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We have recently synthesized a new platinum derivative, poly (c,
L-glutamic acid)-cisplatin conjugate (c-PGA-CDDP), and shown that
it displayed remarkable antitumor activity against breast tumor in
a mouse model. The purpose of this study is to systematically com-
pare this new drug with three platinum derivatives currently used
in the clinic: cisplatin, carboplatin and oxaliplatin. Here, we show
that c-PGA-CDDP displays impressive antitumor activity over the
current clinically used platinum drugs. More interestingly and
more importantly, c-PGA-CDDP conjugate significantly reduces
cytotoxicity, mitigates oxidative stress and improves antioxidative
capability in vivo. Animals treated with c-PGA-CDDP display the
same profile of body weight as the control animals, while the
tumors in c-PGA-CDDP-treated animals are significantly sup-
pressed compared with those treated with carboplatin and oxalipl-
atin. Our data suggest that c-PGA could be used as an effective
carrier for drug delivery and that c-PGA-CDDP conjugate may have
potential therapeutic applications in human cancers that are sensi-
tive to treatment with CDDP-based chemotherapy such as ovarian
cancer. (Cancer Sci 2010; 101: 2476–2482)

T he cis-dichlorodiammineplatinum (II) (CDDP or cisplatin)
is one of the most widely used and most effective cytotoxic

agents in the clinical treatment of many different malignancies.
It can be used alone or in combination with other antitumor
drugs to treat a wide spectrum of human tumors including
breast, liver, lung, head and neck, ovarian, testicular, bladder,
small-cell and non-small-cell lung cancers.(1) However, its ther-
apeutic efficacy is restricted by highly toxic side effects, such as
nausea, ear damage, vomiting and especially the persistence of
severe nephrotoxicity.(2) The severe side effects of cisplatin
treatment have stimulated research toward developing less toxic
CDDP analogue with enhanced antitumor activity. The modified
platinum derivative carboplatin is more easily used in combina-
tion therapy and in ovarian cancer treatment.(3,4) However,
hematological adverse effects are more frequent with carbopla-
tin than with cisplatin.(5) In addition, carboplatin still needs to
be administrated intravenously.(6) Oxaliplatin is the third gener-
ation of platinum drugs and shows a wide antitumor effect both
in vitro and in vivo,(7) and is currently used in clinics as a
first line treatment for metastatic colorectal cancer. The neuro-
pathic(8,9) and nephrotoxic(10) side effects of oxaliplatin are
milder than cisplatin and carboplatin. However, oxaliplatin may
cause severe allergic reactions. These allergic reactions may
happen within a few minutes and may even cause death.

So far, all of the improvements on cisplatin are reformed
essentially by chemical methods and these platinum derivatives
still exhibit severe side effects. An alternative and complemen-
tary method to increase efficiency is to conjugate cisplatin with
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macromolecular carriers such as water soluble polymers(11) and
nanoparticles.(12) This strategy is based on observations that the
macromolecular carriers could prolong blood circulation of the
therapeutic agent. The conjugate can reduce nonspecific accu-
mulation of the therapeutic agent in normal tissues and enhance
preferentially the tumor accumulation.(13) We have conjugated
CDDP to biosynthesized poly (c, L-glutamic acid) (c-PGA) to
develop more efficient platinum drug with less side effects.(14)

c-PGA is water soluble, biodegradable and a nontoxic biopoly-
mer; its free a-carboxyl group in each repeating unit provides
functionality for drug attachment. We have shown that the water
soluble conjugate, poly (c, L-glutamic acid)-cisplatin effectively
inhibits tumor proliferation in vivo.(14)

In order to assess its potential use in clinics, we evaluated sys-
tematically the antitumor activity and toxicity of c-PGA-CDDP
conjugate with three clinically used platinum derivatives: cis-
platin, carboplatin and oxaliplatin under the same experimental
conditions. Our data in this study demonstrate that c-PGA-
CDDP conjugate displays potent antitumor activity and signifi-
cantly reduces cytotoxicity, mitigates oxidative stress and
improves antioxidative capability in vivo. Our research suggests
that c-PGA produced by microbial fermentation may be used as
an effective carrier for drug delivery and that c-PGA-CDDP
conjugate may have potential applications in clinical treatment.

Materials and Methods

Preparation of c-PGA-CDDP conjugate. c-PGA-CDDP conju-
gate was prepared according to our previous methods with some
modifications (Data S1, and Fig. S1).(14,15)

In vivo toxicity of c-PGA-CDDP conjugate. Forty female KM
mice (5–7 weeks old, 20–22 g) were randomly divided into five
groups of eight mice each. Animals were kept in a room at a con-
stant temperature and had free access to diet and tap water. The
mice were treated intraperitoneally (i.p.) every 2 days for three
times with cisplatin, carboplatin and oxaliplatin at doses of
4 mg ⁄ kg; the dose of c-PGA-CDDP conjugate was equivalent to
free CDDP.(14) The body weight change in each group was con-
tinuously measured and recorded. When animals were killed,
serum samples were treated with white blood cell count solution
and platelet count solution, and the number of white blood cells
and blood platelets were recorded under a microscope. Kidney
tissues were also removed immediately and stored at )70�C until
analysis. As indicators of kidney function, serum creatinine
(CRE) and blood urea nitrogen (BUN) were measured pectropho-
tometrically using an autoanalyzer (HITACHI-BM704, Japan);
doi: 10.1111/j.1349-7006.2010.01708.x
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Fig. 1. Structures of c-PGA, CDDP and three possible c-PGA-CDDP
conjugates: (a) monoadducts with one carboxyl group; (b) intrastrand
coordination with carboxyl groups; and (c) interstrand coordination
with carboxyl groups.

Fig. 2. Identification of c-PGA and c-PGA-CDDP conjugate by proton
nuclear magnetic resonance (1H NMR). The 1H NMR spectra were
recorded on a Bruker Avance 500 spectrometer, Switzerland. The
solvent was D2O and the concentration of c-PGA in the samples was
10 mg ⁄ mL.
the tissues were homogenized in nine volumes of ice-cold 0.9%
sodium chloride and centrifuged at 1000g for 10 min at 4�C.
Supernatant was collected to determine the antioxidative level
in vivo. Myeloperoxidase (MPO), malondialdehyde (MDA), glu-
tathione (GSH) and glutathione peroxidase (GSH-Px) were tested
using a spectrophotometric method outlined in the kit.

Cell proliferation assay. The capacity of the different plati-
num derivatives to inhibit cell growth was determined by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-bromide (MTT) test. This method
was based on MTT-reduction into formazan by viable cells.
Essentially, the tumor cell lines (Bcap-37, BEL-7404 and SH-
SY5Y) were plated (1 · l04 cells in 0.1 mL per well) in DMEM
culture medium containing 10% bovine calf serum in a 96-well
plate. Following overnight incubation at 37�C in a 95% humidi-
fied atmosphere of 5% CO2, the growth medium was replaced
with a fresh one containing cisplatin, carboplatin, oxaliplatin
and c-PGA-CDDP conjugate in CDDP equivalent concentra-
tions ranging from 20 to 200 lM ⁄ L,(14) and the cells were then
treated for 24, 48 and 72 h of continuous exposure. At the end
of incubation, 20 lL MTT (5 mg ⁄ mL) was added to each well
and cells were incubated for an additional 4 h in a CO2 incuba-
tor at 37�C. The viable cells were quantified. Inhibition of cell
viability was calculated in reference to cells incubated with cul-
ture medium alone.

Flow cytometric assay for measuring cell cycle and apop-
tosis. Human breast tumor cell lines (Bcap-37) were seeded in
six-well plates (1 · 104 cells in 1 mL per well) and grown in
DMEM culture medium containing 10% bovine calf serum at
37�C for 24 h in a 95% humidified atmosphere of 5% CO2. The
growth medium was then replaced with a fresh one containing
cisplatin, carboplatin, oxaliplatin and c-PGA-CDDP conjugate
in CDDP equivalent concentrations of 100 lM ⁄ L; optimal
experimental conditions were previously determined by Ye
et al.(14) In the end, harvest cells were collected and washed
with D-Hanks for 2–3 times. After centrifuging at 650g for
5 min and discarding the supernatant, the cell pellets were
immediately suspended in 5 mL of pre-cold 70% ethyl alcohol
(ETOH), mixed quickly and kept at 4�C for 1 h in order to fix
the cells. After the fixation, the cells were transferred to FACS
tubes for flow cytometric sorting.

Release profiles of c-PGA-CDDP conjugate and different plati-
num derivatives. The release profile of the c-PGA-CDDP con-
jugate was evaluated by cellulose membrane with a cut off
molecular weight at 3.5 kDa according to Ye et al.(14,16,17)

Statistical analysis. Statistical analysis for the determination
of differences in the measured properties between groups was
done using a two-sided log-rank and Dunnett tests. A P value of
<0.05 was considered statistically significant. All data are pre-
sented as the mean value with its standard deviation indicated
(mean ± SD).

Results

Preparation and characterization of c-PGA-CDDP conjugate. The
preparation of c-PGA-CDDP conjugate was achieved by a
nucleophilic attack on one or two carboxyl groups of glutamate
by the platinate derivative. Theoretically, three complex struc-
tures could be formed by this reaction (Fig. 1a). After purifica-
tion by dialysis, the purified conjugate was analyzed by proton
nuclear magnetic resonance (1H NMR) (Fig. 2). The results
were further confirmed by carbon nuclear magnetic resonance
(13C NMR) and Fourier transformed infrared (FT-IR) analysis
(Data S2 and Fig. S3).

Comparison of the 1H NMR spectrum between c-PGA and c-
PGA-CDDP (Fig. 2) showed that the c-PGA signals at 1.80,
1.96, 2.28, 4.01 and 7.95 p.p.m. (Fig. 2a) had been excursed to
the low field. The c-PGA-CDDP signals at 1.87, 1.97, 2.30, 4.16
and 8.11 in Figure 2b presented b-CH2, c-CH2, a-CH and -NH
Feng et al.
on the c-PGA-CDDP conjugate. The -NH signal that influenced
the most remarkably to the linkage reaction of CDDP, had a
0.16 p.p.m. low-field excursion. More importantly, we observed
Cancer Sci | November 2010 | vol. 101 | no. 11 | 2477
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the multiple cleavage of a-CH (Fig. 2b), suggesting more conju-
gate patterns were formed between c-PGA and CDDP, as indi-
cated in Figure 1a.

c-PGA-CDDP conjugate exhibits potent antitumor activity. We
have previously studied in vivo antitumor activity of c-PGA-
CDDP conjugate using human breast tumor cells (Bcap-37)
xenografted into BALB ⁄ cA nude mice.(14) In order to compare
systematically the antitumor efficacy of c-PGA-CDDP conju-
gate with the clinically used platinum derivatives, parallel
experiments were performed with cisplatin, carboplatin and oxa-
liplatin. Mice were treated i.p. three times at 2-day intervals
with 4 mg ⁄ kg of cisplatin, carboplatin, oxaliplatin and an equiv-
alent dose of c-PGA-CDDP conjugate. The change in tumor vol-
ume after first injection was followed for 2 weeks. As shown in
Figure 3a,b, tumor size in the PBS group increased significantly
with time, indicating that PBS had no effect on preventing tumor
growth. The tumor growth was markedly inhibited in the mice
treated with CDDP and c-PGA-CDDP conjugate (P < 0.001),
while there was no significant difference between the CDDP
Fig. 3. Antitumor activity of BALB ⁄ cA nude mice bearing human
breast tumor Bcap-37 cells following three repeated i.p. injections of
cisplatin, carboplatin, oxaliplatin and c-PGA-CDDP conjugate every
2 days for three doses. The control group received PBS. Data are
presented as the mean ± SD (n = 7). (a) Typical pictures after 2 weeks
of therapy with the drugs indicated in the figure. (b) Tumor volume
changes following three repeated i.p. injections of platinum
derivatives and c-PGA-CDDP conjugate. The tumor volume was
estimated by the following equation: V = p(a · b2) ⁄ 6, where a and b
were major and minor axes of the tumor measured using a caliper.
*P < 0.05 drugs vs control. **P < 0.01 drugs vs control. ***P < 0.001
drugs vs control. #P < 0.05 c-PGA-CDDP vs other drugs. ##P < 0.01 c-
PGA-CDDP vs other drugs. ###P < 0.001 c-PGA-CDDP vs other drugs.
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group and the c-PGA-CDDP group (P > 0.05). Although car-
boplatin and oxaliplatin inhibited tumor growth, their efficien-
cies were significantly lower than that of c-PGA-CDDP
conjugate (P < 0.01 PGA-CDDP vs carboplatin and P < 0.05
PGA vs oxaliplatin).

c-PGA-CDDP conjugate exhibits significant low toxicity. In
order to evaluate the systemic toxicity of c-PGA-CDDP conju-
gate in vivo, we first examined the body weight changes in both
normal KM mice and the mice bearing human breast cancer
Bcap-37 xenografts (Fig. 4). Both types of mice dropped 35%
of original body weight (P < 0.001) when treated with cisplatin
(Fig. 4). This result indicated that cisplatin had a severe sys-
temic toxicity in vivo. The KM mouse group treated with oxa-
liplatin had a slight increase in body weight while the Bcap-37
xenografted mice treated with oxaliplatin had a subtle decrease
in body weight. However, contrary to the PBS control group,
oxaliplatin had a negative impact on the body weight change
profile in both groups of mice (P < 0.001). In striking contrast,
the groups treated with carboplatin and c-PGA-CDDP conjugate
Fig. 4. Body weight change in normal KM mice (a) and BALB ⁄ cA
nude mice (b) following three repeated i.p. injections of cisplatin,
carboplatin, oxaliplatin and c-PGA-CDDP conjugate at 4 mg ⁄ kg every
2 days for three doses. The control group received PBS. Data are
presented as the mean ± SD (n = 8 in KM mice and n = 7 in BALB ⁄ cA
nude mice). *P < 0.05 drugs vs control. **P < 0.01 drugs vs control.
***P < 0.01 drugs vs control. #P < 0.05 c-PGA-CDDP vs other drugs.
##P < 0.01 c-PGA-CDDP vs other drugs. ###P < 0.001 c-PGA-CDDP vs
other drugs.

doi: 10.1111/j.1349-7006.2010.01708.x
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exhibited similar body weight change profiles as those of the
PBS control group (P > 0.05). Most interestingly, a comparison
between tumor volume (Fig. 3b) and body weight change
(Fig. 4b) indicated that c-PGA-CDDP conjugate displayed sig-
nificant antitumor activity with the least effect on mouse body
weight change (Fig. 5). We next performed a hematological
analysis and evaluated the nephrotoxicity on animals treated
with and without different platinum derivatives by monitoring
white blood cell and platelet number, BUN, CRE in serum and
MPO, MDA, GSH, GSH-Px in kidney tissue. All groups treated
respectively with cispaltin, carboplatin and oxaliplatin had a sig-
nificant decrease in white blood cell and platelet counts
(P < 0.01) (Table 1). However, the c-PGA-CDDP group had no
significant change in the white blood cell number compared with
the PBS control group (P > 0.05). Platelets in the c-PGA-CDDP
group were also reduced (P < 0.05), but it was a moderate
decrease compared with the other three platinum derivative
drugs. BUN and CRE, both of which represented the level of
renal function, were evaluated (Table 1). Kidney tissues were
also collected for the estimation of MPO, MDA, GSH and GSH-
Px, which reflected the antioxidative level in vivo. The data of
serum analysis revealed that cisplatin caused a marked reduction
in renal function, as characterized by significant increase in
serum BUN and CRE levels (P < 0.05). There was no signifi-
cant difference between the groups treated with carboplatin,
oxaliplatin, c-PGA-CDDP conjugate and the control group
(P > 0.05), indicating that these drugs displayed a lower toxic-
ity. Kidney tissue analysis showed that cisplatin and oxaliplatin
induced a substantial decrease in the antioxidative level, indi-
cated by marked increase in MPO (P < 0.05 in the cisplatin
Fig. 5. Tumor volume ⁄ body weight in BALB ⁄ cA nude mice following
2 weeks of therapy. Proportionality in tumor volume ⁄ body weight
changes was evaluated as gross efficiency after tumor therapy; each
of the data in tumor volume (Fig. 3b) was divided with each of the
data in body weight (Fig. 4b) in the BALB ⁄ cA nude mice. Data are
presented as the mean ± SD (n = 7). *P < 0.05 drugs vs control.
**P < 0.01 drugs vs control. #P < 0.05 c-PGA-CDDP vs other drugs.
##P < 0.01 c-PGA-CDDP vs other drugs.

Table 1. Biochemical parameters with the platinum derivatives treated a

Group WBC ( ⁄ mm3) Platelet ( ⁄ cm3) BUN (mM) CRE (m

Control 1537.5 ± 324.9 690 ± 85 6.9 ± 0.7 9.4 ± 1

Cisplatin 550.0 ± 200.0**## 200 ± 51**## 9.5 ± 2.8* 15.8 ± 6

Carboplatin 831.3 ± 96.1**## 570 ± 62** 7.1 ± 0.8 9.7 ± 1

Oxaliplatin 581.3 ± 158.0**## 300 ± 51**## 7.1 ± 0.9 10.3 ± 2

c-PGA-CDDP 1362.5 ± 148.2 590 ± 59* 7.8 ± 0.9 9.9 ± 1

White blood cell count (WBC), platelet count, changes of blood urea nitro
level of myeloperoxidase (MPO), malondialdehyde (MDA), glutathione (GS
the ‘‘Materials and Methods’’. All data are presented as the mean ± SD (n
c-PGA-CDDP vs other drugs. ##P < 0.01 c-PGA-CDDP vs other drugs.
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group and P < 0.01 in the oxaliplatin group) and MDA
(P < 0.01 in the cisplatin group and P < 0.05 in the oxaliplatin
group) levels with a concomitant decrease in GSH (P < 0.01)
and GSH-Px levels (P < 0.05) (Table 1). In contrast, groups
treated with carboplatin and c-PGA-CDDP conjugate were
found to have no significant changes in the reduction of antioxi-
dative level as values were similar to those of the PBS control
group (P > 0.05). Interestingly, the GSH level in the c-PGA-
CDDP group was increased moderately compared with the PBS
control group (P < 0.05). The above results were further con-
firmed by the Dunnett test. Taking all of these observations into
consideration, we conclude that c-PGA-CDDP conjugate is
equally efficacious as cisplatin, but yields significantly less sys-
temic toxicity than cisplatin, carboplatin and oxaliplatin.

Cell proliferation assay further confirms the low toxicity of c-
PGA-CDDP conjugate. Low toxicity and high antitumor activity
were further evaluated at the cellular level. Cell proliferate inhi-
bition in the presence and absence of different platinum deriva-
tives were tested by MTT assay. Three cell lines were used for
in vitro cytotoxicity assay. Typical representative concentration-
growth inhibition curves with cisplatin, carboplatin, oxaliplatin
and c-PGA-CDDP conjugate on the growth of the Bcap-37 cell
line are shown in Figure 6 and the IC50 values of all of the
drugs obtained with different cell lines are summarized in
Table 2. All of the four antitumor drugs inhibited cell growth in
a dose-dependent manner, but c-PGA-CDDP conjugate was
consistently less toxic and had a higher IC50 value at each
incubation time than that of cisplatin at an equivalent dose
nimals

M) MPO (U ⁄ g) MDA (nmol ⁄ mg) GSH (mgGSH ⁄ g) GSH-Px (U ⁄ g)

.3 0.6 ± 0.2 1.6 ± 0.5 60.1 ± 4.9 71.9 ± 10.3

.8*# 0.9 ± 0.3* 2.6 ± 0.3**# 37.5 ± 6.4**## 40.6 ± 13.4*#

.0 0.7 ± 0.1 1.8 ± 0.6 60.2 ± 9.4 62.8 ± 6.2

.0 0.9 ± 0.2** 2.0 ± 0.4* 39.4 ± 6.1**## 53.5 ± 14.0*

.5 0.7 ± 0.1 1.6 ± 0.5 75.7 ± 11.1* 64.0 ± 4.1

gen (BUN) and creatinine (CRE) in serum and in vivo antioxidation
H) and glutathione peroxidase (GSH-Px) were analyzed as indicated in
= 8). *P < 0.05 drugs vs control. **P < 0.01 drugs vs control. #P < 0.05

Fig. 6. Growth inhibition against the human breast tumor Bcap-37
cell line. Cells were incubated with cisplatin, carboplatin, oxaliplatin
and c-PGA-CDDP conjugate for 48 h. Cytotoxicity was measured by
MTT assay. Data are shown as the mean ± SD (n = 4).

Cancer Sci | November 2010 | vol. 101 | no. 11 | 2479
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Table 2. In vitro cytotoxicity of cisplatin, carboplatin, oxaliplatin and c-PGA-CDDP conjugate against the Bcap-37, BEL7404 and SH-SY5Y cell

lines

Cell line Drugs
IC50 (lM) determined at different times

24 h 48 h 72 h

Bcap-37 Cisplatin 20.5 ± 0.8 2.3 ± 0.6 1.9 ± 0.4

Carboplatin 265.0 ± 5.2** 152.9 ± 12.1** 78.8 ± 16.3**

Oxaliplatin 100.8 ± 13.0** 38.6 ± 1.6** 13.5 ± 1.2*

c-PGA-CDDP 102.6 ± 6.1** 25.2 ± 2.6** 5.5 ± 0.6

BEL-7404 Cisplatin 62.0 ± 11.4 11.1 ± 0.6 9.5 ± 0.5

Carboplatin 505.6 ± 108.3** 190.8 ± 17.8** 180.2 ± 18.2**

Oxaliplatin 92.2 ± 15.9 24.7 ± 3.3 22.4 ± 2.0

c-PGA-CDDP 149.9 ± 12.5 44.2 ± 6.8** 30.0 ± 3.4*

SH-SY5Y Cisplatin 62.3 ± 13.1 28.6 ± 4.1 4.2 ± 0.5

Carboplatin 308.9 ± 63.0** 150.0 ± 43.5** 37.52 ± 7.6**

Oxaliplatin 138.1 ± 12.4* 59.8 ± 7.8 2.8 ± 0.6

c-PGA-CDDP 217.6 ± 42.0** 86.0 ± 10.0* 17.6 ± 1.2**

Fifty percent inhibitory concentration was evaluated by MTT assay. Each value was the mean of four data points. *P < 0.05 drugs vs CDDP.
**P < 0.01 drugs vs CDDP.

Table 3. Results of an apoptosis assay on the Bcap-37 cell line with

four platinum derivatives

Drugs Apoptosis (%) S phase (%)

Control 0.0 43.9

Cisplatin 44.9** 0.0**

Carboplatin 0.6 44.3

Oxaliplatin 10.2** 31.8

c-PGA-CDDP 14.4** 33.6

Human breast tumor Bcap-37 cells were treated with cisplatin,
carboplatin, oxaliplatin and c-PGA-CDDP conjugate at 100 lM ⁄ L for
24 h. The cell cycle was analyzed by FCM assay. **P < 0.01 drugs vs
control.

(a)

(b)

Fig. 7. Release profiles of cisplatin, carboplatin, oxaliplatin and c-
PGA-CDDP conjugate in normal saline (a) and plasma (b) at 37�C. The
amount of CDDP in the solutions was measured by HPLC. Experiments
were performed in triplicate and similar results were obtained. The
data shown are for one representative experiment.
(Table 2). It is worth noting that consistent with the in vivo ani-
mal experiments, carboplatin displayed low tumor inhibition
activity. All together, these results show that c-PGA-CDDP con-
jugate retains the antitumor activity and displays a low toxicity.

Mechanism of action of c-PGA-CDDP conjugate. The antitumor
mechanism of c-PGA-CDDP conjugate was further investigated
by analyzing the cell cycle using flow cytometric assay. The cell
ratio of the apoptosis amount and DNA content in S-phase are
shown in Table 3. These results demonstrated that c-PGA-
CDDP conjugate induced cell apoptosis, but the mechanism
needs to be investigated further. The ratio of apoptosis amount
indicated the relatively lower toxicity of c-PGA-CDDP conju-
gate compared with free CDDP.

To gain further insight into the possible mechanism of low
toxicity of c-PGA-CDDP conjugate, the release profiles of the
different platinum derivatives have been analyzed. c-PGA-
CDDP conjugate was stable in distilled water for over 1 month,
with no detectable dissociation and precipitation. However,
CDDP could be released in an environment containing chloride
ions by the mechanism of a substitution reaction between chlo-
ride ions and the carboxylic groups of c-PGA in the conjugate
(Fig. S2). The release curves of CDDP from c-PGA-CDDP con-
jugate in normal saline buffer and plasma at 37�C are shown in
Figure 7. The release profile of CDDP in normal saline buffer
(Fig. 7a) showed that CDDP in the c-PGA-CDDP conjugate was
released gradually, and then slowly, compared with CDDP, car-
boplatin and oxaplatin, which arrived at approximately 60–70%
of the total amount in the first 2 h. In the release profile of the
drugs in plasma (Fig. 7b), CDDP in the c-PGA-CDDP conjugate
was released stably and slowly all of the time; otherwise, CDDP
increased expeditiously in the first 6 h and then decreased
2480
gradually, probably because some of the remaining CDDP even-
tually bound irreversibly to plasma proteins and resulted in drug
inactivation. Because of technical limitations, the release profiles
doi: 10.1111/j.1349-7006.2010.01708.x
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of carboplatin and oxaplatin in plasma can not be determined.
Taken together, comparison of the release profiles of the differ-
ent platinum derivatives indicates that c-PGA-CDDP conjugate
could be released mildly and maintains sufficient stability.

Discussion

The main aim of this study was to compare the antitumor activ-
ity and cytotoxicity of our previously developed poly(c, L-glu-
tamic acid)-cisplatin bioconjugate with three clinically used
platinum derivatives. We showed that the c-PGA-CDDP conju-
gate produced an impressive antitumor response and yielded sig-
nificantly less systemic toxicity than cisplatin, carboplatin and
oxaliplatin that are currently used in clinics.

The most interesting and most important discovery in this
study is that while c-PGA-CDDP retains its potent antitumor
activity, its toxic side effects are greatly reduced: (i) analysis of
mice show that the body weight of animals treated with CDDP
and oxaliplatin are severely reduced. In sharp contrast with free
CDDP, the body weight of animals treated with c-PGA-CDDP
increase significantly. Furthermore, the evaluation profiles of the
body weight of animals treated with and without c-PGA-CDDP
are the same, clearly showing that c-PGA-CDDP is nontoxic to
animals. Although carboplatin displays less toxicity than CDDP
and oxaliplatin, its clinical dose is almost 10 times higher. More
importantly, the comparison between tumor volume and body
weight change of animals receiving different drugs reveals that
c-PGA-CDDP is the most potent antitumor drug with a signifi-
cant low toxicity (Fig. 5). (ii) Cytotoxicity studies with cell lines
further confirm the above conclusion. (iii) In accordance with
the above in vitro and in vivo studies, biochemical analysis of
hematology and renal metabolism of animals treated with differ-
ent platinum derivatives confirm that c-PGA-CDDP has substan-
tially lower toxicity than the three clinically used platinum
drugs. Cisplatin-induced nephrotoxicity is closely associated
with a lipid peroxidation increase in kidney tissues. Formation
of free radicals, which leads to oxidative stress, has been shown
to be one of the main pathogenic mechanisms of these toxicities
and side effects.

The molecular mechanism of c-PGA-CDDP displaying
marked antitumor activity and a significant low toxicity is not
fully understood in this study. It is very interesting to note that
our in vivo toxicity study shown that c-PGA-CDDP significantly
increased GSH levels (Table 1, P < 0.01). Because the GSH
level is important to protect cellular function and integrity, this
may partially explain why c-PGA-CDDP displayed reduced tox-
icity when compared with the other three drugs. Moreover, the
flow cytometric analysis shows that c-PGA-CDDP may use the
same mechanism as free CDDP in achieving tumor eradication,
because both CDDP and c-PGA-CDDP induce apoptosis by
inhibiting replication of DNA in the S-phase. The release pro-
Feng et al.
files of c-PGA-CDDP and other platinum derivatives in normal
saline and in plasma indicate that c-PGA-CDDP may enhance
antitumor activity with low toxicity by accumulating the poly-
mer-drug conjugate in tumor tissue through enhanced perme-
ability and retention (EPR).(18) It is well known that the EPR
effects play an important role in tumor-selective targeting ther-
apy. Because of the high permeability and long retention in dis-
ordered capillary endothelia, c-PGA-CDDP conjugate, which
has a molecular weight of 40 kDa, accumulates in malignant
tumor tissues much easier than that of other normal tissues. This
kind of passive target can effectively inhibit tumor growth while
significantly reducing side effects.(19) In addition, in malignant
tumor tissues, CDDP is released slowly from c-PGA-CDDP
conjugate accompanying enzymolysis of c-PGA; this gradual
release not only inhibits the proliferation of tumor tissues, but
also extends the half-life of drugs in vivo and mitigates the dam-
age to normal tissues due to one time, high dose administra-
tion.(20) Finally, although the level of apoptosis and S phase
DNA contents between oxaliplatin and c-PGA-CDDP-treated
cells are similar (Table 3), it is unlikely that both drugs function
through a common pathway because oxaliplatin decreased both
GSH and WBC levels while c-PGA-CDDP increased GSH or
had no effect on the WBC level, respectively (Table 1). Further
studies are needed to clarify this issue.

The elegant work of Avichezer et al.(21) in c-PGA-CDDP has
shown that this complex is biologically active and effective in
suppressing tumor growth in vivo. Our previous(14) and present
studies are consistent with their observations. However, it is
worth noting that the PGA that Avichezer used in his study was
chemically synthesized compounds containing essentially a-
PGA or a mixture of a- and c-PGA, while the PGA that we used
in our study was produced by fermentation containing highly
pure c-PGA. It is also interesting to note that there are three
major forms in the linkage reaction between free CDDP and c-
PGA (Fig. 1). The three linkage forms happen in the coordinate
probability and the reaction products are 33%, respectively. If
we consider that only one or two forms displayed bioactivity,
the effective c-PGA-CDDP conjugate may have much more
antitumor activity than evaluated in this and in the previous
study.

In conclusion, our results clearly demonstrate that c-PGA-
CDDP conjugate has significant therapeutic activity against
breast tumor. The impressive antitumor activity with signifi-
cantly low side effects of c-PGA-CDDP conjugate clearly war-
rants clinical investigation of this novel potential drug for
possible use against human solid tumor and use in combination
therapy. Additional studies will be required to investigate its
biodistribution and characterize its interaction with various
tumor and host factors, as well as the nature of the tumor uptake
of the conjugate.
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