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Abstract The mild photothermal therapy of solid tumors was still bottlenecked by the uneven temper-

ature distribution in tumor tissue and the autophagy-mediated resistance. Here, we leveraged the ultra-

small size (approximately 0.32 nm) and autophagy inhibitory property of nitric oxide (NO) to overcome

these limitations for enhanced gas-photothermal therapy of large tumors. An NO donor was loaded into

mesoporous polydopamine and coated with tumor cell membranes for tumor-targeting delivery. The acid-

triggered release of NO potently inhibited autophagy to block the pro-survival pathway of tumor cells.

Besides, as a small-molecule gas, it diffused freely into deep regions and precisely eliminated the

deep-seated tumor cells, resulting in approximately 90% tumor inhibition in the late-stage breast tumor

model (>500 mm3). The NO gas therapy shows great potential for complementing other therapeutics for

the synergistic therapy of large solid tumors.
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1. Introduction

Photothermal therapy (PTT), a minimally invasive antitumor

therapy with demonstrated efficacy, has been widely studied1-4.

Some of the studies have entered clinical trial stages5-7. However,

local hyperthermia (over 52 ◦C) inevitably induces pain and

irreversible damage to healthy tissues8, thus reducing compliance

and clinical utility. Subsequently, many researchers have turned to

exploring safer mild PTT (below 45 ◦C)9. Although this approach

significantly improves patient compliance, it comes at the expense

of antitumor efficacy10. Two major obstacles restrict its applica-

tion as an independent and effective antitumor therapy. First,

continuous thermal stimulation at low temperatures could hardly

eliminate tumor cells but instead induces autophagy, a self-

protective mechanism that mediated photothermal resistance11.

Second, the complex physiological environment of solid tumors

restricts the uniform distribution of photothermal agents, resulting

in an uneven and insufficient thermal effect12-14. Therefore,

exploring adjuvant strategies that address these two challenges is

expected to sensitize mild PTT.

Autophagy is a self-protective mechanism by which cells

evade the risk of apoptosis by degrading their damaged organelles

or abnormal proteins in the face of adverse conditions15-17. Mild

PTT may cause mitochondrial damage18-20, oxidative stress21-24,

and cytoskeletal damage in tumor cells25, thereby inducing auto-

phagy. Tumor cells subsequently evade the activation of the

apoptotic pathway by degrading damaged mitochondria26-28. The

autophagy-based pro-survival mechanism confers resistance to

PTT29, allowing more tumor cells to survive and creating oppor-

tunities for recurrence and metastasis. Consequently, the inhibition

of autophagy has emerged as a promising strategy to sensitize

mild PTT30-32.

In gas therapies33, nitric oxide (NO) is a highly reactive

gaseous free radical with diverse physiological functions in

several fields, such as vasodilation34,35, antibacterial therapy36,37,

and antitumor therapy38-40. High doses of NO exhibit potent

inhibitory effects on tumor cells41,42. With the rising heat of

autophagy regulation, some researchers have reported that NO

could block autophagy by inhibiting the formation of autopha-

gosomes43,44, indicating its potential to assist mild PTT. More-

over, benefiting from its lipophilicity and ultra-small size

(0.32 nm), NO can diffuse freely into deep tumor regions where

ordinary nanopreparations can hardly reach45. Furthermore, due to

its role in promoting angiogenesis34,35, NO may promote the

penetration and accumulation of photothermal agents into tumors,

thereby creating a positive feedback mechanism for the antitumor

effect of mild PTT46. Motivated by these advantages of NO, we

speculate that NO-based adjuvant strategies hold promise for

enhancing antitumor efficacy in combination with other therapies.

In this work, we prepared a biomimetic NO nanogenerator

(mP-NO@CM, Scheme 1). Mesoporous polydopamine with good

photothermal conversion property was used as the photothermal

carrier47, enabling efficient loading of NO donors via its meso-

porous structure and achieving effective therapeutic concentration

of NO. The coated tumor cell membranes endowed NO with ho-

mologous targeting ability in vivo48,49. Coupled with the acid-

responsive release of NO donors, tumor targeting and precise

NO release could be achieved to avoid early leakage during cir-

culation. The released NO inhibited thermal-induced autophagy

and promoted tumor cell apoptosis, thereby blocking this pro-

survival pathway. Meanwhile, NO diffused deeply and killed deep

tumor cells directly, alleviating the insufficient local antitumor

efficacy caused by uneven heat distribution. This study confirmed

the antitumor effect of NO-assisted mild PTT, thus highlighting

the broader application of NO-based gas therapy for treating large

solid tumors.

2. Materials and methods

2.1. Materials

Dopamine hydrochloride (D103111, DA) and 1,3,5-

trimethylbenzene (T105015, TMB) were purchased from the

Aladdin Chemical Reagent Company (Shanghai, China). Rhoda-

mine B (BD150358, RhB) was purchased from Bide Pharmatech

Co., Ltd. (Shanghai, China). Polyethylene-polypropylene glycol

(901701, F127, average Mñ12,500) and 2,3-diaminonaphthalene

(88461, DAN) were purchased from Sigma‒Aldrich (St. Louis,

Missouri, USA). Ammonium hydroxide solution (A801005, 25%‒
28%) was purchased from Macklin (Shanghai, China). Dieth-

ylenetriamine NONOate (GC18259, DETA NONOate) was pur-

chased from GlpBio Technology (Montclair, California, USA).

Chloroquine (HY-17589A, CQ) was purchased from

MedChemExpress (Elizabeth, New Jersey, USA). Nitric Oxide

assay kit (S0021S), BCA protein assay kit (P0012), 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (C1036, DiI),

3,3′-dioctadecyloxacarbocyanine perchlorate (C1038, DiO), 4′,6-

diamidino-2-phenylindole (C1005, DAPI), thiazolyl blue tetrazo-

lium bromide (ST316, MTT), calcein-AM (C2015M) and propidium

iodide (C2015M, PI) were purchased from Beyotime Biotechnology

(Shanghai, China). Annexin V-FITC/PI apoptosis detection kit

(C8043-50T) was purchased from Titan Scientific Co., Ltd.

(Shanghai, China). Lysotracker Green (KGE2209-200), Lysotracker

Red (KGE2207-50), Dulbecco’s modified Eagle’s medium

(KGL1206-500, DMEM), and Trypsin-EDTA (KGL2101-100) so-

lution were purchased from KeyGEN Biotech (Jiangsu, China).

DAF-FM DA (MA0200) was purchased from Meilunbio (Dalian,

China). Cy5.5-NHS (D10013-1) and Cy3.5-NHS (D10011-1) were

purchased from Duofluor (Shanghai, China). All other reagents and

materials were purchased from the Servicebio Technology Co., Ltd.

(Wuhan, China).

2.2. Cell culture and animals

4T1 cells (mouse breast cancer cells), luciferase-expressed 4T1

cells (4T1-luc), B16F10 cells (mouse melanoma cells), and

RAW264.7 cells (mouse macrophage cells) were all cultured in

DMEM containing 1% penicillin/streptomycin (Pen-Strep) with

10% FBS in the CO2 incubator (Thermo Fisher, 50162972, USA) at

37 ◦C with 5% CO2. The female BALB/c (6‒8 weeks) mice were

purchased from Huachuang Sino Pharmatech Co., Ltd. (Jiangsu,

China). All animal experiments followed the regulations of the

Institutional Animal Care and Use Committee of China Pharma-

ceutical University (Approval No. SYXK2021-0011) and the Sci-

ence and Technology Department of Jiangsu Province approved

protocols.

2.3. Synthesis and characterization of mPDA

Mesoporous polydopamine (mPDA) nanoparticles were prepared

using the soft-template method50. F127 (0.1 g) was dissolved in

10 mL of water-ethanol mixture (v/v � 1:1). TMB (0.15 mL) was
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added slowly under stirring to form a white emulsion. DA (50 mg)

was added to the emulsion. Ten minutes later, aqueous ammonia

(150 μL) was added dropwise. After 4 h of reaction, the precipitate

was collected by centrifugation (D1524R, DLAB, Beijing, China)

at 9000 rpm for 10 min, washed alternately with ethanol-acetone

mixture (v/v � 2:1) and deionized water. Finally, the precipitate

was collected and lyophilized to obtain mPDA. Its structure was

confirmed by Fourier transform infrared spectroscopy (FT-IR,

TENSOR27, Bruker, Germany). The hydrodynamic particle size

and zeta potential were measured using Zeta Plus (Zetasizer Nano

S90, Malvern, UK). The morphology was observed by transmission

electron microscope (TEM, H-600, Hitachi, Japan) and scanning

electron microscopy (SEM, Sigma 300, Zeiss, Germany). The

isothermal adsorption and desorption curve was measured by the

nitrogen adsorption method. The mesoporous size was analyzed

using the Barrett-Joiner-Halenda model51, and the specific surface

area was calculated according to BET theory52.

2.4. Extraction and characterization of 4T1 cell membranes

4T1 cell membranes were extracted by pretreatment with hypo-

tonic solution and gradient centrifugation. Briefly, 4T1 cells were

harvested and resuspended in Tris-Mg hypotonic solution

(10 mmol/L KCl, 2 mmol/L MgCl2, and 20 mmol/L Tris-HCl, pH

7.4). After standing at 4 ◦C for 12 h, the cells were homogenized

using a cell ultrasonicator (Biosafer650-92, China). 4T1 cell

Scheme 1 Illustration of the preparation of NO nanogenerator (mP-NO@CM) and the mechanism of NO-based gas-photothermal therapy in

solid tumors. (A) Procedures for preparing mP-NO@CM. (B) The mechanism of NO-assisted mild photothermal therapy in vivo. I. Mild PTT

tends to induce pro-survival autophagy, which can be inhibited by NO, thereby promoting more tumor cells to apoptosis. II. NO can penetrate

deeply into the tumor and exert an antitumor effect directly to compensate for the uneven and insufficient thermal effect in deep tumor regions.
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membranes were then extracted by gradient centrifugation

(DLAB), and protein content was determined by BCA assay.

2.5. Preparation and characterization of nanoparticles

Preparation of NO-loaded mPDA (mP-NO): Mix DETA NONOate

solution (final concentration of 200 μg/mL) with mPDA solution

(final concentration of 1 mg/mL) and incubate at room tempera-

ture for 4 h. mP-NO nanoparticles were obtained by centrifugation

and PBS washing.

Preparation of membrane-coated mPDA (mP@CM): Cell

membranes (3 mg, calculated on protein content) were added to

1 mL of mPDA solution (1 mg/mL), and they were mixed by ul-

trasound for 3 min (ultrasonic power 80 W, 1 s on and 2 s off). Then,

the liposome extruder was used to extrude the mixture, which was

successively extruded through polycarbonate membranes from

400 to 200 nm 10 times to obtain mP@CM nanoparticles.

Preparation of membrane-coated mP-NO nanoparticles (mP-

NO@CM): After mixing mP-NO solution with cell membranes,

mP-NO@CM was obtained following the same procedures as

mP@CM.

For characterization, the morphology of mP-NO@CM was

photographed by TEM (Hitachi). The particle size and zeta po-

tential were detected using Zeta Plus (Malvern). The particle size

changes of mP-NO and mP-NO@CM in PBS at 4 ◦C and PBS

containing FBS (5%, 10%, 15%) at 37 ◦C were monitored for

several days.

2.6. Characterization of membrane-coated nanoparticle

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) was performed to detect whether the cell membrane was

successfully coated, and the results were compared with the free

tumor cell membrane and mP-NO.

To further confirm the cell membranes’ adsorption, the fluo-

rescence colocalization of the carrier and the cell membrane was

photographed by the confocal laser scanning microscope (CLSM,

LSM 800, Zeiss, German). RhB (5 μg/mL) and mPDA (200 μg/mL)

were mixed in the dark for 4 h. RhB-labeled mPDA (mP-RhB) was

collected by centrifugation. It was then resuspended in PBS and co-

extruded with 4T1 cell membrane to obtain mP-RhB@CM, to

which 1 μL of DiO dye was added and then incubated at 37 ◦C for

30 min. The free dye was removed by PBS washing and centrifuged

to obtain DiO-labeled mP-RhB@CM. 5 × 104 4T1 cells were

seeded in confocal dishes and cultured for 24 h. Then, mP-

RhB@CM-DiO (200 μg/mL) diluted in DMEM was added to the

dishes and incubated for 3 h, after which the cells were washed with

PBS three times. Finally, fluorescence colocalization was photo-

graphed by CLSM (Zeiss), and the images were then analyzed by

Image J (National Institutes of Health, USA).

2.7. Drug loading detection

The content of DETA NONOate was detected by the DAN fluo-

rescent probe, which can specifically detect NO in solution. DETA

NONOate dissociated in the acidic reaction solution of DAN and

was released in the form of NO. Therefore, there was a certain

coefficient correlation between the content of DETA NONOate and

NO measured by the DAN method, which required conversion.

First, DAN was dissolved in 0.62 mol/L hydrochloric acid to pre-

pare a 0.31 mmol/L solution. 10 μL of DAN solution was mixed

with 100 μL of NaNO2 standard solution (0‒10 mmol/L) and

reacted at room temperature for 10 min, then 5 μL of NaOH

(2.8 mol/L) was added. After dilution with water, the fluorescence

intensity was measured by a fluorescence spectrophotometer

(Shimadz RF-6000, Japan), and a standard curve was drawn. The

mP-NO solution was centrifuged (DLAB) to collect the supernatant

1, and the precipitate was resuspended and co-extruded with the

cell membrane to obtain mP-NO@CM solution, which was

centrifuged again to collect the supernatant 2. Mix the supernatants

with the DAN solution separately to get the content of the unloaded

drug. Next, the fluorescence intensity corresponding to the fed

DETA NONOate (200 μg/mL) was measured using the same

method, and then the NO content corresponding to the fed DETA

was obtained after replacing the standard curve, which was regar-

ded as the converted DETA feeding content. Then, it was

substituted into the following Eqs. (1) and (2) to calculate the

encapsulation efficiency and loading capacity of DETA NONOate

in mP-NO@CM.

Encapsulation efficiency (%)

�
Weight of fed drug − Weight of unloaded drug

Weight of fed drug
× 100

(1)

Loading capacity (%)

�
Weight of fed drug − Weight of unloaded drug

Weight of whole nanoparticles
× 100

(2)

Furthermore, in order to investigate the binding force between

DETA NONOate and mPDA, different reagents were used to

compete for binding. NaCl (100 mmol/L), urea (100 mmol/L), and

Triton X-100 (10%) were used to disrupt electrostatic binding,

hydrogen bonding, and hydrophobic interaction, respectively.

Briefly, mP-NO and mP-NO@CM were prepared and suspended

with deionized water, NaCl, urea, and Triton X-100. After incu-

bation at 37 ◦C for 4 h, the supernatant was diluted twice and

added to the DAN assay solution for 15 min. The fluorescence

intensity at 365 nm/450 nm was measured, representing the NO

content released from the nanoparticles. The deionized water

group was used as a control to analyze the main force affecting

NO loading.

2.8. Photothermal properties of mP-NO@CM

A series of solutions of mP-NO@CM were prepared with con-

centrations of 50, 100, 200 and 400 μg/mL. And PBS was treated

as a blank control. 200 μL of the above solutions were added into

96-well plates and irradiated with 808 nm laser (2 W/cm2) for

5 min. The temperature was recorded every 30 s.

200 μL of mP-NO@CM solution (200 μg/mL) was added into

a 96-well plate and continuously irradiated with 808 nm laser

(2 W/cm2) for 5 min. The laser was turned off, and the solution

was allowed to return to room temperature and irradiated again for

another 5 min. The cycle was repeated four times, during which

the temperature was recorded every 1 min. Besides, the

morphology of mP-NO@CM irradiated with an 808 nm laser for

10 min (2 W/cm2) was also photographed by TEM (Hitachi).

mP-NO@CM (200 μg/mL) was exposed to laser irradiation for

5 min with a power density of 2 W/cm2. Then, it was allowed to
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cool to room temperature. The temperature changes were recorded

every 30 s using a high-sensitive RTD thermometer. The photo-

thermal conversion efficiency (η) of mP-NO@CM was calculated

according to Eq. (3)11.

η �
hS(Tmax − Tr) − Qb
I
(
1 − 10− A808

) (3)

where h is heat transfer coefficient, S means the surface area of the

sample container, Tmax is the maximum temperature of the solu-

tion after laser irradiation, Tr is the room temperature, Qb is the

baseline energy of the sample of container, I is the laser power

density (2 W/cm2), and A808 means the absorbance of mP-

NO@CM at 808 nm detected by UV—VIS spectrophotometer

(UV-1800PC, MAPADA, China). Among these parameters, hS

could be calculated by Eq. (4)53.

τ �
msCs
hS

(4)

where ms and Cs are the mass (1.0 g) and heat capacity (4.2 J/g) of

the deionized water, respectively. τ could be determined by the

linear curve fitting of temperature cooling time versus its ‒Ln(ΔT/

ΔTmax).

2.9. Release of NO in different pH in vitro

mP-NO@CM was dissolved in phosphate buffer with different pH

values, including pH 7.4, pH 6.5, and pH 5.0, to simulate the

physiological environment, tumor microenvironment, and intra-

cellular lysosomes, respectively. The samples were placed in a

constant temperature shaker and shaken continuously (100 rpm,

37 ◦C). Then, they were taken out at specific time points (0, 0.5, 1,

2, 3, 4, 6, and 12 h), centrifuged, and the NO concentration in the

supernatant was detected using the DAN method. The precipitate

was resuspended with a buffer of the same pH and continued to be

shaken at a constant temperature.

2.10. Homologous cell uptake

4T1 cells were seeded in 12-well plates at a density of

5 × 104 cells per well for 24 h and then incubated with free RhB

(2.5 μg/mL), mP-RhB (200 μg/mL, containing about 2.5 μg/mL

RhB), mP-RhB@CM (200 μg/mL, containing about 2.5 μg/mL

RhB) for 2 h, respectively. Free preparations were removed by

washing three times with PBS, then cells were harvested. Analysis

was performed using a flow cytometer (BD FACSCelesta, USA).

To further examine the homologous targeting ability of the

membrane-coated preparations, the uptake of mP-RhB and mP-

RhB@CM (encapsulating 4T1 cell membranes) was compared in

4T1 cells, B16F10 cells, and RAW264.7 cells. The experimental

protocols were performed as described above, and CLSM (Zeiss)

was used for observation.

2.11. Cytotoxicity and apoptosis

The cytotoxicity of different preparations was detected by MTT

assay. In brief, 4T1 cells were seeded in 96-well plates at a density

of 5000 cells per well. After 24 h of culture, the cells were treated

with PBS ± L, free NO ± L (DETA NONOate, 60 μmol/L),

mP@CM ± L (200 μg/mL), and mP-NO@CM ± L (200 μg/mL),

respectively (±L meant with or without laser, 808 nm, 2 W/cm2,

3 min). After culturing for 24 h, MTT solution (0.5 mg/mL) was

added and incubated for another 4 h, followed by DMSO solution

and shaking for 15 min. Absorbance at 490 nm was measured

using a microplate reader (Infinite F50, Tecan, Switzerland), and

the cell viability was calculated.

For the apoptosis assay, 4T1 cells were seeded at a density of

5 × 104 cells per well in 12-well plates and treated with PBS ± L,

mP@CM + L (200 μg/mL), and mP-NO@CM ± L (200 μg/mL),

respectively (±L meant with or without laser, 808 nm, 2 W/cm2,

3 min). After 24 h, Annexin V-FITC and PI staining were per-

formed according to the instructions of the apoptosis kit. Then,

cell apoptosis was examined by flow cytometry (BD).

2.12. Detection of intracellular NO generation

The intracellular NO content was measured using the Griess

method. Simply, 4T1 cells were seeded at a density of

5 × 104 cells per well in 12-well plates and treated with PBS ± L,

mP@CM ± L (200 μg/mL), and mP-NO@CM ± L (200 μg/mL),

respectively. Then, the cells were lysed to quantify NO according

to the instructions of the assay kit. Finally, the absorbance at

490 nm was measured using a microplate reader (Tecan).

2.13. The mechanism of intracellular NO release

4T1 cells were seeded in confocal dishes at a 5 × 104 cells/well

density, treated with mP-NO@CM (200 μg/mL), and incubated

for 2 or 5 h, respectively. After that, the plates were washed with

PBS, and the NO probe DAF-FM DA (5 μmol/L) was added and

incubated for 30 min. After washing, Lysotracker Red (5 μmol/L)

was used to label lysosomes. Finally, the NO distribution in the

cells was observed by CLSM (Zeiss), and the colocalization of

NO and lysosomes was analyzed by calculating Pearson’s corre-

lation coefficient.

In another test, 4T1 cells were treated with mP-RhB@CM

(200 μg/mL, with RhB 2.5 μg/mL) for 2 or 6 h, respectively,

followed by washing with PBS and labeling with Lysotracker

Green (5 μmol/L). Finally, the lysosomal escape of mP-RhB@CM

was analyzed by CLSM (Zeiss) and compared with that of mP-

NO@CM.

2.14. Imaging of NO permeation on 4T1 tumor spheroids

The tumor spheroid model was constructed to evaluate the deep

penetration of NO released from mP-NO@CM. First, 4T1 cells

were seeded at a density of 2000 cells per well in ultra-low-

adsorption U-bottom 96-well plates and cultured for 6 days to

form dense spheroids. They were treated with PBS, mP@CM

(200 μg/mL, DiI labeled), or mP-NO@CM (200 μg/mL, DiI

labeled) for 4 h, respectively. Following PBS washing, DAF-FM

DA solution (5 μmol/L) was added to track NO in the spheroids.

After 30 min of incubation, the spheroids were transferred care-

fully to a confocal dish and viewed under the 20 × objective of

CLSM (Zeiss).

2.15. Antitumor effects on 4T1 tumor spheroids

4T1 tumor spheroids were established as described in 2.14. When

the diameter of spheroids exceeded 400 mm (Day 0), different

treatments were given (PBS ± L, mP@CM ± L, mP-

NO@CM ± L). And the concentration of mP@CM and mP-

NO@CM was 200 μg/mL. After incubation for 12 h, tumor

spheroids were exposed to laser irradiation (808 nm, 2 W/cm2,

3 min). Subsequently, they were photographed by an inverted
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fluorescence microscope on Days 1, 3, 5, and 7. The maximum

diameter (dmax) and minimum diameter (dmin) were determined by

Image J. Then the volume of tumor spheroids was calculated

(V � dmin
2 × dmax/2). The volume change ratio was calculated

according to Eq. (5)54:

Change ratio (%)�
VD7
VD0

× 100 (5)

where VD7 and VD0 meant the volume on Day 7 and Day 0,

respectively.

Besides, the cell viability of the tumor spheroids was also

investigated by live/dead staining. Briefly, tumor spheroids on Day

2 were stained with calcein-AM (2 μmol/L) and PI (7.5 μmol/L) and

incubated at 37 ◦C for 20 min. Then, they were observed under the

10 × objective by fluorescence imaging (Nikon Ts2R, Japan).

2.16. Inhibitory effect of mP-NO@CM on autophagosomes

4T1 cells were seeded in confocal dishes at a density of

5 × 10
4 cells per dish and treated with PBS ± L, mP@CM ± L

(200 μg/mL), and mP-NO@CM ± L (200 μg/mL, 808 nm, 2 W/

cm2, 3 min). After that, MDC dye (5 μmol/L) was used to label

autophagosomes or autolysosomes. The intracellular fluorescent

spots were observed by CLSM (Zeiss) and counted by Image J.

2.17. Western blot assay

In vitro cellular samples: In brief, 4T1 cells were seeded in 6-well

plates at a density of 1 × 105 cells per well and cultured for 24 h

before treatments with PBS, PBS + L, mP@CM + L (200 μg/mL),

mP-NO@CM (200 μg/mL), and mP-NO@CM + L (200 μg/mL).

After 12 h of incubation, the cells were washed with PBS and lysed

with RIPA lysate (containing 1% PMSF and 1% protease inhibitor)

for 45 min on ice. The cells were collected and centrifuged (DLAB)

at 12,000 rpm for 15 min to extract proteins. Afterward, protein

quantification was performed using the BCA assay kit. The

remaining protein sample was mixed with 5 × loading buffer and

boiled for 5 min. SDS-PAGE electrophoresis was then performed.

The membranes were transferred (0.22 μm PVDF membrane),

blocked (5% BSA), and incubated overnight at 4 ◦C with primary

antibodies for LC3 (1:1000 dilution) and ß-actin (1:3000 dilution).

The next day, the HPR-labeled secondary antibody (1:5000 dilu-

tion) was incubated at room temperature for 1 h. After 30 min of

washing, the bands were observed by gel imager (Tanon 2500R,

China), and the bands were semi-quantified using image J.

Ex vivo tumors: The collected tumors were rinsed with pre-

cooled PBS, quickly weighed, and put into grinding tubes. RIPA

lysate (1 mg of tumor corresponding to 100 μL of lysate) and steel

grinding balls (diameter of 3 mm) were added. The tumors were

fully ground with a frozen grinding instrument (Jingxin

JXFSTPRP-CL-24, China) (frequency 60 Hz, run for 30 s and stop

for 45 s, repeated 5 times). Afterward, proteins were extracted and

electrophoresed following the same procedures described above.

Finally, the bands were viewed and semi-quantified.

2.18. Efficacy of autophagy inhibitors in combination with mild

PTT

MTT assay and calcein-AM/PI staining were used to evaluate the

necessity of autophagy inhibitors combined with mid PTT. CQ

was selected as a model autophagy inhibitor. For the MTT assay,

4T1 cells were treated with PBS ± L, CQ ± L (25 μmol/L),

mP@CM ± L (200 μg/mL), mP@CM + CQ ± L (200 μg/mL,

CQ 25 μmol/L), and mP-NO@CM ± L (200 μg/mL), respectively.

The laser condition was the same as before. The MTT assay was

then performed as described above.

For the live/dead staining assay, 4T1 cells were seeded at a

density of 5 × 104 cells per well in 24-well plates and treated with

PBS ± L, CQ ± L (25 μmol/L), mP@CM ± L (200 μg/mL),

mP@CM + CQ ± L (200 μg/mL, CQ 25 μmol/L), mP-

NO@CM ± L (200 μg/mL) for 24 h. The laser irradiation was

initiated 12 h after administration (2 W/cm2, 5 min). Cells were

then stained with calcein-AM (2 μmol/L) and PI (7.5 μmol/L) and

incubated at 37 ◦C for 20 min. After washing with PBS, red or

green fluorescence was observed under an inverted fluorescence

microscope (Nikon).

2.19. Hemolysis test of mP-NO@CM

Blood was collected from mice using EDTA-anticoagulated tubes.

Plasma was removed by centrifugation at 3000 rpm for 10 min, and

the collected erythrocytes were resuspended with different con-

centrations of mP-NO@CM (25, 50, 100, 200 and 400 μg/mL). PBS

and deionized water were used as negative and positive controls.

After standing at 37 ◦C for 1 h, the cells were centrifuged at

3000 rpm for 10 min, and the hemolysis of each group was observed.

2.20. Biodistribution of mP-NO@CM in vivo

BALB/c mice were subcutaneously injected with 4 × 106 4T1 cells.

Free Cy5.5, mP-Cy5.5, and mP-Cy5.5@CM (Cy5.5, 0.5 mg/kg)

were intravenously injected when the tumor grew to 150 mm3. At 4,

6, 10, 24, and 36 h, the distribution of the preparations in vivo was

imaged by a small animal imager (TanonABLX6, China). The mice

were sacrificed at 36 h. The tumors and major organs (heart, liver,

spleen, lung, and kidney) were collected and imaged.

2.21. Antitumor efficacy in the 4T1 early-stage breast tumor

model

The 4T1-luc breast cancer model was established to evaluate the

antitumor effect in vivo. In brief, 4T1-luc cells (1 × 106 cells per

mouse) were inoculated into the fat pads of BALB/c mice. When the

tumor volumes grew to 100 mm3, the mice were randomly divided

into five groups (n � 8) and given different treatments: saline,

saline + L, mP@CM + L (15 mg/kg), mP-NO@CM (15 mg/kg),

and mP-NO@CM + L (15 mg/kg). Specifically, the above prepa-

rations were intravenously injected on Days 2, 5, and 8, followed by

808 nm laser irradiation (2 W/cm2, 5 min) 12 h later. The tumor

volume (V � width2 × length/2) and body weight were detected

every two days, and the tumor growth trend was monitored by the

bioluminescence imaging system on Days 1, 8, and 16. The mice

were then sacrificed, and the tumors were collected for Western blot,

LC3 immunofluorescence staining, p62 immunofluorescence

staining, TUNEL apoptosis staining, and H&E staining.

2.22. Antitumor efficacy in the 4T1 late-stage breast tumor

model

The late-stage breast tumor model was established to evaluate

the permeation of NO in large solid tumors. Briefly, 4T1 cells

(1 × 106 cells per mouse) were subcutaneously inoculated into

the right lower abdomen of BALB/c mice, and the mice were

randomly divided into five groups (n � 8). When tumor volumes
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increased to 450‒500 mm3, different treatments were given:

saline, saline + L, mP@CM + L (15 mg/kg), mP-NO@CM

(15 mg/kg), mP-NO@CM + L (15 mg/kg, 808 nm, 2 W/cm2,

5 min). The specific experimental procedures were the same as

described previously. Of note, to visualize intratumor penetration

of the preparations, the nanoparticles were labeled with Cy3.5-

NHS (0.5 mg/kg). Tumors were collected 12 h after intrave-

nous administration, embedded in OCT, frozen in liquid nitro-

gen, and sectioned into slides. The slides were stained with DAF-

FM DA (100 μmol/L) and DAPI. Finally, the fluorescence dis-

tribution in tumor sections was visualized. At the end of the

treatments, the tumors were collected and cut into superficial

layers (approximately 3 mm wide area from the edge to the in-

side) and deep layers, which were ground and digested into

single-cell suspension, respectively. Annexin V-FITC/PI staining

was performed using flow cytometry (BD). Finally, other

collected tumors were fixed with paraformaldehyde and sub-

jected to H&E, CD31 immunofluorescence staining, and TUNEL

staining.

2.23. Biocompatibility evaluation in vivo

Healthy mice were randomly divided into two groups (n � 3) and

received injections of saline or mP-NO@CM (15 mg/kg) via the

tail vein three times. Blood samples were then collected for

routine blood tests and blood biochemical tests. Meanwhile, the

major organs (heart, liver, spleen, lung, and kidney) were also

collected for H&E staining analysis.

2.24. Statistical analysis

All data are representative of at least three independent replicate

experiments and are presented as mean ± SD. Student’s t-test was

used to compare two groups, and ordinary one-way ANOVA was

used to compare three or more groups. The survival time of mice

was recorded and analyzed using the log-rank test. The statistical

significance of the results was shown as the following: *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001. All statistical ana-

lyses were performed by GraphPad Prism 6.01.

3. Results and discussion

3.1. Preparation and characterization of mP-NO@CM

Mesoporous polydopamine (mPDA) was prepared using the

previous method50. The structure was confirmed by Fourier

transform infrared spectrum scanning (Supporting Information

Fig. S1). Simply, mPDA exhibited a broad absorption band at

3500‒3100 cm− 1, which represented the stretching vibration of

the intermolecular O‒H bond and the secondary amine N—H

bond Meanwhile, the peak at 1615 cm− 1 indicated the

bending vibrations of the secondary amine N—H bond. A

multi-peak structure of an aromatic ring was observed at 1600‒
1450 cm− 1. Besides, the stretching vibrations of the aromatic

amine C‒N bond (1240 cm− 1) and the phenolic C—O bond

(1042 cm− 1) were observed. The attribution of the above

Figure 1 Characterization and photothermal performance of mP-NO@CM. (A, B) Representative TEM image and particle size distribution of

(A) mPDA and (B) mP-NO@CM. Scale bars, 100 nm. (C) Zeta potential, n � 5. (D) Confocal images of colocalization of mP-RhB (Red) and the

coated cell membranes labeled with DiO (Green). Scale bars, 40 μm. (E) Fluorescence colocalization analysis of Fig. 1D. (F) Particle size

variations of mP-NO and mP-NO@CM, n � 3. (G) Temperature rising profile of mP-NO@CM with different concentrations under 808 nm laser

(2 W/cm2). (H) Photothermal stability of mP-NO@CM. (I) Cumulative NO release under different pH values, n � 3. Data are presented as

mean ± SD, ****P < 0.0001.
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characteristic peaks proved the presence of dopa-indole skel-

eton, which was typical of successful dopamine polymeriza-

tion55. For the morphology study, mPDA exhibited a spherical

shape with a porous structure under transmission electron mi-

croscopy (TEM) and scanning electron microscopy (SEM)

(Fig. 1A and Supporting Information Fig. S2). DETA

NONOate, a NO donor with cationic amino groups, can be

loaded on mPDA via electrostatic interaction and hydrogen

bonding to form mP-NO (Supporting Information Fig. S3).

Then, 4T1 cell membranes were coated on the surface of mP-

NO to obtain mP-NO@CM. The intact membrane coating layer

can be clearly seen under TEM. The general particle size was

homogeneous at 226.3 ± 1.8 nm (Fig. 1B). The zeta potential

was stabilized at − 10.3 ± 1.1 mV (Fig. 1C). In addition, the

rhodamine B (RhB)-labeled mPDA and DiO-labeled cell

membranes showed apparent colocalization under confocal mi-

croscopy (Fig. 1D and E). The result of SDS-PAGE also

revealed the successful coating of cell membranes (Supporting

Information Fig. S4). Benefiting from the membrane coating,

mP-NO@CM had better colloidal stability, serum stability, and

hemocompatibility, which supported the intravenous

administration (Fig. 1F, Supporting Information Figs. S5 and

S6). Moreover, the photothermal properties and photothermal

stability were not affected (Fig. 1G and H). It showed a rela-

tively high photothermal conversion efficiency of about 42.9%

and kept an intact mesoporous spherical structure after laser

irradiation (Supporting Information Figs. S7 and S8).

The amount of NO released in vivo depends on the NO

donor loaded in vitro. The pore size of mPDA was mainly

dispersed in the mesoporous range of 2‒50 nm, among which

the most probable pore size was about 7 nm. The total pore

volume was about 0.1 cm3/g. The specific surface area was

about 25.7 m2/g (Supporting Information Fig. S9). Based on

structural advantages, the encapsulation efficiency and drug

loading capacity of mP-NO@CM were calculated to be

54.9 ± 1.8% and 11.7 ± 1.4%, respectively, which were

significantly higher than those of non-mesoporous nP-NO@CM

(25.5 ± 3.4% and 4.6 ± 0.2%) (Supporting Information

Fig. S10). In order to study the release of NO, the cumula-

tive release curves in phosphate buffer at pH 7.4, pH 6.5, and

pH 5.0 were recorded. As shown in Fig. 1I, NO was partially

released in a pH 6.5 medium, which mimicked the tumor

Figure 2 In vitro homologous targeting and synergistic antitumor efficacy. (A, B) Cell uptake of (A) mP-RhB@CM and (B) mP-RhB in 4T1,

RAW264.7, and B16F10 cells. Scale bars, 40 μm. (C) Representative flow cytometry histogram of 4T1 cell uptake. (D) Quantitative analysis of

cell uptake, n � 3. (E) Cell viability after different treatments, n � 5. (F) Quantitative analysis of cell apoptosis, n � 3. (G) Representative flow

cytometry charts of cell apoptosis after different treatments. Data are presented as mean ± SD, ***P < 0.001, ****P < 0.0001. ns, not significant.
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interstitial environment, and released completely after 4 h in a

pH 5.0 medium, which mimicked the acidic lysosomes. The

acid-responsive release property of NO allowed its efficient

enrichment at tumor sites for further biological functions.

3.2. In vitro homologous targeting and antitumor efficacy

Based on previous studies48,49, tumor cell membrane-coated

preparations can promote homologous cell uptake and avoid

phagocytosis by macrophages. Therefore, we observed the

cell uptake of mP-RhB@CM and mP-RhB in 4T1, RAW264.7,

and B16F10 cells, respectively. It was confirmed that the

coating of 4T1 cell membranes could reduce the phagocytic

clearance of macrophages and increase the internalization in 4T1

cells rather than B16F10 cells (Fig. 2A and B). However, there

was no significant difference in the uptake of mP-RhB@CM and

mP-RhB in 4T1 cells (Fig. 2C and D). This may be due to the

natural adhesion properties of mPDA, which has abundant hy-

droxyl and amino groups and allows mP-RhB to show good cell

uptake.

Figure 3 Intracellular NO release, intercellular NO penetration, and cytotoxicity on tumor spheroids. (A) Intracellular NO content, n � 3. (B,

C) Illustration of the lysosomal escape of mP-NO@CM after incubation for (B) 2 h and (C) 5 h. (D, E) Lysosomal escape of NO after incubation

for (D) 2 h and (E) 5 h. Lysosomes were stained with Lysotracker Red (red), and NO was labeled with DAF-FM DA (green). Scale bars, 10 μm.

(F) Illustration of deep penetration of different preparations in 4T1 tumor spheroids. (G) Representative confocal images of tumor spheroids.

mP@CM and mP-NO@CM were labeled with DiI (red), and NO was labeled with DAF-FM DA (green). Scale bars, 200 μm. (H, I) Radial

fluorescence density map of the middle layer of the tumor spheroids after treated with (H) mP@CM or (I) mP-NO@CM. (J) Live/dead staining of

tumor spheroids after different treatments. Scale bars, 250 μm. (K) Relative volume change ratio of tumor spheroids, n � 4. Data are presented as

mean ± SD, *P < 0.05, ****P < 0.0001.
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In order to explore the antitumor effect of mP-NO@CM

in vitro, MTT and apoptosis assays were performed. As shown in

Fig. 2E, the mild PTT group (mP@CM + L, L meant laser irra-

diation) could kill nearly 45% of the tumor cells. In comparison,

the mP-NO@CM + L group could kill about 80% of the tumor

cells, highlighting the excellent auxiliary effect of NO. In the

apoptosis assay, the mP@CM + L group only induced about

22.64% of the apoptosis rate, while that of the mP-NO@CM + L

group was increased nearly 2-fold (Fig. 2F and G). These results

strongly demonstrated that NO-assisted mild PTT exhibited

enhanced antitumor efficacy by inducing more apoptosis and

necrosis.

3.3. Evaluation of intracellular NO release and intercellular

NO penetration

Based on the acid-responsiveness validated in vitro, the specific

distribution of NO in tumor cells was further explored. First, the

content of NO in 4T1 cells after different treatments was detected

quantitatively by the Griess method. It was found that NO content

was not significantly changed by PTT alone but increased greatly

after being treated by mP-NO@CM due to the introduction of

exogenous NO. Then, it could reach the effective therapeutic

concentration of NO according to previous reports (>1 μmol/L,

Fig. 3A) 41,42.

Furthermore, the NO fluorescent probe (DAF-FM DA) was

used to trace its intracellular distribution, and the relative position

of NO and lysosomes after 2 or 5 h of incubation was observed

under CLSM (Fig. 3B and C). According to Fig. 3D, NO and

lysosomes showed good colocalization with a Pearson correlation

coefficient of 0.65 after 2 h. In contrast, the signal of NO was

significantly misaligned with that of lysosomes after 5 h, with a

decreased Pearson correlation coefficient of 0.39, further indi-

cating that NO was released and escaped to the cytoplasm

(Fig. 3E). From the weaker lysosomal signal, we speculated that

the burst release of NO may destroy lysosomes and allow mP-

NO@CM to escape from them. Supporting Information Fig. S11

verified that mP-RhB@CM was trapped in lysosomes after 6 h,

and the intensity of lysosomes was still strong. This phenomenon

proved that mPDA-based nanoparticles could not damage or

Figure 4 Inhibition of autophagy to sensitize mild PTT in vitro. (A) Schematic illustration of NO sensitizing PTT by inhibiting autophagy. (B)

Representative confocal images of autophagosomes or autolysosomes (green fluorescent spots) after different treatments. Scale bars, 20 μm. (C)

Count of fluorescent spots of Fig. 4B, n � 3. (D) Western blot analysis of LC3-I/II after different treatments. (E) Semi-quantitative analysis of

LC3-II, n � 3. (F) Cell viability (n � 5) and (G) live/death staining of 4T1 cells treated with autophagy inhibitor (chloroquine, 25 μmol/L)

combined with mild PTT. Scale bars, 200 μm. Data are presented as mean ± SD, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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escape from the lysosomes. It also indirectly illustrated the

auxiliary escape effect of loaded NO, which was a vital prereq-

uisite for inhibiting autophagy.

To further investigate the diffusion of NO among tumor cells,

3D tumor spheroids of 4T1 were constructed (Fig. 3F). mP-

NO@CM was labeled with DiI (red) and incubated with tumor

spheroids for 4 h. Intercellular NO was stained with DAF-FM DA

(green). The confocal images showed that mP-NO@CM was

mainly trapped on the outer area of the tumor spheroid, while NO

could deeply penetrate the central region (Fig. 3G‒I). It implied

that mP-NO@CM might compensate for the uneven distribution

of photothermal agents leading to deep tumor survival, as NO

could diffuse throughout the tumor and exert its antitumor effect

directly.

The cytotoxicity of NO-assisted PTT on 4T1 tumor spheroids

was evaluated for further study. As shown in live/dead staining

(Fig. 3J), the red fluorescence intensity of dead cells increased

after the treatment of mP@CM + L. Of note, it was further up-

regulated in the mP-NO@CM + L group, while the green fluo-

rescence of live cells was relatively weakened. It illustrated the

excellent adjuvant effect of NO on mild PTT. Furthermore, bright-

field images were taken before and after administration to monitor

the tumor spheroids’ morphology and quantify the volume change.

As shown in Fig. 3K and Supporting Information Fig. S12, the

volume of tumor spheroids decreased to 29.1 ± 6.2% on Day 7

after the treatment of mP@CM + L. In comparison, with the

auxiliary effect of NO in the mP-NO@CM + L group, the

collapse of spheroids was further aggravated, and the final volume

was reduced to 12.1 ± 3.4%. It confirmed that the deep penetra-

tion of NO contributed to the augmented antitumor effect and

ameliorated the poor efficacy resulting from the persistence of

deep-seated tumor cells.

3.4. Inhibition of autophagy by NO in vitro

According to the results of MTT and apoptosis assays, NO

contributed enormously to enhancing the antitumor efficacy of

mild PTT. The mechanism behind it deserved further investiga-

tion. According to previous studies11, the obstacle limiting the

efficacy of mild PTT lay in that tumor cells tended to initiate

autophagy to avoid apoptosis (Fig. 4A). Therefore, inhibiting

autophagy was promising for photothermal sensitization. Herein,

we investigated the inhibitory effect of NO on autophagy. Mon-

odansylcadaverine (MDC) staining (green fluorescent spots) and

relative semi-quantitative counting both clarified that autophagy

was significantly inhibited in the mP-NO@CM + L group

Figure 5 Antitumor effect in the 4T1 early-stage breast tumor model. (A) Schematic of the dosing schedule in the 4T1-luc breast tumor model.

(B) Body weight monitoring, n � 8. (C) Relative tumor volume monitoring, n � 8. (D) Tumor growth trend monitored by bioluminescence

imaging system, n � 3. (E) Survival curve to 100 days, n � 8. (F) Representative H&E staining and CD31 immunofluorescence staining of

tumors, D means deep area, and S means superficial area. Data are presented as mean ± SD, *P < 0.05.
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compared with that in the mP@CM + L group (Fig. 4B and C).

Besides, the results of Western blot showed that tumor cells

treated with mP@CM + L exhibited the most accumulation of

LC3-II, whereas there was a little LC3-II formed in mP-

NO@CM ± L groups (Fig. 4D and E). The transition from LC3-I

to LC3-II is generally considered a marker of autophagic activa-

tion. Taken together, NO effectively down-regulated the level of

autophagy and was expected to sensitize mild PTT. The classical

autophagy inhibitor chloroquine (CQ) was used as a positive

control to further explore the effectiveness of combining auto-

phagy inhibition with mild PTT. The results of the MTT assay

showed that the viability of 4T1 cells was about 50% in the

mP@CM + L group, which further reduced to about 35% after

being treated with mP@CM + CQ + L and sharply decreased to

about 15% after treatment with mP-NO@CM + L (Fig. 4F). It

demonstrated that the inhibition of autophagy indeed enhanced the

antitumor efficacy of mild PTT. NO showed a better adjuvant

effect than CQ. Similarly, the live/dead staining results proved the

conclusion again (Fig. 4G).

3.5. Antitumor effect in the 4T1 early-stage breast tumor model

The luciferase-expressing 4T1 (4T1-luc) tumor model was con-

structed, and the in vivo distribution of the nanoparticles was

visualized by in vivo imaging. Compared with mP-Cy5.5, mP-

Cy5.5@CM exhibited higher tumor targeting ability, attributed to

the homologous targeting effect of the tumor cell membrane

(Supporting Information Fig. S13).

The in vivo antitumor effect was first investigated in the 4T1

early-stage breast tumor model. When tumors grew to 100 mm3,

mice were randomly divided into five groups and given different

treatments: saline, saline + L, mP@CM + L, mP-NO@CM, and

mP-NO@CM + L. The 808 nm laser with 2 W/cm2 power was

used for 5 min per mouse. Specific schedules of drug adminis-

tration and laser irradiation were shown in Fig. 5A. According to

the results of weight monitoring, mP-NO@CM had no significant

side effects on the mice, indicating its good biocompatibility

(Fig. 5B). Tumor progression was monitored by measuring tumor

volume and in vivo imaging (Fig. 5C and D). The above results

revealed that the photothermal group (mP@CM + L) had a certain

tumor-suppressing effect, but the mP-NO@CM + L group

exhibited an even better antitumor efficacy. And the tumors dis-

appeared gradually after three treatments. Furthermore, the me-

dian survival was prolonged to more than 100 days, much longer

than that of the saline group (34 days) and mP@CM + L group

(52 days) (Fig. 5E). These results indicated that the antitumor

effect of mild PTT was limited, whereas the introduction of NO

significantly enhanced it, confirming the good adjuvant role of

NO. The hematoxylin-eosin (H&E) staining results also illustrated

that mP-NO@CM + L could induce more tumor cell necrosis.

Notably, there seemed to be more micro-vessels (Fig. 5F). For

further verification, immunofluorescence staining of CD31 was

Figure 6 Inhibition of autophagy by NO in vivo. (A) Intratumoral NO content detected by Griess method, n � 3. (B) Western blot analysis of

autophagy-related proteins p62 and LC3-I/II in tumors after different treatments. (C) Semi-quantitative analysis of p62, n � 3. (D) Semi-

quantitative analysis of LC3-II, n � 3. (E) Representative images of immunofluorescence staining of LC3 and p62. Scale bars, 100 μm. (F)

Semi-quantitative analysis of fluorescence of LC3 and p62, n � 3. (G) TUNEL staining. Scale bars, 100 μm. (H) Semi-quantitative analysis of

TUNEL staining, n � 4. Data are presented as mean ± SD, ***P < 0.001. ns, not significant.
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performed. Blood vessels were visible both superficially and

deeply in the mP-NO@CM ± L group and were absent in the deep

areas of the remaining three groups. It was thus inferred that NO

can penetrate deep into the tumor and play a physiological role in

promoting angiogenesis, which facilitates the intratumoral trans-

port of nanomedicines.

3.6. Inhibition of autophagy by NO in vivo

To further explore the mechanism in vivo, we investigated the

role of NO in regulating autophagy. The NO content in tumor

lysates was first quantitatively detected using the Griess method.

The NO content in mP-NO@CM + L groups was as high as

35 μmol/L, which was much higher than that in the other groups

(Fig. 6A). It suggested that NO may contribute considerably to

the strengthened antitumor effect. The results of the Western blot

assay showed a marked elevation in LC3-II and a notable

reduction in p62 after photothermal treatment (mP@CM + L),

indicating the activation of autophagy. In sharp contrast, there

was no obvious transition from LC3-I to LC3-II in the mP-

NO@CM + L groups, and the level of p62 was slightly up-

regulated (Fig. 6B‒D). p62 is another autophagy-related pro-

tein whose expression is generally negatively correlated with the

level of autophagy. Evidently, NO strongly inhibited autophagy

in vivo, which helped to reduce the thermo-resistance of tumor

cells. The results from immunofluorescence staining of LC3 and

p62 further supported this conclusion (Fig. 6E and F). Addi-

tionally, TUNEL staining revealed significant apoptosis in the

Figure 7 Antitumor effect in the 4T1 late-stage breast tumor model. (A) Schematic of the administration schedule in the late-stage tumor

model. (B) Body weight monitoring, n � 6. (C) Tumor volume monitoring, n � 6. (D) Distribution of NO in frozen sections of tumors stained by

DAF-FM DA (green), nanoparticles labeled by Cy3.5-NHS (red), and nuclei stained by DAPI (blue). Scale bars, 2000 μm. (E) Representative flow

cytometry of apoptosis in the superficial and deep tumor areas, n � 3. (F) NO content in tumor tissues, n � 3. (G) Quantitative analysis of

apoptosis of Fig. 7E, n � 3. Data are presented as mean ± SD, **P < 0.01, ****P < 0.0001. ns, not significant.
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mP-NO@CM + L group (Fig. 6G and H). Taken together, the

released NO effectively inhibited photothermal-induced auto-

phagy, thereby promoting tumor cell apoptosis and exerting

excellent adjuvant efficacy.

3.7. Antitumor effect in the 4T1 late-stage breast tumor model

When the tumor volume reached 450‒500 mm3, the same treat-

ments as the early-stage tumor model were performed. The

schedule of administration and laser irradiation was depicted in

Fig. 7A. The body weight fluctuated slightly during treatments,

indicating the biocompatibility of the preparation (Fig. 7B).

Through long-term monitoring of the tumor size, we found that

the average tumor volume in the saline group exceeded 1300 mm3

(Fig. 7C). Following photothermal treatment (mP@CM + L),

tumor growth slowed down, but the tumor resumed rapid growth

immediately after completion of treatments, with a final volume of

more than 1100 mm3. In sharp contrast, in the mP-NO@CM + L

group, the tumor volume kept decreasing and ultimately remained

below 130 mm3. The above results fully demonstrated that NO

could remarkably enhance the antitumor effect of mild PTT.

In order to investigate the penetration of NO, tumors were

collected 12 h after intravenous administration and made into

frozen sections. The intratumor NO was tracked by DAF-FM DA. It

was evident that the red fluorescence of nanoparticles only partially

penetrated the tumor and stayed localized, while the green fluo-

rescence of NO was distributed deeply and even throughout the

tumor (Fig. 7D). Notably, the mP-NO@CM + L group showed

superior drug accumulation. We then performed CD31 staining and

demonstrated that NO could promote the deep penetration of

nanoparticles by promoting angiogenesis (Supporting Information

Fig. S14). Subsequently, we analyzed cell apoptosis in the super-

ficial and deep regions of tumors to assess the impact brought by

the penetration of NO. Based on the sum of data in the Q2 quadrant

(late apoptosis) and Q3 quadrant (early apoptosis), we found that

the apoptosis rate was only induced by approximately 11% in both

the superficial and deep regions after being treated with

mP@CM + L, which was similar to that of the saline group

(Fig. 7E‒G). In comparison, the apoptosis rate was evidently

elevated in the mP-NO@CM + L group (about 42% in the deep

region and 38% in the superficial region). These findings strongly

substantiated that the penetrated NO could kill deep-seated tumor

cells directly, thus compensating for the insufficient photothermal

effect inside the tumor. Besides, as presented in Fig. S14, the tissue

structure of the tumor in the mP-NO@CM + L group was loose,

with multiple regions of fragmented nuclei and apparent apoptosis.

Additionally, the spleens in the mP-NO@CM + L group were

similar in size to those of healthy mice. However, there was evident

splenomegaly in the other groups, a typical indicator accompanying

the progression of malignant tumors (Supporting Information

Fig. S15A). By H&E staining, the splenic corpuscles disappeared

in the first four groups but remained normal in the mP-

NO@CM + L group (Fig. S15B). Meanwhile, heavy lung metas-

tasis was observed in the first four groups. In contrast, the mP-

NO@CM + L group showed few lung metastases, indicating NO-

assisted therapy not only inhibited the progression of in situ tumors

but also had the potential for anti-tumor metastasis.

3.8. Biocompatibility evaluation in vivo

The biological safety of drugs is an essential prerequisite for

in vivo efficacy testing. Healthy mice were injected with saline

and the same dose of mP-NO@CM as previously administered.

Blood samples were collected for routine blood tests and blood

biochemical tests. As shown in Supporting Information Fig. S16A,

similar to the saline group, the numbers of red blood cells (RBC),

white blood cells (WBC), the percentage of monocytes (Mon), and

hemoglobin (HGB) in the mP-NO@CM group were within the

normal range. Some representative indexes of liver and kidney

function, such as alanine aminotransferase (ALT), aspartate

aminotransferase (AST), blood urine nitrogen (BUN), and creat-

inine (CR), were also normal. Additionally, the two groups had no

significant difference in H&E staining of the heart, liver, spleen,

lung, and kidney (Fig. S16B). Taken together, mP-NO@CM

showed no obvious toxicity and had good biocompatibility.

4. Conclusions

In summary, we designed a membrane-biomimetic NO nano-

generator that was efficiently loaded with NO donors and

possessed good photothermal conversion performance. The mes-

oporous structure of mPDA created conditions for high drug

loading, which was a prerequisite for adequate NO enrichment.

We leveraged the unique property of NO as a highly reactive gas

molecule. After targeted delivery to the tumor site, NO was

released in an acid-responsive manner, penetrated into solid tu-

mors, and induced deep tumor cell apoptosis, thereby compen-

sating for the insufficient intratumor thermal effect. Moreover, NO

potently inhibited the thermal-induced autophagy, which was pro-

survival, and drove more tumor cells to apoptosis, thus sensitizing

mild PTT. Consequently, this study expanded the application of

NO-assisted gas therapy in treating solid tumors. As it has shown

excellent antitumor effect in the late-stage breast tumor model, it

is expected to be applied to other solid tumor models. Meanwhile,

other potential mechanisms are also worthy of in-depth investi-

gation except for inhibiting autophagy.
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