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Background: Chemo-photothermal therapy has attracted intensive attention because of its

low side effects and better therapeutic efficiency. Although many photothermal agents have

been loaded with chemotherapeutic drugs for chemo-photothermal therapy, their applications

are limited by complex synthetic protocols and long-term safety. Therefore, there is sig-

nificant clinical value in the development of a simple system of biocompatible and biode-

gradable photothermal nanomaterials with high payloads of chemotherapeutic drugs for

chemo-photothermal synergistic therapy.

Materials and methods: In this study, PEG-modified polydopamine nanoparticles with

mesoporous structure (MPDA-PEG) were successfully obtained by an emulsion-induced

interface assembly strategy. Subsequently, paclitaxel (PTX) dissolved in acetone was loaded

into the mesoporous channels of MPDA-PEG nanoparticles by solution absorption method.

A PTX-loaded MPDA-PEG (MPDA-PEG-PTX) nanoplatform for combination of photo-

thermal therapy (PTT) and chemotherapy was developed.

Results: The synthesized MPDA-PEG nanoparticles had a great photothermal effect under near-

infrared (NIR) laser irradiation and exhibited an enhanced photothermal effect with the increase of

particle size. Meanwhile, MPDA-PEG nanoparticles also had a high payload of PTX, and the PTX

release could be greatly accelerated by elevated temperature from photothermal effect. In MTT

cytotoxicity assay, A549 cells incubated with MPDA-PEG-PTX under NIR laser irradiation (PTT

+ chemotherapy group) exhibited better therapeutic effect than single chemotherapy (MPDA-PEG-

PTX group) and PTT (MPDA-PEG + Laser group). The synergistic therapeutic effect of MPDA-

PEG-PTX with NIR laser irradiation in vivo was further investigated under the guidance of

photoacoustic imaging (PAI), tumors of nude mice treated with MPDA-PEG-PTX with NIR

laser irradiation were completely eliminated with minimal side effect.

Conclusion: The MPDA-PEG-PTX nanoplatform is a simple and effective platform which

can completely inhibit tumor growth with minimal side effects under NIR irradiation, and it

exhibits better therapeutic effect than single chemotherapy and PTT.

Keywords: photothermal therapy, polydopamine, mesoporous nanoparticle, chemotherapy,

paclitaxel

Introduction
Cancer has been one of the major threats to the health of human beings for many years.1

At present, chemotherapy is one of the most common anticancer strategy in clinical.2

However, conventional chemotherapy is suffering from great limitation due to low
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therapeutic outcomes, serious side effects and poor druggabil-

ity as many chemotherapeutic molecules cannot be dissolved

in aqueous solution.3–5 Recently, many cooperative therapeu-

tic methods, which combined chemotherapy with photother-

mal therapy (PTT), photodynamic therapy (PDT),

immunotherapy and gene therapy have been developed to

overcome the limitations of chemotherapy.6–9 Above all,

photothermal therapy is an attractive way because of its mini-

mal invasion, easy applicability, high efficiency and low sys-

temic toxicity.10,11 In particularly, chemo-photothermal

therapy has been proved to be an useful strategy for cancer

treatment in a synergistic manner as the elevated temperature

can facilitate the release of loaded drugs in tumor site and

increase the sensitivity of tumor to chemotherapeutic drugs.12

In recent years, some photothermal agents, including gold

nanostructures, carbon nanomaterials and CuS nanoparticles,

have been loaded with chemotherapeutic drugs for chemo-

photothermal therapy.13–17 Although these systems exhibit

some advantages, their applications are limited by complex

synthetic protocols and long-term safety.18,19 Therefore, a

simple system of biocompatible and biodegradable photother-

mal nanomaterialwith high payloads for chemotherapeutic

drugs is needed to enlarge the clinical application of chemo-

photothermal synergistic therapy.

As possessing the advantages of facile synthesis and easy

modification, polydopamine (PDA), a nature-inspired mela-

nin-like synthetic polymer material, has attracted growing

attention in various applications across the chemical, biologi-

cal, medical and materials sciences fields.20–23 Polydopamine

materials also have excellent biocompatibility and biodegrad-

ability basically not induce long-term toxicity in vivo.24

Recently, PDA has emerged as a photothermal therapeutic

agent for in vivo cancer therapy as its strong near-infrared

(NIR) absorption and high photothermal conversion

efficiency.25 Most especially, the existence of massive aro-

matic rings in PDA nanoparticles can lead to π–π stacking

with chemotherapeutic drugs,26,27 however, the anticancer

drug-loading content (DLC) of typical PDA materials is still

subject to the limited external surfaces. Noteworthy mesopor-

ous structure would be favorable to improve its DLC, these

attractive characteristics made PDAmaterial with mesoporous

structure a candidate for combined PTT and chemotherapy.

Herein, PEG-modified mesoporous polydopamine

(MPDA-PEG) with large pore volume is successfully

obtained for chemo-photothermal synergistic therapy of

tumor. The fabrication of MPDA-PEG nanoparticles is

elucidated in Scheme 1. As prepared MPDA-PEG nano-

particles have an outstanding photothermal conversion

efficiency (~41%) and an enhanced phototherapy effect

with the increase of particle size. Moreover, they also

have a high payload of paclitaxel (PTX, DLC = 15%),

and PTX release activity could be accelerated by ele-

vated temperature greatly. Subsequently, the therapeutic

effect of PTX-loaded MPDA-PEG is investigated on a

small animal model, where tumors are entirely elimi-

nated with minimal systemic toxicity and side effects,

demonstrating better therapeutic efficacy than single

PTT or chemotherapy. More importantly, MPDA-PEG

nanoparticles own a high-resolution photoacoustic signal

in vitro and in vivo. Therefore, PTX-loaded MPDA-

PEG could be used for chemo-photothermal synergistic

therapy guiding by photoacoustic imaging (PAI).

Materials And Methods
Materials
Dopamine hydrochloride, pluronic F127, remophor®EL

(pH=6.0–8.0), paclitaxel and 3-(4,5-Dimethyl-2-thiazo-

lyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were

obtained from Aladdin (Shanghai, People’s Republic of

China). Acetone, hydrogen peroxide (H2O2, 30%),

ethanol, 1,3,5-trimethylbenzene (TMB) and ammonia

(NH3·H2O, 25–28%) were purchased from Sinopharm

Chemical Reagent Co. Ltd (Shanghai, People’s

Republic of China). Dimethyl sulfoxide was obtained

from Shanghai Chemical Reagents Co. mPEG-NH2

(Mw=4000) was bought from Pengsheng Biotechnology

Co., Ltd. 4, 6-diamidino-2-phenylindole (DAPI), calcein

acetomethoxyl (calcein-AM) and propidium iodide (PI)

were purchased from KeyGen Biotech, Inc. (Nanjing).

Cyanine5 amine dye (expressed as Cy5) was purchased

from ApexBio Technology Company (Houston, USA).

Roswell Park Memorial Institute (RPMI)-1640, high-

glucose dulbecco’s modified eagle medium (DMEM),

trypsin, phosphate buffer saline (PBS) and fetal bovine

serum (FBS) were purchased from Gibco (Tulsa, OK).

All chemicals were used as received without further

purification. Human embryonic kidney cell line (HEK-

293T cells, normal cells) and human lung adenocarci-

noma cell line (A549 cells, tumor cells) were purchased

from the Chinese Academy of Sciences Cell Bank

(Shanghai, People’s Republic of China). Animal care

and handling procedures were in agreement with the

guidelines evaluated and approved by the Animal

Experiment Ethics Committee of Fudan University

(2014-03-YJ-PZQ-01).
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Characterization
Transmission electron microscope (TEM) images were

taken on a transmission electron microscope (Tecnai G2

20 TWIN, FEI, USA) operated at an acceleration of 10

kV by dropping solution onto a carbon-coated copper

grid. Dynamic light scattering (DLS) and zeta potential

were measured at 25°C on a Zetasizer Nano ZS90 analyzer

(Malvern Instrument Ltd, UK). Brunauer-Emmett-Teller

(BET) and Barrett-Joyner-Halenda (BJH) methods were

used to test the surface area, the pore size distribution,

and the pore volume. Fourier transform infrared (FT-IR)

spectra were conducted on Thermofisher Nicolet 6700 four-

ier transform infrared spectrometer with KBr pellets.

Raman spectra were performed on XploRA laser Raman

spectrometer (HORIBA JobinYvon, France) with excitation

of 532 nm. Confocal laser scanning microscopy (CLSM)

images were performed on Nikon C2+ laser scanning con-

focal microscope (Nikon, Japan). Photothermal effect was

tested on an 808 nm consecutive NIR laser with spot size of

5 mm×6 mm (Changchun New Industries Optoelectronics

Technology Ltd., People’s Republic of China). Thermal

images were taken on an infrared camera thermographic

system (Infra Tec, VarioCAM research)

Synthesis Of Mesoporous Polydopamine

(MPDA) Nanoparticles
MPDA nanoparticles were synthesized using a modified

reported method.28 In a typical reaction, 0.5 g of F127, 0.5 g

of dopamine hydrochloride and 0.8 mL of TMB were dis-

persed in a mixture of 25 mL of water and 25 mL of ethanol

by ultrasonication to forming an emulsion solution. Then, 2

mL of ammonia was added to the reaction mixture under

stirring at 20°C. The product was collected by centrifugation

after 3-hr reaction and washed with water several times, then

MPDAwith size of ca. 190 nm was obtained. Various size of

MPDA could be obtained by changing the reaction tempera-

ture (40°C, 60°C for ~140, 80 nm, respectively).

Scheme 1 Schematic illustration of the preparation of PEG-modified mesoporous polydopamine nanoparticles loaded with paclitaxel for chemo-photothermal synergistic

therapy of tumor.

Abbreviation: PEG, polyethylene glycol.
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Synthesis Of Nonporous Polydopamine

(NPDA) Nanoparticles
NPDA nanoparticles were synthesized using a modified

reported method.29 In a typical synthesis of NPDA particles

with size of 200 nm, 1 mL of ammonia was mixed with

ethanol (40 mL) and deionized water (90 mL) under mild

stirring at 30°C for 30 mins. Dopamine hydrochloride (0.5 g)

was dissolved in deionized water (10 mL) and then injected

into the above mixture solution. The reaction was allowed to

proceed for 24 h. NPDA particles were obtained by centri-

fugation and washed with water for several times, then

NPDA nanoparticles with size of ca. 200 nm were obtained.

The control over the size of NPDAwas achieved by adjusting

the amount of ammonia (1.5, 2 mL for ~140, 90 nm,

respectively).

MPDA/NPDA nanoparticles were modified by amine-

terminated PEG (mPEG-NH2, Mw=4000). The obtained

PEG-modified particles were purified by filtration through

molecular weight 10,000 Da cut-off dialysis filters to remove

excess mPEG-NH2 and stored under 4°C for further experi-

ments. PEG-modified MPDA (MPDA-PEG) nanoparticles

with diameter of ~80, 140, and 190 nm are defined as

MPDA-PEG-80, MPDA-PEG-140, MPDA-PEG-190,

respectively.

Measurement Of Photothermal

Performance
100 μL (100 μg mL−1) of MPDA-PEG nanoparticles was

dropped into a 96-well plate. Under illuminated 808 nm

continuous-wave NIR laser (2 W cm−2) for 5 mins, the

temperature was obtained by an infrared imaging camera.

The photothermal conversion efficiency (η) of MPDA-

PEG nanoparticles was determined according to the pre-

vious method.30 Detailed calculations were given as in the

following:

η¼ hSΔTmax�Qs

Ið1� 10�AÞ ¼ hSðΔTmax�ΔTmaxsÞ
Ið1� 10�AÞ

hS ¼msCs

τ

where h is the heat transfer coefficient, S is the surface

area of the container, ΔTmaxis the temperature change of

the nanoparticle suspensions at the maximum steady-state

temperature. ΔTmaxs represents the temperature change of

solvent (e.g. H2O) at the maximum steady-state tempera-

ture; Qsis the heat associated with the NIR-light absor-

bance of the solvent. I is incident laser density (2 W cm−2),

and A808 is the absorbance of the nanoparticles at 808 nm.

where τ is the sample system time constant, which can be

determined by the linear curve fitting of temperature cool-

ing time vs its ln ΔT
ΔTmax

. And ms and Cs are the mass and

the heat capacity of the solvent (pure water), respectively.

Biodegradation Experiment
Hydrogen peroxide solution (H2O2, 5 or 10 mM) was

added to MPDA nanoparticle suspension (100 μg mL−1)

and stirred for reaction for 24 hrs. Afterwards, the absor-

bance at 808 nm was used for biodegradability evaluation.

PTX Loading And Release
Typically, 10 mg of MPDA-PEG nanoparticles and 3 mg

of PTX were dispersed in 3 mL of acetone under stirring at

room temperature. After 2/3 volume of acetone was eva-

porated, PTX-loaded MPDA-PEG nanoparticles were then

collected by centrifugation and washed with deionized

water for three times to remove the surface adsorbed

PTX. The PTX mass loaded in MPDA-PEG was calcu-

lated by UV-vis spectrophotometer at 228 nm. The drug-

loading content (DLC) was calculated according to the

following equations:

DLC %; PTXð Þ¼ weight of loaded PTX

weight of PTX loaded nanoparticles
�100%

To investigate the PTX release performance, 5 mg of PTX-

loaded MPDA-PEG-190 (MPDA-PEG-PTX) nanoparticles

were dispersed in 5 mL of PBS. Each sample was then

transferred into a dialysis bag, which was dialyzed against

20 mL of the corresponding buffer and shaking under dark.

At predetermined periods, 2 mL of solution was withdrawn

from the solution, and 2 mL of fresh PBS was added. All

drug release results were averaged with three repeated mea-

surements. To investigate the effect of NIR irradiation on the

drug release performance, MPDA-PEG-PTX (1 mg mL−1)

was incubated under NIR irradiation, concentration of

released PTX was measured by UV-vis absorbance.

In Vitro Cytotoxicity Assay
HEK-293T cells (human embryonic kidney cell line) were

cultured in DMEM containing 10% (v/v) FBS. 293T cells

were plated in 96-well culture plates for 24-hr incubation.

Subsequently, the cells are treated with different concentra-

tions of MPDA-PEG nanoparticle dispersion and incubated

for 24 hrs. Finally, the standard 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used

to measure the viability of the cells.
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In Vitro PTTAnd Chemotherapeutic Assay
A549 cells (human lung adenocarcinoma cell line) cultured

with RPMI-1640 culture medium (containing 10% (v/v)

FBS) were seeded in 96-well plates for 24-hr incubation.

For MPDA-PEG + Laser and MPDA-PEG-PTX + Laser

group, A549 cells were treated with MPDA-PEG/MPDA-

PEG-PTX nanoparticles for 4 h and irradiated by NIR laser

(808 nm, 2 W cm−2) for 5 mins. And then the therapeutic

effect is measured after another 24-hr incubation. For mea-

suring the therapeutic efficacy of MPDA-PEG, PTX and

MPDA-PEG-PTX group, MPDA-PEG, free PTX and

MPDA-PEG-PTX nanoparticle were added to A549 cells

and incubate 24 h directly.

Cellular Uptake Assay
For cellular uptake assay, Cy5 modified MPDA-PEG nano-

particles were prepared by mixing 20 mg of MPDA-PEG

nanoparticles with 5 mg of amine-terminated Cy5 in

dimethyl sulfoxide (DMSO)/PBS (v/v, 1/99) solution by

magnetic stirring for 24 hrs in dark. The actual loading

amount of Cy5 on the surface of MPDA-PEG particles was

1/9 (weight/weight), quantified by measuring the fluores-

cence intensity of free Cy5 (λex = 640 nm, λem = 665 nm)

in the supernatant. The cellular uptake of Cy5 modified

MPDA-PEG-PTX nanoparticles was measured by confocal

laser scanning microscopy (CLSM). A549 cells were cul-

tured in 35-mm glass bottomed dishes for 12 hrs, Cy5 mod-

ified MPDA-PEG-PTX nanoparticles was added into dishes

co-incubated for another 4 hr. Afterwards, cells were stained

with 4, 6-diamidino-2-phenylindole (DAPI, nuclear staining

reagent) for 15 mins. Fluorescence images of cells were

captured by CLSM, the λex/λem of DAPI is 359/461nm.

Live/dead Cell Viability Assay
A549 cells were cultured in 35-mm glass bottomed dishes

for 12 hrs, PTX, MPDA-PEG and MPDA-PEG-PTX sus-

pension was added into dishes co-incubated for another 4

hrs, then A549 cells were irradiated under 808 nm laser for

5 mins. Afterwards, cells were stained with calcein acet-

omethoxyl (calcein-AM) and propidium iodide (PI) for 15

mins. Fluorescence images of cells were captured by

CLSM, the λex/λem of calcein-AM and PI are 499/515

nm and 495/635 nm, respectively.

In Vitro And In Vivo PAI
For in vitro PAI, different concentrations of MPDA-PEG

nanoparticles were filled in the polyethylene tube and then

measured by the high-resolution preclinical PAI system. For

in vivo PAI, tumor-bearing mice were intravenously injected

with 100 μL (4mgmL−1) ofMPDA-PEG-PTX. Subsequently,

the PA signal of the tumor at different time points post-injec-

tion was captured by the high-resolution preclinical PAI

system.

Pharmacokinetics And Biodistribution Study
Four Balb/c nude mice (male, 20–22 g) were treated with

100 μL of Cy5 modified MPDA-PEG-PTX nanoparticles

(4 mg mL−1) intravenously. At different time points post-

injection, 100 μL of blood were collected from mouse

orbit and diluted to 1 mL. The blood samples were cen-

trifuged at 1200 rpm, and the supernatant was collected for

fluorescence intensity measurement. Subsequently, eight

A549 tumor-bearing mice were treated with 100 μL of

Cy5 modified MPDA-PEG-PTX (4 mg mL−1) intrave-

nously. At 4-hr and 24-hr post-injection, each four mice

were sacrificed, their tumors and major organs were har-

vested and homogenized in lysis buffer. Afterwards, the

lysate of each sample was centrifuged and the supernatant

was subjected to fluorescence intensity measurement.

In Vivo Therapy
When the tumor volume reached to 80 mm3, mice were

separated into six groups (n = 5): Control group (Group 1),

PTX group (Group 2), MPDA-PEG-PTX group (Group 3),

MPDA-PEG + 2 W cm−2 laser group (5 mins, Group 4),

MPDA-PEG-PTX + 2 W cm−2 Laser group (5 mins, Group

5) and MPDA-PEG-PTX + 1 W cm−2 Laser group (10 mins,

Group 6). For group 2, mice were injected intravenously with

100 μL free PTX (0.6 mg mL−1). For groups 3–6, mice were

injected intravenously with 100 μL MPDA-PEG/MPDA-

PEG-PTX nanoparticle suspension (4 mg mL−1). At 4-hr

post-injection, the tumors were exposed to 808 nm NIR

laser. The temperature of tumor site was recorded by an

infrared camera. The size of tumors and mice weights were

measured every other day. At 14th day, all of the mice were

euthanized and the tumors and major organs (heart, liver,

spleen, lung, and kidney) were dissected and stained with

hematoxylin and eosin (H&E) for histological analysis.

Blood Analysis
To test the in vivo biosafety, ICR mice (male, 20–22 g) were

divided into three groups: Control group, MPDA-PEG group

and MPDA-PEG-PTX group. MPDA-PEG group and

MPDA-PEG-PTX group were treated with 100 μL of

MPDA-PEG/MPDA-PEG-PTX (4 mg mL−1) intravenously.
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At 48-hr post-injection, mice were sacrificed and their blood

samples were collected. The whole blood panel data were

tested. Three important hepatic indicators and two renal

function-related indicators were measured using a 7080

blood biochemical auto analyzer (Hitachi, Japan).

Statistical Analysis
All data in this paper are expressed as mean result ± SD.

Unpaired student’s t -test was used for comparison

between two testing groups and a probability (P) less

than 0.05 was considered statistical significance.

Results And Discussion
Preparation And Characterization Of

MPDA-PEG
MPDA with large mesochannel is prepared by emulsion-

induced interface assembly strategy with slightly modified.28

Transmission electron microscopy (TEM) images of three

diameters of MPDA (~80, 140, 190 nm) nanoparticles are

shown in Figure 1A, MPDA nanoparticles exhibit uniform

particle size distribution and the mesochannel arranged

radially. TEM image with a higher magnification (Figure S1)

reveals that the pore size estimated to be ~15 nm. The hydro-

dynamic size of MPDA (Table 1) measured from dynamic

light scattering (DLS) is a little bigger than observed under

TEM, which is caused by hydration layer on the surface of

nanoparticles.31 To enhance their colloidal stability in physio-

logical medium for further biological applications, amine-ter-

minated PEGhas introduced to functionalizeMPDAunder pH

12.0 via the Michael addition and/or Schiff base reaction.32

The ζ-potential of PEG-modifiedMPDA (MPDA-PEG) nano-

particles changes from −37 mV to −9.4 mV proves that PEG

has been successfullymodified toMPDAnanoparticles, which

may contribute to prolonged drug circulation time.33 DLS

Figure 1 (a) TEM images of MPDA nanoparticles: (i) ~80 nm, (ii) ~140 nm, and (iii) ~190 nm. The scale bars are 100 nm. (b) Hydrodynamic diameters of MPDA (~190 nm)

before and after PEG modified. (c) Photographs of MPDA before and after PEG modified in different media (water, PBS, RPMI-1640 medium (containing 10% FBS), FBS) for 4

hrs.

Abbreviations: TEM, transmission electron microscope; MPDA, mesoporous polydopamine; PEG, polyethylene glycol; PBS, phosphate buffer saline; RPMI, Roswell Park

Memorial Institute; FBS, fetal calf serum.
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results also illustrate the increase of hydrodynamic size of

MPDA nanoparticles after PEG-modified (Figure 1B and

Table 1). As shown in Figure 1C, MPDA nanoparticles after

PEGmodified exhibit better stability in physiological medium

(RPMI-1640 medium (containing 10% FBS) and FBS) for 4

hrs, which is conducive to further biological applications.

MPDA-PEG nanoparticles with various diameters (about 80,

140 and 190 nm) are defined as MPDA-PEG-80, MPDA-

PEG-140 and MPDA-PEG-190, respectively.

MPDA-PEG nanoparticles with various diameters are

then characterized by Fourier transform infrared spectra

(FT-IR), Raman spectra, and nitrogen adsorption-deso-

rption isotherms. The FT-IR spectra are shown in

Figure 2A, the broad band around 3400 cm−1 is ascribed

Table 1 The Colloidal Data Of MPDA Nanoparticles Before And

After PEG Modified

Sample DTEM

(nm)a
Dh

(nm)b
PDIc Zeta

Potential

(mV)

MPDA-80 83±5 113 0.042 −39.2

MPDA-140 141±7 170 0.043 −35.9

MPDA-190 194±10 219 0.061 −37.4

MPDA-PEG-80 - 127 0.050 −8.6

MPDA-PEG-140 - 184 0.077 −6.8

MPDA-PEG-190 - 232 0.038 −9.4

Notes: aDTEM, average diameter by measuring 30 nanoparticles from TEM

images. bThe hydrodynamic diameter measured with dynamic light scattering

in water. cPolydispersity index of the particle size, PDI = <μ2>/Γ
2.

Abbreviations: TEM, transmission electron microscope; PDI, polydispersity index;

MPDA, mesoporous polydopamine; MPDA-PEG, polyethylene glycol-modified

mesoporous polydopamine.

Figure 2 (a) FT-IR spectra and (b) Raman spectrum of MPDA-PEG nanoparticles. (c) Nitrogen adsorption-desorption isotherms and (d) pore size distribution curves of

MPDA-PEG nanoparticles with various diameters.

Abbreviation: MPDA-PEG, polyethylene glycol-modified mesoporous polydopamine.
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to the stretching vibration of N-H and O-H hydroxyl, the

clear peak at 1616 cm−1 is the stretching vibration of C=C

double bonds from aromatic ring.34 These functional

groups endow MPDA-PEG nanoparticles with an active

surface for modification. As shown in Figure 2B, Raman

spectroscopy is used to provide information on the disor-

dered and defect structure of MPDA-PEG nanoparticles.35

Two strong peaks centered at 1350 and 1590 cm−1 are

observed, the vibration signal at 1350 cm−1 is attributed

to sp2 carbon of 2D hexagonal structure lattice (D band)

while the vibration signal at 1590 cm−1 corresponded to

sp2 carbon of in-plane aromatic structure ring (G band).36

The Raman intensity of D band versus that of G band is

very close to 1, indicating that the obtained mesoporous

polydopamine nanoparticles may have a graphene sheet-

like structure with high-density vacancy defects.37 Pore

volume of mesoporous material is one of the most signifi-

cant factors affecting DLC. Nitrogen adsorption–deso-

rption isotherms experiment is used to testify the

regularity of pore characteristics with the growth of parti-

cle size. As shown in Figure 2C and D, the specific surface

area of MPDA-PEG-80 is 68 m2 g−1, cumulative pore

volume is 0.16 cm3 g−1. With the particle size increasing

from 80 to 190 nm, the specific surface area is gradually

expanded to 286 m2 g−1, while cumulative pore volume is

0.32 cm3 g−1, which is beneficial for loading of che-

motherapeutic drugs. Nitrogen adsorption–desorption iso-

therms experiments prove the enhanced specific surface

area and pore volume of MPDA-PEG with the increase of

particle diameter, which is probably caused by the gradual

improvement and perfection of open framework structure

with the size growth.38

Photothermal Effect Of MPDA-PEG
Nanomaterials with high NIR absorption and photothermal

conversion efficiency for PTTare highly desirable.39 To inves-

tigate the photothermal effect of MPDA-PEG nanoparticles,

PEG-modified NPDA (NPDA-PEG) nanoparticles (diameter

of about 90, 140, 200 nm, defined as NPDA-PEG-90, NPDA-

PEG-140 and NPDA-PEG-200) are synthetized for compar-

ison (TEM, FT-IR, Raman and UV-vis spectra are packed in

Figure S2, ζ-potential and hydrodynamic size are packed in

Table S1). Then, MPDA-PEG and NPDA-PEG nanoparticles

(100 μg mL−1) are exposed to NIR laser (808 nm, 2 W cm−2)

for 5 min, the increases of temperature are recorded by an

infrared thermal camera. As shown in Figure 3A, MPDA-

PEG-190 nanoparticles can elevate the temperature from 25°

C to 66.5°C (ΔT = 41.5°C), which is obviously higher than

MPDA-PEG-140 (ΔT = 34.8°C) and MPDA-PEG-80 (ΔT =

27.8°C). Therefore, MPDA-PEG nanoparticles own an

enhanced photothermal effect with size increase, which is

consistent with our previous research on natural melanin

nanoparticles and metal-organic framework (MOF)-derived

carbon nanospheres.24,40 Meanwhile, NPDA-PEG nanoparti-

cles exhibit lower temperature increment than MPDA-PEG

nanoparticles (Figure S3). The temperature of NPDA-

PEG-200 nanoparticles suspension is elevated to 58.5°C

(ΔT = 33.5°C) at concentration of 100 μg mL−1, which is

obvious lower thanMPDA-PEG-190, suggesting that MPDA-

PEG nanoparticles have better photothermal performance than

NPDA-PEG.

To reveal the excellent photothermal effect of MPDA-

PEG-190, two factors are considered: the light absorbance

in NIR region and photothermal conversion efficiency

(η).41 As shown in Figure 3B and C, UV-vis spectra

indicate that the NIR absorbance of MPDA-PEG at 808

nm increases gradually with the growth of the particle size.

Meanwhile, the η values of MPDA-PEG-80, MPDA-PEG-

140 and MPDA-PEG-190 are calculated as 37.6%, 40.1%

and 41.2%, respectively (Figure 3D),30 while the η values

of NPDA-PEG nanoparticles (NPDA-PEG-90 (26.8%),

NPDA-PEG-140 (30.3%), NPDA-PEG-200 (33.1%)) are

obviously lower than MPDA-PEG. More importantly, the

η value of MPDA-PEG is higher than most other photo-

thermal agents (Table S2).42 Therefore, owing to the

enhanced NIR absorbance and photothermal conversion

efficiency with the increase of particles, MPDA-PEG-190

displays the best photothermal effect, which could be used

for future research.

In addition, the photothermal stability of MPDA-PEG

nanoparticles is examined by repeated exposure to NIR

laser irradiation (808 nm, 2 W cm−2) for five cycles. Little

loss of thermal fatigue resistance observed over five cycles

of exposure to NIR laser (Figure S4). Meanwhile, negli-

gible changes in absorption spectra are observed after five

cycles of irradiation, demonstrating the good photothermal

stability of MPDA-PEG nanoparticles. As possessing the

best photothermal effect, MPDA-PEG-190 nanoparticles

are used in subsequent experiments.

Subsequently, the biodegradability of MPDA-PEG-190

nanoparticles is evaluated in the presence of hydrogen

peroxide (H2O2), which is widely distributed in macro-

phages and major organs.43 The absorption of MPDA-

PEG-190 at 808 nm declined along with reaction time

and increasing concentration of H2O2. The degradation

t1/2 value of MPDA-PEG-190 reacted with 10 mM H2O2
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is calculated to be 5.9 hrs (Figure S5), which is faster than

NPDA-PEG-200 (t1/2, 7.2 h). These results indicated that

MPDA-PEG nanoparticles have good photothermal effect

and biodegradability.

Drug Loading And Release
With expected mesoporous structure, MPDA-PEG could be

regarded as admirable drug delivery vehicles for PTX.44

Then, PTX loading ability of MPDA-PEG-190 nanoparticles

is been further investigated. As shown in Figure 4A, success-

ful loading of PTX is confirmed by FT-IR spectra. Spectrum

of PTX shows characteristic absorptions at 1718 and

1244 cm−1, which is ascribed to the symmetric or asymmetric

stretch of C=O and C-O, respectively.45 As for MPDA-PEG

particles after loading with PTX, the new peak located at

1718 cm−1 along with 1244 cm−1 corroborate that PTX has

been loaded into the MPDA-PEG. Nitrogen adsorption–des-

orption isotherms experiments of MPDA-PEG-190 and

PTX-loaded MPDA-PEG-190 (MPDA-PEG-PTX) nanopar-

ticles (Figure 4B and C) suggest the surface area and pore

volume are decreased from 286 m2 g−1 and 0.32 cm3 g−1 to

44 m2 g−1 and 0.12 cm3 g−1 respectively, which dues to the

successful loading of PTX into the mesoporous channels of

MPDA-PEG nanoparticles. Subsequently, the DLC of

MPDA-PEG nanoparticles and NPDA-PEG nanoparticles

are further compared. It found that only a small portion of

PTX molecules are adsorbed onto the surface of NPDA-

PEG-200 nanoparticles (DLC, 3.8%), while MPDA-PEG-

190 could load PTX molecules effectively (DLC, 15%),

drug-loading capacity increased nearly four times. Hence,

Figure 3 (a) Photothermal effects of MPDA-PEG nanoparticle under laser irradiation (100 μg mL−1, 808 nm, 2 W cm−2) for 5 mins. (b) UV-vis absorbance spectra of MPDA-

PEG nanoparticles at a concentration of 100 μg mL−1. (c) Summary of the maximum temperature change of MPDA-PEG during NIR laser exposure, together with their

absorbance at 808 nm. (d) Linear time data versus –Ln (ΔT/ΔTmax) obtained from the cooling periods of Figure 3A.

Abbreviations: MPDA-PEG, polyethylene glycol-modified mesoporous polydopamine; NIR, near Infrared.
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the drug-loading efficiency of PTX could be improved sig-

nificantly based on mesoporous structure.

The PTX release behavior of MPDA-PEG-PTX nanopar-

ticles is further evaluated. Figure 4D shows that about 20% of

PTX released fromMPDA-PEG-PTX nanoparticles during 24

hrs. This result indicates a high affinity and subsequent tight

retention of the surface of MPDA-PEG nanoparticles toward

PTX molecules, which is beneficial for preventing premature

release and result in sustained in vivo therapeutic effect.46 To

further understand the influence of NIR irradiation on PTX

release performance, MPDA-PEG-PTX nanoparticle disper-

sion is irradiated with 808 nm laser (2 W cm−2, 5 mins) at an

interval of 2 hrs. As shown in Figure 4D, nearly 80% of PTX

molecules are released from MPDA-PEG-PTX nanoparticles

eventually. The drastic release of PTX is mainly due to the

rapid temperature increasing of MPDA-PEG dispersion under

NIR irradiation, which facilitates the PTX molecule thermal

motion and the escape of PTX molecules from the mesochan-

nels of MPDA-PEG nanoparticles.12 The above result clearly

indicates that MPDA-PEG-PTX nanoparticles exhibit NIR-

responsive drug release behavior, the elevated temperature can

facilitate the release of chemotherapeutic drugs in tumor site,

increasing the bioavailability of PTX and decreasing the side

effect, producing synergistic therapeutic effect.47–50

In Vitro Chemo-Photothermal Therapy
Encouraged by the excellent photothermal effect and excep-

tional PTX loading capacity of MPDA-PEG nanoparticles,

its bio-application is further investigated. Firstly, the bio-

compatibility of MPDA-PEG (5–200 μg mL−1) is measured

Figure 4 (a) FT-IR spectra of PTX, MPDA-PEG and PTX-loaded MPDA-PEG nanoparticles. (b) Nitrogen adsorption-desorption isotherms and (c) pore size distribution

curves of MPDA-PEG-190 and PTX-loaded MPDA-PEG-190. (d) PTX release performance of PTX-loaded MPDA-PEG-190 with or without NIR irradiation (808nm, 2 W

cm−2, 5 mins) at an interval of 2 hrs.

Abbreviations: PTX, paclitaxel; MPDA-PEG, polyethylene glycol-modified mesoporous polydopamine; NIR, near Infrared.
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after incubation with HEK-293T cells for 24 hrs. As shown

in Figure 5A, the cell viabilities of all groups are over 90%,

even at high concentration (200 μg mL−1), indicating the

excellent biocompatibility of blank MPDA-PEG. To further

confirm the synergistic therapeutic effect of MPDA-PEG-

PTX nanoparticles, A549 cells are incubated with MPDA-

PEG, free PTX and MPDA-PEG-PTX at various

concentrations. As shown in Figure 5B, the cell viabilities

of A549 cells incubated with various concentration MPDA-

PEG are all over 95%, indicating blank MPDA-PEG does

little harm to cancer cells. The cytotoxicity of MPDA-PEG-

PTX group is significantly lower than free PTX group at

equivalent concentration of PTX, which should be attribu-

ted to the sustained release of PTX molecules. Although

Figure 5 (A) Cell viability of HEK-293T cells incubated with MPDA-PEG nanoparticles for 24 hrs with different concentrations. (B) In vitro cytotoxicity of MPDA-PEG,

PTX, MPDA-PEG-PTX, MPDA-PEG + Laser, and MPDA-PEG-PTX + Laser at various concentrations. Data are means ± sd. N = 6. (C) CLSM images of Calcein AM (green

fluorescence, live cells) and Propidium iodide (PI, red fluorescence, dead cells) co-stained A549 cells incubated with PTX, MPDA-PEG, MPDA-PEG-PTX, MPDA-PEG + Laser,

and MPDA-PEG-PTX + Laser (100 μg mL−1). The scale bar is 100 μm. ***p < 0.001.

Abbreviations: MPDA-PEG, polyethylene glycol-modified mesoporous polydopamine; PTX, paclitaxel; CLSM, confocal laser scanning microscope.
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MPDA-PEG + Laser group shows appreciable therapeutic

effect, there are still more than 30% of cancer cells survived

even at high concentration of 100 μg mL−1. In contrast, the

cell viability of MPDA-PEG-PTX + Laser group decreases

significantly. More than 80% of cancer cells are killed at

particle concentration of 50 μg mL−1, when the particle

concentration increases to 100 μg mL−1, almost all the

A549 cells are destroyed. In brief, MPDA-PEG-PTX +

Laser irradiation possesses great synergistically therapeutic

effect (combination index = 0.71, calculated by Chou

−Talalay method, Supplementary data).51,52

Subsequently, to verify that MPDA-PEG-PTX nano-

particles could be phagocytosed, cellular uptake experi-

ments are performed by A549 cells incubated with Cy5

modified MPDA-PEG-PTX for 4 hrs. Red fluorescence

signal from the Cy5 within the MPDA-PEG-PTX could

be observed after 4-hr incubation (Figure S6), suggesting

that MPDA-PEG-PTX could be efficiently uptake by

A549 cells.

Meanwhile, CLSM image of calcein-AM (green fluor-

escence) and propodium iodide (PI, red fluorescence) co-

stained A549 cells further confirmed the synergistic ther-

apeutic effect of MPDA-PEG-PTX.53 As shown in

Figure 5C, cells in control group and MPDA-PEG group

exhibit intense green fluorescence, indicative of living

cells, while cells in PTX group, MPDA-PEG-PTX group

and MPDA-PEG + Laser group show partial green fluor-

escence, which indicative of insufficient killing effect. By

contrast, maximum cell death is observed in MPDA-PEG-

PTX + Laser group. The results show that the cells are

hardly alive treated with MPDA-PEG-PTX + Laser, which

demonstrates MPDA-PEG-PTX + Laser has better syner-

gistic therapeutic effect in vitro.

In Vivo Chemo-Photothermal Therapy
Due to the strong NIR absorption, MPDA-PEG also can be

used as contrast agent in photoacoustic imaging (PAI),

which can provide the local nanoparticle distribution in

the tumor region. The PA signal of MPDA-PEG exhibits a

linearity enhancement in vitro with increasing concentra-

tions, which illustrated the excellent PA property of

MPDA-PEG (Figure S7). With the guidance of PAI,

MPDA-PEG-PTX suspensions (100 μL, 4 mg mL−1) are

injected into tumor-bearing mice, PA signals in tumor

region are recorded at different time points (0, 1, 2, 4, 6,

12, 24 hrs). As shown in Figure 6A and B, the PA signal

increased gradually within the first 4-hr post-injection at

tumor site and then decreased, which indicated that the

maximum nanoparticle enrichment in the tumor region is

achieved at 4-hr post-injection. Subsequently, the photo-

thermal effect of MPDA-PEG-PTX in tumor-bearing mice

is further investigated. A549 tumor-bearing mice are ran-

domly divided into four groups of 3 mice per group, mice

are injected with 100 μL of MPDA-PEG-PTX dispersion

(4 mg mL−1) meanwhile control group treated with PBS.

Tumors are completely exposed to 808 nm laser (2 W

cm−2) for 5 mins at 2-hr, 4-hr or 6-hr post-injection

(each group corresponds to a time point). Infrared camera

is used to monitor the change of tumor temperature. As

shown in Figure 6C and D, upon irradiation for 5 mins, the

tumor temperature of mice at 4-hr post-injection group

rapidly increased from 30.1°C to 56.7°C (ΔT = 26.6°C),

while the groups at 2-hr and 6-hr post-injection can raise

up to 52.4°C and 49.2°C, respectively, which is consisted

with PAI results. As a comparison, the tumor temperature

of control group treated with PBS is found to increase no

more than 8°C after laser irradiation.

To assess the circulation capability, tumor-bearing mice

are intravenously injected with Cy5 modified MPDA-PEG-

PTX by measuring the fluorescent signal of nanoparticles in

different organs and blood. The accumulation amount of

MPDA-PEG-PTX in tumor region (Figure S8A) is calcu-

lated as 5.86 ± 1.64 and 3.29 ± 1.04% ID per g, respec-

tively, at 4-hr and 24-hr post-injection. Meanwhile, the

blood levels of the MPDA-PEG-PTX reduced gradually

with increase in time, there was 8.64 ± 2.09% ID/g of

MPDA-PEG-PTX nanoparticles remain in blood at 24-hr

post-injection (Figure S8B).

Inspired by the excellent accumulation and in vitro

antitumor effect of MPDA-PEG-PTX nanoparticles, in

vivo treatment efficacy is further evaluated in mice.

A549 tumor-bearing mice with tumor volume of

~80 mm3 are randomly divided into six groups of 5 mice

per group. After particle suspensions are injected by tail

vein, tumors are completely exposed to 808 nm laser at 4-

hr post-injection. As shown in Figure 7A, the control

group shows a rapid tumor growth. In comparison, the

tumor growth inhibition values (TGI) of free PTX,

MPDA-PEG-PTX and MPDA-PEG + 2W cm−2 Laser

group (5 mins) are 35.2%, 44.5% and 56.3%, which

means the therapeutic effect of single chemotherapy or

PTT alone is limited. Simultaneously, the most efficient

treatment effect is observed when the mice are treated with

MPDA-PEG-PTX + 2 W cm−2 Laser irradiation for 5

mins, tumor is completely ablated with no recrudescence,

indicating that the synergistic effect of PTT and
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chemotherapy is effective. Moreover, a high antitumor

capability (TGI, 93%) is observed on the mice treated

with MPDA-PEG-PTX + 1 W cm−2 Laser irradiation for

10 mins, suggesting the extraordinary synergistic thera-

peutic effect of MPDA-PEG-PTX could be realized at a

lower power density. As shown in Figure 7C, the digital

photographs of tumors on the 14th day after treatment

shows that tumors in MPDA-PEG-PTX + 2 W cm−2

Laser group are completely ablated, while tumors in

MPDA-PEG-PTX + 1 W cm−2 Laser group are much

smaller than other groups. These results are found to

agree fairly well with the tumor growth curves.

Figure 6 PA imaging (A) and intensity (B) in the tumor region after intravenously injected MPDA-PEG-PTX nanoparticles are recorded at different time points after intravenous

administration. Local temperature (C) and thermal images (D) of four groups A549 tumor-bearing mice treatedwith PBS andMPDA-PEG-PTX (100 μL, 4 mgmL−1) under NIR laser

irradiation (808 nm, 2 W cm−2) for 5 mins at 2-hr, 4-hr, 6-hr post-injection. Data are means ± sd. N = 3. **p < 0.01.

Abbreviations: PA, photoacoustic; MPDA-PEG-PTX, paclitaxel loaded polyethylene glycol-modified mesoporous polydopamine; PBS, phosphate buffer saline; NIR, near Infrared.
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Figure 7 (A) Tumor volume curves of A549 tumor-bearing mice with different treatments (for laser, MPDA-PEG + 2 W cm−2 Laser and MPDA-PEG-PTX + 2 W cm−2 Laser

groups, tumors are irradiated by 808 nm laser for 5 mins, for MPDA-PEG-PTX + 1 W cm−2 Laser group, tumors are irradiated by 808 nm laser for 10 mins). (B) Body weight
curves of mice of each group. (C) Photos and weight of tumors dissected from each group on the 14th day after photothermal treatment. (D) H&E staining images of major

organs (heart, liver, spleen, lung, and kidney) and tumor tissues dissected from each group on the 14th day after photothermal treatment (40 X). The scale bars are 100 μm.

Data are means ± sd. N = 5. ***p < 0.001 and n.s. represents no significance.

Abbreviations: MPDA-PEG-PTX, paclitaxel loaded polyethylene glycol-modified mesoporous polydopamine; H&E, hematoxylin-eosin staining.
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What is more, no apparent weight loss can be seen in

all the groups of mice (Figure 7B), suggesting the MPDA-

PEG nanoparticles do not induce systemic toxicity.

Subsequently, the in vivo biosafety of MPDA-PEG and

MPDA-PEG-PTX nanoparticles is evaluated by blood bio-

chemistry and haematology test. Haematology analysis

revealed no significant differences in the blood parameters

between nanoparticle-treated groups and control group at

48-hr post-injection (Table S3). Additionally, compared

with control group, both the MPDA-PEG and MPDA-

PEG-PTX nanoparticles did not result in obvious increase

in hepatic and renal indicator levels at 48-hr post-injection

(Figure S9), suggesting that the nanoparticle administra-

tion did not induce any acute hepatic or renal damage.

To further confirm the biocompatibility of MPDA-PEG

nanoparticles, mice are dissected on the 14th day after

treatment, and their tumors and major organs are subjected

for histological analysis. As shown in Figure 7D, there are

no obvious organ damage and inflammatory compared to

PBS group, further verifying that the safety and low toxi-

city of MPDA-PEG-PTX nanoparticles. These results sug-

gested that MPDA-PEG-PTX nanoparticles could serve as

effective nanoplatform for cancer chemo-photothermal

therapy in vivo with relatively low systemic toxicity.

Conclusion
In summary, we have successfully developed a PTX-

loaded MPDA-PEG nanoplatform for effective chemo-

photothermal synergistic therapy of tumor. MPDA-PEG

nanoparticles with large pore volume and excellent

biocompatibility are prepared by a modified emulsion-

induced interface assembly strategy. With the increase

of particle size, as-prepared MPDA-PEG nanoparticles

not only possess an excellent photothermal conversion

ability and enhanced photothermal effect, but also have

a high payload capacity for PTX. Furthermore, the

PTX release activity can be accelerated by elevated

temperature under NIR irradiation. In vivo experiments

further verified that MPDA-PEG-PTX nanoparticles

can completely inhibit tumor growth with minimal

side effect under NIR irradiation, exhibits better ther-

apeutic effect than single chemotherapy and PTT. Our

research proves that MPDA-PEG-PTX nanoparticles

are expected to have wide applications in the syner-

getic chemo-photothermal therapy of cancer, and the

introduction of biocompatible and biodegradable mate-

rial could greatly decrease the adverse effect of che-

motherapy in clinical treatment.
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