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Abstract: 7-Ethyl-10-hydroxy camptothecin (SN38) is a potent topoisomerase inhibitor and
a metabolite of irinotecan. Its clinical development has been hampered by its poor solubility.
To address this problem, methoxy poly(ethylene glycol)-2000 (mPEG,, )-SN38 and mPEG,,—
poly(lactide) (PLA
medium to form micelles. Physicochemical characteristics of SN38—polymer conjugate micelles,

)»-SN38 conjugates were prepared and then dispersed into an aqueous

for example, micelle diameter, zeta potential, morphology, and drug content, were then evalu-
ated. The results showed that the mean diameters of mPEG, —SN38 and mPEG, —PLA  , —SN38
micelles were ~130 and 20 nm, respectively. These two micelles had similar drug contents.
mPEG, —PLA , —~SN38 micelles were more homogeneous than mPEG,,—SN38 micelles.
Moreover, in vitro drug release behavior of the micelles was studied by high performance lig-
uid chromatography. SN38 release from mPEG,,~SN38 micelles was much faster than from
mPEG, —PLA , —SN38 micelles. In vitro cytotoxicity, cellular uptake, and apoptosis assays of
the SN38—polymer conjugate micelles were carried out on BEL-7402 human liver cancer cells.
In vivo biodistribution and antitumor tumor efficacy studies were carried out in a nude mouse
xenograft model derived from BEL-7402 cells. The results showed that mPEG,, —PLA | —~SN38
micelles were significantly more effective than mPEG, ~SN38 micelles in tumor inhibition,
and the inhibitory effect of mPEG, ~PLA  ,, ~SN38 micelles on tumor growth was significantly
greater than that of mPEG, —SN38 micelles (1,042 vs 1,837 mm) at 30 days. In conclusion,
mPEG-PLA-SN38 is a promising anticancer agent that warrants further investigation.
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Introduction

7-Ethyl-10-hydroxy camptothecin (SN38) is a potent topoisomerase [ inhibitor.'* SN38
has shown activity against several malignancies, including colorectal, lung, gastric,
cervical, lymphoma, and ovarian cancers.*’ Irinotecan (camptothecin-11 [CPT-11]),
a water-soluble prodrug of SN38, is currently approved for the treatment of meta-
static colorectal cancer.®’ However, only 3%—4% of administered dose of CPT-11
in a patient is converted to the active form of the drug SN38 and this conversion is
affected by genetic polymorphism.*'® CPT-11 as a prodrug is 100—1,000 times less
potent than SN38 and causes gastrointestinal toxicity.!!!> Therefore, SN38 itself has
been considered for use as an anticancer agent. However, SN38 has poor solubility.°
Another problem is that the active form of SN38 has a closed lactone ring in its struc-
ture. However, at physiological pH, the closed lactone ring can be converted into an
inactive carboxylate form, resulting in drug inactivation.'
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In recent years, much effort has been devoted to increas-
ing the solubility of SN38.!“!> A promising approach is con-
jugation to a polymeric carrier.'®!'” In 2008, a poly (ethylene
glycol)-SN38 (PEG-SN38) was synthesized'® and shown to
have significantly superior antitumor efficacy compared to
irinotecan.'*2! Methoxy poly(ethylene glycol)-b-poly(lactide)
(mPEG-PLA) is an amphiphilic block copolymer that can
self-assemble into a micelle, which has a hydrophobic PLA
core and a hydrophilic mPEG shell.?>>* Hydrophobic drugs
can be incorporated into the PLA core. Meanwhile, the
hydrophilic mPEG shell can reduce clearance of the micelles
by the mononuclear phagocyte system.

In this study, mPEG-SN38 and mPEG-PLA—-SN38
conjugates were synthesized, characterized, and evaluated
as anticancer agents both in vitro and in vivo.

Materials and methods

Materials

N-Ethyl-N"-(3-dimethylaminopropyl) carbodiimide (EDC),
4-(dimethylamino) pyridine (DMAP), and 3-(4, 5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (Shanghai, People’s Republic
of China). SN38 was obtained from Dalian Meilun Biotechnol-
ogy Inc. (Dalian, People’s Republic of China) and its purity
(>95%) was determined by "H NMR and by high performance
liquid chromatography (HPLC). Penicillin—streptomycin,
RPMI1640, fetal bovine serum, and 0.25% (w/v) trypsin,
0.03% (w/v) EDTA solution were purchased from HyClone
(Logan, UT, USA). Acetonitrile (HPLC grade) was obtained
from Nanjing Xinhuayuan Chemical Agents Co. (Nanjing,
People’s Republic of China). Succinic anhydride modified
methoxy poly(ethylene glycol)-2000 (mPEG,, ) (mPEG, —SA)
and block copolymer mPEG, ~PLA (mPEG,, —poly(lactide)
[PLA, , ]-SA) were purchased from Advanced Polymer Mate-
rials Inc. (Dorval, Quebec, Canada). 1,1’-Dioctadecyl-3,3,3’,3’-
tetramethyl indotricarbocyanine Iodide (DiR) was purchased
from Caliper Life Sciences (Hopkinton, MA, USA).

Synthesis of MPEG-SN38 and
mPEG—-PLA-SN38 conjugates

The synthesis of the SN38—polymer conjugates has been
described previously.? Briefly, in a dried flask, 0.082 mmol
SN38, 0.076 mmol mPEG, ~SA or 0.076 mmol mPEG,, —~
PLA, ,,—SA,0.083 mmol EDC, and 0.082 mmol DMAP were
dissolved in 3 mL of dry N,N-dimethylformamide (DMF).
And then 20 pL dry pyridine was added. The reaction was
continued under stirring for 24 hours at room temperature.
The solvent was removed under vacuum and the crude

product obtained was purified by column chromatography

(dichloromethane:methanol =30:1). The obtained oily yellow
liquid was dried in vacuo overnight to give the final product
mPEG-SN38 (at 82.7% yield) or mPEG-PLA—-SN38 (at
87.9% yield).

Preparation of SN38—polymer conjugate

micelles

SN38—polymer conjugate micelles were prepared by a desol-
vation method. Two milligrams of mPEG-SN38 or mPEG—
PLA-SN38 was dissolved in 5 mL acetone. Under magnetic
stirring, the acetone solution was slowly added into 6 mL
deionized water at a speed of 60 mL/h. The suspension was
stirred for 15 minutes. Then, acetone was removed on a rotovap
at 37°C, resulting in SN38—polymer conjugate micelles.

Characterization of SN38—polymer

conjugate micelles

The particle diameter and zeta () potential of SN38—polymer
conjugate micelles were measured on Malvern ZetaSizer
(Malvern Instruments Ltd., Malvern, UK) at 25°C. The analy-
sis was performed in triplicate and the results were expressed
as mean * standard deviation. The morphology of the micelles
was observed by transmission electron microscopy (TEM).
Samples were prepared by applying the SN38—polymer con-
jugate micelles suspension (2 mg/mL) onto a 100-mesh form-
var-coated copper grid. Images were recorded using a JEOL
JEM-200CX TEM at an acceleration voltage of 200 kV.

Measurement of drug content

The SN38 content in the two prodrug micelles was determined
by HPLC. Briefly, 1.0 mL of 1.0 mg/mL micelle suspension
was added to the same volume of acetonitrile. To trigger
complete release of SN38 from the conjugate, 50 uL. NaOH
(0.3 mol/L) was then added to 100 UL of the sample solu-
tion, which was incubated for 15 minutes at 25°C. After the
incubation, 50 L of HCI (0.3 mol/L) was added to neutralize
the solution pH.*?¢ Finally, the preparation was filtered with
0.22 um pore-size filter membranes and analyzed by HPLC.
The mobile phase used was a linear gradient of water and
acetonitrile at a flow rate of 1.0 mL/min over 30 minutes. The
column effluent was detected at 370 nm. Drug concentration
was calculated by the linear calibration curve of SN38.

In vitro release studies

In vitro release of SN38 from micelles was investigated in a
phosphate-buffered saline (PBS) (pH 7.4) medium containing
0.2% Tween 80 by a dialysis method. The experiment was
carried out as follows: 1.0 mL of SN38—polymer conjugate
micelles (1 mg SN38 equivalent) was diluted with 9.0 mL PBS
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to a total volume of 10.0 mL. One mL of micelle suspension
was used to determine the initial concentration and then
the remaining 9.0 mL was introduced into a dialysis bag
(molecular weight cut off =14 kDa). The end-sealed dialysis
bag was immersed in 50 mL of PBS (pH 7.4) containing 0.2%
Tween 80 at 37°C, which was shaken at a speed of 100 rpm
for 32 hours. Samples of 1.0 mL each were withdrawn at pre-
set time intervals (0, 1, 2, 4, 8, 12, 24, 36, and 48 hours) and
replaced with an equal volume of fresh release medium. The
concentrations of SN38 in samples were determined by the
HPLC method described in “Measurement of drug content”.

Cellular uptake of fluorescein
isothiocyanate-labeled SN38—polymer

conjugate micelles

BEL-7402 cells were seeded in 35 mm glass-bottom microwell
dishes (Nest Biotechnology Co., Ltd, Wuxi, Jiangsu, People’s
Republic of China) at a seeding density of 6x10° cells per dish
in 2.0 mL medium and incubated overnight. Then, the medium
was replaced with suspension of fluorescein isothiocyanate
(FITC)-labeled SN38—polymer conjugate micelles diluted in
culture medium (20 pg/mL) and the cells were incubated for
4 hours. FITC-labeled SN38—polymer conjugate micelles were
synthesized using the same method as that for SN38—polymer
conjugate micelles with the exception of addition of 200 g
FITC into the acetone solution. After 4 hours incubation, cells
were washed with PBS and fixed with 4% paraformaldehyde
(v/v) at room temperature for 20 minutes, followed by stain-
ing of the cellular nuclei with 4’,6-diamidino-2-phenylindole
(5 ug/mL). Finally, the cells were examined with a Carl Zeiss
laser scanning microscope. Image analysis was performed
using the LSM 5.10 software (Carl Zeiss, Oberkochen,
Germany). The cells and experimental protocol was approved
by the Institution Review Board of Jilin University.

In vitro cytotoxicity

Cytotoxicity of the SN38 conjugates was evaluated by the
MTT method.?”” BEL-7402 human liver cancer cells were
cultured in RPMI1640 growth medium supplemented by 10%
(v/v) fetal bovine serum and 1% (w/v) penicillin—streptomycin
at 37°C in a humidified atmosphere containing 5% CO,.
Briefly, cells were seeded at a density of 5x103 cells per well
in a 96-well plate and incubated overnight. Then, the medium
was replaced with 100 uL of fresh medium containing serial
dilutions of SN38 conjugate (at SN38 equivalent from 0.05 to
100 pg/mL). After 48 hours of incubation, cell survival was
then measured as follows: 30 uL of MTT (5 mg/mL) solu-
tion was added to each well. The incubation was continued
for another 4 hours. Then, the MTT derivative was dissolved

with dimethylsulfoxide (100 L) and the optical density of the
solution was determined on a microplate reader at 492 nm.

Apoptosis analysis

BEL-7402 cells were seeded at a density of 1x10°cells/mL in
each well and allowed to grow overnight. Then, the cells were
incubated with CPT-11 (2 uM), mPEG-SN38 (2 uM SN38
equivalent), or mPEG-PLA—SN38 (2 uM SN38 equivalent) in
cell culture medium for 12 hours at 37°C. Cells without drug
treatment were used as a control. Cells were then washed with
cold PBS three times. For apoptosis analysis, an Alexa Fluor®
488 Annexin V/propidium iodide apoptosis detection kit
was used according to manufacturer’s protocol. Briefly, cells
(1x10%) were suspended in the binding buffer (200 uL). Then,
5 UL of Alexa Fluor® 488 Annexin V and 5 UL of propidium
iodide (100 pwg/mL) were added to each sample, which was
incubated at room temperature for 15 minutes. Then, an addi-
tional binding buffer (300 uL) was added. The cells were then
analyzed on a BD FACSCanto™ II flow cytometer (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

In vivo distribution study

DiR-labeled micelles were used to evaluate in vivo biodistribu-
tion of SN38—polymer conjugate micelles in BEL-7402 xeno-
graft tumor-bearing mice. Micelles were prepared as described
in “Preparation of SN38—polymer conjugate micelles”. Nude
mice with xenograft tumors of ~500 mm? were used in this
study. First, 0.2 mL of DiR-labeled micelles were injected via
tail vein (200 pg/kg DiR equivalent). The mice were anes-
thetized using isoflurane in oxygen and placed in the imaging
chamber. Mice were purchased from the Laboratory Animal
Center of Jilin University (Changchun, People’s Republic
of China). The Institution Animal Ethics Committee (Jilin
University) reviewed and approved the entire animal protocol
prior to conducting the experiments. Fluorescent images were
collected at 2, 6, and 24 hours using a Clairvivo OPT in vivo
optical imaging system (SHIMADZU Corporation, Kyoto,
Japan) with a 735 nm single laser. The imaging time was 5
seconds for each image. After completion of the image collec-
tion, the mice were sacrificed. Major organs including hearts,
livers, spleens, lungs, kidneys, and tumors were excised and
imaged under the same conditions. The experimental proto-
col was approved by the Laboratory Animal Center of Jilin
University (license No. SCXK-(JI) 2011-0003).

In vivo antitumor efficacy

The antitumor efficacy of SN38—polymer conjugates
was investigated in a BEL-7402 murine xenograft tumor
model. Briefly, BALB/c nude mice (6 weeks, 18-23 g)
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were subcutaneously injected with 0.2 mL cell suspension
containing 5x10¢ BEL-7402 cells in the right armpit. When
tumor volumes reached ~100 mm? (designated as day 0),
mice were randomly divided into four groups (n=7) and
treated as follows: PBS, CPT-11, mPEG-SN38, and mPEG—
PLA-SN38 (at 10 mg/kg SN38 equivalent). The formulations
were administered via tail vein using a 1.0 mL syringe every
3 days for four times. Throughout the study, tumor volume
of each mouse was monitored every other day with a caliper,
and calculated by the formula:

2
V:L><W ’
2

where L represents the longest diameter and W represents the
shortest diameter perpendicular to length. The weight of the
mice was measured regularly as an indicator of acute toxicity.

Statistical analysis
Data are presented as the mean + standard deviation. The
statistical significance of treatment outcomes was assessed

A
EDC, DMAP,
M /\} pyndlne DMF
mPEG-SA
B
mPEG-PLA-SA
C
Self-assembly
. in water
—= »
D mPEG PLA SN38

[N

Self-assembly
in water

Figure | Schematic illustration of synthesis of SN38—polymer conjugate micelles.

using Student’s #-test (two-tailed). P-value of <0.05 was
considered statistically significant in all analyses.

Results and discussion
Synthesis of mPEG,, —SN38 and
mPEGZK—PLA —SN38 micelles

To synthesize PE&T:*SN?:S and PEG, —PLA , —SN38,
mPEG, ~SA was conjugated to SN38 through an esterifica-
tion reaction between the carboxyl group on the polymer
and the hydroxyl group on SN38, as shown in Figure 1A
and 1B. The products were characterized by '"H NMR and
fourier transform infrared spectroscopy. In the '"H NMR
spectrum, the typical peak of phenolic hydroxyl (10.33 ppm)
disappeared and the multiple peaks (7.38 ppm) of C-9 and
C-11 divided appeared at 7.72 and 7.23 ppm. In fourier
transform infrared spectroscopy spectrum, O—H vibra-
tion of phenolic hydroxyl of SN38 at 3,596 cm™ and O-H
vibration of carboxyl of PEG-SA and PEG-PLA-SA at
1,762 cm™! disappeared and C=0 stretching bands at 1,762
cm! was observed.” These characteristic peaks confirmed
the formation of ester bond. These data showed that

EDC, DMAP,
pyrldlne DMF

mPEG-PLA-SA-SN38

o
1‘,Q

Notes: (A) Synthesis of mMPEG-SN38, (B) synthesis of mPEG-PLA-SN38, and (C, D) formation of SN38—polymer conjugate micelles.
Abbreviations: DMAP, 4-(dimethylamino) pyridine; DMF, N,N-dimethylformamide; EDC, N-Ethyl-N’-(3-dimethylaminopropyl) carbodiimide; mPEG, methoxy poly(ethylene

glycol); PLA, poly(lactide); SN38, 7-ethyl-10-hydroxy camptothecin.
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Table | The physicochemical characteristics of SN38—polymer conjugate micelles (n=3)

Micelle component Size (nm) PDI Zeta potential (mV) Drug content (%)
mPEG,, —SN38 136.6+2.8 0.317+0.024 —-3.67+0.12 23.42+0.77
mPEG, —PLA . ~SN38 18.5+1.9 0.176+0.010 —13.75+0.22 15.85+0.96

Abbreviations: SN38, 7-ethyl-10-hydroxy camptothecin; mPEG, methoxy poly(ethylene glycol); PLA

mPEG,, —SN38 and mPEG, —PLA, , —SN38 were success-
fully synthesized.

Preparation SN38—polymer conjugate micelles

The amphiphilic block copolymer PEG-PLA can be dissolved
in organic solvents, such as chloroform, acetone, and
DMF, and can self-assemble into micelles in an aqueous
medium. The main driving forces of micelle formation
are known to be the desolvation of the hydrophobic seg-
ment in aqueous medium, resulting in formation of a core.
The hydrophilic segment stabilizes the core as tethered
chains.”® Figure 1C and 1D illustrates the self-assembly of
SN38—polymer conjugate micelles. As shown in Figure 1C,
mPEG-SN38 self-assemble into micelles, the SN38 moiety

coagulates and forms a core and mPEG segment forms

Volume (%)

ol : : ; : .
0.1 1 10 100 1,000 10,000

Size (d.nm)

Figure 2 Characteristics of SN38—polymer conjugate micelles.

s Poly(lactide); PDI, polydispersity index.

a shell to stabilize the micelle. As shown in Figure 1D,
mPEG-PLA-SN38 possesses two hydrophobic segments.
During micelle assembly, the two hydrophobic segments
form a double-layer core, SN38 inner layer and PLA outer
layer. This provides greater protection of the SN38 and
contributes to greater micelle stability.

Characterization of SN38—polymer
conjugate micelles

Physicochemical characterization

The physicochemical characteristics of SN38—polymer con-
jugate micelles, including particle diameter, zeta potential,
and drug content, are summarized in Table 1. The mean
diameter of mPEG,, —SN38 micelles was ~130 nm. However,
the mean diameter of mPEG, —PLA . —SN38 micelles was
much smaller at 20 nm (Figure 2A and B). This difference

B

2

o

£

2

<)

> ° ‘ . | .
0+ +
0.1 1 10 100 1,000 10,000

Size (d.nm)
D : 5

Notes: Particle diameter and size distribution of mPEG, —SN38 (A) and mPEG,,—PLA ; ~SN38 (B) micelles were obtained from dynamic light scattering. (C, D) TEM images

of mPEG,, ~SN38 and mPEG,,—PLA . ~SN38.

1.5K

Abbreviations: mPEG, methoxy poly(ethylene glycol); PLA ,,, poly(lactide); SN38, 7-ethyl-10-hydroxy camptothecin; TEM, transmission electron microscopy.
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might be due to differences in the colloidal stability of the
micelle preparations. The lipophilicity of SN38 is weaker
than that of PLA | —SN38, resulting in hydrophobic cores
that are less stable. Smaller particle diameters can reduce
reticuloendothelial system uptake, prolong circulation time of
micelles in the blood, and facilitate extravasation from leaky
capillaries at the tumor site.” Hence, the more stable mPEG,, —
PLA, ,—SN38 micelles are likely to exhibit greater enhanced
permeability and retention effect. The SN38—polymer conju-
gate micelles exhibited a negative surface charge. The zeta
potential of mPEG, —PLA , —SN38 micelles was greater
than that of mPEG,, —SN38 micelles. As shown in Table 1,
the drug load of mPEG,,—SN38 micelles was higher than
that of mPEG,,—PLA . —SN38 micelles. TEM images of the
SN38—polymer conjugate micelles, shown in Figure 2C and D,
reveal that the SN38—polymer conjugate micelles are spheri-
cal in shape and are rather homogeneous in aqueous solu-
tion. The images confirmed that the particle diameters of
mPEG, —PLA  _ —SN38 micelles was much smaller than those
of mPEG,, —SN38 micelles. The particle diameter observed
under TEM correlated well with the results from dynamic light
scattering (Figure 2A and B), indicating SN38—polymer conju-

gate micelles are completely dispersed in aqueous solution.

In vitro release of SN38 from the polymer conjugate
micelles

PBS (pH 7.4) was chosen as an in vitro release medium to
simulate blood pH condition. The polymer conjugate micelles
were incubated at 37°C in PBS (pH 7.4) containing 0.2%
Tween 80 and examined for the release of SN38. As shown
in Figure 3, SN38 was released from mPEG, ~SN38 micelles

-e- MPEG,,~SN38 - mPEG,,~PLA, _~SN38

80

Release rate (%)

07—
0 10 20 30 40
Time (hours)

Figure 3 Cumulative release of SN38 (%) from the micelles in PBS (pH 7.4)
containing 0.2% Tween 80 medium at 37°C.

Note: Data expressed as the mean * standard deviation (n=3).

Abbreviations: mPEG, methoxy poly(ethylene glycol); PLA ., poly(lactide); PBS,
phosphate-buffered saline; SN38, 7-ethyl-10-hydroxy camptothecin.

at a much faster rate than from mPEG, —PLA _ —SN38
micelles. Approximately 50% of SN38 has been released
from mPEG,,—SN38 micelles at 20 hours. Meanwhile,
only ~20% was released from mPEG, —PLA  ~SN38
micelles at the same time point. The reason for this difference
is that mPEG,, —PLA , —~SN38 micelles contain a double-
layer core, which is much more stable than a single-layer
core in mMPEG—SN38 micelles. As reported previously, rapid
release of poorly water-soluble drugs from drug carriers
may induce subsequent drug precipitation or their transfer to
plasma proteins in vivo as a result of instant dilution in the
plasma, resulting in drug inactivation.’® Therefore, the slower
release of SN38 from the mPEG,,—PLA . —SN38 micelles
might be an advantage for its in vivo efficacy.

Cellular uptake

FITC was used as a probe for evaluation of cellular uptake
of SN38—polymer conjugate micelles. The intracellular
accumulation and distribution of FITC in BEL-7402 cells
was studied using confocal microscopy (Figure 4A). After
incubation of the BEL-7402 cells with SN38—polymer
conjugate micelles for 4 hours, the mPEG, —PLA , —~SN38
group displayed a higher fluorescence intensity in the cyto-
plasm than the mPEG, —SN38 group. This could be due
to the smaller diameter and greater stability of mPEG,, —
PLA  ,,—SN38 micelles.

In vitro cytotoxicity

Liver cancer is one of deadliest malignant tumors in
humans.?!*? The cytotoxicity of SN38—polymer conjugate
micelles was measured in human liver cancer BEL-7402
cells. As shown in Figure 4B, mPEG, ~PLA —SN38
micelles were highly cytotoxic with a half maximal inhibitory
concentration of ~0.25 pg/mL. This suggests that mPEG, —
PLA, ., —SN38 micelles effectively protect the active struc-
ture of SN38 and deliver greater concentration of the drug
into the cells. mPEG, ~PLA, ,—SN38 micelles were more
potent than CPT-11 and mPEG,, ~SN38 micelles. This result
is consistent with the observed higher cellular uptake of

mPEG, ~PLA ,,—SN38 micelles, shown in Figure 4A.

Apoptosis assay

In order to understand the mechanism of antitumor activity,
a fluorescence-activated cell sorting-based apoptosis analy-
sis was performed using an Alexa Fluor 488 Annexin V/
propidium iodide double-staining assay kit.** The results
are shown in Figure 4C. Greater apoptosis in BEL-7402
cells was obtained upon treatment with SN38—polymer
conjugate micelles compared with the control group and

submit your manuscript

1682

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove mPEG-PLA-SN38 micelles for cancer therapy

0.01 0.1 1 10 100 1,000
Concentration (ug/mL)

Micelles
A DAPI loading FITC Overlay B
-~ CPT-1

3 -#- mPEG, ~SN38
£ - MPEG,PLA, ,~SN38
S .
© 100

_ 80+
2 2 60-
o 3

o) -
& S
S > 40-
5
(2} o 20
'
j_
nl. O =TT T T T T T T T T T
o
w
o
£

C
104

Untreated CPT-11
( - 10¢ '
' 0.7% 3.08% | 265%
103 -
s o 10z | 92:49%
| |
(18 (18
1 10°
l 1.3% 1.78%
100 10° 102 108 10¢ 100 10 102 100 104
FL1 FITC FL1FITC
mPEG,,~SN38 mPEG,—PLA, _~SN38
10% 4 1 10* 5
1 4.89% | 4.34% 1 6.23% 6.28%
108 i : F’ 108 ]
O 102 87.18% & 00 | 8282%
- i ‘ | i
b 5 w i
10" | P o 10" 4
3.50% " 4.67%
100 -+ . . . 100 + S —— ——
100 10° 102 109 10¢ 100 101 102 10° 10¢
FL1 FITC FL1 FITC

Figure 4 Cellular uptake of FITC-labeled SN38—polymer conjugate micelles.

Notes: (A) BEL-7402 cells were incubated for 4 hours and examined by confocal microscopy. The left image shows nuclei staining only, the middle image shows FITC
micelles only, and the right image shows overlay of the previous two images. (B) In vitro cytotoxicity of SN38—polymer conjugate micelles against human liver cancer cell
line BEL-7402. (C) Apoptosis of BEL-7402 cells was detected by fluorescence-activated cell sorting using Alexa Fluor® 488 Annexin V/propidium iodide staining kit 12 hours
after drug treatment (2 pg/mL SN38 equivalent). Four distinct phenotypes: viable cells (lower left quadrant); early apoptotic cells (lower right quadrant); late apoptotic cells
(upper right quadrant); and necrotic or dead cells (upper left quadrant).

Abbreviations: CPT-1 I, camptothecin-11; mPEG, methoxy poly(ethylene glycol); PLA  , , poly(lactide); DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate;
SN38, 7-ethyl-10-hydroxy camptothecin.
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CPT-11-treated group. mPEG, —PLA _ —SN38-treated
group showed greater apoptosis than PEG, —SN38-treated
group. This result is consistent with the results of cellular

uptake and cytotoxicity.

In vivo biodistribution study using vital
imaging

DiR is an indocarbocyanine dye with poor water solubility.*
It is often used for in vivo biodistribution studies because its
emission wavelength is above 700 nm, which can effectively
eliminate emission interference.® In order to determine the
in vivo biodistribution of SN38—polymer conjugate micelles,
DiR-labeled micelles were injected intravenously into BEL-
7402 liver cancer tumor-bearing mice through tail vein,
and time-dependent distribution was observed using near
infrared ray imaging in live animals. If the micelles were
stable, DiR could be efficiently transported to the tumor site,
otherwise the released DiR would be quickly eliminated.

A

Low

The fluorescent images of tumor-bearing mice are shown
in Figure 5. As seen in Figure 5A, fluorescence signal was
observed in the tumor as early as 2 hours after injection of
DiR-labeled mPEG,,—PLA, _ ~SN38 micelles, and the fluo-
rescence signal was increased at 24 hours. Fluorescent images
of major organs harvested at the same point can be seen in
Figure 5B. During the first 2 hours, every organ took up DiR.
However, after 24 hours, DiR mostly accumulated in the
tumor. Conversely, DiR-labeled mPEG,, —~SN38 micelles had
little distribution in the tumor and extensively accumulated in
liver. At 24 hours, the distribution was also nearly the same
as before (Figure 5C and D). These results indicated that the
mPEG, —PLA . —SN38 micelles are selectively taken up by
tumors by passive targeting.?*3¢

In vivo antitumor efficacy
Antitumor efficacy of SN38—polymer conjugate micelles
was evaluated using a nude mouse xenograft model from
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Heart
Liver

Spleen
Lung

Kidney

Tumor

Figure 5 In vivo fluorescent images of BEL-7402 tumor-bearing mice after intravenous injection of DiR-labeled micelles.

Notes: The fluorescent images of BEL-7402 tumor-bearing mice were collected at 2, 6, and 24 hours after intravenously injected DiR-labeled mPEG, —PLA

—SN38 micelles

1.5K

(A) and DiR-labeled mPEG, ~SN38 micelles (C). (B, D) Tissue distribution of DiR-labeled micelles at 2, 6, and 24 hours after intravenous administration of mPEG,, —PLA , —

SN38 (B) and mPEG,,—SN38 (D).

Abbreviations: mPEG, methoxy poly(ethylene glycol); PLA ;, poly(lactide); SN38, 7-ethyl-10-hydroxy camptothecin.
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Figure 6 Antitumor efficacy of SN38—polymer micelles.
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Notes: (A) Antitumor effect of control and SN38-polymer conjugate micelles on BALB/c tumor-bearing nude mice. (B) Body weight change of BALB/c tumor-bearing nude
mice after intravenous injection according to a dose schedule regimen of three injections at 3-day intervals (n=7).
Abbreviations: mPEG, methoxy poly(ethylene glycol); PLA ., poly(lactide); CPT-11, camptothecin-11; PBS, phosphate-buffered saline; SN38, 7-ethyl-10-hydroxy

camptothecin.

human liver cancer BEL-7402 cells. As shown in Figure 6A,
the inhibitory effect of mPEG, —PLA,  —SN38 micelles
on tumor growth was significantly greater than that of
mPEG, —SN38 micelles at the same dosage (P<<0.01). This
was in accord with the observations in cellular uptake and
cytotoxicity studies and the in vivo biodistribution results
(Figure 5), which showed higher tumor uptake of mPEG,, —
PLA, ,,—SN38 micelles. On the other hand, the body weight
change (Figure 6B) observed in this experiment was not
significant and suggested the lack of a significant difference

in the toxicity among the treatment groups.

Conclusion

mPEG-PLA-SN38 and mPEG-SN38 are amphiphilic
polymer conjugates that self-assemble into micelles in an
aqueous media. In vitro and in vivo experiments were car-
ried out to compare the properties and efficacy of these two
prodrugs. Dynamic light scattering and TEM analysis of
the micelles revealed that the size of mPEG-PLA-SN38
micelles was much smaller than PEG-SN38 micelles and the
morphologies of the former were also more homogeneous.
In vitro release of SN38 from mPEG-PLA-SN38 micelles
was slower. In vitro cytotoxicity, cellular uptake, and apop-
tosis assay all showed that mPEG-PLA—-SN38 micelles were
more efficient than mPEG—SN38 micelles. In vivo biodistri-
bution study using DiR-labeled mPEG-PLA—SN38 micelles
showed much greater delivery to the tumor than mPEG—-SN38
micelles. Finally, in vivo antitumor efficacy study showed
mPEG-PLA-SN38 micelles possessed greater antitumor
activity than mPEG—SN38 micelles as well. Collectively,
mPEG-PLA—-SN38 has been shown to be a promising anti-
cancer agent that deserves further investigation.
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