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Foods with microalgae and seaweeds fostering consumers health:
a review on scientific and market innovations
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Abstract

Nutrition plays a crucial role in health promotion and disease prevention, and dietary-related factors are, in many cases, the
leading risks for worldwide mortality and morbidity. Nowadays, consumer awareness of this fact has led to an increasing interest
in food products that couple both these dimensions to an imperative third overall factor of interest—sustainability. Microalgae
and seaweeds have in their composition a wide range of important multifunctional bioactive compounds which may possess
cardiovascular protective, anti-inflammatory, anti-hypertensive, antioxidant, anti-coagulant, anti-proliferative, and/or anti-
diabetic activities. In addition, they can constitute excellent ingredients for the food industry to be used in the development of
value-added food products. This review provides an overview on the current scientific and industrial developments regarding
food products incorporating microalgae and seaweeds. Furthermore, technological, nutritional, sustainability, and health benefits
resulting from their incorporation in different food matrixes are also explored.
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Introduction

Nutrition plays a crucial role in health promotion and
disease prevention, and dietary-related factors are, in
many cases, key risk factors contributing to worldwide
mortality and morbidity (Esposito et al. 2017). The per-
ception of nutrition’s impact on human health has
changed the paradigm of food intake over the last few
decades; focus has moved from single components of
foods to dietary patterns that consider the synergistic ef-
fects of overall food consumption (Esposito et al. 2017).
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The Mediterranean diet is the most studied and scientifi-
cally documented dietary pattern with proven health ben-
efits on reduction of overall mortality, specific mortality
due to cancer and coronary heart disease, obesity, diabe-
tes, mental health, respiratory diseases, as well as promo-
tion of quality of life and healthy aging, among others
(Dinu et al. 2018; Costa et al. 2019; Deligiannidou et al.
2019; Serra-Majem et al. 2019). The Mediterranean diet
pattern is based on the use of olive oil as the principal
source of fat; the high consumption of legumes, whole
cereal grains as well as fruits and vegetables; the low
consumption of red or processed meat; the low to moder-
ate intake of dairy products, poultry, and fish; some wine
consumption with meals; and the use of herbs and spices
as salt substitutes (Esposito et al. 2017). In addition,
healthy habits such as exercise practice and cooking tech-
niques are also an important part of the Mediterranean
lifestyle (Dernini et al. 2017; Serra-Majem et al. 2019).
The Mediterranean diet is also an excellent tool to address
one of the major challenges of our current society—
sustainability (Dernini et al. 2017). According to the
Food and Agriculture Organization (FAO), by 2050, food
production will have to increase at least by 60% in order
to feed the needs of an urbanized and growing population
(Alexandratos and Bruinsma 2012). To meet this demand,
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it is imperative to perform radical changes in food pro-
duction and consumption over the next decades taking
into consideration the upcoming major environmental
problems such as climate change and the increasingly de-
graded and stressed natural resources (Tilman and Clark
2014; Dernini et al. 2017). The Mediterranean diet may
effectively address these problems and, in fact, it is an
outstanding example of a sustainable diet model since it
involves major nutritional and health benefits, has high
sociocultural food value (it is currently considered an
Intangible Cultural Heritage of Humanity by the United
Nations), drives positive regional economic returns, and
promotes biodiversity richness and lower environmental
impacts (Reguant-Aleix et al. 2009; Dernini et al. 2017).
Despite the extensive knowledge on the benefits of the
Mediterranean diet, adhesion to this dietary pattern, even
in Mediterranean countries, has been decreasing, especial-
ly among younger generations, probably due to several
economic and social factors such as urbanization, loss of
culinary knowledge and practices, and compulsory use of
canteen and restaurants (Vilarnau et al. 2018; Serra-
Majem et al. 2019). This loss of cultural heritage may
lead not only to health problems such as overweight and
obesity, undernutrition, and several diet-related chronic
diseases, such as type 2 diabetes, several types of cancer,
and neurodegenerative diseases, but also to changes in
social, cultural, environmental, and economic factors
(Belahsen 2014; Deligiannidou et al. 2019). Considering
all these problems and in line with increasing consumer
demands, it is imperative that the food industry invests in
the development of foods that are in line with the
Mediterranean diet criteria and that target health promo-
tion, disease prevention, and environmental sustainability
but are also convenient and ready to eat (Granado-
Lorencio and Hernandez-Alvarez 2016; Dernini et al.
2017). Organisms such as micro- and macroalgae (or sea-
weeds) are excellent ingredients to be incorporated in
novel functional and in “grab to go” foods since they
are a valuable source of functional components such as
polysaccharides, vitamins, minerals, pigments, enzymes,
proteins and peptides, lipids and polyunsaturated fatty
acids (PUFA), phenolics, and other secondary metabolites
scientifically described to possess cardiovascular protec-
tive, anti-inflammatory, anti-hypertensive, antioxidant,
anti-coagulant, anti-proliferative, and anti-diabetic activi-
ties (Freitas et al. 2012, 2015; Teas et al. 2013; Boziaris
2014; Suleria et al. 2016; Wang et al. 2017; Wells et al.
2017; Nova et al. 2020). In this review, the current scien-
tific and market innovations regarding foods incorporating
microalgae and seaweeds will be covered. Furthermore,
technological, nutritional, and health benefits from incor-
poration of these new ingredients in different food matrix-
es will also be explored.

@ Springer

Characteristics and novelties
regarding seaweeds and microalgae

Seaweeds are photosynthetic plant-like eukaryotic organisms
classified into three major groups, i.e., red algae
(Rhodophyta), brown algae (Phaeophyceae), and green algae
(Chlorophyta) (Wang et al. 2017). Their chemical composi-
tion is influenced by environmental factors such as salinity,
temperature, pH, sunlight, physiological status, and carbon
dioxide (CO,) supply. Some of these organisms also can grow
in very harsh environmental conditions (Wang et al. 2017). In
consequence of environmental adaptations and taxonomic di-
versity, the macroalgae produce a wide range of novel bioac-
tive compounds and metabolites such as PUFAs, polysaccha-
rides, and phlorotannins. Additionally, they are a source of
high biological value protein (Wang et al. 2017).

Microalgae are simple-structured microscopic photosyn-
thetic microorganisms classified in several phyla that can
synthetize complex molecules and produce biomass from
CO,, light energy, and nutrient elements (Shin and Lee
2013; Borowitzka 2018). Because of these simple growth re-
quirements, microalgae can be used to sustainably produce
high nutritional value molecules such as carbohydrates, lipids
and proteins, and secondary metabolites with bioactive poten-
tial for humans such as PUFAs (namely, y-linolenic (GLA),
arachidonic (AA), docosahexaenoic (DHA), and
eicosapentaenoic (EPA) acids), vitamins (A, Bl, B2, B3,
B6, B12, C, E, folic acid, and pantothenic acid), carotenoids
(p-carotene, astaxanthin, lutein, zeaxanthin, fucoxanthin),
chlorophylls, and phycobiliproteins (phycoerythrin, phycocy-
anin) (Buono et al. 2014; Sidari and Tofalo 2019; Zarekarizi
etal. 2019).

In Eastern countries, seaweed consumption is deeply em-
bedded in their daily dietary intake, and epidemiological stud-
ies have suggested that the ingestion of large amounts of sea-
weeds could be correlated with a reduced incidence of many
of the chronic diseases that burden Western countries (Deleris
et al. 2016). In Japan, according to data from the “National
Nutrition Survey,” in 2007, the daily intake of seaweeds was
about 14.3 g per adult, contributing strongly to increase the
intake of dietary fiber in the Japanese population (Fukuda
et al. 2007; Deleris et al. 2016). The most consumed seaweeds
in Japan are nori (Pyropia (Porphyra) tenera), Mozuku
(Nemacystus decipiens), Hijiki (Sargassum fusiforme (previ-
ously named Hizikia fusiformis), Konbu (Saccharina
(Laminaria) japonica), and Wakame (Undaria pinnatifida)
(Fukuda et al. 2007; Deleris et al. 2016). The benefits of fol-
lowing a Japanese diet towards reduction of cardiovascular
disease and cancer risks were analyzed in a cohort of 58,767
Japanese participants (23,162 men and 34,232 women) aged
between 40 and 79 years old; an association was established
between decreased risk of cardiovascular disease and all-cause
mortality, especially in woman (Okada et al. 2018). In
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addition, Murai et al. (2019), in a cohort of 86,113 Japanese
participants (40,707 men and 45,406 women) between 40 and
69 years old, concluded that seaweed intake is inversely asso-
ciated with the risk of ischemic heart disease.

In more recent years, the novel characteristics have of sea-
weeds and microalgae also been explored in Western coun-
tries by the food, pharmaceutical, and nutraceutical industries
given their remarkable potential for medical, industrial, and
biotechnological applications (Boziaris 2014; Brown et al.
2014). Health benefits from algal bioactive compounds have
been extensively studied by the scientific community register-
ing promising health perspectives and therapeutic strategies
for several chronic and degenerative diseases. Studies have
been reporting evidence of health benefits from algal bioactive
compounds such as polysaccharides, fibers, carotenoids, or
other smaller molecules like peptides or polyphenols on ath-
erosclerosis, several types of cancer, cardiovascular diseases
and related risk factors, obesity, inflammation, neurodegener-
ative diseases, type 2 diabetes, gut health, bone health, and
even antiviral and antioxidant activities (e.g., Pangestuti and
Kim 2011; Atashrazm et al. 2015; Ricciardi et al. 2015;
Lowenthal and Fitton 2015; Shimada et al. 2016; Wan-Loy
and Siew-Moi 2016; Gabbia et al. 2017; Giffin et al. 2017,
Nisha and Devi 2017; Olasehinde et al. 2017; Wang et al.
2017; Wei et al. 2017; Andrade et al. 2018; Caporgno and
Mathys 2018; Gutiérrez-Rodriguez et al. 2018; Lee et al.
2019; Yan et al. 2019; Balasubramaniam et al. 2020; Nova
etal. 2020). The burden of chronic and debilitating diseases in
today’s society claims for new effective treatments and pre-
ventive strategies. In this context, marine resources could be
useful in the development of novel functional food products
that might benefit the onset and prognostic of several diseases
(Nova et al. 2020). In addition to their nutritional value and
potential health benefits for human consumption, seaweeds
and microalgae are also important from the environmental
and sustainability points of view; many seaweed species are
found in almost every ecosystem in the world, they grow fast,
and certain species can even develop in saline conditions,
without the need for fresh water, an overwhelming advantage
when comparing with traditional agriculture (Buech 2018).
Furthermore, algae for food applications may be processed
using environmentally friendly processing methods such as
autohydrolysis, taking full advantage of its bioactive com-
pounds and promoting sustainability and a circular economy
framework (Fradinho et al. 2020).

Nevertheless, several aspects need to be considered when
developing food products with seaweeds and microalgae.
These include consumer awareness and demand, bioavailabil-
ity of bioactive compounds, cost-effectiveness, stability, and
shelf life. In the case of microalgae, the fact that only a few
species are authorized for human consumption because of
strict food safety regulations also needs to be taken into con-
sideration (Champenois et al. 2015; Sidari and Tofalo 2019).

Arthrospira platensis (formerly Spirulina), Schizochytrium
sp., Scenedesmus spp., Chlorella spp., Haematococcus
pluvialis, Dunaliella salina, Porphyridium purpureum,
Aphanizomenon flosaquae var. flosaquae, and more recently
Tetraselmis chuii are among the microalgae species used for
human nutrition (AECOSAN 2013; Champenois et al. 2015;
Kavitha et al. 2016; Sidari and Tofalo 2019).

Given their richness in compounds with biological activity,
seaweeds and microalgae can be used as functional ingredi-
ents in the food industry thus providing interesting products
that will certainly satisfy consumer actual demand for foods
that conjugate nutritional and health benefits with sustainabil-
ity, are of easy culinary preparation, and present high
convenience-“grab to go” concept. In the next section, scien-
tific and market innovations regarding foods incorporating
seaweeds and microalgae will be presented and discussed.

Food products incorporating seaweeds
and microalgae

As described, seaweeds and microalgae are an excellent
source of value-added compounds that may be incorporated
in the development of innovative food products (Wells et al.
2017; Bhalamurugan et al. 2018). In fact, current consumers
are much more selective in their food choices and the demand
for cost-quality products that provide something “more” be-
yond standard expectations are in high demand (Goncalves
and Kaiser 2011). Furthermore, these types of products drive
anew paradigm for the food industry since they need constant
scientific and technological adaptations and further invest-
ments in product development and target marketing
(Goncalves and Kaiser 2011; Bhalamurugan et al. 2018). In
Table 1, a list of some of the most recently developed food
products incorporating seaweeds and/or microalgae is
presented.

Snacks

Snacks with improved nutritional and health benefits have
been in high demand over the recent years, especially among
the younger generations, given their convenience and high
practicality (Goncalves and Kaiser 2011; Potter et al. 2013;
Wells et al. 2017). Lucas et al. (2018) aimed to develop snacks
enriched with A. platensis (a cyanobacterium widely used as a
food ingredient, Table 1) in order to improve associated nu-
tritional value (Lucas et al. 2018; National Center for
Biotechnology Information 2019). By incorporating 2.6%
(w/w) of A. platensis, the authors achieved an increase of
22.6% (w/w) in protein content, 28.1% (w/w) in lipid content,
and 46.4% (w/w) in mineral content without affecting the
product’s physical parameters’ hardness and expansion index
but with a significant impact on its color due to the strong
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Biomass addition (dry power)

Microalgae incorporation

Table 1 (continued)

Product
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Jayasinghe and

- Agar and carrageenan extracts revealed to be excellent nutritive

2 different soups (w/w)

Ulva lactuca

Soup powder

Pahalawattaarach-

chi 2016

thickener and gelling agents;
- Improved apparent viscosity of the product;

1): 2.5% U. lactuca and different % of agar (1 to 4%)

Gracilaria verrucosa (agar extract)

Kappaphycus alvarezii (carrageenan  2): 2.5% U. lactuca and different percentages of

- Nutritional enhancement in minerals, specially calcium, potassium,

carrageenans (1 to 4%,)

extract)

magnesium, sodium and iodine;
- Shelf life up to 3 months in ambient temperature; more than 6 months in deep

freezer and 6 months in freezer storage.
- Nutritional enhancement specially in mineral content;

Jeyakumari et al.

Kappaphycus alvarezii (carrageenan 5% (w/w)

(2016)
Hanjabam et al.

- Consistency and flavor characteristics of soup not affected.

extract)
Sargassum wightii

- Increase in total dietary fiber, macrominerals, and trace elements;

0, 3, and 5% (w/w)

Fish jerky

(2017)

- Addition of up to 3% did not affect the organoleptic quality and improved the

antioxidant and microbial quality of the product.
- Changes in color, turning the product orange reddish;

Limon et al. (2015)

0.1 and 0.21 mg mL™"'

Scenedesmus almeriensis

Virgin olive oil

- Considerably nutritional enhancement in beta-carotene and lutein;

(carotenoids rich extracts)

- Oxidative stability improved giving a better shelf life quality to the product;

- Fatty acids and tocopherol profiles not affected by microalgae extract;

- Reduced peroxidation enhancing olive oil quality.

green pigmentation of this microalga. Despite the less positive
impact on its color, other attributes such as flavor, texture,
taste, and overall acceptance were not affected by the addition
of A. platensis resulting in an acceptability index of 82% by
the panelists (Lucas et al. 2018). Similarly, Etemadian et al.
(2018) developed successfully corn snacks nutritionally en-
hanced in protein, fatty acids and minerals, and with antioxi-
dant potential by incorporating the seaweeds Sirophysalis
trinodis (2% (w/w)) and Polycladia myrica (4% (w/w)) in
the product (Table 1, Etemadian et al. 2018). Hoodia
gordonii, a plant that grows in South Africa and Namibia, with
proven effects in appetite suppression, was combined with the
red seaweed Kappaphycus alvarezii to develop a functional
brown rice snack cereal bar (Table 1). Although the combined
incorporation of a plant and a seaweed affected both the color
and the texture of the rice snack bar, it received good sensorial
acceptability (Hajal et al. 2015). These ready-to-eat functional
snacks are undoubtedly an interesting tool to fulfill society’s
demand for nutritional, healthy, convenient, and sustainable
tasty foods; moreover as demonstrated by Jenifer and Kanjana
(2019), these types of food products may also impact human
life in more important dimensions. The authors developed a
biscuit enriched with 30% (w/w) of seaweed Ulva lactuca, a
low cost indigenous marine food highly prevalent in the Gulf
of Kutch Coast of Gujara, and supplemented 10 malnourished
children between 5 and 6 years old with the product for a
period of 2 months (one serving (4 biscuits) constituting
60 g of formulated seaweed biscuit per day). Significant pos-
itive impacts were observed on body mass index, weight,
body mass percentile, mid-upper arm circumference, and total
protein of the tested subjects (Table 1). Functional enriched
snacks with prolonged shelf life recurring to highly prevalent
and nutritionally rich natural marine resources could really
make a difference in the promotion of healthy and sustainable
environments (Jenifer and Kanjana 2019).

Cookies are equally desired and highly consumed conve-
nient snacks. However, this type of food product has, in gen-
eral, a low nutritional value and a high sugar content (Bolanho
et al. 2014). More recently, studies have been changing this
trend by incorporating in cookies novel marine resources that
could confer interesting nutritional and functional properties
(Bolanho et al. 2014; Batista et al. 2017). For example,
A. platensis was incorporated in cookies to improve their nu-
tritional profile and antioxidant potential (Table 1). With the
incorporation of 2 or 5% (w/w) of microalga, the authors
achieved an interesting functional product nutritionally
enriched in fiber, protein, and ash contents as well as in phe-
nolic compounds and associated antioxidant capacity.
However, formulations with 5% (w/w) of A. platensis biomass
registered low scores for appearance, aroma, flavor, texture,
and overall acceptability in the sensorial evaluation. In turn,
the 2% (w/w) A. platensis cookie formulation registered no
statistically significant differences in sensorial analysis
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compared with the control (cookie without microalgae incor-
poration) (Bolanho et al. 2014). This study raised an important
topic regarding the development of food products incorporat-
ing microalgae. Nutritional enrichment and antioxidant im-
provement achieved with higher percentage incorporation
(5% (w/w) microalgae) is hampered by reduced consumer
acceptability at higher concentrations. The greatest challenge
both for food development and industry application resides in
finding the right balance between the amounts of microalgae
percentage incorporation to achieve improved health benefits
without jeopardizing sensory quality. A food product may
present several health benefits, but if it is not tasty and
attractive, very few consumers will be willing to buy it.
Batista et al. (2017) also tested the effect of quantity of
microalgae incorporated in cookies but tested a larger number
of species. These authors evaluated the sensory, physical, and
chemical properties; antioxidant activity; and in vitro digest-
ibility of cookies enriched with one of two percentages (2%
(w/w) and 6% (w/w)) of each microalga, i.e., A. platensis,
Chlorella vulgaris, Tetraselmis suecica, and Phaeodactylum
tricornutum (Table 1). Interesting results were obtained with a
significant increase of antioxidant activity and phenolic com-
pounds in supplemented cookies in comparison with control
(cookies without microalga biomass incorporation).
Regarding the physical properties, the incorporation of
microalgae provided stable and innovative green colors that
varied between a blueish-green (A. platensis) to a brownish-
green (P. tricornutum). Arthrospira platensis provided a
structuring effect on cookie texture being also responsible
for the highest antioxidant activity values, protein and pheno-
lic contents as well as the highest sensory scores (Batista et al.
2017). Another research work that studied the incorporation of
an extract from Haematococcus pluvialis, a microalga ex-
tremely rich in astaxanthin, in cookies was able to achieve
an improvement in their antioxidant capacity, nutritional pro-
file, and phenolic content (Table 1). Furthermore, this food
product revealed in vitro potential to lower the glycemic re-
sponse of whole meal flour cookies (Hossain et al. 2017).

Foods enriched in omega-3 and omega-6 PUFA

The benefits associated with a balanced intake of omega-3 and
omega-6 fatty acids in the prevention of several diseases, such
as cancer, type 2 diabetes, inflammatory and cardiovascular
diseases, ocular diseases, and arthritis, have been extensively
reported in the scientific literature (Abel et al. 2014; Babuskin
et al. 2014; Calder 2015; Shahidi and Ambigaipalan 2018;
Innes and Calder 2020). This fact justifies why products in-
corporating such bioactive compounds have been in high de-
mand in recent years (Babuskin et al. 2014). Babuskin et al.
(2014) aimed to develop functional cookies and pasta incor-
porating the microalga Nannochloropsis oculata as a source
of EPA and DHA omega-3 PUFA (Table 1). By incorporating

1% (w/w) of N. oculata, the authors achieved 98 and 63 mg
(100 g) ' of EPA and DHA, respectively, in cookies and pas-
ta, creating two interesting functional products as a source of
omega-3 fatty acids. Furthermore, firmness of cookies and
pasta improved with addition of microalga biomass, and
colors remained stable for 2 months of storage. Sensory eval-
uation by an untrained panel registered interesting results for
both products: although cookies without microalgae biomass
incorporation were preferred, cookies with 1 to 2% (w/w) of
N. oculata were also appreciated and obtained a positive clas-
sification. Adding 3% (w/w) of microalgae resulted in a fishy
taste which was reflected in a weak overall appreciation of the
product especially regarding color and taste. For pasta, the
same trend was observed but the panelists appreciated pasta
with microalgae biomass incorporation up to 3% (w/w). These
results help to understand that incorporating microalgae in
different food matrices is translated in different aromas,
flavors, textures, and appearances—important factors to con-
sider along product development (Babuskin et al. 2014).
Dunaliella salina, an edible green microalga, was also incor-
porated in pasta improving its nutritional content in minerals,
phytochemicals and unsaturated fatty acids (Table 1, El-Baz
etal. 2017).

Fermented foods

The development of fermented products such as yogurt or
cheese with the introduction of algae constitutes an excellent
opportunity to open a new segment of highly nutritional and
healthy valued food products where a high number of lactic
acid bacteria are duly combined with rich quantitative and
qualitative profiles of natural bioactive metabolites (Scieszka
and Klewicka 2019). Spreadable processed cheese was used
for the incorporation of C. vulgaris (2, 4, and 6% (w/w))
having achieved a high level of potassium, magnesium, sele-
nium, zinc, and iron, and improved antioxidant potential
(Tohamy et al. 2018). A fish jerky was used to incorporate
Sargassum wightii (0, 3, and 5% (w/w)) with consequent in-
crease in total dietary fiber, macro (protein and carbohydrates)
and micronutrients (especially calcium and iron), and im-
proved antioxidant and microbial properties (Hanjabam et al.
2017).

Another research aimed to develop a functional yogurt as a
delivery vehicle for a Paviova lutheri omega-3-rich lipid ex-
tract (Table 1). The addition of the extract did not affect the
yogurt’s general quality and increased the n-3 PUFA content
of the product. In addition, the P. lutheri extract showed a
potent anti-inflammatory activity in vitro, which can also ben-
efit consumer health. Unfortunately, in terms of sensory eval-
uation, the results were not very promising registering poor
consumer acceptability. Further research must address strate-
gies to improve sensory quality of the product. This was the
first study that addressed the incorporation of this microalgae

@ Springer
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into a carrier food such as yogurt, so certainly there will be
opportunities for product improvement in the near future
(Robertson et al. 2016). Similarly, Lane et al. (2014) aimed
to test if nanoemulsion technology could improve the bio-
availability of an omega-3-rich algal oil using yogurt as a food
vehicle in comparison with bulk oil-enriched yogurt (Table 1).
A single-blind randomized crossover trial was conducted with
11 subjects via administration of the two food products with a
washout period of 21 days between interventions. Blood sam-
ples were taken for each intervention at baseline, 2, 4, 6, 24,
and 48 h intervals. Yogurt with nanoemulsion incorporation
revealed a significantly higher bioavailability percentage com-
pared with control yogurt for n-3 PUFA giving preliminary
results on the potential of nanoemulsion technology as a strat-
egy to improve omega-3 fatty acids bioavailability in novel
food products. As highlighted by the authors, products with
vegetarian sources of n-3 PUFA are in high demand since
vegetarians are short on recommended dietary guidelines.
Such products could be part of the solution (Lane et al. 2014).

Food supplements

The risk of nutritional deficiencies and malnutrition is very
common among the elderly populations due to appetite chang-
es and reduced intake of minerals, vitamins, and protein. This
unbalanced nutritional intake leads to progressively loss of
strength, function, and muscle mass (a condition known as
sarcopenia) that greatly influences the development of
aging-related chronic diseases greatly raising morbidity and
mortality among the elderly (Baum et al. 2016; Santos et al.
2016). Santos et al. (2016) aimed to develop a product with
high nutritional value that could be useful as a supplement for
the elderly population—a powdered chocolate flavor food
with addition of 750 mg A. platensis per 100 g (Table 1). By
adding this microalga, the authors achieved an interesting
product source of protein and carbohydrates, with estimated
19 months of shelf life and with a good sensory acceptability
by the target population (Santos et al. 2016). As highlighted
by Figueiredo et al. (2016), functional foods could have an
important role in increasing nutrient intake, via their adapta-
tion to age-related nutritional and sensorial changes, and in
decreasing the incidence of chronic debilitating diseases in
the elderly.

Bread

Bread, a general commodity, is one of the most consumed
foods in the world with an estimated reported consumption
of 100 g per day in several countries such as Italy and
Germany (Leclercq et al. 2009; Heuer et al. 2015; Angelino
et al. 2017). Since this food comes in a lot of different shapes,
textures, sizes, and sensory attributes, bread is a food product
that is widely appreciated and, as such, a promising vehicle for

@ Springer

functional ingredients from micro- and macroalgae (Angelino
et al. 2017; Uribe-Wandurraga et al. 2019). Recently, func-
tional breadsticks with considerable amounts of iron and se-
lenium were successfully developed by incorporating the
microalgae C. vulgaris and A. platensis (Table 1). In addition,
the product revealed increased in color and texture stability
over 15 days of storage (Uribe-Wandurraga et al. 2019).
Garcia-Segovia et al. (2017) aimed to evaluate the impact of
adding the microalgae Isochrysis galbana, T. suecica,
Scenedesmus almeriensis or Nannochloropsis gaditana on
physico-chemical and texture properties of wheat bread
(Table 1). The authors reported changes in color due the
strong pigmentation of the algae, as well as in crust and crumb
characteristics. Other parameters such as hardness, chewiness,
and resilience were not modified by microalgae addition.
Future studies should address consumer’s acceptability of
the product (Garcia-Segovia et al. 2017). Similarly, addition
of C. vulgaris up to 3.0 g per 100 g to wheat flour dough
registered positive impacts on viscoelastic and rheology char-
acteristics. In contrast, the addition of more than 3.0 g of
C. vulgaris increased bread aging and impacted negatively
on flavor, texture, and dough rheology (Table 1) (Graca
et al. 2018). Microalgae have also been demonstrated to be
an excellent choice for nutritional enhancement of bread.
A. platensis was incorporated at 1 and 3% (w/w) leading to
an increase in bread minerals, protein, and fat content. Bread
with 1% (w/w) of this microalga was better appreciated since
the addition of 3% (w/w) conferred a strong green tonality
affecting the color negatively (Table 1) (Hafsa et al. 2014).
Unfortunately, the incorporation of higher amounts of algae in
bread has resulted in products with reduced acceptability re-
garding associated organoleptic properties. In this context, the
color of the product seems to be the most relevant and reported
factor, since it may easily influence negatively the sensory
acceptability of the product. Future research should focus on
overcoming these limitations.

Within the medical field framework, the effect of consum-
ing bread with incorporated Palmaria palmata on the antiox-
idant potential, lipid profile, thyroid function, and inflamma-
tory markers of healthy adults was analyzed (Allsopp et al.
2016). A randomized placebo-controlled intervention trial
was conducted with two groups, i.e., 19 participants with con-
trol bread (without seaweed incorporation) and 20 participants
with bread enriched with P. palmata (Table 1). The partici-
pants consumed 1 bread per day (230 g containing 5 g
P. palmata) for 28 consecutive days. Palmaria palmata—
enriched bread increased serum triglycerides, altered thyroid
function (thyroid stimulating hormone was stimulated due to
iodine content of seaweed), and stimulated inflammation (C-
reactive protein increased—seaweed contains immunomodu-
latory heterosides such as floridoside that can be the trigger for
such stimulation). It is also important to note that these phys-
iological changes were unlikely to impact human health since
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clinical analyses registered all values in the normal physiolog-
ical range (Allsopp et al. 2016). Further studies should focus
on the functional components responsible for these physiolog-
ical impacts in order to improve bioavailability of the func-
tional compounds of P. palmata and consequently the quality
of the final food product.

Soups

Soups are a good and convenient vehicle for the delivery of
vitamins, minerals, phytochemicals, fiber, and water contrib-
uting to their recommended daily intake and subsequently to a
healthy nutritional status. Their consumption also contributes
to the maintenance of a balanced diet because, in general, they
incorporate different kinds of plant-based foods (legumes,
vegetables, tubers), and their fat content tends to be low
(Galan et al. 2003). Given the high fiber and water contents,
this food product has a powerful satiating effect and can help
control daily energy intake (Galan et al. 2003). Soup is strong-
ly enjoyed within certain cultures, for example it is imperative
in the Portuguese gastronomic culture and heritage.
According to Emilio Peres (1932-2003), a prominent figure
in the medical and nutritional field in Portugal, “Soup is be-
coming fashionable and as such, it is on the track of current
scientific research. It is recognized for its high value. Soup
should be consumed by all including the rich, the stressed
urbanite, the remedied, the countryfolk, the manual workers
or even the idle. It is good for youth, adults and the elderly.
Soup is part of the Portuguese tradition because it always has
been, and will always be, useful for health.” (Esteves et al.
2013).

In fact, soup is indeed on the track of scientific research,
inclusively as a vehicle for marine resources enrichment.
Lafarga et al. (2019) aimed to develop an innovative broccoli
soup with addition of the microalgae A. platensis, Chlorella,
or Tetraselmis (Table 1). By adding a range of 0.5 to 2.0%
(w/v) of each microalga, the authors achieved different soups
with good antioxidant capacity and higher concentration of
bioaccessible polyphenols (ranging between 32.9+ 1.1 and
45.6+0.5 mg per 100 mL in a simulated gastrointestinal di-
gestion model). Once again, soups formulated with lower con-
tents of microalgae (0.5%) registered better acceptability in-
dexes, which upholds the need to find incorporation strategies
that may enable the inclusion of contents as high as possible to
guarantee functionality without jeopardizing sensory quality
(Lafarga et al. 2019). Similarly, a study performed in Brazil
developed a dehydrated soup enriched with 15% (w/w) of
A. platensis high in protein, fiber, lipids, chlorophyll content
and improved antioxidant capacity (Table 1). This research, in
particular, highlights the importance of microalgae incorpora-
tion strategy since even with a big percentage of A. platensis
addition (15% w/w), the product registered good sensorial
acceptability as well as high purchase intention (Los et al.

2018). Carrageenan (extracted from K. alvarezii) and agar
(extracted from Gracilaria verrucosa)—two polysaccharides
with thickening, gelling, and stabilizing properties—were
combined in different percentages (4, 3, 2, 1% (w/w)) with
2.5 g (100 g) ! of the seaweed U. lactuca improving greatly
the physical and nutritional properties of vegetable seaweed—
based soup powder. It is worth highlighting the onset of a
nutritional enhancement in several micronutrients such as cal-
cium, potassium, magnesium, and iodine, for example in the
soup formulated with 3 g of agar and 2.5 g (100 g) ' of sea-
weed, values of 53.39 +0.07 mg potassium (100 g) ', 45.8 +
0.98 mg magnesium (100 g) ', and 250.56 +0.75 mg calcium
(100 g)' were achieved. This was indeed a tremendous
achievement when compared with their comparative market
soup which registered values of 5.6 +0.45 mg (100 g) ', 4.9
+0.32mg (100 g) ', and 3.8+0.23 mg (100 g) ', respective-
ly. In addition, a large improvement of the product’s apparent
viscosity (highest reported values were 698 cups, 766 cups,
and 951 cups) and considerable shelf life duration of 5 to
6 months under freezer storage (0 °C) were registered
(Table 1) (Jayasinghe and Pahalawattaarachchi 2016).
Another study also incorporated carrageenan from
K. alvarezii in the development of a novel fish soup powder
with nutritional enhancement especially in terms of mineral
content (Table 1). Curiously, supplementation of carrageenan
by 5% (w/w) did not affect consistency and flavor character-
istics of the final product (Jeyakumari et al. 2016).

Olive oil, a highly recommended food within the
Mediterranean diet given its cardiovascular protective proper-
ties and used as the main fat ingredient in soup preparation,
has also been used as vehicle for incorporation of bioactive
compounds derived from microalgae. Virgin olive oil was
enriched with Scenedesmus almeriensis (carotenoid-rich
extracts) at different concentrations (0.1 and 0.21 mg mL™");
results demonstrated a nutritional enhancement of olive oil in
beta-carotene and lutein, and improved overall quality of the
final product (Table 1) (Limoén et al. 2015).

Market innovations regarding products
with microalgae and seaweeds

Consumer interest in products that combine health and nutri-
tion and the increasing consciousness of the importance of
finding new plant-based protein sources, that can reduce the
environmental impact and the increasing demand of a growing
and urbanized population, are driving people to search in-
creasingly more for algae-based food products (Alexandratos
and Bruinsma 2012; Buech 2018; Mintel 2018).
Consequently, the market is adapting to this demand and al-
though food products with algae are still in their infancy in
Western countries, the number of foods and drinks containing
algae doubled in the past few years according to the Mintel

@ Springer
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database (Mintel 2018). From this total, snacks and juice
drinks are the most launched categories of food products with
algae, registering between October 2016 and September 2017
approximately 16% and 11% increase, respectively (Mintel
2018). In what concerns the percentage of new products fea-
turing algae market launches in 2018, sugar and gum confec-
tionery (34.5%), bakery (10.9%), meals (10.9%), and choco-
late confectionery (10.6%) were the most prevalent (Mintel
2018). The most used algae-based ingredients between 2017
and 2018 were A. platensis concentrate (46.1%), unspecified
algae (19.1%), A. platensis (10.6%), A. platensis extract
(6.5%) and Porphyra sp. (nori) (4.9%) (Mintel 2018). The
use of these new ingredients makes several claims possible
where environmentally friendly package (23.5%), no
additives/preservatives (22.1%), recycling (19.6%), and or-
ganic (17.8%) stand out as the mostly used in 2018 (Mintel
2018). As previously highlighted, environmental sustainabil-
ity is an imperative tendency, aligned with Health and Food
Authorities Sustainable Development Goals (Food and
Agriculture Organization 2015) to which market and con-
sumers are clearly adapting and adhering as reflected in such
increased number of product launches, indeed, the top product
claims in these food products are clearly environmentally re-
lated ones. As previously demonstrated, the overwhelming
novelty of seaweeds and microalgae in their role to add extra
value to food products has been documented in the scientific
literature especially over recent years. Nevertheless there are
limited published data available on the nutritional composi-
tion of the several products that reach the market; these have
not been scientifically documented. This review aims to nar-
row this gap by providing updated information on products,
algae content, and potential claims. Table 2 lists several in-
dustrially developed products worldwide with incorporated
seaweeds and microalgae with interesting added value to sat-
isfy increasing consumer demands.

Based on the abovementioned rationale, different product
categories are being increasingly sought for incorporation of
edible seaweeds and microalgae. Nutritional, functional, and
environmental benefits have been highlighted. Nevertheless,
producers and food manufacturers continue to face important
challenges. Algal producers using land-based cultivation sys-
tems need to guarantee standardized products in terms of nu-
trient and phytochemical contents. It is well-known that sea-
weed species vary greatly in their protein content dependent
on such factors as season and environmental growth condi-
tions; the same applies to pigments or bioactive compounds
with antioxidant potential for example. Furthermore, safety
issues need to be continuously accounted for, not only in
terms of microbiological quality of raw materials but also in
terms of excessive salt, iodine, and heavy metal content in-
cluding arsenic species (Freitas and Gomes 2019). Legislative
measures are imperative to guarantee proper monitoring pro-
grams, correct labeling of food products, and establishment of

safe portion sizes (Cherry et al. 2019; van der Spiegel et al.
2013). A very recent review provides enlightment on the re-
quired fields needed and potential strategies associated to be
developed in the near future if seaweeds and microalgae are to
contribute to future global food security (van der Spiegel et al.
2013; Cherry et al. 2019). Solutions may include more objec-
tive legislative measures and safety cut-offs, the use of im-
proved technologies that may destroy/remove possible con-
taminants, the generation of more mechanistic evidence to
uphold health claims, and the need for more human interven-
tion studies required to substantiate nutritional and functional
benefits of nutrients and bioactive compounds found in the
different algae (Cherry et al. 2019).

Conclusions

Seaweeds and microalgae are excellent sustainable marine
resources to be incorporated as ingredients in the development
of innovative food products that privilege health, nutrition,
and environmental sustainability. Despite the clear steady
growth of scientific and industrial interests in food products
with seaweeds and microalgae, fueled by increasing consumer
demand, further investments in applied product development
science and background mechanistic science are imperative
especially in what concerns technologies that could optimize
product safety and sensory characteristics without sacrificing
the optimal quantity of marine ingredient that could bring
about health and nutritional benefits. Legislative measures
related with proper monitoring programs, labeling procedures,
and good manufacturing practices are essential to prevent any
biological/chemical hazards that may jeopardize a safe and
beneficial product development. Furthermore, future works
must focus on analyzing the bioaccessibility and bioavailabil-
ity of marine bioactive compounds, especially when these
ingredients are incorporated in different food matrices, a driv-
ing factor of such important nutritional and health benefits.
These data are essential to optimize product development
and effectively create food products that could work as pre-
ventive or adjuvant therapeutic strategies against the burden of
chronic and debilitating noncommunicable diseases in today’s
society.

Acknowledgments We would like to acknowledge the important contri-
bution of Portugal Foods by providing the data report on commercial
products containing seaweeds and microalgae.

Funding information The authors gratefully acknowledge the financial
support of “Fundo Europeu de Desenvolvimento Regional (FEDER)
através do Programa Operacional Competitividade e
Internacionalizac@o (POCI) through the research project VALORMAR:
Valorizagdo Integral dos Recursos Marinhos: Potencial, Inovagao
Tecnologica e Novas Aplicagdes (POCI-01-0247-FEDER-024517). We
would also like to thank the scientific collaboration under the FCT project
UID/Multi/50016/2019 and from FCT/MEC (PIDDAC), IF/00588/2015.

@ Springer



1800

J Appl Phycol (2020) 32:1789-1802

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Abel S, Riedel S, Gelderblom WCA (2014) Dietary PUFA and cancer.
Proc Nutr Soc 73:361-367

AECOSAN (2013) Informe del Comité Cientifico de la Agencia
Espaiiola de Seguridad Alimentaria y Nutricion (AESAN) en
relaciéon a una solicitud de evaluacién inicial para la
comercializacion de la microalga marina Tetraselmis chuii en el
marco de Reglamento (CE) N° 258/97 sobre nuevos alimentos y
nuevos ingredientes alimentarios. Revista del Comité Cientifico de
la AECOSAN 18: 11-27

Alexandratos N, Bruinsma J (2012) World agriculture: towards 2030/
2050 — the 2012 revision. Global Perspectives Studies. Food and
Agriculture Organization of the United Nations. http://www.fao.org/
global-perspectives-studies/resources/detail/en/c/411108/. Accessed
24 Nov 2019

Allsopp P, Crowe W, Bahar B, Harnedy PA, Brown ES, Taylor SS,
Smyth TJ, Soler-Vila A, Magee PJ, Gill CI, Strain CR, Hegan V,
Devaney M, Wallace JM, Cherry P, FitzGerald RJ, Strain JJ,
O'Doherty JV, McSorley EM (2016) The effect of consuming
Palmaria palmata -enriched bread on inflammatory markers, anti-
oxidant status, lipid profile and thyroid function in a randomised
placebo-controlled intervention trial in healthy adults. Eur J Nutr
55:1951-1962

Andrade MKA, Lauritano C, Romano G, Ianora A (2018) Marine
microalgae with anti-cancer properties. Mar Drugs 16:165

Angelino D, Cossu M, Marti A, Zanoletti M, Chiavaroli L, Brighenti F,
Del Rio D, Martini D (2017) Bioaccessibility and bioavailability of
phenolic compounds in bread: a review. Food Funct 8:2368-2393

Atashrazm F, Lowenthal RM, Woods GM, Holloway AF, Dickinson JL
(2015) Fucoidan and cancer: a multifunctional molecule with anti-
tumor potential. Mar Drugs 13:2327-2346

Babuskin S, Krishnan KR, Babu PAS, Sivarajan M, Sukumar M (2014)
Functional foods enriched with marine microalga Nannochloropsis
oculata as a source of w-3 fatty acids. Food Technol Biotechnol 52:
292-299

Balasubramaniam V, Aznyda N, Hussin M, Faradianna L, Aswir AR,
Mohd Fairulnizal MN (2020) Effect of red edible seaweed
Eucheuma denticulatum on diet-induced obesity in vivo. J Appl
Phycol. https://doi.org/10.1007/s10811-020-02061-z

Batista AP, Niccolai A, Fradinho P, Fragoso S, Bursic I, Rodolfi L,
Biondi N, Tredici MR, Sousa I, Raymundo A (2017) Microalgae
biomass as an alternative ingredient in cookies: sensory, physical
and chemical properties, antioxidant activity and in vitro digestibil-
ity. Algal Res 26:161-171

Baum JI, Kim IY, Wolfe RR (2016) Protein consumption and the elderly:
what is the optimal level of intake? Nutrients 8:1-9

Belahsen R (2014) Nutrition transition and food sustainability. Proc Nutr
Soc 73:385-388

Bhalamurugan GL, Valerie O, Mark L (2018) Valuable bioproducts ob-
tained from microalgal biomass and their commercial applications: a
review. Environ Eng Res 23:229-241

Bolanho BC, Egea MB, Jacome ALM, Campos I, De Carvalho JCM,
Danesi EDG (2014) Antioxidant and nutritional potential of cookies
enriched with Spirulina platensis and sources of fibre. J Food Nutr
Res 53:171-179

@ Springer

Borowitzka MA (2018) Biology of microalgae. In: Levine IA, Fleurence
J (eds) Microalgae in health and disease prevention. Academic
Press, London, pp 23-72

Boziaris IS (2014) Food ingredients from the marine environment.
Marine biotechnology meets food science and technology. Front
Mar Sci 1:1-4

Brown EM, Allsopp PJ, Magee PJ, Gill CI, Nitecki S, Strain CR,
McSorley EM (2014) Seaweed and human health. Nutr Rev 72:
205-216

Buech J (2018) Everything you need to know about seaweed. Mintel.
com. https://www.mintel.com/blog/food-market-news/everything-
you-need-to-know-about-seaweed. Accessed 24 Nov 2019

Buono S, Langellotti AL, Martello A, Rinna F, Fogliano V (2014)
Functional ingredients from microalgae. Food Funct 5:1669—1685

Calder PC (2015) Functional roles of fatty acids and their effects on
human health. J Parenter Enter Nutr 39:18S-32S

Caporgno MP, Mathys A (2018) Trends in microalgae incorporation into
innovative food products with potential health benefits. Front Nutr
5:1-10

Champenois J, Marfaing H, Pierre R (2015) Review of the taxonomic
revision of Chlorella and consequences for its food uses in Europe. J
Appl Phycol 27:1845-1851

Cherry P, O’Hara C, Magee PJ, McSorley EM, Allsopp PJ (2019) Risks
and benefits of consuming edible seaweeds. Nutr Rev 77:307-329

Costa R, Teasdale S, Abreu S, Bastos T, Probst M, Rosenbaum S, Ward
PB, Corredeira R (2019) Dietary intake, adherence to Mediterranean
diet and lifestyle-related factors in people with schizophrenia. Issues
Ment Health Nurs 40:851-860

Deleris P, Nazih H, Bard J-M (2016) Seaweeds in human health. In:
Fleurence J, Levine I (eds) Seaweed in health and disease preven-
tion. Elsevier, Amsterdam, pp 319-367

Deligiannidou G, Philippou E, Vidakovic M, Berghe WV, Heraclides A,
Grdovic N, Mihailovic M, Kontogiorgis C (2019) Natural products
derived from Mediterranean diet with antidiabetic activity: from
insulin mimetic hypoglycemic to nutriepigenetic modulator com-
pounds. Curr Pharm Des 25:1760—1782

Dernini S, Berry EM, Serra-Majem L, La Vecchia C, Capone R, Medina
FX, Aranceta-Bartrina J, Belahsen R, Burlingame B, Calabrese G,
Corella D, Donini LM, Lairon D, Meybeck A, Pekcan AG, Piscopo
S, Yngve A, Trichopoulou A (2017) Med Diet 4.0: the
Mediterranean diet with four sustainable benefits. Public Health
Nutr 20:1322-1330

Dinu M, Pagliai G, Casini A, Sofi F (2018) Mediterranean diet and mul-
tiple health outcomes: an umbrella review of meta-analyses of ob-
servational studies and randomised trials. Eur J Clin Nutr 72:30-43

El-Baz FK, Abdo SM, Hussein AMS (2017) Microalgae Dunaliella
salina for use as food supplement to improve pasta quality. Int J
Pharm Sci Rev 46:45-51

Esposito K, Maiorino MI, Bellastella G, Panagiotakos DB, Giugliano D
(2017) Mediterranean diet for type 2 diabetes: cardiometabolic ben-
efits. Endocrine 56:27-32

Esteves R, Granja L, Barbosa M (2013) Sopas: Mais do que um alimento,
sdo um prato de saude. https://www.apn.org.pt/documentos/ebooks/
Sopas.pdf. Accessed 29 Nov 2019

Etemadian Y, Shabanpour B, Ramzanpour Z, Shaviklo AR, Kordjazi M
(2018) Production of the corn snack seasoned with brown seaweeds
and their characteristics. J] Food Meas Charact 12:2068-2079

Figueiredo F, Encarnagao T, Campos M (2016) Algae as functional foods
for the elderly. Food Nutr Sci 07:1122—-1148

Food and Agriculture Organization (2015) FAO and the 17 sustainable
development goals. United Nations, Rome, Italy

Fradinho P, Florez-Fernandez N, Sousa I, Raymundo A, Dominguez H,
Torres MD (2020) Environmentally friendly processing of
Laminaria ochroleuca for soft food applications with bioactive
properties. J Appl Phycol. https://doi.org/10.1007/s10811-019-
01958-8


http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
https://doi.org/10.1007/s10811-020-02061-z
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
https://doi.org/10.1007/s10811-019-01958-8
https://doi.org/10.1007/s10811-019-01958-8

J Appl Phycol (2020) 32:1789-1802

1801

Freitas AC, Gomes AM (2019) Analytical approaches for proteomics and
lipidomics of arsenic in algae. In: Duarte AC, Reis VBT-CAC (eds)
Arsenic Speciation in Algae. Elsevier, pp 145-177

Freitas AC, Rodrigues D, Rocha-Santos TAP, Gomes AMP, Duarte AC
(2012) Marine biotechnology advances towards applications in new
functional foods. Biotechnol Adv 30:1506-1515

Freitas AC, Pereira L, Rodrigues D, Carvalho AP, Panteleitchouk T,
Gomes AM, Duarte AC (2015) Marine functional foods. In: Kim
S-K (ed) Springer handbook of marine biotechnology. Springer,
Berlin, pp 969-994

Fukuda S, Saito H, Nakaji S, Yamada M, Ebine N, Tsushima E, Oka E,
Kumeta K, Tsukamoto T, Tokunaga S (2007) Pattern of dietary fiber
intake among the Japanese general population. Eur J Clin Nutr 61:
99-103

Gabbia D, Dall’Acqua S, Di Gangi IM, Bogialli S, Caputi V, Albertoni L,
Marsilio I, Paccagnella N, Carrara M, Giron MC, De Martin S
(2017) The phytocomplex from Fucus vesiculosus and
Ascophyllum nodosum controls postprandial plasma glucose levels:
an in vitro and in vivo study in a mouse model of NASH. Mar Drugs
15:E41

Galan P, Renault N, Aissa M, Adad HA, Rahim B, Potier de Courcy G,
Hercberg S (2003) Relationship between soup consumption, folate,
beta-carotene, and vitamin C status in a French adult population. Int
J Vitam Nutr Res 73:315-321

Garcia-Segovia P, Pagan-Moreno MJ, Lara IF, Martinez-Monz6 J (2017)
Effect of microalgae incorporation on physicochemical and textural
properties in wheat bread formulation. Food Sci Technol Int 23:
437-447

Giffin JC, Richards RC, Craft C, Jahan N, Leggiadro C, Chopin T,
Szemerda M, MacKinnon SL, Ewart KV (2017) An extract of the
marine alga Alaria esculenta modulates o-synuclein folding and
amyloid formation. Neurosci Lett 644:87-93

Goncalves AA, Kaiser C (2011) Value-added products from aquaculture:
a global trend. World Aquac 42:48-67

Graga C, Fradinho P, Sousa I, Raymundo A (2018) Impact of Chlorella
vulgaris on the rheology of wheat flour dough and bread texture.
LWT Food Sci Technol 89:466-474

Granado-Lorencio F, Hernandez-Alvarez E (2016) Functional foods and
health effects: a nutritional biochemistry perspective. Curr Med
Chem 23:2929-2957

Gutiérrez-Rodriguez AG, Juarez-Portilla C, Olivares-Bafiuelos T, Zepeda
RC (2018) Anticancer activity of seaweeds. Drug Discov Today 23:
434-447

Hafsa YA, Amel D, Samia S, Sidahmed S (2014) Evaluation of nutrition-
al and sensory properties of bread enriched with Spirulina. Ann
Food Sci Technol 15:270-275

Hajal ME, Ghani MA, Daud NM (2015) Effect of additional of Hoodia
gordonii and seaweed powder on the sensory and physicochemical
properties of brown rice bar. AIP Conf Proc 1678. https://doi.org/10.
1063/1.4931327

Hanjabam MD, Zynudheen AA, Ninan G, Panda S (2017) Seaweed as an
ingredient for nutritional improvement of fish jerky. J Food Process
Preserv 41:1-8

Heuer T, Krems C, Moon K, Brombach C, Hoffmann I (2015) Food
consumption of adults in Germany: results of the German National
Nutrition Survey II based on diet history interviews. Br J Nutr 113:
1603-1614

Hossain AKMM, Brennan MA, Mason SL, Guo X, Zeng XA, Brennan
CS (2017) The effect of astaxanthin-rich microalgae
“Haematococcus pluvialis” and wholemeal flours incorporation in
improving the physical and functional properties of cookies. Foods
6:57

Innes JK, Calder PC (2020) Marine omega-3 (N-3) fatty acids for cardio-
vascular health: an update for 2020. Int J Mol Sci 21:1-21

Jayasinghe P, Pahalawattaarachchi V (2016) Formulation of nutritionally
superior and low cost seaweed based soup mix powder. J Food
Process Technol 07:1-5

Jenifer A, Kanjana K (2019) Effect of seaweed based biscuit supplemen-
tation on anthropometric profile of malnourished children residing at
tuticorin effect of seaweed based biscuit supplementation on anthro-
pometric profile of malnourished children residing at Tuticorin. J Sci
Technol 4:2349-5456

Jeyakumari A, Joseph C, Zynudheen A, Anandan R (2016) Quality eval-
uation of fish soup powder supplemented with carrageenan. IntJ Sci
Environ Technol 5:4362-4369

Kavitha MD, Seema Shree MH, Vidyashankar S, Sarada R (2016) Acute
and subchronic safety assessment of Porphyridium purpureum bio-
mass in the rat model. J Appl Phycol 28:1071-1083

Lafarga T, Acién-Fernandez FG, Castellari M, Villaro S, Bobo G,
Aguilo-Aguayo 1 (2019) Effect of microalgae incorporation on the
physicochemical, nutritional, and sensorial properties of an innova-
tive broccoli soup. LWT 111:167-174

Lane KE, Li W, Smith C, Derbyshire E (2014) The bioavailability of an
omega-3-rich algal oil is improved by nanoemulsion technology
using yogurt as a food vehicle. Int J Food Sci Technol 49:1264—
1271

Leclercq C, Arcella D, Piccinelli R, Sette S, Le Donne C, Turrini A
(2009) The Italian National Food Consumption Survey INRAN-
SCAI 2005-06: main results: in terms of food consumption. Public
Health Nutr 12:2504-2532

Lee S, Youn K, Kim DH, Ahn M-R, Yoon E, Kim O-Y, Jun M (2019)
Anti-neuroinflammatory property of phlorotannins from Ecklonia
cava on Af s 3s-induced damage in PC12 cells. Mar Drugs 17:1-16

Limon P, Malheiro R, Casal S, Acién-Fernandez FG, Fernandez-Sevilla
JM, Rodrigues N, Cruz R, Bermejo R, Pereira JA (2015)
Improvement of stability and carotenoids fraction of virgin olive oils
by addition of microalgae Scenedesmus almeriensis extracts. Food
Chem 175:203-211

Los PR, Simdes DRS, de Leone R S, Bolanho BC, Crdoso T, Danesi
EDG (2018) Viability of peach palm by-product, Spirulina
platensis, and spinach for the enrichment of dehydrated soup.
Pesqui Agropecuaria Bras 53:1259-1267

Lowenthal RM, Fitton JH (2015) Are seaweed-derived fucoidans possi-
ble future anti-cancer agents? J Appl Phycol 27:2075-2077

Lucas BF, de Morais MG, Santos TD, Costa JAV (2018) Spirulina for
snack enrichment: nutritional, physical and sensory evaluations.
LWT Food Sci Technol 90:270-276

Mintel (2018) Mintel GNPD - Global New Products Database: CPG and
FMC | Mintel.com. https://www.mintel.com/global-new-products-
database. Accessed 24 Nov 2019

Murai U, Yamagishi K, Sata M, Kokubo Y, Saito I, Yatsuya H, Ishihara J,
Inoue M, Sawada N, Iso H, Tsugane S (2019) Seaweed intake and
risk of cardiovascular disease: The Japan Public Health Center-
based Prospective (JPHC) Study. Am J Clin Nutr 110:1449-1455.
https://doi.org/10.1093/ajen/nqz231

National Center for Biotechnology Information (2019) Taxonomy brows-
er (Spirulina). https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/
wwwtax.cgi?id=1154. Accessed 24 Nov 2019

Nisha SA, Devi KP (2017) Gelidiella acerosa protects against Af3,5.35-
induced toxicity and memory impairment in Swiss Albino mice: an
in vivo report. Pharm Biol 55:1423-1435

Nova P, Pimenta-Martins A, Silva JL, Silva AM, Gomes AM, Freitas AC
(2020) Health benefits and bioavailability of marine resources com-
ponents that contribute to health — what * s new ? Crit Rev Food Sci
Nutr:1-13. https://doi.org/10.1080/10408398.2019.1704681

Okada E, Nakamura K, Ukawa S, Wakai K, Date C, Iso H, Tamakoshi A
(2018) The Japanese food score and risk of all-cause, CVD and
cancer mortality: the Japan collaborative cohort study. Br J Nutr
120:464-471

@ Springer


https://doi.org/10.1063/1.4931327
https://doi.org/10.1063/1.4931327
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
http://www.fao.org/global-rspectives-tudies/resources/detail/en/c/411108/
https://doi.org/10.1080/10408398.2019.1704681

1802

J Appl Phycol (2020) 32:1789-1802

Olasehinde TA, Olaniran AO, Okoh Al, Koulen P (2017) Therapeutic
potentials of microalgae in the treatment of Alzheimer’s disease.
Molecules 22:1-18

Pangestuti R, Kim SK (2011) Neuroprotective effects of marine algae.
Mar Drugs 9:803-818

Potter R, Stojceska V, Plunkett A (2013) The use of fruit powders in
extruded snacks suitable for children’s diets. LWT Food Sci
Technol 51:537-544

Reguant-Aleix J, Arbore MR, Bach-Faig A, Serra-Majem L (2009)
Foreword: Mediterranean heritage: an intangible cultural heritage.
Public Health Nutr 12:1591-1592

Ricciardi L, De Nigris F, Specchia A, Fasano A (2015) Homotaurine in
Parkinson’s disease. Neurol Sci 36:1581-1587

Robertson RC, Gracia Mateo MR, O'Grady MN, Guihéneuf F, Stengel
DB, Ross RP, Fitzgerald GF, Kerry JP, Stanton C (2016) An assess-
ment of the techno-functional and sensory properties of yoghurt
fortified with a lipid extract from the microalga Paviova lutheri.
Innov Food Sci Emerg Technol 37:237-246

Santos TD, de Freitas BCB, Moreira JB, Zanfonato K, Costa JAV (2016)
Development of powdered food with the addition of Spirulina for
food supplementation of the elderly population. Innov Food Sci
Emerg Technol 37:216-220

Scieszka S, Klewicka E (2019) Algae in food: a general review. Crit Rev
Food Sci Nutr 59:3538-3547

Serra-Majem L, Roman-Viias B, Sanchez-Villegas A, Guasch-Ferré M,
Corella D, La Vecchia C (2019) Benefits of the Mediterranean diet:
epidemiological and molecular aspects. Mol Asp Med 67:1-55

Shahidi F, Ambigaipalan P (2018) Omega-3 polyunsaturated fatty acids
and their health benefits. Annu Rev Food Sci Technol 9:345-381

Shimada R, Fujita M, Yuasa M, Sawamura H, Watanabe T, Nakashima
A, Suzuki K (2016) Oral administration of green algae: Euglena
gracilis, inhibits hyperglycemia in OLETF rats, a model of sponta-
neous type 2 diabetes. Food Funct 7:4655-4659

Shin MG, Lee GH (2013) Spherical granule production from micronized
saltwort (Salicornia herbacea) powder as salt substitute. Prev Nutr
Food Sci 18:60-66

Sidari R, Tofalo R (2019) A comprehensive overview on microalgal-
fortified/based food and beverages. Food Rev Int 35:778-805

Suleria HAR, Gobe G, Masci P, Osborne SA (2016) Marine bioactive
compounds and health promoting perspectives; innovation path-
ways for drug discovery. Trends Food Sci Technol 50:44-55

@ Springer

Teas J, Vena S, Cone DL, Irthimeh M (2013) The consumption of sea-
weed as a protective factor in the etiology of breast cancer: proof of
principle. J Appl Phycol 25:771-779

Tilman D, Clark M (2014) Global diets link environmental sustainability
and human health. Nature 515:518-522

Tohamy MM, Ali MA, Shaaban HA, Mohammas AG, Hasanain AM
(2018) Production of functional spreadable processed cheese using
Chlorella vulgaris. Acta Sci Pol Technol Aliment 17:347-358

Uribe-Wandurraga ZN, Igual M, Garcia-Segovia P, Martinez-Monz6 J
(2019) Effect of microalgae addition on mineral content, colour and
mechanical properties of breadsticks. Food Funct 10:4685-4692

van der Spiegel M, Noordam MY, van der Fels-Klerx HJ (2013) Safety of
novel protein sources (insects, microalgae, seaweed, duckweed, and
rapeseed) and legislative aspects for their application in food and
feed production. Compr Rev Food Sci Food Saf 12:662-678

Vilarnau C, Stracker DM, Funtikov A, Da Silva R, Estruch R, Bach-Faig
A (2018) Worldwide adherence to Mediterranean diet between 1960
and 2011. Eur J Clin Nutr 72:83-91

Wang HMD, Li XC, Lee DJ, Chang JS (2017) Potential biomedical
applications of marine algae. Bioresour Technol 244:1407-1415

Wan-Loy C, Siew-Moi P (2016) Marine algae as a potential source for
anti-obesity agents. Mar Drugs 14:¢222

WeiH, Gao Z, Zheng L, Zhang C, Liu Z, Yang Y, Teng H, Hou L, Yin Y,
Zou X (2017) Protective effects of fucoidan on A(325-35 and D-gal-
induced neurotoxicity in PC12 cells and D-gal-induced cognitive
dysfunction in mice. Mar Drugs 15:77

Wells ML, Potin P, Craigie JS, Raven JA, Merchant SS, Helliwell KE,
Smith AG, Camire ME, Brawley SH (2017) Algae as nutritional and
functional food sources: revisiting our understanding. J Appl Phycol
29:949-982

Yan X, Yang C, Lin G, Chen Y, Miao S, Liu B, Zhao C (2019)
Antidiabetic potential of green seaweed Enteromorpha prolifera
flavonoids regulating insulin signaling pathway and gut microbiota
in type 2 diabetic mice. J Food Sci 84:165-173

Zarekarizi A, Hoffmann L, Burritt D (2019) Approaches for the sustain-
able production of fucoxanthin, a xanthophyll with potential health
benefits. J Appl Phycol 31:281-299

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Foods with microalgae and seaweeds fostering consumers health: a review on scientific and market innovations
	Abstract
	Introduction
	Characteristics and novelties regarding seaweeds and microalgae
	Food products incorporating seaweeds and microalgae
	Snacks
	Foods enriched in omega-3 and omega-6 PUFA
	Fermented foods
	Food supplements
	Bread
	Soups

	Market innovations regarding products with microalgae and seaweeds
	Conclusions
	References


