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ABSTRACT: Cyclodextrin (CD) complexation is widely used
for the solubilization of poorly soluble drugs in the
pharmaceutical industry. Current research was to develop a
highly soluble lutein—cyclodextrin multiple-component delivery
system (lutein—CD-MCDS) by combined modeling and
experimental approaches. Both phase solubility diagram and
molecular dynamics (MD) simulation results revealed that the
interactions between lutein and CDs were very weak, which
confirmed the insignificant solubility improvement of lutein—
CD binary system. On the basis of theoretical calculation and
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preliminary CD studies, lutein—CD-MCDS was developed with over 400-fold solubility improvement after formulation
screening. MD simulation indicated that the auxiliary polymers of TWEEN 80 and poloxamer 188 in the lutein—CD-MCDS
introduced bridged interaction between lutein and y-CD to increase the solubility, dissolution rate, and stability of the complex.
The lutein—CD-MCDS was characterized by in vitro dissolution test, differential scanning colorimetry (DSC), Fourier transform
infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and powder X-ray diffraction (PXRD). Moreover, lutein—
CD-MCDS had significantly higher uptake in Caco-2 cells than free lutein. The relative bioavailability of the lutein—CD-MCDS
increased to 6.6-fold compared to pure lutein, and to 1.2-fold compared with commercial lutein soft capsules. In conclusion, the
highly soluble lutein—CD-MCDS with significant improvement in both the solubility and bioavailability was developed and
characterized by combined modeling and experimental approaches. Our research indicates that computer-aided formulation
design is a promising approach for future formulation development.
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B INTRODUCTION

Lutein, a kind of xanthophyllic carotenoid, naturally occurs in
fruits and vegetables, which has been gaining attention lately
because of its various physiological activities, 1nclud1n§
antioxidant, free radical scavenging, and anti- inflammation.’

Lutein has the highest concentration in human retina, which is
closely associated with its protective function against retina
neural damage, age-related macular degeneration (AMD), and
cataracts.” Although lutein is a vital macular pigment with
many biological functions, dietary supplementation is the only
source of lutein because human cannot synthesize it.° Like
other carotenoids, lutein has a unique structure with nine
conjugated double bonds in the polyene chain (Figure 1),
which presents its high hydrophobicity and high sensitivity
against light, heat, oxygen, and acid.” Naturally, there is the
poor solubility and stability of lutein in digestive fluids, resulting
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in very limited intestinal absorption, bioavailability, and
pharmaceutical application.® Recent findings demonstrated
that the bioavailability of lutein strongly depended on the
administration routes, delivery vehicles, and formulation.®’
Currently there were various formulation strategies to preserve
lutein’s chemical and physiological activities, as well as improve
its solubility and bioavailability, such as suspension formula-
tions, self-nanoemulsifying drug delivery systems, liposome,
lipid particulate systems, and so on.'~"* However, current

formulation strategies did not achieve a satisfactory effect.
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Figure 1. Chemical structure of lutein: (A) 2D structure; (B) 3D
structure. Black bonds represent the carbon element, hydrogen
element is in white, and oxygen element is in red.

Cyclodextrin (CD) complexation has been widely used for
the delivery of poorly soluble lipophilic drugs."> CDs possess a
round truncated-cone shape with a hydrophobic inner cavity
and hydrophilic surface, which enable CDs to accommodate
poorly water-soluble drugs into the inner cavity to form water-
soluble drug—CD complexes.'®™"® The unique properties of
CDs enable them to have the ability to enhance oral
bioavailability and improve stability of drug candidates, which
have made them attractive carriers for formulation develop-
ment. For example, Nalawade and Gajjar demonstrated that
spray-dried complexes of lutein with beta-cyclodextrin (-CD)
and its derivatives (e.g, hydroxypropyl beta-cyclodextrin (HP-
B-CD) and methyl beta-cyclodextrin (Me-$-CD)) improved
the solubility of lutein and its in vitro antiproliferative activity."”
In addition to simply using CDs as a delivery vehicle, novel
lipid nanoparticle with 2% HP-B-CD has been developed as a
good delivery system to enhance lutein accumulation and
partition in the cornea.”’

Some drug candidates with big spatial structures and/or
strong lipophilic characteristics have been reported to form CD
complexes with weak binding constant,'””'™** which may
result in drug precipitation in the gastrointestinal tract.”*** To
overcome these bottlenecks, the third or fourth excipients, for
examlple, surfactants, oils, waxes, polymers, and phospholipids,
may be possessed in the formulation to form CD multiple-
component systems.26 Various CD multiple-component
systems including drug/CD/polymers, drug/CD/liposomes,
and drug/CD/ions have been studied for further enhancing the
solubilization and complexation efficiency of CDs.'” The
auxiliary substances may interact with CDs to help to decrease
drug crystallinity and to increase synergetic effects on the
solubilizing action, which further improve the desired
physicochemical and transport properties of the given
drugs.”®”” Thus, CD multiple-component systems can
modulate in vitro and in vivo dissolution of drug—CD
complexes, thereby contributing to the modification of the
drug pharmacokinetic profile. Therefore, CD multiple-compo-
nent systems have emerged as a promising drug delivery for
poorly soluble drugs. However, formulation development of
CD multiple-component systems is quite challenging for
pharmaceutical scientists by trial-and-error in the laboratory.
Moreover, it is difficult for traditional experimental approaches
to reveal the molecular interactions in the multiple-component
formulations.”®

Molecular modeling methods, like docking, molecular
dynamics (MD), and quantum mechanics (QM), can mimic
the behavior of these systems at the atomistic level.”**’ These
modeling methods have been playing an important role to
provide three-dimensional structures and to understand the
mechanism of CD delivery systems, which greatly assist the
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formulation design and simplify the formulation screening
procedures.’”' Our group previously investigated the
molecular mechanism of ibuprofen—CD binary systems by
three different molecular simulation approaches (docking,
quantum mechanics, and molecular dynamics). Results from
MD simulation showed good correlation with the results
obtained through experimental methods.** In addition, the
molecular interaction of etodolac—CD binary and ternary
systems was investigated by the analysis of 3D structure,
binding energy, and H-bond calculation, and the more stable
complex formation with L-arginine was finally confirmed by
both computational and experimental studies.*®

This study aimed to design a highly soluble lutein—
cyclodextrin multiple-component delivery system with the
assistance of molecular modeling techniques, for the improve-
ment of solubility, dissolution rate, cellular uptake, and
bioavailability.

B MATERIALS AND METHODS

Materials and Reagents. a-CD, y-CD, TWEEN 80, and
poloxamer 188 were purchased from J&K Scientific Co. Ltd,,
Beijing, China. HP-3-CD and -CD were kindly provided as a
gift sample from Roquette (China) Co. Ltd. Lutein was
purchased from Speranza Co. Ltd., Shenzhen, China. All other
reagents and solvents were of analytical grade.

Phase Solubility Study. The phase solubility investigation
was carried out to determine the apparent stability constant
(K), which represents the affinity of drug to the CDs in
water.””>* The phase-solubility analyses were conducted by
adding an excess amount of lutein to 3 mL of aqueous CD
solutions with a series of increased concentrations of CDs from
0 to 50 mM, except S-CD with concentration range of 0 to 15
mM. The sealed glass containers were shaken at 37 °C for 48 h
until equilibrium. Subsequently, samples were filtered through a
0.45 pm syringe filter. After that, the filtrate was analyzed on
the Agilent 1200 HPLC system with DAD detector at 445 nm.
An Eclipse XDB-C18 column (250 X 4.6 mm, S um, Agilent,
USA) with a guard column (Eclipse XDB-C18 column, 12.5 X
4.6 mm, S um, Agilent, USA) was used, and samples were
separated by a mobile phase consisting of methanol and
acetonitrile (90:10, v/v) at a temperature of 20 °C and at a flow
rate of 1.0 mL/min.

The apparent stability constant (K) of lutein—CD complexes
with 1:1 stoichiometric ratio can be calculated using eq 1. The
Gibbs free energy (AG) can be obtained by the K, value
according to eq 2.

slope

B 5,1 — slope)

(1)

The S is the intrinsic solubility of lutein, and the slope is
obtained using linear regression between the molar concen-
trations of lutein versus CDs in water.

AG = —RT InK,,, @)

R s the gas constant, and T is temperature in kelvins, while K
1.1 is the apparent stability constant of lutein—CD complexes
with 1:1 stoichiometric ratio.

Screening of Optimal Lutein—CD-MCDS Formulation.
Lutein—CD systems were screened for their solubility enhance-
ment toward lutein in the presence and absence of auxiliary
agents. The lutein—CD systems included lutein—CD binary
systems, lutein—CD ternary systems and lutein—CD multiple-
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component systems. For the binary systems, there existed only
lutein and different CDs, and ternary systems had the added
auxiliary agent of TWEEN 80, while multiple-component
systems would add another auxiliary agent of poloxamer 188 on
the base of ternary systems.

All systems were prepared by solvent evaporation method.
Polymer carrier poloxamer 188 (100 mg) and the surfactant
TWEEN 80 (100 uL) (if present) were first dissolved in
ethanol to obtain a homogeneous solution. Then CDs (0.3
mmol) and lutein (10 mg) were added, followed by S mL of
ethanol. The mixture was sonicated for about 30 min and then
evaporated to dryness at 40 °C under vacuum in a rotary
evaporator (EYELA OSB2100). The dried powders were
pulverized, sifted, and stored in brown glass bottles for the
following analysis. Samples in excess were added in 5 mL of
water and then shaken on a shaker for 48 h at 37 °C. The
resulting suspensions were filtered through a 0.45 pm syringe
filter for HPLC analysis.

Physical mixtures were prepared at the same ratio as that in
the optimal lutein—CD-MCDS formulation by uniformly
mixing all the components in a sealed container. Samples
were sieved through 80 mesh sieves and stored for further
characterization.

Molecular Modeling of Lutein—CD Complexation and
Lutein—CD-MCDS. Molecular Structure Construction. The
molecular modeling studies of lutein—CDs and lutein—CD-
MCDS were carried out using the AMBER14 and AMBER-
TOOLI14 software package with Generalized Amber Force
Field (GAFF) in the Antechamber module.”

Models of the molecular structures of three naturally
occurring CDs (a-CD, -CD, and y-CD) were generated on
the basis of crystallographic parameters provided by the
Cambridge Crystallographic Data Centre (CCDC).*> HP--
CD was generated by manually attaching an isopropyl group on
each 6-OH group of the glucopyranose by using Discovery
Studio 4.5 Visualizer (DSV version 4.5). Lutein, TWEEN 80,
and poloxamer 188 were drawn by DSV. The model of
TWEEN 80 had an average degree of substitution (x =y =z =
w = 5). The model of poloxamer 188 was composed of a central
chain with 4 repeating units of propylene oxide, flanked by two
chains with 12 repeating units of ethylene oxide (corresponding
to around 15%).° The geometries of all structures were
optimized using a fast, Dreiding-like force field.

Molecular Dynamic Simulation of Lutein—CD Complex-
ation. The initial structures of supramolecular complexes were
generated by docking lutein with different CDs (a-CD, f-CD,
y-CD, HP-B-CD) by the AutoDock Tools package and
Autodock Vina.”” Four stable binding structures from docking
were loaded into the LEAP module with GAFF in the
AmberTools 14 to build the initial structures of systems.
Solvated systems were obtained by inserting the initial
structures in the TIP3P water box with the 20 A radius. The
two-stage minimization procedures were adopted to allow the
water box to relax and avoid the gaps between water and
complexes. Steepest descent energy minimization for 5000
steps followed by 5000 steps of conjugate gradient
minimization were performed under constant volume periodic
boundaries by keeping the complexes fixed. Then the whole
solvated systems were subjected to 20000 steps of energy
minimization without any restraints. After the two-stage
minimization, the solvated systems with a weak restraint on
the complexes could be heated up from 0 to 310 K in 10000
steps by using the Langevin equilibration scheme to control the
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temperature. Finally, the whole solvated systems ran
production simulations for 100 ns at the constant temperature
of 310 K and the constant pressure of 1 bar. The time step was
2 fs, and nonbonded cutoff distance was 10 A. During the
simulations, the MD trajectory with coordinates, velocities, and
energy was generated at every 10 ps. All the snapshot images
were produced using VMD.*

Binding Affinity Calculation of Lutein—CD Complexation.
The binding affinity “AGyging Was calculated using the MM-
PBSA model, which calculated the free energy change upon the
complex formation (AG.,,) in comparison to individual
potential energy (AGyenw AGep). The parameters, including
electrostatic energy (ELE), van der Waals (VDW), hydro-
phobic contribution (PBSUR), and electrostatic contribution to
the solvation free energy (PBCAL), were calculated for the
complexes, lutein, and CDs.

AG = AGcom - AGlutein - AGCD (3)

AE = AEgp + AEypy + AEpgsur + AEppcar (4)

The binding entropy (AS) was calculated by normal-mode
analysis using the ptraj program in AmberTools. The total
entropy was contributed by the translational entropy, rotational
entropy, and vibrational entropy. The binding free energy
(AG) was calculated according to eq S by taking the entropy
change into account.

(%)
Molecular Dynamic Simulation of Lutein—CD-MCDS. All

initial assemblies with lutein, CDs, and polymer molecules were
constructed by using Packmol.’’ The number of drug and
carrier molecules was calculated based on the molar
concentration in the optimal lutein—CD-MCDS formulation.
The simulated annealing method was used to mimic the
preparation of lutein—CD-MCDS.*® The minimization proce-
dure was performed the same as in the above minimization
stage of lutein—CD complexation simulation. During produc-
tion simulation, the system was gradually heated from 0 K to
373 Kin S ns, and then the temperature was kept constant for §
ns. After melting procedure, the system was quickly cooled
down from 373 to 273 K during 1 ns to solidify. Finally, the
system was maintained at the temperature of 273 K for 14 ns to
reach equilibration. All parameters (e.g, the temperature,
pressure, and density) were controlled the same as above.

Physical Characterization of Lutein—CD-MCDS. Dis-
solution Studies. Dissolution studies were performed with a
fully automated dissolution tester (Erweka DT700) with USP
Paddle method under constant rotation speed of 100 rpm at 37
+ 0.5 °C. All tested samples containing 10 mg of pure lutein or
its equivalents were placed in 900 mL of distilled water. S mL of
sample was withdrawn at predetermined time intervals (5, 10,
15, 20, 30, 4S, and 60 min). An equal volume of distilled water
was added to maintain a constant volume of dissolution
medium. Samples collected were filtered through a 045 pm
syringe filter for HPLC analysis. All the dissolution tests were
conducted in triplicate.

Differential Scanning Calorimetry (DSC). DSC analyses
were conducted by using a DSC-60A to investigate the thermal
characters of y-CD, poloxamer 188, pure lutein, physical
mixture, and lutein—CD-MCDS. All samples (~3 mg) were
sealed in aluminum pans. Thermal analyses of samples were
carried out at the heating rate of 10 °C'min~' over the

AG = AE — T-AS
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temperature range of 30—210 °C under nitrogen gas. An empty
aluminum pan was used as a reference.

Powder X-ray Diffraction (PXRD). The powder X-ray
diffraction of samples was carried out on an in-house
diffractometer (SmartLab9KW) employing the copper Ka; (4
= 1.54056 A) and Ka, (4 = 1.54439 A) with I;/I,, = 0.5 as the
radiation with a 26 step size of 0.004° at a voltage of 45 kV and
a current of 200 mA and ambient conditions.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR
spectra were recorded by using a PerkinElmer Frontier. The
samples were y-CD, poloxamer 188, pure lutein, lutein—CD-
MCDS, and physical mixture. Samples were milled with KBr to
obtain fine powders and then compressed in press to obtain a
thin tablet for analysis. Analyses were conducted with the
scanning range of 400—4000 cm ™" at the resolution of 2 cm™.
A blank KBr tablet was used as the reference.

Scanning Electron Microscopy (SEM). The ZEISS Sigma
was used to evaluate the crystalline morphology of pure lutein,
lutein—CD-MCDS, and physical mixtures. All samples were
fixed on an aluminum stub and sputter-coated with gold. SEM
study was performed under an accelerating voltage of 20 kV in
vacuum and with 5000X magnification.

Cellular Uptake of Lutein in Caco-2 Cells. Caco-2 cells
were seeded in 12-well plates at a density of 10° cells/well and
incubated at 37 °C in an atmosphere of 5% CO, until they were
about 80% confluence. The medium was changed every 2 days.
Cell monolayers were used for the uptake studies and were
treated with free lutein and lutein—CD-MCDS. The concen-
tration of free lutein and lutein—CD-MCDS in the medium was
0.197 ug/mL, 25 pug/mL, and 50 pig/mL. Samples in serum-free
Dulbecco’s modification of Eagle’s medium (DMEM) were
added to the wells in triplicate and incubated for 24 h. After
uptake by cells, the culture medium was removed and the cells
were washed with cold PBS three times to remove all lutein on
the surface of cell layers. The cells were lysed with trypsin and
were centrifuged at 15000 rpm for 10 min at 4 °C. The
supernatant was removed, and 500 yL of DMSO was added to
the cells to dissolve the cellular lutein. The concentration of
cellular lutein (ug/10° cells) was determined by using HPLC.
The experiments were conducted in triplicate and were
repeated thrice.

In Vivo Pharmacokinetic Study. Eighteen male Sprague—
Dawley (SD) rats with 300 + 30 g weight were supplied by the
Animal Center of University of Macau. They were housed in
groups with no more than four per cage under standard
conditions (controlled humidity, constant temperature at 22
°C, and 12 h dark—light cycle). They had free access to water
and diet, and were permitted to acclimatize for 1 week. All the
animal protocols and procedures were approved by Animal
Ethical Committee at the Institute of Chinese Medical Sciences,
University of Macau (Protocol ID: UMARE-017-2016) and
were performed with the principles of the Guide for the Care
and Use of Laboratory Animals.

Prior to the study, the rats were fasted for 12 h with free
access to water and randomly assigned into three groups with 6
rats each. Each group was administered free lutein, commercial
lutein soft capsules (lutein-SCs), and lutein—CD-MCDS,
separately. Samples were delivered to rats in 1.0 mL of distilled
water at the dose of 3 mg of lutein (about 10 mg/kg) via gastric
gavage.”” Blood samples were collected into heparin-coated
tubes via the orbital sinus at the predetermined time intervals of
025,05, 1, 1.5, 2, 3, 4, 6, 8, and 10 h after gastric gavage. All
collected samples were centrifuged at 3000 rev/min for 10 min
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to obtain plasma samples and then were stored at —80 °C for
further analysis.

Lutein in the plasma was extracted according to a previous
publication.”" Briefly, 10 uL of internal standard a-tocopherol
(300 pg/mL) was added into 100 uL of thawed plasma
samples. The mixed samples were extracted sequentially with
300 uL of dichloromethane—methanol (1:2, v/v). After vortex
mixing, 200 uL of hexane was added, mixed, and then
centrifuged at 4000 rpm for 10 min. 200 uL of the resultant
upper solution was collected, and the extraction procedure was
repeated for the lower mixtures. Then the clear supernatant was
evaporated in a centrifugal vacuum evaporator at 35 °C. The
residue was redissolved in 100 L of mobile phase and was used
for HPLC analysis. The analytical conditions were the same as
those for the above HPLC protocol. Lutein and a-tocopherol
were monitored at wavelengths of 450 and 294 nm,
respectively. Their concentrations were calculated using
standard curves constructed with authenticated standards.
Pharmacokinetic parameters, such as C.., Tp.o and AUC,
were calculated by the pharmacokinetic program of DAS 2.0.

B RESULTS AND DISCUSSION

Phase Solubility Study. Phase solubility curves of lutein
with different CDs are shown in Figure 2, whereas, K, R? and

0.006
y = 1E-04x + 0.0001
R2=0.9948
0.005 1 *B-CD
=
= 0.004 -
E ®y-CD
E
g 0.003 1 y = 8E-05x + 8E-05
5 R2=09723
3 AHP-B--CD
0.002 1
0.001 "
y = 3E-05x +0.0002
) R2=0.9731
0.000

30 40 50 60

Conc. of CDs (mM)

Figure 2. Phase solubility curves of lutein with different CDs in
distilled water at 37 + 0.5 °C.

Table 1. Phase Solubility Study of Lutein with Different CDs
in Distilled Water at 37 + 0.5 °C

system K. (M™1)? R AGE (k] mol™)
lutein—y-CD 93.170 0.973 —11.692
lutein—f-CD 248.467 0.972 —14.221
lutein—HP-$-CD 310.590 0.995 —14.797

“K. (M) indicates stability constant. YR?, correlation coefficient. “AG
(kJ mol™"), Gibbs free energy at the temperature of 37 + 0.5 °C.

AG values are presented in Table 1. The solubility of lutein
increased linearly with respect to the concentration of y-CD, -
CD, and HP-$-CD, which indicated a typical A type diagram.
The Ay type and slope values of the curves less than unity
suggested the 1:1 stoichiometry between y-CD, -CD, and HP-
B-CD. The correlation between the solubility of lutein and
concentration of a-CD was not linear, but a fluctuating trend
(not shown in Figure 2).
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B-CD

HP- B-CD

Figure 3. Snapshots of binding pose of lutein—CDs at 100 ns. Carbon elements are indicated in blue bonds, hydrogen elements in white, and oxygen

elements in red.

Table 2. Binding Free Energy of Lutein—CD Complexation by the MM-PBSA Method

ELE” vDW? PBSUR® PBCAL? PBTOT® (kcal/mol) TAS' (kcal/mol) AG (kcal/mol) AG (kJ/mol)
p-CD —2.18 —25.44 —-2.71 13.20 —-17.12 —14.46 —2.66 —11.13
y-CD —4.20 —35.22 —3.64 23.83 —19.45 -17.76 —-1.69 —-7.07
HP-4-CD —2.61 —-30.63 —-3.12 17.55 —18.81 —15.68 —3.13 —13.10

“ELE, electrostatic energy as calculated by the MM force field. “VDW, van der Waals contribution from MM. “PBSUR, hydrophobic contribution to

the solvation free energy calculated lf)y an empirical model.
estimated binding free energy. TAS./Total entropy.

dPBCAL, the electrostatic contribution to the solvation free energy. “PBTOT, final

The calculated stability constants showed an order of HP-$-
CD (310.590 M™') > B-CD (248.467 M™') > y-CD (93.170
M™"). The higher K, suggested more stable complex formation
with improved complexation of CDs with lutein. As shown in
Table 1, the negative AG in the complexation of lutein with
these three CDs in water revealed a spontaneous and
exothermic process. Although the water-soluble complexes
were formed, the low values of stability constants and Gibbs
free energy suggested the very weak interaction between CDs
and lutein.

Investigation of Molecular Mechanism of Lutein—CD
Complexation by MD Simulation. To further investigate the
molecular interaction between lutein and CDs, molecular
dynamic simulations of lutein—CD complexation in water were
conducted. Snapshots of binding pose of lutein with four CDs
after 100 ns simulation are shown in Figure 3. From the
snapshot of lutein with a-CD, the complexation of lutein and a-
CD was found to be unstable because the lutein molecule
cannot bind with the @-CD molecule. This may be because the
small a-CD ring cannot host the relatively big lutein molecule.

Another three CDs presented similarly stable binding pose
with 1:1 inclusion complexes. One hexatomic ring of lutein
molecule inserted through the 2-OH and 3-OH group of
glucopyranose and finally oriented toward the 6-OH group of
glucopyranose. Compared to the other end of lutein, the
inserted ring was more closely associated with the CD cavity.
As shown in Figure 3, both hexatomic rings of lutein were
outside the hydrophobic CD inner cavity, while two or three
conjugated double bonds were positioned inside the cavity. The
binding poses exhibited the combination of electrostatic and
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hydrophobic nonbonded interactions between lutein and CD
molecules. However, y-CD with the largest diameter was
flexible to accommodate the lutein molecule, which may lead to
weak interaction with lutein. The substituted isopropyl groups
on the 6-OH group of HP-f-CD spatially hindered the move of
lutein molecule, which may result in the highest binding energy.

Table 2 shows the binding free energy of lutein—CD
complexation by the MM-PBSA approach. For the lutein—CD
complexation, the van der Waals force was the highest
contribution compared to the electrostatic interaction and
hydrophobic contribution. The negative AS value for these
three kinds of lutein—CDs revealed the formation of
complexes, because lutein was trapped and had a limited
mobility. The negative Gibbs binding free energy suggested that
lutein—CD complexation in pure water was a favorable,
spontaneous, and exothermic process. For these three CDs
(listed in Table 2), the lutein exhibited the highest binding
affinity (—13.10 kJ/mol) with HP-3-CD, followed by 5-CD and
7-CD. The trend of Gibbs binding free energy calculated by
MD simulation was in line with the experimental results of
phase solubility study. For the system of lutein and a-CD
(calculated, but not shown in the table), both binding free
energy and entropy were positive, which also revealed that no
inclusion complex formed.

Screening of Optimal Lutein—CD-MCDS. Lutein ex-
hibited very low saturation solubility in distilled water (0.197 +
0.013 pg/mL). Although lutein could form complexes with the
three kinds of CDs, the CD complexation had very limited
effects on the improvements of lutein solubility, which are
depicted in Figure 4. The lutein—CD binary systems shown the
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Figure 4. Lutein saturation solubility of different lutein—CD systems
in distilled water. Binary systems consisted of lutein (10 mg) and CDs
(0.3 mmol), and ternary systems had the added auxiliary agent of
TWEEN 80 (100 uL). Multiple-component systems were composed
of lutein (10 mg), CDs (0.3 mmol), TWEEN 80 (100 uL), and
poloxamer 188 (100 mg).

lowest solubility with no more than 10 pg/mL. Auxiliary
substances are known to interact with the outer surface of CD
or drug—CD complex, forming aggregates to improve stability
constants (K.) and complexation efficiency (CE) . The lutein—
CD ternary systems with the added TWEEN 80 had an
improventment in lutein’s solublity compared to binary
systems, especially for the y-CD system. Furthermore, the
lutein solubility in lutein—CD-MCDS with y-CD, $-CD, and
HP-$-CD was found to be 79.94 + 2.21 pug/mL, 52.97 + 2.53
ug/mL, and 68.71 + 3.96 ug/mL, which increased approx-
imately to 406-fold, 270-fold, and 350-fold that of pure lutein,
respectively. As depicted in Figure 4, it was found that, among
these lutein—CD systems, the highest solubility of lutein was
observed in the lutein—y-CD multiple-component system.
Therefore, the lutein—y-CD-MCDS was regarded as the
optimal formulation for the improvement of lutein solubility.
Investigation of Molecular Mechanism of Lutein—CD-
MCDS by MD Simulation. MD simulation was conducted to
provide better understanding of molecular interactions between
lutein and carriers in the systems. The initial structure of
lutein—CD-MCDS (shown in Figure SA) was packed by the
program of Packmol. The packing optimized the construction
way of molecules and guaranteed short-range repulsive
interactions not to disrupt simulation. Lutein did not insert
into the inner cavity of y-CD: it hung over one of the y-CD
rings and was surrounded by five y-CD rings, while one of the
linear poloxamer 188 polymer chains passed through the y-CD
ring. The optimization of initial structure suggested that the
polymer chains of carriers in the multiple-component systems

would compete for y-CD rings. However, the competition
could be conducive to improving the stability of the entire
system. After a simulated annealing procedure of 25 ns
simulation, the entire system reached equilibrium and stability.
Lutein molecule inserted into one of the y-CD rings to form an
inclusion complex like that in the lutein—CD binary system.
The two hexatomic rings and remaining conjugated double
bonds were also covered by other y-CD molecules. Linear
TWEEN 80 and poloxamer 188 polymer chains started to bend
and introduced bridging interaction between lutein and y-CDs
to increase the stability of the complex by occupying the outer
surface of the inclusion complex. Therefore, TWEEN 80 and
poloxamer 188 formed the aggregates to increase the solubility
by increasing the hydrophilic surface of the supramolecular
inclusion complex. Furthermore, y-CD also presented self-
assembled aggregates with the orientation of head-to-head and
tail-to-head. Actually, CDs, especially y-CD, were able to self-
assemble to form nanosized aggregates for the CD solubiliza-
tion of poorly soluble drugs."”

Characterization of Lutein—CD-MCDS. Dissolution
Studies. The in vitro dissolution studies were performed to
investigate the enhanced release behavior of lutein—CD-
MCDS, as shown in Figure 6. The dissolution study showed
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Drug release %
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—A—Lutein-CD-MCDS  —e—Physical mixture = —#—Lutein

Figure 6. Dissolution profiles of lutein—CD-MCDS, physical mixture,
and pure lutein.

less than 2% release of pure lutein powder within 60 min
because of the low solubility of lutein in distilled water. The
higher drug release from physical mixture than that of pure
lutein could be attributed to formation of in situ soluble
complex with y-CD in the dissolution medium, or it could be

Figure 5. Snapshots of the initial frame (A) after packing by Packmol and final frame (B) (at 25 ns) for the molecular dynamic simulations of
lutein—CD-MCDS. Lutein molecules are indicated in spherical structure, poloxamer 188 in yellow, TWEEN 80 in red, and y-CD in blue.
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that the auxiliary substance like poloxamer 188 and TWEEN 80
increased the aqueous solubility of drug by improving the
wettability of lutein. Lutein—CD-MCDS clearly showed a
significant improvement in the dissolution rate. The lutein—
CD-MCDS showed 2-fold and 10-fold increase in drug release
than physical mixture and pure lutein, respectively. Our
formulation not only increased the lutein solubility but also
played an important role in inhibiting crystallization and
precipitation of lutein in the dissolution process.

Differential Scanning Calorimetry (DSC). The DSC curves
of different samples are presented in Figure 7. Clearly, a single
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Figure 7. DSC thermograms for (A) lutein—CD-MCDS, (B) physical
mixture, (C) pure lutein, (D) poloxamer 188, and (E) y-CD.

endothermic peak of pure lutein was observed at 162.51 °C,
which indicated the intrinsic melting points of lutein (Figure
7C). Poloxamer 188 showed a sharp endothermic peak at 49.24
°C for its crystalline nature (Figure 7D). The y-CD
thermogram exhibited a broad endothermic peak in the range
of 60—100 °C, which may be attributable to the dehydration
process (Figure 7E). Furthermore, the lutein melting peak in
the physical mixture shifted to a relatively lower temperature of
14246 °C and the peak intensity of poloxamer 188 was
reduced (Figure 7B). These observed peak shifts of physical
mixture may be caused by the interactions between lutein and
carriers, but not formation of true complexes. The disappear-
ance of lutein melting peak in lutein—CD-MCDS indicated that
lutein existed in the amorphous state rather than a crystalline
form (Figure 7A).

Powder X-ray Diffraction (PXRD). The PXRD diffracto-
grams of pure lutein, y-CD, poloxamer 188, physical mixture,
and lutein—CD-MCDS are shown in Figure 8. Poloxamer 188
showed highly crystalline nature with two characteristic peaks at
19.18° and 23.34° (Figure 8D). y-CD also exhibited a typical
crystalline diffraction pattern with major peaks between 10°
and 25° (Figure 8E), while the characteristic peaks of lutein
were relatively weak but still could be identified. Three major
peaks at the 20 values of 8.24°, 14.04°, and 20.44° indicated the
crystalline structure of lutein (Figure 8C). Two of the
characteristic crystalline peaks of lutein at 8.24° and 14.04°
were also observed in the physical mixture, which indicated that
the good crystalline form of lutein still existed in the physical
mixture (Figure 8B). In contrast, the disappearance of
characteristic peaks of lutein in lutein—CD-MCDS suggested
that the crystalline lutein may change into an amorphous state
or be molecularly dispersed in the lutein—CD-MCDS (Figure
8A).
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Figure 8. PXRD diagrams of (A) lutein—CD-MCDS, (B) physical
mixture, (C) pure lutein, (D) poloxamer 188, and (E) y-CD.

Fourier Transform Infrared Spectroscopy (FT-IR). Figure 9
shows the IR spectra of pure lutein, TWEEN 80, y-CD,
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Figure 9. FT-IR spectra of (A) lutein—CD-MCDS, (B) physical
mixture, (C) pure lutein, (D) TWEEN 80, (E) poloxamer 188, and
(F) y-CD.

poloxamer 188, physical mixture, and lutein—CD-MCDS at
400—4000 cm™'. The characteristic absorption peaks of lutein
appeared at 2922 and 2850 cm™' denoting asymmetric and
symmetric stretching vibrations of CH, and CHs, 1450 cm™
for CH, scissoring, and 1365 cm™" for splitting due to dimethyl
group. Lutein powder also had a peak at 966 cm™" due to trans-
conjugated alkene —CH=CH-— out of plane deformation
mode (Figure 9C). However, the intensity of the characteristic
bands of lutein in the lutein—CD-MCDS spectra was strongly
reduced. The typical peak at 966 cm™" was found to completely
disappear. Another prominent peak at 2922 cm™ became flat in
the lutein—CD-MCDS (Figure 9A). Compared with the
physical mixture, some typical peaks of lutein in lutein—CD-
MCDS also showed slight broadening, flattening, change, or
disappearing, which were indicative of new molecular
interactions or a new solid system. Although FT-IR spectros-
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Figure 10. Scanning electronic microscopy images of (A) pure lutein, (B) lutein—CD-MCDS, and (C) physical mixtures. Scale bar represents 1.0

pum, and magnification is S000X.

copy can detect the structural changes or lack of a crystal
structure by the changes of the molecular bonding energy
between functional groups, not all peaks in the IR spectrum are
sensitive to crystalline changes.*’ In addition, the characteristic
absorption peaks of different components may interfere with
each other or overshadow the peak shifts, especially for such a
complex system. The molecular interaction predicted by the
computational modeling was in agreement with the observed
IR spectral changes. The trans-conjugated alkene —-CH=CH-—
of lutein in the aggregates was wrapped by other carriers in the
molecular simulation, which was also evident in the IR spectra.

Scanning Electron Microscopy (SEM). SEM images of pure
lutein, lutein—CD-MCDS, and physical mixtures are shown in
Figure 10. Pure lutein was an irregular-shaped crystal with
fractured edges (Figure 10A). SEM analysis demonstrated
higher degree of drug dispersion and completely homogeneous
system in lutein—CD-MCDS, in comparison with the physical
mixture, which showed a simple combination of lutein and
carriers (Figure 10B,C). The original morphological features of
lutein have changed in lutein—CD-MCDS, which indicates the
formation of a new lutein-carrier compound and may be related
to the improvement of the dissolution rate of lutein.

Cell Uptake of Lutein. In the cellular uptake experiment,
Caco-2 cells were treated with pure lutein at 0.197 yg/mL and
lutein—CD-MCDS at 25 pug/mL and 50 pg/mL, respectively.
As shown in Figure 11, the cellular accumulations of lutein
from pure lutein solution after 12 h incubation were very low at
0.005 /,tg/cmz. For lutein—CD-MCDS at 25 ug/mL and 50 pug/
mL, the apparent cellular uptakes were 0.257 yg/mL and 0.348
ug/mL, respectively. The lutein cellular uptake of lutein—CD-
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0.35 -
0.3 1
0.25 A
0.2 1
0.15 A
0.1 1
0.05

Celular uptake pg/105 cells

0.197 pg/mL 25 pg/mL

Dose (ug/mL)

50 pg/mL

Figure 11. Lutein absorption in differentiated Caco-2 cells treated with
pure lutein at 0.197 ug/mL, lutein—CD-MCDS at 25 pg/mL, and
lutein—CD-MCDS at 50 pg/mL. Values are represented as mean +
SD (n = 3).

MCDS was about 50- and 70-fold higher than that of pure
lutein.

In Vivo Pharmacokinetic Study. Although the prepared
lutein—CD-MCDS showed high dissolution rate and cellular
uptake, it still needed to be further evaluated for its in vivo
bioavailability. In the pharmacokinetic study, rats were orally
administered 10 mg/kg body weight of pure lutein, lutein—CD-
MCDS, and marketed lutein-SCs. The blood was collected at
025, 05, 1, 1.5, 2, 3, 4, 6, 8, and 10 h. The drug plasma
concentration—time profiles of three samples are shown in
Figure 12, and the main pharmacokinetic parameters are listed
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Figure 12. Mean plasma concentration—time curves of pure lutein,
lutein—CD-MCDS, and marketed lutein-SCs after oral administration
of 10 mg/kg BW in rats (mean = SD, n = 6).

in Table 3. Obviously, both lutein—CD-MCDS and marketed
lutein-SCs showed a remarkably higher C, and area-under-
the-curve (AUC,_,) than pure lutein. The C,,,, of lutein—CD-
MCDS was 135.8 ng'mL~", which was 6.7-fold and 1.1-fold
greater than that of pure lutein and marketed lutein-SCs,
respectively. The area-under-the-curve (AUC,_,) of lutein—
CD-MCDS was 633.0 ng-h-mL™", compared with 539.5 ng-h-

Table 3. Pharmacokinetic Parameters of Pure Lutein,
Lutein—CD-MCDS, and Marketed Lutein-SCs after Oral
Administration of 10 mg/kg BW in Rats

lutein—CD-
parameters pure lutein MCDS lutein-SCs

T, (h) 2 2 3
Coae (ngrmL™) 204 + 8.6 135.8 + 49.7 128.1 + 90.1
AUC,_,o (ngh- 95.7 £326 6330 £2097  539.5 + 2989

mL™!)
AUC,_,, (ngh- 173.5 £ 29.3 861.5 + 215.4 655.7 + 303.9

mL™)

DOI: 10.1021/acs.molpharmaceut.8b00056
Mol. Pharmaceutics 2018, 15, 1664—1673


http://dx.doi.org/10.1021/acs.molpharmaceut.8b00056

Molecular Pharmaceutics

mL™" for the commercial lutein-SCs and 95.7 ng-h-mL™" for
pure lutein. Hence, the relative bioavailability of lutein—CD-
MCDS and lutein-SCs reference was 661.2% and 563.5% in
comparison with pure lutein, respectively. The better
absorption of commercial lutein-SCs was mostly due to adding
high fat components in the soft capsule, as the oil components
could enhance lutein absorption in the small intestine.
However, a small amount of oil component in lutein-SCs
may have less effect on the lutein absorption in the human
body because of much larger gastrointestinal volume than that
of rats. Further, the C,,, and AUC for the lutein—CD-MCDS
were 6.7-fold and 6.6-fold greater than those of free lutein,
which clearly indicated that the developed lutein—CD-MCDS
successfully improved the lutein in vivo absorption.

H CONCLUSION

The present study successfully developed a highly soluble
lutein—CD multiple-component delivery system to enhance its
solubility, dissolution rate, and bioavailability by combined
modeling and experimental methods. Molecular dynamics
simulation provided clear molecular mechanism of the
formulations. Different experimental approaches (e.g, DSC,
FT-IR, SEM, and PXRD) indicated that the crystalline nature
of lutein was changed to an amorphous nature in the
formulation. The optimal lutein—CD multiple-component
delivery system did improve the cell uptake and bioavailability
of lutein. Current research demonstrated that molecular
modeling is a useful tool of formulation screening for better
medicine.
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