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The nanoassemblies were prepared from N-octadecanoyl gemcitabine (NOG)/cholesteryl succinyl
poly(ethylene glycol) 1500 (CHS-PEGi500) (5:1, mol/mol). They showed higher cytotoxicity than gem-
citabine on HpG2 cell model. The amphiphilicity of NOG may improve permeation of prodrugs and
destruction of cell membrane. The nanoassemblies were rapidly eliminated from circulation after bolus
intravenous administration to healthy and tumor-bearing mice. The in vivo distribution sites of NOG
were mainly liver and spleen though the distribution in tumor was not high. The non-spherical shape
and high surface charge of the nanoassemblies may affect distribution. The nanoassemblies had similar
anticancer efficacy to free gemcitabine solutions when the former contained about 1/3 dose of the latter
in gemcitabine form. The nanoassemblies would be a promising anticancer nanomedicine.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembled drug delivery systems (SADDSs) are developed
in our lab and defined as the self-assemblies of amphiphilic pro-
drugs (Jin et al., 2006). Compared with traditional drug carriers,
SADDSs own the advantages including high drug load, high stability
and controlled drug release in vivo. SADDS has been demonstrated
to be a good targeted delivery system to the mononuclear phago-
cyte system (MPS) due to nanoscale size. Macrophages are the
reservoir of viruses including HIV. Therefore, we have been focus-
ing on the antiviral application of SADDSs and some of them have
highly antiviral efficacy (Jin, 2008; Jin et al., 2006, 2008, 2009a,
2009b, 2010).

Anticancer agents generally have the severe side effect due to
wide distribution in vivo. Macromolecules and nanoscale particles
can penetrate into tumor tissues based on the enhanced permeabil-
ity and retention (EPR) effect (Iyer et al., 2006). However, ordinary
or naked nanoparticles could not achieve tumor targeting due to
opsonization (Ishida et al., 2002). Long-circulating vehicles are
coated with hydrophilic long-chains and achieve tumor targeting
based on the EPR effect (Moghimi et al., 2001). Lipid derivatives of
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poly(ethylene glycol) (PEG) are the common long-circulating mate-
rials through inserting the lipid bilayers or core (Thevenot et al.,
2007). PEG derivatives of cholesterol are usually used (Carrion et al.,
2001).

Gemcitabine is a potent compound demonstrated to be effec-
tive in the treatment of a variety of solid tumors including colon,
lung, pacreatic, breast, bladder and ovarian cancers (Hertel et al.,
1990; Plunkett et al., 1995). However, it undergoes rapid deam-
ination into the inactive uracil derivative, resulting in a short
half-life, and gemcitabine resistance tumor cells can be raised. Lipid
derivatives of gemcitabine at the amino site could reduce deami-
nation. Lipid derivatives of gemcitabine were not the substrates
for the multidrug resistance efflux pump (Alexander et al., 2005).
Gemcitabine-loaded nanocarriers could achieve tumor targeting
to strengthen anticancer efficacy. Liposomal gemcitabine was pre-
pared but low encapsulation efficiency was the problem (Calvagno
et al,, 2007). Lipid derivatives of gemcitabine were also prepared
and incorporated into nanospheres though the low drug load would
not benefit to therapy (Stella et al., 2007).

We first try to apply the SADDS technology in anticancer drugs
in this study. In our previous research, one lipid derivative of
gemcitabine, N-octadecanoyl gemcitabine (NOG) was synthesized.
Cholesteryl succinyl poly(ethylene glycol) 1500 (CHS-PEG1509) Was
selected as the long-circulating material. The stable nanoassem-
blies were prepared from the mixture of NOG/CHS-PEGi5¢ (5:1,
mol/mol) with the mean size of 202.2 nm and the zeta potential
of —29.2mV (Jin et al., 2012). In vitro and in vivo behavior and
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Fig. 1. Structure of N-octadecanoyl gemcitabine (NOG).

anticancer activity of NOG nanoassemblies were explored in this
study. How to design an anticancer SADDS was discussed in the
end of the paper.

2. Materials and methods
2.1. Materials

NOG (Fig. 1) was synthesized and the nanoassemblies com-
posed of NOG/CHS-PEG;5¢p (5:1, mol/mol) were prepared in our
lab according to the previous research (Jin et al., 2012). Organic sol-
vents were of analytical grade and other chemicals were of reagent
grade. A human liver hepatocellular carcinoma HepG2 cell line
and a murine hepatoma H,, cancer cell line were the gifts from
Prof. Shoujun Yuan (Beijing Institute of Radiation Medicine, BIRM).
Purified water was prepared with a Heal Force® Super NW Water
System (Shanghai Canrex Analytic Instrument Co. Ltd., China) and
was always used unless otherwise indicated.

2.2. Animals

Female Kunming mice from the Laboratory Animal Center of
BIRM were used. All animal handling and surgical procedures were
strictly conducted according to the Guiding Principles for the Use
of Laboratory Animals. This study was approved by the Animal Care
Committee of the Beijing Institute of Radiation Medicine. Mice were
sacrificed to obtain tissues. Mice tissue homogenates used in the
tissue distribution experiment were prepared in tissue/water (1:1,
w/w). All studies were conducted in accordance with the Declara-
tion of Helsinki.

2.3. HPLC determination

High-performance liquid chromatographic (HPLC) experiments
were performed on a Shimadzu 10Avp HPLC system (Japan) consist-
ing of a LC-10Avp pump, an SPD-10Avp UV detector, an SCL-10Avp
controller, and Shimadzu CLASS-VP 6.12 chromatographic work-
station software. The Diamonsil C18-ODS HPLC column (5 pm,
250mm x 4.6 mm) and the EasyGuard C18-ODS HPLC guard col-
umn (5 wm, 8 mm x 4mm) were purchased from Dikma Co., Ltd.
(China). A manual injection valve and a 20 w1 loop (7725i, Rheo-
dyne, USA) were used. The UV detector was set at 250nm and
the HPLC column temperature was maintained at 30°C with
an AT-950 heater and cooler (Tianjin Automatic Science Instru-
ment Co., Ltd). The mobile phase for NOG measurement was
methanol/isopropanol (10/90, v/v) with a flow rate of 1.0 ml/min.
The retention time (tg) of NOG was 5.8 min under these conditions.
The nanoassemblies were dissolved in acetonitrile before analysis.
For the plasma and tissue homogenate samples, 20 .l was mixed
with acetonitrile (100 1) followed by vortexing. The samples were

then centrifuged at 5000 x g for 10 min and the supernatant was
measured as above. The linearity field of NOG was 0.94-9.44 .M.

2.4. Cell experiments

HepG2 cells were cultured in DMEM (Gibco, USA) supplemented
with 10% fetal calf serum, 100 U/ml penicillin and 100 p.g/ml strep-
tomycin and 2 mM L-glutamine. The cells in the exponential growth
phase were seeded into 96-well plates and pre-incubated for 24 h
at 37°C in a humidified atmosphere of 5% CO, in air. The effect
of drugs on HepG2 cells was investigated using the MTT test. The
DMEM complete medium dilutions of gemcitabine and NOG assem-
blies were added to the cells and the media without drugs was
blank controls. Every dilution was tested in triplicates. After 1, 2, 4,
8 and 24 h, the culture media were removed, replaced with the
fresh DMEM culture media and incubated for 72h at 37°C. The
MTT solutions (5 mg/ml, 20 wl, Amresco) were added to each well.
Four hours later, the culture media were removed. The formed
formazan crystals were dissolved in 150 pl dimethyl sulfoxide
for each well. The absorbance of converted dye was measured at
490 nm using a microplate reader (Multiskan MK3, Thermo Scien-
tific). The inhibition rates were calculated as [1-(absorbance drug
treated)/(absorbance control)] x100%.

2.5. Tumor implantation

H,, cancer cells were extracted from the abdominal dropsy of
mice bearing cancer cells, and equally diluted with 0.9% NaCl to
achieve the cell concentration of 2 x 107 /ml. The cell suspension
of 0.2 ml was subcutaneously injected into mice (16-20 g) under
right forelimb armpit. After one day transplant, the mice were
selected as the model animals for the next pharmacodynamic study.
Additionally, tumors were allowed to develop for 7 days to reach
about 1300 mm?3, and the mice weighing 20-24 g were ready for
the experiments of pharmacokinetics and tissue distribution.

2.6. Pharmacokinetic and tissue distribution experiments

The nanoassemblies contained about 3 mg/ml NOG and ster-
ilized by 0.22 pm filters in advance. The administered dose was
30 mg NOG/kg with bolus intravenous (i.v.) injection via mouse tail
vein. The used animals included healthy mice and the mice bearing
H,, cancer cells. About 100 pl of blood sample was collected from
the tails, and then put into heparinized centrifuge tubesat 2,5, 8, 10,
15,20,25,30,45, 60,90, 120, 180 min. Plasma was separated by cen-
trifugation at 3000 rpm for 10 min, and then NOG was determined
as the above HPLC method. In the tissue distribution experiments,
mice were i.v. administered and sacrificed after 0.5, 1, 2, 3h, and
the tissues were removed, weighted and disrupted to homogenates
with water of equal volume followed by the same procedure as the
plasma samples from the mixing process. Pharmacokinetic param-
eters were calculated with the DAS 2.0 pharmacokinetic software.

2.7. Pharmacodynamic experiment

The mice having the expected tumor volume were divided into
three groups with 7 mice each group. The mice of Group [ were i.v.
injected via tail vein with 0.9% NaCl solution as control; the mice
of Group II were injected with gemcitabine solution in 0.9% NaCl
solution and 40 mg gemcitabine/kg dose (equal to 152 pwmol gem-
citabine/kg) as positive control; the mice of Group IIl were injected
with the assemblies and 30 mg NOG/kg dose (equal to 57 pwmol
NOG/kg) as experimental.

Xenograft sizes were measured in two perpendicular dimen-
sions using a caliper once a day after treatment. The first
administration day was recorded as 0 day. Tumor volume (V) was
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Fig. 2. Cellular inhibitory rates of NOG (A) and gemcitabine (B).

calculated with the formula, V=0.5L x W2, where L is the largest
superficial diameter and W is the smallest superficial diameter of
the xenograft. After 12 days, the mice were sacrificed to weigh the
tumors. Tumors were dissected and weighed to calculate the tumor
inhibitory rate based on the following equation: tumor inhibitory
rate (%)=(Wplank — Wrest)/Wypank x 100 where Wpjape and Weest
were the tumor average weight of the control group and the test
groups, respectively. Mice were weighed daily.

Statistically significant differences for multiple groups were
determined using a one-way ANOVA with a Dunnett T3 test. All
testing was performed using SPSS 16.0 software (SPSS Inc.).

3. Results and discussion
3.1. In vitro cytotoxicity of the nanoassemblies

The halfinhibitory concentration (ICs¢) was the concentration of
drugs with the inhibitory rate of 50%. NOG nanoassemblies showed
higher cytotoxicity than free gemcitabine solutions on HepG2 cell
model (Fig. 2). The IC5¢ of NOG nanoassemblies was 0.93 mM. In
contrast, the inhibitory rate of free gemcitabine was only 47% at
1.98 mM for 24 h incubation. However, HepG2 cancer cell line is one
of insensitive types to gemcitabine. And the different drug source
from the reported case may be another reason. The ICsy of gem-
citabine is 0.84 mM under the reported condition (Ogawa et al.,
2005).

The unique amphiphilic property of NOG molecules could
improve themselves to insert cell membranes followed by destruc-
tion, like lysophospholipids (Goto et al., 1994). The in vitro cell
membrane destruction of amphiphilic nucleoside prodrugs had
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Fig. 3. Time course of NOG concentration in plasma after bolus i.v. administration
of the nanoassemblies to mice. The data represent the mean+SD, n=5.

been demonstrated in our previous research (Jin et al., 2006). There-
fore, the cytotoxicity of NOG nanoassemblies should come from
the amphiphilic property of NOG and the rapid release of parent
drugs. The decreased deamination could also contribute to cyto-
toxicity of NOG nanoassemblies. NOG nanoassemblies can be called
‘nanomedicine’.

The nanomedicine of another lipid derivative of gemcitabine,
4-(N)-tris-nor-squalenoyl-gemcitabine (SQdFdC), also showed
higher cytotoxicity than gemcitabine (Reddy et al.,, 2007). The
nanomedicine, in comparison with gemcitabine, had 3.26- and
3.22-folds higher cytotoxicity respectively, in murine resistant
leukemia L1210 10K cells and in human leukemia resistant cell
line CEM/ARACSC. It displayed greater ability to induce S-phase
arrest of the cancer cells followed by increased apoptotic induction
(Couvreur et al., 2008; Reddy et al., 2007). The authors regarded
that the squalenoylation of gemcitabine decreased the intracel-
lular deamination, thereby overcoming the rapid inactivation of
gemcitabine (Bekkara-Aounallah et al., 2008). Furthermore, the
pegylated SQdFdC nanomedicine showed higher anticancer activ-
ity than the non-pegylated version. It was thought that pegylated
nanoparticles would like to penetrate the cells more efficiently than
their non-pegylated version. The improved intracellular penetra-
tion increased activity naturally (Bekkara-Aounallah et al., 2008).

3.2. Pharmacokinetics and tissue distribution of the
nanoassemblies

NOG was rapidly eliminated from circulation after i.v. adminis-
tration of the nanoassemblies to healthy mice and tumor-bearing
mice (Fig. 3), in agreement with the pharmacokinetics of other
colloidal systems due to immune response (Torchilin, 2006). The
distribution half-life (12, ) and elimination half-life (t;,g) of NOG
were 1.2 min and 56.8 min in healthy mice and 1.5 minand 15.5 min
in tumor-bearing mice. These values are shorter than those of other
long-circulating liposomes. For example, the pegylated liposomal
doxorubicin (Doxil®) has the long t1j2o (1.8 ) and ¢y, (23.6h) in
rats (Gabizon et al., 2003). Another naked SADDS, stearyl-glycero-
succinyl-acyclovir self-assembled nanoparticles showed the short
t1j2o (1.5min) and t;,g (47 min) in rabbits (Jin et al,, 2006). There-
fore, the nanoassemblies seem to have little long circulating effect.

The in vivo fate of nanoassemblies was further elucidated
through tissue distribution. In healthy mice, liver and spleen
became the major distribution sites, and the other sites, includ-
ing blood, lung, kidney and heart had similar distribution but less
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Fig. 4. Biodistribution of NOG after bolus i.v. administration of the nanoassemblies
to health mice. The data represent the mean +SD, n=4.

than the formers (Fig. 4). The concentration of NOG in liver was 3.3
times of that in blood at 0.5 h. In tumor-bearing mice, the tissue
distribution was similar, and the concentration in tumor was even
less than that in blood (Fig. 5). Therefore, the nanoassemblies tend
to be phagocyted by the macrophages in liver and spleen so that
they showed rapid elimination from circulation and little tumor
targeting.

Complement activation of foreign particles in circulation causes
opsonization followed by macrophage recognition and elimina-
tion from the blood. It was reported to be strongly inhibited when
10mol% cholesterol-PEGigpg Was incorporated into the 100 nm
anionic liposomes (Bradley et al., 1998). However, all of the proper-
ties of particles, including size, charge, composition and shape, have
great effects on the complement activation and circulation time
(Caldorera-Moore et al., 2010; Fox et al., 2009; Ishida et al., 2002).
Both negatively and positively charged liposomes readily activate
the complement system but not neutral ones (Ishida et al., 2002).
Particles smaller than 100 nm tend to drift to the edge of the blood-
stream and penetrate into tumor (Caldorera-Moore et al., 2010).
The pegylated liposomal doxorubicin has a small size of 85 nm, and
tumor is one major distribution site though the drug is also accumu-
lated in liver and spleen (Gabizon et al., 2003; Ogawara et al., 2008).
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Fig. 5. Biodistribution of NOG after bolus i.v. administration of the nanoassemblies
to tumor-bearing mice. The data represent the mean £ SD, n=4.
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Fig. 6. Tumor volume of mouse tumor of all groups each day. *, p<0.05, Group Il
vs. Group [; **, p<0.05, Group III vs. Group I. The dose for Group II was 152 wmol
gemcitabine/kg; and the dose for Group IIl was 57 wmol NOG/kg. The data represent
the mean+SD, n=6.

However, particles above 200 nm tend to be opsonized and cleared
by liver and spleen. A flexible, loosely coiled particle or polymer
could readily deform to pass through a pore of tumor vessel, while
this is hard for the rigid, elongated particles or polymers (Fox et al.,
2009). The density of PEG chains on the surface of particles also
affects the effect of long circulation. Both low and high PEG graft-
ing densities are not always efficient in repelling serum proteins
(Tsoukanova and Salesse, 2008). In this study, NOG nanoassem-
blies showed some disadvantages, including high surface charge,
large size, non-spherical shape, relatively rigid structures and pos-
sibly improper PEG density (Jin et al., 2012). These factors could
improve the nanoassemblies to be opsonized and highly distribute
in liver and spleen, but leading to little distribution in tumor.

The SQdFdC nanomedicine (one lipid derivative of gemcitabine,
described in Section 3.1) also showed the specific liver and spleen
distribution, although the greater efficacy of SQdFdC nanoassem-
blies was observed both in an i.v. leukemia metastatic model and
an subcutis solid tumor model compared to gemcitabine (Reddy
et al.,, 2007, 2008b).

3.3. Anticancer efficacy of NOG nanoassemblies

The tumor volume was measured from the third day because the
tumor was very small in the first two days. From the sixth day, it
was shown significant difference (p<0.05) between the volumes
of Group I (control) and Group II (positive control) (Fig. 6). The
significant difference (p<0.05) between the volumes of Group I
(control)and Group Il (experimental) appeared after 7 days admin-
istration. Within 12 days administration, no significant difference
appeared between Group II and III. The difference was also seen
from the tumor images (Fig. 7). The final mean tumor weight of
Group [, Il and Il was 1.344+0.26g, 0.31 +0.08 g, 0.44 4+ 0.08 g (the
mean + SD, n=6) after 12 days, respectively. The tumor inhibitory
rates of Group II and Il were 76.5% and 66.9%, respectively. The
mean body weight of all experimental mice increased from 18.85 g
to 28.83 g for Group [, from 19.26 g to 22.51 g for Group II, and from
18.15g to 20.70 g for Group III, and the change rates were 34.6%,
14.4%, 12.3%, respectively. The mice of Group Il and IIl showed lim-
ited movement and dull hair. The side effect should result from the
toxicity of gemcitabine.



280 Y. Jin et al. / International Journal of Pharmaceutics 430 (2012) 276-281

Group I: Control

Group lI: Gemcitabine

Group lll: Nanoassemblies

Fig. 7. Images of the mouse tumor of all groups.

The doses for Group Il and Ill in this study were actually different.
The dose in Group II was 152 wmol gemcitabine/kg; and the dose
for Group Il was 57 pmol NOG/kg equal to the same molar amount
of gemcitabine. The dose in Group Il is about 3 folds of that in Group
III when comparing the molar amount of gemcitabine. Therefore,
NOG nanoassemblies are more potent than free gemcitabine when
considering the dose factor. The possible reason may be related to
the decreased deamination and relatively high tumor distribution
of NOG compared with gemcitabine.

3.4. Design of anticancer SADDSs

A novel mixed assembly composed of an anticancer prodrug and
a pegylated lipid was studied in the paper. Based on the results,
the design of anticancer SADDSs is more sophisticated than that
of classical antiviral SADDSs. Herein, much new factors need to be
considered more than the previous summary about SADDS tech-
nology involving suitable parent drugs, design and synthesis of
amphiphilic prodrugs with the good self-assembling potential, sta-
ble self-assemblies, suitable or desired degradation of prodrugs in
targeted sites (Jin et al., 2009a). Functional materials must be doped
in the mixed nanoassemblies to obtain long-circulating and/or
tumor targeting effect. The followings are the concerned factors
to design anticancer SADDSs.

(A) Amphiphilic prodrugs are designed and prepared to own strong
cytotoxicity, which may be confirmed in vitro.

(B) Optimal long-circulating materials should be selected and well
doped to form the mixed nanoassemblies with the amphiphilic
prodrug.

(C) The strategies favoring tumor targeting could be applied, such
as decreasing the size of nanoassemblies, low surface charges,
the conjugated folic acid on the surface of nanoassemblies and
the pH-triggered bonds in the additional functional molecules.

(D) Appropriate tumor-bearing animal models should be built to
demonstrate the highly anticancer effect of anticancer SADDSs.

Oral administration of anticancer SADDSs may also be consid-
ered. The orally administered lipid prodrugs and nanoparticles are
prone to lymphatic delivery to treat lymphatic cancer and cancer
spread (Charman and Porter, 1996; Liersch et al.,2010). The SQdFdC
nanomedicine of gemcitabine showed high anticancer efficacy after
oral administration (Reddy et al., 2008a).

4. Conclusions

The nanoassemblies composed the lipid derivative of gemc-
itabine and the pegylated cholesterol showed high cytotoxicity
in vitro and high anticancer efficacy in vivo though the tumor
targeting effect is not high. NOG nanoassemblies could be called
‘nanomedicine’ due to nanoscale and anticancer function. The
design of anticancer SADDSs is a novel topic beyond the tradi-
tional SADDS design. Future SADDSs will be much functionalized

to achieve targeting, controlled release, and/or environment-
triggered release.
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