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Purpose: Cancer treatment still faces big challenges in the clinic, which is raising concerns 
over the world. In this study, we report the novel strategy of combing bacteriotherapy with 
high-intensity focused ultrasound (HIFU) therapy for more efficient breast cancer treatment.
Methods: The acoustic reporter gene (ARG) was genetically engineered to be expressed 
successfully in Escherichia coli (E. coli) to produce the protein nanoparticles-gas vesicles 
(GVs). Ultrasound was utilized to visualize the GVs in E. coli. In addition, it was injected 
intravenously for targeted breast cancer therapy by combing the bacteriotherapy with HIFU 
therapy.
Results: ARG expressed in E. coli can be visualized in vitro and in vivo by ultrasound. After 
intravenous injection, E. coli containing GVs could specifically target the tumor site, 
colonize consecutively in the tumor microenvironment, and it could obviously inhibit 
tumor growth. Meanwhile, E. coli which contained GVs could synergize HIFU therapy 
efficiently both in vitro and in vivo as the cavitation nuclei. Furthermore, the tumor inhibition 
rate in the combination therapy group could be high up to 87% compared with that in the 
control group.
Conclusion: Our novel strategy of combing bacteriotherapy with HIFU therapy can treat 
breast cancers more effectively than the monotherapies, so it can be seen as a promising 
strategy.
Keywords: acoustic reporter gene, gas vesicles, targeted cancer therapy, bacteriotherapy, 
high-intensity focused ultrasound

Introduction
Cancer therapeutic remains a big challenge in the clinic. The traditional methods of 
anticancer therapeutics including surgery, chemotherapy, radiotherapy, immunother-
apy, and bacteriotherapy have raised the hope for cancer treatment.1 However, there 
are inevitable side effects including invasiveness, high toxicity, immune system 
destruction, drug resistance, high costs, and low treatment efficiency.2–4 In recent 
decades, high-intensity focused ultrasound (HIFU) has shown great potential in 
clinical therapy of noninvasive solid tumors.5–7 However, the practical application 
of HIFU for combating cancers is still limited due to its insufficient therapeutic 
effect.8

To obtain better cancer therapy efficiency through HIFU ablation, synergistic agents 
(SAs) have recently attracted tremendous attention. Various SAs (eg, gas-filled nano-
particles, lipiodol, hydroxyapatite, and liquid fluorocarbon nanoparticles) are explored 
to synergize HIFU ablation for tumors by cavitation effect or changing the acoustic 
properties of the tumor tissue.9–13 Those traditional SAs have been exploited to 
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improve the efficiency for cancer therapy, but the cancer 
therapy efficiency needs to improve urgently due to i) lack 
of satisfying tumor-targeting ability; ii) high toxicity; iii) 
complex preparation process; iv) big size; v) instability; vi) 
short halftime in blood circulation, and those limitations have 
led to the unsatisfied efficiency of cancer therapy.

Live tumor-targeting bacteria vectors as the natural 
“microrobot” raises the new hope for cancer therapy.14–17 

Many kinds of obligate or facultative anaerobic bacteria, 
such as Bifidobacterium,18,19 Salmonella typhimurium 
(S. typhimurium),20–22 Escherichia coli (E. coli),23–25 

Listeria,26 and Clostridium,27,28 not only possess inherent 
specifically tumor-targeting activities and anti-tumor efficacy 
but also can be engineered to target and deliver antitumor 
agents for cancer therapy via genetic programs or sophisti-
cated bio-syntheses.29

To overcome the drawbacks of adding conventional SAs 
to synergize HIFU ablation for tumors, our team attempts to 
explore the biological targeting synergistic agents, which 
utilize the live tumor-targeting bacteria as the vectors to 
realize more efficient cancer treatment. Our preliminary 
experiments found that the anaerobic bacterium 
Bifidobacterium longum (B. longum) was able to specifically 
target solid tumors after intravenous (i.v.) injection 
B. longum which served as a vehicle can conjugate and 
deliver more SAs to the tumor site, synergizing HIFU effi-
ciently for more effective cancer therapy.30–34But this strat-
egy still has some limitations including i) drawbacks of 
conventional SAs; ii) just connecting SAs to the bacterial 
surface of B. longum. How to further improve cancer ther-
apy efficiency is crucial, while there is a big challenge to 
achieve high-efficiency cancer therapy.

Acoustic reporter gene (ARG) is the genetic constructs 
firstly reported by Mikhail Shapiro35 and could be expressed 
in E. coli and S. typhimurium. ARG expressed in bacteria 
could be visualized in vitro and in vivo by ultrasound for it 
encodes the production of gas vesicles (GVs).36–39 GVs, 
a unique class of protein-shelled nanoparticles with gas- 
filled in the interior, is comprised of a 2-nm-thick protein 
shell with dynamic sizes of typical widths from 45 to 250 
nm and lengths from 100 to 600 nm. The special structure of 
GVs allows dissolved gases to permeate in and out freely 
and exclude water.40,41 Especially, GVs is capable of nucle-
ating cavitation both in their purified form and inside geneti-
cally engineered bacteria.42 In addition, E. coli, as the 
anaerobic bacteria, can target and colonize in tumor regions 
after i.v. injection, and quickly be cleared from normal 
organs.43 Thus, E. coli shows good biosafety. More impor-
tantly, E. coli, as the anticancer agents, can inhibit tumor 
growth by expressing chemotactic receptors to respond to 
chemotaxis towards molecular signals in the tumor 
microenvironment.44,45 Therefore, the strategy of utilizing 
GVs expression in E. coli as the new SA to synergize HIFU 
ablation for tumors may be an alternative option for enhan-
cing cancer treatment.

To achieve this goal, we report a new approach to treat 
cancers with profound therapeutic efficacy by combing 
bacteriotherapy with HIFU therapy. As shown in 
Figure 1, we firstly genetically engineered the ARG to 
express in E. coli BL21(AI) to produce GVs in vitro, and 
then injected E. coli BL21(AI) which contains GVs 
(hereby named GVs-E. coli) into the tumor-bearing mice 
to inhibit the tumor growth; finally, we treated the breast 
cancer by HIFU therapy, tumor volume measurements and 

Figure 1 Schematic illustration of the GVs-E. coli for breast cancer therapy combing HIFU therapy and bacteriotherapy. 
Abbreviations: GVs, gas vesicles; GVs-E. coli, E. coli BL21(AI) which contains GVs; HIFU, high-intensity focused ultrasound.
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histological analyses were used to evaluate the treatment 
efficiency of breast cancer.

Materials and Methods
Materials
E. coli BL21(AI) was purchased from Shanghai Weidi 
Biotechnology Co., Ltd (China) and stored at −80°C 
before use, the pET28a_T7-ARG1 was a gift from 
Mikhail Shapiro (Addgene plasmid # 106473). The 
pQE3_green fluorescent protein (GFP) was a gift from 
the key laboratory of molecular biology on infection dis-
eases, Chongqing medical university. Luria-Bertani (LB) 
was purchased from Hopebiol Co., Ltd (China). All che-
micals were analytical grade and used without further 
purification.

Methods
Bacteria Culture
For bacterial culture, E. coli BL21(AI) was cultured in LB 
liquid medium in a shaking incubator (37°C, 220 rpm). 
Bacterial concentration was estimated spectrophotometri-
cally by determining absorbance at 600 nm, and cell 
numbers were verified by plating dilutions of inoculum 
onto LB agar plate (1 OD ≈ 1.06 ×109 CFU/mL). For 
expression of ARG and GFP in E. coli BL21(AI), the 
method was adopted from Mikhail Shapiro35 and pre-
viously described respectively,46 and the GVs-E. coli was 
observed directly by transmission electron microscopy 
(TEM, Hitachi 7500, Japan) and ultrasound using MyLab 
90 (Esaote, Italy). Thereafter, E. coli BL21(AI) with or 
without plasmid was collected by centrifugation 
(5000 rpm, −20°C, 10 min) and diluted with sterile PBS 
for further experiments.

Cell Culture
The human breast cancer MDA-MB-231 cells were pur-
chased commercially from the Chinese Academy of 
Sciences Cell Bank (China). The cells were cultured 
according to ATCC recommended conditions at 37°C 
with 5% CO2 in DMEM supplemented with 10% FBS 
and 1% streptomycin/penicillin.

Animals and Model Establishment
All the animal experiments and procedures were 
approved by the Institutional Animal Care and Use 
Committee at Chongqing Medical University and per-
formed under their guidelines. Female BALB/c nude 
mice (20–25 g) and female BALB/c mice (6 to 8 

weeks) were supplied by the Laboratory Animal Center 
of Chongqing Medical University and were housed to 
drink and eat freely. To establish the tumor model, 
0.1 mL PBS solutions (1×106 cells) were subcuta-
neously injected into the left flank of nude mice. The 
volume of the tumor was calculated as [0.5 × length × 
(width)2]. After the tumor diameter reached ~ 0.5mm, 
all experimental animals were randomly assigned to six 
groups in the following experiments. The biosafety of 
E. coli BL21(AI) was evaluated using BALB/c mice.

Evaluation of Safety in vivo
Six groups (n=5 per group) of healthy BALB/c mice 
(~20 g, 4–6 weeks) were used to assess the in vivo 
toxicity. 1× 108 CFU live GVs-E. coli (selected from 
a series of safety experiments including different doses, 
data not shown) in a total volume of 100 μL phosphate- 
buffered saline (PBS) solution was injected into mice 
intravenously (i.v.) in all experiments. The weight of 
mice was monitored every 2 days over 14 days. Blood 
samples were collected before (control group) and after 
30 minutes,1, 3, 7 and 14 days feeding post-injection for 
biochemical examinations of complete blood count 
(white blood cell, WBC; red blood cell, RBC; platelets, 
PLT; hemoglobin, HGB; mean corpuscular hemoglobin, 
MCH; mean corpuscular volume, MCV), liver func-
tional markers (alanine aminotransferase, ALT; aspartate 
transaminase, AST), myocardial enzymogram (creatine 
kinase, CK; L-lactate dehydrogenase, LDH-L), and kid-
ney functional marker (blood urea nitrogen, BUN; crea-
tinine, CREA). The major organs (heart, liver, spleen, 
lung, and kidney) were stained with H&E for histologi-
cal analysis at the corresponding time point.

Tumor-Targeting Ability of E. coli BL21(AI)
Before and after injecting i.v. GVs-E. coli at the dose of 1× 
108 CFU/100 μL at the 1st, 3rd, 7th, and 14th day, the 
major organs (heart, liver, spleen, lung, kidney, and tumor) 
of mice were extracted at the desired time points, weighed, 
and homogenized at 4°C in sterile PBS. Those samples 
were diluted (10-fold, 100-fold, 1000-fold, etc) and spread 
on LB plates. After 8–24 hours of incubation, the number 
of GVs-E. coli colonies were counted. The bacterial titer 
(CFU per gram of tissue) was calculated with colony 
counts and tissue weights. Single colony was further 
picked for gram staining.
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Ultrasound Imaging
For in vitro ultrasound imaging, two groups were divided 
as follows: E. coli and GVs-E. coli. The ultrasound images 
under B mode and contrast-enhanced ultrasonography 
(CEUS) mode were acquired using MyLab 90 (Esaote, 
Italy). The gray value was measured by DFY software 
(Chongqing, China).

For tumor ultrasound imaging, MDA-MB-231 tumor- 
bearing nude mice were intratumorally injected with 100 
μL (1× 108 CFU), images of the tumor region were 
obtained by ultrasound, and the quantitative analysis of 
gray value was measured.

Synergistic Effect of GVs-E. coli for HIFU 
Therapy
A Model-JC200 Focused Ultrasound Tumor Therapeutic 
System (Chongqing Haifu Medical Technology Co., Ltd., 
Chongqing, China) was used for all HIFU experiments. 
The focal length, diameter, and operating frequency were 
100–250 mm, 100–300 mm, and 0.5–2 MHz, respectively. 
A high-energy US beam was emitted from the therapeutic 
transducer, while changes in the targeted tissue were mon-
itored by the diagnostic transducer in real-time.

A passive cavitation detector (PCD) was used to 
detect the cavitation characteristics under atmospheric 
pressure to compare cavitation behavior during the pro-
cess of HIFU exposure. Acoustic signal from ex vivo 
bovine liver and tumors was recorded by the high-speed 
data acquisition card. Then the signal was programmed 
to get the corresponding spectrum 90 with fast Fourier 
transform on the LabView development platform (step 
length 15ms). The broadband noise was calculated after 
the band-pass filter (5 MHz) and a band-stop filter (filter 
passband harmonic).

We used fresh ex vivo bovine livers to evaluate in vitro 
HIFU ablation efficiency. In brief, 0.1 mL solutions of 1× 
108 CFU/mL (PBS, E. coli, and GVs-E. coli) were injected 
into the bovine livers respectively. Immediately after that, 
the injection site was treated with HIFU ablation at differ-
ent power (120 W, 150 W, and 180 W) for 5 s. The emitted 
signals were recorded with a PCD at the same time. The 
gray value and coagulative necrosis volume of the ablation 
area were quantitatively analyzed.

For in vivo HIFU synergistic therapy evaluation, 
MDA-MB-231 tumor-bearing nude mice (PBS+HIFU, 
E. coli + HIFU, GVs-E. coli + HIFU) were treated with 
0.1 mL solutions at 1× 108 CFU/mL respectively. 7 days 

after i.v. injection, the tumor site was ablated by HIFU 
(150 W, 5 s) and detected the cavitation characteristics by 
PCD. The 2% 2,3,5-triphenyltetrazolium chloride (TTC) 
solution was used to stain the tumor tissues after 24 h post- 
HIFU ablation. Gray-scale of the targeted area was auto-
matically compared by the Gray Val 1.0 software affiliated 
with the HIFU device, coagulative necrosis volume (V) 
was calculated according to the formula: V (mm3) = π/6 × 
length× width× depth, and energy efficiency factor (EEF) 
was measured according to the formula: EEF (J/mm3) = 
ηPt/V, where η (set to 0.7) means the focusing coefficient 
of HIFU transducer, P (W) means the power of HIFU, and 
t (s) means the ablation time.

Evaluation of Anticancer Efficiency of 
GVs-E. coli
The antitumor efficiency was observed by measuring the 
body weight and tumor volume using an electronic caliper 
every 2 days from day 0 to day 21. Relative tumor volume 
(RTV) was normalized based on the initial tumor volume 
before the treatment. The tumor inhibition rate (IRT) was 
calculated by the formula:

IRT = (RTVcontrol group - RTVexperimental group)/RTVcontrol 

group ×100%
On the 21st day after injection, in order to observe 

apoptosis and necrosis, nude mice were euthanized and 
the tumor tissues were harvested for weighting and stain-
ing by H&E, terminal-deoxynucleotidyl transferase- 
mediated nick end labeling (TUNEL), and proliferating 
cell nuclear antigen (PCNA).

Statistical Analysis
All statistical analyses were performed using SPSS 21.0 
program. Data are presented as mean ± standard deviation 
(SD). Multi-group comparisons were analyzed using one- 
way ANOVA followed by LSD test or Dunnett’s T3 test 
(*p < 0.05, **p < 0.01, ***p < 0.001).

Results and Discussion
Characterization of E. coli BL21(AI)
To observe the basic characteristics of E. coli BL21(AI), 
the gram stain was performed. As Figure 2A shown, 
E. coli BL21(AI) shows a pale pink, long, and rod 
shape which was classified as a member of the gram- 
negative bacterium. E. coli BL21(AI) could grow 
rapidly under optimal conditions, and it reached the 
mid-logarithmic phase in 2–4 hours under the LB liquid 
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medium (dilution ratio: 1:100) in a shaking incubator 
with 220 rpm at 37°C (Figure 2B). To quantify the 
E. coli BL21(AI), plate dilution was used to count the 
colony-forming units (CFU) by measuring absorbance 
value at 600 nm (optical density, OD600). According to 
the standard curve we calculated (Figure 2C) that the 
CFU was 1.06×109 in 1 mL of bacterial solutions when 
OD600=1 (1OD=1.06 × 109 CFU/mL).

In vivo Biosafety Assay of E. coli BL21(AI)
The biosafety of bacteria is a prerequisite for use in vivo 
experiments and further clinical translation. As shown in 
Figure 3A, the bodyweight of mice exhibited a slight 
decrease 3 days after i.v. injection, but quickly showed an 
upward trend and the growth curve was consistent with the 
control group, indicating E. coli BL21(AI) treatment had no 

obvious effects on the body weight. The blood indexes 
including complete blood count (WBC, RBC, PLT, HGB, 
MCH, and MCV), liver functional markers (ALT, AST), 
myocardial enzymogram (CK, LDH-L), and kidney func-
tional marker (BUN, CREA) showed slight fluctuations 
on day 1 after i.v. injection. At later time points (on day 3, 
7, or 14 days after injection), the blood indexes gradually 
return to the normal level compared with those in the control 
group, indicating undetectable toxicity in short and relatively 
long timeframes (Figure 3B). This result is consistent with 
the previous studies.47 The reason for the slight fluctuation 
of body weight and the blood indexes in the early time after 
i.v. injection might be sensitization of immune system, but 
this phenomenon can quickly disappear, because the E. coli 
BL21(AI) was cleared by normal organs.48 H&E staining 
was further used to test the histocompatibility of E. coli 

Figure 2 Characterization of E. coli BL21(AI). (A) Optical microscope image of gram staining of E. coli BL21(AI) (1000 × magnification), the scale bar is 1 µm. (B) Growth 
curve of E. coli BL21(AI) at 37 °C, 220rpm. (C) Bacterial counting corresponding to OD600. 
Abbreviation: OD600, optical density = 600 nm.

Figure 3 In vivo safety evaluation of E. coli BL21(AI). (A) Bodyweight changes over time (B) Hematological assay of BALB/c mice and (C) H&E staining of major organs from 
the control group and the experimental groups 1, 3, 7, 14 days after i.v. injection of E. coli BL21(AI). All the scale bars are 50 μm. 
Abbreviations: H&E, hematoxylin and eosin staining; i.v., intravenous.

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
109

Dovepress                                                                                                                                                             Yang et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


BL21(AI). H&E staining of the major organs (heart, liver, 
spleen, lung, and kidney) at the corresponding time point 
after i.v. injection showed no significant acute or chronic 
physiological toxicity when compared with the control 
group (Figure 3C), indicating the high histocompatibility 
of E. coli BL21(AI).

Tumor-Targeting Ability of E. coli BL21(AI)
To elaborate the distribution of E. coli BL21(AI) 
in vivo after i.v. injection, the mice were executed, 
and the major organs including heart, liver, spleen, 
lung, kidney, and tumor tissues of mice were weighed, 
homogenized, and plated on LB plates. It can be 
observed that bacteria were gradually eliminated from 
major organs such as the heart, liver, spleen, kidney, 
and lung. In marked contrast, bacteria were colonized 
in tumor tissues (Figure 4A). By counting the CFU in 
each plate, it was found that the CFU in major organs 
including heart, liver, spleen, kidney, and lung gradu-
ally decreased during the time (1, 3,7,14 days after 
injection). On the contrary, the CFU in tumor tissues 
increased exponentially following the time points 
(Figure 4B). Those results were consistent with the 
previous studies.49 This phenomenon may be attributed 
to the selected colonization of anaerobes in the 
hypoxic, immunosuppressive, and biochemically 
unique tumor microenvironment.50 The single colony 
on the plate was picked for gram staining. As shown in 
Figure 4C, the pale pink, long, and rod-shaped bacteria 
can be observed, the same with Figure 2A, which 
indicated the bacteria growth in the plate is E. coli 
BL21(AI).

To further confirm whether GVs-E. coli could be 
expressed consistently in the tumor site, a green fluores-
cent protein (GFP) - bearing plasmid was transformed into 
E. coli BL21(AI) (GFP-E. coli). As shown in Figure 4D, 
strong green fluorescence was detected in the LB medium 
with or without ampicillin (Amp). On the contrary, the 
fluorescence intensity of GFP cultured in PBS was almost 
invisible, indicating that the target gene expressed in 
E. coli BL21(AI) could be expressed consistently in the 
optimum culture conditions. Moreover, to evaluate the 
ability of consistent expression of GFP-E. coli in vivo, 
the GFP-E. coli was injected into the MDA-MB-231 
tumor-bearing mice intravenously. As shown in Figure 
4E, there was no green fluorescence detected in the control 
group. In marked contrast, green fluorescence was 
detected in the tumor tissues from day 1 to day 14 after 

i.v. injection of GFP-E.coli, demonstrating that not only 
GFP-E.coli could colonize in tumor tissues but also the 
plasmid would not vanish for a short time in vivo.51

ARG Expressing in E. coli BL21(AI)
TEM was used to further validate whether the GVs was 
produced successfully in E. coli BL21(AI). A mass of 
cylindrical or spindle-shaped protein nanostructures can 
be directly observed in the E. coli BL21(AI) by TEM 
(Figure 5A), while none can be found in the control 
group (Figure 5B).

To evaluate the ultrasound imaging capability of 
GVs-E. coli, we investigated GVs-E. coli in vitro 
through a gel phantom (Figure 5C), and the corre-
sponding quantitative analysis of gray value was per-
formed (Figure 5D). Compared with those in the 
control group, both B-mode and CEUS-mode showed 
obvious echogenicity in GVs-E. coli (***P<0.001), 
demonstrating that GVs could be detected in vitro by 
ultrasound imaging. Next, an in vivo tumor ultrasound 
imaging experiment was performed to determine 
whether GVs-E. coli could be detected by ultrasound. 
We investigated the ultrasound imaging of tumors 
before and after injecting GVs-E. coli (Figure 5E), 
and the corresponding quantitative analysis of gray 
value was performed (Figure 5F). As the Figures are 
shown in Figure 5E and F, before injection, no echo-
genicity showed in both mode ultrasound images of 
tumors, and the gray value of tumor images had no 
obvious difference. In contrast, the echogenicity in 
both mode ultrasound was significantly enhanced after 
injecting GVs-E. coli (***P<0.001). The result of 
ultrasound imaging is consistent with those of previous 
studies, which confirmed that the GVs produced in 
E. coli as a contrast agent could be imaged by 
ultrasound.52,53

GVs-E. coli as HIFU Synergistic Agent by 
Inertial Cavitation in vitro
Based on the distinct gas-filled protein nanoparticles 
property of GVs, their ex vivo synergistic effect on 
HIFU ablation was systematically investigated by 
employing fresh degassed bovine liver. As shown in 
Figure 6A, the HIFU ablation volume in all groups 
increased as adopted ultrasound power increased (120 
W, 150 W, and 180 W). The gray-value from real-time 
ultrasound imaging of the GVs-E. coli group at three 
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levels of HIFU power was significantly higher than that 
in the other two groups (Figure 6B, *p < 0.05). 
Similarly, the specific volume of coagulative necrosis 

of the GVs-E. coli group was significantly larger than 
that in the other two groups (Figure 6C, *p < 0.05). At 
the same time, there were no obvious broadband 

Figure 4 Bacterial colonization in MDA-MB-231-bearing mice after i.v. injection. (A) Representative photographs of solid LB agar plates of bacterial colonization in various 
organs at different time points after injection of E. coli BL21(AI). (B) Quantification of bacterial colonization in various organs of MDA-MB-231-bearing mice at different time 
points after injection of E. coli BL21(AI). (C) Optical microscope image of gram stain of a monoclonal colony from the LB plates (400 × magnification), the scale bar is 25 µm. 
(D) Representative CLSM images of GFP-E. coli under different culture conditions at 37 °C, the scale bar is 50 µm. The red arrow marks the GFP-E. coli (1200 × 
magnification). (E) Representative CLSM images of GFP-E. coli growth in tumors at different time points after i.v. injection, the scale bar is 100 µm. 
Abbreviations: i.v., intravenous; LB, Luria-Bertani; H&E, hematoxylin and eosin staining; i.v., intravenous; GFP, green fluorescent protein.
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emissions detected during the ultrasound power (120 
W, 150 W, and 180 W) in PBS groups (Figure 6D1, 
D4, and D7) and E. coli groups (Figure 6D2, D5, and 
D8). Notably, the broadband emissions of GVs-E. coli 
group showed a significant increase in detected signal 
amplitude as the power increased (Figure 6D3, D6, and 
D9). These results suggest that GVs-E.coli was able to 
improve HIFU-ablation efficacy by serving as nuclei 
for inertial cavitation.42

Anticancer Efficiency of GVs-E. coli 
Induced by Combination Therapy
To further evaluate the anticancer efficiency of GVs- 
E. coli, the synergistic effect of HIFU ablation and 
tumor growth inhibition through GVs-E. coli were sys-
tematically assessed. Figure 7A shows the protocol of 
this study, HIFU treatment was conducted on 7 days 
after i.v. injection of GVs-E. coli. As the results are 
shown in Figure 7B, after HIFU irradiation, the gray 
value of the tumor target region in all groups 
(PBS+HIFU, E. coli +HIFU, and GVs-E. coli +HIFU) 
showed obvious changes compared with the result 
before HIFU irradiation. Notably, the gray value 

changes in the GVs-E. coli group were more significant 
than those in the other two groups (Figure 7B and C, 
***p < 0.001). At the same time, we detected the 
cavitation effect by PCD. The GVs-E.coli group 
showed obviously higher broadband emissions than 
the other two groups (Figure 7D), indicating GVs- 
E. coli could serve as nuclei for inertial cavitation.42 

At 24 h after HIFU irradiation, the tumor tissue was 
harvested for TTC staining and measuring the ablation 
volumes. As shown in Figure 7E, the coagulative 
necrosis volume was gray-white (arrowheads indicate 
points), and the non-ablated regions were red. The 
gray-white area in the GVs-E. coli group was larger 
than the other two groups, and the corresponding quan-
titative coagulative necrosis volume showed the same 
results as the result of gray value (Figure 7F, ***p < 
0.001). Moreover, the value of EEF in various groups 
showed an opposite trend compared with coagulative 
necrosis volume and gray value (Figure 7G, **p < 
0.01), which means ultrasonic energy for ablating 
a unit volume of the tumor is the least when using 
GVs-E. coli as the SA, indicating that GVs-E. coli 
could be used as a SA for HIFU therapy, and 

Figure 5 ARG expression in E. coli BL21(AI). (A, B) Representative TEM images of GVs-E. coli and E. coli, the scale bar is 500 nm. (C) In vitro ultrasound images of E. coli and 
GVs-E. coli in B-mode and CEUS. (D) Quantitative analysis of echo intensity in B-mode and CEUS (n=3, ***p < 0.001). (E) In vivo ultrasound images of tumors before and 
after injecting GVs-E. coli in B-mode and CEUS. (F) Quantitative analysis of echo intensity in B-mode and CEUS (n=3, ***p < 0.001). 
Abbreviations: ARG, acoustic reporter gene; TEM, transmission electron microscopy; E. coli, Escherichia coli; GVs, gas vesicles; CEUS, contrast-enhanced ultrasonography.
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synergized HIFU ablation mainly owing to the cavita-
tion effect.

To further investigate the combination therapeutic 
effect on tumors, we monitored body weight and the 
tumor volume changes every 2 days from day 0 to day 
21 after i.v. injection (Figure 8A). The bodyweight of mice 
in the experimental groups except for the HIFU group 
exhibited a slight decrease in 3 days after i.v. injection, 
but quickly showed an upward trend and the growth curve 
was consistent with the control group (Figure 8B), indicat-
ing that the combination therapy had no effects on the 
body weight. As shown in Figure 8C, a significant differ-
ence of tumor growth inhibition in all experimental groups 
was observed compared with the control group, and GVs- 
E. coli + HIFU group showed the greatest tumor growth 
inhibition during the observed time (***p<0.001). 
Moreover, Figure 8D showed that the tumor inhibition 
rate (87%) of the GVs-E. coli + HIFU group was much 
higher than that of the HIFU group (75%), E. coli group 
(66%), GVs-E. coli group (64%), and E. coli + HIFU 

(77%) (***p<0.001). Furthermore, tumor weight was con-
sistent with that of the variation of tumor volume (insert: 
digital photos, Figure 8E) (***p<0.001), wherein the GVs- 
E. coli + HIFU group acquired the lowest tumor weight. 
These results confirmed that E. coli possess the ability to 
inhibit tumor growth and the mechanism behind this result 
is mainly due to: i) bacterial toxins that directly kill cancer 
cells; ii) cytokines that stimulate immune cells to kill 
cancer cells; iii) tumor antigens that sensitize the immune 
system against cancer cells.43 The primary mechanism of 
HIFU ablation for tumors is the focusing of the ultrasound 
beam on a point to generate high energy through the 
thermal effect, cavitation effect, and mechanical effect, 
which can stimulate protein denaturation and coagulation 
necrosis of tumor tissues without affecting surrounding 
normal tissue, thereby achieving non-invasive cancer 
treatment.54 GVs-E. coli showed the strongest synergistic 
effects mainly due to the cavitation effect. In this study, 
the GVs-E. coli + HIFU group showed more effective 
cancer treatment because the E. coli could first inhibit 

Figure 6 Synergistic HIFU therapy of GVs-E. coli in vitro. (A) Representative photographs of ablated bovine livers after HIFU irradiation. The yellow dotted circles marks the 
coagulative necrosis of bovine livers). (B) The corresponding quantitative analysis of the gray value of bovine livers after HIFU irradiation (n=3, *p < 0.05). (C) The 
corresponding quantitative analysis of coagulation volumes of bovine livers after HIFU irradiation (n=3, ***p < 0.001). (D1–D9) Representative images of cavitation activity 
at the HIFU irradiation in different power for PCD signals. 
Abbreviations: E. coli, Escherichia coli; GVs, gas vesicles; CEUS, contrast-enhanced ultrasonography; PCD, passive cavitation detector; HIFU, high-intensity focused 
ultrasound.
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the tumor growth and then avoid liquefactive necrosis of 
the tumor, thus facilitating the HIFU ablation for solid 
tumor tissues.

In addition, the combination therapy effect was 
assessed via histological analyses such as hematoxylin 
and eosin (H&E), PCNA, and TUNEL staining. As 
shown in Figure 8F, a clear boundary between the ablated 

area and the non-ablated area was observed, and substan-
tial cellular necrosis was observed in GVs-E. coli + HIFU 
group. Lower proliferative tumor cells were determined by 
PCNA assay and extensive apoptotic nuclei were observed 
using TUNEL assay (Figure 8G), demonstrating that the 
combination therapy can achieve more effective cancer 
treatment than that of the monotherapies.

Figure 7 Synergistic effect of GVs-E. coli by HIFU ablation. (A) The schematic illustration of the treatment protocol. (B) In vivo ultrasound imaging of tumor tissues (yellow 
circle) before HIFU ablation and after HIFU ablation in a different group. The yellow dotted circle marks the tumor nodules. (C) The comparison of gray values of tumor 
tissues in each group after HIFU irradiation (n=5, **P<0.05, ***P<0.001). (D) Representative images of cavitation activity at the HIFU irradiation for PCD signals. (E) 
Coagulative necrosis of tumors by TTC staining after HIFU therapy, the necrotic tissue appears gray and the normal tumor tissue is red (black arrows marks the necrotic 
tissue). (F) The comparison of coagulative necrosis of tumor tissues in each group after HIFU irradiation (n=5, ***P<0.001). (G) The comparison of EEF of tumor tissues in 
each group after HIFU Irradiation (n=5, **P<0.05, ***P<0.001). 
Abbreviations: E. coli, Escherichia coli; GVs, gas vesicles; HIFU, high-intensity focused ultrasound; PCD, passive cavitation detector; TTC, 2,3,5-triphenyltetrazolium chloride; 
EEF, energy efficiency factor.
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Conclusion
In summary, we have treated breast cancer more efficiently 
by taking the novel strategy of combing bacteriotherapy 
with HIFU therapy. Detailly, we successfully expressed 
ARG in E. coli to produce GVs, which is gas-containing 
protein nanoparticles and could be imaged by ultrasound 
in vitro and in vivo. The GVs-E. coli exhibited excellent 
biosafety at a safe tolerated dose. We demonstrated that 
GVs-E. coli can specifically target the tumor site and 

inhibit the tumor growth to avoid liquefactive necrosis of 
the tumor, which is more conducive to HIFU ablation for 
solid tumors. Moreover, the genetic reconstitution of bac-
teria protein nanoparticles (GVs-E. coli) could act as the 
cavitation nuclei to synergize HIFU therapy efficiently. 
Therefore, GVs-E. coli could act as a potential biological 
targeting synergistic agent to synergize HIFU therapy for 
cancers more efficiently. This novel combination strategy 
also shows great potential in fighting cancers.

Figure 8 The anticancer effect of combination therapy. (A) The schematic illustration of the treatment protocol. (B) Bodyweight changes over time. (C) Tumor volume of 
different groups (n = 5, **P<0.01, ***P<0.001). (D) IRT of different groups (n = 5, **P<0.01, ***P<0.001). (E) Tumor weight on the 21st day (Insert: digital photos of tumors 
on the 21st day) (n = 5, **P<0.01). (F) Optical microscope images of tumor sections from each group after HIFU ablation were stained for HE staining. (G) PCNA and 
TUNEL staining of tumor sections from various treatment groups for observing proliferation and apoptosis. All the scale bar is 50 µm. 
Abbreviations: PCNA, proliferating cell nuclear antigen; TUNEL, apoptosis expression.
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