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Dual-pathway tumor radiosensitization 2
strategy based on engineered bacteria

capable of targeted delivery of AuNPs

and specific hypoxia alleviation
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Abstract

Background Radiotherapy efficacy remains constrained by two key challenges: dose-dependent toxicity to

healthy tissues at high radiation doses and hypoxia-mediated tumor radioresistance. While radiosensitizers like

gold nanoparticles can enhance tumor-specific radiation deposition, their targeted delivery to tumors presents a
significant hurdle. Bacteria have emerged as promising bio-carriers that not only actively target tumors and penetrate
complex microenvironments, but can also be genetically engineered as multifunctional platforms for radiosensitizer
delivery and hypoxia alleviation.

Results An integrated nanosystem (PCM@AuUNPs), composed of engineered bacteria (PCM) and gold nanoparticles
(AuNPs), is used to increase the effectiveness of radiotherapy. PCM can target and colonize tumor sites more
effectively, thus improving the delivery efficiency of radiosensitizers. Furthermore, PCM overexpresses catalase (CAT),
which decomposes excess H,0, into O,, helping to mitigate hypoxia in the TME. Under X-ray irradiation, PCM@
AuNPs significantly enhance radiosensitization, leading to improved tumor growth inhibition while maintaining good
biocompatibility.

Conclusions An effective strategy based on an integrated nanosystem (PCM@AuUNPs) for radiosensitization through
multiple pathways is developed. This novel engineered bacterial strategy holds great promise for enhancing
radiosensitization in cancer therapy.
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Introduction

Radiotherapy (RT) is a critical and integral component of
comprehensive cancer treatment, with more than 50% of
patients receiving it for either curative or palliative pur-
poses [1, 2]. RT employs high-energy ionizing radiation
to directly damage DNA and generate reactive oxygen
species (ROS) through the radiolysis of water molecules,
leading to apoptotic and necrotic cell death [3]. However,
the efficacy of RT is significantly limited by the hypoxic
environment within tumors which contributes to radio-
resistance and the toxicity associated with high-dose
radiation to surrounding healthy tissues [4—6]. The intro-
duction of radiosensitizers—molecules or materials capa-
ble of increasing radiation deposition and enhancing the
radiosensitivity of tumor cells—can specifically address
radioresistance and mitigate off-target toxicity [7].

Various radiosensitizers have been developed and
applied in clinical treatments, such as cetuximab, pacli-
taxel, docetaxel [8]. However, physical toxicity and severe
side effects generated by these drugs cannot be toler-
ated by patients during the RT [9]. Metal-based radio-
sensitizers, including platinum complexes, hafnium
oxide nanoparticles, and gold nanoparticles (AuNPs)
hold promising prospects, enhancing radiotherapy effi-
cacy by localized radiation energy deposition. Platinum-
based agents such as cisplatin primarily suppress DNA
repair pathways, but their clinical utility is constrained
by acquired resistance. Hafnium oxide nanoparticles,
while effective in physical dose enhancement through
high-Z element-mediated secondary electron emission,
face challenges in tumor penetration due to their large
hydrodynamic diameters [10]. In contrast, good bio-
compatibility and facile size controlling of AuNPs make
it possible for an ideal radiosensitizer [11]. However,
the dense extracellular matrix and abnormal blood ves-
sel structures within tumors impede deep penetration of
nanoparticles, especially in the core regions where opti-
mal treatment is essential [12, 13]. Additionally, concerns
regarding accumulation in other tissues and organelles
persist, which could lead to severe side effects [14, 15].
Thus, enhancing the delivery efficiency of gold nanopar-
ticles and achieving deep tissue penetration is crucial for
effective RT sensitization in vivo. In recent years, bacte-
ria-based therapeutic strategies have garnered significant
attention for their potential to actively target tumors, and
penetrate complex tumor microenvironments [16]. Thus,
there is increased therapeutic specificity and efficacy in
cancer treatment.

Integrating nanomaterials with bacteria allows for effi-
cient drug delivery and deep tumor penetration [17-18].
Researchers have employed bacteria to deliver sono-
sensitizers [12], photosensitizers [19], and radiosensi-
tizer nanoparticles [20]. Radiosensitizer accumulation
in tumors can be enhanced by active bacterial delivery,
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enhancing tumor-specific radiation deposition. However,
hypoxic tumor microenvironment limits ROS produc-
tion [21-22]. Given the instability of strategies relying on
external oxygen delivery, delivering enzymes such as cat-
alase (CAT) has been explored to generate oxygen in situ
by decomposing tumor-overexpressed H,O, [23-25]. To
overcome the rapid biodegradation of functional proteins
in vivo, engineered bacteria have been utilized as local-
ized “biofactories” to express therapeutic proteins within
tumors [20]. However, constitutive overexpression of
CAT imposes a significant metabolic burden on bacterial
viability, hampering the treatment efficiency [26]. Ultra-
sound, as a noninvasive, safe, and deep tissue-penetrating
technique, enables spatiotemporal control of thermal
gradients through phase-array focused wavefronts, which
orchestrate thermosensitive promoter-driven protein
expression specifically within irradiated tumor regions
[27, 28].

In our preliminary studies, we confirmed that ultra-
sound effectively controls the expression of interferon-y
in genetically engineered bacteria, enhancing the spa-
tiotemporal control of protein expression and dem-
onstrating promising therapeutic efficacy in tumor
treatment [28]. Herein, we developed an integrated nano-
system (PCM@AuNPs) that combines engineered bacte-
ria (PCMs) with AuNPs to increase sensitization to RT.
The PCM component is designed to specifically target
and colonize tumor sites, thereby improving the deliv-
ery efficiency of radiosensitizers. This increases radiation
deposition and enhances DNA damage within the tumor.
Additionally, PCM overexpresses CAT in response to
ultrasound irradiation, which decomposes excess H,O,
into O,, alleviating tumor hypoxia. When exposed to
X-ray irradiation, the PCM@AuNPs system signifi-
cantly enhances the radiosensitization effect, leading
to improved tumor growth inhibition through multiple
pathways while maintaining excellent biocompatibility.
This innovative strategy, which uses engineered bacte-
ria, holds significant therapeutic potential for enhancing
radiosensitization (Fig. 1).

Methods

Materials

A 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocya-
nine iodide (DiR) and a DNA damage detection kit were
obtained from Beyotime Biotechnology (China). 1-Ethyl-
3-(3-(dimethylamino)propyl) carbodiimide (EDC) and
n-hydroxysuccinimide (sulfo-NHS) were purchased from
Sigma (USA). Agar and LB broth were purchased from
HuanKai Microbial (China). AuNPs were obtained from
Shanghai Dibai Biotechnology Co., Ltd. (China). Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin, streptomycin solution, and
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Fig. 1 Schematic illustration. Preparation steps of PCM@AuNPs. The ability of PCM to actively target tumors enables highly efficient delivery of gold
nanoparticles (AuNPs) to tumors. After colonizing the tumor site, the PCM@AUNPs expressed a large amount of CAT upon ultrasound irradiation, which
decomposed excessive H,0, in the tumor, thereby increasing the oxygen concentration within the tumor. During radiation exposure, the gold nanopar-
ticles in the tumor tissue absorb more radiation energy. An increase in the oxygen concentration enhances the generation of ROS, which, through a dual
pathway, leads to greater DNA damage, thus achieving effective radiosensitization

trypsin containing 0.25% EDTA were purchased from
Gibco (USA).

Cell lines

4T1 cells (mouse breast cancer cells) were obtained from
the China Center for Type Culture Collection (CCTCC).
The 4T1 cells were incubated in high-glucose DMEM
containing 10% FBS and 1% penicillin-streptomycin in a
humidified incubator with 5% CO, at 37 °C.

CAT plasmid and preparation of PCM

The E. coli MG1655 strain was purchased from Angyubio
Biotechnology Co. (China). LB broth supplemented with
0.01% ampicillin was used for bacterial culture. The CAT-
expressing thermosensitive plasmid (pBV220-CAT) syn-
thesized by Sangon Biotech (China) contains the PR-PL
tandem promoter and AmpR promoter. The recombi-
nant plasmid was transformed into E. coli DH5a com-
petent cells via a chemical transformation protocol. The
pBV220-CAT plasmids were subsequently transformed
chemically into the E. coli MG1655 strain to obtain
PCM. The resulting PCM solution was plated on an LB
solid plate with ampicillin and incubated at 37 °C for

12 h. PCM colonies were removed and amplified in LB
medium at 37 °C and 220 rpm overnight. Afterward, the
PCM solution was diluted 100-fold in LB medium and
further grown to ODy,=0.4-0.6 for further experiments.

Thermal-induced and ultrasound-induced CAT expression

The PCM transformed with the pBV220-CAT plasmid
was incubated at 37-45 °C for a given time and further
incubated for 2 hours at 37 °C. The bacterial OD was
measured via a spectrophotometer. An equal number of
2x10° bacteria were collected, and the protein expres-
sion of CAT was analyzed via SDS-PAGE. To evaluate
the feasibility of ultrasound-induced CAT gene expres-
sion, PCM was added to a 24-well plate (1000 pl per well).
Ultrasound irradiation was applied at varying acoustic
intensities of 0.8 W/cm? 1.2 W/cm? 1.6 W/cm?, 2.0 W/
cm?, and 2.4 W/cm? with different durations to generate
localized heat for gene induction, the selection of inten-
sity referenced the work of Liu et al. [29] The fixed setting
of intensity by Sonovitro ensured stability during sonica-
tion. Following the methodology of Chen et al. [28], an
ON-OFF pulsed irradiation protocol was implemented
to maintain consistent thermal conditions (AT within
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+1.0 °C over 30 min). The temperature of the PCM solu-
tion was monitored by an infrared thermal imager. In the
following in vitro and in vivo experiments, we used this
parameter (1.6 W/cm? 1 MHz, 3 s ON, and 7 s OFF),
which could keep the irradiated bacterial mixture at
45 °C constant. Following ultrasound irradiation, western
blotting was used to confirm CAT expression in vitro.

Preparation and characterization of PCM@AuNPs

The PCM was cultured to an ODyg, of 0.4—0.6 at 37 °C,
collected by centrifugation (3,000 rpm, 6 min), and then
suspended in PBS. The AuNPs with -COOH surface
modifications were suspended in 2 mL of MES buffer
(0.1 M, pH=5.5), and EDC and sulfo-NHS were added,
corresponding to an EDC: sulfo-NHS: -COOH molar
ratio of 30:30:1. After incubation at room temperature
for 1 h to activate the carboxyl groups of COOH-AuNPs,
the COOH-AuNPs were centrifuged at 10,000 rpm for
5 min and washed with PBS to remove residual EDC and
sulfo-NHS. The centrifuged precipitate was washed 3
times, added to the PCM solution, and incubated for 2 h
to obtain PCM@AuNPs. After centrifugation (3,000 rpm,
6 min), the PCM@AuNPs were suspended in PBS
(pH="7.4) and stored at 4 °C.

The particle size and zeta potential of the PCM@
AuNPs were determined via dynamic light scattering
(DLS) analysis via a Malvern NANO ZS instrument.
The UV-vis absorption spectra of each component of
the PCM@AuNPs were measured via a UV spectropho-
tometer. To standardize AuNPs concentration in PCM@
AuNPs complexes, serial dilutions of AuNPs (0-50 pg/
mL in PBS) were prepared. UV-vis absorption spec-
tra (400-800 nm) were recorded. The absorbance at the
AuNPs plasmon resonance peak (A=520 nm) was plot-
ted against known concentrations to generate a linear
calibration curve (R* > 0.99). For PCM@AuNPs samples,
free AuNPs were separated from bacteria via centrifu-
gation (3,000 xg, 10 min). The supernatant absorbance
at 520 nm was measured and subtracted from the total
AuNPs added to calculate the bound fraction. Binding
efficiency (%) was defined as:

[AuNPs] total — [AuNPs] free

0,
[AuN Ps] total * 100%

Binding Ef ficiency =

PCM@AuNPs were stored in PBS at 4 °C, and their UV-
vis absorption spectra were collected at 0 h and 72 h to
analyze stability and potential aggregation behavior.
Before transmission electron microscopy (TEM), the
PCM@AuNPs samples were fixed with glutaraldehyde.

Evaluation of PCM viability post-treatment
The PCM strain was cultured to an ODgg, of 0.4-0.6
at 37 °C. Bacterial suspensions were irradiated with
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varying doses of radiation (0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy,
and 10 Gy). After irradiation, the bacteria were further
incubated at 37 °C overnight (approximately 6-8 h).
The cultures were collected, appropriately diluted, and
plated for colony counting. Moreover,1 mL of PCM sus-
pension (ODgy = 0.4-0.6) was transferred to a 24-well
plate. Ultrasound irradiation was applied under varying
parameters (see details in Thermal-Induced and Ultra-
sound-Induced CAT Expression) while maintaining the
temperature at 45 °C. After 30 min of irradiation, the
samples were incubated at 37 °C overnight. The ODy, of
the mixture was measured to assess bacterial growth.

In vitro cytotoxicity assay of AuNPs on PCM

The PCM and the PCM@AuNPs were cocultured at
37 °C for 12 h, respectively. At different time points, the
ODy, of the mixture was determined. Twelve hours later,
a drop of the diluted sample was placed on a microscope
slide. A microscope was used to locate the bacteria, and
images of bacterial movement at different time points
were recorded. The data analysis software NIS Elements
D4.10.00 was used to calculate the movement rate, which
was recorded as distance/time.

Tumor targeting of PCM@AuNPs

The concentration of PCM was adjusted to 1x 10’ CFU/
ml. The DiR dye was added to the PCM solution (30 pl/
mL) and incubated at 37 °C for 45 min. The bacterial
mixture was washed with PBS until the supernatant was
clear. The bacteria were injected into the tumor-bearing
mice via the tail vein (1x 10’ CFU per mouse) (n=4). At
the given time points, the mice were imaged with an IVIS
system (PerkinElmer, USA) to evaluate the biodistribu-
tion and tumor accumulation of bacteria. Forty-eight
hours after intravenous injection, the tumor-bearing
mice were sacrificed, and organs, including the heart,
lung, liver, kidney, and spleen, and tumors were obtained
for fluorescence signal detection via the same imaging
system. Additionally, the accumulation of PCM in differ-
ent organs was detected via clone counting. At 48 h after
the administration of PCM@AuNPs, tumors, and organs
were obtained, and the diluted grinds of each organ were
cultured on LB-Agar plates for clone counting.

Evaluation of the effect of PCM@AuNPs on oxygen
production

Three experimental groups were used: MG1655@
AuNPs+US (M1), PCM (M2), and PCM@AuNPs + US
(M3). Following ultrasound induction (1.6 W/cm?,
1 MHz, 3 s ON, and 7 s OFF) for 30 min, the samples
were incubated at room temperature for 6 h. The active
proteins from engineered bacteria were extracted via a
bacterial protein extraction kit (Sangon Biotech, China).
The precise quantification and activity of CAT expressed
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by the PCM@AuNPs were assessed via a Catalase Elisa
Kit (ZCIBIO Technology Co., Ltd., China) and a Catalase
Activity Kit (Nanjing Jiancheng Bioengineering Institute,
China). After quantification, different high concentra-
tions of CAT and H,0O, were mixed in 5 mL of hydro-
gen trichloride buffer (0.1 M, pH=7.52) for the reaction.
A balloon was attached to one end of the test tube, and
the volume of oxygen was determined by measuring the
diameter of the oxygen-carrying ball. A dissolved oxy-
gen monitor was used to reflect the real-time change in
oxygen solubility directly. Which was purchased from
Shanghai INESA Scientific Instruments Co., Ltd. (China)

To verify the ability of PCM@AuNPs to relieve hypoxia
in tumors, the 4T1 tumor-bearing mice were divided
into three groups: control, PCM@AuNPs, and PCM@
AuNPs+US. The mice were iv. Injected with 100 pL
of PBS or PCM@AuNPs, and the number of bacteria
was 1x107 CFU/100 pL. At 24 h p.i., each mouse in the
PCM@AuNPs + US group was subjected to ultrasound
(1.6 W/cm?, 1 MHz, 3 s ON, and 7 s OFF irradiation) for
30 min. Six hours later, the tumor tissue was collected,
and western blotting was used to confirm CAT expres-
sion in vivo. The tumor tissue was collected and sacri-
ficed for immunofluorescence staining, with DAPI for the
cell nucleus and HIF-la for hypoxia-inducible factors.
Images were obtained via CLSM.

In vitro detection of reactive oxygen species and DNA
damage

To detect the generation of ROS and DNA damage
induced by PCM@AuNPs during radiation in vitro. 4T1
cells were seeded into 24-well plates overnight at a den-
sity of 1x 10* per well. After that, the cells were divided
into seven groups: the control group without any treat-
ment (G1) and the other groups were irradiated by X-ray
at 6 Gy after being treated with PBS (G2), PCM (G3),
AuNPs (G4), MG1655@AuNPs + US (G5), PCM@AuNPs
(G6), or PCM@AuNPs + US (G7) at 37 °C with 5% CO,
for 4 h. Subsequently, DCFH-DA, y-H2AX, and the
DNA ladder assay were used for ROS or DNA damage
detection, respectively. Fluorescence imaging was con-
ducted using a fluorescence microscope (EVOS M5000,
America), and fluorescence intensity was quantified with
Image]. Gel imaging was conducted under UV light using
a ChemiDoc MP Imaging System (Bio-Rad, USA).

In vitro detection of the MMP

To assess the intracellular MMP. 4T1 cells were cocul-
tured with the same treatment described above in
24-well plates. Then, 1 mL of JC-1 was added to the cells
for coculture at 1 h after irradiation, and the cells were
observed under a fluorescence microscope.
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In vitro colony formation assay

4T1 cells (1,000/well) were seeded in 6-well plates and
incubated with the different treatments mentioned above
for 6 h. The samples were subsequently irradiated with
y-rays at a dose of 6 Gy. Next, the cells were continuously
cultured with fresh drug-free medium in an incubator for
another 5-8 days. The fixed colonies were then stained
with crystal violet (0.25% ethanol) to subsequently count
the number of colonies and evaluate the colony inhibi-
tion ability of each treatment.

Assessment of cell apoptosis

Cell apoptosis was determined with an Annexin V-FITC
apoptosis detection kit. First, 4T1 cells at a density of
2x 10° were seeded in 6-well plates. After the treatment
described above, the cells were trypsinized and resus-
pended in 500 pL of binding buffer. Five microliters of
Annexin V-FITC (20 pg/mL) and 5 pL of PI (50 pg/mL)
were continuously added to the above buffers and then
incubated for 15 min at room temperature in the dark.
Finally, the degree of cell apoptosis in each group was
analyzed via flow cytometry.

Cell cytotoxicity assay

4T1 cells were plated onto 96-well plates at a density of
1x 10* cells per well at 37 °C in a 5% CO, incubator. Fol-
lowing the previous grouping. After the addition of 10
uL of Cell Counting Kit-8 to each well, the mixture was
incubated for 2 h in a cell incubator. Cell proliferation
was measured by measuring the optical density (OD) at
450 nm via a microplate reader.

In vivo antitumor assay

The 4T1 tumor-bearing mice with an approximate tumor
volume of 100 mm® were randomly divided into five
groups (n=4): the control group (T1), RT group (T2),
AuNPs+RT (T3), PCM+RT+US (T4), and PCM@
AuNPs+RT +US (T5) groups. A total of 1x10” PCM
in 100 pl of PBS was injected intravenously into tumor-
bearing mice in the T4 and T5 groups. The T1 group
was injected with 100 pl of PBS, and the concentration
of AuNPs was 50 pg/ml. After 24 h of bacterial injection,
the mice were irradiated with ultrasound (1.6 W/cm?,
1 MHz, 3 s ON, and 7 s OFF irradiation times) to induce
PCM for 30 min. Each group received a dose of 6 Gy of
y-ray irradiation on the third day, with a treatment cycle
of 4 days, and the tumor volume and mouse weight were
recorded every 2 days. The formula for calculating tumor
volume was as follows: volume = (tumor length x tumor
width?)/2. After the mice died, the tumors were collected
for H&E staining and TUNEL assays.
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Fig. 2 Characterization of PCM@AuUNPs. A: PCM@AUNPs are engineered to alleviate tumor hypoxia and enhance the delivery of AuNPs, thereby achieving
efficient radiosensitization. B: Exploration of ultrasonic heating parameters. C: Expression of the CAT protein by ultrasound. D-E: TEM images of PCM (D)
and PCM@AuUNPs (E). F: Ultraviolet spectrophotometer of PCM@AUNPs. G-H: Size (G) and zeta potential (H) of AuNPs, PCM, and PCM@AuUNPs. I: Migration
capacity measurement of PCM@AuUNPs and PCM. J: The number of bacterial monoclonal colonies generated by PCM, PCM + AuNPs, and PCM@AUNPs.
Statistical analysis was performed via one-way ANOVA and Tukey's test (****P <0.0001; ** P<0.01; * P<0.05)

Metastasis treatment

For lung metastasis treatment, the treated mice (n=4)
were euthanized on the 21st day by carbon dioxide
asphyxiation, and their lungs were collected. The number
of metastatic nodules in the lungs and the lung weight
were recorded. The lung slices were then stained with
H&E to observe the metastatic foci.

Statistical analysis

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

Results

Preparation and characterization of PCM@AuNPs

The PCM@AuNPs, composed of PCM and AuNPs,
were designed to alleviate tumor hypoxia and enhance
the delivery of AuNPs, thereby achieving efficient radio-
sensitization (Fig. 2A). To facilitate noninvasive remote
control of PCM CAT expression via focused ultrasound,
the PBV220-CAT plasmid was transferred into E. coli
MG1655 to induce high expression of CAT. A series of
acoustic parameters, including sound intensity and the
duration of irradiation in the ON/OFF states, were opti-
mized. The results indicated that a sound intensity of
1.6 W/cm® with an ON time of 7 s and an OFF time of
13 s maintained the bacterial mixture at a constant tem-
perature of 45 °C (Fig. 2B). SDS-PAGE analysis revealed
significant expression of the CAT protein (62 kDa) in
the PCM after a 45-minute treatment at 45 °C. In con-
trast, minimal CAT protein expression was observed at
body temperature (37 °C). Upon ultrasound-induced
PCM treatment at 1.6 W/cm?® with the specified ON/
OFF cycle, Western blotting revealed substantial CAT
protein expression in the induced group, whereas mini-
mal expression was detected in the uninduced group
(Fig. 2C). Western blot analysis demonstrated sustained
CAT protein expression for up to 24 h after induction
(Figure S1).

To verify the successful construction of the PCM@
AuNPs, transmission electron microscopy (TEM) was
used to observe the interaction between the AuNPs and
the PCM. The AuNPs were closely attached to the sur-
face of the PCM, as shown in Fig. 2D-E. UV absorption

measurements revealed that the AuNPs and PCM@
AuNPs presented an absorption peak at 520 nm, con-
firming the successful construction of the PCM@
AuNPs (Fig. 2F). Further morphological characteriza-
tion revealed that the diameter of the PCM@AuNPs
was approximately 1135.65 nm, with a zeta potential of
-24.6 mV. In contrast, the average diameter of the AuNPs
alone was 26.65 nm, with a zeta potential of -4.8 mV
(Fig. 2G-H). The PCM@AuNPs stored in PBS at 4 °C
for 72 h maintained their characteristic absorption peak
(A=520 nm), confirming minimal aggregation. A minor
intensity decrease (0.45 pg/mL AuNPs loss) indicated
94% retention on PCM carriers, demonstrating robust
short-term stability (Figure S2).

To validate the tumor-targeting ability of the PCM@
AuNPs, their motility was assessed to ensure efficient
nanoparticle delivery to tumor sites. The migration abili-
ties of the PCMs and PCM@AuNPs were compared over
the same duration. The results revealed that the migra-
tion rate of the PCM was 18.3 um/s, whereas the PCM@
AuNPs exhibited a migration rate of 15.8 pm/s within
10 s (Fig. 2I). No significant differences in colony counts
(Fig. 2J) or OD values (Figure S3) were observed at vari-
ous time points between the PCM@AuNPs group and
the PCM group, suggesting that the incorporation of
nanoparticles did not adversely affect bacterial viability.

Experimental investigations into the effects of ther-
apeutic parameters on PCM activity revealed that,
although the liquid temperature was consistently main-
tained at 45 °C via controlled ultrasound on/off cycles,
PCM treated with 2.4 W/cm? or 2.0 W/cm?® ultrasound
intensities exhibited significantly lower OD values com-
pared to other treatment groups. In contrast, no statisti-
cally significant alterations in PCM activity were detected
within the 1.6 W/cm? intensity range (Figure S4). Finally,
after coculture, the cell viability remained above 80%,
even at the highest concentration of 50 pg/ml, dem-
onstrating that PCM@AuNPs exhibit low cytotoxicity
toward 4T1 cells (Figure S5).

Improvements in cellular hypoxia and radiation deposition
of PCM@AuNPs

To validate the hypoxia-alleviating function of PCM@
AuNPs under ultrasound, quantitative ELISA revealed
a 2.7-fold increase in CAT expression in the M3(PCM@
AuNPs) group compared to the M2(PCM) group and
a 2.4-fold increase compared to the M1(MG1655@
AuNPs + US) group (Fig. 3A).
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The H,0, decomposition capabilities of CAT expressed  concentration of 59.86 mg/L at the 5-minute mark, which

in the three groups were subsequently assessed to mea-
sure CAT activity. The results revealed that the M3 group
presented the highest CAT activity, with an H,0, decom-
position capacity nearly double that of the other two
groups (Fig. 3B). To further evaluate the oxygen produc-
tion capacity of the PCM@AuNPs, a dissolved oxygen
monitoring device was employed. The oxygen concen-
trations in both the M1 and M2 groups only slightly
increased because of self-oxidation. In contrast, the M3
group achieved a significantly higher dissolved oxygen

remained stable throughout the measurement period
(Fig. 3C). Moreover, the M3 group produced the high-
est amount of O, in the H,O, solution, resulting in the
largest balloon volume, measured at 34.6705 cm®, which
was three times greater than that of the other groups
(Fig. 3D). MG1655 actively targets tumor tissues. The in
vivo fluorescence imaging results indicated that PCM@
AuNPs are metabolized by the liver while specifically tar-
geting tumors. After 24 h, the fluorescence signal in the
liver began to decrease, whereas the tumor site continued
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to exhibit increased fluorescence, suggesting effective
accumulation at the tumor site. Subsequent tissue extrac-
tion and coating detection revealed a significantly greater
bacterial count in tumor tissues than in other tissues
(Figure S6-S7). The results of the Western blot analysis
indicated that, when the cells were injected with PCM@
AuNPs and induced by ultrasound, there was significant
expression of CAT in the tumor tissue (Figure S8). Addi-
tionally, the expression of HIF-la—a hypoxia-inducible
transcription factor that stabilizes under low oxygen con-
ditions to promote tumor angiogenesis and metabolic
adaptation—was lower in the PCM+US and PCM@
AuNPs groups than in the other groups (Fig. 3E).

CT imaging revealed concentration-dependent radia-
tion attenuation by PCM@AuNPs. While both AuNPs
and PCM@AuNPs at 0 mg/mL showed CT values com-
parable to soft tissue, their CT values significantly
increased at 50 mg/mL (Fig. 3F). Under 6 Gy irradiation
in normoxia, AuNPs reduced 4T1 cell survival from 86%
(radiation alone) to 78% (Fig. 3G). No significant viability
reduction was observed in RT or AuNPs groups at doses
exceeding 6 Gy, thus, 6 Gy was selected for subsequent
studies. The PCM@AuNPs+RT group exhibited tran-
siently lower survival than RT alone at 0 and 12 h, though
no difference persisted by 24 h (Figure S9). TUNEL-DAPI
co-staining confirmed maximal apoptosis in the PCM@
AuNPs-treated group (Fig. 3H). Furthermore, bacte-
rial plating assays demonstrated a marked reduction in
colony-forming units following irradiation doses of 8 Gy
and 10 Gy (Figure S10).

Radiosensitization detection of PCM@AuNPs

Under hypoxic conditions, all groups underwent RT. The
G7 group exhibited significantly higher ROS levels—evi-
denced by intensified green fluorescence—compared to
G5 and G6 (Fig. 4A-B). Elevated ROS, synergizing with
ionizing radiation, induces DNA damage proportional to
intracellular ROS concentrations. DNA ladder electro-
phoresis confirmed the most severe DNA damage in G7,
marked by distinct ladder bands absent in other groups
(Fig. 4C). Consistently, double-strand break (DSB) detec-
tion revealed the strongest green fluorescence in G7,
reflecting a high DSB burden and extensive DNA dam-
age (Fig. 4D). ROS accumulation further triggered per-
oxidative mitochondrial membrane damage, reducing
mitochondrial membrane potential (MMP) and causing
dysfunction. G7 showed the highest green fluorescence
(low MMP) and minimal red fluorescence, while G1 - G5
displayed strong red fluorescence (intact MMP) and neg-
ligible green signals (Fig. 4E-F).

In vitro antitumor effects of PCM@AuNPs
First, the radiosensitizing effect under hypoxic condi-
tions was assessed through apoptosis detection. The
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results revealed that the G7 group had a high proportion
of apoptotic cells (47.74%), whereas the G6 group, which
was not subjected to ultrasound induction, exhibited
only 18.63% apoptotic cells. The G1 group had the lowest
proportion of apoptotic cells, at only 6.81% (Fig. 5A-B).

To verify whether this apoptotic phenomenon leads to
cell death, further analysis was performed via the CCK-8
assay. Compared with the G6 group, the G7 group pre-
sented the lowest cell viability, with no significant differ-
ence, but a significant reduction in cell viability compared
with the G1 group. This trend in cell viability was consis-
tent with the results of the apoptosis assay (Fig. 5C).

To evaluate the long-term inhibitory effects of RT on
cell growth, colony formation assays were performed fol-
lowing prolonged culture. The results indicated that the
G7 group formed the fewest cell colonies, which was sig-
nificantly different from the results of the other groups.
The G1 group presented the lowest colony count, while
no significant difference was observed between the G5
and G6 groups (Fig. 5D-E).

In vivo antitumor effects of PCM@AuNPs
The histopathological analysis of major organs (heart,
liver, spleen, lung, and kidney) was showing that no sig-
nificant pathological abnormalities, such as necrosis,
inflammatory infiltration, or fibrosis in the PCM@AuNPs
treated groups post-14d injection (Figure S11). During
the 14-day RT treatment protocol, tumor dimensions
and mouse body weights were monitored every two days
(Fig. 6A). To verify the therapeutic efficacy of the treat-
ments, a comparison with the control group was con-
ducted. All the treatment groups exhibited suppressed
tumor growth. In the T1 group, the tumors exhibited
rapid growth posttreatment, with a ninefold increase in
size by day 14. Notably, the T2 group, which received
only 6 Gy of RT, showed no substantial suppression of
tumor growth. In contrast, the T3 and T4 groups experi-
enced only a 2.5-fold increase in tumor size, whereas the
T5 group exhibited negligible tumor growth (Fig. 6B-C).
To further assess treatment efficacy, tumor weights
were measured (Fig. 6D). The results revealed that
tumors in the T5 group had the lowest weight, whereas
those in the T1 group were the heaviest, which was
consistent with the body weight measurements. Histo-
logical analysis, including H&E and TUNEL staining of
tumor tissues, revealed extensive nuclear rupture, wide-
spread cancer cell death, and pronounced inflammatory
responses in the T5 group (Fig. 6E-F). Moreover, enumer-
ation of pulmonary nodules revealed a significant reduc-
tion in the number of nodules in the T5 group compared
with that in the groups treated with AuNPs, PCM, or RT
alone (Fig. 6G-H). Importantly, no significant weight loss
was observed throughout the treatment period, and the
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(scale bar: 75 um). Statistical analysis was performed via one-way ANOVA and Tukey's test (****P<0.0001; ** P<0.01; * P<0.05)
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weight differences between the groups were statistically
insignificant (Figure S12).

Discussion

In this study, we developed an integrated nanosystem
(PCM@AuNPs) to achieve more effective RT sensitiza-
tion through multiple pathways. The integrated nano-
system composed of engineered bacteria and gold
nanoparticles could effectively improve the delivery effi-
ciency and specific accumulation of radiosensitizers and
relieve hypoxic conditions in the TME, enhancing cancer
cell apoptosis induced by RT and significantly inhibiting
tumor growth.

The hypoxic, nutrient-rich and immunosuppres-
sive TME supplies an appropriate growth environment
for PCM. Firstly, PCM tend to migrate towards the
hypoxic zone of tumors, the active mechanisms likely
involve some chemotactic factors (e.g. clusterin, ser-
glycin, and TGF-B2) generated by dying tumor cells in
the low oxygen lesions. Secondly, the nutritious TME is
uniquely attractive to bacteria. PCM can sense high den-
sity of nutrients in and around the tumor core through

chemoreceptors, and accumulate at both sites. Moreover,
the immunosuppressive environment facilitates the bac-
teria dissemination in tumors, and depleting host neutro-
phils further increases bacteria accumulation and spread
throughout the tumors [30]. Bacteria specifically target
and colonize tumor sites, making them promising carri-
ers for AuNPs aimed at enhancing radiation energy depo-
sition and amplifying the effects of RT within tumors.
Our findings demonstrate that AuNPs are chemically
conjugated onto the surface of bacterial carriers—PCM—
for targeted delivery in the context of RT. The PCM@
AuNPs system effectively retains the viability of the PCM
micromotors. This aligns with previous work by Du et al,,
who developed a bacteria-driven drug delivery system
utilizing E. coli as a biological carrier for targeted deliv-
ery of DOX-PFP-PLGA [31]. However, the long-term
biocompatibility of engineered bacteria remains a criti-
cal concern, as sustained colonization in hypoxic tumor
regions may lead to chronic toxicity through unintended
metabolite accumulation. Additionally, repeated admin-
istration risks triggering innate immune hyperactivation
via pathogen-associated molecular patterns (PAMPs)
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Fig. 6 In vivo antitumor effects of PCM@AUNPs. A: Schematic diagram of the antitumor experiment in vivo. B: Tumor growth profiles of the mice sub-
jected to different treatments. C: Representative photographs of tumors after various treatments. D: Weights of mouse tumors after various treatments.
E-F: H&E staining (E) and TUNEL staining (F) images of tumor slices obtained from different mice treated under various conditions (scale bar =100 pm).
G-H: Images of lung nodules (G) and H&E-stained images (H) of lung tissues from mice subjected to different methods (scale bar =100 um). Statistical
analysis was performed via one-way ANOVA and Tukey's test (****P<0.0001; ** P<0.01; * P<0.05)
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and adaptive immune responses, resulting in neutralizing
antibody production and accelerated bacterial clearance.
To address these challenges, Wang et al. used low immu-
nogenicity and long circulation of erythrocyte membrane
coated with engineered bacteria to improve the long-
term biocompatibility and therapeutic efficacy of engi-
neered bacteria [32].

As effective radiosensitizers, AuNPs significantly
increase cancer cell apoptosis induced by RT. When the
effects of AuNPs were compared with those of the gold
nanoclusters (c((RGDyC)-AuNCs) constructed by Liang
et al, it was observed that the AuNPs had a similar RT
efficiency at a dose of 4 Gy, although they were less effec-
tive at 6 Gy and 8 Gy [33]. The hydrodynamic diameter
(HD) of the AuNCs was determined to be 3.2 +0.54 nm,
whereas the diameter of the AuNPs was approximately
eight times larger, which may account for this difference
in efficiency. Recent theoretical studies have shown that
the relative level of radiosensitization of AuNPs decreases
significantly as the nanoparticle size increases [34]. The
potential mechanism underlying this phenomenon may
involve size-dependent variations in the relative electron
density of AuNPs, which arise from nanoscale surface-to-
volume ratio effects. Specifically, reduced particle dimen-
sions enhance surface atom contributions, increasing
electron density gradients at the nanoparticle interface.
This localized electron density modulation could amplify
X-ray attenuation efficiency through enhanced photo-
electric absorption cross-sections, thereby governing
radiation dose enhancement effects in AuNP-mediated
radiosensitization [35]. Therefore, the selection of gold
nanoparticles with better size is the improvement direc-
tion of subsequent research. It is worth mentioning that
our AuNPs were obtained commercially, the radiosensiti-
zation properties of standardized AuNPs met the require-
ments of previous literature, but pre-coated PEG limited
the efficiency of further functionalization. At the same
time, commercially available AuNPs only offer standard
spherical and fixed particle sizes, it is difficult to evaluate
the morphologic dependent radiosensitization mecha-
nisms such as tip enhancement. Ultrasound has been
widely used for rapid, scalable, and controlled nanopar-
ticle synthesis. The properties of AuNPs synthesized via
ultrasound-assisted methods are critically influenced by
three key parameters. Frequency directly affects the size
and uniformity of AuNPs. Power intensity governs both
the size distribution of the nanoparticles and the effi-
ciency of ligand adsorption onto their surfaces. Mean-
while, the type of cavitation influences the stability and
functionalization outcomes of the AuNPs. Studies dem-
onstrate sonochemical synthesis enables precise control
over AuNP properties by strategically optimizing these
parameters. It will provide more options for improv-
ing the radiosensitization properties of AuNPs [36-38].
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Moreover, the PCM@AuNPs preserve the therapeutic
properties of the AuNPs, which shows a similar deposi-
tion of radiation energy at various AuNP concentrations.
These results are consistent with research by Pan et al,
who designed a smart bacteria-based nanosystem with
engineered bacteria combined with high-atomic-number
(high-Z) materials on the surface [20].

Despite advances, developing a radiotherapy sensi-
tization system that inhibits DNA repair mechanisms
through multiple pathways remains critical. Hypoxia, a
hallmark of solid tumors, can be reversed by CAT-medi-
ated decomposition of H,O, [39]. Engineered bacteria
expressing CAT have been explored. Ding et al. inves-
tigated CAT-expressing E. coli, and the release of CAT
occurred following the destruction of the bacterial mem-
branes via laser irradiation, which may adversely impact
bacterial colonization [40]. Choosing a minimally inva-
sive protein expression method will enable engineered
bacteria to continuously express the CAT protein within
tumors [12]. The use of isopropyl-B-thiogalactoside
(IPTQ) facilitates sustainable CAT production [41]. How-
ever, since IPTG is often administered via intravenous
injection, its nonspecific spatial accumulation and the
uncertainty regarding the timing of tumor targeting can
result in CAT expression in nontumor tissues, adversely
affecting normal physiological functions [42, 43]. In con-
trast, ultrasound offers a noninvasive, spatially precise
alternative. Here, ultrasound-controlled CAT expres-
sion in the PCM strain was achieved. The CAT gene
was inserted under tandem promoters PL/PR, which are
activated by high temperatures. Our results indicate that
ultrasound exposure generated localized heat, elevat-
ing the bacterial microenvironment to 45 °C. Thermal
activation of PL/PR promoters triggered CAT expres-
sion, enabling H,0, decomposition. This approach aligns
with Chen et al’s ultrasound-activated IFN-y expres-
sion system, confirming the versatility of acoustic con-
trol in bacterial gene regulation. Their study found that
after ultrasound irradiation, the expression of mCherry
fluorescent protein maintained up to 3 days, demonstrat-
ing the long-term stability of bacterial gene expression
induced by this method [28].

Based on the hypoxia-alleviating effects of CAT, we sys-
tematically investigated its regulatory impact on HIF-1a
pathway activation and oxidative stress dynamics. To
delineate CAT-specific contributions, a dedicated PCM
group was incorporated into the experimental design.
Consistent with the findings of Meng et al., [44] Our find-
ings revealed that ultrasound-induced CAT expression
by PCM achieved two critical outcomes in tumor tis-
sues: localized oxygen generation through H,O, decom-
position significantly reduced HIF-la accumulation,
attributable to restored prolyl hydroxylase activity and
subsequent VHL-mediated proteasomal degradation,
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while the liberated molecular oxygen paradoxically
enhanced ROS generation via revived mitochondrial
electron transport chain activity, amplifying oxida-
tive stress pathways. This synergistic approach, which
addresses both the metabolic adaptation of tumors and
their resistance to apoptosis, overcoming hypoxia-related
radiotherapy limitations.

Through multiple pathways of enhancing radiation
deposition and alleviating tumor hypoxia, PCM@AuNPs
demonstrated significant radiosensitizing effects both in
vitro and in vivo. As a bio/nonbiohybrid system, it exhib-
ited good biocompatibility. We found that PCM@AuNPs
could enhance RT efficiency through the absorption of
more radiation and the generation of more ROS, leading
to an increase in DSBs and disruption of the mitochon-
drial membrane potential, thereby causing the release
of cytochrome C and activating the apoptosis pathway.
The mitochondrial damage can be detected by JC-1,
In healthy mitochondria, JC-1 forms aggregates in the
mitochondrial matrix, emitting strong red fluorescence.
When mitochondrial membrane potential collapses due
to ROS-induced damage, JC-1 remains in the cytoplasm
as monomers, emitting green fluorescence [45]. Mecha-
nistically, ultrasound-activated PCM@AuNPs triggered
mitochondrial dysfunction (Fig. 4E), leading a suppres-
sion of both primary tumor progression and pulmonary
metastatic dissemination.

Although PCM@AuNPs+US can achieve significant
radiosensitization effects and good safety, several steps
need to be determined for future clinical applications.
The mechanisms of lung metastasis inhibition have not
yet been explored. Moreover, combining this radiosen-
sitization strategy with other treatment methods is nec-
essary [46]. As we have observed, the increase in ROS
production may lead to an increase in ICD occurrence,
which, along with HIF-1q«, can affect tumor metastasis
[12, 47]. Therefore, combining immunotherapy and fur-
ther exploring the underlying mechanisms will help us
discover a more effective combination therapy strategy
for treating tumors.

Conclusions

In summary, an effective strategy based on an inte-
grated nanosystem (PCM@AuNPs) for radiosensitiza-
tion through multiple pathways was developed, which
employed the PCM to improve the delivery efficiency of
radiosensitizers and express CAT in the acoustic control
of ultrasound, effectively decomposing H,O, and thereby
increasing the oxygen concentration, thereby alleviating
specific hypoxia. Our study revealed that the combina-
tion of PCM@AuNPs +RT significantly inhibited tumor
growth and metastasis. In conclusion, we have estab-
lished a highly effective strategy for radiosensitization by
integrating PCM@AuNPs with focused ultrasound.
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Abbreviations

RT Radiotherapy

ROS Reactive oxygen species

AuNPs Gold nanoparticles

CAT Catalase

TME Tumor microenvironment

us Ultrasound

DiR 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
EDC 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide
sulfo-NHS  n-hydroxysuccinimide

DMEM Dulbecco’s modified Eagle’s medium

FBS Fetal bovine serum

MMP Mitochondrial membrane potential

IPTG Isopropyl-B-thiogalactoside
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