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Abstract

Spurred by recent progress in medicinal chemistry, numerous lead compounds have sprung up in 

the past few years, although the majority are hindered by hydrophobicity, which greatly challenges 

druggability. In an effort to assess the potential of platinum (Pt) candidates, the nanosizing 

approach to alter the pharmacology of hydrophobic Pt(IV) prodrugs in discovery and development 

settings is described. The construction of a self-assembled nanoparticle (NP) platform, composed 

of amphiphilic lipid-polyethylene glycol (PEG) for effective delivery of Pt(IV) prodrugs capable 

of resisting thiol-mediated detoxification through a glutathione (GSH)-exhausting effect, offers a 
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promising route to synergistically improving safety and efficacy. After a systematic screening, the 

optimized NPs (referred to as P6 NPs) exhibited small particle size (99.3 nm), high Pt loading 

(11.24%), reliable dynamic stability (~7 days), and rapid redox-triggered release (~80% in 3 

days). Subsequent experiments on cells support the emergence of P6 NPs as a highly effective 

means of transporting a lethal dose of cargo across cytomembranes through macropinocytosis. 

Upon reduction by cytoplasmic reductants, particularly GSH, P6 NPs under disintegration released 

sufficient active Pt(II) metabolites, which covalently bound to target DNA and induced significant 

apoptosis. The PEGylation endowed P6 NPs with in vivo longevity and tumor specificity, which 

were essential to successfully inhibiting the growth of cisplatin-sensitive and -resistant xenograft 

tumors, while effectively alleviating toxic side-effects associated with cisplatin. P6 NPs are, 

therefore, promising for overcoming the bottleneck in the development of Pt drugs for 

oncotherapy.

Graphical Abstract
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The huge changes brought about by automated synthesis, combinatorial chemistry, and high-

throughput screening have contributed to the production of a massive number of potent drug 

candidates as well as the introduction of more hydrophobic drugs into the pharmaceutical 

pipeline.1–4 In the discovery setting, it is important to recall that, as far as hydrophobic drugs 
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are concerned, the likelihood of poor absorption or permeation hits occurs according to 

Lipinski’s rule of five.5,6 Unfortunately, the vast majority of drug substances under 

development exhibit poor solubility in water, which seriously hinders their clinical 

translation. Several strategies, such as complexation with cyclodextrins,7 conjugation to 

dendrimers,8 salification of ionizable drugs,9 cosolvency,10 and solubilization11 have 

demonstrated some value in overcoming the obstacle of solubility but have not always 

enhanced therapeutic benefit in drug treatment. This persistent problem is in part attributable 

to the suboptimal performance of the above formulations in parameters such as burst or 

stagnant release, specificity, and body clearance.

Over the past decade, advanced nanoscale system-mediated drug delivery has received 

tremendous attention for the treatment of a myriad of chronic diseases,12–23 most notably 

cancer, owing to the complexity of tumor biology, where untamed cell growth and protein 

transcription contribute to highly disorganized vasculature and congested extravascular 

environments (also known as the enhanced permeation and retention, or EPR, effect).24,25 

With nanoparticle (NP) technology, it may be possible to (1) achieve delivery of poorly 

water-soluble candidates, (2) protect cargos from premature degradation or detoxification, 

(3) control pharmacokinetic and biodistribution profiles, (4) enrich drug delivery in a tissue- 

or cell-specific manner, and (5) improve intracellular penetration.26–29 As a result, a variety 

of NPs have been widely pursued to obtain safer and more-effective therapeutic modalities 

for hydrophobic drugs used in cancer treatment.30–34 Nevertheless, the current progress of 

NPs is still far from acceptable at the clinical due to various limitations. One of the more 

notable problems is that most reported NPs contain a substantial quantity of natural or 

synthetic materials that improve therapeutic performance at the cost of biosafety.

The attempt to devise platinum (Pt) drugs that surpass the antitumor potency of cisplatin has 

produced many candidates that display considerable promise in preclinical models; however, 

only a handful evoke the expected response in the human body.35,36 This failure may be 

associated with poor circulation and tumor nonselectivity as well as deactivation 

mechanisms that are mediated by thiol-containing species, e.g., glutathione (GSH) and 

metallothionein (MT), abundant in the cytoplasm.37,38 The irreversible thiol-induced 

alterations in the chemical structures of Pt candidates, particularly those of Pt(II) substances, 

render them ineffective in tumor therapy (through so-called detoxification).39 The 

aforementioned unfavorable pathways that sacrifice in vivo Pt pharmacology can be 

circumvented by adopting more-mature NP platforms or substituting more-inert Pt(IV) 

prodrugs.35 Recently, we demonstrated the synergistic effect of loading Pt drugs into 

poly(disulfide amide) NPs that, upon entry into cells, scavenged up-regulated GSH to 

reverse cisplatin resistance.40 Herein, the concept of self-assembled Pt(IV) prodrug NPs is 

proposed to address this issue by precisely tuning axial ligands from octahedral structures 

but not altering the pharmacophores that are ultimately released by reduction following 

cellular uptake.41,42

As proof of concept, we developed a series of Pt(IV) prodrugs with tunable hydrophobicity 

and sensitive redox behavior and designed a redox-responsive Pt(IV) prodrug platform that 

self-assembled with lipid-polyethylene glycol (lipid-PEG) to form Pt(IV) NPs. The process 

by which the nanoconstructs, P6 NPs (the optimal formulation after systematic 

Ling et al. Page 3

ACS Nano. Author manuscript; available in PMC 2020 February 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



optimization), function is depicted schematically in Figure 1. P6 NPs with desirable 

physicochemical properties were endocytosed through macropinocytosis with high 

efficiency. After that, the consumption of GSH resulted in the disassembly of NP structures 

and the untying of Pt centers tethered by superhydrophobic ligands, inducing significant 

mitochondrial control of apoptosis. This result could be attributed to the fact that the GSH-

exhausting effect decreased the likelihood of thiol-mediated detoxification while 

simultaneously restoring the Pt sensitivity of tumor cells. PEG-functionalization 

methodology imparted P6 NPs with the ability to control their pharmacokinetics and 

biodistribution, which was verified by in vivo longer blood circulation and higher tumor 

accumulation. As a result, the PEGylated Pt(IV) 6 delivery platform achieved minimal off-

target side-effects and full pharmacological outcomes, even inducing the reversal of cisplatin 

resistance.

RESULTS AND DISCUSSION

Self-Assembly and Characterization of P6 NPs

Pt(IV) prodrugs were prepared by oxidation of square-planar cisplatin, followed by the 

addition of hydrophobic ligands to the intermediates (Figure S1 and Table S1).41,43,44 The 

detailed synthesis and exhaustive characterization of those analogous octahedral prodrugs, 

namely cis,cis,trans-[Pt(NH3)2Cl2(OOC-(CH2)nCH3)2] (where n is 0, 2, 4, 6, 8, 10, 12, or 

14), are presented in the Supporting Information (Figures S2–S9). The 1H nuclear magnetic 

resonance (NMR) spectra of Pt(IV) 1–8 all contained a typical resonance at approximately 

7.00 ppm, consistent with protons on ammine ligands bound to a Pt(IV) center. For Pt(IV) 

1–3, each addition of 2 methylene units to the carboxylate chain produced a well-resolved 

resonance in the aliphatic region that displayed the expected 1H–1H coupling pattern. As 

additional methylene linkers were added from Pt(IV) 3 to Pt(IV) 8, the overall intensity of 

the CH2 signal at approximately 1.40 ppm consistently increased. 13C NMR spectra all 

displayed resolved peaks for the expected number of carbon atoms despite nearly 

overlapping signals in some of the longer chains. Pt(IV) 1–5 have been described in 

investigations aimed at evaluating the effect of lipophilicity on biological activity through 

various quantitative structure–activity relationship (QSAR) approaches.45,46 It was found 

that the best QSAR model for the cytotoxicity of Pt(IV) prodrugs always contained a 

lipophilic descriptor, suggesting that the number of CH2 groups in the carboxylate chain 

increased lipophilicity as well as cytotoxicity. Pt(IV) 6–8, however, were rarely reported, 

mainly owing to their superhydrophobicity. For example, Pt(IV) 5 with decanoate ligands 

was readily soluble in the DMSO at concentrations up to 50 mg/mL at 25 °C, while for 

Pt(IV) 8, which had hexadecanoate ligands, a precipitate rapidly formed as the warm DMSO 

of equivalent concentration was cooled to room temperature.

Because Pt(IV) 1 –8 serve as prodrugs of cisplatin, reduction potentials are key 

pharmacological parameters to estimate their activities.47 Pt(IV) prodrugs with fairly high 

reduction potential do achieve fast reduction, followed by a series of severe side-effects, 

whereas prodrugs with relatively low reduction potential are not reduced quickly enough, 

even in tumors, and are excreted intact in significant amounts.48 Pt(IV) 1–8 prodrugs were 

investigated by cyclic voltammetry in dimethylformamide (DMF)/phosphate-buffered serum 
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(PBS) solution at different pH values using KCl as the supporting electrolyte (Figures S10–

S17). Electrochemical studies revealed the expected irreversible reduction maxima in cyclic 

voltammograms, corresponding to the loss of axial ligands, which resulted in a change of 

coordination geometry from octahedron to square-planar. Furthermore, reduction potentials 

of all Pt(IV) prodrugs were very similar, indicating that the increase in chain length did not 

significantly influence the electron density in Pt(IV) centers, identified with density 

functional theory calculations.46 However, as compared with reduction potentials 

extrapolated to 0 mV/s at pH 7.4, there were slightly positive shifts for all prodrugs at pH 

6.0. For instance, the reduction potential of Pt(IV) 6 occurred −0.6183 V at pH 7.4 but 

−0.5581 V at pH 6.0. The more-facile reduction reflected the protonation of axial ligands, 

which dissociated upon the reduction of Pt atoms. This property might significantly affect 

the activity of Pt(IV) prodrugs in the low-pH environment of many solid tumors and inside 

endosomes.49,50

Self-assembled Pt(IV) NPs (designated as P1–8 NPs) were prepared by nanoprecipitation of 

the above Pt(IV) prodrugs with lipid-polyethylene glycol (PEG), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-3000] (ammonium salt) 

(denoted as DP 3000). Studies of the precise effect that varying the length of methylene 

linkers in Pt(IV) prodrugs had on the particle size and Pt loading identified Pt(IV) 6 as an 

ideal candidate for NP formulation (Table S2). When the carboxylate chain increased from 

ethyl to hexadecyl, the particle size of the corresponding NPs systematically increased from 

45.6 to 158.7 nm, as well as Pt loading from 0.50% to 12.67%. The increased lipophilicity 

was beneficial for the self-assembly process of Pt(IV) prodrugs and the formation of 

hydrophobic NP cores during nanoprecipitation. Axial ligands with longer methylene 

spacers might also finely tune the ζ potential from electropositivity to electronegativity, due 

to the increasing density of the exterior PEG. Ultimately, P6 NPs were chosen for further 

evaluation owing to their small particle size (99.3 nm) and high Pt loading (11.24%) 

capacity (Figure 2a). Moreover, P6 NPs were proven colloidally stable in PBS over the 

course of 1 week (Figures 2b and S18).

TEM was utilized to monitor disintegration of NPs in response to dithiothreitol (DTT) 

(Figure 2c,d). Unlike PBS, the incubation of P6 NPs with 10 mM DTT for 24 h contributed 

to the rapid degradation of spherical NPs into irregularly shaped debris, suggesting the 

redox-reactive disruption of nanostructures. Platinum released from NPs under 0, 1, or 10 

mM DTT buffered with phosphate was measured by inductively coupled mass spectrometry 

(ICP-MS; Figure S19). A total of ~70% of the payload was liberated over the course of 48 h 

incubation of P6 NPs with 10 mM DTT. Meanwhile, ~30% was released following 

incubation in PBS containing 1 mM DTT and less than 15% was released in PBS alone, 

further supporting the redox-promoted discharge of payloads from P6 NPs.

Cytotoxicity of P6 NPs via Macropinocytosis and Redox-Triggered Disassembly

The extent of internalization was evaluated by treating A2780 and A2780cis cells with 50 or 

100 μM cisplatin, P6 NPs, or Pt(IV) 6 solution (denoted P6 Soln) for 4 or 18 h (Figure 3a–

d). ICP-MS and BCA protein assay confirmed that P6 NPs entered cells in both time- and 

concentration-dependent manners. Notably, P6 NPs were taken up by tumor cells much 
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more effectively than cisplatin and P6 Soln. In addition, the cellular uptake of cisplatin by 

A2780cis cells sharply decreased in comparison to A2780 cells, whereas at least a 3-fold 

increase of P6 NPs could be achieved under the same conditions. Subsequently, to 

investigate the mechanism by which NPs were internalized, A2780 and A2780cis cells were 

co-incubated with various endocytic markers labeled with Alexa-Fluor@ 488 and P6 NPs 

using Dil as a fluorescent probe. P6 NPs co-localized with dextran, a fluid-phase marker 

known to enter cells via macropinocytosis but not with cholera toxin subunit B or 

transferrin, markers of caveolae- or clathrin-mediated endocytosis,51,52 as shown in Figures 

4a and S20a. Moreover, one of the hallmarks of such intracellular trafficking was membrane 

ruffling and actin rearrangement, which was observed in A2780 and A2780cis cells within 

15 min of NP application (Figures 4b and S20b).53 The effects of the macropinocytosis 

inhibitor, 5-N-ethyl-N-isoproamiloride (EIPA), and the actin polymerization inhibitor, 

cytochalasin D, on NP uptake were tested to further validate our findings.52 As shown in 

Figure 3e,f, both of the inhibitors dose-dependently lowered NP trafficking, indicating that 

the majority of P6 NPs likely entered tumor cells through macropinocytosis.

Intracellular disintegration of P6 NPs was then explored by Förster resonance energy 

transfer (FRET), a mechanism describing molecular distance-dependent energy transfer 

between a donor chromophore (Coumarin 6) and an acceptor chromophore (Nile red).54 

Because the FRET pair is in the range of 1–10 nm, upon photoexcitation of Coumarin 6 at 

410 nm, green fluorescence is induced (520 nm) and part of the emission is transferred to 

Nile red, resulting in red fluorescence (590 nm). However, complete separation of the 

chromophore pair severely attenuates the FRET effect, restoring green fluorescence and 

extinguishing red. In cisplatin-sensitive cells incubated with Coumarin 6 and Nile red-P6 
NPs for 4 h, the chromophore pair undergoing efficient FRET gave off intense dual 

fluorescent signals, whereas in cisplatin-resistant cells, the FRET image was much weaker 

(Figure 5a). This difference might be attributed to up-regulated levels of thiol-containing 

species in A2780cis cells, which promoted the more-rapid separation of Coumarin 6 and 

Nile red. As the incubation time was prolonged to 18 h, only green fluorescence was 

captured in both cell lines, suggesting complete disassembly of the nanostructures. 

Nevertheless, once cells were pretreated with N-ethylmaleimide (NEM), a molecule 

inhibitor of GSH, persistent FRET could be easily observed, further demonstrating the 

interaction of intracellular thiol-containing species with the decomposition of NPs.55

Following uptake, Pt(IV) prodrugs are recovered to Pt(II) ions in the presence of abundant 

reductants in cellular milieu (namely, GSH, MT, and ascorbate). In the meantime, the 

competitively covalent binding between GSH and Pt(II) centers plays a crucial role in 

cellular detoxification for Pt chemotherapeutics. These GSH-consuming behaviors 

contribute to sequential transcription of γ-glutamylcysteine synthetase and γ-glutamyl 

transpeptidase, up-regulating GSH.37 Thus, intracellular reduced (GSH) and oxidized 

(GSSG) glutathione were assessed to investigate reduction of P6 NPs (Figure 5b–e). The 

significant increase in GSH percent was observed for both A2780 and A2780cis cells 

exposed to cisplatin, which was believed to be a consequence of restored GSH biosynthesis 

in response to GSH consumption during detoxification. Importantly, the increase in GSH 

percentage for A2780cis cells (from 3.76% to 10.92%) was more significant, while a slight 
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increase (from 1.54% to 1.71%) was recorded for A2780 cells, demonstrating the much-

more-sensitive GSH biosynthesis of cisplatin-resistant cells. Conversely, P6 NPs restrained 

the growth of GSH by greedily consuming intracellular GSH (from 1.56% to 0.48% for 

A2780 cells and from 3.80% to 1.23% for A2780cis cells). Additionally, unlike cisplatin’s 

limited effect on GSSG level (from 15.24% to 16.00% for A2780 cells and from 38.69% to 

38.40% for A2780cis cells), the redox reaction induced by Pt(IV) prodrugs and GSH 

accounted for the formation of GSSG, accompanying its dramatically increased level (from 

15.62% to 16.74% for A2780 cells and from 38.15% to 46.85% for A2780cis cells). Similar 

trends were evident for P6 Soln, albeit more moderate than P6 NPs, owing to lower uptake. 

In addition, intracellular GSH in cisplatin-resistant cells was twice as high as that in 

cisplatin-sensitive cells, which was identical with our postulation in FRET study and those 

reported previously.56

Subsequently, intracellular fate of Pt(II) metabolites after reduction was investigated. Figure 

S21 shows a snapshot of Pt distribution in each subcellular fraction of A2780 and A2780cis 

cells after treatment with Pt chemotherapeutics. Pt distribution of A2780cis cells treated 

with P6 NPs was observably higher than A2780 cells, while the opposite conclusion was 

drawn for cells undergoing cisplatin treatment, which was in good agreement with cellular 

uptake work. In addition, it was not surprising that cytoplasmic fractions were shown to have 

the largest Pt contents, accounting for more than 70% of the total Pt incorporated into tumor 

cells. This revealed that, despite the lipophilic character of Pt(IV) 6, it did not become 

trapped in the lipid bilayer.

The nuclear fractions are of special interest because they contain DNA, the ultimate target of 

Pt drugs. Compared with cells treated with cisplatin and P6 Soln, a larger proportion of Pt 

released from P6 NPs accumulated in the nucleus, indicative of more Pt-DNA adduct 

generation. This observation was further demonstrated by assessing the ability of cisplatin, 

P6 NPs, or P6 Soln to platinate nuclear DNA (Figure S22). The extent of DNA platination 

was determined to be 0.31 ng/mg for cisplatin, 7.32 ng/mg for P6 NPs, and 0.80 ng/mg for 

P6 Soln in the case of A2780 cells versus 0.22 ng/mg for cisplatin, 10.58 ng/mg for P6 NPs, 

and 1.18 ng/mg for P6 Soln in the case of A2780cis cells. For cells treated with NPs, the 

sharply increased amounts in Pt-DNA adduct might be driven by the Pt concentration 

gradient between the cytoplasm and nucleus and the avoidance of GSH-mediated 

detoxification.

Next, cytotoxicity in multiple cell lines, i.e., A2780, A2780cis, PC-3, MCF7, HCT116, 

A549, and H460 was extensively examined and their IC50 were calculated from the dose 

dependence of surviving cells after exposure to cisplatin, P6 NPs, or P6 Soln for 48 or 72 h 

(Figure 6a,b). Unlike cisplatin, which displayed limited toxicity against the cell lines 

evaluated (except A2780 and PC-3 cells), P6 NPs displayed the lowest IC50 values across 

the cells investigated. The significant increase in cytotoxicity of P6 NPs was mirrored by the 

dramatic increase in cellular uptake, suggesting that enhanced anti-proliferation could be 

attributed in large part to increased uptake. As expected, P6 Soln had modest potency in 

killing those cancer cells, with IC50 values lower than P6 NPs but higher than cisplatin. In 
vitro anticancer activity was also assessed by a live/dead cell assay (Figure S23). Live cells 

are distinguished by the presence of esterase activity, determined by intracellular enzymatic 
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conversion of the non-fluorescent cell-permeant calcein AM to green-fluorescent calcein. 

Ethidium homodimer-1 enters dead cells with compromised membranes and undergoes an 

enhancement of red fluorescence upon binding to nucleic acids. A2780 and A2780cis cells 

treated with P6 NPs (the most potent member) for 24 h were mostly dead, while those that 

underwent cisplatin treatment had mostly survived. The observation in live/dead cell 

viability agrees with cytotoxicity data.

Using a dual-staining Annexin V/PI flow cytometry assay, apoptosis was studied in A2780 

and A2780cis cells exposed to cisplatin, P6 NPs, or P6 Soln for 24 h (Figure 6c,d). Although 

both cells displayed dose-dependent apoptosis, a more-efficient Pt-induced apoptosis was 

found in A2780 cells, even at a low concentration of 1 μM. Consistently, P6 NPs promoted 

the largest population of A2780 and A2780cis cells to undergo early- and late-stage 

apoptosis. This result agrees well with the findings from our cytotoxicity experiment and 

may also be the result of the drastic difference in cellular uptake. Normally, apoptotic cells 

exhibit morphological changes with chromatin condensation and nuclear fragmentation, all 

of which can be identified by Hoechst staining. As shown in Figure S24, nuclei with 

homogeneous fluorescence were found in PBS- and DP 3000-treated A2780 and A2780cis 

cells; P6 NPs caused the most-severe fragmentation of nuclei, which had segmented into 

dense nuclear parts and been distributed into apoptotic bodies. Fluorescent images showed 

characteristic apoptotic changes following treatment of cells with P6 Soln but were much 

more moderate than those produced by P6 NPs.

Pharmacokinetics and Biodistribution

Although the number of exciting in vitro results is encouraging, in vivo application of the 

PEGylated Pt(IV) 6 delivery platform remained to be investigated. Therefore, 

pharmacokinetics was tested first; plots of Pt concentrations as a function of time are 

presented in Figure 7a. Cisplatin was eliminated from the blood circulation rapidly, whereas 

lipid-PEG or Tween 80 formulated Pt(IV) 6 produced much more stable and mild decline 

curves, suggesting the longer retention of superhydrophobic Pt (IV) prodrugs. Both a non-

compartment model and a two-compartment model were used to study pharmacokinetic 

behaviors (Table S3). Non-compartmental methods estimate the exposure to a drug by 

integrating the area under the curve of a concentration—time graph and thus produce 

accurate results for bioequivalence evaluation. AUC0→inf and AUMC0→inf of P6 NPs and 

P6 Soln were all much higher than those of cisplatin, revealing enhanced bioavailability. CL 

of P6 NPs and P6 Soln decreased by ~70% versus cisplatin, confirming a significant 

retardation in clearance. The volume of distribution at steady state (Vss) of P6 NPs was 

about 1.8 times higher than that of P6 Soln, indicating greater tissue distribution. The Vss of 

cisplatin showed an anomalous increase to 0.79 L/kg, almost the same as P6 NPs. It might 

be speculated that fluid and blood retention caused by cisplatin-induced renal failure and 

cisplatin-plasmatic protein binding were the leading causes. MRT0→inf of P6 NPs and P6 
Soln were remarkably extended compared to cisplatin, i.e., 4.3- and 2.2-fold, respectively, 

suggesting prolonged blood circulation. Classical compartmental methods use kinetic 

models to describe the concentration—time curve, and thus, they are based on a 

consideration of an organism as a number of related compartments. P6 NPs with mild 

distribution and elimination phases decreased A, α, B, and β. Rate constants (k10, k12, and 
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k21) declined as well. Conversely, t1/2α and t1/2β both being more than two times larger than 

those of P6 NPs and P6 Soln greatly prolonged Pt’s presence in blood.

Next, A2780cis tumor-bearing athymic nude mice were given a single dose of cisplatin, P6 
NPs, or P6 Soln to investigate Pt biodistribution (Figure 7b–d). After the intravenous 

injection of cisplatin, the liver showed the highest Pt concentration, with the kidney, plasma, 

spleen, tumor, lung, and heart following, suggesting severe hepatic and renal toxicity. 

Nevertheless, both P6 NPs and P6 Soln showed much lower Pt levels in the liver and kidney, 

the primary target organs of cisplatin, while Pt amounts in the mononuclear phagocyte 

system (MPS), i.e., the spleen and lung, were slightly enriched, especially in the case of P6 
Soln. Unlike cisplatin and P6 Soln, Pt(IV) prodrugs encapsulated in NPs were released 

gradually over time, exposing the organs to a low-dose drug environment, whereas maximal 

Pt concentration was found in the tumor. This characteristic of P6 NPs could help avoid high 

peak drug levels and their severe toxicological effects on the organs, while maintaining 

strong pharmacological responses to tumors. Figure 7c also shows that over the course of 48 

h following administration of P6 NPs, the second largest proportion of Pt is in the plasma, a 

favorable indication for the probability to promote more circulating Pt into target sites via 
the EPR effect. Prolonged drug residence in blood is a prerequisite for the realization of a 

nanostrategy for controlled systemic delivery of cisplatin in the form of a prodrug for cancer 

treatment.

To systemically validate biodistribution of the PEGylated Pt(IV) 6 delivery platform, near-

infrared (NIR) imaging was employed to investigate trends of fluorescent signals from 

hydrosoluble (Cy5.5) or liposoluble (DID) probes in single or multiple tumor-bearing 

athymic nude mice (Figures 8, S25, and S26). After the intravenous injection of PBS to 

A2780cis tumor-bearing athymic nude mice, no fluorescence or a weak signal from 

background noise was captured during different time frames. Compared with free Cy5.5 and 

DID, both Cy5.5- or DID-P6 NPs exhibited completely different distribution behaviors, 

accumulating in tumors gradually. It appeared that the specific tumor enrichment of 

fluorescent signals from NPs was independent of dye species. Moreover, unlike DID, which 

was widely distributed throughout the bodies of multiple tumor-bearing athymic nude mice, 

DID-P6 NPs preferentially accumulated in A2780 (X), A2780cis (Y), and H460 (Z) 

xenograft tumors at the same time. Thus, it was concluded that tumor types may have a 

limited effect on the NPs’ ability to preferentially accumulate within tumor tissue. Ex vivo 
images showed that mice dosed with hydrosoluble Cy5.5 had probes mainly in the kidney 

(their point of excretion), then the lung, liver, tumor, spleen, plasma, and heart. However, 

liposoluble DID, which was metabolized by the liver, reduced probes in most tissues but had 

slightly improved content in the plasma. In contrast, in A2780cis tumor-bearing athymic 

nude mice treated with Cy5.5- or DID-loaded NPs, more signals were detected in the tumor 

and plasma, demonstrating good tumor accumulation of P6 NPs through the blood 

circulation and EPR effect. Besides, the plasma, organs, and tumors collected from multiple 

tumor-bearing athymic nude mice exhibited a fluorescence distribution pattern similar to 

those found in single tumor-bearing athymic nude mice. Additionally, these results 

correlated well with the good long circulation confirmed by pharmacokinetics.
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Subsequently, the organs and tumors with immunofluorescence staining were utilized to 

validate in vivo disintegration of NPs. As displayed in Figure S27, P6 NPs effectively 

reduced probe distribution to off-target organs and primarily bypassed the MPS, resulting in 

much lower accumulation in the liver, spleen, and lung compared with free probes, 

suggesting a much milder side-effect profile. Meanwhile, at tumor sites, NPs readily 

extravasated microvessels, permeated the parenchyma, and disassembled inside cells, 

ultimately leaving red fluorescence across the entire microscopic field, indicating the 

potential for superior therapeutic performance.

Pharmacodynamics and Reversal Mechanism of Cisplatin Resistance

Next, antitumor evaluation and survival analysis were carried out using both A2780 and 

A2780cis xenograft models. After tumors had grown to ~100 mm3, animals were randomly 

assigned and injected once weekly with the following regimen: (I) PBS (control), (II) 

cisplatin at 4 mg Pt/kg, (III) P6 NPs at 4 mg Pt/kg, (IV) P6 Soln at 4 mg Pt/kg, or (v) DP 

3000 (equal in weight to that of P6 NPs).

During in vivo antitumor evaluation, tumor volume and body weight were monitored at two-

day intervals for 4 weeks (Figures 9a, 10a, and S28). The results showed that tumors in mice 

with subcutaneous A2780 cells initially grew fairly slowly, followed by exponential growth. 

Tumors in mice after the implantation of A2780cis cells, however, underwent unchecked 

growth throughout the observation period. Specifically, tumor volumes of PBS- and DP 

3000-dosed groups increased sharply with time in both A2780 and A2780cis tumor-bearing 

athymic nude mice. Tumor growth during cisplatin treatment was well controlled in A2870 

xenograft model but was largely unaffected in A2780cis xenograft model, confirming that 

cisplatin was unable to alter the natural progression of drug-resistant oophoroma. In 

comparison, all mice receiving P6 NPs developed tumors with average volumes no more 

than 250 mm3, suggesting that these tumors, including those developed in cisplatin-resistant 

cell lines, all grew at a decelerated rate. P6 Soln achieved similar biological responses but 

was less efficacious than the NP formulation. These results were further confirmed by full 

tumor images (Figures 9b and 10b). The tumor inhibition rates (TIRs) of Pt 

chemotherapeutics are listed in Table S4. Upon the termination of the regimen, for A2780 

xenograft model, the TIR of 84.71% for cisplatin was comparable to 85.99% for NPs, 

slightly larger than 71.28% for P6 Soln. For the A2780cis xenograft model, however, the 

TIR for cisplatin declined drastically to 12.65% and was nearly the same as that of DP 3000 

(9.42%), indicating that they were equally ineffective in cisplatin-resistant cancer therapy. In 

contrast, TIRs for P6 NPs (88.69%) and P6 Soln (72.82%) were well-maintained in 

xenograft tumors that were tolerant to their parent drugs. In addition, cisplatin-induced 

weight loss was observed at the dose studied for mice treated with P6 Soln, whereas those 

treated with P6 NPs under the same conditions had minimal changes in weight, implying a 

good prognosis for cancer therapy.

During in vivo survival analysis, deaths and physical performance were monitored during 

mimic cyclic chemotherapeutic dosing; time to natural death or euthanization was analyzed 

using Kaplan—Meier estimates. Of the mice subcutaneously challenged with A2780 cells, 

the median survival for PBS and DP 3000 treatment was 42 and 44 days, and administration 
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of cisplatin and P6 Soln slightly increased this time to 50 and 54 days, respectively (Figure 

S29a). In stark contrast, P6 NPs maximally suppressed proliferation of A2780 xenograft 

tumors for up to 63 days, a significant improvement over both free parent drugs and 

prodrugs. Moreover, to determine whether the tumoricidal activity of P6 NPs could be 

demonstrated in a cisplatin-resistant xenograft model, the same process was conducted in 

A2780cis tumor-bearing athymic nude mice. As shown in Figure S29b, mice treated with 

PBS and DP 3000 all died from tumor burden between days 24 and 34 after the first 

injection (mean survival of 30 days in control mice and 32 days in mice receiving DP 3000). 

Importantly, mice receiving NP therapy benefitted greatly in terms of survival, with 80% still 

alive at the end of the experiment. Conversely, the cisplatin group hit 0% around day 30 

(mean survival of 28 days), while P6 Soln-dosed mice survived longer but were all dead by 

day 63 (mean survival of 52 days). This suggests that the degree of growth inhibition 

observed with cisplatin is not adequate to have an impact on Pt-resistant tumors, whereas P6 
NPs remain effective in both cases.

To elucidate the contribution of P6 NPs to tumor killing, a follow-up study aiming to 

uncover apoptotic pathways was performed in which Pt chemotherapeutics were 

intravenously administered for four doses. The comparative molecule expression (p53, 

Caspase 3, PARP, and cleaved PARP) in A2780 and A2780cis xenograft tumors was 

detected by Western blot. Cisplatin is known to exert its antitumor effect by disrupting DNA 

structure in nuclei through the formation of intra- and interstrand cross-links. Once activated 

in response to DNA damage induced by Pt-DNA adducts, the reinforced p53 destabilizes the 

Bcl-2 family balance between pro-apoptotic and antiapoptotic regulators.57 The 

imprisonment of antiapoptotic molecules and freeing of pro-apoptotic members go on to 

signal apoptosis to mitochondria. Following mitochondrial dysfunction, the apoptotic 

executor Caspase 3 is activated and thus promotes PARP cleavage-mediated cellular 

decomposition, ultimately leading to cell lysis and necrosis.58 As verified by blots and their 

quantification in Figures 9c, 10c, and S30, P6 NPs elicited the greatest p53 expression in 

both A2780 and A2780cis xenograft tumors. Thus, the caspase cascade was activated, in line 

with expectations. The dramatically upregulated caspase 3 started to catalyze the cleavage of 

PARP, yielding a minimal amount of intact PARP and a large fraction of cleaved PARP, 

supporting the proposed mitochondrial control of apoptosis. A similar trend was observed in 

tumors from mice treated with P6 Soln but a less-efficient effect than that elicited by NPs. In 

particular, cisplatin had an unsatisfactory pharmacological profile because although it 

successfully completed the mitochondrial signaling pathway in cisplatin-sensitive tumors, it 

was thoroughly blocked from initiating apoptosis in cisplatin-resistant tumors.

Current studies of cisplatin resistance demonstrate that tolerance is mediated through two 

broad mechanisms: an insufficient amount of Pt being able to reach DNA and a failure to 

achieve cell death after Pt-DNA adduct formation.39 As delineated earlier, the PEGylated 

Pt(IV) 6 delivery platform with longer blood circulation achieved higher tumor 

accumulation via the EPR effect. Following high efficiency uptake, up-regulated GSH in 

A2780cis cells promoted the rapid disintegration of P6 NPs and reduction of Pt(IV) 

prodrugs, leading to decreased GSH levels. This GSH-exhausting process was expected to 

minimize GSH-induced detoxification, providing an adequate source of Pt, increasing the 
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likelihood of covalent binding between surviving Pt(II) ions and DNA bases in nuclei. 

Further, whether the other mechanism attributable to cisplatin resistance could be interfered 

with by P6 NPs was tested (Figures S31 and 32). After Pt-DNA adduct formation, cell death 

failed because of enhanced translesion DNA synthesis, aberrant apoptotic signals, or up-

regulated nucleotide excision repair (NER).39 It is reported that DNA polymerases β and η 
are particularly important for bypassing Pt-DNA adducts and allowing translesion synthesis, 

thereby maintaining tumor proliferation. As a scaffold to recruit these polymerases involved 

in DNA replication,59,60 PCNA expression was investigated. Compared to free cisplatin and 

P6 Soln, administration of P6 NPs markedly reduced the percentage of proliferating PCNA-

positive cells, revealing superior efficiency in inhibiting translesion synthesis of both tumor 

types. Moreover, drug resistance to cisplatin and other chemotherapeutics usually occurs via 
the loss of apoptotic signaling pathways mediated by various proteins such as p53, Bcl-2 

family members, c-Jun N-terminal kinase (JNK), etc.61 As previously illustrated, once inside 

the nuclei, preferentially covalent binding between aqua cisplatin and N7 atoms contributes 

to intra- and interstrand cross-links on DNA. Being induced by this DNA damage, p53 

promotes the transcription of pro-apoptotic BAX to neutralize antiapoptotic Bcl-2 on the 

mitochondrial membrane, which leads to mitochondria-controlled apoptosis. The most 

obvious upregulation of p53 in A2780 and A2780cis xenograft models after NP treatment 

has been demonstrated by Western blot analysis. P6 NPs here greatly increased BAX and 

decreased Bcl-2, reflecting the activation of apoptotic signals. Generally, cisplatin-resistant 

cells have been shown to increase DNA repair capacity in comparison to sensitive 

counterparts. The protein XPA appears to play a key role in NER at sites of damage as a 

scaffold for the repair protein ERCC1, to ensure that cisplatin lesions are appropriately 

removed from DNA.62,63 The evaluation of both A2780 and A2780cis tumors harvested 

from mice dosed with P6 NPs indicated the lowest ERCC1 and XPA levels, consistent with 

successful inhibition of tumor growth. Additionally, with particular attention focused 

through TUNEL assay, P6 NPs were proven to induce the most-extensive DNA 

fragmentation among all regimen, regardless of whether in A2780 or A2780cis tumors, 

confirming that NP treatment led to significant growth arrest and apoptosis in vivo.

Biosafety Evaluation

In spite of cisplatin’s ubiquitous application in oncology, numerous side effects have also 

been identified since its promising clinical trials. To investigate systemic toxicity, 

histopathology of organs and tumors collected from A2780 and A2780cis tumor-bearing 

athymic nude mice undergoing successive chemotherapy was performed with hematoxylin 

and eosin (H&E) staining (Figures S33 and 34). Pathological examination yielded no 

evidence of any obvious changes in organs tested from mice injected with PBS, P6 NPs, or 

DP 3000. In comparison, mice after cisplatin treatment presented important organ damage, 

such as liver injury with hyperemia, swelling, and vacuolar degeneration; incomplete spleen 

structure with diminished and shrunken white pulp; and collapsed alveoli with slight 

hemorrhage.64 The most serious symptoms induced by cisplatin were hyperemia, edema, 

and inflammatory infiltration of the kidney, accompanied by hydropic or ballooning 

degeneration of proximal tubular epithelial cells, cytoplasmic relaxation, and exudates from 

glomerular capsules, supporting its severe nephrotoxicity. Similar lesions were occasionally 

observed in organs harvested from mice dosed with P6 Soln. The antitumor effect of 
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successive chemotherapy was also evaluated via pathological investigation of tumors. Upon 

the termination of the regimen, tumors harvested from PBS and DP 3000 groups displayed 

spherical or spindle cells with larger nuclei and abundant chromatin and karyosomes, signs 

of extensive proliferation. Notably, tumors exposed to P6 NPs displayed fragmented or 

shrunken cells, destruction of organelles, chromatin condensation, and pyknotic nuclei 

undergoing karyolysis or karyorrhexis, indicative of tumor necrosis.64 A2780 xenograft 

tumors treated with cisplatin presented similar necrosis, whereas vigorous proliferation was 

found in A2780 xenograft tumors, supporting the better curative effect of NPs over current 

cisplatin treatment. Necrosis elicited by P6 Soln in both tumor types was typically less 

severe than that produced by P6 NPs.

During the clinical progression of cisplatin, major side-effects stem from its cumulative and 

dose-dependent hepatotoxicity and nephrotoxicity.65 Thus, the blood biochemistry of ALT, 

AST, ALP, BUN, and Cre in plasma taken from A2780 and A2780cis tumor-bearing 

athymic nude mice was measured 24 h after the last injection (Figures S35 and 36). 

Cisplatin, owing to its harsh renal side-effects, significantly increased levels of BUN and 

Cre. Meanwhile, as a cytotoxic chemotherapeutic, multidose cisplatin led to the up-

regulation of ALT, AST, and ALP, highlighting serious hepatotoxicity. Similarly, up-

regulated levels of all the above indices were found in both xenograft models following 

repeated administration of P6 Soln. P6 NPs given at the same doses, conversely, had a 

negligible effect on all tested biomarkers compared with PBS or DP 3000, suggesting 

substantially less nephrotoxicity and hepatotoxicity. These results serve to reinforce the 

pathology work done in vivo, which described the role of multidose Pt drugs in regulating 

systemic toxicity.

As stated above, one of most serious complications of cisplatin regimen is acute renal failure 

(ARF), which has been increasingly appreciated with the involvement of IL-1β, IL-18, IL-6, 

and TNF-α.66 These cytokine levels in the kidney of healthy BALB/c mice were found 24 or 

72 h after a single bolus injection of PBS, cisplatin, P6 NPs, P6 Soln, or DP 3000. As 

indicated in Figures S37 and 38, the up-regulation of renal IL-1β, IL-18, IL-6, and TNF-α 
following cisplatin treatment supported its notably injurious role in ARF. Treatment with P6 
Soln after 24 h produced significant differences only in the concentration of IL-18, whereas 

mice undergoing P6 Soln after 72 h showed dramatic increases in all cytokines. However, 

IL-1β, IL-18, IL-6, and TNF-α in kidney homogenates from NP group were always within 

normal range, indicating that P6 NPs successfully mitigated the nephritic toxicity of Pt-

based chemotherapy at the recommended dosage.

Subsequently, hemocompatibility was examined by incubation erythrocytes with cisplatin, 

P6 NPs, P6 Soln, DP 3000, and Tween 80 at gradient concentrations (Figure S39). Results 

indicated that free cisplatin, P6 NPs, and DP 3000 exhibited minimal hemolysis (<8%) 

across all tested concentrations, unlike Tween 80 controls (a commercial excipient intended 

for injectable use), suggesting that P6 NPs had better hemocompatibility. P6 Soln, which 

had the same excipient in an equal amount, displayed concentration-dependent hemolysis 

behavior similar to Tween 80.
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CONCLUSIONS

A library of Pt(IV) prodrugs having various hydrophobic carboxylates and similar reduction 

potentials was prepared and formulated with amphiphilic lipid-PEG to obtain Pt(IV) NPs. 

Following systematic screening, the self-assembled P6 NPs with small particle size, high Pt 

loading, and reliable dynamic stability were subjected to in vitro and in vivo evaluation. 

Compared to free cisplatin with its short half-life and poor tumor selectivity (which was 

readily inactivated by cytoplasmic thiol-containing species, particularly GSH, at tumor 

sites), P6 NPs achieved longer blood circulation, leading to higher tumor accumulation 

through the EPR effect. Following cellular uptake through macropinocytosis, high levels of 

intracellular GSH promoted rapid disintegration of NPs and reduction of Pt(IV) prodrugs. 

As expected, this GSH-exhausting process was beneficial in minimizing thiol-mediated 

detoxification of recuperative Pt drugs, contributing to more-extensive covalent binding 

between Pt(II) ions and purine bases, ultimately allowing mitochondrial control of apoptosis. 

The nanostrategy of largely exhausting cytosolic GSH served a dual purpose: both fulfilling 

the conversion of parent drugs and protecting the cargos from detoxification, finally 

reactivating the pharmacology of Pt(IV) prodrugs. Therefore, these prepared P6 NPs can be 

used as promising and effective platforms for cancer therapy.

EXPERIMENTAL SECTION

Preparation of Pt(IV) NPs

The self-assembled Pt(IV) nanoparticles (NPs) coated with lipid-PEG in PBS were prepared 

as follows: 4.5 mg of Pt(IV) 6 and 10.5 mg of DP 3000 were dissolved in 0.3 mL of DMSO 

to form a homogeneous solution. Under vigorous stirring, the mixture was slowly added to 

5.7 mL of water. The remaining free molecules and organic solvent were removed by 

washing with PBS (3 × 5.0 mL) using an Amicon Ultra-15 centrifugal filter (MWCO 100 

kDa, Millipore). The retained P6 NPs were dispersed in 1.0 mL of PBS for further use. Dil-

P6 NPs, Coumarin 6, and Nile red-P6 NPs, Cy5.5-P6 NPs, or DID-P6 NPs were prepared by 

mixing predetermined amounts of Pt(IV) 6, DP 3000, and dye (3 w/w% Dil, 0.1 w/w% 

Coumarin 6, and 1 w/w% Nile red, 3 w/w% Cy5.5, SE, or 3 w/w% DID) in DMSO, then 

following the nanoprecipitation procedure described above. P6 Soln was obtained by 

dissolving 2.0 mg of Pt(IV) 6 and 0.2 mL of Tween 80 in 0.4 mL of alcohol.

Endocytic Pathway

A2780 and A2780cis cells were seeded in 35 mm sterile glass bottom culture dishes (20 000 

cells per dish) and incubated with 1 mL of RPMI-1640 medium containing 10% fetal bovine 

serum (FBS) for 24 h. Subsequently, cells were incubated with Dil-P6 NPs at 5 μg/mL. 

Alexa-Fluor 488-labeled cholera toxin subunit B, transferrin, or dextran (Thermo Fisher 

Scientific) was added during the final 15 min of NP incubation prior to nuclear staining with 

Hoechst 33342. Images were acquired with a Yokogawa Spinning Disk Confocal 

Microscope (Andor, UK). For examination of actin ruffling, cells were serum starved for 1 

h, followed by the addition of P6 NPs for 15 min, fixed with 4% paraformaldehyde, 

permeated with 0.1% saponin, and stained with Alexa-Fluor 488-labeled phalloidin (Thermo 

Fisher Scientific,) and Hoechst 33342, respectively.
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Endocytosis Interference by Inhibitors

A2780 and A2780cis cells were seeded in 6-well plates (50 000 cells per well) and 

incubated with 1 mL of RPMI-1640 medium containing 10% FBS for 24 h. After pre-

incubation with 5-N-ethyl-N-isoproamiloride (EIPA) or cytochalasin D at different 

concentrations for 1 h, Dil-P6 NPs were added in the presence of inhibitors. A total of 2 

hours later, cells were washed with PBS 3 times, collected, and analyzed via flow cytometry 

(FACSAriaTM III, BD).

NIR Imaging and IF Staining

The tumor-targeting capability of NPs was further investigated using a non-invasive near-

infrared (NIR) optical imaging technique. A2780cis tumor-bearing athymic nude mice were 

randomly assigned to three groups (female, n = 3) and given an intravenous injection of (I) 

PBS, (II) Cy5.5, or (III) Cy5.5-P6 NPs at 1.0 mg Cy5.5/kg. A series of NIR images were 

collected from mice under isoflurane anesthesia using the Maestro 2 In Vivo imaging system 

(CRi Inc.). After that, mice were sacrificed, and their plasma, organs, and tumors were 

collected for ex vivo imaging. Organs and tumors were fixed with 4% paraformaldehyde, 

embedded in paraffin, and cut into sections for immunofluorescence (IF) staining. To image 

vasculatures, slices were heated at 60 °C for 1 h and then washed with xylene, ethanol, and 

PBS three times. After blocking with 10% FBS for 1.5 h, slices were incubated with rat anti-

mouse CD31 antibodies (Abcam) at 4 °C for 1 h, washed with PBS/0.2% Triton X-100 three 

times, and then incubated with Alexa-Fluor 488-conjugated secondary antibodies (Goat anti-

rat IgG, Abcam) for 1 h. Thereafter, slices were washed with PBS three times, stained with 

Hoechst 33342, and viewed under a CLSM.

A2780cis tumor-bearing athymic nude mice were randomly assigned to three groups 

(female, n = 3) and given an intravenous injection of (I) PBS, (II) DID, or (III) DID-P6 NPs 

at 1.0 mg DID/kg. Then, other procedures were the same as those described above.

A2780 (X), A2780cis (Y), and H460 (Z) tumor-bearing athymic nude mice were randomly 

assigned to 2 groups (female, n = 3) and given an intravenous injection of (I) DID or (II) 

DID-P6 NPs at 1.0 mg DID/kg. Then, all other procedures were the same as those described 

above.

In Vivo Antitumor Evaluation

A2780 and A2780cis tumor-bearing athymic nude mice were randomly assigned to 5 groups 

(female, n = 5) and intravenously injected with (I) PBS, (II) cisplatin, (III) P6 NPs, (IV) P6 
Soln, or (V) DP 3000 at 4.0 mg Pt/kg. The amount of DP 3000 injected was equal in weight 

to that of P6 NPs. The mice were injected 4 times at 7-day intervals, with the first injection 

day designated day 0. Tumor volume was determined every 2 days with a caliper and 

calculated according to the equation V = a2 × b × 0.5, where a and b are the shortest and 

longest perpendicular diameters. Body weight was also recorded every 2 days to indicate 

systemic toxicity. After tumor monitoring, all mice were euthanized. Tumors were 

harvested, weighed, and imaged using the Maestro 2 In Vivo Imaging System. TIR was 

calculated according to the equation: TIR (%) = (m − mt)/m × 100, where m is the average 
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weight of tumors in the PBS group, and mt is the average weight of tumors in the other 

groups.

IHC, TUNEL, and H&E

A2780 and A2780cis tumor-bearing athymic nude mice were randomly assigned to five 

groups (female, n = 5) and intravenously injected with (I) PBS, (II) cisplatin, (III) P6 NPs, 

(IV) P6 Soln, or (V) DP 3000 at 4.0 mg Pt/kg. The mice were injected four times at 7-day 

intervals. After that, mice were sacrificed, and their organs and tumors were quickly 

collected, immediately fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 

sections.

Immunohistochemistry (IHC) of tumors was conducted to evaluate expression of 

proliferating cell nuclear antigen (PCNA), Bcl-2 associated X (BAX), B-cell lymphoma 2 

(Bcl-2), excision repair cross-complementation group 1 (ERCC1), and Xeroderma 

pigmentosum A (XPA). Slices were incubated with corresponding primary antibodies (Cell 

Signaling or Abcam) and evaluated using the HRP/DAB Detection IHC Kit (Abcam) 

according to the manufacturer protocol.

The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end 

labeling (TUNEL) of tumors was performed using an in situ Cell Death Detection Kit 

(Roche, Germany) according to the manufacturer protocol. All organs and tumors were 

stained with H&E before undergoing histopathological examination with an Upright 

Microscope (BX63, Olympus, Japan).
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Figure 1. 
Schematic illustration of self-assembled Pt(IV) NPs for specific delivery of Pt drugs and 

effective suppression of cisplatin-resistant tumors. Redox-responsive P6 NPs were self-

assembled with superhydrophobic Pt(IV) 6 and coated with amphiphilic lipid-PEG via 
nanoprecipitation. Benefiting from the extended blood circulation and selective tumor 

accumulation, P6 NPs could be endocytosed into tumor cells through macropinocytosis and 

then disintegrated by consumption of cytoplasmic thiol-containing species, especially GSH. 

The redox-triggered process contributed to the release of Pt(II) ions and their reduced 

probability of deactivation, which went on to rapidly diffuse into nuclei and covalently bind 

large amounts of DNA, ultimately resulting in the mitochondria-controlled apoptosis of 

cisplatin-resistant tumors.
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Figure 2. 
PEGylated Pt(IV) 6 delivery platform exhibition of redox-triggered degradation. (a) 

Histogram of particle-size distribution of P6 NPs obtained by DLS. (b) Particle-size and ζ-

potential changes of P6 NPs monitored over the course of 1 week. (c, d) TEM morphologies 

of P6 NPs stored in (c) water or (d) 10 mM DTT at 25 °C for 24 h.
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Figure 3. 
Self-assembly of Pt(IV) 6 into NPs quantitatively maximized cellular uptake of Pt, which 

was easily interfered with by macropinocytosis inhibitors. (a–d) Pt uptake into (a, b) A2780 

and (c, d) A2780cis cells after 4 and 18 h of exposure to cisplatin, P6 NPs, or P6 Soln at Pt 

concentrations of (a, c) 50 and (b, d) 100 μM. (e, f) Prior exposure of A2780 and A2780cis 

cells to (e) EIPA and (f) cytochalasin D reduced uptake of Dil-P6 NPs in a dose-dependent 

fashion.
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Figure 4. 
Confocal laser scanning microscopy utilization to visualize cytoplasmic delivery of P6 NPs. 

(a) Dil-P6 NPs were incubated with A2780cis cells in the presence of Alexa-Fluor 488-

labeled markers of various endocytic pathways. NPs co-localized with dextran, a fluid-phase 

marker known to enter cells via macropinocytosis (white arrows). (b) Alexa-Fluor 488-

labeled actin fibers revealed membrane ruffling and actin rearrangement (white arrows), 

hallmarks of uptake by macropinocytosis.
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Figure 5. 
Rapid intracellular disintegration of P6 NPs accompanied by a GSH-exhausting effect. (a) 

A2780 and A2780cis cells incubated with Coumarin 6 and Nile red-P6 NPs for 4 and 18 h. 

To investigate the effect of GSH on NP disintegration, cells were also pretreated with NEM 

to consume cytosolic GSH. Images were taken under a 60× objective. (b, c) GSH and (d, e) 

GSSG percent of (b, d) A2780 and (c, e) A2780cis cells treated with cisplatin, P6 NPs, or P6 

Soln at Pt concentrations of 0, 1.56, 6.25, or 25 μM.
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Figure 6. 
P6 NPs enhancement of toxicity to various tumor types through the augmentation of 

apoptosis. (a, b) In vitro cytotoxicity of cells treated with cisplatin, P6 NPs, or P6 Soln for 

(a) 48 or (b) 72 h. (c, d) In vitro apoptosis of (c) A2780 and (d) A2780cis cells treated with 

cisplatin, P6 NPs, or P6 Soln for 24 h.

Ling et al. Page 26

ACS Nano. Author manuscript; available in PMC 2020 February 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Pharmacokinetics and biodistribution of P6 NPs. (a) Pharmacokinetics of cisplatin, P6 NPs, 

or P6 Soln in BALB/c mice (n = 3). (b–d) Biodistribution of (b) cisplatin, (c) P6 NPs, or (d) 

P6 Soln in A2780cis tumor-bearing athymic nude mice (n = 3). All data were normalized by 

weight or volume, i.e., microgram per gram or milligram per liter.
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Figure 8. 
NIR images of dye or dye-loaded NPs in single or multiple tumor-bearing athymic nude 

mice. In vivo fluorescence images of mice captured using the Maestro 2 in vivo imaging 

system (n = 3).
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Figure 9. 
P6 NPs mediation of an antitumor effect in a A2780 xenograft model. (a) Tumor growth 

curve of each mouse from different groups of A2780 tumor-bearing athymic nude mice 

during chemotherapy (n = 5). (b) The harvested A2780 xenograft tumors after systemic 

treatment captured using the Maestro 2 in vivo imaging system. (c) Western blot 

quantification of p53, Caspase 3, PARP, and cleaved PARP for A2780 xenograft tumors 

following treatment with PBS, cisplatin, P6 NPs, P6 Soln, or DP 3000.
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Figure 10. 
P6 NPs mediation of an antitumor effect in a A2780cis xenograft model. (a) Tumor growth 

curve of each mouse from different groups of A2780cis tumor-bearing athymic nude mice 

during chemotherapy (n = 5). (b) The harvested A2780cis xenograft tumors after systemic 

treatment captured using the Maestro 2 in vivo imaging system. (c) Western blot 

quantification of p53, Caspase 3, PARP, and cleaved PARP for A2780cis xenograft tumors 

following treatment with PBS, cisplatin, P6 NPs, P6 Soln, or DP 3000.
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