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cis-Dichlorodiamminoplatinum (II) (cisplatin) has demonstrated extraordinary activities against a variety
of solid tumors. However, the clinical efficacy is contrasted by its toxicity profile. To reduce the toxicity
and enhance the circulation time of cisplatin, core-shell structure nanoparticles were prepared from
block copolymer of methoxy poly(ethylene glycol)-polycaprolactone (mPEG-PCL). Cisplatin was incorpo-
rated into the nanoparticles with high encapsulation efficiency more than 75%. Controlled release of cis-
platin was observed in a sustained manner. In vitro cytotoxicity studies proved the efficacy of cisplatin-
loaded nanoparticles against BGC823 and Hj; cells in a dose and time-dependent manner. Furthermore,
intratumoral administration was applied to improve the tumor-targeted delivery in the in vivo evalua-
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Cisplatin
Antpitumor tion. Compared with free cisplatin, cisplatin-loaded nanoparticles exhibited superior antitumor effect
PET/CT by delaying tumor growth when delivered intratumorally, while no significant improvement was

observed when they were administrated intraperitoneally. Positron emission tomography/computed
tomography (PET/CT) imaging was utilized for the first time to detect the declined '®F-labeled 2-flu-
oro-2-deoxy-p-glucose (*8F-FDG) uptake of the tumor in mice receiving cisplatin-loaded nanoparticles
intratumorally. These results suggest that polymeric nanoparticles with core-shell structures are prom-
ising for further studies as drug delivery carriers, and intratumoral delivery of drug-loaded nanoparticles
could be a probable clinically useful therapeutic regimen.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

cis-Dichlorodiamminoplatinum (II) (cisplatin), one of the most
widely used anticancer agents, has demonstrated extraordinary
activities against a variety of solid tumors [1,2]. However, its thera-
peutic concentration is usually associated with dose-limiting side
effects such as neurotoxicity, gastrointestinal disturbance, and espe-
cially nephrotoxicity [3]. In order to avoid the toxicity caused by the
systemic administration (intravenous i.v., intraperitoneal i.p.) of cis-
platin, nanoscale systems for cisplatin delivery have been designed
on the basis of enhanced permeability retention (EPR) effect [4-6].

Two strategies are available to form cisplatin-loaded nanoparti-
cles [4,6-11]. First, cisplatin is chemically conjugated with poly-
mers to form a polymer-metal complex formation. Kataoka et al.
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firstly reported the conjugation between cisplatin and poly(ethyl-
ene glycol)-poly(aspartic acid) block copolymers [PEG-P(Asp)].
Further studies revealed the antitumor efficiency of the conjugates
in tumor-bearing mice [7-9]. However, given that cisplatin in the
state of conjugation showed no pharmacological effect, the actual
antineoplastic efficacy of cisplatin-polymer conjugates primarily
depends on the cisplatin released from the conjugates [9]. Conse-
quently, the antitumor efficacy of cisplatin—-polymer conjugates
may be attenuated by the substantially slow release profile. Sec-
ond, cisplatin is physically entrapped into the core-shell polymeric
nanoparticles [4,6,10,11]. However, systemic administration (i.v.,
i.p.) failed to achieve high drug concentration in the tumor
although it seems that antitumor effect was augmented in addition
to the reduced side effects [12].

Locoregional chemotherapy emerges as an effective method to
eradicate tumor. Intratumoral (i.t.) administration is adopted to
extend the retention of drugs in the tumor tissue. Previous reports
have demonstrated the ideally high drug concentration in tumors
by i.t. delivery, but i.t. administration of free cisplatin failed to


mailto:baoruiliu@nju.edu.cn
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb

X. Li et al./ European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 726-734 727

achieve longer retention in the tumor because the low molecular
weight of cisplatin resulted in rapid clearance and no significant
improvement in antitumor efficacy was observed [13,14].
Compared to free cisplatin, cisplatin-loaded nanoparticles are
characterized by the controlled release of incorporated cisplatin,
which may overcome the deficiency of cisplatin retention in the
tumor and may reach a satisfying outcome in improving antitumor
efficacy when combined with intratumoral delivery. For instance,
enhanced efficiency of paclitaxel or doxorubicin delivery
systems by i.t. administration has been reported in earlier studies
[12,15].

Treatment response measurements are essential in cancer ther-
apy. In terms of the in vivo evaluation of antitumor efficacy, previ-
ous studies principally focused on the measurements of tumor
volume. Actually tumor metabolism also is a vital phenomenon
of cancer biology. Tumors with higher metabolism show increased
uptake of glucose, which helps in localizing tumor and evaluating
tumor activity. As a result, determination of tumor metabolism
rate is of great significance in assessing the antitumor efficacy of
chemotherapeutics. FDG-PET/CT has been shown to be a reliable
predictor of treatment response in clinical practice. PET offers
accurate metabolic images non-invasively, quantitatively and
repeatedly. The innovative combination of PET and CT imaging
provides precise fusion of PET images with high resolution ana-
tomical CT images. PET-CT can image tumor metabolism, prolifer-
ation, hypoxia, and apoptosis with precise anatomic image fusion
and will become an essential tool in the management of patients
with cancer by its ability to assess disease extent, severity, and re-
sponse to treatment. It has changed dramatically the management
of numerous cancers. PET-CT will be used with increasing fre-
quency and will become progressively used as a surrogate marker
for disease response [16]. In this study, PET/CT was employed for
the first time to evaluate tumor metabolism as measure of treat-
ment response.

In this study, we prepared biodegradable core-shell mPEG-PCL
nanoparticles incorporating cisplatin and examined the in vivo
efficacy by i.t. and i.p. administration. Excellent biocompatibility
of poly(epsilon-caprolactone) (PCL) lead to the US Food and Drug
Administration approval and acceptance for medical applications.
In addition, slow degradation of PCL based particles allow for ex-
tended release of the drug [17]. PEG possesses a number of out-
standing physicochemical and biological properties. Because of
its good biocompatibility, hydrophilicity, and the absence of anti-
genicity and immunogenicity, the core-shell structure with PEG
as an outer shell enables the nanoparticles to escape from the scav-
enging of the reticuloendothelial systems (RES) in vivo effectively
[18].

Moreover, PET/CT was utilized for the first time to investigate
the metabolism rate of the transplanted tumor in different groups.
This study demonstrated the superior antitumor efficacy of cis-
platin-loaded nanoparticles compared to free cisplatin when they
were delivered locally. PET/CT scanning also indicated the lower
metabolism rate of the tumors in mice receiving cisplatin-loaded
nanoparticles.

2. Materials and methods
2.1. Materials

Cisplatin was kindly provided by Jiangsu Hengrui Pharmceutical
Co. Ltd. (Lianyungang, China). Methoxy-poly(ethylene glycol)
(mPEG) (MW: 4, 10 kDa) was purchased from Sigma Chem. Co.
(St. Louis, MO, USA). All PEG samples were dehydrated by azeotro-
pic distillation with toluene, and then vacuum dried at 50 °C for
12 h before use. e-Caprolactone (e-CL, Sigma) was purified by dry-

ing over CaH, at room temperature and distillation under reduced
pressure. Stannous octoate (Sigma) was used as received. All other
chemicals were of analytical grade and used without further puri-
fication. Human gastric carcinoma cell line BGC823 and H,, cell
lines were obtained from Shanghai Institute of Cell Biology (Shang-
hai, China).

Male ICR mice (6-8 weeks old and weighing 18-22 g) were pur-
chased from Animal Center of Drum Tower Hospital (Nanjing,
China).

2.2. Synthesis of mPEG and PCL block copolymers

mPEG-PCL block copolymers were synthesized by a ring open-
ing copolymerization as previously described [19]. Briefly, prede-
termined amount of CL was added into a polymerization tube
containing mPEG and a small amount of stannous octoate (0.1%
wt/wt). The tube was then connected to a vacuum system, sealed
off, and placed in an oil bath at 130 °C for 48 h. At the end of the
polymerization, the crude copolymers were dissolved with dichlo-
romethane (DCM) and precipitated into an excess amount of cold
methanol to remove the un-reacted monomer and oligomer. The
precipitates were then filtered and washed with water several
times before thoroughly dried at reduced pressure. '"H NMR and
gel permeation chromatography (GPC) were utilized to character-
ize the copolymers.

2.3. Preparation of mPEG-PCL nanoparticles

Cisplatin-loaded nanoparticles were prepared by a nano-pre-
cipitation method as described previously with minor modifica-
tion [19]. Briefly, 10 mg mPEG-PCL block copolymers and
0.6 mg cisplatin were dissolved in 0.5 ml dimethylformamide
(DMF). The obtained organic solution was added dropwise into
5 ml distilled water under gentle stirring at room temperature.
The solution was dialyzed to remove DMF thoroughly. The re-
sulted bluish aqueous solution was filtered through a 0.45 pm
filter membrane to remove non-incorporated drugs and copoly-
mer aggregates. Since the analysis of quantitation on cisplatin
loading efficiency showed good reproductivity for each batch,
20 batches were produced for the requirement of the in vivo
experiments. Drug-free nanoparticles were produced in a similar
manner without adding cisplatin. Solutions of cisplatin-loaded
nanoparticles were then lyophilized for further characterization
and utilization.

2.4. Characterization of nanoparticles

2.4.1. Size and zeta potential analysis of the nanoparticles

Mean diameter and size distribution were measured by photon
correlation spectroscopy (DLS) with a Brookhaven BI-9000AT
instrument (Brookhaven Instruments Corporation, NY, USA). Zeta
potential was measured by the laser Doppler anemometry (Zeta
Plus, Zeta Potential Analyzer, Brookhaven Instruments Corpora-
tion, NY, USA).

2.4.2. Transmission electron microscopy (TEM), atomic force
microscopy (AFM)

Morphological examination of the nanoparticles was conducted
with JEM-100S (Japan) transmission electron microscope (TEM).
One drop of nanoparticle suspension was placed on a copper grid
covered with nitrocellulose membrane and air-dried before nega-
tive staining with phosphotungstic sodium solution (1% wt/vol).
Atomic force microscope (AFM) (SPI3800, Seiko Instruments, Ja-
pan) was used to study the surface morphology of nanoparticles
in a greater detail. One drop of properly diluted nanoparticle sus-
pension was placed on the surface of a clean silicon wafer and
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dried under nitrogen flow at room temperature. The AFM observa-
tion was performed with a 20 pm scanner in a tapping mode.

2.4.3. Drug loading content (DLS) and encapsulation efficiency (EE)

Cisplatin loading content was determined by the SnCl,
method with minor modification [8,20]. Briefly, lyophilized
samples were dissolved in dimethylformamide (DMF) and
30 pl of this solution was mixed with 30 pl of 2 M HCL, fol-
lowed by the addition of 2.94ml of 0.2M SnCl, solution in
2M HCL. The absorbance of 403 nm was measured after 1h
with reference to a calibration curve on a Shimadzu UV-1205
Spectrophotometer (Kyoto, Japan). The following equations were
applied to calculate the drug loading content and encapsulation
efficiency.

Drug loading content (%) = weight of the drug in nanoparticles/
weight of the nanoparticles x 100%.

Encapsulation efficiency (%) = weight of the drug in nanoparti-
cles/initial amount of drug x 100%.

Nanoparticle yield (%)=weight of the nanoparticles/initial
amount of polymers and drug x 100%.

2.5. In vitro release of cisplatin-loaded nanoparticles

The concentrations of unbounded cisplatin were determined
using o-phenylenediamine as a ligand for cisplatin according to
the method described by Kataoka et al. in Ref. [8]. Briefly, 1.2 ml
of sample solution was mixed with an equal volume of 1.2 mg/
ml o-phenylenediamine solution in DMF. The mixed samples were
immerged into hot water bath (100 °C) for 10 min and the absor-
bance of 703 nm was measured immediately. Calibration was per-
formed by standard cisplatin solution. For in vitro release
detection, 10 mg lyophilized cisplatin-loaded nanoparticles were
suspended in 1 ml of 0.1 M phosphate buffered saline (PBS, pH
7.4). The solution was then placed into a pre-swelled dialysis bag
with a 12-kDa molecular weight cutoff and immersed into 20 ml
0.1 mol/l PBS, pH 7.4, at 37 °C with gentle agitation. One milliliters
of samples was withdrawn from the incubation medium and mea-
sured for cisplatin concentration as described above. After sam-
pling, equal volume of fresh PBS was immediately added into the
incubation medium. The concentration of cisplatin released from
the nanoparticles was expressed as a percentage of the total cis-
platin in the nanoparticles and plotted as a function of time. Re-
lease study of free cisplatin was performed under the same
condition.

2.6. In vitro cytotoxicity studies

Cytotoxicity of cisplatin-loaded nanoparticles against low dif-
ferential human gastric cancer cell line BGC-823 and murine
hepatic cancer cell line Hy, was assessed by MTT assay, respec-
tively [21]. Briefly, both cells were seeded in 96-well plates
with a density around 5000 cells/well. BGC823 cells, not Hy;
cells, were allowed to adhere for 24 h prior to the assay. Then
both cells were exposed to a series of doses of free cisplatin,
empty nanoparticles, or cisplatin-loaded nanoparticles alone at
37 °C. After a predetermined times of incubation (24-72h for
BGC-823 cells, 48 h for H,, cells), 50 ul of MTT indicator dye
(5 mg/ml in PBS, pH 7.4) was added to each well and the cells
were incubated for another 2 h at 37 °C in the dark. The med-
ium was withdrawn and 200 pl acidified isopropanol (0.33 ml
HCI in 100 ml isopropanol) was added in each well and agitated
thoroughly to dissolve the formazan crystals. The solution was
transferred to 96-well plates and immediately read on a micro-
plate reader (Bio-Rad, Hercules, CA, USA). Absorption was mea-
sured at a wavelength of 490 nm with 620 nm as a reference

wavelength and obtained values were expressed as a percentage
of the control cells to which no drugs were added. All experi-
ments were repeated three times.

2.7. In vivo antitumor efficacy

ICR mice implanted with murine hepatoma cell line H,, were
used to qualify the relative efficacy of cisplatin-loaded nanopar-
ticles through two routes of administration (i.t., i.p.). The mice
were raised under specific pathogen-free (SPF) circumstances
and all the animal experiments were performed in full compli-
ance with guidelines approved by the Animal Care Committee
at Drum Tower Hospital. ICR mice were subcutaneously injected
at the left axillary space with 0.1 ml of cell suspension contain-
ing 4-6 x 10% Hy, cells. Treatments were started after 7-8 days
of implantation. The mice whose tumor reached a tumor
volume of 100 mm?> were selected, and this day was designated
as “Day 0”.

For i.t. injections, animals received a single injection volume of
~0.2 ml with a 21-gauge needle placed in the center of the tumor.
The i.t. injections were infused about 10 s, and the needle was al-
lowed to remain in place for an additional 10-15s and removed
through another direction. On Day 0, the mice were randomly di-
vided into eight groups, with each group being composed of 6
mice. The mice were treated i.t. with free cisplatin, cisplatin nano-
particles, empty nanoparticles and saline, respectively. Cisplatin
solution was administered at doses of 5, 10 and 20 mg/kg, respec-
tively. Cisplatin-loaded nanoparticles were administered as a sal-
ine solution at the equivalent cisplatin doses of 5, 10 and 20 mg/
kg. For i.p. injections, similar experiments were conducted except
that the equivalent cisplatin doses were 5 or 10 mg/kg,
respectively.

All mice were tagged, and tumors were measured every other
day with calipers during the period of study. The tumor volume
was calculated by the formula (W? x L)/2, where W is the tumor
measurement at the widest point, and L is the tumor dimension
at the longest point. Each animal was weighed at the time of treat-
ment so that dosages could be adjusted to achieve the mg/kg
amounts reported. Animals also were weighed every other day
throughout the experiments.

2.8. FDG-PET/CT imaging

Mice that received intratumoral cisplatin-loaded nanoparticles
(5 mg/kg), free cisplatin (5 mg/kg) and saline were selected for
PET/CT imaging on Day 7. The mice were kept in the anesthetized
condition during the whole PET/CT scanning procedure. Fasting for
4 h or more before tracer injection is necessary because elevation
of blood sugar reduces tissue FDG uptake by competitive inhibition
and lowers the sensitivity of tumor detection. 14.8 MBq (400 pCi)
of '8F-FDG was injected via the tail vein as a radiotracer for imag-
ing and detection of an increased rate of aerobic glycolysis. The
imaging studies were performed with a combined PET/CT scanner
for clinical use (Jemini JXL, Philips, USA). High resolution PET
images were acquired with the mice 45 min after the administra-
tion of '8F-FDG, and the same field of view was covered as for
CT. PET images were corrected for attenuation and scatter on the
basis of the CT data. The image fusion was performed by an auto-
matic image fusion system, using vendor-supplied software. Max-
imum FDG uptake values in the tumor were obtained for the
standard uptake value (SUV) calculations, applying corrections
for body weight and injected activity. SUVs provide a normalized
quantitative measure of tissue FDG accumulation by normalizing
the tissue radioactivity measured with PET to the injected dose
and the body weight of the mice.
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3. Results and discussion
3.1. Fabrication and characterization of mPEG-PCL nanoparticles

3.1.1. Polymer synthesis, size distribution and zeta potential detection

mPEG-PCL block copolymers were prepared by ring opening
polymerization of e-caprolactone in the presence of mPEG with a
small amount of stannous octoate as catalyst. The copolymers with
different chemical compositions were prepared by changing the
molar ratio of PEG/CL monomer and the molecular weight of
PEG. The molecular weight of the polymers was obtained from
'H NMR and GPC as showed from our previous reports [19,22].
The feed ratio and calculated molecular weight from NMR are sum-
marized in Table 1. The molecular weight and molecular weight
distribution of the two samples from GPC also are listed in Table 1.

Fig. 1 shows the TEM and AFM micrograph of a batch of typical
polymeric nanoparticles (mPEG4k-PCL20k). TEM image clearly
shows the nearly spherical shape of the polymeric nanoparticles
with minor deformation. AFM micrograph with higher magnifica-
tions confirms the spherical shape of nanoparticles with a smooth
surface.

Table 1

Major characteristics of the synthesized mPEG-PCL block copolymer

Copolymers PEG M, Mp? M, M pdP
PCL20k-PEG4k 4000 26,800 18,600 30,480 1.64
PCL30k-PEG10k 10,000 42,300 31,980 49,300 1.54

Pd, polydispersity, defined as the ratio of weight-average molecular weight to the
number-average molecular weight (My/M,,).

3 Determined by 'H NMR.

b Determined by GPC.

A

[nm]

Fig. 1. (A) TEM image of mPEG-PCL nanoparticles (mPEG4k-PCL20k). (B) AFM
image of mPEG-PCL nanoparticles (mPEG4k-PCL20Kk).

The particle size and zeta potential of the nanoparticles is mea-
sured by DLS (Table 2). The mean diameter of mPEG4k-PCL20k is
around 70 nm, while mPEG10k-PCL30k has a larger diameter of
about 90 nm. Both the two nanoparticles exhibit a negative zeta
potential slightly below 0 mV. (Table 2) As is reported in previous
research, polyester nanoparticles without PEG surface coating dis-
play a more negative zeta potential around —35 mV, while PEG
outer shell is capable to screen the surface charge in certain degree
[23-25].

3.1.2. Determination of drug loading and encapsulation efficiency
Table 2 shows the drug loading content and encapsulation effi-
ciency of the two nanoparticles. The yield of both nanoparticles is
higher than 90%, indicating no important loss of materials during
the preparation process. By varying the feeding ratio of copolymer
and cisplatin, the highest drug loading content of cisplatin into
mPEG4k-PCL20k nanoparticles was detected as 5.28 £ 0.73%. As
for mPEG10k-PCL30k nanoparticles, the highest drug loading con-
tent was 3.13 £ 0.45%. Both of them do have high encapsulation
efficiency of more than 75%. This was due to the utilization of chlo-
ride ions during the preparation process. Though cisplatin has low
water solubility, the soluble part of cisplatin can dissociate and re-
lease chloride in water, whereas this dissociation is inhibited by
the presence of chloride ions [26]. Earlier studies about the encap-
sulation of cisplatin into nanoparticles formed by PDEA-PEG or
PLGA-PEG reported a drug loading content varying from 0.1% to
5% [4,10,11,27]. Thus, the cisplatin-loaded nanoparticles formed
in the current research posses a satisfying drug loading content
and encapsulation efficiency. In the following in vitro and in vivo
evaluation, we applied the cisplatin-loaded nanoparticles formed
by mPEG4k-PCL20k because of its relatively higher DLE and EE.

3.2. In vitro release of cisplatin-loaded nanoparticles

Fig. 2 shows the cisplatin release profile of cisplatin-loaded
mPEG4k-PCL20k nanoparticles. An initial burst of more than 30%
release in 5 h indicates that a certain amount of cisplatin was on
the surface of the nanoparticles. In the following period, release
of cisplatin was observed in a sustained manner from the core-
shell nanoparticles as shown in Fig. 2. Actually, 3 days incubation
with PBS caused a total 60% higher release. In contrast, the release
profile of free cisplatin solution in PBS reveals a total release of
more than 80% in the first 2 h (Fig. 2). These data indicated that cis-
platin can be released from the core-shell structure of polymeric
nanoparticles and the cisplatin-loaded nanoparticles might be use-
ful as a controlled release system for this anticancer drug.

3.3. In vitro cytotoxicity of cisplatin-loaded nanoparticles

In the first test for BGC823 cells, the empty nanoparticle caused
a less than 20% cell death even when its concentration reached
1000 pg/ml (data not shown). Both cisplatin and cisplatin-loaded
nanoparticles displayed resembling concentration and time-
dependent cytotoxicity (Fig. 3A). In detail, a 24 h incubation of cis-
platin or cisplatin-loaded nanoparticles alone resulted in a less
than 40% cell growth inhibition even at a maximum concentration
of 8 ng/ml. Extending the incubation time to 48 h of two samples,
respectively, led to a noticeable lower cell viability at each dose
compared with that of 24 h. Both cisplatin and cisplatin-loaded
nanoparticles substantially suppressed the growth of more than
80% of total cells at the highest dose of 8 jig/ml. Moreover, the per-
centage of cell viability further declined when another 24 h incu-
bation time was allowed on the basis of 48 h incubation. The
calculated ICsq values of cisplatin-loaded nanoparticles were a lit-
tle higher than those of free cisplatin during different times. It
meant that cisplatin-loaded nanoparticles showed lower cytotoxic-
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Table 2

Mean particle size and drug load efficiency of two kinds of nanoparticles

Nanoparticles Particle size® (nm) Polydispersity Zeta potential (mV) DLC® (%) EE€ (%) Yield (%)
PCL20k-PEG4k 713+04 0.13+0.03 —54+1.2 5.28+0.73 88.3+9.3 93+2.7
PCL30k-PEG10k 90.1+1.2 0.14 + 0.06 —84+23 3.13+£0.45 794 +7.5 90+3.1

2 The SD value was for the mean particle size obtained from the three measurements of a single batch.

> DLC, drug loading content.
¢ EE, encapsulation efficiency.
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ity than free cisplatin at an equivalent dose, which is in accordance
with other reports [9,10,27,28]. Reasonable explanation could be
deduced from the core-shell structure of the nanoparticles. The
sustained release of the drug-loaded nanoparticles determines that

certain time is required to release the drug into the culture med-
ium. When incubated with the cells, the drug concentration of cis-
platin-loaded nanoparticles slowly increased due to its sustained
release profile.

In another cytotoxicity test, H,; cells were exposed to the same
doses of cisplatin and cisplatin-loaded nanoparticles for 48 h as in
BG(C823 assay. (Fig. 3B) The obtained results confirmed the trend
found in the test of BGC823 cells. Cisplatin expressed similar cyto-
toxicity than cisplatin-loaded nanoparticles.

3.4. In vivo antitumor effect of cisplatin-loaded nanoparticles

Tumor nodules formed by subcutaneous engraftment of Hy; cell
line were treated with the drug-loaded nanoparticles at various
doses on the basis of cisplatin. To explore the most optimum deliv-
ery of cisplatin-loaded nanoparticles, two administration routes
(i.t., i.p.) were adopted to better compare the antitumor efficiency
between free cisplatin and its polymeric formulation. Intratumoral
delivery was applied as the preferable administration route due to
its substantial high drug concentration in tumor and characteristic
pharmacokinetics. In comparison, intraperitoneal administration
was selected as a pathway for systemic delivery of cisplatin.

Fig. 4A depicted the changes of tumor volume by i.t. administra-
tion in H,, tumor-bearing mice. Both free cisplatin and cisplatin-
loaded nanoparticles effectively inhibited tumor growth and dis-
played a dose-dependent antitumor efficacy, while no antitumor
effect was observed in the group of empty nanoparticles. The dif-
ference of tumor volume between the group of cisplatin-loaded
nanoparticles and saline was highly significant (p <0.01), as was
the difference between the group of free cisplatin and saline
(p <0.01) as determined by the two-tailed t test. Tumor volumes
in groups receiving saline and empty nanoparticles increased rap-
idly from Day 7 with their mean volumes reaching more than
5000 mm?> on Day 13. In comparison, groups receiving cisplatin-
loaded nanoparticles and free cisplatin showed a retarded tumor
growth with their mean volumes less than 2000 mm? on Day 13.

Most importantly, cisplatin-loaded nanoparticles exhibited
more efficient antitumor efficacy than free cisplatin by delaying tu-
mor growth. Growth of tumor nodules in the groups receiving cis-
platin-loaded nanoparticles remained almost invisible with their
mean volumes no more than 800 mm? at the end of therapy. In
contrast, tumor nodules for the groups receiving three doses of free
cisplatin grew a little faster with their mean volumes more than
1200 mm? at the termination of the experiment. Statistic analysis
revealed that the group receiving each dose of cisplatin-loaded
nanoparticles (5, 10, 20 mg/kg) had significantly smaller tumors
when compared to the group receiving the corresponding dose of
free cisplatin (p < 0.05) from Day 9 to Day 13.

The efficacy of cisplatin-loaded nanoparticles also was evalu-
ated in the same animal model via i.p. administration as a standard
regimen for drug delivery (Fig. 5A). The preliminary experiment
indicated that i.p. administration of 20 mg/kg of cisplatin cause
death in mice. Thus, in the current study, the doses of cisplatin-
loaded nanoparticles were adjusted to 5 and 10 mg/kg on a cis-
platin basis, as was equal to the low and medium doses of the i.t.
experiment. As shown in Fig. 5A, cisplatin-loaded nanoparticles
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nanoparticles in a saline solution at equivalent cisplatin doses of 5, 10 and 20 mg/kg, respectively. Different agents were delivered through intratumoral pathway when tumor
volume measured 100 mm?>. Data are presented as mean + SD (n = 6). The difference between tumor volumes in the group of saline and cisplatin-loaded nanoparticles is
highly significant (p < 0.01). Significant difference (p < 0.05) also is observed between the group of free cisplatin and cisplatin-loaded nanoparticles at the equivalent dose.

represents p < 0.05 versus the saline group. a represents p < 0.05 versus the group receiving 5 mg/kg free cisplatin. ® represents p < 0.05 versus the group receiving 10 mg/kg
free cisplatin. € represents p < 0.05 versus the group receiving 20 mg/kg free cisplatin. (B) Bodyweight change of ICR mice receiving different treatments during therapy.

represents p < 0.05 versus the saline group. Data are presented as mean = SD (n=6).

at 5 and 10 mg/kg both produced significant reduction in growth
rate when compared to saline group (p < 0.05). Additionally, free
cisplatin also proved to be efficacious (versus saline group,
p<0.05) as tumors appeared to be slightly larger than in the
groups receiving the corresponding doses of cisplatin-loaded nano-
particles. Among the four therapeutic groups, cisplatin-loaded
nanoparticles at a dose of 10 mg/kg produced the greatest tumor
growth reduction, while cisplatin at 5 mg/kg generated a relatively
minimal reduction in growth rate. However, no significant differ-
ences in tumor volumes were observed between cisplatin groups
and the groups receiving cisplatin-loaded nanoparticles at the
same dose throughout the whole evaluation.

An analysis of body weight variations generally defined the ad-
verse effects of the different therapy regiments. For i.t. administra-
tion, cisplatin-loaded nanoparticles demonstrated favorable results
without any obvious body weight loss even at the highest dose,
whereas free cisplatin induced severe weight loss (Fig. 4B). For in-
stance, body weight in the group receiving 20 mg/kg free cisplatin
manifested a remarkable loss of more than 20% of the original

weight on Day 7 (p < 0.01 versus control). On the same day, the cis-
platin group at 10 mg/kg also showed a nearly 10% body weight
loss (p < 0.05 versus control). Moreover, the mice receiving free cis-
platin were in a weak state in aspects of movement, spirit and skin
luster, while no obvious alteration was observed in nanoparticle-
treated animals. On the contrary, Fig. 5B revealed that compared
to the saline group, the mice in the groups receiving free cisplatin
and cisplatin-loaded nanoparticles at 10 mg/kg demonstrated a
slight decrease in bodyweight in the first 5 days. These results par-
tially indicated that cisplatin-loaded nanoparticles generated less
toxicities than free cisplatin when administered intratumorally.

A literature search in the database revealed that there are sev-
eral studies explored the in vivo efficacy of cisplatin [4,9,29-31].
Xu et al. examined the antitumor effect of cisplatin-loaded nano-
particles through i.p. administration. The drug-loaded nanoparti-
cles formed by mPEG-PCL showed no advantage over free
cisplatin in ovarian tumor models [4]. Other studies from Kataoka
et al. and Ye et al. proved the enhanced efficiency of cisplatin-poly-
mer conjugates through a systemic (i.v.) delivery [9,29]. Fujiia et al.
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Fig. 5. (A) Tumor volume of established H,, xenografts in ICR mice during therapy under different treatments. Mice were treated with different protocols on Day 0 (arrow) as
shown in the figure. Saline: vehicle; empty np: empty nanoparticles; DDP: free cisplatin at a dose of 5 and 10 mg/kg; DDP-np: cisplatin-loaded nanoparticles in a saling
solution at equivalent cisplatin doses of 5 and 10 mg/kg. Different agents were delivered through intraperitoneal pathway when tumor volume measured 100 mm®.
represents p < 0.05 versus the saline group. Data are presented as mean = SD (n = 6). The difference between tumor volumes in the group of saline and cisplatin-loaded
nanoparticles is highly significant (p < 0.01). No significant difference also is observed between the group of free cisplatin and cisplatin-loaded nanoparticles at the equivalent
dose. (B) Bodyweight change of ICR mice receiving different treatments during therapy. Data are presented as mean = SD (n = 6).

investigated the in vivo efficacy of cisplatin incorporated gelatin
hydrogel through a local administration. Significant improvement
was observed in the antitumor efficacy of cisplatin incorporated
gelatin hydrogel compared with free cisplatin [30,31]. However,
the local delivery was achieved by an operation. Cisplatin-hydro-
gel must be implanted under the tumor mass after making a trans-
verse skin incision.

In the in vivo experiments reported here, we compared the
in vivo efficacy of cisplatin-loaded nanoparticles to equivalent dos-
ing with free cisplatin that was given locally as an i.t. injection or
systemically i.p. injection. As shown in the results, cisplatin-loaded
nanoparticles with a local delivery toward tumor site were more
efficient in impeding tumor development than free cisplatin,
whereas the nanoparticles demonstrated no superior efficacy to
free cisplatin by the systemic administration. Similar results were
observed from the studies of Xu et al. that systemic administration
of cisplatin-loaded nanoparticles could not enhance the anticancer
efficacy of cisplatin [4].

The enhanced efficiency of intratumoral delivery against intra-
peritoneal administration may be related to the characteristic
pharmacodynamics and pharmacokinetics profile. Intratumoral
administration is regarded as a site-specific delivery to tumor nod-

ule, which will accordingly induce a higher local drug concentra-
tion than systemic delivery [13]. Besides, the relatively lower
drug concentration in plasma by local delivery, compared to sys-
temic administration, means the less toxicity to normal tissues.
Possible mechanisms underlying the superiority of cisplatin-
loaded nanoparticles against free cisplatin delivered intratumoral-
ly may include the continuous exposure of tumor mass to released
cisplatin from the nanoparticles. Though cisplatin-loaded nanopar-
ticles by i.t. administration cannot achieve as high initial concen-
tration as free cisplatin, the sustained release of cisplatin is
capable to deliver its antitumor efficacy constantly. It has been re-
ported that antitumor activity of cisplatin depends on the dose and
exposure time [32]. Evidence of treatment of efficacy between cis-
platin and its controlled delivery system also were obtained from
the study of Fujii et al. [30]. Detection of cisplatin concentration
of both free cisplatin and cisplatin—-hydrogel when injected intratu-
morally showed that the drug concentration of cisplatin-hydrogel
in tumor site become increasingly higher than that of free cisplatin
with time going on. Consequently, significant difference in tumor
growth and survival rates could be observed between these two
groups [30]. However, the following reasons may be responsible
for the absence of significant difference in tumor growth between



X. Li et al./European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 726-734 733

the two groups receiving cisplatin-loaded nanoparticles and free
cisplatin delivered intraperitoneally. First, deficiency in the speci-
ficity to the tumor makes it difficult for chemotherapeutics by sys-
temic administration (i.v. or i.p.) to expect the high therapeutic
efficacy. Second, the rapid clearance of released cisplatin from
the nanoparticles injected intraperitoneally prevents further tu-
mor-eliminating efficiency brought by the drug. On the contrary,
a slower elimination rate in the tumor site is expected due to the
impaired lymphatic system of tumor issue [33]. As a result, it is
highly reasonable that released cisplatin from the intratumorally
delivered nanoparticles retain in the interstitial space of the tumor
for a longer time compared to normal tissue and exerts protracted
tumor-eliminating effect locally.

3.5. PET/CT imaging

Representative examples of CT, PET and fusion images of the
three groups are displayed in Fig. 6. Coronal images from CT clearly
indicated that transplanted tumors were noticeable in the left side
of the thorax of the mice receiving saline or free cisplatin, whereas

CT PET Fusion

Tumor
—9
—0

bladder

Fig. 6. Male ICR mice bearing a subcutaneous H,, (murine hepatoma cell line)
tumor at the left side of the thorax. CT, PET and fused PET/CT images are arranged in
the figure from left to right. (A) Coronal images of a mouse in the control group
(saline). (B) Coronal images of a mouse in the group receiving intratumoral free
cisplatin (5 mg/kg). (C) Coronal images of a mouse in the group receiving
intratumoral cisplatin-loaded nanoparticles (5 mg/kg).

the established tumors in the mice receiving cisplatin-loaded
nanoparticles were almost invisible (Fig. 6). FDG-PET revealed that
increased FDG uptake was readily observed in the tumor of the
mouse receiving saline or free cisplatin and CT confirmed that this
focal tracer uptake corresponded to the tumor area. Conversely, no
obvious FDG uptake was detected by PET in the nanoparticle-trea-
ted mice (Fig. 6).

Hence, '®8F-FDG accumulation signified the decreased glucose
utilization in the tumor site of the mice receiving cisplatin-loaded
nanoparticles. Calculation by the software showed an average SUV
of 0.87 £ 0.13, which was significantly lower than that of the other
two groups (p < 0.01). In comparison, the mice in the control group
experienced a higher glucose uptake with a mean SUV reaching
3.12 £ 0.47. Similar results were obtained in the mice receiving free
cisplatin with an average SUV of 3.48 £ 0.39. There was no signifi-
cant difference in SUV between the groups receiving saline and free
cisplatin (p > 0.05).

CT scanning confirmed the enhanced efficiency of i.t. delivered
cisplatin-loaded nanoparticles by showing the decreased tumor
volume. Furthermore, evidence of the treatment efficacy between
cisplatin-loaded nanoparticles and free cisplatin also was obtained
from the PET images as an indicator for glucose utilization. The
lowest FDG uptake of the tumor in nanoparticle-treated mice
means the poorest tumor metabolism rate, thereby indicating the
slowest tumor growth in this group.

The results obtained from PET/CT directly displayed the treat-
ment response of different therapy regimens and offered a novel
way to evaluate the efficiency of nanoparticle based therapies.
Employment of PET/CT in oncological studies makes it more accu-
rate and fast to measure treatment response by assessing tumor
metabolic changes instead of variations in tumor size. Glucose up-
take (SUV) detected before and during treatment present quantita-
tive assessment, thus predicting response to treatment in various
tumors [34,35]. Moreover, FDG-PET/CT provided additional infor-
mation about the extent of the disease, the metabolic activity with-
in tumor metastases, and the response to therapy following
initiation of therapy. Therefore, the information from PET/CT imag-
ing would be of great interest for validation of evaluation of treat-
ment response. Meanwhile, this study demonstrated that small
animal imaging with a clinical PET/CT scanner is quite feasible
and adequate for non-invasive imaging in evaluating the antitumor
efficiency of drug-loaded nanoparticles.

Planned modifications of the core-shell structure nanoparticles
utilized in this study are under active consideration as a part of this
ongoing research. Further development in optimizing the thera-
peutic regimen on the basis of i.t. administration will be fully re-
viewed in human xenograft models in order to further expand
the parameters of this current research. Further study in the
author’s laboratory is conducted to seek the optimal conditions
for applying PET/CT in animal experiments. In addition, previous
reports from the author’s laboratory showed that, in combination
with hyperthermia, enhanced antitumor efficacy of a metastable
docetaxel-loaded polymeric micelle whose size is around 80 nm
is observed on the basis of EPR effect [36,37]. Thus, together with
the current findings, it is of great value in future experiments to fo-
cus on the combinational antitumor effect of hyperthermia and lo-
cal delivery of thermosensitive micelles.

4. Conclusions

This study reported a spherical core-shell structure nanoparti-
cle formed by amphilic mPEG-PCL block copolymers. Cisplatin
was incorporated into the nanoparticles with high encapsulation
efficiency. In vitro studies using BGC823 and Lovo cell lines proved
the cytotoxicity of cisplatin-loaded nanoparticles in a dose and
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time-dependent manner. In vivo evaluation and PET/CT imaging
have demonstrated for the first time that cisplatin-loaded nanopar-
ticles, when delivered intratumorally, exhibited significantly in-
creased antitumor efficacy, and, moreover, substantially decreased
the tumor metabolism rate in comparison to free cisplatin in an
established Hj; transplanted mice model. It is concluded that intra-
tumoral delivery of the drug-loaded nanoparticles is the most prom-
ising method in countering the spread of tumors, and continuing
research will definitely advance this study. It is fully understood
and appreciated that the development of local chemotherapy with
nanoscale drug formation warrants more intensive research in order
to further characterize the detailed mechanism in the uptake of
drug-loaded nanoparticles the interaction between drug release
and tumors, and, ultimately, the feasibility and advantages of clinical
applications.
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