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ABSTRACT

Astaxanthin (ASTA) and zeaxanthin (ZEA) are xanthophyll
carotenoids showing a wide spectrum of health-promoting
properties. However, their utilization is limited, mostly due to
poor water solubility, limited bioavailability, and a tendency
to oxidate, as well as photo- and thermal instability. The aim
of this work was to develop ASTA- and ZEA-loaded nano-
structured lipid carriers (NLCs) that would protect them
against degradation and improve their intestinal stability/
permeability. Obtained NLCs were characterized by an effective
diameter of 294 nm for ASTA-NLC and 280 nm for ZEA-NLC;
polydispersity index (PDI) lower than 0.2; and zeta potential of
—29.4mV and —29.0 mV, respectively. Interestingly, despite similar
physicochemical characteristics, our investigation revealed
differences in the encapsulation efficiency of ASTA-NLC and
ZEA-NLC (58.0 % vs. 75.5 %, respectively). Obtained NLCs
were stable during a 21 day-storage period in the dark at room
temperature or at 4 °C. Investigation of gastrointestinal stability
showed no change in effective diameter and PDI under gastric
conditions while both parameters significantly changed under
intestinal conditions. Our results showed for the first time that
both ASTA- and ZEA-NLCs intestinal absorption investigated
in the in vitro model is significantly increased (in relation to
pure compounds) and is affected by the presence of mucus.
This study provides useful data about the advantages of using
NLC as a delivery system for ASTA and ZEA that might facilitate
their applications in the food and pharmaceutical industry.

Keywords: gastrointestinal stability, nutraceuticals, poor water
solubility compounds, xanthophylls

Carotenoids and their oxygenated derivatives xanthophylls are among the mostimportant
natural pigments because of their wide distribution in plant tissues, structural diversity,
and numerous functions in the human body. A series of studies have demonstrated that
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xanthophylls act as health promoters, specifically, in the prevention and treatment of cardio-
vascular, gastrointestinal (GI), hepatic, neurodegenerative, ocular, and dermatological
diseases, as well as diabetes, diabetic neuropathy, metabolic syndromes, cancer, and
chronic inflammation (1).

Astaxanthin (ASTA, 3,3-dihydroxy-f,p-carotene-4,4"-dione), a lipid-soluble pigment
belonging to the xanthophyll class of carotenoids (Fig. 1a), is mainly obtained from algae,
yeast, trout, red seabream, and waste of crustaceans such as shrimp and crabs (2). There is
tremendous interest in ASTA due to its functional characteristics, both in the food industry,
because of its bright red color, but also in the pharmaceutical industry. Namely, ASTA has
been characterized by strong antioxidant activity and a range of health benefits such as
anticancer, neuroprotective, immunomodulatory, and cardioprotective effects (3).

Zeaxanthin (ZEA, (3R,3'R)-f,3-carotene-3,3’-diol)) is a lipid-soluble pigment belonging
to the xanthophyll class of carotenoids (Fig. 1b) which is found in dark green vegetables,
orange and yellow fruits, and egg yolks. It exhibits strong antioxidative activity, particu-
larly in the eye region, since ZEA accumulates in the macula. Many studies prove that a
diet rich in ZEA prevents the progression of eye diseases such as cataracts and age-related
macular degeneration which can lead to blindness. The knowledge about other desirable
effects of ZEA on human health, such as anticancer, cardioprotective, antidiabetic, and
neuroprotective effects, is increasing (4).

It is evident that the use of ASTA and ZEA as functional food ingredients or nutraceu-
ticals has practical significance for improving human health and well-being (5). However,
their utilization in the food and pharmaceutical industry faces many challenges mainly
due to poor water solubility, susceptibility to oxidation, and photo- and thermal instabil-
ity. The poor water solubility of ASTA and ZEA presents a major obstacle to their satisfac-
tory oral bioavailability (since it is directly dependent on their dispersibility in the water
medium). Moreover, the instability of ASTA and ZEA leads to significant losses that occur
during processing, storage, and GI digestion with negative impacts on bioavailability and,
consequently, bioactivity (6). Therefore, it is evident that the efficient incorporation of
ASTA/ZEA into functional food or nutraceuticals must be preceded by an advanced

(0]

a)

HO,,

“/OH
Fig. 1. Structures of: a) astaxanthin and b) zeaxanthin.
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formulation that would provide protection against degradation and improved solubility/
bioavailability (5).

In recent years, a significant amount of research has been devoted to investigating the
applicability of various delivery systems that would improve carotenoid properties.
Several types that have already been used to improve the functionality of liposoluble
bioactive compounds can generally be classified as lipid-based delivery systems and
polymer-based delivery systems. In particular, lipid-based nano-delivery systems (such as
nanoemulsions, liposomes, solid lipid nanoparticles, and nanostructured lipid carriers
(NLCs) have been shown to improve the stability and bioavailability of certain carotenoid
classes. However, the majority of research has been devoted to the encapsulation of ASTA
in liposomes (7) and solid lipid nanoparticles (8) while the possibilities of encapsulation in
NLC of ASTA and especially ZEA have not been thoroughly investigated.

Considering all the above, the formulation of innovative delivery systems for ASTA
and ZEA to improve their solubility, stability, bioavailability, and consequently, health
efficacy, is highly desired.

NLCs are an innovative delivery system for encapsulation of bioactive compounds
characterized by poor water solubility which has been proven to increase their stability
and bioavailability. Even though NLCs may dispel some of the disadvantages of other
lipid nanocarriers, such as low encapsulation efficiency (EE), low drug loading, and physico-
chemical instability, they also have benefits that make them suitable for a wide range of
applications (9, 10). They usually have higher loading capacity than other lipid nanocarriers
and raw materials for their production can be selected from low-cost-, food-grade-, and
generally recognized as safe (GRAS) materials. In the food industry, NLCs have been
shown to be suitable for encapsulating and incorporating lipophilic compounds (bio-
actives, flavors, and antimicrobials) into water-based foods. The utilization of NLCs as
drug delivery systems has been explored for many compounds and resulted in their
improved stability and bioavailability. It has been shown that NLC-based nanosystems can
be used to enable controlled release of the active ingredients, both sustained and delayed
releases, which are time- or site-dependent. Thus, NLCs may be utilized as efficient
delivery systems, for food and pharmaceutical industries.

Based on all of the above, it can be assumed that NLCs might present a suitable formu-
lation approach for improving the storage- and GI stability of ASTA and ZEA and for
enhancing their permeability. The presence of lipids in delivery systems of ASTA has
already been proven to increase its permeability in Caco-2 cells (where ASTA was encap-
sulated in nanoemulsions (11, 12) and liposomes (13, 14). The same has been presented for
several highly lipophilic molecules such as curcumin (15, 16) and lutein (17). Also, the
conclusions from a small number of in vivo studies strongly suggest that the bioavailability
of ASTA can be significantly improved when taken with meal/lipids (18, 19). Little is known
about potentially beneficial effects of incorporating ZEA within lipid-based delivery
systems. However, ZEA faces the same stability/permeability issues as other carotenoids;
therefore, it can be assumed that certain improvements can be also achieved through its
incorporation into lipid-based delivery systems. The permeability of ASTA/ZEA, the frac-
tion that passes through the mucus layer across the epithelium cells and into the systemic
circulation, is the limiting step to their satisfactory bioavailability. In order to evaluate the
applicability of the newly designed delivery system for incorporation of ASTA/ZEA, it is,
therefore, advisable to perform a digestive stability/permeability study. For this purpose,
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in vitro static models are widely used since they are easy to build and require lower
amounts of samples. Significant improvements in mimicking digestion and intestinal
absorption in vitro have been achieved but still little is understood on mucus interference
with both specific molecules and with the delivery system within it is incorporated. The
matter is still unclear, so it presents a hot topic of many scientific discussions. Some authors
concluded that the mucus presence relates to the lower recovery of hydrophobic bioactive
compounds while others demonstrated that lipid-based delivery systems may improve
their permeability through the mucus barrier of hydrophobic moieties. Namely, Li and
coworkers reported that the mucus layer covering cell co-cultures was associated with the
lower recoveries of both hydrophilic epigallocatechin-3-gallate and hydrophobic -carotene
(20). On the other hand, Cai and coworkers recently reported that hydrophobic cinnam-
aldehyde in self-emulsifying drug delivery systems (SEDDS) exhibited good release and
superior mucus permeability (21).

The aim of this work was to improve the functional properties of ASTA and ZEA by
incorporating them into novel lipid-based formulations, primarily targeting their solubil-
ity, storage- and GI- stability, and intestinal permeability. For that purpose, innovative
NLCs were formulated by organic solvent-free hot homogenization procedure using an
ultrasonicator. Obtained NLCs were characterized, and their physicochemical properties,
as well as their storage- and GI stabilities were reported. Moreover, the impact of mucus
on the permeability of free-, and ASTA- and ZEA-incorporated NLC was studied. The
results of this study will provide useful data that will contribute to the efforts for success-
ful incorporation of liposoluble bioactive compounds into NLCs and encourage their
utilization as delivery systems for potential applications in the food and pharmaceutical
industry.

EXPERIMENTAL

Materials

ASTA and ZEA standards were obtained from Biosynth (UK). Precirol® ATO5 was
kindly provided by Gattefossé (France). Miglyol® 812 was obtained from Acofarma®
(Spain). Fasted-state simulated gastric fluid (FaSSGF) and fasted-state simulated intestinal
fluid (FaSSIF) were obtained from Biorelevant (UK). FaSSGF solution was characterized
with pH 1.6 and composed of 0.08 mmol L taurocholate, 0.02 phospholipids, 34 mmol L
sodium, and 59 mmol L™ chloride while FASSIF was characterized with pH 6.5 and
composed of 3 mol L taurocholate, 0.75 phospholipids, 148 mmol L sodium, 106 mmol L
chloride, and 29 mmol L™ phosphate. Caco-2 and HT29 cells were obtained from ATCC-
LGC Standards (Spain). Dulbecco’s modified eagle’s medium (DMEM), penicillin-strepto-
mycin, fetal bovine serum (FBS), and amphotericin B were purchased from Gibco®
Invitrogen Corporation (USA). Nonessential amino acids (NEAA), trypsin, Triton X-100,
phosphate buffer saline (PBS), Hanks’ balanced salt solution (HBSS), acetonitrile, Trolox,
Tween® 80 (polysorbate 80), dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-
-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from Sigma-Aldrich (USA).
All water used was double-deionized water collected from the Sartorius AG Arium Pro
apparatus (Germany).

584



K.Radiéet al.: Preparation of astaxanthin/zeaxanthin-loaded nanostructured lipid carriers for enhanced bioavailability: Characterization-,
stability- and permeability study, Acta Pharm. 73 (2023) 581-599.

Preparation of NLCs loaded with ASTA and ZEA

The nanoparticles were prepared by an organic solvent-free hot homogenization pro-
cedure using an ultrasonicator (22). The optimal composition of the NLC was obtained
with the following procedure (presented in Table I): 2 mg of ASTA or ZEA, 1 mg of Trolox,
50 mg of Miglyol® 812, 250 mg of Precirol® ATO5, and 80 mg of Tween® 80 were mixed and
heated in a water bath at 72 °C for 30 min followed by additional heating at 90 °C for 5 min.
6 mL of degassed ultrapure water heated at 90 °C was added and the sample was homoge-
nized with a probe-type sonicator VCX-130 with a VC 18 probe by Sonics & Materials Inc
(USA) for 5 min at the amplitude of 70 % to form the nanoparticle suspension. Immedi-
ately after ultrasonication, the samples were put on ice for 10 min and stored in glass tubes,
purged with argon, and protected from light.

Table I. Composition of the reaction mixture for NLC preparation

Component Amount
ASTA or ZEA 2 mg
Trolox 1mg
Miglyol® 812 50 mg
Precirol® ATO5 250 mg
Tween® 80 80 mg
Ultra-pure water (90 °C) 6 mL
ASTA/ZEA : lipid 1:150

Determination of encapsulation efficiency and drug loading

The incorporation of ASTA/ZEA into the NLCs was assayed through a direct pressure
ultrafiltration method with Amicon®. The NLCs were separated from the suspension
(which may contain non-incorporated ASTA/ZEA) and destroyed with acetonitrile. Briefly,
the formulations were diluted 40 times in double deionized water and 2 mL of this dilution
were filtrated with EMD Millipore Amicon® Ultra Centrifugal Filters Ultracell-50 kDa
(Germany), at 3500 xg for 45 min, using a Thermo Fisher Scientific Heraeus Multifuge X1R
centrifuge (USA). The supernatant was discarded and the pellet present in the filtrate unit
was recovered through centrifugation at 4500 xg for 15 min. Then, the pellet was resus-
pended in 1950 uL of acetonitrile to destabilize the particles and to release the entrapped
analyte. The mixture was then transferred to a 2 mL Eppendorf tube and centrifugated for
30 min at 10000 xg to separate the lipids and the supernatant was used for absorbance (A)
read-out. To prevent reaching A values out of the calibration range, the final solution was
diluted with acetonitrile.

All A readings were obtained at 450 nm with Agilent BioTek Synergy HTX Multimode
Reader (USA). A calibration curve of UV/Vis detection of ASTA/ZEA with a range of 0.9-30
pg mL™, was performed for further use in ASTA/ZEA incorporation assays. The coeffi-
cients of correlation for both analytes were 0.999.
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The encapsulation efficiency (EE) was calculated according to Equation 1, defined as
the quotient between the determined mass of ASTA/ZEA in the NLCs retained within the
Amicon® filter and the total amount of initially added ASTA/ZEA in the NLCs preparation.

m ASTA/ZEA
EE(%) = —PrASTAZEA 100 1)
Minit ASTA/ZEA

The drug loading (DL) was calculated according to Equation 2, defined as the quotient
between the incorporated mass of ASTA/ZEA in the NLCs and the mass of NLCs .
Mincorp ASTA/ZEA

DL(%) = T x 100 (2)

Determination of particle size and zeta potential

The mean effective diameter and polydispersity index (PDI) for NLCs were deter-
mined through dynamic light scattering (DLS) using a Brookhaven Instruments Corpora-
tion 90 Plus Particle Size Analyzer (USA). Zeta potential was determined using a Brookhaven
Instruments Corporation Zeta Potential Analyzer. For both DLS and zeta potential analysis,
the formulations were diluted 200 times in double deionized water and all readings were
performed with six runs each. The instrument is equipped with a 35-mW solid-state red
laser (660 nm wavelength), operating at a scattering angle of 90°, and acquiring the measure-
ments at 20 °C. The obtained size was determined from the intensity of scattered light, and
the count rate values obtained for 1:200 diluted samples were within the recommended
range for the equipment following Brookhaven Instruments instructions (300-500 kcps —
counts per second). The refractive index for the NLCs was 1.33. Each different batch of
NLCs was individually characterized, having the mean size + SD calculated after 6 runs
of 2 minutes each (12 minutes of analysis per sample). The surface charge of NLCs (Zeta
potential) was possible to determine using an electrode also operating at a scattering angle
of 90° at 20 °C. For each different batch of NLCs assay, the mean zeta potential + SD is
calculated as the average of 6 runs of 10 cycles. Whenever in need of nanoparticle suspen-
sion measurements, the parameters of the DLS software were adjusted to the ones of
double deionized water at 20 °C: dynamic viscosity of 1.002 cP and a pH value of cca 6-7.
Double-deionized water contains a minimum amount of ions and thus has a low buffering
capacity. Therefore, for each measurement of NCL suspension, fleshly collected double-
deionized water, provided by an ultra-pure water system was used (AriumPro, Sartorius
AG, Germany).

Determination of storage stability

For investigation of stability during storage, samples were transferred into a brown
glass volumetric flask immediately after the preparation. They were then flushed with
argon and stored in the dark at room temperature and at 4 °C. Storage stability studies
were conducted by measuring the variations of effective diameter, PDI, and zeta potential
during the storage period of 21 days.
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Determination of GI stability

The stability of ASTA/ZEA NLCs was assessed by in vitro static simulation of GI diges-
tion in the upper tract by using biorelevant media. Briefly, 100 uL of the NLC formulations
were added to 19900 uL of a FaSSGF or FaSSIF or water (23). The mixtures were kept simul-
taneously at 37 °C in a thermostatic shaker for 2 hours with constant stirring at 110 rpm
after which the effective diameter and PDI were determined.

Permeability study

Cell cultures

For investigation of permeability, human epithelial colorectal adenocarcinoma cell
lines, Caco-2 and HT29 were used. Caco-2 cells (American Type Culture Collection (ATCC)
were cultured in complete DMEM supplemented with 10 % (V/V) heat-inactivated FBS, 1
% (VIV)NEAA, and 1 % (V/V) penicillin/ streptomycin/amphotericin B mixture. HT29 cells
(ATCC) were cultured in McCoy’s 5a Medium Modified supplemented with 10 % (V/V)
heat-inactivated FBS, 1 % (V/V) NEAA, and 1 % (V/V) penicillin/streptomycin/amphotericin
B mixture. Cell cultures were maintained at 37 °C, in a humidity-saturated atmosphere
consisting of 5 % CO, in Sanyo MCO-20AIC CO, Incubator (Osaka, Japan). The medium
was replaced by fresh, complete media every three days. Cells were passaged by trypsiniza-
tion at 80-90 % confluence.

Evaluation of biocompatibility by MTT assay

When cells were confluent, they were detached from the culture flask by trypsiniza-
tion. Briefly, the media was removed and washed with 5 mL of fresh media without FBS.
Then the cells were incubated at 37 °C with 5 mL of trypsin. Trypsinization was stopped
by adding fresh media with FBS. After the detachment, cells were homogenized, trans-
ferred to 50 mL Falcon tubes, and centrifuged at 300 xg for 5 min in a Thermo Fisher
Scientific Heraeus Multifuge XIR centrifuge. Then the cells were resuspended in fresh
complete media and cultivated in a transparent 96-well plate at a density of 5 x 10* cells per
well, in 100 pL of fresh culture media. Once the cells had adhered, the medium was
replaced with complete media containing different concentrations of pure ASTA/ZEA or
NLCs (loaded with ASTA/ZEA). Cells were treated with either pure ASTA in concentra-
tions of 20-100 pg mL™; pure ZEA in concentrations of 10-50 pg mL™; NLC loaded with ASTA
in concentrations of 2-6 mg mL™ (in which ASTA is in concentrations of 0.4-1.1 pug mL™);
and NLC loaded with ZEA in concentrations of 1-5 mg mL! (in which ZEA is in concentra-
tions of 0.2-1.2 pg mL™) for 24-hours. Control cells were also included in every plate
(negative control (ctr-) contained only complete media while positive control (ctr+) was
treated with Triton X-100). The cells were incubated for 24 h under the same conditions as
described above and afterwards, the medium was replaced by 100 pL of a 0.5 mg mL™
MTT solution diluted in complete media. The plates were incubated for 3 h at 37 °C, after
which the MTT solution was aspirated and 100 uL of DMSO was added to solubilize the
formazan crystals. The absorbance was read at 570 and 630 nm using Agilent BioTek
Synergy HTX Multimode Reader. Cell viability was defined as described in Equation 3.

Asyy— A
Cell viability (%) = (As70 = Aesodastavzea 10 6)
(A570 - A630 )etr
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Permeability study

Permeability study was conducted in a 12-well plate with Costar 3401, Corning Incor-
porated Transwell® permeable supports (USA) (24). 3 x 10* Caco-2 cells were seeded alone
or with the addition of 7 x 103 HT29 cells in each Transwell® and kept at 37 °C, in a humid
saturated atmosphere consisting of 5 % CO,. Cells were grown for 23 days to form a dif-
ferentiated monolayer. The medium was aspirated and replaced every 2 days. The added
volume was 0.5 mL in the apical and 1.5 mL in the basolateral compartment. Monolayer
integrity was routinely checked by determining transepithelial electrical resistance (TEER)
during the cell growth, before and after the transport experiment. ER was measured with
World Precision Instruments Inc STX2 and EVOM resistance meter (USA).

To determine transepithelial permeability, the medium was aspirated from both
apical and basolateral chambers and washed with pre-warmed PBS. Then, 0.5 mL of the
samples were added to the apical chamber and 1.5 mL of the HBSS with 4 % of FBS to the
basolateral chamber of each well (25). FBS was added to the recipient in order to improve
the solubility of ASTA/ZEA in a buffer. Samples were applied on a cell monolayer in
triplicates and incubated at 100 rpm and 37 °C for 2 h in a Biosan Incubator ES-20/60
(Latvia). The content of ASTA/ZEA was determined by measuring absorbance (as described
previously) in an apical chamber and expressed as % of the amount applied on the cell
monolayer (calculated according to Equation 4).

amount in apical compartment 100 @

Intestinal absorption (%) = —
initial amount

Statistical analysis

Obtained results were expressed as average values and standard deviations from a
minimum of three independent experiments. Data were statistically evaluated by either
Student t-test to compare two groups of independent samples, or by one-way analysis of
variance (ANOVA) to compare multiple groups of independent samples. For that purpose,
GraphPad®Prism 6 Software (USA) was used. When the groups presented a significant
statistical difference (p < 0.05), the differences between the respective groups were com-
pared with a post-hoc Tukey test. p < 0.05 was considered statistically significant unless
otherwise noted.

RESULTS AND DISCUSSION

Newly synthesized ASTA-NLC and ZEA-NLC were composed of a mixture of solid
and liquid lipids (Precirol® ATO 5 and Miglyol® 812, respectively) and a surfactant (Tween®
80) forming an unstructured solid matrix in an aqueous solution. NLC preparation was
conducted by the hot homogenization method previously described (22). After the com-
plete addition of aqueous solution over the oil phase, the obtained formulations were
cooled down at room temperature. NLC suspensions were characterized by effective
diameter, PDI, zeta potential, EE, and DL.
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Physicochemical characterization of nanoparticles

Obtained results revealed that ASTA-NLC, ZEA-NLC as well as empty NLC (B-NLC)
had similar physicochemical characteristics showing no statistically significant difference
in effective diameter, PDI, and zeta potential. The average effective diameter was 294 nm
for ASTA-NLC, 280 nm for ZEA-NLC, and 267 nm for B-NLC. PDI was in the range of
0.137-0.152 and zeta potential was from —28.8 to -29.4 mV (Table II). There was a statisti-
cally significant difference in EE of ASTA and ZEA (58.0 + 6.9 % and 75.5 + 2.3 %, respec-
tively).

Table I1. Physicochemical characteristics of obtained NLCs"

Parameter ASTA-NLC ZEA-NLC B-NLC
Effedi‘gflii)amter 293.8+97 280.2 % 14.5 268.8+31.0
PDI 0.152 + 0.014 0.141 +0.023 0.137 + 0.003
Zeta potential (mV) -29.39+091 -29.00 +0.37 —28.81 +3.50
EE (%) 58.0+6.9 75.5+2.3%
DL (%) 0.39 £ 0.05 0.50 + 0.02*

* EE was calculated according to Equation 1. DL was calculated according to Equation 2. * indicates the significant
difference of EE among samples (p < 0.02).

Stability assays

Stability studies of NLC, both stored at room temperature in the dark and at 4 °C in
the dark were conducted by measuring the variations of effective diameter, PDI, and zeta
potential during the storage period of 21 days.

According to Fig. 2, all NLC samples seem to be stable over 21 days since their effective
diameter (Fig. 2a) and polydispersity (Fig. 2b) were not significantly changed in relation to
freshly prepared formulations. Zeta potential values of samples also remained constant
(Fig. 20).

ASTA- and ZEA-NLCs stability in the GI tract was assessed by in vitro static simula-
tion of GI digestion in the upper tract by using biorelevant (FaSSGF and FaSSIF) media in
terms of effective diameter and PDI. The result showed that both ASTA-NLC and ZEA-
NLC did not change effective diameter and PDI under gastric conditions (Fig. 3). On the
other hand, statistically significant increase of both effective diameter and PDI of ASTA-
NLC and ZEA-NLC was observed under intestinal conditions (Fig. 3). More precisely, the
effective diameter of ASTA-NLC increased from 271 nm in water to 332 nm in FaSSIF while
effective diameter of ZEA-NLC increased from 257 nm in water to 363 nm in FaSSIF. The
PDI also significantly increased in FaSSIF for both samples when compared to the sample
in water. More precisely, the PDI of ASTA-NLC increased from 0.128 in water to 0.262 in
FaSSIF whereas the PDI of ZEA-NLC increased from 0.122 in water to 0.264 in FaSSIF.
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Fig. 2. Storage stability of ASTA-NLC, ZEA-NLC and B-NLC over the period of 21 days at room tem-
perature or at 4 °C in the dark. The observed parameters were: a) effective diameter, b) PDI, and
c) zeta potential. Data are presented as mean + standard deviation (1 = 3).
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Fig. 3. GI stability of ASTA-NLC and ZEA-NLC. The observed parameters were: a) effective diameter
and b) PDI. Data are presented as mean =+ standard deviation (1 = 3). *indicate the significant differ-
ence of results for every sample (p < 0.001).

Biocompatibility

The influence of ASTA, ZEA, ASTA-NLC, or ZEA-NLC on the viability of human epi-
thelial colorectal adenocarcinoma cells (Caco-2) was determined by the MTT assay. The
results presented in Fig. 4 showed a proportional decrease in cell viability with increasing
concentration of analyzed samples. The purpose of the biocompatibility study was to
determine the concentration of the sample that enables at least 80 % cell viability (marked
with a horizontal line in Fig. 4a-d). Obtained results showed that exposure to both ASTA
and ZEA in a concentration of 20 pg mL™ enables at least 80 % cell viability of Caco-2 cells
while exposure to both ASTA-NLC and ZEA-NLC enables at least 80 % cell viability of
Caco-2 cells in a concentration of 3 mg mL™! (in which ASTA or ZEA are in a concentration
of 0.6 pg mL™).
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Fig. 4. Effect of a 24-hour exposure of: a) ASTA, b) ASTA-NLC, c¢) ZEA, and d) ZEA-NLC on Caco-2
cell viability. Data are presented as mean =+ standard deviation of cell viability percentage calculated

according to Equation 3. All experiments were done in triplicate. The horizontal line represents 80 %
cell viability.

Permeability study

A permeability study was conducted in order to investigate the impact of the incorpo-
ration of ASTA and ZEA into NLCs on intestinal transepithelial permeability. Addition-
ally, the relevance of mucus for the ASTA and ZEA permeability was investigated by com-
paring permeability data obtained in Caco-2 and Caco-2/HT29 cell models, respectively.

The content of ASTA/ZEA was determined in the apical chamber and expressed as a
percent of the amount applied on the cell monolayer according to Equation 4. The results
presented in Fig. 5 showed that both ASTA and ZEA intestinal absorption was signifi-
cantly increased in the form of NLC, regardless of the presence of mucus. Namely, ASTA
intestinal absorption increased from 7.5 % to 20.3 % on the Caco-2 cell model (p < 0.0001)
and from 8.3 % to 27.7 % on the Caco-2/HT29 cell model (p <0.0001). ZEA intestinal absorp-
tion increased from 7.1 % to 17.7 % on the Caco-2 cell model (p < 0.0001) and from 9.8 % to
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Fig. 5. Permeability of ASTA, ASTA-NLC, ZEA, and ZEA-NLC in Caco-2 and Caco-2/HT29 cell
models. Data represents the absorbed fraction of analytes calculated according to Equation 4 and
expressed as the percentage of the initial amount applied on the cell monolayer. All experiments were
conducted in triplicate (n = 3).

18.8 % on the Caco-2/HT29 cell model (p < 0.0001). Overall, the intestinal absorption of
ASTA-NLC increased by 3-fold in respect to free form while the intestinal absorption of
ZEA increased by 2-fold in respect to free form.

By comparing results obtained in the Caco-2- and Caco-2/HT29 cell model it was
observed that the presence of mucus had a positive impact on the intestinal absorption for
both analytes applied in free form, while the effect was mixed for investigated NLCs.
Namely, in the presence of mucus, the intestinal absorption of ASTA in the free form
increased from 7.5 % to 8.3 % (p = 0.0249) while the intestinal absorption of ZEA in the free
form increased from 7.1 % to 9.8 % (p < 0.0001). The presence of mucus also increased the
intestinal absorption of ASTA-NLC since the permeability increased from 20.3 to 27.7 %
(p < 0.0001) while it did not have an impact on the intestinal absorption of ZEA-NLC
(Fig. 5). Moreover, there was no difference in intestinal absorption of ASTA and ZEA in
Caco-2 cell model while on Caco-2/HT29 cell model, ZEA intestinal absorption was
significantly higher compared to ASTA (p =0.0005). On the other hand, ASTA-NLC intestinal
absorption was significantly higher than ZEA-NLC in both, the Caco-2 (p = 0.0044) and
Caco-2/HT29 (p < 0.0001) cell models.

Discussion

Newly designed ASTA-NLC and ZEA-NLC were composed of a mixture of solid and
liquid lipids (Precirol® ATO 5 and Miglyol® 812, respectively) and a surfactant (Tween® 80)
forming an unstructured solid matrix in aqueous solution. Obtained results revealed that
ASTA-NLC, ZEA-NLC, and B-NLC had comparable physicochemical characteristics
regarding effective diameter, PDI, and zeta potential.

The mean particle size and the particle size distribution (usually PDI) are the most
important characteristics of NLCs that govern the physical stability, solubility, biological
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performance, release rate, turbidity, and chemical stability. Based on pharmaceutical
literature, the NLC average diameter is usually in the range of 50-1000 nm (26). In this
study, the effective diameter was 294 nm for ASTA-NLC, 280 nm for ZEA-NLC, and 267 nm
for B-NLC indicating that particles will be able to penetrate through biomembranes.
Namely, particles with sizes less than 400 nm are characterized by improved permeability
which is an important prerequisite for adequate oral bioavailability of ASTA and ZEA
since it is known that the permeability is intrinsically low for this type of lipophilic micro-
nutrients (27, 28). Available studies on ASTA and ZEA incorporated into NLCs are scarce
but promising. In the present case, the ASTA-NLC exhibited higher effective diameter
compared to those reported by Tamjidi and coworkers (29) and Rodriguez-Ruiz and
coworkers (30) (Which were 94 nm and 60 nm, respectively), and similar to the one reported
by Huang and coworkers (31) which was around 200 nm. According to our knowledge,
there is just one group that recently incorporated ZEA into NLCs and obtained ZEA-NLC
characterized with a smaller average effective diameter which did not exceed 130 nm (32).

The PDI reflects the range of primary sizes of nanoparticles in the suspension and
influences their tendency to aggregate (33); therefore it should be as low as possible in
order to ensure the long-term stability of NLC. Here the obtained PDI values were in the
range of 0.137-0.152 (Table II), which is significantly lower in comparison to those previ-
ously reported in the literature (29, 30, 34). Low polydispersity values indicate homogene-
ity and monodispersity of NLC formulations. Observed differences in effective diameter
and PDI values, compared to literature data, are the result of the nature and the content of
the blend of lipids/surfactant employed in the formulation process (35).

The zeta potential is the electrical potential at the shear plane, which is defined as the
distance from the particle surface below which the counter-ions remain strongly attached
to the particle when it moves in an electrical field (36). It is an indirect measure of the
physical stability of NLC, and it can influence the kinetic and biological fate of nanopar-
ticles. For nanosuspensions that are stabilized by combined electrostatic and steric forces,
aminimum zeta potential of + 20 mV is desirable (37). If all particles in the suspension have
a high negative or positive zeta potential then there will be no tendency for the particles
to aggregate because they will repel each other (38). According to zeta potential measure-
ments presented in Table II (ranging from —28.8 to —29.4 mV), both ASTA-NLC, ZEA-NLC,
and B-NLC can be considered stable. Compared to available literature data, obtained par-
ticles showed slightly more negative zeta potential, closer to -30 mV (29, 30, 34) and that
can be considered beneficial for achieving long-term storage stability.

The EE is considered the major factor to be considered when assessing the applicabil-
ity of NLCs as carriers of bioactive molecules. The EE of ASTA-NLC was 58.0 +6.9 %, which
is similar to the value reported by Huang and coworkers (31) and lower than reported
previously by Tamjidi and coworkers (29) and Rodriguez-Ruiz and coworkers (30). On the
other hand, the EE of ZEA-NLC was significantly higher compared to the ASTA-NLC.
Interestingly, despite similar physicochemical characteristics, data revealed statistically
significant differences in EE of ASTA and ZEA (58 =7 % vs. 76 + 2 %). Since EE is directly
influenced by the solubility of the analyte in the lipid blend, the difference in EE of ASTA
and ZEA is probably due to the difference in their log p values (log p of ASTA is 8.163 while
log p of ZEA is 14.950) indicating higher liposolubility of ZEA (39).

ASTA-NLC, ZEA-NLC, and B-NLC were shown to be stable during a 21-day-storage
period in the dark both at room temperature and at 4 °C. That can be considered among
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crucial characteristics for their potential utilization in food or pharmaceutical applica-
tions. A similar investigation, also reported good stability of ASTA-NLC over a 30-day
period (30) while other authors reported notable changes in physicochemical parameters
of ASTA-solid lipid nanoparticles and ASTA-loaded liposomes (7, 8). This indicates a cer-
tain advantage of NLC as a lipid-based delivery system in the case of ASTA compared to
other nanoparticle-based delivery systems.

Investigation of GI stability showed that both ASTA-NLC and ZEA-NLC did not
change their effective diameter and PDI under gastric conditions. On the other hand, a
statistically significant increase of both effective diameter and PDI of ASTA-NLC and ZEA-
NLC was observed during the intestinal phase of digestion. Other literature data on the
GI stability of ASTA-NLC are scarce — good stability of ASTA-NLC in gastric conditions
has been observed by Mao and coworkers (40) suggesting NLC suitability as the stable
carrier for ASTA. To our knowledge, the Gl stability of ZEA-NLC has not been investigated
to date. Our results showed a 61 nm increase in ASTA-NLC effective diameter and a 106
nm increase in ZEA-NLC effective diameter under intestinal conditions. The polydisper-
sity of ASTA-NLC increased from 0.128 in water to 0.262 in FaSSIF while for ZEA-NLC
increased from 0.122 in water to 0.264 in FaSSIF indicating less uniformed size distribution
of particles under GI conditions. Similar phenomena were also reported and explained by
the impact of anionic components such as free fatty acids, phospholipids, and bile salts
present in the reaction mixture (31, 40).

To our knowledge, this is the first study investigating the impact of NLC formulation
on the intestinal permeability of ASTA and ZEA. For this purpose, Caco-2 and Caco-2/
HT29 cell models were used and obtained results were compared accordingly (24).

Biocompatibility evaluation showed the low toxicity of lipid nanocarriers loaded with
ASTA/ZEA that was already noted by others (17, 41) confirming the advantages of utilizing
GRAS excipients in the delivery system formulations. Results showed that both ASTA and
ZEA intestinal absorption significantly increased when they were applied in the form of
NLCs. The intestinal permeability of ASTA-NLC increased by 3-fold and that of ZEA-NLC
by 2-fold with respect to the free form. This is consistent with available literature data since
the advantages of lipid-containing delivery systems (nanoemulsions and liposomes) for
improving ASTA permeability were already proven by several authors in Caco-2 cells (11,
12, 42). Also, the obtained results are in accordance with the conclusions of the small
number of in vivo studies that strongly suggest that the bioavailability of ASTA can be
significantly improved when taken with meal/lipids (18, 19). With proven good physico-
chemical properties, satisfactory stability, and positive impacts on intestinal permeability,
obtained NLCs could be excellent candidates for delivery systems of ASTA/ZEA as nutra-
ceuticals or functional food ingredients. This study makes a promising foundation for
future research on ASTA/ZEA-loaded NLCs and their biointeractions.

ASTA and ZEA intestinal permeability is positively affected by mucus while the effect
was lower and inconsistent when they were applied in the form of NLC (positively affect-
ing only the permeability of ASTA-NLC). The available literature data on this subject are
scarce and contradictory since some authors concluded that the mucus presence relates to
lower permeability of hydrophobic bioactive compounds while others showed improved
permeability of lipid-based delivery through the mucus barrier (which is consistent with
our results). Li and coworkers (20) reported that the mucus layer covering cocultures was
associated with the lower recoveries of beta carotene. On the other hand, Cai and coworkers
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(21) recently reported that hydrophobic cinnamaldehyde in self-emulsifying drug delivery
systems (SEDDS) exhibited good release and superior mucus permeability.

It is also important to note that in this study no difference was observed in the intes-
tinal absorption of ASTA and ZEA when examined on the Caco-2 cell model but the dif-
ference in intestinal absorption was clear on the Caco-2/HT29 co-culture cell model.
Namely, in the mucus model, intestinal absorption of ZEA was significantly higher com-
pared to ASTA. On the other hand, ASTA-NLC intestinal absorption was significantly
higher compared to ZEA-NLC, in both models. Our results confirm that mucus should be
considered in in vitro permeability studies. Also, it has been demonstrated that even minor
differences in the physicochemical properties of molecules may have a significant impact
on interaction with mucus and that the delivery systems strongly affect their interaction
and penetration through the intestinal mucus layer.

CONCLUSIONS

ASTA-NLC and ZEA-NLC showed satisfactory physicochemical properties in terms
of effective diameter, polydispersity, and zeta potential which are considered prerequisites
for prolonged stability of drug/nutraceutical delivery systems. NLCs were shown to be
stable during 21-day-storage periods in the dark at room temperature or at 4 °C. GI stabil-
ity study confirmed that NLCs do not change their characteristics in gastric conditions, but
they increase in size and partially lose their homogeneity in intestinal conditions. Both
ASTA and ZEA intestinal permeability were significantly improved when applied in the
form of NLC. Investigation on the impact of mucus on ASTA/ZEA permeability revealed
significant (mainly positive) influence that varied depending on the type of the investi-
gated substance/delivery system, indicating that mucus should be taken into account in
permeability studies of liposoluble compounds. This study provided valuable knowledge
on the possibilities of incorporation of ASTA and ZEA into NLCs for improving function-
ality and enhancing potential applications in the food and pharmaceutical industry.
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