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Abstract

The cyanobacterium Arthrospira platensis is considered a highly potential resource
for the production of valuable compounds such as C—phycocyanin (C-PC) and poly—3—
hydroxybutyrate (PHB). This study aimed to evaluate the effects of different coloured light—
emitting diodes (LEDs) (red, green, blue, and white light) under low, medium, and high light
intensity (LL, ML, HL; 15, 30, 60 Llmol photons m=2s~', respectively) on the biomass, chlo-
rophyll-a (Chl-a), C-PC, and PHB contents of A. platensis, and further determine the free—
radical scavenging activity of A. platensis C—PC. The results exhibited that the highest values
for biomass (2.80 + 0.11 g L™") and chlorophyll-a (Chl-a) content (5.80 + 0.12 mg L™") were
obtained in cells cultured under ML red light, while the lowest values for biomass and Chl-a
content were observed in cells cultured under ML blue light. On the other hand, the C-PC
value increased to 2.78 + 0.07 mg g™" in cells cultured under HL blue light compared to red, green,
and white lights with equal intensities. Besides, the purified C—PC obtained from cells cultured
under HL blue light showed 52.1 = 5.6% of free-radical scavenging activity at a C—PC con-
centration of 100 pg mL™". In addition, the maximum PHB content (9.18 * 0.32%(w/w) DW)
was obtained in cells cultured under HL white light with nitrogen deprivation compared to red,
green, and blue lights with equal intensities. The results of the current study provide useful
physiological information regarding the effects of different light spectra and light intensity on
growth, photosynthetic pigments, and PHB as a prerequisite to optimize the production of

high—value compounds from cultures of A. platensis.

Keywords: Arthrospira platensis, C-Phycocyanin, LEDs, Polyhydroxybutyrate
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Introduction

Arthrospira platensis is a filamentous
cyanobacterium that is rich in valuable pig-
ments like chlorophyll-a, carotenoids, phyco-
biliproteins (PBPs), and biopolymers (Lupatini
etal., 2017; Milia et al., 2022; Nematollahi et al.,
2020). A. platensis biomass can be applied in
the food sector for animal and human consump-
tion. PBPs are major pigment—protein compo-
nents of the cyanobacterial cells and can con-
stitute up to 50% of the cell materials. PBPs
are divided into four types according to their
maxima light absorption wavelength: phyco-
cyanin (A=615-640 nm), phycoerythrin (A=565—
575 nm), phycoerythrocyanin (A=560-600 nm),
and allophycocyanin (A=650-660 nm). Among
them, phycocyanin (C-PC) is a hydrophilic,
blue—coloured fluorescent protein covalently
bound to chromophore tetrapyrrole groups
(Minic et al., 2018). It is a pigment associated
with other phycobiliproteins, such as allophy-
cocyanin and phycoerythrin. Furthermore, it is
a water—soluble compound with constituents
of 17% proteins (Patel et al., 2005). Besides,
C-PC has been shown to exhibit antioxidant,
anti—inflammation, anticancer, and immunity
enhancement properties (Garcia et al., 2021;
Sonani et al., 2017). Phycocyanin from S. pla-
tensis LEB-52 can enrich nutritional value and
provide a natural colour to dairy products (Cam-
pos Assumpc¢ao de Amarante ef al., 2020). In
addition, A. platensis have a biological system

with the potential to synthesize biopolymers
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such as poly—-3-hydroxybutyrate (PHB) under
various culture conditions (Duangsri et al., 2020).
The highest accumulation of PHB in Arthro-
Spira platensis was observed in cells grown
photoautotrophically under nitrogen depriva-
tion with acetate supplementation (Duangsri
et al., 2020). Most PHB is produced and ac-
cumulated intracellularly as a carbon storage
material and an energy reservoir. PHB is an
attractive alternative to common thermoplas-
tics due to its hydrophobicity, biodegrada-
bility, and biocompatibility. Furthermore, PHB
nanofiber from Spirulina platensis has exhi-
bited properties equal to or better than nano-
fiber made with commercially available PHB
(Moradi et al., 2021). The accumulation of photo-
synthetic pigments, PHB, and biomass in A.
platensis can be achieved by optimizing the
availability of growth factors such as light,
temperature, pH, and nutrients. Particularly, light
quality affects the growth and biochemical
properties of phototrophic organisms (Khatoon
et al., 2018). Recently, studies have focused
on investigating the effects of light intensity
and light quality on microalgal growth, pig-
mentation, and photosynthesis (Klepacz—-Smétka
et al., 2020; Wicaksono et al., 2019). Various
light sources such as sunlight, fluorescent light,
and light-emitting diodes (LEDs) have been
used to produce biomass and valuable bio-
chemical components (da Fontoura Prates
et al., 2020). In practice, artificial illumination

LEDs tend to be the preferred choice for
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acclimatizing a cultivation system into an in-
tensive one in a small area. LEDs emit a
single wavelength of light and have low power
consumption interpreted to low carbon emis-
sions (Van Hieu et al., 2021). Notably, LED
lights produce less of an environmental impact
than traditional lighting sources. Therefore,
LEDs are considered an attractive artificial
light for microalgal production. Even though
many studies have focused on various lighting
conditions during the cultivation of Arthrospira
sp. to enhance biomass and C—PC produc-
tion, little or no attention has been given to
the co—production of C-PC and PHB using
LEDs during cultivation. Hence, this research
aimed to investigate the effects of different
LEDs (white, red, green and blue light) on A.
platensis biomass, photosynthetic pigments
(chlorophyll-a, carotenoid, and C-PC), and
PHB content, as well as further determine the
in vitro free—radical scavenging activity of A.

platensis C-PC.

Research Methodology
Cell cultivation and biomass determination
The A. platensis used in this study
was obtained from the Institute of Food Re-
search and Product Development, Kasetsart
University (IFRPD). The cells were cultivated
in 250-mL Erlenmeyer flasks (Schott Duran,
Germany) containing 50 mL Zarrouk medium
under photoautotrophic conditions at 32 + 0.5°C,

pH 10.0. Experiments for the two-stage cul-

tivation were conducted as follows. In the first
stage, A. platensis was cultivated under conti-
nuous illumination with white fluorescent at 30
pmol photons m™s™" for 7 days until reaching
the late logarithm phase (optical density,
OD~1-1.2). After that, white fluorescent was
replaced with blue, green, red and white LEDs
with wavelengths of 430-465 nm, 525-550
nm, 630-665 nm, and 420-665 nm, respec-
tively. The A. platensis was further cultivated
under three light intensities designated as
low—intensity (LL, 15 Umol photons m™s™),
medium-intensity (ML, 30 imol photons m™s™),
and high—intensity (HL, 60 mol photons m™
s™") for 5 days. The biomass concentration (g
L") was determined spectrophotometrically
according to Duangsri et al., (2020). The irra-
diance of the LEDs was measured using a
quantum meter (Biospherical Instruments, model

QSL-100).

C-phycocyanin extraction, partial purifica-
tion and determination

The A. platensis cells were harves-
ted by filtration and then suspended in a 0.1 M
sodium phosphate buffer (pH 7.0) at a ratio of
1:15 under darkness on ice, while cells were
extracted by sonication at 20 kHz for 10 min
with three repeated cycles of freezing and
thawing (RFT cycles). The suspension was
frozen for 3 hrs at —20°C and thawed for 1 hr
at 25°C. After 3xRFT cycles, the mixture con-

taining C—phycocyanin (C-PC) was centri-
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fuged for 30 min at 4,000xg at 4°C to remove
the cell residues. Partial purification of C-PC
was done using ammonium sulfate precipi-
tation. Solid ammonium sulfate was gradually
added into the beaker containing crude ex-
tracts of C—PC to obtain 40% saturation with
continuous stirring for 1 hr. The solution was
stored overnight at 4°C under dark conditions,
and the precipitation was collected by cen-
trifugation at 15,000xg for 15 min at 4°C. The
clear supernatant was discarded, and the blue
precipitate was dissolved in 0.1M PBS pH 7.0
then stored at 4°C in an amber bottle until
examination (Kumar et al., 2014). After that, the
C-PC contents were calculated using Eq. (1)

as described by Bennett and Bogorad (1973).
C—PC (mg g™') = (Ago— 0.474 x Ags,)/5.34) (1)

where Agyy and Ags, are the optical density at 620

and 652 nm, respectively, for phycocyanin.

Chlorophyll-a extraction and determination
The chlorophyll-a contents (mg L™")
were determined according to MacKinney
(1941). Briefly, one milliliter of cell culture was
centrifuged at 8,000xg for 10 min. The biomass
was resuspended in 1 mL of 99.9% methanol.
The samples were incubated under darkness
overnight. The upper aqueous layer was kept
and determined by a spectrophotometer at

665 nm.
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PHB induction and quantification

The microalgal biomass of A. platen-
sis (7 days) was harvested and washed twice
with fresh nitrogen-free Zarrouk medium (ZN,),
and inoculated into 50 mL of ZN,, followed by
cultivation under blue, green, red, and white
LEDs with low—intensity (LL, 15 pimol photons
m~ s7'), medium—intensity (ML, 30 pimol pho-
tons m s™'), and high-intensity (HL, 60 mol
photons m™ s7") for 5 days. PHB was quan-
tified by high—performance liquid chromate-
graphy (HPLC, Waters Corp., USA) using a
C18 reverse—phase column (I1.D. 4.6x150 nm)
with a UV detector set at 210 nm (Duangsri
et. al., 2020). Briefly, dry cells were boiled at
100°C for 60 min with H,SO,. Boiled samples
were filtered using a 0.45 Um polypropylene
membrane filter. The acid—hydrolyzed PHB (cro-
tonic acid) monomer was detected using HPLC.
The isocratic solvent system was run at 40%
(v/v) of acetonitrile and 60%(v/v) of 0.1% acetic
acid with a flow rate of 0.6 mL min™". Authen-
tic commercial PHB from Sigma—Aldrich (USA)
was used as a standard which was prepared
similarly to that of the cell sample. The unit of
PHB content was % PHB weight per biomass

dry weight (%(w/w DW)).

Antioxidant activity using DPPH assay
DPPH (2,2-diphenyl picrylhydrazyl)
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free radical scavenging activity was studied
using the method described by Roy and Pabbi
(2022). Briefly, two milliliters of samples were
mixed with 1 mL of DPPH solution (200 pM
in ethanol), incubated at room temperature in
the dark for 30 min followed by measuring the
absorbance of the samples at 517 nm. The
DPPH reduction percentage was determined
using Eq. (2), where A is the initial absorbance
and A; is the absorbance after incubation for
30 min.

DPPH free-radical scavenging activity (%)

= (A — A)/A x 100 @)

Statistical analysis

All data obtained in this study repre-
sent the means of three independent biolo-
gical replicates, and the error bars represent
the standard deviation (Mean + SD, n = 3).
The statistical analysis was evaluated by one-
way analysis of variance (ANOVA) and the
significant difference (p < 0.05) was compared by
Duncan’s multiple range tests using SPSS

version 22 (IBM, USA).

Results and Discussion

One of the important requirements
for cyanobacteria metabolism is light. Light in-
tensity directly affects the rate of photosyn-
thesis. Cyanobacteria grown under various light

intensities show changes in biomass produc-

tion, photosynthetic pigments, and lipid contents
(Gim et al., 2016; Maltsev et al., 2021; McGee
et al., 2020). The highest biomass content
(2.80 £ 0.11 g L™") was obtained under ML red
LED, which was significantly higher than LL
red LED (p < 0.05), and higher than ML white,
ML green and ML blue LEDs (Figure 1A).
Previously, it was found that the highest
growth rate was obtained with red LED in
batch cultures of A. platensis (Markou, 2014),
while the lowest biomass productivity was ob-
tained with ML blue LED. In addition, the red
LED showed the most effective emission for
S. platensis growth, followed by white, yellow
and green LEDs with a similar growth pattern
(Chen et al., 2010). Furthermore, the levels of
chlorophyll-a in A. platensis under ML inten-
sities of all colour LEDs were significantly higher
than that cells under HL and LL intensities
about 0.7- to 1.5—fold, respectively (p < 0.05).
The highest chlorophyll-a content (5.80 + 0.12
mg L™") was obtained under ML red LED (Figure
1B). In particular, the chlorophyll—a levels ob-
tained under red and white LEDs were sig-
nificantly higher than those reached under
green and blue illumination for ML conditions
(p < 0.05). Additionally, C—phycocyanin (C—
PC) content (2.55 + 0.09 mg g”') was 1.7—fold
higher under LL red LED compared to ML red

LED, and significantly higher than those reached
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Figure 1 Effects of light colour and light intensity on
biomass (A) chlorophyll-a (B) and C-PC (C) of A.
platensis. Cells were cultivated under three light in-
tensities designated as low—intensity (LL, 15 Llmol
photons m™ s~'), medium—intensity (ML, 30 fmol
photons m2s~"), and high-intensity (HL, 60 [mol
photons m™2s™") for 5 days. Bar graphs represent
mean values (+ SD) of three independent experi-
ments. Different letters (a, b, or ¢) indicate signi-
ficant differences (p < 0.05) between the groups

obtained from cells cultured in LL, ML and HL.
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under green and blue illumination for LL and
ML conditions (p < 0.05) (Figure 1C). Remark-
ably, the highest value for C-PC increase (2.78
+0.07 mg g") was obtained in cells cultured under
HL blue light compared to red and white lights.
Chen et al. (2010) reported that the chloro-
phyll-a and C-PC contents of S. platensis
under green and blue LEDs were significantly
lower than those produced under the red,
white and yellow LEDs. On the other hand, it
was reported that the highest pigment pro-
duction rate for Spirulina fussiformis was obtained
under blue light (Madhyastha and Vatsala,
2007). A possible explanation is that the authors
used other light sources instead of LEDs to
obtain the desired colour. All results demon-
strated that this cyanobacterium absorbed blue
light much less efficiently than white and red
light. These findings are consistent with pre-
vious investigations conducted with A. pla-
tensis (Markou, 2014; Wang et al., 2007). Our
results support the hypothesis that the blue
LED creates an imbalance between photo-
systems | and I, with an excess of energy cap-
ture at the PSI side and a lack at the PSII
side of the photosynthetic electron transport
chain of A. platensis (Luimstra et al., 2018).
Moreover, cyanobacteria f—carotene, which
absorbs blue light efficiently, is more abundant

in PSI than in PSII, hence further contributing
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to the photosynthesis light—harvesting capacity
of PSI. Our results showed that A. platensis
cells acclimate to blue light by enhancing the
production of phycocyanin in an attempt to
restore the balance between photosystems |
and Il. These findings corroborate the notion
that a culture grown under blue light has a
much lower growth rate than red and white
lights, but a significantly higher phycocyanin
content. Moreover, Chen et al. (2010) demon-
strated that blue light showed a trend of more
intensity accompanied with a larger m value
which is the empirical constant in kinetic
model of product formation. This meant that
blue light was capable of inducing phyco-
cyanin production at a higher light intensity as
compared to lower light intensity.

PHB accumulation is induced by op-
timal nutrients and light intensities as well (An-
sari and Fatma, 2016; Costa et al., 2018; Mon-
shupanee and Incharoensakdi, 2014). Indeed,
PHB production in cyanobacteria was induced
when the cells were first cultivated in a nu-
trient—rich medium, followed by a second step,
where the medium was deprived of a nitrogen
source and/or supplemented with an organic
carbon source to stimulate PHB accumulation
(Charunchaipipat et al., 2020; Duangsri et al.,
2020; Panda and Mallick, 2007). A similar ap-

proach was used to assess the capacity of

PHB production by A. platensis. No PHB was
detectable in cells grown in a nutrient—rich
medium, while a substantial level of PHB pro-
duction was apparent under nitrogen depri-
vation. The highest PHB content was obtained
under HL white LED (9.18 £ 0.32%(w/w) DW)
which was significantly higher than HL red,
green, and blue LEDs (p < 0.05) (Figure 2). A
previous study demonstrated that a moder-
ately HL white intensity (200 pmol photons
m2s™") was optimal for the co—production of
glycogen, lipid and PHB in Synechocystis sp.
PCC6803 (Monshupanee and Incharoensakdi,
2014). Besides, Abiusi et al., (2014) reported
that Tetraselmis suecica F&M—M33 grown in
red LED attained the highest protein content,
while cultures grown under blue and green
lights showed the highest lipid and carbohy-
drate content, respectively. It has been shown
that the total lipid content of three microalgal
species, namely Isochrysis galbana LB987,
Nannochloropsis oculata CCAP849/1, and
Dunaliella salina, increases with increasing
light intensity (80—100 pmol photons m™2s™).
This is because excessive light energy was
converted into lipid (Gim ef al., 2016). How-
ever, a shift from low to high irradiance is known
to cause an immediate increase in photo-
synthetic activity and growth rate (Warner and

Madden, 2007), as well as induce an initial
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Figure 2 Effects of light colour and light intensity on
PHB content of A. platensis. Cells were cultivated
under three light intensities designated as LL, ML,
and HL for 5 days. Bar graphs represent mean
values (+ SD) of three independent experiments.
Different letters (a, b, or c) indicate significant
differences (p < 0.05) between the groups obtained
from cells cultured in LL, ML and HL.

accumulation of carbohydrates. High light ir-

radiance (440 pmol photons m~s™

) activated
the rapid accumulation of glycogen by up to
34% of cell dry weight after 9 hrs but did not
generate PHB in Spirulina maxima (de Phi-
lippis et al., 1992). C—Phycocyanin (C—PC) is
known to expand the light absorption spectra
and is thought to have high antioxidant po-
tential that can help sustain A. platensis growth
under such extreme conditions (Mogany et al.,
2020; Roy and Pabbi, 2022). The antioxidant
potential of C—PC was determined by mea-
suring DPPH (2,2—diphenyl picrylhydrazyl) ra-
dical scavenging activity. The reduction in the
optical density of DPPH after interaction with

the antioxidant was estimated. The C-PC con-
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centrations from 10 to 100 plg mL™" extracted
from cells cultured under HL blue light were
incubated with DPPH solution for 30 min. Max-
imum inhibition was found at 100 Jg mL™" of
C-PC concentration with antioxidant activity of
52.1 £ 5.6% for A. platensis (Figure 3). The DPPH
radical scavenging activity of ascorbic acid at
100 lg mL™" concentration was 80.2 + 4.8%.
Comparable antioxidant activity of the C-PC
concentration was also detected in Geitlerinema
sp. TRV57 and Geitlerinema sp. H8DM (Patel
et al., 2018; Renugadevi et al., 2018). The re-
action capacity of antioxidants depends on
their structural characteristics more specifically
the hydroxyl groups available for reduction.
Moreover, Pan—utai and lamtham (2019) showed
similar results to our study in terms of C-PC
antioxidant activity having equal crude con-

centration in the range of 30—-60% for DPPH

100
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Figure 3 In vitro antioxidant activity of partial purified
C-PC of A. platensis. Ascorbic acid was used as
a reference antioxidant. Error bar represent + SD

of three independent experiments.
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scavenging under normal cultivation condition.

The commercialization of many natural
products requires a large amount of biomass
and a high percentage of the desired valuable
pigments in the biomass. In this respect, the
growth of A. platensis under LL and ML red
LEDs fulfils the requirement for a higher con-
centration of chlorophyll-a and C-PC in the
biomass. Although lower biomass was observed
in cells cultured under HL blue LED, a high
amount of C-PC was obtained compared to
that continuously grown under red LED. More-
over, the use of red LEDs could result in a
more economically viable production process
if we consider that leftover biomass after the
extraction of C—PC still contains valuable pro-

ducts such chlorophyll-a and valuable proteins.

Conclusion

This study concluded that light—-emit-
ting diode (LEDs) radiation enhanced biomass,
chlorophyll-a, C—phycocyanin, and PHB pro-
duction in Arthrospira platensis. Red LED sup-
ported biomass and chlorophyll-a, while blue
LED enhanced phycocyanin. Besides, white
LED increased PHB content. The results of this
study offer a promising option for the utili-
zation of alkaliphilic cyanobacteria in the pro-

duction of C—PC and PHB.
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