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ABSTRACT

Oral administration of astaxanthin (AST), a potent antioxidant, is limited owing to its low solubility, physico-
chemical stability, and bioavailability. This study developed pH-responsive nanocarriers by the electrostatic self-
assembly of 2,2,6,6-tetramethylpiperidine-1-oxyradical (TEMPO)-oxidized cellulose nanofibers (TCNFs) and
chitosan (CS) to enhance the intestinal delivery of AST. The TCNF/CS@AST nanoparticles were optimized
through single-factor experiments and Box-Behnken design, subsequently overcoming the hydrophobicity of AST
and demonstrating improved stability against environmental stressors and controlled release in the intestinal
environment. Transmission electron microscopy confirmed the near-spherical shape of these nanoparticles, with
an average hydrodynamic diameter of 64 nm. TCNF/CS@AST enhanced the antioxidant effectiveness of AST
after digestion and in lipopolysaccharide-stimulated RAW 264.7 cells while demonstrating good cellular
compatibility. These nanoparticles present a promising strategy for the oral delivery of hydrophobic bioactive

compounds orally, with potential applications in precision nutrition.

1. Introduction

Astaxanthin (AST; 3,3-dihydroxy-p-carotene-4,4"-dione) is a fat-
soluble keto-carotenoid with 11 conjugated double bonds at its center.
These active bonds and a polar/nonpolar structure equip AST with a
strong antioxidant ability against intracellular and extracellular free
radicals (Zhao et al., 2019). The antioxidative and anti-inflammatory
properties of AST contribute to its broad spectrum of bioactivities,
making AST a promising alternative to synthetic antioxidants for pre-
venting and managing oxidative stress-related disorders. However, the
high hydrophobicity of AST hampers its intestinal absorption (Boonlao,
Ruktanonchai, & Anal, 2022). Additionally, AST is susceptible to
oxidation and degradation in the harsh conditions of processing and the
gastrointestinal (GI) environment (Liu et al., 2021). The poor solubility
and stability of AST lead to its low bioavailability following

administration, thereby limiting its utilization in functional foods and
the pharmaceutical industry (Martinez-Delgado, Khandual, &
Villanueva-Rodriguez, 2017). To overcome the abovementioned chal-
lenges, various carriers such as lipid-based systems, polymeric nano-
particles, inclusion complexes, micelles, and gels have been developed
for the protected delivery and release of AST (Cai, Gan, Regenstein, &
Luan, 2023). However, while many carriers merely offer basic encap-
sulation, achieving the optimal nanoscale dimensions (<100 nm) and
specific physicochemical attributes can be a complex and costly
endeavor (Li, Lee, & Luo, 2023). Recent advancements in delivery sys-
tems, particularly those incorporating polysaccharide-based poly-
electrolytes with multiple reactive functional groups, have shown
promise in enhancing the solubility, stability, and bioavailability of AST
and AST-containing lipid extracts, thus addressing formulation issues in
food and pharmaceutical contexts (Avazverdi, Mirzadeh, Ehsani, &
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ABSTRACT

The antioxidant and anti-inflammatory properties of astaxanthin (AST) enable it to protect against
oxidative stress-related and inflammatory diseases with a range of biological effects. These activities
provide the potential to develop healthier food products. Therefore, it would be beneficial to
design delivery systems for AST to overcome its low stability, control its release, and/or improve
its bioavailability. This review discusses the basis for AST’s various biological activities and the
factors limiting these activities, including stability, solubility, and bioavailability. It also discusses
the different systems available for the targeted delivery of AST and their applications in enhancing
the biological activity of AST. These include systems that are candidates for preventive and
therapeutic effects, which include nerves, liver, and skin, particularly for possible cancer reduction.
Targeted delivery of AST to specific regions of the gastrointestinal tract, or more selectively to
target tissues and cells, can be achieved using targeted delivery systems to increase the biological

KEYWORDS

astaxanthin; bioavailability;
cancer; controlled release;
targeted delivery systems

activities of AST.

Introduction

Astaxanthin (3,3'-dihydroxy-p-carotene-4,4'-dione, AST) is
a fat-soluble ketone carotenoid with 13 conjugated double
bonds and a molecular formula of C,H,,0,. It consists of
two terminal B-ionone rings joined by a linear polyene chain
and both rings contain two polar functional groups: hydroxyl
groups (-OH) located at the two asymmetric carbons C3
and C3’ and a keto group (=0O) at two carbons C4 and C4'
(Figure 1), which makes it unique among carotenoids
(Stachowiak and Szulc 2021). Depending on the configura-
tion of hydroxyl groups at the asymmetric carbons C3,
different configurational isomers of AST are found naturally:
the enantiomers 3R, 3'R and 3S, 3'S are the most abundant,
and the meso form 3R, 3'S is observed less often (Donoso
et al. 2021). The presence of hydroxyl groups in the rings
allows AST to be esterified to form mono- or di-esters and
esterified AST is more resistant to temperature fluctuations
and photochemical reactions (i.e., photolysis and
photo-oxidation) than free AST (Ambati et al. 2014).

AST is naturally found as different stereoisomers, i.e., in
the free-state and esterified forms. Commercial AST comes
mainly from Haematococcus pluvialis (H. p.), Phaffia yeast,
and chemical synthesis, in addition to extraction from
shrimp, crab, salmon, and other natural sources (Ambati
et al. 2014). Among them, H. p. is considered the best
source of natural AST (J. Sun et al. 2022). The anti-oxidative
and anti-inflammatory potential of AST make it a candidate
for applications in human nutrition and healthcare delivery.

Its potential clinical uses include the prevention and treat-
ment of diseases associated with reactive oxygen species
(ROS). Activities such as anticancer (Chew et al. 1999;
Kurihara et al. 2002; Nishino et al. 1999; X. Zhang et al.
2011), cardioprotective (Monroy-Ruiz et al. 2011; Regnier
et al. 2015), anti-diabetic (Du et al. 2020; Leite et al. 2010;
Ying et al. 2015), hepatoprotective (M. Shen et al. 2014; L.
Wu et al. 2020), immune-modulatory (Park et al. 2010; Yin
et al. 2021) and neuroprotective activities (Fakhri et al. 2019)
have been studied.

However, poor stability and solubility leads to the low
bioavailability of AST, i.e., the efficiency of AST absorption
into the human blood circulation is low, which limits the
application of AST in the functional foods and pharmaceu-
tical industries (Martinez-Delgado, Khandual, and
Villanueva-Rodriguez 2017; Sy et al. 2012). AST also has
an intense odor and flavor that must generally be reduced.
Delivery systems for bioactive compounds are evolving to
solve the formulation challenges induced by low stability,
controlling the active component release and/or improving
nutrient bioavailability (Ubbink and Kruger 2006). Such
targeted delivery systems for AST delivery to specific regions
of the gastrointestinal (GI) tract, or more selectively to target
specific tissues and cells, can be achieved (Martinez-Alvarez,
Calvo, and Gomez-Estaca 2020; Nowak et al. 2019).

The focus of this paper is on systems that can be used
for the targeted delivery of AST and their potential to
enhance the biological activities of AST. The basis of AST’s
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