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Abstract This study aimed to investigate the effects of
phospholipid composition on the properties and bioavail-
ability of astaxanthin-loaded liposomes using cell culture.
Two mixtures of phospholipids with different proportions
of phosphatidylcholine (PC, 23% and 70%) were used at
various concentrations (0.8, 1.6, and 2.0% w/v) to prepare
astaxanthin-loaded liposomes, which were investigated for
entrapment efficiency (EE), antioxidant activity, morphol-
ogy and changes in astaxanthin properties during a storage
period of 8 weeks at 4 °C. Furthermore, Caco-2 human
colon adenocarcinoma cells were employed to examine the
cellular uptake of astaxanthin-loaded liposomes. The
highest EE was observed with astaxanthin-loaded lipo-
somes containing 70% PC, and used at the concentration of
2.0% w/v. Liposomes maintained the antioxidant activity
of astaxanthin. All liposomal preparations were non-toxic.
Cellular uptake of astaxanthin-loaded liposomes containing
70% PC was significantly higher than that of 23% PC-
containing liposomes (p < 0.05).
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Introduction

Shrimp export in the form of frozen, chilled and cooked
products has resulted in a substantial amount of revenue
and made Thailand one of the major producers in the global
market. Shrimp production reached 212,625.01 ton in
2017, of which approximately 40-50% of the weight is
accounted for by the heads, tails, and shells that are dis-
carded as waste or sold for animal feed in areas where
Pacific white shrimps (Litopenaeus vannamei) represent
the main species. Recovery of biomolecules from by-
products is important for the industry to create added
economic value, as is the case with abundant, naturally
occurring substances such as carotenoids, which are pre-
sent in crustaceans and salmonids.

Astaxanthin, a predominant pigment of the xanthophyll
family, is contained in crustacean byproducts, as well as in
other natural sources including microalgae and yeast.
Although this pigment has long been utilized as a feed
ingredient to obtain a reddish-orange color, it also supports
growth and reproduction of cultured fish and other aqua-
culture species (Higuera-Ciapara et al., 2006). Astaxanthin
as shows efficient antioxidant activity, 10 times that of
other carotenoids, including B-carotene, and 100 times
higher than that of a-tocopherol. This property, due to the
ability of its conjugated double-bonded structure to delo-
calize the unpaired electrons (Naguib, 2000), has drawn
major research interest in astaxanthin, which has subse-
quently been found to be potentially beneficial against
many diseases, including cancer, cardiovascular condi-
tions, immune system disorders and inflammation. Astax-
anthin is currently available as a dietary supplement in
various forms such as soft gel, tablet, oil and capsules
(Ambati et al., 2014). However, owing to its chemical
structure, consisting of a polyene chain joined by two
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terminal rings, astaxanthin is very lipophilic, resulting in
low oral bioavailability, and is susceptible to degradation
during processing or storage, therefore its use is restricted
(Kidd, 2011). Various attempts have been made to main-
tain astaxanthin stability during storage and to improve its
bioavailability (Anarjan et al., 2012; Tachaprutinun et al.,
2009). Liposomes are one of the most commonly used
encapsulation systems, first introduced as a drug-delivery
vehicle and later used widely by the food industry to aid
entrapment and release of bioactive compounds, as well as
targetability (Mozafari et al., 2008). Liposomes are
receiving much attention because of their biocompatibility,
biodegradability, absence of toxicity, and high versatility
due to their amphiphilic properties. Although liposome-
based delivery may be scaled up for industrial applications,
leakage of bioactive cargo is still one of the major draw-
backs, due to the high flexibility and frailty of the bilayer
membranes (Fathi et al., 2012). It is known that liposomal
encapsulation can increase solubilization of astaxanthin in
aqueous solution as, under these conditions, astaxanthin
penetrates through the membrane of liposomes, and its
terminal rings interact with the polar head groups of
membranes by hydrogen bonding (Hama et al., 2012).
Applications of liposomes in food industry, as a mean to
protect bioactive agents, have been reviewed in detail
elsewhere (Maherani et al., 2011). Studies addressing car-
otenoid bioavailability have been conducted using both
animal and human models. A simple and inexpensive
approach to evaluate bioavailability is the use of intestinal
cell cultures, such as Caco-2 cells, to mimic the in vivo
intestinal absorption of carotenoids. Caco-2 are human
colonic adenocarcinoma cells which, upon differentiation,
show similarities to erythrocytes (Sy et al., 2012). Different
studies have used carotenoids either in food matrices,
supplements, or pure forms. However, little is known about
liposomal encapsulation and delivery of astaxanthin into
cells.

In this work, we compared the effects of two different
phospholipid compositions and of their concentration on
the properties of astaxanthin-loaded liposomes. Moreover,
changes in these properties during 8 weeks of storage at
4 °C were evaluated. Furthermore, the cellular uptake of
astaxanthin-loaded liposomes by Caco-2 cells was inves-
tigated to assess astaxanthin bioavailability.

Materials and methods
Materials
Fresh shells of white shrimp (Litopenaeus vannamei) were

collected from a frozen shrimp processing plant in Samut-
Sakorn province, Thailand, placed in a cool-styrofoam box
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and transported to the fishery products laboratory at
Kasetsart University within 2 hours. Soybean lecithin
(phospholipid) with 70% phosphatidylcholine (70% PC,
Lipoid®P75) was acquired from Lipoid GmbH (Lud-
wigshafen, Germany) whereas soybean lecithin (Phospho-
lipid) with 23% phosphatidylcholine (23% PC, Ultralec®F)
was supplied by ADM (Decature, IL, USA). The pure
astaxanthin (> 95%) was purchased from Dr. Ehrenstorfer
GmbH (Augsburg, Germany). Dulbecco’s modified eagle
medium (DMEM)), fetal bovine serum (FBS), penicillin and
streptomycin were obtained from Life Technologies
(Carlsbad, CA, USA). HPLC-grade methanol, water, ace-
tonitrile and dichloromethane were purchased from RCI
Labscan (Bangkok, Thailand). The remaining chemicals
used in the study were analytical grade.

Extraction of astaxanthin from shrimp shells
and analysis

Astaxanthin from shrimp shell waste was extracted using
ethanol as described by Taksima et al. (2015). In brief,
500 g of shrimp shells were mixed with 1000 mL ethanol
in a blender and filtered to collect the extract. The process
was done in triplicate. Solvent was removed with a rotary
evaporator to get the resultant concentrate which was then
analyzed for astaxanthin content by reverse phase HPLC.
The Agilent 1200 series HPLC system (Santa Clara, CA,
USA) used a quarternary pump, UV-visible detector and
5 um reverse-phase C;g column (ZORBAX-Eclipse Plus,
150 mm x 4.6 mm) (Agilent Technologies, Santa Clara,
CA, USA). The injection volume was 20 pL using an
isocratic mobile phase composed of methanol: water:
acetonitrile: dichloromethane (85:5:5:5, v/v) at a flow rate
of 1 mL/min. Chromatography was performed at 25 °C
with 25 min running time and detection wavelength
480 nm. Astaxanthin was identified by its retention times
against pure astaxanthin standard. Astaxanthin content was
calculated based on the standard curve taking into account
the mean + SD of three sequential injections per sample.

Preparation of astaxanthin-loaded liposomes

Liposomes were prepared using the thin-film hydration
method as described by Pintea et al. (2005), with slight
modifications. Two types of phospholipid from soybean
with phosphatidylcholine (PC) 23% and 70%, each had
three different concentrations (0.8, 1.6 and 2.0% w/v) were
used. In brief, the phospholipid was dissolved in ethanol,
then crude astaxanthin (0.8 g) was added. After dissolu-
tion, the sample was evaporated under vacuum at 40 °C
(Biichi R-124; Biichi Labortechnik AG, Flawill, Switzer-
land). The residual lipid film was hydrated with 50 mL of
water. The liposomal dispersions were subsequently
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prepared using ultrasonic atomization (Sonics VCX-134-
FJS; Sonics & Materials, Newtown, CT, USA) at an
amplitude of 80. The final sample preparations were stored
in the refrigerator (at 4 °C) until use.

Determination of entrapment efficiency

The entrapment efficiency (EE) of the encapsulated
astaxanthin in liposomes was measured using a modified
method as described by Liu et al. (2013). In brief, samples
were centrifuged at 1960 g for 10 min, and then the
supernatant and residues were collected. The quantity of
astaxanthin was measured by HPLC as previously descri-
bed. EE (%) was calculated following the Eq. (1)

Amount of astaxanthin loaded in liposomes

EE (%) =

Amount of total astaxanthin
x 100

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging activity

The antioxidant activity of astaxanthin and the astaxanthin-
loaded liposomes was measured based on the scavenging
activity of the stable DPPH free radical according to the
method described by Duan et al. (2006) with modification.
In the assay, sample (200 pL) was added to 200 pL of
0.1 mmol/L. DPPH in 95% methanol. The solution was
incubated in darkness for 30 min. Absorbance of the
sample after incubation was measured at 517 nm using a
microplate reader (PowerWave XS2, BioTek, Winooski,
VT, USA). The percentage of DPPH scavenging activity
was calculated using the Eq. (2)

DPPH scavenging activity (%)
= [Acontrol_ (Asample_Asample blank)/Acomml] x 100 (2)

where Agampies Asample blank a0d Aconerol are the absorbance
of the astaxanthin solution with DPPH and astaxanthin
solution without DPPH and DPPH solution in methanol,
respectively.

Ferrous metal ion chelating activity

The chelating effect on ferrous metal was determined using
the method of Dinis et al. (1994), with slight modifications.
One hundred pL of astaxanthin in methanol solution was
mixed with 370 pL. methanol and 100 pL ferrous chloride
(2 mmol/L). To this mixture, 200 pL of ferrozine (5 mmol/
L) was added. The resulting mixture was shaken and left to
stand in darkness for 30 min at room temperature. Absor-
bance of the sample solution was measured with a micro-
plate reader (PowerWave XS2, BioTek, Winooski, VT,

USA) at 562 nm. Percentage of chelating effect was cal-
culated following the Eq. (3)

Chelating effect (%)
= [Acontrol - (Asample - Asample blank)/Acomrol] x 100
(3)

where A onirol, Asample a0d Agample blank are the absorbance
of mixture solution (ferrous chloride, methanol and fer-
rozine), astaxanthin with the mixture solution, and astax-
anthin without the mixture solution, respectively.

Particle size and morphology of liposomes

Particle size of liposomes was measured by dynamic light
scattering using a mastersizer (Malvern Instrument Ltd.,
Malvern, Worcestershire, UK). Mean size reported as
volume-weighted mean diameter (d43) was obtained from
three measurements. The shape of the liposome was
examined by transmission electron microscope (TEM;
Hitachi HT7700, Tokyo, Japan). The liposome was diluted
10 times in deionized water. The diluted liposome was put
on Formvar-carbon coated copper grid then uranyl acetate
was applied. The prepared grid was observed using TEM
operated at 80 kV to obtain the images.

Cell culture

Human colon adenocarcinoma cell lines, Caco-2, were
acquired from the American Type Culture Collection
(Manassas, VA, USA), and maintained in culture medium
composed of Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 4.5 mg/mL glucose, 50 U/mL
penicillin, 50 U/mL streptomycin, 10% fetal bovine serum
(FBS), 4 mM glutamine, and 1% non-essential amino
acids. Cells were cultured in 75 cm? flasks at 37 °C at 95%
relative humidity, in an atmosphere of 5% CO,. Expo-
nentially growing cells were used for all assays. The final
concentration of dimethyl sulfoxide (DMSO) used for
dissolving samples was not more than 0.1%.

Cellular uptake of astaxanthin-loaded liposomes
using Caco-2 monolayers

Cellular viability

The toxicity of astaxantin-loaded liposomes was deter-
mined by cell proliferation WST-1 assay, used to detect
metabolic activity of cells. Caco-2 cells (1 x 10* cells/
well) were seeded in 96-well plates for 24 h. Cells were
treated with 5, 10 and 20 pg/mL of astaxanthin-loaded
liposomes for 24 and 48 h. Ten microliters of WST-1 was
then added to the culture media, and cells and reagent were
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incubated for 1 h in a 37 °C, 5% CO, environment. The
viable cell number is directly proportional to the produc-
tion of formazan, which was measured at 440 nm using a
microplate reader (TECAN, Sunrise, Austria). Cell viabil-
ity of Caco-2 was expressed in terms of the percentage
viability of treated cells compared to the untreated control.

Trans-epithelial transport model

Cells between passages 5 and 10 were seeded on transwell
inserts (Corning Costar, Cambridge, MA, USA) at
1.5 x 10° cells/insert, along with 0.5 mL of growth med-
ium in the apical side and 1.5 mL in the basolateral side.
Cells were grown and differentiated to produce confluent
monolayers for 21 days. The integrity of the cell mono-
layer was tested for trans-epithelial electrical resistance
(TEERS) values with Millicell-ERS equipment. A mono-
layer with a TEER value more than 300 Qcm? was used for
the trans-epithelial transport experiments. Prior to transport
experiments, culture media was replaced by Hanks’
Balanced Salt Solution (HBSS) which contained 10 mM
2-(N-morpholino) ethanesulfonic acid solution (MES)
adjusted to a pH of 6.0-6.5 in the apical side, and HBSS
containing N-[2 hydroxyethyl] piperazine-N'-[2-ethanesul-
fonic acid] buffer solution (1 M) (HEPES) at pH 7.4 in the
basolateral side. This created a pH gradient similar to that
found in the small intestine. The incubation buffer was then
removed from both sides of the monolayer. Liposomes
loaded with astaxanthin were dissolved in DMSO and
diluted with HBSS prior to loading into the apical side,
while 1.5 mL of HBSS was added to the basolateral side.
After incubation, an aliquot was collected from each side
of the membrane. Caco-2 cell monolayers were collected
by scraping into 1 mL of HBSS. Cell samples were
extracted twice with hexane—ethanol-acetone in the pro-
portion of 50:25:25, by volume. Samples were centrifuged
at 706 g for 5 min and then the supernatant was removed.
The remaining residues were reconstituted in mobile phase
and the astaxanthin was quantified by reverse phase HPLC.

Statistical analysis

All measurements were performed in triplicate, at a mini-
mum. Data were submitted to analysis of variance (F-test)
and then by Duncan test at a significance level of 5%.
Results and discussion

Yield of extract and concentration of astaxanthin

The ethanolic extract in an orange-red thick paste resulted
in a yield of 20.39 4+ 1.02 mg extract/g of shrimp shells.
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The results were similar to those of Taksima et al. (2015),
who reported a yield of 24.66 £ 2.91 mg extract/g of
shrimp shells. The concentration of astaxanthin found in
the extract was 9.0 & 0.27 mg astaxanthin/g of extract,
which was higher than that obtained by Franco-Zavaleta
et al. (2010), who reported a concentration of 3.866 mg
astaxanthin/g of shrimp heads.

Entrapment efficiency of astaxanthin-loaded
liposomes

The entrapment efficiency (EE) was used to measure the
proportion of astaxanthin encapsulated within liposomes.
EE was analyzed after centrifugation and the results are
shown in Table 1. The initial EE (measured immediately
upon encapsulation, day 0) was higher for liposomes con-
taining 70% PC than for those containing 23% PC and
maximal initial EE (97.13%) was observed at a liposomal
concentration of 2.0% w/v. After 8 weeks of storage, EE
values were significantly decreased in all conditions.
However, the highest astaxanthin EE was found for lipo-
somes prepared with 70% PC at a concentration of 2.0%
w/v, which exhibited only a 14.2% reduction compared to
day 0. Phospholipid mixtures containing 70% PC had a
higher content of unsaturated phospholipids than mixtures
containing 23% PC, and this may have resulted in higher
EE. This would be consistent with the results of Sebaaly
et al. (2015), who reported that lipid bilayers made from
unsaturated Lipoid S100 were less densely packed and
more flexible than those made from saturated Phospholipon
80H and 90H, and this led to higher incorporation of
eugenol. The obtained EE values suggest that, after
8 weeks of storage, liposomes still retain a significant
amount of astaxanthin.

DPPH radical-scavenging activity of astaxanthin-
loaded liposomes

Astaxanthin has been shown to have considerable radical
scavenging activity, as assessed by DPPH assays (Roy
et al., 2010). We measured astaxanthin DPPH-scavenging
activity, with and without liposome-incorporation, as a
measure of its antioxidant activity (Table 2). DPPH-scav-
enging activity of liposome-embedded astaxanthin was
relatively high at day 0, reaching 81.76%. This result was
in accordance with Sowmya and Sachindra (2012), who
reported that carotenoids extracted from shrimp processing
discards display antioxidant activity. All preparations of
astaxanthin-loaded liposomes displayed comparable initial
DPPH-scavenging activity (81.76%). However, liposome
incorporation of astaxanthin resulted in more efficient
DPPH scavenging compared to the control (astaxanthin
without liposome incorporation) after storage. After
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Table 1 Entrapment efficiency (%) of astaxanthin in liposomes prepared from different types and concentrations of phospholipid during 8 weeks of storage at 4 °C

Entrapment efficiency (%EE)

Phospholipid Concentration of

Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

Week 1

Day 0

phospholipid (g/100 mL)

89.04 + 1.62°"  85.03 + 0.69°%°  83.78 £ 0.93P¢ 59.73 &+ 0.725°  43.19 + 0.82%F  40.80 + 0.73"¢  37.36 £ 1.02™  36.02 + 0.66™

91.67 + 0.44<*

0.8

PC 23%

87.38 £ 0.37 0% 86.98 + 1.81™ 84.76 £ 0.815°  83.45 £ 0.857° 64.53 + 0.98°¢ 49.96 + 0.47°° 47.85 + 0.7257  44.82 + 0.5858  43.64 + 0.73""

1.6
2.0

0.8

88.49 + 0.88%° 85.49 + 1.72P° 8435 £ 1.02°Y 66.21 & 0.81°° 5234 + 0.43°7 5033 + 1.24P%  47.45 £ 1.14°"  46.32 + 1.09™

91.42 + 0.78*
93.20 + 0.165*

92.06 + 0.09%¢  90.17 + 0.07%¢ 87.88 + 0.33B°  82.40 + 0.74%" 73.55 + 0.73°¢  70.80 + 0.37" 69.67 £+ 0.51 ¢

92.74 + 0.045°

PC 70%

93.05 + 0.28%%  91.98 + 0.04°® 91.26 £ 0.17°°  90.06 £ 0.135%¢  88.22 + 0.74%° 82.89 + 0.82B" 74.29 + 0.64%¢ 71.62 &+ 0.19%" 70.51 + 0.16"

1.6
2.0

95.79 + 0.14%° 9525 £ 0.07%°  92.63 &+ 0.27%9 91.32 + 0.77%° 9031 + 027"  85.44 + 0.55*% 83.93 & 0.45°" 83.30 + 0.68

97.13 + 0.14%°

Different upper-case letters within a column indicate significant (p < 0.05) differences between type and concentration of phospholipid

Different lower-case letters within a row indicate significant (p < 0.05) differences during storage period

8 weeks of storage, control scavenging activity decreased
from 81.76 to 19.06% (a 76.7% reduction), whereas that of
astaxanthin-loaded liposomes decreased by less than 50%.
The highest residual DPPH scavenging activity was asso-
ciated with astaxanthin-loaded liposomes containing 70%
PC and employed at a concentration of 2.0% w/v, which
resulted in a 35.6% reduction compared to day 0. The
results are consistent with the reported ability of astaxan-
thin to scavenge free radical chains through the donation of
hydrogen atoms (Kidd, 2011).

Ferrous metal ion chelating activity

The efficiency of astaxanthin to chelate metal ions,
expressed as a percentage of the overall chelating activity,
is shown in Table 3. The initial chelating activity (day 0)
of the astaxanthin extract was 56.27%. Maximal initial
chelating activity (63.26%) was observed with astaxanthin-
loaded liposomes containing 70% PC, at a concentration of
2.0% wi/v. Chelating activity continuously decreased dur-
ing the 8 weeks of storage in all samples. At the end of the
storage, the chelating activity of the extract had dropped to
24.82%, resulting in a 55.9% reduction, whereas that of
astaxanthin-loaded liposomes decreased by less than 45%.
Again, astaxanthin-loaded liposomes containing 70% PC,
used at 2.0% w/v, exhibited the maximal chelating activity
throughout the storage period. However, even under these
conditions, chelating activity was less than 41%. Sowmya
et al. (2011) also reported that the carotenoprotein isolated
from shrimp head displayed antioxidant activity due to its
metal chelating and DPPH radical scavenging activities.

Morphological characteristics of liposomes

The TEM images of astaxanthin-loaded liposomes showed
the formation of micrometer-sized structures with spherical
shape. Figure 1(A, B) are representative images of astax-
anthin-loaded liposomes prepared from phospholipid with
23% PC and 70% PC, respectively, both at a concentration
of 2.0% w/v. Similar morphological features were descri-
bed by Kim et al. (2012), showing TEM images of
nanoemulsions of hydrogenated lecithin containing astax-
anthin displaying square-pyramidal forms with a spherical
structure. Anarjan et al. (2011) studied the cellular uptake
(HT-29) of astaxanthin loaded in nanodispersions, which
was prepared with different organic phases. The optimal
formulation showed relatively well-defined, but polydis-
perse, quasi-spherical-shaped particles. In the study of
Tachaprutinun et al. (2009), TEM images of astaxanthin-
encapsulated PCPLC nanospheres revealed dark patches
distributed within the nanospheres.
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Fig. 1 Transmission electron
microscope images of
liposomes (scale bar is 100 nm,
60,000 x): (A) liposome made
from phospholipid (23% PC)
concentration at 2.0 g/100 mL,
(B) liposome made from
phospholipid (70% PC)
concentration at 2.0 g/100 mL

Table 4 Astaxanthin uptake in Caco-2 cells

Phospholipid  Concentration of phospholipid (g/100 mL)  Particle size (d43)  Astaxanthin content in Caco-2 (pg/mL) % Absorption
PC 23% 0.8 0.14 & 0.06 0.009 37.34°

1.6 0.13 £ 0.00° 0.017 70.53¢

2.0 0.31 £ 0.00* N.D. -
PC 70% 0.8 0.17 & 0.00° 0.039 83.51°

1.6 0.15 £ 0.00° 0.041 85.06"

2.0 0.14 &+ 0.01° 0.049 95.33%

Different lower-case letters within a column indicate significant (p < 0.05) differences between types and concentrations of phospholipid

N.D., not detected

Cell viability in cells exposed to astaxanthin-loaded
liposomes

Cell viability was assessed by MTT assay in Caco-2 cells
to verify possible cytotoxic effects of the astaxanthin
extract and astaxanthin-loaded liposomes. In fact, sized-
related cytotoxic effects of liposomes have been previously
reported (Andar et al., 2014). The viability of Caco-2 cells
exposed to both astaxanthin extract and liposomes was
higher than 80%, indicating the absence of major cytotoxic
effects. Similar results were obtained with astaxanthin-
treated HuH7, PON1-HuH7, and HepG2 cells (Cheevee-
wattanagul et al., 2010; Dose et al., 2016). Conversely,
concentration-dependent toxicity of astaxanthin-tween 80
complex and astaxanthin-loaded methyl B-cyclodextrin
was observed (Cheeveewattanagul et al., 2010). Ribeiro
et al. (2006) measured the uptake by Caco-2 and HT-29 of
astaxanthin and lycopene in oil-in-water emulsions pre-
pared with a variety of emulsifiers: sucrose laurate, Tween
20, whey protein isolate, and hydrolyzed whey protein
isolate. The authors concluded that the presence of whey
proteins yielded a significant increase of astaxanthin and
lycopene cellular uptake and no toxicity was observed.

Cellular uptake of astaxanthin-loaded liposomes

In vitro methods based on the transport of molecules across
Caco-2 monolayers are extensively used to investigate
intestinal permeability in humans. These cells form con-
fluent and differentiated monolayers with microvilli, tight
junctions and transport systems, mimicking the intestine
(Shah et al., 2006). Table 4 illustrates the cellular uptake of
astaxanthin-loaded liposomes by Caco-2 cells. Liposomes
containing 70% PC were imported with considerably
higher efficiency than those containing 23% PC. Maximal
uptake (95.33%) was observed with the 70% PC-contain-
ing liposomes at the concentration of 2.0% w/v, whereas
23% PC-containing liposomes did not exhibit significant
cellular uptake.

One possible explanation for these results is that 70%
PC-containing liposomes are electrically neutral. Notably,
Immordino et al. (2006) showed that negatively charged
liposomes have a shorter half-life in the blood, compared to
neutral liposomes, and that positively charged liposomes
are toxic and thus quickly removed from circulation. Kélin
et al. (2004) suggested that bulk PC translocate from outer
membrane into inner membrane of fibroblast cells there-
fore, liposomes containing higher PC content could enter
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the inner membrane more than those containing lower PC
content as indicated by our finding that a higher astaxanthin
uptake was found in liposomes with PC 70% than that with
PC 23%. Notably, liposomal size is another major factor
potentially affecting the efficiency of cellular uptake. Of
note, the size of our 70% PC-containing liposomes was
around 0.14 pm, whereas the 23% PC liposomes, poorly
uptaken by cells, were around 0.31 pm. A size-related
effect has also been described by Kamaiko et al. (2015),
who reported that emulsions with a high PC content pro-
duce the smallest initial mean droplet size. However, in
that study, the largest droplet size was observed for the
emulsion with the second highest PC content. Therefore,
PC content may not be the only factor influencing size.

Our results are also consistent with Neves et al. (2016),
who reported that liposomes with sizes below 0.20 pm, as
well as their lipophilic nature, make them suitable for
permeation across the intestinal barrier. Moreover, liposo-
mal capsular materials adhere to membranes and penetrate
the cells by virtue of their lipophilicity (Peng et al., 2010).
Furthermore, Anarjan et al. (2012) suggested that the large
surface area of small particles may allow for efficient
digestion and easier absorption. Finally, Rieux et al. (2007)
reported that liposomes with sizes between 0.1 and 0.2 um
are more suitable for oral absorption.

Our data suggest that the bioavailability of astaxanthin
entrapped into liposomes is strongly dependent on both the
intrinsic properties of PC and the size of the liposomes.

In conclusion, astaxanthin loaded liposomes made from
phospholipids with different proportion of phosphatidyl-
choline (PC) at various concentration were assessed for
properties and bioavailability. A high concentration of PC
(70%) at 2% (w/v) resulted in astaxanthin-loaded lipo-
somes with higher entrapment efficiency and higher cel-
lular uptake than those of PC (23%) while maintaining
potent antioxidant activity of astaxanthin. Cytotoxicity of
liposomal preparation was not found.
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