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a b s t r a c t 

Postoperative tumor recurrence remains a predominant cause of treatment failure. In this 

study, we developed an in situ injectable hydrogel, termed MPB-NO@DOX + ATRA gel, 

which was locally formed within the tumor resection cavity. The MPB-NO@DOX + ATRA 

gel was fabricated by mixing a thrombin solution, a fibrinogen solution containing all-trans 

retinoic acid (ATRA), and a Mn/NO-based immune nano-activator termed MPB-NO@DOX. 

ATRA promoted the differentiation of cancer stem cells, inhibited cancer cell migration, 

and affected the polarization of tumor-associated macrophages. The outer MnO2 shell 

disintegrated due to its reaction with glutathione and hydrogen peroxide in the cytoplasm 

to release Mn2 + and produce O2 , resulting in the release of doxorubicin (DOX). The released 

DOX entered the nucleus and destroyed DNA, and the fragmented DNA cooperated with 

Mn2 + to activate the cGAS-STING pathway and stimulate an anti-tumor immune response. 

In addition, when MPB-NO@DOX was exposed to 808 nm laser irradiation, the Fe-NO 

bond was broken to release NO, which downregulated the expression of PD-L1 on the 

surface of tumor cells and reversed the immunosuppressive tumor microenvironment. 

In conclusion, the MPB-NO@DOX + ATRA gel exhibited excellent anti-tumor efficacy. The 
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results of this study demonstrated the great potential of in situ injectable hydrogels in 

preventing postoperative tumor recurrence. 

© 2024 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

urgical resection is an effective and prevalent clinical 
reatment option for cancer therapy . However, postoperative 
umor recurrence and metastasis remain notable clinical 
hallenges [1–3] . The infiltration of local residual tumor 
ells after surgery and unresectable microscopic tumor 
oci, especially disseminated cancer stem cells (CSCs) with 

igh tumorigenicity, as well as the invasiveness and the 
adiotherapy resistance of the remaining tumor cells, are 
he key factors in postoperative tumor recurrence and 

etastasis [4–6] . In addition, perioperative trauma-related 

nflammation and an immunosuppressive microenvironment 
ay promote tumor recurrence by accelerating the growth 

nd dissemination of local tumors [7 ,8] . Therefore, reversing 
he immunosuppressive tumor microenvironment (TME) 
hile completely killing residual tumor cells, especially CSCs,

s likely an effective strategy to prevent postoperative tumor 
ecurrence. 

To eliminate the effect of CSCs on tumor recurrence,
e propose adopting a differentiation therapy strategy that 

nduces malignant cells into a more mature phenotype using 
ifferentiation inducers that are less toxic than conventional 
hemotherapeutic agents. Differentiation therapy can induce 
SCs to lose their malignant proliferation and metastatic 
roperties while increasing their sensitivity to chemotherapy 
nd radiotherapy [9–11] . Recent studies have demonstrated 

hat all-trans retinoic acid (ATRA) can induce CSCs to 
ifferentiate into tumor cells in various solid tumors,
hereby enhancing their sensitivity to chemotherapy or 
adiotherapy [12–14] . ATRA could also prevent osteosarcoma 
ell metastasis, initiation and stemness by inhibiting M2- 
ype tumor-associated macrophages (TAMs) [15 ,16] . The 
ombination of ATRA-mediated differentiation therapy and 

hemotherapy via a co-delivery system was demonstrated 

o be a potent strategy to attenuate the stemness, enhance 
he cytotoxicity of chemotherapy, and eventually improve the 
nti-tumor efficacy synergistically [17–19] . 

Cancer immunotherapy has recently emerged as one 
f the most promising strategies for tumor treatment 
nd has been proven to be effective against various 
ancers [20] . Cancer immunotherapy kills tumor cells by 
romoting multiple stages of the tumor immune cycle,

ncluding antigen presentation, T-cell activation, and 

riggering immune-killing activities [21 ,22] . Heretofore,
 wide range of cancer immunotherapy strategies, such 

s immune checkpoint inhibitor (ICI) therapy, chimeric 
ntigen receptor (CAR) T-cell therapy, adoptive cell therapy,
ancer vaccine and other anti-tumor immunity boosting 
pproaches, have been extensively explored or evaluated 

n clinical trials. Cancer immunotherapy, applied alone or 
h
n combination with other conventional treatments, such 

s radiotherapy or chemotherapy, has made remarkable 
rogress [23–25] . Additionally, studies have reported that 
ostoperative immunotherapy can prevent cancer recurrence 
nd metastasis [6 ,22 ,26-28] . However, the therapeutic efficacy 
f immunotherapy still needs to be further improved. 

In cancer immunotherapies, activation the innate 
mmune cyclic GMP-AMP synthase-stimulator of interferon 

enes (cGAS-STING) pathway and its downstream signals 
romote the overall cancer-immunity cycle by augmenting 
ross-presentation and immune-killing activity [29–31] .
urthermore, the activation of the cGAS-STING pathway 
acilitates anti-tumor activity in multiple ways, such as 
romoting cancer cell senescence, inducing apoptosis, and 

ncreasing the protective effect of cytotoxic T cells and natural 
iller (NK) cell-mediated cytotoxicity [32] . Noteworthily, the 
GAS-STING pathway can be activated by Mn2 + , thereby 
ctivating the host’s immune system to promote anti-tumor 
mmunotherapies [33 ,34] . Mn2 + has been demonstrated 

o improve the sensitivity of cGAS to double-stranded 

NA (dsDNA) and enhance STING activity by augmenting 
he binding affinity of cGAMP-STING [35] . Mn-based 

anoparticles (NPs) have been developed as nanocarriers,
mmunoactivators, and immunomodulators in cancer 
mmunotherapy and have garnered increasing attention 

36–38] . Mn-based NPs have many advantages in anti-tumor 
mmunotherapy, including (1) good biocompatibility as drug 
arrier for delivering immunotherapeutic agents, (2) the 
bility to regulate the TME by increasing the sensitivity 
f tumor cells to reactive oxygen species (ROS), through 

arkedly reducing antioxidant and glutathione (GSH) and 

enerating oxygen (O2 ) to alleviate the hypoxic TME by 
eacting with the endogenous hydrogen peroxide (H2 O2 ) 
xisting in solid tumors in the acidic TME, thereby enhancing 
he immunotherapy, and (3) high spin number, long electronic 
elaxation time, and labile water exchanges when used as a 

agnetic resonance imaging (MRI) contrast agent for real- 
ime monitoring of tumor response to immunotherapy [39] . 

As a physiological and pathological messenger,
itric oxide (NO) has been demonstrated to regulate 
asodilation, cell proliferation, migration, apoptosis, vascular 
asodilation/normalization, and reversion of drug resistance 
40 ,41] . In particular, NO can induce immunogenic cell 
eath (ICD) and ameliorate the immunosuppressive TME 
y downregulating hypoxia-inducible factor-1 α (HIF-1 α) to 
elieve hypoxia, restraining the expression of PD-L1 and 

romoting TAM polarization from the tumor-supportive M2 
henotype to the tumor-restraining M1 phenotype, which is 
ritical for enhancing the anti-tumor effect [42 ,43] . However,
he disadvantages of NO, such as poor stability, short life 
pan, and concentration-dependent biological function have 
indered its application in biomedicine [44 ,45] . Overcoming 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Scheme 1 – Schematic illustration of MPB-NO@DOX and therapeutic gel preparation and action mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

these challenges requires the development of stimulus-
responsive NO-release systems that release NO on demand
to improve anti-tumor efficacy [46] . 

Since immunotherapy can effectively inhibit tumor
metastasis and recurrence, in situ immunomodulation
is considered safer and more effective than systemic
administration. The application of local drug delivery systems
at the site of a surgical wound is a favorable approach for post-
surgical cancer treatment. Local drug delivery systems, such
as wafers, hydrogels, foams, fibers, and micro/nanoparticles,
have made tremendous progress [47 ,48] . As a biodegradable
carmustine wafer, Gliadel® is the only clinically approved
local implant for post-surgical chemotherapy [49] . However,
its treatment efficacy is still unsatisfactory, which may be
ascribed to drug resistance, insufficient drug concentration,
and an inflammatory reaction in the residual tumor resection
in the cavity after surgery [50] . Nevertheless, such solid dosage
forms are unsuited for irregular cavities such as the cavity of
breast lump after surgery [51 ,52] . Considering the small and
irregular volume of the tumor resection cavity, the in situ -
forming hydrogel is ideal as a post-surgical implant owing to
its three-dimensional network encapsulation ability, excellent
malleability, minimally invasive procedure, and shape-
adaptive function [53] . Incorporation drug-encapsulated
NPs and free drugs in hydrogels is an attractive strategy for
preventing burst release, controlling the release profile of the
encapsulated drugs, and achieving long-term and effective
inhibition of postoperative recurrence [54] . Hydrogels formed
in situ at postoperative tumor cavities have been shown to
inhibit tumor recurrence better than free drugs. Ogunnaike
et al. and Chao et al. demonstrated that local implantation of
CAR-T cell-loaded hydrogels within the surgical cavity was
superior in controlling local tumor growth compared with free
CAR-T cells directly inoculated into the tumor resection cavity
and conventional intravenous injection of CAR-T cells [55 ,56] .
Besides, hydrogels have extensive application potential in
clinics for purposes other than cancer therapeutics such as
tissue regeneration, ocular drug delivery, aesthetic products,
and wound healing [57] . Fibrin hydrogels fabricated by
thrombin-triggered polymerization of fibrinogen have good
biocompatibility and safety and have been approved by the
U.S. Food and Drug Administration for application in humans
[6 ,58] . In particular, the postoperative coagulation process
could also be accelerated by the fibrin gel to aid in wound
healing [59 ,60] . For instance, Chen et al. fabricated a fibrin
hydrogel formed in situ for the local delivery of anti-CD47
antibody-loaded CaCO3 NPs to promote anti-tumor immune
responses and inhibit local tumor recurrence and potential
metastasis after surgery [6] . 

In this study, we designed and developed an in situ
injectable hydrogel, MPB-NO@DOX + ATRA gel, and formed
it within the tumor resection cavity by mixing a thrombin
solution, a fibrinogen solution containing ATRA, and a
Mn/NO-based immune nano-activator termed MPB-NO@DOX
to prevent postoperative tumor recurrence ( Scheme 1 ).
ATRA released from the gel would not only induce CSC
differentiation to reduce the stemness of the tumor but also
prevent the TAMs from polarizing into M2-type macrophages.
When the tumor site was locally exposed to near-infrared
(NIR) laser irradiation, NO was released from the gel because
the Fe-NO coordination bond was broken by the heat energy
converted from light energy by the NO-doped Prussian blue
(PB-NO). The released NO was then able to downregulate
PD-L1 expression on the surface of tumor cells, thereby
enhancing the immunotherapeutic efficacy of T cells. MnO2

shell on the surface of PB-NO NPs was taken up by the cells,
reduced to Mn2 + by GSH, and produced O2 by catalyzing
the decomposition of H2 O2 . Additionally, the generated O2

could significantly alleviate hypoxic TME and aid in improving
the immunosuppressive milieu. The released Mn2+ then
stimulated the cGAS-STING pathway to boost interferon I
(IFN-I) production as an immunological enhancer. Moreover,
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he released DOX induced DNA damage in the nucleus, and 

NA fragments released into the cytoplasm were captured by 
GAS, and cooperated with Mn2 + to activate the cGAS-STING 

athway and stimulate the anti-tumor immune response. 

. Materials and methods 

.1. Materials 

OX was purchased from Dalian Meilun Biological 
echnology Co., Ltd. (Liaoning, China). Potassium ferricyanide 

K3 [Fe(CN)6 ]) was purchased from Tianjin Dingsheng Xin 

hemical Co. LTD. (Tianjin, China). Potassium permanganate 
KMnO4 ) was purchased from Yantai Shuangshuang Chemical 
o., LTD. (Shandong, China). Glucose, polyvinyl pyrrolidone 

PVP) and sodium nitroprusside (SNP) were purchased 

rom Shanghai Aladdin Biochemical Technology Co., Ltd.
Shanghai, China). Thrombin was purchased from Hunan 

ige Pharmaceutical Co., LTD. (Hunan, China). Fibrinogen was 
urchased from Yeasen Biotechnology (Shanghai, China) Co.,
td. (Shanghai, China). 

.2. Cell lines and animals 

T1 cells were obtained from the Key Laboratory of Targeting 
herapy and Diagnosis for Critical Diseases in Henan 

rovince. 4T1 were cultured in Roswell Park Memorial 
nstitute-1640 (RPMI-1640) supplemented with 10% fetal 
ovine serum (FBS) and 1% penicillin-streptomycin at 37 °C 

n a humidified environment with 5% CO2 . Female Balb/c 
ice (6–8 weeks old, 18–20 g) were obtained from Beijing 

ital River Laboratory Animal Technology Co., Ltd. (Beijing,
hina). All procedures were conducted in accordance with 

he “Laboratory animal–Guideline for ethical review of 
nimal welfare” (China), “Experimental animal management 
ethods of Henan Province” and were approved by the 

aboratory Animal Ethics Committee of Henan University of 
hinese Medicine. 

.3. Preparation of MPB-NO@DOX 

irst, PVP-K30 (1.2 g) was dissolved in HCl solution (12 ml,
 M), followed by the addition of SNP (108 mg) and K3 [Fe(CN)6 ] 
120 mg). Then, the solution was stirred in the dark until it 
ecame clear and transparent, and heated at 80 °C for 12 h.
fter that, the resulting mixture was centrifuged at 10,000 rpm 

or 15 min, and washed with ddH2 O three times to obtain PB- 
O. 

Glucose (60 mg) and PVP (50 mg) were dissolved in ddH2 O 

8 ml), followed by the addition of a solution of PB-NO NPs 
10 mg) dissolved in ddH2 O (2 ml). After the solution was 
tirred for 10 min, 6.25 mg KMnO4 was added and the reaction 

roceeded for 1 h. Next, the resulting mixture was centrifuged 

t 10,000 rpm for 8 min to obtain MPB-NO NPs. Then, MPB- 
O NPs (6 mg) and DOX (3 mg) were dissolved in ddH2 O 

5 ml) and stirred in the dark for 12 h, and the solution was 
entrifuged at 10,000 rpm for 15 min to obtain MPB-NO@DOX 

Ps. The supernatant was collected and its absorbance 
t 480 nm was measured with a UV spectrophotometer 
o calculate the encapsulation rate and drug loading 
ate. 

.4. Preparation of therapeutic gel 

ccording to our group’s previous research, 10 mg/ml 
brinogen solution and 50 U/ml thrombin solution were 
elected to prepare fibrin gel. The specific experimental 
teps were as follows: (1) preparation of fibrinogen solution: 
brinogen was dissolved with 0.9% normal saline at 37 
C and filtered by 0.22 μm filter membrane to prepare 
brinogen solution at a concentration of 10 mg/ml; (2) 
reparation of thrombin solution: 40 mM CaCl2 solution was 
repared and filter with 0.22 μm membrane for sterilization 

o prepare thrombin solution at a concentration of 50 U/ml.
3) fibrin gel was prepared by mixing fibrinogen solution 

nd thrombin solution at a volume ratio of 1:2, followed by 
ncubation at 37 °C for 15 min. Preparation of postoperative 
herapeutic gel: MPB-NO@DOX and ATRA were added into 
he fibrinogen solution under stirring, and then mixed with 

hrombin solution as mentioned above to prepare MPB- 
O@DOX + ARTA gel. 

.5. Catalase activity of PB-NO and MPB-NO 

ppropriate concentrations of PB-NO and MPB-NO NPs were 
repared respectively, and PBS was used as blank control. An 

qual amount of H2 O2 solution was added to the above three 
olutions respectively, and then the absorbance at 240 nm was 
easured by UV and the decomposition rate of H2 O2 catalyzed 

y different nanoparticles was calculated according to the 

2 O2 standard curve. In addition, the catalase activity of the 
anoparticles was further determined by the concentration 

f dissolved O2 in the solution, which was detected by the 
issolved oxygen electrode of the multi-parameter analyzer.
ince PB-NO had a good photothermal conversion effect, the 
bove groups were compared with laser irradiation to study 
he effect of light on the catalase activity. 

.6. DOX and Mn2 + release in vitro 

he DOX release from MPB-NO@DOX in vitro was detected 

y the dialysis method in this study. Briefly, MPB-NO@DOX 

as dispersed in deionized water and placed in a dialysis 
ag (MWCO = 3,500 Da), and then immersed in different 
BS media (pH 7.4, pH 6.4, pH 5.0, pH 7.4 + CGSH 

= 2.5 mM,
H 7.4 + CGSH 

= 5 mM, pH 7.4 + CGSH 

= 10 mM, pH
.0 + CGSH 

= 10 mM, pH 5.0 + CGSH 

= 10 mM + NIR) in a
hermostatic oscillator at 120 rpm and 37 °C in the dark. 2 ml
f release medium was taken out at 0.5, 1, 2, 4, 6, 8, 12 and
4 h, respectively, and the same amount of fresh PBS was 
dded immediately. The DOX content was determined by a 
uorescence spectrophotometer (RF-5301 PC, SHIMADZU) and 

he amount of released DOX was calculated according to the 
ollowing equation. In addition, to study the effect of laser 
rradiation on drug release, MPB-NO@DOX was irradiated with 

n 808 nm laser (1 W/cm2 , 5 min) before each sampling. 

umulative release (%) =
( 

Cn ×
n −1 ∑ 

1 

Ci × V0 

) 

/m × 100% 
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Where Cn was the drug concentration in the release
medium at a certain time point, V was the total volume of
the release medium, Ci was the drug concentration in the
release medium at the sampling point, V0 was the volume
of each sample, and m was the total amount of drugs in the
nanoparticle. 

To detect the release of Mn2 + from MPB-NO, an MPB-NO
stock solution at a concentration of 1 mg/ml in PBS was
prepared. Then, 1 ml of stock solution was added to 2 ml
30% nitric acid, boiled for 15 min, and then centrifuged at
12,000 rpm for 10 min. The supernatant was collected and the
content of Mn2 + was determined by ICP-MS. MPB-NO stock
solutions at a concentration of 1 mg/ml in PBS at pH 7.4, pH
5.0, and pH 5.0 + GSH (5 mM) were prepared, respectively.
Then, 1 ml of each solution was incubated on a shaker at 37 °C
for 1 h, and then centrifuged at 12,000 rpm for 10 min. The
supernatant was then collected and the content of Mn2 + was
determined by ICP-MS. 

2.7. Gel degradation, ATRA and MPB-NO@DOX release 
from gel 

We transferred the prepared gel to 12-well plates, and added
PBS containing 10% FBS to the 12-well plates. Then, the
degradation rate of the gel was estimated by measuring the
concentration of fibrin in the supernatants using a UV–vis-
NIR spectrophotometer on 0, 1, 2, 3, 4, 5 and 6 d, respectively.
The therapeutic gel was infiltrated in PBS (pH 6.4) containing
10% FBS. For a total of 6 d, 2 ml of release medium was taken
daily and the same amount of fresh medium was immediately
added. The absorbance of ATRA was then measured by UV, and
its release was calculated according to its standard curve. At
the same time, TEM was used to determine the particle size of
MPB-NO@DOX in the release medium to investigate whether
their morphology changed. 

2.8. Photothermal conversion effect in vitro 

MPB-NO water solutions (1 ml) with concentrations of 0,
0.1, 0.2, 0.5 and 1.0 mg/ml were added to quartz cells
respectively, and then irradiated by an 808 nm laser with a
power density of 1.0 W/cm2 for 5 min. Meanwhile, MPB-NO
at 0.1 mg/ml was irradiated for 5 min by an 808 nm laser
with the power density of 0.5, 1.0, 1.5, 2.0 and 2.5 W/cm2

respectively. An infrared thermal imager (Ti-200, Fluke) was
used to record the temperature changes during the irradiation.
Meanwhile, the photothermal conversion stability of MPB-NO
was evaluated by five ON/OFF cyclic irradiation tests. The MPB-
NO aqueous solution was first irradiated with an 808 nm laser
for 5 min, then the laser was turned off and the solution
was allowed to cool to room temperature naturally. This
operation was repeated 5 times. An infrared thermal imager
was used to record the temperature changes during the whole
process. 

2.9. Cellular uptake in vitro 

4T1 cells were seeded on a 12-well plate at a density of 1 × 105

cells/well and incubated for 24 h, followed by the addition
of free DOX or MPB-NO@DOX. After incubation for 2 h, 4 h,
6 h and 8 h, the medium was discarded and the cells were
washed 3 times with PBS buffer, followed by the addition of
500 μl 4% paraformaldehyde (PFA) and incubation for 15 min.
Then, the cells were washed 3 times with PBS buffer to remove
PFA, followed by the addition of 500 μl DAPI to stain the
nuclei. After 15 min, the cells were washed again with PBS
buffer and placed under a fluorescence microscope (Nikon
Eclipse 80i, Nikon) to observe the uptake of free DOX or MPB-
NO@DOX. The cells co-cultured free DOX or MPB-NO@DOX
were collected and detected by a flow cytometer (FACS Calibur,
BD Biosciences). 

2.10. NO release from MPB-NO in vitro 

4T1 cells were seeded at a density of 1 × 105 cells/well into
12-well plates containing cell crawlers and incubated in a
cell culture incubator for 24 h. The cell culture dishes were
cultured with fresh culture medium containing PB, PB-NO, and
MPB-NO, respectively. After incubation for 8 h, the dishes were
washed three times with PBS, and incubated with the DAF-FM
DA fluorescent probe dilution at 5 μM for 20 min before being
washed three times with PBS and fresh culture medium was
added. To investigate the effect of the NIR laser irradiation on
NO release in vitro , the cells were exposed to an 808 nm laser
at a power density of 2.0 W/cm2 for 5 min. The cells were then
fixed in 4% PFA for 20 min at 37 °C. After washing three times
with PBS buffer to remove the PFA, 700 μl Hochest staining
solution was added to each well for 15 min, and the cells were
washed three times with PBS buffer. The crawling slices were
selected and examined under a fluorescence microscope to
determine NO release. In addition, the cells were collected and
detected by a flow cytometer. 

2.11. PD-L1 expression in vitro 

We used Western blotting to detect PD-L1 protein expression
of the cells under hypoxic conditions with various treatments.
Logarithmic growth phase cells were inoculated in cell culture
dishes, and when the cell density reached 70%, a complete
medium containing 100 μM cobalt chloride (CoCl2 ) and
200 μg/ml MPB-NO was added to continue the culture, and the
cells were irradiated with an 808 nm laser (2.0 W/cm2 , 5 min)
after culture for 8 h. After 24 h, the medium was discarded,
and the cells were washed twice with 2 ml of pre-cooled PBS,
digested with trypsin, and collected. Each cell sample was
mixed with 150 μl RIPA lysate and lysed on ice for 30–60 min.
After centrifuging the fully lysed samples at 4 °C at 14,000 rpm
for 5 min, the supernatant was aspirated and quantified using
the BCA protein kit. The expression of PD-L1 protein in cell
extracts was determined using Western blotting. 

2.12. Migration assay 

4T1 cells were seeded on a 6-well plate with a density of
2 × 105 cells/well. When the cells grew up to 80%−90%, two
scratches were made perpendicular to the bottom of the plate,
followed by the addition of a culture medium containing
different concentrations of ATRA. Images were then taken
under the microscope at 0 and 24 h respectively and the
relative migration width was calculated. 
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.13. Optimization of Mn and DOX concentrations for 
ctivation of the cGAS-STING pathway 

he optimal concentrations and ratios of Mn2 + and DOX 

equired for activation of the cGAS-STING pathway were 
etermined by co-culturing 4T1 and DC 2.4 cells and treating 
hem with DOX and Mn2+ at different concentrations. 4T1 and 

C 2.4 cells were inoculated on cell culture dishes at a ratio 
f DC 2.4: 4T1 = 5: 1 and treated with media containing 
OX and MnCl2 at various concentrations for 8 h. After being 
igested, the cells were collected, mixed with the RIPA lysis 
olution, and lysed on ice for 1 h. The lysed samples were 
hen centrifuged at 14, 000 rpm for 5 min at 4 °C, and 

he supernatant was collected for the protein concentrations 
etermination by BCA. The target proteins STING and pIRF3 
ere assessed by Western blotting assay. When the DOX 

oncentration was 2 μg/ml, MnCl2 concentrations at 0.1, 0.2,
.3, 0.4, 0.5 and 0.6 mM were determined. After determining 
he optimal Mn2 + concentration, the Mn2 + concentration was 
xed and the appropriate DOX concentrations were screened.
he DOX concentrations were 0.157, 0.313, 0.625, 1.25, 2.5 and 

 μg/ml, respectively. 

.14. Antitumor efficacy in vivo 

ALB/c mice were inoculated with 2 × 106 4T1 cells in the right 
anks. When the tumor volume reached about 500 mm3 , the 
ice were randomly divided into eight groups with six mice 

n each group: NS gel, PB gel, MPB-NO NPs gel, MPB-NO NPs 
el + NIR, MPB-NO@DOX NPs gel, MPB-NO@DOX NPs gel + NIR,
PB-NO@DOX NPs + ATRA gel, MPB-NO@DOX NPs + ATRA 

el + NIR. To establish the postoperative tumor model, a 
urgical resection cavity was made by removing roughly 
0% of the engrafted tumor after tumor inoculation for 12 
 Various fibrin gels encapsulating different nanoparticles 
ere injected into the surgical tumor cavity immediately,
nd the wound was then sutured with the Autoclip wound 

lip system. An 808 nm laser irradiation (1.0 W/cm2 , 3 min) 
as given once every 2 d for a total of 7 times. During 

his time, the temperature of the tumor site was recorded 

sing infrared thermography to investigate the photothermal 
onversion ability of MPB-NO in vivo . The change of tumor 
olume was measured before each laser irradiation, and the 
urve of tumor volume with time was plotted. After the 
reatments, the mice were euthanized, the tumor tissues were 
issected and removed, weighed, placed in 4% PFA solution 

or 24 h, paraffin-embedded, sectioned, and prepared, stained 

sing hematoxylin-eosin (H&E) (Servicebio, cat. no. G1005) and 

UNEL assay kit (Servicebio, cat. no. GDP1042) in accordance 
ith the manufacturer’s protocol, and placed under a light 
icroscope for observation. 

.15. Western blotting analysis 

otal proteins were first extracted from cells or tumor 
issue and quantitated by BCA. The samples were loaded,
eparated by gel electrophoresis, transferred to the PVDF 
embranes, and then primary antibody including STING 

Cell Signaling, cat. no. 13647S), pIRF3 (Cell Signaling, cat. no.
9047S) and PD-L1 (D4H1Z) (Cell Signaling, cat. no. 60475S) 
t 4 °C overnight. Then, the PVDF membranes were further 
ncubated with HRP-labeled Goat Anti-Rabbit IgG (Beyotime,
at. no. A0208) and then placed into an automatic fluorescence 
hemiluminescence imaging system BeyoECL Plus (Beyotime,
at. no. P0018S) for exposure imaging. 

.16. Immunohistochemical staining (IHC) assay 

araffin-embedded tumor tissues were sectioned, treated with 

nti-SOX2 Rabbit pAb (Servicebio, cat. no. GB11249) and anti- 
anog Rabbit pAb (Servicebio, cat. no. GB11331), and then 

tained with IgG antibody that was labeled with horseradish 

eroxidase to examine the distribution of CSCs in tumor 
issues using a microscope. 

.17. Toxicity examination in vivo 

fter the establishment of a postoperative tumor model, the 
ody weight of the mice was recorded during the treatments 
o evaluate the safety of the therapeutic gel. After the 
reatments, the mice were euthanized to collect major tissues 
ncluding the heart, liver, spleen, lung, and kidney. The slices 
ere stained with H&E staining solution, sealed, and observed 

nder a microscope to further evaluate the toxicity in vivo .
fter the treatments, blood was collected into centrifuge tubes 
ontaining sodium heparin for analysis using a standard 

lood test. In addition, blood was collected in EP tubes and 

hen allowed to stratify at ambient temperature before being 
entrifuged at 3,000 rpm for 10 min. The supernatant was 
ollected and the blood biochemical indicators were tested 

sing a completely automated blood biochemistry analyzer. 

.18. Statistical analysis 

ata were expressed as mean ± standard deviation by 
raphPad Prism 9 software. The data underwent statistical 
xamination utilizing Student’s t -test and the analysis of 
ariance (ANOVA). P -Values less than 0.05 were considered 

tatistically significant (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and 

∗∗∗P < 0.0001). 

. Results and discussion 

.1. Preparation and characterization of MPB-NO@DOX 

B-NO was synthesized as previously reported [61] . The 
ize of the PB-NO NPs was controlled by changing the 
cidity and mass of the reactants (Table S1), and finally, PB- 
O with 129 nm was selected for subsequent experiments 

Fig. S1). A strong stretching vibration of the C≡N group 

t 2086 cm−1 was observed in the FTIR spectra of PB 

nd PB-NO, while an infrared peak of N= O vibration at 
944 cm−1 was only observed in PB-NO, which proved the 
uccessful incorporation of sodium nitroprusside (SNP) into 

he Prussian blue (PB) lattice (Fig. S2). The hydration particle 
ize and zeta potential of PB-NO were 130.57 ± 3.39 nm 

nd −25.73 ± 1.64 mV, respectively. Mn-containing PB-NO 

MPB-NO) was obtained by depositing MnO2 onto the surface 
f PB-NO. The hydrodynamic size of MPB-NO increased by 
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Fig. 1 – Therapeutic illustration of fibrin gel and characterization of MPB-NO@DOX. (A) Hydration particle size (column) and 

zeta potential (line) of PB, PB-NO, MPB-NO and MPB-NO@DOX. (B) Ultraviolet-visible-NIR spectra of PB, PB-NO, MPB-NO and 

MPB-NO@DOX. (C) TEM image of MPB-NO@DOX. (D) Drug loading and encapsulation rate of MPB-NO under different 
conditions (MPB-NO:DOX = 5:1, 2:1 and 1:1, w/w). (E) PB-NO and MPB-NO catalyzed H2 O2 to produce O2 . (F) Catalase 
activities of PB-NO and MPB-NO were investigated by detecting the decomposition of H2 O2 . (G) Catalase activities of PB-NO 

and MPB-NO were investigated by detecting O2 generation. (H) The redox reaction between MPB-NO and GSH. The solution 

turned blue after the decomposition of MnO2 . (I) DOX released from MPB-NO@DOX at different pH values (7.4, 6.4 and 5.0) 
and concentrations of GSH (2.5, 5.0, and 10 mM) upon NIR irradiation at a power density of 2.0 W/cm2 for 5 min. (J) Mn2 + 

released from MPB-NO at different pH values (7.4 and 5.0) and in the presence of GSH (5 mM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 nm correspondingly in comparison with PB-NO, and the
potential of −18.80 ± 0.86 mV was primarily represented
by the zeta potential of MnO2 ( Fig. 1 A). In addition, the
characteristic absorption peak of MnO2 at 380 nm was
observed in the UV spectrum of MPB-NO, further confirming
the successful deposition of MnO2 onto the surface of PB-
NO ( Fig. 1 B). The XRD patterns of PB-NO and MPB-NO
revealed the same diffraction peaks as those of PB, indicating
that the embedded SNP and the MnO2 shell layer on the
surface had no effect on the crystal structure of PB (Fig.
S3). Finally, DOX was loaded into MPB-NO via electrostatic
adsorption and coordination bonds to obtain DOX-loaded
MPB-NO (MPB-NO@DOX), resulting in the zeta potential
of −14.23 ± 0.54 mV ( Fig. 1 A). The transmission electron
microscopy (TEM) results indicated that the particle size of
MPB-NO@DOX was approximately 100 nm ( Fig. 1 C). Different
mass ratios of MPB-NO to DOX (5:1, 2:1, and 1:1) were
prepared, and the optimal ratio was selected according to
the drug loading and encapsulation rate. The amount of
loaded DOX increased with a decrease in the carrier-to-drug
mass ratio, but the encapsulation rate decreased ( Fig. 1 D).
After careful consideration, MPB-NO:DOX = 2:1 (w/w) was
selected for subsequent experiments. According to the UV
spectrum results, PB-NO and PB had similar absorption peaks
at approximately 700 nm, which were due to electron transfer
between Fe (II) and Fe (III) in the structures of PB and PB-
NO ( Fig. 1 B). Importantly, MPB-NO@DOX exhibited a shoulder
slit at 480 nm, confirming that DOX was successfully loaded
into MPB-NO. Due to the responsiveness of MnO2 to GSH,
5 mM GSH was added to the MPB-NO@DOX solution to validate
this property. The characteristic peaks of DOX and PB-NO
at 480 nm and 700 nm appeared respectively, while that
of MnO2 at 380 nm disappeared in the presence of GSH,
suggesting that MnO2 reacted with GSH and collapsed ( Fig. 1 B).
To further investigate the redox ability of MPB-NO, 5 mM
GSH was added to the MPB-NO solution. The dark green
solution turned blue, indicating that the MnO2 encapsulated
in the outer layer rapidly decomposed in the presence of GSH
( Fig. 1 H). As evident from Fig. 1 E-1J, both PB-NO and MPB-
NO exhibited catalase (CAT)-like activity, and the activity of
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PB-NO was significantly higher than that of PB-NO within 

0 min, which might be because MnO2 underwent a redox 
eaction with H2 O2 and accelerated the decomposition rate of 

2 O2 . In addition, the CAT-like activities of PB-NO and MPB- 
O enhanced with laser irradiation, as indicated by a slight 

ncrease in the catalytic decomposition rate and final catalytic 
ecomposition amount of PB-NO. 

The drug release curves of MPB-NO@DOX revealed that 
nly 17.9% of DOX was released after 24 h at pH 7.4, while this 

ncreased to 23.0% and 37.7% at pH 6.4 and 5.0, respectively 
 Fig. 1 I). This may be attributed to the decreased coordination 

apacity of DOX and Mn2 + under acidic conditions. Next,
ifferent concentrations of GSH were used to examine the 
esponsiveness of MPB-NO@DOX to GSH at pH 7.4. The 
ercentages of cumulative DOX release after 24 h from MPB- 
O@DOX in the presence of GSH at concentrations of 2.5, 5 and 

0 mM were 47.3%, 59.5% and 60.8% (after 24 h), respectively,
ndicating that MPB-NO@DOX demonstrated good release 
erformance in the presence of GSH, and the response 
apacity was proportional to the concentration of GSH. At 
H 5.0 and with 10 mM GSH, the percentage of cumulative 
OX release after 24 h reached 67.1% and further increased to 
4.1% with laser irradiation. This enhanced drug release might 
e due to the good photothermal conversion effect of MPB- 
O, which accelerated the movement of small drug molecules 
fter heat generation. 

The in vitro release capacity of Mn2 + from the MPB-NO 

as also determined. The total content of Mn2 + released 

rom MPB-NO was 139.0 mg/l after digestion with dilute 
itric acid ( Fig. 1 J). The concentration and the release rate 
f Mn2 + released at pH 7.4 was only 1.888 mg/l and 1.358%,
espectively, while these values increased to 8.648 mg/l and 

.221%, respectively, at pH 5.0. At pH 5.0 and with 5 mM GSH,
he concentration, and the release rate of Mn2 + were as high 

s 122.1 mg/l and 87.87%, respectively, suggesting that a large 
mount of Mn2 + was released from MPB-NO in the presence 
f GSH and an acidic microenvironment. 

.2. Photothermal conversion property of MPB-NO@DOX 

nd characterization of MPB-NO@DOX + ATRA gel 

he results of the rheological test demonstrated a gel-like 
ehavior of the MPB-NO gel and an ultrafast sol–gel transition 

f the mixture of fibrinogen solution containing MPB-NO and 

hrombin solution (Fig. S4). As depicted in Fig. 2 A, the MPB- 
O@DOX- and ATRA-coloaded gel, MPB-NO@DOX + ATRA 

el, exhibited a porous honeycomb network structure with 

niform pore sizes. The degradation rate of the gel in RPMI 
640 medium and the release curve of ATRA from the gel 
emonstrated that ATRA could be released continuously for 
 d with a maximum release rate of 95.78% ( Fig. 2 B and
C). The TEM image of MPB-NO@DOX released from the gel 
howed that the size and dispersion of MPB-NO@DOX did 

ot change significantly ( Fig. 2 D), indicating that the gel 
ad a limited effect on the properties of MPB-NO@DOX. As 
resented in Fig. 2 E and F, MPB-NO had a high photothermal 
onversion effect in vitro , which was positively correlated with 

he concentration of MPB-NO and irradiation power density.
n addition, MPB-NO exhibited good photothermal conversion 

tability ( Fig. 2 G). 
.3. Cell viability 

s a broad-spectrum anti-tumor drug, DOX can kill tumor 
ells by inserting into DNA, inhibiting DNA synthesis,
riggering ICD, and activating the immune response [62–64] .
o ensure that the DOX concentration would not affect cell 
iability in subsequent experiments, the cytotoxicity of DOX 

o 4T1 and RAW 264.7 cells investigated. The survival rates of 
T1 and RAW 264.7 cells at DOX concentration of 2.5 μg/ml 
ere 89.9% and 87.7%, respectively (Fig. S5). Accordingly, we 

hose the DOX concentration of 2.5 μg/ml for the subsequent 
xperiments. 

To ensure that the drug vectors, including PB-NO and MPB- 
O, did not affect 4T1 cells in subsequent experiments, we 

nvestigated their cytotoxicity. The cell viability reached 94% 

ven when the concentrations of PB-NO and MPB-NO were as 
igh as 200 μg/ml (Fig. S6). No obvious toxicity was observed 

n 4T1 cells when the concentrations of PB-NO and MPB-NO 

ere less than 200 μg/ml. Consequently, PB-NO and MPB-NO 

ould be used as safe drug carriers in subsequent studies. 
We intended to use ATRA to inhibit and reverse the effect of 

acrophage polarization on the M2-type TAM in the TME. To 
hat end, we investigated the effect of ATRA at concentrations 
f 0.25, 0.5, 1, 2.5, 5, 7.5, and 10 μM on the viability of RAW
64.7 cells, to ensure that ATRA was not toxic to macrophages.
he viability of RAW 264.7 cells was above 90% when the ATRA 

oncentration was less than 5 μM, although it decreased to 
7.24% with 7.5 μM ATRA (Fig. S7). Therefore, the maximum 

afe concentration of ATRA was 5 μM for RAW 264.7 cells, so 
t was used in the subsequent experiments. 

To examine the effect of the MPB-NO@DOX + ATRA gel on 

ell viability, we first co-cultured 4T1 or HUVEC cells with NS 
el or MPB-NO@DOX + ATRA gel extracts for 1–6 d and then 

etected cell viability. The toxicity of the NS gel was negligible,
nd cell viability increased with increasing extraction time of 
he blank gel. The 4T1 and HUVEC cell viabilities following 
ncubation with the NS gel extracts for 6 d were 105.19% and 

03.19%, respectively (Fig. S8). We hypothesized that this was 
ecause of the weak effect of fibrin on the promotion of cell 
rowth. The 4T1 cell viabilities after co-culturation with MPB- 
O@DOX + ATRA gel extracts for one and 2 d were 84.80% 

nd 85.6% respectively. However, the 4T1 cell viability reached 

4.22% after co-culturation with MPB-NO@DOX + ATRA gel 
xtracts for 6 d. We speculated that this was because the 
rug in the gel was released slightly more rapidly in the 
rst 2 d, and the drug concentration was slightly higher than 

he safe concentration. These results demonstrated the good 

iocompatibility of MPB-NO@DOX + ATRA gel. 

.4. Cellular uptake 

s depicted in Fig. 3 A, DOX partially entered the nucleus in 

he free DOX group at 4 h, whereas almost no DOX entered the
ucleus in the MPB-NO@DOX group. At 6 h, most DOX in the 

ree DOX group entered the nucleus, whereas only a portion of 
OX in the MPB-NO@DOX group entered the nucleus. At 8 h,
ost DOX in the MPB-NO@DOX and DOX groups was localized 

o the nucleus. A possible reason for the different rates of DOX 

ntry into the nucleus was that free DOX could directly enter 
he nucleus through the nuclear pore after being ingested 
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Fig. 2 – Characteristics of MPB-NO@DOX and MPB-NO@DOX + ATRA gel. (A) SEM image of fibrin gel loaded with 

MPB-NO@DOX and ATRA. The scale bar was 100 μm. (B) The degradation rate of the fibrin gel in medium RPMI 1640. (C) 
ATRA released from the gel. (D) TEM image of MPB-NO@DOX released from the gel. The scale bar was 200 nm. (E) 
Photothermal conversion curves of MPB-NO@DOX at 100 μg/ml under 808 nm laser irradiation at different power densities 
(0.5, 1.0, 1.5, 2.0, and 2.5 W/cm2 ) for 5 min. (F) Photothermal conversion curves MPB-NO@DOX at different concentrations (0, 
50, 100, 150, and 200 μg/ml) under 808 nm laser irradiation at the power density of 1.0 W/cm2 for 5 min. (G) Photothermal 
conversion stability experiment of MPB-NO@DOX tested by five ON/OFF circles. (H) Infrared thermography photos of the 
mice injected with the gel loaded with NS and MPB-NO@DOX upon 808 nm laser irradiation at the power density of 
1.5 W/cm2 for 6 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by the cells, whereas MPB-NO@DOX could not directly enter
the nucleus owing to its larger particle size, and DOX had
to be released from MPB-NO@DOX. Most of the DOX was
released from MPB-NO@DOX after 4—6 h in response to GSH
and the weakly acidic TME. This substantiated our hypothesis
that DOX required a longer time to enter the nucleus in the
MPB-NO@DOX group than in the free DOX group because
DOX was required to be released from MPB-NO@DOX. Our
flow cytometry results further confirmed this hypothesis
(Fig. S9). 

3.5. NO release in MPB-NO and expression of PD-L1 in 

vitro 

4-Amino-5-methylamino-2′ ,7′ -difluorofluorescein diacetate
(DAF-FM DA) is cell-permeable and can be catalyzed by
esterase in the cell to form DAF-FM, which cannot cross
the cell membrane. DAF-FM exhibits weak fluorescence but
can produce stronger green fluorescence after reacting with
NO. Therefore, DAF-FM DA can be used as a probe to detect
cellular NO levels. As evident from Fig. 3 B, except for the
MPB-NO + NIR group, no obvious green fluorescence was
observed in NIR, PB + NIR, or MPB-NO groups, indicating that
NO was released from MPB-NO only when the cells were
exposed to 808 nm laser irradiation. This can be attributed to
the destruction of the Fe-NO bond in the MPB-NO structure
by laser irradiation. 

Studies have demonstrated that NO can reduce PD-L1
expression by inhibiting HIF-1 α expression [65] . In this study,
4T1 cells were cultured in a medium containing CoCl2 to
simulate the hypoxic TME, and PD-L1 expression was detected
by western blotting. As depicted in Fig. 3 C, PD-L1 expression
in the hypoxic group was much higher than that in the 20%
O2 group, and PD-L1 expression was significantly lower in



10 Asian Journal of Pharmaceutical Sciences 19 (2024) 100901 

Fig. 3 – Cellular uptake, NO release, and PD-L1 expression. Cellular uptake of (A) DOX (2 μg/ml) and (B) MPB-NO@DOX 

(2 μg/ml DOX) by 4T1 cells. The scale bars are 100 μm. (C) Fluorescence microscope images showing NO release from PB, 
PB-NO, and MPB-NO in 4T1 cells. The scale bar is 100 μm. (D) and (E) PD-L1 expression in 4T1 cells with different treatments. 
∗PP < 0.05 and ∗∗P < 0.01. 
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he MPB-NO + 808 nm laser irradiation group than that in 

he CoCl2 group, indicating that the NO released from MPB- 
O upon 808 nm laser irradiation markedly reduced PD-L1 
xpression in the hypoxic cells. 

.6. Anti-tumor activity of ATRA in vitro 

t is crucial to adjust the ratio of M1- to M2-type TAM to 
mprove the tumor immune microenvironment for enhancing 
he efficacy of cancer therapy [66] . Therefore, the effect of 
TRA on TAM polarization was examined. As indicated in 

ig. 4 A, the proportion of M1-type TAM in the control group 

ATRA = 0 μM) was 44.1%, while that in the ATRA (0.25–5 μM) 
roup increased to 56.4%–66.8%, and the proportion of M1 
ncreased gradually with the increase in ATRA concentration.
hese results suggested that ATRA inhibited the polarization 
f RAW 264.7 cells to M2-type TAM. Next, we induced RAW 

64.7 cells to polarize into M2-type macrophages with IL-4 and 

hen cultured them with ATRA at different concentrations.
inally, the proportion of M1-type cells was determined using 
ow cytometry. As manifested in Fig. 4 B, the proportion of 
1-type in the control group (ATRA = 0 μM) was 33.3% 

nd increased to 40.9%–56.9% with the increase in ATRA 

oncentration, suggesting that ATRA could reverse some M2- 
ype macrophages into the M1-type. 

ATRA has been reported to effectively inhibit tumor 
ell migration. In this study, the inhibition of 4T1 cell 
etastasis by ATRA was investigated. ATRA significantly 

nhibited 4T1 migration at 0.25 μM, and its inhibitory effect 
lightly increased with increased concentration ( Fig. 4 C and 

). These results confirm that ATRA effectively inhibited 4T1 
ell migration at 0.25–5 μM. 
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Fig. 4 – Study on immune-activation ability of the MPB-NO@DOX + ATRA gel. (A) ATRA promoted the polarization of RAW 

264.7 to M1-type macrophages in vitro . RAW 264.7 macrophages were incubated in a cell medium containing IL-4 (40 ng/ml) 
and ATRA (0, 0.25, 0.5, 1, 2.5, and 5 μM) for 36 h, followed by the addition of the PE-CD86 antibody and FITC-CD206 antibody. 
(B) ATRA reversed M2-type into M1-type macrophages in vitro . RAW 264.7 macrophages were first polarized into M2-type by 

incubation with IL-4 at 37 °C for 36 h, followed by incubation with ATRA (0, 0.25, 0.5, 1, 2.5, and 5 μM) and the addition of the 
PE-CD86 antibody and FITC-CD206 antibody. (C) Photos depicting the inhibition of ATRA at different concentrations (0, 0.25, 
1, 2.5, and 5 μM) on the migration of 4T1 cells. (D) Quantitative analysis of the effect of the inhibition of ATRA on migration 

of 4T1 cells. (E) Western blotting photos demonstrating the expression of STING and pIRF3 in the cells co-cultured with DOX 

at 2.5 μg/ml and Mn2 + at the concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mM, respectively. (F) Quantitative analysis of 
STING expression. (G) Quantitative analysis of pIRF3 expression. (H) Western blotting photos demonstrating the expression 

of STING and pIRF3 in the cells co-cultured with DOX at concentrations of 0.157, 0.313, 0.625, 1.25, 2.5, and 5 μg/ml, Mn2 + at 
0.3 mM and MPB-NO@DOX, respectively. (I) Quantitative analysis of STING expression. (J) Quantitative analysis of pIRF3 
expression. ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. 
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.7. cGAS-STING pathway was activated in vitro 

n2 + and dsDNA can promote the synthesis of cGAMP,
hich acts as a paracrine stimulator of antigen-presenting 

ells (APC) and activates the downstream protein STING in 

endritic cells (DCs), thereby producing a large amount of 
FN-I. The expression of STING protein in 4T1 cells was 
ignificantly increased after the 4T1 cells were treated with 

PB-NO@DOX and co-cultured with DCs (Fig. S10). This may 
e due to the activation of the STING pathway in DCs.
ased on extant literature, we speculated that the degree 
f activation of the cGAS-STING pathway was positively 
orrelated with dsDNA and Mn2 + concentrations. Thus, we 
urther investigated the optimal ratio of DOX to Mn2 + for 
ctivating the cGAS-STING pathway. It was found that the 
xpressions of STING and pIRF3 proteins increased with the 
ncrease in Mn2 + concentration from 0.1 to 0.6 mM at 2.5 μg/ml 
OX concentration ( Fig. 4 E-4G). Noteworthily, the cells began 

o undergo apoptosis when the Mn2 + concentration was 
ncreased to 0.4 mM. Therefore, 0.3 mM Mn2+ was used to 
ptimize the DOX concentration to activate the cGAS-STING 

athway in vitro . The expression of STING and pIRF3 proteins 
ncreased with the increase in DOX concentration from 

.157 to 5 μg/ml when the Mn2+ concentration was 0.3 mM 

 Fig. 4 H-4J).The expression of STING and pIRF3 proteins at 
OX concentrations of 2.5 and 5 μg/ml was up-regulated.
onsidering the toxicity of DOX, 2.5 μg/ml was determined to 
e the optimal DOX concentration. Mn2 + at 0.3 mM and DOX 

t 2.5 μg/ml were the optimal combinations, which could be 
chieved by regulating the loading efficacy of DOX in MPB- 
O@DOX. 

.8. Prevention of postoperative tumor recurrence 

o investigate the photothermal conversion effect of MPB-NO 

n vivo , temperature changes at the postoperative tumor site 
ere investigated. The local temperature at the tumor site 
f the mice treated with MPB-NO-loaded gels increased from 

9.5 to 51.0 °C after irradiation for 3 min, while there was 
ittle change in the NS-loaded gel group ( Fig. 2 H). These results 
onfirmed that MPB-NO had a high photothermal conversion 

ffect in vivo . 
Subcutaneous 4T1 tumor-bearing and post-surgical mice 

ere randomly divided into eight groups ( n = 6 ): (a) NS gel 
roup, (b) PB gel group, (c) MPB-NO gel group, (d) MPB-NO 

el + NIR group, (e) MPB-NO@DOX gel group, (f) MPB-NO@DOX 

el + NIR group, (g) MPB-NO@DOX + ATRA gel group and (h) 
PB-NO@DOX + ATRA gel + NIR group ( Figs. 5 A and S11). The
eight and size of the tumors in MPB-NO gel and MPB-NO 

el + NIR groups were slightly smaller than in NS gel and 

B gel groups, which could be attributed to the weak ability 
f Mn2 + alone to activate the cGAS-STING pathway ( Fig. 5 B- 
D). The weight and size of the tumors in the MPB-NO@DOX 

el + NIR group were smaller than those in the MPB-NO@DOX 

el group, which might be because the released NO from the 
PB-NO@DOX gel after irradiation reduced the expression 

f PD-L1, enabling lymphotoxin-producing T cells to play 
 more effective immune-killing role in tumor cells. The 
PB-NO@DOX + ATRA gel + NIR group exhibited the lowest 

umor recurrence rate and the smallest tumor volume. As 
A
isclosed in Fig. 5 E, the tumor recurrence rates in the groups 
f NS gel, PB gel, MPB-NO gel, and MPB-NO gel + NIR were 
00% and the tumor volume of the first two groups reached 

bout 1,000—1,500 mm3 after treatment, indicating that the 
nhibitory effect of the MPB-NO gel on the prevention of 
ostoperative tumor recurrence was negligible. TdT-mediated 

UTP nick end labeling (TUNEL) and hematoxylin and eosin 

H&E) staining were performed on the tumors in each group 

fter treatments. The results demonstrated that the tumor 
ells grew well with compact structure in the NS gel and PB gel
roups, followed by MPB-NO gel and MPB-NO gel + NIR groups,
hereas those in other groups were affected to varying 
egrees, consistent with the change in the tumor volume 
 Fig. 5 F). 

.9. Prevention of post-surgical tumor recurrence by 
odulating the tumor immune microenvironment 

ecause the spleen is an important immune organ in the body,
e first determined the spleen index. The spleen indices in 

he NS gel, PB gel, MPB-NO gel, and MPB-NO gel + NIR groups
ere much lower than those in the MPB-NO@DOX gel, MPB- 
O@DOX gel + NIR, MPB-NO@DOX + ATRA gel, and MPB- 
O@DOX + ATRA gel + NIR groups (Fig. S12). This provided 

 preliminary indication that the combination of Mn2 + and 

OX could effectively activate the immune system, producing 
 strong anti-tumor recurrence immune response. 

Subsequently, we euthanized the treated mice and used 

ow cytometry to determine the proportion of each type of 
mmune cell ( Fig. 6 A-6D). The percentage of DCs increased 

ignificantly after treatment with the MPB-NO@DOX gel, MPB- 
O@DOX gel + NIR, MPB-NO@DOX + ATRA gel, and MPB- 
O@DOX + ATRA gel + NIR (Fig. S13). The proportion of 
1-type macrophages increased to some extent and the 

roportion of M2-type macrophages decreased to different 
egrees after treatment with the MPB-NO@DOX gel, MPB- 
O@DOX gel + NIR, MPB-NO@DOX + ATRA gel, and MPB- 
O@DOX + ATRA gel + NIR (Fig. S14 and S15). Higher 
roportions of M1-type macrophages were found in the 
PB-NO@DOX + ATRA gel and MPB-NO@DOX NPs + ATRA 

el + NIR groups than in the other groups, indicating that 
he CAT-like activity of PB combined with ATRA had a good 

ynergistic effect in promoting the transition of TAM to M1- 
ype macrophages. The proportion of M1-type macrophages 
n the groups treated with NIR laser irradiation was slightly 
igher than that in the untreated groups, suggesting that NO 

eleased after laser irradiation may affect TAM polarization.
hese results were further verified by immunofluorescence 
taining of tumor tissue sections from mice treated with 

ifferent gels (Fig. S16). More importantly, the ratio of M1- 
ype macrophages to M2-type macrophages within the TME 
as significantly enhanced after gel treatment, revealing that 

he gel encapsulating MPB-NO@DOX and ATRA exerted a 
ositive effect on TAM polarization (Fig. S17). In addition, the 

nfiltration of CD8+ T cells and the percentage of mature DCs 
ere significantly increased in the MPB-NO@DOX gel, MPB- 
O@DOX gel + NIR, MPB-NO@DOX + ATRA gel and MPB- 
O@DOX + ATRA gel + NIR groups (Fig. S18). These results 
emonstrated that the gel encapsulating MPB-NO@DOX and 

TRA could pre-program the immunosuppressive TME. This 
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Fig. 5 – Prevention of Postoperative Tumor Recurrence . (A) Schematic illustration of the therapeutic gel therapy in a mouse 
model of incomplete tumor resection. The tumor was resected, and fibrin gel was implanted in situ . (B) The tumor weight of 
each group of mice after different treatments. ∗∗∗∗P < 0.0001, significantly different. (C) The tumor size of each group of 
mice after different treatments. ∗P < 0.05, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001, significantly different. (D) Photos of the excised 

tumors at the therapeutic endpoint. (E) Individual tumor growth kinetics in each group during the treatments. (F) H&E- and 

TUNEL-stained sections of tumor tissues of mice in each group. The scale bars are 200 μm. Data are presented as mean ±
S.D. ( n = 6). 
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Fig. 6 – Immune responses of the gels in vivo . Flow cytometric analysis of (A) dendritic cells (DCs, CD86+ CD80+ ) , (B) M1-type 
macrophages (F4/80+ CD86+ ), (C)M2-type macrophages (F4/80+ CD206+ ), and (D)CD4+ and CD8+ T cells in tumor tissues of 
each group with different treatments. (E) Western blotting showing the expressions of STING and pIRF3 in tumor tissues of 
each group with different treatments. (F) Quantitative analysis of STING expression. (G) Quantitative analysis of pIRF3 
expression. (H) Western blotting showing PD-L1 expression in tumor tissues of each group with different treatments. (I) 
Quantitative analysis of PD-L1 expression. (J) Immunohistochemical images of CSCs in tumor tissue after different 
treatments. The scale bar is 200 μm. Data are presented as mean ± SD ( n = 6, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P 
< 0.0001). 
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Fig. 7 – Biosafety studies. (A) Changes in body weight of mice during treatment. (B) Routine blood test of mice in each group. 
(C, D). Liver function test of mice in each group. (E) Renal function test of mice in each group. (F) H&E staining sections of 
major organs of mice in each group. The scale bar is 200 μm. Data are presented as mean ± SD ( n = 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was because the combination of Mn2 + and DOX significantly
activated the cGAS-STING pathway, thereby enhancing the
activation and function of immune cells. This was further
confirmed by the expressions of STING and pIRF3 in the tumor
tissues of mice subjected to different treatments ( Fig. 6 E-
6G). The DOX released from the MPB-NO@DOX + ATRA
gel disrupted DNA, and the Mn2 + released from the gel
accelerated the recognition of dsDNA by cGAS to activate
the immune response against post-surgical tumor recurrence
in vivo . We further measured the expression level of PD-
L1 by western blotting. As illustrated in Fig. 6 H and 6I,
PD-L1 expression was lower in MPB-NO gel + NIR and
MPB-NO@DOX + ATRA gel + NIR groups than in the
other groups. This might be because PB and MPB-NO
exhibited CAT-like activity, and MnO2 underwent a redox
reaction with H2 O2 , which alleviated the hypoxic TME and
downregulated PD-L1 expression. PD-L1 expression in the
groups with NIR laser irradiation was much lower than
that in the groups without irradiation because 808 nm laser
irradiation resulted in the breakage of PB-NO and triggered
the release of NO. In turn, it has been reported that NO
can reduce HIF- α expression, thereby further reducing PD-L1
expression [65] . 

Inspired by the anti-tumor activity of ATRA in vitro and
its ability to differentiate CSCs to tumor cells, we evaluated
common indicators of cell stemness in vivo . The expressions
of Sox2 and Nanog in the groups containing ATRA were
significantly lower than those in the other groups without
ATRA, confirming that ATRA strongly reduced stemness in vivo
( Fig. 6 J). 
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.10. Biosafety in vivo 

he toxicity of MPB-NO@DOX + ATRA gel in mice was 
lso investigated. No significant difference was observed 

n the body weight among the different treatment groups,
uggesting that the MPB-NO@DOX + ATRA gel was nontoxic 
 Fig. 7 A). Routine blood results revealed no obvious differences 
n the red blood cells, hemoglobin, and platelets of the mice 
n each group ( Fig. 7 B). As displayed in Fig. 7 C-7E, the renal
nd liver functions of the mice in each group were normal.
n addition, H&E staining demonstrated that the heart, liver,
ung, kidney, and spleen in all treatment groups were in 

ood condition without any pathological phenomena ( Fig. 7 F).
hese results revealed that the MPB-NO@DOX + ATRA gel had 

ood biocompatibility. 

. Conclusion 

e successfully developed an injectable fibrin gel 
ncapsulating a Mn2 + /NO-based immune nano-activator 
MPB-NO@DOX) and ATRA, which demonstrated sustained 

elease and good biocompatibility. After MPB-NO@DOX 

Ps were uptaken by tumor cells, intracellular GSH 

nd acidic TME triggered the release of Mn2+ and DOX.
he fragmented DNA induced by the released DOX and 

n2+ synergistically activated the cGAS-STING pathway to 
romote the maturation of DCs, thus enhancing their ability 
o present tumor-specific antigens and promote the immune 
unction of T cells. In addition, NO release triggered by 
IR irradiation reduced the expression of PD-L1, thereby 
nhancing the immune-killing effect of T cells. Importantly,
TRA in the gel reduced the stemness of the tumor, allowing 
umor cells to be recognized and killed by the immune 
ells. This combined effect ensured that the MPB-NO@DOX 

Ps + ATRA gel plus laser irradiation was effective in 

reventing postoperative tumor recurrence. 
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