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ABSTRACT
Pt(IV) compounds are regarded as prodrugs of active Pt(II) drugs (i.e. cisplatin, carboplatin, and 
oxaliplatin) and burgeoned as the most ideal candidates to substitute Pt(II) anticancer drugs with 
severe side effects. Nanoparticle drug delivery systems have been widely introduced to deliver 
Pt(IV) prodrugs more effectively and safely to tumors, but clinical outcomes were unpredictable 
owing to limited in vivo pharmacokinetics understanding. Herein, a novel Pt(IV) prodrug of 
oxaliplatin(OXA) was synthesized and prepared as self-assembled micellar nanoparticles(PEG-OXA 
NPs). In vitro, PEG-OXA NPs rapidly released biologically active OXA within 5 min in tumor cells 
while remaining extremely stable in whole blood or plasma. Importantly, the pharmacokinetic 
results showed that the AUC0-∞, and t1/2 values of PEG-OXA NPs were 1994 ± 117 h·µg/mL and 
3.28 ± 0.28 h, respectively, which were much higher than that of free OXA solution (2.03 ± 0.55 h·µg/
mL and 0.16 ± 0.07 h), indicating the longer drug circulation of PEG-OXA NPs in vivo. The altered 
pharmacokinetic behavior of PEG-OXA NPs remarkably contributed to improve antitumor efficacy, 
decrease systemic toxicity and increase tumor growth inhibition compared to free OXA. These 
findings establish that PEG-OXA NPs have the potential to offer a desirable self-delivery platform 
of platinum drugs for anticancer therapeutics.

1.  Introduction

Approximately 50% of all patients with cancer who receive 
chemotherapy are treated with platinum anticancer drugs—
cisplatin, carboplatin and oxaliplatin (OXA) (Kelland, 2007). 
These platinum drugs are first-line agents in many kinds of 
tumors (Motzer et  al., 1993; Ibrahim et  al., 2004), including 
ovarian, colorectal, cervical, liver and lung cancer, etc. The 
combination of platinum-based chemotherapy is a research 
hotspot in the clinic. However, despite the worldwide appli-
cation of platinum drugs and their clinically advantageous 
outcomes in oncology, they are hindered by drug resistance 
(Ho et  al., 2016; Song et  al., 2019) due to decreased drug 
uptake, increased efflux, altered cellular metabolism and acti-
vated DNA repair. Another obstacle is the Pt-related toxic 
side-effects, like vomiting, nausea, nephrotoxicity and neu-
rotoxicity (Oun et  al., 2018), which is primarily caused by 
their poor pharmacokinetic properties, necessitating the useof 
high doses for effectiveness at the tumor tissue. Therefore, 
extensive efforts have been devoted to develop 

a  novelgeneration of platinum-based anticancer drugs with 
higher efficacy and lower side effects.

Recently, Pt(IV)-based compounds (Song et  al., 2020; Q. 
Wang et  al., 2021; Huang et  al., 2022) are considered as the 
most promising classes of a new generation platinum drugs. 
Unlike traditional square-planar Pt(II) drugs (i.e. cisplatin, car-
boplatin, and OXA), which could be rapidly deactivated by 
human serum albumin in blood, Pt(IV) compounds exhibit 
stability during the circulation because they possess 
six-coordinated octahedral geometry with two adjustable 
axial ligands to reinforce kinetic inertness and promote cel-
lular uptake. Once inside the cancer cells, Pt(IV) are passively 
reduced to active Pt(II) by the high intracellular concentra-
tions of reducing agents such as glutathione(GSH), ascorbic 
acid and mercaptans (Gibson, 2016; Kenny et  al., 2017; Yao 
et  al., 2019). So Pt(IV) compounds are regarded as prodrugs 
of toxic Pt(II) species and burgeoned as the most ideal can-
didates to substitute Pt(II) mitigating systemic toxicities 
(Johnstone et  al., 2016).
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Nanoparticle drug delivery systems have been widely 
introduced to increase drug accumulation in tumor site, 
reduce toxicity and maximize the drug efficacy through 
the enhanced permeability and retention (EPR) effect (L. 
Wang et  al., 2017).Up to date, many Pt(IV) prodrugs encap-
sulated in nanosystems particularly via covalently attached 
have been developed. In advanced preclinical research, 
these Pt(IV) nanoparticles have shown at least equivalent 
efficacy as well as reduced systemic toxicity (Ling et  al., 
2018; Z.G. Wang et  al., 2019; Ding et  al., 2020; Z.W. Xu 
et  al., 2022) compared to their small molecule counterparts. 
However, Pt(IV)-based nanoparticles have not yet been 
approved by the FDA, possibly due to limited experimental 
data on the in vivo pharmacokinetic (PK) related with phar-
macodynamics (PD) of these nanoparticles (He et  al., 2019). 
One of the reasons is the complexed structures of Pt(IV) 
prodrugs leading to lack of sensitive and specific analytical 
strategies to simultaneously determine Pt(IV) compound, 
released active Pt(II) and metabolites in biological samples. 
For example, if polymer materials were applied to Pt(IV) 
nanoparticles, the polydispersity of polymer molecular 
weight makes the accurately quantitative analysis of Pt(IV) 
nanoparticles in vivo still a challenge. The current analytical 
methods, such as radioactive labeling, ELISA and inductively 
coupled plasma mass spectrometry (ICP-MS) cannot reveal 
the distribution balance and metabolic mechanism of Pt(IV) 
complex and its active Pt(II) (Rudmann et  al., 2013; Khor 
et  al., 2016). Furthermore, Pt(IV) nanoparticle drug delivery 
in vivo is intrinsically a multi-step procedure, that depends 
on PK of the nanoparticle carrier, PK of the Pt payload 
itself and drug release dynamics that may change relying 
by the in vivo environmental context. Although this 

multistep process is important for overall therapeutic out-
comes, little experimental investigation exists that interprets 
how this multi-step process carry out in vivo (Miller et  al., 
2015). So far, the most commonly reports are the determi-
nation of total Pt concentration in vivo using ICP-MS after 
Pt(IV) nanoparticle administration (Xiao et  al., 2014; C. Xu 
et  al., 2019; Zhang et  al., 2021), which cannot elucidate 
the behavior mechanism of Pt(IV) nanomaterial itself in 
vivo at all. This insufficiency of understanding is obviously 
a bottleneck in the design and development of more effec-
tive therapies.

Our previous research (Feng et  al., 2018) have reported 
a novel Pt(IV) prodrug of OXA that was designated as 
PEG-OXA (Scheme 1) here. PEG-OXA owns two long lipid 
chains and hydrophilic polyethylene glycol (PEG2k) in axial 
ligands that can self-assemble into micellar nanoparticles in 
water, termed as PEG-OXA NPs. In this scenario, our goal 
was to bring some light on the pharmacokinetic mechanism 
of the Pt(IV) prodrugs nano-structuration, taking PEG-OXA 
NPs as a representative example. With this purpose the 
nanoparticles were prepared and characterized first. Its sta-
bility under physiologic conditions, as well as the active OXA 
release in reducing environment was investigated. After that, 
the pharmacokinetics characterization of PEG-OXA NPs and 
the released active OXA in rats was analyzed using a novel 
ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS) coupled with collision-induced dissoci-
ation in the ionization source (in-source CID). The in vivo 
antitumor activity and safety of PEG-OXA NPs were also 
assessed in mice. These obtained results may provide sig-
nificant reference for the subsequent research and develop-
ment of Pt(IV) nanoparticle.

Scheme 1.  Strategic illustration of the design and action mechanism of the self-assembled PEG-OXA NPs. PEG-OXA NPs is expected to mitigate side effect of 
OXA through decreasing free OXA exposure in blood circulation and improve efficacy via prolonging and elevating intratumoral drug exposure.
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2.  Experimental

2.1.  Materials

OXA were supplied by Shandong Boyuan Pharmaceutical Co., 
Ltd. (Jinan, China). All other reagents used in the synthesis 
of the PEG-OXA prodrug were purchased from Sigma-Aldrich 
and used without further purification. Methanol (HPLC grade) 
was purchased from Fisher Scientific (Pittsburgh, USA). Formic 
acid (FA) was bought from Fluka Chemie (Buchs, Switzerland). 
Ultrapure water was prepared from a Milli-Q purification sys-
tem (Millipore, MA, USA).

HT-29 and SW620 cells were purchased from China infra-
structure of cell line resource (Beijing, China) and cultured 
with dulbecco’s modified eagle medium (DMEM) medium 
(Gibco) added 1% antibiotics and 10% fetal bovine serum 
(FBS, Gibco).

Sprague-Dawley rats (6–8 weeks old) and ICR mice 
(4–5 weeks old) were purchased from Pengyue Laboratory 
Animal Technology Co., Ltd (Jinan, China). Healthy BALb/c 
nude mice were bought from Gem Pharmatech Co., Ltd, and 
fed in a specific pathogen-free (SPF) animal laboratory. All 
the animal experiments reported in this paper were approved 
by the Committee on the Ethics of Animal Experiments of 
the Yantai Institute of Materia Medica, and was performed 
in strict accordance with the guidelines of the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals.

2.2.  Synthesis and characterization of PEG-OXA 
prodrug

The synthesis of the PEG-OXA prodrug followed previously 
published work (Feng et  al., 2018) and the procedure is 
shown in Supplementary Scheme S1. OXA-C16 was weighed 
into a round-bottom flask and dissolved in dichloromethane 
(DCM). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDCI, 3 eq.) was added under nitrogen and reacted 
at 40 °C for 5 h. Then 4-Pyrrolidinopyridine (4-PPY, 1.5 eq.) 
and tert-butyl N-(2,3-dihydroxypropyl) carbamate (0.5 eq.) 
was added, and the reaction was carried out at 40 °C over-
night. After monitored by high-performance liquid chroma-
tography (HPLC), the reaction was extracted twice with ethyl 
acetate and purified using silica gel column chromatography 
to obtain the desired product Boc-L-(OXA-C16)2.

The above product was dissolved in DCM and trifluoro-
acetic acid (TFA, 1.5 eq.) was added. After stirred at room 
temperature for 1 h, 2-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium hexafluorophosphate (HATU, 2 eq.) and 
N, N-Diisopropylethylamine (DIPEA,3 eq.) were slowly added. 
With the mixture dissolved, mPEG2k-COOH was added and 
the reaction was stirred at room temperature. When the 
reaction was completed, the organic solvent was removed 
by rotary evaporation. The purified PEG-OXA was separated 
by reverse-phase preparative high-performance liquid chro-
matography (Prep 150, Waters, Milford, USA). PEG-OXA was 
obtained through lyophilization and stored at 4 °C in powder 
form prior to use. The successful synthesis of PEG-OXA pro-
drug was characterized using Electro Spray Ionization-Mass 

Spectroscopy (ESI-MS) (Supplementary Figure S1), 1H-NMR 
(Supplementary Figure S2) and 13 C-NMR (Supplementary 
Figure S3), respectively.

2.3.  Preparation and characterization of PEG-OXA NPs

Our designed amphipathic prodrug that owns a long lipid 
chain and hydrophilic polyethylene glycol (PEG2k) in axial 
ligands can self-assemble into nanomicelles (PEG-OXA NPs) 
in water. Malvern spray analyzer was used to measure the 
particle size and size distribution of PEG-OXA NPs. In addition, 
to observe the morphology of nanomicelles, the PEG-OXA 
NPs solution was deposited onto a carbon-coated copper 
grid and stained with 2% phosphotungstic acid. After 2 min, 
excess solution was removed using filter paper and the cop-
per grid was dried. The PEG-OXA NPs was observed using 
transmission electron microscopy ( TEM, JEM-1400, 
Tokyo, Japan).

2.4.  Critical micelle concentration

The critical micelle concentration of PEG-OXA NPs was mea-
sured according to our previous report (Lang et  al., 2021) 
using Nile red as fluorescence probe. Briefly, Phosphate 
Buffered Saline (PBS) solution of PEG-OXA prodrug in different 
concentrations was added to the vials containing dried Nile 
red and sonicated for 40 min and deposited for 4 h. The flu-
orescence spectrum of Nile red excited at 543 nm and emis-
sive at 660 nm was collected at room temperature using 
multifunctional enzyme marker (SpectraMax M2e, Sunnyvale, 
CA). The critical micelle concentration was finally calculated 
at the inflection point of the plot of fluorescence intensity 
versus PEG-OXA micelles concentration.

2.5.  Cytotoxicity and intracellular drug release  
of PEG-OXA NPs

The cytotoxicity of PEG-OXA-NPs was assessed by the stan-
dard -(4,5-dimethyl-2- thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide) (MTT) assay as previously reported (X.H. 
Wang et  al., 2020; Lang et  al., 2021). HT-29 cells were trans-
ferred into a 96-well plate and cultured in DMEM medium 
with 10% FBS and maintained in a humidified atmosphere 
of 5% CO2 at 37 °C for 24 h. Then, the OXA and PEG-OXA 
NPs solution with different concentrations (0.69–500 μM) 
were added into the 96-well plate and incubated for 24, 
and 48 h, respectively. The cytotoxicity of PEG-OXA NPs 
was evaluated by the MTT cell proliferation assay. To inves-
tigate whether the endogenous reducing agent glutathione 
could effectively reduce the dimeric OXA(IV) prodrug 
released from nanoparticles to active OXA, HT-29 cells were 
seeded into 6-well plates (1 × 106 cells/well) and incubated 
at 37 °C for 24 h prior to study. After the cells attach to 
the wall, the cell culture media was removed and PEG-OXA 
NPs (20 μM) diluted with fresh culture medium was added 
into each well. At predetermined time points (0.083, 0.25, 
0.5, 1, 2, 4, 6, 8 and 24 h), the cells and culture medium 
were collected. The cells were sonicated and centrifuged, 

https://doi.org/10.1080/10717544.2023.2171158
https://doi.org/10.1080/10717544.2023.2171158
https://doi.org/10.1080/10717544.2023.2171158
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and the concentration of free OXA in the supernatant was 
analyzed by UPLC-MS/MS system (TSQ Quantiva, Thermo 
Fisher Scientific, USA) equipped with a Thermo Hypersil 
GOLDTM column (50 mm × 2.1 mm, 1.9 µm). The column was 
eluted with a mix of mobile phase consisted of (A) 0.1% 
(vol/vol) formic acid in water and (B) methanol (A:B, 97:3). 
The transitions m/z 398.1 → 306.0 of OXA was monitored 
and quantified according to a published report (Ito 
et  al., 2012).

2.6.  Blood and plasma stability in vitro

The blood or plasma stability of PEG-OXA prodrug was 
assessed by monitoring the concentration of PEG-OXA in 
fresh rat blood or plasma in vitro according to the previous 
reports. Briefly, 200 μL of PEG-OXA nano-micelles solution 
(0.5 μg/mL and 25 μg/mL) was incubated with 2 mL of fresh 
rat blood or plasma at 37 °C. Briefly, 200 μL of the mixture 
was collected at 0, 30, 60, 90, 120 and 240 min. The blood 
samples were centrifuged at 12,000 r/min for 5 min to obtain 
plasma. About 50 μL of plasma sample was mixed with 200 μL 
of methanol to precipitate protein. After centrifuged at 12,000 
r/min for 10 min, UPLC-MS/MS method coupled with 
collision-induced dissociation in the ionization source 
(in-source CID) was applied to measure the concentration of 
PEG-OXA in the supernatant at the scheduled time (n = 3 for 
each group).

The in-source CID spectra of PEG-OXA was generated with 
a Thermo Fisher TSQ Quantiva triple quadrupole mass spec-
trometer equipped with an electrospray ionization (ESI) inter-
face and Ultimate 3000 UPLC system (Thermo Fisher Scientific, 
USA). Chromatographic separation was carried out on a 
Thermo Hypersil GOLDTM column (50 mm × 2.1 mm, 1.9 µm) 
and the column oven was maintained at 40 °C. The mobile 
phase consisted of (A) 0.1% (vol/vol) formic acid in water 
and (B) methanol using the following gradient elution: 
0–1.0 min, 45%B; 1.0–2.0 min, 45–96%B; 2.0–7.0, 96%B; 7.0–
7.5 min, 96–45%B; 7.5–8.5 min, 45%B. The flow rate was 
0.3 mL/min and the injection volume was 2 μL. The mass 
spectrometer was operated in positive-ion mode using mul-
tiple reaction monitoring (MRM) to monitor the mass tran-
sitions. The ionization voltage was set at 3500 V and the 
source temperature was 350 °C. The sheath gas (N2) and 
auxiliary gas were set at 40 and 15 Arb, respectively. The 
fragmentor voltage value in the ionization source was 80 V. 
The transitions of PEG-OXA was monitored at m/z 
396.05 →306.0.

2.7.  Pharmacokinetic studies

For the pharmacokinetic study, 12 Sprague–Dawley rats 
(half male, half female) were weighed and divided ran-
domly into two groups: the PEG-OXA NPs group and OXA 
solution group. Rats in the former group were intravenously 
administered a single dose of PEG-OXA micelles (equivalent 
to 5 mg/kg of OXA). Those in the latter group were intra-
venously administered 5 mg/kg of OXA powered prepared 
in 5% glucose solution. Blood samples from the rats were 

collected by retro-orbital puncture at 0.083, 0.25, 0.5, 1, 2, 
4, 6, 8, 12 and 24 h after the injection and subsequently 
centrifuged at 12,000 rpm for 5 min. The resulting plasma 
layer from the PEG-OXA NPs group was divided into three 
sections and treated separately to determine the concen-
tration of PEG-OXA and OXA (quantified by UPLC-MS/MS 
described in sections 2.5 and 2.6) and total Pt. The plasma 
obtained from the OXA solution group was treated sepa-
rately to determine the concentration of OXA and total Pt. 
The Pt content was measured by inductively coupled 
plasma mass spectrometry (ICP-MS, Icap RQ, Thermo 
Scientific, USA). The non-compartmental model analysis 
was used to calculate the pharmacokinetic parameters 
using Phoenix WinNonlin 7.0 (Pharsight, Mountain View, 
CA), including area under the concentration-time curve 
(AUC, expressed as h  µg/mL), maximum plasma concentra-
tion(Cmax, µg/mL), the terminal elimination half-life(t1/2, h), 
mean residence time (MRT, h) and total clearance (CL, 
mL/h/kg).

2.8.  Toxicity evaluation after repeated dosing

The toxicity study was assessed on the healthy ICR mice 
(17–18 g, male). The mice were randomly divided into six 
groups (n = 10) and injected one of the following treat-
ments: 5% glucose solution group as the control, free OXA 
group (7.5 mg/kg), free OXA group (10 mg/kg), PEG-OXA 
NPs group (7.5 mg/kg in OXA), PEG-OXA NPs group (10 mg/
kg in OXA) or PEG-OXA NPs group(15 mg/kg in OXA). The 
mice were intravenously administrated every 3 days for five 
times. At the end of the experiment, the major organs 
were harvested and calculated viscera index. Whole blood 
was collected for blood routine examination including: 
white blood cell count (WBC), neutrophils (NE), lymphocyte 
(LY), red blood cell count (RBC), hemoglobin (HGB), platelet 
count (PLT) and hematocrit (HCT). Blood was collected and 
centrifuged to obtain serum for monitoring total protein 
(TP), albumin (ALB), urea (UREA) and serum creatinine (Cr).

2.9.  In vivo antitumor efficacy

BALB/c nude mice (18–20 g, male) were inoculated with 
SW620 cells (3 × 106 cells) at the third fat pad on the right. 
When the tumors size reached about 100–200 mm3, the mice 
were randomly assigned into six groups, receiving 5% glucose 
solution group as control group, free OXA group (5 mg/kg, 
i.v.), free OXA group (10 mg/kg, i.v.), PEG-OXA NPs group 
(5 mg/kg in OXA, i.v.), PEG-OXA NPs group (10 mg/kg in OXA, 
i.v.) or PEG-OXA NPs group (20 mg/kg in OXA, i.v.). The mice 
were dosed once a week for 4 weeks by tail vein injection 
and the volume of tumor and body weights were measured 
three times a week. The tumor volume (TV) was calculated 
from the long diameter (L) and short diameter (W) of the 
tumors [TV = (L × W × W)/2]. Relative tumor volume (RTV) 
was assessed as V/V0 (V0 was the corresponding tumor vol-
ume when the treatment was initiated). After tumor moni-
toring, mice were euthanized and tumors were collected and 
weighed.
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2.10.  Statistical analysis

The data were conducted in triplicates at least and expressed 
as means ± standard deviation (SD) and analyzed using 
Student’s t test. For a confidence interval of 95%, a value of 
p < .05 was indicative of significant.

3.  Results and discussion

3.1.  Synthesis and characterization of PEG-OXA NPs

PEG-OXA prodrug was synthesized according to the proce-
dures from previous reports (Supplementary Scheme S1). 
After modification by polyethylene glycol, the molecular 
weight of PEG-OXA was normally distributed. The MS signal 
was analyzed by liquid chromatography-mass spectrometry 
(LC-MS, 6100, Agilent, USA). By analyzing the molecular 
weight difference between the clusters of mass spectral sig-
nals, found that the mass spectral signals have multiple 
charges (Supplementary Figure S1). After deconvolution cal-
culations, the molecular weight range is consistent with the 
target compound. And 1H NMR and 13 C NMR confirmed the 
successful synthesis of the complexes (Supplementary Figures 
S2 and S3).

PEG-OXA has an amphiphilic prodrug structure that can 
spontaneously self-assemble into micelles in water. The par-
ticle size of the PEG-OXA NPs exhibited spherical morphology 
in electron microscope and uniform size distribution, with a 
hydrodynamic diameter of 14.93 ± 0.27 nm and negative sur-
face charge of −0.267 ± 0.025 mV and the OXA theoretical 
loading efficiency was 21.85%. The two-carbon chain config-
uration in the prodrug structure can form a stable hydro-
phobic core, making the micellar system more stable, which 
can be used for drug administration without excipients. The 
critical micelle concentration (CMC) determined by Nile Red 
is ~0.013 mg/mL (Figure 1(A–C)).

3.2.  Cytotoxicity and intracellular drug release  
of PEG-OXA NPs

We evaluated the cytotoxicity of PEG-OXA NPs in HT-29 cells 
by MTT assay. As shown in Figure 2(A), PEG-OXA NPs showed 
the highest cytotoxicity with an IC50 of 7.552 × 10−6 M at 24 h 
and 6.120 × 10−6 M at 48 h, which was 2.7-fold and 1.7-fold 
lower than OXA. To exert the desired efficacy, prodrug should 

be converted to its parental drug. The reduction property of 
Pt(IV) prodrugs has been deeply explored in recent years. 
Our previous publication had also demonstrated that 

Figure 1.  Characterization of PEG-OXA nanoparticles. (A) Critical micelle concentration of PEG-OXA NPs. (B) The hydrodynamic size of PEG-OXA NPs determined 
by dynamic light scattering. (C) A representative TEM image of PEG-OXA NPs.

Figure 2.  Cell viability, release activity and stability of PEG-OXA nanoparticle. 
(A) The cell viability rate of OXA and PEG-OXA NPs. (B) The release profile of 
OXA in HT-29 cells incubated with PEG-OXA NPs. (C) Blood and plasma stability 
of PEG-OXA NPs in vitro.

https://doi.org/10.1080/10717544.2023.2171158
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PEG-OXA prodrug could be efficiently converted to OXA in 
a PBS buffer (pH = 7.4) containing equivalents (10 mM) of 
GSH incubated at 37 °C after 24 h (Feng et  al., 2018). Herein, 
we further evaluated the OXA release from PEG-OXA after 
incubation with HT-29 cells for 24 h. The release potentials 
of the OXA is shown in Figure 2(B). OXA could be immedi-
ately released from PEG-OXA after 5 min incubation in HT-29 
cells and the highest concentration was reached at 4 h with 
201.9 nmol/L. It was expected that this reduction-sensitive 
prodrug micelles could release the drug into active Pt(II) form 
by the high intracellular concentrations of reducing agents 
such as GSH once internalized into tumor cells.

3.3.  Blood and plasma stability in vitro

Plasma stability is important for Pt(IV) prodrugs. If these 
compounds could be rapidly degraded by hydrolytic enzymes 
or inactivating/reducing agents in plasma, they will not have 
enough concentration at the therapeutic target to be 
converted to Pt(II) for pharmacological activity and not 
reduce system toxicity. Instability of plasma can also make 
the analysis of samples complicated in pharmacokinetic 

studies. Because the concentration of Pt(IV) prodrugs cannot 
be measured accurately if compounds continue to decom-
pose after the blood samples collected or during storage. 
This will lead to erroneous pharmacokinetic data. Therefore, 
in our study, we investigated the whole blood and plasma 
stability of PEG-OXA prodrug and summarized the results in 
Figure 2(C). Compared with the concentration of PEG-OXA 
(0.5 μg/mL) at 0 min, approximately 99.8% and 91.0% PEG-OXA 
in whole blood and plasma could be detected at 4 h point, 
respectively. PEG-OXA content at the high concentration 
(25 μg/mL) also did not change significantly during 4-h incu-
bation in whole blood and plasma. Contrariwise, no OXA was 
detectable in this experiment. It was expected that PEG-OXA 
NPs could protect against hydrolysis or reduction and will 
be stable in systemic circulation.

3.4.  Pharmacokinetics study

Compared with the numerous pharmacological reports, few 
studies were corelated with the pharmacokinetics of Pt(IV) 
prodrug. Many only determined the concentration of Pt in 
rat blood using ICP-MS after injected of Pt(IV) nanoparticles. 

Figure 3.  The mean plasma concentration-time curves of PEG-OXA NPs and OXA solution (mean ± SD, n = 6). (A) Mean plasma concentration–time curves of 
PEG-OXA prodrug after intravenous administration of PEG-OXA NPs to rats. (B) Mean plasma concentration–time curves of OXA in rats after intravenous 
administration of PEG-OXA NPs. (C) Mean plasma concentration–time curves of OXA after intravenous administration of OXA solution to rats. (D) Mean plasma 
concentration–time curves of total Pt after intravenous administration of PEG-OXA NPs or OXA solution to rats.

Table 1.  Summary of the plasma pharmacokinetic parameters in rats following intravenous administration of PEG-OXA NPs or OXA solution (5mg/kg in OXA).

Parameters

PEG-OXA NPs OXA solution PEG-OXA NPs OXA solution

PEG-OXA OXA OXA Pt Pt

T1/2 (h) 3.28 ± 0.28 5.91 ± 1.45 0.16 ± 0.07 5.96 ± 0.50 17.52 ± 0.52
Cmax (µg/mL) 581 ± 35.4 0.13 ± 0.02 9.58 ± 1.42 67.12 ± 6.94 4.76 ± 0.68
AUC0-t (h  µg/mL) 1,994 ± 117 0.90 ± 0.23 1.94 ± 0.39 303.6 ± 8.13 13.00 ± 3.44
AUC0-∞ (h  µg/mL) 2,003 ± 119 1.14 ± 0.33 2.03 ± 0.55 314.3 ± 10.0 19.98 ± 5.65
Vz (mL/kg) 53.1 ± 6.26 38.1 ± 6.73 567 ± 70 67.05 ± 3.45 3,220 ± 818
CL (mL/h/kg) 11.2 ± 0.72 4.62 ± 1.06 2,580 ± 560 7.82 ± 0.26 127.98 ± 36.2
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However, elucidating the pharmacokinetic behavior of Pt(IV) 
NPs and its released active Pt(II) but not the total Pt is the 
most effective method for predicting and interpreting the 
efficacy and toxicity of Pt(IV) nanoparticle drug delivery sys-
tem in preclinical and clinical trials. To investigate the phar-
macokinetic property of PEG-OXA and whether OXA can be 
released from PEG-OXA in vivo, we injected PEG-OXA micelles 
into SD rats through the tail vein at a dose of 22.4 mg/kg 
(equivalent to 5 mg/kg of OXA). The blood samples were 
collected at predetermined time points and used to deter-
mine the presence of OXA and PEG-OXA in plasma by 
UPLC-MS analysis. Animals treated with 5 mg/kg of OXA were 
used to compare the pharmacokinetics of this agents. Results 
showed that OXA was detected in OXA-treated animals, while 
both OXA and PEG-OXA were detected in the blood samples 
of animals administered to PEG-OXA micelles. The corre-
sponding pharmacokinetic parameters calculated using 
non-compartmental analysis are listed as mean ± SD and pre-
sented in Table 1. Figure 3(A,B) shows the mean plasma 
concentrations of PEG-OXA prodrug and its active Pt(II)-OXA 
after intravenous administration of PEG-OXA micelles respec-
tively. Figure 3(C) describes the mean plasma concentrations 
of OXA after intravenous administration of OXA solution. The 
pharmacokinetic results of PEG-OXA prodrug showed that 
the AUC0-∞, CL and t1/2 values were 1994 ± 117 h·µg/mL, 

11.2 ± 0.72 mL/h/kg and 3.28 ± 0.28 h, respectively. The Cmax 
value of OXA in PEG-OXA NPs (0.13 ± 0.02 µg/mL) was signifi-
cantly lower than that obtained with OXA solution 
(9.58 ± 1.42 µg/mL). The t1/2 of OXA in PEG-OXA NPs 
(5.91 ± 1.45 h) was increased remarkably compared with that 
of OXA solution (0.16 ± 0.07 h), suggesting that OXA in 
PEG-OXA NPs was slowly cleared from plasma despite the 
low initial plasma concentration. The CL of OXA in PEG-OXA 
NPs (4.62 ± 1.06 mL/h/kg) was also significantly lower than 
that of OXA solution (2580 ± 560 mL/h/kg). While the AUC0-∞ 
of OXA in PEG-OXA NPs (1.14 ± 0.33 h·µg/mL) was slightly 
decreased compared with that of OXA solution 
(2.03 ± 0.55 h·µg/mL). In addition, compared with the phar-
macokinetic behavior of total platinum in plasma after injec-
tion of OXA solution in rats, the AUC0-∞ of total Pt 
(314.3 ± 10.0 h·µg/mL) in PEG-OXA NPs was remarkably 
increased and the CL of total Pt (7.82 ± 0.26 mL/h/kg) in 
PEG-OXA NPs was reduced (Table 1 and Figure 3(D)). These 
results indicated that PEG-OXA NPs could significantly pro-
long the circulation time and reduce the exposure concen-
tration of OXA in blood, which might be beneficial to increase 
the interaction time for PEG-OXA NPs releasing OXA in tumor 
cell, and then achieve better antitumor efficacy and lower 
toxicity. Our findings demonstrated that PEGylated Pt(IV) 
nanoparticles could increase blood circulation in vivo and 

Figure 4. I n vivo toxicity evaluation. The viscera index of mice receiving different treatments: (A) thymus, (B) spleen, (C) kidney. Activity changes of (D)TP, (E) 
ALB, (F) Cr and (G) UREA. All data were presented as mean ± SD. *p < .05, **p < .01.
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avoid elimination by immune cells, which was consistent with 
previous reports (Pasut & Veronese 2009). As we discussed 
earlier, PEG-OXA prodrug was stable in blood circulation sys-
tem and could release the active OXA by reducing agents 
such as GSH once internalized into tumor cells. We speculated 
that the low concentration of OXA in plasma after adminis-
tration of PEG-OXA NPs to rats might be produced by some 
tissue cells (such as liver) with relatively high concentrations 
of reducing agents. Meanwhile, we wondered whether the 
prolonged retention time of PEG-OXA NPs would contribute 
to better antitumor effect in vivo and the release of OXA in 
normal tissues would cause side effects, so our further inves-
tigation focused on the toxicity and antitumor activity of 
PEG-OXA NPs.

3.5.  In vivo toxicity evaluation

We evaluated the in vivo safety of the PEG-OXA NPs. The 
thymus index and spleen index of PEG-OXA NPs groups 
decreased significantly compared with those of control group, 

indicating that PEG-OXA NPs had certain immunotoxicity, but 
a significant increase in the thymus and spleen weight were 
observed in mice receiving PEG-OXA NPs than those receiving 
OXA, suggesting that PEG-OXA NPs could reduce the immu-
notoxicity caused by OXA (Figure 4(A,B)). Further results also 
confirmed that all indexes of blood routine test in PEG-OXA 
NPs groups displayed upped levels compared with that of 
OXA groups, especially LY and PLT (Figure 5(A–G)). In addi-
tion, hepatotoxicity and nephrotoxicity were evaluated by 
monitoring TP, ALB, UREA and Cr in plasma taken from 
treated mice. No significant change in biochemical indexes 
was found from mice treated with OXA except of the signif-
icant decrease of UREA in OXA (10 mg/kg) group. On the 
contrary, all PEG-OXA NPs groups could cause a significant 
increase in ALP and TP (Figure 4(D–G)). In conclusion, these 
results revealed that PEG-OXA NPs strategy was able to cause 
remarkably less systemic toxicity than the clinically used OXA 
and promote the tolerability of chemotherapy. The relative 
body weight change in antitumor activity study could also 
confirm this observation (Figure 6(C)).

Figure 5. I n vivo toxicity evaluation. The blood routine examination of (A) WBC, (B) NE, (C) LY, (D) RBC, (E) HGB, (F) PLT and (G) HCT. All data were presented 
as mean ± SD. *p < .05, **p < .01.
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3.6.  In vivo antitumor activity

The in vivo antitumor activity of PEG-OXA NPs was also 
assessed in SW260 xenograft tumor-bearing mice. OXA was 
administrated at 5 mg/kg and 10 mg/kg, while PEG-OXA NPs 
were given at three different dosages (5, 10 and 20 mg/kg 
in OXA) at 0, 7, 14, 21 and 28 days after treatment initiation. 
Figure 6(A–C) demonstrated the tumor volume and body 
weight change in different drug-treated mice. The results 
revealed that a dose-dependent tumor growth inhibition was 
observed both in PEG-OXA NPs and OXA solution groups 
(Figure 6(A)). PEG-OXA (10 mg/kg and 20 mg/kg in OXA) dra-
matically inhibited the tumor growth compared with control 
(P < 0.01). The tumor volume and tumor weight of PEG-OXA 
were significantly lower than those of OXA equivalent. The 
improved efficacy of PEG-OXA NPs than OXA might be mainly 
a result of prolonged and elevated free drug exposure in 
the tumor.

4.  Conclusions

In this research, we designed a Pt(IV) prodrug (PEG-OXA) 
that could self-assemble into nanoparticles for self-delivery 
of OXA. PEG-OXA NPs had small particle size and the low 
CMC value that maintained the nanoparticles stable in blood 
circulation system. The release of OXA from PEG-OXA NPs 

showed the characteristic of responding to release in a reduc-
ing environment. PEG-OXA NPs displayed longer blood cir-
culation duration while lower OXA concentrations in plasma 
than that of OXA solution. PEG-OXA NPs exhibited satisfactory 
antitumor activity and low systemic toxicity. These results 
demonstrated that the reduction-responsive Pt(IV) prodrug 
NPs might be a desirable strategy for improving the thera-
peutic activity of current platinum drugs.
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PEG-OXA NPs (5, 10 and 20 mg/kg in OXA). All data were presented as mean ± SD (n = 6). *p < .05, **p < .01.
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