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Abstract: Recently, cell-plastics, which are composed of unicellular green algal cells and biodegrad-
able compounds as ingredients and fillers, have been suggested as carbon-recyclable materials instead
of petroleum-based plastics. In this study, cell-plastics, fabricated with Chlamydomonas reinhardtii
as an ingredient and a mixture of two types of starches (raw and oxidized starches) as a filler, were
successfully stabilized as independent structures despite the quantity of algal cells being nine times
more than that of starch. All starch cell-plastics were water repellent, possibly due to their bumpy
surface structures. The starch cell-plastic, composed of 50% cells and 50% starch (1.5:1 of oxidized
starch versus raw starch), showed 327 £ 52 MPa as Young’s modulus and 6.45 &+ 1.20 MPa as tensile
strength, indicating the possibility to be a suitable replacement for petroleum-based plastics. Addi-
tionally, all starch cell-plastics showed water-repellency and maintained those structures dipped in
phosphate-buffered saline buffer as a water environment for 24 h, meaning that all starch cell-plastics
had evaluable water resistance. On the other hand, by adding «-amylase, all starch cell-plastics were
collapsed and lost the weight efficiently, indicated their biodegradability. This is the first paper to
describe starch cell-plastics from their fabrication to biodegradation.
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1. Introduction

Plastics are widely used in various domestic and industrial fields, making them
essential for maintaining global economic activities [1]. Despite the recent emphasis on
the creation of a sustainable society, 99% of plastics are made from petroleum, which
means that the plastic industries depend on petroleum resources [2]. Dependence on
petroleum resources is subject to various problems such as depletion of finite petroleum
resources, environmental pollution during petroleum refining [3-5], and increase in the
CO; concentration in the atmosphere [6], necessitating urgent development of alternative
resources on a global scale. Due to escaping from petroleum-use, many studies have
advocated green plastics by using biomass derived from CO; as recyclable resources [7-9].
Among the many bioplastics, biodegradable bioplastics are especially attractive as next-
generation carbon-recyclable plastics [10-12]. However, bioplastics have hardly been used
due to their expensive production process. Therefore, bioplastics, which have scope for cost
reduction, especially in the extraction and purification processes, are being increasingly
considered [13].

Appl. Sci. 2021, 11, 847. https:/ /doi.org/10.3390/app11020847

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4850-6321
https://doi.org/10.3390/app11020847
https://doi.org/10.3390/app11020847
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11020847
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/2/847?type=check_update&version=1

Appl. Sci. 2021, 11, 847

20f 10

Recently, cell-plastics have been suggested as new raw materials [12,14,15]. Cell-
plastics are bioplastics constructed of unicellular green algal cells, such as Chlamydomonas
reinhardtii, as ingredients and biodegradable compounds such as glycerol, bovine serum
albumin (BSA), and polybutylene succinate (PBS) as fillers. Cell-plastics have several
properties as follows: (1) green algae such as Chlamydomonas sp., which have a higher
carbon assimilating ability than general terrestrial plants, are used as ingredients, resulting
in easier preparation as a biomass resource [16]; (2) these cells are substantially rigid [17],
providing cell-plastics with the requisite strength as a raw material; (3) there is no need to
extract and refine the cell components as the end product because the cells can be directly
used; and (4) unicellular cells can be freely placed and a filler can be used to connect each
cell. Various cell-plastics have been fabricated so far, with cell-plastics composed of PBS
exhibiting a tensile strength of 8.8 &= 3.8 MPa and a Young’s modulus of 240 4= 90 MPa [14],
similar to the properties of low-density polyethylene (LDPE), which has a Young’s modulus
of 165.3 MPa and a tensile strength of 10.3 MPa [18]. The mechanical characteristics of
the PBS cell-plastics suggested its potential as a substitute to polypropylene (PP) and
polyethylene (PE), which have a high demand and constitute ~92% of plastics produced
from petroleum, such as wrapping and sheets used as commodities [19]. Although these
cell-plastics are fabricated using biodegradable cells and fillers, their degradation has not
been studied. Therefore, the biodegradability of cell-plastics as carbon-recyclable bioplastic
resources needs to be proven.

In this study, cell-plastics were fabricated using the unicellular green alga C. reinhardtii
as an ingredient and starches as fillers. Raw starch is hydrophilic; therefore, its use is
restricted to producing practical plastics because of its non-waterproof nature, unlike
general plastics. In a previous study, PBS cell-plastics composed by adding cells into PBS
showed enhanced water repellency than that displayed by PBS, presumably due to the
lotus effect [14]. Thus, for the fabrication of starch cell-plastics, water repellency was
expected by adding algal cells. Additionally, enhanced water repellency was achieved by
using oxidized starch to control its hydrophilic property by changing the hydroxyl group
to a carbonyl group in raw starch [20]. Next, cell-plastics were fabricated according to
modification of contents as follows: (1) the ratio of the ingredient and the filler; and (2)
the ratio of raw starch and oxidized starch. The fabricated cell-plastics were analyzed
for their surface characteristics using scanning electron microscopy (SEM), mechanical
characteristics using tensile tests, and biodegradability using «-amylase. Although the
biodegradation of starch by a-amylase is well known [21], the biodegradation of starch
cell-plastics has not been proven yet. This is the first report to describe starch cell-plastics
from their fabrication to biodegradability and to introduce their potential as recyclable
carbon resources.

2. Materials and Methods
2.1. Microalgal Strain and PBR Operation

Chlamydomanas reinhardtii strain C-9: NIES-2235 was cultured in modified Bold 6 N
medium (MB6N) with a photobioreactor system at room temperature (23 °C) as described
in a previous study [22]. The photobioreactor was equipped with a bubbling system
of 0.8% CO, gas at an aeration rate of 0.05 vvm, white fluorescent lamps (100 umol
photons-m~2.s71).

2.2. Evaluation of Culturing Condition

Cell number was evaluated for cell growth with ODys5g value via appropriate calibra-
tion curve for ODy5 versus cell numbers by using a spectro-photometer U-2900 (Hitachi,
Tokyo, Japan) [23]. Culturing pH was measured with pH meter FEP20 (Mettler Toledo,
Tokyo, Japan) after centrifugation at 5000 x g for 1 min at 23 °C [24]. Nitrate concentration
was measured using an optical method. The broth was centrifuged at 5000 x g for 1 min
at 23 °C, and the supernatant was filtered with a 0.45 um filter (Millex®—LCR 13 mm,
Millipore, Carrigtwohill, Ireland). The flow through was diluted 50-fold with distilled
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water, and the absorbance of the diluted supernatant was measured at 220 nm (i.e., Abspz()
with a spectro-photometer U-2900. The residual nitrate content was evaluated with an
appropriate calibration curve for Absyy( versus nitrate concentration [16].

2.3. Fabrication of Starch Cell-Plastics

C. reinhardtii cells before nitrogen depletion were harvested by centrifugation at 5000 x
g for 1 min at 23 °C; starch and oxidized starch were provided by Matsutani Chemical
Industry Co., Ltd. (Hyogo, Japan). Oxidized starch is a polymer obtained by treating raw
starch with hypochlorous acid resulting in the hydroxy group changing to a carboxyl group
via oxidation. Raw starch and oxidized starch were prepared to make 0.5:1, 1:1 and 1.5:1
of oxidized starch weight versus starch weight before mixing starch with cells. After the
starch preparation, the cells as ingredients and the prepared starches as fillers were mixed
to adjust the ratio of 0%, 50% and 90% based on cell-weight versus total weight.

2.4. Scanning Electron Microscopy

Starch cell-plastics were coated with Au particles using an ion coater (IB-2; Eiko
Engineering, Tokyo, Japan) before scanning. The Au particle-coated cell-plastics were
observed with SEM (JSM-6060LV; Japan Electron Optics Laboratory Co., Ltd., Tokyo,
Japan).

2.5. Evaluation of Young's Modulus and Tensile Strength

The starch cell-plastics were analyzed for evaluating the Young’s modulus and ten-
sile strength with a tensile strength tester (TesTex, Zurich, Switzerland) [14,15,25]. The
cell-plastics were prepared into rectangles and the evaluating area was 5 X 7.5 mm. A
crosshead rate of 1.00 mm-min~! was maintained. Under analyzing the test-samples,
a load-displacement curve was plotted. To calculate the Young’s modulus and tensile
strength, a stress—strain curve was plotted by dividing the load and displacement by the
cross-section and the initial length of the test piece, respectively. The thickness of the
cell-plastics was evaluated by the SEM observations of the small sample pieces cut using
scissors. Young’s modulus was derived using the slope of an initial straight line approx-
imated via the least squares method. The tensile strength was defined as the maximum
stress value. The Young’s modulus and tensile strength of each film were the averages of
3 test pieces obtained by cutting three different films into three different-sized areas.

2.6. Water Repellent Evaluation Test

Drop Master 300 (Kyowa Interface Science Co., Ltd., Saitama, Japan) was used to
evaluate the contact angle. The contact angle was determined after depositing a drop of
water on the films.

2.7. Evaluation of Biodegradation-Activity with a-Amylase

x-Amylase was purchased from Fuji Film Wako Pure Chemical Corp. (Osaka, Japan).
One g mL~! a-amylase solution was prepared with phosphate-buffered saline (pH = 7.4).
Starch cell-plastics and starches were treated with 1 mL of a-amylase solution at 23 °C
(room temperature) for 24 h. After the treatment, the reactants were centrifuged at 5000 x
g for 3 min at 23 °C; the supernatants were discarded and the residues were collected as
the precipitate. The precipitates were weighted to evaluate degrading activity to starch
cell-plastics and starches. The x-amylase degrading activity was shown as the calculated
value as below: i, degradation with x-amylase, 100 x ((initial weight (g) — residual
weight (g))/initial weight (g)); ii, degradation without x-amylase, 100 x ((initial weight
(g) — residual weight (g))/initial weight (g)); iii, x-amylase degradation activity, the value
obtained in i — the value obtained in ii.
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3. Results and Discussion

In this study, starch cell-plastics were prepared by mixing varying ratios of C. rein-
hardtii cells and starches as well as by mixing ratios of raw starch and oxidized starch
(Figure 1). All starch cell-plastics fabricated using variable ratios of cells versus starches
and of raw starch versus oxidized starch could successfully maintain their self-standing
structures. In a previous research, PBS cell-plastics composed of 3:1 cells to PBS ratio
could not stably maintain the structure because of the loss of powder-like particles on the
surface [14]. However, starch cell-plastics sustained their structures even when composed
of ingredient cell content nine times more than starch content. The result was majorly
attributable to the good mix of cells and fillers because of their hydrophilic properties,
unlike PBS, which is hydrophobic.
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Figure 1. Pictures of starch cell-plastics, starch and cells. (a) Components of starch cell-plastics. (b)
Starch cell-plastics.

The structures of the surface and cross-section of the starch cell-plastics were visually
evaluated via SEM (Figure 2). The starches used as control displayed smooth surfaces and
packed cross-sections, even with different component ratios of raw and oxidized starch.
The pasted starch formed a structure similar to that of a smooth film (Figure 1) such that the
results of SEM observation had sufficient validity. On the other hand, all starch cell-plastics
displayed particle structures, presumably composed of cells on their surfaces, and packed
cross-sections, although the cross-sectional structures were bumpy, presumably formed
by cells. There was no correlation between the ratios of raw and oxidized starch. As
shown in Figures 1 and 2, the differences between previous PBS cell-plastics and starch
cell-plastics clearly lie in the filler spreading among the ingredient cells. Although the
unstable structures of PBS cell-plastics were confirmed under the fabrication condition
of 75% or more composition of C. reinhardtii cells, all starch cell-plastics, even under the
fabrication condition of 90% of C. reinhardtii cells could maintain their packed structures.
For the fabrication of PBS cell-plastics, the hydrophilic cells were forcibly mixed with PBS
in hydrophobic dichloromethane; on the other hand, for starch cell-plastics, the cells were
mixed with starches in water. In the case of starch cell-plastics, packed structures could be
explained by the fact that cells and starches easily combined under hydrophilic conditions.
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Figure 2. SEM images of surfaces and cross-sections of starch cell-plastics and starches, respectively.
The white and black arrows show the thickness of those cross-sections. The white lines are inserted
as scale bars.

Tensile tests were conducted to evaluate the mechanical properties of the starch cell-
plastics (Figures 3 and 4). As seen in the stress—strain curve (S-S curve) in Figure 3, all
starches, irrespective of the ratios between raw and oxidized starch, immediately fractured
after reaching their maximum tensile strength. Due to sudden rupture without observable
structural glide, the starch cell-plastics also immediately fractured after reaching their
maximum tensile strength. These rupturing properties did not depend upon the ratio of
raw starch to oxidized starch. The starches showed Young’s modulus of 566 £ 249 MPa
in 0.5 oxidized starch: 1 raw starch, 279 + 30 MPa in 1 oxidized starch: 1 raw starch, and
187 4+ 37 MPa in 1.5 oxidized starch: 1 raw starch, respectively (Figure 4). The decreasing
values of Young’s modulus related to the increasing ratio of oxidized starch, indicating
a negative correlation between Young’s modulus and the ratio of oxidized starch. The
hydroxy group of starch was changed to a carboxyl group via oxidation. Therefore, it is
possible that the hydrogen bonds between the polymer chains along with the chain length
decreased, resulting in a decline in the intermolecular force. Regardless of the ratio of
raw starch and oxidized starch, starch cell-plastics composed of 90% of cells tended to
show a lower Young’s modulus value than those composed of 50% of cells. In the case of
the starch cell-plastics composed of 90% of cells rather than 50%, the structures could be
strained because the bond between the unicellular C. reinhardtii cells as ingredients could be
decreased due to the reduced amount of starches as fillers to connect the cells. Likewise, the
same trend regarding the cell-contents was observed even for tensile strength (Figure 4b).
Regardless of the ratios of the raw and oxidized starches, the tensile strength decreased
with increase in percentage of cell components. The results also indicated that the influence
of fillers as cell connectors could be decreased by increasing the cell components. The
starch cell-plastics (0.5:1 of oxidated starch versus raw starch; 0% and 50% of cells) were
collapsible rather than others so that the Young’s modulus and tensile strengths were not
steady as shown error bars, respectively. The results indicated that the steady-use of the
cell-plastics could need the blending balance of cells and starches. In this study, the Young’s
moduli of the starch cell-plastics composed of 50% cells were approximately 330 MPa (the
ratios of oxidized and raw starches were 0.5:1, 1:1, and 1.5:1, with a Young’s modulus
value of 327, 340, and 327 MPa, respectively). Note that, in the previous research, the
Young’s modulus value of PBS cell-plastics composed of 50% cells was 240 MPa [14]. It was
revealed that all starch cell-plastics composed of 50% cells have a higher Young’s modulus
value than that of LDPE, which is 165 MPa [18].
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Figure 3. Analysis of stress—strain curves for each starch cell-plastic.
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Figure 4. Evaluation of tensile strength test for each starch cell-plastic. (a) Comparison of Young’s
modulus; (b) comparison of tensile strength. Values are the averages of three replicated experiments,
+SD.

Water repellency is an important property of plastics. The water repellent properties
of the starch cell-plastics and starches were evaluated (Figure 5) by placing water droplets
on films of cell-plastics and starches. In the case of starch-film composed of oxidized and
raw starch in the ratio of 0.5:1, the film could not keep the water droplet and lost its form
after water absorbance. On the other hand, starch-films composed of oxidized and raw
starch in the ratio of 1:1 and 1.5:1 demonstrated water repellency, indicating that increasing
the ratio of oxidized starch could endow the water repellency to starch-film owing to the
decrease in hydroxy groups. Instead of increasing the ratio of oxidized starch, adding cells
to the starch imparted water repellency. The starch cell-plastics, which were composed
of cells (50% and 70%) and starch (oxidized and raw starch in the ratio of 0.5:1), showed
the water-repellency, indicating that the water repellency could be derived from bumpy
surface occurred by adding cells. As seen in the SEM images in Figure 2, all cell-plastics
have bumpy surfaces derived from cells. Interestingly, the water repellency of previous
PBS cell-plastics was caused by the bumpy surfaces arising from the cells demonstrating
the lotus effect. Thus, starch cell-plastics could efficiently exhibit the lotus effect due to the
bumps on their surfaces.
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Figure 5. Evaluation of water repellency of each starch cell-plastic.
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To ascertain their carbon recyclability, starch cell-plastics needed to be subjected to
biodegradation by using degradation systems found in nature. As shown in Figure 6, the
biodegradability of starch cell-plastics was evaluated using o-amylase, which universally
exists in nature. In Figure 6a, although the starch cell-plastics and starches were crumbled
with a-amylase-treatment, those could maintain the structure without x-amylase-treatment.
Additionally, the treated cell-plastics could not be grasped because of being collapsed;
however, the non-treated cell-plastics could be grasped and bent. Those results indicated
that the starch cell-plastics have an evaluable water-resistance dipping in a water envi-
ronment for 24 h. Therefore, the starch in the cell-plastics could maintain those structures
even though those lost the weights in the water. On the other hands, all starch cell-plastics
collapsed after treatment with x-amylase (Figure 6a). To detect the effect of x-amylase on
starch cell-plastics in detail, degradation activities without x-amylase were compared with
the degradation activity of a-amylase. Approximately 13-33% of the weight of the starch
cell-plastics and the starches decreased in phosphate buffered saline without «-amylase for
24 h (Figure 6b), whereas with o-amylase, there was an additional decrease in these weights
in phosphate buffered saline after 24 h. The ratios of weight losses with «-amylase could
be tentatively related to the ratios of starch content, meaning that the losses were derived
from the degradation of starch by «-amylase. Although starch cell-plastics exhibited water
repellency only briefly, these plastics could be efficiently collapsed with a-amylase within
a short span of time, i.e., 24 h. Generally speaking, x-amylase decomposes starch to low
length of starch such as dextrin so that a-amylase could possibly attack to degrade mainly
starch in starch cell-plastics to low length of starch. Eventually, the collapse of starch in
starch cell-plastics could release the components of those plastics. In nature, the green
algae are degraded so the released green algal cells could be also degraded.
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(a) Ratio of oxidated starch versus raw starch (w/w)
0.5:1 1:1 1.5:1
Dry cell contents (w/w) 0% 50% 90% 0% 50% 90% 0% 50% 90%
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Figure 6. Evaluation of biodegradation of starch cell-plastics with amylase, displaying (a) visualized
images of starch cell-plastics and starch after 24 h treatment, and (b) degrading activities for starch
cell-plastics. Values are the averages of three replicated experiments, £SD.

4. Conclusions

In this study, cell-plastics were fabricated using the unicellular green alga C. reinhardtii
as an ingredient and starches as fillers. By using starches as fillers, these starch cell-plastics
could stably maintain their structures even when composed of a 9:1 cells to starch ratio.
SEM evaluation revealed that all starch cell-plastics had rough structures formed by the
cells on the surface. The mechanical characteristics of starch cell-plastics evaluated via
tensile testing, showed that starch cell-plastics composed of 50% cells and 50% starches
(1.5 oxidized starch: 1 raw starch) possessed a higher Young’s modulus value than that
of PBS cell-plastics. Additionally, these starch cell-plastics were biodegradable even in
phosphate buffered saline, which boosted the degradation by «-amylase. This is the first
paper to evaluate starch cell-plastics right from their fabrication to biodegradation.
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