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Abstract

This study aimed to maximize the biomass productivity of cyanobacterium Nostoc sp. AARL C008 by high-throughput
bioprocess optimization, and to utilize the Nostoc biomass for application in multiproduct biorefinery towards holistic
zero-waste technology. Through bioprocess optimization, maximum biomass productivity was obtained as 37.59 mg/L/day
under modified BG-11 medium (0.190 g/L K,HPO,-3H,0, 0.0018 g/L citric acid and 2.53 mL/L trace metal solution) and
continuous light feeding at 40 umol/m?/s. The zero-waste biorefining process was successfully used for Nostoc biomass
to sequentially recover polysaccharides, phytochemicals, and lipids. Nostoc polysaccharides exhibited the bio-stimulant
potential having the ability to improve soil properties such as moisture content, organic matter, microbiological activity, and
cation exchange capacity by increases measured as 1.30, 1.55, 1.53, and 1.47-fold, respectively, compared to the control in
which polysaccharides were absent. With 120 mg/L polysaccharides, the short length of melon was significantly enhanced
1.29-fold, higher than the control. After polysaccharide extraction, the cyanobacterial biomass residue (CBR) was used to
extract the phytochemicals. Nostoc phytochemicals showed high antioxidant activity, giving ABTS activity of 26.10 mg
TE/g-extract, DPPH activity of 5.71 mg GAE/g-extract, and PFRAP activity of 7.79 mg GAE/g-extract, as well as offer-
ing high-efficiency inhibitive effects on cancer cells with the ICy, recorded at 0.50 mg/mL. The CBR after phytochemical
extraction can potentially be used to extract lipids prior to biodiesel production. The extracted lipid contained long-chain
fatty acids with satisfactory fuel properties. The overall results evidenced that the multiproduct biorefining approach will
make a significant contribution to the zero-waste industrialization of cyanobacterial-based bioproducts.
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1 Introduction

The human population of our planet is expected to reach
9.7 billion by 2050, with the bulk of this growth coming
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environments, particularly in freshwater and marine settings.
Several countries, especially in tropical areas, have success-
fully commercialized their use as food, feed, fertilizer, and
hydrocolloids [1]. Nevertheless, only cyanobacterial Spir-
ulina spp. are being cultivated on a massive scale with the
majority of the produce destined for human use. In addition
to Spirulina, Nostoc spp. is another well-known genus of
cyanobacteria capable of fixing N, from the air for growth
and accumulating carbohydrates (17-34% w/w), proteins
(36-48% w/w), and phenolics (2-7% w/w) [3]. Found in
Asia, particularly China, the Philippines, Thailand, Indo-
nesia, Japan, and Taiwan, fresh Nostoc biomass is eaten
raw as a salad. Although early studies indicate that Nostoc
biomass has the potential to become a significant feedstock
for the production of biofuels, biopolymers, pigments, food
supplements, and biofertilizers [2], and this is still under
development. Because of their challenging cultivation and
economic unfeasibility, they have not been fully investigated
on a commercial scale. Consequently, we have concentrated
our efforts on investigating the use of Nostoc biomass to
recover valuable sources of multiproducts.

Fostering a process that increases biomass productivity
in relation to cyanobacteria-derived bioproducts and elimi-
nating bottlenecks are key in promoting cultivation meth-
ods targeted at an industrial-scale profit. The major fac-
tors that restrict the biomass productivity of cyanobacteria
are nutrient composition and concentration [4, 5], salinity
stress responses [6], light penetration [7, 8], and the lack
of light during the nighttime period [9]. The composition
of macro- and micronutrients in the media, as well as their
availability to cultures, have an impact on the cell devel-
opment of cyanobacteria. Many media do not provide an
optimal mix of macro- and micronutrients in the appropriate
proportions. As a result of their non-toxicity to algal cells
(nitrogen, potassium, magnesium, and sulfur), macronutri-
ents such as these may be used in larger quantities. Essential
micronutrients, on the other hand, such as iron, copper, man-
ganese, zinc, cobalt, and molybdenum, are growth-limiting
at low quantities and poisonous at excessive ones [10]. These
micronutrients are essential in a variety of metabolic path-
ways that are involved in the cyanobacterial growth [4]. Fur-
thermore, low nutrient concentrations limit the cell growth
of microalgae and cyanobacteria, while higher concentra-
tions induce substrate inhibition [4, 5]. Salinity is believed
to be a regulating factor in the development of cyanobacteria
in general since it has an effect on photosynthesis, the func-
tion of the plasma membrane, which in turn has an effect
on cell growth. Apart from that, variations in salinity, as
well as variations in turgor pressure on the cell, affect the
shape and life cycle of cyanobacteria [6]. Light penetration
is often poor inside photobioreactors, and the penetration
decreases even more with increased cell density and depth
owing to self-shading effects [7, 8]. Light/dark cycles are
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also necessary for cyanobacteria growth, and it has been
observed that the respiratory action of cyanobacteria at
night causes a reduction in biomass generated during the
daytime [9]. Even though many researchers have worked
hard to address the present issues of poor biomass produc-
tivity, further research and development are still required
since the optimum growth varies depending on the strain
cultivated. Therefore, high-throughput bioprocess optimi-
zation of nutrient composition and concentration and key
physicochemical parameters needs to be pursued for obtain-
ing higher productivity of cyanobacterial biomass that will
help to ensure the long-term commercial development of
cyanobacteria-based bioproducts.

Despite the fact that cyanobacteria have great potential to
become the main actors in alternative renewable feedstocks,
many production processes of chemicals from cyanobacte-
rial biomass have been concentrated on a single product,
with most of the current research focusing on biofuels [11].
More recently, cascading bio-refineries are being explored in
order to maximize the intrinsic value of all components con-
tained in the cyanobacterial biomass. For example, Shahid
et al. [2] developed an integrated process that was applied
to four cyanobacteria, including Acaryochloris marina
BERCO3, Oscillatoria sp., BERC04, and Pleurocapsa sp.
BERCO06 and sequentially recovered phycobilins as high-
valued pigments/phytochemicals having bioactivities and
lipids as a promising feedstock for biodiesel, as two frac-
tions of economic importance. During the biomass utiliza-
tion, an unavoidable amount of biomass residual waste is
produced, which is a contaminant to the environment and
increases the cost of disposal. Also possible is the valoriza-
tion of biomass residual waste into value-added products
such as polysaccharide biostimulant-based products [12]. It
has been reported that cyanobacteria biomass that has been
de-oiled and depigmented is mostly composed of carbohy-
drates and proteins, and it may be used to produce bioethanol
and useful enzymes via fermentation [2]. In addition, poly-
saccharide and protein-rich biomass may be utilized for a
variety of purposes, including biological or thermochemical
conversion to bio-oil, biochar, and syngas, as well as usage
as an animal feed additive for a variety of animal species
[1]. Ruangrit et al. [13] suggested that creating a profit-
able and competitive multiproduct from biomass through
the integrated production of additional gainful value-added
components that have a demonstrated market worth should
be investigated in order to utilize macroalgae while mini-
mizing waste generation. A zero-waste biorefining process
is a feasible and appropriate approach that could maximize
the utilization of cyanobacterial biomass for chemical multi-
production along with the required properties [2]. Despite
the fact that there have been many studies on the biorefin-
ery of cyanobacterial biomass, none of these have evaluated
the use of Nostoc biomass for the integrated production of
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bio-stimulant polysaccharides, bioactive phytochemicals,
and biodiesel with the desired properties.

Therefore, this study aimed to maximize the biomass
productivity of Nostoc sp. AARL C008 through the high-
throughput bioprocess optimization of medium components
and concentration. Key physiochemical factors (namely
salinity, light intensity, and photoperiod) were also opti-
mized. The resulting Nostoc biomass was then used to
sequentially recover polysaccharides, phytochemicals, and
lipids using a zero-waste biorefining process for the multi-
production of bio-stimulants, bioactive chemicals, and bio-
diesel. Firstly, the Nostoc biomass was hot-water extracted
and partially purified by alcohol precipitation to recover
water-soluble polysaccharides (WSP). Nostoc WSP was
characterized to evaluate the ability to improve soil prop-
erties and the potential for plant growth promotion using
green net melon as a plant model. After polysaccharide
extraction, polysaccharide-free residual powdered biomass
(PRPB) was used to extract the phytochemicals. The chlo-
rophylls, carotenoids, and total phenolics of Nostoc phyto-
chemicals were determined. Antioxidant activity, including
DPPH and ABTS radical scavenging activity, and potassium
ferricyanide reducing antioxidant power (PFRAP) activity,
and antiproliferative properties on human skin cancer cells
were also evaluated. Lastly, polysaccharide-free and phy-
tochemical-free residual powdered biomass (PPRPB) was
used to extract lipids prior to acid-catalyzed transesterifica-
tion for biodiesel production. The fatty acid composition of
the obtained Nostoc lipid and fuel qualities of the produced
biodiesel were estimated. This research will also offer results
that will add to the existing knowledge in databases con-
cerned with the zero-waste industrialization of cyanobacte-
rial-based bioproducts.

2 Materials and methods
2.1 Cyanobacteria

Pure culture of cyanobacterium Nostoc sp. AARL C008
was obtained from the Applied Algal Research Laboratory
(AARL), Department of Biology, Faculty of Science, Chi-
ang Mai University, Thailand. The culture was precultured
in BG-11 medium [14] under 25+ 1 °C and continuous
illumination with fluorescent lamp at 31.97 umol/m?/s for
30 days. The BG-11 medium contained 1.5 g NaNO;, 0.04 g
K,HPO,-3H,0, 0.075 g MgSO,-7H,0, 0.036 g CaCl,-2H,0,
0.006 g citric acid, 0.006 g Fe ammonium citrate, 0.001 g
Na,EDTA-Mg, 0.02 g Na,CO;, and 1 mL of trace metal
solution per liter, pH 7.4. The trace metal solution contained
2.86 g H;BO;, 1.81 g MnCl,-4H,0, 0.222 g ZnSO,-7H,0,
0.079 g CuSO,-5H,0, 0.049 g CoCl,-6H,0, and 0.39 g
Na,Mo0O,-2H,0 per liter.

2.2 Maximizing biomass productivity
of cyanobacterium Nostoc sp. AARL C008

2.2.1 Medium optimization

Experiment for medium optimization of Nostoc sp. AARL
CO008 cultivation was conducted in 250 mL Erlenmeyer flask
with 200 mL BG-11 medium and the initial cells concentra-
tion of 0.30+0.04 g/L under 25 + 1 °C and continuous illu-
mination with fluorescent lamp at 40 umol/m?/s for 15 days.
Optimizations of the BG-11 medium was performed through
Plackett—-Burman Design (PBD) as a first optimization
step to identify which nutrient components have a signifi-
cant effect on biomass productivity of Nostoc sp. AARL
CO008. In this study, the nine variables in the medium com-
ponents (A: NaNO;, B: K,HPO,-3H,0, C: MgS0O,-7H,0,
D: CaCl,-2H,0, E: citric acid, F: Fe ammonium citrate, G:
Na,EDTA-Mg, H: Na,CO;, and I: trace metal) were screened
in twelve experimental designs. Each variable was evaluated
at two levels — for the low level and + for the high level. The
design is shown in Table 1, and the given biomass productiv-
ity were the average of three replications. The design was
based on the following first-order polynomial model (Eq. 1)
and the effect of each variable was determined using Eq. 2.

Y=ﬁ0+zﬁixi (1
2 M., - )M
o, ZLEM TV o

where Y is the dependent variable (biomass productivity),
namely the biomass productivity. 3, is the constant coef-
ficient/the model intercept/the of set term. f; is the linear
effect. x; is the independent variable (factors). Ex , is the
standardized effect of the tested variable, M;, and M,_ are
the responses from trials where the variable (x;) is presented
at high and low levels, respectively, and N is the number of
experimental runs.

The significant variables from PBD analysis were subse-
quently optimized through Response Surface Methodology
(RSM) using the Central Composite Design (CCD) with five
levels to maximize the biomass productivity, leading to 17
runs, consisting of eight factorial points, six axial points, and
three central points. The design is shown in Table 3, and the
given biomass productivity were the average of three repli-
cations from independent cultivation. The design was based
on the following second-order polynomial model (Eq. 3).

Y=Fo+ 2 B+ D Bl + Y B, 3)

where Y is the experimental response (biomass produc-
tivity), x; and x; represent the variables or parameters, f,
is the offset term, f; is the linear effect, [}ij is the first order
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Table 1 Plackett—-Burman

design variables (in coded Run A B ¢ P . F N i ! BiOTTla_SS g
- .. ductivity (mg/L/

levels) for biomass productivity day)
1 + - + - - - + + + 12.41+0.63
2 + + - + - - - + + 18.15+5.60
3 — + + - + - - - + 21.77+0.33
4 + - + + - + - - - 9.81+£1.49
5 + + - + + - + - - 29.74+0.72
6 + + + - + + - + - 33.03+1.04
7 - + + + - + + - + 19.42+0.36
8 - - + + + - + + - 18.20+1.56
9 - - - + + + - + + 17.52+2.04
10 + - - - + + + - + 18.04+1.65
11 - + - - - + + + - 36.44+0.81
12 _ — - - - — - - — 12.52+1.61

interaction effect, and f; is the squared effect. The goodness
of the fit of the model was evaluated by the coefficient of
determination (R?) and the analysis of variance (ANOVA).
Response surface plots were developed to indicate an opti-
mum condition using the fitted quadratic polynomial equa-
tions obtained by holding one of the independent variables
at a constant value and changing the levels of the other two
variables.

2.2.2 Optimizing physicochemical factors

The Nostoc sp. AARL C008 were cultivated in optimized
BG-11 medium obtained from above experiments under dif-
ferent salinities of 1.1 as the control, 4.6, 8.1, 15.1, 29.1,
57.1, and 91.1 ppt, different light intensities of 25, 40, 50,
75, and 100 pmol/m?/s and different photoperiods of 12:12,
16:8 and 24:0 h light and dark cycles at the same condi-
tions as mentioned above. The biomass productivity was
evaluated.

2.2.3 Determination of biomass productivity

The Nostoc sp. AARL C008 biomass was harvested using
centrifugation at 6000 rpm for 15 min and the pellets were
washed with distilled water twice and were then dried at
60 °C until constant weight. The biomass productivity was
calculated using the following equation (Eq. 4).

Pbiomass = (Xt - XO)/(t - tO) (4)
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where Py . 15 biomass productivity (mg/L/day), X, is
the biomass concentration (mg/L) at time ¢ (day) and X, at
time t=0d (¢)).

2.3 Extraction of polysaccharides and their
biostimulants potential

2.3.1 Polysaccharide extraction

Extraction of polysaccharide from cyanobacterium Nos-
toc sp. AARL C008 biomass was performed according
to Ruangrit et al. [13] method with minor modifications.
Briefly, dried biomass (10 g) was mixed with distilled
water (1 L) at 98 °C for 1 h. The mixture was centrifuged
at 6000 rpm for 15 min and the pellet was continually
extracted twice times. The extract was then concentrated
and submitted to graded precipitation with 95% ethanol
(1:2 v/v) and the mixture was kept overnight at 4 °C, then
centrifuged at 6000 rpm for 20 min, and dried at 60 °C
until constant weight to obtain crude polysaccharide
(CPS). Total sugar content and reducing sugar content of
CPS were determined by phenol—sulfuric acid method [15]
and DNS method [16], respectively. The monosaccharide
composition of CPS was analyzed by high-performance
liquid chromatography (HPLC) (UFLC, Shimadzu, Japan)
with a Shodex VG-50 4E column as described previously
[13]. The functionalization of CPS was identified by atten-
uated total reflectance—Fourier transform infrared spec-
trometry (ATR-FTIR, Thermo Scientific Nicolet iS50)
by varying wavenumbers from 400 to 4000 cm™' with a
resolution of 4 cm™!. The 'H-NMR spectra of CPS was
analyzed by dissolving 6 mg of CPS in 400 pL of D,O.
The solution was stirred for 2 h at 40 °C before being lyo-
philized. The process was repeated two more times. The
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lyophilized CPS was dissolved in 600 uL D,0, placed in
an NMR tube, and subjected to a Bruker 500 MHz NMR.

2.3.2 Evaluation of soil improvement ability

The soil improvement ability of cyanobacterial CPS was
determined following the methods of Tiche et al. [17] with
some modifications. Briefly, soil sample obtained from Fac-
ulty of Agriculture, Chiang Mai University, Thailand was
mixed with the CPS at the concentration of 120 mg CPS/kg
soil and were then immersed in tap water for 15 days in the
greenhouse before evaluation of soil properties. Changes in
soil properties including soil moisture [18], organic matter
[19], soil microbial activity [20], and cation exchange capac-
ity [21] were analyzed.

2.3.3 Evaluation of plant growth promotion potential

The potential use of CPS to promote plant growth was tested
using green net melon as a plant model. The germinated
melon seeds (5 days old) were grown for 4 weeks in pots
containing 1 kg soil and five pots received 3 germinated
seeds. The plants were maintained under greenhouse con-
ditions (12 h photoperiod, 230740 umol/m?/s photosyn-
thetically active radiation, 18-38 °C temperature range,
16-71% relative humidity range) and were watered daily
with 300 mL of water. A 300 mL of CPS (at concentra-
tion of 0, 60, 120, and 240 mg/L) were weekly added. After
4 weeks of growth, the length was recorded and changes in
total number of bacteria, fungi, and actinomycetes were also
determined using serial dilution spread plate method [22].

2.4 Phytochemical extraction and their bioactivities
2.4.1 Extraction of phytochemicals

The polysaccharide-free residual powdered biomass
(PRPB) (2.5 g) obtained from Sect. 2.3 was extracted using
ethyl acetate:methanol (1:1 v/v, 100 mL) by incubation at
4 °C for 24 h [23]. The mixture was then centrifuged at
6000 rpm and 4 °C for 5 min. The obtained pellets were
continually extracted until colorless and the supernatant was
collected and subjected to the UV-Vis spectrophotometer
(250-700 nm). The sample was then evaporated to dry-
ness in a rotary-evaporator under reduced pressure at 40 °C
before bioactivity evaluation.

2.4.2 Determination of DPPH radical scavenging activity

The DPPH radical scavenging activity was determined
according to the method described by Pekkoh et al. [24]
with minor modifications. A 50 pL aliquot of 1.3 mM DPPH
dissolved in methanol was mixed with 100 pL of the sample

solution (the tested concentration at 0.2—12.5 mg/mL) in a
96-well plate. The radical stock solution was freshly pre-
pared. The mixture was incubated for 30 min in dark con-
dition at room temperature. The absorbance of DPPH was
measured at 517 nm. Gallic acid was used as the reference
standard (Supplementary data) and the following equation
(Eq. 5) was used to determine the scavenging activity (%).

DPPH radical scavenging activity = [(A onrol — Asampte)/ Acontror] X 100 (5)

where A_ o 1S the absorbance of the control reaction
(distilled water instead of the sample was used as control)
and Ag, 18 the absorbance of the sample. The DPPH
activity was reported as gallic acid equivalent (GAE) per
g extract.

2.4.3 Determination of ABTS radical scavenging activity

The ABTS radical scavenging activity was determined fol-
lowing a modified Ruangrit et al. [13] method. The ABTS
solution was prepared by mixing 7 mM ABTS solution
with 2.45 mM potassium persulfate (final concentration).
The mixture was incubated for 12—16 h in dark condition at
room temperature. Then, the absorbance at 734 nm of the
ABTS solution was adjusted to 0.700 4+ 0.020 using deion-
ized water. A 5 pL aliquot of the sample solution (the tested
concentration at 0.2-25.0 mg/mL) was mixed with 195 pL
of the ABTS solution in a 96-well plate. The mixture was
incubated for 10 min at 37 °C and the reduction of ABTS
was measured at 734 nm using a 96-well plate reader. Trolox
was used as the reference standard (Supplementary data)
and the following equation (Eq. 6) was used to determine
the scavenging activity (%).

ABTS radical scavenging activity = [(Aconiol = Asample)/ Acontrol] X 100 (6)

where A, 1S the absorbance of the control reaction
(distilled water instead of the sample was used as control)
and A, is the absorbance of the sample. The ABTS
activity was reported as Trolox equivalent (TE) per g extract.

2.4.4 Determination of potassium ferricyanide reducing
antioxidant power activity

The PFRAP assay was determined following the methods
of Lomakul et al. [25] with some modifications. A 130
pL aliquot of the sample solution (the tested concentra-
tion at 0.2 —50.0 mg/mL) was mixed with 290 pL of 0.2 M
sodium phosphate buffer (pH 6.6) and 290 uL of 1% potas-
sium ferricyanide. The mixture was incubated for 20 min
at 50 °C. After 290 pL of 10% (w/v) trichloroacetic acid
was added, the mixture was centrifuged at 3000 rpm for
10 min. The supernatant solution (1 mL) was mixed with
1 mL of distilled water and 200 uL of 0.1% ferric chloride.
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The absorbance was measured at 700 nm and gallic acid
was used as the reference standard. The PFRAP activity was
reported as gallic acid equivalent (GAE) per gram extract.

2.4.5 Determination of anticancer activity

The cytotoxicity of the methanolic extracts on Vero cells
and malignant melanoma cells (A375 skin cancer cells) was
tested using the MTT assay as described by Umthong et al.
[26]. Briefly, 10° cell/mL of Vero cells and A375 cells were
placed into 96-well plates and incubated for 24 h at 37 °C in
a 5% CO, incubator. After the cell incubation, each concen-
tration of samples (the tested concentration at 0.4-2.5 mg/
mL) was treated with Vero cells or A375 cells and incubated
for 48 h at 37 °C in a 5% CO, incubator. Then, 2 mg/mL
MTT solution (Bio Basic Inc., Markham, ON, Canada) was
added and the resulting mixture was incubated for 4 h. The
absorbance was measured at 540 and 630 nm. The percent-
age of cell viability and 50% inhibitory concentration (ICs)
were calculated.

2.5 Extraction of lipids and their biodiesel
production

2.5.1 Extraction of lipid

Extraction of lipid from polysaccharide-free and phyto-
chemical-free residual powdered biomass (PPRPB) was
performed according to Ruangrit et al. [13] method with
minor modifications. Briefly, dried PPRPB (100 mg) was
extracted 10 mL CH,CIl,/MeOH (2:1 v/v) and sonicated
with sonicator (40 kHz) at room temperature with extracted
twice times. The extracted lipids were centrifuged to obtain
a clear supernatant, and the solvent was removed by feed-
ing nitrogen gas stream. The extracted lipid was dried and
weighed. The lipid content was calculated as percentage of
lipid to PPRPB.

2.6 Fatty acid and biodiesel compositional analysis

The extracted lipid was converted to fatty acid methyl esters
(FAMESs) by acid-catalyzed transesterification [27]. The
extracted lipid sample (10°mg) was mixed with 0.5 mL tolu-
ene, 1.5 mL of methanol, and 50 pl of 35% conc. HCI and the
mixtures were then incubated at 98 °C for 2 h. After cooling,
1 mL of hexane was added and vortexed. The hexane layer
(FAME) was collected prior to analyzing the FAMEs com-
position using a 7890B Gas Chromatograph equipped with a
cross-linked capillary HP-5 column (length 30 m, 0.32 mm
I.D, 0.25-pum film thickness) and a flame ionization detector.
Operating conditions were as follows: inlet temperature at
230 °C, initial oven temperature at 45 °C held for 2 min, then
ramped to 100 °C at 25 °C/min, held for 4 min, then ramped
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to 200 °C at 5 °C/min, held for 8 min, then ramped to 250 °C
at 5 °C/min, held for 6 min, and the detector temperature at
230 °C. The fatty acids were identified by comparing their
retention times with known pure standards. The fatty acid
profiling was used to calculate the biodiesel properties of
macroalgae such as saponification value (SV, mg KOH/g),
iodine value (IV, g 1,/100 g), cetane number (CN), degree of
unsaturation (DU, %wt), long-chain saturated factor (LCSF,
%wt), cold filter plugging point (CFPP, °C), high heating
value (HHV, MJ/kg), cloud point (CP, °C), kinematic vis-
cosity (v, In KV at 40 °C in mm?s), density (p, g/cm?), oxi-
dative stability (OS; h), allylic position equivalents (APE),
bis-allylic position equivalents (BAPE), and oxidation stabil-
ity index (OSI, h at 110 °C) using empirical Egs. (7)—-(20)
reported by Srinuanpan et al. [27], Talebi et al. [28], and
Patel et al. [29].

SV = ) [(560 X F)/MW] (7
IV = )'[(254 X F x D)/MW] (8)
CN = [46.3 + (5458/SV)] — (0.225 X IV) )
DU = %MUFA + (2 x %PUFA) (10)
LCSF = (0.1 x C16) + (0.5 x C18) + (1 x C20)

+(1.5%x C22)+(2x C24) (11)
CFPP = (3.1417 x LCSF) — 16.477 (12)
HHV = 49.43 — (0.041 X SV) — (0.015 X IV) (13)
CP = (0.526 x C16) — 4.992 (14)

v=—12503+2496 X In() . MW) - 0.178x D' D (15)

p=0.8463+49/ Y MW +0.0118 x )" DB (16)

0S = 117.9295/(%C18:2 + %C18:3) +2.5905 (17)
APE = (%C18 : 14+ %Cl18 : 24 %C18 : 3) x 2 (18)

BAPE = 2 x %C18 : 3) + %C18 : 2 (19)

OSI = 3.91 — (0.045 x BAPE) (20)

where D is the number of double bonds, F is the % of
each type of fatty acid, MW is the molecular weight of cor-
responding fatty acid, MUFA is the weight percentage of
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the monounsaturated fatty acids (wt%), PUFA is the weight
percentage of the polyunsaturated fatty acids (wt%).

2.7 Statistical analysis

All experiments for the same experimental condition were
performed in triplicates. The results are expressed as mean
plus standard deviations. Analysis of variance was per-
formed to evaluate significant differences in treatment
means, and the least significant difference was used to sepa-
rate means, using SPSS software.

3 Results and discussion

3.1 Maximizing biomass productivity
of cyanobacterium Nostoc sp. AARL C008

3.1.1 Optimization of medium components

Screening of the significant nutrient components using
Plackett-Burman design In this study, the Plackett—Burman
design (PBD) was used for the screening of variables as
nutrient components strongly influencing the biomass pro-
ductivity of cyanobacterium Nostoc sp. AARL C008. Twelve
experimental runs for biomass productivity with combina-
tions of the two levels of each variable were performed as
shown in Table 1. The biomass productivities were found to
range between 9.81 and 36.44 mg/L/day, indicating a sig-
nificant variance in the biomass production. Through the
analysis of the regression model (ANOVA) as presented in
Table 2, three nutrient components that had a significant
effect on the biomass productivity were K,HPO,-3H,0,
citric acid, and trace metal with a high confidence value
(>95%) and low P-value (<0.05), while the six others,
namely NaNO;, MgSO,-7H,0, CaCl,-2H,0, Fe ammonium

citrate, Na,EDTA-Mg, and Na,CO; showed insignificant
effects on the biomass productivity (Table 2). According
to the contribution percentages, the important degrees of
influence by the three significant nutrient components on the
biomass productivity were as follows: K,HPO,-3H,0 > trace
metal > citric acid. It was also discovered that K,HPO,-3H,O
and citric acid gave a positive effect on the biomass produc-
tivity with standardized effects of 11.61 and 4.93, respec-
tively. These positive effects mean that if the concentrations
of K,HPO,-3H,0 and citric acid are increased, the biomass
productivity can also be increased. Meanwhile, trace metal
had a negative effect (standardized effect of —5.40) on the
biomass productivity, which means that if a lower trace
metal solution was added, the biomass productivity could
be improved. Similar results have been reported by Luo et al.
[30] who found that the addition of K,HPO,-3H,0, citric
acid, and trace elements enhanced the biomass productivity
of microalga Scenedesmus sp. L-1 grown in BG-11 medium.

In the literature, K,HPO,-3H,0 functioning like a source
of phosphorus is necessary to cyanobacterial cells for the pro-
duction of cellular components such as phospholipids, DNA,
RNA, and ATP for the metabolic pathways involving energy
transfer and nucleic acid synthesis [31]. Meanwhile, citric
acid solubilizes the salts, preventing precipitation, and there-
fore increases cell availability leading to a faster growth rate
[10]. Zabochnicka-Swiatek et al. [32] reported that the role of
citric acid is crucial for improving the bioavailability of iron
in the nutrient solution. Citric acid also maintains the pH of
the culture medium and serves as a source of energy for the
developing cells, while trace metal solution acts as a co-factor
for key enzymes involved in respiration and photosynthesis
[4]. Other nutrient components were also of great benefit for
cyanobacteria, as reported by Markou et al. [33]. In particu-
lar, nitrogen plays the most important role in the growth of
cyanobacteria; a rise in the nitrogen concentration leads to an
increase in the growth and biomass production of cyanobacte-
ria [34]. However, based on the results (Table 2), nitrogen was

Table 2 Level of the variables and statistical analysis (ANOVA) of Plackett—-Burman design for biomass productivity

Variables Code Low level (—) Highlevel (+) Coefficient Effect P-value Confi- Contribution (%) Significance
dence
(%)
NaNO; (g/L) A 0.3 7.5 -0.39 —-0.78 0.52 48 0.24 Insignificant
K,HPO,-3H,0 (g/L) B 0.008 0.2 5.84 11.67 0.01 99 53.66 Significant
MgS0O,-7H,0 (g/L) C 0.015 0.375 —1.48 —-2.96 0.10 90 3.46 Insignificant
CaCl,-2H,0 (g/L) D 0.0072 0.18 —-1.78 —-3.56 0.07 93 4.99 Insignificant
Citric acid (g/L) E 0.0012 0.03 2.46 4.93 0.04 96 9.55 Significant
Fe ammonium citrate (g/L) F 0.0012 0.03 1.79 3.58 0.07 93 5.04 Insignificant
Na,EDTA-Mg (g/L) G 0.0002 0.005 1.79 3.58 0.07 93 5.03 Insignificant
Na,CO; (g/L) H 0.004 0.1 2.04 4.08 0.06 94 6.53 Insignificant
Trace metal (mL/L) I 0.2 5 —-2.70 —-5.40 0.03 97 11.50 Significant
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Table 3 Central composite design with the experiment response

Run  K,HPO43H,0 Citric acid Trace metal Biomass productivity (mg/L/day)
(g/L) (g/L) (mL/L) Experiment value Predicted value

1 0.008 0.0012 0.2 13.63+0.26 15.35

2 0.200 0.0012 0.2 33.87+0.09 34.76

3 0.008 0.0300 0.2 18.53+0.33 20.48

4 0.200 0.0300 0.2 27.80+0.14 28.46

5 0.008 0.0012 5.0 15.07+0.05 18.17

6 0.200 0.0012 5.0 36.43+0.31 38.25

7 0.008 0.0300 5.0 14.27+0.19 17.14

8 0.200 0.0300 5.0 23.73+0.19 25.78

9 0.000 0.0156 2.6 12.23+0.16 8.31

10 0.265 0.0156 2.6 33.30+0.21 31.90
11 0.104 0.0000 2.6 34.27+0.19 31.60
12 0.104 0.0398 2.6 28.10+0.07 25.44
13 0.104 0.0156 0.0 27.9340.05 26.64
14 0.104 0.0156 6.6 30.80+0.14 26.76
15 0.104 0.0156 2.6 30.67+0.24 30.24
16 0.104 0.0156 2.6 28.07+0.05 30.24
17 0.104 0.0156 2.6 31.07+0.05 30.24

Noted: |[Eow Medium High

an insignificant factor for biomass productivity. This might
be due to the sufficient nitrogen level required for Nostoc sp.
growth. One of the possible reasons is that cyanobacteria
Nostoc are capable of nitrogen fixation from the air for their
growth and biomass production [3]. Marino and Howarth [35]
suggested that the most suitable conditions seem comparable
to those of natural freshwater, such as low availability of inor-
ganic nitrogen and high levels of phosphorus.

Optimization using Central Composite design Based on the
Plackett—-Burman design, three important nutrient compo-
nents including K,HPO,-3H,0 (A), citric acid (B), and trace
metal solution (C) were then optimized by the RSM approach
with Central Composite design (CCD) to obtain the maxi-
mum productivity of Nostoc sp. AARL C008 biomass (Y).
The observed and predicted responses in biomass productiv-
ity are presented in Table 3. The biomass productivity ranged
from 12.23 to 36.43 mg/L/day, and the lowest and highest
concentrations of biomass productivity were found in runs 9
and 6, respectively. The biomass productivity was significantly
dependent on the K,HPO,-3H,0 concentration. When using a
low concentration of K,HPO,-3H,0, the biomass productivity
was limited at 12.23-18.53 mg/L/day (Run 1, 3, 5, 7, and 9,
while using a high K,HPO,-3H,0 concentration resulted in the
biomass productivity reaching as high as>23 mg L™! day™!
(Run 2, 4, 6, 8, and 10). Through CCD, the second-order
polynomial model was applied to determine the relationship
between the biomass productivity of Nostoc sp. AARL C008
and test the nutrient components as follows (Eq. 21):
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Table4 ANOVA for response surface quadratic model of response
variance

Source SS Df MS F-value P-value
Model 950.36 9 105.6 8.36 0.01%*
A-K,HPO,3H,0 671.5 1 671.5 53.16 0.00%*
B-Citric acid 45.9 1 45.9 3.63 0.10
C-Trace metal 0.017 1 0.017 1.38x10™* 0.97
AB 65.36 1 65.36 5.17 0.06
AC 0.22 1 0.22 0.018 0.90
BC 19.01 1 19.01 1.51 0.26
A? 144.7 1 144.7  11.46 0.01%*
B? 4.15 1 415 033 0.58
c? 17.59 1 17.59 1.39 0.28
Residual 88.42 7 12.63

Lack of fit 83.11 5 16.62  6.26 0.14
Pure error 5.31 2 2.65

Cor total 1038.77 16

R? 0.91

CcvV 13.74

“significant within a 95% confidence interval, SS sum of square, Df
degree of freedom, MS mean square, R* regression coefficient, CV
coefficient of value

Y = 13.24 + 184.28A +295.02B + 1.76C —2.07 x 10°AB 71
+0.72AC —44.61BC — 388.74A% — 2.93 x 10°B? - 0.22C> @h
where Y =biomass productivity (mg/L/day),
A=K,HPO,-3H,0 (g/L), B=citric acid (g/L), and C=trace
metal solution (mL/L).
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Fig.1 2D Contour plots showing the effect of a K,HPO,-3H,0 (g/L),
b Citric acid (g/L) and ¢ trace metal (mL/L) on biomass productivity
(mg/L/day). One variable kept constant at its center point and other
two variables varied within the experimental range

The F-test and ANOVA were used to validate Eq. (21)
for the model, and the results are shown in Table 4. The
P-value of the model was 0.01, suggesting the model was
highly significant at the 99% confidence level and the bio-
mass productivity can be well-explained by this model. The
model F-value of 8.36 implies that the quadratic model for
the biomass productivity was significant. According to Pan-
dey and Kumar [36], a significant model is one with a high
F-value but a low P-value. Interestingly, the P-value of lack
of fit indicates a suitable score (P-value > 0.05), indicat-
ing that the residual error to the pure error from the repli-
cated experimental design points showed an insignificant

difference [24]. The low pure error value (2.65) also indi-
cated good reproducibility of the data. The multiple correla-
tion coefficient or R? of the regression equation was 0.91,
indicating that up to 91% of the variations in response can be
explained by the model. The low coefficient values (13.74%)
demonstrated that the experiments were highly accurate and
reliable. Similarly, Srinuanpan et al. [27] reported that a suit-
able CV value of the model should be lower than 20%.
Through ANOVA (Table 4), the linear term of
K,HPO,-3H,0 (A) and quadratic terms of K,HPO,-3H,0
(A?) significantly influenced the biomass productivity with
P-values less than 0.05, demonstrating that the enhancement
of the biomass productivity required a suitable K,HPO,-3H,0
concentration. Contour plots based on Eq. (21) with one vari-
able kept constant at its center point and the other two vari-
ables varied in their ranges are shown in Fig. 1. These figures
were plotted to analyze the interactions among independ-
ent variables and to identify the best level for the intended
response of each variable. Figure 1a presented the effects of
K,HPO,-3H,0 and citric acid on the biomass productivity
at a trace metal solution of 2.6 mL/L. The biomass produc-
tivity increased with increasing K,HPO,-3H,0 concentra-
tion and decreasing citric acid concentration. According to
Lv et al. [37], the increased K,HPO,-3H,0 concentration
(0.02-0.10 g/L) is expected to provide a rapid growth rate
of Nostoc flagelliforme and therefore higher biomass pro-
ductivity. This was due to the fact that the phosphorus and
potassium in K,HPO,-3H,0 are both required nutrients
for cyanobacterial growth. However, further addition of
K,HPO,-:3H,0 (>0.08 g/L) resulted in decreased biomass
productivity owing to substrate inhibition [30]. In addition, a
high concentration of added acids such as citric acid and lac-
tic acid may change the pH to an unfavorable range, affecting
the biomass productivity [38]. Figure 1b showed the interac-
tion effect between K,HPO,-3H,0 and trace metal solution
on the biomass productivity. When citric acid was set at the
center point of 0.0156 g/L, the maximum biomass produc-
tivity was obtained when using the highest K,HPO,-3H,0
concentration tested, and a moderate concentration of tested
trace metal solution. Facey et al. [5] and de Oliveira et al. [39]
reported that cyanobacteria and microalgae are required in
very low concentrations of trace metal solution that are still
necessary for cell growth. Low concentrations promote the
healthy growth of microalgae and cyanobacteria, while large
concentrations have harmful effects. Figure 1c depicted the
interaction effect between citric acid and trace metal solution
on biomass productivity; it was observed that low citric acid
and moderate trace metal solution did improve the biomass
productivity. A similar observation was reported by Facey
et al. [5], Kim et al. [38], and de Oliveira et al. [39].
Overall, the importance of the degree of the three
nutrient components on the biomass productivity of Nos-
toc sp. AARL CO008 biomass in this study would be as
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Fig.2 Effect of salinity, light intensity, and photoperiod on biomass
productivity of cyanobacterial Nostoc sp. AARL C008

follows: K,HPO,-3H,0 > citric acid > trace metal solu-
tion, and for the interaction effects it would be as follows:
K,HPO,-3H,0 vs. citric acid > citric acid vs. trace metal
solution > K,HPO,-3H,0 vs. trace metal solution. The opti-
mum conditions for maximizing biomass productivity of
cyanobacterium Nostoc sp. AARL C008, calculated by set-
ting the partial derivatives of Eq. (21) to zero with respect to
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the corresponding variables, were a K,HPO,-3H,0 concen-
tration of 0.190 g/L, a citric acid concentration of 0.0018 g/L,
and a trace metal solution of 2.53 mL/L. The maximum
response value for the biomass productivity was estimated to
be 37.25 mg/L/day. Three replicates of the experiments were
performed under the optimal conditions, which would give
the biomass productivity as high as 37.59 +0.34 mg/L/day.
The experimental values were very similar to the predicted
values without significant difference (P <0.05).

3.1.2 Optimization of physicochemical factors

Effect of salinity The effects of different salinities on the
biomass productivity of cyanobacterium Nostoc sp. AARL
C008 grown in optimized BG-11 medium with and with-
out NaCl supplementation are shown in Fig. 2a. The results
found that at 4.6 and 8.1 ppt the biomass productivity was
decreased by up to 24.87% and 95.42%, respectively, when
compared with the control (salinity of 1.1 ppt), while with
a high salinity at> 8.1 ppt the cyanobacteria did not grow,
indicating that the biomass productivity of Nostoc sp. AARL
CO008 decreased sharply with increasing salinity. As these
cyanobacteria originated from freshwater, the excessive
quantity of salt probably hindered growth and metabolism.
Silveira and Odebrecht [6] have reported that the reduction
in cyanobacteria growth may be attributed to the reduced
photosynthesis with salt addition. Salinity stress also impacts
cyanobacteria through the osmotic pressure and ion homeo-
stasis mechanisms, changing ionic ratios in the cells owing
to the membrane’s selective ion permeability [40]. This is
incongruous with another study in salt tolerant Dunaliella
salina and Chlorella vulgaris which showed that both algae
could grow at a high salinity of 32—-197 ppt [41, 42]. How-
ever, increasing the salt dosage is costly. Thus, based on this
study, the optimized BG11 medium without NaCl supple-
mentation could be used as an effective medium for maxi-
mizing the biomass productivity of Nostoc sp. AARL C008.

Effect of light intensity Concerning the light intensity study,
the effects of light intensity on the biomass productivity
of cyanobacterium Nostoc sp. AARL C008 are shown in
Fig. 2b. The results revealed that increasing the light inten-
sity from 25 to 40 umol/m?/s improved biomass produc-
tion and reached the maximum biomass productivity of
37.59 mg/L/day. An additional increase in light intensity
did not enhance biomass production. The results correspond
to general fundings, which show that light intensity over a
certain taxa-dependent saturation threshold limits the cell
growth of cyanobacteria and microalgae, and indicate that
further increases would lead to photoinhibition [7, 43]. At
light intensities lower than the optimal level, photolimitation
occurred and resulted in lower biomass productivity [44]. It
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was reported by de Oliveira et al. [45] that Nostoc sp. F105
grew better at a light intensity of 40 umol/m*/s. For Nostoc
calcicola, the optimal light intensity was lower at 21 pmol/
m?/s [7]. Ma et al. [8] reported that Nostoc sphaeroides grew
well when the light intensity was increased up to 90 pmol/
m?%/s. Different cyanobacteria species respond differently to
light intensity. It could be concluded that the optimum light
intensity for Nostoc sp. AARL C008 is 40 umol/m?/s.

Effect of photoperiod Lastly, as far as the parameter of the
photoperiod is concerned, the effect of photoperiod was
investigated using the optimal BG11 medium without salt
supplementation and the optimal light intensity of 40 pmol/
m?/s (Fig. 2c). It was observed that Nostoc sp. AARL C008
grew best at light:dark cycles of 24:0 h and gave the maxi-
mum biomass productivity of 37.59 mg/L/day. The biomass
productivity was significantly decreased by 45-64% when
the photoperiod was decreased from 24 to 12 h. This could
be due to a shortage in light energy supply. A light period
of 12-16 h is insufficient to store enough energy to sustain
cell development during an 8—12 h non-light phase. Similar
observations have been reported by Thawechai et al. [46]
and Sirisuk et al. [47]. It has been reported that moderate
light intensity coupled with a long photoperiod might lead
to the enhancement of Nostoc growth and later biomass pro-
ductivity [9]. It should be noted that continuous light feed-
ing generates remarkably greater biomass productivity, indi-
cating that biomass production of cyanobacteria might be
photo-dependent and that light is necessary for the process.
Therefore, the optimum photoperiod for Nostoc sp. AARL
CO008 is light:dark cycles of 24:0 h.

Following several optimization stages employed in this
study, these indicated that high-throughput bioprocess optimi-
zation of growth medium and key physicochemical factors were
effective approaches to maximize the biomass productivity of
Nostoc sp. AARL C008. Compared to before optimization
(25.58 mg/L/day), the biomass productivity after optimization
significantly increased by 1.47 folds. However, the biomass pro-
ductivity in this study was lower than that in the report of Lee
et al. [48] (0.32-0.42 g/L/day). This might be due to different
culture conditions used, environmental adaptation ability, and
algal isolation source. Thus, further research and development
are still required since the optimum growth varies depending on
the strain cultivated and operating conditions used.

3.2 Application in multiproduct biorefinery

Three economically important fractions including polysac-
charides, phytochemicals, and lipids were sequentially recov-
ered from the cyanobacterial biomass of Nostoc sp. AARL
CO008 using an integrated biorefining process. The zero-
waste biorefining process for multi-production is composed

of three main steps: (I) polysaccharide extraction for pre-
paring biostimulants, (I) phytochemical extraction from
polysaccharide-free residual powdered biomass (PRPB) for
preparing antioxidative and anticancer phytochemicals, and
(III) lipid extraction from polysaccharide—free and phyto-
chemical-free residual powdered biomass (PPRPB) prior to
transesterification to produce biodiesel.

3.2.1 Biostimulant activity of polysaccharide extract

Polysaccharides from cyanobacterium Nostoc sp. AARL
C008 were extracted using hot water and then partially puri-
fied by alcohol precipitation (resulting in crude polysaccha-
ride extract: CPS). Both hot water extraction and alcohol
precipitation are established and very efficient methods that
are widely employed for the extraction and purification of
polysaccharides, even on a large scale in industrial contexts
[13]. The extraction yields of CPS were 48.61 g/kg-biomass
and CPS had the total sugar content and total reducing sugar
content at 46.73 and 27.92% w/w, respectively. Generally,
cyanobacterial Nostoc spp. develops macroscopic colonies,
with filaments embedded in extracellular polysaccharides
(EPS), which serve as a support for the colony [49], indicat-
ing that the water-soluble CPS in this study is mainly EPS.
Similar results were also found by Tiche et al. [17], while
Wang et al. [49] reported that water-soluble polysaccharides
from Nostoc sp. and Nostoc commune yielded in a range of
4-10% w/w with a total sugar content of 9-18% w/w and
reducing sugar content of 6-11% w/w.

The monosaccharide compositions of CPS had the high-
est content of mannose at 136.80 mg/g CPS, followed by
glucose (109.68 mg/g CPS) and xylose (93.36 mg/g CPS),
respectively, while rhamnose, psicose, fructose, allose, man-
nose, and sucrose were not observed in CPS (Table S1, See
supplementary data). In the literature, Li et al. [50] found
that the monosaccharides in the water-soluble polysaccha-
ride extracted from Nostoc sphaeroides were 34.5% man-
nose, 21.8% fructose, 14.6% galactose, 17.7% glucose, 6.1%
xylose, 2.2% rhamnose, and 3.1% galacturonic acid, while the
report of Shen et al. [51] highlighted that the monosaccharide
composition in CPS extracted from Nostoc flagelliform was
mainly composed of mannose (19.80%), galactose (23.71%),
glucose (46.57%), and glucuronic acid (4.00%). Furthermore,
they contained trace amounts of xylose, arabinose, ribose,
rhamnose, fucose, and fructose. They are different depending
on strains and the extraction methods and conditions [57]. As
previously discovered by methylation and gas chromatogra-
phy—mass spectrometry analysis, xylose and glucose were
1 — 4 linked; mannose and xylose were terminal groups; and
branch points occurred in glucose as 1 -3,4 and 1 —3, 6
linkages and in xylose as a 1 — 3, 4 linkage [50].

The FTIR spectrum for CPS is shown in Fig. S1 (See
supplementary data). A peak at 3276 cm™~~! indicated the
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presence of asymmetric OH-stretching, suggesting the pres-
ence of intra- and intermolecular hydrogen bonds [52]. The
absorption peaks at 2973 cm™~! and 1200 to 1400 cm™~"!
correspond to the stretching and angular vibration of a C-H
bond, indicating CPS is a carbohydrate [53]. The moderate-
strength absorption peak around 1641 cm™~! was from C=0
stretching vibration, suggesting that CPS may contain acetyl
or uronic acid groups. The absorption peak at 1408 cm™~!
likely relates to C —H bending vibration, while the band at
1243 cm™~! can be assigned to the stretching of an S =0
bond. The strong absorption peak at 1026 cm™! is from

C — O stretching in a primary alcohol OH, which is the
characteristic absorption peak of the pyranose carbohydrate
ring [52]. In addition, the band at 806 cm™~! was consist-
ent with the presence of a-type glycosidic linkages between
glycosyl residues, and the peaks at 563 cm™! were due to
C —H rocking vibration. Previously, similar peaks were
also reported for the FTIR spectrum of a polysaccharide
extracted from Nostoc sphaeroides [50, 54]. Collectively,
the FTIR spectrum of CPS exhibited the typical absorption
bands that are indicative of polysaccharides.

Fig. 3 Effect of Nostoc poly-
saccharide on soil properties
(moisture content (MC), organic
matter (OM), microbiologi-

cal activity (MA), and cation
exchange capacity (CEC)) after
15 days of inoculation at 0 and
120 mg/L polysaccharide (a)
and shoot length of melon after
4 weeks of cultivation at 0, 60,
120, and 240 mg/L polysaccha-
rides (b)

N

()

o O

—_— = N N W W s s
h O ' O

MC (%), OM (%), MA (mg
h O

produce CO,), CAC (meq/100g)

o

00 o120

]

MC OM MA

Soil properties

CAC

[S—
3]

(b)

—
= (@) <0 ()
T T T T

Shoot lenght (cm)

(O]
T

oS

Day O

@ Springer

120
Polysacharide concentration (mg/L)



Biomass Conversion and Biorefinery

CPS was further characterized by NMR analysis. The 'H-
NMR spectrum is shown in Fig. S2. The spectra showed ring
protons (3.2—4.2 ppm), indicating a crowded signal region
due to the presence of many sugar residues; this region
is typical for polysaccharides; and a signal at 2.25 ppm,
indicating that the polysaccharide contains acetyl groups.
Methyl protons (1—1.3 ppm) were also observed in the
"H-NMR spectrum. Similar regions have been reported in
microalgae and cyanobacteria IH-NMR spectra [52, 55].
However, the appearance of several overlapping signals in
the "H-NMR spectra was an indicator that was difficult to
decipher because of its complexity, indicating that CPS were
very complex polysaccharides, in agreement with previous
reports [56]. Thus, further studies are required to fully char-
acterize the CPS to expand the current understanding of the
complicated occurrences in the CPS structure.

Considering the soil improvement ability of CPS (Fig. 3a),
it was found that the moisture content (38.40%), organic mat-
ter (3.07%), microbiological activity (19.84 mg produced
CO,), and cation exchange capacity (11.67 meq/100 g) of soil
after 15 days of CPS inoculation were significantly increased
1.30, 1.55, 1.53, and 1.47-fold, respectively, compared to the
control as deionized water-inoculated soil. The enhancement
of soil moisture may be related to the fact that cyanobacterial
polysaccharide sheaths have the capacity to absorb significant
quantities of water, which results in a substantial increase in
soil water absorption and retention [58]. Chamizo et al. [59]
suggested that increased water availability stimulates micro-
biological activity, resulting in higher organic matter, and
nutrient content. Most plants grow within soil moisture levels
that vary between 20 and 60% [60]. A significant increase in
the nutritional content and cation exchange capacity of soils
is attributed to the action of the polysaccharide as a nutrient
repository, sequestering metabolites produced by microor-
ganisms, in particular amino acids and organic acids, as well
as metal cations such as Ca** and Mg>* [59]. Therefore, this
study highlighted that the inoculation of soil with Nostoc
CPS may possibly be utilized as a sustainable biotechnologi-
cal method to restore damaged dryland sites because of the
significant environmental function performed by Nostoc CPS.

In addition to the soil improvement ability, the plant
growth promotion potential of CPS was also evaluated
using green net melon as a plant model. After 4 weeks of
cultivation, the CPS addition at 60, 120, and 240 mg/L sig-
nificantly increased the shoot length of the melons 1.23,
1.29, and 1.20-fold, respectively, which was greater than
the control which featured the absence of CPS (Fig. 3b).
This observed growth enhancement in melons may be due
to the presence of CPS extracted from Nostoc sp. AARL
C008. As a result of these findings, it is possible to argue
that cyanobacterial polysaccharides may be used as a source
of plant biostimulants for crop development. In addition, the
enchantment of melon might be due to the improvement in

soil properties by CPS and the release of nutrients required
by plants [59]. Similar results have also been observed in the
report of Rachidi et al. [61] and Santini et al. [62]. Rachidi
et al. [61] suggested that the presence of monosaccharide
(glucose, xylose, and mannose) may have been the pri-
mary polysaccharide components at the time of the onset of
biostimulation. It seems that inoculation with cyanobacterial
polysaccharides has an impact on many metabolic pathways
in plants, including photosynthesis and nitrate assimilation,
resulting in the enhancement of plant growth, according to
the results of Saucedo et al. [63]. According to Fig. 3b, it
was also observed that the shoot length of melons increased
when increasing the CPS concentration, but decreased at
high CPS concentrations above 240 mg/L. A decrease in
plant growth with increasing cyanobacterial polysaccharide
concentration was also reported by Tiche et al. [17] and Xu
et al. [64]. This phenomenon might be due to the exces-
sive polysaccharide levels entering the plant cells. Xu et al.
[64] reported that an excess of polysaccharide resulted in
the overproduction of reactive oxygen species (ROS), which
are harmful to the normal metabolism of plant cells and
cause oxidative damage to photosynthetic systems through
the induction of lipid peroxidation, protein degradation, and
DNA damage, resulting in a decrease in the plant growth
rate. Therefore, the suitable concentration of Nostoc CPS
for growth promotion of melon was 120 mg/L.

3.2.2 Bioactivities of phytochemical extract

Phytochemicals from polysaccharide-free residual powdered
biomass (PRPB) were extracted using mixed solvent extrac-
tion (ethyl acetate—methanol, 1:1 v/v). According to Wakeel
et al. [65], the combination of solvent was the most efficient
solvent in terms of phytochemical quantity and quality. It
has been reported that ethyl acetate—methanol proved to be
the significant solvent of choice to maximize phytochemical
content and provide essential biological properties [65, 66].
The results found that the extraction yield of Nostoc phyto-
chemicals from PRPB was 21.97 g/kg-PRPB (20.9 g/kg-bio-
mass) which was in line with previously reported extraction
yields (0.1-10% w/w) obtained from different Nostoc bio-
mass, and many factors have contributed to the phytochemi-
cal yield [67, 68]. The phytochemical extract contained
chlorophyll a, carotenoids, and phenolics at 38.16 mg/g
extract, 279.43 mg/g extract, and 11.43 mg GAE/g extract,
respectively. Considering phytochemical absorption pat-
terns via the UV/visible spectrum (250-750 nm) (Fig. 4a),
three main absorption peaks were found at 250-315 nm,
320-550 nm, and 600—710 nm. These findings have been
confirmed by previous observations showing phytochemical
extracts comprise many components, such as pigments that
absorb UV-visible light [69]. Interestingly, phytochemical
extracts showed peaks at 250-280 nm (UV-C), 280-315 nm
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Fig.4 UV-Vis absorption spectra (a), antioxidant activities (b) and anticancer properties (c¢) of EtOAc/MeOH extract from cyanobacterial Nos-

toc sp. AARL C008 biomass

(UV-B), and 315-400 nm (UV-A), indicating that the extract
could be considered in the formulation of a sunscreen to
protect the skin by reducing UV ray penetration and UV ray
damage. Cyanobacterial pigments such as chlorophylls and
carotenoids absorb light at wavelengths of 400-500 nm and
600-700 nm [70]. The extract showed a peak between 266
and 374 nm which corresponds to phenolic compounds such
as flavonoids, flavonols, and anthraquinones [71]. It should
be noted that UV/visible absorbance varies according to
the chemicals present in the phytochemical extract. Similar
observations were also documented by different authors for
Nostoc sp. and other cyanobacteria [67, 68]. Further studies
on the full characterization of the extracts are required to
expand the current understanding of the complicated UV/
vis absorption patterns of phytochemical extracts.

The antioxidant activity of Nostoc phytochemical extract
was evaluated including ABTS radical scavenging activ-
ity, DPPH radical scavenging activity, and potassium fer-
ricyanide reducing antioxidant power (PFRAP) activity. As
shown in Fig. 4b, the ABTS and DPPH radical scavenging
activity of the phytochemical extract were 26.10 mg TE/g
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extract and 5.71 mg GAE/g extract, respectively, indicating
that Nostoc phytochemical possibly contains effective hydro-
gen-donating compounds that will neutralize the ABTS and
DPPH free radicals to a more stable form. Nostoc phyto-
chemicals could possibly be utilized as an oxidation inhibi-
tor by scavenging ABTS and DPPH free radicals or other
related free radicals to protect cells from oxidative stress.
These results are comparable with the antioxidant values
of phytochemicals obtained from different cyanobacteria
reported by Ijaz and Hasnain [72] and Vega et al. [73]. The
PFRAP activity was also measured to evaluate the ability of
phytochemical extract in reducing Fe** to Fe**. The results
found that Nostoc phytochemicals recorded PFRAP activ-
ity at 7.79 mg GAE/g extract (Fig. 4b) which was in good
agreement with the previous study reported by Yasin et al.
[74]. This proved that Nostoc phytochemicals serve as high-
efficiency reductants by giving an electron to free radicals,
stabilizing them, and reducing free radical-induced cell and
DNA damage [24].

Figure 4c shows the in vitro antiproliferative activity
on malignant melanoma cells (A375 skin cancer cells)
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and normal cells (Vero cells). The results found that Nos-
toc phytochemicals exhibited antiproliferative activity
on A375 skin cancer cells with the IC5, of 0.50 mg/mL
and Vero cells with the ICy, of 0.44 mg/mL, which are
aligned with Karan and Aydin [75]. Although the extract
had excellent antiproliferative activity against A375 skin
cancer cells, the greater Vero cells’ sensitivity in compari-
son with cancer cells might harm normal human cell pro-
liferation. According to Ruangrit et al. [13] and Umthong
et al. [26], the addition of an extract purification step
resulted in the greatest inhibition on cancer cell lines, but
the least inhibition on normal cells. Thus, Nostoc phyto-
chemical extract should be further purified and examined
to measure its potential biological function before acting
as the template for future drug design. In the literature,
the presence of chlorophylls, carotenoids, and phenolics
in the extract can be correlated with their antioxidant and
anticancer activities [72—75]. This indicated that detected
chlorophylls, carotenoids, and phenolics were responsible
for the antioxidant and anticancer activities of Nostoc phy-
tochemical extract in this study, and Nostoc phytochemi-
cal extract could be considered to be a potential bioactive
ingredient for use in the nutraceutical, cosmetic, and phar-
maceutical industries. However, these still contained vari-
ous unidentified compounds that can contribute to antioxi-
dant and anticancer activities. Therefore, further research
is required to gain an understanding of the complete profile
of the phytochemical extract, which will help to support
the overview of bioactive compounds found in the extract.

3.2.3 Biodiesel production

The polysaccharide-free and phytochemical-free residual
powdered biomass (PPRPB) was used to extract the cyano-
bacterial lipids which were then acid-transesterified to fatty
acid methyl esters (FAMESs). The lipid content was 102.10 g/
kg PPRPB (95.00 g/kg biomass). This result was similar
to the findings of de Oliveira et al. [76], who reported that
the lipid content measured in three cyanobacteria including
Cyanobium sp., Limnothrix sp., and Nostoc sp. ranged from
0.4 to 10% w/w. Fatty acid (FAs) profiles of PPRPB lipid
are summarized in Table 5. A variety of C6 to C24 fatty
acid chain lengths has been accumulated in the Nostoc lipid.
Long-chain fatty acids with 16 and 18 carbon atoms (>96%)
were the most predominant fatty acids including palmitic
acid (C16:0; 46.49%), palmitoleic acid (C16:1; 18.69%),
oleic acid (C18:1n9c; 13.10%), elaidic acid (C18:1n9t;
6.89%), linoleic acid (C18:2n6c¢c; 6.61%), and stearic acid
(C18:0; 3.24%). These fatty acids are comparable to those
found in plant oils, which are mostly composed of palmitic
acid and oleic acid [77], so it is reasonable to conclude
that cyanobacterial lipids hold promise as biodiesel feed-
stocks. The European biodiesel standard specifies that the

Table 5 Fatty acid profiling of

S Fatty acids Relative
cyanobacterial lipid extracted content
from polysz}ccharide-frge and (%)
phytochemical-free residual
powdered biomass (PPRPB) of C6:0 0.01
Nostoc sp. AARL C008 €30 0.02

C10:0 0.04
C11:0 0.02
C12:0 0.11
C13:0 0.04
C14:0 0.72
Cl4:1 0.12
C15:0 0.44
Cl15:1 0.08
C16:0 46.49
Cl6:1 18.69
C17:0 0.54
C17:1 0.32
C18:0 3.24
C18:1n9¢ 13.10
C18:1n9t 6.89
C18:2n6¢ 6.61
C18:3n6 0.91
C20:0 0.07
C20:1n9 0.49
C20:2n6 0.07
C20:4n6 0.17
C20:5n3 0.02
C21:0 0.01
C22:0 0.09
C22:1n9 0.63
C23:0 0.01
C24:0 0.04
C24:1n9 0.01
C16-C18 96.78
SFA 51.87
UFA 48.13
MUFA 40.34
PUFA 7.78
SFA/UFA 1.08

SFA saturated fatty acid, UFA
unsaturated fatty acid, MUFA
monounsaturated  fatty acid,
PUFA polyunsaturated fatty
acid

maximum levels of fatty acids, with more than four double
bonds, should not exceed 1%, whereas linoleic acid (C18:3)
should be less than 12%. Both criteria were satisfied in this
study as the identified fatty acids include only a small quan-
tity of polyunsaturated fatty acids (those with four or more
double bonds) at < 0.1% while C16:3 fatty acid was found at
only 0.91% (Table 5). Lipids having long-chain fatty acids
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Table 6 Estimated fuel
properties of Nostoc lipid

extracted from polysaccharide-
free and phytochemical-free
residual powdered biomass
(PPRPB)

Parameters Values ASTM D6750 European (EN-14214)
Saponification value (SV, mg KOH/g oil) 201.46 <202 -

Iodine value (IV, g 1,/100 g oil) 50.63 - <120
Cetane number (CN) 62.00 >47 >51
Degree of unsaturation (DU, %wt) 55.90 - -
Long-chain saturated factor (LCSF, %wt) 6.56 - -

Cold filter plugging point (CFPP, °C) 4.13 - <5-<-20
Cloud point (CP, °C) 19.46 3 >4

High heating value (HHV, MJ/kg) 40.41 - -
Kinematic viscosity (v, In KV at 40 °C in mm?/s) 5.63 1.9-6.0 3.5-5.0
Density (p, g/cm®) 1.14 0.85-0.90 0.86-0.90
Oxidative stability (OS; h) 18.28 >3 >6

Allylic position equivalents (APE) 55.03 - -
Bis-allylic position equivalents (BAPE) 8.42 - -

(>90% of C16—C18 fatty acids), as proposed by Cheirsilp
et al. [78], have the potential to be utilized as an effective
feedstock for biodiesel production. More than 92% of the
Nostoc lipid examined in this study included saturated fatty
acids (SFA) and monounsaturated fatty acids (MUFA). This
seems to mean that using the Nostoc lipid as a substrate for
biodiesel production will lead to environmentally friendly
biodiesel with a higher cetane number, reduced NOx emis-
sions, shorter ignition delay time, and better oxidative sta-
bility. Similar findings were reported by Srinuanpan et al.
[27], who discovered that a greater concentration of SFA and
MUFA plays a significant role in the production of biodiesel
with improved fuel characteristics. Moreover, this study
found that Nostoc lipid extracted from PPRPB had an SFA/
UFA ratio of 1.08. Ruangrit et al. [13] and Srinuanpan et al.
[44] suggested that an increased SFA/UFA ratio gives better
density and viscosity values, and the biodiesel produced has
stronger oxidative stability.

The characteristics of biodiesel produced from Nos-
toc lipid were estimated based on their fatty acid methyl
ester (FAMEs) profiles, and the results are presented in
Table 6. The saponification value (SV) of Nostoc biodiesel
was found to be 201.46 mg KOH/g oil, which corresponds
to the quantity of KOH (in milligrams) required for the
saponification of 1 g of oil. These values are compara-
ble to those previously observed in cyanobacteria [79].
In the ASTM biodiesel standard for biodiesel, the highest
allowable SV value was 202 mg KOH/ g oil [80]. The
iodine value (IV) of Nostoc biodiesel was 50.63 g 1,/100 g
oil, which is in compliance with the European biodiesel
standard (EN-14214) (<120 g 1,/100 g oil). Normally, IV
is an indication of the total unsaturation of biodiesel and
is used to indicate the oxidative stability of the fuel. A
low IV suggested a greater degree of oxidative stability
[27]. This demonstrates the Nostoc biodiesel’s resistance
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to oxidation. The cetane number (CN) of Nostoc bio-
diesel reached as high as 62, guaranteeing higher igni-
tion quality, while the international regulations (ASTM
and EN-14214) specify a minimum limit of 47 for CN.
The degree of unsaturation (DU) of Nostoc biodiesel was
55.9% which is almost equal to cyanobacteria Synechocys-
tis sp. (61.9%) [79]. Ruangrit et al. [13] suggested that a
lower DU value indicates that the biodiesel is more oxida-
tively stable when stored for an extended period of time.
The biodiesel flow behavior consisting of long-chain satu-
rated factor (LCSF) and cold filter plugging point (CFPP)
were 6.56% and 4.13 °C, respectively, showing insufficient
quality in tropical countries while being easy to use in
cold regions. Similar results were documented by Karpa-
gam et al. [81]. A vehicle’s cloud point (CP) is defined as
the temperature at which the fuel begins to look hazy and
verifies the development of wax crystals in the fuel, which
clogs the vehicle’s filters and fuel lines. Despite the fact
that the international biodiesel standard does not include
a minimum temperature in its list of requirements, a lower
range of CP is more appropriate according to the report
of Sivaramakrishnan and Incharoensakdi [82]. The CP
(19.46 °C) found in this study increases the acceptability
of biodiesel for use at low temperatures. The higher heat-
ing value (HHV) of biodiesel is the unit amount of fuel
that produces heat after it has been completely burned.
The HHV of Nostoc biodiesel was as high as 40.41 MJ/kg
which is almost equal to petroleum-derived diesel (46 MJ/
kg) [82].

According to Table 6, it was also observed that the kin-
ematic viscosity (v) of Nostoc biodiesel was 5.63 which cor-
responded to the international biodiesel standard for v with
1.9-6.0. The v of fluid is a measure of how resistant it is to
flowing. The quality of the fuel increases when the viscosity
of the fuel is reduced, since the spray properties of the fuel
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are greatly affected by the viscosity and density of the fuel.
Sharma et al. [83] found that the increased viscosity causes
a low fuel spray on CI engines, leading to incomplete com-
bustion and carbon buildup on the injector and valve sheet,
which may cause severe engine issues. Density (p) also influ-
ences the spray properties of fuel in CI/SI engines and has a
direct impact on the combustion behavior. The p of Nostoc
biodiesel (1.14 g/cm?) in this study was found to be higher
than the international biodiesel standard (0.85-0.90). This
might be owing to the existence of unsaturated FAMEs in
biodiesel [2, 83]. One of the most serious issues regarding
biodiesel’s poor qualities is its oxidation stability (OS). An
increase in polyunsaturated fatty acid levels in the FAMEs
results in a reduction in the OS [82]. In this study, the OS of
Nostoc biodiesel was as high as> 18 h which was found to
be higher than the international biodiesel standard, reveal-
ing good oxidation stability. The allylic position equivalent
(APE) and bis-allylic position equivalent (BAPE) are indi-
ces that are used to correlate the structure and quantity of
alkyl esters contained in biodiesel with the oxidative stabil-
ity of that fuel. The APE and BAPE of Nostoc biodiesel
in this study were 55.03 and 8.42, respectively. Dwivedi
and Sharma [84] and Verma et al. [85] reported that the
APE and BAPE of various vegetable oil feedstocks were in
the range of 17-189 and 4-85, respectively. They also sug-
gested that the oil with the lowest BAPE content be utilized
for biodiesel synthesis, noting the o0il’s excellent oxidation
stability. In addition, oxidation stability can be measured
by the oxidation stability index (OSI) which is corelated to
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both APE and BAPE [84]. Verma et al. [85] found that an
increase in BAPE leads to a decrease in OS], indicating that
oils worsen in oxidation stability parameters. The OSI of
Nostoc biodiesel in this study was 3.53 h which was in good
agreement with the previous study reported by Dwivedi and
Sharma [84] and Verma et al. [85] who revealed that the
OSI values of various vegetable feedstocks were recorded in
the range of 0.1-3.7 h. They also suggested that oils with a
higher OSI offer promising possibilities as prospective feed-
stocks due to their excellent oxidation stability properties.
Therefore, since both ASTM D6751 (USA) and EN 14,214
(European Organization) standards refer to biodiesel, it is
feasible to state that the fuel characteristics of Nostoc lipid
meet these requirements, which implies they are appropriate
for biodiesel feedstock.

3.2.4 Proposed biorefinery approach of cyanobacterial
biomass

A sustainable biorefining approach has now been employed
to maximize the utilization of cyanobacterial biomass for
the integrated production of further valuable biochemi-
cals with a demonstrated market value [2]. Biorefining is
clearly advantageous because the sequential concentration
of residual biomass requires fewer reactants than an indi-
vidual extraction of the biochemical component in con-
secutive extraction stages [13, 86]. Hence, we propose a
bioprocessing route for the establishment of an integrated
biorefinery based on cyanobacterium Nostoc sp. AARL

‘ | Bio-stimulating polysaccharide | (49 k)

Antioxidative and anticancer

. 21k
phytochemicals el

E— ©219)

Polysaccharide—free, phytochemical—free and
lipid-free residual powdered biomass (PPLRPB)

for nutraceuticals, biofertilizer, and/or animal feed
(835 kg)

*Solvents are subjected to be recovered and reused.

Fig.5 A proposed scheme to establishing a multiproduct cascading zero-waste biorefinery process for cyanobacterial biomass
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C008 biomass (Fig. 5). It is evident from the computa-
tion of data that one ton of Nostoc biomass could give
approximately 49 kg of bio-stimulating polysaccharide,
21 kg of antioxidative and anticancer phytochemicals, and
95 kg of lipid on a dry weight basis. Further, 95 kg of lipid
produced 92 kg of biodiesel, which was computed using
literature conversion factors [87]. The solvents employed
in the process are prone to be readily recovered and reused,
which decreases the demand for reagents and, as a conse-
quence, lowers the total production cost of the process.
After the biorefinery process, the residual biomass was
recovered which could be used as promising feedstock
for cosmetic and nutraceutical protein hydrolysates [24],
environment-friendly biofertilizer [88], and economical
animal feed [1]. Nonetheless, further research and analysis
are required in order to make the best decision. It should
be emphasized that the biorefinery process proposed in
this study has the potential to reduce the cost of producing
value-added products from cyanobacterial biomass with-
out producing waste and also allows for the full realization
of the potential provided by biomass resources. Therefore,
our findings indicate a significant improvement in biomass
processing technology toward the sustainable development
of cyanobacteria-based industries.

4 Conclusions

This study showed that high-throughput bioprocess opti-
mizations using Plackett—-Burman design (PBD) and cen-
tral composite design (CCD) were effective approaches to
screen and optimize the growth medium of the cyanobacte-
rium Nostoc sp. AARL C008. Key physicochemical factors
were optimized to obtain maximum biomass productivity.
Cyanobacterial Nostoc biomass can be employed as a prom-
ising environmentally friendly and sustainable feedstock
for multiproduct application through effective zero-waste
biorefining processes which could significantly improve the
completeness of the cyanobacteria-based industries. Nos-
toc polysaccharide recovered by hot-water extraction and
alcohol precipitation has the potential to be utilized as an
effective potential bio-stimulant with high soil improvement
and plant growth promotion potential. The polysaccharide-
free residual powdered biomass (PRPB) could potentially
be used as a bioactive phytochemical with high antioxi-
dant activities such as DPPH and ABTS radical scaveng-
ing activity, and ferric-reducing antioxidant power (FRAP)
ability, as well as offering high-efficiency inhibitive effects
on cancer cells. Additionally, the polysaccharide-free and
phytochemical-free residual powdered biomass (PPRPB)
has the potential to be used as a biodiesel feedstock with the
required fuel properties. This multiproduct biorefining pro-
cess represents a promising holistic zero-waste technology
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for the production of chemicals, food, energy, and feed that
is both commercially and industrially feasible.
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