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1. Introduction

In silico and in vitro design of cordycepin
encapsulation in liposomes for colon cancer
treatmenty

Wasinee Khuntawee, {°°° Rawiporn Amornloetwattana,{°° Wanwipa Vongsangnak,
Katawut Namdee,® Teerapong Yata,™ Mikko Karttunen @2 " and Jirasak Wong-

Cordycepin or 3'-deoxyadenosine is an interesting anti-cancer drug candidate that is found in abundance in
the fungus Cordyceps militaris. 1t inhibits cellular growth of many cancers including lung carcinoma,
melanoma, bladder cancer, and colon cancer by inducing apoptosis, anti-proliferation, anti-metastasis
and by arresting the cell cycle. Cordycepin has, however, poor stability and low solubility in water,
resulting in loss of its bioactivity. Liposomes can be used to overcome these obstacles. Our aim is to
improve cordycepin’'s anti-colon cancer activity by liposome encapsulation. Cordycepin-encapsulated
liposomes were designed and fabricated based on a combination of theoretical and experimental
(MD) suggest that
phosphatidylcholine (PC) lipid environment is favorable for cordycepin adsorption. Cordycepin passively

studies. Molecular dynamics simulations and free energy calculations
permeates into PC lipid bilayers without membrane damage and strongly binds to the lipids' polar groups
by flipping its deoxyribose sugar toward the bilayer center. Our fabricated liposomes containing 10 : 1
molar ratio of egg yolk PC : cholesterol showed encapsulation efficiency (%EE) of 99% using microfluidic
hydrodynamic focusing (MHF) methods. In our in vitro study using the HT-29 colon cancer cell line,
cordycepin was able to inhibit growth by induction of apoptosis. Cell viability was significantly decreased
below 50% at 125 pg mL™! dosage after 48 h treatment with non-encapsulated and encapsulated
cordycepin. Importantly, encapsulation provided (1) a 2-fold improvement in the inhibition of cancer cell
growth at 125 pg mL™* dosage and (2) 4-fold increase in release time. These in silico and in vitro studies
indicate that cordycepin-encapsulated liposomes could be a potent drug candidate for colon cancer

therapy.

inflammatory.*® Cordyceps are mainly composed of poly-
saccharides, mannitols, ergosterols and nucleosides.' Their

Cordyceps, a genus of fungi that are well-known and valuable in
traditional Chinese medicine, are widespread as active ingre-
dients in food supplements and cosmetic products."® They
possess various pharmaceutical properties such as being anti-
oxidative, anti-free radical, anti-tumor/cancer, and anti-
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nucleoside compounds have received a lot of attention due to
their potent anti-tumor/cancer activities."***

Cordycepin, or 3’-deoxyadenosine, is cytotoxic nucleoside
analogue mostly found in Cordyceps militaris."* Many studies

have shown that cordycepin 1is involved in inducing
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apoptosis,**™*® anti-proliferation,"” anti-metastasis'®* and cell
cycle arrest of various cancers by mediating cell surface
receptors, in particular the adenosine receptors. The anti-
cancer activities of cordycepin and their inhibition mecha-
nisms against protein targets have been reviewed in ref. 18, 20
and 21. Current understanding of how cordycepin transports
into cell membranes is, however, unresolved. This is manifested
by the fact that although cordycepin is a potent anti-cancer drug
candidate, in vivo studies have reported loss of its activity.>” The
half-life of cordycepin in rat blood is low, about 1.6 minutes, but
studies have shown that it can be increased by 14-fold after
pretreatment by metabolic blockers.*” It has also been shown
that the decrease in its in vivo activity is mainly due to
biotransformation of adenosine to inosine which is induced by
the adenosine deaminase enzyme.*?*

Nanocarriers can be used to improve the stability and solu-
bility of bioactive compounds**~° and they can passively enter
into tumor tissues through leaky vasculature;**-** tumor vascu-
lature has gaps between them and adjacent endothelium cells
ranging from 100-780 nm, while those in healthy vasculature are
5-10 nm.* Thus, nanocarriers can enhance the tumor targeting
ability of drugs by being size-selective. In addition, many studies
have shown that nanocarriers also exhibit other advantages over
conventional treatment techniques such as providing larger
surface area, providing higher absorption rate, increased cellular
uptake and drug localization, improved uptake of poorly soluble
drugs and decrease in drug resistance.*>*

Liposomes are one of the most popular nanocarriers due to
their biocompatibility, biodegradability, high-loading capacity,
controlled release, easy production and low cost.>*?72%3%3¢
Liposomes with their sizes in the range of 100-200 nm have
been broadly used to deliver anti-cancer agents.>*** They can
transport through the leaky tumor vasculature and also increase
anti-cancer drugs half-lives.***” Cordycepin-encapsulated lipo-
somes have been shown to reduce the growth of hepatoma
tumors in mice whereas treatment using free cordycepin and
blank liposomes has been shown to have no effect.®®
Cordycepin-encapsulated  liposomes and  cordycepin-
encapsulated transferrin-conjugated liposomes have also been
shown to increase reactive oxygen species (ROS) and alter
mitochondrial function in liver cancer cells associated with the
induction of apoptosis;* although elevated levels of ROS are
typically associated with adverse health effects, increase in ROS
has also been shown to induce apoptosis.*® This encapsulation
also enhanced the release time of cordycepin by 4-fold.*

Computer simulations have been extensively used to study
many biomolecular interactions such as protein-ligand inter-
actions, protein-protein interactions and membrane transport,
including drug delivery systems.**~** MD simulations have also
been used to investigate the binding mechanisms of cordycepin
and many protein targets, for example uric acid transporter 1
(URAT1) associated with anti-hyperuricemic effect”” and Cdk-2 in
cervical cancer.” Atomistic insight into binding properties can be
used as guidance for the design of new potent proteins inhibi-
tors.* In addition, the loading mechanism(s) of cordycepin into
nanodrug carriers such as cyclodextrins (CDs) can be explored by
MD simulations;* simulations have suggested that cordycepin

8476 | RSC Adv, 2021, 11, 8475-8484

View Article Online

Paper

forms highly stable inclusion complex with CDs in agreement with
experiments.* In particular, the binding energies showed that the
inclusion complex of cordycepin and a-CD was the strongest in
comparison to B-CD and y-CD (which have larger cavities).”
Translocation free energy of adenine DNA base, which is a part of
cordycepin, indicated that adenine could permeate into palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer and be
stably located around the lipid carbonyl groups (the adsorption
free energy was about —5 kJ mol").%!

In the current work, computational and experimental
studies are applied to study the encapsulation of cordycepin
into liposomes and its anti-colon cancer activity. The simula-
tion results were used as a guideline for liposome design. Our
thus designed cordycepin-encapsulated liposomes were exper-
imentally formulated and evaluated by in vitro testing of their
anti-colon cancer activity. The liposomes, mainly composed of
PC lipids, were fabricated by microfluidic hydrodynamic
focusing (MHF) methods®* and they can enhance encapsulation
efficiency by 1.3-2.3 fold, compared to the previous related
studies.*®*** Results regarding cytotoxicity and induction of
apoptosis show that our fabricated cordycepin-encapsulated
liposomes could improve anti-HT-29 colon cancer activity.

2. Materials and methods

2.1. Computational methods

Force field testing. The initial structure of cordycepin was
created using the Automated Topology Builder (ATB).>* The
united atom Gromacs53a6 force field**® was used for cordycepin
and solvents. The octanol/water partitioning of cordycepin was
estimated and compared with experiments.”” The force field details
are described in ESI (Table S1t). The partition coefficient can be
obtained from the difference of the free energies of cordycepin
dissolved in the octanol and water, AG, and AG,, respectively, as

AAGO/W = GO — GW = —RTIn PO/W, (1)

where R is the gas constant (0.008314 k] mol ' K™') and T is
temperature in Kelvins.

The free energies were estimated using the thermodynamic
integration (TI) technique.”®* A cordycepin molecule was fully
dissolved in single point charge (SPC) water® and octanol in
simulation boxes of 3.0 x 3.0 x 3.0 nm® and 4.7 x 4.7 x 4.7
nm?, respectively. The simulations were performed under the
NVT ensemble (constant number of atoms, volume and
temperature) for 5 ns and the last 1 ns was used to analysis. The
temperature was held constant at 298 K by the Parrinello-
Donadio-Bussi velocity rescale thermostat.®>*> The coupling
parameter (1) was varied from 0 to 1 using intervals of 0.05. The
Bennett Acceptance Ratio (BAR) was used to calculated the free
energy differences.®® The free energy difference at each A with
the error bar for the last 1 ns are plotted in Fig. S1.f The
computed octanol/water partition coefficients are shown in
Table S2t and are in good agreement with experimental data®
suggesting the present octanol force field is reliable. The errors
in octanol solvation free energy in water and in octanol with
respect to the experiments were 0.1% and 2.8% (Table S27). The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solvation free energies of cordycepin indicated that cordycepin
is preferably dissolved in octanol as compared to water. The
calculation of P, gave —1.30 k] mol~", which is close to the
experimental value of —0.91 kJ mol "’ The partitioning coef-
ficient of cordycepin suggests that cordycepin favors being
encapsulated inside the liposomes.

Molecular dynamics (MD) simulations. Atomistic MD simu-
lations were performed to explore the interactions of cordycepin
and lipids associated with the early stages of cordycepin encap-
sulation and delivery process. The system preparations and
simulations were done using the Gromacs 5.1.1 software.”* The
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid bilayer
was chosen since PC lipids are the main component of the present
liposomes and they also show significantly elevated levels in colon
cancer cells with respect to normal cells.**

The initial structure of the 128 DPPC lipid bilayer and lipid
parameters were taken from a previous study.” Cordycepin
molecules were initially placed in the water phase 3.5 nm away
from the bilayer center; the number of cordycepins was either 1
or 18, corresponding to 1:374 and 1:20 cordycepin : lipid
molar ratios, respectively. All systems were solvated with 10 367
SPC water molecules.®® To eliminate possible overlaps and
voids, energy minimization was first performed using the
method of steepest descents. The simulations were performed
under the NPT ensemble (constant number of atoms, pressure
and temperature) for 1 ps. The last 400 ns were used for anal-
ysis. The integration time step was 2 fs and data were collected
every 2 ps. Periodic boundary conditions were applied in all
directions. Cut-off of 1.0 nm was used for both the Lennard-Jones
and the real-space part of the electrostatic interactions. The long-
range electrostatic interactions were treated by the particle-mesh
Ewald (PME) method®” with the reciprocal-space interactions
evaluated on a 0.12 nm grid with cubic interpolation of order four.
All bond lengths were constrained by the P-LINCS algorithm.™
Cordycepin molecules, lipids and water were thermostated sepa-
rately at 298 K using the Parrinello-Donadio-Bussi velocity rescale
algorithm.*®* The Parrinello-Rahman barostat”> was applied
separately in the xy-plane and the bilayer normal (semi-isotropic
barostat). Pressure was held constant at 1 bar with a time
constant of 1 ps and compressibility of 4.5 x 107> bar~". The
optimized simulation protocols had been intensively tested”®”* and
extensively used.””® Molecular visualizations were done using the
Visual Molecular Dynamics (VMD) software.”

Translocation free energy. The free energy of cordycepin
translocating through a DPPC lipid bilayer was calculated by
umbrella sampling® with the weighted histogram analysis
method (WHAM).*' The cordycepin molecule was restrained
with respect to the center of mass (COM) of the lipid bilayer,
using a harmonic restraint with a force constant of
1000 k] mol " nm 2. The distance along the z-axis between the
COMs of the cordycepin molecule and the bilayer's center was
varied from 0 to 4 nm with 0.1 nm interval (a total 41 simulation
windows). All systems were simulated under the NPT ensemble
at temperature of 298 K. Each window was run for 100 ns. The
total simulation time was about 4.1 ps and the trajectories of the
last 20 ns were extracted for free energy calculation. Statistical
errors were estimated by the bootstrap analysis.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2. Experimental methods

Reagents. Cordycepin from Cordyceps militaris and phos-
phatidylcholine (PC) from egg yolk were obtained from Sigma-
Aldrich®. Their purity was more than 98%, verified by high perfor-
mance liquid chromatography (HPLC). The Dulbecco's Modified
Eagle Medium (DMEM), antibiotics and fetal bovine serum (FBS)
were purchased from Gibco. LIVE/DEAD®. All other chemicals and
reagents used in these experiments were of analytical grade.

Fabrication of cordycepin-encapsulated liposomes.
Cordycepin-encapsulated liposomes were prepared by the MHF
method. The lipid phase of the liposomes was prepared by mixing
cholesterol and egg yolk PC at molar ratio of 1 : 10, dissolved in
ethanol with didecyldimethylammonium (DDAB) surfactant. Cor-
dycepin was dissolved in water and then mixed to the lipid phase
at molar ratio of 1: 20 using turbulent micromixing technique.
The flow rate ratio (FRR) of water and lipid was 2 : 1. Ethanol was
evaporated under vacuum at pressure of 100 torr.

Particle size distribution and zeta potential measurements.
Particle sizes and the zeta potential of liposome-encapsulated
cordycepin were determined by the dynamic light scattering
(DLS) technique (Malvern Instruments Zetasizer Nano ZX). DLS
measurements were carried out using He-Ne laser (4, =
633 nm, # = 173°). The cordycepin-encapsulated liposomes
were in solution and diluted 100 times in deionized (DI) water
before measurements.

Entrapment efficiency measurements. The cordycepin-
encapsulated liposomes were added to Amicon® ultra-15
centrifugal filter unit with Ultracel® regenerated cellulose
membrane (Merch Millipore Ltd., Darmstadt, Germany) and
centrifuged at 15000 x g for 1 hour. Consequently, non-
encapsulated cordycepin was separated and then dissolved in
water. The cordycepin concentration was measured by HPLC
(Agilent®) with UV light (A = 254 nm), column C18 at 40 °C,
solute by 15%MeOH. The percentage of entrapment efficiency
(%EE) can be calculated by the following equation:

G -G

i

%EE =

x 100, )

where C;j is the initial concentration of cordycepin added to the
liposomes and Cy is the concentration of free cordycepin.

Release study. Cordycepin release was determined using in
vitro release test (IVRT) method, which has been described by
Dana et al.** The cordycepin-encapsulated liposomes were mixed
with phosphate-buffered saline (PBS) buffer pH 7 and incubated at
37 °C. Free cordycepin was separated from the encapsulated cor-
dycepin using Amicon® ultrafiltration membrane with a molec-
ular weight cut-off (MWCO) of 50 kDa and collected at various time
points. The amount of released cordycepin was analyzed by HPLC
(Agilent, USA). Methanol/distilled water (15 : 85, v/v) was used as
the mobile phase. Elution was performed at a flow rate of 0.6
mL min~* on HiQSil C18HS column (250 mm x 4.6 mm, 5 pm) at
40 °C using UV detector with the wavelength of 260 nm.

Cell culture. The HT-29 human colon cancer cell line was
provided by Nano Delivery System laboratory, Nanotechnology
center (NSTDA, Thailand). The cells were grown in DMEM
medium with 10% FBS, penicillin (100 units per mL),
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streptomycin (100 units per mL), and r-glutamine (2 mM) at
37 °C of 5% CO,. The spheroidal HT-29 cells were cultured in
low-attachment 96-well plate under the same growth conditions
as the HT-29 cell line. After 24 hours, spheroids were ready to be
used for treatment.

Cell viability tests. Inhibition of cell viability of the HT-29
human colon cancer cell was evaluated by an MTT
(3,4,5-dimethylthiazol 2,5 diphenyltetrazolium bromide) assay.
Cells were seeded in 96-well plate at 37 °C with 5% CO,. After 72
hours, the two-fold serial dilutions (initial concentration of 500
ng mL ' diluted to 0.49 pg mL™ ") of free cordycepin, encapsu-
lated cordycepin and free liposomes in fresh culture medium
were prepared. The old culture medium was removed and was
then replaced by the dilute solutions. After 48 hours of incu-
bation, the cells were removed from the drug-containing
medium which was replaced by a fresh medium. MTT dye was
added to the wells and the cells were incubated for further 3
hours followed by the MTT assay procedure. Then, medium was
replaced again by MTT reagents. The results were measured at
the optical density (OD) of 590 nm. For observation of sphe-
roidal cells, the HT-29 cell line was seeded to low-attachment
96-well plate. After 24 hours, the tumors were treated by drug-
containing medium for 48 hours. Spheroid cell viability was
evaluated using the LIVE/DEAD™ Viability/Cytotoxicity Kit
(Invitrogent). Three-dimensional spheroidal cell assemblies
present a better model for tumors than two-dimensional cell
lines closely mimicking features of solid tumors.**

Apoptosis tests. The HT-29 cell line was grown and treated
with free cordycepin and encapsulated cordycepin for 48 hours
following the same conditions as in the cell viability tests. Then,
cells were stained with the reagents in the Apoptosis detection
kit I (BD Biosciences). Caspases 3/7 activity and Annexin V-FITC/
propidium iodide (PI) staining as indicator of apoptosis/
necrosis were examined.*

3. Results and discussion

3.1 Insight into interaction of cordycepin and lipid

The potential of mean force (PMF) of transferring a cordycepin
molecule into a DPPC lipid bilayer, Fig. 1, shows that cordycepin
prefers to permeate inside the membrane interior. The absorption
free energy, the free energy difference between cordycepin in water
and cordycepin at the minimum position of 1.3 nm from the
bilayer center was found to be —50 kJ mol ", Translocation free
energy of 53 k] mol ! was required to move cordycepin from the
minimum position further to the bilayer center. The free energy
calculation indicates that cordycepin can easily enter the lipid
bilayer by strongly binding to the lipids' polar group.

Cordycepin is preferably located around the lipids' carbonyl
groups and it tilts its ribose sugar ring toward the bilayer center
by 72.3 £ 9.5° with respect to the bilayer normal. The tilt angle
() is given in Fig. S2.1 The density profiles of cordycepin, and
the lipids' phosphates and carbonyls for biased and unbiased
simulations are shown in Fig. S3.1 Permeation into lipid bilayer
interior has been shown for several molecules analogous to
cordycepin.®™®*® As already discussed earlier, adenine has been
shown to permeate into the POPC lipid tail region® reaching its
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free energy minimum of approximately —5 kJ mol " at about
1.2 nm from the bilayer center.>* In comparison, the anti-cancer
drug ellipticine, which is composed of purine (adenine analog)
and isoquinoline has been reported to permeate into POPC
lipids' tail region and have absorption energy of —30 k] mol " at
the minimum position of about 1.0 nm from the bilayer's
center.®® The experimental emission spectra of ellipticine in
DPPC liposome shows that it is incorporated in DPPC lipo-
somes by partition coefficient (Kp) of 1.1 x 10™.%

Unbiased simulations in Fig. 2a show that cordycepin pref-
erably adsorbs into the bilayer at the position and orientation in
agreement with Fig. 1. At 1:374 Cor:DPPC molar ratio
(Fig. 2a), the most probable distance from the bilayer center was
1.30 nm and cordycepin had the tilt angle of 72.4°. The distance
from the bilayer center increased with increasing cordycepin
concentration. As a result, cordycepin molecules were shifted
close to the lipids' carbonyl groups at high concentrations
(Fig. 2b and Fig. S3bt). Most of the cordycepin molecules (89%
or 16 molecules out of total of 18) still preferably turned their
deoxyribose rings toward the bilayer center, while the remain-
ing cordycepin molecules flipped their deoxyribose rings facing
outward of the bilayer center. At 1 : 20 Cor : DPPC molar ratio
(consistent with the experimental conditions), the presence of
cordycepin clusters caused a slight increase in bilayer thickness
and area per lipid (Fig. S4t), but there was no noticeable
membrane deformation (Fig. S47).

Strong hydrogen bonding (Hbond) between cordycepin and
DPPC's phosphate and carbonyl groups was observed. The total
number of Hbonds between each cordycepin molecule and
lipids’ polar groups was in the range of 1-4 (Fig. S5T). The number
of Hbonds to carbonyls was slightly higher than to the phosphate

PMF (kJ mol™)
(.‘
C
e
1

,.
[
mee S0

L3

I

Distance from the bilayer center (nm)

Fig.1 Potential of mean force (PMF) of moving a cordycepin molecule
into a DPPC lipid bilayer as a function of distance in the z-direction
from the bilayer center (¢ = 0 nm). The free energy in the water phase
at £ = 4 nm was defined to be equal to zero. Cordycepin preferably
located around the DPPC carbonyl groups and was tilted with respect
to the bilayer normal by turning its deoxyribose sugar ring toward the
bilayer's center. A snapshot at the end of the simulation at 1 ps and at
1.3 nm distance from the bilayer center is shown. The yellow and
purple van der Waals (vdW) spheres represent the carbonyl and
phosphate groups, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(b) 1:20 Cor:DPPC
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Fig. 2 2D contour plot showing cordycepin's distance from the bilayer center and its tilt angle for the systems with (a) 1: 374 and (b) 1: 20
Cor : DPPC molar ratio. All cordycepin molecules were located stably at DPPC's carbonyl groups and had mostly turned their sugar ring toward
the bilayer's center (# < 90°) at 1 : 20 Cor : DPPC molar ratio. Some cordycepins preferably flipped their adenine rings close to the bilayer center

instead (6 > 90°).

100 T T T T T T T

Cumulative % of drug release

10 non-encapsulated
enclapsulalted -

0 I I I
0 1 2 3 4 5 6 7 8

Time (hours)

Fig. 3 In vitro release profiles of non-encapsulated and encapsulated
cordycepin. The cumulative percentage reached ~88% within 2 and 8
hours for free cordycepin and cordycepin-encapsulated liposomes,
respectively.

groups suggesting that binding to carbonyls is preferable. For the
phosphate and carbonyl groups at 1 : 374 Cor : DPPC molar ratio,
the maxima in the Hbond distributions were at 1 and 3 bonds,
respectively (Fig. S5af). At the higher concentration 1 :20
Cor : DPPC molar ratio, the cordycepin molecules preferably
formed Hbonds to the phosphate and carbonyl, 1-2 bond(s) and
2-3 bonds, respectively (Fig. S5bt). These observations are
consistent with high encapsulation efficiency observed in experi-
ment. Permeation of cordycepin into the lipid membrane without
membrane damage was observed.

3.2 Fabrication of cordycepin-encapsulated liposome and its
physicochemical properties

The nanoliposomes, composed of 10 : 1 molar ratio of egg yolk
PC and cholesterol, were formed with high cordycepin

© 2021 The Author(s). Published by the Royal Society of Chemistry

encapsulation efficiency (EE) of 99% using the MHF tech-
nique.*>*® Notably, the %EE of the cordycepin-encapsulated
liposomes, previously reported in ref. 38, 39 and 89 were 43%,
65% and 75%, respectively. In those studies, different lipid
components and preparation techniques had been used in
which encapsulations were prepared at 4 : 1 molar ratio of soy
PC : cholesterol, 3 : 1 mass ratio of soy PC : cholesterol, and
3:1 mass ratio of soy lecithin : cholesterol by using the
ammonium sulfate gradient loading method, ethanal dilution-
sonication method and supercritical gas anti-solvent (SC-GAS)
method, respectively. The average particle diameter size of the
cordycepin-encapsulated liposome was 138.0 + 1.2 nm. Based
on size, it is plausible that these liposomes are able to enter into
the tumor tissues via the leaky tumor vasculature, but they are
too large to enter into the healthy tissue. The zeta potential of
cordycepin-encapsulated liposomes was —6.51 £ 0.79 mV. The
value of the zeta potential has been reported to depend on the
lipid species that compose the liposomes: for DPPC and DOPC
liposomes the zeta potential, determined in phosphate buffer at
20 °C, has been reported to be —10.2 and +3.2 mV, respec-
tively.®® The zeta potential of cordycepin-encapsulated in lipo-
some in the study of Bi et al.,** which used mainly hydrogenated
soy phosphatidylcholine and cholesterol, was +9.2 £ 3.5 mV.

3.3 Invitro release from cordycepin-encapsulated liposomes

The cumulative release percentages of cordycepin at 37 °C in
PBS buffer are shown in Fig. 3. The cumulative percentage
increased with time and reached ~88% within the first 2 h and
it extended to more than 8 h for the cordycepin-encapsulated
liposome. Encapsulation led to a 4-fold enhancement in
release time compared to free cordycepin. This improvement is
in the range observed in a previous study of Bi et al. who
observed that the cumulative percentage reached around 90%
at 6 h for free cordycepin while it took over 24 h for encapsu-
lated-cordycepin.*® Note that, the filtration membrane in our
study has about 4-times higher MWCO than Bi et al. had.* The
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(a) Dose-dependence of HT-29 cell viability after 48 h treatment by blank liposomes (cyan), non-encapsulated cordycepin (purple) and

encapsulated cordycepin (green). For statistical analysis, One-way ANOVA with post hoc Dunnett's test was performed. *P < 0.001 and **P <
0.0001 were considered as statistically significant. (b) HT-29 cells under microscope after treatment by blank liposomes and cordycepin-
encapsulated liposomes. (Top) The cells' morphology changed after cordycepin-encapsulated treatment. (Bottom) Apoptotic cell death was
detected after cordycepin-encapsulated treatment. The dead cells are shown in green.

high MWCO refers to large membrane pore size. The rate
constant (K) is determined by fitting to A x (1 — e""*) + B, the

In(2)
K

haft-time (¢,,) is . The results in Table S31 show that the

release rate constant (K) of non-encapsulated cordycepin was
significantly higher than that of the encapsulated cordycepin by 2.9-
fold. Consequently, the half-time of non-encapsulated cordycepin
was decreased by 2.5-fold compared to encapsulated cordycepin.

8480 | RSC Adv, 2021, 11, 8475-8484

3.4 Effects of cordycepin-encapsulated liposomes on HT-29
cell viability and apoptosis induction

The effects of cordycepin-encapsulated liposomes on HT-29 cell
viability after 48 h treatment were tested by MTT assay. The
results revealed that both cordycepin-encapsulated liposomes
and free cordycepin significantly restricted the growth of HT-29
cancer cells in a dose-dependent manner (Fig. 4a). After
cordycepin-encapsulated liposome exposure with doses of 125

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

Images of spheroidal HT-29 live cells in the cases of (a) before treatment, (b) after treatment with blank liposomes and (c) after treatment

with cordycepin-encapsulated liposomes. The interfaces become more diffuse and intensity lessens after treatment with cordycepin-encap-

sulated liposomes.

ug mol " for 48 h, cell viability dramatically decreased below
50%. Cordycepin-encapsulated liposomes induced HT-29 cell
death and they were more effective than free cordycepin and
blank liposomes at doses higher than 125 pg mol . At 125 ug
mL ™" dosage the percentage of cell viability after being treated
by blank liposomes, free cordycepin and encapsulated cordy-
cepin were 92%, 59% and 37%, respectively. The cordycepin-
encapsulated liposomes are 1.5 times more efficient in killing
cancer cells at 125 pg mL ™' dosage than free cordycepin. Next, the
induction of apoptosis by cordycepin-encapsulated and blank
liposomes was checked (Fig. 4b). Cells were shrunk and detached
after treatment with cordycepin-encapsulated liposomes for 24
hours, while after treatment with blank liposomes the cells were
still alive (Fig. 4b (top)). Apoptotic cell death was detected by
Annexin V assay, marked in green in Fig. 4b (bottom).

The HT-29 (spheroidal) cell viability after 48 h treatment was
also investigated as shown in Fig. S6.1 The results are in agreement
with the HT-29 cell line in that the percentage of cell viability
decreased below 50% at 125 pg mL ™" dosage. Images of HT-29 cells
are shown in Fig. 5a-c before treatment, blank liposomes and after
treatment with cordycepin-encapsulated liposomes at 125 pg mL ™
dosage, respectively. After treatment by cordycepin-encapsulated
liposomes at 125 pg mL~' dosage, the spheroidal cell was
damaged. In contrast, the HT-29 cells appeared as regular spher-
oids after treatment with blank liposomes at the same dosage.

4. Conclusions

The present in silico and in vitro studies suggest that liposome
encapsulation enhances anti colon cancer activity of cordyce-
pin. MD simulations and free energy calculations provided the
atomistic details of interactions between cordycepin and lipids,
which served as a guideline for the design of cordycepin-
encapsulated liposomes; the phosphatidylcholine (PC) lipid is
appropriate for cordycepin adsorption. Cordycepin strongly
binds to the lipids' polar groups via hydrogen bonding and
consequently stably adsorbs around the lipids' carbonyl groups
by tilting its deoxyribose sugar ring toward the bilayer's center.
Cordycepin was observed to permeate into the PC lipid bilayer
without membrane damage at 1:20 cordycepin : lipid molar
ratio. These findings support high encapsulation efficiency and
non-toxicity of cordycepin treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cordycepin-encapsulated liposomes mainly comprising PC
lipids (containing 10 : 1 molar ratio of egg yolk PC : cholesterol)
were fabricated using microfluidic hydrodynamic focusing
(MHF), and they showed very high percentage of encapsulation
efficiency (%EE) of 99%. The in vitro study of HT-29 colon
cancer cell line showed that cordycepin could inhibit the HT-29
colon cancer cell growth by inducing apoptosis. Cell viability
was dramatically decreased, to be lower than 50% at 125 pg
mL ™" dosage after 48 treatment by free cordycepin and
cordycepin-encapsulated liposome. Importantly, however,
encapsulation by liposomes appears to significantly improve
the inhibition of cancer cell growth: compared to treatment
with free cordycepin, cell viability showed almost 2-fold
decrease after treatment with cordycepin-encapsulated lipo-
somes at 125 pug mL~ ' dosage. In addition, encapsulation lead
to a 4-fold increase in release time. Finally, the nanosized (138.0
+ 1.2 nm) cordycepin-encapsulated liposome are also size-
selective in that they are able to enter into the tumor tissues
through the leaky tumor vasculature which is involved in the
enhancement of colon cancer cell growth inhibition - tumor
vasculature has gaps of size 100-780 nm while healthy vascu-
lature has gaps in much smaller range of 5-10 nm.**
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