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Abstract: Recently, stimuli-responsive drug delivery systems (DDSs) with high spatial/temporal 

resolution bring many benefits to cancer treatment. However, cancer cells always develop ways to 

resist and evade treatment, ultimately limit the treatment efficacy of the DDSs. Here, we introduce 

photo-activated nanoliposomes (PNLs) that impart light-induced cytotoxicity and reversal of 

drug resistance in synchrony with a photoinitiated and rapid release of antitumor drug. The PNLs 

consist of a nanoliposome doped with a photosensitizer (hematoporphyrin monomethyl ether 

[HMME]) in the lipid bilayer and an antitumor drug doxorubicin (DOX) encapsulated inside. 

PNLs have several distinctive capabilities: 1) carrying high loadings of DOX and HMME and 

releasing the payloads in a photo-cleavage manner with high spatial/temporal resolution at the 

site of actions via photocatalysis; 2) reducing drug efflux in MCF-7/multidrug resistance cells via 

decreasing the level of P-glycoprotein induced by photodynamic therapy (PDT); 3) accumulating 

in tumor site taking advantage of the enhanced permeability and retention effect; and 4) combin-

ing effective chemotherapy and PDT to exert much enhanced anticancer effect and achieving 

significant tumor regression in a drug-resistant tumor model with little side effects.

Keywords: drug delivery, photo-responsive release, photodynamic-chemotherapy, photoca-

talysis, multidrug resistance

Introduction
Chemotherapy is the current leading treatment for many types and different stages 

of cancer.1,2 However, most of the cytotoxic chemotherapeutic agents are limited in 

their clinical applications due to their serious side effects.3,4 Recently, drug delivery 

systems (DDSs), which increase tumor selectivity and reduce toxicity, have been 

receiving a lot of attention.5 However, many of the reported DDSs still need to 

improve. For example, the drug release in many DDSs relies on spontaneous degra-

dation of the nanocarriers in vivo and do not allow for controlled drug release, and 

drugs encapsulated in the DDS could not rapidly, completely be released in the tumor 

site.2,6 Moreover, the traditional DDSs always suffer from unexpected drug release 

during circulation.7

Although several nanoscale DDSs with controlled drug release ability exhibit 

great success such as pH-responsive,8 GSH-responsive,9 temperature-responsive,10 and 

light-responsive11–15 DDSs, another great challenge in oncology remains unresolved. 

A number of resistance mechanisms and escape pathways of tumors ultimately limit 

the treatment efficacy of the DDSs.16 For example, the emergence of multidrug resis-

tance (MDR) is a main obstacle for successful treatment.17 Cancer cells often develop 
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drug resistance and stop responding to chemotherapeutics 

after repeated sessions of chemotherapy.18 Generally, MDR 

is a complicated phenomenon that can cause the increased 

drug efflux mediated by P-glycoprotein (P-gp), a member 

of adenosine 5′-triphosphate-binding cassette transporters, 

which can actively transport a broad range of anticancer drugs 

across the biological membranes.19–21 Therefore, MDR is also 

a main obstacle for DDSs.

To overcome the obstacle, an idea DDS should not only 

have the controlled drug release ability but also promote the 

intracellular accumulation of drug in the targeted cells and 

maintain drug concentration in an optimum level to overcome 

the resistance pathways. The previous studies have shown 

that combining multiple conventional cancer treatment 

modalities such as chemotherapy and photodynamic therapy 

(PDT) can potentially overcome drug resistance through dif-

ferent mechanisms of actions to achieve enhanced anticancer 

efficacy.22,23 Therefore, DDSs with multiple functions are 

needed for tumor-specific treatment and overcome the resis-

tance mechanisms and escape pathways of tumor.24 PDT has 

been developed in past decades, it is a promising modality 

for the management of various tumors and nonmalignant 

diseases, based on the application of photosensitizer (PS) 

and activated by a specific wavelength of light and resulted 

in photo damage and subsequent cell death via generating 

a lot of reactive oxygen species (ROS; such as hydrogen 

peroxide, hydroxyl radicals, and super oxides).25–27

Herein, we report photo-activated nanoliposomes (PNLs) 

that impart photocytotoxicity to multiple tumor compart-

ments and reversal of MDR and enable photoinitiated, rapid 

release of antitumor drugs (Figure 1). As schemed in Figure 1, 

doxorubicin (DOX) was encapsulated in the hydrophilic inner 

chamber of nanoliposome, and a PS hematoporphyrin monom-

ethyl ether (HMME) was embed in the phospholipid layer of 

nanoliposome. PNLs were able to entrap the DOX and HMME 

efficiently without visible laser irradiation. In sharp contrast, 

as illustrated in Figure 1, when PNLs were irradiated with a 

532 nm laser, a large number of ROS were generated, leading 

to the oxidation of phospholipid layer, thereby enabling the 

burst release of DOX. The release of DOX could be precisely 

remote-controlled by laser irradiation with a high spatial/tem-

poral resolution. More importantly, during the laser irradiation, 

ROS was also able to decrease the level of P-gp in cancer cells 

and reduce the drug efflux, thereby reversal of drug resistance. 

During the “on” state of PNLs (laser irradiation), a combined 

therapeutic effect (PDT combined with chemotherapy) was 

performed against tumor cells. The enhanced antitumor effi-

cacy of PNLs was examined using MCF-7/MDR cells and 

drug-resistant breast tumor models.

Materials and methods
Materials
DOX (20140511, purity 98%) and HMME (20160302, 

purity 98%) were obtained from Beijing Yi-He Biotech Co. 

Ltd (Beijing, People’s Republic of China). Dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), cholesterol, distearoyl-

sn-glycero-3-phosphoethanolamine-PEG (DSPE-PEG), and 

dimethyl sulfoxide were obtained from Sigma-Aldrich Co. 

(St Louis, MO, USA). Sulforhodamine B (SRB), DMEM 

cell culture medium, penicillin, streptomycin, fetal bovine 

serum (FBS), and heparin sodium were bought from Thermo 

Fisher Scientific (Waltham, MA, USA). 4′,6-diamidino-2-

phenylindole (DAPI) and hematoxylin and eosin were supplied 

by Beyotime Biotechnology Co. Ltd (Shanghai, People’s 

Figure 1 Concepts of spatiotemporal-synchronized combination therapy using PNLs.
Abbreviations: P-gp, P-glycoprotein; PNLs, photo-activated nanoliposomes; ROS, reactive oxygen species.
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Republic of China). Other reagents were acquired from China 

National Medicine Corporation Ltd (Chongqing, People’s 

Republic of China). A 532 nm laser (diode laser, 0–300 mW/

cm2, CW) was supplied by Changchun Laser Research Center 

(Changchun, People’s Republic of China).

Synthesis and characterization of PNLs
Blank nanoliposome (BNL)
DPPC (40 mg), cholesterol (5 mg), and DSPE-PEG (5 mg) 

were dissolved in chloroform (10 mL), and after evaporation 

of chloroform, the product was dispersed in water (4 mL) and 

sonicated using an ultrasonic cell disruption system (400 W, 

10 times). The resulting BNL nanosuspension was stored at 

4°C in the dark until use.

DOX-loaded nanoliposome (NL(DOX))
DPPC (40 mg), cholesterol (5 mg), and DSPE-PEG (5 mg) 

were dissolved in chloroform (10 mL); after evaporation to 

remove the chloroform, the product was dispersed in DOX 

solution (4 mL, 1 mg/mL). After incubation at 40°C for 1 h, 

the product was sonicated using an ultrasonic cell disruption 

system (400 W, 10 times). The resulting NL(DOX) nanosus-

pension was stored at 4°C in the dark until use.

HMME-loaded nanoliposome (NL(HMME))
DPPC (40 mg), cholesterol (5 mg), DSPE-PEG (5 mg), and 

HMME (4 mg) were dissolved in chloroform (10 mL); after 

evaporation to remove chloroform, the product was dispersed 

in water (4 mL) and sonicated using an ultrasonic cell disrup-

tion system (400 W, 10 times). The resulting NL(HMME) 

nanosuspension was stored at 4°C in the dark until use.

PNLs
DPPC (40 mg), cholesterol (5 mg), DSPE-PEG (5 mg), and 

HMME (4 mg) were dissolved in chloroform (10 mL); after 

evaporation to remove the chloroform, the product was dis-

persed in DOX solution (4 mL, 1 mg/mL). After incubation at 

40°C for 1 h, the product was sonicated using an ultrasonic cell 

disruption system (400 W, 10 times). The resulting NL(DOX) 

nanosuspension was stored at 4°C in the dark until use.

Drug loading detection
PNLs (80 μL) was added to acetonitrile (2 mL) and then 

sonicated for 20 min; after that, the sample was centrifuged 

and obtained the supernatant, and the amount DOX and 

HMME loaded in PNLs were detected by high performance 

liquid chromatography (HPLC) (1100; Agilent Technologies, 

Santa Clara, CA, USA) under the following chromatographic 

conditions: an Eclipse XDB-C18 column (150×4.6  mm, 

5.0 μm); mobile phase sodium acetate solution (0.02 mol/L)/

acetonitrile 80:20; column temperature 40°C; UV–Vis detec-

tor with the excitation wavelengths set at 480 nm (for DOX) 

and 395 nm (for HMME), respectively; flow rate 1.0 mL/min; 

and injection volume 20 μL. The encapsulation efficiency 

(EE) was calculated using the following formula:

	

EE = ×
W

W
0

100%

�

(1)

where W is the weight of DOX or HMME in the nanolipo-

somes and W
0
 is the weight of DOX or HMME initially added 

in liposome preparation.

Characterization
Dynamic light scattering (DLS; Zetasizer Nano ZS-90; Malvern 

Instruments, Malvern, UK) and transmission electron micro-

scope (TEM; Tecnai G2 20; FEI, Memphis, TN, USA) were 

used for characterizing zeta potential, particle size, and mor-

phological of BNLs, NL(DOX), NL(HMME), and PNLs.

Evaluation of photoactivable ability of PNLs
ROS production
NL(DOX), NL(HMME), and PNLs (DOX: 6.6  μg/mL, 

HMME: 5 μg/mL) were added, and singlet oxygen sensor 

green (SOSG) (Thermo Fisher Scientific) was added to 

each well at a final concentration of 5.0 μM. Each experi-

mental group contained three wells. After 532  nm laser 

(100 mW/cm2) irradiation, a microplate reader (Spectra Max 

M5) was used for the acquisition of fluorescence signals, 

fluorescence emission at 525 nm was measured upon excita-

tion at 505 nm using a 2.0 nm monochromator band pass for 

both excitation and emission.

Drug release
NLDOX), NL(HMME), and PNLs (DOX: 1 mg/mL, HMME: 

0.75 mg/mL) were sealed in dialysis membranes (MW cutoff 

12–14 kDa; Spectrapor). The dialysis bags were incubated 

in 10  mL phosphate buffer saline (PBS) buffer (pH 7.4). 

The 532 nm laser (300 mW/cm2, 15 min) irradiations were 

performed at 4  h, and the released DOX or HMME was 

quantified by HPLC (1100).

In vitro studies using MCF-7/MDR cells
Cell culture
MCF-7/MDR cells (human breast cancer cell line, P-gp 

highly expression, purchased commercially from Cellbio, 
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(San Diego, CA, USA, Shanghai Cell Bank, item number: 

CBR130760, ATCC source) were cultured in normal DMEM 

culture medium with 10% FBS and 1% penicillin/streptomycin 

in 5% CO
2
 and 95% air at 37°C in a humidified incubator.

Cellular uptake
Intracellular uptake of DOX and PNLs was performed with 

MCF-7/MDR cells. Cells were seeded at 5×104 cells/well 

on glass cover slips in six-well plates. When cells reached 

70% confluence, they were treated with DOX and PNLs (with 

the same DOX concentration: 10 μg/mL, HMME concentra-

tion: 7.5 μg/mL) in the dark for 4 h. After staining with DAPI 

(10 μg/mL) for 15 min, the cells were washed with PBS for 

three times and imaged by a Confocal Microscopy (LSM 

700; Carl Zeiss Meditec AG, Jena, Germany). After removal 

of DOX and PNLs, MCF-7/MDR cells were incubated for 

another 4 h, and for the laser irradiation group, 532 nm laser 

(300 mW/cm2, 15 min) was performed at the beginning of 

the 4 h; after laser irradiation, the cells were incubated in 

the dark for another 4 h, and the cells were also imaged by 

a confocal microscopy.

Detection of the level of P-gp
MCF-7/MDR cells were treated with PNLs (DOX: 10 μg/

mL, HMME: 7.5 μg/mL) in the dark for 4 h; after incubating 

for 4 h, the culture medium containing PNLs was replaced 

by the fresh culture medium. After a 20 h transfection of 

PNLs, total protein was extracted using an M-PER protein 

extraction reagent (Pierce Biotech, Rockford, IL, USA) and 

isolated by centrifugation at 12,000 rpm for 10 min at 4°C. 

For the laser irradiation groups, 532 nm laser (300 mW/

cm2, 15 min) was performed at the beginning of the 20 h. 

Protein concentration was measured by a bicinchoninic 

acid protein assay kit (Novagen Inc., Madison, WI, USA) 

with bovine serum albumin as a standard. Equal amounts of 

protein were loaded and separated on a 12% gel by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis, trans-

ferred to membranes (Bio-Rad Laboratories Inc., Hercules, 

CA, USA) and blocked in Tris-buffered saline containing 

0.1% Tween-20 and 5% skim milk at room temperature on 

a horizontal shaker for 1 h. Afterward, the membrane was 

probed with antibodies against P-gp. Appropriate horserad-

ish peroxidase-conjugated antibodies (dilution 1:5,000) were 

used as secondary antibodies, and samples were then assayed 

by electrochemiluminescence (Pierce Biotech).

In vitro antitumor effect
Intracellular ROS production following laser irradiation was 

detected using 2,7-dichlorodi -hydrofluorescein diacetate 

(DCFH-DA) Reactive Oxygen Species Assay Kit. MCF-7/

MDR cells were seeded at 5×104 cells/well in six-well plates. 

Following incubation with PNLs (DOX: 10 μg/mL; HMME: 

7.5 μg/mL for 4 h), DCFH-DA was loaded into the cells. 

After incubation for 30 min, cells were washed twice with 

PBS and then exposed to 532 nm laser (300 mW/cm2, 15 min) 

irradiation; after incubation for 1 h, fluorescence images of 

treated cells were acquired using a confocal microscopy 

(LSM 700).

MCF-7/MDR cells were plated in 96-well plates and 

then incubated for 24  h. After incubating, the medium 

was replaced with fresh culture medium containing free 

DOX (10 μg/mL), NL(DOX) (DOX: 10 μg/mL), HMME 

(7.5 μg/mL), NL(HMME) (HMME: 10 μg/mL), and PNLs 

(DOX: 10 μg/mL; HMME: 7.5 μg/mL) for 4 h, and then, 

the medium was replaced with the fresh medium. After 

incubation for 4 h, the cells were or were not irradiated with 

532 nm lasers (300 mW/cm2, 15 min). After incubation for 

another 20 h, standard SRB assay was carried out to deter-

mine cell viabilities. The cells were also treated with different 

concentrations of nonloaded BNLs for 24 h to investigate 

cytotoxicity of the blank delivery system.

MCF-7/MDR cells were plated in 96-well plates and 

then incubated for 24  h. After incubating, the medium 

was replaced with fresh culture medium containing free 

DOX (10 μg/mL), NL(DOX) (DOX: 10 μg/mL), HMME 

(7.5 μg/mL), NL(HMME) (HMME: 10 μg/mL), and PNLs 

(DOX: 10 μg/mL; HMME: 7.5 μg/mL) for 4 h, and then, 

the medium was replaced with the fresh medium. After 

incubation for 4 h, the cells were or were not irradiated with 

532 nm lasers (300 mW/cm2, 15 min). After incubation for 

another 20 h, the cells were then trypsinized, washed with 

PBS, and resuspended in binding buffer (10 μM HEPEs/

NaOH, pH 7.4, 140 μM NaCl, and 2.5 μM CaCl
2
). After cell 

density was adjusted to 1×106 cell/mL, 1 μL of recombinant 

human anti-Annexin V-FITC and 2 μL of propidium iodide 

were added to 100 μL of cell suspension, mixed by a vortex, 

and incubated at room temperature in the dark for 15 min. 

Finally, 400 μL of binding buffer was added to the above 

cells and subsequently analyzed by flow cytometry (FCM, 

Epics XL.MCL).

In vivo experiments
Xenograft tumor mouse model
The animal studies were conducted on female BALB/C nude 

mice (~20–22 g), which were purchased from Shanghai Insti-

tutes for Biological Sciences. All the mice received care in 

compliance with the criteria of the National Regulation on 

the Management of Laboratory Animals. The MCF-7/MDR 
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tumor models were generated by subcutaneous injection of 

2×106 MCF-7/MDR cells in 0.1  mL saline into the right 

shoulder of nude mice. The mice were used when the tumor 

volume reached 60–100 mm3 (~10 days after tumor inocula-

tion). This study was approved by the Ethics Committee of 

Zhengzhou University.

Biodistribution
A near-infrared dye (IR783, water-soluble) was used to 

mark PNLs. In detail, IR783 (20 μg) was added to PNLs 

nanosuspension (DOX: 10  μg/mL; HMME: 10  μg/mL) 

and then stirred for 6 h to obtain the IR783-marked PNLs. 

Excess IR783 was removed by Sephadex G-25 column 

(Sigma-Aldrich Co.). A sample of 0.2 mL of PNLs-IR783 

was intravenously injected into tumor-bearing mice, and the 

whole body fluorescence imaging was performed at 0.5, 1, 2, 

4, 8, 12, and 24 after injection using a small animal imaging 

system (Xtreme; Bruker AXS Inc., Madison, WI, USA).

In vivo antitumor effect
MCF-7/MDR tumor-bearing mice were divided into 

seven groups (six mice per group), minimizing the differ-

ences of weights and tumor sizes in each group. The mice 

were administered with 1) no treatment, 2) DOX (5 mg/

kg, 0.2  mL), 3) NL(DOX) (DOX: 5  mg/kg, 0.2  mL), 4) 

NL(HMME) + laser (HMME: 3.25 mg/kg, 0.2 mL, 532 nm, 

300 mW/cm2, 15 min, 4 h postinjection), 5) NL(DOX) + 

NL(HMME) + laser (for NL(DOX), DOX: 5 mg/kg, 0.2 mL; 

for NL(HMME), HMME: 3.25  mg/kg, 0.2  mL; 532  nm, 

300 mW/cm2, 15 min, 4 h postinjection), 6) PNLs (DOX: 

5 mg/kg, HMME: 3.25 mg/kg, 0.2 mL), and 7) PNLs + laser 

(DOX: 5  mg/kg, HMME: 3.25  mg/kg, 0.2  mL, 532  nm, 

300 mW/cm2, 15 min, 4 h postinjection) were intravenously 

injected into mice via the tail vein every 2 days, respectively. 

The 532 nm laser irradiation was applied every time after 

administration. The mice were observed daily for clinical 

symptoms, and the tumor sizes were measured by a caliper 

every other day and calculated as the volume = (tumor length) 

× (tumor width)2/2. After treatment for 15 days, the mice were 

sacrificed to collect tumor for HE staining, TUNEL stain-

ing, and P-gp immunofluorescent staining. Morphological 

changes of hematoxylin & eosin (HE) staining were observed 

under a microscope, the images of TUNEL staining and P-gp 

immunofluorescent staining were acquired using a confocal 

microscopy (LSM 700).

In vivo biosafety
On the 16th day after the treatment of PNLs, the mice were 

sacrificed and blood samples were collected into tubes 

containing 1.5  mg/mL K
2
EDTA for complete blood cell 

count. Plasma was separated into cryotubes and store at 

−80°C until blood chemistry analysis.

Statistical analysis
Quantitative data are expressed as mean ± SD and analyzed 

by use of Student’s t-test. P-values 0.05 were considered 

statistically significant.

Results
Preparation and characterization of PNLs
PNLs were synthesized with the lipophilic PS HMME 

formulated within the lipid bilayer of a liposome encap-

sulating a water-soluble drug DOX (Figure 2). The EE 

of the water-soluble drug DOX in NL(DOX) and PNLs 

were ~43.5% and ~58.8%, respectively. The EE of the lipo-

philic PS HMME in NL(HMME) and PNLs was ~69.8% 

and ~43.7%, respectively (Figure 2D and E). The particle 

size and zeta potential of PNLs were detected through 

DLS. The DLS results showed that PNLs had the aver-

age size of 126.6 nm, the zeta potential was −8.19 mV 

(Figures 2B and C and S1) in water, and the average size 

of PNLs did not show significant change in cell medium 

(Figure S2). This result was also confirmed by TEM 

(Figures 2 and S3).

Photo-activated ROS generation and drug 
release
Photo-activated ROS generation
We investigated the 1O

2
 production of PNLs. 1O

2
 genera-

tion was determined by the fluorescence signal of a 1O
2
-

responsive probe, SOSG. The results of 1O
2
 production 

in different cases are shown in Figure 3B. Without laser 

irradiations, no significant generation of 1O
2
 was observed 

in all groups, while in the cases of NL(HMME) and PNLs, 

a large amount of 1O
2
 was generated under laser irradiation, 

showing that both NL(HMME) and PNLs could generate 
1O

2
 under laser irradiating and had a laser irradiation time-

dependent manner.

Photocatalytic drug release
Together with the high efficacy of 1O

2
 production capacity of 

PNLs upon laser radiation and the efficient oxidation ability of 
1O

2
, PNLs was further expected to show precisely controlled 

drug release. To test this idea, the drug release of PNLs was 

investigated and the results are shown in Figure 3. As can be 

seen from Figure 3D, in the case of PNLs group, before laser 

irradiating (before 4 h), the release of DOX from PNLs was 

very slow. While a rapid increase in the release of DOX from 
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PNLs occurred upon 532 nm laser irradiation (300 mW/cm2, 

15 min). Before laser irradiation, in the first 4 h, the total 

released DOX was only 3.9%. After laser irradiation for 

2 h (from 4 to 6 h), the cumulative release of loaded DOX 

increased from 3.9% to 88.9%, while only 3.5% of DOX (from 

88.9% to 92.4%) was released during the subsequent 2 h (from 

6 to 8 h). In the case of NL(DOX) group, whether laser irradia-

tion was performed or not, the release of DOX had no significant 

difference, showing that the release of DOX in NL(DOX) group 

was not influenced by laser irradiation. The cumulative release 

of DOX in PNLs without laser irradiation group was 6.4%. 

In sharp contrast, the cumulative release of DOX in PNLs + 

laser group was 92.4%. The above results indicated that the 

release of DOX in PNLs could be controlled via laser irra-

diation and the same results were observed in the HMME 

release profiles (Figure 3E). In the case of PNLs group, in the 

first 4 h (before laser irradiation), the cumulative release of 

HMME was 9.1%. After laser irradiation for 2 h (from 4 to 

6 h), the cumulative release of HMME was 51.6% (from 9.1% 

to 51.6%), while without laser irradiation, from 4 to 6 h, the 

cumulative release of HMME was only 10.9% (from 9.4% to 

10.9%). The cumulative release of HMME in PNLs without 

laser irradiation group was 12.8% (Figure 3E). In sharp con-

trast, the cumulative release of DOX in PNLs + laser group 

Figure 2 Preparation and characterization of PNLs.
Notes: (A) Diagrams, exteriors, and TEM images of BNLs and PNLs. (B) Particle size of BNLs, NL(DOX), NL(HMME), and PNLs. (C) Zeta potential of BNLs, NL(DOX), 
NL(HMME), and PNLs. (D) DOX encapsulation efficiency of NL(DOX) and PNLs. (E) HMME encapsulation efficiency of NL(HMME) and PNLs. Data presented are 
mean ± SD (n=3).
Abbreviations: BNLs, blank nanoliposomes; DOX, doxorubicin; DPPC, dipalmitoyl-sn-glycero-3-phosphocholine; DSPE-PEG, distearoyl-sn-glycero-3-phosphoethanolamine-
PEG; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-loaded nanoliposome; PNLs, photo-activated nanoliposomes; 
TEM, transmission electron microscope.
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was 53.6%. According to the results of DOX and HMME 

release, an obvious photo-activated drug release controlled 

by 532 nm laser was also observed.

To further understand the photo-activated drug release 

ability of PNLs, the morphological changes of PNLs upon 

532 nm laser irradiation were also investigated. PNLs had 

an obvious ball-like structure, and the phospholipid layer 

could be clearly observed (Figure 3C). When PNLs were 

irradiated by 532 nm laser (300 mW/cm2) for 5 min, PNLs 

became much larger and the phospholipid layer became 

blurred (Figure 3C). After 10 min of laser irradiation, PNLs 

lost its spherical structure gradually, and after 15 min of laser 

irradiation, PNLs completely lost its spherical structure, and 

the collapse of PNLs was also observed. After laser irradia-

tion, PNLs had a huge morphological change and this also 

confirmed the photo-activated property of PNLs.

Cellular PNLs internalization and 
intracellular release
To examine the cellular internalization of PNLs and the 

intracellular release of drug, the red fluorescence of DOX 

within resistant MCF-7/MDR cells was observed by CLSM 

after incubation with DOX and PNLs for different periods 

of time. The results are shown in Figure 4. As expected, in 

the resistant MCF-7/MDR cells, the sign of free DOX was 

too weak to be detected even after 4 h of incubation, due to 
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Figure 3 Photo-activated PNLs.
Notes: (A) Diagrams of PNLs upon laser irradiation. (B) 1O2 generation by PNLs (DOX: 13.3 μg/mL, HMME: 10 μg/mL) under 532 nm laser (300 mW/cm2) for different irradiation 
times. (C) TEM images of PNLs without 532 nm laser (300 mW/cm2) irradiation, with 532 nm laser (300 mW/cm2) irradiation for 5 min, with 532 nm laser (300 mW/cm2) 
irradiation for 10 min and with 532 nm laser (300 mW/cm2) irradiation for 15 min. (D) DOX release from PNLs and NL(DOX), a 532 nm laser (300 mW/cm2, 15 min) was 
performed at 4 h. (E) HMME release from PNLs and NL(HMME), a 532 nm laser (300 mW/cm2, 15 min) was performed at 4 h. Data presented are mean ± SD (n=6).
Abbreviations: DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-loaded nanoliposome; 
PNLs, photo-activated nanoliposomes; ROS, reactive oxygen species; TEM, transmission electron microscope.
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β

Figure 4 Cellular uptake and P-gp levels of PNLs treated cells.
Notes: (A) Internalization and retaining of DOX in MCF-7/MDR cells after treatment with DOX and PNLs for 4 h measured by confocal microscopy. (B) Internalization 
and retaining of DOX in MCF-7/MDR cells after treatment with DOX and PNLs for another 4 h of incubation after the removal of DOX and PNLs measured by confocal 
microscopy, a 532 nm laser irradiation (300 mW/cm2, 15 min) was performed at the beginning of the 4 h. (C) MFI of DOX and PNLs in MCF-7/MDR cells. (D) Western 
blotting results of P-gp expression by different treatments, for laser irradiation groups: a 532 nm laser irradiation was performed after 4 h of incubation with PNLs, Q: 
sodium azide (a ROS quencher, 0.5 mg/mL). (E) Quantification of P-gp expression – normalized to β-actin and relative to the no treatment control group (normalized to 1), 
Q: a ROS-specific scavenger, sodium azide, 2 μg/mL. Data presented are mean ± SD (n=3). (A and B) Scale bar represents 20 μm.
Abbreviations: DOX, doxorubicin; MDR, multidrug resistance; MFI, mean fluorescence intensity; P-gp, P-glycoprotein; PNLs, photo-activated nanoliposomes; ROS, reactive 
oxygen species.

the secretion of P-gp. However, in the PNLs group, a large 

amount of DOX was observed in MCF-7/MDR cells, indicat-

ing that PNLs could carry DOX into the cells. It is noteworthy 

that almost all of DOX was observed in cytosol and no DOX 

was observed in cell nucleus (Figure 4A), suggesting that 

PNLs could not enter into the cell nucleus. As we know, the 

intracellular DOX in the cytosol could rapidly transport to 

the nucleus and avidly bound to the chromosomal DNA2; 

this result also suggested that DOX was not released from 

PNLs in MCF-7/MDR cells.

To further investigate the intracellular release of drug in 

MCF-7/MDR cells, another 4 h of incubation was performed 

after removal of DOX and PNLs. The results are shown in 

Figure 4B. In the case of free DOX group, after another 4 h of 

incubation, almost none of DOX was observed (Figure 4B), 

demonstrating the drug efflux effect of P-gp. In the case of 

PNLs without laser irradiation group, the signal of DOX could 

be still observed in cytosol but was not as much as 4 h ago 

(Figure 4B and C). These results suggested that a small part 

of DOX was released form PNLs, and the released DOX was 

discharged out by cells via drug efflux effect of P-gp. Most of 

the DOX was not released from PNLs, still in cytosol not in 

cell nucleus. In sharp contrast, a large amount of DOX was 

observed in cell nucleus in the case of PNLs with 532 laser 

irradiation (300 mW/cm2, 15 min) group. As we know, most 

of DOX could be released from PNLs after laser irradiation 

and the released DOX was not discharged out by cells but 

transported to the nucleus. More importantly, compared to 4 h 

ago, the signal of DOX did not show significant decrease in the 

case of PNLs with laser irradiation group (Figure 4B and C).
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To figure out why the released DOX was not discharged 

out via drug efflux effect of P-gp, the amount of P-gp in 

MCF-7/MDR cells influenced by PNLs with laser irradiation 

was further investigated. The results are shown in Figure 4D 

and E. Compared to the no treatment group, the expression 

of P-gp in the laser irradiation alone group did not show 

any significant decrease. As predicted, in the case of PNLs 

without laser irradiation group, the expression of P-gp did not 

show significant decrease too. In sharp contrast, the expres-

sion of P-gp had a significant decrease in PNLs with laser 

irradiation group, while this phenomenon could be stopped 

by the ROS scavenger, indicating that during laser irradiation, 

PNLs could generate a large amount of ROS, and the ROS 

could further affect the expression of P-gp, thereby reducing 

the efflux of free DOX in MCF-7/MDR cells.

In vitro antitumor efficacy
In this study, PNLs served not only as a drug carrier for photo-

activated drug delivery but also as a PS for PDT. To inves-

tigate the PDT efficacy of PNLs, intracellular ROS induced 

by PNLs under 532 nm laser irradiating was determined. The 

intracellular ROS productions of PNLs with or without laser 

irradiation were observed by using DCFH-DA fluorescent 

probe staining (Figure 5A). Compared to no laser irradiation 

group, a large amount of DCFH signals (green fluorescence) 

were observed in the case of PNLs + laser group, indicating 

that PNLs with laser irradiation could significantly increase 

the intracellular ROS level in MCF-7/MDR cells.

To further evaluate the therapeutic efficacy of PNLs, 

standard SRB assay was conducted. Cytotoxicity of the BNL 

is an important consideration for its in vivo application. The 

cytotoxicity of BNLs is shown in Figure 5B. According to 

the results, BNLs had extremely small cytotoxic to MCF-7/

MDR cells.

The in vitro cytotoxicity of PNLs with or without laser 

irradiation was then evaluated. The results are shown in 

Figure 5C. In the case of laser irradiation alone group, the cell 

viability was 98.7%±3.2%, indicating that the MCF-7/MDR 

cells were not influenced by laser irradiation. Compared to 

DOX group (86.2%±2.7%), the cell viability of NL(DOX) 

group showed a significant decrease (78.3%±3.1%), suggest-

ing the enhanced cellular uptake effect media by liposomes. 

The same results were found in HMME-related groups 

(HMME and NL(HMME) groups). After 24 h of incubation, 

the cell viability of PNLs was 70.9%±1.9%, while after laser 

irradiation for 15 min, the cell viability of PNLs significantly 

decreased  to  16.3%±4.6%, indicating an enhanced cell-

killing effect of PDT and DOX. MCF-7/MDR cell apoptosis 

results are shown in Figure 5D, as expected, the therapy with 

multimechanisms (PNLs + laser) leads to more apoptosis. 

After laser irradiation, on one hand, a large amount of gener-

ated ROS and released DOX from PNLs led to more cell death 

than the other groups; on the other hand, the generated ROS 

could inhibit the drug efflux effect of P-gp, thereby reducing the 

efflux of free DOX in MCF-7/MDR cells; therefore, PNLs + 

laser group led to more apoptosis than the other groups.

In vivo studies of PNLs
The in vivo biodistribution of PNLs in MCF-7/MDR tumor-

bearing mice was evaluated by an near infrared (NIR) fluores-

cence imaging system. In this study, an NIR dye IR783 was 

used to mark PNLs. The results are shown in Figure 6A. The 

fluorescence signals of IR783 and PNLs were in the highly 

vascularized tissues (liver and spleen) at the early time points. 

Compared to the IR783 group, with the passage of time, the 

fluorescence signals of PNLs group in tumor significantly 

increased and achieved a maximum at 4 h postinjection. In the 

case of PNLs group, more fluorescence signals were observed 

in tumor site than that of IR783 group even at 24 h postinjection 

(Figure 6A). The results showed the tumor-targeting ability of 

PNLs, and after injection of PNLs for 4 h, the accumulation 

of PNLs in tumor site achieved a maximum; thereby, the laser 

irradiation was performed at 4 h postinjection of PNLs.

We extended the studies from in vitro to in vivo to inves-

tigate the regression efficacy in tumor growth, which was 

monitored in terms of tumor volume change (Figure 6B). 

In the case of no treatment group, the mice were closely mon-

itored for the continuous growth of tumor, which grew ~5 

times larger on day 15 than it was initially. In the cases of 

DOX, NL(DOX) and NL(HMME) + laser groups, the tumors 

grew ~3 times larger than they were initially after treatment 

for 15 days. Compared to the other groups, the tumors grew 

much slower in the cases of NL(DOX) + NL(HMME) + laser 

and PNLs + laser, indicating a significant synergistic antitu-

mor effect of PDT and chemotherapy. Compared to PNLs 

without laser irradiating group, a significant decrease in 

tumor size was observed in PNLs + laser group, suggesting 

the photo-activated ability of PNLs in vivo. After treatment 

for 15 days, the residual tumor of the above seven groups 

is also shown in Figure 6C. Compared to the no treatment 

group (100.0%±17.9%), the residual tumor in DOX group 

(83.6%±11.4%) had no significant difference, indicating the 

resistance of the MCF-7/MDR cells. In the case of NL(DOX) +  

NL(HMME) + laser group, the percentage of residual tumor 

was 31.7%±4.6%, much lower than that of NL(DOX) and 

NL(HMME) group. In the case of PNLs group, minor 

suppression of the tumors was seen as the percentage of 

residual tumor was 62.9%±2.8% after 15 days. Contrarily, 
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Figure 5 In vitro antitumor efficacy of PNLs.
Notes: (A) Detection of intracellular ROS by DCFH-DA staining in MCF-7/MDR cells; scale bar represents 20 μm. (B) Cytotoxicity of the BNL (n=6). (C) Cell viability of 
different treatments on MCF-7/MDR cells incubation for 24 h (n=6). (D) Apoptosis in MCF-7/MDR cells of different treatments. Data presented are mean ± SD. ***P0.01, 
PNLs vs PNLs+laser.
Abbreviations: DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; MDR, multidrug resistance; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-
loaded nanoliposome; PNLs, photo-activated nanoliposomes; ROS, reactive oxygen species.
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in PNLs + laser group, the percentage of residual tumor 

was only 18.1%±2.2%, and the tumor growth was totally 

inhibited by PNLs with laser irradiation, indicating the 

obvious photo-activated ability of PNLs resulted in the 

effectiveness of combination treatment (PDT and chemo-

therapy) and reversing the drug resistance, thus suppression 

of tumor growth. The therapeutic efficacy of PNLs was also 

evaluated by HE staining (Figure 7A). Compared to the 

no treatment group, the tumor-bearing mice treated with 

PNLs + laser displayed extensive cell death in the tumor 

tissues (Figure 7A). The HE staining results are consis-

tent with the in vivo antitumor effects. TUNEL assay was 

also performed to examine apoptosis level in tumors from 

mice receiving different treatments. TUNEL assay showed 

that apoptotic nuclei were dark brown stained and normal 

nuclei were blue stained (Figure 7A). Compared to the no 

treatment group (~3.7%), NL(DOX)-treated tumor and 

NL(HMME) + laser-treated tumor showed ~44.6 and ~37.1% 

of apoptotic cells (Figure  7A and B). Meanwhile, high 

apoptosis level (~96.7%) was observed in PNLs  + laser 

tumor (Figure 7A and B). TUNEL staining results clearly 

confirmed the treatment efficacy of PNLs + laser by inducing 

apoptosis of tumor cells.

To further understand the antitumor effect of PNLs with 

laser irradiation, the P-gp level in tumor of the treatment 

mice was also investigated. The P-gp level in tumor tissue 

was examined via immunofluorescence assay, and the 

results are shown in Figure 7C. In the case of no treatment 

and PNLs without laser irradiation group, high levels of 

P-gp were observed, while the P-gp level in PNLs + laser 

group showed a significant decrease (Figure 7C). To semi-

quantify the P-gp (green fluorescence) in tumors, Image-pro 

Figure 6 In vivo studies of PNLs.
Notes: (A) NIR imaging of tumor-bearing mice intravenously injected with free IR783 solution and IR783-loaded PNLs at 0.5, 1, 2, 4, 8, 12, and 24 h postinjection; the 
red circle shows the tumor site. (B) Tumor growth of mice in different treatment groups within 15 days (n=6). (C) The percentage of fraction residual tumor in different 
treatment groups on day 25 (15 days posttreatment, n=6). ***P0.01, NL(DOX) and NL(HMME) vs NL(DOX) + NL(HMME) + laser; PNLs vs PNLs + laser; *P0.05, 
NL(DOX) + NL(HMME) + laser vs PNLs + laser. (D) Body weight change of mice receiving different treatments (n=6). ***P0.01, NL(DOX) + NL(HMME) + laser and PNLs +  
laser vs no treatment. Data presented are mean ± SD.
Abbreviations: DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-loaded nanoliposome; 
PNLs, photo-activated nanoliposomes.
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Figure 7 Ex vivo analysis of the histological characteristics of tumor.
Notes: (A) HE and TUNEL staining images of tumor tissues in mice with different treatments for 15 days; scale bar represents 200 μm. (B) The percentage of apoptotic 
cells in tumor tissues with different treatments for 15  days (n=3). ***P0.01, NL(DOX) + NL(HMME) + laser and PNLs vs PNLs + laser; *P0.05, NL(DOX) and 
NL(HMME) +  laser vs NL(DOX) + NL(HMME) + laser. (C) P-gp immunofluorescent staining images of tumor tissues in PNLs and PNLs + laser-treated mice; scale bar 
represents 200 μm. (D) Quantification of P-gp expression in tumor tissues – normalized to the no treatment control group (normalized to 1, n=3). ***P0.01, no treatment 
and PNLs vs PNLs + laser. Data presented are mean ± SD.
Abbreviations: DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-loaded nanoliposome; 
P-gp, P-glycoprotein; PNLs, photo-activated nanoliposomes.

plus 6.0 was used to analyze the level of P-gp by inte-

grated optical density of fluorescence image (Figure 7D). 

PNLs-treated tumor showed a higher level of P-gp than 

that of no treatment group, indicating that drug stimulation 

could increase the expression of P-gp. In sharp contrast, 

after treatment for 15 days, the level of P-gp in PNLs with 

laser irradiation group significantly decreased, suggesting 

that the PDT could decrease the expression of P-gp, and 
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this result was consistent with the in vitro P-gp level studies 

(Figure 7E).

In vivo biosafety
DOX has a severe cardio toxicity; thereby, the cardio toxicity 

of DOX and PNLs was investigated via TUNEL staining 

assay. TUNEL assay showed that apoptotic nuclei were 

dark brown stained and normal nuclei were blue stained 

(Figure 8A). Compared to the no treatment group, a large 

amount of apoptotic cells were observed in heart tissue 

in DOX group. Contrarily, in the case of PNLs + laser 

group, almost no apoptotic cells were observed and had no 

significant difference with the no treatment group. These 

results showed that PNLs could significantly decrease the 

side effects of free DOX, especially the cardiotoxicity, thus 

improving the therapeutic window of DOX.

Potential in vivo toxicity has always been a great concern 

in the development of nanodrugs. Besides measuring body 

weights of mice in each cohort (Figure 8B), the complete 

blood panel data of red blood cells, white blood cells, platelet 

count, the blood levels of total protein, alkaline phosphatase, 

blood urea nitrogen, creatinine, and hemoglobin from 

PNLs + laser group and control group were also detected. 

The results are shown in Figure 8B. No observable toxicity 

was noted in blood analysis. Furthermore, biosafety of PNLs 

was also evaluated by HE staining (Figure S4). According to 

the results, after treatment for 15 days, no significant damage 

in the main organs of tumor-bearing mice was observed in the 

PNLs + laser group than in the no treatment group, indicating 

the high biosafety of PNLs with laser irradiation. All these 

results demonstrated that PNLs + laser show high biosafety 

for the combination tumor treatment presenting no significant 

side effects to the MCF-7/MDR tumor-bearing mice.

Discussion
Despite advances in DDSs, the stimuli-responsive controlled 

release DDSs with high spatial/temporal resolution are still 

the best choice.28,29 Among the stimuli-responsive con-

trolled release DDSs, light-induced release DDSs have been 

attracted more and more attention due to their high spatial/

temporal resolution in vivo.30–32 Herein, in this study, a PNL 

was designed and synthesized. Compared to the reported 

photo-activated DDSs with complex synthesis process,33,34 

the preparation of the liposome-based PNLs is very simple. 

As we know, liposome is the most popular vector in current 

drug delivery due to its mature and simple preparation, high 

drug loadings, prolonged blood circulation half-lives, tumor-

targeting ability, and high in vivo biosafety.35–37 Recently, 

several formulations of liposome-based DDSs have been 

approved by Food and Drug Administration and European 

Medicines Agency for the treatment of cancer.38 Thus, in this 

study, DPPC, DSPE-PEG (common phospholipid material), 

and DOX (a water-soluble antitumor drug) were used to 

build a DOX-loaded liposome via film dispersion method. 

To obtain the photo-responsive ability of the liposome-based 

DDS, an efficient PS HMME (water-insoluble) was inserted 

into the lipid layer of the DOX-loaded liposome. Take advan-

tage of the effective ROS production of HMME under light 

irradiation and the strong catalytic oxidation ability of ROS,39 

the prepared liposome has a photo-cleavage regular drug 

release. Compared to the reported temperature-responsive 

liposome, 50% of drug was released when the system tem-

perature was 42°C for a long time;40,41 in this study, ~80% 

of the loaded drugs were released after only 15 min of laser 

irradiation (300 mW/cm2) in the photo-cleavage liposome.

In addition, after repeated treatments with chemo-

therapeutic agents, tumor cells always develop strategies 

to increase their resistance to chemotherapy.17 Combina-

tion therapy, such as the combination of chemotherapy 

and PDT, can promote synergism between different 

treatment modalities, overcome drug resistance through 

distinct mechanisms of actions, and enhance the antican-

cer efficacy.42 In this study, upon laser irradiation, a large 

amount of ROS was generated from the DDS, combined 

with the released DOX, a synergistic therapeutic effect 

(PDT and chemotherapy) was expected to overcome the 

drug resistance, thereby improving the antitumor efficacy 

of the resistant tumor. Herein, a PNL (photo-controlled 

Figure 8 (Continued)
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drug release and photo-controlled PDT) was prepared and 

investigated in vitro and in vivo. We surmised that PNLs 

can combine the strengths of long blood circulation times, 

tumor-targeting ability and superior chemotherapeutic 

efficacy of DOX, and the potent PDT efficacy of HMME 

in the single photo-activated platform to afford maximal 

anticancer efficacy with low drug doses for the treatment 

of breast-resistant tumors.

Figure 8 In vivo biosafety studies.
Notes: (A) TUNEL staining images of heart tissues in mice with DOX and PNLs + laser treatments for 15 days; scale bar represents 200 μm. (B) The complete blood panel 
data from PNLs + laser-treated mice and no treatment group: RBC, WBC, PLT, TP, ALP, BUN, CRE, and HGB. Data presented are mean ± SD (n=3).
Abbreviations: ALP, alkaline phosphatase; BUN, blood urea nitrogen; CRE, creatinine; HGB, hemoglobin; DOX, doxorubicin; PLT, platelet; PNLs, photo-activated 
nanoliposomes; RBC, red blood cell; TP, total protein; WBC, white blood cell.
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The EE of the water-soluble drug DOX (in the inner 

hydrophilic core) and the lipophilic PS HMME (in the 

hydrophobic lipid layer) in PNLs were ~58.8 and ~43.7%, 

respectively. These results showed that PNLs had a remark-

able capability of delivering large amounts of both chemo-

therapeutic agents and PSs. More importantly, PNLs released 

its payloads in an obvious photo-triggered manner. This 

means that when there is no laser irradiation, PNLs could effi-

ciently maintain DOX and HMME, allowing high delivery 

efficiency and tumor accumulation of both DOX and HMME 

in one platform. Interestingly, with the HMME inserting into 

hydrophobic lipid layer of PNLs, the release of DOX was 

much slower, indicating that the loading of HMME maybe 

enhance the stability and compactness of the liposome, thus 

decreasing the unexpected DOX release during circulation. 

The high spatial/temporal resolution photo-triggered DOX 

and HMME release manner of PNLs was also expected to 

bring more benefits for the treatment of tumors.

Small-molecule drugs typically suffer from nonspecific 

distribution throughout the body, rapid clearance, and low 

accumulation at the tumor site when given systemically.43 

While, the PEG-modified liposome can enhance tumor uptake 

of drugs via the EPR effect.44,45 After intravenous injection 

to tumor bearing mice, PNLs exhibited a significant tumor-

targeting property. This excellent tumor-targeting ability of 

PNLs can be attributed to the small particle size (∼120 nm), 

PEG coating, and favorable structural stability of PNLs in 

extracellular environments. As a result, PNLs achieved a high 

accumulation in the tumor 4 h post intravenous injection and 

with low uptake by the MPS system and minimal nonspecific 

organ distributions.

PNLs not only exhibited efficient and highly specific 

tumor deposition but also showed high uptake in the cancer 

cells. After incubated with MCF-7/MDR cells for 4 h, the 

cellular uptake amount of PNLs was much more than that 

of DOX (with the same DOX concentration). Meanwhile, 

the photo-responsive drug release ability of PNLs was still 

efficient in the cultured MCF-7/MDR cells. More impor-

tantly, after laser irradiation, negligible efflux of DOX was 

observed for PNLs in MCF-7/MDR cells throughout the next 

4 h incubation period due to the significant decrease of P-gp 

in MCF-7/MDR cells. The large amount of generated ROS 

from PNLs upon laser irradiation could be partly responsible 

for the negligible DOX efflux from cancer cells. The results 

were observed in both the in vitro and in vivo studies.

Recently, combination therapy is more and more 

popular in cancer therapy; for example, photothermal-

chemotherapy,32,46 photodynamic-chemotherapy,5,47 

and combination therapy always display higher cancer 

treatment efficiency than any single treatment. Combina-

tion therapy offers the opportunities to treat the cancers 

through different mechanisms of actions,  thus leading 

to enhanced anticancer efficacy via synergistic effects. 

PNLs combined the superior chemotherapy efficacy of 

DOX and potent PDT efficacy of HMME in one single 

platform and significantly enhanced the anticancer efficacy 

in DOX-resistant breast tumor both in vitro and in vivo. 

This synergistic effect was substantiated by the following 

results: 1) significantly increased DOX or HMME antitu-

mor efficacy of PNLs with laser irradiation compared to 

DOX, NL(DOX), NL(HMME), NL(DOX) + NL(HMME) + 

laser, or PNLs without laser irradiation in the in vivo anti-

tumor effect tests, the tumors of mice receiving PNLs and 

irradiation shrank by ∼82% in volume; and 2) significantly 

decreased the level of P-gp of PNLs with laser irradiation 

compared to the no treatment, laser irradiation alone, 

PNLs without laser irradiation group, the level of P-gp of 

PNLs-treated mice decreased to 23.6% (normalized to the 

no treatment control group 100%). We have thus demon-

strated that PNLs shrink the drug-resistant breast tumors 

in mouse xenograft models via intravenous administra-

tion of nanoparticles carrying both DOX and HMME.

Besides the combination therapeutic effect, PNLs sig-

nificantly decreased the side effect of DOX. After treatment 

with DOX (5 mg/kg) for 15 days, a severe cardiac toxicity 

was observed, while negligible cardiac toxicity was observed 

in PNL-related groups. Dose-limiting side effects prevent 

complete eradication of most cancers. Intolerable high doses 

of therapeutics are needed to achieve effective anticancer 

efficacy owing to the nonideal biodistribution of most drugs.48 

In this study, PNLs significantly improved the tumor accu-

mulation and decreased nonspecific organ distributions of 

DOX and HMME after intravenous injection, thus allowing 

enhanced anticancer efficacy with little side effects. The high 

biosafety of PNLs with laser irradiation was substantiated by 

the complete blood panel data analysis. Importantly, energy 

irradiance and irradiation time for PDT were 300 mW/cm2 

and 15 min, respectively, which are comparable to clinical 

parameters for PDT, thus leading to no skin/tissue damage 

in the irradiated region.

In this study, through a combination of nanotechnol-

ogy and photo-controlled drug release and a combination 

of chemotherapy and PDT, PNLs thus open a window for 

achieving maximal anticancer efficacy with minimal side 

effects in drug-resistant breast tumor-bearing mice.

In conclusion, in this study, we have developed a 

liposome-based PNL that combines two treatment modali-

ties, chemotherapy and PDT, into one single platform to 
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allow potent anticancer activity in drug-resistant breast 

cancers. PNLs have several distinctive capabilities: 1) 

carrying high loadings of DOX and HMME and releasing 

the payloads in a photo-cleavage manner with high spatial/

temporal resolution at the site of actions via photocatalysis; 

2) reducing DOX efflux in MCF-7/MDR cells via decreas-

ing the level of P-gp induced by PDT; 3) accumulating 

in tumor site taking advantage of the EPR effect; and 4) 

combining effective chemotherapy and PDT to exert much 

enhanced anticancer effect and achieving significant tumor 

regression in a drug-resistant tumor model with little side 

effects. PNLs provide a general platform for incorporating 

multiple therapeutic agents or/and modalities for treating 

many cancers, including drug-resistant cancers. As the 

synthesis of PNLs is very simple and highly scalable, PNLs 

offer a versatile and effective DDS for potential translation 

to the clinic.
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Supplementary materials

Figure S1 DLS results of BNLs, NL(DOX), NL(HMME), and PNLs in water.
Abbreviations: BNLs, blank nanoliposomes; DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-
loaded nanoliposome; PNLs, photo-activated nanoliposomes.

Figure S2 Particle size of PNLs in water and cell medium for 12 h.
Note: Data presented are mean ± SD (n=3).
Abbreviation: PNLs, photo-activated nanoliposomes.

Figure S3 TEM image of PNLs with high concentration (diluted 10 times).
Abbreviations: PNLs, photo-activated nanoliposomes; TEM, transmission electron 
microscope.
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Figure S4 HE staining images of heart, liver, spleen, lung, and kidney tissues in mice with different treatments for 15 days.
Abbreviations: DOX, doxorubicin; HMME, hematoporphyrin monomethyl ether; NL(DOX), DOX-loaded nanoliposome; NL(HMME), HMME-loaded nanoliposome; 
PNLs, photo-activated nanoliposomes.
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