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Abstract: The purpose of this study was to develop a docetaxel microemulsion containing an
anti-tumor synergistic ingredient (Brucea javanica oil) and to investigate the characteristics of
the microemulsion. Brucea javanica oil contains oleic acid and linoleic acids that have been
shown by animal and human studies to inhibit tumor formation. The microemulsion containing
Brucea javanica oil, medium-chain triglyceride, soybean lecithin, Solutol®HS 15, PEG 400, and
water was developed for docetaxel intravenous administration. A formulation with higher drug
content, lower viscosity, and smaller particle size was developed. The droplet size distribu-
tion of the dispersed phase of the optimized microemulsion was 13.5 nm, determined using a
dynamic light scattering technique. The small droplet size enabled the microemulsion droplets
to escape from uptake and phagocytosis by the reticuloendothelial system and increased the
circulation time of the drug. The zeta potential was —41.3 mV. The optimized microemulsion
was pale yellow, transparent, and non-opalescent in appearance. The value of the combination
index was 0.58, showing that there was a synergistic effect when docetaxel was combined
with Brucea javanica oil. After a single intravenous infusion dose (10 mg/kg) in male Sprague
Dawley rats, the area under the curve of the microemulsion was higher and the half-time was
longer compared with that of docetaxel solution alone, and showed superior pharmacokinetic
characteristics. These results indicate that this preparation of docetaxel in emulsion is likely to
provide an excellent prospect for clinical tumor treatment.
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Introduction

Cancer is a serious threat to health and one of the main causes of death worldwide.
Based on GLOBOCAN 2008 estimates, about 12.7 million cancer cases and 7.6 million
cancer deaths are estimated to have occurred in 2008; of these, 56% of the cases and
64% of the deaths occurred in the economically developing world.! Chemotherapy,
the primary means of treating cancer, has undergone extensive improvement in recent
years. However, despite the development of new anticancer agents, taxanes remain the
cornerstone of adjuvant and metastatic chemotherapy against solid tumors.? Docetaxel
(DOC), a second-generation semi-synthetic taxane derived from the needles of the
European yew tree Taxus baccata, is an anti-mitotic chemotherapeutic agent.* DOC
is considered to be one of the most important anticancer drugs for clinical use. It acts
by inhibiting the microtubular network that is essential for mitotic and interphase
cellular functions. It also accelerates the assembly of tubulin into stable microtubules

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2013:8 4045—4052 4045
© 2013 Ma et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S47956
mailto:pwstfzy@163.com

Ma et al

Dove

and hinders their disassembly, thereby inhibiting cell division
and causing eventual cell death.*’

DOC is registered as first line therapy for metastatic
breast, non-small cell lung, prostate, gastric, and head and
neck cancer.® Although the solubility of DOC is increased
compared with that of paclitaxel, it is still low. The nonionic
surfactant Tween® 80 and ethanol used in clinical dosage
Taxotere® causes some side effects, such as neurotoxicity,
fluid retention and musculoskeletal toxicity.”® Multidrug
resistance is another problem inherent to DOC. To overcome
these disadvantages and to improve solubility of DOC, alter-
native methods of drug delivery have been suggested, includ-
ing liposomes,”'® nanoparticles,'"'> micelles," prodrugs,'
macromolecular conjugates,'® and cyclodextrins.!®

Microemulsions (MEs) are transparent, thermodynami-
cally stable isotropic mixtures of oil, water, and surfactant,
and are frequently combined with a cosurfactant.'”-'* MEs have
more favorable solubilization capacities for lipophilic drugs
than do micellar systems because of the extra locus for solubi-
lization provided by the internal droplet oil phase.!” Currently,
tumor blood vessels are characterized by abnormalities such
as a high proportion of proliferating endothelial cells, pericyte
deficiency, and aberrant basement membrane formation lead-
ing to an enhanced vascular permeability. Particles such as
nanocarriers (in the size range 20200 nm) can extravasate
and accumulate inside the interstitial space."

Brucea javanica oil (BJO) (ya-dan-zi oil) is an extract
of the ripe fruit of the simaroubaceae plant Brucea javanica
(L.) Merr., which was first recorded in the Supplement to
Compendium of Materia Medica.?’ BJO contains oleic acid,
linoleic acid, stearic acid, palmitic acid, arachidonic acid, and
other unsaturated fatty acids. A number of clinical studies
have suggested that BJO emulsions can be used alone as a
conventional treatment for various cancers;?'"> however,
the present study can show only that BJO emulsions have
synergistic effects when combined with certain anticancer
drugs or radiotherapy. Our research does not confirm that
BJO emulsions result in satisfactory treatment for cancer
when used alone. In this study, BJO was used as the carrier of
another anticancer drug and also as an antitumor synergistic
ingredient. It possesses emulsifying and embolism properties,
and allows the drug to remain for a prolonged time in the
tumor area and to be released slowly.

Materials and methods

Materials and instruments
Docetaxel and paclitaxel were purchased from Zhongxi
Sunve Pharmaceutical Co., Ltd. (Shanghai, People’s Republic

of China). BJO was obtained from Yaoda Pharmaceutical
Co., Ltd., Shenyang, Liaoning, People’s Republic of China.
Soybean lecithin (S75) for injection was purchased from
Shanghai Taiwei Pharmaceutical Co., Ltd., People’s Republic
of China. Solutol® HS 15 (PEG 660-12-hydroxystearate,
BASF, Ludwigshafen, Germany) and PEG 400 were gifts
from the Beijing Fengli Jingqiu Commerce and Trade Co.,
Ltd. (Beijing, People’s Republic of China). Tween-80 was
supplied by Xi’an Haotian Bio-engineering Technology Co.,
Ltd. (Xi’an, Shaanxi, People’s Republic of China). Medium-
chain triglyceride (C8, MCT) was purchased from Tieling
Beiya Medical Oil Co., Ltd. (Tieling, Liaoning, People’s
Republic of China). Methanol, ethanol, and acetonitrile were
chromatography grade.

Male Sprague Dawley (SD) rats were obtained from the
Central Animal Laboratory of Shenyang Pharmaceutical
University.

Methods

Preparation of MEs

Selecting appropriate components is an important prereq-
uisite for successful preparation of an ME. We studied the
safety of oil phases of injectable grade and nonionic surfac-
tants as components of the ME.

As DOC is a poorly soluble drug, it is important to select
an oil in which it dissolves well. In our preliminary test, the
solubility of DOC was determined in several types of oil
that could be used for an injection. An MCT that has good
solubility and high safety was chosen as the oil phase for the
formulation. The surfactant and cosurfactant were selected
based on their efficacy in formulating MEs for intravenous
products as determined by our previous extensive research
in related fields.?*2

In our preliminary test, the best solubilization, micro-
emulsifying effect, and resistance to infinite dilution were
found for the MCT/S75/HS 15/PEG 400 combinations.
The appropriate components and their ratio of surfactant
phase (S75, HS 15), oil phase, and aqueous phase (5% PEG
400 aqueous solution) were determined by aqueous phase
titration. In this study, the ratio of oil phase and surfactant
has an optimal range that allows a high concentration of
DOC and BJO in the ME (DOC:BJO, 1:1), and ensures a
low viscosity of the ME. The two surfactants were mixed at
a weight ratio of 1:1, 2:3, 3:2, or 1:2 to obtain the surfactant
mix (Smix). The oil phase and Smix were then mixed at vari-
ous weight ratios (3:7, 4:6, 5:5, and 6:4), and each mixture
was titrated with the aqueous phase under magnetic stirring
at 55°C. The equilibrated samples were assessed visually
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and determined to be either clear and transparent MEs or
crude emulsions.

Preparation of MEs containing DOC

The MEs containing DOC were prepared by dissolving an
appropriate amount of DOC in the oil phase and surfactant.
The above-mentioned ingredients were weighed into glass
vials and stirred; it was ascertained that DOC and S75 were
completely solubilized in the mixed solution. An aqueous
solution of cosurfactant was then added and shaken to form
the ME.

Characterization of the ME
Particle size and size distribution

of DOC ME

The droplet size distribution (D90) of the dispersed phase
and zeta potential of the microemulsion were determined
using dynamic light scattering with the ZetaSizer Nano ZS90
(Malvern Instrument Ltd, Malvern, Worcestershire, UK). The
D90 and zeta potential were calculated using manufacturer’s
Dispersion Technology Software. MEs were diluted 1:100
with water before measurements. The samples were carefully
poured into the sample cell to avoid air bubbles.

Determination of drug encapsulation
efficiency of DOC

The encapsulation efficiency of the ME was determined
using an ultrafiltration-centrifugation technique. Three
millilitres of the ME was transferred to the upper chamber of
the centrifuge tubes fitted with an ultrafilter (MWCO 3 KD,
Millipore, USA). Then, the tubes were centrifuged at 15,000
rpm for 10 minutes. The supernatant was determined by high-
performance liquid chromatography (HPLC).

Hemolysis test

An in vitro test was used to assess the hemolytic potential of
the DOC ME. Blood was obtained from the ear vein of the
rabbits, and fibrin was removed by stirring with glass beads
for several minutes. Then, the fibrin-free rabbit blood was
centrifuged at 4,000 rpm for 5 minutes to remove the upper
layer of plasma. Red blood cells in the pellet were washed four
times with isotonic saline solution (centrifugation followed
by dispersion). A suitable amount of isotonic saline solution
was added to the red blood cells to prepare a 2% erythrocyte
dispersion. Different amounts of ME (0.1, 0.2, 0.3, 0.4, and
0.5 mL) were added to the tubes along with 2.5 mL volumes
of the erythrocyte dispersion. Normal saline was added to
the tubes to obtain a final volume of 5 mL. A positive control

was prepared by addition of 2.5 mL distilled water to 2.5 mL
of the erythrocyte dispersion; and for the negative control,
2.5 mL normal saline was added to 2.5 mL of the erythrocyte
dispersion. After vortexing, the tubes were incubated at 37°C
and observed for 4 hours.?”

In vitro release study

The in vitro release test was performed using a paddle
method. The DOC ME and DOC solution were respectively
put into pretreated dialysis tubing (molecular weight cut-off
8,000—14,000 Da, Viskase Sale Co., Chicago, IL, USA) previ-
ously moistened with phosphate-buffered saline (PBS); both
ends were clamped tightly and without enclosing bubbles.
The bag was placed in a 1,000 mL cup with a solvent medium
(0.5% w/v Tween-80 in PBS, pH 7.4). The rotation speed
of the paddle was 60 rpm in a water bath maintained at
37°C £ 0.5°C. At fixed time intervals, 5 mL of the medium
was removed and 5 mL of fresh PBS was added. The samples
were analyzed by HPLC (LC-2010A; Shimadzu Corporation,
Kyoto, Japan) to determine the drug concentration.

The concentration of DOC in the ME
First, a 0.5 mL portion of the ME was diluted to a 25 mL
transparent solution using ethanol. The samples were then
filtered using microporous membranes and analyzed by
HPLC to determine the drug concentration.

HPLC assay for DOC in vitro

DOC concentration was determined using an HPLC
apparatus. The chromatographic conditions were as follows.
The column was the Diamonsil® reversed-phase C18 column
(200 mm X 4.6 mm, 5 um); the mobile phase, 60% acetonitrile
in water, was pumped at a flow rate of 1 mL/min at 25°C.
The UV-detection wavelength for DOC was 228 nm.

In vitro cytotoxicity studies

A549 cells were used for an in vitro cytotoxicity study
by 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyltetrazolium
bromide dye (MTT) assays. Cells were plated in a 96-well
plate at a density of 1 x 10* cells per well and incubated at
37°C in a humidified atmosphere with 5% CO,. After the
cells were attached to flat-bottomed plates, the medium was
replaced with the samples in the medium solution. A series
of sample solutions at different concentrations of DOC and
BJO was tested: the ratio of DOC and BJO in the combined
test samples was consistent with their proportion in the
preparation for study on the synergistic effect. The cells
were incubated with the solutions for a duration of 72 hours;
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5.0 mg/mL MTT solution was added, and the plates were
incubated for another 4 hours at 37°C. The purple formazan
crystals were dissolved in 100 UL dimethylsulfoxide (DMSO)
and the plates were read on an ELISA reader at 492 nm. The
half inhibit concentration (IC50) values were calculated
using the Statistical Product and Service Solutions software
(SPSS 20.0; IBM Corporation, Armonk, NY, USA). The
combination effect given by Equation 1 was compared with
the combination index (CI).%® Synergy is indicated if CI <1,
additivity if CI =1, antagonism if CI >1:

D D D,D
Cl=—2+—L+o—2-2 (1)
Dx,A Dx,B Dx,ADx,B

where D, and D, are the concentrations of drug A and drug B
used in combination to achieve x% drug effect. D, and
D_, are the concentrations for single agents to achieve the
same effect.

Pharmacokinetics of solutions
of DOC and ME in rats

Experimental design

The pharmacokinetics of the ME were compared to that of a
concentrated solution of DOC, 2 mg/mL, in rats. The SD rats
(230-250 g, male) were randomly assigned into two groups
of five rats each. All rats were fasted for 12 hours before the
experiment but allowed free access to drinking water. The
ME and concentrated solution of DOC were administered
to SD rats by tail vein injection at 10 mg/kg. Blood samples
were drawn into heparinized tubes at sampling times of 1, 4,
7,15, 30, 60, 120, and 240 minutes after the drugs had been
administered to the rats.

Bioanalysis of the DOC

Blood samples were centrifuged at 10,000 rpm for
5 minutes, and plasma was collected for analysis of DOC
by HPLC.

An aliquot of 100 UL blood was placed into a centrifuge
tube and 10 uL solution of paclitaxel (Internal Standard)
(Zhongxi Sunve Pharmaceutical Co., Ltd., Shanghai, People’s
Republic of China) was added, then vortexed for 1 minute.
After addition of 300 UL acetonitrile to the tube, the sample
was vortexed for 3 minutes. Then, the mixture was centri-
fuged at 4,000 rpm for 10 minutes. The supernatant was
placed into a fresh tube and stored until analyzed by HPLC.
The HPLC conditions were as follows: the mobile phase was
composed of acetonitrile:water (55:45, v/v); the flow rate was
1.0 mL/minute; and the detection wavelength was 228 nm.

Pharmacokinetic parameters were calculated using DAS
2.0 software (Anhui Provincial Center for Drug Clinical
Evaluation, Wuhu, Anhui Province, People’s Republic of
China).

Results and discussion

ME formulation

The excipients, including the oil phase, surfactant, and
cosurfactant, that are available for injectable ME must have
very low toxicity, good biocompatibility, and the surfactant/
cosurfactant must be in the appropriate concentration range.

The oil phase must not only dissolve the hydrophobic drug,
but must also facilitate drug delivery to the body; eg, it must
enhance absorption and improve bioavailability. In general,
the smaller the molecular volume of the oil phase, the greater
is its ability to dissolve the drug. In most cases, single-chain
surfactants alone are unable to reduce the oil/water interfacial
tension sufficiently to enable the formation of an ME.?3! The
presence of cosurfactants provides the interfacial film suf-
ficient flexibility to assume the different curvatures required
to form MEs over a wide range of compositions.**>* In our
preliminary test, the best solubilization and microemulsify-
ing effect and resistance to infinite dilution were found for
the MCT/BJO/S75/HS 15/PEG 400 combination, the ratio of
which was confirmed by aqueous phase titration.

The purpose of the formulation of the ME was to com-
bine less surfactant content with an optimal solubilization
of the lipophilic drug. In this study, the ratio of the oil
phase was fixed at 1:1. A formulation with the highest oil
content, lesser amount of surfactant, small size, and low
viscosity was chosen as criteria to determine the composi-
tion of the ME. The proportion of the different ingredients
and ME/emulsion particle diameter is shown in Table 1.
Based on the above screening criteria, the ratio of the oil
phase and Smix (S75:HS, 1:2) was 6:4, and 5% PEG 400
aqueous solution was confirmed as the optimal formula-
tion for the ME.

Characteristics of the ME
Droplet size, zeta potential, and encapsulation efficiency
are the properties that largely influence the biopharmaceuti-
cal characteristics and preparation stability of an ME. The
smaller droplets can more easily evade the reticuloendothe-
lial system and prolong the time in circulation. As seen
from Figure 1A, the D90 of the DOC MEs was 13.5 nm in
diameter. The polydispersity index was 0.26.

The zeta potential is an important tool for understand-
ing the state of the nanoparticle surface and predicting
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Table | The proportion of the different ingredients and
microemulsion/emulsion particle diameter

S75:HS 15 Oil phase: Smix V (mL) Particle size (nm)
I:1 4:6 3.23 36.3
5:5 2.83 19.1
6:4 2.68 449
7:3 - 110
2:3 4:6 1.80 16.4
5:5 2.16 26.2
6:4 1.84 33.1
7:3 2.90 61.0
3:2 4:6 - 306
5:5 3.30 36.2
6:4 - 421
7:3 - 610
1:2 4:6 1.29 16.7
5:5 1.56 26.1
6:4 1.60 7.85
7:3 - 260
Note: BJO: MCT =I:1; V, volume of the aqueous phase when a phase transition
occurs; “~”, no phase transition was observed obviously.

Abbreviations: S75, Soybean lecithin; HS 15, PEG660-12-hydroxystearate;
Smix, surfactant mixed; BJO, Brucea javanica oil; MCT, Medium-chain triglyceride.

the long-term stability of the nanoparticle. Nanoparticles
with zeta potential values higher than +25 mV or lower
than —25 mV typically have a high degree of stability.
Dispersions with a low zeta potential value will eventually
aggregate as a result of van der Waals interparticle attractions.

>

The low zeta potential (—41.3 mV) of our ME formulation
showed that it was stable (Figure 1).

The entrapment efficiency of DOC in the ME was
99.98% . This high entrapment efficiency probably resulted
from the good solubilization of the oil phase and surfactants
for the drug. DOC is a poorly soluble drug: its solubility is
very low in water, which makes it suitable for dissolution
in the oil phase, thereby producing high encapsulation effi-
ciency. The drug loading was 2 mg/mL. This confirms that
the ME can solubilize the DOC.

The calibration curve for DOC was y =23464x — 373
over the range of 0.05-100 pwg/mL with a coefficient of
correlation » =1. The result of the in vitro release study is
shown in Figure 2. The DOC was released from the ME more
slowly than it was from the DOC solution. Because of the high
encapsulation efficiency, no burst release was observed.

Many surfactants have been used to prepare an ME,
and surfactants are known to cause hemolysis of red blood
cells. To examine the safety of our formulation for injec-
tion, hemolysis of the ME was assessed using the rabbit
red blood cells. Complete hemolysis was observed in the
positive control tube: the upper solution was a transparent
red; erythrocytes were at the bottom of the other six tubes;
and the upper solution was colorless and transparent. In
the negative control and ME tubes, the erythrocytes were
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Figure | (A) Particle size and distribution of the DOC microemulsion. (B) Zeta potential of the DOC microemulsion.

Abbreviation: DOC, docetaxel.
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Abbreviations: DOC, docetaxel; DOC ME, docetaxel microemulsion.

precipitated at the bottom of the tubes. The supernatant was
colorless and transparent, and no erythrocyte agglutination
was observed. These results demonstrated that the DOC ME
did not cause hemolysis.

In vitro cytotoxicity studies

Because a surfactant is an amphiphilic molecule, it can act
on cell membranes and will affect cell growth. In addition,
studies have shown that HS 15 also has certain effects on
tumor cells.*>*” An ME contains a large amount of surfac-
tant, which has some level of cytotoxicity and will affect the
validity of the experiment when the ME comes into contact
with cells. To avoid the interference of the surfactant and to
investigate the synergistic antitumor effect of the BJO, an
in vitro cytotoxicity study was carried out without excipient.
When used in combination, the IC50 of DOC and BJO val-
ues were 5.69 pumol (D,) and 13.77 mg/L (D,); when used
separately, the IC50 of DOC and BJO were 23.88 umol
(D, ..) and 40.36 mg/L (D

A,50 B,50
of the CI was 0.58, and because it was less than 1, it showed

). After calculation, the value

a synergistic effect. The results of that calculation provide
an adequate theoretical foundation for this study. An in vivo
antitumor effect study will be carried out with this ME in
the near future.

Pharmacokinetics
MEs are beneficial for the parenteral delivery of insoluble
drugs. They provide a means of obtaining relatively high
concentration of the drug in the administering formulation.
MEs are more stable in plasma than liposomes or other
vesicles, and the internal oil phase is more resistant against
drug leakage.®®

The pharmacokinetic parameters of the DOC ME were
investigated and compared with DOC solution after a
single intravenous administration (10 mg/kg) to SD rats.
Because the standard clinical dose of DOC for humans is
75 mg/m?, the dose for rats is 10 mg/kg, after a skin surface
area conversion.”” The main pharmacokinetic parameters
were calculated based on a non-compartment analysis
method and are summarized in Table 2. Compared with
the DOC solution, the t,, was significantly longer, which
means that DOC in the microemulsion circulated longer
in the body. In addition, the area under the curve (AUC)
of the microemulsion was higher than that of DOC solu-
tion. These data suggest that with the same dosage, the
ME changed the pharmacokinetic parameters of DOC and
prolonged its circulation time, which suggests an improved
antitumor efficacy of the ME compared with the DOC
solution in rats. These observations were possibly a result
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Table 2 The main pharmacokinetic parameters of DOC after
intravenous administration of the DOC solution or microemulsion
at 10 mg/kg DOC in SD rats

Parameter Units DOC solution DOC microemulsion
AUC (0-t) mg/L*min 199.583 + 16.622 284.265 + 71.959
AUC (0-c0)  mg/L*min 223.297 £ 10.516 316.743 +76.926
AUMC (0-t) 8,075.472 £449.714  9,688.277 £ 3,014.139
AUMC (0-c0) 17,687.71 * 3,454.528 23,708.703 + 4,793.893
MRT (0-t) min 40.529 + 1.26 33.789 + 1.923
MRT (0-c0) ~ min 79.724 £ 18.983 75413 £5.903
VRT (0-t) minA2 3,657.084 +281.291 3,010.26 + 107.587
VRT (0-c0) min/2 18,541.597 + 8,786.664 20,857.89 +3,711.747
€ min 103.867 +29.392 127.363 + 13.149
ClLz L/min/kg 0.045 £ 0.002 0.033 + 0.007
Cmax mg/L 23.599 + 1.143 27.193 £ 1.772

Abbreviations: AUC, area under the curve; AUMC, area under the moment curve;

MRT, mean residence time; VRT, variance of the residence time; t,,, elimination

half-time; ClLz, plasma clearance; Cmax, maximum plasma concentration; DOC,
docetaxel; SD, Sprague Dawley.

of the small size of the ME droplets (D90 =13.5 nm) and
the hydrophilic surface of the ME droplets, allowing them
to escape from uptake and phagocytosis by the reticuloen-
dothelial system.

Conclusion

By considering the lower toxicity and irritation, the enhanced
stability and safety of intravenous injection, formula-
tions for the intravenous DOC ME consisted of oil phase
(MCT:BJO =1:1):Smix (S75:HS 15 = 1:2) = 3:2 with 5%
PEG 400 aqueous solution and DOC at 2 mg/mL. The
D90 was 13.5 nm in diameter and the zeta potential value
was —41.3 mV. The ME also changed the pharmacokinetic
parameters of DOC compared with DOC in solution, which
suggested that a DOC microemulsion might have a better
antitumor effect. Further research will be conducted to
explore that possibility.
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