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A B S T R A C T

The limited efficacy of radiotherapy (RT) in breast cancer is intricately linked to the hypoxic tumor microen
vironment. Delivering catalase (CAT) to decompose hydrogen peroxide (H2O2) into oxygen is a promising 
strategy to address this. However, challenges such as low transport efficiency, accumulation in normal organs, 
and lack of spatiotemporal control hinder its clinical application. To address this, we developed an innovative 
ultrasound-responsive engineered bacteria-based CAT delivery system (UEB), which effectively overcomes these 
challenges by targeting tumors, ensuring efficient CAT expression, and providing precise spatiotemporal control 
over H2O2 decomposition. When subjected to ultrasound irradiation, the decomposition of H2O2 and the pro
duction of oxygen by UEB increased threefold, demonstrating excellent capability in alleviating hypoxia. CAT 
accumulation in normal organs was minimized through this ultrasound-responsive delivery strategy. Moreover, 
these engineered bacteria enhance reactive oxygen species (ROS) generation, improving RT outcomes and 
significantly inhibiting tumor growth, resulting in a 10-fold tumor size reduction. This study demonstrates a 
promising strategy for the specific, controlled expression of CAT by the application of ultrasound-responsive 
engineered bacteria to enhance the efficacy of tumor radiotherapy.

1. Introduction

As the most frequently diagnosed cancer among women worldwide, 
Breast cancer severely threatens women’s health and lives [1]. Radio
therapy (RT) is a crucial therapeutic approach for managing breast 
cancer, utilizing high doses of ionizing radiation to induce the formation 
of reactive oxygen species (ROS) and DNA damage, ultimately eradi
cating cancer cells and inhibiting tumor growth [2–4]. However, the 
hypoxic tumor microenvironment (TME) limits the efficacy of RT due to 
insufficient ROS production [5,6]. Increasing oxygen concentration to 
alleviate tumor hypoxia is vital to enhance radiotherapy efficiency [7]. 
Common methods to alleviate tumor hypoxia include external oxygen 
delivery [8], in situ oxygen production [9], and enhancing blood flow 
within tumor tissues to elevate oxygen levels in solid tumors [10]. Given 

the abundant hydrogen peroxide (H2O2) present in tumor tissues, 
delivering “enzymes” such as catalase (CAT) to decompose excess H2O2 
into oxygen is an attractive approach [11,12].

The concentration of CAT is important for alleviating hypoxia tumor 
microenvironment. Various systems have been developed to improve 
CAT accumulation in tumors [13,14]. With the advancement of syn
thetic biology, strategies that integrate bacterial systems with genetic 
modification have gained considerable attention. Bacteria can actively 
target hypoxic tumor microenvironments and express functional pro
teins through prokaryotic expression vectors, enhancing protein de
livery efficiency [15–17]. It has demonstrated that the expression of 
bacteria successfully resulted in an increased concentration of proteases 
within the tumor [18].

While a promising strategy for tumor-targeted delivery was 
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presented through the application of bacteria to express exogenous 
proteins, considerations regarding the specificity and efficiency of pro
tein expression are paramount. The H2O2 balance may be disrupted due 
to the accumulation of CAT in normal tissues, adversely affecting anti
microbial defense, apoptosis, aging, inflammation, tumorigenesis, and 
overall health with potential oxidative stress imbalances [19]. Besides, 
metabolic burden, which significantly has a negative impact on bacterial 
viability and reduces protein synthesis efficiency, thereby limiting the 
therapeutic effectiveness of bacterial therapies for tumors, happens 
when bacteria express exogenous genes continually [20]. To address 
these challenges, the application of inducible plasmids for engineering 
bacteria enables the specific expression of CAT at tumor sites while 
preserving bacterial viability and protein synthesis efficiency. It has 
demonstrated the utility of inducible plasmid systems for modulating 
bacterial function and controlling protein expression [21,22]. Among 
the various techniques available, ultrasound stands out for its 
non-invasive, safe properties and its ability to penetrate tissues. Notably, 
the ability of ultrasound-excited wavefronts to focus on deep tumors and 
generate thermal effects allowed for precise and localized control of 
protein expression through temperature-regulated promoter elements 
[16,23].

In our preliminary studies, it was confirmed that the expression of 
interferon-γ in engineered bacteria can be effectively regulated by US, 
which leads to enhanced spatiotemporal control of protein expression 
and yields promising therapeutic effects against tumors. Additionally, 
the accumulation of this bacterium in tumor tissues and major organs of 
mice over time was validated, demonstrating its specific active targeting 
capability toward tumors and prolonged tumors retention [24]. In this 
study, an ultrasound-responsive engineered bacterium (UEB) was 
redeveloped based on previous bacterial research, which can spatio
temporally control the expression of CAT through focused 
ultrasound-induced thermotherapy. In this system, CAT genes are 
inserted into the multiple cloning sites under the tandem PL and PR 

promoters and subsequently transformed into E. coli MG1655, UEB can 
accumulate in hypoxic and necrotic tumor regions (Fig. 1). Upon de
livery to the tumor, CAT gene expression was triggered by focused ul
trasound irradiation, facilitating the decomposition of H2O2 into 
oxygen, thereby relieving hypoxic conditions in the TME. The produc
tion of CAT resulted in an enhancement of cancer cell apoptosis by RT 
and significant inhabitation of tumor growth. Notably, compared to 
chemical induction, specific CAT accumulation within the tumor was 
achieved through the UEB combined with focused ultrasound. Thus, a 
high spatiotemporal control and effective CAT delivery strategy was 
presented to enhance radiotherapy efficiency through 
ultrasound-responsive engineered bacteria.

2. Methods and materials

2.1. Cell culture

4T1 mouse breast cancer cells (ATCC) were cultured in DMEM with 
5 % FBS and 1 % penicillin-streptomycin at 37 ◦C under normoxic (21 % 
O2, 5 % CO2) or hypoxic (2 % O2, 93 % N2, 5 % CO2) conditions. Cell 
digestion was performed using 0.25 % EDTA trypsin (Gibco, America).

2.2. CAT plasmid and preparation of UEB and IEB

The CAT gene sequence was obtained from GenBank, and the ther
mosensitive plasmid pBV220-CAT was synthesized by Sangon Biotech 
(China). E. coli DH5α was transformed with the plasmid, and successful 
construction was verified by enzyme digestion. The pBV220-CAT 
plasmid was then introduced into E. coli MG1655 (MIAOLING 
BIOLOGY, China) to create the UEB strain. UEB colonies were grown on 
ampicillin plates, amplified overnight at 30 ◦C, and inoculated into LB 
medium. The OD600 reached 0.4–0.6 before further use. Another bac
terium, IEB, was selected, and its plasmid pET-28a-CAT was synthesized 

Fig. 1. Schematic diagram of ultrasound-responsive engineered bacteria (UEB) designed to enhance the efficiency of radiotherapy. These engineered 
bacteria target tumors and express catalase (CAT) to increase oxygen and alleviate hypoxia. UEB, activated by ultrasound, enhances O2 levels in tumors, promoting 
DNA damage, and ROS generation, and improving radiotherapy effectiveness by reducing tumor volume and inducing apoptosis and necrosis.
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by Tsingke Biotechnology Co., Ltd. (Beijing, China). This plasmid con
tains a gene fragment encoding a codon-optimized sequence for 
Escherichia coli. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) induces 
the expression of CAT by regulating the constitutive T7 promoter. The 
preparation of IEB followed a procedure similar to that used for UEB 
[25].

2.3. Animal model

Female BALB/c mice, aged 6–8 weeks, were obtained from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. (China). These an
imals were housed under optimal temperature and humidity conditions. 
To induce the formation of 4T1 tumor models, each mouse received a 
subcutaneous injection of 1 × 106 4T1 cells suspended in 100 μL of 
serum-free medium in the right flank.

2.4. US-responsive CAT expression and hypoxia relief of UEB

The UEB was cultured at 30 ◦C to OD600 0.4–0.6, then expose it to 
US (1 MHz, 0.4 W/cm2, 80 % duty cycle) for 2 h, to ensure that the 
thermal effects generated by US under these parameters could elevate 
the temperature to 42 ◦C. CAT expression was analyzed via SDS-PAGE. 
CAT activity was measured with the Catalase (CAT) assay kit (Nanjing 
Jiancheng Bioengineering Institute). Oxygen solubility was measured 
using a portable dissolved oxygen meter (Shanghai INESA Scientific 
Instruments Co., Ltd). UEB accumulation in organs was assessed by 
colony counting. Tumor-bearing mice were divided into groups: control, 
E. coli, E. coli + US, UEB, and UEB + US. Ultrasound (1 MHz, 0.4 W/ 
cm2, 80 % duty cycle) was applied 48 h post-injection. Tumor tissues 
were analyzed for CAT activity and HIF-1α via immunofluorescence 
using the EVOS M7000 system.

2.5. Spatiotemporal CAT expression of UEB by US

In vitro, UEB, IEB, and IEB + IPTG were prepared, with bacterial 
liquid soaked in black cardboard. Groups included IEB, IEB + IPTG, 
UEB, and UEB + US. After 30 min of ultrasound (1 MHz, 0.4 W/cm2, 80 
% duty cycle), cardboard was immersed in 3 % H2O2, and oxygen pro
duction was measured by photographing after 1 min. In vivo, mice with 
400 mm3 tumors were divided into UEB + US and IEB + IPTG groups. 
Mice in UEB + US received 1 × 107 bacteria and ultrasound 48 h post- 
injection. Mice in IEB + IPTG received 1 × 107 IEB with IPTG. After 24 h, 
organs and tumor tissues were collected for SDS-PAGE and Western 
blotting (His-tag, 1:3000, ImmunoWay). Protein density was quantified 
using ImageJ.

2.6. Intracellular reactive ROS generation

4T1 cells (5 × 104 cells/well) were cultured under normoxic and 
hypoxic conditions for 24 h. Four experimental groups (n = 3) were 
established: Control, RT, UEB + RT, and UEB + US + RT. Two hours 
before RT, 2 μl of 3 % H2O2 was added to each group. In the UEB + RT 
group, 1 × 106 CFU of UEB was added, while in the UEB + US + RT 
group, UEB irradiated with US (1 MHz, 0.4 W/cm2, 80 % duty cycle) for 
30 min was administered, thereby avoiding the impact of ultrasound- 
induced mechanical effects on the growth of 4T1 cells. After 2 h, RT 
groups were exposed to 10 Gy. ROS levels were assessed using the EVOS 
M7000 microscope and flow cytometry, analyzed by FlowJo 10.8.

2.7. γ-H2AX immunofluorescence analysis

Cells were processed as in the ROS generation method. After treat
ment, γ-H2AX expression was detected using a commercial kit, and foci 
density (foci/100 μm2) was quantified using ImageJ software.

2.8. CCK-8 assay

4T1 cells (1 × 104 cells/well) were plated in 96-well plates. In the 
UEB + RT and UEB + US + RT groups, 5 × 105 CFU of UEB were added. 
Six hours after 10Gy radiation, cell viability was assessed using the CCK- 
8 assay, and absorbance was measured spectrophotometrically.

2.9. In vivo tumor treatment

Tumor-bearing mice (400 mm3) were divided into five groups (n =
4): PBS, PBS + RT, UEB + US + RT, UEB + RT, and UEB + US. Mice in 
the UEB groups received intravenous 1 × 107 CFU of UEB, and UEB +
US + RT and UEB + US groups underwent 30 min of ultrasound irra
diation. Simultaneously, it was ensured that mice in the UEB + US + RT 
group received US irradiation again before each RT session. Mice were 
treated with 2 Gy RT on days 0, 3, 6, and 9, and tumor volumes were 
measured. After euthanasia, organs and tumors were harvested for 
analysis. TUNEL and H&E staining were performed, and serum ALT, 
CREA, and BUN levels were measured.

2.10. Statistical analysis

The statistical analyses of experiment data were conducted utilizing 
GraphPad Prism software version 9.5.0. The data set was subjected to a 
one-way analysis of variance (ANOVA) for statistical evaluation, and the 
P values were determined by employing a two-tailed unpaired hetero
scedastic t-test, with significance indicated by *P < 0.05, **P < 0.01, 
and ***P < 0.001, ****P < 0.0001.

3. Results

3.1. US-responsive UEB to express CAT and alleviate the hypoxic TME

The design goals of UEB are to express CAT and effectively decom
pose H2O2 into O2, thus alleviating tumor hypoxia (Fig. 2A). The agarose 
gel electrophoresis results of the recombinant plasmid revealed a frag
ment of approximately 2000 bp, which matches the expected size of the 
CAT fragment (1608 bp), confirming the successful insertion of the CAT 
gene into the bacterial plasmid (Fig. S1). SDS-PAGE result indicated that 
UEB efficiently produced CAT protein after ultrasound irradiation, while 
UEB cultured at 30 ◦C under normal conditions did not (Fig. 2B). 
Furthermore, considering the bioactivity of UEB after radiation irradi
ation, the result of monoclonal colony counting revealed that no sig
nificant changes in colony numbers after 10 Gy irradiation (Fig. 2C), and 
SDS-PAGE gel electrophoresis confirmed that UEB could still produce 
CAT after 10 Gy radiation (Fig. S2). These findings support the ability of 
UEB to continuously express CAT with RT in vivo. Then, the ability of 
UEB to catalyze H2O2 degradation and yield O2 was assessed. The CAT 
activity in the UEB + US group (46.07 U/ml) was significantly higher 
than E. coli (12.49 U/ml), UEB (17.16 U/ml), and the E. coli + US group 
(15.65 U/ml), the CAT activity in the UEB + US group was approxi
mately 2.7 times that of the UEB group, indicating that US can signifi
cantly enhance the expression of CAT in UEB (Fig. 2D). The oxygen 
concentration in the UEB + US group increased to 78.26 mg/L at 2 min, 
maintaining this level for 6 min, while other groups peaked at lower 
levels. There is no significant difference in O2 levels detected in E. coli, 
UEB, and the E. coli + US groups, whereas significantly higher levels of 
O2 were detected in UEB + US group (Fig. 2E).

For active tumor-targeted delivery, UEB was intravenously injected 
into 4T1 tumor-bearing mice. Bacterial plate inoculation was performed 
on homogenates of their tissues and organs, revealing a significantly 
higher number of bacterial colonies in tumor tissues compared to other 
organs. This indicates that UEB can target and accumulate within tumor 
tissues, demonstrating its distribution profile in vivo (Fig. S3). CAT ac
tivity in the tumor tissue was significantly elevated in the UEB + US 
group (Fig. 2F), and HIF-1α expression analysis showed that UEB + US 
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treatment alleviated tumor hypoxia compared to other groups (Fig. 2G), 
demonstrated that US can efficiently regulate the expression of CAT in 
UEB in vivo, exhibiting excellent activity and functionality. The analysis 
of HIF-1α fluorescence intensity using ImageJ also corroborated these 
findings (Fig. S4).

3.2. Verification of spatiotemporal control of CAT expression by US

To compare the effects of different induction techniques on bacterial 
activity, we measured the OD of IEB and UEB. The results indicate that 
the UEB + US group exhibited a higher OD compared to the UEB group, 
while the IEB + IPTG group demonstrated a lower OD than the IEB 
group. This suggests that ultrasound irradiation promotes bacterial 
growth, whereas IPTG has a slight inhibitory effect on growth (Fig. 3A). 
Subsequently, we mapped the regions of CAT expression in engineered 
bacteria, which decompose H2O2 and produce oxygen (Fig. 3B). Gas 
bubble production was observed exclusively within the ultrasound- 
irradiated circular area of the UEB + US group, while the IEB + IPTG 
group exhibited bubble production across the entire black background. 
Conversely, both the UEB and IEB groups showed minimal gas bubble 
production (Fig. 3C). This indicates that UEB only decomposes H2O2 

through the action of CAT within the region of US irradiation when US is 
applied. US enables the spatiotemporally controlled expression of CAT 
in UEB, whereas IEB + IPTG lacks the capability to spatially control the 
expression of CAT.

Western blot analysis further confirmed whether US can specifically 
and efficiently activate bacterial protein expression in vivo. Significant 
CAT expression was detected solely in the tumor tissue of the UEB + US 
group, whereas the IEB + IPTG group exhibited CAT expression across 
all tissues and organs. Notably, the UEB + US group showed lower levels 
of CAT protein in normal tissues but higher levels in tumor tissues 
compared to the IEB + IPTG group. In the IEB + IPTG group, the liver 
displayed the second-highest CAT protein levels, followed by the lungs, 
while the heart exhibited the lowest levels. This trend aligns with the 
findings in the UEB + US group. Further quantitative analysis of gray 
levels using ImageJ software confirmed the specificity of ultrasound 
regulation in vivo (Fig. 3D and E).

3.3. UEB-mediated radiosensitization controlled by ultrasound in vitro

Using a radiation dose of 10Gy, the immunofluorescence analysis 
revealed that under normoxic conditions, there was no significant 

Fig. 2. Functional validation of ultrasound-responsive gene expression in UEB. A, UEB was engineered to express CAT, decompose H2O2 into O2 via ultrasound, 
and target tumors to alleviate hypoxia. B, SDS-PAGE images demonstrating CAT expression in UEB. C, Colony count of UEB before and after 10Gy irradiation. D, In 
vitro CAT activity of bacterial strains activated by ultrasound (n = 3). E, H2O2 decomposition by bacterial strains under ultrasound (n = 3). F, In vivo CAT activity in 
tumor tissue (n = 3). G, Immunofluorescence of HIF-1α in tumor tissue (n = 3, scale bar = 20 μm). Statistical analysis was performed using one-way ANOVA and 
Tukey’s test (****P < 0.0001; ***P < 0.001).
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difference in the fluorescence intensity of γ-H2AX among the RT group, 
UEB + RT group, and UEB + US + RT group after RT, indicating that 
tumors are highly sensitive to RT when oxygen is sufficient. Under 
hypoxic conditions, the fluorescence intensity of γ-H2AX in the UEB +
US + RT group significantly increased after RT, suggesting that RT alone 
cannot cause significant DNA damage in cells under hypoxia. However, 
after treatment with UEB + US, the DNA damage in cells was enhanced 
(Fig. 4A). Quantitative analysis of fluorescence intensity using ImageJ 
software corroborated these findings (Figs. S5–6). Next, the ability of 
UEB to influence the production of ROS in cells under RT was evaluated. 
Under normoxia, intense green fluorescence was observed in the RT, 
UEB + RT, and UEB + US + RT groups, indicating ROS production, with 

tumor cells displaying significant fluorescence. In contrast, under hyp
oxic conditions, only the UEB + US + RT group showed noticeable 
fluorescence. The RT and UEB + RT groups exhibited minimal fluores
cence (Fig. 4B). Flow cytometry revealed that under hypoxic conditions, 
the fluorescence intensity of the UEB + US + RT group reached 
approximately 14,000, whereas both the RT and UEB + RT groups had 
intensities around 3000 (Fig. 4C–E). CCK-8 assays showed that under 
hypoxia, a cellular RT effect could be triggered for cells treated with UEB 
in normoxia condition. In contrast, RT efficacy was limited by hypoxia, 
with cell viability around 80 % in the RT and UEB + RT groups. The UEB 
+ US + RT group had reduced viability (62 %), similar to normoxic 
conditions, indicating a radiosensitizing effect (Fig. 4F). Under long- 

Fig. 3. Comparison of Different Methods for Inducing Bacterial Protein Expression. A, Effects of different induction methods on bacterial survival (n = 3). B, 
Experimental design for the in vitro protein induction validation. C, Validation of specific CAT expression in UEB and IEB in vitro. D-E, WB analysis(D) and 
densitometric quantification (E) of CAT expression in vivo using β-actin as control. Protein quantification was performed using densitometry via ImageJ software (n 
= 3). Statistical analysis was performed using one-way ANOVA and Tukey’s test (****P < 0.0001, ***P < 0.001, **P < 0.01; *P < 0.05).
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term culture conditions, DNA breaks could self-repair, leading to the 
survival of most cells. Colony formation assays under hypoxia showed 
fewer colonies in the UEB + US + RT group, similar to those receiving 
radiation treatment under normoxia, while control group cells prolif
erated normally. These findings demonstrate the pronounced radio
sensitizing ability of UEB + US + RT under hypoxic conditions (Fig. 4G).

3.4. UEB-mediated radiosensitization controlled by ultrasound in vivo

To evaluate the in vivo radiosensitizing effects of UEB combined with 
RT, tumor-bearing mice were treated with different methods (Fig. 5A). 
In the UEB + US + RT group, tumor volume was significantly reduced, 
averaging 96.2 mm3 on day 22, compared to 312.8 mm3 (PBS + RT) and 
320.5 mm3 (UEB + RT). Tumor volumes in the PBS and UEB + US 
groups increased to about 1100 mm3 (Fig. 5B and C). Tumor weights 
were lowest in the UEB + US + RT group (0.2 g) and highest in the PBS 
group (1.47 g). This indicates a sevenfold increase in tumor weight 
compared to the UEB + US + RT treatment (Fig. 5D). Histological ex
aminations of necrosis and apoptosis in tumor tissues were conducted 

using H&E staining and TUNEL assays. H&E staining revealed more 
pronounced nuclear dissolution and karyorrhexis in the tumor tissues of 
mice treated with UEB + US + RT, accompanied by significantly 
enlarged intercellular spaces. Concurrently, TUNEL assays demon
strated a markedly higher level of red fluorescence in the tumor tissues 
of mice treated with UEB + US + RT compared to those subjected to 
other treatments, indicating a significant increase in apoptotic cells 
(Fig. 5E and F).

Safety assessments showed normal liver and kidney function (ALT, 
CREA, BUN) in both PBS and UEB + US + RT groups (Figs. S7–9), and no 
evident inflammation or histological changes were observed in the or
gans of mice treated with UEB + US + RT (Fig. S10). These results 
demonstrate the safety of the therapeutic strategy utilizing ultrasound- 
regulated CAT expression in UEB to achieve tumor radiosensitization.

4. Discussion

Tumor hypoxia has long been thought of a critical challenge in 
cancer therapy, and addressing this issue is of paramount importance for 

Fig. 4. In Vitro Radiosensitizing Effect of UEB. A, DAPI, and γ-H2AX staining show nuclear condensation and DNA breaks under normoxia and hypoxia (scale bar 
= 150 μm). B, ROS generation using DCFH-DA under normoxia and hypoxia (scale bar = 275 μm). C-E, Flow cytometric profiles under normoxia(C) or hypoxia(D), 
and DCF fluorescence intensity was analyzed to quantify ROS generation by using FlowJo (E) (n = 3). F, CCK-8 assays for cell viability changes under normoxia and 
hypoxia (n = 3). G, Colony formation of 4T1 cells treated with 10 Gy radiation. Statistical analysis was performed using one-way ANOVA and Tukey’s test (****P <
0.0001; ***P < 0.001).
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improving therapy efficiency [26]. The excessive H2O2 present in tumor 
tissues is a type of ROS with relatively weak oxidative capacity, which to 
some extent promotes tumor progression [27]. When H2O2 decomposes 
to produce O2, under radiation, the O2 generates a large amount of 
highly oxidative ROS (such as •OH), leading to severe DNA damage and 
inducing cell death [28]. In this study, UEB was developed for spatio
temporally controlling CAT expression. We cloned the target CAT gene 
fragment into the pBV220 plasmid vector harboring a 
temperature-sensitive promoter and transfected it into MG1655 for gene 
amplification and protein expression. MG1655 possesses a fully 
sequenced genome, a well-defined genetic background, and higher 
transformation efficiency, which facilitate stable plasmid integration 
and expression regulation. Additionally, its lower metabolic burden 
makes it more suitable for the efficient expression of exogenous genes on 
the pBV220 plasmid. Utilizing established genetic tools and the research 
foundation laid by our team, the successful insertion and expression of 
pBV220-CAT were ensured [29–31]. By adjusting US parameters and 
irradiation range, we precisely controlled the tumor temperature to rise 
to 42 ◦C, thereby initiating the transcriptional expression of the CAT 
gene, which decomposes H2O2 to produce O2. This method alleviates 

hypoxia in TME and enhances the therapeutic efficacy of RT for breast 
cancer. In the process of detecting the expression of CAT in UEB, we 
observed an increase in CAT activity in the E. coli + US group. This 
result may be due to the cavitation effect of US irradiation, which in
creases the permeability of the cell membrane, allowing substances such 
as hydrogen peroxide to enter E. coli, thereby inducing the expression 
and upregulation of CAT enzyme activity to activate the antioxidant 
defense system [32,33]. Furthermore, we observed that US irradiation 
promoted the growth of UEB. This phenomenon may be attributed to the 
thermal effects and mechanical vibrations generated by US irradiation. 
The thermal effects of US increased the temperature of the bacterial 
suspension, accelerating enzymatic activity and metabolic reactions, 
thereby promoting cell division. Additionally, mechanical vibrations 
enhanced the permeability of the cell membrane and improved the ef
ficiency of material exchange in the local microenvironment [34,35]. In 
our experiments, we observed that although both in vivo and in vitro 
studies demonstrated the radiosensitizing effect of UEB + US, the effi
cacy of RT under hypoxic conditions was weaker in vitro compared to in 
vivo, where a certain therapeutic effect was still evident. This discrep
ancy may be attributed to the strictly controlled hypoxic conditions in 

Fig. 5. Tumor radiosensitization in vivo mediated by UEB. A, Schematic diagram illustrating the treatment model for tumor radiosensitization mediated by UEB 
in the 4T1 tumor-bearing mouse model. B, Tumor growth curves under various treatment conditions (n = 4). C, Images of tumors across different treatment 
conditions (n = 4). D, Tumor weights in the various treatment groups (n = 4). E-F, H&E (E), and TUNEL (F) staining of tumors from each group (scale bar = 20 μm). 
Statistical analysis was conducted using one-way ANOVA and Tukey’s test (****P < 0.0001; **P < 0.01; *P < 0.05).
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the in vitro experiments, whereas the presence of non-hypoxic regions in 
in vivo tumors enhances their sensitivity to RT. It is challenging to 
replicate the complex vascularized regions, immune cell infiltration, and 
interactions among various cytokines and metabolites present in solid 
tumors in vitro [36]. Additionally, we considered that the Annexin 
V-FITC/PI probe might be affected by UEB, and therefore did not use 
flow cytometry to validate the sensitizing effect of UEB + US on 
radiation-induced apoptosis [37]. All in all, this strategy presented a 
novel approach for enhancement of cancer cell apoptosis induced by RT 
and significantly inhibiting tumor growth, thus exciting new insights for 
cancer therapy.

Targeting the hypoxic TME through CAT delivery was allowed for 
the decomposition of excessive H2O2, thus alleviating hypoxia [38]. In 
our initial studies, we observed that MG1655 demonstrates significant 
active targeting efficacy and substantial tissue retention within tumor 
tissues. Following the injection of MG1655 into mice, the bacterial 
colony count in tumor tissues exhibited exponential growth over time, 
peaking at 7 days and subsequently declining. Bacterial colonies were 
still observed in tumor tissues at 14 and 21 days, whereas colonies in 
other tissues gradually diminished over time [24]. In this study, the 
tumor-targeting ability of UEB was also evaluated, with UEB exhibiting 
notable and active tumor-targeting efficacy and selective accumulation. 
This phenomenon is primarily attributed to the characteristics of TME 
and the biological features of UEB. The highly permeable vasculature of 
tumor tissues creates conditions for UEB to infiltrate the tumor. The low 
pH, complex composition, and immunosuppressive nature of TME 
enhance the invasiveness and tropism of UEB toward tumor tissues, 
while also aiding UEB in evading immune clearance. Additionally, UEB, 
as a facultative anaerobe, is capable of surviving and proliferating in the 
hypoxic TME [39]. Next, we demonstrated that UEB subjected to US 
irradiation significantly enhanced CAT activity at the tumor site, 
ameliorated the hypoxic tumor microenvironment, and suppressed the 
expression of HIF-1α. By performing US irradiation prior to RT, we 
induced UEB to express CAT, thereby alleviating the hypoxic TME and 
increasing the sensitivity of tumors to RT. With a substantial increase in 
the catalytic activity for H2O2 decomposition, UEB showed a potential of 
producing large amounts of CAT to realize a substantial generation of 
oxygen in vitro. This not only aligns with previous studies by Huang 
et al. in engineering bacteria to alleviate tumor hypoxia, but also further 
underscores the potential of genetic engineering in bacterial-based 
therapeutic applications [40]. It is a highly efficient method for 
addressing tumor hypoxia and provides a promising strategy for over
coming this critical issue in cancer treatment was represented by UEB.

Despite the advances made, achieving specific temporal and spatial 
control of protein expression in bacteria remains a challenge [41,42]. In 
this research, it was successfully demonstrated the unique advantages of 
ultrasound as a physical stimulus for activating gene expression, 
achieving precise spatiotemporal control of CAT expression. Compared 
to other type of induction methods, such as IPTG based chemical in
duction, ultrasound possessed the advantage of high specificity and 
spatiotemporal controllability [43,44]. It also overcomes the potential 
damage caused by radiation exposure and the limitations of light-based 
stimulation in reaching deep tumors [45,46]. Furthermore, unlike bio
logical methods, which are influenced by population density and face 
challenges in achieving precise spatial and temporal control in vivo, 
ultrasound was thought to offer excellent precision in this regard, 
providing a promising tool for personalized medicine [47]. For example, 
similar to the study by Yang et al., which employed engineered bacteria 
with specific plasmids to control gene expression via ultrasound in 
tumor-targeting bacteria, the effectiveness of this method in improving 
therapeutic outcomes was further validated by this work [48]. Despite 
the promising results, the application of UEB still faces safety concerns 
for clinical applications. The application of non-pathogenic or attenu
ated bacterial strains and a quorum sensing-mediated autolytic system 
should be considered for self-elimination in future clinical applications. 
The hypoxia-relief strategy should also be refined with the combination 

of other therapies like photodynamic therapy. Additionally, engineered 
bacteria can enhance immune cell infiltration in tumor tissues through 
surface components such as lipopolysaccharides, thereby activating the 
anti-tumor immune system. Future studies should further explore the 
impact of engineered bacteria on the host immune system to potentially 
combine with immunotherapy and achieve greater therapeutic efficacy 
against tumors [49]. In summary, the strategy of using UEB combined 
with focused ultrasound to alleviate deep tumor hypoxia has shown 
considerable potential. However, more in-depth research is needed to 
address safety concerns, optimize combination therapies, to advance its 
clinical application.

CRediT authorship contribution statement

Zichao Liu: Writing – review & editing, Visualization, Validation, 
Methodology, Investigation, Formal analysis, Data curation, Conceptu
alization. Lingling Lei: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Investigation, Formal analysis, Data 
curation. Zenan Zhang: Validation, Data curation. Meng Du: Writing – 
review & editing, Supervision, Resources, Funding acquisition, 
Conceptualization. Zhiyi Chen: Writing – review & editing, Supervision, 
Resources, Project administration, Funding acquisition.

Ethics approval statement

All animal experiments complied with ARRIVE guidelines and 
received approval from the Medical Ethics Committee at the University 
of South China (The approval number: USC2024XS267). Animal-related 
procedures adhered to ethical guidelines established by the Experi
mental Animal Welfare Ethics Committee of the University of South 
China.

Funding

This work was supported by the National Natural Science Foundation 
of China (grant numbers 82272028, 82102087), and the Hunan Pro
vincial Health High-Level Talent Scientific Research Project (grant 
number R2023010).

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mtbio.2025.101620.

Data availability

Data will be made available on request.

References

[1] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray, 
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries, CA Cancer J. Clin. 71 (3) (2021) 
209–249, https://doi.org/10.3322/caac.21660.

[2] Y. Zu, Z. Wang, H. Yao, L. Yan, Oxygen-generating biocatalytic nanomaterials for 
tumor hypoxia relief in cancer radiotherapy, J. Mater. Chem. B 11 (14) (2023) 
3071–3088, https://doi.org/10.1039/d2tb02751h.

[3] S. Kim, A. Sundaram, A.P. Mathew, V.S. Hareshkumar, A. Mohapatra, R. 
G. Thomas, T.T.M. Bui, K. Moon, S. Kweon, I.-K. Park, Y.Y. Jeong, In situ hypoxia 
modulating nano-catalase for amplifying DNA damage in radiation resistive colon 
tumors, Biomater. Sci. 11 (18) (2023) 6177–6192, https://doi.org/10.1039/ 
d3bm00618b.

Z. Liu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.mtbio.2025.101620
https://doi.org/10.1016/j.mtbio.2025.101620
https://doi.org/10.3322/caac.21660
https://doi.org/10.1039/d2tb02751h
https://doi.org/10.1039/d3bm00618b
https://doi.org/10.1039/d3bm00618b


Materials Today Bio 31 (2025) 101620

9

[4] Z. Guo, P.E. Saw, S. Jon, Non-invasive physical stimulation to modulate the tumor 
microenvironment: unveiling a new frontier in cancer therapy, BIO Integration 5 
(1) (2024), https://doi.org/10.15212/bioi-2024-0012.

[5] T. Suwa, M. Kobayashi, J.-M. Nam, H. Harada, Tumor microenvironment and 
radioresistance, Exp. Mol. Med. 53 (6) (2021) 1029–1035, https://doi.org/ 
10.1038/s12276-021-00640-9.

[6] Y. Pan, L. Liu, X. Mou, Y. Cai, Nanomedicine strategies in conquering and utilizing 
the cancer hypoxia environment, ACS Nano 17 (21) (2023) 20875–20924, https:// 
doi.org/10.1021/acsnano.3c07763.

[7] C. Ruan, K. Su, D. Zhao, A. Lu, C. Zhong, Nanomaterials for tumor hypoxia relief to 
improve the efficacy of ROS-generated cancer therapy, Front. Chem. 9 (2021), 
https://doi.org/10.3389/fchem.2021.649158.

[8] D.W. Zheng, B. Li, C.X. Li, J.X. Fan, Q. Lei, C. Li, Z. Xu, X.Z. Zhang, Carbon-dot- 
decorated carbon nitride nanoparticles for enhanced photodynamic therapy 
against hypoxic tumor via water splitting, ACS Nano 10 (9) (Sep 27 2016) 
8715–8722, https://doi.org/10.1021/acsnano.6b04156.

[9] R.P. Accolla, J.P. Liang, T.R. Lansberry, I.L. Miravet, M. Loaisiga, B.L. Sardi, C. 
L. Stabler, Engineering modular, oxygen-generating microbeads for the in situ 
mitigation of cellular hypoxia, Adv. Healthcare Mater. 12 (19) (Jul 2023) 
e2300239, https://doi.org/10.1002/adhm.202300239.
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