. In this study, three different
series of tests were carried out. In the first series, the pyrolysis
of NOC was performed to identify the optimum pyrolysis
temperature for maximum oil yield by changing the reactor
temperature from 350 to 550°C. The temperature range
selected for this analysis was based on the thermal decomposi-
tion behavior of NOC obtained through TGA analysis. A max-
imum weight loss of 75.5% was obtained at temperatures
ranging from 350 to 550°C. The next set of tests deals with
determining the effect of heating rate on the pyrolysis yield
of the NOC sample by varying the heating rate from 10 to
40°C/min. In the third series, the copyrolysis experiments on
NOC and WT were performed (1:1 ratio) by keeping the
reactor temperature at 500°C with 20°C/min heating rate.
The fourth set of readings was taken by varying the blend
ratios of NOC:WT as 1:0,2:1,1:1,1:2,and 0:1 at 550°C.
These experiments are also conducted at 20°C/min heating
rate. To collect the condensable vapours, the condenser was
attached to a flask. The amount of char that remained was also
found. The material balance method was utilized to determine
the weight of noncondensable gas products.

Amount ofoil
ivi o) = OO0 3
Oil yield (wt%) Total feed (3)
Amount of char
. o) — 4
Char yield (wt%) Total feed (4)
Gasyield (wt%) = 100 — (oil yield + char yield). (5)

3. Results and Discussion

3.1. Feedstock Characterization. The results of proximate
and component analysis of NOC and WT samples are pre-
sented in Table 1. From the analysis, it is evident that the
selected material contains a large amount of volatiles, which
gives anticipation for the production of higher liquid oil. The
total hydrocarbon content for NOC is found to be 56.89 wt%
with H/C and O/C ratio of 1.21 and 0.577, respectively. The
heating value of the NOC is found to be 17.92 M]J/kg which
is nearer to pressed rubber seed oil cake (19.58 MJ/kg) [30],
rapeseed oil cake (19.49 M]/kg) [31], and sesame oil cake
(19.78 MJ/kg) [32]. The presence of ash in NOC is found
to be lower (5.32wt%) than Madhuca Indica oil cake
(14.63 wt%), Jatropha oil cake (8.07 wt%), Pongamia pinnata
oil cake (10.17 wt%) [33] and rubber seed oil cake [30].

3.2. Thermogravimetric Analysis of NOC and WT. The
results of TGA analysis are shown in Figure 2 which shows
the weight loss curves of NOC and WT. The curve shows
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F1GURE 1: Reactor setup.

TaBLE 1: Feedstock characteristics.
Parameters NOC WT
Proximate analysis in wt%
Volatile matter 78.25 98.18
Fixed carbon 8.91 0.49
Moisture content 7.52 0.24
Ash 5.32 1.09
Ultimate analysis in wt%
Carbon 51.62 89.2
Hydrogen 5.27 8.82
Nitrogen 3.1 0.01
Oxygen® 39.7 1.97
Sulphur 0.31 —
H/C ratio 1.21 1.10
O/C ratio 0.577 0.37
Empirical formula CH, 51 Ng 050057 CH, 10Ng 790003

Heating value in MJ/kg 17.92 40.49

“By difference.

the thermal degradation curves of the feedstock materials
heated at 10°C/min. The results reveal that the total break-
down of the biomass takes place primarily in three stages:
moisture removal, devolatilization, and char formation.
10% of mass loss occurred at temperatures up to 250°C,
which reflects the evaporation of moisture content and low
molecular weight components. A considerable portion of
NOC (65wt%) disintegrated in three stages between 250°C
and 450°C, owing to predominantly cellulose and hemicellu-
lose decompositions. The conversion of NOC into carbon
residue occurs in the last stage at 500°C to 700°C. The decom-
position of lignin causes around 15% of the mass loss at this
stage. After 500°C, the material exhibits steady straight line
degradation, indicating lignin breakdown, and this is referred
to as passive pyrolysis. For WT, the structure is not as com-
plicated as biomass. The curve revealed that considerable
mass loss was found in a single phase [34]. The figure shows
the deterioration of WT begins at 370°C and ends around at
500°C, with considerable weight loss of 96%, which is
referred to as active pyrolysis zone. At 700°C, the residual
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mass was found to be 2 wt% and the result was verified with
other reports [35, 36].

3.3. Pyrolysis Behavior of NOC. According to the TGA pro-
file, the active pyrolysis of NOC takes place between 200°C
and 550°C. As a result, NOC pyrolysis was conducted at
the active pyrolysis temperature of 350°C to 550°C with
50°C temperature interval. Process temperatures and heating
rates were investigated for their impact on product yield and

quality.

3.3.1. Influence of Pyrolysis Temperature. The results for the
first series of experiments are given in Figure 3. The tests
were conducted on a fixed temperature of 350 to 550°C. By
increasing the reactor temperature, the char products
decreased but the gas yield increased, indicating that pyroly-
sis continued faster at a higher temperature. However, the
gas yield did not change much until the temperature reached
500°C. At 500°C, the higher oil production of 46.6 wt% was
recorded. The TGA curve shown in Figure 2 can be used
to explain the declining trend of oil yield with respect to
temperature. Around 375°C, the breakdown of hemicellu-
loses and cellulose is completed, as shown in the TGA curve.
The breakdown of lignin is promoted at higher temperature,
yielding the majority of char [37]. It is due to the fact that
the rate of generation of condensable products by lignin
breakdown is slower than the rate of breaking of condens-
able products into noncondensable gases above 500°C.
Hence, the yield of noncondensable gas products reached
maximum after 500°C. According to the findings, the oil
yield increased from 31.4 wt% to 46.6 wt% when the temper-
ature is increased from 350°C to 500°C. Beyond 500°C, the
yield decreased to 42.5wt%. It is also confirmed with the
previous studies [38, 39]. With increasing pyrolysis temper-
ature, a continuous decrement of char yield was recorded.
The yield was 46.1 w% at 350°C and reduced to 25.0 wt%
at 550°C. The total time for complete reaction was dropped
from 66 minutes at 350°C to 34 minutes at 550°C, showing
that higher temperature releases more volatiles in short
duration [40].

3.3.2. Influence of Heating Rate. The pyrolysis yield of NOC
with respect to heating rate is revealed in Figure 4. The
results showed a reduction in char from 31.9wt% to
28.4wt% when the heating rate was increased from 10 to
40°C/min. However, increasing the heating rate from 10 to
20°C/min increases the oil production from 48.1 to
49.3 wt%. The yield of oil is further reduced with the increase
of heating rate from 49.3 wt% (20°C/min) to 45.7 wt% (40°C/
min). At higher heating, the yield of gas was high (25.9 wt%)
and low at 10°C/min (20.0 wt%). The increased gas yield
with a reduction in char at a higher heating rate is the effect
of rapid depolymerization of solid components and the pro-
duction of noncondensable gases during rapid heating [41].
With an increased heating rate, the total time required for
a complete reaction was decreased from 51 minutes to 30
minutes. From Figure 4, it is clearly understood that the
maximum oil product of 49.3 wt% was obtained from NOC
at an optimum process temperature of 500°C and at 20°C/
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min heating rate. Based on the results, the copyrolysis char-
acteristics were conducted by keeping the reactor at fixed
temperate under 20°C/min heating rate.

3.4. Copyrolysis with Waste Thermocol. In order to find the
possible improvements in pyrolysis product yields and prop-
erties, copyrolysis of NOC and WT was performed at 1:1
ratio. Figure 5 depicts the influence of reactor temperature
on WT pyrolysis. Up to 550°C, there was possible increment
in oil yield and decrement in char and gas yield. The char
and gas products reduced from 35.7wt% and 28.2wt% to
25.6wt% and 17.8wt% with increased temperature from
350 to 550°C. The maximum oil production is recorded at
a temperature of 550°C. Further increments in temperature
reduce oil yield with increased gas fractions. The decrement
in oil yield is endorsed by the increment in gas products. The
increased oil yield is mostly attributable to the synergistic
effect of NOC and WT owing to radical interaction [42].
Several studies have also reported that the highest tempera-

ture for copyrolysis is 550°C [43, 44]. Based on this result,
the copyrolysis of NOC and WT was conducted at 550°C
by varying the blending ratios of 1:0, 2:1, 1:1, 1:2, and
0:1 at 20°C/min.

3.5. Effect of Blending Ratio. Figure 6 shows the effect of
addition of WT blend with NOC on the pyrolysis reaction.
The copyrolysis experiments were conducted at the optimum
conditions mentioned previously. In order to access the pro-
duction distributions at different blendings, the blending
ratio of NOC to WT was changed as: 1:0, 2:1, 1:1, 1:2,
and 0:1. The addition of WT with biomass enhanced the
yield of oil from 40.2 wt% (1:0 ratio) to 73.4 wt% (1:2 ratio).
The gas and char yield from the smaller ratio were found to
be 30.8 wt% and 29.0 wt%, respectively. Similar results were
reported for sugarcane bagasse, rubber cake, palm shell, and
Karanja blending with waste thermocol [26, 27, 29]. The aro-
matic content in WT attributed to a synergistic effect leads to
maximum oil production. Furthermore, it is endorsed for the
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TaBLE 2: Comparison of oil properties.
Properties NOC pyrolysis oil Copyrolysis oil WT pyrolysis oil Diesel
Density 1105 1005 995 780 at 15°C
Viscosity at 40°C 13.1 4.28 4.14 13-3.3 at 50°C
Flash point 112 72 69 75
pH 42 44 44 —
Water content (wt%) 21.5 2.0 — —
TasLE 3: Copyrolysis oil properties obtained at different blending ratios.
Items Ratio of NOC to WT Diesel
1:0 2:1 1:1 1:2 0:1
C 70.04 74.3 77.3 80 83.5 84-87
H 7.3 7.9 8.2 9.5 10.3 11-15
N 0.62 0.59 0.41 0.34 0.28 0.01-0.03
S 0.03 0.03 0.02 0.01 0 —
(@) 22.01 17.18 14.07 10.15 5.92 —
H/C 1.241 1.266 1.264 1.414 1.469 —
0o/C 0.235 0.173 0.136 0.095 0.053 —
Empirical formula CH, 54N00070025  CHi56N0.0060017  CH126N0.00400.013  CH1.41N00030000  CH1.46N0.00200.053
Heating value in MJ/kg 304 37.6 383 40.3 42.0 45-46
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FiGure 7: FT-IR analysis of copyrolysis oil.

transfer of hydrogen molecules from WT to biomass to pro-
duce maximum oil products [45]. From Figure 6, it is clearly
visible that the maximum oil product of 73.4wt% was
obtained at 1:2 blend ratio and 88.5 wt% of oil was obtained
from the thermal pyrolysis of WT.

3.6. Characterization Study

3.6.1. Physical Properties. The properties of individual and
copyrolysis liquid oil acquired from NOC and WT (1:2
ratio) are displayed in Table 2. The results showed had better
characteristics on copyrolysis oil than NOC thermal oil. Bio-

mass derived liquid oil contains water contents, but the
copyrolysis oil was water-free. This indicates that the copy-
rolysis process showed improved water and soluble chemical
separation from the oil/organic phase. The viscosity was
decreased to 4.28 cSt, and the value is proportional to the
addition of WT. There is no major difference on pH value
recorded for both oil. The density of the copyrolysis oil
related to the spray pattern was found to be reduced to
1005 kg/m’.

The heating values of raw NOC oil, WT oil, and copyro-
lysis oil were compared with diesel and reported in Table 3.
The copyrolysis oils obtained under all blending ratios have
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FIGURE 8: GC-MS spectrometry chromatograms of the copyrolysis oil.
TaBLE 4: GC-MS analysis of the copyrolysis oil.
RT/min Name of the compound Molecular formula Molecular weight Area %
3.79 Pyridine C.H.N 79 1.43
7.04 Phenol, 2,4-dimethyl- CgH,,O 122 1.92
9.08 Hentriacontane C;,Hgy 436 1.33
10.76 Benzene,1,4,9-decatrienyl- Ci6Hao 212 0.76
12.80 Toluene C,Hg 92 1.41
12.83 Benzene, (1-methylethyl)- CH,, 120 5.28
13.75 2,4-Hexadiyne CeHg 78 13.44
13.79 Acetonitrile, (m-phenoxyphenyl)- C,,H,;;NO 209 6.22
16.31 Cis-1-chloro-9-octadecene C,sH;5Cl 286 0.53
17.41 1-Propene, 2-(2-methylphenyl)-1- phenyl-, (z) CioHpz 208 14.51
17.93 1,2-Diphenylcyclopropane CisHy, 194 2.02
18.63 Benzene, (2-methoxy-2-propenyl)- C,oH;,0 148 0.33
1891 4-Methyl-1,2-benzenediol C,HgO 196 2.2
19.06 2-Cyclopenten-1-one, 2-hydroxy-3-methy C.H;O 248 0.18
20.61 Furfural C;H,0, 96 10.82
20.70 cis-3-Methyl-3-hexene CH,, 210 1.02
20.99 Carbonic acid, ethyl heptadecyl ester C,,H,,0, 328 0.11
21.34 Carbamic acid, ethylidenebis-, diethyl ester CgH,(N,O 204 445
21.40 N-Propyl 9,12-octadecadienoate C,,H;40, 322 4.92
21.55 Benzamide, N,N-dinonyl-4-butyl- C,cH,sNO 428 3.52
21.67 Acetic acid, mercapto-, methyl ester C,H,O,S 106 9.23
21.83 1,4:3,6-Dianhydro-a-d-glucopyranose C.H O, 144 5.54
229 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- CyoH,,O 194 1.85
23.15 1,2-benzenedicarboxylic acid CgHO 429 1.41
23.92 2-Cyclopenten-1-one, 2-methyl- CeHgO 96 2.07
24.20 Phenol, 2-methyl- CHO 108 1.35
24.72 2-ethylbutanal C.H,,0 375 1.04
25.06 N-(2-bromobenzoyl)-, pentyl ester C,5H,BrNO, 340 0.54
2591 4-Undecene, (z)- C,,H,, 154 0.43

28.36 2,2-dimethyl-4-hexen-3-one CgH,,0 196 0.11
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higher heating values than the biomass pyrolysis oil. The
value is increased with respect to the increased polymer
ratio. The result indicates that the oil produced at a 1:2
blend ratio has a higher heating value than other blends.
The heating value of the WT pyrolysis oil (42.0 MJ/kg) is
very near to diesel fuel. The increased heating value of the
heavy pyrolysis oil was determined by the higher carbon
content than the lighter oil [46]. The carbon content of the
NOC pyrolysis oil was 70.04% offering a lower heating value
of 30.4M]J/kg whereas the value of carbon content was
increased to 83.5% for WT pyrolysis oil, leading to a higher
heating value of 42.0 MJ/kg.

3.6.2. FT-IR Analysis. The spectrum of copyrolysis oil found
in FT-IR analysis is shown in Figure 7. The liquid oil made
from the mixture of NOC and WT at 1:2 ratio was found
to have the majority of aliphatic hydrocarbons. The presence
of alkenes and alkanes in the oil sample was found by the
absorption peaks identified between 3100 and 2850 cm™.
The C=0 stretch vibration between 1670 and 1820cm’™
revealed the occurrence of oxygen, indicating a carbonyl
group. The O-H stretch vibration concerning 3600 and
3200cm™ and C-O stretching vibration between 1300 and
1000 cm™ recognized the occurrence of alcohols and esters.
C=C stretching, which represents aromatic compounds,
was detected between 1600 and 1400cm™. C-H bending
vibrations in the range of 900-690 cm™" indicate the presence
of aromatic hydrocarbons or arenes.

3.6.3. GC-MS Analysis. The GC-MS analysis of the copyroly-
sis oil is revealed in Figure 8. The aqueous phase in the tested
sample was separated before the analysis, and the solid
particles were separated by centrifuging at 3000 rpm for
15 minutes. The organic compounds were identified with
respect to increased retention time. The total compounds
identified in this study are reported in Table 4. The decreased
oxygen content in pyrolysis oil might be related to deoxygen-
ation reactions [47]. The oil contains the majority of aro-
matic groups of compounds, acids, and esters. Benzene,
toluene, styrene, and some low molecular weight hydrocar-
bons and aromatic compounds were generated through the
pyrolysis of oil cake with thermocol wastes [48]. The pres-
ence of these compounds is the cause of the increased heating
value. At lower temperature (200-280°C) the lignocellulosic
content in NOC degrades first to form acidic chemicals such
as acetic acid [47]. According to the literature [49-51], phe-
nols and its derivatives appeared in the pyrolysis oil are
evidently due to the degradation of lignin in the NOC.
According to Foong et al. [52], the lignin in the biomass
material is converted into phenolic compounds through
dehydration, depolymerization, and decarboxylation. Analy-
sis of copyrolysis oil obtained at 1:2 blend ratio showed
lower phenolic compounds than biomass pyrolysis oil [30,
52]. This is due to the addition of polymeric material to the
biomass. The low amount of ketone, furan, styrene, and
nitrogenated compounds leads to the oil becoming lighter.
The copyrolysis process has altered the total composition of
oil with increased hydrocarbon and abridged the formation
of unfavourable chemical compounds with a higher heating

value [26]. Similar observations are also made from the pre-
viously published literature [48, 53]. The findings of this
study revealed that when WT was pyrolyzed with NOC the
composition of the oil was totally altered.

4. Conclusion

Waste thermocol pellets were combined with pressed
neem cake at various blending ratios with the aim of uti-
lizing polymeric materials with biomass for the production
of energy-dense liquid oil. This study investigated some
selected process parameters for producing maximum oil
through individual and copyrolysis processes. According
to thermogravimetric study, the decomposition of biomass
material can be roughly classified into moisture evapora-
tion and active pyrolysis zones. By optimizing the various
process parameters, a maximum oil yield of 49.3 wt%,
73.4wt%, and 88.5 w% was obtained from individual
NOC pyrolysis, copyrolysis, and individual WT pyrolysis.
During individual and copyrolysis, the reactor temperature
and feed ratio were the leading parameters to determine
the oil yield and quality. The heating rate was the least
significant factor in this study when determining the prod-
uct yield. During the copyrolysis process, the maximum oil
was acquired with 1:2 (NOC/WT) blending ratio at 550°C
under 20°C/min heating rate. The physical characteristics
of the oil obtained through the copyrolysis process at opti-
mized conditions showed a higher heating value of
40.3MJ/kg. The addition of WT to NOC increased the
yield of pyrolysis oil from 40.2 to 88.5wt% and the energy
content from 30.4 to 42.0 MJ/kg. The heating values of the
copyrolysis oils obtained at all blending ratios are higher
than those of the biomass pyrolysis oil. The FT-IR and
GC-MS reports of the copyrolysis oil show the presence
of majority of aliphatic and aromatic hydrocarbons. Fur-
thermore, this research suggests that copyrolysis might be
a significant approach for proper waste management, par-
ticularly for the utilization of waste thermocol. Among the
different compounds obtained through the copyrolysis
process, the presence of maximum hydrocarbons is a valu-
able component which can be used as industrial chemical
feedstock and fuel additives. This technology upgraded
the waste-to-energy technologies for utilizing locally avail-
able low value biomass materials. To fulfill the need for
fuel, further work may be extended to improve the oil
yield by utilizing low-cost catalysts.
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In this article, jackfruit seed starch plasticized with common plasticizers was developed and characterized. At the first step, the
research papers that dealt with the fabrication and characterization of starch-based bioplastics were synthesized and analyzed.
Next, jackfruit seeds were selected as a source for starch because of their large availability, low price or even free, and high
starch capacity. Afterward, a starch-based bioplastic fabrication procedure was proposed. From preliminary tests, plasticizers
were sufficiently selected, including water, glycerol, natri bicarbonate, and acid citric. Using different combinations of these
plasticizers, four types of bioplastics were then fabricated to study the effect of the plasticizers as well as to characterize the
properties of the corresponding bioplastics. A cutting tool for ASTM D412 type A standard tensile testing specimen was then
designed and fabricated. Using these dog-bone specimens, tensile results showed that the hardness of the fabricated bioplastic
was positively proportional to the ratio of the starch. Furthermore, from SEM characterization, the bioplastic specimens were
fully plasticized. Although the fabricated bioplastic has lower mechanical properties than petroleum-based plastics, its

environmental friendliness and high potential added value promise to be a material of the future.

1. Introduction

There has been an increasing interest in the production of
bioplastics as the environmental pollution from conventional
plastics is increasingly evident [1-3]. The bioplastic industry
is being considered in the world as the 4.0 revolution of green
technology [1, 4]. Environmental pollution, especially pollution
caused by plastic waste, is globally becoming more and more
serious [5, 6]. Petroleum-derived plastics pollute the soil, water,
and air. They could also destroy the habitats of many species,
reduce biodiversity, cause many direct impacts on humans,
and hence, is likely to result in the unsustainability of global
development. Bioplastics, new environmentally friendly mate-
rials, are promised to be a great solution to replace traditional
plastics, thereby contributing to reducing plastic waste pollu-
tion and protecting the living environment on earth.
Bioplastics can also be biobased (originated from renew-
able materials) and biodegradable (that can be back to nature).
In terms of renewability and production, some of the most
widely known biobased plastics nowadays are polylactic acid
(PLA), starch-based plastics, protein-based plastics, cellulose

esters, polyhydroxyalkanoates (PHAs) [1], and plant fibres
[7, 8]. Bioplastics, manufactured from biomass, with or with-
out modifications, such as starch, protein, and cellulose, are
biodegradable and therefore gaining more and more attention.
Among these, starch has shown potential for the fabrication of
biodegradable materials as it is cheap, readily available, and
renewable [2]. It should also be noted that, in addition to being
used to produce bioplastics, biomass can also be used to pro-
duce biogas, biooil, biocoal [9], and bioethanol [10].
Bioplastics produce remarkably less greenhouse gas
(carbon dioxide) emissions than traditional oil-based plastics
over their lifetime [11]. Since the plants that biobased plastics
are made from absorbed that same amount of greenhouse gas
as they grew, there is no net increment in this gas. With such
advantages, bioplastics have been studied a lot in the world,
especially the production of bioplastics from starch. The
authors in [12, 13] used rice starch and some plasticizers such
as glycerol, sorbitol, and formamide to produce bioplastics.
These authors chose rice starch because it contains a high
amount of amylose, about 30%, which is suitable for coating
materials. Furthermore, Taghizadeh and Favis [14] used wheat
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starch to make plastic. Meanwhile, Thunwall et al. from Swe-
den [15], Talja et al. from Finland [16], and Ozdamar and Ates
from Turkey [17] utilized potato starch to produce bioplastic
because of its popularity. In addition, Niu et al. [18] utilized
response surface methodology (RSM) combined with the
multi-index comprehensive evaluation method to prepare
and characterize biodegradable composited films using potato
starch. Another starch, corn starch, in addition to fermentation
to make PLA, was utilized by many authors to make bioplastics
directly [19-21], mainly for packaging. Similarly, there have
been many other authors using other starch sources such as
sweet potato [22, 23], tapioca [24, 25], avocado seeds [26-28],
jackfruit seed [2, 29, 30], and durian seed [31, 32]. In addition,
many authors also utilized many types of starch blends to
achieve bioplastics with better properties. For example, Lopat-
tananon et al. from Thailand [33] used a mixture of tapioca
and rice starch to make bioplastics, while Yin et al. [34] utilized
oxidized wood pulp fiber to incorporate into thermoplastic
starch (TPS) to prepare new composites. And Marichelvam
et al. from India [35] mixed corn and rice starch to result in
shorter biodegradation time bioplastics. The common feature
of these studies was that the fabrication of bioplastics is based
exclusively on starch which requires the supplement of plasti-
cizers. Because these bioplastics had low machinability, they
were difficult to adapt to the conventional processes. In addi-
tion, whatever the botanical origin, starch-based bioplastics
showed a strong hydrophilic character, which made them
unsatisfactory for several applications [2].

Although bioplastics are commonly considered to be more
environmentally friendly than petroleum-based plastics, that
is not necessarily the case when considering the life cycle of
the materials [11]. Bioplastic fabrication processes result in a
large number of pollutants, because of the fertilizers and pesti-
cides utilized to grow the plants and the chemical processing
needed to change organic materials to plastics [11]. While
the biodegradability of bioplastics is regarded as an advantage,
most bioplastics require high-temperature industrial facilities
to be broken down. Very few countries have the necessary
infrastructure to deal with this composting procedure. Hence,
bioplastics usually end up in landfills where, due to being
deprived of oxygen, they may release methane, a green-
house gas, 23 times more harmful than carbon dioxide. Bio-
plastics are also relatively costly. Due to the complex processes
utilized to turn corn starch or sugarcane into building blocks,
PLA plastic can be 20 to 50 percent more high-priced than
comparable plastic materials [11].

Therefore, the research on manufacturing, improving the
useful properties, and using bioplastics in the world in general
and in Vietnam, in particular, is very necessary. In this study,
in order to exploit agricultural wastes, the bioplastic was made
from the starch of jackfruit seeds. This is so because jackfruit
seeds are common in Vietnam and easy to gather in large
quantities, especially from those factories producing dried
jackfruit. In addition, these seeds are also normally sold at a
negligible price or even free of charge. After a starch extracting
process, water, glycerol, natri bicarbonate, and acid citric were
applied as plasticizers. The environmental friendliness and
high-potential added value of the fabricated biopolymer
promise to be a material of the future.
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2. Materials and Methods
2.1. Materials

2.1.1. Jackfruit Seed. Jackfruit seeds were obtained from a
very popular variety, called Changai—originating from
Thailand, in the South of Vietnam. Analysis of the main
components of jackfruit seeds detected the presence of
30.08% £ 0.1 amylose [2] or 26.4% + 0.7 amylose in [36];
7.16% + 0.04 moisture; 1.17% +0.03 total protein; 0.3% +
0.01 lipids; 0.21% + 0.03 ash; and 0.15% +0.02 fibers [2].
In the present study, it was important to consider the
amount of ash, amylose, and lipid found as these compo-
nents influenced the formation of bioplastics. A low percent-
age of ash was indicated by a low concentration of minerals
in the jackfruit seed. Due to possible interactions between
minerals with amylose, amylopectin, and plasticizers, the
high concentration of these compounds interfered with
the formation of bioplastics [2]. The found lipid percentage
in jackfruit seed starch was low (0.3% +0.01). High lipid
percentage in starch might affect the color of the bioplastics.
Furthermore, lipids could negatively affect the water absorp-
tion stage of starch granules, change the plasticizing temper-
ature, and limit the amylose retrogradation, and therefore,
the bioplastic becomes brittle. In previous studies, 30.08%
amylose was found in jackfruit seed starch, which could be
considered as high amylose content [2]. The amylose con-
tent is an essential property for the formation of bioplastics
because it is responsible for gelatinization and retrograda-
tion process. In other words, amylose is responsible for
hydrogen bonding between the hydroxyl groups of biopoly-
mers that form intermolecular junctions and lead to film
production. The physical, chemical, and functional proper-
ties of the fabricated bioplastics depend on the ratio between
amylose and amylopectin [2].

2.1.2. Glycerol. A classical starch plasticizer is perhaps the
thermoplastic starch’s most commonly investigated and uti-
lized plasticizer. This is due to its low price, nontoxicity for
human food and biomedical applications, and relatively high
boiling point (292°C). Furthermore, the hydrolysis or con-
version of lipids (triglycerides) to fatty acids for the biodiesel
industry produces glycerol as a by-product [1]. This presents
an opportunity to improve the economics of both the biodie-
sel industry and the bioplastics industry.

2.1.3. Acid Citric. The adhesion between glycerol, water,
citric acid, and starch in thermoplastic starch is strength-
ened by the supplementation of citric acid [37, 38]. Citric
acid can create stronger hydrogen bonding interactions
with starch than glycerol. Hence, citric acid can effectually
inhibit starch recrystallization (i.e., retrogradation), due to
its strong hydrogen bonding interaction with starch. Rheo-
logical investigations demonstrated that citric acid can
clearly reduce the shear viscosity and improve the fluidity
of thermoplastic starch. Citric acid can also enhance the
elongation of glycerol-plasticized thermoplastic starch and
improve its water resistance at high relative humidity, but
reduce the tensile stress [37]. Citric acid and glycerol are
utilized to enhance the flexibility and fluidity of the material
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TaBLE 1: The ratio of the raw material composition of plastic specimens.

Ingredients Starch : glycerol Citric acid : (starch+glycerol) Baking soda : (starch+glycerol) Starch : water
3.50:1
. 3.00:1
Ratio 1:100 5:100 12.5:100
2.75:1
2.50:1
TaBLE 2: The specific weight of each material.
Specimens Ingredients
P Starch (g) Glycerol (g) Citric acid (g) Baking soda (g) Water (g)
Ratio 3.5:1 20 5.71 0.25 1.28 160
Ratio 3.0:1 20 6.67 0.26 1.33 160
Ratio 2.75:1 20 7.27 0.27 1.36 160
Ratio 2.5:1 20 8.00 0.28 1.40 160
Jack-fruit
seed starch
H,0, Acid citric,

Glycerol V Baking soda

Liquid mixture

Magnetic

stirrer V

Viscous liquid c
bioplastic

Continually
stir

Thermal

Viscous
bioplastic

Not yet

Completely

clear Oven-drying

Jack-fruit
starch based
bioplastic

Ficure 1: Flow diagram of bioplastic fabrication using jackfruit
seed starch.

to which they are supplemented. Furthermore, citric acid is a
potential cross-linking agent under low-cost, nontoxic conditions.

2.1.4. Baking Soda. Baking soda, also known as sodium
bicarbonate (NaHCO,), scientifically, is one of the preserva-
tives and plasticizer additives as the same as sodium metabi-
sulfite (Na,S,0;), glycerol, and sorbitol. These additions
strengthen bioplastics and make them more durable [37].

2.2. Methods

2.2.1. Starch Extraction. First, starch was extracted to pre-
pare raw materials for making bioplastics. The raw jackfruit
seed has a very pungent odor and hard outer shell and then

FIGURE 2: Flattened viscous bioplastic on the PE film coated tray.

needs to be deseeded for both the hard shell and the brown
spermoderm. The deseeded seeds were then washed. The
rotten seeds were discarded while the good seeds were over-
night soaked for latex removal. After that, the overnight
soaked jackfruit seeds were washed using pure water. Clean
jackfruit seeds were then ground to obtain a slurry. The
slurry was filtered through a filter cloth to obtain a crude
starch suspension while the sediment was discarded. The fil-
trate was precipitated overnight for settlement and latex and
minerals removal. The supernatant was removed, and the
crude starch was washed with distilled water. This step was
reproduced three times [39], and the starch cake was then
dried naturally or by an oven. When using the sun-drying
method, starch could be discolored and became contami-
nated, forming a thin light brown layer. Instead, the starch
suspension was dried at 45°C for 24 hours in an oven dryer.
It should be added that the proposed starch extraction pro-
cess is simple and easy to implement. It does not include a
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(®)

FIGURE 4: Characterization for mechanical properties. (a) Stamping process for dog-bone samples. (b) Dog-bone samples for tensile testing.

centrifugation step as in [2], soaking in 2% NaOH and
slicing as in [29], or cutting with the size of 1. cm” approxi-
mately before crushing as in [30].

2.2.2. Bioplastic Fabrication. After extracting starch, bioplas-
tic was fabricated. The proportions of ingredients were
selected for the production of bioplastics as shown in
Table 1. These ratios were selected similarly to [24] for easy
comparison of results. From there, the specific weight of
each material was calculated as shown in Table 2.
Bioplastics are prepared by mixing starch with glycerol
with different starch : glycerol ratios by mass (2.5:1; 2.75:1;
3.0:1; and 3.5:1) [2, 23] and by as shown in the flowchart
in Figure 1. The plasticization process was carried out by
putting the liquid mixture with the ingredients in a given
ratio above a heated magnetic stirrer (SCILOGEX model
MS-H-S) at a temperature of 95°C. The mixture was stirred
with a magnetic stir bar. When the temperature is higher,
the process will go faster; however, when the temperature
is too high, the mixture can be thermally decomposed before
being completely converted into bioplastic. After the mix-
ture turned completely clear and thick, stop stirring. The
plastic mixture was poured into trays covered with PE film

(Figure 2). Without PE film coating, the bioplastic would stick
to the tray and be cracked when drying. After that, the viscous
liquid bioplastic was flattened on a tray (Figure 2) and then
transferred to an oven at 55°C (Figure 3(a)) and dried for 15
hours until the weight was constant. A natural air circulation
MEMMERT UNB400 universal oven was utilized for this step.
It is worth noting that the drying time can be shorter or longer
depending on the thickness of the viscous bioplastic layer. The
dried bioplastic specimens are shown in Figure 3(b).

From the diagram in Figure 1, it can be observed that the
proposed procedure is simple and suitable for laboratories at
universities. According to the literature review, the shaking step
in the ultrasonic bath [2] was eliminated. In addition, since pure
starch is used, an additive blending step is also unnecessary both
before and after plasticization as in [29, 30], respectively.

3. Results and Discussion

3.1. Mechanical Properties. Bioplastic specimens were stamped
into dog-bone samples according to ASTM D412-Type A stan-
dard (Figures 4(a) and 4(b)). In this study, to measure the
mechanical properties of bioplastic specimens, the U-CAN
DYNATEX INC TYPE UT-2080 tensile tester (Figure 5(a))
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FIGURE 5: Tensile strength testing stage. (a) Tensile strength tester. (b) A typical result of the tensile test of the bioplastic sample.

TaBLE 3: Results of mechanical properties of bioplastics.

Types

Results Ratio Ratio Ratio Ratio

25:1 2.75:1 30:1 35:1
Max stress o (MPa) 3.39 3.90 4.08 5.15
Strain € 0.29 0.23 0.31 0.25
Young modulus E (MPa) 12.70 16.96 13.53  20.06
Elongation A (%) 29.13 22.60 30.67 25.20
Density (g/cm’) 1.375 1.385 1.403 1.410

was used. The density of the samples was determined by an
electronic densimeter MDS-300. Three dog-bone samples were
used for the mechanical characterization of each type of bio-
plastic. A typical result of the tensile test of the bioplastic sam-
ple was shown in Figure 5(b).

The initial observation showed that the higher the glyc-
erol ratio was, the softer and more flexible the bioplastic
became, and vice versa. Increasing the percentage of citric
acid enhanced the hardness and reduced the plasticity of
the bioplastic. At the same time, if the flattened viscous bio-
polymer layer was made too thick, it would be cracked due
to shrinkage.

Based on the measured results (Table 3) and the plot
(Figure 6), in general, the mechanical properties of bioplastics
increase gradually with the starch: glycerol ratio. However, in
the sample with a ratio of 3: 1, there was a difference. The rea-
son might be that the air bubbles inside the bioplastic were not
removed completely. This led to nonuniform mechanical
measurement samples in terms of material distribution (more
or less air bubbles inside), affecting the measurement results.
In addition, another very important cause was the uneven
thickness of the specimens due to the manual leveling of the
viscous bioplastic in the tray before drying. The tensile fracture
position might have a smaller thickness than the clamping

position. Bioplastics with a ratio of 3.5:1 had the highest
strength in this study but were still low compared to tradi-
tional petroleum-based plastics. Therefore, bioplastics from
jackfruit seeds cannot replace traditional plastics in many
fields of application that require high mechanical properties
yet, as other common bioplastics [40]. However, compared
with other bioplastics that have been studied, the results are
encouraging. Also making bioplastics from jackfruit seed
starch, the authors in [2] obtained the highest tensile strength
of 3.12 MPa with 30% glycerol. As for the authors from Indo-
nesia [23], they made bioplastic from sweet potato starch; a
maximum tensile strength of 2.57 MPa with a starch/glycerol
ratio of 3.5/1 could be obtained. In addition, the authors in
[41] reported that the tensile strength of bioplastics made from
potato starch reached 4.87 MPa, from tapioca starch reached
4.5MPa, and from corn starch 3.59 MPa.

3.2. Scanning Electron Microscope (SEM) Characterization.
The SEM characterization was performed using Hitachi
scanning electron microscope S-4800. Figure 7(a) showed
the morphology of jackfruit seed starch in this investigation.
The jackfruit seed starch granules are varied round to bell
shapes with smooth surfaces. Previous studies revealed that
the granular size lied between 5 and 10 ym [42]. In our case,
the average granular size is 8.2 um as shown in Figure 7(a).
Because of its small size, jackfruit seed starch granular can
be a great source for encapsulated products [43]. Morphol-
ogy and structure were firstly analyzed only for bioplastic
specimens with a ratio of 2.5:1 (Figure 7(b)) and a ratio of
3.5:1 (Figure 7(d)). SEM photographs show that the
surfaces exposed to air are rough. The micrographs do not
illustrate any intact starch granules, which implies that the
jackfruit starch was fully gelatinized during the forming of
the film specimens. In addition, analyses of the bioplastic
surfaces reveal that the specimen with a ratio of 3.5:1 has
some microcrack on its surface. These microcracks occurred
on the tougher specimen with a lower amount of glycerol.
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After that, an additional SEM analysis was done for the
specimen with a ratio of 3:1 due to its special mechanical
results. The SEM image in Figure 7(c) is in agreement with
others on a full polymerization process. However, there were
many microcracks on the surface of the specimen. The
occurrence of these microcracks may be due to the presence
of microbubbles formed during the gelatinization process
[2]. These microbubbles were caused by hydrogen bonding
chains of the starch, which began to break down when
reaching the gelatinization temperature and the water mole-
cules started to infiltrate into hydroxyl groups in the starch
molecule [25]. Unfortunately, in this bioplastic production
process, due to the lack of a vacuum step, the number of
microbubbles in the specimens was uncontrollable. In addi-
tion, the microair bubbles generated by mixing and stirring
could not be fully eliminated.

4. Conclusions

A review of the literature revealed that plastic pollution is
becoming a burning issue worldwide. To overcome that
problem, many measures have been studied. This paper
presents a process for making an environmentally friendly
bioplastic from jackfruit seed starch. Jackfruit seed has a
high starch content (about 30% of fresh seed weight) and
is easy to collect in large quantities and extract starch. There-
fore, it is suitable as a raw material source for bioplastics and
at the same time takes advantage of the source of fruit seeds
that can be considered waste products, increasing the value
of crops. When making the bioplastic, the strength was
generally proportional to the ratio of starch: glycerol. From
SEM characterization, bioplastic specimens were fully plasti-
cized. However, an excessive amount of starch would cause
incomplete plasticization, while a too low ratio would make
bioplastics unable to harden after drying. Bioplastic with the
ratio of 3.5:1 has the best tensile strength, 5.12 MPa accord-
ing to our measurements. However, the mechanical proper-
ties of the bioplastics could be greater because the specimens
still had microair bubbles inside; at the same time, the thick-
ness was not uniform, affecting the measurement results.

From the encouraging results of this study, and the great
potential of bioplastics, the next research topic is to build a
jackfruit seed peeling machine and a centrifuge to facilitate
the starch extraction process. In addition, a vacuum desicca-
tor and vacuum pump will be used to remove microair bub-
bles before drying, to achieve more accurate measurement
results. The time and decomposition of the bioplastic under
the normal using conditions and in the natural environment
also need to be studied precisely. After that, the plasticizing
temperature will be studied to develop a lab-scale injection
molding machine for the bioplastics. Products from bioplas-
tics will be then researched and developed. In addition, the
simple processes of starch extraction and bioplastic fabrica-
tion also promise that this proposed method can be applied
to industrial production in the near future.
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Objective. To investigate the protective effect of laminarin on PC12 cells damaged by oxygen glucose deprivation/reoxygenation
(OGD/R) and its molecular mechanism. Methods. PC12 cells in the logarithmic phase were randomly divided into the control
group, OGD/R group, and OGD/R+laminarin (0.5, 2.5, and 5 ug/ml) group. CCK-8 activity assay kit was used to detect cell
viability. ELISA kit was performed to examine the levels of proinflammatory factors (TNF-«, IL-1f, and IL-6) and oxidative
stress markers (ROS, LDH, and MPO). In addition, flow cytometry was employed to determine cell cycle and apoptosis. The
expression of cell proliferation-related proteins (PCNA and Ki67), apoptosis-related proteins (Bcl-2, Bax, and Caspase-3), and
PTEN/PI3K/AKT pathway-related proteins was evaluated by Western blot. Results. Compared with the control group, the cell
viability was decreased significantly in the OGD/R group. CCK-8 results showed that laminarin could attenuate the damage of
PC12 cell viability induced by OGD/R in a concentration-dependent manner. Meanwhile, the highest concentration of 5 pg/ml
laminarin could significantly promote the viability of PC12 cells and the expression of PCNA and Ki67 than the OGD/R
group. Additionally, ELISA assays showed that laminarin significantly inhibited the expression of proinflammatory factors
(INF-a, IL-18, and IL-6) and the levels of oxidative stress markers (ROS, LDH, and MPO). Flow cytometry results
demonstrated that laminarin promoted the cell cycle. And laminin upregulated the expression of apoptotic protein Bcl-2, while
downregulated the expression of apoptotic proteins Bax and Caspase-3. Finally, laminarin significantly suppressed the
expression of PTEN and facilitated the expression of PI3K and p-AKT compared to the OGD/R group. Conclusion. Laminarin
could alleviate the OGD/R-induced PCI12 cell neuronal injury via promoting cell activity and cycle and inhibiting
inflammation, oxidative stress, and apoptosis. The mechanism may be related to the downregulation of PTEN protein and the
activation of the PI3K/AKT pathway.

1. Introduction

Ischemic stroke is an acute cerebrovascular disease that can
seriously affect patients’ quality of life [1, 2]. According to
statistics, about 1.5 million people die of ischemic stroke in
China every year. More importantly, the disease was the first
cause of death in China in 2017 [3]. Studies have shown that
stroke patients will have a sustained brain injury due to
insufficient oxygen and glucose supply in the brain. There
is no effective treatment at present. Clinically, stroke patients
mainly recover the blood supply of ischemic brain tissue as

soon as possible through thrombolysis to alleviate symp-
toms. However, limited perfusion time window and rapid
blood perfusion will lead to further pathological damage of
ischemic tissue, namely, hypoxia reperfusion (OGD/R)
injury [4, 5]. Studies have confirmed that neuronal OGD/R
injury is a complex physiological process involving reactive
oxygen species (ROS), proinflammatory mediators, and apo-
ptotic genes [6]. Therefore, it is imperative to develop new
neuroprotective drugs or treatment strategies to improve
the quality of life of stroke patients. Laminaria polysaccha-
ride is an active component that extracts and isolates from
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the dried leaves of Laminaria japonica, a plant of the
Laminaria family. Its chemical composition includes f3-1,3-
glycosidic bonds and f-1,6-glycosidic bonds [7]. Studies
have shown that Laminaria polysaccharide has a variety of
physiological activities such as antioxidant, antilipid, anti-
bacterial, and antitumor, which is of great development
value [8]. Studies have reported that laminarin can reduce
the development of renal interstitial fibrosis by reducing
endoplasmic reticulum stress-mediated apoptosis [9].
Therefore, we speculate that laminarin may also play a cor-
responding protective role in hypoxic-reperfusion nerve cell
injury. Therefore, this study is aimed at exploring the protec-
tive effect and potential molecular mechanism of laminarin
at different concentrations on OGD/R-induced PC12 nerve
cell injury by establishing an OGD/R-induced PC12 nerve
cell model.

2. Materials and Methods

2.1. Main Reagents. Laminaria polysaccharide is extracted
from kelp. The polysaccharide content was >90%. The
PC12 cell line was purchased from the Shanghai Institute
of cell research, the Chinese Academy of Sciences. DMEM
high glucose medium and 10% fetal bovine serum were
purchased from GIBCO company of the United States.
Penicillin/streptomycin and ROPA cell lysates were from
the Invitrogen company of the United States. CCK-8 cell
activity test kit and detection kits of tumor necrosis factor-«
(TNF-a), interleukin-1 (IL-1p3), interleukin-6 (IL-6), reactive
oxygen species (ROS), lactate dehydrogenase (LDH), and
myeloperoxidase (MPO) were provided by Shanghai Biyun-
tian Biotechnology Co., Ltd. Annexin V-FITC/PI apoptosis
detection kit and BCA protein quantitative detection kit were
from the American Becton company. PCNA, Ki67, Bcl-2, Bax,
Caspase-3, PTEN, PI3K, p-AKT, GAPDH primary antibody,
and HBR-labeled Goat anti-rabbit secondary antibody were
purchased from the Beijing Zhongshan Jinqiao company.
Other common molecular biology-related antibody reagents
and consumables were provided by Thermo Fisher Scientific,
USA.

2.2. PCI2 Cell Culture and OGD/R Model Construction.
PC12 cells were cultured in DMEM high glucose medium
containing 10% fetal bovine serum and 1% penicillin/strep-
tomycin. The culture conditions were set at 37°C, 5% CO2
content, and 95% relative humidity. The degree of cell fusion
reached more than 90% for subculture. More than three
generations of PC12 cells were taken for follow-up experi-
mental research.

The DMEM high glucose medium of logarithmic PC12
cells was first discharged and then washed with PBS for 3
times. A Sugar-free Earle equilibrium salt solution was
added to the cells. The cells were then transferred to a
37°C hypoxia incubator (95% N2, 5% CO2, and 1% O2)
for 6 hours. Then, the equilibrium solution in the cell culture
plate was replaced with DMEM high glucose medium con-
taining 10% fetal bovine serum and placed in a cell culture
box at 37°C and 5% CO2 for 24 hours for reoxygenation.

Advances in Polymer Technology

2.3. Experimental Grouping. The extracted Laminaria poly-
saccharide was diluted into 0.5, 2.5, 5, and 10ug/ml of
serum-free DMEM high glucose culture medium polysac-
charide solution. The polysaccharide solution has been
ensured to be used in the ultraclean table for sterilization
by 0.22 um pore size filter. According to the experimental
requirements, PC12 cells were divided into 5 groups: blank
control group (PC12 cells not treated with OGD/R), OGD/R
group (PC12 cells treated with OGD/R), OGD/R+laminarin
(0.5 ug/ml) group, OGD/R+laminarin (2.5 ug/ml) group, and
OGD/R+laminarin (5 pg/ml). The cells in each administration
group were incubated for 2 hours before OGD/R modeling.

2.4. Cell Proliferation Activity Was Detected by Cell Counting
Kit-8 (CCK-8). PC12 cells in each group were inoculated into
96-well plates at the density of 3 x 10° cells/well. These cells
were cultured in a cell incubator at 37°C and 5% CO2 for 24
hours and 20% CO2. Then, 10 ul of CCK-8 solution was
added, and cells were continuously incubated for another 2
hours. The microplate reader (Thermo Fisher Scientific,
USA) was used to detect the absorbance of PC12 cells at
450 nm.

2.5. Detection of Proinflammatory Factors (TNF-a, IL-1p,
and IL-6) and Oxidative Stress Indicators (ROS, LDH, and
MPO) by Enzyme-Linked Immunosorbent Assay (ELISA).
PC12 cells in each group were inoculated into 96-well plates
at the density of 3 x 10? cells/well according to the operating
instructions of the ELISA kit. Cells were cultured for 24
hours before collecting the cell supernatant of each group.
The expression of TNF-a, IL-1f, IL-6, ROS, LDH, and
MPO was examined by ELISA. The absorbance value was
measured by a microplate reader.

2.6. Cell Cycle and Apoptosis Were Detected by Flow
Cytometry. Cell cycle. PC12 cells in each group were inocu-
lated into 6-well plates at the density of 1x 10° cells/well
and cultured for 48 hours. After culture, the cells were
digested with 0.25% trypsin. The cells were then fixed with
70% ethanol at 4°C overnight. Finally, the cells were centri-
fuged at 1000r/min for 5min, and ethanol was discarded.
500 ml PI was added, and cells were incubated in the dark at
37°C for 45 min. The cell cycle was detected by flow cytometry.

Apoptosis. PC12 cells in each group were inoculated into
6-well plates at the density of 1 x 10° cells/well and cultured
for 48 hours. After culture, the cells were digested with
0.25% trypsin. The cells were centrifuged at 1000 r/min,
and the supernatant was discarded. The cells were
resuspended 200yl combined solution to adjust the cell
concentration to 1 x 10° cells/ml. 5yl PI and 10 yl Annexin
V-FITC were added to the suspension. Cells were incubated
in the dark for 15min at room temperature. Apoptosis was
detected by flow cytometry.

The FlowJo software (Tree Star, USA) was used to ana-
lyze apoptosis and cell-cycle data.

2.7. The Expression Levels of PCNA, Ki67, Bcl-2, Bax,
Caspase-3, PTEN, PI3K, and p-AKT Were Detected by
Western Blot. The total protein of PC12 cells in each group
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was extracted by RIPA cell lysate, and the protein concentra-
tion was detected by BCA protein quantitative kit. The
extracted total protein was separated by 10% SDS-PAGE and
transferred to the PVDF membrane. These membranes were
sealed with 5% skimmed milk powder solution for 2 h before
mixing with corresponding primary antibody PCNA
(ab92552; Abcam), Ki67 (ab16667; Abcam), Bcl-2 (ab32124;
Abcam), Bax (ab32503; Abcam), Caspase-3 (cat. No. 9662;
Cell Signaling Technology, Inc.), PTEN (ab32199; Abcam),
PI3K (ab32089; Abcam), p-AKT (cat. No. 4060; Cell Signaling
Technology, Inc.), and GAPDH (ab9485; Abcam). Cells were
incubated overnight at 4°C. These membrane proteins were
then incubated with HBR-labeled secondary antibodies (cat.
No. 7074; Cell Signaling Technology, Inc.) at room tempera-
ture for 1 h. ECL chemical kit was used for protein imaging.
The value analysis of protein bands was performed through
the Image ] software. GAPDH was used as the internal
reference.

2.8. Statistical Analysis. All data in this experiment were
expressed by mean + standard deviation. All experiments
were repeated 3 times, and the data were analyzed with
GraphPad prism 7.0. The data difference between the two
groups was analyzed by an independent sample t-test.
One-way ANOVA analyzed the difference between the three
groups and above. P < 0.05 was considered to be statistically
significant.

3. Results

3.1. Effects of Laminaria Polysaccharide at Different
Concentrations on the Viability of PC12 Cells Induced by
OGD/R. We first detected the effect of Laminaria polysac-
charide at the concentration of 0.5, 2.5, 5, and 10 yg/ml on
the viability of PC12 cells. As shown in Figure 1(a), 10 pg/ml
laminarin could significantly reduce cell viability compared
to the control group (P <0.05). The above results suggest
that the concentration of Laminaria polysaccharide around
0.5-5ug/ml has no toxic effect on the viability of PCI12
cells. Therefore, 0.5-5ug/ml Laminaria polysaccharide was
used to construct the subsequent OGD/R model. CCK-8
and Western blot were used to detect the viability of
PC12 cells induced by OGD/R. As shown in Figure 1(b),
PCI12 cell viability in the OGD/R group decreased signifi-
cantly (P <0.05) than the control group. Laminarin could
promote the viability of PCI2 cells in a concentration-
dependent manner (P<0.05, P<0.01, and P <0.001)
compared to the OGD/R group. The recovery of PC12 cell
viability was the most obvious at 5ug/ml Laminaria poly-
saccharide. As shown in Figure 1(c), the expression of
PCNA and Ki67 in the OGD/R group decreased signifi-
cantly (P<0.05). In addition, the expression levels of
PCNA and Ki67 protein in the laminarin group increased
gradually with the increase of concentration, and the dif-
ference was statistically significant (P <0.05, P <0.01, and
P<0.001) than the OGD/R group. The above results
showed that Laminaria polysaccharide could play a protec-
tive role in alleviating the decline of PCI12 cell viability
induced by OGD/R.

3.2. Effects of Different Concentrations of Laminaria
Polysaccharide on Inflammatory Response and Oxidative
Stress Level of PCI2 Cells Induced by OGD/R. We then
detected the effect of different concentrations of Laminaria
polysaccharide on OGD/R-induced proinflammatory factors
(TNF- a, IL-1 f3, and IL-6) and oxidative stress indicators
(ROS, LDH, and MPO) in PCI12 cells by ELISA. As shown
in Figure 2(a), the expressions of TNF-a, IL-1f3, and IL-6
in the OGD/R group were significantly increased
(P <0.001) compared with the control group, and laminarin
could inhibit TNF-a, IL-13, and IL-6 (P <0.05, P <0.01,
and P <0.001) in a concentration-dependent manner com-
pared with the OGD/R group. In addition, as shown in
Figure 2(b), the expressions of ROS, LDH, and MPO in the
OGD/R group were significantly increased (P < 0.001) com-
pared with the control group, and the levels of ROS, LDH,
and MPO in cell supernatant decreased gradually with the
increase of laminarin concentration (P < 0.05, P < 0.01, and
P <0.001) compared to the OGD/R group. The above results
showed that Laminaria polysaccharide could alleviate the
inflammatory response and oxidative stress of PC12 cells
induced by OGD/R.

3.3. Effects of Laminaria Polysaccharide at Different
Concentrations on PC12 Cell Cycle Induced by OGD/R. The
cell cycle was detected by flow cytometry. As shown in
Figure 3, the proportion of S-phase cells in the OGD/R
group increased significantly than the control group
(P <0.001). The proportion of GO/G1 phase cells decreased
significantly (P <0.05, P <0.01, and P <0.001), while the
proportion of G2/M phase cells did not change significantly.
Compared with the OGD/R group, the proportion of
S-phase cells decreased significantly (P <0.001), and the
proportion of GO/G1 phase cells increased substantially in a
concentration-dependent manner (P <0.05, P<0.01, and
P <0.001). The above results showed that Laminaria poly-
saccharide could reduce the S-phase arrest of PC12 cells
induced by OGD/R and improve the inhibitory effect of
OGD/R on the PC12 cell cycle.

3.4. Effects of Laminaria Polysaccharide at Different
Concentrations on Apoptosis of PCI12 Cells Induced by
OGD/R. Meanwhile, apoptosis was detected by flow cytome-
try and Western blot. Compared with the control group, the
apoptosis rate of the OGD/R group was significantly
increased (P <0.001) (Figure 4(a)). Compared with the
OGD/R group, laminarin could inhibit apoptosis in a
concentration-dependent manner (P <0.05, P<0.01, and
P <0.001) (Figure 4(a)). Compared with the control group,
the expression levels of apoptotic proteins Bax and
Caspase-3 in the OGD/R group were significantly increased
(P <0.001), while the expression level of the antiapoptotic
protein Bcl-2 was significantly decreased (P <0.001)
(Figure 4(b)). With the increase of laminarin concentration,
the expression levels of proapoptotic protein Bax and
Caspase-3 in PC12 cells gradually decreased, while the
expression level of antiapoptotic protein Bcl-2 gradually
increased (P <0.05, P<0.01, and P <0.001) (Figure 4(b)).
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Ficure 1: Effect of different concentrations of laminarin on the viability of PC12 cells induced by OGD/R. (a) CCK-8 was used to detect the
effects of different concentrations of laminarin (0.5, 2.5, 5, and 10 pug/ml) on the viability of PC12 cells. (b) CCK-8 was conducted to detect
the effects of different concentrations of laminarin (0.5, 2.5, and 5 pg/ml) on the viability of PC12 cells induced by OGD/R. (c) Western blot
assay was performed to detect the effects of different concentrations of laminarin (0.5, 2.5, and 5 pg/ml) on the protein expression levels of
PCNA and Ki67 in PC12 cells induced by OGD/R. Note: 1: OGD/R group, 2: OGD+0.5 yg/ml laminarin group, 3: OGD+2.5 ug/ml
laminarin group, and 4: OGD+5 yg/ml laminarin group. Compared with the control group, *P < 0.05; compared with the OGD/R group,

*P <0.05, P <0.01, and **P < 0.001.

The above results showed that Laminaria polysaccharide
could inhibit the apoptosis of PC12 cells induced by OGD/R.

3.5. Effects of Laminaria Polysaccharide at Different
Concentrations on the Expression Levels of PTEN, PI3K,
and p-AKT Proteins in PCI12 Cells Induced by OGD/R. To
further study the potential mechanism of Laminaria polysac-
charide on OGD/R-induced PC12 cell injury, we detected
the expression level of PTEN/PI3K/AKT pathway-related
proteins by Western blot. As shown in Figure 5, the protein
expressions of PI3K and p-AKT in the OGD/R group were
significantly decreased (P <0.001) compared with the
control group, while the protein expression of PTEN was
significantly increased (P <0.001), and laminarin could
upregulate the protein expression of PI3K and p-AKT in a
concentration-dependent manner while inhibiting the protein
expression of PTEN (P < 0.05, P < 0.01, and P < 0.001). These
results suggest that Laminaria polysaccharide can effectively
protect PC12 cells from OGD/R-induced injury. Its mecha-

nism may be related to the activation of the PI3K/AKT path-
way and the downregulation of PTEN protein.

4. Discussion

At present, the treatment options for ischemic stroke are not
satisfactory. Therefore, there is an urgent need to develop
new treatment schemes to improve the treatment effect,
especially for high-risk patients [10, 11]. This study found
that laminarin can reduce OGD/R-induced nerve cell injury
by activating PI3K/AKT pathway and downregulating
PTEN protein expression. The results indicate that lami-
narin is a promising candidate drug for treating ischemic
stroke, which is worthy of in-depth study.

Due to the characteristics of multitarget and multichan-
nel treatment, studies have confirmed that traditional
Chinese medicine significantly promotes the recovery of
ischemic stroke [12-15]. For example, in the mouse model
of glucose deficiency and hypoxia, tanshinone can effectively
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F1Gure 2: Effect of different concentrations of laminarin on the inflammatory response and oxidative stress of PC12 cells induced by OGD/R.
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Compared with the control group, ***P < 0.001; compared with the OGD/R group, “P < 0.05, *P < 0.01, and **P < 0.001.

reduce the area of cerebral infarction in mice [16]. In
addition, Ginkgo biloba extract can effectively reduce brain
oxygen uptake and consumption in elderly patients with
cerebral ischemia to improve the balance between brain
oxygen supply and consumption [17]. These studies have
confirmed the critical protective effect of traditional Chinese

medicine on hypoxic-ischemic brain injury. Laminaria
polysaccharide has been widely studied as a kind of macro-
molecular polysaccharide with many biological functions,
including antioxidation and antitumor. However, the role
of laminarin in hypoxic-reperfusion nerve injury has not
reported. In this study, Laminaria polysaccharide can
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FiGUREk 4: Effect of different concentrations of laminarin (0.5, 2.5, and 5 yg/ml) on the apoptosis of PC12 cells induced by OGD/R. (a) Flow
cytometry was used to detect the effects of different concentrations of laminarin (0.5, 2.5, and 5 yg/ml) on apoptosis of PC12 cells induced by
OGD/R. (b) Western blot assay was performed to detect the effects of different concentrations of laminarin (0.5, 2.5, and 5 ug/ml) on the
protein expression levels of Bcl-2, Bax, and Caspase-3 in PCI12 cells induced by OGD/R. Note: 1: OGD/R group, 2: OGD+0.5 ug/ml
laminarin group, 3: OGD+2.5 yg/ml laminarin group, and 4: OGD+5 yug/ml laminarin group. Compared with the control group,
***P <0.001; compared with the OGD/R group, *P < 0.05, **P <0.01, and ***P < 0.001.

promote the activity of PC12 nerve cells induced by OGD/R
in a concentration-dependent manner and reduce the inhib-
itory effect of OGD/R on the activity of PC12 cells. This
result suggests the protective effect of laminarin on
ischemia-reperfusion injury.

Cerebral hypoxia reperfusion injury involves multiple
pathological processes, including neuroinflammation, oxida-
tive stress, and apoptosis [18-20]. Excessive ROS is widely
considered the leading cause of reperfusion injury of micro-
vessels and parenchymal organs in ischemic tissues. After
the blood supply of ischemic tissue is restored, excessive free
radicals will attack the cells of the tissue and cause damage
[21]. At the same time, tissue ischemia can induce proin-
flammatory cytokines (TNF-a, IL-1f3, and IL-6), further
aggravating ROS levels [22]. In addition, ischemia-
reperfusion injury can also activate cell death programs,

including apoptosis, autophagy, and necrosis. There is
increasing evidence that excessive proapoptotic proteins
(Bax and Caspase-3) and oxidative stress products (LDH
and MPO) are produced in cerebral ischemic injury [23,
24]. Previous studies have shown that cinnamon extract
transcinnamaldehyde can protect PC12 cells from OGC/R
stimulation through antiapoptosis and antioxidant stress
[25]. Therefore, targeting inflammation, oxidative stress,
and apoptosis has been proved to be a feasible treatment
option for cerebral hypoxia reperfusion injury. In this study,
we found that OGD/R can induce PC12 neuronal proinflam-
matory factor (TNF-a, IL-1f, and IL-6) expression and
increase the levels of oxidative stress indexes (ROS, LDH,
and MPO). At the same time, laminarin could reverse the
above effects in a concentration-dependent manner. In addi-
tion, the results of flow cytometry showed that laminarin
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F1GURE 5: Effects of different concentrations of laminarin (0.5, 2.5, and 5 yg/ml) on the protein expression levels of PTEN, PI3K, and p-AKT
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OGD+5 pg/m. Compared with the control group, ***P < 0.001; compared with the OGD/R group, P < 0.05, “*P < 0.01, and **P < 0.001.

could alleviate the blocking and proapoptotic effects of OGD/
R on the s cycle of PC12 cells. These results suggest that Lam-
inaria polysaccharide can improve ischemia-reperfusion nerve
cell injury by regulating inflammatory factors, oxidative stress-
related indexes, and cycle-related proteins.

Finally, we studied the possible molecular mechanism of
laminarin in protecting nerve cells from ischemia-
reperfusion injury. PTEN is a tumor suppressor gene with
bispecific phosphatase activity, mainly responsible for regu-
lating cell growth and apoptosis signal transduction [26].
Many studies have shown that PTEN gene knockout can
protect against ischemia-reperfusion nerve injury [27]. For
example, SETD5-AS1 can increase cerebral infarction vol-
ume and neurological impairment in ischemic stroke mice
by inducing PTEN overexpression [28]. Andrographolide
of traditional Chinese medicine can protect hippocampal
neurons in rats with chronic cerebral ischemia injury by
inhibiting PTEN levels [29]. In addition, PI3K/AKT is a vital
pathway closely related to apoptosis after cerebral hypoxia
and ischemia. PTEN can promote cell activity damage by
antagonizing PI3K/AKT pathway to induce cell-cycle arrest
[30]. Studies have shown that Panax notoginseng saponins
improve hypoxic-ischemic neonatal brain injury by activat-
ing the PI3K/AKT pathway [31]. Curcumin can target vas-
cular endothelial growth factors by activating PI3K/AKT to
prevent cerebral hypoxic-ischemic injury in neonatal rats
[32]. In this study, Laminaria polysaccharide can effectively
inhibit the PTEN level of PCI2 cells induced by OGD/R and
promote the levels of PI3K and p-AKT, suggesting that
Laminaria polysaccharide can reduce nerve cell injury after
ischemia-reperfusion by regulating PTEN/PI3K/AKT pathway.

In conclusion, laminarin can inhibit OGD/R-induced
inflammation, oxidative stress, and apoptosis of PC12 cells
by regulating PTEN/PI3K/AKT pathway. These results pro-
vide new insights into the protective mechanism of lami-
narin against cerebral hypoxia and ischemia and indicate
that laminarin is a promising choice for treating ischemic
stroke. However, this study has not verified the effect of

Laminaria polysaccharide on brain injury in hypoxic mice,
which will be further studied in a follow-up study.
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Purpose. We aimed to examine the effects of '*°I seeds on the gene expression of Bcl-2, Bax, and PI3K/Akt pathway components in
cholangiocarcinoma cells. Methods. In vitro, human cholangiocarcinoma RBE cells were treated with 1251 seeds (0.39mCi or
0.85mCi) for 72h, 120h, and 168h. Cell proliferation and apoptosis were assessed. The expression of Bcl-2 and Bax was
detected by RT-PCR, and Western blotting was carried out to explore changes in Akt activity. Result. '>°I seeds inhibited the
proliferation of RBE cells. The apoptosis rate of the RBE cells in the low-activity group was significantly higher than that in the
high-activity group at 120h and 168 h, while no difference was found between the two groups at 72h. After 120h of culture,
the gene expression of Bcl-2 and Bax decreased in both groups, the ratio of Bcl —2/Bax in the low-activity group decreased,
and the PI3K/Akt signaling pathway was inhibited in both groups. Conclusion. '*°I seeds affect the proliferation and apoptosis
of cholangiocarcinoma cells in a dose-dependent manner. The therapeutic effect of low-activity '*°I seeds on cancer cells may
be better. '>I seed brachytherapy may promote the apoptosis of cholangiocarcinoma cells by inhibiting the PI3K/Akt signaling

pathway and regulating the Bcl — 2/Bax ratio.

1. Introduction

Cholangiocarcinoma (CCA) is the second most common
malignant liver carcinoma, accounting for 3% of gastrointes-
tinal cancer cases and 15% of all primary hepatic tumor
cases [1, 2]. The incidence and mortality of CCA have been
steadily increasing in recent decades, especially in Asian
countries [3, 4]. CCA is a highly aggressive tumor that is
associated with a high mortality rate due to late diagnosis
and infective treatment [5]. Early-stage CCA can be treated
by surgical resection alone or in combination with liver
transplantation. However, at the time of diagnosis, the
majority of patients (>65%-80%) are in an advanced stage
of disease, with unresectable or distant metastasis, and no
effective chemotherapies or molecular targeted therapies
are available for these patients [6]. Therefore, there is an
urgent need to develop new therapeutic strategies for CCA.

'2°T seed brachytherapy is an established approach for
the treatment of a variety of tumors, such as hepatocellular
carcinoma, prostate cancer, lung cancer, and pulmonary
cancer, and has resulted in excellent outcomes. '*°I seed
brachytherapy has been demonstrated to be an effective
modality with advantages of maximal antitumor effects,
minimal toxicity and morbidity, slow and continuous irradi-
ation release, convenience, short hospital stay, and long-
term efficacy [7, 8]. To date, '*’I seed implantation alone
or in combination with biliary stents has been used in
CCA patients to evaluate the benefits.

Apoptosis, DNA damage, G2/M phase cell cycle arrest,
autophagy, and paraptosis are possible mechanisms underly-
ing the effect of '*°I seed radiation on various types of cancer
[9-11]. Apoptotic programmed cell death plays a key role in
a number of human physiological and pathological processes
via the extrinsic (death receptor) and intrinsic (mitochon-


https://orcid.org/0000-0002-6397-7877
https://orcid.org/0000-0001-8470-1709
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/6934934

2
8000
T 6000
S
]
—
£ 4000 o =
g #it #
5 2000
=
(=
SSPRA PR SRR SO SR SR SPR S o
NIMINY Q7Q Q"D
PR PP AR
m CTL
B 0.39mci
B 0.85mci

FIGURE 1: Proliferation analysis of the RBE cells treated with low-
activity (0.39 mCi), high-activity (0.85 mCi), and control groups at
72h, 120h, and 168 h. Significant difference was detected between
the low-activity and control groups (**P <0.001), as well as the
high-activity and control groups (#P < 0.00).

drial) pathways [12-14]. Mitochondrial apoptosis is tightly
controlled by BCL-2 family proteins, including apoptosis-
inhibiting molecules (such as Bcl-2) and apoptosis-
promoting molecules (such as Bax) [15].

The phosphatidylinositol 3 -kinase (PI3K)/Akt pathway
is a key regulator of cellular functions, including prolifera-
tion, migration, invasion, and survival, and appears to be
crucial in cancer [16]. Akt regulates a variety of biological
processes, including the inhibition of apoptosis, which is
mediated by the direct phosphorylation of apoptotic signal-
ing molecules or the indirect modulation of transcription
factor activity [17]. Moreover, through inactivating the orig-
inal prosurvival Bcl-2 family members, Akt negatively regu-
lates the expression or function of Bcl-2 homology domain
3-only proteins [18]. Therefore, in the present study, we
investigated whether '*’I seeds can be exploited as a novel
effective strategy for treating CCA via the regulation of
BCL-2 family proteins by PI3K signaling.

2. Methods and Materials

2.1. Cell Culture. Human cholangiocarcinoma RBE cells
were provided by the Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China).
RBE cells were cultured in RPMI 1640 culture medium
(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin in a humidified incu-
bator containing 5% CO, at 37°C. The media were replaced
every other day. When the cells formed a 70%-80% conflu-
ent monolayer, they were detached with 0.25% trypsin-
EDTA and dissociated into a single-cell suspension for fur-
ther cell culture and assays.

2.2. Radiation Source. The '*°I seeds used during the study
period were kindly provided by Jaco Pharmaceuticals Com-
pany Limited (Ningbo, China). The '*I seeds had a half-life
of 59.4 days, were 4.5 mm in length and 0.8 mm in diameter,
and were sterilized by high-temperature sterilization. Cells
were cultured at a density of 2000 cells/well in 96-well plates.
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After overnight culture, one sterilized '*°I seed was placed in
the center of each of 6 wells, and these wells were divided
into the low-activity (0.39 mCi/seed), high-activity
(0.85mCi/seed), and control treatment groups.

2.3. Cell Apoptosis Assay. After '*°T seed treatment, Hoechst/
PI double staining was performed, and cell apoptosis was
assessed through high-content screening. Cells were cultured
at a density of 2000 cells/well in 96-well plates and treated
with low-activity '*°I seeds, high-activity '*°I seeds, or no
'2°T seeds in the center of each of 6 wells. Each sample was
analyzed at 72h, 120h, and 168 h. The apoptosis rate was
expressed as the percentage of the highest target total
intensity.

2.4. Real-Time PCR Analysis. RBE cells were collected 120 h
after irradiation, and ribonucleic acid (RNA) was isolated
from the cultured cells. Total RNA was extracted by Biozol
(BioFlux, Japan), and reverse transcription was performed
with a PrimeScript RT Kit (Takara Bio Inc., Japan) accord-
ing to the manufacturer’s protocol. The synthesized cDNA
was quantified with a LightCycler 96 Real-Time PCR system
(Roche, UK) and SYBR Premix Ex Taq (Tli RNaseH Plus)
(Takara Bio Inc., Japan). The specificity of the primers was
verified by analyzing the melting curve. The expression level
was standardized by the internal reference gene GAPDH,
and the relative expression was determined by the 2744
method. Quantitative real-time PCR was used to assess the
relative Bcl-2 and Bax gene expression levels.

2.5. Western Blotting Analysis. Cell lysates were obtained
after treatment with high- or low-activity seeds for 120h,
subjected to SDS-polyacrylamide gel electrophoresis, and
immunoblotted with primary antibodies (rabbit monoclonal
anti-phospho-Akt; Ser473: Cell Signaling Technology, USA),
followed by horseradish peroxidase-conjugated secondary
antibodies. The bands were visualized by enhanced chemilu-
minescence (ECL, Thermo Scientific Pierce, USA) using a
lumino image analyzer. The images were processed and ana-
lyzed by the Image]J software.

2.6. Statistical Analysis. All the data are expressed as the
mean + standard deviation (x +s). A t test was used to com-
pare the mean values of two groups. The statistical signifi-
cance of mean differences between studied groups was
evaluated by two-way ANOVA and Dunnett’s test. Statistical
significance was defined as a P value < 0.05. Statistical calcu-
lations were performed with the SPSS 13.0 software.

3. Results

3.1. Proliferation Analysis. RBE cells were treated with '*°

seeds of different activities, and the proliferation of the
RBE cells was detected by a high-content screening instru-
ment at 72h, 120h, and 168 h. There was no significant dif-
ference in cell proliferation between the high-activity group
and the low-activity group after 72 hours of incubation,
but significant differences were detected at 120 hours and
168 hours. With the increase in treatment time, the number
of proliferating cells decreased significantly, and there was a
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FIGURE 2: Apoptosis analysis of the RBE cells treated with low-activity (0.39 mCi), high-activity (0.85mCi), and control groups at 72h,
120h, and 168 h. (a) Hoechst/PI double staining and (b) cell apoptosis rate was performed through high-content screening (*P < 0.05).
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F1GURE 3: Bcl-2 and Bax gene expression levels in the control group, low-activity group, and high-activity group by RT-PCR. (a) RNA levels
of Bcl-2. (b) RNA levels of Bax. (c) The ratio of Bcl — 2/Bax (*P < 0.05, **P < 0.001).

significant difference within each group except for the con-
trol group, while there was no significant difference between
the high-activity group and the low-activity group. The rate
of cell proliferation inhibition increased with time
(Figure 1).

3.2. Apoptosis Analysis. The apoptosis rates of the RBE cells
treated with low-activity and high-activity >’ seeds were
significantly higher than that of the RBE cells treated with
control after 72h, 120h, and 168h of treatment. At 72h,
the apoptosis rate of RBE cells in the low-activity group
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FIGURE 4: Expression of p-Akt in the cells treated with high- and low-activity '*°I seeds for 120 h. (a) Western blotting analysis of expression
of p-Akt. (b) Histograms relative to the quantification of the marker bands in (a) (**P < 0.001).

(0.39 mCi) was not significantly different from that in the
high-activity group (0.85mCi), but at 120h and 168h, the
difference was statistically significant (P < 0.05) (Figure 2).

3.3. Bcl-2 and Bax Gene Expression Levels. After the cells
were treated with high- and low-activity '*°I seeds for 120
hours, the levels of Bcl-2 and Bax RNA expression were
detected in the control group, low-activity group, and
high-activity group. The expression of Bcl-2 and Bax was
decreased in both the low- and high-activity groups. The
expression of Bcl-2 in the low-activity group was lower than
that in the high-activity group, while the expression of Bax
in the low-activity group was higher than that in the high-
activity group. The ratio of Bcl—2/Bax was 1.20 in the
low-activity group and 1.56 in the high-activity group
(Figure 3).

3.4. PI3K/Akt Signaling Pathway. Western blotting was used
to detect the expression of p-Akt in the cells treated with
high- and low-activity '*I seeds for 120h. The level of p-
Akt in the low- and high-activity groups was significantly
lower than that in the control group. However, there was
no significant difference in the level of phosphorylated Akt
between the low-activity and high-activity groups (Figure 4).

4. Discussion

CCA is a rare cancer that constitutes a diverse group of
malignancies emerging from the biliary tree [19, 20]. How-
ever, CCA has been a global health problem, and its global
incidence and mortality have increased in recent decades.
CCA is often asymptomatic at an early stage and diagnosed
at an advanced stage, resulting in a poor prognosis. Thus,
novel therapeutic strategies need to be developed. '*°I seed
implantation alone or in combination with biliary stents
has been used in CCA patients, indicating that 1251 geed
treatment is an effective adjuvant therapy [21-23].

Previous studies have reported that irradiation-induced
apoptosis became more obvious when the radiation dose
increased [24], which is similar to the results of the present
study. In our study, we found that cell proliferation was
not significantly affected in either the low-activity group or
the high-activity group after 72 hours of treatment. At 120

hours and 168 hours, the proliferation of cells in the low-
activity group and high-activity group was significantly
inhibited, and it increased with time. It is suggested that
the inhibitory effects of '*°I seeds on tumor cells are dose-
dependent. Moreover, there was no significant difference in
the apoptosis rate at 72 hours. However, at 120 hours and
168 hours, the apoptosis rate of the low-activity group was
higher than that of the high-activity group, which was con-
sistent with other studies [25]. Therefore, a lower dose was
also more effective in inducing apoptosis in cancer cells. It
is worth noting that the effect of promoting tumor cell apo-
ptosis in the low-activity group was better than that in the
high-activity group, which may be related to the reactive
protection of cells after injury.

The Bcl-2 family plays a pivotal role in apoptosis pro-
gression and can activate cell death by activating the mito-
chondrial pathway. The Bcl-2 family can be divided into
three groups: prosurvival BCL-2-like proteins, multi-BH
domain proapoptotic BAX/BAK proteins, and proapoptotic
BH3-only proteins [26]. Bcl-2 family genes are also involved
in the imbalance of cell growth and death in some cancers,
which may be related to BH3 domain mutations in proapop-
totic and antiapoptotic proteins. Overexpression of members
of the BCL-2 protein family that block apoptosis contributes
to malignant transformation [27]. There is potential evi-
dence that inhibition of Bcl-2-like protein expression can
be a therapeutic strategy for cancer. Several studies revealed
that '*’I seed radiation could significantly upregulate the
expression of Bax protein and downregulate the expression
of Bcl-2 protein in lung cancer cells [25, 28]. Consistent with
the above reports, current results supported that '*°I seed
brachytherapy upregulates Bax RNA expression and down-
regulates Bcl-2 RNA expression, especially in the low-
activity group. Furthermore, the ratio of Bcl — 2/Bax in the
low-activity group was lower than that in the high-activity
group, which indicated that the treatment effect in the low-
activity group is better than that in the high-activity group.

Moreover, the PI3K/Akt signaling pathway plays a vital
role in cellular processes, including cell proliferation, differ-
entiation, and migration, apoptosis, and autophagy, as well
as in maintaining many basic physiological functions, such
as nutrient absorption, ribosome synthesis, and intracellular
metabolism. Akt mainly includes three isoforms, AKT1,
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AKT?2, and AKT?3, that share a common structure and a sim-
ilar activation mechanism [29]. All three subtypes have
highly conserved domains at the N-terminus. After activa-
tion by phosphorylation of Thr308 or Ser473, Akt is trans-
ferred into the cytoplasm or nucleus, phosphorylates a
variety of downstream protein substrates, and regulates var-
ious cell processes, including metabolism, proliferation, sur-
vival, transcription, and angiogenesis. Akt also affects Bcl-2
family proteins, which play a regulatory role in metabolism,
survival, and proliferation. Akt activates the antiapoptotic
role of Bcl-2 and Bcl-xL by facilitating the interaction
between phosphorylated BAD and 14-3-3 protein and inhi-
biting the activity of caspase-9. Furthermore, activated
AKT translocates to various intracellular locations and phos-
phorylates and modulates the function of numerous sub-
strates that are involved in cancer initiation and
progression [29]. Several studies have suggested that the
AKT signaling pathway plays an essential role in '*’I
seeds-based radiotherapy of cancer cells [9, 10, 30-32]. In
our study, the level of phosphorylation of PI3K/Akt pathway
components was detected to assess the activation of the
PI3K/Akt pathway. The phosphorylation of Akt in the low-
activity group and high-activity group was lower than that
in the control group, but there was no significant difference
in the level of pathway activation between these two groups.
Radiation from '*I seeds downregulated the expression of
p-Akt, and '*°I seed radiation-induced apoptosis in CCA
may be caused by the inhibition of activation of Akt
signaling.

There are some limitations in this study. First, the
seed irradiation scheme designed in this experiment has
the disadvantage of uneven irradiation. Then, the cumulative
dose received using only one '*°I seed could not be calcu-
lated from the corresponding activity of the treatment in this
study. Further in vivo studies need to be performed to verify
the results of this in vitro experiment.

1251

5. Conclusion

'2°T seeds affect the proliferation and apoptosis of cholangio-
carcinoma cell lines. The therapeutic effect of low-activity
'2°I seeds on cancer cells may be better than that of high-
dose '*°I seeds. '*°I seed therapy may affect the balance of
Bcl - 2/Bax by regulating the activity of the PI3K/Akt signal-
ing pathway.
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