
 1 

Encapsulation of lipophilic kiteplatin Pt(IV) prodr ugs in PLGA-PEG micelles.  

 

Nicola Margiotta,1,* Salvatore Savino,1 Nunzio Denora,2 Cristina Marzano,3 Valentino Laquintana,2  

Annalisa Cutrignelli,2 James D. Hoeschele,4 Valentina Gandin,3 Giovanni Natile.1,* 
 

1Dipartimento di Chimica, Università degli Studi di Bari Aldo Moro, via E. Orabona 4, 70125 Bari 

(Italy); 

2Dipartimento di Farmacia-Scienze del Farmaco, Università degli Studi di Bari Aldo Moro, via E. 

Orabona 4, 70125 Bari (Italy);   

3Dipartimento di Scienze del Farmaco, Università di Padova, via Marzolo 5, 35131 Padova (Italy); 

4Department of Chemistry, Eastern Michigan University, Ypsilanti, MI, USA 48197. 

 

*Corresponding Authors 

Phone: +39 080 5442759 (N.M.); +39 080 5442774 (G.N.). E-mail: nicola.margiotta@uniba.it 

(N.M.); giovanni.natile@uniba.it  (G.N.).  

 

 

Abstract 

Biodegradable, PEG-coated, nanoparticles (NPs) have gained therapeutic application as injectable 

colloidal systems for the controlled and site-specific release of drugs. In this paper, encapsulation in 

PLGA-PEG polymer NPs has been exploited to lower toxicity and increase the antitumor activity of 

kiteplatin ([PtCl2(cis-1,4-DACH)]). Kiteplatin contains an isomeric form of the diamine ligand 

present in oxaliplatin and proved to be particularly active against ovarian and colon cancers. To 

favor encapsulation of the platinum drug in the hydrophobic core of the polymeric micelles, Pt(IV) 

prodrugs having hydrophobic carboxylic ligands at the axial positions were used in place of 

hydrophilic Pt(II) complexes (compounds 1-4). The size, size distribution, and zeta potential (ZP) 

were measured by dynamic light scattering (DLS) and laser Doppler velocimetry (LDV), and the 
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drug encapsulation efficiency (EE) correlated to the alkyl chain length of the different Pt(IV) 

prodrugs. The number of the Pt atoms per NP (in the range of 1.3-2.4 ·106) is comparable to that of 

polysilsesquioxane-based NP and higher than that found for other nanoparticle platforms. The 

platinum-loaded PLGA-PEG NPs, tested in vivo in a syngeneic murine solid tumor (LLC), had 

higher antitumor effect and, most importantly, were markedly less toxic than kiteplatin.   

 

Introduction 

Cisplatin (Chart 1) is one of the most widely used chemotherapeutic agents for the treatment of 

testicular, ovarian, bladder, and lung cancers, melanoma, lymphomas, and myelomas.1  

The clinical efficacy demonstrated by platinum-based drugs currently approved by the FDA (Chart 

1) has prompted an intense research aiming to discover new metal-based drugs with enhanced 

efficacy, lower toxicity, and a broader spectrum of activity.2 

 

Chart 1. Platinum drugs currently approved by FDA. 

 

Several advantages can be obtained by the use of nanosized drug delivery vehicles.3 The controlled 

release provided by these systems can enhance retention in the bloodstream, their size allows for 

passive targeting, and their surfaces can be functionalized for active targeting. Targeted and 

controlled drug delivery can improve dramatically the degree and duration of the clinical outcome.  

Therefore, in the last decades the use of biodegradable nanoparticles (NPs) for drug delivery has 

increased steeply.4,5,6,7,8 Nanosystems for the delivery of metallodrugs have been extensively 

reviewed in the last decade.9,10,11,12,13 
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The NPs size can be modified to obtain organ specific biodistribution,14 such as in the case of 

splenic sequestration of liposomes that decreases linearly with decrease in particle size.15,16 Unlike 

spleen, the sequestration by liver has non-linear dependence on size and both large and small NPs 

are sequestered. Small NPs can pass through the sinusoidal fenestrations present in the liver and be 

entrapped by underlying parenchymal cells.17 Therefore, the effect of NPs size differs from organ to 

organ, underscoring the importance of tuning NPs size for each distinct application. 

Conventional colloidal drug delivery systems, such as liposomes, are rapidly cleared from the 

systemic circulation, and they end almost exclusively in the mononuclear phagocyte system,18 this 

type of uptake can be advantageous for the treatment of illness of the reticuloendothelial system 

(RES) because it provides high local concentration of therapeutic agent.19 For delivering a drug to 

sites other than RES, stealth liposomes appear to be more suitable. Indeed, stealth nanoparticles 

decorated on their surface with poly(ethylene glycol) (PEG) are characterized by long circulating 

time.20,21,22,23  

Thus, biodegradable, PEG-coated, NPs have gained therapeutic application as injectable colloidal 

systems for the controlled and site-specific release of drugs.24,25,26 If compared to other long-

circulating systems, stealth NPs show better shelf stability and greater ability to control the release 

of the encapsulated compounds.20,25 Tobio et al. studied PEGylated polylactic acid albumin (PEG–

PLA) NPs as tetanus toxoid carriers for nasal administration.21 Recently, PEGylated poly(lactic-co-

glycolic acid) (PEG–PLGA) NPs have been used as carriers for both hydrophobic and hydrophilic 

drugs.20,27  

Lippard and collaborators reported a strategy for delivering the platinum(IV) compound 

cis,trans,cis-[PtCl2{O2C(CH2)4CH3} 2(NH3)2] to prostate cancer cells. The drug was loaded on 

PLGA-b-PEG NPs carrying on their surface aptamers (Apt)28,29 targeting the Prostate Specific 

Membrane Antigen (PSMA).30,31,32 In order to favor encapsulation of the platinum drug in the 

hydrophobic core of the polymeric micelles, Pt(IV)-prodrugs having hydrophobic carboxylate 
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ligands at the axial positions were used in place of hydrophilic Pt(II) complexes. A lethal dose of 

platinum(II) drug is delivered upon intracellular reduction of the Pt(IV) prodrug.33,34,35,36  

The chemical properties of the carboxylate ligands can be correlated with the efficiency of 

encapsulation in nanoparticles. In particular, as the chain length increases, also the level of 

platinum(IV) encapsulation increases.37  

A series of Pt(IV) prodrugs derived from [PtCl2(cis-1,4-DACH)] (Kiteplatin, DACH = 

diaminocyclohexane), by addition of two carboxylate ligands (with different length of the alkyl 

chains) in axial positions, was already synthesized and tested for antitumor activity in the murine 

L1210/0 leukemia model by Khokhar et al.38 Kiteplatin contains an isomeric form of the diamine 

ligand present in oxaliplatin and proved to be particularly active against cell lines sensitive and 

resistant to cisplatin (2008/C13* ovarian cancer cells) and oxaliplatin (LoVo/LoVo-OXP colon 

cancer cells).39 Because of its unique properties, kiteplatin has been extensively investigated also in 

recent years with emphasis on its reactivity and mechanism of action.40,41,42,43,44,45,46 In the present 

paper we have investigated the encapsulation in PLGA-PEG polymer nanoparticles of four Pt(IV) 

prodrugs reported by Khokhar differing for lipophilicity: cis,trans,cis-[PtCl2{O2C(CH2)nCH3} 2(cis-

1,4-DACH)] (n = 4, 8, 0, 2 corresponding, respectively, to compounds 1, 2, 3, and 4 in Chart 2; we 

assigned number 1 and 2 to the most extensively investigated compounds of the series). The aim 

was that of exploiting targeting and increase of circulating time typical of NPs for lowering the 

toxicity and increase the antitumor activity of kiteplatin. In Scheme 1 is shown the self-assembling 

of polymer and Pt(IV) drug in micelles in which the hydrophobic platinum substrate concentrates in 

the core. 
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Chart 2. Pt(IV) prodrugs of kiteplatin having in the axial positions trans-carboxylate ligands with 
different alkyl chains. 
 

The size, size distribution, and zeta potential (ZP) of 1-PLGA-PEG, 2-PLGA-PEG, 3-PLGA-PEG 

and 4-PLGA-PEG were measured by dynamic light scattering (DLS) and Laser Doppler 

Velocimetry (LDV), respectively. Furthermore, the drug encapsulation efficiency (EE) was 

correlated to the alkyl chain length of the different Pt(IV) prodrugs. 

Finally, the antitumor activity of compounds 1 and 2 loaded in PLGA-PEG nanoparticles was 

evaluated in a syngeneic murine solid tumor model, the Lewis Lung Carcinoma (LLC). 
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Scheme 1. Schematic representation of the nanoprecipitation process, whereby the amphiphilic 
block copolymer chains self-assemble into micelles trapping the hydrophobic platinum drugs in the 
core. 
 

 

Experimental 

 

Materials and methods  

Commercial reagent grade chemicals and solvents were used as received without further 

purification. 1H-NMR, COSY and TOCSY 2D NMR spectra were recorded on a Bruker Avance III 

700 MHz instrument. The Fourier transform infrared spectrum of the PLGA-PEG copolymer was 

recorded on a Perkin Elmer Spectrum One instrument. [1H-13C]-HSQC spectra were recorded on 

Bruker Avance DPX 300 MHz and Bruker Avance III 700 MHz instruments. 1H and 13C chemical 

shifts were referenced using the internal residual peak of the solvent (DMSO-d6: 2.50 ppm for 1H 

and 39.51 ppm for 13C). [1H-195Pt] HSQC spectra were recorded on Bruker Avance DPX 300 MHz 

instrument. 195Pt NMR spectra were referenced to K2PtCl4 (external standard placed at −1620 ppm 

with respect to Na2[PtCl6]).
47 
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Electrospray ionisation mass spectrometry (ESI-MS) was performed with an electrospray interface 

and an ion trap mass spectrometer (1100 Series LC/MSD Trap system Agilent, Palo Alto, CA).  

Elemental analyses were carried out with an Eurovector EA 3000 CHN instrument. 

Kiteplatin,39 cis,trans,cis-[PtCl2(OH)2(cis-1,4-DACH)],46 cis,trans,cis-[PtCl2(O2CCH3)2(cis-1,4-

DACH)] (3),38 and cis,trans,cis-[PtCl2{O2C(CH2)2CH3} 2(cis-1,4-DACH)] (4)38 were prepared 

according to already reported procedures and all analytical data were in good agreement with the 

given formulation (data not shown). 

 

Synthesis of cis,trans,cis-[PtCl 2{O2C(CH2)4CH3}2(cis-1,4-DACH)] (1). This compound was 

prepared according to a procedure reported in the literature38 with slight modifications. To a 

suspension of cis,trans,cis-[PtCl2(OH)2(cis-1,4-DACH)] (120 mg; 0.29 mmol) in 24 mL of 

acetonitrile, was added 1 mL of hexanoic anhydride (15-fold excess). The reaction mixture was 

refluxed at 80 °C for 15 h in the dark. The suspension was filtered and the filtrate was evaporated to 

dryness under reduced pressure. The resulting yellow residue was redissolved in acetone and the 

subsequent addition of n-pentane led to the precipitation of a pale brown solid that was isolated by 

filtration, washed with water, and dried under vacuum. Yield 57% (101 mg, 0.165 mmol). 

Anal.: calculated for C18H36Cl2N2O4Pt ̇ ½H2O (1 ̇ ½H2O): C, 34.90; H, 6.02; N, 4.52 %. Found: C, 

34.72; H, 5.70; N, 5.17 %. ESI-MS in MeOH: calculated for C18H36Cl2N2O4PtNa, [1 + Na]+ 

633.15. Found: m/z 633.17. 1H NMR (DMSO-d6): 8.18 (4H, NH2), 2.96 (2H, CHa), 2.22 (4H, 

CHα), 1.58 (8H, CHb,c), 1.47 (4H, CHβ), 1.24 (8H, CHγ,δ), 0.84 (6H, CHε) ppm (see Chart 2 for 

numbering of protons). 195Pt NMR (DMSO-d6): 1215.9 ppm. 13C NMR (DMSO-d6): 13.67, 19.73, 

21.64, 24.8, 30.42, 36.03, and 49.34 ppm. 

 

Synthesis of cis,trans,cis-[PtCl 2{O2C(CH2)8CH3}2(cis-1,4-DACH)] (2). This compound was 

prepared as described for complex 1 with some differences in the purification step. To a suspension 

of cis,trans,cis-[PtCl2(OH)2(cis-1,4-DACH)] (84.6 mg; 0.20 mmol) in 17 mL of acetonitrile, was 
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added 1.0 g of decanoic anhydride (15-fold excess). The reaction mixture was refluxed at 80 °C for 

15 h in the dark and then cooled to room temperature meanwhile a white crystalline compound 

separated. The crystals were isolated by filtration of the mother liquor, washed with diethyl ether 

and dried under vacuum. Yield 59% (85.3 mg, 0.118 mmol). Anal.: calculated for 

C26H52Cl2N2O4Pt ̇ H2O (2 ̇ H2O): C, 42.16; H, 7.35; N, 3.78 %. Found: C, 41.69; H, 7.01; N, 3.68 %. 

ESI-MS in MeOH: calculated for C26H51Cl2N2O4Pt, [2 - H ]− 721.28. Found : m/z 721.30. 1H NMR 

(DMSO-d6): 8.19 (4H, NH2), 2.96 (2H, CHa), 2.23 (4H, CHα), 1.59 (8H, CHb,c), 1.48 (4H, CHβ), 

1.23 (24H, CHγ,δ,ε,ζ,η,θ), 0.85 (6H, CHι) ppm (see Chart 2 for numbering of protons). 195Pt NMR 

(DMSO-d6): 1217.2 ppm. 13C NMR (DMSO-d6): 13.7, 19.77, 21.7, 25.22, 28.54, 30.97, 36.27, 

49.40 ppm. 

 

Synthesis of PLGA-PEG. The carboxy-terminated amphiphilic poly(D,L-lactide–co–glycolic 

acid)-block-poly(ethylene glycol) (PLGA-PEG) copolymer was prepared by conjugation of 

PEG4000 (PEG) to non-end-capped poly(D,L-lactide–co–glycolide) (50/50) with hydroxyl and 

carboxylate terminal groups (PLGA; RG503H, Mw 34 kDa, Boehringer Ingelheim, Germany) 

according to a procedure reported in the literature with minor modifications.48 Briefly, PLGA (1 g, 

0.03 mmol) in anhydrous THF (15 mL) was converted to PLGA–OBt with excess 1-

Hydroxybenzotriazole (HOBt, 40 mg, 0.30 mmol) in the presence of N,N′-

dicyclohexylcarbodiimide (DCC, 61 mg, 0.30 mmol). After 30 minutes, a solution of PEG (0.118 g, 

0.03 mmol) in anhydrous DMF (15 mL) was added to the PLGA-OBt reaction mixture and stirring 

was protracted overnight. The reaction mixture was cooled to 0 °C and the resulting precipitate, 

dicyclohexylurea, was removed by filtration. The filtrate, after drying under vacuum, was dissolved 

in methylene chloride (5 mL) and treated with cold ethyl ether (50 mL) to precipitate the PLGA-

PEG copolymer. The copolymer was washed with diethyl ether (3 x 10 mL) to remove excess of 

unreacted reagents. The resulting PLGA–PEG block co-polymer was dried under vacuum and used 

for NPs preparation without further treatment. Obtained 1.03 g (65 % yield). FT-IR (KBr): 3504, 
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1760, 1172-1062 cm-1. 1H NMR (CDCl3): 1.59 (m, [–C(O)CH(CH3a)O–]m), 3.64 (s, [–CH2bCH2bO–

]p), 4.84 (m, [–C(O)CH2c–]q), 5.22 (m, [–C(O)CHd(CH3)O–]m) ppm (see Figure 1 for numbering of 

protons). 

 

Preparation of drug loaded PLGA-PEG NPs.37 A DMF solution (550 μL) was prepared by 

mixing 10 mg of PLGA-PEG and 1 mg of the platinum complex (1, 2, 3, or 4) so to have a 10% of 

Pt feed, defined as (mg of Pt complex/mg of polymer) × 100. An aliquot of this solution (500 μL) 

was added dropwise, over 10 min time, to 5 mL of fastly stirred Milli-Q water. After addition of the 

DMF solution, water acquired a milky blue coloration owing to Tyndall scattering of the formed 

nanoparticles. An aqueous solution of poly(vinyl alcohol) (5 mL, 0.1% w/w PVA) was then added 

along the edge of the vial so to bring the final volume to 10.5 mL and the final PVA concentration 

to approximately 0.05% w/w. This suspension of NPs was stirred for additional 20 min and then 

passed through a 0.45 μm cellulose acetate syringe filter (VWR). The filtrate was loaded into an 

Amicon Centrifugal Filtration Device (3 kDa MWCO regenerated cellulose (R.G.) membrane). The 

loaded device was centrifuged at 6000g for 20 min, concentrating the nanoparticle suspension to 

approximately 1 mL. This concentrated material was suspended in 10 mL of fresh Milli-Q water 

and centrifuged again under identical conditions. The latter operation was repeated two more times. 

All nanoprecipitations were carried out in triplicate. 

 

Size Exclusion Chromatography (SEC). 

Average molecular weights and molecular weight distributions of the PLGA-PEG copolymer were 

obtained by SEC, using a Waters Associates (Milford, MA) Model 1515 HPLC isocratic pump, a 

differential RID detector Waters 2414 and a UltraHydrogel TM 500 column (7.8 x 300 mm, 5µm). 

Water was used as mobile phase, at 30 °C, with a flow rate of 0.6 mL/min. Calibration was 

performed using a series of polyethylene glycol/oxide (PEG/PEO) standards (Agilent technologies). 

Chromatographic data were processed by Waters Associates (Milford, Ma) Breeze software. 
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Evaluation of PLGA-PEG NPs Encapsulation. To evaluate the encapsulation efficacy we 

measured the platinum present in 100 µL of the colloidal suspension. This suspension was digested 

with 2 mL of HNO3 (67%)/H2O2 (30%), 1:1 (v/v), solution for 4 h at 60 °C. The platinum content 

was quantified by inductively coupled plasma mass spectrometry (ICP-MS). All ICP-MS 

measurements were carried out in triplicate and averaged. 

 

Particle Size, Size Distribution and Surface Charge of drug loaded PLGA-PEG NPs. The 

average hydrodynamic diameters (z-average), size distribution (polydispersity index, DLS PDI) and 

zeta potential (ZP) of drug loaded PLGA-PEG NPs were detected using a Zetasizer Nano ZS, 

Malvern Instruments Ltd., Worcestershire, UK. The hydrodynamic diameters and size distribuition 

of the NPs were measured by dynamic light scattering (DLS) after suspension in demineralized 

water at a concentration of 0.1 mg NPs/mL. The ZP was determined by laser doppler velocimetry 

(LDV) after dilution of the samples with KCl 1 mM at a concentration of 0.05 mg NPs/mL. 

 

Transmission Electron Microscopy Characterization (TEM). A JEOL med. 100 electron 

microscope operating at 100 kV equipped with a CCD high resolution camera was used for TEM 

analysis. Samples were prepared by dipping the carbon coated copper grid into a dilute solution of 

the PLGA-PEG NPs containing compounds 1 and 2 at the maximum feed and let the solvent to 

evaporate.  

 

In Vivo Anticancer Activity toward Lewis Lung Carcinoma (LLC). All studies involving animal 

testing were carried out in accordance with the ethical guidelines for animal research adopted by the 

University of Padua, acknowledging the Italian regulation and European Directive 2010/63/UE as 

to the animal welfare and protection and the related codes of practice. The mice were purchased 

from Charles River, Italy, housed in steel cages under controlled environmental conditions (constant 
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temperature, humidity, and 12 h dark/light cycle), and alimented with commercial standard feed and 

tap water ad libitum. The LLC cell line was purchased from ECACC, United Kingdom. The LLC 

cell line was maintained in DMEM (Euroclone) supplemented with 10% heat inactivated fetal 

bovine serum (Euroclone), 10 mM L-glutamine, 100 U mL−1 penicillin, and 100 μg·mL−1 

streptomycin in a 5% CO2 air incubator at 37 °C. The LLC was implanted intramuscularly (i.m.) as 

a 2 × 106 cell inoculum into the right flank of 8 week old male and female C57BL mice (24 ± 3 g 

body weight). After 7 days from tumor implantation (visible tumor), mice were randomly divided 

into 6 groups (5 animals per group) and subjected to daily i.p. administration of PLGA-PEG 

nanoparticles loaded with 1.7 mg kg−1 of 1 or 2, kiteplatin (1.7 mg kg−1 in saline solution), cisplatin 

(1.7 mg kg−1 in saline solution), unloaded PLGA-PEG nanoparticles or the vehicle solution (saline 

solution). At day 15, animals were sacrificed, the legs were amputated at the proximal end of the 

femur, and the inhibition of tumor growth was determined according to the difference in weight of 

the tumor-bearing leg and the healthy leg of the animals expressed as a percentage referring to the 

control animals. Body weight was measured every 2 days and was taken as a parameter for systemic 

toxicity. All reported values are the means ± SD of no less than three measurements. Multiple 

comparisons were made by the Tukey−Kramer test (**, p <0.01; * or °, p < 0.05). 

 

Results and Discussion  

Unlike kiteplatin, whose hydrophilicity (logPo/w = -1.57 ± 0.10)39 renders the compound unsuitable 

for encapsulation in nanoparticles, the Pt(IV) counterpart, obtained by addition of axial ligands with 

high lipophilicity, are suitable for encapsulation in the hydrophobic core of micelles. Therefore, a 

series of Pt(IV) derivatives of kiteplatin was prepared, having in axial position the ligands acetate 

(3), butanoate (4), hexanoate (1), and decanoate (2).  

All four Pt(IV) derivatives were prepared by a similar synthetic approach based on the oxidation of 

kiteplatin to the corresponding Pt(IV) dihydroxido derivative by hydrogen peroxide in water 
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followed by condensation with the corresponding carboxylic anhydride (refluxing for 15 h in 

acetonitrile) to yield the dicarboxylato complexes (Scheme 2).38,49,50,51  

 

Scheme 2. Synthesis of the lipophilic Pt(IV) dicarboxylato species. 

 

All compounds were characterized by elemental analysis, ESI-MS, and NMR. The ESI-MS 

spectrum of compound 1 showed the presence of a peak at m/z = 633.15 corresponding to [1+Na]+ 

and the experimental isotopic pattern of the peak was in good agreement with the theoretical one 

(data not shown). The 1H NMR spectrum in DMSO-d6 showed seven different signals (Figure S1 in 

Supporting Information). The singlet with Pt satellites falling at 8.18 ppm (2JH-Pt = 61.09 Hz) was 

assigned to the aminic protons of coordinated cis-1,4-DACH. The singlet with Pt satellites 

resonating at 2.96 ppm (3JPt-H = 80 Hz) was assigned to the methynic protons of coordinated DACH 

while the multiplet integrating for eight protons and located at 1.58 ppm was assigned to the 

methylenic protons of coordinated DACH. The triplet located at 2.22 ppm, and integrating for 4 

protons, was assigned to the α CH2 groups of coordinated hexanoates; the β CH2 groups give a 

quintet resonating at 1.47 ppm, while the CH2 groups in γ and δ positions (Chart 2) give the 

multiplet falling at 1.24 ppm and integrating for eight protons. Finally, the triplet resonating at 0.84 

ppm and integrating for six protons was attributed to the terminal methyl groups of the alkyl chains. 

This assignment was supported by a COSY 2D NMR spectrum recorded in DMSO-d6. A portion of 

this spectrum is reported in Figure S2 in the Supplementary Information.  

The [1H-195Pt]-HSQC 2D NMR spectrum (Figure S3 in Sup. Info) shows two cross peaks falling at 

8.18/1215.9 and 2.96/1215.9 ppm (1H/195Pt). The 195Pt chemical shift is in good agreement with 
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those reported in the literature for analogous lipophilic complexes, such as cis,trans,cis-

[PtCl2{O2C(CH2)4CH3} 2(NH3)2] (1217.79 ppm in DMSO-d6).
32 Khokhar reported for compound 1 a 

195Pt chemical shift of 1085 ppm but the solvent used was CDCl3 instead of DMSO-d6. 

The NMR characterization of the carbon atoms was obtained by a [1H-13C]-HSQC 2D NMR 

experiment also performed in DMSO-d6 (Figure S4, Sup. Info). The cross peaks falling at 

2.96/49.34 and 1.58/19.73 ppm (1H/13C), were attributed to the methynic and methylenic groups of 

DACH, respectively. The 13C chemical shifts of the alkyl chain of the hexanoato ligands (13.67, 

21.64, 24.8 30.42, and 36.03) are in good agreement with those reported in literature by Lippard for 

cis,trans,cis-[PtCl2{O2C(CH2)4CH3} 2(NH3)2] (13.93, 22.0, 25.14, 30.87, and 35.65 ppm).32 

Compound 2 was also characterized by elemental analysis, ESI-MS, and NMR. The ESI-MS 

spectrum showed the presence of a peak at m/z = 721.30 corresponding to [M-H]- and the 

experimental isotopic pattern of the peak was in good agreement with the theoretical one (data not 

shown).  

The NMR characterization of compound 2 (similar to that already described for compound 1) is 

reported in the Experimental Section and in the Supplementary Information.  

 

Synthesis and characterization of PLGA–PEG copolymer.  

The PLGA–PEG block copolymer was synthesized by direct conjugation of the carboxylic end 

group of PLGA with PEG in DMF/THF 1:1 (v/v) using N,N′-Dicyclohexylcarbodiimide (DCC) and 

1-Hydroxybenzotriazole (HOBt) as coupling reagents (Scheme 3). The PLGA–PEG copolymer was 

purified by precipitation with satisfactory yield. 

 



 14 

HO
O

H O
O

O

O

O
H

+
O

O
O

HO

O

O

HH

p m qp m q

DCC, HOBt

DMF:THF 1:1
overnight R.T.

PEG PLGA-COOH PLGA-PEG

 

Scheme 3. Synthesis of PLGA–PEG. 

 

1H-NMR and FT-IR spectra are consistent with the given structure.  The 1H-NMR of PLGA-PEG 

copolymer is shown in Figure 1. The overlapping doublets integrating for three protons and falling 

at 1.59 ppm were attributed to the methyl groups of the lactic acid repeat units (a in Figure 1). The 

singlet falling at 3.64 ppm corresponds to the methylene groups of the PEG (b in Figure 1). The 

multiplets at 4.84 and 5.22 ppm were assigned to CH2(c) of glycolic acid and CH(d) of lactic acid, 

respectively. 

 

Figure 1. 1H NMR (700 MHz, 1H) spectrum of PLGA-PEG in CDCl3. The asterisk indicates 
residual solvent peak. 
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The FT-IR spectrum (Figure S9) showed an absorption band at 3504 cm−1 corresponding to the 

terminal hydroxyl groups of PEG and glycolic acid. The strong band at 1760 cm−1 was assigned to 

the C=O stretching vibration, while the bands in the range 1172.4-1061.6 cm−1 are due to C-O 

stretching vibration. 

Unlike small molecules, polymers have not a unique molecular weight but cover a range of 

molecular weights. The distribution will depend upon the synthetic procedure used. Hence, for the 

characterization of polymers must be considered both the distribution of molecular weights and the 

mean molecular weight M.  

There are two different ways to estimate the average molecular weight: Number-Average Molecular 

Weight (Mn) and Weight-Average Molecular Weight (Mw).52 Mn is relevant to properties which are 

only sensitive to the number of molecules present and are not influenced by the size of single 

particles in the mixture. Examples are the colligative properties of solutions such as boiling point 

elevation, freezing point depression, and osmotic pressure. This average molecular weight (Mn) is 

defined as the total weight of polymer divided by the number of polymer molecules.52 Mw is 

relevant to properties which depend not only upon the number of polymer molecules but also upon 

their size or weight. A classic example is light scattering. Mw is defined by: Mw = 
∑ ��
�
��� ��

	

∑ ��
�
��� ��

 where 

M i is the molecular weight of a chain and Ni is the number of chains of that molecular weight. 

Compared to Mn, Mw takes into account the molecular weight of a chain in determining 

contributions to the molecular weight average. The more massive the chain, the more the chain 

contributes to Mw. Finally, Mp is used to indicate the molar mass corresponding to the peak 

maximum of the elugram of the polymer, it is a defined molar mass and not an average like Mn and 

Mw.  

The spread of the distribution function can be characterized by its standard deviation or by its 

polydispersity index SEC PDI, that is the ratio between Mw and Mn (SEC PDI = Mw/Mn). For all 

real polymers SEC PDI is greater than one and the excess with respect to one is a measure of the 
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polydispersity of the polymer.52 In the case of the polymer synthesized in this work, PLGA-PEG, 

the average molecular weights and Mp, determined by aqueous SEC, are in good agreement with a 

monodisperse system, and the SEC PDI (Mw/Mn) was 1.003, indicating a narrow range of molecular 

weights (Table 1). 

 

Preparation and characterization of drug loaded PLGA–PEG NPs. 

The poly(D,L-lactic acid-co-glycolic acid)-block-poly(ethyleneglycol) copolymer (PLGA-PEG) is 

biocompatible and biodegradable and its degradation process is well known.53 Erosion studies on 

the degradation process of PLGA-PEG highlighted that ester hydrolysis and transesterification 

mechanisms are both responsible for the loss of copolymers mass. PLGA-PEG based NPs erosion 

starts with water uptake followed by random hydrolytic chain cleavage of the polyester block with 

release of oligomers.54 The release of the hydrophobic drugs non-covalently loaded in PLGA-PEG 

NPs occurs quickly by passive diffusion through the intact matrix, whereas the release of drugs 

covalently bound to the backbone occurs more slowly and requires the participation of a hydrolytic 

process occurring simultaneously to or after the degradation of the matrix.55 

The preparation of the Pt drug-loaded PLGA-PEG NPs was achieved by the nanoprecipitation 

method.37 The PLGA-PEG copolymer and the platinum complex (mg polymer/mg Pt complex = 

10) were dissolved in the water miscible solvent DMF, and then added dropwise into an aqueous 

solution, generating NPs. The NPs were characterized for their hydrodynamic size, size distribution 

and surface charge, the results are reported in Table 2.  

The hydrodynamic size (average hydrodynamic diameter) of unloaded PLGA-PEG nanoparticles is 

116.6 nm while after the encapsulation of the complex 1, 2, 3, or 4, the hydrodynamic size of the 

NPs increases to 144.2, 141.5, 125.8, and 137.7 nm, respectively (Figure 2A and Table 2). This 

trend was also observed by Lippard in the case of cis,trans,cis-[PtCl2{O2C(CH2)4CH3} 2(NH3)2] 

where the size of the particles increased with the percentage of the loaded complex.32 
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Figure 2. A) Size distribution (measured by Dynamic Light Scattering) and B) Zeta potential 
distribution (measured by Laser Doppler Velocimetry) of PLGA-PEG NPs loaded with 1, 2, 3, or 4. 
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The size distribution was described in terms of polydispersity. Light scattering can be used to 

describe the width of the particle size distribution. In Table 2 the term polydispersity is derived 

from the polydispersity index (DLS PDI), a parameter calculated from a cumulative analysis of the 

DLS measured intensity autocorrelation function,56 DLS PDI values greater than 0.2 are considered 

to be heterogeneous, and those below 0.2 are considered to be homogeneous.57  

The values of DLS PDI for unloaded and loaded NPs were found to be approximately 0.1 indicating 

a sufficiently homogenous distribution of NPs. This value is quite similar to that found for 

cis,trans,cis-[PtCl2{O2C(CH2)4CH3} 2(NH3)2] PDI = 0.171 using for encapsulation a weight of 

complex corresponding to 5% of the weight of loading polymer. 

The surface charge of the NPs in solution (colloids) was analyzed by calculating the Zeta Potential 

(ZP). NPs have a surface charge that attracts a thin layer of ions of opposite charge on the 

nanoparticle surface. This double layer of ions travels with the nanoparticle as it diffuses throughout 

the solution. The electric potential at the boundary of the double layer is known as the Zeta potential 

of the particles and has values that typically range from +100 mV to -100 mV. The ZP is an 

indicator of the stability of the NP suspension. A higher electric charge on the surface of the NPs 

will prevent aggregation of the NPs in buffer solution because of the strong repellent forces among 

particles.58,59 

As a rule of thumb, absolute ZP values above 30 mV provide good stability60,61 and above 60 mV 

excellent stability. ZP distribution for PLGA-PEG NPs loaded with the four complexes is reported 

in Figure 2B. 

The ZP values were obviously affected by the presence of PEG chains19 and, for the unloaded 

PLGA-PEG nanoparticles, it resulted to be −40.0 mV, while after the encapsulation of the 

complexes, the absolute values decreased to −37.9 and −36.0 mV, in the case of 1 and 2, 

respectively (Table 2). On the contrary, the absolute value of ZP increased with respect to unloaded 

NPs when the encapsulation was performed for the complexes with a smaller chain length, 3 and 4, 
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(−42 and −40.2 mV, respectively, Table 2). These results confirm the good stability of the NP 

suspensions. 

The yield, the drug encapsulation, and loading efficiency are also listed in Table 2. Drug loading 

(Table 2) was measured by ICP-MS and the encapsulation efficiency (EE) of the PLGA-PEG NPs 

was defined as the percentage of drug encapsulated, with respect to the total amount of drug used to 

prepare the NPs. In particular, when the encapsulation was carried out at 10% of drug feed, a 

consistent trend was observed. The amount of platinum complex encapsulated increased with the 

chain length of the carboxylate ligand (Table 2), and the most lipophilic compound (2) exhibited the 

highest encapsulation efficiency (5.8 %). 

Furthermore, since logP of the carboxylic acid used as ligand correlates with the lipophilicity of the 

whole platinum complex,37 the log of the encapsulation efficiency (EE) was plotted against logP of 

the carboxylic acid (Table 3 and Figure 3). Figure 3 shows that, as the chain length of the 

carboxylate ligand increases, there is a direct and predictable increase of platinum complex 

encapsulation. The estimated EE values are in the range of 4.2% to 5.8% for the complexes having, 

in the axial position, acetate and decanoate, respectively. These results indicate that lipophilic 

Pt(IV) derivatives of kiteplatin have a drug-loading potential towards PLGA-PEG NPs comparable 

to that of lipophilic Pt(IV) derivatives of cisplatin.37 However, the log(EE%)/logP curve obtained 

with our derivatives (Figure 3) has a slope that is smaller than that of the analogous curve reported 

by Lippard for the lipophilic cisplatin Pt(IV)-derivatives.37 This could likely be due to the presence 

of the more lipophilic cis-1,4-DACH diamine, as compared to the two ammine ligands of cisplatin, 

that reduces the influence of the lipophilic axial ligands on the overall lipophilicity of the 

complexes. 

From the Pt-loading, obtained by ICP-MS, we were also able to calculate (Supporting Information) 

the number of Pt atoms (and hence of Pt(IV)-complex molecules) per nanoparticle (Table 2). The 

number of Pt atoms per nanoparticle is in the range 1.27·106-2.36·106 and obviously reflects the Pt-

loading trend. Moreover, the order of magnitude is comparable to the drug loading of 
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polysilsesquioxane based62 nanoparticles that have been used for the delivery of Pt(IV)-prodrugs 

but considerably higher than that found for other nanoparticle platforms.32,34,63   

 

 

 

Figure 3. Correlation between the log of encapsulation efficiency (% EE) for 1 (cp. 1), 2 (cp. 2), 3 
(cp. 3), and 4 (cp. 4) (ordinate) and log P of the carboxylic acids whose carboxylates constitute the 
axial ligands of 1, 2, 3, and 4 (abscissa). See also Table 3. 
 

The surface morphology was evaluated by TEM, and images of PLA-PEG NPs loaded with 1 and 2 

are shown in Figure 4. TEM analysis showed that both drug loaded PLGA-PEG NPs do not 

aggregate. Furthermore, nanoparticles are characterized by a spherical shape, rather homogeneous 

in size: 60 ± 22 nm for 1-PLGA-PEG NPs (Figure 4-A), 80 ± 13 nm for 2-PLGA-PEG NPs (Figure 

4-B), 58 ± 19 nm for 3-PLGA-PEG NPs, and 55 ± 24 nm for 4-PLGA-PEG NPs. Diameters values 

obtained by TEM are smaller than those detected by DLS. On the average, the measured values of 

the hydrodynamic diameters (mean diameters), were ca. 50% higher than the mean diameters 

observed by TEM; such a discrepancy is most likely due to the hydration shell of the PEG chains 
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during the drying process performed before the TEM analysis, resulting in a size smaller than that 

observed in the DLS analysis. 
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Figure 4. Transmission electron micrograph of PLGA-PEG NPs loaded with 1 (A) and 2 (B). Scale 
bar = 500 nm. 
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In vivo studies. 

The four complexes chosen for our investigation had already been prepared by Khokhar38 and 

colleagues and two of them (3 and 4) were also evaluated in vivo in the murine L1210/0 leukemia 

model. The optimal dose for the two compounds (6 mg/kg/injection) was found to be similar to that 

of cisplatin (5 mg/kg/injection), with compound 3 having the greatest efficacy (40 % survivors). 

However, the in vivo activity of the Pt(IV) complexes with longer alkyl chains of the carboxylate 

ligands was not evaluated because of their poor aqueous solubility. In the present investigation, by 

exploiting a micellar approach, the amount of platinum complex encapsulated increased with the 

chain length of the carboxylate ligand, hence we selected the most lipophilic/encapsulated 

compounds 1 and 2 for the in vivo investigation.  

Unloaded PLGA-PEG nanoparticles and PLGA-PEG nanoparticles loaded with 1 or 2 were 

evaluated for their in vivo antitumor activity in the Lewis lung carcinoma (LLC) syngeneic murine 

model resulting from the implantation of the highly tumorigenic Lewis lung carcinoma cells in 

C57BL mice. Being created on an immunocompetent murine background, the LLC model allows 

the evaluation of true immune and toxicity response with respect to targeted therapies and tumor 

growth. LLC is highly tumorigenic and is primarily used to model metastasis as well as evaluate the 

efficacy of chemotherapeutic agents in vivo.64 Tumor growth inhibitions induced by unloaded and 1 

or 2 loaded nanoparticles were compared with those promoted by the two reference platinum 

agents, kiteplatin and CDDP. Seven days after tumor inoculation, tumor-bearing mice were 

randomized into vehicle control and treatment groups (5 mice per group). Control mice received the 

vehicle (saline solution), whereas treated groups received daily doses of unloaded PLGA-PEG 

nanoparticles, 1 or 2 (1.7 mg·kg−1) loaded on PLGA-PEG nanoparticles, kiteplatin or cisplatin (1.7 

mg·kg−1 in saline solution). Tumor growth was estimated at day 15, and the results are reported in 

Table 4. As an indication of the adverse side effects, changes in the body weights of tumor-bearing 

mice were monitored every two days (Figure 5). The administration of unloaded PLGA-PEG 

nanoparticles did not result in inhibition of tumor growth. On the contrary, PLGA-PEG 
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nanoparticles loaded with 1 or 2 induced a 77.8% and 81.9% tumor regression, respectively. 

Kiteplatin and cisplatin, at the same daily dose, induced a tumor mass reduction of 73.7% and 

81.7%, respectively. Thus, the data indicate Pt(IV) prodrugs derived from kiteplatin (1 and 2) 

loaded on PLGA-PEG nanoparticles are significantly more effective than kiteplatin itself in 

inhibiting tumor growth and 2 is slightly more effective than 1. This result increases in significance 

if we consider that, having administered equal weights of the three drugs (1.7 mg/Kg), in terms of 

administered moles 2 is less than 1 and 1 is less than kiteplatin (0.51:0.61:1). Cisplatin is as 

effective as 2 loaded on PLGA-PEG nanoparticles in inhibiting tumor growth but, again, we have to 

consider that in terms of moles 2 is given in smaller amount than cisplatin (0.41:1).  

The different amount of moles of platinum administered in the different cases is reflected on the 

changes in body weights (Figure 5) with cisplatin inducing clear signs of anorexia, kiteplatin being 

slightly better (roughly 16% decrease of mice body weight), and PLGA-PEG nanoparticles loaded 

with 1 or 2 being much better (body weight loss <5%). Thus, in the case of 2 loaded on PLGA-PEG 

we combine the highest response to platinum targeted therapy with the smallest toxicity.  
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Figure 5. Body weight changes of LLC bearing C57BL mice treated with vehicle or tested 
compounds. Each compound was administered daily after 7 days from the tumor cell inoculum. 
Weights were measured at day 1 and daily from day 7. Error bars indicate the standard deviation. 
 

 

Conclusions 
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butanoate, respectively). The high lipophilicity of these ligands have been exploited for 

encapsulation of the corresponding Pt(IV) prodrugs in the hydrophobic core of PLGA-PEG NP 

(kiteplatin itself is too hydrophilic to be entrapped into the hydrophobic core of this kind of 

micelles). The stability of the NPs suspensions (obtained by nanoprecipitation methods) was good 

as evidenced by their measured zeta potential while TEM analysis showed that PLGA-PEG NPs 

loaded with 1 or 2 are characterized by a spherical shape and rather homogeneous size. The drug 
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encapsulation efficiency (EE) was found to be correlated to the different lipophilicity of the four 

Pt(IV) prodrugs. In particular, it was found that, as the chain length of the axial carboxylato ligands 

increases, also the degree of encapsulation of the Pt(IV) complexes increases with ca. two million 

drug molecules loaded per nanoparticle. 

The idea behind this work was that, after degradation of the NPs, the reduction of the Pt(IV) 

prodrug to the corresponding Pt(II) species in the tumor cell would afford the cytotoxic kiteplatin 

payload, possibly with reduced systemic toxicity. The in vivo experiments carried out with NPs 

loaded with 1 or 2 (these complexes are characterized by the highest encapsulation efficiency), 

confirmed that the nanodrugs possess an higher antitumor effect with respect to kiteplatin but, most 

importantly, they show a marked reduced toxicity. This latter issue is one of the most important 

targets in the current research for alternative drugs and/or delivery systems to clinically used 

platinum drugs. 
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Table of Content graphic 

 

PLGA-PEG nanoparticles loaded with Pt(IV) prodrugs of kiteplatin boost the antitumor effect of 

the drug and reduce its toxicity.  
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Table 1. Average Molecular Weights and Polydispersity of PLGA-PEG copolymer. 
 

Mn
a 

kDa ± SD 

Mw
b 

kDa ± SD 

Mp
c 

kDa ± SD 

SEC PDId 

(Mw/Mn) 

25.5 ± 2.2 25.8 ± 1.0 26.0 ± 1.3 1.003 ± 0.002 

 

aNumber average molecular weight (Mn); 
bWeight average molecular weight (Mw); c Molar mass at 

the peak maximum (Mp); 
d Polydispersity index (SEC PDI). 
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Table 2. Physicochemical characteristics of PLGA-PEG NPs. 

 
 

NPs Sizea 

(nm) 
DLS PDIb ZPc 

(mV) 
DL% d 

 
EE%e Ptatoms/NPf 

Unloaded PLGA-PEG 116.6 ± 1.4 0.124 ± 0.001 -40.0 ± 0.9 - - - 

1-PLGA-PEG 144.2 ± 0.9 0.103 ± 0.034 -37.9 ± 0.3 0.161 5.1±1.3 1.91·106 

2-PLGA-PEG 141.5 ± 2.3 0.110 ± 0.007 -36.0 ± 2.0 0.142 5.8±1.6 2.36·106 

3-PLGA-PEG 125.8 ± 0.2 0.105 ± 0.032 -42.0 ± 1.6 0.164 4.2±1.3 1.27·106 

4-PLGA-PEG 137.7 ± 0.1 0.127 ± 0.020 -40.2 ± 1.3 0.157 4.6±1.2 1.61·106 

aAverage hydrodynamic diameter; bDLS PDI = polydispersity index; cZP = zeta potenzial; dDL% = 

Drug Loading (% Pt in loaded nanoparticles); eEE% = encapsulation efficiency (data are shown as 

media ± SD; n=3); fPtatoms/NP = number of Pt atoms contained in a single nanoparticle (Supporting 

Information).  
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Table 3. Log(EE%) values for complexes 1, 2, 3, and 4 and logP values for corresponding 
carboxylic acid. 

 

Complexes Carboxylic acid Carboxylic Acid LogP Log(%EE) 

1 Hexanoic acid 2.01 0.71 

2 Decanoic acid 4.03 0.76 

3 Acetic acid -0.23 0.62 

4 Butanoic acid 1 0.66 
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Table 4. In vivo antitumor activity. 

 

a vehicle (saline solution).  Starting from day 7 after tumor implantation, tested compounds were 
daily administered intraperitoneally (i.p.). At day 15, mice were sacrificed, and tumor growth was 
detected as described in the Experimental Section. All reported values are the means ± SD of no 
less than three measurements. 

 

 

   

 
Daily dose i.p. 

(mg  kg−1) 
Average tumor weight 

(mean ± SD, g) 
Inhibition of tumor 

growth (%) 

Controla - 0.563±0.14 - 

Unloaded PLGA-PEG - 0.560±0.09 0.5 

1-loaded PLGA-PEG 1.7 0.125±0.05 77.8 

2-loaded PLGA-PEG 1.7 0.102±0.04 81.9 

kiteplatin 1.7 0.148±0.08 73.7 

cisplatin  1.7 0.103±0.07 81.7 
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