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a b s t r a c t 

Bacterial-based antitumor immunity has become a promising strategy to activate the 

immune system for fighting cancer. However, the potential application of bacterial therapy 

is hindered by the presence of instability and susceptibility to infections within bacterial 

populations. Furthermore, monotherapy is ineffective in completely eliminating complex 

cancer with multiple contributing factors. In this study, based on our discovery that 

spore shell (SS) of Bacillus coagulans exhibits excellent tumor-targeting ability and adjuvant 

activity, we develop a biomimetic spore nanoplatform to boost bacteria-mediated antitumor 

therapy, chemodynamic therapy and antitumor immunity for synergistic cancer treatment. 

In detail, SS is separated from probiotic spores and then attached to the surface of 

liposome (Lipo) that was loaded with hemoglobin (Hb), glucose oxidase (GOx) and JQ1 

to construct SS@Lipo/Hb/GOx/JQ1. In tumor tissue, highly toxic hydroxyl radicals ( • OH) 

are generated via sequential catalytic reactions: GOx catalyzing glucose into H2 O2 and 

Fe2 + in Hb decomposing H2 O2 into • OH. The combination of • OH and SS adjuvant can 

improve tumor immunogenicity and activate immune system. Meanwhile, JQ1-mediated 

down-regulation of PD-L1 and Hb-induced hypoxia alleviation synergistically reshape 

immunosuppressive tumor microenvironment and potentiate immune response. In this 

manner, SS@Lipo/Hb/GOx/JQ1 significantly suppresses tumor growth and metastasis. To 

summarize, the nanoplatform represents an optimum strategy to potentiate bacteria-based 

cancer immunotherapy. 
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. Introduction 

ancer kills thousands of people every year and its treatment 
emains to face challenges all over the world [1] . Although 

onventional anticancer therapies (such as chemotherapy 
nd radiation therapy) are still dominant, various emerging 
herapies open broad prospects in cancer therapy, such as 
hemodynamic therapy (CDT), immunotherapy and bacteria- 
ediated antitumor therapy (BMAT) [2-4] . Nonetheless,
onotherapy always shows unsatisfactory therapeutic 

fficacy due to insufficient treatment response and generation 

f resistance [5 ,6] . Therefore, it is urgent to combine multiple 
herapies into a single regimen to explore innovation 

pproaches for improved therapeutic efficacy. For instance,
mmunotherapy has been reported to enhance the antitumor 
fficacy when combined with other anticancer approaches 
uch as chemotherapy, radiotherapy, BMAT and CDT [7-9] . 

One of the anticancer mechanisms of most antitumor 
reatments (chemotherapy, radiotherapy and CDT) is 
enerating reactive oxygen species (ROS), which can increase 
umor immunogenicity and activate antitumor immunity 
hrough various pathways [10-12] . On the one hand, ROS 
irectly induce oxidative damage of cancer cells [13 ,14] . On 

he other hand, ROS could promote the activation of NOD- 
ike receptor thermal protein domain associated protein 3 
NLRP3) inflammasomes, and further induce tumor cells to 
ndergo pyroptosis, which has been proved to activate strong 

mmune response [15 ,16] . However, unsatisfactory specificity 
f most therapeutic methods would induce unavoidable 
ide effects and significantly impair therapeutic efficacy.
nterestingly, CDT, which is defined as specific hydroxyl 
adicals ( • OH) generation in cancer cells, induces lower 
ide effects compared with other strategies [17] . Because 
ransition metals, such as Fe, can decompose in situ hydrogen 

eroxide (H2 O2 ) into • OH, which further activates antitumor 
mmunity by inducing the release of danger-associated 

olecular pattern (DAMP), including adenosine triphosphate 
ATP), high mobility group box 1 (HMGB1) and calreticulin 

CRT) [18 ,19] . Although • OH can induce immunogenic cell 
eath (ICD) of tumor cells, the lack of immune adjuvants and 

mmunosuppression compromises antitumor immunity [20] . 
Nowadays, BMAT has caught much attention owing to 

nique advantages of bacteria and their derivatives [21 ,22] .
ecent research has revealed that locally infected bacteria 
an not only destroy tumor cells by producing bacterial 
oxins, but also boost antitumor immunity due to natural 
djuvant components of bacteria [23-25] . Moreover, bacteria 
ave excellent tumor-targeting ability due to their unique 
haracteristics [26] . Yang’s group reported that attenuated 

acteria have been used as carriers to deliver therapeutic 
rugs for the enhancement of antitumor efficacy [23] . In 

ddition to bacteria, many bacterial derivatives, such as 
pores and outer membrane vesicles, can also serve as 
ectors for drug delivery and adjuvants to activate the 
mmune system [27-29] . However, there are still serious 
imitations for future application, such as the loss of 
argo due to bacterial proliferation and bacteremia caused 

y bacterial infection [30 ,31] . Therefore, overcoming the 
bove disadvantages while retaining tumor targeting ability 
nd adjuvant activity of bacteria remains a formidable 
hallenge in BMAT. In previous work, we have successfully 
ynthesized autonomous nanoparticles generator based on 

he hydrophobic component in spore shell (SS) of Bacillus 
oagulans [32] . This nanoplatform exhibited excellent tumor- 
argeting ability. However, it is uncertain whether the tumor- 
argeting effect is mediated by the components of SS. 

Although antigens combined adjuvants can initiate robust 
mmune response, interferon- γ (IFN- γ ) secreted by cytotoxic 
ymphocytes (CTLs) in tumors can promote upregulation of 
rogrammed cell death-ligand 1 (PD-L1) on tumor cells [33] .
nd PD-L1 can bind to programmed cell death protein 1 (PD- 
) on the surface of CTLs and inactivate effector T cells,
ltimately leading to adaptive resistance to immunotherapy 

34 ,35] . JQ1, a bromodomain-containing protein 4 inhibitor 
BRD4i), can selectively block PD-L1 and overcome immune 
esistance [2] . 

In this work, we separated the total SS using 
echanical force and proved its tumor-targeting ability 

nd adjuvant activity. Based on this discovery, we 
eveloped a SS biomimetic nanoplatform to boost BMAT,
DT and antitumor immunity for synergistic cancer 

reatment ( Scheme 1 ). In detail, hemoglobin (Hb) and glucose 
xidase (GOx) were encapsulated into the liposome (Lipo) 
ontaining JQ1 to construct Lipo/Hb/GOx/JQ1. Subsequently,
S@Lipo/Hb/GOx/JQ1 drug delivery system was obtained 

y attaching SS to the surface of Lipo/Hb/GOx/JQ1. After 
eaching tumor tissue, GOx could catalyze glucose in tumor 
egion into abundant H2 O2 , which was decomposed into 
iberate highly toxic • OH by Fe2 + in Hb. The generated • OH 

riggered oxidative damage of tumor cells and promoted 

he activation of NLRP3 inflammasome, thereby inducing 
umor cells to undergo pyroptosis and releasing tumor- 
ssociated antigens (TAAs). Notably, the combination 

f TAAs and SS adjuvant boosted dendritic cells (DCs) 
aturation and enhanced intratumoral CD8+ T lymphocytes 

ntitumor activity. Furthermore, targeted inhibition of BRD4 
ith JQ1 significantly down-regulated the transcription 

f PD-L1, thus suppressing immune evasion. In addition,
b, as a good oxygen donor, could increase the oxygen 

oncentration in tumor microenvironment (TME) and weaken 

ypoxia-encouraged immune suppression. Collectively, the 
anoplatform might be an optimum strategy to potentiate 
ancer immunotherapy. 

. Materials and methods 

.1. Materials 

,2-dihexadecanoyl-rac-glycero-3-phospocholine (DPPC),
holesterol, 1,2-dioleoyl-3-trimethylammonium-propane 
DOTAP) and 2-distearyl -sn-glycero-3-phosphoethanolamine 
DSPE-PEG2000) were obtained from Corden Pharma. Hb 
as purchased from Macklin (Shanghai, China). GOx and 

ihydrochloride (DAPI) were acquired from Sigma-Aldrich.
Q1 was obtained from MCE (China) and C11-BODIPY581/591 
rom Thermo Fisher Scientific (USA). 

4T1 breast tumor cells were obtained from Shanghai Cell 
ank, Chinese Academy of Sciences (CAS). Complete RPMI 
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Scheme 1 – Schematic illustration of anti-tumor mechanism of SS@Lipo/Hb/GOx/JQ1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1640 supplemented with 10 % fetal bovine serum (BI, South
America) at 37 °C and 5 % CO2 was employed to culture cells. 

BALB/c mice (female, 4–6 weeks) and SD rats (180 ± 20 g)
were bought from Zhengzhou Laboratory Animal Center.
Animal experiments complied with experiments were
performed based on principles of Experimental Animals
Administrative Committee of Zhengzhou University. 

2.2. Preparation and characterization of 
SS@Lipo/Hb/GOx/JQ1 

Firstly, Bacillus coagulans were cultured and their spores were
separated according to our previous literature [32] . For the
preparation of the SS, the spore solution was diluted to
0.5 mg/ml and then extruded back and forth 13 times through
polycarbonate membrane with pore size of 800 nm using a
micro extruder. Next, SS was obtained after centrifugation
(5,000 rpm, 10 min). The morphologies of spore and SS were
characterized by transmission electron microscope (TEM,
HT7700, Japan). 

For the preparation of SS@Lipo/Hb/GOx/JQ1, DPPC, DOTAP,
cholesterol, DSPE-PEG2000 and JQ1 (14:2:1:0.2:2.15, mass
ratio) were dissolved in chloroform. After chloroform was
evaporated, a mixed solution of Hb and GOx was used to
hydrate the lipid film. After sonication (200 W, 3/5 s on/off) for
180 s, the final Lipo/Hb/GOx/JQ1 was prepared. After treatment
with probe sonication (300 W, 3/5 s on/off) for 30 min, SS
was mixed with Lipo/Hb/GOx/JQ1. The mixed solution was
extruded 11 times with a sequential pore size of 400 nm and
200 nm to obtain SS@Lipo/Hb/GOx/JQ1. 

Dynamic light scattering (DLS) analyzer (Zetaster, Malvern,
UK) and TEM were used to detect the size distribution/zeta
potential and morphology of SS@Lipo/Hb/GOx/JQ1. The
concentration of JQ1 was measured by high-performance
liquid chromatography (HPLC). The separation and detection
conditions were as follows: Venusil XBP C18 column
(4.6 mm × 150 mm, 5 μm) at 30 °C for separation, water and
acetonitrile (25:75, 1 ml/min) as isocratic mobile phase. The
measuring wavelength was set at 254 nm, and the injection
volume was 20 μl. The concentration of Hb was determined at
405 nm by an ultraviolet-visible (UV/Vis) spectrophotometer
(Shimadzu, Tokyo, Japan). For the detection of GOx, GOx-
FITC was first synthesized through protein bonding. Then,
the concentration of fluorescein isothiocyanate (FITC) was
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easured via fluorescence spectrophotometry (Ex: 488 nm,
m: 514 nm) and Gox concentration was calculated according 
o bonding efficiency. 

.3. In vitro cellular uptake 

fter incubation in 6-well plates for 24 h, 4T1 cells were 
reated with FITC, Lipo/FITC, SS@Lipo/FITC. After 1, 2 or 
 h incubation, DAPI was used to label nucleus, and the 
uorescence was detected with confocal laser scanning 
icroscope (CLSM) (Leica, Germany) and flow cytometry. 

.4. Intracellular ROS measurement and lipid 

eroxidation detection 

fter 4T1 cells treatment with PBS, SS@Lipo, Hb + GOx,
S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb: 50 μg/ml,
Ox: 0.1 μg/ml and JQ1: 50 μg/ml) for 24 h, 2,7- 
ichlorodihydrofluorescein diacetate (DCFH-DA) was used for 
he detection. 

The intracellular lipid peroxide initiated by 
S@Lipo/Hb/GOx/JQ1 was determined by CLSM. 4T1 cells 

n a confocal dish were treated with PBS, SS@Lipo, Hb + GOx,
S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb: 50 μg/ml,
Ox: 0.1 μg/ml and JQ1: 50 μg/ml), respectively. After 24 h, the 
ells were incubated with C11-BODIPY581/591 (2 μM) for 30 min 

nd subsequently observed via CLSM. 

.5. In vitro antitumor performance of 
S@Lipo/Hb/GOx/JQ1 

T1 cells were treated with PBS, SS@Lipo, Hb + Gox,
S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1. After incubation 

or 24 h, cell viability was measured by MTT method. 
After the cell incubation with PBS, SS@Lipo, Hb + Gox,

S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb: 50 μg/ml,
Ox: 0.1 μg/ml and JQ1: 50 μg/ml) for 24 h, the cells 
ere treated with Calcein AM/PI according to directions and 

bserved by using fluorescence microscope. 

.6. In vitro pyroptosis assay 

T1 cells were incubated with PBS, SS@Lipo, Hb + Gox,
S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb 50 μg/ml,
Ox 0.1 μg/ml, JQ1 50 μg/ml) for 24 h. The cell morphology 
as observed and photographed by electron microscope.
eanwhile, the cell supernatant was collected to detect 

nterferon-1 β (IL-1 β) and lactic dehydrogenase (LDH) with 

nzyme-linked immunosorbent assay (ELISA) and LDH 

elease Assay Kit (Beyotime Biotechnology), respectively. The 
xpression of the pyroptosis marker NLRP3 was evaluated by 
estern blotting. 

.7. In vitro tumor immunogenicity detection 

T1 cells were incubated with PBS, SS@Lipo, Hb + Gox,
S@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb 50 μg/ml,
Ox 0.1 μg/ml, JQ1 50 μg/ml) for 24 h. For CRT measurement,

he cells were fixed with pre-chilled 75 % ethanol, incubated 

ith anti-CRT antibody, stained with DAPI and observed 
ith CLSM. Meanwhile, the cell supernatant was collected 

or HMGB1 measurement via ELISA kit according to 
irections. 

Moreover, bone marrow-derived dendritic cells (BMDCs) 
ere prepared according to previous literature [2] . After 4T1 

ells incubation with different formulations (Hb 50 μg/ml, Gox 
.1 μg/ml, JQ1 50 μg/ml) for 24 h, cell supernatant was collected 

nd added to BMDCs for their maturation. After 24 h, BMDC 

ells were collected and incubated with anti-CD86-FITC and 

nti-CD40-APC antibodies, and analyzed by flow cytometry 
BD, USA). 

.8. In vivo biodistribution 

umor-bearing mice (female, 4–6 weeks, BALB/c) were 
andomly divided into 3 groups and injected ( i.v.) with 

ree IR780, Lipo/IR780 and SS@Lipo/IR780 at equal amounts of 
R780 after two weeks. Subsequently, IR780 distribution was 
bserved by a living imaging system (Bruker, Germany) at a 
et time points. After 24 h, major organs and tumor tissue 
ere extracted to detect the fluorescence intensity of IR780. 

.9. Pharmacokinetic study 

o investigate the pharmacokinetics of SS@Lipo/Hb/GOx/JQ1,
prague Dawley (SD) rats (female, 180 ± 20 g) were i.v. injected 

ith JQ1, Lipo/Hb/GOx/JQ1 and SS@Lipo/Hb/GOx/JQ1 solution 

t an identical JQ1 dose of 15.0 mg/kg. Blood samples were 
ollected and processed at the estimated time point post- 
njection. The blood concentration of JQ1 was quantitatively 
xamined using HPLC. 

.10. In vivo anticancer efficacy 

ALB/c mice were subcutaneously injected 1 × 106 4T1 cells.
hen volume of tumor was about 100 mm3 , the mice were 

andomly divided into 5 groups ( n = 5): control, SS@Lipo,
b + GOx, SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 (Hb: 
5 mg/kg, GOx: 2 mg/kg, and JQ1: 15 mg/kg). Tumor volume and 

ody weight of mice were recorded every other day. The tumor 
issues and major organs were used for hematoxylin-eosin 

H&E) staining post whole treatments. Furthermore, Ki67,
erminal deoxynucleotidyl transferase dUTP nick end labeling 
TUNEL), hypoxia-inducible factor-1 α (HIF-1 α), gasdermin-D 

GSDMD), HMGB1, CRT, PD-L1 and CD8 in tumor tissues were 
etected via immunofluorescence and immunohistochemical 
taining. 

.11. Tumor immune infiltration and cytokine secretion 

fter tumor-bearing mice treatment with saline, SS@Lipo,
b + GOx, SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 3 times,

umor tissues and lymph nodes were collected and digested 

nto single-cell suspensions. The obtained cells were stained 

ith Dead/Live-FVS620, Fc block, anti-CD45-APC-Cy7, anti- 
D3-BV510, anti-CD11b-BB515, anti-CD11c-BV605, anti-F4/80- 
V421, anti-CD86-APC-R700, anti-CD40-PE, anti-CD4-PE, anti- 
D8-PerCP-Cy5, and anti-Foxp3-BV421 antibodies at 4 °C for 
0 min. Next, the cells were measured by flow cytometry.
eanwhile, the serum levels of interleukin-6 (IL-6), IFN- γ and 
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tumor necrosis factor α (TNF- α) were detected with ELISA kits
on Synergy Neo microplate reader (BioTek, USA). 

2.12. Lung metastatic analysis 

4T1-bearing mice were treated with different formulations as
described in “2.1.10 In vivo anticancer efficacy”. After 40 d, the
lung tissues were collected from sacrificial mice and subjected
to H&E staining for lung metastatic analysis. 

2.13. In vivo biosafety study 

Firstly, healthy mice were injected ( i.v.) with saline,
lipopolysaccharide (LPS, i.v., 500 μg/ml, 100 μl) and SS
( i.v., 5 mg/kg). Subsequently, the body temperatures of
mice were detected with electric thermometer (FR1DZ1,
Microlife, Switzerland). Next, SD rats (180 ± 20 g, n = 3)
were administrated with saline and SS ( i.v., 5 mg/kg),
respectively. After 48 h, blood samples of rats were collected
for routine blood, coagulation indexes, C-reactive protein
(CRP), procalcitonin (PCT), and blood biochemical indices
examinations. 

Healthy mice were injected ( i.v.) with PBS, SS@Lipo,
SS@Lipo/Hb/GOx and SS@Lipo/JQ1/Hb/GOx (Hb: 15 mg/kg,
GOx: 2 mg/kg, and JQ1: 15 mg/kg). After treatment with
different formulations 5 times, blood biochemical parameters
were measured to evaluate biosafety of the nanoplatform. 

2.14. Statistical analysis 

Data represent mean ± standard deviation (SD) from at
least three independent replicates. Statistical difference was
assessed by one-way ANOVA, two-way ANOVA, and t -test.
Significance was indicated by P values < 0.05, < 0.01, and <

0.001. P < 0.05 was regarded as significant. 

3. Results and discussion 

3.1. Preparation and characterization of SS 

For the preparation of SS, spores were first separated from
Bacillus coagulans . Next, the contents of spores were removed
through mechanical force by a liposome extrusion instrument
to obtain SS, according to our previous report [36] . The size
distribution and zeta potential of SS showed no significant
difference with spores (Fig. S1). According to TEM in Fig. 1A ,
SS showed similar appearance and size in comparison with
spores, but the main contents of SS vanished from sight,
indicating that SS with the purity of around 95.3 % was
successfully isolated from spores. Next, the distribution and
proportion of different elements (C, N, O, Ca, Mn, P, S, Zn) were
analyzed by elemental mapping. The results in Figs. 1B and
S2 indicated that C, N, O, Ca, Mn and P were dominant metal
populations in SS. Moreover, the amount of peptidoglycan
(PGN) in SS was examined by ELISA and calculated to be
60 μg/mg. 

To investigate the immunological effect of SS, CRT and
HMGB1 in 4T1 mouse breast cancer cells were detected
post-treatment with SS. As demonstrated in Fig. 1C and D ,
both the CRT and HMGB1 levels did not significantly
change after treatment with SS, suggesting that SS had
no influence on immunogenicity of tumor cells. However,
SS treatment significantly upregulated the expression of
CD86 and CD40 on BMDCs ( Fig. 1E ), demonstrating its
capacity in promoting BMDCs maturation. These results
might attribute to adjuvant components inherited from
the parent spores, such as PGN and Mn, which could
enhance the immune response through toll-like receptor
2 (TLR2) and cyclic guanosine monophosphate–adenosine
monophosphate synthetase stimulator of interferon genes
(cGAS-STING) pathways, respectively [37 ,38] . 

Before application, we investigated the biosecurity of SS
via a series of experiments. At first, hemolysis test was
detected, and the results in Fig. S3 indicated negligible
hemoglobin release and low hemolysis rate ( < 5 %). After
intravenous administration of SS, body temperature of mice
did not rise compared to the mice treated with LPS,
maintaining consistency with healthy mice (Fig. S4). Then,
routine blood assays revealed that white blood cells (WBC),
red blood cells (RBC), blood platelet (PLT), hemoglobin (HGB)
and hematocrit (HCT) showed no significant difference with
healthy mice ( Fig. 1F ). To further investigate systemic toxicity,
serum samples were collected for detection of CRP and
PCT. The results in Fig. 1G demonstrated that SS induced
no systemic infection or plasmic immune reaction. The
above results indicated that SS would not induce acute and
short-term microbiological infection. Moreover, coagulation
indexes, such as D-D level, fibrinogen (FBG) and thrombin
time (TT), were measured, which identified no risk of
thrombosis after administration of SS ( Fig. 1H ). Finally, the
results of liver function (alanine transaminase, ALT; aspartate
aminotransferase, AST) and kidney function (creatinine,
CREA; UREA) indicated negligible damage on renal and hepatic
functions (Fig. S5). Therefore, inappreciable systemic toxicity
was exhibited after treatment with SS, suggesting its good
biosecurity for further application. 

After detecting the biosafety of SS, we investigated
whether SS inherited tumor targeting properties from the
parental spores with Lipo as control. We first confirmed
the attachment of SS onto the surface of Lipo via TEM
( Fig. 1J ). Then, the biodistribution of free IR780, Lipo/IR780
and SS@Lipo/IR780 was evaluated in 4T1-bearing BALB/c mice
by using the fluorescence imaging system. Compared with
free IR780, Lipo/IR780 and SS@Lipo/IR780 showed distinct
fluorescence signal at tumor site 8 h post-injection ( Fig. 1K ).
After 24 h, the fluorescence intensity of SS@Lipo/IR780 at
isolated tumor site was obviously stronger than that of
Lipo/IR780, as shown in Fig. S6. These results demonstrated
that the SS inherited tumor-targeting property from the
parent spores, such as peptidoglycan, which could recognize
the TLR2 receptor, which is highly expressed in tumor sites
[39] . We envisioned that SS could be used to develop functional
nanoplatforms for bacteria-mediated antitumor immunity. 

3.2. Preparation and characterization of 
SS@Lipo/Hb/GOx/JQ1 

Considering that SS had no influence on tumor
immunogenicity but could act as an immune adjuvant,
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Fig. 1 – (A) TEM images of Bacillus coagulans spore and SS. (B) HAADF images of SS. (C) CRT expression in 4T1 breast cancer 
cells. (D) HMGB1 release from 4T1 cells after incubation with SS. (E) BMDCs maturation (CD40 + CD86 + ) after incubated with 

SS. (F) Blood biochemistry of in healthy mice after administration with saline and SS. (G) PCT and CRP detection. (H) D-D 

level, FBG and TT in serum of rat. (J) TEM images of Lipo and SS@Lipo. (K) Near-infrared fluorescence imaging. Data are 
presented as mean ± SD ( n = 3); ns = nonsignificant; P values were calculated by t -test. 
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Table 1 – The encapsulation efficiency and drug loading 
efficiency of Hb, GOx and JQ1. 

Hb GOx JQ1 

Encapsulation efficiency 76.3 % ± 1.9 % 43.7 % ± 2.4 % 67.5 % ± 2.6 % 

Drug loading efficiency 16.12 % ± 2.1 % 1.23 % ± 0.5 % 14.28 % ± 1.3 % 

s
(
L
+
i
a
L
a
m  

c
(
e
w

i

s proved in the above experiments, we intended to improve 
he tumor immunogenicity by inducing ICD via ROS/NLRP3 
nflammasomes activation-mediated pyroptosis for enhanced 

ntitumor immunity. To avoid damage to normal tissues, in 

itu chemical reactions were used to provide highly toxic 
 OH. As shown in Fig. S7, iron ions in Hb could convert 

2 O2 into • OH, which could transform methylene blue 
MB) from a blue to a colorless form, accompanied by 
he disappearance of characteristic absorption in UV/vis 
pectrum. When GOx catalyzed glucose oxidation to 
oost H2 O2 generation, the amount of • OH increased 

ith the increase of Hb concentration (Fig. S8). Therefore,
ntracellular glucose could serve as a substrate to generate 

2 O2 for considerable • OH to achieve satisfying therapeutic 
fficacy. 

To develop antitumor nanoplatform, Hb, GOx and JQ1 
ere encapsulated with Lipo to construct Lipo/Hb/GOx/JQ1.
hen, SS was attached to the surface of Lipo/Hb/GOx/JQ1 via 
lectrostatic interactions to obtain SS@Lipo/Hb/GOx/JQ1. As 
he TEM images in Fig. 2A displayed, both Lipo/Hb/GOx/JQ1 
nd SS@Lipo/Hb/GOx/JQ1 were of good morphology. The 
verage hydrodynamic diameter and zeta potential of 
ifferent nanoplatforms were measured by DLS. The 
article size of SS@Lipo/Hb/GOx/JQ1 ( ∼121.6 nm) was 
lightly increased than that of Lipo/JQ1/Hb/GOx ( ∼102.7 nm) 
Fig. S9A). As shown in Fig. S9B, the zeta potentials of 
ipo/JQ1/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 were around 

 5.4 mV and −19.2 mV, respectively, and the later was 
n line with that of SS (−24.7 mV). Increased particle size 
nd surface charge variations proved attachment of SS to 
ipo/Hb/GOx/JQ1. Moreover, the UV/Vis absorption peaks 
t 254 nm, 405 nm and 495 nm were consistent with the 
aximum absorption peaks of free JQ1, Hb and GOx-FITC ,

onfirming the successful preparation of SS@Lipo/Hb/GOx/JQ1 
Fig. S10). The encapsulation efficiency and drug loading 
fficiency of Hb, GOx and JQ1 were calculated and the results 
ere displayed in Table 1 . 

Next, the release profile of GOx and Fe ions was detected 

n different mediums. As shown in Fig. S11A, the cumulative 
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Fig. 2 – (A) TEM images of Lipo/JQ1/Hb/GOx and SS@Lipo/Hb/GOx/JQ1. (B) The oxygen release capability of free Hb and 

SS@Lipo/Hb/GOx/JQ1. I0 and In represented the fluorescence Ru(dpp)3 Cl2 intensity of (fluorescence quenching O2 probe) 
before and after reaction, respectively. (C) Cellular internalization of free FITC, Lipo/FITC and SS@Lipo/FITC in 4 T1 cells. (D) 
Detection of ROS with DCFH-DA. (E) CLSM images of lipid peroxidation in different groups. (F) IC50 of different formulations 
( n = 3; mean ± SD). (G) Cell viability curves after incubation with Lipo and SS@Lipo ( n = 3; mean ± SD). (H) Staining of 
live/dead cells. P values were calculated by one-way ANOVA with a Tukey post-hoc test (∗∗∗P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

release percentage of GOx from Lipo/Hb/GOx/JQ1 and
SS@Lipo/Hb/GOx/JQ1 in simulated TME were around 78.89 %
and 69.49 % respectively, demonstrating no significant
difference. For Fe, the release percentage was only about
27.8 % after 24 h incubation at pH 6.0. After adding H2 O2

(1 mM) into medium, the cumulative release percentage
rapidly reached to 55.08 % (Fig. S11B), which was mainly
attributed to the possibility that Fe ions in Hb could be
released into solution in the presence of H2 O2 • In the
presence of glucose, SS@Lipo/Hb/GOx/JQ1 continuously
decreased UV/Vis absorption of MB at 665 nm (Fig. S12),
indicating the continuous generation of • OH. Negligible
changes in particle size, PDI and zeta potential demonstrated
superior stability of SS@Lipo/JQ1/Hb/Gox (Fig. S13). Next, we
investigated oxygen release capability of SS@Lipo/Hb/Gox/JQ1
with (Ru(dpp)3 Cl2 ) as O2 indicator [40] . As shown in Fig. 2B ,
the oxygen amount released by SS@Lipo/Hb/Gox/JQ1
was noticeably higher than that of free Hb, which
was mainly due to the improved stability of Hb in the
nanoplatform. 
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.3. In vivo antitumor performance of 
S@Lipo/Hb/Gox/JQ1 

iven the tumor targeting property of SS, we evaluated the 
ellular uptake efficiency of FITC labeled nanoplatform to 
onfirm whether SS could increase the intracellular delivery 
f antitumor agents. Flow cytometry in Fig. 2C and CLSM 

xamination in Fig. S14 illustrated that both Lipo/FITC 

nd SS@Lipo/FITC induced growing fluorescence signal 
ithin 4T1 cells over time. By comparison, intracellular 
uorescence intensity in SS@Lipo/FITC group was higher 
han that of Lipo/FITC group at all time points, which 

ight be due to the function of one or more proteins 
n SS. 

To verify whether SS@Lipo/Hb/Gox/JQ1 elevated 

ntracellular ROS level, DCFH-DA was used to detect ROS.
s shown in Fig. 2D and S15, no green fluorescence was 
bserved in control and SS@Lipo groups. Tumor cells 
xhibited moderate intensity of the green fluorescence 
fter treatment with Hb + Gox. While SS@Lipo/Hb/Gox and 

S@Lipo/Hb/Gox/JQ1 significantly increased intracellular 
uorescence intensity. In addition, lipid peroxide level was 
onitored via the lipid peroxidation probe C11-BODIPY581/591 ,

he fluorescence of which shifted from red (C11-BODIPY581/591 ) 
o green (C11-BODIPY488/510 ) [41] . As shown in Fig. 2E ,
S@Lipo/Hb/Gox and SS@Lipo/Hb/Gox/JQ1 led to the loss 
f C11-BODIPY581/591 red fluorescence and the increase of 
11-BODIPY488/510 green fluorescence in 4T1 cells, consistent 
ith intracellular ROS level. 

Next, cytotoxic effect of Hb + Gox was examined by 
TT assay. As indicated in Fig. 2F , IC50 of Hb decreased 

rom 85 to 41 μg/ml. However, SS@Lipo showed almost 
o cytotoxicity to tumor cells after 24 h co-incubation,
ven at a concentration of up to 200 μg/ml ( Fig. 2G ).
hese results demonstrated that increasing delivery of 

ntracellular antitumor agents by SS-based nanoplatform 

ould achieve high therapeutic efficacy at low drug doses,
hich was meaningful in reducing side effects in cancer 

reatment. Moreover, live/dead staining experiments ( Fig. 2H ) 
lso demonstrated that SS@Lipo/Hb/GOx/JQ1 exhibited high 

fficiency in killing tumor cells by oxidative damage and 

tarvation therapy [42] . 
To gain deep insights into the antitumor mechanism,

S@Lipo/Hb/GOx/JQ1-induced pyroptosis was investigated. 
s indicated in Fig. 3A , large bubbles from cancer cell 
embranes were clearly observed with an optical microscope 

fter treatment with Hb + GOx, SS@Lipo/Hb/GOx and 

S@Lipo/Hb/GOx/JQ1. The number of cells undergoing 
yroptosis process was much higher in SS@Lipo/Hb/GOx and 

S@Lipo/Hb/GOx/JQ1 groups than that in Hb + GOx group.
ubsequently, IL-1 β and LDH released by tumor cells were 
onitored to further testify the pyroptosis process. As shown 

n Fig. 3B , compared with other groups, IL-1 β and LDH 

evels in the supernatant were significantly increased after 
reatment with SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1.
oreover, the pyroptosis marker NLRP3 was evaluated after 

ifferent treatments. As shown in Fig. S16, the western blot 
nd semiquantitative results certified that NLRP3 expression 

bviously increased after treatment with SS@Lipo/Hb/GOx 
nd SS@Lipo/Hb/GOx/JQ1, further demonstrating that 
iomimetic spore nanoplatform could induce pyroptosis 
f tumor cells. 

.4. In vitro SS@Lipo/Hb/GOx/JQ1 enhanced tumor 
mmunogenicity 

t has been reported that pyroptosis can activate immune 
ystem by promoting the recognition of tumor antigens to 
ntigen-presenting cells (APCs) [43] . Next, we assessed CRT 

xposure and HMGB1 release of cancer cells after different 
reatments. As displayed in Fig. 3C , CRT expression on 

ying tumor cells was obviously upregulated after treatment 
ith SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1. Meanwhile,
MGB1 release ( Fig. 3D ) also confirmed the capability of 
S@Lipo/Hb/GOx/JQ1 to initiate immune response. It has been 

eported that increased tumor immunogenicity could activate 
PCs to trigger an immune response for fighting against 

umor ( Fig. 3E ). After incubating BMDCs with the supernatant 
f tumor cells that were treated with various formulations,
CD-induced DCs maturation was investigated by detecting 
he CD86 and CD40 expression. From flow cytometry analysis 
 Fig. 3F ), the ratio of mature DCs (CD86 + CD40 + ) in SS@Lipo,
b + GOx, SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 group 

as around 2.6-, 2.3-, 4.2- and 4.4-fold higher than that of 
ontrol group. 

.5. In vivo antitumor performance of 
S@Lipo/Hb/GOx/JQ1 

t first, we investigated the circulation time of 
S@Lipo/Hb/GOx/JQ1 via pharmacokinetic experiments.
D rats were i.v. administrated JQ1, Lipo/Hb/GOx/JQ1 
nd SS@Lipo/Hb/GOx/JQ1. Subsequently, blood samples 
ere collected at pre-estimated points for detection of 

Q1 concentrations. In comparison with free JQ1, both 

ipo/Hb/GOx/JQ1 and SS@Lipo/Hb/GOx/JQ1 significantly 
rolonged the blood clearance half-life (T1/2 ) and 

romoted the area under curves (AUC0-t ) of JQ1 (Fig. S17).
owever, the T1/2 and AUC0-t between Lipo/Hb/GOx/JQ1 
nd SS@Lipo/Hb/GOx/JQ1 had no obvious difference.
he pharmacokinetic profiles demonstrated that the 
anoplatform could significantly elongate blood circulation 

f free drug. 
Next, we further investigated the in vivo antitumor 

fficacy of SS@Lipo/Hb/GOx/JQ1. Tumor-bearing mice 
 ∼100 mm3 ) were randomly divided into five groups ( n = 5): i.v.
dministrated saline, SS@Lipo, Hb + GOx, SS@Lipo/Hb/GOx and 

S@Lipo/Hb/GOx/JQ1 at a dose of Hb (15 mg/kg), GOx (2 mg/kg) 
nd JQ1 (15 mg/kg). As depicted in Figs. 4A and S18, SS@Lipo 
ould hardly inhibit tumor growth, and Hb + GOx exhibited 

odest antitumor effect, consistent with in vitro results.
y comparation, SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 
isplayed outstanding tumor inhibition efficacy. Moreover,
he relative tumor volume of SS@Lipo/Hb/GOx/JQ1 was 
ignificantly lower than that of SS@Lipo/Hb/GOx. Post- 
reatment analysis of tumor inhibition was investigated 

y H&E staining and TUNEL fluorescence staining. Closely 
rranged tumor cells with complete morphology were clearly 
bserved after treatment with saline and SS@Lipo, as depicted 

n Fig. 4B . On the contrary, maximum apoptotic cells with 
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Fig. 3 – (A) Images of 4T1 cells; Arrows, the pyroptotic cells. (B) The release of IL-1 β and LDH. (C). CLSM images of CRT in 4T1 
cells. (D) Release of HMGB1. (E) Schematic illustration of mechanism of DCs maturation. (F) Examination of DC maturation 

(CD86 + CD40 + ) by flow cytometry after treatment with various formulations. Data are presented as mean ± SD ( n = 3); 
∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001, calculated by one-way ANOVA with a Tukey post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

concentrated nucleus were observed in SS@Lipo/Hb/GOx and
SS@Lipo/Hb/GOx/JQ1 groups. During the entire treatment
period, no obvious weight loss was found in all groups (Fig.
S19). Moreover, no inflammation and damage were observed
in major tissues from the H&E staining (Fig. S20), suggesting
good biocompatibility of the nanoplatform. Meanwhile, there
was no obvious abnormity in blood and biochemical detection
after various administrations (Fig. S21), further confirming
negligible toxicity of the nanoplatform. 

Hypoxia is a critical microenvironmental factor
responsible for impaired antitumor immune response
[44] . Reshaping the hypoxic immune suppressive TME
has been reported to be an effective way to improve
cancer immunotherapy [45 ,46] . Immunohistochemical
study ( Fig. 4C ) displayed that the expression of HIF-1 α
was significantly down-regulated after treatment with
Hb + GOx, SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1.
Furthermore, highly expressed GSDMD ( Fig. 4C ) verified that
SS@Lipo/Hb/GOx/JQ1-mediated pyroptosis contributed to the
superior antitumor efficacy as well as the improvement of
tumor immunogenicity. Subsequently, immunofluorescence
staining of CRT and immunohistochemical examination
of HMGB1 in Fig. 4 D and E showed the highest
expression of CRT and HMGB1 in SS@Lipo/Hb/GOx
and SS@Lipo/Hb/GOx/JQ1 groups. Although there was
no difference for tumor immunogenicity between
SS@Lipo/Hb/GOx and SS@Lipo/Hb/GOx/JQ1 treated cells in
vivo and in vitro , SS@Lipo/Hb/GOx/JQ1 significantly increased
CTLs infiltration and decreased PD-L1 expression compared
with SS@Lipo/Hb/GOx, as shown in Fig. 4 F and I. This



10 Asian Journal of Pharmaceutical Sciences 19 (2024) 100912 

Fig. 4 – (A) Relative tumor volume ( n = 5; mean ± SD). (B) Representative H&E and TUNEL staining images. (C) 
Immunohistochemical determination of HIF-1 α and GSDMD in tumor tissue. (D, E) Representative images (D) and 

corresponding quantitative analysis (E) of CRT and HMGB1 ( n = 3; mean ± SD). (F, H) Immunohistochemical images (F) and 

quantitative analysis (H) of PD-L1 expressed in tumor sections ( n = 3; mean ± SD). (G, I) CD8 expression in tumor site in 

different groups ( n = 3; mean ± SD). P values were calculated by one-way or two-way ANOVA with a Tukey post-hoc test 
(∗P < 0.05, ∗∗ P < 0.01 and ∗∗∗ P < 0.001). 
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as mainly due to the reason that JQ1 suppressed PD-L1 
xpression by inhibiting BRD4, relieving immunosuppression 

nd augmenting immune response. 

.6. In vivo immunoregulation of SS@Lipo/Hb/GOx/JQ1 

o further investigate antitumor immune response, tumor- 
nfiltrating immune cells were analyzed via flow cytometry.
he ratio of mature DCs (CD40 + CD86 + ) in SS@Lipo/Hb/GOx 
roup ( ∼17.4 %) and SS@Lipo/Hb/GOx/JQ1 group ( ∼20.4 %) 
as significantly increased compared with the control group 

 ∼3.4 %) ( Fig. 5A ), which was mainly due to that ROS
nduced antigens release and elicited immune response in 

ivo. In addition, percentage of tumor-infiltrating CD8 + T 

ymphocytes in SS@Lipo/Hb/GOx/JQ1 group was 1.3-, 2.8- and 
.7-fold higher than that of SS@Lipo/Hb/GOx, Hb + GOx and 

S@Lipo groups, respectively ( Fig. 5B ). As vital suppressive 
ells, Tregs are capable of exhausting effector immune cells 
haracterized by high level of PD-L1 [47] . After treatment 
ith different formulations, the ratio of Tregs (CD25 + Foxp3 + ) 

n tumor tissue was investigated. Fig. 5C demonstrated that 
regs in SS@Lipo/Hb/GOx/JQ1 group were much lower than 

hat of other groups, consistent with PD-L1 expression. The 
esults further confirmed that JQ1 with PD-L1 inhibition 

unction could suppress immune evasion and overcome 
daptive immune resistance, paving the way for cancer 
mmunotherapy. Next, serum cytokines, including IFN- γ ,
L-6 and TNF- α, were further examined via ELISA. By 
omparation, secretion of these immunological enhancement 
ytokines was significantly increased after treatment with 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100912 11 

Fig. 5 – (A-C) Flow cytometry analysis of immune cells:(A) Maturated DCs (CD11c + CD86 + CD40 + ), (B) CD8 + T cells 
(CD45 + CD3 + CD8 + ), and (C) Tregs (CD45 + CD11b + CD25 + Foxp3 + ). (D) Immunostimulatory cytokines IFN- γ, IL-6 and TNF- α. 
(E) Photograph and H&E sections of lung tissues. (F) Quantification of pulmonary metastatic nodules after different 
treatments. Data are presented as mean ± SD ( n = 3); P values were calculated by one-way ANOVA with a Tukey post-hoc 
test (∗P < 0.05, ∗∗ P < 0.01 and ∗∗∗ P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

drugs-loaded nanoparticles, especially SS@Lipo/Hb/GOx/JQ1
( Fig. 5D ). 

Next, immune effector cells (mature DCs and CTLs)
in lymph nodes (LNs) were analyzed to assess systemic
immune activation. According to Fig. S22, CD40 + CD86 +
DCs population increased in SS@Lipo/Hb/GOx and
SS@Lipo/Hb/GOx/JQ1 groups, demonstrating that coexistence
of antigens and adjuvant could activate APCs more effectively.
Correspondingly, SS@Lipo/Hb/GOx/JQ1 treatment increased
CTLs in LNs and the frequency of CD8 + T cells was ∼2.2-
fold higher than that of control group (Fig. S23), implying
high immune response for tumor elimination. After mice
received treatments similar to the in vivo antitumor study,
lung tissues were collected for imaging and H&E staining.
The results in Fig. 5E showed that metastatic nodules in lung
were observed in mice with Saline, SS@Lipo and Hb + GOx
treatments. Quantitative analysis showed that metastatic
nodules in SS@Lipo/Hb/GOx/JQ1 group were 6.2-fold lower
than that of control group ( Fig. 5F ), implying the potential
of SS@Lipo/Hb/GOx/JQ1 induced immune response for
metastasis rejection. 

4. Conclusion 

In summary, based on the discovery that total SS
exhibited excellent tumor targeting ability and adjuvant
activity inheriting from parent spore, we developed a
biomimetic spore nanoplatform synergistic BMAT, CDT
and immunotherapy for cancer treatment. Lipo/Hb/GOx
activated potent immune response by enhancing tumor
immunogenicity. Simultaneously, acting as immune
adjuvants, PNG and Mn in SS promoted antigen
processing/presentation through TLR2 and cGAS-STING
signaling pathways, respectively. Moreover, the down-
regulation of PD-L1 via JQ1 and hypoxia alleviation by
Hb synergistically reshaped immunosuppressive TME,
paving the way for T cell-based antitumor immunity. In
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itro and in vivo investigation consistently indicated that 
he synergistic treatment effect of SS@Lipo/Hb/GOx/JQ1 
ermitted significant inhibition ability on primary tumors and 

ung metastasis, which could hardly be realized by BMAT, CDT 

nd immunotherapy alone. Collectively, SS@Lipo/Hb/GOx/JQ1 
ight be an optimum strategy to potentiate immune 

ctivation and provide therapeutic potential for cancer 
reatment. 
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