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Astaxanthin is a xanthophyll carotenoid with high beneficial
biological activities, such as antioxidant function and
scavenging oxygen free radicals, but its application is limited
because of poor water solubility and low bioavailability. Here,
we prepared and optimized poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded with astaxanthin using the
emulsion solvent evaporation technique and investigated the
anti-photodamage effect in HaCaT cells. The four-factor three-
stage Box—Behnken design was used to optimize the
nanoparticle formulation. The experimental determination of
the optimal nanoparticle size was 154.4+0.35 nm, the zeta
potential was 22.07+093mV, encapsulation efficiency
was 96.42 + 0.73% and drug loading capacity was 7.19 = 0.12%.
The physico-chemical properties of the optimized nanoparticles
were characterized by dynamic light scattering, scanning
electron microscopy, transmission electron microscopy, Fourier-
transform infrared spectroscopy, X-ray diffraction, differential
scanning calorimetry and thermo-gravimetric analyser. In vitro
study exhibited the excellent cell viability and cellular uptake of
optimized nanoparticles on HaCaT cells. The anti-
photodamage studies (cytotoxicity assay, reactive oxygen
species content and JC-1 assessment) demonstrated that the
optimized nanoparticles were more effective and safer than
pure astaxanthin in HaCaT cells. These results suggest that our

© 2019 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsos.191184&domain=pdf&date_stamp=2019-10-23
mailto:kong_fanhui@foxmail.com
mailto:weikun@scut.edu.cn
http://orcid.org/
http://orcid.org/0000-0002-2048-3981
http://orcid.org/0000-0002-4640-1016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

PLGA-coated astaxanthin nanoparticles synthesis method was highly feasible and can be used in
cosmetics or the treatment of skin diseases.

1. Introduction

Astaxanthin is a xanthophyll carotenoid, which widely presents in microorganisms including
Haematococcus pluvialis and Phaffia rhodozyma, or in aquatic animals, such as crabs, salmon and lobsters
[1,2]. Furthermore, owing to its numerous biological activities, such as anti-cancer [3], anti-oxidation [4],
anti-inflammation [5], decreasing the risk of cardiovascular diseases [6] and photodamage [7],
astaxanthin is often applied as a nutritional supplement. Because of its special chemical and molecular
structure, the antioxidant activity of astaxanthin is much higher than vitamin E and B-carotene [8].
However, the applications of astaxanthin are a hindrance owing to its high hydrophobicity and poor
chemical stability, which also limit its bioavailability [9]. Meanwhile, because it contains a highly
unsaturated molecular structure, astaxanthin is sensitive to light, oxide, heat, alkaline and acidic
solution. Hence, the use of astaxanthin in the food industry and the pharmaceutical product is severely
restricted [10]. Given these conditions, some researchers developed effective strategies such as
nanoparticulate drug delivery technologies to overcome these problems and enhance the bioavailability
of astaxanthin. For example, Liu et al. developed a new delivery system, which encapsulated
astaxanthin with p-lactoglobulin and chitosan oligosaccharides to improve the stability and antioxidant
activity of astaxanthin [11], and Wu et al. reported that astaxanthin was successfully incorporated into
hyaluronic acid nanoparticles via an electrostatic field system and had a better recovery effect than
astaxanthin alone on retrorsine—CCl -induced liver fibrosis in the rat model [12].

It is well known that polymeric nanoparticles are the most widely used for hydrophobic drug delivery
because of biocompatible and biodegradable, especially poly(p,L-lactic-co-glycolicacid) (PLGA) [13]. PLGA
is allowed for use in humans by the United States Food and Drug Administration, as it can be hydrolysed to
non-toxic biodegradable metabolite monomers like lactic acid, and glycolic acid in vivo [14,15]. Recently,
drug delivery based on the use of PLGA nanoparticles has been studied for the treatment of skin
damage and photodamage. PLGA-tocopheryl polyethylene glycol 1000 succinate (TPGS) nanoparticles
were used to enhance the hydrophilicity of quercetin and could penetrate through the epidermis and
reach the dermis to ameliorate in the ultraviolet B (UVB) damaged skin [16]. To reduce the phototoxicity
of curcumin (Cur), Deepti et al. prepared PLGA-curcumin nanoparticles which could protect the
undesirable biological interactions of curcumin photodegradation products under ultraviolet A and UVB
exposure and continuously scavenge free radicals [17]. Furthermore, it has been reported that
astaxanthin was encapsulated in PLGA nanoparticles coated with chitosan oligosaccharides using an
antisolvent precipitation method which could improve water solubility and stability, but the effect of
intracellular uptake of nanoparticles has not been proved [18].

The response surface method (RSM), which can be based on experimental results to fit empirical
models, is an effective method to optimize the preparation process using a minimum number of
experiments, but the results are scientific and credible [19]. Box-Behnken design (BBD), is a kind of
RSM, which is a formidable and valid statistical tool for analysing the effects of factors on the
response values in pharmaceutical formulation development. It can also obtain optimal preparation
conditions of nanoparticles and get a prediction of the response value [20].

Skin, the largest organ in the human body, plays a major role as the protective barrier against harmful
external agents, such as ultraviolet (UV) radiation, dehydration, temperature changes and pathogens [21].
Excessive exposure to UV radiation remains a major risk factor for melanoma and non-melanoma skin
cancers, especially, exposure to UVB radiation can generate excessive reactive oxygen species (ROS) in
cells, that can induce many deleterious effects, including DNA damage, oxidative stress, photoaging,
inflammation and carcinogenesis [22,23]. The anti-wrinkle and anti-oxidation effects of astaxanthin reflect
its various health benefits and important nutritional health applications in dermatology [24]. Naoki et al.
evaluated the effects of astaxanthin on UV-induced skin degradation in 23 healthy Japanese participants
and demonstrated the protective and safe nature of astaxanthin [25]. Moreover, Hung et al. found that
barrier defects caused by UV radiation may increase the skin penetration of polymer nanoparticles [26].

In our study, for the first time, to our knowledge, we synthesized and optimized PLGA nanoparticles
(AST-PLGA NP) loaded with astaxanthin (AST) using the emulsion solvent evaporation method.
According to the BBD, the optimized nanoparticles possessed the highest encapsulation rate, the increased
drug load capacity with smaller nanoparticle size. The various physico-chemical and morphological
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Table 1. Factors and levels used in the Box—Behnken design.

levels
factors low (—1) centre point (0)
X PLGA concentration (mg ml™") 10 15 20
Xs astaxanthin concentration (mg ml~) 0.5 0.75 1
X water volume (ml) 1 2 3
X sonication time (min) 0.5 0.75 1

properties of the optimized AST-PLGA NP were characterized, and the cellular uptake effect of nanoparticles
was assessed using HaCaT cells. Furthermore, the in vitro photodamage protective effect of optimized AST-
PLGA NP and astaxanthin were evaluated.

2. Material and methods

2.1. Materials

PLGA with terminal carboxylate groups (PLGA-COOH, the molar ratio of b, L-lactic to glycolic acid, 50 :
50, MW 17 kDa) was purchased from Jinan Daigang Biomaterial Co., Ltd (Shandong, China).
Astaxanthin (AST, SA8730) was purchased from Solarbio (Beijing, China). Fluorescein isothiocyanate
(FITC, F7250-100 mg) and 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (UK). Dulbecco’s Modified Eagle’s medium (DMEM), 0.25% trypsin-EDTA and fetal
bovine serum (FBS) were purchased from GIBCO (Invitrogen Corp, Carlsbad, CA, USA). The
Mitochondrial Membrane Potential Detection Kit (JC-1) was obtained from Beyotime Biotechnology
(Shanghai, China). All other reagents were purchased from Aladdin (Shanghai, China).

2.2. Preparation of poly(lactic-co-glycolic acid) loaded with astaxanthin nanoparticles

The nanoparticles were prepared following the emulsion solvent evaporation technique [27]. Briefly, an
accurately weighed amount of PLGA and astaxanthin were dissolved in a 1ml mixture of
dichloromethane and acetone (dichloromethane: acetone =3:2) under probe sonication. This organic
phase was slowly added to bovine serum albumin (BSA) 1% (w/v) solution and sonicated together. The
final emulsion was maintained under magnetic stirring at room temperature overnight. After
centrifuging at 14 000 rpm for 40 min, the PLGA loaded with astaxanthin nanoparticles were washed
three times with deionized water. The unloaded nanoparticles (PLGA NP) were obtained following the
same procedure without astaxanthin. The optimized preparation method through response surface
experiment design is as follows.

2.3. Response surface methodology experiment design

In order to explore optimal formulation condition, we employ the RSM to evaluate the relationship
between factors and responses using a minimum number of experiments and use BBD to analyse the
results [28]. In this study, the experiment was employed with four factors, three levels and 29 runs for
the optimization study using DEesiGN-ExperT 8.0.6 software. The concentration of PLGA (X,), the
concentration of astaxanthin (Xg), water volume (Xc) and sonication time (Xp) were selected as
independent variables and they were set at low, medium and high levels, respectively (table 1). Then,
different batches were prepared with different independent variables at different levels, and responses
like size, drug loading (DL) capacity and encapsulation efficiency (EE) were obtained. The data were
analysed using the DEsIGN-ExpPERT software, and polynomial model equations were given as follows:

Y = B0 + B1Xa + B2Xp + B3Xc + B4Xp + B5XaXp + B6XaXc + B7XAXD
+ B8XpXc + B9XpXp + B10XcXp + BI1XA + B12X5 + B13X2 + B14X3, (2.1)

where Y is the individual response factor or dependent variable; f0-311 are regression coefficients; and
Xa, X, Xc and Xp are the independent variables.
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2.4. Particle size and zeta potential

Particle size, polydispersity index (PDI) and zeta potential of the nanoparticles were analysed by the
method of dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern, UK). Each measurement was
repeated three times.

2.5. Evaluation of the encapsulation efficiency and drug loading capacity

The EE and DL of AST-PLGA NP were determined by a UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan). One milligram lyophilized AST-PLGA NP was accurately weighed, and astaxanthin
in AST-PLGA NP was extracted by adding 1 ml dichloromethane: ethanol (1:10, v:v). The above
extract was vortexed and centrifuged at 10 000 rpm for 5 min and the supernatant collected, which was
measured at the wavenumber of 478 nm. The EE and DL were calculated using the following equation:

weight of encapsulated drug

EE% =
% total weight of drug

x 100% (2.2)

weight of encapsulated drug
DL% = — p
weight of the loaded nanoparticles

% 100%. (2.3)

2.6. Morphologic analysis of nanoparticles

The shape and size of the nanoparticles were observed using a scanning electron microscopic (SEM)
(Merlin, Carl Zeiss AG, Germany) at an acceleration voltage of 5kV. A drop of 1 mg ml™' sample was
placed on a wafer, dried overnight and then coated with platinum for the experiment. The surface
morphology of nanoparticles was further characterized by transmission electron microscopy (TEM).

2.7. Fourier-transform infrared spectroscopy

The Fourijer-transform infrared (FTIR) spectra of astaxanthin, free PLGA nanoparticles and AST-PLGA
NPs were recorded by a Thermo Scientific Nicolet Nicolet Nexus FTIR spectrometer (Thermo-Nicolet,
Gaisburg, MD, USA) in the ranges of 400-4000 cm™' for chemical analysis of functional groups.
Samples were ground together with KBr (1:50, w/w).

2.8. X-ray diffraction patterns

A certain amount of astaxanthin, free PLGA NP and AST-PLGA NP were scanned on a powder X-ray
diffractometer (XTV160H, X-TEK, U.K) with an angle of 26 from 5 to 60° under ambient temperature.

2.9. Thermal analysis

The thermal properties of astaxanthin, PLGA NP and AST-PLGA NP were measured using a differential
scanning calorimetry (DSC) and thermo-gravimetric analyser (TGA). Both DSC and TGA profiles were
accomplished on an STA 449C (Netzsch, Germany). Each sample (10 mg) was put into an aluminium
pan and heated from 35 to 800°C at a flow rate of 10 K min~"' under the flow of nitrogen.

2.10. Cell culture

Human keratinocytes (HaCaT) were purchased from the Kunming Cell Bank of the Committee of Typical
Culture Collection of Chinese Academy of Sciences. HaCaT cells were cultured in DMEM media
supplemented with 1% of penicillin/streptomycin and 10% FBS in 5% CO, at 37°C. When reaching
80% confluence, cells were detached upon trypsinization for experiments.

2.11. Cell uptake

Flow cytometry analysis: HaCaT cells were cultured at 1 x 10° cells well ™" in 12 well plates. When the
cells properly adhered, the medium was removed and FITC-loaded PLGA nanoparticle suspension
(100 pg ml™") was incubated for 1, 2, 4 and 8 h. After different exposure times, cells were washed
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twice with phosphate buffered saline (PBS) and harvested using trypsin-EDTA (0.25% v/v). The results [ 5 |
were recorded using a BD C6 flow cytometry (FACS) with a 488 nm laser. For each experiment, a total of
10000 cells were gated per sample and each sample was performed in triplicate.

Confocal laser scanning microscopy: laser confocal microscopy (Ti-E A1, Nikon, Japan) was used to
qualitatively analyse the localization of fluorescent nanoparticles in HaCaT cells. The cells were seeded at
5x10*cellswell ™' in 24-well plates containing glass coverslips. After incubation with fluorescent
nanoparticles for a certain period of time, the cells were washed gently with PBS three times and
fixed with 4% paraformaldehyde for 20 min. Finally, cells were stained with 4,6-diamidino-2
phenylindole (DAPI) for 5 min.

2.12. In vitro cell viability and cytotoxicity studies

sos1/JeuInof/610Suiysignd/aposjelos

178H6L9 Dguado)osy

Cell viability was measured by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) method. HaCaT cells were seeded at 8 x 10° cells well ™" in 96-well plates. The different
concentrations of astaxanthin, free PLGA NP and AST-PLGA NP suspension were treated for 24 h and
48 h, respectively. Then, the media was removed and replaced by the MTT solution (0.5 mg ml™" well™).
After incubation at 37°C for 4 h, 100 pl dimethyl sulfoxide dissolved the formazan crystals, and the
absorbance was measured at 570 nm using a microplate reader (Cytation 5, Biotek, USA).

2.13. Ultraviolet B irradiation and phototoxicity measurement

Cells were irradiated with UVB from two fluorescent Philips lamps (280-370 nm) with a peak at 312 nm
and measured by a UVB radiometer with a sensor. Cells were pretreated with or without astaxanthin,
and AST-PLGA NP for 12 h, and exposed to the dose of 30 m]J cm™? irradiation. Cells were rinsed by
PBS once and irradiated under a thin layer of PBS. After UVB radiation, cells were incubated with the
drug or free media for another 24 h immediately. The control group was treated to the same
procedures without exposing to UVB lamps. The protection of phototoxicity of astaxanthin and AST-
PLGA NP was assessed by the MTT method.

2.14. Assessment of intracellular reactive oxygen species

The fluorescence dye 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma-Aldrich, USA) was
used to investigate intracellular ROS. HaCaT cells were seeded at 1.5 x 10° cells well ™" in 12-well plates
overnight. The above irradiation method was carried on until after the cells reached 80% confluence.
Finally, the cells were incubated with 10 pM DCFH-DA in serum-free medium for 30 min, and the
results were analysed by FACS and confocal laser scanning microscopy.

2.15. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (A%¥m) was measured by a mitochondrial membrane potential assay
kit with JC-1 (C2006, Beyotime Biotechnology, Jiangsu, China) according to the manufacturer’s kit
instructions. In brief, after the irradiation treatment mentioned above, cells were washed with PBS and
treated with JC-1 at 37°C for 20 min in dark conditions. Then the results of the fluorescence intensity
were recorded by FACS and confocal laser scanning microscopy. The value of mitochondrial
membrane potential was calculated using the following equation:

red (] — aggregates)
green (JC — imonomer)

Aym = % 100%. (2.4)

2.16. Statistical analysis

The experiments were repeated three times separately and the results are presented as the means + s.e.m.
The statistical significance of the results was evaluated using an independent ¢-test for the comparison of
two samples. A p-value of less than 0.05 was considered statistically significant.



Table 2. Box—Behnken design matrix and observed response value.

input factor levels experimental response

run Xa EE (%) DL (%) size (nm)
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3. Results and discussion

3.1. Formulation and optimization of astaxanthin-loaded poly(lactic-co-glycolic acid)
nanoparticles by Box—Behnken design

BBD can study the effects and interactions between all factors and responses with the least number of
experiments [29]. In our study, the four-factor, three-level experiment design was analysed with three
responses to explore the best formulation. The higher and lower limits were chosen in pilot studies.
The results of the whole design contained 29 experiment runs with five central points, displayed in
table 2 in the form of means (1 =3). The EE, DL and size of the AST-PLGA NP ranged from 75.03-
97.45%, 2.26-7.51% and 137.1-369.27 nm, respectively. Various model statistical parameters were
analysed by DEsIGN-EXPERT 8.0.6 software using multiple regression analysis.
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Table 3. Statistical analysis of variance for EE in Box—Behnken design. (R* = 0.8772; Rf\dj = 0.75450; CV =3.45%.)

source sum of squares mean square F-value

model 924.83 66.06 7.15 0.0004 significant
e i

¥ 2889 2889 31.25 <0000
1 .
e e e e

3.1.1. Effect of formulation variable on encapsulation efficiency

We used the quadratic model to analyse the variance of the BBD experiment. ANOVA results for EE
response are shown in table 3. The full regression model was significant (p =0.0004) with insignificant
lack of fit (F=0.67; p=0.72), which meant that it was excellent fitting to the corresponding response
and a quadratic second-order polynomial model was fitted with the equation as follows:

EE(Y;) = 84.11 + 0.73Xa — 4.9Xp — 0.81Xc — 0.41Xp + 1.71X2 Xp — 2.64X2Xc + 0.76XaXp
+0.63XpXc — 2.53XpXp — 0.39XcXp + 6.67X3 — 3.12X3 + 1.43X2 + 4.94X3,. (3.1)

From the equation, a positive value indicated a synergistic effect on optimization in the regression model,
whereas a negative value indicated an antagonistic effect [30]. Factors A, AB, AD, BC, A%, C?and D* had a
positive effect on the EE. However, factors B, C, D, AC, BD, CD and B? showed passive influence on EE. In
table 3, the R? values and the adjusted R” values were 0.8772 and 0.7545, respectively, and the value of the
coefficient of variation (CV) was 3.45%, which suggested that the fitted model was in reasonable agreement.

3.1.2. Effect of formulation variable on drug loading

High DL capacity in nanoparticles can decrease drug dosing frequency and side effects [31]. ANOVA
results of DL are shown in table 4. The fitted model was extremely significant (F=61.47 and p<
0.0001). The lack of fit was not significant (0.6) and a quadratic second-order polynomial model was
fitted with the equation as follows:

DL(Y>) = 3.94 — 1.5X4 + 1.1Xp — 0.066Xc + 0.009Xp — 0.28XsXp — 0.14XaXc + 0.11Xa Xp
+0.075XpXc — 0.14XpXp — 0.083XcXp + 0.8X3 — 0.24X3 + 0.12X2 + 0.27X3. (3.2)

In the model, the R values and the adjusted R* values were 0.984 and 0.968, respectively. The value
was close to 1 indicating a good fit in reasonable agreement. Among the factors, B, D, AD, BC, A2, C?and
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Table 4. Statistical analysis of variance for DL in Box—Behnken design. (R = 0.9840; Rf\dj = 0.9680; (V =5.43%.)

source sum of squares mean square F-value

model 477 %1073 341 %107 61.47 <0.0001 significant
B T e
e
I
T
e
T
e s S
1

o anx1t a1sx 7491 00001
T e e e
T T e e e
T T e e e
e
Tt s et s vt vt st
o

D? had a positive effect on the size of nanoparticles and the concentration of PLGA (A) and astaxanthin
(B) had the highest significant effect on the size with p <0.0001, indicating that A and B are the most
important factors for DL.

3.1.3. Effect of formulation variable on size

It is well known that the size and PDI of nanoparticles are very important features, which may influence
toxicity, stability and biodistribution of drug delivery [32]. The size of nanoparticles was seen as a
response, ANOVA results are shown in table 5. The fitted model was highly significant (p=0.0005
and F=6.77). Meanwhile, the lack of fit was not significant which means it is a good fit to the
corresponding response, and a quadratic second-order polynomial model was fitted with the equation
as follows:

Size(Y3) = 183.93 + 3.98X 5 — 5.2Xp — 70.97Xc + 0.73Xp — 9.230X2 X5 + 32.38Xa Xc — 6.45X2Xp
+0.78XpXc — 21.26XpXp — 20.48XcXp + 9.4X3 — 18.47X3 + 42.21X2 + 8.14X3. (3.3)

In the model, the R* values and the adjusted R* values were 0.8713 and 0.7425, respectively, in
reasonable agreement. Among the factors, A, D, AC, BC, A2, C? and D? had a positive effect on the
size of nanoparticles, and water volume (C) had the highest significant effect on the size with p<
0.0001. The change of water volume actually changed the ratio of the W/O phase. When the
surfactant (BSA) concentration remained unchanged and increased the water concentration, the
particle size decreased. These results were consistent with the previous study [28].

3.1.4. Optimization and model validation

The optimized PLGA NP loaded with astaxanthin formulation was performed based on the maximum
value of EE and DL, meanwhile minimizing the particle size by using the prediction method of
DesiGN-ExPErT 8.0.6 software. The optimized formation composition is shown in table 6. PLGA NP
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Table 5. Statistical analysis of variance for size in Box—Behnken design. (R =0.8713; Rﬁdj = 0.7425; (V =14.97%.)

source sum of squares mean square F-value

model 85733.94 6123.85 6.77 0.0005 significant
e awm s s
O ems ems ww wmm
e e e e e
e e e s
0
1
e e e e
e e o s

X o s s 063 M
"kg" e
Xg e e e am
'”)'(5” L
e ey e
P
e wes e
et e

Table 6. Optimized values obtained by constraints applied on EE, DL, size.

optimum condition

variable and response predicted value observed value bias (%)

loaded with astaxanthin was synthesized at the optimal conditions three times to verify. The
experimentally observed values for the three responses are close to the predicted values with low
percentages of the relative error to ensure the validity and reproducibility of the model [33]. Figure 1
shows the linear relationship between the experimental value of the response and the predicted
value. The more uniformly the point is close to the 45° line, the better the model fits [34]. The
synthesised method of optimized PLGA NP loaded with astaxanthin was prepared in the remaining
experiments.

3.2. Characterization of the optimized poly(lactic-co-glycolic acid) nanoparticles loaded
with astaxanthin

The mean particle size of optimized AST-PLGA NP was 154.4 + 0.35 nm, and the PDI was 0.16 + 0.032,
while the PLGA NP without astaxanthin using the same method was 147.5 = 1.48 nm and 0.256 +0.012
with narrow size distribution, respectively (figure 2a). The size of AST-PLGA NP was slightly larger
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(a) predicted versus actual (b) predicted versus actual (c) predicted versus actual
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Figure 1. Linear correlation plots between actual and predicted values and the corresponding residual plots for (a) EE; (b) DL and (c) size.
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Figure 2. (a) The particle size distribution of PLGA NP and AST-PLGA NP. Scanning electron microscopic (SEM) images of (b)
astaxanthin (AST), scale bar, 10 pm; (¢) blank PLGA nanoparticles (PLGA NP); and (d) astaxanthin-loaded PLGA nanoparticles
(AST-PLGA NP). Transmission electron microscopy (TEM) images of (e) PLGA NP, and (f) AST-PLGA NP, scale bar, 100 nm.

than blank PLGA NP, indicating that astaxanthin successfully loaded into PLGA NP. Furthermore,
PLGA NP and AST-PLGA NP showed negative zeta potential, which was —25.93 +0.58 mV and
—22.07 +£0.933 mV, respectively. In addition, the evaluation of the EE and DL capacity of optimized
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Figure 3. Detailed characterization of nanoparticles. (a) The FTIR spectrum of astaxanthin, PLGA NP, AST-PLGA NP. (b) X-ray
diffraction patterns of astaxanthin, PLGA NP, AST-PLGA NP. (c) DSC thermographs curves of astaxanthin, PLGA NP, AST-PLGA NP.
(d) TGA thermographs curves of astaxanthin, PLGA NP, AST-PLGA NP.

AST-PLGA NP were 96.42 +0.73% and 7.19 = 0.12%, respectively. It is reported that the EE and DL are
the significant parameters because they are directly related to the administration of the nanoparticle’s
quantity [35]. The EE and DL results suggest that the properties of the optimized AST-PLGA NP
was excellent.

SEM micrographs of astaxanthin, blank PLGA NP and AST-PLGA NP are shown in figure 2b—,
respectively. It could be seen that pure astaxanthin was an irregularly lumpy crystal. After
synthesizing, nanoparticles using the optimized method, PLGA NP and AST-PLGA NP showed small,
smooth and globular particles without drug crystal presentation, which suggested that they can more
easily penetrate into cells than pure astaxanthin. Besides, the results of TEM further validate the
morphology of the nanoparticles.

3.3. Fourier-transform infrared analysis of the optimized astaxanthin-loaded poly(lactic-co-
glycolic acid) nanoparticles

To investigate whether astaxanthin was successfully loaded in PLGA nanoparticles, the FTIR
experiment was carried out. As shown in figure 3, the astaxanthin presented characteristic
absorption peaks at 2922 em™!, 1650 cm ™}, 1551 ecm ™! and 976 em™!, which are attributed to —CHj
stretching, the C=O stretching vibration, the stretching vibration of C=C in the aromatic ring and
C-H in the C and C conjugate system, respectively [36,37]. All bands of blank PLGA NP could be
found in the spectra of AST-PLGA NP. Compared with the spectra of AST-PLGA NP and
astaxanthin, it was obvious that specific functional groups of astaxanthin also appeared in AST-
PLGA NP. The results demonstrated that astaxanthin was successfully encapsulated into PLGA
nanoparticles physically.

481161 9 s tado 205y sosyjeuwmol/biobunsiqndfaanosiedor [y



3.4. X-ray diffraction analysis of the optimized astaxanthin-poly(lactic-co-glycolic acid)
nanoparticles

As shown in figure 3b, the characteristic crystalline peaks of astaxanthin occurred at 10.7°, 14.2°,
16.4°, 18.2°, 20.4° and 24.7°, respectively, which meant that the astaxanthin still maintained the
crystalline form. Besides, the blank PLGA NP and AST-PLGA NP showed a wider diffraction peak
around 11.4° to 25.9°, which is similar to a previous report [38]. Otherwise, as for AST-PLGA NP, the
sharpness peaks of astaxanthin disappeared in the X-ray diffraction (XRD) spectra, which suggested
that astaxanthin was successfully encapsulated in an amorphous form. These results are similar to a
previous report [18].

3.5. Thermal analysis of the optimized astaxanthin-loaded poly(lactic-co-glycolic acid)
nanoparticles

The results of DSC thermograms are shown in figure 3c. The endothermic peaks of astaxanthin, pure
PLGA NP and AST-PLGA NP are observed clearly. The curves of astaxanthin (figure 3¢, blue line)
showed a sharp endothermic peak at 230°C [39]. However, AST-PLGA NP (figure 3c, red line) only
displays a sharp endothermic peak around 350°C like pure PLGA NP (figure 3c, black line) [40]. The
disappearance of the astaxanthin characteristic peaks in AST-PLGA NP proved that astaxanthin was
successfully wrapped into polymer nanoparticles in an amorphous state.

Figure 3d shows the TGA curves of astaxanthin, blank PLGA NP and AST-PLGA NP respectively.
There were two stages of weight loss. The weight loss of the first stage up to 100°C may be the
physical adsorption by water in those test compounds [41]. The mass loss of astaxanthin and AST-
PLGA NP at 256°C were around 4.8% and 3.9%, respectively, while about 93.3% and 90.7% was a loss
at 550°C, respectively. In other words, these data further indicated the presence of astaxanthin in the
PLGA nanoparticles [42].

3.6. Cellular uptake study

To demonstrate that PLGA nanoparticles were uptake by HaCaT cells, FITC was chosen as a model
fluorescent probe to perform a quantitative and qualitative analysis of cellular uptake of the
nanoparticles [43]. The results of FACS could quantitatively analyse the uptake of fluorescent
nanoparticles by HaCaT cells as shown in figure 4a,b. The cellular uptakes of FITC-loaded PLGA
nanoparticles at a concentration of 100 pg ml~' were time-dependent. After incubation with cells for
Oh, 1h, 2h, 4h and 8 h, the fluorescence intensity of the fluorescent nanoparticles were 2214 + 48.31;
5989 + 65.02; 7521 +39.01; 10 007 +76.43; 18 758 + 76.41, respectively. The intracellular uptake of FITC-
loaded PLGA nanoparticles in HaCaT cells was visualized using a laser scanning confocal
microscope. FITC-loaded PLGA nanoparticles (green) were distributed around the nucleus (blue)
which proved that nanoparticles can be taken up by the cells through the cell membrane (figure 4c).
After fluorescent nanoparticles were treated with HaCaT cells for 1h, the green fluorescence intensity
was very weak. However, the green fluorescence intensity was obvious at 8 h. These results confirmed
that the cellular uptake of PLGA nanoparticles increased in a time-dependent way.

3.7. Cell viability and photoprotective studies

The in vitro cytotoxicity of astaxanthin, blank PLGA NP and AST-PLGA NP in HaCaT cells were
evaluated using MTT assay (figure 5a,b). The HaCaT cells treated with astaxanthin did not cause any
significant decrease in cell viability, while at 48 h, cell viability of 2, 4 and 8 uyM was less than 95%.
So, we chose 0.4, 0.8 and 1 pM for later experiments. As previously reported [18], the biocompatibility
of PLGA NP and AST-PLGA NP had lower cytotoxicity at high concentration at 24 and 48 h.

As shown in figure 5c,d, the photo protective effects of astaxanthin and AST-PLGA NP on HaCaT cells
under UVB irradiation of 30 mJ cm ™2 were evident. The results displayed that the cell viability of irradiated
cells was significantly reduced by 42.53% (p <0.005) compared with control cells, which means that the
irradiation model was appropriate [44]. The data showed astaxanthin at 1 uM and 1 pM AST-PLGA NP
increased cell viability about 16.10% and 18.14%, respectively, indicating that AST-PLGA NP possessed
increased UV protection compared to free astaxanthin.
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Figure 4. Cell uptake study. (a) Fluorescence intensity of FITC loaded into PLGA NP in HaCaT cells with different incubation time.
The data show the means = s.e.m. (n = 3), ****p < 0.0001. (b) Flow cytometry results of HaCaT cells cultured with FITC-loaded
nanoparticles at different time points. (c) The fluorescent images of HaCaT cells treated with FITC-loaded PLGA NP for certain
different times using a laser scanning confocal microscope. Scale bar, 50 pm.
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Figure 5. Cell viability of astaxanthin (AST) and astaxanthin-loaded PLGA nanoparticles (AST-PLGA NP) treatment and UVB
irradiation on HaCaT cells. (a) HaCaT cells were treated with indicated concentrations of astaxanthin, blank PLGA NP and AST-
PLGA NPs for 24 h. (b) HaCaT cells were treated with indicated concentrations of astaxanthin, blank PLGA NP and AST-PLGA
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for a further 24 h. (d) Ha(aT cells pretreated with AST-PLGA NP loaded astaxanthin (0.4, 0.8 and 1uM) for 12 h were
irradiated with 30 mJ cm™ of UVB for a further 24 h. The cell viability was evaluated by MTT assay. The results are presented
as the mean % s.e.m. (n=3). *p < 0.05, **p < 0.001, ***p < 0.005, ****p < 0.0001.

3.8. Measurement of reactive oxygen species generation

UVB radiation can cause a mass of ROS, which induces oxidative stress and consequently accounts for
cellular compensation which ultimately leads to programmed cell death [45]. In our study, ROS levels in
HaCaT cells was obviously increased after 30 mJ cm™2 of UVB irradiation compared with control cells (by
297.7 +14.46%). As shown in figure 6a, astaxanthin pre-treatment decreased the intracellular ROS
generation and reduced DCF fluorescence intensity; the dose-response effect was observed. The
influence on ROS level of AST-PLGA NP had a similar result, which indicated AST-PLGA NP did not
change the antioxidant properties of astaxanthin. Furthermore, the results of the laser scanning
confocal microscope for astaxanthin and AST-PLGA NP testifies that the ROS level was quenched and
varies with concentration. In a word, astaxanthin and AST-PLGA NP can both protect HaCaT cells
from UVB-induced oxidative stress by scavenging free radicals.

3.9. Measurement of mitochondrial membrane depolarization

Mitochondrial membrane depolarization, which caused A¥m to lose, is regarded as a hallmark of the
early and irreparable stage of cell apoptosis [46]. Red fluorescence stands for the mitochondrial
aggregated form of JC-1 because of a high A¥m, while green fluorescence represents the monomeric
form of JC-1 owing to low A¥m [47]. Variation in A¥m leads to mitochondrial dysfunction and
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Figure 6. Effect of astaxanthin and AST-PLGA NP treatment on UVB-induced ROS generation in HaCaT cells by DCFH-DA assay.
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maybe the generation of ROS [48]. The relative A¥m value was analysed by flow cytometry and the
results are shown in figure 7a,b. UVB radiation causes reduced red fluorescence and increased green
fluorescence, which means A¥m was low (figure 7c). Compared with control cells, the relative A¥m
value of UVB treatment was about twofold higher. Different concentrations of astaxanthin and AST-
PLGA NP could enhance the value of A¥m. Furthermore, the results of the laser scanning confocal
microscope for astaxanthin and AST-PLGA NP significantly rescued mitochondrial membrane
depolarization and varies with concentrations.
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Figure 7. Effect of astaxanthin and AST-PLGA NP treatment on UVB-induced mitochondrial membrane depolarization in HaCaT cells
by the fluorescent dye JC-1. The quantitative analysis of the relative A¥m in HaCaT cells at different concentrations of astaxanthin
(a) and AST-PLGA NP (b) by flow cytometry. The results are presented as the mean +s.em. (n=3). *p < 0.05; **p < 0.007;
**¥p < 0.005, ****p < 0.0001; compared with UVB-treated cells. (c) The fluorescent images of A¥m in cells for different
concentrations by laser scanning confocal microscope.



4. Conclusion

In this research, we have successfully developed the PLGA nano drug delivery system loaded with
astaxanthin using the emulsion solvent evaporation technique. The four-factor and three-level BBD
optimized the parameters and obtained the optimal process conditions. With this, we synthesized AST-
PLGA NP with the concentration of PLGA 10 mg ml™!, the concentration of astaxanthin 0.81 mg ml™,
water volume 3 ml and sonication time 0.5 min. This synthesized method optimized the AST-PLGA NP
with an EE of 96.42 +0.73%; DL capacity of 7.19 +0.12% and size of 154.4 + 0.35 nm, indicating the good
drug delivery capacity of AST-PLGA NP. In addition, the results of SEM and TEM showed that the
nanoparticles were discrete and spherical in shape and displayed a good size distribution. At the same
time, FTIR studies confirmed that astaxanthin had been successfully loaded into PLGA NP. XRD and DSC
studies demonstrated that astaxanthin existed in the form of dispersed amorphous or disordered crystals in
the molecular state while formed a solid solution state in the polymer matrix. PLGA NP were
biocompatible and could be taken up by HaCaT cells in a time-dependent manner. In particular, AST-
PLGA NP showed better antioxidant activity compared to pure astaxanthin in the UVB radiation
photodamage model of HaCaT cells. Furthermore, AST-PLGA NP resists the photodamage in HaCaT cells
by reducing ROS levels and restoring mitochondrial membrane potential. Therefore, these results may
provide a new means to solve the problem such as high hydrophobicity and poor chemical stability of
astaxanthin and demonstrate the therapeutic application of PLGA-encapsulated astaxanthin nanoparticles
in skin diseases. All together, the AST-PLGA NP possesses the potential application in the field of
cosmetics and might be considered as a potential therapeutic component for skin disease.

Data accessibility. Our data are available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.b8gtht77s [49].
Authors’ contributions. F.H. and L.Y. designed the study. F.H. and W.L. performed all experiments. F.H. analysed the data and
wrote the rough draft of the manuscript. KW. and FK. revised the manuscript. All authors gave final approval for
publication.

Competing interests. The authors declare no competing interests.

Funding. Financial support came from the International Cooperation Projects of Guangdong Provincial Science and
Technology (grant no. 2015A050502013).

Acknowledgements. This paper was improved thanks to Dattatrya Shetti and Canlong Mo for their technical support.

References

Ambati RR, Phang SM, Ravi S, Aswathanarayana
RG. 2014 Astaxanthin: sources, extraction,

disease. Mar. Drugs 9, 447—-465. (doi:10.3390/
md9030447)

retrorsine-CCl,-induced liver fibrosis and
necrosis. Molecules 23, 726. (doi:10.3390/

stability, biological activities and its commercial 7. Hama S et al. 2012 Protective effects of topical Molecules23040726)

applications: a review. Mar. Drugs 12, 128-152. application of a poorly soluble antioxidant 13.  Pandita D, Kumar S, Lather V. 2015 Hybrid
(doi:10.3390/md12010128) astaxanthin liposomal formulation on poly(lactic-co-glycolic acid) nanoparticles:
Shahidi F, Metusalach, Brown JA. ultraviolet-induced skin damage. J. Pharm. Sci. design and delivery prospectives. Drug Discov.
1998 Carotenoid pigments in 101, 2909-2916. (doi:10.1002/jps.23216) Today 20, 95-104. (doi:10.1016/j.drudis.2014.
seafoods and aquaculture. (rit. Rev. Food 8. Naguib YMA. 2000 Antioxidant activities of 09.018)

Sci. 38, 1-67. (doi:10.1080/1040869989 astaxanthin and related carotenoids. J. Agr. Food 14. Jain RA. 2000 The manufacturing techniques of
1274165) Chem. 48, 1150-1154. (d0i:10.1021/Jf991106k) various drug loaded biodegradable poly(lactide-
Kim HY, Kim YM, Hong S. 2019 Astaxanthin 9. Marinelli L, Di Stefano A, Cacciatore I. 2018 co-glycolide) (PLGA) devices. Biomaterials 21,
suppresses the metastasis of colon cancer by Carvacrol and its derivatives as antibacterial 2475-2490. (doi:10.1016/50142-9612(00)
inhibiting the MYC-mediated downregulation of agents. Phytochem. Rev. 17, 903-921. (doi:10. 00115-0)

microRNA-29a-3p and microRNA-200a. Sci. Rep. 1007/511101-018-9569-X) 15, Kumari A, Yadav SK, Yadav SC. 2010

9, 9457. (doi:10.1038/541598-019-45924-3) 10.  Chen X, Chen R, Guo Z, Li C, Li P. 2007 The Biodegradable polymeric nanoparticles based
Yang C, Zhang LF, Zhang H, Sun QR, Liu RH, Li preparation and stability of the inclusion drug delivery systems. Colloids Surf. B

J, Wu LY, Tsao R. 2017 Rapid and efficient complex of astaxanthin with B-cyclodextrin. Biointerfaces 75, 1-18. (d0i:10.1016/j.colsurfb.
conversion of all-E-astaxanthin to 9Z- and 13Z- food Chem. 101, 1580—1584. (doi:10.1016/j. 2009.09.001)

isomers and assessment of their stability and foodchem.2006.04.020) 16.  Zhu XD et al. 2016 The effects of quercetin-
antioxidant activities. J. Agr. Food Chem. 65, 1. Liu G LiuZ Sun X, Zhang S, Wang S, Feng F, loaded PLGA-TPGS nanoparticles on ultraviolet
818-826. (doi:10.1021/acs.jafc.6b04962) Wang D, Xu Y. 2018 Fabrication and B-induced skin damages in vivo. Nanomed.
Chiu CH, Chang (G, Lin ST, Chyau CC, Peng RY. characterization of B-lactoglobulin-based Nanotechnol. Biol. Med. 12, 623—-632. (doi:10.
2016 Improved hepatoprotective effect of nanocomplexes composed of chitosan 1016/j.nan0.2015.10.016)
liposome-encapsulated astaxanthin in oligosaccharides as vehicles for delivery of 17. Chopra D et al. 2016 Photoprotective efficiency
lipopolysaccharide-induced acute hepatotoxicity. astaxanthin. J. Agric. Food Chem. 66, of PLGA-curcumin nanoparticles versus curcumin
Int. J. Mol. Sci. 17, 1128. (doi:10.3390/ 6717-6726. (doi:10.1021/acs.jafc.8h00834) through the involvement of ERK/AKT pathway
1jms17071128) 12. Wu YJ, Wu YC, Chen IF, Wu YL, Chuang CW, under ambient UV-R exposure in HaCaT cell line.

Fassett RG, Coombes JS. 2011 Astaxanthin: a
potential therapeutic agent in cardiovascular

Huang HH, Kuo SM. 2018 Reparative effects of
astaxanthin-hyaluronan nanoaggregates against

Biomaterials 84, 25-41. (doi:10.1016/j.
biomaterials.2016.01.018)

4811619 s tado 205y sosyjeumol/Biobunsiqndanosiedor g


https://doi.org/10.5061/dryad.b8gtht77s
https://doi.org/10.5061/dryad.b8gtht77s
http://dx.doi.org/10.3390/md12010128
http://dx.doi.org/10.1080/10408699891274165
http://dx.doi.org/10.1080/10408699891274165
http://dx.doi.org/10.1038/s41598-019-45924-3
http://dx.doi.org/10.1021/acs.jafc.6b04962
http://dx.doi.org/10.3390/Ijms17071128
http://dx.doi.org/10.3390/Ijms17071128
http://dx.doi.org/10.3390/md9030447
http://dx.doi.org/10.3390/md9030447
http://dx.doi.org/10.1002/jps.23216
http://dx.doi.org/10.1021/Jf991106k
http://dx.doi.org/10.1007/s11101-018-9569-x
http://dx.doi.org/10.1007/s11101-018-9569-x
http://dx.doi.org/10.1016/j.foodchem.2006.04.020
http://dx.doi.org/10.1016/j.foodchem.2006.04.020
http://dx.doi.org/10.1021/acs.jafc.8b00834
http://dx.doi.org/10.3390/Molecules23040726
http://dx.doi.org/10.3390/Molecules23040726
http://dx.doi.org/10.1016/j.drudis.2014.09.018
http://dx.doi.org/10.1016/j.drudis.2014.09.018
http://dx.doi.org/10.1016/S0142-9612(00)00115-0
http://dx.doi.org/10.1016/S0142-9612(00)00115-0
http://dx.doi.org/10.1016/j.colsurfb.2009.09.001
http://dx.doi.org/10.1016/j.colsurfb.2009.09.001
http://dx.doi.org/10.1016/j.nano.2015.10.016
http://dx.doi.org/10.1016/j.nano.2015.10.016
http://dx.doi.org/10.1016/j.biomaterials.2016.01.018
http://dx.doi.org/10.1016/j.biomaterials.2016.01.018

18.

19.

20.

21.

22.

2.

24,

25.

26.

27.

28.

29.

Liu (Z, Zhang SZ, McClements DJ, Wang DF, Xu
Y. 2019 Design of astaxanthin-loaded core—shell
nanoparticles consisting of chitosan
oligosaccharides and poly(lactic-co-glycolic
acid): enhancement of water solubility, stability,
and bioavailability. J. Agr. Food Chem. 67,
5113-5121. (doi:10.1021/acs.jafc.8b06963)
Wang FZ, Chen L, Jiang SM, He J, Zhang XM,
Peng J, Xu QW, Li R. 2014 Optimization of
methazolamide-loaded solid lipid nanoparticles
for ophthalmic delivery using Box—Behnken
design. J. Liposome Res. 24, 171. (doi:10.3109/
08982104.2014.891231)

Ferreira SLC et al. 2007 Box-Behnken design: an
alternative for the optimization of analytical
methods. Anal. Chim. Acta 597, 179-186.
(doi:10.1016/j.aca.2007.07.011)

Sanchez-Marzo N, Perez-Sanchez A, Ruiz-Torres V,
Martinez-Tebar A, Castillo J, Herranz-Lopez M,
Barrajon-Catalan E. 2019 Antioxidant and
photoprotective activity of apigenin and its
potassium salt derivative in human keratinocytes
and absorption in Caco-2 cell monolayers. Int. J. Mol.
Sdi. 20, 2148. (doi:10.3390/[jms20092148)

Zheng HN, Zhang MF, Luo H, Li H. 2019
Isoorientin alleviates UVB-induced skin injury by
regulating mitochondrial ROS and cellular
autophagy. Biochem. Biophys. Res. Co. 514,
1133-1139. (doi:10.1016/j.bbrc.2019.04.195)
Kim YH, Cho A, Kwon SA, Kim M, Song M, Han
HW, Shin EJ, Park E, Lee SM. 2019 Potential
photoprotective effect of dietary cor silk extract
on ultraviolet B-induced skin damage. Molecules
24, 2587. (doi:10.3390/molecules24142587)
Davinelli S, Nielsen ME, Scapagnini G. 2018
Astaxanthin in skin health, repair, and disease:
a comprehensive review. Nutrients 10, 522.
(doi:10.3390/Nu10040522)

Ito N, Seki S, Ueda F. 2018 The protective role of
astaxanthin for UV-induced skin deterioration in
healthy people: a randomized, double-blind,
placebo-controlled trial. Nutrients 10, 817.
(doi:10.3390/Nu10070817)

Hung CF, Chen WY, Hsu CY, Aljuffali 1A, Shih HC,
Fang JY. 2015 Cutaneous penetration of soft
nanoparticles via photodamaged skin: lipid-
based and polymer-based nanocarriers for drug
delivery. Eur. J. Pharm. Biopharm. 94, 94-105.
(doi:10.1016/j.ejpb.2015.05.005)

Liu Y, Wu X, Mi YS, Zhang BM, Gu SY, Liu GL, Li
XY. 2017 PLGA nanoparticles for the oral
delivery of nuciferine: preparation,
physicochemical characterization and in vitro/in
vivo studies. Drug Deliv. 24, 443—451. (doi:10.
1080/10717544.2016.1261381)

Sharma S, Narang JK, Ali J, Baboota S. 2016
Synergistic antioxidant action of vitamin E and
rutin SNEDDS in ameliorating oxidative stress in a
Parkinson’s disease model. Nanotechnology 27,
375101. (doi:10.1088/0957-4484/27/37/375101)
Nadaf SJ, Killedar SG. 2018 Curcumin
nanocochleates: use of design of experiments,
solid state characterization, in vitro apoptosis

30.

31

32

33.

34,

35.

36.

37.

38.

39.

and cytotoxicity against breast cancer MCF-7
cells. J. Drug Deliv. Sci. Technol. 47, 337-350.
(doi:10.1016/j.jddst.2018.06.026)

Avadhani KS et al. 2017 Skin delivery of
epigallocatechin-3-gallate (EGCG) and
hyaluronic acid loaded nano-transfersomes for
antioxidant and anti-aging effects in UV
radiation induced skin damage. Drug Deliv. 24,
61-74. (doi:10.1080/10717544.2016.1228718)
Acharya S, Sahoo SK. 2011 PLGA nanoparticles
containing various anticancer agents and tumour
delivery by EPR effect. Adv. Drug. Deliv. Rev. 63,
170-183. (doi:10.1016/j.addr.2010.10.008)
Kumar B, Jalodia K, Kumar P, Gautam HK. 2017
Recent advances in nanoparticle-mediated drug
delivery. J. Drug Deliv. Sci. Technol. 41,
260-268. (doi:10.1016/}.jddst.2017.07.019)
Escalona-Rayo 0, Fuentes-Vézquez P, Jardon-
Xicotencatl S, Garcia-Tovar (G, Mendoza-Elvira S,
Quintanar-Guerrero D. 2019 Rapamycin-loaded
polysorbate 80-coated PLGA nanoparticles:
optimization of formulation variables and in
vitro anti-glioma assessment. J. Drug Deliv. Sdi.
Technol. 52, 488—499. (doi:10.1016/j.jddst.2019.
05.026)

Qumbar M, Ameeduzzafar, Imam SS, Ali J,
Ahmad J, Ali A. 2017 Formulation and
optimization of lacidipine loaded niosomal gel
for transdermal delivery: in-vitro characterization
and in-vivo activity. Biomed. Pharmacother. 93,
255-266. (doi:10.1016/j.biopha.2017.06.043)
Reix N et al. 2012 In vitro uptake evaluation in
Caco-2 cells and in vivo results in diabetic rats
of insulin-loaded PLGA nanoparticles.

Int. J. Pharm. 437, 213-220. (doi:10.1016/j.
ijpharm.2012.08.024)

Yuan G, Jin Z, Xu X, Zhuang H, Shen W. 2008
Preparation and stability of the inclusion
complex of astaxanthin with hydroxypropyl-
B-cyclodextrin. Food Chem. 109, 264-268.
(doi:10.1016/j.foodchem.2007.07.051)

Mao X, Sun R, Tian Y, Wang D, Ma Y, Wang Q,
Huang J, Xia Q. 2019 Development of a solid
self-emulsification delivery system for the oral
delivery of astaxanthin. Eur. J. Lipid Sci. Technol.
121, 1800258. (doi:10.1002/ejlt.201800258)
Zhang ZR, Wang XY, Li BB, Hou YJ, Gai ZW,
Yang J, Li Y. 2018 Paclitaxel-loaded PLGA
microspheres with a novel morphology to
facilitate drug delivery and antitumor efficiency.
Rsc Adv. 8, 3274-3285. (doi:10.1039/
(7ra12683b)

Nalawade P, Gajjar A. 2015 Optimization of
astaxanthin microencapsulation in hydrophilic
carriers using response surface methodology.
Arch. Pharm. Res. 38, 1-15. (doi:10.1007/
$12272-015-0693-5)

Yang XH, Yang Y, Jia QW, Hao YY, Liu JJ, Huang
GH. 2019 Preparation and evaluation of
irinotecan poly(lactic-co-glycolic acid)
nanoparticles for enhanced anti-tumor therapy.
AAPS PharmSciTech. 20, Artn133. (doi:10.1208/
$12249-019-1327-X)

41.

4.

4.

4,

45.

46.

47.

48.

49.

Ayyanaar S, Kesavan MP, Sivaraman G,
Maddiboyina B, Annaraj J, Rajesh J, Rajagopal
G. 2019 A novel curcumin-loaded PLGA
micromagnetic composite system for controlled
and pH-responsive drug delivery. Colloid Surf. A
573, 188-195. (doi:10.1016/j.colsurfa.2019.
04.062)

Dong S, Huang Y, Zhang R, Lian Z, Wang S,
Liu Y. 2014 Inclusion complexes of
astaxanthin with hydroxypropyl-B-cyclodextrin:
parameters optimization, spectroscopic profiles,
and properties. Eur. J. Lipid Sci. Technol. 116,
978-986. (doi:10.1002/e]1t.201300261)

Jamali Z, Khoobi M, Hejazi SM, Eivazi N,
Abdolahpour S, Imanparast F, Moradi-Sardareh
H, Paknejad M. 2018 Evaluation of targeted
curcumin (CUR) loaded PLGA nanoparticles for
in vitro photodynamic therapy on human
glioblastoma cell line. Photodiagn.

Photodyn. 23, 190-201. (doi:10.1016/j.pdpdt.
2018.06.026)

Li LY, Huang T, Lan G, Ding H, Yan CS, Dou YL.
2019 Protective effect of polysaccharide from
Sophora japonica L. flower buds against UVB
radiation in a human keratinocyte cell line
(HaCaT cells). J. Photochem. Photobiol. B

191, 135-142. (doi:10.1016/j.jphotobiol.
2018.12.001)

Chen F, Tang Y, Sun Y, Veeraraghavan VP,
Mohan SK, Cui C. 2019 6-shogaol, a active
constiuents of ginger prevents UVB radiation
mediated inflammation and oxidative stress
through modulating NrF2 signaling in human
epidermal keratinocytes (HaCaT cells).

J. Photochem. Photobiol. B 197, 111518.
(doi:10.1016/j.jphotobiol.2019.111518)

Deepika MS, Thangam R, Sheena TS, Sasirekha
R, Sivasubramanian S, Babu MD, Jeganathan K,
Thirumurugan R. 2019 A novel rutin-fucoidan
complex based phytotherapy for cervical cancer
through achieving enhanced bioavailability and
cancer cell apoptosis. Biomed. Pharmacother.
109, 1181-1195. (doi:10.1016/j.biopha.2018.
10.178)

Zhu XB, Li N, Wang YL, Ding L, Chen HJ, Yu
YH, Shi XJ. 2017 Protective effects of quercetin
on UVB irradiation-induced cytotoxicity
through ROS clearance in keratinocyte cells.
Oncol. Rep. 37, 209-218. (doi:10.3892/or.
2016.5217)

Raza MK, Gautam S, Howlader P, Bhattacharyya
A, Kondaiah P, Chakravarty AR. 2018 Pyriplatin-
Boron-dipyrromethene conjugates for imaging
and mitochondria-targeted photodynamic
therapy. Inorg. Chem. 57, 14 374-14 385.
(doi:10.1021/acs.inorgchem.8h02546)

Hu F, Liu W, Yan L, Kong F, Wei K. 2019 Data
from: Optimization and characterization of
poly(lactic-co-glycolic acid) nanoparticles loaded
with astaxanthin and evaluation of anti-
photodamage effect in vitro. Dryad Digital
Repository. (https://doi.org/10.5061/dryad.
b8qtht77s)

*sosi/Jeunof/610Guiysgnd/aposjedos

.< 178 Hé L v 9 Dguado v JOSH ,.


http://dx.doi.org/10.1021/acs.jafc.8b06963
http://dx.doi.org/10.3109/08982104.2014.891231
http://dx.doi.org/10.3109/08982104.2014.891231
http://dx.doi.org/10.1016/j.aca.2007.07.011
http://dx.doi.org/10.3390/Ijms20092148
http://dx.doi.org/10.1016/j.bbrc.2019.04.195
http://dx.doi.org/10.3390/molecules24142587
http://dx.doi.org/10.3390/Nu10040522
http://dx.doi.org/10.3390/Nu10070817
http://dx.doi.org/10.1016/j.ejpb.2015.05.005
http://dx.doi.org/10.1080/10717544.2016.1261381
http://dx.doi.org/10.1080/10717544.2016.1261381
http://dx.doi.org/10.1088/0957-4484/27/37/375101
http://dx.doi.org/10.1016/j.jddst.2018.06.026
http://dx.doi.org/10.1080/10717544.2016.1228718
http://dx.doi.org/10.1016/j.addr.2010.10.008
http://dx.doi.org/10.1016/j.jddst.2017.07.019
http://dx.doi.org/10.1016/j.jddst.2019.05.026
http://dx.doi.org/10.1016/j.jddst.2019.05.026
http://dx.doi.org/10.1016/j.biopha.2017.06.043
http://dx.doi.org/10.1016/j.ijpharm.2012.08.024
http://dx.doi.org/10.1016/j.ijpharm.2012.08.024
http://dx.doi.org/10.1016/j.foodchem.2007.07.051
http://dx.doi.org/10.1002/ejlt.201800258
http://dx.doi.org/10.1039/c7ra12683b
http://dx.doi.org/10.1039/c7ra12683b
http://dx.doi.org/10.1007/s12272-015-0693-5
http://dx.doi.org/10.1007/s12272-015-0693-5
http://dx.doi.org/10.1208/S12249-019-1327-X
http://dx.doi.org/10.1208/S12249-019-1327-X
http://dx.doi.org/10.1016/j.colsurfa.2019.04.062
http://dx.doi.org/10.1016/j.colsurfa.2019.04.062
http://dx.doi.org/10.1002/ejlt.201300261
http://dx.doi.org/10.1016/j.pdpdt.2018.06.026
http://dx.doi.org/10.1016/j.pdpdt.2018.06.026
http://dx.doi.org/10.1016/j.jphotobiol.2018.12.001
http://dx.doi.org/10.1016/j.jphotobiol.2018.12.001
http://dx.doi.org/10.1016/j.jphotobiol.2019.111518
http://dx.doi.org/10.1016/j.biopha.2018.10.178
http://dx.doi.org/10.1016/j.biopha.2018.10.178
http://dx.doi.org/10.3892/or.2016.5217
http://dx.doi.org/10.3892/or.2016.5217
http://dx.doi.org/10.1021/acs.inorgchem.8b02546
https://doi.org/10.5061/dryad.b8gtht77s
https://doi.org/10.5061/dryad.b8gtht77s

	Optimization and characterization of poly(lactic-co-glycolic acid) nanoparticles loaded with astaxanthin and evaluation of anti-photodamage effect in vitro
	Introduction
	Material and methods
	Materials
	Preparation of poly(lactic-co-glycolic acid) loaded with astaxanthin nanoparticles
	Response surface methodology experiment design
	Particle size and zeta potential
	Evaluation of the encapsulation efficiency and drug loading capacity
	Morphologic analysis of nanoparticles
	Fourier-transform infrared spectroscopy
	X-ray diffraction patterns
	Thermal analysis
	Cell culture
	Cell uptake
	In vitro cell viability and cytotoxicity studies
	Ultraviolet B irradiation and phototoxicity measurement
	Assessment of intracellular reactive oxygen species
	Measurement of mitochondrial membrane potential
	Statistical analysis

	Results and discussion
	Formulation and optimization of astaxanthin-loaded poly(lactic-co-glycolic acid) nanoparticles by Box–Behnken design
	Effect of formulation variable on encapsulation efficiency
	Effect of formulation variable on drug loading
	Effect of formulation variable on size
	Optimization and model validation

	Characterization of the optimized poly(lactic-co-glycolic acid) nanoparticles loaded with astaxanthin
	Fourier-transform infrared analysis of the optimized astaxanthin-loaded poly(lactic-co-glycolic acid) nanoparticles
	X-ray diffraction analysis of the optimized astaxanthin-poly(lactic-co-glycolic acid) nanoparticles
	Thermal analysis of the optimized astaxanthin-loaded poly(lactic-co-glycolic acid) nanoparticles
	Cellular uptake study
	Cell viability and photoprotective studies
	Measurement of reactive oxygen species generation
	Measurement of mitochondrial membrane depolarization

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


