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The clinical utility of CPT-11 is restricted by factors such as the low conversion rate to SN38, high interpatient
variability and dose-limiting toxicity. SN38 is significantly more potent than CPT-11, but parental administration
of SN38 is impossible due to its poor solubility and low stability. This study aimed to develop a novel SN38
prodrug (OEG-SN38) that may overcome the various drawbacks of CPT-11 and SN38 and be useful for clinics.
Keywords: We attached a very low molecular weight oligo (ethylene glycol) (OEG) chain selected as the hydrophilic part
CPT-11 ' to hydrophobic SN38 via ester bond at the C20 position to form the amphiphilic OEG-SN38. In aqueous solution
SN38 OEG-SN38 formed micelles with diameter of 28.744-2.51 nm, and showed greatly improved drug loading,
solubility and stability, with drug loading as high as 36% (wt.%). Moreover, these micelles were stable in PBS
with only 4.71% SN38 released from the prodrug even after 35 h incubation, but released SN38 promptly by
esterase hydrolysis. Most importantly, OEG-SN38 exhibited potent antitumor activity against a panel of
human tumor cell lines, as well as favorable antitumor activity and high safety in human xenograft models.
These encouraging data merit further preclinical and clinical investigation on this novel SN38 delivery system.
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1. Introduction

CPT-11 (irinotecan or 7-ethyl-10[4-(1-piperidino)-1-piperidino]-
carbonyloxy camptothecin) is an effective chemotherapeutic agent
that induces cell death primarily by inhibiting the nuclear enzyme
topoisomerase I (TOPI) [1]. It is widely prescribed for advanced colo-
rectal cancer as a first- or second-line treatment [2,3]. However, the
therapeutic effect and clinical utility of CPT-11 have been extremely
restricted by several factors. First, CPT-11 itself has a very limited
activity and exerts significant antitumor effect mainly by converting
to its active metabolite SN38 (7-ethyl-10-hydroxy-camptothecin)
via carboxylesterase (CE)-mediated de-esterification in the liver [4].
SN38 has 100-1000 fold more potent cytotoxXicity in vitro compared
with CPT-11 [5]. However, studies have shown that genetic and
environmental factors influence CE activity by up to 10 folds [6].
The great interindividual difference of CE activity and the complexity
of CPT-11 metabolism very likely lead to high interpatient variability
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in both efficacy and toxicity after administration of CPT-11. Besides, it
is reported that only 2-8% of the administered dose of CPT-11 is
converted to SN38 in humans [7]. This low conversion to SN38 results
in low bioavailability of CPT-11 in patients. In addition, clinical results
demonstrated that the pharmacologically important lactone ring of
CPT-11 is readily converted to the inactive carboxylate form after
infusion in humans or in the presence of human plasma albumin
[8]. Another problem linked to CPT-11 clinical utility is its severe
gastrointestinal toxicity and myelosuppression, which constitutes its
dose limiting toxicity (DLT) [9].

Therefore, a significant clinical advantage could be gained from
the direct administration of SN38, which would overcome the above
drawbacks of CPT-11 in drug activation, metabolism and elimination.
Nevertheless, SN38 cannot be administered directly, due to its extreme-
ly low water solubility in any physiologically compatible and pharma-
ceutically acceptable solvents. To exploit the full therapeutic potential
of SN38, a number of drug delivery systems, e.g. PEGylation conjugate,
polymer micelle, liposome formulation, dendrimers, have been exten-
sively investigated to improve water-solubility and bioavailability of
SN38 [10-13]. Unfortunately, some inherent drawbacks are associated
with these drug delivery systems, especially low drug loading and
premature burst release. For example, polymer conjugate of SN38
EZN-2208 has a payload of only 3.7% (weight ratio of SN38 molecular


http://dx.doi.org/10.1016/j.jconrel.2012.12.019
mailto:suim@zju.edu.cn
http://dx.doi.org/10.1016/j.jconrel.2012.12.019
http://www.sciencedirect.com/science/journal/01683659

148 H. Zhang et al. / Journal of Controlled Release 166 (2013) 147-158

to the entire polymer conjugate) even though four SN38 moleculars
were conjugated to the PEG backbone [10]. Low drug loading may sig-
nificantly limit the clinical application because repeated administration
of a large amount of inactive carriers into patients may induce systemic
toxicity [14]. Drug-entrapped liposomal formulation, as another
common drug carrier, also suffers from many problems such as
low stability under physiological conditions, batch to batch irrepro-
ducibility, low entrapment efficiency and difficulties in controlling
liposome size [15].

We have recently developed a self assembling prodrug approach
to fabricate high drug loading nanocarriers [14,16]. In the present
study, we synthesized a novel self-assembling SN38 prodrug aiming
to develop a drug delivery system potentially overcoming the above
limitations and useful for clinics. A very low molecular weight
oligo(ethylene glycol) (OEG) chain selected as the hydrophilic part
was attached to hydrophobic SN38 via ester bond at the C20 position
of SN38. This surfactant-like amphiphilic molecular (named as OEG-
SN38) is expected to form micelles in aqueous solution, which should
substantially enhance the water solubility as well as the tumor
targeting ability of SN38 via EPR (enhanced permeability and reten-
tion) effect of tumor. Meanwhile, the very low molecular weight of
OEG portion and the relatively stable chemical linkage between OEG
and SN38 would significantly increase the efficacy and stability of
drug loading. In addition, acylation of the C20-hydroxy of SN38 was
evidenced to assist in preserving SN38 in the active lactone
form [17]. The successful synthesis of OEG-SN38 was confirmed, its
physiochemical properties were characterized, and its biological
activities were investigated in vitro and in vivo with appropriate
animal models. Our data demonstrated that this novel SN38-
conjugate has greatly improved water solubility and stability, with
drug loading as high as 36% (wt.%). Particularly, OEG-SN38 exhibits
excellent in vitro and in vivo antitumor activity and safety, holding
the promise to become a new and potent anticancer drug.

2. Materials and methods
2.1. Agents, cell lines and animals

SN38 was purchased from Xi'an Sendflld Science and Technology
(Xi'an, China). Irinotecan hydrochloride was from Chengdu Yuancheng
Biotechnology Co. (Chengdu, China). 1, 2-ethanedithiol (98%) (EDT)
was purchased from Aladdin (Shanghai, China). Oligo(ethylene glycol)
methyl ether acrylate (OEGMEA, Mn: 480) was received from Aldrich
(St Louis, USA). Other reagents were purchased from Sinopharm Chemi-
cal Reagent Co. (Shanghai, China). MCF-7 (human breast carcinoma), KB
(human epidermoid carcinoma), HT-29 (human colorectal carcinoma)
and SKOV-3 (human ovarian carcinoma) cell lines were obtained from
American Type Culture Collection and maintained in our laboratory.
MCF-7, KB, SKOV-3 and BCap37 (human breast carcinoma) cell lines
have been used in our previous studies [18-20]. Both 6-8-week-old
female BALB/c homozygous athymic nude mice and ICR strain mice
were purchased from the Animal Center of Zhejiang University, and
maintained under standard conditions. Use of animals for in vivo studies
was approved by the Animal Ethics Committee in Zhejiang University.

2.2. Preparation of OEG-SN38 conjugate

2.2.1. Synthesis of OEG-SH

10 g (20.8 mmol) OEGMEA and 10 g (106 mmol) EDT were mixed
together and 0.5 mL EtsN was added as catalyst. After stirring overnight
at room temperature, the mixture was poured into 50 mL water, and
HCl was added to neutralize the solution. After three washes with
100 mL hexane, the water was removed under vacuum, and pure
OEG-SH (8 g, yield 80%), as characterized by 'H NMR spectroscopy
(Fig. S1), was obtained.

2.2.2. Synthesis of Boc-SN38

1 g (2.5 mmol) SN38 and 1 g (4.5 mmol) Di-tert-butyl dicarbonate
were dissolved in CH,Cl, and 5 mL pyridine was used as a catalyst. After
stirring for 3 h at room temperature, the reaction mixture was washed
by aqueous hydrochloric acid solution and then dried over anhydrous
MgSOQ, to obtain 1.2 g Boc-SN38 in 90% yield, as characterized by 'H
NMR spectroscopy (Fig. S2).

2.2.3. Synthesis of Boc-SN38MA

1.25 g (2.5 mmol) Boc-SN38 was dissolved in 100 mL anhydrous
CH,Cl,, and 0.69 mL (5 mmol) EtsN was added as HCl acceptor.
Under stirring in ice bath, 0.41 mL (5 mmol) acryloyl chloride was
added dropwise into the mixture. After stirring for 2 h, 1 g of the
desired Boc-SN38MA was obtained by passing through a chromato-
graphic column (20:1, CH,Cl,/MeOH) in 70% yield, as characterized
by 1H NMR spectroscopy (Fig. S3).

2.2.4. Synthesis of OEG-SN38

1.1 g (2 mmol) OEG-SH and 1.14 g (2 mmol) Boc-SN38MA were
dissolved in 10 mL CH,Cl, and 0.5 mL EtsN was added as catalyst.
After stirring overnight at room temperature, Etz;N was washed away
by HCl and the solution was then dried with MgSO,. To deprotect Boc
groups, 30% TFA was added to the filtered clear solution and stirred
for 2 h. Deionized water was used to wash TFA away, and the solution
was then dried and filtered. CH,Cl, was removed under vacuum to
give the final product of OEG-SN38 in 70% yield (1.5 g), as characterized
by 'H NMR spectroscopy (Fig. S4) and '3C NMR spectroscopy
(Fig. S5).The reaction route is shown in Fig. 1A.

2.3. Micelle formation and determination of critical micelle concentration
(CMC)

OEG-SN38 dissolved in THF was added dropwise into 0.01 M PBS
under stirring. After stirring for 2 h, THF was removed under vacuum,
and the residual solution was the desired micelle-based OEG-SN38.
The initial micelle solution was diluted with 0.01 M PBS to obtain
the required solutions for further studies. To determine the CMC of
OEG-SN38, a known amount of Nile Red in CH,Cl, was added to a
series of vials. When CH,Cl, was evaporated, a measured amount of
OEG-SN38 solution was added to each vial to obtain a final concentra-
tion of 1 uM Nile Red and stirred overnight in dark. The fluorescence
emission intensity was measured at the wavelength of 620 nm (excited
at 543 nm) using a microplate reader (Molecular Devices, SpectraMAX
M2e, USA). CMC was determined at the intersection of the tangents to
the two linear portions of the curve of the fluorescence intensity as a
function of OEG-SN38 concentration [14].

2.4. Hydrolysis of OEG-SN38 and CPT-11 detected by HPLC

The hydrolysis of OEG-SN38 (200 pg/mL) in PBS (pH 7.4) was
detected by high-performance liquid chromatography (HPLC, Waters,
Singapore). Furthermore, according to our previous studies [14], 5 U
and 10 U esterase solutions were used to study the effect of esterase
on the hydrolysis of OEG-SN38 (200 pg/mL) and CPT-11 (200 pg/mL).
Briefly, the OEG-SN38 or CPT-11 solution was incubated in a 37 °C
shaker. At specific time intervals, samples (0.1 mL) were withdrawn
and analyzed by HPLC using a SunFire™ C18 column (4.6 x 250 mm,
5 um) at 35 °C. A gradient elution method of 60-95% methanol/water
was applied at a flow rate of 1 mL/min. During assays, 20 pl of each
sample was injected into the analytic column. The release of SN38
was detected by UV at 360 nm, and the hydrolysis was determined
based on the ratio of SN38 peak areas to the corresponding OEG-SN38
or CPT-11 peak areas.
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Fig. 1. Synthesis (A) and size distribution (B, in PBS as detected by DLS) of OEG-SN38.

2.5. Stability of OEG-SN38 nanoparticles in human plasma

To investigate whether OEG-SN38 nanoparticles could remain stable
in blood circulation, and thereby profit from the EPR effect, we further
incubated OEG-SN38 (200 pg/mL) in human plasma in vitro. Samples
(1 mL) were withdrawn at 0 h, 12 h, 24 h and 36 h, respectively, and
analyzed by dynamic light scattering (DLS, Malvern Zen3600, UK).

2.6. Cellular uptake of OEG-SN38 nanoparticles

Tumor cells were plated onto glass-bottom petri dishes in
1.5 mL of complete culture medium for 24 h before treatment.

Cells were exposed to OEG-SN38 loaded with Nile Red and incu-
bated for 2 h at final SN38 concentration of 16.96 pg/mL. Then
the solution was replaced with fresh medium, and the cells were
further incubated with LysoTracker (Molecular Probes, USA) at
a concentration of 200 nM for 1.5 h to label lysosomes. The images
were then taken using a confocal laser scanning microscope
(CLSM, Nikon-A1 system, Japan). LysoTracker was observed using
a 488-nm laser, and the emission wavelength was read from
510 to 540 nm and expressed as green. OEG-SN38 loaded
with Nile Red was observed using a 543 nm laser, and the
emission wavelength was read from 560 to 610 nm and expressed
as red.
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2.7. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

The cytotoxicity of OEG-SN38 was determined by MTT assay in a
large panel of human tumor cell lines including BCap37, MCF-7,
HT-29, SKOV-3 and KB. Briefly, adherent cells (4000-5000 cells per
well) were evenly plated into 96-well plates and incubated overnight.
Then cells were exposed to serial dilutions of OEG-SN38, SN38 or
CPT-11 and further incubated for 48 h. Subsequently, the medium
in each well was replaced with fresh culture medium containing
1 mg/mL MTT. The plates were incubated for additional 3 h, allowing
viable cells to reduce the yellow tetrazolium salt (MTT) into dark blue
formazan crystals. Finally, DMSO was added to dissolve the formazan
crystals. The absorbance was determined at 562 nm with a microplate
spectrophotometer (Molecular Devices, SpectraMax M2e, USA). Each
drug concentration was tested in triplicate and in three independent
experiments.

2.8. Cell cycle analysis

Cell cycle distribution and regulation were monitored by flow
cytometric analysis. Tumor cells were exposed to a range of concentra-
tions of SN38, OEG-SN38 and CPT-11. Cell sample preparation was done
as described previously [19,21]. Briefly, at the end of each time point, all
cells were harvested and fixed in 70% ethanol diluted in PBS, followed
by incubation in PBS containing 100 pg/mL RNase and 40 pg/mL
propidium iodide before flow cytometry analysis. Cell cycle distribution
and DNA content were determined using FACScan (BD, USA).

2.9. Acute toxicity studies in mice

The acute toxicity of OEG-SN38 was studied in ICR strain mice
with the initial body weight of 19-22 g. Mice were randomly divided
into five groups of ten (five males and five females) and maintained
under standard conditions, with free access to food and water. After
a one-week acclimation period, OEG-SN38 conjugate was delivered
intravenously to each group of mice at doses of 200, 170, 144.5,
123, 105 mg/kg, respectively, according to the data obtained from
preliminary studies. Animals were observed every 1-2 h on the treat-
ment day, twice a day later, for up to 14 days post drug treatment.
The intoxication symptoms, changes in body weight and the time of
death of treated mice were recorded in detail. The half lethal value
LDsg and 95% confidence interval (CI) were calculated by modified
Karber's method.

2.10. In vivo antitumor efficacy

To develop the human tumor xenografts, in vitro growing BCap37
and SKOV-3 cells were harvested by exposure to trypsin-EDTA,
washed with PBS and implanted into the right flanks of mice [20].
When BCap37 and SKOV-3 tumors had reached a mean diameter of
around 0.5 cm, mice were assigned to five treatment groups (n=4/
group): (a) CTL (PBS); (b) CPT-11 at 7.94 mg/kg (equivalent to 5 mg/kg
SN38);(c) OEG-SN38 at 13.89 mg/kg (equivalent to 5 mg/kg
SN38); (d) CPT-11 at 15.88 mg/kg (equivalent to 10 mg/kg SN38)
and (e) OEG-SN38 at 27.78 mg/kg (equivalent to 10 mg/kg SN38).
The treatment regimens were initiated on day 1 (iv.), repeated every
2 days for a total of 6 cycles. After the Medication Phase (Day 1-11),
the animals were left untreated for a few days (defined as Withdrawal
Phase) until they were terminated. Tumor volume (mm?®) was calculated
using the following formula: V(mm?)=A(mm) xB(mm)?/2, where A
and B were the longest and widest diameter of tumor, respectively. At
the end of the experiments, all animals were sacrificed according to
institutional guidelines. Tumors were resected, weighed, and fixed in for-
malin for paraffin embedding. Inhibition rates (IR) of tumor growth were
calculated using the following equation: IR = 100% x (mean tumor weight

of control group —mean tumor weight of experimental group)/mean
tumor weight of control group [20]. Data are representatives of two inde-
pendent experiments.

2.11. Histological examination of tumor tissues

The removed xenograft tumors were fixed with 4% neutral buff-
ered paraformaldehyde and embedded in paraffin before making
tissue sections. Four micrometer tissue sections were prepared and
stained with hematoxylin and eosin (H&E, Fisher Scientific, USA) for
histological examinations. The histological identification of apoptotic
cells has been described and illustrated in our previous publications
[20].

2.12. Statistical analysis

Data are presented as means 4 standard errors. Tumor volumes
over time were analyzed by one-way ANOVA (analysis of variance)
and subsequently by Student's t-test [20]. All other statistical analyses
were performed using Student's t-test. Differences were considered
statistically significant at a level of p<0.05.

3. Results
3.1. Preparation and characterization of OEG-SN38 nanoparticles

SN38 contains active phenolic and less active C20 hydroxy groups.
To selectively acylate the 20-OH, we firstly protected the phenol
group with Boc, and then tried to introduce the acrylate to 20-OH.
In brief, SN38 was first reacted with methacrylic anhydride in the
presence of DAMP. However, many side reactions occurred and puri-
fication was quite complicated. We then tried acryloyl chloride
instead of methacrylic anhydride due to its higher reactivity. The reac-
tion could not take place when N, N-diisopropylethylamine was used as
HCl acceptor. With EtsN as HCl acceptor, the reaction went well as
expected. The pure OEG-SN38 was obtained after chromatographic
purification (20:1, HyCl,/MeOH) in a 70% yield.

OEG-SN38 formed nanoparticles with a hydrodynamic diameter of
28.74 £ 2.51 nm (Fig. 1B), and the CMC value detected by the method
described above was 60 pg/mL, as shown in Fig. 2A. Moreover,
OEG-SN38 nanoparticles had a fixed drug loading content of as high
as 36% (wt.%). Very importantly, these nanoparticles slowly released
SN38 in PBS (pH 7.4), with only 4.71% of SN38 released even after
35 h incubation, suggesting that OEG-SN38 has no premature burst
release (Fig. 2B), which is a general problem for most nanoparticle
drug carriers. However, in the presence of 10 U esterase, up to 54.9%
of SN38 was released from its prodrug after only 24 h incubation
(Fig. 2B). Although 5 U esterase showed less effect on the hydrolysis
of OEG-SN38 than 10 U esterase, there was still around 12% of SN38
released from its prodrug after 24 h incubation. In contrast, no SN38
was released from CPT-11, even after 48 h incubation in 10 U esterase
solution. Furthermore, OEG-SN38 was found to be stable in the form of
nanomicelle during the longtime incubation in human plasma (Fig. 3).

3.2. Cellular uptake and intracellular localization of OEG-SN38 nanoparticles

OEG-SN38 nanoparticles were labeled by Nile Red and their cellu-
lar uptake and intracellular localization in cancer cells were observed
by CLSM. The representative results are depicted in Fig. 2C. After 2 h
incubation at 37 °C, OEG-SN38 nanoparticles were quickly taken up
by SKOV-3 cells. Overlay of the images taken from LysoTracker, Nile
Red and Transmittance channels demonstrated that OEG-SN38 was
mostly localized in lysosomes (yellow spots, in Fig. 2C-c). Some
conjugates not associated with lysosomes (red spots, in Fig. 2C-c)
were probably those that had already escaped from the lysosomes
within the 2 h incubation.
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Fig. 2. CMC, SN38 release kinetics from the OEG-SN38 nanoparticles, and cellular localization of OEG-SN38. A, the CMC value of OEG-SN38 was 60 pg/mL. B, SN38 release kinetics
was determined in PBS at pH 7.4 and 37 °C, with or without 5 U or 10 U esterase for indicated time. C, the subcellular localization of Nile Red-loaded OEG-SN38 nanoparticles into
SKOV-3 cells was observed by CLSM after 2 h incubation, (A) LysoTracker channel (green, to label lysosomes), (B) Nile Red channel (red, to label OEG-SN38), and (C) overlap of

LysoTracker, Nile Red and Transmittance channels.

3.3. In vitro cytotoxicity

OEG-SN38 nanoparticles demonstrated significant in vitro antitumor
activity comparable to SN38 dissolved in DMSO, but far better than
CPT-11, against a large panel of human tumor cell lines, including
SKOV-3, MCF-7, BCap37, HT-29 and KB (shown in Fig. 4). The ICsq
(concentration inhibiting cell growth to 50% of control) values of
OEG-SN38 in above cell lines were 0.032, 0.27, 0.30, 1.61, 1.61 pg/mL,
respectively, being around 2-fold higher than that of SN38 in SKOV-3,
MCF-7, HT-29 and KB cell lines, and around 5-fold higher than that of
SN38 in BCap37 cell line. These data indicate that OEG-SN38 released
SN38 sufficiently after taken up by cancer cells. In all the five cell lines
tested, OEG-SN38 exhibited significantly higher antitumor activity
than CPT-11. For instance, the ICso values of CPT-11 against the tested
cell lines were 6.53, 4.41, 21.65, 49.65, and 18.29 pg/mL, respectively,
which were 11.3-199.8 fold higher than that of OEG-SN38.

3.4. Cell cycle analysis

As summarized in Fig. 5, our data showed that at 24 h, there were
14.94%, 16.34% and 42.55% of tumor cells arrested at G2/M phase,
respectively, after the administration of 0.016, 0.032 and 0.08 pg/mL
OEG-SN38, all of which were significantly higher than that of the
control group (9.52%). To a much less extent, CPT-11 incubation for
24 h with corresponding concentrations only induced 11.97%, 12.49%
and 12.86% of cells in G2/M phase, respectively. At 48 h, treatment of

OEG-SN38 continuously arrested tumor cells at the G2/M phase of the
cell cycle. However, the G2/M populations in groups treated with
various concentrations of CPT-11 decreased and recovered to the
similar level as the control group. When exposed to free SN38,
SKOV-3 cells were arrested in both S and G2/M phases of the cell
cycle, indicating that tumor cells were more sensitive to SN38 than
OEG-SN38 and CPT-11. These data was consistent with the above MTT
results showing that free SN38 exhibited relatively higher in vitro
antitumor activity than OEG-SN38, both of which were far better than
CPT-11 in vitro.

3.5. Acute toxicity of OEG-SN38 nanoparticles

As expected, single intravenous injection of OEG-SN38 nanoparticles
induced acute toxicity in ICR mice in a dose-dependent fashion
(Table 1). Intoxication symptoms such as reduction in voluntary
movement, irregular respiration, motoric disturbances and even
rapid death were observed in some animals after drug exposure.
The earliest and the latest intoxication-related death appeared
within one minute and three hours after dosing, respectively. Intox-
ication symptoms disappeared 24 h after drug administration in
survival animals, and physiological function, food consumption
and body weight gains of the mice were recovered. The LDsq value
and 95% confidence interval (CI) of OEG-SN38 were 151.36 mg/kg
and 138.29-165.65 mg/kg, respectively.
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Fig. 3. Stability of OEG-SN38 nanoparticles in human plasma. OEG-SN38 was incubated in human plasma for 0 h, 12 h, 24 h and 36 h, respectively. Samples were withdrawn and
analyzed by DLS. The left and right peaks in panel A-D represent plasma protein alone and OEG-SN38 nanoparticles binding to plasma protein, respectively.

3.6. In vivo antitumor activity in human breast xenograft tumors

Encouraged by the above in vitro data, we further evaluated the
in vivo antitumor efficacy of OEG-SN38 with BCap37 xenograft
model. OEG-SN38 and CPT-11 were administered i.v. at defined
doses with an intermittent q2d x 6 schedule, and the control group
was treated with PBS via the tail vein. Our data demonstrated that
OEG-SN38 and CPT-11 both effectively repressed BCap37 tumor
growth (all p<0.005, in comparison with control group, Fig. 6A).
During the Medication Phase, there was a statistical difference on
the tumor volume between groups treated with 13.89 mg/kg of
OEG-SN38 and 7.94 mg/kg of CPT-11 (both equivalent to 5 mg/kg

SN38, p<0.05). However, this statistical difference disappeared in
the Withdrawal Phase (p>0.05). This finding was further confirmed
when the doses of OEG-SN38 and CPT-11 increased to 27.78 mg/kg
and 15.88 mg/kg (both equivalent to 10 mg/kg SN38), respectively,
as no statistical difference on tumor volume was observed in either
Medication Phase or Withdrawal Phase (both p>0.05). Meanwhile,
all the tumors were collected for the calculation of IR at the end of the
experiments. The overall IRs of low dosage OEG-SN38 and CPT-11
were 72.51%+4.97% and 83.09% 4 7.53%, respectively (p>0.05), and
those for high dosage OEG-SN38 and CPT-11 were 89.23%+ 3.68% and
96.23% + 1.65%, respectively (p<0.05) (Fig. 6D). Body weight of all
animals increased steadily throughout the study (Fig. 6B) and no toxic
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characteristics were observed. These data indicate that OEG-SN38 was
well-tolerated and exerted excellent therapeutic activity in nude mice
bearing BCap37 xenograft tumors (Fig. 6C).

3.7. In vivo antitumor activity in human ovarian xenograft tumors

Moreover, we further evaluated the in vivo antitumor potency of
OEG-SN38 conjugate with SKOV-3 human ovarian cancer xenograft
model. We found that administration of 27.78 mg/kg OEG-SN38 and
15.88 mg/kg CPT-11 (both equivalent to 10 mg/kg SN38, q2d x 6, i.v.)
significantly repressed tumor growth in mice (both p<0.05, in

comparison with control group, Fig. 7A and B). No matter in Medication
Phase or Withdrawal Phase, no statistical difference on tumor volume
was observed between mice treated with OEG-SN38 and CPT-11
(both p>0.05). However, when the animals were terminated, the over-
all IRs of OEG-SN38 and CPT-11 were 70.03%+6.30% and 84.95%+
6.54%, respectively (p<0.05, Fig. 7B). Similar to the findings observed
in BCap37 xenograft model, body weight of all the SKOV-3-tumor bear-
ing mice increased steadily throughout the study and no toxic charac-
teristics were observed (data not shown). These data indicate that
OEG-SN38 exerted significant therapeutic activity in nude mice bearing
SKOV-3 xenograft tumors.
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Fig. 5. Flow cytometric analysis of cell cycle distribution. SKOV3 cells exposed to SN38 (dissolved in DMSO), OEG-SN38 or CPT-11 for 24 h and 48 h, respectively, were harvested.
DNA content was stained with propidium iodide for flow cytometric analysis. Peaks corresponding to G1/GO, G2/M, and S phases of the cell cycle were indicated.

3.8. Histological analysis of xenograft tumors

To obtain more complete insight into the inhibitory effect of
OEG-SN38 on human xenograft tumors, histological studies on tumor
tissue sections with H&E staining were conducted. As shown in
Fig. 7C, in the control groups, both BCap37 and SKOV-3 tumor tissue
sections were composed of tightly packed tumor cells interspersed
with various amounts of stroma (a, d, g). However, in tumors treated

Table 1
Acute toxicity of OEG-SN38 in ICR mice upon i.v. administration.

Dose of OEG-SN38 (mg/kg) No. of mice tested No. of dead mice Mortality (%)

200.0 10 10 100
170.0 10 7 70
144.5 10 4 40
123.0 10 0 0
105.0 10 0 0

with either CPT-11 (Fig. 7C-b, e, h) or OEG-SN38 (Fig. 7C-c, f, i), the his-
tological features of xenograft tumors exhibited significant differences
from the corresponding control groups. For instance, tumor cells with
enlarged sizes and excessive vacuolization were seen in BCap37
tumor tissue sections after the treatment of CPT-11 or OEG-SN38.
Additionally, many of the tumor cells exhibited typical apoptotic
characteristics; That is, they were composed of membrane-bound,
small nuclear fragments surrounded with a rim of cytoplasm [20].
The histological features were quite similar in tumors treated with
either CPT-11 or OEG-SN38 (Fig. 7C) at equivalent dose level, which
was consistent with the above data that both compounds possess signif-
icant anticancer activity in tested xenograft models.

4. Discussion

In the past decades, nanostructures of anticancer drugs have been
proven to be innovative and promising in cancer chemotherapy for
their inherent advantages over traditional small molecular drugs
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Fig. 6. Therapeutic effects of OEG-SN38 and CPT-11 against BCap37 human breast xenograft tumors. Nude mice bearing BCap37 tumors were treated with PBS, OEG-SN38 or CPT-11
at indicated doses (q2d x 6). 13.89 mg/kg OEG-SN38 and 7.94 mg/kg CPT-11 were equivalent to 5 mg/kg SN38. 27.78 mg/kg OEG-SN38 and 15.88 mg/kg CPT-11 were equivalent to
10 mg/kg SN38. A, determination of tumor volume. B, body weight changes of the mice. C, photos of tumors upon animal termination. D, tumor weight upon animal termination.

Data were presented as Mean =+ S.E.

[22,23]. Herein, we successfully prepared a novel OEGylated self-
assembling SN38 prodrug (OEG-SN38) to overcome the various
drawbacks of free SN38, such as low water solubility and low
bioavailability, as well as to overcome the various disadvantages of
CPT-11 in drug activation, metabolism and elimination. It is known
that nanoparticles less than 20 nm may escape renal clearance
while those larger than 150 nm are more likely uptaken by liver
and spleen [24]. Therefore, the favorable size of OEG-SN38 nano-
particles (28.744-2.51 nm) and their proven stability in blood circula-
tion may assist in preventing sequestration by RES (reticuloendothelial
system) and targeting tumor sites passively via the EPR effect [25-27].
Meanwhile, acylation of the 20-hydroxy could preserve SN38 in the
active closed lactone form essential for its activity during circulation
[17], which might also potentiate its antitumor activity. Furthermore,
the very low molecular weight of OEG portion dramatically increased
the drug loading efficacy of OEG-SN38 to 36% (wt.%), which is significant-
ly higher than all other reported SN38-containing drug delivery systems
(mostly around 10%) [10,11,13,24]. This high and stable drug loading
would significantly reduce the amount of inactive carriers into patients
and thereby reduce the systemic toxicity. On the other hand, although
gene-directed enzyme/prodrug therapy (GDEPT) was recently demon-
strated to improve the antitumor activity of CPT-11 or SN38, the prepara-
tion of these systems are much more complicated than OEG-SN38
[28-30].

Esterases are known to be abundant in the cell cytosol and lyso-
somes. Thus, the ester linkage between OEG and SN38 would be stable
during transport in the blood circulation and thereby help eliminate the
premature burst release of active drug. Once enter the cells, the ester
linkage will be easily cleaved upon exposure to intracellular esterase
for release of free SN38, which may further enhance the tumor targeting
ability of OEG-SN38. Indeed, our data showed that OEG-SN38 was quite
stable in PBS, with only 4.71% of SN38 released even after 35 h incuba-
tion, which is far better than other reported nanosized SN38-prodrugs
that may release even more than 50% of SN38 after 24 h incubation in
PBS. However, in 10 U esterase solution, up to 54.9% of SN38 was
released from OEG-SN38 after 24 h incubation while no SN38 was
converted from CPT-11 in esterase solution even after 48 h incubation.
These results demonstrated that OEG-SN38 releases SN38 in a con-
trolled esterase-responsive fashion, and may overcome the disadvan-
tage of CPT-11 on reliance of carboxylesterase which is mainly present
in liver in humans and has great interspecies and individual variability.

SN38 targets the nuclear enzyme TOPI, and acts by binding covalent-
ly to the reversible DNA-TOPI complexes during DNA replication, RNA
transcription and DNA repair, thereby inducing irreversible
double-bond DNA damage [31]. These pharmacological events of
SN38 ultimately lead to cell cycle arrest at G2/M and S phases or
cell death [32]. In the present study, we found that OEG-SN38
prodrug had potent in vitro antitumor activity, similar to SN38
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when compared with control groups. Magnification, x 40.

dissolved in DMSO, but significantly better than CPT-11, against a
large panel of tumor cells. Moreover, OEG-SN38 was proven to
cause apparent G2/M arrest in cancer cells. These data suggested
that SN38 was effectively released from its prodrug once inside
tumor cells and was available to inhibit or kill tumor cells. In contrast,
tumor cells were significantly less sensitive to CPT-11-induced cell
cycle arrest and cell death. Free SN38 exhibited relatively better
in vitro antitumor activity and superior ability to induce cell cycle arrest

in comparison with OEG-SN38, and this might be due to the fact that
SN38 firstly needs to be released from the prodrug before acting on
tumor cells.

Another obstacle linked to CPT-11 clinical utility is its dose limiting
toxicity, e.g. severe gastrointestinal toxicity and myelosuppression.
Particularly, the high interpatient variability in both efficacy and toxic-
ity after administration of CPT-11 significantly interfere with its safety
for the treatment of cancer patients. In this study, we also determined


image of Fig.�7

H. Zhang et al. / Journal of Controlled Release 166 (2013) 147-158 157

the LDsq of newly synthesized OEG-SN38, and found that the LDsq of
OEG-SN38 (151.36 mg/kg) was around 11-fold higher than the effective
dosage of OEG-SN38 (equivalent to 5 mg/kg SN38), indicating that low
toxicities to normal tissues and high safety are associated with
OEG-SN38. Further studies with both human breast and ovarian xeno-
graft tumor models demonstrated that OEG-SN38 exhibited impressive
in vivo antitumor activity without detectable toxicity. Although CPT-11
also demonstrated remarkable antitumor activity in tumor-bearing
mice, previous investigations have revealed that there exists great inter-
species variability in CPT-11 activation in rodents and humans [33]. For
instance, CPT-11 is converted to its active component SN38 rapidly in
rodents, and followed by high initial plasma SN38 concentrations
because of the abundant plasma carboxylesterase [34-36]. However,
much less SN38 was initially detected in patients infused with single
high-dose CPT-11 due to lack of carboxylesterase in human plasma
[36,37]. Meanwhile, approximately 50% of injected CPT-11 could be
converted to SN38 in rodents, while this ratio is far exceeded that in
humans (only around 2-8%) [7,34]. Hence, high therapeutic index of
CPT-11 in rodents does not identify with that in humans. On the other
hand, large amounts of other esterases including butyrylcholinesterase,
paraoxonase and albumin esterase were observed in humans, which
would permit the ester bond of OEG-SN38 to be hydrolyzed and release
active SN38, thus bypassing carboxylesterase-mediated activation for
CPT-11 [36]. Therefore, we believe that the injection of OEG-SN38 in
cancer patients would allow tumor sites to be exposed to active SN38
at a high concentration more easily and selectively, which may lead to
better therapeutic efficacy of OEG-SN38 than CPT-11 in humans. Histo-
logical analysis of tumor tissues further confirmed the effectiveness of
OEG-SN38 in inhibiting tumor growth and inducing tumor cell apoptotic
cell death in vivo.

Conclusion

In this study, we successfully designed and synthesized a novel type
of SN38-incorporating nanoparticles, OEG-SN38, aiming to overcome
not only various drawbacks of CPT-11 and SN38, but also various limita-
tions of reported SN38-incorporating drug delivery systems, especially
low drug loading and premature drug release. OEG-SN38 demonstrated
dramatically high and stable drug loading, significantly improved
solubility, stability and released active SN38 in a controlled manner.
Further studies indicate that OEG-SN38 nanoparticles exhibited excel-
lent antitumor activities against a large panel of cultured tumor cell
lines, and showed favorable therapeutic effect and low toxicities to
normal tissues in tumor-bearing mice. OEG-SN38 holds the promise
to become a chemotherapeutic drug better than CPT-11, and deserves
further preclinical and clinical development.
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