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ABSTRACT KEYWORDS

In recent years, carotenoids, as photosynthetic pigments, have drawn Microalgae; carotenoids;
increasing interest due to their health benefits. This is because carotenoids bioaccessibility;
have possessed enormous potential in lowering the risk of cardiovascular, bioavailability; health
cataracts, macular degradation and malignant tumours. Although many  Penefits application
carotenoids can be produced via chemical synthesis, the commonly used

petroleum-derived extraction method can be problematic for the environ-

ment and potentially contaminate the isolated carotenoids. Therefore, in

contrast to chemosynthesis, microalgae can be considered an excellent

alternative natural source to synthetic ones. Varying in microalgal strains,

a variety of different carotenoids can be produced, for instance, the (-

carotene from Dunaliella salina, the fucoxanthin from Undaria pinnatifida

and the astaxanthin from Haematococcus pluvialis. Besides, the pharmacolo-

gical action of carotenoids is highly associated with their bioaccessibility and

bioavailability, which is one of the research directions and affecting factors of

the carotenoid application in the food, pharmaceutical, nutraceutical and

cosmeceutical industries. Despite there being numerous publications about

carotenoids, a comprehensive review on the microalgal carotenoids and

their triggered bioactivities is still lacking. Considering the significance of

bioavailability, this review presents extensive information on microalgal

carotenoids, including their classifications, bioaccessibilities, absorption pro-

cess mechanisms, bioactivities and relevant health benefits.

Introduction

Carotenoids, also well-known as tetra-terpenoids, are commonly synthesised naturally or chemically
for pigment purpose. Statistically, over 1,100 types of carotenoids can be sourced from the plants,
algae, fungi and photosynthetic bacteria in nature.!"! Common carotenoids absorb in the violet and
blue-green regions of the solar spectrum and can be used as colourants in food, beverage and feed
industries.!”) Many systematic reviews and meta-analyses published recently have indicated health
benefits of carotenoids.” It stands to reason since carotenoids have been affirmed to have outstanding
antioxidant activities by possessing strong free radical scavenging and retina damage-repairing
abilities."**! The specific driven mechanisms have been reported previously and can be summarised
as either A) working as a direct scavenging agent, or indirect affecting factors via transcription like the
nuclear factor erythroid 2-related factor 2 (NRF-2) and nuclear factor kappa B (NF-xB); or B)
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activating the nuclear hormone receptor pathways including retinoic acid receptor (RAR), retinoid x
receptor (RXR) or peroxisome proliferator-activated receptors (PPARs) via carotenoid metabolites.®’
Contributed by the extending applications among industries, the carotenoids market has been
expanded, from around $1.24 billion in 2016 to over $1.5 billion in 2021.”) However, 80-90% of
the market is still dominated by the chemically synthesised carotenoids, with only 10-20% sourced
from the nature.®!

Indeed, the demand for natural carotenoids is driven by consumers’ increasing food safety aware-
ness. In contrast to terrestrial plants, microalgae have many favourable conditions for carotenoid
production due to their shorter growing period, more efficient oxygen photosynthesis, and lower
nutrient requirements.'”) Due to these advantages and developments, microalgae have already become
commercial carotenoid sources. Specifically, B-carotene, astaxanthin, fucoxanthin, and lutein are
commonly acquired from Dunaliella salina, Haematococcus pluvialis, Undaria atifida and Chlorella
sp., respectively.'~** While from the biological perspective, carotenoids play essential and necessary
roles within and beyond the photosystems.On the one hand, carotenoids existing in plant plastids and
chloroplasts make constructive contributions to maintaining the cellular structure and protecting the
functional integrity of the photosynthetic process.'*! On the other hand, they act as secondary
electron donors in the photosystem, which make the formation of cellular reducing power ! and
the generation of non-photochemical quenching induced by the reactive oxygen species become
possible.'® In terms of the roles played beyond the photosystems, the benefits of carotenoids to
human health have nowadays received more researchers’ attention. Particularly, carotenoids have
been identified for their ability of reducing the risk of cataracts, malignancies, coronary heart disease
and age-related macular degeneration.!"”) This is because they can inactivate the free radicals pre-
senting in the human body through the two specific driven mechanisms summarised previously,
thereby mitigating the dangers from oxidative stress, atherosclerosis and severe cancer-like
diseases.!®'*! At the same time, the by-products from the oxidative cleavage of carotenoids, apocar-
otenoids and diapocarotenoids can also be used as additives, vitamin supplements and cosmetics.!"*!
Besides, some specific carotenoids, such as B-carotene,!*! can positively boost the immune systems by
enhancing the cell function.

Even though there are many existing reviews on the extraction and purification methods of
carotenoids or the cultivation of carotenoids-rich microalgal strains, the bioaccessibility and bioavail-
ability of microalgal carotenoids still need to be further evaluated. Therefore, to better understand the
potential health benefits of carotenoids and farther assist their application in food and pharmacolo-
gical industries, this comprehensive review has systematically classified the carotenoids presenting in
microalgae and elaborated the extensive knowledge of their bioavailabilities and absorption process
mechanisms in the human body.

Literature research methodology

This review summarises and critiques over 150 published articles on microalgal carotenoids over the
past two decades (2000 - present) in databases (including PubMed, Google Scholar, ScienceDirect,
Scopus and Web of Science). The keywords used for the data search were microalgae carotenoids,
carotenoids classification, carotenoids content, microalgae carotenoids absorption, microalgae caro-
tenoids bioaccessibility, microalgae carotenoids bioavailability, microalgae carotenoids health benefits,
microalgae carotenoids application. During the search process, various Boolean operators (OR, AND,
NOT) were used to combine the search keywords to find relevant studies in the academic database.
Candidate articles were excluded if the experimental design cannot meet the requirements.
Preferences were set to screen the papers published within the last ten years.
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Table 1. Contents of different types of carotenoids from microalgae.

Microalgae Carotenoids Contenat References
C. zofingiensisis Astaxanthin 4.89-11.70 mg/g (25-271
H. pluvialis ~5.01mg/g 28]
Desmodesmus subspicatus 0.37 mg/g 291
Scenedesmus sp. B-carotene 31.80 mg/g (301
Eustigmatos cf. polyphem 60.76 mg/g B
Parachlorella sp. Lutein 11.8mg/g 1321
Chlorella sorokiniana 5.86-9.57 mg/g

Desmodesmus sp. 5.56 mg/g

Scenedesmus obliquus 4.52mg/g

Chlamydomonas planctogloea 7.40 mg/g 331

C. planctogloea canthaxanthin 1.49 mg/g (341
Eutetramorus fottii 0.38 mg/g

Nannochloropsis sp. Violaxanthin 0.62 mg/g 291
Chlorella sp. 0.82 mg/g

P. tricornutum Fucoxanthin 26.1mg/g (341
Tisochrysis lutea 9.81 mg/L/d (351
Odontella aurita 7.96 mg/L/d 361

Classification of microalgal carotenoids

Carotenoids primarily consist of tetra-terpenoids (Cyo structure) containing the same isoprene
structural unit but different lengths of carbon chain.*”’ They are commonly classified into two
subdivisions, which are:

(i) Carotenes (a-, p-carotene, lycopene),
(ii) Xanthophylls (lutein, zeaxanthin, violaxanthin and others).

Carotenes are strict hydrocarbon carotenoids without oxygen atoms, whereas xanthophylls are oxy-
gen-containing derivatives. In terms of specific structure, they can be further divided into four
categories:

(i) Acyclic or linear carotenoids (phytoene, lycopene).
(ii) Cyclic carotenoids (a-, p-carotene) contain one or two cyclic structures.
(iii) Hydroxycarotenoids/carotenoids (lutein, zeaxanthin) that have at least one hydroxyl group
(xanthophylls).
(iv) Epoxycarotenoids (violaxanthin) contain at least an epoxy group (xanthophylls).

Besides, some other carotenoids have been reported recently. It was found apocarotenoid derived by
oxidative cleavage of tetra-terpenoids with being catalysed by carotenoid oxygenase contained abscisic
retinoic acid, retinol and plant hormone acid but less than 40 carbon atoms in its polymeric
structure.*!) Meanwhile, a few Cs, or Cs, carotenoids had also been identified and isolated from
bacteria,*?! such as bacterioruberin (Cs, carotenoid) from Halobacteria and 5-hydroxy-5,6-dihydro-
4,4-diapolycopene (Cs, carotenoid) from Planococcus sp.*>** In summary, Table 1 has demonstrated
the principal subdivision of carotenoids found in the microalgal species. 12773

B-Carotene

B-Carotene is the most prominent group of the carotenoid family. Based on the traditional carotenoid
core 40-carbon structure, B-carotene contains two B-ionone ring substitutions.”” The peak absor-
bance of B-carotene is at ~440 nm, which is the reason for its orange-to-red colour."*®! Regarding
several isomers of (-carotene, all-trans-p-carotene is the dominant form and shows relatively higher
bioavailability in contrast with the other isomers.*® In fact, the high bioavailability of all-trans-p-
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carotene can be mainly explained by its symmetrical structure. With the help of this structural feature,
it can be metabolised to all-trans retinoic acid, which can undergo preferential uptake, transport and
tissue accumulation. Besides, B-carotenes have been found in almost all human tissues, even the
blood,*”! and evidence suggests they can protect the human body from the heart disease and
cancer.!*!) Moreover, B-carotene has been considered an efficient quencher of reactive oxygen species
(ROS), including singlet oxygen and the excited triplet."*! A clinical trial conducted in the 1980s, with
the results of 133 patients suffering from erythropoietic protoporphyria improved, attested to the
potential radical defence function of B-carotene.**! In a more recent study, the application of -
carotene showed an active ability to reduce the susceptibility of low-density lipoprotein (LDL)
cholesterol by inhibiting lipoprotein oxidation.!” Even though there is widespread application of B-
carotene, only 2-3% of the B-carotene is produced from bio-resources (such as fruits and vegetables,
algae, fungi, and bacteria), while the rest mainly remains in the synthetic form. However, the
developed extraction techniques of B-carotene from microalgae have enabled the partial replacement
of synthetic B-carotene.**) Over 95% (nearly 1,200 tons p.a.) of the total need for B-carotene can be
supplied by D. salina."**) Dunaliella salina is a halophilic green single-cellular microalga commonly
found in hypersaline environments. The high -carotene content in D. salina biomass contributes to
its excellent antioxidant activities.*! This bioactive application has been commercialised. In detail,
D. salina completes cell growth in industrial production, followed by -carotene production and
accumulation under stress environments.'*”! Then the orange cells (rich in B-carotene) are disrupted
by the organic solvents, thereby B-carotene can be extracted. In the end, the extracted pigment can
then be purified and directly used as a concentrated product or for other purposes via drying and
encapsulation to produce capsules or tablets.**!

Astaxanthin

Astaxanthin is one type of ketocarotenoid that contains ketone (carbonyl) groups. The main skeleton
is 3,3'-dihydroxy-p,3-carotene-4,4'-dione, with three existing configurational isomers (3 R,3'R), (3 R,3’
S) and (3S,3’S). Compared to the primary carotenoids (photosynthetic apparatus compounds),
astaxanthin is the secondary carotenoid accumulating in cytosolic lipid bodies.!**! It is commonly
synthesised by microalgae, embryo plants, bacteria or fungi. In addition to its colourant property,
astaxanthin has also possessed an extensive array of biochemical activities, such as antioxidant
capacity, radiation scavenging ability, and immunomodulation effect.!””! Its hydroxyl and keto groups
can neutralise the reactive oxygen species thereby not only limiting the peroxyl and hydroxyl radicals
but also inhibiting the autoxidation chain process by quenching damaging singlet oxygen. At the same
time, astaxanthin can also function as a chelator by converting metal prooxidants into non-toxic
compounds.*!

Many microalgae species have been considered ideal raw materials for astaxanthin production. For
instance, H. pluvialis is a hyper-accumulator that was reported to have up to 7% astaxanthin content
by its dry weight, with 35,3’S stereoisomer being the predominant isomer.”>?! This ideal microalgae
strain can even accumulate carotenoids under harsh living environments, such as nutrient depletion,
photon steradians, hypersaline, and temperature abnormalities.!”® Stimulated by these extreme
environmental conditions, the microalgae’s green motile flagellated and non-motile palmella will
convert into resting cells (haematocysts or aplanospores). Subsequently, a massive amount of astax-
anthin will be accumulated and gathered in cytosolic lipid bodies, giving the haematocysts
a characteristic bright red colour.!”*!

Lutein and zeaxanthin

Lutein and zeaxanthin are often evaluated together due to their benefits to the eye retina and
lens.””*) They are classified as macular pigments which protect the retinal membrane from blue
light and improve visual acuity.®®*”) Different from the other carotenoids (B-carotene or
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lycopene), the contained hydroxyl functional groups allow the lutein, zeaxanthin and their
isomers to cross the blood-ocular barrier (BOB) and the blood-brain barrier (BBB). Specifically,
BOB refers to the boundary created by the endothelium of capillaries of the retina and iris, ciliary
epithelium and retinal pigment epithelium,®! while BBB describes the border formed by
endothelial cells of the capillary wall, astrocyte end-feet ensheathing the capillary, and pericytes
embedded in the capillary basement membrane).!*” Therefore, the two carotenoids are commonly
used to treat age-related macular degeneration, cataracts, retinal nerve disease, Alzheimer’s
disease and diabetic retinopathy. Specifically, based on the locations of C=C in the rings, lutein
and zeaxanthin distribute in different body parts. The central area of the retina is dominated by
zeaxanthin, while lutein exists in the peripheral region./®”! Besides, another isomer, meso-
zeaxanthin, is seldom present in the diet and is believed to be generated at the macula through
metabolic transformations of ingested carotenoids.!®! In the centre of the retina (macula), meso-
zeaxanthin can assist in filtering out the retina-damaging blue light and protect against the
oxidative stress.!®?!

Various classes of microalgae have been identified as the new potential sources of lutein and
zeaxanthin production, such as Cyanobacteria, Rhodophytes, Chlorophytes, and types of
Heterokonts.®* In a research study conducted earlier, Porphyridium cruentum was the dominant
species in zeaxanthin production among seventy red marine algae species, which was reported up to
97.4% production yield.** Chlorella pyrenoidosa contains an identical quantity of free lutein; mean-
while, it also shows inherent advantages in the extraction and separation process.® From the
economic perspective, microalgal species with high lutein content (0.5-1.2% of dry weight) have
cultivation cost than traditional sources like the marigold petals, which have been regarded as high-
benefit commercial bioresources.!*®!

Canthaxanthin

As a keto-carotenoid, canthaxanthin has been widely applied in the nutraceutical and pharmaceutical
industries.®”! Besides, due to light absorption in the red wavelength range, it has been commonly
utilised as a colouring agent in the aquaculture and poultry industries.'® For example, canthaxanthin
is often used as a yolk colour-enhancer in hen diets ') and a colour-improver for shrimp, crabs and
prawns.””%! Regarding its potential medical applications, canthaxanthin possesses powerful antioxida-
tive properties and has been found to help reduce the risk of substantial human diseases, including
ulcers and coronary artery disease.[*®!

On the market, most available canthaxanthin is synthesised chemically. A novel chemical synthesis
pathway proposed recently began with the epoxidation of a-ionone with metachloroperbenzoic acid.
After conversion, Darzens condensation and twice Wittig — Horner condensation, epoxide 3-hydro-
xyl-B-ionone converts to 4,4'-dihydroxyl-B-carotene, followed by oxidation to afford the target
product canthaxanthin.”"! Although the canthaxanthin extraction efficiency by using natural sources
cannot meet the requirement of commercialisation, some green microalgae have been verified to
produce canthaxanthin, such as Chlorococcum sp. and Coelastrella striolata.”*”* But limited infor-
mation about the canthaxanthin content in the other microalgal strains has been reported so far. Thus,
future studies can focus on exploring the new microalgal strains ideal for canthaxanthin extraction.

Fucoxanthin

Fucoxanthin is a pigment with brown or olive-green colour and mainly absorbs the light distributed in
the visible blue-green to the yellow-green region with absorbance peaks at ~510-525 nm. It accounts
for more than 10% of the total carotenoids produced in nature.””! Fucoxanthin shows strong
antioxidant activity due to its polyene chain. While the containing epoxide, hydroxyl groups, allenic
link and conjugated carbonyl group synergistically contribute to the high bioactivities of the
fucoxanthin.
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Nevertheless, the chemical synthesis of fucoxanthin involves a complex process that is hard to meet
the requirements of large-scale industry production. Therefore, nowadays, fucoxanthin is mainly
acquired from macroalgae such as Laminaria japonica, Eisenia bicyclis, Undaria pinnatifida and
Hijikia fusiformis.”®! However, considering the relatively lower fucoxanthin content in macroalgae,
today’s scientists are proposing that microalga is a more promising acquisition source, based on its
higher cellular content of fucoxanthin.'””! They analysed several microalgae strains for fucoxanthin,
finding 26.6 mg g~' DW in Mallomonas spp. (Synurophyceae), 21.67 mg g~' DW in Phaeodactylum
tricornutum and Odontella aurita (Bacillariophyceae or diatoms), and 18.23 mg g~' DW in Isochrysis
galbana (Prymnesiophyceae).”®) Among these four microalgae strains, the Isochrysis aff. galbana was
believed as a feasible acquisition source of fucoxanthin for industrial-scale production.

Peridinin

Peridinin (C39Hs005) is an apocarotenoid derived from carotenoids by oxidative cleavage, catalysed by
the carotenoid oxygenase.!””! It is essential for photosynthesis in many organisms, like the photosyn-
thetic dinoflagellates.’*”! The absorbance of peridinin is between 470 nm to 550 nm (blue-green light)
which is beyond the chlorophyll molecules’ visible range. Peridinin is typically a part of the peridinin-
chlorophyll-protein (PerCP) complex, consisting of a boat-shaped protein molecule with a large
central cavity that includes peridinin, chlorophyll and lipid molecules in a 4:1 peridinin-to-
chlorophyll ratio.’®"! The PerCP preserves cellular photosynthetic machinery by scavenging free
radicals and quenching singlet oxygen. In medical research, PerCP coupled with antibodies, proteins,
and peptides is utilised for fluorescent immunolabelling for fluorescent-activated cell sorting.
Peridinin from the dinoflagellates has been demonstrated to induce apoptosis in cancer cells %!
and inhibit eosinophil cell-mediated allergic response in mice.!**! Besides, many other bioactivities of
PerCP have been identified, such as antioxidant, anti-inflammatory, and anti-cancer.®* A recent
study reported the accumulation machinery of PerCP in some microalgae species under specific
circumstances.!® This significant finding can be further exploited to expand the industrial production
scale of PerCP.

Violaxanthin

In contrast, violaxanthin belongs to the xanthophyll group and exists in orange-colour fruits, green
vegetables and microalgae. Violaxanthin is generally biosynthesised from zeaxanthin through
epoxidation, converting the carbon-carbon double bond into 5,6-epoxy groups.®® Previous reports
have shown that violaxanthin presented strong radical scavenging activity, contributing to its
powerful lipid peroxidation inhabitation and red blood cell homolysis abilities.*”! Additionally,
violaxanthin can be regarded as a promising potential anti-inflammatory agent for clinical use or
functional adjuvant purposes.'®®! However, the food application of violaxanthin has been banned in
many Occident countries.®” One of the reasons is that resources cannot satisfy the efficient
commercial supply of violaxanthin, which needs to be produced through heterologous microorgan-
ism pathways.!*"!

With the development of microalgal biotechnology, Chlorella ellipsoidea was introduced to violax-
anthin industry production, the content accounting for 87% of the total carotenoids.”®"! Pasquet
et al.”? also isolated violaxanthin from Dunaliella tertiolecta, while Wang et al.® first illustrated
the amount of violaxanthin that the microalgae could produce. Recently, a new strain of
Nannochloropsis has been cultivated as a violaxanthin-enriched source, with 44% higher content
than the previously used strains.'”
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Absorption and movement of carotenoids

The absorption of dietary carotenoids can be briefly defined as carotenoid movement in the gastro-
intestinal tract and the process of their metabolites entering lymphatic or portal circulation.”* The
several following processes have been affirmed necessary for carotenoids absorption, which include:
A) the sufficient release from the food matrix through oral mastication; B) the mineralisation with
lipids in the small intestine; C) the movement through intestinal epithelium cells via the transport
proteins and enzymes; and D) the distribution to lymphatic or portal circulation. More detailed
information has been evaluated in the following subsections.

Absorption process

Generally, it is believed that the carotenoid absorption mechanism follows the principle of other dietary
fat-soluble compounds.®*! Once they are released from the food matrix, the fraction dissolves in the fat
phase, followed by emulsifying into lipid droplets in the stomach and duodenum."”® The pancreatic
lipase existing in the small intestinal facilitates carotenoids combining with bile salt micelles, which is
created by the interactions between triglyceride (TAG) enzymatic cleavage products (free fatty acids and
monoglycerides), phospholipids and cholesterol esters.'”! Formed mono- or di-acylglycerides, lysopho-
spholipids, and free cholesterol further diffuse to the surface of the enterocyte through the mucin layer
8] and bind with the transport proteins to enter the cell interiors, such as the retinol-binding protein
receptor 2 (RBPR2) for dietary retinol acceleration °”) and Astar protein engaged in nonvesicular
cholesterol transportation.’® In addition to the mentioned transport proteins, scavenger receptor
class B type I (SR-BI), Niemann-Pick C1 Likel (NPC1L1) and cluster determinant 36 (CD36) have
also get involved in the delivery of provitamin A carotenoids.!"®") Moreover, the absorption competition
has been observed between carotenoids, other fat-soluble micronutrients and lipid-digested products
due to the selectivity of the transport proteins. However, no evidence could suggest the mechanism of
transport proteins, whether it goes through the extracellular environment to the cell interior, serves as
a membrane structure, or forms a protein-conducting channel that allows carotenoids to be
internalised.!"® Before carotenoids are taken by liver parenchymal cells and released into the blood
circulation, they are incorporated with chylomicron and high-density lipoprotein (HDL) to form
chylomicron remnants and carotenoid-HDL."%*! In the liver cells, carotenoids are partly absorbed
and stored for exerting bioactivities, or further secreted into other specific human tissues, or excreted
from the human body. The very low-density lipoproteins (VLDL) contribute to the delivery of carote-
noids by loading to the peripheral tissues and adipose tissues, then transform themselves into the LDL
particles. At the same time, HDL is also associated with the circulation of xanthophylls and carotenes.*”!
The mentioned absorption process has been detailed in Fig. 1.

Enzyme regulation

The enzyme family (especially carotenoid-oxygenases) have been discovered as the key players in
carotenoid cleavage.'”! After entering the enterocyte, various intercellular enzymes begin to remodel
carotenoids. In particular, B-carotene-15,15"-oxygenase (BCO 1) and P-carotene-9',10"-oxygenase
(BCO 2) have been reported as the main oxygenases cleave carotenoids existing in human or animal
bodies.!"*! In terms of BOC 1, it shows a high capacity for symmetric cleaving, which participates in
the central cleavage of provitamin A carotenoids. For example, it cleaves P-carotene at the central
double bond to yield two retinal molecules. Then those products can be transformed into all-trans-
retinol by the esterification effects of lecithin retinol acyltransferase (LRAT) and acyl-CoA-dependent
transferases.'””) All-trans-retinol is encapsulated in chylomicrons and secreted to lymph before
storing in stellate cells, the primary storage site of vitamin A and carotenoids. In contrast to BOC 1,
BOC 2, the second enzyme involved in carotenoid cleavage, presents in the mitochondria and is
regulated by entirely different active sites. This enzyme is expressed in most human tissues (cardiac
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Figure 1. Absorption and Transportation of Carotenoids.!"® SR-B1, scavenger receptor class B type 1, NPC1L1, Niemann-pick C1-like
1, CD36, cluster of differentiation 36.

and skeletal muscle tissue, prostate, endometrial connective tissue and the pancreas), which cleaves
eccentrically at the 9', 10’ positions to produce an apo-10'-carotenoid and an ionone. %!

From the substrate specificity perspective, BOC 1 prefers carotenes (provitamin A carotenoids), the
B-ionone ring containing carotenoids and apocarotenoids, while BOC 2 tends to xanthophyll, hydro-
xylated apocarotenoids and lycopene isomers."'®® Non-provitamin A carotenoids (particularly lyco-
pene) have been suggested as the substrates of BCO2 rather than BCO1.'%) Preferentially
accumulation of lycopene was discovered in perigonadal adipose and liver tissues based on the BOC
2-lacking mice models. However, the level had a noticeable decrease in BOC 1-lacking mice, highly
recommended as the cleavage activity acting by BOC 2. Interestingly, BOC 2-lacking mice were
reported to accumulate dietary zeaxanthin and lutein, but fowls cannot,!"'” thereby BOC 2 has also
been regarded as the mammalian-existed carotenoid-oxygenase. Different catalytic activities on sub-
strates also indicate the metabolic pathways of various carotenoids, which shows in more detail in
Fig. 2.

Moreover, carotenoids are detected as free forms in plasma after absorption, which implies the
occurrence of de-esterification at the process within the absorption.!""! In this case, pancreatic lipases
help release xanthophyll and then transfer from emulsion particles to the micelles.!"'? However, some
researchers proposed that human pancreatic lipase showed lower efficiency in the hydrolysis of the
xanthophyll."'**! It is probably due to the non-specific recognition triggered by the abovementioned
competition between carotenoids and other lipid-soluble substances.

Except for the primary two carotenoid-oxygenases, some other enzymes have also been affirmed to
contribute to carotenoid cleavage. For example, the isolated 9-cis-epoxycarotenoid dioxygenase can
cleave 9-cis xanthophyll to xanthoxin and C25-apocarotenoids.!"'*) This pathway has been verified as
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Figure 2. Enzyme-Mediated Carotenoids Cleavage and Conversion. BOC1, B-carotene-15,15"-oxygenase, BOC2, B-carotene-9',10'-
oxygenase, LART, lecithin retinol acyltransferase.

the rate-limiting step of abscisic acid biosynthesis in plants. Nevertheless, till today, the enzyme has
only been observed in terrestrial plants. In addition, carboxyl ester lipase (CEL) was demonstrated to
hydrolyse zeaxanthin, resulting in 12.3 times higher bioavailability from micelles.!"’”) Once the
xanthophylls were cleaved by CEL in the gastrointestinal tract, astaxanthin diesters were first con-
verted to the monoester, then hydrolysed to free astaxanthin."''® Also, the CEL compensated for the
substrate affinity on xanthophylls lacking by other pancreatic enzymes.

Canthaxanthin and astaxanthin have been first proposed as inducers of lung and kidney xenobiotic
metabolising enzymes.!"'”) In the liver, after 15-day administration of canthaxanthin, the activities of
nicotinamide adenine dinucleotide (NADH)- and nicotinamide adenine dinucleotide phosphate
(NADPH)-cytochrome C-reductase have been significantly increased. Meantime, Cytochrome P450s
(a group of heme-containing oxidases) content in rat liver increased, further with the activation of
ethoxyresorufin O-deethylase (EROD) and methoxyresorufin O-demethylase (MROD).!"'®! Treatment
with astaxanthin and canthaxanthin also enhanced the activity of the enzymes quinone reductase (QR)
and p-nitrophenol UDP-glucuronosyl transferase (4NP-UGT) in phase IL""'*! Previously, it has been
suggested that lycopene mixture induced antioxidant-dependent transcription of phase II xenobiotic-
metabolizing enzymes."'**! Thereby, the lycopene metabolites could act as enzyme inhibitors against the
initiation, promotion and progression of carcinogenesis. As polar metabolites, lycopene and its isomers
have been proven to interact with NF-kB and nuclear factor erythroid 2-related factor 2 (Nrf-2).12" On
the one hand, they are able to directly reduce the inflammatory gene expression by inhibiting NF-kB,
thereby decreasing the levels of tumour necrosis factor. On the other hand, they can accelerate the
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translocation of Nrf-2, which activate the activity of catalase (CAT) and superoxide dismutase (SOD).
Furthermore, glutathione-S-transferase and reduced glutathione status were assessed, which assisted in
determining the absorption of carotenoids by human tissues.!"'”’

Carotenoid bioaccessibilities and bioavailabilities

Except for the intake amount, same as the other bioactive compounds, carotenoids need to be released
from the food matrix by the upper digestive system. The released proportion of the total carotenoid
content is considered bioaccessible.'??) On the other hand, the degrees to that carotenoids reach the
circulatory system has been regarded as their bioavailabilities.!'**) Taking both affecting factors into
account, the bioactivities of carotenoids can be investigated and evaluated further. These terms are
highly dependent on the absorption and movement of carotenoids in the upper digestion system.

Determination of carotenoid bioaccessibilities

Generally, in vitro studies mimicking gastric and small intestinal digestion helps assess nutritional
compounds’ bioaccessibility.!'**! Indeed, the bioaccessibilities of carotenoids are highly variable but
generally at a relatively low accessibility level, which might be because of the numerous methodologies
employed to analyse these characteristics (food matrix or molecule itself).!"*! To avoid this difference,
the INFOGEST network published a static method of in vitro digestion toward international con-
sensus. This static model employs a constant ratio of food to enzymes and electrolytes, as well as
a constant temperature and pH throughout each phase of digestion (oral, gastric, and intestine).!*”!
Later in 2019, INFOGEST 2.0 adaption was published, with the clarification of viscosity in the oral
phase and the lipase in the gastric phase.!'>*! The adapted INFOGEST method was developed with the
aim of reducing the effect of bile acids on carotenoid micellisation and stability, therefore assessing
a more accurate and higher level of carotenoids bioaccessibility (p < 0.05), compared to those simplest
protocols.!'?”]

Table 2 summarises some previous research on the bioaccessibility of carotenoids. For example,
lutein and zeaxanthin commonly existed as the free form in Scenedesmus almeriensis, and both showed
highly stable character during in vitro digestion.!"**! The reported below 1% mineralisation also
provided a reason for the poor bioaccessibility in the digestion process. However, with the addition

Table 2. Bioaccessibility of mentioned microalgae-based carotenoids.

Carotenoids Microalgae Bioaccessibility (%) References
B-carotene Chlorella sp. 0-2.6% (1281
C. reinhardtii 10% (129
P. tricornutum 19-76% (291
Nannochloropsis 5-16% n3o
sp.
Astaxanthin  H. pluvialis Lipid-based formulation was 1.7-3.7 folder higher than commercial ns1
formulation
Lutein S. almeriensis Olive oil-based formulation was 25% higher in micellization (32
C. reinhardtii 34.7% in intact microalgae (1331
34.1% in disrupted microalgae
Zeaxanthin S. almeriensis Olive oil-based formulation was 45-60% higher in micellization (132
Fucoxanthin  P. tricornutum 20-62% (1291
Nitzschia laevis 11.4% in fucoxanthin n34l
21.3% in fucoxanthinol
Microalgae 17.6% in conventional emulsion (1331
Species 33.9% (NO.2 nanoemulsion)
44.3% (NO.3 nanoemulsion)
46.7% (NO.4 nanoemulsion)
Violaxanthin  Scenedesmus 17.02 £ 1.03% in 15-cis-isomer f3el
bijuga

Bioaccessibility: the amount fraction bioaccessible compared to total carotenoids ingested.
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of olive oil, the micellisation of lutein and zeaxanthin rose considerably, reaching levels as high as 80—
90% of the initial levels. It was verified that an oil auxiliary could increase the amounts of lutein and
zeaxanthin extraction and bioaccessibility of lyophilised biomass.!"*”! In addition, a study showed that
the bioaccessibility of lutein in different food matrices (intact and disrupted microalgae) was similar
(34.7% and 34.1%, respectively)."'**) With the inconstant results in B-carotene, they indicated that the
food matrix could only affect the absorption of biologically active substances to a limited extent. The
differences in P-carotene are probably due to the highly stable character within the natural cell
environment. Still, once isolated, they become sensitive and cannot expose to light, heat or
acids.'"*® Moreover, although the isomerisation of lutein (cis-) showed a low content during in vitro
digestion, it increased in the micellar phase. It showed greater bioaccessibility than the all-trans
forms.!"*”! They are more soluble and better micellarised with bile salts pancreatin in the intestinal
phase.mz]

For fucoxanthin, simulated gastrointestinal digestion was designed and explored its deacetylation
kinetics in different formulations.!'>*! The final bioaccessibility of fucoxanthin (11.4%) and fucox-
anthinol (21.3%) implied that almost 2/3 of fucoxanthin reached the small intestine and transformed
into fucoxanthinol. Meanwhile, compared to the conventional emulsion, the bioaccessibility of
fucoxanthin nanoemulsion with small particles increased to approximately 33.9-46.7%."**! Due to
the lower surface area of the emulsion containing big particles, the decreased access of lipase was
highly related to the significant increase in bioaccessibility.!"**!

Regarding the B-carotene, its bioaccessibility ranged from 0-2.6% by isolating from Chlorella sp.,
and up to 10% and 29% by extracting from Chlamydomonas reinhardtii and P. tricornutum,
respectively.'?*12°) The increase might be attributed to their less rigid cell walls. Cell disruption
improved the in vitro bioaccessibility of carotenoids from microalgae. The cell wall and/or cell
membrane served as a natural barrier for (lipophilic) nutrients during in vitro digestion.!"*”! The
surface area available for digestive enzymes to target would increase since the mechanical disturbance
would allow the carotenoids to be more releasable. Moreover, the lipid component and its structural
properties, such as the degree of saturation and the fatty acid chain length, impacts the individual
bioaccessibility of the p-carotene.!**!

Many research studies also considered the bioaccessibility of astaxanthin, violaxanthin, and
canthaxanthin. Isomerisation was a determining factor in astaxanthin’s bioavailability efficiency."*!
It exhibited a non-linear dose-response and selective absorption of cis isomers, which was also affected
by the esterified or free-form.""*) However, a large proportion of released canthaxanthin was
selectively distributed in the continuous phase rather than transferred into the micelle phase, further
reducing their bioaccessibility."*!! Moreover, the xanthophylls violaxanthin was significantly more
bioaccessible than all-trans-p-carotene.!"*! Violaxanthin is a hydrophobic molecule commonly asso-
ciated with membranes and/or involved in non-covalent binding to a specific light-harvesting protein,
violaxanthin-chlorophyll (VCP),["*?! which impacts their bioaccessibility negatively. Nevertheless, few
articles focus on its bioaccessibility due to the protein-binding property of peridinin,!*** which can be
considered a future research direction.

Affecting factors

Intrinsic factors are the prominent affecting contributors to the absorption and distribution of
carotenoids. Matrix interferents have been regarded as the main inner affecting factors, such as
constituents of the matrix cell walls (proteins, dietary fibres, minerals and lipids), physicochemical
molecule properties and genetic aspects related to the host cell. Furthermore, the natural physical (cell
wall) and chemical (interaction with other components) barriers of the food matrix, as well as the
physicochemical features of the chemicals, have also been thought as one of the most aggravating
reasons.
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Lipids

Triglycerides are the most focused lipids that can increase the free type and ester form carotenoids
by facilitating their transfer to the aqueous micellar fraction during digestion."** Compared to the
control group, 5g and 10 g of fat sufficiently increased the carotenoid uptake.!"*”) It agreed with
another study, which suggested fat can effectively improve the concentration of p-carotene in the
plasma.'*®! They indicated lipids acted as accumulators in the micelle, which agreed with the
conclusion of Failla et al."*’! Lipids, to some extent, would influence the esterification and
solubilisation of lutein in the fat phase.l'**! The raised solubilisation of lipid-carotenoid droplets
also triggers higher bioavailability. Besides, triglycerides encourage chylomicron secretion to
increase carotenoid absorption outside the enterocyte, preventing intracellular build-up.!"*®!
However, some scientists were against this conclusion. Plasma carotenoid concentrations would
drop significantly to a limited amount if the lipid addition were unabsorbable or slightly absorbable.
Therefore, sucrose polyesters were suggested as a dietary fat replacer due to their unabsorbed
property and physical trapping capacity on carotenoids. They have been reported to decrease the
plasma carotenoid concentration (B-carotene 31%, lutein 18% and zeaxanthin 13%) without nega-
tive effects on oxidation markers, eye health, cardiovascular health or immune system status.!"** In
contrast, the metabolic route of triglycerides affects the bioavailability of carotenoids. The portal
vein is the primary absorption position of medium-chain triglycerides, which would limit the rate of
chylomicron formation. !

Dietary fibres

Dietary fibre is another group that would reduce the bioaccessibilities and bioavailabilities of carote-
noids. They limit the formation of micelles by physically entrapping carotenoids or intermingling with
bile salts, thereby decreasing the passive absorption of carotenoids.'****!) From the soluble fibre point
of view, they have the ability to enhance the viscosity of gastric contents and slow gastric emptying,
which interferes with the absorption of lipids and carotenoids.!"*?! A previous study has indicated that
the medium- (80 mPa-s) and high- (300 and 500 mPa-s) viscosity alginates, which are the dominant
fibres sourced from marine organisms, inhibited the P-carotene micellisation than the fibre-free
control group over 92.7%, 71.6% and 73.5%, respectively.">*) Similar results were found in k-
carrageenan, they significantly reduce the bioaccessibility of B-carotene.!'**) k-Carrageenan have
verified their acid self-structuring and ionotropic gelation performances, which lowered the f-
carotene bioaccessibility, ranging from 34-38.9% under 0.4-1.0% fibre concentrations, compared to
55.4% in the control group.

Divalent minerals

Several divalent mineral cations (Mg, Ca, Zn and Na) have been reported to be involved in carotenoid
digestion by hampering the micellisation process, specifically via bile salt complexation and fatty acid
precipitation.'"**! Based on an in vitro digestion model coupled to Caco-2 cells, both mineralisation
and intestinal uptake of neoxanthin, p-carotene and violaxanthin were significantly suppressed with
metal and zinc ion presence in a concentration-dependent manner."'*®" Compared to the blank
controls, fraction mineralisation and uptake were significantly reduced (to 22.5 and 5.0%, respectively;
p<0.001) by 12.5 mmol/L Fe**. The effects of Mg have also been assessed, weaker than other
competitors, only uptake was decreased significantly to 69.2% of the control value at 25 mmol/L
concentration (p < 0.001). Besides, a high concentration of divalent cations has been observed in their
correlation with increasing surface tension, which suggested the depletion of surfactants (bile
salts).!" As an endogenous surfactant, bile salts contribute to the transportation of various carote-
noids across biological barriers,'*”) directly affecting their bioaccessibilities.
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Bioactivity and health benefits of carotenoids from microalgae

Remarkably, microalgal carotenoids contribute to health-promoting effects owing to bioaccessibility
and bioavailability. Numerous studies have proved that a carotenoids-rich diet can reduce the
incidence of human illness during the last few decades. Carotenoids are regarded as oxidation
“defensors” by scavenging free oxygen radicals and preventing lipid peroxidation."*®! Detailed
information about carotenoid bioactivities is listed in Table 3.

Fucoxanthin

Based on previous studies, fucoxanthin and fucoxanthinol have been reported for their potential anti-
angiogenic effects.!'®!) In the first place, fucoxanthin is able to stop the differentiation of endothelial
cells and limit the development of blood vessel-like structures to great extents. Concrete research on
Undaria pinnatifida has reported fucoxanthin dose-dependently suppressed the growth of blood
vessel-like structures in embryonic stem cell-derived embryoid bodies.!"*”! In detail, applied 10 uM
and 20 uM fucoxanthin showed 73.9% and 43.8% inhibitory rates, which were more efficient in
contrast to the untreated control group (93.8%). In addition, fucoxanthin can also regulate various
angiogenic biomarkers."® For example, fibroblast growth factor 2 (FGF-2) was significantly (p <
0.05) suppressed by 1 pM and 5 pM fucoxanthin after 6-hour treatment, which were around 60% and
50%, respectively. A cellular experiment has demonstrated the positive effect of fucoxanthin on
angiopoietin-2 (Ang2), a growth factor belonging to the angiopoietin signalling."®?! The one-day
fucoxanthin treatment (0-20 uM) triggered an increasing expression of Ang 2, ranging from 100-125
relative densities (normalised by glyceraldehyde 3-phosphate dehydrogenase, GAPDH). Furthermore,
the factor further weakened the cell-to-cell junction by regulating the expression of vascular endothe-
lial cadherin (VE-cadherin), which plays a key role in maintaining vascular integrity.""**! At the same
time, fucoxanthin has also been found to enhance the gap junction intercellular communication by
regulating the expression of connexin 32 (Cx32) and 43 (Cx43) protein based on human cancer cell
models.!"®"! It presumably caused the enhancement of intracellular signalling that promoted cell cycle
arrest and apoptosis.

In terms of the anti-inflammatory property of fucoxanthin, three primary mechanisms have been
confirmed, including effects on cytokines, transcription factors and enzymes. First, fucoxanthin is
capable of regulating pro-inflammatory cytokines. For instance, fucoxanthin treatment diminished the
increasing expression of interleukin 1 (IL-1f), IL-6 and tumour necrosis factor a (TNF-a) in
inflamed RAW 264.7 cells induced by palmitate.'®* All three markers showed a significant decrease
(~60%, p < 0.001) compared to the bovine serum albumin (BSA) control group after being treated with
50 uM fucoxanthin. Extracts of microalgae Phaeodactylum tricornutum have been evaluated for their
regulation effects. The expression of the IL-1B was significantly reduced (p <0.001) in cells with
microalgal extracts due to the presence of 40 uM fucoxanthin 4 h prior to lipopolysaccharides (LPS)
and adenosine triphosphate (ATP) stimulation.!"®*! Besides, fucoxanthin also showed inhibitory
effects on some transcription factor-mediated signalling pathways like NF-kB ") and mitogen-
activated protein kinases (MAPK)."® Tsolated from Conticribra weissflogii, fucoxanthin was found
to inhibit phosphorylation of the NF-kB signalling pathway, thereby reducing the nuclear transloca-
tion of NF-kB. In particular, fucoxanthin (0.3-30 uM) produced a significant dose-dependent reduc-
tion of NF-kB activity, with the half maximal inhibitory concentration (IC 50) at 11.08 +0.78 uM on
the THP1-Lucia™ NF-kB Cells."®”) The last but not least mechanism is the regulation of inflammatory-
related enzymes. Fucoxanthin has been found inhibiting effects on inducible nitric oxide synthase
(iNOS) expression. The relative iNOS expression level was effectively reduced to ~45% under the pre-
treatment with 50 uM fucoxanthin based on A4, (a 42 amino acid proteolytic product from the
amyloid precursor protein)-induced BV2 cell models.!'*®!

In relation to Alzheimer’s disease, fucoxanthin exhibited activities on butyrylcholinesterase (BuChE)
and acetylcholinesterase (AchE),""®) two enzymes participating in regulating brain acetylcholine (ACh)
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levels. Fucoxanthin has been proven to potent inhibition against BuChE levels of Alzheimer’s patients, with
an IC 50 value at 1.97 mM.""! It also directly prevented the AChE enhancement induced by scopolamine
(inhibitor constant at 42 uM) under the in vitro assays with three concentrations of fucoxanthin (25, 50 and
75 uM).'®! Moreover, the varying isomer compositions of fucoxanthin showed different free radical
scavenging activities against 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydrogen peroxide, superoxide anion,
relying on its cis-isomer ratios. With the amount of cis-isomer increased by 2%, the scavenging decreased
by 21.0%, 10.3% and 16.0%, respectively.'*” The cardioprotective effects of fucoxanthin have been
identified as another pharmaceutical function. High-stability fucoxanthin significantly reduced the cardiac
fibrosis formation in the ventricle areas compared to the control group after 28-day oral administration in
aging mice.!"! The potential mechanism was explained as the interference of metabolism, including the
pathway of the tricarboxylic acid (TCA) cycle, glycolysis and steroid hormone biosynthesis. Moreover, in
recent decades, Khaw et al.'* conducted a bibliometric analysis of fucoxanthin research. Anti-diabetic,
anti-obesity,'”>! neuroprotective, skin protection "** and anti-cancer "**'*”) were the most commonly
cited topic of fucoxanthin and its metabolites fucoxanthinol.

Astaxanthin

It has been suggested that astaxanthin makes generous contributions due to its superior antioxidant
capacities.'*® Astaxanthin at concentrations 10, 20 and 50 pg/mL has been conducted significantly
inhibited nitric oxide (NO) production, a signalling molecule playing key roles in the pathogenesis of
inflammation, at 50.5%, 47.2% and 45.5%.['°°) The antioxidant activities of macrophages have
eventually been raised by down-regulating the level of IL-6 from 198.24 pg/mL to 132.55 pg/mL and
136.10 pg/mL at concentrations of 10 ug/mL and 20 pg/mL astaxanthin treatment. Further, compared
among three types of astaxanthin ester, monoesterified (Ast-mE), diesterified (Ast-dE) and nonester-
ified (Ast-N), Ast-mE has been confirmed as the most efficient inhibitor of various immunologically
active mediators based on murine macrophage RAW 264.7 cells.!'®”) Different astaxanthin samples
(with different ester form compositions) substantially decreased the mRNA levels of IL-1p, IL-6, and
TNF-a, with 68.1% Ast-mE contained sample inhibiting two-fold than the other two counterparts and
three-fold than the control group (p < 0.001).

In addition, the hepatotoxicity effects of astaxanthin and astaxanthin esters have also been
observed."®*) A 30-50% increase was found in the level of antioxidant enzymes catalase, glutathione,
superoxide dismutase (SOD) and lipid peroxidase after feeding 10 mg/kg astaxanthin every day for 2
weeks to carbon tetrachloride (CCl4)-treated rats.!'*”) The results suggested astaxanthin achieved
hepatoprotection activity by activating related enzymes, in agreement with mechanisms concluded by
Chiu et al.”® A comprehensive evaluation of microalgal carotenoids confirmed the high antioxidant
activity of mixed carotenes and xanthophylls.'®” The activity of serum glutamate pyruvate transa-
minase (SGPT) reduced from 128.68 units/mL to 62.83 units/mL for Dunaliella sp. and 76.83 units/mL
for Spirulina sp., which indicated the mixtures exerted their action against lipid peroxidation induced
by liver injury. In particular, astaxanthin suppresses the generation of free radicals and protects the
inner oxidation.**!

In terms of the memory enhancement function of astaxanthin, an animal experiment has been
previously designed in a Morris water maze. The rats were pre-supplied with different doses of
H. pluvialis powder, from 0, 0.26, 1.3 to 6.4 mg/kg, and then were monitored by automatic video
recording.!"”% The middle-dosage group (1.3 mg/kg) significantly shortened the latency and distance
required for mice to find a hidden platform. At the same time, astaxanthin supplied group could easily
find the original hidden place while the control group quickly forgot the location. Furthermore,
because of the BBB penetration ability of astaxanthin, the rats’ cognitive behaviours were also
attributed to the neuroprotective effects.'”"! Therefore, it could be an efficient supplement for
prophylactic or remediation against neuronal disorders.
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B-Carotene

Data from [-carotene, especially 9-cis-isomer, indicated a positive consequence in alleviating ageing
and age-related diseases. One drosophila study suggested that 9-cis-p-carotene, produced from
D. salina, increased their mean lifespan and mobility, probably due to the increased mitochondrial
function.'”* After the treatment of 10 uM total B-carotene solutions, the median life span of male
drosophila significantly increased by 32.6% (p < 0.01), whereas a slightly lower magnitude was found
in female flies. However, studies of microalgal carotenoids for improving mitochondrial function have
not been continuous, differing in concentrations, sources, and models. Given the synergy of phenolic
acids, tocopherols and PB-carotene, the in vivo and in vitro animal studies were conducted with
Spirulina maxima strains.!"’”*! After two- and seven-week administration, the treatment group had
a two-fold higher plasma antioxidant capacity, which simultaneously reduced the production of
oxidised compounds in the liver.

Activation of hepatic stellate cells (HSC) has been linked to several clinical hepatic disorders.
Researchers have investigated the hepatoprotective and antagonistic effects of B-carotene on HSC of
adult male albino Wistar rats. Two dose levels of D. salina powder extracts (25 & 50 mg/kg) triggered
a significant decrease in serum levels of aspartate transaminase (AST), alanine transaminase (ALT)
and alkaline phosphatase (ALP), while 12.5 mg/kg dose reduced the value of ALT and AST.!'”®
According to histological analysis of the liver, B-carotene also reduced the probability of fibrosis,
centrilobular necrosis and inflammatory cell infiltration induced by the thioacetamide.!"”®! The results
agreed with the previous study by Murthy et al.'®” But they indicated mixed carotenoids from
D. salina had a better hepatoprotection than B-carotene alone extracted from S. platensis.

In addition, B-carotene is a provitamin A carotenoid, preventing vitamin A deficiency. In this case,
eleven volunteers participated in a daily vitamin determination. After being dosed with D6 B-carotene,
6 participants had sufficient plasma concentrations of retinol that could be detected."'””! However, the
organiser also pointed out the limitation. The mean conversion ratio of B-carotene-to-retinol was only
0.0296%, with an equally low B-carotene absorption at 2.235%. Microalgal-based [-carotene also
showed various bioaccessibility levels, except for P. tricornutum, ranging from 19 to 76%.!"*") It was
assumed that P. tricornutum would be a good source of supplemental provitamin A.

Lutein

Lutein protects eye tissues from light damage by acting as an ‘eye vitamin’. Lutein reduces oxidative
damage triggered by light and reactive oxygen species (ROS).??! Related enzymes, such as catalase,
glutathione peroxidase and transferase, would be significantly activated by adding lutein, which
further down-regulated cytokines (C-reactive protein, CRP, tumour necrosis factor-alpha, TNF-q,
interleukin-1, IL-1).2°*! However, the age-related macular degeneration (AMD) study supported by
the National Institutes of Health disagreed with this. They thought lutein (with zeaxanthin) treatment
had neither positive nor negative effects on advanced AMD.!"”®! The competitive absorption between
lutein and inherent nutritional status might be an underlying issue [*® that needs further assessment.

Moreover, activation of Nrf-2 was the primary mechanism of lutein in osteoarthritis protection.**!
The addition of lutein enhanced the antioxidant defence capacity to reduce oxidative stress, conse-
quently showing anti-arthritis effects. Inflammatory proteins and pro-inflammatory cytokines were
down-regulated, supporting the powerful cytoprotection ability.?*! The point was approved by
conducting an animal model study and proved by lutein administration. Repeat injections of lutein
at a dose of 1.5 mg/kg for 31 days significantly suppressed the arthritis scores and hind paw swelling in
collagen-induced arthritis model rats.*%"!
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Table 4. Applications of Microalgae Carotenoids.

Category of
carotenoids

Microalgae species

Applications/Functions

References

B-Carotene

Astaxanthin

Lutein

Canthaxanthin

Fucoxanthin

Zeaxanthin

Peridinin

Violaxanthin

D. salina

C. zofingiensis
Arthrospira
Chlorella fusca
Chlorella vurgaris
Botryococcus
sudeticus
Pandorinamorum
Chlorococcus

H. pluvialis

Chloromonas nivalis
B. braunii
Chlamydocapas
spp.
Scenedesmus sp.
C. zofingiensis
Chlorococcum sp.
Scotiellopsis
oocystiformis

P. botryoides

N. wimmeri

S. almeriensis

Muriellopsis sp.
Chlorella
protothecoides
Coccomyxa
acidophila
Chlamydomonas
acidophila

C. zofingiensis

Nannochloropsis
oculate

H. pluvialis

C. vurgaris
Coelastrella striolata
var. multistriata

Chaetoceros gracilis

Cylindrotheca
closerium
Isochrysis aff.
galbana
Isochrysis galbana
P. tricornutum
Nitzschia sp.

O. aurita

. cruentum

Chromochloris
zofingiensis

D. salina

Chlorella ellipsoidea

I. galbana

Ampbhidinium
carterae

C. ellipsoidea

Nannochloropsis
oceanica
Nannochloropsis
salina
Nannochloropsis
gaditana

ii
(ii

(ii)

(ii)

(iii

(
(ii

(iii

(
(ii
(iii
(i
(ii)

Pigmentation (food and feed),

Pro-vitamin A (retinol),

Antioxidants (additive to cosmetics and health food),
Anti-inflammatory, immunomodulatory, hepatoprotective agent,
and multivitamin formulations.

Aquaculture and poultry industries colourant,
Nutraceutical, pharmaceutical, cosmetics, and food industry
applications (Dietary supplements),

Antioxidants,

Vitamin E-rich biomass.

Colourants and functional additives in baby food, cosmetics, and

pharmaceuticals,

Prevent macular degeneration and some cancers effectively.

The pigment used in aquaculture, poultry, cosmetics (tanning

agent),

Medicine, nutraceuticals, and pharmaceuticals

In nutraceuticals and more recently in nutricosmetics
As a bioactive component in traditional foods (e.g., milk, rice,
bread, and pasta) to improve nutritional value and sensory

attributes,

Anti-obesity medicines, sometimes known as “oral cosmetics,”

are another option.

A powerful antioxidant and high-value bioproduct used as
a natural colourant and addition in cosmetics and food,
Preventing age-related macular degeneration,

Cardiovascular disease and some forms of cancer prevention.

Medical uses as a medicinal agent and technological applications
Anticancer (e.g., colon cancer cells)

Tumour prevention

Protection against UVB-induced skin damage (e.g., wrinkles)

Cosmetics

[1206-208
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Practical Applications and Functions

Triggered by the benefits mentioned above, the research interest in microalgal carotenoids and their
extraction techniques has increased.! Therefore, these micro-produce molecules have been broadly
applied in many areas, such as pharmaceutical, cosmeceutical, (functional) food and animal feed
industries.*®” Also, they have their prospective advantages in the healthcare sector, biofertiliser
aspects, wastewater treatment and biofuel production.?*® Table 4 briefly summarises the portions
of several application sectors of the carotenoid industry.

Generally, carotenoids from microalgae account for substantial market shares with functional
properties. In the carotenoid sector, the research focuses on developing efficient microalgal growing
techniques. Scientists target intelligent microalgal screening and strain optimisation to make carote-
noid extraction more effective and environment-friendly. From this point of view, the knowledge of
carotenoid structure and bioactivities is essential and draws increasing interest from researchers and
industries. Emerging carotenoids, innovative carotenoid extraction methods and downstream proce-
dures were also covered in a greater depth.2*’!

Despite the positive outlook of natural sources of carotenoids, production techniques can be
labour-intensive and time-consuming. In addition, low target carotenoid productivities and disobe-
dience make carotenoid extraction more difficult.?*®! Due to the chirality of isomers, it is hard to see
the difference between natural and synthetic products. Only specialised procedures (such as isotope
ratio mass spectrometry) can help tell genuineness properly.?'”! Hence, it is straightforward for the
adulterated version (synthetic pigments) to enter the market while falsely claiming to be natural to
make a profit. Ultimately, governments try to issue strict restrictions and legislation to ensure the
quality and order of the industry. In other words, these measures will oppositely hamper the devel-
opment of microalgal-based carotenoid products and their commercialisation. Only specialised
procedures (such as isotope ratio mass spectrometry) can help tell genuineness properly.[zm] Hence,
it is straightforward for the adulterated version (synthetic pigments) to enter the market while falsely
claiming to be natural to make a profit. Ultimately, governments try to issue strict restrictions and
legislation to ensure the quality and order of the industry. In other words, these measures will
oppositely hamper the development of microalgal-based carotenoid products and their
commercialisation.

Conclusion

Carotenoids are a large group of terpenoid pigments with structural diversity. Benefiting from their
structural properties, carotenoids have played an essential and necessary role in the pharmaceutical,
cosmeceutical, nutraceutical, (functional) food, and feed industries. In recent years, microalgae have
attracted increasing research interest due to their relatively higher carotenoid content than many
terrestrial plants. Microalgae are particularly abundant in several types of carotenoids, such as p-
carotene, fucoxanthin, lutein, zeaxanthin and violaxanthin. Same as lipid compounds, carotenoids
must be released from the food matrix and incorporated into mixed micelles to be absorbed. Although
the bioaccessibility of carotenoids is limited, they show a variety of bioactive and body-protective
properties which help people away from degenerative illnesses or other health problems. Neurological
diseases, cardiovascular, radiation sickness, inflammatory and mutagenic concerns are the most
discussed, while memories and cognitive effects have also been evaluated. However, there are still
many research directions in shadow. Further studies can focus on the screening of non-toxic extrac-
tion solvents which are vastly able to retain carotenoid bioactivity, the improvement of carotenoid
bioaccessibilities and bioavailabilities by nano/microencapsulation delivery, or the integration in the
simultaneous production of multiple produces derived from microalgae to develop a more economic-
ally attractive marine source industry.
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