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Microalgae are microorganisms with a singular biochemical composition, including several biologically active compounds
with proven pharmacological activities, such as anticancer, antioxidant and anti-inflammatory activities, among others.
These properties make microalgae an interesting natural resource to be used as a functional ingredient, as well as in the
prevention and treatment of diseases, or cosmetic formulations. Nevertheless, natural bioactives often possess inherent
chemical instability and/or poor solubility, which are usually associated with low bioavailability. As such, their industrial
potential as a health-promoting substance might be severely compromised. In this context, encapsulation systems are
considered as a promising and emerging strategy to overcome these shortcomings due to the presence of a surrounding
protective layer.
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| 1. Introduction

Microalgae are a heterogeneous group of photosynthetic microorganisms, whose evolutionary and phylogenetic diversity
has provided a vast assortment of biochemical compositions . These microorganisms are able to biosynthesize,
accumulate and secrete a great range of primary and secondary metabolites as a response to changes in the external
environment, many of which are highly valuable substances with industrial applications and health benefits (21,

The use of microalgae by humans dates back thousands of years, where it was used as a food source by different
populations; nevertheless, the commercial exploitation of this resource is only a few decades old, when there was an
apprehension regarding a possible insufficient protein supply due to the rapid increase in the world population B4,
Microalgae are well-known for their high protein and nutritional content, but more recently, studies have been focused on
the unique biologically active compounds produced by their species, such as polyunsaturated fatty acids, pigments,
antioxidants, polyphenols, polysaccharides, and other equally important substances El4],

Lately, there has been a growing trend towards using natural ingredients in food, pharmaceutical, and cosmetic industries
due to the increasing concerns regarding consumer safety, environmental sustainability, and regulatory issues over the
introduction of synthetic chemicals in human nutrition, healthcare, and beauty products BIEII  Several microalgae
bioactives possess significant biological activities, including anticancer, antioxidant, anti-inflammatory, antimicrobial, and
immunomodulatory activities, among others [BIEIIX0, Therefore, the use of such compounds seems to be a promising and
innovative approach to the development of healthier, functional, and sustainable products.

Overall, microalgae may be proposed to obtain commodities with existing market value, refined bioactives, or the whole
cell could even be the target product 1. Yet, purified compounds or bioactive extracts are usually chemically unstable
and strongly susceptible to oxidative degradation, particularly when exposed to oxygen, light, moisture, extreme pH, and
high temperatures. The oxidative degradation may also deteriorate the compounds, leading to the development of
unpleasant tastes and off-odours in the fortified product and, subsequently, may result in a negative effect on shelf
stability, sensory characteristics, and consumer acceptability of the product 2. Moreover, the low bioavailability and poor
water solubility are usually recurrent issues related to the application of microalgae bioactives; in pharmaceutical and
functional food products, for instance, the absorption of these compounds may be hindered due to gastrointestinal tract
conditions, as well as due to their physicochemical properties 131141,

These developmental and technological issues address the importance of researching strategies to preserve the
functionality of microalgae bioactives from processing until they reach their target site. In this context, encapsulation
systems are considered a promising approach, which have been applied successfully in diverse fields. The process of
encapsulating a bioactive consists of its entrapment within one or more coating materials through different techniques,



resulting in nano- or microparticles 2. This strategy is associated with several advantages, including protecting the
bioactive compound during processing, storage, and distribution; promoting release control; masking off-flavours;
improving solubility and bioavailability, among others 161171,

| 2. Microalgae

Microalgae are single-celled, ubiquitous, prokaryotic, and eukaryotic primary photosynthetic microorganisms, which are
taxonomically and phylogenetically diverse B8 They are ancestral living organisms that have adapted uniquely to
extreme habitats over billions of years of evolution and can be found almost anywhere on Earth; in freshwater, seawater,
and hypersaline environments, but also in moist soils and rocks 29, Their classification is based on various properties,
such as pigmentation, the chemical nature of photosynthetic storage products, the organization of photosynthetic
membranes, and other morphological features. The most abundant microalgal classes are Cyanophyceae (blue-green
algae), Chlorophyceae (green algae), Bacillariophyceae (including the diatoms), and Chrysophyceae (including golden
algae) B9, A resume of the main microalgae classes, their most studied species, and associated biological activities are
described in Figure 1.
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Figure 1. Main microalgae classes, their most important species, and associated biological activity (microalgae images
were obtained from the “Microalgae strain catalogue”, second edition, published in the Enhance Microalgae Project,
available at https://www.enhancemicroalgae.eu/wp-content/uploads/2020/05/EMA-Strain-catalogue-2nd-Edition.pdf).

Interest in microalgae cultivation has been prospering globally in recent decades for diverse reasons. There are several
industrial and commercial applications associated with these microorganisms and examples of success include
formulations in different sectors, such as functional foods, feed, cosmetics, pharmaceuticals, and fertilizers; as well as
tools for wastewater treatment and biofuel production 2422 Moreover, many advantages have already been reported
involving their cultivation process in comparison with other feedstocks. Firstly, microalgae reproduce themselves using
photosynthesis to convert sun energy into chemical energy, completing an entire growth cycle every few days. Secondly,
they can grow almost anywhere, requiring mostly sunlight and some simple nutrients; although the process can be
accelerated heterotrophically by the addition of specific nutrients and changes in cultivation parameters. Accordingly,
microalgae have much higher growth rates and productivity when compared to conventional forestry, crops, and other
aquatic plants, demanding much less land area [231124],

Through adaptive evolution and metabolic diversity, microalgae have developed a wide range of high value biologically
active compounds, comprising pigments, antioxidants, polysaccharides, triglycerides, fatty acids, and vitamins 22, |t is
estimated there are 70,000 to one million microalgae species; however, only about 44,000 have already been described.
Furthermore, from those, only a limited number have been studied for commercial purposes 28, Some of the most
biotechnologically relevant microalgae are the green algae (Chlorophyceae) Chlorella vulgaris, Haematococcus pluvialis,
Dunaliella salina, and the Cyanobacteria Arthrospira platensis, which are broadly commercialized, mainly as nutritional
supplements for humans and as animal feed additives 4.

The multicellular filamentous Cyanobacteria from the genus Arthrospira (formerly known as “Spirulina”) occur naturally in
alkaline lakes and ponds, being widely cultured around the world. The two most important species of Arthrospira, A.
maxima, and A. platensis, are commonly applied both as a functional ingredient in food preparations and as a source of
the blue photosynthetic pigment C-phycocyanin, which is used in cosmetics and the food industry 28l This species has



been used as a nutrient-rich (especially vitamin B, and proteins) food source with the oldest records indicating use by the
Aztecs, who harvested this microalga from Lake Texcoco in Mexico; and by the local people in Lake Chad, who used A.
platensis as a nutritional supplement known as “dihe” €129 Apart from its significance as a food additive, A. platensis is
also recognized by the broad range of potential medical and pharmaceutical applications attributed to its metabolites.
Studies have evidenced several biological activities, such as antitumor, antibacterial, anti-inflammatory and
hepatoprotective activities, among others, directly related to the antioxidant capacity ascribed for C-phycocyanin and other
compounds BYEL Similarly, the freshwater unicellular blue-green microalga Aphanizomenon flos-aquae, which grows
spontaneously in Upper Klamath Lake in Oregon, USA, is also consumed as a nutrient-rich food source and for its health
properties. Similar to the Arthrospira species, A. flos-aquae is an important source of the pigment C-phycocyanin; hence,
demonstrating a strong antioxidant potential 32331,

The unicellular green alga Chlorella is one of the largely studied microalgae due to their biotechnological importance as a
valuable source of nutrients. Species from this genus were one of the first microalgae considered for mass cultivation and
the first microalga produced commercially. Chlorella cells actively growing under normal conditions are typically rich in
protein (40—-60%) and are largely made up of essential amino acids, with a profile that suits human nutrition. In this
context, Chlorella biomass may be considered as a desirable candidate for protein supplements or single-cell protein [24]
38, Furthermore, these species are also rich in carotenoids, vitamins and other bioactives, demonstrating potential health
benefits, such as efficacy on gastric ulcers, wounds, and constipation; preventive action against both atherosclerosis and
hyper-cholesterol; and antitumor activity. The suggested most important active compound is B-1,3-glucan, which is
believed to be an active immune-stimulator, free radical scavenger, and a reducer of blood lipids 2IE8IE7],

Another important member of the green algae class is the freshwater unicellular microalga Haematococcus pluvialis.
Under extreme environmental conditions, such as high-intensity light or oligotrophic circumstances, this species
undergoes several morphological and biochemical modifications, including an intense biosynthesis of the carotenoid
astaxanthin B8 In the last few decades, H. pluvialis has received significant attention from the scientific and
biotechnological communities for being considered as the most significant biological source of that carotenoid in nature
(3911401 Astaxanthin is a natural pigment with several applications in the nutraceutical, cosmetic, food, and feed industries
(41 Moreover, it also possesses a powerful antioxidant potential due to its unique chemical configuration, which is
associated with assorted biological activities demonstrated in both animal and clinical studies [42. Many authors have
already described astaxanthin’s valuable effects in inflammatory responses and the immune system, in hypertension,
cancer, ocular and cardiovascular diseases, as well as in skin ageing defence [43][44][45]

Regarding carotenoid production, the unicellular green microalga Dunaliella salina is equally important for its recognition
as the richest source of natural B-carotene 481, When exposed to specific extreme environmental conditions, such as high-
intensity light, high salinity, extreme temperatures, and/or nutrient deprivation, D. salina can accumulate an exceptionally
large amount of B-carotene (up to 14% of the dry algal biomass), resulting in orange-coloured cells. This great carotene
productivity has led to the large-scale application of D. salina for commercial production of natural B-carotene, widely used
as an antioxidant and colourant in the food, feed, cosmetics, and pharmaceutical industries 4248 Additionally, this
species also contains other important lipid components, glycerol, proteins, and carbohydrates 49,

In the context of microalgae importance in different fields, some species have not been fully explored, but have been
demonstrated to be a promising source of bioactives according to published studies. The microalga Phaeodactylum
tricornutum is a marine diatom, which accumulates eicosapentaenoic acid (EPA, 20:5n-3) as a major component of its
fatty acid content 29, This species is also a rich source of the carotenoid fucoxanthin, whose intake has been suggested
to improve insulin resistance and to decrease the blood glucose level, along with anticancer and anti-inflammatory effects
BU52] - Fyrthermore, some other microalgae genera, such as Nannochloropsis, Tetraselmis, Scenedesmus, and
Isochrysis, have revealed their importance due to the production of long-chain fatty acids, i.e., docosahexaenoic acid
(DHA) and EPA, representing also a source of antioxidant compounds 231541,

Although there are a very large number of red algae (Rhodophyta) in nature, only a few species represent the microalgae
group. The genus Porphyridium is the most studied one due to the particular interest in its species as a source of
sulphated polysaccharides, proteins, the polyunsaturated fatty acids (PUFAs) arachidonic acid and EPA, and the
phycobiliprotein phycoerythrin 23, Studies have demonstrated that the sulphated polysaccharides of Porphyridium sp.
exhibit potential antiviral activity against herpes simplex virus (HSV-1 and 2) both in vitro and in vivo B3IB8, Fyrthermore, it
has also been reported that different-molecular-weight subunits of its polysaccharides demonstrate important antioxidant
and immunomodulatory activities BA[E8l | jkewise, the Cyanobacteria Phormidium sp. is a recognized source of
extracellular polymeric substances (EPS), which possess applications in the pharmaceutical, cosmetic, and food
industries as an emulsifier and thickening agent 2. Additionally, species of this genus have been reported to inhibit the
growth of different Gram-positive and Gram-negative bacterial strains, yeasts, and fungi €2,



| 3. Encapsulation

Encapsulation may be defined as a process in which a substance (active agent) is entrapped or coated by a carrier
material, in order to form a particulate system. The encapsulated compounds are also designated as the core, fill, or
internal phase, whereas the carrier substances can be identified as wall material, membrane, capsule, shell, matrix, or
external phase 2. This technique may be used to encapsulate compounds in the solid, liquid, or gaseous state in small
particles, which can be classified as nanoparticles when the dimensions vary from 1 to 100 nm; or microparticles, when
the dimensions range from 100 nm to 1000 pm [€1162],

The protective barrier provided by encapsulation offers several advantages. The primary reason to develop these
particulate systems is to maintain the biological, functional, and physicochemical properties of the active agent €3, The
wall material serves as a protection from adverse environmental and processing conditions, such as the undesirable effect
of light, temperature, moisture, and oxygen; therefore, contributing to an increase in stability and an extended shelf-life
(641 Another important advantage is the possibility of overcoming challenges that normally restrict the incorporation of
certain substances into commercial products. Encapsulation allows the increase in solubility of a compound into a
dissimilar medium, masking unpleasant flavours, enhancing the bioavailability and bioactivity, as well as controlling and
targeting the release of the core material as a response to external conditions (pH, temperature, etc.) [LSI[631[65],

The retention of the core substance within a particle and its stability depends on several factors, comprising the desired
physicochemical and functional properties of the final encapsulation system, along with the properties of the carrier
material and the active agent. The major characteristics to be considered regarding the core and coating materials are
their chemical nature, molecular weight, polarity, and solubility; while for the final particulate system, the entrapment
efficiency, permeability, degradability, and release profile must be equally taken into account [BEI671(68],

Encapsulation technology has been extensively researched and applied in diverse areas, such as the pharmaceutical,
medical, food, cosmetics, chemical, and agricultural industries (6789 |n the pharmaceutical field, for instance,
encapsulation is a key strategy to assist specific drawbacks in the formulation development, as it is capable of promoting
drug delivery to specific body sites, control drug release, act as diagnostic tools, and improve physicochemical properties,
e.g., water solubility, which, in turn, can bring positive changes to the medical treatment, such as lowering the therapeutic
dose and minimizing the side effects LAZUIZ2I73] Similar advantages can be related to the application of encapsulation in
the cosmetics segment, where particulate systems could lead to a sustained release of the active agent, as well as an
enhanced and deeper skin penetration [Z4173],

Likewise, the food industry can particularly benefit from the use of encapsulation, especially regarding the development of
functional foods. The addition of biologically active compounds into food has emerged as an exciting health-promoting
strategy in recent decades; however, it may present several limiting factors, including high sensitivity to processing
conditions, short shelf-life, fast-release of flavour during storage, limited uptake and bioavailability, lack of compatibility
and uniformity with the food matrix, or degradability through the gastrointestinal tract passage 8IZ8I77 |n light of this,
encapsulation represents a useful tool for the suppression of the aforementioned limitations, since it enables the
protection of a wide range of compounds by their entrapment into a protective matrix 28],

| 4. Microalgae Encapsulation
4.1. Functional Foods

Functional food, in general terms, may be defined as a natural or processed food, which contains an identified
component, in qualitative and quantitative amounts, with a proven and documented health benefit L8 This concept
was created in recent decades, opening a new research field that is in constant expansion due to consumers’ increasing
awareness of the close correlation between diet and health. Beyond providing nutrients required for the bodily
metabolism, it is well-known that food may play a key role in the prevention and treatment of certain diseases, along with
the improvement of physical and mental well-being BHE2, Following this trend, safety issues regarding the consumption of
processed foods have also become a concern. National authorities, such as the Food and Drug Administration (FDA) and
the European Food Safety Authority (EFSA), have restricted the use of many synthetic additives in food, e.g., synthetic
dyes, due to a growth in cancer development or allergic reactions [851],

Accordingly, there is a great interest in the investigation of natural resources and biologically active compounds with high
nutritional value and functionality to be used as a food ingredient in the development of novel functional foods 2, Among
these, microalgae are emerging as a valuable and economically viable alternative, as they represent a rich source of food-



grade compounds and almost an unlimited field of exploration due to their abundant taxonomic diversity B384 A variety of
microalgae biomass has already been successfully applied in the fortification of assorted food products, such as cookies,
bread, pasta, and some dairy goods [€2],

On the other hand, the incorporation of nutraceutical compounds into food is more of a challenging approach. The
effectiveness of a bioactive as a health-promoting substance within the food matrix depends on keeping its functionality
intact during food processing and storage; conserving the characteristics (taste, texture, colour, smell, etc.) and
acceptability of the original food; and lastly, assuring the bioavailability of the active ingredients, which includes sustaining
sufficient time of gastric residence without degradation and appropriate gut permeability €4, Due to the inherent instability
of most bioactive compounds present in microalgae, the efficacy of this process may be compromised. Consequently,
their incorporation into encapsulation systems seems to be a promising strategy to deliver microalgae health benefits at
boosted levels through functional foods 55,

One of the most explored microalgae concerning encapsulation systems for food applications is the species
Haematococcus pluvialis. Several research groups have investigated the encapsulation of its extract obtained by different
methods or purified compounds, essentially the carotenoid astaxanthin.

4.2. Pharmaceutical

Naturally derived products have served as a vital source of drugs since ancient times. Nowadays, approximately one-third
of the top-selling pharmaceuticals are of natural origins or their derivatives. Plants and microorganisms represent a
practically unlimited source of biochemical molecules, which may have promising pharmacological activities and
therapeutic benefits in the treatment of diverse diseases 88, In particular, microalgae have shown their importance in the
discovery of new therapeutic molecules, as well as in the isolation and characterization of already acknowledged ones &7,

As previously mentioned, the application of natural compounds in therapeutics faces significant shortcomings and
developmental challenges, highlighting their usually poor aqueous solubility, inherent instability, and low bioavailability (8.
The use of micro/nanoencapsulation has been shown as a solution by the pharmaceutical industry to address the issues
associated with these drawbacks, where the therapeutic value of biologically active compounds can be drastically
improved (88, Microalgae, as a rich and valuable universe of natural products with proven pharmacological properties, are
assumed to benefit from this strategy. However, the application of these microorganisms in drug delivery systems for
pharmaceutical purposes is still a field to be explored.

4.3. Cosmetics

Cosmetics are a class of products aimed at improving the structure, morphology, and appearance of skin or external parts
of the body. A large section of this segment comprises skin topical formulations, which are composed of excipients and
one or more active ingredients. Following the current global trend for products derived from natural sources, there is a
demand for the development of environmentally sustainable cosmetic products, with less chemical compounds, which
could act as cosmeceuticals 89,

The interest in microalgae regarding cosmetics application is relatively recent; these microorganisms produce metabolites
in response to changes in the environment, whose main function is linked to the cell’s ability to regenerate and self-protect
against external adverse conditions. In this context, it is assumed these compounds could instigate the equivalent effect
when applied on the skin. Among the bioactives extracted from microalgae that can be potentially used in cosmetics
formulation are the ones with pronounced antioxidant activity, such as astaxanthin and C-phycocyanin 29211,

The skin is the outer organ of the body and therefore acts as the primary barrier against the loss of endogenous
substances, as well as the penetration of external agents into the human body. As it constitutes an interface with the
environment, the skin is considered a target of several exogenous factors, such as UV radiation, pathogens, pollution, and
other toxic compounds. Such factors are usually associated with excessive production of reactive oxygen species and
other free radicals, which are pro-inflammatory mediators and may induce many deleterious effects, including DNA
damage, oxidative stress, photoaging, and carcinogenesis 192 As such, microalgae bioactives could play an
advantageous role in maintaining the skin health status and in the treatment of some dermatological issues, such as
hyperpigmentation, dehydration, photo-oxidation, photoaging, as well as protection against skin cancer [E2[93],
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