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Abstract: Ginsenoside compound K (CK) is one of the effective ingredients in antitumor
composition of ginsenoside. However, the poor water solubility and significant efflux have
limited the widespread clinical use of CK. In this study, preparation of novel CK-loaded D-alpha-
tocopheryl polyethylene glycol 1,000 succinate/poly(ethylene glycol)-poly(e-caprolactone)
mixed micelles (CK-M) is discussed to solve the above problems. Particle size, zeta potential,
and morphology were characterized using dynamic light scattering and transmission electron
microscopy. CK-M are spherical shaped with an average particle size of 53.07+1.31 nm with
high drug loading of 11.19%%0.87% and entrapment efficiency of 94.60%=1.45%. Water
solubility of CK was improved to 3.78+0.09 mg/mL, which was ~107.35 times higher than
free CK. A549 and PC-9 cells were used to evaluate in vitro cytotoxicity and cellular uptake.
IC,, values of CK-M in A549 and PC-9 cells (24 h) were 25.43+2.18 and 18.35£1.90 pg/mL,
respectively. Enhanced cellular uptake of CK-M was observed in both cells. Moreover, CK-M
promoted tumor cell apoptosis, inhibited tumor cell invasion, metastasis, and efflux through
regulation of Bax, Bcl-2, matrix metalloproteinase-2, Caspase-3, and P-glycoprotein. In vivo
imaging indicated that CK-M has excellent tumor targeting effect within 24 h, and the relative
tumor inhibition rate of CK-M was 52.04%*4.62% compared with control group (P<<0.01).
Thus, CK-M could be an appropriate delivery agent for enhanced solubility and antitumor
effect of CK.

Keywords: ginsenoside compound K, TPGS, PEG-PCL, mixed micelles, antitumor, non-small

cell lung cancer

Introduction
Ginsenoside compound K (20-O-beta-D-glucopyranosyl-20(S)-protopanaxadiol,
CK), one of the major metabolites of ginseng, has been identified to possess excellent
biological activities such as antiaging, anti-inflammatory, antioxidant, and protecting
cardiac muscle cells.!? Furthermore, CK was the strongest antitumor agent of the
ginsenosides.? Various tumor cells are inhibited by CK, including human colorectal
cancer cells, human hepatoblastoma HepG2 cells, human breast cancer MCF-7 cells,
and lung adenocarcinoma A549 cells.*¢ CK acts by various antitumor mechanisms
including inhibition of tumor cell proliferation, promotion of tumor cell apoptosis,
and inhibition of tumor cell invasion and metastasis.”®

Although appreciable antitumor activity of CK has been reported, its poor water
solubility and strong efflux greatly reduce the efficacy of CK.’ In recent years, various
nanodelivery systems, such as CK-bearing glycol chitosan conjugates and PEG-CK,
have been used to improve the limitations associated with CK.!%!' However, the lower
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drug loading (DL) and P-glycoprotein (P-gp) efflux are still
restricting the development of CK nanopreparation.

Polymeric micelles are one of the most effective delivery
systems due to their unique core—shell structure that wraps the
poorly soluble drug in a hydrophobic core while the hydro-
philic group is outward.'? Moreover, the size of polymeric
micelles is <200 nm. These characteristics could protect the
drug against in vivo degradation and from being metabolized,
enhance stability and the permeability and retention (EPR)
effect, avoid being swallowed up by the mononuclear phago-
cytic system, and improve the blood circulation time."

Poly(ethylene glycol)-poly(e-caprolactone) (PEG-PCL)
are amphiphilic block copolymers with good biodegradability
and biocompatibility that can be used for the production of
polymeric micelles. The structure of PEG-PCL is different
from that of membrane and condensed-single polymers and
is, which is more dense, stable, and easier to degrade.'* The
hydrophilic group PEG (molecular weight: 5,000) can be
easily hydrated and PCL (molecular weight: 5,000) is the
hydrophobic core, and thus, water cannot cross into the inner
part in short times.!* Furthermore, longer the length of PCL
segments, slower the degradation rate and more stable the
micelles will be.' In vivo, the flexible hydrophilic PEG shell
prevents absorption of micelles by the reticuloendothelial
system (RES), which increases drug stability and circulation
time in vivo, and the drug in the hydrophobic nucleus diffuses
slowly to achieve sustained release.!’

However, there is no inhibition of P-gp by PEG-PCL,
which could greatly restrict its use in the development of mixed
micelles containing drugs subject to P-gp efflux. D-alpha-
Tocopheryl polyethylene glycol 1,000 succinate (TPGS)
has been used in various drug delivery systems, including
micelles, liposomes, nanoparticles, and prodrugs,'®2° and
can enhance the solubility, permeability, and stability of
insoluble drugs. TPGS is also widely used to inhibit drugs
being pumped out from cells by P-gp.2! P-gp is an adenosine
triphosphate (ATP)-dependent drug efflux transporter. Once
P-gp combines with drugs, the drug is pumped from inside
the cell with energy provided by ATP, and the concentration
of the drug in the cytoplasm decreases, resulting in a weak
antitumor effect of the drug and removal of the drug from
the cell.?2 TPGS could inhibit P-gp efflux by blocking ATP
that provides energy for this activity, and thus, improve the
antitumor effect of a drug.

A large number of recent studies on mixed micelles show
that mixed micelles have obvious advantages over single
copolymer micelles.?® The loading content and stability of the
drug are improved by mixed micelles. Furthermore, mixed
micelles with different kinds of copolymers have some new

functions that single micelles do not have. For example,
the low hydrophobicity and encapsulation efficiency
(EE) of TPGS can be overcome by PEG-PCL while P-gp
inhibition can be contributed by TPGS in PEG-PCL self-
assembly micelles.

In this study, we have used TPGS to modify PEG-PCL
and then prepared CK-loaded TPGS/PEG-PCL mixed
micelles (CK-M) to carry the antitumor CK. The thin-film
hydration method was used to make the CK-M, and the
micelles were characterized. The non-small cell lung cancer
(NSCLC) A549 and PC-9 cells were used as an in vitro model
to investigate the cytotoxicity, cellular uptake, pro-apoptotic
effects, and inhibition of migration and invasion effects of
CK-M. In vivo imaging of tumor-bearing mice evaluated the
in vivo antitumor efficacy.

Materials and methods

Materials

CK of >98% purity was purchased from Nanjing Jingzhu
Biotechnology Co., Ltd. (Nanjing, China). PEG-PCL
(5,000:5,000) was purchased from Xi’an Ruixi Biological
Technology Co., Ltd. (Xi’an, China). TPGS was purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China). 3-(4,
9,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) and dimethyl sulfoxide (DMSO) were purchased
from Nanjing Sunshine Biotechnology Co., Ltd. (Nanjing,
China). Coumarin-6 and 4’,6-diamidino-2-phenylindole
(DAPI) were purchased from Sigma (Shanghai, China).
1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine
iodide (DiR) was purchased from Nanjing KeyGen Biotech
Co., Ltd. (Nanjing, China). All reagents were of analytical
grade except methanol, which was of chromatographic
grade.

Animals

Male athymic nude mice (2242 g) were obtained from
Changzhou Cavens Lab Animal Co., Ltd. (Changzhou,
China, SCXK2011-0003). All mice were given distilled water
and kept at a temperature of 25°C%0.5°C, relative humidity
of 45%15%, and 12 h/12 h light-dark cycle. All animal
experiments were performed in accordance with protocols
evaluated and approved by the Institutional Animal Care and
Use Committee (IACUC), Jiangsu Provincial Academy of
Chinese Medicine’s Experimental Animal Center.

Preparation of drug-loaded micelles

CK-M were prepared using the method of thin-film hydra-
tion. Different proportions of PEG-PCL and TPGS were
co-dissolved in dichloromethane (5 mL); then, 20 mg of CK
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dissolved in ethanol was dropped in it and mixed via ultrasonic
oscillation. The liquid was removed to form a dry drug-con-
taining thin film under vacuum rotary evaporation. Addition-
ally, the film was hydrated with 5 mL of water, filtered through
a 0.45 um membrane filter to remove the non-incorporated
CK, and the CK-M were successfully prepared.

The CK-loaded PEG-PCL micelles (CK-P), coumarin-6-
loaded PEG-PCL micelles (C-P), coumarin-6-loaded mixed
micelles (C-M), DiR-loaded micelles, and black micelles
were prepared similarly.

Characterization of drug-loaded micelles
The determination of size, zeta potential, and
morphology analysis

The size and zeta distribution of CK-M were examined using
dynamic light scattering by using a Malvern system (ZEN-
3600; Malvern Instruments, Worcestershire, UK). Transmis-
sion electron microscopy (TEM; JEM-200CX, JEOL, Tokyo,
Japan) was used to determine the morphology of CK-M.

Drug content and entrapment efficiency

The concentration of CK contained by the micelles
with core—shell structure was measured using high-
performance liquid chromatography (HPLC) at 203 nm
(Agilent LC1260; Agilent Technologies; Santa Clara,
CA, USA). In brief, after filtration with a 0.45 um
microporous membrane, 200 UL of CK-M were dis-
solved in 800 pL of methanol to disrupt its structure.?
DL% and EE% are calculated using the following equations:

EE % Weight of CK in micelles % 100%
0= ()
Weight of the initial CK
DL % Weight of CK in micelles < 100%
0= (1]

- Weight of micelles containing CK

In vitro release study

The in vitro release rate of CK from CK-M was measured
using dialysis and HPLC.* Dialysis tubing (10 cm), soaked
in deionized water for 10 min, was washed three times using
fresh deionized water. Free CK and CK-M containing 4 mg
of CK were placed into the dialysis bag (molecular weight
cut-off of 3,500 Da; Green Bird Inc., Shanghai, China).?
The tubing was placed into 100 mL of dialysis medium con-
taining 0.5% Tween 80 and stirred at 100 rpm/min at 37°C
(pH =7.4). One milliliter of the release medium was removed
and the same volume of fresh buffer was added at 0, 1, 2, 3,
4, 6,8, 20,24, and 48 h. The concentration of CK in CK-M
at each time point was determined using HPLC. All measure-
ments were performed in triplicate.

In vitro cytotoxicity analysis

MTT assay

The cell viability of CK and CK-M was measured using
the MTT bioassay. A549 and PC-9 cells originate from the
same NSCLC cell line; therefore, either of them can be
used to determine the cell viability of CK-M. In brief, cells
were seeded into 96-well plates at 5x10° cells/well with
Dulbecco’s Modified Eagle’s Medium (DMEM) containing
10% fetal bovine serum (FBS) for 24 h (37°C, 5% CO,).*
The spent medium was discarded and substituted with 100 uL
of fresh DMEM with CK or CK-M of different concentra-
tions (100, 50, 25, 12.5, 6.25, and 3.125 pg/mL) while the
culture medium without FBS was used as the control group.
After incubation for 24 h, the drug-containing medium was
replaced by 10% MTT solution (50 pg/uL). Then, 100 UL of
DMSO was added to each well and oscillated for 10 min to
dissolve the MTT formazan generated by live cells after incu-
bation for 4 h. The relative cell viability (%) was measured
by comparing the absorbance of each well at 490 nm with
the control well by using a microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA). All experiments were
performed in triplicate. The cell viability was calculated
using the following equation:

— OD
Cell viability (%) = D¢a‘ed x 100%

control

oD and OD

treated

represented the absorbance of sample

control

and control, respectively.

In vitro cellular uptake

The in vitro cellular uptake of drug-loaded micelles was
measured using a fluorescence microscope. A549 and PC-9
cells were seeded into six-well plates at a concentration of
1x10° cells/chamber and incubated overnight. The spent
medium was removed and replaced by C-P or C-M solution
(the concentration was calculated as free coumarin-6). After
culturing for 4 h, the cells were washed three times by using
cool PBS (pH =7.4) to prevent the coumarin-6 entering the
cells. Then, the cells were fixed with 4% formaldehyde for
20 min and washed twice with PBS buffer.”’” DAPI was
added for 15 min to stain the nuclei (100 UL per well), and
the cells were washed again with PBS and observed under
the microscope.

In vitro migration assay
The migration of A549 and PC-9 cells treated with CK
and CK-M was assessed by the cell scratch test. Cells were
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suspended in DMEM without FBS and seeded into a six-
well plate (5x10° cells/well). A wound area was drawn in
the center of each well using 20 UL pipette tips and washed
twice with PBS to remove floating cells. Fresh DMEM,
CK, and CK-M solutions were added to the six-well plate.
After incubation for 0 and 24 h, the plate was observed and
photographed under an inverted microscope. The experiment
was repeated three times.

In vitro invasion assay

A549 and PC-9 cells were suspended in serum-free DMEM
and added to the upper chamber of the Transwell (1x10° cell/
200 uL), and CK and CK-M solutions (20 pg/mL) were
then added to it. Next, DMEM (600 uL) with 5% FBS was
added to the lower chamber of the Transwell. Following
24 h of incubation, the upper chamber was removed, wiped
with a cotton swab, and methanol was added for 3 min to fix
cells. After removing the fixation liquid, 0.1% crystal violet
dye was added and the cells were stained for 20 min. The
microporous filtering film of the upper chamber was washed
three times with distilled water, and the cells were observed
and counted under the microscope.

The number of cells
treated X 100%
The number of cells

control

Invasive cells (%) =

Cell cycle analysis

Cells were seeded at 2x10° cells/chamber into a six-well
plate and incubated for 24 h (37°C, 5% CO,). CK or CK-M
solution was added to each well. Following 24 h incubation,
the cells were harvested by trypsinization and washed twice
using PBS. Then, the cells were fixed with 70% ethanol over-
night, washed again using PBS, and 50 pg/mL of propidium
iodide (PI) was added.”® The cell cycle stage was detected
using flow cytometry after cells were kept at 25°C room
temperature for 30 min.

Detection of apoptosis

The flow cytometry assay was used to quantify apoptosis
of A549 and PC-9 cells. Cells (1x10° cells/chamber)
were seeded into a six-well plate. After 24 h at 37°C and
5% CO,, CK or CK-M solution was added to each well.
Following 24 h of incubation, the cells were harvested using
trypsinization and washed twice with PBS. According to kit
instructions, the cells were resuspended in 250 UL of binding
buffer at a concentration of 1x10° cells/mL, and then 5 uL
of Annexin V-EGFP (enhanced green fluorescent protein)
and PI were added, mixed, and incubated for 5-15 min

at 25°C.» Flow cytometry was used to detect the results of
the assay after 1 h.

Western blot analysis

A549 and PC-9 cells were seeded into 24-well plates at a
concentration of 1x10° cells/well for 24 h and treated with
CK and CK-M for 24 h (concentration of CK was 20 pLg/mL).
Cells were collected and total protein was extracted. The
protein extract was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and then
a PVDF (polyvinylidenedifluoride) membrane was dipped
in transfer buffer at 4°C for 1.5 h. The film was blocked with
5% dried milk protein for 1 h.*° The primary antibodies (anti-
Bax, anti-Bcl-2, anti-matrix metalloproteinase [MMP]-9,
anti-Caspase-3, and anti-P-gp) were added at dilutions of
1:600, 1:1,000, 1:500, 1:500, and 1:200, respectively, and
then incubated overnight (4°C). The samples were washed
twice with triethanolamine-buffered saline (TBS) and incu-
bated with the secondary antibody at the dilution of 1:3,000
for 1 h. The blots were visualized using electrochemilumines-
cence (ECL; Beyotime Biotechnology Co., Ltd., Shanghai,
China) and the experiment was repeated twice.

In vivo imaging

Magnetic resonance imaging (NightOWLII LB983; Berthold,
Germany) was used to investigate the targeting effect of
DiR-loaded micelles. After the size of the tumors reached
60 mm?, DiR-loaded micelles were injected into the blood
stream via the tail vein of the tumor-bearing mice at a dose
of 5 mg/kg. Following anesthetization, the mice were imaged
at0,1,2,4,6,8,and 24 h.

In vivo antitumor activity

A 100 pL of single-cell suspension containing 1x10% A549
cells in DMEM with 10% FBS was introduced under the right
armpit of the nude mice subcutaneously. When the tumor
size reached 60 mm?, the male athymic nude mice (2242 g)
were randomly divided into four groups (n=6): control group
for treatment with saline solution, positive control group for
treatment with cisplatin (2 mg/kg), and one each for treat-
ment with CK (15 mg/kg) and CK-M (15 mg/kg) solutions.
Mice were injected with the treatment drug through the
tail vein one time every 3 days for 15 days. After the last
administration, the mice were given euthanasia and picture
of the tumor was taken. The tumor volume (V) is calculated
as: V'=a x b*2, where a and b are length and width of the
tumor, respectively. The relative tumor volume (RTV) was
calculated according to the above measurement, and the
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relative tumor growth rate (T/C) was used to evaluate the
antitumor activity.’!

v
RTV =—
v

0

T/C = oY 100%
CRTV

where V is the tumor size at 0 day, and V is the tumor
volume at each measurement. TRTV is the RTV of the treat-
ment groups and CRTV is the RTV of the control group.

Statistical analysis

Results are reported as mean £ SD. Graphpad Prism 6.0
(GraphPad Software, La Jolla, CA, USA) was used for
drawing graphs. SPSS13.0 software (SPSS Inc., Chicago,
IL, USA) was used for the statistical analysis. Differences
between two groups were assessed using Student’s #-test.
Statistically significant was defined as P-values <0.05.

Results and discussion
Mixed micelle formulation and

characterization

A range of PEG-PCL and TPGS in different ratios was used to
find the suitable proportion for preparing the mixed micelles.
The average size, polydispersity index (PDI), DL%, EE%,
and solubility are shown in Table 1. The results show that
the EE% of CK-P was much lower than that of CK-M, and
the average size and PDI increased with increased proportion
of TPGS, indicating that the DL% and EE% of CK improved
greatly by using TPGS/PEG-PCL micelles. The most appro-
priate ratio of PEG-PCL to TPGS was 3:2.

The abovementioned ratio of PEG-PCL to TPGS was
used to formulate CK-M. The concentration of CK in the
mixed micelles was 3.78+0.09 mg/mL, which was a 107.35-
fold increase than CK. The average size was 53.07+£1.31 nm,
the distribution profile (Figure 1A) with corresponding

Table | Characteristics of CK-loaded micelles (mean + SD, n=3)

PEG-PCL: Average PDI DL (%) EE (%) Solubility
TPGS size (nm) (mg/mL)
3:0 43.21%1.13 0.364+0.03 10.00+1.54 62.54+1.62 2.50£0.11
31 45.3612.96 0.362+0.06 10.75+1.62 72.25+2.21 2.89+0.13
3:2 53.07£1.31 0.236+0.04 11.19+0.87 94.60+1.45 3.78+0.09
3:3 68.25+2.76 0.562+0.02 5.09+1.15 48.23+1.94 1.93+0.12

Abbreviations: CK, ginsenoside compound K; DL, drug loading; EE, encapsulation
efficiency; PDI, polydispersity index; PEG-PCL, poly(ethylene glycol)-poly(e-
caprolactone); TPGS, tocopheryl polyethylene glycol succinate.

PDI was 0.236+0.04, and zeta potential was —8.0 mV. TEM
showed that CK-M was homogeneous with spherical mor-
phology (Figure 1B). HPLC analysis showed that EE% and
DL% of CK-M were 94.60%%1.45% and 11.19%%0.87%,
respectively. Moreover, it was found that the critical micelle
concentration (CMC) value of the micelles formed by two
excipients is lower than that of the single-excipient micelles.
Micelles with lower CMC could slow down the release of
the drug in vivo and achieve a long cycle.’? Moreover, when
amphiphilic polymers are dissolved in aqueous solution, the
hydrophilic groups orient on the outside, while the hydro-
phobic groups are facing inside. The stable system was
formed. This stable system can effectively improve system
stability and drug solubility. This might be relative to the
appropriate proportion of hydrophobic PEG and hydrophilic
PCL.** The hydrophobic interaction would be in favor of
increasing solubility of CK, but when the length of the hydro-
phobic PCL exceeds a limit, it would lead to decreasing the
solubility of CK. Thus, CK-M was successfully prepared, and
the small size of the micelles could enhance CK concentra-
tion in tumor tissue.

In vitro release of CK-loaded mixed

micelles

The in vitro release curves of free CK and CK-M are shown
in Figure 2. To improve the solubility of CK, 0.5% Tween 80
was added to the dialysis medium. In the first 8 h, >50% of
CK from free CK was burst released. CK from CK-M was
released slowly within 48 h without a burst release, and the
drug release percentage of CK-M was >42.13%3.23%
after 48 h. Moreover, the release percentage of CK was
84.48%14.26%. The different release rates show that the
TPGS/PEG-PCL mixed micelles could improve the solu-
bility and delay release of CK, and hence, may increase its
blood circulation time. The slow release of drug from CK-M
was attributed to dense micelles structure, which retains the
wrapped CK in the hydrophobic core, while water is difficult
to enter inside at a short time.

In vitro cytotoxicity of micelles

MTT assay

The MTT assay was performed to investigate the in vitro
cytotoxic activity of CK-M against A549 and PC-9 cells
in 24 h. The IC values of CK and CK-M in A549 cells
were 21.97+1.50 and 25.43+£2.18 pg/mL, respectively
(Figure 3A). The IC,  values of CK and CK-M in PC-9
cells were 14.46+1.24 and 18.35+£1.90 pg/mL, respectively
(Figure 3B). These results show that CK-M has an obvious
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Figure | Size distribution of optimized CK-M (A). Transmission electron micrographs of optimized CK-M. Scale bar =100 nm (B).
Abbreviation: CK-M, ginsenoside-compound-K-loaded TPGS/PEG-PCL mixed micelles.

inhibitory effect on A549 and PC-9 cells. However, the
viability (%) of both cell types with CK-M was lower than
that with CK; this may be because of the slower release
from CK-M which resulted in a lower number of cells.®
Free CK could possibly pass through the cells quickly by
a passive-diffusion mechanism, while CK-M is transported
into cells through endocytosis and shows a delayed release
in cells. In vitro release results also support the above results.
Additionally, blank TPGS/PEG-PCL are noncytotoxic to
A549 and PC-9 cells.

In vitro cellular uptake

The in vitro cellular uptake of coumarin-6 control and C-M
in A549 and PC-9 cells are shown in Figure 4A and B.
After excitation, the coumarin-6 dye in the cells has green
fluorescence while the DAPI in the cell nuclei has
blue fluorescence. It can be directly observed that the green

100
—— CK
g 80 | ™ CK-M
8 o A
©
Q
o
S 40- ¥
(o)) T
S -
O og- z _Y/{/
0 T T 1
20

0 40 60

Time (h)

Figure 2 In vitro CK release profiles from CK-M and free CK at 37°C (mean * SD,
n=3).

Abbreviations: CK, ginsenoside compound K; CK-M, ginsenoside-compound-K-
loaded TPGS/PEG-PCL mixed micelles.

fluorescence intensities of C-P in both cells were similar,
while that of the coumarin-6 control and C-M were stronger
than that of C-P. It has been reported that coumarin-6 can
be used as a hydrophobic drug model to replace CK to
investigate the cellular uptake of CK-M.** The results show
that the uptake of coumarin-6 by A549 and PC-9 cells was
enhanced by coumarin-6 mixed micelles modified with
TPGS, which may be due to the P-gp inhibition of TPGS in
the mixed micelles.

Inhibitory effect of CK-M on cell invasion and
migration

The inhibitory effect of CK and CK-M on cell migration was
investigated by comparing the number of A549 and PC-9
cells at the scratch wound for 0 and 24 h (Figure 5). In the
following experiments, 21.97 and 14.46 pug/mL of free CK
were applied to A549 and PC-9 cells, respectively. After 24 h,
the cells of both control groups migrated to the center of the
scratch on the plate, while in the CK and CK-M treatment
groups only a few cells migrated to the scratch, indicating
that both CK and CK-M inhibit cell migration and the effect
of CK can be enhanced by CK-M.

The number of A549 and PC-9 cells through the matrix
glue was representative of the inhibition of cell invasion
ability after CK and CK-M treatment. After 24 h of treat-
ment, cells were stained with crystal violet and the numbers
of A549 and PC-9 cells were counted. The numbers of cells
after CK-M treatment were 28.3312.52 and 29.33+2.08 for
A549 and PC-9 cells, respectively. As shown in Figure 6,
free CK has a certain inhibitory effect on cell invasion,
compared with control group. Furthermore, after CK-M
treatment, the number of both cell types through the matrix
glue significantly reduced compared with free CK (P<<0.05).
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Figure 3 In vitro cytotoxicity of CK and CK-M against A549 (A) and PC-9 (B) cells (mean * SD, n=3).
Abbreviations: CK, ginsenoside compound K; CK-M, ginsenoside-compound-K-loaded TPGS/PEG-PCL mixed micelles.

These results indicate that CK-M is effective in enhancing
the cell invasion inhibition of CK.

CK-M induces cell cycle arrest and apoptosis of
A549 and PC-9 cells

The cell cycle refers to the whole process from the beginning
of cell division to the end of the next cell division. Here, a
choice was made to use the IC,  of free CK for A549 and PC-9
cells (21.97 and 14.46 ng/mL, respectively) in the following
experiments. The cell cycle is divided into two phases: the

A  composition Coumarin-6 DIPA

10 ym

Coumarin-6

c-P

Figure 4 Cellular uptake of C-M.

interphase (G, S, G,) and mitosis (M). The entire cell cycle
process is hindered if there is a delay in one of the phases.
The A549 and PC-9 cell cycle distributions after treatment
with CK and CK-M were evaluated to show the effects of CK
on early cellular events. The percentage of cells at different
cell cycle phases is shown in Figure 7A. The percentage of
G ,-phase cells of control group, CK group, and CK-M group
for A549 cell were 53.50%, 60.52%, and 68.18%, respec-
tively. The results for PC-9 cells were 43.47%, 50.95%, and
56.40%, respectively. Furthermore, there was an obvious
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Note: Fluorescence microscopy of A549 (A) and PC-9 (B) cells after 4-h incubation with the free fluorescent coumarin-6, and the C-P and C-M solutions.
Abbreviations: C-M, coumarin-6-loaded mixed micelles; C-P, coumarin-6-loaded PEG-PCL micelles.
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Abbreviations: CK, ginsenoside compound K; CK-M, ginsenoside-compound-K-loaded TPGS/PEG-PCL mixed micelles; NSCLC, non-small cell lung cancer.

apoptotic peak in the distribution after CK and CK-M treat-
ment. Significant G, arrest in both cell types was observed
upon CK-M treatment.

In the process of apoptosis, phosphatidylserine (PS)
would be turned over. Hence, V-EGFP/PI Annex in double
staining was used to detect apoptosis of A549 and PC-9
cells. The apoptosis rates for CK and CK-M are presented in

Figure 7B. The pro-apoptotic effect of CK-M (40.6% in A549
cells and 43.38% in PC-9 cells) was significantly stronger
than that of control group (8.07% in A549 and 7.89% in PC-9
cells). A higher percentage of apoptotic cells were observed
in wells treated with CK-M than those treated with free CK.
Taken together, these observations suggest that the growth
inhibitory effect of CK on A549 and PC-9 cells could be
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attributable to suppression of cell proliferation, induction of
G, cell cycle arrest, and apoptosis. In addition, the formation
of CK-M could enhance the cytotoxicity of the free CK.

Western blot analysis

A549 and PC-9 cells were treated with CK, CK-M, or the
DMEM (control) for 24 h, and the total cellular protein was
extracted. The western blot results are shown in Figure 8.
After CK-M treatment, expression levels of MMP-9 and
Bcl-2 declined, while Bax and caspase-3 levels were sig-
nificantly elevated compared with that of control. These
results further confirm that CK can inhibit the proliferation of
tumor cells by inhibiting apoptosis, invasion, and metastasis
of tumor cells. Moreover, after CK-M treatment, the effect
of CK on the proteins evaluated also enhanced significantly

compared with control (P<<0.05). P-gp level of CK-M was
declined compared with CK, indicating CK-M could enhance
cellular uptake through inhibition of P-gp expression.

In vivo imaging

In vivo imaging demonstrated the targeting ability of the
mixed micelles. As shown in Figure 9, the DiR mixed
micelles were concentrated in the liver at 1 h. The fluores-
cence intensity in tumor tissue steadily enhanced at 2 h and
continued to increase without any reduction until 24 h. The
heart, liver, spleen, lung, kidney, and tumor were taken out
and imaged. Stronger fluorescence absorption was observed
in tumor tissue after 24 h while other visceral organs, except
liver and spleen, did not show fluorescence. After this time
point, fluorescence at the tumor site was noticeably observed
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Notes: (A and B) Western blot analysis of Bax, Bcl-2, MMP-9, Caspase-3, and P-gp in A549 and PC-9 cells. B-actin expression is shown as a loading control. (C) A549 and
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Abbreviations: CK, ginsenoside compound K; CK-M, ginsenoside-compound-K-loaded TPGS/PEG-PCL mixed micelles; MMP-9, matrix metalloproteinase-9; P-gp,

P-glycoprotein.

and was maintained for more than 24 h. Therefore, CK-M
has excellent targeting to the tumor site, and it enhances the
permeability and retention time in tumor cells. Furthermore,
the longer maintenance time in the tumor tissue also confirms
that CK-M have a better sustained-release effect in vivo.

In vivo antitumor activity
The in vivo antitumor effect of CK-M has been shown in
tumor-bearing athymic nude mice. The tumor volume time

curve and weight analysis are presented in Figure 10. The
tumors of free CK group grew slowly compared with that
of control group, indicating CK was effective in inhibit-
ing tumor growth. Moreover, the relative tumor size of
CK-M group was 2.67+0.88 at the end of the study, and the
increase in tumor volume was much lower than the CK group
(4.27£0.35; Figure 10A and B). The relative tumor growth
rate of CK-M gradually decreased from 79.12%%0.60%
to 52.04%%4.62% with the increase of number of drug
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Figure 9 Fluorescence images of the mice bearing A549 cells on the right side at different time points after intravenous injection of DiR mixed micelles. Parallel to three

mice: A, B, C, respectively (n=3).

administrations while that of CK was not significantly
reduced (Figure 10C). This indicated that CK-M were signifi-
cantly effective in the inhibition of tumor growth compared
to the control group (P<<0.01).

During the whole experiment, no nude mice were killed.
The body weight of CK-M group was 25.02+2.42 while that
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Figure 10 In vivo antitumor study of CK-M in nude mice implanted with A549 cells.

growth rate (%)

of control group was 22.83%1.83 after 19 days, indicating
CK-M had low toxicity to the mice (Figure 10D). Although
the positive cisplatin group was effective in tumor inhibition
(with a relative tumor growth rate of 21.59%12.33%), the
serious side effect caused was the significant decrease of body
weight. On the contrary, the role of CK in enhancing immune
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Notes: The relative tumor volume (A) and relative tumor growth rate (B) were calculated according to tumor volumes. Body weights (C) were monitored daily, and image
of the tumors in four groups at the end of the study is shown (D). The results are presented as the mean + SD (n=6). *P<0.05, **P<<0.01.
Abbreviations: CK, ginsenoside compound K; CK-M, ginsenoside-compound-K-loaded TPGS/PEG-PCL mixed micelles.
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function can increase the ability of mice to resist tumor and
do not damage the organs. This formulation is thus safe and
can provide support for further preparation.

Discussion

Since 1998, the antitumor mechanisms of CK in vivo have
been studied.’* Unfortunately, the clinical use of CK is
limited by its low water solubility and significant efflux.
Polymeric micelles have been widely used as carriers for the
solubilization of drugs with poor water solubility. Moreover,
block copolymers with biocompatible hydrophilic groups
and biodegradable lipophilic groups can spontaneously
form micelles with a core—shell structure, wrapping the drug
and increasing solubility. This stable system, consisting
of TPGS and PEG-PCL, involves a smaller particle size
(53.07£1.31 nm) and a complete ellipsoidal structure. Simi-
larly, the release percentage of CK from CK-M was slower
than that of free CK.

Additionally, P-gp efflux is a major factor limiting the
antitumor efficacy of CK. It has been reported that TPGS can
effectively reduce the basolateral transport of paclitaxel in a
Caco-2 cell culture model, thereby reducing the efflux and
increasing the antitumor efficacy of paclitaxel.’® The green
fluorescence intensity of C-M was significantly higher than
that of C-P in vitro cellular uptake, which was associated
with the role of TPGS in suppressing efflux. P-gp levels were
detected via western blot analysis; the protein expression of
P-gp declined following treatment with CK-M compared
with CK, indicating that reduced efflux greatly improved the
antitumor efficiency of CK-M. Meanwhile, increased drug
accumulation and extended maintenance time in tumors may
be another way to improve the antitumor effect of CK-M.
The in vivo imaging of DiR mixed micelles demonstrated
that the drug contained in TPGS/PEG-PCL mixed micelles
could quickly reach the tumors and be maintained for more
than 24 h. Therefore, the inherent properties of amphiphilic
block copolymers, the P-gp inhibition of TPGS, and the
passive targeting of drug-resistant tumors by TPGS/PEG-
PCL mixed micelles may underlie tumor growth inhibition
in the CK-M treatment groups.

In vivo antitumor experiments showed that the tumor
growth rate of the CK-M group was significantly lower
than that of the CK group, indicating that CK-M could
significantly increase the antitumor effect of CK. Cell cyto-
toxicity assays also demonstrated that the inhibitory effect
of CK-M on tumor cell proliferation was more potent than
that of CK.

The inhibition of tumor cell proliferation is a crucial
indicator of antitumor drug efficacy. The CK-M-mediated

inhibition of lung cancer cell proliferation was studied by
examining the cell cycle distribution in tumors administered
free CK and CK-M. The significant G, phase arrest in A549
and PC-9 cells following treatment with CK-M showed that
cell growth was successfully inhibited by CK-M. The growth
rate of tumor cells is faster than that of normal cells, not only
due to abnormal cell proliferation and differentiation, but also
due to abnormal cell apoptosis. It was previously reported
that apoptosis was significantly inhibited in malignant
cancer cells. Therefore, the effect of drugs on apoptosis is
critical in antitumor mechanism studies. The flow cytometry
results demonstrated that CK-M inhibits tumor growth by
inducing apoptosis. Furthermore, it has been reported that
CK significantly induces apoptosis in tumor cells through
the caspase-dependent pathway.”” High protein levels of
Bcl-2, which is currently recognized as an anti-apoptotic
protein, can inhibit cell death to prolong cell life. Bax induces
cytochrome c release to activate caspase-3, causing vesicle
formation, nuclear fragmentation, and cell death. Conversely,
Bcl-2 antagonizes Bax, so the high expression levels of
Bcl-2 inhibitor block caspase-3-induced apoptosis.*® These
results indicate that CK promotes the downregulation of the
Bcl-2/Bax ratio and the upregulation of caspase-3, inferring
that CK-M can affect the apoptosis of NSCLC cells.

The migration and invasion abilities of tumor cells
are the major mechanisms by which they invade adjacent
tissues or organs and transfer via the blood. Wound healing
and transwell migration assays were used to investigate the
anti-metastasis effects of CK-M on A549 and PC-9 cells.
The results showed that both CK and CK-M can signifi-
cantly inhibit cancer cell invasion and migration. It has been
revealed that the CK-mediated inhibition of cell invasion and
migration is associated with MMP-9 expression.>> MMPs
are a class of proteases that primarily degrade extracellular
matrix components. MMP-9 is the most abundant enzyme in
the MMP class. MMP-9 degrades and destroys the extracel-
lular matrix and basement membrane of the tumor surface;
consequently, the tumor cells can infiltrate the surrounding
tissue along the absent basement membrane and promote
tumor invasion and metastasis.** Additionally, MMP-9 can
encourage tumor growth by promoting capillary angio-
genesis. The western blot results indicate that the MMP-9
expression levels declined following treatment, indicating
the significant anti-migration and anti-invasion abilities of
CK-M on NSCLC cells.

Conclusion
In this study, the CK-M were uniform in size and had
a complete ellipsoidal shape with a sustained-release
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effect. The solubility of CK was enhanced, and efflux was
inhibited by CK-M with TPGS/PEG-PCL. In vivo images
indicated the passive accumulation of micelles in tumor
tissues. The CK-M can achieve an improved growth inhibi-
tory effect on tumor in vivo. Cytotoxicity, cell migration,
and invasion assays showed CK-M has a stronger in vitro
antitumor effect than free CK and induces an antitumor
effect through the induction of apoptosis. Western blot
analysis demonstrated that the apoptotic degree of CK-M
was higher than that of free CK. Significantly, the con-
struction of CK-M with TPGS/PEG-PCL can enhance
the CK sensitivity of A549 and PC-9 cells and provide an
effective method for the treatment of lung cancer. Thus,
this system could serve as a promising carrier of CK for
cancer therapy.
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