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Abstract

The growing atmospheric emission of greenhouse gases (GHG), especially CO> from the
combustion of hydro-carbon fuels currently hold significant impact on the increasing global
carbon footprint. As a global concern, this situation has mandated the search for feasible carbon
capture strategies (CCS). To that end, biological CCS offer sustainable methods free from
energy intensive and complex chemical treatments. Microalgae, a natural and efficient cell
factory for CO- capture, have gained impetus owing to its faster growth rate compared to other
terrestrial plants, marginal cultivation requirements and diverse product portfolio. However,
commercial feasibility of microalgae-based carbon capture and product generation process lies
on several factors, which motivated the current research.

At the onset of the present study, the search of suitable microalgal strain with high CO-
sequestration capability was materialized through screening of carbon rich industrial effluent
using novel CO> selection pressure-based strategy. Tetradesmus obliquus CT02, an indigenous
microalgal strain isolated through the novel screening process, found to exhibit a high CO>
tolerance of 20% v/v. In order to understand the elementary requirements, the growth of the
isolated microalgal strain was evaluated under different medium, initial pH and limiting
nutrient (Nitrogen and phosphate) sources. Under selected nutritional and growth conditions,
CTO02 was found to have high protein and lipid content of 35.96% w/w and 41.21% w/w
respectively, which clearly hypothesised the presence of vast product array. Keeping in mind
the evident drawbacks of single product strategy, a biorefinery approach has been adopted for
the isolated microalgal strain towards synthesis of different value-added products.
Bioprospecting was performed in two sequential steps, resulting in alternate product cascades

of bioactive molecules and biodiesel or biofertilizer. In the first step, crude microalgal extracts
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in five different solvents were screened for their antioxidant and anticancer activities. While
acetone extract showed the highest antioxidant activity with an ICso value of 137 ug mL, ethyl
acetate extract exhibited maximum anticancer activity with an ICso value of 306.67 pug mL™.
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% wi/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 application 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).

Following the successful demonstration of biorefinery concept for CT02, a process engineering
strategy was developed targeting improvement in its growth performance. The basic premise
of the process relies on pH guided feeding of COz2, enabling the growth of the isolate at optimal
pH and without experiencing any possible limitation of carbon source. CT02 was first subjected
to optimization of cultivation parameters under laboratory scale followed by evaluation of its
growth and culture pH under diurnal variation of simulated sunlight intensity. The
understanding of interdependent dynamics between growth, culture pH and incident light
intensity led to the development of pH-based CO: feeding process for growth under quotidian
variation of light intensity. The strategy was developed at laboratory scale bubble column
photobioreactor under diurnal variation of simulated sunlight intensity and was further
validated through growth of the strain in a 100 L airlift bioreactor under fluctuating outdoor

Vi
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environmental conditions, which considered to be economical way of biomass generation.
Under laboratory condition, an improvement of 53.3% in biomass titer and 85.16% in biomass
productivity was achieved as compared to the batch with uncontrolled pH. The positive impact
of the strategy was more prominent even under outdoor condition where, biomass titer and
productivity of 1.14 g L™ and 59.4 mg L™ day*, was an improvement of 225.7% and 121.6%
respectively, compared to the pH uncontrolled batch. In context of CO; fixation rate, 121 %
improvement was achieved at outdoor cultivation process engineering strategy compared to

batch with uncontrolled pH.
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Chapter 1

Introduction

1.1. Background and Motivation
The growing atmospheric emission of greenhouse gases (GHG), especially CO> from the

combustion of hydro-carbon fuels has created a certain environmental crisis, driving us towards
a severe climate change. The global average of atmospheric CO2 concentration for the year
2019 stands at 409.8 ppm, with an annual growth rate of 2.3 ppm [Lindsey et. al., 2020] which
holds significant impact on the increasing global carbon footprint. Another Recent survey
revealed that almost 33.4 giga tonnes of CO> is being emitted every year due to various
anthropogenic activities [Cheng. et., al 2019]. The urgency to neutralize this situation has
mandated the scientific search for feasible carbon capture strategies (CCS). Though,
conventional CCS like absorption, adsorption, membrane separation offer decent process
efficiency, most of them are high energy intensive and certainly lack from the point of
economic sustainability [Al-Mamoori et. al., 2017]. In contrast to this, biological CCS are
based on natural CO; sequestration by microbial bio-factories, free from costly and complex
chemical methods. As a choice of organism for bio-CCS, microalgae have gained huge impetus
owing to their higher photosynthetic rate which accelerates the CO> fixation capacity 10 to 50
times than that of terrestrial crops [Patil et. al., 2017]. With a faster growth rate and ease of
cultivation, this photosynthetically active unicellular organism proved to mitigate up to 1.8 kg
of CO; per kg of biomass generated [Pavlik et. al., 2017]. Moreover, the multiproduct profile
of microalgae makes them a viable third generation feedstock for producing vast range of high

value bioactive molecules, healthcare supplements as well as low value products like biofuels
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and biofertilizers. However, to realise the microalgal cell factories at commercial scale,
selection of the robust strains with potential of sequestering CO2 and subsequent conversion
into multiple value-added products is of utter importance. Furthermore, the commercial
processes involving microalgae as a feedstock are in dormancy 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
pigments), biofuels (biodiesel, bio-crude oil and bioethanol) and other low-value products
(biofertilizer and bioplastics). In contrast to the process with single product strategy,
biorefinery with multiple products may offer a sustainable and efficient process via maximizing
the economic, environmental, and social benefits. For instance, a biorefinery strategy was
demonstrated for generation of Scenedesmus sp. [Ferreira et. al., 2019] 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 biofertilizer. Techno-economic
analysis [Kothari et. al., 2017] has shown that, in-spite of having a vast global market,
commercial availability of microalgal products is still in dormancy 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.

Another challenge towards commercialization of microalgae cultivation process is low biomass
titer and productivity which, in turn incurs higher operational cost. To that end, understanding
the limiting factors as well as selection of optimal process engineering strategies are vital.
Efforts have been made by several research groups to realize the dynamics of microalgal
growth under differential factors like CO; fixation, substrate utilization, light availability to

cells, mass transfer and so on. For instance, growth-based feeding of limiting nutrients and
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dynamic increase in illumination has been reported to substantially upsurge both biomass titer
and productivity in case of Chlorella sp. FC2 IITG [Goswami et. al., 2019]. Another study
involving various microalgal strains suggested that the optimal aeration to the culture have
positive effect on growth and CO. utilization performance through betterment in mass transfer
[Zhao et. al., 2015]. The culture pH, with direct control on solubility of CO2 and nutrients,
stands as one of the most critical factors for the dynamics of microalgal growth [Qiu et. al.,
2017]. In addition to that, several reports revealed the effect of pH on cell metabolism which
has impact on biomass composition i.e. protein and lipid content [Qiu et. al., 2017; Difusa et.
al., 2017]. Owing to these facts, designing a sustainable method for controlling pH in
microalgae cultivation is the need of the hour. While developing an effective process
engineering strategy for improved biomass and product generation, laboratory scale studies are
important talk. But it is even more important to assess the performance of the developed

strategy at large scale cultivation under fluctuating outdoor environmental condition.

1.2. Objective of the study

Based on the current bottlenecks in microalgal research, the present study was carried out with

the following objectives:

» Screening & isolation of potential CO: tolerant microalgal strain from industrial
hotspot in India.

» Characterization of growth and biochemical composition of the isolated microalgal
strain Tetradesmus obliquus CTO02.

» Establishment of biorefinery for bioactive molecules, biofuel, and biofertilizer using
Tetradesmus obliquus CTO02.

> Development of process engineering strategy for high cell density cultivation of
Tetradesmus obliquus CT02 coupled with CO2 sequestration.

1.3. Approach
At the onset of the study, sampling was performed at steel plant effluent in search of potential

COz tolerant microalgae. Screening and isolation of the indigenous CO- tolerant strain was
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performed by a novel CO: selection pressure-based screening strategy. The isolate was
evaluated in terms of growth under different physicochemical parameters and biochemical
composition, thereby obtaining insight about prospective product options. This motivated the
development of biorefinery concept for the isolated microalgal strain with multiple product
sequences. For assorting the primary product, solvent based crude microalgal extracts were
screened for antioxidant and anticancer activity and the bioactive molecules prompting these
activities were identified through mass spectroscopy. Further, the residual biomass post solvent
extraction was evaluated for their potential as feedstock for biodiesel synthesis. Also, the
induced germination of Solanum lycopersicon plants using the residual microalgal biomass
recognized its quality as biofertilizer. This cumulatively portrayed a biorefining model for
effective conversion of CO> into high value products, biofuel and biofertilizer using microalgae

as a cell factory.

Search for potential CO, tolerant microalgal strain

» Samplingat carbon rich industrial hotspot. ===pp The Biorefinery approach
+ Screeningand isolation based on * Solventbased extraction of bioactive molecules.
input CO, selection pressure. » Evaluation antioxidantand anticancer activities
« | Identification of the isolate. of the crude microalgal extracts.
- * Production of biodiesel from post extracted
- residual biomass.
g!]f?racmniatl?n 1(1) f t.hel Isolate under » Application of post extracted residual biomass
ifferent physicochemical parameters. as potential biofertilizer.
Analysis of the biomass composition.

LP Process engineering for high density cultivation
* Media engineering for enhanced biomass titer.
* Optimization physicochemical parameters for cultivation in bioreactor.
* Characterization of growth under diurnal light.
* Development of process for high density cultivation with pH based CO, feeding .

* Scale up and demonstration of the process under outdoor condition.

Fig. 1.1. Approach of the thesis towards development of sustainable microalgal biorefinery
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In order to further explore and enhance the commercial viability of the strain, a process
engineering strategy was developed aiming the improved biomass titer and CO> sequestration
ability. Aiming to develop a sustainable process for cultivation of CTO02, the nutrient
requirements for growth were optimized through statistical tools followed by selection of
suitable input aeration rate and culture pH. Characterization of the organism under diurnal
variation of simulated sunlight intensity revealed the complex interdependency between
growth, culture pH and incident light. The understanding led to the development of process
engineering strategy coupling CO> injection for maintenance of optimal culture pH during
quotidian variation of natural sunlight. The pH based CO» feeding Strategy was first demonstrated
at lab scale under simulated diurnal light intensity. Subsequently, the growth performance of
the organism was evaluated under fluctuating outdoor environmental condition at 100 L airlift
bioreactor where the aeration rate was reasonably scaled up keeping the volumetric power

consumption rate constant.
1.4. Organisation of the thesis

The thesis consists of six Chapters encompassing introduction to conclusions. Chapter 1
presents a general introduction of the current study establishing the background and motivation,
the futuristic objectives, and the approach taken to resolve the problems in the current state of
art technology. Chapter 2 presents a detailed survey of literature depicting the current global
need of sustainable carbon capture technology in view of rapidly increasing CO> concentration
in the atmosphere. the chapter debates the existing chemical and biological CO2 mitigation
technologies and their major bottlenecks and microalgae as a potential cell factory for CO2 bio
fixation with multiproduct paradigm. It also depicts the sustainability of microalgal
biorefineries over single product strategies. In order to understand the commercial dormancy
of current microalgae cultivation technologies, the existing cultivation systems and process

engineering strategies were also discussed. Chapter 3 describes the stepwise study comprising

5
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sampling, screening and isolation of potential CO; tolerant strain. Further, it deals with the
characterization of the isolated strain under different physicochemical parameters. Chapter 4
demonstrates the microalgal biorefinery approach for production of bioactive molecules,
biofuel, and biofertilizer using Tetradesmus obliquus CT02. 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. Chapter 5 reports the stepwise development of a process
engineering strategy which offered improved biomass titer and CO> sequestration ability even
under fluctuating environmental condition at large scale outdoor cultivation. The basic premise
of the process engineering strategy was that the pH of the culture is maintained at its optimal
value via cascade control with CO; feeding. Chapter 6 comprises the overall conclusion and

summarizes key research highlights obtained from the present study.
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Chapter 2

Review of Literature

2.1 CO: emission: global crisis and solutions:

The concentration of carbon dioxide in the atmosphere has been increasing at a tormenting rate,
mainly due to anthropogenic activities, leading us towards an alarming change in global
climate. Recent reports by Intergovernmental Panel on Climate Change (IPCC) have already
warned about atmospheric CO; concentration crossing 400 ppm which is quite beyond safety
level (350 ppm) [Rahman et. al., 2017]. The key contributor to this situation is the increasing
demand for technology due to population inflation. In 2019, 92% of the United States’ overall
anthropogenic emission of CO; was contributed by the combustion of fossil fuels (U.S. Energy
Information Administration, 2019). Owing to this, the drastic increase in the earth’s
temperature has turned detrimental to the living ecosystem (Fig. 2.1) [Oh et. al., 2010]. The
worldwide issue of global warming has a certain adverse impact on the health of living
organisms [Lacetera et. al., 2019], availability of freshwater [Ferguson et. al., 2018],

agriculture, and other socioeconomic factors.
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Fig. 2.1. The correlation between CO> concentrations in the atmosphere and the earth’s surface

Temperature [Oh., 2010].
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According to the Global Carbon Project, the annual cumulative CO> emission has reached 34.8
gigatonnes in the year 2020, of which India has contributed 2.4 gigatonnes as the third most

CO2 emitter in the world (Fig 2.2).

CO:2 Territorial emissions in 2020 (MtCO3)

Fig. 2.2. Country-wise distribution of CO emission [Global carbon atlas, 2020].
The situation has enforced the whole scientific community to search for economically and
environmentally suitable CO, capture methods. Current science has been focusing on three
broad strategies for reducing CO- emission: (i) Use of less carbon-intensive fuels, (ii) improved
efficiency of energy products, and (iii) CO, sequestration from the direct environment [Shukla
et. al., 2010]. Carbon capture technologies primarily involve the selective removal of CO»
released from various industrial and energy sectors. Traditional concepts used for this purpose
are precombustion: CO; removal of carbon before combustion; post-combustion: CO removal
from the off-gases post energy utilization; oxy-fuel combustion: Combustion in presence of
oxygen which forms CO» and water, eliminates the requirement of CO> separation [Yaashikaa
et. al., 2019]. Several CO; capture strategies(CCS) have been designed and regularly been

utilized by the industries according to specific needs (Fig. 2.3). However, techno-economic
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analysis of most of the current technologies revealed them as high energy-intensive processes,
causing commercial infeasibility. For example, Absorption, despite being well-established
process, have unavoidable and high energy requirements for solvent regeneration [ Al-Mamoori

et. al., 2017].
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Physical Carbon base

Metal oxides

Separation

| Cryogenics I Chemical
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Inorganic t Combustion
Polymeric Reforming

Facilitated transport

Supported amines
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Fig. 2.3. Typical classification of current CCS technologies adopted by various Industries
[Wilberforce et. al., 2019; Al-Mamoori et. al., 2017].

In contrast to the conventional methods, biological CCS through microbial cell factories offer
efficient output without complex or energy-intensive chemical methods. The diverse range of
microbes found to have CO; sequestration capability and explored for their expediency at a
commercial scale. Microalgae are one of the most prominent amongst them, which utilizes
photosynthetic machinery for the reduction of CO,. These unicellular eukaryotes proved to
exhibit ten times higher photosynthetic efficiency than terrestrial plants, resulting in enhanced
growth rate and biomass productivity [Pires et. al., 2019]. However, to exploit the organism on
commercial platforms, rigorous research, and careful process design are essential.

2.2. Microalgae: a sustainable cell factory

Microalgae are aquatic microorganisms with high photosynthetic efficiency and a faster growth
rate. Their ease of cultivation and wide range of production capabilities have largely attracted
the scientific community. These unicellular organisms have been found to naturally grow at

various habitats like ponds, lakes, oceans, and even wastewater streams. As per the broad
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classification, three types of microalgae i.e. Chlorophyta (green algae), Phaeophyta (brown
algae), and Rhodophyta (red algae) are commonly found in nature [Khan et. al., 2018]. The
simpler nutritional requirements than most microbial communities and the high tolerance to a
wide range of pH, temperature, and salinities [Barsanti et. al., 2008]. Moreover, the vast pool
of macromolecules present in microalgal cells can be realized through their multiproduct
paradigm. Current science has already been able to utilize the organism for the production of
high-value bioactive molecules (pharmaceuticals, health supplements, nutraceuticals), mid-
value products (food supplements, cosmetic products), and low-value products (biofuels,
biofertilizer, bioplastics) (Fig. 2. 4). The study revealed that the capacity of microalgae to make
stable isotopes such as 13C, 15N, and 2H as part of algal biomass, drive their ability to generate
an extensive range of products [Rizwan et. al., 2018]. Based on these facts, the
commercialization of microalgae as a cell factory has been rigorously debated.

Medicines
Nutraceuticals
Cosmetics

) High value
LoD ¢ chemicals
food ingredients

¢ '& + Animal & Fish Feed

CO, emission Microalgae cultivation Biomass Harvesting ‘

Biofuels
Biofertilizer

Low value

Fig. 2.4. An end-to-end technology for utilization of microalgae as a cell factory for CO:
sequestration and Bioproduction

2.2.1. Microalgae based CO2 sequestration:

The application of photosynthetic microorganisms for the biological sequestration of CO: is a
promising approach attributed to the capability of these microorganisms to transform CO: into
biomass, which in turn can be subsequently converted into various value-added products.

Several cyanobacteria and microalgae such as Synechococcus, Spirulina, Scenedesmus,
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Rhodobacter, Monoraphidium, Emiliania, Chlorella, Chlamydomonas, Botryococcus,
Anacystis, and so on, have been studied for biological CO2 sequestration [Tripathi et. al., 2015].
Most microalgal species are decorated to utilize bicarbonate, a form of dissolved inorganic
carbon, which works as a supplier of CO> for the Calvin cycle during photosynthesis [Azov et.
al. 1982]. During this event, the bicarbonate (HCO3z") ion dehydrates to produce CO, which
further helps Ribulose-1,5-biphosphate  carboxylase (RuBisCo) to reduce the

counterproductive oxygenase activity.
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Fig. 2.5. Mechanism of the bicarbonate pool’s role in the efficient capture of CO2 from the air
and rapid carbon supply for photosynthesis [Zhu et. al., 2020].

This carbon concentrating mechanism (Fig. 2.5) drives the CO> fixation efficiency of the
organism through the continuous utilization of bicarbonate ions produced by the speciation of
COz in water. Also, this event leaves hydroxyl ions in the media, causing an increment in
culture pH. In this state, the on-demand CO input can rebuild the equilibrium between
carbonaceous compounds in the culture and bring down the pH to an optimal level. To that
end, the on-demand CO; injection based on culture pH can be a perfect response to balance the
growth and biosequestration of CO, [Pawlowski et. al., 2014]. This strategy also ensures
maximum utilization of input gas abating the re-emission of CO> back to the environment.

Furthermore, the CO> fixation rate of the individual microalgal strains was observed to be
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strongly affected by physicochemical parameters like input CO2 concentration, airflow rate,
mass transfer and mixing, incident light intensity, light/dark cycle length, culture pH, and
temperature. [Cao et. al., 2019, Gendy et. al, 2013]. Yadav et. al., 2015 studied the effect of
varying CO- concentrations in CO»-air and flue gas-air mixtures on Chlorella sp. The species
was reported to tolerate up to 5% v/v of COz and could overcome the toxicity of flue gas under
approaches like high initial biomass concentration, leading to an enhancement in the bio
sequestration efficiency by 54% and an increment in biomass titer by 21-36%. Authors have
reported that strains of microalgae isolated from locations having abundant content of
limestone or carbonate are efficient candidates for CO; fixation [Tripathi et. al., 2015].

2.2.2. Microalgal based biorefinery:

Microalgae have drawn enough attention as a substrate for biofuel production to tackle the
emergency of exhaustion of natural non-renewable energy reserves, global climate
transformation, and energy crisis. However, the investments made towards operational and
capital expenses for the production of microalgal biofuel overwhelmingly exceed the economic
outcome of the process, questioning the economic viability of such processes [Subhash et. al.,
2021]. To that end, processes are being designed to co-produce and recover value-added
compounds from microalgal biomass, to achieve economic viability in commercialization.
Microalgal biorefineries are being established to produce an array of value-added products
carbohydrates, lipids, proteins, pigments, antioxidants as well as biofuels, biofertilizers,
bioplastics, thus making the process techno-economically viable and sustainable. The
fundamental principle of a biorefinery stands comparable to the conventional petroleum
refinery in the way that microalgal biomass is transformed into high-value compounds and
fuels. The conventional petroleum refinery is distinguished from the biorefinery based on the
application of crude oil or microalgal biomass as raw feedstock, and the technology involved

[Chew et. al., 2017]. Furthermore, microalgae-based biorefinery can be largely benefited as the
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cultivation process can facilitate environmental remediation like CO2 sequestration and
wastewater treatment. Fig. 2.6 depicts a schematic for circular bioeconomy integrating the
environmental remediation with multiproduct generation. The lesser cultivation requirements
of microalgae like atmospheric CO2 as carbon source, commercial-grade nitrogen, and
phosphate sources, and sunlight as the sole energy source makes the process cost-effective than
any other microbial community, hence more acceptable to the industrial standards. Also,
microalgal species are well-characterized for their ability to propagate on degraded land, hence
do not compete against food crops for the requirement of fertile land area. Moreover, the ability
of microalgal biomass to sequester the environmental carbon dioxide originating from
industrial flue-gases and off-gases aids in cutting down the atmospheric greenhouse gas
concentration [Chew et. al., 2017]. In a nutshell, microalgal biomass is a futuristic potential
reservoir for renewable energy owing to its photosynthetic characteristics that drive bio-energy

production efficacies.
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Fig. 2.6. A schematic of integrated microalgal biorefinery coupled with wastewater treatment

and CO2 sequestration [SundarRajan et. al., 2019].
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A concept biorefinery demonstrated for Scenedesmus sp. have utilized wastewater for
microalgal growth and subsequent production of bioactive products like phenols, flavonoids,
different biofuels like biohydrogen and bio-oil, and biofertilizer [Ferreira et. al., 2019]. Another
study exploited the microalgal biomass to produce to high value omega-3 fatty acids (especially
eicosapentaenoic acid), and the residual biomass post-extraction have been sequentially used
for biodiesel and biohydrogen production [Nobre et. al., 2013].

A typical microalgal biorefinery can be divided into major sections namely, upstream and
downstream processing. The efficiency of upstream processing is affected by four crucial
parameters, especially, the light source, choice of phosphorous and nitrogen substrates, carbon
dioxide availability [Muthuraj et. al., 2015; Gongalves et. al., 2016; Difusa et. al., 2015], and
the microalgal strain. On the other hand, the choice of the downstream processing steps,
employed towards the recovery and purification, play a crucial role in determining the quality
and value of the finally extracted compounds from the microalgal biomass. The choice of the
technologies for the implementation of the upstream and downstream processes is imperative
to be implemented in such a way that the overall process cost is justifiable against the value of
the final product, with minimum energy utilization, thus making the biorefinery sustainable.
2.3. Microalgal product paradigm

Global imbalance of supply and demand has driven the search for natural sources of several
essential products. Immense efforts are made every day to understand and manipulate the
biological systems for various production purposes. To that end, microalgae have repeatedly

been evidenced as the perfect cell factory for multiproduct generation (Fig.2.7).
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Fig. 2.7. A typical process flow in microalgal biorefinery with the common range of products.
2.3.1. Bioactive molecules:

Microalgal biomass is well-known for its potential to produce a wide range of products that
find application in a variety of industries including pharmaceuticals. Although proteins,
carbohydrates, and lipids are the predominant components of the microalgal biomass, pigments
hold comparatively higher significance owing to their pharmaceutical, nutritional, anti-
inflammatory, antibiotic, and neuroprotective properties. Pigments from microalgae, such as
phycobilins, carotenoids, chlorophylls, play a crucial role in the channelization of energy to
maintain the integrity and function of the microalgal cells, harnessing light and facilitating
photosynthesis. The pigments such as fucoxanthin, lutein, violaxanthin, astaxanthin, -
carotene, and chlorophylls, find application as ingredients in cosmetics, nutritional
supplements, and color-additives, owing to their anti-oxidant properties.

[B-carotene is well-known for being a potential anti-oxidant and a precursor for vitamin A.
Pourkarimi et. al., 2020 reported that the biomass titer of Dunaliella salina and the production
of B-carotene thereof, are predominantly influenced by factors like illumination intensity,
temperature, and salinity. Luo et. al., 2021 reported the application of exogenous addition of
molybdenum disulfide nanoparticles in the cultures of Dunaliella salina, which resulted in

1.33- and 1.48-fold increments in biomass titer and [B-carotene production, respectively.

16
TH-2951_166106019



Fucoxanthin, a pigment of the carotenoid family, is well recognized for its anti-cancer
properties. The pigment has been reported to stimulate autophagy, apoptosis, arrest of cell
proliferation, and DNA repair mechanisms. Treatment of cancer animal models or cell lines
with fucoxanthin has been known to induce angiogenesis, and inhibit invasion and migration
resulting from metastasis Méresse et. al., 2020. Using optimized cultivation conditions in an
acrylic pipe-based photobioreactor, Pavlova sp. OPMS 30543 could produce up to 4.88 mg
fucoxanthin L day in outdoor growth conditions [Kanamoto et. al., 2021].

2.3.2. Fatty acids

Arachidonic acid, y-linolenic acid, DHA, EPA belong to the range of PUFA synthesized by
microalgae, which are potential substitutes for fish oil. The synthesis of PUFA through
microalgal cultivation is predominantly influenced by the choice of the microalgal strain, and
exogenous abiotic parameters like carbon source, temperature, and illumination, since these
factors directly play a role in modulating the formation of long-chain fatty acids inside the
microalgal cell. The intake of PUFA provides several benefits to health from the perspective
of protection against mental anomalies like depression, cognitive disorders, cardiovascular
ailments, etc. [Koutra et. al., 2020].

Nannochloropsis oceanica CY2 has been reported to produce 2.38% per DCW of EPA
(Eicosapentaenoic acid) in BG1l medium under optimum conditions, where further
optimization of the nitrogen source was found to double the content of EPA, and the
illumination of the cultures with red LED could further shoot up the EPA production to 5.5%
[Chen et. al., 2013]. Authors have reported the production of docosahexaenoic acid (DHA)
through the fermentation of crude glycerol originating from the biodiesel industry using a
microalgal strain of Schizochytrium limacinum. Under optimum conditions of temperature and
optimum concentrations of ammonium chloride, ammonium acetate, and trace metals, a

maximum titer of 4.91 g L™ d* of DHA was achieved, along with 22.1 g L2of dry cell biomass
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[Chi et. al., 2007]. Su et. al., 2016 reported the production of 115.47 mg L™ arachidonic acids
from a red microalgal species Porphyridium purpureum, under optimum aeration rate and the
illumination of 3 L min* and 110 pmol m?s™, respectively. For the production of a-linolenic
acid from Chlorella sorokiniana, the supplementation of acetylcholine could improve the
production of a-linolenic acid, total fatty acids, and biomass by 60, 80, and 126%, respectively
[Parsaeimehr et. al., 2015].

2.3.3. Biofuels

The extensive usage of fossil fuels has proven to be detrimental to the environment owing to
excessive emissions of greenhouse gases and the resulting global warming. The current
scenario calls for the need to look for alternative sources of clean energy. At present, there are
various clean energy alternatives that are being explored and executed, for example, biofuels
derived from living species, offer huge ecological advantages, attributed to the minimized
release of noxious greenhouse gases, like carbon dioxide and other hydrocarbon compounds,
oxides of sulfur and nitrogen, and consequent reduction of global warming effects. However,
the sources or substrates which are currently being utilized for the production of biofuels, are
also potential resources for the production of food and other traditional agricultural
commodities, giving rise to the popular “food versus fuel” controversy. A probable way to
eradicate this issue is to derive biofuels through the cultivation of microalgal biomass, and
shifting into the 3"-generation class of biofuels. Microalgal species can effectively transform
carbon dioxide, water, and sunlight into a wide array of products with potential applications as
a source of renewable energy. Microalgal species possess huge potential as a host for biofuel
production, due to their high-yield and low-input prospective [Shuba et. al., 2018].

Biodiesel is a popular biofuel derived from microalgal biomass well-known for improved fuel
characteristics like an engine compatibility, low emission of pollutants resulting from

combustion, and high energy density. Biodiesel forms as a result of transesterification of
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triacylglycerols, a form of neutral lipids from microalgal biomass, which in the presence of
catalysts or alcoholic cofactors results in the production of fatty acid alkyl esters. Chandra et.
al., 2021 reported the production of 1152.37 + 0.065 mg L™ of lipids using a microalgal
consortium for four strains cultivated on dairy wastewater. Fatty acid methyl ester (FAME)
characterization of the produced lipid indicated the presence of linolenic acid, linoleic acid,
stearic acid, palmitoleic acid, palmitic acid, and myristic acid, confirming its potential to be
utilized as biodiesel. A study reported the effect of nutrient starvation on lipid production in
Scenedesmus obliquus and Micractinium reisseri, wherein starvation of iron or phosphorous
resulted in a 1.2-fold increment in lipid production from both species, while starvation of
nitrogen elevated the lipid accumulation by 1.6-folds and 1.54-folds in Scenedesmus obliquus
and Micractinium reisseri, respectively. Starvation of nitrogen resulted in the accumulation of
lipids with greater content saturated fatty acids, making it suitable for biodiesel applications
greater oxidative stability, and improved fuel characteristics Srinuanpan et. al., 2018.
Microalgal biomass also finds application as a feedstock for the production of biogas through
anaerobic digestion. Anaerobic digestion is a potential technology for the production of
biofuels as well as the management of organic wastes. A study outlined the production of
biogas with a methane content of 91% v/v from microalgae grown in airlift photobioreactors
using swine manure as digestate. The produced biogas was reported to have a characteristic
lower heating value of 33,294 kJ m~3 [Miyawaki et. al., 2021].

Microalgae have also been widely explored for the production of biohydrogen. Hydrogen has
been regarded as a potential biofuel owing to its high yield of energy, which is three-times
relative to that resulting from common hydrocarbon fuels; augmented with higher cleanliness
attributed to the release of water vapor as the sole by-product of its combustion and no emission
of greenhouse gases [Koutra et. al., 2020]. Authors have reported biohydrogen yield of 60.6

mL gt dry biomass through Enterobacter aerogenes -mediated dark fermentation of residual
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Nannochloropsis sp. biomass as feedstock, which was left over after the extraction of pigments
(70%) and lipids (45 g lipids/100 g dry biomass) [Nobre et. al., 2013]. Moreover, microalgae
present a promising platform for the production of bioethanol as compared to the substrates
used for first and third-generation biofuel production, since, microalgae-facilitated biofuel
production bypasses the requirement for lignocellulosic biomass or edible crops as substrate
material. Acid hydrolysis of Scenedesmus sp. is has been reported to yield up to 93% sugars,
which could subsequently yield up to 86% ethanol through Saccharomyces cerevisiae-
mediated fermentation [Sivaramakrishnan et. al., 2018]. A study reported the production of
18.57¢g L bioethanol through the Saccharomyces cerevisiae-mediated fermentation of
microalgal biomass under optimum conditions of fermentation time (43.6 h), the yeast volume

(% v/v) (15.09%), and algal biomass amount (98.7 g L) [El-Mekkawi et. al., 2019].

2.3.4. Biofertilizers

Microalgal biomass finds application as fertilizers, owing to their potential to release
potassium, phosphorous, and nitrogen. The pattern in which microalgae release these nutrients
falls in synchronization with the pattern in which plants demand them. This in turn minimizes
the loss of nutrients relative to chemical fertilizers. Microalgae are also known to possess
compounds that stimulate plant growth, in addition to anti-fungal substances which protect the
plant species from specific fungal infections. Although the potassium, phosphorous, and
nitrogen content of microalgal biomass is relatively less as compared to that of chemical
fertilizers, still they are potentially more effective owing to their greater content of
micronutrients [Koutra et. al., 2020]. Coppens et. al., 2016 reported comparable results in terms
of tomato plant growth with the application of commercial and microalgal fertilizers. However,
microalgal fertilizers were observed to enhance the qualitative richness of the fruit in terms of

elevated carotenoid and sugar contents. Another study reported the application of Spirulina
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platensis and Chlorella vulgaris as biofertilizers augmented with cow dung manure. The
resulting impact of the formulation was assessed on maize plants in greenhouse conditions for
75 days, which led to an improvement in growth characteristics at a primary phase of growth,
along with enhanced yield and germination of seeds [Dineshkumar et. al., 2019]. Authors have
reported the effect of treating onion plants with a combination of cow dung and Spirulina
platensis or Chlorella vulgaris. These treatments resulted in improved yield and growth
characteristics in terms of bulb weight, bulb diameters, bulb length, neck thickness, leaf area,
the composition of pigments, total indoles, amino acids, total phenols, total carbohydrates,
mineral content, and other non-nutritional factors [Dineshkumar et. al., 2020].

2.3.5. Miscellaneous products

Microalgae are also known to produce extracellular polymeric substances (EPS) to facilitate
the adhesion of cells and sustain the cell’s viability. EPS are generally composed of lipids,
proteins, polysaccharides, and several inorganic and organic constituents, of pharmaceutical
significance. Authors have reported an increment in EPS production by 3.4-fold in
Porphyridium sordidum and 1.2-fold in Porphyridium purpureum under the optimized
intensity of white light, and concentrations of calcium chloride, sodium chloride, and potassium
dihydrogen phosphate [Medina-Cabrera et. al., 2020]. Another important product synthesized
by microalgae is vitamin E (tocopherols), which are fat-soluble bioactive compounds
possessing antioxidant properties. They are known to play a crucial in the electron transport
chain and maintain the stability of the cell membrane from the perspective of fluidity and
permeability. Nannochloropsis oculata have been reported to produce up to 2325.8 39 ug g~
1 DCW of tocopherol with sodium nitrate as a nitrogen source in the medium [Durmaz, et. al,
2007]. Microalgae also produce sterols, which are well-recognized for their role in improvising
cardiovascular health owing to their ability to reduce LDL blood cholesterol. Sterols are also

known to possess anti-atherogenic, anti-oxidative, anti-cancer, and anti-inflammatory
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properties. Pavlova lutheri could synthesize high concentrations of sterols (chondrillasterol,
dihydrochondrillasterol, fungisterol, methylergostenol, epicampesterol, and poriferasterol)
when exposed to 100 mJ m~2 of UV-C radiation [Ahmed et. al., 2017].

2.4. Microalgae cultivation: process and challenges:

The faster growth rate and ease of cultivation at minimal nutritional requirements have already
established microalgae as a choice of organism for environmental remediation and different
production purposes. However, the commercial scale production technologies get hindered
owing to low biomass titer and productivity incurring higher operational cost [Chen et. al.,
2021]. Technoeconomic analysis of various pilot scale projects have repeatedly reported low
feasibility of commercialization. Hence, redesigning the microalgal cultivation process is the
need of the hour.

2.4.1 Microalgae cultivation systems

Large scale cultivation of microalgae necessitates the selection of an optimally designed
photobioreactor satisfying the specific growth requirements of the microalgal strain. These
include the maintenance of certain physicochemical parameters such as temperature, pH, and
agitation (in order to achieve a homogenous suspension eliminating concentration and
temperature or pH gradients), and so on. The selection of an optimum photobioreactor design
configuration relies on the process requirement.

Most microalgae cultivation systems practise two fundamental classes of photobioreactors
available are closed and open type photobioreactors. The open-type culture systems possess
direct interaction with the external environment. Examples include inclined-surface systems
(thin-layer), paddle wheel driven raceway systems, tanks and synthetic ponds [Kumar et. al.,
2015]. In contrast to these, the closed type photobioreactors like flat panels, tubular loops, and
bubble columns are characterised by possessing no interaction with the external environment

[Zuccaro et. al., 2020]. Open photobioreactors offer several advantages over the closed ones,
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with respect to the ease of cleaning, continuous release of the oxygen produced directly into
the environment preventing excessive build-up, evaporation-driven self-cooling, direct
sunlight availability, and low-cost fabrication and set-up. However, open systems have several
associated shortcomings as well. For instance, their operation relies to a greater extent on the
climate or weather conditions, require larger amount of space or area than the closed reactors,
and greater vulnerability to possible contamination by other microbes. In general, open systems
offer very restricted control over contamination and other culture parameters, owing to which
their application gets limited to few specific species of microalgae, including Nannochloropsis,
Scenedesmus, Chlorella, Dunaliella, Arthrospira, etc., which are characteristically robust in
nature [Acién et. al., 2017]. On the other hand, closed systems offer a culture environment with
contamination-free and better controlled conditions, thus extending their usage to a broader

range of microalgal species, including Porphyridium sp., Isochrysis sp., Haematococcus sp.,

etc. [Acién et. al., 2017].

HaNestI J'Feed Pond depth =0,03 m
0,20m/s

B C --- )
——

Flat plate Tubular Open Raceway
pond

Photo bioreactor

Fig. 2.8. Typical cultivation systems used for commercial scale production of microalgal

biomass.
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In case of open systems, raceway ponds have gained popularity owing to their economic
viability for the large-scale production of microalgal biomass. Raceway cultivation systems are
mainly characterised by their overall area which generally varies between 100 and 5000 sq.
meter, while systems larger than this are demonstrated by increasing the total number of
raceway ponds. The cumulative area of the raceway systems is segregated into 2 to 4 different
channels for facilitating the recirculation of the culture. The channel length is varied
proportionally in accordance with the channel width, whereby, the length-to-width ratios are
varied between range of 10 to 20. Lower ratios of channel length to width, and lesser bend
numbers, are known to decrease head losses. The depth of the channels for raceway systems
are maintained within a limit of 0.2 to 0.4 meters. This limitation on the channel depth is
attributed to the fact that the titre of the biomass in the culture and the availability of light to
the cells inside the bulk medium, depend inversely on the depth of the channel [Acién et. al.,
2017]. As the open raceway systems are exposed to the external environment, the biomass
productivity is liable to get affected by the variations in external parameters such as
temperature. Ryu et. al., 2019 reported the application of waste streams from industries as a
source of heat (using a heat exchanger) to maintain the consistency in temperature throughout
the year. This led to 44% increase in biomass productivity, coupled with 95% improvement in
economic viability. Authors have drawn a comparison between different types of culture
systems for microalgae, such as, closed photobioreactors, open raceway systems and a hybrid
two-phase system, where, the production of biomass is carried out in closed airlift bioreactors,
and the induction of lipid synthesis is carried out in open raceway systems [Narala et. al., 2016].
Such hybrid systems have not only proved to eradicate the problem of culture contamination
during growth phase, but also have aided in achieving higher lipid productivity as compared to
either of these systems operated alone. Authors have reported the application of alternatively

permutated conic baffles inside open raceway systems in order to induce vortex flow to
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enhance mass transfer and mixing. The installation of these baffles led to 48.1% reduction in
mixing time, 34% increment in mass transfer, which in turn caused 39.6% enhancement in the
productivity of Spirulina biomass [Cheng et. al., 2018].

One of the prevalent kinds closed systems for large-scale production of microalgal biomass are
the tubular photobioreactors, generally fabricated out of plastic or glass tubing within which
the circulation of the culture is facilitated either by gaseous streams in airlift mode or via
pumps. The surface area-to-volume ratio in case of tubular systems is about 80 m, facilitating
the maintenance of high-density cultures [Acién et. al., 2017]. These systems are fabricated
from transparent tubes having approximate diameter of 7 to 10 cm. The dimensions of the tube
in terms of diameter and length are a critical parameter which can aid in alleviating the build-
up of oxygen and decreasing the head loss in the reactor [Camacho-Rubio et. al., 1999]. The
angle at which the tube faces the sunlight in chosen in such a way that light is captured

efficiently while simultaneously curtailing radiation on adjacent tubes.
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Fig. 2.9. Tubular photobioreactor and its process flow diagram used for pilot scale cultivation
of microalgae [Singh et. al., 2012].

Despite of these measures, excessive heat might be captured by the biomass in the absence of
an appropriate temperature control system. To overcome this, tubular systems are sometime
cooled down by spraying water on the surface of the tube, or by arranging the tubes in an
overlapping manner to create shade, or by submerging the tube in thermally controlled water
bath. The typically designed tubular system comprise of a photostage loop and a mixing tank
(Fig 2.9). The photostage loop is the portion of the reactor which houses photosynthesis and
the production of algal biomass, while the mixing tank is the region which facilitates the
elimination of oxygen and regulates the influential culture conditions [Acien Ferna’ndez et. al.,

2001].
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Out of different closed tubular systems, one primitive type is the serpentine photobioreactors.
Their structure comprises of flat loops made up of straight tubes joined through U-shaped
curved tubes. These tubes may be aligned either horizontally or vertically. Addition of nutrients
and exchange of gases are carried out in a different container. Generally, a gaseous stream-
induced airlift or a pump is used to maintain the circulation of the culture at a rate of 0.2-0.3
ms™! [Fernandez-Sevilla et. al., 2010].

Manifold photobioreactors and helical photobioreactors are examples of some other closed
tubular systems. Manifold reactors comprise of sequentially arranged tubes in parallel manner,
and joined at their either terminal by two separate manifolds. One of the manifold aids in the
distribution, while the other manifold facilitates withdrawal of the cultivated biomass.
Manifold reactors are advantageous over serpentine systems attributed to decreased head loss,
and lesser oxygen build-up, thereby encouraging industrial scale application [Tredici et. al.,
2010]. Helical bioreactors comprise of low-diameter elastic tubular structures arranged in a
helical manner about an erect auxiliary support [Richmond et. al., 2013].

Flat-panel airlift photobioreactors the most efficient and high-capacity closed reactor
system, reported to be yielding comparatively higher biomass productivity. These are
commonly fabricated out of narrow transparent panels for appropriate exposure to sunlight.
Generally, a narrow layer of biomass suspension flows in between two transparent panels
arranged parallelly [Carvalho et. al., 2006]. Key advantage to this kind of design is the high
surface to vaolume ratio which certainly facilititates a better mixing capacity [Gupta et. al.,
2015]. The transparent plates are fabricated out of polyethylene, glass, polymethyl
methacrylate, polycarbonate [Acién et. al., 2017]. The two panels are separated by such a
distance that the incident light intensity can be continuously available to the maximum number
of cells, resulting in high photosynthetic efficiency [Hu et. al.,, 1998]. Flat panel

photobioreactors are advantageous over other systems owing to the fact that they have a large
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surface area to facilitate absorption of solar radiation relative to the culture volume used for
the biomass synthesis. Mixing is carried out using pump aided turbulence wherein enhanced
mass transfer and reduced oxygen accumulation is obtained by circulating the biomass
suspension from an open headspace. Reduced oxygen accumulation can also be achieved by
positioning many flat-plates parallelly in a horizontal manner [Acién et. al., 2017].

Barbosa et. al., 2005 reported the production of 2.36 mg g™* B-carotene, 5.65 mg g™* lutein, 0.33
mg g* vitamin E and 3.48 mg g* vitamin C, from cultures of Dunaliella tertiolecta cultivated
in a flat panel photobioreactor. In another study, cultures of Phaeodactylum tricornutum were
studied for the production of eicosapentaenoic acid (EPA) in a flat panel airlift photobioreactor.
At a light illumination of 250 pmol photon m~2 s, the efficiency of photosynthesis reached
10.6%, while it reduced to 4.8% on increasing the illumination intensity to 1000 umol photon
m~2 s, However, the volumetric productivity improved by 35% for flat panel photobioreactor
operating at higher light intensities, in contrast to bubble column reactors. Biomass
productivity of up to 1.04 g L' d™! were achieved at 1.25% v/v of carbon dioxide, and EPA
titres of 5% DCW, and productivity 52 mg L d* were obtained in continuous mode of
operation with 16 hours of light phase [Meiser et. al., 2004]. In order to overcome the
limitations associated with necessity for energy and cooling in closed photobioreactors, authors
have reported a novel kind of flat panel photobioreactor comprising of spectrally-selective
insulated glazed photovoltaic (IGP) system [Nwoba et. al., 2020]. IGP has been reported to
operate without the provision for cooling water, with significantly higher productivity of
biomass as compared to open raceway systems. IGP provided a stress-free environment with
respect to temperature, and was capable of generating 2.5-times greater electrical energy
relative to the energy expended for mixing, thus demonstrating it to be a stand-alone system
for the co-production of electricity and biomass, without any cooling and electricity

requirements.
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Table 2.1 Performance of different microalgal species in terms of growth kinetic parameters

and CO- fixation, during their outdoor cultivation.

Biomass CO2 fixation

Sl. Microalgal species Cultivation productivity References
No. galsp conditions (mg Ltday: (mgL?lday
1 Scenedesmus notobiorctor 24585270 4302545 Hoetal.
obliquus CNW-N P R e 2017
(60L)
5 Anabaena sp. F}; ﬁg:?égfg A Clares et. al.,
ATCC 33047 (350 L) 2014
P Zhou et. al
3 | Chlorella sp. NJ-18  photobioreactor 201é N
(70L)
4 Scenedesmus phcﬂc:ggrk:azl%tor Xia et. al.,
obtusus XJ-15 (140-L) 2013
Open raceway
5 Chlorella vulgaris pond 33.79 £4.02 Yadg\cl)ze(t). al.,
(60 L)
Flat plate
6 Z;?AO?:LISS photobioreactor Fenzgoit.l al.,
g (60L)
7 Anabaena sp. Oper;)(r)arl]%eway Clares et. al.,
ATCC 33047 (100 L) 2014

Flat panel photobioreactors have been extensively used for evaluating the influence of optical

illumination on microalgal biomass. The thickness of the plates is generally kept within a range

of 1 to 3 cm to facilitate homogenous distribution of light inside the bulk culture broth. To

guarantee this homogeneity, the applications are restricted to cultures having low biomass

density. To this end, authors have reported flat panel reactors with plate thickness as low as a

millimetre [Jiang et. al., 2021]. Using numerical design and experimental validation, they could

deduce the minimum thickness of the panel which could facilitate the biomass growth without

imposing much shear stress. Table 2.1 compares some recent microalgal cultivation studies

performed in different open or closed setups under outdoor condition.
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Additionally, there is a class of photobioreactors called the thin-layer systems, characterised
by usage of thin-layer biomass suspensions to enhance biomass titre and to improve light
capture efficacy. Irrespective of the regime of the operation and design of the system, it is
imperative to establish the appropriate layer thickness or optical path, density of the culture,
pattern of movement of the cells, duration of dark and light phases, regime of mixing and mass
transfer. A key design aspect of these reactors is the surface area directly being exposed to the
sunlight. Greater the surface area exposed to light, and lower the culture volume, the higher
will be the availability of the solar radiation, leading to higher efficacy of photosynthesis and
thus biomass productivity [Masojidek et. al., 2015]. In this context, thin layer systems are
superior to raceways or open ponds owing to their larger surface area exposed to sunlight
relative to the volume. A vital benefit of thin layer systems is their efficacy of mixing, leading
to rapid dark-light cycle of the microalgal culture owing to the smaller path of light within the
reactor. The pattern of the dark-light phases conveys significant idea about the photosynthetic
efficiency of the cells when the path of light measures less than 1 cm [Zarmi et. al., 2013].
Some recent pilot scale setups have been exploited for high density biomass generation using
different microalgal sytrains like Chlorella fusca [Malapascua et. al., 2014], Scenedesmus sp.
[Morales-Amaral et. al., 2015] Nanochloropsis sp. [Torzillo et. al., 2010]. Schadler et. al.
(2019) demonstrated an open thin-layer cascade photobioreactor system for lipid bio-synthesis
using microalgae Microchloropsis salina. The process was carried out in two phases in two
separate thin-layer photobioreactors operating in cascade, where the microalgal biomass was
produced in the first phase and lipid was produced thereof in the second phase. 6.6 g/l of total
lipid titre was obtained the photobioreactor cascade was operated in batch mode, whereas,
continuous operation resulted in 3 g L™ of total lipids. Moreover, this set-up could aid in
achieving 84-87% of CO> conversion. Schadler et. al., 2020 reported the operational feasibility

of open thin-layer photobioreactors coupled with the recycling of water, with enhanced growth
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performance, and reduced nutrient utilization, and minimal production of wastewater. This
study demonstrated repeated water recycling irrespective of high culture of density of
Microchloropsis salina even at biomass titres greater than 30 g L™ dry cell weight. Another
study reported the effect of surface area to volume ratio of a thin layer photobioreactor on the
growth characteristics of Scenedesmus obliquus [Venancio et al., 2020]. Higher biomass titre
(20.14 g L) and higher biomass productivity (2.42 g L d*) were obtained at higher surface
area to volume ratio of 80 m*, as compared to the biomass titre (14.60 g L) and biomass
productivity (1.85 g L™ d*) obtained at a lower surface area to volume ratio of 60 m™*. However,
the same study reported a pattern of increase in CO. sequestration with the decrease in surface
area to volume ratio.

2.4.2 Process engineering strategies

The key to a successful microalgal production technology lies on the simplicity and economic
viability of the process. As discussed earlier, one of the greatest hindrance towards
commercialization is low biomass titer and productivity under fluctuating outdoor conditions,
which considered to be economical way of microalgal cultivation. To that end, understanding
the limiting factors as well as selection of optimal process engineering strategies targeting
better biomass growth is mandatory. Efforts are continuously being made in this purpose
through upgradation of CO: fixation rate, substrate utilization, light availability to cells, mass
transfer etc. For instance, growth-based feeding of limiting nutrients and dynamic increase in
illumination has been reported to substantially upsurge both biomass titer and productivity in
case of Chlorella sp. FC2 IITG [Goswami et. al., 2019]. Another study involving various
microalgal strains suggested that the optimal aeration to the culture have positive effect on
growth and CO: utilization performance through betterment in mass transfer [Zhao et. al.,
2015]. Salvucci et. al., 2004 have studied the dependency of CO- fixation rate on temperature,

which has clear impact on growth performance of the microorganism. Study revealed that the
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temperature can cause alteration in activation conditions of RuBisCo, key enzyme involved in
photosynthesis. Owing to this fact, the higher photosynthetic efficiency and in turn biomass
titer and productivity can be achieved by cultivation under suitable temperature regime. The
culture pH, with direct control on solubility of CO2 and nutrients, stands as one of the most
critical factors for the dynamics of microalgal growth [Qiu et. al., 2017]. In addition to that,
several reports revealed the effect of pH on cell metabolism which has impact on biomass
composition i.e. protein and lipid content [ Qiu et. al., 2017; Difusa et. al., 2015]. Researchers
have reported the use of submerged membrane contactor to facilitate the delivery of CO;
sequestered to the microalgal broth using a chemical solvent through a semi-permeable
membrane [Xu et. al., 2019]. In this study, reduction in the thickness of the layer supporting
the membrane or by-passing the use of the support led to improvement in the mass transfer of
COz. The application of flat-sheet-type pond liners under optimum conditions led to 90% CO>
capture efficiency, which is 1.9-times higher than that achieved using hollow-fibre-type
arrangement [Xu et. al., 2019]. In a nutshell, development of the process engineering strategies
has repeatedly been proved to upregulate the performance of microalgal cultivation, thus a

requirement towards improved biomass and product generation.
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Chapter 3

Screening, isolation & characterization of potential CO:

tolerant microalgal strain from industrial hotspot in
India.

Search for potential CO, tolerant microalgal strain

Sampling Screening

Phosphote sourca

Biomass composition X
analysis Physicochemical characterization

Fig. 3.1. Graphical abstract.
3.1. Background and Motivation
The alarming deterioration in air quality due to CO2 emission from various anthropogenic
activities has mandated the search for natural resources facilitating carbon capture. To that end,
microalgae, photoautotrophic eukaryotes with the ability to produce high-value compounds

and bulk chemicals, have shown promising outcome in terms of CO; sequestration. These
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photosynthetic microorganisms are capable of exhibiting faster growth rate with fewer
environmental requirements for cultivation [Benedetti et. al., 2018]. Compared to the terrestrial
plants, microalgae have almost 10 times higher photosynthetic efficiency resulting in higher
growth rate and biomass productivity [Pires et. al., 2019]. However, as microalgae are quite
diverse in nature, there is a critical need to search for appropriate strains with high CO>
sequestration capability and concomitant multiproduct portfolio. It has been reported that, with
the progress of geological time, the CO> sequestration capabilities of chlorophytes have
gradually decreased while the other microalgal communities have emerged as better CO>
capturing capacity [ Wang et. al., 2018]. Also, the CO, tolerance levels of an individual
microalgal strain depends on factors like photosynthetic efficiency, CO; availability, mixing
rates, [Ho et. al., 2011] culture pH. This makes the selection process complex and cumbersome,
resulting in low economic efficiency. To that end, the development of high throughput process
for screening and selection of indigenous microalgal strains with potential of sequestering CO>
and subsequent conversion into value-added products, is the key to sustainable biorefinery.
Furthermore, the character of most microalgae have been observed to be greatly influenced by
basic environmental factors like pH, temperature, incident light intensity, availability of
limiting nutrients, etc. [Qiu et. al., 2017; Difusa et. al., 2015]. This motivated the careful

selection of right nutritional and physicochemical parameters for the growth of the organism.

3.2. Materials and Methods

3.2.1 Sampling, screening, and isolation of potential CO2 tolerant microalgal strain

As a COs- rich industrial hotspot, sample was collected from effluent of Bokaro Steel plant,
Jharkhand, India (23.6693° N, 86.1511° E) was inoculated in BG11 medium (Table 3.1)in a
bubble column reactor (Spectrochem Instruments Pvt. Ltd., India) of 500 mL with working
volume of 300 mL (Fig. 3.2) and enriched to obtain sufficiently large cell population. Screening
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of CO; tolerant strains was performed by a novel CO; selection pressure-based screening
strategy where, the enriched mixed culture was exposed to sequentially elevated concentrations

of COz starting from 5% to 20% v/v, with step-wise increase by 2.5% v/v.

Photobioreactor

Valve

wJ
I v {} | | 1 [}
) | T
—— uI A!n
—W [] Mixer
——y Moistair supply
@ ¥ Rotameter
¥ v
Air

Fig. 3.2. Bubble column photobioreactor with customized aeration

The CO2 concentration of the input gas stream was varied by ratiometric mixing of compressed
air and CO> through rotameters (Fig. 3.2). The culture was maintained at room temperature
with a light-dark cycle of 16:8 h and light intensity of approximately 250 HE m2s™. 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 feeding. Dynamic profiles of
phosphate and nitrate utilization & pH were obtained by sampling every 24 h at the end of the
light cycle. The screened CO- tolerant culture, at the end of the batch of 53 days, was subjected

to serial dilution and streak plating to isolate axenic unialgal culture.
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3.2.2 ldentification of the isolated strain

The morphology of the strain was studied using bright field microscopy (Nikon, Japan) and
field emission scanning 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 28s rDNA sequence was amplified
using D2 region Specific Primers (Forward being ACCCGCTGAACTTAAGC and reverse
being GGTCCGTGTTTCAAGACGG) in a thermal cycler (Veriti®, Thermo Fisher Scientific,
USA). PCR amplification 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
extension of 10 min at 72 °C. Further, sequencing of the PCR amplicon was performed using
BDT v3.1 Cycle sequencing kit on ABI 3730x| 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.

3.2.3 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 supporting 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 supporting information
(Table 3.1). Further, the growth of the strain was evaluated under various initial pH (4, 6, 8,
10, and 12), different nitrogen sources (sodium nitrate, sodium nitrite, ammonium sulphate,

analytical grade urea, and commercial grade urea) with equimolar nitrogen (0.011 M) and
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different phosphate sources (monopotassium phosphate, dipotassium phosphate, and single
super phosphate) containing equimolar phosphate (0.0015 M). All characterization
experiments were performed in 250 mL Erlenmeyer flasks with working 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 (Ass) of 1.0 was used as inoculum
and the light intensity was maintained at 20 HE ms™* 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 characterization, the biochemical composition of the biomass and
CO. fixation rate was evaluated under selected physiochemical parameters supporting
improved growth. Biomass productivity (P, mg L day™) and CO fixation rate (Rco,, mg L

! day™!) was calculated as follows:

_ Xf—Xpo
tr—to

3.1)

where x, and x; are the dry cell weights (g L) obtained at initial and final time points t, and

tr respectively.

Mco
Reo, = CcP 1~ (3.2)

where, C¢ is elemental carbon content of biomass. Mo, and M, are the molar mass of CO and

C (g mol™Y), respectively. Co was estimated at the end of the batch using elemental analyser

(EuroEA3000, Italy).
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Table 3.1. Detailed composition of different microalgal growth media

Medium

Suitable for Algal Family

Compositions (g L™1)"

Watanabe (AF6)

Euglenophyceae, Volvocalean algae,
Xanthophytes, many Cryptophytes,
Dinoflagellate and green ciliates; specific for
algae requiring slightly acidic medium

NaNOsz 0.14, NHsNO3 0.022, MgSO4 0.03, KH2PO4 0.01, KoHPO4 0.005, CaCl,.
4H20 0.01, ammonium ferric citrate 0.002, citric acid 0.002, biotin 0.002, thiamine
10 pg, vitamin B6 1 pg, vitamin B12 1 pg, Nax-EDTA 0.005, FeCls 0.098,
MnCl2:4H,0 0.18, ZnCl-4H,0 57 pg, Na2Mo0O4:2H20 12.5 pg

Beijerincki (BJA)

Chlorophyceae

NHsNO3z 0.15, K2HPO4 0.02, MgSQO4-7H20 0.02, CaClz-2H20 0.01, KH2PO4 0.363,
K2HPO4 0.69, H3BOs3 0.01, MnCl;-4H20 0.005, EDTA 0.05, CuS0O4-5H20 0.0015,
ZnS04-H20 0.022, CoCl2-6H20 0.0015, FeSO4-7H20 0.005, (NH4)sM07024-4H.0
0.001

BG 11

Cyanophyceae

NaNO3 1.5, KoHPO4:3H20 0.004, MgSO4-7H20 0.075, CaClz-2H20 0.036, Na.CO3
0.02, citric acid 0.006, ferric ammonium citrate 0.006, EDTA 0.001, and A5 + Co
solution (1 mL L) that consists of H3BOs 2.86, MnCl,-H20 1.81, ZnSQ4-7H,0
0.222, CuS04-5H20 0.079, Na2M004-2H20 0.39, and Co(NOz)2-6H.0 0.049

Bold Basal (BBM)

Broad spectrum medium for Chlorophyceae,
Xantophyceae, Chrysophyceae and
Cyanophyceae; unsuitable for algae with
vitamin requirements

KH2PO4 0.175, CaClz-2H20 0.025, MgSO4-7H20 0.075, NaNOs 0.25, K2HPO4
0.075, NaCl 0.025, H3BOs 0.011, ZnSO4-7H.0 0.00882, MnCl,-4H.0 0.00144,
MoOs 0.00071, CuSO4-5H20 0.00157, Co(NO3)2:6H20 0.00049, Na.EDTA 0.05,
KOH 0.0031, FeSO4 0.005, H2SO4 1 L

Algae Culture Broth
(ACB)

Commercial medium obtained from Himedia
Pvt. Ltd., India

NaNOs 1, MgS0O4.7H20 0.513, K2HPO4 0.25, NH4Cl 0.050, CaCl,.2H.0 0.058, FeCls
0.003
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3.2.4 Analysis of growth and substrate utilization

For monitoring the growth of the organism, absorbance of the culture was measured at 690 nm
(Aese0) 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™ (R2=0.99). Cell free supernatant obtained from centrifugation

of the sample at 10000 rpm for 10 min was analysed for substrate utilization.

3.2.4.1. Analysis of phosphate utilization

Phosphate estimation was carried out using ascorbic acid method with potassium hydrogen
phosphate (dibasic) as standard [Parsons et. al., 1984]. Combined reagent (0.16 mL)
comprising (5 N) sulfuric acid, (0.018 M) antimony potassium tartrate, (0.102 M) ammonium
molybdate and (0.1 M) ascorbic acid was used for estimating the phosphate content in the
supernatant of 1mL. The absorbance was read at 880 nm after incubation for 10 minutes at

room temperature.
3.2.4.2. Analysis of nitrate utilization

Estimation of nitrate present in the supernatant was done using salicylic acid method and
keeping sodium nitrate as the standard [Cataldo et. al., 1975]. In this method, 0.1 mL of the
supernatant was mixed with 0.4 mL of 5 % (w/v) salicylic acid in sulfuric acid followed by
incubation for 20 minutes at room temperature which yields a yellow-coloured solution after
neutralization with 9.5 mL of 2N NaOH. The absorbance was observed at 410 nm after cooling

the tubes to room temperature.
3.2.5. Analysis of intracellular biochemical composition

For biochemical composition analysis, stationary phase culture was collected and centrifuged
at 7000 rpm at 4 °C for 10 min. Cell pellet was washed twice with distilled water and lyophilized

overnight.
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3.2.5.1. Estimation of total protein

To extract the intracellular protein, biomass resuspended in phosphate buffer (pH 6.8) was
subjected to ultrasonication at 35% amplitude (a maximal 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
done by Bradford method [Bradford 1976] using bovine serum albumin as standard. 0.25 mL
of protein sample extracted was mixed with 2.5 mL of Bradford reagent and absorbance was

recorded wavelength of 595 nm.

3.2.5.2. Estimation of total Lipid

Intracellular lipid extraction was performed following the protocol described by [ Bligh &
Dyer, 1959]. 2 ml of Chloroform: Methanol (2:1) was added to 50 mg of biomass followed by
ultrasonication for 30 minutes at 35% amplitude (a maximal power of 350 W) in a pulse mode
(10 s ON / 5 s OFF) under cold condition. Further, the mixture was incubated at room
temperature for 6 hours with continuous shaking of 150 rpm. A combination of 1 ml chloroform
and 2 ml of 0.9% NaCl in water was added post incubation and lipid was extracted as dissolved
in chloroform layer. The extracted lipid was weighed and compared to the initial biomass for

valuation of total intracellular lipid.

3.2.5.3. Estimation of total carbohydrate

Prior to determination of carbohydrate content, the dried microalgal biomass was subjected to
acid hydrolysis according to the protocol described by [ Van Wychen and Laurens, 2013]. 50
mg of biomass was hydrolyzed with 500 pl of 72% (w/v) H2SOs for 1 h. Concentration of
H2S04 was reduced to 4% by the adding distilled water and autoclaved at 121 for 1 h. After
cooling down to room temperature, the mixture volume was made up to 50 ml. The solution

was then centrifuged at 10,000 rpm for 10 min and the supernatant was analysed for total
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carbohydrate content was estimated via phenol sulfuric acid method [Dubois et al., 1956]

considering glucose as standard.
3.2.5.4. Estimation of total chlorophyll content

For extraction of intracellular chlorophyll, 50 mg of dry biomass was resuspended in 10 mL of
99.9% methanol and incubated in dark at 45 °C for 30 min. The sample was then centrifuged
and supernatant was analysed for absorbance at wavelength of 652 nm and 665 nm. Total
chlorophyll content (sum of chlorophyll a and chlorophyll b) was estimated based on the

following Eqg. 3.3 and Eq. 3.4 [Pruvost et al., 2011].

Chlorophyll a (ug mL™) = 16.5169 X Ages — 8.0962 X Ags, (3.3)
Chlorophyll b (ug mL™1) = 27.4405 X Ags, — 12.1688 X Ages (3.4)
3.2.5.5. Estimation of ash content

Ash content was calculated by subjecting 1 gm of dry biomass to 575°C in a muffle furnace
for 4 hours. Weight of the residual ash was converted to the percent fraction of initial weight

of microalgal biomass.
3.3. Results and Discussion

3.3.1 Screening and isolation of CO2 tolerant microalgal strain from industrial hotspot

Under photoautotrophic condition, microalgae grow by fixing CO> 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 photosynthetic efficiency which, in turn depends
on the available CO2 concentration. It has been reported that, atmospheric concentration of CO>
(0.036%) is sub-optimal for photosynthesis [Bhola et. al., 2011] and the photosynthesis
apparatus appears to be adapted to much higher concentrations of CO2 [Solovchenko et. al.,

2013]. Further, microalgal bioprocess is typically based on flue gas from various industries,
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CO- concentration in which varies from 3% — 30% [Bhola et. al., 2011]. Therefore, screening
and isolation of an indigenous CO: tolerant strain remains the first key step towards
development of a sustainable bioprocess. In the present study, a CO; selection pressure-based
strategy was adopted for rapid screening and isolation of CO; tolerant microalgal strain. The
water sample collected from carbon rich industrial hotspot was subjected to culturing under
sequentially elevated CO> concentration of 5% - 20% v/v, with a step wise increase by 2.5%.
In the beginning of the screening process, starting with 5% CO: v/v, presence of four
morphologically distinct microalgal strains was accounted in the mixed culture and their
growth was monitored in terms of differential cell count (Fig. 3.4). A consistent lag in the
growth of the strains was observed at the beginning of each elevation of CO, selection pressure
(Fig. 3.4). 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 concentration
of 20% v/v. Amongst the three survivors, only one strain was found to not only withstand but
also grow significantly even at 20% CO> concentration v/v and was further isolated. 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 (Fig 3.3). pH of the culture was
found to be automatically maintained within the range of 7 - 8 even at higher CO:
concentrations (Fig 3.3). This self-regulatory phenotypic response might be due to continuous
utilization of CO2 linked with growth of the organism, even at higher CO; selection pressure
[Uggetti et. al., 2018]. 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 [Wang et. al., 2018].
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Fig. 3.3. Dynamic profiles of pH, phosphate concentration, nitrate concentration for screening
of CO; tolerant strain from mixed algal culture under different CO2 concentration in
photoautotrophic growth condition. Arrows indicate intermittent feeding of nutrient in the

reactor.
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Fig. 3.4. Dynamic profiles of total and differential algal cell count for screening under different

COz concentration in photoautotrophic growth condition.
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3.3.2

Bright field microscopy and FESEM images (Fig. 3.5A and Fig. 3.5B) 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 colour and about 6 to 9 um in length.
Molecular identification of the isolate was further carried out by 28s rDNA sequencing analysis
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 Tetradesmus
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. 3.5 C). In accordance with this finding, the isolated

microalgal strain was identified as Tetradesmus obliquus CT02 (GenBank Accession #

Identification of the isolated microalgal strain

MZ267545). Hereafter, the organism is designated as CTO02.
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Fig. 3.5. Morphological identification of isolated microalgal strain under (A) bright field
microscopy and (B) field emission scanning electron microscopy (FESEM). The molecular

level identification was carried out based on phylogenetic tree generated using MEGA X (C).
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Neighbour-joining showing phylogenetic position of isolate and related taxa is based on partial
28s rRNA gene sequence comparisons. Bootstrap values are indicated at nodes. Representative
sequences in the dendogram were obtained from GenBank.

3.3.3. Characterization of the isolated microalgal strain

The growth of microalgae can substantially vary with the fulfilment of their nutritional
requirements. 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 was monitored under different nutritional and physicochemical
conditions.

Although the strain was found to grow in a wide variety of culture media (Fig. 3.6), the highest
biomass titer of 1.087 g L™ was obtained using algae culture broth (ACB) medium. This
emphasizes the importance of phosphate as a limiting macronutrient for growth CT02 as ACB

contained highest phosphate concentration than other media.
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Fig. 3.6. Dynamic profile for growth (A) and maximum growth (B) obtained for CT02 in

different growth media.

Further, the strain was able to favorably grow at lower initial pH of the medium. A maximum
biomass titer of 0.826 g L™ was obtained at a pH value of 6, while sub-optimal growth was

observed at alkaline pH (Fig. 3.7). Studies depict the initial pH of the medium in the range of
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6 to 9 as optimal for the growth of various microalgae [Muthuraj et. al., 2014; Ren et. al., 2013,
Xin et. al., 2010]. 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 [Wu et. al., 2016]. 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 compounds.
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Fig. 3.7. Dynamic profile for (A) growth and (B) Maximum growth obtained by CTO02 at
different initial pH.

Amongst five different nitrogen sources, the strain exhibited a substantially higher biomass
titer (0.845 g L™*) with sodium nitrate as compared to others (Fig. 3.8). Sodium nitrate has been
recognized as a favorable nitrogen source for growth of various microalgal strains [Arumugam
et. al., 2013; Shen et. al., 2010]. The lower growth in case of ammonia-based nitrogen sources
such as ammonium sulphate and urea may be due to the formation of H* ions during ammonia

uptake from media [Muthuraj et. al., 2014].
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Fig 3.8: Dynamic profile for growth (A) and maximum growth (B) obtained for CT02 in
different nitrogen sources.

Phosphate sources have been regularly reported as another vital limiting nutrient [Kang et. al.,
2006; Goswami et. al., 2019] Amongst 2 most frequently used phosphate source and
commercial phosphate, dipotassium phosphate was found to be the most suitable phosphate

source for CT02, resulting highest biomass titer of 0.994 g L™ (Fig. 3.9).
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Fig 3.9: Dynamic profile for growth (A) and maximum growth (B) obtained for CT02 in
different phosphate sources.

Under the nutritional conditions of sodium nitrate as nitrogen source, dipotassium phosphate
as phosphate source, and initial pH of 6, the maximum biomass productivity and CO fixation
rate was found to be 39.7 mg Ltday* and 66.5 mg L*day™?, respectively (Table 3.2). A lower
biomass titer of less than 1 g L™* 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

58
TH-2951_166106019



engineering strategies such as, growth kinetic driven feeding of limiting nutrients [Goswami
et. al., 2019)], dynamic increase in incident light intensity [Goswami et. al., 2019; Muthuraj et.
al., 2015] and substrate driven pH control [Palabhanvi et. al., 2016] can be implemented.

Table 3.2. Characterization of growth of CT02 under selected nutritional conditions.

Selected nutritional conditions for growth of CT02

Growth Media Algae culture broth (ACB)
Initial pH 6
Nitrogen source Sodium nitrate
Phosphate source Dipotassium phosphate
Growth kinetic parameters of CT02 under selected nutritional conditions
Maximum biomass titer (g L™?) 0.99 £ 0.02
Biomass productivity (mg L day?) 39.7 £ 0.69
CO: fixation rate (mg L* day) 66.5+1.15

3.3.4. Analysis of biomass composition of CT02 under suitable nutritional condition
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 (Fig 3.10).
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Fig. 3.10. Composition of CT02 biomass grown under suitable nutritional and physicochemical
conditions.

A high protein content of 35.96 % w/w was estimated, which can be considered as potential
source of bioactive metabolites [Surkatti et. al., 2018]. Total chlorophyll content was estimated

to be 1.8 g per mg of biomass. Further, substantially high lipid content of 41.21% wi/w depicts
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that the protein extracted biomass can be suitably used for synthesis 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 metabolism as explained by Mirén et. al., 2002.
[Sanchez et. al., 2002]. 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 carbohydrate
or protein fractions of the biomass to the accumulation of neutral lipid [Muthuraj et. al., 2014].
The residual ash content was calculated to be 11.31% w/w.

3.4. Conclusions

As the foremost step towards microalgae-based carbon capture, a novel CO2 selection pressure
based strategy was developed for screening and selection of potential CO tolerant strains from
indigenous hotspots. Tetradesmus obliquus CT02, a robust microalgal strain isolated utilizing
this strategy, found to exhibit high CO. tolerance of up to 20% v/v. In order to expand the
suitability towards sustainable cultivation, growth of the isolated strain was subsequently
characterized under different media, initial pH, nitrogen sources and phosphate sources.
Selection process resulted algae culture broth (ACB) as most favorable growth medium,
followed by initial pH as 6, sodium nitrate as nitrogen source and dipotassium phosphate as
phosphate source. Under these nutritional conditions, the maximum biomass titer of 0.994 g L-
1, productivity of 39.7 mg Lday? and CO; fixation rate of 66.5 mg L*day™ was observed.
Compositional analysis of biomass grown under suitable nutritional and physicochemical
conditions depicted high protein content of 35.96 % w/w and lipid content of 41.21 % wi/w,
which suggests the viability of CT02 for construction of microalgal biorefinery.
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Chapter 4

Establishment of biorefinery for bioactive molecules,

biofuel, and biofertilizer using Tetradesmus obliquus
CTo02.
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Fig. 4.1 Graphical abstract

4.1. Background and Motivation

Though microalgae have been well documented as feedstock 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 [Chisti et. al., 2013]. Microalgal biofuel, one of the most
prominent alternatives to the fossil fuel, face major economic challenges in terms of low
biomass titer and productivity, biomass harvesting and conversion to biofuel. Many of these
steps are high cost and energy intensive, thus hinders the commercialization. To that end,
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biorefineries with sequential multiproduct portfolio are the most promising solutions,
implicating efficient utilization of the whole microalgal biomass for co-production of high-
value products like biotherapeutics, nutraceuticals, and low value biofuels (biodiesel, bio-crude
oil and bioethanol), biofertilizer and bioplastics. With a suitable microalgal strain having
diverse pool of macromolecules, the biorefinery strategy can be significantly valorized
resulting a positive net energy ratio (NER). For example, Scenedesmus obliquus BR003 was
sequentially explored for carbohydrate, lipids and pigments as a part of biorefining strategy
[Vieira et. al., 2021]. Another study utilized waste water for growth of Scenedesmus obliquus
and subsequent extraction of high-value products like flavonoids and low-value products like

biofuels and biofertilizer [Ferreira et. al., 2019].

In the present study, a biorefinery approach has been established with an indigenous CO>
tolerant freshwater microalgal isolate Tetradesmus obliquus CT02 towards synthesis of
bioactive molecules, biofuel, and biofertilizer. 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 anticancer activities were further characterised through mass
spectroscopy to identify the bioactive molecules. The post extracted biomass was subjected to
a two-step direct transesterification 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 Solanum lycopersicum

seeds.
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4.2. Materials and Methods

4.2.1. Preparation of microalgal crude extracts

Tetradesmus obliquus CT02 was cultivated under selected nutritional and physicochemical
condition (Chapter 3) and the biomass was harvested through centrifugation at 5000 rpm and
4°C. Further, 1 gram finely powered lyophilized biomass was suspended in 50 mL of each of
the five solvents i.e., methanol, isopropanol, acetone, ethyl acetate, and hexane. These solvents
were chosen based on their difference in polarity (Fig. 4.2). Five different crude extracts were
prepared by three rounds of sonication and overnight incubation at 28 °C and 150 rpm, followed
by evaporation of the solvent (Fig. 4.2). The crude extracts were stored at 4 °C for subsequent

experiments.
4.2.2. Determination of antioxidant activity through DPPH free radical scavenging

The antioxidant activity of the crude extracts was determined in terms of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity assay [Sen et. al., 2013]. The concentration
of each extract required to scavenge 50% of the DPPH (ICso) 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 pug mL™?) 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, dissolved 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:

% DPPH scavenging activity = % x 100 (4.1)

where A. is the absorbance of control containing DPPH dissolved in pure methanol and A, is

the absorbance of the test sample together with DPPH.
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Fig. 4.2. Method for preparation of crude microalgal extracts from Tetradesmus obliquus CT02 through solvent extraction
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4.2.3. 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 [Pal et. al., 2020]. In the first step, all five extracts were
evaluated for their anticancer activity at a concentration of 100 ug mL™. 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 °C and 5% v/v CO, 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 uL MTT
reagent (0.5 mg mL™) for 3 hat 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 (As7o - Asso) 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 1Cso for the selected extract was calculated based on the

percentage cell viability observed at different concentrations.

4.2.4. ldentification of compounds with antioxidant and anticancer activity using HR-

LCMS-QTOF

Phytochemical composition of the selected crude microalgal extracts exhibiting maximum
antioxidant and anticancer activities was analysed by high resolution liquid chromatograph mass
spectrometer (HR-LCMS,1290 Infinity UHPLC System, Agilent Technologies, USA). The
system was aided with Quadrupole Time of Flight Mass Spectrometer (Q-TOF MS). 5 uL sample
was injected into the Hypersil Gold C18 column (100 x 2.1 mm — 3 p 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, separation was performed
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for 30 min. Compounds were analysed in 6550 iFunnel Q-TOF MS operated in positive ion mode
by dual Agilent jet stream electrospray ionization (dual AJS ESI). Mass spectrometric data
acquisition was done for the m/z ratio ranging 150 to 1000 with a scanning rate of 1 spectrum per
second. 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.

4.2.5. Assessment of post extracted residual microalgal biomass as feedstock for biodiesel

production

The FAME content of the post extracted residual microalgal biomass was estimated using
sequential two-step direct transesterification method [Muthuraj et. al., 2014]. 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 °C 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% H>SO4 in methanol) and incubating at the
same conditions. Finally, the FAME fraction was collected by adding equal volume of deionized
water and hexane to the transesterified mixture. Hexane layer containing total FAME was washed
thrice in order to remove aqueous impurities. The FAME components were analysed using GC-
FID (Agilent Technologies, USA). FAME dissolved in hexane was filtered through 0.22 um nylon
filter and injected to GC equipped with HP-5ms Ultra Inert column (30 m x 250 um x 0.25 pum).
Helium was used as carrier gas and the split ratio was set as 10:1. Oven temperature was ramped
from 70 °C to 180 °C at a rate of 15 °C min™* and then to 260 °C at rate of 2.5 °C min™ and the
final temperature was held for 5 min. The total runtime for GC-FID analysis was 44.33 min.
Supelco 37 component FAME mix (Sigma-Aldrich, USA) was used as the standard for

identification and quantification of compounds.

4.2.6. Assessment of post extracted residual microalgal biomass as biofertilizer
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The potential of post extracted residual microalgal biomass 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 °C 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 10" day, the final germination percentage
(FGP) and the germination index (GI) were calculated according to Eq. 4.2 and Eq. 4.3,

respectively [Ferreira et. al., 2019].

Total no.of seeds germinated at the end of trial

FGP = X 100 4.2)
( )

number of initial seeds

GI = (10 X N))+ (9 X Np)+ (8 X N3)+ (7 X Ny)+ (6 X N5)+ (5 X Ng) +

(4 X N;)+ (3 X Ng)+ (2 X Ng)+ (1 X Nyp) (4.3)

where N, is the number of seeds germinated on the t™ 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 biofertilizer capacity. Total nitrogen (N) was determined directly by elemental
analyser (EuroEA3000, Italy). Total phosphorus (P) was determined following the procedure
described by Feng et al., 2015 and estimated calorimetrically using ascorbic acid method [Parsons
et. al., 1984]. 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 °C for 4 h [Jain et. a., 2018]. Quantification of

potassium (K) was done using flame photometry.
4.3. Results and Discussion
High protein and lipid content of CT02 under the given nutritional and growth parameters point

towards establishing a circular bioeconomy, coupling CO2 sequestration and multi-product
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portfolio such as high-value bioactive compounds, biofuel, and biofertilizer, in a biorefinery

approach. In line with this understanding, the following process sequence was observed.
4.3.1. Evaluation of crude extracts of CT02 for their antioxidant activity

Antioxidants serve as the crucial defence system against free radicals such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) which causes oxidative stress to the cells
leading to their death via oxidation of biological macromolecules [Banskota et. al., 2019]. Besides
chemically synthesized drugs, several naturally occurring bioactive compounds with antioxidant
properties, originating from plants, have been commercially approved [Lourenco et. al., 2019;
Sathisha et. al., 2011]. However, increasing market demand owing to population inflammation has
motivated 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.
4.3). All the five crude extracts exhibited dose-dependent antioxidant activity, with the lowest ICso
value of 137 ug mL™* in case of acetone extract. While both isopropanol and ethyl acetate extracts
showed antioxidant activity (~ 203 pg mL™*) comparable to that of acetone, hexane extract showed
inferior antioxidant activity with an 1Cso value of 783.2 ug mL™. Microalgae have been reported
to possess a vast range of bioactive compounds which vary in terms of their polarity 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 extraction. Hence, differential bioactivity may be observed with different
solvent extracts. Acetone extract from CTO02 recorded superior antioxidant activity in comparison
to other microalgae strains such as Chlorella sp. with 1Cso value of 780 - 2590 pug mL™* [Dimova
et. al., 2021], Scenedesmus obliquus with 1Cso value of 938 - 2273 ug mL™ [Cengiz et. al., 2019],
Porphyridium sordidum with 1Cso value of 286 pg mL™t [Assuncdo et. al., 2017] and

Haematococcus pluvialis with IC so value of 528 g mL™* [Assuncéo et. al., 2017].
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Fig. 4.3. Comparison of antioxidant activity of different crude extracts of Tetradesmus obliquus
CTO02 based on their ICso for DPPH radical scavenging

HR-LCMS-QTOF analysis (Appendix A) of acetone crude extract was carried out to identify the
compounds with antioxidant property (Table 4.1). The antioxidant compounds which were found
to be present in abundance are fusarochromanone [Ambi et. al., 2021], benzoquinol [Méne et. al.,
2010], hexadecanoic acid [Kim et. al., 2020], Nigakihemiacetal A [Jamil et. al., 2020], luciferin
[Dubuisson et. al., 2004], convallasaponin A [Salehi et. al., 2020, Puente et. al., 2017], and tridecanol
[Dawood et. al., 2020; Shah et. al., 2014]. Further, brassinolide was reported to enhance the
activity of antioxidant enzymes in Chlorella vulgaris [Bajguz et. al., 2010]. Therefore, the
antioxidant activity of acetone extract may be attributed to the coordinated action of these
bioactive molecules. The results indicate that acetone extracts of CT02 can be commercially

realized as potential sources of antioxidant compounds.

4.3.2. Evaluation of crude extracts of CT02 for their anticancer activity
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In view of the undesired side effects of conventional chemotherapeutic drugs, the pharmaceutical
research is now more focused on search for naturally occurring anticancer agents. Crude solvent

extracts obtained from CTO02 were screened in vitro for their anticancer activity.

A B

rol)
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(percentage of cont

Relative ¢

pgmi 25ugmL - 50 ugmL 100 pgmL ng
Concectrations of Ethyl acetate extract

Fig. 4.4 (A) Evaluation of crude extracts of Tetradesmus obliquus CTO02 for their anticancer
activity at a concentration of 100 pgmL-1 and (B) Evaluation of dose dependent anticancer activity

of ethyl acetate extract. Experiments were conducted on breast cancer cell line MCF7.

At a concentration of 100 pg mL™?, ethyl acetate extract showed the lowest relative cell viability
of 73.3%, followed by acetone (77.4%), hexane (83.1%), isopropanol (89.6%), and methanol
(91.7%) (Fig.4.4A). Further, dose-dependent activity of ethyl acetate extract revealed an 1Csg

value of 306.67 ug mL* (Fig. 4.4B). Similar to the present study, anticancer molecules from
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Table 4.1. List of compounds present in selected crude microalgal extracts for antioxidant and

anticancer activity identified via HRLCMS-QTOF

Sl. Relative
No. Name Formula Mass abundance (%) * References

Antioxidants present in acetone extract

3'-N-Acetyl-4'-O-(14-

1 methylheptadecanoyl) Css Hss N2Os  600.41 6.29 'ZA\OnZ]l:CL” et. al,
fusarochromanone
2-Hexaprenyl-3-methyl-5- .
2 hydroxy-6-methoxy-1,4- CaHes Os  578.43 6.16 2’(')91%9 et al,
benzoquinol
3 16-Hydroxy hexadecanoic acid ~ Cis H3, O3 272.23 5.97 Kim et. al., 2020
4 Nigakihemiacetal A CoHuO; 41023 571 32%f121(|)| et. al,
. e N Dubuisson  et.
5 Dinoflagellate luciferin Css Hao Ns Os  588.30 4.86 al.. 2004
Salehi et. al,
6 Convallasaponin A Cs2 Hsz Og 580.37 1.83 2020; Puente et.
al., 2017
aw Bajguz et. al.,,
7 Brassinolide Ca2sHag Os 480.34 1.74 2010
Dawood et. al.,
8 Tridecan-1-ol CizsHx O 200.21 1.36 2020; Shah et.
al., 2014

Anticancer agents present in ethyl acetate extract

Aumsuwan  et.

1 Dioscin C45 H» 016 868.48 20.09 aI., 2016
(5b,12a),  9-anthracenylmethyl

2 ester, 12-hydroxy- Cholan-24-0ic Cas HsoOs  566.39 18.90 Agarwal et. al.,
acid 2016

3 Dinoflagellate luciferin CasHaoNs Os  588.30 4.97 ZKglsgova et al.,

4 16-Hydroxy hexadecanoic acid ~ Cis Ha, O3 272.23 3.73 Kim et. al., 2020

5 Gracillin CssH72 O17 883.49 2.58 Min et. al., 2019

6 Phytosphingosine CieHaNOs 317.29 2.34 Kang et. al., 2017
3'-N-Acetyl-4'-O-(14- .

7 methylheptadecanoyl) Css Hss N2 O 600.41 2.05 I\fag%al\gan et.
fusarochromanone al.,

8  Tridecan-1-ol CisHsO 20021 1.46 Habila et. al,

2021

9 Decyl butanoate C14 Hog O3 228.21 1.45 Han et. al., 2004
TG i

10 (18:1(112)/16:1(92)/18:1(11Z)) Css HioOs  856.75 0.31 Aminzadeh et
[is03] al., 2017

* Relative abundance (%) _ abundance of a molecule present in an individual extract % 100

Y. abundance of all the molecules present in an individual extract
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various microalgae strains such as Scenedesmus obliquus, Chlorella sorokiniana,
Granulocystopsis sp., have shown fairly promising clinical significance against cancer cell lines
[Marrez et. al. 2019, Martinez et. al., 2018, Tavares et. al., 2020]. HR-LCMS-QTOF analysis
(Appendix A) of ethyl acetate crude extract revealed the presence of two most prevalent anticancer
compounds dioscin [Aumsuwan et. al., 2016] and cholanoic acid [Agarwal et. al., 2016]. Besides,

eight more anticancer molecules were also found to be present in abundance (Table 4.1).

4.3.3. Synthesis of biodiesel from post extracted residual biomass of CT02

Analysis of total lipid content of post extracted residual biomass 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 4.2). 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 4.2). FAME composition has been reported to
influence the fuel properties of biodiesel such as cetane number, viscosity, flow properties,
lubricity etc. [Cha et. al., 2017]. 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. 4.5),
thereby making it suitable for use as biodiesel [Singh et. al., 2020, Kumar et. al., 2014]. The
absence of C18:3 or other higher unsaturated fatty acids may be advantageous towards better
biodiesel quality as per European standards [Gouveia et. al., 2009]. Further, presence of a high
percentage of saturated fatty acids (Table 4.2) may be beneficial in terms of providing higher
oxidative stability to biodiesel and improving its performance at low temperature [Aslam et. al.,

2018].
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Fig. 4.5 Composition of FAME obtained via direct transesterification of CT02 biomass before and

after extraction
Table 4.2 FAME profile obtained via direct transesterification of CT02 biomass, before and after

extraction

Dried biomass Residual biomass Residual biomass

(before
extraction)

(post acetone
extraction)

(post ethyl acetate
extraction)

Total lipid content

(Percentage of biomass) | 41.2 391 35.7
Total FAME content
(Percentage of biomass) | 38,6 + 4.2 36.7£24 33.1+1.6
Saturated FAME
(Percentage of total FAME) | 59.80 £ 1.19 61.73+£25 69.54+1.1
(Percentage of biomass) | 23.09 £ 1.77 22.65+1.05 23.02£0.79
PUFA
(Percentage of total FAME) | 3.48 £ 0.37 3.03+£0.25 521+1.2
(Percentage of biomass) | 1.34 +0.10 1.11+.05 1.72 + 0.06
MUFA
(Percentage of total FAME) | 36.72+ 2.1 35.24 +£2.84 25.25+55
(Percentage of biomass) | 14.17 £1.09 12+ 6 8.36 +.29
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4.3.4. 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 control, 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. 4.6A). 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. 4.6A). 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 [Mukherjee
et., al., 2015]. 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. 4.6A). However, a marginally higher GI value of 150
was calculated for NPK (20:20:13) at a dose of 1g per kg of soil. More than two-fold increase in
Gl, with respect to control, was observed for both types of residual biomass (Fig. 4.6B). In a
similar study, microalgal pellets of Scenedesmus obliquus showed approximately 20% increase in
FGP and 1.6-fold increase in Gl for germination of wheat and barley seeds [Ferrira et. al., 2019].
Elemental composition analysis of both the residual biomass revealed presence of 7 — 8% N,
0.11% P, and 0.5% K (Table 4.3). This N-P-K composition of the post extracted residual biomass
of CT02 was found to be similar to that of de-oiled microalgal biomass (DOMBW) of
Scenedesmus sp. and vermicompost (Table 4.3). While the de-oiled biomass of Scenedesmus sp.
was demonstrated as a promising biofertilizer for rice production [Nayak et. al., 2019],
vermicompost is considered one of the most commercially used biofertilizers [Nayak et. al., 2019].
These results establish the suitability of the post extracted residual biomass of CT02 as

biofertilizer.
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Table 4.3 Elemental composition (N-P-K) of post extracted biomass of CT02, de-oiled

microalgal biomass from Scenedesmus sp. and vermicompost

Elements Residual biomass Residual biomass De-oiled Vermi
(% of post acetone post ethyl acetate  microalgal compost
biomass) extraction extraction biomass [Nayak
(Current study) (Current study) from et. al.,
Scenedesmus  2019]
sp. [Nayak
et. al., 2019]
140+
Total N 8.00£0.14 7.30£0.11 7.50 £ 0.08
0.03
0.77 £
Total P 0.11 £ 0.00 0.12 £ 0.00 1.60 + 0.03
0.01
0.48 +
Total K 0.57£0.01 0.50 £ 0.01 0.70 £ 0.02
0.01

4.4. Conclusions

A microalgal biorefinery approach has been established through bioprospecting of indigenous CO>
tolerant freshwater isolate Tetradesmus obliquus CT02 biomass in two sequential steps, resulting
in alternate product cascades of bioactive molecules and biodiesel or biofertilizer. At the onset,
different solvent based crude extracts of CT02 biomass resulted in staggeringly high antioxidant
activity (ICso value of 137 pug mL™ for acetone extract) and anticancer activity (ICso value of
306.67 pug mL* for ethyl acetate extract). In the next step, post extracted residual biomass 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 suitable 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
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value biodiesel or biofertilizer designated the strain to be a potential candidate for construction of
biorefinery. Furthermore, commercial viability of the process can be enhanced by implantation of
process engineering strategies at the cultivation of CT02 aiming high biomass titer and

productivity.
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Chapter 5

Development of process engineering strategy for high cell

density cultivation of Tetradesmus obliquus CT02 coupled
with CO: sequestration.
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Fig. 5.1 Graphical abstract

5.1 Background and Motivation

The global concern for alarming increase in carbon footprint, especially the atmospheric CO>
concentration, has mandated the search for feasible carbon capture strategies (CCS). In contrast to
the hazardous and energy intensive chemical methods, biological methods using microbial cell
factories offer natural and sustainable solution for CO2 sequestration [Yaashikaa, et. al., 2019,

Singh et. al., 2019]. Microalgae, the microorganism capable of simultaneous CO, mitigation and
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generation of multiple product array, have gained impetus for building sustainable biorefineries.
With the ease of cultivation and multiproduct paradigm, the commercialization potential of

microalgae has been immensely encouraged by the scientific community.

In spite of all this advantages, there are handful of commercial scale processes in place for CO:
sequestration and synthesis of value-added compounds or bulk chemicals using microalgae. The
key limitations leading to this status quo are, lack of suitable microalgae strains which can tolerate
and grow at higher CO> concentration and lower biomass titer and productivity under fluctuating
outdoor conditions, which considered to be economical way of biomass generation by harvesting
the natural sunlight. To that end, development of optimal process engineering strategies targeting
better biomass titer or productivity coupled with improved CO> sequestration are vital. Rigorous
attempts are being made to upregulate the factors like CO> fixation rate [Cabello et. al., 2017],
substrate utilization [Goswami et. al., 2019], light availability to cells [Muthuraj et. al., 2015]. and
mass transfer of CO [Gongalves et. al., 2016; Qiu et. al., 2017] towards improved biomass
generation. The culture pH, with direct control on solubility of CO2and nutrients, stands as one of
the most critical factors for the dynamics of microalgal growth [Qiu et. al., 2017]. Several reports
also revealed the effect of pH on cell metabolism which has impact on biomass composition i.e.,
protein and lipid content [Qiu et. al., 2017; Difusa et. al., 2017,8]. Owing to these facts, designing
a suitable process engineering strategy for controlling pH in microalgae cultivation is the need of
the hour. Further, in order to realize the process engineering strategy at commercial scale, it is

important to be validated at large scale and under fluctuating environmental conditions.

5.2. Materials and Methods

5.2.1. Microorganism and inoculum preparation

The indigenous CO- tolerant microalga strain Tetradesmus obliquus CT02 was subjected to
experimentation in search of suitable process engineering strategy for improved biomass titer and

productivity. Inoculum for all laboratory scale experiments was prepared by growing the cells in
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algae culture broth (ACB) medium containing (g L™) NaNOs, 1; KoHPOs, 0.25; MgSQy4, 0.513;
NH4Cl, 0.050; CaCl,, 0.058; FeCls, 0.003; in 250 mL Erlenmeyer flasks with working volume of
100 mL, incubated at 28°C temperature and 150 rpm agitation in a shaker incubator (Multitron-
Pro, Infors HT, Switzerland). Light intensity was maintained at 50 HE m2s™ with a light: dark
cycle of 16:8 h. For experiments in 100 L airlift photobioreactor, inoculum was prepared using
ACB medium in 7.5 L automated photobioreactor (Bioflo115®, Eppendorf, Germany) with 5 L
working volume, operated at 200 rpm agitation and 0.5 vvm (volume of air per volume of culture
per min) aeration rate. Culture pH was maintained at 8 through automated on-demand supply of
CO.. Light intensity was maintained at 250 pE ms? with a light: dark cycle of 16:8 h. In the

present study, inoculum size of 10%, v/v was used for all the experiments.
5.2.2. Media engineering for maximization of biomass titer

With an aim to improve the final biomass titer, response surface methodology (RSM) based 3
factors and 5 levels central composite design (CCD) was employed for optimizing the
concentration of key media components such as initial nitrate (NaNOs) concentration, initial
phosphate (K.HPO4) concentration and initial TME (trace and micro element comprising MgSQOg;
NH4CI; CaCl, and FeCls) concentration. 1 unit of TME comprised (g) MgSOs, 0.513; NH4ClI,
0.050; CaCls, 0.058; FeCls, 0.003. Design-Expert® version 7 (Stat-ease Inc., USA) was used for
entire design and analysis purpose. Table 5.1 depicts the coded and actual values of the factors
where +a, +1 (high); 0 (medium); and-1, —a (Low); correspond to high, medium, and low levels
of the variables, respectively. The CCD predicted 19 experimental combinations (Table 5.2)
comprising eight factorial points, six axial points and five replicates of centre points. Experiments
were performed in shake flask maintained at the same conditions as detailed in section 2.1 and
samples were withdrawn at the end of every light cycle to monitor the growth. All subsequent

experiments were performed using optimized ACB medium.
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Table 5.1. Different levels (actual and coded experimental values) of each parameter used in

response surface design for the maximization of biomass titer.

FACT MEDIA COMPONENTS UNITS ALPH -1 0 +1 tALP
ORS A HA
A Initial Nitrogen (NaNO3) gL 05 0.7 1 13 15
concentration
g | !nitial phosphate (KHzPOs) 0 515 019 025 031 035
concentration
Initial trace and micro N
¢ element (TME) concentration UnitL 0.5 0.7 1 1.3 1.5

5.2.3. Growth of CT02 under varied input aeration rate

In order to determine the optimum input aeration rate for growth, CT02 was characterized under
four different flow rates of the inlet air stream: 0.25, 0.5, 0.75, and 1 vvm. Experiments were
conducted in bubble column photobioreactor (Spectrochem Instruments, India) of 500 mL with
working volume of 400 mL. The culture was grown in optimized ACB medium with constant light
intensity of 250 UE m2st and light: dark cycle of 16:8 h, maintained with warm white LED.
Sample was drawn at the end of every light cycle for analysis of growth. Biomass productivity (P,
mg Lt d) was calculated using Eq. (1).

P — Xmax—Xi (1)

Tmax

Where, Xmax and X; are the maximum and initial biomass concentration (g L), respectively. Tmax

is the time required to reach maximum biomass titer (Xmax).
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Table 5.2. Full factorial, central composite design matrix of three variables along with the
response, biomass titer.

Standard Initial nitrate Initial phosphate  Initial TME Biomass titer (gL™)
Order concentration (g concentration (g  concentration
) LY (units L) Observed Predicted
1 0.70 0.19 0.70 1.183 1.180
2 1.30 0.19 0.70 1.130 1.120
3 0.70 0.31 0.70 1.351 1.280
4 1.30 0.31 0.70 1.388 1.360
5 0.70 0.19 1.30 0.907 0.920
6 1.30 0.19 1.30 1.086 1.100
7 0.70 0.31 1.30 1.031 1.030
8 1.30 0.31 1.30 1.377 1.350
9 0.50 0.25 1.00 0.932 0.930
10 1.50 0.25 1.00 1.133 1.140
11 1.00 0.15 1.00 1.079 1.070
12 1.00 0.35 1.00 1.355 1.370
13 1.00 0.25 0.50 1.339 1.360
14 1.00 0.25 1.50 1.144 1.130
15 1.00 0.25 1.00 1.210 1.190
16 1.00 0.25 1.00 1.193 1.190
17 1.00 0.25 1.00 1.191 1.190
18 1.00 0.25 1.00 1.195 1.190
19 1.00 0.25 1.00 1.189 1.190

5.2.4. Growth of CT02 under different pH of the culture

To evaluate the effect of culture pH on the growth performance of CT02, batch cultivation was
conducted at five different static pH i.e. 6,7,8,9 and10. Experiments were performed in 7.5 L
automated bioreactor (Bioflo115®, eppendorf, Germany) with working volume of 3 L and light
intensity was maintained at 250 HE ms with a light: dark cycle of 16:8 h. Input aeration was
maintained at optimal value obtained from the previous experiments and fixed agitation of 200
rpm was introduced for better mixing. For precise maintenance of culture pH throughout entire
period of cultivation, 0.5 Molar HCL and 0.5 Molar NaOH solution was fed to the reactor through
feedback loop with pH sensor. Sample was taken at the end of each light phase and analysed for

determination of biomass titer and productivity.
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5.2.5. Effect of simulated diurnal variation of light intensity on growth and culture pH of

CT02

With the aim of large-scale cultivation of the strain under outdoor condition, experiments were
designed to analyse the influence of diurnal variation in incident light intensity on the
interconnected dynamics of light intensity, growth and culture pH. In order to mimic the diurnal
light pattern of outdoor condition, real time sunlight intensity data was recorded at an interval of
2 hr for the daytime at different days for two different seasons i.e., summer (April to August) and
winter (November to February). Average of the dynamic light intensity profile for different days
were then fitted using Gauss amp distribution function and simulated profiles for variation in light
intensity at different time points of a day in summer and winter were obtained via regression
analysis (Fig. 5.2). Two parallel batch experiments were set up to obtain dynamics of growth and
variation of culture pH under the simulated diurnal variation of light intensity in two different
seasons. The organism was cultivated in bubble column photobioreactor as described in section
5.2.3 and aeration rate at its optimal value was maintained throughout the batch. The light: dark
cycle of 12:12 h was implemented and the incident light intensity was changed at every 2 hr during
12 hr of light phase, according to the simulated sunlight profiles of different seasons. Segments of

exponential growth phase were closely monitored for change in biomass concentration and culture

Summer B Winter
A . Model aussAmp
odeT EITT —e— Experimental value Equation oy t+A"exp(0. 5 (Rc W 2]
—e— Experimental value Equaticn Y=yO+A“exp(-0 8*((x-XCpW}'2 900 - — - Predicted Value Reduced Chi-Sar 726967368
. K -Square 0.93117
2400 — - Predicted value e D AL ‘h_ Ad RSq
—~ 2200+ _ 800 VA
» 2000 T 7004 / \\‘
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Fig. 5.2 Simulated profile of diurnal variation in sunlight intensity for (A) summer and (B) winter
season.
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Specific growth rate (y, h™?) of the organism was calculated based on biomass titer using Eq. (2).

X
In (32)

W= 2

Where, X1 and X are the biomass concentration (g L™) at time (h) T1 and T2, respectively.
5.2.6. Cultivation of CT02 under diurnal variation of light intensity coupled with pH based

COg2 feeding

Based on the understanding (as obtained from the previous experiments in the section 5.2.5) of
interdependent dynamics of light intensity, growth and culture pH, cultivation of the strain with
improved biomass titer and productivity was targeted by employing a process engineering
strategy, based on on-demand supply of CO2 for maintaining optimal culture pH and under diurnal
variation of light intensity. The strain was grown under batch mode in bubble column
photobioreactor with working volume of 400 mL, maintaining the optimal aeration rate of 0.5 vvm
and with the variation of incident light intensity as per the simulated profile for the winter season
(light: dark cycle of 12:12 h). The pH of the culture was maintained at its optimal value of 8, via
cascade control with CO> feeding using solenoid valve which was guided by the pH sensor. The
growth performance of the strain under the application of process engineering strategy was
compared with the batch with uncontrolled pH and without feeding of pure CO, at any point of
time. Both the batches were monitored for their growth at the beginning of every light cycle and
the culture pH was recorded online at every 10 min interval for the whole cultivation period. CO>

fixation rate (Rco,, mg L™ day™) was calculated using Eq. (3)

M
Rco, = CcP 1\‘,:[22 (3)

where, C¢ is elemental carbon content of biomass. Mg, and M, are the molar mass of COz and C

(g mol™), respectively.
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5.2.7. Cultivation of CT02 in 100 L airlift bioreactor under outdoor fluctuating

environmental condition

Growth performance evaluation of the strain under outdoor condition was carried out in 100 L flat
plate airlift bioreactor (FP-ABR) with working volume of 90 L (Fig. 5.3). The FP-ABR was built
using 8 mm thick transparent acrylic panels with dimensions of 75 (H)x 90 (L)x 15 cm (W) and
equipped with the automated CO- based pH control and pH data logging facility. The batch with
optimal static pH was fed with pure CO; as per the feedback control with pH sensor, while the

batch with uncontrolled pH had no input CO, except its normal presence in air.
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Fig. 5.3. Schematic diagram of 100 L FP-ABR showing (A) dimensions (in cm) used for
construction of the bioreactor; (B) working principle of the bioreactor including pH based CO>

feeding system and mixing pattern.
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Aeration rate required for the scaled-up condition was calculated based on the criteria of equal

volumetric power consumption rate (5—6) for both laboratory scale bubble column reactor and large-
L

scale FP-ABR [Guler et. al., 2019].

The volumetric power consumption rate was calculated using Eq. (4)

Pg

v, = PL xXg X Ug (4)
L

where P;; is the power supply by aeration (J s%), V, is the volume of culture medium (L), p, is the
density of the liquid (kg m™®), g is the gravitational acceleration (m s2), and U is the superficial
gas velocity in the aerated zone (m s™*). The volumetric aeration rate was calculated from its

corelation with superficial gas velocity (Ug;) according to Eq. (5).

Ug = L )

Ac

Where Q is the volumetric gas flow rate (m®) and A is the cross-sectional area (m?).

As the volumetric power requirement ( 5—6) is constant for both the bubble column photobioreactor
L
and FP-ABR.

SO,le Xg X UGlz pLz Xg X UGZ

Where p, = density of the liquid in bubble column photobioreactor
Ug, = superficial gas velocity in bubble column photobioreactor
pL,= density of the liquid in FP-ABR
Ug,= superficial gas velocity in FP-ABR
g =gravitational acceleration (m s™2)

For bubble column photobioreactor,
Radius (r) =0.036 m
Ac, = (m x 0.036%) m?

1

= 0.0041 m?
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Q, = 0.2 L min~1 (0.5 vvm for 0.4 L culture volume)

= 0.000003 m*s~!

Q1

UG1 == E
1

= 0.00074 m s~ 1

Assuming negligible change in culture density compared to density of water for both the
cultivation system,

UG:UG

1 2

For flat plate airlift bioreactor (FP-ABR),
Length (L) =0.9m
Width (W) =0.15 m
Ac, = 0.9 X 0.15 m?
= 0.135 m?
Ug

SO, QZ = —2

Acz

= 5.994 Lmin™!

~ 6 Lmin~?!

The experiments were carried out from 06" July 2021 to 19" August 2021. The growth of the
culture was measured at every 4 h interval for the 12 h of daytime starting from 4:30 AM
(Approximate time of sunrise). The incident sunlight intensity (Average of intensity at 4
equidistant points for each side of the reactor surface, Fig. 5.3B) and culture temperature was

recorded at every 2 h for the daytime from 4:30 AM to 6:30 PM. Utilization of nitrate and

phosphate was monitored every day by analysing the culture sample collected at sunrise.

5.2.8. Analysis of growth and substrate utilization

The growth of the organism was determined by measuring the optical density at 690 nm (ODsgo)
using UV-Vis spectrophotometer (Cary 100, Agilent Technologies, USA). Biomass concentration
was calculated using the experimentally established linear correlation, 1 ODsgo = 0.1853 g dry

cells L™t (R? = 0.99). For analysis of substrate utilization, known volume of sample was
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centrifuged at 10000 rpm for 10 minutes and the cell supernatant was collected and subjected to
chemical assays.

5.2.8.1. Analysis of phosphate utilization

Phosphate estimation was carried out using ascorbic acid method with potassium hydrogen
phosphate (dibasic) as standard [Persons et. al., 1984]. Combined reagent (0.16 mL) comprising
(5 N) sulfuric acid, (0.018 M) antimony potassium tartrate, (0.102 M) ammonium molybdate and
(0.1 M) ascorbic acid was used for estimating the phosphate content in the supernatant of 1mL.
The absorbance was read at 880 nm after incubation for 10 minutes at room temperature.

5.2.8.2. Analysis of nitrate utilization

Estimation of nitrate present in the supernatant was done using salicylic acid method and keeping
sodium nitrate as the standard [Cataldo et. al., 1975]. In this method, 0.1 mL of the supernatant
was mixed with 0.4 mL of 5 % (wi/v) salicylic acid in sulfuric acid followed by incubation for 20
minutes at room temperature which yields a yellow-coloured solution after neutralization with 9.5
mL of 2N NaOH. The absorbance was observed at 410 nm after cooling the tubes to room

temperature.

5.3. Results and Discussion

5.3.1. Optimization of cultivation conditions for growth of CT02

5.3.1.1. Media engineering for maximization of biomass

Statistical model-based optimization method is preferred over conventional one as it considers the
interaction between input parameters and also rationally search their optimal value throughout the
input range. To that end, the media components for growth of CT02 were optimized using response
surface methodology (RSM) based central composite design (CCD) where a total of 19
experiments were performed. The biomass titres obtained from these experiments were used as
response towards development of quadratic model. The estimated regression coefficients and their
significance (p-value) as obtained from Analysis of Variance (ANOVA) is shown in Table 5.3.

All linear, square and interaction terms of the model were found to be significant except the
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interaction between initial concentration of phosphate and TME. The significance of the model

was depicted by high regression coefficient (R of 0.99). The model was rationally expressed as
second order polynomial equation (Eq.6) which depicted the relationship between biomass titer
and media components. Interactive effect of the media components on the biomass titer is shown
as 3D surface plot (Fig. 5.4).

Biomass Titer = 1.19 + 0.064 X A+ 0.089 x B — 0.069 x C + 0.035 x AB + 0.060 AC +
0.003 x BC — 0.054 x A% + 0.012 x B2 + 0.02 x C? (6)
Further, validation of the model was confirmed by comparing the predicted biomass titer (1.38 g
1) with the experimental value (1.35 g L™%) at optimized concentration of nitrate (1.11 g L™Y),
phosphate (0.31 g L ™) and TME (0.71unit L™). CCD-RSM based optimization of the process
variables resulted in 36.8% increase in biomass titer while compared to un-optimized condition.
Similar to the present study, various studies have shown CCD-RSM based media optimization as
an effective strategy towards improvement in biomass titer [Makut et. al., 2019; Verma et. al.,

2020; Fawzy et. al., 2017].

Table 5.3. Analysis of variance (ANOVA) for the selected quadratic model of biomass titer.

Source Sum of Squares Degree of  Mean Square F value p-value
freedom (dr) Prob > F
Model 0.3214 9 0.03571 140.456 < 0.0001
A-nitrate 0.0559 1 0.05585 219.670 <0.0001
B-phosphate 0.1074 1 0.10740 422.409 <0.0001
C-TME 0.0646 1 0.06461 254.125 <0.0001
AB 0.0100 1 0.01001 39.375 0.0001
AC 0.0292 1 0.02916 114.694 <0.0001
BC 0.0001 1 0.00007 0.260 0.6223
A? 0.0395 1 0.03953 155.466 < 0.0001
B2 0.0018 1 0.00184 7.218 0.0249
C? 0.0057 1 0.00570 22.417 0.0011
Residual 0.0023 9 0.00025
Lack of Fit 0.0023 5 0.00046 914.508 < 0.0001
Pure Error 0.0000 4 0.00000
Cor Total 0.3237 18
R? 0.9929 Adjusted R? 0.9859 Predicted R? 0.9463
98
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Fig. 5.4. 3D response surface plot showing the interactive effect of the media components on the biomass titer of CTO02.
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5.3.1.2. Growth of CT02 under the variation of input aeration rate

In any microbial cultivation system, in particular air lift or bubble column, aeration plays critical role
on gas liquid mass transfer [Zhang et. al., 2002], mixing [Yaqoubnejad et. al., 2021] and substrate
utilization efficiency [Tang et. al., 2015] and in turn, on growth performance of the organism. Further,
finding the optimal level of aeration is also important for avoiding any possible shear stress to the
microbial cells [Zhao et. al., 2015]. Therefore, the effect of input aeration rate on growth of CT02 was
evaluated at four different aeration rates ranging from 0.25 vvm to 1 vwm (Fig 5.5). The highest
biomass titer and productivity of 1.8 g L™ and 71 mg L day! was recorded for the aeration rate of 0.5
vvm (Fig. 5.5B). However, growth performance of the organism was linearly compromised with

increase in flow rate beyond 0.5 vvm (Fig. 5.5A and 5.5B).
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Fig. 5.5. Effect of varied aeration rate on the growth performance of CTO02 cultivated under

photoautotrophic condition: (A) Dynamic profile of growth, (B) Biomass titer and productivity.

The inferior growth performance of the organism at relatively higher aeration rate may be attributed to
the enhanced dissolved oxygen (DO) content, which might have caused inhibition in photosynthetic
pathways [Tang et. al., 2015]. A significantly reduced biomass titer of 0.94 g L™ and productivity of
50.9 mg L™ day was observed at lower air flow rate of 0.25 vvm (Fig. 5.5B). This strongly resembled
with the fact that lower aeration rate can cause reduced gas liquid mass transfer coefficient for CO. and
inefficient mixing [Goswami et. al., 2019; Zhao et. al., 2015]. Therefore, an aeration rate of 0.5 vvm

was used in all subsequent experiments.
5.3.1.3. Growth of CT02 under different culture pH

Culture pH has been shown to exert significant impact on metabolic activity of the cells [Chen et. al.,
1994; Qiu et. al., 2017], solubility of nutrients and availability of carbonaceous compounds [Qiu et.
al., 2017; Difusaet. al., 2015]. In particular, for photosynthetic organism like microalgae, the speciation
of dissolved inorganic carbon is tightly regulated by culture pH, leading to the formation of bicarbonate
(HCO3") pool, which, further ensures sufficient supply of CO, for the activity of RuBisCo during
photosynthesis and reduces counterproductive oxygenase activity [Umetani, et. al., 2021]. Therefore,
finding optimal value of culture pH and its maintenance throughout the cultivation period become
imperative for developing a microalgae cultivation process. In the present, CT02 was characterized
under four different culture pH ranging from 6 to 9 (Fig. 5.6A). Amongst all, the culture with pH 8
showed highest biomass titer and productivity of 1.93 g LY and 107.6 mg L day?, respectively,
followed by pH 7 (1.53 g Lt and 103.2 mg Lt day?) and pH 9 (1.18 g L™* and 91 mg L day!) (Fig.
5.6B). The biomass titer achieved at culture pH 8 increased by 132.5 % while compared to the batch
with uncontrolled pH. However, cultivation at pH 6 resulted in reduce biomass titer and productivity
as compared to uncontrolled pH. The result of the current study was found to be in line with the study

on Scenedesmus sp. where decline in biomass productivity was prominent high acidic (pH 5 to 6) and
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alkaline (pH 9) condition of the culture [Difusa et. al., 2015]. Therefore, culture pH of 8 was found to

be optimum for CT02 and was considered for designing the process engineering strategy.
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Fig. 5.6. Effect of different culture pH on the growth performance of CTO02 cultivated under

photoautotrophic condition: (A) Dynamic profile of growth, (B) Biomass titer and productivity.

5.3.2. Characterization of growth and culture pH under simulated diurnal variation of light

intensity

Photoautotrophic growth of microalgae critically depends on optimal availability of light as source of
energy and CO> as source of carbon (and in turn culture pH). In view of the economic feasibility and
positive net energy ratio (NER), commercial scale cultivation of microalgae is recommended to be

carried out under outdoor condition, harvesting natural sunlight [Koley et. al., 2019, EI Shenawy et.
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al., 2020]. However, under outdoor condition the organism is subjected to both diurnal and seasonal
variation in incident light intensity and temperature. Therefore, in order to design an effective process
engineering strategy, one would require to understand the complex interplay between diurnal and
seasonal change in light intensity, growth of the organism and change in culture pH. Variation in
growth and associated change in culture pH was evaluated under diurnal variation of simulated light
intensity in two different seasons summer and winter (Fig. 5.7). In the summer, the incident light
intensity was varied from 88 to 2132 HE ms™ and for winter the same was varied from 76 to 801 pE
m?s. In order to capture micro level change in growth and pH profile during light cycle of three
different growth phases vis-a-vis early log (96- 156 h), mid log (240- 300 h) and late log (384- 444 h),
sampling was performed at an interval of 4 h for growth and 2 h for culture pH. In both the seasons,
during initial half of the light cycle (4-8 h), concomitant increase in specific growth rate was observed
with the increase in light intensity, followed by a decline in specific growth rate as the light intensity
went down in the later phase of the light cycle. Further, sharp increase in pH of the fermentation broth
from ~ 7.5 to ~10 was observed during increment in specific growth rate, which was linked to the
elevated utilization of CO> as carbon source. It is important to note that the after attaining its peak, pH
of the broth remained at its maximum till the end of the light phase. The results indicate that, during
majority of the light cycle, the organism was exposed to a pH significantly higher than its optimal value
(pH 8), causing suboptimal growth. The increase in broth pH was evidently higher with progression of
the culture age, as observed from the pH profile in mid log phase and late log phase of the growth.
Based on this result it can be concluded that the growth of the organism was negatively regulated from
dual action of higher culture pH and limitation of carbon source. This implies the need of developing
a process engineering strategy enabling the growth of the microalgae at optimal pH and without

experiencing any possible CO> limitation.
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Fig. 5.7. Dynamic profile of biomass titer, specific growth rate and culture pH at different phases of logarithmic growth of CT02 under simulated diurnal sunlight

intensity with seasonal variations.
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5.3.3 Cultivation of CT02 coupled with pH guided CO:2 feeding under simulated sunlight

In case of phototrophic growth of microalgae, pH of the broth provides indirect measurement
of CO- availability to the organism. This offers scope to design a process engineering strategy
where pH of the culture can be maintained at its optimal value via cascade control with CO;
feeding. Interdependent dynamics of light intensity, growth and culture pH (as obtained from
the section 5.3.2), indicate that such process engineering strategy, based on on-demand supply
of COz under varied light intensity, may results in improved biomass titer and productivity by
maintaining optimal culture pH and eliminating CO> limitation. Two parallel batches of CT02
were performed where all the growth parameters were kept identical except in one batch, the
pH of the culture was maintained at optimal value of 8 through cascade driven intermittent
purging of CO; and in another batch, culture pH remained uncontrolled (Fig. 5.8B). The batch
with controlled pH resulted in maximum biomass titer of 1.87 g L (Fig. 5.8A), an
improvement by 53.3% when compared with the batch with uncontrolled pH (1.22 g L™). The
improvement in the growth performance of the organism was also marked in terms of higher
biomass productivity 114.8 g L day and average specific growth 0.25 day, when culture
pH was maintained at its optimal value (Fig. 5.8A) via pH based CO, feeding strategy. The
inferior growth performance of the pH uncontrolled batch attributed to the gradual increase in
culture pH from 8 at the beginning of the batch to 10.7 at the end of the batch (Fig. 5.8B).
Further, this increase in culture pH depicts CO> limitation to the organism. The process
engineering strategy involving pH based CO> feeding was able to eliminate both, pH stress to
the organism and limitation of the carbon source and thereby, resulted in improved growth
performance even under fluctuating light condition (Fig. 5.8C). The CO: fixation rate of the
pH controlled batch was calculated to be 200 mg L™ day™* which was 92.7 % increase compared
to the batch with uncontrolled pH (103.8 mg L™ day™) (Fig. 5.9). Many studies on microalgal

cultivation technology reported to observe similar improvement in growth using CO; feeding
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strategies [Mohsenpour et. al., 2016; Lakshmikandan et. al., 2020; Zhao et. al., 2015; Patil et.
al., 2019]. However, in majority of the cases, CO2 supply remained non-systematic and or did
not focus on optimal utilization of the input gas. To that end, the on-demand CO; injection
based on culture pH offer optimal balance between growth and bio sequestration of CO>

ensuring maximum utilization of input gas abating re-emission of CO2 back to the environment.
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Fig. 5.8. Batch cultivation of CT02 under simulated diurnal sunlight intensity implementing

process engineering strategy with pH based CO- feeding. Dynamic profiles of (A) biomass titer
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(with comparative data for biomass productivity and average specific growth rate); (B) culture

pH and (C) light intensity.
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5.3.4 Large scale cultivation of CT02 using process engineering strategy under fluctuating

outdoor condition

The appropriation of the process engineering strategy developed lies in its scalability and
effectiveness under fluctuating outdoor conditions. To that end, the organism CTO02 was
cultivated in 100 L FP-ABR under the outdoor fluctuating environmental condition, both under
controlled and uncontrolled culture pH. The batch with optimal culture pH of 8, resulted in
biomass titer of 1.14 g L™ with productivity of 59.4 mgL* day (Fig. 5.10A). This biomass
titer and productivity was significantly higher than the pH uncontrolled batch, the
corresponding value for the same was recorded as 0.35 g L™ and 26.8 mg L™ day*(Fig. 5.10A).
However, the biomass titer and productivity achieved in pH controlled batch under outdoor

scale-up condition was found to be lower than that obtained for indoor condition. This was
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attributed to the fluctuating temperature range of 26 °C to 40°C (Fig. 5.10B) and variation in

the range of diurnal sunlight intensity (Fig. 5.10D).
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Fig. 5.10. Batch cultivation of CT02 in 100L FP-ABR using the process engineering strategy

under fluctuating outdoor environmental condition. Dynamic profiles of (A) biomass titer; (B)

temperature (C) culture pH; (D) light intensity; (E) phosphate utilization and (F) nitrate

utilization.

As oppose to indoor condition, the pH of the culture in uncontrolled batch under outdoor

condition was found to increase from 8 to 9.7 in the initial phase of the fermentation, followed

by gradual decrease, which was attributed to the decrease in growth and in turn in CO>

utilization (Fig. 5.10C). In context of CO, fixation rate, 121 % improvement was observed for

batch with the process engineering strategy (99.5 mg L™ day?®) compared to batch with
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uncontrolled pH (Fig. 5.9). The improved growth performance of the organism in pH controlled
batch also corroborated well with the utilization pattern of nitrate and phosphate (Fig. 5.10E
and 5.10F). Most of the reports on outdoor cultivation of microalgae have not adopted proper
CO. feeding strategy or did not follow the cardinal rule of scale up [Qiu, et. al., 2017, Gupta
et. al., 2019]. In contrast to that. the present study made significant progress in microalgal
biomass generation by pH guided CO> sequestration strategy, efficient utilization of available

natural light source and maintaining optimal aeration rate thus minimal operational expenses.
5.4. Conclusion

Tetradesmus obliquus CT02, an indigenous microalgal strain was subjected to the stepwise
optimization of cultivation conditions followed by development of process engineering
strategy involving pH based CO> feeding which resulted in significant improvement in both
biomass titer and productivity. Characterization of CT02 under simulated diurnal variation of
sunlight revealed that there was an interdependency between growth, culture pH and light
intensity, leading to the establishment of culture pH was as guiding parameter for CO> feeding.
The strategy, not only offers systematic guidance to CO- feeding, but also enables to maintain
the desired pH of the culture throughout entire phase of cultivation and in turn, cells maintain
their biological machinery at their optimal metabolic state. The key feature of the strategy
remains its ability to offer improved growth performance of the organism, even under
fluctuating outdoor environmental conditions. Extent of CO; sequestration, being linked to the

growth, was also co-elevated with the improvement in biomass titer and productivity.
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Chapter 6

Conclusions

The present study deals with the development of microalgae based sustainable commercial
technology and cumulatively addresses the major bottlenecks of like suitability of microalgal
strain for CO> sequestration, low biomass titer and productivity. At the onset of the study,
Tetradesmus obliquus CT02, a potential COztolerant indigenous microalgal strain, was isolated
through a novel CO> selection pressure-based screening strategy. The strain exhibited a high
CO: tolerance of 20% v/v, supporting its suitability towards biological CCS. Broad
characterization of the isolated microalgal strain was performed stepwise, in order to select the
suitable culture medium, initial pH, limiting nutrient sources (nitrogen and phosphate). Under
selected nutritional and physicochemical conditions, CT02 was found to hold high protein and
lipid content of 35.96% w/w and 41.21% wi/w respectively which divulged the multiproduct
potential of the strain. With the aim of developing economically viable process, a biorefinery
approach was adopted for CT02 biomass in two sequential steps, resulting in alternate product
cascades of bioactive molecules and biodiesel or biofertilizer. As the first step, bioprospecting
of CT02 was performed for five different solvent based crude extracts. Amongst the five crude
extracts screened for their antioxidant and anticancer activities, acetone extract showed highest
antioxidant activity with 1Cso value of 137 pg mL™ and ethyl acetate extract exhibited
maximum anticancer activity with 1Cso value of 306.67 pug mL™*. HR-LCMS analysis of the
selected extracts depicted the presence of an array of bioactive molecules which may be
contributing to their antioxidant and anticancer activities. Further, the residual biomass of

CTO02 post solvent extraction was evaluated for its potential towards biodiesel production.
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High FAME vyield of 33.1% - 36.7% w/w was obtained from both acetone and ethyl acetate
extracted biomass. 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
suitable for use as biodiesel. While evaluated for biofertilizer potential, the post extracted
residual biomass showed significant inductive effect on 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 which were comparable to that of
commercial grade NPK.

In order to improve the achieve improved biomass titer and productivity for large scale outdoor
cultivation of CT02, a process engineering strategy was developed stepwise. Media
engineering via RSM-CCD based optimization resulted in 36.8 % and 26.5% improvement in
biomass titer and productivity respectively. Following the optimization of batch cultivation
parameters like input aeration rate and culture pH, the strain was characterised for its growth
performance under diurnal variation of simulated sunlight intensity. The close corelation
between growth, culture pH and incident light intensity observed in this case. The observation
led to the development of pH-guided CO» feeding strategy which eliminated the negative action
of higher culture pH and limitation of carbon source on microalgal growth. Implementation of
the strategy in laboratory scale under simulated sunlight have significantly increased the
growth rate of the organism resulting in maximum biomass titer of 1.87 g L™ and biomass
productivity of 114.8 g L™ day*. Moreover, the CO; fixation rate of pH-controlled batch was
calculated to be 200 mg L™ day™* which was 92.7 % increase compared to the batch with
uncontrolled pH (103.8 mg L day™). When cultivated at large scale in 100L FP-ABR under
outdoor fluctuating environmental condition, the developed strategy recorded 226% and 122%

improved biomass titer and productivity compared to the batch with uncontrolled pH.
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Futu re Prospects

v' Commercial scale evaluation of the strain’s potential towards multiproduct biorefinery.

v Development of energy efficient technology for harvesting of CT02 biomass and
subsequent downstream processing for extraction of value-added compounds.

v Understanding the biosynthesis pathways and appropriate metabolic engineering for
improved product yield.

v" Technoeconomic feasibility analysis of the end-to-end technology for microalgal

biorefinery coupled with CO> sequestration using Tetradesmus obliquus CT02.
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Appendix A

Identification of compounds with antioxidant and
anticancer activity using HR-LCMS-QTOF
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Fig. Al. HR-LCMS-QTOF chromatogram of acetone extract of CT02

Compounds with antioxidant activity present in acetone extract

1. 3'-N-Acetyl-4'-O-(14-methylheptadecanoyl) fusarochromanone
Molecular formula: Css Hse N2Os  M/Z ratio: 601.4218 Molecular mass: 600.42
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Compound structure

MS spectrum
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2. 2-Hexaprenyl-3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinol
Molecular formula: Css Hss O M/Z ratio:583.41 Molecular mass: 578.43

Compound structure

MS spectrum
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16]  242.2834

1.4
1.2

14
0.8
0.6
0.4
0.2

600.4147
>

485.2871 754 5588 876.5557

Al - o Saikeat L A
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

3. 16-Hydroxy hexadecanoic acid

118
TH-2951_166106019



Molecular formula: Cis H:» Oz M/Z ratio: 290.27 Molecular mass: 272.23

Compound structure

o

W\N\N\/\/\/\J\m

MS spectrum

x10 % |Cpd 4: 16-Hydroxy hexadecanoic acid: +ES| Scan (9.608, 9.788 min, 2 Scans) Frag=175.0V §11-..

290.$677
8- ([C16 H32 P3]+NH4)+

242.2838
‘\/\/\/\/\/\/\/\/L\
44 o

24 362.1791 531.2706 40 3149 816.4207

s T L 1
200 250 300 350 400 450 500 S50 600 650 700 750 800 850 900 950
Counts vs. Mass-1o-Charge (m/z)

4. Nigakihemiacetal A
Molecular formula: C» Has O;  M/Z ratio: 415.21 Molecular mass: 410.23

Compound structure

MS spectrum

x10 5 |Cpd 6: Nigakinemiacetal A: +ES| Scan (11.886, 12.032 min, 2 Scans) Frag=175.0V S11-ACETON...
242.2835 415$097 ,
84 (IC22 H34 O7}+Na)+[-H20] (
6 & 4
o O
' O
24 304.2985 : v o
599.4070 7444504 ug.uos
0 ) |l . | II ll l i x )

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

5. Dinoflagellate luciferin
Molecular formula: Css Hio N4 Os M/Z ratio: 593.27 Molecular mass: 588.29
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Compound structure

MS spectrum
x10 5 [Cpd 39: Dinoflageliate luciferin: +ES| Scan (18.062, 18.202 min, 2 Scans) Frag=175.0V S11-ACE..
2423834 5939738
4 (IC33 H40 N4 Q6J+Na)+{-H20] | |
3- T ()~
24
502.4078 ~
14 338.3399 /,5539 \ 902.8141
0 ol " 1 l L M l | F Al | a M l a

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

6. Convallasaponin A
Molecular formula: Cs Hs; O9 M/Z ratio: 598.40 Molecular mass: 580.37

Compound structure

?

O
I

MS spectrum
x10 5 |Cpd 26: Convallasaponin A: +ES| Scan (16,359, 16.483 min, 2 Scans) Frag=175.0V S11-ACETO..
242.3834 598 $997
2.54 ([C32 H52 D)+ NH4)+

24
1.5-

14

- ] 754 5585 876.5567

Ll L.l (Y i e b

200 250 300 350 400 450 500 550 600 650 700 750 BOO0 850 900 950
Counts vs. Mass-to-Charge (m/z)

300.2882 401.2821
0.54
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7. Brassinolide
Molecular formula: CxsHiss Os  M/Z ratio: 498.38 Molecular mass: 480.34

Compound structure

MS spectrum

x10 5 |Cpd 17: Brassinolide: +ESI Scan (14.327, 14.490 min, 2 Scans) Frag=175.0V S11-ACETONE-EX..
i 242.3835 472.p613

24
1.5

14

0.5 349.2103 ‘ 634:4196- 848.5123
0 alul ‘l LI.L J.lh JJALLIL i LAIIlL.A L4 N 1 1

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

8. Tridecan-1-ol
Molecular formula: CisH,s O  M/Z ratio: 200.24 Molecular mass: 200.21

Compound structure

=3C

O

MS spectrum

x10 5 |Cpd 2: Tridecan-1-ol: +ESI Scan (6.214, 6.379 min, 2 Scans) Frag=175.0V S11-ACETONE-EXT.d
p

24
1.51
14

0.5 |
299.1088 453.3404 679.5077

IL [P | 1 PRI . i
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
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Sample Name S11-ETAC-ECT Position F1-E2 Instrument Name QToF User Mame
Inj Val 5 InjPasition SampleType Sample IRM Calibration Status Sucress
Data Filename  S11-ETAC-EXT.d ALY Method 30miin_+ESI_11012021 Comment Acquired Time 142021 5:04:35 AM

w10 & | +ES! RPC(al [-2]) Scan Frag=175.0V $11.ETAC-EXT .o

TIEH 1
7.5
7.25]
T4
5.754
5.5
5.25
5
5.75+
5.5
5.25
5
4.7 5
4.5
4. 25

Fp
3.754
3.5+
3. 25
=
2.75
2.5+
2.25
=
1.754
1.5+
1.254
1
0.75+
0.5+
0.254
i

e d s s 78 e 0 g BB LIRS ARy 2021 97 28 00 28 2807 28 2B

Fig. A2. HR-LCMS-QTOF chromatogram of ethyl acetate extract of CT02

Compounds with anticancer activity present in ethyl acetate extract

1. Dioscin
Molecular formula: Cs H72 O16 M/Z ratio: 868.5 Molecular mass: 868.48

Compound structure

03
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MS spectrum

x10 & |Cpd 6: Dioscin: +ES| Scan (7.147 min) Frag=175.0V S11-ETAC-EXT.d

54
H N L/T
o AL
2] U -

SR GNP
11 219.0641 414,3346 576.3873.- L/' ‘rzz.«51"fj'~k-

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

2. (5b,12a), 9-anthracenylmethyl ester, 12-hydroxy- Cholan-24-oic acid
Molecular formula: Css Hso O3 M/Z ratio: 584.42 Molecular mass: 566.39

Compound structure

MS spectrum

x10 5 |Cpd 37: (5b,12a), 9-anthracenylmethyl ester, 12-hydroxy- Cholan-24-oic acid: +ES| Scan (16.798, .
4 242 2836 396.4552 60D 4156 N
SO
3 N ~
| ‘. /L_ I
2- -
783.3847
\
N 352.3195|  483.2464 ~ \
8145
0 wmalt L 1) .;ll .I...luﬂ.l.".| lllLLuLaln:l;L wTY Lm..-:; 1 l e . 'Y .ll.

200 250 300 350 400 450 500 550 600 650 700 750 8OO 850 900 950
Counts vs. Mass-to-Charge (m/z)

3. Dinoflagellate luciferin
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Molecular formula: Css Hio Ns Os  M/Z ratio: 593.27 Molecular mass: 588.3

Compound structure

MS spectrum

x10 5 |Cpd 45: Dinoflagellate luciferin: +ESI Scan (17.778, 17.975 min, 2 Scans) Frag=175.0V S11-ETA..

7 242.3834 5939739 :
(IC33 H40 Nd Q6J+Na)+[-H2G] | §

| "‘

3. 424 4862

483.2459 902.8133

14 = ae
ol Al LL|.|[.I\‘A|1 ..lul _ L hata s O |

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

4. 16-Hydroxy hexadecanoic acid
Molecular formula: Cis H:» Oz M/Z ratio: 290.27 Molecular mass: 272.23

Compound structure

=]

h'c'\/\./\./\/\./\/\/\.J\
=

MS spectrum
x10 5 |Cpd 10: 16-Hydroxy hexadecanoic acid: +ESI Scan (9.620, 9.807 min, 2 Scans) Frag=175.0V S11..
290 9680
54 ([C16|H32 D3]+NH4)+
4
s | Jy
Y . Y Y e e »
2
362.1791
1 531.2706 6403149 816.4187
0 I.'!l. 7 VORI § WOUI S S—
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charae (m/z)
5. Gracillin
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M/Z ratio: 884.5

Molecular formula; Css H7» O17 Molecular mass: 883.5

Compound structure

MS spectrum
x10 5 [Cpd 5: Gracillin: +ESI| Scan (6.909, 7.070 min, 2 Scans) Frag=175.0V $11-ETAC-EXT.d
J 884 $980
7- ([Ca5 HHSU]*H)‘
64 Py
4' L u\ o - !
U, =

3- T e a -
24 219.0646 414.3349 L Q . O\

576.3873 . ) N
1 224438 \
0 .‘_‘.‘A_.ll kkkkkk Ak l 2l L A l X

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

6. Phytosphingosine

Molecular formula: Cis Hzs N O; M/Z ratio: 300.29 Molecular mass: 317.29

Compound structure

MS spectrum

x10 5 |Cpd 32: Phytosphingosine: +ES| Scan (16.387, 16.537 min, 2 Scans) Frag=175.0V S11-ETAC-EX..
) 242.2836 1 396.4550 600.4149

485.2885

Ol lid b ..l_l l.lJn

200 250 300 350 400 450 500 550

9028125

P

J‘ 769.3682
Ao i I. FRUN

600 650 700 750 800 850 900 950

Counts vs. Mass-to-Charge (m/z)

7. 3'-N-Acetyl-4'-O-(14-methylheptadecanoyl) fusarochromanone
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Molecular formula: Css Hss N> O M/Z ratio: 601.42 Molecular mass: 600.41

Compound structure

H3C O3
o
o
NH2

(=]

3} o
=3C (=]

MS spectrum

x10 5 |Cpd 47: 3'-N-Acetyl-4"-O-(14-methylheptadecanoyl)fusarochromanone: +ESI Scan (18.249, 18.44..

3 M
&l 2429834 6004154

34 >§

2.51 g\

21
siggﬂwrvv\m«m&zﬁ .

14 328 3195 4244859

0.5
n.l.l 24 IJ.II‘.AILI.LL LlAlAll.l l". ll ; : : L . . ) : y
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

1.51
816.6531

8. Tridecan-1-ol
Molecular formula: Ciz His O M/Z ratio: 200.24 Molecular mass: 200.21

Compound structure

=30
WW\/\/\Q..

MS spectrum

x10 5 |Cpd 3: Tridecan-1-ol: +ESI Scan (6.245, 6.379 min, 2 Scans) Frag=175.0V $11-ETAC-EXT.d
1197.§166
3.5-
3.
25- |
24 299.1089 B P P
1.5-
0_;_J.L. 474.3239 5752231 723.2107 870.5167
0- l..u.l_.u VOV l.l —— . —i—any . . ‘LIKL .
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Counts vs. Mass-to-Charge (m/z)

9. Decyl butanoate
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Molecular formula: Cis His O,  M/Z ratio: 228.23 Molecular mass: 228.21

Compound structure

o

HI/WW\O/I\/\OQ3

MS spectrum

x10 5 |Cpd 26: Decyl butanoate: +ESI Scan (15.036, 15.169 min, 2 Scans) Frag=175.0V S11-ETAC-EXT..
2423835  354.4083

2

1.54

14 546.3984 B P P P N /k/\ :

678.4767

0.5 [ “ U‘. ” ‘ | ' | 766.5280 902.8143
0 _n_lll " .|J. 1 la

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
10. TG (18:1(112)/16:1(92)/18:1(112)) [is03]
Molecular formula: Css Higo Os M/Z ratio: 874.78 Molecular mass: 856.75

Compound structure

H3C

H3C

o0
C=T
Qﬂio o

MS spectrum

«10 5 [Cpd 60: TG(18:1(112)116:1(92)/18:1(112))[is03]: +ESI Scan (26.679 min) Frag=175.0V S11-ETA..
242 9834 8716711

2.
oA | 923.7431
1.5 JI
" J
&,
- 3%4545 /‘\I'\/\yi\/\ ' T e -
o ss06269 gszests | |
oLl afud bl ol | | L L »

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
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