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1. Introduction

Combination chemotherapy is preferred over treatment with single agents to combat most 

cancers as it targets multiple cell-survival pathways at the same time and delays the onset of 

resistance. This helps in achieving long-term tumor remission and increases median survival 

[1]. Cisplatin (CDDP)-based therapy has been the standard treatment for ovarian cancer 

since its discovery. After paclitaxel (PTX) was shown to be effective in ovarian cancer, 

multiple clinical trials studied the overall efficacy of CDDP and PTX and found significant 

benefit over the pre-existing treatments. Since then, this combination has been the treatment 

of choice for both early stage as well as advanced cases of ovarian cancer [2, 3]. However, 

administration of two different agents comes with the inconvenience of repeated or extended 

duration of drug infusion in patients. Moreover, the most extensively used conventional 

formulation of paclitaxel, Taxol®, utilizes Cremophor EL (polyethoxylated castor oil) that 

has been linked to significant toxicities including allergic, hypersensitivity and anaphylactic 

reactions during infusion that require premedication and prolonged peripheral neuropathy. 

Combining such drugs in one delivery carrier is therefore a well-suited and convenient 
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strategy for controlling the pharmacokinetics and co-delivery of the desired drug ratio in 

vivo, to maximize the therapeutic potency and minimize drug-associated toxicities.

Cross-linked nanogels have been found to be promising drug carriers to achieve this goal. 

Being mostly hydrophilic in nature, nanogels are highly biocompatible with a high loading 

capacity for guest molecules [4]. The nanogel structure can be readily adjusted to integrate 

features of different materials and, thus, offer advantages for combinatorial encapsulation of 

drugs with varying physicochemical properties. One of the widespread synthetic techniques 

for the synthesis of nanogels is the crosslinking of preformed coreshell self-assemblies such 

as polymer micelles that allows introducing a high degree of spatial organization into the 

nanogels [4, 5]. Cross-linking is known to impart control over the swelling behavior of the 

nanogels and thus helps in achieving controlled release of the incorporated cargo, which is 

an added advantage over the structural integrity imparted to the carrier system upon in vivo 

administration [4, 6]. The enhanced stability also makes the prolonged circulation of the 

nanogels possible, which in turn allows for increased drug accumulation at the target site [5–

9].

We have previously described a biodegradable hybrid nanogel carrier system (NG) for the 

combination of CDDP and PTX for ovarian cancer therapy, which not only mitigated the 

toxicities associated with the use of free drugs but also improved treatment outcome [10]. 

However, our system relied solely on the enhanced permeation and retention (EPR) effect to 

facilitate the delivery of the drug combination to the tumor site [11]. Regardless of the 

importance and popularity of EPR effect-based drug delivery, this strategy has some 

limitations related to the inter- and intra-tumor heterogeneity, variations in the density as 

well as permeability of the tumor vasculature that can affect the accumulation of 

nanocarriers. One of the popular approaches to circumvent these problems is by surface-

functionalization of the drug carrier with ligands that can target receptors with differential 

expression on the cancer cell surface, which helps in increasing the mean residence time of 

the delivery system at the tumor site and improving target cell uptake [12–15]. One such 

receptor of interest is the folate receptor (FR). Malignant cells, due to their high rate of cell 

division, have an increased requirement of folic acid (FA), since it is essential component of 

cell metabolism and DNA synthesis and repair. To fulfill this higher need of FA, FR is 

known to be over-expressed in a large number of malignant tissues, including ovarian 

cancer, compared to normal tissues with the exception of the kidney and choroid plexus [16, 

17]. Furthermore, this receptor becomes accessible via the plasma compartment only after 

the cells lose their polarity owing to malignant transformation which makes it a differential 

target for cancer tissue that is easily accessible for intravenously administered FA 

conjugated systems. Its natural ligand, FA, comes with the advantages of high binding 

affinity, stability and a simple chemical structure together with ease of availability, making 

it a suitable targeting ligand for ovarian cancer therapy. FA can thus be successfully 

conjugated to macromolecular systems without loss of binding affinity to its receptor [18]. 

Many different agents targeting the folate pathway are currently in clinical development 

[19]. To date, FA-targeted agents showed significant promise in phase II clinical trials but it 

has not been confirmed in phase III studies [20–22]. Accordingly, there is a need for further 

identification of new therapeutic combinations and refinement of patient selection. To this 
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end, FA-conjugated imaging agents could be used for pre-selection of patients based on the 

expression of FR [23] and several methods have been already developed for this purpose 

[24, 25].

Our group has previously demonstrated a tumor-specific delivery and improved anticancer 

effect in vivo of CDDP-loaded NGs decorated with FA targeting groups [26]. In the current 

study, we designed FA-linked NGs incorporating platinum-taxane combination, and 

examined whether FR-targeted concurrent delivery of synergistic combination of CDDP and 

PTX can lead to enhanced therapeutic efficacy compared to nontargeted NG system.

2. Materials and Methods

Materials

α-Amino-ω-methoxy poly(ethylene glycol) (mPEG-NH2, Mw = 5000 g mol−1, Mw/Mn = 

1.05) was purchased from Creative PEGWorks Inc., (NC, USA). Fmoc-NH-PEG-NH2 (Mw 

= 7500 g mol−1, Mw/Mn = 1.04) was purchased from JenKem technology (TX, USA). 

CDDP was purchased from Acros Organics (NJ, USA). L-Glutamic acid γ-benzyl ester 

(BGlu), L-phenylalanine (Phe), 1,2-ethylenediamine (ED), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC), paclitaxel, folic acid and other chemicals were 

purchased from Sigma-Aldrich (MO, USA) and were used without further purification. Fetal 

bovine serum (FBS), RPMI 1640 medium, penicillin, streptomycin, Trypsin–

ethylenediaminetetraacetic acid (EDTA) (0.5% trypsin, 5.3 mM EDTA tetra-sodium) and 

other chemicals were purchased from Invitrogen (CA, USA).

Preparation of polymeric NGs

Poly(ethylene glycol)-b-poly(L-glutamic acid)-b-poly(L-phenylalanine) block copolymer 

with 90:25 ratio of glutamic acid and phenylalanine units (PEG-PGlu90-PPhe25) was 

synthesized as previously described [10]. Details of the procedures used for polymer 

synthesis and characterization are described in the Supplementary Information. NGs were 

prepared by using previously described method [10] using PEG-PGlu90-PPhe25 micelles as 

templates for further cross-linking by ED and EDC ([EDC]/[ED] = 2; [COOH]/[EDC] = 5) 

at r.t., overnight. Byproducts of the cross-linking reaction were removed by exhaustive 

dialysis of the reaction mixtures against distilled water. To synthesize fluorescence (Alexa 

594)-labeled NGs, solution of Alexa Fluor 594 hydrazide (0.25 µmol, equivalent to 1% of 

carboxylate groups in NGs) in DMF was added to aqueous dispersion of NGs and the 

mixture was incubated for 2 h in dark. Unbound dye was removed by filtration on Ultracon 

filter units (MWCO 10,000 Da, Millipore) at 3000 rpm for 15 min (3 washes) and then 

additionally purified using NAP-10 column (GE healthcare). Notably, the same stock of 

Alexa 594-labeled NGs was used to prepare FA-decorated NGs.

Synthesis of FA-decorated NGs and drug loading

FA targeting moieties were conjugated to drug-loaded NGs via PEG spacer having Fmoc 

protection group (Fmoc-NH-PEG-NH2). Firstly, Fmoc-NH-PEG-NH2 (0.013 mmol, 0.05 eq 

with respect to the amount of carboxylate groups and 1.5 eq with respect to required FA) 

was conjugated to the free carboxyl groups (0.25 mmol) of NGs via EDC (0.023 mmol) 
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chemistry. Fmoc group was then removed by adding 5 µL of 30% piperidine/DMF (1.1 eq 

piperidine, 0.014 mmol) and incubating the reaction mixture for 10 min. Resulting 

constructs were purified using repeated ultrafiltration (MWCO 30,000, Millipore) at 3000 

rpm for 15 min (3 washes). i e exclusion chromatography (ÄKTA Fast Protein Liquid 

Chromatography system) was used to determine the presence of residual PEG. PEG-NGs 

conjugates were analyzed by proton nuclear magnetic resonance spectroscopy (1H NMR) 

using Varian INOVA 500 NMR spectrometer (Varian, Palo Alto, CA) operating at 500 MHz 

(1 mg/mL, D2O, pH 7.0, 25 °C). The dispersion of PEG-conjugated NGs was mixed with an 

aqueous solution of CDDP (1mg/mL) at pH 9.0 at a 0.5 molar ratio of CDDP (0.12 mmol) to 

carboxylate groups (0.24 mmol) of the NGs followed by incubation at 37 °C for 48 h. 

Unbound CDDP was removed by Ultracon filter units (MWCO 10,000 Da, Millipore) at 

3000 rpm for 15 min. FA (0.025 mmol) dissolved in water was subsequently reacted with 

1.5 eq EDC (0.037 mmol) at pH 7 for 2 h. This EDC-activated FA was then conjugated to 

amine terminus of the PEG linker. Amount of FA was selected based on the previously 

reported optimal density of FA on NGs (0.1–0.2 µmol/mg of polymer) to maintain good 

loading, stability and cell uptake [26]. The amount of conjugated FA was determined by UV 

spectrometry (ε363=6500 M−1cm−1) using non-modified PEG-conjugated NGs reference. 

Finally, PTX (0.01 mmol) was solubilized into the hydrophobic PPhe core of CDDP-loaded 

FA-modified NGs using an extraction method [27]. According to this method, a thin film of 

PTX (prepared by evaporation of a methanol solution of PTX) was incubated with aqueous 

dispersion of NGs (24 h, r.t.). Unincorporated PTX was removed by filtration with 0.8 µm 

syringe filters (Thermo Scientific). Similar procedures were used to prepare single drug NGs 

formulations. Pt content in NGs (Pt194/Pt195) was measured by the inductively coupled 

plasma-mass spectrometer (ICP-MS, NexION 300Q, ICP-MS spectrometer, PerkinElmer) 

calibrated with Pt (2–100 ng/ml) and Holmium as the internal standard. Samples were 

diluted in 1% HNO3. PTX levels were determined by HPLC analysis under isocratic 

conditions using an Agilent 1200 HPLC system with a diode array detector set at 227 nm. 

As stationary phase a Nucleosil C18 column was used (250 mm × 4.6 mm), a mobile phase 

of acetonitrile/water mixture (55/45, v/v) was applied at a flow rate of 1 mL/min.

Physicochemical characterization of the NGs and drug release study

Intensity-mean Z-averaged particle diameter (Deff) and ζ-potential of NGs were determined 

using a Zetasizer NanoZS (Malvern Instruments Ltd.). All measurements were performed in 

automatic mode at 25°C. Software provided by the manufacturer was used to calculate si e, 

polydispersity indices and ζ-potential of NGs. All measurements were performed at least in 

triplicate to calculate the mean values ± SD. Drug release from NGs was examined in PBS 

(pH 7.4, 0.14M NaCl) by dialysis method using a membrane with 3500 Da cutoff. The 

concentrations of Pt and PTX released were determined by ICP-MS and HPLC, 

respectively, and expressed as a percentage of the total Pt or PTX available vs. time.

Cell culture

A2780 human ovarian carcinoma cells were provided by Dr. P. Rogers (Institute of Cancer 

Research, University of Bristol, UK). A2780 cells were transfected using F-Luc-GFP 

Lentivirus (Capital Biosciences, Rockville, MD) according to manufacturer’s protocol to 

obtain A2780/Luc cell line. Cells were cultured in folate-depleted RPMI 1640 medium (FD-
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RPMI) with 2 mM glutamine, 10% (v/v) FBS, 100 U/ml penicillin and 0.1 mg/mL 

streptomycin at 37°C, 5% CO2. This medium contains nearly physiological level of FA.

Flow cytometry and CDDP uptake

Cells (50,000 cells/well) grown in FD-RPMI media in 24-well plates for 2 days were 

exposed to Alexa 594-labeled NGs or FA-NG (0.20 µmol FA/mg of polymer) at 37°C for up 

to 2 h, washed three times with PBS, trypsinized, centrifuged (1500 rpm, 5 min) and re-

suspended in PBS (pH 7.4). The % gated cells were analyzed using Becton Dickinson 

FACStarPlus flow cytometer and FACSDiva software (Version 8.0, Becton Dickinson, San 

Jose, CA). At least 5,000 events were acquired in linear mode, gated to exclude debris and 

dead cells, and visualized in logarithmic mode. For the competition assay, cells were co-

incubated with Alexa 594-labeled FA-NGs in presence of free FA (25mM), and the 

experiment was carried out as described above.

In vitro cytotoxicity

A2780 cells seeded in 96-well plates (10,000 cells/well) 24 h before the experiment were 

exposed to various doses (0 –10 µg/ml on CDDP basis) of (CDDP+PTX)/NG or FA-(CDDP

+PTX)/NG for 24 or 48 h in FD-RPMI at 37°C followed by washing with PBS, and 

maintaining in FD-RPMI medium with 10% FBS for additional 24 h. Cytotoxicity was 

determined by standard colorimetric MTT assay [28] and the IC50 values were calculated 

using GraphPad Prism Software. Ratio of CDDP to PTX was c.a. 10:1 (mol/mol).

Animals and bioluminescence imaging procedure

Female six-week old nude mice (athymic nude-nu) were obtained from Charles River 

Laboratories and housed in AAALAC accredited facility. Food and reverse osmosis water 

were available ad libitum throughout the study. Animals were quarantined for 7 days prior to 

study initiation. All animal studies were conducted in accordance with the protocol approved 

by the University of Nebraska Medical Center Institutional Animal Care and Use 

Committee. Imaging was conducted with the in vivo imaging system IVIS-200 (Xenogen 

Corporation, Alameda, CA) composed of a cooled charge-coupled device camera connected 

to a light-tight black chamber. Animals were maintained on a FA deficient diet (Harlan diet 

TD.00434) for a week before tumor inoculation and during the period of studies to achieve 

plasma folate levels in the physiologic range normally seen for humans [29]. Before in vivo 

imaging, animals were anesthetized with isoflurane (Henry Schein, Dublin, OH) and 

injected IP with D-luciferin (Perkin-Elmer, Waltham, MA) at the dose of 150 mg/kg 

(reconstituted in sterile PBS). Whole-body Imaging was performed 5 min after injection. 

Total bioluminescence signal in the regions of interest (ROIs) drawn around the whole 

abdomen region was quantified using Living Image software (version 2.50; Xenogen) and 

expressed as photons/s/cm2/sr.

Animal studies

Peritoneal carcinomatosis was generated by IP injection of A2780/Luc cells (~1.75 × 106 

cells). After development of tumors (3 days after injection) animals were randomized (8 

treatment groups, n = 8) and treated with 5% dextrose (control) or free CDDP or (CDDP
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+PTX)/NG or combination of CDDP/NG and PTX/NG at the same drug ratio or FA-

(CDDP)/NG or combination of FA-(CDDP)/NG and FA-(PTX)/NG or FA-(CDDP

+PTX)/NG or FA + FA-(CDDP+PTX)/NG at an equivalent dose of 4 mg/kg CDDP, or (4 

mg/kg CDDP + 1 mg/kg PTX). Treatments were administered via tail vein injections at 4-

day intervals. We used one additional group which received IP injection of FA-(CDDP

+PTX)/NG. The treatment groups and the doses of each drug are presented in Table 1.

Animal body weight and tumor progression, as assessed by BLI, were monitored every 

fourth day. All images were acquired using identical BLI system settings. Tumors were 

allowed to grow until ascites developed or the mice showed signs of pain and/or distress, 

then the mice were euthanized via CO2 asphyxiation. At necropsy, the abdominal cavity was 

carefully checked and the extent of tumor was determined.

Sample preparation and CDDP measurement in tissue

Known weights of thawed tissues (tumor, kidney, spleen, liver and lung), collected from the 

animals sacrificed at day 14 (2–3 mice per group) during treatment, were decomposed by 

wet-ashing in screw-capped vials with six volumes of concentrated nitric acid, overnight 

heating, and stirring at 65°C. An iridium internal standard was added prior to digestion. 

Total platinum concentrations were determined by ICP-MS using iridium correction. 

Calibration range for the assay was platinum 2–100 ng/mL with extrapolation to platinum 

1000 ng/mL. Necessary dilutions were made when the platinum concentration exceeded the 

calibration range. Assay sensitivity was 0.8 ng of Pt/mL, with inter- and intraday assay 

variability not exceeding 5%.

Cancer antigen (CA)-125 assay and histopathology

Serum from the blood of sacrificed animals was collected and analyzed for CA-125 levels 

using CA-125 ELISA kit (Abcam, MA) according to t e manufacturer’s instructions. 

Formalin-fixed tissues were processed, sectioned, inserted into tissue cassettes, dehydrated 

in 70% ethanol overnight, and paraffin embedded (UNMC Tissue Sciences Facility, Omaha, 

NE). Serial 5 µm sections were stained wit hematoxylin and eosin (H&E). For 

histopathological diagnosis, H&E-stained slides were examined by light microscopy and 

photomicrographs were taken using a Nikon camera mounted on a Nikon Eclipse 600 

microscope (both Nikon Instruments, Melville, NY) with Adobe Elements 3.0 software 

(Adobe Systems, San Jose, CA).

Statistical analysis

Statistical comparisons for in vitro studies were carried out using Students t-test. In animal 

studies, group means BL signal intensity and body weights were analyzed using one-way 

analysis of variance [30]. Survival was estimated using Kaplan–Meier analysis and 

compared using log-rank test. P values less than 0.05 were considered significant. Analysis 

of variance and Kaplan–Meier analysis tests were performed using GraphPad Prism 5 

(GraphPad Software, Inc.).

Desale et al. Page 6

J Control Release. Author manuscript; available in PMC 2016 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results and Discussion

Preparation and characterization of folate-targeted NGs

Triblock copolymer PEG-PGlu90-PPhe25 was utilized for the synthesis of multi-

compartment biodegradable NG. We have previously demonstrated that the incorporation of 

Phe moieties into PEG-PGlu block copolymers facilitated self-assembly of block 

copolymers in an aqueous medium, w ic was ascribed to ydrop obic and π-π stacking 

interactions of t e p enylalanine units, and was essential for solubili ation of various 

hydrophobic compounds [10, 27]. As it was reported, the incorporation of aromatic units in 

the polymer chains forming the hydrophobic micellar core can considerably improve the 

stability, loading capacity and drug retention of taxane-loaded polymeric micelles [31–34]. 

These favorable properties were attributed to π-π stacking and hydrophobic interactions 

between aromatic groups in t e micelle’s core, and those of the drug. Therefore, we believe 

that PPhe domains in our NG system may provide a suitable environment for encapsulation 

of PTX. NGs were prepared as previously described by template-assisted method involving 

self-assembly of these amphiphilic block copolymers into micelles, followed by chemical 

cross-linking of the polyion chains [10]. The cross-linking was achieved via condensation 

reactions between the carboxylic groups of PGlu segments and the amine groups of 

ethylenediamine in the presence of a water-soluble carbodiimide. The resulting NGs 

displayed an average diameter of about 90 nm (ζ-potential = −20 mV) and were uniform 

(monomodal, narrow size distribution) as determined by dynamic light scattering (DLS). 

Such NGs have 1) a hydrophobic core formed by PPhe chains, which serves as a reservoir 

for PTX solubilization, 2) an anionic intermediate layer, which can incorporates CDDP 

through coordination with the carboxylic groups of PGlu, and 3) an outer PEG shell, which 

stabilizes NGs in aqueous dispersion. The crosslinks incorporated into PGlu block layer 

ensure that NGs remain stable until they encounter proteases, which degrade them by 

cleaving the polypeptide chains of the block copolymers [10]. NGs were further modified by 

FA via a PEG linker for delivering drug combination to FR-positive ovarian tumors. Scheme 

for the preparation of FA-targeted nanogels is presented in Figure 1.

To this end, EDC activated NGs were first reacted with Fmoc-NH-PEG-NH2 (we chose 

PEG with a longer chain length, Mw = 7.5 kDa, to reduce steric interference with receptor 

binding) followed by deprotection of Fmoc groups. The deprotection was confirmed by 

disappearance of Fmoc signals in PEG-NGs 1H NMR spectrum (Fig. S1). The 

hydrodynamic diameter of PEGylated NGs was 94 ± 3 nm, which is only slightly larger t an 

t at of precursor NGs (88 ± 2 nm). However, t e ζ-potential of the PEG-modified NGs 

significantly increased to −11.1 ± 2.5 mV compared to −20.0 ± 1.2 mV for the unmodified 

NGs (Table S2), which can be indicative of consumption of the PGlu carboxylate groups 

that reacted with the PEG linkers as well as additional shielding of surface charge by 

tethered PEG chains. Finally, EDC-activated FA was reacted to amino groups on NG-

attached PEG linkers. Conjugation using carbodiimide chemistry is known to produce 

inactive α- and active γ-isomers of folate. However, since multiple folate residues were 

linked to each nanogel, the resulting FA-NGs contained sufficient amounts of t e active γ-

derivative as shown in the cell association studies described below. After thorough 

purification, little to no residual PEG or FA was present in the final FA-NGs as was 
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confirmed by size exclusion chromatography (Fig. S2). The particle size and ζ-potential of 

FA-NGs remained practically the same as those of the PEGylated NGs (Table S2).

We have previously shown that the attachment of the FA groups should be carried out after 

NGs loading with CDDP to avoid inactivation of folate through CDDP binding with its 

carboxylic groups [26]. Therefore, in this study to prepare targeted NGs with binary drug 

combination (further abbreviated as FA-(CDDP+PTX)/NGs), CDDP was first loaded into 

PEGylated NGs followed by conjugation of FA ligands to PEG linkers. At the next step, 

PTX was solubilized into targeted CDDP/NGs using an extraction method. FA-(CDDP

+PTX)/NG were small particles (Deff of approximately 95 nm) with unimodal particle size 

distribution (PDI = 0.24) and contained 0.2 µmol FA per mg of polymer. As expected, the 

net negative charge of drug-loaded NGs was further decreased (ζ-potential = −5 mV) as a 

result of neutralization of PGlu segments upon CDDP binding. The average weight ratio of 

the CDDP and PTX incorporated into NGs was about 4 : 1, which has been previously 

shown to provide strong synergistic cytotoxic effects [10]. A similar procedure was used to 

prepare nontargeted (CDDP+PTX)/NGs from PEGylated NG precursors. Notably, the drug 

content and physicochemical characteristics of targeted FA-(CDDP+PTX)/NGs were quite 

similar to nontargeted NGs (Table 2). Moreover, FA-(CDDP+PTX)/NG were stable in 

aqueous dispersions, exhibiting no aggregation or precipitation for a prolonged period of 

time (weeks) (Table 2). We have previously showed that such NG system can retain drug 

cargo for longer period of time (weeks) [10]

For both drugs there was very little difference in the release profiles between targeted FA-

(CDDP+PTX)/NG and nontargted (CDDP+PTX)/NG, which indicates that the modification 

of nanogels with targeting groups had no influence on drug retention (Fig. 2). As it seen in 

Fig. 2, sustained but temporally distinct release of Pt [35] species and PTX was observed. 

Notably, PTX release was much faster than that of Pt [35], which is expected since PTX is 

physically entrapped into the PPhe core.

Cellular association and in vitro cytotoxicity of FA-NGs

To demonstrate effect of attachment of FA on cellular association of NGs, we used FR+ 

human ovarian carcinoma A2780 cells and FR− A549 lung carcinoma cells [26]. Cultured 

cells were treated with fluorescence Alexa 594-labeled FA-NGs or NGs for 30 min at 37°C. 

Particle association with cells was determined by flow cytometry. As expected, the cellular 

association of FA-NGs with FR+ cells significantly (P < 0.01) exceeded that of the 

nontargeted NG (Fig. 3). On the other hand, no difference in association of targeted and 

nontargeted NGs was observed with A549 cells (Fig. 3).

To further elucidate whether the enhanced cellular association of FA-NGs depends on 

specific binding to FR on the cell surface, A2780 cells were treated with FA-NGs in the 

presence of excess free FA (25 mM). Flow cytometry analysis revealed that the cellular 

association of FA-NGs was suppressed to the level of the nontargeted NGs (Fig. 3). This 

inhibition was also significant (P < 0.05) after 1 h of treatment in the FR+ A2780 cells (Fig. 

S3). These results validate that the conjugation of FA to the surface of NGs resulted in 

efficient and specific association with FR+ cells. It is worth noting that after two hours of 

treatment there was no significance between FR-targeted and nontargeted NGs uptake, 
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which internalized efficiently (approx. 90% gated cells) in both cell types (Fig. S3), 

indicating that a long incubation time could enhance non-specific uptake of NGs. These 

differences in cellular association translated into cytotoxicity (Table 3). The cytotoxicity of 

FA-(CDDP+PTX)/NG against FR+ A2780 cells was increased by two fold compared to 

(CDDP+PTX)/NG (IC50 expressed in CDDP equivalents: 1.4 ± 0.75 µM vs 3 ± 1.3 µM) at 

24 h. Notably, t e difference between targeted and nontargeted formulations was only 

apparent at lower time point and it becomes negligible at 48 h.

Antitumor activity in intrapertoneal xenograft model

Our previous studies have shown effective tumor inhibition by platinum-taxane-loaded NG 

system in subcutaneously growing ovarian tumor model. Herein, we tested the efficacy and 

the toxicity of FR-targeted combination therapy in peritoneal xenograft model that mimics 

the clinical manifestations in the advanced stage of the human ovarian carcinomatosis. The 

A2780/luc cells, injected into the peritoneum of female nude mice, grew rapidly in vivo and 

were able to trigger formation of tumor nodules throughout the abdominal peritoneum that 

were detectable by BLI as early as 3 days post inoculation. If mice were left untreated, the 

bioluminescene signal rapidly increased and mice ultimately developed ascites in 2–3 

weeks. Treatments were initiated on 4th day post A2780/luc inoculation. IV administrations 

of each formulation were given 4 times at 4-day intervals at 4mg/kg CDDP and 1 mg/kg 

PTX equivalents per dose. CDDP (4 mg/kg) was also used as a control-free drug with the 

same dosing schedule. As shown in Fig. 4, all treatments were effective in delaying tumor 

progression in comparison with control group. Tumor growth inhibition ratio between 

treated versus control groups (T/C value) was calculated on day 16 after treatment initiation 

according to the formula: T/C = (Rt - Ro) treated tumor/ (Rt - Ro) control tumor, where Rt and 

Ro represent the mean bioluminescence intensity on the evaluation day and at the start of the 

treatment, respectively (Table S3). Consistent with our previous observations [10], 

platinum-taxane combination administered as single NG formulation, (CDDP+PTX)/NG, 

was found to be significantly more effective (T/C= 0.26) than CDDP alone (T/C = 0.56, P < 

0.05, Fig. S4). In contrast, the mice treated with a cocktail of single drug NG formulations 

(CDDP/NG + PTX/NG) at the same drug ratio had a similar impact on the tumor 

progression as free CDDP (Fig. S4). These data reinforce our hypothesis that synchronized 

delivery of platinum-taxane combination chemotherapy using NGs plays an essential role in 

its cytotoxic activity.

Tumor growth in the mice treated with (CDDP+PTX)/NG was further suppressed when the 

same drug combination was administered in FA-decorated NGs. FA− (CDDP+PTX)/NG 

showed significant tumor reduction as measured by BLI (T/C = 0.09) compared to 

nontargeted (CDDP+PTX)/NG group (T/C = 0.26, P < 0.05) (Fig 4A and 4B). As a result, 

combination therapy with FA-(CDDP+PTX)/NG significantly increased the probability of 

survival compared to its nontargeted counterpart (Fig. 4C). The median survival times (post-

tumor inoculation) for the FA-(CDDP+PTX)/NG and (CDDP+PTX)/NG groups were 41 

and 31 days, respectively (P < 0.01) (Table S3). Notably, the enhanced antitumor effect of 

FA-(CDDP+PTX)/NG was inhibited when it was administered with free FA (Fig 4A and 

4B) suggesting that FA-decorated (CDDP+PTX)/NG display folate specificity and exhibit 

elevated activity through a mechanism involving in vivo FR. The peritoneal cavity is the 
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principal site of disease in ovarian cancer. The concept of direct IP administration of 

chemotherapy, especially to treat microscopic residual disease after debulking surgery, has 

been evaluated in many clinical trials and has demonstrated an improvement in overall and 

disease-free survival [2, 36, 37]. A randomized phase III clinical trial showed IP 

administration of CDDP and PTX plus IV PTX improves survival when compared to 

standard of care with IV combination of CDDP and PTX [2]. However, IP chemotherapy 

also led to significantly higher toxicities due to exposure of both cancer and healthy tissues 

to high concentrations of drugs. We, therefore, utilized our FA-(CDDP+PTX)/NG 

formulation to determine whether there are therapeutic advantages in providing targeted IP 

chemotherapy in ovarian cancer. As seen in Fig. 3B the BLI data shows a trend towards 

enhanced therapeutic efficacy of FA-(CDDP+PTX)/NG when administered IP (T/C = 0.05) 

compared to IV regimen (T/C = 0.09). Kaplan-Mayer survival analysis also demonstrated 

that mice given IP FA-(CDDP+PTX)/NG appear to have the best outcomes. However, the 

differences between groups were not statistically significant.

CA-125 also known as MUC16 is a protein that in humans is encoded by the MUC16 gene 

[38]. Around 90% of women with advanced ovarian cancer have elevated levels of CA-125 

in their blood serum, making CA-125 a useful tool for detecting ovarian cancer after the 

onset of symptoms [39]. Monitoring CA-125 blood serum levels is also useful for 

determining how ovarian cancer is responding to treatment and for predicting a patient’s 

prognosis after treatment [40]. It has frequently been used as an indicator of tumor 

progression in various ovarian cancer mouse xenograft models [41–43]. To further 

characterize tumor response to the treatments, we analyzed the serum CA-125 levels in mice 

on day 14 (second day after last injection). As shown in Fig. 5, levels of CA-125 were 

significantly low in the mice that received (CDDP+PTX)/NG compared to either control 

group (P < 0.01) or free CDDP group (P < 0.05). CA-125 levels were lowest in the mice 

that received FA-(CDDP+PTX)/NG either IV or IP. Notably, compared to nontargeted 

(CDDP+PTX)/NG group, IP treatment with FA-(CDDP+PTX)/NG resulted in significant 

decrease in serum CA-125 levels (P< 0.05) indicating its better therapeutic potential.

To compare the ability of the NGs-based carriers to deliver a cytotoxic payload to the tumor 

sites, we sacrificed 2–3 mice on day 14 and excised the tumors for CDDP content 

estimation. Both targeted and nontargeted drug-loaded NGs displayed enhanced tumor 

accumulation relative to administration of free drug supporting the well-known 

characteristic of nanoparticles to improve tumor drug delivery by the EPR effect (Fig. 6). 

However, FA-(CDDP+PTX)/NG induced a significantly higher Pt accumulation in the target 

site compared to nontargeted (CDDP+PTX)/NG (P < 0.05). This increase appeared to be 

due to FR-specific interaction of folated NGs with cancer cells because it was completely 

reversed by co-administration of free folate. We have previously showed that the average 

weight ratio of the CDDP and PTX in the tumors of the animals was same as the drug 

loading ratio in (CDDP+PTX)/NG, indicating the spatial–temporal synchronization of drug 

exposure. We expect the similar synchronized delivery of CDDP and PTX is occurred using 

our current NG systems as well. Notably, while all drug-loaded NGs displayed considerable 

accumulation of Pt in the highly perfused organs such as liver and spleen, tumor was the 

only tissue where Pt content was significantly higher for FA-(CDDP+PTX)/NG (Fig. 6). 
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FA-(CDDP+PTX)/NG treatment which was administered IP led to the maximum Pt 

retention in the tumors which may be a result of regional exposure to high drug 

concentrations at the tumor sites. This might be the reason for the observed enhanced tumor 

responsiveness with IP FA-(CDDP+PTX)/NG treatment. The binding of FA-(CDDP

+PTX)/NG to and/or their uptake by FR+ cancer cells can retain them within the tumor for a 

longer period of time, prevent their rapid re-entering into systemic circulation and, thus, 

provide some benefits over passively targeted formulations. The introduction of FA moieties 

can also have an effect on pharmacokinetics and biodistribution of NGs and influence tumor 

uptake. Further detailed pharmacokinetic study may help to elucidate the relationship 

between the therapeutic effect of the FR-targeted NGs and distribution at the tumor and the 

whole body

To further determine whether concurrent targeted delivery of drug combination will have 

therapeutic benefits, we also compared the inhibition of tumor progression and survival 

between FA-(CDDP+PTX)/NG and a combination of targeted single drug formulations (FA-

(CDDP)/NG + FA-(PTX)/NG) administered at the same drug ratio (Fig. 7 and S5). Our data 

showed significantly better tumor growth inhibition and survival for FA-(CDDP+PTX)/NG 

than FA-(CDDP)/NG + FA-(PTX)/NG. This confirms an advantage of delivering a 

platinum-taxane drug combination via single carrier to the same targeted cells 

simultaneously. We have not tested this strategy with other drug combinations. So at time 

we are not claiming that the same phenomena will hold true for other drug combinations.

Importantly, the introduction of targeting FA moieties on the surface of NGs did not alter 

the favorable toxicity profile of (CDDP+PTX)/NG formulation. Neither targeted nor 

nontargeted NG-based binary drug combination caused a significant change in body weight, 

indicating that the treatments were well tolerated (Fig. S6). In contrast, the same dose of free 

CDDP produced a considerable body weight loss (> 15%, P < 0.05), which indicated 

systemic toxicity of free CDDP (Fig. S6). In the kidney, the primary target organ of CDDP 

toxicity [44, 45], both targeted or nontargeted drug-loaded NGs showed significantly lower 

Pt levels than free CDDP (Fig. 6) which ameliorated CDDP-induced nephrotoxicity as 

confirmed by tissue histopathology analysis. Light microscopic examination of H&E stained 

kidney sections from sacrificed animals indicated focal tubular degeneration and 

regeneration in kidneys from all animals treated with free CDDP, while no histopathological 

changes were observed in kidney from animals in the FA-(CDDP+PTX)/NG-treated or 

(CDDP+PTX)/NG-treated groups compared with the control (Fig. S7). This is a significant 

result since a higher expression of FR in this organ may raise a concern of toxicity to this 

tissue [46]. We also observed focal acute inflammation in the lungs of animals treated with 

free CDDP while no such changes were detected in any of the NGs formulation (Fig. S5). 

Despite relatively higher exposure of liver and spleen to CDDP in the FA-(CDDP

+PTX)/NG or (CDDP+PTX)/NG treatment, there was no evidence of liver or splenic 

toxicity by histopathology (Fig. S8). Mice which received FA-(CDDP+PTX)/NG IP also did 

not show any evidence of toxicity in any of the investigated organs. Indeed, the local 

delivery of FA-(CDDP+PTX)/NG into intraperitoneal cavity reduced nonspecific drug 

accumulation in normal tissues (spleen, liver, and kidney) (Fig. 5). Blood cell counting 

analysis on day 14 was conducted and normal cell counts were observed for red blood cells 
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and platelets for all groups (Table S4) while there was significant reduction in the count of 

white blood cells (below normal range) in the mice which were treated with free CDDP. In 

contrast, mice treated with drugs loaded in NGs did not have any changes in white blood 

cells compared to control (Fig. S8).

Collectively, these in vivo data support the efficacy of this targeted platinum-taxane 

combination therapy in FR-expressing ovarian cancer model without toxicity-related 

consequences.

4. Conclusion

In this study, we demonstrated that folate-decorated NGs carrying CDDP and PTX drug 

combination exerted enhanced antitumor efficacy, both in terms of tumor growth inhibition 

and survival, compared to its nontargeted counterpart in rapidly growing murine model of 

FR-positive ovarian cancer. This better efficacy was only observed when CDDP and PTX 

are concurrently delivered to the tumor sites. Our data also indicate that IP administration of 

FA-(CDDP+PTX)/NG can be more effective in the context of targeted combination therapy 

without extending its cytotoxicity to the normal tissues. Localized chemotherapy has 

demonstrated survival advantages in advanced ovarian cancer patients and our NG-based 

drug delivery system can be a suitable candidate for further optimization and pre-clinical 

evaluation of intraperitoneal chemotherapy for ovarian cancer.
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Figure 1. 
Scheme for the preparation of FA-decorated NGs.
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Figure 2. 
Drug release profiles from FA-(CDDP+PTX)/NG (solid line) and (CDDP+PTX)/NG (dotted 

line) for Pt (●) and PTX (■) in PBS buffer, pH 7.4. The data represent averaged values and 

standard deviations calculated based on three independent experiments.
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Figure 3. 
A) Cellular association of Alexa fluor 594-labeled NG, FA-NG and FA-NG in presence of 

free FA in FR+ A2780 and FR− A549 cell lines at 30 min. B) Inhibitory effect of free FA on 

the cellular association of FA-NG in FR+ A2780 as analyzed by flow cytometry. FA-NG = 

0.5 mg/mL and 0.2 µmol FA/mg polymer. [FA-NG] = 0.5 mg/mL and 0.2 µmol folate/mg 

polymer. ** indicate significantly higher uptake of FA-NG vs. NG and FA-NG in presence 

of free FA. ** P < 0.01 and NS not significant. Data are mean ± SD (n = 3).
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Figure 4. 
In vivo antitumor efficacy of FA-(CDDP+PTX)/NG in A2780/Luc human ovarian cancer 

xenograft-bearing female nude mice. (A) Bioluminescence images of each 3 mice 

representative for 8 mice per experimental arm after treatment (day 16). The colored scale 

bar indicates the intensities of bioluminescence in photons/s/cm2/sr. (B) Comparison of 

tumor growth inhibition following IV administration of FA-(CDDP+PTX)/NG (◆) or 

(CDDP+PTX)/NG (▲) or mixture of 1 mg/kg FA and FA-(CDDP+PTX)/NG (ϕ) or free 

CDDP (■) or 5% dextrose (control) (●). We used one additional group which received IP 

injection of FA-(CDDP+PTX)/NG (▼). Drug formulations were injected in100 µL at a dose 

of 4 mg CDDP or 1mg PTX equivalents/kg body weight 4 times at 4-day intervals as 

indicated by the arrows. Data presented in terms of relative bioluminescence units (Rt/Ro) to 

the day when treatment was initiated for individual animal. Values indicated are means ± SD 

(n = 8), *P < 0.05. (C) Kaplan–Meier analysis of overall survival in FA-(CDDP+PTX)/NG 

IP group (1) or FA-(CDDP+PTX)/NG IV group (2) or (CDDP+PTX)/NG (3) or FA + FA− 

(CDDP+PTX)/NG (4) or free CDDP (5) or control group (6). Log-rank test was used to 

determine statistical difference between (CDDP+PTX)/NG and free CDDP groups, *P < 

0.05, and between FA-(CDDP+PTX)/NG and (CDDP+PTX)/NG groups, **P < 0.01.
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Figure 5. 
CA-125 ELISA assay. Quantification of serum CA-125 levels in mice from various 

treatment groups. Data are presented as mean ± SD (n = 3).
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Figure 6. 
Tissue distribution of platinum in different treatment groups as determined by ICP-MS. 

Mice were sacrificed at day 14 of the treatment with FA-[(CDDP+PTX)/NG] IP or FA-

[(CDDP+PTX)/NG] or FA+ FA-[(CDDP+PTX)/NG] or (CDDP+PTX)/NG or free CDDP. 

Data are presented as mean ± SD (n = 3). * P < 0.05.
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Figure 7. 
In vivo antitumor efficacy of FA-(CDDP+PTX)/NG vs. FA-(CDDP)/NG + FA-(PTX)/NG 

co-administration against A2780/Luc human ovarian cancer xenografts. (A) Comparison of 

tumor growth inhibition as indicated by relative radiance units over time following IV 

administration of FA-(CDDP+PTX)/NG (◆) or FA-CDDP/NG + FA-PTX/NG or FA-

(CDDP)/NG (Ж) or control (●). Drug formulations were injected in 100 µL at a dose of 4 

mg CDDP or 1 mg PTX equivalents/kg body weight 4 times at 4-day intervals as indicated 

by the arrows. Values indicated are means ± SD (n=8). (C) Kaplan–Meier analysis of 

overall survival in FA-(CDDP+PTX)/NG (1) or FA-(CDDP)/NG + FA-(PTX)/NG group (2) 

or FA-(CDDP)/NG (3) or control group (4). * P < 0.05. Log-rank test was used to determine 

statistical difference between FA-(CDDP+PTX)/NG and FA-(CDDP)/NG + FA-(PTX)/NG 

groups, *P < 0.05.
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Table 1

Treatment groups and drug doses used and the doses used in antitumor actificay studies.

Treatment group Route of
administration

CDDP
(mg/k

g)

PTX
(mg/kg)

Free FA
(mg/kg)

Control IV - - -

Free CDDP IV 4 - -

(CDDP+PTX)/NG IV 4 1 -

FA-(CDDP)/NG IV 4 - -

FA-(CDDP)/NG + FA-(PTX)/NG IV 4 1 -

FA-(CDDP+PTX)/NG IV 4 1 -

FA + FA-(CDDP+PTX)/NG IV 4 1 1

FA-(CDDP+PTX)/NG IP 4 1 -
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Table 2

Physicochemical characteristics of drug-loaded NGs.

Sample Deff (nm)a PDIa ζ-potential (mV)a CDDP:PTX (wt/wt)

(CDDP+PTX)/NG 86 ± 2 0.26 −7.0 ± 0.7 3.84:1

FA-(CDDP+PTX)/NG 95 ± 3 0.24 −5.5 ± 1.0 3.78:1

FA-(CDDP+PTX)/NGb 96 ± 4 0.25 −5.7 ± 2.7 -

a
Effective diameter (Deff), polydispersity index (PDI) and ζ-potential were determined in water (pH 6.5). Data are expressed as mean ± SD (n = 

3).

b
Effective diameter, polydispersity index and ζ-potential after one month of storage in aqueous dispersion at 4°C.
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Table 3

Comparison of IC50 values for targeted and nontargeted drug-loaded NGs against A2780 cells as determined 

by the MTT assay.

IC50 (μM)a

24 h 48 h

(CDDP+PTX)/NG 3.0 ±1.3 0.4 ± 0.1

FA-[(CDDP+PTX)/NG] 1.4 ± 0.7 0.3 ± 0.1

a
Calculated with respect to CDDP.
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