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Abstract. The study is designed to formulate, optimize, and evaluate astaxanthin (ASTA)-
loaded nanostructured lipid carrier (NLC) with an aim to improve its stability, water
solubility, skin permeability and retention and reduce drug-related side effects. ASTA was
extracted from Haematococcus pluvialis. ASTA-NLC was formulated by the technique of
melt emulsification—ultrasonic and optimized taking solid:liquid lipid ratio, total lipid:drug
ratio, drug concentration, emulsifier types, and amounts as independent variables with
particle sizes (PS) and entrapment efficiency (EE) as dependent variables. The optimized
formulation (N21) exhibited spherical surfaced stable nanoparticles of 67.4 ± 2.1 nm size and
94.3 ± 0.5% EE. Formulation N21 was then evaluated for its physiological properties,
physicochemical properties, drug content, in vitro release and skin penetration, and retention
analysis. The ASTA-NLC was found to be nonirritating, homogenous, and with excellent
stability and water solubility. In vitro release studies showed the cumulative release rate of
NLC was 83.0 ± 3.4% at 48 h. The skin penetration and retention studies indicated that
cumulative permeability was 174.10 ± 4.38 μg/cm2 and the retention was 8.00 ± 1.62 μg/cm2

within 24 h. It can be concluded that NLC serves as a promising carrier for site specific
targeting with better stability and skin penetration.

KEY WORDS: astaxanthin; nanostructured lipid carriers; development; evaluation; transdermal
absorption.

INTRODUCTION

The raising living standards boost the development of
cosmeceuticals, especially with ingredients that reduce the
oxidative stress and cellular damage of skin. Astaxanthin
(ASTA, Fig. 1) is a lipid-soluble keto-carotenoid with
superior antioxidant activity (1) and related anti-inflamma-
tory/antiapoptotic effects both in vitro and in vivo (2). Other
biological activities include anticancer (3), reduction of
plasma cholesterol (4), relief of eyestrain (5), etc. Natural
ASTA has been approved for the use as coloring agent for
animal and aquatic feeds by different agencies such as the

Food and Drug Administration (FDA) and European
Commission. ASTA-rich natural resources, mainly
Haematococcus pluvialis, have been used as food supplement
regulated by European Commission (6) and National Medical
Products Administration of China (7). The cosmetic benefits
of ASTA result from different mechanisms: ASTA-induced
decrease in nitric oxide synthase and apoptosis of
keratinocytes (8) protects skin cells from ultraviolet-induced
deterioration; reduction of up-regulation of matrix
metalloproteinase-1 and skin fibroblast elastase slows skin
aging (9); regulation of oxidative stress and inhibition of
inflammatory cytokines relieve stimuli-induced inflammation
(10), etc. Despite these therapeutic effects, the topical
delivery of ASTA is hindered by its degradation susceptibility
in the presence of light, heat, and oxygen. ASTA is also
poorly water-soluble, and the crystallization of dissolve drug
in physiological fluid may negatively influence the drug
permeation across biological membranes. Therefore, in order
to improve the bioavailability of ASTA for topical use, it is
necessary to develop an inclusion formulation that can fulfill
the multiple requirements of drug loading capacity, drug
release profile, physiochemical stability, and drug permeation,
so that it can be better applied in the cosmetic industry.
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Previous research have produced ASTA/natural DNA/chito-
san nanoparticles (11), ASTA-loaded nanoemulsions (12),
and ASTA liposomes (13) to improve the topical delivery of
ASTA. The results have shown that the formulations, ranging
from 80 to 400 nm, could improve the solubility, permeability,
and chemical stability of ASTA to different degrees. Conse-
quently, the therapeutic effects of ASTA, such as ultraviolet-
induced skin photoaging phenomenon and melanin produc-
tion, have been improved. These nano-sized dosage forms
show promising transdermal delivery profiles for ASTA,
establishing a fundamental foundation for the development
of ASTA topical products. That being said, more types of
nano-formulations are to be developed to further improve the
aforementioned key parameters for the transdermal delivery
of ASTA.

Solid lipid nanoparticle (SLN) is a type of biocompatible
and biodegradable colloidal carrier (14,15) in which a drug
payload is dissolved or dispersed in the solid lipid core of
SLN covered with surface active agents. Compared with
liposomes and polymeric micelles, preparations of SLN
minimize the use of organic solvents, thereby with less
concern in manufacture. It also has advantages (16,17) in
protection of unstable drug and sustained or controlled
release due to its rigid structure formed by hard lipid.
However, a main drawback of SLN is the limited storage
stability (18) as SLN is prone to crystal transformation (19)
during the storage process, reducing the drug-lipid miscibility
and therefore the drug loading efficiency. To overcome these
deficiencies, nanostructured lipid carriers (NLC) (20) have
been developed with effective improvements. The physical
gap between the chains of triglyceride fatty acids and solid
lipid within a matrix structure leaves more space for the
carrier to accommodate drugs (21) and improve the stability
(22) of the system. In terms of transdermal delivery, the small
size (< 100 nm) and rheological property (23,24) of the NLC
are also favorable characteristics. In addition, NLC has been
validated with other cosmetic benefits including skin hydra-
tion, occlusion, enhanced bioavailability, and targeting effect
upon specific surface modification (25). Several prior studies
have shown the feasibility of preparing ASTA-NLC by
characterizing its physiochemical properties and potential
application as oral formulation. Therefore, it is hypothesized
that ASTA can be effectively delivered through a transdermal
route by formulating into ASTA-NLC with improved physi-
ochemical properties.

The purpose of this study is to prepare ASTA into NLC
formulations to effectively improve its physiochemical prop-
erties associated with the difficulty in transdermal delivery.
ASTA-NLC formulations are optimized through the rational
selections of lipid and emulsifying agents based on the NLC
characteristics of particle size, encapsulation efficiency, and
storage stability. The optimal formulation is assessed by its
morphology, drug release profile, antioxidant activity, skin

permeation, skin retention, and resistance to oxygen, heat,
and ultraviolet. The study lays a fundamental foundation for
the potential application of ASTA-NLC in the field of
cosmeceuticals.

MATERIALS AND METHODS

Materials and Animals

Reference standard of ASTA (> 98% purity) was ac-
quired from Aladdin Corporation (Shanghai China).
Haematococcus pluvialis powder was acquired from Jingzhou
Natural ASTA Corporation (Hubei China). DL-Alpha-
tocopherol (fat-soluble VE) was acquired from McLean
Biochemical Technology Corporation (Shanghai, China).
Glyceryl tribehenate (GTB) was acquired from Gaffarlion
(France). Decanoyl/octanoyl-glycerides (Myl 812) and
Pluronic F68 (F68) were acquired from MAYA Reagent
(Jiaxing, Zhejiang). Cremophor EL 35 (EL 35) was acquired
from BASF (Germany). The water used in this study was
produced by a Laboratory Ultrapure Water System (Aquapro
International Company, State of Delaware, USA). Other
chemicals were of analytical grade.

Male Sprague Dawley rats (SD, 200 ± 10 g) and Kunming
mice (KM, 20 ± 5 g) were acquired from the Center of
Laboratory Animal Shenyang Pharmaceutical University
(Liaoning, China). The protocol for animal experiment was
approved by the Shenyang Pharmaceutical University Ethics
Committee.

HPLC Method

In this study, the content of ASTA in all samples was
determined using a HPLC method. ASTA standard reference
(0.8 mg) was dissolved in methanol under ultrasonication to
obtain a stock solution (10 mL). The stock solution was
diluted by different times to obtain a series of ASTA
solutions with known concentrations. Each solution was
filtered by 0.45-μm nylon membrane, followed by the HPLC
determination with the selected chromatographic parameters
(Table I). The standard curve Y = 39,923X + 2120.9 (n = 5,
r2 = 0.9998) showed good linearity within 1 and 20 μg/mL,
where X was the concentration of ASTA and Y was HPLC
peak area. The HPLC method was applied to all samples in
this study.

Preparation of ASTA

ASTA was prepared according to the previous method
(26) with slight modifications. Briefly, Haematococcus
pluvialis powder (5.00 g) was added to ethyl acetate-ethanol
binary solvent (2:1, v/v, 80 mL) and placed in a beaker. Such
sample was processed by an ultrasonic cell disruptor (Ningbo
Scientz Biotechnology Co., Ltd) at 200 W for 5 min before it
was filtered. The collected filtrate was dried under reduced
pressure at 35°C in a rotary evaporator (Shanghai Yarong
Biochemical Instrument Factory). The obtained ASTA ester
was dissolved in ethanol (100 mL) and stored at 4°C until
saponification. During saponification, ethanol solution
(20 mL) of ASTA ester was added with a same volume of
80% ethanol solution containing 6 mg/L NaOH. The reactionFig. 1. Chemical structure of ASTA
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system was filled with nitrogen and protected from light.
After stirring at 1200 rpm for 50 min, saponified ASTA ester
was added with ethyl acetate (5 mL) and distilled water
(5 mL) in a separating funnel for extraction. Extract liquid
was gently washed with distilled water repeatedly to remove
the dissolved NaOH to terminate the saponification process.
The obtained ethyl acetate phase was the ASTA-rich
solution. AB-8 resin with weak polarity was used for ASTA
purification. Macroporous resin was soaked in anhydrous
ethanol for 24 h and washed with ultrapure water to remove
ethanol. The treated AB-8 resin and ethyl acetate extract
liquid were filled in a glass column by wet method. Water-
soluble impurities, such as polysaccharide, were removed with
ultrapure water of 2 BV, followed by the elimination of water
with anhydrous ethanol of 1 BV. The desorption of resin and
crude product was achieved by the addition of ethyl acetate.
Then the mixture sample was filled in a glass column by dry
method. The column chromatography silica gel (200–300
mesh) was mixed with n-hexane and the extracting solution.
After gradient elution with n-hexane and acetone (50:1→
1:1), free ASTA was collected.

Preparation of ASTA-NLC

Material Screening and Preformulation Study

The suitability of different materials for the formulation
of NLC was assessed based on different considerations. The
types of lipid and emulsifier were shown in Table II. An
excessive amount of ASTA was added to the tested material
and shaken for 24 h. The sample was centrifuged at
10000 rpm for 3 min. An appropriate amount of supernatant
was withdrawn and dissolved in methanol for the determina-
tion of ASTA content using HPLC. Solid lipids (1 g) were
melted and added ASTA until ASTA could no longer be
dissolved in 5 min. The amount of ASTA was noted.
Formulations were evaluated based on PS, EE, and storage
stability.

Preparation of ASTA-NLC

ASTA-NLC was prepared with solid lipid, liquid lipid,
and emulsifiers using a hot homogenization and
ultrasonication method (27). The solid lipid was melted at
80°C and added with liquid lipid and emulsifiers to form the
oil phase. The mixture was stirred at 80°C and added with the
ASTA gradually. Ultrapure water was slowly dropped into
the mixed oil phase, and the mixture was homogenized using

ultrasonication at 400 W for 3 min. The obtained sample was
cured in cold water for 5 min and preserved at 4°C for further
study. The formulations of ASTA-NLC were listed in
Table III.

Characterization of NLC

Particle Size and Polydispersity Index Analysis

A laser particle size analyzer (Zetasizer Nano ZS,
Malvern Panalytical, Malvern, England) was used to deter-
mine the physical attributes of ASTA-NLC including PS,
polydispersity index (PDI), and zeta potential. After diluting
ASTA-NLC (2.5 mg/mL, 1 mL) with pure water into 5 mL,
the sample was analyzed at 25°C and a scattering angle of 90°.
The measurements were carried out in triplicate.

Encapsulation Efficiency

The EE% of ASTA-NLC was determined using a
microcolumn centrifugation method (28). ASTA-NLC
(0.2 mL) was diluted to 5 mL with methanol to serve as
pre-column solution. Two pieces of wetted filter paper were
placed at the bottom of a 2-mL syringe without cap. Swelled
Sephadex G-50 was enclosed in the syringe, and the height of
column was 4.9 cm. The column was balanced with ultrapure
water for 5 min and then centrifuged at 2000 rpm for 3 min.
ASTA-NLC (0.2 mL) was loaded into the column by
centrifuging at 1000 rpm for 1 min. Ultrapure water
(0.5 mL) was added to the column slowly and centrifuged at
1000 rpm for 3 min. The elution operation was repeated for 5
times. The obtained solution was diluted to 5 mL by
methanol. The ASTA content was analyzed by HPLC. The
EE of the drug was calculated though the Eq. (1).

EE %ð Þ ¼ C2

C1
� 100% ð1Þ

where C1 was the content of ASTA in pre-column solution
and C2 was the content of ASTA in post-column solution.
The measurements were run in triplicate.

Short-Term Storage Stability

The prepared ASTA-NLC was placed at room temper-
ature for several days to observe whether there was
precipitation or flocculation in the system.

Table I. HPLC conditions for the determination of ASTA

Name Condition

Chromatographic column Supersil ODS 2 (4.6 mm× 250 mm, 5 μm)
Wavelength 476 nm
Mobile phase Methanol:water (95:5, v/v)
Injection volume 10 μL
Flow rate 1.0 mL/min
Column temperature 25 °C

ASTA, astaxanthin; HPLC, high-performance liquid chromatography
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Transmission Electron Microscopy

Transmission electron microscopy (TEM, JEM-2100,
FEI, Electronics Corporation, Japan) was employed to
analyze the morphology of ASTA-NLC. A drib of diluted
ASTA-NLC (2.5 mg/mL) with ultrapure water was
dropped on a copper grid and stained with 2% phospho-
tungstic acid for 3 min. Excess liquid was removed from
the sample with filter paper and dried at 25°C. The
staining process was conducted twice. The morphology
and PS of ASTA-NLC were observed under TEM.

Drug Release In Vitro

ASTA-NLC (10 mL) and ASTA ethanol solution
(10 mL) equivalent to 21 mg ASTA were added to an
activated dialysis bag (molecular retention 8000–14,000 Da,
Union Carbide Corporation, USA), respectively. Dialysis
bags were placed in phosphate buffer solution (PBS) solution
with 0.3% sodium dodecyl sulfate (100 mL, pH 7.4) and
stirred (100 rpm, 37 ± 1°C). Recipient medium (1 mL) was
sampled at predetermined time intervals (0.5, 1, 2, 3, 4, 6, 8,
10, 12, 24, and 48 h), and a same volume of fresh medium was

Table II. Formulation parameters for the preparation of ASTA-NLC

Formulation parameter Condition

Type of solid lipid Stearic acid, glyceryl monostearate, and GTB
Type of liquid lipid Soybean oil, isopropyl myristate, oleic acid, and Myl 812
Type of emulsifier EL 35, F68, and Tween-80
Total lipid content (%, w/w) 3, 5, 7, and 10
Solid:liquid lipid ratio (w/w) 95:5, 80:20, 70:30, 60:40 ,and 50:50
Total lipid:drug ratio (w/w) 97:3, 95:5, 93:7, 90:10, and 85:15
Composite emulsifier ratio EL 35:F68 = 2:1, 1:1 and 1:2; EL 35:Tween-80 = 1:1

ASTA-NLC, astaxanthin nanostructured lipid carrier; GTB, glyceryl tribehenate; Myl 812, decanoyl/octanoyl-glycerides; EL 35, Cremophor EL
35; F68, Pluronic F68

Table III. Influence of changing formulation parameters on dosage form (n = 3, mean ± SD)

S .
No.

Solid:liquid
lipid ratioa

T o t a l
lipid:
drug ratio

Total
lipid
content
( % ,
w/w)

Type of
emulsifier

Emulsifier
concentration
(%, w/w)

Composite
emulsifier
ratio

PS (nm) EE (%) Stabilityb

1 95:5 95:5 7 EL 35 3 / 65.1 ± 2.44 59.2 ± 5.10 + + +
2 80:20 95:5 7 EL 35 3 / 72.7 ± 1.32 78.3 ± 3.35 - - -
3 70:30 95:5 7 EL 35 3 / 80.4 ± 2.43 85.8 ± 3.90 - - -
4 60:40 95:5 7 EL 35 3 / 90.9 ± 4.33 79.5 ± 3.42 - - -
5 50:50 95:5 7 EL 35 3 / 121.7 ± 2.03 76.6 ± 3.58 - - -
6 70:30 97:3 7 EL 35 3 / 73.2 ± 2.32 90.5 ± 5.73 - - -
7 70:30 95:5 7 EL 35 3 / 78.8 ± 2.74 84.7 ± 3.42 - - -
8 70:30 93:7 7 EL 35 3 / 83.6 ± 2.14 82.2 ± 2.83 - - -
9 70:30 90:10 7 EL 35 3 / 77.7 ± 2.00 62.9 ± 2.51 - - -
10 70:30 85:15 7 EL 35 3 / 69.3 ± 3.48 48.9 ± 3.55 + + +
11 50:50 95:5 3 EL 35 3 / 49.2 ± 2.86 41.5 ± 4.75 - - -
12 50:50 95:5 5 EL 35 3 / 72.7 ± 2.37 58.0 ± 3.96 - - -
13 50:50 95:5 7 EL 35 3 / 119.5 ± 1.81 77.3 ± 3.69 - - -
14 50:50 95:5 10 EL 35 3 / 367.5 ± 5.11 63.4 ± 4.42 + + +
16 70:30 97:3 7 EL 35 3 / 75.6 ± 2.97 89.6 ± 5.31 - - -
17 70:30 97:3 7 F68 3 / 643.2 ± 5.01 47.7 ± 3.20 + + +
18 70:30 97:3 7 Tween-80 3 / 468.5 ± 7.18 53.4 ± 3.36 + + +
19 70:30 97:3 7 EL 35:Tween-

80
3 1:1 95.3 ± 2.67 86.1 ± 4.84 - - -

20 70:30 97:3 7 EL 35:F68 3 2:1 68.7 ± 2.72 93.6 ± 4.12 - - -
21 70:30 97:3 7 EL 35:F68 3 1:1 99.4 ± 3.01 93.7 ± 3.61 - - -
22 70:30 97:3 7 EL 35:F68 3 1:2 132.2 ± 3.92 91.4 ± 3.95 - - -

EL 35, Cremophor EL 35; F68, Pluronic F68; PS, particle size; EE, encapsulation efficiency
aGlyceryl tribehenate (GTB):Decanoyl/octanoyl-glycerides (Myl 812)
b No crystal observed within 7 days; + crystal observed within 7 days
—: no crystal observed within 21 days; +++: crystal observed within 21 days
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added. All samples were filtered through 0.22-μm nylon
membrane filters and analyzed by HPLC. The cumulative
release percentages of ASTA were calculated and plotted
against time.

Equilibrium Solubility

ASTA-NLC was freeze-dried to remove moisture. Ex-
cess ASTA and ASTA-NLC were respectively added to water
(1 g) and oscillated in a thermostatic oscillator for 24 h
(100 rpm, 25°C). Then they were centrifuged at 10000 rpm for
10 min. The supernatant was taken. ASTA-NLC was
demulsified and diluted to measure the content of drug.
ASTA was measured the content of drug directly.

Storage Stability

The storage stability of ASTA-NLC was assessed by
variations in sample mass, PS, and EE with time. ASTA-NLC
(5 mL) was divided into three groups, oxygen group,
temperature group, and light group with three samples in
each group. Oxygen group samples were stored in a
ventilated chamber with a consistent temperature (25°C)
and kept away from light. Temperature group samples were
stored in a sealed bag under a constant temperature (37°C)
and kept away from light. Light group samples were sealed at
25°C and exposed to ultraviolet light. The residual content of
ASTA for each sample was measured at predetermined time
intervals. The PS and EE of ASTA-NLC were recorded. The
loss rates of ASTA were calculated using the Eq. (2).

loss %ð Þ ¼ ASTAtotal−ASTAresidual

ASTAtotal
� 100% ð2Þ

In Vitro Activity of ASTA-NLC

Demulsification of ASTA-NLC

Demulsification was applied to ASTA-NLC to provide a
complete release of ASTA before the determination of
antioxidant activity. ASTA-NLC (5 mL) was added with a
same amount of methanol and demulsified by 400 W
ultrasonication for 5 min. The liquid sample obtained from
demulsification was used for antioxidant tests.

Total Antioxidant Capacity

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS)-free radical scavenging method (29) was used to test
the antioxidant property of the liquid sample obtained from
demulsification. ABTS-free radical reserve solution was
obtained by mixing ABTS (7.4 mmol/L) and K2S2O8

(2.6 mmol/L) (1:1, v/v). The mixed solution was placed in
dark at room temperature for 16 h. After diluting with
ethanol, the liquid sample obtained from demulsifications
(2 mL) of different concentrations was mixed with ABTS
(2 mL), respectively, and kept from light for 10 min. The
absorbance of each sample was measured at 734 nm by
ultraviolet-visible spectrophotometer (UV2800PC, Shanghai

Shunyu Hengping Scientific Instrument Limited Company,
China). Pure ethanol was used as the blank control. Standard
ASTA and VE were used as the positive controls.

The Total Reducing Power

K3[Fe(CN)6] was used to determine the reducing capac-
ity of ASTA-NLC according to the reference (30). The liquid
sample obtained from demulsifications (2 mL) of different
concentrations was added with ethanol in test tubes. Each
sample was mixed with PBS (2.5 mL, 0.2 mol/L, pH 6.6) and
K3[Fe(CN)6] solution (2.5 mL, 1.0%), followed by the
maintenance in a 50°C water bath for 20 min. The mixed
solution was added with trichloroacetic acid (TCA, 2.5 mL,
10%) and centrifuged at 3000 rpm for 10 min. Supernatant
(2 mL) was withdrawn and added with ethanol (2 mL) and
FeCl3 (1 mL, 0.1%). The sample was allowed to rest for
10 min after mixing, and the UVabsorbance was measured at
700 nm. Pure ethanol was used as the blank control. Standard
ASTA and VE were used as the positive controls.

Anti-linoleic Acid Lipid Peroxidation

The anti-linoleic acid lipid peroxidation property of
ASTA-NLC was assessed by the established method (31).
Linoleic acid (1.5 mL), tween-80 (1.5 mL), and PBS (100 mL,
0.05 mol/L, pH 7.0) were mixed uniformly. Such solution
(1 mL) was taken out and added with PBS (2 mL) and the
liquid sample obtained from demulsifications (1 mL) with
different concentrations. Then the mixture was placed at
room temperature for 20 min. Following, it was added with
FeSO4 solution (1 mL, 1 mmol/L) and kept at 37°C for 3 h.
Obtained sample (1 mL) was mixed with TCA solution
(1 mL, 10%). After incubation for 10 min, the system was
added with 2,4,6-tribromoanisole (TBA) solution (2 mL,
0.67%) and placed in boiling water bath for 15 min. Finally,
the sample was centrifuged at 3000 rpm for 10 min. The
supernatant was taken and the UV absorbance was measured
at 532 nm. DMSO was used as blank control. Standard ASTA
and VE were used as positive controls.

In Vitro Skin Permeation and Retention Studies

Preparation of In Vitro Skin

The preparation of in vitro skin was in accordance with
previous method (32). The dorsal hair of SD rats was
removed. The rats were humanely killed after 24 h, and the
dorsal skin was excised. Connective and adipose tissue under
the skin were removed. The skin was washed with normal
saline before permeation experiments.

Determination of Skin Penetration

Franz diffusion cell (Shenyang Yuwang Chemical Glass
Instrument Limited Company, China) with an effective
diffusion area of 2.3 cm2 was used to perform the in vitro
skin permeation study (32 ± 1°C). The skin sample was
clamped between the donor and receptor chamber of the
diffusion cell with the stratum corneum facing the donor
chamber. ASTA-NLC (1 mL) was applied on the donor
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compartment. Receptor chamber was filled with PBS (7 mL,
pH 7.4) containing 50% ethanol. The receptor medium was
stirred at 400 rpm throughout the experiment. For each
experiment, receptor solution (1 mL) was sampled at
predetermined time intervals (0.5, l, 2, 4, 6, 8, 10, 12, and
24 h), and then the same volume of PBS was immediately
added into the receptor chamber. The ASTA concentration of
all samples was analyzed by HPLC. Control experiment was
conducted with 50% ethanol solution containing the same
amount of ASTA. The penetration of the drug (Q) was
calculated by the Eq. (3).

Q %ð Þ ¼
CmV þ ∑

n−1

i¼1
CiVi

A
� 100% ð3Þ

where Awas the effective penetration area, V was the volume
of the receiving medium, Vi was the volume of withdrawn
sample, Ci was the cumulative drug concentration in the
receiving medium at the first and last sampling, and Cm was
the drug concentration in the receiving medium at the time of
the sampling.

Determination of Skin Retention

After the in vitro transdermal test, the effective trans-
dermal part of skin was washed and cut into pieces. The
samples were added with normal saline (15 mL) and treated
under ultrasonication for 30 min (50°C, 300 W). The solution
was then filtered through a 0.45-μm nylon membrane and
diluted to 100 mL, and the ASTA concentration was analyzed
by HPLC. The drug retention rate was calculated according
to the Eq. (4).

retention %ð Þ ¼ Q2

Q1
� 100% ð4Þ

where Q1 was the total input amount of ASTA and Q2 was
the retaining amount of ASTA in the skin.

Skin Irritation Test

According to the method described in the literature (33),
KM mice (n = 6) were subjected to dermal irritancy testing
and were individually caged. The left ear of each mouse was
applied with 0.1% ASTA-NLC (10 mg), while the right ear
was left untreated as a control group. After 24 h, the
erythema and ear edema tests were conducted using a
magnifying glass and a digital caliper (Meinaite, China),
respectively. The tests were performed for 7 days during
which the scoring was performed daily. According to Uttley
(34), the erythema was graded: 0, no visible blood vessels or
erythema; 2, few blood vessels, no erythema; 4, main vessels
visible and slight erythema; and 10, pronounced blood vessels
and marked erythema.

Statistical Analysis

All results were expressed as mean ± SD and analyzed
using origin 9.1 and SPSS. Multiple comparisons were

conducted using one-way or two-way ANOVA analysis. A
student’s t test was performed to determine the statistical
significance between experimental groups. A value of p < 0.05
was considered to be statistically significant.

RESULTS

Solubility of ASTA in Different Lipid Materials

The solubility values of ASTA in different solid lipids
were GTB (28.76 mg/g) > glyceryl monostearate (25.49 mg/
g) > stearic acid (7.91 mg/g). ASTA solubilities in the liquid
lipids were isopropyl myristate (49.41 mg/g) > Myl 812
(40.90 mg/g) > soybean oil (11.31 mg/g) > oleic acid (2.68 mg/
g). ASTA solubilities in different emulsifiers were EL 35
(1.62 mg/g) > F68 and Tween-80, which were lower than that
in lipid materials. The solubility values of ASTA in in F68 and
Tween-80 were beyond the detection range of the standard
curve. These results suggested the suitability to load ASTA
into lipid materials while with minimal distribution into the
emulsifier phase.

Material Selection

The selection of composition materials was based on the
PS of NLC formulated. The PS of ASTA-NLC formulated
with stearic acid as solid lipid was 478.2 nm, and the size was
not favorable for transmembrane delivery. Phase separation
and flocculation occurred during the cooling and curing
process. The PS of ASTA-NLC formulated with glyceryl
monostearate as solid lipid was 59.7 nm, but the system broke
into different layers within 1 day. The ASTA-NLC formu-
lated with GTB as solid lipid had small PS (69.3 nm), and the
system was stable after 7 days. Therefore, GTB was selected
as the solid lipid for further study. The PS of ASTA-NLC
formulated with liquid lipid was Myl 812 (65.8 nm) <
isopropyl myristate (74.0 nm) < soybean oil (79.4 nm) < oleic
acid (93.6 nm). Myl 812 and GTB have certain similarities in
chemical structure, which enables them to be miscible well
(24). Finally, combining with the solubility of astaxanthin in
different excipients, GTB and Myl 812 were selected as the
lipid materials for preparation of ASTA-NLC.

Optimization of Formulation

According to the PS, EE, and stability of ASTA-NLC,
total lipid concentration, solid:liquid lipid ratio, total
lipid:drug ratio, type of emulsifier, and composite emulsifiers
ratio were assessed to determine the optimal formulation
(Table III). N21 was selected as the optimal formulation
(Table IV).

Characterization of ASTA-NLC

Particle Size and Morphology of ASTA-NLC

The TEM morphology of ASTA-NLC revealed a homo-
geneous size, spherical shape, and small single-chamber
structure (Fig. 2a). The average PS of ASTA-NLC was
determined to be 67.4 ± 2.1 nm (n = 3) with an acceptable
PDI of 0.26. The PS distribution was narrow (Fig. 2b). ASTA-
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NLC was clear and transparent with orange opalescence (Fig.
2c).

Encapsulation Efficiency of ASTA-NLC

The EE% of ASTA-NLC was determined to be 94.3 ±
0.5%.

In Vitro Drug Release of ASTA-NLC

The effect of NLC on the release of ASTA was
investigated in vitro by determining the drug release across
a dialysis bag. In general, the drug release rate of ASTA-NLC
was significantly lower than that of ASTA solution (Fig. 3),
showing a sustained release profile effectively up to 48 h. In
detail, 4.5 ± 2.0% of ASTS was released from the formulation
within 0.5 h, compared with the 19.4 ± 3.2% for crude ASTA.
The complete dissolution of ASTA was achieved within 4 h,
while at the same time, ASTA-NLC showed a cumulative
release of approximate 28.7 ± 1.7%. The drug release of
ASTA-NLC showed a steady increase until reaching a
plateau at 24 h. The final drug release percent was maintained
at about 83.0 ± 3.4%.

Equilibrium Solubility

Drug in ASTA was not detected by HPLC. Equilibrium
solubility of the drug in ASTA-NLC was 4.7 mg/g.

Storage Stability of ASTA-NLC

The incorporation of ASTA in NLC protected ASTA
from exposure to oxygen, heating, and ultraviolet light
effectively (Fig. 4). As seen Fig. 4a, the content loss of ASTA
in a solution form showed a linear increase within 12 h and
reached 85.3 ± 3.1% as compared with the 12.0 ± 2.0% of
ASTA-NLC. At 24 h, essentially all unformulated ASTA was
oxidized, while the drug content loss of ASTA-NLC was only
15.5 ± 2.6%. The partial degradation of ASTA reduced the
EE of ASTA-NLC by 1.8% and increased the PS by 6.6%.
The effect of heating on the loss rates of ASTAwas shown in
Fig. 4b. Both unformulated ASTA and ASTA-NLC showed
gradual degradation within the investigated time range. After
6 days, the degradation rate of crude ASTA was approxi-
mately 79.4 ± 4.0%, compared with the 54.9 ± 3.8% of ASTA-
NLC. Neither ASTA-NLC nor ASTA settled or accumulated.
The effect of ultraviolet irradiation on ASTA’s loss rate in
was shown in Fig. 4c. After an exposure for 9 h, the loss rate
of drug in ASTA-NLC was 83.1 ± 3.6%, while the ASTA in
solution completely degraded. At the end of experiment, the
PS of ASTA-NLC increased by 22.7%, and the EE decreased
by 74.5%.

In Vitro Activity of ASTA-NLC

As could be seen from Fig. 5, all types of activity of
ASTA-NLC were consistent with standard ASTA at the same
drug concentration. No decrease in in vitro activity was
observed for ASTA due to the incorporation into NLC.

Total Antioxidant Capacity

The ABTS• scavenging ability of ASTA was slightly
higher than that of VE in the concentration range of 20 to
60 mg/L and positively correlated with the concentration of
the sample (Fig. 5a). Outside of this range, VE was more
active than ASTA and ASTA-NLC.

The Total Reducing Capacity

The total reduction capacity of ASTA-NLC and ASTA
was both much higher than that of VE in the same
concentration range of 5 ~ 25mg/L and increased significantly
with concentration (Fig. 5b). The changing profiles of ASTA
and ASTA-NLC were highly comparable with each other.

Table IV. Prescription process of ASTA-NLC

Material Content

ASTA 210 mg
Glyceryl tribehenate 4.9 g
Decanoyl/octanoyl-glycerides 2.1 g
Cremophor EL 35 2 g
Pluronic F68 1 g
Distilled water 100 mL

ASTA, astaxanthin; NLC, nanostructured lipid carrier; GTB, glyceryl
tribehenate; Myl 812, decanoyl/octanoyl-glycerides; EL 35, Cremophor
EL 35; F68, Pluronic F68

Fig. 2. a TEM image of ASTA-NLC, b particle size distribution of ASTA-NLC, and c the appearance evaluation of ASTA-NLC
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Anti-linoleic Acid Lipid Peroxidation

The inhibitory activity of ASTA-NLC and ASTA on
MDA in the range of 100~600 mg/L was both stronger than
that of VE in the same concentration (Fig. 5c). The changing
profiles of ASTA and ASTA-NLC were highly comparable
with each other.

In Vitro Skin Retention and Permeation Studies

Determination of Skin Penetration

The dynamic fitting equation was obtained by taking the
permeability (Q) per unit area as the ordinate and the
penetrative time (t) as the abscissa and performing a linear
regression. The result was shown as the curve of cumulative
permeability (Fig. 6). ASTA-NLC was able to permeate
through skin at a constant rate within 0~12 h. Cumulative
permeability at 24 h was 174.10 ± 4.38 μg/cm2 (18.70% of drug
input). Compared with ASTA-NLC, unformulated ASTAwas
able to permeate at a larger rate within 0~12 h. Cumulative
permeability at 24 h was 295.20 ± 6.04 μg/cm2 (31.71% of drug
input).The results showed that the transdermal absorption of
ASTA-NLC was significantly different from that of the
control preparation, and the cumulative transdermal amount
within 24 h was lower than that of ASTA solution.

Determination of Skin Retention

After calculation, the drug retention in rat skin was
18.64 ± 1.64 μg/cm2 within 24 h for ASTA-NLC. And the
retention of ASTA in rat skin was 8.00 ± 1.62 μg/cm2 within
24 h. The skin retention of ASTA-NLC was effectively
increased by 2.33-fold.

Skin Irritation Test

No allergic ear erythema or edema was observed within
the investigated timescale. No systemic allergic reactions such
as asthma, standing instability, or shock occurred. The
sensitization rate of ASTA-NLC was zero.

DISCUSSION

Preparation of ASTA-NLC

Major materials for NLC formulations include solid
lipids, liquid lipids, and emulsifiers. Solid lipids have been
selected based on the biodegradability, physiological compat-
ibility, morphological support in terms of forming spherical
pellets, and storage stability. Liquid lipids play an important
role in improving drug loading, encapsulation efficiency (EE),
and physical stability of the payload. On that note, fatty acid
esters of medium or long chains were selected accordingly.
Multiple emulsifying agents have been selected to prepare
composite emulsifier to improve EE, particle size (PS)
distribution, and storage stability of nanoparticles. The
solubility values of ASTA in different lipid and emulsifier
materials were firstly measured in order to ensure that ASTA
can be dissolved in these carriers during the formulation
process.

Optimization of ASTA-NLC

Particle Size and Morphology of ASTA-NLC

The small size of ASTA-NLC (67.4 ± 2.1 nm) and
homogeneous size distribution have been considered a result
of the physiochemical properties of lipid materials and good
drug-lipid miscibility as indicated by the ASTA solubility
values. The miscibility between the selected solid and liquid
lipid (GTB and Myl 812) could be due to the similarity in
their chemical structures (15). In addition to the effect of

Fig. 3. In vitro drug release profiles of ASTA and ASTA-NLC

Fig. 4. Effect of a oxygen, b heating, and c ultraviolet light on drug content loss in ASTA solution and ASTA-NLC
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ASTA solubility in lipid carrier, the incorporation of ASTA
may change the size dimensions of ASTA-NLC by altering
the geometric packing (35) through its distribution in the
physical gap between chains of triglyceride fatty acid and
solid lipid. On that note, the ideal miscibility between drug,
solid lipid, and liquid lipid eliminates the occurrence of phase
separation among different compositions and thereby im-
proves the size distribution of ASTA-NLC. The composite
emulsifier was composed of EL 35 and F68, both of which
provide a limited solubility for ASTA, maximizing the drug
distribution in the inner lipid matrix. EL 35 and F68 have also
been well recognized to increase the dispersibility of ASTA-
NLC in aqueous media due to their amphiphilic characteris-
tics (36). The ideal size and monodisperse profile of ASTA-
NLC are expected to benefit the transdermal absorption, as it
is more effective (37) for smaller particles to penetrate the
skin barrier and reach the dermis.

In Vitro Drug Release of ASTA-NLC

The release of ASTA from ASTA-NLC is sustained
compared with material drug. The slower release rate is a
result of NLC incorporation. Drug release from insoluble
carriers follows a diffusion-controlled mechanism upon ero-
sion of lipid matrix (38). The melted blend (39) of solid lipid

and liquid lipid increased the viscosity of the particle matrix,
leading to a slower drug release rate. The sustained drug
release profile of ASTA-NLC is expected to provide a
prolonged therapeutic effect and protection of ASTA from
oxygen, heating, and ultraviolet exposure when applied to
skin (40).

Encapsulation Efficiency of ASTA-NLC

EE is one of the most vital indicators for evaluating the
quality of NLC and associated preparation method. The EE
of ASTA-NLC in this study (94.3 ± 0.5%) suggested effective
drug encapsulation behavior. Similar to the attribute to size
distribution, the high solubility of ASTA in lipid carriers and
low solubility in emulsifier should be a reason for the effective
encapsulation. Such solubility difference ensured that ASTA
could readily distribute into lipid phases to complete drug
encapsulation, with minimizing partition into emulsifiers.
Increasing the total oil content could improve the drug
loading of NLC, but in order to ensure drug stability and
small PS, the content of emulsifier is increased accordingly.
With the increase in the amount of liquid lipids, the
disordered spatial structure (41) become loose, which is
favorable for drug incorporation and storage. Overall, the
EE results were corresponding to the size distribution of
ASTA-NLC, justifying the practicability of designed formu-
lation and preparation methods.

Equilibrium Solubility

ASTA is a lipid-soluble carotenoid, which was insoluble
in water. So its content in water after equilibrium could not
detected by HPLC. ASTA-NLC is a new formulation in
which the water is a continuous phase. The lipids that contain
the drug dispersed evenly in the water, thus allowing more of
the drug to be dissolved.

Storage Stability of ASTA-NLC

ASTA-NLC can effectively protect the drug payload
from oxygen during storage. Such stability profile of ASTA-
NLC suggested the feasibility to apply the formulations on
skin under ambient condition for a prolonged time, during
which ASTA could be constantly absorbed. Under the
exposure to high temperature, the particle motion is

Fig. 5. Antioxidative activity of ASTA, ASTA-NLC, and VE revealed by a scavenging ability of ABTS•, b total reducing capacity, and c
inhibitory effect on MDA

Fig. 6. In vitro cumulative skin permeation of ASTA and ASTA-
NLC
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accelerated, and ASTA-NLC is observed to aggregate to
increase PS and decrease EE. Nevertheless, the thermal
stability of ASTA is still effectively improved through the
encapsulation into NLC. Under ultraviolet irradiation, the
stability of ASTA is enhanced by the physical barrier
provided by the NLC structure. The maintenance of ASTA
content in a formulation is a prerequisite for the proposed
biological activity, and thus, the therapeutic effect of ASTA is
expected to benefit from the NLC formulation. Based on all
results, it is suggested that ASTA-NLC is stored hermetically
in low temperature and dark condition, in the best effort to
improve ASTA stability.

In Vitro Activity of ASTA-NLC

In general, the in vitro activities of ASTA, including
antioxidant, reduction, and anti-linoleate lipid peroxidation,
are effectively preserved after encapsulation into NLC. The
ability of ASTA-NLC to remove ABTS-free radicals and total
reduction capacity (42) of the hydrogen atom transfer
reaction are essentially the same as material drug. These
two antioxidant indicators are often used to compare the
antioxidant capacity of food and medicinal plant extracts and
to test the property change induced by dosage forms.
Similarly, for the inhibitory effect on MDA, no obvious
change in ASTA ability is induced by the NLC encapsulation.
The experimental results showed that the in vitro activity of
ASTA was not compromised by the extraction of ASTA or
preparation of ASTA-NLC. Since certain cosmetic benefits of
ASTA, such as anti-inflammatory and antiapoptotic effects,
are associated with the antioxidant ability of ASTA, the
maintenance of ASTA activity is expected to preserve the
therapeutic effects.

In Vitro Skin Permeation and Retention Studies

Before the skin penetration test, the compatibility of the
recipient solution was verified to ensure that integrity of skin
sample could be preserved during experiment. Previous
literature (43) had shown that human skin remained its
completeness upon contacting a receptor liquid containing
50% ethanol for 24 h. The apparent permeation of ASTA
showed a disadvantageous reduction by the encapsulation in
NLC, for which drug release could be a reason. The ASTA
release from ASTA-NLC showed a sustained profile com-
pared with unformulated ASTA, reducing the free drug that
can readily permeate through the skin. However, the skin
retention of ASTA is effectively improved by ASTA-NLC,
maximizing the local ASTA concentration in skin while
decreasing the systemic delivery (44). A plausible explanation
for the high skin retention provided by ASTA-NLC is that
NLC has high affinity to the cell membrane of skin due to its
lipid components. The drug retention in skin can provide a
prolonged drug release following a reservoir effect. Accord-
ing to the prior findings (45), ASTA is readily absorbed by
dermal fibroblasts. In this regard, the improved skin retention
of ASTA could be beneficial to skin targeting.

Skin Irritation Test

No sensitization was observed for ASTA-NLC within the
investigated timescale. The result suggested an ideal biocom-
patibility of ASTA-NLC and the suitability of its topical
application as a cosmeceutical.

CONCLUSION

In this study, a novel ASTA-NLC was successfully
prepared with small particle size, uniform size distribution,
high encapsulation efficiency, improved skin retention, and
good stability against oxygen, heating, and ultraviolet expo-
sure. The intrinsic antioxidant activity of ASTA was effec-
tively preserved after the incorporation into designed NLC
formulations. ASTA-NLC was able to concentrate in skin
without skin damage, laying a fundamental foundation for its
potential application as a cosmeceutical product. The cos-
metic benefits of ASTA are expected to effectively perform
through skin, owing to the improved transdermal delivery
offered by ASTA-NLC.
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