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Development of ultrasound-visualized tumor-targeting engineered bacteria 
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A B S T R A C T

In situ imaging diagnosis and precise treatment of deep tumor tissues are hotspots in life sciences and medical 
research. In recent years, using focused ultrasound to remotely control engineered bacteria for drug release has 
become one of the methods for precise in vivo drug delivery. However, non-visualized engineered bacteria pose 
challenges for precise control within the body. Therefore, there is an urgent need for an engineered bacterial 
vector capable of deep tissue imaging to precisely locate bacteria in vivo. Acoustic reporter genes (ARGs) are 
biological elements used for deep tissue imaging, with gene clusters over 8 kb. However, ARGs are often tested on 
plasmids, which hinders stable expression in vivo and limits the space for inserting components that regulate drug 
release. Therefore, we used the attenuated Salmonella typhimurium VNP20009, known for its tumor-targeting 
ability, as the chassis bacteria. By using CRISPR-Cas9 technology, we inserted ARGs into the genome and 
optimized the promoter strength and copy number for ARG expression, constructing ultrasound-visible engi
neered bacteria expressing gas vesicles on the genome. Additionally, by knocking out the stress protein gene htrA 
in VNP20009, we increased the maximum injection dose by tenfold and the tumor specificity by a hundredfold. 
The constructed ultrasound-visible engineered bacteria can stably synthesize gas vesicles and output ultrasound 
signals while directly carrying drug plasmids for tumor therapy. Our research provides an effective vector for 
diagnosis and precise treatment.

1. Introduction

The development of synthetic biology has made the application of 
engineered bacteria in tumor therapy a rapidly growing field [1–3]. The 
tumor microenvironment, characterized by hypoxia, nutrient richness, 
and immune barriers, creates ideal conditions for bacterial tumor tar
geting [4–8]. Engineered bacteria can be designed to express exogenous 
genes, enabling them to perform various functions such as therapy and 
imaging [9–12]. In situ imaging of these bacteria can assist in tumor 
visualization and pinpoint the location of bacteria at the lesion site, 
facilitating precise, remote-controlled drug release [13].

Numerous biological elements have been developed for imaging, 
including fluorophores for optical imaging [14,15], melanin for photo
acoustic imaging [16], and gas vesicles for ultrasound imaging [17]. 
Among these, ultrasound imaging offers advantages such as safety, 
affordability, non-invasiveness, and strong penetration, making it more 
versatile than optical imaging [18–22]. Therefore, developing stable 
ultrasound-visualized engineered bacteria is crucial for achieving 

efficient and precise integrated in situ diagnosis and treatment.
To explore in vivo ultrasound imaging, various gas vesicles from 

different sources have been developed as ultrasound contrast agents [17,
23,24]. Gas vesicle structures were first discovered in cyanobacteria, 
providing buoyancy and light refraction for cells, and similar structures 
were found in halophilic archaea [25]. Mature gas vesicles are 
spindle-shaped or cylindrical, composed of protein walls without lipids 
or carbohydrates, and are only 2 nm thick, formed by a layer of 7–8 kDa 
structural proteins [26]. Known gas vesicles involve approximately 8–14 
different proteins during formation, with encoding genes present in 
ARGs. GvpA is the main structural protein, forming 4.6 nm ribs nearly 
perpendicular to the vesicle’s long axis, found in nearly all ARGs. Other 
proteins assist in assembling GvpA to form gas vesicles, with some 
auxiliary proteins influencing the vesicle configuration.

In bacterial tumor therapy, Salmonella typhimurium VNP20009 is 
commonly used as an engineered bacterium. Research has shown that 
knocking out the htrA gene in VNP20009 improves the tumor-targeting 
ability of the engineered bacteria [27,28]. In this study, we utilized the 
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CRISPR-Cas9 system to integrate ARGs into the htrA locus of the 
VNP20009 genome, thereby disrupting the htrA gene [29,30]. Subse
quently, we optimized the strength and quantity of the promoters 
regulating ARGs using RED homologous recombination [31]. Finally, we 

knocked catabolite activator protein (CAP) binding site [32] and 
plac-regulated T7 RNA polymerase (T7RNAP) into the VNP20009 
genome, using two pT7 promoters to regulate the expression of ARGs’ 
structural and auxiliary proteins, respectively, to construct 

Fig. 1. Construction of ultrasound-visualized engineered bacterial strains. (A) Plasmid map and TEM imaging of VNP20009 expressing gas vesicles through 
plasmid expression. (B) Schematic diagram of ARGs knock-in within the VNP20009 genome, and TEM imaging of ARG-A1. (C) Comparison of transcription levels of 
gvpA and gvpN between VNP20009 carrying ARGs plasmid and ARG-A1. (n = 3, data presented as mean ± SEM). (D) Schematic diagram of two-segment transcription 
expression of ARGs in the genome, and TEM imaging of ARG-A2. (E) Comparison of transcription levels of gvpA and gvpN between VNP20009 carrying ARGs plasmid 
and ARG-A2. (n = 3, data presented as mean ± SEM). (F) Mediating ARGs transcription in the genome with T7RNAP, and TEM imaging of YQAP16. (G) Comparison 
of transcription levels of gvpA and gvpN between VNP20009 carrying ARGs plasmid and YQAP16. (n = 3, data presented as mean ± SEM). (H) Ultrasound imaging of 
different engineered bacteria, with a density of 1 × 109 cfu/mL. (I) Ultrasound imaging of YQAP16 before and after HIFU, with a density of 1 × 109 cfu/mL. (J) 
Ultrasound imaging of tumors after intratumoral injection of engineered bacteria. “Initial” represents before injection, “After injection” represents after intratumoral 
injection of engineered bacteria, and “HIFU” represents the ultrasound imaging after HIFU explosion of bacterial gas vesicles. The engineered bacteria concentration 
used is 1 × 109 cfu/mL, with an intratumoral injection of 100 μL. The circled area indicates the region of ultrasound signal change. Scale bars: 200 nm (A, B, D, F), 2 
mm (H, I, J).
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ultrasound-visualized engineered bacteria. These bacteria stably express 
gas vesicles, with quantity and shape, as well as ultrasound signals 
similar to plasmid-expressed gas vesicles, achieving in situ ultrasound 
imaging of engineered bacteria. Moreover, ultrasound-visualized engi
neered bacteria with disrupted htrA gene increased the maximum in
jection dose 10-fold, enhanced tumor targeting by 100-fold, and reduced 
signal interference during imaging. Transforming plasmids that express 
nbPD1 [33] and nbCTLA-4 [34] into ultrasound-visualized engineered 
bacteria confirms the compatibility of drug expression with gas vesicle 
expression. In mice with solid tumors, these engineered bacteria for 
integrated diagnosis and treatment can express nbPD1 and nbCTLA-4 to 
effectively inhibit tumor growth.

2. Results

2.1. Construction of ultrasound-visualized engineered bacteria expressing 
gas vesicles on the genome

To achieve in situ imaging of engineered bacteria in tumors, we first 
constructed a strain capable of stably emitting ultrasound signals over 
an extended period in vivo. The gene for the stress protein HtrA was 
selected as the insertion site. During the insertion of ARGs, disruption of 
htrA was utilized to enhance the tumor-targeting specificity and safety of 
VNP20009. To facilitate the efficient insertion of ARGs into the 
VNP20009 genome, we initially employed the CRISPR-Cas9 system for 
the primary insertion, followed by local optimization using the RED 
homologous recombination system.

For gas vesicles expression, ARGs composed of the auxiliary protein 
genes gvpN-gvpU from Bacillus megaterium and the structural protein 
genes gvpA and gvpC from the aquatic cyanobacterium Anabaena flos- 
aquae were selected (Fig. 1A). was observed using Transmission electron 
microscopy (TEM) revealed that the expression of ARGs in plasmids 
resulted in engineered bacteria filled with gas vesicles. Subsequently, 
ARGs transcribed under the ptac promoter were inserted into the 
VNP20009 genome, resulting in a strain named QARG-A1 (Fig. 1B). In 
QARG-A1, only a small number of gas vesicles were observed. Analysis 
of the transcription levels of gvpA and gvpN revealed that in QARG-A1, 
the transcription level of gvpN was only 1 %–2 % of that in the 
plasmid-expressed ARGs (Fig. 1C). To enhance the transcription level of 
the auxiliary protein gene, a separate ptac promoter was inserted before 
gvpN, leading to the construction of the strain named QARG-A2 
(Fig. 1D). This modification increased the gas vesicles content within 
the bacteria and elevated the transcription level of gvpN, although 
plasmid-expressed ARGs still exhibited transcription levels 7 to 8 times 
higher than the genomic expression (Fig. 1E).

To further improve ARG transcription levels, the ptac promoter was 
replaced with the more active pT7 promoter. Using a plasmid system 
with galactose operon-regulated T7RNAP expression, we confirmed a 
positive correlation between T7RNAP expression levels and pT7-driven 
ARGs expression (Fig. S1). Since VNP20009 does not carry T7RNAP, 
T7RNAP was inserted into the VNP20009 genome. To maximize ARG 
transcription levels, we attempted to regulate T7RNAP using ptac but 
did not obtain positive clones, possibly due to adverse effects of sus
tained high-level T7RNAP expression on bacteria growth [35]. There
fore, we opted for dynamic regulation of T7RNAP using plac and CAP, 
inserting T7RNAP into the genome before ARGs, resulting in the strain 
named YQAP16 (Fig. 1F). CAP enhances plac transcription under 
glucose-free conditions, allowing YQAP16 to exhibit rigorous high or 
low gvp expression states, preventing stress from prolonged gvp 
expression. YQAP16 was cultured in LB medium without glucose, and 
TEM observations revealed that gas vesicles filled the cells uniformly. 
The transcription levels of gvpA and gvpN in YQAP16 had become similar 
to those expressed by plasmids (Fig. 1G). To validate CAP’s regulatory 
capability over gas vesicles expression, YQAP16 was cultured in LB with 
varying glucose concentrations. In LB without glucose and with 0.1 % 
glucose, significant bacterial floating was oberved, but in LB with 1 % 

glucose, the number of floating bacteria sharply decreased, indicating 
reduced gas vesicles content (Fig. S2). This confirming CAP’s effective 
control over gas vesicles expression in YQAP16. YQAP16 was propa
gated in LB with 1 % glucose to reduce strain growth burden, then 
cultured in LB with less than 0.1 % glucose for ultrasound imaging 
studies. Evaluations of gas vesicles expression stability in YQAP16 after 
continuous propagation and long-term storage followed by revival 
demonstrated stable gas vesicles expression (Fig. S3). Finally, we 
compared the growth rates of the constructed YQAP16 and VNP20009 at 
37 ◦C. The results showed that the OD600 curves of YQAP16 and 
VNP20009 exhibited similar trends. However, considering that the gas 
vesicles expressed by YQAP16 increase the optical density of the bac
teria, the growth rate of YQAP16 was 10 %–30 % lower than that of 
VNP20009, depending on the quantity of gas vesicles synthesized by 
YQAP16 (Fig. S4).

To evaluate YQAP16’s ultrasound imaging capabilities, we used 
plasmid-expressed ARGs as a positive control and VNP20009 as a 
negative control for in vitro characterization. The ultrasound signals 
from YQAP16 were similar to those from plasmid-expressed ARGs 
(Fig. 1H). Ultrasound imaging at different YQAP16 concentrations 
revealed significant signals at 2.5 × 108 cfu/mL, increasing with con
centration (Fig. S5). High-intensity focused ultrasound (HIFU) disrupted 
gas vesicles within the bacteria, causing ultrasound signal disappear
ance, confirming that signals originated from gas vesicles, detectable in 
vivo using this method (Fig. 1I). We further assessed YQAP16’s in vivo 
ultrasound imaging effectiveness via intratumoral injection, with 
VNP20009 as a negative control. Before injection, no detectable signals 
were observed in either group. Post-injection, strong signals were only 
seen in the YQAP16 group, which were eliminated after HIFU treatment 
(Fig. 1J). This demonstrates that YQAP16 can be visualized in vivo 
through ultrasound imaging.

In conclusion, we successfully modified the tumor-targeting capa
bilities of the VNP20009 genome. The constructed YQAP16 exhibited 
ultrasound signals comparable to plasmid-expressed ARGs, confirming 
its detectability through in vivo ultrasound imaging.

2.2. In vivo effects of ultrasound-visualized engineered bacteria

To achieve the in vivo application of ultrasound-visualized engi
neered bacteria, we characterized and tested the safety dosage, tumor 
colonization efficiency, and targeting capability of YQAP16, followed by 
ultrasound imaging at the tumor site after tail vein injection of YQAP16. 
VNP20009 was used as a control to illustrate the modifications in the 
performance of YQAP16.

First, we assessed the safety dosage, starting with injection doses of 
2.5 × 107 cfu and 5 × 107 cfu for the engineered bacteria. The dosage 
was adjusted based on the survival curves and weight changes of the 
mice (Fig. 2A). Mice injected with YQAP16 at doses ranging from 2.5 ×
107 cfu to 1 × 108 cfu did not experience mortality, and their body 
weights increased over time. In contrast, mice injected with VNP20009 
at a dose of 6.3 × 106 cfu exhibited mortality and continuous weight loss 
(Fig. 2B).

We also measured the residual concentration of the engineered 
bacteria in various organs, finding that at 24 h post-injection, the con
centration of YQAP16 in each organ was approximately 10 % of that of 
VNP20009, indicating that YQAP16 is more readily cleared from the 
body. By day seven, the colonization levels of YQAP16 in the organs 
further decreased (Fig. 2C–S7).

To evaluate the inflammatory response in mice following injection of 
the engineered bacteria, we measured the concentrations of TNF-α and 
IL-6 in the blood. At the same dosage, the inflammation induced by 
YQAP16 was significantly lower than that caused by VNP20009. 
Notably, at an injection dose of 5 × 107 cfu, YQAP16 maintained a 
relatively low level of inflammation even on day seven. Therefore, the 
subsequent tail vein injection dosage for YQAP16 was set at 5 × 107 cfu 
(Fig. 2D–S7).
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We subsequently assessed the tumor colonization efficiency and 
targeting capability of YQAP16, using VNP20009 as a control. After the 
deletion of htrA, the tumor colonization efficiency of YQAP16 was 
significantly lower than that of VNP20009, with a colonization con
centration at the tumor site on day one being below 1 × 107 cfu/g, which 
increased to 1 × 108 cfu/g in the following days. In contrast, VNP20009 
achieved a concentration of 1 × 109 cfu/g on the first day (Fig. 2E). 
However, YQAP16 demonstrated a stronger clearance efficiency in non- 
tumor tissues. In non-tumor tissues, the spleen and liver showed higher 
colonization concentrations of the engineered bacteria. We measured 
the tumor-targeting specificity of the engineered bacteria by calculating 
the ratio of colonization concentration at the tumor site to that in the 
spleen or liver, finding that YQAP16 was approximately 100 times more 
specific than VNP20009 (Fig. 2F).

To confirm that htrA facilitates the growth of Salmonella within 
macrophages, we assessed the replication rates of YQAP16 and 
VNP20009 within macrophages. The replication rate of YQAP16 was 
approximately 30 % that of VNP20009, while both strains exhibited 
similar growth rates in vitro (Fig. 2G–S4). This characteristic may facil
itate more efficient clearance of YQAP16 in normal tissues with immune 
cell infiltration, thereby reducing inflammation induced by engineered 
bacteria in normal tissues. On the other hand, due to the presence of an 
immune barrier in tumor tissues with only partial immune cell infil
tration, YQAP16’s colonization efficiency in tumor sites was minimally 
affected, ultimately leading to a significant enhancement in tumor- 
targeting specificity.

Finally, we tested the ultrasound imaging capabilities of YQAP16 at 
the tumor site following tail vein injection. On day four, a small amount 
of signal was observed during ultrasound imaging, which could be 
eliminated by HIFU (Fig. 2H). This indicates that YQAP16 can generate 
ultrasound signals in the tumor region via tail vein injection.

2.3. Development and performance characterization of ultrasound-based 
integrated diagnostic and therapeutic engineered bacteria

To achieve integrated engineering diagnostics and therapy, a 
plasmid expressing therapeutic proteins was introduced into YQAP16. 
To ensure the stable presence of the plasmid in vivo, the essential gene 
thyA was knocked out in YQAP16, and was complemented with the 
plasmid, resulting in the strain YQAP16T9 (Fig. 3A). After several pas
sages, the plasmid remained stably maintained in YQAP16T9 (Fig. S8).

For tumor treatment studies, we selected therapeutic proteins, 
nbPD1 and nbCTLA-4. The plasmid was designed with a constitutive 
expression system using pRpL, and a secretion peptide, pelB, was added 
before the therapeutic gene to enhance protein secretion. A His tag was 
added to the C-terminus of nbPD1, and an HA tag was added to the C- 
terminus of nbCTLA-4 to facilitate protein expression detection. Western 
blot analysis of the supernatant from the centrifuged culture confirmed 
that nbPD1 and nbCTLA-4 were expressed and secreted into the culture 
medium (Fig. 3B).

Next, we confirmed the expression of gvp in YQAP16T9 carrying 

therapeutic components by assessing transcription levels of ARGs, TEM, 
and ultrasound imaging. Results indicated that YQAP16T9 maintained 
efficient expression of gas vesicles and generated ultrasound signals, 
with the transcription levels of ARGs comparable to those of the plasmid 
(Fig. 3C, D, 4E). Thus, the engineered ultrasonic visualized bacteria can 
effectively carry drug components for diagnosis and precise induction of 
bacterial treatment.

To test the efficacy of the engineered bacteria in tumor treatment, we 
injected them via the tail vein into mice. The mice show no significant 
weight loss (Fig. 3G), and tumor growth was inhibited with an inhibition 
rate of 50 %. This result indicates that the ultrasonic visualized engi
neered bacteria have a strong tumor-inhibitory effect when used alone. 
When the engineered bacteria carrying the drugs nbPD1 and nbCTLA-4, 
the tumor inhibition rate increased to about 65 % (Fig. 3H and I, S9), 
and the survival time was extended by more than double (Fig. 3J). 
Western blot analysis confirmed that the engineered bacteria could 
effectively express the drug proteins in vivo (Fig. 3K). This demonstrates 
that ultrasonic visualized engineered bacteria can carry drug compo
nents, further enhancing the therapeutic effect. In summary, the ultra
sonic visualized engineered bacteria developed in this study can 
effectively target and treat tumors while carrying drug components for 
precise drug delivery.

3. Discussion

We have successfully developed an ultrasound-visible tumor-tar
geting engineered bacterium YQAP16 for theranostic research. This 
strain achieves stable genomic expression of ARGs, ensuring long-term 
expression stability while maintaining compatibility with therapeutic 
drug-carrying plasmids, providing a convenient platform for theranostic 
studies. Through expression system optimization, we have demon
strated that genomically expressed gas vesicles can achieve ultrasound 
imaging effects comparable to plasmid-based expression. In terms of 
safety, the deletion of the htrA gene has increased YQAP16’s safety 
threshold by 10-fold and enhanced tumor-targeting specificity by 100- 
fold. This improvement significantly reduces off-target signal interfer
ence while substantially enhancing operational safety.

Animal experiments revealed certain limitations in the in vivo im
aging performance of the constructed ultrasound-visible tumor-target
ing bacteria. Specifically, ultrasound signals were prominent in 
intratumoral injections but showed insufficient contrast in tail vein in
jections. This phenomenon may be related to reduced colonization ef
ficiency of the modified strain and the insufficient signal-to-noise ratio 
of the employed ARGs. To address this, we developed an innovative 
colonization strategy: transient in vitro induction of HtrA expression, 
enabling dynamic regulation that allows engineered bacteria to carry 
HtrA during initial injection, preventing rapid immune clearance and 
promoting rapid colonization; while non-colonizing bacteria are grad
ually cleared by the immune system during passage due to HtrA 
expression loss. This strategy enables efficient colonization of tumor 
sites by a large number of gas vesicle-rich engineered bacteria, achieving 

Fig. 2. Safety, tumor targeting, and in situ ultrasound imaging testing of ultrasound-visualized engineered bacteria in mice. (A) Survival curve of mice after 
injection of different doses of engineered bacteria. Death is marked when mouse weight decreases by more than 20 %. (n = 7). (B) Weight change curve of mice after 
injection of different doses of engineered bacteria. (n = 7, mice not included in statistics after death, data presented as mean ± SEM). (C) Bacterial colonization 
concentrations in various organs of mice after injection of different doses of engineered bacteria. (n = 3, data presented as mean ± SD). (D) Comparison of IL-6 and 
TNF-α levels in mouse plasma after injection of different doses of engineered bacteria, with “blank” representing healthy mouse plasma. (n = 3, data presented as 
mean ± SD). (E) Bacterial colonization concentrations in various organs of tumor-bearing mice after injection of engineered bacteria, with an injection dose of 5 ×
107 cfu. (n = 4, two mice in the VNP20009 group died on the fourth day, only two were counted. Data presented as mean ± SD). (F) Analysis of the tumor targeting 
specificity of engineered bacteria. The ratio of bacterial concentration in the tumor to that in the spleen and liver is used to quantify the targeting specificity of 
engineered bacteria. (YQAP16, n = 4; VNP20009, n = 3. In the initial phase of the experiment, four mice were used as samples. During the experiment, two mice in 
the VNP20009 experimental group died, and one additional mouse sample was subsequently supplemented. Data presented as mean ± SD). (G) Replication rate of 
engineered bacteria in RAW267.4 macrophages. (n = 3, data presented as mean ± SD). (H) Ultrasound imaging of tumors after tail vein injection of engineered 
bacteria. “Initial” represents before injection of engineered bacteria, “4th day after injection” represents the fourth day after injection of engineered bacteria, and 
“HIFU” represents after HIFU explosion of gas vesicles on the fourth day after injection. The circled area indicates the region of ultrasound signal change. Scale bar, 
2 mm.
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faster in vivo ultrasound localization (Fig. S10). Future studies could 
consider combining multiple strategies, such as quorum sensing regu
lation of HtrA and transient in vitro expression of capsular poly
saccharides, to further enhance the delivery efficiency of engineered 
bacteria [28,36]. To address the insufficient signal-to-noise ratio of 
ARG1, it could be replaced with bARGser, which offers higher 
signal-to-noise ratio. Although the bARGser gene cluster is twice the size 
of ARG1, increasing the difficulty of genomic knock-in, its expression 
strategy can be adapted from our current approach, utilizing the pT7 

promoter to drive ARGs transcription while regulating T7RNAP 
expression levels to control transcriptional intensity.

In recent years, with the advancement of precision drug delivery 
research, scientists have developed ultrasound biological components 
and focused ultrasound remote-controlled drug release systems, 
enabling targeted drug release based on engineered bacteria localiza
tion. However, current systems with both ultrasound and drug compo
nents located on plasmids are affected by the dual-plasmid system’s 
impact on in vivo drug and ultrasound signal output [37]. The 

Fig. 3. Testing the effectiveness of drug-carrying ultrasound-visualized engineered bacteria in tumor treatment. (A) Schematic diagram of plasmid loss- 
induced lethal system construction. (B) Western blot analysis of drug protein secretion into the medium after culturing YQAP16T9 carrying drug plasmid in LB 
medium for 24 h. (C) TEM imaging of YQAP16T9 carrying drug plasmid. (D) Comparison of transcription levels of gvpA and gvpN between YQAP16T9 carrying drug 
plasmid and VNP20009 carrying ARGs plasmid. (n = 3, data presented as mean ± SEM). (E) Ultrasound imaging of YQAP16T9 carrying drug plasmid. The con
centration of engineered bacteria is 1 × 109 cfu/mL. (F) Schematic diagram of the process of tumor treatment with engineered bacteria. (G) Weight change curve of 
mice after tail vein injection of engineered bacteria (n = 5, data presented as mean ± SEM). (H) Tumor volume change curve of mice (n = 5, data presented as mean 
± SEM). (I) Images of tumors from each group. (J) Survival curve of mice (n = 7). (K) Western blot analysis of drug expression by engineered bacteria in tumors. Scale 
bars: 200 nm (C), 2 mm (E), 1 cm (J).
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ultrasound-visible tumor-targeting engineered bacteria developed in 
this study effectively addresses this issue, achieving excellent compati
bility between the two components. We believe that with continuous 
optimization, ultrasound-visible tumor-targeting engineered bacteria 
will become important therapeutic vectors, providing robust support for 
real-time in vivo monitoring and precise theranostic applications.

4. Materials and methods

4.1. Cell lines and animal models

The B16–F10 tumor cells (Catalog No. TCM36) and RAW264.7 cells 
(Catalog No. TCM13) were obtained from National Collection of 
Authenticated Cell Cultures. B16–F10 tumor cells and RAW264.7 cells 
were cultured DMEM medium (meilunbio, Catalog No. MA0212) with 
10 % FBS (meilunbio, Catalog No. PWL001) and 1 % penicillin/strep
tomycin. The cells were incubated at 37 ◦C with 5 % CO2.

Female C57BL/6J mice in 6~8 weeks were purchased from Shanghai 
Model Organisms Center, Inc. All animal experiment procedures were 
approved by East China University of Science and Technology, and were 
performed in strict accordance with the Guidelines for Care and Use of 
Laboratory Animals [ECUST-21038]. The experiments and all efforts 
were made to minimize suffering.

4.2. Plasmid construction

This study involves three types of plasmids: the acoustic report 
plasmid expressing ARGs, the editing plasmid for genome knock-in, and 
the drug-expressing plasmid. All three plasmids were constructed in 
DH5α through Gibson assembly and then tested in Salmonella. In the 
construction of the acoustic report plasmid for ARGs, we cloned the gvpA 
and gvpC genes from A. flosaquae and the gvpNFGLSKJTU gene cluster 
from B. megaterium into the backbone of pTD103-ARG1. Compared to 
ARG1, we removed the ineffective gvpR gene from the front end of 
B. megaterium. In the genome knock-in editing plasmid, we selected the 
CRISPR-Cas9 editing system, with the sgRNA recognition site chosen in 
htrA, and the insertion sequence being ARGs regulated by ptac. Two 
1000 bp homologous arms were designed, and the sgRNA recognition 
site and homologous arm sequences are shown in Table S2. For the drug- 
expressing plasmid, we used the pMA-thermal_CTLA-4 plasmid back
bone, with the promoter pRpL regulating the expression of nbPD1 and 
nbCTLA-4 (Table S1).

4.3. Gene knock-in

This study involves two genome editing methods. First, the ARGs 
were knocked into the genome using the CRISPR-Cas9 genome editing 
plasmid, and the CRISPR-Cas9 editing plasmid was removed through 
continuous passage (Table S2). Then, using the plasmid pKD46 with the 
RED recombination system, the expression of ARGs in the genome was 
optimized by connecting 50 bp~100 bp homologous arms before and 
after the knock-in fragments. After gene knock-in, the RED recombina
tion system plasmid was lost through continuous passage at 42 ◦C.

4.4. Bacterial expression

The culture medium used for the engineered bacteria to express gas 
vesicles is LB. Initially, the strain is activated in 5 mL of LB at 37 ◦C for 
12 h, followed by transferring 1 % to new medium. It is then cultured at 
37 ◦C until the OD600 reaches 0.4–0.6, and subsequently placed at 30 ◦C 
for 24 h. VNP20009 carrying pTD103-ARG is induced with 30 nM AHL, 
while ARG-A1, ARG-A2, YQAP16, and YQAP16T9 carrying drug plas
mids do not require an inducer. Additionally, YQAP16 and YQAP16T9 
carrying drug plasmids use 1 % Glc in routine passage.

4.5. TEM sample preparation and imaging

The engineered bacteria expressing gas vesicles are centrifuged at 
low speed (600×g) to collect the floating bacteria. If no floating bacteria 
are present, the sedimented bacteria are collected. The bacteria are 
resuspended in deionized water, repeated once to remove the medium, 
and then the solution is dropped onto a carbon grid. The samples are 
stained with phosphotungstic acid and imaged using TEM JEM-2100.

4.6. Bacterial density conversion

The sedimented and floating bacteria are collected, adjusted to an 
OD600 of 0.5, diluted, and plated for counting. The density of bacteria 
expressing different states of gas vesicles is recorded. As the expression 
of gas vesicles increases, the bacterial density at the same OD600 is 
lower, with floating YQAP16 being about 25 % of VNP20009 that 
completely does not express gas vesicles (Fig. S4). Therefore, when 
calculating the injection dose or bacterial density, the state of gas vesicle 
expression must be considered. The engineered bacteria are first 
adjusted to an OD600 = 0.5, and then diluted or concentrated based on 
the plate count data.

4.7. In vitro ultrasound imaging

Dissolve 1 % (W/V) agarose in PBS, pour it into a mold with inserted 
EP tubes, and let it cool. Once the 1 % (W/V) agarose has solidified, 
remove the EP tubes and cut the agarose for later use. Inject the collected 
engineered bacteria into the cavity formed by the EP tubes, and perform 
bacterial ultrasound contrast imaging using VisualSonics Vevo 2100 
(VisualSonics, Inc., USA). The ultrasound parameters are 18 MHz and 
90 % power.

4.8. Mouse tumor inoculation

Select 6~8-week-old female C57BL/6J mice, allow them to accli
mate for one week, and then inoculate them with 1 × 106 B16F10 cells. 
When the tumor volume reaches 50–150 mm3, prepare to inject the 
engineered bacteria. Euthanize the mice when the tumor volume ex
ceeds 2000 mm3. Tumor volume is approximated using the formula a ×
b2/2, where a represents the longest dimension of the tumor and b 
represents the shortest dimension.

4.9. Engineered bacteria tissue colonization calculation

Weigh the collected tissue post-dissection, add 200 μL of PBS for 
every 0.1 g of tissue, and homogenize the tissue using a tissue homog
enizer. Plate dilutions are made after homogenization, assuming that the 
volume of the homogenate is approximately 300 μL, and calculate the 
colonization density of the engineered bacteria.

4.10. Measurement of IL-6 and TNF-α in blood

Collect mouse blood into EP tubes by enucleating the eyes and let it 
sit at room temperature for 30 min. Centrifuge the blood at 3000 rpm for 
20 min and collect the upper serum. Determination of IL-6 and TNFα 
levels by ELISA.

4.11. Testing the replication rate of bacteria within macrophages

Collect RAW267.4 cells and plate them in a 24-well plate. When the 
cells cover 70 % of the area, add the bacterial suspension at a multi
plicity of infection (MOI) of 10:1. In this experiment, each well contains 
approximately 1 × 106 cells, and 1 × 107 cfu of bacteria are added. 
Incubate the RAW267.4 cells in DMEM medium containing bacteria for 
30 min, discard the medium, and wash with PBS. Add DMEM medium 
containing 50 μg/mL gentamicin to kill bacteria that have not been 
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phagocytosed by macrophages. After 2 and 24 h of incubation, discard 
the medium, wash with PBS, collect the cells, lyse them with 1 % Triton 
X-100, and plate dilutions to calculate the bacterial load. The replication 
rate of bacteria within macrophages is calculated by dividing the 
number of bacteria in RAW267.4 cells after 24 h by the number after 2 h 
(24 h/2 h).

4.12. In vivo ultrasound imaging

This study involves two methods for establishing bacterial coloni
zation in tumors for ultrasound imaging: intratumoral injection and tail 
vein injection. The injection dose of engineered bacteria is 100 μL of a 5 
× 108 cfu suspension. Intratumoral injection allows for immediate ul
trasound imaging, while tail vein injection permits ultrasound imaging 
on the fourth day post-injection. The ultrasound imaging parameters 
and modes are the same as for in vitro imaging.

4.13. Drug protein secretion detection

Detect the secretion of nbPD1 and nbCTLA-4 using Western blot. For 
in vitro analysis, collect the culture medium of engineered bacteria 
carrying drug plasmids after 24 h of expression at 37 ◦C. For in vivo 
analysis, collect tumor tissues, add 100 μL of cell lysis buffer per 0.1 g of 
tissue, homogenize the tissues, and centrifuge to collect the supernatant 
for analysis.
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