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Abstract  Astaxanthin, a ketocarotenoid compound
belonging to the xanthophyll class, has shown potent
antioxidant characteristics when compared to other
antioxidants. It has been widely studied and used in in vivo
and in vitro models for its biological activity against
diseases such as cancer, diabetes, Alzheimer’s disease, and
skin disease due to its antioxidant ability to combat the
oxidative stress that causes inflammation. However, its
lipid-soluble nature has limited its clinical applicability due
to low oral bioavailability. Astaxanthin in the form of
nanoemulsions and nanoparticles demonstrated better oral
bioavailability, more stability, and higher cell penetration.
Despite their superior properties, the use of astaxanthin
nanoemulsions and nanoparticles in pre-clinical animal
models for treating various chronic diseases remains
limited. Four different databases, including PubMed, Web
of Science, Scopus, and Science Direct, were searched
using the keywords ‘astaxanthin nanoemulsion’ OR
‘astaxanthin nanoparticles’ AND ‘disease’ to find research
journals for this review. The term ‘disease’ was replaced

with the names of specific diseases such as cancer, brain
disorder, stress, diabetes, and liver disease. This review
focuses on recent developments in the use of astaxanthin
nanoemulsions and nanoparticles in chronic disease
management, and it is expected to be useful for future
research.

Keywords  Astaxanthin Nanoemulsion, Astaxanthin
Nanoparticle, Astaxanthin Therapeutic Potential

1. Introduction

Astaxanthin is a blood-red pigment found in reddish-
orange marine life such as salmon, krill, algae, and red
yeast. Astaxanthin was known for its intense red color
when it first appeared in the food industry as a food
coloring and dye. Because of its high concentration of
antioxidants, astaxanthin has gained interest among
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researchers. Astaxanthin contains 40 to 1,000 times more
antioxidants than beta carotene and vitamin E [1]. Knowing
the many benefits of astaxanthin to human health,
researchers are currently exploring how this superfood
could be used in treating diseases related to the skin, eye,
heart, immune response, and neurological diseases [2].

Astaxanthin can be obtained either naturally or
synthetically. Sources rich in astaxanthin include salmon,
krill, shrimp, red yeast, and Hematococcus pluvialis (H.
pluvialis) algae. The amount of antioxidants in astaxanthin
derived from the H. pluvialis algae is known to be the
highest of all natural astaxanthin sources [3]. Astaxanthin
obtained synthetically has not been used as a human food
supplement; rather, it has been predominantly used for
animal feed. Synthetic astaxanthin is derived from
petrochemicals, the safety of which is questionable,
although the production cost is cheaper. Additionally,
compared to naturally occurring astaxanthin, its synthetic
form has 20 to 30 times fewer antioxidant properties, 50
times fewer singlet oxygen-quenching abilities, and 20
times fewer free radical scavenging abilities [4].

Nano-sized astaxanthin, in the form of either
nanoparticles (NP) or nanoemulsions (NE), is widely
accepted in the research community. Nanotechnology-
based formulations open a new window in the system of
delivering drugs containing bioactive substances. Reducing
the size of bioactive substances to the nanoscale range can
improve their activity due to the increased surface area. NP
and NE allow for longer circulation times, easier cell
penetration, and precise site targeting [5]. Traditionally,
astaxanthin has been used in medical applications in its
extract form. However, in recent years, there has been an
increasing interest in formulating astaxanthin into nano-
sized particles to increase its solubility, stability, and oral
bioavailability. Recent developments have seen the
isolation of exopolysaccharide from a novel marine
bacteria as a replacement for synthetic emulsifiers for
nanoemulsion. This emulsifier was able to produce
astaxanthin nanoemulsion with exceptional encapsulation
efficiency and controlled astaxanthin release. Furthermore,
encapsulation of astaxanthin with fatty acids ligands
improved the solubility, stability, and oral absorption of
astaxanthin. The nano-sized fatty acids-astaxanthin
complexes produced were also reported to accumulate in
the serum, liver and eyes of mice treated with the
nanoemulsion [6]. Due to these exceptional improvements,
nano-sized astaxanthin has been widely studied in various
medical fields. A study has found that astaxanthin
nanoemulsion exerts protective effects on mammalian
inner ear hair cells that are often destroyed when treated
using commercialized antibiotics [7]. Additionally, another
study revealed that astaxanthin nanoparticles successfully
reduce reactive oxygen species (ROS) in tumor cells
leading to the inhibition of their proliferation [8].

This review narrates the potential benefits of astaxanthin
in the form of nanoparticles and nanoemulsions as
intervention options in healthcare applications. Using a
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search for the term "astaxanthin" in the PubMed database,
3698 articles were found for the period 1948 to 2024. We
narrowed our search to the periods 2000 to 2010 (572
articles) and 2010 to 2024 (3011 articles) and discovered
that research interest in astaxanthin has grown
tremendously over the last 14 years. However, no review
articles have investigated healthcare applications of
astaxanthin nanoparticles or nanoemulsions. This review
highlights scientific findings on the therapeutic potential of
astaxanthin nanoemulsions and nanoparticles for a variety
of diseases, as well as the most recent advancements in the
use of astaxanthin nanoemulsions and nanoparticles in
healthcare. The research articles used in the review were
found by searching four different databases (PubMed, Web
of Science, Scopus, and Science Direct) using the same
keywords ((astaxanthin nanoemulsions) OR (astaxanthin
nanoparticles) AND (disease)). We changed the term
“disease” in the search string to the names of specific
diseases such as cancer, brain disorder, stress, diabetes, and
liver disease. We believe that exploring the use of
astaxanthin nanoparticles or nanoemulsions in healthcare
interventions has considerable potential.

2. The Structure of Astaxanthin

Astaxanthin ((3S,3'S)-3,3’-Dihydroxy-f,B-carotene-4,4'-
dione) with a chemical formula of C4Hs,04 is a type of
xanthophyll that belongs to the carotenoids class. Based on
the presence of oxygen molecules, carotenoids can be
divided into two sub-groups, carotenes (which consist of
carbon and hydrogen molecules) and xanthophylls (which
consist of carbon, hydrogen, and oxygen molecules).
Astaxanthin, as indicated by its IUPAC nomenclature, has
unique properties in that its molecule contains both the
hydroxyl (OH) and carbonyl (C=0) functional groups,
making it a keto-carotenoid [9]. The presence of hydroxyl
and carbonyl groups on each ionone ring produces a polar-
nonpolar-polar structure, allowing it to align in the cell
membrane's phospholipid bilayer and exposing its polar
hydrophilic ends to the internal cytoplasm and external cell
membrane [10]. One benefit of having two polar ends is
that it can serve as a bridge between the two different
environments. This distinct characteristic of astaxanthin
and its conjugated double bond have been linked to its
powerful antioxidant activities [9].

3. Antioxidant Properties of
Astaxanthin

Antioxidants prevent the damaging effects of free
radicals. Astaxanthin, with its antioxidant properties, has
an essential role to play in deactivating reactive oxidants to
prevent the negative effects of free radicals that have been
created [11]. Free radicals are produced in the body through
normal metabolic processes, as well as external sources
such as cigarette smoke, pollution, and industrial
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contaminants. The overloading of free radicals in the body,
particularly those from ROS, reactive nitrogen species
(RNS), and reactive sulfur species (RSS), promotes a
condition known as oxidative stress, which is the cause of
many chronic diseases such as cancer, cardiovascular
disease, cataracts, and neurodegenerative diseases [12].
Free radicals frequently have one or more unpaired
electrons in their atomic orbital. Because of such
exceptional characteristics, free radicals are highly reactive
and unstable, and they may react with cellular components
(such as proteins, lipids, and deoxyribonucleic acid)
through a chain reaction of donating or receiving electrons,
leading to cell damage, as well as protein and lipid
oxidation [13].

Astaxanthin has the ability to quench singlet oxygen (O>)
and suppress lipid peroxidation by free radical scavenging.
Singlet oxygen can degrade protein structures in the body,
oxidizing protein residues (tryptophan, histidine,
methionine, and cysteine) and oxidizing fatty acids in cell
membranes to form lipid peroxides [9]. It can be formed
through photosensitization (exposure to light) or chemical
(not involving light) processes. The reaction between
singlet oxygen and protein was believed to cause protein
damage, which resulted in cataracts, sunburn, and skin
cancers. When compared to other carotenoids such as
canthaxanthin, zeaxanthin, f-carotene, fucoxanthin, and
halo cynthiaxanthin, astaxanthin showed the highest singlet
oxygen-quenching activity [9]. As for lipid peroxidation,
astaxanthin exhibited inhibitory effects that were 100 times
greater than those of a-tocopherol [14]. Lipid peroxidation
induces diseases such as coronary stenosis, inflammation,
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cardiovascular disease, and cancers. It has been proposed
that free radical scavenging is mediated by a transfer of
electrons, radical adduct synthesis, and hydrogen atom
transfer. Meanwhile, the energy transfer between
electrophilic singlet oxygen and the polyene backbone is
mediated by singlet oxygen quenching.

A growing body of research has shown that the
activation of the nuclear factor erythroid 2-related factor 2
(Nrf2)/antioxidant response element (ARE) (Nrf2/ARE)
signaling pathway protects cells against oxidative stress
and inflammation by maintaining cellular redox
homeostasis [15]. The Nrf2/ARE system can activate the
transcription of cytoprotective genes, including glutathione
defense system enzymes and proteasome (which promotes
cell survival by degrading damaged proteins that have
formed due to oxidative stress) components [16]. However,
increasing antioxidant enzyme levels by activating the Nrf2
may be insufficient to combat oxidative stress. Hence, a
simultaneous combination of Nrf2 activation, dietary
supplementation, and endogenous antioxidant chemicals
may reduce oxidative stress and inflammation [15].
Antioxidants promote the expression of the multitude of
genes that encode phase II detoxification enzymes,
antioxidant proteins (e.g., glutathione S-transferase and
quinone reductase), and xenobiotic transporters, all of
which provide protection against oxidative stress through
the cis-acting element called the ARE [17]. Astaxanthin
with potent antioxidant activity demonstrated cellular
protection against oxidative stress in a HepG2-C8-ARE-
luciferase cell line via regulation of the Nrf2—ARE pathway
[18].
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Astaxanthin exerts anti-inflammatory, anti-apoptosis,
and anti-proliferation effects through the activation and
suppression of various pathways in the body. As such, the
activation of the Nrf2 signaling pathway using astaxanthin
plays a neuroprotective role in the case of subarachnoid
hemorrhage conditions [19]. Meanwhile, inhibiting the
nuclear factor-kappa B (NF-xB) and Wnt-B-catenin
signaling pathways by activating the mitogen-activated
protein kinase/ extracellular signal-regulated kinase
(MAPK/ERK) and phosphatidylinositol-3-kinase
(P13K)/Akt (protein kinase B (PKB)/Akt) pathways
induced intrinsic apoptosis in an oral cancer hamster model
[20]. Besides that, astaxanthin led to the abrogation of cell
proliferation, invasion, and angiogenesis in an oral cancer
hamster model by inhibiting the JAK/ signal transducer and
activator of the transcription 3 (STAT-3) signaling
pathways [21]. All these reports indicated that astaxanthin
is a promising candidate for the therapeutic targeting of
various chronic diseases. Figure 1 illustrates the
pharmacological targets and various molecular streaming
by astaxanthin.

4. Astaxanthin Nanoemulsion and
Nanoparticle Formulations

Although astaxanthin is widely used in the treatment of
various diseases, it has several drawbacks, including low
oral bioavailability in the body due to its slow dispersion
rate in blood vessels and low cellular absorption.
Astaxanthin becomes unstable in acidic conditions, and it

is prone to oxidation due to its highly unsaturated structures.

Heating astaxanthin, even for a short time, results in its
degradation [22]. Hence, extensive efforts have been made
to improve the bioavailability, stability, and solubility of
astaxanthin to preserve its antioxidant properties.

Nanomedicine, which refers to the application of
nanotechnology in medicine, has been adopted as an
alternative drug-delivery strategy since it provides reliable
diagnostic and therapeutic tools where fatal diseases such
as cancer, infectious diseases, and neurodegenerative
diseases are concerned [23]. In drug delivery applications,
various uses of nanocarriers have been developed for
efficient drug delivery. Nanocarriers can alter drug
bioactivity, improve pharmacokinetics and biodistribution,
reduce toxicity, and improve solubility and stability, while
they are also controlled-released and site-specific for drug
delivery [24].

4.1. Nanoemulsions

A nanoemulsion is a mixture of two immiscible liquids
(oil in water (O/W), water in oil (W/O), or water-oil-water)
stabilized by a surfactant, with a mean droplet size of less
than 200 nm. In general, an emulsion consists of three
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components: water, oil, and surfactant phases. The type of
surfactant used determines whether the emulsion's
continuous phase (external phase) is oil (oil-soluble
surfactant - W/O emulsion) or water (water-soluble
surfactant - O/W emulsion). A nanoemulsion is a lipid-
based nanocarrier and can be prepared using either high-
energy (high-energy stirring, ultrasonic emulsification,
high-pressure homogenization, microfluidization, and
membrane emulsification) or low-energy (phase-inversion
temperature, emulsion inversion point, and spontaneous
emulsification) methods [25]. Although the high-energy
method consumes more energy than the low-energy
method, it has several advantages such as smaller droplet
sizes, ease of preparation, and long-term stability [26]. The
surfactant used in nanoemulsion production is critical
because it determines not only the emulsion's continuous
phase but also its stability and safety.

Emulsifiers reduce surface tension, prevent droplet
aggregation, and produce strong repulsive interactions, all
of which contribute to their stability. Although synthetic
emulsifiers are known for producing highly stable
emulsions, natural emulsifiers are becoming increasingly
popular due to consumer health concerns. The consumption
of synthetic emulsifiers in large amounts may cause
gastrointestinal tract irritation. Hence, producing a
nanoemulsion with just enough emulsifier to stabilize the
nanoemulsion is important. Non-ionic emulsifiers are less
harmful to use than ionic emulsifiers, so the former is
becoming popular among researchers. To date, astaxanthin
nanoemulsion formulation with natural emulsifiers
(ginseng saponins) has been developed and characterized
[27]. The ginseng saponins astaxanthin nanoemulsion
produced was nano-sized (= 125 nm) and stable, with no
droplet agglomerates at high temperatures (30 - 90 °C, 30
mins). It was, however, found to be unstable in acidic (pH
3 — 6) and salty environments (> 25 mM NaCl).
Nanoemulsion applications in the food industry [28], and
drug delivery systems [29] were thoroughly reviewed. This
review identified different formulations of astaxanthin
nanoemulsion, as well as their characterization, stability
assay, and biological application, as summarized in Table
1.

4.2. Nanoparticles

A nanoparticle is any particulate matter with a diameter
in the nanometer range (1 - 100 nm). The term
"nanoparticle" encompasses a variety of nanoparticle
classes, based on their physical and chemical properties.
Examples of well-known nanoparticles include carbon-
based, metal-based, ceramic-based, semiconductor-based,

polymeric-based, and  lipid-based  nanoparticles.
Nanoparticles exhibit distinct structural, chemical,
mechanical, magnetic, electrical, and biological

characteristics, making them a unique type of candidate for
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the drug delivery of bioactive compounds [30]. Nano-sized
particles typically circulate in the bloodstream longer,
release a specific amount of a bioactive compound, and
cause fewer plasma changes that have negative effects [31].

Astaxanthin Nanoemulsion and Nanoparticle Formulations and Their Therapeutic Potential: A Review

Compared to large micrometer-sized particles, nano-sized
particles have better tissue penetration, ensure action at the
targeted location, and enable cells to have a higher drug

uptake [5].

Table 1. Astaxanthin nanoemulsion formulation, characterization, stability, and biological assays

Types of Preparation Characterization Physicochemical Biological assay outcome References
nanoemulsion / methods study
emulsifier
O/W / modified High pressure laser diffraction One month storage In vitro small intestinal digestion [33]
lecithin (ML) & | homogenization | particle size analyser stability and assay of ML-astaxanthin
sodium astaxanthin content nanoemulsions showed higher
caseinate (SC) assay, pH, production of free fatty acids and
temperature, and bioaccessibility (> 32%) due to
freeze-thawed assay. less oil aggregation after
digestion.
O/W / tween 20 High pressure DLS 35 days storage In vitro mouth, gastric and small [34]
homogenization stability assay, intestine digestion assays,
temperature, pH and bioaccessibility assay,
ionic strength antioxidants had effects on
assays. emulsion oxidative stability.
o/w/ High pressure laser diffraction 30 days storage Low free fatty acids were [35]
gypenosides & | homogenization particle size stability assay, pH, released in the intestinal digestion
tween 20 analyser, zeta temperature and assay.
potential ionic strength assay. Possessed high bioaccessibility.
O/W / Labrasol, Low-energy DLS, TEM 90 days storage Carboxymethyl chitosan [36]
Tween 20 and emulsion phase stability assay, astaxanthin nanoemulsion
Cremophor EL inversion temperature and showed the highest permeability
astaxanthin content activity through the stratum
assay corneum of the skin.
Possessed low cytotoxicity.
O/W / Emulsification DLS None Astaxanthin nanoemulsion [37]
polysorbate 20, evaporation alleviated the photoreceptor
40, 60 & 80 degeneration and visual function
impairments in a retinal
degeneration animal model with a
rapid progress rate.
O/W / sodium Low-energy DLS, TEM 6 months stability Reduced cancer cell viability [38]
caseinate spontaneous assay at room (dose-dependent) and induced
and temperature and 4 apoptosis.
ultrasqnicat.ion oC. Enhanced wound repair and
emulsification wound healing.
Antimicrobial activity assay
showed an inhibitory effect at a
minimum concentration of 0.5
mg/mL.
O/W / sodium Low-energy DLS, TEM, FTIR, Temperature and pH | Reduced cancer cell line viability [39]
caseinate spontaneous DSC, XRD, stability assay. (dose-dependent).
anfl . thermogravimetric. Induced apoptosis by necrosis.
ultrasqnlcat}on Induced mitochondrial membrane
emulsification dysfunction and intracellular ROS
generation.

Abbreviation: Oil in water (O/W), dynamic light scattering (DLS), transmission electron microscopy (TEM), field emission scanning electron
microscope (FESEM), Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), X-ray diffraction (XRD),
reactive oxygen species (ROS).
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Table 2. Astaxanthin nanoparticles formulation, characterization, stability, and biological assays
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Types of Preparation Characterization | Physicochemical Biological assay References
nanoparticle methods study
Astaxanthin-loaded Antisolvent DLS, SEM, None Astaxanthin nanoparticles exhibited [49]
core—shell in PLGA precipitation FTIR, DSC, low cytotoxicity to the Caco-2 cell
coated with chitosan and XRD, UV/Vis line.
oligosaccharides electrostatic spectroscopy Astaxanthin was constantly released
deposition from the coated nanoparticles under
method pH conditions simulating the
stomach (pH 2.1) and small intestine
(pH 7.4).
Astaxanthin-loaded Emulsion DLS, TEM, LC- None Astaxanthin nanoparticles penetrated [50]
polymer-lipid hybrid solvent MS/MS through the ear round window
nanoparticles evaporation membrane and maintained
method concentrations in the perilymph in
the inner ear for 24 h after a single
injection.
Decreased expression of pro-
apoptotic proteins (caspase 3/9 and
cytochrome-c).
Increased expression of the anti-
apoptotic protein Bel-2.
Astaxanthin- Emulsification DLS, Temperature, In vitro simulated digestion assays [51]
containing whey —solvent encapsulation pH, UV showed 43% of astaxanthin released
protein-based evaporation efficiency, irradiation, Fe from nanoparticles (gastric phase)
nanoparticles technique ABTS radical (III)-induced and 86% (bioaccessible of
scavenging assay oxidation astaxanthin) after 3h of intestinal
digestion.
Solid lipid—polymer In situ DLS, TEM None Exhibited significantly higher [52]
hybrid astaxanthin conjugation antioxidant activity at very low
nanoparticles concentration (0.25 pg/mL).
Astaxanthin was constantly released
in simulated gastrointestinal fluid.
Astaxanthin-loaded Ionic gelation DLS None An in vitro release study confirmed [53]
chitosan- that the release of astaxanthin in
tripolyphosphate simulated gastric (pH 1.2) and
nanoparticles intestinal (pH 6.8) fluid was
prolonged.
The antioxidant activity of
astaxanthin nanoparticles was
significantly improved compared
with free astaxanthin.
broccoli-derived Emulsion DLS, TEM None Possessed better anticancer activity [54]
extracellular solvent against HT-29 cell line.
vesicles-coated evaporation
PLGA-encapsulated | and ultrasound
astaxanthin method
Astaxanthin-loaded Emulsion DLS, TEM Four weeks of Exhibited no cytotoxicity (> 95% cell [55]
lecithin nano-liposol evaporation storage stability. viability at a concentration of 1000
method pg/mL).
Exhibited significant antioxidant
activity at low concentrations of 10
pg/mL against hydrogen peroxide
(oxidative stress agent).

Abbreviation: Dynamic light scattering (DLS), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), X-ray diffraction (XRD), ultraviolet (UV), poly(lactic-co-glycolic acid) (PLGA), 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), B-cell lymphoma 2 (Bcl-2), liquid chromatography - mass spectrometry and liquid
chromatography - tandem mass spectrometry (LC-MS/MS).
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Astaxanthin encapsulation with liposome (Ast-L)
demonstrated improved stability and membrane
transportability, with a total transport time of 6.00 h for the
Ast-L to be delivered to the cell cytoplasm, instead of 7.55
h for free astaxanthin. Moreover, Ast-L activated
significantly more antioxidant enzymes than free
astaxanthin, including superoxide dismutase, catalase, and
glutathione  S-transferase [32]. Astaxanthin-loaded
liposomes, which were developed and stabilized using
novel sea cucumber-derived sulphated sterols rather than
cholesterols, demonstrating a longer period of stability,
improved antioxidant activity, and greater bioavailability
[40]. Astaxanthin in the form of stealth solid lipid
nanoparticles (AST-SSLNs) was produced to overcome the
instability properties of astaxanthin. Compared to other
colloidal carriers such as liposomes and polymeric
nanoparticles, solid lipid nanoparticles (SLNs) offered
higher drug stability and no toxicity, while they could
contain both hydrophilic and lipophilic drugs, were easy to
produce on a large scale, and could lyophilize [41].
However, the systemic administration of SLNs is limited
due to the opsonization process, an immune system
mechanism for fighting pathogens that causes a short half-
life (3 — 5 mins) in the systemic environment [42]. The
intervention of stealth carriers (SSLN) loaded with
astaxanthin allowed the latter to bypass the immune
system's defense line and improved the drug stability for
optimal bioavailability in the brain through a systemic
administration [43]. Different formulations of astaxanthin
nanoparticles and their characterization and biological
applications are summarized in Table 2.

5. Therapeutic Potential of
Astaxanthin Nanoemulsion and
Nanoparticle

Astaxanthin in free form (oil extract) has been studied to
treat conditions such as cancer [44], cardiovascular disease,
liver disease, diabetes, skin disease, muscle issues, and
neurodegenerative disease [2]. Astaxanthin may have
therapeutic potential to target disease-related oxidative
stress, apoptosis, and inflammation. The use of astaxanthin
nanoemulsions and nanoparticles in disease treatment has
gained interest from researchers due to their superior
behavior in terms of stability, bioavailability, and solubility
in the body. Thus, this review aimed to highlight works in
the literature that have investigated the therapeutic
potential of astaxanthin prepared in nanoemulsions and
nanoparticles to treat cancer, diabetes, lung disease, ocular-
related diseases, nervous disorders, and hearing-related
diseases.

5.1. Cancer

Cancer is a disease characterized by the uncontrolled
proliferation and accumulation of cells in an organism. It is
the outcome of insufficient apoptosis, resulting in

malignant cells that do not die. Many researchers are
exploring therapies that target the apoptotic pathways in
combination with traditional anticancer medications as a
feasible way of finding new treatments for various types of
cancer. Although existing cancer treatments such as
chemotherapy can destroy cancer cells, they have adverse
effects such as liver and heart toxicity, nausea, vomiting,
discomfort, diarrhea, and inflammation of the mucous
membranes. Antioxidants are frequently prescribed to
counteract such negative effects without affecting the
treatment’s effectiveness.

In general, astaxanthin plays a significant role in cancer
treatment by suppressing cell growth and metastasis,
promoting cell apoptosis, and improving overall immunity
[44]. Astaxanthin nanoemulsions containing cellulose
nanocrystals or nanofibrils have been used to treat skin
cancer cells. The efficacy of the nanoemulsion treatment
was improved by using low-level laser therapy enhancing
cell proliferation and differentiation, as well as inducing
apoptosis in skin cancer cells [45]. An astaxanthin
nanoemulsion also was found to cause apoptosis in lung
metastatic melanoma, whereby the apoptosis pathways’
components such as -cell lymphoma 2 (Bcl-2), cyclins D1
and E, the nuclear factor «-light-chain-enhancer of
activated B cells (NF-kB), extracellular signal-regulated
kinase (ERK), mitogen-activated protein kinase (MEK),
and matrix metallopeptidase-1 (MMP-1) and matrix
metallopeptidase-1 (MMP-9) were inhibited, while cleaved
caspase-9 and caspase-3, ataxia-telangiectasia mutated
kinase (ATM), and cyclin-dependent kinase inhibitor p21
were increased [46]. Figure 2 illustrates the mechanisms of
cancer and possible protective effects of nano-sized
astaxanthin.

5.2. Diabetes

Diabetes mellitus (DM) is one of the ten leading causes
of death worldwide. It is caused by improper or
dysfunctional insulin action, which leads to hyperglycemia
(high blood glucose levels). If not controlled, this condition
can result in serious illnesses such as retinal disease,
neuropathy, nephropathy, and cardiovascular disease, as
well as slow wound healing [47]. The wound healing
process in diabetic patients is usually slower due to several
factors, such as high blood sugar levels (which increases
inflammation in the cells), nerve damage (which numbs the
hands and feet; the patient may not know they are injured),
and poor blood circulation (owing to narrow blood vessels
and blood thickening due to high blood sugar levels).
Astaxanthin/a-tocopherol with -carrageenan
nanoemulsion (astaxanthin-TP@KCNE) was synthesized
to study the effect of astaxanthin in wound healing
applications for diabetics. The nanoemulsion produced was
able to restore body weight significantly, reduce fasting
blood glucose levels, and improve glucose tolerance. It was
able to aid wound healing in diabetic mice, and it showed
accelerated wound closure and Dbetter control of
hyperglycemia [48].
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species (ROS) and DNA damage. This internal stress triggered mitochondria to become permeable toward balance-regulated pro-apoptotic and anti-
apoptotic proteins. In cancer, these anti-apoptotic proteins are often overexpressed, helping the cells avoid apoptosis. Nano-sized astaxanthin could
inhibit anti-apoptotic proteins, upregulate pro-apoptotic proteins, and activate caspase proteins to induce cancer cells’ death. ERK/MAPK in the nucleus
activates transcription factors, which increase the transcription of cyclin D mRNA and production of cyclin D and cyclin D complexes with cyclin-
dependent kinase (CDKs) 4 and 6 to produce cyclin E complexes with CDK 2. Cyclin E allows the cell cycle to transition from the G,/S phase towards
G, and mitosis. As shown in red, nano-sized astaxanthin causes G arrest in cancer cells due to inhibition of cyclin D or cyclin E

Uncontrolled diabetes damage the blood vessels in the
kidney, leading to kidney damage (diabetic nephropathy)
and high blood pressure. Recently, a nano-sized
astaxanthin known as astaxanthin-GLU-LIP (glucose-
PEG600-DSPE ligand-modified astaxanthin liposomes)
was produced to study the effect of using natural
astaxanthin in diabetic nephropathy (DN) therapy. As
previously documented, astaxanthin-GLU-LIP could
scavenge ROS and improve the pathological morphology
of the kidney, indicating a potential therapeutic capability
against DN. Moreover, the drug delivery of the liposomes
produced was specifically transported and kidney-targeted
[56]. The thin film containing an astaxanthin-loaded
nanoemulsion (FDT-astaxanthin-NE) demonstrated good
physical and mechanical properties, making it suitable for
oral administration. FDT-astaxanthin-NE significantly
reduced elevated blood glucose levels in diabetic rabbits,
compared to treatment with pure astaxanthin. A
histopathological examination of pancreatic tissue from the
FDT-astaxanthin-NE group revealed normal pancreatic -

cell conditions, indicating the absence of pathological
lesions [57].

5.3. Pulmonary Fibrosis

Astaxanthin and trametinib loaded in surface-engineered
nanoparticles (PER NPs) and adhered to monocyte-derived
multipotent cells (MOMC) (named MOMC/PER) were
synthesized to target idiopathic pulmonary fibrosis (IPF)
[58]. IPF is a progressive interstitial pulmonary disease
with a median survival rate of less than five years after
diagnosis. The MOMC/PER was precisely designed to be
lung-targeted to reverse IPF by improving the drug
accumulation. The astaxanthin and trametinib had the dual
effects of synergistically neutralizing superoxide to repair
injured type-1I alveolar epithelial cells and suppressing the
activation of myofibroblast by inhibiting the connective
tissue growth factor production, respectively, for IPF
therapy.
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5.4. Ocular-Related Disease

Age is a frequent factor in the development of eye
conditions like macular degeneration, cataracts, diabetic
retinopathy, and glaucoma. There are, however, hereditary
ocular disorders caused by gene mutation. Inherited retinal
degeneration (RD) is a genetic and phenotypical eye
disorder that causes night blindness, a narrower visual field,
and decreased visual acuity. With more than 160 types of
gene mutations linked to RD, the mutation of rod-specific
genes exclusively causes rod apoptosis followed by cone
death, leading to the high visual acuity of RD patients [59].
Astaxanthin can be used in cases of RD to counteract the
oxidative stress caused by ROS, which is typically
produced in excess due to the enhanced activity of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase. This is caused by the rods’ drastically reduced
oxygen consumption, which results in significantly higher
oxygen tension in the lateral retina layers. Astaxanthin
nanodispersion using a non-ionic emulsifier was shown to
alleviate photoreceptor loss and visual impairments in N-
methyl-N-nitrosourea-treated mice by  modulating
apoptosis and alleviating oxidative stress [37].

The therapeutic effects of astaxanthin against ultraviolet
(UV)-induced photokeratitis in mice were evaluated by
comparing the results of astaxanthin nanopowder,
astaxanthin oil, Tagetes erecta (lutein), and Vaccinium
myrtillus (anthocyanidin) extract. Photokeratitis is a
painful eye condition that occurs due to exposure to UV
rays. Longer exposures cause excruciating pain because the
corneal epithelial cells are damaged, exposing the
underlying sub-epithelial nerve plexus [60]. In the study,
various  assays were conducted - such as
immunohistochemistry, western blot, and quantitative
polymerase chain reaction (qQPCR) - on cornea samples
collected 24 hours after UV irradiation. Treatments given
through oral administration three hours before and shortly
before UV irradiation showed significantly thicker corneal
epithelium in the astaxanthin nanopowder group, compared
to the others. Furthermore, the treatment significantly
reduced the expression of cyclooxygenase-2 (COX-2), p-
IB-, tumor necrosis factor (TNF), and CD45, indicating
that astaxanthin nanopowder has anti-inflammatory and
anti-apoptotic activity [61].

5.5. Nervous System Disorders

The nervous system is a complex and crucial component
of the human body since it controls and coordinates body
function. Its three main components are the brain, spinal
cord, and nerves, and it receives and sends electrical signals
to the cells, glands, and muscles throughout the body,
controlling critical processes such as movement, thought,
and memory. Subarachnoid hemorrhage (SAH) is a type of
stroke caused by bleeding on the brain’s surface, and it can
be fatal. Mortality and disability in SAH patients are caused
by the destruction of the blood-brain barrier, apoptosis,
brain cell autophagy, and the oxidative stress that occurs
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during early brain injury. The detection of astaxanthin in
the nanoemulsion form in several brain regions associated
with memory function (hippocampus, cortex, and
cerebellum) provides a new insight into how to utilize
astaxanthin's full therapeutic potential to treat neuro-related
diseases [62]. Transferrin conjugated to poly (ethylene
glycol) (PEG)-encapsulated astaxanthin nanoparticles
(astaxanthin-NPs) were synthesized for SAH treatment in
an in vitro study. The transferrin astaxanthin-NPs were
water-dispersible and biocompatible, and they exhibited
high cellular uptake in primary cortical neurons. The
nanoparticles were stable and significantly improved
neuronal survival while decreasing apoptotic markers [63].
In a recent in vivo study of SAH rats, astaxanthin-loaded
polydopamine nanoparticles (AUT NPs) demonstrated no
toxicity, inflammation, or hemolysis. The AUT NPs
improved behavior, alleviated brain oedema, and
significantly reduced neuronal apoptosis in the rat [64].

5.6. Hearing-Related Diseases

Hearing loss can occur due to the release of ototoxic
drugs like aminoglycosides and anticancer agents, which
cause oxidative stress and inflammation in the cochlear.
Astaxanthin-loaded polymer-lipid hybrid nanoparticles
(astaxanthin-LPN) were first developed to overcome the
poor solubility characteristics of astaxanthin. Later,
astaxanthin-LPN was tested for its otoprotective effects
against cisplatin-induced ototoxicity. The nanoparticles
were able to penetrate the round window membranes and
maintain their concentration in the inner ear for one day.
Astaxanthin-LPN increased the potential of the
mitochondrial membrane, as well as reducing apoptosis
and ROS [50]. In a recent study by the same author,
astaxanthin and ROS-responsive/consuming nanoparticles
(astaxanthin-PPS-NP) were synthesized to enhance the
antioxidant properties of astaxanthin by encapsulating it
in ROS-responsive nanoparticles. Astaxanthin-PPS-NP
protected the spiral ganglion neurons by reducing ROS
production and inflammatory chemokine release,
increasing antioxidant glutathione, and inhibiting the
mitochondrial apoptotic pathway [65].

6. Conclusions

Several in vitro and in vivo studies of the therapeutic
effects of using astaxanthin nanoemulsions and
nanoparticles in the treatment of various diseases were
detailed in this review, which will furnish researchers’
knowledge of the current therapeutic interventions
involving nano-sized astaxanthin. The preparation of
astaxanthin in nanoemulsion form has advantages in oral
drug delivery systems, including protection from
hydrolysis and oxidation, increased bioavailability, and
even masking the unpleasant taste of oily liquids. Moreover,
nanoparticles are versatile and efficient carriers in the drug
delivery system, enabling the delivery of bioactive
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compounds to target delivery sites. However, very few
studies have examined the wuse of astaxanthin
nanoemulsions and nanoparticles in the treatment of
chronic diseases. Future research ought to investigate the
protective effects of nano-sized astaxanthin in diseases
driven by inflammation and oxidative stress. For example,
it could play a therapeutic role in the treatment of
hypertension, Parkinson’s disease, metabolic disorders
such as diabetes or obesity, and skin disorders including
psoriasis or atopic dermatitis. In the last decade, the growth
of research on the use of nano-sized astaxanthin in a variety
of disease treatments has created new opportunities to find
possible treatments.
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