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Cordycepin, an adenosine analogue, has displayed numerous
pharmacological and therapeutic implications including enhanced apoptosis and
inhibition of proliferation of cancer cells, antioxidant property and improving sexual
activity. However, oral administration of cordycepin has limited practical use due
to its poor bioavailability in the intestine. Here, we developed a novel hybrid
nanoparticle system for effective delivery of cordycepin in the gastrointestinal tract
by using the bile salt-based liposome/niosome hybrid system (designated as
biloniosome). In addition, mucoadhesive chitosan biopolymer was coated on the
biloniosome nanoparticles to improve the mucoadhesive properties thereby
enhancing the drug efficiency. Cordycepin-encapsulated biloniosome nanoparticles
were synthesized by solvent (ethanol) injection technique followed by coating with
chitosan. The physicochemical characteristics of the prepared nanoparticles were
investigated. Their biological activities, such as in vitro anticancer activity and in
vitro permeation across the human intestinal barrier were evaluated. We
successfully produced hybrid nanoparticles with ~150 nm in diameter and over
60% loading efficiency of cordycepin. The evaluation of hydrodynamic size and
zeta-potential indicated that chitosan successfully modified the biloniosome.
Interestingly, the hybrid nanoparticles showed potent cytotoxic activity against

HT29 cell lines. Our results demonstrated that the chitosan-coated hiloniosome.
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CHAPTER |
INTRODUCTION

Cordycepins, a derivative of nucleotide adenosine produced by fungus
Cordyceps militaris, is widely used in traditional medicines of the Far East (Tuli,
Sharma et al. 2013). This compound has been reported to possess various
pharmacological effects such as anti-inflammatory, anti-cancer, anti-metastatic, anti-
angiogenesis, anti-bacterial and fungal, anti-oxidant, and anti-diabetic effects, making
it a appropriate candidate for pharmacological use (Lee, Adrower et al. 2017).

The potential obstacles associated with oral delivery of drugs or bioactive
natural compounds can reduce or inhibit the pharmacolosgical activity of the drugs.
For example, the acidic pH environment found in the gastrointestinal tract of humans
and animals could potentially damage some bioactive compounds (Fricker, Kromp et
al. 2010, Bernkop-Schntirch 2013, Thanki, Gangwal et al. 2013). Hence, the orally
administered compounds must tolerate the acidic enzymes and survive through the
gastrointestinal tract. It is also well-established that, the gastrointestinal epithelium is
considered as a physical barrier for bioactive compound absorption into blood
circulatory system resulting in inefficient delivery of bioactive compounds into the
action site which in turn requires the administration of large doses of such
compounds. Therefore, the development of nanotechnology-based drug delivery
systems capable of efficient and selective delivering of bioactive compounds to
intestine is of important. The general idea behind this concept is that coating of wall
material could protect and control the release of active ingredients in the intestine.
More interestingly, several strategies have been proposed to enhance the efficacy of
orally administered nanoparticles. The more resistant bile salts-containing
nanoparticles have been developed by inclusion of bile salts into lipid bilayers
constructs(Aburahma 2016). In addition, bioadhesive polymers have been exploited
to circumvent the issue of inefficient targeting nanoparticles to mucosal surfaces. Of
which, a natural polycationic linear polysaccharide chitosan (CS), has been

extensively used in various pharmaceutical and biomedical applications such as for



drug delivery studies due to its excellent biological properties such as
mucoadhesiveness, biocompatibility and biodegradability(Cheung, Ng et al. 2015,
Ways, Mohammed et al. 2018).

Taken together, we hypothesize that the efficacy of Cordycepin could be
improved by nanoencapsulation with bile salts and mucoadhesive characteristic
compound. Specifically, implementation of the combination of the aforementioned
strategies would improve the stability and therapeutic efficacy of Cordycepin.

The aim of the present study is to investigate the application of
nanotechnology-based drug delivery system to enhance the efficacy of orally
administered Cordycepin. To achieve this goal, niosome formed by self-association of
nonionic surfactants and cholesterol(Ag Seleci, Seleci et al. 2016) were exploited as a
nanocarrier for efficient delivery of Cordycepins and the incorporation of bile salts
into nanoparticles  were exploited to circumvent the issue of nanoparticle
degradation in the gastrointestinal tract. Taken together, we used bile salts to
formulate the bile salt-based niosome hybrid system (designated as biloniosome) in
order to prevent the bioactive compound from enzyme degradation, and to avoid
the harsh environment in which the encapsulated particles are exposed in the
intestine. Surface modification with chitosan was also attempted in order to

circumvent the issue of inefficient targeting nanoparticles to mucosal surfaces.

In this study, we prepare an improved version of cordycepin-encapsulated
nanoparticles as schematically shown in Figure 1. The physiochemical properties and
the stability in simulated gastrointestinal fluids will be analyzed. Their mucoadhesive
characteristics, their ability to cross intestinal barriers as well as anticancer activity

against colorectal cancers will be also evaluated.
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Figure 1 . Schematic diagram of the preparation of Cordycepin-encapsulated
nanopatrticles. Cordycepin-encapsulated biloniosomes are fabricated, followed by

coating with chitosan polymers.



CHAPTER Il
LITERATURE REVIEW

I. Cordyceps militaris and its major active compounds

Cordyceps militaris is a species of fungus in the Cordyceps genus, known as
"Winter Worm Summer Grass" in English, "Dong Chung Ha Cao" in Korea and "Dong
Chong Xia-Cao" in China (Hur 2008), that grows on the larva of insects. Cordyceps
genus is also found to be rich in useful natural compounds, such as cordycepin,
cordycepic acid, ergosterol, polysaccharides, nucleosides and peptides (Yue, Ye et al.
2013). Many previous studies show that Cordyceps and its active compounds can
have significant effects on a wide range of pharmacological actions, such as anti-
inflammatory (Rao, Fang et al. 2010), anti-oxidant (Leung, Zhao et al. 2009), anti-
tumour (Lin and Chiang 2008), anti-hyperglycaemic (KIHO, Hui et al. 1993, Kiho,
Ookubo et al. 1999), anti- hyper-cholesterolemic (Yamaguchi, Kagota et al. 2000, Koh,
Kim et al. 2003), anti-apoptosis (Buenz, Bauer et al. 2005), immunomodulatory (Xu,
Peng et al. 1992), nephroprotective (Zhao-Long, Xiao-Xia et al. 2000), and
hepatoprotective (Gong, Wang et al. 2000). Cordyceps militaris, commonly known as
orange caterpillar fungus (Shrestha, Zhang et al. 2012), is one of the most benefical
traditional Chinese medicines (Zheng, Xia et al. 2012, Yue, Ye et al. 2013). This fungi
can serve as a cheap substitute of Ophiocordyceps sinensis (Lu, Zhi et al. 2019),

formerly known as Cordyceps sinensis, and Both contain cordycepin.
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Figure 2 : Morphological and microscopic identification of Cordyceps militaris and
Cordyceps sinensis (A) Crude drugs of Cordyceps militaris (nutrient medium, without
larva body; stroma orange-yellow to orange-red). (B) Transverse section of the
stroma of Cordyceps militaris (colorless hyphae only) (C) Crude drugs of Cordyceps
sinensis (larva body with 8 pairs of feet on the abdomen, 4 pairs apparent in the
center; stroma with sterile acuminate apex). (D) Transverse section of the stroma of
Cordyceps sinensis (perithecia elliptical to oval, semi-embedded at the surface of

the fertile portion of a stroma). [Modified from (Liu, Hu et al. 2011)]



Cordycepin is the major bioactive component of Cordyceps. Early in 1950,
Cordycepin was first  isolated from cultured Cordyceps militaris (Cunningham,
Manson et al. 1950) and identified as 3’-deoxyadenosine in 1964 (Kaczka, Trenner et
al. 1964). Cordycepin results from a 3-deoxypentose (cordycepose) with a branched
carbon chain replacing the ribose of adenosine (Lennon and Suhadolnik 1976). The
analysis of cordycepin agreed with the formula C;oH;303Ns and following studies
found that 251 ¢/mol is the molecular weight of cordycepin with melting points
between 230 - 231°C and Cordycepin soluble in water, hot ethanol and methanol,
but insoluble in benzene, chloroform or ether {Kaczka, 1964 #68}. Chemical structure

of cordycepin as presented in Figure 3.

NH, NH>
N XN N X
/4 I 7 N
o, S A e T
N 7
0 N o\ N
OH OH OH
Cordycepin Adenosine

Figure 3 : Chemical structure of cordycepin (3-deoxyadenosine) and adenosine



Il. Classification of Nanoparticles

Based on the basis of their chemical nature, nanoparticles can be broadly
categorized into organic and inorganic nanoparticles. (Degli Esposti, Carella et al.
2018) Inorganic nanoparticles are prepared with inorganic materials. Inorganic
nanoparticles are being actively exploited for nanotechnology-based biosensors and
diagnostics due to their optical and magnetic properties, (Vashist, Venkatesh et al.
2012) such as Gold nanoparticles, silver nanoparticles, magnetic iron oxide, and
quantum dots, etc. Organic nanoparticles are prepared from biocompatible and
biodegradable biomolecules and biomaterials. The example of organic nanoparticles
are dendrimers, micelles, liposomes, ferritin, etc. Organic nanoparticles have been
extensively utilized as drug delivery systems due to their well-documented
biodegradability and biocompatibility. Of the organic nanoparticles, lipid-based and
biodegradable polymeric nanoparticles are the most widely used. Both organic and

inorganic nanoparticles are of interest in material and life sciences.

lll. Advantages of Nanoparticles.

Nanotechnology-based drug delivery system represents a promising strategy
for improving multi-performance characteristics of classical drugs with several
improved pharmaceutical actions. To date, various aspects of nanoparticle-mediated
drug delivery systems have been well established. Nanoscale drugs are superior to
free drugs, as explained by several mechanisms such as encapsulation, selective
targeting to diseased sites, sustained, controlled or triggered release, thus improving
the pharmacokinetic behavior and target ability of drugs. Encapsulation is defined as
“drug entrapped within a colloidal system after a formulation process to prevent
exposure of the encapsulated drugs to off-target tissues. (Kumari, Singla et al. 2014)
This offer a particular advantage for toxic substances such as chemotherapeutic
drugs, where off-target toxicity is a main limitation. The controlled release system is
referred to as “a constant release of active ingredient that exhibits zero-order

kinetics”. (Zhao, Xu et al. 2017) An amount of the drug is continuously released and



equivalent to the eliminated by the body for a specific period of time. Furthermore,
drugs can be released in a sustained or triggered manner by choosing appropriate
materials and design features. Most interestingly, targeting nanoparticles directly to a
certain location in the body (referred to as site specific targeting) is a key success in
drug delivery. These systems have potential to reduce off-target effects and enhance

accumulation at the diseased tissues or organs.

IV. Methods for construction of nanoparticles

Nanoparticles can be created by several methods, which involve mechanical,
chemical and other pathways. (Koczkur, Mourdikoudis et al. 2015) Two typical
approaches to the construction of organic nanoparticles are “top-down” and
“bottom-up” approaches. In the “bottom-up” techniques, nanoparticles are
synthesized from small molecules via synthetic chemistry and self-assembly to
create a wide range of nanoscale systems such as lipid-based nanoparticles,
polymeric nanoparticles, liposomes, and niosomes. In the “top-down” techniques,
large particle size of initial materials are broken down by mechanical milling and
other more complex ones such as microfluidics and lithography. Small molecule
drugs can be loaded into nanoparticles either by conjugation on the surface, or by

physical encapsulation.

V. Characterization of nanoparticles

Physicochemical characterization
Particle size (Dynamic Light Scattering, Scanning and Transmission
Electron Microscopy, Atomic Force Microscopy)

Physicochemical characterizations of nanoparticles are primarily analyzed by
the particle size, charge (Zeta-potential), and morphology. Dynamic light scattering
(DLS) offer the frequently used technique for determination of the particle size and
size distribution. (de Assis, Mosqueira et al. 2008) In order to visualize the size, shape

and surface morphology more accurately, direct observation can be achieved by two



electron microscopy techniques; transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Another microscopy technique known as
scanning force microscopy or AFM provides the most accurate description of size,
size distribution and actual picture. (Polakovi¢, Gorner et al. 1999)
Surface charge
Surface charge of nanoparticles is an important parameter to evaluate the
storage stability. Surface charge determines the electrostatic interaction between
nanoparticles as well as their interaction with the biological environment. An indirect
measurement of the surface charge is Zeta potential. Either high positive or negative
zeta potential values ensure stability and avoid aggregation and precipitation of the
nanoparticles. (Otsuka, Nagasaki et al. 2012)
Biological characterization
Cell-based assays
Nanoparticles are biologically characterized for various purposes, namely
biological effects, nanotoxicology and interactions between these nanoparticles and
their targeted cells ((Nel, Madler et al. 2009) , (Petros and DeSimone 2010) and
(Albanese, Tang et al. 2012)). A wide range of instrumentation have been developed
to assess these biological properties in order to avoid large-scale and cost-intensive
in vivo animal testing(Edmondson, Broglie et al. 2014). If the drugs are exploited for
topical delivery, it is possible to use cell-based assays, such as ex vivo animal or
human skin, and artificial or reconstructed skin models. (Brohem, da Silva Cardeal et
al. 2011) Similarly, a wide range of cell-based models (Tan, Trier et al. 2018) and
simulated gastrointestinal fluids (Ulleberg, Comi et al. 2011) that mimic the
gastrointestinal tract have been developed for testing orally-administered drugs.
Uptake mechanism
The first interaction between nanoparticles and cells is crucial to initiate cell
entry. For cellular uptake to occur, nanoparticles must associate with the cell
membrane, either through nonspecific (such as electrostatic attraction) or specific
(lisand-receptor) binding(Nel, Madler et al. 2009). Nonspecific binding forces that
promote cellular contact and nanoparticle internalization mainly result from intrinsic

characteristics of nanoparticles. For example, surface charge (as determined by Zeta
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potential value) affects nanoparticles’ interactions with charged phospholipid head
groups or protein subunits on cell membranes (Fleck and Netz 2004). In addition,
characteristics of nanoparticle (for example, size, shape, radius of curvature) also play
an important role in their cellular uptake (Chithrani, Ghazani et al. 2006) , (Decuzzi
and Ferrari 2007) and (Gao, Shi et al. 2005). In contrast, the specific binding results
from interactions between specific ligands and complementary molecules or
receptors on the cell membrane, resulting in receptor-mediated endocytosis of
nanocarriers (Gao, Shi et al. 2005).Ligands can be either of biological origin (i.e.,
protein, peptide, antibody or antibody fragment) or abiotic ligands such as chemical
moieties or surface functionalities (for example, polymeric substances such as
polycationic PEI and polyamidoamine (Leroueil, Berry et al. 2008), all of which initiate
binding affinity and subsequent cellular uptake. By exploiting the verity and diversity
of cell surface receptors, cellular uptake can be improved by attachment of
complementary ligands to nanoparticles.

Many endocytosis pathways have been identified. Large particles can be
taken up by phagocytosis. This pathway can be primarily observed in specialised
immune cells such as macrophages, dendritic cells, neutrophils, and monocytes. In
contrast to phagocytosis, that is found in a few cell types, most cells are capable of
macropinocytosis (Oupicky, Ogris et al. 2002). Activation of this pathway leads to
intense actin and microfilaments remodelling and membrane ruffling. The other well
characterized  mechanisms are clathrin-mediated and  caveolae-mediated
endocytosis.  Caveolin-coated vesicles are first delivered to intermediate
compartments called caveosomes, whereas clathrin-coated vesicles are directly
transported to early endosomes.  Nanoparticles are also internalized via a
clathrin/caveolin independent entry pathway wusing clathrin- and dynamin-
independent carriers (CLICs) derived from the cell membrane, which subsequently
travel to glycosyl phosphatidylinositol-anchored protein enriched early endosomal

compartments (GEEC), en route to the early endosome.



11

It is however difficult to determine whether they use multiple entry pathways
or different components of one complex pathway. Similarly, the endocytic pathway
of previously reported nanoparticles greatly varies with the cell types and molecular
component of the cell surface in addition to their intrinsic characteristics (e.g., charge
and size, etc.), generating conflicting data regarding the cell uptake mechanism
exploited (Marie, Beech et al. 2006) , (Katakura, Harada et al. 2004) and (Wang, Li et
al. 2001).
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Figure 4 : Pathways of endocytosis. Cellular uptake of large particles is mediated
by phagocytosis (a), whereas fluid uptake is facilitated by pinocytosis (b). Different
particles can be also internalised through different pathways, including caveolar-
mediated endocytosis (c), clathrin-mediated endocytosis (d) and clathrin-
independent and caveolin-independent endocytosis (e) (Modified from (Petros and
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CHAPTER IlI
METERIALS AND METHOD

Materials

Cordycepin, cholesterol, lecithin, sodium cholate hydrate, span80, tween80,
chitosan, simulated GI fluids, MTT, DMSO, LIVE/DEAD® Cell Viability/Cytotoxicity
Assay Kit, porcine mucin, Tris-base, Deionized water, D-MEM medium, Fetal Bovine
Serum (FBS), Penicillin, Streptomycin, L-glutamine, syringe pump, syringe, magnetic
stirring, rotary evaporator, Malvern Instruments Zetasizer Nano ZX, sonicator ,

transwell plate, HPLC, HT29 cell lines, Caco-2 cell lines

Method
Fabrication
1. Preparation of biloniosome nanoparticles

Biloniosomes were prepared by a solvent (ethanol) injection method. Briefly,
the aqueous phase was prepared by dissolving the desired amount of cordycepin (20
mg) and polysorbate 80 (100 mg) in 10 ml deionized (DI) water. The prepared
agueous phase was then mixed with 10 ml of solvent phase consisted of lipid
components (7 mg of cholesterol and 37 mg of lecithin), sorbitan monooleate (100
mg) and 10 mM sodium cholate hydrate in ethanol. Biloniosomes were
spontaneously formed under mechanical stirring at 300 rpm for 10 min.
Subsequently, ethanol in the mixture was removed by rotary evaporation under the

reduced pressure.

The complexation of biloniosomes with chitosan was performed by adding
1% of small molecular weight (50-200 kDa; Sigma) chitosan, previously dissolved in a
solution of 1% acetic acid, into biloniosomes at different ratios from 1:0.5 to 1:5 (v/v)
in order to optimize ratios between biloniosome and chitosan solution. The mixture
was stirred for 1 hour at room temperature and stored at 4°C until needed for

further experiment. The summary of components are presented in Table 1.
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Table 1 : Components of biloniosome nanoparticles

HNPs Components Concentration (mg/ml)
Cordycepin 2
Cholesterol 0.7

Lecithin 3.7

Sodium Cholate Hydrate 4.3
Polysorbate 80 10
Sorbitan monoileate 10
Chitosan 50-200 kDa 5

2. Determination of encapsulation efficiency (EE)

Encapsulation efficiency (EE) of Cordycepin is determined. Briefly, Cordycepin
nanoparticles are added onto Amicon membrane filter (Amicon Ultra-15, Merch
Millipore Ltd., Darmstadt, Germany). Filled amicon tube are centrifuged at 80,000
rom for 1 h. Unencapsulated Cordycepin in the aqueous phase (supernatant) is
filtered through a 0.22 um nylon filter and injecting to high performance liquid
chromatography (HPLC) (Waters, 2695, Singapore) with Photodiode array detection
(PAD) (Waters, 2998 Photodiode Array, Singapore). EE are calculated following

Equation:

C.
%EE = ‘TF x 100
i

Where C; represents initial concentration of Cordycepin added to biloniosome

nanoparticles; C; represents the concentration of unencapsulated Cordycepin.
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3. Physicochemical characterization of biloniosome nanoparticles

Dynamic light scattering (DLS) and zeta potential of prepared biloniosome
nanoparticles are determined using a Malvern Instruments Zetasizer Nano ZX. DLS
measurements are carried out using He-Ne laser (Ay = 633 nm, © = 173°).The particle
solution is diluted 1,000 times in DI water before measurement. All measurements
are performed in triplicate at 25°C.

The particle morphology of biloniosome nanoparticles are characterized using
transmission electron microscope (JEM-2100 plus, JEOL, Japan) after vacuum-drying.
Briefly, the samples are diluted in pure water and dropped directly on copper grid,

the samples are observed with magnification of 200.0kX.

4. Stability in gastrointestinal fluids

The experiment was performed to evaluate the physical stability of
biloniosomes in gastric conditions. The biloniosomes were added to the simulated
gastric fluid (SGF) comprised 3.2 mg/mL pepsin in 0.2% (w/v) NaCl at pH 1.2, and
incubated at 37 °C. The samples of biloniosomes were collected at regular intervals
and measured the physical properties by using zetasizer. The liponiosome without
bile salt was used as control. Dynamic light scattering (DLS) and zeta potential of
biloniosome nanoparticles are determined using a Malvern Instruments Zetasizer

Nano ZX.

5. Cell culture
The human colon carcinoma cell lines (HT29) is maintained in complete D-
MEM medium (Thermo Scientific, Massachusetts, USA) supplemented with 10% Fetal
Bovine Serum (FBS) (Thermo Scientific), Penicillin (100 units/ml) with Streptomycin
(100pg/ml) (Pen & Strep) and L-glutamine (2mM). Cells were grown at 37 °C in a
humid atmosphere of 5% CO,.
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The human colon carcinoma cell lines (CaCO-2) is maintained in complete D-
MEM medium (Thermo Scientific, Massachusetts, USA) supplemented with 20% Fetal
Bovine Serum (FBS) (Thermo Scientific), Penicillin (100 units/ml) with Streptomycin
(100pg/ml) (Pen & Strep) and L-glutamine (2mM). Cells were grown at 37 °C in a
humid atmosphere of 5% CO,.

6. Mucoadhesiveness of chitosan-coated biloniosomes

To investigate the interaction between mucin and the prepared biloniosomes,
porcine mucin is dissolved in 10 Mm Tris-base at a concentration of 1% w/v. The
mucin solution is stirred at room temperature and centrifuged at 500 rpm for 24 h,
followed by sonication (VCX750 probe, Sonics & Materials, Inc., Connecticut, USA) at
40% amplitude for 5 min. The mucin solution is then centrifuged at 25°C 4000 rpm
for 20 min to remove the pellet. Chitosan-coated biloniosomes or uncoated
biloniosomes are added to the mucin solution to afford a series of particle:mucin
ratios are presented in Table 2. The mixtures are then incubated at 37°C for 1 h,
followed by zeta potential and hydrodynamic diameter determination using dynamic

light scattering (DLS) (Zetasizer NanoZS, Malvern Instruments, Worcestershire, UK).

Table 2 : A series of particle:mucin ratios (v/v) in mucin mixture

Particle:Mucin ratios (v/v)  Mucin solution  Particle solution Tris base

1:0.6 300 pl 500 pl 200 pl
1:0.75 300 pl 400 pl 300 pl

1:1 300 pl 300 pl 400 pl
1:1.5 300 pl 200 pl 500 pl

1:3 300 pl 100 pl 600 il
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7. In vitro model of the human intestinal follicle-associated epithelium

The human intestinal epithelial cell line (Caco-2) cultivation is established on
the apical chamber of a Corning® 12- well plate Transwell inserts (polycarbonate
membrane, polystyrene plate, 0.4 pm pore size, 12 mm diameter, Corning®, New
York, NY, USA) in complete DMEM medium. Cells were allowed to differentiate for 21
days with regular medium changes. Transepithelial electrical resistance (TEER)
measurement was also used to assess the formation of a cell monolayer with
maintenance of tight junction integrity. Only wells with TEER values of at least 0.3
kQ/cm?® were used in permeation experiments. Free Cordycepin and different
formulations of Cordycepin-loaded biloniosomes are introduced into the apical
chamber of transwells as presented in Figure 5. The basolateral solution was
collected after 30 min, 1 h, 3 h and 6 h incubation. The presence of Cordycepin in
the basolateral chamber is quantified by HPLC-UV technique. All data and statistical
analysis were performed using the GraphPad InStat 3 software (GraphPad Software,
Inc., California, USA).

Transwell insert

Upper compartment

CaCO2 cells

Lower compartment

Figure 5 : Caco-2 cultivation is established on the apical chamber of a Corning® 12-
well plate Transwell inserts (polycarbonate membrane, polystyrene plate, 0.4 um

pore size, 12 mm diameter, Corning®, New York, NY, USA).
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8. Cell viability

Cell viability is evaluated by The MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay which is a colorimetric
assay that measures the reduction of yellow 3-(4,5-dimethythiazol2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) by mitochondrial succinate dehydrogenase. Colorectal
cancer cells are seeded at a density of 1 x 10* cells/well in 96-well plates and
allowed to grow until 70-80% confluent followed by treatment with Cordycepin-
loaded biloniosomes. Cytotoxicity was examined 24 h post incubation by adding
100ul MTT solution (1 mg/1 ml of PBS) to each well followed by incubation for 4 h
at 37°C. MTT solution is removed and the formazan crystals are dissolveed by adding
100ul DMSO to each well. Finally, the absorbance is measured at 570 nm. % Cell

Viability is calculated according to the following formula:

A ODtest — ODblank
% cell vighilipy :ODcontrol — ODblankx100

9. Tumor spheroids

In order to obtain spheroids, The human colon carcinoma cell lines (HT-29)
were seeded and grown in ultra-low attachment 96-well round-bottomed plates.
After 5 days, cells were photographed by light microscope, followed by treatment
with nanoparticles for 48 hr. Cell viability was measured by luminescent cell viability
assay(CellTiter-Glo, Promega, Medison, WI, USA) based on quantitation of the ATP,
which represents number of viable cells. Briefly, tumor spheroids were incubated
with lysis buffer for 20 min, then the supernatant were collected and mix with
reagents for approximately 10 min at room temperature in opaque well plate. The
luminometer (SpectraMax L microplate reader, San Jose, CA, USA) was used for
recording the data.

Cells are also stained with the reagents in the LIVE/DEAD® Cell
Viability/Cytotoxicity Assay Kit (Invitrogen). Caspases 3/7 activity and Annexin V-
FITC/propidium iodide (Pl) staining as indicator of apoptosis/necrosis are examined

according to the manufacturer’s instructions.
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10. Gene expression analysis

Cells were treated with PBS, cordycepin, chitosan-biloniosome, or chitosan-
bilniosome encapsulated cordycepin for 6 hours at 120 ppm. The mRNA levels of
BCL2-associated X protein (BAX), B-cell CLL/lymphoma 2 (BCL2), BCL-XL (BCL2L1),
human cyclin D1 (CCND1), and cyclin-dependent kinase 4 (CDK4) genes in HT-29 cells
were analyzed by RT-gPCR. Total RNA was extracted using the RNeasy mini kit
(QIAGEN, Hilden, Germany) and quantified using a NanoDrop spectrophotometer
(Thermo Scientific). 1.5 pg of total RNA was treated with RNase-free DNasel and
converted to cDNA using the Maxima First Strand cDNA Synthesis Kit for RT-gPCR with
dsDNase (Thermo Scientific). The synthesized cDNA was used as a template for gPCR,
performed on a Biorad CFX96 Touch (Bio-Rad, California, USA) instrument using
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad). Amplification and
detection were performed according to the manufacturer’s protocol, followed by
melting curve analysis starting at 65°C with increments of 0.5°C per cycle. The primers
and annealing temperatures (Ta) used were as follows: CCND1 (60.0°C), FWD (5'-
CCTCGGTGTCCTACTTCAAATGTG-3") and REV (5-GTTCCTCGCAGACCTCCAGC-3"); CDK4
(60.0°0), FWD (5'-GGACATATCTGGACAAGGCACC-3") and REV (5-
ACTGTTCCACCACTTGTCACCAG-3"), BCL2 (60.0°C), FWD (5'-CGACTTCGCCGAGATGTCC-3)
and REV  (5-CACACATGACCCCACCGAAC-3);  BCL-XL  (60.0°C), FwWD  (5-
CACTGTGCGTGGAAAGCGT-3") and REV (5-CTCTAGGTGGTCATTCAGGTAAGTG-3"); BAX
(60.0°C), FWD (5'-CAGGATGCGTCCACCAAGAAG-3") and REV (5'-
AAAACATGTCAGCTGCCACTCG-3"). Expression level was normalized internally to that
of control GAPDH (62.5°C): FWD (5-GGGAAACTGTGGCGTGATGG-3) and REV (5'-
TGGAGGAGTGGGTGTCGCTG-3") and RPS13 (60.0°C) (assay ID: gHsaClD0038672, Bio-Rad)
using the AACt method. Assays were performed in triplicate and data were analyzed

by the Bio-Rad CFX manager software.
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CHAPTER IV
RESULTS AND DISCUSSIONS

In this study, we report the preparation and physicochemical properties of
novel biloniosome nanoparticles which are based on the bile salt-niosome hybrid
system. In addition, we demonstrate the improved properties of nanoparticle, both

the stability in the gastrointestinal tract and the therapeutic efficacy of Cordycepin.

1. Characterizations of biloniosome nanoparticle
Biloniosome nanoparticles were synthesized by a solvent injection method. In
this method, the nanoparticles were synthesized from small molecule of lipid and
surfactants via self-assembly to form a wide range of nanoscale systems. Small
molecule of cordycepin was loaded into the nanoparticles by physical
encapsulation.. In the present study, the encapsulation efficiency of cordycepin in

Biloniosome nanoparticles was 82.26%.
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Figure 6 : Schematic diagram of the chitosan-complexed biloniosome. The
negatively charged biloniosome were electrostatically with cationic chitosan

polymers to form chitosan- biloniosome complexes.
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To observe the physicochemical properties of the biloniosome nanoparticles,
we investigated their size characteristics by measuring average diameter and (-
potential. The results showed that the hydrodynamic diameter and {-potential of
cordycepin encapsulated nanoparticles were 227.933 + 13.4 nm and -31.83 + 0.6 mV,
respectively. The surface charge of the nanoparticles was characterized and found to
be negatively charge due to the presence of fatty acids and bile salt, which is
normally observed in lipid carriers. Moreover, characteristics of the biloniosome
nanoparticles were confirmed by TEM as well. The image supported the size
diameter results obtained by the DLS. As shown in Figure 7, it showed the spherical
shape nanoparticles which a high electron density core, as expected for lipid nano-

encapsulation, was located in the center of the nanoparticle.

Figure 7 : TEM images of chitosan complexed biloniosome
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Subsequent experiments were performed to modify the surface charge of
nanoparticle in order to improve mucoadhesive properties by chitosan coating. The
surface charge and aggregation of nanoparticles depends on the amount of chitosan
incorporated on their surface through electrostatic interactions. Different ratios of
nanoparticle/chitosan were found to have a significant effect on the (-potential
values as presented in Figure 8. The original (-potential value of biloniosome
nanoparticles were negatively charge, and then the addition of chitosan into the
system caused drastically increase of (-potential value to positively charge. The rapid
increase in (-potential value over this range indicated the drop in hydrodynamic
diameter is due to electrostatic repulsion between positive nanoparticles.
Interestingly, shifting the nanoparticle/chitosan ratio from 1:0.2 to 1:0.5 resulted in
significant increase in (-potential value and decrease in hydrodynamic diameter of
nanoparticles as same as the original size. However, for low ratios (1:0.5 and below)
zeta potential appear to plateau which may be a consequence of chitosan saturation
on the nanoparticle surface.Based on the results, optimum concentration of of

nanoparticle/chitosan (1:0.5) was determined for further studies.
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Figure 8 : The optimization of the ratio between chitosan and biloniosome (v/v) by

using size and zeta potential. (size; n.s. p>0.001; one-way ANOVA with Tukey post
test)
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2. Gastric stability

We believed that the bile salt incorporated nanoparticles can improve the
stability of prepared biloniosome nanoparticles in gastric conditions. Hence we
carried out an experiment to demonstrate their endurance in harsh gastric tract
containing pepsin in pH 1.2. Their stability was observed directly from their
hydrodynamic sizes over 60 min period. As illustrated in Figure 9, cholate
nanoparticle was stable in particle size and size distribution throughout incubation in
gastric fluid. On the other hand, the particle size and Percentage Difference Index of
plain nanoparticle were unreliability increased during incubation time. This results
showed that the bile salt incorporated in nanoparticles makes their membrane
flexible which accounts for their rupture under acidic environment (Gupta, Mishra et
al. 2005, Chen, Lu et al. 2009). Moreover, nanoparticles containing bile salt can
inhibit protease activity and significantly contributes to the reduction of protein
degradation, as pepsin cannot diffuse through the nanoparticle membranes, which
shields encapsulated protein from enzymatic degradation (Yamamoto, Taniguchi et

al. 1994).
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Figure 9 In vitro gastric stability assay of nanoparticles in simulated gastric fluid (SGF)
comprising pepsin at pH 1.2 and incubated at 37 °C for 1 hr. Data represents mean

+ SEM from 3 independent measurements (n=3).

3. Mucoadhesive properties

The mucoadhesion interaction of nanoparticles were explored via in vitro
mucin assay by precisely measuring their hydrodynamic sizes and (-potential values
which depends on amount of mucin in the mixture. According to Figure 10, the (-
potential value of chitosan coated biloniosome were positively charged as reported
in previous studies (Lee, Kim et al. 2011, Kozhikhova, Ivantsova et al. 2018). When
introduced mucin into the system, the surface charge of nanoparticles were decrease
radically from positively charge to negatively charge. The mucin presents negative
charge due to the presence of oligosaccharide chains containing carboxyl and
sulphate groups. When the mucin was added to the nanoparticles, decrease of
positively charge was observed compared to non-chitosan coated biloniosome

(steady negative charge).

Likewise, hydrodynamics sizes of nanoparticles were also assessed. The results
revealed that chitosan coated biloniosomes were 2-3 folds larger than original size in
mucin mixture due to electrostatic repulsion between nanoparticles, but not in non-
chitosan coated biloniosome. It indicates that the addition of mucin created an
interference with the nanoparticles size distribution which aggregate the system,
confirm that mucoadhesion has occurred (Pekker and Shneider 2014). Thus, the
chitosan coated biloniosomes have potential for used as a novel oral administered
system instead of conventional system because of their stability in gastric tract and

their mucoadhesion to mucosal membrane in Gl tract.
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Figure 10 : In vitro mucoadhesive assay between biloniosome nanoparticles and

purified porcine intestinal mucin. The adhesive properties were observed by the

differentiation of size and zeta potential of nanoparticle in mucin mixtures

incubated at 37°C for 1 hr. (n.s. p=0.001; one-way ANOVA with Tukey post test).

Data represents mean + SEM from 3 independent measurements (n=3).
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4. Permeability assay

To measure the intestinal absorption of cordycepin biloniosome, human
colon epithelial cell line (Caco-2) was employed as a model for human intestinal
epithelium. Caco-2 cells were cultured (21 days) and Transepithelial electrical
resistance (TEER) value are from 1800 to 2200 (Q*cm? The transported amount of
cordycepin was plotted as a function of time versus percent of permeability directly
calculated form amount of cordycepin across model to lower chamber over period
of time. Based on the results shown in Figure 12, chitosan coated nanoparticles
significantly increased permeability of cordycepin through the model compared to
non-coated nanoparticle and free cordycepin. These results may be explained by the
increasing of (-potential values that occurs on the surface of chitosan coated
nanoparticles. Therefore, cellular membranes presented negatively charge are more
attracting to positively charge nanoparticles and leading to increased paracellular
transport of nanoparticles (Yue, Wei et al. 2011, Algahtani, Simon et al. 2015). Thus, it
can conclude that the positive charge of chitosan led to increased uptake efficiency

of nanoparticles and increase permeability of cordycepin as well
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Figure 11 : CacoZ cultured transwell assay was established to evaluate the
transcytosis of biloniosome nanoparticles. 2 cultured transwell permeability assay
for biloniosome nanoparticles. The expression of tight junction protein claudin-5.

Green: claudin-5 proteins; Blue: Hoechst,cell nucleus.
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Figure 12 : The permeability of nanoparticles were directly evaluated with amount
of cordycepin through transwells by HPLC, compared to cordycepin, at 37 °C. The
solution was collected in bottom wells after 30 min, 1 h, 3 h and 6 h incubation.

Data represents mean + SEM from 4 independent measurements (n=4).
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5. Anti-cancer and gene expression analysis

The therapeutic potential of cordycepin has been well known for its wide
range of applications which was reported in many studies (Tuli, Sharma et al. 2013,
Tuli, Sandhu et al. 2014), especially, anticancer therapeutics (Lee, Hong et al. 2011).
In our experiment, we elucidated a promising strategy of nanoparticles for improving
characteristics of cordycepin with enhanced pharmaceutical actions. The effect of
cordycepin and cordycepin encapsulated biloniosome in  suppressing the
proliferation of colorectal cancer cell (HT-29) were determined after 48 h treatment
of various concentrations. HT-29 cells presented dose-dependent decline in cell
viability (Figure 13, suggesting cordycepin suppress cancer cell proliferation. Notably,
significant improvement in cancer cell suppression appeared from the cordycepin

encapsulated nanoparticle and free cordycepin at the same concentration.
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Figure 13 : Effects of cordycepin and biloniosome nanoparticles encapsulated
cordycepin on colorectal cancer cell (HT-29). % cell viability. HT-29 cell were
treated with nanoparticles for 24 hr. and determined by MTT assay. Data represents

mean + SEM from 8 independent measurements (n=8).
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In addition, expressions of genes regulating cell proliferation (CCND1 and
CDK4) and apoptosis (BCL-2, BCL-XL, and Bax) were investigated in a human
colorectal adenocarcinoma cell (HT-29) for evaluation of apoptotic mechanism. Cells
were treated for 6 h with 120 ppm of cordycepin, cordycepin encapsulated
biloniosome, or control (1XPBS or plain biloniosome). The transcript levels of target
genes were quantified by RT-gPCR. GAPDH and RPS13 were selected as reference
genes for data normalization due to their stable expression across the experimental
conditions, giving CV = 0.0624 and M = 0.1801 [for homogenous (CV < 0.25; M < 0.5),
heterogeneous (CV < 0.5; M < 1)]. Figure 14 and 15 showed that treatment of HT-29
cells with 120 ppm of either pure cordycepin or biloniosome-encapsulated
cordycepin led to significant downregulation of anti-apoptotic gene BCL-XL transcript
without affecting expression levels of CCND1, CDK4, BCL-2, and BAX. It is noteworthy
that we did not observe cordycepin-induced Bax expression in HT-29 cells as
previously documented by Lee SY et al. (Lee, Debnath et al. 2013). The discrepancy
might be due to differences in an incubation time used in the experiments (6 h vs 18
h) as well as the assayed biomolecules (MRNA vs protein). However, there is no
significant difference in expression between treated with cordycepin alone and the
group treated with cordycepin encapsulated biloniosome. Therefore, we conclude
that cordycepin and biloniosome-encapsulated cordycepin can induce apoptosis in

cancer cell (same manner)by negatively regulating an expression of BCL-XL.
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Figure 14, 15 : Cell transcript expression levels of genes regulating cell proliferation
and apoptosis. HT-29 cells were untreated or treated for 6 h with 120 dg/ml of (12.)
cordycepin or (13.) nanoparticles-encapsulated cordycepin. Total RNA was
extracted, DNase-treated, and converted to cDNA. Relative expression levels of
CCND1, CDK4, BCLZ, BCL-XL, and BAX genes were analyzed by RT-gPCR. Data were
normalized to the GAPDH and RPS13 levels present in the same samples. (***

p<0.001; one-way ANOVA with Tukey post test).
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Next, we determined the effects of cordycepin encapsulated nanoparticles in
3D spheroid model of colorectal cancer cell, which mimic the tumor organization.
They are considered as reliable models than conventional cultures in 2D culture. HT-
29 cells were cultured in ultra-low attachment plate for 5 days followed by
treatment with cordycepin encapsulated nanoparticles for 48 hr of various
concentrations. Then, spheroids were stained by using live/dead cell viability dye
(Figures 16). Significant dead cells (red) in spheroid was observed on cordycepin
nanoparticle treated compared to cordycepin alone treatment, which is correlated to
cell availability in Figure 17. Cell viability of spheroid was continuously decreased
with dose-dependent manner, especially at 100 ppm, statistically significant cell
death as observed in cordycepin-nanoparticles. However, free cordycepin radically
induce cell proliferation at low concentration (5 ppm and 100 ppm), which was not
noticed in 2D culture model. Ju-Hyon Lee et.al. (Lee, Hong et al. 2011), reported that
cordycepin presented effective anti-cancer activity via direct cellular apoptotic effect,
but cordycepin treatment failed to inhibit complexed tumor model at low
concentrations (Lee, Hong et al. 2011). Accordingly, the formulation of cordycepin
biloniosome in the optimal dose of cordycepin can reduced tumor spheroid more

efficient than free cordycepin.
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Figure 16 : Tumor spheroids were stained by live/dead cell viability dye; dead cells

(red-ethidium homodimer-1), live cells (¢reen-Calcein, AM)
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Figure 17 : 3D spheroid assay model of colorectal cancer cell (HT-29). HT-29 cell
were seeded and grown in ultra-low attachment round-bottomed plates, after 5
days, then treated with cordycepin encapsulated nanoparticles at 100 ppm for 48
hr. % cell availability were measured by luminescent cell viability assay. Data
represents mean + SEM from 4 independent measurements (n=4). (*** p<0.001; one-

way ANOVA with Tukey post test).

The results showed that the nanoparticles can associate with the cell
membrane, either through nonspecific (such as electrostatic attraction) (Nel, Madler
et al. 2009) or receptor-mediated endocytosis of nanoparticles. Firstly, nonspecific
binding forces that promote cellular contact and nanoparticle internalization mainly
result from intrinsic characteristics of nanoparticles. For example, surface charge (as
determined by C-potential value) affects nanoparticle interactions with charged
phospholipid head groups or protein subunits on cell membranes (Fleck and Netz
2004). Then, nanoparticles receptor-mediated protein on cellular membrane play
significant role in endocytosis. Activation of this pathway leads to intense actin and
microfilaments remodeling and membrane ruffling by the well characterized
mechanisms viz., clathrin-mediated and caveolae-mediated endocytosis (Petros and
DeSimone 2010). Thus, it is recommended that biloniosome nanoparticles are novel

and practical application to enhance anti-cancer proliferating activities of cordycepin.



33

CHAPTER V
CONCLUSIONS

In this study, we have developed and successfully evaluated an improved
formulation of the biloniosome-core/chitosan-shell hybrid nanoparticles. Our study
have demonstrated the in vitro performance of this hybrid system to enhance the
efficacy of orally administered Cordycepin. To achieve this goal, three specific
strategies are combined. Firstly, niosomes formed by self-association of nonionic
surfactants lipid and cholesterol were exploited as a vesicle-based nanocarrier
system for efficient delivery of Cordycepins. Secondly, the incorporation of bile salts
into nanoparticles was to circumvent the issue of nanoparticle degradation in the
gastrointestinal tract. Thirdly, surface modification with mucoadhesive chitosan
biopolymer was also exploited to circumvent the issue of inefficient targeting
nanoparticles to mucosal surfaces. Through monitoring stability in gastric
condition, mucoadhesive properties, and permeability across intestinal
epithelium model, and cancerous therapeutics effect, the hybrid nanoparticles
were retained  significantly superior in ~ comparison  with conventional system,
particularly, the stability and therapeutic efficacy of Cordycepin. These results
provide a promising potential oral application not only for cordycepin itself but also
for other pharmaceutical molecules as an oral medicine or alternative to

chemotherapy in gastrointestinal cancer treatments.
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