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Purpose: Cancer chemotherapy effect has been largely limited by cell autophagy and little

drug accumulation at the action sites. Herein, we designed an intelligent strategy involving

paclitaxel (PTX) polymer micelles in response to biological functions of ambroxol (Ax). The

amphiphilic polymers polyethyleneglycol-polylactic acid (PEG-PLA) and Pluronic P105

were selected as nanocarriers to encapsulate PTX to form into lung affinity PEG-PLA

/P105/PTX micelles. Ax which can up-regulate the secretion of pulmonary surfactant (PS)

and inhibit autophagy was hired to change the microenvironment of the lung, thereby

promoting the lung accumulation and increasing cell-killing sensitivity of the micelles.

Methods: The physical and chemical properties of the micelles were characterized including

size, morphology, critical micellar concentration (CMC) and in vitro drug release behavior.

The therapeutic effects of the combination regimen were characterized both in vitro and

in vivo including study on Ax in promoting the secretion of pulmonary surfactant, in vitro

cytotoxicity, cellular uptake, Western blotting, in vivo biodistribution, in vivo pharmacoki-

netics and in vivo antitumor efficacy.

Results: The PEG-PLA/P105/PTX micelles showed a particle size of 16.7 ± 0.5 nm,

a nearly round shape, small CMC and sustained drug release property. Moreover, the

in vitro results indicated that Ax could increase PS and LC3 protein secretion and enhance

the cytotoxicity of PEG-PLA/P105/PTX micelles toward A549 cells. The in vivo results

indicated that the combination therapeutic regimen could promote the micelles to distribute

in lung and enhance the therapeutic effect on lung cancer.

Conclusion: This multifunctional approach of modulating the tumor microenvironment to

enhance drug transportation and cell-killing sensitivity in the action sites might offer a new

avenue for effective lung cancer treatment.

Keywords: lung cancer, pulmonary-affinity micelles, ambroxol, pulmonary microenvironment,

combination therapy

Introduction
As population ages and air pollution increases, incidence and mortality of lung

cancer have been rising.1,2 Despite the emergence of various therapies, chemother-

apy, undeniably, still dominates lung cancer treatment clinically.3 Traditional first-

line chemotherapy drugs often face the dilemma of drug resistance and adverse

effects.4–7 For more effective treatments, various tumor-targeting nano-preparations

have been developed.8–11 Unfortunately, few can meet the expectations of clinical

treatment. On one hand, due to the complexity of tumor microenvironment,12–14 the
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general strategy of size adjustment and targeting modifica-

tion for nanoparticles alone cannot make enough drugs

reach the cancerous sites. On the other hand, chemother-

apy drugs can induce tumor cell-protective autophagy,15–19

which can reduce the cell-killing sensitivity of drugs.

Protective autophagy20,21 is the process of delivering

damaged organelles or proteins to lysosomes for degrada-

tion after tumorigenesis, thereby providing nutrients to

rapidly growing tumor cells. Autophagy is a double-

edged sword in cell metabolism. On one hand, protective

autophagy prevents cell apoptosis; on the other hand,

excessive autophagy prevents cells from maintaining the

basic structure and causes autophagy cell death. But when

tumors occur, autophagy mainly plays a role in maintain-

ing tumors' survival.22–24 Therefore, in view of the above-

mentioned dilemma of lung cancer chemotherapy, we

believe that actively modulating tumor microenvironment

to attract more drugs in the cancerous sites, or (and)

combining chemotherapeutics with autophagy inhibitors

will improve the therapeutic effect.

Until now, several literatures have reported regulating

tumor microenvironment to enhance the retention of

drugs.25–29 For example, Ji et al25 designed an MMP-

2-responsive liposome which could achieve tumor-targeting

delivery and release of pirfenidone at the pancreatic stellate

cells-enriched pancreatic tumors. The released pirfenidone

could down-regulate the extracellular matrix expression of

pancreatic stellate cells, which increase drug penetration in

the tumor, thereby improving the therapeutic effect of gemci-

tabine. There have been also some reports of enhancing the

effectiveness of chemotherapy drugs through combining with

cell autophagy inhibitors.30–32 For instance, Zhang et al22

reported docetaxel-loaded dendritic copolymer nanoparticles

by co-treatment with autophagy inhibitor to enhance the ther-

apeutic effects of breast cancer. However, there is still no

strategy that can not only regulate tumor microenvironment

to promote the accumulation of drugs in tumor sites but also

inhibit cell autophagy to increase the cytotoxicity of che-

motherapy drugs.

Lung has unique characteristics that distinguish it from

other organs, for example, it is rich in pulmonary surfac-

tant (PS). PS is a kind of phospholipid and protein com-

plex synthesized by alveolar type II epithelial cells. Its

main function is to reduce alveolar surface tension, main-

tain pulmonary fluid balance and regulate local inflamma-

tion and immune response.33,34 Pluronic P105 can interact

with PS through Van der Waals forces and hydrogen

bonding,35 thereby increasing the distribution of Pluronic

P105-containing polymer micelles in the lung.36,37

Ambroxol (Ax) is a kind of drug used to treat respiratory

diseases in clinic.38,39 Literature have reported that Ax can

promote alveolar type II epithelial cells to secrete PS and

reduce the alveolar surface tension.34,35 In addition, our

previous work found that Ax can inhibit cell autophagy

through inducing autophagosome aggregation, thereby

enhancing the cell-killing effect of chemotherapy

drugs.40 Therefore, the combination of Ax and nano-

drugs in lung cancer treatment has innate advantages and

great potential for clinical transformation.

Based on the above research, in order to solve the afore-

mentioned two obstacles faced by lung cancer chemotherapy,

we employed amphiphilic polymers polyethyleneglycol-

Polylactic acid (PEG-PLA) and Pluronic P105 as nanocar-

riers to encapsulate PTX to form into lung affinity PEG-PLA

/P105/PTX micelles (Figure 1A). When the micelles are

combined with Ax, the micelles will fully respond to the

biological functions of Ax. First, the biological function of

Ax to up-regulate the secretion of pulmonary surfactant

promotes the PEG-PLA/P105/PTX micelles to distribute in

the lung. Second, the biological function of Ax to inhibit cell

autophagy enhances the cell-killing sensitivity of PTX

(Figure 1B). The in vitro experiment results demonstrated

that Ax could increase the cytotoxicity of PEG-PLA/P105/

PTX micelles. The in vivo experiment results showed that

Ax could facilitate the micelles to distribute in the lung and

remarkably improve the lung cancer therapeutic effect. We

can conclude that by employing biologically functional

“molecular chaperones” to actively modulate the tumor

microenvironment, thereby enhancing the nano-drug trans-

portation and cell-killing sensitivity in the action sites, might

be a promising strategy for lung cancer treatment.

Materials and Methods
Materials
Ax was purchased from Boehringer-Ingelheim Co., Ltd

(Ingelheim, Germany). PTX was purchased from Dalian

Meilun Biotech Co., Ltd (Dalian, China). PEG2000-

PLA2000 was provided by East China University of

Science and Technology. Pluronic P105 was brought

from BASF, Ludwigshafen (Germany). DiR was obtained

from Sigma-Aldrich (Saint Louis, USA), A549 lung can-

cer cells and A549-luciferase lung cancer cells were pur-

chased from Shanghai cell bank, Chinese Academy of

Sciences (China). ICR mice, BALB/c nude mice and SD
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rats were purchased from the animal experiment center of

Fudan University.

Study on Ax in Promoting the Secretion

of Pulmonary Surfactant
All animal experiments were conducted in accordance with

the ethical requirements of Fudan University Institutional

Animal Care and Use Committee (IACUC). To determine

the optimal administration strategy of Ax in up-regulating

pulmonary surfactant secretion, different doses (20, 50,

100 mg/kg) of Ax were intravenously injected into the male

ICR mice (18–22 g, 6–8 weeks) every 4 days for 4 times (3

mice in each group). Mice injected with normal saline were

regarded as the control group. Mice were decapitated the day

after the last administration and lung tissues of each group

were excised to measure the pulmonary surfactant associated

protein-A41 (SP-A) by immunohistochemical staining to

determine the optimal dose.

Afterward, to further screen the optimal treatment time,

the optimal dose of Ax was intravenously injected into the

ICR mice every 4 days for different times (1, 2, 3, 4, 5

times, 3 mice per group). The SP-A level of each group

was measured as mentioned above.

Pulmonary Affinity and Optimal Ratio

Screening of Pluronic P105
To study the pulmonary affinity of PEG-PLA/P105

micelles, we encapsulated DiR, a near-infrared fluorescence

A

Recruiting

Enhance PS

Inhibit autophagy

Enhance pulmonary affinity

Enhance cytotoxicity

Ax

Normal cell

Tumor cell

PS

B

Figure 1 Schematic illustration of pulmonary-tendency paclitaxel polymer micelles in response to biological functions of ambroxol for synergistic lung cancer therapy. (A)

Preparation of PEG-PLA/P105/PTX micelles. (B) Ax can up-regulate the secretion of pulmonary surfactant and inhibit tumor cell autophagy; subsequently, the PEG-PLA

/P105/PTX micelles respond to the biological functions of Ax with stronger lung tendency and cytotoxicity.

Abbreviations: Ax, ambroxol; PTX, paclitaxel; PEG-PLA, polyethyleneglycol-polylactic acid; PS, pulmonary surfactant.
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dye, into the PEG-PLA micelles and PEG-PLA/10% P105

micelles by thin-film hydration method. Briefly, DiR

(2 mg), PEG-PLA (90 mg) and P105 (10 mg) were dis-

solved in 5 mL acetonitrile, the mixture was evaporated

under 37°C with a rotary evaporator for 30 mins to form

a thin film. Then, the thin film was hydrated with 10 mL

deionized water for 10 mins and the resulting solution was

filtered through a 0.22 μm filter to remove the adhesion

debris and unencapsulated DiR. ICR mice were randomly

divided into 3 groups (12 mice per group) and intravenously

injected with free DiR (1 mg/kg), PEG-PLA/DiR micelles

and PEG-PLA/10% P105/DiR micelles (each equivalent to

1 mg/kg DiR), respectively. Afterward, mice were decapi-

tated at predetermined time points postinjection (2, 6, 12, 24

h) and the main organs were harvested to measure the

fluorescence intensity using the In Vivo Imaging System

(IVIS, Xenogen, USA).

Next, we screened the optimal ratio of Pluronic P105 in

PEG-PLA/P105 micelles. DiR was encapsulated into the

PEG-PLA/5% P105 micelles, PEG-PLA/10% P105

micelles and PEG-PLA/20% P105 micelles, respectively.

Mice were randomly divided into 3 groups (12 mice per

group) and intravenously injected with PEG-PLA/5%

P105/DiR micelles, PEG-PLA/10% P105/DiR micelles

and PEG-PLA/20% P105/DiR micelles (each equivalent

to 1 mg/kg DiR), respectively. The fluorescence intensity

of each group was measured as mentioned above.

Fabrication and Characterization of

PEG-PLA/P105/PTX micelles
The PEG-PLA/P105/PTX micelles of the optimal prescrip-

tion were prepared by thin-film hydration method men-

tioned above. Briefly, PTX (10 mg), PEG-PLA (80 mg)

and P105 (10 mg) were dissolved in 5 mL acetonitrile, and

the mixture was evaporated under 37°C with a rotary

evaporator for 30 mins to form a thin film. Then, the

thin film was hydrated with 10 mL deionized water for

10 mins, and the resulting solution was filtered through

a 0.22 μm filter to remove the adhesion debris and unen-

capsulated PTX. The drug-loading content of the micelles

was characterized by HPLC (Agilent 1260 Infinity, USA)

and the retention time of PTX was 4.45 mins (Supporting

Information, Figure S1). We also prepared the PEG-PLA

/P105 micelles in the same way. The hydration particle

sizes, Zeta potentials and the morphology of the micelles

were characterized by dynamic light scattering (DLS,

Zetasizer Nano ZS, Malvern, England) and transmission

electron microscopy (TEM, JEM-1400 plus, Japan

Electronics Corporation), respectively. To prepare the

TEM samples, a drop of the micelle solution was dropped

on a carbon film copper and allowed to dry at room

temperature, and a drop of phosphotungstic acid solution

was then added to stain for 3 mins. The CMC of the

micelles was tested by iodine spectroscopy method,42

(Supporting Information). In addition, to investigate the

stability of the micelle solution, we centrifuged the micelle

solution at 10,000 rpm for 10 mins and took the super-

natant to determine the PTX relative percentage at differ-

ent time point within 48 hrs.

The in vitro drug release behavior of the micelles was

tested through dialysis method. Briefly, phosphate buffer

solution (0.01 mol/L, pH 7.4) containing 0.5% Tween 80

was used as the release medium. 1 mL free PTX (0.2 mg/

mL) and PEG-PLA/P105/PTX micelle solution (equiva-

lent to 0.2 mg PTX) were added in dialysis bags (MWCO

= 3.5 KDa) respectively. And then the dialysis bags were

put into centrifuge tubes containing 49-mL release med-

ium to ensure drug release under sink condition and sha-

ken at 37°C, 100 rpm. 0.5 mL release medium was taken

out at 0.5, 1, 2, 4, 6, 8, 10, 12 and 24 hrs, and at the same

time the same volume of fresh release medium was added.

The concentration of PTX was measured by HPLC.

In vitro Cytotoxicity
In vitro cytotoxicity was determined by methyl thiazolyl

tetrazolium (MTT) assay. A549 lung cancer cells were

cultured with RPMI 1640 culture medium containing

10% fetal bovine serum and 1% penicillin-streptomycin

under an atmosphere containing 5% CO2 at 37°C. cells in

the logarithmic growth phase were seeded in 96-well

plates at a density of 8×103 cells/well and incubated for

24 hrs to allow adherence. Next, cells were co-treated with

different concentrations of PEG-PLA/P105/PTX micelles

and Ax (equivalent to 0.01–0.1 μg/mL PTX and 0–100 μM

of Ax, n = 3) for 24, 48 and 72 hrs, respectively.

Thereafter, the culture medium was exchanged by

0.5 mg/mL MTT solution and incubated for 4 hrs at

37°C. The absorbance of each well was measured at

570 nm with a Microplate Reader (Synergy 2, Bio Tek,

USA) after the MTT solution was replaced by 200 μL

DMSO. The control well was cells cultured with normal

culture medium and the blank well was well cultured

without cells. The cell viability of each well was calcu-

lated according to the following formula:
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Cell viabilityð%Þ ¼Absorbance of sample� Absorbance of blank
Absorbance of control� Absorbance of blank

�100%

Cellular Uptake
Cellular uptake experiment was used to determine whether

Ax could affect the cellular uptake behavior of the micelles.

Since PTX cannot be fluorescent, we employed Coumadin−6

(Cou−6), a hydrophobic fluorescent probe, to encapsulate

into the PEG-PLA/P105 micelles to study the cellular uptake

behavior of PEG-PLA/P105 micelles. The PEG-PLA/P105/

Cou−6 micelles were prepared in the same way as the PEG-

PLA/P105/PTX micelles except that PTX was replaced by

Cou−6. Although there have limitations to replace drugs by

fluorescent probes, since they have different chemical struc-

tures and half-lives. The fate of nanodrugs mainly depends

on the material properties and particle size.43 The PEG-PLA

/P105/Cou-6 micelles have similar particle size as the PEG-

PLA/P105/PTX micelles, it is reasonable to replace PTX

with Cou-6. A549 cells were seeded at a density of 2×105

cells per well in 6-well plates for overnight incubation and

pretreated with or without 100 μMAx for 24 hrs. Afterward,

cells were treated with PEG-PLA/P105/Cou-6 micelles

(equivalent to 0.1 μg/mL Cou-6, n = 3) at 37°C for 0.5, 1, 2

and 4 hrs, respectively. The supernatant of each well was

removed and rinsed with cold PBS 3 times. Fluorescence

intensity of each well was photographed under an inverted

fluorescence microscope (Leica DMI4000B, Germany).

Western Blotting
In our previous study, we have proved that Ax can block

autophagic flux through promoting autophagosome accumula-

tion. The microtubule-associated protein 1 light chain 3 (LC3)

was themarker protein of autophagosomes.15Western blotting

could be used to determine the lung cancer cell autophagy

regulated by PEG-PLA/P105/PTX micelles combined with

Ax by measuring the LC3 proteins. Specifically, A549 cells

in the logarithmic growth phase were seeded in 6-well plates at

a density of 5×105 cells/well. After cells were attached, PEG-

PLA/P105/PTX micelles, free Ax and PEG-PLA/P105/PTX

micelles + Ax (equivalent to 0.5 μg/mL PTX and 50 μMAx)

diluted with culture medium were added into each well and

incubated at 37°C for 24 hrs, respectively. Cells incubated

with normal culture medium were regarded as the control

group. Next, cells were collected and the LC3 proteins,

which indirectly reflect the number of autophagosomes, were

determined by Western blotting.

In vivo Biodistribution
Male ICRmice (18–22 g, 6–8 weeks) were randomly divided

into 5 groups (12 mice per group). Group Awas injected with

normal saline, group B was injected with free DiR, group

C was injected with PEG-PLA/P105/DiR micelles, group

D was injected with PEG-PLA/DiR micelles after injecting

with 100 mg/kg of Ax every 4 days for 4 times, group E was

injected with PEG-PLA/P105/DiR micelles after injecting

with 100 mg/kg of Ax every 4 days for 4 times (each

equivalent to 1 mg/kg of DiR), respectively. Mice were

then sacrificed and the main organs were harvested to test

the fluorescence intensity at 2, 6, 12 and 24 hrs postinjection.

In vivo Pharmacokinetics
Male SD rats (180–220 g, 6–8 weeks) were randomly divided

into 4 groups (6 mice per group). Group Awas injected with

PTX, group B was injected with PTX after injecting with

100 mg/kg Ax every 4 days for 4 times, group C was injected

with PEG-PLA/P105/PTX micelles, group D was injected

with PEG-PLA/P105/PTX micelles after injecting with

100 mg/kg Ax every 4 days for 4 times (each equivalent to

10 mg/kg PTX), respectively. The PTX concentration in the

blood of each group was measured at different time points.

In vivo Antitumor Efficacy
To establish the orthotopic lung tumor model, 200 μL A549-

luciferase cells (2 × 107/mL) was intravenously injected into

each male BALB/c nude mouse (18–22 g, 6–8 weeks). The

lung tumor growth was observed using the IVIS. When the

fluorescence intensity of the lung tissues reached about 1 × 106

(p/s/cm2/sr)/(μW/cm2), the tumor-bearing mice were ran-

domly divided into 6 groups (13 mice per group). Each

group was injected with normal saline, Ax (100 mg/kg),

PTX (10 mg/kg), PEG-PLA/P105/PTX micelles (equivalent

to 10 mg/kg PTX), PTX (3 mg/kg) + Ax (100 mg/kg), and

PEG-PLA/P105/PTXmicelles (equivalent to 3 mg/kg PTX) +

Ax (100 mg/kg) at 0, 4, 8, 12 days, respectively. The lung

tumor growth of each groupwas observed using the IVIS once

every 4 days for two consecutive weeks. 3 mice in each group

were sacrificed on the 15th day, and lung tissues were har-

vested to measure the LC3 protein expression. The death time

of the remaining mice in each group was recorded to plot the

survival curves (10 mice per group).

Statistical Analysis
All the results were reported as the mean ± standard

deviation of at least three independent experiments. Data
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comparisons were performed by Student’s t-test or one-

way analysis of variance (ANOVA). Log-rank test was

used to compare the median survival values. Data analyses

were conducted using GraphPad Prism 5 software

(GraphPad Software Inc., La Jolla, CA, USA) or SPSS

19.0 (Statistical Product and Service Solutions, IBM,

USA). P < 0.05 was regarded as a statistically significant

difference.

Results and Discussion
Study on Ax in Promoting the Secretion

of Pulmonary Surfactant
To determine the optimal administration strategy for Ax in

up-regulating the secretion of pulmonary surfactant. ICR

mice were injected with various doses of Ax for four times

and SP-A (yellow-stained protein) was measured by

immunohistochemical stain. Compared with normal saline,

20 mg/kg Ax does not up-regulate the SP-A secretion, and

50 mg/kg Ax can significantly up-regulate the SP-A secre-

tion, while 100 mg/kg Ax has the most significant effect

on up-regulating SP-A secretion (Figure 2A). Since a dose

of 100 mg/kg in mice is equivalent to the maximum

clinical dose in humans, we did not further test the higher

dose.

Furthermore, ICR mice were injected with 100 mg/kg

Ax for various times. With the increase of administration

times, the expression of SP-A increased. However, after

four doses, the maximum SP-A expression was obtained.

There was no further improved progress shown on the fifth

doses (Figure 2B). Therefore, the maximal effect of SP-A

expression could be achieved by 100 mg/kg Ax with four

consecutive doses.

Pulmonary Affinity and Optimal Ratio

Screening of P105
To demonstrate the pulmonary affinity of P105, DiR

containing micelles were prepared to trace their distri-

bution in vivo. At different time points, the fluores-

cence intensity of the lung tissues in the PEG-PLA/DiR

micelles group was significantly higher than that in the

DiR group. Compared with the PEG-PLA/DiR micelles

group, the PEG-PLA/10% P105/DiR micelles group

showed significantly stronger fluorescence intensity

(Figure 3A). The fluorescence intensity AUC (area

under the curve) of the lung tissues in each group

was 2.142 ± 0.107 (DiR), 2.796 ± 0.094 (PEG-PLA

/DiR micelles) and 4.139 ± 0.620 (PEG-PLA/10%

P105/DiR micelles) (×106 p/s/cm2/sr)/(μW/cm2),

respectively (Figure 3B). These results indicate that

the micelles themselves have favorable lung affinity

and the P105-containing micelles have intrinsic lung

affinity.

To further screen out the optimal ratio of P105 in

PEG-PLA/P105 micelles, DiR was encapsulated into

PEG-PLA/P105 micelles containing different ratios of

P105 to trace their distribution in vivo. At different

time points, the fluorescence intensity of the lung tissues

in PEG-PLA/10% P105/DiR micelles group was signifi-

cantly higher than that in PEG-PLA/5% P105/DiR

micelles group. However, there was no significant

Normal Saline Ax 20 mg/kgA Ax 100 mg/kgAx 50 mg/kg

B

Figure 2 Study on Ax in promoting the secretion of pulmonary surfactant. (A) SP-A expression of each group treated with different concentrations of Ax. (B) SP-A
expression of each group treated with Ax (100 mg/kg) for different times.

Note: Scale bar = 25 μm.

Abbreviation: Ax, ambroxol.
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difference between the PEG-PLA/10% P105/DiR

micelles group and PEG-PLA/20% P105/DiR micelles

group (Figure 3C). The fluorescence intensity AUC of

the lung tissues in each group was 3.307 ± 0.319 (PEG-

PLA/5% P105/DiR micelles), 4.139 ± 0.620 (PEG-PLA

/10% P105/DiR micelles), 4.212 ± 0.452 (PEG-PLA/20%

P105/DiR micelles) (×106 p/s/cm2/sr)/(μW/cm2), respec-

tively (Figure 3D). These results indicate that 10% P105

had achieved satisfying pulmonary affinity. Considering

that a high ratio of P105 decreased the drug loading and

stability of the micelles (the PTX relative percentage of

the PEG-PLA/20% P105/PTX micelle solution decreased

to 80% at 48 h), 10% P105 was selected for subsequence

prescription research.

Fabrication and Characterization of

PEG-PLA/P105/PTX micelles
Referring to the experimental results of 3.2, we finally deter-

mined that the optimal ratio of P105 was 10%. We prepared

and characterized the PEG-PLA/10% P105 micelles (herein-

after referred to as PEG-PLA/P105 micelles) and PEG-PLA

/10% P105/PTXmicelles (hereinafter referred to as PEG-PLA

Figure 3 Study on the pulmonary affinity of P105. (A) Fluorescence photographs of the main organs (A): normal saline, (B) DiR, (C) PEG-PLA/DiR micelles and (D) PEG-

PLA/P105/DiR micelles and (B) fluorescence intensity of the lung tissues of each group at different time points. (C) Fluorescence photographs of the main organs (A):

normal saline, (B) PEG-PLA/5% P105/DiR micelles, (C) PEG-PLA/10% P105/DiR micelles and (D) PEG-PLA/20% P105/DiR micelles and (d) lung fluorescence intensity of

each group at different points. *P < 0.05, **P < 0.01.

Note: Data are represented as mean ± SD, n = 3

Abbreviations: PEG-PLA/5% P105/DiR, PEG-PLA/5% P105/DiR micelles; PEG-PLA/10% P105/DiR, PEG-PLA/10% P105/DiR micelles; PEG-PLA/20% P105/DiR, PEG-PLA

/20% P105/DiR micelles.
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/P105/PTX micelles). The drug encapsulation efficiency was

99.3%. The average hydration diameters were 16.8 ± 0.5 nm

for PEG-PLA/P105 micelles and 16.7 ± 0.5 nm for PEG-PLA

/P105/PTX micelles, indicating that the encapsulated drug

does not affect the micelle size (Figure 4A and C). The Zeta

potentials were −4.2 ± 0.6 mV for PEG-PLA/P105 micelles
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Figure 4 Characterization of PEG-PLA/P105/PTX micelles. (A) Particle size distribution and (B) TEM image of PEG-PLA/P105 micelles, (C) particle size distribution and (D) TEM

image of PEG-PLA/P105/PTXmicelles, (E) PTX relative percentage of PEG-PLA/P105/PTXmicelles within 48 hrs and (F) in vitro drug release behavior of PEG-PLA/P105/PTXmicelles.

Note: (D) Data are represented as mean ± SD, n = 3.

Abbreviations: PTX, paclitaxel.
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and −4.1 ± 0.4 mV for PEG-PLA/P105/PTX micelles. The

TEM image indicated that the micelles had nearly round

shapes and uniform particle sizes which were in accord with

the DLS results (Figure 4B and D). The CMC values of

Pluronic P105, PEG-PLA and PEG-PLA/P105 were

0.0068% (w/v), 0.0141% (w/v) and 0.0132% (w/v), respec-

tively (Supporting Information, Figure S2). The small CMC of

PEG-PLA/P105 indicates the strong dilution resistance of the

micelles. The PTX relative percentage of the micelle solution

at different time points was between 95% and 105% (Figure

4E), indicating the micelles remain stable within 48 hrs.

As shown in Figure 4D, free PTX released more than

90% at 2 hrs, PEG-PLA/P105/PTX micelles released

approximately 60% at 6 hrs and nearly 100% at 12 hrs.

The in vitro drug release behavior demonstrated the sus-

tained-release property of the micelles.

In vitro Cytotoxicity
To determine whether PEG-PLA/P105/PTX micelles com-

bined with Ax can enhance the killing effect on A549 lung

cancer cells. Cells were co-treated with different concen-

trations of micelles and Ax. The results showed that Ax

significantly increased the cytotoxicity of the micelles at

all concentrations and incubation times. The higher Ax

concentration, the stronger cell-killing ability of the

micelles (Figure 5). The IC50 values of the PEG-PLA

/P105/PTX micelles in combination with 20, 50 and 100

μM Ax on A549 cells following 24, 48 and 72 hr treatment

were calculated (Table 1). The IC50 values of the PEG-

PLA/P105/PTX micelles at 24 hrs with no Ax or com-

bined with 100 μM Ax were 87.09 ± 4.12 ng/mL and 1.14

± 0.08 ng/mL, respectively. This means that 100 μM Ax

could enhance the therapeutic effects of PEG-PLA/P105/

PTX micelles by 76-folds. The IC50 values of 48 hrs and

72 hrs also indicate that Ax could significantly increase the

cytotoxicity of PEG-PLA/P105/PTX micelles.

Cellular Uptake and Western Blotting
To verify whether Ax increases the cytotoxicity of PEG-PLA

/P105/PTX micelles because Ax increases the cellular uptake

Figure 5 Viability of A549 cells co-treated with 0.001–0.1 μg/mL PEG-PLA/P105/PTX micelles and 20–100 μM Ax for 24, 48 and 72 hrs, respectively. **P < 0.01, ***P < 0.001.

Note: Data are represented as mean ± SD, n = 6.

Abbreviations: Ax, ambroxol; PTX, paclitaxel.

Table 1 IC50 Values of PEG-PLA/P105/PTX micelles in Combination with 20, 50 and 100 μM of Ax on A549 Cells Following 24, 48

and 72 hrs Treatment, Respectively.

Incubation

Time (h)

IC50 (ng/mL)

PEG-PLA/P105/PTX

Micelles

PEG-PLA/P105/PTX

Micelles + 20 μM Ax

PEG-PLA/P105/PTX

Micelles + 50 μM Ax

PEG-PLA/P105/PTX

Micelles + 100 μM Ax

24 87.09 ± 4.12 34.45 ± 1.78&&& 7.80 ± 0.97### 1.14 ± 0.08***

48 41.53 ± 2.69 18.22 ± 1.32&&& 2.45 ± 0.17### 0.48 ± 0.06***

72 10.73 ± 0.61 4.78 ± 0.39&&& 0.96 ± 0.12### 0.19 ± 0.03***

Notes: Data are represented as mean ± SD, n=6. &&&P<0.001 vs PTX, ###P<0.001 vs PEG-PLA/P105/PTX micelles + 20 μM Ax, ***P<0.001 vs PEG-PLA/P105/PTX micelles

+ 50 μM Ax.

Abbreviations: Ax, ambroxol; PTX, paclitaxel.
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Figure 6 (A) Cellular uptake of PEG-PLA/P105 micelles regulated by Ax. (B) LC3 proteins measured by Western blotting and (C) quantitative analysis of LC3-II protein of

PEG-PLA/P105/PTX micelles regulated by Ax. **P < 0.01, ***P < 0.001.

Note: Data are represented as mean ± SD, n = 3.

Abbreviations: cou-6, coumarin 6; PEG-PLA/P105/cou-6, PEG-PLA/P105/cou-6 micelles; PEG-PLA/P105/PTX, PEG-PLA/P105/PTX micelles; Ax, ambroxol; PTX, paclitaxel.

Figure 7 In vivo biodistribution of PEG-PLA/P105 micelles regulated with Ax. (A) Fluorescence photographs of the main organs (A): normal saline, (B) PEG-PLA/P105/DiR

micelles, (C) Ax + PEG-PLA/DiR micelles, and (D) Ax + PEG-PLA/P105/DiR micelles and (B) lung fluorescence intensity of each group at different time points. *P < 0.05.

Note: Data are represented as mean ± SD, n = 3.

Abbreviations: PEG-PLA/10% P105/DiR, PEG-PLA/10% P105/DiR micelles; PEG-PLA/DiR, PEG-PLA/DiR micelles; Ax, ambroxol.
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of the micelles. We measured the cellular uptake of the

micelles with or without Ax co-incubation. Interestingly,

cells showed similar green fluorescence intensity after incu-

bating with PEG-PLA/P105/cou-6 micelles or PEG-PLA

/P105/cou-6 micelles + Ax at different time points

(Figure 6A), which means Ax does not affect the cellular

uptake of the micelles. Therefore, Ax does not enhance the

cytotoxicity of the micelles by increasing the cellular uptake.

To determine whether Ax increases the cytotoxicity of

PEG-PLA/P105/PTX micelles because Ax inhibits cell

autophagy. We next examined the LC3 proteins of

A549 cells incubated with PEG-PLA/P105/PTX micelles

+ Ax. Compared with the control group, both PEG-PLA

/P105/PTX micelles and Ax alone could increase the LC3

proteins to a certain degree, and the combination of PEG-

PLA/P105/PTX micelles and Ax could further enhance

the LC3 proteins (Figure 6B and C). The above experi-

mental results indicated that Ax increased the cytotoxicity

of PEG-PLA/P105/PTX micelles by inhibiting cell

autophagy.

In vivo Biodistribution
In order to investigate the biological effect of Ax on the

biodistribution of PEG-PLA/P105 micelles, we conducted an

in vivo biodistribution experiment. Compared with the PEG-

PLA/P105/DiRmicelles group, the lung fluorescence intensity

in Ax + PEG-PLA/P105/DiRmicelles group was significantly

stronger, indicating that Ax could facilitate the micelles to

distribute in lung through increasing PS secretion. In addition,

the lung fluorescence intensity in Ax + PEG-PLA/P105/DiR

micelles group was stronger than that in Ax + PEG-PLA/DiR

micelles group, further demonstrating the lung affinity of

P105-containing micelles (Figure 7A). The lung fluorescence

intensity AUC of each group was 3.919 ± 0.331 (PEG-PLA

/P105/DiR micelles), 4.149 ± 0.400 (Ax + PEG-PLA/DiR

micelles) and 5.535 ± 0.515 (Ax + PEG-PLA/P105/DiR
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Figure 8 (A) PTX plasma concentration–time curves of free PTX, Ax + PTX, PEG-PLA/P105/PTX micelles and Ax + PEG-PLA/P105/PTX micelles. (B) The concentrations

of PTX in lung tissues at 24 hrs postinjection. *P < 0.05, **P < 0.01, ***P < 0.001.

Notes: Data are represented as mean ± SD, n = 6.

Abbreviations: PEG-PLA/P105/PTX, PEG-PLA/P105/PTX micelles; Ax, ambroxol; PTX, paclitaxel.

Table 2 Pharmacokinetic Parameters of PTX, Ax + PTX, PEG-PLA/P105/PTX micelles and Ax + PEG-PLA/P105/PTX micelles (n = 6)

Parameters PTX PTX + Ax PEG-PLA/P105/PTX micelles PEG-PLA/P105/PTX micelles + Ax

t1/2β (h) 2.03 ± 0.11 2.55 ± 0.10& 3.18 ± 0.18### 3.96 ± 0.23*

AUC0-∞ (µg/L/h) 6161.77 ± 565 6736.75± 483 12,193.68 ± 553### 13,524.99 ± 544*

CL(L/h/kg) 1.62 ± 0.08 1.48 ± 0.12 0.82 ± 0.05### 0.74 ± 0.06**

Notes: Data are represented as mean ± SD, n=6. &P<0.05 vs PTX. ###P<0.001 vs PTX. *P<0.05, **P<0.01 vs PEG-PLA/P105/PTX micelles.

Abbreviations: Ax, ambroxol; PTX, paclitaxel; t1/2β, elimination half-life; AUC, area under the curve; CL, clearance rate.
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Figure 9 In vivo anticancer effects of PEG-PLA/P105/PTXmicelles combined with Ax. (A) The changes in pulmonary tumor size detected at 0, 5, 10, 15 days by IVIS. The left-side

mice in each group represent the bright-field picture. (B) LC3 proteins of the lung tissues measured byWestern blotting and (C) quantitative analysis of LC3-II protein of the lung

tissues. (D) Survival curves and (E) median survival times of the pulmonary tumor-bearing mice at different treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001.

Notes: (C) Data are represented as mean ± SD, n=3; (D) and (E) Data are represented as mean ± SD, n = 10.

Abbreviations: PEG-PLA/P105/PTX, PEG-PLA/P105/PTX micelles; Ax, ambroxol; PTX, paclitaxel.
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micelles) (×106 p/s/cm2/sr)/(μW/cm2), respectively (Figure

7B). There are two reasons for us not incorporating Ax and

P105 in a single micelle system. First, Ax is hydrophilic and it

is not easy to be encapsulated into the micelles. Second, Ax

itself has favorable lung affinity and can rapidly distribute in

the lung (Figure S3 and Table S1).

In vivo Pharmacokinetics
Subsequently, we performed a pharmacokinetic study of PEG-

PLA/P105/PTXmicelles combined with Ax in SD rats. Group

C (PEG-PLA/P105/PTX micelles) had a longer elimination

half-life, a larger AUC and a slower clearance rate than group

A (free PTX), suggesting the long-circulation effect of the

micelles (Figure 8A). The longer the circulation time of nano-

particles in the body, the better the accumulation of nanopar-

ticles in tumor sites.44,45 In addition, groupD (Ax + PEG-PLA

/P105/PTX micelles) displayed the longest t1/2β (elimination

half-life, 3.96 h), the largest AUC (13,525 µg/L/h) and the

slowest clearance rate (0.74 L/h/kg) (Table 2). Moreover, the

PTX concentration in lung tissue of group D (Ax + PEG-PLA

/P105/PTX micelles) at 24 hrs postinjection is 4 times higher

than the group B (Ax + PTX) and 2 times higher than the

Group C (PEG-PLA/P105/PTX micelles) (Figure 8B). These

results, on the one hand, confirmed the long-circulation of

PEG-PLA/P105/PTX micelles, and on the other hand, proved

that Ax could slow down the plasma clearance and prolong the

elimination half-life of the micelles.

In vivo Antitumor Efficacy
Encouraged by the superior in vitro cytotoxicity effect of

the combination regimen. The in vivo therapeutic effect of

PEG-PLA/P105/PTX micelles combining with Ax was

determined on an orthotopic A549 lung tumor model. As

shown in the IVIS, Ax alone had almost no therapeutic

effect compared to normal saline. PTX (3 mg/kg) + Ax

(100 mg/kg) showed comparable tumor inhibition effect to

PEG-PLA/P105/PTX micelles (equivalent to 10 mg/kg of

PTX), but better than PTX (10 mg/kg). While PEG-PLA

/P105/PTX micelles (3 mg/kg) + Ax (100 mg/kg) showed

the strongest tumor suppression effect with the longest

median survival time (MST) for 52.5 days (Figure 9A,

D and E). In addition, LC-3 proteins were determined by

Western blotting. The superior tumor inhibition effect, the

higher LC3 protein expression in lung tumor tissues

(Figure 9B and C). It might indicate that Ax enhanced

the anti-tumor effect of PEG-PLA/P105/PTX micelles by

interfering cell autophagy. Above all, these results

indicated that PEG-PLA/P105/PTX micelles combined

with Ax could remarkably improve the lung tumor ther-

apeutic effect.

Conclusion
In this work, considering two major obstacles to cancer

chemotherapy – little drug accumulation at the tumor sites

and the decreased cytotoxicity induced by cell autophagy –

we have developed a lung cancer chemotherapy regimen.

Ax can increase PS secretion and suppress tumor cell

autophagy. The pulmonary-affinity PEG-PLA/P105/PTX

micelles could adequately respond to the biological func-

tions of Ax. Compared with the general strategies that only

focus on the functional modification of nano-formulations,

we employed a “molecular chaperone” Ax to change the

microenvironment of cancerous lesion, thereby promoting

the accumulation and cell-killing sensitivity of the micelles.

Both the in vitro and in vivo experiment results demon-

strated that the rational designed PEG-PLA/P105/PTX

micelles combine with Ax could produce an effective antic-

ancer effect. Our versatile approach of modulating tumor

microenvironment to enhance the drug transportation and

cell-killing sensitivity in the action sites may bring new

enlightenment to the clinical treatment of lung cancer.
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