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Abstract: Seaweeds have been utilized for millennia in Asian countries, although they have only
more recently become popular in Western society. They began to be used in ancient times because of
their long-term properties and, nowadays, seaweeds are being targeted as a potential tool to combat
climate change. There are not many laws governing seaweeds because they have just lately been
utilized as food. However, guidelines are being developed to regulate their manufacture and use.
Because of seaweed’s tendency to accumulate components, whether helpful or poisonous, limited
doses of certain substances have been established to prevent consumer overdosage. Aside from
chemical safety, microbiological safety is important for people, and preventing any pathogen from
spreading and infecting seaweeds is critical. As a result, systems and ways to safeguard consumers
must be developed. Because various seaweed species have varied compositions, certain seaweeds
may be safer nutraceuticals than others. To ensure the safety of seaweed-based food items, the
HACCP (Hazard Analysis Critical Control Point) system needs to be used. The majority of seaweeds
consumed come from aquaculture; however, others come from wild harvesting. To ensure the success
of the cultures, the waters must be tested for chemicals and biological risks, as well as for the pH,
salinity, and temperature. Seaweeds have enormous promise in many industries, but in the food
industry, they are beginning to play a major role, and seizing the chances to produce innovative, safe,
and sustainable food sources is strongly advised. This critical review investigates the real potential
of seaweed as a human food source and as a nutraceutical solution. This review also focuses on the
usage of seaweed as a food product and the procedures required to prepare it. In addition, it compiles
information on the applicable legislation and regulations, and it addresses the lengthy road that has
to be traveled to increase human well-being by employing a new food source in a controlled manner
while simultaneously reducing the human population’s health problems.
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1. Introduction

The world’s population is expected to reach ten billion in the next three decades. Food
production must be increased by 70% [1]. In addition, meat output will double in the same
time period. As a result, the hunt for alternative food sources is critical [2]. Agriculture
and intensive farming have led to arable land saturation and restricted availability of fresh
water [3,4]. Thus, aquatic organisms can be key for food safety and security due to being
cultivated in aquatic systems, with usage of terrestrial land, where agriculture, farms, and
food industries near coastal areas can be used to transform and work the seaweeds into the
food industry [5].

Seaweeds are one of the most promising sustainable food types. Their capacity
to absorb CO2 from the water and atmosphere is an excellent way to combat climate
change [6]. Furthermore, they have the ability for rapid development in the water, which
simplifies manufacturing methods and decreases production costs [4]. Despite the fact
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that seaweeds have been used for millennia in nations such as China, Japan, and Korea,
they were only recently introduced as a food source in Western civilizations [5]. After
WWII, it was discovered that there was inadequate protein consumption due to exponential
population expansion. To combat this nutrient deficiency during the war, seaweeds played
an important role, as they are high in various macronutrients and micronutrients, including
vitamins, minerals and proteins [7,8]. Also, nowadays, seaweed could play this important
role again to mitigate malnutrition and food insufficiency. The nutritional potential of
seaweeds is directly tied to their biochemical profiles and bioactive qualities, which are
known to vary greatly between species [9]. Isolated polysaccharides (e.g., alginate and
fucoidan), proteins (phycobiliproteins), polyphenols (e.g., phlorotannins), carotenoids
(e.g., fucoxanthin), and n-3 long-chain polyunsaturated fatty acids (e.g., eicosapentaenoic
acid) are among the highlights [10]. The biochemical composition and functional properties
of algae feedstocks have been extensively studied over the last few decades, aided greatly by
the advancement and development of new techniques that enable high-resolution profiling
of proteins, lipids, polysaccharides, pigments, and others [11–13]. Overall, seaweeds are a
sustainable supply of natural high-value bioactive chemicals with the potential to produce
novel human nutrition products.

They have also been employed as a new food due to their polymers, such as carrageenan,
agar, and alginate, as well as their gelling, emulsifying, and thickening capabilities [14,15].

The FAO and WHO published a report that evaluated the current food safety informa-
tion regarding seaweed produced from both wild stocks and aquaculture and proposed
more discussion as well as international advice [16]. The report noted that morbidities
and deaths associated with eating seaweed are uncommon, but it warned that the limited
evidence raises worries that some risks may be present in seaweed [17]. These risks in-
clude chemical hazards such as heavy metals (principally inorganic arsenic and cadmium),
persistent organic pollutants (e.g., dioxins and polychlorinated biphenyls), radionuclides
and pesticide residues; microbiological hazards (e.g., Salmonella spp., Bacillus spp., and
norovirus); physical hazards (e.g., metal pieces, glass splinters, crustacean shells, micro-
and nanoplastics); and allergens [17]. Thus, there is a need for technology and meth-
ods to ensure seaweed’s potential for human welfare and reduce the inherent risks to
human health.

This critical review attempts to explore seaweed as food for humans. It focuses on
the application of seaweed as a food product and the methods needed to make it safe to
eat. In addition, it gathers information on the relevant legislation and regulations and
discusses the long road that needs to be traveled to improve human well-being by using
a new food source, in a controlled way, and also to decrease the health problems of the
human population.

2. Seaweeds as a Possible Nutraceutical Food Source

Seaweeds are a basic ingredient in South Asiatic cuisine; however, there has been a
considerable increase in seaweed consumption in European countries over the last decade,
from traditional sushi to afternoon snacks and novel foods (processed or not) [18]. The
current move in Western diets has shifted to more plant-based and sustainable food sources,
and it is expected to amplify in the next years. Thus, it is expected that by 2050, 0.1% of our
seas would be dedicated to growing seaweed as a food source, producing 15 times more
seaweed than is currently produced to meet the rising world demand [19]. Despite the
recent spectacular rise of seaweed as a food product, outside of Asia, there are presently no
food standards governing the safety and quality of seaweed, posing a potential harm to
consumer health [20].

Seaweed is often regarded as a ‘superfood’ in the Western world, connected with
healthy lifestyles and sustainability. Its significant nutritional value is derived from macro-
and micronutrients such as vitamin B12, dietary fibers, and omega-3 fatty acids, among
others, and it is a rich source of various bioactive substances that have health advantages
(e.g., polyphenols, sulphated polysaccharides, pigments) [20]. However, for seaweed to
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be a potential safe nutraceutical food source, there is a need to overcome several steps
from biomass production until the market (Figure 1), although there is need for a more
robust system.

In general, compared to green and brown algae, red algae contains a high amount
of proteins, reaching 47% (Pyropia tenera) of the dry matter [21]. On the other hand, the
lipids in these seaweeds present relatively lower contents. Also, there are not signifi-
cant differences between red and brown algae, as they both revealed low fat and high
fiber content. Red algae contains soluble fibers such as sulphated galactans (agars and
carrageenans), xylans and floridean starch [22–24]. Brown seaweeds demonstrate lower
protein content when compared with the other seaweeds but have more mineral and
phenolic compound content [23].
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2.1. A Good Source of Nutrients?

Seaweeds are presented as a sustainable source of protein and dietary fibers from
the sea, decreasing the pressure on wild-capture fisheries and being an eco-friendly alter-
native to meat protein [25]. Seaweed mariculture seems like a perfectly fitting solution
to the secure food and feed demand, all the while avoid placing additional pressure on
arable/available land and freshwater resources (leaving aside possible land-based cul-
tivation of certain seaweed species) [26]. Studies generally agree that seaweeds contain
high-quality proteins with essential amino acids (lysine, methionine, to name a couple,
depending on the strain) and are a rich source of other bioactives, including taurine, lipids,
carotenoids, and pigments [27–29].

In reality, seaweeds are a low-calorie meal, making them appealing for inclusion in
the human daily diet (Table 1). In addition, the incorporation of vitamins, fibers, and
proteins provides a high nutritional value as well as a variety of health advantages [18].
Polysaccharides from seaweeds (Figure 2), for example, have a positive effect on the
digestive system but are calorie-free, unlike fibers. Because of their positive properties,
these biological molecules might be employed to create innovative and functional meals, as
well as implemented in pharmacological and medical applications [30–33].
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Table 1. Nutrient composition of some edible seaweed (% dry weight) (adapted from Pereira [32,33];
Guiry and Guiry [24]).

Species Common
Name Proteins Ashes Dietary Fibers Carbohydrates Lipids

Alaria esculenta (P) Winged Kelp 9–20 - 42.86 46–51 1–2
Caulerpa lentillifera (C) Green Caviar 10–13 24–37 33 38–59 0.86–1.11

C. racemosa (C) Sea Grapes 17.8–18.4 7–19 64.9 33–41 9.8
Chondrus crispus (R) Irish Moss 11–21 21.08 10–34 55–68 1.0–3.0

Codium fragile (C) Dead Man’s
Fingers 8–11 21–39 5.1 39–67 0.5–1.5

Eisenia bicyclis (P) Arame 7.5 9.72 10–12 60.6 0.1
Fucus spiralis (P) Spiral Wrack 10.77 - 63.88 - -
F. vesiculosus (P) Bladder Wrack 3–14 14–30 45–59 46.8 1.9

Gracilaria chilensis (R) Penco 13.7 18.9 - 66.1 1.3
Himanthalia elongata (P) Sea Spaghetti 5–15 30–36 33–37 44–61 0.5–1.1

Laminaria digitata (P) Oarweed 8–15 37.59 37.3 48 1.0
Palmaria palmata (R) Dulse 8–35 15–30 28.57 46–56 0.7–3

Porphyra umbilicalis (R) Purple laver 29–39 12 29–35 43 0.3
Pyropia tenera (R) Nori 33–47 20.5 12–35 44.3 0.7

Pyropia yezoensis (R) Nori Seaweed 31–44 7.8 48.6 44.4 2.1
Saccharina japonica (P) Sweet Kelp 7.5 26.63 10–36 51.9 1.0

S. latissima (P) Sugar Kelp 6–26 34.78 30 52–61 0.5–1.1
Sargassum fusiforme (P) Hizikia 11.6 19.77 17–62 30.6 1.4

Ulva compressa (C) Tape Weed 21–27 18.6 33–45 48.2 0.3
U. lactuca (C) Sea Lettuce 10–25 12.9 29–38 36–43 0.6–1.6

U. australis (C) Lacy Sea
Lettuce 20–26 - - 47.0 -

U. rigida (C) Glasán 18–19 28.6 38–41 43–56 0.9–2.0

U. reticulata (C) Ribbon Sea
Lettuce 17–20 - 65.7 50–58 1.7–2.3

Undaria pinnatifida (P) Wakame 12–23 26–39 16–46 45–51 1.5–4.5

C—Chlorophyta (green algae); R—Rhodophyta (red algae); P—Phaeophyceae (brown algae).
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Seaweed bioactive substances have fueled nutraceutical interest in these functional
meals. Polysaccharides (for instance, alginate, fucoidan, ulvan, agar, and carrageenan), pro-
teins (for example, amino acids, phycobiliproteins (for example, phycoerythrin) (Figure 3),
carotenoids (beta-carotene and fucoxanthin (Figure 3)), phenolic compounds (such as
phlorotannins), vitamins (particularly vitamins A, B, C, D, E, and K), essential minerals
(such as calcium, iron, iodine, magnesium, and potassium) and polyunsaturated fatty acids
(namely ω-3 fatty acids) constitute the interesting group of compounds [34].

These seaweed-derived compounds have been studied in the treatment of human
diseases and pathologies such as hyperglycemia, diabetes, metabolic disorders, cancer,
pathogenic diseases, aging, obesity, bone-related diseases, and neurodegenerative and
cardiovascular diseases [4,8,10,35–38].
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There are about 600 edible seaweed species recognized globally, with Porphyra/Pyropia sp.
(Rhodophyta), Undaria pinnatifida (Figure 4), and Saccharina/Laminaria sp. (Phaeophyceae)
being the main three used in Asian meals, known as the food product names “nori”,
“wakame”, and “kombu” [39]. Although their contents vary greatly according to the
species, location, growing/production circumstances, and harvest season, they are all
capable of delivering essential macro- and micronutrients. Macronutrients are proteins,
lipids, and carbohydrates that must be consumed in bigger amounts on a regular basis to
provide energy. Micronutrients are vitamins, minerals, and trace elements that, although
required in minute amounts, are essential for maintaining key processes [4].
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Seaweeds are complete protein sources because they include all nine essential amino
acids (EAAs) required for protein synthesis, tissue repair, and nutrition absorption: histi-
dine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and
valine [40,41]. We are unable to synthesize EAAs, so we must consume them through
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our food to ensure optimal organ function. Seaweeds have very similar patterns in terms
of the non-essential amino acids (NEAAs), with aspartic and glutamic acid accounting
for a significant portion (20–32%) of the total amino acids [42,43]. In fact, significant
amounts of these two amino acids are responsible for the seaweeds’ characteristic taste and
“umami” flavor [39,43].

Seaweeds are made up of hydrocarbons (e.g., squalene), sterols (e.g., cholesterol), and
mostly fatty acids (FAs), the amount of which varies depending on the species, environ-
mental circumstances, and life cycle phases [39,44,45]. Myristic acid (C14:0) and palmitic
acid (C16:0), the respective monounsaturated versions, palmitoleic acid (C16:1) and oleic
acid (C18:1), and linoleic acid (C18:3), the most prevalent PUFA, were the most abundant
FAs discovered in the three groups of examined seaweeds [45–47]. Seaweed structural
polysaccharides are similar to terrestrial plant polysaccharides and primarily consist of
celluloses, hemicelluloses, xylans, and mannans, whereas storage polysaccharides, such as
carrageenan, alginate, and agar, are more specific to seaweed species and are the most com-
mercially exploited components of seaweeds [15,48]. These textural and stabilizing storage
polysaccharides are commonly extracted by the hydrocolloid industry and employed in
culinary applications [49]. Vitamins, like micronutrients, are required for optimal physi-
ological function in minute quantities and their solubility determines their classification.
Vitamins A, D, E, and K are examples of fat-soluble vitamins. These necessitate appropriate
dietary fat intake because lipids are required for absorption, transport, and cellular uptake.
Water-soluble vitamins include vitamin C, vitamin B1 (thiamine), vitamin B2 (riboflavin),
vitamin B6, vitamin B12, niacin, pantothenic acid, biotin, and folate [4].

The mineral profile of seaweeds varies according to the species, geographical location
of harvest, wave exposure, seasonal, annual, environmental and physiological factors, type
of processing, and method of mineralization. However, the mineral content, especially I,
Fe, Mg, Ca, P, Na, and K, is abundant in seaweeds [8,50].

Due to their bioactive compounds and enrichment in other nutritional compounds,
they are considered an excellent nutraceutical raw source for human welfare [51]. There is
also interest in nutraceutical preparations for health benefits, and macroalgae offer promise
as dietary supplements, with ingestion connected with positive health impacts due to the
components they contain. Nutraceutical products are non-specific biological medications
intended to improve general health, alleviate signs and symptoms, and prevent cancer.
The term “nutraceutical” is a combination of the words “nutrient” (a nutritious dietary
component) and “pharmaceutical” (a therapeutic drug) [52]. Seaweed bioactive compounds
have the potential to play an important therapeutic role in illness prevention in humans.
However, for this concept to be applied in the fulfilment of the concept, there is a need to
certify that seaweeds promote health benefits with reduced secondary effects [52,53].

2.2. A Danger to Human Welfare?

Seaweeds absorb minerals and important trace elements from their immediate sur-
roundings due to their unique cell wall structure with excellent biosorption characteristics.
This great accumulation capability, however, may cause seaweed to accumulate potentially
toxic materials found in its surroundings [54]. As a result, hazardous metals, including
cadmium, lead, mercury, inorganic arsenic, and iodine, to mention a few, are frequently
present at quantities many orders of magnitude greater than in water [55]. Unregulated
distribution of seaweed species containing these components in high quantities may have
negative health consequences for the unwary consumer. Certain seaweed species can have
extraordinarily high quantities of iodine, resulting in excessive iodine levels when even
modest amounts are ingested [56]. Although a necessary element of thyroid hormone pro-
duction, excessive iodine intake can cause thyroid gland malfunction. In contrast, mercury,
lead, cadmium, and inorganic arsenic have no biological purpose in the human body and
can be toxic in even minute doses [57]. Furthermore, lead is categorized as potentially
carcinogenic and neurotoxic, while inorganic arsenic is recognized as a “class I carcinogen”,
and their presence in seaweed puts customers’ health at risk [20,58]. It is also important to



Nutraceuticals 2024, 4 329

note that various seaweed species have varying biosorption preferences for these hazardous
substances [59]. Furthermore, extrinsic factors such as the geographic location, aquatic
habitat, season, sample or processing methods can all influence the elements’ composition,
even within the same seaweed species. Several food regulators are worried about consumer
health and safety as a result of seaweed intake due to its possible toxicological profile [60].

3. Seaweed as Food: Regulations

The usage of seaweeds, as well as their production and marketing, have changed
dramatically in recent decades, particularly in Europe, where their use is not always
customary [61,62]. However, this relatively young European sector is beset by a lack of
rules and norms governing the production and use of seaweeds [63]. This absence of
controls is especially concerning since seaweeds collect and retain substances that, when
consumed, can be toxic to people. Biosorption of heavy metals, such as mercury or arsenic,
as well as the mineral iodine, in particular, need regulatory attention and the establishment
of appropriate intake recommendations [63,64]. Only a few laws for seaweeds and seaweed
products exist in Europe to ensure safe consumption. These regulations cover aspects
of biology (including the authorization of seaweed species) as well as the composition
of imported and locally produced products. The EU has also set out to conduct risk
evaluations to define appropriate levels of ingestion and, lastly, to inform laws. Adaptations
and extensions of the present legislation and guidelines are expected based on these risk
assessments as well as the developing nature of the industry in Europe [63,65].

Outside of Europe, regulatory systems governing seaweeds and seaweed-based foods
are in various stages of development. The market for edible seaweeds and seaweed
products in the United States, like in Europe, is currently increasing [66]. In the United
States, a lack of national legislation has recently resulted in the provision of an extensive set
of guidelines and regulations for the safe consumption of seaweeds and seaweed-derived
products by the Connecticut Sea Grant in collaboration with the Connecticut Department
of Agriculture Bureau of Aquaculture [67]. By bridging the gap in national legislation
and locally different state rules, these latest recommendations constitute an important
step toward the industry’s efficient and safe expansion, which is required to satisfy the
rising demand [66].

In Asia, where seaweeds have long been used and consumed, regulatory frameworks
are more developed than in places of the world where the seaweed business is a relatively
new sector. More information on the particular rules in China and Japan, as well as the
other regions mentioned above, may be found in Campbell et al. [68].

The different types of seaweed do not impact the regulations, as they are considered
similar between them, although seaweed compounds approved for the food industry
(carrageenans, alginates and agar) are separated and very controlled in terms of the origin
and extraction and purification methods. The major critical point is the mineral content of
seaweeds, which includes all types of seaweeds; however, brown seaweeds are more prone
to accumulate heavy metals [4].

How the Regulations Can Make the Seaweed Secure, Reducing the Risks to Human Health

The primary goal of law and regulation is to create and translate policies concerning
the environment and/or health into rights and responsibilities, as well as to establish means
to guarantee that such obligations are met [69].

Legislation is an important aspect of every business, especially if it impacts all the
parties involved in the project, such as the primary producers and end-product makers.
The legislation’s goal is to safeguard both consumers and producers while also controlling
the market for each commodity [63].

The accumulation level of pollutants is considerable due to the peculiarities of sea-
weeds’ cell wall structure and their growth environment [70]. To ensure that humans are
not endangered, legislation was enacted to establish the maximum amounts of harmful



Nutraceuticals 2024, 4 330

components in macroalgae, to regulate the amount of certain compounds ingested and to
prevent food poisoning [63].

Since macroalgae has only recently gained popularity as a food product in the EU
(European Union), the quantity of the laws on seaweeds in the EU is limited. The European
Commission in 2006 established limit amounts of harmful chemicals for various meals in
Commission Regulation (EC) No. 1881/2006 [65,71]. However, the EU has not set any limits
for the amount of cadmium or inorganic arsenic found in various seaweed products [71].

As previously stated, macroalgae food items are not heavily regulated; nevertheless,
macroalgae-derived additives such as carrageenan, agar, alginate, and others are controlled
under (EC) No. 1333/2008 [65,72]. Because of their emulsifying, thickening, and gelling
qualities, they have been employed. These items are designated by the numbers E401–
E407a, and creating these categories will aid in the control of these substances as well as in
their identification when needed [63].

Despite these negative and positive impacts of the human food source and food
regulations, there are various aspects that can be checked to observe and make seaweed a
future secure food source [26].

4. Seaweed as a Future Secure Food

Seaweeds are rich in nutrients and contains high concentrations of proteins, amino
acids and minerals [73]. However, because of their tendency to retain substances such as
heavy metals and other hazardous chemicals, their consumption must be continuously
regulated [74]. Anthropogenic activities began to expand significantly around two decades
ago, increasing the number of harmful substances released into the atmosphere and seas.
All of these actions have an effect on algae, either directly or indirectly [73,75].

Biological, chemical, and physical dangers are the three types of hazards evaluated in
relation to food safety [76]. As previously stated, seaweeds are excellent storage for toxic
compounds [70], which are the most dangerous to seaweeds [63]. Chemical intoxication
can cause a variety of health issues, and excessive use of certain substances can harm
the neurological, circulatory, enzymatic, endocrine, and immunological systems [77,78].
Monitoring and limiting human consumption of seaweeds is critical to this.

4.1. Seaweed Aquaculture

Even though aquaculture produces most of the seaweed consumed globally (almost
97%), involving key instruments for seaweed food safety and nutritional, water composition
analysis is uncommon in offshore and inshore aquaculture (Figure 5) [79].
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Figure 5. Ulva sp. inshore cultivation in Mondego river estuary, Figueira da Foz, Portugal.
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Thus, the nutritional profile of seaweed can have a large range of values due to
the intrinsic differences across species and specimen, but also to changes in the nutrient
concentrations in water, water temperature, and salinity [80,81].

Thus, these variations can make seaweed aquaculture a risky method for ensuring
food safety (due to the possibility of heavy metal accumulation in seaweed); nowadays, to
overcome this, chemical analysis and nutritional evaluation per cultivated seaweed batch
are required [4], but it is expensive and one of the major issues in offshore aquaculture.
Seaweed aquaculture may need novel techniques to regulate or manage the nutritional
content of seaweeds, such as the use of data simulation to anticipate nutritional values
and ensure the best nutritional values [38]. In comparison to wild specimens and offshore
production, nutritional values in inshore aquaculture can be more precisely monitored and
standardized since water and abiotic elements can be readily regulated [38,82].

Now, farming is being enhanced by incorporating technology that can be further
explored to provide an overall insight and optimize the number and quality of seaweeds
farmed, lowering the cultivation expenses, low seaweed quality, and nutrient pollution [83].

The next step in seaweed aquaculture involves the informatization of the cultivation
system, allowing for more controlled cultivation systems and predictions of seaweeds’ nu-
tritional value using a specific kinetic model to obtain similar values for different batches of
seaweed cultivated in the same area, thereby improving seaweeds’ safety after cultivation
by eliminating concerns such as water nutrient fluctuations and potential contamina-
tions [81]. Sensors that provide real-time data regarding critical information in the offshore
system, such as the nutrients, pH, temperature, and salinity, can also be incorporated. In
this scenario, inshore culture is the optimal growing method for improving seaweed food
safety; nevertheless, this safety comes at a cost to seaweed output [52,53,83]. Thus, in the
future, cost-effective cultivation technologies (both offshore and onshore) that improve
food safety while lowering costs will be required [83,84].

Green seaweeds (Chlorophyta), of which there are 2200 species, may grow to a maxi-
mum height of 1 m. They are mostly farmed in inshore systems or harvested wild. Red
seaweeds (Rhodophyta), which number 6100 species, are effective photosynthesizers in
deeper seas. They vary in length and are comparable to green seaweeds. They are grown
for direct consumption and the polysaccharide extraction business. They are typically
grown in nearshore systems (off-bottom line, floating raft, and basket methods). They are
mostly farmed in longlines in offshore circumstances; after Porphyra sp., the giant brown
seaweeds (Kelps–Phaeophyceae) are the most produced seaweeds in the world [23,83].

4.2. Seaweed Storage

Seaweed storage requirements are determined by variables such as the time required
between harvest and processing, climatic conditions, the quality of the collected material,
expenses, energy requirements, and environmental consequences. Temporary seaweed
storage might occur at the seaweed farm, aboard ships, in the harbor, near the food
processing business, or near stores. Pre-processing (for example, drying) is frequently
necessary before seaweed may be preserved. There has been very little study on these
crucial areas [85].

As seaweeds have a short shelf life, methods to reduce the possible biological dangers
are critical. Dehydrating the seaweeds is one method. By drying the product, the water
content decreases, which means there is less accessible water [86,87], reducing the possibility
for infections to proliferate and reproduce and ensuring food safety [88]. Drying processes
extend the shelf life of seaweeds but can have a detrimental influence on their chemical
composition and their bioactive qualities [89].

4.3. Seaweed Commercial Products

For large-scale seaweed processing, drying technologies are unfeasible. Sun-drying
needs wide areas and is weather-dependent; however, it is low-cost and already employed
in feed production. Oven-drying (or convective air-drying) is an energy-intensive and
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costly industrial process. Other processes, such as lyophilization, are mostly utilized in
businesses where the target components are small molecules rather than algae [31,90–92].

Another safe method to ingest seaweeds is in fermented foods. This is a food produced
mostly of fermented and salted cabbages, but it has lately been tested with seaweeds. The
acidity caused by the low pH and high salt concentration prevents undesired microbes
from developing, therefore preserving the product [88]. When compared to terrestrial
biomass, seaweeds have distinct carbohydrates, which provide a difficulty, particularly
owing to the presence of mannitol and laminarin. Based on this understanding, current
terrestrial biomass methods cannot be directly adapted to macroalgae biomass, and the
selection of suitable microbes is critical for the success of seaweed fermentation [31].

Opportunities for marketing seaweeds as fresh vegetables are growing as a result
of the increasing demand in foods that are minimally processed [4]. and call for more
research on how the storage temperature affects the quality of fresh seaweeds and how to
monitor the seaweed quality during refrigerated storage [85]. Because fresh seaweeds are
highly perishable and begin to deteriorate quickly after harvest, rapid analysis techniques
and more analysis are needed. Thus, the application of Modified Atmosphere Packag-
ing has been demonstrated to be a viable strategy for conserving minimally processed
seaweed, outperforming the efficacy of vacuum packing [93]. It should be highlighted
that the seaweed species can display diverse behaviors depending on the treatments used,
emphasizing the necessity for rapid investigation of this new preservation strategy [93].

Furthermore, the presence of hazardous chemicals, such as toxins or heavy metals, in
seaweeds must be carefully monitored [94]. In this situation, it was discovered that solar-
drying, boiling, and seaweed dehydration, as well as other methods of processing (such as
washing or cooking), lowered the toxins and the concentrations of other volatile chemicals
(such as iodine or arsenic) in seaweeds [95–98]. Thus, it is critical to have scientific data
about the heat treatment process as well as the chemical characterization of the resulting
product in order to obtain the best method of maintaining the important properties of
seaweed; it is also critical to find new methods of heat treatment that do not destroy the
nutritional value of seaweeds.

The safety of seaweeds and the quality starts not in biochemicals but in the certifi-
cations and guidelines for the food industry due to be a crucial point to guarantee the
security of the seaweed to the food industry, without exposing it to external risks between
cultivation and the final product.

4.4. Guidelines for Food Safety in Industry

Ensuring food safety in the food industry entails following norms and regulations to
avoid foodborne diseases and protect consumers. The handling and packing of seaweed
by the food industry chain, for example, can be a hotspot for cross-contamination with
viruses, bacteria, fungus, protozoa, organic compounds such as prions, natural poisons, and
persistent organic pollutants [13,99]. If preservation measures are inadequate, for example,
after harvesting the seaweed, contaminating organisms may proliferate. Guidelines for
preventing these contaminations, such as Hazard Analysis Critical Control Points (HAC-
CPs) and Good Manufacturing Practices (GMP), are, nevertheless, thoroughly defined in
food security standards. Food safety can also be enhanced by the application of ISO2200.
After-harvest biomass management might avoid product deterioration while ensuring a
low level of pollutants. The major critical point of danger in food safety is mostly due to
man-handling the seaweed from the harvest until the seaweed consumption.

4.4.1. Good Manufacturing Practices (GMPs)

The food business is one of the world’s most significant industries. As the world’s
population grows, so does the need for food goods. However, as demand grows, so does
the responsibility for ensuring the safety and quality of food items. Implementing Good
Manufacturing Practices (GMPs) is a critical step in ensuring the safety and quality of
seaweed [100]. GMPs define the operating conditions and regulations required to ensure
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cleanliness across the food chain and in its manufacturing. GMPs are a set of standards
that outline management and handling activities with the goal of guaranteeing safe food
production conditions. They are also important in the design and operation of facilities, as
well as in the creation of food-related processes and products. The Codex Alimentarius
designed GMPs with the primary goal of protecting customers. It comprises numerous
essential operating criteria and processes that food firms must follow [101].

GMPs are norms and processes that are meant to ensure the safety and quality of food
items. These principles and practices apply to all areas of food production, including food
product manufacturing, processing, packaging, and storage. The primary goal of GMPs
is to decrease the risks involved with food manufacturing while also ensuring that food
products are safe and of high quality [100].

GMP compliance is critical for the food business for the following reasons:

1. Ensure food safety: The fundamental goal of GMPs is to ensure food product safety.
GMPs ensure that food items are free of contamination, adulteration, and other
potentially dangerous chemicals [100].

2. Meeting regulatory requirements: GMP implementation is a legal obligation in
several countries. Companies that do not follow GMPs face legal action, penalties,
and closure [100].

3. Improving brand reputation: Companies that use GMPs are seen as responsible and
dependable. This boosts the company’s reputation and consumer trust [100].

4. Improving efficiency: Using GMPs may help businesses improve efficiency by de-
creasing waste, minimizing downtime, and increasing overall output [100].

5. Improving product quality: Good Manufacturing Practices (GMPs) guarantee that
food items are of high quality and fulfill customer expectations. This can boost
consumer happiness and loyalty [100].

4.4.2. HACCPs

Seaweeds contain a variety of important and hazardous components, and humans
have no control over their existence in the wild. For seaweeds to be edible in terms of the
mineral concentration, precautions must be taken to prevent overdosage, such as adhering
to the DRI (Daily Recommended Intake) guidelines for seaweeds. These numbers indicate
that a daily intake of one product will not impair one’s health [54].

To reduce the danger of mineral overdosage, analysis can be performed to define
and quantify those components in specific goods. There is, however, the HACCP (Hazard
Analysis Critical Control Point) system, which is a methodology for establishing food safety
processes and procedures [102]. The primary purpose of implementing this system is to
prevent, for example, harm to humans resulting from food hazards, whether physical, bio-
logical, or chemical hazards, or to reduce them to an acceptable level [103]. Implementing
this approach in the seaweed area is yet another way to safeguard consumers from mineral
overdosage. Analyzing the essential control points entails identifying particular processes
in the seaweed-processing process that are most likely to cause harm and measuring the
three major risks. For physical risks, it is necessary to check to see whether there is any-
thing that should not be there, such as plastics. Analyses must be performed to detect the
presence of bacteria, viruses, or parasites in biological risks. Chemical analysis is required
for chemical dangers, which include minerals and heavy metals, to ensure that the limits
have not been exceeded. All of the procedures mentioned above must be paired with an
investigation of the water in which the seaweeds were formed, because the environment in
which they grow is also important for their composition [102,103].

By analyzing the risks and hazards in food, HACCP implementation protects both
consumers and the industries that use it. Once these businesses are HACCP-certified, they
can assure people that the food they produce is safe for customers [103].
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4.4.3. ISO 22000

ISO 22000 is an international standard that provides rules for food safety management
systems. The standard is intended to assist organizations in implementing efficient food
safety management systems and ensuring that food items are safe to consume. The stan-
dard is based on the concepts of Hazard Analysis Critical Control Points (HACCPs) and
integrates GMP features [104].

While GMP requirements ensure safe and sanitary food manufacturing, ISO 22000
takes a broader approach to food safety management by covering the whole food supply
chain, from raw material acquisition to final product delivery [101,105].

Companies must take a systematic approach to food safety management, which
involves identifying possible risks, establishing control measures, and assessing the efficacy
of those measures. GMP implementation is a critical step in guaranteeing the safety and
quality of food products. GMPs establish norms and procedures for all areas of food
production, including the manufacture, processing, packing, and storage of food items. ISO
22000 establishes a framework for GMP implementation in the food business [100].

It is critical to regulate storage and manufacturing environments using the essential
features of ISO 22000: The standard requires the implementation of an FSMS (Food Safety
Management System) that addresses food safety hazards at every stage of the food chain
(from production until the consumer’s home), basic conditions and activities necessary for
maintaining a hygienic environment throughout the food chain, a systematic approach to
identifying, evaluating, and controlling food safety hazards, an increased focus on upper
management’s involvement in establishing and upholding the FSMS, and continuous at-
tempts to improve. ISO 22000 adheres to the high-level structure (HLS) typical of other ISO
management system standards, which includes understanding the internal and external
factors that can impact the FSMS, the role of top management and quality control experts in
establishing food safety policies and the objectives for that specific industry, risk manage-
ment, objectives, and planning to achieve food safety in that targeted company. There is a
need for support (mostly, general awareness, communication and scientific evaluations). In
addition, frequent performance evaluations are required to monitor, measure, analyze, and
evaluate performance, as well as internal and external audits and management reviews to
enhance performance and rectify nonconformances [105,106].

Through all the steps that need to be addressed, there is a key element related to
human welfare: “Seaweed can be a real keystone to the human food chain? And how we
can enhance the food safety?”.

5. Seaweed Food’s Real Potential: How Can Be Checked?

There is a requirement in the food sector to ensure product safety and quality; however,
seaweeds live in areas where it is more difficult to ensure their safety and quality using
just typical procedures for plants and vegetables [4]. As a result, the safety of seaweeds’
consumption and understanding of their quality is currently a hot topic in order to ensure a
“new” food source that can substitute the plants’ part in the human diet, thereby reducing
the pressure on the terrestrial ecosystem [10,107]. Still, the seaweed safety check is similar
to terrestrial vegetables, being only necessary for the nutritional composition and bacterial
analysis (Figure 6).

To evaluate the bioavailability of seaweed nutrients and bioactive substances in simple
raw material, in food or in meals, it is necessary to understand their content, structure,
interactions with other dietary components, and destiny in the human body after ingestion.
Thus, to observe all the data above and to fully understand the complex chemical reaction,
there is a need to develop a system that can support the food agencies regarding the
ingredients and their real potential [8,108].
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5.1. Chemical and Biochemical Techniques: New Approaches

The methodologies and approaches used for seaweed nutritional composition as direct
food are based on the Association of Official Analytical Chemists (AOAC) international
standards, similar to other food sources, which are based on standard procedures [109]. As
a result, the nutritional content analysis of seaweed is the same as that of other foods, such
as vegetables. However, seaweeds include substances other than necessary nutrients, such
as phenolic compounds, pigments, fatty acids, minerals, and perhaps heavy metals [10].
As a result, seaweed can absorb potentially dangerous metals or pollutants [10]. Other
types of study are needed to provide additional assurance that seaweed is an excellent
and safe dietary source [110]. Food safety concerns have become critical in promoting
public health safety and the financial viability of global food companies throughout the
global food supply chain [110]. Despite the newest technology, detection methods, leg-
islation, and consumer education on food safety and quality, there is still an increase in
foodborne disease outbreaks throughout the world, despite the latest food standards and
customer expectations [110].

Different lab-scale techniques like microbial analysis, microscopic examination, gas
chromatography-mass spectrometry, liquid chromatography, differential scanning calorime-
try, and nuclear magnetic resonance are used, but most of these techniques are costly,
time-consuming and required technical experts [111]. Biological techniques, such as culture-
dependent microbiological techniques to quantify viable bacteria, nucleic acid detection
technology (e.g., multiplex PCR), biochemical detection techniques, and immunological
detection techniques are examples of common traditional microbial detection techniques,
which can be prone to errors and also take some time for analysis when talking about fresh
or perishable food [112].

5.1.1. Classical Techniques

By utilizing sensing platforms, the great majority of food contaminations, such as
heavy metals, pathogens, mycotoxins, pesticides, veterinary medications, herbicides, and
unlawful additions, may be examined [113]. HPLC (high-performance liquid chromatog-
raphy), GC-MS (gas chromatography-mass spectrometer), MS (mass spectrometry), and
ELISA (enzyme-linked immunosorbent assay) are common conventional detection meth-
ods in food science that can provide high sensitivity and selectivity in terms of sensing
approaches for the detection of various types of food contaminations [114,115]. Tradi-
tional sensing platforms, on the other hand, need professional operators to deploy samples
and expensive devices, which is time-consuming and costly [116]. Furthermore, well-
developed sensing technologies are frequently used in the lab, which cannot meet the critical
need of on-site determination, which necessitates portable sensors to obtain the result in-
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stantly [117]. As a result, simple, rapid, economical, and portable analytical approaches for
determining different food contaminations have received considerable attention [113,118].

5.1.2. New Technological Approaches

The evaluation of quality in the food sector is a significant problem due to the need
for high-cost equipment and lengthy analysis to ensure that products reaching customers
are safe and of the highest quality. Existing technologies often require significant re-
sources, skilled individuals, and sophisticated analytical techniques, which has generated
a desire for quick and cost-effective solutions [111]. The use of current analytical systems
ensures that the utilized technique is sensitive, linear, and repeatable. This is particularly
important for method development and validation, as it provides the foundation for
future studies (Table 2).

Table 2. New technological approaches and their demonstrated potential.

Typology Techniques Supported Analysis

Spectroscopy
UV/VIS Spectroscopy Grape-must caramel in vinegar; edible oils degradation;

antioxidant compounds

FTIR-ATR
Detect mycotoxins; detect adulteration in dairy products; authenticity of
meat and meat products; identify pathogenic bacteria; quantify sugars;

characterize polysaccharides

NIRS

Detect meat adulteration; fish quality;
analyze constituents in fruits, oils and milk products; quantify adulterated
oils; analyze rheological parameters; determine protein concentration and

nutritional composition

Electrochemical
E-Nose

Detect food spoilage due to bacterial and fungal infections; monitor
fermentation processes; detect fraud in food products; monitor the

oxidation process; determine the shelf life of macroalgae
E-Eye Classification of olive oil; identify food fraud

E-tongue
Detection of tetracycline residues in milk; microbiological quality of fish

samples; sensory analysis of vegetable milk; quality parameters;
characteristics of aqueous extracts from seaweed

Imaging Hyperspectral imaging Detect fecal contamination; detect chemical residues and contaminants;
detection of foodborne pathogens

Fluorescence X-ray Fluorescence
Seaweed biomass products; mineral composition of milk; analyze plant

material; determination of cadmium; evaluate
algae-based supplements; heavy metal contamination

UV/VIS Spectroscopy

Absorption spectroscopy in the ultraviolet and visible (UV/VIS) range is a rapid
method used for the qualitative and quantitative assessment of sample substances. This
approach has been applied in numerous fields of study in food science and food process-
ing companies due to its simplicity and dependability [119]. UV/VIS spectroscopy is
a technique used to monitor and measure the interactions of UV and visible light with
various chemical substances in the wavelength range of 200 to 780 nm. The approach takes
advantage of the physical reactions of light and analytes in the sample, such as absorp-
tion, scattering, diffraction, refraction, and reflection. UV and visible light absorption are
limited to certain chromophores and chemical species with specified molecular functional
groups. When the electrons within chromophores are stimulated, they produce distinct
absorption spectra for individual molecules. UV/VIS spectroscopy applies to solid, liquid,
and gaseous materials. However, UV absorption solute analysis is only feasible in homo-
geneous solutions. Nonhomogeneous samples often show significant interference within
the spectra, especially when solid particles are present. This is due to the absorption and
light-scattering effects of individual particles. The benefits and limitations of this technique
include the sensitivity, equipment cost, remote-sampling capabilities, and the ability to
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analyze liquid, solid, and slurry samples with chemical resolution. The path length can
also have an influence [120,121].

The utilization of UV/VIS spectroscopy stands out prominently in ensuring food
safety, as evidenced by several recent studies across diverse food industries [122].

In the assessment of grape-must caramel in balsamic vinegar from Modena and
Spanish PDO wine vinegar, UV/VIS spectroscopy emerges as a rapid analytical method,
offering the potential for the quantification of the caramel content below legal limits. This
underscores its crucial role in verifying compliance and authenticity within regulated
food products [123].

Similarly, UV/VIS spectroscopy, coupled with chemometrics, demonstrates its efficacy
in evaluating the impact of heating on various edible oils. By discerning the characteristic
spectral changes indicative of oil degradation, UV/VIS spectroscopy enables the precise
determination of the acid value, thus ensuring the quality and safety of heated oils [124].

Moreover, in the quantitative analysis of edible blend oils, UV/VIS spectroscopy
is integrated with weighted multiscale support vector regression, providing enhanced
accuracy in predicting the oil composition. This innovative approach showcases the
instrumental role of UV/VIS spectroscopy in addressing complex compositional challenges,
thereby bolstering food safety standards [125].

In one study, the Irish seaweed Himanthalia elongata (Phaeophyceae) was investigated
as a natural source of antioxidant compounds [126]. The ethyl acetate subfraction showed
high scavenging capacities for DPPH and lipid peroxidation, indicating strong antioxidant
activity. LC-DAD-ESI-MS/MS analysis identified eight phenolic compounds, including
some not previously reported in H. elongata. These results suggest the potential use of puri-
fied subfractions in food, pharmaceutical and cosmetic applications for health promotion
due to their antioxidant properties [126]. Overall, this study highlights the importance
of UV/VIS spectroscopy in the characterization of compounds from seaweeds and their
potential contribution to food safety and health.

UV/VIS spectroscopy plays a vital role in food safety, enabling rapid and accurate
analysis of the compounds present in both conventional foods and marine algae. By
providing insight into the chemical composition of these products, UV/VIS spectroscopy
helps to identify and quantify substances that may affect their safety and quality. This
analytical technique makes a significant contribution to ensuring the integrity of food
products and marine algae-based dietary supplements, thereby protecting public health
and enhancing consumer confidence.

FTIR-ATR

Fourier transform infrared (FTIR) spectroscopy is a very effective method of analysis
that does not damage the material and provides a “fingerprint” of the compounds present.
The spectral peaks correspond to the vibration frequencies between the bonds of each
atom in each chemical present in the sample, and they indicate the absorption of the IR
beam. FTIR procedures are efficient, dependable, and easy to use, requiring no sample
pre-treatment. Such approaches offer a simple and consistent way to handle a wide range
of foods with non-destructive analysis, with the entire sample and analysis process often
taking less than five minutes from start to finish. Previous research has demonstrated
that FTIR-based methods, when combined with other chemometric techniques, can be
effectively utilized in food industry processes to identify chemicals that may compromise
the quality of the food or have been added to falsely claim that a food item is something
other than what it is [127].

FTIR-ATR (Fourier-transform infrared spectroscopy–attenuated total reflectance) is a
low-cost technique that analyses the chemical bonds of dried materials. This technique is
an improvement over previous techniques that required a liquid extract solution [128]. It
employs infrared light to vibrate chemical bonds and can be used to analyze the polysac-
charides, pigments, phenolic fractions, compound oxidation, and microplastics in seaweeds
before commercialization [128–131]. Compared to chromatography, the FTIR approach is



Nutraceuticals 2024, 4 338

less expensive and easier to use. However, it is less sensitive to biochemical quantification
and quality analysis [107,132].

Food safety is a growing concern worldwide as consumers become increasingly aware
of the risks associated with food contamination, adulteration, and deterioration. In this
context, the use of FTIR-ATR is proving to be a powerful and versatile tool for ensuring the
quality and authenticity of food.

The application of FTIR-ATR in food safety has been demonstrated in several recent
studies. For example, researchers have used the technique to detect the presence of myco-
toxins in foods such as sultanas, helping to prevent risks to human health [133]. FTIR-ATR
has also been used to detect adulteration in dairy products such as cheese, ensuring the
authenticity and quality of these foods [134].

Another important aspect is monitoring the quality and authenticity of meat and meat
products, where FTIR-ATR has proven to be a valuable tool. This technique allows the
detection of adulteration and the assessment of the deterioration status, and it ensures
compliance with food safety standards quickly and efficiently [135].

In addition, FTIR-ATR has been used to identify pathogenic bacteria rapidly and
accurately in a wide range of foods, providing an effective alternative to traditional methods
of microbiological analysis. This rapid identification capability is critical in preventing
outbreaks of foodborne illness [136].

The technique has also been used to quantify the sugars in products such as honey, monitor
pesticide residues in crops and to detect adulteration in a wide range of foods [137,138].

In this study, FTIR-ATR was used to extract and characterize polysaccharides from
macroalgae including Eucheuma denticulatum, Solieria chordalis (Rhodophyta) and Sargassum
muticum (Phaeophyceae) [139]. The research focused on the identification of cell-wall
polysaccharides such as carrageenans, fucoidans and alginates, highlighting the potential
of these compounds for various applications in food and biotechnology.

Comparison of purified extracts with commercial solutions of polysaccharides showed
strong similarities in the spectra, validating the extraction methods and confirming FTIR-
ATR as a reliable technique for polysaccharide analysis. In addition, the study investigated
seasonal variations in the polysaccharide composition, revealing differences in fucoidans,
alginates and carrageenans depending on the time of harvest [139]. This information can
guide the optimization of extraction processes and improve the utilization of macroalgal
polysaccharides in different economic sectors.

The research also provided insights into the structural characteristics of carrageenans
in specific algal species, such as the presence of iota-carrageenan at mature stages of
development [139]. This knowledge can facilitate better control of the extraction methods
and enable targeted applications of these compounds.

In a related study, ulvan, an edible sulphated polysaccharide extracted from Ulva lactuca
(Chlorophyta), was used for the biosynthesis of silver nanoparticles (Ag-NPs) to produce bio-
nanocomposite films for active food packaging. FTIR-ATR spectroscopy was used to confirm
the formation of these films, which exhibited antimicrobial and antioxidant properties,
making them potential replacements for conventional food-packaging materials [140].

FTIR-ATR is proving to be a valuable tool for ensuring food safety, particularly in the
analysis of both traditional and novel food sources such as marine algae.

NIRS

Near-infrared spectroscopy (NIRS) is a promising approach for nondestructive and
easy food safety inspection and control. It offers great benefits, such as speed, noninvasive
measurement, ease of use, and low sample preparation requirements [141]. NIRS has been
widely demonstrated to be effective in this field.

When radiation enters the sample, it is either reflected, absorbed by molecular bonds,
or transmitted, resulting in changes in the light energy. These changes may reflect certain
chemical bonds and, therefore, the properties of the tested items. To conduct scientific
studies, it is important to select appropriate equipment and apparatus with better con-
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figurations, such as high spectral resolution, extensive scanning ranges, and adjustable
scanning speed. Although NIRS systems are used to monitor manufacturing lines, they
should be explicitly developed for commercial use as the application is typically speci-
fied [142]. However, it is important to consider the impact of the characteristics of NIRS
instrumentation components on the overall performance when creating such a system.
In recent years, advancements in hardware and software have made NIRS sensors more
portable and practical [143]. The method of sample collection that is most suitable for
the elements to be examined can have a significant impact on the overall outcome of the
endeavor. The IRS for evaluating food quality involves collecting the spectra of tested items
and constructing calibration models to correlate the spectral fingerprints with the sample
attributes [143,144]. Nonetheless, NIR spectra contain enormous amounts of data that
need to be processed, so chemometrics (a mixture of statistical and quantitative sciences)
is often used to extract usable information that can significantly improve the potential
applications of NIRS. Furthermore, to prevent fraudulent situations, NIRS can be used to
perform qualitative and quantitative analyses of harmful compounds in food. The food
industry has effectively demonstrated the potential of NIRS. Although more research has
been conducted on food quality analysis, the use of NIRS in food safety evaluation and
control is also increasing. This will be explored in detail in the following sections. The
following sections show the number of recently published publications cited in this study,
covering several application disciplines (such as freshness assessment, authenticity and
adulteration, toxin detection and unlawful treatments) [141].

The NIRS technique has been widely studied in the food industry, particularly in
detecting meat adulteration and assessing fish quality and fishery products [145,146].
However, its potential is not limited to these sectors alone, as it offers numerous possibilities
in other areas of the food industry. For example, Kurz et al. [147] identified and analyzed
the constituents in fruits, Kuligowski et al. [148] in oils, and Balabin and Smirnov [149]
in milk products. Studies have demonstrated that NIRS can accurately discriminate and
quantify adulterated oils [150].

NIR technology has been successfully applied in various areas, such as evaluating
beef freshness, determining tomato maturity and textural properties, and analyzing rheo-
logical parameters in wheat grains [151–153]. These examples highlight the versatility and
effectiveness of NIRS in the food industry, providing a valuable tool to ensure food quality,
authenticity, and safety [141].

NIRS is a promising tool for ensuring food safety and quality in traditional food
products and macroalgae. Recent studies have shown that NIRS can be applied to various
aspects of seaweed analysis, including monitoring microbiological growth, determining the
protein concentration, and assessing the nutritional composition [154–156]. For example,
NIRS has proven effective in predicting the microbial counts in stored seaweed samples,
providing rapid and real-time assessment of the product quality [154]. Furthermore,
NIRS has been successfully used for on-site detection of the protein concentration in red
seaweed, offering a non-destructive and precise alternative to traditional laboratory-based
methods [155]. Furthermore, NIRS has demonstrated potential in evaluating the nutritional
value and digestibility of brown seaweeds [156]. However, further validation on larger
datasets may be required to assess its robustness.

NIRS shows potential as a versatile and efficient tool for enhancing food safety and
quality assurance in conventional and emerging food sources like macroalgae. Its non-
destructive nature, rapid analysis capabilities, and real-time assessments make it valuable
for monitoring and ensuring food safety throughout the production and supply chain.
Although NIRS shows considerable potential, further research and validation are required
to fully establish its reliability and accuracy in different food matrices, including macroalgae.
Nevertheless, with ongoing advancements and refinement, NIRS is poised to play a crucial
role in advancing food safety and quality standards in the future.
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E-Nose

Electrochemical (EC) methods, including impedance spectroscopy, voltammetry, po-
tentiometry, and coulometry, have made significant contributions to food analysis. It is
important to note that these methods provide objective and precise measurements of food
components. EC techniques directly convert chemical processes occurring at the elec-
trode/electrolyte interface into quantifiable electronic signals, such as altered conductive
properties (conductometric), current (amperometry), and potential or charge accumulation
(potentiometric) [111,157].

The electronic nose, as a non-invasive technology for identifying volatile substances,
has been applied to food safety and quality analysis. The use of the E-Nose for pathogen
identification has been proven to be successful and superior to traditional approaches. The
E-Nose is a non-invasive and rapid approach that requires little or no sample preparation,
making it perfect for use as an online monitoring tool. An E-Nose is a device that combines a
chemical sensor array system with partial specificity and an appropriate pattern recognition
system to distinguish simple or complex odors. It can analyze volatile organic compounds
(VOCs) generated by microorganisms and is used as an alternative approach to identify
and classify various chemicals and bacteria [110].

In the food industry, the E-Nose is used to detect food spoilage bacteria, total volatile
basic nitrogen, trimethylamine, and fungal infections [158–164]. The E-Nose has several
advantages over traditional and non-invasive approaches, such as vibrational spectroscopy
and hyperspectral imaging. Despite these benefits, E-Noses are currently used in a limited
number of applications in the food industry. The growth of E-Nose systems in the food
industry has been rapid despite challenges in terms of sensor selection and the difficulty of
implementing pattern recognition algorithms in low-cost hardware components. However,
the necessity for such algorithms has hindered progress [111]. It is important to maintain
objectivity when discussing these limitations.

E-Nose technology has a significant application in classifying the degree of contamina-
tion in leftover cooked foods, as demonstrated by research conducted in Malaysia. The odor
characteristics of local leftover cooked meals are analyzed by E-Nose devices equipped
with sensor arrays, which effectively classify the contamination levels with high accuracy
rates ranging from 90% to 100%. This article highlights the potential of E-Nose technology
in ensuring the safety and quality of prepared foods worldwide [165].

E-Nose technology has proven to be valuable in monitoring fermentation processes.
Studies on the fermentation of Tremella aurantialba (fungi) have exemplified this. By detect-
ing volatile compounds associated with fermentation, E-Nose devices allow for real-time
analysis and prediction of the fermentation phases. This technology offers precise monitor-
ing and control, ensuring the quality and safety of fermented food products [166].

In postharvest scenarios, E-Nose technology coupled with machine vision provides a
rapid and non-destructive method for detecting the freshness and spoilage of perishable
food items such as spinach [167]. By analyzing odor and image data, E-Nose devices
accurately classify the freshness levels, facilitating timely quality assessments during stor-
age [168]. E-Nose technology has been used to detect microbial spoilage in canned foods by
analyzing volatile organic compounds (VOCs), providing early indicators of spoilage [169].

E-Nose technology is being used to detect fraud in food products, specifically extra
virgin olive oil, by analyzing the VOCs emitted by olive oil samples [170]. This technology
helps distinguish between authentic and adulterated or fraudulent products. Additionally,
E-Nose devices are used to monitor the oxidation process of frying oils, ensuring quality
control and preventing the consumption of degraded or rancid oils [171].

The various applications of E-Nose technology in food safety highlight its importance
in modern food production and distribution systems. E-Nose devices offer versatile solu-
tions for enhancing food safety and quality control practices, from detecting contamination
and spoilage to monitoring fermentation processes and ensuring product authenticity. As
technology advances, research and implementation of E-Nose technology are poised to
redefine food safety standards. This will benefit both consumers and the food industry.
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Electronic nose (E-Nose) technology provides a quick and efficient method for evalu-
ating the quality and shelf life of food products, including macroalgae. In a recent study,
the shelf life of different types of macroalgae was evaluated using an E-Nose over a storage
period of 150 days. The E-Nose system detected the release of volatile organic compounds
(VOCs) from the macroalgae, which are indicative of food deterioration [172].

The E-Nose recorded significant changes in the values for certain types of macroalgae
during the storage period. These changes in the sensor values were positively correlated
with the physical, microbiological, and Fourier-transform infrared (FTIR) spectroscopy
parameters, providing comprehensive insights into the quality and shelf life of the macroal-
gae samples [172].

E-Nose technology has the potential to enhance food safety and quality assurance in
both traditional food products and emerging food sources such as macroalgae. Its ability to
detect changes in food quality quickly and accurately makes it a valuable tool for the food
industry, facilitating timely interventions to maintain product freshness and safety.

E-Eye

Color is a crucial aspect of food quality as it is closely linked to perceptions of freshness,
maturity, attractiveness, and safety. Customers often examine the color of food when
making purchases [173]. Color is the perceptual response to the visible spectrum of the
light that is reflected or emitted by an object. This response is generated by the interaction of
light with receptors in the retina, which then sends a signal to the brain via the optic nerve.
Color perception is influenced not only by the object itself but also by the surrounding
lighting conditions [174]. Therefore, color analysis is crucial for categorizing items such as
meat, peas, maize, canola, rice, and wheat for human and animal consumption [173].

The E-Eye is a detection system that utilizes visual information identification and
analysis to assess food quality [175]. Color differentiation is achieved by comparing wave-
lengths. There are various color spaces available, such as HSI (hue, saturation, intensity),
HSV (hue, saturation, value), HSL (hue, saturation, lightness), and HSB (hue, satura-
tion, brightness), which differ in sensitivity [174]. The E-Eye has advantages for use in
food quality evaluation due to its low cost, portability, and ease of implementation on a
large scale [176].

This technology can be powered by colorimetry, spectrophotometry, or computer
vision. Using appropriate equipment can result in a more accurate color description [177].
The E-Eye can detect the appearance-related characteristics of samples but not the flavor-
or aroma-related components [178]. Therefore, combining multiple technologies such as
the E-Nose and E-Tongue has become an alternative to detect the various characteristics of
samples. Spectrophotometers are devices used to measure color that analyze the spectrum
distribution of a sample’s transmittance or reflectance. They offer a spectral analysis of
the reflectance wavelength and/or transmission qualities of objects [179]. Near-infrared
reflectance (NIR) spectrophotometers are commonly used in the food industry to evaluate
the chemical composition of items, particularly in cases where color is a crucial factor. This
includes assessing the levels of proteins, oil, starch, fiber, and moisture. It is important to
maintain objectivity in the evaluation of these elements [173,180].

Several research studies have demonstrated the applicability of E-Eye technology
to various food products and safety scenarios. For example, in the characterization of
edible olive oils, E-Eye devices were used alongside an electronic nose (E-Nose) and
electronic tongue (E-Tongue) to assess the oil quality deterioration during storage [181].
Through innovative data-processing techniques and mid-level data fusion approaches,
E-Eye technology facilitated the classification of olive oil samples based on freshness,
demonstrating high classification accuracy rates.

E-Eye technology has also been instrumental in the fight against food fraud, particu-
larly in the case of Italian lentils. Using red–green–blue (RGB) imaging and discriminant
classifiers, E-Eye devices were able to classify lentils according to the harvest year and ori-
gin, as well as to discriminate between expired and edible samples. These results highlight
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the effectiveness of E-Eye technology in detecting subtle visual changes associated with
food quality and authenticity [182].

The integration of E-Eye technology into food safety practices offers significant
benefits, enabling rapid and non-destructive assessment of external food characteristics.
From assessing food coloring in Chinese medicine to distinguishing between expired and
edible lentils, E-Eye devices show immense potential for improving food safety measures.
As research continues to explore the capabilities of E-Eye technology, its adoption is
expected to grow, providing valuable tools to ensure the integrity and safety of food
products worldwide [175,182].

Although macroalgae are vulnerable to spoilage, they offer numerous health-promoting
compounds, making them a valuable food source. Due to the increasing demand for food
quality and safety, sensitive and rapid analytical technologies are needed in the seafood
industry. When applying the E-Eye technology to macroalgae safety, it is expected to
yield similar benefits. The E-Eye system can effectively assess the quality and authen-
ticity of macroalgae products by utilizing rapid and non-destructive techniques, such as
spectroscopic methods. This approach offers advantages such as speed, minimal sam-
ple preparation, and the ability to monitor products in real time, which enhances food
safety practices [183].

E-Eye technology shows potential for enhancing food safety and quality assessment
for both conventional food products and sources such as macroalgae. Its quick and non-
invasive nature makes it a valuable tool for monitoring freshness and authenticity, thereby
contributing to consumer confidence and industry standards.

E-Tongue

Taste is the perception of chemicals that stimulate the taste buds on the tongue [184].
The E-Tongue has advanced in terms of the sensitivity, selectivity, and multiplexing capabil-
ities of current biosensors, enabling accurate and rapid quality prediction of samples. This
has led to its use in various industries, including pharmaceuticals, cosmetics, and food [185].

The term “E-Tongue”, which is an analogy to the human tongue, was first introduced in
the 1990s and has since been extensively researched. It is a technology that uses a collection
of sensors to detect chemical solutions. The system consists of an electrochemical cell (sensor
array), a measuring module, and a pattern recognition algorithm capable of distinguishing
between the simple and complex chemical systems that make up the flavor [180,184].

By examining various components of a sample, the electronic tongue extracts a signal
signature [186]. The E-Tongue can describe the flavor of complex liquids or samples that
have been transformed into liquid form [187]. The main purpose of this technology is to
analyze meals using a collection of sensors, such as ion-selective electrodes with specific
features, followed by statistical analysis. This allows for the collection of information on
the freshness and maturity levels [187,188]. An E-Tongue sensor array provides multi-
dimensional information in a short amount of time [189]. This technology distinguishes
distinct patterns of classes of molecules responsible for flavor. The complicated information
obtained by E-Tongue measurement is processed using multivariate statistical analysis. In
contrast, human taste and flavor perception involves matching signals from taste receptors
with memories to determine taste and flavor [187]. Additionally, an E-Tongue’s sensor suite
can include a wide range of chemical sensors, such as electrochemical, optical, mass, and
enzymatic sensors [180,189]. The combination of these techniques can improve seaweed
quality characterization and safety.

One application of the E-Tongue is the detection of tetracycline residues in milk
samples [190]. The E-Tongue successfully identified the presence of tetracycline residues in
milk samples, providing a rapid and reliable method for contaminant detection without
the need for sample pre-treatment.

Similarly, studies have demonstrated the superiority of E-Tongue technology coupled
with advanced machine-learning algorithms such as back-propagation neural networks
(BP-NN) in assessing the microbiological quality of fish samples [191]. These approaches
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outperformed traditional microbiological plating methods in predicting the total viable
counts (TVCs), demonstrating the high accuracy and reliability of E-Tongue-based models in
assessing microbiological quality parameters and improving food safety assurance measures.

In addition, the E-Tongue technology was instrumental in the sensory analysis of
vegetable milk [192]. The results underlined the potential feasibility of using electronic
tongues for simple, rapid, and effective sensory evaluation to ensure quality and con-
sumer satisfaction.

E-Tongue technology was also explored for the express evaluation of quality parame-
ters in vegetable oils [193]. Investigations into the use of multi-sensor systems have shown
promising results. The application of these tools has demonstrated the potential for the
development of rapid and simple methods for express quality assessment of vegetable oils,
further highlighting the versatility and effectiveness of E-Tongue technology in improving
food safety and quality assurance measures.

The diverse applications of E-Tongue technology underscore its importance in ensur-
ing food safety, quality, and consumer satisfaction in various sectors of the food industry.
From contaminant detection to sensory analysis and quality assessment, E-Tongue technol-
ogy continues to play a key role in advancing food safety measures and maintaining high
food quality standards.

The use of E-Tongue technology in food safety, specifically in relation to macroalgae,
presents potential for quality assessment and product development. By utilizing the E-
Tongue, researchers can examine the taste profile and chemical composition of macroalgae-
based products, aiding in the creation of innovative food formulations and substitutes.

In the development of a low-sodium salt substitute, the E-Tongue can evaluate the taste
characteristics of aqueous extracts from seaweed and other marine sources. By assessing
taste parameters such as saltiness, bitterness, and umami, the E-Tongue can identify extracts
with desirable flavor profiles. This helps researchers identify potential candidates for salt
substitute formulations [194]. In addition, the E-Tongue can aid in comprehending the
intricate interplay of salty constituents in macroalgae extracts. This can lead to the creation
of improved salt substitutes that emulate the flavor of conventional sodium-based salts.
By scrutinizing the sensory characteristics of macroalgae extracts, researchers can refine
formulations to attain the desired taste profiles while diminishing the sodium content. This
can help address health issues linked to excessive salt consumption [194].

The use of E-Tongue technology shows potential to improve food safety and quality as-
sessment for both traditional food products and innovative macroalgae-based formulations.
The E-Tongue provides rapid and accurate sensory analysis, allowing researchers to evalu-
ate taste characteristics, identify flavor compounds, and optimize product formulations.
This contributes to the development of healthier and more sustainable food alternatives.

Hyperspectral Imaging

Hyperspectral imaging (HSI) is a non-destructive technology used in food safety to
identify adulterations, as well as microbiological, chemical, and physical contamination.
HSI combines conventional imaging with spectroscopy to obtain a spectrum for each point
(i.e., pixel) in an area of interest in the material being examined [195]. HSI’s spectroscopic
component can cover spectral ranges from ultraviolet (UV) to terahertz. However, the
most commonly used ranges are visible (VIS) and near-infrared (NIR). Studies have shown
that when integrated with chemometrics and machine learning, HSI can identify fungal
contamination in food. HSI detected fungal infections on grains at an early stage, indicating
the possibility of early identification and removal of affected sections to minimize or
prevent the development of fungal diseases. The use of HSI has been documented in
identifying pollutants in fruits, vegetables, and meat products in the VIS-NIR or NIR
range [195]. This method has also been found feasible in detecting faults and features
related to the composition of meat products [196]. Physical contamination of food poses
two primary difficulties, namely fecal contamination and the presence of foreign elements
in food matrices. Fecal contamination is a significant food safety concern as it can introduce
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harmful germs into fruits, vegetables, and meat, leading to potential cases of food poisoning.
It is associated with various fungal and bacterial pollutants [197,198].

Hyperspectral imaging has been investigated by researchers for its potential to ensure
food safety. Studies have shown that hyperspectral-imaging systems are effective in detect-
ing fecal contamination on fresh produce surfaces and in poultry-processing facilities [199].
These systems can differentiate between fecal contaminants and food surfaces, providing
valuable insights for preventing foodborne illnesses.

Investigations have shown that hyperspectral imaging is highly versatile in various
food safety applications. It can detect chemical residues and contaminants, as well as
assess food quality attributes such as freshness and ripeness [198]. Hyperspectral imaging
provides a non-destructive and efficient means of monitoring food safety throughout the
supply chain.

Additionally, studies have highlighted its potential for rapid and accurate detection
of foodborne pathogens. Hyperspectral-imaging systems can identify specific microbial
strains and assess their presence in food products, enabling proactive measures to prevent
foodborne outbreaks and ensure consumer safety [198].

The research conducted in this field demonstrates the significant potential of hyper-
spectral imaging in enhancing food safety practices and standards. As technology advances,
hyperspectral-imaging systems are expected to play a crucial role in shaping the future of
food safety in the food industry.

Hyperspectral imaging shows potential for improving food safety, especially in the
context of macroalgae. By using advanced imaging techniques and innovative algorithms,
researchers can enhance the accuracy and efficiency of foreign object detection, ensuring
the quality and safety of seaweed products [200]. Furthermore, hyperspectral imaging can
be applied to a range of food products, making it a versatile and powerful tool for ensuring
food quality across multiple industries.

X-ray Fluorescence

Mineral analysis is a critical aspect of assessing seaweed’s impact on human health.
However, it is a complicated and time-consuming technique. To reduce the time and
expense associated with Inductively Coupled Plasma (ICP) techniques, a faster method-
ology suitable for frequent and numerous sample testing is required. A beam of primary
X-rays, produced by an X-ray tube in X-ray fluorescence (XRF), bombards the material. The
collimator restricts the cross-section of the main beam, allowing for specific excitation of
the sample. This stimulation results in the release of fluorescence radiation. An energy-
dispersive detector is used to measure the energy distribution of the fluorescence light.
It allows for the identification and calculation of the relative concentrations of elements
present in a sample. X-ray fluorescence spectroscopy (XRF) is a non-destructive and con-
tinuous technique that has become viable for generating high-resolution elemental data.
The adjusted operating conditions improve the minimal detection limits and detection
efficiency for several evaluated items. X-ray fluorescence spectrometry offers advantages
over other multi-element methods, such as ICP-MS/ICP-OES. It requires limited sample
preparation, provides non-destructive analysis, has a higher total speed, generates less
hazardous waste, and has lower operating costs [201,202].

The gamma X-ray (XRF) technology was tested and calibrated against wet samples of
seaweed to determine the relative and quantitative levels of elements. XRF is commonly
used in geology and material sectors to evaluate the amounts of valuable or dangerous
metals in solid or manufactured materials. However, it has not been widely accepted in the
biological sciences, despite its potential [203].

The use of XRF has enabled frequent testing of seaweed biomass products, resulting
in a developing record of range measurements for each element. This has allowed for
the development of a profile of elemental ranges for nutrition and safety purposes for
a specific type of seaweed. The nutritional value and safety of seaweed are determined
by its elemental profile, which varies across different species. Therefore, it is crucial to
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thoroughly test all seaweeds and provide the results to the user. It is important to note
that some seaweeds, such as Kombu, contain quantities of trace elements that exceed
the recommended daily intake and even the upper limit. Hence, Kombu should only be
consumed in very small doses [203].

A recent research review examined the application of XRF in the elemental analysis of
milk [204]. Different configurations of XRF spectrometers were evaluated for their ability to
quantify minerals and trace elements in milk samples with the accuracy and reproducibility
required for food products. The study highlighted practical examples of the use of XRF
techniques to determine the mineral composition of milk, emphasizing the importance of
instrumentation, sample preparation, calibration and quantification procedures to ensure
reliable results [204].

Another study investigated the use of low-power XRF systems, including energy-
dispersive X-ray fluorescence (EDXRF) and micro-XRF (µ-XRF), for multi-element analysis
and chemical imaging of various edible plant species [205]. The research demonstrated the
feasibility of these XRF methods in analyzing plant material without the need for complex
sample preparation, offering advantages in terms of simplicity and cost-effectiveness
compared to traditional methods. The results underlined the potential of XRF techniques to
increase knowledge of the impact of environmental factors, such as irrigation with treated
wastewater, on the elemental composition of food products [205].

Another study focused on the rapid determination of cadmium in rice using energy-
dispersive X-ray fluorescence spectrometry. The research evaluated the detection efficiency,
periodic stability, and detection limits of different XRF instruments and demonstrated their
applicability for the detection of cadmium in rice samples. The study highlighted the sensitiv-
ity of XRF spectrometers in meeting the rapid detection requirements with minimal impact
from variations in the rice morphology. However, the research also identified challenges
related to false negative and false positive results, highlighting the importance of careful
calibration and validation procedures in XRF analysis for food safety applications [206].

The elemental composition of algae-based dietary supplements is crucial for assessing
their safety and nutritional value. Energy-dispersive X-ray fluorescence (XRF) was used
in a study evaluating 15 algae-based supplements commonly sold on the Portuguese
market [207]. Despite the beneficial iodine content found in most of the kelp samples, there
were concerns about potential excess iodine intake, which can lead to thyroid dysfunction.
In addition, the presence of lead in various seaweed supplements posed significant health
risks due to the potential for high daily doses. There was also considerable variability in
the arsenic levels, raising further concerns about the safety of these supplements. These
findings highlight the importance of informed consumption and regulatory oversight to
mitigate the health risks associated with algae-based products.

Another study focused on XRF analysis of kelp supplement powders and capsules for
heavy metal contamination [208]. While no significant levels of lead or mercury were found
in the 17 samples analyzed, all the samples had detectable levels of arsenic exceeding the
recommended reference doses. This highlights the importance of stringent quality control
measures to ensure the safety of dietary supplements containing algae-based ingredients.

In Kenya, where seaweed is not widely consumed, there is growing interest in its
potential as a food and medicine [209]. However, concerns remain about marine pollution
and heavy metal contamination. In a study, XRF was used to analyze the trace metal
concentrations in seaweed samples collected from different sites along the Kenyan coast.
The results showed relatively high concentrations of essential trace elements such as
calcium, manganese, iron, copper, and zinc, while toxic elements such as arsenic and lead
were within acceptable limits according to the EPA/WHO regulations. This suggests that
direct consumption of edible seaweed can be encouraged as it poses minimal health risks.
In addition, due to their ability to accumulate trace metals, seaweeds serve as valuable
indicators of marine pollution, making them essential for environmental health monitoring.
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Overall, X-ray fluorescence spectroscopy plays a crucial role in assessing the safety
and quality of algae-based dietary supplements and edible seaweeds, thereby ensuring
consumer protection and environmental sustainability in the food industry.

5.2. Bioavailability

After conducting mandatory biochemical profiling of commercially available food,
a major question remains: “The nutritional profile of seaweed and its true nutritional
benefit to humans?”. Scientific evidence supports the fact that the nutritional value of
vegetables differs from their real nutritional value due to the synergistic behavior of the
vegetable matrix compounds [4,13,52,210]. Therefore, it is extremely necessary to conduct
bioavailability assays to fully understand the true nutritional power of seaweed.

Bioavailability is a two-stage process consisting of bioaccessibility and bioactivity.
Bioaccessibility refers to the amount of a consumed component that is released from its
food matrix and available for absorption in the colon [211]. The biological activity of a
medicine or food component involves transporting the component to the target tissue,
interacting with other biomolecules, undergoing biotransformation and/or metabolism,
and inducing a physiological response [108,212].

Thus, bioavailability is closely associated with the human digestive system and the
food matrix. In vitro digestion methods reveal that food matrix effects have a significant
impact on bioaccessibility, which is the fraction of the ingested substance available for
absorption and is frequently the rate-limiting factor determining the overall bioavailability.
Ideally, test methodologies should accurately predict the behavior of loaded food matrices
in real-world settings, such as human consumption, and produce reproducible findings
across laboratories [213]. In vivo human-feeding experiments provide the most precise
approximation of real-world settings, but they are time-consuming and expensive to
conduct. In vivo animal experiments can be used as an alternative, but they are time-
consuming, expensive, and raise ethical concerns about animal confinement and sacrifice.
Additionally, due to differences between the gastrointestinal tract of test animals and
humans, the data obtained cannot be accurately extrapolated. As a result, researchers are
developing in vitro digestion procedures to simulate the human gastrointestinal system.
These approaches are especially useful as screening tools for determining the influence of
certain food matrix effects on the bioavailability [214–216].

Over the last decade, several in vitro digestive models have been developed to investi-
gate the bioavailability of bioactive compounds in foods and medicines [217–219]. However,
in recent years, various approaches have been created to understand the nutritional and
nutraceutical potential of seaweed. The INFOGEST static digestive simulator has become
the most extensively used in vitro digestion model for foods due to its ability to precisely
replicate the human gut while being simple to operate [219]. This method was developed
through a COST action to promote a more accurate model and has gained popularity for
its effectiveness [213]. This approach exposes food samples to sequential oral, gastric, and
intestinal digestion. Factors such as the electrolytes, enzymes, bile, dilution, pH, and diges-
tion time are dependent on the available physiological data. The method has been modified
and enhanced from the INFOGEST 2.0 digesting technique by including the oral phase and
using gastric lipase. The method described here assesses the food digestion endpoints by
analyzing digestion products such as peptides, amino acids, fatty acids, and simple sugars,
as well as quantifying micronutrient release from the food matrix. It is important to note
that this method is not static and can be improved to provide more information based on
real human digestion and its complexity. The procedure is divided into three steps that
simulate the oral, gastric, and small intestine phases of digestion in vivo. At each step,
the text describes the length, physical and biochemical environment, and rationale for the
selection of the steps [220].
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5.2.1. Seaweed Bioavailability Analysis

Understanding the kinetics of seaweed vs. stability may be critical for gaining im-
portant insights into the impacts of seaweed in the digestive process, ensuring improved
food safety levels, and retaining a comparable product with stable chemicals that can be
bioavailable to humans, thereby promoting human welfare. However, there is a general lack
of studies on the bioavailability of seaweeds, and most of them use isolated compounds,
mainly seaweed polysaccharides [52,53].

Raw seaweed biomass contains proteins, polysaccharides, lipids, and minerals. How-
ever, due to the variable intrinsic composition of seaweeds, some of these components
may not be accessible for biological functions in the human body. In vitro research in-
cludes laboratory-based mimics/models for one or more circumstances faced by these
substances in the digestive system, such as the mouth cavity, esophagus, stomach, and
small and large intestines. In vivo investigations aim to evaluate the precise digestion and
fermentation pathways of seaweed-isolated proteins, polysaccharides, and lipids by the
gut microbiota [31,221].

Seaweed Proteins

Protein digestibility is a crucial factor in determining protein availability. The protein
content of seaweed varies significantly. Digestive enzymes can easily break down seaweed
proteins, making them readily absorbable by humans. However, the high soluble fiber
content of seaweed can lead to inadequate protein digestibility, limiting protein digestion
and reducing the accessibility of proteolytic enzymes. There is an inverse correlation
between protein digestibility and the polysaccharide content in seaweed [222].

A recent study determined the in vitro protein digestibility values of six different
Irish seaweeds using a rapid method. This methodology assessed the protein quality and
bioavailability in seaweeds based on their amino acid profiles and protein content [223].
Furthermore, the study found that seaweeds are rich in essential amino acids and taurine,
which are integral to human health. This suggests that seaweeds have the potential to serve
as valuable protein sources in human nutrition, providing a diverse array of essential and
non-essential amino acids to consumers [223].

The study emphasizes the significance of evaluating the protein bioavailability in
seaweeds. This enables the identification of appropriate alternative protein sources for
human diets, contributing to sustainable food systems and addressing the increasing
demand for protein in a resource-efficient manner.

Seaweed Polysaccharides

Seaweed polysaccharides and fibers typically range from 33% to 62% (dry weight
basis) and are generally indigestible by the human stomach and intestinal enzymes. They
act as prebiotic food in the human body [224]. Seaweed is abundant in soluble fibers, which
are known for their ability to retain water and their hydrocolloid properties. Hydrocolloids
are used as functional additives in food formulation to improve food consistency. They act
as thickening, stabilizing and emulsifying agents, and they enhance the sensory quality of
food products [225].

Most seaweed polysaccharides are resistant to digestion in the stomach and small
intestine. Oral digestion of marine algae has shown no breakdown of marine polysaccha-
rides or release of oligosaccharides due to saliva enzymatic reactions. In vitro evidence
suggests that no monosaccharides are identified in the gastric juice, indicating that they
are not digested in the stomach. Similarly, no monosaccharides or oligosaccharides were
detected in the small intestine, indicating that seaweed polysaccharides were not degraded
there. Seaweed polysaccharides are carbohydrate polymers that are neither digested nor
absorbed in the small intestine. Instead, they are fermented by bacteria in the colon, which
influences and modifies bacterial populations in the gut. The human large intestine con-
tains a diverse range of bacterial species that play a crucial role in various metabolic and
regulatory processes related to human health [31,221].
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Recent studies have investigated the in vitro digestibility and fermentability of polysac-
charides extracted from two types of seaweed: Ascophyllum nodosum (AnPs) (Phaeo-
phyceae) [226] and Pyropia haitanensis (formerly Porphyra haitanensis) (PHPs)
(Rhodophyta) [227]. The findings suggest that these polysaccharides have potential as
functional food components with implications for human health.

AnPs showed significant resistance to enzymatic digestion by salivary amylase, gastric
juice, and intestinal juice. However, fermentation by the gut microbiota resulted in a notable
reduction in the molecular weight and reduced the sugar content of AnPs. This process
also caused significant changes in the composition of the gut microbiota, particularly
by increasing the abundance of Bacteroidetes and Firmicutes, which are associated with
metabolic health benefits. Furthermore, the fermentation of AnPs led to a significant rise in
the overall content of short-chain fatty acids (SCFAs), suggesting potential advantages for
gut health and overall well-being [226].

Polysaccharides extracted from PHPs using water extraction and alcohol precipitation
methods showed a promising yield with a distinctive molar ratio of galactose, glucose, and
fucose. These polysaccharides were resistant to digestion by alpha-amylase, indicating their
potential as prebiotics that can selectively stimulate the growth and activity of beneficial gut
microbiota. Furthermore, PHPs have demonstrated significant antioxidant activity, making
them attractive candidates for applications in the food and cosmetic industries [227].

The investigation into the digestibility and bioavailability of polysaccharides from
macroalgae highlights their potential as functional food ingredients with diverse health-
promoting properties. Further research is needed to elucidate their physiological effects
and explore their applications in human nutrition and well-being.

Seaweed Lipids

Macroalgae, also known as seaweeds, are being considered as potential candidates
for improving the nutritional value of various food products. This is due to their rich
composition of lipids and diverse bioactive compounds. Studies examining the lipid
content and availability of lipids in different species of seaweeds provide valuable insights
into their potential as functional food ingredients [228].

Seaweeds have a diverse nutritional composition, with lipids being a key component.
The lipid content of seaweeds usually ranges from 0.2% to 2.5%, with variations observed
among different species and environmental factors. Seaweeds are valued for their unique
lipid profiles and bioactive lipid compounds, despite their relatively low lipid content
compared to other food sources [228,229].

Analysis of the fatty acid profiles in seaweeds reveals that they contain a predominance
of polyunsaturated fatty acids (PUFAs), including omega-3 and omega-6 fatty acids, which
are essential for human health. Seaweeds have higher levels of PUFAs compared to
saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs), making them a
valuable source of healthy fats [228].

The study conducted by Demarco et al. [222] investigated the lipid and fatty acid
contents of brown seaweed Fucus spiralis (Phaeophyceae) before and after in vitro modeling
of the human digestive process. The results showed that F. spiralis has a low lipid content
of 3.5% dry weight, with a lipid bioaccessibility of about 12.1%. The most abundant
−3 fatty acid found was eicosatetraenoic acid, with a bioaccessibility percentage of 13.0%.
The low lipid bioaccessibility may be because most of the internal lipids in seaweed are
phospholipids and glycolipids, which are associated with cell membranes [222].

An investigation found that different seaweed species have a wide range of total
lipid content, ranging from 0.7 ± 0.1% in Chondrus crispus (Rhodophyta) to 3.8 ± 0.6% in
Ulva spp. (Chlorophyta). This variability highlights the diverse lipid compositions present
in seaweeds.

Analysis of the fatty acid profiles revealed varying proportions of polyunsaturated
fatty acids (PUFAs), monounsaturated fatty acids (MUFAs), and saturated fatty acids (SFAs)
across different species. Ulva species exhibited the highest content of polyunsaturated
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fatty acids (PUFAs), while C. crispus and Gracilaria species were rich in saturated fatty
acids (SFAs) [230].

Seaweed Minerals

Minerals are chemical elements that organisms require as essential nutrients for sur-
vival. They are primarily obtained through the consumption of plants, animals, or water.
The human body contains five primary minerals: calcium (Ca), phosphorus (P), potassium
(K), sodium (Na), and magnesium (Mg). Sulfur (S), iron (Fe), chloride (Cl), cobalt (Co),
copper (Cu), zinc (Zn), manganese (Mn), molybdenum (Mo), iodine (I), and selenium (Se)
are trace elements with unique metabolic functions in the human body. The bioavailability
of these metals is strongly related to the carbohydrate and dietary fiber concentrations [22].
Samples with high carbohydrate or dietary fiber concentrations have high metal bioavail-
ability ratios. A negative association was found between the bioavailability percentages
of certain metals and proteins. This is because during in vitro digestion, proteins are hy-
drolyzed into amino acids. Most soluble amino acids carry positive or negative charges
at a physiological pH, which increases the ionic strength in the aqueous phase. This re-
sults in lower metal solubility via the salting-out effect [231]. Metals and lipids have a
negative correlation, which is due to metals not being emulsified by bile extracts during
in vitro digestion and being introduced into the liquid phase before becoming available
for absorption [22,222].

One study has shown that certain seaweeds, such as nori and sea lettuce, contain
high levels of bioavailable iron. However, the absorption efficiency of iron from seaweeds
varies, with some species exhibiting lower absorption rates compared to spinach. Factors
such as the vitamin C content can enhance the iron bioavailability in specific seaweeds,
but high levels of arsenic or other minerals may limit their regular consumption as a safe
iron source [232].

The absorption of magnesium from seaweeds differs based on their fiber content and
solubility. Seaweeds like Aosa (Chlorophyta) and Kombu (Phaeophyceae) have been identi-
fied as good sources of magnesium due to their high absorbable magnesium concentration.
Despite variations in the magnesium solubility after in vitro digestion, factors beyond
solubility alone influence magnesium absorption from seaweeds [233].

The bioavailability of minerals in seaweeds can be affected by cooking methods. Some
metals, such as chromium, iron, cobalt, nickel, and zinc, are released into the cooking
water during heat treatment, while others, such as copper, iron, and zinc, are retained in
the seaweed [210].

Understanding the bioavailability and digestibility of minerals in edible seaweeds is
crucial for maximizing their nutritional benefits. Seaweeds offer a diverse range of minerals,
but variations in the absorption rates and interactions with food constituents highlight the
need to consider these factors when incorporating seaweeds into the diet. Further research
is needed to optimize the bioavailability of minerals from seaweeds and ensure their safe
and effective use as valuable sources of essential nutrients [52,53,95,107].

The seaweed food matrix can be optimized to improve the bioaccessibility by modify-
ing its content and structure. Seaweed compounds can interact positively or negatively,
affecting the bioavailability of nutrients. In vitro digestion models are powerful tools for
modifying the food matrix and improving the bioavailability of bioactive compounds,
resulting in potentially healthier food products [52,53,95,107].

Furthermore, there is a need to further develop and study this topic due to its vital
importance for human health. The nutritional value of seaweed is currently underval-
ued, despite being a key factor in human welfare and a potential tool for future food
nutraceuticals. With the evolution of technology, it is possible to develop a food safety
system using new technologies such as the E-Nose, FTIR-ATR, and NIRS, coupled with
the INFOGEST system. This can enhance food safety and improve understanding of the
real nutrient availability through pro analysis component analysis and logarithms. It is
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important to develop a new technological safety system to improve human welfare quality
while reducing the costs associated with classical assays.

6. Future Road into Seaweed Food Safety and Nutraceutical Potential

Even though each biochemical and biological study has both positive and negative
implications for seaweed quality certification, these analytical techniques are currently in
development due to the complexity of seaweeds’ composition. The additional expenses
that these studies may incur for businesses might be reflected in the final product pricing.
In contrast, seaweed characterization is required to provide quality control and customer
safety. Thus, the framework and regulations for regulating seaweed food quality man-
agement are continuously evolving, with specialized analysis for seaweeds considering
the chemical diversity and compound complexity [4]. It is still unknown how the gut
microbiota influences dietary component metabolism and how much this differs across
people (because humans differ as to their digestive system, with different microbiomes).
Many kinds of food substances, such as complex polysaccharides, lipids, proteins, and
phytochemicals, are transformed by gut microorganisms, and these metabolic processes
are associated with a variety of health advantages as well as disease susceptibility. Fur-
thermore, the gut microbiota changes the toxicities and lives of industrial chemicals and
pollutants in the body [234]. There is currently a scarcity of information on the interactions
and metabolic regulation of the gut microbiota and seaweeds’ components. Due to the
inherent heterogeneity of the gut microbiome from individual to individual, it is critical
to understand the functions of gut bacteria in the processing of components acquired
from macroalgae sources, most creating a robust gastrointestinal model (INFOGEST). The
gut microbiota’s direct and indirect metabolic effect on the chemical alterations of a wide
variety of chemicals might possibly have consequences for host health [107,235].

As a novel food product, the seaweed sector for human consumption confronts a num-
ber of obstacles, including a lack of standard quality and safety processes, as well as a lack
of regulatory rules. There are now various analytical techniques available for evaluating
the nutritional value of seaweeds, which can guarantee a better quality and safety check
of seaweed-based products; however, advancements to standardize the methodology and
findings are urgently needed. Actually, a desire to collaborate with the scientific community
to establish rules and laws applicable to seaweed farmers and industry for the food sector
is rising throughout the Asian, European, and American continents [107].

Seaweeds are a promising novel food source that can help address global food security
challenges. However, ensuring the safety of seaweed consumption is of the utmost impor-
tance. A systematic review was conducted to assess the microbiological, chemical, physical,
and allergenic risks associated with seaweed consumption. The review found no significant
hazards for microbiological, allergenic, and physical risks. However, there are concerns
regarding chemical risks, particularly the accumulation of heavy metals, when harvesting
seaweed in polluted areas. To mitigate this risk, seaweed cultivation in controlled environ-
ments is recommended. It is also necessary to periodically monitor the heavy metal levels
in final products. Establishing safety standards for seaweed consumption is crucial as its
popularity continues to grow worldwide [236].

The seaweed industry has great potential for sustainable ocean economies and aligns
with the UN Decade of Ocean Science for Sustainable Development. Seaweed production
accounts for over 50% of the total global marine production and supports the livelihoods
of millions. However, the industry faces significant challenges, including the need to
enhance biosecurity, traceability, and pest management, as well as to promote technological
innovation and policy coordination, to ensure its long-term sustainability. Paying attention
to small-scale farmers and processors is crucial to ensure inclusive growth and resilience
while addressing key Sustainable Development Goals [237].

The expansion of the seaweed market in Australia provides a valuable example for
Europe as it incorporates seaweed into its food systems. Australia’s initiatives, includ-
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ing significant investments in research, development, and commercialization, serve as a
blueprint for Europe to follow [238].

In Australia, concerted efforts have been made to sustainably cultivate native seaweed
species, tapping into the country’s rich biodiversity. This approach is in line with Europe’s
increasing interest in using local resources and promoting biodiversity conservation. Euro-
pean countries can explore the cultivation of indigenous seaweed species suited to their
coastal environments, thus reducing their dependence on imported seaweeds by adopting
similar strategies [238].

Additionally, Australia’s emphasis on innovation and technology in seaweed cultiva-
tion and processing provides valuable insights for Europe. By embracing advancements in
cultivation techniques, biorefinery processes, and product development, Europe’s emerging
seaweed industry can enhance its efficiency and sustainability [238].

Collaboration between scientists, government agencies, industry stakeholders and
local communities has been instrumental in the growth of the seaweed sector in Australia.
Similarly, to overcome regulatory hurdles, address food safety concerns, and ensure con-
sumer acceptance of seaweed-based products, fostering interdisciplinary collaborations
and stakeholder engagement will be crucial for Europe [238].

To ensure the safety of seaweed for food and feed purposes, a comprehensive as-
sessment of the potential hazards is necessary. Major hazards, such as heavy metal ac-
cumulation and microbial contamination, pose significant risks to human health. It is
essential to address data gaps and prioritize monitoring programs to identify and mitigate
hazards. The hazard presence is influenced by factors such as the seaweed type, cultivation
environment, and processing methods. Prioritizing monitoring efforts based on the hazard
severity and knowledge gaps can inform risk management strategies and ensure the safety
of seaweed-based products [97,239]. There needs to be developed a new system based
on the HACCP, GMP and ISO 2200 and linked to the new characterization technologies
and bioavailability analysis to evolve human food into a new step toward human safe
nutraceutical food [102,104,105].

Despite the need for responses to growing health concerns and a secure and stable food
supply, it is critical to adopt new rules that improve the quality and safety of seaweeds and
their sub-products for human use. Furthermore, promoting and improving the required
human daily nutrition dosage is critical for improving overall health conditions. Thus,
there is a need to observe if the different types of seaweed will need a different type of
safety analysis protocol or can an intermediate protocol be used for all. Furthermore, there
is need to develop a control of seaweed quality and a handbook of best practices for the
culture that enhances sustainably and healthy seaweed aquaculture. A handbook focusing
on the methods to analyze the quality and safety of seaweeds and their sub-products for
human use, including microbial, heavy metals and nutritional methods, is required, as is
bioavailability assays to be applied around the globe, and clarifying if different types of
algae need different approaches due to brown seaweeds having different compounds from
red and green seaweed [4,23,52,240].

7. Conclusions

There is a new wave of research to find a new natural food source and ingredient,
which is being setting on seaweeds. However, there still a lot to do to verify seaweeds’
real potential at a food solution for humankind’s future. Still, the principal features
and discoveries demonstrated that seaweeds are a future key for human nutrition and
healthcare solution.

Food safety is becoming an international problem for human health worldwide. Com-
mon food contaminants, including but not limited to antibiotics, veterinary medications,
pesticides, mycotoxins, heavy metals, foodborne diseases, unlawful additives, and allergies,
can constitute a substantial hazard to human health. Therefore, to have a positive impact
on human health, there is need to correctly certify seaweeds’ quality as a food ingredient by
the regulations and principles with which food raw sources are normally accessed. Thus,
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a variety of analytical approaches were used to check food safety, but each had practical
limits or analytical flaws. There are still margins to develop even more technological tools
to have more data to check and enhance seaweed in relations to food safety and security.

More assays concerning seaweed compounds’ bioavailability are needed to promote
seaweed foods and their safety for human welfare, using standard methods which can
be validated by diverse food agencies. This is one of the most important topics, which
continues without a theoretical and practical recommended and applied method for the
studies of nutraceutical compounds and foods. Thus, bioavailability analysis of seaweeds
and their compounds/products requires an integrated and comprehensive approach that
includes in vitro, in silico and in vivo studies, new modern analytical methods (connect to
the classical techniques), and evaluation of the many affecting variables. Understanding the
bioavailability of seaweed-derived nutrients and bioactive compounds will help with their
best application in functional and healthy meals, nutritional supplements, and therapeutic
uses, being a keystone to the future of seaweeds as a safe nutraceutical source.
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Abbreviations
Due to the extensive work, we created a list of abbreviations:

% Percentage
Ag-NPs Silver nanoparticles
AnPs Ascophyllum nodosum
AOAC Association of Official Analytical Chemists
BP-NN Back-propagation neural networks
Ca Calcium
Cl Chloride
Co Cobalt
CO2 Carbon dioxide
Cu Copper
DPPH 2,2-diphenyl-1-picrylhydrazyl
E401 Sodium alginate
E407a Transformed Eucheuma algae
EAAs Essential amino acids
EC Commission Regulation
EC Electrochemical
EDXRF Energy-dispersive X-ray fluorescence
ELISA Enzyme-linked immunosorbent assay
EPA Environmental Protection Agency
EU European Union
FA Fatty acids
FAO Food and Agriculture Organization of the United Nations
Fe Iron
FSMS Food Safety Management System
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FTIR-ATR Fourier-transform infrared spectroscopy
GC-MS Gas chromatography-mass spectrometer
GMP Good Manufacturing Practices
HACCP Hazard Analysis Critical Control Point
HIS Hue, saturation, intensity
HLS High-level structure
HPLC High-performance liquid chromatography
HSB Hue, saturation, brightness
HSI Hyperspectral imaging
HSL Hue, saturation, lightness
HSV Hue, saturation, value
I Iodine
ICP Inductively coupled plasma

ICP-MS/ICP-OES
Inductively coupled plasma mass/spectroscopy inductively coupled
plasma atomic emission spectroscopy

INFOGEST COST INFOGEST network standardized protocol for human digestion assay
K Potassium

LC-DAD-ESI-MS/MS
Liquid chromatography coupled to diode array detection and electrospray
ionization tandem mass spectrometry

Mg Magnesium
Mn Manganese
Mo Molybdenum
MS Mass spectrometry
MUFAs Monounsaturated fatty acids
Na Sodium
NEAAs Non-essential amino acids
NIRS Near-infrared spectroscopy
P Phosphorus
PCR Polymerase chain reaction
PDO Protected designation of origin
pH Potential of hydrogen
PHPs Pyropia haitanensis
PUFAs Polyunsaturated fatty acids
RGB Red–green–blue
S Sulfur
SCFAs Short-chain fatty acids
Se Selenium
SFAs Saturated fatty acids
TVC Total viable count
UV-Vis Absorption spectroscopy in ultraviolet and visible
VOCs Volatile organic compounds
WHO World Health Organization
WWII World War II
XRF X-ray fluorescence spectroscopy
Zn Zinc
µ-XRF Micro X-ray fluorescence spectroscopy
ω Ômega
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