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ABSTRACT Carboplatin, an advanced anticancer drug with excellent efficacy against 
ovarian cancer, was developed to alleviate the side effects that often occur with 
cisplatin and other platinum-based compounds. Our study reports the in vitro char-
acteristics, viability, and activity of cells expressing the inducible nitric oxide syn-
thase (iNOS) gene after carboplatin was conjugated with polysuccinimide (PSI) and 
administered in combination with other widely used anticancer drugs. PSI, which 
has promising properties as a drug delivery material, could provide a platform for 
prolonging carboplatin release, regulating its dosage, and improving its side effects. 
The iNOS gene has been shown to play an important role in both cancer cell survival 
and inhibition. Herein, we synthesized a PSI-carboplatin conjugate to create a modi-
fied anticancer agent and confirmed its successful conjugation. To ensure its solubil-
ity in water, we further modified the structure of the PSI-carboplatin conjugate with 
2-aminoethanol groups. To validate its biological characteristics, the ovarian cancer 
cell line SKOV-3 and normal ovarian Chinese hamster ovary cells were treated with 
the PSI-carboplatin conjugate alone and in combination with paclitaxel and topote-
can, both of which are used in conventional chemotherapy. Notably, PSI-carboplatin 
conjugation can be used to predict changes in the genes involved in cancer growth 
and inhibition. In conclusion, combination treatment with the newly synthesized 
polymer-carboplatin conjugate and paclitaxel displayed anticancer activity against 
ovarian cancer cells but was not toxic to normal ovarian cancer cells, resulting in the 
development of an effective candidate anticancer drug without severe side effects.

INTRODUCTION
Ovarian cancer is known to have the highest incidence rate 

among gynecological cancers in females. Most ovarian cancer 
cases are initially asymptomatic, and there is no proper screening 
method [1,2]. At the time of initial diagnosis, many ovarian can-
cer patients have already developed metastases to the local lymph 
nodes. The early 5-year survival rate is 90%, but the survival rate 
drops to as low as 20% when the tumor has metastasized to a dis-

tal site [3]. Carboplatin, the oldest chemical compound currently 
used for ovarian cancer treatment, is now very important clinical-
ly for ovarian cancer patients [4,5]. Carboplatin has been reported 
to be most effective for patients with ovarian cancer [6]. Current-
ly, anticancer drugs such as paclitaxel, topotecan and carboplatin 
are used in the treatment of ovarian cancer [7-9]. All anticancer 
drugs are administered according to the patient’s diagnosis status 
and can be administered as a single or combined treatment [10]. 
Carboplatin was developed to have fewer side effects than cispla-
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tin and is known as an anticancer drug that significantly reduces 
cisplatin side effects [11,12]. Importantly, materials that deliver 
anticancer drugs to cancer cells should be nontoxic, biocompat-
ible and biodegradable [13-15]. The compound polysuccinimide 
(PSI) is a drug delivery material that is biocompatible and biode-
gradable and has the characteristics of and potential to be a drug 
conjugation material [16-18]. There are many ways to conjugate 
drugs to a delivery material, which depend on the characteristics 
of the material. The differences in material properties are closely 
related to the in vivo pharmacokinetics after drug delivery, and 
the biocompatibility and biodegradability of the material should 
be determined by the characteristics of the delivery material used 
[19]. In particular, the efficacy and effectiveness of the delivery 
of drugs that can alleviate certain diseases, such as cancer, are 
among the most important issues [20,21]. PSI can also be used 
independently, as it exhibits toxic effects to cervical and ovarian 
cancer cells along with antibacterial and hemolytic properties [22]. 
Inducible nitric oxide synthase (iNOS) and other nitric oxide syn-
thases promote the production of nitric oxide from L-arginine. 
NO is a very important molecule in cell signaling and is known 
to play a crucial role in many biological processes. In addition, the 
iNOS gene has been noted to have two functions: tumor cell sup-
pression and tumor cell promotion [23-25]. In general, it has been 
reported that when NO is expressed at high concentrations by 
the actions of iNOS, it is cytotoxic and can inhibit tumor growth, 
while low NO expression promotes tumor growth through cell 
protection and cell death suppression [26,27]. Tumor promotion 
induces heat shock protein 70 and p53 mutations, inhibits T-
lymphocyte proliferation by NO secretion from the tumor, and 
inhibits the immune response by inactivating caspases 1, 2, 3, 4, 
6, 7, and 8 via S-nitrosylation [28,29]. All of these functions are 
involved in tumor promotion. Tumor suppression plays a role in 
tumor death via increasing the expression level of p53 and in-
hibiting metastasis, cell necrosis and angiogenesis [30]. iNOS is 
readily detected in a variety of ovarian cancer cell lines. However, 
although iNOS gene expression is often observed in ovarian can-
cer cells, the role of iNOS in ovarian cancer growth, survival and 
resistance to platinum compounds is unclear. Nonetheless, while 
numerous other studies have described the advantages and disad-
vantages of iNOS expression, these studies have not conclusively 
shown the direct role of iNOS in ovarian cancer cells and tumors 
[31]. In this study, we investigated the mRNA and protein expres-
sion resulting from the iNOS gene in ovarian cancer cell lines. 
Additionally, there have been no reports on the conjugation of PSI 
with platinum compounds, such as carboplatin, but conjugated 
carboplatin could be a candidate anticancer drug that can solve 
the past problem of carboplatin tolerance.

METHODS

Synthesis of PSI

Synthesis of PSI from aspartic acid using thermal polycon-
densation: The derivatization of PSI to poly(aspartic acid) (PASP) 
can occur with molecules containing amine groups that serve as 
the nucleophile. L-Aspartic acid and o-phosphoric acid (Sigma-
Aldrich, St. Louis, MO, USA) were added to a flask, and the solu-
tion was stirred (130 rpm) on a rotary evaporator immersed in an 
oil bath. The temperature was gradually increased to 180°C while 
the pressure was gradually reduced from atmospheric pressure 
to vacuum (5 mbar) over a period of 6.5 h. With the addition of 
acid and reducing the pressure, a higher rate of polymerization 
and a quicker reaction time were achieved than if the reaction 
were carried out at atmospheric pressure. During the synthesis, 
the mixture melted and became a completely translucent fluid at 
180°C. The acid catalyst also suppressed color formation. After 
the liquid started to boil, the mixture hardened and formed a 
white and then off-white hard foam polymer. The material was 
then removed from the heat to harden.

PSI purification: Dimethylformamide (DMF) (VWR, Radnor, 
PA, USA) was added to the hardened foam for dissolution. A vis-
cous brown solution was formed and then precipitated in a large 
amount (approximately 2,000 ml) of cold distilled water with 
strong stirring. Stirring was performed for no longer than 10 min 
due to PSI hydrolysis, and the polymer began to melt. The result-
ing white polymer was filtered through a glass filter. Washing and 
filtration steps were repeated several times to isolate PSI from the 
DMF and phosphoric acid (Sigma-Aldrich) until the pH reached 
at least 6. The filtered white polymer was placed in a 45°C drying 
oven for 3 days to dry.

Carboplatin-PASP conjugation: During the preparation of a 
25% (w/w) PSI solution for conjugation, it has been proven that in 
alkaline solutions, the imide group of PSI undergoes a ring-open-
ing reaction. During alkaline hydrolysis, poly(aspartamide), a wa-
ter-soluble polymer, is produced with either α- or β-carboxylate 
groups in a β:α monomer ratio of approximately 3:1 after syn-
thesis from aspartic acid. This ratio can be adjusted by changing 
the pH; a relatively high pH results in more β monomers than 
α monomers. Here, we used a commercially available chemo-
therapeutic agent, carboplatin (Sigma-Aldrich). Carboplatin is a 
platinum complex with two primary amine groups. For synthesis, 
PSI and carboplatin were added in a 5:1 molar ratio to produce 
a 5-fold grafted polymer; that is, every fifth PSI monomer was 
conjugated with a carboplatin molecule. The polymer was pre-
pared with 30 mg of carboplatin dissolved in 4 ml of DMF. The 
dissolved carboplatin solutions were added to the appropriate 
amount of 25% PSI-DMF solution. Synthesis was carried out at 
60°C with stirring (500 rpm) for 7 days.

1H NMR: All samples (5 mg) were dissolved in 0.6 ml of D2O. 
1H NMR spectra were obtained using the Noesy1D sequence and 
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analysis was carried out at 25°C. The 1H NMR measurement con-
ditions were as follows: spectral width, 9,615.4 Hz; number of data 
points, 76,924; acquisition time, 4 sec; relaxation delay, 2 sec; and 
mixing time, 0.1 sec. The spectrum of the solvent water was also 
obtained to minimize the saturation power, and we used the pre-
saturation method with a saturation delay of 1.5 sec and a satura-
tion power of 6 at the saturation frequency. 1H NMR experiments 
were performed using a JEOL 400 MHz instrument.

Biological effects of PSI-carboplatin

Cell culture and cell viability assay: SKOV-3 (human ovarian 
cancer) cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Lonza, Rockland, ME, USA) supplemented with 5% fetal 
bovine serum (FBS; Gibco BRL, Grand Island, NY, USA), 10 μg/
ml human transferrin (Sigma-Aldrich), and 3 × 10-8 M sodium 
selenite (Sigma-Aldrich). Chinese hamster ovary (CHO) cells 
were maintained in α-minimum essential medium (Lonza) con-
taining 10% FBS (Gibco BRL) and 1% antibiotics (Lonza). Pacli-
taxel and topotecan (Sigma-Aldrich) were used as the anticancer 
drugs for combination therapy. Cell viability was determined 
using a 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphe-
nyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium (MTS) assay. CHO and 
SKOV-3 cells were seeded at 5 × 103 cells/well into a 96‐well plate 
and treated with drug for 24 h. The final concentrations of pa-
clitaxel, topotecan and PSI-carboplatin were adjusted to 1 mg/
ml. Cultured cells were added to 20 μl/well CellTiter 96 AQue-
ous One Solution (Promega, Madison, WI, USA) and 100 µl of 
culture media for incubation at 37°C for 4 h. The absorbance was 
measured at 490 nm using a microplate reader, and cytotoxicity 
was calculated based on the obtained optical density (OD) values.

Real-time PCR: SKOV-3 cells were seeded at a density of 3 × 
105 cells/well in 6-well plates for drug treatment. Total RNA was 
isolated from the cells by using TRIzol Reagent (Invitrogen, Carls-
bad, CA, USA) after 24 h of treatment. Complementary DNA was 
synthesized from 1 μg of total RNA using Superscript II RT (In-
vitrogen) according to the manufacturer’s instructions. Real-time 
PCR was performed for the relative quantification of Actin and 
iNOS mRNA levels by using SYBR Green PCR Master Mix (Ap-
plied Biosystems, Foster City, CA, USA). Primers were designed 
by using PrimerExpress software (Applied Biosystems). The 
primer sequences were as follows: hiNOS, 5’-CGCATGACCTTG-
GTGTTTGG-3’ and 5’-CATAGACCTTGGGCTTGCCA-3’; and 
hACTIN, 5’-CTGT CCACCTTCCAGCAGATGT-3’ and 5’-CG-
CAACTAAGTCATA GTCCGCC-3’.

Western blot analyses: Monoclonal rabbit anti-actin and goat 
anti-rabbit horseradish peroxidase (HRP)-conjugated antibod-
ies were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). The monoclonal rabbit anti-iNOS antibody was pur-
chased from Abcam (Cambridge, MA, USA). SKOV-3 cells were 
seeded at a density of 2 × 106 cells/well in 100-mm plates for drug 
treatment. Whole cells were lysed in radioimmunoprecipitation 

assay (RIPA) buffer (10 mM Tris-HCl [pH 7.4], 0.15 M NaCl, 
0.5% SDS, 1% NP-40, 1% Na deoxycholate, 1 mM EDTA, 1 mM 
phenylmethylsulfonyl fluoride, 1 μg/ml pepstatin, and 1 μg/ml 
leupeptin) 24 h after treatment, and the protein concentration 
was measured by a Bradford protein assay kit (Bio-Rad, Hercules, 
CA, USA). Proteins were separated on 10% SDS-polyacrylamide 
gels and transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with 5% skim milk powder 
in Tris-buffered saline (TBS) (20 mM Tris-HCl, 137 mM NaCl [pH 
7.4]) containing 0.1% Tween 20 (TBS-T buffer) for 1 h at room 
temperature (RT). Western blot analyses were performed with 
monoclonal anti-iNOS (Abcam) or monoclonal anti-actin (Santa 
Cruz Biotechnology) antibodies. Primary antibodies were added 
to TBS-T buffer at a 1:1,000 dilution and incubated for 90 min 
at RT prior to incubation with HRP-conjugated goat anti-rabbit 
antibody (1:5,000 dilution; Santa Cruz Biotechnology) for 1 h at 
RT. Proteins were detected by using an enhanced chemilumines-
cence detection system (GE Healthcare). The Western blot results 
were quantified using the ImageJ program (National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis

Statistical calculations were performed using the Analysis Tool-
Pak in Microsoft Excel. For the cell viability assays, all measure-
ments were performed in triplicate, and the mean ± SE of the OD 
values are presented in the bar graphs. Comparisons between the 
control and treatment groups were performed by using one-way 
ANOVA and subsequent Dunnett post-hoc tests. The cytotoxicity 
results are given in percentages (%) for data evaluation. 

For real-time PCR analysis, all measurements were performed 
in triplicate, and the median values and interquartile ranges of 
the mRNA levels are presented in a scatter plot. Relative expres-
sion was calculated based on the ΔΔCt method, and iNOS levels 
were normalized to the level of the reference gene actin. Compari-
sons between the control and treatment groups were performed 
by using the Kruskal‒Wallis test and subsequent Dunn post hoc 
tests.

For Western blot quantification, all measurements were per-
formed in triplicate. Protein levels were first normalized to the 
control treatment values and the iNOS levels were normalized 
to that of the reference gene (actin), and the results are expressed 
as the mean relative quantities (RQ values) ± SE in a bar graph. 
Comparisons between the control and treatment groups were 
performed by using one-way ANOVA and subsequent Dunnett 
post-hoc tests.

In all experiments, a calculated p-value of < 0.05 was consid-
ered a statistically significant finding and is represented with a “*” 
on the plots.
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RESULTS

Analysis of chemical synthesis and conjugation

PSI was synthesized by thermal polycondensation in a mixture 
of L-aspartic acid monomers and an acid catalyst, o-phosphoric 
acid. In the nucleophilic reaction, water was removed from the 
molecule to produce reactive imide groups (Fig. 1A). PSI is a 
water-insoluble polyimide that serves as the base polymer for 
poly(aspartamide) via a ring-opening reaction (Fig. 1B). To in-
crease water solubility and bioavailability, aminoethanol and 
4-dimethylaminopyridine (DMAP) modifying groups were add-
ed to the free monomers on the PSI chain. The molecular ratio of 
modifying groups to carboplatin on the polymer was 4:1 (Fig. 2).

Aminoethanol modifying groups might help to improve the 
bioavailability of the conjugate. Thus, aminoethanol was added 
on the second day of the synthesis in ratios to occupy all of the 
free monomers on the PSI chain where carboplatin did not con-
jugate. The OH group of 2-aminoethanol increases the polarity 
of the molecule and thus its solubility. To separate the PSI from 
the remaining solvents, a dialysis membrane with a 14 kDa cutoff 
was used. The water was changed over 6 days of dialysis (the dif-
ference in the concentration drives smaller molecules out of the 
membrane) and resulted in clean PSI conjugates in the membrane 
by the end of the procedure. The solution was evaporated and 
lyophilized on a rotary evaporator until it was concentrated to ap-
proximately 2 ml. The temperature and pressure were adjusted to 
achieve fast and efficient evaporation (65 mbar, 90°C). Lyophiliza-
tion resulted in ~100 mg of product (not measured). The polymer 
with the aminoethanol group had a yellowish, off-white color.

1H NMR of PSI-carboplatin

Spectrum A shows pure carboplatin, spectrum B is that of the 
PSI-carboplatin conjugate, and spectrum C is that of the PSI-ami-
noethanol conjugate. The functional groups in the NMR spectra 
are in the range of 2.5 to 3.0 ppm. Comparison of spectrum C 
with spectrum B confirmed the chemical shifts in spectrum B 
(Fig. 3).

Effects of PSI-carboplatin

Cell viability assays were performed with both SKOV-3 cells 
and CHO cells. This study was conducted to investigate the ef-
fects of PSI-carboplatin and other anticancer drugs on ovarian 
cancer cells and normal ovarian cells. The antitumor effect of 
paclitaxel and carboplatin in SKOV-3 cells was 75% and that of 
topotecan was 60%. In the PSI-carboplatin group, the antitumor 
effect was not different from that of the control group, whereas 
topotecan treatment with PSI-carboplatin showed a reduction in 
cell count of 60% (Fig. 4A). In CHO cells treated with paclitaxel, 
carboplatin or topotecan alone, the antitumor effect was less than 
50%. The antitumor effect in the PSI-carboplatin group was not 
different from that of the control group, and no cytotoxicity was 
observed. In addition, compared to the control group, paclitaxel 
and PSI-carboplatin combined treatment did not display a change 

A

B

Fig. 2. Synthesis of PSI-conjugated compounds. (A) Synthesis of the 
PSI-carboplatin conjugate with aminoethanol modifying groups. (B) 
Synthesis of the PSI-carboplatin conjugate with 4-dimethylaminopyri-
dine (DMAP) modifying groups.

A

B

Fig. 1. Synthesis of polysuccinimide (PSI) and polyaspartic acid 
(PSAP). (A) Thermal polycondensation of aspartic acid into poly-
succinimide. (B) Ring-opening reaction of polysuccinimide to form 
poly(aspartic acid).
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in cytotoxicity. However, the cytotoxicity of PSI-carboplatin with 
topotecan was less than 50% (Fig. 4B).

Overexpression of iNOS

The mRNA expression of the iNOS gene was examined in 
SKOV-3 ovarian cancer cells. There was no difference in the 
iNOS mRNA expression level between the control group and the 
PSI-carboplatin, PSI-carboplatin with topotecan, carboplatin and 
topotecan treatment groups. The paclitaxel group exhibited a 
slight change in expression. However, the cells in the PSI-carbopl-
atin with paclitaxel group strongly overexpressed iNOS (Fig. 5A).

iNOS protein expression was measured in SKOV-3 cancer cells 
(Fig. 5B). The iNOS expression level in the group treated with PSI 
alone did not differ significantly from that in the control group. 
Protein overexpression was observed in the following treatment 
groups in descending order: PSI-carboplatin, carboplatin, PSI-
carboplatin-DMAP, topotecan, and PSI-carboplatin-topotecan. 
On the other hand, the PSI-carboplatin-paclitaxel-DMAP, PSI-
carboplatin-paclitaxel, and paclitaxel groups had lower levels of 
iNOS protein expression than the control group (Fig. 5C).

DISCUSSION
Many anticancer drugs, such as those that are targeted and im-

munological in nature, are currently being studied and developed 
[32]. However, improved chemotherapeutic drugs have modified 
the characteristics of conventional anticancer drugs and can be 
developed more easily than novel drugs [33]. This method of drug 

modification also has the potential to overcome anticancer drug 
resistance, which is currently a problem in hospitals. In particu-
lar, polymers are biodegradable and have biological properties 
in vivo, so the development of anticancer drugs using these sub-
stances has the advantage of overcoming the problems of existing 
anticancer drugs [34,35]. Therefore, we investigated the antican-
cer effect and expression of the iNOS gene in ovarian cancer cells 
and normal cells after treatment with the inorganic platinum 
compound conjugated to PSI. We also examined the expression 
of the combination of the chemotherapy drugs conjugated with 
paclitaxel and topotecan, which have been prescribed to cancer 
patients, in conjunction with an adjunctive chemotherapeutic 
agent.

In the cell viability test, the carboplatin-conjugated polymers 
showed less cytotoxic effects than carboplatin. However, when we 
examined the cell survival rates, paclitaxel in combination with 
carboplatin-conjugated polymer treatment inhibited the growth 
of ovarian cancer cells. Toxicity tests in normal ovarian cancer 
cells showed that there was no effect on cell growth in the group 
treated with paclitaxel in combination with the carboplatin-
conjugated polymer. In addition, iNOS mRNA was not expressed 
when cancer cells were treated with paclitaxel alone, but it was 
confirmed that the combination of carboplatin-conjugated poly-
mer with paclitaxel resulted in its overexpression. iNOS protein 
expression was normal or elevated in all groups except for the 
paclitaxel group. There were also variations with different treat-
ments, where no protein expression was observed compared to 
the mRNA levels.

Taken together, these results provide a basis for the develop-
ment of anticancer drugs using the iNOS gene as candidate 

A

B

C

Fig. 3. 1H NMR spectra of (A) carboplatin, (B) PSI-carboplatin, and (C) PSI-2-aminoethanol. PSI, polysuccinimide.
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target for the development of novel ovarian cancer drugs. Fur-
ther kinetic studies and animal experiments may be required to 
further investigate the mechanism of the carboplatin-conjugated 
polymers in vivo. Further research will also be needed to study 
the interactions between the polymer-carboplatin conjugate and 
paclitaxel and additional conjugated chemotherapeutic agents. 
The correlation between PSI-conjugated carboplatin and the 
iNOS gene in ovarian cancer cells and normal ovarian cells may 
be helpful in identifying the role of genes. Additional cell survival 
studies are needed to explain the low toxicity of PSI-carboplatin 
to SKOV-3 cells. The viability of normal ovarian cells decreased 
when they were treated with paclitaxel alone, but additional stud-
ies should be conducted on the lack of cytotoxicity when PSI-
carboplatin was combined with paclitaxel. Additionally, more 
research to determine whether PSI-carboplatin inhibits the cyto-
toxicity of paclitaxel and additional studies with nonconjugated 
PSI-carboplatin may be needed. The interrelationships of PSI-

carboplatin with paclitaxel will enable continuous research on the 
development of new anticancer drugs. As a result of the RNA and 
protein expression produced by the iNOS gene, this gene found in 
ovarian cancer cells may be an important factor in the treatment 
and diagnosis of cancer. From a clinical point of view, conjugated 
chemical drugs can affect treatment by influencing the generation 
of various resistant cell populations due to intratumoral heteroge-
neity. Such studies should be continued because conjugation with 
PSI-carboplatin platinum is an attempt to discover new binding 
interactions to improve anticancer agents by combining an or-
ganic compound with an inorganic compound. The PSI-carbo-
platin conjugate presented in this paper is an improved modified 
anticancer agent, but more research is needed to understand its 
significance. Therefore, we will continue to study the mechanism 
of action of PSI-carboplatin as an advanced anticancer drug so 
that we can become experts in the development of advanced can-
cer drugs for ovarian cancer patients. In addition, we hope that 

A

B

Fig. 4. Results of cell viability assays. 
(A) Viability of SKOV-3 cancer cells deter-
mined by MTS assay. (B) Viability of normal 
CHO cells determined by MTS assay. OD 
values are presented as the mean ± SE in 
each treatment group. “*” denotes a statis-
tically significant difference (p < 0.05) vs. 
the control group. PSI, polysuccinimide; 
MTS, 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐car-
boxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐
2H‐tetrazolium; CHO, Chinese hamster 
ovary; OD, optical density.
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this and future research papers will be useful for ovarian cancer 
research. At this stage, many scientific phenomena have yet to be 
revealed, but research and development are expected to continue, 

even if the development of such anticancer drugs fails.
Therapy with the newly synthesized carboplatin-polymer con-

jugate and paclitaxel showed anticancer activity against ovarian 
cancer cells, and this study was successful in developing an effec-
tive candidate anticancer drug without serious side effects due to 
the low toxicity of the conjugate to normal ovarian cancer cells.

Although resistance and the problems of chemical anticancer 
drugs mentioned above were observed in the cell viability test, 
research with animal models should be conducted. Nevertheless, 
the nontoxicity to normal ovarian cancer cells demonstrates the 
possibility of further drug development. Additional studies on 
the molecular interactions between various cancer cell-associated 
signaling pathways are needed to further understand the relation-
ship between iNOS and PSI-carboplatin.
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