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Attenuated bacteria-mediated tumor targeting diagnosis will provide a novel strategy for further cancer

treatments owing to the intrinsic facultative anaerobic characteristic of bacteria and rapid proliferation in

the tumor sites. In this work, we firstly investigate the in vivo behaviour of the attenuated Salmonella

typhimurium (S. typhimurium ΔppGpp/lux) after intravenous injection. S. typhimurium exhibits rapid pro-

liferation in tumor sites after three days of injection through bioluminescence imaging, the Luria–Bertani

plate and the Gram-staining assay. In contrast, S. typhimurium does not proliferate in the normal tissues

and could be excreted from the body of mice. Afterwards, a targeting peptide ubiquicidin (UBI) labeled

with fluorescent dye Cy5.5 or radionuclide 125I was intravenously injected into the mice with or without

S. typhimurium treatments for in vivo fluorescence imaging and single-photon emission computed tom-

ography (SPECT/CT) imaging, respectively. The results show that the peptide UBI could specifically target

the two independent bacteria-infected tumor models, the 4T1 murine breast cancer model and the

CT26 mouse colon cancer model, realizing the sensitive multimodal imaging of tumors. Such a strategy

(bacteria-mediated tumor targeting) may further improve the sensitivity to early diagnosis of tumors. We

hope that our developed strategy could further be extended to cancer theranostics in the future, bringing

good news for cancer patients.

Introduction

In recent years, various medical imaging methods such as
computed tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography (PET)/single-photon
emission computed tomography (SPECT) were applied for
cancer diagnosis.1,2 Among those methods, nuclear medicine,
as a powerful technology that uses radionuclides for the diag-
nosis and treatment of many diseases, has been widely applied
in clinic.3–5 For example, 18F labeled fluorodeoxyglucose (FDG)
could target the tumor sites through glycometabolism, further
improving the sensitivity of the diagnosis.6,7 Additionally,
various radionuclides including 125I, 131I, 99mTc, 177Lu and
188Re have been widely used for cancer theranostics in clinic.
At present, the challenge we still face is how to carry out the

target delivery of the radionuclides to tumor sites and decrease
the unnecessary side effects.8,9

Bacteria-based cancer therapy could trace back to the late
1800s.10,11 Methods utilizing bacteria as ideal vectors for deli-
vering genes and prodrugs or releasing bacterial toxins for
cancer treatment have been developed.12–15 However, bacteria-
based cancer therapy was also accompanied by potential tox-
icity, inducing the death of treated animals. Such a situation
makes scientists focus on the development of nonpathogenic
bacteria in cancer treatment. Various engineered bacteria have
been developed for cancer treatment in the past few years.16 In
recent years, owing to the tumor targeting and specific pro-
liferation in the tumor sites, attenuated Salmonella typhimur-
ium with some gene deletion, e.g. VNP20009, has been applied
in phase 1 clinical trials in cancer patients.17–21

Antibacterial peptides could be produced by phagocytes,
epithelial cells, endothelial cells, and many other cell types,
performing an important role in innate immunity against
infection by a variety of pathogens.22–24 Utilizing the intrinsic
targeting ability, antibacterial peptides, such as ubiquicidin
(UBI), are widely used as targeting vectors for molecular
imaging because of their selectivity of bacterial cell mem-
branes in the innate immune system response.25–28,31–35

Therefore, antibacterial peptides could target the bacteria and
then kill them by combination with the bacterial
membrane.29,30
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In this work, we selected the attenuated Salmonella typhi-
murium ΔppGpp/lux (S. typhimurium)30,36,37 as the experi-
mental bacteria for the investigation of its tumor targeting and
specific proliferation in the tumor sites. S. typhimurium was
intravenously (i.v.) injected into mice bearing 4T1 tumor or
CT26 tumor, and its biodistribution was monitored by bio-
luminescence imaging. We found that the number of
S. typhimurium in the tumor sites will multiply to a high
number after three days’ injection. Subsequently, the targeting
peptide UBI labeled with the fluorescent dye Cy5.5 or the
radioisotope 125I was i.v. injected into the mice on day three
for in vivo fluorescence imaging or SPECT/CT imaging, respect-
ively. The imaging data showed that the peptide UBI could
specifically target the bacteria-infected tumors, realizing the
sensitive multimodal imaging of tumor. Such a strategy (bac-
teria-mediated tumor targeting) may further improve the sensi-
tivity to early diagnosis of tumors (Fig. 1a). We hope that our
developed strategy could further be extended to cancer thera-
nostics in the future, bringing good news for cancer patients.

Results and discussion

S. typhimurium is a Gram-negative facultative anaerobic bac-
teria. According to the literature, S. typhimurium with deletion
of virulence genes possess tumor targeting and specifically
proliferation in the hypoxic zone of tumor sites. A scanning
electron microscope (SEM) was used to record the shape of
S. typhimurium ΔppGpp/lux, revealing that S. typhimurium
ΔppGpp/lux was similar to a stick shape (Fig. 1b). For fluo-
rescent labeling, as shown in Fig. 1a, Cy5.5 was conjugated to
UBI via an amide reaction. The UV-Vis-NIR spectrum of UBI
before and after Cy5.5 conjugations was recorded, showing
that Cy5.5 was successfully conjugated to UBI peptides
(Fig. 1c). For radiolabeling experiments, the radioisotope 125I
was mixed with UBI under iodogen catalysis. After 15 min, the
obtained 125I labeled UBI (125I-UBI) was purified using
Sephadex™ G-25M pre-packed columns to remove the free 125I.
Besides, the radiochemical purity of 125I-UBI was also tested by
paper chromatography technology. Saline and 85% methanol

Fig. 1 Preparation and characterization of the fluorescent dye Cy5.5 and the radioisotope 125I-labeled UBI. (a) Schematic illustration of Cy5.5 and
125I-labeled UBI. (b) SEM images of S. typhimurium. (c) UV-Vis-NIR spectra of Cy5.5, UBI, and Cy5.5-UBI. (d) The radiochemical purity of 125I-UBI. (e)
The radiostability of 125I-UBI in PBS solution.
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were selected as the mobile phases, respectively (ESI Fig. S1†).
The results showed that there was no free 125I at the front end
of the developing solution (Fig. 1d), suggesting that UBI was
successfully labeled with the radioisotope 125I. Meanwhile, the
radiolabeling stability of 125I-UBI was tested in the phosphate
buffer (PBS) at 37 °C for 24 h. It was found that 125I-UBI exhibi-
ted excellent stability in the PBS solution (Fig. 1e).

In order to systemically study the in vivo behaviors,
S. typhimurium was first cultivated to the logarithmic growth
phase (ESI Fig. S2†), and then a certain amount of
S. typhimurium was injected into mice bearing 4T1 or CT26
tumors. Owing to the luciferase expression of S. typhimurium,
in vivo bioluminescence of the mice treated with
S. typhimurium (1 × 106 colony forming unit (CFU) bacteria per
mouse) was examined to monitor the proliferation of bacteria.
It was found that the fluorescence signal in the tumor site
could be observed after one day of injection. With the exten-
sion of time, the fluorescence signal in the tumor site became
very strong at day 3, further showing the rapid proliferation of
bacteria in the tumor tissue (Fig. 2a). We then circled the
tumor sites and calculated the fluorescence intensity in the
tumor tissue. The results showed that the fluorescence inten-
sity of tumor tissue on the third day was much stronger than
the first day (Fig. 2b). In order to quantitatively investigate the
in vivo behaviors of S. typhimurium, the major organs of mice i.
v. injected with S. typhimurium after 3 days were collected and

ground for further experiments. The ground tissue was diluted
to one-tenth and incubated in the Luria–Bertani plate (LB agar
plate) at 37 °C for 24 h. It was found that almost no bacteria
were found in the heart, lungs and kidneys, but were found in
the liver, spleen and tumor. After diluting the liver and spleen
tissues to one-hundredth, just a little bit of bacteria was
observed in both the liver and spleen. In contrast, the dilution
to one in ten thousand of tumor tissues also exhibited a
number of bacteria in the LB plate. Even if we diluted the
tumor tissues to one in 100 000, we could still observe a signifi-
cant number of bacteria in the plate (Fig. 2c). Furthermore, we
calculated the number of bacterial colonies of different tissues
in LB agar plates, and found that the number of colonies in
the tumor tissues was significantly higher than other tissues
(Fig. 2d). Three days after the injection of bacteria, the average
number of bacteria (CFU per g tissue weight) in the tumor,
liver and spleen were 4.4 × 107, 1.4 × 103 and 5.6 × 103, respect-
ively. In order to further observe the distribution of bacteria in
the major organs more intuitively, we sacrificed the mice with
or without bacterial injection, and collected the major organs
including the heart, liver, spleen, lungs, kidneys and tumor for
Gram staining. From the imaging of the Gram-stained section,
we found that a large number of bacteria appeared in the
tumor site of the experimental group, while almost no bacteria
were observed in other normal organs (Fig. 2e) (ESI Fig. S3†).
These results further showed that S. typhimurium could target

Fig. 2 In vivo behaviors of S. typhimurium after the intravenous injection. (a and b) Bioluminescence imaging of mice bearing 4T1 tumor after the
injection of bacteria (a) and semi-quantitative analysis of the fluorescence intensity of mice (b). (c and d) Representative photographs of solid LB
agar plates (b) and the quantification (d) of bacterial colonization in various organs harvested from 4T1-bearing mice at 3 days post injection of bac-
teria. (e) Microscopy images of the Gram-stained tumor slices of the 4T1 or CT26 tumor-bearing mice. The yellow arrow in the picture refers to the
stained bacteria. Statistical analysis was performed using the Student’s two-tailed t-test (*p < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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the tumor sites and specifically proliferate in the tumor
tissues.

In order to verify the targeted capability of the UBI peptide
to the bacteria, S. typhimurium was incubated with Cy5.5-
labeled UBI or free Cy5.5 in an oscillating incubator at 37 °C.
After 6 h of incubation, the incubated bacteria were collected
by centrifugation and transferred on a glass slide for confocal
imaging. As expected, a very strong fluorescence signal was
observed in the Cy5.5-UBI-treated bacteria, while almost no
fluorescence signal emerged in the free Cy5.5-treated bacteria
(Fig. 3). The results further showed that the UBI peptide could
target the bacteria. The zeta potential of S. typhimurium with
or without UBI incubation was also measured, exhibiting no
significant difference between each other (ESI Fig. S4†).
Encouraged by such phenomena, we wanted to study the
in vivo bioimaging of tumors using this strategy, to realize sen-
sitive tumor imaging. The mice bearing the 4T1 tumor or
CT26 tumor models were divided into two groups (n = 3),
respectively. One group of mice was i.v. injected with
S. typhimurium at 1 × 106 CFU for three days. Another group of
mice treated with PBS was used as the control group. After
three days, Cy5.5-labeled UBI (10 mg kg−1) was i.v. injected
into the mice with or without bacterial injection and imaged
using a small animal fluorescence imaging system, respect-
ively. The images were recorded at different time points
(before, 0.5, 5, 12 and 24 h) post injection. It was found that
the bacteria-treated mice showed a very strong fluorescence
signal in the tumor sites after the Cy5.5-UBI injection com-
pared with the mice without the bacterial treatment (Fig. 4a
and c). With the extension of time, the fluorescence signal at
the tumor site became stronger, further showing the targeting
ability of UBI for S. typhimurium. In contrast, the mice without

the bacterial treatment exhibited a little fluorescence signal in
the tumor sites after 24 h of injection, likely owing to the
passive targeting of peptides via an enhanced penetration
retention (EPR) effect. Ex vivo organ fluorescence imaging was
also performed (ESI Fig. S5†). In order to eliminate the inter-
ference of bacterial autofluorescence on the experiment, the
spectra of the S. typhimurium solvent and free Cy5.5 solutions
were also measured. The results showed that free Cy5.5 pos-
sessed an obvious peak in the vicinity of the emission wave-
length of 700 nm, while the S. typhimurium solvent did not
show this phenomenon, demonstrating that S. typhimurium
itself did not possess fluorescence properties (ESI Fig. S6†).
The semi-quantitative analysis of the fluorescence intensity in
the tumor sites was also conducted. By circling the fluo-
rescence signal (total counts) of the tumor sites at different
time points, and calculating the ratio of the fluorescence
signal value of tumor sites (TCn) at each time point to the
whole body fluorescence value at that time point (TCn(0)), the
tumor imaging of mice in experimental and control groups
was evaluated. The average ratio of TC24/TC24(0) in the experi-
mental and control groups of the 4T1 tumor model at 24 h was
found to be 12.27% and 7.40%, respectively (Fig. 4b). For CT26
tumor models, the average ratio of TC24/TC24(0) in the experi-
mental and control groups was found to be 12.92% and
7.05%, respectively (Fig. 4d). The results showed that a very
strong fluorescence signal was found in the mice pre-treated
with bacteria compared with that of the mice without the bac-
terial treatment.

In addition to fluorescence imaging to monitor the peptide
targeted ability, we also tried to perform the quantitative ana-
lysis of UBI by radioisotope 125I labeling. Similar to fluo-
rescence imaging, mice bearing 4T1 tumor models were

Fig. 3 Confocal fluorescence images of bacteria incubated with Cy5.5 or Cy5.5-UBI for the evaluation of peptide targeting ability.
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divided into two groups (n = 3). Three mice pre-treated with or
without bacteria were i.v. injected with 125I-labeled UBI (10 mg
kg−1 of UBI peptide corresponding to 500 μCi of 125I) and
imaged using a small animal SPECT/CT imaging system
(U-SPECT+/CT, MILabs Corporation). As shown in Fig. 5a,
125I-UBI was gradually dispersed into the major organs includ-
ing liver, kidneys and bladder in both mice with or without the
bacterial treatment after 1 h of injection. With the extension of
time, a high radioactivity in the tumor sites of mice pre-treated
with bacteria was observed and achieved the peak at 6 h of

injection. In contrast, the bacteria-treated mice exhibited
almost no radioactive signal in the tumor sites. Most of the
radioactivity was distributed in the whole body. After 24 h of
injection, the radioactivity in both mice with or without the
bacterial treatment became weak, likely owing to the metab-
olism of the peptide UBI. We also found a high radioactivity in
the bladder of mice, further proving the excretion of UBI from
the mice. From the SPECT/CT imaging, we also found some
radioactivity in the thyroid of mice, likely owing to the fact that
a small amount of 125I could be detached from 125I-UBI. In our

Fig. 4 In vivo peptide targeting ability experiments. (a and b) Small animal fluorescence imaging of 4T1-bearing mice treated with Cy5.5-UBI and
Cy5.5-UBI plus bacteria at different time points (a) and the semi-quantitative analysis of the fluorescence intensity of mice (b). (c and d) Small animal
fluorescence imaging of CT26-bearing mice treated with Cy5.5-UBI and Cy5.5-UBI plus bacteria at different time points (c) and the semi-quantitat-
ive analysis of the fluorescence intensity of mice (d). Statistical analysis was performed using the Student’s two-tailed t-test (*p < 0.05).

Fig. 5 In vivo SPECT/CT imaging of 4T1-bearing mice after intravenous injection of 125I-labeled UBI. (a) SPECT/CT imaging of 4T1 tumor-bearing
mice after i.v. injection of 125I-UBI at different time points post injection. (b) The ratio of the radioactive signal of the tumor sites to the whole body
radioactive signal value at different time points post injection. Statistical analysis was performed using the Student’s two-tailed t-test (*p < 0.05).
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follow-up work, we will further improve the stability of the
radiolabeled peptides for more sensitive bioimaging. The
radioactivity in mouse tumor sites at different time points was
quantitatively analyzed through the calculation of the ratio of
the signal value of the tumor sites (Tn) to the total systemic
signal value (Tn0) of the mice. The maximum value in the
tumor sites was found to be 2.53% (T6/T60) at 6 h and signifi-
cantly higher than that of 125I-UBI only (Fig. 5b).

The potential in vivo toxicity is still a significant problem
for the biomedical application of bacteria. In this work, the
potential toxicity of S. typhimurium was systematically investi-
gated through blood analysis and histological examination.
Healthy Balb/c mice intravenously injected with
S. typhimurium at a dose of 1 × 106 CFU or injected with
S. typhimurium plus Cy5.5-UBI were sacrificed at day 60 for
blood analysis. The age-matched mice were used as the control
group. Serum biochemical parameters including liver function
markers (alanine aminotransferase (ALT), alkaline phospha-
tase (ALP) and total protein (TP)), kidney function marker urea

nitrogen (UREA), and triglyceride (TG) were investigated. It was
found that all tested parameters appeared to be within the
normal range compared with the control group (Fig. 6a–c).
From the data of the blood routine including white blood cells
(WBCs), hemoglobin (HGB), hematocrit (HCT), mean corpus-
cular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), platelet
count (PLT), platelet hematocrit (PCT) and red blood cells
(RBCs), we found that all tested parameters had no obvious
difference compared with the control group (Fig. 6d–l).
Additionally, the major organs collected from the mice with or
without the S. typhimurium treatment at day 1, 3 and 30,
respectively, were sliced for hematoxylin and eosin (H&E) stain-
ing. The results showed that there was no morphological
change in the S. typhimurium-treated group compared with the
control group, demonstrating that S. typhimurium induced no
obvious toxicity to the treated mice at our tested dose (ESI
Fig. S7†). Therefore, our developed bacteria-mediated tumor
targeting imaging will further promote the early sensitive diag-

Fig. 6 In vivo toxicity investigation. (a–l) Blood biochemistry (a–c) and routine blood analysis (d–l) from mice treated with bacteria or bacteria plus
Cy5.5-UBI after 60 days post injection.
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nosis of tumors, and bring new methods and strategies for
future clinical applications.

Conclusions

In summary, we firstly developed bacteria-mediated tumor tar-
geting imaging using a fluorescent dye or radioisotope-labeled
peptide. S. typhimurium with a facultative anaerobic property
could specifically proliferate in tumor sites after intravenous
injection, while inducing no obvious toxicity to normal tissues
of mice. The number of S. typhimurium in the tumor sites
peaked at three days of injection. In contrast, the number of
S. typhimurium in the normal tissues gradually decreased and
could be completely metabolized from the body of mice. In
vivo florescence imaging and single-photon emission com-
puted tomography (SPECT/CT) imaging showed that the fluo-
rescent dye Cy5.5 or radionuclide 125I-labeled targeting peptide
ubiquicidin (UBI) could specifically target the two indepen-
dent bacteria-infected tumor models, the 4T1 murine breast
cancer model and the CT26 mouse colon cancer model, realiz-
ing the sensitive multimodal imaging of tumors. Moreover,
the H&E-stained images of the major organs (heart, liver,
spleen, lungs and kidneys) of mice treated with S. typhimurium
exhibited no obvious morphological changes after 30 days of
injection, compared with the control group. Therefore, in this
work, we firstly used the recognition function of antimicrobial
peptides to realize tumor targeting imaging. Such a strategy
(bacteria-mediated tumor targeting) may further improve the
sensitivity to early diagnosis of tumors. We hope that our
developed strategy could further be extended to cancer thera-
nostics in the future, bringing good news for cancer patients.

Experimental section
Materials and methods

Ubiquicidin fragment peptide (UBI) was synthesized and
characterized at the Shanghai Taopu Biological Technology
Co., Ltd. The fluorescent dye Cy 5.5 was purchased from
Lumiprobe Corporation. Female BALB/c mice (6–8 weeks) were
purchased from Nanjing Peng Sheng Biological Technology
Co., Ltd. 4T1 (or CT26) cells were obtained from the cell bank
of the Chinese Academy of Sciences.

Cell culture

4T1 murine breast cancer and CT26 mouse colon cancer cells
were cultured at 37 °C and 5% carbon dioxide in RPMI
medium modified (Hyclone Laboratories, USA), supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
(Hyclone Laboratories, USA).

Bacterial culture

S. typhimurium ΔppGpp/lux was incubated in a bacterial liquid
medium in a shaking incubator (37 °C, 250 rpm) overnight.
Afterwards, the bacterial suspension was then transferred into

fresh medium for multiplication culture. When the number of
bacteria grew to the logarithmic growth phase, the bacteria
were harvested by centrifugation (3000 rpm, 25 °C,
10 minutes), quantified by spectrophotometry, and then
diluted to the desired concentration with sterile PBS for the
subsequent experiments.

Fluorescent dye-labeled peptide UBI

For fluorescent dye labeling, 10 µL (10 mg mL−1) of Cy5.5 and
200 μg of EDC (N-(3-dimethylaminopropyl)-N′-ethylcarbodii-
mide hydrochloride) were added into 1 mL of UBI solution
(1.2 mg mL−1). The mixture was reacted overnight at room
temperature. The excess Cy5.5 was removed using the
Sephadex™ G-25M pre-packed columns.

125I labeling

Radiolabeling experiments were performed according to the
previously published protocols.1 In brief, 100 µL of iodogen
dissolved in dichloromethane (1 mg mL−1) was added into a
1.5 mL EP tube and then blow-dried with nitrogen. Afterwards,
100 µL of UBI solution (12 mg mL−1) and 5 mCi of Na 125I
were added into the tube and reacted at room temperature for
15 min. The excess 125I was removed using the Sephadex™
G-25M pre-packed columns. Radiochemical purity analyses
were carried out by paper chromatography. For the radiolabel-
ing stability examination, 100 µL of the 125I-labeled UBI (1.5 µg
µL−1) was incubated with PBS (pH = 7.2) at 37 °C.

In vitro binding of Cy5.5-UBI to bacteria

Cy5.5-labeled UBI and free Cy5.5 at the same fluorescent
signal strength were incubated with the bacteria at 37 °C for
6 h, respectively. Afterwards, the mixture was washed with PBS
three times to remove the excess Cy5.5-UBI and Cy5.5 by cen-
trifugation, respectively. The obtained sediment was collected
and re-suspended into the PBS solution. The aforementioned
bacterial solution was dripped onto a glass slide and fixed by
4% glutaraldehyde for confocal microscopy imaging (Olympus
FV1200).

In vivo fluorescence imaging and SPECT/CT imaging

The 4T1 tumor and CT26 tumor models were prepared accord-
ing to our previously published protocol.38 All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Soochow University
and approved by the Animal Ethics Committee of Soochow
University. For in vivo fluorescence imaging, mice bearing 4T1
or CT26 tumors were firstly i.v. injected with 200 µL of bacteria
(1 × 106 CFU) for three days. The PBS-treated mice was used as
the control group. Afterwards, 150 µL of Cy5.5-labeled UBI was
i.v. injected into the mice for fluorescence imaging (IVIS
Lumina Series III, PerkinElmer Corporation) at different time
points (before, 0.5, 5, 12 and 24 h). Similar to fluorescence
imaging, mice bearing 4T1 tumor were i.v. injected with 125I-
labeled UBI (500 µCi per mouse) and imaged using a small
animal SPECT/CT imaging system (U-SPECT+/CT, MILabs
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Corporation) at different time points including 1, 2, 4, 6 and
24 h.
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