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and Yadong Xiaoa

Lutein (LUT) is a bioactive food compound found in various vegetables and plays a critical role in the

promotion of health and well-being. However, lutein is an unstable molecule which has a very low

bioavailability caused by its poor solubility in aqueous media, and is poorly absorbed when administered

orally. To enhance the stability, release and bioactivity of lutein, poly-L-lysine (PLL) decorated

nanoliposomes (PLL–LUT-NLP) were developed as novel delivery systems for lutein. The mean particle

size of PLL–LUT-NLP was found to be in the range 264–367 nm with a low polydispersity index (PDI <

0.4). The zeta potential changed from �38.6 mV in undecorated nanoliposomes to �27.9 mV in PLL-

decorated nanoliposomes. Furthermore, the lutein entrapment efficiency (EE%) of PLL–LUT-NLP was

found to be highest in nanoliposomes decorated with 0.06% (w/v) PLL. PLL could protect lutein in

nanoliposomes from degradation and promote the lutein release from the nanoliposomes in

gastrointestinal fluid conditions. Additionally, the PLL-decorated nanoliposomes maintained the

antioxidant activity of the lutein, and the antiproliferative activity was more significant than that of

undecorated nanoliposomes in inhibiting the proliferation of human tumor cells. These results suggest

that PLL-decorated nanoliposomes have potential to be used for efficient delivery of lutein and further

improve its bioavailability.
1. Introduction

Lutein is a hydroxycarotenoid (C40H56O2) present in dark green
leafy vegetables.1 It is a natural pigment with a range of
potential biological effects on health promotion through an
array of putative bioactions, including antioxidation, anti-
cancer, anti-inammation, absorption of high energy blue light
for protecting macula and skin by reducing UV-induced
inammation.2–5 Especially, lutein has strong antioxidant and
anticancer activities which are due to its unique molecular
structure (hydroxycarotenoid and unsaturated double bonds);
therefore, the properties and structural stability of lutein are
closely related to its antioxidant and anticancer activity.6 For
instance, lutein could signicantly induce breast cancer cell
apoptosis under hypoxia in a dose-dependent manner. Hypoxia-
induced production of ROS was also decreased by lutein.7

Lutein could inhibit sarcoma cell proliferation and tumor
growth, and lutein–DOX combinatorial therapy signicantly
decreased the proliferation of S180 cells in vitro.8 In addition,
natural carotenoids, a-carotene, b-carotene, lycopene and lutein
could inhibit colonic aberrant crypt foci formation in rats,
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particularly lutein and lycopene in small doses may potentially
prevent colon carcinogenesis.9

Despite its numerous biological benets, lutein is an
unstable molecule of conjugated carbon–carbon double-bonds
with a low absorption rate aer administration and poor
bioavailability due to its insolubility in the aqueous media. To
enhance solubility, stability and bioavailability of lutein,
extensive strategies have been developed for its encapsulation
by suitable carriers, including nanoparticles, nano-
encapsulation and nanoliposome.10,11 For example, lutein
entrapped in chitosan/PLGA nanoparticles displayed a higher
bioavailability than unmodied lutein in mice.12 The solubility
of lutein could be improved by chitosan (CS)/poly-glutamic acid
(PGA) nanoencapsulation.13

Nanoliposomes, spherical bilayer vesicles from dispersion of
polar lipids in aqueous solvents, have been widely studied for
many advantages. The technology of nanoliposomes can offer
a novel approach for enhancing bioavailability of fat-soluble
and unstable nutrients.14 They enhance bioactive agent perfor-
mance by improving the solubility and bioavailability, in vitro
and in vivo stability, as well as preventing the unwanted inter-
actions with other molecules.15 In order to improve absorption
and bioavailability of lutein, nanoliposomes are also one of the
most extensively investigated delivery systems for encapsulation
for protecting and controlling release of lutein.16,17
This journal is © The Royal Society of Chemistry 2018
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However, the practical application of nanoliposomes is
limited by their low biological activity, due to the oxidative
decomposition during long-term storage, digestion under low
pH and enzymatic condition, and the weak release and
absorption in the intestinal condition.18 Surface-decorated
liposomes using functional cationic polymers to improve the
stability and absorption of loaded active ingredients have been
developed.19,20 Poly-L-lysine (PLL), a cationic polypeptide, has
been shown to enhance the cellular uptake and bioactivity of
drugs by increasing the permeability of various compounds as
a modier for active ingredients and drug nano-carriers.21

Microencapsules, based on decoration of poly-L-lysine (PLL)
on the nanoparticles and liposomal surface, are an effective way
for reducing the damage of liposomal membrane and the
leakage of encapsulated compounds to improve encapsulation
efficiency and bioactivity.22,23 Importantly, liposome surface
modication with PLL signicantly increased delivery of the
marker coumarin-6, which had high biocompatibility and low
toxicity in cells of the retina segment.24 PLL decoration could
effectively penetrate and overcome biological barriers to cellular
and tissue uptake and enhance the absorption effects in
intestine.25,26

Hence, the present study focused primarily on the prepara-
tion of nanoliposomes and decoration with PLL for encapsu-
lation of lutein. The physicochemical characteristics of the
samples and their structural property were determined using
dynamic light scattering (DLS), transmission electron micros-
copy (TEM) and fourier transform infrared (FTIR) spectroscopy.
In addition, the encapsulation efficiency (EE), in vitro stability
and release rate were studied. The antioxidant (DPPH, ABTS
assay) and anticancer activity of free lutein, lutein nano-
liposomes and PLL-decorated nanoliposomes were also
investigated.
2. Materials and methods
2.1. Materials

Lutein (98%) and lecithin were purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China) and Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China), respectively. Poly-
L-lysine, cholesterol (MKBF1936 V), 1,1-diphenyl-2-picrylhydrazyl
Fig. 1 Formation mechanism of PLL decorated lutein nanoliposome.

This journal is © The Royal Society of Chemistry 2018
radical 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl (DPPH) and
2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
were from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Ethanol, Tween 80, methanol, and other reagent chemicals were
all of analytical grade.

2.2. Preparation of PLL decorated nanoliposomes

Lutein nanoliposomes (LUT-NLP) were produced by an ethanol
injection method, as described in a previous study.27 Lutein,
cholesterol, Tween 80, and lecithin were mixed at a mass ratio
of 1 : 10 : 40 : 10. The mixture (1.0 mg mL�1 lutein, the lecithin
concentration was kept at 10 mg mL�1) was well dissolved in
absolute ethanol and quickly injected into the same volume of
phosphate-buffered saline (PBS, pH 6.0, 0.05 M). It was stirred
vigorously and kept for half an hour at 50 �C. The liposomal
system was transferred to a rotary evaporator and incubated in
a 50 �C water bath. The LUT-NLP (Fig. 1A) were obtained when
ethanol was removed under a reduced pressure during the
hydration process.

Surface decoration of prepared LUT-NLP was accomplished
bymixing LUT-NLP suspension with an equal volume of the PLL
(Fig. 1B) solution. An equal volume of PLL dispersion in PBS was
added into the LUT-NLP suspension, the nal concentration of
PLL was adjusted from 0.04 to 0.08 mg mL�1. Then, the lipo-
somal system was incubated at 50 �C for 120 min with subse-
quent cooling at room temperature to produce PLL–LUT-NLP
(Fig. 1C). The nal samples were lled into vials and stored at
the same conditions as bare liposomes.28

2.3. Encapsulation efficiency of lutein

The encapsulation efficiency of lutein in the nanoliposomes was
calculated by the difference between total amount of lutein used
to prepare the loaded systems and the remaining amount of free
lutein in aqueous medium.29 Free lutein was extracted to
determine its amount as follows: 1.0 mL of nanoliposomes and
3 mL of petroleum ether were mixed by vortexing vigorously for
5 min at ambient temperature. The mixed sample was centri-
fuged at 2000 rpm for 5 min and the supernatant was collected
in a tube. The operation procedure was repeated thrice.

The supernatant was diluted to 10 mL with petroleum ether.
Amount of free lutein was assayed for lutein content by HPLC at
RSC Adv., 2018, 8, 31372–31381 | 31373
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445 nm (Agilent Technologies, Germany; column: YMC-C30) as
described in our previous study.30 A calibration curve was made
with solutions of lutein at concentrations from 5 to 100 mg
mL�1. Each sample was assayed in triplicate. The entrapment
efficiency (EE%) was calculated by the following formula:

EE (%) ¼ [1 � (Wfree/Wtotal)] � 100 (1)

Wfree and Wtotal were the weight of free lutein and initial weight
of lutein added in the preparation, respectively.

2.4. Particle size and zeta potential analysis

Liposomal dispersions (1.0 mL) were suspended in 100 mL of
phosphate buffer and taken into polystyrene cuvettes. Both z-
average diameter (Dz) and zeta (z) potential were measured
using a Nano-ZS90 particle size analyzer (Malvern Instruments
Ltd., Malvern, UK).31 Each sample was analyzed thrice.

2.5. Transmission electron microscopy (TEM)

Morphological observation of nanoliposomes was performed by
TEM (H-7000, Hitachi, Japan). TEM was performed to visualize
the morphology of LUT-NLP and PLL–LUT-NLP. A small droplet
of nanoliposomal suspension was deposited on a copper grid
and allowed to air dry for 5 min. The grid was then negatively
stained with 2% phosphotungstic acid for 1 min. Subsequently,
the excess liquid was removed with a lter paper. Aer air
drying at room temperature, the sample was observed under the
TEM.32

2.6. FT-IR assay

An appropriate amount of KBr was dried under an infrared
lamp, mixed with the freeze-dried LUT-NLP, PLL and PLL–LUT-
NLP, and ground into a plate. The plate was scanned by an
infrared spectrometer (Spectrum 100, Perkin Elmer, USA) from
4000 to 550 cm�1. The infrared spectra of PLL–LUT-NLP were
recorded and analyzed in comparison with LUT-NLP. Infrared
spectra of PLL and PLL–LUT-NLP were compared to further
verify whether PLL was decorated in LUT-NLP.33

2.7. Stability evaluation of lutein in nanoliposome during in
vitro digestion

In vitro digestion of LUT-NLP and PLL–LUT-NLP was carried out
in simulated gastric uid (SGF) and simulated intestinal uid
(SIF) separately according to the method of Davidov-Pardo et al.
with a slight modication.34 By taking LUT as a control group,
5 mL of LUT, LUT-NLP and PLL–LUT-NLP solution was mixed
with 25 mL SGF or SIF. The nal concentration of LUT present
in the suspension was 200 mg mL�1. The suspensions were
incubated in a shaking water bath (100 rpm) at 37 �C and
sampled aer 0, 2, 4, 6, 8, 10 and 12 h, 1.0 mL suspensions were
sonicated in the presence of 3 mL ethanol, the mixed sample
was centrifuged at 2000 rpm for 5 min and the supernatant was
collected. The supernatant was subsequently assayed for
residual LUT content using HPLC assay as described above.

SGF and SIF were prepared according to Frenzel et al. with
a slight modication.35 SGF was produced by mixing 25 mL of
31374 | RSC Adv., 2018, 8, 31372–31381
distilled water with a pH value set to 2.0 with hydrochloric acid
and 1.0 mL of 0.4% pepsin solution (800–2000 U mg�1 of
protein). SIF contained sodium hydroxide (1.81 g L�1), potas-
sium dihydrogen phosphate (8.09 g L�1), pancreatin (4.76 g
L�1), and bile salts (5.16 g L�1).

Before in vitro digestion of LUT-NLP and PLL–LUT-NLP, the
SGF and SIF were incubated at 37 �C for preheating in the water
bath. HPLC assay of LUT before and aer incubation in SGF and
SIF was determined to further evaluate the detailed protective
effect of nanoliposome decorated with PLL on the degradation
rate of LUT. The degradation rate was calculated by the
following equation.

D (%) ¼ [(C0 � Ct)/C0] � 100 (2)

where D was degradation rate, and C0 and Ct were the lutein
concentration before in vitro digestion and residual LUT
concentration, respectively.
2.8. In vitro release of lutein in nanoliposome

In vitro release of lutein from LUT-NLP and PLL–LUT-NLP was
carried out in SGF and SIF separately according to the previous
study, with a slight modication.36 10 mL of each nano-
liposomal solution was taken in a dialysis bag with a cut off size
of 10 kDa. The tube was immersed in 100 mL SGF and SIF
respectively, thermostated at 37.0� 0.5 �C. The uid outside the
dialysis bag was stirred at 120 rpm and sampled aer 0, 2, 4, 6,
8, 10, 12 and 20 h, respectively. Samples (1.0 mL) were taken to
determine the lutein content at a certain time by HPLC method
mentioned previously. In addition, equal volume of fresh
dissolution medium was added into the tube to maintain the
constant volume. The mean calculated values were obtained
with 3 replicates. The release rate was calculated by the
following equation.

Q (%) ¼ (Mn/M) � 100 (3)

where Q was the lutein release rate, Mn and M were the lutein
content at a certain time n and the lutein content initially
entrapped in the nanoliposomes, respectively.
2.9. Antioxidant activities

2.9.1. DPPH radical scavenging activity assay. DPPH
radical scavenging activity of the lutein, LUT-NLP and PLL–LUT-
NLP samples were determined as previously described with
a few modications.37 Briey, 2.0 mL of the sample was mixed
with 2.0 mL of 0.16mMDPPH dissolved in ethanol. Themixture
was mixed vigorously and then kept for 30 min in the dark at
room temperature. The absorbance of the resulting solution
was recorded at 517 nm. A blank was prepared in the same
manner except that ethanol was used instead of the sample. The
scavenging activity was calculated as:

DPPH scavenging activity (%) ¼
[(blank absorbance � sample absorbance)/

blank absorbance] � 100 (4)
This journal is © The Royal Society of Chemistry 2018
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2.9.2. ABTS radical scavenging activity. ABTS radical scav-
enging capacity was evaluated using the modied procedure
proposed by Ramezanzade et al.38 The stock solutions of ABTS
radical consisting of 7.0 mM ABTS in 2.45 mM potassium per-
sulfate were stored in the dark at room temperature for 16 h. An
aliquot of stock solution was diluted with distilled water to
prepare a working ABTS solution with an absorbance of 0.7 �
0.02 at 734 nm. An aliquot (100 mL) of the sample was mixed
with 3.0 mL of the ABTS reagent and absorbance was measured
at 734 nm aer reacting with fresh ABTS solution for 10 min in
the dark. The ABTS scavenging activity of the samples was
calculated from eqn (5):

ABTS scavenging activity (%) ¼
[(Ablank � Asample)/Ablank] � 100 (5)

where, Ablank is the absorbance without sample at 734 nm, and
Asample is the absorbance of the sample solution.
2.10. Cell culture

The Caco-2 cells (CBCAS, Shanghai, China) were maintained in
Dulbecco's modied Eagle's medium (DMEM) (Hyclone Labo-
ratories, Inc., USA) and supplemented with 10% fatal bovine
serum (FBS) (Gibco BRL Co., Ltd., USA), penicillin (100 kU L�1),
and streptomycin (100 g L�1) at 37 �C in a 5% CO2 atmosphere
in a humidied incubator. Aer reaching 70–80% conuence,
the cells were sub-cultured and maintained with medium
changes every 1–2 days.
2.11. Cell proliferation

Cell proliferation was tested by the MTT assay.39 The Caco-2
cells were prepared and dispersed in 96-well cell culture
plates at a cellular density of 1.0 � 105 cells per well. Aer
incubating with different concentrations of lutein, LUT-NLP
and PLL–LUT-NLP for 24 h, 0.020 mL of MTT solution (2 mg
mL�1) in PBS was added to each well and incubated at 37 �C for
4 h, the supernatant was removed and replaced with 200 mL of
DMSO. The absorbance of theMTT formazan was determined at
570 nm in anMultimode Plate Reader (Perkin Elmer EnSpire™,
Perkin Elmer, Inc.). The relative cell viability was expressed as
a percentage of the control that was not treated with free lutein
or LUT-NLP and PLL–LUT-NLP.

Cell proliferation (%) ¼ (ODsample/ODcontrol) � 100% (6)
Table 1 Characterization of NLP, LUT-NLP and PLL–LUT-NLP: encapsul
(mV). Data represent the mean value � standard deviation (n ¼ 3)

Formulation PLL (%) EE (%) z-Average diam

NLP 0 — 436.2 � 7.34
LUT-NLP 0 90.20 � 4.85 258.3 � 7.45
PLL–LUT-NLP 1 0.04 91.81 � 5.21 264.8 � 9.83
PLL–LUT-NLP 2 0.06 92.49 � 4.26 270.2 � 8.04
PLL–LUT-NLP 3 0.08 92.93 � 5.39 367.1 � 7.94

This journal is © The Royal Society of Chemistry 2018
where, ODcontrol is the absorbance without sample at 570 nm,
and Asample is the absorbance that was treated with the lutein,
LUT-NLP or PLL–LUT-NLP sample.
2.12. Statistical analysis

All measurements were replicated thrice. The experimental
results were statistically tested for signicance (p # 0.05) for
analysis of variance using SPSS (statistical product and service
solutions) soware. All data were expressed as the mean �
standard deviation (SD).
3. Results and discussion
3.1. Preparation and characterization of nanoliposomes

3.1.1. Nanoliposomes entrapment efficiency (EE). Deco-
rated nanoliposomes were prepared to investigate the effects of
0.04–0.08% PLL on physical properties of LUT-NLP. As shown in
Table 1, the EE of the decorated nanoliposomes increased in
comparison with that of the undecorated ones. Aer being
decorated with 0.06% (w/v) PLL, the EE reached a higher value
(up to 92.49%). In the case of a higher decoration with PLL
(0.08%, w/v), the increase in EE was almost negligible, which
might be due to an effect of absorption saturation for the
electrostatic attraction between positive PLL and negative LUT-
NLP in the solution. On the other hand, the redundant PLL
could not be combined with liposomes membrane due to the
steric hindrance effect on a lower entrapment efficiency.

3.1.2. Particle size and zeta potential. All liposomes inves-
tigated were in the nanometer range. The particle size of LUT-
NLP was smaller than that of NLP due to the load of lutein.
But the particle size of the decorated liposomes was slightly
larger than that of the undecorated ones, which was dependent
on PLL concentrations. Accompanied by PLL decoration, the
particle size increased progressively. The particle size of
undecorated nanoliposomes was 258.3 � 7.45 nm with a poly-
dispersity index of 0.451 � 0.018 (Fig. 2A1, Table 1). Decorating
the nanoliposomes with 0.04% PLL (w/v) increased hydrody-
namic diameter of the nanoliposomes to 264.8 � 9.83 nm with
a polydispersity index of 0.347 � 0.027. It evidenced an inter-
action between PLL and LUT-NLP. A further increase in PLL
concentration to 0.06% (w/v) can be attributed to a signicant
increase in the liposomal size from 264.8 � 9.83 nm to 270.2 �
8.04 nm with a polydispersity index of 0.355 � 0.021 (Fig. 2B1,
Table 1). Thus the adsorbed PLL on liposomal surface could
lead to an increase of particle diameter. This might have
ation efficiency (EE, %), z-average diameter (nm), PDI and zeta potential

eter (nm) Polydispersity index (PDI) Zeta potential (mV)

0.707 � 0.056 �40.9 � 1.28
0.451 � 0.018 �38.6 � 1.06
0.347 � 0.027 �34.3 � 0.91
0.355 � 0.021 �33.8 � 0.88
0.400 � 0.036 �27.9 � 0.68

RSC Adv., 2018, 8, 31372–31381 | 31375
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Fig. 2 Figure showing the average particle size (A1 and B1) and zeta potential (A2 and B2) of LUT-NLP (A), PLL–LUT-NLP (B) at the PLL
concentration of 0.06% (w/v) PLL.
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resulted from a further cross-link of the negatively charged
nanoliposome by the positively charged PLL. However, upon
addition of 0.08 (w/v) PLL, no signicant change occurred in
liposomal EE compared to that of 0.06% (w/v) PLL. It indicated
that surface of nanoliposome was saturated with PLL. There-
fore, the optimum concentration of PLL for the formation of its
decorated nanoliposome was 0.06% (w/v). Nanoliposomes size
and polydispersity index (PDI) are important parameters. They
directly refect their stability, biodistribution, and release of
encapsulated compound.40 PDI values range from 0 to 0.5, they
are usually monodisperse and homogenous except those more
than 0.5.41 PDI of NLP was 0.707 � 0.056, but it is lower in LUT-
NLP (0.451 � 0.018) and PLL–LUT-NLP (0.355 � 0.021) due to
lutein load and the coated layers of PLL (Table 1), indicating
a relatively homogeneous dispersion.

Zeta potential data showed that undecorated liposomes
loading lutein possessed an lower average negative charge of
�38.6 � 1.06 mV (Fig. 2A2, Table 1). Small negative charge was
attributed to the presence of phosphatidic acid in lecithin.42

Aer decorating with PLL at a concentration of 0.08 mg mL�1,
there was a higher increase of LUT-NLP in zeta potential from
�38.6 � 1.06 mV to �27.9 � 0.68 mV (Fig. 2B2, Table 1). The
increased zeta potential of PLL–LUT-NLP was ascribed to the
amino group of PLL and the increase in charge suggested that
the electrostatic interaction of positively charged polymer
chains with the negative regions of the liposome surface was
31376 | RSC Adv., 2018, 8, 31372–31381
a major contribution of energy in the formation of the charged
PLL. With a more PLL addition, the potential values increased
continuously by an enhanced density of positive charge.

3.1.3. Transmission electron microscopy (TEM). TEM was
used to attain the microstructure. As shown in Fig. 3, the
morphology of LUT-NLP (Fig. 3A) and PLL–LUT-NLP (Fig. 3B)
was spherical or oval with a bilayer membrane of nano-
liposomes particles through self-assembly. The particle size
ranged from 200 to 400 nm. Due to the loaded lutein, a large
proportion of lutein entrapped in the cores was globular, indi-
cating that the lutein can be effectively incorporated into lipo-
somal membrane. This could be attributed to the fact that
lutein would well t into the membrane architectures in
a vertical manner due to its good lipid solubility.43 Aer deco-
ration with PLL, the interaction of PLL with the surface of LUT-
NLP was well visualized. Compared to the LUT-NLP, PLL–LUT-
NLP exhibited more PLL aggregation absorbing on the
membrane surface and surrounding LUT-NLP vesicle by the
electrostatic adsorption. It formed a protective structure to
improve the encapsulation efficiency of lutein and lead to an
increase in particle size. The TEM results were in agreement
with the particle size. It has been reported that PLL-modied
nanoparticles could improve the biocompatibility and stability
of drug loaded vesicle.44

3.1.4. FT-IR assay. FT-IR was used to further verify whether
PLL was successfully decorated on lutein nanoliposome. FT-IR
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05838e


Fig. 3 TEMmicrographs nanoliposomes: (A) undecorated liposomes (LUT-NLP), (B) 0.06% (w/v) PLL decorated nanoliposomes (PLL–LUT-NLP).
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spectrum of NLP, LUT-NLP and PLL–LUT-NLP are shown in
Fig. 4, respectively. LUT-NLP showed its characteristic peaks of
lecithin (vibration absorption of CH2 at 2923 cm�1 and
2857 cm�1), symmetrical stretching vibration absorption of
C]O (at 1735 cm�1) stretching bands and PO4 (at 1248 cm�1)
antisymmetric stretching bands.45

When PLL was incorporated in nanoliposome, at the wave-
numbers of 2923 cm�1 and 2857 cm�1 (vibration absorption of
CH2), 1735 cm�1 (symmetrical stretching vibration absorption
of C]O) and 1248 cm�1 (PO4 antisymmetric stretching bands)
region, the location of peaks and form of PLL–LUT-NLP and
LUT-NLP nanoliposome were similar.

PLL–LUT-NLP exhibited peaks at 1680–1403 cm�1 region
(stretching vibration absorption of C]N). They were characteristic
Fig. 4 FTIR spectra of PLL, undecorated LUT-NLP and PLL decorated P

This journal is © The Royal Society of Chemistry 2018
peaks of PLL and indicated an existence of PLL in PLL–LUT-NLP.
FT-IR spectra of the decorated nanoliposome conrmed that LUT-
NLP had been successfully modied by PLL.
3.2. In vitro digestion stability

Degradation rates of free lutein, LUT-NLP and PLL–LUT-NLP in
SGF and in SIF were estimated respectively to investigate the
digestion stability in vitro. The remaining content of lutein was
used to evaluate degradation rates of lutein in nanoliposome by
taking lutein as a control group. Fig. 5 shows that a rapid
degradation of lutein occurred when incubated in SGF and SIF
aer 12 h. The free lutein degradation rates rose to 46.15 �
1.743 and 37.20 � 0.607 aer 12 h, respectively.
LL–LUT-NLP.
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Fig. 5 Lutein degradation rate of free lutein, LUT-NLP, PLL–LUT-NLP during digestion in SGF (A) and in SIF (B) for 12 h.
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Degradation of lutein was signicantly reduced by encap-
sulating in NLP. The degradative lutein in LUT-NLP aer
incubating in SGF and SIF for 12 h were 30.95 � 0.321% and
27.67 � 0.80%, respectively.

Aer decoration with PLL, lutein degradation rate dropped
to 17.47 � 1.059% aer 12 h incubation in SIF (Fig. 5B). But in
SGF (Fig. 5A), it was 36.12 � 0.613%, still higher than that in
LUT-NLP. The results evidenced that hydrochloric acid in
gastric juice and pepsase could weaken the interaction of PLL
with the surface of LUT-NLP, and with the increased release of
lutein from nanoliposome, the lutein degradation rates
elevated slightly in SGF. When PLL aggregation was absorbed
on the membrane surface, it could protect nanoliposome and
thus reduce lutein degradation. The result veried that LUT-
NLP could decrease the degradation of lutein in SGF and in
SIF, with and without PLL decoration, and increase the
stability of lutein. LUT-NLP decorated with PLL could not
increase the stability of lutein in SGF. However, PLL–LUT-NLP
decreased the degradation rates of lutein in SIF (Fig. 5B).
Therefore, it can be concluded that the stability of lutein in
SGF and SIF is improved by encapsulation in nanoliposome.
Furthermore, the lutein protective capability of PLL–LUT-NLP
was much higher than that of nanoliposome in absence of
PLL.
Fig. 6 Lutein release rate of LUT-NLP, PLL–LUT-NLP during digestion i

31378 | RSC Adv., 2018, 8, 31372–31381
3.3. In vitro release characteristics of LUT from
nanoliposome

The differences in lutein release between LUT-NLP and PLL–
LUT-NLP were performed for 20 h (longer than the intestinal
digestion time) to verify the release characteristics. Sustained
release of PLL–LUT-NLP was further evaluated by taking LUT-
NLP as control groups. Fig. 6 showed that LUT in nano-
liposomes was released faster in SIF than in SGF. Aer 20 h
incubation in SGF, LUT release rates for two of the samples
were 43.28 � 2.16% and 51.26 � 3.33%, respectively (Fig. 6A).
However, aer digestion in SIF, LUT release rate of LUT-NLP
reached to 53.79 � 1.56% and that of PLL–LUT-NLP to 70.32
� 1.42% (Fig. 6B). These facts indicate that PLL–LUT-NLP had
a good sustainable release prole. LUT release rate in SGF and
in SIF were higher than that of undecorated nanoliposomes.46

Moreover, PLL–LUT-NLP released much more encapsulated
lutein in SIF than in SGF and LUT release rate of PLL–LUT-NLP
was much higher than LUT-NLP at 0–20 h in SIF. LUT-NLP
released a similar proportion of lutein under both conditions.

This experiment has veried that PLL–LUT-NLP has
a strong sustainable capacity for LUT release. It is a suitable
delivery system for LUT. The possible reasons are that (1) the
membrane permeability of PLL–LUT-NLP was increased by
PLL decoration, while leakage of LUT from PLL–LUT-NLP was
caused by reassembly of the membrane; and (2) the
n SGF (A) and in SIF (B) for 20 h.

This journal is © The Royal Society of Chemistry 2018
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hydrotropic PLLmolecules were adsorbed on the surface of the
NLP and LUT entrapped near the surface. As the dissolution
rate of the PLL near the surface is high, the amount of LUT
released will be high as well.
3.4. Determination of antioxidant activity

3.4.1. DPPH free radical scavenging activity. The DPPH free
radical scavenging capacity of the free lutein, LUT-NLP and
PLL–LUT-NLP were tested based on their ability to scavenge the
stable DPPH radical. As shown in Fig. 7A, the DPPH scavenging
activity of free lutein was about 10.46% at 0.3 mg mL�1 lutein
concentration, which is considerably lower than the value of
Fig. 7 (A) DPPH radical-scavenging capacity and (B) ABTS radical-scaven
with PLL at different concentrations.

This journal is © The Royal Society of Chemistry 2018
LUT-NLP (45.94%) and PLL–LUT-NLP (46.8%, 52.52%, 56.22%).
There was no signicant difference between radical scavenging
activities of LUT-NLP and PLL–LUT-NLP when PLL decorating
at lower concentrations (i.e. 0.04%) resulted in lower scavenging
activity. Although the addition of 0.06% and 0.08% (w/v) PLL
did not signicantly affect the scavenging ability of nano-
liposome containing lutein, a higher scavenging activity
(52.52%, 56.22%) was observed as compared with LUT-NLP
(45.94%). This may be attributed to antioxidant ability of leci-
thin in the nanoliposome, the DPPH scavenging activity of LUT-
NLP and PLL–LUT-NLP was higher than free lutein. When
nanoliposome was decorated with PLL, more lutein could be
ging capacity assay of the LUT, NLP, LUT-NLP and LUT-NLP decorated
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Fig. 8 Cell proliferation of Caco-2 cells treated with different concentrations of lutein, LUT-NLP and PLL–LUT-NLP (0–0.1 mg mL�1 lutein) for
24 h.
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released from PLL–LUT-NLP, the DPPH scavenging activity
increased.

3.4.2. ABTS free radical scavenging activity. The antioxi-
dant activity of the free lutein, evaluated by ABTS, was 11.1%
(Fig. 7B), a signicant increase in radical scavenging activity was
observed aer liposomal encapsulation. This may not only be
attributed to antioxidant ability of lecithin in the nano-
liposome, but also the higher solubility in aqueous phase of
LUT-NLP and PLL–LUT-NLP. There are no signicant differ-
ences between the LUT-NLP (62.88%) and PLL–LUT-NLP
(63.50% and 66.20%), this is in accordance with the result of
DPPH assay. A slightly higher antioxidant capacity was observed
aer decorating with PLL.

3.4.3. Anti-proliferative activity. The MTT assay results
demonstrated a concentration dependent activity aer exposure
to free lutein and nanoliposomes (Fig. 8). MTT assay was used to
compare cell proliferation at different concentrations of lutein,
LUT-NLP and PLL–LUT-NLP. The highest cell proliferations
were observed in cells treated with free lutein. On the contrary,
lower cell proliferations were observed in cells treated with LUT-
NLP and PLL–LUT-NLP, respectively. Compared to LUT-NLP,
the PLL–LUT-NLP can induce higher cell apoptosis at
different concentrations. At the end of the 24 h growth study,
the cell proliferation in cells exposed to LUT-NLP was 55.56%
higher than that of PLL–LUT-NLP at 0.06 mg mL�1 (Fig. 8) since
the cell proliferation was 47.32% when the cells were exposed to
PLL–LUT-NLP. These results demonstrate that PLL-decorated
lutein nanoliposomes signicantly inhibited tumor cell prolif-
eration compared to lutein nanoliposomes. The reason may be
that PLL has enhanced the cellular uptake of lutein by
increasing the permeability of nanoliposomes and conse-
quently inhibited the growth of Caco-2 cells. The mechanism
for increasing or improving the bioactivity of PLL-decorated
lutein nanoliposomes needs to be investigated further.
31380 | RSC Adv., 2018, 8, 31372–31381
4. Conclusions

Our studies offer information about the physico-chemical
properties of lutein nanoliposomes (LUT-NLP) and
polypeptide-decorated lutein nanoliposomes (PLL–LUT-NLP).
The increase in entrapment efficiency, size and zeta potential,
as well as changes in morphology of PLL–LUT-NLP reected
several changes in the surface properties of nanoliposomes due
to electrostatic attraction interactions. FTIR analysis showed
that there were effective incorporated interactions between PLL
and bilayer membrane of nanoliposomes. In addition, the
performance of LUT was improved by NLP encapsulation
during in vitro digestion. PLL–LUT-NLP decreased the degra-
dation rates of lutein in SGF and in SIF, which showed a better
stability in SIF than in SGF. Decoration of PLL on the surface of
LUT-NLP efficiently promotes lutein release in vitro. Moreover,
PLL-decorated nanoliposomes possessed the highest antioxi-
dant activity compared with nanoliposomes and lutein, indi-
cating that PLL-decorated liposomes protected lutein from
oxidation and degradation in the external environment. The
anticancer activity results showed that PLL-decorated nano-
liposomes could inhibit proliferation of the Caco-2 cells in
a dose dependent manner.

These results suggest that PLL decorated nanoliposome
system is a novel and effective delivery system for improving
the physico-chemical properties (i.e. stability and release
property) and bioactivity (i.e. antioxidant and anti-
proliferative) of lutein and other hydrophobic functional
compounds, which may be quite interesting for food and
pharmaceutical industry. Further investigations should be
performed to focus on the cell uptake and absorption mech-
anism of PLL-decorated lutein nanoliposome on molecular
level.
This journal is © The Royal Society of Chemistry 2018
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