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Abstract

The rise in anthropogenic carbon dioxide emissions has led to a need for efficient and
scalable carbon capture systems. Microalgae offer a promising approach to carbon capture from
a variety of sources, including industrial gases and dissolved inorganic carbon. The resulting
algal biomass can serve as feedstock for biofuels and high-value products such as
polyunsaturated fatty acids, carotenoids, and proteins, with applications in the personal care,
healthcare, and nutraceutical markets. The aim of this thesis was to develop a bicarbonate-
based microalgal system for carbon capture from mushroom production and the concomitant
generation of value-added products from the spent algal biomass and mushroom waste. Firstly,
three freshwater microalgal species Parachlorella kessleri, Scenedesmus quadricauda, and
Vischeria sp., and two marine microalgal species Phaeodactylum tricornutum, and
Porphyridium purpureum were evaluated at varying inorganic carbon concentrations to
identify the most tolerant and suitable species. Vischeria sp. and Porphyridium purpureum
were selected for further studies based on their growth profiles, carbon removal efficiencies,
and concentrations of value-added products including fatty acids and pigments. Using these
two species, a bicarbonate based integrated carbon capture and algal production system was
developed for mushroom cultivation at small scale. This involved the capture of carbon dioxide
generated from a mushroom growth chamber in a modified microalgal growth medium,
followed by the cultivation of the selected microalgal species in this medium. The effects of
pH on cell growth, carbon capture efficiencies, and biochemical profiles of both species were
studied in (1) ‘mushroom-bicarbonate media’, containing dissolved inorganic carbon generated
from the carbon dioxide captured during mushroom cultivation and (2) ‘synthetic media’
containing commercial sodium bicarbonate. Vischeria sp. performed better in the synthetic
media whereas Porphyridium purpureum performed significantly better in the mushroom-
bicarbonate media. The inorganic carbon removal efficiency by Vischeria sp. from the
synthetic media (94.9%) was higher compared to mushroom-bicarbonate media (30.6%).
Similarly, the estimated removal of inorganic carbon was 85.4% in mushroom-bicarbonate
media, which was 2.1 times higher than in synthetic media (40.7%) by Porphyridium
purpureum. These results suggest that Porphyridium purpureum exhibited higher adaptability
and tolerance to high sodium concentrations in mushroom-bicarbonate media, while carbon
utilisation was lower in synthetic media due to lower sodium content. Furthermore, the study
highlighted the importance of culture pH in improving inorganic carbon utilisation. Finally,

based on the results of the small-scale studies, an integrated process was evaluated in
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photobioreactors to demonstrate the scalability of the process. A small-scale study on
Porphyridium purpureum performed significantly better in the mushroom-bicarbonate media
with 87.3% inorganic carbon removal at pH 7 compared to Vischeria sp. (67.3%) at pH 9. The
biochemical profiles of Vischeria sp. revealed that the carbohydrate content was similar, with
47.6% in synthetic media and 48.9% in mushroom-bicarbonate media. In Porphyridium
purpureum, the lipid content in mushroom-bicarbonate media was similar compared to
synthetic media, at 17.2% and 3.1%, respectively. The carbohydrate content was 47.7% in
synthetic media and 51.7% in mushroom-bicarbonate media. Vischeria sp. in the synthetic
media showed higher antioxidant properties compared to Porphyridium purpureum.
Additionally, this study evaluated the antioxidant and photoprotective properties of extracts
from spent algal biomass and mushroom exudate for potential applications in bio-based
cosmetics. This suggests that the system could not only function as an effective model for
evaluating the carbon dioxide sequestration capacities of microalgae, but also be integrated into
a working mushroom farm to capture the carbon dioxide as well as generated value-added

products from the spent algal biomass and mushroom waste.
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CHAPTER 1

Introduction

1.1 Research background

Growing industrialisation and urbanisation have led to a significant increase in the
concentration of greenhouse gas especially carbon dioxide in the atmosphere. This has resulted
in a series of problems that the world currently faces, including global warming and ocean
acidification. For a balanced ecosystem, biological and geological sources for carbon capture
must be in equilibrium through carbon deposition in soils and oceans and carbon utilisation by
photosynthetic organisms (Sayre, 2010). Since the commencement of the industrial age, there
has been a shift in the carbon balance from 280 to 400 ppm in the atmosphere due to increased
emissions from fossil fuel combustion, reduction in carbon sequestration by deforestation,
increase in domestic energy consumption (heating and cooling), and agricultural activities
(Maryshamya et al., 2019). Approximately 80% of the total energy consumed in the industrial
sectors generates about 24 giga tons of carbon dioxide produced annually through the
combustion of fossil fuels, which has caused an increase in the atmospheric carbon dioxide
concentration (Beigbeder ef al., 2021; IPCC, 2022). According to the International Energy
Agency, approximately 45 million tons of carbon dioxide are captured by carbon capture,
utilisation, and storage (CCUS) facilities globally. These facilities are still lagging expectations
and require substantial development to achieve this goal from industrial sectors such as power
plants, cement, fertiliser industries, and chemicals (IEA, 2021).

The agricultural sector accounts for about 10% of carbon dioxide emissions through
activities such as crop production, burning of biomass, decay, and usage of agrochemicals
(Waheed et al., 2018). Mushroom farming is the process of cultivating fungi for food,
medicinal use, and other purposes. It involves the use of agricultural waste as a growing
medium, which not only provides a sustainable method of farming but also contributes to waste
management. There has been a notable increase in consumer demand for mushrooms,
particularly specialty varieties like Pleurotus spp., over the recent years (Barh et al., 2019).
Among agarics, the genus Pleurotus has a higher number of reported cultivated species than
any other genera. The genus Pleurotus recognised as oyster mushroom belongs to the class
Basidiomycota and the family Pleurotaceae (Singh and Kamal, 2017). Globally, Pleurotus spp.

is the second most widely cultivated mushroom after shiitake mushroom, (Royse et al., 2017).
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The economic importance of edible mushrooms has been valued at over US$30 billion globally
amounting to approximately 7 million tons of production per year (Pavlik et al., 2020).
Mushroom cultivation has become a commercial farming technique in both developed and
developing countries such as the USA, Great Britain, China, and some African countries such
as Ghana and South Africa, with China being the largest producer of approximately 4 million
tons per year. Pleurotus ostreatus (oyster mushroom) comprises nutritional sources such as
iron, carbohydrates, vitamins, protein, and dietary fibre, and contains high proportions of
polyunsaturated fatty acids (PUFAs) with low fat content for human consumption (Muswati et
al.,2021). Mushrooms are not only cultivated for their nutritional benefits but also for optimal
industrial fermentation processes on lignin and cellulose substrates, nitrogen and carbon
sources, temperature, light, and growth media. However, mushrooms generate significant
levels of carbon dioxide during respiration, in which fungi consume oxygen and organic
material to produce carbon dioxide and water. Mushroom farming is estimated to produce 2.1
— 4.4kg of carbon dioxide equivalent for each kilogram produced (Rogers, 2015; Siri¢ et al.,
2023). For example, a mushroom farm with a capacity of 460 m?, which is estimated to produce
about 7 kg of mushrooms can replace 13,000L of air several times per hour, and is projected to
produce about 9.1kg CO> per day (Walker and White, 2017). If not removed from the
mushroom growth environment, these high levels of COx results in significant effects such as
poor respiration, slow pinning, fruiting bodies, disconnection of the mycelial network, and
short life cycles of the fungi (Ahlawat, 2011). There is therefore a need for a carbon capture
process that can be integrated into mushroom farms, to effectively remove the excess CO: to
maintain optimal mushroom yield and quality, whilst avoiding the release of CO; to the

atmosphere.

1.2 Overview of carbon capture technologies

Global energy comes from one-third of industrial activities which account for 40% of
carbon dioxide emissions, with approximately 30% released into the atmosphere by power
plant activities (Kuramochi et al., 2012). Carbon dioxide capture is a complex challenge that
requires diverse context-specific solutions worldwide. By investing heavily in carbon dioxide
capture, we can reduce emissions from power plants and other major sources more effectively.
Various strategies have been proposed to mitigate carbon dioxide levels including the
development of processes that emit lower levels of carbon and carbon capture, utilisation, and

storage (CCUS) technologies (Singh, J. & Dhar, 2019a). Carbon capture and storage (CCS) is



a promising technology for reducing greenhouse-gas emissions (Gerard & Wilson, 2009). To
tackle the carbon dioxide challenge, various carbon capture and conversion techniques have
been suggested, including separation of carbon dioxide from flue gas mixtures using solvents,
adsorbents, membranes, and cryogenic methods (Singh, J. & Dhar, 2019b). The captured
carbon dioxide is then stored in various reservoirs, such as geological forms, by underground
deposition or through the oceanic system by injecting carbon dioxide into the deep sea, or as
saline (Lackner, 2003). A safer and more sustainable solution would be to store carbon dioxide
in solid or liquid form, which would not damage the natural environment. These techniques
include mineral carbonisation (carbonates) and chemical absorption of carbon dioxide
conversion using amine-based solvents, such as monoethanolamine (MEA), sodium hydroxide
(NaOH), and diethanolamine (DEA) which is a commercialised process (Nguyen et al., 2010).
The use of amines still has some gaps owing to solvent loss in the process and requires a high
amount of energy to regenerate the solvent (Nouha et al., 2015). However, physicochemical
carbon capture storage methodologies have limitations in capturing carbon dioxide from point
sources that produce high concentrations of carbon dioxide. They are not effective in capturing
diffused, nonpoint emissions, and low concentrations of carbon dioxide (Nouha et al., 2015).
The feasibility of these carbon capture, utilisation, and storage processes depends on their cost,

carbon storage capacity, and environmental impact.

1.3 The use of absorbents for capture carbon dioxide from flue gases

Several techniques and processes have been proposed for carbon dioxide removal from
flue gases before feeding microalgae cultures. (Kim et al., 2011) reported the use of amines
and potassium carbonate for carbon dioxide capture (Chi et al., 2013). The efficiency of various
carbon capture systems, such as biological systems like microalgae and chemical systems like
carbon capture and storage (CCS), can be significantly influenced by parameters like pH. In
chemical absorption-based carbon capture, the pH of the solvent (such as an amine solution)
affects the rate and efficiency of carbon dioxide absorption, with higher pH levels (alkaline
conditions) generally enhancing absorption. The composition of the solvent used in chemical
absorption processes also impacts its capacity for carbon dioxide absorption, with different
solvents having different pH levels and affinities for carbon dioxide, which can affect
efficiency. However, it is important to note that microalgae have an optimal pH range for
photosynthesis, typically between 7 and 9, within which they are most efficient at capturing

carbon dioxide and converting it into biomass. Deviations from this range can decrease



photosynthetic efficiency and, consequently, carbon capture efficiency. Another proposed
method for capturing carbon dioxide from power plants through electrolysis involves the use
of monoethanolamine (MEA) to produce chemical products such as hydrochloric acid, sodium
hypochlorite (NaOCI), and bicarbonate (Kim, G. et al., 2019). MEA reacts with carbon dioxide
through the gas-liquid phase to produce different ions, such as carbonate ions, carbonic acid,
bicarbonate ions, and carbamate intermediates. Amine-based solvents can be used to remediate
carbon dioxide from flue gas (Thomas et al., 2016). The process of using MEA also has
disadvantages which can result in high energy consumption and equipment corrosion. The use
of mixed amines requires less energy than that of amines alone (Idem et al., 2006).

The application of microalgae-based biological carbon-capture technology can reduce
the carbon footprint and production of bioenergy, making it a carbon dioxide-neutral
replacement for fossil fuels. The use of microalgae to biologically capture and store carbon is
one of the most promising methods of carbon sequestration worldwide (Moreira & Pires, 2016).
About 30-40% of atmospheric CO; can be captured by many eukaryotic algae which contains
pyrenoids, a proteinaceous sub-cellular structure due to the presence of ribulose-1,5-
biphosphate carboxylase/oxygenase enzyme (RuBisCO). The simple cell structure and energy-
saving structure of microalgae’s photosynthetic efficiency is 10 folds higher than terrestrial

plants (Farooq, 2022).

1.4 Gas-liquid conversion from flue gases for microalgal cultivation

Algae have the potential to decrease direct carbon dioxide emission by absorbing
carbon dioxide from flue gases on large-scale has shown a promising system for converting
carbon dioxide into high value biomass with the potential of releasing oxygen. The injection
of carbon dioxide from flue gas into microalgae cultivation controls culture pH and contributes
to mixing of the culture. Microalgae cells can utilise both carbon forms such as bicarbonates
and carbonates which can permeate the cell walls. Bicarbonate and carbonate forms are
provided to microalgae culture as inorganic carbon feedstock to reduce desorption costs. To
tackle the urgent problem of carbon dioxide emissions, we need a comprehensive strategy that
involves shifting to low-carbon technologies and conducting research on carbon capture and
storage (CCS) methods (Singh and Dhar, 2019). The process typically applied on carbon
capture from concentrated carbon sources generated by industries such as power plants,
cements, and metals involve chemical absorption, physical adsorption, or membrane

separation. The complexity of the entire carbon capture and storage technology arises from the



process where the captured carbon is compressed prior to being transported to an underground
storage site. This can introduce geological challenges that complicate risk and monitoring of
the storage sites (Cao et al., 2020). There has been significant interest in the cultivation system
of microalgae with enriched carbon dioxide such as flue gases. There are several factors that
affects gas-liquid transfer rate including the solubility of the gas in the liquid, the surface area
of the interface between the gas and the liquid, temperature, and the partial pressure of the gas
(Moorberg and Crouse, 2021). The physical and chemical properties of the liquid (or solvent)
in which the gas is being dissolved can also influence the rate of transfer. A study found that
the higher the liquid temperature, the higher the air flow rate above the liquid surface, and the
higher the gas-liquid mass transfer rate (Liu et al., 2020). According to Boyle’s law, the
pressure of a gas is inversely proportional to its volume at a constant temperature. This implies
that a decrease in the volume of the gas (as might occur when a gas is dissolved in a liquid)
leads to an increase in its pressure, thereby influencing the rate of gas-liquid transfer (Ham et
al., 2021). Furthermore, the residence time, which refers to the average time a molecule of gas
spends in a liquid before being released back into the gas phase, also significantly impacts the
rate of gas-liquid transfer (Cheng et al., 2019). A longer residence time can lead to a higher
rate of transfer, as it provides more opportunity for the gas molecules to dissolve in the liquid.
Therefore, both Boyle’s law and residence time are key factors in understanding and predicting
gas-liquid transfer rates in various scientific and industrial applications (Reichmann et al.,
2021).

Alkaline absorbers such as sodium hydroxide (NaOH), monoethanolamine (MEA), and
diethanolamine (DEA) have been identified as an alternative method for gas-liquid transfer
with high mass transfer rate. One of the advantages of using absorption-based carbon dioxide
capture in bicarbonate and carbonate forms is easy transportation under normal pressure. To
prevent carbon loss into the atmosphere, it is crucial to maintain high pH levels during the
process of carbon capture from flue gas as an inorganic carbon source (Chi ef al., 2014). A
study on direct injection of carbon dioxide showed limitations due to lower mass transfer
between the gas-liquid conversion rate with solubility efficiency of < 10 % for an agal culture
(Gonzalez-Lopez et al., 2012). About 78% carbon dioxide removal with 0.3 mol/L sodium
carbonate (Na,COz3) ranged from a pH of 11.6 — 9.2 which is suitable for some pH-resistant
algae species (Acién Ferndndez et al., 2012). Algae that thrive in alkaline conditions and have
high growth rates between pH levels of 7 to 10 are ideal for this purpose, especially when an
alkali scrubber is used to initially capture the carbon dioxide from the flue gas. A study on the

use of sodium bicarbonate (NaHCO3) has been reported for microalgae strains such as C.
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vulgaris, which has extracellular carbonic anhydrase (CA) on their cell surface, which
effectively utilise NaHCOs as a carbon source. These strains could act as transporters of HCO3
under conditions of low dissolved CO> (dCO») (Li et al., 2018a), they are more effective at
utilising carbon source when NaHCO3 used compared to gaseous CO». They are also easier to
handle than gaseous CO: in terms of storage and transportation making it a cost-efficient
alternative carbon source (Lam and Lee, 2013). A study showed that Cyanothece sp., and
Dunaliella salina were able to tolerate up to 0.60 M sodium bicarbonate (NaHCQO3) among six
screened microalgal species (Ravelonandro ef al., 2011). One of the challenges in cultivating
alkaline strains is their tolerance to high ionic condition media. Slow growth has been observed

when natural alkaline strains are cultivated in a synthetic alkaline medium (Chi et al., 2014).

1.5 Carbon concentration mechanism in microalgae

Chlamydomonas reinhardtii is a prime candidate for carbon concentrating mechanism
(CCM) studies due to its robust genetic foundation. It has a CCM that ensures an adequate
supply of inorganic carbon (C;) for its growth and development (Jungnick et al., 2014). This
CCM is activated when the CO; concentration drops to or below atmospheric levels and
consists of a protein assembly that facilitates efficient C; uptake into the cell and its targeted
transport to the location where RuBisCO converts COz into biomolecules (Tirumani et al.,
2014). However, other species may be preferred for CCM research for several reasons:
physiological relevance as some species exhibit similar pharmacological responses, and
environmental adaptability based on varying CO: levels in different environments. C.
reinhardtii is an excellent model for CCM studies, the selection of species for research is
influenced by a range of factors, including the specific research question, the physiological
traits of the species, and practical considerations (Jungnick et al., 2014; Tirumani et al., 2014).
The CCM can help understand the utilisation of carbon by microalgal species. The process of
photosynthesis, which plays a crucial role in carbon metabolism, is vital for the survival of
most living organisms. Within this process, the conversion of inorganic carbon into organic
carbon results in the accumulation of carbohydrate molecules, serving as a source of energy in
cellular organisms. This fundamental process contributes significantly to the global carbon
cycle and is facilitated by the Calvin-Benson cycle, a series of reactions described by (Benson
and Calvin, 2003). Green algae, such as Chlamydomonas reinhardtii, have emerged as a
significant model organism for research on photosynthesis, life cycles, genetics, accessible

genome sequence, and the advancement of molecular tools (Wang et al., 2015a). In aquatic



systems, CO; serves as a critical substrate, yet its availability often limits biological processes.
Predominantly, in conditions where the pH > 7 and the temperature is below 30°C, bicarbonate
emerges as the principal form of CO> in water. The process of aquatic carbon sequestration
requires the bicarbonate form, which subsequently contributes to algal growth and biomass
production. The primary function of the carbon concentration mechanism is to fix the CO:
produced in the thylakoid lumen which diffuses in the pyrenoid matrix of the ribulose-1,5-
bisphosphate carboxylase-oxygenase (RuBisCO) enzyme in the photosynthetic carbon
assimilation. Photosynthetic organisms such as microalgae are subjected to a spectrum of
physicochemical stresses influenced by factors such as the water chemistry, the concentration
of dissolved inorganic carbon, and the environmental conditions (Singh et al., 2014). Hence,
these organisms have evolved CCMs as an adaptive strategy to optimise photosynthetic
efficiency under conditions of low CO> or inorganic carbon availability. Several environmental
parameters, including but not limited to temperature, pH, and alkalinity, exert a direct impact
on the rate at which inorganic carbon is supplied to phytoplankton. These aquatic environment
experiences a deficiency in CO; in water due to its slower diffusion rate, which leads to a
relative decrease in HCO;™. The implementation of various CCM strategies across a range of
algal strains has been reported in several research (Tabita et al., 2007).

There are three primary types of CCMs which vary across different organism, and they
include the C4 pathways, inorganic carbon transportation, and the conversion mechanism
which elevate the CO> concentration around the enzyme. The algal CCM occurs mostly in
prokaryotic and eukaryotic algae where CO; fixation takes place within the microcompartment
of the pyrenoid and carboxysome (Badger ef al., 2002). This CCM operates on the principles
of C4 and crassulacean acid metabolism (CAM) pathways, where CO; is incorporated by
phosphoenolpyruvate to form oxaloacetic acid (OAA), which subsequently undergoes
decarboxylation to regenerate CO. This mechanism also recaptures the CO> produced from
the oxygenation of the RuBisCO through photorespiration, thereby optimising CO>
assimilation (Sayre, 2010). Meanwhile, the C4 pathway is extensively studied in higher plants,
its presence has been identified in the marine diatom Thalassiosira weissflogii, meanwhile Cs;
photosynthesis remains the dominant process in algae (Prasad et al., 2021a). The inorganic
carbon (Ci) transportation and conversion mechanism is a critical component of the CCMs in
prokaryotes. The carboxysome, a bacterial microcompartment, plays a pivotal role in CO>
fixation in all cyanobacteria and other chemoautotrophs (Badger et al., 2002; Klein et al.,
2009). The CCMs in prokaryotes encompass (i) bicarbonate pumps/transporters and

membrane-bound hydration enzymes that amplify bicarbonate concentrations in the cytosol;
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and (ii) the carboxysome, a selectively permeable protein shell encapsulating RuBisCO and
carbonic anhydrase (CA). This shell facilitates the feeding and conversion of enhanced
bicarbonate levels to CO., initiating the first step of the Cs cycle (Sun ef al., 2019). Elevation
of CO> concentration surrounding the enzyme represents the third category of CCMs, as
depicted in Figure 1.1. This mechanism is regulated by the arrangement of the pH gradient
across the chloroplast and thylakoid membrane upon exposure to light. In light conditions, the
chloroplast stroma reaches a pH of approximately 8.0, while the thylakoid lumen attains a pH
ranging between 4.0 and 5.0. The pH gradient plays a crucial role, particularly at a pKa of 6.3,
where the conversion of bicarbonate to CO occurs. However, the CO2 component of Ci is also
present in substantial quantities within the thylakoid lumen. Any bicarbonate that moves into
the thylakoid lumen undergoes transformation into CO», consequently elevating the CO;
concentration beyond its range. It has been stated that this form of CCM necessitates the
presence of CA within the acidic environment of the thylakoid lumen to promptly convert the
infiltrating bicarbonate (HCO3") into CO: (Pronina and Semenenko, 1990). Several
computational analyses have indicated that algae equipped with pyrenoids potentially exhibit
superior efficacy in sustaining elevated CO> concentrations surrounding RuBisCO, compared
to their counterparts devoid of pyrenoids (Atkinson et al., 2017).

Although Chlamydomonas reinhardtiihas been studied as a model organism
particularly for the study of photosynthesis, the focus of this research was on evaluating
microalgae with the potential to produce high-value compounds for various industrial
applications and was based on the recommendations of the industry partner, AlgaeCytes Ltd.
For example, Vischeria sp: This microalga can accumulate high content of lipids rich in
nutraceutical fatty acids and has excellent biomass yield in nitrogen-limiting culture (Gao et
al., 2023). Phaeodactylum tricornutum is known for its ability to produce several industrially
relevant molecules such as biofuels, pharmaceuticals and nutraceuticals, and beta-glucans. It
also has a high photosynthetic efficiency of carbon fixation (Quelhas et al., 2019).
Porphyridium purpureum, a red microalga has the ability to synthesise a number of high-value
bioactive substances, such as polysaccharides, long-chain polyunsaturated fatty acids (LC-
PUFAs), and phycobiliproteins. These substances have potential applications in food,
nutraceuticals, pharmaceuticals, and bioremediation industries (Yi et al., 2024). Parachlorella
kessleri is known for its high carbohydrate content, making it a strong candidate for biofuel
production. It also has a high capacity for CO: capture, which can help mitigate the effects of

climate change (Ciempiel et al., 2022). Lastly, Scenedesmus quadricauda is recognised for its



high growth rate and biomass productivity, making it suitable for biofuel production. It also
has a significant ability to absorb and remove pollutants from water, making it an excellent
candidate for bioremediation. The choice of microalga species (table 2.1) for was dependent

on the specific requirements of the industry suitable for certain applications.
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Figure 1.1 Carbon concentration mechanism (CCM) of Chlamydomonas reinhardtii of a single
chloroplast cell containing with a single pyrenoid. This presents elevated carbon dioxide and
bicarbonate levels within the chloroplast than the external cell environment. The isoforms of carbonic
anhydrase of CAH1, CAH3, CAH6, CAHS, and CAH9. The PM represents plasma membrane,
chloroplast envelop (CE), thylakoid membrane (TM), 3-phosphoglyceric acid (PGA). The bicarbonates
or Ci transporter represents the filled circle and photosynthetic electron from the hydrogen ion (H")
adapted from (Prasad et al., 2021a).

1.6 Overview of microalgal cultivation parameters

1.6.1 Light intensity

The intensity of light plays a crucial role in the photosynthetic activity of microalgae
and other photosynthetic organisms. Two processes that are significantly influenced by light
intensity are photorespiration and photoinhibition. Photorespiration, which mainly occurs in C3
plants, is an enzymatic process that fixes oxygen instead of carbon dioxide, reducing the
photosynthetic efficiency. High rates of photorespiration can lower the net carbon fixation rate
of microalgae. Photoinhibition in algal cultivation reduces the photosynthetic efficiency due to
exposure to high light intensities (Amini Khoeyi et al., 2012). Elevated temperatures can harm
photosystem II (PSII), the oxygen-evolving complex (OEC), and the electron transport on both
the donor and acceptor sides of PSII in the photosynthetic machinery. PSII’s stability is
compromised at high temperatures, leading to a decrease in its activity. Heat stress could result

in the separation of the OEC, thereby disrupting the balance of electron flow from the OEC to



the acceptor side of PSII. (Krzeminska et al., 2014). Prolonged exposure to high light
intensities without appropriate protective mechanisms can lead to significant losses in carbon
capture efficiency. Many microalgae possess adaptive mechanisms to cope with varying
synthesis of light-harvesting pigments such as chlorophyll-a and phycobiliproteins under low
light conditions and protective pigments like carotenoids under high light conditions (Wahidin
et al., 2013). Besides chlorophyll-a, other types include chlorophyll-b, ¢, d, and f, are the
second additional pigment while other light-harvesting pigments include phycobiliprotein

(Airs et al., 2014; M. Chen et al., 2010).

1.6.2 Temperature

Biological processes and growth of microalgae cultivation are affected by temperature,
which varies among microalgal species. Temperature is a key factor that can be used for process
optimisation for enhanced biomass productivity and composition (Gongalves et al., 2016).
Culture temperature affects the solubility of gases and the carbon equilibrium in the cultivation
media. The primary impact of temperature on photosynthesis is attributed to a decrease in the
activity of the enzyme ribulose-1,5-bisphosphate (RuBisCO). This enzyme has two roles; it
can function as an oxygenase or a carboxylase, contingent on the relative concentrations of Oz
and COz in the chloroplasts. The CO fixation activity of the RuBisCO enzyme escalates with
an increase in temperature up to a specific threshold, beyond which it starts to diminish
(Salvucci and Crafts-Brandner, 2004). When the solubility of carbon dioxide decreases with
increase in temperature, it results in the reduction of carbon source for microalgae, which could
negatively affect their growth and carbon capture efficiency. Additionally, changes in
temperature causes shift in pH which affect distribution of carbon species in the culture
medium, causing higher pH values in the equilibrium towards bicarbonate (HCO3") and
carbonate (CO3>) ions, which are less available to microalgae for carbon utilisation.
(Chovancek et al., 2019) reported that photosynthetic functions in algal cells can be affected at
high temperatures up to 38°C, which affects metabolism of cells in the photosystems and the
electron transport chain which leads to cell mortality (Ras et al., 2013). Photosynthesis is
impacted by low temperatures due to a decrease in carbon assimilation activity, while
excessively high temperatures can diminish photosynthesis by deactivating photosynthetic
proteins and disrupting the cell’s energy balance. Additionally, an increase in temperature can
lead to a reduction in cell size and respiration (Salvucci and Crafts-Brandner, 2004). The

optimum growth temperature for most microalgae ranges from 20 to 30 °C (Suthar and Verma,
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2018). However, a few species such as Dunaliella salina and Chaetoceros sp. can thrive in
higher temperatures up to 40°C whiles species such as Chlamydomonas nivalis and
Chloromonas pichinchae which can also thrive at a temperature range between 0°C to 1°C

(Hiiner et al., 2013).

1.6.3 Nutrients

The nutritional requirements may vary among different algal species, the fundamental
needs are consistent across all species. Nitrogen, phosphorus, and carbon constitute the
essential elements for microalgae, serving as macronutrients for their growth (Juneja et al.,
2013a). The levels of macronutrients, including nitrogen and phosphorus, can vary among
different algae species. Studies have indicated that the growth of Chlorella sp. decreased as the
concentrations of nitrogen and phosphorus were reduced from 31.5 and 10.5 mg L,
respectively (Aslan and Kapdan, 2006). Micronutrients such as molybdenum, potassium,
cobalt, iron, magnesium, manganese, boron, and zinc are essential in trace amounts with a
significant impact on microalgae growth by influencing many enzymatic activities within algal
cells (Gardner-Dale et al., 2017). The growth rate of microalgae is substantially impacted by
nutrient deficiency, leading to reduced biomass. Moreover, the availability of nutrients plays a
crucial role in influencing the synthesis and accumulation of carbohydrates and lipids in
microalgae (Khan et al., 2018a). In autotrophic cultures, the only carbon sources are sodium
bicarbonate and carbon dioxide through environmental exposure during cultivation which
provides a low cost of production and utilisation efficiency (Wang et al., 2019). Other related
carbon sources, such as glucose, acetate, and sucrose, are mostly used for heterotrophic cultures
and in combination with mixotrophic cultures (Khoo et al., 2020). In addition, specific bacteria
can boost the growth speed of microalgae by providing essential nutrients. These bacteria break
down nutrients into forms that microalgae can easily absorb, like ammonia or nitrate (Zhu et

al., 2011).

1.7 Overview of microalgae cultivation techniques

There are two main types of microalgal cultivation techniques: open ponds and closed
photobioreactors. Several systems have been designed for the cultivation of microalgae which
are dependent on the type of microalgae and their applications. Microalgae have been
cultivated in natural systems such as ponds, lagoons, and lakes for a long time. However, the
cultivation of microalgae has been practiced by humans for many years, even beyond the 100-

year timeframe mentioned. For instance, the Aztecs harvested Arthrospira sp., in Lake Texcoco
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in the 14th century (Thorat et al., 2023). In the mid-nineteenth century, work on artificial
culture of microalgae started in Europe (Qin et al., 2023). The specific techniques and systems
used in microalgae cultivation have evolved significantly over the years (Moheimani et al.,
2015; Sarker and Kaparaju, 2023). Today, microalgae are cultivated using various techniques,
including autotrophic, heterotrophic, and mixotrophic cultivation, and can be done in open

ponds or closed photobioreactors (PBRs) (Sarker and Kaparaju, 2023).

1.7.1 Open ponds

Raceway ponds are shallow concrete trenches lined with thick plastics using a simple
design that allows high biomass production with low maintenance and operation costs. Open
raceway ponds are oval-shaped channels with a depth of 0.2 to 0.5 m and mechanical devices
for mixing with a velocity range of 0.15 to 0.25 m/s (Doucha & Livansky, 2006). The
advantages of raceway ponds include a simple design for high biomass production, low
maintenance costs, and relatively simple operation. However, they also have some drawbacks
such as contamination by microbes, low carbon dioxide diffusion, high evaporation of media,
and large surface area (Ugwu ef al., 2008). The key parameters of an open pond for microalgal
cultivation are sunlight, nutrition, carbon dioxide, and hydrodynamics (Hadiyanto et al., 2013).
Open systems require mechanical methods such as proper mixing and environmental properties
which make it more difficult to manage on a large scale owing to pollution and contaminants

which are related to mass transfers. Studies have investigated the adaptation of algal species to

environmental conditions in open cultivation, as well as their tolerance to flue gas mitigation
(Hamasaki et al., 1994).
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Figure 1.2 Open raceway microalgae production pond adapted from (Kumar and Jain, 2014).
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1.7.2 Closed system photobioreactor

Closed systems, also known as photobioreactors (PBRs), are transparent containers
specifically designed for the cultivation of microalgae. Different models of photobioreactor
cultivation systems have been patented and developed with different geometries and sizes
(Singh and Sharma, 2012). Among the patented PBR types are vertical bubble columns and
airlift reactors, tubular photobioreactors, helical photobioreactors, combined bubble column
and inclined tubular reactors, and flat plate photobioreactors. There are some limitations
associated with photobioreactors such as high installation costs and maintenance (Ugwu et al.,
2008). Photobioreactors are mostly designed to produce high biomass owing to their optimum
environmental conditions. These reactors are designed with exchange ports or vessels
connected to the main reactor for the provision of other conditions during cultivation, such as
carbon supply, nutrients, and oxygen removal (Jacob-Lopes et al., 2010). Closed
photobioreactors are favoured over raceway ponds because they demonstrate high carbon
dioxide capture efficiencies, low water loss through evaporation, and high biomass productivity
(Wilson et al., 2016), and are therefore less prone to contamination. However, the elevated
maintenance costs associated with photobioreactors could be reduced through the utilisation of
cost-effective materials, such as wastewater, and by employing energy-efficient pumps to

facilitate resource recovery.

1.7.2.1 Flat Panel Photobioreactor

A flat panel photobioreactor is a type of reactor consisting of a series of transparent
plates arranged parallel to each other, forming a thin layer of culture medium between them.
These reactors are exposed to natural or artificial light to absorb energy for
photosynthesis, through which carbon supplements are provided by either sparging or
dissolving in the medium (Fuchs et al., 2021). The flat panel photobioreactor provides a high
and uniform light input for microalgae growth, reduces contamination risk, facilitates gas
exchange, and enhances mass transfer. These reactors can be used to improve the quality and
quantity of functional biomolecules, such as lipids, carbohydrates, and pigments, by
manipulating the carbon dioxide concentration and light intensity (Benner et al., 2022). They
can be integrated with greenhouses to provide a symbiotic relationship between microalgae
and fungi, where microalgae can utilise the carbon dioxide released by fungi (Sukacova et al.,

2021).
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Figure 1.3 Picture of an indoor aerated flat panel photobioreactor adapted from (Carvalho et al., 2006).

1.7.2.2 Tubular photobioreactor

Tubular photobioreactors are commonly present in three configurations: airlift and
bubble column, characterised by transparent vertical tubing forming a vertical tubular reactor
enabling light penetration and carbon dioxide supply through bubbling, the horizontal tubular
reactor, composed of horizontal transparent tubing, often equipped with gas transfer systems
at the connections; and lastly the helical tubular reactor, constructed from a flexible plastic tube
coiled in a circular pattern. The airlift reactor boasts the advantageous characteristic of
generating a circular mixing pattern, enabling the continuous passage of liquid culture through
both dark and light phases. This results in a flashing light effect for algal cells. The proposal
also includes the utilisation of a rectangular airlift photobioreactor, which is noted for improved
mixing characteristics and higher photosynthetic efficiency. However, its drawback lies in its

complexity and challenges in scaling up the system (Egbo ef al., 2018).

1.7.2.3 Bubble column photobioreactor

Bubble columns are the predominant type among vertical tubular photobioreactors.
These reactors are characterised by their height, which is over twice their diameter, resulting
in a high ratio of surface area to volume. They are designed to provide efficient mass transfer
and gas-liquid interfacial transfer (Van Tran ef al., 2018). The size and rate of bubbles affect
mass transfer and distribution and promote algal growth within the reactor. Some of the factors
that influence the mechanism of the bubble are gas flow velocity, and carbon dioxide
concentration which contribute to adsorption by microalgae cells (Ding et al., 2016). A smaller
capillary size and larger carbon dioxide concentration can result in a decrease in bubble

detachment and increase in velocity which is an advantage for carbon dioxide transportation
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and utilisation (Holdt ef al., 2014). The formation of bubbles created by the force propels the
liquid/gas by creating a continuous cycle of fluid circulation within the photobioreactor (Egbo
et al., 2018; Narala et al., 2016). The efficiency of photosynthesis is significantly influenced
by the gas flow rate, which, in turn, is dependent on the light and dark cycles. This occurs as
the liquid circulates regularly from the central dark zone to the external photic zone at a higher

gas flow rate (Janssen et al., 2003; Singh and Sharma, 2012).

Figure 1.4 A schematic diagram of bubble column otobioreactor

1.8 Biochemical compositions in microalgae

Microalgae biomass are excellent sources of diverse bioactive compounds such as
lipids, proteins, carbohydrates, chlorophylls, carotenoids, phycobiliproteins. These high value-
added products have been identified as potential sources for food, pharmaceuticals,
nutraceuticals, and cosmetics industries (Chew et al., 2017). For example, microalga
Dunaliella salina is known to produce vitamin A and E, as well as pyridoxine, nicotinic acid,
thiamine, riboflavin, and biotin (Seyfabadi et al., 2010) while Porphyridium cruentum
produces substantial amounts of vitamins E and C and Haslea ostrearia for vitamin E

(tocopherols) (Hosseini Tafreshi and Shariati, 2009; Khan ef al., 2018).
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Table 1.1 Biochemical composition of different species of microalgae.

Species Carbohydrate (%) | Lipid (%) | Protein (%) Reference
Nannochloropsis oculata 33 11 56 (Wan Mabhari et al., 2022)
Chlorella vulgaris 12-17 14-22 51-58 (Lopez et al., 2010)
Porphyridium cruentum 40-57 9-14 28-39 (Becker, 2007)
Scenedesmus obliquus 10-17 12-14 48-56 (Lopez et al., 2010)
Spirulina maxima 13-16 6-7 60-71 (Becker, 2007)
Phaeodactylum tricornutum 16.8 16.1 34.8 (Brown, 1991)
Nannochloropsis granulata 27-36 24-28 18-34 (Tibbetts et al., 2015)

1.8.1 Lipids

The lipid content in microalgae can vary between 4-30% depending on the microalgal
species, culture medium, and other growth parameters. Under conditions of high salt, intense
light, and limited nutrients like nitrogen and phosphorus, microalgae have the ability to produce
lipids in excess (Sulochana and Arumugam, 2020). Under nutrient stress, microalgae undergo
a metabolic shift in the synthesis and accumulation of triacylglycerols, constituting up to 80%
of the total lipid content in the cell (Kwak et al., 2016). Major lipid components present in
microalgae biomass are triacylglycerides (TAG), other lipids such as phospholipids and
glycolipids. Lipids from microalgae are being produced by many industries such as AlgaeCytes
Ltd for applications in the pharmaceuticals and food industries (Yen ef al., 2013). Extraction
of lipid from microalgal biomass can be achieved through solvent extraction, ultrasonic
extraction, and microwave-assisted extraction, although each technique has its drawbacks, such
as high operational temperature, low selectivity, high organic solvent consumption, and high
energy consumption. Solvent-free processes, including osmotic pressure, enzyme extraction,
and isotonic extraction, are also available for extracting lipids from microalgal biomass.
Following the extraction of high-value products such as B-carotene, astaxanthin,
docosahexaenoic acid, phycobilin pigments, flavonoids, and polysaccharides while the spent
biomass is being utilised for other industrial purposes such as animal feed and fertilisers
(Hernandez et al., 2014). Other extraction methods, such as ultrasound-assisted extraction, is
known to improve lipid yields with shorter reaction times (Cravotto et al., 2008).

Another technique, known as supercritical fluid extraction, is suitable for indoor and
small-scale experiments. A study on N. oleoabundans under normal growth conditions produce
10-30% of lipid content but under stress conditions, such as nutrient and light intensity, can

influence biomass content beyond > 50% (Schenk et al., 2008). Selection of the right solvent
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is crucial for the effective extraction of lipids by industries because neutral lipids dissolve well
in nonpolar organic solvents, while polar lipids, particularly glycerophospholipids (fatty acid-
glycerol-phosphate ester) are soluble in polar solvents (Saini ef al., 2021). Therefore, a mixture
of solvents (chloroform/methanol), including polar ones to break down the lipids from cell
membranes and lipoproteins, and nonpolar ones to dissolve the neutral lipids, is ideal for
efficient lipid extraction from biological tissue (Saini et al., 2021). These extraction methods
are less expensive, less volatile, non-toxic, and highly selective for lipids. These neutral lipids
can be converted to fatty acid methyl esters (FAMEs) with the dominant profiles of palmitic
acid and stearic acid, which have been demonstrated to be the most effective to produce biofuel

(Ge et al., 2017).

1.8.2 Proteins

Microalgae are capable of synthesising all essential amino acids within their cells,
resulting in a high protein content. Higher quantities of different amino acids and proteins
which can be utilised in food and protect the body against diseases are found in many
microalgal species which makes them a great alternative to other proteins like fish meals
(Ravindran et al., 2016). About 2.5-7.5 tons/Ha/year of proteins are being produced by
microalgae according to (Bleakley and Hayes, 2017). The composition of amino acids in algae
is positively comparable to that of other proteins (Williams and Laurens, 2010a). In addition,
proteins have both structural and metabolic functions, with cellular proteins forming a
significant part of the photosynthetic pathway, cell growth mechanisms, and CO; fixation
pathways (Lee et al., 2010). Moreover, microalgal species with elevated protein levels can be
considered an excellent nutrient source for functional foods, nutraceuticals, and food additives.
Microalgal species such as Spirulina maxima (60%—71%), Synechoccus sp. (63%), Anabaena
cylindrical (43%—-56%), and Chlorella vulgaris (41%—-58%) have been reported to exhibit
exceptionally high protein content (Ahmad ef al., 2022; Ravindran ef al., 2016). Microalgae
can synthesise all amino acid molecules, amino acids derived from algae are favoured over
other sources of protein-rich foods (Guil-Guerrero et al., 2004). An additional protein extracted
from microalgae is R-phycoerythrin, a type of phycobiliprotein commonly employed as a

fluorescent dye in diagnostic and research applications (Sekar and Chandramohan, 2008).

1.8.3 Carbohydrates
Microalgae are rich in carbohydrates, a broad group that includes sugars

(monosaccharides) and their polymers (di-, oligo-, and polysaccharides), which perform both
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structural and metabolic roles. The carbohydrates that are most prevalent are primarily glucose
(21%-87%), galactose (1%-20%), and mannose (2%-46%) (Gorgonio et al., 2013).
Carbohydrates in algal cells are synthesised within the chloroplast, whereas in prokaryotes,
carbohydrate synthesis occurs in the cytosol (Ravindran et al., 2016). The percentage of
carbohydrates within the cells depends on the microalgal species, cultivation methods, and
conditions. Several microalgal species, including Spirogyra sp. (33%-64%), Porphyridium
cruentum (40%-57%), Chlorella emersonii (37.9%), and Chlorogloeopsis fritschii (37.8%),
possess high carbohydrate contents (Biller and Ross, 2014; Ravindran et al., 2016).
Carbohydrates from microalgae biomass are used as precursors or feedstocks for biofuel
production (MARKOU et al., 2014). These compounds can be utilised in various industries,

such as cosmetics, food products, and natural therapeutic treatments (Karemore & Sen, 2016).

1.8.4 Pigments

Pigments are coloured molecules present in photosynthetic organisms which function
in harvesting light and photoprotection. Absorption of light by photosynthetic pigments
converts photons into chemical energy to produce biomass, lipids, carbohydrates, and proteins.
Photosynthetic pigments found in microalgae are categorised into chlorophylls, carotenoids,
and phycobilins. The primary light harvesting pigment in all photosynthetic organisms is
chlorophyll which comes in different forms such as chlorophyll-a, chlorophyll-b, and
chlorophyll-c. It comprises of a porphyrin ring containing a magnesium ion and phytol ester
side chain (Egeland, 2016). For example, chlorophyll-a absorbs light at different wavelength
within the red (740-590 nm), blue (520-435 nm), and violet (435-380 nm) wavelength while
mainly reflecting green (565-520 nm). Carotenes are a class of tetraterpenoid pigments derived
from eight isoprene units, terminating in cyclic f-ionone rings (e.g., -carotene). Xanthophylls
are derived from the addition of oxygenated functional groups to carotenes (e.g., violaxanthin,
astaxanthin or fucoxanthin). They play a role in light harvesting and photoprotection through
the xanthophyll cycle (Egeland, 2016). These pigments are applied for several industrial
purposes, such as pharmaceuticals, cosmetics, food additives as colouring agents, and
biomaterials (Krupa et al., 2010). Photosynthetic pigments such as chlorophyll and carotenoids
such as B-carotene, xanthophylls, fucoxanthin, zeaxanthin are fat-soluble pigments with a
chemical formula which provides unique colour identification to some parts of plants (Chen et
al., 2016).

Pigments are very sensitive to light and temperature and for precise quantification,

pigment extraction should be undertaken on freeze dried biomass with ice cold solvents and
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under subdued lighting. The organic solvent and Soxhlet method of extracting carotenoids are
the major techniques applied to microalgal biomass. This process was used to achieve the
maximum degree of affinity for carotenoids. Other methods, such as supercritical fluid
extraction (SFE), require low selectivity and less solvents (Nobre et al., 2013). Other
techniques have been applied to disrupt microalgal cells to extract maximum bioactive
compounds such as zeaxanthin which forms types of carotenoid compounds (Singh et al.,
2013). Phycobiliproteins, found in cyanobacteria, red algae, cryptomonads, and cyanelles, are
water-soluble photosynthetic light-harvesting proteins. These water-soluble proteins are
characterised by covalent binding through cysteine amino acid chromophores known as
phycobilins (Kovaleski et al., 2022). The extraction of water soluble phycoerythrin is more
efficient due to their accelerated molecular diffusion and solubility of other proteins compared
to other pigments which is related to temperature and extraction processes (Castro-Varela et
al., 2022). One of the factors that positively influences phycobiliproteins production is their
chromatic adaptability to specific wavelength like red, green, and blue which plays a specific
role in the photosynthetic activity of Porphyridium purpureum (H. B. Chen et al., 2010). In
functional terms, the phycoerythrin-chlorophyll complex in rhodophytes and the peridinin-
chlorophyll complex in dinoflagellates capture photons. This process broadens the range of the
spectrum that can be utilised for photosynthesis (Williams and Laurens, 2010b). A study on
cyanobacterium Nostoc sp. showed significant changes in phycobiliprotein levels in response
to specific LED wavelengths under red wavelengths results in an elevated phycocyanin
production, whereas exposure to green wavelengths induces an increased synthesis of
phycoerythrin (Johnson et al., 2014a). Phycobilin has been used in various pharmaceutical and
food applications owing to its antiviral, anticancer, antioxidant, anti-inflammatory, and anti-

allergic effects (Tang et al. 2020).

1.9 Project rationale and gaps

Microalgae have generated a lot of interest in carbon capture from various industries,
as well as the generation of high-value products including biofuels and food supplements
(Sharma et al., 2018; Tripathi et al., 2023). However, the CO; generated from mushroom farms
has not yet been explored in this context. Given the growing mushroom industry in several
parts of the world, there is a need for a process that can capture and utilise waste CO> from
mushroom farming to promote high mushroom yields and quality, whilst preventing the

environmental issues associated with CO; release into the atmosphere. Microalgal cultivation
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offers a promising technique for the photosynthetic fixation of CO; from gas streams to
generate valuable bioproducts. However, gas-liquid mass transfer issues limit the extent of
direct conversion of CO2 by microalgae (Gonzalez-Lopez et al., 2012). Moreover, mushroom
farming generates large quantities of spent substrate, which are currently untapped resources
for high-value products. This research aims to address these gaps developing a microalgal
carbon capture system that can be integrated into mushroom farms. This system involves the
conversion of gaseous CO» into inorganic carbon in the medium, which can be more readily
utilised by microalgae. A second aspect of this research is the evaluation of the potential of
spent algal biomass and the spent mushroom substrate for generating high-value products to

contribute to a circular process.

1.10 Hypotheses

Based on the rationale discussed above, the following hypotheses were tested in this

work:

1. The ability of different algal species to tolerate bicarbonate can influence their growth
patterns, biochemical composition, and how efficiently they use carbon when
exposed to varying levels of bicarbonate.

2. The waste CO> from mushroom farming can be used as a carbon source for
microalgal cultivation via conversion into inorganic carbon-based growth media.

3. Value-added compounds can be extracted from the spent algal biomass as well as the
spent mushroom substrate to contribute to the sustainability of the integrated

microalgal carbon capture process.

1.11 Aims and objectives

The overall aim of this research project is to develop a microalgal carbon capture system
that can be integrated into mushroom farm for efficient carbon capture as well as the production
of value-added products from the spent algal biomass and mushroom waste.

The objectives designed to accomplish the aim are as follows:

a. To select the most suitable microalgal species in a bicarbonate-based system based on
the carbon capture efficiency and biochemical composition.

b. To design a two-step integrated bicarbonate-based system for capturing carbon dioxide
generated during mushroom growth and estimate the carbon utilisation efficiency of

microalgae species.
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c. To demonstrate the scalability of the bicarbonate-based integrated algal production
system for carbon capture during mushroom cultivation and assess the properties of
valuable products extracted from microalgal biomass and mushroom exudate for

potential applications.
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CHAPTER 2

2.1 Materials and Methods

2.1.1 Preparation of microalgal growth media

Modified growth media was prepared by following protocol on media recipes from the
Culture Collection of algae protozoa (CCAP) (Walter L. Smith, 1975) supplemented with
sodium bicarbonate, NaHCOs3 as inorganic carbon source for entire experimental process in
table 2.1. All culture media were prepared using deionised water (dH20) and sterilised by
autoclaving at 121 °C for 60 minutes. For marine species, marine salt was added to their media
and filtered to remove any precipitates after sterilisation before inoculation. The pH of the stock
cultures was consistently monitored to maintain the optimal growth pH. An electronic pH meter
(Orion Star A211, Thermo Scientific) was used to adjust the pH between 7.5 and 8.0 using 1.0
M sodium hydroxide (NaOH) and hydrochloric acid (HCI). All the microalgae cultures were
incubated at 25 °C with continuous illumination at 50 - 200 pmol m™s™ light. The listed
microalgal strains from table 2.1 were provided by AlgaeCytes Ltd based on their high value-

added products and research requirements.

Table 2.1 Represent the list of selected microalgae strains for the inorganic carbon tolerance study.

No Strain ID Taxonomic Growth media pH study Carbon
Identification (CCAP) Capture
1 ALGO04 Parachlorella kessleri BG-11 - -
2 ALGO5 Scenedesmus BG-11 - -
quadricauda
3 ALGO06 Vischeria sp. BG-11 BBM NaOH-BBM
4 ALGI15 Phaeodactylum f/2 + marine - -
tricornutum salt
5 ALG16 Porphyridium f/2 + marine BBM + NaOH-BBM
purpureum salt marine salt + marine salt

Marine salt: Tropic Marin® (The aquatic life science company, Switzerland).

CCAP: https://www.ccap.ac.uk/index.php/media-recipes/

2.1.2 Preservation of microalgae cells on broth agar

Microalgal cultures were preserved by dissolving 2% agar (bacteriological agar) in 20
mL L' of medium (Bold’s Basal medium-BBM or Blue-green medium, BG-11). For 1 L media
solution, 20 mL L' of BBM or BG-11 and 20 g of agar was dissolved into 1 L of deionised
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water. The agar media was autoclaved at about 40 minutes and allowed to cool down before
transferring into storage plates. After solidification of the agar media, the plates are stored or
ready for streaking with microalgae cells. This preparation process was performed using aseptic
techniques, about 10 - 15 pL of liquid algae culture inoculum or using inoculum loop for

streaking across the surface of the agar plates and stored 24°C in incubator.

2.1.3 BG11 medium

The BG11 medium was prepared using a modified version (Allen, 1968) with sodium
bicarbonate (NaHCO3) concentrations from table 2.2. Gram per litre of the BG11 medium. The
culture media solutions were autoclaved at 121 °C for 15 min, and the pH was adjusted to 7.5

with 1 M NaOH or HCl using an electronic pH meter (Orion Star A211, Thermo Scientific).

Table 2.2 Media recipe for Blue-Green algae (BG-11)

Medium Component Per 500ml dH20
Blue - Green NaNO:s 75.00 g
(BG11) KoHPO4 200 g
MgS04.7H20 375¢g
CaCl.. 2H20 1.80 g
Citric acid 030¢g
Ammonium ferric citrate green 030¢g
EDTANa; 0.05¢g
Na2COs 1.00 g

Trace metals Per litre dH20

solution H;BO:; 2.860 g
MnClz.4H.0 1.810 g
ZnS04.7H20 0220 g
Na:Mo0Os.2H20 0390 g
CuS04.5H.0 0.050 g

2.1.4 Synthetic media and mushroom-bicarbonate culture media

Culture media supplemented with purchased sodium bicarbonate (Sigma-Aldrich) is
referred to as ‘synthetic media’ (commercial sodium bicarbonate high purity grade) and
mushroom-bicarbonate media generated from the mushroom production as a result of carbon

capture is referred to as ‘mushroom-bicarbonate’ media.

2.1.5 Guillard’s /2 medium
Modified Guillard’s /72 medium was prepared using (Walter L. Smith, 1975) sodium
bicarbonate (NaHCO3) and tropic marine salt table 2.3. All chemicals were purchased from

Sigma—Aldrich. The culture media solutions were autoclaved at 121 °C for 15 min, and the pH
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was adjusted to 7.5 with 1 M NaOH or HCI using an electronic pH meter (Orion Star A211,

Thermo Scientific). To prepare f/2 ‘Quad’ medium, 4.0 mL of nitrate (NaNO3) and phosphate
(NaH2PO4.2H>0) stock solutions were used (Lananan et al., 2013).

Table 2.3 Media recipe for /72 preparation

Medium

Component Per 400ml dH>O
NaNO3 75.00 g
NaH2PO4.H20 5.65¢g
Trace metals solution Per litre dH>O
Na2.EDTA 4.160 g
FeCl3.6H20 3.150 g
CuS04.5H.0 0.010 g
MnCl2.4H20 0.180 g
Na:Mo0O4.2H20 0.006 g
Vitamins Per litre dH>O
Cyanocobalamin (Vitamin 0.0005 g
B12) 0.1000g
Thiamine HCI (Vitamin B1) 0.0500 g
Biotin

2.1.6 Bold’s Basal medium for carbon capture (NaOH-BBM)

The Bold’s Basal medium composition for carbon capture was prepared using a modified

version by adding 3 g L'! NaOH to the media recipe from Table 2.4. To prepare per litre media,

10 mL of each macronutrient and 1 mL each of trace stocks by adjusting pH of 7.5 using 1.0

M NaOH or HCI using an electronic pH meter (Orion Star A211; Thermo Scientific).

Table 2.4 Media recipe for Bold's Basal Medium (BBM)

BBM

Trace metals
solution

Components
NaNO;
MgS04.7H20
NaCl
K2HPO4
KH>PO4
CaCl2.H20

ZnS04.7H20
MnCl».4H->O
MoOs
Co (NO:3)2.6H20
CuS04.5H20

H3;BO;
Alkaline EDTA solution
KOH
FeS04.7H20
H2SO4

Per 400ml dH,O
10.00 g
300 g
1.00 g
300 g
7.00 g
1.00 g

Per litre dH20
882¢g
144 ¢
0.71g
049 ¢
1.57 g

Per litre dH20
1142 ¢
50.00 g
31.00 g
498 ¢
1.00 mL
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2.1.7 Preparation of start-up cultures growth

All sample cultures were prepared aseptically within a laminar flow hood system.
Microalgae agar plates were observed using microscope with 40x magnification minimum
(Leica DM2500, Germany) for possible bacteria or fungi contaminations. An autoclaved media
of 50 mL working volume in 150 mL Erlenmeyer flask was inoculated with microalgae cells
from streaked agar plates (revive cells). The flasks were labelled and incubated at 25°C
temperature with 150 umol/m?%/s light (BT-881D lux meter). Microalgal growth (optical
density) was measured at 680 nm using a Multiskan Go microplate spectrophotometer (1510-

04220C Thermo Scientific, UK).

2.1.8 Sub-culturing/transferring liquid cultures

The cultures were observed under a microscope for possible contamination before
transferring. For subculturing, a part of stock culture was transferred into a new sterile media
of 250 mL in an Erlenmeyer flask. The initial cultures were refilled with fresh media by flaming
the flask neck using a Bunsen burner before replacing with foil caps under the laminar flow
hood. Stock culture was transferred into a 50 mL centrifuge tube and centrifuged at 1000 g to
remove dead cells and the supernatant was discarded, the cells were washed with deionised

water before resuspended in an autoclaved media.

2.2 Mushroom cultivation processes

2.2.1 Spawn and substrate processing

Commercial Oyster mushroom Pleurotus ostreatus var. florida (mycelia spawn) and
mushroom grow kit (straw substrate) were purchased from Urban-Farm it, Kent, UK. Straw
substrate (800 g) in a polypropylene bag (30.5 cm x 22.9 cm x 15.2 ¢cm) was autoclaved with
distilled water and left overnight to cool. The water was drained off and placed under a laminar
flow hood to reduce the moisture content about 60 - 70% (Igbal Muhammad, 2005). Under
aseptic conditions, about 150 g of mushroom spawn was well-mixed with the sterilised
substrate to ensure uniform distribution of the inoculum and transferred into plastic trays
(Figure 2.1). The trays were covered with aluminium foil and placed in an incubator for
colonisation by the mycelia before transferring into a growth box (60 cm x 40 cm x 25 cm).
After 10 — 14 days of incubation with full colonisation by the mycelia growth, the aluminium
foils were removed for pinning phase of mushroom fruiting bodies. The mycelia cakes were

transferred into growth box (60 cm x 40 cm x 25 cm) designed using a transparent container.
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Figure 2.1 Schematic showing (a) preparation of mushroom substrate before inoculation in growth box
connected with carbon dioxide monitor, air pump, and humidifier to control cultivation conditions
during fruiting stage, (b) inoculated substrate covered in foils before incubation for mycelia
colonisation.

2.2.2 Cultivation of Pleurotus ostreatus for CO2 measurement

The construction of the growth box used can be seen in Figure 2.1, using a transparent
and light-transmitting ability plastic container with a volume of 60 litres. About 6-8 holes were
drilled on each side of the box at 15-20 cm from the top. The holes were covered with sterile
filter sheets to create gas exchange for the mushroom during observation of different CO>
concentrations on the fruiting bodies shown in Figure 4.3. A separate hole was made to connect
the air pump (Pawfy MC-3000, UK) inside the box to transfer gas from the box to the
absorption media. An air pump hose was connected to a beaker with autoclaved water to create
humidity for the mushrooms. A CM-501 GasLab monitor was placed in the box for measuring
COg, temperature, and humidity in the box. The chamber was connected with light which is
needed for pinhead initiation and to set the direction of growth for mushroom bodies. The
picture of the system control is shown in Figure 2.2 with the help of the GasLab monitor to
determine the growth conditions. The relative humidity was maintained between 80 — 90%
with an autoclaved water connected with a sparger from the air pump to keep the temperature
between 23 — 25°C. During the pinning phase, the concentration carbon dioxide emitted by the
mycelia was measured. From Figure 2.2, 2 L BBM media coupled with sodium hydroxide (3

g L") was used as the absorption unit for the carbon capture. A small air pump was placed
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inside the growth box connected with the enriched NaOH-BBM with filters. The concentrated
carbon dioxide in the growth box was transferred into the media and the pH was continuously
monitored. After monitoring the decrease in pH, the inorganic carbon was estimated using

titrimetric method to determine the total inorganic carbon absorbed in the media (section 2.4.5).

Figure 2.2 Experimental setup for carbon dioxide harvesting from mushroom production to generate
inorganic carbon media for microalgae cultivation.

2.3 Photobioreactor (PBR) scale-up

Glass bubble column photobioreactors (PBR) of 8-10 L capacity with 5 L working
volume (length 100 cm, 110 mm OD, 104 mm ID) with an inlet/outlet port for sparging and
sampling were used for scale-up cultivation. The bubble column photobioreactors were
provided by AlgaeCytes Ltd. For the scale-up processes, an autoclaved bicarbonate media from
the carbon capture set up was transferred into the bubble column photobioreactor. The bubble
columns were illuminated with an intensity of 150 umol/m?/s> and an air pump (Pawfy MC-
3000) with a flow rate of 5 L/min. To investigate the overall cultivation parameters such as
growth, inorganic carbon utilisation, and pH of the media was studied by continuous
measurement. The scale—up cultivation parameters were set before inoculation. Experimental
measurements were analysed by taking samples for optical density and inorganic carbon

removal every two days to establish mass balance.
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Figure 2.3 Bubble column photobioreactor scale-up with bicarbonate media generated from mushroom
production before inoculation.

2.4 Analytical methods

All experimental procedures were performed within the University laboratory, while the
analytical techniques such as High-performance liquid chromatography, Gas chromatography
— flame ionisation detector, and Fourier transform infrared spectroscopy were executed at the

AlgaeCytes Ltd laboratories.

2.4.1 Microalgae growth measurement

The initially optical density reported in chapter 3 was recorded at 680 nm. However,
after further reviews, the optical density was changed to 750 nm because chlorophyll-a absorbs
light within the red (740-590nm), blue (520-435nm) and violet (435-380nm) wavelengths
while mainly reflecting green (565-520nm). The standard growth media used were BG-11,
BBM, and /72 described in section 2.1. The optical density for the experimental reactors were
measured at 750 nm Multiskan Go microplate spectrophotometer (1510-04220C Thermo
Scientific, UK) every two days and their specific growth rate (u, d!) was calculated using

equation (2.1) below:
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In (0D,/ OD;)
tr— 1ty

K = 2.1)

where OD; and OD: are the beginning and end of the growth phase, respectively, and £ and t;

denote the end and start days of cultivation, respectively.

2.4.2 Determination of biomass concentration

For biomass concentration, an aliquot of 10 mL of culture was sampled and centrifuged
at 3000 g for 3 min, and the cells were washed twice with deionised water to remove media
traces (freshwater species) whiles ammonium formate was used to remove salt traces from the
marine species. The biomass pellets were filtered using a 1.5 pm pore size (Whatman Cat No.
1822—070 GF/C), and dried at 50 °C for 24 h. The resulting biomass content (c) was calculated
according to this formula:

Biomass concentration (g L) =m/0.01 L (2.2)

where m is the mass of the estimated dry weight after determining the difference between the

pre-weighed filter paper and biomass-filtered paper.

2.4.3 Determination of inorganic carbon removal rate
The inorganic carbon removal rate (mg L-'d!) was calculated as the difference between

the initial and final concentrations divided by the number of days of cultivation.

ICj— IC¢

IC removal rate = (2.3)

Where IC; is the initial and ICt final concentrations of inorganic carbonate present in the

cultivation media and t, days.

2.4.4 Estimation of Phycobiliprotein (PBP) content

The total phycobiliprotein content was estimated using modified freeze-thaw method
by adding 5 mg of lyophilised algal biomass to 1.5 mL 0.1 M L! phosphate buffer (pH 6.8)
and freeze at — 20°C for 24 hrs (Mc Gee et al., 2020a). The extracts were thawed at room
temperature and vortexed with glass beads for 5 min. The extraction process was repeated in
triplicates, and the samples were centrifuged at 3000 g for 5 min. The absorbance of the
supernatants was measured at 455, 564, 592, 618, and 645 nm using a Multiskan Go microplate
spectrophotometer (1510-04220C Thermo Scientific, UK) to determine phycoerythrin (PE)
and phycocyanin (PC) content using the equations developed by (Beer and Eshel, 1985).
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PE = [(OD564nm - OD592n1n) - (OD455nm - OD592nm) X 02] x0.12 (24)
PC = [(OD618nm - OD645nm) - (OD592nm - OD645nm) X 051] x 0.15 (25)
Where PE (mg mL') and PC (mg mL"') represents phycoerythrin and phycocyanin

respectively.

2.4.5 Inorganic carbon utilisation efficiency (HCOj3")

At pH 8.2 to 8.4, the alkalinity of bicarbonate is found in most natural waters, and
carbon dioxide (COz) ceases to exist in measurable quantities above this pH. The carbonate
and bicarbonate ions mostly exist together at pH above 8.2 to 9.6 and the distribution of these
two ions can be determined by measuring the phenolphthalein and methyl-orange alkalinities
using the equation below. According to DeMartini (1938), the equations based on the three

forms of alkalinity using the hydrogen ion concentration and total alkalinity of water are as

follows:
AlK 10714
50,000 x [ +(HT) -
HCOy = eI (2.6)
1+ ==4
Alk +(H+) _ 10_-:‘4
(COz) =9.70 x 1010(H*) x =22 — L) 2.7)
Hh)
Alk 10”14
N _ 561x107° 55,000 +(H") - (HT)
(COs) = (HY) 141122 10~11 (2.8)
(HY)
N _ 5x10710
(OH) = —a (2.9)

All the samples were centrifuged, and the supernatants were titrated against 0.02 N of
standardised sulfuric acid (H2SOs). An aliquot of 10 - 15 mL of the culture media was
centrifuge at 3000 g, the supernatant was transferred into in a beaker with 2 drops of
phenolphthalein indicator titrated against 0.02N sulfuric acid for the first endpoint. The titration
was followed by 2 drops of methyl orange indicator with the same sample and titrating against
the acid to reach the second endpoint. The final reading was also noted, and these readings
were used to determine the dissolved inorganic species (H2COs3, HCOs3", COs%) to determine

the total alkalinity in the culture media.

2.4.6 Pigment analysis on biomass composition
The harvested algal biomass was analysed for pigment content using reverse-phase

high-performance liquid chromatography (C18-RP HPLC). For sample preparation,
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approximately 4-5 mg of each freeze-dried biomass sample was transferred into a 2 mL tube
and two scoops of glass beads (~500mg) were added. The samples were extracted using 1 mL
of organic solvent (acetone: methanol, 7:3 v/v) containing an internal standard (a-tocopherol
acetate, 100 mg L) by homogenizing them in a VelociRuptor V2 Microtube Homo ™ ¢,
SLS1401) at 6.00 m/s for 15 seconds (3x cycles). The extracts were filtered through a 0.2 um
PTFE syringe filter into 2 mL RP-HPLC vials and analysed using a Hewlett Packard instrument
with a Nova-Pak C18 4 pm, 3.9x150 mm column with a guard column. The injection volume
was 25 pL, the flow rate was 1 mL/min, and the run time was 24 min. The mobile phase A
consisted of methanol:0.5 M ammonium acetate (80:20 v/v), the mobile phase B consisted of
acetonitrile: deionized water (90:10 v/v), and the mobile phase C consisted of 100% ethyl
acetate (Coward ef al., 2016). Pigments were detected by absorbance of 440 nm and identified

by comparison of retention time and spectra from the internal standards within AlgaeCytes

laboratory.

2.4.7 Estimation of total lipids

The lipid content of the freeze-dried microalgal biomass was determined by converting
cellular fatty acids into fatty acid methyl esters (FAME) and analysing them using a Gas
Chromatography-flame ionisation detector (GC-FID) equipped with a variable spit-flow
injector and a 52 CB GC column (Agilent 6890A). For each sample, 8-10 mg of biomass was
weighed into a 2 mL vial, and 50 pL of standard tridecanoic acid (TDA) was added as an
internal standard. The samples were saponified and trans-esterified by adding 225 pL of HCI:
methanol and 225 pL of chloroform: methanol (2:1 v/v) and heating them in an oven at 70 °C
for 2 h. After cooling, 1 mL of heptane was added to each vial and the samples were vortexed
for 30s to allow phase separation. The hexane layer (upper liquid) containing FAME was
transferred into new vials with a glass pipette, and an injection volume of 1 pL was loaded onto
a capillary column (length 25m, internal diameter 0.25 mm, film thickness 0.2 pm) using
helium as the carrier gas. The FAME were identified and quantified based on their retention
times and peak areas compared to those of Supelco® 37 Component FAME mix standard

solutions (Sigma Aldrich).

Fatty acid weight (mg)

Fatty acid content (mgg™!) = (2.10)

weight of algae biomass (g)
Fatty acid yield (mgL™1) = Fac (mgg™?!) x Bc(gL™1) (2.11)

Where Fac is the fatty acid content and Bc is the biomass concentration (g L™!).

31



2.4.8 Estimation of biochemical composition
The lipid, protein, and carbohydrate content of the freeze-dried microalgal biomass was

analysed by Fourier Transform Infrared Spectroscopy (FTIR) using a Cary 630 FTIR
instrument. For each sample, a small amount of biomass was applied to the diamond sample
window and compressed four times. The FTIR knob was turned until there was full contact on
the sample press, and this was repeated three to four times to ensure the reproducibility of the
analysis. The IR spectra were scanned in the range 4000-450 c¢cm!, and the characteristic
absorbance peaks based on specific chemical groups within the biomass were selected. Lipid
(C =0 ester stretching at 1760—1715 c¢cm 1), protein (C =O amide II band at 1545 cm™!), and
carbohydrate (C-O-C stretching at 1070-020 cm™!) contents were calculated as a percentage of
the biomass composition using standard calibration of glyceryl tripalmitate, bovine serum
albumin, and glucose, respectively, as described previously (Coward et al., 2016; Mayers et
al., 2013). Scanning the IR spectra in the range of 4000 - 450 cm™! produces a characteristic
absorbance spectrum based on specific chemical groups within the biomass (Figure A.2). As
the absorption pattern of proteins, lipids and carbohydrates is distinct, this method can identify
and quantify the biochemical composition of microalgal biomass. Total biomass composition
(% DW) was determined by developing a multi-point calibration curve of standards (D-
glucose, bovine serum albumin, glyceryl tripalmitate) prepared in potassium bromide. Peak
integration was carried out by ensuring the blue area covers the relevant bandwidth range by
moving the grey squares on either side of the peak as detailed in Figure D.2, selecting the peak
range detailed below:

* Lipid bandwidth range: 1761 — 1714 cm™!, Peak maxima at 1735 cm’!

*  Protein (Amide IT) bandwidth range: 1550 — 1500 cm!, Peak maxima at 1542 cm™!

* Carbohydrate bandwidth range: 1134 — 926 cm™!, Peak maxima at 1029 cm!

2.4.9 Extraction of polyphenols from microalgae biomass

Lyophilised microalgae biomass of 50 mg was dissolved in 50 mL 99.9% methanol
with a stirrer and placed stirring plate for 24 hours extraction. After 24 hours, the sample was
centrifuge at 3000 g for 5 mins and the supernatant collected through filtration. The algal pellet
was resuspended with fresh solvent and the extraction processes was repeated twice (2x). The
extracted solvents were pooled together after extraction processes, the solvent was collected

using rotary evaporator (Buchi-Rotavapor R-300) at 40°C under reduced pressure. The crude
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extract was dried under nitrogen gas and the total crude polyphenol was estimated using

equation (2.15) (Jesumani et al., 2020).

Algae biomass
lBiomass extraction

Methanol (99.9%)

Centrifuged

Supernatant Residue (pellet)

Redissolved
methanol

Centrifuged
Pooled extracts Total extracts 3x Residue (pellet)

Solvent removal and
drying

Polyphenol crude
extract

Figure 2.4 Schematic process of extraction polyphenols from microalgae biomass.

2.4.10 Extraction of polyphenols from mushroom exudate

100 mg of mushroom exudate (used substrate) was crushed and dissolved in 100 mL of
99.9% methanol with stirring, and the mixture was placed on a stirring plate for 24 hours. The
extraction was then carried out using a centrifuge at 3000 g for 5 minutes, and the supernatant
was collected through filtration. The residual exudate was resuspended in fresh solvent, and
the extraction process was repeated twice (2x). The extracted solvents were then pooled
together, and the solvent was collected using a rotary evaporator (Buchi-Rotavapor R-300) at
40°C under reduced pressure. After solvent extraction, the crude polyphenol extract was dried
under a flow of nitrogen gas and the total polyphenol yield was determined from equation

(2.15).
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Mushroom exudate

dissolved substrates

Methanol (99.9%)

Centrifuged
Supernatant Residue (pellet)
Redissolved
methanol
Centrifuged
Pooled extracts | Total supernatant 3x Residue (pellet)

Polyphenol drying

Polyphenol crude
extract

Figure 2.5 Schematic process of extraction polyphenols from microalgae biomass.

2.4.11 Estimated total extraction yield
Quantification of extraction yield from microalgae and mushroom exudate was

estimated using the equation below:

weight of dry extract (g)

Total extraction yield % = x 100 (2.15)

weight of sample (g)
2.4.12 Determination of total antioxidant capacity

The antioxidant capacity of the sample was measured by adding 1 mL of reagent
solution, consisting of 0.6 M sulphuric acid (3.14 mL in 100 mL), 28 mM sodium phosphate
(397.49 mg in 100 mL), and 4 mM ammonium molybdate (494.36 mg in 100 mL), to 1 mL of
the sample extract (Bhatti et al., 2015a). The tubes were then sealed and incubated at 90 °C for
30 minutes. The absorbance was read at 695 nm using a reagent mixture as a blank, and
ascorbic acid was used as a standard to determine the equivalent grams of total antioxidant
capacity (AAE) per extract. For antioxidant activities such as Trolox equivalent antioxidant
capacity (TEAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH), total phenolic content, and 2,2-
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). There are several limitations: the
chemistry and molecular targets of most in-vitro assays may not be suitable for the in-vivo
assays, commonly used antioxidant assays may not be adequate in measuring the radical

reactions in lipids, interference with other compounds not only to phenolic compounds but

34



other reducing agents including ascorbic acid, citric acid, and amino acids can interfere with

the analysis for an overestimated result (Capanoglu et al., 2021).

2.4.13 Determination of total phenolic content (TPC)

The total phenolic content was determined using the modified Folin-Ciocalteu (FC)
method described previously (Singleton and Rossi, 1965). To an aliquot of 1 mL of sample at
1 mg mL"!, 1 mL of FC reagent diluted in water (1:9 v/v) was added. After 5 min, 1 mL NaxCOs
(7.5%) was added and incubated for 1 h. The absorbance was measured at 765 nm after
incubation with the solvent as a blank. The results are expressed as gallic acid equivalents per
gram of dry weight (GAE/g extract). However, the interactions of phenolic compounds and
proteins are known to affect free polyphenols and antioxidant capacity. Polyphenols are very
sensitive to light, pH, and temperature. For precise quantification polyphenolic extraction
should be undertaken on freeze dried biomass with organic solvents and under subdued lighting

to prevent degradation of the antioxidant properties (Ozdal ef al., 2013).

2.4.14 ABTS radical scavenging activity

The ability of algal biomass to scavenge free radicals using ABTS test was evaluated
using modified method from (Monteiro et al., 2019). The ABTS radical (ABTS"™) was
generated by 10 mL of 7 mM (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) ABTS
solution with 10 mL of 2.45 mM potassium persulfate solution. The reaction mixture is allowed
to stand in the dark at room temperature for 12—-16 h, then adjusted with ethanol to an
absorbance of 1.0 at 734 nm before use. The lyophilised samples (algal biomass) were prepared
in different concentrations of methanol. Then 100 pL sample was mixed with 200 uL ABTS
solution and allowed to react for 10 min to subsequently measure their absorbances at 734 nm.
Butylated hydroxyanisole (BHA) was used as a positive control of antioxidant activity. The

radical scavenging capacity was calculated according to equation (2.16):

AbScontrol — AbSsample < 100

% ABTS scavenging activity = (2.16)

Abscontrol

where abs control 1S the absorbance of the control, and the abs sample is the absorbance of the

extract/standard.
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2.4.15 Determination of Sun Protective Factor (SPF)

The sunscreen protective factor of each biomass was estimated by using the polyphenol
extracts from a range of concentrations of their individual stock. The SPF values of each
biomass were measured separately, and a mixture of both polyphenols was also tested at
different ratios to determine their SPF values at 5 nm intervals from 290 to 320 nm using a
Multiskan Go microplate spectrophotometer (1510-04220C Thermo Scientific, UK). In
addition, the SPF values were estimated using a formula developed by Mansur et al. (1986)

from table 2.5 and simplified by Sayre ef al. (1979) through UV spectrophotometry in vitro.

320nm

SPF = CF, ), . EE(2) x () x ABS(4) (2.18)

CF, correction factor (10); EE, erythemal effect wavelength; I, solar intensity spectrum; Abs,
absorbance of the sample at 290-320 nm. The values for each [EE(A) x I(A)] are constants
normalised and reported by (Sayre et al. (1979).

Table 2.5 The normalised product function for SPF calculations (Mansur et al. 1986).

Wavelength (nm) EE x I (normalized)

290 0.0150

295 0.0812

300 0.2874

305 0.3278

310 0.1864

315 0.0837

320 0.0180
Total 1

2.5 Statistical analysis

All the experiments were conducted in triplicates and results were expressed as mean
value + standard deviation. Statistical differences between experimental groups were defined
using one-way analysis of variance (ANOVA) with post-hoc Tukey’s test. All statistical

analysis were conducted using OriginPro software (version 9.8, 2021).
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CHAPTER 3

Comparing carbon capture efficiency and biochemical composition
of five microalgal species in a bicarbonate-based system

3.1 Background

The emission of greenhouse gases, particularly CO., is globally acknowledged as a
significant issue impacting the world’s climate. This has led to extensive research in recent
years to mitigate carbon dioxide emissions by employing different carbon capture techniques
(Guo et al., 2019). Microalgae are photosynthetic organisms that exhibit high CO- fixation
efficiency in both gaseous and soluble states in the form of bicarbonates and carbonates, up to
10 — 50 folds compared to terrestrial plants (Singh and Dhar, 2019). The process of CO>
biofixation by microalgae is under thorough examination as a strategy to reduce greenhouse
gas emissions (Cheah et al., 2015; Meylan et al., 2015). Microalgal growth is not solely
dependent on CO; sequestration but also on the uptake of nutrients, photosynthetic light, and
various enzymatic activities (Prasad ef al., 2021a). The optimal pH condition for microalgal
growth range between 6.5 to 8. Genetic engineering can help overcome the inherent limitation
of metabolic capacity for higher accumulation of desired biomolecules. Moreover, acid-
tolerant and acidophilic microalgae have been investigated, and it has been demonstrated that
microalgae cultivated at pH below 3 can have biomass productivities compared to neutrophilic
strains (Abiusi et al., 2022). Usually, acidic pH is beneficial for CO, sequestration as it leads
to an increase in the concentration of free-CO», which is advantageous for acid-tolerant species
such as Scenedesmus sp. and C. sorokiniana (Abiusi et al., 2022). Alkaline pH levels also
increase the solubility of CO; in the form of CO3?* ions (Prasad et al., 2021b) which is
beneficial for high-CO> and alkaline-tolerant species like C. sorokiniana str. SLA-04 and
Chlorella sp. AT1 (Ighalo et al., 2022a; Tesson, 2023; Wu et al., 2022). The primary cause for
the rise in culture pH is the dissolution of CO2, which forms HCOj;". This HCO3" can rapidly
move through the carbon concentrating mechanisms (CCMs) of microalgae, with cellular
carbonic anhydrases facilitating the conversion of HCO3™ to CO2 and OH™ (Colman ef al.,
2002). A developed system called carbon concentrating mechanisms (CCM) in algae, which
operates on the external bicarbonate (HCO3") pool constitutes about 90% of the total dissolved
inorganic carbon in their culture environment (Moulin ef al., 2011). This CCM operates in
three functional models mainly the active inorganic carbon (Ci) uptake systems, carbonic

anhydrase (CA) for converting Ci, and CO> fixation system (Singh et al., 2016).
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Different research findings have been undertaken with a concluding aim on the
selection of appropriate strains, nutrient availability, and the technological cost which is a
significant hurdle in the commercial development of microalgae-based CO; capture processes
(Acién Fernandez et al., 2012; Zhou et al., 2017). Microalgal species that can tolerate CO>
concentrations greater than 20% are classified as CO-tolerant microalgae groups, while those
that can only withstand 2-5% COx concentration are classified as CO2-sensitive (Morales ef al.,
2015; Wang et al., 2023). One of the major challenges in enhancing CO> capture processes is
identifying microalgae strains that can tolerate high CO: concentrations. The significant
characteristics of microalgae have led to their widespread use in sustainable biomass
production, CO; sequestration, wastewater treatment, biofuel production by Dunaliella salina
(Yimin Chen a and Changan Xu a, 2021), and industrial waste such as flue gases, biogas,
agricultural waste products such as pig manure, brewery, and wastewater (Beigbeder et al.,
2021). Parachlorella kessleri, achieved 97% inorganic carbon removal and 95% biofixation
efficiency when cultivated in inorganic carbon derived from fermented sugar-beet molasses
(Beigbeder and Lavoie, 2022). Microalgae convert CO; into molecules such as lipids, proteins,
carbohydrates, and pigments which are commercially important through photosynthesis (Chen
etal., 2017).

Interestingly, due to increased consumer awareness and demand, there is a significant
growing pressure within the personal care products, cosmetics, foods, pharmaceuticals, and
agricultural industries to use natural products instead of synthetic ones (Gernaey et al., 2012).
Among the several strains of microalgae, Parachlorella kessleri and Scenedesmus quadricauda
have been evaluated for their high value-added products for various industrial applications on
wastewater treatment, CO» fixation, biofuel production, and pharmaceutical industries due to
their high biomass productivity and biochemical composition. Although, Eustigmatophytes
such as Nannochloropsis sp. and Vischeria sp. have gained industrial attention due to their
great biotechnological potential for producing high value-added products such as
polyunsaturated fatty acid (PUFAs), eicosapentaenoic acid (EPA), pigments, antioxidants, and
ability to utilise NH3 and CO; (Stoykova et al., 2019) which is a promising food constituent
for nutraceutical values (Sinetova et al., 2021). Phaeodactylum tricornutum, and Porphyridium
purpureum has the characteristic to meet several functional areas within these industries by
possessing the ability to produce a broad range of commercial value-added products such as
exopolysaccharides (EPS), polyunsaturated fatty acids (PUFAs), phycobiliprotein,
antioxidants properties, and metabolic flexibility in response to light fluctuations (Castro-

Ferreira et al., 2022; Coward et al., 2016). Strain such as Phaeodactylum tricornutum,
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Scenedesmus quadricauda, and Parachlorella kessleri have been identified as potential strains
for CO> sequestration, wastewater treatment, accumulate (carbohydrates, lipids, and
antioxidants), and biofuels production by (Beigbeder et al., 2021; Song et al., 2014)
Porphyridium purpureum produce valuable chemicals such as phycobiliprotein (which is a
water-soluble protein of a complex light-harvesting pigments), polysaccharides, and
polyunsaturated fatty acids (PUFAs) applied in food and drink and pharmaceutical industries
(Coward et al., 2016). This strain is capable of accumulating about 43.7% of the total fatty
acids, PUFAs such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) for anti-
inflammatory properties (Ryan ef al., 2009). The selected microalgae species from table 2.1
were provided by AlgaeCytes Ltd (industrial partner) based on their value-added products and
secondary metabolites below and throughout this section. In addition to their high biomass
production rates, the species can accumulate a wide spectrum of valuable compounds such as
lipids, carbohydrates, proteins, antioxidants, phycobiliproteins, eicosapentaenoic acid (EPA).
The main objective of this study is to identify the best inorganic carbon tolerant strain for
microalgae-based carbon capture and utilisation (CCU) and provide analysis its effect on

microalgae growth and biochemical compositions.
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3.2 Materials and Methods

3.2.1 Screening of inorganic carbon concentrations

The selected microalgal strains provided by AlgaeCytes Ltd were cultured in a BG11
media for freshwater strains table 2.1 and Guillard’s f/2 medium for marine strains table 2.2
following the recipes from the Culture Collection of Algae and Protozoa (CCAP). BG11
medium was prepared with a stock solution of 20 g L' NaHCOs for 1, 2, 4, and 6 g L*! as well
as f/2 media. The BG11 culture medium autoclaved at 121 °C for 1 hour, f/2 medium was
filtered-sterilised, and pH was adjusted for all to 7.5 with 1 M NaOH or HCl using an electronic
pH meter (Orion Star A211, Thermo Scientific).

3.2.2 Experimental setup

These microalgal species were inoculated in 250 mL conical flasks with 120 mL
working volume of modified BG11 and f/2 media with different NaHCO3 concentrations. The
flasks were incubated on a Stuart orbital shaker (Cole-Parmer 51900-22) at 120 rpm (unit too
low to be converted into g) and illuminated with an intensity of light 200 umol/m?/s (ROHS,
UK) for 24 h using a BT-881D lux meter (BT-Meter store, UK). Samples were taken every 2
days to measure the optical density. The experiments were performed in triplicates for a

cultivation period of 14 days.

3.2.3 Microalgal analysis on specific growth rates

The ODe¢sonm of the cultures was continuously measured using a Multiskan Go
microplate spectrophotometer (1510-04220C Thermo Scientific, UK). The specific growth rate
(u, d'!) was calculated using the following equation (Beigbeder e al., 2021).

In (X5/ Xy)
tr—tq

(3.1)

where X> and X; (dry weight) are the exponential phases at the end and beginning, respectively,

and time (#2) represents the end and start (¢;) of cultivation.

3.2.4 Quantification of inorganic carbon (HCOy") utilisation by microalgae
The concentration of inorganic carbon was quantified using titrimetric methodology of

the culture supernatant described in chapter 2, section 2.4.5
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3.2.5 Pigment analysis on biomass composition

The harvested algal biomass was analysed for pigment content using reverse-phase
high-performance liquid chromatography (C18-RP HPLC). Approximately 4 - 5 mg of
lyophilised algal biomass sample was extracted using 1 mL of organic solvent (acetone:
methanol, 7:3 v/v) containing an internal standard (a-tocopherol acetate, 100 mg L!) by
homogenizing them in a VelociRuptor V2 Microtube Homo ™ (SLS1401) at 6.00 m/s for 15
seconds (3x cycles) described in chapter 2, section 2.4.6 (D. A. Wright et al., 1991).

3.2.6 Determination of total lipids (FAME) using GC-FID

The fatty acid composition was determined for each strain using a 52 CB GC column
(Agilent 6890A, Germany). For each sample, 8-10 mg of the biomass was weighed into a 2
mL vial, and 50 puL of standard tridecanoic acid (TDA) was added as an internal standard

described in chapter 2, section 2.4.7.

3.2.7 Quantification for biochemical composition using FTIR

The lipid, protein, and carbohydrate content of the freeze-dried microalgal biomass was
determined using C630 Fourier Transform Infrared Spectroscopy (FTIR) described in chapter
2, section 2.4.8 by (Mayers et al., 2013).

3.3 Results and discussion

3.3.1 Effect of bicarbonate concentrations on cell growth and biomass production

In this study, the biomass production and productivity, inorganic carbon utilisation, and
carbon uptake rate of five microalgal species were evaluated at different NaHCO3
concentrations (1, 2, 4, and 6 g L) for their growth profiles, carbon capture efficiencies, and
biochemical composition (Figure 3.1). The above observations of all species were significantly
affected by the concentration of NaHCO;3 (p < 0.05). The highest specific growth rate and
biomass concentration of P. kessleri occurred at a NaHCOj3 concentration of 4 g L™, where the
highest specific growth rate was 0.162 d'! and the highest biomass production was 1.67 g L!,
further increase in NaHCOs3 (6 g L'!) resulted in decrease in biomass 1.59 g L'! higher than the
control (1.27 g L!) affecting the algal growth (Figure 3.2). This trend is similar to a recent
study with P. kessleri that reported the maximum biomass productivity (1.54 g L") at 3 g L'!
NaHCOs with a decrease in productivity beyond 5 g L'! NaHCO; (Beigbeder et al., 2021) due

to salt stress caused by high sodium ions, which affects photosynthesis by inactivation of
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specific enzymes in cells (Sudhir and Murthy, 2004). The enzymatic activity of ribulose-1,5-
biphosphate (RuBisCO) and carboxylase can be reduced by low temperature whiles high
temperatures above 40°C can alter photorespiration and the metabolic activity of microalgae
(Prasad et al., 2021b). Meanwhile, S. quadricauda, Vischeria sp., and P. purpureum had an
increase in the specific growth rate, even at a NaHCOj3 concentration of 6 g L' (Figure 3.1a).
Decrease in growth on day 12, was a result of temperature variation within the laboratory which
resulted to fluctuations in growth. This suggests that these three species can sequester high
levels of carbon dioxide in the form of NaHCO3 to produce biomass. A recent study reported a
significant increase in biomass productivity of Scenedesmus sp., from 19.9 to 28.3 mg L'!d"!,
as the concentration of NaHCOs3 was increased from 0 to 1.2 g L' (Pancha er al., 2015).
Similarly, Scenedesmus sp., cultured in BG11 medium for 14 days with an increasing carbon
dioxide concentration from 0.03% to 10% showed higher growth (Tang et al., 2011a). These
studies show similar trends to the present study with a positive correlation between the
availability of carbon sources and biomass productivity. Growth in higher bicarbonate
supplements promoted cell growth and photosynthetic pigments, however, higher
concentrations can cause stress and increase the culture pH which can inhibit growth which is
crucial for carbon sequestration can be influenced by temperature.

In the case of P. tricornutum, a peculiar trend was observed: the specific growth rate
and biomass concentration decreased as NaHCO3 concentration increased (Figure 3.2). The
highest specific growth rate was 0.173 d! and biomass production (1.75 g L") in the control
(1 g L'Y) compared to the 6 g L' NaHCOs (1.51 g L!). A similar trend was reported in the
literature, indicating the highest growth of P. tricornutum at a bicarbonate supplement of 2.7 g
L' in P. tricornutum (Gardner et al., 2011). These results suggest that the optimal substrate
(NaHCO3) concentration for P. fricornutum was at 1 g L' (control). A study conducted by
Song et al tested the carbon dioxide flow range of 0 — 2.5 vvm and found that the maximum
specific growth rate and biomass concentration occurred at 1.5 vvm in the lowest flow (Song
et al., 2014). Increasing the carbon dioxide flow beyond this point resulted in a decrease in both
the specific growth rate and biomass concentration (Guo ef al., 2019). A similar study by
(Mirén et al., 2003) showed that an increase in the concentration of NaHCOs3 caused a decrease

in the growth of P. tricornutum.
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Biomass productivity rate (g L"'d"' DW) ~

Figure 3.1 Represents the (a) biomass productivity rate, (b) carbon uptake rate, and (c) inorganic carbon
removal rate levels in Parachlorella kessleri, Scenedesmus quadricauda, Vischeria sp., Phaeodactylum
tricornutum, and Porphyridium purpureum. These rates are measured after a 14-day cultivation period
in the presence of varying concentrations of NaHCOs, including a control (C) 1 g L' and additional 2,
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The culture pH was measured at regular intervals throughout the experiment for each condition.
An increase in pH (Figure 3.3) is due to the utilisation of HCO;3™ by microalgal cells by the
enzyme carbonic anhydrase during photosynthesis, which resulted in the alkalisation of the

medium (Li et al., 2018b). Other reports have also shown the effects of sodium bicarbonate on

the increase in culture pH in Tetradesmus sp. (Umetani et al., 2021).
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Figure 3.2 Growth curves of (a) Parachlorella kessleri, (b) Scenedesmus quadricauda, (c) Vischeria
sp., d) Phaeodactylum tricornutum, and (e) Porphyridium purpureum cultivated in different sodium
bicarbonate (NaHCO3) supplements with similar growth trend at different concentration level and
biomass. Data values expressed as mean + standard deviation, n=3.

At the end of the experiment, the inorganic carbon removal achieved was beyond 87.1% at 6 g
L' NaHCO:s for P. kessleri, Vischeria sp., and P. purpureum (table 3.1). The exception was S.
quadricauda, which achieved 70.2% removal under the highest supplement. As discussed

previously, P. tricornutum demonstrated the highest inorganic carbon removal 93.1%. These
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results show that inorganic carbon removal correspond to growth and biomass production in

all algal species tested.

Table 3.1 Microalgal utilisation efficiency of inorganic carbon (IC) removal at different NaHCOs
concentrations. Data values expressed as mean + standard deviation, n=3.

Total inorganic carbon removal (%)
Parameters lgL! 2gL?! 4gL! 6gL!
P. kessleri 33.4+0.18 52.3+0.94 75.1+0.12 87.1+041
S. quadricauda 442 £0.08 57.2+0.14 66.8 +0.21 70.2 +0.62
Vischeria sp. 47.2+£0.75 66.9 £ 0.30 87.6 £ 0.82 91.7+£0.73
P. tricornutum 93.1 £0.97 84.8 £ 0.67 59.4+0.34 28.9+£0.37
P. purpureum 21.1+049 43.5+0.84 75.8+0.92 88.2+£0.95
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3.3.2 Impact of inorganic carbon on the biochemical composition

The biochemical compound varies depending on the microalgae specie but also on other
process parameters such as inorganic carbon, pH, light, and nutrient availability. The harvested

microalgal biomass was analysed by determining the content and biomass production of

46

12 14




carbohydrate, protein, and lipid. The protein content estimated from the microalgal biomass of
P. kessleri, S. quadricauda, and Vischeria sp. ranged between 15 — 19%, 28 — 33%, and 33 —
36% respectively and the marine species P. tricornutum and P. purpureum, from 6 — 8% and
13 — 21% respectively depending on the NaHCOs supplement (Figure. 3.4). The addition of
inorganic carbon to P. kessleri showed that, the accumulation of carbohydrate, protein, and
lipid was statistically significant. The maximum protein and carbohydrate content was
accumulated at 4 g L', which demonstrated significant difference with the control (»p < 0.01)
except when varied between 4 and 6 g L!. From this study, a similar report on P. kessleri by
(Beigbeder et al., 2021) supported this argument. Specifically, when the NaHCO;
concentration reached 6 g L'!, the biomass decreased which promoted other content such as
lipid. The increase in NaHCO3 concentration up to 6 g L'! did not have any significant effect
on the carbohydrate content by S. quadricauda. The control (1 g L) NaHCOs3, the
carbohydrate content of 33.28% was higher and decreases with increasing NaHCOs3
concentration (Figure 3.4b). From Figure 3.4c, increasing inorganic carbon concentration did
not have significant difference on the biochemical composition of Vischeria sp. with increasing
biomass production of 1.78 g L'!. In P. tricornutum, the carbohydrate and lipid content were
61.67% and 22.43% respectively in the control (1 g L") with a biomass production of 1.75 g
L' compared to the remaining NaHCOs concentration which decreases with increasing
concentration. An increase with the inorganic carbon concentration on biomass production and
biochemical accumulation was due to osmotic stress reported by (Srinivasan ef al., 2018).
Moreover, the addition of inorganic carbon promoted the biochemical contents of
protein and carbohydrate in P. purpureum except lipid. (Yadav et al., 2019a) also reported an
increase of the carbohydrate content of Chlorella sp. from 13.2% to 23.1% with increasing CO>
concentration from 0.03% to 10% in the culture media. Comparably, the carbohydrate and
protein content presented a different profile with different trend from S. quadricauda and
Vischeria sp. respectively. The addition of inorganic carbon concentrations did not improve
the biochemical content in P. tricornutum and Vischeria sp., likewise lipid content in P.
purpureum. However, from the control (1 g L) bicarbonate concentration resulted into
metabolic regulation towards the production of lipids and carbohydrates than protein with
increasing concentration from 2 - 6 g L''. Although, a study on nitrogen and phosphorus
regulation promoted neutral lipid accumulation by shifting the enzymatic metabolism most
used to stimulate lipid induction in microalgal cultivation (Guo et al., 2014). Under stress
conditions, microalgae accumulate carbohydrate in the form of various molecules such as

glycogen, triglycerides, and starch (Kandasamy et al., 2022). Similar trends have been reported
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in another study, where lipid (TAG) accumulation was improved by the addition of bicarbonate
(50 mM) under low nitrogen concentrations in P. tricornutum (Gardner et al., 2012). A similar
study by (Song et al., 2014), confirmed that increasing carbon source up to 1 g L™! resulted in
an increase in growth rate and biomass concentration, but these values decreased beyond a
carbon concentration of 2 g L!. Other studies have also reported that biomass productivity of

Phaeodactylum tricornutum decreased at a gas-liquid ratio above 2.0 vvm (Mir6n et al., 2003).
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Figure 3.4 The biochemical content (bars) and biomass production (circle + lines) from (a)
Parachlorella kessleri, (b) Scenedesmus quadricauda, (c) Vischeria sp. (d) Phaeodactylum
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tricornutum, and (e) Porphyridium purpureum harvested after 14 days of cultivation at different
bicarbonate (NaHCO3) concentrations of 1, 2, 4, and 6 g L. Data values expressed as mean + standard
deviation, n=3, and statistical analysis by one-way ANOVA with post-hoc test shown in Appendix A.

3.3.3 Effects of different inorganic carbon on fatty acid profiles

Microalgae can accumulate a high content of neutral lipids, particularly triacylglycerols
(TAGs), which are mostly composed of saturated and monounsaturated fatty acids (Bigogno,
2002). some microalgae are rich in long-chain polyunsaturated fatty acids (LC-PUFAs) such
as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), while others like
arachidonic acid are relatively rare but strains of Rhodophyta such as Porphridium cruentum
contains relatively high content (Gao et al., 2020). Under different inorganic carbon (Figure
3.5.), the change in the relative content of main fatty acids (total fatty acids %) under inorganic
carbon concentrations were similar. For P. kessleri, the content of C18:3, C18:2, and C16:0
was increased cultivated under 1 - 4 g L' NaHCOs concentration for more than 80% of the
total fatty acids (Figure 3.5a). Similar investigation on nutrient stimulation resulted in the
overproduction of lipids in P. kessleri (Li et al., 2013) which is has been identified as a
feedstock for biofuel production (Beigbeder et al., 2021). Scenedesmus dimorphus showed
increased accumulation of polyunsaturated fatty acids, including alpha linoleic acid (C18:3),
in response to elevated carbon dioxide levels (Vidyashankar et al., 2013). In S. quadricauda,
the addition of sodium bicarbonate did not enhance the overall lipid content, there was no
significant difference among various NaHCOj3 concentrations due to alkaline shift in pH with
similar reports on Scenedesmus sp. (Singh et al., 2022). The fatty acid composition of
Eustigmatophytes includes C14, C16, C18, and C20 (Xu et al., 2020). The total fatty acids of
C16:0 and C16:1 accounted for about 58.78% under the varying NaHCO3 (2-6 g L'!) compared
to 48.44% control (1 g L'Y) Vischeria sp. while the EPA accounted for 27.11% in the control
with 5 folds higher than the other remaining treated concentration about 22.55% lower (Figure
3.5), similar results on E. vischeri JHsu-01 were reported by (Xu et al., 2020). The EPA content
in Eustigmatophyceae vary among species such as Nannochloropsis salina which can account
EPA content 0f27.0% of TFA, similar to this study on Vischeria sp. (Solovchenko et al., 2008).
The NaHCOs concentration promoted the C16:1 content, but decreased EPA (27.27 % -
21.29%) with no effect on C14:0, C16:0, C18:0, C18:1, C18:2, and C20:4. The maximum
percentage of EPA was found in the control but substantially decreased with increasing
NaHCO; concentration at the end of the cultivation Other studies on Vischeria sp. have shown

increases in EPA content under salt stress (Sinetova et al., 2021).
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Another report on Vischeria stellata showed an increase in EPA (C20:5) and
arachidonic acid (C20:4) on nitrogen stress conditions (Gao et al., 2016). Interestingly, a
different trend was observed in P. tricornutum with the addition of bicarbonate. As the
NaHCO; increases, the content of C16:1 from each bicarbonate supplement was found to be
similar with the maximum value 54.32% including the control but the content of C16:0
(27.69%) was 2 folds lower comparatively in P. tricornutum. The average EPA content was
9.83% constant at each NaHCO3 condition but did not improve the C18:1 level. A study by
(Peng et al., 2013) confirmed increased proportions in C16:0 (38.03%) and C16:1 (33.22%)
and a decrease in EPA C20:5 (6.88%) under sufficient carbon (40 mM NaHCOs3) in P.
tricornutum. Although, carbon metabolism promotes sufficient substrates for the synthesis of
TAG but through nitrogen and phosphorus (Peng et al., 2013). High levels of inorganic carbon
can promote lipid accumulation in microalgal cells but carbon to nitrogen/phosphate ratio has
significant effects on lipid metabolism (Tang et al., 2011b). The reduction in the content of
C16:0 and C18:0 could be attributed to the desaturation rate surpassing the elongation rate,
ultimately leading to an increase in the production of C16:1 with similar results reported by
(Song et al., 2014). In relation to the fatty acid composition in P. purpureum, as depicted in
figure 3.5e, it’s evident that varying concentrations of NaHCOs3 in the culture resulted in a
distinct variation pattern for the primary fatty acids (C16:0, C18:2, C20:4, and C20:5). The
arachidonic acid C20:4 of about 34.70% content was 2 folds higher than the EPA C20:5 of
about 14.27% content under each bicarbonate concentration. The content of C16:0 constituted
approximately 31.62%, and the C18:2 content 15.81% was decreased by NaHCO; (Figure 3.5).
This suggests that the unsaturation index of the cellular fatty acids was enhanced by NaHCO3,
particularly in relation to the two primary beneficial polyunsaturated fatty acids in P.

purpureum.
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Figure 3.5 Represents the fatty acid contents from the biomass dry weight of (a) Parachlorella kessleri,
(b) Scenedesmus quadricauda, (c) Vischeria sp., (d) Phaeodactylum tricornutum, and (e) Porphyridium
purpureum under different inorganic carbon concentrations after a cultivation period of 14 days. Data
values expressed as mean =+ standard deviation, n=3.

3.3.4 Effects of inorganic carbon on photosynthetic pigment.

The growth response of the P. kessleri, S. quadricauda, Vischeria sp., P. purpureum,

and P. tricornutum was studied at different inorganic carbon concentrations on pigments from

figure 3.6 with a chromatogram presented in Appendix D (Figure D.1). The addition of

inorganic carbon contributed to the photosynthetic pigments of the chlorophyll-a and B-
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carotene for each strain. There was significant difference of chlorophyll-a when the inorganic
carbon concentration was increased from 1 —4 g L'! but insignificant between 4 and 6g L'! (p
< 0.01). The highest amount of chlorophyll-a (6.96 + 0.07 mg g!) was found in 6g L' similar
to 4 g L't which is about 1.8 folds higher than the control culture 3.86 + 0.12 mg g'! in P.
kessleri higher than (Beigbeder et al., 2021; Beigbeder and Lavoie, 2022). From Figure 3.6b,
the chlorophyll-a content (0.75 + 0.01 mg g') increases with increasing bicarbonate
concentration but decreased in B-carotene (0.19+0.00 mg g!) at 6g L'!. A similar report on S.
quadricauda, the chlorophyll-a content was 2.14 folds higher than the control (1 g L") with
lower B-carotene content (Singh ef al., 2022). The maximum chlorophyll-a content estimated
in Vischeria sp. was 27.23 + 0.6 mg g' (control) higher than the highest bicarbonate
concentration 23.89 + 0.40 mg g! (6 g L"). There was no significant difference in the
chlorophyll-a content at each treatment condition. Another study on Nannochloropsis salina
and Tetraselmis suecica was cultivated with 1 g L bicarbonate supplementation, their
chlorophyll-a concentration increased 1.9 and 2.2 times as compared to control grown culture
(White et al., 2013). The improvement of B-carotene content was not dose dependent with
addition of sodium bicarbonate. The highest amount of B-carotene (7.38 + 0.26 mg g'!) was
found in 4 g L'! sodium bicarbonate culture, the remaining bicarbonate concentration 2 and 6
g L was averagely similar (6.7 = 0.35 mg g!) and the lowest was found in the control (5.25 +
0.21 mg g!) sodium bicarbonate cultures.

Furthermore, the addition of sodium bicarbonate (up to 6 g L") did not increase the
both the chlorophyll-a content and B-carotene content. The decreased pigment ratio can be
explained by the fact that adding sodium bicarbonate of such amounts causes a rapid increase
in pH, resulting in an alkaline environment, which is unfavourable for microalgal growth.
Interestingly, different trend on growth has been on P. tricornutum growth, the chlorophyll-a
and B-carotene increases with increasing bicarbonate concentration. At 6 g L', the chlorophyll-
a content 2.87 + 0.09 mg g'! was 3.6 folds higher than the control 0.79 + 0.05 mg g'! and B-
carotene content were 0.86 + 0.05 mg g! at 6 g L! higher than the control. In our study, P.
purpureum grew optimally at each sodium bicarbonate concentration, however, there was no
significant difference among the total chlorophyll and B-carotene content under the treatment
condition. Both light intensity and the concentration of inorganic carbon have been
demonstrated to impact the chlorophyll-a and [-carotene content relative to biomass

composition in these species.
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Figure 3.6 Represents chlorophyll-a content and f-carotene content from the dry weight of (a)
Parachlorella kessleri, (b) Scenedesmus quadricauda, (c) Vischeria sp. (d) Porphyridium purpureum,
and (e) Phaeodactylum tricornutum microalgal species at different sodium bicarbonate concentration
for a cultivation period of 14 days. Data values expressed as mean + standard deviation n=3, and
statistical analysis by one-way ANOVA with post-hoc test show in Appendix A.

3.4 Conclusion

This study investigated the effects of bicarbonate concentration on the growth and

biochemical composition of five microalgal species for carbon capture and value-added

53



product production. The results showed that each microalgal species had a different capacity
to utilise bicarbonate and production of biomass. P. kessleri, Vischeria sp., and P. purpureum
achieved the highest carbon removal efficiency and biomass production at 6 g L' NaHCOs,
while 1 g L' NaHCO;3 was more suitable for P. tricornutum. The biomass composition of the
microalgae varied with bicarbonate concentration and species. The freshwater species had
higher protein content compared to marine species, while the marine species had a higher
carbohydrate content than the freshwater species in response to bicarbonate. The lipid content
was highest in P. tricornutum, followed by P. kessleri and Vischeria sp. The fatty acid profiles
of the microalgae were dominated by C16 and C18 fatty acids, with P. purpureum, Vischeria
sp., and P. tricornutum having highest EPA content. Additional research is needed to optimise
the pH of a bicarbonate supplemented medium and nutrient amendment to stimulate
intracellular lipid synthesis, particularly by utilising dissolved inorganic carbon. This study
demonstrates that bicarbonate can served as an alternative carbon source for microalgae
cultivation and that different microalgal species can be selected for different applications based
on their growth and biochemical compositions. However, in addition to the selection of
appropriate microalgae strains with the highest growth properties, high inorganic carbon
removal, biomass productivity, high biochemical compositions, and valuable metabolites such
as phycobiliprotein, polysaccharides, eicosapentaenoic acid (EPA), and arachidonic acids from
Vischeria sp. and P. purpureum was selected as a key aspect for the development and

implementation of microalgae-based carbon capture and utilisation approach.
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CHAPTER 4

Development of a bicarbonate-based integrated carbon capture
and algal production system for mushroom cultivation using two
microalgal species.

4.1 Background

The global mushroom market size is projected at a compound annual growth rate
(CAGR) between 9.2 — 10.1% in the forecasted period between 2022 -2030 at USD 23.3 billion
(Zion, 2021). Mushrooms are a relatively fast-growing crop (Girmay et al., 2016) and have
emerged as one of the most profitable commercial agribusinesses across continents of North
America, Europe, Asia Pacific, South America, Middle East, and Africa (Muswati et al., 2021).
Mostly, edible mushrooms are commercially cultivated for medicinal and nutritional purposes.
Cultivation of edible mushrooms requires critical environmental factors such as high humidity
(80-90%), temperature (25-30°C), light, nutrients, and carbon dioxide throughout their
cultivation phases (Kiies and Navarro-Gonzalez, 2015;Sakamoto, 2018). During mushroom
growth, large amounts of oxygen are consumed, and carbon dioxide is released (Baumann et
al., 2012; Hall et al., 2010). Elevated levels of carbon dioxide during mushroom-growing
negatively affect the yield and quality through carbon dioxide poisoning. During the initial
phases of growth, called the spawn run, the edible fungi can generate levels of carbon dioxide
between 10,000 - 20,000 ppm depending on the inoculum size (Khanna, 2020). There have
been a few recent reports on the use of carbon dioxide produced from mushroom farms to
cultivate C. vulgaris (Siri¢ et al., 2023) and the sustainable cultivation of lettuce by utilising
carbon dioxide from mushroom production (Jung & Son, 2021). To tackle the carbon dioxide
challenge, various carbon capture and conversion techniques have been suggested which are
generally applied to concentrated carbon sources from steel, cement, power plants etc., using
chemical absorption (solvents), physical adsorption, or cryogenic or membrane separations
(Singh, J. & Dhar, 2019b). However, due to the low solubility for mass transfer (gas-liquid
phase) in culture media, less than 10 % through direct sparging is being utilised (Gonzalez-
Lépez et al., 2012). Therefore, it is necessary to develop a process that allows for the efficient
capture of carbon dioxide from mushroom production in the form of inorganic carbon for algal
cultivation. The application of amine-based solvents such as diethanolamine (DEA) and mono-
ethanolamine (MEA) is currently the most commonly used commercialised process in post-

combustion plants with high energy consumption (Sanna et al., 2014). However, MEA is a
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corrosive amine that reacts with atmospheric oxygen to form reactive intermediates (Luis 2016;
Zhao et al. 2011). Sodium hydroxide has been identified as an alternative solvent to MEA for
carbon capture through aqueous solutions, due to its relatively non-corrosive and non-toxic
properties (Stolaroff et al., 2008a). The use of highly efficient alkaline absorption methods
such as NaOH have been evaluated for carbon capture to overcome the limitations of gas-liquid
mass transfer (Gonzéalez-Lopez et al., 2012). CO> can be introduced into the culture either
through injection as a gas or it can be incorporated as bicarbonate in an alkaline solution (Chisti,
2016).

Moreover, pH of the cultivation is mostly affected by the carbon dioxide delivery system.
Bicarbonate from CO; capture requires high pH level to sustain the bicarbonate in the solution
without escaping from the system (Yadav et al., 2016). The optimal pH for microalgae
cultivation is species dependent and the addition of CO; is a common method for pH control
in microalgae cultivation systems (Moheimani, 2013). A significant disadvantage of
controlling pH through direct CO: injection is the inefficient solubility and utilisation of COs».
A considerable portion of the injected CO escapes into the atmosphere, leading to
environmental pollution. Hence, it’s crucial to find an alternative method that ensures effective
use of carbon dioxide in the form of a bicarbonate solution. Different microalgae strains such
as P. tricornutum and Chlamydomonas sp., cultivated at pH 9 gave specific growth rates of 0.3
d!and 0.41 d'! respectively reported to remove 50 - 60% CO- while other reports on E. gracilis
(0.72 dY, E. mutabilis (0.58 d'") cultivated at pH 3 contributed to 10 — 24% CO, removal
(Piiparinen ef al., 2018). Microalgal species behaves differently at pH ranges which promotes
photosynthetic growth leading to functional activities like the enzymatic activities of the cells
and biomass production by (K. Li ef al., 2020). The application of proportional integral with
pH control improved microalgae production and CO> utilisation with pulse modelling in a
tubular photobioreactor (Fernandez et al., 2010). However, the bicarbonate ion (HCO3") is
highly soluble, which facilitates its use by microalgae through the carbon dioxide concentration
mechanism (CCM). This process involves the enzyme carbonic anhydrase, which transforms
bicarbonate (HCOs3") into carbon dioxide (CO.) within the microalgae’s intracellular membrane
(Moroney and Ynalvez, 2007). Several reports on carbon capture and utilisation (CCU) have
been studied on the utilisation efficiency of different microalgal species such as Scenedesmus
obliquus on 10 % carbon dioxide removal from fermented brewery wastewater in a bubble
column photobioreactor (Ferreira et al., 2017), Arthrospira platensis was evaluated for carbon
dioxide fixation using carbon dioxide from fermented molasses in a tubular photobioreactor

(Matsudo et al., 2011), and cultivation of Spirulina sp., using carbon dioxide absorbents such
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as monoethanolamine (MEA) and sodium hydroxide on their influence in growth and biomass
production (Rosa et al., 2016). Hence, it is essential to examine the microalgae growth at
different pH conditions on biomass productivity and inorganic carbon removal. From chapter
3, based on the effect of varying different NaHCO3 concentration tolerance by different
microalgal species, Vischeria sp., and P. purpureum were identified based on their growth,
biomass production, carbon removal, and their valuable metabolites such as phycobiliprotein,
eicosapentaenoic acid (EPA), long-chain polyunsaturated fatty acids, arachidonic acid,
carbohydrates, proteins, and polysaccharides (Sanchez-Saavedra ef al., 2018; Sinetova ef al.,
2021). This study hypothesised and aimed that, will the growth rate and CO; uptake ability be
influenced by the pH of the culture medium and to assess their impact for Vischeria sp., and P.

purpureum cultivation in synthetic media and mushroom-bicarbonate media.
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4.2 Materials and methods

4.2.1 Mushroom growth and carbon dioxide capture

A closed growth system was designed using a transparent storage box (60 cm % 40 cm
x 25 cm) from Figure 4.1. The system was equipped with a portable CM-501 GasLab monitor
with a measurement range of 0 — 15,999 ppm with a sensitivity of + 50 ppm, an air pump, air
filters, a humidifier, and light. The carbon dioxide concentration in each chamber was
measured every 10 min by using a CM-501 GasLab monitor. Furthermore, each box was
outfitted (eight holes) with an air inlet and outlet around each box to ensure efficient airflow.
The outlet was fitted with a one-way to allow excess carbon dioxide to flow into the absorption
medium (NaOH-BBM) by continuous injection. An air pump (Pawfy MC-3000 pump, UK)
was placed inside the growth box to remove the carbon dioxide generated by the mushrooms
into the coupled culture medium (NaOH-BBM). The CM-501 GasLab monitor with a CSV file
format was placed inside the box to measure parameters such as carbon dioxide coming the
fungi, temperature, and relative humidity. From figure 4.2, a negative control of the
atmospheric carbon dioxide concentration from the laboratory was measured in comparison
with the carbon dioxide emitted from the mushrooms. A light source is provided during the
pinhead phase which set to direct growth of the mushroom bodies. A beaker of water was
placed in the box to create a humid environment that promoted the effective growth of
mushrooms. The experiment was conducted on a small scale using a 1 L Schott bottle at a flow

rate of 2.5 L/min using a Pawfy MC-3000 pump, UK.
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Figure 4.1 Schematic representation of carbon capture from mushroom cultivation chamber using an
absorbing media coupled with microalgal growth media.
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4.2.2 Microalgal inoculation preparation

The green microalgae Vischeria sp., (Eustigmatophyceae), and red microalga
Porphyridium purpureum (Rhodophyta) used in this study were provided by AlgaeCytes Ltd.,
UK. A stock inoculum of 1 L was cultivated for Vischeria sp. in Bold’s Basal Medium (Allen,
1968) and P. purpureum was cultivated in BBM with the addition 37 g L'! of tropic sea salt of
the supplemented with 1 g L' NaHCOs. The culture media were autoclave and filtered to
remove precipitates from the addition of sea salts. These cultures were incubated with a
continuous intensity of light 150 umol/m?/s, aerated at a flow rate of 1 L/min, and under 120

rpm (unit too low to be converted into g) using a Cole-Parmer Stuart magnetic stirrer.

4.2.3 Screening of microalgae culture under different pH values

From the culture stocks in section 4.2.3, Vischeria sp. and P. purpureum strain was
cultivated in 250 mL Erlenmeyer flasks. Microalgae strains were cultivated in Bold’s basal
medium (control) of 2.0 g L' NaHCOs3, and the captured carbon medium (NaOH-BBM) was
used for the pH screening study with 2 g L' (NaHCOs3) captured carbon as an inorganic carbon
source. An initial pH of 5, 7, and 9 was set for all the media using 0.1 M NaOH and HCI
solutions. A medium of 150 mL was inoculated with 0.1 optical density of microalgae cells.
For this screening, the pH of the reactors was monitored every 12 hours and regulated to their
set culture conditions using a 0.1 M HCI solution. Cultures were incubated for eight days at
room temperature under continuous illumination and agitation at 120 rpm (unit too low to be
converted into g) on an Orbital Stuart shaker. All cultivation reactors were executed in
duplicates. Duplicate cultures were pooled on day 8, harvested by centrifugation at 3000 g for
6 min, and dried. Marine species were desalinated using 20 mL of 0.5 M ammonium formate
to remove salt traces and prevent spectra interferences before storing at -20 °C until further

process.

4.2.4 Specific growth rates of microalgae
The specific growth rate (u, d!) was estimated based on the optical density of the culture

suspension at 680 nm (OD) using a microplate reader (Thermo Scientific, UK), as follows:

In (0D,/ OD;)
tr— 1t

p(dh = (4.1)
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where “u” is the specific growth rate (d!), “OD:” on the final day “#,”, and “OD;” is the OD
on day “#;”. An aliquot of 10 mL of the culture suspension was sampled from the
photobioreactor, centrifuged at 3000 g for 5 min (washed twice with distilled water for
freshwater species and ammonium formate for the marine species), and filtered through a pre-
weighed Whatman GF/C glass microfiber filter (pore size 0.22 pum). Biomass content was

quantified by determining the dry weight difference after drying at 105°C for 24 hours.

4.2.5 Phycobiliprotein extraction and analysis
The freeze-thaw method was used for the extraction of phycobiliprotein (PBP) from P.
purpureum freeze-dried biomass, using a modified method by (Mc Gee et al., 2020b) from

section 2.4.4.

4.2.6 Biochemical composition analysis using FTIR spectroscopy

FTIR attenuated total reflectance (ATR) spectra were collected using a Cary 630
PerkinElmer Model Spectrum two instrument equipped with a diamond crystal ATR
reflectance cell with a DTGS detector scanning over the wavenumber range of 4000450 cm'!

at a resolution of 4 cm™! as described by McGee et al.(2020) in Chapter 2 section 2.4.8.

4.2.7 Pigment extraction

Pigment extraction was carried out under ice-cold acetone with approximately 4 - 5 mg
lyophilised biomass (n=3) transferred into a 2 mL tube by adding two scoops of glass beads
(~500 mg) were added. The samples were extracted using 1 mL of organic solvent (acetone:
methanol, 7:3 v/v) containing an internal standard (a-tocopherol acetate, 100 mg L) by
homogenising them in a VelociRuptor V2 Microtube Homo™ (SLS1401) at 6.00 m/s for 15
seconds (9x cycles). The extracts were filtered through a 0.2 um PTFE syringe filter transferred
into 2 mL RP-HPLC vials and stored at -80°C before HPLC analysis (S. Wright et al., 1991).

4.2.8 High-pressure liquid chromatography analysis

The purified extract stored at -80°C from section 4.3.4 was analysed using a Hewlett
Packard instrument with a Nova-Pak C18 4um, 3.5 x 150 mm column with a guard column.
Mobile phase A consisted of methanol:0.5 M ammonium acetate (80:20 v/v), mobile phase B
consisted of acetonitrile and deionised water (90:10 v/v), and mobile phase C consisted of

100% ethyl acetate (D. A. Wright et al., 1991). The injection volume was 25 pL with 1 mL/min
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flow rate and a run time of 24 min. The pigments were identified based on their retention times,

and the UV-vis spectral fine structures were compared to standards.

4.3 Results and Discussion

4.3.1 Carbon dioxide generation during mushroom growth

The concentration of carbon dioxide produced from the mushroom cultivation chamber
was monitored for 48 h from the primordia (pinning) phase. From this phase onwards, the
carbon dioxide levels from the mushroom increased from 680 ppm (optimum) to more than
10000 ppm after 24 hours (Figure 4.3). From the continuous observation of carbon dioxide
production, the level of production fluctuated between 10,000 ppm and 15,000 ppm within the
instrumental range. A diaphragm pump with a flow rate of 16 L/min placed inside the growth
box with a suction filter helped remove approximately 13,565 ppm of carbon dioxide from the
chamber into the absorption media for carbon dioxide absorption continuously until the
required inorganic carbon was captured for microalgae cultivation. However, figure 4.3
represents the mushroom fruiting bodies cultivated at an optimum carbon dioxide concentration
level (< 1000 ppm). Figure 4.4 represents the fruiting yield and quality of mushroom growth

under optimum carbon dioxide concentration condition.
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Figure 4.2 Comparison of accumulated carbon dioxide concentrations by mushrooms from the chamber
(red circle) and carbon dioxide concentration within the laboratory workspace (control - grey circle)
measurement using CM501-GasLab monitor for about 120 hours continuous observation.

4.3.2 Physiological effect of carbon dioxide on Pleurotus ostreatus

Figure 4.3. represents the effect of carbon dioxide on P. ostreatus fruiting bodies at
different carbon dioxide concentration levels observed from four different set of boxes at set
ppm. The development of the mushroom fruiting bodies was observed at elevated carbon
dioxide concentration (Figure 4.3a-b) and optimal (Figure 4.3c-d) carbon dioxide conditions.
These analyses were conducted in four separate growth boxes with a CM-501 GasLab monitor.
The stipes from figure 4a-b were longer (8 cm-a, 12 cm-b) and thinner at higher carbon dioxide
concentrations (= 3000 ppm) than the fruiting bodies between 3cm — 7cm from figure 4c-d at
lower CO; concentration (< 1000 ppm). High levels of carbon dioxide during cultivation can
result in longer stipes in certain mushroom species, particularly in controlled environment
mushroom cultivation (Ho ef al., 2020). To optimise stipe length, a multifaceted approach is
necessary, involving the control of various factors such as fresh air exchange, humidity levels,
temperature stability, light exposure, and carbon dioxide levels, which collectively contribute
to achieving the desired morphology of the fruiting bodies (Sakamoto, 2018). Carbon dioxide

(CO2) is a metabolic product in mushrooms. During the initial phases of growth, the spawn
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run, and the fruiting bodies require elevated levels of carbon dioxide (> 5000 ppm). After the
growth becomes evident, the optimum requirements change, therefore farmers need to maintain
the carbon dioxide concentration in the growth rooms between 800 to 1500 ppm, depending on
the species of the mushroom. At a concentration of less than 800 ppm, the mushrooms become
too small and numerous. At levels exceeding 2000 ppm, the quality of mushrooms is
deplorable. In this case, the stem height is very long, and the cap is too small. A higher
concentration of 4000 - 5000 ppm hinders the development of the mushrooms. The precise and
oscillating optimal values make mushroom farming a challenging task. The mushrooms that
do not meet the quality parameters have to be thrown away, resulting in economic loss for the

farmer.

Figure 4.3 Physiological impact of optimised and elevated carbon dioxide on the fruiting bodies of
mushrooms a) CO; level > 9000 ppm, b) between 3000 ppm and 9000 ppm, c) less than 600 ppm and
d) <1000 ppm.

4.3.3 Microalgal proliferation in a bicarbonate media at different pH conditions

The effect of bicarbonate medium from both synthetic and carbon capture from
mushroom production was evaluated on their impact on growth for Vischeria sp. and P.
purpureum at different pH conditions. From Figure 4.4a, the microalgal growth for Vischeria

sp. in synthetic media and mushroom-bicarbonate media at different pH shows that, in the
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synthetic media at pH 7 and 9, microalgal cells were able to thrive compared to the mushroom-
bicarbonate media at the same pH conditions. The highest growth rate achieved was 0.201 d-!
at pH 9 in the synthetic media than the specific growth rate in mushroom-bicarbonate with
0.166 d! at pH 9. The growth rate in the mushroom-bicarbonate at pH 7 and 9 was similar.
Growth in the synthetic media increased with increasing initial pH with a final biomass of 1.69
g L't at pH 9 followed by 1.03 g L' at pH 7 and the lowest at pH 5 as 0.701 g L. In the
mushroom-bicarbonate media, the highest growth rate was observed at pH 7 with the maximum
biomass production of 1.178 g L-! 1.2 folds higher at pH 9 with a biomass of 0.998 g L!. This
is because the algal growth was sufficient in the synthetic media due to less salt stress. The
highest specific growth rate in the mushroom-bicarbonate culture was 0.168 d! at pH 7
compared to the growth rate with 0.142 d"! at pH 9. Comparison of growth in both media shows
that bicarbonate provided sufficient inorganic carbon for algal growth and higher biomass
production, while pH 5 response with low growth is due to acidic conditions for the cells. In a
similar study, the effect of bicarbonate and pH on Chlorella sorokiniana was investigated with
an average of 0.353 g L-'d"! as the maximum rate at pH 7 by (Qiu ef al., 2017). However, the
optimisation of induced salt in C. reinhardtii at 200 mM NaCl suppressed the growth rate but
significantly increased the biomass productivity to 0.028 g L-'d"! (Fal et al., 2022). In addition,
under salt stress of 0.5 M NaCl, the biomass accumulation in Vischeria punctata was inhibited
(Sinetova et al., 2021), which confirms the results seen with Vischeria sp. in the present study.

However, the growth of P. purpureum was better in mushroom-bicarbonate media with
a specific growth rate of 0.247 d! at pH 7 compared to that in the synthetic media with 0.123
d'! at pH 9. The final biomass production in the mushroom-bicarbonate media at pH 7 was
1.972 g L' 2 folds higher than the synthetic media of 0.983 g L. The growth response in
Figure 4.6b showed similar trend except pH 7 in the bicarbonate media which gave the highest
growth rate with respect to the biomass productivity. Although, at lower pH 5, there was no
inhibition in growth with low inorganic carbon removal. This may be because microalgae are
tolerant to pH changes and tend to have increased growth at higher pH levels due to their ability
to metabolise inorganic carbon (Singh and Singh, 2015). However, both strains responded

differently to increasing pH conditions.
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Figure 4.4 Microalgal growth levels for (a) Vischeria sp. and (b) Porphyridium purpureum cultivated
in synthetic media and mushroom-bicarbonate media at different conditions of pH 5, 7, and 9 for a
period of 8 days. Data values expressed as mean + standard deviation, n=3.

4.3.4 Inorganic carbon utilisation at different pH conditions

The availability of inorganic carbon in both synthetic and mushroom-bicarbonate media
at varying pH levels ensured uniform carbon source supply under each pH condition. The
utilisation of bicarbonate through the carbon dioxide concentration mechanism via carbonic
anhydrase in the microalgae cells was observed. From table 4.1, it was found that the inorganic
carbon utilisation efficiency increased with increasing pH in the synthetic media compared to
the mushroom-bicarbonate culture. The highest carbon utilisation in the synthetic media was
achieved at pH 9, while in the mushroom-bicarbonate media, it was found to be at pH 7. The
average total inorganic carbon removal obtained from the mushroom-bicarbonate media was
higher compared to the synthetic media. It was observed that adjusting the culture media at
different pH levels improved the inorganic carbon removal depending on the microalgal
species and bicarbonate media, leading to varying removal rates. The adjustment of pH had a
positive effect on the growth properties of Vischeria sp. and P. purpureum and resulted in
increased biomass production under different bicarbonate conditions. Additionally, consistent
adjustment of pH under each bicarbonate condition led to higher carbon dioxide removal, with
76.57% and 87.33% removed in synthetic media at pH 9 and mushroom-bicarbonate media at

pH 7, respectively. However, it is hypothesized that most of the inorganic carbon was converted

65




into carbon dioxide from the bicarbonate species (HCO3") by the carbon anhydrase, but a
portion of the carbon dioxide may have escaped due to mechanical agitation of the culture
media which relates when shaking was applied during this study. Similar study was reported
during screening of P. kessleri in bicarbonate under regulated pH condition by (Beigbeder et
al.,2021). The maximum inorganic carbon removal efficiency was reported in the latter study.
A study on Chlorella sp. and Tetraselmis sp. reported that microalgal cells were able to grow

at higher pH in a bicarbonate supplement (Moheimani, 2013).

Table 4.1 Microalgae growth parameters and inorganic carbon removal efficiency of Vischeria sp. and
P. purpureum for the investigated bicarbonate concentrations at different pH conditions. Data values
expressed as mean + standard deviation, n=3.

Strain Vischeria sp. P. purpureum

Synthetic media Mushroom-bicarbonate Synthetic media Mushroom-bicarbonate

Total inorganic removal (%)

pHS5 44.8 £0.01 42.5+0.03 40.5+0.03 47.9+0.01
pH7 72.6 £0.03 67.3+£0.01 76.4+0.01 87.3+0.02
pHY 76.6 £0.02 65.6 £0.01 65.7+0.01 71.0+£0.01

4.3.5 Effect of inorganic carbon on photosynthetic pigment at different pH conditions
The impact of different pH conditions on the pigment content from Vischeria sp. and
P. purpureum has been described in figure 4.5. There was a significant difference in pigment
content cultured at different pH condition in mushroom-bicarbonate and synthetic media in
figure 4.5. Comparatively, the chlorophyll-a content of 37.31 mg g'! in the synthetic media was
1.4 folds higher than the chlorophyll-a content 26.18 mg g'! of the mushroom-bicarbonate
media by Vischeria sp. (p < 0.01) at pH 9 (Figure 4.5a). The B-carotene content showed
statistical difference at pH 5 and 7 but not at pH 9. The difference in chlorophyll-a and -
carotene content between the bicarbonate culture and synthetic media was significant (Figure
4.5b), which might be due to the oxidative stress caused by sodium (Na®) that promotes
chlorophyllase activity and leads to chlorophyll degradation, as reported in C. reinhardtii by

(Ji et al., 2018a). A decrease in the activity of carbonic enzyme due to low carbon dioxide
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utilisation which is a key factor led to the reduction in chlorophyll production at pH 5
(Hounslow et al., 2021). Under unfavourable conditions, microalgae and cyanobacteria mostly
accumulate carotenoids due to oxidative and lipid peroxidation damage caused by antioxidative
molecules (Rezayian et al., 2019). In P. purpureum, there was a significant difference between
the synthetic media and mushroom-bicarbonate media of chlorophyll-a content which was
13.47 mg g! and 7.93 mg g! respectively at pH 5. At pH 9, the chlorophyll-a content were
16.49 mg g! and 3.89 mg g! in the synthetic media and mushroom-bicarbonate media
respectively (p < 0.001). There was no significant difference between the chlorophyll-a and (-
carotene concentrations in the bicarbonate media (Figure 4.5d). The obtained results were
similar in both the synthetic media and mushroom-bicarbonate media at pH 7, with a
concentrations of 22.67 mg g"! chlorophyll-a and 4.48 mg g'! B-carotene which was statistically
insignificant (Figure 4.5d). The importance of photosynthesis and plant development is directly
affected by B-carotene content, which was found to be 2.6 + 0.242 mg L! in sodium stress
response. This confirms our study on B-carotene content which gave a concentration of 4.48
mg g'!, which is approximately 2 folds high than the concentration reported by (Rezayian et
al., 2019).
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Figure 4.5 Describes the effect of inorganic carbon on the photosynthetic pigments of (a, ¢) chlorophyll-
a and (b, d) B-carotene from the dry weight of Vischeria sp. and Porphyridium purpureum in synthetic
media and mushroom-bicarbonate media at a pH of 5, 7, and 9 measured using HPLC. Data values
expressed as mean + standard deviation n=3, and statistical analysis by one-way ANOVA with post-
hoc test shown in Appendix B.

4.3.6 Effect of bicarbonate on phycobiliproteins content at different pH conditions

The phycobilisome is a flexible structure that can modify the cell’s light absorption
abilities based on the available light intensity, quality, nutrient availability with the capacity to
adjust the production of phycoerythrin and phycocyanin according to the spectral
characteristics of their cultivation conditions (Johnson et al., 2014b). Comparative study of
phycobiliproteins yield in synthetic media and mushroom-bicarbonate from Figure 4.6.
Synthetic media was found more suitable for phycobiliprotein content (1.75 mg g!) at pH 7
compared mushroom-bicarbonate media with 1.13 mg g! at pH 7 (p < 0.01). Changes in pH
affected the phycobiliprotein content in both bicarbonate media. In addition, P. purpureum was
found comfortably growing at pH 7 and 9. However, at pH 5, the phycobiliprotein was lower
and started to bleach out. Growth study by Nostoc sp. at pH 8 grew well but bleached out at
pH 3 according to (Johnson ef al., 2014b). Most studies have reported the optimum alkaline
conditions between pH 8 — 10 to be appropriate for phycobiliprotein synthesis (Zeng et al.,
2012). A study on Gloetrichia natans under pH adjustment did not affect growth but
significantly changed the phycobiliprotein synthesis according to (Boussiba, 1991). In
Arthrospira sp. optimisation of single freeze-thaw process yielded (219.87 mg g!) maximum

phycobiliprotein (Tan et al., 2020).
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Figure 4.6 Describes the phycobiliprotein (PB) content of phycoerythrin (PE) and phycocyanin (PC)
extracted from Porphyridium purpureum under synthetic media and mushroom-bicarbonate media at
different pH levels. SB-pH and MB-pH represents synthetic media and mushroom-bicarbonate media.
Data values expressed as mean + standard deviation, n=3 and statistical analysis by one-way ANOVA
with post-hoc test.

4.3.7 Effect of bicarbonate media on the biochemical composition as a function pH
The composition of biochemical compounds in microalgae varies based on the species
and other parameters like pH and salinity. To analyse the biochemical composition of harvested
microalgal biomass, the content of carbohydrates, proteins, and lipids were determined. In the
synthetic media culture of Vischeria sp. the amount of carbohydrates in the final microalgal
biomass ranged from 43.9 % to 48.7 % at varying pH conditions (Figure 4.7c). The estimated
carbohydrate content at each bicarbonate media (synthetic and mushroom-bicarbonate) were
insignificant at different pH condition. The estimated carbohydrate contents were similar
except at pH 5 in the mushroom-bicarbonate which was about 1.3 folds lower than the synthetic
media in Vischeria sp. The amount of protein content in Vischeria sp. accumulated was about
40% from both media which was statistically significant at pH 5 and 7 (p < 0.008). The protein
content in the mushroom-bicarbonate media increases with increasing pH. The regulation of
pH contributed protein accumulation in the synthetic media than the mushroom-bicarbonate
media. However, the lipid content showed varied response when cultivated both bicarbonate
medium. From the synthetic media of Vischeria sp. the highest lipid content was estimated to

be 13.1% higher than the mushroom-bicarbonate media with 8.45%. Statistically, there was a
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significant difference on the lipid content among the synthetic and mushroom-bicarbonate

media (p < 0.05) within each varied pH condition.
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Figure 4.7 Represents biochemical composition of (a) lipid, (b) protein, and (c) carbohydrate in
synthetic media and mushroom-bicarbonate media at different pH cultivation conditions for Vischeria
sp. was measured using FTIR spectroscopy. Data values expressed as mean =+ standard deviation, n=3
and statistical analysis by one-way ANOVA with post-hoc test (**p < 0.01). SB-pH and MB-pH
represents synthetic bicarbonate media and mushroom-bicarbonate media respectively.

However, in P. purpureum, the highest carbohydrate content in the mushroom-
bicarbonate media was 39.5% compared to synthetic media with 25.3% at pH 9 from figure
4.8. There was no statistical difference between the synthetic and mushroom-bicarbonate on
carbohydrate content at pH 5 and 7. The cultivation of Chlorella sp. in a regulated pH between
8 and 9 accumulated carbohydrate content from 13.2% to 23.1% under bicarbonate culture
(Yadav et al., 2019b). However, in the present study, the carbohydrate content was found to be
higher, possibly due to differences in algal strains and growth properties in the mushroom-
bicarbonate. A study on P. purpureum cultivated under pH 8 and bicarbonate yielded about
40% carbohydrate content, which agreed with our experimental findings of 39.5% (Lu et al.,
2020). The highest protein content of 22.6% in the synthetic media was similar under pH 7 and
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9. The total lipid content in the synthetic media decreases with increasing pH from 4.2% —
2.65%. There was no statistical difference between both bicarbonate media on lipid production,
therefore the regulation of pH did not improve the lipid content in both bicarbonate cultures.
Moreover, high salinity level resulted into lower accumulation of composition levels such as
carbohydrate and lipid content in P. purpureum. These results suggest that the estimated
content of the biochemical composition from the dry weight did not show significant
differences, contrarily to what was observed in P. purpureum at difference pH and bicarbonate
media which was in agreement with literature (Ferreira ef al., 2021). This can be a result of
metabolic regulation which was affected by the salinity modulation of the media which

triggered specific biosynthetic pathways of the biochemical content (Zhang et al., 2022).
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Figure 4.8 Represents the biochemical composition of (a) lipid, (b) protein, and (c) carbohydrate from
synthetic media and mushroom-bicarbonate media at different pH (5, 7, and 9) cultivation conditions
for Porphyridium purpureum was measured using FTIR spectroscopy. SB-pH and MB-pH represents
synthetic bicarbonate media and mushroom-bicarbonate media respectively. Data values expressed as
mean =+ standard deviation, n=3.
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4.3.8 Effect of different pH conditions on fatty acids

The primary fatty acids in Vischeria sp. are palmitic acid (C16:0), palmitoleic acid
(C16:1), oleic acid (C18:1), arachidonic acid (C20:4), and eicosapentaenoic acid (C20:5). A
study was conducted to assess the impact of synthetic media and mushroom-bicarbonate media
on the fatty acid methyl ester (FAMESs) profile of Vischeria sp. and P. purpureum, as shown in
Figure 4.9. The main fatty acids, ranging from C14:0 to C20:5, were found to be similar in both
treatments under different pH conditions. The percentages of palmitic acid (C16:0), palmitoleic
acid (C16:1), and arachidonic acid (ARA20:4) did not increase with a rise in pH (5, 7, and 9)
in both types of media. However, the EPA content did increase from 17.0% to 22.0% as pH
rose from 5 to 9 in each bicarbonate media. These changes in fatty acid compositions were seen
as a defensive response to bicarbonate stress and pH conditions. In the synthetic media, the
total EPA content was between 25.4% and 26.43% of the total fatty acids (TFAs) under each
pH condition. Meanwhile, the total EPA in the mushroom-bicarbonate media was between
24.33% and 29.35% of the total fatty acids content. There was no significant difference
between the synthetic and mushroom-bicarbonate cultivation conditions in terms of pH. The
physiological state and fatty acid profile vary among different algae species (Juneja et al.,
2013b). The overall major fatty acids, which accounted for at least 80% of the total fatty acids,
were similar to those found in other groups of Eustigmatophyceae. These included palmitic
acid C16:0, palmitoleic acid C16:1, oleic acid CI18:1, arachidonic acid C20:4, and
eicosapentaenoic acid C20:5.

In P. purpureum, the primary fatty acids are palmitic acid (C16:0), linoleic acid
(C18:2), arachidonic acid (C20:4), and eicosapentaenoic acid (C20:5). When these fatty acids
were compared in bicarbonate media, the average percentages of palmitic acid (39.03%) and
linoleic acid (6.17%) in synthetic media were found to be similar to the percentages of palmitic
acid (40.33%) and linoleic acid (8.16%) in mushroom-bicarbonate media. There was no
significant difference in the percentages of arachidonic acid (26.36%) and eicosapentaenoic
acid (25.63%) of the total fatty acids in synthetic media compared to the percentages of
arachidonic acid (24.96%) and eicosapentaenoic acid (23.93%) in mushroom-bicarbonate
media. As the pH increased, the EPA and ARA content in synthetic media showed a significant
increase. The highest EPA and ARA content in P. purpureum was observed in synthetic media.
Moreover, the stimulation of EPA content is not only due to inorganic carbon but also due to
the optimisation of nitrate levels, leading to the accumulation of polyunsaturated fatty acids, as
reported by (Remias et al., 2020). A study on the effect of adding bicarbonate to Chlorella
sorokiniana at different pH levels reported high proportions of C16:1 and C18:1 when
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cultivated at pH 6.5 (Qiu et al., 2017). Similarly, the regulation of pH in bicarbonate conditions
led to an increase in the major fatty acid compositions in Chlorella sorokiniana (Qiu et al.,

2017), which aligns with the findings of this study.
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Figure 4.9 Represents the fatty acid content of Vischeria sp. and Porphyridium purpureum cultivated
in synthetic media and mushroom-bicarbonate media at pH 5, 7, and 9. Data values expressed as mean
+ standard deviation, n=3.

4.4 Conclusion

In this work, a sequential optimisation for Vischeria sp. and P. purpureum cultivation
in a generated inorganic carbon media from mushroom production at different pH treatment
conditions was conducted to analyse the influence of culture pH at different range was
investigated to observe their utilisation capacity. Comparison between Vischeria sp. and P.
purpureum on both synthetic media and mushroom-bicarbonate at different pH levels
suggested that the best pH condition for inorganic carbon removal was 76.6% Vischeria sp. at

pH 9 in the synthetic media and 67.3% in the mushroom-bicarbonate culture at pH 7. The
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highest inorganic carbon removal from P. purpureum was 87.3% from mushroom-bicarbonate
and 76.4% in the synthetic media at pH 7. The results showed that bicarbonate stimulated the
lipid content at pH 7 in the synthetic media by Vischeria sp. pH variations distinctively affected
inorganic carbon removal and biomass accumulation in both strains but did not cause any
variation in biochemical composition. Inhibition on cell growth was insignificant during pH
variations but resulted into maximum inorganic carbon utilisation. Since this series of
experiment is in progressive stage for photobioreactor scale-up. This study will provide more
information on how the cells will respond to sodium ions on scale-up process during carbon

capture processes.
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CHAPTER 5

Demonstration of the scalability of the bicarbonate-based integrated
algal production system for carbon capture during mushroom
cultivation and assessment of valuable products from microalgal
biomass and mushroom exudate.

5.1 Background

In agricultural settings, mushroom cultivation in a controlled environment is designed to
yield high quality mushrooms. The level of carbon dioxide builds up in mushroom growth
environment has detrimental effects on the quality of mushroom yield. For high quality
mushroom fruits, the excess carbon dioxide build ups are degassed from the mushroom farm
to provide the optimal growth conditions, which contributes to the rising levels of carbon
dioxide in the atmosphere. Besides industrial production of carbon dioxide from cement,
metals, and fossil fuel combustion, mushroom farming has been identified as a potential
contributor to greenhouse gas. Microalgae-based carbon capture and utilisation technology has
been identified as an alternative method. However, chemical absorption of carbon dioxide from
point sources requires extensive technology involving the use of amines such as
monoethanolamine (MEA) and diethanolamine (DEA) and requires significant energy input
for their regeneration (Beigbeder et al., 2021; Gonzalez-Lopez et al., 2012). A more cost-
effective alternative is the use of absorbents such as sodium hydroxide for carbon capture to
produce useful sodium bicarbonate (NaHCOs3) for industrial purposes including biological
application as an inorganic carbon source for microalgae cultivation (Stolaroff et al., 2008b;
Yoo et al., 2013). The direct utilisation of gaseous carbon dioxide by biological systems such
as microalgae has also been extensively explored, although this depends on the adequate design
and operations of the cultivation systems (Beigbeder and Lavoie, 2022; Kordylewski et al.,
2013). A study carried out on P. kessleri and Scenedesmus obliquus demonstrated as a
promising strain for various waste cultivation media such as wastewaters, pig manure, brewery
waste (Beigbeder et al., 2021; Beigbeder and Lavoie, 2022). The ability to fix CO2 by
microalgae is indicative of the productivity of the biomass. Many species of microalgae possess
carbon concentrating mechanisms, which allow them to thrive and store carbon even under
fluctuating CO» concentrations. They achieve this by using bicarbonate transporters and CO>
receptors to create high internal concentrations of dissolved inorganic carbon. As discussed in

Chapter 3, high biomass production, biochemical composition (protein, lipid, and
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carbohydrate) and the production of secondary metabolites and valuable products such as
antioxidants, phycobiliprotein, and polysaccharides are important considerations for the
implementation of microalgae-based carbon capture and utilisation techniques.

Recent studies have explored the important of antioxidant properties from microalgal
extracts in cosmetic and nutraceutical applications (Liang et al., 2019; Salami et al., 2021).
Algal antioxidants such as carotenoids, vitamin E (a-tocopherol), phycobiliproteins, and
polyphenols (Shalaby, 2015). Today, industries isolate valuable compounds like fatty acids
such as polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) from microalgae can prevent many diseases such as
cardiovascular diseases and cancer (Cichonski and Chrzanowski, 2022a; Mata et al., 2010).
Moreover, among the antioxidant compounds isolated from marine sources, phenolic and
polyphenolic compounds are secondary metabolic products from microalgae, which are natural
sources of these molecules (Albuquerque et al., 2021; Freile-Pelegrin and Robledo, 2013).
Several classes of flavonoids, such as flavonols, flavanones, isoflavones, and dihydrochalcones
were found in microalgae and cyanobacteria (Cichonski and Chrzanowski, 2022a).
Furthermore, phenolic acids such as gallic, protocatechuic, caffeic, chlorogenic, vanillic, and
salicylic acids, were found in different species of marine algae (Goiris et al., 2015; Klejdus et
al., 2010). The concentration of algal polyphenols within algal cells varies according to the
habitat, and factors such as UV irradiation, light, nutrient availability, and salinity (Freile-
Pelegrin and Robledo, 2013). Phenolic content evaluated on 13 microalgal species by
(Almendinger et al., 2021) reported that Neochloris oleobundans and Wilmottia murravi
surpassed 20 mg gallic acid equivalents per gram. Although, a study on high intensity of light
exposure on Chlorococcum sp., Chlamydomonas reinhardtii, and Scenedesmus sp., produced
higher concentrations of phenolic compounds (Vignaud et al., 2023).

This work aims to demonstrate the scalability of microalgal carbon capture process
described in Chapter 3 and to evaluate the value-added products generated from the spent
biomass and mushroom waste. To simulate the captured carbon dioxide through enriched
bicarbonate culture media, the culture media was supplemented with NaHCOs3 (1-6 g L) in
the first part of this study to evaluate the tolerance of the five selected microalgal strains
(Chapter 3). In the second part of this study described in the present chapter, the two best
performing strains were further cultivated in the captured carbon dioxide media to better
examine the effect of pH regulation microalgae growth and inorganic carbon removal. Finally,
the microalgal proliferation, inorganic carbon removal, biomass production, carbon mass

balance analysis, the biochemical composition, and bioactive contents were evaluated. To the
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best of my knowledge, this work represents the first study focusing on the capture of carbon
dioxide generated from mushroom production and its subsequent assimilation by Vischeria sp.,
and P. purpureum cultivation. Furthermore, this work demonstrates the scalability of the
microalgal carbon capture system and explores the antioxidant and photoprotective properties
of microalgal biomass and mushroom exudates thereby contributing to the development of a

cost-effective and sustainable microalgae biosystem.
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5.2 Materials and methods

5.2.1 Mushroom growth box for carbon capture
The mushroom cultivation and the measurement of carbon dioxide from the growth box
were continued from the same process described in Chapter 4, section 4.2.1 and this was

integrated with the photobioreactor for scale-up cultivation.

5.2.2 Microalgal inoculum preparation

Vischeria sp., and P. purpureum were obtained from AlgaeCytes Ltd, UK. The seed
culture for Vischeria sp. was cultivated in a 1 L round bottom flask using modified Bold’s
Basal medium (BBM) (Allen, 1968) and P. purpureum was cultivated in the same medium
with tropic sea salt. The seed cultures were supplemented with 1 g L' NaHCO3 inorganic
carbon, cultivated at ambient temperature with continuous illumination 150 umol/m?/s (LED)
and aerated at a flow rate of 1.8 L/min (LPM). The cultures were monitored for growth from
the lag phase to their exponential phase before inoculating into the bubble column

photobioreactor.

5.2.3 Photobioreactor (PBR) set-up and operation

The scale-up studies were carried out in glass bubble column photobioreactors (PBR)
of 8-10 L capacity with 5 L working volume (length 100 cm, 110 mm OD, 104 mm ID) with
an inlet/outlet port for sparging and sampling. The photobioreactors were kindly supplied by
AlgaeCytes Ltd. A pH controller monitor (Up-aqua, UK) probe was placed in the
photobioreactor to monitor pH drop through the bubble of carbon dioxide. The absorbing
reagent (3 g L' NaOH) was added to the culture medium (BBM) of 5 L. The air pump placed
inside the mushroom was connected with a check valve to prevent back-flow of the gas and
medium to keep the reaction process of carbon dioxide with the sodium hydroxide to produce
forms of sodium bicarbonate (NaHCO3). The fully constructed photobioreactor was integrated
with the mushroom growth box (as described in Chapter 4, section 4.1.2). These CO;

absorption reactions can be expressed by the following equations:

ZNCIOH(aq) + COZ(q) - NCIZCOg(aq) + HZO(I) (51)
NQZCO3(aq) + HZO(l) + COZ(q) i ZNQHCO3(aq) (52)
ZNCI.OH(aq) + COz(q) i ZNCIHCOg(aq) (53)
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A sparger was placed at the bottom of the reactor for the effective distribution of carbon
dioxide into the medium to increase resistance and improve the reaction efficiency of carbon
dioxide and sodium hydroxide. The reaction time varied due to slow kinetic reactions. After
the reaction, the bicarbonate-based medium (NaOH-BBM) was transferred into the bubble
column photobioreactor for microalgal cultivation (Figure 5.1). The bubble columns were
inoculated with Vischeria sp. and P. purpureum on the same day. The total inorganic carbon
was estimated using titrimetric methods and the final pH of 7.5 was adjusted for microalgae
cultivation. The bubble columns were illuminated with an intensity of 150 pmol/m?/s (LED)
with a BT-881D lux meter (BT-Meter store, UK). The photobioreactors were aerated with air
from the laboratory with a flow rate of 5 L/min from the air pump. The set up was designed in
a batch process with generated media but not in a continuous process of carbon dioxide

injection from the mushroom growth box.
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Figure 5.1 Schematic representation of microalgal cultivation system of Vischeria sp. and Porphyridium
purpureum cultivated in inorganic carbon generated from mushroom production in a bubble column
photobioreactor with triplicate experiments conducted for each strain.
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5.2.4 Specific growth rates of microalgae
The specific growth rate (u, d!) was estimated based on the optical density of the culture
suspension at 750 nm (OD) using a microplate reader (Thermo-Scientific, UK) and was

determined by:

In (0D,/ OD;)
tr— 1t

p(dh)

Where u is the specific growth rate (d!), OD; on the final day > and OD; is the OD on day ¢,.

(5.4)

An aliquot of 10 mL of the culture suspension was sampled from the photobioreactor was
centrifuged at 3000 g for Smin (washed twice with distilled water) and filtered using a pre-
weighed Whatman GF/C glass microfiber filter (pore size 0.22 um) to measure the biomass

productivity (g L''d™).

5.2.5 Phycobiliprotein extraction and analysis

Freeze-thaw method was used in the extraction of phycobiliprotein (PBP) from P.
purpureum using a modified method by (Coward et al., 2016). Briefly, 6 mg of lyophilised was
dissolved in 1.5 mL of 0.1 M L™! phosphate buffer (pH 6.8) and frozen at —20°C for 24 hours
and thawed at room temperature (2 hours) subject to vortex for 5 min. The samples were
repeated three times and centrifugated at 3000 g for 5 min to remove cell debris. The
absorbance of the supernatant at 455, 564, 592, 618 and 645 nm using Multiskan Go microplate
spectrophotometer (1510-04220C Thermo Scientific, UK). The total phycobiliprotein content
(PB, mg g'!) was estimated by adding values of phycoerythrin (mg mL™!) and phycocyanin (mg
mL-!) from the following equation by (Beer and Eshel, 1985).

PE= [(OD564 nm — OD592 nm) - (OD455 nm — OD592 nm) X 02] X 0 12 (56)
PC= [(OD618 nm — ODe4s nm) - (OD592 am — ODe4s nm) x 0.5 1] x 0.15 (57)
PB yield (mg g') =PE*V /DW(y, (5.8)

where PE is phycoerythrin concentration (mg mL™!), volume (mL), and dried weight (g).

5.2.6 Estimation of inorganic carbon utilisation by microalgae

To measure the levels of inorganic carbon in the culture medium, a titrimetric-based
alkalinity method was used with slight modification in the volume of supernatant. Samples
were centrifuged, and the supernatants were titrated with 0.02 N standardised sulfuric acid
(H2S0O4) to obtain the total alkalinity. The inorganic carbon removal in culture media was

calculated using the equation from Chapter 2, section 2.4.5.
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5.2.7 Determination of biochemical composition by FTIR spectroscopy
The protein, lipid and carbohydrate composition of the freeze-dried biomass was
analysed using Cary 630 Fourier Transform Infrared spectroscopy described in Chapter 2,

section 2.4.8.

5.2.8 Pigment extraction and analysis

Extraction was carried out under ice-cold acetone. Approximately 4 - 5 mg of
lyophilised biomass was extracted with 1 mL organic solvent (acetone: methanol, 7:3 v/v)
containing an internal standard (a-tocopherol acetate, 100 mg L) with glass beads (~100mg)
were added and homogenized using a VelociRuptor V2 Microtube (Homo™ SLS1401) at 6.00
m/s for 15 seconds (9x cycles). After, homogenisation, the extracts were filtered through a 0.2
um PTFE syringe filter into 2 mL RP-HPLC vials and analysed using a Hewlett Packard
instrument with a Nova-Pak C18 4um, 3.9x150mm column with a guard column. The mobile

phase and elution gradient programme employed has been described in Chapter 2, section 2.4.6.

5.2.9 Fatty acid analysis using GC-FID

Fatty acid composition was determined for all treatments at the end of the cell culture
using a 52 CB GC column Agilent 6890A (Agilent Technologies, Germany). The fatty acids
were identified by comparing the obtained retention times with that of internal standards from

AlgaeCytes Ltd with profile analysis described in Chapter 2, section 2.4.7.

5.3 Antioxidant activities

5.3.1 Total antioxidant assay (TAC)

Total antioxidant capacity was tested using modified (Bhatti er al., 2015b).
Phosphomolybdate reagent was prepared from 0.6 M sulfuric acid, 28 mM sodium phosphate,
and 4 mM ammonium molybdate. 1 mL of the reaction reagent was added to 0.5 mL aliquot of
sample prepared from different concentrations (100 — 300 pg/mL). the sample mixture was
incubated at 90°C for 60 min. After incubation, the samples were allowed to cool at room
temperature before measurement. The antioxidant capacity was estimated using a Multiskan
Go microplate spectrophotometer (1510-04220C Thermo Scientific, UK) against a reagent
blank measured at 695nm.
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5.3.2 Determination of total phenolic content (TPC)

The total phenolic content in the microalgae extracts was evaluated by using the Folin-
Ciocalteu method with slight modifications (Rahman et al., 2015). Folin-Ciocalteu reagent
(diluted with distilled water in 1:9 v/v) and 75% sodium carbonate were prepared. To each 0.25
mL sample extract, | mL of Folin-Ciocalteu and kept in the dark for 5 mins. After that, 0.1 mL
sodium carbonate was added to each extract and incubated for 30 mins. The absorbance of the
reaction mixture was measured at 765 nm using a spectrophotometer. The total phenolic

content was expressed in gallic acid equivalent to the sample dry weight.

5.3.3 ABTS scavenging assay

The ability of algal biomass to scavenge free radicals was determined by an ABTS
assay with few modifications according to radical was generated by preparing 7 mM ABST
stock solution and 2.45 mM potassium persulfate, 50 mL prepared in ratio was prepared from
the stock and left in the dark for 24 hours. The absorbance of the ABTS was adjusted to 1.0 at
734 nm working OD. 1.75 mL of ABTS was reacted with 0.25 mL of sample extract and
incubated in the dark for 10 min. The absorbance of the mixture was measured at 734 nm using
Multiskan Go microplate spectrophotometer (1510-04220C Thermo Scientific, UK) and
butylated hydroxyanisole (BHA) as standard reference expressed in equivalent in mg BHAE/g
of dry weight.

bo—Abq

% Inhibition activity = “2—""* x 100 (5.9)

bo

Where Aby is the absorbance of the control and Aby is the absorbance of the sample extract.

5.3.4 Sunscreen Protective Factor

Estimation of sun protection factor (SPF) on the phenolic extracts from microalgae and
mushroom exudate was calculated using the universal formula by Mansur et al. (1986) for
describing the efficiency of sunscreen products against sunburn caused by UVB and short
wavelength UVA (320-340 nm). In-vitro extracts were assaying from the following equation

to evaluate the SPF value:

320 nm

SPF = CF, >, ... EEQ) xI(2) x ABS(D) (5.11)
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CF, a correction factor (10); EE, erythemal effect wavelength; I, solar intensity spectrum; Abs,
absorbance of the sample at 290-320 nm. The values for each [EE(A) x I(A)] are constants
normalised and reported by (Sayre et al. (1979).

5.4 Results and Discussion

5.4.1 Effect of inorganic carbon on microalgae growth

Microalgal growth was measured to study the growth pattern of both species in asynthetic
media (control) compared with mushroom-bicarbonate culture generated through carbon
capture (NaOH-BBM) from mushroom production. From Figure 5.2a, Vischeria sp., growth in
the bicarbonate culture was slow for the first 10 days compared to control. The specific growth
rate in the control was 0.367 d"! which was 2.3 folds higher than the bicarbonate medium with
a growth rate of 0.203 d'!. The final biomass production in the control culture was 6.612 g L'!
which was 1.8 folds higher compared to 3.655 g L'! in the mushroom-bicarbonate culture.
Comparatively, the bicarbonate culture was not able to yield enough biomass than achieved in
the control due to their intolerance to high salt stress which led lower biomass production. The
addition NaOH further increase sodium ions (Na") concentration in the culture causing stress
or becoming harmful which might have affected the enzymatic activities of the RuBisCO
(ribulose biphosphate carboxylase) which plays a significant role during photosynthesis by
inhibiting growth with similar report on Nannochloropsis sp. by (Yustinadiar et al., 2020). The
study on the integration of bicarbonate-based carbon capture for Neochloris oleoabundans was
observed to be slow when cultivated in 0.3 mol L' bicarbonate for the first few days (Zhu et
al., 2018). Cultivation of Scenedesmus sp. in the presence of different alkanolamine carbon
dioxide absorbents reported similar trends in growth under monoethanolamine,
diethanolamine, and triethanolamine (Chi et al., 2013). However, in P. purpureum, comparing
the growth in both media, the specific growth rate in the mushroom-bicarbonate culture 0.182
d! 1.9 folds higher compared to the control with 0.092 d-!. The final biomass production from
mushroom-bicarbonate culture gave significant increase compared to the control (3.292 g L'}
and 1.672 g L! respectively). Figure 5.2b shows that microalgal growth in the mushroom-
bicarbonate culture was better than growth in the control. This shows that P. purpureum show
its tolerance level for sodium ions in the mushroom-bicarbonate compared to the control with
less sodium ions. The tolerance of Chlorella vulgaris under 160 mM NaHCO; and NaCl was
reported by (Li et al., 2018c; Luangpipat and Chisti, 2017). Similar results were presented in
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C. vulgaris cultivated in a high bicarbonate dose of 3 g L! owing to high biomass and growth
(Yeh et al., 2010).

These results indicate that P. purpureum can tolerate extremely high salinity, unlike
Vischeria sp. Comparing the impact of bicarbonate in both species with the synthetic media,
growth, and biomass production were improved in the mushroom-bicarbonate media for P.
purpureum compared to Vischeria sp. under the same cultivating conditions with a greater
growth and biomass response in the control. Results obtained in the control of Vischeria sp.
were doubled relative to the bicarbonate results and vice versa, in P. purpureum, results were
in favour of the mushroom-bicarbonate culture compared to the control. The benefit from the
synthetic media for Vischeria sp. is that it contains fewer sodium ions which in terms benefited
growth and inorganic carbon utilisation compared to the mushroom-bicarbonate culture with

high sodium ions.
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Figure 5.2 Microalgal growth trend for (a) Vischeria sp. and (b) Porphyridium purpureum cultivated in
synthetic media (black square) and mushroom-bicarbonate media (red circle) for a period 18 days. Data
values expressed as mean + standard deviation, n=3.

5.4.2 Inorganic carbon utilisation by microalgae

Inorganic carbon utilisation was significantly affected by the type of growth media
(synthetic media and mushroom-bicarbonate) in both Vischeria sp. and P. purpureum, although
contrasting effects were observed in both species. From table 5.1, the inorganic carbon
utilisation rate for Vischeria sp. was significantly higher in the synthetic media (p < 0.001)
compared to the mushroom-bicarbonate, with an overall inorganic carbon utilisation rate of

134.44 mg L''d"! and 43.33 mg L'd"! respectively. A higher removal rate was achieved in the
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synthetic media while a lower removal rate was observed in the mushroom-bicarbonate due to
slow growth because of high sodium concentrations causing osmotic stress on the microalgal
cells in Vischeria sp. (Figure 5.2a). however, total inorganic carbon removal was 94.90% in
the synthetic media 3 folds higher than the bicarbonate from the mushroom media at 30.59%.
Inorganic carbon removal was observed to be low due to slow growth in Vischeria sp. from
table 5.1, within the first 12 days before the cells were able to adapt to the mushroom-
bicarbonate culture media. This can be a high concentrations of sodium (Na") ions in the media
from sodium hydroxide coupled with the culture media. However, in P. purpureum, the
inorganic carbon utilisation rate in the mushroom-bicarbonate culture (53.61 mg L-'d"") was
significantly higher than the synthetic media culture with 25.55 mg L'd"! utilisation rate (p <
0.001). After cultivation, the total inorganic carbon removal was estimated at 85.40% in the
bicarbonate culture from the mushroom carbon 2.1 folds more than the synthetic media with a
40.71% estimate. This indicates that the marine strain P. purpureum had a high tolerant
adaptivity in a bicarbonate media with high sodium concentrations compared to the Vischeria
sp. although carbon utilisation was lower in the synthetic media due to low sodium ions present
in the media. Inorganic carbon utilisation was also improved by culture pH. The maximum
inorganic carbon removal by Vischeria sp. in the synthetic media was 94.90% and P.
purpureum 85.40% in the mushroom-bicarbonate explains the tolerance of different algae
species in different conditions before bicarbonate-based cultivation system microalgae growth.
The integration of bicarbonate-based integrated carbon capture and algae production system
on an alkalihalophilic strain (N. oleoabundans) reported slow growth when cultivated in high
bicarbonate 0.7 mol L' (Zhu et al., 2018). Microalgal strains with high tolerance for sodium
and bicarbonate concentration which are more favourable for bicarbonate-based system should
be studied for inorganic carbon utilisation efficiency. Screening of microalgae strains for
bicarbonate-based cultivation system was studied on strains under different concentrations of
0.3 M for Synechocystis sp., 0.6 M for Dunaliella salina, 0.1 M Chlorella sorokiniana which
exhibited high tolerance for bicarbonate study (Chi et al., 2014).
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Table 5.1. Microalgal inorganic carbon removal efficiency, removal rate, and biomass production by
Vischeria sp. and P. purpureum cultivated in synthetic media and mushroom-bicarbonate media for a
period of 18 days. Data values expressed as mean =+ standard deviation, n=3.

Strain Vischeria sp. P. purpureum
Synthetic media Mushroom- Synthetic media Mushroom-
bicarbonate bicarbonate
Total IC removal (%) 94.90 £ 0.34 30.59+0.14 40.71+0.12 85.40 +£0.62
IC removal rate (mg L'd") 134.44 £ 0.58 43.33+0.11 25.55+0.13 53.61 £0.39
Biomass production (g L) 6.61 £0.04 3.66 £0.02 1.67 +£0.01 3.29+£0.01

In the presence of four different concentrations of NaHCOs, Vischeria sp. and P.
purpureum exhibited distinct growth patterns (as discussed in Chapter 3). The daily adjustment
of pH levels to 5, 7, and 9 during cultivation in both synthetic media and mushroom-generated
bicarbonate media significantly promoted microalgal proliferation and biomass production. A
similar trend was observed in a recent study where C. vulgaris microalgae were grown at
varying initial pH levels (7.5, 8.5, and 9.5) using a modified Bristol medium enriched with 1.9
g L' of NaHCO;3 (Li et al., 2018a). The maximum dry cell weight of 1.972 g L'}, indicating
the highest microalgal biomass, was achieved after eight days of cultivation at pH 7. However,
synthetic media cultivation greatly enhanced overall microalgal growth, resulting in a 2 folds
increase in biomass production to 6.612 g L' in Vischeria sp., compared to mushroom-
bicarbonate 3.655 g L! at the scale-up stage. The pH increases to 7 was generally linked to the
utilisation of HCO3™ by P. purpureum during the scale-up cultivation, which resulted in a
twofold increase in biomass under mushroom-bicarbonate. This led to the release of OH anions
into the culture media, raising the overall pH of the solution and inhibiting microalgae
proliferation and biomass generation during the scale-up of Vischeria sp. under mushroom-
bicarbonate. The most recent findings showed that Vischeria sp. and P. purpureum microalgae
cells were efficient in utilising the inorganic carbon source during photoautotrophic cultivation.
However, the growth parameters and inorganic carbon removal were significantly higher than
those observed in the cultivation experiments conducted in the Erlenmeyer flask under different
pH regulation conditions (Table 4.1). These results can also be attributed to the different mixing
rates used between Chapters 3, 4, and 5, as Erlenmeyer flasks were agitated by an orbital

shaker, while bubble column photobioreactors were mixed through aeration from air pumps.
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5.4.3 Effect of inorganic carbon on biochemical composition

Based on the development of bicarbonate-based applications for microalgae cultivation
processes. The harvested biomass from the scale-up experiment was quantified for its
accumulated content of lipids, protein, carbohydrates, and pigments. For Vischeria sp. from
Figure 5.3a, there was a significant difference between the biochemical composition of lipids
and protein in the synthetic media compared to the mushroom-bicarbonate media. The highest
amount of carbohydrates accumulated was slightly similar in the synthetic media and the
mushroom-bicarbonate media was 47.6% and 48.85% respectively of the total dry weight
which was statistically insignificant (p < 0.28). In addition, the protein content of 31.50% was
1.7 folds higher in the synthetic media compared to the mushroom-bicarbonate media with a
total of 18.25% (p < 0.003). Similar differences of 1.6 folds were observed in the lipid content
of the synthetic media which was found to be significantly higher than the bicarbonate media
from the mushroom production (p < 0.001). Interestingly, the inorganic carbon source from the
mushroom-bicarbonate media did not have a significant impact on the biochemical
composition due to salt stress which could not trigger the carbon dioxide concentration
mechanism (CCM) for Vischeria sp. compared to the synthetic media. However, lower biomass
production and biochemical composition in the carbon-captured media were found to be lower
in our study, maybe due to inefficient inorganic carbon utilisation and adaptability of the algal
strain to high sodium concentrations or salt stress (Beigbeder and Lavoie, 2022). In a similar
study on C. vulgaris high bicarbonate and NaCl of 160 mM was reported to have a significant
effect on biomass accumulation by stimulating lipid content (Li ef al., 2018c). However, in P.
purpureum, the lipid content of 17.15 % was about 5 folds higher in the mushroom-bicarbonate
media than in the synthetic media with 3.05% (p < 0.01). There was a significant difference (p
<0.05) in the protein (6.75 % and 13.7%) but not the carbohydrate content (47.7% and 51.65%)
in the synthetic media and mushroom-bicarbonate media respectively. The overall biochemical

accumulation in the mushroom-bicarbonate media was higher compared to the synthetic media.
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Figure 5.3 The impact of inorganic carbon source from synthetic media and mushroom-bicarbonate
media on biochemical composition quantified in the harvested biomass of Vischeria sp. and
Porphyridium purpureum cultivated for a period 18 days. Data values expressed as mean + standard
deviation, n=3 and statistical analysis by one-way ANOVA with post-hoc test.

Photosynthetic pigments were quantified in both microalgal strains for chlorophyll-a
and B-carotene. The chlorophyll-a and B-carotene content in the synthetic media was 33.16 mg
g and 4.01 mg g'! respectively in Vischeria sp. while in the mushroom-bicarbonate media, the
chlorophyll-a content was 29.84 mg g! and 2.83 mg g! B-carotene (Figure 5.4). From the
results, the chlorophyll-a and -carotene contents in the synthetic media was higher than the
bicarbonate media from the mushroom. There was no statistical difference in the
photosynthetic pigments from Vischeria sp. cultivated in both culture media. However, there
was a significant difference in the chlorophyll-a and B-carotene content in P. purpureum
cultivated in the synthetic media and bicarbonate media (p < 0.05). The maximum chlorophyll-
a content was 11.78 mg g! and B-carotene of 2.16 mg g™! in the synthetic media compared to
the chlorophyll-a 7.20 mg ¢! and B-carotene content of 1.38 mg g'! in the bicarbonate media
from the mushroom production. One of the effects contributing to low total chlorophyll content
can be oxidative stress which results in chlorophyll-a degradation but rather promotes
chlorophyllase activities (Ji ef al., 2018b). In C. reinhardtii cultivation under salt stress, the
osmotic and ionic stress altered the photosynthetic rate which lowered the chlorophyll-a

content (Fal et al., 2022).
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Figure 5.4 The effect of synthetic media and mushroom-bicarbonate media on chlorophyll-a (orange
and green) and B-carotene (orange and green) in Vischeria sp. and chlorophyll-a (red and grey) and 53-
carotene (red and grey) in Porphyridium purpureum cultivated for a period 18 days. Data values
expressed as mean + standard deviation, n=3 and statistical analysis by one-way ANOVA with post-
hoc test.

5.4.4 Estimation of phycobiliprotein from P. purpureum in bicarbonate media
Phycobiliproteins are a crucial component of cyanobacteria and their changes under
various culture conditions provide valuable insights into the chromatic adaptation abilities of
these organisms in extreme conditions. However, the quantification of phycobiliproteins was
conducted by comparing their levels in synthetic and mushroom-bicarbonate media in Figure
5.5. The results revealed that the phycobiliprotein from the mushroom-bicarbonate culture were
higher in content compared to the synthetic media, with an average of 0.429 mg g™! compared
to 0.325 mg g! respectively. As shown in Figure 5.5, the variation of phycobiliproteins in the
cultivation medium where salt stress is maximum, the mushroom-bicarbonate culture has a
higher concentration of phycobiliproteins than the synthetic media medium due to the
contribution of sodium hydroxide for carbon capture. This is supported by the finding of (Y.
Li et al., 2020) that reported a higher phycobiliprotein content in S. platensis when cultivated
in a high sodium chloride concentration. However, the same study also reported a reduction in
chlorophyll content under the same conditions, which is consistent with the observation that

high sodium concentrations in the mushroom-bicarbonate culture reduced the chlorophyll
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content in Nannochloropsis oculata, Vischeria punctata, and Eustigmatos vischeri as reported

by (Y. Li et al., 2020).

& PE
0.5 4 = PC
S *
0 0.4- 8
o
(=2}
£ *
£ 0.34
[
o
[}
1
2
‘5 0.2
[<}
o
>
£
& 0.1
* *
0.0
synthetic bicarbonate mushroom bicarbonate

Figure 5.5 Changes of Phycobiliprotein content (PB, mg g’ DW) and composition (phycoerythrin, PE
and phycocyanin, PC) in Porphyridium purpureum cultivated in synthetic media and mushroom-
bicarbonate media under 18 days of cultivation period. Data values expressed as mean + standard
deviation, n=3 and statistical analysis by one-way ANOVA with post-hoc test.

5.4.5 Effect of bicarbonate-media type on fatty acid composition

In Eustigmatophyceae, the primary fatty acids present are myristic acid (C14:0),
myristoleic acid (C14:1), palmitic acid (C16:0), palmitoleic acid (C16:1), steric acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2), arachidonic acid (C20:4), and eicosapentaenoic acid
(EPA20:5) (Wang et al., 2018). However, in Vischeria sp. the major fatty acids were found to
be palmitic acid (C16:0), palmitoleic acid (C16:1), arachidonic acid (ARA20:4),
eicosapentaenoic acid (EPA20:5), and other fatty acids when cultivated in synthetic and
mushroom-bicarbonate media (Figure 5.6). The synthetic media contained 24.5% and 37.8%
of palmitic acid and palmitoleic acid respectively, while arachidonic acid and eicosapentaenoic
acid accounted for 7.8% and 11.3% of the total fatty acids in Vischeria sp. In the mushroom-
bicarbonate media, palmitic acid was 19.1% and palmitoleic acid 43.6%, while arachidonic
acid and eicosapentaenoic acid were present at 5.9% and 16.1% respectively. The difference
in total fatty acid composition between the synthetic and mushroom-bicarbonate media were
similar except for the EPA content. It is worth noting that different Eustigmatophyceae species

have varying fatty acid compositions, with Nannochloropsis salina showing a higher EPA
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content (27% of the total fatty acid) compared to E. vischeri (5.3 — 20.6%) (Xu et al., 2020).
The mushroom-bicarbonate culture demonstrated the highest estimated percentage of EPA
(16.1% of TFA), leading to a substantial reduction in EPA content (11.3%) in the synthetic
media. Similar results were observed in V. stellate, where elevated salt conditions resulted in
an increase in the percentage of EPA (C20:5) and C20:4, with a decrease in the percentage of
C18:1 compared to limited conditions (Xu et al., 2020). In Vischeria punctata cultivated in salt
stress, higher palmitoleic acid (46.9%) and lower EPA (2.3%) content was reported, while the
high salt stress from mushroom-bicarbonate led to changes in the fatty acid composition, with
palmitic acid (C16:0) and stearic acid (C18:0) decreasing, and oleic acid (C18:1) increasing
(Sinetova et al., 2021). A similar distribution of these fatty acids was also reported in
freshwater Monodus subterraneus (Khozingoldberg & Cohen, 2006). One study found that the
total fatty acids of Vischeria sp. strain E71.10 contained high levels of eicosapentaenoic acid
(EPA) when grown in the presence of 68 mM NaCl (Remias et al., 2020), while a different
yield was observed in eustigmatophytes, which demonstrated a decrease in EPA proportion in
total fatty acids as sodium chloride (NaCl) concentration increased (Pal et al., 2013;
Solovchenko ef al., 2014). There was no significant difference in the EPA and arachidonic acid
(ARA) content per dry weight in both synthetic and mushroom-bicarbonate cultures.

In P. purpureum, the major fatty acids were C16:0, C18:2, ARA20:4, and EPA20:5.
Comparing the fatty acid compositions between synthetic media and mushroom-bicarbonate
media, the maximum C16:0 and CI18:2 in the synthetic media were 38.9% and 6.6%,
respectively. These values were significantly different from those in the mushroom-
bicarbonate media, which had C16:0 at 39.5% and C18:2 at 7.9% (p < 0.001). The EPA and
ARA content in the synthetic media increased significantly compared to the mushroom-
bicarbonate media (p < 0.001). The maximum EPA and ARA content in the mushroom-
bicarbonate media were 11.05 mg g! and 13.75 mg g’!, respectively, which were higher than
the values in the synthetic media culture (9.6 mg g! and 11.95 mg g'!, respectively). However,
a study on P. cruentum using different carbonate sources showed that EPA and ARA content
of approximately 9.9% and 26.2%, respectively, could be achieved under different carbon
sources (Asgharpour et al., 2015). Additionally, (Su et al., 2016) reported that the accumulation

of total fatty acids in P. purpureum increased under high carbon levels of 30-50%.
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Figure 5.6 Effect of synthetic media and mushroom-bicarbonate media on the fatty acid compositions
of (a) Vischeria sp. and (b) Porphyridium purpureum under each condition for a cultivation period of
18 days. Data values expressed as mean =+ standard deviation, n=3.

5.4.6 Total antioxidant capacity

The antioxidant capacity evaluated in the dry weight of Vischeria sp. and P. purpureum,
and mushroom exudate was 255.36 + 3.34, §9.18 + 2.33, and 108.05 + 2.21 mg AAE/g
respectively. The values obtained for Vischeria sp. cultivated in the synthetic media culture
was 2 folds high compared to the mushroom-bicarbonate media of the same strain. The
difference of 89.18 + 2.33 and 76.77 + 2.01 mg AAE/g of P. purpureum from the synthetic
media and mushroom-bicarbonate respectively did not indicate any significant relation for their
antioxidant capacity. The mushroom exudate indicated the potential of antioxidant capacity of
potential application from their used substrate. The studied Rhodophyte (P. purpureum)
showed low values of antioxidant capacity compared to eustigmatophyte, which corresponds
with similar results from Vischeria Helvetica ACOI 299 (258.20 = 0.65 TE/g) and
Porphyridium aerugineum achieving 67.95 = 0.36 mg TE/g (Assungao et al., 2017). Although,
several studies reveals that the antioxidant properties are due to a high phenolic content from
ketones, vitamin C, flavonoids, ellagic acid, anthocyanins and Porphyridium sp. are known for
their low antioxidant capacity (Giil¢in et al., 2011; Sariburun et al., 2010). The presence of
bioactive compounds such as polyphenols, carotenoids, vitamin E, and vitamin C in the

microalgae cells plays a crucial role in determining the antioxidant activity of a species.
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Figure 5.7 Represents values for relative antioxidant capacity estimated in the polyphenol extract from
Vischeria sp. and Porphyridium purpureum cultivated in both synthetic and mushroom-bicarbonate
media and mushroom exudate (used substrate). Data values expressed as mean + standard deviation,
n=3.

5.4.7 Total phenolic content

Phenolic compounds, such as catechin and gallic acid, act as antioxidants due to their
capability for single electron transfer and hydrogen atom transfer reactions (Goiris et al.,
2012). Under physiological conditions marine algae are exposed to environmental stressors,
for example UV-light, which results in an accumulation of reactive oxygen species as by-
products of the electron transport system in photosynthesis and enzymatic processes (Freile-
Pelegrin and Robledo, 2013). A study by (Jerez-Martel et al., 2017), demonstrated that
biomasses of various microalgae and cyanobacteria contain simple phenolic compounds like
gallic acid, chlorogenic acid, and syringic acid, as well as flavonoids. The total phenolic content
in the dry weight of Vischeria sp. and P. purpureum was evaluated using the Folin-Ciocalteu
method. The highest phenolic content was found in Vischeria sp. cultivated in synthetic media
(219.59 = 1.12mg GAE/g) followed by P. purpureum 195.22 = 0.92 mg GAE/g cultivated in
synthetic media and the maximum phenolic content was 144.35 + 0.21 mg GAE/g for the
mushroom exudate. The total phenolic content in the Vischeria sp. under mushroom-
bicarbonate was lower than that of the synthetic media. There was no significant difference

between the phenolic content of synthetic media and mushroom-bicarbonate P. purpureum. It
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is worth nothing that the polyphenolic composition and content can substantially vary as a
function of microalgae growth conditions (stress, temperature, pH, and nutrients supplement)
as well as the extraction solvents. However, (Bulut ef al., 2019) reported a total phenolic
content of Scenedesmus sp. was 5.40 = 0.28 mg GAE/g with ethanol/water (3:1 v/v) and
methanolic extraction of Chlorella minutissima was 9.04 + 0.68 mg GAE/g dry weight. (Ferda
Yylmaz et al., 2017) reported a higher amount of the total phenolic content of 62.45 + 2.0 mg
GAE/g.

300 [ Vischeria sp. synthetic bicarbonate
[ Vischeria sp. mushroom bicarbonate
3 P. purpureum synthetic bicarbonate
[ P. purpureum mushroom bicarbonate
[ Mushroom exudate
= F3
= 200
= N =
a2 -
R
2 = o
() E3|
-g_ i A -
— = =
S 100 | ]
= -
0 T T T T T T T T T
100 150 200 250 300

Concentration (ug/ml)

Figure 5.8 Represents values for relative total phenolic content estimated in the polyphenol extract from
Vischeria sp. and Porphyridium purpureum cultivated in both synthetic and mushroom-bicarbonate
media and the phenolic mushroom exudate (used substrate). Data values expressed as mean + standard
deviation, n=3.

The types of phenolics found in algae varies depending on the type of algae. The largest
proportion of phenolic compounds in green and red algae is represented by bromophenols,
phenolic acids, and flavonoids. Phlorotannins are found mainly in brown algae and, in lesser
amounts, in red algae; even fewer polyphenols are contained in green algae. Several classes of
flavonoids, such as flavonols, flavanones, isoflavones, and dihydrochalcones, were found in
microalgae and cyanobacteria (Cichonski and Chrzanowski, 2022b). Regarding the phenolics
assay, the Folin-Ciocalteu method is commonly used to measure total phenolic content.
However, this method has limitations, one of them is the interference of non-phenolic

compounds like tyrosine, which can lead to overestimation of phenolic content (Davies et al.,
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2020; Pérez et al., 2023). An adjustment of PVPP (Polyvinylpolypyrrolidone) can be used to
separate phenolics and non-phenolic reducing compounds from their original food matrix
(Davies et al., 2020). This adjustment can help to provide a more accurate estimate of phenolic
content. Furthermore, when measuring phenolic content, it’s crucial to consider potential

interferences by making necessary adjustments to ensure accurate results.

5.4.8 ABTS radical scavenging activities

There is no single antioxidant assay that can define the total antioxidant capacity of all
compounds in the extracts because different compounds have different sensitivity to different
assays such as hydroxyl radical, ferrous reducing capacity, and lipid peroxidation (Giindiiz et
al., 2023). The highest ABTS scavenging activity expressed in percentage of inhibition
capacity estimated in Vischeria sp. extract was 58.66 = 0.45 % in the synthetic media higher
than the mushroom-bicarbonate with an inhibition capacity of 36.96 = 0.34 %. In P. purpureum
the inhibition capacity was 33.11 + 0.63 % lower than mushroom-bicarbonate of 38.89 + 0.34
%. According to (Foo et al., 2015), the stereoselectivity of the solubility concentrations of the
extracts affects the capacity of the extracts to scavenge or react with the free radicals. A study
on Porphyra columbina findings showed the variability in antioxidant activity depends on the
algae species and solvent extract (Cian ef al., 2014). The scavenging activity evaluated on C.
vulgaris gave a higher capacity of 81.29 £+ 0.09 % when cultivated in BBM (Mtaki et al., 2020).
These results differ from the findings on Nannochloropsis oculata of 70.3 + 0.6 % scavenging
capacity by (Custddio et al., 2012). This method has been used extensively to predict
antioxidant activities because of their relative short time analysis. Our results showed that the
methanolic extract of Vischeria sp. demonstrated a scavenging activity when compared with
standard BHA (Figure 5.9). These results indicated that both extracts have a noticeable effect
on scavenging free radicals by donating proton scavenging free radicals making them potential
antioxidants. The polyphenol content in the extracts from Vischeria sp. and P. purpureum was
found to be responsible for the scavenging of ABTS radicals by their ability to donate electrons
or hydrogen (Huang et al., 2005). However, this in vitro assay indicates that these microalgal
strains are a significant source of natural antioxidants which requires further investigations on

other antioxidant assays and compounds present in their biomass.
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Figure 5.9 ABTS radical scavenging activity of Vischeria sp. and Porphyridium purpureum cultivated
in both synthetic and mushroom-bicarbonate media. Data values expressed as mean + standard
deviation, n=3.

5.4.9 Sunscreen protective factor (SPF)

The SPF, or sun protection factor, evaluates the degree of sunburn protection provided
by a product. To be considered effective, a sunscreen should have an absorption range of
between 290 and 400 nm. During the development process of a product, the in-vitro SPF
measurement is helpful, serving as a complement to the in vivo SPF determination. In this
research, the effectiveness of polyphenol extracts from microalgae was examined using UV
spectrophotometry and Mansur's mathematical equation. The SPF values of polyphenols
extracted from Vischeria sp. and P. purpureum, and mushroom exudate (used substrate) were
tested for their protective factors in Figure 5.10. below. The photoprotective characteristics of
these bioactive compounds were evaluated for potential applications in the cosmetic industry.
The highest SPF value ranged from 9.67 — 38.15 respectively with 0.4 mg mL™! — 2 mg mL!
concentrations of Vischeria sp. followed by P. purpureum with 11.92 — 35.45 respectively at a
concentration from 0.4 mg mL! to 2 mg mL"!, and the mushroom exudate at a concentration
from 0.4 mg mL! to 2 mg mL! gave 7.78 — 34.04 respectively. A study by (aslani et al., 2021)
on the evaluation of UV protection factor (SPF) on Spirulina platensis showed a higher SPF
value of 11.94 comparably lower from our study. From Figure 5.10, polyphenols from

microalgae and mushroom exudate at the highest concentration exhibited the best SPF values
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which will be helpful in the selection of bioactive compounds from microalgae and mushroom
substrates during the formulation of sunscreens. Although to develop and produce quality and
safe sunscreen products with high SPF values, the formulator must understand the
physicochemical principles and not solely rely on the UV absorbance of the bioactive extracts
from these organisms and waste products. The polyphenols from microalgae and mushroom
exudate showed their tolerance and resistant to UV-B (290-320 nm) with similar reports on
Scenedesmus sp. by (Kovacik et al., 2010), and the effects UV stress on the fatty acids and
lipids of Odontella aurita and Diacronema lutheri by (Guihéneuf et al., 2010).
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Figure 5.10 Determination of (a) sunscreen protective factor (SPF) values for polyphenols from
Vischeria sp. and Porphyridium purpureum extracts using methanol and (b) sunscreen protection factor
(SPF) value for mixture of algae and mushroom exudate polyphenols. Data values expressed as mean
+ standard deviation, n=3.

5.5 Conclusion

Based on the findings of this study, it can be concluded that Vischeria sp. and P.
purpureum exhibited distinct growth responses to bicarbonate-based and synthetic media.
Vischeria sp. displayed slower growth and reduced biomass production in the bicarbonate
medium, likely due to its sensitivity to high sodium concentrations resulting from the use of
NaOH for carbon capture. P. purpureum showed improved growth and biomass production in
the bicarbonate medium, indicating its high tolerance for bicarbonate salt. The differential
responses can be attributed to the levels of sodium ions, with lower levels favouring growth
and inorganic carbon utilisation in Vischeria sp. and higher concentrations promoting growth

in P. purpureum. The study also highlights the importance of considering species-specific
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responses when implementing bicarbonate-based cultivation systems and the potential of P.
purpureum for high salinity environments. Additionally, the study suggests that culture pH can
play a role in improving inorganic carbon utilisation and highlights the importance of
considering the carbon dioxide concentration mechanism in response to salt stress. However,
the importance of species-specific responses in bicarbonate-based cultivation systems and
highlight the potential of P. purpureum for high-salinity environments. These results
demonstrated variations in the biochemical composition of microalgae grown in synthetic
media and mushroom-bicarbonate media. Specifically, Vischeria sp. showed lower levels of
protein and lipid in the carbon captured medium, while P. purpureum demonstrated elevated
lipid content in the mushroom-bicarbonate medium. These findings suggest that optimising
cultivation conditions through tailored media and carbon capture strategies can enhance

biomass production and biochemical composition in microalgae cultivation.
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CHAPTER 6

6.1 Development of a bicarbonate-based microalgal carbon capture process

Several technological methods for carbon capture and storage have been implemented to
reduce carbon dioxide emissions from various industrial plants. Carbon capture and utilisation
using biological sequestration has been identified as one of the most promising methods for the
reduction of carbon dioxide emissions in the energy sector, both from the cost and
environmental points of view. The introduction of microalgae-based utilisation in particular,
can help reduce the negative impact of carbon dioxide on the environment as well as generate
biomass that can be used to produce useful, value-added products. This work arose from the
real-world need to mitigate carbon emissions from mushroom farms. The overall aim of this
research was to develop a bicarbonate-based microalgal process to capture and utilise the
carbon dioxide produced during mushroom growth, in order to reduce the carbon footprint of
mushroom farms. Furthermore, this work evaluated the properties of the spent algal biomass
as well as the mushroom exudate for potential applications in the nutraceutical and cosmetic
industries in order to promote a circular economy. The novelty of this work lies in the
successful integration of mushroom growth and microalgae cultivation through the application

of bicarbonate-based carbon capture and algae production systems.

The objectives of the thesis were achieved as follows:

Objective 1: Selection of the most suitable microalgal species in a bicarbonate-based system
based on the carbon capture efficiency and biochemical composition. To develop any
microalgae-based process, suitable strains must be selected based on the final objective. In the
case of COz capture, robust and highly productive strains tolerant to alkaline media must be
used. This research highlighted the potential of P. kessleri, S. quadricauda, Vischeria sp., P.
tricornutum, and P. purpureum microalgae system of cultivation for the sequestration of
inorganic carbon present in absorption solutions, strains such as P. kessleri, S. quadricauda,
and P. tricornutum previously used to capture residual CO;. The first results obtained with
different synthetic NaHCOs (1, 2, 4, and 6 g L'!) showed that four out of five strains with an
average biomass production (> 1.51 g L") combined with efficient inorganic carbon removal
(> 70.17 %) except Phaeodactylum tricornutum which showed the opposite trend in terms of
growth but gave high inorganic carbon removal at different lower concentration. Uncontrolled
pH negatively affected microalgal proliferation due to a quick increase of pH and the

predominance of dissolved carbonate species which could not be assimilated by microalgae
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cells. Out of the strains examined, Vischeria sp. and P. purpureum were the most productive
with high biochemical and metabolite compounds such as protein, carbohydrate, lipid content,
eicosapentaenoic acid, antioxidants, and photoprotective properties evaluated from their

biomass. These two species were taken forward for the remaining objectives.

Objective 2: To design a two-step integrated bicarbonate-based system for capturing carbon
dioxide generated during mushroom growth and estimate the carbon utilisation efficiency of
microalgae species. This study showed that that bicarbonate feeding is a highly effective
method for achieving high levels of carbon dioxide utilisation from gaseous mushroom
effluents, even under varying pH conditions. Regularly adjusting the pH at 5, 7, and 9
contributed to the overall inorganic carbon removal and microalgal growth for Vischeria sp.
(31%) and P. purpureum (85%). The high pH observation in cultures from the first objective
without pH regulation (beyond 9.5) could explain the lowering microalgal growth and
inorganic carbon removal observed in those cultures. The two-step process designed for
capturing CO> during mushroom cultivation and converting it into microalgal biomass resulted
in high removal rate for P. purpureum. The integrated microalgae-based CO; treatment process
demonstrated the potential for simultaneous CO:> capture and the production of microalgal
metabolites in mushroom farming. These findings suggest that maintaining the pH at 7 during
microalga cultivation is beneficial for inorganic carbon removal and the overall growth of

Vischeria sp. and P. purpureum under inorganic carbon conditions.

Objective 3: To demonstrate the scalability of the bicarbonate-based integrated algal
production system for carbon capture during mushroom cultivation and assess the properties
of valuable products extracted from microalgal biomass and mushroom exudate for potential
applications. This study showed that Vischeria sp. and P. purpureum exhibited distinct growth
responses to bicarbonate-based and synthetic media. Vischeria sp. displayed slower growth and
reduced biomass production in the bicarbonate medium, likely due to its sensitivity to high
sodium concentrations resulting from the use of NaOH for carbon capture. On the other hand,
P. purpureum showed improved growth and biomass production in the bicarbonate medium,
indicating its high tolerance for bicarbonate salt. The differential responses can be attributed to
the levels of sodium ions, with lower levels favouring growth and inorganic carbon utilisation
in Vischeria sp. and higher concentrations promoting growth in P. purpureum. Scale-up
experiments were performed in 8 L bubble column photobioreactors using inorganic carbon

generated from the CO; produced during the mushroom cultivation. After 18 days of
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cultivation, P. purpureum was able to assimilate up to 85% respectively of the inorganic carbon
initially present in the mushroom-bicarbonate media while accumulating about 54% of
carbohydrates and about 24% EPA content than 16% EPA from Vischeria sp. of the total fatty
acids. Furthermore, P. purpureum was able to tolerate high sodium ions present in the media
compared Vischeria sp. which induced both microalgal growth properties as well as CO;

capture performances.

6.1.1 Wider scope and practical considerations

Integrating carbon capture from mushroom production with microalgae cultivation is
an innovative approach that can enhance sustainability and environmental benefits. Algae
growth media is a promising and environmentally friendly method for capturing and utilising
carbon, especially in applications where high-value products can be characterise form their
biomass effectively. Most algae production industries focus on production for animal feed and
value- added products for industrial purposes using compressed carbon dioxide as a carbon
source for cultivation (Gerardo et al., 2015). Agricultural sectors such as mushroom production
also contributes to carbon emission, however, this should be considered as an alternative source
for inorganic carbon production through the implementation of bicarbonate-based carbon
capture and algae production systems (Zhu et al., 2018). Microalgae-based carbon capture has
several advantages, it also comes with challenges, such as optimising growth conditions,
selecting the right algal species, scaling up production, and addressing downstream processing
issues. Integrating carbon capture from mushroom production with microalgae cultivation is a
promising approach but involves technical, logistical, and economic challenges that require
careful consideration and planning (Zhang et al., 2018). The potential environmental benefits
and sustainability improvements make it an exciting area for exploration in agriculture and
carbon mitigation efforts (Chandra et al., 2019). Implementing and managing an integrated
system require expertise in mushroom cultivation, microalgae cultivation, bioenergy
production, and carbon mass balance. Some of the challenges include designing greenhouse
for mushroom production, constructing and integrating a photobioreactor for scale up
production. Other challenges include connecting a desiccator or moisture absorber to remove

water molecules from the transferred gas.

6.2 Future recommendations

Future recommendations on scale-up for carbon capture from mushroom farming using

microalgae, here are some parameters that can be optimised for this process such as temperature
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and reactor design. Temperature plays a crucial role in the growth and productivity of
microalgae. It is important to study the optimal temperature range for the specific strain of
microalgae used in the carbon capture process. This will ensure maximum efficiency in carbon
sequestration. Additionally, understanding how temperature fluctuations affect the process can
help in designing robust systems that can withstand variable environmental conditions. This
process has been successfully scaled up from 100 ml to 8 L, demonstrating its potential for
larger scale applications. However, before commercial implementation, a further pilot scale
evaluation is recommended. This will help in identifying and addressing any challenges that
might arise during the scale-up process. The design of the reactor should also be optimised to
ensure efficient light penetration and nutrient distribution, which are critical for the growth of
microalgae. Once the pilot scale evaluation is successful, the next step would be the
implementation of the process in a real mushroom farm. This will provide valuable insights
into the practical aspects of the process, such as the integration with existing infrastructure, the
management of the microalgae biomass, and the actual amount of carbon captured. A lifecycle
analysis (LCA): Lastly, a comprehensive LCA should be conducted to evaluate the
environmental impact of the process. It will be valuable to perform a techno-economic
assessment and lifecycle analysis (LCA) on the process of an integrated bicarbonate-based
carbon capture system for mushroom farms. The lifecycle analysis serves as a standardised
methodology which has been effectively employed to evaluate and acknowledge the
environmental implications of utilising algae as a source of food or feed for animal,
nutraceuticals, and pharmaceutical industries (Ighalo et al., 2022b; Kushwaha et al., 2022).
Based on the international standard organisation ISO 14040 series (ISO, 2014) which outlines
the process for LCA, the first step would be to define a system boundary. In this case, the
system would include both the mushroom farm and the microalgal cultivation system.

The next step would be to perform an inventory analysis which involves data collection
on the inputs and outputs of the system design. In the present context, this would involve (1)
data for mushroom growth, including the energy consumption and CO; emissions from
mushrooms and (2) data for microalgal growth involving CO» water, nutrients, and energy
consumption as inputs and biomass yields and other products as the outputs (Garcia et al.,
2020). Once all the key data has been collected, the next step would involve impact assessment,
which could point to the factors that can significantly reduce the production costs and lower
overall environmental impacts (Cole et al., 2023). Lastly, interpretation of results would
involve determining the most effective methods for microalgae cultivation and carbon capture

identifying areas for improvement. In this concluding phase, the results of the lifecycle
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inventory and lifecycle impact assessment would be categorised, quantified, and analysed to
formulate relevant conclusions and recommendations. Going forward, carrying out a techno-
economic feasibility study would also be important to evaluate the technical performance of
this process and evaluating its economic feasibility for implementation in real-world settings
(de Souza Celente et al., 2023). The LCA will provide a holistic view of the process and help
in identifying areas where environmental performance can be improved. These
recommendations aim to ensure the successful implementation of carbon capture in mushroom

farming using microalgae, contributing to the fight against climate change.
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CHAPTER 7

7.1 Research activities arising from this thesis

7.1.1
1.

7.1.2

Manuscript under review

Philip Asare Kusi!, Donal McGee?, Shamas Tabraiz', and Asma Ahmed'": Comparing
Carbon Capture Efficiency and Biochemical Composition of Five Microalgal Species in
a Bicarbonate-Based System. ! Canterbury Christ Church University, North Holmes
Road, Canterbury, Kent, CT1 1QU, UK. 2 AlgaeCytes Ltd., Discovery Park House,
Ramsgate Road, Sandwich, Kent CT13 9ND UK.

Philip Asare Kusi, Donal McGee, Asma Ahmed: Demonstration of the Scalability of the
Bicarbonate-Based Integrated Algal Production System for Carbon Capture during

Mushroom Cultivation

Presentations

Philip Asare Kusi, Dr Asma Ahmed, Donal McGee. Carbon capture efficiency and
biochemical composition of five microalgal species in a bicarbonate-based system: A
comparative study. International Conference on Algal Biomass, Biofuels and

Bioproducts, June 2023, Hawaii, USA — Poster Presentation accepted.

Philip Asare Kusi, Dr Asma Ahmed. Development of a natural bio-based sunscreen
product from an algal-mushroom biorefinery. Postgraduate conference of the School of

Psychology and Life Sciences. June 2022 - Oral Presentation.

Philip Asare Kusi, Dr Asma Ahmed. Microalgae-based carbon capture from
agricultural sector to combat climate change. High Value Biorenewables for
academia and industry on bioeconomic challenges, King Manor in York,

United Kingdom, December 2021 — ECR seminar.

Co-ordinated project

4.

UKBBSRC and High Value Biorenewables (HVB) project on: Development of a
natural bio-based sunscreen product from an algal-mushroom biorefinery. Canterbury
Christ Church University, and AlgaeCytes Ltd, Sandwich, UK, and Edible Kingdom
Ltd. 2022.
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Appendices
Appendix A
The following dataset from this section describes the representative data from the quantitative
measurements on the biochemical composition and pigments estimated in the microalgal

biomass from an FTIR spectra and HPLC based on their statistical analysis. The presented
dataset in Appendix A is described in chapter 3 of the thesis.

Table A. 1 Biomass composition of estimated lipid, protein, and carbohydrate content from the biomass
of Parachlorella kessleri cultivated in different bicarbonate concentrations. Data values expressed as
mean + standard deviation, n=3.

Lipid Protein Carbohydrate
Sample | Control | 2g L' | 4gL | 6gL- Sample | Control | 2g L' | 4g L' Sample | Control | 2g L' | 4gL"!
(A) ® |'© | 'D (A) B) © (A) B) ©
1 391 12.04 | 12.52 | 16.23 15.31 16.31 18.22 | 18.52 38.61 44.65 46.84 | 44.33
4.11 11.52 | 10.33 | 16.82 15.22 16.53 19.41 | 16.83 38.42 44.52 48.05 | 43.17
3 4.32 11.51 9.31 | 15.72 15.51 16.82 | 20.52 | 17.72 37.90 44.81 50.82 | 45.73

Table A. 2 Results of the one-way ANOVA test comparing the means of lipid content from P. kessleri
cultivated at different inorganic carbon concentration.

ANOVA: Single Factor
SUMMARY
Groups Count Sum Average Variance
Control (A) 3 11.9 3.966667 0.00333333
2g L1 (B) 3 34.6 11.53333 0.20333333
4g L (C) 3 32.7 10.9 2.56
6g L' (D) 3 48.7 16.23333 0.30333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 230.0492 3 76.68306 99.912776 1.11E-06 4.066181
Within Groups 6.14 8 0.7675
Total 236.1892 11

Table A. 3 Results of the one-way ANOVA test comparing the means of protein content from P. kessleri
cultivated at different inorganic carbon concentration.

SUMMARY
Groups Count Sum Average Variance
Control (A) 3 45.8 15.26667 0.06333333
2g L' (B) 3 49.6 16.53333 0.06333333
4g L1 (C) 3 58.1 19.36667 1.32333333
6g L (D) 3 53 17.66667 0.72333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 27.2825 3 9.094167 16.7377301 0.000828 4.066181
Within Groups 4.346667 8 0.543333
Total 31.62917 11
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Table A. 4 Results of the one-way ANOVA test comparing the means of carbohydrate content from P.
kessleri cultivated at different inorganic carbon concentration.

SUMMARY
Groups Count Sum Average Variance
Control (A) 3 114.7 38.23333 0.083333
2g L (B) 3 133.9 44.63333 0.023333
4gL* () 3 146.4 48.8 4
6g Lt (D) 3 137.1 45.7 6.76
ANOVA
S
ou.rce. of SS df MS F P-value F crit
Variation
Between 177.3558 3 59.11861 2176145 0000334  4.066181
Groups
Within 21.73333 8 2.716667
Groups
Total 199.0892 11
Lipid Protein Carbohydrate
Tukey HSD results i Tukey HSD results Tukey HSD results
treatments | Tukey HSD | Tukey HSD | Tukey HSD |f treatments | Tukey HSD | Tukey HSD | Tukey HSD | treatments | Tukey HSD | Tukey HSD | Tukey HSD
pair Q statistic | p-value inferfence pair Q statistic | p-value inferfence pair Q statistic | p-value inferfence
AvsB 14.9598 AvsB 2.9764 AvsB 6.7255
AvsC 13.7077 I AvsC 9.6341 0100 p<0.( AvsC 11.1040
AvsD 24,2520 AvsD 5.6395 | 0.0169354 m AvsD 7.8464
BvsC 1.2521 BvsC 6.6577 06641 0.01 BvsC 4.3786
BvsD 9.2922 BvsD 2.6631 BvsD 1.1209
CvsD 10.5444 CvsD 3.9946 CvsD 3.2576

Figure A. 1 Effect of inorganic carbon concentrations on lipid, protein, and carbohydrate composition
in Parachlorella kessleri. Treatment pairs defines the comparison between (A) control 1 g L, (B)2 g

L™, (0)

4gL, (D)6gL".

Table A. 5 Biomass composition of estimated lipid and carbohydrate content from the biomass of
Phaeodactylum tricornutum cultivated in different bicarbonate concentrations. Data values expressed

as mean + standard deviation, n=3.

Lipid Carbohydrate
Sample | Control (A) 2¢ L1 4g L1 6g L} Control (A) 2g Lt 4g L1 6g L'
B) © ()] B) © ()]
! 22.60 21.22 20.12 19.60 66.12 58.61 53.22 48.92
2 22.17 19.72 19.45 18.41 61.91 58.80 53.63 49.22
3 21.53 20.51 18.71 17.14 57.73 5894 | 5272 | 49.40
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Table A. 6 Results of the one-way ANOVA test comparing the means of lipid content from
Phaeodactylum tricornutum cultivated at different inorganic carbon concentration.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Control (A) 3 66.2 22.06667 0.30333333
2g L1 (B) 3 61.4 20.46667 0.56333333
4g L1 (C) 3 58.2 19.4 0.49
6g L' (D) 3 55.1 18.36667 1.56333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 22.4825 3 7.494167 10.2659817 0.004064 4.066181
Within Groups 5.84 8 0.73
Total 28.3225 11

Table A. 7 Results of the one-way ANOVA test comparing the means of carbohydrate content from
Phaeodactylum tricornutum cultivated at different inorganic carbon concentration.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Control (A) 3 185.7 61.9 17.64

2g L1 (B) 3 176.3 58.76667 0.023333

4g L1 (C) 3 159.5 53.16667 0.203333

6g Lt (D) 3 147.6 49.2 0.04

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 289.4958 3 96.49861 21.55591 0.000345 4.066181
Within Groups 35.81333 8 4.476667
Total 325.3092 11
Lipid Carbohydrate

Tukey HSD results Tukey HSD results
treatments | Tukey HSD | Tukey HSD | Tukey HSD treatments | Tukey HSD | Tukey HSD | Tukey HSD
pair Q statistic | p-value inferfence pair Q statistic
AvsB 3.2435 AvsB 2.565C
AvsC 5.4059 | 0.0211686 | * p<0.05 [ AvsC 7.1493 |
AvsD 7.5007 AvsD 10.3965 é ] 53
BvsC 2.1624 BvsC 4.5843
BvsD 4.2571 BvsD 7.8315 | 0.002 473
CvsD 2.0948 CvsD 3.2472

Figure A. 2 The biochemical variation of Phaeodactylum tricornutum cultivated at different inorganic
carbon concentration. Treatment pairs defines the comparison between (A) control 1 g L, (B)2 g L™,
(C)4gL',(D)6gL™"
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The chlorophyll-a content in different microalgal strains were calculated using a High-
performance liquid chromatography. The results for each strain are displayed in Table A-8 with

the chlorophyll-a content from P. kessleri and P. tricornutum biomass

Table A. 8 Chlorophyll-a content in the biomass of P. kessleri and Phaeodactylum tricornutum
cultivated in different inorganic carbon concentrations. Data values expressed as mean + standard
deviation, n=3.

P. kessleri P. tricornutum
Chlorophyll-a Chlorophyll-a
Sample | Control (A) 2g L1 4g L1 6g L' Control (A) | 2gL*! 4g L1 6g L'
B) © D) B) © D)
1 3.86 4.29 6.87 6.96 2.87 1.99 1.84 0.79
2 3.45 4.76 6.57 6.85 2.82 1.78 1.85 0.82
3 3.65 4.32 6.82 6.88 2.76 1.84 1.92 0.81

Table A. 9 Results of the one-way ANOVA test comparing the means of on chlorophyll-a content from
P. kessleri cultivated at different inorganic carbon concentration.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Control (A) 3 10.96 3.653333  0.042033
2g L1 (B) 3 13.37 4.456667  0.069233
4g L1 (C) 3 20.3 6.766667  0.032033
6g L (D) 3 20.69 6.896667  0.003233
ANOVA
\S/Zif;;:,{ ss df Ms F P-value F crit
Between Groups 24.123 3 8.041 219.4995 5.08E-08 4.066181
Within Groups 0.293067 8 0.036633
Total 24.41607 11

Table A. 10 Results of the one-way ANOVA test comparing the means of on chlorophyll-a content
from P. tricornutum cultivated at different inorganic carbon concentration.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Control (A) 3 8.45  2.816667 0.003033
2g L (B) 3 5.61 1.87 0.0117
4g L1 (C) 3 5.61 1.87 0.0019
6g L1 (D) 3 242 0.806667 0.000233
ANOVA
\S/‘;‘:ZZ:’{ ss df MS F p-value  Ferit
Bg:;’)"ue;: 6.070358 3 2.023453  479.8702 2'(2)35 4.066181
Within Groups ~ 0.033733 8 0.004217
Total 6.104092 11
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P. kessleri P. tricornutum

Tukey HSD results Tukey HSD results

treatments | Tukey HSD | Tukey HSD | Tukey HSD treatments | Tukey HSD | Tukey HSD | Tukey HSD
pair Q statistic | p-value inferfence pair Q statistic | p-value inferfence

AvsB 7.2697 AvsB 25.2507

AvsC 28.1740 AvsC 25.2507

AvsD 29.3504 AvsD 53.6132

BvsC 20.9042 BvsC 0.0000

BvsD 22.0807 BvsD 28.3626

CvsD 1.1764 CvsD 28.3626

Figure A. 3 Chlorophyll-a content cultivated at each inorganic carbon concentration for P. kessleri
and P. tricornutum respectively.
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Appendix

B

Data representation on the biochemical compositions from chapter 4.

Table B. 1 Chlorophyll-a content in the biomass of Vischeria sp. cultivated under synthetic media (SB)
and mushroom-bicarbonate media (MB) at pH 5, 7, and 9. Data values expressed as mean + standard

deviation, n=3.

Synthetic media (SB Mushroom-bicarbonate media (MB)
SB-pHS5 (mgg | SB-pH7 (mgg | SB-pH9(mgg MB-pHS5 (mgg | MB-pH7(mgg | MB-pH9 (mg g
Sample 1) 1) 1) l) 1) 1)
1 27.14 31.94 39.96 19.15 42.15 27.38
2 28.06 30.89 35.21 16.15 43.14 27.32
3 27.86 33.37 36.78 13.15 37.23 23.85

Table B. 2 Results of the one-way ANOVA test comparing the means of chlorophyll-a content at pH 5
in Vischeria sp. cultivated under synthetic media (SB) and mushroom-bicarbonate media (MB).

SUMMARY
Groups Count Sum Average Variance
SB-pH 5 3 83.06 27.6866667  0.23413333
MB-pH 5 3 48.45 16.15 9
ANOVA
\5/‘;;’";;:'{ ss df Ms F P-value F crit
Between Groups 199.642017 1 199.642017 43.2400117 0.00276835 7.70864742
Within Groups 18.4682667 4 4.61706667
Total 218.110283 5

Table B. 3 Results of the one-way ANOVA test comparing the means of chlorophyll-a content at pH 7
in Vischeria sp. cultivated under synthetic media (SB) and mushroom-bicarbonate media (MB).

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
SB-pH 7 3 96.2 32.0666667 1.54963333
MB-pH 7 3 122.52 40.84 10.0191
ANOVA
f/‘;‘:lr;;;r{ ss df Ms F P-value F crit
Between Groups 115.457067 1 115.457067 19.9601916 0.01109445 7.70864742
Within Groups 23.1374667 4 5.78436667
Total 138.594533 5
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Table B. 4 Results of the one-way ANOVA test comparing the means of chlorophyll-a content at pH 9
in Vischeria sp. cultivated under synthetic media (SB) and mushroom-bicarbonate media (MB).

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

SB-pH9 3 111.95 37.3166667  5.85663333

MB-pH 9 3 78.55 26.1833333  4.08423333

ANOVA

Source of Variation SS df F P-value F crit
Between Groups  185.926667 185.926667 37.4065306  0.0036188  7.70864742
Within Groups 19.8817333 4.97043333
Total 205.8084 5

Table B. 5 chlorophyll-a content at pH 5, 7, and 9 cultivated in both synthetic media (SB) and
mushroom-bicarbonate media (MB) for P. purpureum. Data values expressed as mean + standard

deviation, n=3.

Synthetic media (SB) Mushroom-bicarbonate media (MB)
SB-pH 5 (mg SB-pH 7 (mg SB-pH 9 (mg MB-pH5 (mgg | MB-pH7 (mgg | MB-pH9 (mg
Sample gh gh) gh) ) ) gh
1 14.02 20.53 19.59 7.58 24.79 3.59
2 13.47 25.89 14.44 8.99 17.59 3.86
3 12.93 28.99 15.43 7.23 25.63 4.23

Table B. 6 Results of the one-way ANOVA test comparing the means of chlorophyll-a content at pH 5
in Vischeria sp. cultivated under synthetic media (SB) and mushroom-bicarbonate media (MB).

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
SB-pH 5 3 7.67 2.55666667 0.00443333
MB-pH 5 3 3.87 1.29 0.0028
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.40666667 1 2.40666667 665.437788 1.3415E-05 7.70864742
Within Groups 0.01446667 4 0.00361667
Total 2.42113333 5

Table B. 7 Results of the one-way ANOVA test comparing the means of chlorophyll-a content at pH 7
in Vischeria sp. cultivated under synthetic media (SB) and mushroom-bicarbonate media (MB).

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

SB-pH 7 3 14.63 4.87666667 0.70863333

MB-pH 7 3 9.65 3.21666667 0.06663333

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 4.1334 4.1334 10.6631697 0.03092144 7.70864742
Within Groups 1.55053333 0.38763333
Total 5.68393333
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Table B. 8 Biomass composition of estimated protein content for Vischeria sp. cultivated both in
synthetic media (SB) and mushroom-bicarbonate media (MB) at pH 5, 7, and 9. Data values expressed
as mean =+ standard deviation, n=3.

SB-pHS5 (mgg | SB-pH7(mgg | SB-pH9(mgg MB-pH5 (mgg | MB-pH7 (mg g MB-pH 9 (mg g’
Sample 1 1 1 1 1 1
) ) ) ) ) )
1 36.71 38.90 43.24 19.21 35.06 39.92
2 39.24 4243 43.42 24.46 36.32 38.74
3 38.32 40.16 42.61 21.83 33.64 38.41

Table B. 9 Results of the one-way ANOVA test comparing the means of protein content from synthetic
media (SB) and mushroom-bicarbonate media (MB) cultivated at pH 5 for Vischeria sp.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
SB-pH 5 3 114.2 38.06667 1.603333
MB-pH 5 3 65.4 21.8 6.76
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 396.9067 1 396.9067 94.9159 0.000622 7.708647
Within Groups 16.72667 4 4.181667
Total 413.6333 5

Table B. 10 Results of the one-way ANOVA test comparing the means of protein content from synthetic
media (SB) and mushroom-bicarbonate (MB) media cultivated at pH 7 for Vischeria sp.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
MB-pH 7 3 121.4 40.46667 3.163333
MB-pH 7 3 104.9 34.96667 1.823333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 45.375 1 45.375 18.19853 0.012992 7.708647
Within Groups 9.973333 4 2.493333
Total 55.34833 5
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Appendix C

Data representation on the inorganic carbon utilisation and biochemical composition on
experimental results from chapter 5.

Table C. 1 Represents inorganic carbon utilisation capacity by Vischeria sp. and Porphyridium
purpureum. Data values expressed as mean =+ standard deviation, n=3.

Vischeria sp.

Porphyridium purpureum

Synthetic media | Mushroom-bicarbonate | Synthetic media (mg | Mushroom-bicarbonate
Sample (mg L''d'") media (mg L'd") L1dh) media (mg L'd")
1 134.47 43.33 25.72 53.61
2 134.58 44.23 25.81 53.72
3 134.26 43.23 25.11 53.51

Table C. 2 Results of the one-way ANOVA test comparing the means of inorganic carbon utilisation
by Vischeria sp. cultivated in synthetic media and mushroom-bicarbonate media.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Synthetic media 3 403.31 134.436667 0.02643333
Mushroom media 3 130.79 43.5966667 0.30333333
ANOVA
\5/‘;’:;;;,{ ss df MS P-value F crit
Between Groups 12377.8584 1 12377.8584 75070.4037 1.0646E-09 7.70864742
Within Groups 0.65953333 4 0.16488333
Total 12378.5179 5

Table C. 3 Results of the one-way ANOVA test comparing the means of inorganic carbon utilisation
by Porphyridium purpureum cultivated in synthetic media and mushroom-bicarbonate media.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Synthetic media 3 76.64 25.5466667 0.14503333
Mushroom media 3 160.84 53.6133333 0.01103333
ANOVA
\5/‘;‘:;;:,{ ss df MS p-value F crit
Between Groups 1181.60667 1 1181.60667 15142.3323 2.6156E-08 7.70864742
Within Groups 0.31213333 4 0.07803333
Total 1181.9188 5

Table C. 4 Biomass composition of lipid, protein, and carbohydrate content from the biomass of Vischeria
sp. cultivated in synthetic and mushroom-bicarbonate media using FTIR. Data values expressed as mean +
standard deviation, n=3.

Synthetic media (% DW)
Sample Protein Lipid Carbohydrate
1 3091 22.12 47.44
32.13 20.25 46.87
31.54 21.65 47.21

Mushroom-bicarbonate media (% DW)

Protein Lipid Carbohydrate
17.51 13.51 47.32
19.22 12.54 50.41
18.25 12.75 48.85
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Table C. 5 Results of the one-way ANOVA test comparing the means of lipid content accumulated by

Vischeria sp. cultivated in both synthetic and mushroom-bicarbonate media using FTIR quantification
analysis.

Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Synthetic media 3 63 21 1
Mushroom media 3 38.25 12.75 0.5625
ANOVA
Source of Variation ~ SS df MS F P-value Fcrit
Between Groups 102.0938 1 102.0938 130.68 0.000334 7.708647
Within Groups 3.125 4 0.78125
Total 105.2188

Table C. 6 Results of the one-way ANOVA test comparing the means of protein content accumulated

by Vischeria sp. cultivated in both synthetic and mushroom-bicarbonate media using FTIR
quantification analysis.

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
Synthetic media 3 94.5 31.5 0.36
Mushroom media 3 54.75 18.25 0.5625
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 263.3438 1 263.3438 570.935 1.82E-05  7.708647
Within Groups 1.845 4 0.46125
Total 265.1888 5
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Appendix D
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Figure D. 1 A Reverse-phase high-performance liquid chromatography (C18-RP HPLC) spectra for quantified photosynthetic pigments from P. kessleri and at
a wavelength of 440 nm and (b) standard trace for chlorophyll and B-carotene spectra analysed using a Hewlett Packard instrument with a Nova-Pak C18 4 pm
and 3.9x150 mm column.
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Figure D. 2 Describes the determination of the biochemical content in an algal biomass for (a) lipid, (b) protein, and (c) carbohydrate analysed using Fourier
Transform Infrared Spectroscopy (Cary 630) instrument. The infrared spectra were scanned in the range 4000—450 cm™, and the characteristic absorbance peaks
based on specific chemical groups within the biomass were selected for Lipid (C =O ester stretching at 1760—1715 cm "), protein (C =O amide II band at 1545
cm '), and carbohydrate (C-O-C stretching at 1070-020 cm ).
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Figure D. 3 Represents the fatty acid profile for (a) Vischeria sp., (b) Porphyridium purpureum, (¢) Phaeodactylum tricornutum cultivated at different inorganic
carbon concentration, and (d) showing the standard traces of the fatty acid methyl esters (FAME) composition based on their retention time comparison with
internal FAME standards with reference to named compounds from a Gas Chromatography-flame ionisation detector (GC-FID) equipped with a variable spit-
flow injector and a 52 CB GC column (Agilent 6890A).
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