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Abstract: Carotenoids are natural lipid-soluble pigments that produce yellow to red colors in plants
as well as providing bright coloration in vegetables and fruits. Lutein belongs to the xanthophyll
subgroup of the carotenoid family, which plays an essential role in photosynthesis and photopro-
tection in nature. In the human body, lutein, together with its isomer zeaxanthin and its metabolite
meso-zeaxanthin, accumulates in the macula of the eye retina, which is responsible for central, high-
resolution, and color vision. As a bioactive phytochemical, lutein has essential physiological functions,
providing photoprotection against damaging blue light, along with the neutralization of oxidants
and the preservation of the structural and functional integrity of cellular membranes. As a potent
antioxidant and anti-inflammatory agent, lutein unfortunately has a low bioavailability because of its
lipophilicity and a low stability as a result of its conjugated double bonds. In order to enhance lutein
stability and bioavailability and achieve its controlled delivery to a target, nanoscale delivery systems,
which have great potential for the delivery of bioactive compounds, are starting to be employed. The
current review highlights the advantages and innovations associated with incorporating lutein within
promising nanoscale delivery systems, such as liposomes, nanoemulsions, polymer nanoparticles,
and polymer–lipid hybrid nanoparticles, as well as their unique physiochemical properties.

Keywords: lutein; xanthophylls; antioxidant; anti-inflammatory effect; degenerative diseases; drug
delivery systems; nanoencapsulation

1. Introduction

Phytochemicals are bioactive non-nutrient compounds found in grains, vegetables and
fruits that are often associated with prevention of diverse diseases [1]. Among the more than
thousands of phytochemicals that have been identified, phenolic compounds, alkaloids,
organosulfides and carotenoids are the major phytochemical groups [2]. Producing yellow,
orange, or red colors, the natural lipophilic pigments carotenoids provide a bright coloration
in vegetables and fruits [3,4]. They are classified based on their chemical structure as either
carotenes (hydrocarbon carotenoids) or xanthophylls (oxygen-containing carotenoids) [5,6].
Lutein and its structural isomer zeaxanthin are two major xanthophylls and are also
called oxygenated carotenoids [7,8]. The xanthophylls lutein and zeaxanthin are yellowish-
colored phytochemicals that are selectively concentrated in the macula of the eye retina after
crossing the blood–retina barrier [9,10]. The macular region of the retina is yellow in color
due to the presence of these macular pigments [11,12]. Of the more than 600 carotenoids
present in nature, only lutein and zeaxanthin are situated in the macula lutea—namely, the
‘yellow spot’ [13,14]. Meso-zeaxanthin, known as the third xanthophyll, is a metabolite
of lutein that is formed at the macula via metabolic transformation [15,16]. To protect
the retina against oxidative damage and blue light, in nature, xanthophylls are used as
efficient photoprotectors that can neutralize photosensitizers and reactive oxygen species
(ROS) [17,18]. The macular pigment also protects sensitive photoreceptors from impairment
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induced by sunlight, indoor lighting, and even light emitted from electronic devices [19,20].
This protection helps to sustain healthy vision as well as to reduce the risk of aging- and
inflammation-based eye disorders such as age-related macular degeneration (AMD) [21,22],
diabetic retinopathy [23], and cataracts [24].

As a phytochemical, although lutein delivery seems to be an issue for food science and
technology, the delivery of lutein is now also on the agenda of pharmaceutical technology,
as it is also considered a bioactive ingredient due to its well-known antioxidant and
anti-inflammatory activities [25,26]. Due to lutein’s importance for human health, its
nutraceutical value comes to the forefront. The term nutraceutical, a portmanteau of the
words “nutrition” and “pharmaceutical”, was originally coined by De Felice [27]. The
nutraceuticals can be defined as “the phytocomplex if they derive from a food of vegetal
origin, and as the pool of the secondary metabolites if they derive from a food of animal
origin, concentrated and administered in the more suitable pharmaceutical form” [28].
In this novel concept, the therapeutic value, regulatory framework, efficacy, quality and
safety issues of nutraceuticals have been clarified with the important contributions of many
researchers [29–34]. Lutein has been frequently reviewed and discussed in the literature due
to its therapeutic efficacy in disease prevention [35–38], but lutein delivery via novel drug
delivery systems, especially within nanocarriers, has received limited attention [39,40]. For
this reason, we have put together a review describing the techniques developed to maintain
the stability and increase the effectiveness of lutein via nanoscale delivery systems, starting
with a general introduction to its structure, biological functions, and therapeutic potential.
In this current review, we offer a pharmaceutical perspective and focus on drug delivery
strategies, paying particular attention to the success of nanoparticulate delivery systems.

2. Overview of Lutein
2.1. Structure and Biological Behavior of Lutein

The xanthophylls lutein and zeaxanthin are polyisoprenoids with cyclic structures at
each end of their conjugated polyene chains that are highly reactive, with an electron-rich
arrangement [41,42]. They both consist of elongated double-bond systems that create a
light-absorbing chromophore, which is responsible for xanthophyll’s attractive color and
special features [43]. Lutein and its isomer zeaxanthin structurally differ from each other
in terms of the position of their double bond in only one of their rings [44]. In nature, the
key feature that differentiates xanthophylls from other carotenoids (such as beta-carotene
and lycopene) is their characteristic hydroxyl groups [45]. Lutein and zeaxanthin, unlike
hydrocarbon carotenoids, have two hydroxyl groups, one at each end of the molecule,
which are thought to play a crucial role in their biochemical functions and enable them to
orient themselves inside cell membranes in a way that other carotenoids cannot [46,47].
Across the membrane, lutein and zeaxanthin orient their polar and nonpolar regions to
align with the respective polar (protein) and non-polar (lipid) regions of phospholipid
bilayers [48]. It has been proposed that xanthophylls’ unique intra-membrane orientation
serves as “molecular rivets” that enhance the cell membrane’s intrinsic robustness while
decreasing the vulnerability of membrane lipids to oxidation [49]. It has also been sug-
gested that xanthophylls have more ability to resist autoxidation than other lipid-soluble
carotenoids [50]. This physicochemical stability within the cell membrane improves their
protective effects in various tissues [51]. The selective buildup of xanthophylls in the retina
and neural tissues has been attributed to these distinctive traits, which have been identified
throughout evolution [52]. Figure 1 shows the structure of lutein.

Currently, there is no recommended daily intake (RDI) or recommended dietary
allowance (RDA) for lutein, but nutritionists advise consuming at least 6 mg of lutein per
day for eye health. Especially for some population groups, a daily consumption dose of up
to 10 mg of lutein is recommended for the treatment of AMD [53]. As lutein is naturally
biosynthesized in plants and cannot be synthesized by human body, the primary source
of lutein intake is through our diet or dietary supplements [54]. Dark green vegetables,
including kale, spinach, parsley, broccoli, and turnip greens, are particularly rich in lutein.
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It also naturally occurs in yellow–orange foods such as corn and egg yolk [16,55]. The
lutein molecule’s flexible and lipophilic nature boosts its affinity to lipid transporters,
enhancing its absorption in the intestine [46,47]. It is thought that both simple diffusion
and facilitated transport are involved in the absorption of lutein, and cholesterol membrane
transporters such as scavenger receptor class B type 1 (SR-B1) play a significant role in
this process. It is widely hypothesized that lutein follows the same absorption route as
other lipids [56,57]. In the stomach, lutein is emulsified into tiny oil drops or globules and
afterwards is incorporated into mixed micelles in the aqueous digestion fluid through the
help of bile salts together with phospholipids. These micelles, promoting lutein accessibility
during digestion by facilitating solubilization, are subsequently taken up by enterocytes
via SR-BI. Following the passage through the intestinal epithelium, lutein is packed into
chylomicrons and transported to various lipophilic tissues via lipoproteins through blood
circulation. It then accumulates in adipose tissue, the liver, the brain, and particularly the
eyes [37,58].
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Figure 1. Structure of lutein.

2.2. Therapeutic Potential of Lutein

Owing to lutein mainly being delivered to the retina, most studies have focused on
its curative and protective effects on the eye [58,59]. Considerable research has been un-
dertaken on the preventative effects of lutein on eye-related diseases, especially AMD
and cataracts [60–65]. Given that lutein has potent antioxidant with anti-inflammatory
properties, its undeniable efficacy against degenerative diseases has received great at-
tention [66,67]. In the last few decades, a considerable number of studies have been
conducted aiming to understand the effects of lutein on age-related and inflammation-
induced diseases such as cancer [68–77], neurodegenerative disorders [78–85], cardiovas-
cular diseases [86–91], and obesity [92–96]. In order to produce new knowledge on the
benefits of lutein, its cytoprotective and disease prevention effects have been evaluated by
extensive research focusing, in particular, on its mechanisms of action [97–102].

As is widely known, ROS are the pivotal molecules responsible for the harmful effects
of oxidative stress, and free-radical-induced oxidative stress activates inflammatory media-
tors, leading to the development of many metabolic and degenerative diseases [103,104].
As a potent antioxidant, lutein quenches singlet oxygen and scavenges free radicals [22,105].
It reduces ROS production [106,107] as well as suppressing the expression of inducible
nitric oxide synthase (iNOS) [108] and cyclooxygenase-2 (COX-2) [109]. In many stud-
ies, it has been revealed that lutein can modulate the inflammatory signaling pathways
by the regulation of various molecular mechanisms that play a role in the inflammation
process [67]. It suppresses the activation of pro-inflammatory cytokines such as tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) [110,111]. Lutein
also inhibits the activation of important cell-signaling pathways such as the transcription
factor nuclear factor-kappaB (NF-κB), which modulates anti-inflammation and antioxidant
defense [112–114]. Furthermore, it promotes the activation of nuclear factor erythroid
2-related factor2 (Nrf2), which is a regulator of cellular resistance to oxidants [83,115,116].
In addition, it enhances the expression of enzymatic antioxidants such as glutathione-S-
transferase (GST), glutathione peroxidase (GPx), and catalase (CAT) together with the
non-enzymatic antioxidant glutathione (GSH) [107,110]. By one or more of these mech-
anisms, it is quite possible that lutein may regulate immunological pathways, modulate
inflammatory reactions, and alleviate oxidative damage. However, further research is
required to confirm its main underlying molecular mechanisms of action.



Pharmaceutics 2022, 14, 1852 4 of 20

3. Nanoscale Delivery Systems of Lutein

Despite the therapeutic potential resulting from its diverse physiological activities, the
effective delivery of lutein is difficult because of problems associated with its absorption
and stability [67,117]. In order to overcome these limitations, researchers have examined
several techniques used for maintaining the stability of lutein while enhancing its sol-
ubility and bioavailability [118]. In recent decades, nanotechnological applications on
pharmaceuticals have been intensively studied. Just as with nanopharmaceuticals, nan-
otechnology has begun to be applied for superior delivery of nutraceuticals, thus a new
class of nanomaterials, the nanonutraceuticals, has emerged [119–121]. Over the past
few years, outstanding improvements have been made in the development of novel drug
delivery systems for the encapsulation of bioactive ingredients [122]. For optimizing the
delivery of lutein by enhancing its efficacy and stability, many vesicular and particulate
drug carriers such as micelles, nanoemulsions, liposomes, and lipid- and polymer-based
nanoparticles have been developed [123]. These delivery systems are prepared by em-
ploying various preparation techniques and characterized by features such as particle
size, surface charge, encapsulation efficiency, and production yield. Some of these traits
also govern their in vivo behavior [121]. Moreover, each delivery system possesses its
own advantages and shortcomings. The efficacy of a delivery system is characterized
by its biocompatibility, biodegradability, processability, loading capacity, and targeting
ability [124]. Studies describing the success of lutein-loaded drug delivery systems are
presented and reviewed below. Figure 2 provides a schematic representation of nanoscale
delivery systems used for lutein.
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Figure 2. Schematic representation of nanoscale delivery systems for lutein.

3.1. Liposomes

Liposomes are vesicular structures composed of one or more lipid bilayers enclosing
aqueous compartments in colloidal form [125]. They are generally 0.05–5.0 µm in diameter
and take shape spontaneously when specific phospholipids are hydrated in aqueous media.
They have the ability to carry water-soluble or non-soluble molecules due to the hydrophilic
and hydrophobic regions they contain [126]. Hydrophilic compounds can be entrapped in
the aqueous center of the liposomes, while hydrophobic compounds have more affinity for
the lipophilic chains of the phospholipids that constitute the bilayers of the liposome [127].
Liposomes, acting as drug carriers, possess many advantages, such as a high drug loading
capacity, spontaneous forming ability, and biocompatibility, along with a wide variety of
physicochemical features that can be modified to control their biological attributes. With
all these features, liposomes have emerged as effective carrier systems for the delivery
of herbal constituents by improving their therapeutic efficiency and removing some of
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their limitations [128]. Entrapment within liposomal systems is able to conserve lutein
effectively from early degradation and deactivation; thus, various liposome formulations
have been developed and characterized with regard to their application in efficient lutein
delivery [129].

In a series of studies that started with lutein encapsulation and continued with four
kinds of carotenoids (lutein, β-carotene, lycopene, and canthaxanthin), a novel type of
liposome system composed of mixed lipids including egg yolk, phosphatidylcholine, and
non-ionic surfactant (Tween 80) was examined. The stability of carotenoids against the
environmental challenges encountered during preparation, storage, heating, and surfactant
dissolution was shown to be enhanced by liposome encapsulation. Additionally, it was
shown that liposomes and carotenoids have a protective synergistic effect that is highly de-
pendent on the molecular composition and concentration of the carotenoids. For example,
it has been stated that carotenoids such as lutein that include oxygen-containing groups in
their structure might be able to drastically alter the dynamics and organization of mem-
branes [130–133]. It was also demonstrated that lutein encapsulation, particularly at higher
concentrations, altered the liposome bilayer membrane’s physical characteristics, such
as its phase transition temperature, lipid fluidity, polarity, and hydrophobicity [130,134].
Additionally, it was noted that the increasing concentration of encapsulated carotenoids
most probably induced the outset of lipid pro-oxidation; thus, concentration should be
optimized when producing liposomal systems containing carotenoids. Among carotenoids,
lutein was reported to have the strongest antioxidant activity [134], the strongest ability
to be incorporated into liposomes, and thus the highest loading capacity [132]. Likewise,
lutein’s bioaccessibility was found to be strongly dependent on its ability to be incorporated
into the lipid bilayer of liposomes [133].

For the lutein-loaded liposome systems produced by the supercritical carbon dioxide
(SC-CO2) process, in one study, the supercritical anti-solvent (SAS) technique was used to
create proliposomes including lutein and hydrogenated phosphatidylcholine. When pro-
liposomes were hydrated, the lutein-loaded liposome dispersions formed spontaneously.
The results indicated that lutein-loaded liposomes could be created easily by hydrating
proliposomes with an average diameter of 200 nm and an encapsulation efficiency of 90.0%.
It was demonstrated in this study that SAS technology could be utilized for manufacturing
lutein proliposomes successfully [135]. In another study in which lutein-loaded liposomes
were prepared by utilizing the SC-CO2 process, the lutein–lipid ratio was shown to have
a serious impact on the size distribution and encapsulation efficiency, as well as on the
morphology of the carriers. The use of the SC-CO2 method resulted in liposomes with
superior characteristics, which were highly correlated with CO2 dispersion during the pro-
cedure. Due to the phospholipids and lutein being rearranged during the depressurization
phase, it was shown that the encapsulation efficiency and placement of lutein within the
phospholipid membrane were strongly reliant on the pressure used during their production.
In this study, the mean dimensions of liposomes ranged between 148 nm and 195 nm, while
the encapsulation efficiencies ranged between 57% and 97.8%. The researchers stated that
this novel method offered great promise for use in loading a wide range of bioactives in
liposomes and, especially, in scaling up production, instead of conventional methods [136].
In one of the latest studies on the SC-CO2 concept, the SuperLip technique, which promises
a very high encapsulation efficiency, a low solvent residue, and a long-term stability of
liposomes, was used by Trucillo et al. The liposomes developed in this study had mean
diameters between 137 and 267 nm, and the encapsulation efficiency of lutein was as high
as 98%. The researchers found that raising the production temperature boosted the drug
release and hence reduced the release time, which was a predicted finding. It was shown
in the study that by adjusting the manufacturing temperature as desired, the release of
lutein could be controlled. As a consequence, it was stated that the manufacturing of these
types of temperature-responsive liposomes utilizing high-pressure continuous manufac-
turing techniques may open up new avenues for understanding temperature-responsive
vesicles [137].
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On the other hand, it was shown that the physical stability of lutein-bearing lipo-
somes could be enhanced by coating them with various biocompounds. In an earlier
study, liposomes were coated using chitosan, a cationic biopolymer, and carotenoid-loaded
nanoliposomes—namely, chitosomes—were obtained with particle sizes of 70–100 nm. It
was shown that these could effectively bind to the liposomal surface, preventing lipid
molecules from moving freely and maintaining the liposomes’ spherical form. The stability
of lutein-loaded liposomes under a range of temperatures, gastrointestinal conditions,
and levels of sedimentation during centrifugation was found to be directly increased by
the hardening effects provided by chitosan. Additionally, the thin chitosan-coated layer
favored the carotenoid encapsulation efficiency and maintained the monodispersion of the
liposomes. Furthermore, it was explained that the carotenoids are retained in liposomes
to different degrees depending on their molecular structure, with lutein and β-carotene
being more effectively sheltered than canthaxanthin and lycopene [138]. In a later study, a
cationic polypeptide, poly-L-lysine (PLL), was also utilized for modifying and protecting
lutein-loaded liposomes. PLL-decorated nanoliposomes increased not only the stability,
but also the release and bioactivity of lutein. The particle size of PLL-coated lutein nano-
liposomes was determined to be between 264 and 367 nm, and the prepared structures
were shown to be able to protect lutein effectively from gastrointestinal fluid conditions
and degradation. Likewise, it was observed that the PLL-coated nanoliposomes increased
the antioxidant and antiproliferative activity of lutein. In addition, compared to uncoated
lutein nanoliposomes (68%) and free lutein (84%), the PLL-coated lutein nanoliposomes
(60%) were shown to significantly increase the inhibitory activity against Caco-2 colon
cancer cells. This was possibly because the PLL coating augmented the permeability of
the cell membrane, thereby increasing the cellular absorption. It was stated in the study
that the PLL-coated lutein-loaded nanoliposomes could be used as a promising system for
increasing the bioavailability and efficient transport of lutein [139].

3.2. Emulsion-Based Systems

As mentioned in the introduction, lutein has lipophilic characteristics and a very
low water solubility, limiting its direct inclusion in water-based compounds. As lutein’s
chemical structure is unstable in acidic environments and very vulnerable to oxidative
deterioration in the presence of light or heat, this kind of external factor can cause its easy
degradation and reduce its bioactivity [33]. Due to its low stability in the gastrointesti-
nal tract in the presence of the food matrix, digestive enzymes, and the strongly acidic
environment, only a small proportion of lutein is absorbed, resulting in its low bioavail-
ability [140]. For this reason, one of the effective formulation approaches which have
been developed to encapsulate, protect, and deliver lutein efficiently is emulsion-based
systems [141]. Emulsion-based delivery systems can be successfully prepared using oil
phases, surfactants, and co-surfactants, and these systems have been extensively studied in
pharmaceutical research with regard to their ability to encapsulate lipophilic drugs and
enhance their bioavailability in the body [142–144].

In an earlier study, which was also the sole human clinical study investigating the
nanodelivery of lutein, a lutein-loaded oil-in-water (O/W) emulsion system was prepared
and converted into a nanoemulsion using the Microfluidizer® Processor and compared
with lutein supplement pills with regard to its bioavailability. A lutein nanoemulsion
presenting 150 nm droplets on average showed a considerably greater bioavailability
even at 10–40% lower doses than the lutein supplement, evidencing that nanoemulsion
systems could improve the bioavailability of lutein even at physiological doses. After oral
medicament, the bioavailability of lutein was found to be 62% higher than that obtained
after the supplements were given, emphasizing that nanoemulsions could be utilized for
the effective oral administration of lutein [145].

In another study, an oil-in-water (O/W) emulsion was prepared as a lutein carrier
system using the ultrasonication method. In a study in which the emulsifier selection was
investigated with regard to effective emulsion formation, six different emulsifier compo-
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sitions (Tween 20, Tween 20/lecithin, Biozate 1, Biozate 1/lecithin, β-lactoglobulin, and
β-lactoglobulin/lecithin) were evaluated. The effects of the emulsifier used were investi-
gated in terms of the droplet size and resistance of the nanoemulsion system, the stability
of lutein, and the uptake of lutein within human colon carcinoma cells (HT29). Due to
their small globule size and high endurance to creaming, which are both signs of physical
stability, it was revealed that the emulsions formed of biozate-1 and β-lactoglobulin in com-
bination with lecithin individually demonstrated the most favorable results. Additionally,
the formulation produced by these emulsifiers protected lutein from oxidation. All the
results indicated that the type of emulsifier used strongly affected the cellular uptake, and
the highest uptake was obtained with the use of a Biozate 1 and lecithin combination as an
emulsifier system, which led to smaller droplets [146].

In order to investigate the bioavailability as well as the effects of lutein nanoemulsion
on metabolic parameters in the plasma, liver, and adipose tissue, a hepatic steatosis model
based on guinea pigs was created. In this study, an oil-in-water lutein nanoemulsion with
an average droplet size of 254.2 nm was prepared using lutein powder, medium-chain
triglyceride, d-a-tocopheryl polyethylene glycol succinate, and water. As compared to
lutein powder, the lutein nanoemulsion increased the level of lutein in the liver and plasma
by 1.6- and 2-fold, respectively. The results displayed a 55% reduction in oxidative stress in
the lutein emulsion treatment group (3.5 mg/day) when compared to the control group
after a six-week period (p < 0.05). In the lutein nanoemulsion treatment group, the hepatic
steatosis score, hepatic triglycerides, and IL-6 levels were found to be significantly lowered.
On the other hand, a small increase in the levels of plasma triglycerides, high-density
lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol was observed,
and the effects of the emulsion on the plasma lipids profile were attributed to the presence
of a large number of medium-chain triglycerides in the formulation. It was indicated in
this study that lutein nanoemulsion has protective effects on hepatic steatosis, despite it
having several negative effects on cholesterol levels [147].

As local drug delivery vehicles, nanoemulsion (NE) systems serve as promising tools
for ophthalmic application because of their ability to better wet, spread, and penetrate the
inner layers of ocular tissues, as well as having sustained release ability [148,149]. Regarding
ophthalmic lutein delivery, in one study, an NE system consisted of triacetin, isopropyl
myristate, ethyl alcohol, and Tween 80 was prepared via spontaneous emulsification to
increase the permeability and solubility of lutein. Physically transparent NEs with a particle
size of ~10–12 nm with a narrow size distribution were selected as optimized formulations
and neither particle size alteration nor phase separation was observed in these formulations
for one week. The lutein-loaded NEs displayed a significant improvement in achieving the
sustained release of lutein. It was stated in the study that the lutein-loaded NE formulation
was capable of increasing the solubility, ocular retention, and permeability of lutein and
showed promise as an ocular delivery system [150]. In another study, for the treatment
of AMD, a lutein-loaded NE formulation was prepared and thereafter modified with
stearyl-penetratin (NE-P) to achieve enhanced penetration to the posterior segment of the
ocular region and improved distribution in the retina. Moreover, the nanosystem was
reformulated as an ion-responsive in situ gelling system (NE-P GEL) in order to further
increase the retention time on the cornea and analyzed with the fluorescence method to
determine its length of retention in the eye. When compared to NE-P, the gel formulation
displayed an immediate gelling tendency on the surface of the corneas of rats and facilitated
drug delivery to the inner segments of the eye via prolonging the residence time of lutein
in the ocular structure. Moreover, the effect of stearyl penetratin on permeability was
evaluated through cellular uptake studies and intraocular distribution experiments. A
rodent dry AMD model was used in one study to mimic the histopathology of retinal
degeneration. The therapeutic efficacy was assessed by electroretinography (ERG) as well
as by the level of ROS and the number of apoptotic cells in the eye. The results showed
that NE-P was highly uptaken as compared to NE without penetratin, while the ROS levels
and the apoptosis rate of the cells in the retina were significantly decreased. In efficacy
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experiments, the structure of the retina was also shown to be significantly improved without
any toxicity; thus, it was revealed that a lutein-loaded NE-P in situ gelling system was a
promising and non-invasive route for the treatment of AMD [151].

3.3. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLNs) are nanosized colloidal carriers composed of lipids
that are solid at room temperature and stabilized by emulsifiers in their aqueous phase [152].
Nanostructured lipid carriers (NLCs), considered to be the second generation of lipid
carriers, combine liquid and solid lipids in their lipid matrix [153]. The combination of
lipids lowers the melting point of the mixture because more disordered solid matrices are
formed; this increases the loading capacity, minimizes the drug leakage during storage, and
also leads to the drug being released in a more controlled manner. SLNs and NLCs may be
produced reproducibly without toxic organic solvents using high-pressure homogenization
or high-speed mixing techniques [154]. When compared to other particulate systems, they
also have a number of advantages, including the biocompatibility and biodegradability of
the materials, their low potential for toxicity, their improved physical stability, the ease of
large-scale production, their ability to increase drug solubility, and their better control of
drug release.

In a relatively early study, owing to its inadequate solubility, lutein was incorporated
into lipid carriers for the purpose of dermal delivery. Lutein-loaded SLN, NLC, and
nanoemulsion formulations were prepared using a high-pressure homogenization method.
The mean size of the particles was between 150 and 350 nm, and this was reduced as the
carriers’ lipid concentration increased. The smaller particle size of NLCs produced with
higher liquid lipid levels was attributed to a reduction in the viscosity of the lipid matrix.
The lipid NPs were found to be effective in protecting lutein against UV degradation.
It was reported in this study that, after UV irradiation, only 0.06% lutein degradation
was observed in SLN formulations and 6–8% in NLC ones, compared to the 50% lutein
degradation found for powder dispersed in corn oil. The ability of SLNs to augment
the stability of lutein, which is mainly localized in the particles’ core, was assumed to be
responsible for this protective effect. Permeation trials conducted using fresh pig ear skin
demonstrated that lutein was effectively kept in the skin and was not absorbed systemically,
as would be expected from an ideal dermal formulation. Considering the size, release,
and permeability results obtained as well as the chemical preservation of lutein before its
absorption into the skin, researchers stated that, for lutein delivery, lipid NPs are promising
dermal nano-vehicles [155].

In order to investigate the topical application of lutein for ocular delivery, Shah
et al. successfully prepared lutein-loaded SLNs via hot homogenization and cold dilution
techniques by using Gelucire® 44/14. The improved formulation was optimized with
an average particle size of 79.70 nm, and was able to maintain the drug release for 8 h
in a medium imitating tear fluid. It was stated that, because lutein was highly soluble
in Gelucire® 44/14, an increase in the amount of this lipid in the formulation resulted
in increased lutein entrapment. Additionally, as the amount of Gelucire® increased, the
mean particle size decreased, thereby increasing the effective surface area and the drug
release rate. Ex vivo investigation revealed that the corneal hydration was 78.35%; hence,
it was concluded that the optimized formulation had not caused any damage to the
cornea [156]. In another research study by Tan et al. aiming to improve the stability
and corneal permeability, lutein-loaded SLN formulations were developed utilizing an
ultrasonic-assisted emulsion evaporation-low temperature curing technique and optimized
via response surface methodology (RSM). In an optimized formulation prepared using
glyceryl monostearate, lecithin, and poloxamer-188, the encapsulation efficiency was found
to be 94.43%, and the average particle size was determined to be 118.50 nm. In particularly,
the stability of the lutein loaded in SLNs against oxygen, light, and heat was enhanced by
3.21 times, 3.41 times, and 4.42 times, respectively, in comparison with free lutein. Release
studies showed that lutein was released from SLNs in a sustained manner, and permeation
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studies revealed that lutein SLNs had an apparent permeability coefficient (Papp) 1.52 times
higher than that of free lutein. It was noted in the study that, as an effective ophthalmic
drug delivery system for lutein, SLNs could enhance the trans-corneal flux and ameliorate
the stability of lutein [157].

Lacatusa et al. investigated the contribution of fish oil enriched with omega-3 fatty
acids to producing stabilized NLCs with improved properties as efficient oral delivery
systems for lutein. The mean particle size of the prepared NLC formulations was be-
low 200 nm, and their entrapment efficiency was found to be 88.5%. According to the
study, lutein-loaded NLCs made an important contribution to in vitro antioxidant activity,
scavenging up to 98% of ROS. In this comparative research, NLC formulations outper-
formed traditional nanoemulsion formulations in terms of their in vitro sustained lutein
release [158].

In another study focusing on the evaluation of the ocular delivery efficacy of lutein, the
effects of NLCs and cyclodextrin (CD)-combined NLCs on corneal lutein accumulation were
investigated by quantifying partition coefficients in the porcine cornea. CD-combined lipid
NPs had drug loading efficiencies of up to 68% and also showed lower levels of cytotoxicity
in bovine cornea cells. Furthermore, 2% CD-combined NLCs enhanced lutein accumulation
up to a level of 209.2 ± 18 (µg/g), which was 4.9-fold higher than that of lipid NPs. It
was stated in this study that the enhanced accumulation of lutein in the cornea was due
to the permeation enhancement and nano-scaled properties of HPβCD-combined NLCs.
Additionally, the CD-combined NLCs enhanced the stability and entrapment efficacy of
lutein. Moreover, by raising the lutein payload in lipid NPs, the corneal lutein accumulation
was also improved [159].

3.4. Polymer-Based Nanoparticles

Polymeric NPs are sub-micron colloidal particles that contain bioactive ingredients
encapsulated in or conjugated to synthetic or natural polymeric macromolecular struc-
tures [160]. The bioavailability of active ingredients, especially lipophilic ones, with poor
biopharmaceutical properties is known to be considerably improved by polymeric nanopar-
ticles. Moreover, polymer-based nanocarriers possess advantages such as improved bio-
compatibility, enhanced stability, sustained, release and improved efficacy [161,162].

In investigations on polymeric NPs, the use of chitosan as a cationic natural biopoly-
mer has received considerable attention in the food and pharmaceutical areas owing to its
special qualities, including excellent biocompatibility, biodegradability, and safety [163].
Additionally, chitosan is preferably used in oral drug delivery systems alone or in combina-
tion with other polymers because it has the potential to increase absorption through the
intestinal epithelial cell membrane due to its mucoadhesive and permeability-improving
characteristics [164,165]. Regarding lutein-loaded chitosan NPs, in one study, water-soluble
chitosan and poly-γ-glutamic acid-based NPs with a size of around 200 nm were shown
to significantly enhance the solubility of encapsulated lutein as compared to the non-
encapsulated form by a considerable amount [166]. In another study, lutein was entrapped
in NPs developed by complexation between positively charged chitosan and negatively
charged dextran sulphate in order to improve the sustained release to the ocular surface. In
chitosan-dextran sulfate NPs with a mean size of ~400 nm, lutein’s entrapment efficiency
was shown to be between 60% and 76%. These mucoadhesive NPs were demonstrated to
increase the chemical stability and improve the ocular delivery of lutein [167]. On the other
hand, in an in vivo study, lutein was encapsulated in water-soluble low-molecular-weight
chitosan (LMWC) NPs. The oral bioavailability of this formulation, which was intended to
be increased, was investigated in comparison with that of lutein-loaded mixed micelles. It
was stated that micellar lutein was used as the control group in both in vitro and in vivo
tests because lutein is incorporated into mixed micelles during the digestive process before
being absorbed. The particle size of the nanocapsules ranged between 80 and 600 nm and
lutein in the LMWC nanocapsules had a significantly higher (27.7%) bioavailability than the
control. The particle size of NPs ranged between 80 and 600 nm and lutein in the LMWC
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NPs displayed a considerably higher (27.7%) bioavailability than micellar lutein. Moreover,
the postprandial lutein levels in the liver (53.9%), plasma (54.5%), and eyes (62.8%) of mice
fed nanoencapsulated lutein were found to be better than that of the control group. It was
concluded that LMWC showed good potential as a delivery vehicle for improving the
bioavailability of lutein in food and pharmaceutical applications [168].

Among diverse synthetic biodegradable polymers, poly(lactic-co-glycolic-acid) (PLGA)
has been broadly studied due to its biocompatibility, stability in the digestive tract, and
ability to provide sustained drug release [169,170]. In order to evaluate the ability of PLGA
NPs to enhance lutein delivery, their bioavailability was assessed using an in vivo rat
model. It is indicated in this study that, compared to free and micellized lutein, PLGA NPs
improve the pharmacokinetics (Cmax and AUC) of lutein in the plasma and promote lutein
accumulation in the mesenteric adipose tissue and spleen. Lutein uptake and release were
also studied in intestinal Caco-2 cells; however, contrasting results were found compared
to the in vivo study. Thus, it was suggested that the bioavailability of nanodelivered lutein
could be improved more when combined with micelle components or fats in addition
to PLGA NPs [171]. Other researchers have prepared PLGA nanoparticle formulations
combined with polyethylene glycol (PEG) in order to improve the solubility, bioavailability,
and antiproliferative properties of lutein. Their results suggested that the average particle
size was about 200 nm and that the smaller size of nanocapsules would result in an overall
larger surface area, which, in turn, would help to improve the aqueous solubility, intestinal
permeability, and bioavailability of lutein. In an in vivo study, the postprandial plasma
kinetics of an oral dose of lutein from nanocapsules was found to be higher compared
to that of micellized lutein (control). Additionally, the anticancer activity of lutein from
nanocapsules was investigated in human hepatocyte carcinoma (Hep G2) cells, and its
antiproliferative effect was found to be higher than that of free lutein. Furthermore, the
potential of PLGA-PEG nanocarriers to improve the bioavailability and antiproliferative
properties of lutein was demonstrated in this study [172].

Besides the NPs summarized above, new-generation lutein-loaded NPs decorated
with targeting agents have been introduced in the literature in recent years. In targeting
strategies, the agent, which is predicted to be identified by the transporter proteins on
the target cell membrane, is conjugated to a nanoparticle. The targeting-agent-decorated
nanoparticles are then translocated at a higher level across the cell membrane, improving
the drug’s permeability. Because the retinal epithelium possesses the transport system
that uptakes biotin selectively, biotin-conjugated lutein-loaded PLGA-PEG NPs were pre-
pared in order to increase the amount of lutein taken up by retinal cells. The successful
encapsulation of lutein into PLGA and PLGA–PEG–biotin NPs with a homogeneous size
distribution, below 250 nm, was achieved. The lutein entrapment efficiency was nearly
75% for PLGA–PEG–biotin NPs, which was higher than that of PLGA NPs (56%). It was
confirmed in cellular uptake studies on human retinal pigment epithelial (ARPE-19) cells
that a higher uptake of lutein could be achieved with PLGA–PEG–biotin NPs in comparison
with PLGA NPs and lutein alone. Thus, it was suggested that PLGA–PEG–biotin polymeric
NPs could be used as a potential delivery system for the treatment of AMD in order to
achieve a higher uptake of lutein in retinal cells [173]. Furthermore, the same research group
prepared lutein-loaded folate-decorated PLGA-PEG NPs and evaluated their uptake in the
SK-N-BE(2) neuroblastoma cell line. As is widely known, the brain and blood–brain barrier
express folate receptors, which can be used to actively target medications for neurological
diseases such as brain cancer and hypoxic–ischemic encephalopathy (HIE). According to
the results of this study, the average size of the stable lutein-loaded PLGA–PEG–FOLATE
NPs was 188.0 nm and their lutein entrapment efficiency was 73%. It was shown in cellular
uptake studies that lutein-loaded NPs were taken up by cells 1.6 and 2 times more than
lutein alone and PLGA NPs, respectively. Additionally, it was confirmed that lutein-loaded
PLGA–PEG–FOLATE NPs were taken up via folate-receptor-mediated endocytosis into
neuroblastoma cells. Thus, it was noted that PLGA–PEG–FOLATE NPs could represent a
novel therapeutic strategy for the delivery of lutein into brain tissues [174].
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On the other hand, effective studies have been carried out on functionalizing lutein-
loaded PLGA NPs by coating them with other biopolymers. For the treatment of AMD, in
order to improve lutein delivery to ocular tissues by the intravitreal route of administration,
hyaluronic acid (HA)-coated PLGA NPs were fabricated via a solvent displacement method.
Suitably sized NPs with increased entrapment efficiency due to HA coating showed a
biphasic release profile with an initial burst release of lutein followed by a constant rate of
release. Since retinal pigment epithelial cells (ARPE-19) express CD44, which is a major
HA receptor on the cell surface, the surface of lutein NPs was coated with HA to enhance
the cellular binding of lutein NPs to CD44 on ARPE-19 cells. Additionally, HA provided a
negative charge, hydrophilicity, and steric hindrance for stabilizing lutein NPs, as desired.
Stability studies carried out at temperatures of 4 ◦C, 30 ◦C, and 40 ◦C revealed that lutein
NPs should be stored at 4 ◦C to prevent physicochemical degradation. It was concluded in
this study that HA-coated PLGA NPs can be used as an ocular lutein delivery system to
provide sustained release and prolong the availability of lutein in the vitreous humor by
efficiently binding to ARPE-19 cells [175]. In a recent comprehensive study, it was reported
that the delivery of lutein NPs to the brain could be realized through the nasal route. PLGA
NPs were designed for the intranasal delivery of lutein using the nanoprecipitation method
and by coating them with chitosan in order to reduce oxidative stress in patients with
Alzheimer’s Disease (AD). The spherical NPs, which were uniformly coated with cationic
chitosan via electrostatic interaction over the PLGA core, displayed a mean particle size of
below 150 nm and a lutein entrapment efficiency of more than 80%. The optimized NPs
were extensively investigated by in vitro cytotoxicity, cellular uptake, as well as blood–
brain–barrier (BBB) permeation studies. By conjugating fluorescein isothiocyanate (FITC) to
the surface of NPs, the in vivo biodistribution of NPs was investigated and their excellent
permeation capacity through the nasal mucosal membrane was discovered. It was revealed
in cellular uptake studies that caveolae-mediated endocytosis increased the internalization
of NPs. Moreover, it was shown in a co-culture model of BBB that the efficient passage of
NPs was obtained across the BBB. The considerable ROS scavenging ability of NPs was
shown using an antioxidant assay, while the safety of NPs was confirmed by an in vivo
toxicity study. Furthermore, NPs were found to be highly deposited in the brain in a study
of their in vivo bio-distribution after application via the intranasal route. Therefore, lutein-
loaded chitosan-coated PLGA NPs exhibited excellent potential to be used as nanocarrier
systems that could be targeted to the brain for the treatment of AD [176].

3.5. Polymer/Lipid-Based Nanoparticles

Researchers have suggested that understanding the mechanisms of intestinal uptake
of lutein is critical in order to improve the efficiency of lutein carriers [177]. It is worth
repeating that, due to its lipophilic nature, lutein is dispersed in dietary oils and included
in mixed micelles for intestinal absorption, as the oil drops work as a delivery vehicle and
facilitate the solubilization of lutein, making it accessible during digestion [178]. Polymer-
and lipid-based delivery systems are two prevalent drug carrier systems with their own
advantages and disadvantages. Regarding lutein delivery, the polymer ensures the stability
of the encapsulated lutein by protecting it against extreme pH conditions and other dietary
elements that can interfere with lutein absorption. On the other hand, the lipid moiety,
acting as an emulsifier, improves the solubility, encapsulation efficiency, and bioavailability
of lutein [179]. Based on this approach, polymer–lipid hybrid systems have received
considerable attention as state-of-art nanocarriers for lutein delivery [180].

In this regard, in order to obtain hybrid system benefits, phospholecithin (PL), as
a phospholipid, was included in a lutein–PLGA nanoformulation. The average particle
size of PLGA–PL NPs was approximately 140 nm, and the in vitro lutein release exhibited
an initial burst followed by sustained lutein release up to 86%. It was observed that
the in vitro bioaccessibility of nano-entrapped lutein was 62.7% higher than that of free
lutein. In an in vivo oral pharmacokinetic study conducted in mice, the AUC of lutein after
the application of a single oral dose of lutein–PLGA–PL NPs showed 3.91-fold (plasma),
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2.89-fold (liver), and 3.12-fold (eyes) higher levels of absorption than micellized lutein,
which was used as a control group. Additionally, the cellular uptake and anti-proliferative
activity were studied in Hep G2 cells, where the lutein–PLGA–PL NPs displayed more
effective anti-tumor efficacy. The higher cellular uptake of lutein from PLGA–PL NPs was
attributed to the presence of PL in the formulation, as this helps in improving the absorption
of lutein. The higher anti-proliferative activity found was attributed to the higher lutein
uptake, prolonged activity, and stability of lutein within the nanoparticles. It was also
proposed in this study that the inclusion of PL in the carrier system provided an advantage
even in the presence of health complications causing an inadequate secretion of bile. It
was concluded by the researchers that PLGA–PL hybrid nanoparticles could be used as an
efficient delivery system, combining the advantages of polymer and lipid nanocarriers to
achieve the improved solubility, stability, bioavailability, and anti-proliferative activity of
lutein [181].

Natural polymers have also been investigated with regard to the preparation of
polymer–lipid hybrid systems in order to improve the solubility, stability, and bioavailabil-
ity of lutein. In one study, chitosan–sodium alginate-based NPs were fabricated via the
ionotropic gelation method, and oleic acid was incorporated into the system. Lutein-loaded
chitosan–sodium alginate–oleic acid hybrid NPs had sizes within the range of 40–160 nm to-
gether with the desired zeta potential. The hybrid NPs ensured a 1000-fold higher aqueous
solubility together with an in vitro sustained release of lutein. Moreover, the hybrid NPs
displayed negligible cytotoxicity against Caco-2 cells and a significantly higher intracellular
transport (40%) of lutein into the Caco-2 monolayers. In the meantime, lutein from hybrid
NPs exhibited a 128.3% improved oral bioavailability compared to micellar lutein in an
in vivo pharmacokinetic study conducted on rats using a single dose via oral gavage. The
excellent results achieved were attributed to the nano-size, positive surface charge, and
lipid moiety of hybrid NPs, which contributed to the stability, solubility, and intestinal
permeability and bioavailability of lutein. Thus, it was suggested that a chitosan–sodium
alginate–oleic acid delivery system could be an efficient therapeutic tool to ameliorate the
effects of degenerative diseases such as AMD and retinopathy [182].

In another study, Shwetha et al. focused on improving the oral delivery of lutein and
prepared lutein-loaded chitosan hybrid NPs with the inclusion of phosphatidylcholine
(PC). With regard to hybrid NPs, the contribution of PC comprising two long-chain acyl
moieties and an abundance of oleic acid was clearly stated. At acidic pH, the presence
of PC reduced the release of lutein, whereas at basic pH in the intestine, PC-coated NPs
displayed higher levels of lutein release and cellular uptake in Caco-2 cells compared to
uncoated NPs and micellar lutein. The inclusion of PC in NPs helped to preserve the
lutein in an amorphous state, enhancing the lutein solubility as well as its bioavailability.
Moreover, PC helped with the stabilization of NPs by increasing the surface charge and
preventing particle agglomeration. Furthermore, acting as a surfactant, PC reduced the
particle size and increased the encapsulation efficiency. It was claimed in this study that
lutein-encapsulated chitosan–PC hybrid NPs significantly improved the bioavailability of
lutein at enterocyte levels and showed promise for use in the prevention of AMD and other
degenerative diseases [183]. Table 1 represents a comparison of nanoscale delivery systems
on the bioavailability of lutein in rodent models.

Table 1. Effect of nanoscale delivery systems on the bioavailability of lutein in rodent models.

Nanoscale
Delivery System Carrier Size (nm) Encapsulation

Efficiency (%) In Vivo Results Ref.

Emulsion-based systems

NE (medium-chain
triglyceride,α-tocopheryl

polyethylene
glycol succinate)

254.2 NA

As compared to lutein powder,
the nanoemulsion increased the
level of lutein in the liver and

plasma by 1.6- and
2-fold, respectively.

[147]
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Table 1. Cont.

Nanoscale
Delivery System Carrier Size (nm) Encapsulation

Efficiency (%) In Vivo Results Ref.

Polymer-based NPs

Chitosan (LMWC) 80–600 85 ± 1

NPs displayed a considerably
higher (27.7%) bioavailability

than micellar lutein. Moreover,
the postprandial lutein level in

the liver (53.9%), plasma (54.5%),
and eyes (62.8%) of mice fed NPs
were found better than that of the

control

[168]

PLGA 124 ± 4 52 ± 3

NPs improve the
pharmacokinetics (Cmax and

AUC) of lutein in the plasma and
promote lutein accumulation in

the mesenteric adipose tissue and
spleen, compared to free and

micellized lutein

[171]

PLGA-PEG 80–500
(~200) 88 ± 2

The postprandial plasma kinetics
of an oral dose of lutein from NPs
was found to be higher compared

with that of micellized lutein

[172]

Polymer/Lipid-
Based NPs

PLGA-PL 140 ± 6 90 ± 2

AUC of lutein after the
application of a NPs showed
3.91-fold (plasma), 2.89-fold

(liver), and 3.12-fold (eyes) higher
levels of absorption than

micellized lutein

[181]

CHI-OL-ALG 40–160
(~200) NA

In the oral pharmacokinetic study,
using a single dose via oral

gavage, lutein from NPs exhibited
a 128.3% improved oral

bioavailability compared to
micellar lutein

[182]

NP: Nanoparticle; NE: nanoemulsion; LMWC: low-molecular-weight chitosan; PLGA: polylactic-co-glycolic
acid; PEG: polyethylene glycol; PL: phospholipid; CHI-OA-ALG: chitosan-oleic acid-sodium alginate; PVP:
polyvinylpyrrolidone; NA: Not available. Cmax: maximum concentration; AUC: area under the concentration-
time curve.

4. Conclusions

Lutein is known to accumulate preferentially in the macular region of the human
retina and protect the macula from light-initiated oxidative damage. Lutein contains an
extended conjugated double-bond system together with hydroxyl groups at each end of
the chromophore, which are responsible for its excellent light-absorbing properties. The
anti-oxidant and anti-inflammatory effects of lutein are attributed to its unique structure,
which is thought to be responsible for its ability to inhibit the development of not only
ocular diseases such as AMD and cataracts, but also degenerative disorders such as cancer,
atherosclerosis, and neurodegenerative diseases. Until recently, lutein has mainly been
investigated in the context of eye-related diseases. Today, it draws considerable interest
with regard to the prevention of age-related and degenerative disorders, and its therapeutic
potential will soon move well beyond the realm of eye health. As we learn more about
lutein’s cytoprotective and disease prevention activities, the interest in its therapeutic
efficacy will increase. In addition, at present there is expanding interest in the design
and production of nanoscale delivery systems for the encapsulation of natural bioactive
compounds to enhance their stability and bioavailability. For the delivery of lutein, the
potential of nanotechnology-based approaches should be evaluated in comprehensive
clinical studies. Recent developments in the field of nanoscale delivery systems have
revealed their promising outcomes. The fact remains that the success of these systems
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depends on their safety, cost, and bench-to-bedside transfer. The increasing success of
nanoscale delivery systems will pave the way for the improvement of lutein’s therapeutic
efficacy and its clinical translation.
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