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Introduction: Camptothecin (CPT) is a cytotoxic quinolone alkaloid (isolated from a traditional Chinese medicine Camptotheca 
acuminata), used for the treatment of various malignancies, which inhibits DNA topoisomerase I (Topo I). However, its drawbacks, 
such as poor water solubility, stability, and highly toxic side effects, limit its clinical application. Therefore, CPT needs to be prepared 
as a nanomedicine to improve solubility, reduce side effects, and synergize with other therapies to improve efficacy.
Methods: In this work, we constructed CPT NPs (nanoparticles), which were CPT-loaded and manganese dioxide (MnO2)-coated 
polydopamine (PDA) nanomedicine. In vitro, we explored the antitumor effect including CPT NPs-induced cell proliferation 
inhibition, apoptosis and ferroptosis for tumor cell lines. In vivo, we established LLC tumor-bearing mice model to evaluate their 
tumor imaging and anticancer effects.
Results: CPT NPs improve the water solubility and stability of CPT and reduce its toxic effects. It has good biocompatibility, 
excellent photothermal conversion ability for photothermal therapy (PTT) and pH release in the tumor microenvironment. It can inhibit 
tumor cell proliferation, induce apoptosis and result in ferroptosis of tumor cells. More significantly, this nanomedicine can provide 
information for the location and diagnosis of tumors via magnetic resonance imaging. In general, the nanomedicine integrated with 
diagnosis and treatment has excellent anticancer effect.
Discussion: Altogether, this nanomedicine possesses the ability to diagnose and therapy through magnetic resonance imaging and 
chemo-photothermal therapy, respectively. In addition, the integrated diagnosis and treatment nanomedicine has potential clinical 
application prospects through treating lung cancer with high efficiency and low side effect. It can support the construction of related 
nano-delivery systems.
Keywords: photothermal therapy, ferroptosis, NMR imaging, pH response, camptothecin

Lung cancer originates from bronchial mucosa or glands. It is one of the foremost common dangerous tumors within the 
world, with a very high mortality rate (22%) and a relatively poor prognosis (19% of 5-year relative survival rate).1 

However, western medicine surgery, chemotherapy drugs, targeted treatment and immunotherapy adapt possess large 
trauma, high toxic side effects, drug resistance and limited population, respectively.2–4 Treatment of lung cancer still 
faces great challenges. Therefore, it is imperative to develop ideal cancer drugs with excellent efficacy to tumor tissue 
and low potential toxicity to normal tissue.

In recent years, various natural products have been extensively explored for their therapeutic uses, such as antitumor, 
anti-infection and anti-bacteria, which have played an important role in improving human health.5,6 Especially, antitumor 
active materials isolated from traditional Chinese medicine have become the hot subject of anti-cancer drugs due to their 
excellent anti-cancer efficacy. Conventional Chinese anticancer drugs mainly include paclitaxel, camptothecin, 
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vinblastine, homoharringtonine, etc.7 Camptothecin (CPT) is a common plant anticancer drug, which is extracted from 
camptotheca acuminata in south-central and south-western China.8 It is a cytotoxic quinoline alkaloid by inhibiting DNA 
topoisomerase I (Topo I).9 It possesses superior antitumor efficacy, anti-proliferation effect, apoptosis induction ability in 
breast, lung, colon, ovarian, melanoma and other cancers.10–14 However, the inherent disadvantages of high side effects, 
poor water-solubility and structural instability of CPT limit its clinical application.15 Scientists strive to improve the 
performance of CPT through a variety of means to meet the requirements of clinical applications, such as structural 
modification, nanoformulation, prodrugs, etc.16–18

Nanomedicine has enormously superiority to cancer treatment due to its advantages of the prolonged elimination half- 
life of drugs, penetration through body barriers (eg, blood–brain barrier), targeted delivery, controlled release, etc.19 

Photothermal therapy (PPT), as a new anti-cancer method based on nanomaterials, has pulled in scientists’ consideration 
due to its advantages of non-invasive, simple process, high efficiency and low side effects, etc.20,21 An increasing number of 
photothermal reagents are being developed, such as pH-sensitive near-infrared (NIR) dye nanoparticles, NIR-II dye 
formazanate boron difluoride formazanate nanoparticles and photothermal nanofibres.22–24 The NIR light with a strong 
penetrating ability is served as an energy source. The nano-photothermal therapy agent that is actively or passively enriched 
in tumor tissues can generate heat under the irradiation of NIR light to achieve the purpose of destroying the growth of 
tumor cells. However, currently commonly used photothermal nanomaterials such as gold nanorods, carbon nanotubes and 
graphenes are often difficult to degrade in vivo. The development of biodegradable nanomaterials with superior photo-
thermal performance has been the pursuit of researchers. Inspired by mussel adhesion proteins, neurotransmitter dopamine 
(DA) with similar functional groups was found, which can oxidize autolymerization forming polydopamine (PDA, natural 
melanin) and has excellent biocompatibility.25,26 Importantly, PDA is a well-performing infrared photothermal agent that 
can be used in PTT.27 In addition, PDA nanomaterial can be released in the acidic tumor microenvironment (the aerobic 
glycolysis of tumor cells producing the accumulation of acidic metabolites such as lactates and protons, etc) due to the 
protonation of amino groups in the PDA scaffolds.28,29 Furthermore, propelled by its stimuli-responsive drug release in 
hyperthermal or acidic conditions, PDA was capitalized as a responsive medicate carrier.30,31 Therefore, the PDA 
nanocarrier is an ideal candidate for anticancer Chinese medicine nanomedicine.
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The early diagnosis of cancer is exceptionally vital for improving the patient survival rate. Conventional diagnostic 
technologies mainly include magnetic resonance imaging (MRI), computed tomography (CT) and ultrasound (US), etc. 
MRI contrast agent indirectly changes the signal intensity of the tissue through internal and external relaxation effect and 
susceptibility effect. The most widely used contrast agent, gadolinium diethotriamine pentaacetate (Gd-DTPA), has high 
toxic side effects and chemical toxicity, most of which are dizziness, nausea and vomiting, rash, difficult breathing, low 
blood pressure, bronchial asthma and pulmonary edema.32–36 Other replaceable magnetic contrast agents mainly include 
iron (Fe) and manganese (Mn), etc. Notably, Mn is one of the essential trace elements of the human body (12–20 mg), 
and Mn-based nanoparticle systems (such as Mn2+, MnO2, MnSiO3, Mn3O4, etc) have been extensively studied in MRI 
instead.37–40 Mn2+ is mainly applied to T1 weighted imaging (T1-WI) by reducing the T1 relaxation time and enhancing 
tissue signal strength.41 Multifunctional photothermal materials such as polydopamine (PDA) can form nanocomplex 
particles with MRI and PTT functions by hybridization or integrating manganese groups.42,43 Importantly, it’s reported 
that Mn-based nanomedicine can induce ferroptosis of tumor cells by consuming glutathione (GSH) to produce Mn2+.44 

Ferroptosis is a newly discovered form of programmed cell death, which is mainly characterized by metal iron-dependent 
lipid peroxides damage in mitochondria. In addition, ferroptosis causes the death of tumor cells through GSH consump-
tion, glutathione peroxidase 4 (GPX4) inactivation, reactive oxygen species (ROS) and lipid peroxides (LPO) accumula-
tion, etc.45

In the present paper, as shown in Figure 1, CPT-loaded and MnO2-coated PDA nanomedicines (CPT NPs) were 
developed. The nanomedicine not only improved the water soluble and stability but also reduced its toxic side 
effects.46,47 In addition, the PDA nanocarrier possessed excellent biocompatibility and photothermal conversion capacity 
for PPT.48,49 Notably, the CPT NPs were used in T1-weighted MRI and induced ferroptosis in tumor cells. As an 
integrated platform, the nanomedicine has the potential to accurately monitor tumors for diagnosis via NMR imaging and 
dramatically improve the therapeutic effect through combining chemotherapy and PPT. In addition, the nanomedicine 
could be loaded with other anti-cancer agents or a combination of two drugs (or gene therapeutic agents). Therefore, the 
nanomedicine delivery system has potential clinical application in the construction of an integrated diagnosis and 
treatment platform.

Figure 1 Schematic diagram of CPT-loaded and MnO2-coated polydopamine nanomedicine (CPT NPs) used for the treatment of lung cancer.
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Materials and Methods
Materials, Cells and Animals
CPT, dopamine hydrochloride, ammonium hydroxide (NH3·H2O) and glutathione were purchased from Aladdin (Shanghai, 
China). Potassium permanganate (KMnO4) and ethanol absolute were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Annexin V-FITC and propidium iodide (PI) were purchased from US Everbright® Inc. Co., Ltd. (Suzhou, 
China). DCFH-DA and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (United States). Antibody against 
β-actin was obtained from HuaBio (Hangzhou, China). Antibodies against caspase-3 and cleaved-caspase-3 (C-Caspase 3) 
were obtained from Cell Signaling Technology (Beverly, MA, United States). Anti-GPX4 antibody was purchased from 
Abcam (England). PBS (pH 7.4/5.0) was purchased from Basa Media (Shanghai, China). Acetonitrile and methanol were 
obtained from Macklin Co., Ltd. (Shanghai, China). 4′,6-Diamidino-2-phenylindole (DAPI) was purchased from Sigma- 
Aldrich (United States). C11-BODIPY581/591 was purchased from Thermo Fisher Scientific (United States). Lyso-Tracker® 

Red was purchased from Beyotime (Shanghai, China). Cell counting kit-8 (CCK-8) and ECL kit were purchased from Share 
Bio (Shanghai, China). Alanine transaminase (ALT), aspartate aminotransferase (AST), creatinine (CRE) and reduced 
glutathione (GSH) activity assay kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
All other organic solvents used in this study were analytically graded, and all chemicals without further purification were used.

Human lung adenocarcinoma cells (A549) and murine Lewis lung carcinoma cells (LLC) were obtained from the 
American Type Culture Collection (Manassas, VA, United States). These cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, BasalMedia, Shanghai, China) supplemented with 10% fetal bovine serum (FBS, BasalMedia, 
Shanghai, China) and 1% penicillin–streptomycin solution (BasalMedia, Shanghai, China) at 37 °C with 5% carbon 
dioxide (CO2).

Six-week-old male BALB/c nude mice (approximately 20 g body weight) were sourced from Shanghai Lingchang 
Biotechnology Co., Ltd (Shanghai, China). The tumor model was developed by subcutaneously injecting 2×105 LLC cells 
(suspended in PBS) into the right axilla of each mouse. When the tumor volumes reach 50 mm3, the mice are ready for use. 
The animal study was performed according to the protocols approved by the Animal Ethics Committee of Shanghai 
University of traditional Chinese medicine affiliated to Longhua Hospital (SYXK 2018–0036; LHERAW-20012).

Methods
The Synthesis of Nanomedicine
The CPT NPs were synthesized in a classical Stöber method with modifications.50 Specifically, 9 mL of ultrapure water 
and 3 mL of ethanol were mixed up for 30 minutes (min). Then, 200 μL of NH3·H2O and 50 mg of CPT in 2 mL of 
ethanol were added to the above mixture, respectively. Subsequently, 100 mg of dopamine hydrochloride in 1 mL of 
ultrapure water was added, and the mixture was stirred for 12 hours (h). At last, the PDA nanomedicine was collected via 
centrifugation to detach the unloaded drug at 1×104 rpm for 20 min, washed twice with ultrapure water. As for the 
modification of manganese dioxide (MnO2), the obtained nanomedicine was firstly dispersed in 15 mL of ultrapure water. 
Subsequently, 30 mg of KMnO4 in 5 mL of ultrapure water was added to the above mixture, and the mixture was stirred 
for 6 h. Finally, the MnO2-coated nanomedicine was collected by centrifugation at 1×104 rpm for 20 min, washed twice 
with ultrapure water, and dispersed in 10 mL of ultrapure water for the following experiments. Similarly, the blank PDA 
NPs were synthesized using the aforementioned method, except for adding the anticancer agent CPT.

Characterization of Nanomedicine
The CPT NPs were characterized using transmission electron microscopy (TEM) and dynamic light scattering (DLS) 
instruments. The suspension was first added dropwise to the parafilm in a wet Petri dish and the vesicles were deposited 
on a cuprum-coated grid (300 mesh) for 3 min. Subsequently, the grids were analyzed using the TEM (JEM-1230, 
JEOL). DLS (Malvern Zeta Sizer Nano ZS90) was used for particle size distribution and zeta potential analysis. For 
stability analysis, we examined the hydrodynamic size change of CPT NPs every 2 days within 14 days using DLS. An 
EDX energy spectrum analyzer (AMETEK EDAX) was used to detect whether the MnO2 were successfully coated onto 
the surface of PDA nanoparticles.
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The Encapsulation Efficiency of CPT in the Nanomedicine
The entrapment efficiency of CPT in nanomedicine was detected. CPT NPs were purified, weighed and dissolved in 1 mL 
of acetonitrile. Then, the concentration of CPT in the sample was determined using an Agilent 1260 infinity LC (liquid 
chromatograph) system and Thermo Accucore C18 column (100 mm, 2.1 mm, 2.6 m). The mobile phase was 0.1% of 
formic acid and acetonitrile. The eluent was transferred to MS (mass spectrometer) within 3.5–7.5 min. The positive ion 
electrospray mode was detected by MS through multi-reaction monitoring. The method for calculating the encapsulation 
efficiency of CPT was the ratio of the entrapment amount of CPT in NPs to that amount of CPT added for synthesizing 
nanomedicine.

CPT Release from the Nanomedicine Triggering by pH
PBS with pH 5.0 and 7.4 was selected as the drug release fluids to simulate the tumor and normal environment. To 
determine the realized profiles of CPT in the CPT NPs, 25 µL of CPT NPs (4 mg/mL) were placed in 1 mL of drug 
release fluids (pH 7.4 or 5.0) and fully dispersed, each provided without or with 808 nm of NIR light (2 W∙cm−2, 5 min). 
Then, the samples were regularly transferred to the culture bed with agitation at 37 °C. After the prescribed time, the 
supernatant was separated from the samples through centrifugation. Then, the supernatant was measured by a nano-drop 
UV-Vis spectrophotometer at 363 nm with a standard curve (absorbance versus concentration), and a drug release curve 
was drawn.

Biocompatibility of the Blank PDA NPs
A549 and LLC Cells in the exponential growth phase were seeded in 96-well plates (3000 per well) in triplicate and 
cultured overnight, followed by incubating with blank PDA NPs at a series of indicated concentration gradients for 48 
h. Then, the viability of cells was detected by the CCK-8 luminescence assay (BD Pharmingen, Franklin Lakes, New 
Jersey, United States).

Endosomal Escape of the Nanomedicine
The cellular uptake and endosomal escape of the nanomedicine were evaluated by a confocal laser scanning microscope 
(CLSM, Leica SP8). A549 and LLC cells at logarithmic phase were seeded into a 20-mm plates at a density of 1× 105 

cells per well and cultured overnight, and followed by incubation with CPT NPs (CPT dose: 1 µM). After incubating for 
6 h, removing the media, and the cells were washed with cold PBS for three times. Then, the cells were further stained 
with Lyso-Tracker ® Red for 30 min to assess the endosome escape ability of the nanomedicine. Next, the cells were 
fixed with 5% of glutaraldehyde solution for 20 min and viewed using the CLSM with DAPI channel for CPT NPs and 
TRITC channel for the Lyso-Tracker.

Cell Viability Assay
A549 and LLC Cells in the exponential growth phase were seeded in 96-well plates (3000 per well) in triplicate, and 
cultured overnight. Then, the cells were treated with free CPT, CPT NPs, CPT NPs at indicated concentrations under 
laser irradiation (808 nm, 2 W∙cm−2, 5 min) for 48 h, followed by the CCK-8 luminescence assay (BD Pharmingen, 
Franklin Lakes, New Jersey, United States).

Apoptosis Assay
A549 and LLC cells were seeded in 6-well plates in triplicate and cultured for 24 h. Next, the cells were incubated with free 
CPT, two samples of CPT NPs (250 nM of CPT for A549 cells, 1000 nM of CPT for LLC cells) for 24 h. One of the CPT 
NPs samples was treated with 808-nm laser (2 W/cm2, 5 min) and continued to culture for additional 24 h. Apoptosis was 
tested by flow cytometry analysis (FACSJazz, BD Biosciences, United States) with annexin V-FITC/PI double staining.
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Western Blotting
Proteins were extracted from tumor cells or tissues with RIPA lysis buffer. The concentrations of proteins were detected 
by a protein assay kit. After separating the total proteins of the samples with Gel electrophoresis (SDS-PAGE), the 
proteins were transferred onto a polyvinylidene fluoride membrane (PVDF) blocked within 5% nonfat milk in TBST for 
1 h. The membranes were incubated with primary antibodies at 4 °C overnight. Next, the membranes were washed three 
times with TBST and incubated with secondary antibodies for 1 h. After being washed thrice with TBST, immunor-
eactive bands were visualized with an ECL kit and filmed using a chemiluminescence image analysis system (Tanon, 
Shanghai, China). Finally, Image J software was used to semi-quantitatively analyze the Western blotting results.

GSH Content
A549 and LLC cells were seeded on dishes and cultured overnight. Free CPT, two samples of CPT NPs (250 nM of CPT 
for A549 cells, 1000 nM of CPT for LLC cells) were added and cultured for 8 h. Then, one of the CPT NPs samples was 
irradiated with 808 nm of laser (2 W∙cm−2, 5 min) and cultured for additional 8 h. The glutathione content was measured 
with a glutathione assay kit based on measured absorbance at 450 nm by a microplate reader (BD Pharmingen, Franklin 
Lakes, New Jersey, United States).

Mn2+ Concentration
A549 and LLC cells were seeded on dishes and cultured overnight. Free CPT, two samples of CPT NPs (250 nM of CPT 
for A549 cells, 1000 nM of CPT for LLC cells) were added and cultured for 8 h. Then, one of the CPT NPs samples was 
irradiated with 808 nm of laser (2 W∙cm−2, 5 min) and cultured for additional 8 h. An ultrasonic cell crusher was used to 
crush the tumor cells as a way to extract the cytosol. Tumor tissue used for MRI is pulverized with a tissue grinder to 
extract the tissue fluid. The obtained samples were centrifuged and filtered through a 200 μm membrane. Then, the 
concentration of CPT in the sample was determined using an ICP-OES (Agilent ICPOES 730, United States).

ROS Level
A549 and LLC cells were seeded in 6-well plates in triplicate and cultured for 24 h. Then, free CPT, two samples of CPT 
NPs (CPT dose, 250 nM for A549 cells, 1000 nM for LLC cells) were added to the cells and cultured for 8 h. Then, one 
of the CPT NPs samples was treated with 808 nm of laser (2 W∙cm−2, 5 min) and cultured for additional 
16 h. Subsequently, the cells were incubated with 1 μM of DCFH-DA for 20 min. After the cells were harvested, the 
ROS level was evaluated by a flow cytometry analysis (FACSJazz, BD Biosciences, United States).

Lipid Peroxide Measurement
A549 and LLC cells were seeded on a confocal dish and cultured overnight. Then, the cells were separately incubated 
with free CPT, two samples of CPT NPs (250 nM of CPT for A549 cells, 1000 nM of CPT for LLC cells). After being 
incubated for 8 h, one of the CPT NPs samples was treated with 808 nm NIR (2 W∙cm−2, 5 min) and cultured for an 
additional 16 h. The cells were stained with C11-BODIPY 581/591 and incubated for 30 min. Then, the intracellular lipid 
peroxide content in the cells was observed using a CLSM (Leica SP8). ImageJ software was used to semi-quantitatively 
analyze the fluorescence intensity.

MRI Signal Measurement
Different concentrations (0.25, 0.125, 0.0625 and 0.03125 mg/mL) of CPT NPs (1 mL) were dispersed in 10 mM of 
glutathione solution placed in centrifugal tubes. The mixture was vortexed every 10 min and allowed to incubate for 
1 h. The samples were imaged by a 0.5-T magnetic resonance instrument (TR: 100.0 ms; TE: 13.01 ms; field of view: 
128×128 mm; slice: 3.0 mm). When the tumor volume was reached around 500 mm3, in vivo imaging studies were 
performed. We intraperitoneally injected CPT NPs solution (100 µL, at a CPT dose of 2 mg/kg) into the tumor-bearing 
mice, and conducted MRI of the mice at different times (0, 12, 24, 48 and 72 h) with the 3.0 T magnetic resonance 
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instrument (TR: 550.0 ms; TE: 9.3 ms; field of view: 60×60 mm; slice: 2.0 mm). The signal of contrast enhancement was 
analyzed using ImageJ software.

The Photothermal Conversion Capability of the Nanomedicine
To verify the photothermal conversion efficiency, the warming effect of CPT NPs at 1 mg/mL was treated with different 
light intensity of NIR light at 808 nm (0.5, 1, 2, 4 W∙cm−2) for 10 min. The PBS was used as a control group, and 1 mg of 
blank PDA NPs and CPT NPs were respectively dispersed in 1 mL of ultrapure water and then treated with an 808 nm of 
NIR light (2 W∙cm−2) for 10 min. Data were recorded, and the temperature rise curves were plotted. For photothermal 
imaging in vitro of nanomedicine, 1 mg of CPT NPs and blank PDA NPs were dispersed in 1 mL of ultrapure water and then 
treated with 808-nm NIR light (2 W∙cm−2) for 10 min, using PBS as a control group. Photothermal images of the samples 
were recorded after 10 min irradiation using an infrared camera (FOTRIC 220, Shanghai, China). For the photothermal 
stability, the CPT NPs were treated with 808-nm NIR light laser at 2 W∙cm−2 for 10 min, and the temperature was recorded. 
After cooling down to room temperature, the same operation was repeated four more times to analyze the photothermal 
stability of the CPT NPs.

In vivo thermal imaging and photothermal therapeutic efficacy were investigated in subcutaneous LLC tumor-bearing 
mice. BALB/c nude mice were intraperitoneal injected PBS, free CPT, blank PDA NPs and CPT NPs (CPT dose, 2 mg/kg 
bodyweight). After administration for 24 h, tumors were irradiated with an 808-nm laser at an intensity of 2 W∙cm−2 for 5 
min. Images and regional temperatures of tumors were detected with an infrared camera (FOTRIC 220, Shanghai, China).

The Distribution of Nanomedicine in Mice
The fluorescence of CPT in the nanomedicine was weak due to the quenching of the PDA nanocarrier. Hence, red 
fluorescent dye rhodamine B (Rb) was used to label the nanomedicine. Rb dye was incubated with CPT NPs for 2 h to 
form the Rb-labeled CPT NPs (Rb@CPT NPs). Subcutaneous tumor nude mice were intraperitoneal injected 100 μL of 
Rb@CPT NPs (2 mg/mL) at a series of predetermined times. After 48 h, the mice were euthanized. The tumors and 
major organs (heart, liver, spleen, lung, kidney) were collected to observe the in vivo fluorescence distribution of the 
nanomedicine in mice. In vivo biodistribution of Rb@CPT NPs was evaluated by a VISQUE in vivo imaging system 
(VISQUE® Invivo Smart-LF, United States) at the PE (red) channel.

In vivo Antitumor Efficacy of the Nanomedicine
The subcutaneous tumor model was established to study the antitumor efficacy of the nanomedicine. The tumor volume 
was measured using a caliper, and tumor volume was calculated using the formula: V= 0.5∙L∙W2, where length (L) is the 
longest diameter and width (W) is the shortest diameter perpendicular to the length. When the tumor volume reached 
50 mm3, the mice were randomly divided into seven groups (n = 6 per group). The formulations were PBS, PBS with 
laser irradiation (2 W∙cm−2, 5 min), blank PDA NPs (2 mg/mL), blank PDA NPs (2 mg/mL) with laser irradiation, free 
CPT (2 mg/kg), CPT NPs (at a CPT dose of 2 mg/kg and 2 mg/mL of PDA NPs), and CPT NPs with laser irradiation 
(808 nm, 2 W∙cm2, 5 min), and intraperitoneal administered every 2 days. The light irradiation was applied at 6 h post 
dosing. The body weight and tumor volume of all mice were continuously monitored every other day during the whole 
treatment. At the end of the efficacy study (day 14), the mice were sacrificed to collect tumor tissues to evaluate tumor 
burden (tumor volume and tumor weight) and the analysis of cleaved caspase-3 and GPX4 activity. In addition, orbital 
blood obtained before mice sacrifice was mainly used to evaluate the hepatorenal function of the nanomedicine using 
alanine transaminase (ALT), aspartate aminotransferase (AST) and creatinine (Cre) activity assay kits.

Statistical Analysis
Data have been presented as mean ± standard deviation (SD). Statistically significant differences between the two groups 
were analyzed by hypothesis testing with the two-sample t-test, and indicated by *p < 0.05, **p < 0.01 and ***p < 0.001. 
p < 0.05 was considered statistically significant in all analyses (95% confidence level).
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Results and Discussion
Synthesis and Characterization of the Nanomedicine
CPT nanomedicine was synthesized through oxidative polymerization of DA in a basic alcohol aqueous solution. 
Subsequently, MnO2 was deposited on the surface of nanomedicine via incubation with potassium permanganate in 
aqueous solution. In order to evaluate the morphology and size of CPT NPs, transmission electron microscopy (TEM) 
and dynamic light scattering (DLS) were used. As shown in Figure 2A and B, the synthesized nanomedicine displayed 
a spherical and uniform morphology with a diameter of around 340 nm. In addition, the zeta potential was detected. As 
shown in Figure S1, the zeta potentials of CPT nanomedicine in the absence and presence of MnO2 were −49 mV and 
−20 mV, respectively. The rise of zeta potential was ascribed to the deposition of MnO2. To better verify the coat of 
MnO2, an energy dispersive X-ray spectroscopy (EDX) was also performed. As shown in Figure 2C, MnO2 was 
deposited onto the surface of the PDA nanomedicine. In addition, the stability of the nanomedicine was detected due 
to the great importance for in vivo application. As shown in Figure S2, the hydrodynamic size change was insignificant 
within 14 days, suggesting that the nanomedicine has a good stability. For potential applications of MRI, in vitro MRI 
T1-weighted imaging of CPT NPs was explored. As shown in Figure 2D, the T1 MRI signals were gradually enhanced 
during the increase of Mn2+ concentration, and the associated relaxation rate was 13.108 mM−1S−1, indicating the MnO2- 
coated nanomedicine has a good MRI ability. Altogether, we successfully synthesized spherical CPT-loaded and MnO2- 
coated PDA nanomedicine, which had moderate size and relatively uniform, as well as excellent MRI ability.

Photothermal Efficiency and pH Release Profiles
For proving the PTT of CPT NPs, the photothermal response of the nanomedicine was investigated. The photothermal 
conversion curves with power density were explored. As shown in Figure 3A, the temperature gradually increased with 
the increase of power density and time. But 4 W∙cm−2 was a little bit high, so 2 W∙cm−2 was selected for subsequent 

Figure 2 Characterizations of CPT-loaded and MnO2-coated nanomedicine (CPT NPs). (A) Transmission electron microscopy (TEM) image, scale bar: 200 nm. (B) Particle 
size distribution analysis performed with a dynamic light scattering (DLS). (C) Energy spectrum (EDX) of CPT NPs. (D) T1-weighted MR images and the relaxivity of CPT 
NPs at a series of concentrations.
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optothermal experiments. As shown in Figure 3B, PBS exhibited insignificant temperature change and the maximal 
temperature only increased to 28.5 °C after 10 min of NIR laser irradiation (808 nm, 2 W∙cm−2). In comparison, the 
temperatures of blank PDA NPs increased rapidly with time and reached saturation in 10 min. CPT NPs showed similar 
temperature rising profiles. The maximal temperatures of the blank PDA NPs and CPT NPs in 10 min increased to 46.8 
and 49.7 °C, respectively. Photothermal images of the samples were recorded after 10 min irradiation using an infrared 
camera. As shown in Figure 3C, PBS exhibited insignificant temperature change and the maximal temperature only 
increased to 28.5 °C after 10 min of NIR laser irradiation, the maximal temperatures of the blank PDA nanocarrier and 
CPT NPs increased to 46.1 and 49.2 °C, respectively. In addition, the photothermal stability of the CPT NPs was also 
performed. As shown in Figure S3, the photothermal conversion ability of the CPT NPs was not affected after five cycles 
of irradiation and cessation of irradiation. Therefore, the CPT NPs had excellent photothermal effect and photothermal 
stability. And its nanomedicine was favorable for use as a PTT agent.

The encapsulation efficiency of CPT in the CPT-loaded nanomedicine was obtained using a LC-MS method. As 
shown in Figure S4, the encapsulation efficiency was 66.6%, indicating the nanomedicine had a high encapsulation rate. 
As for the pH release of the nanomedicine, the stimuli release profile of pH and NIR light in CPT-loaded PDA 
nanomedicine was further evaluated. As shown in Figure 3D, 37.9% of CPT was released in pH 7.4 buffer, while 
42.3% of CPT was released in pH 7.4 buffer with NIR irradiation (2 W∙cm−2, 5 min). Thus, NIR irradiation accelerated 
the release of CPT. Notably, CPT release was 65.1% and 78.5% from CPT nanomedicine in pH 5.0 buffer in the absence 
and presence of NIR irradiation, respectively. TEM images of nanomedicine under acidic conditions were also 
performed. As shown in Figure S5, nanomedicine was deformed and broken under acidic conditions. These results 
indicated that the nanomedicine has the potential of controlled release in acidic tumor microenvironment plus NIR 
irradiation.

Figure 3 Photothermal conversion and pH-controlled release of the CPT NPs. (A) Warming curves of 1 mg/mL of CPT NPs after 10 min of 808 nm laser irradiation at 
different powers (0.5, 1, 2, 4 W∙cm−2), error bars represent the mean ± SD (standard deviation, n=3). (B) Temperature curves of the PBS buffer, blank PDA NPs and CPT 
NPs after treatment with 808 nm laser irradiation (2 W∙cm−2, 5 min), error bars represent the mean ± SD (standard deviation, n = 3). (C) Pictures of the PBS buffer, blank 
PDA NPs and CPT NPs after treatment with 808 nm laser irradiation (2 W∙cm−2, 5 min). (D) CPT release from CPT NPs after treatment with PBS buffer at pH=7.4 or 
pH=5.0 in the absence and presence of 808 nm laser irradiation (2 W∙cm−2, 5 min).
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Biocompatibility of the Blank PDA NPs
Dopamine (DA) is a neurotransmitter that self-aggregates to form PDA, and its biodegradable metabolites are homo-
vanillic acid and trihydroxyphenylacetic acid. In addition, manganese is an essential trace element in the human body. 
Therefore, the blank PDA NPs should have good biocompatibility in theory. As shown in Figure S6, the cell viabilities of 
lung cancer A549 and LLC cells were still higher than 75% when the concentration of the blank PDA NPs was up to 20 
μg/mL, suggesting the blank PDA NPs have an excellent biocompatibility.

Lysosomal Localization of Nanomedicine
For anticancer drug therapy, the uptake ability by tumor cells is an important factor affecting the therapeutic efficacy. 
Subsequently, the cell uptake and endosomal localization of CPT NPs were performed in A549 and LLC cells. Lysosome 
was stained by Lysotracker Red, and no additional dye was labeled on nanomedicine due to the intrinsic blue 
fluorescence of CPT. As shown in Figure 4, blue fluorescence of CPT could be observed in A549 and LLC cells from 
the confocal images, indicating that the CPT NPs could be successfully uptaken by tumor cells. Notably, the blue 
fluorescence did not completely overlap with the red fluorescence, indicating the nanomedicine could escape from the 
lysosome and enter cell cytoplasm or nucleus to inhibit the growth of lung cancer due to the destabilization of the 
lysosome membrane.51

In vitro Antitumor Activity
To explore the anticancer activity of the CPT NPs in vitro, the cell viability and apoptosis experiments of free CPT, CPT NPs 
and CPT NPs with 808 nm laser irradiation were evaluated. As shown in Figure 5A, the viability of A549 cells treated with free 
CPT was a little lower than that of CPT NPs, while CPT NPs plus 808 nm laser irradiation had the lowest cell viability. And the 
IC50 of free CPT, CPT NPs and CPT NPs with 808 nm laser irradiation in A549 cells were 268.2 nM, 214.9 nM and 144.1 nM, 
respectively. In addition, an apoptotic analysis was also performed. As shown in Figure 5B and C, the apoptosis rates of A549 
cells after treatment with CPT NPs plus 808 nm laser irradiation and CPT NPs were respectively measured to be 26.5% and 
19.6%, which was higher than that of 13.3% from free CPT. In the meantime, apoptosis factor cleaved caspase-3 was also 
detected using Western blotting (WB). As shown in Figure 5D and E, the expression of cleaved caspase-3 in A549 cells after 
treating with CPT NPs without and with NIR irradiation was obviously upregulated, and the expression of total caspase-3 in 

Figure 4 Lysosomal localization. Fluorescence microscopy images of A549 and LLC cells after incubating with CPT NPs (1 μM) for 8 hours, the blue color was CPT, the red 
color was lysosomal tracker, scale bar is 75 μm.
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A549 cells was obviously downregulated, which exhibited a similar trend to Figure 5B and C. All these results suggested that 
the CPT NPs with PPT could dramatically inhibit the proliferation and promote the apoptosis of lung cancer A549 cells.

The anticancer activity of the CPT NPs in lung cancer LLC cells was also evaluated. As shown in Figure 6A, the 
IC50 values of free CPT, CPT NPs and CPT NPs with NIR irradiation were 1278.0 nM, 773.1 nM and 395.7 nM, 
respectively. CPT NPs plus NIR irradiation had the best ability to inhibit the proliferation of LLC cells. Subsequently, the 
apoptotic analysis was also performed. As shown in Figure 6B and C, the apoptosis rates of LLC cells after treatment 
with CPT NPs plus NIR irradiation (26.7%) and CPT NPs (16.9%) were significantly higher than that of free CPT 

Figure 5 In vitro anticancer activity of the CPT NPs in lung cancer A549 cells. (A) Cell viability of the A549 cells after incubation with different concentration of free CPT, 
CPT NPs in the absence and presence of laser irradiation (2 W∙cm−2, 5 min) for 48 hours, error bars represent the mean ± SD (standard deviation, n = 3). (B) Flow 
cytometric analysis of A549 cell apoptosis after treatment with 250 nM of free CPT, CPT NPs without and with NIR irradiation on the basis of Annexin V and FITC-PI 
staining. (C) Statistical analysis of the apoptotic cells corresponding to (B), error bars represent the mean ± SD (standard deviation, n = 3), **p< 0.01. (D) Western blotting 
analysis of total Caspase-3 and cleaved Caspase-3 (C-Caspase-3) corresponding to (B). (E) Semi-quantitative of total Caspase-3 and C-Caspase-3 expression.
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(11.2%). As shown in Figure 6D andE, the expression of cleaved caspase-3 in LLC cells after treating with CPT NPs 
without and with NIR irradiation was obviously upregulated, and the expression of total caspase-3 in LLC cells was 
downregulated, which were consistent with the results of apoptosis analysis in Figure 6B and C. Altogether, when 
combined with PPT, CPT NPs possessed excellent antitumor activity in vitro.

Ferroptosis in Lung Cancer Cells Induction by CPT NPs
MnO2 can induce ferroptosis in tumor cells according to some literatures.52,53 As shown in Figure 7A schematic diagram, 
on one hand, MnO2 in the nanomedicine was first reduced to Mn2+ by glutathione (GSH), then glutathione peroxidase 4 

Figure 6 In vitro anticancer activity of the CPT NPs in lung cancer LLC cells. (A) Cell viability of LLC cells after incubating with different concentrations of free CPT, CPT 
NPs in the absence and presence of laser irradiation (2 W∙cm−2, 5 min), error bars represent mean ± SD (standard deviation, n = 3). (B) Flow cytometric analysis of LLC 
cells after treating with 1000 nM of free CPT, CPT NPs without and with NIR irradiation by Annexin V and FITC-PI staining. (C) Statistical analysis of apoptosis cells 
corresponding to (B), error bars represent mean ± SD (standard deviation, n = 3), **p< 0.01. (D) Western blotting analysis of total Caspase-3 and C-Caspase-3 
corresponding to (B). (E) Semi-quantitative of total Caspase-3 and C-Caspase-3 expression.
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(GPX4) was inactivated, resulting in ferroptosis. On the other hand, Fenton-like reaction induced by Mn2+ consumed 
hydrogen peroxide (H2O2) and produced hydroxyl (∙OH) radical, thereby causing intracellular accumulation of lipid 
peroxidation (LPO) to result in ferroptosis eventually. To verify the occurrence of ferroptosis, GSH, GPX4, ROS and 
LPO in A549 cells were detected. As shown in Figure 7B–D, the cells after treating with CPT NPs without and with NIR 
irradiation exhibited lower GSH levels and GPX4 expression. The Mn2+ concentration of CPT NPs group and CPT NPs 
with NIR irradiation group were 12.9 μM and 13.3 μM according to Figure 7E. As shown in Figure 7F–H, compared 
with control and free CPT groups, the ROS (DCFH-DA) levels and LPO signals (the ratio of oxidized/reduced status) of 

Figure 7 CPT NPs induces ferroptosis in lung cancer A549 cells. (A) Schematic diagram. (B) GSH measurements of A549 cells after treating with 250 nM of free CPT, CPT 
NPs without and with NIR irradiation (2 W∙cm−2, 5 min), error bars represent mean ± SD (standard deviation, n = 3). (C) Western blotting analysis of GPX4. (D) Semi- 
quantitative of GPX4 expression. (E) Mn2+ concentration. (F) ROS detection. (G) Lipid peroxidation (LPO) analysis Oxidized status (green fluorescence, ex/em 490/510 nm) 
and Reduced status (red fluorescence, ex/em 580/600 nm) of C11-BODIPY 581/591, scale bar is 75 μm. (H) Semi-quantification of C11-BODIPY 581/591 fluorescence.
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CPT NPs group and CPT NPs with NIR irradiation group had a significant rise than that of control and free CPT groups. 
These results suggested that the CPT NPs induced the ferroptosis of lung cancer A549 cells.

Subsequently, the ferroptosis of lung cancer LLC cells induced by the CPT NPs was also evaluated. As shown in 
Figure 8A–G, compared with control and free CPT groups, the CPT NPs without and with NIR irradiation possessed low 
GSH levels and GPX4 expression, high Mn2+ concentration, ROS levels and LPO signals (the ratio of oxidized/reduced 
status) in lung cancer LLC cells. Altogether, this nanomedicine could cause the ferroptosis of lung cancer through the 
decrease of GSH and GPX4, as well as the increase of ROS and LPO.

Figure 8 CPT NPs induces ferroptosis in lung cancer LLC cells. (A) GSH measurements of LLC cells after treating with 1000 nM of free CPT, CPT NPs without and with 
NIR irradiation (2 W∙cm−2, 5 min), error bars represent mean ± SD (standard deviation, n = 3). (B) Western blotting analysis of GPX4. (C) Semi-quantitative of GPX4 
expression. (D) Mn2+ concentration. (E) ROS detection. (F) Lipid peroxidation (LPO) analysis, oxidized status (green fluorescence, ex/em 490/510 nm) and Reduced status 
(red fluorescence, ex/em 580/600 nm) of C11-BODIPY 581/ 591, scale bar is 75 μm. (G) Semi-quantification of C11-BODIPY 581/591 fluorescence.
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MRI and Photothermal Imaging of Nanomedicine
In order to construct the integration of diagnosis and treatment of nanomedicine, MRI (MnO2) and photothermal imaging 
(PDA) of CPT NPs were explored. As shown in Figure 9A and B, the accumulated CPT NPs in the mice and the MRI 
signal reached its maximum at 24 h, then the signal gradually decreased. A similar trend was observed for the Mn2+ 

concentration in tumor tissue according to Figure S7. The results indicated the CPT NPs had the good MRI ability in 
mice. Subsequently, photothermal imaging of the nanomedicine was also evaluated. As shown in Figure 9C and D, CPT 
NPs and blank PDA NPs with NIR irradiation possessed higher temperature than that of control and free CPT groups, 
revealing the nanomedicine had excellent photothermal conversion efficiency and possessed the ability of PPT.

In vivo Anticancer Activities
Drug distribution was detected using an in vivo imaging of small animals. The CPT NPs were labeled with rhodamine 
B due to the weak fluorescence of CPT quenching by PDA.54 As shown in Figure S8, the nanomedicine was mainly 
distributed in the liver and kidney organs, as well as tumor sites. Fluorescent signals of CPT NPs were still observed at 
the tumor site in 48 h. The result suggested that the nanomedicine could reach the tumor site and inhibit tumor growth, it 
could be subsequently metabolized through the liver and kidney. The nanomedicine had a good EPR effect within 48 h.

The antitumor efficacy of the CPT NPs was studied in LLC tumor-bearing mice. As shown in Figure 10A, the NIR 
laser group showed an impact similar to that of the control group, indicating that laser irradiation had no significant 
influence on the tumor-bearing mice without photothermal reagent. The blank PDA NPs group had no remarkable change 
compared to the control group, revealing the PDA nanocarrier possessed good biocompatibility. An NIR laser exposure 
of mice injected with blank NPs had an obvious tumor inhibition effect, suggesting that PPT can inhibit the growth of 
lung cancer. In addition, free CPT could significantly inhibit the growth of lung cancer due to its antitumor activity. 
However, CPT NPs showed better antitumor activity, indicating the nanomedicine could better inhibit the growth of lung 
cancer through controlled release and ferroptosis. Notably, the best performance was achieved by the mouse group that 
received the CPT NPs and NIR radiation exposure, revealing the nanomedicine combined with PPT could best inhibit the 

Figure 9 Nuclear magnetic imaging and photothermal imaging. (A) NMR imaging. (B) Statistical analysis corresponding to (A), error bars represent mean ± SD (standard 
deviation, n = 3). (C) Photothermal imaging. (D) Statistical analysis corresponding to (C), error bars represent mean ± SD (standard deviation, n = 3).
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growth of lung cancer. Tumor images (Figure 10B), tumor weight (Figure 10C), apoptosis factor cleaved-caspase-3 
expression (Figure 10D) and its semi-quantitative analysis (Figure 10E) were consistent with the tumor volume data. 
Ferroptosis factor GPX4 expression was also evaluated. As shown in Figure 10F and G, the CPT NPs without and with 
NIR irradiation had lower GPX4 expression than that of the control and the free CPT groups, suggesting the 
nanomedicine had the ability to induce ferroptosis in lung cancer cells. All these results demonstrate that the pH- 
triggered release of CPT in the tumors, and the local hyperthermic ablation efficacy of PDA, as well as ferroptosis of 
MnO2 contributed to the excellent antitumor activity of the CPT NPs.

As for the potential side effects of the nanomedicine, neither mouse death nor significant drop in body weight 
(Figure 11A) was observed during the monitoring period. In addition, no skin burn was found on the mice due to the 
relatively low power density (2 W∙cm−2) and time interval (5 min) used for PTT. Furthermore, hepatorenal toxicity of the 
CPT NPs was assessed in terms of ALT, AST and Cre using mouse serum. As shown in Figure 11B–D, the free CPT had 
the highest ALT, AST and Cre levels, while the CPT NPs without or with NIR laser had a relatively low influence on the 
hepatorenal function of the mice. Moreover, the blank PDA nanocarrier had no significant influence on the hepatorenal 
function, indicating that the nanomedicine possessed excellent biocompatibility.

Figure 10 In vivo antitumor efficacy of the CPT NPs. (A) Tumor volume of LLC tumor bearing mice after systemic administration of saline only, NIR irradiation, blank PDA 
NPs, blank PDA NPs with NIR irradiation, free CPT, CPT NPs and CPT NPs plus NIR irradiation (2 W∙cm−2, 5 min), error bars represent mean ± SD (standard deviation, 
n = 6), **p<0.01. (B) Tumor photo. (C) Tumor weight, error bars represent mean ± SD (standard deviation, n = 6), **p<0.01. (D) Western blotting of C-Caspase-3. (E) 
Semi-quantitative of C-Caspase-3 expression. (F) Western blotting of GPX4 expression. (G) Semi-quantitative of GPX4 expression.
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Conclusion
In summary, we developed a CPT-loaded and MnO2-coated PDA nanomedicine (CPT NPs). The CPT NPs had good 
biocompatibility and could release the anticancer drug CPT in low pH tumor microenvironment. Moreover, the CPT NPs 
had excellent photothermal conversion efficiency and could use for the PTT. Due to the modification of MnO2, the 
nanomedicine showed good MRI property. In addition, this nanomedicine could cause the ferroptosis of lung cancer 
cells. Notably, the nanomedicine could inhibit the growth of lung cancer cells with high efficiency and low toxicity 
in vitro and in vivo. More importantly, the nanomedicine delivery system could be applied to one or more other 
anticancer (genetic) drugs. Therefore, the nanodelivery platform provided a certain reference value for the construction 
of traditional Chinese medicine nanomedicine integrated in diagnosis and treatment.
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Figure 11 Mouse weight and changes in hepatorenal function indices. (A) Mouse weight, (B) ALT (alanine transaminase), (C) AST (aspartate transaminase) and (D) Cre 
(creatinine) values after treating with saline, NIR irradiation, blank PDA NPs, blank PDA NPs with NIR irradiation (2 W∙cm−2, 5 min), free CPT, CPT NPs and CPT NPs plus 
NIR irradiation, error bars representing mean ±SD (standard deviation, n=6), *p< 0.05.
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