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Abstract
Introduction  Effective immunotherapeutic treatment of solid tumors has been greatly challenged by the 
complex hostile tumor immunosuppressive microenvironment (TIME), which typically involves hypoxia and 
immunosuppression.

Methods  Herein, a multifunctional biomimetic gold nano-modulator (denoted as GNR-SNO@MMT) was developed 
to realize the efficient second near-infrared (NIR-II) photothermal immunotherapy via tumor targeting and deep 
penetration, vascular normalization and immune reprogramming. NIR-II photothermal agent gold nanorods (GNR) 
were grafted with thermosensitive S-nitrosothiol (SNO) donors and camouflaged with the tumor-penetrating peptide 
tLyp-1-modified macrophage membrane (MM) to yield GNR-SNO@MMT.

Results  The engineered membrane coating increased the capacity for tumor inflammatory tropism and deep 
penetration, which aided GNR-SNO@MMT in ablating tumors together with NIR-II laser irradiation. Moreover, 
hyperthermia-stimulated nitric oxide (NO) release in situ acted as a gas immunomodulator to effectively enhance 
blood perfusion and reprogram the TIME via multiple functions (e.g., decreasing PD-L1, repolarizing tumor-associated 
macrophages, and revitalizing cytotoxic T cells). Ultimately, the inhibition rate against 4T1 mouse mammary tumor 
model mediated by GNR-SNO@MMT plus NIR-II laser was 94.7% together with 2.4-fold CD8+ T cells infiltrated into 
tumors than that of the untreated counterpart.

Conclusions  The engineered biomimetic nano-modulator of GNR-SNO@MMT provides an effective and novel 
photoimmunotherapy candidate against deep-sited solid tumors through immune reconfiguration via NO-involved 
nanomedicine and external NIR-II laser assistance.

Biomimetic gold nano-modulator for deep-
tumor NIR-II photothermal immunotherapy 
via gaseous microenvironment remodeling 
strategy
Honglin Huang1†, Zhengxin Xie1†, Ningxi Li1, Li Zeng1, Qianyi Zeng1, Ziman Yang1, Jinyang Shen1, Hong Yang1, 
Yiyao Liu1,2,3* and Chunhui Wu1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03304-2&domain=pdf&date_stamp=2025-3-17


Page 2 of 20Huang et al. Journal of Nanobiotechnology          (2025) 23:220 

Introduction
Immunotherapy, as the “third revolution” in cancer treat-
ment, activates the patient’s own immune system to kill 
the primary, metastasized tumors, and reoccurred tumor 
cells due to its effectiveness, durability, and memory 
ability [1, 2]. Typically, photothermal immunotherapy 
stands out for the effective and precise treatment of 
solid tumors on the basis of the spatiotemporal control 
of immunogenic cell death (ICD) occurrence by an exog-
enous laser stimulus [3]. Multiple photothermal agents 
(PTAs), including organic [4–6]) and inorganic agents 
[7, 8] have been reported to elicit effective photothermal 
immunotherapy against various malignant tumor modes. 
Compared with conventional PTAs with absorption in 
the first near-infrared (NIR-I, 700–900 nm) window, the 
NIR-II (900–1700 nm) PTAs are more preferable due to 
the deeper tissue penetration, less light scattering, and 
minimal background signals of NIR-II laser [9]. Gold 
nanorods (GNR) have been found to be biocompatible 

and effective NIR-II PTAs because of the tuned aspect 
ratio with optimized NIR-II localized surface plasmon 
resonance (LSPR) and sufficient photothermal conver-
sion efficiency [10–12]. Additionally, GNR can load dif-
ferent immune adjuvants to further amplify anticancer 
immunity. However, the complex environment in solid 
tumors greatly limits the effectiveness of nanoparticle 
(such as GNR)-based immunotherapy. The condensed 
matrix environment with broken blood vessels and inter-
stitial fluid pressure inside solid tumors greatly prevents 
the access of PTAs and even the infiltration of immune 
cells. Moreover, the tumor immunosuppressive micro-
environment (TIME) consist of tumor-associated mac-
rophages (TAMs), myeloid-derived suppressor cells and 
other immunosuppressive cells, severely impairing the 
therapeutic efficacy of immunotherapy via the secre-
tion of anti-inflammatory cytokines, the expression of 
immune checkpoint molecules, and the direct or indirect 
inhibition of T lymphocytes (T cells) or natural killer cell 
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activity [13]. Therefore, developing effective nano-stim-
ulators with the capacity to promote ICD and modulate 
TIME for NIR-II photoimmunotherapy against solid 
tumors is still highly desirable.

 The oncology study revealed that TIME is related to 
the dynamic heterogeneous structures and pathological 
microenvironment of solid tumors [14, 15]. Typically, the 
rapid proliferation of tumor cells accompanied by poor 
vascularization creates hypoxic and necrotic areas more 
than 100  μm from blood vessels [16]. In this hypoxic 
environment, hypoxia-inducible factor-1α (HIF-1α) 
can promote programmed cell death ligand-1 (PD-L1) 
expression in cancer cells and facilitate the recruit-
ment of protumor M2 type TAMs to TIME [17]. This is 
because macrophages are very sensitive to oxygen fluctu-
ations and preferentially develop to be the M1 type under 
normoxia vs. M2 type under hypoxia [18]. Moreover, 
hypoxia inhibits the recruitment of T cells to the tumor 
area and regulates various aspects of T-cell function, 
such as metabolism [19], which exacerbates the forma-
tion of TIME. For example, the hypoxic region of pros-
tate cancer lacks substantial infiltration of any type of T 
cells. Thus, vascular normalization and hypoxia allevia-
tion in solid tumors represent promising alternative ways 
to comprehensively reverse TIME. Nitric oxide (NO), an 
important signaling molecule in cardiovascular systems, 
has a wide range of biological activities, including blood 
vessel growth, smooth muscle relaxation, ECM loosening 
[20], wound healing, DNA damage, and platelet blocking 
[21]. High concentrations of NO (up to micromolar) can 
directly kill cancer cells and arouse ICD, which stimulates 
the infiltration of T cells [22]. As a gas immuno-regulator, 
NO can indirectly reprogram TIME by normalizing the 
tumor vascular system, enhancing pericyte coverage of 
tumor vessels and relieving hypoxia in the deep layers of 
solid tumors [23]. NO can also ameliorate TIME by acti-
vating M1 type macrophages [24]. Recently, it has even 
been reported that the immune regulatory network of 
NO could synergize with CTLA-4 to improve the immu-
notherapy outcomes of patients with melanoma [25]. NO 
shows good diffusive ability and cell membrane perme-
ability, but its instability, short half-life and vulnerabil-
ity to various biological substances make it difficult to 
accurately deliver sufficient amount of NO to reach deep 
tumor sites. Among various NO donors, the S-nitroso-
thiols (SNO)-responsive [21, 26] release of NO provides 
an effective pathway for renovation of the deleterious 
TIME.

Moreover, cell membrane-based biomimetic nano-
technology represents a fascinating avenue to aid syn-
thesized nanomedicine in bypassing various biological 
barriers, such as the bloodstream, epithelial cell barriers, 
and immune system [27, 28]. In particular, natural mac-
rophage membrane (MM)-camouflaged nanoparticles 

could not only escape macrophage clearance but also be 
guided to tumor tissue through the interaction of C-C 
chemokine ligand 2 (CCL2)/CCR2 [29] and α4/VCAM-1 
interactions [30]. Furthermore, the specific targeting 
ligands anchored into cell membranes confer tumor cell-
targeting capacity and improve unsatisfactory uptake 
efficiency [31]. As an excellent tumor-homing penetrat-
ing peptide, CGNKRTR (tLyP-1) contains the C-terminal 
rule (CendR) motif (R/K)XX (R/K) (X represents any 
amino acid) and specifically recognizes its receptor neu-
ropilin-1, which is overexpressed on the surface of sev-
eral tumors (e.g. breast) [32, 33]. Several reports have 
shown that tLyp-1-functionalized nanocarriers can over-
come the tumor stroma and penetrate into the deep cen-
ter of tumors via transcellular action, resulting in highly 
efficient targeted phototherapy [33]. In this context, 
integration with tLyp-1 and MM might be a cooperative 
way to facilitate the permeabilization of SNO-containing 
gold nanoplatforms into solid tumors to achieve efficient 
immuno-stimulation.

In this study, a type of biomimetic immuno-modulator 
was developed to achieve efficient NIR-II photothermal 
and gaseous immunotherapy against solid tumors. The 
biocompatible GNR with strong absorption in the NIR-
II window was grafted with SNO and then coated with 
tLyp-1-anchored MM to yield GNR-SNO@MMT. GNR-
SNO@MMT targeted and accumulated deep into tumor 
center and effectively induced ICD to stimulate antican-
cer immunity under NIR-II laser irradiation. Moreover, 
the generated photothermal effect as well as endog-
enous glutathione (GSH) triggers NO release in situ, 
which significantly increases tumor blood perfusion and 
revascularization to ameliorate the hypoxia and TIME 
comprehensively, as demonstrated by a decrease in HIF-
α, TAMs type conversion, PD-L1 reduction and cytotoxic 
T lymphocytes (CTLs) infiltration. Synergistically, the 
remarkable therapeutic outcome was achieved in 4T1 
mouse mammary tumors and deep-sited models. In sum-
mary, our study provides a facile and feasible PTAs-based 
nanoplatform supplemented with gas immuno-adjuvants 
for the optimal treatment of intractable solid tumors.

Experimental section
Materials
Chloroauric acid and tetraethyl orthosilicate were pur-
chased from Shanghai Maclean Biochemical Technology 
Co. Silver nitrate, hexadecyltrimethylammonium bro-
mide (CTAB), 3-mercaptopropyltrimethoxysilane and 
tert-butyl nitrite were purchased from Shanghai Aladdin 
Biochemical Technology Co. DSPE-PEG2000-MAL was 
purchased from Xi’an Ruixi Biotechnology Co. Tumor-
homing penetrating peptide (tLyp-1) was purchased from 
Shanghai Gill Biochemistry Co.
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The mouse leukemic monocyte macrophage cell line 
RAW264.7 was purchased from Cell Bank of Chinese 
Academy of Sciences (Shanghai), and other cell lines 
were obtained from the American Type Culture Col-
lection. Mouse mammary carcinoma cells 4T1 were 
cultured with 1% penicillin-streptomycin and 10% calf 
serum in Roswell Park Memorial Institute (RPMI)-1640 
medium at 37  °C and 0.5% CO2. RAW 264.7 cells were 
cultured in dulbecco's modified eagle medium under the 
same conditions as 4T1 cells. Cell culture reagents were 
purchased from Gibco, USA. Cell Counting Kit-8 (CCK-
8), Diaminofluorescein-FM diacetate (DAF-FM DA), 
membrane dyes 3,3´-dioctadecyloxacarbocyanine per-
chlorate (DiO) and NO Assay Kit were purchased from 
Shanghai Beyotime Biotechnology Co. Enzyme-linked 
immunosorbent assay (ELISA) assay kits were purchased 
from Neobioscience Biotechnology Co. Antibodies (CD4, 
PD-L1, HIF-1α, ND2, CD86, and CD31) were purchased 
from Wuhan Abclone Biotechnology Co. The CD206 
antibody was purchased from Proteintech Group, Inc.

Preparation and characterization of GNR-SNO@MMT
Synthesis of GNR
CTAB (7.29 g) was added to 100 mL of deionized water 
and stirred at 30 °C until the solution became clear. 100 
mL of chloroauric acid solution (0.86 mM) was added to 
the CTAB solution, and the solution turned golden yel-
low. After that, 6 mL of silver nitrate solution (4 mM), 
0.24 mL of 37% hydrochloric acid solution, and 1.5 mL 
of ascorbic acid solution were added. After the solution 
became clear, 0.15 mL of freshly prepared NaBH4 solu-
tion (10 mM) was quickly added. The mixture was left to 
stand for 5  h at room temperature. The obtained GNR 
solution was washed three times by centrifugation at 
10,000 rpm for 15 min to remove the residual CTAB, and 
20 mL of deionized water was added to obtain the GNR 
solution, which was stored at 4 °C with concentration of 
1.0 mg/mL.

Synthesis of GNR@SiO2
Firstly, CTAB (0.2 g) was dissolved in 15 mL of deionized 
water and stirred at 30 °C until the solution became clear. 
5 mL GNR solution (1.0 mg/mL) was added, and the mix-
ture was stirred for 30  min at 30  °C. Sodium hydroxide 
(0.2 mL, 0.1 M) solution was added, and the mixture was 
stirred well. 60 µL of ethyl orthosilicate (20%) was added 
three times at 30  min intervals and stirred overnight at 
27  °C. The resulting solution was washed with water by 
centrifugation (10,000  rpm, 10  min, 3 times) to obtain 
GNR@SiO2.

Synthesis of GNR@SiO2-SH
The obtained GNR@SiO2 solution (dissolved in 5 mL 
of methanol) was placed in a sealed reaction flask and 

sonicated for 10 min to remove dissolved oxygen. Then, 
250 µL of 3-mercaptopropyltrimethoxysilane was added, 
and the mixture was stirred for 24 h at room temperature. 
Afterwards, the mixture was centrifuged (10,000  rpm, 
10  min), washed with methanol three times and finally 
dissolved in 5 mL of methanol.

Synthesis of GNR@SiO2-SNO
The obtained GNR@SiO2-SH solution was placed in a 
brown reaction flask, and 500 µL of tert-butyl nitrite was 
added quickly. The mixture was stirred at room tem-
perature for 24 h. Then, it was centrifuged (10,000 rpm, 
10  min), washed three times with methanol and deion-
ized water, and finally dissolved in 5.0 mL of deionized 
water to obtain a GNR@SiO2-SNO solution.

Extraction of macrophage membranes
The RAW264.7 cells (approximately 2 × 107 cells) were 
washed with phosphate buffered solution (PBS) and col-
lected in a 15 mL centrifuge tube by centrifugation at 
1,500×g for 3  min. The cells were subsequently resus-
pended in 1.0 mL of ice-cold PBS and centrifuged at 600 
× g for 5 min at 4 °C, and this process was repeated once 
to obtain the desired macrophages. A total of 1.0 mL of 
Membrane Protein Extraction Reagent A containing the 
protease inhibitor phenylmethylsulfonyl fluoride was 
added to the centrifuge tube, which was left to stand on 
ice for 30 min. The suspension was transferred to a glass 
homogenizer and pound 60 times on ice to break the 
cells. The suspension was collected and centrifuged at 
4 °C (700×g, 10 min) to remove the nucleus and unbroken 
cells. After further centrifugation at 4 °C (14,000 × g for 
30 min), the precipitate was collected to obtain MM frag-
ments. The concentration was detected via the bicincho-
ninic acid (BCA) assay.

Synthesis of GNR-SNO@MMT
DSPE-PEG2000-MAL (5 µmol) was reacted with tLyp-1 (6 
µmol) in 5 mL of PBS under stirring overnight at 25 °C to 
obtain DSPE-PEG-tLyp-1. Then, DSPE-PEG-tLyp-1 was 
mixed with MM fragments (200 µg/mL) at a weight ratio 
of 1:5 (W:W) and sonicated in a water bath for 10 min. 
GNR@SiO2-SNO solution (200 µg/mL, 1 mL) was added, 
and the mixture was sonicated in an ice bath for another 
10  min. The solutions were extruded 11 times through 
a 400  nm membrane extruder, then centrifuged at 
8000 rpm for 10 min and washed three times with deion-
ized water to remove the uncoated membrane debris. 
GNR-SNO@MMT was collected, dissolved in deionized 
water, and quantified via inductively coupled plasma‒
mass spectrometry (ICP-MS).
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Characterization of GNR-SNO@MMT
The morphology and particle size of GNR-SNO@
MMT were observed via transmission electron micros-
copy (TEM) images acquired on a JEOL JEM 2100  F 
(JEOL, Japan). Zeta potential and dynamic light scat-
tering analyses were performed via Zetasizer Nanoser-
ies (Malvern Instruments, Malvern, UK). The changes 
in particle size and polydispersity index were measured 
at 0, 6, 12, 24, 48 and 72  h by dispersing GNR-SNO@
MMT in PBS and RPMI-1640 medium containing 10% 
calf serum. The ultraviolet-visible-near-infrared (UV-Vis-
NIR) absorption spectra were obtained with a full-wave-
length microplate reader (Thermo, USA). To determine 
whether tLyp-1 and MM are present on the GNR-SNO@
MMT surface simultaneously, tLyp-1 was conjugated 
with rhodamine B (RB), and MM was labeled with DiO. 
Fluorescence microscopy was employed to observe the 
colocalization of MM and tLyp-1. Additionally, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis was utilized to character the membrane 
proteins of GNR-SNO@MMT.

NIR-II photothermal performance of GNR-SNO@MMT
Firstly, the heating profile of GNR-SNO@MMT (25, 
50, and 100  µg/mL) was detected during irradiation for 
10 min at laser power densities of 0.5, 0.75, and 1.0 W/
cm2, respectively. Then, GNR-SNO@MMT (100  µg/
mL) was subjected to five cycles of laser on/off (1064 nm, 
1.0 W/cm2, 10 min) to evaluate the stability of photother-
mal conversion. The temperature rise of GNR-SNO@
MMT was also detected via an infrared thermal imaging 
camera (FLIR Corporation, USA).

To further detect the influences of tissue on NIR-
II photothermal effect, 500 µL of GNR-SNO@MMT 
(100 µg/mL) was covered with different thickness (0, 2, 5, 
and 10 mm) of chicken on the surface of each tube. Then, 
they were respectively irradiated by 808 nm and 1064 nm 
lasers at the power density of 1.0 W/cm2, and the solu-
tion temperature was recorded within 10 min.

NO release investigation
To detect the photothermally controlled release of 
NO, GNR-SNO, and GNR-SNO@MMT (100  µg/mL) 
were placed in a 37  °C water bath at two-hour inter-
vals (1064  nm, 1.0  W/cm2, 10  min), and 50 µL samples 
were taken every 0.5 h to determine the NO concentra-
tion via the Griess method. To probe the release of NO 
in response to GSH, GNR-SNO@MMT (1 mg/mL) was 
added to different concentrations of GSH (0, 5, and 10 
mM) at 37 °C and measured at different time points (0, 2, 
4, 6, 8, and 12 h) via the same method as above.

Targeted tumor cell internalization and immune escape 
ability
4T1 cells or RAW 264.7 cells (4 × 104 per dish) were 
seeded into the confocal dish and incubated for one 
day until the cells were attached to the dish. The cells 
were then treated with GNR-fluorescein isothiocyanate 
(FITC), GNR-FITC@MM, or GNR-FITC@MMT (equiv. 
[Au] = 50  µg/mL). After 6  h incubation, the cells were 
fixed with 4% paraformaldehyde for 15  min. Then, they 
were rinsed three times with PBS and incubated with 500 
µL of 4',6-diamidino-2-phenylindole (DAPI) for 10  min. 
After being rinsed three times with PBS, the cells were 
imaged under a confocal laser scanning microscopy 
(CLSM).

In vitro NIR-II photothermal anticancer activity assay
4T1 cells (1 × 104 per well) were seeded in a 96-well plate 
and treated with GNR@MM, GNR@MMT, GNR-SNO@
MM, or GNR-SNO@MMT (equiv. [Au] = 50 µg/mL) for 
6  h. After the medium was removed and the cells were 
washed with PBS, the cells were irradiated (1064  nm, 
1.0 W/cm2, 5 min) and then incubated for 24 h. Then, the 
relative cell viability was determined with the CCK-8 kit.

4T1 cells (1 × 105 per well) were seeded into 6-well 
plates and treated as described above. Then, the cells of 
each group were collected in centrifuge tubes, centri-
fuged and stained with calcein-AM/propidium iodide 
(PI) solution for 30  min. Finally, the sections were 
observed under a fluorescence inverted microscope.

Immunogenic cell death assay
4T1 cells (4 × 104 per well) were seeded in confocal cul-
ture dishes and incubated for 24  h. Then, they were 
treated with cell culture medium containing GNR@MM, 
GNR@MMT, GNR-SNO@MM, or GNR-SNO@MMT 
(equiv. [Au] = 50  µg/mL). After incubation for 12  h, the 
irradiation groups were treated with a laser (1064  nm, 
1.0 W/cm2, 5 min). After another incubation for 4 h, the 
culture medium was aspirated, and the cells were fixed 
with paraformaldehyde for 30 min. After removing para-
formaldehyde, the cells were blocked with 1% BSA at 
37  °C for 30 min. Following washing with PBS, the cells 
were further incubated overnight at 4°C with a calreticu-
lin (CRT) antibody. Then, the cells were washed with PBS 
before being incubated with an Alexa 488-conjugated 
secondary antibody for 2  h in the dark. The secondary 
antibody was then aspirated, and the cells were washed 
with PBS, followed by incubation with DAPI staining 
solution for 20 min in the dark. Then the DAPI solution 
was aspirated. Finally, the cells were washed with PBS 
and observed via CLSM.

To detect high-mobility group box 1 (HMGB-1) release, 
4T1 cells were treated as described above and incu-
bated for 24  h, and afterwards the culture medium was 
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collected. The HMGB-1 content in the culture medium 
was measured according to the instructions of ELISA kit.

Intracellular NO measurement
4T1 cells (1 × 105 per well) seeded in a 6-well plate were 
treated with GNR@MM, GNR@MMT, GNR-SNO@
MM, or GNR-SNO@MMT (equiv. [Au] = 50 µg/mL) for 
6 h. After discarding cell culture medium, the cells were 
washed with PBS three times and then incubated with 
the DAF-FM DA probe for 20 min. The irradiated groups 
were exposured to laser irradiation (1064 nm, 1.0 W/cm2, 
5 min). Afterwards, the cells were fixed with paraformal-
dehyde for 30  min and then observed under a fluores-
cence microscope.

WB assay of PD-L1 expression
4T1 cells (1 × 105 per well) seeded in a 6-well plate were 
incubated in a hypoxic incubator for 48 h, whereas those 
in the control group were incubated in a normoxic incu-
bator. The cells were subsequently treated with GNR@
MMT or GNR-SNO@MMT (equiv. [Au] = 50  µg/mL) 
for 6 h and then irradiated with a laser (1064 nm, 1.0 W/
cm2, 5 min). The control group was incubated with PBS 
for 6 h. After another incubation for 24 h, the cells were 
lysed with ice-cold lysis buffer and sonicated. The lysates 
were centrifuged, and the supernatant was collected as 
the total protein extract. The protein concentration was 
determined via the BCA method. Protein samples were 
mixed with 5× loading buffer at a 1:4 ratio and stored at 
-20 °C.

For SDS-PAGE, a 7.5% separating gel and a 5% stack-
ing gel were prepared. Protein samples (25  µg) and 
marker were loaded into the wells. Electrophoresis was 
performed at 80 V for the stacking gel and 120 V for the 
separating gel.

The proteins were subsequently transferred from the 
gel to a polyvinylidene fluoride (PVDF) membrane. The 
PVDF membrane was blocked with blocking solution, 
incubated with PD-L1 antibody overnight at 4  °C, and 
then incubated with secondary antibody for 2 h at room 
temperature. Detection was performed via the use of an 
enhanced chemiluminescence substrate, and the proteins 
were quantified via Image J.

In vivo fluorescence imaging and biodistribution studies
4T1 cells (1.0 × 106 per mouse) were injected subcuta-
neously into the right leg of BALB/c female mice, and 
when the tumor volume reached approximately 100 
mm3 (recorded as Day 0), 100 µL of free indocyanine 
green (ICG), GNR-ICG@MM or GNR-ICG@MMT (at 
the equiv. [ICG] = 20  µg/mouse) was injected via tail 
vein. The fluorescence was imaged in an in vivo small 
animal fluorescence imaging system (Lumina Series 
III imaging, USA) at 0  h, 2  h, 4  h, 8  h, 24  h, and 48  h 

post-administration. After 48 h, the mice were sacrificed, 
and the heart, liver, spleen, lungs, kidneys and tumors 
were isolated for imaging.

In vivo NIR-II photothermal-NO combination antitumor 
study
The 4T1 tumor mouse model was constructed and 
divided imnto seven groups: (G1) saline, (G2) saline + L, 
(G3) GNR-SNO@MMT, (G4) GNR@MMT + L, (G5) 
GNR-SNO@MM + L, (G6) GNR-SNO@MMT + L, and 
(G7) GNR-SNO@MMT + L + 5  mm chicken. Each for-
mulation (100 µL) was administered via tail vein (equiv. 
[Au] = 100  µg/each, [NO] = 23.6 nmol/each) on days 0, 
3, and 6. Laser irradiation (1064 nm, 1.0 W/cm2, 5 min) 
was performed on days 1, 4, and 7, respectively. The 
tumor volume (tumor volume = length × width2 × 0.5) and 
mouse body weight were recorded every 2 days during 
the treatment period. On day 10, the level of cytokines 
like interleukin-10 (IL-10), interleukin-6 (IL-6), inter-
feron gamma (IFN-γ) and tumor necrosis factor-α (TNF-
α) in serum were measured with an ELISA kit. On day 15, 
the mice were sacrificed, and the blood was analyzed for 
routine test, liver and kidney function. The heart, liver, 
spleen, lung, and kidney were dissected for Hematoxy-
lin and Eosin (H&E) staining to study the biosafety of the 
nanosystem. The isolated tumors were photographed and 
weighed, and the tumor sections were subjected to H&E, 
and terminal-deoxynucleotidyl transferase mediated nick 
end labeling (TUNEL) staining.

In vivo immune cascade and suppressive TIME detection
Dendritic cells (DCs) maturation assay  On day 10, the 
mice were sacrificed, and the drained lymph nodes were 
dissociated under aseptic conditions and placed in a ster-
ile dish containing culture medium. The lymph nodes 
were chopped with sterile surgical scissors and then 
ground with the inner core of a syringe until white floccu-
lent. The resulting mixture was filtered through a 74 μm 
sterile nylon mesh. The cell suspension was centrifuged 
at 4 °C, and the cell precipitate was collected and resus-
pended in prechilled PBS in an ice bath. Then, the samples 
were transferred to a 1.5 mL centrifuge tube, centrifuged, 
washed, and stained with anti-CD11C, anti-CD80, and 
anti-CD86 antibodies for flow cytometry analysis.

Spleen T-cell assay  On day 15, the mice were sacrificed, 
and the spleens were dissociated under aseptic condi-
tions and placed in sterile dishes with culture medium. 
The resulting mixture was filtered through a 74 μm sterile 
nylon mesh, and the red blood cells were broken up with 
erythrocyte lysis solution. After termination, the cell sus-
pension was centrifuged at 4  °C, and the cell precipitate 
was collected. After being resuspended in precooled PBS 
in an ice bath, the cells were transferred to a 1.5 mL cen-
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trifuge tube, centrifuged, washed and stained with CD3, 
CD4 and CD8 antibodies for flow cytometry analysis.

TIME analysis
On day 10, after the mice were sacrificed, the disso-

ciated tumors were kept in paraformaldehyde under 
aseptic conditions. Immunohistochemical analysis 
was performed on tumor sections to detect the expres-
sion of HIF-1α and PD-L1. Tumor-associated mac-
rophages (CD206:M2 type, CD86:M1 type), blood 
vesicles (CD31) and pericytes (NG2) were analyzed by 
immunofluorescence.

In vivo vascular permeability study
A 4T1 subcutaneous tumor model was established, and 
when the tumor volume reached 800–1000 mm3, the 
mice were injected with evans blue staining solution 
through the tail vein. After 2  h, the mice were divided 
into four groups: (G1) saline, (G2) GNR-SNO@MMT, 
(G3) GNR@MMT + L and (G4) GNR-SNO@MMT + L 
(equiv. [Au] = 100  µg/mouse, [NO] = 23.6 nmol/mouse). 
Laser irradiation (1064 nm, 1.0 W/cm2, 5 min) was per-
formed at 24 h post-administration. After another 10 h, 
the mice were dissected, and the tumor tissues were 
removed and immersed in N, N-dimethylformamide. The 
absorbance of evans blue at 620 nm was measured after 
24 h for quantitative analysis.

Statistical analysis
All the results are expressed as the means ± standard 
deviations (SDs). ANOVA was performed via GraphPad 
Prism software to statistically analyze the experimental 
data between different groups. Statistical significance is 
indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and 
**** (p < 0.0001).

Results and discussion
Construction and characterization of GNR-SNO@MMT
The procedures to prepare the biomimic nano-modula-
tor GNR-SNO@MMT are shown in graphical abstract. 
GNR with larger aspect ratios were synthesized via a 
one-pot method with some modification [34]. As shown 
in Fig.  1A, the TEM images showed that the synthe-
sized GNR were 54 ± 4  nm and 8 ± 3  nm in length and 
width respectively, with a high aspect ratio of 7:1. Sub-
sequently, a mesoporous silica layer (8 ± 1  nm thick) 
was grown on GNR. Then, they were modified with-SH 
and reacted with tert-butyl nitrite to attach -SNO side 
chains (Fig. 1B). High-angle annular dark field scanning 
transmission electron microscopy and energy dispersive 
spectrometry elemental analysis revealed that GNR-SiO2-
SNO (referred as GNR-SNO) contained Au, S, Si, O, and 
N (Fig. 1C and Figure S1A). And Au element was located 
in the inner part, while Si element was wrapped in the 
outer part. The specific N element representing the -SNO 

side chain appeared on the surface, which confirmed the 
successful synthesis of GNR-SNO. The UV-Vis-NIR spec-
tra revealed that both GNR and GNR-SNO with obvious 
NIR-II LSPR absorption peaks at approximately 930 nm 
(Fig.  1D). ICP-MS analysis revealed that the content 
of Au in GSN-SNO was 33.0%. To confer the stability, 
tumor-targeting ability and macrophage escape ability of 
GNR-SNO, MM was coated around GNR-SNO (at a mass 
ratio of GNR/MM = 1/1). The TEM images revealed a 
thin cell membrane visible on the surface of GNR-SNO@
MM (Fig. 1E). It featured protein bands similar to those of 
MM fragments as shown in SDS-PAGE (Fig. 1F), suggest-
ing that many membrane proteins are preserved in GNR-
SNO@MM. The redshift in the absorption spectrum of 
GNR-SNO@MM (980  nm) further demonstrated the 
success of membrane coating (Fig.  1D). In addition, the 
changes in the hydrodynamic diameter and zeta potential 
of GNR, GNR-SNO, and GNR-SNO@MM demonstrated 
the sequential modifications (Fig.  1G and Figure S1B). 
GNR-SNO@MM owned the negative charge (ca. -35.8 
mV) (Fig. S1B). Finally, the peptide tLyp-1 was mosaicked 
on GNR-SNO@MM to confer the tumor-targeting and 
deep penetration ability. The green fluorescence of DiO 
(labeling MM) and red fluorescence from tLyp-1-RB 
strongly overlapped, suggesting successful anchoring of 
tLyp-1 (c.a. 0.1  µg/µg) on GNR-SNO@MMT (Fig.  1H). 
In addition, the fluorescence spectrum at 605  nm of 
GNR-SNO@MMT further verified successful conjuga-
tion (Figure S1C). The modification did not affect the size 
or zeta potential of GNR-SNO@MMT (Fig. 1G and Fig-
ure S1B). GNR-SNO@MMT showed excellent stability 
in both PBS and cell culture medium containing 10% calf 
serum for 96 h (Figure S1D), which guaranteed its in vivo 
NIR-II photothermal therapy (PTT) application.

Next, we characterized the NIR-II photothermal con-
version performance of GNR-SNO@MMT, which was 
dose- and laser power density-dependent (Figure S1E-F). 
When the concentration reached 100 µg/mL, the solution 
temperature increased sharply to 35.7  °C within 5  min, 
and the maximum temperature reached 61.9  °C under 
irradiation (1064  nm, 1.0  W/cm2, 10  min) (Fig.  2A). 
Moreover, the temperature-time curve and peak shape 
of GNR-SNO@MMT (Fig. 2B) did not obviously change 
after five cycles of laser irradiation and cooling, suggest-
ing the extraordinary photothermal conversion stabil-
ity of GNR-SNO@MMT. Specifically, we compared 
the photothermal conversion performance of GNR-
SNO@MMT with that of irradiation by an NIR-II laser 
(1064 nm, 1.0 W/cm2, 10 min) and NIR-I (808 nm, 1.0 W/
cm2, 10  min) at the same concentration (100  µg/mL) 
under the shielding of different thicknesses of chicken, 
which were placed between the laser and GNR-SNO@
MMT solutions, to simulate the depth of tissue penetra-
tion. As shown in Fig.  2C, the NIR-II laser (1064  nm) 
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induced a much greater increase in temperature than did 
the NIR-I laser (808 nm) at each thickness of chicken. For 
example, the temperature was increased by 6.6 °C under 
the shielding of chicken (thickness of 10  mm), whereas 
the temperature was not substantially increased under 
irradiation by an 808 nm laser (1 W/cm2, 10 min) under 

the same conditions. Therefore, the results showed that 
GNR-SNO@MMT could be very beneficial for NIR-II 
PTT treatment of both superficial and deep tumors.

The hyperthermia effect promoted the homolytic cleav-
age of the S-N bond in SNO, accelerating NO release. 
Figure 2D showed that the NIR-II photothermal effect of 

Fig. 1  Construction and characterization of GNR-SNO@MMT. TEM images of (A) GNR and (B) GNR-SNO (scale bar: 50 nm). (C) Elemental mapping of 
GNR-SNO (scale bar: 100 nm). (D) UV-  vis-NIR absorption spectra and (E) TEM image of GNR-SNO@MM (scale bar: 50 nm). (F) SDS-PAGE analysis of GNR-
SNO, MM, and GNR-SNO@MM. (G) Hydrodynamic diameter and (H) fluorescence colocalization results of GNR-SNO@MMT (scale bar: 200 μm)
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GNR-SNO@MMT could accelerated NO release. And 
89% NO was finally released after three cycles of NIR-II 
laser irradiation (1064  nm, 1.0  W/cm², 10  min). It was 
calculated that 1 mg of GNR-SNO@MMT could release 
about 70.7 nmol of NO, similar to the unmodified GNR-
SNO. In addition, NO can be released in the presence 
of GSH [21] whose concentration in tumor cells (2 ~ 10 
mM) is approximately 1,000-fold greater than that of the 
extracellular environment (2 ~ 20 µM) [35]. As shown in 
Fig. 2E, there was hardly any NO release in the absence 
of GSH, whereas accelerated NO release with increasing 
GSH concentration was observed. GNR-SNO@MMT 
released approximately 9.2% of NO in the presence of 10 
mM GSH. These results suggested that the biomimetic 
membrane had no significant effect on the NO release 
capacity. Overall, the nanosystem GNR-SNO@MMT 
could be a controlled NO reservoir for the combination 
of NIR-II PTT and NO modulation.

In vitro-targeted NIR-II PTT efficiency of GNR-SNO@MMT
To verify the targeted endocytosis, we co-cultured 4T1 
tumor cells with FITC labelled formulation for 6  h and 
found that the intracellular green fluorescence in GNR-
FITC@MM treated group was much greater than that 
in GNR-FITC treated group (Fig.  3A-B). In particular, 
the intracellular fluorescence intensity for GNR-FITC@
MMT treated group was highest in the three groups, 
suggesting that tLyP-1 could further facilitate the cellu-
lar uptake. However, GNR-FITC@MM and GNR-FITC@
MMT could hardly be phagocytosed by macrophages 

since very dim intracellular fluorescence signals were 
observed for GNR-FITC@MM and GNR-FITC@MMT 
treated RAW 264.7 cells. However, GNR-FITC was obvi-
ously endocytosed by RAW264.7 cells. These observa-
tions verified the tumor targeting and immune escaping 
behavior of GNR-SNO@MMT camouflaged by MM. 
Moreover, the deep penetration effect of GNR-SNO@
MMT in a tumor sphere model was analyzed via CLSM 
in 2.5D layer scan mode. As shown in Fig.  3C, GNR-
FITC@MMT was able to penetrate into the deeper 
position of the tumor sphere at approximately 70  μm. 
GNR-FITC@MM and GNR-FITC were distributed only 
at the surface layer of the tumor spheroids since only a 
slight fluorescent signal was observed there. Therefore, 
the tumor-homing peptide tLyP-1 confers a pronounced 
tumor-targeting penetration ability to GNR-SNO@
MMT, which would favor the NIR-II PTT application.

Moreover, intracellular NO production was inves-
tigated with a DAF-FM DA probe (Fig.  3D). And no 
obvious green fluorescence was observed in the PBS 
or GNR@MMT treated groups in the absence of irra-
diation. In GNR-SNO@MM treated group, little green 
fluorescence was observed in the cytoplasm, suggesting 
that a limited amount of NO was released from SNO in 
response to intracellular GSH [21]. However, a significant 
increase of the green fluorescence signal was observed 
in GNR-SNO@MMT treated group, which may be 
related to enhanced endocytosis with aid of tLyP-1. Par-
ticularly, after irradiation, the GNR-SNO@MM treated 
group presented markedly increased intracellular green 

Fig. 2  (A) IR thermal images of GNR-SNO@MMT aqueous solutions with different concentrations under NIR-II irradiation (1064 nm, 1.0 W/cm2, 10 min). 
(B) Photothermal stability of GNR-SNO@MMT. (C) Photothermal effects of GNR-SNO@MMT (100 µg/mL) under different thickness of chicken and NIR-
I（808 nm) /NIR-II (1064 nm) irradiation (1.0 W/cm2, 10 min). (D) Cumulative release rates of NO from GNR-SNO and GNR-SNO@MMT after irradiation 
with an NIR-II laser (1064 nm, 1.0 W/cm2, 10 min). (E) Cumulative release rate of NO from GNR-SNO@MMT in the presence of GSH
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fluorescence. As expected, the highest level of intracel-
lular green fluorescence was observed in GNR-SNO@
MMT + L treated group, demonstrating that the PTT 
effect and tLyP-1 could indeed favor endocytosis and 
help release intracellular NO.

The anticancer activity of GNR-SNO@MMT at the 
cellular level was then investigated. Without irradiation, 
it induced negligible cytotoxicity to 4T1 cells (Fig.  3E) 
and other cell lines (i.e., MCF-10  A and RAW 264.7) 
(Figure S2A-B). Upon NIR-II laser irradiation, GNR-
SNO@MMT caused significant cell death (Fig.  3F) in 

Fig. 3  (A) Representative CLSM images of the cellular uptake of GNR-SNO@MMT by 4T1 tumor cells and RAW264.7 cells after 6 h of incubation (scale 
bar: 20 μm) and (B) further quantification via Image J. (C) CLSM images and 2.5D reconstructed images of GNR-FITC, GNR-FITC@MM, and GNR-FITC@MMT 
treated 4T1 tumor spheres after 6 h (scale bar: 50 μm). (D) Fluorescence microscopy observation of NO release in 4T1 tumor cells after different treatments 
(nucleus: blue fluorescence, DAF-FM DA: green fluorescence, scale bar: 100 μm). Relative cell viability of 4T1 cells treated with GNR-SNO@MMT and the 
relevant controls (E) in the dark and (F) under laser irradiation. (G) Relative cell viability of 4T1 cells after endocytosis of GNR-SNO@MMT under different 
thickness of chicken and laser irradiation (1064 nm, 1.0 W/cm2, 5 min)
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a dose-dependent manner. When the equivalent [Au] 
reached 50 µg/mL, the cell viability of the GNR-SNO@
MMT + L group decreased sharply to 14.5%, whereas the 
survival rates of the nontargeted groups (GNR-SNO@
MM + L) and the NO-free group (GNR@MMT + L) 
were 24.9% and 26.9% respectively. Also, we observed a 
similar photothermal antitumor capacity in the human 
breast cancer cell line MDA-MB-231 (Figure S2C-D). 
Additionally, typical calcein-AM/PI staining results 
confirmed that GNR-SNO@MMT + L induced tumor 
cell death (Figure S2E). Therefore, GNR-SNO@MMT 
exhibited targeted and combined tumoricidal effects via 
NIR-II PTT and NO gas therapy. Furthermore, to verify 
whether the NIR-II laser could penetrate deep into tis-
sues to achieve deep tumor killing effects, chicken of dif-
ferent thickness were used to simulate the tumor depth, 
and the cell viability was examined after laser irradiation 
(Fig. 3G). GNR-SNO@MMT still had an excellent killing 
effect on 4T1 cells under the shielding of chicken. There-
fore, GNR-SNO@MMT has excellent NIR-II-targeted 
photothermal antitumor effects.

Activated photo-immunity and NO-regulated 
immunosuppression by GNR-SNO@MMT
To further detect the immuno-stimulatory effect of GNR-
SNO@MMT, we measured ICD markers by immunoflu-
orescence and ELISA. CRT on the surface of dying tumor 
cells generate an “eat me” signal for antigen-presenting 
cells DCs to activate the immune system. HMGB-1 is 
released from dying tumor cells to stimulate DCs [36]. 
As shown in Fig. 4A-B, compared with the unirradiated 
groups, GNR@MM + L treated group presented obvious 
immunofluorescence of CRT resulting from the NIR-II 
PTT effect. NO release slightly affected the ICD effect 
since similar immunofluorescence of CRT was observed 
GNR-SNO@MM + L treated group. However, in GNR@
MMT + L treated group, stronger immunofluorescence 
intensity was observed, which was mostly attributed to 
the targeted NIR-II PTT aided by tLyP-1. Expectedly, 
GNR-SNO@MMT + L treatment induced the most CRT 
exposure. Moreover, the release of HMGB-1 from tumor 
cells upon different treatment showed a trend similar to 
that of CRT (Fig. 4C). Clearly, GNR-SNO@MMT effec-
tively evoked prominent anticancer immune activity.

Moreover, we detected the effects of GNR-SNO@
MMT on the expression of PD-L1 under hypoxia in 
the absence and presence of irradiation. A significant 
increase in PD-L1 expression was observed in tumor cells 
under hypoxia (Fig. 4D-E), which was in accordance with 
the previous report [14]. Additional photothermal stimu-
lation mediated by GNR@MMT + L treatment further led 
to an increase of PD-L1 expression because of the high 
level of IFN-γ during PTT [37]. However, the expres-
sion of PD-L1 was obviously reduced in GNR-SNO@

MMT + L treated group. And the underlying ratio-
nale was that NO gas, an important signaling molecule, 
inhibited the activation of HIF-1α and thus resisted the 
expression of PD-L1 [38] mostly probably through the 
direct and indirect mechanisms (STAT3/VEGF pathway) 
[14]. Additionally, NO has been reported to suppress the 
activity of Sp1 transcription factor, which binds to the 
PD-L1 promoter and mediates PD-L1 expression [16, 39]. 
Thus, these data suggested that GNR-SNO@MMT was 
an effective immunomodulator via NO gaseous blocking 
of the PD-L1/PD-1 axis.

Assessment of the distribution and vascular permeability 
of GNR-SNO@MMT
To visualize the biodistribution of GNR-SNO@MMT 
in tumor-bearing mice, ICG-labeled formulation was 
i.v. injected into 4T1 subcutaneous mice models. The 
fluorescence signals emerged in each group 2  h after 
administration (Fig. 5A). More pronounced fluorescence 
accumulation was observed in GNR-ICG@MM and 
GNR-ICG@MMT treated groups after 4  h than in the 
free ICG group, presumably due to the nanoformulation 
mediated enhanced permeability and retention (EPR) 
effect and tumor-inflammatory tropism of the MM mod-
ification [40]. The high fluorescence signals at the tumor 
site in the GNR-ICG@MM group and the GNR-ICG@
MMT group were maintained until 8  h post-injection 
and then gradually weakened (Fig.  5B). Ex vivo biofluo-
rescence imaging and quantification of the main organs 
after 48  h revealed that the GNR-ICG@MM and GNR-
ICG@MMT groups still presented fluorescence signals 
at the tumor site at 48 h (Fig. 5C). To note, the fluores-
cence signal in tumor of GNR-ICG@MMT treated group 
was greatly enhanced (2.7-fold of free ICG group). There 
was almost no significant biofluorescence signal in other 
organs except the liver. Taken together, the modification 
of MM and tLyp-1 peptide endowed GNR-ICG@MMT 
the ability of tumor targeting and penetrating. Moreover, 
infrared thermography was used to monitor the in vivo 
NIR-II photothermal conversion of GNR-SNO@MMT 
after accumulation at tumor sites. As shown in Fig. 5D, 
GNR-SNO@MMT increased the temperature to 55  °C 
within 5  min, which was much higher than the 42  °C 
temperature for the GNR-SNO@MM group, whereas no 
significant temperature change occurred at the tumor 
site for the saline group (Fig. 5E). These results confirmed 
that GNR-SNO@MMT could serve as an optimal NIR-II 
photothermal agent for tumor ablation.

NO plays an important role in vascular smooth mus-
cle. It enhances vascular permeability and blood flow 
to increase the accumulation of nanoparticles in tumor 
[41]. Intravenous injection of evans blue dye could bind 
to albumin and penetrate tumors in vivo and widely be 
used to evaluate whether enhanced EPR effect occurred 
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Fig. 4  (A) CLSM observation of CRT exposure in 4T1 cells after different treatments (nucleus: blue fluorescence; CRT: green fluorescence; scale bar:  40 
μm). (B) Quantitative comparison of the fluorescence intensity of CRT. (C) ELISA detection of HMGB-1 releases from tumor cells after different treatments 
(1064 nm, 1.0 W/cm2, 5 min). (D) WB assay and (E) quantitative analysis of PD-L1 expression in 4T1 cells after different treatment
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after GNR-SNO@MMT treatment (Fig.  5F). As shown 
in Fig. 5G, only a limited amount of evans blue dye pen-
etrated the tumor vessels and reached the tumor in saline 
group. Satisfactorily, more evans blue dye penetrated the 

tumor in GNR@MMT + L treated group, attributing to 
the photothermal effect. In addition, GNR-SNO@MMT 
without laser irradiation also enhanced evans blue dye 
extravasation due to NO release response to endogenous 

Fig. 5  In vivo tumor accumulation capacity and vascular permeability assay. (A) in vivo fluorescence images of tumor-bearing mice after treatment with 
GNR-SNO@MMT for different durations and ex-vivo fluorescence images of various organs and tumors. (B) Time course of tumor fluorescence intensity 
of tumor-bearing mice treated with GNR-SNO@MMT. (C) The fluorescence intensity of main organs and tumor after 48 h. (D) Whole-body IR thermo-
grams of GNR-SNO@MMT and control-treated tumor-bearing mice (1064 nm, 1.0 W/cm2, 5 min). (E) Temperature at tumor site of tumor-bearing mice 
after laser exposure. (F) Flow chart of tumor vascular permeability assay. (G) Evans blue dye in the tumor tissue and (H) quantification after tumor-bearing 
mice were treated with different nanoformulations
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GSH. As expected, the GNR-SNO@MMT + L group, 
owing to the combined effect of NIR-II PTT with NO, 
presented much greater evans blue dye extravasation 
than other two treated groups (Fig.  5H). Thus, GNR-
SNO@MMT could be used as a vasodilator in the tumor 
vasculature as well as an enhancer of EPR effect, which 
would further promote the accumulation of the thera-
peutic agent in the tumor site.

In vivo NIR-II/gas combined anti-tumor efficiency of GNR-
SNO@MMT
To dissect the synergistic photo-immunotherapy of 
GNR-SNO@MMT in vivo, we established a 4T1 subcu-
taneous tumor model in the right hind limb of BALB/c 
mice. This model was meticulously divided into seven 
distinct cohorts: (G1) saline, (G2) saline + L, (G3) GNR-
SNO@MMT, (G4) GNR@MMT + L, (G5) GNR-SNO@
MM + L, (G6) GNR-SNO@MMT + L, and (G7) GNR-
SNO@MMT + L with a layer of chicken (5  mm) to 
mimic deep tissue (Fig. 6A). A consistent tumor growth 

Fig. 6  NIR-II photothermal-NO-immune antitumor effects. (A) Flow chart of in vivo treatment. (B) Tumor volume growth curves of treated groups. (C) 
Tumor weights and (D) digital photographs of the tumors. (E) H&E, H&E zoom (red arrows represent tumor cells with nuclear crumpling, apoptosis or 
necrosis), and TUNEL staining (scale bar: 100 μm) of tumor tissues
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pattern were monitored over a span of 15 days for both 
the control (G1) and laser alone treated (G2) group, and 
NO monotreatment (G3: GNR-SNO@MMT alone) was 
insufficient to suppress tumor progression (Fig.  6B-C). 
Notably, the treatment with GNR@MMT + L (G4) exhib-
ited marked inhibition of tumor growth (c.a. 68.8%), 
which was predominantly attributed to the PTT effect. 
Similarly, the non-targeted treatment with GNR-SNO@
MM + L (G5) demonstrated comparable inhibition effect 
(c.a.75.2%). Strikingly, the group receiving GNR-SNO@
MMT + L (G6) presented the most remarkable tumor 
growth inhibition, with an inhibition rate of 94.7%, which 
surpassed all the other groups (Figure S3A). This data 
underscores the potentiated antitumor efficacy conferred 
by the synergistic NIR-II photothermal effect and stimu-
lated NO release. Notably, the group treated with GNR-
SNO@MMT + L and chicken (G7) exhibited significant 
regression of tumor growth, confirming the capacity of 
the NIR-II laser (1064  nm) to effectively inhibit deeply 
seated tumors.

No obvious weight fluctuations were observed in any 
of the mice during the treatment period (Figure S3B). 
Furthermore, at the end of treatment, the mice were 
sacrificed, and the tumors were photographed and 
weighed. As shown in Fig. 6D, the changes in tumor size 
were consistent with the changes in tumor volume. The 
tumor sections were subsequently stained with H&E, 
and TUNEL to assess tumor proliferation and apop-
tosis/necrosis after different treatments (Fig.  6E). In 
the H&E zoom image, the apoptotic or necrotic tumor 
cells that underwent nuclear crumpling by red arrows 
was marked. Large areas of tumor cells were broken 
and cytolysis occured, and fewer proliferated cells were 
observed in the GNR-SNO@MMT + L (G6) group than 
in GNR@MMT + L(G4) and GNR-SNO@MM + L (G5) 
treated groups. However, in the other two groups, GNR@
MMT + L (G3) and saline + L (G2), little or no damage 
to the tumor cells occurred. These data indicated that 
the GNR-SNO@MMT-mediated NIR-II PTT and NO 
release had excellent anticancer effects. Taken together, 
these findings indicate that the NIR-II-responsive and 
targeted GNR-SNO@MMT is promising for controlled 
and combined cancer treatment.

Antitumor immune cascade and reshaping of the 
microenvironment
To explore the mechanism by which GNR-SNO@MMT 
strongly inhibited tumor growth, the maturation of DCs 
in the draining lymph nodes of the mice was examined. 
Compared with the saline (G1) and the laser group (G2) 
(Fig.  7A-B), and GNR-SNO@MMT alone (G3) groups 
hardly induced DCs maturation, but the single-targeted 
NIR-II PTT group (GNR@MMT + L, G4) caused 22.4% ± 
2.7% DCs maturation, which was due to the ICD effect. 

However, the NIR-II PTT-NO treatment (GNR-SNO@
MMT + L, G6) significantly promoted the maturation of 
DCs, with the proportion of CD80+ CD86+ DCs reach-
ing 34.7% ± 3.9%. This ratio was also much greater than 
that of the nontargeted PTT-Gas treatment (GNR-SNO@
MM + L, G5), only with 16.0% ± 0.7% DCs maturation. 
The integration of MM and tLyP-1 into our nanoplat-
form significantly enhanced the combined PTT and NO 
release effect. Indeed, NIR-II PTT not only triggers ICD 
but also substantially stimulates the release of NO. This 
concerted action helped mitigate tumor hypoxia, thereby 
potentiating the photo-immune antitumor response. 
Moreover, we detected the activation of T cells in the 
spleens of the mice and found that the frequencies of 
CD8+ T cells (Fig.  7C-D) and CD4+ T cells (Fig.  7E-F) 
were significantly greater in the PTT (G4) and PTT-Gas 
combined-treated groups (G5-G6). The targeted PTT-
NO combined treatment mediated by the GNR-SNO@
MMT + L group had the highest ratio of CD8+ T cells 
(18.7% ± 5.4%) and CD4+ T cells (25.3% ± 5.9%), which 
was mostly related to DCs maturation. These findings 
further demonstrated that GNR-SNO@MMT effectively 
activated the immune system and exerted antitumor 
effects.

To investigate the ability of GNR-SNO@MMT to 
influence the tumor microenvironment, we assessed the 
microvessel density and pericyte coverage (a measure 
of vascular maturation) via CD31 and NG2 immunos-
taining. As shown in Fig. 8A, the mean vascular density 
was not obviously different between the G1-G5 groups, 
but the GNR-SNO@MMT + L treated group (G6) had 
a more uniform vascular distribution in the tumor than 
the other groups did. In addition, it had a larger NG2+/
CD31+ region, suggesting that GNR-SNO@MMT + L 
enhanced the pericyte coverage of tumor vessels, thereby 
ameliorating the maturation of tumor vascular system. 
The molecular mechanism behind may be related to the 
role of NO to increase levels of cyclic guanosine to regu-
lates the diastolic function of vascular endothelial cells 
[42]. Owing to normalization of the tumor vasculature, 
treatment with GNR-SNO@MMT + L further alleviated 
hypoxia at the tumor site, and a significant decrease in 
HIF-1α expression was observed.

The hypoxic TIME is closely related to the immuno-
suppressive environment, such as promoting the aggre-
gation of regulatory T cells, polarizing TAMs into an 
immunosuppressive M2 type, increasing the level of 
immunosuppressive cytokines, etc [14]. Inspired by the 
above findings, the effects of GNR-SNO@MMT + L 
treatment on PD-L1 expression, the TAMs phenotype 
and cytokines were further investigated. As shown by the 
results of the immunohistochemical staining (Fig.  8A), 
PD-L1 expression in the GNR-SNO@MMT + L treat-
ment group (G6) obviously decreased, which facilitated 
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the anticancer capacity of the CTLs. Also, a distinct 
increase in the ratio of green (CD86+) M1 type TAMs/
red (CD206+) M2 type TAMs was observed in tumor tis-
sues, demonstrating that GNR-SNO@MMT together 
with laser irradiation repolarized TAMs to the immuno-
stimulatory M1 type. In addition, the concentrations of 
inflammatory cytokines (TNF-α, IFN-γ, and IL-6) were 
significantly increased (Fig.  8B-E), and the NIR-II PTT 
and NO combination group (G6) owned the highest 
level. In contrast, the expression of the anti-inflammatory 
factor IL-10 was the lowest among all the groups. Taken 
together, GNR-SNO@MMT combined with NIR-II 

irradiation not only activated anticancer immunity cas-
cade but also comprehensively reprogrammed TIME.

Finally, we conducted a comprehensive analysis of the 
in vivo biocompatibility of GNR-SNO@MMT. Major 
organs, including the heart, spleen, and kidney were 
collected from the treated mice and subjected to H&E 
staining to assess any potential histological or patho-
logical alterations. Encouragingly, our results showed no 
significant changes in these organs following the admin-
istration of GNR-SNO@MMT and subsequent NIR-II 
laser irradiation (Figure S4A). Furthermore, we assessed 
biochemical indices within the bloodstream of treated 
mice to gain insights into the systemic biocompatibility 

Fig. 7  In vivo TIME reconfiguration assessment. (A, B) DCs maturation of draining lymph nodes. (C, E) Flow cytometry and (D, F) frequency analysis of 
CD3+ CD8+ and CD3+ CD4+ T cells in the spleen
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of GNR-SNO@MMT. A panel of routine blood indices 
were analyzed, and all the parameters remained within 
physiologically normal ranges (Figure S4B). Notably, 
there were no significant differences in liver or kidney 
function indices (Figure S4C). These observations collec-
tively implied that GNR-SNO@MMT exhibited a high 
degree of biocompatibility, with no discernible negative 
impact on the overall health of the mice.

Discussion
This study introduced a biomimetic gold nanomodu-
lator, GNR-SNO@MMT, which employed a dual-
pronged approach of NIR-II photothermal therapy and 
NO release to effectively normalize the tumor vascular 
system, alleviate hypoxia, and reprogram TIME in deep 
tumor. Compared with the reported systems (SI Table 
S1), our system owned several advantages. Firstly, GNR-
SNO@MMT was design by grafting NO donors on the 
NIR-II PTAs of GNR, which is well known for its tun-
able and strong LSPR in the NIR region (Fig.  1D). This 
optical property was totally different and superior to the 

organic PTAs [43]. So GNR-SNO@MMT had much bet-
ter photothermal performance under irradiation of NIR-
II (1064  nm) laser than NIR-I (808  nm) laser, which is 
favorable for deep tumor treatment (Fig.  2A-C). Mean-
while, NO release could be simultaneously effectively 
triggered by the photothermal effect. Therefore, the pho-
tosensitive platform GNR-SNO@MMT was flexible and 
controllable. Moreover, the biomimetic function of MM 
and tLyP-1 further endowed the whole system properties 
of the biocompatibility, long blood circulation, immune 
escape and specific tumor targeting and deep penetrat-
ing. This maybe a feasible way to guarantee the applica-
tion of inorganic PTAs like GNR.

Secondly, both in vitro and in vivo results demon-
strated that GNR-SNO@MMT generated substantial 
photothermal effects under NIR-II laser irradiation, lead-
ing to the tumors ablation and ICD induction (Figs.  4 
and 7). This not only recruited CD8+ CTLs but also acti-
vated the immune system, providing synergistic enhance-
ment of cancer immunotherapy. Furthermore, compared 
with the NIR-I laser, the use of NIR-II laser irradiation 

Fig. 8  (A) Immunohistochemical staining of intratumoral HIF-1α and PD-L1 expression, immunofluorescence staining of CD31+ endothelial cells, NG2+ 
perivascular cells, CD86+ M1 type TAMs, and CD206+ M2 type TAMs (scale bar: 50 μm). (B) TNF-α, (C) IFN-γ, (D) IL-6, and (E) IL-10 level in the serum by ELISA 
assay
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presented considerable advantages because of its greater 
depth of tissue penetration and greater maximum per-
missible exposure, making it an optimal choice for treat-
ing deep-seated tumors.

Thirdly, NO, an endogenous signaling molecule with 
diverse roles in physiological and pathological pro-
cesses, including the regulation of blood flow, immune 
responses, and apoptosis, plays crucial roles in our study. 
Our platform GNR-SNO@MMT is capable of repro-
gramming tumor microenvironment by NO and photo-
thermal effect to reduce tumor interstitial fluid pressure, 
enhance blood perfusion, normalize the tumor vascu-
lature at the tumor site (Fig.  5). Moreover, our findings 
confirmed that NO not only inhibits HIF-1α expression 
in hypoxic tumor tissues but also disrupts the hypoxia-
drived immunosuppression (PD-L1 & TAMs phenotype) 
(Fig. 8).

Despite these promising outcomes, our nanosystem 
still has room for improvement. Future work could focus 
on streamlining the complex synthesis process involved 
in the layer-by-layer modification and conjugation of 
-SNO side chains, which suffer from considerable loss 
and longer synthesis cycles. Moreover, combining our 
nanosystem with existing clinical immunological adju-
vants or immune checkpoint inhibitors could enhance 
the immune response, leading to more effective photo-
NO-immune therapy. By addressing these issues, we 
could work toward more efficient and clinically viable 
cancer treatments.

Conclusions
In summary, we successfully constructed a type of multi-
functional biomimetic modulator GNR-SNO@MMT for 
the effective elimination of deep-sited tumors via robust 
NIR-II laser-activated PTT and NO gas modulation. The 
outer coat of the tLyp-1-engineered MM in GNR-SNO@
MMT provided long circulation time, immune escape, 
tumor targeting and especially penetration into deeper 
regions of the tumor center. Upon NIR-II laser irradia-
tion, the photothermal effect ablated tumors and induced 
effective ICD, activating the immune response. More-
over, NO gas molecules released in situ act as multifunc-
tional immunomodulators, which not only normalized 
the tumor vascular system and alleviated hypoxia state 
but also comprehensively modulated TIME through the 
suppression of PD-L1, reprogramming TAMs phenotype 
and release of immunostimulatory cytokines. A robust 
photothermal immunotherapeutic effect was achieved 
via the biocompatible GNR-SNO@MMT together with 
NIR-II laser irradiation, which showed great promise for 
the treatment of deep-sited malignant tumors.
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