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The tolerance of BALB/c mice to different doses of blank and cisplatin-loaded PLGA-mPEG nanoparticles
and the in vivo anticancer activity of these nanoparticles on SCID mice xenografted with colorectal ade-
nocarcinoma HT 29 cells were investigated. Nanoparticles with an average size of 150-160 nm and
approximately 2% w/w cisplatin content were prepared by a modified emulsification and solvent evapo-
ration method. Normal BALB/c mice tolerated three weekly intravenous injections of a relatively high
dose of blank PLGA-mPEG nanoparticles (500 mg/kg, equivalent to about 10 mg nanoparticles/mouse)
and three weekly intravenous injections of a high dose of nanoparticle-entrapped cisplatin (10 mg/kg).
Also, histopathology examination indicated that there were no differences in the kidneys or spleens from
animals treated with cisplatin-loaded nanoparticles or blank nanoparticles compared to the untreated
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Cisplatin control group. A moderate granulation of protoplasm of hepatic cells was observed in the livers from mice
Cytotoxicity treated with cisplatin-loaded nanoparticles and blank nanoparticles, however, both the hepatic lobe and
HT 29 cells the portal hepatis maintained their normal architecture. The cisplatin-loaded PLGA-mPEG nanoparticles

Anticancer activity appeared to be effective at delaying tumor growth in HT 29 tumor-bearing SCID mice. The group of mice

treated with cisplatin-loaded nanoparticles exhibited higher survival rate compared to the free cisplatin
group. The results justify further evaluation of the in vivo antitumor efficacy of the PLGA-mPEG/cisplatin

nanoparticles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cisplatin is one of the most potent anticancer agents available
today and is widely used in the treatment of many malignancies,
including testicular, ovarian, bladder, head and neck, small cell
and non-small cell lung cancers [1,2]. However, its use is associ-
ated with severe side effects, such as acute nephrotoxicity and
chronic neurotoxicity [3]. A more selective administration (target-
ing) of cisplatin to cancer cells would reduce drug toxicity and
enhance its therapeutic potential. Passive targeting of anticancer
drugs to tumors could be achieved by attaching them to long-cir-
culating soluble or particulate carriers taking advantage of the
“enhanced permeability and retention” (EPR) effect. The EPR effect
is a result of leaky capillaries adjacent to solid tumors and a lack of
a lymphatic system for the drainage of drugs back to the systemic
circulation [4]. The association of drugs with long-circulating
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carriers alters drug pharmacokinetics and results in increased drug
accumulation in tumors, based on the EPR effect. For a more
selective delivery to tumors, cisplatin has been administered in
the form of soluble drug-polymer conjugates [5-8], or in the form
of colloidal carriers, such as pegylated liposomes [9], poly(aspartic)
acid-poly(ethylene glycol) micelles [10], and poly(caprolactone)-
poly(ethylene glycol) or poly(caprolactone)-poly[2-(N,N-dimethyl-
amino)ethyl methacrylate] micelles [11].

We have developed long-circulating PLGA-mPEG nanoparticles
of cisplatin for the passive targeting of cisplatin to tumors. The
PLGA-mPEG nanoparticles were investigated as potential intrave-
nous carriers of cisplatin because they have a number of important
characteristics with regard to their application in drug targeting,
such as biocompatibility, biodegradability, and persistence in
blood after intravenous administration in experimental animals
[12-14]. We showed that the intravenous administration of
PLGA-mPEG nanoparticles loaded with cisplatin into mice resulted
in prolonged cisplatin residence in systemic circulation [15]. We
also showed that PLGA-mPEG nanoparticles loaded with cisplatin
entered prostate cancer cells and exerted in vitro anticancer activ-
ity that was comparable to the activity of free (non-entrapped in
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nanoparticles) cisplatin [16]. In this communication, we report
data on the tolerance of BALB/c mice in different doses of blank
and cisplatin-loaded PLGA-mPEG nanoparticles and the in vivo
anticancer activity of cisplatin-loaded PLGA-mPEG nanoparticles
on SCID mice bearing HT29 colon adenocarcinoma tumors.

2. Materials and methods
2.1. Materials

pi-Lactide (LE) and glycolide (GE) were purchased from Boeh-
ringer Ingelheim (Germany). They were recrystallized twice from
ethyl acetate and dried under high vacuum at room temperature
before use. Monomethoxy-poly(ethyleneglycol) (mPEG, molecular
weight: 5000) was obtained from Sigma (St. Louis, MO) and dried
under high vacuum at room temperature before use. Cisplatin
(cis-platinum diamine dichloride), stannous octoate and sodium
cholate were also obtained from Sigma. Miscellaneous chemical
reagents and solvents, all of analytical grade, were obtained from
Sigma (St. Louis, MO) and Merck (Darmstadt, Germany).

2.1.1. Cell lines and animals

Human Caucasian colon adenocarcinoma grade II (HT 29) cells
were purchased from the ATCC. HT 29 cells were maintained and
cultured in RPMI 1640 containing 10% fetal calf serum in a humid-
ified atmosphere containing 5% CO, at 37 °C. BALB/c (male; 20-28 g
body weight; 6 weeks old) and SCID mice (male and female;
16-27 g body weight; 6 weeks old) were provided by Hellenic
Pasteur Institute.

2.2. Preparation of PLGA-mPEG copolymer

A diblock PLGA(16)-mPEG(5) copolymer (numbers in parenthe-
ses indicate the molecular weight of the blocks in kDa) was syn-
thesised by polymerization of bpi-lactide and glycolide in the
presence of mPEG. Briefly, lactide (5¢g), glycolide (1.34 g), and
mPEG (2 g) were dissolved in toluene (pre-dried with molecular
sieves) in a three-necked polymerization flask. The set-up allowed
for solvent refluxing and the continuous flow of dried nitrogen over
toluene. The temperature was set at 110 °C. Stannous octoate
(0.05% w/w, dissolved in n-heptane) was added in the flask and
the polymerization was allowed to proceed for 3 h. Then, toluene
was evaporated off under a nitrogen stream and the solid residue
was dissolved in dichloromethane. This solution was transferred
to an excess volume of diethyl ether (dropwise) and the purified
copolymer was dried under vacuum at room temperature. The
composition of the purified copolymer was determined by 'H
NMR. The ratio of lactic, glycolic, and ethylene oxide units in the
copolymer was 1:0.35:0.66.

2.3. Preparation and characterization of PLGA-mPEG nanoparticles

PLGA-mPEG nanoparticles loaded with cisplatin were prepared
by a modified emulsification and solvent evaporation method. Cis-
platin (typically 8 mg) was dissolved in dimethylformamide
(500 pl) and the solution was transferred to a PLGA-mPEG solution
in dichloromethane (typically 50 mg polymer in 2 ml solvent). The
organic phase was transferred to an aqueous solution of sodium cho-
late (6 ml, 12 mM) and the mixture was probe sonicated at 15 W for
2 min. The o/w emulsion formed was gently stirred at room temper-
ature in a fume hood until the evaporation of the organic solvent was
complete. The nanoparticles were purified by centrifugation and
reconstitution of the precipitate in fresh water and filtered through
a 1.2 pfilter (Millex AP, Millipore). Blank (without drug) nanoparti-
cles were also prepared with the same method.

The size and ¢ (zeta) potential of the nanoparticles were deter-
mined using non-invasive back scatter technology (NIBS) and
microelectrophoresis, respectively, in a Malvern Nano ZS instru-
ment. The ¢ potential of the nanoparticles was measured in a phos-
phate buffered saline (0.01 M, pH 7.4).

The drug content of the nanoparticles was determined using a
direct procedure. Samples of nanoparticles (1 ml) were lyophilized
and the lyophilized samples were dissolved in dimethylformamide
(DMF). The solutions were assayed for drug content by measuring
their absorbance at 307.5 nm. The following equation was applied:

% loading = W4/Wy,, x 100, M

where Wy is the amount of drug (mg) found in the sample (lyoph-
ilized nanoparticles) and Wy, is the amount (mg) of the sample
(lyophilized nanoparticles).

2.4. In vitro cytotoxicity study

The toxicity of cisplatin-loaded PLGA-mPEG nanoparticles and
free cisplatin (control to the cisplatin-loaded nanoparticles)
against HT29 cells was investigated by the MTT assay [17]. HT29
cells were seeded in 24-well plates at a density of 10,000 cells
per well in 500 pl RPMI-1640 supplemented with 10% fetal bovine
serum. Twenty four hours after plating, different amounts of a cis-
platin solution in water or cisplatin-loaded nanoparticles (sus-
pended in water) were added in the wells. After 24h of
incubation at 37 °C, 50 pl of MTT solution (5 mg/ml in PBS pH
7.4) was added into each well and the plates were incubated at
37 °C for 3 h. The medium was withdrawn and 200 pl acidified iso-
propanol (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 microplate reader (Bio-Rad, Hercules, CA, USA), at a
wavelength of 490 nm. The experiments were performed in tripli-
cate and repeated three times. Cell viability was calculated from
the ratio between the absorbance provided by the cells treated
with the different cisplatin formulations and the absorbance pro-
vided by non-treated cells (control).

2.5. Evaluation of the tolerance of BALB/c mice to different doses of
nanoparticles

Five groups (n = 3) of male BALB/c mice were used to evaluate
the tolerance of BALB/c mice to different doses of nanoparticles.
All groups received three intravenous injections at 7-day intervals.
Three groups of mice received cisplatin-loaded nanoparticles with
a cisplatin content of 2, 5 or 10 mg cisplatin/kg. The fourth group of
mice received blank nanoparticles at a dose of 500 mg/kg, i.e.
equivalent to the nanoparticles dose in the group of mice treated
with the maximum cisplatin-loaded nanoparticles. The final group
of mice (n = 3) received 100 pl saline (0.9% NaCl) served as control.
The injection volume was 100 pul in all cases. The weight and phys-
ical state of the mice were monitored for a 3-week period, which
covered the treatment period plus 1 week after the third injection.
All animal studies were approved by the Ethics Committee of Hel-
lenic Pasteur Institute.

2.6. Histopathology evaluation

One week after the third injection, mice were sacrificed and the
following tissues were dissected for further histopathological anal-
ysis: spleen, liver, and kidney. Samples were fixed for 3 h in 4%
paraformaldehyde (BDH) and washed extensively with PBS
overnight. Tissues were paraffin embedded (BDH) and sections
were cut at 4 um thickness. Sections were de-paraffinised and
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dehydrated in xylene and ethanol (Sigma) and stained with hema-
toxylin and eosin (Sigma) to assess histological alterations using a
Leica DMLB microscope.

2.7. In vivo antitumor activity

HT 29 tumor cells (2 x 10° cells per mouse) were injected sub-
cutaneously into the left flank of SCID mice. Fifteen days later, the
mice (at groups of 6-8) were injected intravenously via the tail
vein five times at weekly intervals with free cisplatin (100 pl of
aqueous cisplatin solution) at a dose of 5 mg/kg or cisplatin-loaded
nanoparticles at the same dose (100 pl nanoparticles, 5 mg/kg on a
cisplatin basis). Control groups in which blank nanoparticles (same
polymer amount as in the cisplatin-loaded nanoparticles group, i.e.
250 mg/kg) or saline (100 pl) was administered, were also included
in the study. The antitumor activity was evaluated in terms of the
tumor size at different times of post-administration, which was
estimated by the following equation: V=(W) x (0.5L)?>, where
(W) and (L) are the width and the length of the tumor measured
by a digital caliper, respectively. The body weight of the mice
was measured simultaneously as an indicator of systemic toxicity.
The survival rate (percent surviving mice) was also calculated at
different times of post-administration. When tumors reached
2.0 cm in any orientation mice were sacrificed and counted as de-
ceased for the purposes of the survival curves [18].

2.8. Statistical analysis of the data

Appropriate statistical procedures (Student t-test for means,
Statgraphics plus 3.3 software) were applied in the statistical anal-
ysis of the experimental data.

3. Results
3.1. Characteristics of cisplatin-loaded PLGA-mPEG nanoparticles

The basic characteristics of the nanoparticles used in the in vivo
experiments are presented in Table 1. The average size of the cis-
platin-loaded nanoparticles ranged between 153 and 163 nm and
their drug loading lied between 1.94% and 2.17% w/w. The average
size of the blank nanoparticles was 174 nm. The size polydispersity
index (P.L.) values (Table 1) are indicative of polydisperse nanopar-
ticles samples.

3.2. In vitro cytotoxicity of cisplatin-loaded PLGA-mPEG nanoparticles

The in vitro anticancer cytotoxic activity of free cisplatin and
cisplatin-loaded PLGA-mPEG nanoparticles on HT 29 cells, ex-
pressed as % cell viability, is shown in Fig. 1. The nanoparticles
loaded with cisplatin exhibited in vitro anticancer activity compa-
rable to that of free cisplatin (differences non-significant, p > 0.05,
at all concentrations tested). The cytotoxic activity of both free and
nanoparticle-entrapped cisplatin increased with increasing cis-
platin concentration. In the case of the cisplatin-loaded nanoparti-
cles the carrier itself did not contribute to cytotoxicity as blank
nanoparticles with a polymer content identical to that used in

Table 1
Basic characteristics of nanoparticles used in the in vivo studies

Batch Average size Size polydispersity % Loading with
(Z average, nm) index (P.I.) cisplatin (% w/w)

A 153 0.201 2.17

B 163 0.226 1.94

C (blank) 174 0.239 -
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60 4 B cisplatin-loaded nanoparticles
50 +
40 1

30

% Cell viability

20
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Fig. 1. Cytotoxicity of free cisplatin and cisplatin-loaded PLGA-mPEG nanoparticles
on HT 29 cells. Mean values and standard deviations are presented (n =9).

cisplatin-loaded nanoparticles (Fig. 1) did not reduce cell viability
(data not shown).

3.3. Evaluation of the tolerance of BALB/c mice to different doses of
nanoparticles

In order to assess for potential toxicity, BALB/c mice were intra-
venously injected with different doses of cisplatin-loaded PLGA-
mPEG nanoparticles at 7-day intervals and changes in overall body
weight were examined (Fig. 2). In all three dose levels tested (2, 5,
and 10 mg/kg on a cisplatin basis), the weight of mice did not
change significantly (p > 0.05) during a period of 3 weeks. A small
reduction of weight (not statistically significant) was observed
only in the group of mice treated with the highest dose (10 mg/
kg) of cisplatin-loaded nanoparticles. Also, the weight of the con-
trol mice treated with 500 mg/kg of blank nanoparticles at 7-day
intervals did not change significantly (p > 0.05). During the obser-
vation period, no deterioration in health was witnessed in mice
treated with the cisplatin-loaded nanoparticles or the blank nano-
particles and the overall behaviour was no different to that ob-
served in untreated animals.

One week after the final injection selected organs (liver, kidney,
and spleen) were removed from the treated mice for histopathology
analysis. A moderate granulation of protoplasm of hepatic cells was
observed in the livers from mice treated with both cisplatin-loaded
nanoparticles and blank nanoparticles (Fig. 3). This accumulation of
exogenous compound/material most probably represents the nano-
carrier under examination. However, despite nanoparticles accu-
mulation, both the hepatic lobe and the portal hepatis maintained
their normal architecture. There were no differences observed in
the kidneys or spleens from animals treated with cisplatin-loaded
nanoparticles or blank nanoparticles compared to the control group
of mice treated with saline (Fig. 3).

3.4. In vivo antitumor activity of cisplatin-loaded PLGA-mPEG
nanoparticles

Free cisplatin (5 mg/kg) and cisplatin-loaded PLGA(16)-mPEG(5)
nanoparticles (5 mg/kg on a cisplatin basis, approx. 250 mg nano-
particles/kg) were administered intravenously at 7-day intervals
to SCID mice bearing HT29 colon adenocarcinoma tumors. After
the fourth dose, the size of tumors in the groups receiving cis-
platin-loaded nanoparticles (n = 8) were significantly lower than
the tumor size observed in the control groups of mice, i.e. mice in
which blank (unloaded) nanoparticles (n=7; p=0.031, day 25) or
saline (n=5; p=0.022, day 29) had been administered (Fig. 4).
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Fig. 2. Body weight with time of BALB/c mice in which different doses of cisplatin-
loaded PLGA-mPEG nanoparticles (2, 5, and 10 mg/kg on a cisplatin basis), blank
(unloaded) nanoparticles (500 mg/kg) and saline (100 pl) were administered at 7-
day intervals (arrows indicate injections times). Mean values and standard
deviations are presented (n = 3).

However, treatment with free cisplatin (n = 7) was more effective at
preventing tumor growth (Fig. 4), with tumor reduction being sig-
nificant at all times after the 17th day when compared to the saline
control group (p < 0.03). After the fifth dose tumors from treated
mice began to ulcerate and were difficult to measure. Therefore,
measurement of tumors’ size was discontinued on day 29 (last
measurement, Fig. 4). The animals treated with free cisplatin or
nanoparticles-entrapped cisplatin first began to display ulcerated
tumors 25 days after the treatment began, and by the 29th day 2/
5 mice treated with blank nanoparticles, 4/5 mice treated with free
cisplatin, and 1/7 mice treated with cisplatin-loaded nanoparticles
had ulcerated tumors, whereas no ulceration was witnessed in the
saline control group (0/4). At this point, the overall health of surviv-
ing mice was monitored closely and mice were sacrificed if any
deterioration was witnessed. Ulcerated tumors did not continue

to grow and a degree of shrinkage was observed so that by the
end of the tumor-measurement period (day 29), both the cis-
platin-loaded nanoparticles and free cisplatin had caused some
shrinkage of tumors in the surviving mice (Fig. 4).

Overall, the group of cisplatin-loaded nanoparticles exhibited
higher survival rate compared to the other groups (Fig. 5). At the
end of the observation period (day 40), 4/8 mice had survived in
the group of cisplatin-loaded nanoparticles, 1/7 in the free cis-
platin-treated group, 2/8 of the mice treated with blank nanoparti-
cles and 1/6 for the control (saline-treated) mice (Fig. 5). However,
it should be noted that 5/6 of the mice in the saline control group
were sacrificed during the course of the experiment because their
tumors had reached a size of 2.0 cm or above in at least one
dimension.

As an indication of systemic toxicity, the change of body weight
during the course of the treatment was recorded (Fig. 6). In the
control groups of mice, i.e. the mice treated with saline or blank
nanoparticles, there was no significant (p > 0.05) change of body
weight during the observation period. In the mice treated with free
cisplatin and cisplatin-loaded nanoparticles, there was a significant
(p <0.05) drop of body weight after the second dose (day 10 on-
wards) and the fourth dose (day 25 onwards), respectively (Fig. 6).

4. Discussion

We have considered the feasibility of using long-circulating
PLGA-mPEG nanoparticles as carriers for a more selective delivery
of cisplatin to tumors. We have shown that the intravenous admin-
istration of PLGA-mPEG nanoparticles loaded with cisplatin to
mice resulted in a prolonged cisplatin residence in systemic circu-
lation [15] and that PLGA-mPEG nanoparticles loaded with cis-
platin exerted in vitro anticancer activity against LNCaP prostate
cancer cells that was comparable to the activity of free (non-en-
trapped in nanoparticles) cisplatin [16]. In this work, we investi-
gated the tolerance of BALB/c mice in different doses of blank
and cisplatin-loaded PLGA-mPEG nanoparticles and the in vivo

Fig. 3. Histopathology of organs from BALB/c mice treated with blank nanoparticles (500 mg/kg) (A-C), cisplatin-loaded nanoparticles (10 mg/kg on a cisplatin basis) (D-F),
or saline (100 pl) (G-I). Liver (A, D, and G), Kidney (B, E, and H) and Spleen (C, F, and I) were removed from treated animals 1 week after the final injection and analysed for

abnormalities subsequent to staining with H&E (20x magnification).
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Fig. 4. Effect of free cisplatin (5 mg/kg) and cisplatin-loaded PLGA(16)mPEG(5)
nanoparticles (5 mg/kg on a cisplatin basis) on the growth of HT 29 tumors s.c.
inoculated to SCID mice. Each formulation was administered five times at 7-day
intervals (arrows). Control groups included (a) mice in which blank (unloaded)
nanoparticles (250 mg/kg) were administered, and (b) mice in which saline (100 pl)
was administered. Mean values and standard errors of the mean are presented
(n=6-8).
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Fig. 5. Survival rates of HT 29 tumor-bearing SCID mice treated with free cisplatin
(5 mg/kg), cisplatin-loaded nanoparticles (5 mg/kg on a cisplatin basis), blank
nanoparticles (250 mg/kg) and saline (100 pl). The arrows indicate dosing days.
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Fig. 6. Body weight change with time of HT 29 tumor-bearing mice treated with
free cisplatin (5 mg/kg), cisplatin-loaded nanoparticles (5 mg/kg on a cisplatin
basis), blank nanoparticles (250 mg/kg) and saline (100 pl). Each formulation was
administered five times at 7-day intervals (arrows). Bars indicate standard
deviations.

anticancer activity of cisplatin-loaded PLGA-mPEG nanoparticles in
SCID mice bearing HT29 colon adenocarcinoma cell tumors.

Alterations in mouse weight and histopathology were used to
evaluate the tolerance of BALB/c mice to different doses of blank
and cisplatin-loaded PLGA-mPEG nanoparticles. The mice were in-
jected three times with blank or cisplatin-loaded nanoparticles. In
all three dose levels of cisplatin-loaded nanoparticles (2, 5, and
10 mg/kg on a cisplatin basis) examined, and in blank nanoparti-
cles at a dose of 500 mg/kg (corresponding to the polymer dose
which was administered to mice when they were injected with
the highest dose of cisplatin-loaded nanoparticles, i.e. with
10 mg/kg on a cisplatin basis), the weight of mice did not change
significantly. Since no weight loss was observed, the mice appeared
to tolerate well three weekly intravenous injections of a relatively
high dose of blank PLGA-mPEG nanoparticles (500 mg/kg, equiva-
lent to about 10 mg nanoparticles/mouse) and three weekly intra-
venous injections of a high dose of nanoparticle-entrapped
cisplatin (10 mg/kg). A similar regime (weekly intravenous injec-
tions) of 5 mg/kg doses of free cisplatin has been shown to induce
systemic toxicity in mice (manifested by weight loss starting from
the second dose) [19]. The entrapment of cisplatin in the PLGA-
mPEG nanoparticles apparently caused a reduction of cisplatin tox-
icity. In line with the results from the mice weight measurements,
the histopathology data indicated that three weekly intravenous
injections of a relatively high dose of blank PLGA-mPEG nanoparti-
cles (500 mg/kg) and three weekly intravenous injections of cis-
platin-loaded nanoparticles (at doses of 2, 5, and 10 mg/kg on a
cisplatin basis) did not cause alterations in tissue architecture in
mouse tissues where cisplatin tends to accumulate at relatively
high levels, such as the liver, the spleen and the kidneys (Fig. 3).
Based on both the mice weight measurements and the histopathol-
ogy data it can be deduced that the administration of relatively
high doses of blank or cisplatin-loaded PLGA-mPEG nanoparticles
were well tolerated by BALB/c mice.

The PLGA-mPEG nanoparticles loaded with cisplatin exhibited
in vitro anticancer activity against HT-29 cells comparable to that
of free cisplatin (Fig. 1). Enhanced accumulation in tumors of drugs
entrapped in long-circulating nanocarriers compared to the free
drug has been shown in a number of studies [10,20]. Therefore,
having established that the cisplatin-loaded PLGA-mPEG nanopar-
ticles were active against cancer cells in vitro and that they were
not toxic to mice at doses containing the necessary amounts of cis-
platin to induce a pharmacological response, we proceeded to eval-
uate the anticancer activity of the cisplatin-loaded PLGA-mPEG
nanoparticles in vivo. During the initial phase of the experiment
free cisplatin was the most effective agent at preventing tumor
growth (Fig. 4). However, the cisplatin-loaded PLGA-mPEG nano-
particles also reduced the growth of tumors when compared to
blank nanoparticles and saline controls (Fig. 4). Interestingly, after
the fifth dose (day 25) tumors begun to ulcerate and were difficult
to measure. Thus reliable tumor size data could only be obtained
until day 29 (i.e. 29 days after the first dose). Ulceration of tumors
is indicative of necrosis possibly due to a reduction of tumor vas-
cularisation [21].

Although it is one of the most effective anticancer drugs in use
today cisplatin confers considerable toxicity to patients. Therefore,
it is important that novel technologies are developed to selectively
target cisplatin to tumor cells and reduce unwanted side effects
caused by its accumulation in healthy tissue. Based on the survival
rate (Fig. 5) and the evolution of mice weight during the treatment
period (Fig. 6), the cisplatin-loaded PLGA-mPEG nanoparticles ap-
peared to be better tolerated than free cisplatin.

In the SCID mice xenografted with HT29 cells, we chose to
administer equal amounts of cisplatin based on a maximum
tolerated dose of 5 mg/kg for cisplatin (personal communication
T. Boulikas, Regulon A.E.). Given that mice appeared to tolerate
cisplatin-loaded nanoparticles better than free cisplatin (as judged
by weight and survival), it is important that we further optimise
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the dose and injection regime in order to maximise the antitumor
efficacy of these cisplatin-loaded nanoparticles. Nonetheless, our
initial results indicate that PLGA-mPEG/cisplatin nanoparticles
are effective anticancer agents and justify the further study of
these agents in vivo.

5. Conclusions

PLGA-mPEG/cisplatin nanoparticles were well tolerated by nor-
mal BALB/c mice even when relatively high doses (three weekly
injections of 10 mg/kg on a cisplatin basis) were administered to
mice. In an in vivo antitumor activity assay, the PLGA-mPEG/cis-
platin nanoparticles appeared to reduce tumor growth in SCID
mice with HT29 xenografts, and these mice exhibited higher sur-
vival rate than free cisplatin. The results justify further evaluation
of the potential usefulness of the PLGA-mPEG/cisplatin nanoparti-
cles in cancer treatment.

Acknowledgement

The help of Dr. Nikiforos Apostolikas (Histopathology Depart-
ment, St Savas Hospital, 171 Alexandras Avenue, Athens 11522,
Greece) in histopathology evaluation is thankfully acknowledged.

References

[1] R.L. Comis, Cisplatin: the future, Semin. Oncol. 21 (1994) 109-113.

[2] T.Boulikas, M. Vougiouka, Recent clinical trials using cisplatin, carboplatin and
their combination chemotherapy drugs (Review), Oncol. Rep. 11 (2004) 559-
595.

[3] V. Ponzani, F. Bressolle, L.]. Haug, M. Galtier, J.P. Blayac, Cisplatin-induced renal
toxicity and toxicity-modulating strategies: review, Cancer Chemother.
Pharmacol. 35 (1994) 1-9.

[4] G.S. Kwon, Diblock copolymer nanoparticles for drug delivery, CRC Crit. Rev.
Ther. Drug Carrier Syst. 15 (1998) 481-512.

[5] D. Avichezer, B. Schechter, R. Arnon, Functional polymers in drug delivery:
carrier-supported CDDP (cis-platin) complexes of polycarboxylates — effect on
human ovarian carcinoma, React. Funct. Polym. 36 (1998) 59-69.

[6] P. Ferruti, E. Ranucci, F. Trotta, E. Gianasi, E.G. Evagorou, M. Wasil, G. Wilson, R.
Duncan, Synthesis, characterization and antitumor activity of platinum II
complexes of novel functionalised poly(amidoamine)s, Macromol. Chem. Phys.
200 (1999) 1644-1654.

[7] N. Malik, E.G. Evagorou, R. Duncan, Dendrimer-platinate: a novel approach to
cancer chemotherapy, Anticancer Drugs 10 (1999) 767-776.

[8] E. Gianasi, M. Wasil, E.G. Evagorou, A. Keddle, G. Wilson, R. Duncan, HPMA
copolymer platinates as novel antitumor agents: in vitro, properties,
pharmacokinetics and antitumor activity in vivo, Eur. ]J. Cancer 35 (1999)
994-1002.

[9] M.S. Newman, G.T. Golbern, P.K. Working, C. CEngbers, MA. Amantea,
Comparative pharmacokinetics, tissue distribution, and therapeutic
effectiveness of cisplatin encapsulated in long-circulating, pegylated
liposomes (SPI-077) in tumor-bearing mice, Cancer Chemother. Pharmacol.
43 (1999) 1-7.

[10] N. Nishiyama, Y. Kato, Y. Sugiyama, K. Kataoka, Cisplatin-loaded polymer—
metal complex micelle with time modulated decaying property as a novel drug
delivery system, Pharm. Res. 18 (2001) 1035-1041.

[11] P. Xu, E.A. Van Kirk, S. Li, W.J. Murdoch, J. Ren, M.D. Hussain, M. Radosz, Y.
Shen, Highly stable core-surface-crosslinked nanoparticles as cisplatin carriers
for cancer chemotherapy, Colloids Surf. B Biointerfaces 48 (2006) 50-57.

[12] R. Gref, Y. Minamitake, M.T. Peracchia, V. Trubetskoy, V. Torchilin, R. Langer,
Biodegradable long-circulating polymeric nanospheres, Science 263 (1994)
1600-1603.

[13] S. Stolnik, S.E. Dunn, M.C. Garnett, M.C. Davies, A.G.A. Coombes, D.C. Taylor,
M.P. Irving, S.C. Purkiss, T.F. Tadros, S.S. Davis, L. [llum, Surface modification of
poly(lactide-co-glycolide) nanospheres by biodegradable poly(lactide)-
poly(ethyleneglycol) copolymers, Pharm. Res. 11 (1994) 1800-1808.

[14] R. Gref, A. Domb, P. Quellec, T. Blunk, R.H. Muller, ].M. Verbavatz, R. Langer, The
controlled intravenous delivery of drugs using PEG-coated sterically stabilized
nanospheres, Adv. Drug Deliv. Rev. 16 (1995) 215-223.

[15] K. Avgoustakis, A. Beletsi, Z. Panagi, P. Klepetsanis, A.G. Karydas, D.S.
Ithakissios, PLGA-mPEG nanoparticles of cisplatin: in vitro nanoparticle
degradation, in vitro drug release and in vivo drug residence in blood
properties, J. Control. Release 79 (2002) 123-135.

[16] E.C. Gryparis, M. Hatziapostolou, E. Papadimitriou, K. Avgoustakis, Anticancer
activity of cisplatin-loaded PLGA-mPEG nanoparticles on LNCaP prostate
cancer cells, Eur. J. Pharm. Biopharm. 67 (2007) 1-8.

[17] T. Mosmann, Rapid colorimetric assay for cellular growth and survival:
application of proliferation and cytotoxicity assay, ]. Immunol. Methods 65
(1983) 55-63.

[18] T.E. Hamm, Proposed institutional animal care and use committee guidelines
for death as an endpoint in rodent studies, Contemp. Top. Lab. Anim. Sci. 34
(1995) 69-71.

[19] N.A. Boughattas, F. Levi, C. Fournier, B. Hecquet, G. Lemaigre, A. Roulon, G.
Mathe, A. Reinberg, Stable circadian mechanisms of toxicity of two platinum
analogs (cisplatin and carboplatin) despite repeated dosages in mice, J.
Pharmacol. Exp. Ther. 256 (1990) 672-679.

[20] N. Nishiyama, S. Okazaki, H. Cabral, M. Miyamoto, Y. Kato, Y. Sugiyama, K.
Nishio, Y. Matsumura, K. Kataoka, Novel cisplatin-incorporated polymeric
micelles can eradicate solid tumors in mice, Cancer Res. 63 (2003) 8977-8983.

[21] G. Klement, S. Baruchel, J. Rak, S. Man, K. Clark, D.J. Hicklin, P. Bohlen, R.S.
Kerbel, Continuous low-dose therapy with vinblastine and VEGF receptor-2
antibody induces sustained tumor regression without overt toxicity, J. Clin.
Invest. 105 (2000) R15-R24.



	In vivo investigation of tolerance and antitumor activity of cisplatin-loaded  PLGA-mPEG nanoparticles
	Introduction
	Materials and methods
	Materials
	2.1.1

	Preparation of PLGA-mPEG copolymer
	Preparation and characterization of PLGA-mPEG nanoparticles
	In vitro cytotoxicity study
	Evaluation of the tolerance of BALB/c mice to different doses of nanoparticles
	Histopathology evaluation
	In vivo Antitumor antitumor activity
	Statistical analysis of the data

	Results
	Characteristics of cisplatin-loaded PLGA-mPEG nanoparticles
	In vitro cytotoxicity of cisplatin-loaded PLGA-mPEG nanoparticles
	Evaluation of the tolerance of BALB/c mice to different doses of nanoparticles
	In vivo antitumor activity of cisplatin-loaded PLGA-mPEG nanoparticles

	Discussion
	Conclusions
	Acknowledgements:Acknowledgement
	References


