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Abstract
Aiming to enhance therapeutic efficiency of lutein, lutein loaded chitosan-sodium alginate (CS-SA) based nanocarrier composite
(LNCs) were prepared and evaluated for lutein bioavailability and pharmacokinetics in diabetic rats in comparison to micellar
lutein (control). Further, cytotoxicity, cellular uptake and protective activity against H2O2 induced oxidative stress in ARPE-19 cells
were studied. Results revealed that LNCs displayed maximal lutein AUC in plasma, liver and eye respectively in normal (3.1, 2.7
and 5.2 folds) and diabetic (7.3, 3.4 and 2.8 folds) rats. Lutein from LNCs exhibited a higher half-life time, mean residence time
and slow clearance from the plasma, indicating prolonged circulation compared to control. In ARPE-19 cells, pre-treatment with
LNCs (10 µM) have significantly attenuated H2O2 induced cell death, intracellular ROS and mitochondrial membrane potential
compared to control. In conclusion, LNCs improve the lutein bioavailability in conditions like diabetes, diabetic retinopathy and
cataract to curtail oxidative stress in retinal cells.

Introduction
Lutein (β,ε-carotene-3,3'-diol; C40H56O2), referred as macular pigment, supports visual functions owing to its antioxidant, antiinflammatory and anti-angiogenic properties. Lutein plays a vital role in ameliorating age-related macular degeneration, cataract
(ocular complications) and diabetes mediated retinopathy due to radical scavenging property (Bernstein et al., 2016; Hemalatha,
Naveen, & Baskaran, 2019; Sharavana & Baskaran, 2017). Henceforth, lutein has gained prominence in food and pharma
application in treating eye- related complications (J. Chang et al., 2018; Rafi, Kanakasabai, Gokarn, Krueger, & Bright, 2015; Wu et
al., 2015). Unfortunately, human cannot synthesize lutein de nova and hence has to be acquired through dietary sources or
supplements. Moreover, lutein being mostly matrixed with food factors impedes bioavailability (Lienau et al., 2003). Therefore, to
meet the daily requirement of lutein, the Joint FAO/WHO Expert Committee on Food Additives (Joint, Additives, & Organization,
2005) revised the recommendation of daily lutein intake from 2-6 mg/Kg body weight to 6-12 mg/kg body weight. Though, it has
been reported that the effective dose of lutein essential to prevent ocular complications is much higher than the value
recommended by JECFA (Frede et al., 2014). Consequently, various commercial lutein formulations have emerged in the market to
tackle its food security. Besides, studies have shown that lutein bioavailability is poor owning to its hydrophobic nature, lower
aqueous solubility, stability, sensitive to light, heat and oxygen tension because of unsaturated bonds (Boon, McClements, Weiss,
& Decker, 2010; Kotake-Nara & Nagao, 2011). These constraints limit lutein application in the food and pharma industries. Since
the level of daily dietary intake of lutein falls short to achieve benefits, approaches to upsurge lutein bioavailability and
distribution to target tissues could yield higher health benefits.
To achieve an efficient lutein bioavailability, target delivery and efficacy to fight against macular degeneration, cataract and
retinopathy require newer strategies. Many techniques have been emerged to enhance the stability, solubility and bioavailability of
lutein. Among several techniques, nanotechnology is currently used effectively in food, cosmetic and pharmaceutical applications
with newer biodegradable polymeric carriers along with suitable lipids to enhance pharmacokinetics and biological activity of
lipophilic molecule lutein (Kumari, Yadav, & Yadav, 2010; Ranganathan, Hindupur, & Vallikannan, 2016). Previously, we have
reported that low molecular weight chitosan and PLGA (Poly Lactic-co- Glycolic Acid) nanocarriers system enhanced lutein and
fucoxanthin bioavailability in mice (Arunkumar, Prashanth, & Baskaran, 2013; Ranganathan et al., 2016; Ravi & Baskaran, 2015).
We have also reported characteristic features and the safety of chitosan-alginate-oleic acid-based nanocarrier system (Toragall,
Jayapala, & Vallikannan, 2020).
Previously, we have reported an inclusion of oleic acid (OL) in micelles and nano preparation improved intestinal absorption of βcarotene, lutein and fucoxanthin and their levels in plasma and tissue including retina (Mamatha & Baskaran, 2011; Ranganathan
et al., 2016; Sugawara et al., 2001). Polymer and lipid-based carriers are two major bioactives and drug delivery systems that are
widely used across the food and pharma industries (Ravi & Baskaran, 2015; Vishwanathan, Wilson, & Nicolosi, 2009). These
delivery systems have their own leads and drawbacks. Hence, in the present study, we have designed a lutein loaded nanocarrier
system (LNCs) using natural polymers chitosan (CS) and sodium alginate (SA) to protect lutein from the acidic pH of the stomach
and intestine. OL was added to the LNCs to provide a lipid core and to enhance the lutein solubility and bioavailability. The
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prepared LNCs are expected to display superior encapsulation efficiency, stability, solubility, bioavailability, bioefficacy and
sustained systemic circulation of lutein.
Based on the available literature and our previous findings, we have hypothesized that LNCs designed in the present study would
enhance the intestinal absorption, pharmacokinetics and bioavailability of lutein. The objective of the study was to (1) examine
the effect of LNCs on lutein bioavailability (plasma and retina response) and pharmacokinetics in control and diabetic rats and (2)
to find out protective effect against H2O2 induced oxidative stress in ARPE-19 cells compared to physiologically relevant vehicle
(lutein mixed micelles).

Materials And Methods
Materials
Standard lutein (96%), chitosan and oleic acid were purchased from Himedia (Mumbai, India), sodium alginate was obtained from
Sigma Aldrich (Banglore, India). Low-density lipoproteins (LDL) and high-density lipoproteins (HDL) were purchased from Agape
Diagnostics (Ernakulam, India). HPLC and analytical grade solvents methanol, acetonitrile, dichloromethane, acetone, sodium
sulfate, potassium hydroxide, ammonium acetate, and other chemicals were purchased from Sisco Research Laboratory
(Mumbai, India).

Structural characteristics of polymers chitosan (CS) and sodium alginate (SA)
Characteristics of CS (degree of deacetylation ≥75% and viscosity 348 cP) was measured at 1% CS (w/v) in the water at 25 °C,
100 rpm and 34.8% torque using the spindle number 3, Brookfield viscometer, RV DV-II+Pro, USA and the intrinsic viscosity [η] was
calculated as per Chattopadhyay & Inamdar (2010). Based on intrinsic viscosity, average molecular weight (Mw͠ 213 kDa, 1% w/v
solution) of chitosan was calculated using the Mark-Houwink equation [η] = K Mα, where, K = 3.5 × 10−4 and α = 0.76 (1% w/v, in
0.5% acetic acid solution (Kumar & KV, 2019).
Characteristics of SA (viscosity 175 cP) was measured at 1% SA (w/v) in the water at 25 °C, 100 rpm and 17.5% torque using the
spindle number 1 (Brookfield viscometer, RV DV-II+Pro, USA), FTIR spectroscopy (Bruker, Tensor II, Germany) was used quantify
the mannuronate/guluronate (M/G) ratio (1.84) of SA (Chandıa, Matsuhiro, & Vásquez, 2001; Dodero, Vicini, Alloisio, & Castellano,
2019; Filippov & Kohn, 1974) in particular, correlating absorption band at 808 cm-1 assigned to M units and 787 cm-1 to G units.
The interaction of chitosan-sodium alginate polymer composite is given in Figure 1.

Purification of lutein
Lutein was extracted and purified from fresh marigold (Tagetes erecta) flower petals with ice-cold acetone containing 0.1% butyl
hydroxyl toluene for experimental use. In brief, the acetone extract was filtered over anhydrous sodium sulfate to remove moisture
and saponified with 30% methanolic potassium hydroxide in the dark for 3 h at room temperature (27 ± 2 °C) and phase separated
with distilled water. The carotenoids rich hexane phase was collected, pooled, concentrated, and loaded onto an activated silica
column (60•120 mesh). A mixture of dichloromethane: methanol (1:1, v/v) was used to elute lutein and its purity was confirmed by
high-performance liquid chromatography (HPLC) and liquid chromatography- mass spectrometry (LC-MS) (Lakshminarayana,
Raju, Prakash, & Baskaran, 2009; Toragall, Jayapala, & Vallikannan, 2020).

Preparation of nanocarrier system by ionic gelation method
The lutein loaded nanocarrier (LNCs) system was prepared by the ionotropic gelation method (Farshid & Lakshmi, 2017) with
modification (Toragall, Jayapala, & Vallikannan, 2020). In brief, chitosan (1 mg/mL) was dissolved in 0.1% acetic acid solution.
Purified lutein was mixed with oleic acid at 1:2 ratio with 0.1% tween 80 and added to the chitosan solution in a dropwise manner
under continuous stirring at 800 rpm using a magnetic stirrer (REMI CM-101 plus, India) for 30 min. Sodium alginate solution (0.5
mg/mL) was added to the mixture and stirred for 30 min and the mixture was sonicated for 15 min (probe sonicator, PCI, Mumbai,
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India) at 50 Hz on the ice followed by high-speed homogenization (ULTRA- TURRAX-T25, IKA, USA) at 15000 rpm for 10 min that
resulted in LNCs.

Particle size and zeta potential of LNCs
Dynamic light scattering (DLS) was used to determine the hydrodynamic size of LNCs. The LNCs was diluted (10 fold) with triple
distilled water to avoid the multiple scattering phenomena results from the concentrated sample and subjected to analysis. The
particle size, zeta potential and polydispersity index (PDI) of LNCs were examined by zetasizer (Nano-ZS 90, Malvern Instruments
Ltd, Worcestershire, UK). Measurements were made in triplicates at 90° scattering angle at a temperature of 25°C.

Shape and morphology of LNCs
The surface and surface morphology of LNCs were analyzed by scanning electron microscopy (SEM) (ZEISS EVO, Thornwood,
USA) operated at a voltage of 5-15 kV. In brief, a drop (2-5 µL) of nanosuspension or a small quantity of spray-dried powder (0.10.2 mg) was mounted on a circular metal SEM stub with a double-sided sticky tape, air-dried at room temperature. Air-dried
samples were sputter coated with gold and allowed to dry at room temperature and observed under SEM in secondary electron
imaging mode (Sadiq et al., 2016). The shape and size of LNCs were confirmed by transmission electron microscopy (TEM)
examination (Titan Themis 300kV from FEI, Thermo Scientific™. Waltham, Massachusetts, USA). In brief, an aqueous
nanosuspension sample of LNCs was deposited upon a carbon-coated copper grid and air-dried for 1 min. Then, the sample was
instantly stained with 2% phosphotungstic acid, randomly scanned and photomicrographs were taken at different magnification.

Lutein encapsulation efficiency
The encapsulation efficiency (EE) of lutein was determined by centrifuging nanosuspension (1mL) at 14000 rpm for 20 min at 4
°C (Eppendorf, 5810R, Germany). The concentration of unencapsulated lutein was extracted and measured by using HPLC in
comparison with standard lutein (Lakshminarayana, Raju, Krishnakantha, & Baskaran, 2006). EE was calculated as per the
formula given below:

where, IL is initial lutein concentration, LS is lutein concentration in the supernatant.

Lutein- mixed micelles preparation
Mixed micelles were prepared as per (Lakshminarayana et al., 2006). In brief, monooleoyl glycerol (2.5 mM), oleic acid (7.5 mM),
sodium taurocholate (12 mM) and lutein (600 µM) were dissolved in methanol separately and mixed to reach the final
concentration. The solvent was evaporated using nitrogen gas, and the mixture was resuspended in phosphate buffer saline (pH
7.4) with sonication (PCI, Mumbai, India) for 30 min to obtain mixed micelles. Lutein concentration in the mixed micelles and
LNCs was confirmed by HPLC before using for cell culture and animal studies.

Pharmacokinetic study
Animals
The animal experiment was carried out after due clearance from the CFTRI animal ethics committee (FT/AHF/AI/129/2019).
Pharmacokinetic studies were carried out on healthy male Wistar rats (age, 6-8 weeks), weighing 150 ± 10 g, which were housed
individually in polypropylene cages. Animals were maintained in an environmentally controlled atmospheric condition at 28 ± 2 °C
with 12 h light: dark cycle and given free access to feed (Champaka feeds and foods, Bengaluru, India) and water at CFTRI
animals house facility.

Diabetes induction
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For diabetes induction, a single dose of STZ (38 mg/kg body weight) was injected intraperitoneal to the overnight fasted (n = 20)
rats. Rats were given free access to feed and water. Prior to STZ injection, rats were acclimatised for 1 week and fasting blood
glucose was examined (Sharavana & Baskaran, 2017). Rats with > 200 mg/dL blood glucose concentration were considered as
diabetic rats (Sharavana & Baskaran, 2017).

Dosing
Micellar (control) and LNCs lutein concentration was determined as per (Toragall, Jayapala, & Vallikannan, 2020). In brief, 1mL of
LNCs or mixed micelles was extracted for lutein and confirmed the purity by HPLC prior to intubation to animals. Lutein
concentration in LNCs was determined based on the encapsulation efficiency. Rats were gavaged (0.2 mL) lutein (600 µM) either
in mixed micelles or LNCs.

Bioavailability of lutein from LNCs
Rat (n = 40) were divided into two groups as control (n = 20) and diabetic (n = 20) and were fasted overnight with free access to
water. Rats in each group was divided into 2 sub-groups (n = 10/group) and gavaged 600 µM lutein (0.5 mL) either mixed micelles
(control) or LNCs. Blood (200 µL) was collected at different time points (2, 4, 8, 12 and 16h) of post-dose through the retro-orbital
route from three animals into 1.5 mL eppendorf tube coated with heparin (Table 1). Plasma was collected by centrifugation
(Eppendorf, 5810R, Germany) at 2900 rpm at 4°C for 10 min and organs were harvested, snap-frozen and stored at -80 ºC until
analysis.
Table 1.Experimental design adopted for the pharmacokinetic study
Groups

Sub-groups

No. animals

Lutein dose Blood collection
intervals (h)

Control

Mixed micelles

10

LNCs

10

Diabetic Mixed micelles
LNCs

600 µM

0, 2, 4, 8, 12, 16

10
10

Cell culture, maintenance and cell viability assay
Human retinal pigment epithelial (ARPE-19) cell line was procured from the American Type Culture Collection (ATCC® CRL-2302™)
(Manassas, Virginia, USA) and was maintained in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) with
10% heat-inactivated FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL). Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. The percent viability was measured by MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide). Briefly, cells were seeded into 96 well plates at 2 × 104 cells per well and were treated with either micellar
lutein or lutein (0, 1, 5, 10, 15, 15, 20 and 50 µM) loaded NCs for 24 h. Control cells received fresh medium and vehicle control
received LNCs without lutein were compared with LNCs treatment groups. Each well was then added with 10 μL MTT and
incubated for 3 h at 37°C, media was removed, and DMSO (150 μL) was added to solubilize the MTT formazan and read at 520
nm using a multimode microplate reader (Infinite-M200 PRO, Tecan, Switzerland).

Cellular lutein uptake
To examine the cellular lutein uptake, ARPE-19 cells (3 X 106 cells/mL) in 60 mm2 cell culture dishes were treated with either
micellar lutein or LNCs for different time interval (0, 3, 6, 12, 18, 24 h) in normal condition (without any stress) and under H2O2
(150 µM for 2h) induced oxidative stress condition as evidenced in diabetes in cells and processed for lutein extraction and
analysed by HPLC (Lakshminarayana et , 2009; Toragall, Jayapala, & Vallikannan, 2020).

Measurement of intracellular ROS

Page 5/21

Oxidative stress, result of undue generation of ROS and the subdual of ROS by antioxidant defense system, is associated with the
development of retinopathy in diabetes. Hence, intracellular ROS level in the H2O2 treated cells exposed to either micellar lutein or
LNCs was quantified using the rate of conversion of DCFH-DA to fluorescent DCF (Driver, Kodavanti, & Mundy, 2000). In brief, after
the treatment, cells were washed twice with 1X PBS, incubated with 10 µM of DCFH-DA for 30 min at 37 °C in dark, washed three
times with 1X PBS, re-suspended and PBS (0.5 mL) was added to each well and images were acquired using the inverted
fluorescent microscope (Model 1X73, Olympus Corp., Japan). The intensity of fluorescence was analysed by Image J software.
The data were expressed in percentage fluorescence relative to the control cells.

Mitochondrial Membrane Potential Assay (DYm)
In disease/disorder, mitochondrial damage in retinal pigment epithelium is initiate for the degeneration of RPE. To test this,
mitochondrial membrane potential of RPE cells treated with LNCs or mixed micelles was measured by JC-1 (5,5¢,6,6¢tetrachloro1,1¢,3,3¢- tetraethylbenzimi-dazolylcarbocyanine iodide, cationic dye (Sakamuru, Attene-Ramos, & Xia, 2016). In brief,
ARPE-19 cells at 2x106 cells/mL in 60-mm2 plates were grown up to 80% confluency and treated with either micellar lutein or
LNCs (10 µM) along with polymer control. After 24 h, cells were treated with H2O2 (150 µM) for 2 h and cells were harvested,
washed, and stained with 10 mM JC-1 at 37°C for 15 min in the dark. At a relatively high
DYm, JC-1 dye showed clump and yielded red fluorescence, whereas at a low DYm, JC-1 confined in the cytoplasm in green
fluorescence. Signals were quantified by measuring red fluorescence (excitation 560 nm, emission 595 nm) and green
fluorescence (excitation 485 nm, emission 535 nm) using an Infinite M200 PRO Multimode Microplate reader. Mitochondrial
membrane potential (DYm) was calculated as the ratio of JC-1 red/green fluorescence intensity and values were normalised to
control group. The fluorescent signal in the cells was also observed and recorded with an inverted fluorescent microscope (Model
1X73, Olympus Corp., Japan). The fluorescent signal in the ARPE-19 cells was also observed and recorded with a fluorescent
microscope.

Quantitation of lutein from plasma/RPE cells
Lutein was extracted from plasma or ARPE-19 cells as per Laxshminarayana et al. (Lakshminarayana et al., 2006; Toragall,
Jayapala, Muthukumar, & Baskaran, 2020). In brief, to the plasma (0.1 mL), or cells (1 mL homogenate) DCM:MeOH (3 mL, 2:1,
v/v) with 2 mM tocopherol and hexane (1.5 mL) was added, the mixture was vortexed and centrifuged at 3000 rpm at 4 °C for 6
min. Lutein released in the upper phase was collected and repeated extraction for 3 times. Extracts were pooled, evaporated to
dryness using the nitrogen gas and dissolved in reconstituted 50 µL mobile phase (ACN:DCM:MeOH, 60:20:20 v/v/v) containing
0.1% ammonium acetate. HPLC (LC-10A vp; Shimadzu, Kyoto, Japan), equipped with photodiode array detector (SPD-M20A),
separated on Phenomenex RP-18 (ODS) column (250 mm x 4.6 m; 5 μm) isocractically (1 mL/min flow rate) eluted with the
mobile phase and detected at 450 nm (Shimadzu Class-VP version 6.14 SP1 software) and further, confirmed by LC-MS analysis
(Lakshminarayana et al., 2009; Toragall, Jayapala, & Vallikannan, 2020).

Statistical analysis
The data are represented as ± SD (n=3). Significance between groups interpreted by one way ANOVA with Post Tukeys test with
p≤0.05 is considered as significantly different using graph pad Prism (v. 5.0). The absorption kinetics was calculated with noncompartmental analysis online software of Pharma Consulting Company, PKMP software (v. 1.03.017) and AUC with trapezoid
rule with linear interpolation.

Results And Discussion
Purity of lutein
The lutein extracted from marigold flower petals found to be ≥ 96% pure, confirmed by HPLC and HRMS (Supplementary Fig. 1).
The purified lutein was used for the preparation of lutein mixed micelles and LNCs.

Particle size, zeta potential and PDI measurement
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The DLS characterized LNCs found to have a mean particle size of 98 ± 5 nm and polydispersibility index of 0.27 ± 0.01 (Fig. 2A &
1F), which is comparatively lesser than earlier report (Ranganathan et al., 2019). Ranganathan et al. (2019) have reported lutein
nanocarrier with synthetic polymer PLGA (+PL-phospholipid) with a larger particle size of 140 ± 6 nm. Another interesting study by
H. Feng et al. (2017) reported that lutein loaded emulsions prepared using corn fiber gums also showed larger particle size 160200 nm with lower -5.86 to -10.6 mV zeta potential. Similarly, Ma, Yuan, Yang, Wang, and Lv (2020) reported that lutein
encapsulated zein/tea saponin composite nanoparticles displayed the larger particle size 117.9-231.1 nm. Also, Jiao et al. (2018)
reported that lutein encapsulated zein-derived peptides as nanocarriers showed more massive particle (297.7 - 400 nm) than the
present findings with natural polymers (CS and SA). Further, the smaller size of LNCs established in the current study may be due
to the ionic gelation method adopted for the preparation (Fig.1).
Smaller particle size and surface charge govern the stability, pharmacokinetics and bio- distribution of lutein in the body. Though
the ocular barrier controls the exchange of hydrophobic molecules between the blood and ocular tissues, the size of chitosanbased NCs being less than 100 nm, found to have higher ocular biodistribution without disturbing the integrity of the epithelial
cells (Mohammed, Syeda, Wasan, & Wasan, 2017). In addition, since the size of the LNCs was 98 nm, it was found to easily cross
the physiological (intestinal barrier and blood-retinal barrier) barriers. This could be due to the higher interfacial area of smaller
particle size of LNCs, which led to maximum absorption of lutein with slow and controlled release compared to bulk materials and
mixed micelles (Niamprem, Rujivipat, & Tiyaboonchai, 2014; Ranganathan et al., 2019). This could be the possible reason for the
higher plasma and RPE levels of lutein from LNCs than the micellar lutein.
Zeta potential of nanoparticle represents the surface charge (Ridolfo, Williams, & van Hest, 2020). Higher the zeta potential
(positive or negative) specifies more excellent stability of nanoparticles in the suspension with lower aggregation due to strong
repellent forces existent on the surface (Vonarbourg et al., 2009). Tween 80 added in the LNCs preparation has also spiked up the
steric stability (Wissing, Kayser, & Müller, 2004). The zeta potential of LNCs was 38 ± 4 mV, signifying the higher stability and
homogeneousity of LNCs in aqueous solution. Positively charged LNCs have the advantages in targeted drug delivery due to the
negatively charged electrostatic properties of the cell surface (Chen et al., 2016; Du et al., 2018). Since the glycoproteins of the
intestinal mucosa are negatively charged and the designed LNCs are positively charged, mucoadhesion of LNCs can be obtained,
thus facilitating the permeation of LNCs through the intestinal barrier. Similarly, LNCs can be crossed over the retinal barrier
(Honary & Zahir, 2013). This could be the reason for higher levels of lutein in the plasma and RPE-19 cells indicating higher
bioavailability and cellular uptake of lutein from LNCs than from mixed micelles.

Scanning electron microscopy and Transmission electron microscopy of LNCs
The surface morphology of nanoparticles plays a crucial role in drug delivery/release (Mukerjee & Vishwanatha, 2009). SEM
micrographs of LNCs showed a discrete distribution of cluster free particles with divergent spherical shape (Fig. 2D & 2E). LNCs
are smooth surface with less than 100 nm size (Fig. 2F) as compared to PLGA (+PL) nanoparticle that are clustered in nature with
spherical in shape and 200 nm size (Ranganathan et al., 2019). The size and surface morphology were further confirmed by TEM
(Fig. 2B & 2C). Therefore, smooth morphology and smaller particle size may be the reason for higher plasma and cellular levels of
lutein from LNCs compared to mixed micelles (Fig. 3). However, the average particle size perceived by TEM was significantly
smaller than that of DLS detection, which was due to mainly the hydration status or hydrodynamic size. At the same time, the
TEM samples were dried before the examination. Acevedo Fani et al. (2017) also found that droplet sizes examined under TEM
were in good agreement with those obtained by DLS. Besides, TEM reflected the local particle size of the LNCs. In contrast, DLS
reflected the average particle size of LNCs, but the particle size distribution of DLS (Fig. 2E) has very good agreement with TEM
results.

Pharmacokinetic/bioavailability of lutein from LNCs in rats
The postprandial plasma, liver and eye lutein responses after a single dose (600 µM) of micellar lutein (control) and LNCs in
normal rats are shown in Fig. 3A, 3B and 3C. Detectable level of lutein in the plasma was at 2 h of post-oral administration of
micellar lutein. The time for absorption maxima (Tmax) was at 4 h with area under curve (AUC) value of 1995.1 ± 39 ng /mL/16 h
and concentration maxima (Cmax) of 67.66 ± 6.8 ng/mL at Tmax (Table 2). Despite the same Tmax (4 h), the Cmax (182.85 ±
16.5 ng/mL) and AUC (1158.5 ± 43 ng /mL/16 h) of lutein from LNCs found to be higher by 2.7 and 3.10 folds (P ≤ 0.05)
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compared to control. Results show a detectable level of circulating lutein in the LNCs fed group even after 16 h displaying a slow
and controlled release property of polymer (CS-SA) with oleic acid nanocomplex which is an important characteristics of
nanocarriers (Mukerjee & Vishwanatha, 2009). In addition, a greater (half lifetime) T1/2 (3.62 ± 0.2 h), mean residence time (MRT)
(17.64 ± 2.0 h) and slower clearance (CI) (0.0054 ± 0.001 ng/(ng/mL)/h) from the plasma were evident in the LNCs group
indicating a prolonged circulation of lutein rather than rapid clearance (Li & Huang, 2008). These results further add to the slow
and sustainable release of lutein from LNCs compared to the mixed micelles. Seto, Ueno, Suzuki, Sato, and Onoue (2019) reported
that a relatively high dose of lutein nanocrystal (230 nm) formulation (300 mg/kg) was orally administered to the healthy rats
showed poor absorption of lutein was observed based on the pharmacokinetic profiles (Cmax 11.3 ± 2.2 ng/mL and AUC 146 ± 24
ng/mL) and decreased accumulation of lutein in the retinal tissue (11.5 ng/g). In contrast, the present study results revealed the
higher LNCs lutein pharmacokinetic profile (Cmax -67.66± 6.8 ng/mL and AUC-1158.5 ± 43 ng /mL) and greater tissue
accumulation of lutein in the retinal tissue (39.84 ± 6.4 ng/mL) might be due to the smaller particle size (98 nm; Fig. 2) and higher
aqueous solubility of prepared LNCs. Moreover, the inadequate dissolution behavior of crystalline lutein may be one of the causes
of the poor oral absorption of lutein. Regarding oral absorption mechanisms of administered lutein, enhancement in the lymphatic
transport of lutein had been observed after oral administration of solid dispersion and self-micro emulsifying system (Sato et al.,
2018). In this context, the part of orally administered LNCs might have been transferred into the lymph stream from the small
intestine and lymphatic transport may contribute to a gradual increase in the plasma lutein concentration after oral administration
of LNCs. Further, Zhao et al. (2018) have reported that lutein-cyclodextrin multiple-component delivery system orally gavaged to
healthy rats at the higher dose of 3 mg lutein (about 10 mg/kg) displayed the Cmax of 135.8±49.7 ng/mL and AUC 633.0±209.7
ng.h/mL at Tmax of 2h. In contrast, LNCs prepared in the present study showed higher Cmax (182.85 ± 16.5 ng/mL) and AUC
(1158.5 ± 43 ng /mL/16 h) even at a lower oral dose (600 µM) despite of the different Tmax (4h), which may be attributed to a
slow and controlled release of lutein from CA-SA nanocomposite.
The Cmax and AUC values of lutein in the liver of LNCs group displayed higher (2.5 and 2.7 fold) compared to control (P ≤ 0.05)
despite the identical Tmax (8 h). Similarly, higher Cmax and AUC values of lutein were obvious in the eyes (3.3 and 5.2 fold) of
LNCs group compared to control (Table 2). Results establish that the lutein bioavailability (plasma response) and distribution to
the target organs (eye and liver) from LNCs were higher, may be due to the hydrophobic lutein and polymers. D. Liu, Mori, and
Huang (1992) have studied the biodistribution of the radioisotope-labelled liposomes with 30-400 nm size in a mice model upon
intravenous injection. They have found that the nanoparticles with a mean diameter of 100 nm revealed prolonged blood
circulation and higher liver uptake. The present study also shows higher levels of lutein from LNCs in circulation and liver that
could be due to the smaller size of LNCs (Fig. 2D). After oral administration of LNCs, it was found that lutein distributed and
accumulated mostly in the liver, followed by the eye (Fig. 3 B & 3C). This tendency is almost consistent with previous reports (Sato
et al., 2011; Yonekura, Kobayashi, Terasaki, & Nagao, 2010). Also, an interesting study by D. Chang et al. (2018) reported that the
nanocrystal formulation of lutein (10 mg/kg BW) administered orally to rats showed a higher Cmax (455.85 ± 59.76 ng/mL) at
Tmax of 3h. In comparison, the present study results showed lower Cmax (182.85 ± 16.5 ng/mL). The possible reason for higher
Cmax could be due to the higher oral dose of lutein nanocrystal (10 mg/kg BW) admistered in the above mentioned study.
Moreover, a lower dose (600 µM or 0.5 mg/kg BW) of LNCs admistered in the present study displayed a relatively higher Cmax
compared to the study as mentioned earlier (D. Chang et al., 2018). Further, the lipid composition of any preparation plays a vital
role in the carotenoid bioavailability. Use of oleic acid in the LNCs found to help in better intestinal uptake of lutein
(Lakshminarayana et al., 2006). The higher intestinal absorption of lutein from LNCs with oleic acid after a week human trial
showed ∼1.3-fold higher bioavailability compared to lutein delivered in pills (Vishwanathan et al., 2009). Shanmugam et al.
(2011) have reported higher bioavailability of lutein (4-11 fold) from oleic acid microemulsion in rats. These findings demonstrate
that the inclusion of oleic acid in LNCs supports higher lutein bioavailability.
In order to find out the pharmacokinetics of lutein from LNCs in the diabetic model compared to the control model, the groups
were intubated a single dose (600 µM) of micellar lutein (control) or LNCs and the results of postprandial plasma, liver and eye
lutein responses are shown in Fig. 3D, 3E and 3F. No difference was found in the pattern of pharmacokinetics (absorption and
tissue distribution) of lutein from micelles and LNCs fed to diabetic rats. However, lower lutein concentration was found in the
diabetic rats compared to normal healthy rats. The Cmax (67.66 ± 6.8 ng/mL) and AUC (373.4 ± 26 ng/mL/16h) of lutein from the
LNCs group were found to be significantly higher (Cmax, 182.85 ± 16.5 ng/mL; AUC, 1158.5 ± 43 ng/mL/16h) by 2.7 and 7.3 folds
than the micellar group (Table 3). Nevertheless, the Tmax (4 h) is similar in both groups. Interestingly, plasma lutein was higher
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even after 16 h in the diabetic rats fed on LNCs signifying a steady-state release (Fig. 2F) suggesting controlled lutein release from
nanocomplex (Mukerjee & Vishwanatha, 2009). Alike, higher T1/2 (6.60 ± 0.8 h), MRT (8.0 ± 1 h) and lower CI (0.088 ± 0.01
ng/(ng/mL)/h) of LNCs indicate sustained circulation of lutein in diabetic condition, may be to protect the cells from oxidative
stress caused by diabetes (Li & Huang, 2008). Results further suggest that owing to sustained benefits, LNCs prepared in this
study could be considered for delivery of lutein to manage diabetic mediated complications like cataract and retinopathy
(Padmanabha & Vallikannan, 2018). As in the case of plasma lutein, the liver Cmax and AUC of lutein from LNCs have shown
significantly higher by 2.6 and 3.4 folds compared to the micellar group (Table 3, Fig. 2E). Similarly, despite the same Tmax (12 h),
lutein level in the eyes of LNCs group was higher by 4.04 and 2.80 folds (Cmax, 28.89 ± 2.9 ng/g; AUC, 1588 ± 43.1 ng/g/16h)
compared to the control group.
Macular pigment density is well correlated with dietary intakes and plasma concentrations of lutein (Hammond Jr et al., 1996; T
Landrum et al., 1997). LNCs constructed could be a prospective therapeutic tool for the treatment of ocular complications owing
to higher lutein bioavailability and radical scavenging property. Wang et al. (2007) have described that 52% of lutein was
transported to the retina by HDL and 22% by LDL from dietary lutein and zeaxanthin in AMD patients. Connor, Duell, Kean, and
Wang (2007) have also reported similar findings that HDL-deficient WHAM Chicks having a mutant ABCA1 transporter, HDL plays
a prime role in the transport of lutein to the retina. However, in the STZ induced diabetic rats, lower levels (22%) of HDL (Fig. 4A)
and higher (15%) levels LDL (Fig. 4B) compared to normal healthy rats were observed. However, on treatment with LNCs, the HDL
level was reverted to the normal levels. This could be the possible reason for the higher retinal level (eye Cmax- 28.89 ± 2.9 ng/mL
and AUC - 1588 ± 43.1 ng/g/16h, Table 3) of lutein from LNCs.
An oral administration of micellar lutein and LNCs to rats peaked maximum in the plasma at 4 h, as reported earlier by
Lakshminarayana et al. (2006) and Ranganathan et al. (2019). Further, the tissue biodistribution of lutein from mixed micelles and
LNCs found in this study is also in line with other pharmacokinetic studies (Kamil et al., 2016; Ranganathan et al., 2019; Sato et
al., 2011). They have reported an accumulation of lutein in the liver and eyes of rats fed lutein-PLGA-NCs orally or intravenously.
Overall, the pharmacokinetic pattern of absorption and tissue distribution of lutein from mixed micelles and LNCs in the diabetic
rats were almost similar to normal healthy rats. Arunkumar et al. (2013) have reported that an acute dose (200 µM) of lutein
loaded chitosan nanocapsules to mice displayed 2 fold higher lutein bioavailability (plasma, liver and eye levels) compared to
micellar lutein. Results of the current study suggest that LNCs support the intestinal uptake and tissue (plasma, liver, and eye)
distribution of lutein from LNCs. The bioavailability of lutein from LNCs found in the current study is significantly higher in plasma
(3000 folds), liver (855 folds) and eye (739 folds) than PLGA-NCs reported by Ranganathan et al. (2019) which may be due to
smaller particle size (98 nm), coating polymers (natural CS-SA) and the lipid core (oleic acid) (Lakshminarayana et al., 2006; Li &
Huang, 2008). Based on the results, we propose that LNCs could be adopted to deliver lutein to target tissue like retina.
Table 2 Pharmacokinetic parameter of plasma, liver and eye responses of micellar lutein and lutein from LNCs after the single oral
dose to normal healthy rats.
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Parameters

Tmax (h)
T1/2 (h)

Plasma

Liver
LNCs

Micellar
lutein
(control)
4

LNCs Micellar
lutein
(Control)
8
12

Micellar
lutein
(Control)
8

4

1.56 ± 1.2

Eye

3.62 ± 0.2*

LNCs
12

2.16 ± 0.2

5.22 ±
9.63 ± 0.7
28.01 ± 1.3*
0.3*
Cmax (ng/mL or
67.66 ± 6.8
182.85 ± 16.5*
36.8 ± 2.4
89.6 ±
12.26 ± 1.1
39.84 ± 6.4*
g)
9.8*
Clast (ng/mL or g)
1.86 ± 0.05
12.21 ± 0.9*
8.1 ± 1.7
10.3 ±
1.26 ± 0.1
6.54 ± 0.8*
0.8
AUC (ng/mL/16h
373.4 ± 26
1158.5 ± 43*
64.52 ± 11.4 728.9
106.4 ± 7.1
554.2 ± 12*
or g)
± 22.1*
AUMC
1995.1 ± 39
9955.7 ± 57*
2575.5 ± 11.9 7017.5
1401 ± 13
17818 ± 56*
(ng/mL/16h or g)
± 29.3*
MRTlast (h)
11.16 ± 1.1
17.64 ± 2.0
5.9 ± 0.4
7.97 ±
13.2 ± 1.9
32.1 ± 6.7*
0.3
CI
0.33 ± 0.01
0.0054 ±
0.93 ± 0.1
0.09 ±
0.65 ± 0.01
0.13 ±
(ng/(ng/mL)/h)
0.001*
0.01*
0.01*
Values are mean ± SD (n=3). Tmax - time to reach maximum concentration, T1/2 - half-life of the drug, Cmax maximum plasma concentration, AUC - Area under the curve of plasma concentration as a function of time,
AUMC - Area under the Moment Curve, MRT - mean resident time, CI clearance, LNCs - lutein loaded nanocarrier system. *P ≤ 0.05
Table 3 Pharmacokinetic parameter of plasma, liver, eye responses of micellar lutein and lutein from LNCs after a single oral dose
to diabetic rats.
Parameters

Plasma
Micellar
lutein

Tmax (h)
T1/2 (h)
Cmax (ng/mL or g)
Clast (ng/mL or g)
AUC (ng/mL/16h
or g)
AUMC (ng/mL/16h
or g)
MRTlast (h)
CI (ng/(ng/mL)/h)

(Control)
4
4.06 ± 0.2

Liver
LNCs

4

6.60 ±
0.8
15.25 ± 1.6
76.70 ±
8.9*
9.84 ± 0.7
20.15 ±
2.1*
120.4 ± 7.6
767.9 ±
19*
686.7 ± 16
4565.7 ±
27*
5.70 ± 1.3
8.0 ±
1.6*
0.54 ± 0.01 0.088 ±
0.01*

Micellar
lutein
(Control)
8
1.6 ± 0.1
23.7 ± 2.2
6.3 ± 0.6
165.5 ± 6.6
3264.5 ± 18
6.75 ± 0.2
0.06 ± 0.01

Eye
LNCs

8
5.63 ±
0.8*
62.3 ±
3.1*
8.7 ±
0.8
562.91 ±
12*
5561.1 ±
27*
9.9 ± 0.9*
0.12 ±
0.01

Micellar
lutein
(Control)
12

LNCs

12

11.0 ± 0.1

43.6 ± 2.4*

7.15 ± 1.3

28.89 ± 2.9*

6.82 ± 1.7

22.6 ± 3.2*

569 ± 29.2
1172.5 ±
76.1
2.90 ± 0.2
0.89 ± 0.01

1588 ±
43.1*
19930 ±
129*
10.3 ± 0.7*
0.21 ± 0.01

Values are mean ± SD (n=3). Tmax - time to reach maximum concentration, T1/2 - half-life of the drug, Cmax - maximum plasma
concentration, AUC
- Area under the curve of plasma concentration as a function of time, AUMC - Area under the Moment Curve, MRT - mean resident
time, CI - clearance, LNCs - lutein loaded nanocarrier system. *P ≤ 0.05

ARPE-19 cell viability
Potential cytotoxicity of LNCs to human retinal pigmental epithelial cells (ARPE-19) was examined by MTT assay. Figure 5A
demonstrates that LNCs (0-50 µM of lutein) did not affect the viability of ARPE-19 cells compared to control cells. Therefore, 10
µM concentration of LNCs (1/5th) was used for the treatment in further experiments.
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Protective effects of LNCs against H2O2 induced oxidative stress
Diabetes/hyperglycemia induces oxidative stress (OS) by generating pre radicals (Asmat, Abad, & Ismail, 2016). Hence, to find out
the radical scavenging and cell protective property of LNCs, OS was induced by treating cells with H2O2. Therefore, initially, ARPE19 cells were exposed to H2O2 (150 µM) for different time intervals up to 24 h and monitored the intracellular ROS level by DCFDA dye to ascertain oxidative stress (Fig. 5B). The intracellular ROS has significantly increased from 1 h to 2 h and from 2 h
afterward, no significant alteration was noticed. Hence, 2 h exposure time was considered for subsequent studies. To find out the
protective effect of lutein, cells were treated with an equimolar concentration of LNCs and micellar lutein (10 µM) prior to exposure
to H2O2 for 24 h which resulted in 50% cell death. Whereas, pre-treatment with micellar lutein and LNCs significantly attenuated
H2O2 induced cell death by 63% and 79%, respectively (Fig. 5C). H. Liu et al. (2017) have reported that lutein at 10 µM has
reversed the reduction of RPE cell viability under H2O2 persuaded OS conditions by 65.4 %. In the present study, LNCs displayed
higher (79%) RPE-19 cell viability than micellar lutein, indicating greater cellular uptake and scavenging intracellular ROS. The
higher efficacy of LNCs, the smaller particle size and slow and controlled lutein release from LNCs compared to micelles could be
the reason for higher cell viability (Mukerjee & Vishwanatha, 2009; Niamprem et al., 2014).

Cellular Uptake of lutein
ARPE-19 cells were treated with LNCs or micellar lutein ((10 µM) to find out cellular Uptake of lutein. No reduction in the cell
number or cell death was observed in LNCs treatment, demonstrating a safe level of NCs delivered. Cellular lutein uptake from
LNCs was higher (17.6 ng/mg) compared to micelles (9.5 ng/mg) at 18 h in the H2O2 (150 µM for 2 h) treated cells (Fig. 6A). Over
the period of 24 h treatment, in control cells (not exposed to H2O2), there was a non-significant decrease in the lutein uptake (6.3
and 15.6 ng/mg) from mixed micelles and LNCs. As discussed earlier in animal experiment, the higher lutein uptake from LNCs
may be due to their nanosize and higher surface to volume ratio (Deming & Erdman, 1999; S.-S. Feng, 2004; Mukerjee &
Vishwanatha, 2009; Niamprem et al., 2014). It is well documented that particle size plays a critical factor in cellular uptake, release
kinetics and stability of active compounds (S.-S. Feng, 2004; Niamprem et al., 2014). However, cellular lutein uptake patterns from
LNCs and mixed micelles are similar between H2O2 treated and control ARPE-19 cells. Interestingly, lutein uptake is significantly
higher by 2 fold (12.1 ng/mg) from mixed micelles and 1.5 folds (21.6 ng/mg) from LNCs in H2O2 treated (Fig.6B) groups
compared to control cells and H2O2 (150 µM for 2 h) treatment did not cause a reduction in the cell number (Fig. 6C). The
possible reason for high cellular lutein uptake from LNCs under H2O2 could be due to enhanced cell permeability persuaded by
the H2O2.
Since lutein uptake at 18 h was maximum, 18 h treatment time was considered as the working parameters for the subsequent
studies.

LNCs attenuates the H2O2 generated oxidative stress
The imbalance between antioxidants and pro-oxidants in hyperglycemia leads to oxidative stress owing to the release of ROS
beyond the limits of clearance from circulation and cells. Such a condition results in functional and morphological impairment in
retinal pigment epithelium (RPE), endothelial cells, and retinal ganglion cells (He et al., 2014; Sharavana & Baskaran, 2017). We
have hypothesized that the delivery of lutein as LNCs could greatly modulate the intracellular ROS than micellar lutein in ARPE-19
cells under H2O2 induced oxidative stress. ROS levels were measured in ARPE-19 cells upon H2O2 treatment and followed by
treatment with either micellar lutein or LNCs (Fig. 7). Results showed 5.3 fold increase in ROS level in H2O2 treatment compared
to control (no H2O2 treated) and vehicle control, indicating that vehicle has no role in ROS release. Cells pre- treated with micellar
lutein or LNCs (10 µM) significantly reduced the intracellular ROS level by 2 folds suggesting that LNCs had greatly ameliorated
the intracellular ROS compared to micellar lutein, might be due to higher cellular lutein uptake from LNCs. Other possible reasons
for ROS lowering effect could be the slow and sustainable release of lutein from natural polymers CS and SA (S.-S. Feng, 2004;
Niamprem et al., 2014). Chae, Park, and Park (2018) also reported that lutein (10 µM) treatment prior to H2O2 (100 µM for 2h),
decreased the ROS levels (26.03%) in ARPE-19 cells. However, lutein delivered in NCs developed in the current study efficiently
brought back the intracellular ROS to the normal level. We have demonstrated that LNCs suppress H2O2-induced oxidative stress.

LNCs attenuated the loss of mitochondrial membrane potential (DYm) induced by H2O2
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Oxidative stress persuades detrimental alterations in mitochondria and its membrane potential (DYm) of RPE cells that can upset
mitochondrial homeostasis that may be one of the central cause factors in retinal pathogenesis (Blasiak, Pawlowska,
Szczepanska, & Kaarniranta, 2019). Alteration of mitochondrial membrane potential (DYm) affects its functions. To find out the
role of LNCs on the up-regulation of DYm under H2O2 induced OS in ARPE-19 cells by examining the ratio of red/green
fluorescence intensity of JC-1 staining. Exposure of ARPE-19 cells to 150 µM H2O2 resulted in rapid loss (49%) of DYm, as seen
by an increase in the DYm fluorescence intensity (Fig. 8). Pre-treatment with micellar lutein or LNCs (10 µM) for 18 h found to
attenuate DYm by 67% and 88% suggesting that LNCs render better protection and maintenance of DYm homeostasis compared
to micellar lutein indicating a possible advantage of nanosize and surface charge of LNCs over the micellar lutein (S.-S. Feng,
2004; Niamprem et al., 2014).

Conclusion
LNCs developed in this study are proficient to improve the solubility and physiological stability of lutein, which could be one of the
reasons for the improved intestinal uptake, plasma and tissue (retina) responses of lutein in both normal and H2O2 induced OS in
ARPE- 19 cells. However, the molecular transport mechanism of LNCs across intestinal and retinal epithelial cells needs a detailed
investigation. The higher bioavailability of lutein in retinal cells and in vitro and rat retina in vivo from LNCs might be due to the
nanosized (≤ 100 nm) LNCs with natural polymers CS and SA in addition to oleic acid. Higher encapsulation efficiency, stability
and self-assembling property of oleic acid in LNCs have delivered greater potential towards the enhanced lutein bioavailability.
Further, for the first time, to the best of our knowledge, LNCs have been prepared completely with natural polymers and examined
for lutein delivery in the H2O2 induced OS model. However, a detailed study with hyperglycemia induced model is warranted to
validate the present results. Thus, LNCs may be considered as a potential carrier system for macular carotenoid lutein to the
ocular tissue to diminish OS in retinopathy, cataract and macular degeneration. Results unveil that the CS- SA-OL nanocarrier
scaffold could serve as more efficient carrier than synthetic polymers or lipid alone for the delivery of lipophilic bioactive to aid
AMD, cataract and diabetic retinopathy.
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Chitosan-sodium alginate interaction scaffold

Figure 2
Particle size of LNCs measured by (A) dynamic light scattering, TEM image at (B) 100 nm and (C) 50 nm scale. (D) & (E) are SEM
images and (F) is the histogram representation of size distribution of LNCs.
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Figure 3
Pharmacokinetics of lutein from mixed micelles and LNCs (A) plasma (B) liver and (C) eye responses in control animal, (D)
plasma (E) liver and (F) eye responses in diabetic rats. Data represented mean ± SD (n=3).

Figure 4
Plasma HDL (A) and LDL (B) levels in diabetic and LNCs treatment groups. Data are 506 expressed as means ± SEM (n=3 per
group). ANOVA followed by Tukey’s test: ***P < 0.05 versus diabetic control; **P <0.01 versus diabetic vehicle.
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Figure 5
Cytotoxicity of LNCs and micellar lutein (A), H2O2 induced intracellular ROS at different time intervals (B) and cell viability under
H2O2 induced oxidative stress with different treatments. Data are expressed as means ± SEM (n=3 per group). ANOVA followed
by Tukey’s test: ***P < 0.05 versus H2O2 treatment; **P <0.01 versus H2O2 treatment. CC =Cell control, VC = Vehicle control
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Figure 6
Lutein uptake from mixed micelles and LNCs in control (A) and H2O2 (150 μM for 2 h) induced OS (B) ARPE-19 cells and (C)
ARPE-19 cell viability after H2O2 (150 μM for 2h) treatment. Data represented as mean ± SD (n=3).

Figure 7
LNCs attenuate the H2O2 induced intracellular ROS in ARPE-19 cells. Cells were treated with micellar lutein and LNCs (10 μM) for
18 h, followed by incubated with or without 150 μM of H2O2 for an additional 2 h. Intracellular ROS was determined by DCF-DA
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dye. Data are expressed as mean ± SEM (n=3 per group). ANOVA followed by Tukey’s test: ***P < 0.05 versus H2O2 treatment; **P
<0.01 versus H2O2 treatment. CC = Cell control, VC = Vehicle control

Figure 8
LNCs attenuated the loss of mitochondrial membrane potential (m) induced by H2O2 in ARPE-19 cells after pre-treatment with
10 µM lutein either as mixed micelles or LNCs for 18 h. m was determined by the JC-1 assay. Data are expressed as mean ±
SEM (n = 3 per group). ANOVA followed by Tukey’s test: ***P < 0.05 versus H2O2 treatment; **P <0.01 versus H2O2 treatment1
versus H2O2 treatment
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