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e DPPH = 2,2-Diphenyl-1-picrylhydrazyl — used in free radical scavenging assays
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Abstract

The project is taking place within the larger context of climate change as well as in an
era which is changing quickly toward low-carbon industrial models. To this end it is
submitted an integrated approach to industrial CO: emissions through the sustainable
cultivation of Spirulina platensis, a filamentous cyanobacterium capable of high
photosynthetic efficiency and quick biomass build-up, high content of high value
bioactive compounds. This thesis is intended to prove the feasibility of biorefinery
model in which Spirulina platensis will function as an environmentally friendly
biotechnological platform for capturing atmospheric CO: and biotechnologically
producing a whole spectrum of functional bio-metabolites for future use as food supply
in dietary, pharmaceutical, and cosmetic applications, both for the bioprocessing
process. The main hypothesis is that Spirulina can be used as a green biofactory to
convert CO: a significant greenhouse gas [GHG] into functional metabolites in low-
impact, environmentally responsive, extraction process. In fact, for validating this
hypothesis, Spirulina platensis was cultured under controlled laboratory conditions
(regulated CO: input, nutrient enrichment, and standard light and temperature
parameters) to optimize metabolic output. Biomass yielded was prepared via a
biorefinery-style technology to recover and value various biochemical fractions. It
included the development of environmentally friendly extraction protocols using green
solvents (water, limonene, p-cymene, and 2-methyltetrahydrofuran (2-MeTHF)),
together with microwave-assisted extraction [MAE] in order to increase solvent
economy and decrease energy consumption. Spectroscopic and chromatographic
techniques were used to characterize each extract. UV—Vis spectroscopy of the aqueous
fraction showed maximum absorption at 277.2 nm, 347.5 nm, and 639.8 nm, confirming
the structural stability of C-phycocyanin. GC-MS analysis provided solvent-dependent
selectivity: phenolic compounds were most effectively extracted by p-cymene and
limonene and methyl palmitate, methyl linoleate and methyl y-linolenate, biologically
significant fatty acid methyl esters (FAMESs), by 2-MeTHF and limonene. Phycocyanin
fraction with enriched protein was purified and initial in vitro biochemistry was

performed. The performance of the assays showed remarkable antioxidant,



cytoprotective, and possibly anti-tumor activities, especially under condition of
oxidative stress, highlighting the potential therapeutic application of C-phycocyanin for
the medical field, especially in preventive medicine. Concurrently, a separate small
RNA (microRNA) fraction was isolated and tested by next-generation sequencing
(NGS) to identify the presence of conserved sequences, for example miR166a and
miR159a. These specific microRNAs regulate growth, metabolic adaptation and stress
responses in photosynthetic organisms. In the literature, miR159a has been linked to
hepatoprotective and anti-inflammatory actions, implicating it in a potential biomedical
application. We have not performed biological assays for the microRNA fraction. This
was an intentional methodological choice to allow for the broad characterization of the
phycocyanin fraction. At present, the microRNA extracts are being further purified to
achieve maximal molecular integrity and also to eliminate remaining protein and
polysaccharide contaminants, an important step to perform before experiments
involving cell-surface exposure. This work highlights for the first time the possible
application of the use of CO: valorization in Spirulina platensis as a sustainable
bioprocessing green technology to generate bioactives with high-value for a
bioprocessing process. The integrated use of eco-friendly solvents, microwave-assisted
extraction and two-fold recovery of protein-RNA extracts is one of the green
bioeconomies and green biotechnologies and scalable solution. In doing so, this thesis
enriches and expands the work in this area by presenting an actual instance where
spirulina platensis can repurposing in the form of a green carbon capture and bioactive
compound bioactive chemical biophilic platform on which to use for its utilization for
sustainable production. These innovations provide a foundation for further investigation
into how microRNAs are functional for potential future applications and the potential to
contribute to the ecosystem towards environmental and biological applications of an

integrated biorefinery type model.



Chapter 1

1. Circular Economy

The term circular economy was first explicitly used by Pearce and Turner (1990). In
their book entitled “Economics of Natural Resources and the Environment,” they
discussed the negative aspects of the traditional (or linear) economy with its open
concept and proposed an alternative in the form of a closed system, called the circular
economy (Ghisellini et al., 2016). In fact, the circular economy is fundamentally
different from the linear economy. In a linear economy, we extract raw materials that
we transform into a product that is thrown away after use. The term linear refers to the
straight progression that a product can follow, with a beginning, a middle, and an end,
and there is no consideration of recycling or reuse. This model is characterized by a
high volume of new production. Therefore, the linear economy is a polluting system
that can damage nature and the climate, causing biodiversity loss (Blomsma & Brennan,
2017).

Conversely, the circular economy aims to limit resource use, minimize waste, and
maximize reuse and recycling of materials. This model adopts a systemic perspective in
which materials and products are kept in circulation for as long as possible to optimize
their value and reduce environmental impact. Therefore, in a circular economy, material
cycles are “closed,” which requires more than simple recycling (Kjaer et al., 2019).

The work expands upon earlier ideas proposing that the economy should be conceived
as a circular system designed to promote long-term sustainability. Although the concept
of the circular economy is relatively recent, its theoretical foundations were established
many years ago. The debate on circular economy has been strongly influenced by
industrial stakeholders. The Ellen MacArthur Foundation, for instance, has played a
significant role in promoting the concept by publishing reports and books and engaging
in the World Economic Forum (Sillanpdd and Ncibi, 2019). Blomsma and Brennan

(2017) divided the emergence of the circular economy into several phases.



This was the time when debates on waste and resources mounted and programs like
recycling, composting and waste-to-energy incineration emerged. Such ways proposed
to ‘run a sustainable practice’ towards natural resources and they did so much so that
circular economy became part of the discourse for authors (Blomsma and Brennan,
2017). Later, industries and governments came under pressure to embrace the
developing idea and discussions in other intellectual environments, including physics
and biology, deepened the conversation. Yet in this phase, waste was regarded
negatively and hence as being expensive. Clear solutions for that matter were not yet
available and the recycling program remained immature (Blomsma and Brennan, 2017).
In the latter part of this second phase, between 1985 and 2013, people were more
favorable towards waste. Product-service systems, urban mining, recycling,
remanufacturing, and upgrading were devised by the development, both to prolong the
resource usage and avoid landfilling. Some measures had been taken before in the
earlier phase, but by this time it was more complicated and varied (Blomsma and
Brennan, 2017). In addition, sustainable development attracted more attention and was
perceived as a source for both economic and technological potential. Germany became
the first country to implement the circular economy in 1996 through a new law
establishing rules for waste management. The Chinese government, for example,
embraced the circular economy as an economic model in response to environmental
issues. Economic efficiency and environmentally responsible behaviour along with
waste minimisation are the primary tenets of the circular economy. These concepts can
often be summarized into the “3Rs”: Reduce, Reuse and Recycle (Huamao & Fengqi,
2007). According to a thorough analysis of scientific articles on circular economy,

authors largely agree on the following basic principles:

e Resource sustainability: using renewable energy and renewable, recyclable, and
biodegradable materials in subsequent life cycles.

e Waste elimination: waste is turned into raw materials. Circular economy
advocates total elimination of waste production and designing products to
become recyclable and reusable.

e Resource efficiency optimization: the flow of products, components, and
materials should maximize the use of resources.

e System efficiency: the effects of the current industrial economy are not only

evident but also actionable for efficiency.
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e Strength lies in diversity: diversity and adaptability of products are key
principles for a circular economy, as well as the long-term sustainability of
products and conversion to different products in recycling cycles without waste,

which transform residues into raw materials.

In addition, circular economy differs from the traditional linear model (the “take—make—
dispose” paradigm) which discarded products after their lifecycle is completed. It,
therefore, seeks to see waste completely wiped away with product reengineering,

recyclability and reuse. (figl)

LINEAR ECONOMY CIRCULAR ECONOMY

> ﬁz&

MAKE

(623

DISPOSE

Figure 1. From the linear to the circular economy model (Adobe Stock, 2023).

To comprehend the theory of a circular economy, it is essential to examine the notion of
sustainability. In 1987, the World Commission on Environment and Development
characterized sustainable development as "development that meets the needs of the
present without compromising the ability of future generations to meet their own needs"
(WCED, 1987). Initially, sustainability primarily focused on environmental protection
and social justice. Sustainability once was mostly a question of environmental
protection and social justice. Subsequently, this paradigm has evolved towards
economic elements and the business to reduce the environmental footprints of the
business on one hand, make profits and show a social responsibility on the other (Fujii
et al., 2013). A fundamental advancement was made after 2015, when sustainable

development started to be framed by the United Nations Sustainable Development
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Goals (SDGs) (Nikolaou et al., 2021). From an early stage of thinking, the "Triple
Bottom Line" framework established an important way of sharing sustainability
concepts: they include economic, social, and environmental aspects, and this approach
has achieved great attraction in recent decades. So our question now is how can
organizations do business with social and environmental responsibility? Nikolaou et al.
(2021) explain with the Triple Bottom Line a means for companies, non-governmental
organizations, and governments to estimate how much they could contribute to the
sustainable future. An emphasis on environmental, social and economic (Zhao et al.,
2018) have highlighted the link between circular economy practices and sustainability.
Many researches have highlighted that circular strategies are very important to ensure
sustainable development due to the positive environmental aspects, such as improving
environmental performance variables (Nikolaou et al., 2021). Despite criticisms by
some sustainability groups and many ecologists' warnings, the global acceptance of
circularity dropped to 7.2% from the initial 9.1% five years earlier, suggesting less
recycling and reuse effort. The European Commission has developed a new circular
economy policy with the European Green Deal in March 2020 (CEAP), the EU’s new
strategy for sustainable growth. To the extent that one could, the EU’s move to circular
economy will alleviate pressures on natural resources also create economic capacity and
jobs. It is also key to ensuring EU climate neutrality by 2050 and avoiding loss of
biodiversity. The action plan details work on every phase of a product's life cycle and
focuses on product design, production circularity, environmentally friendly consumer
consumption, and waste minimisation: all to keep resources within the EU economy for
a long time. It covers a range of legislative and non-legislative measures in areas where
coordinated EU action can greatly benefit the economy. Within this plan, the initiatives
are designed to: - Foster sustainability in EU products; - Empower consumers and
public buyers; - Focus on high potential resource-intensive industries with a great
potential for circularity including electronics, ICTs, batteries & vehicles, packaging
materials, plastics, textiles, construction & buildings, food, water & nutrients; - Ensure
waste reduction; - Make circularity benefits for individuals, regions, cities easier to
achieve; - Leadership in the global progress of the circular economy. The Green Deal
together with the Climate Pact approach aims at leading global efforts with 8 objectives
including global climate action. Existing agricultural organic waste management
practices have resulted in substantial N and P losses into atmospheric structures and

local aquatic bodies with potential impacts on air quality as well as water systems
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(Misselbrook et al., 2010). Agriculture is also a major contributor to greenhouse gas
emissions. As global demand for food-producing meat-based products rises, the need
for animal feed proteins (especially soybeans) is on the rise, which is believed to further
aggravate deforestation pressures (Gasparri et al., 2013). This sector represents about a
fifth of human-induced GHG emissions and constitutes almost one-fifth of total CO2
emission emissions global statistics (Gasparri et al., 2013). Moreover, the reliance of
Europe on imported feed proteins is associated with food security risks mainly due to
the fact that supply chains are largely under uncertainty, increasing the risks with
increased volatility in feed-related risk. Agricultural GHG (GHG) emissions reduction
is an essential component of the national initiatives aiming at adherence to Paris
Climate Agreement (CLA) commitments (Wollenberg et al., 2016). Algae have been
recognized as having potential for nutrient extraction and bioremediation related to
waste, metals, carbon dioxide and organic pollutants, for many decades. Since the
investigations by William Oswald in the 1950s, microalgae research has proven
effective treatment of wastewater, including to be efficient for microalgal populations as
described in microalgae in the collection and treatment of single culture methods in its
research (Oswald et al., 1953). Programs such as the U.S National Renewable Energy
Laboratory Biofuels Program coupled with the Department of Energy Aquatic Species
Program recommended growth of algae through strain selection targeting lipid
concentration and restoration potential through strain, particularly through strain-based
lipid selection for water supply (Sheehan et al., 1998). Roadmaps based on these
preliminary investigations were laid out in later research results (Barry et al., 2016).
Emerging developments in the algal biotechnology field have revived as molecular
genome techniques have been developed to address concerns that lead to demands
associated with recycling such as those arising from waste associated requirements as
defined by those concepts inherent to circular economy frameworks. This biomass
derived through the cultivation of waste nutrients (digestate) is expected to be beneficial
to commodity markets efficiently. Algae produces rich constituents forming protein,
lipid, bioactive compounds, relevant for a wide range of industries including food, feed,
fuel, pharmaceuticals, cosmetics (Singh et al., 2017). The cyanobacteria provide
promising potential soil applications as slow-release fertilizers (Singh et al., 2017).
Unfortunately however contributions of such protein from microalgal sources is limited
related to human consumptive patterns, production limitations based mainly on

identified externalities such as the challenge to regulate the use of such products,
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negative climatic conditions and other prevalent issues impacting consumers in most
EU countries (Vigani et al., 2015). Agricultural GHG emissions awareness may be
improved by focusing on infrastructural upgrades (e.g. covered lagoon technologies)
such as anaerobic digesters which harvest methane energy (Hopkins Del Prado, 2007)
thereby converting agriculture food residues into biomethane through anaerobic
digestion, i.e. a digestion process which generates nutrient dense digestate, thus
stabilizing agricultural soil in process, reducing odor, reducing GHG, thereby enabling
nutrient biostimulants input mainly with macronutrients (N, P, K, S, Mg, Ca, Fe, Na)
trace elements (Co, Se, Mo, Ni) in accordance to each feedstock composition
(Abinandanshanthakumar, 2015). However, limitations have been highlighted like
limited growth season, limited nutrient loadings, limited availability of material, local
land restricting widespread availability of digestates prompting to explore innovations
in market possible uses overcoming the challenges encountered in them. Thus, through
developing microalgal biorefinery systems combining digestates on-site improve the
nutrient recovery that will assist to alleviate the associated impact for the given

ecological issues met.
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2. Microalgae

Chapter 2

Algae are a group of photosynthetic autotrophic organisms that typically thrive in

various types of aquatic environments such as lakes, rivers, and seas. They are

responsible for the production of atmospheric oxygen through photosynthesis, a process

that converts water and carbon dioxide into carbohydrates using solar energy. The algal

group is highly diverse and comprises numerous distinct phyla with unique

characteristics and properties, ranging from unicellular prokaryotic cyanobacteria to

more complex multicellular eukaryotic algae, as summarized in Table 1 (Tan et al.,

2020).

Table 1. Main types of algae and their characteristics (Tan et al., 2020).

Type of algae

Characteristics

Examples

Cyanobacteria

Cyanobacteria, or blue-green algae,
are Gram-negative bacteria that can
survive in some of the most hostile
habitats on Earth. Some species are
known to fix both nitrogen and
carbon, both essential for life on the

planet.

Prochlorococcus,
Spirulina, Nostoc,

Cyanothece, Anabaena

Glaucocystophytes

Glaucocystophytes are relatively rare

unicellular eukaryotic algae that
contain a plastid structurally similar
to cyanobacteria. They are among the
descendants of the products of early

endosymbiosis.

Cyanophora,
Glaucocystis, Peliaina,

Gloeochaete

Rhodophytes

Rhodophytes, or red algae, are
mainly composed of multicellular

photosynthetic eukaryotes. They are

Batrachospermum,
Chroodactylon,

Bangia,  Cyanidium,
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characterized by their distinctive red Compsopogon
coloration due to the presence of red

pigments, such as phycobilisomes,

within their chloroplasts.

Chlorophytes Chlorophytes, or green algae, are Haematococcus,
photosynthetic eukaryotes containing Chlorella, Dunaliella,
chlorophyll as their main Graesiella,
photosynthetic pigment. Scenedesmus

Charophytes Charophytes are algae mainly found Coleochaete,
in terrestrial and freshwater habitats. Micrasterias, Chara,
They show features similar to land Penium,
plants, suggesting that the ancestors Klebsormidium
of charophytes gave rise to terrestrial
flora.

Chlorarachniophytes Chlorarachniophytes are marine Chlorarachnion,
photosynthetic protists that possess Lotharella,
secondary plastids derived from Bigelowella
secondary endosymbiosis.

Euglenoids Euglenoids are unicellular flagellated FEuglena, Discoplastis,
eukaryotes with both animal- and Phacus, Colacium,
plant-like features. Most species are Strombomonas
freshwater, while some inhabit
marine environments.

Apicomplexans Apicomplexans are a group of Plasmodium,
obligate intracellular ~ parasites Toxoplasma,
responsible for various diseases in Cryptosporidium
animals and humans.

Dinoflagellates Dinoflagellates are a class of Gymnodinium,
unicellular protists characterized by Karenia, Dinophysis,
relatively large nuclei, golden-brown Alexandrium
plastids, and their unique swimming
mode.

Heterokontophytes  Heterokontophytes are flagellated Chrysophyceae,
photosynthetic eukaryotes, Parmophyceae,
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characterized by two flagella of Xanthophyceae,
unequal length. Dictyophyceae

Haptophytes Haptophytes are unicellular  Chrysochromulina,
photosynthetic microalgae whose Prymnesium, Pavlova,
chloroplasts  derive  from the Diacronema
endosymbiosis of red algae. They
typically possess two equal or

unequal flagella that allow motility.

Cryptophytes Cryptophytes are unicellular motile Guillardia,
photosynthetic organisms, Campylomonas,
characterized by the presence of two Geminigera,
flagella, and are typically found in Rhodomonas,

freshwater and marine habitats. Teleaulax

Microalgae are quick to grow. Their photosynthetic efficiency is superior to most other
plants and its production volume of biochemical products are large in that it allows
them to be very efficient as industrial raw materials (Randrianarison and Ashraf, 2017).
Their cultivation does not need fertile soils, large quantities of water sources, herbicides
or pesticides; therefore, it does not compete for resources (Khan et al., 2018).
Microalgae may also be grown in contaminated wastewaters (such as municipal
effluents or palm oil mill effluents), which can help with bioremediation process in
wastewater (Selmani et al., 2013; Posadas et al., 2017). Apart from the use for
wastewater treatment, microalgae cultivation can also help to relieve atmospheric
carbon dioxide via photosynthesis, which can contribute towards reducing the
greenhouse effect and climate change. Despite these benefits, microalgae industrial
production is still limited by limited industrial development. Low biomass productivity
and small cell size in liquid cultures, for example, make harvesting of the same very
expensive. A technique to overcome these problems is to enhance growth rates to
compensate for poor cell density in addition to tough crop harvests. Various
technologies and crop facilities have been developed over the years to increase
microalgae yields. While microalgae can easily be grown under the strictest laboratory

conditions necessary for its success, high productivity at large scale production becomes
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even more challenging. The following characteristics should be required for a suitable

microalgae culture system:

A suitable light source;

Substantial transfer of materials through the gas—liquid barrier;
Simplicity in practice, procedures;

Minimal contamination rate;

Low-cost in terms of construction and production;

AT o

Effective land-use management process (Jegathese and Farid, 2014).

Broadly, there are two types of culture systems for microalgae: open ponds and
photobioreactors, each with both advantages and disadvantages. Open pond cultivation
is the oldest and most basic way to grow microalgae very widely. Its low construction,
maintenance, and operation costs have made this system popular in industry. Other
benefits are the ease of operation and maintenance, low-energy use and ease of scaling
(Costa and de Morais, 2014). Open ponds are generally composed of natural (lakes and
lagoons) and artificial (circular and raceway) systems. In some cases, tanks and
containers can also be employed for cultivation (Sun et al., 2016). The open pond
system is generally the most economical form of cultivation. Although the cultivation
area is very large, the natural cell concentration can still be relatively low in water-
based cultivation, hence very high harvesting costs are needed (Tredici, 2004).
Furthermore, problems like rainwater runoff (which changes salinity and pH) and bank
erosion (which results in a loss of water and high turbidity) can take a toll on
productivity in open pond systems (Borowitzka and Borowitzka, 1990). And protozoa
and bacteria contamination can be dangerous, also making biomass hazardous and non-
biomass-unused a serious issue. One way of overcoming this problem is to cultivate
microalgae that can withstand such severe alkaline or saline conditions and are free
from contaminants that would otherwise suppress their reproduction (Stark and O’Gara,
2012; Ugwu and Aoyagi, 2012). Because the system is an open system, the growth
parameters, including the temperature and light intensity, are also more challenging to
control, as it may have direct influence on growth rate (Stark and O’Gara, 2012).
Collection of microalgae from organic sources is one of the earliest methods. The
earliest evidence of microalgae harvesting dates back to the Aztecs who gathered

Spirulina from Lake Texcoco in Mexico (Hamed, 2016). An early example of
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cultivation through close association with well-preserved natural water bodies. In
addition, the commercially available open-water microalgae of Dunaliella, as of the
present, is in Hutt Lagoon, Australia, producing up to 6 tons of pB-carotene annually
from its 700-ha ponds (Borowitzka and Borowitzka, 1990). Circular ponds, the first
category of artificial ponds that were used for plant-cell culture at a scale. They are
named for the circular morphology of the culture basin, with a depth of 30—70 cm and
diameter of around 45 m, and a rotating agitator at the center of the pond (Shen et al.,
2009). The agitator promotes effective mixing and prevents biogeochemical enrichment
but also inhibits the sediments of mass production (Show et al., 2017). But the size
limits the design as bigger ponds would increase water resistance, leaving agitator parts
under mechanical stress (Lee, 2001). Furthermore, this system has high energy used for
processing and higher construction costs (Hamed, 2016). This cultivation system has
already been used in Japan and Taiwan for the cultivated Chlorella that is being used for
consumption (Lee, 1997). It includes several 30 cm deep, closed-loop channels, with
paddlewheels that deliver algal biomass to the open loop, keeping a steady flow and
avoiding the accumulation of food, salt, or nutrients throughout the system. The open
topography of the raceway pond and the bottom reach the surface below the axial level,
producing a broad gradient of microalgae growth in the open track (Li et al. 1). Due to
their energy efficiency, raceway ponds are regarded among the best open-pond systems,
as one paddlewheel is enough to flow a 5-hectare pond (Rogers et al., 2014). One such
successful raceway pond cultivation in the USA is the Columbus Algal Biomass Farm
that Sapphire Energy developed and successfully cultivated 520 tons of dried microalgal

biomass over two years without any technical problems (White and Ryan, 2015).
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Figure 2. Three different designs of open pond systems (Shen et al., 2009).

The photobioreactor is a bioreactor system designed to cultivate phototrophic organisms
such as microalgae in a closed environment that prevents direct exchange of material
between the culture and the surroundings. This system overcomes several limitations
typically encountered in open pond designs. Firstly, the reactor is more compact,
allowing more efficient land use. Secondly, it provides highly controlled and enclosed
growth conditions, making it possible to produce monoclonal algal cultures free from
contamination (Posten, 2009). Moreover, highly regulated culture conditions can result
in improved nutrient and metabolic efficiency, leading to higher biomass yields per unit
of substrate. However, a significant drawback to the practical use of photobioreactors is
their limited scalability due to design constraints, which make them uneconomical for
large-scale production (Gupta et al., 2015). Additionally, the highly controlled growth

environment is associated with high capital and operational costs.

The tubular photobioreactor consists of long transparent tubes (Fig.2) made of glass or
clear plastic, arranged in horizontal, vertical, helical, or inclined orientations to
maximize solar light capture (Hamed, 2016; Mishra ef al., 2019). Microalgae cultures
are circulated within the system through a mechanical pump or an airlift system (Xu,

2007). However, the main drawback of this design is poor mass transfer, as the long
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tubes can cause gradients in substrate and product concentrations along the system
(Torzillo and Zittelli, 2015).

The vertical column bioreactor is composed of a transparent cylindrical tube equipped
with a sparger that injects air bubbles to homogenize the culture and enable CO: and O:
transfer between the air and the algal biomass (Mohan et al., 2019). This system offers
the highest gas—liquid mass transfer efficiency compared to other designs, as the sparger
generates fine bubbles that provide a large surface area for gas exchange (Rinanti et al.,
2013). In addition, the simple design results in lower energy requirements and easier
operation.

Nevertheless, the cylindrical geometry does not provide sufficient light penetration for
efficient photosynthesis. Furthermore, high construction costs and difficulties in
cleaning the reactor limit its commercial use (Huang et al., 2017).

The flat plate photobioreactor consists of a rectangular transparent compartment with a
depth of 1-5 cm (fig.3). The culture is mixed through an air recirculation system
(Tamburic et al, 2011). This configuration provides the largest surface area for
illumination and minimizes oxygen accumulation, thereby achieving the highest
photosynthetic efficiency among photobioreactor designs (Yan et al., 2016).However,
the aeration design of this reactor can cause shear stress damage to algal cells (Sierra et
al., 2008). Innovative designs have been implemented to improve its performance,
including double-layer flat plate photobioreactors and plastic film reactors (Vo et al.,

2018).
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Figure 3. Different photobioreactor (Tamburic et al., 2011)

The conditions required for microalgal cultivation are critical factors influencing the
metabolism of these microorganisms, thereby directing the synthesis of specific
compounds of interest. Several researchers have reported that incubation temperature,
medium pH, cultivation period, salinity, light intensity, and nutrient composition
strongly affect the synthesis of antimicrobial agents (Noaman, 2004).

The pH regulation is a primary strategy for preventing contamination by other
microorganisms such as competing algal species. Moreover, pH control is essential for
efficient absorption of nutrients in the culture medium, as it directly influences the
availability of various chemical elements (Lourengo and da Silva, 2006). Limiting
specific nutrients in the medium can induce the production of valuable biocompounds;
for example, nitrogen deprivation can shift microalgal metabolism towards the
production of lipids or carbohydrates (Fogg, 1983).

Light is indispensable for photosynthesis, as it stimulates cell division and increases cell
density (Nelson and Cox, 2002). Light intensity also influences the biochemical

composition of the biomass (Chrismadha and Borowitzka, 1994). The fatty acid content
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tends to decrease with higher light intensity, as lipids are the main components of
chloroplasts, and increased light energy requires greater chloroplast activity (Guedes et
al., 2010). Light has also been shown to affect antioxidant activity in microalgae.
Madhyastha et al. (2009) reported that exposure to blue light during cultivation of
Spirulina fusiformis altered amino acid sequences with cysteine repeats, enhancing its
antioxidant capacity.

Temperature is another crucial factor for the growth of all living organisms. The
specific growth rate of microalgae is directly related to gross CO: fixation/O:
production (photosynthesis) and respiration rates. Both photosynthesis and respiration
are temperature-dependent, with respiration increasing exponentially as temperature
rises (Vonshak, 1997). Temperature strongly influences biomass yield, protein, lipid,
and phenolic compound production. The optimal temperature for microalgae cultivation
ranges between 35-37 °C (Fox, 1996).

Noaman (2004) had conducted a study to find out the most suitable cultivation
conditions for the production of antimicrobial compounds by Synechococcus
leopoliensis, and the study revealed a maximum levels of this bioactive metabolite
could be obtained with a temperature of 35 °C and pH 8. Harvesting microalgae is an
important step in biomass processing. Due to the large energy usage and initial
investment required for the method, several studies estimate that harvesting amounts to
20-30% of the total production costs (Uduman et al., 2010; Barros et al., 2015). In
general, the methods of harvesting are to eliminate as much culture medium as possible
from the microalgal biomass to enable further processing, for example bioactive
substances to be extracted. Different techniques of harvesting are used such as filtration,
centrifugation, flocculation and flotation (Singh and Patidar, 2018). In additional cases
two or more processes may be added to improve efficiency. Tan et al. (2020)
summarized the different harvesting methods, the microalgal species used, and their

superiority and disadvantage in Table 2. (tab 2).
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Table 2. Harvesting

techniques,

disadvantages (Tan et al., 2020).

Harvesting

Technique

Cross-flow filtration

Axial vibration

membrane filtration

Polyacrylonitrile-
based membrane
filtration

Inclined panel
membrane filtration

Ultrafiltration

Electroflocculation

Plant-based
bioflocculation
(Moringa oleifera)
Microbial

bioflocculation

Chemical

flocculation

Microalgal
Species

Chlorella sp.

Chlorella

pyrenoidosa

Scenedesmus and

Phaeodactylum
Wild-type

microalgal strains

Dunaliella salina

D. salina

Chlorella sp.

Desmodesmus

brasiliensis

Chlorella sp.

target microalgal

species,
Advantage
High energy
efficiency

Reduced membrane

fouling

Reduced membrane

fouling

Reduced membrane
and energy costs
Lower cell shear,
low energy and
chemical
consumption
Cost-effective and
chemical-free
Cost-effective with

limited toxicity

Cost-effective and

biodegradable

Cost-effective and

easily scalable

advantages, and

Disadvantage

Membrane fouling
tendency and shear
stress on fragile
materials

Requires energy-
consuming
pumping units
Requires energy-
consuming
pumping units

Membrane fouling

High capital cost

High energy
demand
Contamination of
microalgae-based
products
Contamination of
microalgae-based
products

Use of toxic

chemicals
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Bead-floatation Chlorella vulgaris =~ Chemical-free and  High cost
highly reusable
Magnesium Chlorella No external Use of toxic
coagulation— zofingiensis coagulant required, = chemicals
dissolved air flotation high recyclability of
coagulant and
biomass
Electrolytic flotation = C. vulgaris Chemical-free, low  High operating and
energy capital costs
consumption,
suitable for
continuous systems
Foam flotation C. vulgaris, Low cost and High operating and
Isochrysis energy requirement, = capital costs
galbana, highly scalable
Tetraselmis
suecica

Ozone flotation Scenedesmus sp. Enhanced recovery = Requires
of microalgal specialized on-site
biocompounds ozone generation

equipment

The filtration process employs a semi-permeable membrane capable of retaining
microalgae on the membrane surface while allowing the liquid medium to pass through,
leaving behind algal biomass to be collected (Al Hattab, Ghaly & Hammoud, 2015).
This method can recover a high concentration of cells from the medium, and the various
pore sizes of the filter membrane enable the system to adapt to different microalgal
strains, including more delicate species that are susceptible to shear stress damage.
However, this method is highly prone to fouling and clogging, thereby requiring
frequent replacement of filters or fresh membranes, which may significantly increase
processing costs (Milledge & Heaven, 2013). To overcome this limitation, a filter
membrane made of inexpensive and readily available materials has been developed.
Bejor and colleagues (Bejor, Mota, Ogarekpe et al., 2013) successfully designed a

stretch-cotton membrane filter capable of achieving a harvesting efficiency of 66—93%.
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Centrifugation separates microalgal cells from the culture medium based on particle size
and density through centrifugal force (Soomro, Ndikubwimana, Zeng et al., 2016). This
technique achieves high cell recovery efficiency but is both time- and energy-intensive
(Dassey & Theegala, 2013; Rawat, Ranjith Kumar et al., 2013). Furthermore, the high
gravitational force applied during centrifugation may cause cellular damage, making it
unsuitable for some applications where sensitive nutrients may be lost (Heasman,
Diemar et al., 2000; Knuckey, Brown et al., 2006). Various centrifugal systems have
been employed industrially, including disc-stack centrifuges, perforated-basket
centrifuges, non-perforated basket centrifuges, decanters, and hydrocyclones.
Flocculation is a process in which free-floating unicellular microalgae aggregate to form
larger particles, known as flocs, through the addition of a flocculant that neutralizes the
surface charge of the cells (Muylaert, Bastiaens, Vandamme et al, 2017).
Flocculating agents are generally classified into two main categories: chemical
flocculants and bio flocculants. Low-cost and widely available chemical flocculants
such as iron and aluminum salts have been extensively used in the industry (Bracharz,
Helmdach, Aschenbrenner et al., 2018). The study conducted by Chatsungnoen and
Chisti (2016) demonstrated that metallic salts such as aluminum sulfate and ferric
chloride can remove up to 95% of microalgal biomass under standard conditions.
However, these chemicals are not environmentally friendly due to their toxicity and
require additional downstream removal processes, thereby increasing production costs
(Rinanti & Purwadi, 2018).

In contrast, bioflocculants are safer and more eco-friendly than their chemical
counterparts. They are also generally more cost-effective and often do not require
pretreatment before downstream processing or culture medium recycling (Nguyen, Le,
Show et al., 2019). Most bio flocculants used are biopolymers such as acrylic acid and
chitosan, either naturally occurring or synthetically produced (Pugazhendhi, Shobana,
Bakonyi et al., 2019). It has been reported that low dosages of chitosan can achieve up
to 90% cell recovery, compared to chemical flocculants like aluminum sulfate which
require higher concentrations to obtain similar results (Zhu, Li & Hiltunen, 2018).
Flotation employs small bubbles that attach to microalgal cells, allowing them to float
to the surface of the culture medium for easy harvesting (Laamanen, Ross & Scott,
2016). The advantages associated with flotation systems include relatively high
harvesting efficiency, simple operation, and high processing productivity at low cost

(Ndikubwimana, Chang, Xiao et al., 2016). There are three main types of flotation
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systems, differentiated by their bubble generation mechanisms. Dissolved air flotation
saturates the culture with compressed air before releasing it at atmospheric pressure, a
method widely used in wastewater treatment but limited by high energy demand and
chemical use (Niaghi, Mahdavi & Gheshlaghi, 2015). Dispersed air flotation instead
uses a sprayer to generate bubbles, which requires less energy compared to dissolved air
flotation (Alhattab & Brooks, 2017).

The third method, electroflotation, applies electrolysis to generate microbubbles from
electrodes to trap free-floating microalgae (Baierle, John, Souza et al., 2015). In
addition to harvesting, this method also enables simultaneous cell disruption when
alternating current is applied (de Carvalho Neto et al., 2014). However, the system is
highly energy-consuming, and electrodes require frequent replacement due to fouling,
further increasing production costs. Microalgae are unicellular microorganisms that
grow in freshwater or saltwater, displaying various morphologies with diameters or
lengths of approximately 3—-10 um. The term "microalgae" encompasses both
prokaryotic and eukaryotic organisms (Ferreira, de Souza-Soares & Costa, 2013).
Cyanobacteria and bacteria share many structural similarities; however, they are
classified as microalgae due to the presence of chlorophyll and other photosynthetic
pigments. The so-called green algae are named for their content of chlorophyll a and b
in the same proportions as higher plants (El Gamal, 2010). These photosynthetic
organisms are important in aquatic ecosystems and are known to participate in ~40% of
global photosynthesis (Moreno-Garrido, 2008). Microalgae metabolism responds to
environmental changes with corresponding intracellular modifications. Therefore,
modification of culture conditions including the availability/presence or absence of
specific nutrients can enhance the biosynthesis of specific molecules. Since wide
research has been conducted on the metabolic products of microalgae not only to
understand their nature but also to identify substances, all of which are promising for
human use as well. Extract screening or the isolation of microalgae metabolites from
different types has been the typical methods to evaluate the biological activities of these
components. Microalgae have been reported to be abundant sources of a plethora of
biocompounds with commercial relevance (Volk & Furkert, 2006). Microalgal bioactive
compounds can be derived by primary metabolism (e.g., proteins, fatty acids, vitamins,
and pigments) or by secondary metabolism. Antifungal, antiviral, antialgal,
antienzymatic or antibiotic effect of these compounds may be detected (Volk, 2006).

Some of these compounds (cyanovirin, oleic acid, linolenic acid, palmitoleic acid,
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vitamin E, vitamin B12, B-carotene, phycocyanin, lutein, and zeaxanthin) have been
reported to be antimicrobial, antioxidant, and anti-inflammatory and are considered
candidates for the treatment and prevention of various diseases (Smee, Bailey et al.,
2008; Ibanez & Cifuentes, 2013; Markou & Nerantzis, 2013). These compounds
generally bioaccumulate in the biomass, but in some species, they are excreted into the
medium as extracellular metabolites (exometabolites). Microalgae constitute a naturally
derived source of potent active molecules of great interest. Researchers and industries
have been paying considerable attention to these compounds in the past years as they
have shown promise in numerous life science applications. Applications include food
and feed product production from biomass and bioactive compounds in the form of
medicines developed from biomass (Harun, Singh et al., 2010). Being autotrophic
organisms, microalgae rely on light energy and inorganic nutrients (carbon dioxide,
nitrogen, phosphorus, etc.) for biosynthesis of high value-added biocompounds for the
nutritional and therapeutic functions, for example lipids, proteins, carbohydrates,
pigments, and polymers. Microalgae have various diverse biological activities and can
produce a wide array of chemical compounds, including carotenoids, phycobiliproteins,
polyunsaturated fatty acids, proteins, polysaccharides, vitamins, sterols, and other
substances such as these are some of the different kinds of chemical compounds
reported in recent research (Markou & Nerantzis, 2013; Bhagavathy, Sumathi & Jancy
Sherene Bell, 2011; Palavra & Coelho, 2011). Microalgal-origin bioactive compounds
with antimicrobial, antiviral, anticoagulant, antienzymatic, antioxidant, antifungal, anti-
inflammatory, and antitumoral properties have been documented (Priyadarshani & Rath,
2012; Blunt & Copp, 2006; Mayer & Hamann, 2005; Rodriguez-Meizoso, Jaime,
Santoyo et al., 2008; Carvalho, Costa-Neves, Conserva et al., 2013). The bioactive
compounds extracted from different microalgae such as Arthrospira (Spirulina),
Botryococcus braunii, Chlorella vulgaris, Dunaliella salina, Haematococcus pluvialis,

and Nostoc have been researched (table 3).
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Table 3. Bioactive compounds from selected microalgae

Microalgae
Spirulina sp.

Spirulina platensis

Spirulina fusiformis
Haematococcus
pluvialis

Chlorella sp.

Chlorella vulgaris
Chlorella minutissima
Chlorella ellipsoidea

Dunaliella salina

Dunaliella sp.
Botryococcus braunii
Chlorella zofingiensis
Chlorella
protothecoides
Chlorella pyrenoidosa
Nostoc linckia and
Nostoc spongiaeforme

Nostoc sp.

Bioactive Compounds
Polysaccharides
Phycocyanin, C-phycocyanin, phenolic acids, tocopherols
(vitamin E), neophytadiene, phytol, n-3 PUFAs, fatty acids,
oleic acid, linolenic acid, palmitoleic acid
Diacylglycerols
Astaxanthin, lutein, zeaxanthin, canthaxanthin, B-carotene,
oleic acid
Carotenoids, sulfated polysaccharides, sterols, n-3 PUFA
fatty acids
Canthaxanthin, astaxanthin, peptides, oleic acid
Eicosapentaenoic acid (EPA)
Zeaxanthin, violaxanthin
trans-p-carotene, cis-p-carotene, 3-carotene, oleic acid,
linolenic acid, palmitic acid
Diacylglycerols
Linear alkadienes (C25, C27, C29, C31), triene (C29)
Astaxanthin

Lutein, zeaxanthin, canthaxanthin

Lutein, sulfated polysaccharides

Borophycin

Cryptophycin
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2.1.1 Spirulina

Figure 4. Arthrospira platensis (Romano I., Bellitti M. R., Nicolaus B., et al., 2000).

Spirulina (Arthrospira) is a prokaryotic cyanobacterium (Fig.4) belonging to the
Cyanophyta family that originated more than 3 million years ago, shaped today’s
oxygen-rich atmosphere, and has been important in regulating the planetary biosphere
(Romano I., Bellitti M. R., Nicolaus B., etal., 2000). In 1981, Spirulina was approved
by the U.S. Food and Drug Administration (FDA) with the issuance of GRAS
(Generally Recognized As Safe) status. The FDA declared that Spirulina can be legally
marketed as a food or dietary supplement without risks to human health (Costa J. A. C.,
Morais M. G., 2013). Spirulina has a high protein value and high digestibility and
contains significant amounts of essential polyunsaturated fatty acids and phenolic
compounds (Ambrosi M. A., Reinehr C. O., Bertolin T. E., etal.,, 2008).
Thanks to properties such as its high nutritional value and the presence of active
biocompounds, this microorganism is one of the most studied microalgae worldwide
(Borges J. A., Rosa G. M., et al., 2013). The protein content of Spirulina ranges from
50-70% (w/w) of its dry weight, carbohydrate content from 10-20% (w/w), and lipid
content from 5-10% (w/w). This microalga is rich in vitamins B1, B2, B12, and E
(notably vitamin B12). In addition, Spirulina has a high content of pigments, minerals,
and trace elements (about 6-9% (w/w) of dry biomass), of which the most important are
iron, calcium, magnesium, phosphorus, and potassium (Costa J. A. C., Morais M. G.,
2013). Several studies have demonstrated the use of this microalga for pigment
production owing to its antioxidant properties (Antelo F. S., Costa J. A. V., Kalil S. J.,
2008; Silveira S. T., Burkert J. F. M., et al., 2007). B-Carotene accounts for about 80%
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of the carotenoids present in Spirulina, and other components, such as tocopherols,

phycocyanin, and phycoerythrin, are part of its composition.

2.1.2 Nostoc

Figure 5. Nostocaceae (Cyanophyta) (Anshuman S., Deepika M., et al., 2013)

Nostoc is an edible microalga belonging to the Nostocaceae (Cyanophyta) that forms
spherical colonies linked together as filaments. This microalga exhibits heterocysts with
a pattern of homogeneous cells and regular spacing along the filament (Fig.5)
(Anshuman S., Deepika M., etal., 2013). Heterocysts fix atmospheric nitrogen for the
synthesis of amino acids in the microalgal biomass. In the absence of a nitrogen source
during microalgal cultivation, heterocysts form, avoiding nitrogen limitation for cell
growth (Maldener 1., Muro-Paster A. M., 2010). Nostoc biomass has been used
medically and as a dietary supplement because of its content of proteins, vitamins, and
fatty acids. The medical value of this microalga has been demonstrated by its use in the
treatment of fistula and certain forms of cancer (Temina M., Rezankova H., etal.,
2007). Historically, biomass of this microorganism has been described as
anti-inflammatory and is also reported to aid digestion, control blood pressure, and
strengthen the immune system. Several studies suggest that Nostoc produces various
compounds with antimicrobial, antiviral, and antitumor activity. These findings have
encouraged large-scale cultivation, and nostoc has great economic potential due to its
nutritional and pharmaceutical importance. Cyanovirin, a proteinaceous molecule
produced by a nostoc microalga, has shown positive effects in the treatment of HIV
(Boyd M. R., Gustafson K. R., McMahon J. B., etal., 1997) and influenza A (HIN1)
(Smee D. F., Bailey K. W., Wong M.-H., etal., 2008). nostoc contains a spectrum of
polyunsaturated fatty acids (PUFAs) that includes essential fatty acids such as linoleic,
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a-linolenic, y-linolenic, octadecatetraenoic, and eicosapentaenoic acids (Wang M., Xu
Y.-N., Jiang G.-Z., etal., 2000). Essential fatty acids are precursors of prostaglandins,

arousing considerable interest from the pharmaceutical industry.

2.1.3 Chlorella

Figure6 Chlorella (Masojidek J., Prasil O., 2010)

Spirulina and Chlorella account for most of the microalgal biomass market, with annual
production of about 3,000 and 4,000 tons, respectively (Masojidek J., Prasil O., 2010).
Chlorella sp. (Fig. 6) is a eukaryotic genus of unicellular green microalgae belonging to
the Chlorophyta. This microalga was popularized by the Japanese—traditional
consumers of seaweeds—who generally value and use it as a dietary supplement.
Chlorella microalgae are rich in chlorophyll, proteins, polysaccharides, vitamins,
minerals, and essential amino acids. This microalga is composed of ~53% (w/w)
protein, 23% (w/w) carbohydrates, 9% (w/w) lipids, and 5% (w/w) minerals and trace
elements (Costa J. A. C., Morais M. G., 2013). These nutrient levels can be varied by
manipulating culture conditions. The biomass of this microalga is also rich in
B-complex vitamins, particularly B12, which are vital in the formation and regeneration
of blood cells.

Like Spirulina, Chlorella has FDA-issued GRAS status and can therefore be used as
food without risks to human health if grown in a suitable environment under proper
hygiene and good manufacturing practices (Costa J. A. C., Morais M. G., 2013; Costa J.
A. V., Radmann E. M., etal.,, 2006). Chlorella contains bioactive substances with

medicinal properties. Experimental studies with Chlorella have demonstrated
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antitumor, anticoagulant, antibacterial, antioxidant, and antihyperlipidemic effects, as
well as hepatoprotective properties and immunostimulatory activity of its enzymatic
protein hydrolysate (Cha K. H., Kang S. W., etal., 2010; Kokou F., Makridis P., etal.,
2012; Li L., Li W., etal., 2013). Many antioxidant compounds may be responsible for
Chlorella’s functional activities. Antioxidants such as lutein, a-carotene, -carotene,
ascorbic acid, and a-tocopherol have been identified and are active against free radicals.
Some of these compounds are not only important as natural colorants or additives but
may also help reduce cancer incidence and prevent macular degeneration (Zhao L.,
Sweet B. V., 2008). The most important bioactive compound in Chlorella is
B-1,3-glucan, an active immunostimulant that reduces free radicals and blood
cholesterol. The efficacy of this compound against gastric ulcers, sores, and
constipation has been reported. It has also been shown to have a preventive effect
against atherosclerosis and hypercholesterolemia, as well as antitumor activity

(Spolaore P., Joannis-Cassan C., 2006).
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2.1.4 Dunaliella

Figure7 Dunaliella (Preetha K., John L., etal., 2012)

Dunaliella is a halotolerant, unicellular green microalga belonging to the
Chlorophyceae (Fig.7). This microalga is widely studied for its tolerance to extreme
habitats, physiological traits, and numerous biotechnological applications. Dunaliella is
a source of carotenoids, glycerol, lipids, and other bioactive compounds such as
enzymes and vitamins (Preetha K., John L., etal., 2012; Hosseini Tafreshi A., Shariati
M., 2009). This microalga is an important source of natural B-carotene, capable of
producing up to 14% of its dry weight under high salinity, light, and temperature, as
well as nutrient limitation (Francavilla M., Trotta P., Luque R., 2010). Beyond
B-carotene, this microalga is rich in proteins and essential fatty acids and can be
consumed safely, as evidenced by its GRAS recognition. Compounds present in
Dunaliella biomass exhibit several biological activities, including antioxidant,
antihypertensive, bronchodilatory, analgesic, muscle-relaxant, hepatoprotective, and
anti-edema properties. Microalgal biomass can also be used directly in food and
pharmaceutical formulations (Costa J. A. C., Morais M. G., 2013; Madkour F. F.,
Abdel-Daim M. M., 2013). Chang and colleagues (Chang T., Ohta S., Ikegami N., etal.,
1993) demonstrated that Dunaliella cells contained antibiotic substances. According to
these authors, the crude extract of this microalga strongly inhibited the growth of
Staphylococcus aureus, Bacillus cereus, Bacillus subtilis, and Enterobacter aerogenes.

In another study, Dunaliella also showed antibacterial activity against various

microorganisms of importance to the food industry, including Escherichia coli,
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Staphylococcus aureus, Candida albicans, and Aspergillus niger (Hosseini Tafreshi A.,
Shariati M., 2009). Under ideal growth conditions, Dunaliella can be stimulated to

produce about 400 mg of B-carotene per square meter of cultivation area.
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2.1.5 Biocompounds

Bioactive compounds are physiologically active substances with functional properties in
the human body. There is great enthusiasm for the development and production of
various biocompounds that can potentially be used as functional ingredients, such as
carotenoids, phycocyanins, polyphenols, fatty acids, and polyunsaturated compounds
(Plaza M., Santoyo S., etal., 2010). Recently, interest has grown in the production of
bioactive compounds from natural sources, driven by a growing number of scientific
studies demonstrating their health benefits (Herrero M., Castro-Puyana M., et al., 2013).
Natural products are important in the search for new pharmacologically active
compounds and generally play a role in drug discovery for human diseases (Newman D.
J., Cragg G. M., 2012). Many clinically validated, commercially available drugs with
antitumor and anti-infective activity originated from natural products. Microalgae are a
natural source of interesting biocompounds. They are known to produce various
therapeutically effective compounds that can be obtained from the biomass or secreted
extracellularly into the medium (Bhagavathy S., Sumathi P., Jancy Sherene Bell 1.,
2011). These microorganisms contain many bioactive compounds—proteins,
polysaccharides, lipids, vitamins, enzymes, sterols, and other high-value substances of
pharmaceutical and nutritional importance—that can be exploited commercially
(Priyadarshani I., Rath B., 2012).

Oxidative damage caused by reactive oxygen species to lipids, proteins, and nucleic
acids can lead to many chronic diseases such as heart disease, atherosclerosis, cancer,
and aging. Epidemiological studies have shown an inverse association between fruit and
vegetable intake and mortality from diseases such as cancer, a phenomenon attributable
to the antioxidant activity of these foods (Li H.-B., Cheng K.-W., Wong C.-C., etal.,
2007). Microalgal biomass is considered a rich natural source of antioxidants, with
potential applications in food, cosmetics, and medicine (Li H.-B., Cheng K.-W., Wong
C.-C., etal,, 2007). Antioxidant compounds such as dimethylsulfoniopropionate and
mycosporine-like amino acids have been isolated from microalgae and are potent
chemical blockers of UV radiation (Mata T. M., Martins A. A., Caetano N. S., 2010). In
addition to these, pigments, lipids, and polysaccharides with antioxidant activity can
also be found in microalgal biomass. Carotenoids and phycocyanins are the pigments
most widely used in scientific research. C-phycocyanin (C-PC) is a blue photosynthetic

pigment belonging to the phycobiliprotein group and is abundant in cyanobacteria,
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Rhodophyta, and cryptophytes (Gupta A., Sainis J. K., 2010). Phycocyanin has
applications as a nutrient and as a natural food and cosmetic colorant. It is commonly
extracted from Spirulina biomass (Viskari P. J., Colyer C. L., 2003) and Porphyridium
cruentum (Bermejo Romén R., Alvarez-Pez J., 2002) and Synechococcus (Gupta A.,
Sainis J. K., 2010). Among carotenoids, B-carotene and astaxanthin are particularly
important; they are used in the food and pharmaceutical industries for their antioxidant
and pigmentation properties and, in algal metabolism, protect photosynthetic tissues
from light and oxygen damage (Cazzonelli C. 1., 2011). Dunaliella salina is recognized
as a major biological source of B-carotene, producing more than 14% on a dry-biomass
basis (Spolaore P., Joannis-Cassan C., 2006). H. pluvialis is a source of astaxanthin,
producing 1-8% of dry biomass (Hejazi M. A., Wijffels R. H., 2004). Polysaccharides
are a class of high-value components with applications in foods, cosmetics, textiles,
stabilizers, emulsifiers, and medicine (Arad S., Levy-Ontman O., 2010). Their
therapeutic action is based on macrophage stimulation and immunomodulation; the
biological activity of sulfated polysaccharides depends on sugar composition and the
position and degree of sulfation (Kim M., Yim J. H., Kim S. Y., etal, 2012).
Microalgae capable of producing these compounds include Chlorella vulgaris,
Scenedesmus quadricauda (Mohamed Z. A., 2008), and Porphyridium sp.
(Tannin-Spitz T., Bergman M., et al., 2005).

Microorganisms such as microalgae exhibit antimicrobial capabilities due to their
ability to synthesize a broad spectrum of bioactive compounds. These include fatty
acids, acrylic acids, halogenated aliphatic molecules, terpenoids, sterols, sulfur-
containing heterocycles, carbohydrates, acetogenins, and phenolic substances (Prakash
J. W., Johnson M., Jeeva S., 2011). In particular, the antimicrobial potency of
microalgal extracts has been primarily attributed to their lipid content. Compounds such
as o- and B-ionone, B-cyclocitral, neophytadiene, and phytol are among the major
contributors (Amaro H. M., Guedes A. C., Malcata F. X., 2011).

Microalgal extracts have demonstrated activity against various human pathogens
including Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and
Staphylococcus epidermidis. This antimicrobial activity has been linked to
polyunsaturated and saturated fatty acids like y-linolenic, eicosapentaenoic,
hexadecatrienoic, docosahexaenoic, palmitoleic, lauric, oleic, lactic, and arachidonic
acids (Amaro H. M., Guedes A. C., Malcata F. X., 2011; Smith V. J., Desbois A. P.,
Dyrynda E. A., 2010). These fatty acids disrupt microbial membranes by increasing
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permeability, leading to the leakage of intracellular components, impaired respiration,
and nutrient uptake. Their effectiveness largely depends on chain length and the number
of unsaturated bonds, with fatty acids longer than ten carbons (>C10) capable of lysing
bacterial protoplasts (Amaro H. M., Guedes A. C., Malcata F. X., 2011).

In addition to fatty acids, microalgae also synthesize extracellular acidic sulfated
polysaccharides (EPS) that exhibit both antimicrobial and antiviral effects (Raposo M.
F. D. J., de Morais A. M. M. B., de Morais R. M. S. C., 2014). These sulfated
polysaccharides—primarily composed of xylose, glucose, and galactose—demonstrate
enhanced antiviral potential when their sulfate content is high (Arad S., Levy-Ontman
0., 2010; Raposo M. F. D. J., de Morais A. M. M. B., de Morais R. M. S. C., 2014).
Their inhibitory mechanism involves interactions with positively charged cellular sites
or directly with viral particles, thereby blocking viral entry into host cells (Amaro H.
M., Guedes A. C., Malcata F. X., 2011).

Species such as Spirulina (Arthrospira) have already demonstrated the ability to
produce sulfated polysaccharides that are active as antiviral agents in in vivo and in vitro
models (De Jesus Raposo M. F., De Morais R. M. S. C., De Morais A. M. M. B., 2013).
Other eukaryotic genera like Chlorella and Dunaliella also secrete polysaccharides at
relatively high levels (Rodriguez Meizoso 1., Jaime L., Santoyo S., et al., 2008). The
antibacterial capacity of Spirulina has also been correlated with its volatile compound
profile, which is primarily composed of heptadecane (40%) and tetradecane (35%)
(Plaza M., Herrero M., 2009).

Numerous studies confirm the antiviral potential of microalgal polysaccharides against
pathogens such as encephalomyocarditis virus, herpes simplex virus types 1 and 2
(HSV-1, HSV-2), human immunodeficiency virus (HIV), viral hemorrhagic septicemia
virus, swine fever virus, and varicella-zoster virus (Amaro H. M., Guedes A. C.,
Malcata F. X., 2011; Smelcerovic A., Knezevic Jugovic Z., Petronijevic Z., 2008). For
instance, carrageenan has been shown to bind directly to human papillomavirus (HPV),
thereby inhibiting both viral attachment and internalization (Raposo M. F. D. J., de
Morais A. M. M. B., de Morais R. M. S. C., 2014).
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2.2 Application Fields of Microalgae

Microalgae represent a diverse category of photosynthetic microorganisms that
contribute significantly to the expanding array of valuable bioresources applicable in
various industries and environmental contexts. Their biochemical composition, which
includes lipids, proteins, polysaccharides, and pigments, imparts crucial nutritional,
pharmacological, and functional benefits. Consequently, microalgae are appealing
candidates for the formulation of functional foods and animal feed, in addition to their

roles in cosmetics and agricultural biostimulants.(fig8).

Figura 8. Different types to use microalgae (Kandasamy S., Zhang B., 2022).

Unlike terrestrial crops, microalgae are not reliant on land or soil-based feed sources;
they can thrive in non-arable land as well as saline or wastewater environments without
being affected by food pests. This resilience, coupled with their efficient photosynthesis
and ability to utilize industrial CO: emissions, enhances their potential within
sustainable biomass production systems (Chisti & Yan, 2011). However, not all algal
strains possess the capability to accumulate significant lipid content—approximately
half of their dry biomass—which poses challenges for commercial algal biofuel
production due to the high costs associated with lipid extraction and harvesting. As a

result, the biofuel sector has shifted its focus towards generating high-value compounds
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such as specialty lipids, pigments, and bioactive ingredients suitable for cosmetics and
pharmaceuticals.

Furthermore, microalgae produce a range of secondary metabolites exhibiting
antioxidant, antibacterial, antiviral, anti-inflammatory, and anticancer properties.
Notably studied substances include carotenoids, phycobiliproteins, and sulfated
polysaccharides for potential use in nutraceuticals and dermatological applications
(Foley et al., 2011). Chlorella has shown considerable promise as an antitumor agent
(Iwamoto, 2004), while extracts from Spirulina, Dunaliella salina, Nannochloropsis
oculata, and Alaria esculenta find applications in cosmetics due to their anti-UV
properties and skin regeneration capabilities (Stolz & Obermayer, 2005). From a
nutritional standpoint, microalgae are rich sources of essential vitamins (B12, A, E),
minerals (iodine, selenium), omega-3 fatty acids, pf-carotene along with high-quality
proteins and peptides. Spirulina is particularly noted for its antioxidant qualities and
antitumor effects alongside being an important “super food” rich in y-linolenic acid and
B-complex vitamins. Likewise, Chlorella contains chlorophylls along with f-1,3-
glucans and all essential amino acids; other species like Porphyridium and
Haematococcus are notable for their EPA content as well as arachidonic acid (AA) and
astaxanthin levels (Wells et al., 2017; Becker et al., 2004). Despite these advantages
however; sensory attributes such as taste and odor remain barriers to consumer
acceptance in food applications. In aquaculture and livestock nutrition sectors;
microalgae serve as sustainable feed additives that facilitate the production of renewable
proteins fats along with bioactive pigments. They can replace fish meal or oil—which
often contains harmful persistent organic pollutants like PCBs—and dioxins (Hasegawa
et al., 2007). Genera that are most frequently used for EPA include Nannochloropsis;
Isochrysis; Chaetoceros; Chlorella; Spirulina; Dunaliella; Phaeodactylum while
Thraustochytrium alongside Schizochytrium dominate DHA production efforts (Patil et
al., 2005). From an energy perspective too—microalgae are explored as substrates for
anaerobic digestion aimed at biogas generation—primarily methane—for electricity or
heat purposes (Holm-Nielsen et al., 2009). Nonetheless—the energy yield from this
approach remains limited compared to alternative feedstocks such as livestock waste or
energy crops. Research into ethanol production from microalgal biomass has also been
conducted but is currently not regarded as a viable option. In addition to bioproducts—
microalgae play a vital role in wastewater treatment processes along with environmental

remediation efforts. Specific strains including Chlorella; Chlamydomonas;
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Scenedesmus; Nannochloropsis are employed within phycoremediation frameworks
designed to eliminate excess nitrogen phosphorus heavy metals among other pollutants
thanks largely to their remarkable nutrient uptake capabilities. Such systems offer dual
benefits: biomass generation alongside water purification thus representing an eco-
friendly economical method for nutrient recovery while managing waste effectively.
Despite this widespread adoption remains limited due largely to the small number of

commercial facilities operating worldwide—approximately only around forty at present.
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Chapter 3

3. Arthrospira platensis

ArthroSpira platensis, also known as Spirulina (fig.9 tab. 4), is an ancient lower
prokaryotic plant belonging to the category Cyanophyta, Cyanophyceae, and
Oscillatoria. Morphologically, S. platensis consists of a single or multicellular
filamentous body, 200—500 pm long, 5-10 um wide, cylindrical, with a regular spiral
folding, either loose or tight, like a watch spring.

As an ecological microscopic cyanobacterium, S. platensis mainly grows in alkaline salt
lakes and is characterized by its rapid growth and low consumption of energy and water

per kilogram (Xiaopeng et al., 2023).

Figure 9. Spirulina in optic microscope
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Table 4. Taxonomic classification

Bacteria Domain
Eubacteria Kingdom
Cyanobacteria Phylum
Cyanophyceae Class
Oscillatoriophycideae | Subclass
Oscillatoriales Order
Oscillatorlaceae Family
Arthrospira Genus
A. platensis Species

The life cycle of Arthrospira platensis is cellular in type. It begins from a single spiral
that divides into cells called hormogonia, which progressively develop to form a new
spiral (Sanchez et al., 2003).

The cycle includes three main phases:

1. Fragmentation of the trichome
2. Enlargement and maturation of hormogonial cells

3. Elongation of the trichome

During maturation, the trichome breaks into 2—4 cell (Fig. 10) chains through
specialized cells called necridia, which dissolve (lysis), releasing discs that move and
form new hormogonia (Ciferri, 1983).

These hormogonia separate from the mother cell and develop into new trichomes, losing
the ends of the necridial cells. The ends thus become rounded with thin walls (Ciferri,

1983).
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Figure 10. Life cycle of Spirulina platensis according to Ciferri (1983).

Arthrospira platensis is a cyanobacterium capable of adapting and thriving in most
environments and water bodies, making it exceptionally easy to cultivate. However,
different approaches must be adopted for the production of A. platensis in indoor or
outdoor settings. Many producers have opted for indoor cultivation or tank systems,
since outdoor cultivation requires large land areas, which are usually not available to the
producer (Markou, 2014).

For indoor cultivation to be effective, a transparent container is required to allow A.
platensis to absorb as much light as possible. Biomass production is directly correlated
with light exposure, which makes it essential for the culture to receive a high amount of
sunlight.

The use of artificial light in A. platensis cultures is advantageous for producers because
of the reduced space requirements, better control over biomass density, and greater
stability of concentration, which results from a constant day-night cycle (Markou,
2014). It is important to note that although artificial light offers advantages in terms of
culture control, it also involves higher installation costs and significant energy
consumption throughout the cultivation process (Markou, 2014). Regarding the light
source, LED lights are preferable to fluorescent lights, since LEDs have little or no
impact on the culture temperature (Naqqiuddin, Sukumaran, Almahrouqi, Omar &
Ismail, 2015).

The color of light affects the growth and development of the exposed cyanobacterium.
In a study conducted by the Agricultural University of Athens, it was observed that light
color influenced biomass production, lipid content, chlorophyll content, and protein
content (Markou, 2014). Studies have shown that microalgae seem to prefer blue or red

light, greatly benefiting when the light corresponds to the pigmentation of their light-

44



harvesting complexes (Schulze, Barreira, Pereira, Perales & Varela, n.d.). This suggests
that Arthrospira platensis develops best when exposed to blue or green light, as shown
in Table 5, where blue light achieves the highest percentages in more than half of the
categories. In Table 5, it can also be seen that higher biomass is obtained with warmer
LEDs (such as red and pink), while higher levels of chlorophyll, lipids, and
carbohydrates are obtained with blue LEDs. Moreover, carotenoids do not seem to be
affected by light emission, showing minimal differences among different LED colors.
The highest protein content, as shown in Table 5, is obtained with white light (50.1%),
with results similar to green light (49.8%). This preference for blue light is related to the
photosynthetic system of 4. platensis and to its chlorophyll b content, which enables the

cyanobacterium to thrive under blue light.

Table 5. Graph of the effect of light on A. platensis based on an experiment conducted
at the Agricultural University of Athens (Markou, 2014).

Light Biomass Phycocyanin = Chlorophyll = Carotenoids @ Proteins @ Lipids = Carbohydrates
color productivity (%) (%) (%) (%) (%) (%)
(mg . L—l . d—l)

Yellow 15.43 9.8% 1.19% 2.84% 47.3% 4.3% 9.8%
White 15.75 9.9% 1.16% 2.75% 50.1% 4.6% 8.8%
30.89 8.2% 1.06% 2.78% 45.2% 3.8% 8.8%

Fluorescence spectroscopy is an electromagnetic spectroscopy that excites the electrons
of a sample to analyze its fluorescence (Perkin Elmer, 1981). Arthrospira platensis
shows a peak performance at 760 nm at 77 K mainly because it possesses a very low-
energy chlorophyll a, which results in the absence of phycoerythrin in its phycobilisome
(Akimoto et al., 2012). These fluorescence bands are due to the excitation energy
produced in the transfer process between phycocyanin and allophycocyanin, which is
believed to occur between photosystem I and photosystem II (Akimoto et al., 2012).
For A. platensis to grow properly indoors, a proper nutrient balance is required to allow
its propagation. For this specific strain, the use of a prepared medium known as

Zarrouk’s! medium is recommended, as it promotes the growth of A. platensis cells.

! Zarrouk's culture medium has been tested by scientists as a very effective medium in which A. platensis (along with

many other cyanobacteria) can grow effectively. However, many scientists have modified the original culture
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Zarrouk’s medium is a nutrient-rich environment suitable for the growth of
cyanobacteria. Composed of various chemicals, this medium provides the ideal
conditions for the prosperity of 4. platensis. The modified Zarrouk’s medium includes
potassium in different forms, an element that has proven fundamental in maintaining a
high growth rate of A. platensis (Rajasekaran Chandrasekaran, 2016). In addition, AS
micronutrients have improved the growth, chlorophyll content, and biomass in A.
platensis, making them a key element in the modified medium (Rajasekaran
Chandrasekaran, 2016). It is important to use filtered water for the culture and for the
preparation of the medium, to prevent the introduction of foreign algae into the culture
(Jourdan, 2001). Finally, maintaining a pH equal to or greater than 10 reduces the
likelihood of exopolysaccharide accumulation, which does not damage the culture but
gives it an unpleasant appearance.

For indoor cultivation, a 20 L transparent tank, which can be plastic or glass, is
recommended to allow adequate illumination of the culture (Naqqiuddin et al., 2015).
Since this is indoor cultivation, it is necessary to include an aeration pump, a porous
stone, and plastic tubes to ensure proper aeration of the tank (Naqqiuddin et al., 2015).
This allows proper gas exchange, i.e., adequate inflow and outflow of accumulated
gases. To obtain a good culture, the tank should be prepared before introducing the
cyanobacteria, in order to avoid disturbances to the culture during setup. To avoid
contamination, the use of a cover is recommended, given the possibility of absorption of
toxins and heavy metals (Palaniswamy & Veluchamy, 2017).

To establish a culture of Arthrospira platensis, a live starter sample must be obtained
from a supplier. This “starter kit” contains the mother strain suspended in a
predetermined medium, which can then be transferred into the prepared tank. When
selecting strains for cultivation, it is preferable to choose those with a higher proportion
of spiral filaments, as these facilitate the harvesting process (Jourdan, 2001). Once
transferred to the tank, the culture requires regular movement to ensure that all filaments
receive light and CO: evenly. Agitation also prevents aggregation and sedimentation
within the tank (“Growing Spirulina at Home Information,” 2017).
Exopolysaccharides (EPS) are sugar residues secreted by microorganisms into their
surrounding environment as a protective barrier against diffusion (Nwodo, Green &

Okoh, 2012). In some cases, this secretion results from an excess of sugars that the cell

medium to increase the growth potential of A. platensis to a maximum of approximately 5.8 pugto 6.1 pg, the average

specific growth rate measured by scientists. (Rajasekaran Chandrasekaran, 2015)
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expels to maintain carbohydrate reserves (Nwodo et al., 2012). In controlled indoor
cultivation, EPS secretion has no particular role, yet these compounds have important
medical and industrial applications. Spirulan, the exopolysaccharide produced by A.
platensis, has been reported to inhibit lung metastasis in humans and to reduce tumor
cell proliferation and adhesion (Nwodo et al., 2012).

Once the culture has been successfully established, harvesting becomes relatively
straightforward. However, older biomass tends to become sticky and more difficult to
handle. Harvesting is best carried out in the morning, when temperatures are lower and
protein content is higher (Jourdan, 2001). Sunlight during these hours also supports the
drying process of 4. platensis.

The harvesting process involves two key steps: filtration and removal of the residual
medium. Filtration is performed by passing the culture through a fine cloth, such as
gauze, using gravity. Before harvesting, the culture should be stirred, since spiral
filaments tend to float and form a surface layer. If only this layer is collected, the
proportion of straight filaments increases, making the process more laborious (Jourdan,
2001). After filtration, it is necessary to expel the remaining medium so the product can
be consumed or dried for further use. Filtration can be accelerated by moving the cloth,
allowing biomass aggregation while preventing cells from adhering to the fabric. By
applying pressure on the cloth bag, the remaining medium is released. When the liquid
exiting the bag turns greenish, the process must be stopped, as this indicates product
loss (Jourdan, 2001). Washing the product with freshwater is not recommended because
osmotic shock may damage the cells and increase susceptibility to fermentation
(Jourdan, 2001).

Arthrospira platensis can also be harvested at small scale through sedimentation, a
process in which solids and liquids are separated by gravity. However, this method is
time-consuming and energy-intensive, and therefore not recommended (Al Hattab,
2015).

Large-scale or mass production of A. platensis is best suited to outdoor systems, which
naturally require more space and different conditions compared to indoor cultivation.
Outdoor ponds used for cultivation are typically shallow (12—15 c¢cm deep) and lined
with cement, PVC, or other durable plastic materials (Habib, 2008). Ponds should also
include a paddle wheel to maintain mixing of the culture, which may vary in design (see
Figure 11). Proper mixing ensures that all cells are exposed to sufficient sunlight, which

would otherwise be limited if the culture remained static. Experiments have shown that
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unshaded outdoor cultures yield higher growth and productivity compared to indoor or
shaded outdoor systems (Sukumaran et al., 2018).

The paddle wheel is the most critical component of outdoor ponds. Its shape and size
may vary depending on the system, but its function remains the same: to provide
aeration and mixing. This agitation improves nutrient assimilation and prevents
photoinhibition (Sukumaran et al., 2018). As illustrated in Figure 11, circular ponds
typically use a pivoting agitation system, whereas raceway ponds, such as those in
Hainan (China), perform better with paddle wheels.

Large-scale production can be managed using different methods, ranging from
industrial approaches such as vacuum or pressure filtration to simpler sieving systems.
The method chosen largely depends on the available budget and the time required for
harvesting. Filtration is among the most widely used methods due to its versatility and
simplicity, requiring a permeable medium that retains the cells while allowing the liquid
to pass through (Al Hattab, 2015). The pressure gradient needed for filtration can be
provided by gravity, pressure, or vacuum, depending on the desired energy consumption
and available resources.

Vacuum filtration (Figure 11) separates solids by trapping microalgal cells on a filter
while drawing the liquid through it (Al Hattab, 2015). The type of vacuum filter used
depends on the filtering membrane. These membranes include drum filters, suction
filters, filter thickeners, belt filters, and starch-precoated filters. It has been observed
that drum filters tend to clog, while thickeners yield low solid content at the expense of
high energy consumption (Al Hattab, 2015).

The efficiency of the process depends on both the pore size of the membrane and the

size of the cells to be harvested.

Division Strips

Drum

— Filter Cake

Vacuum Valve

Agitator —/

Figura 11 . Vacuum filtration system, adapted from OMMI Ltd. (2025)
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Pressure filtration separates particles from their liquid suspension by pressurizing the
mixture. By increasing the pressure above atmospheric levels, a liquid flow is generated
that facilitates the formation of “cakes” on the filter (Al Hattab, 2015). There are two
main options for pressure filtration: the plate-and-frame filter or the pressure vessel, as
shown in Figure 12. The first method forces the liquid vertically through the filter using
high pressure, while pressure vessels pump the fluid through filter cloths that retain the
microalgae within, forming cakes (Al Hattab, 2015). This is an energy-efficient method,
but its effectiveness depends on the type of microalga, making it particularly suitable

for Arthrospira platensis.

Top cover

Pneumatic
vibrator

Filter
Leafs

Vessel

Outlet
Manifold

Butterfly valve

with Actuator Inlet

Figura 12 Vertical pressure filtration system, adapted from Sharplex Filters India Pvt.
Ltd. (2025).

Tangential flow filtration is one of the most effective methods for large-scale
harvesting. In this process, the culture flows tangentially over a membrane, which
retains larger particles while allowing smaller ones to pass through. This separation is
illustrated in figure 13, where the retained particles (retentate) are separated from those
that permeate. This is a highly efficient method because it allows for the complete

separation of debris and microalgal cells in a cost-effective manner (Al Hattab, 2015).
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Figur 13. Schematic representation of tangential filtration, adapted from Al Hattab
(2015)

With a large range of bioactive compounds and potential health benefits, Arthrospira
platensis has received considerable attention in recent decades (Fathi, 2018). Spirulina
is rich in certain nutrients, such as proteins, vitamins, minerals, and antioxidants, which
have also been related to different therapeutic outcomes including immune modulation,
anti-inflammatory and antitumor activity (Farag et al., 2015; Lupatini et al., 2017; Zahir
et al., 2019; Park, Lee & Kim, 2018). It is widely recognized as a protein source of
choice in many cases and a promising way to tackle protein deficiency in developing
countries, providing an alternative to soy and eggs (Chaves et al., 2021). Furthermore,
these new pigments (ex: phycocyanin) became a focus mainly for the pharmaceutical,
nutraceutical and food applications of the novel pigments (Eilam & Khattib, 2023).
Spirulina contains protein, which constitutes 50-70% of total dry weight (Valente et al.,
2021; Evans, Smith & Moritz, 2015). This is notable since Spirulina contains all
necessary amino acids in one source creating a protein source and the same proteins can
be found in animal products like meat and eggs (Wild, SteingaB & Rodehutscord,
2018). Other important amino acids are leucine (7.67%), lysine (4.37%), methionine
(2.39%), phenylalanine (4.42%), threonine (4.88%), tryptophan (1.93%), valine (6.37%)
(AlFadhly, 2022). Moreover, major non-essential amino acids (61.19%) comprise
alanine (7.52%), arginine (7.65%), glycine (5.24%), and serine (4.16%) also, which
influence Spirulina protein composition (Morsy & Sharoba, 2014; Bortolini et al.,

2022). Because of this, an excellent food protein candidate for food consumers such as
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vegetarians and vegans (AlFadhly, 2022). Lipids have lower intake of Spirulina than
protein but are still significant in biochemical contents (Bortolini et al., 2022). 5-10%
of the dry biomass contain lipids containing polyunsaturated fatty acids (PUFAs) which
are the principal polyunsaturated fatty acids generated by the biomass (Bonos,
Kasapidou et al., 2016). A well-known omega-6 fatty acid with anti-inflammatory
properties is y-linolenic acid (GLA; 18:3n—6)—the major fatty acid (Martins et al.,
2021). Relatedly, linoleic (18:2n-6), oleic (18:1¢9), and palmitic acid (16:0) (Spinosa,
Costa & Prates, 2022; Wild, Steingal & Rodehutscord, 2018) make up other related
fatty acids. Carbohydrates make up approximately 15-20% of the dry weight of
Spirulina (Chaiklahan, Chirasuwan et al., 2022). These are primarily polysaccharides
with structural and storage properties. Sulfated polysaccharides (such as calcium
spirulan, or Ca-SP) have been known to have antiviral, anti-inflammatory and
immunomodulatory applications (Pugh, Ross et al., 2001; Hayashi et al., 1996).
Spirulina contains carbohydrates such as glucose, rhamnose, xylose, mannose and
galactose (Pugh, Ross et al., 2001) that serve in complex structures that are important
for cell wall strength as well as bioactivity (Chen, Xu, Yu et al., 2020). Spirulina
pigments produce a blue green coloration (Christaki et al., 2011). The main pigment,
phycocyanin, can account for 47% of dry weight (Bortolini et al., 2022; Sousa et al.,
2008). Apart from its photosynthetic role, phycocyanin is also a highly powerful
antioxidant (Chaiklahan, Chirasuwan et al., 2022). Spirulina also contains chlorophyll
and carotenoids, vitamins B and E (de Marco et al., 2019). Spirulina also contains
vitamins rich in B1, B2, B3 and B9 (Bortolini et al., 2022; Janda-Milczarek et al.,
2013), so as Spirulina has high levels of vitamin B, then vitamin B12 too (Liestianty et
al., 2019). It also has its own vitamin E and provitamin A (B-carotene). There are also
high iron, calcium, magnesium, zinc, and potassium contents, with iron being in the
range of 28—-50 mg/100 g dry weight, indicating to Spirulina high utility for individuals
with iron-deficiency anemia (Liestianty et al., 2019; Moradi et al., 2023). Ferulic acid
and caffeic acid are examples of phenolic compounds with antioxidant, antimicrobial
and anti-inflammatory activities (Ilieva et al., 2024; Rojas et al., 2020). Spirulina has
antioxidant, anti-inflammatory, immunomodulatory, antiviral, antitumor, antidiabetic,
hypolipidemic and cardioprotective properties (Konickova et al., 2014; Carbone et al.,
2021; Anvar et al., 2021; Calella et al., 2022). These bioactivities tend to be associated
with compounds including phycocyanin, sulfated polysaccharides as well as essential

fatty acids (Chaiklahan, Chirasuwan et al., 2022; Ferdous & Yusof, 2021). Spirulina is
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widely used as a natural colorant and dietary supplement due to its nutritional value and
phycocyanin content (Christaki et al., 2011; Su et al., 2023). In the food, the
incorporation of this vitamin adds many more nutrients into the diet and has a beneficial
role to play in supplementing human nutritional deficiency (Wild et al., 2018; Evans et
al., 2015). It has also been added as an alternative nutrient to the vegetable consumed in
livestock, poultry, aquaculture and pet feed (Valente et al., 2021; Martins et al., 2021;
Spinosa, Costa & Prates, 2022). It improves growth efficiency, immune function,
pigmentation and disease resistance (Pestana et al., 2020; Watanuki et al., 2006;
Teimouri, Amirkolaie & Yeganeh, 2013). It is well established as therapeutic in
immune system support, cancer prevention, and chronic disease control (Bortolini et al.,
2022; Anvar et al., 2021; Konickova et al., 2014). Its components (fig. 14) may serve as
antioxidants, antivirals, and immunomodulators (Hayashi et al., 1996; Carbone et al.,
2021; Gromek et al., 2024). It has been backed by clinical studies in allergies, diabetes,
cardiovascular diseases and obesity (Yang, Lee & Kim, 1997; DiNicolantonio et al.,

2020).

e Carbohydrates
Lipids
Proteins
Vitamins
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compounds
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Medicine
Nutrition
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Phycocyanin Antioxidant

Figura 14. Main nutritional components, pigments, and biological activities of Spirulina
platensis, adapted from Bortolini et al. (2022).
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Chapter 4

4. Phycocyanin

Phycobiliproteins are the main fluorescent proteins present in Spirulina
responsible for light absorption (figl5). They are divided into phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC), according to the color of
their pigment (Hsieh-Lo, Castillo et al., 2019). Phycocyanin is localized in the
phycobilisomes, a supramolecular protein complex that functions as an antenna
of the photosynthetic apparatus at the thylakoid level, attached to the thylakoid
membrane (Wu, Liu, Miron et al., 2016).

Phycobilisome

PSI

[Yelslalelet=leleleletelolelslolelslelelvlslelsielslsle olelelalelelelal il laicleTe Il Rl a )
Thylakoid lumen

Figure 15.Structural organization of phycobilisomes. This complex is composed of
phycoerythrin (PE), phycocyanin (PC), and allophycocyanin (APC), arranged to
transfer energy (hv) unidirectionally to the reaction center with high efficiency.

Phycocyanin, a high-value protein, is composed of an alpha (a) polypeptide ranging
from 10 to 19 kDa and a beta () polypeptide ranging from 14 to 21 kDa, which

together form a monomer. The a subunit is covalently bound to one phycocyanobilin,
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while the B subunit carries two phycocyanobilins (Yuan, Li, Shan et al., 2022).
Phycocyanobilin is a bilinic chromophore of phytochromes, characterized by an open-
chain tetrapyrrole group, which binds proteins through a thioether linkage and imparts
the distinctive blue color to phycocyanin (Yuan, Li, Shan et al., 2022) (Figure 16 A, B,
C). The monomers assemble into ring-shaped trimers, which further organize into
hexameric structures, providing stability to the phycocyanin molecule (Yuan, Li, Shan

etal., 2022).

af}-monomer ((aB)3 ), -hexamer

Figure 16. (A) Chemical structure and protein (a, ) of phycocyanin from Spirulina
platensis. (B) Representation of the aff monomer and (C) the trimeric three-dimensional
structure (a3B3) of phycocyanin. The o subunit is shown in green, orange, and pink,
while the B subunit is shown in gray, yellow, and brown. (C) also highlights a
phycocyanobilin chromophore of phycocyanin. The a and B subunits carry one and two
phycocyanobilins, respectively. a: alpha; B: beta. (Yuan, Li, Shan et al., 2022; Pagels,
Guedes et al., 2019).

The extraction of C-PC is mainly influenced by the following physical and chemical
parameters: temperature, pH, solvent type, biomass-to-solvent ratio, and biomass form
(dried or fresh); these parameters are described below.

Temperature affects the extraction of intracellular compounds by altering the structure
of the cell membrane, increasing the mass transfer rate of intracellular compounds into
the extraction medium. In the case of C-PC, yield increases with temperature up to a
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certain point; beyond this, degradation and denaturation occur. It has been reported that
extraction yields increase at 30-50 °C but further increases lead to reduced C-PC
concentration (Su, Liu et al., 2014).

pH directly affects the solubility of C-PC due to the influence of solvent ionic strength
on protein structure. Optimal pH conditions are reported between 6 and 7 (Su et al.,
2014; Vali Aftari et al., 2015), since C-PC is unstable at pH values below 5 and above 8
(Patil & Raghavarao, 2007; Su et al., 2014). The isoelectric point of C-PC varies
between 4.1 and 6.4 depending on the cyanobacterial species (Fernandez-Rojas et al.,
2014). Near the isoelectric point, protein-water interactions are reduced, making
extraction more difficult (Silveira et al., 2007). Extract purity is also lower at acidic pH
(<5) (Patil & Raghavarao, 2007).

To control extraction pH, aqueous buffer solutions are typically used within the
pigment’s stability range. The most common buffer is sodium phosphate (pH 6-8). In
addition to buffers, distilled water and aqueous solutions such as CaCl. (1.5%, w/v) and
NaCl (0.15 M) have also been used (Jaeschke, Teixeira et al.,, 2021).
In general, higher biomass-to-solvent ratios increase extraction yield, though they
reduce extract purity. Common ratios reported are 1:25 (Silveira et al., 2007), 1:20
(Ferreira-Santos et al., 2020; Su et al., 2014), 1:15 (Li et al., 2020), and 2:25 (Silveira et
al., 2007; Vali Aftari et al., 2015). Besides yield and purity, processing costs must also
be considered, since higher solvent volumes increase expenses.

C-PC is usually extracted from dried biomass, with fewer studies testing fresh biomass
(Jaeschke et al., 2019; Martinez et al., 2017; Patil & Raghavarao, 2007; Sarada et al.,
1999). It remains unclear whether freeze-dried or fresh biomass influences yield.
However, rehydration of Spirulina powder (2 h in buffer) improved yields compared to
dried biomass (Tavanandi & Raghavarao, 2020). Conventional drying is not
recommended, since prolonged exposure to high temperatures (up to 60 °C) reduces C-
PC content (ilter et al., 2018).

Cell disruption methods are among the most critical factors affecting extraction yield
and purity. An ideal method allows selective release of the target compound with
minimal energy input. Both conventional and emerging methods for C-PC extraction
are outlined below.

Freeze—thaw cycles are frequently used in laboratories to disrupt cyanobacterial cells
(Moraes et al.,, 2011; Tavanandi et al., 2018). Intracellular freezing increases cell

volume due to ice crystal formation, followed by shrinkage during thawing. Freezing
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also alters cell membrane pressure conditions and generates osmotic stress from
localized changes in electrolyte concentration, contributing to membrane rupture (Acker
& McGann, 2003; Roquebert & Bury, 1993).

Mixing and homogenization are simple extraction methods that involve agitating
biomass in the extraction solvent.

e Mixing uses low agitation intensity (typically a magnetic or rotary stirrer).
Osmotic pressure variations can induce cell lysis, while shear forces from
agitation also damage cells. Extraction, however, requires long processing times
(4-24 h) (Chaiklahan et al., 2011; Silveira et al., 2007).

e Homogenization (commonly with an Ultra-Turrax) disrupts cells through strong
shear forces, releasing intracellular compounds within minutes. The main
drawback is non-selectivity, as cellular debris are also released (llter et al.,
2018). Higher temperatures during mixing or homogenization improve

extraction yield but reduce purity (Silveira et al., 2007).

Bead milling is a mechanical disruption method in which high-speed beads collide with
microbial cells. Disruption occurs through shear forces generated by collisions, bead
friction, and turbulence (Suarez Garcia, Lo, Eppink, Wijffels & van den Berg, 2019).
Due to its efficiency, bead milling is often used as a positive control in microalgal
extraction studies and to determine total C-PC content (Jaeschke et al., 2019; Kéferbock
et al., 2020; Pott, 2019).

Conditions are optimized according to cell function, medium viscosity, and flow rate,
resulting in intricate parameter interaction (Montalescot et al., 2015). Beads are usually
glass, zirconium, ceramic, and steel; smaller sized beads (0.2—-0.6 mm) exhibit higher
disruption as a consequence of high collision frequency (Suarez Garcia et al., 2019;
Zinkoné et al., 2018). The density of beads impacts performance: low-density glass
beads exhibit better functionality in low-viscosity media, whereas these high-density
zirconia beads work best in viscous suspensions (Giinerken et al., 2015). Other
significant parameters are volume/geometry of chamber, the agitation speed, and
biomass concentration. Cellular disruption is increased by additional impact forces and
frequency of collisions (Postma et al., 2015) at higher speeds of agitation. High-pressure
homogenization (HPH) is a mechanical cell disruption method in which biological
suspensions are pumped through a narrow space subjected to intense shear forces. A

pressure drop (up to 2000 atm) produces high fluid velocities in shallow passages. In
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addition to the shear forces, cell damage is the consequence of the pressure drop in the
nozzle and the environment (de Carvalho et al., 2020; Koubaa et al., 2020).
Temperature is likewise an important parameter as it is thought that the temperature
increases by 19.4°C due to a pressure drop from 800 to 1 atm in an aqueous suspension.
As a result samples are subjected to in-cycle cooling (de Carvalho et al., 2020). HPP is a
process of high pressure application to the liquid that is applied and delivers pressure to
the matrix in a closed system. It is a non-thermal method and is highly applied to food
processing and has been newly applied as an extraction protocol. In high pressure
conditions air escapes from cell vacuoles and membrane construction is lost and
increases cell wall permeability. As a result, HPP typically reduces extraction time and
yields concentrated extracts (Huang, Hsu, Yang & Wang, 2013). Ultrasound is based on
ultrasound transmission of ultrasonic waves (20 kHz to 10 MHz) across biological
matrices. The wave propagation leads to several physical and chemical phenomena,
such as agitation, cavitation, shear, shock waves, and free radical formation. Ultrasound
(US) applied for intracellular compound extraction results in acoustic cavitation as the
principal driving force. Ultrasonic waves generate alternating compression and
rarefaction zones causing the bubbles in liquids. Bubble expansion and contraction with
the wave cycles lead to a violent collapse. This phenomenon is called acoustic
cavitation and produces localized temperatures of about 5000 K as well as pressures of
up to 50 MPa. In an experimental setting, turbulence, collision and agitation result from
collapsing bubbles, which thin cell membranes and cause rupture of the cells, which
enhances extraction production (Tiwari, 2015). Non-ionising microwave waves (MW)
are generally considered to provide energy as fast as 300 MHz up to 300 GHz. Through
biological matrices, heat is generated as MW pass ionic conduction and also dipole
rotation. lonic conduction is the migration of an ion due to an alternating electric field
resulting in frictional heating. Dipole rotation aligns dipolar particles with the
alternating field; molecular oscillation is capable of creating collisions, yielding heat
(Vinatoru, Mason & Calinescu, 2017). Microwave-assisted extraction can be carried out
with solvents (for non-volatile) or without solvents (for volatile). For this kind of
compound, or a non-volatile one, the solvent needs to be chosen based on its dielectric
properties and the solubility of C-PC. If the dielectric loss tangent of the biomass is
higher than that of the solvent, heating is more rapid, promoting cell rupture.
Conversely, if the solvent has a higher dielectric loss tangent, MW enhances diffusion

through the solvent (Vinatoru et al., 2017). MW power and extraction time are the main
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parameters determining extraction efficiency. Results of C-PC extraction have found
optimal conditions at 133 W for 166 seconds (Ilter et al., 2018). Li et al. According to
(1999), C-PC is stable at temperatures below 40 °C, however, in higher temperatures,
pigment degenerates, while optical density decreases sequentially. Optical density
declines considerably at >50 °C, and drops by 75% at >70 °C. It was also reported that
sugar solutions enhances thermal stability of C-PC. Light has little impact on C-PC:
there were no optical density changes at 5000 Ix under pH 5 after 60 h.

Thangam et al. (2013) showed that C-PC has general apoptotic characteristics including
DNA fragmentation, nuclear condensation, membrane blebbing, and cell shrinkage
through fluorescence and phase contrast microscopy. Inhibited proliferation, based on
the C-PC treatment of human tumor cells, was indicated by arresting the cell cycle at the
GO0/G1 level and by blocking DNA synthesis. The findings of Basha et al. (2008) are
similar. Zong et al. (2001) studied the antitumor activity of C-PC against HeLa cells.
Their study demonstrated that inhibition of tumor cells reached 31% at a concentration
of 80 mg/L, and the inhibition mechanism was thought to shift cells from the S or M
phase into the G1 phase, preventing cell division into the tumor-cell and eliminating

DNA synthesis.
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Figure 17 COX-2 is an inducible enzyme highly expressed in inflammatory and tumor
cells (Liu & Zhang, 2006; DuBois, Shao et al., 1996).
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COX-2 is an inducible enzyme highly expressed in inflammatory and tumor cells (Liu
& Zhang, 2006; DuBois, Shao et al., 1996). Recent studies have shown that COX-2 is
closely linked to tumor formation (Huang, Zhang, Xie & Lin, 2015) and progression
(Sheehan, Sheahan, O’Donoghue et al., 1999; Chen, Markosyan, Connolly et al., 2014),
as well as tumor angiogenesis (Tsujii, Kawano et al., 1998) and metastasis (Sheehan et
al., 1999).

Therefore, COX-2 inhibitors are considered promising candidates for cancer therapy.
Their antitumor effect is thought to follow two main mechanisms (Fig 17).

The first relies on blocking the COX-2 pathway and reducing the formation of COX-2-
derived products, such as prostaglandin E2 (PGE2) (Williams, Smalley & DuBois,
1997). Studies have also reported inhibitory effects of C-PC on TPA-induced alterations
of ODX, COX-2, and IL-6, highlighting its role in tumor initiation, promotion, and
progression (Gupta & Gupta, 2012). Acting as a COX-2 inhibitor, C-PC can bind
VEGF1 and suppress colon cancer through the angiogenic pathway (Saini & Sanyal,
2014). Ravi et al. (2015) further showed that C-PC reduces PGE2 levels.

Reduction of intracellular cAMP concentrations by lower levels of PGE2 has been
reported (Sales, Katz, Davis et al., 2001) and is associated with increased expression of
E-cadherin, so that malignant tumor response was reduced. Furthermore, depleted PGE2
drives the expansion of T and B immune cells, which reinforces immunogenesis (Liu &
Jiang, 2014). Despite the high antitumor activity of C-PC, however, high molecular
weight and complex secondary structure prevent accurate detection of small antitumor
molecules and mechanisms. To circumvent this problem, a great number of
investigators have designed enzymatic hydrolysates and subunits of C-PC. Wang et al.
(2001) isolated C-PC peptides by enzymatic hydrolysis and column chromatography,
obtaining four peptide groups. Their activity and that of normal C-PC and enzymatic
hydrolysates were evaluated on Hela and 293T tumor cells. There were the highest
inhibitory effects of groups 1 and 4 on HeLa cells, with group 4 demonstrating the
greatest inhibition on 293T cells. Hydrolysis was still limited, resulting in peptide
fractions with unknown composition that need further structural and mechanistic
analysis. Zhang and colleagues (Sun, Liang & Xu, 2010; Zhang, Li & Gong, 2010)
isolated C-PC subunits and examined the effect on SPC-A-1 lung cancer cells. More
importantly, as compared to the o subunit, this B subunit displayed higher inhibitory
effects. Subhashini et al. (2004) indicated that the B subunit inhibits the growth of many

apoptosis cells in most tumor cells through interaction with membrane-bound tubulin
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and GAPDH and binds to the caspase-3 and caspase-9. GAPDH down-regulation
resulted in pre-S-phase escape, arrest the cycle at GO/GI1, and inhibited tumor cell
proliferation. C-PC has antioxidant and antiinflammatory properties (Romay, Armesto
et al., 1998) including scavenging of hydroxyl and oxygen free radicals, which were
noted by Romay for the first time. These observations were subsequently corroborated
by Bermejo, Pifiero & Villar (2008). ROS (for instance, superoxide anions (O2"),
hydrogen peroxide (H20:) and hydroxyl radicals (*OH)) are generated naturally by the
cell itself during normal metabolism, mainly in mitochondria. At the physiological
level, these molecules are key players in cell signaling and in immune responses.
However, when produced too much, these reactive oxygen species (ROS) can oxidize
lipids, proteins, as well as DNA for the development of chronic diseases such as
inflammation, cardiovascular and neurodegenerative disease, diabetes, and cancer to
name a few (Gupta, Dwivedi & Khandelwal, 2011). In the last few years, the
compounds of Spirulina platensis such as C-phycocyanin (C-PC) have been studied due
to their very high antioxidant and anti-inflammatory activity. C-PC is a biliprotein
pigment, which is involved in photosynthetically mediated processes and in this process
scavenges ROS and reactive nitrogen species (RNS) to assist in reestablishment of
redox homeostasis. Several researchers have characterized the cytoprotective activity of
C-PC. For example, Ferndndez-Rojas, Medina-Campos et al. (2014) found that C-PC
alleviates oxidative stress induced by cisplatin and keeps endogenous antioxidant
enzymes active in a dose-dependent manner. These components not only inhibit the
accumulation of oxidative damage markers but also aid cellular antioxidants defense.
Noteworthy, studies by Lim, Jeong and Chang (2012) showed that C-PC inhibits lipid
peroxidation and disrupts intracellular apoptosis signaling pathways, such as
phosphorylated ERK, Bax, caspase-9 and caspase-3. Similarly, Farooq et al. (2009)
found that C-PC protects renal cells exposed to oxalate by decreasing ROS generation,
stabilizing mitochondrial membrane potential, inhibiting lipid peroxidation, and
enhancing ATP generation. In diabetics with nephropathy, C-PC has also been
presented to block NADPH oxidase-mediated superoxide production in renal mesangial
cells (Zheng, Inoguchi, Sasaki et al., 2013) and proved its capability to attenuate
oxidative insult down to the cellular level. Lipid imbalances, mitochondrial injury and
oxidative stress are some of the central features associated with CVDs. C-PC exerts
various protection actions on the cardiovascular system, modulating oxidative and

inflammatory pathways. Riss et al. (2007) showed that C-PC ameliorates oxidative-
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inflammatory injury in atherosclerotic animal models via radical scavenging and/or
COX-2 (cyclooxygenase-2) activity suppression, antioxidant enzyme activity
enhancement, and regulation of plasma lipid profile. Sheu et al. (2013) demonstrated
that C-PC was found to improve serum cholesterol, triglycerides, and low-density
lipoprotein (LDL) and to increase catalase, superoxide dismutase, and glutathione
peroxidase [GPx] activity as previously demonstrated. Such results emphasize its
hypolipidemic and antioxidant functions, implying that C-PC supplementation can be
beneficial to the prevention and advancement of CVDs and atherosclerosis. Li et al.
(2013) demonstrated that C-PC inhibited atherosclerotic plaque development mediated
by up-regulating CD59 expression, suppressing smooth muscle cell proliferation,
endothelial apoptosis and lipid accumulation in the vascular wall, which resulted in a
decline in atherosclerotic plaques. In addition to antioxidant properties, C-PC
demonstrates pronounced anti-inflammatory effects. Remirez et al. (2002) demonstrated
for the first time that it acts as a natural and selective COX-2 inhibitor, which
demonstrated a large decrease in inflammation after S. platensis administration.
Subsequent studies (see e.g. Romay, Gonzélez et al. (2003) and Romay, Ledon &
Gonzalez (2000)) also confirmed these findings, which characterised (a) the radical-
scavenging and anti-inflammatory activity of C-PC in vitro and in vivo. C-PC also
showed dose-dependent inhibition of inflammatory processes, decreasing tissue edema
in a wide range of experimental models. In a comparative study on C-PC nutritional
formulations, similar to the effects of carprofen used for the treatment of osteoarthritis is
evidenced. Martinez, Chen et al. (2015) reported that C-PC supplementation reduced
levels of pro-inflammatory cytokines (for that we are considering TNF-a, IL-6, MMP-3,
NO and sulfated glycosaminoglycans) and pointed out its use as therapy for anti-
inflammatory as a natural anti-inflammatory agent. Collectively, these investigations
verify that C-PC works by two mechanisms: the scavenging of free radicals itself, and
by regulating molecular cascades for the inflammation, apoptosis, and lipid metabolism.
The ability of C-PC to increase endogenous anti-oxidant defenses but decrease
inflammation mediators makes it an antioxidant molecule that might be a viable
bioactive candidate for the prevention and control of oxidative stress-induced diseases.
Within the wider framework of this thesis, these results provide reinforcement for the
rationalization investigating Spirulina platensis extracts as multifunctional
biocompounds capable of buffering against cellular damage and improving biological

resiliency overall.
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Chapter 5

5. MicroRNAs

MicroRNAs (miRNAs) are a highly conserved class of endogenous, small non-coding
RNAs approximately 22 nucleotides long that directly regulate gene expression at the
post-transcriptional level. They are derived through a series of steps that consist of
transcription of primary miRNAs (pri-miRNAs), nuclear cleavage into precursor
miRNAs (pre-miRNAs), and subsequent cytoplasmic transformation to mature miRNAs
with the RNAse III enzyme Dicer (Ha & Kim, 2014). These mature miRNAs are then
capable of binding to the 3' untranslated regions (3' UTRs) of specialized messenger
RNAs (mRNAs) to repress or degrade the target mRNA. However, increasing evidence
shows that their regulation is not limited to canonical 3' UTR interaction, such as
binding to coding structures, 5' UTRs, and potentially transcribed-based on gene
promoters; they thereby modulate the expression of the gene through various pathways
(Broughton et al., 2016). Remarkably, some miRNAs also serve as enhancers of gene
expression under the specific physiological or pathologic conditions, depending on the
cellular situation (Vasudevan, 2012). Moreover, their localization to separate cellular
cell compartments such as nucleus and mitochondria (Makarova et al., 2016) indicates
their broader participation in both transcriptional and post-transcriptional regulation.
MiRNAs are essential during embryonic development and in subsequent postnatal
development. According to Fu, Hayder & Peng (2013), they participate in the regulation
of many steps of development, including pluripotency in embryonic stem cells, setting
the cell fate, formation of the lineage (or the gene), tissue morphogenesis, and
apoptosis/programmed cell death. This functional flexibility is also often tissue- and
temporally-dependent. For instance, miR-1 is essential for cardiac and skeletal muscle
maturation, regulating the expression of muscle-specific genes and aiding in terminal
differentiation (see Chen et al., 2006). MiR-124 acts as a master regulator in
neurodevelopment by repressing non-neuronal (RNA) transcripts, stabilising neuronal
identity, and supporting neurogenesis and normal brain function (Makeyev et al., 2007).
Likewise, let-7 family of miRNAs which were first described regulates timing of
development and favors stem cell differentiation through downregulation of oncogenes

including RAS and HMGA2, preventing aberrant formation (Roush & Slack, 2008).
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Transformation in miRNA expression have been firmly established as a signature of a
variety of diseases. According to Paul et al. (2018), dysregulation miRNA is a key
mechanism that is now one of the critical mechanisms underlies the pathophysiology of
different human disorders such as neoplasia, cardiovascular dysfunction,
neurodegeneration, autoimmune diseases and metabolic syndromes. In cancer, miR-21
is often overexpressed promoting the malignant advancement by targeting important
tumor suppressors, PTEN and PDCD4 (Chan et al., 2005). Conversely, miR-15a/16-1
are frequently deleted in chronic lymphocytic leukemia that leads to an accumulation of
anti-apoptotic proteins such as BCL2 to enhance cell viability (Calin et al., 2002).
Decreased miR-29a/b levels in neurodegenerative disease have been associated with
Alzheimer’s, owing to the upregulation of BACEI, an important enzyme implicated in
amyloid plaque formation (Hebert et al., 2008). Likewise, miR-375 plays a key role in
pancreatic -cell function, and its perturbation has been associated with reduced insulin
secretion in type 2 diabetes (Poy et al., 2004), while miR-146a is involved in innate
immunity and is modified in inflammatory-related diseases like rheumatoid arthritis
(Taganov et al., 2006). In addition to their intracellular functions, miRNAs are present
in extracellular biofluids including blood plasma, saliva, and urine, where they show
outstanding stability as they either contain extracellular vesicles (e.g., exosomes) and/or
bind RNA sites (as with Argonaute; Hayes et al., 2014; Huang, 2017). This
unprecedented stability has created novel opportunities to use miRNAs as an ultra-
disease neutral predictor of diagnostic status, prognosis and therapeutic monitoring in
the clinic. Moreover, extracellular miRNAs also contribute to cell-cell communication,
affecting gene expression in recipient cells and thus spreading their functional reach
across tissues and organs. One promising but more recently under-studied area is for
studies on plant—derived miRNAs and their mammalian effects. Originally thought
species-specific, new evidence hints on dietary miRNA activities in cross kingdom
applications and biological functions in animals. Importantly, soy-derived miR-159a has
been shown to exert anti-inflammatory effects in murine models of liver disease,
specifically through its action on the GSK-3f pathway and inhibition on hepatic fibrosis
(Yu et al., 2021). Concurrently, miR-159a has also been shown to inhibit the colorectal
tumor growth by downregulating oncogenic targets including TCF7 and MYC (Liu et
al., 2021). In a similar manner, miR-166a from Lycium barbarum, has exhibited
antiproliferative properties against renal carcinoma cells, which is suggestive of a

therapeutic approach against kidney cancers (i.e., Zhang et al., 2023). Such miRNAs
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have been encapsulated into plant-derived nanocarriers and utilized in vivo models,
such as treatment of atherosclerosis, indicating their therapeutic potential when
administered systemically (Yang et al., 2024). Collectively, these discoveries emphasize
miRNAs as master regulators of gene expression in normal development and disease,
and emerging personalized medicine-mediated tools. Their high specificity can
modulate entire regulatory networks effectively, which has made them one of the

dominant agents for modern molecular therapeutics today (Table 6).
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Table 6: Overview of selected microRNAs (miRNAs) with known biological functions,
associated pathological conditions, and their emerging or established roles in

therapeutic applications.

miRN Biological Associated Therapeutic/Pharmaceutic | Source
A Function Condition al Potential
miR-1 | Muscle Cardiac arrhythmia | Regulates ion channels and | Chen et
differentiatio cell cycle genes al., 2006
n
miR- | Neuronal Glioblastoma, Suppresses non-neuronal Makeye
124 differentiatio | neurodevelopment | gene expression v etal,
n al disorders 2007
let-7 Stemness Various cancers Represses oncogenes (RAS, | Roush
inhibition, HMGA2) & Slack,
developmenta 2008
| timing
miR- Cell Breast, colon, lung | Targets PTEN, PDCD4 Chan et
21 proliferation, | cancers al., 2005
anti-apoptotic
miR- Apoptosis Chronic Suppresses BCL2 Calin et
15a/16- | induction lymphocytic al., 2002
1 leukemia
miR- Amyloid Alzheimer’s Targets BACE1 Hebert
29a/b | regulation disease et al.,
2008
miR- Insulin Type 2 diabetes Modulates insulin granule Poy et
375 secretion exocytosis al., 2004
miR- Immune Rheumatoid Suppresses IRAK1 and Taganov
146a regulation arthritis, lupus TRAF6 et al.,
2006
miR- Flower Colon cancer, liver | Inhibits TCF7, MYC, GSK- Liu et
159a development | fibrosis 3 — potential cross-kingdom | al.,
(plant); tumor therapeutic agent 2021;
suppression Yu et
al., 2021
miR- Leaf polarity | Kidney cancer, Inhibits cell growth Zhang et
166a (plant); anti- | vascular pathways — used in plant- al.,
proliferative | inflammation derived nanovesicles 2023;
Yang et
al., 2024
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Chapter 6

Purpose of the Study

The research work presented in this thesis is a part of a more general scientific
landscape aimed at the sustainable valorization of microalgal biomass, specifically
Spirulina platensis. Within an existing approach based on the frameworks of circular
bioeconomy and industrial decarbonization, this activity is foundational to both the
recent transition to ecological standards and modern biotechnological innovation. The
objective was in this context to develop eco-friendly extraction strategies for bioactive
compounds recovery with high potential (phycocyanin and microRNAs), and to
evaluate the biological activities of these compounds in vitro (cell-based assay). The
experimental procedures of Spirulina platensis were performed alongside Plastica Alfa
S.r.l. in horizontal tubular photobioreactors with a total working volume of about 4,000
liters. This semi-industrial set-up allowed photocirculation through industrially derived
carbon dioxide as the carbon source of the photosynthetic growth pathway, encouraging
the reuse of waste gases and contributing to emission mitigation strategies. This is also
an example of the practice that the industry has taken advantage of in circular economy,
in this case, they converted an industrial by-product into a valuable biological resource.
The harvested biomass was frozen in a portion and freeze dried to preserve the
biochemical profile and structural integrity, in order to follow the extraction procedures
properly. The specific objective of the study was to improve green and low-impact
extraction through use of eco-sustainable solvents, such as water, limonene, p-cymene,
and 2-methyltetrahydrofuran (2-MeTHF). They were chosen for their ability to
biodegrade, low toxicity, and compatibility with principles of green chemistry.
Simultaneously, process intensification techniques were implemented, in particular by
means of microwave-assisted extraction (MAE) which facilitate faster extraction times,
lower energy consumption, and higher extraction yield. These approaches made it
possible to recover a number of bioactive fractions rich in phycocyanin, fatty acids,
phenolic compounds and carotenoids. Spectrophotometric and chromatographic
techniques, namely ultraviolet—visible spectroscopy, high-performance liquid
chromatography (HPLC), and fatty acid methyl ester (FAME) profiling, were then

performed for respective extraction steps in order to characterize the extracted fractions
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from the microbial studies and determine the compositional properties and potential
bioactive composition. Specific focus was put on the aqueous fraction of the extracts
collected with a high level of phycocyanin. This pigment-protein complex (members of
the phycobiliprotein family) is among the biologically most important units of Spirulina
platensis known for its antioxidant, anti-inflammatory, cytoprotective roles. It has been
reported many times in science that phycocyanin scavenges the reactive oxygen species
(ROS), prevents lipid peroxidation, modulates inflammation, and protects cellular
materials from oxidative damage. It has numerous properties that render it a compound
important to pharmaceutical, nutraceutical and cosmetic industries with a focus on anti-
aging and protective agents. Alongside pigment extraction, a small-RNA fraction was
isolated and characterized along with this. microRNAs were detected as an important
constituent of the analysis. Mainly they are miR166a and miR159a. MicroRNAs, as
small non-coding RNA molecules, are of particular importance for regulating gene
expression at the post-transcriptional level which in turn impacts fundamental cellular
processes such as proliferation, differentiation, apoptosis and stress responses. Based on
available information it has been reported that miR166a regulates oxidative stress and
also exerts an adaptive mechanism on cell metabolism and miR159a may be a potential
modulator of hepatic disease pathways. Some of these microRNAs have not been
assayed in biological studies in the current project, but the identification of these
microRNAs, in the Spirulina platensis biomass, would be a useful starting point for
further studies investigating their functional roles and therapeutic strategies. These
experiments have been conducted in the National Research Council (CNR) facility in
Catania, where the cell line was maintained in a controlled environment. Oxidative
stress was applied via hydrogen peroxide (H20:) at a concentration of 30 uM at a well
established toxic level that produces reactive oxygen species. Three experimental
groups were set: untreated controls, oxidatively stressed cells, and two pre-treated
groups treated with either liquid or lyophilized phycocyanin. In colorimetric assays cell
viability was determined to assess the capacity by which phycocyanin maintained
cellular viability in response to a stress situation. First steps showed that phycocyanin
was protective towards oxidative stress, the result being that at least partial viability of
cells was kept where it is in untreated oxidatively damaged controls. While the
confirmed data is being validated, these findings confirm our hypothesis that
phycocyanin has strong antioxidant and cytoprotective activities, which implies that it

might be a bioactive component of pharmacotherapy and drug preparation. Additional
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investigations are ongoing and will be implemented across additional cellular models to
clarify the protein-level, molecular interactions leading to its biological actions,
including redox regulation and cell conservation pathways. In conclusion, the
experimental work presented herein demonstrates the potential relevance of Spirulina
platensis and its applications in a dynamic and sustainable form of biological resource,
with the potential to foster environmental and industrial development. The combination
of green extraction methods and process intensification demonstrates that high
extraction capacity has been achieved with a great reduction in production
environmental impacts. This direction is in line with the bioeconomy’s guiding
principles that value be gained from renewable bio-materials and with green chemistry
with sustainable techniques which propose to replace the use of toxic processes and
solvents with environmentally-friendly alternatives. Finally, this doctoral study aims to
support the development of environmentally responsible technologies in order to
achieve value for microalgal biomass by linking the responsibility of eco-protection
with the process innovation. Spirulina platensis is known by the industry as a promising
source of multifunctional bioactive compounds for cosmetic, nutraceutical and
pharmaceutical applications. Using renewable inputs, circular carbon management and
environmentally friendly extraction, this work represents a concrete illustration of how
microalgal biotechnology could serve towards industrial decarbonization and
sustainable industries. The proposed method allows the establishment to further the
development of algal biorefinery and the inclusion of Spirulina products into the green
market towards the development of more resilient and greener models of scientific and

industrial progress.
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Chapter 7
Materials and Methods

7.0 Cultivation

For the controlled cultivation of Spirulina platensis, a tubular photobioreactor system
(model ALGAE SPEED V6 540) was installed at Plastica Alfa S.p.A. (Caltagirone,
Italy) (Fig. 18 A, B). To begin the cultivation, Spirulina platensis was precultivated in
sterile laboratory-scale Erlenmeyer flasks on a modified BG11 medium as the nutrient
base in a pre-cultured environment. Up to a certain point the culture was kept under
continuous light and the temperature was regulated, and only then did the exponential
growth phase start. The algal suspension then was placed in 2 L glass bottles where the
culture volume was slowly increased. Biomass accumulation was monitored by
gravimetric analysis, with dry weight per liter (g/L) determined for growth rates and
physiological health. After obtaining sufficient biomass concentration, the culture was
expanded to two photobioreactor configurations: the ALGAE SPEED V6 system
(nominal working volume 500 L) and a second outdoor vertical tubular arrangement
(capacity 3000 L). The decision to test both photobioreactor scales was motivated by
biomass yield, reproducibility and system scalability issues. Both systems were checked
weekly during the growth to measure algal growth behavior. Finally, the
photobioreactor was fully automated by using a PLC (Programmable Logic Controller)
enabling for real-time and fine control of cultivation parameters (pH, temperature, light
exposure and nutrient concentration) while allowing close monitoring to maintain
optimal growth by the respective growth models and monitoring the dry biomass
regularly in order to control this data. Interestingly, the nutrient medium was developed
based on an adjusted BG11 formulation enriched to accommodate high density culture
with a longer growth cycle. The formulation performed well for extended production of
biomass as well as for a long-term culture maintenance. Weekly-measured data showed
similar growth kinetics between the two systems, with respect to the specific growth
rate during the exponential phase. Nonetheless, the final volumetric biomass
concentration of 3000 L system also showed a high final volume of biomass,
demonstrating its potential applicability for utilization at industrial scale, and to the

downstream bioprocessing. This finding was in line with the literature reference that has
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claimed to state big photobioreactor facilities to have a greater light distribution, better
CO: utilization efficiency and more stable temperature regulation, a factor that result in
better algal productivity. These results served as the infrastructure for later production
and biochemical characterization of bioactive substances obtained from the harvested

biomass.

—

B)

Fig 18 A) Initial cultivation of Spirulina platensis in Erlenmeyer flasks under controlled
laboratory conditions using modified BG11 medium. (B) Scale-up of the algal culture in
a tubular photobioreactor system (model ALGAE SPEED V6 540) for large-scale
biomass production.
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7.1 Dry weight

DW is essential for determining biomass concentration (Cx, g L™") for both batch and
continuous cultivation, where the DW measurement can be used to monitor the growth
curve or verify the attainment of a steady state. In the latter case, a minimum of three
consecutive measurements with similar values, taken on different days, are needed to
confirm that the culture has reached steady conditions. Nitrocellulose filters with a 0.22
um pore size are used for the analysis. These filters are first dried in an oven at 110 °C
for 1 hour, and then weighed to determine the tare mass (g). Afterwards, a known
volume of culture sample (usually 10 mL) is filtered using a vacuum flask and a
manometer. After filtration, the filters are dried again in the oven for approximately two
hours to remove residual moisture and then weighed again to obtain the gross mass (g).

The biomass concentration is then calculated by the following relationship:

1) — (M(gross - Wtare)

DW (g L™
Vsample

where Wgross and Wtare represent the filter’s weight after and before filtration,
respectively, and Vsample is the volume of the culture used for the measurement. This
method provides an accurate and reproducible estimation of the microalgal biomass

concentration over time (Figl9).
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Figure 19 a) Dry weight of an Arthrospira platensis sample grown under heterotrophic
conditions; b) Filter containing the algal biomass; ¢) Vacuum pump with filtration
apparatus.

7.2 Composition
The elemental composition of carbon (C), hydrogen (H), and nitrogen (N) was analyzed

using a Thermo Scientific Flash Smart Elemental Analyzer (model EA 1112, Germany).
The instrument was configured with helium as carrier gas at a flow rate of 130 mL/min,
alongside an oxygen flow of 250 mL/min and a reference gas stream at 100 mL/min.
The combustion furnace was maintained at 900 °C, while the reduction furnace operated
at 680 °C, in accordance with manufacturer guidelines and prior literature (Baldé et al.,
2019; Kalinichenko et al., 2017). Separation was performed using a 6 X 5 mm packed
column (Cromlab, Spain) held at 50 °C. Chromatographic acquisition lasted 420
seconds. Calibration was performed using aspartic acid (Sigma, USA) as the elemental
standard. All samples were analyzed in triplicate.

The protein content was estimated using nitrogen values and a nitrogen-to-protein
conversion factor of 5.13, recommended for green algae biomass (Lourenco et al.,
2002).

To assess the energetic value of the samples, the Higher Heating Value (HHV) was
calculated based on the empirical formula reported by Trigueros et al. (2021):

HHV (kJ/kg) = 3.55C* — 232C — 2230H + 51.2CH + 131N + 20,600

where C, H, and N represent the experimentally determined percentages of carbon,
hydrogen, and nitrogen.

Furthermore, the quantitative determination of mineral and metal elements (including
trace elements) was carried out using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). This analysis was performed at a specialized analytical facility in Spain,
following standard protocols for high-sensitivity elemental quantification in biological

matrices.

7.3 Lyophilization

Spirulina platensis biomass and spirulina extract were stored with freeze-drying, a

dehydration method that utilizes sublimation under vacuum of frozen water that has
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been extensively used to preserve the chemical and structural integrity of
thermosensitive bioactive compounds. This started with freezing of newly grown algal
biomass at —40°C with an ultra-freezer in laboratory setting. This frozen step was
carried out for at least 24 hours in order to retain the full solidification of both
intracellular and extracellular water. After being frozen, the biomass was transferred to
a bench-top freeze-dryer (e.g., Christ Alpha 1-2 LDplus or equivalent), with a vacuum
pump to ensure that the dryer-to-wet point was at a low pressure for the entire drying
process. The lyophilization was carried out at an average chamber pressure of 0.1 mbar.
The shelf temperature was increased from —40°C up to 0°C during primary drying
duration of 48h. This controlled process of increasing the temperature so slowly
permitted water to sublimate from solid ice without entering the liquid phase, to
eliminate hydrolysis, and retain thermal and oxidative degradation sensitive compounds
(polyunsaturated lipids, pigments, or phenolic). In another drying step, residual
moisture of the biomass was removed by maintaining the vacuum and then slightly
increasing the shelf temperature to about 20°C, and the final moisture level was less
than 5%, enough to survive for the long term and to extract quality (Fig 20). The choice
of this method was due to its stability to thermolabile compounds, inhibition of
microbial growth, and solvent penetration into subsequent extraction protocols (Tang &

Pikal, 2004; Abdelaziz et al., 2020).

Fig 20 a) and b) Lyophilization Spirulina and extract
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7.4 Extraction methods

Preliminary review of scientific literature was performed to identify the best extraction
method for various classes of bioactive compounds. Critical parameters including
extraction temperature, time and solvent-to-biomass ratio were identified. According to
Marti-Quijal et al. (2021) the ideal extraction temperature of thermolabile compounds
for microalgae and cyanobacteria is typically between 40°C and 60°C, while Zakaria et
al. (2022) investigated solvent-to-biomass ratios ranging from 20 to 90 mL/g using
similar matrices. However, for a complete evaluation of the compound stability in
various extraction conditions and to assess the effects of particular green solvents, we
also stretched the temperature to go beyond commonly accepted limits and limited to
two fixed temperatures: 80°C for 5 minutes and 180°C for 5 minutes. The 80°C
temperature was selected based on several reports that it is an effective and safe
temperature for extraction of phenolic compounds and fatty acids from algal biomass
without the degradation of these target molecules (Saini et al., 2023; Arora et al., 2020).
However, 180°C was chosen as a high-temperature strain condition for the thermal
degradation levels testing. The above high temperature (>140-160°C) is conducive to
degradation of thermolabile compounds, including some antioxidants, polyphenols, and
unsaturated fatty acids (Domingues et al., 2019); this justifies the above limit and
further reinforces the conservative efficiency of 80°C. Microwave-Assisted Extraction
(MAE) at both temperatures was used with a controlled power setting and fixed
exposure time. The use of such technique has been well validated for both polar and
non-polar compounds recovery from microalgae (Glinerken et al., 2015). Also a freeze-
thaw cycle extraction was performed with water as the solvent, with two temperature
changes between —20°C and room temperature. This approach allowed the separation of
water soluble materials such as phenolic compounds, sugars, but not fatty acids which
are not soluble as they are unreuspended, and because it is a poor fluid and due to
water’s limited ability to extract lipids. In parallel, 4 green solvents were tested by
polarity and selectivity for bioactive compounds:

(A) D-limonene (97% purity, Sigma-Aldrich)

(B) 2-Methyltetrahydrofuran (=99.0%, stabilized with 250 ppm BHT)

(C) Para-cymene (>97%, Sigma-Aldrich)

(D) Milli-Q ultrapure water
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These solvents were chosen based on previous applications in microalgal extraction,
along with their green chemistry profiles and compatibility with microwave-assisted

processes.

7.5 Microwave-Assisted Extraction (MAE)

The microwave-assisted extraction process was conducted in an Anton Paar Microwave
reactor Monowave 450 (Austria). In this experiment, approximately 1 gram of Spirulina
was mixed with 20 mL of water or green solvent maintaining a 1:20 (w/V) ratio
(Zakaria et al., 2022). The extraction process with water, involved subjecting the
suspension to microwave assisted heating up to temperatures of 80°C and 180°C and
then maintaining this temperature for a duration of 5 minutes each.

With the other green solvents we chose only two temperature 80°C and 180°, for 5 min.

After all technique we filtered and took the liquid extract, leaving the solid (fig21).
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7.6 Freezing and Thawing extraction

The Spirulina-water mixture was centrifuged at 150 rpm for 30 minutes. Post
centrifugation, the sample was frozen at -20°C for 2 hours. This step was designed to
preserve and stabilize the bioactive compounds by slowing down metabolic activities
and preventing enzymatic degradation.

After freezing, the sample was thawed at room temperature for 2 hours, allowing the

frozen constituents to return to a workable state.

75



The thawed sample was then centrifuged at 847 rpm for 15 minutes to further purify the
extract by removing any remaining solid residues (Vernes et al., 2015).

The entire cycle (freezing, thawing, and centrifugation) was repeated four times to
ensure maximum extraction efficiency and consistency. Each repetition was critical to
breaking down the cell walls thoroughly, for to the release of a different biocompounds

(Fig 22).

Figure 22 Phycocyanin after the extraction

7.7 Extraction of Phycocyanin from Spirulina platensis

Phycocyanin extraction was performed using ultrapure water as the sole solvent,
following a sustainable and buffer-free approach to preserve the native structure of the
protein and ensure its compatibility with food and cosmetic applications. Specifically,
1.00 g of dried Spirulina platensis biomass was suspended in 20 mL of ultrapure water
in a 50 mL Falcon tube. The mixture was subjected to three consecutive freeze—thaw
cycles (=20 °C and room temperature) to promote cell lysis through osmotic and
mechanical stress, avoiding harsh treatments. After the final cycle, the suspension was
centrifuged at 10,000 rpm for 10 min at 4 °C. The blue supernatant, containing the
solubilized phycocyanin, was carefully collected and stored in the dark at 4 °C until

further analysis. This methodology, relying exclusively on water as the extracting
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medium, allows for a gentle extraction process that maintains the biochemical activity
of phycocyanin, facilitating its direct application in sensitive matrices such as functional

foods and dermocosmetic formulations.

7.8 Total phenolic content determination

The total phenolic content (TPC) of Spirulina platensis extracts was quantified using
the Folin—Ciocalteu colorimetric assay, a well-established analytical method based on
the oxidation—reduction reaction between the Folin—Ciocalteu reagent and phenolic
hydroxyl groups acting as reducing agents (Santos et al., 2019). Briefly, 5 pL of each
extract were combined with 60 pL. of sodium carbonate solution (Na2COs, 75 g/L) and
15 pL of Folin—Ciocalteu reagent, followed by the addition of 200 puL of ultrapure water
to achieve the final reaction volume. The mixtures were thoroughly homogenized and
incubated at room temperature to allow full color development, after which the
absorbance was measured using a UV—Vis spectrophotometer (Synergy HT, BioTek
Instruments Inc., USA) at the appropriate wavelength. The quantification of phenolic
compounds was performed by comparison with a calibration curve constructed using
gallic acid as the reference standard, in the concentration range of 50-1500 mg/L.
Results were expressed as gallic acid equivalents (GAE), and the total phenolic content
of each extract was calculated as milligrams of GAE per gram of dry weight (mg
GAE/g dw) of Spirulina. This value reflects the efficiency of the extraction process and
provides an indication of the antioxidant potential associated with the phenolic fraction

of the biomass.

7.8.1 Extraction of Phenolic Compounds for HPLC Analysis

After following a method modified from Robards (2003) and Luthria (2006), phenolic
compounds extraction was performed from Spirulina platensis biomass in the specific
physicochemical characteristics of investigated matrix. It was adopted in order to obtain
as much free and conjugated phenolic substances (phenolic constituents in microalgal
biomass are available in variable proportions depending on cultivation and
environmental conditions) as well as to optimize the recovery of these. The lyophilized
biomass was finely ground to a homogenous powder with a mortar and pestle prior to

extraction, thus increasing the specific surface area and facilitating solvent permeation
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into the cell matrix. To prepare powdered sample, this was further treated with solid—
liquid extraction (SLE) via a hydroalcoholic solvent system of 70% methanol (v/v)
acidified with 0.1% hydrochloric acid (HCI). The extraction with a solid-to-liquid ratio
of 1:20 (w/v) is studied because it has previously been reported to be efficient in
providing diffusion and solubilization of phenolic molecules from complex biological
matrices. The methanol-water mixture with mild acidification has been widely used in
the literature to extract polyphenols (Luthria, 2006; Khoddami et al., 2013) and is
characterised by its capability to disrupt the presence of hydrogen bonds, and to increase
the solubility of both polar and moderately non-polar phenolic molecules including
flavonoids, phenolic acids, and their glycosylated analogues. Acid also prevents
oxidative degradation and promotes the hydrolysis of esterified or bound phenolic
structures, making total extractable phenolics higher. The extraction procedure was
performed at a temperature of ~40 °C and an ultrasonic bath level of 30 min, in
controlled atmospheres, through ultrasonic amplification. Ultrasonic-assisted
extractions (UAE) allow the microalgal cell wall matrix, mainly containing
polysaccharides and peptidoglycan, to be degraded by acoustic cavitation and
mechanical shear forces. This physical effect improves the release of intracellular
compounds into the solvent phase, which also reduces extraction time and improves
yield (Yang et al., 2017). After extraction, suspensions were centrifuged at 4500 x g for
10 min, allowing for the deposit of insoluble residues and debris. As the supernatant had
a phenolic-rich extract in it, it was taken from the pellet without resuspension, and
filtered through a 0.45 pm PTFE membrane. The filtered sample provided an
opportunity to filter out residual particulate matter, avoiding possible interferences
during downstream spectrophotometric and chromatographic analysis. Clarified extracts
were kept in amber glass vials at 4 °C to minimize phenolic compounds' susceptibility
to oxidation and degradation due to light influence before quantification. Selecting
extraction conditions and solvent system allowed to achieve a tradeoff among selective
extraction efficiency and stability of the compounds for reproducibility and reliability

between the replicates.

7.8.2 HPLC Analysis

Phenolic compound detection was achieved through high performance liquid
chromatography (HPLC) and diode array detector (DAD). A reversed-phase C18

column (250 x 4.6 mm; 5 um) was utilized and fixed at constant temperature. The
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mobile phase was made up of water that was acidified with 0.1% phosphoric acid
(phase A) and acetonitrile (phase B). Separation was accomplished by applying a linear
gradient from 5% to 35% of phase B in 30 min and performing the washing and re-
equilibration step. The flow rate was kept at 1.0 mL/min and the injection volume was
20 pL; according to Lopez-Lazaro (2011), detection was performed by selecting the
wavelengths of the compounds: 280 nm for the simple phenolic acids, 320 nm for
hydroxycinnamic acids, and 360 nm for flavonoids. Peak identification was achieved
through comparison of retention time and UV emission to pure analytical standards.
Quantification was done via external calibration by making a linear calibration curve for
each compound (y = m'x + b) and calculating concentrations in mg/L depending on

peak area (Miller & Miller, 2018).

7.9 Antioxidant potential

The TEAC (Trolox Equivalent Antioxidant Capacity) assay evaluates the ability of
antioxidants to neutralize the ABTS radical cation (ABTS*+), which is produced
through a reaction between ABTS and potassium persulfate. To perform the assay,
plasma and erythrocyte samples were mixed with ABTS*+ and incubated for one
minute at 30°C. Absorbance was measured at 734 nm using a spectrophotometer, with 5

mM phosphate-buffered saline (pH 7.4) serving as a blank (Antolovich et al., 2002).

7.9.1 ABTS radical cation

ABTS radical cation (ABTS-+) scavenging ([2,2-azinobis(3-ethyl-benzothiazoline-6-
sulfonate)]) was estimated following the protocol proposed by Re et al. [38].
Antioxidant  capacity was measured using Trolox (6-hydroxy 2,5,7,8-
tetramethylchroman-2- carboxylic acid) as standard and values were expressed as
mg/mLTro- lox equivalent. PBS buffer (NaCl, KH2PO4, Na2HPO4, KCl, sodium
acidic, distilled water) and TEAC reagent (ABTS+ 7 mM, potassium persulfate 2.45
mM) were first prepared. After that, the TEAC reagent was diluted with PBS buffer to
obtain a diluted ABTS+ solution, with an absorbance of 0.7 = 0.1 at 734 nm. Then, a
volume of 1 mL of the prepared solution was added to 10 pL of liquid sample. After 6
min of incubation at 30 °C, the absorbance was evaluated spectrophotometrically at 734

nm. Mea- surements were run at least in triplicate.
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7.9.2 Ferric reducing antioxidant power

Ferric-reducing antioxidant power (FRAP) was carried out by preparing a mixture of
three solutions (10:1:1 v/v/v) as follows, acetate buffer (pH 3.6; 300 mmol/L), 2,4,6-
tripyridyl-s-triazine (TPTZ) solution in 40 mmol/L HCI and FeCl3 6H2O in distilled
water. Liquid samples (100 pL) were added to the prepared FRAP reagent (3 mL). The
absorbance was read spectrophotometrically at 593 nm After 6 min of incubation at
room temperature. Results were expressed by referring to a standard curve using

aqueous solutions of ascorbic acid. Tests were performed in triplicate.

7.9.3 Radical scavenging assay

Radical scavenging capacity was assessed as follows, methanolic solution of DPPH
(2,2-diphenyl-1-pic- rylhydrazyl) (2 mL, 6 x 10— 5 M) was mixed with the liquid
extracts (50 puL). The absorbance was measured at 515 nm after 16 min of incubation.
Results were compared according to the control at a time of 0 min. All assays were
conducted at least in triplicate. The antiradical activity was expressed as IC50 (ug/mL),
which is the extract dosage needed to achieve 50 % inhibition. Lower IC50 values

indicate stronger antioxidant activity of the algal extract.

7.10 Fatty acids determination

The extraction of lipids was carried out using microwave-assisted as was described
above and with tested green solvents with variations in thermal conditions; D-limonene,
2-methyltetrahydrofuran, p-cymene, and water. The samples were then processed for
fatty acid profiling as per EN ISO 12966-3:2015 standards, Fig 22 A,B. This procedure
involves the derivatization of fatty acids to fatty acid methyl esters (FAMEs) before
chromatographic analysis. In short, the extracted lipids were first saponified, and then
methylated by base-catalyzed transesterification (methanolic sodium hydroxide
followed by esterification with boron trifluoride (BFs) in methanol). FAMEs were
subsequently extracted with n-heptane and washed with saturated sodium chloride
solution. Chromatographic study was conducted by gas chromatography with flame
ionization detection (GC-FID). Separation using a polar capillary column adapted for
FAMESs was achieved under temperature-controlled conditions using Supelco SP-2560

or equivalent. Quantification was made by means of comparison with certified FAME
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standards, to identify and quantitatively compare saturated, monounsaturated, and
polyunsaturated fatty acids. This standardized method offers a very high level of
replicability and accuracy in identifying the fatty acid composition of lipid samples,

especially for the processes used in food, nutraceuticals, and bio-based materials.

Fig 22 (A) Spirulina platensis biomass prepared for extraction using various green
solvents.
(B) Result of the extraction process: the separation of lipid components is visible, with

extracted fatty acids highlighted within the green box.

7.11 OEC Cultures

OECs were isolated from olfactory bulbs of 2-day-old mice pups (P2) as described by
Pellitteri et al. (2007). After pup decapitation, the bulbs were removed, dissected out in
cold (+4°C) Leibowitz L-15 medium (Sigma), and digested with collagenase and
trypsin added to medium essential medium-H (MEM-H, Sigma). To stop trypsinization,
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) supplemented with 10% Fetal
Bovine Serum (FBS, Sigma) was used. Cells were resuspended and then plated in flasks

with fresh complete medium DMEM/FBS, and antibiotics (Sigma).
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After 24 h from the first plating, cytosine arabinoside (10-5 M, antimitotic agent;
Sigma) was added for 48 h to reduce the number of dividing fibroblasts. The
purification procedure of Chuah and Au (1993) was used to reduce the number of
contaminating cells. The percentage of p75/S-100-positive cells in our cultures was
about 90-95% (data not shown). In the last passage, OECs were plated on 25-cm2
flasks and cultured in DMEM/FBS supplemented with bovine pituitary extract (Sigma).
6.9.1 Treatment of OECs

Purified OECs were replated on 14-mm-diameter poly-L-lysine (PLL, 10 pg/ml,
Sigma)—coated glass coverslips at a final density of 0.3 x 104 cells/coverslip and grown
in DMEM/FBS (Sigma). In some cultures, 24 h post-seeding, Ghre (Abcam),
reconstitute by adding deionized water, was added to the culture medium. We tested
different concentrations of Ghre (data not shown), but we found that the optimal
concentration was 2 uM, in accordance with previous report (Stoyanova et al. 2013).
Control cultures (CTR) were fed with DMEM/FBS. Both of the experimental cell
cultures, with and without treatment, were grown at different times (1, 3, 7 days) and
incubated at 37 °C in a humidified 5% CO2-95% air mixture. All cultures were fed
with DMEM/FBS; in particular, in those treated with Ghre at 7 days, the peptide was
replenished for the second time after 3 days; successively, immunocytochemical
procedures were assessed.

To evaluate cellular viability by MTT, OECs were plated in 96 multiwells, incubated at
37 °C and grown both with and without Ghre treatment, following the same
experimental protocol of the cells grown on 14-mm-diameter poly-L-lysine—coated

glass coverslips.

7.12 MTT Bioassay

Cellular viability survival at the Ghre treatment time was evaluated by the 3-[4,5-
dimethylthiazol- 2-yl)-2,5-diphenyl] tetrazolium bromide (MTT, Sigma) reduction
assay using a quantitative colorimetric method. MTT was added, to each multiwell at
final concentration of 1.0 mg/ml, and incubated for 2 h in a CO2 incubator. Media were
removed gently and MTT solvent (acid-isopropanol/SDS) was added; cells were then
placed on an orbital shaker for 15 min. Absorbance was observed using a multiskan
reader at 570 nm. This colorimetric reaction is resulting from the conversion of the
tetrazolium ring of MTT (yellow compound) to formazan (blue salt). Quantitative

measurements were done at 570 nm spectrophotometrically. For this analysis U937
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mononuclear cells were harvested from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in a 5% CO: environment in RPMI 1640
medium (GIBCO, Invitrogen) with 10% fetal bovine serum, 100 ng/mL streptomycin,
100 U/mL penicillin, and 2 mM L-glutamine. Cells were thawed, grown, and seeded (2
x 10° cells/well) onto 6-well tissue culture plates. Cultivation was conducted using two
types of medium — one with and one without incorporation of 10 pM astaxanthin
(ASX, Sigma-Aldrich, St. Louis, MO, USA), bacterial lipopolysaccharides (LPS, 10
pg/mL), and 10 pM zinc protoporphyrin IX (ZnPP IX, Sigma-Aldrich, St. Louis, MO,
USA). ASX was dissolved in dimethyl sulfoxide (DMSO) and diluted in the media,
resulting in a total DMSO concentration of 0.5% maximum. Control cells did not
contain ASX and/or LPS. After growing, cells were plated in 96-well plates at a density
of 8 x 10? cells/well. A concentration of 0.5 mg/mL and 200 pL of medium was added
to all wells (20 uL of MTT). Plates were incubated for 4 h at 37 °C for the dissolution
of the formed formazan. Next, 220 pL of the (MTT + medium) solution was removed
and 150 pL of DMSO added to each well. The reduced MTT was measured using an
ELISA reader (Bio-Rad, Hercules, CA, USA) at 570 nm. Cells were then pretreated
with phycocyanin (both lyophilized and liquid/Spirulina extract) for 24 h before being
exposed to hydrogen peroxide for 60 min. Control points were collected every 10 min to

examine the protective effect of phycocyanin.

7.13 miRNA Extraction

Total RNA was extracted using Trizol® (Invitrogen, Waltham, MA, USA) followed by
clean-up using the modified RNeasy®Mini Kit (Qiagen, Hilden, Germany) (Eldh et al.,
2012). Briefly, 100 mg of frozen tissue was ground using a prechilled mortar and pestle
into a fine powder. The ground tissue sample was mixed with 1 mL of TRIzol reagent
and homogenized until no visible debris remained. The homogenized samples were then
incubated at room temperature for 5 min. Chloroform (0.2 mL) was added to the
homogenate, vortexed vigorously for about 15 s, and incubated at room temperature for
2 to 3 min. After centrifugation, the aqueous layer of the sample was transferred to an
RNeasy column from a mini RNA isolation kit (Qiagen, Hilden, Germany) for
purification.

Residual DNA was eliminated by performing on-column DNase I (Qiagen, Hilden,
Germany) digestion at 37 °C for 30 min. The integrity of the extracted RNA was
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determined by gel electrophoresis, and its concentration was measured using a
biospectrometer (Eppendorf BioSpectrometer, Hamburg, Germany).

A Qubit RNA HS (High-Sensitivity) assay kit (Life Technologies, Darmstadt,
Germany) was used to determine the concentration of RNA in samples. Briefly, the
RNA samples were diluted to a final concentration between 250 pg/uL and 100 ng/pL
using the buffer provided before loading onto the Qubit 2.0 Fluorometer (Life
Technologies, Darmstadt, Germany).

The extracted RNA was analyzed using the Agilent High-Sensitivity RNA assay kit on
the 2100 bioanalyzer (Agilent Technologies, Waldbronn, Germany) in complement with
the RNA 6000 Nano LabChip kit. Data analysis was performed in accordance with the
Agilent protocol.

7.13.1 miRNA Analysis

According to literature, miRNA levels increase under stress conditions and reach a
certain threshold (Mendell & Olson, 2012; Olejniczak et al., 2018). Based on this
knowledge, it was hypothesized that direct actions on the algal genome could modulate
miRNA production. Many researchers have attempted to enhance the biosynthesis of
these bioactive molecules primarily through two strategies: (i) nutrient limitation,
particularly nitrogen deprivation, which significantly inhibits algal growth and can lead
to cell death; or (ii) applying thermal shocks or altering photoperiods, which also result
in negative effects on culture stability. Despite awareness of this crucial mechanism, no
mapping of miRNAs in Spirulina has been reported to date. This represents another

important aspect addressed in the present research project.

7.14 Protein Extraction Protocol

Building upon the detergent combinations that have been previously established
for the purpose of efficient protein extraction, as detailed by Deb-Choudhury et
al. in their 2016 study, a comprehensive protocol was developed to effectively
harness the synergistic actions of various chemical reagents. This protocol

specifically highlights the collaborative effects of TCEP, which is classified as a
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reducing agent, in conjunction with IAA, an alkylating agent. The combination of
these two reagents has been shown to facilitate the successful breaking of
disulfide bonds within proteins, thereby enabling a controlled denaturation
process. This controlled denaturation is crucial, as it not only aids in the
extraction of proteins but also effectively inhibits the formation of aggregates,
which can complicate subsequent analyses.

Moreover, the inclusion of the detergent SDC (sodium deoxycholate) plays a
pivotal role in this protocol by significantly enhancing the destabilization of cell
membranes. This destabilization is essential for the efficient release and
solubilization of even highly hydrophobic proteins, including those that are
intimately associated with the plasma membrane. The synergistic effects of these
reagents collectively promote the separation of a broader range of proteins from
both the cytosolic and membrane compartments, ultimately leading to an
increased yield of the extraction process. This increase in yield is not merely
quantitative; it also offers distinct advantages for subsequent analytical steps, as
outlined in the works of Deb-Choudhury et al. (2016) and Danko et al. (2022).

To prepare the OPB buffer, which comprises a total volume of 50 mL, specific
reagents were meticulously dissolved. This included TCEP at a concentration of
10 mM, CAA (chloroacetamide) at 40 mM, and ABC (ammonium bicarbonate) at
100 mM, with careful attention to maintaining a pH of approximately 8.5. In
instances where pH adjustment was deemed necessary, approximately 60 pL of
25% NH4OH (ammonium hydroxide) was incorporated into the mixture.
Following this step, 1% of the detergent SDC was introduced into the buffer,
with thorough mixing employed to avoid the formation of foam that could
interfere with the extraction process.

In the event that any aggregation or incomplete dissolution was observed, the
solution was subjected to gentle heating at 56 °C until it was completely
dissolved, ensuring the homogeneity of the buffer. Subsequently, a 1 mL volume
of this diluted buffer was added to approximately 3—4 mg of microalgal biomass.
The resulting suspension was then homogenized through careful pipetting,
conducted gently to avoid any mechanical damage to the target molecules, which
is critical for preserving their structural integrity.

To facilitate effective protein extraction, the samples underwent probe sonication

for a total of five cycles, with each cycle consisting of 20 seconds of sonication
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at 50% power followed by a 20-second pause. This methodical approach allows
for the efficient extraction of proteins while minimizing potential damage. At the
conclusion of the extraction process, each sample was divided into two equal
volumes for further analysis. One portion was centrifuged for 10 minutes at a
speed of 9000 rpm, resulting in the separation of solid fractions from liquid
fractions. Consequently, three distinct analytical fractions were extracted from
each sample: the whole suspension, the pellet, and the supernatant. All of these
fractions were then incubated at 80 °C for 10 minutes and subsequently
maintained on ice to preserve the integrity of the proteins for the next stages of

experimental analysis

7.15 LC-MS/MS analysis and downstream bioinformatic

analysis

Protein samples were subjected to partial electrophoretic separation on a standard
Laemmli-type polyacrylamide gel, allowing proteins to stack and enter the resolving gel
without full separation. Gel bands containing the proteins were then excised and
subjected to in-gel tryptic digestion, as previously described by Domingo et al. (2023).
Tryptic peptides were reconstituted in LC/MS-grade water containing 0.1% (v/v) formic
acid, then analyzed as reported elsewhere (Alvarez-Vinas et al., 2024).

Raw data were searchedby using the MaxQuant program
(v.1.5.3.3, http://www.Coxdocs.org/doku.php?id=maxquant:start, accessed on January

18, 2023) against the Arthrospira database (downloaded on June 20, 2025

from www.uniprot.org). The search criteria were set as follows: two missed cleavages,

fixed modification of cysteine (carbamidomethylation), variable modifications of
methionine (oxidation) and phosphorylation on serine, threonine and tyrosine, minimum
peptide length of six amino acids, precursor mass tolerance 4.5 ppm for the main search.
The match between runs (time window of 0.7 min) and target-decoy search strategy
(revert mode) options were enabled. A false discovery rate (FDR) of 1% was used for
both peptide and protein identification. Any incorrect identifications, including
contaminants or inconsistent findings, were removed from the dataset.

Subcellular localization of identified proteins was computationally predicted using the

WoLF PSORT online algorithm (Horton et al., 2007).

86


http://www.coxdocs.org/doku.php?id=maxquant:start
http://www.uniprot.org/

7.16 Statistical analysis

The statistical analysis was conducted using one-factor analysis of variance (ANOVA)
with Minitab® 20 software. The significance was analysed at a 95% confidence level (p

< 0.05) using a post-hoc Scheffé test.
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Chapter 8

Results and Discussion

8.0 Cultivation

For scaling, durability, and production-scale applicability in Spirulina platensis, two
different photobioreactor (PBR) configurations were designed: a small-scale 30 L
laboratory photobioreactor and a large-scale 3000 L vertical tubular outdoor system.
The growth profiles displayed in both reactors had remarkably similar kinetics in
logarithmic phase, and the corresponding curves confirm good physiological behaviour
of the biomass in case of the 2 conditions (Fig. 23). Such an agreement indicates the
reproducibility of the growth protocol and evidence that operating parameters (i.e., pH,
CO: enhancement, temperature control and light exposure) are adequately adjusted for
various reactor geometries and quantities. A central element for the cultivation success
at both mains was the use of adjusted BG11 medium that was created to be suited to
Spirulina growth in a semi-industrial environment. This recipe supplies sufficient
macronutrient (especially nitrogen and phosphorus) and trace elements (iron,
magnesium and zinc), resulting in good cell division and permanent pigment syntheses.
The adjusted BG11 medium proved to have superior buffering capacity and stability to
allow optimum growth conditions to be maintained during the culture phase. The
enhanced biomass accumulation and biochemical productivity was in agreement with
previous reports validating BGI11 variants in a large-scale algal environment
(Morweiser et al., 2010) indicating its suitability for an integrated bioprocessing
framework. While the specific growth rate (u) was the same in the two systems,
volumetric biomass concentrations obtained in the 3000 L reactor was much larger. This
outcome is similar to the findings in the literature where many reports demonstrate
increases in biomass yields with scale-up as a result of several favorable
physicochemical and engineering factors. Such as higher capture of light because of
vertical tube configurations, more stable temperature gradients in heavier water masses,
and better CO: dissolution from gas sparging systems; all of which promote
productivity over the long-term (Pulz & Gross, 2004; Ugwu et al., 2008). In addition,
optimized hydrodynamics at large-scale reactors prevent cell sedimentation and
photolimitation, especially at vertical tubular configurations. The constant culture

medium circulation facilitates a uniform light distribution and allows the biomass to be
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constantly exposed both to light and dark and this phenomenon is a “flashing light
effect” enhancing the photosynthetic efficiency and overall performance (Richmond,
2004; Tredici, 2007). This situation is often challenging to simulate at bench-scale, as
they present a low efficiency of mixing and less efficient surface-area-to-volume ratios.
It is of course strategically important for downstream applications to ensure that the
growth kinetics are similar to laboratory-scale reactors at industrial scale, and by doing
so0, a higher absolute biomass accumulation has also been attained. The higher biomass
content in the 3000 L PBR is associated with not just greater production of essential
metabolites (phycocyanin, phenolic compounds, lipids, and microRNAs), but also lower
energy and cost per unit of product used in further processing (Morweiser et al., 2010).
These benefits suggest that production of Spirulina at large scale for the biorefinery
models can contribute towards this market and the commercialization of the food,
pharmaceutical, cosmetic and energy sectors. In this light, it can be seen that the
obtained results validate the 3000 L photobioreactor as an efficient platform for the
large-scale production of environmentally friendly biomass produced without loss of
cellular viability, functional quality, and biochemical stability. The system's
compatibility with green extraction technologies and the capacity to support bioactive
molecule accumulation make it an ideal system for the industrial valorization of

cyanobacterial resources.

Fig 23: difference of mineral in spirulina and in phycocyanin extract
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8.1 Assessment of N, C, H

The biochemical and elemental characterization of Spirulina platensis indicates it to be a
nutrient-dense microorganism with diverse uses including as dietary-soluble supplement
and pharmaceutical ingredient synthesis. Lyophilized whole biomass elemental analysis
revealed a composition of 47.1% carbon, 9.2% nitrogen, and 7.03% hydrogen,
reflecting a high proportion of proteins, lipids and carbohydrates with a large organic
macromolecule proportion (organic macromolecules). Lipid level was measured as
6.9%, and material contents reached 13.75% of ash which indicated rich mineral
fraction. Monosaccharide profiling showed 6.52 mg/mL glucose, 0.51 mg/mL xylose,
and 3.12 mg/mL arabinose, corresponding to fermentable carbohydrate reserves which
could also have possible prebiotic activity. Secondary substances obtained for thermal
or acidic processing like hydroxymethylfurfural (2.14 mg/mL), furfural (0.055 mg/mL),
levulinic acid (0.63 mg/mL), and acetic acid (0.29 mg/mL) were also produced, with
formic acid, which would be present below detection limits. Reiterating previous studies
(Rajasekar et al., 2019) These results affirm the metabolic versatility as well as
thermochemical stability of biomass. Using microwave-assisted techniques, lipid
extraction yielded varying concentrations based on solvent application, including
limonene (3.45 mg/mL), para-cymene (2.80 mg/mL), and 2-methyltetrahydrofuran
(2.50 mg/mL). The biomass also provided high heating value (HHV) of 20,107 + 388
kJ/kg (Tab 6) supporting its potential as a bioenergetic (Trigueros et al., 2021). To
explore the functional properties of Spirulina, we compared the entire biomass mineral
content with that of a purified phycocyanin extract to determine the most prospective
nutraceutical and pharmaceutical applications. The preprocessed (raw) biomass was
high with regards to potassium (13,441.8 mg/kg), calcium (2,321.9 mg/kg), magnesium
(582.7 mg/kg), iron (469.3 mg/kg) content and sodium value was highest with a value
of 34,981 mg/kg. All these components are essential to human life; potassium facilitates
cardiovascular control and cellular balance (He & MacGregor, 2008), calcium aids bone
structure and neurotransmission (Weaver et al., 2016) while magnesium has
implications for energy balance, glucose homeostasis and protein synthesis (Volpe,
2013). Iron is specially important for anemia prevention and to treat anemia, specifically
in plant based diets (Abbaspour et al., 2014). Also, the phycocyanin extract obtained
from the same biomass, showed a much more concentrated mineral profile for various
important elements. Potassium was up to 59,247 mg/kg (more than 4 times above total

biomass quantity) and magnesium and iron at 3,315 mg/kg and 581 mg/kg, respectively.
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This improvement might be a result of the relatively favorable metal-binding site of
phycocyanin, that chelates cations and retains metal ions in the purification (Eriksen,
2008). Oddly, sodium concentrations were unchanged in all matrices, indicating a low
effect of purification on this component. Furthermore, extraction had high levels of
trace elements to human health, specifically copper (1.763 mg/kg), zinc (3.066 mg/kg),
manganese (13.776 mg/kg), cobalt (0.662 mg/kg) and nickel (11.855 mg/kg). All of the
above are important to the biochemical systems: copper is necessary for the function of
antioxidant enzymes and iron metabolism, zinc is critical in cells' immune modulation
and repair (Rink & Gabriel 2000), manganese protects the structures of a nerve cell and
regulates mitochondria (Horning et al 2015), and cobalt is a necessary for the
biosynthesis of Vitamin B12. Importantly, the significant concentrations of metals with
the potential to form heavy metals from the phycocyanin extract (arsenic: 0.869 mg/kg,
cadmium: 0.025 mg/kg, lead: 0.151 mg/kg, mercury: 0.009 mg/kg) were all lower than
their respective limits of quantification, demonstrating the safety and selectivity of the
extraction process. Collectively, the entire Spirulina biomass provides wide-spectrum
nutritional content good for the general supplementation, but the phycocyanin extract is
emerging as an advantage for specific therapeutic actions owing to their high
bioavailable metal contents and low bioaccumulate hazard. Such findings further
validate Spirulina platensis as a high-nutrient bioresource and make phycocyanin an

additive candidate novel functional foods and pharmaceuticals (graph. 1; tab 6).

91



Table 6. Composition Spirulina

CATEGORY PARAMETER VALUE (MG/ML)
ELEMENTAL Lipid Content 3.45 mg/mL
COMPOSITION
MONOSACCHARIDES Glucose 6.52 mg/mL

Xylose 0.51 mg/mL
Arabinose 3.12 mg/mL
ORGANIC ACID & Hydroxymethylfurfural 2.14 mg/mL
DERIVATIVES (HMF)
Furfural 0.055 mg/mL
Levulinic Acid 0.63 mg/mL
Acetic Acid 0.29 mg/mL
Formic Acid Not detected
LIPID EXTRACTION Using Limonene 3.45 mg/mL
YIELD
Using Para-cymene 2.80 mg/mL
Using 2- 2.50 mg/mL
Methyltetrahydrofuran
ENERGY CONTENT Higher Heating Value 20107 £ 388 kJ/kg
(HHV)
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Graphic 1: difference of mineral in spirulina and in phycocyanin extract
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8.2 Phycocyanin Determination by HPLC

Following the extraction of phycocyanin using ultrapure water and freeze—thaw cycles,
the quality and presence of the blue pigment were confirmed through two
complementary analytical approaches: UV-Vis spectrophotometry and high-
performance liquid chromatography (HPLC). The extract from Spirulina platensis
phycocyanin obtained by a simple water-based freeze—thaw protocol yielded 6.007
mg/mL, indicating the viability of this environmentally friendly process, even when
buffers and organic solvents are not supplied. Similar yields have been described in the
literature (Kuhnholz, 2024), with freeze—thaw cycle-induced values around 5.11 £+ 0.16
mg/mL in cyanobacterial systems. Further optimization work confirms this method
enables the efficient liberation of phycobiliproteins while maintaining protein stability

(Tan et al., 2020; Chittapun, 2020). More recently, comparative studies showcased
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freeze-thaw cycling as one of the most reliable ways to recover sustainable
phycocyanin for food, nutraceutical, and cosmetic applications (Pispas, 2024). These
results validate the method employed in this research, aligning with previously
published findings and reinforcing its potential for industrial-scale applications of

Spirulina extracts (Fig 24 A, B, C).

Figure 24. (A) Spirulina biomass before phycocyanin extraction; (B) extracted
phycocyanin; (C) lyophilized phycocyanin.

This result was confirmed by spectrophotometric analysis at the characteristic
wavelengths of phycobiliproteins: 565 nm, 620 nm, and 650 nm.

This finding was confirmed by spectrophotometric analysis at characteristic
phycobiliprotein absorption wavelengths—565 nm, 620 nm, and 650 nm. The measured

mean absorbance values were:

o Ass0=0.764
e Ac0~1.003
o  Ases ~0.833

As anticipated, the peak at 620 nm exhibited the highest absorbance, confirming the
dominance of C-phycocyanin in the extract. These results emphasize that a green,
simple, and cost-effective extraction method can ensure excellent yield and quality,
particularly in contexts of sustainable manufacturing and pharmaceutical applications.
Similar values of absorbance and extraction efficiency for phycocyanin have been
previously reported, highlighting the robustness of freeze—thaw or aqueous extraction
methods (Khandual et al., 2021; Kovaleski et al., 2022). The spectrophotometric
confirmation of maximum absorbance within the typical range for phycocyanin further
validates the adopted protocol and opens promising opportunities for industrial

implementation.
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The spectrophotometric profile obtained from the aqueous extract of Spirulina platensis
(Fig. 25) clearly indicated the presence of phycobiliproteins, with phycocyanin as the
dominant pigment. The spectrum displayed three major absorption maxima: a strong
protein-associated peak at 277.2 nm, a secondary signal at 347.5 nm, and a distinct band
at 639.8 nm. The peak at 277.2 nm can be attributed to aromatic residues of protein
subunits, a feature commonly reported in chromoproteins (Bermejo Roman et al., 2002).
The absorption detected at 347.5 nm, although less frequently described, has been
linked to accessory compounds or transient extraction intermediates (Viskari & Colyer,
2003). Most importantly, the band at 639.8 nm represents the characteristic fingerprint
of C-phycocyanin, which is typically reported between 620—-625 nm (Patel et al., 2005;
Kuddus et al., 2013), thereby confirming the effectiveness of the adopted extraction
method.

Interestingly, the main absorption maximum showed a red-shift from the canonical 621
nm to 639.8 nm, suggesting a bathochromic effect. Such a shift has been previously
correlated with variations in pH, ionic strength, or protein—pigment interactions that
modify the chromophore environment (Jaeschke et al., 2021; Su et al., 2014). Rather
than indicating degradation, this phenomenon supports the hypothesis that the protein—
pigment complex was preserved during extraction, maintaining its structural integrity
and functional properties.

The intensity of the signals also supports this interpretation: the main band at 639.8 nm
reached approximately 0.04 AU, while the initial protein peak at 277.2 nm exceeded
0.05 AU, and the strongest absorption was observed at 198.1 nm with 0.22 AU. These
values highlight both the quality and reproducibility of the extract.

Beyond the spectral evidence, the simplicity of the adopted protocol further strengthens
the outcome. The exclusive use of water as solvent, combined with controlled thermal
cycles, was sufficient to achieve a reproducible yield of phycocyanin. Despite the
absence of organic solvents, the obtained spectral features were comparable to those
reported by studies employing more complex or multi-step methodologies (Kovaleski et
al., 2019; Khandual et al., 2021). This demonstrates the suitability of the method for
sustainable large-scale production, particularly in fields such as nutraceuticals and
cosmetics, where solvent-free and high-purity extracts are strongly required (Kuddus et
al., 2013).

Finally, the spectrophotometric evidence, corroborated by HPLC analysis with PDA

and fluorescence detection, reinforces the robustness of the workflow. The well-
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resolved and reproducible molecular profile provides a solid foundation for the
development of standardized quantitative protocols, which are essential for quality
control and certification. These achievements pave the way for the industrial
valorization of phycocyanin as a multifunctional ingredient with potential applications
ranging from functional foods to antioxidant and protective cosmetic formulations (Su

et al., 2014; Jaeschke et al., 2021).
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Figure 25. UV—Vis absorption spectrum of Spirulina platensis aqueous extract showing

characteristic peaks of phycobiliproteins.

8.3 Reading of phenolic compounds

The analysis of total phenolic compounds extracted from Spirulina platensis confirmed
that solvent choice and temperature exert a decisive influence on extraction efficiency.
The best recovery was obtained with p-cymene, which was taken as the reference
(100% vyield). Extraction with limonene reached 65.84%, while hot water (80 °C)
resulted in only 1.99% of the maximum yield. In contrast, 2-methyltetrahydrofuran (2-

MeTHF) did not produce any detectable phenolic content (0%).
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The very low yields observed with hot water and 2-MeTHF are in agreement with
previous reports showing that elevated temperatures can promote the degradation of
phenolic molecules in microalgae, thereby reducing their recovery.

Sharma et al. (2019) already highlighted that phenolic compounds in Spirulina are often
bound to lipophilic fractions or embedded in protein—polysaccharide matrices, making
them poorly soluble in polar solvents such as water. Furthermore, Singh et al. (2022)
indicated that under high-temperature conditions, oxidative or hydrolytic reactions may
accelerate the disintegration of phenolic structures, which is consistent with our
observation of almost negligible yields.

By contrast, the high efficiency of apolar solvents such as limonene and especially p-
cymene can be explained by their ability to recover phenolics associated with lipidic
and pigment fractions, as reported by Romani et al. (2021). In particular, the superior
performance of p-cymene may also be linked to its aromatic structure, which favors
interactions with hydroxyl groups of phenolic compounds and stabilizes them against
oxidative degradation during the extraction process (Lopez-Hernandez et al., 2020).
Overall, these results confirm that the choice of solvent strongly impacts phenolic
recovery, with differences exceeding fifty-fold between the least and most effective
systems, in line with findings reported for other algal species (Martinez et al., 2018).
Importantly, solvent selection must be evaluated not only for extraction efficiency but
also for environmental sustainability. Both p-cymene and limonene combine high yields
with favorable ecological properties, being biodegradable, non-toxic, and derived from
renewable resources, making them particularly suitable for applications in green

chemistry and sustainable biorefinery approaches (Tab. 7).
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Table 7. Phenolic content of Spirulina platensis extracts obtained with different solvents

Solvent Relative yield Notes
(%)

Hot water (80  1.99 Very low yield; degradation of phenolics at high
°C) temperature (Sharma et al., 2019)
Limonene (80  65.84 High efficiency; apolar solvent facilitates recovery
°C) (Romani et al., 2021)
p-Cymene (80  100.00 Highest yield; aromatic structure stabilizes phenolics
°C) (Lopez-Hernandez et al., 2020)
2-MeTHF (80  0.00 No detectable phenolics; possible degradation under
°C) heat (Singh et al., 2022)

7.3.1 Phenolic compounds by HPLC

The HPLC-UV chromatographic analysis of the Spirulina platensis extract revealed a
phenolic profile characterized by six major peaks, identified by co-elution with
authentic standards and comparison with literature values (Miller & Miller, 2018). The
compounds detected included gallic acid (Rt = 2.26 min, 0.68 mg/L), protocatechuic
acid (Rt = 7.11 min, 6.10 mg/L), caffeic acid (Rt = 8.18 min, 5.85 mg/L), ferulic acid
(Rt =13.44 min, 0.14 mg/L), quercetin (Rt = 18.14 min, 0.45 mg/L), and apigenin (Rt =
21.14 min, 2.55 mg/L). The retention times observed were consistent with those
reported for these compounds in plant and microalgal matrices (Garcia-Salas et al.,
2010; Naczk & Shahidi, 2004; Goiris et al., 2014; Mattila & Kumpulainen, 2002;
Justesen et al., 1998; Kumar & Pandey, 2013), confirming the reliability of the
assignments.

From a compositional standpoint, the extract contained both hydroxybenzoic acids
(gallic and protocatechuic) and hydroxycinnamic acids (caffeic and ferulic), as well as
flavonoids (quercetin and apigenin), resulting in a balanced distribution of phenolics
with different polarity ranges. This composition ensures a broad spectrum of biological
activity, ranging from rapid antioxidant action in aqueous compartments to longer-
lasting protection in lipid environments (Rice Evans et al, 1996; Shahidi &
Ambigaipalan, 2015). Beyond their antioxidant roles, these phenolics are known for
anti-inflammatory, antimicrobial, and chemopreventive properties, reinforcing their
multifunctional value.

Recent reviews further highlight the pharmaceutical relevance of Spirulina phenolics.

Chwil et al. (2024) emphasized their use in dermatological formulations, including anti-
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acne, photoprotection, wound healing, and anti-aging products. Similarly, Sabat (2025)
described the antioxidant, antitumor, and antiviral potential of flavonoids and stilbenes
in Spirulina. Additional studies have linked microalgal phenolics to immunomodulatory
and neuroprotective effects (Cichonski & Chrzanowski, 2022; Guil Guerrero, 2025),
underlining their potential in both nutraceutical and pharmaceutical developments (fig

26).

Figure 26. HPLC-UV chromatographic profile of the phenolic fraction extracted from
Spirulina platensis.

8.4 Antioxidant Activity —- TEAC, FRAP and DPPH Assays

An antioxidant profile of the Spirulina platensis extracts was clearly studied by diverse
in vitro assays, including the capacity to neutralize reactive oxygen species, and for
reductivity of oxidants based on electron transfer and radical quenching. The Trolox
Equivalent Antioxidant Capacity (TEAC), Ferric Reducing Antioxidant Power (FRAP)
and the DPPH radical scavenging assay were the three tests used to gain complementary
information in redox activity. TEAC testing based on the comparison with Trolox, a
water-soluble form of vitamin E, indicated a potential for Spirulina extract of 0.40 +
0.03 g Trolox equivalents per gram. This high value emphasizes its radical scavenging
potential and was mainly due to compounds of phycocyanin, phenolic acids and
carotenoids. Similar patterns were highlighted in past works, which reported that
phycobiliproteins and polyphenols were consistently associated with antioxidant
activity in cyanobacterial extracts (Christaki et al., 2013; Goiris et al., 2014). These
metabolites also form part of the hydrophilic and lipophilic antioxidant pathways,
expanded on by Spirulina bioactivity (tab8). In the FRAP assay, the extract exhibited a
reducing power of 28.4 = 0.9 umol Trolox equivalents/g, indicating that it was efficient
in electron donation as the compounds with the potential to convert ferric (Fe*") to

ferrous (Fe?*) ions. This activity, characteristic of phenolic extracts, demonstrates the
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functional contribution of chlorophyll derivatives and hydroxycinnamic acids. These
values are similar to what has been reported for other high antioxidant potential
cyanobacterial strains (El-Baz et al., 2021; Pandey et al., 2021). DPPH assay, a well-
known measure for testing hydrogen-donating antioxidants, revealed scavenging of 82.4
+ 2.6% at 1 mg/mL with an ICso of 0.46 mg/mL. This outcome is indicative of abundant
radical-neutralizing metabolites and is consistent with the evidence determined by
TEAC and FRAP tests. These results are quite similar to those of pigment-enriched
Spirulina extracts, providing additional support of water soluble pigments’ involvement
in redox homeostasis (Soltani et al., 2023). Functionally, these results reinforce the
relevance of Spirulina as an origin of antioxidant molecules from the natural
environment with interesting possibilities for nutraceuticals and pharmaceuticals. The
capacity for efficient free radical neutralization will contribute to its application in
oxidative stress-related chronic diseases prevention (e.g., cardiovascular and
neurodegenerative diseases) and, importantly, serves as a rationale for the inclusion of
Spirulina in photoprotective, anti-aging, and metabolic medicine preparations. That
Spirulina is also an antioxidant on the same level as plant-based sources commonly
known for containing antioxidant elements such as green tea, has proven its
biotechnological relevance. These findings collectively show that Spirulina platensis
provides a healthy variety of antioxidant molecules working on diverse routes—electron
transfer, metal ion reduction, and radical neutralization. Moreover, the high content of
phycocyanin, phenolic acids and carotenoids in the extract demonstrates its high
nutraceutical potential. Moreover, its green-extraction activity (aqueous extraction,
microwave based) has been applied in order to reach the sustainable synthesis in

biorefineries.

Table 8. Trolox Equivalent Antioxidant Capacity (TEAC) of Spirulina platensis

compared to selected microalgae and plant extracts.

Source TEAC (g Trolox eq./g extract) Reference
Spirulina platensis (this study) 0.40 +0.03 -
Chlorella vulgaris 0.28 £ 0.02 Goiris et al., 2014
Haematococcus pluvialis 0.35+0.05 Goiris et al., 2014
Nannochloropsis gaditana 0.22 +£0.01 Goiris et al., 2014
Green tea (Camellia sinensis) extract | 0.38 +0.04 Rice-Evans et al., 1996; Shahidi & Ambigaipalan, 2015
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8.5 Fatty Acids Determination

The examination of the solubility of fatty acid methyl esters (FAMEs) in various
solvents reveals notable differences that could influence both the chemical and food
sectors. This research analyzed four solvents: limonene, 2-methyl tetrahydrofuran (2-
MeTHF), para-cymene (PCY), and a chloroform/methanol mixture in a 2:1 ratio,
illustrating how the solubility of different substances varies with each solvent (Saini et
al., 2021). Methyl palmitate showed a high degree of solubility in limonene (50%) and
2-MeTHF (53%), while its solubility was considerably reduced in PCY (19%) and the
chloroform/methanol mixture (43%).

Conversely, the combination of methyl trans-9 elaidate and methyl cis-9 oleate was
more soluble in PCY (66%), with only minor amounts found in 2-MeTHF (3%) and
nearly absent in the other solvents.

Methyl gamma-linolenate, an unsaturated fatty acid, had favorable solubility results in
limonene (19%) and 2-MeTHF (21%), but much lower levels in PCY (3.2%) and the
chloroform/methanol mixture (17%). Some compounds, such as methyl laurate and
methyl linolenate, were only found in the chloroform/methanol mixture, at
concentrations of 3% and 2%, respectively, indicating a particular preference for that
solvent. Such variations in solubility could be utilized to create focused extraction
techniques, improve purification processes in the oleochemical field, and formulate
innovative products with tailored lipid profiles suited for specific uses (table 9 and fig

27 A, B).

Table 9. Fatty acid composition of Arthrospira platensis extracts obtained with different

green solvents (limonene, 2-methyltetrahydrofuran, and p-cymene).

Limonene (mg/mL) 2-MeTHF (mg/mL) Para-Cymene (PCY) (mg/mL)

Methyl palmitate 25.00 26.50 9.50
Methyl palmitoleate 4.15 4.80 0.85
Methyl stearate 8.50 4.15 2.45
¥ methyl trans-9 elaidate + methyl cis-9 oleate | ND 1.50 33.00
¥ methyl linolelaidate + methyl linoleate 12.50 13.00 4.15
Methyl y-linolenate 9.50 10.50 1.60
Methyl laurate ND ND ND
Methyl linolenate ND ND ND
Methyl cis-10 heptadecenoate ND ND ND
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Figure 27. (A) Fatty acid fraction obtained after solvent removal using a rotary
evaporator (rotavapor), visible as a yellowish residue at the bottom of the round-bottom
flask. (B) Fatty acid extracts immediately after solvent extraction.

8.6 Protein

Following LC-MS/MS (see Table 10), 47 proteins of Spirulina extracts were measured.
The largest portion of proteins detected were in the cytoplasm (51%) (Fig. 22). Plastids
were the second most prevalent location (26% of identified proteins), followed by
mitochondria (9%), nucleus (4%), peroxisomes (4%), cytoskeleton (2%) and
endoplasmic reticulum (2%). The proteins most frequently identified were
predominantly involved in photosynthesis and light harvesting including
allophycocyanin subunits and phycocyanin and the rod linker polypeptide Cpc (Fig.
SX). Such proteins are involved in Spirulina's ability to absorb light and convert it into
chemical energy. Phycocyanins (PCs) and allophycocyanins (APCs) are important
phycobiliproteins of large, phycobiliproteins, found in cyanobacteria and some red
algae. They are also indispensable components of the large light-collecting antenna
complex of phycobilisome and are related to thylakoid membranes and possess peculiar
structural, spectrum, and functional characteristics (Chen et al., 2022). PCs produce the
rod fragments of the phycobilisome and APCs create the core of the phycobilisome,
adjacent to the thylakoid membrane. APCs act as end-energy acceptor, gathering energy
from the PC rods and transmitting it to the chlorophyll a in the center of the
photosynthetic reaction. The various proteins that comprise the Phycocyanin complex -
APC and PC, linker proteins, among others - are recognized as the most significant
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bioactive protein-pigment complex present within Spirulina extracts. Polypeptide (PC)
is commercially valuable due to its diversification of application in food, cosmetics, and
pharmaceutical industries. This flexible molecule is also the subject of an extensive
research because of its therapeutic potential. Its diverse biological activities —
antioxidant, anticancer, anti-inflammatory, antimicrobial, anti-neurodegenerative,
antidiabetic, liver protective, kidney protective, heart protective and anti-obesity
properties have been well-documented in research (Fernandes et al., 2023). Despite
relatively little research into APCs compared to PCs, APCs exhibit a similar range of
favorable effects, including antioxidant (Shang et al., 2023) and anticancer activity.
Proteomic details also indicated proteins required for algal carbon fixation and
metabolism (ribulose-1,5-bisphosphate  carboxylase/oxygenase, glyceraldehyde-3-
phosphate dehydrogenase), energy production (e.g., ATP synthase subunits), protein
synthesis and processing (e.g., small ribosomal subunits), and stress and regulation (heat
shock proteins and chaperonins). Although these proteins might not have direct human
beneficial effects, they contribute to Spirulina's reputation as a high-quality source of
easily digestible proteins and amino acids. Combined the proteomics of Spirulina
platensis corroborates its double significance: this as a model for photosynthetic
efficiency and, as a biotechnological resource with remarkable potential as a

nutraceutical, a pharmaceutical, and a cosmetic compound (fig 28).
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Identified proteins

Samples Identified proteins
1600
11 11
12 40 1400
3 264 1200
14 2 1000
C1 1389
800
C2 1364
600
C3 88
C4 31 400
200 I
0 —_— | . -

11 12 13 14 C1 c2 C3 c4

Table 8. and Figure 28 (A) SDS-PAGE analysis of protein extracts from Spirulina
platensis. The gel shows distinct bands of varying intensity, reflecting differences in

protein abundance across the analyzed fractions.

8.7 MTT Assay

The cells used for this MTT assay were first of all the untreated control, held under
good (optimal physiological) condition, as the benchmark cell viability (Fig. 29). For
the second group, group was made the subject of H202 treatment to induce oxidative
stress and validate the model. The third group was composed of stressed cells, which
were cultured under unfavorable conditions, which caused their metabolic activity to
decrease and their proliferation potential to decrease, and where cell viability was

significantly lower than that in the control. In our fourth group, cells were treated with
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phycocyanin to study the protective effect of the natural pigment against oxidative
stress. The fact that the cell viability was significantly suppressed under oxidative stress
clearly confirms the robustness of the model. Interestingly, in the presence of high
phycocyanin concentrations, the protective effect was found to be significant. Not only
did phycocyanin counteract a reduction in cell viability from oxidative stress, but in
addition it could also bring metabolic activity back to normal or even surpass that by the
control group. This study is in agreement with the antioxidant and cytoprotective
activity already described for phycocyanin, which scavenges reactive oxygen species
and promotes endogenous defense factors (Romay et al.,, 2003). More recent
experiments also confirmed the diverse biological functions of this pigment (anti-
inflammatory, antitumor, neuroprotective) and emphasized its utility in therapy (Patel et
al., 2020). Overall, these data provide an excellent assessment of potential phycocyanin
antioxidant activities aimed at protecting the cellular integrity and functionality under
stress. From a translational standpoint, this further indicates that it may have a role in
nutraceutical and pharmaceutical preparations where antioxidant action against
oxidative stress is crucial for the prevention of chronic and degenerative diseases

(Romay et al., 2003; Patel et al., 2020).

View by Data
1 2 3 4 5

A 0.2476 || 0.1476 || 0.1727 || 0.3709
0.2476 || 0.1476 (| 0.1727 | 0.3709

£ 0.1468 || 0.3471 || 0.3093 || 0.2379
0.1468 || 0.3471 || 0.3093 || 0.2379

& 0.1802 || 0.1700 (| 0.1128 || 0.4285
0.1803 || 0.1700 || 0.1128 || 0.4285

Figure 29. Raw absorbance values obtained from the MTT assay.
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7.8 microRNA Analysis

After the analysis carried out in cooperation with the Department of Hygiene,
University of Genoa, as overseen by Prof. Alberto Izzotti, certain microRNAs were
identified and amplified from the biomass of Spirulina platensis. Another species of
algae was also part of our collaborative project, but we only worked on what we
measured from Spirulina. Two microRNAs, miR166a and miR159a, were identified and
amplified. Both are known to have gene regulation and stress response activity in the
literature (Yan et al., 2021; Guo et al., 2019). miR166a and miR159a were in our
samples, consistently present at low levels and stable at values indicative of a basal
regulatory function, probably connected to redox equilibrium and response to
unfavorable environmental conditions. Especially, the literature emphasizes the
therapeutic potential of miR159a. Chin et al. (2016) found that miR159a from plant
sources is also detectable in human plasma, where it is known to inhibit MYB family
genes responsible for the uncontrolled growth of cells, particularly in breast cancer. In
murine models, miR159a suppressed tumor growth through the downregulating of
TCF7 and the lowering of oncogenic MYC levels, without an off-target activity in
healthy cells. This opens up exciting prospects for its application as a natural anticancer
factor. Simultaneously, Spirulina maxima can be reported to directly regulate tumor-
relevant microRNAs in extracts, in especially nanoemulsified form. These are
oncogenic miRNAs including miR-221-3p and miR-222-3p and tumor suppressors like
p27 and PTEN (Amato et al., 2020; Balasubramanian et al., 2024). On view of these
results future experiments are intended, in partnership with the University of Genoa, to
verify if miR159a isolated from Spirulina is biologically active and has the capability to
inhibit the expression of human oncogenes in human cancer cell lines. Further studies
might also include in vivo models to verify efficacy and systemic safety. Such
experimental methodology is aligned with increased interest in cross-kingdom
regulation, as plant microRNAs can be activated in non-plant-based organisms. Dietary
microRNAs have been reported to be difficult to digest according to several studies and
pass through the intestinal barrier and accumulate in the tissues such as the liver and
bloodstream, where they can interfere with critical signalling pathways (Zhou et al.,
2015; Liang et al., 2023). Taken together, these preliminary results indicate that

Spirulina platensis provides protein, antioxidant, and functional pigments and is also a
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biotechnological resource for the extraction of regulatory microRNAs with promise for

therapeutic application, especially in oncology.
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9. Conclusion

The findings obtained in this study offer a comprehensive and promising portrayal of
Spirulina platensis as an exceptionally versatile and sustainable biotechnological
resource. The organism’s rich and complex biochemical composition, combined with its
capacity to thrive in diverse environmental conditions, makes it an ideal candidate for
various applications across food, pharmaceutical, cosmetic, and environmental sectors.
By applying a combination of green extraction strategies—including microwave-
assisted extraction (MAE), freeze—thaw techniques, and the use of environmentally
friendly solvents such as p-cymene and limonene—we successfully recovered a range
of molecular fractions with high bioactivity.

Elemental analyses revealed a biomass composition marked by a high organic content
(47.1% carbon, 9.2% nitrogen, and 7.03% hydrogen), indicative of a metabolically
active system rich in proteins, lipids, and fermentable carbohydrates. The detection of
glucose (6.52 mg/mL), arabinose (3.12 mg/mL), and xylose (0.51 mg/mL) supports
potential prebiotic applications. Additionally, degradation-resistant compounds such as
hydroxymethylfurfural (2.14 mg/mL) and levulinic acid (0.63 mg/mL) confirmed the
thermal stability of Spirulina biomass, further reinforcing its suitability for bioenergy
and sustainable biorefinery applications (Rajasekar et al., 2019; Trigueros et al., 2021).
A central focus of the work was the characterization of antioxidant compounds.
Through solvent optimization, it was demonstrated that the phenolic yield is highly
dependent on the physicochemical characteristics of the extraction system. The superior
performance of p-cymene (100% yield) and limonene (65.84%) confirms the
importance of solvent polarity and aromaticity in maximizing recovery, as shown in the
literature (Romani et al., 2021). HPLC profiling revealed the presence of gallic acid,
caffeic acid, protocatechuic acid, ferulic acid, quercetin, and apigenin—each
contributing to a broad antioxidant and anti-inflammatory potential (Rice-Evans et al.,
1996; Shahidi & Ambigaipalan, 2015). These phenolics enable a dual function of
radical scavenging in both hydrophilic and lipophilic systems, further increasing
Spirulina’s therapeutic utility.

In vitro antioxidant capacity was validated using three complementary assays. The
TEAC value (0.40 + 0.03 g/g) places Spirulina extract on par with or superior to other
microalgae and plant-based antioxidants such as green tea (Goiris et al., 2014), while
the FRAP and DPPH assays confirmed its electron-donating and radical-quenching
abilities, respectively (Christaki et al., 2013; Soltani et al., 2023). These data reinforce
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the idea that Spirulina constitutes a powerful functional food ingredient capable of
preventing oxidative stress-related pathologies.

Importantly, the antioxidant potential was validated in a cellular oxidative stress model.
Cells exposed to 30% hydrogen peroxide exhibited severe viability loss; however,
treatment with water-extracted phycocyanin not only mitigated this damage but restored
metabolic activity to near-normal levels. This observation strengthens the hypothesis
that phycocyanin maintains its protective functionality even when extracted using green,
solvent-free methods (Romay et al., 2003; Patel et al., 2020). This opens avenues for its
incorporation in cytoprotective therapies for oxidative pathologies such as
neurodegeneration, atherosclerosis, and inflammatory diseases.

The proteomic analysis added further depth to this characterization by identifying 47
proteins, many of which are directly or indirectly associated with antioxidative,
antitumor, and anti-inflammatory pathways (Chen et al., 2022; Fernandes et al., 2023).
This includes key components such as phycobiliproteins (e.g., phycocyanin and
allophycocyanin), ribosomal subunits, Rubisco, and chaperones, which collectively
underline the metabolic richness and functional potential of the biomass.
A particularly novel contribution of this research is the molecular characterization of
endogenous microRNAs. Two conserved plant miRNAs, miR159a and miR166a, were
successfully extracted and amplified, pointing toward Spirulina’s potential role in cross-
kingdom gene regulation. The literature reports miR159a as a regulator capable of
silencing oncogenic MYB genes, reducing tumor proliferation in vivo without off-target
effects (Chin et al., 2016; Zhou et al., 2015). These findings confirm that Spirulina’s
bioproducts extend beyond classical secondary metabolites to include nucleic acid-
based bioactivity.

Of great relevance to future translational research, this thesis highlights ongoing efforts
to isolate miR-335 from phycocyanin fractions. This microRNA has shown promise in
neuroprotection, particularly against Alzheimer’s disease. Li et al. (2020) demonstrated
its ability to modulate genes involved in inflammation and apoptosis in neural cells,
providing hope for therapeutic applications in neurodegenerative disorders (Li et al.,
2020b).

This multi-omics approach—combining biochemical, proteomic, transcriptomic, and
functional data—clearly demonstrates that Spirulina is far more than a dietary

supplement. It represents a scalable and sustainable source of multifunctional bioactive
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compounds that can be integrated into novel therapies, functional foods, anti-aging
formulations, and disease-modifying interventions.

Looking forward, future research should focus on expanding the current findings
through a multidisciplinary approach aimed at consolidating the therapeutic potential of
phycocyanin-associated microRNAs. In particular, RNA-Seq profiling will be essential
to broaden the repertoire of functional miRNAs and to better characterize their
regulatory networks. Furthermore, the biological activity of miR159a and miR-335
should be investigated in more complex pathological contexts, including cancer and
Alzheimer’s disease models, in order to evaluate their translational relevance. Parallel
efforts should also be directed toward the development of innovative delivery systems
capable of improving miRNA stability and bioavailability, with particular interest in
phycocyanin-based protein scaffolds as biocompatible carriers. Additionally,
longitudinal in vivo studies will be required to validate the absorption, distribution,
metabolism, and excretion (ADME) profiles, ensuring a comprehensive understanding
of pharmacokinetics and safety. Finally, the industrial scaling of green extraction
protocols represents a crucial step to facilitate the integration of these bioactive
compounds into the global biopharma and nutraceutical markets, promoting sustainable
and economically viable applications.

In conclusion, this study contributes not only to the scientific understanding of
Spirulina’s molecular architecture but also to its real-world potential in human health.
By integrating environmentally sustainable methodologies with high-throughput
analytical techniques, this thesis lays the groundwork for Spirulina’s transition from
nutritional supplement to a key player in personalized, preventive, and regenerative

medicine.
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