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ABSTRACT: Combination therapy of paclitaxel (PTX) and cisplatin has been used to treat several cancers in clinic practice, but often

causes serious systemic toxicity. Co-delivery of PTX and cisplatin by means of polymeric micelles can reduce the systemic toxicity,

but often needs two carrier polymers because of the solubility difference between them. Therefore, a strategy is developed to co-

deliver both PTX and cisplatin with only one carrier polymer by encapsulating PTX in the core of a polymeric micelle and cross-

linking the micelle with cisplatin. The PTX and Pt contents in the micellar formulation M(PTX/Pt) were 10 and 14 wt %, respec-

tively. In vitro cytotoxicity of M(PTX/Pt) was evaluated via 3-(4,5-dimethylthiazol-2-yl)22,5-diphenyltetrazolium bromide assay in

comparison with PTX and its micelle M(PTX), cisplatin and its micelle M(Pt), and PTX/cisplatin combination towards human hepa-

tocarcinoma (SMMC-7721) cells and chemoresistant SMMC-7721(SMMC-7721R) cells. The M(PTX/Pt) exhibited a high synergistic

effect in the inhibition of cell growth and proliferation of both SMMC-7721 and SMMC-7721R cells and showed reasonable drug-

resistance relief. The synergistic effect and resistance relief were further supported or explained by intracellular uptake measurement

of dye-labeled micelles and by the confocal laser scanning microscopy observation of SMMC-7721 and SMMC-7721R cells treated

with various formulations. Therefore, M(PTX/Pt) micelles were expected to find potential application in cancer chemotherapy. VC 2014
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KEYWORDS: biodegradable; biomedical applications; drug delivery systems

Received 29 June 2014; accepted 25 August 2014
DOI: 10.1002/app.41440

INTRODUCTION

Cancer metastasis and resistance to chemotherapy is a major hur-

dle of cancer therapy and result in treatment failure in more

than 90% of metastatic cancers. Cancer cells exhibit inherent

resistant phenotype because of certain genetic alteration or their

acquired resistance following repeated exposure to drugs.1–5

Although different anticancer therapies could control tumor

growth, this control usually is not long lasting. Taking paclitaxel

(PTX) as an example, high enough amount of PTX can induce

mitotic phase cell death, thereby exerting antitumor effects.6

PTX-based therapy often improves patient survival; however, the

cancer ultimately develops drug resistance in most patients, lead-

ing to recurrence of the cancer, distant metastasis and death.7

Administering single drug is unlikely to succeed in the treat-

ment of cancer. Therefore, a combination of multiple noncross-

resistant anticancer agents has been widely applied clinically.8–10

Applying multiple drugs with different molecular targets can

raise the genetic barriers and delay the cancer adaption process.

Multiple drugs targeting the same cellular pathways can func-

tion synergistically, giving higher therapeutic efficacy and target

selectivity.11–13 Overall, developing a combined therapeutic

approach might even be the key to enhancing anti-cancer effi-

cacy and overcoming chemoresistance.14 Cisplatin is one of the

most widely used DNA-modifying chemotherapy drugs. The

combination of PTX/cisplatin free drugs has shown a good syn-

ergistic effect against a wide range of cancer cell lines because of

the different mechanisms by which PTX and cisplatin act. 15,16

Additional Supporting Information may be found in the online version of this article.
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Nowadays the combination of PTX/cisplatin free drugs has

become the first-line chemotherapy for advanced nonsmall-cell

lung cancer,17 ovarian cancer,18 advanced gastric cancer,19,20

advanced breast cancer,21,22 and metastatic esophageal cancer.23

Advances in nanotechnology have opened up unprecedented

opportunities for controlled drug delivery and novel combina-

tion strategies. In our previous work, the co-delivery of two

anticancer drugs using polymeric micelles showed reduced sys-

tematic toxicity and greater synergistic effect than combination

of two small molecule anticancer drugs both in vitro and in

vivo.24 Research for other people’s work also showed that com-

bination of two antitumor drugs in one nanoparticle could

enhance antitumor and antimetastasis efficacy.25 Actually, nano-

particles are well suited for reversal of the drug resistance

because they can ensure delivery of two or more therapeutic

agents to the same cell. Wang et al. observed enhanced antitu-

mor efficacy with reduced side effects by co-delivery of doxoru-

bicin and PTX with amphiphilic methoxypoly(ethylene glycol)-

b-poly(lactic-co-glycolic acid) (mPEG-PLGA) copolymer nano-

particles.26 In an attempt to co-encapsulate doxorubicin and

cyclosporin A in polyalkylcyanoacrylate nanoparticles, the com-

bined nanoparticle formula showed improved growth inhibition

efficacy in a resistant cell culture line.27 But co-delivery of PTX

and cisplatin by co-encapsulation is difficult because cisplatin

cannot dissolve easily in either hydrophilic or hydrophobic

polymers. By covalent conjugation of PTX and cisplatin, two

different carrier polymers are often needed.

In the present study, therefore, polymeric micelles bearing both

cisplatin and PTX were constructed by encapsulating PTX in the

core of micelles and by incorporating cisplatin into the micelles as

a cross-linking agent. Their efficacy towards human hepatocarci-

noma (SMMC-7721) cells and PTX-resistant SMMC-7721R cells

was examined in comparison with their single use in polymer

drug forms or their combination use in small molecular forms.

MATERIALS AND METHODS

Materials

PTX was purchased from Chongqing Union Pharmacy, China.

Cisplatin was purchased from Shangdong Boyuan Chemical,

China. 3,30-Dioctadecyloxacarbocyanine perchlorate (DiO), 40,6-

diamidino-2-phenylindole(DAPI), N-acetyl-L-cysteine (NAC),

3-(4,5-dimethylthiazol-2-yl)22,5-diphenyltetrazolium bromide

(MTT), and dimethyl sulfoxide (DMSO) were purchased from

Sigma-Aldrich (St. Louis, MO, USA). (Annexin V- fluorescein

isothiocyanate(FITC))/propidium iodide (PI) cell apoptosis kit

was obtained from KeyGen Biotech (Nanjing, China). Other

chemicals and solvents were obtained commercially and used

without further purification.

Measurements

Transmission electron microscopy (TEM) measurement was per-

formed on a JEOL JEM-1011 transmission electron microscope

with an accelerating voltage of 100 kV. Concentrations of cispla-

tin and PTX were determined by inductively coupled plasma-

mass spectrometry (ICP-MS) (Xseries II, Thermoscientific, USA)

and high-performance liquid chromatography (HPLC), respec-

tively. The HPLC system consisted of a reverse-phase C-18 col-

umn, a mobile phase of acetonitrile and water (65:35 v/v)

pumped at a flow rate of 1.0 mL�min21 at 25�C. Twenty lL ali-

quot of sample was injected, and the column effluent was

detected at 227 nm with a UV detector (Waters 2489). PTX con-

centrations in the samples were determined using a calibration

curve of various PTX concentrations (0.12100 lg�mL21).

Preparation of PTX Encapsulated Micelles M(PTX)

The poly(ethylene oxide)-block-poly(allyl glycidyl ether)/

medroxy progesterone acetate-block-poly-(DL-lactide) (mPEG-b-

PAGE-b-PLA), mPEG-b-PAGE/MPA-b-PLA (Scheme 1) was

synthesized as previously described.28 Briefly, 4 mg of PTX and

40 mg of mPEG-b-PAGE/MPA-b-PLA were dissolved in 5 mL

Scheme 1. (A) Preparation of M(PTX/Pt). (B) Release of PTX ( ) and cisplatin ( ) along with microtubule stabilization and DNA damage, resulting in

cell apoptosis. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tetrahydrofuran (THF) in a round bottom flask and the solvent

was evaporated by rotary evaporation at 40�C to obtain a solid

PTX/copolymer film. The obtained thin film was hydrated with

10 mL water at 60�C for 30 min to obtain a micelle solution,

which was then filtrated through 0.2 mm filter membrane to

remove the unincorporated PTX aggregates, followed by lyophi-

lization to obtain PTX encapsulated micelles M(PTX). The PTX

loading content in the micelles was measured by HPLC.

Preparation of Cisplatin Complex Micelles M(Pt)

The mPEG-b-PAGE/MPA-b-PLA micelles were prepared using

the hydration method according the above description. Cisplatin

(0.5 g, 1.67 mmol) was suspended in distilled water and silver

nitrate was added (AgNO3 : cisplatin 5 2 : 1 mol/mol) to form

an aqueous complex. The solution was kept in the dark at

room temperature for 12 h. The AgCl precipitates formed dur-

ing the reaction were removed by filtration. The supernatant

[(NH3)2Pt-(H2O)2(NO3)2] was added to the mPEG-b-PAGE/

MPA-b-PLA micelle solution and the mixture was stirred for 12

h, followed by dialysis against deionized water with a dialysis

bag of cutoff Mw 3500 for 12 h. The micelle solution was

freeze-dried. The Pt content in the micelle was measured by

ICP-MS.

Preparation of PTX/Pt Composite Micelles M(PTX/Pt)

The composite micelles M(PTX/Pt) was prepared similarly to

M(Pt) by replacing the blank polymer micelle with PTX-loaded

micelle M(PTX) in the previous section.

In order to trace the micelles in the cells, fluorescent dye DiO

was employed because of its hydrophobicity similar to PTX and

it was encapsulated to PTX-loaded micelles M(PTX) and cispla-

tin/PTX-loaded micelles M(PTX/Pt) by co-assembly with PTX.

The products obtained were coded as M(PTX1DiO) and

M(PTX1DiO/Pt), respectively. The content of DiO in the

micelles was calculated by measuring its fluorescence standard

curves in DMF.

Drug Release from the Micelles of M(Pt), M(PTX), or

M(PTX/Pt)

Twenty mg of M(Pt), M(PTX), or M(PTX/Pt) was dissolved in

10 mL of phosphate buffer solution (PBS, 0.01 M, containing

0.1% Tween 80). The solution was then placed into a pre-

swollen dialysis bag (molecular weight cutoff of 3.5 kDa) and

immersed in 40 mL of PBS. The dialysis was conducted at 37�C
in a shaking culture incubator. One milliliter of sample was

withdrawn from the incubation medium at specified time inter-

vals. After sampling, equal volume of fresh PBS was immedi-

ately added into the incubation medium. Platinum and PTX

released from the micelles were measured by ICP-MS and

HPLC, respectively, and expressed as cumulative percentage of

the drug outside the dialysis bag with respect to the total drug

in the original micelles.

Cell Culture

Human hepatocellular carcinoma cell line SMMC-7721 was pro-

vided by the cell bank of the Shanghai Institutes for Biological

Sciences. Drug-resistant cell line was established by the stepwise

selection with increasing concentration of PTX from 0.005 to

2 lg�mL21. Both cell lines were grown at 37�C in a humidified

atmosphere containing 5% (v/v) CO2 in dulbecco’s minimum

essential medium (DMEM) supplemented with 10% fetal

bovine serum, and 100 U/mL penicillin and 100 mg/mL

streptomycin.

In Vitro MTT Assay

Cells harvested in a logarithmic growth phase were seeded in

96-well plates at a density of 13106 cells/well and incubated in

DMEM for 24 h. The medium was then replaced with various

drug formulations of cisplatin, PTX, M(Pt), M(PTX), free PTX/

Pt combination, and M(PTX/Pt). All of the drugs with plati-

num were modulated at a final equivalent Pt concentration

from 0.8 to 25 lg�mL21, final equivalent PTX concentration

from 0.63 to 20 lg�mL21. The incubation was continued for 48

and 72 h. Then, 20 mL of MTT solution in PBS with the con-

centration of 5 mg/mL was added and the plates were incubated

for another 4 h at 37�C, followed by removal of the culture

medium containing MTT and addition of 150 mL of DMSO to

each well to dissolve the formazan crystals formed. Finally, the

plates were shaken for 10 minutes, and the absorbance of form-

azan product was measured at 570 nm by a microplate reader.

Intracellular Uptake via Confocal Laser Scanning

Spectroscopy (CLSM)

About 13106 cells/well were seeded in 6-well plates and grown

for 24 h prior to incubation with 0.1 mg/mL DiO-loaded

micelles M(PTX1DiO) or M(PTX1DiO/Pt). Cells were imaged

at 2 h post-treatment using a CLSM. DAPI were used to stain

the nuclei. For detecting apoptosis, 13106 cells/well were seeded

in 6-well plates and grown for 24 h prior to incubation with a

final equivalent Pt concentration of 50 lg�mL21 and a final

equivalent PTX concentration of 40 lg�mL21. The incubation

was continued for 2 h. After staining with 5 lL Annexin V-

FITC and 10 lL PI (5 lg�mL21) in 13binding buffer for 15

min at room temperature in the dark and washing with PBS for

three times, the cells were visualized with CLSM (TCS SP5,

Leica, Germany).

Statistical Analysis

Data were expressed as means6standard deviation (SD) from at

least three experiments. Statistical analyses were carried out

using a statistics program (GraphPad Prism; GraphPad Soft-

ware). One-way ANOVA was used to compare the treatment

effects. P< 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Synthesis and Characterization of Polymer-Drug Micelles

The synthesis and characterization of mPEG-b-PAGE/MPA-b-

PLA copolymer and its 1H NMR spectrum and the assignments

of protons were detailed in our previous paper.28 The mPEG-b-

PAGE/MPA-b-PLA copolymer was self-assembled to form core-

shell-corona micelles. The three domains provided different

functions: the hydrophobic PLA inner core was for PTX or

PTX1DiO entrapment, the PAGE/MPA middle shell with car-

boxyl groups for cisplatin chelation and micelle cross-linking,

and the PEG corona for protection and water solubility. To

achieve co-loading of PTX and cisplatin, a two-step procedure

was adopted: Initially, PTX was loaded into the inner core by

hydration of copolymer thin films. After that, conjugation of
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cisplatin to the middle PAGE/MPA shell was carried out in

aqueous medium for 12 h. Three kinds of micelles were pre-

pared: M(PTX) and M(Pt) contained PTX or cisplatin alone,

while M(PTX/Pt) contained both of them at the weight ratio of

PTX/Pt 5 0.7 as determined by ICP-MS and HPLC.

As shown in Figure 1, the mean diameters of M(Pt) (1A),

M(PTX) [Figure 1(B)] and M(PTX/Pt) [Figure 1(c)] micelles

were 41, 42, and 17 nm, respectively. M(PTX/Pt) was smaller

than the other two. The cross-linking was beneficial for stable

drug delivery during blood circulation. The size distribution

widths of the micelles are near or less than 50 nm, which makes

them qualified as drug delivery systems.

Drug Release from the Micelles

To evaluate the release behavior of the dual-drug-loaded

micelles, we carried out the cisplatin and PTX release at 37�C
in buffered solution (pH 7.4, containing 0.1% Tween 80). The

release of cisplatin from the nanoparticles was because of the

ligand exchange reaction of cisplatin from the carboxylates to

the chloride ions in physiological saline. As shown in Figure 2,

PTX showed a faster release rate from M(PTX) than cisplatin

from M(Pt) under the same condition, which can be attributed

to the physical entrapment of PTX compared to the ligand che-

lation of cisplatin. However, the release rate of the entrapped

PTX was evidently retarded in M(PTX/Pt) because of the mid-

dle shell cross-linking caused by platinum chelation. In 72 h,

58.5% PTX was released from M(PTX), while only 39.9% was

released from M(PTX/Pt) at the same time. It is noticed that Pt

release from M(PTX/Pt) was slower than that from M(Pt),

probably because of possible interference of hydrophobic PTX

toward Pt complex hydrolysis.

Cytotoxicity of Micelles

Cisplatin is classified as alkylating agent; its cytotoxicity is

thought to result from inhibition of DNA synthesis in cancer

cells.29,30 PTX is a microtubule stabilizing drug and a potent

chemotherapeutic agent that has shown substantial clinical effi-

cacy for various solid tumors.31–35 Furthermore, it has been

shown in vitro that the cytotoxicity of PTX is more dependent

on the exposure time than on increased PTX concentration.36–40

Although the combination chemotherapy of paclitaxel and cis-

platin using polymer prodrug strategy could lead to enhanced

antitumor efficacy, the mechanism of apoptosis was not clear.24

The in vitro cytotoxicity of the micelles was evaluated by using

MTT assay. Firstly, the cell compatibility of the blank micelles

was examined. As shown in Figure 3, cell viability of both

SMMC-7721 cells (PTX-sensitive) and SMMC-7721R cells

(PTX-resistant) cells was maintained above 86% and 82%,

respectively, at all tested concentrations after 48 and 72 h incu-

bation. Therefore, the micelle carrier materials in the form of

micelles were not toxic and well tolerated by the tested cells.

Next, the proliferation inhibition effects of PTX, cisplatin, PTX/

Pt, M(Pt), M(PTX) and M(PTX/Pt) on SMMC-7721 and

SMMC-7721R cells were evaluated. Results were collected in

Figure 4. First of all, cell inhibition of each formulation exhib-

ited both dose and time dependence. Based on the dose

dependence, IC50 (concentration for 50% inhibition) for all for-

mulations were calculated and listed in Table I. Generally, IC50

values at 72 h were lower than the corresponding ones at 48 h.

SMMC-7721R cells showed higher IC50 values than the parent

SMMC-7721 cells for both PTX and cisplatin and their combi-

nation, indicating that SMMC-7721R is both PTX and cisplatin

resistant, although it was cultured from SMMC-7721 by feeding

PTX only. The ratio of IC50 for SMMC-7721R over IC50 for

SMMC-7721, defined as “resistance index (RI)”, of each formu-

lation was calculated and listed in Table I. Because the RI deter-

mined at 72 h is comparable to that determined at 48 h, only

the IC50 and RI data determined at 48 h will be discussed in

the next paragraphs for simplicity.

Firstly, Figure 4 and Table I compare the cytotoxicity of

PTX and M(PTX), PTX and M(PTX) displayed almost equal

IC50 values towards SMMC-7721 cells (3.57 mg�mL21)

but M(PTX) gave lower IC50 towards SMMC-7721R than PTX

Figure 1. TEM images of (A) M(PTX), (B) M(Pt), and (C) M(PTX/Pt) (scale bar 5 50 nm).

Figure 2. Release profiles of M(Pt), M(PTX), M(PTX/Pt) in PBS solution

(pH 7.4, containing 0.1% Tween 80) at 37�C. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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(3.13 vs. 4.17 mg�mL21). Therefore M(PTX) exhibited a lower

RI than PTX (0.88 vs. 1.17). It reflected a capability of M(PTX)

in relieving drug resistance to some extent compared with PTX

itself. While, as shown in Supporting Information Figure S1 and

Table I, M(Pt) showed less IC50 values towards both SMMC-

7721 and SMMC-7721R cells than cisplatin, indicating enhanced

cytotoxicity of cisplatin after micelle formation. But their RI

values were comparable (1.22 vs. 1.29).

Comparing the IC50 and RI of PTX/Pt combination with those

of PTX, cisplatin, and M(PTX/Pt), it was found that: (1) the

PTX/cisplatin combination exhibited much less IC50 values than

individual cisplatin and PTX did, indicating a synergistic effect

of them towards both SMMC-7721 and SMMC-7721R cells; (2)

polymeric combination M(PTX/Pt) showed further less IC50

values than all other formulations, implying enhanced synergis-

tic effect of PTX and cisplatin in the polymeric micelle form;

and (3) PTX/Pt combination exhibited an RI of 1.80 while this

value of M(PTX/Pt) was 1.44, showing a mediate drug-

resistance relief. In summary, M(PTX/Pt) is the best in inhibi-

ting cancer cell growth and in relieving drug resistance.

Intracellular Uptake of M(PTX1DiO) and M(PTX1DiO/Pt)

In order to visualize the drug-loaded micelles taken by the

cells, the micelles were labeled with DiO dye and the cells

were incubated with DiO-labeled micelles M(PTX1DiO) or

M(PTX1DiO/Pt) (DiO content of 0.1 mg�mL21) for 2 h before

CLSM observation. Figure 5 shows the CLSM images of

SMMC-7721 or SMMC-7721R cells. Because the cells were thor-

oughly washed, the fluorescence of DiO (green in the images) is

Figure 3. In vitro cytotoxicity profiles of blank micelles against (A) SMMC-7721 cells and (B) SMMC-7721R cells at 48 and 72 h.

Figure 4. In vitro cytotoxicity profiles of cisplatin, PTX, PTX/Pt, M(Pt), M(PTX) and M(PTX/Pt) against SMMC-7721 cells (A, C) and SMMC-7721R

cells (B, D) at 48 h (A, B) and 72 h (C, D).
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believed to come from the micelles taken inside the cells. The

cell nucleus was stained with DAPI (blue). At 2 h, the green flu-

orescence in the cells increased greatly, which suggested that

more and more micelles were internalized and the endocytosis

velocity of M(PTX1DiO) or M(PTX1DiO/Pt) micelles was

quite high. The CLSM images also displayed that the green fluo-

rescence was not only full of the cell plasma, but also came

from the nucleus region. It implied that the DiO dye can stain

cell nuclei. Moreover, it was found that use of M(PTX1DiO/Pt)

micelles resulted in brighter and size-reduced cell nuclei (B, D)

in comparison with the M(PTX1DiO)-treated cells (A, C). It

indicates that the platinum species had entered the cell nuclei

and caused damages in them, such as nuclear fragmentation

and karyopyknosis.

Next, we examined the ability of drug formulations to induce

apoptosis in SMMC-7721 and SMMC-7721R cells. Apoptosis or

Table I. IC50 Values (lg�mL21) and Resistance Indexes (RI) of Tested Drug Formulations

48 h 72 h

Formulation SMMC-7721 SMMC-7721R RI SMMC-7721 SMMC-7721R RI

PTX 3.57 4.17 1.17 3.56 4.15 1.17

M(PTX) 3.57 3.13 0.88 3.55 2.77 0.78

Cisplatin 1.59 1.94 1.22 1.31 1.89 1.44

M(Pt) 1.38 1.78 1.29 1.38 1.75 1.27

PTX/Pt 1.14/1.43 2.05/2.56 1.80 1.04/1.30 1.83/2.29 1.76

M(PTX/Pt) 0.98 1.37 1.40 0.87 1.25 1.44

Figure 5. CLSM images of SMMC-7721 cells (A and B) and SMMC-7721R cells (C and D) incubated with micelles M(PTX1DiO) (A and C) and

micelles M(PTX1DiO/Pt) (B and D) at an equiv. DiO content of 0.1 mg�mL21 for 2 h. Left: DAPI-stained nuclei image; middle: M(PTX1DiO) or

M(PTX1DiO/Pt) micelles image; right: merged image. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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programmed cell death plays a crucial role in maintaining cellular

homeostasis between cell division and cell death.41,42 Cell death

mediated by apoptosis results in a series of morphological changes

such as nuclear condensation, nuclear fragmentation, and cell sur-

face blebbing, which leads to the formation of membrane bound

vesicles (apoptotic bodies) being subsequently phagocytosed by

macrophages.43 Therefore, the cell death induced by the drug for-

mulations was examined using optical microscope. Cells were

incubated with PTX, PTX/Pt or M(PTX/Pt) for 2 h. As shown in

Supporting Information Figure S2, M(PTX/Pt) showed signifi-

cantly more apoptotic morphology in both SMMC-7721 and

SMMC-7721R cells compared with other formulations.

Annexin V-FITC together with PI has been widely used as fluo-

rescent probe to distinguish viable cells from dead cells of

different stages.44,45 Usually green fluorescence from Annexin V-

FITC indicates early apoptosis of cells while red fluorescence

from PI indicates cell necrosis. In the present study, therefore,

the cells treated with various drug formulations for 2 h were

labeled with both Annexin V-FITC and PI and then were exam-

ined under CLSM. As shown in Figure 6, panels E and L are

entirely different from the others in that both green and red flu-

orescence are very intense and the cell or nuclear size is greatly

reduced. In panel J, size reduction is also observed. This is in

agreement with Figure 4(B,D) and is ascribed to the damages

caused by the platinum species released in the cells. Because the

cell treatment is identical, so great difference of M(PTX/Pt)-

treated cells implies great potential of this formulation in

inducing cell apoptosis. In addition, two tendencies may be

found in Figure 6: (1) all right panels (SMMC-7721R cells)

Figure 6. CLSM images of SMMC-7721 cells (A–F) and SMMC-7721R cells (G–L) stained with (Annexin V-FITC)/PI after cells were incubated for 2 h

with cisplatin (A and G), M(Pt) (B and H), PTX (C and I), M(PTX) (D and J), PTX/Pt (E and K), and M(PTX/Pt) (F and L). Cisplatin conc.: 50

lg�mL21; PTX conc.: 40 lg�mL21. Left: (Annexin V)-FITC-stained cell image; middle: PI-stained nuclei image; right: merged image. Scale bars: 50 lm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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show less cell apoptosis and necrosis than the left panels

(SMMC-7721 cells) do, indicating stronger drug resistance of

SMMC-7721R cell line than its parent one. (2) One-to-one

comparison of panels B, D, and F with panels A, C, and E indi-

cates that micellar formulations M(PTX), M(Pt), and M(PTX/

Pt) are a little bit more effective than small molecular ones,

respectively. This is also in agreement with the IC50 data in

Table I.

CONCLUSIONS

In summary, the present study provided a synthetic strategy to

use one carrier polymer for one platinum-based drug and one

or more other drugs to realize their conjugation, co-

assembling, and combination therapy. The synergistic effects

were demonstrated in vitro for M(PTX/Pt) in both SMMC-

7721 and SMMC-7721R cell lines by MTT assay and IC50

determination, and was further supported and explained by

the intracellular uptake measurement of the DiO-labeled

micelles and by the CLSM observation of (Annexin V-FITC)/

PI dual fluorescence of the drug-treated cells. Although the

drug-resistant cell line used is not satisfactory enough (its

resistance index is only 1.2–1.8), the micellar formulations,

especially M(PTX/Pt) micelles, display improved drug resist-

ance in comparison with the small molecular ones. In short,

co-delivery of paclitaxel and cisplatin in a platinum-cross-

linked polymeric micellar form not only results in synergistic

effect in inhibition of cancer cell growth and proliferation, but

also helps relieve drug resistance. Therefore, this strategy is

expected to find potential clinic use in cancer chemotherapy,

especially for drug resistant patients.
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