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Similar to other flavonoids, PNS has an extremely low water solubility that limits its use in
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CHAPTER |

INTRODUCTION

Nowadays, the herbal plants are widely growing up to apply in pharmaceutical
field which are used as the functional food, dietary supplement and developed drugs
since they are comprised of various secondary metabolites such as flavonoids,
terpenoids, alkaloids, tannins and etc. [1]. Flavonoids are a large group of heterocyclic
compounds that are commonly found in fruits, vegetables and herbs as plant
secondary metabolites [2, 3]. A fairly diversified range of bioactivities, such as anti-
bacterial, anti-allergic and anti-oxidative activities, have been reported for flavonoids
[4, 5]. They are widely used as drug and dietary supplements due to their potential
pharmacological properties and their rather low toxicity. Pinostrobin (PNS) is a kind
of secondary metabolites belongs to the flavanone subclass of flavonoids (Fig. 1A)
and can be extracted from the rhizomes of Thai galangal Alpinia rotundra and A.
officinarum and Chinese ginger Boesenbergia rotunda. It has several important
biological activities, such as an anti-inflammatory role on the cyclooxygenase activity
[6], anti-aromatase activity [7] and inhibition of HIV-1 protease [8]. Furthermore, the
activity of the B-amyloid peptide related to Alzheimer’s disease can be inhibited by
PNS through reducing the oxidative damage and calcium overload as well as
suppressing the mitochondrial pathway that is involved in the cellular apoptosis [9].
Additionally, PNS has several important biological activities, such as an anti-viral
role on inhibiting the herpes simplex virus-1 (HSV-1) replication [10], anti-mutagenic

activity [11], decreased the mycelia growth rate of the fungus Cytospora persoonii
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[12] and inhibiting the malarial activity [13]. Moreover, the essential biological
activities of PNS have been reported and indicated that PNS has a major role in anti-
ulcer activity that could be indirectly affected to anti-oxidant mechanism [14].
According to Wu and co-workers study, it was also suggested that PNS exhibited the
anti-oxidant activity by determining with in vitro 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging assay [15]. Furthermore, PNS inhibited the inflammatory agents
TNF-a (ICso < 22 uM) and IL-18 (ICs0 < 40 uM) activating by murine macrophages
in Sprague Dawley rats [16]. PNS had an effect on inhibiting aromatase activity and
decreased the growth of MCF-7 cells (human breast cancer cells) induced by
dehydroepiandrosterone sulfate (DHEAS) and the estrogen receptor of 17/-estradiol
(E2) [17]. Cao and co-workers study revealed that PNS could demonstrate the anti-
tumor activity against HeLa and HepG2 cell lines [18]. Interestingly, the toxic effect
on Wistar rats was evaluated at high dose of PNS and the result was found that LDso
of PNS was more than 500 mg/kg. It can be described that PNS had non-toxic and
non-genotoxic effects [19]. Similar to many flavonoids, PNS exhibits a relatively low
water solubility leading to a significant limitation in its use in pharmaceutical
applications. Consequently, suitable drug delivery carriers are of interest to solve this
problem.

Cyclodextrins (CDs) are macrocyclic oligosaccharides of a-1,4 linked D-
(+)-glucopyranose produced from starch by cyclodextrin glycosyl transferase catalysis
[20]. CD structures have a truncated cone shape with a relatively hydrophilic outer
surface and a hydrophobic inner cavity. The wider rim of CD consists of hydroxyl
groups at the 2- and 3-position of each glucose subunit, while the other narrower rim

contains hydroxyl groups at the 6-position of each glucose subunit.
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The inclusion of poorly water-soluble drugs into CD can be used to enhance
the solubility, stability and bioavailability of these drugs [21-23], where the
hydrophobic drugs prefer to insert their hydrophobic motif(s) inside the CD cavity
[24]. Naturally, there are three major types of small-ring CDs; namely aCD, BCD
(Fig. 1B) and yCD that are composed of six, seven and eight glucose subunits,
respectively [25]. Due to the high yield synthesis and low price of BCD, it has been
the main form used in the pharmaceutical, food and cosmetic industries [26]. Besides,
BCD can form host-guest inclusion complex with various inorganic/organic molecules
and also natural drugs that can significantly increase their properties [27-29]. Albeit,
BCD shows a relatively lower water solubility (18.5 mg/mL) than other CDs [30, 31],
which limits its applications. Derivatives of BCD, for example 2,6-dimethyl BCD
(2,6-DMBCD) and 2-hydroxypropyl BCD (HPBCD) that have a higher water
solubility (570 and >600 mg/mL, respectively) [32, 33], have been shown to improve
the bioavailability and bioactivity of the encapsulated molecule in a much more
efficient way [34-36].

Experimental studies to determine the stability and phase solubility of
inclusion complexes between CDs and flavonoids have been reported [37, 38], and
have shown that a higher solubility of the CD derivatives and better affinities between
host and guest molecules are advantages for pharmaceutical applications [39]. In
recent study, the poor water soluble and the dissolution of herbal drugs are mainly
challenge for formation of host-guest inclusion complex to improve their properties.
The experimental studies on forming inclusion complex with derivatives of BCD
showed higher solubility and bioavailability than complex with parental BCD. The

formed inclusion complex of guest molecules that insert in cavity of CDs can be
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characterized by various techniques e.g. Differential Scanning Calorimetry (DSC) and
Nuclear Magnetic Resonance (NMR) spectroscopy [40-42]. For example, phase
solubility studies on rutin forming 1:1 molar ratio complexes with HPaCD, HPBCD
and HPyCD revealed that the complex stability constants with HPBCD and HPyCD
were significantly increased [43]. Accordingly, the solubility of artesunate, a low
water soluble antimalarial drug, can be improved by a 1:1 molar ratio formation with
methyl-BCD better than with HPBCD or BCD. Also, the study on aqueous solubility
and bioactivity of apigenin forming 1:1 molar ratio with several derivatives of fCD
revealed that the solubility and anti-oxidant activity were significantly increased [44].
Furthermore, albendazole, a drug for gastrointestinal helminthic infection treatment,
formed an inclusion complex with BCD derivatives (BCD, Hydroxypropyl-BCD,
methyl- BCD and synthesized BCD-citrate derivative) in a 1:1 ratio. Albendazole
complex with BCD derivatives showed a higher solubility and dissolution. Moreover,
NMR spectroscopy and DSC data were also obtained to characterize the geometry of
Albendazole molecule in cavity of BCDs [45].

In addition to experimental investigations, computational tools are useful to
determine the preferable binding mode of drugs, such as flavonoids, and for the
prediction of guest-host interactions as well as the stability of inclusion complexes at
a molecular level [46]. For example, the molecular dynamics simulations (MDs) of
quercetin and myricetin complexed with different CD derivatives provided the host-
guest orientation in a good agreement with the *H-NMR results [47]. In addition,
although there are various possible inclusion geometries of fisetin/BCD complexes, it
was found by molecular simulations that the insertion of the phenyl ring inside the

cavity of BCD was more favorable [48]. Moreover, the molecular mechanics-Poissan-
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Boltzmann surface area/-generalized Born surface area (MM-PBSA/GBSA) and
quantum mechanics (QM)-PBSA/GBSA binding free energy calculations predicted
that naringenin would bind to 2,6-DMBCD better than to natural BCD [49].
Furthermore, the steered molecular dynamics (SMD) simulation was introduced to
understand of the binding process between BCD and four guest molecules (puerarin,
daidzin, daidzein and nabumetone). The results showed asymmetric free energy
profiles of each guest molecule arrangement and it can be indicated that guest
molecules had two types of inclusion complexes [50].

To date, theoretical and experimental studies of PNS in inclusion complexes
with various BCDs have not been reported. Thus, the main aim of this study was to
predict computationally the most suitable BCD derivative for PNS encapsulation, and
then the PNS/BCD complexes were formed experimentally for further pharmaceutical
applications. The effect of temperature on solubility of PNS and the stoichiometry of
guest-host complex by employing phase solubility study were also studied in this
work. The inclusion complexes were characterized for their physical properties by
Differential Scanning Calorimetry (DSC) and two-dimensional *H rotational frame
Overhauser effect spectroscopy (2D ROESY NMR). Furthermore, dissolution and
biological activities of inclusion complexes were evaluated and compared to free
compound of PNS. In addition, the molecular details of the PNS binding mode and
orientation, stability and solvation in the inclusion complexes with BCD and its
derivatives, 2,6-DMBCD and the three HPBCDs (2- and 6-HPBCD and 2,6-DHPBCD),
were discussed and compared by the molecular dynamics (MD) simulation and the

steered molecular dynamics (SMD) simulation techniques.
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Fig. 1 Two dimensional structures of (A) pinostrobin (PNS) and (B) -cyclodextrin
(BCD) and its derivatives used in the present study, where —R is —H, —CH3 and —

C3H-O for BCD, 2,6-DMBCD and 2,6-DHPBCD, respectively.
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CHAPTER Il

MATERIALS AND METHODS

2.1 Equipment

Accelrys Discovery Studio 2.5 : Biovia, USA

AMBER 12 molecular dynamic package . University of California, USA

Analytical balance : Mettler Toledo, Switzerland

Centrifuge : Centrifuge 5430 R, eppendorf,
Germany

High Performance liquid chromatography : SCL-10A VP, Shimazu, Japan

HPLC Column, 150x10 mm I.D. : Hydrosphere C18, YMC

America Inc., USA
Lyophilizer : LYO-LAB, Lyophilization

Systems Inc., USA
Microplate reader : Genios Pro microplate reader,

Tecan, Crailsheim, Germany

Nuclear Magnetic Resonance Spectrometer : Bruker 500 Ultrasheild, UK
Nylon Syringe Filter : Merck Millipore Ltd., Ireland
Shaker water bath : Memmert, Germany

Syringe : Terumo, Japan

The GROMACS package - version 4.6.5

Thermal analyzer (DSC) : 822e apparatus, Mettler Toledo,

USA



UV-Vis Spectrophotometer

Vortex

2.2 Chemicals

Anti-Mouse IL-6

B-cyclodextrin, MW=1135 g/mol

Breast cancer (MCF-7) cells

Compounds for phosphate buffer saline (PBS)

Deuterium oxide (D20)

Dimethyl sulfoxide-ds (DMSO-ds)
Dulbecco’s Modified Eagle’s medium
(DMEM)

Heptakis (2, 6-di-O-methyl) -B-cyclodextrin

, MW= 1331.36 g/mol
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: DU 800 Spectrophotometer
, Beckman Coulter, USA
: Model G-560E, Scientific

Industries, USA

: eBioscience Inc., San Diego,

USA

: HPLC grade, Wako Pure
Chemical industries, Japan
: The American Type Cell
Culture Collection (ATCC),
USA
: Sigma-Aldrich, Darmstadt,

Germany

: Cambridge Isotope Laboratories

Inc., USA

: D034, Euriso-top, USA

: Life Technologies, Carlsbad,

CA, USA

: H0513-5G, Sigma-Aldrich,

Singapore



Human cervical carcinoma (HeLa) cells

Human colon cancer (Caco-2) cells

(2-Hydroxypropyl) -B-cyclodextrin
, MW= 1396 g/mol, DS = 0.5-1.3
Lipopolysaccharides (LPS) from
Escherichia coli O111:B4

Methanol

Milli Q water

Pinostrobin

Sodium Dodecyl Sulfate (SDS)

The murine macrophage cell lines

(RAW 264.7)

Thiazolyl blue tetrazolium bromide (MTT)

: The American Type Cell
Culture Collection (ATCC),
USA

: The American Type Cell
Culture Collection (ATCC),
USA

: H107-5G, Sigma, Singapore

: Sigma-Aldrich, Darmstadt,
Germany
: 99.8% (mass/mass), Wako,
Japan
- Millipore, France
: Extracted from rhizomes of
Fingerroot (Boesenbergia
rotrunda)
: Sigma-Aldrich, Darmstadt,
Germany
: The American Type Cell
Culture Collection (ATCC),
USA
: Sigma-Aldrich, Darmstadt,

Germany

23
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Trifluoro acetic acid (TFA) : 1 ml x 5, Nacalai lesque, Kyoto,

Japan

2.3 Molecular dynamics (MD) simulation method

2.3.1 System preparation

The optimized structures of BCD and 2,6-DMBCD were taken from our
previous studies [51]. For the three HPBCD derivatives, the structures of 2-HPBCD, 6-
HPBCD and 2,6-DHPBCD were prepared by 2-hydroxylpropyl substitutions on all 2-,
6- and both 2- and 6-hydroxyl positions of the natural BCD, respectively. The PNS
geometry was built and then optimized by the HF/6-31(d) level of theory using the
Gaussian09 program to obtain well-adjusted bond lengths and angles [52]. The
inclusion complex between PNS and each respective (modified or not) BCD was
constructed by the CDOCKER module in the Discovery Studio 2.5 (Accelrys, Inc.)
with 500 independent docking runs. The complex with the best ranked interaction
energy and highest hydrogen bond (H-bond) formation at each PNS binding mode,
chromone (C-PNS) or phenyl ring (P-PNS) dipping into the BCD cavity, was chosen
as the representative structure. Where only one binding orientation was obtained by
the docking procedure, another was manually generated for comparison. In total, there
were 15 systems for further MD studies; five free CDs (BCD, 2,6-DMBCD, 2,6-
DHPBCD, 2-HPBCD and 6-HPBCD) plus these five different CDs complexed with
either P-PNS or C-PNS. Note that the docking manner was used to determine the
starting position of PNS in BCDs. Hence, the molecular dynamics (MD) simulation
was performed to clarify the importance of solvent effects in the forming inclusion

complexes.
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2.3.2 Molecular dynamics (MD) simulation

The structure of BCD and its dimethyl and hydroxypropyl derivatives alone and
complexed with PNS in aqueous solution were simulated with three different initial
velocities using the Amber 12 software package [53]. The parameters of fCD and its
derivatives were taken from the Glycam06 carbohydrate force field [54], while the
partial charges and empirical parameters of PNS were obtained by the standard
procedures described elsewhere [55-59]. To relax the structure prior to simulation, the
hydrogen atoms of each system were minimized with 1000 steps of steepest descents
(SD) and continued by 3000 steps of conjugated gradient (CG). The simple point
charge (SPC) water molecules were then used to solvate around the inclusion
complexes with the minimum distance of 12 A from the system surface. As a result,
the truncated octahedron periodic water box size of the simulated systems was
approximately 45 x 45 x 45 A% and consisted of 1400+42 water molecules. The SD
(1000 steps) and CG (3000 steps) minimizing procedure was applied to the whole
system. The periodic boundary condition with NPT ensemble was applied for all
simulations. The cutoff distance for electrostatic interactions was set at 12A according
to the particle mesh Ewald approach [60]. To constrain all bonds involving hydrogen
atoms, the SHAKE algorithm was used. The systems were heated up to 298 K for 100
ps, and then were continuously held at constant temperature of 289 K for 80 ns. The
integration time was set at 2 fs and the MD trajectories were collected every 2 ps. The
equilibrium state of simulated systems was considered by the root mean square
displacement (RMSD). The conformation changes in BCD and its derivatives in the
free form and when complexed with PNS were discussed in terms of the potential

energy surface (PES). The mobility and water accessibility of PNS in the cavity of
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BCD and each derivative were determined by measurement of the distances between
PNS and the respective BCD or derivative molecule and the radial distribution
functions (RDF) of water around the PNS hetero atoms, respectively. Using the same
trend of binding free energy prediction reported previously using the MM- and QM-
PBSA/GBSA methods in the flavonoid/CD complexes [48, 49], the MM-GBSA
approach was adopted to estimate the binding affinity of PNS and BCDs in this study.
All structural data were analyzed by the ptraj module, while the binding free energy
was calculated by MM-GBSA module implemented in Amber program.
2.3.2.1 MM-GBSA calculation
The MM-GBSA is acceptable method in Amber package to evaluate the free
energies of binding or to estimate the absolute free energies of molecules in solution.
The binding free energy of system was obtained from the difference of the free
energies between complex (AGepx), B-Cyclodextrin (AG g.cp) and ligand (AGiig)
as shown by:
AGbind = AGepx— [AG pcp + AGiig] (@))
In general, the total free energy computes from the enthalpy term (AH ) and
entropic contribution at a constant temperature (TAS).
AG = AH —TAS (2)
The AH term of the system was obtained the summation of enthalpy changes in

the gas phases upon complex formation (AE,,,)and the solvated free energy
contribution (AG, ) . From Eq. (2) can be approximated as:

AG = (AE,,, +AG,,)-TAS 3)

sol
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Where AE,,, corresponds to the molecular mechanical energy, including the
bonded and non-bonded energy terms. The latter one is composed of the electrostatic

(AE®®) and vdW (AE'")interaction energies. AG_, accounts for the solvation

energy which is divided into the electrostatic component (AGS*) and a nonpolar

sol

component (AG™e").

sol

AGsol =AGele +AG nonpolar (4)

sol sol

The non-polar term is assumed to the surface accessible surface area (SASA) in
Eq. (5). The polar term is calculated from the Poisson Boltzmann (PB) equation in Eq.
(6) or the generalized Born (GB) in Eq. (7). The increasing in SASA is associated
with an increase in solvation free energy, which is partly calculated for non-polar and
excluded in term of solvent, using Eq. (8). The solvation parameters, y and £, depend
on the method and solvation models.

AGsol =AG pe(GB) T AGSASA (5)

1
AGpg = Ezqi (0 —@)) + AGgysy (6)

n 4d;
= fm2GB

-
AGg, =—166(1— E)ZMZ +AGg,q, )

AGgysn = SASA+ S (8)
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2.4 Steered molecular dynamics (SMD) simulation method

The Amber Glycam06 carbohydrate FF and GAFF parameters applied for CDs
and PNS, respectively, were converted to a proper format for GROMACS by
AnteChamber PYthon Parser interfacE (ACPYPE) [61]. All steered molecular
dynamics simulations were performed by GROMACS package (version 4.6.5). Each
system contained an inclusion complex surrounded with approximately 3200 SPC
water molecules in a cubic box of 4.5 x 4.5 x 4.5 nm3. The PNS was then set at the
center of the box with the Z-coordinate of cyclodextrin that was approximately
located at Z equal to 2 nm. To equilibrate the simulated system prior to production,
the whole system was minimized with 50000 steps of steepest descents (SD) and
continued by 20000 steps of conjugated gradient (CG). Under periodic boundary
condition with NPT ensemble, the system was heated at constant temperature of 289
K for 1 ns. The particle mesh Eward (PME) approach was used to treat long-range
electrostatic interactions with non-bonded cut-off of 1 nm. The core CD was
restrained and used as an immobile reference for ligand pulling. PNS was pulled out
through the lipophilic cavity from secondary rim (wider rim) along the Z-axis with a
harmonic force constant of 2000 kJ mol* nm™ and a pulling rate of 0.0010 nm ps™ for

approximately 2 ns.
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2.5 Experimental methods

2.5.1 Analysis of Pinostrobin

2.5.1.1 Spectrophotometric method
2.5.1.1.1 The maximum absorption of Pinostrobin

The UV absorption spectrum for free compound of PNS, three B-
cyclodextrins (BCD, 2,6-DMBCD and HPBCD) and the three inclusion
complexes (PNS/BCD, PNS/2,6-DMBCD and PNS/HPBCD) were prepared by
dissolving equivalent amount of free compounds and the inclusion complexes
in 10 ml of deionized water. Then, absorption spectra were measured in the
wavelength range of 200-400 nm.

2.5.1.1.2 Standard curve of Pinostrobin

2.7 mg of PNS was accurately weighed and dissolved in 50 ml of
deionized water. This solution was boiled at 60 °C for an hour and used as
stock solution of PNS (~ 0.19 mM). Then, the standard solutions were
prepared by serial diluting the stock solution to the final concentrations of 0 to
0.1 mM (0, 0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 mM). All standard solutions
were analyzed for the absorbance at Amax Obtained from 2.5.1.1.1. The standard

curve was then plotted.
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2.5.1.2 High Performance liquid chromatography method
2.5.1.2.1 Standard curve of Pinostrobin

The free compound of PNS was accurately weighed (2.7 mg) and
dissolved in Milli Q water 50 ml. This solution was overnight incubated at 37
°C and used as stock solution of PNS (~ 0.19 mM). The stock solution was
filtered with 0.45 pm Nylon membrane and standard solutions were prepared
by serial dilution the stock solution to the final concentrations of 0 to 0.15
mM. All standard solutions were analyzed the absorbance at 290 nm by HPLC
on a C18 reverse phase column, elution was by 70:30 MeOH:Milli Q water.
The standard curve was then plotted.

2.5.2 Phase-solubility diagram

An excess amount of PNS was dissolved in 0-10 mM BCD, 2.,6-
DMBCD and HPBCD, respectively. The mixtures were shaken in a water
bath at 16, 25, 30, 37 and 45 °C, respectively for 72 hours. The dissolved PNS
concentration at each temperature was determined by UV-Vis
spectrophotometer at 290 nm which is the maximum wavelength of PNS. Each
experiment was performed in triplicate. Furthermore, the solubility of PNS in
deionized water was also determined in the same manner. The phase solubility
diagrams of PNS in the presence of various concentrations of BCD and its
derivatives were obtained using the method of Higuchi and Connors [62]. The
stability constant (Kc) of PNS when dissolved in different BCDs at various
temperatures were calculated from the slope data of the phase solubility linear

diagrams according to Eq. (9)
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_ Slope (9)
Ke S, (1-Slope)
where So is the saturation concentration of PNS in water at each temperature.

2.5.3 Preparation of the solid inclusion complexes

Two methods were used for preparation of the solid complexes. These
included physical mixing and freeze-drying methods. The mole ratio of PNS
and BCDs were prepared as 1:1.
2.5.3.1 Physical mixing method

PNS, BCD and its derivatives were accurately weighed as equivalent
amount. Afterwards, PNS and each BCD were physically mixed at room
temperature. Then, all of mixing powders were used as control and kept in a
desiccator for further analysis.
2.5.3.2 Freeze drying method

PNS and each BCD were accurately weighed, and dissolved in 30 ml of
deionized water. The solutions were magnetic stirred until they were
completely dissolved. The solutions should be warmed at room temperature
before freeze at -80 °C overnight and subjected to the lyophilizer (LYO-LAB,
Lyophilization Systems) for 2 days. The freeze-dried powder products were

kept in a desiccator for further analysis.



32

2.5.4 Characterization of inclusion complexes

2.5.4.1 Differential Scanning Calorimetric analysis (DSC)

DSC thermograms were obtained from DSC 822e apparatus (Mettler
Toledo, USA). All solid complexes were characterized using 0.7-2.0 mg of
samples in aluminium pans and heated at 10°C/min in the temperature range of
50 to 300 °C.
2.5.4.2 Two-dimensional Nuclear Magnetic Resonance (ROESY-NMR)

2.5.4.2.1 Sample preparation

The three solid inclusion complexes (PNS/BCD, PNS/2,6-DMBCD and
PNS/HPBCD) should be dissolved in the suitable solvents for getting the
proper intensity of NMR signal. Since PNS/BCD complex was lower soluble
than other complexes, it was then dissolved in 25:75 DMSO-ds:D20 whilst
PNS/2,6-DMBCD and PNS/HPBCD were dissolved in 99.8% D-0.

2.5.4.2.2 Measurements

Two-dimensional ROESY spectra of all inclusion complexes were
measured by using AVANCE-500 spectrometer equipped with a 5 mm triple-
resonance cryogenic probe (Bruker Biospin). The NMR data were processed

and analyzed using TopSpin (Bruker BioSpin) software [63, 64].
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2.5.5 Analysis of the inclusion complexes dissolution diagram

The equivalent amount of free compound (PNS) and freeze-dried
complexes were accurately weighed, and dissolved in 20 ml of milli Q water.
Then the solutions were shaken at 37 °C, 100 rpm for 4 hours. At the same
time, 1 ml of each solution was withdrawn at different time intervals (0, 5, 10,
15, 20, 30, 40, 60, 120, 180 and 240 minutes). Each sample was filtered with
0.45 pm Nylon membrane. C 18 column was used to analyze the
concentrations of dissolved PNS at 290 nm by HPLC. The HPLC mobile
phase was consisting of 70:30 MeOH : Milli Q water.

2.5.6 Determination of biological activity of the inclusion complexes

2.5.6.1 Preparation of solutions
Four solutions were prepared and used as stock solutions for anti-
inflammatory and cytotoxicity assays: they were free compound of PNS and
its three inclusion complexes (PNS/BCD, PNS/2,6-DMBCD and
PNS/HPBCD). To prepare 0.1 pM as a final concentration of stock solution,
free compound of PNS and its complexes were dissolved in absolute EtOH

and distilled water, respectively.



34

2.5.6.2 Anti-inflammatory assay

The murine macrophage cell line, RAW 264.7, was used to investigate
the anti-inflammatory effect of the free compound and its inclusion complexes
as previously described [65, 66]. Cells at a density of 2x10° per well in
DMEM medium were cultured in 24 well plates and incubated at 37 °C for 24
hours. All stock solutions were diluted to the final concentrations of 107 to
2x10* puM. The diluted solutions were added to the cultured cells and pre-
incubated for 3 hours before adding lipopolysaccharide (LPS) to the final
concentration of 1pg/ml. After incubation of the cells at 37 °C for 24 hours,
the supernatant was used for Enzyme Linked Immuno Sorbent Assay (ELISA)
to determine the concentration of secreted IL-6. The ELISA was examined at
room temperature following the manufacturer’s procedure (eBiosciences,
Santa Clara, CA, USA). The optical density was measured at 450 nm using an
Infinite M200 microplate reader (Tecan, Crailsheim, Germany) which was
corrected by the reference wavelength of 570 nm. Moreover, the cells that
attached on the bottom of the wells were incubated with the MTT (thiazolyl
blue tetrazolium bromide, Sigma-Aldrich (St. Louis, MO, USA; 0.5 mg/ml)
for 3 hours at 37 °C. After that, cells were lysed with a buffer containing 10%
SDS in 0.01 N HCI and the produced formazan (by viable cells) was measured
at 570 nm and corrected by the reference wavelength at 690 nm. Note that the
untreated and treated LPS cells acted as the negative and positive controls,
respectively. The positive control was defined as 100% cytokine secretion. All
experiments were performed in triplicates. The percentage of IL-6 secretion or

cell viability was plotted against the concentrations of sample. The results are



35

shown in Fig. 2. After that, the half maximum inhibitory concentration (I1Csp)
was calculated by Eq. (10) in Table Curve 2D (Systat Software, San Jose, CA,
USA) [67].

> (10)
1+ {Cdj
X

where a represents the minimum of the curve, b is the difference between the

Y=a+

curve maximum and minimum, c is the transition center of the curve which is
the concentration that causes 50% reduction of cytokine secretion or cytotoxic

and d is slope of the curve.
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Fig. 2 The plot between the percentages of IL-6 secretion against the various

concentrations of free PNS used for ICso determination
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2.5.6.3 Cytotoxicity assay

MTT assay based on the conversion of MTT by mitochondrial
dehydrogenase of viable cells to formazan was used to determine the cell
viability of three different cancer cell lines (the cervix carcinoma cell line
HelLa and the breast cancer cell line MCF-7) treated with free PNS and its
inclusion complexes. Thus the cytotoxicity of the samples against the cancer
cell lines was derived. Briefly, cells at a density of 2x10° were seeded into
each well of 96-well plates and incubated at 37 °C for 24 hours. The cells were
subsequently incubated for further 24 hours with the compound solutions.
Then cells were incubated with MTT (0.5 mg/ml) for 2 hours. Afterwards,
lysis buffer was added to lyse the cells. The formazan was measured at 570
nm with a reference wavelength of 690 nm. The positive control was the cells
only incubated with DMEM and defined as 100% of the amount of cells. All
experiments were performed in triplicates. The half maximum inhibitory
concentration (ICsp) of the cytotoxic effect was determined using Table Curve

2D which was calculated by the same procedure of anti-inflammatory assay.
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CHAPTER Il

RESULTS AND DISCUSSIONS

3.1 Computations

3.1.1 Molecular dynamics (MD) simulation

The three independent simulations on each system provided relatively
similar results. Thus, for simplification the data from only one simulation are
presented here.

3.1.1.1 System stability
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Fig. 3 RMSD plots of all atoms for the 15 simulated systems (BCD and its
four derivatives alone and each complexed with either C-PNS or P-PNS)

versus the simulation time.
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To monitor the system stability, the RMSD with respect to the initial
structure of the free CDs (BCD, 2,6-DMBCD and the three HPBCDs), and their
complexes with PNS (as C-PNS and P-PNS) was calculated. The results are
illustrated in Fig. 3, where, as expected, the averaged RMSD of the parent fCD
was smaller than those of all the modified BCDs. Among the uncomplexed CDs,
a noticeable fluctuation in the RMSD was observed in 6-HPBCD, which
contains the hydroxypropyl substitutions at the 6-position, as found previously
[70]. Complexation with PNS (both P-PNS and C-PNS conformations) led to a
reduction in the RMSD values in all inclusion complexes. For instance, the
RMSD of the C-PNS and P-PNS in complex with 2,6-DHPBCD was observed
in a range of 3.0-3.5 A, whilst the RMSD of the free 2,6-DHPBCD was larger
than 4 A. The differences in the RMSD fluctuations between the two relative
complexes resulted from the structural and dynamic properties of PNS binding
inside the host cavity (discussed later in Fig. 5). From the RMSD plots, it seems
that all the simulated systems had reached equilibrium by 40 ns (except for the
free 6-HPBCD), and so for each system the MDs trajectories from the 60 ns

were extracted for further analysis.
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3.1.1.2 Conformation of BCDs in free and complex forms
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Fig. 4 The potential energy surface (PES) plots of the distance between
the adjacent glycosidic oxygens, O4()-O4n+1), versus the intramolecular
hydrogen bond distance, O3(y)-O2n+1), for the different CDs (top row) alone
or complexed with (middle row) C-PNS or (bottom row) P-PNS.

As seen from the RMSD plots, PNS might affect the conformation of
the host BCDs molecule. To investigate such conformational changes, the
distance between the glycosidic oxygen atoms (O4)-O4n+1)) and the distances
between the hydroxyl groups on the secondary rim of neighboring glucoses
(03(n-02(n+1)) were monitored from the last 40-ns snapshots. It has to be
noticed that the second distance related to intramolecular hydrogen bond
formation refers to the structural characteristic feature of CDs [68]. Using Eq.
(11), the distributions of these two distances were calculated and are presented

in terms of free energy in Fig. 4.
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F (X, y)=—kgT log[P(x, y)] (11)

where kg is the Boltzmann constant and T is the absolute temperature. P(x,y) is
the probability of the parameters distance (O3(n)-O2(n+1)) and distance (O4)-

O4n+1)) as x and y, respectively.

In Fig. 4, the three minima M1, M2 and M3 were detected from the
PES of parent BCD, with a free energy ranked in the order of M1 < M2 < M3.
For the most probable conformation of BCD (M1), the O3(n)-O2n+1) distance
was distributed in range of 3-5 A with a possible formation of intramolecular
hydrogen bonds on the wider rim (< 3.5 A), while the O4()-O4n+1) distance
was likely presented at ~4.5 A. At the same O4(n)-O4n+1) distance, an
outspread of the O3(n)-O2(n+1) distance was found for M2. In contrast, the
O4(n)-O4n+1) distance for M3 was lengthened over 5 A and the O3(y)-02(n+1)
distance was in between those of M1 and M2. Amongst all BCD derivatives in
free form, only 2,6-DMBCD shared a similar PES to the unmodified BCD,
while the M3 had totally disappeared within the others. Upon complexation
with PNS the binding of PNS forced the BCDs structure to adopt the most
stable conformation (a more dominant M1) with stronger intramolecular
hydrogen bonds (higher proportion of O3()-02+1) With a distance < 3.5 A). In
addition, the shape of BCDs also depended on the PNS binding mode, in
particular for BCD and 6-HPBCD. Both M1 and M2 were detected in C-
PNS/BCD and P-PNS/6-HPBCD complexes, whereas in the other cases only

an M1 conformation was observed.
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3.1.1.3 PNS mobility and preferential displacement in CD cavity
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Fig. 5 Distance between the centers of gravity of PNS and CD excluding the
modified functional groups for all systems. Dashed lines represent the cavity height of
regular BCD.

The dynamic behavior of the C-PNS- or P-PNS binding towards the five
different BCDs were determined by monitoring the distance from the center of gravity
of PNS molecule to the center of gravity of each different CD without considering the
functional modifications of the respective modified BCD molecule. The results of the
10 inclusion complexes were plotted and compared in Fig. 5, where the horizontal
dashed lines at -3.95 A and 3.95 A represent the positions of the primary and
secondary rims of BCD, respectively [29]. It can clearly be seen from the distance
plots that PNS in both the C-PNS and P-PNS orientations can form inclusion
complexes well with all five different CDs. The two important factors, (i) the
substitutions on 2- and 6-positions of BCD and (ii) the mode of PNS binding, are
likely to be involved in the mobility and preferential displacement of PNS inside the

hydrophobic cavity of CDs. Where the same substitutions on both 2- and 6-positions
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of BCD (i.e., BCD, 2,6-DMBCD, and 2,6-DHPBCD), the C-PNS stably positioned
nearby the secondary rim (~3 A), while P-PNS preferred a deeper location and
showed a higher movement along the simulation due to a reduced fitting of its
benzene ring within the cavity. As 2-hydroxypropyl substitutions on the 2- or 6-
position of BCD (2-HPBCD or 6-HPBCD), the hydrophilic functional groups
significantly induced PNS displacement to be relatively nearer to the substituted rim.
In 2-HPBCD, the PNS molecule initially moved up over 4 A and then moved down to
be steadily located at ~3A until the end of simulations. Although the large fluctuation
of both the C-PNS and P-PNS binding modes were observed in 6-HPBCD, a more
than 50% occupation of PNS was found at the position below the center of gravity of
6-HPBCD.

3.1.1.4 Water accessibility to PNS in complex with CDs
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Fig. 6 The radial distribution function (RDF) of water molecules around the
PNS oxygen atoms (as defined in Fig. 1) for (A) C-PNS/CDs and (B) P-PNS/CDs

inclusion complexes.



43

The radial distribution functions (RDFs) were used to ascertain the water
distribution around the four oxygen sites on the chromone ring of the PNS molecule
(01, O4, 05 and O7) (Fig. 1) in complex with the different CDs. The RDFs of these
PNS oxygen atoms together with the integration number, n(r), for the different C-
PNS/CD and P-PNS/CD inclusion complexes are plotted in Fig. 6. The n(r) value at
the first determined minima was used to estimate the water accessibility towards the
focused oxygen, and the results are summarized in Table 1. Amongst the four sites, no
peak was detected within the 3 A sphere of the O1 site in all systems (except for only
a rather small peak found in C-PNS/6-HPBCD). These data suggested that water
hardly solvates these oxygen atoms of the chromone ring reflecting that it mostly
stayed inside the center of the hydrophobic cavity of the respective CDs. An
unpronounced peak was observed at around 2.7-4.0 A for the O7 methoxy oxygen
atom indicating a weak solvation or an O7-water interaction. In contrast, the two other
sites exhibited the first intense peak at ~3 A, corresponding to possible hydration,
while the first minima accounted for a number of water molecules maintained on the
first hydration shell. Since the first minima never reached a g(r) value of zero, water
exchange between the first and secondary hydration shells was feasible. In C-
PNS/CDs inclusion complexes, the O4 oxygen was more accessible to water than the
05 and O7 ones, in agreement with the C-PNS displacement nearby the secondary
rim where O5 and O7 atoms of the chromone ring were located a little bit deeper in
the cavity than O4. Interestingly, lower water accessibility was seen in the C-
PNS/2,6-DHPBCD complex due to 2-hydroxypropyl substitutions on both CD rims.
For the P-PNS binding mode, the chromone ring of P-PNS stayed close to the wider

rim and so a ~two-fold higher water accessibility was observed (Table 1). Since both
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C-PNS and P-PNS/CDs complexes with the different BCD could be formed (evidently
from the distance plot) with an almost equal binding strength (discussed later in Fig.
7), the total number of accessible water molecules could be considered for both
complexes. Considering the average total number of water molecules solvating the
PNS bound to each respective CD, it appears that 2,6-DMBCD introduced one more
solvated water, but ~1-2 less water molecules approached PNS when complexed with
2,6-DHPBCD and 2-HPBCD compared to when complxed with BCD.

Table 1 Integral number, n(r), up to the first minimum (derived from Fig. 5)

for the PNS oxygen atoms in the different PNS/CDs complexes

BCD 2,6-DMBCD  2,6-DHPBCD 2-HPBCD 6-HPBCD

c- P  C P~ C- P- C- P- C- P-

PNS PNS PNS PNS PNS PNS PNS PNS PNS PNS

o1

04 15 2.3 3.5 14 0.9 1.0 14 1.3 0.9 15
05 0.5 2.5 0.8 2.0 - 2.5 - 0.5 0.9 2.7
o7 - 1.3 0.3 25 - 1.7 0.8 1.1 0.1 1.7

Total 2.0 6.1 4.6 5.9 0.9 52 2.2 2.9 1.9 5.9

Average 4.0 52 3.0 2.5 3.9
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3.1.1.5 Binding free energy of inclusion complex
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Fig. 7 MM/GBSA binding free energy (AGning) in kcal/mol of the different C-
PNS/BCD (black) and P-PNS/BCD (grey) complexes, where the interaction energy
components, AEele and AEvaw, are given in the inset

To estimate the binding free energy or the absolute free energy of molecules in
aqueous solution (AGuing) for all PNS/BCDs inclusion complexes, the MM-GBSA
approach [69] was performed on the 30 MD snapshots extracted from the last 40 ns. It
has to be noticed that four sets of 100, 30, 20 and 10 snapshots were investigated and
the 30 snapshots yielded the relative magnitude of mean and standard deviation values
of the 100 snapshots. Based on MM-GBSA calculations, AGyind IS the summation of
the electrostatic (AEeie) and van der Waals (AEvaw) interaction energies in gas phase,
GBSA solvation free energy [70], and entropy contribution using normal mode

analysis [71]. The AGuind, Eele and Evaw values of C-PNS and P-PNS in complex with
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the different BCDs are presented and compared in Fig. 7. Although the structural and
dynamic behaviors, as well as water accessibility, of the two modes of PNS binding in
the cavity were somewhat distinguishable, the difference in their binding free energies
was less than 2 kcal/mol. Importantly, the averaged AGuing Values (kcal/mol)
suggested that the modification of BCD by both methyl and 2-hydroxylpropyl groups
could enhance the stability of inclusion complex in order of 2,6-DHPBCD (-13.86)
>2,6-DMBCD (-12.32) >2-HPBCD (-10.59) >6-HPBCD (-9.34) >BCD (-7.90). As
expected for the complex formation of phenolic compounds dipping into the
hydrophobic inner surface, vdW interaction plays an important role in the
complexation process, and they appear to be much stronger than the electrostatic
interaction. It turned out to be approximately 6-fold in the case of PNS/CDs

complexes.



3.1.2 Steered Molecular dynamics (SMD) simulation
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Fig. 9 Rupture force (Fmax, pPN) derived from the force-time profile of pulling
the two oriented ligands, C-PNS and P-PNS, out from the wider rim along the host
cavity axis (z-direction) for each inclusion complex

Nowadays, Steered Molecular Dynamics (SMD) simulations was a flexible
and powerful tool that was plentifully used in the scientific research in order to
understand the ligand-protein recognition, investigate the dynamic behavior of
biological system and also obtained to primarily design the new structure-based drug
[72-74]. In this work, SMD was obtained to understand the molecular interaction by
monitoring the rupture force the derived from the profile of pulling the guest molecule
(PNS) out of BCDs cavity. As initial, PNS was located in hydrophobic cavity of BCD
and its derivatives. PNS was then pulled out of the cavity by outer force along Z-axis.
The pulling simulations were performed at the same spring constant. Along the

simulations for all complexes (Fig. 8), the pulling force reached the maximum value
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approximately at 500 ps, when PNS molecule escaped from the nanocavity and the
intermolecular interaction between PNS and BCDs which was the Vdw interaction
was broken. The results were in somewhat correspondence with the SMD study on
progesterone/BCD complex [75]. Based on the hypothesis of a higher pulling force
applied for a more favorable binding mode of guest molecule in complex with
individual CD, P-PNS preferably interacted with 2,6-DMBCD, 2,6-DHPBCD, 6-
HPBCD and in vice versa for parental BCD, whilst both orientations of P-PNS and C-
PNS were almost equally favorable to bind with 2-HPBCD. The Fmax values in order
of 2,6-DHPBCD (618 pN) > 6-HPBCD (609 pN) > 2,6-DMBCD (603 pN) ~ 2-HPBCD
(601 pN) > BCD (468 pN) also pointed out the improved stability of PNS by forming
an inclusion complex with the modified BCDs better than BCD one discussed later in
the phase solubility study. The obtained results described that the difference in pulling
force and binding strength can be due to guest orientation occupied inside the host

cavity [50].
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3.2 Experiments

3.2.1 The maximum absorption of Pinostrobin by spectrophotometry

The solution of free compound of PNS, three B-cyclodextrins (BCD, 2,6-
DMBCD and HPBCD) and the three inclusion complexes (PNS/BCD, PNS/2,6-
DMBCD and PNS/HPBCD), which were prepared by freeze dried, were dissolved in
deionized water. After that, the absorption in the range of 200-400 nm was monitored
by spectrophotometry. The spectrophotometry was performed for basic analysis of
PNS because this method is rather convenient, quick and cheap. Absorption
maximum wavelength of free compound of PNS was observed at 290 nm (Fig. 10).
Also, the inclusion complexes of PNS had the same absorption maximum wavelength
at 290 nm and the maximum wavelength peak was not shifted after complex
formation. In case of BCD and its derivatives, they had no UV absorption because
they were not comprised of the functional group that can be absorbed in the UV range

[76]. Consequently, PNS concentration was then measured at 290 nm in this study.
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Fig. 10 The UV spectrum of free compound of PNS, B-cyclodextrins (BCD,

2,6-DMBCD, HPBCD) and its inclusion complexes (PNS/BCD, PNS/2,6-DMBCD and

PNS/HPBCD)
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3.2.2 Standard curve of Pinostrobin by spectrophotometry

The standard curve of PNS was plotted between absorbance at 290 nm that
was the maximum wavelength of PNS and the various concentrations of PNS in the
range of 0 to 0.1 mM. According to Fig. 11, the regression coefficient of linear

relationship was highly correlated (R?= 0.997).
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Fig. 11 Standard curve of PNS by spectrophotometry

3.2.3 Standard curve of Pinostrobin by High Performance liquid
chromatography

Before creating the standard curve of PNS by HPLC, the retention time (Ry) of
PNS was detected by dissolved free compound of PNS and its freeze-dried inclusion
complexes in milli Q water and following the method described in 2.5.5. Then the
sample solutions at the time of 240 minutes were chosen to determine their retention
time by reverse phase C 18 HPLC with UV detector at 290 nm. In addition, Wu and
co-worker also determined PNS concentration by High Performance Liquid

Chromatography (HPLC) at the wavelength of 290 nm [15]. According to Fig. 12, the



53

retention time of PNS with- and without BCDs complexation was at ~28 minutes.
Thus, the peak area at Rt equal to 28 min was plotted against the final concentration
from 0 to 0.15 mM of free compound of PNS which were dissolved and serial diluted
in milli Q water. From the standard curve of PNS detected by HPLC (Fig. 13), the
regression coefficient of the linear relationship was highly significant (R? = 0.9864)
and the linear equation could be used for calculating the concentration of PNS in

further analysis.
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Fig. 12 HPLC profile on a reverse phase Cig column of free compound of PNS

and its inclusion complexes that were dissolved in milli Q water (Blank was milli Q

water). Elution was by 70:30 MeOH:Milli Q water
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3.2.4 Phase-solubility diagram
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Fig. 14 Phase solubility diagram for PNS in various concentrations of (—)
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) HPBCD at different temperatures
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Table 2 Slope, correlation coefficient (r?) and stability constant (Kc) of PNS/BCDs

complexes (derived from Fig. 14)

Temperature ~ BCD So slope r2 Kc (M)
(°C) (mM)
BCD 0.058 0.999 1799
25 2,6-DMBCD 0.034 0.200 0.994 7322
HPBCD 0.107 0.996 3503
BCD 0.072 0.989 1575
30 2,6-DMBCD 0.049 0.231 0.998 6074
HPBCD 0.132 0.999 3070
BCD 0.084 0.999 1301
37 2,6-DMBCD 0.071 0.348 0.999 7562
HPBCD 0.167  0.997 2843
BCD 0.103 0.996 1191
45 2,6-DMBCD 0.096 0.400 0.995 6934
HPBCD 0.186 0.996 2373

So was the concentration of PNS in deionized water that was measured without any

BCDs.
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The selected properties of inclusion complexes between BCDs and guest
molecule can be determined by determining the effect of BCDs concentration on the
guest molecule solubility. The slopes that were derived from phase solubility diagram
and the intrinsic solubility of guest molecule can provide information about the type
of complex formation (stoichiometry) and its stability constant.

The phase solubility studies were performed according to the method of
Higuchi and Connors to evaluate the effect of BCDs on the solubility of guest
molecule (PNS). In this experiment, excess amount of PNS were added to the various
concentration solutions of BCDs which were incubated at different temperature to
determine the solubility type and molar ratio of the inclusion complex. As the result,
the phase solubility diagrams in Fig. 14 showed a linear relationship which could be
classified as Ar-type. It was clearly observed that solubility of PNS increased with
increasing concentration of PCDs, the stoichiometric molar ratio of PNS/BCDs
inclusion complex should be 1:1. The system of PNS/2,6-DMBCD showed higher
solubility than PNS/HPBCD and PNS/BCD, respectively. It indicated that 2,6-
DMBCD and HPBCD can enhanced the solubility of PNS better than the parental BCD
suggesting the effect of methyl- and hydroxyl- groups. In addition, the higher
solubility could be due to the substituent group of BCD derivatives that can increase
the possibility of guest molecule to interact with water molecule [30]. The phase
solubility of various guest molecules with BCD and its derivatives has been reported
in several studies [30, 77]. For example, the phase solubility of artesunate was the A.
type diagram which illustrated the soluble 1:1 complexes. The work also suggested
that the solubility of the guest molecule was raised by the ability of each cyclodextrin

in the order of methyl-pCD > HPBCD > BCD [77].
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Furthermore, the stability constant (Kc) of each inclusion complex was
calculated from Eg. 9, the slope value was determined from the diagram while the
intrinsic solubility of PNS (So) which were the concentration of PNS in deionized
water without any PCD at each temperature was obtained by independent
measurement. The calculated stability constants were quite sensitive to the PNS
intrinsic solubility (So) because the intercept of the diagrams could not be certainly
measured due to low solubility of the free guest. In addition, the stability constant
reflects binding behaviors between guest and host molecule. The strong binding had
higher Kc value than the weak binding. According to Table 2, the Kc of PNS in 2,6-
DMBCD was higher than those in HPBCD and BCD at all temperatures measured.
Thereby, it can be assumed that PNS was strongly bound to the 2,6-DMBCD when
compared to HPBCD and BCD, respectively. The binding behaviors still showed the
same trend at the temperatures from 25 to 45 °C. The results implied that the 2,6-

DMBCD complex was more stable than the other two complexes.
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3.2.5 The Van’t Hoff Plot
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Fig. 15 The Van’t Hoff plot of the (—) PNS/BCD, (——) PNS/2,6-DMBCD

and (- ) PNS/HPBCD inclusion complex

Table 3 Thermodynamic values of the three inclusion complexes (derived from Fig.
15)

AHT TAS? Asti
Inclusion complex
(kimol")  (kimol")  (kJmol?)

PNS/BCD -17.15 1.66 -18.81
PNS/2,6-DMBCD 1.04 2291 -21.87

PNS/HPBCD -15.08 5.37 -20.45
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The Van’t Hoff (Fig. 15) was plotted in order to observe an influence of
temperature on the stability of the complexes and examine the thermodynamic
properties of the inclusion process.

According to Tommasini et al [37], the integrated form of Van’t Hoff as Eq.
(12) was suggested to calculate the thermodynamic parameters. The enthalpy (AH¥)
and entropy (AS™) of the inclusion process were obtained by plotting the stability
constant (Kc) in Table 2 against the reciprocal temperature using Eq. (12), while the
Gibbs free energy at 25 °C (AG,; ) was evaluated by Eq. (13). The thermodynamic
parameters for all three PNS/BCDs were summarized in Table 3.

AHT AS™
+
RT R

InK, =— (12)

AG," =AH —TAS (13)

The thermodynamic parameters can be calculated from the linear profiles of
the Van’t Hoff plot. The values of thermodynamic parameters were shown in Table 3.
The large negative enthalpy energies of -17.15 and -15.08 kJ/mol for PNS/BCD and
PNS/HPBCD suggested that the complex formation was likely associated with an
enthalpy driven through exothermic process. This is in contrast for PNS/2,6-DMBCD
complexation formed via small endothermic process controlled by entropy driven (a
slightly positive enthalpy of 1.04 kJ/mol and a large positive entropy term of 22.91
kJ/mol) [19]. This principally positive entropy value suggests the loose fit of PNS
inside 2,6-DMBCD cavity, causes a higher translational and rotational degrees of
freedom of the 2,6-DMBCD which can cause lead to the inward movement of water

moiety surrounding the PNS molecule [78]. From the Gibbs free binding energy of



host and guest molecules estimated by a summation of enthalpy and entropy terms, all

spontaneously formed inclusion complexes were described by the negative value of
AG,, " with the following order of complex stability or binding strength: PNS/2,6-

DMPCD (-21.87 kJ/mol) > PNS/HPBCD (-20.45 kJ/mol) > PNS/BCD (-18.81 kd/mol).

3.2.6 Characterization of solid inclusion complexes

EXO 1

DSC (mW/mg)

3.2.6.1 Differential Scanning Calorimetric analysis (DSC)
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In this study, the Differential Scanning Calorimetry or DSC was applied in
order to preliminary investigate the thermal behavior of free guest compound and the
inclusion complexes. DSC was widely used for physicochemical characterization of
inclusion complex formation in the solid state. From the DSC thermograms (Fig. 16),
there are the thermograms of free PNS, BCD, 2,6-DMBCD and HPBCD (solid line),
and of the products that were prepared by physical mixture (dash line) and freeze-
drying methods (dot line), respectively. The sharp endothermic peak of free PNS was
observed at 101.2 °C which could be referred to its melting point. The thermograms
of free BCD showed the prominent endothermic peak at 211.9 °C while 2,6-DMBCD
and HPBCD displayed the broad peak at 213 °C and approximately at 134 °C,
respectively. The distinct melting endotherm peak of free PNS was expressed at
approximately 99 °C in physical mixture products. This suggested that the physical
mixture was not a true inclusion complex since there seem to be a superimposition
between free compound of PNS and BCDs. Liu and co-worker suggested that the
physical mixture was simply a mixing of the two compounds and it was not a genuine
complex, thus the luteolin endothermal peaks were found in their study [79]. On the
other hand, the sharp endothermic peak of free PNS was completely disappeared in
the freeze-dried products. Also, the thermal peaks of BCD and its derivatives were
shifted and decreased in intensity. The true inclusion complex formation could be
demonstrated by freeze-dried products due to the replacement of water by PNS and
the reduction of the maximum dehydration peak [80]. Our result agrees well with
Wang’s work [81] in which a true complex was observed from the freeze-dried

product between quinestrol and 2,6-DMBCD.
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3.2.6.2 Two-dimensional Nuclear Magnetic Resonance (ROESY-

NMR)
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Fig. 17 2D ROESY NMR spectra of the freeze-dried inclusion complexes
between PNS and BCDs (F1='H NMR of BCDs and F2='H NMR of PNS)

Further information on the geometry of the guest molecule inside BCDs cavity
was investigated by two dimensional NMR (2D-ROESY). 2D-ROESY NMR is a
powerful tool that was examined to clarify the configuration of PNS in the BCD and
its derivatives cavity. A partial contour plot of proximities between protons of PNS
and BCDs were shown in Fig. 17. From the PNS/BCD inclusion complex, the
intermolecular cross-peak between H-3 of BCD (~4 ppm) and H-6 or H-8 of PNS
(6.2-6.4 ppm) which is a part of chromone ring was shown. Whilst the BCD derivative
inclusion complexes had an additional correlation peak that was the cross-peak
between H-3 of BCD derivatives (~4 ppm) and H-2’, H-3" and H-4" of PNS (7.5-7.7
ppm) which is a part of phenyl ring. Especially, in case of 2,6-DMBCD inclusion
complex, the intermolecular cross-peak between 2-OCHz of 2,6-DMBCD (~3.4 ppm)
and phenyl ring (7.5-7.7 ppm) was also found. These results indicated that the
parental BCD inclusion complex had one orientation that was a chromone ring inside
the cavity. However, the BCD derivatives inclusion complexes had two orientations of

PNS inside the cavity, either the chromone- or phenyl- part. In addition, the phenyl
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ring of PNS might strongly interact with the 2,6-DMBCD since both 2-OCHz and H-3
of 2,6-DMBCD could be interacted. In the previous work, the two different types of
the inclusion complex between HPBCD and epigallocathechingallate were formed
[82].

3.2.7 Analysis of dissolution diagram of the inclusion complexes
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Fig. 18 Dissolution diagram of free PNS and its inclusion complexes in water
at 37 °C

In vitro dissolution study is necessary for elucidation of the dissolution
behaviors of new developed medicines. It is the widely accepted method that is
usually performed in the pharmaceutical field [44, 83, 84]. In this research, the
dissolution profile of free PNS and its freeze-dried complexes with BCDs were carried
out in water at 37 °C for 240 minutes and the concentration of PNS was detected by
HPLC. The dissolution of free PNS was compared with the three inclusion complexes
(PNS/BCD, PNS/2,6-DMBCD, PNS/HPBCD) by plotted the concentration of PNS in

the interval times. From the diagram in Fig. 18, the free PNS was poor when



65

compared with the inclusion complexes. The inclusion complexes exhibited a faster
dissolution rate than free PNS in the initial phase. After 15 minutes, the amount of
free PNS was dissolved 0.09 mg/ml and the PNS in the inclusion complexes with
BCD, 2,6-DMBCD and HPBCD were 0.41, 1.06 and 0.82 mg/ml, respectively. The
result exhibited that the modified BCD inclusion complexes had a higher dissolution
rate than parental BCD. The reason for this could be the -OCHz3 group of 2,6-DMBCD
had higher ability to interact to water molecule, and hydroxypropyl modified fCD in
HPBCD can form more H-bond and might reduce the aggregation behavior in water
[85]. In spite of that, among the BCDs, 2,6-DMBCD seems to be the best carrier host
as described in previous works [86, 87]. From the recent work, the effect of
cyclodextrins on aqueous solubility of a flavonoid apigenin was evaluated. They
suggested that random methyl-BCD can enhance the solubility of apigenin better than
the HPBCD and parental BCD. Furthermore, their results confirmed that the
derivatives of BCDs would be essentially useful in further drug delivery systems

containing flavonoids [83].
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3.2.8 Determination of biological activity of inclusion complexes

3.2.8.1 Anti-inflammatory assay
Table 4 Anti-inflammatory effect of PNS and its BCDs complexes as well as

cytotoxic effect towards HeLa and MCF-7 cells as indicated by the 1Cso value

1Cs0 [UM]
IL-6 secretion Cytotoxicity  Cytotoxicity
Hela MCF-7
PNS 30 79 22
PNS/BCD 61 72 28
PNS/2,6-DMBCD 49 95 18
PNS/HPBCD 27 65 29

According to the previous work on the effect of the free PNS on nitric oxide,
cyclooxygenase-1 and 2 induced by LPS/IFN-y in RAW 264.7 cells is not significant
[88]. In our work, the murine macrophage cell line (RAW 264.7) was stimulated by
LPS and co-treated with free PNS and the three inclusion complexes (PNS/BCD,
PNS/2,6-DMBCD and PNS/HPBCD). PNS and its complexes significantly exerted a
lowering effect on the IL-6 secretion in LPS-stimulated macrophages. In fact, the ICso
values were comparable for PNS (30 uM) and PNS/HPBCD (27uM) (Table 4). For
PNS/2,6-DMBCD and PNS/BCD the ICso was slightly higher with 49 uM and 61 puM,

respectively.
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3.2.8.2 Cytotoxicity assay

The effect of PNS on many cancer cell lines has previously been reported [89,
90]. Especially, leukaemia cell line, neoplastic disease of bone marrow or also known
as white blood cell cancer was potentially inhibited by PNS [91, 92]. However, the
influence of PNS and its inclusion complexes on the cancer cell lines HeLa (cervical
cancer cell line and MCF-7 (breast cancer cell line) has not been widely reported yet.
Therefore, in the study the cytotoxicity effect of PNS and its inclusion complexes
(PNS/BCD, PNS/2,6-DMBCD and PNS/HPBCD) on this cancer cell lines was
investigated. According to Table 4, the free compound and its complexes had a
significant effect on the HeLa with an ICsg value of 79 uM for the free PNS and ICso
values ranging between 65 and 95 UM for the complexes. Thus the cytotoxic effect of
the complexes is slightly, but not significantly different compared to the complexes.
Regarding the MCF-7 cell line, PNS is more cytotoxic in relative to the HeLa cell
lines with an 1Cso value of 22 puM. Again, the effect of the complexes is not

significantly different with the values between 18 and 29 pM.
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CHAPTER IV

CONCLUSIONS

In the MD simulations the stability of simulated systems of each PNS/BCD
inclusion complex reached equilibrium by 40 ns and was then used to investigate the
conformations of BCD and its derivatives, the mobility of the host PNS molecule in
the different PNS/BCD complexes, the water accessibility around PNS and the
binding free energies of each inclusion complex. The results revealed that the
conformation of BCD and its derivatives complexed with PNS is mostly found in M1
structure of the PES. By means of the PNS mobility, the chromone ring of the PNS
molecule preferably stays nearby the secondary rim of BCD and its derivatives, while
another orientation of the PNS molecule the phenyl ring shows a higher movement
inside the hydrophobic cavity. In addition, the RDF plots show that PNS in the
different P-PNS/BCD inclusion complexes interacts with ~two-fold more solvating
water molecules than in the different C-PNS/BCD inclusion complexes. It could then
be assumed that the P-PNS/BCD inclusion complexes have a better water solubility
than the corresponding C-PNS/BCD ones. According to the binding free energy, van
der Waals interaction is the most important interaction between the PNS and the BCD
or its derivatives. The PNS complex with 2,6-DHPBCD had the highest stability,
followed by the inclusion complexes with 2,6-DMBCD, 2-HPBCD, 6-HPBCD and
BCD, respectively. Moreover, experimental phase solubility studies supported the
computational approach since complexes of PNS/2,6-DMBCD and PNS/HPBCD

showed a significant higher stability than those with BCD at all examined
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temperatures. The solubility of host-guest inclusion complex of PNS with BCD and its
derivatives was AL type. It could be described that PNS solubility increased when
increasing the concentration of PCDs. The DSC thermograms of freeze-dried
inclusion complexes showed completely disappeared endothermic peak of PNS that
could indicate that freeze drying method can be used to prepare the true inclusion
complex. Moreover, two-dimensional NMR (2D-ROESY NMR) was employed to
clarify the binding mode of PNS in cavity of BCD and its derivatives. The NMR
spectrum revealed that P-PNS and C-PNS were located inside BCD derivatives
whereas C-PNS was only found to interact with parental CD. The results of SMD
were in good agreement with MDs and also phase solubility. According to the
dissolution profile, the amount of PNS dissolved was in the order of PNS/2,6-
DMBCD > PNS/HPBCD > PNS/BCD > PNS. The ICso exhibited that PNS and its
complexes had a lowering effect on the IL-6 secretion in LPS-stimulated
macrophages. In vitro, PNS in complex with and without CDs showed a moderate

cytotoxic effect against HeLa and MCF-7 cancer cell lines.
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