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Abstract

Lung cancer is one of the most commonly diagnosed cancers, and surgical resection is 

the optimal choice for the primary lung tummor. But for the secondary lung 

cancer, chemotherapy and combined radiotherapy still are the main strategies. To 

realize the combined treatment for non-small cell lung cancer (NSCLC), in this work, 

a nanoplat-form based on pemetrexed (PE)-loaded mesoporous polydopamine 

(MPDA) nanopar-ticles were investigated. PE, a special therapeutic drug for 

NSCLC, was loaded into the MPDA nanoparticles via electrostatic attraction and 

was encapsulated with poly-vinyl pyrrolidone (PVP). The results showed that, when 

irradiating with 808 nm near-infrared light, the PE loaded MPDA (MPDA@PE@PVP) 

nanoparticles have excellent photothermal conversion properties, which would 

result in increase of ambient tem-perature and could accelerate the release of PE. In 

vitro cell experiments proved that MPDA@PE@PVP nanoparticles have excellent 

killing ability for NSCLC A549 cells by the functions of PE and photothermal ability of 

MPDA nanoparticles. Meanwhile, the intra-cellular reactive oxygen species (ROS) 

levels of A549 cells in the MPDA@-PE@PVP nanoparticle-treated group could be 

promoted significantly after irradiation, leading to the death of A549 cells. In 

vivo animal model results showed that MPDA@PE@PVP nanoparticles could 

gather at the tumor site by enhanced perme-ability and retention (EPR) effect and 

have significant inhibition ability for lung tumor by synergistic therapy of 

chemotherapy, photothermal therapy and photodynamic therapy.

K E  YWOR  D S

lung cancer, mesoporous polydopamine nanoparticles, pemetrexed, photodynamic therapy, 
photothermal therapy

1 | INTRODUCTION

Lung cancer is one of the most commonly diagnosed cancers, which is

considered to be the leading cause of death related to cancer.1 Most

carcinoma of lungs could not be diagnosed at the early stage, attrib-

uted to the typically asymptomatic during this stage. Lung cancer is

classified as two types based on the histological differences: non-small

cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC is

the common type of lung cancer rate with 85%, and its global 5-year

survival rate is only approximately 5%.2,3 Surgical resection is the opti-

mal choice for the primary lung tumor. But for the secondary lung

cancer, chemotherapy and combined radiotherapy still are the main
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strategies. However, chemotherapy is still unsatisfactory, such as

insufficient intracellular uptake at tumor tissues, nonspecific target

site concentrations, serious systemic toxicity of chemotherapeutic

agents, and even developing drug resistance.4 Therefore, it is urgent

to exploit an alternative and/or complementary treatment modalities.

In recent years, combination therapy with chemotherapy and

nanoparticle-based phototherapy has attracted great attention.5 In

photodynamic therapy (PDT), the photosensitizer (PS) in tumor tissues

under the activation of excitation light can directly kill tumor cells

through reactive oxygen species (ROS).6,7 In photothermal therapy

(PTT), the photothermal conversion nanomaterials could convert light

energy into heat to kill cancer cells.8 Moreover, PTT and PDT can also

induce various antitumor effects, such as triggering immune

responses.9,10 Relative to mainstream treatments, PDT and PTT may

safer without systematic side effects.11 Furthermore, the use of nano-

particle incorporates the advantages of nanotechnology, such as tar-

geting, drug-loading, versatility and modifiability.12

Pemetrexed (PE) is approved as the first-line therapy for NSCLC

in 2008, which is a structurally novel multi-targeted antifolate.13 It tar-

gets enzymes involved in the de novo biosynthesis of purines and

pyrimidines, including thymidylate synthase (TS), glycinamide ribonu-

cleotide formyltransferase (GARFT), dihydrofolate reductase (DHFR)

and aminoidazole carboxamide ribonucleotide formyl transferase

(AICARFT), thereby inducing DNA damage.14 At present, PE usually

acts in combination with other drugs, also can be as subsequent and

maintenance therapy in patients with advanced lung adenocarci-

noma.15,16 However, PE is a hydrophilic molecule with very limited

passive diffusion. Moreover, due to its low molecular, PE would be

quickly eliminated from neoplastic tissue to blood circulation after

administration.17 Therefore, we need an efficient way to deliver PE on

tumor tissue.

Polydopamine (PDA) is a versatile organic biopolymer produced

from the oxidation of dopamine, which is an ideal material for surface

coating of implants and nano drug carriers due to its good water solu-

bility and biocompatibility.18 Moreover, PDA has strong absorbance in

the near-infrared (NIR) region. Some researchers have proved that

PDA has excellent photothermal conversion under the irradiation of

808 nm laser.19,20 Furthermore, although PDA could scavenge ROS, it

could promote the generation of ROS after exposing in NIR light.21,22

However, the limited surface area of PDA nanoparticles limits their

application in loading drugs. Considering this, a few works have

applied the mesoporous polydopamine (MPDA) nanoparticles for anti-

cancer drug delivery or cancer diagnosis.23,24

To improve the drug loading efficiency of PDA nanoparticles, in

this work, the MPDA nanoparticles were prepared with a template

method. Then, PE could be loaded into MPDA nanoparticles by elec-

trostatic attraction. To prevent prematurely PE leakage on the half-

way, biocompatible polymer polyvinyl pyrrolidone (PVP) was used for

the surface coating through hydrogen-bonding interactions between

carbonyl groups of PVP and phenolic hydroxyls on MPDA nanoparti-

cles (Scheme 1). The human NSCLC A549 cells and the human normal

lung epithelial Beas-2B cells were applied to examine its in vitro anti-

tumor activity. In vivo study was also performed to evaluate the effect

of MPDA@PE@PVP nanoparticles in tumor treatment.

SCHEME 1 Schematic depiction of MPDA@PE@PVP NPs and the mechanisms of intrigued antitumor. MPDA@PE@PVP NPs: polyvinyl
pyrrolidone-coated pemetrexed-loading mesoporous polydopamine nanoparticles.
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2 | MATERIALS AND METHODS

2.1 | Reagents and materials

Polyvinylpyrrolidone (PVP, 40,000 g/mol) and dopamine hydrochlo-

ride (98%, AR) were bought from Aladdin Biochemical Technology

Co., Ltd (Shanghai, China). Pluronic F-127 and 1, 3,

5-trimethylbenzene (TMB, AR, 97%) were got from Sigma-Aldrich

(American). The human NSCLC A549 cells and human normal lung

epithelium Beas-2B cells were purchased from the Chinese Academy

of Sciences (Shanghai, China). All cell culture and biochemical reagents

were obtained from Thermo Fisher Scientific, Inc (Rockford, IL, USA),

unless otherwise specified.

2.2 | Preparation and characterization of MPDA
nanoparticles and MPDA@PE@PVP nanoparticles

Mesoporous polydopamine nanoparticles were prepared according to

the method of Cai's work.25 Briefly, 360 mg TMB and 360 mg F127

were added together into the mixed solution of ethanol (60 ml) and

deionized water (65 ml), followed by stirring at 30�C for half hour.

Then, 60 mg dopamine hydrochloride was added into this solution

and 10 ml TRIS solution (10 mg/ml in double distilled water) was

added for reaction at 30�C for 24 hours. Then, collecting the product

by centrifugation. After washing by sonication and centrifugation with

the ethanol/acetone mixture for three times, the F127-TMB template

was removed. The final products were suspended in ethanol for

further use.

Mesoporous polydopamine@pemetrexed nanoparticles were pro-

duced according to Stolarczyk's work.26 Firstly, if 10 mg PE was dis-

solved in 100 ml hepes buffer, then 10 mg MPDA nanoparticles were

added into this mixture and keep reacting at room temperature for

24 h. After centrifugation, the MPDA@PE nanoparticles were col-

lected and suspended in 3 mg/ml PVP solution under a mild stirring

overnight. Finally, PVP coated PE-loading mesoporous polydopamine

(MPDA@PE@PVP) nanoparticles were obtained by centrifugation.

Transmission electron microscopy (TEM, LIBRA 200 CS, Carl

Zeiss Co., Germany) was applied to the microstructures, morphology

and element changes of the prepared nanoparticles. A dynamic light

scattering (DLS) instrument (Nano ZS90, Zetasizer England) was used

to measure the size and zeta potential of nanoparticles. The photo-

thermal conversion properties of nanoparticles were surveyed by

measure the temperature changes under 808 nm laser irradiation. The

release of PE was evaluated with an Ultraviolet–visible spectropho-

tometry (RF6000, Shimadzu, Japan) at 248 nm.

2.3 | Cell culture

The human A549 cells and human Beas-2B cells were cultured in

DMEM (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum

(FBS, HyClone, Logan, UT, USA), and 100 U/ml penicillin/

streptomycin in a humidified atmosphere with 5% CO2 at 37 �C. The

culture medium was renewed every third day.

2.4 | In vitro cytotoxicity test

A CCK-8 assay was performed to evaluate the cell viability according

to the manufacturer's instructions. Briefly, A549 cells or Beas-2B cells

were seeded at a density of 5 � 103 cells/well in a 96-well culture

plate. After adherence, cells were serum-starved overnight, and then

treated with phosphate buffer solution (PBS), PE, MPDA nanoparti-

cles, or MPDA@PE@PVP nanoparticles. After being treated with

MPDA nanoparticles or MPDA@PE@PVP nanoparticles for 6 h, the

cells were irradiated using the 808 nm NIR with a power of 1 W/cm2

for 10 min. After 1, 2 or 4 days incubation, the CCK-8 (0.5 mg/mL,

Sigma-Aldrich, St. Louis, MO, USA) was added into the 96-well culture

plate and incubated at 37 �C for 2 h. The luminescence was then

quantified using a microplate reader (Molecular Devices, Shanghai,

China). The relative cell viability was determined by normalizing the

optical density (OD) value of the experimental group to that of the

control group.

2.5 | Measurement of ROS generation

Reactive oxygen species was examined on fluorescence microscope.

A549 cells were seeded at a density of 1 � 104 cells/well in a 48-well cul-

ture plate. After adherence, A549 cells were serum-starved overnight,

and then treated with PBS, PE, MPDA nanoparticles, or MPDA@PE@PVP

nanoparticles. The 808 nm NIR irradiation with a power of 1 W/cm2 for

10 min was carried out after the cell treated with MPDA nanoparticles or

MPDA@PE@PVP nanoparticles for 6 h. After 24 h, A549 cells were

stained with 100 μl DCFH-DA (10 μg/ml) for 20 min at 37�C and washed

with serum-free medium for three times. DCF fluorescence images were

obtained on a fluorescence microscope (Olymps, Tokyo, Japan).

Reactive oxygen species examination on fluorescence microplate.

A549 cells were seeded at a density of 5 � 103 cells/well in a 96-well

culture plate. After adherence, A549 cells were serum-starved over-

night, and then treated with PBS, PE, MPDA nanoparticles, or

MPDA@PE@PVP nanoparticles. The 808 nm NIR irradiation with a

pump power of 1 W/cm2 for 10 min was carried out after the cell

treated with MPDA nanoparticles or MPDA@PE@PVP nanoparticles

for 6 h. After 24 h, A549 cells were stained with 100 μl DCFH-DA

(10 μg/ml) for 20 min at 37�C and washed with serum-free medium

for three times. The fluorescence intensity was measured in fluores-

cence microplate (BioTek, Vermont, USA).

2.6 | Evaluation of antitumor efficiency in vivo

5 � 106 A549 cells suspended in 100 μl PBS were subcutaneously

inoculated into 6-week-old male BALB/c nude mice at the right flank

next to the hind limb (n = 40 in total, average weight: 16 g). Twenty-
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one days later, the volume of each tumor was calculated according to

the formula: V = 0.52 � A� B2, where A represents the largest diam-

eter and B represents the perpendicular diameter. Xenografts with

the volume approximately 500 mm3 were selected and random

grouped for the treatment (n = 5 each group). Then 25 μl of PE

(1 μM), 15 μl of MPDA nanoparticles (25 μg/ml), or MPDA@PE@PVP

nanoparticles (25 μg/ml) was administered by tail intravenous injec-

tion every three days for 15 days since the first treatment. 1 W/cm2

F IGURE 1 TEM photos of (A) MPDA NPs, (B) MPDA@PE@PVP NPs, (C) Partial magnification of MPDA@PE@PVP NPs (Red arrow: PVP),
(D) HAADF STEM image for MPDA NPs and corresponding TEM elemental mappings: (E) element C and (F) element O. PE: pemetrexed; PVP:
polyvinyl pyrrolidone; MPDA NPs: mesoporous polydopamine nanoparticles; MPDA@PE@PVP NPs: polyvinyl pyrrolidone-coated pemetrexed-
loading mesoporous polydopamine nanoparticles

F IGURE 2 Size distribution (A) and
surface zeta potential (B) of MPDA NPs
and MPDA@PE@PVP NPs (n = 3). PE:
pemetrexed; PVP: polyvinyl pyrrolidone;
MPDA NPs: mesoporous polydopamine
nanoparticles; MPDA@PE@PVP NPs:
polyvinyl pyrrolidone-coated
pemetrexed-loading mesoporous
polydopamine nanoparticles
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of NIR irradiation was implemented for 300 seconds at center of the

xenograft after the mice treated with MPDA@PE@PVP nanoparticles for

6 h (MPDA@PE@PVP NPs + NIR). The injection of saline group was

served as control group. After 15 days, all mice were sacrificed to harvest

the tumor tissues to weight as well as perform the H&E staining and

immunohistochemistry assay. All the animal studies were approved by

the Laboratory Animal Welfare and Ethics Committee of Chongqing Uni-

versity (IACUC Issue No. CQU-IACUC-RE-202113-013) and performed

strictly in accordance with the ARRIVE guidelines.

2.7 | Statistical Analysis

All quantitative data are expressed as the means ± SD. The Student's

t-test was performed to analyze the differences between two groups.

The comparison between multiple groups was calculated with one-

way analysis of variance (ANOVA). *p < 0.05 or **p < 0.01 was

deemed to be statistically significant.

3 | RESULTS

3.1 | Characterization of nanoparticles

As shown in Figure 1A–C, the TEM images of MPDA nanoparticles

and MPDA@PE@PVP nanoparticles were displayed, respectively. It

can be observed that the size of MPDA nanoparticles was around

80 nm, and the porous structure in particles was observed obviously

from the high-angle annular dark-field (HAADF) STEM image in

Figure 1D. After loading PE and coating with PVP, no obvious change

was found in the size and structure of MPDA nanoparticles, but a thin

polymer layer can be found around the nanoparticles. Because MPDA

nanoparticles, PE and PVP have same elements of C and O in their

structure, no obvious element change from the energy dispersive X-

ray spectroscopy (EDX) mapping (Figure E, F). As the results of DLS

measurements (Figure 2), the size of MPDA nanoparticles was about

105 nm, but the size of MPDA@PE@PVP nanoparticles was increased

to about 130 nm because the encapsulation with PVP. Due to have

high negative charge, the surface zeta potential of MPDA nanoparti-

cles (about �12.1 mV) was more negative than MPDA@PE@PVP

nanoparticles (around �3.5 mV).

The photothermal conversion performance of MPDA@PE@PVP

nanoparticles was evaluated after 808 nm NIR illumination. And the

curve of temperature variation at different particle concentrations is

illustrated in Figure 3A. Compared with the ordinary PBS, the

F IGURE 3 The photothermal conversion performance of MPDA@PE@PVP NPs. (A) The curve of temperature variation; (B) The
photostability change of MPDA@PE@PVP NPs under 808 nm (1 W/cm2) irradiation for 3 cycles. MPDA@PE@PVP NPs: polyvinyl pyrrolidone-
coated pemetrexed-loading mesoporous polydopamine nanoparticles

F IGURE 4 The cumulative release curves of PE with and without
808 nm NIR irradiation. PE, pemetrexed
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solutions with different concentrations of MPDA@PE@PVP nanoparti-
cles have obvious temperature elevation. There is hardly any temperature 
change in PBS after eradiating for 10 min. Meanwhile, with the increase 

of MPDA@PE@PVP nanopartycles in the solution, the temperature 

increased more obviously, especially for 0.1 mg/ml MPDA@PE@PVP 
nanoparticles. After eradiating for 10 min, the temperature in the solution 
including 0.1 mg/ml MPDA@PE@PVP nanoparticles could raise 30 �C. 

Considering the recycling irradiation of nanoparticles, we investigated the 
photothermal stability of MPDA@PE@PVP nanoparticles and found the 
negligible change of the highest temperature for MPDA@PE@PVP nano-
particles solution after 3 cycles laser irradiation (Figure 3B).

The loading ratio of PE in MPDA@PE@PVP nanoparyicles 
was investigated from the ultraviolet spectrophotometry at 
248 nm (Figure S1), the calculated drug encapsulation 
efficiency in

MPDA@PE@PVP nanoparticles was about 660.48 μg/mg (wt%, PE/

MPDA). According to the requests of experiments, the PE release 
was detected after subjected to NIR irradiation or not. As shown in 
the cumulative release curves (Figure 4), PE can be released slowly 
from MPDA@PE@PVP nanoparticles in PBS with-out NIR 
irradiation. But when exposing in 808 nm NIR light for 5 min, the 
release ratio was accelerated obviously, the cumulative amount of 
PE can reach to 60% after 4 days.

F IGURE 5 CCK-8 assay was performed to examine the cytotoxic. The relative cell viability of Beas-2B cells (A) and A549 cells (B) after PE-
treated for 1, 2 and 3 days. n = 3. Data are shown as the mean ± SD (*P < 0.05 and **P < 0.01 vs. 0 μM). The relative cell viability of A549 after
treated with PE, MPDA NPs, MPDA@PE@PVP NPs, MPDA NPs+NIR or MPDA@PE@PVP NPs+NIR for 1 day (C) and 4 day (D). The 808 nm
NIR irradiation with a pump power of 1 W/cm2 for 10 min was carried out after the cell treated with MPDA NPs or MPDA@PE@PVP NPs for
6 h. n = 3. Data are shown as the mean ± SD (*P < 0.05 and **P < 0.01). PE, pemetrexed; NIR, near-infrared; PVP, polyvinyl pyrrolidone; MPDA
NPs, mesoporous polydopamine nanoparticles; MPDA@PE@PVP NPs, polyvinyl pyrrolidone-coated pemetrexed-loading mesoporous
polydopamine nanoparticles
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F IGURE 6 Determination of cellular reactive oxygen species (ROS) by DCFDA assay in A549 cells. (A) Morphologic appearance of A549 cells
after treated with PE, MPDA NPs, MPDA@PE@PVP NPs, MPDA NPs+NIR or MPDA@PE@PVP NPs+NIR for 1 day. Bars = 100 μm; (B) ROS
examination on fluorescence microscope. Bars = 100 μm; (C) ROS examination on fluorescence microplate. n = 3. Data are shown as the mean
± SD (*P < 0.05 and **P < 0.01). PE, pemetrexed; NIR, near-infrared; PVP, polyvinyl pyrrolidone; MPDA NPs, mesoporous polydopamine
nanoparticles; MPDA@PE@PVP NPs, polyvinyl pyrrolidone-coated pemetrexed-loading mesoporous polydopamine nanoparticles

164 XU ET AL.



F IGURE 7 Legend on next page.
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3.2 | In vitro cytotoxicity test

As shown in Figure 5A, B, the 50% inhibiting concentration (IC50) 
value for PE on A549 cells and Beas-2B cells was found to be around
1 μM and 10 μM, respectively. At the same concentration, the toxicity 

of PE to A549 cells was greater than Beas-2B cells. According to the 
drug loading and release rate of nanoparticles, the PE release concen-
tration was about 1 μM after MPDA@PE@PVP nanoparticles 
(25 μg/ml) treatment for 48 hours. Moreover, the temperature rises 
of 0.025 mg/ml MPDA@PE@PVP nanoparticles can reach 7 �C after 

808 nm NIR illumination 10 min. Therefore, the MPDA@PE@PVP 
nanoparticles at a concentration of 25 μg/ml were used for the fol-
lowing test. The MPDA nanoparticles at a concentration of 25 μg/ml 

had no obvious killing effect on A549 cells (Figure 5C, D). However, 
the cell viability of A549 cells dramatically inhibited by MPDA@-

PE@PVP nanoparticles (25 μg/ml), and the inhibitory effect of 

MPDA@PE@PVP nanoparticles was further strengthened after 
808 nm NIR illumination.

3.3 | ROS levels

We further explored the effect of MPDA@PE@PVP nanoparticles on 
ROS production in A549 cells. As shown in Figure 6, PE could cause a 
significant increase of ROS levels in A549 cells. Although MPDA 
nanoparticles decreased the ROS levels in A549 cells, the NIR irradia-

tion could promote a significant decreased in ROS levels in 

MPDA-treated A549 cells. The ROS levels were also increased 
significantly in MPDA@PE@PVP nanoparticles treatment group. 
Moreover, although the number of A549 cells was significantly 
reduced under the influ-ence of MPDA@PE@PVP nanoparticles 
plus with NIR irradiation treatment, the total ROS levels were 
further increased compared to MPDA@PE@PVP nanoparticle-treated 

alone.

3.4 | In vivo anti-tumor efficacy

The anti-tumor effect of MPDA@PE@PVP nanoparticles was also 
investigated in animal model. Firstly, the thermal effect of MPDA@-

PE@PVP nanoparticles in vivo was detected. Our data showed that 
NIR irradiation (1 W/cm2) for 300 seconds could gradually increase 
the local temperature of tumor from about 31�C to  54�C in 

the MPDA@PE@PVP nanoparticles group, while the temperature 

increase

of the saline control group was more moderate, only up to about

38�C (Figure 7A). Because the temperature above 42�C will produce

thermal ablation effect, we gave 180 seconds of NIR irradiation to the

MPDA@PE@PVP nanoparticles group in the subsequent experiments.

Next, our study found that within 15 days, the tumor volume of the

saline group gradually increased from 500 mm3 to about 1100 mm3,

while the tumor volume of the PE or MPDA nanoparticles treated

group only increased slightly, about to 580 mm3, indicating that PE or

MPDA nanoparticles could delay the growth of tumors. However, the

tumor volume of the MPDA@PE@PVP nanoparticles treated group

was significantly reduced, and the final volume was about 300 mm3,

indicating that MPDA@PE@PVP nanoparticles have the ability to tar-

get and inhibit tumor growth. In addition, we found that NIR irradia-

tion could further inhibit tumor growth and reduce the tumor volume

to about 150mm3 in MPDA@PE@PVP nanoparticles group, suggest-

ing the MPDA nanoparticles have well photothermal capability to

mediate PTT treating tumors in vivo (Figure 7B). Consistent with the

results of tumor volumes, tumor weights in each group showed the

same trend (Figure 7C). Further H&E analysis found that MPDA@-

PE@PVP nanoparticles plus with NIR irradiation treatment could make

the dense structure inside the tumor unsound and generate ablation

vesicles. Immunohistochemical analysis also confirmed that PE, MPDA

nanoparticles or MPDA@PE@PVP nanoparticles treatment could

inhibit the expression of tumor proliferation-related marker Ki67 and

up-regulate the expression of apoptosis effector molecule cleaved

caspase-3. Compared with the above treatment groups, the down-

regulation of ki67 and the up-regulation of cleaved caspase-3 in the

MPDA@PE@PVP nanoparticles plus with NIR irradiation treatment

group were most significant (Figure 7D). These results indicate that

MPDA@PE@PVP nanoparticles plus with NIR has significant anti-

tumor advantages.

4 | DISCUSSION

Dopamine is an organic chemical of the catecholamine and phenethy-

lamine families, which has a unique role in motivational behavior in

human beings. It is a neuromodulatory molecule that plays several

important roles in cells.27 At pH around 8.5, polymerization of dopa-

mine to PDA can be formed quickly through oxidation, which is a fast

irreversible reaction. During the polymerization of dopamine, the

MPDA nanoparticles would be formed if the F127-TMB template was

introduced in this process. As shown in Figure 1, the formed MPDA

F IGURE 7 In vivo anti-tumor efficacy. (A) The thermal effect of MPDA@PE@PVP NPs in vivo was detected at each timepoint after NIR
irradiation (1 W/cm2), saline treated tumor served as control. (B) The line graph showing the dynamic changes of tumor volume in each group

every 5 days for 15 days (n = 5). Data are shown as the mean ± SD (*P < 0.05 vs. saline group; #P < 0.05 vs. MPDA NPs group; §P < 0.05
vs. MPDA@PE@PVP NPs group). (C) Tumors were harvested, and the weight of tumors in each group was measured and is shown in a scatter
plot (n = 5). Data are shown as the mean ± SD (*P < 0.05 vs. saline group; #P < 0.05 vs. MPDA NPs group; §P < 0.05 vs. MPDA@PE@PVP NPs
group). (D) Representative microphotographs showing H&E staining and immunohistochemical staining analysis the expression of Ki67 and
cleaved caspase-3 in each treated group (magnification � 200). PE, pemetrexed; NIR, near-infrared; PVP, polyvinyl pyrrolidone; MPDA NPs,
mesoporous polydopamine nanoparticles; MPDA@PE@PVP NPs, polyvinyl pyrrolidone-coated pemetrexed-loading mesoporous polydopamine
nanoparticles
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nanoparticles have a regular sphere with the size of 80 nm and typical

mesopores characteristics. Because having good biocompatibility and

high drug loading efficacy, MPDA nanoparticles are an ideal carrier for

drug delivery. Moreover, when used for cancer treatment, PDA and

MPDA nanoparticles have potential as photothermal agents and can

be used to modulate NIR responsive. Due to high selectivity and mini-

mal invasiveness, the nano therapeutic system based on MPDA nano-

particles is of a powerful technique for cancer treatment, which

includes chemotherapy, PTT and PDT. So, in this work, MPDA was

adopted as the PE carrier for the treatment of lung cancer.

To improve drug stability in PBS and systemic circulation, as well

as prevent the premature leakage of loaded PE, a hydrophilic polymer

PVP was applied to package PE-loaded MPDA nanoparticles by

hydrogen bonds. The MPDA nanoparticles were prepared according

to the method of Cai's work.25 They demonstrated that the surface

modification by hydrophilic PVP made the MPDA nanoparticles much

more stable in aqueous solution. From the TEM results, after coating

with PVP, a thin polymer layer was observed around MPDA nanopar-

ticle. The results of DLS showed that the size change of MPDA nano-

particles from 105 nm to 130 nm because the encapsulation with

PVP. Moreover, the surface zeta potential for MPDA nanoparticles

proved the success of PVP coating.

Photothermal therapy is one of the candidate reason for MPDA

nanoparticles adopted in this work. So the photothermal conversion

capability of MPDA@PE@PVP nanoparticles was evaluated. From the

curve of temperature variation (Figure 3), MPDA@PE@PVP nanoparti-

cles have obvious temperature elevation compared with PBS. Taking

consider the particle concentration and irradiation time, the tempera-

ture rises of 0.025 mg/ml MPDA@PE@PVP NPs after eradiating

10 min can reach 7 �C which was a feasible candidate for the follow-

ing test. Considering the recycling irradiation of nanoparticles, we

investigated the photothermal stability of MPDA@PE@PVP nanopar-

ticles. The results showed that the change of the highest temperature

for PDA@PE@PVP nanoparticles solution after 3 cycle's laser irradia-

tion was negligible. The photothermal conversion experiments proved

that MPDA@PE@PVP nanoparticles have excellent photothermal

conversion capability and photothermal stability. Because PE was

packaged into MPDA through PVP coating, the release of PE from

MPDA nanoparticles could be controlled by NIR irradiation. The

hydrogen bonds between PVP and MPDA could be broken along with

the temperature rise. After irradiating with 808 nm near infrared light

for 5 min, the release ratio was accelerated obviously, the cumulative

amount of PE can reach to 60% after 4 days.

PE inhibits DNA and RNA synthesis which is currently one of the

first-line agents for lung adenocarcinoma treatment.28 However, the

patients often become resistant to the PE. Therefore, the PE usually

acts in combination with other drugs. Some studies showed that com-

bination therapy, by using chemotherapy and phototherapies, can pro-

mote synergistic effect against for cancer with the elimination of drug

resistance, and enhancement of the efficacy of tumor treatment.29 In

our study, PE significantly decreased the cell viability of A549 cells.

The IC50 value of PE on A549 cells was 1 μM. According to the drug

loading and release rate of the nanoparticles, the PE release

concentration was about 1 μM after 25 μg/ml MPDA@PE@PVP nano-

particles treatment for 48 hours. The MPDA nanoparticles (25 μg/ml)

had no obvious killing effect on A549 cells, and MPDA@PE@PVP

nanoparticles (25 μg/ml) could further inhibit the cell viability of A549

cells compared PE-treated alone. Furthermore, the MPDA nanoparti-

cles or MPDA@PE@PVP nanoparticles under the NIR irradiation could

further inhibit the cell viability of A549 cells compared to MPDA

nanoparticles or MPDA@PE@PVP nanoparticles treatment alone.

These results suggested that combination therapy with PE and MPDA

nanoparticle-based phototherapies promote synergistic effect against

for A549 cells. Moreover, some studies suggested that nanoparticle

PTT agents can sensitize chemotherapy possibly by destroying cell

membrane integrity after NIR illumination, resulting in an increased

tumor local drug concentration.30 Therefore, the MPDA nanoparticles

can not only as an ideal nanocarrier to deliver PE but also as a nano-

particle PTT agent to enhance the therapeutic efficacy.

Reactive oxygen species are a group of short-lived, highly reac-

tive, oxygen-containing molecules, which are considered to be normal

byproducts of numerous cellular processes.31 ROS have a dual role in

cell metabolism: at low to moderate levels, ROS act as signal trans-

ducers to activate cell proliferation, migration, invasion, and angiogen-

esis. In contrast, high levels of ROS cause damage to proteins, nucleic

acids, lipids, membranes, and organelles, leading to cell death.32 Com-

pared to normal cells, the cancer cells can produce more ROS, which

is very important for the growth and metastasis of cancer cells.33

However, by promoting the levels of ROS in cancer cells also become

an effective way to kill tumor cells. Some studies showed that PE

induces DNA damage, growth arrest and apoptosis in human mela-

noma cells, malignant mesothelioma and lung cancer cells via ROS

accumulation.34,35 Our results also demonstrated that PE could

increase the ROS levels in A549 cells. MPDA nanoparticles decreased

the ROS levels in A549 cells, however, the MPDA nanoparticles plus

with NIR irradiation could promote a significant increase in ROS

levels. This finding is also consistent with other researchers.36,37

Although the number of A549 cells was significantly reduced under

the influence of MPDA@PE@PVP nanoparticles plus with NIR irradia-

tion, the total ROS levels are further increase compared to PE or

MPDA@PE@PVP nanoparticles treated alone. Therefore, the

MPDA@PE@PVP nanoparticles may have higher cytotoxicity to A549

cells by increasing the levels of ROS.

In our study, the anti-tumor effect of MPDA@PE@PVP nano-

particles was also investigated in animal model. The results

showed that MPDA@PE@PVP nanoparticles plus with NIR irradia-

tion has significant anti-tumor advantages in vivo. However, we

only subcutaneous transplanted tumor model, and it remains to be

further verified whether MPDA@PE@PVP nanoparticles plus with

NIR irradiation has the same killing effect on orthotropic tumors

deep in the body. And how to accurately give directional NIR irra-

diation inside the body is also a problem to be urgently solved. It

would also be interesting to explore whether our materials also

have other thermal effects in response to microwaves or electro-

magnetic pulses. These findings may greatly increase the possibil-

ity of its clinical application.
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During the past years, extensive research has been carried out on

developing combined treatment of NIR induced PTT, PDT and chemo-

therapy to augment the cytotoxicity of chemotherapeutic agents. In

our current work, MPDA nanoparticles were developed for the deliv-

ery of PE to treat NSCLC. At the in vitro level, MPDA@PE@PVP

nanoparticles under NIR exposure displayed excellent killing tumor

cells ability and significantly promoted intra-cellular ROS levels. At the

in vivo level, the MPDA@PE@PVP nanoparticles under NIR exposure

still showed a significant anti-tumor advantages. Synergistic therapy

of chemotherapy, PTT and PDT exhibits great potential to improve

the therapeutic efficiency for NSCLC therapy.
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