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Resumo

O termo "microalga” descreve uma ampla variedade de espécies de algas microscopicas,
tanto eucariotas (como as diatomaceas ou as algas verdes) quanto procariotas, como as
cianobactérias. As microalgas compdem um grupo pouco explorado de organismos, com
menos de 10 % das espécies descritas em relacdo ao total estimado. Geralmente, sdo
organismos fotoautotréficos que capturam CO2 como fonte de carbono e utilizam luz
solar como fonte de energia. Sdo até 50 vezes mais eficientes que as plantas superiores
na fotossintese, o que Ihes confere maior rendimento de biomassa e maior taxa de
crescimento. Além disso, sdo um grupo altamente biodiverso, e podem ser encontradas

espécies adaptadas para sobreviver em uma ampla gama de condi¢fes ambientais.

O metabolismo das microalgas é altamente influenciado pelas condi¢Ges ambientais do
cultivo, tornando possivel modifica-las de forma controlada para controlar seus ritmos de
crescimento e otimizar a composicdo bioguimica das microalgas de acordo com o0s
interesses comerciais de seu cultivo. Entre os compostos naturais encontrados nas
microalgas estao acidos gordos, proteinas, vitaminas, polifendis, pigmentos carotenoides,
entre muitos outros. Gragas as suas propriedades, as microalgas sdo Uteis para a
descoberta e producéo de produtos naturais com aplicacdes terapéuticas, nutricionais, na
producdo de biocombustiveis e até mesmo na biorremediacdo e tratamento de aguas.
Além disso, devido as suas caracteristicas naturais, 0s processos produtivos que utilizam
microalgas estdo alinhados com as politicas de bioeconomia circular promovidas pela
Unido Europeia para acelerar o progresso em direcdo a uma economia com baixas

emissoes de carbono.

Apesar de todas as vantagens das microalgas, os produtos delas derivados ainda néao
conseguiram entrar no mercado para substituir os concorrentes atuais (por exemplo,
combustiveis fosseis ou medicamentos sintetizados por processos altamente poluentes).
Isso deve-se aos altos custos do cultivo e processamento das microalgas, bem como a
problemas de escalabilidade. Uma das possiveis solu¢Bes para tornar os produtos de
microalgas economicamente viaveis € a inovacdo. Ao descobrir novas espécies e
conhecer melhor as caracteristicas e composic¢ao das microalgas, sera possivel otimizar
as suas condicdes de cultivo e processamento, permitindo que entrem no mercado como

uma alternativa verde e competitiva.



Historicamente, a pesquisa tem se concentrado na extracdo de biocombustiveis das
microalgas, mas na Ultima década, a extracdo de compostos de valor acrescentado e a
producdo de nutracéuticos tém ganhado maior relevancia, uma vez que € necessario
extrair o maximo possivel de produtos das microalgas para capturar completamente o

valor de seu cultivo.

O objetivo deste trabalho foi identificar compostos bioativos da microalga Tetraselmis
striata CTP4. Esta espécie foi isolada na Ria Formosa, Portugal, e tem mostrado
resultados promissores na producdo de biocombustiveis e nutracéuticos, além de ter sido
cultivada com sucesso a escala industrial. No entanto, sua composi¢do e muitas de suas

propriedades ainda ndo foram completamente descritas.

Para cumprir os objetivos deste trabalho, a biomassa foi processada com a ajuda de um
moinho de bolas de aco inoxidavel e foram preparados extratos de hexano, etanol e
acetato de etilo usando um sistema automatizado de extracio (EDGE®). O uso de
solventes com diferentes polaridades permitiu alargar o espectro de compostos extraidos.
Além disso, o etanol e o acetato de etilo sdo compativeis com a producédo de preparagdes
alimentares. Os extratos foram submetidos a testes de atividade antioxidante através dos
ensaios ABTS, DPPH e FRAP. Também foi testada sua atividade na regulacdo da
hipertensao arterial através de ensaios de inibicdo da enzima conversora da angiotensina
(ACE). Todos os ensaios foram realizados em diferentes concentragcdes para calcular o
pardmetro ICso de cada extrato em cada teste. Foi constatado que o extrato de acetato de
etilo era 0 mais bioativo, com resultados de ICso de 4,1 + 0,7 mg/mL, 6,6 £ 0,9 mg/mL e
4,0 + 2,0 mg/mL para os testes ABTS, DPPH e FRAP, respetivamente, aléem de um valor
de 0,40 £ 0,07 mg/mL para o ensaio de inibicdo da ACE.

O extrato de acetato de etilo foi submetido a fracionamento por HPLC originando 41
fragdes. Algumas das fragdes com menor massa foram combinadas para obter a massa
necessaria para a analise da bioatividade, enquanto que as fragcdes que tinham massa
suficiente foram mantidas como foram coletadas inicialmente. Dessa forma, foram
obtidas 16 fragdes finais (A-P) que foram submetidas aos mesmos testes de bioatividade
que o extrato original de acetato de etilo. As fragdes C, G, N e O foram identificadas
como as fragdes com os maiores niveis de bioatividade em relagdo ao extrato original de
acetato de etilo. Isso significa que os compostos bioativos estavam concentrados nestas

fragdes.



Para a identificacdo tentativa de alguns dos compostos bioativos presentes nas fragoes,
recorreu-se a cromatografia liquida acoplada a espectrometria de massa. Os espectros
obtidos para cada uma das fragdes foram comparados com espetros encontrados nas bases
de dados (NIST, Wiley) que contém centenas de milhares de espectros. Foram
identificados tentativamente 16 compostos, muitos dos quais possuem funcionalidades
antioxidantes ou tém similaridades estruturais com inibidores conhecidos da ACE. Além
disso, a estrutura principal vanillin-semicarbazone do composto numero 14, 4-
(hexyloxy)vanillin-semicarbazone, € uma molécula descrita na literatura como um
potencial agente antitumoral e com comprovadas propriedades antioxidantes e

antibacterianas, entre outras.

Este estudo abrange os primeiros passos necessarios para a descoberta de moléculas
interessantes em microalgas. Pesquisas futuras devem repetir o fracionamento do extrato,
isolar os compostos de interesse e confirmar a sua estrutura atraveés de ressonancia
magnética nuclear. Posteriormente, os compostos devem ser purificados e submetidos a
diferentes testes e ensaios clinicos para confirmar as suas propriedades bioldgicas e
estudar o seu modo de acdo. Posteriormente, a sua possivel producdo em larga escala, e
comercializacdo como medicamentos, nutracéuticos ou alimentos funcionais podera ser

equacionada.

Em resumo, este estudo confirmou as propriedades antioxidantes dos extratos de
Tetraselmis striata CTP4, além de revelar as suas propriedades anti-hipertensivas.
Também abriu caminho para a identificacdo de alguns dos compostos bioativos
responsaveis pelas propriedades observadas. Dessa forma, expandiu-se o conhecimento
sobre esta espécie de microalga e consolidou-se o seu futuro promissor como fonte

sustentavel de compostos bioativos.

Palavras-chave: Microalgas, antioxidante, anti-hipertensivo, compostos bioativos,
compostos de alto valor.



Abstract

Microalgae are an untapped resource with numerous potential commercial applications
in biofuels production, drug discovery and production, food and feed, cosmetics, and
environmental remediation, among other fields. They display unique properties such as
tuneable growth rates and biochemical composition, higher photosynthetic efficiency
than higher plants, and low water intensity cultivation. Also, there is a wide variety of
microalgae species that can be cultivated in diverse environmental conditions, and it is
estimated that most of the species have not been described yet. In short, the cultivation of
microalgae offers a green alternative to many goods, products, and processes. However,
projects involving products derived from microalgae cultivation struggle to be
economically feasible because of high costs, inefficient processes, and problems of
scalability from laboratory to industrial scale. Expanding our knowledge on microalgae
is key to fully unlock their potential. For instance, the study of new promising strains
could yield the discovery of natural compounds with interesting therapeutical or
nutritional applications. This work is focused on the study of the bioactivity of
Tetraselmis striata CTP4, a promising strain of microalgae isolated in Faro, Portugal.
Biomass was processed and extracts of different solvents were elaborated and tested for
their antioxidant (ABTS, DPPH, and FRAP assays) and antihypertensive (angiotensin
converting enzyme - ACE - inhibition assay) activity, finding the ethyl acetate extracts as
the most bioactive overall. This extract was further divided in fractions using preparative
HPLC and the fractions tested again to narrow on the bioactive compounds. Finally, the
four most interesting fractions were analysed through LC-MS to tentatively identify the
compounds that possibly caused the observed bioactivity. Sixteen compounds were
tentatively identified, most of them with antioxidant moieties and some similarities to
traditional ACE inhibitors. Interestingly, compound 14, 4-(hexyloxy)-vanillin-
semicarbazone, is a derivative of the vainillin-semicarbazone molecule, proven to have
anticancer, antioxidant, antibacterial, and anti-inflammatory activity and is here described
for the first time in T. striata CTP4, and, to the best of our knowledge, in microalgae in
general. In summary, This work opened the door for the identification of bioactive

compounds in T. striata CTP4.

Keywords: Microalgae, antioxidant, antihypertensive, bioactive compounds, high-value

compounds.
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1. Introduction

1.1 Microalgae: Characteristics and market potential

The term microalgae describes a wide range of microscopic algae species. It comprises
both eukaryotic (e.g., diatoms, green algae) and prokaryotic (e.g., cyanobacteria) mainly
photoautotrophic organisms. They make up the most biodiverse group of living
organisms, and they are present in most ecological niches in both marine and terrestrial
waters. More than 50,000 species of microalgae have been described, but the total number
is estimated to be around 800,000

Microalgae are generally autotrophic organisms that use CO; as their carbon source
together with sunlight to obtain energy and perform photosynthesis. Microalgae are the
predominant component of phytoplankton and they are accountable for more than 40 %
of the global photosynthetic primary production (oxygen supply)?. In fact, microalgae are
10-50 times more efficient than higher plants in transforming solar energy, consequently,

they display much higher biomass production yield and faster growth rates®.

Due to the high biodiversity of the group, it is possible to find microalgae species adapted
to survive in all sorts of environments, including a wide range of pH, temperature,
salinity, and light exposure conditions. Furthermore, microalgal metabolism is highly
conditioned by growth conditions, meaning that growth rate and biochemical composition

can be tuned and optimised for any given species and purpose®.

There is a vast array of valuable biomolecules that can be obtained from microalgal
biomass, including but not limited to antioxidants, pigments, anti-inflammatory
compounds, essential fatty acids, polyunsaturated fatty acids, proteins, vitamins,
polyphenols, and polysaccharides®. Actually, although land plants are highly exploited
for their production of natural products, the diversity of compounds produced by algal

species is estimated to be over 10 times greater than those produced by land plants®.

In addition, thanks to their adaptability, microalgae cultivation can be carried out using
waste inputs such as wastewater. In this way, high value biomass can be created while
remediating polluted influxes and capturing CO-. This goes in line with the principles of
circular bioeconomy, which the European Union embraces to accelerate progress towards

a circular, low-carbon economy’.



All these characteristics made microalgae a very appealing subject of study in the recent
years, as commercial applications can be found in diverse areas: biofuels, high-value
chemicals, bioactive compounds with application in the cosmetic and pharmaceutical

industries, nutrition, and environmental remediation, among others®.

However, commercialization of microalgae-derived products still faces some important
challenges, most of them related with the scalability of the cultivation and the economic
feasibility of the projects. It is for this reason that innovation is much needed to finally
unlock the full potential of microalgae as a source of food, energy and high value

compounds, as outlined in Figure 1°.

Figure 1. Innovation is the key to unlock the path of microalgal technologies to the market.

1.2 Historical overview

Microalgae have been used as a food source for thousands of years. The first evidence
traces back to China 2000 years ago, when Nostoc was consumed to survive through a
famine. Several other cultures around the world are known to regularly consume
microalgae, specially being a high-valued food source for communities in arid regions
where other food sources are limited®. For instance, the population of Chad harvest
Arthtrospira (‘dihé’) from Lake Kossorom daily to use it as a food. The species N.
commune, N. flageliforme and N. punctiforme are traditionally consumed in China,
Mongolia, and South America. In Japan, the cyanobacterium Aphanotheca sacrum is
considered a special delicacy. Indigenous Mexican communities collected blue-green



algae from Lake Texcoco to prepare a dry cake known as ‘tecuitlatl’, according to early

Spanish chroniclers?.

Despite this rich background, laboratory cultivation of microalgae only started in late 19"
century and commercial large-scale production in the second half of the 20™ century. In
the 1950’s concerns raised about insufficient protein supply for a fast-growing world
population, and algal biomass was presented as a good candidate to solve the issue. The
first Algal Mass-Culture Symposium took place in 1952 at Stanford University, where
new technologies were suggested for mass exploitation of microalgae apart from being
harvested from the environment. Arthrospira was declared a ‘food for the future’ in
1974’s United Nations World Food Conference and kept gaining popularity in later World
Health Organization and Food and Agriculture Organization events, being presented as
an alternative to achieve food of high quality with low environmental impact, rich in

minerals and protein and safe to be administered to children®1°,

In this context, interest in applied algal culture continued and the systematic examination
of algae for biologically active substances, particularly antibiotics, began. During the
second half of the century different events increased interest in certain applications. The
space race fuelled research on microalgae as CO> capture systems. Later, with the raise
of environmental technology, microalgae were used to improve the quality of wastewater

and in bioremediation processes*!.

Due to the 1970’s oil crisis, large investments were made in research of microalgae as a
renewable energy resource under the ‘Aquatic Species Programme’ funded by the US
Department of Energy. The most important conclusion of the programme was that ‘the
conditions that promote high productivity and rapid growth (nutrient abundance) and the
conditions that induce lipid accumulation (nutrient limitation) are mutually exclusive.
Further research will be needed to overcome this barrier probably involving genetic
manipulation of algal strains to increase photosynthetic efficiency or to increase
constitutive levels of lipid synthesis in algal strains.” Another research-intensive
campaign worth mentioning is the Japanese Biological CO> Fixation Programme during

the 1990’s, although its outcomes are not as clear*.

Research in microalgae has been driven both by basic research, for instance when
screening for high value molecules or isolating undescribed strains, and by applied

research, when bursts of interest came from the political priority to solve certain problems

3



(e.g., oil crisis). This context quickly generated a vast innovation pathway that brought
advances in phycology, biochemistry, nutrition, pharmacology, engineering, pollution

remediation and genetics, among others*2,

Efforts are now focused on mid and downstream processing and genetic manipulation to
improve the efficiency and thus the economic viability of the derived products. In this
sense, plants called ‘biorefineries’ are now being assessed as an option to further increase
the market potential of microalgae by combining the extraction of different derivatives in
one single installation (e.g., biofuels, high wvalue chemicals and wastewater

remediation)*3,

Figure 2 shows the evolution of research interest in different topics concerning
microalgae over time. It must be considered that because of the commercial sensitivity of
applied research, most of the studies on microalgae pre-2005 were not published in the
form of academic papers. Interest in microalgae for food and nutrition, biofuels,
biorefineries and high-value compounds grew exponentially in the 2005-2015 period,

while a moderate linear growth is observed in wastewater treatment with microalgae.

The excitement over biofuels slowed down around 2015 when food and nutrition and
high-value chemicals became the two most important microalgae research topics. This is
because the scientific community reached a consensus around the economical non-
viability of biofuels, that can only be achieved if combined with other processes such as
the extraction of high-value chemicals, the production of nutrients or the treatment of
wastewater in systems known as biorefineries. In fact, biorefineries also show an
exponential increase and are expected to surpass biofuels as a research trend in the

following years.
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Figure 2. Number of publications by category of microalgae applications over time. Results obtained on
January 30" 2023, from Web of Science search engine over a period until 2021 with the following
keywords: TS = (microalgae AND (protein OR food OR nutrition OR feed OR novel food OR functional
food)) for food and nutrition, TS = (microalgae AND (molecules OR bioactive OR compound)) for high-
value molecules, TS = (microalgae AND (wastewater OR polluted water OR water remediation)) for
wastewater treatment, TS = (microalgae AND (fuel OR biofuel OR oil OR biooil)) for biofuels and TS =
(microalgae AND biorefinery) for biorefineries. Dotted lines are a linear extrapolation into the future from
period 2015-2020 data. Updated and adapted from 2,

1.3 Commercial applications of bioactive compounds from microalgae

The transition from laboratory culture to viable commercial plants is not easy and

certainly not equal for different microalgae derivatives. Challenges include®3:

e High installation and operation costs, specifically in downstream processing as
algae must be separated from culture medium in which they are very diluted,
usually a few grams of biomass per litre.

o Difficulties to control culture conditions, especially in open ponds, where
environmental abiotic conditions (e.g., temperature, pH, light intensity) play an
important role.

e Microbial contamination with strains different from the one of interest (leading to
the production of an undesired species) or with algal predators (leading to culture

collapse).



Because of these bottlenecks, commercially viable products are mainly high value
compounds which balance the production costs with a high sell price and bulk products
that need little-to-no extraction like whole microalgae formulations for food. Some of the
most relevant commercial applications are reviewed as follows, highlighting the

extraction of high-value chemicals for being the subject matter of this work.

The importance of the commercialization of bioactive compounds from microalgae goes
beyond the search for profit, but it unlocks a whole new range of natural products that
can be used as drugs, cosmetics, food, or nutraceuticals, and provides additional channels
of revenue for microalgae use in critical industries such as biofuels production or

wastewater management.

1.3.1 Microalgae for human and animal nutrition

As explained before, microalgae original purpose was to serve as a food, from the
traditional harvesting techniques in different lakes around the world to the large scale
cultivation ponds. The main factors to be assessed when trying to approve a microalgae-
derived product for human and/or animal consumption are chemical composition,
presence of biogenic and xenobiotic toxicants, protein quality and microbial

contamination®®.

Chemical composition of microalgae varies largely from strain to strain and even in
batches of the same strain, as these organisms change their biochemical composition
depending on the growing conditions. In general terms, microalgae are rich in protein.
High-protein content was the original reason to consider these organisms as food. They
show an average content of 40 % of protein that can grow up to 70 % for certain strains
and growth conditions. The second major constituent is lipids and then carbohydrates,
although they present higher variability. These values are similar to the ones of meat and

eggst.

The most common microalgal product for nutrition purposes is dry biomass. This simple
microalgal product contains natural antioxidants such as carotenoids and phenolic
compounds, as well as vitamins, essential amino acids, minerals, poly unsaturated fatty
acids (PUFAs), and other bioactive compounds that grant anti-inflammatory and
anticoagulant properties. All of these in addition to the high-quality protein and

carbohydrate content®®.



Dry microalgal biomass is usually found in the form of capsules or powder and labelled
as food supplement. For now, only a few formulations have been approved in the EU or
USA. The limiting factors for the development of this novel food are the strong colour
and flavour, that restrict public demand and acceptance. It can also be incorporated in
other food preparations such as yogurts or mayonnaise to enhance their nutritional
properties, but usually causing changes in colour, flavour or the food matrix that
potentially hinder market acceptance, although some products are quickly improving in

this sense’®.

An alternative to dry microalgae biomass are extracts of microalgae. These extracts are
obtained after a simple treatment of the whole dry biomass. Because downstream
processing is being added, the costs are higher, but there are some interesting advantages.
For example, beneficial bioactive compounds are much more bioavailable when the cell
walls are disrupted. Extracts are a good option when trying to increase specific nutritional
values in food, for instance, adding 0,5 % w/v of Pavlova luteri lipid extract to yogurt
can improve by 300 % the total n-3 PUFASs content*,

Dry microalgae can also be used as an alternative source of protein for animal feeding.
Non-ruminants (poultry, pigs, rabbits) cannot digest algae’s wall cellulosic material, SO
only processed algal biomass or thin-wall microalgae could compete with current feed.
The few studies published in this sense agree on microalgae being a good partial substitute
for conventional protein, although further research is needed to fully understand the
effects of the substitution in animal health and in the organoleptic properties of the
products derived from the animals. However, microalgae for feeding of ruminants has
also failed to attract the interest of researchers and industry, because of the large amount
of algal biomass required and the technical difficulties present in the process. Results on
microalgae animal feeding are however still to be settled and further research is needed

in this area®®.

1.3.2 Microalgae for high-value bioactive compounds

Microalgal biomass contains a high number of metabolites of commercial interest in
different fields. Large scale production of some bioactive compounds such as vitamins,
proteins, PUFASs, pigments has proven to be profitable. Many of these compounds
(carotenes, oleic acid, vitamin E, vitamin B12, lutein, phycocyanin) present antifungal,

antiviral, antioxidant, anti-inflammatory or antibiotic actions, among others, making them



attractive for the pharmaceutical industry, but also for cosmetics, nutraceuticals and food

supplements or additives?.

Table 1 shows some examples of bioactive compounds proven to be extractable from
microalgae and marketable. Carotenoids and fatty acids are probably the most studied and
optimized groups of compounds but it is also possible to extract polysaccharides with
uses in the pharmaceutical and food industry'’; polyphenols and several other types of
antioxidants; and pigments like phycobiliproteins, phycocyanin or chlorophyl, along with
diacylglycerols, sterols, and linear alkadienes®®.

Table 1.Selected examples of bioactive compounds extracted from production. Adapted and
completed from ©.

Substances Microalgal species Dry weight (%) Properties

Carotenoids

Lutein Dunaliella salina 0.4-0.8% Antioxidant, eye
health
[-Carotene D. salina 10 % Antioxidant, vitamin

A precursor

Fucoxanthin Chaetoceros sp., Cylindrotheca sp., 1.5%-2.0 % Antioxidant,
Odontella sp., Phaeodactylum sp., antidiabetic,
Isochrysis sp. anticancer,

neuroprotective

Astaxanthin Haematococcus sp., especially H. 1%-8 % Antioxidant

pluvialis

Essential fatty acids

Eicopentaneoic Phaeodactylum tricornutum, 0,7 %-6.1 % of Anti-inflammatory,
acid (EPA) Monnodus subterraneus, the total lipids cardiovascular health,
Porphyridium cruentum, Amphora mental health
sp.
Docosahexanoic Arthrospira platensis, Rhizosolenia  17.5 %-30.2 % of  Anti-inflammatory,
acid (DHA) setigera, Thalassiosira stellaris, total lipids brain health, eye
Crypthecodinium cohnii, Isocrysis. health, cardiovascular
health

In contrast with the irregularity and uncertainty of the microalgal biofuels, there is a good
market trend guaranteed for bioactive compounds from microalgae by the fact that
consumer preferences are changing towards environmentally friendly products. For

instance, PUFAs demand is likely to become unsustainable in the future because most of
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it comes from fish oil. Chemical synthesis is not likely to be profitable due to the
complexity of natural compounds, so extraction from microalgae could be an attractive

solution®.

On the other hand, it must be considered that bioactive compounds are usually secondary
metabolites in microalgae. This means that cellular concentrations in wild strains are
rather low. For the harvesting of these compounds from microalgae to be profitable and
interesting, advances in genetic engineering must happen to improve the growth and
biochemical profile of microalgae. By using mutagenesis, adaptative evolution, and other
genetic modification techniques, wild strains could be optimized to produce certain

products thus creating microalgae-based ‘bio-factories’.

This research work is focused on screening a strain of microalgae looking for antioxidant
and antihypertensive activities, and trying to identify the compounds that cause them.

These compounds are further described in the following sections.

1.3.2.1 Antioxidant compounds

The agreed definition for an antioxidant compound is “a substance that, when present at
low concentrations compared with those of an oxidizable substrate, significantly delays
or prevents oxidation of that substrate”?®. Antioxidant molecules in microalgae (and in
most of the living organisms) are produced to protect the cell from reactive oxygen
species (ROS), i.e., by reducing oxidative stress. Generally, ROS refers to derivatives of
the O2 molecule that are more reactive than oxygen itself; sometimes as free radicals with
at least one unpaired electron (O2™-, OH-), and sometimes as nonradical molecules (H20>,
10,)2,

Oxidative stress is a complex chemical and physiological phenomenon that accompanies
most of the biotic and abiotic stresses of an organism and it is caused by the
overproduction and accumulation of ROS. ROS are not malign themselves as they serve
key biological function (defence against pathogens and cell signalling, among others). It
is only their chemistry that causes harm. ROS have very diverse toxicities and
mechanisms of action. For instance, hydrogen peroxide is not particularly toxic, but it can
diffuse throughout cell membranes and oxidize sulfhydryl groups of amino acids thus
causing key enzymes to denature. It also reacts with DNA and with transition metals
present in the cell generating highly reactive hydroxyl radicals, that promote lipid

peroxidation and protein and nucleic acid denaturation. There are no enzymes able to
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deactivate these latter radicals, so they can ultimately lead to cell death if the

concentration of antioxidants is not enough no quench them?.,

In human health, oxidative stress is related to a wide variety of diseases. Cancer can be
driven or promoted by chromosomal modification and oncogene activation caused by
oxidative stress. Oxidative stress is both a primary and a secondary cause for
atherosclerosis and thus of cardiovascular diseases. It also plays a pivotal role in the
development of neurological diseases like Alzheimer’s, as well as in respiratory and

kidney diseases and in rheumatoid arthritis?2.

ROS accumulation can be triggered by diet rich in fats, sugars, and processed food; a
sedentary lifestyle, alcoholism and smoking, or environmental factors such as exposure
to pollution or radiation. Oxidative stress can be prevented by avoiding the conditions

mentioned and including antioxidant-rich food and supplements in the diet®.

Antioxidants work by scavenging the free radicals. They stabilize them either accepting
or donating electrons. The human body has some endogenous antioxidants like
gluthathione or L-arginine, but exogenous antioxidants like vitamin E and C, flavonoids,
polyphenols, and tocopherols are also fundamental to keep the oxidative balance??. As
Figure 3 shows, a lot of different antioxidants from mentioned categories can be found in

microalgae.
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HO. ~° g . B-Tocopherol R, =R, = CH,, R, = H
— \/\/\/\/\/\/j\ y-Tocopherol R, = R, = CH,, R, =H
R (g} N .
HO OH HO' OH 2 = 8-Tocopherol R, = CH,, R, =R, =H
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_OH
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Figure 3. Examples of antioxidant compounds found in microalgae. Adapted and summarized
from?,
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1.3.2.2 Antihypertensive compounds

Hypertension is a chronic disease in humans. It is a very common multifactorial disorder,
and it is considered one of the major causes of premature death. It is defined by
permanently presenting a blood pressure over a certain threshold. Hypertension increases
with age, and it is deeply related to cardiovascular diseases. The causes of it are yet to be
understood but some very relevant factors are: high body mass index, insulin resistance,
alcohol, tobacco and salt intake, low potassium and calcium intake, stress, sedentary

lifestyle?*,

There are around 1.5 billion people in the world affected by hypertension, and 40 % of
them are “uncontrolled” and need to take at least two hypotensive drugs. The most
common therapeutic target is the angiotensin-converting enzyme (ACE). Briefly, ACE
converts angiotensin into angiotensin Il which increases blood pressure through
vasoconstriction. This process is framed in the renin-angiotensin-aldosterone system
(Figure 4)%.

wenin ()
Angiotensinogen —1—» Angiotensin |

g l— ACE

Angiotensinll

vl Bl sl s Renal tissue Myocardium Adrenal Gland Brain
muscle
| | | | |
Vasoconstriction Na+ and water Contraction Aldosterone Vasopressin
retention secretion secretion
Growth Hypertroph
prompting factor ve l By Catecholamine Thirst

secretion |

> BLOOD PRESSURE REGULATION -

Figure 4. Renin-angiotensin system and its effect on different tissues. Adapted from?s,
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Most of the discovered and marketed drugs to treat hypertension, such as captopril,
enalapril, lisinopril and benzapril, work by inhibiting ACE and thus reducing angiotensin
Il blood concentration. However, synthetic drugs cause severe side effects such as erectile

disfunction, angioedema and congenital malformations?>.

It is in this context that natural biopeptides arise as a highly attractive solution. Some
biopeptides have ACE inhibiting activity while little-to-no side effects. These substances
are often found in foods like fish, eggs or mil; but also in microalgal extracts. In fact, the
ACE inhibitory activity of microalgal extracts has been a subject of interest for the last

30 years since it was first studied in Chorella vulgaris?®.

The biopeptides found in microalgae are usually short chain biopeptides consisting in 2-
12 amino acids (Figure 5), they are stable in the mammalian gastrointestinal tract, and
most of them are non-competitive inhibitors of ACE. There is a wide range of different
hypotensive biopeptides obtainable from microalgae. Different species yield biopeptides
variable in length, functional groups, and inhibitory activity. It is for this reason that it is

fundamental to screen new species and strains for ACE inhibitory activity, as they may

reveal improvements in hypertension treatment?.

Figure 5. Molecular docking of ACE and the biopeptide VHW (Val-His-Trp) found in Chlorella
vulgaris ?’. Adapted from %,
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1.4 Safety and regulatory concerns

Microalgae, as a new source of chemicals and food, can pose various risks to human
health and the environment. These risks include the presence of allergens, toxins,
pathogens, heavy metals, and pesticides. Also, as discussed before, the innovation
pathway of microalgae aims towards genetic modification, thus creating new risks that
must be thoroughly evaluated before placing related products in the market. It is the job
of the different regulation agencies to decide whether the consumption of microalgae

products or derivatives is safe?®,

Food allergy is an exacerbated immune reaction of the human body to harmless
compounds present in food, specifically, to some antigens in the form of proteins or
polysaccharides. The introduction of novel foods with little to no presence in nowadays
markets can unveil unknown allergic conditions. The allergenicity of microalgae is yet to
be fully described. Most of the published studies are focused on airborne microalgae and
they report allergic reactions for several strains, but most of the reactions happened in
people who were already sensitive to moulds or food. For now, consensus is that allergy
to microalgal products can pose a serious risk for already sensitive patients, but not for
the broader public. Actually, some of the strains that have been reported as allergens, have

also been described as a source of anti-allergenic compounds?®=°,

Some marine algae are known for their production of toxins that gives rise to serious
poisoning diseases in human health, especially when they are concentrated in fish and
shellfish. Microalgae of the Chlorellaceae family, to which Chlorella belongs, have never
been reported to synthesize toxins, however, some microalgae like Aphanizomenon flos-
aquae have been reported to produce significant levels of toxins. Considering that large-
scale cultures are never axenic, i.e., they do not contain only the strain of interest,
especially in open-pond cultures, biological contamination with toxic species is a risk to
consider. However, the presence of biohazardous toxins in microalgae culture is not
common enough to be a matter of serious concern. Still, constant monitoring of undesired
species and toxins present in the culture is fundamental to avoid accidents in this

sense3132,

Another risk associated to their consumption as food is the amount of nucleic acids that
microalgae contain. Total nucleic acid content is about 4 %-6 %, which is higher than

most plant-based food. Nucleic acid metabolism in humans leads to the accumulation of
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uric acid ultimately causing gout and other related diseases. This is one of the most

important factors to determine the recommended highest daily intake®.

There are some other risks not associated with microalgae intrinsically but with the
cultivation process. Every material, surface and chemical used in the cultivation process
can potentially transfer contaminants into the final product. Furthermore, open systems
like raceway ponds (which are the most usual when it comes to microalgae for food

cultivation) are susceptible to be contaminated by airborne materials®..

A critical aspect of the cultivation process is the quality of the water. Some production
schemes include low quality water (not drinkable) to couple microalgae production to
wastewater treatment. This increases the risk of heavy metal and pesticides
bioaccumulation in microalgae. The EU regulations allow for production of microalgae
derived products with not drinkable water if the final product complies with the food
safety regulations. For now, all examined products in the market found heavy metals
levels below safety limits. Also, pesticide contamination and accumulation is a matter of
concern®. The ability of the biomass to accumulate heavy metals or pesticides from water
depends on the characteristics of each strain (e.g., their cell wall biochemistry) and the
water conditions (i.e., pH, salinity, temperature, etc). On a final note, closed cultivation
systems such as photobioreactors or greenhouses grant a better control on water quality

than open systems like raceway ponds or marine water systems®!.

In Europe, the main regulation for food is the Regulation 178/2002 on food law
established by the European Food Safety Agency (EFSA). However, the consumption of
algae is a rather new phenomenon for the Europeans, and there are specific regulations
for what is considered ‘novel food’. According to the novel food regulation (Regulation
2015/2283 of the European Parliament and of the Council), novel foods means ‘any food
that was not used for human consumption in a significant degree before 15 May 1997
(when the first regulation on novel foods came into force), irrespective of the dates of

accession of member states to the Union’°,

The microalgae accepted as non-novel foods (significantly consumed before May 1997)
are Aphanizomenon flosaquae, Arthrospira platensis, Chlorella luteoviridis, Chlorella
pyrenoidosa, Chlorella vulgaris and an undefined Spirulina sp. Every other ingredient or
preparation from microalgae must be authorised following the procedure which includes

direct authorization from the EC and, almost always, a safety assessment by EFSA. There
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is a simplified process for novel foods that have a proven record of consumption in third
countries, from which microalgae could take advantage from. During the last decades, a
lot of microalgae products have been accepted as novel foods, such as the diatom

Odontella aurita, Tetraselmis chui, or DHA-rich oil from Ulkenia sp.%.

All the safety assessment studies performed by EFSA must be based on experiments,
research, and data previously published or collected and funded by the applicant. In
exchange, the applicant gets a five-year preference and exclusivity on the intellectual
property of the data provided. In practice, this means market exclusivity, because another
applicant should have to collect and fund all the data again to get an authorization during
those five years®. This is an excellent mechanism to ensure a high level of protection of
human health and environment whilst fostering innovation but may be a burden for small

innovators.

Finally, it is important to mention the safety and regulatory concerns over genetically
modified (GM) microalgae. As discussed earlier, genetic modification is needed to
bioengineer new microalgal strains with enhanced properties and biochemical
characteristics in order to make their cultivation economically feasible®>*°. European
regulations for genetically modified microalgae are different from the one mentioned
above, and they pose restrictions on their use and interaction with the environment to
ensure human and environmental health, as GM organisms can heavily disrupt
ecosystems. In this sense, applicable law are directives 2009/41/EC and 2001/18/EC, that
regulate research and production of genetically modified organisms and Regulation
1829/2003/EC, that covers GM food and feed®.

1.5 Microalgae used in this work

This work is focused on the isolation and identification of bioactive compounds from
Tetraselmis striata CTP4. Isolation of T. striata CTP4 was first reported in 2016%. It was
discovered during the screening of samples collected in a marsh area (Ria Formosa) in
Algarve, Portugal, near a wastewater treatment plant. This microalga species was isolated
while screening for robust, lipid-rich species for biofuel production. Its characterization
unveiled a fast-growing and euryhaline strain with interesting properties and biochemical

profile, which meant high potential for several commercial applications.

T. striata CTP4 has a relatively large cell size (9-22 mm) and lacks a flagellum (Figure

6), which makes it sediment easily, thus reducing biomass concentration and dewatering
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costs. The first tests showed a good ability of lipid induction under nutrient depletion (3-
fold increase in lipid content). Overall, it showed potential to produce a biofuel compliant
with several international regulations which require high levels of lipids with as little

unsaturation as possible 33,

Figure 6. Tetraselmis striata CTP4 under the microscope. Adapted from %,

Three years after its isolation, T. striata CTP4 was reported to have been cultivated in an
industrial facility, specifically in a 100 m® photobioreactor built by Allmicroalgae, S.A.%.
It is important to study the properties of the strain both at laboratory and industrial scale,
as some of them are likely to change. The industrially produced strain showed a highly
interesting biochemical profile with high protein (31.2 %) and dietary fibres (24.6 %)
content, but low lipid content, similar to that of the soybean. Also, a rich carotenoid and
vitamins outline was described, along with moderate antioxidant activity. These
properties reveal T. striata CTP4 as a good candidate for several commercial applications

apart from biofuel production.

Since its isolation and large scale production, T. striata CTP4 has been studied for several
applications such as wastewater treatment®®, CO sequestration®, and production of
functional foods®” and feed®. It also has been genetically improved to produce higher
amounts of pigment and fatty acids®®, and cultivated under different thermal and light

stimuli to improve the production of high value compounds*°.
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2. Objectives

The main goal of this work is to isolate and identify antioxidant and antihypertensive
compounds from the microalgae T. striata CTP4. To achieve this goal, specific objectives

were set:

e Evaluate the antioxidant and antihypertensive activity of T. striata CTP4 extracts
produced with mainly food grade not toxic solvents (e.g., ethyl acetate, ethanol,
and hexane).

e Produce fractions enriched in bioactive compounds.

¢ Analyse the most bioactive fractions and identify compounds possibly responsible

for the observed activity.

The present work aims to further expand the knowledge on the properties of T. striata
CTP4 and its bioactive compounds, hoping to consolidate its position as a promising

microalga with high potential for different commercial applications.

3. Materials and methodology
3.1 Chemicals

Solvents with different purity grades were used: methanol, ethyl acetate and acetonitrile
were HPLC grade, DMSO and ethanol (99.8 %) were analytical reagent grade and hexane
was commercial grade. Milli-Q water was produced inhouse through a Milli-Q Advantage
A10 Ultrapure Water Purification System (Merck, Germany). Trichloroacetic acid
(TCA), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), sodium chloride, potassium persulfate, gallic acid, sodium
phosphate dibasic and sodium phosphate monobasic were purchased from Sigma-Aldrich
(Germany). Ferricyanide was purchased from Acros Organics (Belgium). Ferrous

chloride and ferric chloride were purchased from VWR (Portugal).

Angiotensin Converting Enzyme from rabbit lung (>2.0 units/mg protein, modified
Warburg-Christian), and captopril were purchased from Sigma-Aldrich (Germany).

Peptide Abz-Gly-Phe(NO>)-Pro was purchased from Bachem (Switzerland).
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3.2 Microalgal biomass

T. striata CTP4 biomass was grown in-house (MarBioTech, CCMAR, UAIg) during
summer 2022 using a closed system of polyethylene sleeves, starting from the Petri dishes
that had the original isolate. The biomass was freeze-dried and preserved in dried and

sealed conditions at room temperature until used.

3.3 Experimental design

The experimental design is based on the classical chemistry research approach of
separation and test cycles. The approach was envisioned as a ‘funnel’ that starts at the top
end with the microalgal biomass. This is shown in Figure 7 and described as follows.

Figure 7. Funnel experimental approach.

The biomass was processed into a fine powder and then extracted using non-toxic food
grade solvents with different polarities (e.g., ethyl acetate and ethanol), and hexane
because of its low polarity, thus covering a wide range of extracted compounds. Each
extract was then tested for antioxidant and antihypertensive activities at different
concentrations. Results were analysed and the most active extract advances to the next
phase, which is separation in fractions through high performance liquid chromatography
(HPLC). The resulting fractions were then tested again for antioxidant and
antihypertensive activities. Finally, the most interesting fractions were sent to liquid
chromatography coupled with mass spectrometry (LC-MS) analysis to tentatively

identify the compounds possibly responsible for the analysed bioactivity.
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3.4 Biomass processing and extraction

Microalgal biomass was dried in an Alpha 1-2 LDPIlus freeze-dryer (Martin Christ) at
0.041 mbar and -63 °C during 48 h. It was then pulverised using a planetary ball mill
(Retsch PM 100). The biomass was introduced in the sealed jar along with the milling
stainless-steel balls. The mill performs radial oscillations in horizontal position. It was
programmed at 450 rpm for 5 minutes, with 10 second stops for cooling every 30 seconds.
This avoids possible degradation of labile compounds. Finally, the chunky biomass was
transformed into a green fine powder. This process was done just before the extraction
process to avoid losses by evaporation. The combination of freeze-drying and ball milling
ensures the breaking of functional cell structures facilitating the later extraction with

minimum loss of bioactive compounds.

The extraction was carried out with an energized dispersive guided extraction system
(EDGE®). The EDGE is an automated solvent extraction instrument commercialized by
CEM. It combines pressurized liquid extraction and dispersive solid phase extraction, and
it claims to be quicker and simpler than Soxhlet and other extraction methods*!. Figure 8

shows the EDGE instrument and its extraction cell (Q-cup).

| Q-cup
(extraction
cell)

Q-disc
(filter)

| Pierced
_| bottom cap

Figure 8. EDGE extractor (left) and scheme of an EDGE extraction cell or Q-cup (right). Adapted
from®L,

To perform an extraction with EDGE, the sample and some sand are added to the Q-cup,

that is also equipped with a filter at its bottom. The sand helps to promote contact between
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the biomass and the solvents, facilitating the extraction. EDGE’s robotic arm transfers the
Q-cup into a sealed chamber where programmed amounts of solvents are added from the
bottom to the gap between the cell and chamber walls and from the top. The walls of the
sample are heated up until a programmed temperature, causing the solvent to expand and
disperse into the sample through the holes in the bottom of the Q-cup. Due to the system
being sealed, pressure builds up allowing for the solvent to perform over its boiling point
at room temperature and it does not evaporate out of the Q-cup. After a set time of
extraction, the extract is collected in a glass collection vial and the Q-cup is transferred

to its original position*?. A schematic visualization of this process is shown in Figure 9.
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Figure 9. Schematic representation of the Q-cup during an EDGE extraction. Retrieved from®*.,

The extraction of the microalgal biomass followed the usual protocol developed in-house.
Firstly, the Q-cup was assembled including a S1 sandwich filter of two cellulose layers
with a glass fibre layer in between. Then, 1 g of microalgal biomass was added to the Q-
cup along with 1 g of fine sand. The Q-cup was placed in the EDGE rack waiting for the
program to start. The programme included, for each Q-cup, 3 cycles of extraction of 10
minutes (total of 30 minutes) using 20 mL of solvent in each extraction. Temperature was
set at 30 °C. It also included washing cycles at the beginning of the run and every time
solvent was changed. This process was carried out 5 times for ethanol and ethyl acetate
extractions and 6 times for hexane extraction to collect enough extract for the activity

tests and future fractionation. The collection vials were dried with a gentle nitrogen flow
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and the remaining solid extract was weighed and redissolved in DMSO or left in the solid

state, depending on the later assay.

The yield of the extraction was calculated dividing the weight of the extract after drying
by the weight of the biomass introduced in the Q-cup, following equation 1.

. w
Yield (%) = —2&extrect . 10Q (eq. 1)
Wdry initial biomass
Regardless of the extracts being dissolved in DMSO or in the solid state, samples were
always stored in the cold to avoid degradation of labile compounds. A long-term stock
was stored at -80 °C to minimize the degradation and a short-term stock was stored at -20

°C. Stock concentration was always 20 mg/mL.

3.5 Bioactivity assays

Bioactivity assays were performed in 96-well microplates. This technique falls under the
umbrella term of high throughput assays, that allow to test a high number of samples and
concentrations for different activities in a simple manner and short time span using just
microplates, pipettes, and a microplate reader. Microplates absorbance was read using a

Synergy HT Multidetection Microplate Reader (BioTec Instruments, USA).

3.5.1 Antioxidant activity assays

This set of assays tests the ability of the sample to act as antioxidant through different
mechanisms. On the extracts, these assays were performed for 5, 2.5, 1.25, 0.625, 0.3125
and 0.15625 mg extract/mL in DMSO in sextuplicate for three consecutive days (N=3).
They always included two colour controls for each sample. Every plate included negative
and positive controls in sextuplicate along with their colour controls. Gallic acid was the
reference antioxidant chosen as positive control. For the fractions, antioxidant assays
were performed for 1 mg/mL in triplicate for three different days, and controls were also

prepared in triplicate.

According to the literature, Ferric Iron Reducing Power (FRAP) reaction is based on a
single-electron transfer mechanism, while ABTS and DPPH assays’ reactions are more
complex and include a combination of single-electron transfer (SET) and hydrogen atom

transfer*®, This must be kept in mind when analysing the results.
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3.5.1.1 ABTS Assay

The ABTS assay is a very extended antioxidant activity assay for a wide range of matrix
samples, including algae and plants. Briefly, during the reaction, the antioxidant reduces
the ABTS-* radical into ABTS?". The radical is blue coloured (Amax=734 nm) while the
anion is colourless. The anion is firstly turn into the radical by reaction with potassium

persulfate, as shown in Figure 10.

N
HO,S S N— ]/\;I\ ntioxidan ]@\
\@B:N’ 4<S SO4H I \‘/\;r% =
N

+ F'Utassmm persulfate

ABTS * (=734 nm) ABTS 2 (coloress)

Figure 10. ABTS assay mechanism.

The protocol used was based on that of Re et al.** with some modifications. A stock
solution of ABTS was prepared dissolving 0.003514 g of potassium persulfate with
0.0203 g of ABTS in 5 mL of distilled water. The solution was stored at 4 °C in the dark.
Before using the stock solution, absorbance at 734 nm was measured and the
concentration of the solution corrected with ethanol if needed until an absorbance around
0.7. The rate of dilution needed was then applied to elaborate a working solution of

ABTS, that was freshly made every day.
The 96-well plate included:

e Sample wells with 10 uL sample and 190 uL of ABTS.

o Negative control wells with 10 uL of solvent (DMSO) and 190 uL of ABTS.

e Positive control with 10 puL of a 1 mg/mL solution of gallic acid and 190 pL of
ABTS. Although this control is not used in the calculations, it acts as a guarantee
of the good functioning of the assay.

e Colour controls with 10 uL of sample and 190 pL of distilled water.

After the reagents are added, the microplate was incubated for 6 min in the dark and the
absorbance read at 734 nm. The % of radical scavenging was measured based on the

decolouration of the sample (equation 2).
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Activity (%) = M 100 (eq. 2)
—

Where:

e A.- is the absorbance of the negative control.

o Asampie 1S the absorbance of the sample.

Also, the 1Cso parameter was estimated for the extract samples. It is defined as the

concentration of extract needed to scavenge 50 % of radical.

3.5.1.2 DPPH Assay
DPPH assay is also a very popular antioxidant test. It is based on the reaction of the stable
radical DPPH-, strongly purple coloured, with an antioxidant that reduces the radical to

its DPPH non-radical form, losing the purple colour (Figure 11).

02N 02N
N Antioxidant : ,N\©
O,N N 7 Oy,N NH
O,N O,N
2,2-diphenyl-1-(2,4,6-trinitrophenylhydrazinyl free 1,1-diphenyl-2-(2,4 6-trinitrophenyl)hydrazine
radical (DPPH-) (A,,,=517 nm) (DPPH) (colorless)

Figure 11. DPPH assay mechanism.

The protocol was based on that of Blois* with some modifications. A 120 uM solution
of DPPH was prepared with 0,0024 g of DPPH and 50 mL of methanol. This solution was

stored at 4 °C in the dark and only used in a one-week period. The 96-well plate included:

e Samples wells with 22 puL sample and 200 uL of DPPH.

¢ Negative control wells with 22 uL of solvent (DMSQO) and 200 uL of DPPH.

e Positive control with 22 uL of a 1 mg/mL solution of gallic acid and 200 uL of
DPPH. Although this control is not used in the calculations, it acts as a guarantee
of the good functioning of the assay.

e Colour controls with 22 uL of sample and 200 pL of methanol.
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After the reagents were added, the microplate was incubated 30 min in the dark and then
absorbance was read at 517 nm. The percentage of radical scavenging was estimated
using equation 2. Also, the 1Cso parameter was estimated for the extract samples.

3.5.1.3 FRAP Assay

This method is based on the ability of the samples to reduce ferric iron (Fe**). Antioxidant
substances in the sample will reduce potassium ferricyanide (Fe(CN)3) to form potassium
ferrocyanide (Fe(CN)2). This latter compound reacts with ferric chloride (FeCls) to form
a ferric-ferrous complex that displays and absorption maximum at 700 nm, showing a
blue-green colour (Figure 12). The reaction happens at an acidic pH upon addition of

trichloroacetic acid.

antioxidant

Fe(CN),> ——= Fe(CN),*

Ferricyanide Ferrocyanide

4Fe™ + 3Fe(CN),* —= Fe,[Fe(CN).],
Ferric Prussian blue

on Ferrocyanide ?Wax=?00 nm

Figure 12. FRAP assay mechanism.

The protocol is based on that of Megias et al.*® with some modifications. The following

solutions were prepared:

e Ferricyanide solution (1 % wi/v in distilled water)
e Trichloroacetic acid (10 % w/v in distilled water)

e Ferric chloride solution (0.1 % w/v in distilled water)
The 96-well plate included:

e Samples wells with 50 puL sample, 50 uL of distilled water and 50 uL of
ferricyanide.

e Negative control wells with 50 uL of solvent (DMSO), 50 uL of distilled water,
and 50 uL of ferricyanide. Although this control is not used in the calculations, it

acts as a guarantee of good functioning of the assay.
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e Positive control with 50 uL of a 1 mg/mL solution of gallic, 50 uL of distilled
water, and 50 uL of ferricyanide.

e Colour controls with 50 uL of sample and 100 pL of distilled water.

The microplate was then incubated for 20 min at 50 °C. Then, 50 uL of trichloroacetic
acid and 10 pL of ferric chloride were added to every well but the colour controls, that
were completed with 60 pL of distilled water. The microplate was then incubated for 10

min at 50 °C and, finally, absorbance was read at 700 nm.

Because this assay is based on the production of colour, the percentage of reducing
activity was estimated following equation 3. Also, the ICso parameter was estimated for
the extract samples.

Activity (%) = 2222 100 (eq. 3)
+

C

Where:

e A+ isthe absorbance of the positive control (gallic acid)

o Agampie IS the absorbance of the sample.

3.5.2 Antihypertensive activity assay

This assay is based on the ability of ACE to hydrolyse the peptide Abz-Gly-Phe(NO>)-
Pro or ‘substrate’, to generate 0-aminobenzoglycine (Abz-Gly) and a coproduct. Abz-Gly
is a fluorescent substance with Aexcitation = 365 nm and Aemmission = 405 nm. If the microalgal
sample can inhibit the enzyme, less fluorescence will be detected. For this assay, the 96-
well microplate used included a black coating between the wells to avoid interferences in
the measurement of fluorescence. The bottom of the wells remained transparent.
Captopril was selected as the positive control. It is a widely known and used

antihypertensive drug that inhibits ACE activity.

Extracts were tested in different concentrations, specifically 1, 0.5, 0.25, 0.125, 0.0612,
0.0306 mg/mL. Each of the measurements was done in triplicate during three different
days (N=3). There was no need of including a colour control in this assay because of it
being based on fluorescence measurement. Fractions were tested at 1 mg/mL in triplicate

during three different days.

25



The protocol followed was the one designed by Toldra et al.*’. The following stock

solutions were prepared:

e Buffer A: 18.171 g of Tris base and 0.136 mg of ZnCl, were added to 500 mL of
distilled water. pH was corrected with HCI 1 M until measuring 8.3. The solution
was kept in 4 °C until use.

e Buffer B: 1.8171 g of Tris base were added to 100 mL of distilled water. pH was
corrected using HCI 1 M until measuring 8.3. The solution was kept at 4 °C until
use.

e Buffer C: 1.8171 g of Tris base and 6.5745 g of NaCl were added to 100 mL of
distilled water. The solution was kept at 4 °C until use.

e ACE stock solution (500 mU/mL): 1 mL of buffer A and 1 mL of glycerol were
added to ACE 1 U. 10 aliquots of 200 uL were elaborated and stored at -20 °C
until use.

e Substrate solution: 10.35 mL of buffer C were added to 50 mg of substrate and 1
mL aliquots were elaborated. The aliquots were sonicated until complete

dissolution and stored in the dark at -20 °C.
e Captopril solution: 2.2 mg of captopril were added to 50 mL of buffer B. The

solution was kept at 4 °C until use.
Every assay day, the following working solutions were freshly prepared:

e ACE working solution (18 mU/mL): 180 uL of ACE stock solution dissolved in
4820 uL of buffer B.

e Substrate working solution (0.45 mM): 1 mL of substrate stock solution dissolved
in 21.2 mL of buffer C.

e Captopril working solution (1 mM): 25 uL of captopril stock solution to 4975 uL
of buffer B.

The 96-well plate included:

e Sample cells with 50 uL of sample and 50 uL of ACE working solution.
e Positive control with 50 uL of captopril working solution and 50 uL of ACE

working solution.
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e Negative control with uL of buffer B and DMSO. This mix is adjusted in each
case to match the amount of DMSO in each controlled sample after diluting the
extract in Buffer B to reach the desired concentration. In this way, the interference
caused by the DMSO disrupting the ACE enzyme is eliminated. The control also
includes 50 pL of ACE working solution. Apart from that, DMSO concentration

was always kept below 5 % to minimize this effect.

The microplate was incubated at 37 °C while shaking during 10 min inside the microplate
reader. The substrate was incubated at 37 °C during 10 min in an oven. After that time,
200 uL were quickly added to each well and the kinetic reading was started with Aexcitation

=365 nm and Aemmission = 405 nm during 40 min with readings every 5 min.

For each well, the slope of kinetic curve (fluorescence over time) was calculated and used
in equation 4 to calculate the inhibitory activity of the sample.
. A .. 0 _ slopesampie
ACE inhibitory activity (%) = 100 — “siopece 100 (eq.
o

Where:

o slopesampie 1S the slope of the kinetic curve of the sample.

e slope.- is the slope of the kinetic curve of the negative control

3.6 HPLC Fractionation

The most promising extracts were selected for further study. Fractionation was conducted
ina LC-20AP (Shimadzu), equipped with an SPD-M40 photo diode array detector (PAD)
and an LTIl low temperature evaporative light scattering detector (ELSD). Several
analytical runs were carried out with a low volume analytical column and a small sample
injection (20 uL of extract 50 mg/mL in acetonitrile) to design the fractionation scheme
and to optimize the solvent composition scheme. All the samples and eluents were filtered

through 0,22 um pore filters.

The ELSD and PAD chromatograms obtained during the analytical runs where analysed
and compared to design a convenient fractionation scheme. The final scheme included a
70 min run with the collection of 41 fractions, approximately one every 1 minute and 40
seconds. The solvent scheme started with 75 % acetonitrile (can; solvent A) and Milli-Q
water (solvent B) increasing linearly until 100 % ACN after 30 min. After 55 minutes,
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the percentage of A started decreasing until it reached 75 % again in minute 60 and stayed
still until finish. The semi-preparative column used was a Luna 5u C18(2) 100A, 250 x
10.0 mm (Phenomenex). The injection volume was 200 puL of 100 mg/mL extract.
Fractions were collected by an automatic collector in 10 mL test tubes. This process was
repeated 15 times in order to collect enough mass of each fraction for the activity assays.
Data was acquired and processed with the LabSolutions Shimadzu software. The 41
fractions were concentrated under a gentle N2 flow, transferred to amber vials, dried, and
weighed.

3.7 LC-MS analysis

The fractions were dissolved in methanol until 0.1 mg/mL, filtered in 0.22 um filters and
sent to the analytical services of CCMAR, where they were analysed. The
chromatographic separation was achieved using a Thermo Scientific ultimate 3000
UHPLC (Bremen, Germany). The column was a Thermo Scientific Accucore RP-18 (2.1
x 100 mm, 2.6 um). The mobile phase composition was prepared with water (A) and
acetonitrile (B), both containing 0.1 % of formic acid. The gradient (in v/v %) started
with 100 % of A for 2 min, increased linearly to 30 % of B in 13 min, to 100 % of B in
16 min, was maintained at 100 of % B for 4 min, returned to 100 % of A in 1 min and
then was maintained at 100 % of A for 4 min before the next run. The flow rate was 0.3

mL/min. The injection volume was 5 pL.

Mass analysis was performed on an Orbitrap Elite (Bremen, Germany) mass spectrometer
with a Heated ElectroSpray lonization source. Acquisition was performed under positive
and negative polarities. HR-MS data were acquired using the following ionization
parameters: spray voltages, 3.7 kV (positive polarity) and 4.0 kV (negative polarity);
sheath gas, 40 arbitrary units; auxiliary gas, 10 arbitrary units; heater temperature, 300
°C; capillary temperature, 350 °C; S-Lenses RF level, 64.9 %. Scan range was 100-1000
m/z. Fragmentation spectra were obtained by Collision Induced Dissociation by running

the system in data dependent mode with dynamic exclusion.

LC-MS profiles were analysed using XCalibur FreeStyle software. The compounds were
tentatively identified based on comparison of the mass spectra with those in NIST 17.0
library, Wiley MS library, and other public databases (e.g., MAINLIB, REPLIB,
W10N14M1.001, and W10N14M2 libraries). Identification was focused on the peaks

present in the chromatograms and compounds were considered tentatively identified if
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they appeared at least two times in the peak and showed probability values higher than
70 %.

3.8 Data analysis

Statistical analysis of the data was performed using Microsoft Excel and Graphpad Prism
8.0. Outliers were processed under Dixon’s Q rules with 95% of confidence. One- and
two-way ANOVA tests were used for sample comparison. Differences were considered
significant if p<0.05. ICso was calculated through a non-linear fit of the set of data to a
curve following equation 5, where Y is response and X is the logarithm of the sample
concentration. Top and Bottom are fit parameters for the top and bottom asymptotes of

the fitting curve.

Top—Bottom

Y = Bottom + T101081C50-X (eq. 5)

4. Results and discussion

4.1 Extraction

The yield of extraction was the highest for ethanol (15 %), while it remained around 5 %
for the hexane and ethyl acetate extracts. This is in agreement with the internal reference
values for extractions of T. striata CTP4 with the same equipment and in the same

conditions.

Table 2. Extraction yields.

Solvent Dry biomass () Yield (g) Yield (%) Internal reference
value (%)
Ethanol 5.08 0.761 15.0 14.1
Ethyl acetate 5.02 0.232 4.62 5.20
Hexane 5.98 0.357 5.97 3.80

4.2 Bioactivity assays on extracts

The microalgal biomass was extracted with three different solvents of decreasing polarity:
ethanol, ethyl acetate and hexane. The hexane extracts usually contain non-polar
compounds such as lipids, fatty acids, hydrocarbons, and pigments. The ethanol extract
captures polar and moderately polar compounds such as phenolic compounds, flavonoids,
alkaloids, and water-soluble pigments like chlorophylls. Also, sugars, organic acids, and

vitamins. Ethyl acetate, as a moderately polar solvent has a wide range of extracted
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compounds, some of them overlapping with the ethanol and hexane extracts. Terpenoids,

sterols, and glycosides are expected to be found in this extract®.

4.2.1 Antioxidant activity

Antioxidant activity was assessed through three assays: ABTS, DPPH and FRAP. The
results are visually summarized in Figures 13, 14 and 15. Ethyl acetate can be easily
identified as the most active extract in each of the tests. ABTS and DPPH show very
similar profile as both tests work under a complex combination of single-electron transfer
(SET) and hydrogen atom transfer mechanisms, so both tests are expected to cover a

similar range of antioxidant compounds.

On the other hand, FRAP assay works under a mostly SET mechanisms, which in this
case generates slightly different results because it may not capture the activity of
hydrogen-transfer antioxidant compounds. The hexane extract activity is lower than in
the other two tests. Also, because this test takes the positive control as the reference value,

it is common to see activities over 100 %.
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Figure 13. ABTS assay results for ethanol, ethyl acetate and hexane extracts. For each tested concentration,
assays were performed in sextuplicate three days in a row (n=18). TS EtOH: Ethanol extract, TS EA: Ethyl
acetate extract. TS H: Hexane extract, C+: positive control (gallic acid). Error bars indicate a 95% interval
of confidence.
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Figure 14. DPPH assay results for ethanol, ethyl acetate and hexane extracts. For each tested concentration,
assays were performed in sextuplicate three days in a row (n=18). TS EtOH: Ethanol extract, TS EA: Ethyl

acetate extract. TS H: Hexane
of confidence.

extract. C+: positive control (gallic acid). Error bars indicate a 95% interval
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Figure 15. FRAP assay results for ethanol, ethyl acetate, and hexane extracts. For each tested concentration,

assays were performed in sextu

plicate three days in a row (n=18). TS EtOH: Ethanol extract, TS EA: Ethyl

acetate extract. TS H: Hexane extract. C+: positive control (gallic acid). Error bars indicate a 95% interval

of confidence.

To compare the results with the ones in literature, 1Cso was calculated for each extract in

each test as the concentration required to reach 50 % of the maximum activity. Results

are shown in Table 3.
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Table 3. Estimated 1Cso values for different extracts in antioxidant tests with 95 % interval
of confidence (mg/mL).

Solvent ABTS DPPH FRAP

Hexane 5.41+0.90° 5.52+3.03%P 19.9+11.2°
Ethyl acetate 4.15%0.70° 6.64+0.93° 4.26+1.81°
Ethanol 6.27+0.62° 9.27+1.13" 5.18+1.45°

Note: Different superscripts (*°) indicate statistically significant differences between results for the same

test.

Low values of 1Cso mean higher antioxidant potential. Results show low values of this
indicator for the hexane and ethyl acetate extracts in ABTS and DPPH tests. Ethanol
extract values are comparatively higher in these two tests. However, the FRAP test, that,
as discussed before, works under a different mechanism, shows ethyl acetate and ethanol
with low values of ICso. Hexane is the least active extract for this test.

Positive controls were 99.8 + 0.8 % for the ABTS test and 93.0 + 0.6 % for the DPPH
test. These results were not used for the calculations but to confirm that the assays were
working properly. In the case of the FRAP assay, the absorbance of the positive control |
used itself to establish the 100 % value, so the negative control (11.1 £ 0.9 %) was used

to assess the functioning of the assay.

Carotenoids and polyphenols are the two main groups of antioxidant compounds present
in microalgae. Polyphenols can act as antioxidants both by the SET and hydrogen transfer
mechanisms, while carotenoids work mainly by hydrogen transfer“®. The hexane extract
shows very low activity on FRAP and moderate activity in ABTS and DPPH. Knowing
that the FRAP assay only detects antioxidant activity from SET mechanism, it is likely
that the hexane extract contains mainly carotenoids, while the ethyl acetate and the
ethanol extract probably contain a mixture of carotenoids and polyphenols, more

concentrated in the ethyl acetate extract.

These results do not match the ones published by Silva®®, that reports the hexane extract
to have the highest antioxidant activity in the three performed tests, with I1Cso values for
the hexane extract of 2.18 mg/mL in the ABTS test, 2.55 mg/mL in the DPPH test and
1.82 mg/mL in the FRAP test. However, the biomass used in the referred study was
produced, extracted, and processed by different means that the one used in this work. The

biomass was cultivated by an external company, and the details of the process are not
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reported. Also, it was spray-dried and stored over two years before the tests. Spray-drying
is an alternative for freeze-drying that subjects the biomass to high temperatures during a
short period of time, which may cause degradation of bioactive compounds; that, along
with the long period of conservation, may have degraded some of the compounds present
in it. Furthermore, the disruption and extraction processes were performed using a bead
beater, that may yield extracts with different extract compositions from those processed
and extracted by ball milling and EDGE. These differences might explain the high

variation between the results.

The study from Pereira et al.3* also reports different ICso values from the ones estimated
in this work. The publication reports >10 mg/mL for the hexane and ethanol extracts both
in DPPH and ABTS, and values under 1.5 mg/mL for every extract in the FRAP test.
However, DPPH and ABTS values for the ethyl acetate extract are similar to the ones

estimated (2.6 and 6.9 mg/mL, respectively).

The fact that the work of Pereira also reports ethyl acetate extracts having the highest
antioxidant potential of the three studied extracts may indicate the presence of a common
ground in both studies. The biomass studied by Pereira was produced in industrial
conditions, specifically in 100 m3 photobioreactors, rather than in a laboratory
environment. However, it was analysed shortly after production, as it was done in this
study and contrary the study from Silva, in which samples were stores long-term before
analysis. This fact highlights the susceptibility of the ethyl acetate extracts to prolonged
storage. Ethyl acetate is a medium polarity extract able to extract microalgal carotenoid
pigments which usually display high antioxidant activity. Carotenoid pigments, however,
are extremely prone to chemical and light oxidation and easily degrade during storage of
biomass even in short periods of a few months*®. Differences in processing and extraction
from this study to the one from Pereira, namely using a disperser and non-automatic
extraction, contribute to explain the remaining differences found in the results for the two

other extracts.

The obtained results are relatively low when compared with the ones reported for other
microalgae of the Tetraselmis genus. For instance, 1 mg/mL of methanolic extract of T.
chuii showed 71.4 % inhibition of DPPH®, while none of the three extracts studied in this
work go beyond 50 % at that concentration. Moreover, the hexane extract of Tetraselmis
sp. has a reported ICso value of 2.41 + 0.40 mg/mL>!, almost half of what was found in
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this study. However, the 1Csg values found for Tetraselmis microalgae are way lower than
the ones found for other green microalgae, for instance for Chloroccocum infusionum, or
Desmodesmus intermedius®?. Actually, the antioxidant activity of microalgae from the

Tetraselmis genus is considered as interesting for industrial applications®°.

Considering the results obtained for the 3 extracts, and since the ethyl acetate extract
showed consistent antioxidant potential in the three performed tests, this extract was

selected for further studies.

4.2.2 Anti-hypertensive activity

The three extracts showed concentration-dependent ACE inhibition activity (Figure 16).
At a concentration of 1 mg/mL, the three extracts showed >50 % ACE inhibition, with
ICso values of 0.5 + 0.2 mg/mL for the ethanolic extract, 0.40 £ 0.07 mg/mL for the ethyl
acetate extract, and 1.1 £ 0.9 mg/mL for the hexane extract. There are not significant
differences between the 1Cso values because of the high uncertainty reported for the
ethanol and hexane extracts. The ICso calculated for the ethyl acetate extract is more
precise and reliable. Although the 1Cso measures do not show clearly which extract has
the highest activity, comparison between individual activity values for each concentration
in Figure 16 confirms that in fact the ethyl acetate extract is the one with the highest
activity, specially at high concentrations.

The only reported value of ACE inhibition for T. striata CTP4 was found in Silva®, with
the ethanolic extract yielding just 0.79 % of inhibition at 1 mg/mL. This result differs
vastly from the one found in the current work (56.6 %). This may be caused by the
differences in production, conservation and processing discussed above. Also, the assay
performed in the study from Silva study showed very low inhibition values (10 % to 0 %)
for a well-known ACE inhibitor, enalapril, that was used as a positive control. This also
differs from the values we found for another well-known inhibitor used as positive
control, captopril, and might answer to protocol differences that should be further studied.
The inhibition value for our positive control, captopril 1 mM, was over 90 % on average,
confirming the reliability of the assay used in this work.

There is evidence of similar microalgae, also from the Tetraselmis genus, displaying
antihypertensive activity reported in Nova et al.>®. This work showed that the ACE
inhibition activity of horse mackerel fillets sprayed with hydrolats of the microalga was

increased up to four-fold when compared to the non-sprayed fillets. Outside the
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Tetraselmis genus, there are numerous microalgae with ACE inhibition activity, from
which active biopeptides have been isolated, for instance, the biopeptide Tyr-Met-Gly-
Leu-Asp-Leu-Lys from Isochrysis galbana with 1Cso of 0.03 mg/mL, or the biopeptide
Gly-Met-Asn-Asn-Leu-Thr-Pro with 1Cso of 0.09 mg/mL isolated from Nanochloropsis
oculata. There are similar peptides isolated from different species of microalgae such as
Chlorella vulgaris or Spirulina platensis, all showing similar 1Cso values®**>°%°’, The
ICso values found for these biopeptides are about 10 times lower than the ones we found
for the extracts (0.4-1.1 mg/mL). However, bioactive compounds are expected to be
diluted in the initial extracts. Therefore, 1Cso values are expected to decrease after
fractionation of the extracts, possibly making these extracts promising antihypertensive

agents.

To the best of our knowledge, there is no other publication exploring the ACE inhibition
activity of T. striata CTP4 or other microalgae from the Tetraselmis genus produced and
processed in similar conditions. Thus, further research is needed in other to correctly
assess the ACE inhibition activity of Tetraselmis sp. and the potential presence of
bioactive peptides. In this work, the ethyl acetate extract was identified as the one with
the highest ACE inhibition activity.

ACE inhibition
TS EtOH TSEA TSH == C+
100

Inhibition (%)
[=;]
T
HH
H
(o

Concentration of extract (mg/mL)

Figure 16. ACE inhibition assay results for ethanol, ethyl acetate, and hexane extracts. For each
tested concentration, assays were performed in triplicate three days in a row (n=9). TS EtOH: Ethanol
extract, TS EA: Ethyl acetate extract. TS H: Hexane extract. C+: positive control (captopril). Error bars
indicate a 95% interval of confidence.
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4.3 HPLC Fractionation
The results revealed that the ethyl acetate extract of T. striata CTP4 had higher

antioxidant and antihypertensive activity, so it was selected for HPLC fractionation and
LC-MS analysis to tentatively identify individual compounds contributing to these

effects.

The analytical run yielded a chromatogram with numerous peaks of variable intensity
(Figure 17) and highly spread throughout the whole chromatogram. When compared,
ELSD and PAD chromatograms allow to identify which of the compounds causing the
peaks absorb UV-Vis light. Peaks around 33, 37, 42 and 46 min showed intense ELSD
signals but no PAD signals. This indicates the presence of non-absorbing compounds in

the extract. This information is used as guidance for later analysis and discussion.

1.0E0 o - 90.00

8.0E-14

- 50.00

- 40.00
40E-1+

| - 3000

- 2000

ngwmwj e LJ\ } J) MUL"‘L:%JJ—

| \A iy
| H’ | "M v "‘ v
‘ \I | “ | I -10.00

-2.0E-14

10.00

A.U.

\ - -20.00

1
1 - -30.00

-4.0E-1 [
+ -40.00

-6.0E-1 <X

s nmn 15 ;nm 00 annn 2smn anon 2500 snm

t (min)

Figure 17. ELSD (blue, scattering percentage in the right axis) and PAD (orange, absorbance
units in the left axis) chromatogram of the analytical run of the HPLC fractionation of the ethyl
acetate extract.

Some of the 41 fractions were pooled together into a vial and dried again, elaborating new
fractions (Figure 18). This was done mainly in the fractions with little-to-no peaks in the
chromatogram and low mass yield, so they could be properly tested in the next step.
Fractions covering a single and high peak, like fractions G or J, yielded enough mass to
be tested by themselves (e.g., fractions 4-8 were pooled together to elaborate fraction B).

In this way, 16 new fractions (A-P) were elaborated from the 41 initial fractions.
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Figure 18. Fractionation scheme superposed with the weigh obtained in each of the fraction (mg)
and the ELSD chromatogram of the analytical run.
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The total collected weigh was 65.74 mg, starting from 310 injected mg, which translates
into an absolute yield of 21 % This yield is similar the reported for similar microalgal
fractionation processes®®. However, there might be room for improvement in the
fractionation step to better recover the injected mass. This could be optimized by
designing a fractionation scheme with less fractions and less runs to reduce the high

amount of manual work subject to mistakes and losses in this step.

Figure 19 shows some of the fractions collected. The difference in colour in between the
samples and between the fractions and the dark green crude extract confirm that there was
indeed a successful separation of at least different groups of compounds. The colour
profile of each fraction was used in the later discussion of the results.

Figure 19. Some of the final fractions after HPLC fractionation.
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4.4 Bioactivity assays on fractions

The 16 fractions were tested along with the crude extract. Results are expressed in % of
activity of the crude extract, thus 100 % of activity represents the same bioactivity as the
crude extract. Less than 100 % activity means that the compounds present in the fraction
are less active, than the crude extract, so the compounds causing the bioactivity of the
extract are “diluted” by other non-active compounds or are not present at all. On the other
hand, more than 100 % activity means that the most bioactive compounds are

concentrated in the fraction, and it shows even greater activity than the crude extract.

4.4.1 Antioxidant activity
ABTS, DPPH and FRAP test were performed again in each of the fractions. Results are

shown in figures 20-22.
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Figure 20. ABTS assay results for the fractions of the ethyl acetate extract. Fractions were tested
at 1 mg/mL on triplicate during three days in a row (n=9). Error bars indicate 95% interval of
confidence. Dotted line represents 100% of crude ethyl acetate extract activity, thus values over
the dotted line correspond to fractions more concentrated in bioactive compounds than the ethyl
acetate crude extract.
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Figure 21. DPPH assay results for the fractions of the ethyl acetate extract. Fractions were tested
at 1 mg/mL on triplicate during three days in a row (n=9). Error bars indicate 95% interval of
confidence. Dotted line represents 100% of crude ethyl acetate extract activity, thus values over
the dotted line correspond to fractions more concentrated in bioactive compounds than the ethyl
acetate crude extract.
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Figure 22. FRAP assay results for the fractions of the ethyl acetate extract. Fractions were tested
at 1 mg/mL on triplicate during three days in a row (n=9). Error bars indicate 95% interval of
confidence. Dotted line represents 100% of crude ethyl acetate extract activity, thus values over
the dotted line correspond to fractions more concentrated in bioactive compounds than the ethyl
acetate crude extract.

The ABTS assay highlighted fractions C and G as those with more antioxidant power
than the crude extract, with 126 % and 131 %, respectively. The profile of the DPPH
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assay results is very similar to the one from the ABTS, but with higher and more dispersed
results. Fractions C and G are again highlighted as the most antioxidant reaching more
than three times the antioxidant activity of the crude extract. O and N also surpassed the
100 % threshold. The confidence intervals for fractions D, E and K reveal the possibility

of those fractions also being more active than the crude extract.

FRAP assay results confirmed that C and O are the most antioxidant fractions of the
group. Interestingly, G and N show low values in this assay. This is probably due to the
differences in mechanisms between the assays. FRAP works only through a SET
mechanism, so it is likely that compounds in G and N are carotenoids, as they show their
antioxidant activity mostly through hydrogen transfer mechanisms, as discussed before.
C and O could be polyphenols or other groups of antioxidants that work through both

mechanisms*.

4.4.2 Anti-hypertensive activity

Fractions were analysed again through the ACE inhibition test (Figure 23). N showed the
highest inhibition activity (129 %). C, D, E and O are also close to 100 %. This indicates
a certain dispersion of ACE inhibitor compounds throughout the fractions, with a slightly

higher concentration in fraction N.
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Figure 23. ACE inhibitory activity assay results for the fractions of the ethyl acetate extract.
Fractions were tested at 1 mg/mL on triplicate during three days in a row (n=9). Error bars indicate
95% interval of confidence. Dotted line represents 100% of crude ethyl acetate extract activity,
thus values over the dotted line correspond to fractions more concentrated in bioactive compounds
than the ethyl acetate crude extract.
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In light of the results described above, fractions C, O, G, and N were the fractions selected
for further analysis, as they likely contain bioactive compounds, specifically antioxidants,
antihypertensive or both. The characteristics of these fractions are summarized in Table
4,

Table 4. Summary of the results obtained for the interesting fractions of the ethyl acetate extract.

Fraction Time Antioxidant  Antihypertensive UV absorption Colour
(min) activity! activity?
C 16-17 Yes Yes Yes (380-500 nm) Orange
G 31-32 Yes No Yes (380-500 nm) Brown
N 48-49 No Yes No Green
@] 56-61 Yes Yes No Light green

Notes: 'More than 100 % relative to the crude extract activity in at least two out of three antioxidant tests.

2More than 100 % relative to the crude extract activity.

Fractions C and G are orange and brown-coloured and they present UV absorption in the
380-500 nm range. This may indicate the presence of carotenoids in those fractions, as
those are two of their main characteristics. During a previous discussion, the presence of
carotenoids in C was discarded because of high activity in the FRAP assay (carotenoids
do not usually display antioxidant activity through SET mechanism, which is the most
important in FRAP). However, some specific carotenoids have also been reported to show
high FRAP activities®®. C and G likely contain at least two different carotenoids,
according to the differences in polarity based on the time of elution and the differences

in colour.

N and O do not present the typical characteristics of carotenoids. They could be part of
other groups of antioxidant or antihypertensive compounds with no UV-Vis light
absorption in this range. For instance, poly-unsaturated fatty acids (PUFAS) are present
in a wide variety of microalgal species, and they do not typically absorb UV-vis light in
the studied range. Furthermore, certain PUFAs are known to be antioxidants and ACE
inhibitors®®6L, Also, the fractions with ACE inhibitory activity could contain biopeptides,
that generally do not absorb UV-vis light in the studied range. The fact that N and O are
in the last part of the chromatogram suggests that compounds might be of low polarity,
while C and G eluded earlier, thus they must display higher polarity.
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These four fractions were selected for further analysis in LC-MS to tentatively identify
the individual compounds causing the bioactivities reported, with special focus on
carotenoids and PUFAs, that would match the reported properties of the fractions.

4.5 LC-MS analysis

Along with fractions G, C, N and O, their adjacent fractions were also analysed. In this
way, compounds found in both bioactive and non-bioactive fractions could be discarded,
as they did not play a role in the detected bioactivity. A total of 16 compounds were
tentatively identified (Table 5). A literature search was carried out for all the compounds,

and no direct study on their exact structures could be found.

Fraction C contains rather large compounds, all of them above 700 g/mol. Compound 1
contains six carboxylic moieties. Natural carboxylic acids (Figure 24a) are known for
their direct and indirect antioxidant activity. They can directly reduce ROS through
chemical reactions, and they can also chelate metal ions, thus stopping their catalytic
activity in oxidation processes ®2. Also, the presence of highly chelated metal ions in
fraction C (compounds 2 and 3) may indicate that the fraction has abundancy of ligands
capable of cancelling the catalytic effects of metal ions in oxidating processes. This could

be contributing to the overall antioxidant properties of fraction C.

a O b
I PN

Figure 24. Antioxidant moieties present in tentatively identified compounds: carboxylic acids
(a), hydroxymethyl groups (b), porphyrin rings (c) and sulphide links (d).
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Compound 2 was tentatively identified as a possible rhenium complex. Rhenium is one
of the rarest elements on earth and it has no known biological role. This could indicate
that the tentative identification was wrong or that there was some contamination in the
samples, as it is highly unlikely to find rhenium compounds in laboratory-grown algae 3.
This compound is also a bisborane. Boron compounds are not directly antioxidants but

may play a role in the redox balance acting as a Lewis acid 5.

Compound 3 is possibly a nickel (1) complex with an hydroxymethyl moiety (Figure
24b), with well-known antioxidant properties. The hydroxy moiety is considered to be
the strongest antioxidant chemical group present in biological systems . Furthermore,
this compound also has a porphyrin ring (Figre 24c). This heterocyclic macrocycle
organic ligand has been reported to display antioxidant properties through ROS
scavenging, metal chelation, and singlet oxygen quenching . Also, porphyrin is the basic
molecule of the chlorophyll®’, thus the presence of this ligand in the solution could be
related with derivatives or degradation products of chlorophyll. All of them, including

chlorophyll, are known antioxidants®,

Compound 4 contains a carboxylic moiety that displays antioxidant properties as
discussed above, and it also contains a tetrathiapentacyclo group. This group has four
sulfide links (Figure 24d) in its structure, which also contribute to the antioxidant activity
through chelation of metals, direct ROS scavenging, and regeneration of other
antioxidants®. The presence of all these antioxidant moieties and chemical groups in
Fraction C goes in agreement with the results of the antioxidant tests in which this fraction
showed the highest antioxidant activity. Compounds present in Fraction G also contain
antioxidant moieties such as a porphyrin ring in Compound 5, quinoline in Compound
870, and carboxylic acids in Compound 9. This could explain the activities observed in

the tests of the fractions.

Seven compounds were identified in Fraction N and Fraction O. These fractions did not
show the highest values for antioxidant activity, but they are the most antihypertensive
fractions. In fact, they contain smaller and lighter compounds than C and G (all of them
under 350 g/mol). Interestingly, some of the compounds present in these fractions have

some similarities with the traditional ACE inhibitors (Figure 24).
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Table 5. Tentatively identified compounds from fractions C, G, N, and O through LCMS analysis.

Compound Probability Proposed Formula  Name Molecular Library

number (%) weight (g/mol)

Fraction C

1 78.46 C72H60N2010 N,N'-bis(2',5"-di-t-Butylphenyl)benzoperylene-1',2":3,4:9,10-hexacarboxylic-1',2'-anhydride-3,4:9,10-bis(imide) ~ 1113.22 W10N14M2

2 98.70 Cs4H46B203P2Re (R,Sp)-2-(1-Dicyclohexylphosphinoethyl)diphenylphosphinocyrhetrene bisborane 773.267 W10N14M2

3 98.12 Ca7Hs0N4NiO3 Nickel(11)-2,8,12,18-Tetraethyl-5-[p-(hydroxymethyl)phenyl]-15-[2' 5'-dimethoxyphenyl]-3,7,13,17- 776.323 W10N14M2
tetramethylporphyrin

4 87.47 CasHa002S4 Methyl 5,16,24,35-tetrathiapentacyclo [18.18.5.1(3,37).1(7,11).1(10,14).1(18,22).1(26,30).1(29,33).1(29,43)] 776.191 W10N14M2
pentaatriaconta-nonadecaene-50-carboxylate

Fraction G

5 98.72 CeoHeoN4aNiO [2,3,7,8,12,13,17,18-Octaethyl-5-phenoxy-10,15,20-triphenylporphyrinato]nickel (I1) 910.412 W10N14M2

6 97.72 Cs2H72Als0s Octi[tert-Butylaluminum(j(3)-oxy] 800.375 W10N14M2

7 85.74 C12H20BrOsP 1-Bromo-2-cyclohexylidene-1-(diethoxyphosphoryl)ethene 322.033 W10N14M2

8 85.93 C17H19NOs3 5-( N,2-Dimethyl-1',4'-dihydroquinoline)-2-methyl-1-oxacyclohexane-4,6-dione 285.136 W10N14M1

9 72.25 C3sH27BraN204 N,N'-Dicyclohexyl-1,6,7-tribromoperylene-3,4:9,10-tetracarboxylic acid bisimide 787.952 W10N14M2

Fraction N

10 87.67 Ci1sH1sNOS 2-(2-Thien-2-yl-1H-indol-3-yl)cyclohex-2-en-1-one 293.087 W10N14M1

11 82.61 C12H20BrOsP 1-Bromo-2-cyclohexylidene-1-(diethoxyphosphoryl)ethene 322.033 W10N14M2

12 91.21 C2H2BrClI 1-bromo-2-chloro-ethene 139.902 W10N14M1

13 92.05 C11H2002 (5S,6S)-5-Methyl-6-pentyltetrahydropyran-2-one 184.146 W10N14M1

Fraction O

14 90.41 C15H23N30s3 4-(Hexyloxy)vanillin-semicarbazone 167.094 W10N14M1

15 95.58 Ci16H22NOs 3-[(Ethoxycarbonyl)methyl]-2-formyl-4-carbethoxyvinyl-1-methylpyrrole 308.390 W10N14M1

16 90.62 CoH13NO2 Methyl (S)-1-Amino-3-vinyl-3-cyclopentene-1-carboxylate 167.094 W10N14M1
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There are three main types of ACE inhibitors: inhibitors with a sulfhydryl group
(captopril, rentiapril, and alacepril); inhibitors with a phosphinyl group (fosinopril); and
inhibitors with carboxyl moieties (lisinopril, enalapril, quinapril and ramiapril). All of
them are small molecules with peptide-like or amino acid-like structures, specifically,
most of them show a proline-like structure . ACE inhibition works by competitive non-
permanent binding to the active site of the enzyme. Key moieties for this interaction are
terminal carboxyl group, amide carbonyl groups and sulfur groups. Molecules containing
these and similar structures could interact to some degree with the active site by

competitive or non-competitive inhibition’?"4,

Compound 10 shows some similarities with the traditional ACE inhibitors containing
sulfur groups such as captopril, alacepril and rentiapril. Although it does not have the
proline-like structure with the characteristic carboxylic moiety of those inhibitors, it does
have a heterocycle that gives it some structural similarity to the mentioned compounds

that could explain some degree of interaction with ACE.

Also, compound 11 contains a phosphinyl group, which is characteristic of a well-known
ACE inhibitor, fosinopril”™. Compound 11 also lacks the carboxylic moiety and does not
show much structural similarity. Despite that, the phosphinyl group could be interacting
with ACE and causing some inhibition.

On another note, compounds 14, 15, and 16 all share some structural similarities with
other described ACE inhibitors. Compound 15 contains a nitrogen heterocycle and
carboxylate-like moieties. Compound 16 is the only one compound found in the fractions
with an actual amino acid-like structure. These similarities could explain some ACE
inhibition activity.

Additionally, Compound 14 is a vanillin semicarbazone substituted with a non-polar
chain. Interestingly, semicarbazones are well known compounds with antioxidant,
antifungal, antibacterial, anticonvulsant, anti-inflammatory and anticancer properties "6
8, Specifically, vanillin semicarbazone has been described as a potent anticancer agent

after in vivo tests against Ehrlich ascites carcinoma in albine Swiss mice’®’’,
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Figure 25. Some of the traditional ACE inhibitors and tentatively identified compounds 10, 11,
14,15, and 16.
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Moreover, previous studies have described and tested the anticancer effects of ACE
inhibitors. The inhibition of ACE reduces vascular endothelial growth factor levels in
tumours and prevents construction of blood vessels to masses, leaving them nutrient-
depleted and subsequently hindering their growth’®’®, Compound 14 is a vanillin
semicarbazone derivative; if sufficient similarity to simple vanillin semicarbazone is
assumed, then it is likely that compound 14 also has some anticancer and antioxidant
properties. Considering that anticancer activity is sometimes linked to the disruption of
the renin-angiotensin metabolism by inhibition of ACE, as discussed above, compound
14 could be contributing to both the antioxidant and antihypertensive properties of
fraction O. This has not been proven yet, and further research is needed in order to isolate
and purify the compound, confirm its structure through Nuclear Magnetic Resonance

analysis and test it.

In summary, large molecules with antioxidant properties were tentatively identified in
fractions C and G, while small-medium molecules with similarities to ACE inhibitors
were tentatively identified in fractions N and O. Furthermore, an interesting compound
(Compound 14) was tentatively identified in fraction O. The backbone of the compound
is vanillin semicarbazone, a substance with proven anticancer, antioxidant, anti-

inflammatory, and other interesting biological activities.

Finally, it must be noted that none of the compounds expected to be present were
identified in the samples, i.e., fatty acids, pigments, carotenoids, or ACE inhibiting
biopeptides. This could be explained by different factors: degradation of labile
compounds during treatment and storage of the fractions, mistakes during the analysis; or
the need of other type of analysis, for instance, tandem mass spectrometry is the proper
technique used to detect biopeptides, and not simple mass spectrometry. Also, the
chromatograms of the LC-MS showed a high number of peaks and background noise,

implying that the fractions were still complex mixtures with a high variety of compounds.
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5. Conclusions and next steps

The goal of this work was to tentatively identify antioxidant and antihypertensive
compounds from extracts of T. striata CTP4. The three extracts obtained (ethanol, ethyl
acetate, and hexane) were tested for the mentioned bioactivities and all three showed
bioactivity in some degree. The results revealed that the ethyl acetate extract of T. striata
CTP4 was the most interesting extract because of showing the highest bioactivities.

Then, the extract was further divided in fractions and tested again, and then four
interesting fractions in which bioactive were concentrated were identified. Finally, the
fractions of interest were analysed by LC-MS and a total of 16 compounds were
tentatively identified. Some of them displayed moieties like porphyrin or carboxylate
groups that justified their antioxidant properties, others had similar structures to ACE
inhibitors, thus potentially explaining their antihypertensive activity. Furthermore, a
particularly interesting compound (Compound 14) was tentatively identified. The
backbone structure of the compound is known for showing different bioactivities and

potent anticancer behaviour. Making it an excellent subject of study for further research.

This work confirmed that the extracts of T. striata CTP4 have antioxidant activity and
revealed that the extracts also contain ACE inhibitors. It also identified the fractions
where the bioactive compounds are in the extracts and identified different compounds
that possibly contribute to their bioactivity. Although the main goal was partially
achieved, there are several steps left down the discovery pipeline to definitively describe
the bioactive compounds present in this strain of microalgae.

Now that tentative identification of compounds was carried out, new fractionations and
LC-MS analysis should be performed in order to isolate the potentially bioactive
compounds. Then, definitive identification through nuclear magnetic resonance should
be done, and, lastly, the purified molecules should undergo different bioactivity tests to
confirm its properties, mode of action, efficacy in vitro and in vivo, toxicity assessment,
etc. The last steps in the innovation pathway would be to find a commercial application
for the compounds, for instance as a drug or nutraceutical, and pass through the
mandatory trials to get market authorisation. Eventually, bioengineering could be applied
to T. striata to further optimize and industrially produce the tentatively identified

bioactive compounds.
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In conclusion, the results of this work expanded the available knowledge of T. striata
CTP4 and opened the door for the identification and isolation of antioxidant,
antihypertensive, and even anticancer compounds in T. striata CTP4 extracts.
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