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A B S T R A C T

Multidrug resistance (MDR) is a primary cause of failure in oncotherapy and interest is growing in the design of
multi-stimuli responsive nano-carriers to synergistically deliver chemotherapeutic agents and P-gp inhibitors to
reverse MDR. The hybrid micelles based on a Platinum (IV)-coordinate polymeric prodrugs and TPGS were
developed to improve chemotherapy and reduce side effects. The pH/redox dual-sensitive polymers were syn-
thesized by condensation polymerization using ortho ester monomer and diamminedichlorodisuccinatoplatinum
(DSP). The hybrid micelles possessed uniform size (38 nm) and displayed good stability in various physiological
conditions. In contrast, in vitro drug release profiles indicated that these micelles could be completely depoly-
merized under acidic and reducing environment, thereby more than 80 % cisplatin were released within 12 h at
pH 5.0 plus 10mM DTT. More importantly, a large amount of TPGS released simultaneously could effectively
inhibit the function of drug efflux pumps, which significantly enhanced the cytotoxicity of cisplatin against
A549/DDP cells. The growth inhibition rate of micelles on A549/DDP multicellular spheroids was 79.5 %, while
that of free cisplatin was only 6.8 %. Therefore, these hybrid micelles are promising in overcoming tumor MDR
and worth doing further research in vivo and extend to other therapeutic agents.

1. Introduction

Cisplatin (cis-Diamminedichloroplatinum (II)) as the first metal
complexes with anticancer activity discovered by Barnett Rosenberg
has been widely applied against several malignant cancers, including
testicular, ovarian, lung, bladder, and cervix cancers [1–3]. However,
the clinical application of cisplatin is compromised by various adverse
reactions, including chronic neurotoxicity, nephrotoxicity, ototoxicity,
and allergic reactions [4,5]. Another problem is that the occurrence of
multidrug resistance (MDR) in many tumors (acquired or endogenous)
further limits the activity and efficacy of cisplatin in tumors [6,7]. Al-
though many efforts have been done to overcome MDR, limited suc-
cesses have been achieved due to the complicated mechanisms of MDR,
e.g., the over-expressed drug efflux transporters (including P-glyco-
protein (P-gp), and MDR-associated proteins (MRPs)); the up-regulated
glutathione/glutathione S-transferase (GSH/GST) detoxification
system; the repairing of damaged DNA caused by topoisomerase II
(TOP2) and anti-apoptosis induced by the activation of Bcl-2 pathway
[8–11]. Therefore, it is much important to design a new multifunctional

nano-platform based on cisplatin for tumor-specific drug delivery and
reversal of tumor MDR.

Recently, octahedral Pt(IV) with hexa-coordination, as promising
prodrugs of Pt (II) (such as cisplatin), has been receiving more and more
attentions in cancer treatment [12,13]. The most important feature of
Pt(IV) prodrugs is that they exhibit lower pharmacological activity and
toxicity under physiological conditions, but are activated under ab-
normal reducing conditions (such as GSH and ascorbic acid) in tumor
cells, then nontoxic Pt(IV) transform into toxic Pt(II) to inhibit DNA
synthesis, eventually kill tumor cells [14]. Besides, some special func-
tional groups (e.g. targeting ligands and pH-response modules) and
other drugs even macromolecules can be modified at the axial active-
sites on Pt(IV) molecular, to obtain a series of prodrug-based nano-drug
delivery systems (NDDS), thereby further extending the functions of
platinum drugs [15–17]. For example, Wang designed a light-activa-
table dual prodrug (Pt(IV)+demethyl cantharidin (DMC)) polymer
nanoparticle, which realized the precise synergistic chemotherapy
guided by drug-mediated computed tomography imaging [18].

Although Pt(IV)-based nanomedicines have great anti-tumor
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potential, some technical problems remain to be solved. The main
challenge is that the polymeric prodrugs display slow and incomplete Pt
(II) release even at high GSH concentrations in cancer cells, while
overexpressed drug efflux pumps (especially MRP2 and ATP7A/7B)
further reduce intracellular drug concentration, leading to unsatisfied
chemotherapy effect [19,20]. The dual-responsive NDDS that can be
triggered by a mixture of two stimuli (pH/temperature, pH/redox and
double pH responses) are considered as a promising tool to realized
more-controlled and improved drug release in tumor cells [21–23]. For
instance, some well-designed dual-stimulus NDDS can release drugs
quickly and completely after endocytosis into cancer cells, so that the
intracellular drug concentration far exceeds drug efflux within a certain
time [24]. In addition, there is sufficient evidence that D-α-tocopheryl
polyethylene glycol succinate (TPGS) can partially overcome tumor
MDR by inhibiting the function of efflux transporters [25,26]. Thus, it is
a very attractive strategy to prepare a two-in-one nanomedicine based
on Pt(IV) and TPGS to achieve dual-stimuli triggered Pt(II) release and
MDR-reversal simultaneously.

Herein, we designed a hybrid micelles consisting of pH/redox dual-
sensitive Pt(IV) polymer and TPGS. The polymeric prodrug was syn-
thesized by one-step condensation polymerization using diamminedi-
chlorodisuccinatoplatinum and ortho ester monomer as our previous
work [17,27]. The prodrug and TPGS were co-assembled at a mass ratio
of 2:1 to form a two-in-one micelles (designed as TOCM). The size,
micromorphology and stability of TOCM were then investigated. The
pH and reductive triggered Pt(II) release profiles of TOCM were also
detected at different pH with/without DTT. The cytotoxicity was
measured using A549 and A549/DDP cells verify the potential anti-
tumor effect of hybrid micelles. More importantly, MDR reversal ability
and mechanism of TOCM were carefully studied through cellular up-
take, drug retention, ATP metabolism and mitochondrial damage in
A549/DDP monolayer cell model (2D) and three-dimensional multi-
cellular spheroids (3D).

2. Materials and methods

2.1. Materials

Polymeric prodrug P(OE DS-CP) is synthesized according to the
previous works [17]. Cisplatin (≥99 %) was purchased from Shandong
Platinum Source Chemical Co., Ltd. DL-Dithiothreitol (DTT, 99 %), N-
hydroxysuccinimide (NHS) and N-(3-d-imethylaminopropy)-N′-ethyl-
carbodiimide hydrochloride (EDC) were obtained from Shanghai
Mackin Biochemical Co., Ltd. D-α-tocopheryl polyethylene glycol suc-
cinate (TPGS) were purchased from Sigma Chemical Co., Ltd. Fluor-
escein diacetate (Flu) and Rhodamine B (Rh-B) was obtained by Tokyo
Chemical Industry Co., Ltd. Human lung cancer cell line (A549) and
drug-resistant lung cancer cell line (A549/DDP) were obtained from
KeyGen Biotech (Nanjing, China). Human lung cancer cell line (A549),
drug-resistant lung cancer cell line (A549/DDP) and Nuclei Isolation Kit
were obtained from KeyGen Biotech (Nanjing, China).

2.2. Preparation of hybrid micelles

We first synthesized the polymeric prodrug P(OE DS-CP) (Poly
(ortho ester cisplatin)) according to previous works [17]. Hybrid mi-
celles were prepared as follows: P(OE DS-CP) (20mg) and TPGS
(10mg) dissolved in DMSO (1.5 mL), then slowly added deionized
water (2 mL) under moderate stirring. The mixture was stirred vigor-
ously for another 3 h in the dark, followed by dialyzing against water
for 12 h (MWCO: 3500 Da). Finally, hybrid prodrug micelles were ob-
tained and named as TOCM. Besides, the single prodrugs micelles
(OCM) without TPGS were also prepared using the same method as a
control. Then, two micelles were incubated with 100 μL Rh-B solution
(1mg/mL, dissolve in DMSO) for 8 h under the dark. The mixture was
centrifuged at 1.0× 104 rpm and sediment was re-dispersed in pH 7.4

buffer solutions. This operation was performed twice to remove un-
reacted Rh-B, and finally Rh-B labeled micelles were collected.

2.3. Size and morphology

TOCM micelles solution was diluted to a suitable concentration, and
then the diameter and dispersion index were tested by the dynamic
light scattering (DLS, Malvern, Zetasizer Nano-ZS90). Besides, the size
and surface morphology of particles were measured by transmission
electron microscopy (TEM, JEM-2100, Japan). Briefly, micelles solution
were dropped onto a copper grill and dried at room temperature, and
then observed at an acceleration voltage of 80 kV. In order to test the
stability of micelles, TOCM was dispersed in different solutions, and the
size was measured by DLS.

2.4. Determination of critical micelle concentration (CMC)

The critical micelle concentration (CMC) was determined using a
fluorescence spectrophotometer with Nile Red as a probe. A stock so-
lution of Nile Red (1.0×10−4 mol/L) was prepared in acetone and
added into a brown volumetric flask. Acetone was completely evapo-
rated, and TOCM solutions (concentration ranging from 1.0×10-7 to
2mg/mL) were added to each volumetric flask to achieve a final Nile
Red concentration of 1.0× 10-6 mol/L, respectively. These samples
were incubated overnight in the dark. Fluorescence absorption was
detected by a Shimadzu Spectro fluorophotometer RF-5301PC Series.
The excitation wavelength was set at 550 nm and the emission spec-
trum was at 560∼800 nm. The CMC was determined at the inflection
point on the plots representing the maximum emission wavelength as a
function of the polymer concentration.

2.5. In vitro drug release

In vitro cisplatin release from TOCM was evaluated by the dialysis
method. 1mL TOCM solution of known concentrations was added into
a dialysis bag, and immersed into 10mL different PB solution. Then the
release system was placed in a rotary shaker with a speed of 100 rpm at
37 °C in the dark. At predefined time points, release medium was
completely replaced with 10mL fresh PB solution. Afterwards, Pt
concentration was detected through inductively coupled plasma-mass
spectrometry (ICP-MS, ICAPQ, China).

2.6. Cellular uptake

To observe in vitro cellular uptake behavior, OCM and TOCM mi-
celles were labeled with Rh-B, then co-cultured with A549 or A549/
DDP cells. Briefly, cells were seeded in a 6-well plate and cultured for
24 h. 200 μL Rh-B-labeled OCM or Rh-B-labeled TOCM (8 μg/mL cis-
platin eq.) were added into each well and co-cultured for another 2 h.
After that, cells were washed with PBS, fixed with 4% paraformalde-
hyde for 5min, stained with Hoechst 33258 for 7min. Finally, cells
were observed and imaged by laser scanning confocal microscopy
(CLSM).

2.7. Intracellular drug accumulation

Cisplatin content in cells were detected by ICP-MS. In brief, A549 or
A549/DDP cells were incubated with CP, CP+TPGS, OCM and TOCM
for 4 h, and final drug concentration was 8 μg/mL. After that, cells were
washed, and fresh medium was added and cultured for another 4 or 8 h.
Finally, cells were lysed, and cisplatin levels were determined by
measuring Pt content. The Pt content inside the nucleus was further
detected. A549 or A549/DDP cells were incubated with CP, CP+TPGS,
OCM and TOCM for 4 h. Cell nucleus were extracted by Nuclei Isolation
Kit. In brief, cells were digested with trypsin, washed with PBS, cen-
trifuged at 800×g for 5min, and counted. 1mL of ice-cold Lysis Buffer
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was added and the cells were re-suspended by shaking. Next, about
50 μL Reagent A was added, mixed by shaking. The cell suspension was
placed in an ice-water bath for 10−20min, and shaken for 30 s every
3−5min. Examination of free nuclei under a phase-contrast micro-
scope should reach 95 % and un-cleaved cells should be less than 5 %.
The cells were transferred to a centrifuge tube and centrifuged at
1000×g for 3min at 4 °C to pellet the nuclei. The nucleus was re-sus-
pended in approximately 0.5mL of Lysis buffer, centrifuged at 4 °C,
1000×g for 3min, and the supernatant was discarded. 0.5 mL Medium
Buffer A was added to re-suspend the nucleus. 1 mL of Medium Buffer B
was added to another pre-chilled centrifuge tube, and the nuclear sus-
pension was placed on Medium Buffer B, and centrifuged at 1000×g for
10min at 4 °C. Store Buffer was used to re-suspend the nucleus, and Pt
content was measured by ICP-MS.

Besides, fluorescein (Flu) was used as a substitute of cisplatin to
visually observe drug metabolism. Cells were co-cultured with Flu,
Flu+TPGS, Flu+OCM and Flu+TOCM for 4 h, Flu concentration
was 4 μg/mL. Finally, cells were washed, fixed, staining and observed
by CLSM.

2.8. Cytotoxicity assay

In vitro cytotoxicity of OCM and TOCM were studied using MTT
assay. Briefly, cells were cultured in 96-well plates at a density of
5× 103/well. Then cells were co-cultured with a series concentration
(0.5∼16 μg/mL) of samples including CP, CP+TPGS, OCM and TOCM
for 48 h. After that, the medium containing drugs was replaced by
180 μL fresh medium and 20 μL MTT (5mg/mL), and co-incubated for
another 4 h. Finally, 150 μL DMSO was added into each well to dissolve
formazan, the UV absorption was measured at 570 nm via a Spectra
Max M2/M2e Microplate Readers (Molecular Devices, USA).
Additional, the cytotoxicity of free TPGS in A549 and A549/DDP were
determined in vitro by MTT assay.

2.9. Mitochondrial transmembrane potential, ATP and GSH assay

The change of mitochondrial transmembrane potential was de-
termined using JC-1 probe. Briefly, A549/DDP cells were co-cultured
with free TPGS (10 μg/mL), OCM and TOCM (10 μg/mL eq.), and
RPMI1640 as the control. After 8 h, cells were washed with ice PBS, and
then 1mL JC-1 solution was added and incubated for 20min.
Afterwards, cells were rinsed again, and observed by fluorescence mi-
croscope. The fluorescence intensity of JC-1 monomer or aggregates
was assessed by Image-J.

Intracellular ATP levels were detected using ATP assay kit
(Beyotime Biotechnology, Shanghai). First, cells were treated as de-
scribed above for 8 h. Then, cells were lysed, and centrifuged at 4℃
(1.2× 104 rpm, 5min). Finally, ATP content in supernatant was mea-
sured by luciferrin-luciferase method [28]. Besides, GSH content in
supernatant was also detected by GSH/GSSG assay (Beyotime Bio-
technology, Shanghai).

2.10. Accumulation and inhibition in MCs

A549 or A549/DDP multicellular spheroids (MCs) were prepared
according to previous reports. When the diameter of spheroids reached
150∼200 μm, the subsequent experiments were carried out. In order to
evaluate drugs accumulation in MCs, A549/DDP MCs were co-cultured
with free Flu, Flu+TPGS, Flu+OCM and Flu+TOCM for 4 h. Then,
these spheroids were washed with PBS, and cultured for another 0.5, 2
and 4 h. Afterwards, the fluorescence of Flu in each MCs were observed
by CLSM.

As for growth inhibition, A549 or A549/DDP MCs were treated with
CP, CP+TPGS, OCM and TOCM (10 μg/mL cisplatin eq.). These
spheroids were observed and imaged by an inverted microscope
(OLYMPUS IX51) every other day. The size of spheroids was recorded

for a week.

2.11. In vivo antitumor

To investigate the antitumor effect of these nanoparticles, H22
tumor-bearing mice were established, and in vivo studies were followed
by the protocols approved by the Laboratory Animal Care of Anhui
University. First, 5× 105 H22 cells were inoculated into the left flank
of ICR male mice. Tumor-bearing mice were randomly divided into 6
groups (6 mice/group). 0.2 mL of saline (control group), CP (4mg/kg),
TPGS (2mg/kg), CP+TPGS (4mg/kg), OCM (4mg/kg aq.) and TOCM
(4mg/kg aq.) were administrated I.V., and this day was set as day 1.
Tumor size in each group was measured, and the volume of tumor was
calculated as the following equation: V= d2×D/2, where ′D′ presented
the maximum of tumor and ′d′ presented the minimum of tumor. At day
9, each mouse was executed and tumor mass was collected, weighed
and imaged.

2.12. Statistical analysis

All experiments were repeated at least 3 times. Data were shown as
the mean ± standard deviation (SD), and the significance of the ex-
perimental data was evaluated by SPSS (* represents P<0.05, ** re-
presents P<0.01).

3. Results and discussion

3.1. Preparation and characterization of hybrid micelles

Hybrid micelles based on polymeric prodrug P(OE DS-CP) and TPGS
were prepared as shown in Fig. 1. The properties of micelles including
size and morphology were further characterized by DLS and TEM.
Fig. 2a showed a very small diameter (∼40 nm) of hybrid particles with
acceptable distribution (PDI, ∼0.2). Such low size of micelles were
expected to efficiently accumulate and penetrate deeper into tumor
tissue because the ideal particle size for NDDS was within 20–100 nm
[29,30]. TEM image revealed that hybrid micelles had a spherical-like
shape, and further confirmed the suitable size distribution of micelles in
vitro (Fig. 2b). Besides, CMC was measured by the Nile Red probe, result
showed hybrid micelles possessed a low CMC value (5.0× 10−4 mg/
mL) (Fig. 2c), which was between in polymer prodrug (1.12×10-5 mg/
mL) and TPGS (2.0× 10-1 mg/mL) [31]. The relatively low CMC led to
high stability, which could insure the long circulation in the blood.
Thus, we further evaluate the stability of particles in different solution,
as presented in Fig. 2d. The mean diameter of the nanoparticles in
different solutions for five days is shown in Fig. S1 (Supplementary
Information). The size and count rate had hardly changed whether in
saline or in FBS, which fully suggested the superior stability of hybrid
micelles.

Fig. 1. Synthetic routes of TOCM.
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3.2. In vitro drug release

P(OE DS-CP) had GSH and pH-sensitive units in its main chain, thus,
in vitro cisplatin release from TOCM were performed in PB solution with
or without GSH at different pH values. It could be seen that cumulative
drug release reached 53.9 % and 80.6 % at pH 5.0 and 6.5 in 72 h
(Fig. 3a), while the release amount was greatly suppressed at pH 7.4
(7.6 %). This result indicated that hybrid micelles were sensitive to
mildly acidic environment, but could remain stable in the neutral
condition, which was closely related to the inherent properties of ortho
ester [32,33]. Besides, in the presence of 10mmol DTT, the drug release
rate was accelerated at pH 7.4, and more than 30 % drug was released
within 72 h (Fig. 3b). A reasonable explanation was that the reduction
of Pt(IV) at reductive environment broke the polymer structure and
triggered Pt(II) release [14]. Interestingly, more than 80 % drug was
released at pH 5.0 plus 10mmol DDT in 12 h. As a result, dual-sensitive
strategy was more effective in the controlled drug release, which might
quickly exert pharmaceutical activity in tumor cells, especially in drug-
resistant cells. In addition, we also found the above drug release profiles
of TOCM micelles were similar to single OCM micelles [17], suggesting
the introduction of TPGS had no significant effect on cisplatin release.

3.3. In vitro cellular uptake and drug accumulation

To track in vitro cellular uptake of nano-micelles, OCM and TOCM
were pre-labeled by Rh-B, then incubated with A549 or A549/DDP
cells. As shown in Fig. 4a and b, red fluorescence were observed in
cytoplasm, suggesting two micelles were both internalized by cells.
Besides, the fluorescence signal in OCM was higher than that in TOCM,
which meant more OCM particles accumulation in cells. This result was
attributed to the PEO interference from TPGS [34]. We found that A549
cells exhibited relatively stronger fluorescence intensity than A549/
DDP cells. A possible reason was that drug-resistant cells had a strong
efflux effect, thereby resulting in the low accumulation [35].

Intracellular drug levels were further quantified by ICP-MS. In A549
cells, two micelles displayed relatively higher Pt content than free drug
groups at 4 h and 8 h (Fig. 4c). With the prolonging time, the final Pt
levels were 3.5, 3.7, 10.8 and 10.5 μg/L for CP, CP+TPGS, OCM and
TOCM at 8 h. This significant difference was ascribed to different me-
tabolic pathways. As a small molecule drug, cisplatin was easily cleared
by diffusion, while prodrugs particles were removed by exocytosis
[36,37]. Even if some particles were degraded into free Pt(II), the time-
lag of drug release also limited drug clearance, thereby leading to

Fig. 2. Property investigation of TOCM micelle: Size and distribution (a), TEM image (b), CMC determination (c), and the stability in different solution for 5 days (d).
Data was represented as mean ± SD, n= 3.

Fig. 3. Drug release profiles of TOCM: Cisplatin from TOCM at different pH (5.0, 6.5 and 7.4) (a); Cisplatin from TOCM at different pH within 10mM DTT (b).
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higher intracellular drugs levels. Besides, the faster clearance rate was
found in A549/DDP cells treated by CP and OCM, and final Pt con-
centration was just 0.5 and 2.8 μg/L (Fig. 4d). However, the TPGS
groups still maintained high Pt content, especially in hybrid TOCM
micelles. This result was because the over-expressed efflux transporters
in drug-resistant cells (MRP2 and ATP7A/7B), and large amount of
cisplatin was transported out from intracellular to extracellular [8,19].
To further verify drug delivery efficiency of prodrug-based micelles, Pt
content in the nucleus was examined after incubated with each sample
for 4 h, and the results were shown in Table S1. For A549 cells, Pt
content in nucleus was 3.66 (CP) and 4.84 (CP+TPGS) ng/104 cell,
suggesting that free TPGS could increase the concentration of Pt in the
nucleus to a certain extent. However, Pt content in OCM and TOCM-
treated cell nucleus was only 2.16 and 2.84 ng/104 cells, which was less
than that of CP. We supposed that OCM and TOCM need to be degraded
in the environment of low pH and high GSH concentration in cytoplasm
to release free cisplatin, which ultimately led to a decrease in the
content of drugs that entered the nucleus in a short time. For A549/DDP
cells, Pt content in cell nucleus was 1.03 (CP), 2.94 (CP+TPGS), 1.92
(OCM) and 2.55 ng/104 cells (TOCM), indicating that TPGS could sig-
nificantly increase Pt accumulation and drug delivery efficiency of pro-

drug based micelles. It was worth noting that most of efflux transporters
required energy to remain work, and TPGS was capable of interfering
with ATP production, which in turn blocked drug efflux [26]. In other
words, hybrid prodrug micelles could efficiently reversal tumor MDR
and increase intracellular drug accumulation.

In order to verify the above results, fluorescein (Flu) as a typical
substrate of MRP2 [38], were used for evaluating the effect of MRP2-
inhibition. As shown in Fig. S2a, few green fluorescence appeared in
free Flu and Flu+OCM groups, while a bright green signal was ob-
served in Flu+TPGS and Flu+ TOCM groups. This result meant that
more Flu accumulated in A549/DDP cells because the function of MRP2
was inhibited by TPGS interference. The fluorescence intensity analysis
further clarified the significant difference between TPGS groups or no
TPGS groups (Fig. S2b).

3.4. In vitro cytotoxicity

In vitro cytotoxicity of hybrid micelles in A549 and A549/DDP cells
were evaluated using MTT assay. After incubation for 48 h, an obvious
concentration-dependent cytotoxicity was found in A549 cells (Fig. 5a).
The final cell viabilities were 45.2 % (CP), 32.2 % (CP+TPGS), 26.3 %

Fig. 4. CLSM image of A549 cells (a) and A549/DDP cells (b) incubated with Rh-B labeled OCM and TOCM, scale bar =10 μm; CDDP content in A549 cells (c) and
A549/DDP cells (d) at different times.

Fig. 5. In vitro cytotoxicity of CP, CP+TPGS, OCM and TOCM in A549 cells (a), A549/DDP cells (b) after 48 h.
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(OCM) and 29.0 % (TOCM), respectively. Clearly, prodrugs particles
possessed higher antitumor efficacy than free drugs, which was con-
nected with longer intracellular drug retention as mentioned above.
When incubated with A549/DDP cells, the cytotoxicities of free CP and
OCM were greatly limited, while OCM was still able to induce part of
cells death at high drug concentration. Cell viabilities were 80.5 % for
CP and 65.3 % at 16 μg/mL for OCM (Fig. 5b). In vitro cytotoxicity of
Free TPGS in A549 and A549/DDP cells is shown in Fig. S3. Previous
studies have shown that cisplatin was not only excreted by drug-re-
sistant cells, but its activity was also inhibited by forming complexes
with GSH [39]. Thus, GSH consuming owing the reduction reaction (Pt
(IV)→Pt(II)) might increase OCM activity to some extent. Besides, it
was worth noting that TPGS groups exhibited better antitumor activity
in drug-resistant cells, cell viabilities were 39.8 % and 32.8 % for
CP+TPGS and TOCM, respectively. This result demonstrated that in-
hibiting drug efflux by TPGS might also play a key role for MDR-re-
versing. Furthermore, 50 % inhibitive concentration (IC50) was pre-
sented in Table S2. Notably, TOCM had the lowest IC50 values in A549
(3.94 μg/mL) and A549/DDP (4.01 μg/mL) cells, and resistance rever-
sion index (RRI) reached 10.56. As a result, hybrid prodrug micelles
could not only exert drug activity rapidly by triggering drug release
through dual-stimulus (pH/GSH), but also enhance intracellular drug
accumulation based on TPGS-mediated anti-MDR effects.

3.5. Sensitization mechanism

In order to confirm the potential sensitization effects, GSH levels in
A549/DDP cells were detected using GSH/GSSH kit. Compared with the
control group, the GSH content in Pt (II) -treated cells decreased to a
certain extent, indicating that a GSH-Pt (II) complex was formed (Fig.
S4). This complexes limited the cross-linking of Pt(II) and DNA, thereby
hampering the Pt(II) activity. Besides, the GSH-Pt(II) complex was also
more easily metabolized by MRP1 or MRP2 [39]. Interestingly, the
remarkably decreased GSH levels appeared in these groups containing
Pt(IV), which was due to the reduction reaction of Pt(IV) exacerbated
GSH depletion (Fig. S5). It meant that there might be a competition
toward GSH molecule between Pt(IV) and Pt(II), which impair GSH/
GST system mediated detoxification effect on Pt(II) species [40,41]. In
other words, Pt(IV) prodrugs particles had higher biological activity in
A549/DDP cells than that of free cisplatin.

In addition, previous reports have demonstrated that TPGS was
capable of interfering with energy metabolism and thus affected the
function of efflux pumps [25,27]. Thus, in this section, mitochondria
depolarization and ATP levels in A549/DDP cells were further eval-
uated. As shown in Fig. 6a, red and green fluorescence were JC-1

aggregates and monomer, which represented healthy and depolarized
mitochondria, respectively. Compared to the control or OCM, TPGS
groups exhibited a weak red signal with a strong green signal, which
was due to TPGS affected mitochondrial membrane permeability
[27,42]. The JC-1 R/G ratio further confirmed this significant differ-
ence (Fig. 6b), indicating TPGS induced more mitochondria damage.
Besides, mitochondria acted as energy factories to directly regulate the
production of ATP in cells. Fig. 6c revealed that TOCM-treated cells had
the lowest ATP level, followed by free TPGS, OCM-treated cells.
Therefore, we believe that hybrid micelles reversed drug-resistance
mainly by down-regulating intracellular ATP level, as many drug efflux
pumps were ATP-dependent.

3.6. Accumulation in MCs

In vitro A549/DDP multicellular spheroids (MCs) were established
to evaluate the penetration and accumulation ability of hybrid micelles.
After pre-incubation with different samples, these spheroids were wa-
shed and cultured for another 0.5, 2 and 4 h. Then the representative
images of MCs were presented in Fig. 7a–d. At the initial time, a strong
green fluorescence appeared in spheroids treated by TPGS or TOCM.
With time prolonging, the fluorescence intensity gradually decreased,
but remained a considerable green signal in the outer of spheroids.
However, the control and OCM groups showed relatively weak fluor-
escence from starting to end, and finally, the Flu signal was almost
invisible. One possible explanation was that A549/DDP spheroids had
powerful drug-resistance, and lager amount of Flu was ejected by the
up-regulated MRP2 or ATP7A/7B. However, TPGS could efficiently
overcome this adverse effect, thereby enhancing Flu accumulation and
retention in MCs. According to fluorescence intensity statistics (Fig. S6),
the efflux rates were calculated by the formula (T0.5-T4)/T0.5. The va-
lues were 67.1 %, 40.8 %, 64.7 % and 13.9 % for Flu, TPGS, OCM and
TOCM, respectively. As a result, low efflux effect led to higher drug
accumulation in MCs, which provided a decisive basis for effective anti-
tumor.

3.7. Growth inhibition in MCs

The growth inhibition on MCs of OCM and TOCM were studied for a
week, and the spheroids' diameter was recorded every other day. As for
A549 MCs, the control (RPMI1640) group exhibited a rapid cells pro-
liferation in the outer layer of spheroids, resulting in a continuously
increasing on diameter (Fig. 8a). After treatment for 7 days, the size of
spheroids reached 315.3 μm (Fig. 8b). However, all drugs groups dis-
played different inhibition effects, the final diameter were 123.1 μm,

Fig. 6. Drug efflux evaluation; CLSM image of
the A549/DDP cells (a) after incubation with
various formulations for 24 h, the red and
green fluorescence signals were generated by
the JC-1 monomer and J-aggregates, respec-
tively, scale bar =30 μm; Degree of mi-
tochondrial membrane potential (b) and con-
centration of intracellular ATP (c) in A549/
DDP cells after treated with nanogels; * re-
presents p < 0.05, ** represents p < 0.01,
*** represents p < 0.005, as compared to
control at the same concentration.

L. He, et al. Colloids and Surfaces B: Biointerfaces 195 (2020) 111256

6



115.3 μm, 107.6 μm, and 92.3 μm for CP, CP+TPGS, OCM and TOCM,
respectively. But in A549/DDP MCs, there were some difference in
various groups. As in the control, CP group had hardly growth inhibi-
tion and the diameter reached 315.4 μm at last day (Fig. 8c and 8d),
which was attributed to the simultaneous decline of cisplatin con-
centration and activity. Besides, OCM particles exhibited a weak in-
hibition effect because Pt(IV) possessed some certain activity in MDR
cells. Inspiringly, higher anti-proliferation effect was found in TPGS
groups, especially in TOCM group and its diameter was just 69.2 μm at
day 7. This outstanding tumor-suppressing effect of hybrid micelles was
mainly contributed by the following aspects: (1) anti-MDR by TPGS
increased drug accumulation in MCs; (2) dual-stimulated drug release
cause rapid diffusion and penetration; (3) GSH-depleting enhanced
pharmacological activity.

3.8. In vivo antitumor effect

To further verify drug delivery efficiency of pro-drug based micelles,
Pt content in the nucleus was examined after incubated with each
sample for 4 h, and the results were shown in Table S1. For A549 cells,
Pt content in nucleus was 3.66 (CP) and 4.84 (CP+TPGS) ng/104 cell,
suggesting that free TPGS could increase the concentration of Pt in the
nucleus to a certain extent. However, Pt content in OCM and TOCM-
treated cell nucleus was only 2.16 and 2.84 ng/104 cells, which was less
than that of CP. We supposed that OCM and TOCM need to be degraded
in the environment of low pH and high GSH concentration in cytoplasm
to release free cisplatin, which ultimately led to a decrease in the
content of drugs that entered the nucleus in a short time. For A549/DDP
cells, Pt content in cell nucleus was 1.03 (CP), 2.94 (CP+TPGS), 1.92

(OCM) and 2.55 ng/104 cells (TOCM), indicating that TPGS could sig-
nificantly increase Pt accumulation and drug delivery efficiency of pro-
drug based micelles.

4. Conclusion

In summary, hybrid micelles (TOCM) containing cisplatin prodrugs
and TPGS were prepared to enhance the chemotherapy efficacy in drug-
resistant tumor cells. TOCM showed a spherical structure with the size
of ∼40 nm, facilitating particles accumulation and penetration in
tumor tissue. High stability of hybrid particles owing to low CMC could
avoid drug leakage in the neutral condition, thereby reducing negative
effects. Compared to single pH or GSH, dual-stimulus response medi-
ated the fast drug release (∼81.3 % within 12 h) that efficiently exerted
pharmaceutical activity in tumor cells. More importantly, the combined
acting of GSH-depleting by Pt(IV) reduction and prolonged drug re-
tention by TPGS-mediated anti-MDR caused the enhanced cytotoxicity
of hybrid micelles in A549/DPP cells. Furthermore, in vitro 3D MCs test
further verified that hybrid particles could efficiently accumulate, dif-
fuse, penetrate in tumor-like spheroids, resulting in the highest anti-
proliferation effect, and inhibition rate reached 47.8 % (A549 MCs) and
61.2 % (A549/DDP MCs). As a result, these findings supported the
advanced antitumor ability of TOCM, and we believed that these hybrid
prodrugs micelles could be potentially used in clinical tests.

CRediT authorship contribution statement

Le He: Data curation, Writing - original draft. Jiaxi Xu: . Xu Cheng:
Visualization, Investigation. Min Sun: Project administration. Bing

Fig. 7. CLSM images of A549/DDP MCs incubated with free Flu (a), Flu+ TPGS (b), OCM (c) and TOCM+TPGS (d).

L. He, et al. Colloids and Surfaces B: Biointerfaces 195 (2020) 111256

7



Wei: Writing - review & editing. Nanchi Xiong: Supervision. Jiayu
Song: Software. Xin Wang: Validation. Rupei Tang:
Conceptualization, Methodology.

Declaration of Competing Interest

There are no any financial interests to declare.

Acknowledgements

This work is financially supported by the National Natural Science
Foundation of China (No. 51803001 and 51503001), the Anhui
Provincial Natural Science Foundation (No. 2008085ME136 and
2008085QE210), the Research Foundation of Education Department of
Anhui Province of China (No. KJ2018ZD003, KJ2018A0006 and
KJ2019A0015).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfb.2020.111256.

References

[1] F.M. Muggia, A. Bonetti, J. Hoeschele, M. Rozencweig, Platinum antitumor com-
plexes: 50 years since Barnett Rosenberg’s discovery, J. Clin. Oncol. 33 (2015)

4219–4226.
[2] A.S. Jadon, P. Bhadauriya, M. Sharma, An integrative review of cisplatin: the first

metal anti-tumor drug, J. Drug. Deliv. Ther. 9 (2019) 673–677.
[3] I.W. Achkar, N. Abdulrahman, H. Al-Sulaiti, J.M. Joseph, S. Uddin, F. Mraiche,

Cisplatin based therapy: the role of the mitogen activated protein kinase signaling
pathway, J. Transl. Med. 16 (2018) 96.

[4] G. Santabarbara, P. Maione, A. Rossi, C. Gridelli, Pharmacotherapeutic options for
treating adverse effects of Cisplatin chemotherapy, Expert Opin. Pharmacol. 17
(2016) 561–570.

[5] L.Y. Qi, Q. Luo, Y.Y. Zhang, F.F. Jia, Y. Zhao, F.Y. Wang, Advances in toxicological
research of the anticancer drug cisplatin, Chem. Res. Toxicol. 32 (2019)
1469–1486.

[6] L. Amable, Cisplatin resistance and opportunities for precision medicine, Pharm.
Res. 106 (2016) 27–36.

[7] Z.G. Wang, Z.F. Xu, G.Y. Zhu, A platinum (IV) anticancer prodrug targeting nu-
cleotide excision repair to overcome cisplatin resistance, Angew. Chem. Int. Edit. 55
(2016) 15564–15568.

[8] H. Pan, E. Kim, G.O. Rankin, Y. Rojanasakul, Y. Tu, Y.C. Chen, Theaflavin-3, 3′-
digallate enhances the inhibitory effect of cisplatin by regulating the copper
transporter 1 and glutathione in human ovarian cancer cells, Int. J. Mol. Sci. 19
(2018) 117.

[9] X. Ling, X. Chen, I.A. Riddell, W. Tao, J.Q. Wang, G. Hollett, S.J. Lippard,
O.C. Farokhzad, J.J. Shi, J. Wu, Glutathione-scavenging poly (disulfide amide)
nanoparticles for the effective delivery of Pt (IV) prodrugs and reversal of cisplatin
resistance, Nano Lett. 18 (2018) 4618–4625.

[10] T. Feng, H.J. Chua, Y. Zhao, Carbon‐dot‐mediated Co‐administration of che-
motherapeutic agents for reversing cisplatin resistance in cancer therapy,
ChemNanoMat 4 (2018) 801–806.

[11] Q.M. Zhou, Y. Sun, Y.Y. Lu, H. Zhang, Q.L. Chen, S.B. Su, Curcumin reduces mi-
tomycin C resistance in breast cancer stem cells by regulating Bcl-2 family-mediated
apoptosis, Cancer Cell Int. 17 (2017) 84.

[12] T.C. Johnstone, K. Suntharalingam, S.J. Lippard, The next generation of platinum
drugs: targeted Pt (II) agents, nanoparticle delivery, and Pt (IV) prodrugs, Chem.
Rev. 116 (2016) 3436–3486.

Fig. 8. Images of MCs after incubation with various formulations at different times in A549 spheroids (a) and A549/DDP spheroids (b), scale bar =100 μm; Diameter
changes of MCs after incubation with various formulations at different times in A549 spheroids (c) and A549/DDP spheroids (d), data are represented as mean ± SD
(n=3). * P < 0.05, ** p < 0.01.

L. He, et al. Colloids and Surfaces B: Biointerfaces 195 (2020) 111256

8

https://doi.org/10.1016/j.colsurfb.2020.111256
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0005
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0005
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0005
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0010
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0010
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0030
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0030
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0035
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0035
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0035
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0050
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0050
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0050
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0055
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0055
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0055
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0060
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0060
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0060


[13] J.W. Li, Z.L. Lyv, Y.L. Li, H. Liu, J.K. Wang, W.J. Zhan, H. Chen, H.B. Chen, X.M. Li,
A theranostic prodrug delivery system based on Pt (IV) conjugated nano-graphene
oxide with synergistic effect to enhance the therapeutic efficacy of Pt drug,
Biomaterials 51 (2015) 12–21.

[14] D. Gibson, Platinum (IV) anticancer prodrugs–hypotheses and facts, Dalton Trans.
45 (2016) 12983–12991.

[15] X.C. Huang, R.Z. Huang, S.H. Gou, Z.M. Wang, Z.X. Liao, H.S. Wang,
Combretastatin A-4 analogue: a dual-targeting and tubulin inhibitor containing
antitumor Pt (IV) moiety with a unique mode of action, Bioconjugate Chem. 27
(2016) 2132–2148.

[16] J. Kasparkova, H. Kostrhunova, O. Novakova, R. Křikavová, J. Vančo, Z. Trávníček,
V. Brabec, A photoactivatable platinum (IV) complex targeting genomic DNA and
histone deacetylases, Angew. Chem. Int. Edit. 54 (2015) 14478–14482.

[17] L. He, M. Sun, X. Cheng, Y. Xu, X.D. Lv, X. Wang, R.P. Tang, pH/redox dual-sen-
sitive platinum (IV)-based micelles with greatly enhanced antitumor effect for
combination chemotherapy, J. Colloid. Interface Sci. 541 (2019) 30–41.

[18] Z.G. Wang, G.Z. Kuang, Z.Q. Yu, A.M. Li, D.F. Zhou, Y.B. Huang, Light-activatable
dual prodrug polymer nanoparticle for precise synergistic chemotherapy guided by
drug-mediated computed tomography imaging, Acta Biomater. 94 (2019) 459–468.

[19] G.Y. Ho, N. Woodward, J.I.G. Coward, Cisplatin versus carboplatin: comparative
review of therapeutic management in solid malignancies, Crit. Rev. Oncol. Hemat.
102 (2016) 37–46.

[20] M.D. Zheng, N.D. Wang, X.L. Li, J. Yan, J.H. Tang, X.H. Zhao, Z.H. Zhang,
Toosendanin mediates cisplatin sensitization through targeting Annexin A4/ATP7A
in non-small cell lung cancer cells, J. Nat. Med. 72 (2018) 724–733.

[21] J. Zeng, P.C. Du, L. Liu, J.G. Li, K. Tian, X. Jia, X.B. Zhao, P. Liu, Superparamagnetic
reduction/pH/temperature multistimuli-responsive nanoparticles for targeted and
controlled antitumor drug delivery, Mol. Pharmaceut. 12 (2015) 4188–4199.

[22] G.J. Chen, Y.Y. Wang, R.S. Xie, S.Q. Gong, Tumor-targeted pH/redox dual-sensitive
unimolecular nanoparticles for efficient siRNA delivery, J. Control. Release 259
(2017) 105–114.

[23] D.Q. Chen, G.H. Wang, W.G. Song, Q. Zhang, Novel CD44 receptor targeting mul-
tifunctional “nano-eggs” based on double pH-sensitive nanoparticles for co-delivery
of curcumin and paclitaxel to cancer cells and cancer stem cells, J. Nanopart. Res.
17 (2015) 421.

[24] Q. Yin, J.N. Shen, Z.W. Zhang, H.J. Yu, Y.P. Li, Reversal of multidrug resistance by
stimuli-responsive drug delivery systems for therapy of tumor, Adv. Drug Deliv.
Rev. 65 (2013) 1699–1715.

[25] C.L. Yang, T.T. Wu, Y. Qi, Z.P. Zhang, Recent advances in the application of vitamin
E TPGS for drug delivery, Theranostics 8 (2018) 464–485.

[26] T.F. Liu, X.Y. Liu, H. Xiong, C. Xu, J.X. Yao, X.M. Zhu, J.P. Zhou, J. Yao,
Mechanisms of TPGS and its derivatives inhibiting P-glycoprotein efflux pump and
application for reversing multidrug resistance in hepatocellular carcinoma, Polym.
Chem. 9 (2018) 1827–1839.

[27] M. Sun, L. He, X. Wang, R.P. Tang, Acid-breakable TPGS-functionalized and diallyl
disulfide-crosslinked nanogels for enhanced inhibition of MCF-7/ADR solid tu-
mours, J. Mater. Chem. B 7 (2019) 240–250.

[28] Y.R. Wang, S.Y. Yang, G.X. Chen, P. Wei, Barbaloin loaded polydopamine-

polylactide-TPGS (PLA-TPGS) nanoparticles against gastric cancer as a targeted
drug delivery system: studies in vitro and in vivo, Biochem. Biophys. Res. Commun.
499 (2018) 8–16.

[29] M. Elsabahy, K.L. Wooley, Design of polymeric nanoparticles for biomedical de-
livery applications, Chem. Soc. Rev. 41 (2012) 2545–2561.

[30] S.A. Kulkarni, S.S. Feng, Effects of particle size and surface modification on cellular
uptake and biodistribution of polymeric nanoparticles for drug delivery, Pharm.
Res. 30 (2013) 2512–2522.

[31] X.C. Liu, Y.N. Chen, X. Chen, J.S. Su, C. Huang, Enhanced efficacy of baicalin-
loaded TPGS polymeric micelles against periodontitis, Mater. Sci. Eng. C-Mater. 101
(2019) 387–395.

[32] M. Sun, D.P. Li, X. Wang, L. He, X.D. Lv, Y. Xu, R.P. Tang, Intestine-penetrating, pH-
sensitive and double-layered nanoparticles for oral delivery of doxorubicin with
reduced toxicity, J. Mater. Chem. B 7 (2019) 240–250.

[33] X. Wang, X. Cheng, L. He, X.L. Zeng, Y. Zheng, R.P. Tang, Self-assembled in-
domethacin dimer nanoparticles loaded with doxorubicin for combination therapy
in resistant breast cancer, ACS Appl. Mater. Interface 11 (2019) 28597–28609.

[34] A. Arranja, A.G. Denkova, K. Morawska, G. Waton, S.V. Vlierberghe, P. Dubruel,
F. Schosseler, E. Mendesd, Interactions of pluronic nanocarriers with 2D and 3D cell
cultures: effects of PEO block length and aggregation state, J. Control. Release 224
(2016) 126–135.

[35] L.Y. Ye, S. Hu, H.E. Xu, R.R. Xu, H. Kong, X.N. Zeng, W.P. Xie, H. Wang, The effect
of tetrandrine combined with cisplatin on proliferation and apoptosis of A549/DDP
cells and A549 cells, Cancer Cell Int. 17 (2017) 40.

[36] Q. Song, X. Wang, Y.Q. Wang, Y.Q. Liang, Y.X. Zhou, X.N. Song, B. He, H. Zhang,
W.B. Dai, X.Q. Wang, Q. Zhang, Reduction responsive self-assembled nanoparticles
based on disulfide-linked drug-drug conjugate with high drug loading and anti-
tumor efficacy, Mol. Pharmaceut. 13 (2016) 190–201.

[37] X. Cheng, X.L. Zeng, Y. Zheng, X. Wang, R.P. Tang, Surface-fluorinated and pH-
sensitive carboxymethyl chitosan nanoparticles to overcome biological barriers for
improved drug delivery in vivo, Carbohyd. Polym. 208 (2019) 59–69.

[38] R. Safaei, K. Katano, B.J. Larson, G. Samimi, A.K. Holzer, Wiltrud Naerdemann,
Mika Tomioka, Murray Goodman, S.B. Howell, Intracellular localization and traf-
ficking of fluorescein-labeled cisplatin in human ovarian carcinoma cells, Clin.
Cancer Res. 11 (2005) 756–767.

[39] H.Y. Zhu, H. Luo, W.W. Zhang, Z.J. Shen, X.L. Hu, X.Q. Zhu, Molecular mechanisms
of cisplatin resistance in cervical cancer, Drug Des. Dev. Ther. 10 (2016)
1885–1895.

[40] W.H. Ang, I. Khalaila, C.S. Allardyce, L. Juillerat-Jeanneret, P.J. Dyson, Rational
design of platinum(IV) compounds to overcome glutathione-s-transferase mediated
drug resistance, J. Am. Chem. Soc. 127 (2005) 1382–1383.

[41] Z.Z. Zhu, Z.H. Wang, Y.G. Hao, C. Zhu, Y. Jiao, H.C. Chen, Y.M. Wang, J. Yan,
Z.J. Guo, X.Y. Wang, Glutathione boosting the cytotoxicity of magnetic platinum
(IV) nano-prodrug in tumor cells, Chem. Sci. 7 (2016) 2864–2869.

[42] E.M. Collnot, C. Baldes, U.F. Schaefer, K.J. Edgar, M.F. Wempe, C.M. Lehr, Vitamin
E TPGS P-glycoprotein inhibition mechanism: influence on conformational flex-
ibility, intracellular ATP levels, and role of time and site of access, Mol.
Pharmaceut. 7 (2010) 642–651.

L. He, et al. Colloids and Surfaces B: Biointerfaces 195 (2020) 111256

9

http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0070
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0070
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0105
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0105
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0105
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0120
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0120
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0120
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0125
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0125
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0145
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0145
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0165
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0165
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0165
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0185
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0185
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0185
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0205
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0205
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0205
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30612-3/sbref0210

	Hybrid micelles based on Pt (IV) polymeric prodrug and TPGS for the enhanced cytotoxicity in drug-resistant lung cancer cells
	Introduction
	Materials and methods
	Materials
	Preparation of hybrid micelles
	Size and morphology
	Determination of critical micelle concentration (CMC)
	In vitro drug release
	Cellular uptake
	Intracellular drug accumulation
	Cytotoxicity assay
	Mitochondrial transmembrane potential, ATP and GSH assay
	Accumulation and inhibition in MCs
	In vivo antitumor
	Statistical analysis

	Results and discussion
	Preparation and characterization of hybrid micelles
	In vitro drug release
	In vitro cellular uptake and drug accumulation
	In vitro cytotoxicity
	Sensitization mechanism
	Accumulation in MCs
	Growth inhibition in MCs
	In vivo antitumor effect

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary data
	References




