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Abstract
A microalgal biorefinery approach has been established through bioprospecting of an indigenous  CO2-tolerant freshwater 
isolate Tetradesmus obliquus CT02 biomass in two sequential steps, resulting in alternate product cascades of bioactive 
molecules and biodiesel or biofertilizer. In the first step, crude microalgal extracts in five different solvents were screened 
for their antioxidant and anticancer activities. While acetone extract showed the highest antioxidant activity with an  IC50 
value of 137 µg  mL−1, ethyl acetate extract exhibited maximum anticancer activity with an  IC50 value of 306.67 µg  mL−1. 
This antioxidant and anticancer activity may be attributed to the coordinated action of multiple bioactive molecules as 
detected by HR-LCMS analysis. In the next step, post extracted residual biomass of CT02 was evaluated as feedstock for 
biodiesel production. The lipid content was found to be 35.7–39.1% w/w, and further to that, FAME yield of 33.1–36.7% 
w/w was obtained via direct transesterification of both the acetone and ethyl acetate extracted biomass. Analysis of FAME 
composition revealed an abundance of palmitic acid (C16:0), stearic acid (C18:0), and elaidic acid (C18:1n9t) as the major 
constituents, making it suitable for use as biodiesel. The post extracted residual biomass was also evaluated for its applica-
tion as biofertilizer through induced germination of Solanum lycopersicum seeds. The highest final germination percentage 
and germination index was estimated to be in the range of 75–80% and 117.5–118.5, respectively, comparable to that of 
commercial grade NPK (20:20:13).
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1 Introduction

The alarming deterioration in air quality due to  CO2 emis-
sion from various anthropogenic activities has mandated the 
search for natural resources, such as microalgae, facilitat-
ing carbon capture and its biological conversion into value-
added products. Microalgae, photoautotrophic eukaryotes 
with the ability to produce high-value compounds and bulk 
chemicals, can exhibit enhanced growth rate and biomass 
productivity compared to terrestrial plants [1]. However, 

selection of robust and indigenous microalgal strains with 
potential of sequestering  CO2 and subsequent conversion 
into multiple value-added products, in a biorefinery mode, is 
the key to the development of sustainable bioprocess.

Though microalgae have been well documented as feed-
stock for biofuels, the technology is not completely mature 
to be realized at the commercial scale owing to low net 
energy ratio (NER) and sub-optimal economic output. One 
of the potential solutions to these bottlenecks could be a 
biorefinery approach which enables sequential valorization 
of the microalgal biomass towards co-production of high-
value metabolites (biotherapeutics, nutraceuticals, and pig-
ments), biofuels (biodiesel, bio-crude oil, and bioethanol), 
and other low-value products (biofertilizer and bioplastics). 
In contrast to the process with single product strategy, biore-
finery with multiple products may offer a sustainable and 
efficient process via maximizing the economic, environmen-
tal, and social benefits. For instance, a biorefinery strategy 
was demonstrated for generation of Scenedesmus sp. [2] 
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utilizing waste water and subsequent conversion of biomass 
into a wide range of high-value products such as phenols or 
flavonoids and low-value products such as biofuel or biofer-
tilizer. In another study [3], Nannochloropsis sp. was used as 
a platform to produce carotenoids and biodiesel, while the 
residual biomass was utilized as substrate for dark fermen-
tation to produce biohydrogen. Techno-economic analysis 
[4] has shown that, in spite of having a vast global market, 
commercial availability of microalgal products is still in dor-
mancy due to high capital cost and operational cost. To that 
end, the integrated approach of biofuel production coupled 
with bioprospecting of value-added products has been found 
to offer process sustainability and economic viability.

In the present study, a biorefinery approach has been 
established with an indigenous  CO2-tolerant freshwater 
microalgal isolate towards synthesis of bioactive molecules, 
biofuel, and biofertilizer. Screening and isolation of this 
 CO2-tolerant strain was performed by a novel  CO2 selection 
pressure-based screening strategy. The isolate was evalu-
ated in terms of growth under different physicochemical 
parameters and biochemical composition, thereby obtaining 
insight about prospective product options. The concept of 
biorefinery with multiple products has been demonstrated in 
two sequential steps resulting in alternate product cascades: 
option 1 being bioactive molecules and biodiesel or option 2 
being bioactive molecules and biofertilizer. In the first step, 
solvent-based crude microalgal extracts containing bioactive 
molecules were screened for their antioxidant and anticancer 
activities. Crude fractions exhibiting antioxidant and anti-
cancer activities were further characterized through mass 
spectroscopy to identify the bioactive molecules. The post 
extracted biomass was subjected to a two-step direct trans-
esterification method for biodiesel production as another 
product of option 1. In case of option 2, the post extracted 
biomass obtained from the first step was evaluated for its 
biofertilizer potential through induced germination of Sola-
num lycopersicum seeds.

2  Materials and methods

2.1  Sampling, screening, and isolation of potential 
 CO2‑tolerant microalgal strain

As a  CO2-rich industrial hotspot, sample was collected from 
effluent of Bokaro Steel Plant, Jharkhand, India (23.6693° 
N, 86.1511° E) and was inoculated in BG11 medium [5] 
in a bubble column reactor (Spectrochem Instruments Pvt. 
Ltd., India) of 500 mL with working volume of 300 mL 
and enriched to obtain sufficiently large cell population. 
Screening of  CO2-tolerant strains was performed by a novel 
 CO2 selection pressure-based screening strategy, where the 
enriched mixed culture was exposed to sequentially elevated 

concentrations of  CO2 starting from 5 to 20% v/v, with step-
wise increase by 2.5% v/v. The  CO2 concentration of the 
input gas stream was varied by ratiometric mixing of com-
pressed air and  CO2 through rotameters. The culture was 
maintained at room temperature with a light–dark cycle of 
16:8 h and light intensity of approximately 250 µE  m−2  s−1. 
In order to eliminate any possible nutritional stress, the 
concentrations of nitrate and phosphate were maintained 
higher than 50% of their initial value via intermittent feed-
ing. Dynamic profiles of phosphate and nitrate utilization 
and pH were obtained by sampling every 24 h at the end of 
the light cycle. The screened  CO2-tolerant culture, at the end 
of the batch of 53 days, was subjected to serial dilution and 
streak plating to isolate axenic unialgal culture.

2.2  Identification of the isolated strain

The morphology of the strain was studied using bright 
field microscopy (Nikon, Japan) and field emission scan-
ning electron microscopy (FESEM) (Sigma, Carl Zeiss 
Microscopy, Germany). For molecular identification of 
the strain, genomic DNA was isolated using HiPurA™ 
plant genomic DNA purification kit, and partial 28 s rDNA 
sequence was amplified using D2 region specific primers 
(forward being ACC CGC TGA ACT TAAGC and reverse 
being GGT CCG TGT TTC AAG ACG G) in a thermal cycler 
(Veriti®, Thermo Fisher Scientific, USA). PCR amplifi-
cation conditions involved an initial denaturation step at 
94 °C for 5 min, followed by 35 cycles of 94 °C for 1 min, 
52 °C for 1 min, and 72 °C for 2 min and final exten-
sion of 10 min at 72 °C. Further, sequencing of the PCR 
amplicon was performed using BDT v3.1 Cycle sequenc-
ing kit on ABI 3730xl Genetic Analyzer. The sequence 
obtained was compared with the existing database through 
NCBI BLAST, and the phylogenetic tree was constructed 
in MEGA X using Neighbor-Joining method with 1000 
bootstrap replications.

2.3  Characterization of the strain under different 
physiochemical parameters in shake flask

Characterization experiments were performed to study the 
effect of different medium composition, initial pH of the 
medium, nitrogen, and phosphate sources on growth of the 
organism. In order to understand the suitable medium sup-
porting maximum biomass titer, growth characterization 
was carried out in five different medium compositions such 
as Watanabe (AF6), Beijerinck (BJA), BG 11, Bold Basal 
medium (BBM), and Algae Culture Broth (ACB). Details 
about the composition of these media are given in Support-
ing Information (Table S1). Further, the growth of the strain 
was evaluated under various initial pH (4, 6, 8, 10, and 12), 
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different nitrogen sources (sodium nitrate, sodium nitrite, 
ammonium sulfate, analytical grade urea, and commercial 
grade urea) with equimolar nitrogen (0.011 M), and different 
phosphate sources (monopotassium phosphate, dipotassium 
phosphate, and single super phosphate) containing equimo-
lar phosphate (0.0015 M). All characterization experiments 
were performed in 250 mL Erlenmeyer flasks with work-
ing volume of 100 mL, incubated at 28 °C temperature and 
150 rpm agitation in a shaker incubator (Orbitek, Scigenics 
Biotech, India). 10%, v/v of seed culture with absorbance 
 (A690) of 1.0 was used as inoculum, and the light intensity 
was maintained at 20 µE  m−2  s−1 with a light/dark cycle of 
16:8. Samples were withdrawn at the end of every light cycle 
to monitor the growth. After completion of growth charac-
terization, the biochemical composition of the biomass and 
 CO2 fixation rate was evaluated under selected physiochemi-
cal parameters supporting improved growth.

Biomass productivity (P, mg  L−1  day−1) and  CO2 fixa-
tion rate ( RCO2

 , mg  L−1  day−1) was calculated as follows:

where x
0
 and xf  are the dry cell weights (g  L−1) obtained at 

initial and final time points t
0
 and tf  , respectively.

where CC is elemental carbon content of biomass. MCO2
 and 

MC are the molar mass of  CO2 and C (g  mol−1), respectively. 
CC was estimated at the end of the batch using elemental 
analyzer (EuroEA3000, Italy).

2.4  Preparation of microalgal crude extracts

One gram finely powered lyophilized biomass was sus-
pended in 50 mL of each of the five solvents, i.e., methanol, 
isopropanol, acetone, ethyl acetate, and hexane. These sol-
vents were chosen based on their difference in polarity. Five 
different crude extracts were prepared by three rounds of 
sonication and overnight incubation at 28 ℃ and 150 rpm, 
followed by evaporation of the solvent (Fig. S1, Support-
ing Information). The crude extracts were stored at 4 ℃ for 
subsequent experiments.

2.5  Determination of antioxidant activity 
through DPPH free radical scavenging

The antioxidant activity of the crude extracts was deter-
mined in terms of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
radical scavenging activity assay [6]. The concentration of 
each extract required to scavenge 50% of the DPPH  (IC50) 

(1)P =
xf − x

0

tf − t
0

(2)RCO2
= CCP

MCO2

MC

was calculated based on the correlation (linear regression) 
between percentage scavenging activity and concentration 
of the extract. In order to develop the correlation, different 
concentrations (50–1000 µg  mL−1) of each crude extract 
were prepared in methanol. The crude extract in methanol 
(0.75 mL) was mixed with 0.25 mL of 0.1 mM DPPH, dis-
solved in methanol, and incubated for 30 min in dark at room 
temperature. Post incubation, the absorbance of the mixture 
was recorded at 517 nm. DPPH scavenging activity (%) was 
calculated as follows:

where Ac is the absorbance of control containing DPPH dis-
solved in pure methanol and At is the absorbance of the test 
sample together with DPPH.

2.6  Screening and estimation of anticancer activity 
of the crude extracts

The effect of microalgal crude extract on cancer cell growth 
inhibition was determined in vitro through MTT-based cell 
viability assay [7]. In the first step, all five extracts were 
evaluated for their anticancer activity at a concentration of 
100 µg  mL−1. Breast cancer cells (MCF7) grown in DMEM 
high glucose medium were seeded in 96 well plate (4000–5000 
cells per well). After 48 h of incubation at 37 ℃ and 5% v/v 
 CO2, the monolayer was washed with DPBS. Prior to MTT 
assay, the cells were treated with the extract or with ethanol 
(vehicle control) for 72 h. Base line viability was determined 
by performing the MTT assay for the cells at zero h. Post 
treatment, monolayer of the cells was washed with DPBS and 
incubated with 100 µL MTT reagent (0.5 mg  mL−1) for 3 h 
at 37 °C. MTT reagent was then removed, and the formazan 
crystals were dissolved in DMSO. Absorbance was measured 
at 570 nm using microplate reader (Infinite Pro M200, Tecan 
Life Sciences, Switzerland), with 690 nm as the reference. The 
difference in the absorbance  (A570—A690) was considered as 
the measure for cell viability. Change in viability of ethanol-
treated cells (control) was assigned as 100%, and those of 
extract treated cells were expressed as relative to the control. 
The extract exhibiting highest inhibition to the cell viability 
was selected for further experiments. The  IC50 for the selected 
extract was calculated based on the percentage cell viability 
observed at different concentrations.

2.7  Identification of compounds with antioxidant 
and anticancer activity using HR‑LCMS‑QTOF

Phytochemical composition of the selected crude microalgal 
extracts exhibiting maximum antioxidant and anticancer activi-
ties was analyzed by high-resolution liquid chromatograph 

(3)% DPPH scavenging activity =
Ac − At

Ac

× 100
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mass spectrometer (HR-LCMS, 1290 Infinity UHPLC Sys-
tem, Agilent Technologies, USA). The system was aided with 
Quadrupole Time of Flight Mass Spectrometer (Q-TOF MS). 
Five-microliter sample was injected into the Hypersil Gold 
C18 column (100 × 2.1 mm – 3 µ particle size). Gradient 
of water with 0.1% formic acid (solvent A) and acetonitrile 
with 10% water and 0.1% formic acid (solvent B) was used 
as mobile phase. With a flow rate of 3 mL  min−1, separation 
was performed for 30 min. Compounds were analyzed in 6550 
iFunnel Q-TOF MS operated in positive ion mode by dual Agi-
lent jet stream electrospray ionization (dual AJS ESI). Mass 
spectrometric data acquisition was done for the m/z ratio rang-
ing 150 to 1000 with a scanning rate of 1 spectrum per sec-
ond. Metlin Metabolites AM PCD Library (B.08.00) (Agilent 
Technologies, USA) was used for identification of compounds. 
The compounds found in abundance were further reviewed for 
their antioxidant and anticancer activities based on previously 
reported literatures.

2.8  Assessment of post extracted residual 
microalgal biomass as feedstock for biodiesel 
production

The FAME content of the post extracted residual microal-
gal biomass was estimated using sequential two-step direct 
transesterification method [5]. In the first step, 1 mL alkali 
catalyst (0.5 N NaOH in methanol) was added to 50 mg of 
dry biomass followed by incubation at 90 ℃ in a shaker 
water bath at 150 rpm for 20 min. After cooling down, the 
second step was performed by adding 1 mL acid catalyst 
(5%  H2SO4 in methanol) and incubating at the same condi-
tions. Finally, the FAME fraction was collected by adding 
equal volume of deionized water and hexane to the transes-
terified mixture. Hexane layer containing total FAME was 
washed thrice in order to remove aqueous impurities. The 
FAME components were analyzed using GC-FID (Agilent 
Technologies, USA). FAME dissolved in hexane was filtered 
through 0.22 µ nylon filter and injected to GC equipped with 
HP-5 ms Ultra Inert column (30 m × 250 µm × 0.25 µm). 
Helium was used as carrier gas, and the split ratio was set as 
10:1. Oven temperature was ramped from 70 to 180 ℃ at a 
rate of 15 ℃  min−1 and then to 260 ℃ at rate of 2.5 ℃  min−1, 
and the final temperature was held for 5 min. The total runt-
ime for GC-FID analysis was 44.33 min. Supelco 37 com-
ponent FAME mix (Sigma-Aldrich, USA) was used as the 
standard for identification and quantification of compounds.

2.9  Assessment of post extracted residual 
microalgal biomass as biofertilizer

The potential of post extracted residual microalgal bio-
mass as biofertilizer was assessed based on its effect on the 

germination of Solanum lycopersicum (tomato) seeds. In 
petri plates, 100 gm of air-dried soil (sieved through 2-mm 
mesh) was mixed with different amounts (11.5 mg, 50 mg, 
75 mg, 100 mg, 125 mg, 150 mg, 175 mg, and 200 mg) 
of residual microalgal biomass or commercial grade NPK 
(20:20:13) to obtain the different fertilizer doses. Each plate 
was inoculated with 10 tomato seeds and kept in greenhouse 
at 25 ℃ temperature and 70% humidity. Fixed amount of tap 
water was sprinkled on each plate at every 24-h interval. All 
the plates were monitored for number of seeds germinated 
every 24 h. At the end of the 10th day, the final germina-
tion percentage (FGP) and the germination index (GI) were 
calculated according to Eq. 4 and Eq. 5, respectively [2].

where Nt is the number of seeds germinated on the tth day 
and value of t varies from 1 to 10.

Further to this, NPK content of the residual microalgal 
biomass was measured to quantitatively establish its bioferti-
lizer capacity. Total nitrogen (N) was determined directly by 
elemental analyzer (EuroEA3000, Italy). Total phosphorus 
(P) was determined following the procedure described by 
Feng et al. [8] and estimated calorimetrically using ascorbic 
acid method [9]. For estimation of potassium (K), 10 mL of 
mixed acid reagent  (H2SO4:HCLO4::5:1) was added to 0.2 g 
of biomass and digested at 300 ℃ for 4 h [10]. Quantification 
of potassium (K) was done using flame photometry.

2.10  Analysis of growth, substrate utilization, 
and intracellular biochemical composition

For monitoring the growth of the organism, absorbance of 
the culture was measured at 690 nm  (A690) using UV–Vis 
spectrophotometer (Cary 100, Agilent Technologies, USA). 
The absorbance values were converted into dry cell weight 
(DCW) using the correlation, one cell density = 0.1853 g dry 
cells  L−1 (R2 = 0.99). Cell-free supernatant obtained from 
centrifugation of the sample at 10,000 rpm for 10 min was 
analyzed for substrate utilization. Estimation of nitrate was 
carried out using salicylic acid method using sodium nitrate 
as the standard [11], and phosphate was quantified using 
ascorbic acid method [9] using dipotassium phosphate as the 
standard. For biochemical composition analysis, stationary 
phase culture was collected and centrifuged at 7000 rpm at 
4 ℃ for 10 min. Cell pellet was washed twice with distilled 
water and lyophilized overnight. To extract the intracellular 
protein, biomass resuspended in phosphate buffer (pH 6.8) 

(4)FGP =

(

Total no. of seeds germinated at the end of trial

number of initial seeds

)

× 100

(5)

GI =
(

10 × N
1

)

+
(

9 × N
2

)

+
(

8 × N
3

)

+
(

7 × N
4

)

+
(

6 × N
5

)

+
(

5 × N
6

)

+
(

4 × N
7

)

+
(

3 × N
8

)

+
(

2 × N
9

)

+
(

1 × N
10

)
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was subjected to ultrasonication at 35% amplitude (a maxi-
mal power of 350 W) in a pulse mode (5 s ON/10 s OFF) 
under cold condition. Repeating 3 rounds of sonication for 
5 min each, the supernatant was collected after every round. 
Total protein estimation of the whole supernatant was car-
ried out by Bradford method [12] using bovine serum albu-
min as standard. 0.25 mL of protein sample extracted was 
mixed with 2.5 mL of Bradford reagent, and absorbance was 
recorded at wavelength of 595 nm. For extraction of intracel-
lular chlorophyll, 50 mg of dry biomass was resuspended in 
10 mL of 99.9% methanol and incubated in dark at 45 ℃ for 
30 min. The sample was then centrifuged, and supernatant 
was analyzed for absorbance at wavelength of 652 nm and 
665 nm. Total chlorophyll content (sum of chlorophyll a and 
chlorophyll b) was estimated based on Eq. 6 and Eq. 7 [13].

The intracellular lipid was estimated by thermo-gravi-
metric analysis [14]. Two milliliters of methanol/chloroform 
(2:1) was mixed with 50 mg of dry biomass and sonicated 
for 30 min (35% amplitude, 5 s ON/10 s OFF) at 4 ℃. The 
mixture was then incubated for 6 h with shaking at 150 rpm 
in room temperature. Further, the lipid was extracted with 
chloroform layer by repeated washing with chloroform:0.9% 
NaCl (1:2). The extracted lipid was weighed and compared 
to the initial biomass for valuation of total intracellular lipid. 
Total carbohydrate content was estimated via phenol sul-
furic acid method [15], using glucose as standard. Prior to 
the assay, dried microalgal biomass was subjected to acid 
hydrolysis by incubation with 4% sulfuric acid at 121 ℃ for 
1 h. Ash content of the biomass was calculated by subjecting 
1 gm of dry biomass to 575 ℃ in a muffle furnace for 4 h.

3  Results and discussion

3.1  Screening and isolation  ofCO2‑tolerant 
microalgal strain from industrial hotspot

Under photoautotrophic condition, microalgae grow by fix-
ing  CO2 from different sources such as the atmosphere and 
exhausts from industries including flue and flare gas. The 
growth rate of microalgae is directly proportional to the pho-
tosynthetic efficiency which in turn depends on the available 
 CO2 concentration. It has been reported that atmospheric 
concentration of  CO2 (0.036%) is sub-optimal for photosyn-
thesis [16], and the photosynthesis apparatus appears to be 
adapted to much higher concentrations of  CO2 [17]. Further, 
microalgal bioprocess is typically based on flue gas from 

(6)
Chlorophyll a

(

�g mL−1
)

= 16.5169 × A
665

− 8.0962 × A
652

(7)
Chlorophyll b

(

�g mL−1
)

= 27.4405 × A
652

− 12.1688 × A
665

various industries,  CO2 concentration in which varies from 
3 to 30% [16]. Therefore, screening and isolation of an indig-
enous  CO2-tolerant strain remains the first key step towards 
development of a sustainable bioprocess. In the present 
study, a  CO2 selection pressure-based strategy was adopted 
for rapid screening and isolation of  CO2-tolerant microalgal 
strain. The water sample collected from carbon-rich indus-
trial hotspot was subjected to culturing under sequentially 
elevated  CO2 concentration of 5–20% v/v, with a step-wise 
increase by 2.5%. In the beginning of the screening process, 
starting with 5%  CO2 v/v, presence of four morphologically 
distinct microalgal strains was accounted in the mixed cul-
ture, and their growth was monitored in terms of differential 
cell count. A consistent lag in the growth of the strains was 
observed at the beginning of each elevation of  CO2 selection 
pressure. With the increase in  CO2 concentration, reduction 
in growth of the strains was observed, and finally, three out 
of four strains could survive under the final  CO2 concentra-
tion of 20% v/v. Amongst the three survivors, only one strain 
was found to not only withstand but also grow significantly 
even at 20%  CO2 concentration v/v and was further iso-
lated. The growth of the strain could be correlated with the 
decrease in concentration of nitrate and phosphate during the 
batch run under individual concentration of  CO2. pH of the 
culture was found to be automatically maintained within the 
range of 7–8 even at higher  CO2 concentrations. This self-
regulatory phenotypic response might be due to continuous 
utilization of  CO2 linked with growth of the organism, even 
at higher  CO2 selection pressure [18]. In a similar study, 
microalgal community present in the waste water sample 
collected from sewage treatment plant was enriched at high 
 CO2 concentration of 10% v/v, and Scenedesmus sp. was 
found to grow dominantly amongst all microalgal strains 
present in the mixed culture [19].

3.2  Identification and characterization 
of the isolated microalgal strain

Bright field microscopy and FESEM images (Fig. 1 a and b) 
confirmed the oval-shaped unicellular nature of the isolated 
microalgal strain and absence of any spike or flagella on the 
cell surface. The cells were visibly green in color and about 
6 to 9 µm in length. Molecular identification of the isolate 
was further carried out by 28 s rDNA sequencing analy-
sis as morphological resemblance is only presumptive and 
do not confirm the evolutionary position of an isolate. The 
isolate was found to be in closest homology with Tetrades-
mus obliquus KMC24 with maximum sequence similarity 
of 97.8%. To further depict the evolutionary position of the 
isolate, a phylogenetic tree was constructed based on the 
sequence of the isolate and 15 closest organisms (Fig. 1c). In 
accordance with this finding, the isolated microalgal strain 
was identified as Tetradesmus obliquus CT02 (GenBank 
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Accession # MZ267545). Hereafter, the organism is desig-
nated as CT02.

In search of suitable nutritional and growth conditions for 
CT02, characterization of the strain was carried out under 
different media compositions, various initial pH, nitrogen 
sources, and phosphate sources of the medium supporting 
maximum growth of CT02. Dynamic profile of growth of 
CT02 under different nutritional and physicochemical condi-
tions is depicted in Fig. Fig. S2 (Supporting Information). 
Although the strain was found to grow in a wide variety of 
culture media (Fig. 2a), the highest biomass titer of 1.087 g 
 L−1 was obtained using algae culture broth (ACB) medium. 
The strain was able to favorably grow at lower initial pH 
of the medium. A maximum biomass titer of 0.826 g  L−1 
was obtained at a pH value of 6, while sub-optimal growth 
was observed at alkaline pH (Fig. 2b). Studies depict the 
initial pH of the medium in the range of 6 to 9 as optimal 
for the growth of various microalgae [5, 20, 21]. In case of 
Scenedesmus sp., while higher growth was achieved at initial 
pH close to neutral, synthesis of different growth and non-
growth associated products was induced at an acidic pH of 
5 [22]. This depicts a mutually exclusive nature of the initial 
pH conditions promoting growth and product formation. To 
that end, the present strain may be beneficial as the growth 
is favorable at lower initial pH of the medium (4–6) which 
might also promote synthesis of various value-added com-
pounds. Amongst five different nitrogen sources, the strain 
exhibited a substantially higher biomass titer (0.845 g  L−1) 
with sodium nitrate as compared to others (Fig. 2c). Sodium 
nitrate has been recognized as a favorable nitrogen source 
for growth of various microalgal strains [23, 24]. The lower 
growth in case of ammonia-based nitrogen sources such as 
ammonium sulfate and urea may be due to the formation of 
 H+ ions during ammonia uptake from media [5]. Dipotas-
sium phosphate was found to be the most suitable phosphate 
source for CT02, resulting in highest biomass titer of 0.994 g 
 L−1 (Fig. 2d). Under the nutritional conditions of sodium 
nitrate as nitrogen source, dipotassium phosphate as phos-
phate source, and initial pH of 6, the maximum biomass 
productivity and  CO2 fixation rate were found to be 39.7 mg 
 L−1  day−1 and 66.5 mg  L−1  day−1, respectively (Table 1). A 
lower biomass titer of less than 1 g  L−1 might be a limiting 
factor for any biorefinery considering the use of CT02. In 
order to improve the biomass titer and productivity of CT02, 
different process engineering strategies such as growth 
kinetic driven feeding of limiting nutrients [25], dynamic 
increase in incident light intensity [25, 26], and substrate 
driven pH control [27] can be implemented.

To evaluate the application potential of the biomass 
with the ability to produce value-added compounds and 
biofuels, analysis of biochemical composition such as total 
protein, carbohydrate, lipid, and ash content was carried 
out (Table 1). A high protein content of 35.96% w/w was 

estimated, which can be considered potential source of 
bioactive metabolites [28]. Total chlorophyll content was 
estimated to be 1.8 µg per mg of biomass. Further, sub-
stantially high lipid content of 41.21% w/w depicts that 
the protein extracted biomass can be suitably used for syn-
thesis of biodiesel. However, carbohydrate content was 
estimated to be lowest at 11.5% w/w, which may be due to 
regular consumption of carbohydrate for cellular metabo-
lism as explained by Mirón et al. [29]. Furthermore, the 
low carbohydrate and high lipid content of biomass at the 
end of the batch might be the effect of nutritional stress to 
the cells caused by exhaustion of limiting nutrients nitrate 
and phosphate, which redirect the carbon flux from car-
bohydrate or protein fractions of the biomass to the accu-
mulation of neutral lipid [5]. The residual ash content was 
calculated to be 11.31% w/w.

3.3  Microalgal biorefinery approach for bioactive 
molecules, biofuel, and biofertilizer using 
Tetradesmus obliquus CT02

Several studies have suggested that the biomass composi-
tion can widely vary with difference in microalgae strains, 
medium composition, culture conditions, and growth phases 
[30, 31]. High protein and lipid content of CT02 under the 
given nutritional and growth parameters point towards 
establishing a circular bioeconomy, coupling  CO2 seques-
tration, and multiproduct portfolio such as high-value bioac-
tive compounds, biofuel, and biofertilizer, in a biorefinery 
approach.

3.3.1  Evaluation of crude extracts of CT02 for their 
antioxidant activity

Antioxidants serve as the crucial defense system against free 
radicals such as reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) which causes oxidative stress 
to the cells leading to their death via oxidation of biologi-
cal macromolecules [32]. Besides chemically synthesized 
drugs, several naturally occurring bioactive compounds 
with antioxidant properties, originating from plants, have 
been commercially approved [33, 34]. However, increasing 
market demand owing to population inflammation has moti-
vated the exploration of more cost-effective natural sources 
like microalgae for these phytochemicals. In the present 
study, five different solvent-based crude extracts of CT02 
were evaluated for their antioxidant potential in terms of 
DPPH free radical scavenging activity (Fig. 3). All the five 
crude extracts exhibited dose-dependent antioxidant activ-
ity, with the lowest  IC50 value of 137 µg  mL−1 in case of 
acetone extract. While both isopropanol and ethyl acetate 
extracts showed antioxidant activity (~ 203 µg  mL−1) com-
parable to that of acetone, hexane extract showed inferior 

12610



Biomass Conversion and Biorefinery (2023) 13:12605–12618

1 3

antioxidant activity with an  IC50 value of 783.2 µg  mL−1. 
Microalgae have been reported to possess a vast range of 
bioactive compounds which vary in terms of their polar-
ity and thereby solubility in different solvents. This means 
that the type and concentration of bioactive molecule(s), 
obtained post solvent extraction, will vary depending on 
the polarity of the solvent(s) used for the process of extrac-
tion. Hence, differential bioactivity may be observed with 
different solvent extracts. Acetone extract from CT02 
recorded superior antioxidant activity in comparison to 
other microalgae strains such as Chlorella sp. with  IC50 
value of 780–2590 µg  mL−1 [35], Scenedesmus obliquus 
with  IC50 value of 938–2273 µg  mL−1 [36], Porphyridium 
sordidum with  IC50 value of 286 µg  mL−1 [37], and Haema-
tococcus pluvialis with IC 50 value of 528 µg  mL−1 [37]. 
HR-LCMS-QTOF analysis of acetone crude extract was car-
ried out to identify the compounds with antioxidant property 

(Table 2). The antioxidant compounds which were found to 
be present in abundance are fusarochromanone [38], ben-
zoquinol [39], hexadecanoic acid [40], Nigakihemiacetal A 
[41], luciferin [42], convallasaponin A [43, 44], and tride-
canol [46, 47]. Further, brassinolide was reported to enhance 
the activity of antioxidant enzymes in Chlorella vulgaris 
[45]. Therefore, the antioxidant activity of acetone extract 
may be attributed to the coordinated action of these bioac-
tive molecules. The results indicate that acetone extracts of 
CT02 can be commercially realized as potential sources of 
antioxidant compounds.

3.3.2  Evaluation of crude extracts of CT02 for their 
anticancer activity

In view of the undesired side effects of conventional chemo-
therapeutic drugs, the pharmaceutical research is now more 

Fig. 1  Morphological identification of isolated microalgal strain 
under a bright field microscopy and b field emission scanning elec-
tron microscopy (FESEM). The molecular level identification was 
carried out based on phylogenetic tree generated using MEGA X (c). 

Neighbor-joining showing phylogenetic position of isolate and related 
taxa is based on partial 28 s rRNA gene sequence comparisons. Boot-
strap values are indicated at nodes. Representative sequences in the 
dendrogram were obtained from GenBank
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focused on search for naturally occurring anticancer agents. 
Crude solvent extracts obtained from CT02 were screened 
in vitro for their anticancer activity. At a concentration of 
100 µg  mL−1, ethyl acetate extract showed the lowest rela-
tive cell viability of 73.3%, followed by acetone (77.4%), 
hexane (83.1%), isopropanol (89.6%), and methanol (91.7%) 
(Fig. 4a). Further, dose-dependent activity of ethyl acetate 
extract revealed an  IC50 value of 306.67 µg  mL−1 (Fig. 4b). 
Similar to the present study, anticancer molecules from vari-
ous microalgae strains such as Scenedesmus obliquus, Chlo-
rella sorokiniana, and Granulocystopsis sp., have shown 
fairly promising clinical significance against cancer cell 

lines [57–59]. HR-LCMS-QTOF analysis of ethyl acetate 
crude extract revealed the presence of two most prevalent 
anticancer compounds dioscin [48] and cholanoic acid [49]. 
Besides, eight more anticancer molecules were also found to 
be present in abundance (Table 2).

Fig. 2  Growth characterization 
of Tetradesmus obliquus CT02 
under a different media compo-
sition, b different initial pH, c 
different nitrogen sources, and 
d different phosphate sources. 
The duration of the cultivation 
was considered until the end 
of logarithmic phase of growth 
(approximately 23–26 days)

Table 1  Growth kinetic parameters and biochemical composition of 
Tetradesmus obliquus CT02 under selected nutritional and pH condi-
tion

Growth kinetic parameters
  Maximum biomass titer (g  L−1) 0.99 ± 0.02
  Biomass productivity (mg  L−1  day−1) 39.7 ± 0.69
   CO2 fixation rate (mg  L−1  day−1) 66.5 ± 1.15

Biomass composition
  Carbohydrate (% w/w) 11.52 ± 0.49
  Protein (% w/w) 35.96 ± 2.03
  Lipid (% w/w) 41.21 ± 1.60
  Residual ash (% w/w) 11.31 ± 0.07

Fig. 3  Comparison of antioxidant activity of different crude extracts 
of Tetradesmus obliquus CT02 based on their  IC50 for DPPH radical 
scavenging
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3.3.3  Synthesis of biodiesel from post extracted residual 
biomass of CT02

Analysis of total lipid content of post extracted residual bio-
mass revealed negligible loss with the total lipid content 
in case of acetone and ethyl acetate, being 39.1% w/w and 
35.7% w/w respectively (Table 3). This can be explained 
by the fact that a major portion of the total microalgal lipid 
is composed of triacylglycerol, which being non-polar in 
nature remains unextracted when polar solvents like acetone 
and/or ethyl acetate are used. The results suggest that both 
the residual biomass can be used as suitable feedstock for 
biodiesel production. A total FAME yield of 36.7% w/w 

and 33.1% w/w was obtained by direct transesterification of 
acetone and ethyl extracted biomass, respectively (Table 3). 
FAME composition has been reported to influence the fuel 
properties of biodiesel such as cetane number, viscosity, 
flow properties, and lubricity [60]. FAME obtained from 
both residual biomasses contained palmitic acid (C16:0), 
stearic acid (C18:0), and elaidic acid (C18:1n9t) as the major 
constituents (Fig. 5), thereby making it suitable for use as 
biodiesel [61, 62]. The absence of C18:3 or other higher 
unsaturated fatty acids may be advantageous towards bet-
ter biodiesel quality as per European standards [63]. Fur-
ther, presence of a high percentage of saturated fatty acids 
(Table 3) may be beneficial in terms of providing higher 

Table 2  List of compounds present in selected crude microalgal extracts for antioxidant and anticancer activity identified via HRLCMS-QTOF

* Relative abundance (%) = abundance of a molecule present in an individual extract
∑

abundance of all the molecules present in anindividual extract
× 100  

Sl. no Name Formula Mass Relative abun-
dance (%)*

References

Antioxidants present in acetone extract
  1 3′-N-Acetyl-4′-O-(14-methylheptadecanoyl) fusarochromanone C35  H56  N2  O6 600.41 6.29 [38]
  2 2-Hexaprenyl-3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinol C38  H58  O4 578.43 6.16 [39]
  3 16-Hydroxy hexadecanoic acid C16  H32  O3 272.23 5.97 [40]
  4 Nigakihemiacetal A C22  H34  O7 410.23 5.71 [41]
  5 Dinoflagellate luciferin C33  H40  N4  O6 588.30 4.86 [42]
  6 Convallasaponin A C32  H52  O9 580.37 1.83 [43, 44]
  7 Brassinolide C28  H48  O6 480.34 1.74 [45]
  8 Tridecan-1-ol C13  H28 O 200.21 1.36 [46, 47]

Anticancer agents present in ethyl acetate extract
  1 Dioscin C45  H72  O16 868.48 20.09 [48]
  2 (5b,12a), 9-anthracenylmethyl ester, 12-hydroxy-Cholan-24-oic acid C39  H50  O3 566.39 18.90 [49]
  3 Dinoflagellate luciferin C33  H40  N4  O6 588.30 4.97 [50]
  4 16-Hydroxy hexadecanoic acid C16  H32  O3 272.23 3.73 [40]
  5 Gracillin C45  H72  O17 883.49 2.58 [51]
  6 Phytosphingosine C18  H39 N  O3 317.29 2.34 [52]
  7 3′-N-Acetyl-4′-O-(14-methylheptadecanoyl) fusarochromanone C35  H56  N2  O6 600.41 2.05 [53]
  8 Tridecan-1-ol C13  H28 O 200.21 1.46 [54]
  9 Decyl butanoate C14  H28  O2 228.21 1.45 [55]
  10 TG (18:1(11Z)/16:1(9Z)/18:1(11Z)) [iso3] C55  H100  O6 856.75 0.31 [56]

Fig. 4  a Evaluation of crude 
extracts of Tetradesmus 
obliquus CT02 for their antican-
cer activity at a concentration of 
100 µgmL−1 and b evaluation 
of dose-dependent anticancer 
activity of ethyl acetate extract. 
Experiments were conducted on 
breast cancer cell line MCF7
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oxidative stability to biodiesel and improving its perfor-
mance at low temperature [64].

3.3.4  Application of post extracted residual biomass 
as biofertilizer

Both the residual biomass, after extraction using acetone 
and ethyl acetate, has been observed to induce germination 
of Solanum lycopersicum (Tomato) seeds. Compared to con-
trol, an increase in final germination percentage (FGP) of 
30% and 25% was observed for the residual biomass post 
acetone and ethyl acetate extraction, respectively (Fig. 6a). 
The highest FGP of 80% and 75% was observed for acetone 

and ethyl extracted biomass at concentrations of 1.25 and 
1.5 g per kg soil, respectively (Fig. 6a). These values were 
found to be comparable with the FGP value of 85% in case 
NPK (20:20:13), albeit at a lower standard dose of 0.115 g 
per kg of soil [65]. Based on the daily observation, highest 
germination index (GI) was recorded to be 118.5 and 117.5 
for acetone and ethyl acetate extracted biomass, respectively, 
both at a concentration of 1.25 g per kg of soil (Fig. 6b). 
However, a marginally higher GI value of 150 was calcu-
lated for NPK (20:20:13) at a dose of 1 g per kg of soil. 
More than two-fold increase in GI, with respect to control, 
was observed for both types of residual biomass (Fig. 6b). 
In a similar study, microalgal pellets of Scenedesmus 

Table 3  FAME profile obtained 
via direct transesterification of 
CT02 biomass, before and after 
extraction

Dried biomass 
(before extraction)

Residual biomass (post 
acetone extraction)

Residual biomass (post 
ethyl acetate extraction)

Total lipid content
(Percentage of biomass)

41.2 39.1 35.7

Total FAME content
(Percentage of biomass)

38.6 ± 4.2 36.7 ± 2.4 33.1 ± 1.6

Saturated FAME
(Percentage of total FAME)
(Percentage of biomass)

59.80 ± 1.19
23.09 ± 1.77

61.73 ± 2.5
22.65 ± 1.05

69.54 ± 1.1
23.02 ± 0.79

PUFA
(Percentage of total FAME)
(Percentage of biomass)

3.48 ± 0.37
1.34 ± 0.10

3.03 ± 0.25
1.11 ± .05

5.21 ± 1.2
1.72 ± 0.06

MUFA
(Percentage of total FAME)
(Percentage of biomass)

36.72 ± 2.1
14.17 ± 1.09

35.24 ± 2.84
12 ± .6

25.25 ± 5.5
8.36 ± .29

Fig. 5  Composition of FAME 
obtained via direct transesterifi-
cation of CT02 biomass before 
and after extraction
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obliquus showed approximately 20% increase in FGP and 
1.6-fold increase in GI for germination of wheat and bar-
ley seeds [2]. Elemental composition analysis of both the 
residual biomass revealed presence of 7–8% N, 0.11% P, 
and 0.5% K (Table 4). This N-P-K composition of the post 
extracted residual biomass of CT02 was found to be simi-
lar to that of de-oiled microalgal biomass (DOMBW) of 
Scenedesmus sp. and vermicompost (Table 4). While the 
de-oiled biomass of Scenedesmus sp. was demonstrated as 
a promising biofertilizer for rice production [66], vermicom-
post is considered one of the most commercially used biofer-
tilizers [66]. These results establish the suitability of the post 
extracted residual biomass of CT02 as biofertilizer.

4  Conclusions

Tetradesmus obliquus CT02, an indigenous microalgal strain 
isolated through novel  CO2 selection pressure-based screen-
ing strategy, found to exhibit a high  CO2 tolerance of up to 
20% v/v. Growth of this organism under suitable nutritional 
and physicochemical conditions resulted in high protein and 
lipid content in the biomass which depicted its suitability 
towards multiproduct paradigm. To that end, a biorefinery 
approach was adopted for CT02 biomass in two sequential 
steps, resulting in alternate product cascades of bioactive 
molecules and biodiesel or biofertilizer. At the onset, bio-
prospecting with different solvent-based crude extracts of 
CT02 biomass resulted in staggeringly high antioxidant 

activity  (IC50 value of 137 µg  mL−1 for acetone extract) and 
anticancer activity  (IC50 value of 306.67 µg  mL−1 for ethyl 
acetate extract). In the next step, post extracted residual bio-
mass of CT02 yielded high FAME content of 33.1–36.7% 
w/w. Analysis of FAME composition revealed abundance 
of palmitic acid (C16:0), stearic acid (C18:0), and elaidic 
acid (C18:1n9t) as the major constituents, proving it suit-
able for use as biodiesel. When purposed as biofertilizer, 
the post extracted residual biomass showed significant 
inductive effect on germination of Solanum lycopersicum 
seeds, comparable to that of commercial grade NPK. In a 
nutshell, sequential demonstration of CT02 as a cell factory 
for production of high value bioactive molecules and low 
value biodiesel or biofertilizer designated the strain to be a 
potential candidate for construction of biorefinery. Further-
more, commercial viability of the process can be enhanced 
by implantation of process engineering strategies at the cul-
tivation of CT02 aiming high biomass titer and productivity.
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Table 4  Elemental composition (N-P-K) of post extracted biomass of CT02, de-oiled microalgal biomass from Scenedesmus sp., and vermicom-
post

Elements (% of 
biomass)

Residual biomass post acetone 
extraction (current study)

Residual biomass post ethyl acetate 
extraction (current study)

De-oiled microalgal biomass 
from Scenedesmus sp. [66]

Vermicompost [66]

Total N 8.00 ± 0.14 7.30 ± 0.11 7.50 ± 0.08 1.40 ± 0.03
Total P 0.11 ± 0.00 0.12 ± 0.00 1.60 ± 0.03 0.77 ± 0.01
Total K 0.57 ± 0.01 0.50 ± 0.01 0.70 ± 0.02 0.48 ± 0.01
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