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Engineering Bacterial Secretion Systems for Enhanced
Tumor Imaging and Surgical Guidance

Dohee Lee, Heung Jin Jeon, Dohyub Jang, Deukhee Lee, Solbi Kim, Minju Han,
Sharon Jiyoon Jung, Jung-Hyun Lee, Jia Choi, Dong Ha Kim, Dong June Ahn, Keri Kim,
Sehoon Kim,* Hyo-Jin Lee,* and SeungBeum Suh*

Current imaging techniques suffer from a lack of specificity and resolution,
leading to inaccurate tumor imaging and limited applicability of targeted
contrast agents, as they require cancer-specific development. The need for
enhanced contrast through improved tumor-to-background ratio (TBR) and
the toxicity from repeated injections due to fading fluorescent signals further
complicate the issue. Additionally, challenges in visualizing the entire 3D
tumor with surface-stained contrast agents highlight the demand for
advanced imaging solutions for more precise surgical guidance. A novel
approach is proposed utilizing Streptavidin Associated Salmonella (SAS) as a
contrast agent for image-guided surgeries. SAS selectively proliferates in
cancerous tissues and secretes streptavidin upon induction, enabling the
binding of subsequently injected biotin-conjugated fluorescent dyes. This
approach enhances tumor visualization with a TBR of up to 15.3, far
surpassing conventional agents (TBR ∼ 2), while enabling prolonged 3-day
imaging, deep tumor penetration, and precise invasive margin delineation
with a single contrast agent injection. Furthermore, biosafety evaluations
confirmed efficient bacterial clearance, absence of systemic toxicity, and
stable physiological responses, supporting its potential for safe clinical
translation. This innovative method offers substantial improvements over
existing fluorescent contrast agents and holds promise for both diagnostic
and therapeutic applications in cancer surgery.
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1. Introduction

Cancer remains a leading cause of death,
accounting for 9.7 million deaths in 2022.[1]

Surgical resection is a primary treatment
strategy for solid tumors; however, accu-
rately distinguishing tumor margins from
healthy tissue under white light remains
difficult, often resulting in incomplete
tumor removal or unnecessary excision
of normal tissue.[2,3] Current surgeries
rely on preoperative imaging (e.g., CT,
MRI)[4,5] and intraoperative biopsies,[3]

but these methods are limited in real-time
accuracy. To improve precision, image-
guided surgery using contrast agents that
selectively highlight cancerous tissue is
being explored. Although modalities such
as MRI,[4,6] PET,[5,7] SPECT,[8] and CT[4,5,7,8]

are used, their intraoperative application
is hindered by bulky equipment, radia-
tion exposure, and limited resolution at
tumor margins.[6,9–12] Fluorescence-guided
surgery (FGS) using optical contrast agents
offers real-time, high-resolution imaging
as a promising alternative.[13] However,
current agents often require repeated
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Figure 1. Schematic for fluorescence-guided surgery system based on Streptavidin-Associated Salmonella.

dosing and lack specificity, particularly in imaging hypoxic or
necrotic tumor regions located deep within the tissue.[5,10,13–15]

Moreover, most agents are designed for cancer type–specific tar-
gets, limiting their generalizability. There is a critical need for
tumor-agnostic contrast agents that can achieve deep, stable, and
three-dimensional tumor visualization to guide complete and
precise tumor resection.
In this study, we employed bacteria as a fluorescent contrast

agent to aid in tumor resection surgeries (Figure 1). Bacteria
are known to selectively accumulate in cancer tissues and pen-
etrate deep into the tumor core. Since the early 2000s, vari-
ous bacterial strains, including Salmonella typhimurium and Es-
cherichia coli, have been explored for cancer treatment.[16–20] Ad-
vances in genetic recombination and plasmid synthesis have en-
abled the stable construction of recombinant bacteria that, once
injected, interact with the host immune system, infiltrating and
proliferating in the hypoxic regions of tumor.[21–24] These hy-
poxic regions, including necrotic areas, shield anaerobic bacte-
ria from immune cells, making them effective in targeting can-
cerous tissues irrespective of cancer type.[17,25] Unlike antibody-
based streptavidin-biotin tumor pre-targeting imaging methods,
which rely on targeting specific antigens expressed on viable tu-
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mor cells,[14] our approach leverages the ability of streptavidin-
associated Salmonella (SAS) to colonize the tumor microenvi-
ronment, including hypoxic and necrotic regions, overcoming
inter-tumoral heterogeneity and ensuring broader andmore con-
sistent imaging (International Journal of Pharmaceutics 605
(2021)). We developed a SAS strain by engineering Salmonella
typhimurium, a bacterium known for its cancer-targeting abil-
ity. SAS selectively proliferates in cancerous tissue and using
an induction system, secretes streptavidin, which binds to sub-
sequently injected biotin-conjugated fluorescent dye, effectively
highlighting the cancerous tissue. This bacterial system enables
deep tumor penetration and streptavidin secretion, which dif-
fuses outward due to high interstitial tumor pressure, allow-
ing for uniform streptavidin distribution throughout the tumor.
This streptavidin-biotin conjugation system produced a signif-
icantly higher fluorescent signal intensity in cancerous tissue
compared to adjacent normal tissue (TBR ∼ 15.3), allowing for
prolonged imaging.[13,26–28] The three-dimensional penetration
and proliferation of the bacteria within the tumor extended strep-
tavidin distribution deep into the cancer, enabling comprehen-
sive imaging of the entire tumor mass.[21–24] By leveraging bac-
terial penetration into the tumor core rather than solely target-
ing surface antigens, our approach enhances tumor imaging be-
yond the limitations of current strategies. The bacteria’s natu-
ral propensity to target and proliferate in the hypoxic regions of
the tumor microenvironment underscores its broad applicabil-
ity in imaging diverse cancer types, surpassing the limitations of
single-phenotype targeting strategies.[17,25] The effectiveness of
the SAS-based imaging strategy was evaluated in tumor bearing
mouse models, confirming its specificity in delineating tumor
during surgical resection. Additional biosafety evaluations con-
firmed effective bacterial clearance, absence of systemic toxicity,
and stable physiological responses, supporting its potential for
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clinical translation. To our knowledge, this study represents the
first attempt to develop bacterial contrast agents for image-guided
surgery, offering an innovative modality with distinct advantages
over conventional contrast agents.

2. Results

2.1. Engineering of flgM-Streptavidin Fusion Genes for Stable
and Efficient Secretion via the Flagella Type III Secretion System
(T3SS)

To develop a payload delivery system for tumor-targeting bacteria,
we constructed a plasmid that enables streptavidin secretion via
the flagella T3SS.[29,30] While conventional T3SS directly injects
proteins into host cells, the flagella-associated T3SS facilitates ex-
ternal protein secretion through flagellar assembly, making it an
ideal choice for delivering functional proteins.[30] This systemhas
also been effectively applied for the selective purification of re-
combinant neuroactive peptides.[29]

For efficient secretion, streptavidin was translationally fused
to the C-terminal of FlgM, a protein naturally secreted via the
flagella T3SS (Figure S1a, Supporting Information).[29] The flgM-
streptavidin gene was incorporated into a pBad-based inducible
expression system (Figure 2a), enabling controlled expression
upon L-arabinose induction.[31,32] To further enhance secretion
efficiency, the flhDC gene, which a master regulator involved
in flagellar biosynthesis, was inserted downstream of the flgM-
streptavidin gene.[29,30]

To maintain plasmid stability and ensure survival in vivo, we
implemented a balanced-lethal system using an asd gene com-
plementation strategy.[33] The host bacterial strain (#177) lacks
the asd gene, rendering it dependent on plasmids carrying the
functional asd gene for survival (Table S1, Supporting Informa-
tion). Because diaminopimelic acid (DAP) is absent in mam-
malian tissues, this system ensures stable plasmid retention
without external antibiotic selection (Figure 2a; Table S1, Sup-
porting Information[29]). This genetic engineering strategy effec-
tively prevents plasmid loss, ensuring long-term genetic stability
in the host bacteria while enabling the controlled and sustained
secretion of streptavidin for its functional application as a tumor-
targeting bacterial contrast agent.

2.2. Confirmation of FlgM-Streptavidin Secretion

2.2.1. Confirmation of FlgM-Streptavidin Secreting Salmonella

We completed the engineering of flgM-streptavidin expressing
Salmonella strain #1237 (Table S1, Supporting Information) by
transforming the aforementioned plasmid into it (Figure 2a).
This resulted in the engineered Salmonella strain #1594. To val-
idate the secretion of FlgM-Streptavidin, we induced the strain
with L-arabinose for 6 h, after which the samples were divided
into three parts: whole cells, pellet, and supernatant. We con-
firmed the expression and secretion of FlgM-Streptavidin in the
three parts using anti-His (internal tag), anti-FLAG (C-terminal
tag) and anti-DnaK antibodies (Figure 2b; Figure S1, Support-
ing Information). Clear bands were observed with both anti-His

and anti-FLAG antibodies across all fractions, indicating success-
ful expression and secretion of FlgM-Streptavidin. However, the
chaperone protein DnaK was detected in the whole cells and pel-
lets but absent in the supernatant. This suggests that the engi-
neered Salmonella strain actively secretes FlgM-Streptavidin into
the medium via the Flagellar T3SS, rather than passively re-
leasing it upon cell death, thus confirming its active secretion
capability.[29,30]

2.2.2. Streptavidin Secretion Mechanism and Quantification, and
Verification of Biotin Binding

To validate the secretion mechanism and quantify streptavidin
secretion, we monitored the growth of the strain containing the
flgM-streptavidin plasmid by measuring the optical density at
600 nm (OD600) at different time points, both with and with-
out induction using 0.2% L-arabinose (final concentration) at 1
h (Figure 2c). At 6 h post-induction, the OD600 readings for both
the induced and uninduced samples were comparable, with val-
ues of 0.43 and 0.40, respectively, after being diluted 10-fold. This
indicates that L-arabinose induction did not have a significant
impact on cell growth. Upon an anti-His ELISA assay, secreted
streptavidin was first detected 3 h post-induction, with concentra-
tions progressively increasing over time (Figure 2d). At 6 h post-
induction, the induced sample exhibited about 20-fold higher se-
cretion level (138.38 ng/mL) compared to the uninduced sample
(7 ng/mL) (Figure 2e).
We then evaluated the impact of FlgM-Streptavidin secre-

tion on bacterial motility through a motility assay (Figure S2a,
Supporting Information). Strain 1, containing an empty plas-
mid, was compared to strain 2 (#1594 strain), containing the
flgM-streptavidin plasmid. In the absence of induction, both
strains exhibited activemotility. However, upon induction with L-
arabinose, strain 2 showed reducedmotility, indicating that flgM-
mediated secretion of streptavidin affected the flagellar proteins
(fliC or fljB), as confirmed by SEM imaging (Figure S2b, Support-
ing Information).[29]

To investigate the correlation between the binding efficiency
of secreted streptavidin with biotinylated fluorescent dye (biotin-
Cy7) and the bacteria induction time, we employed the HABA
(4′-hydroxyazobenzene-2-carboxylic acid) assay. The HABA as-
say is traditionally used to verify biotinylation, where the binding
of HABA to streptavidin results in an increase in absorbance at
500 nm. In the presence of biotin, however, the stronger biotin-
streptavidin interaction displaces HABA, leading to a decrease
in absorbance. In this experiment, we compared conditions with
and without excess biotin to verify the binding between biotin
and streptavidin secreted by bacteria, as indicated by absorbance
changes. The results showed that streptavidin secretion and bind-
ing increased from 2 h post-induction, reaching saturation at
4 h, which informed our in vivo imaging protocol. Based on this
finding, biotin-conjugated fluorescent dyes were injected 2 hours
after induction, and imaging was performed at 4 hours post-
induction to ensuremaximal streptavidin availability for effective
tumor imaging (Figure 2f, g).
Streptavidin is secreted extracellularly through the basal body

and hook of the flagella on the bacterial surface (enlarged in
Figure 1). As a result, streptavidin not only gets secreted outside
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Figure 2. Engineering of Salmonella expressing flgM-streptavidin fusion proteins. a) Plasmid map of flgM-streptavidin for the expression and secretion
of recombinant streptavidin, tagged with flgM at the N-terminus and 6x His. b) Salmonella secreting FlgM-Streptavidin was incubated in LB at 37 °C
for 1 h, and secretion was induced by 0.04% L-arabinose. After 6 h of further incubation, equal amounts of whole cells, pellet, and supernatant were
obtained, and expression was analyzed by western blot using an anti-His antibody and anti-Flag antibody. Anti-DnaK antibody was used as a cell lysis
control. c) Growth curve (OD600) measurement. (n = 3) Data are presented as the mean ± SEM. d) Western blot analysis using an anti-His antibody to
assess secretion at indicated time points after L-arabinose induction in a strain designed to secrete streptavidin. e) Quantification of FlgM-Streptavidin
using anti-His ELISA in samples obtained at the end of L-arabinose induction. f) Schematic for streptavidin secretion verification using a HABA assay.
g) Absorbance at 500 nm (OD500) varying through streptavidin secretionwhen bound toHABA. (red: w/ biotin-Cy7& black: w/o biotin-Cy7). h) Verification
of streptavidin functionalization on the bacterial surface through biotin-Cy7 dye staining (scale bar = 5 μm). i) Fluorescently labeled bacteria showing
the proportion of bacteria secreting streptavidin. (red: w/o L-arabinose & black: w/ L-arabinose) Statistical analyses were performed using paired t-tests.
(*p < 0.05).

the cell but also functionalizes the bacterial surface. To quantify
the binding between surface-functionalized streptavidin on the
bacteria and biotinylated fluorescent dye, we measured the por-
tion of bacteria exhibiting fluorescent signals from conjugated
biotin-Cy7. As the induction time increased, the proportion of

fluorescently labeled bacteria increased, and after 4 h, more than
25% of the bacterial surface exhibited bound fluorescent sig-
nals. This confirms that SAS can continuously secrete and ac-
tivate streptavidin, highlighting its potential as an effective con-
trast agent.
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2.3. Validation of Enhanced Intra-Tumoral Fluorescence Signal
Retention via SAS

In fluorescence image-guided surgery, where fluorescent con-
trast agents are used to locate tumors, blood flow and continu-
ous drainage often dilute the contrast agents, reducing the sig-
nal intensity and requiring repeated dye injections. The pro-
posed SAS approach enhances retention in cancerous tissues
by chemically binding secreted streptavidin to biotinylated flu-
orescent dyes, thereby anchoring the signals within the tumor
for an extended time. To verify the sustained presence of biotin-
Cy7 bound to streptavidin compared to free biotin-Cy7 under
continuous drainage conditions, we conducted tumor microen-
vironment simulation experiments using agar (Figure 3a). Agar,
mimicking the tumor environment,[34] allowed us to monitor
fluorescent signal reduction in the absence (control) and pres-
ence of either induced (SAS (+)) or uninduced (SAS (−)) bacteria
(Figure 3b–d). The control and SAS (−) groups showed a rapid
fluorescence decline starting at 4 h, whereas this decline point
was delayed to 6 h in the SAS (+) group. Notably, the SAS (+)
group displayed a slower decline rate compared to the others,
ascribed to the secretion of streptavidin upon induction, which
slows down the washout of biotin-Cy7 due to the enlargedmolec-
ular size resulting from its binding to secreted streptavidin. At 24
h, when fluorescent signal intensity reached equilibrium, both
the control and SAS (−) groups exhibited similarly low levels of
residual signals, while the SAS (+) group maintained a fluores-
cent intensity more than 2.5 times higher than that of the con-
trol (Figure 3d). This signal difference at equilibrium is attributed
to the binding of biotin-Cy7 to bacterial surface-expressed strep-
tavidin, which persisted longer within the agar matrix along
with bacteria. These findings confirm that bacteria-based con-
trast agents provide an enhanced and prolonged fluorescent sig-
nal intensity relative to traditional molecular contrast agents. Ad-
ditional experiments also showed that the SAS (+) group exhib-
ited slower drainage rates across all agar depths, suggesting that
streptavidin secretion by bacteria in deeper tumor regions effec-
tively delays lymphatic drainage of imaging agents, thereby en-
hancing sustained contrast (Figure S3, Supporting Information).
We further investigated the enhancement in imaging perfor-

mance in vivo by monitoring temporal changes in fluorescent
signal intensity in 4T1 tumor-bearing Balb/c mice, following se-
quential procedures composed of intravenous injection of SAS,
intraperitoneal injection of L-arabinose, and peritumoral injec-
tion of biotin-Cy7 (Figure 3e). Consistent with the in vitro re-
sults, the SAS (+) group maintained significantly higher fluo-
rescent signal intensity within the tumor, compared to the con-
trol and SAS (−) groups. Sustained tumor signals were observed
throughout the experimental period of up to 72 h (Figure 3f,
g), exhibiting the substantial advantage of our SAS approach in
achieving persistent contrasts for tumor imaging. The relative
radiance of the SAS (+) group, normalized by the control, in-
creased over time, reaching up to nearly 20 times higher fluo-
rescent signal intensity (Figure 3h). This demonstrates that tu-
mor imaging using SAS provides significantly enhanced fluores-
cent contrast effects over time, surpassing conventional contrast
agents. When approximating the decay of tumor signals with
Equation (1),Ai quantifies the contribution from distinct states
of Cy7 (i.e., free biotin-Cy7, secreted streptavidin-bound biotin-

Cy7, bacteria-bound biotin-Cy7, and tissue-adsorbed biotin-Cy7
etc.), while 𝜏 i represents the time constant for the clearance of
each state from the tumor (Table S2, Supporting Information).In
the control group, over 60% of the tumor signal dissipated from
the outermost tumor layer within 10 min, with only about 12%
remaining after 6 h. In contrast, more than 60% of the signal in
the SAS (+) group was retained for over 542 min (∼9 h), with
over 53% located in the deepest tumor regions, persisting for up
to 16,727 min (∼ 11 days). Considering that the average surgical
time for breast cancer is within 3–4 h, bacteria-based tumormon-
itoring in the SAS (+) group demonstrated that more than 65%
of cases exhibited late decay (dotted line in Figure 3g), providing
sufficient fluorescent contrast for the entire duration of surgery
with a single injection of the fluorescent contrast agent.[35]

y(t) =
n∑
i=1

(
Aie

(
− t

𝜏i

))
+ y0 (1)

2.4. Tumor-Selective Imaging and Enhanced Contrast Efficiency
of SAS

Accurate differentiation of tumor from surrounding normal tis-
sues is critical for the effectiveness of contrast agents used in tu-
mor resection surgery, as the success of the procedure depends
on the clear contrast between the fluorescent signals emitted by
the tumor and those from surrounding tissues. Typically, the ef-
ficacy of these contrast agents is quantified using the tumor-to-
background ratio (TBR), which normalizes the fluorescent signal
intensity from the tumor relative to that of the surrounding tis-
sue. Under the in vivo experimental conditions, animal studies
were conducted tomeasure the fluorescent signal intensity in the
tumor, surrounding skin, and other organs (liver, spleen, and kid-
ney) at specified time points (2, 6, and 12 h) (Figure 4a). These
measurements were taken using both an in vivo imaging system
(IVIS) and a custom-built fluorescent macroscope designed for
potential intraoperative application (Figure S4, Supporting Infor-
mation). The TBR was calculated by normalizing the fluorescent
signal intensity of the tumor to that of the surrounding skin tis-
sue.
At all time points, the SAS (+) group exhibited significantly

higher tumor signals compared to the control and SAS (−)
groups (Figure 4b). Quantitative analysis, normalized to tumor
signals in the control group, revealed that the SAS (+) group
exhibited fluorescent signal intensities 4.3-fold, 8.4-fold, and
28.5-fold higher at 2, 6, and 12 h post-injection, respectively
(Figure 4c; Figure S5, Supporting Information). This trend is
further clarified by examining the TBR over time. In the control
and SAS (−) groups, TBR values remained close to or below 1,
indicating limited tumor contrast due to the weak tumor signals
comparable to autofluorescence from the surrounding skin. In
contrast, the SAS (+) group maintained high fluorescent signal
intensity, resulting in a progressively increasing TBR over time
(Figure 4d). At 12 h post-injection, the TBR reached 15.25, a sig-
nificant improvement compared to conventional systems, where
a peak TBR of 5.2 or higher is considered excellent.[28,36] Given
that the average duration of breast cancer surgery is 3–4 h and
a TBR of 2 or higher is typically sufficient for effective contrast,
maintaining a TBR above 2 for 12 h with a single injection of the
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contrast agent eliminates the need for repeated administrations,
potentially reducing toxicity.[28,37–41]

2.5. Enhanced 3D Contrast Efficacy via Intratumoral Penetration
of SAS

During tumor resection surgery, distinguishing cancerous tis-
sues is challenging, as they are gradually excised starting from
the skin tissue incision.[42] Current contrast agents, which pri-
marily stain the tumor periphery, are also limited in accurately
delineating the three-dimensional surface-to-core structure of the
entire tumor, due to the restricted diffusion within the tumormi-
croenvironment. This makes it difficult to obtain a precise un-
derstanding of the tumor’s full extent during surgery.[2,3] To ad-
dress this challenge, we facilitated bacterial infiltration and col-
onization into the deeper regions of tumor to visualize its three-
dimensional structure, including the core. To simulate the grad-
ual excision of tumor during surgery, we divided the tumor depth-
wise into five sections, as shown in Figure 4e, and performed
imaging and fluorescent signal intensity analysis of each slice us-
ing a macroscope.
Fluorescent signal intensity was significantly higher in all

cross-sections of the SAS (+) group compared to the other
groups, suggesting that only the SAS (+) group is capable of flu-
orescently delineating the entire three-dimensional structure of
the tumor (Figure 4f, g). This trend became more pronounced
over time, with fluorescence retention observed even in the deep-
est tumor regions at 6 and 12 h. In contrast, the control and SAS
(−) groups showed overall low fluorescent signals in the deeper
tumor regions, making it difficult to assess the full extent of the
tumor. This suggests that higher TBR observed in the SAS (+)
group, as measured by the surrounding tissue contrast, is likely
to enhance the effectiveness of tumor visualization during the
surgical process, particularly as incisions are made deeper into
the tumor. The high fluorescent signal intensity concentrated
in the tumor core indicates a fluorescence enhancement effect,
likely driven by bacterial selective colonization, as shown in the
bacteria experiments (Figure S6a, Supporting Information). This
effect is particularly pronounced in the deeper, hypoxic regions
of the tumor (Figure 4h). In the SAS (+) group, the fluores-
cent signal observed at 2 h was concentrated in the tumor core,
with a tendency to diffuse throughout the entire tumor over time
(Figure 4f). This pattern indicates that streptavidin secreted in the
hypoxic core initially binds to biotin-Cy7,maintaining its localiza-
tion, and subsequently migrates toward the tumor periphery due
to elevated interstitial pressure from the center.[6,12,43] Interest-
ingly, the dense, hypoxic tumor microenvironment, which typi-
cally impedes the delivery of conventional contrast agents, con-
versely proves advantageous for bacteria-based agents, facilitat-
ing effective visualization of the entire three-dimensional struc-
ture of the tumor.

2.6. SAS Mediated Fluorescence Image-Guided Tumor Resection
Surgery

The efficacy of tumor resection under FGS with SAS was as-
sessed in an orthotopic 4T1 breast cancer mouse model which
closely mimics the physiological tumor environment, including
its invasive nature. During tumor excision, tissues displaying
fluorescence were resected continuously until no further fluo-
rescence was detected (Figure 5a; Movie S1, Supporting Infor-
mation). Surrounding non-fluorescent areas were also excised
to verify the correlation between the fluorescent signal and the
presence of remaining cancerous tissue. Histological analysis re-
vealed that, in the control group imaged with a fluorescent dye,
both cancerous and normal tissues were present in fluorescent-
positive regions. Additionally, fluorescent dyes that were unable
to penetrate the tumor due to the elevated pressure in the tumor
core remained outside the tumor, leading to fluorescent signals
being observed in normal tissues, similar to what was seen in the
first section of the control case. However, in the group imaged
with SAS (+), all tissues exhibiting fluorescence were identified
as tumor (1st and 2nd sections in Figure 5b; Figure S7, Supporting
Information). Following the removal of fluorescence-positive tis-
sues presumed to be tumors, the remaining non-fluorescent tis-
sues (3rd section) were examined. In the control group, residual
cancerous tissues were still detected alongside normal tissues,
whereas in the SAS (+) group, only normal tissues were identi-
fied, indicating complete tumor resection (Figure 5c).
To validate the accuracy of tumor margin delineation, partic-

ularly in capturing the invasive nature of malignant tumor mar-
gins, we compared the tumor-positive margin predicted solely by
fluorescent signals with the true tumor boundary confirmed by
H&E staining. Since minimizing the positive margin is critical
for tumor surgery, ensuring accurate localization of the tumor-
invasive boundary is essential. Plus, tumors are known to be
highly heterogeneous, with varying levels of hypoxia, necrosis,
and vascularization, which could influence the performance of
contrast agents. To evaluate whether SAS maintains its imag-
ing performance in tumors with different structural character-
istics, we assessed its performance in orthotopic tumor mod-
els of varying sizes. Larger tumors generally exhibit more pro-
nounced hypoxic regions and increased structural heterogeneity,
which can impact contrast agent distribution. Despite these dif-
ferences, the fluorescence-positive tumor margins in both small
and large tumors showed strong alignment with histological
H&E staining, confirming reliable tumor boundary delineation
across different tumor sizes (Figure 5d). These findings suggest
that while tumor heterogeneity is multifaceted, SAS-based flu-
orescence imaging effectively delineates tumor-invasive bound-
aries with varying degrees of size-related structural differences.
Conventional fluorescent dyes failed to penetrate the tumor core
within 6 hours, leading to signal dispersion in surrounding
tissues and inaccurate margins. In contrast, the SAS system

Figure 3. Validation of enhanced intra-tumoral fluorescent signal retention via SAS. a) Schematic diagram of the in vitro experiment using agar.
b) Time-dependent fluorescence images at the Z1 position from (a). c) Fluorescent signal intensity profile (0-255) from (b). (n = 3) (d) Fluorescent
signal intensity profile from (b) normalized to the control group. (n = 3). e) Schematic diagram of the in vivo experiment. f) IVIS images of mice over
time (filter set: 𝜆exc = 745 nm, 𝜆emi = 800 nm). g) Time-dependent fluorescent signal intensity in the tumor, normalized to the initial radiance value, with
a dotted line indicating 3 h for reference. (n = 3) h) Relative fluorescent signal from (e), normalized to the control group. (n = 3) Statistical analysis was
performed using paired t-tests, comparing SAS (+) and control groups. (*p < 0.05).
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maintained fluorescence retention, effectively guiding tumor re-
section and minimizing positive margins. Additionally, SAS se-
lectively colonizes the tumor microenvironment (TME), which
differs from general inflammatory sites due to its hypoxic and
immunosuppressive characteristics. Preoperative protocols help
mitigate inflammation-related confounding factors, further re-
ducing the risk of non-specific imaging,[44] and even if bacteria
colonize inflamed tissues, the localized administration of biotiny-
lated fluorescent contrast agents ensures tumor-specific imag-
ing, minimizing false-positive signals. These results confirm the
potential of SAS as a precise fluorescence-guided imaging tool
for tumor resection.

2.7. Long-Term Biosafety Evaluation

To evaluate the biosafety of the SAS system, we conducted a com-
prehensive analysis of its systemic effects, including overall toxi-
city. Before Salmonella injection for biosafety experiment, tumor
sizes were similar across all groups (150–200mm3). After intra-
venous administration, streptavidin secretion was induced via in-
traperitoneal L-arabinose injection starting on day 3 (Figure 5a).
Body weight was monitored periodically, showing initial weight
loss until day 2, but body weights fully recovered within five days
and remained stable throughout treatment, indicating the safety
of live Salmonella administration (Figure 5b). On day 15, when
the PBS group tumors reached 1500mm3, body weights in the
Salmonella-treated groups remained stable, further confirming
the tolerability of the treatment.
Blood samples collected on day 15 were analyzed for inflam-

mation markers, showing TNF-𝛼 and IL-6 levels within the nor-
mal range (Figure 5c,d). These results indicate that bacterial
colonization remained localized within the tumor and did not
trigger long-term systemic inflammation. General biochemical
markers (CREA, BUN, ALT, AST) also remained within nor-
mal limits (Figure 5e–h). Histopathological examination viaH&E
staining revealed no observable lesions (Figure 5i), suggesting
Salmonella did not induce acute toxicity and selectively targeted
tumor tissues without affecting normal tissues. Spleen size anal-
ysis showed transient splenomegaly, which normalized over time
(Figure S8a, Supporting Information). These findings highlight
Salmonella’s potential as a safe and effective tumor-targeting sys-
tem with minimal toxicity.
To further evaluate the biosafety of the SAS system, we ana-

lyzed its pharmacokinetics, specifically the in vivo stability and
clearance of the streptavidin-biotin complex, by quantifying the
concentration of continuously secreted streptavidin in the blood
at different time points using ELISA, following bacterial induc-
tion (Figure S8b, Supporting Information). Streptavidin was de-
tected at low concentrations in the picomolar range on day 1, in-
creasing to an average of 13 pM by day 3 before becoming un-

detectable by day 7. Blood samples were collected at 1, 3, 7, and
14 d post-induction, following Salmonella injection at day 3 and
L-arabinose induction at day 0. The low streptavidin concentra-
tion in the blood on day 1 suggests that streptavidin secretion
occurred locally within the tumor and was effectively retained
in the tumor microenvironment. By day 3, the increase in cir-
culating streptavidin indicates a gradual release from the tumor
into systemic circulation, a release profile that aligns with the
sustained retention of biotin-Cy7 in the tumor for up to 3 days
(Figure 3f). Furthermore, the complete clearance of streptavidin
from systemic circulation after day 7 demonstrates that the SAS
system does not induce long-term cytotoxic effects, reinforcing
its biosafety and minimal impact on overall viability.
These results validate the imaging data by confirming the

efficient clearance of streptavidin within a clinically relevant
timeframe, minimizing systemic accumulation concerns, while
also demonstrating the SAS system’s favorable biosafety pro-
file with controlled clearance dynamics, tumor-specific target-
ing, and minimal systemic toxicity, reinforcing its potential for
safe and effective clinical translation in fluorescence-guided can-
cer surgery.

2.8. Clinical Translation Potential and Future Considerations

FGS remains an emerging field with limited clinical adoption,
highlighting the strong potential for SAS-based contrast agents
in clinical translation. Unlike conventional targeted contrast
agents that require tumor-specific modifications, the SAS sys-
tem offers a tumor-agnostic approach, demonstrating its appli-
cability across multiple cancer types. Its effectiveness was vali-
dated in CT26 and B16F10 tumor models, where bacterial selec-
tive colonization and prolonged fluorescence retention mirrored
those observed in 4T1 tumors (Figures S6 and S9, Supporting
Information).[45,46]

Comparative analysis with conventional contrast agents fur-
ther emphasizes the advantages of the SAS system. During aver-
age surgical durations (3–4 h for breast cancer,[35] 3–5 h for colon
cancer,[47] and 2–4 h for melanoma[48]), conventional agents ex-
hibited significant fluorescence loss, with 87% in breast cancer,
78% in colon cancer, and 94% inmelanoma. In contrast, the SAS-
based contrast agent retained 79%, 100%, and 67% of fluores-
cence in these respective cancermodels, ensuring stable imaging
throughout surgery (Table S2, Supporting Information). Further-
more, direct comparison with FDA-approved indocyanine green
(ICG) demonstrated that the SAS system maintains compara-
ble clearance dynamics while offering superior tumor retention
and selectivity. In vivo administration of ICG in 4T1, CT26, and
B16F10 tumors revealed clearance times of 86.3, 80.26, and 98.96
min, respectively, closely aligning with the clearance profiles of
biotin-Cy7 in control cases (72.58 min for 4T1, 167.44 min for

Figure 4. Tumor visualization and 3D contrast enhancement via SAS penetration. a) Schematic diagram of the in vivo experiment. b) Fluorescence
images of tumors and adjacent skin captured using IVIS and a macroscope at 2, 6, and 12 h post-incubation (Scale bar = 1 cm). c) TBR, with statistical
comparisons between the SAS(+) group and each of the other individually. (n = 3) d) Relative fluorescent signal intensity of the tumor, normalized to
each respective control group, with statistical analysis results included. (n = 3) e) Schematic diagram of the three-dimensional visualization experiment.
f) Macroscope fluorescence images of the tumor after dissection into five equal parts (Scale bar = 1 cm). g) Average fluorescent signal intensity (0-255)
across the dissected surfaces. h) Bacterial selective colonization in the hypoxic region of a 4T1 tumor, with region 1 indicating the active tumor area and
region 2 indicating the hypoxic region (blue: DAPI staining; green: SAS with FITC plasmid, scale bar = 1mm). Statistical analyses were performed using
paired t-tests, comparing control and SAS (−) to SAS (+) groups. (*p < 0.05).
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Figure 5. Analysis of surgical tissues to confirm the accuracy of FGS in the orthotopic 4T1 tumor model. Fluorescent areas were excised in two steps
during surgery, while a non-fluorescent surrounding area was excised once for analysis. a) Schematic representation of FGS using the orthotopic mouse
model. b) Schematic illustration of the actual excised tissue based on the H&E image analysis from (c). c) Bright field and fluorescence filter images
captured during surgery, with red dotted lines indicating excised tissues. H&E images of the excised tissues (scale bar = 500 μm) and magnified images
of the boxed areas (scale bar = 50 μm) (T: Tumor, N: Normal tissue). d) Fluorescence images and H&E images in different tumor sizes (white scale bar
= 2 mm, black scale bar = 200 μm) (T: Tumor, N: Normal tissue).
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CT26, and 63.45 min for B16F10) (Figure S9g,h and Table S3,
Supporting Information). These comparable release profiles sug-
gest that the SAS-based contrast agent can integrate seamlessly
into existing clinical workflows while enhancing tumor imaging
efficiency. Together, these findings highlight the strong clinical
potential of the SAS system as a reliable and versatile contrast
agent for FGS, facilitating its transition toward clinical applica-
tion.
Beyond preclinical validation, the clinical translation of

bacteria-based tumor imaging and therapy is gaining mo-
mentum, with engineered bacterial strains like Salmonella ty-
phimurium (VNP20009) and SYNB1891 already in clinical tri-
als (NCT04167137).[49] The FDA-approved Bacillus Calmette–
Guérin (BCG) therapy for bladder cancer further demonstrates
the feasibility of bacterial-based treatments. Moreover, research
on engineering bacteria for tumor targeting has been actively
advancing,[50] leading to ongoing clinical studies exploring their
therapeutic applications.[51,52] However, several hurdles must
be addressed before clinical implementation, including regula-
tory challenges, biosafety concerns, and host immune response
modulation.[53,54] To mitigate these risks, extensive research has
been conducted on genetic attenuation, controlled regulatory
mechanisms, and biosafety evaluations. This study also demon-
strated efficient bacterial clearance and minimal systemic toxic-
ity, supporting the safety of bacterial-based imaging approaches.
Advancements in synthetic biology and bioengineering are fur-

ther expanding the potential of bacterial-based imaging. Genetic
modifications are being developed to enhance tumor targeting,
reduce virulence, and improve overall safety profiles.[50] Addition-
ally, the SAS system’s adaptability suggests potential integration
with other imagingmodalities, such asNIR-II fluorescence imag-
ing, which offers advantages like deeper tissue penetration and
improved signal-to-noise ratios.[55] Given its tumor-selective tar-
geting, the SAS system could also be engineered to deliver NIR-II
fluorophores, broadening its application in fluorescence-guided
surgery. Furthermore, although the present study focused on de-
lineating margins of primary tumors for curative surgical resec-
tion, the detection of metastatic lesions–particularly small, dis-
seminated foci–remains an unmet clinical need where bacterial
imaging agents may also prove valuable. Expanding SAS-based
imaging tometastasis-targeted applications represents an impor-
tant direction for future research, especially for cancers where
accurate localization of secondary lesions is essential for surgical
or systemic intervention.These findings collectively support the
clinical viability of the SAS-based contrast system and emphasize
the need for continued development to facilitate its transition into
clinical oncology.

3. Conclusion

This study developed an SAS-based contrast agent for fluores-
cence image-guided tumor resection surgery, demonstrating its
ability to enhance intra-tumoral fluorescent signal retention, im-
prove tumor-selective imaging, and provide superior contrast ef-
ficiency. By leveraging intratumoral penetration, SAS enabled en-
hanced 3D tumor visualization, overcoming the limitations of
conventional contrast agents. The system was validated in flu-
orescence image-guided tumor resection surgery, accurately de-
lineating tumor margins while minimizing positive margins.

Long-term biosafety evaluations confirmed minimal systemic
toxicity and efficient bacterial clearance, reinforcing its safety
for potential clinical applications. Furthermore, the SAS system
demonstrated broad applicability across different tumor mod-
els, with fluorescence retention outperforming conventional con-
trast agents, suggesting its potential for various solid tumors
beyond those tested. While factors like tissue density and the
blood–brain barrier may influence performance in specific can-
cers, existing studies support the feasibility of bacterial thera-
pies in overcoming these challenges. In validating the tumor-
targeting and contrast-enhancing capabilities of the SAS plat-
form, its potential for expansion into bacterial-mediated tumor-
targeting (BMTT) applications becomes evident, as the inher-
ent immune-modulatory properties of bacteria provide a com-
pelling basis for future therapeutic integration.Further investi-
gations will be necessary to optimize SAS for a wider range of
tumor types and enhance its clinical utility. These findings high-
light SAS as a promising platform for precision surgical imag-
ing, paving the way for its integration into clinical fluorescence-
guided surgery.

4. Experimental Section
Bacterial Strains and Culture Conditions: The Salmonella strain BRD509

(aroA aroD-, mutant of SL1344) was used,[56] as well as a strain with asd
and rcsB deletions (aroA aroD asd rcsB- of SL1344) (Table S1, Support-
ing Information). Thankfully obtained BRD509 and BRD509 asd– strains
from Professor In-Soo Lee at Hannam University. The rcsB gene was
deleted from strain #178 using rcsB-pkd13-For and rcsB-pkd13-Re primers
via the lambda-mediated targeted mutagenesis method,[57] resulting in
the completion of the aroA aroD rcsB Salmonella strain (#245) (Table
S4, Supporting Information). P22 phage (strain construction utilized ei-
ther P22-mediated generalized transduction)[58] was employed to transfer
rcsB from strain #245 to strain #177, resulting in the creation of strain
#1237 (Table S1, Supporting Information). Strain #1237, containing flgM-
streptavidin, was confirmed as flgM-streptavidin-flhDC-pBAD18-asd+ /
#1237 (aroA aroD asd rcsB-) to yield strain #1594. All DNA manipula-
tions were performed using the E. coli strain DH5a. The plasmids were
transferred into S. typhimurium SF586 by electroporation and followed by
transformation into the strain.

Constructing a Plasmid for Streptavidin Secretion via the Flagellar Secre-
tion System: flgM-streptavidin was designed by fusing the flgM protein
with engineered Monomeric Streptavidin (Figure S1a, Supporting Infor-
mation). This engineered monomeric streptavidin contains an N-terminal
6xHis tag and a C-terminal FLAG (DYKDDDDK) tag.[59] The amino acid se-
quences of flgM and streptavidin are shown in Figure S1b (Supporting In-
formation), and the codon-optimized DNA sequence of this fusion protein
was synthesized by Cosmogenetech (Seoul, Korea) as flgM-engineered
monomeric streptavidin gene (Figure S1c, Supporting Information).

A plasmid encoding recombinant streptavidin was constructed by lig-
ating a DNA fragment encoding flgM-streptavidin with pBAD18 after
digestion with NheI (1241A; Takara, JAPAN) and SacI (1078A; Takara,
JAPAN). The resulting plasmid was named flgM-streptavidin. The coding
sequences of flhDC together with the RBS were further cloned into flgM-
streptavidin following SacI and SalI (1080A, Takara, JAPAN) digestion.
LT2 Salmonella was PCR-amplified using flhD-Sac1-for and flhC-Sal1-re
primers and then ligated into the restriction sites behind flgM-streptavidin
using enzymes (Table S3, Supporting Information).

The streptavidin-associated Salmonella strains were cultured overnight
at 37 °C and 250 rpm in LuriaBertani broth (LB; 1% w/v of tryptone, 1%
w/v of NaCl, 0.5% w/v of yeast extract, supplemented with 100 μg/mL of
ampicillin). The overnight culture was diluted 100-fold into 50 mL LB and
incubated at 37 °C and 250 rpm until reaching an OD600 of 0.4–0.6. Upon
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reaching the desired OD, the cultures were centrifuged for 2 min at 8200
rpm, and the supernatant was discarded. The bacterial pellet was then
resuspended in 1 mL of culture per OD 1.0, ensuring a concentration of 4
x 108 CFU per mL for experimental use.

Measurement of Streptavidin Secretion in Bacteria by Western Blot Anal-
ysis: The strain #1237 containing the flgM-streptavidin plasmid, also
known as #1594, was grown in LBmedium at 37 °C with vigorous aeration
(200 rpm) for 1 h. After induction with 0.04% (v/v) L-arabinose for flgM-
streptavidin expression, the bacteria were further cultured for 6 h. Bacte-
rial cells were then harvested by centrifugation at 13,000 x g for 3 min. The
resulting pellet was resuspended in 1 mL of 1×PBS, and the culture super-
natant was filtered through a 0.2 μm pore size filter device. Each fraction
was mixed with 0.2% sodium dodecyl sulfate (SDS) loading buffer con-
taining 𝛽-mercaptoethanol. Total cell lysates were prepared using centrifu-
gation without separation. The whole-cell lysates and each fraction were
separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred onto a nitrocellulosemembrane (LC7034-300; GenDEPOT) for
Western blot analysis. The membrane was blocked at room temperature
for 1 h with blocking buffer, followed by incubation with primary antibod-
ies anti-His tag (SB194b, SouthernBiotech), anti-FLAG antibody (F3165,
Sigma-Aldrich, USA), and anti-DnaK antibody (ab69617, abcam, UK) di-
luted 1/1000 at 4 °C overnight. After washing the membrane three times
with Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST), secondary an-
tibodies anti-mouse-IgG (7076s, Cell Signaling, Danvers, MA, USA) and
anti-rabbit IgG antibody (for DnaK, 7074, Cell Signaling Technology) were
used at a dilution of 1:5000 in TBST containing 2.5% skim milk at room
temperature for 1 h. The membrane was then washed three times with
TBST at 10-min intervals, followed by detection of protein expression us-
ing chemiluminescent substrate (32209, Thermo Fisher Scientific) on an
iBright CL1500 imaging system (Thermo Fisher Scientific).

Cell Growth Assay and Western Blot Assay: Strain #1594 was grown
overnight with shaking in LB medium, and the OD600 was adjusted to ap-
proximately 0.05. The culture was incubated at 37 °C and 250 rpm. After 1
h, two groups were formed: the uninduced group (green) and the group in-
duced with 0.2% (w/v) L-arabinose in di water (final concentration) (blue).
The OD600 of each culture was measured hourly following induction for 1,
2, 3, 4, 5, and 6 h. At each time point, 1 mL of supernatant was concen-
trated, and Western blotting was performed using anti-His tag antibodies
to detect FlgM-Streptavidin. TheWestern blotting procedure was the same
as described in the section of “Measurement of Streptavidin Secretion in
Bacteria by Western Blot Analysis” using anti-His tag antibodies.

ELISA Assay: Using the samemethod as in the section of “Cell Growth
Assay and Western Blot Assay,” strain #1594 was divided into uninduced
(non-induction) and induced (induction with 0.2% (w/v) L-arabinose in di
water) groups. After 6 h, supernatants from each groupwere collected, and
the amount of FlgM-Streptavidin was measured using the His Tag ELISA
Detection Kit (L00436, GenScript, USA).

Motility Assay: Motility assays were conducted using soft agar tryp-
tone plates (per liter: 10 g Bacto tryptone, 5 g NaCl, and 3 g Bacto agar). A
bacterial colony was selected using a toothpick and inoculated into the soft
agar, followed by incubation at 37 °C for approximately 4 h. If necessary,
0.2% (w/v) L-arabinose was added for pBAD induction.

HABAAssay: An experiment was conducted to verify the secretion per-
formance of streptavidin through bacterial induction. At intervals of 1 h af-
ter the start of induction, a portion of the culture was separated, and cen-
trifuged at 8200 rpm for 2 min to obtain the supernatant containing strep-
tavidin. The principle of increasing absorbance by the binding of HABA (4’-
hydroxyazobenzene-2-carboxylic acid) to streptavidin present in the super-
natant was utilized to design a method where no absorbance change oc-
curs when streptavidin in the supernatant binds to biotin added artificially
(Figure 2f). EZ-Link Sulfo-NHS-Biotin (Thermo ScientificTM, cat#21425)
was prepared at a concentration of 1.65 mg/mL in ultrapure water (UP).
In cases where biotin was added, the biotin solution and the supernatant
were reacted for 30 min on a 500 rpm shaker at the same volume ratio.
Subsequently, they were reacted with a 0.3 mM HABA solution (Thermo
Scientific) at a volume ratio of 9:1 and the absorbance at 500 nmwasmea-
sured. This was compared with the case where biotin was absent to verify
the streptavidin secretion of SAS. Additionally, to quantify the amount of

functionalized streptavidin on the bacterial surface, biotin (20μL of 0.1g/L)
and Flamma 749 (Bioacts, Incheon) were added at each h of induction
duration to induce bacterial binding. The ratio of bacteria bound to biotin-
Cy7 to the total number of bacteria was quantified through the presence
or absence of fluorescent signals observed under a microscope (Zeiss Ax-
ioObserver Z1).

In Vitro Streptavidin Associated Fluorescent Signal Retainment Validation
Assay: Furthermore, we validated the enhancement of fluorescence sig-
nal maintenance within cancerous tissues using the proposed SAS sys-
tem in an in vitro cancerous tissue mimicry experimental device employ-
ing porous agarose, as shown in Figure 3a. The bottom compartment of
the confocal dish was solidified into a gel form. (Control; agarose 0.72%
w/v, LB 14% v/v, PBS 14% v/v, SAS (−); agarose 0.72% w/v, SAS(4 x 107)
in LB 14% v/v, PBS 14% (v/v), SAS (+); agarose 0.72% w/v, SAS(4 x 107)
in LB 14% v/v, L-arabinose 5.71% w/v). Then, biotin-Cy7 (20μL of 0.1g/L)
was added to each well overnight to allow diffusion into the cancerous tis-
sue mimic platform at 37 °C. The following day, to mimic fluorescent dye
drainage, PBSwashingwas performed hly while acquiring fluorescence im-
ages every 30 min at different depths of the agar (Z1 ∼ Z4 in Figure S3a,
Supporting Information), and signal intensity (0∼ 255) wasmeasured and
analyzed using ImageJ (NIH, Bethesda, MD). The bottom Z1 of the agar
was designed to represent the depth of the tumor as the necrotic area, pro-
gressing upwards to mimic the surface of the tumor. Fluorescence images
were acquired through a microscope (Zeiss AxioObserver Z1).

Mammalian Cell Culture (4T1, CT26, and B16F10): Three cell lines -
mouse breast cancer cells 4T1 (ATCC CRL-2539), colon cancer cells CT26
(ATCC CRL-2638), and melanoma cells B16F10 (ATCC CRL-6475)) were
used. Cells were cultured in T75 flasks with RPMI 1640 (Gibco; for 4T1,
CT26) and DMEM (Gibco; for B16F10) containing 10% v/v Fetal Bovine
Serum (FBS; Gibco) and 1% v/v penicillin-spectinomycin (Gibco) at 37
°C in a 5% CO2 environment. When the cells reached 80–90% confluency
in the flask, they were detached using 0.25% trypsin-EDTA (Gibco) 3 mL,
counted using a hemocytometer, and diluted to the appropriate concen-
tration for the respective experiments.

Animal Study: All animal experiments were conducted in strict ac-
cordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC, approval number: KIST-IACUC-2023-026-1). Female
5-week-old BALB/cmice (for 4T1 andCT26 tumors) and C57BL/6mice (for
B16F10 tumors) were obtained from Orientbio, Sungnam, and allowed a
week for environmental adaptation. Eachmouse was then subcutaneously
injected with 1 x 106 cancer cells in 30 μL into the left thigh. When the tu-
mor size reached 300–500mm3, the mice were anesthetized, and 5 x 107

CFU of the SAS strain in 100 μL was administered intravenously via the tail
vein. After 24 h, streptavidin secretion was induced by intraperitoneally in-
jecting 200 μL of 40% (w/v) L-arabinose in di water. In 2 h, 20 μL of biotin-
Cy7 at 0.1g/L was injected subcutaneously around the tumor. Tissues, in-
cluding the tumor, surrounding skin, liver, spleen, and kidney, were har-
vested at 2, 6, and 12 h post-injection following euthanasia of the mice. To
confirm bacterial colonization in hypoxic regions, SAS with GFP plasmid
strain was injected into 4T1 tumors, and after 24 h, the mice were eutha-
nized, tumors were extracted, sectioned, and stained with Nucblue (Ther-
mofisher). Fluorescence microscopy (Zeiss AxioObserver Z1) was used to
capture images of the slices.

Fabrication of theMacroscope and Fluorescence Imaging: To confirm the
fluorescently labeled lesion area during surgery, fluorescence imaging de-
vices such as IVIS are not feasible due to spatial constraints. Recently,
surgical microscopes equipped with fluorescence functionality have been
developed, but they are not specialized for the fluorescent contrast agent
used in this study and are very expensive.[60,61] Therefore, a macroscope
was custom-made for this study. This macroscope is designed to capture
a 10 cm X 10 cm area from 30 cm above the lesion, allowing visualization
of both three-dimensional visible light images and fluorescence images
simultaneously, enabling precise delineation of lesion boundaries by the
surgeon (Figure S4a, Supporting Information). For fluorescence imaging,
a 780 nm longpass filter was attached to amonochrome camera, and a 700
nmLED collimated light source was used as the excitation light. Figure S4a
(Supporting Information) illustrates the configuration of the macroscope.
The image transformation matrix between the left/right RGB camera and

Adv. Mater. 2025, 37, 2504389 2504389 (12 of 16) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Streptavidin-secreting Salmonella demonstrates biological safety in vivo. a) Experimental design inmice bearing 4T1 tumors (n= 3). Salmonella
secreting streptavidin (2 x 107 CFU) was intravenously injected, and observations were made on day 15. b) Body weight changes in mice after Salmonella
administration. c) TNF-𝛼 levels measured in serum on day 15 post-administration. d) IL-6 levels measured in serum on day 15 post-administration.
e–h) Biochemical indicators, including CREA, BUN, ALT, and AST, measured in serum on day 15 post-administration. The yellow-shaded areas represent
the average normal range (n = 3). Data are presented as mean ± SEM. e) 0.2–0.9 mg/dL. f) 8–33 mg/dL. g) 17–77 U/I. h) 54–298 U/I. i) Representative
histological images of various tissues from tumor-bearing mice treated with Salmonella. Tissue sections (heart, liver, spleen, lung, kidney, and tumor)
were prepared on day 15 after Salmonella treatment and stained with H&E. (Scale bar = 50 μm) Statistical analyses were performed using paired t-tests.
(*p < 0.05).
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the monochrome camera is obtained in advance using stereo calibration
methods for each pair. Based on this transformation matrix, the fluores-
cence images obtained from the monochrome camera are overlaid onto
the RGB images for visualization. The left/right RGB images can be viewed
stereoscopically by the surgeon through a head-mounted display (HMD)
or visualized on a three-dimensional monitor. Figure S4b (Supporting In-
formation) shows the result of overlaying the fluorescence image onto the
RGB image.

The overall trends observed in fluorescent signal intensity analyzed us-
ing the macroscope were similar to those obtained from IVIS imaging.
However, when comparing the 12 h tumor images in Figure 4c obtained
from IVIS and macroscope, a greater decrease in fluorescent signal inten-
sity was observed with the macroscope. This discrepancy is attributed to
differences in sensitivity according to the depth under the surface between
IVIS and macroscope imaging. IVIS demonstrated better recognition of
fluorescent signals from deeper locations compared to the macroscope
(Figure S4c–e, Supporting Information). Fluorescent agar was prepared
by adding 100 μL of 1 g/L biotin-Cy7 to 900 μL of 1.5% agar. After solid-
ifying 100 μL of fluorescent agar in a cuvette, an additional 0–900 μL of
1.5% agar was layered on top and allowed to solidify before fluorescence
imaging was performed.

Fluorescence Imaging for Intraoperative Tumor Localization: Fluores-
cence imaging to assess tumor contrast efficiency during surgery was
conducted using the IVIS (Caliper, USA) filter set: 𝜆exc = 745 nm, 𝜆emi
= 800 nm. Tumor, skin tissue at the site of fluorescence injection, liver,
spleen, and kidneys were captured under the same imaging conditions,
and fluorescent signal intensity was analyzed. The same method was ap-
plied to capture images of organs using a Macroscope available for use
during surgery. To verify the distribution of fluorescent dye within the tu-
mor, the tumor was sectioned perpendicular to the injection site into five
equal parts, and fluorescence images of the sections were captured. TBR
quantified by dividing the fluorescent signal intensity of the tumor by the
fluorescent signal intensity of the skin tissue at the injection site.

Time Course Fluorescent Signal Distribution: Fluorescence imaging to
observe changes in the residence time of the fluorescent dye depending
on the presence of SAS was conducted using the IVIS (Caliper, USA) filter
set: 𝜆exc = 745 nm, 𝜆emi = 800 nm. Time-dependent changes in fluorescent
signal intensity were analyzed from the time of fluorescent dye injection
via peritumoral injection until 3 days thereafter.

Tumor Colonized Bacteria Counting: To determine the number of bac-
teria remaining in the three types of tumor and major organs, a portion
of excised tumor and major organs was sectioned, weighed, and homog-
enized in 1 mL of PBS. The samples were then spread onto 1.5% LB agar
plates (with 100 μg/mL of ampicillin) and incubated overnight at 37 °C
to count colony-forming units (CFU) and measure the concentration of
bacteria present in the tumor and organs.

SAS Mediated Fluorescence Image Guided Tumor Dissecting Surgery: To
assess the effectiveness of tumor imaging, fluorescence image-guided
surgery was performed using SAS. For the orthotopic tumor model, 5-
week-old female Balb/c mice (OrientBio, Sungnam) were acclimatized for
a week. Tumor models were established by anesthetizing the mice via
isoflurane inhalation, followed by subcutaneous injection of 1 x 106 4T1
cells suspended in 20 μL of RPMI 1640 into the mammary fat pad. When
the tumor size reached 300–500mm3, 5× 107 CFU of the SAS strain in 100
μL was administered intravenously via the tail vein. After 24 hours, strepta-
vidin secretion was induced by intraperitoneal injection of 200 μL of 40%
(w/v) L-arabinose. Two hours later, 20 μL of 0.1 g/L biotin-Cy7 was sub-
cutaneously injected around the tumor. Tumor resection was performed
6 h after the injection of biotin-Cy7 to align with clinically relevant surgi-
cal durations, which typically range from 3 to 4 h,[27,62] including prepara-
tion time. This selection ensures that the fluorescent signal remains stable
throughout the procedure while also accounting for potential variations in
surgical length due to tumor morphology and patient conditions. The pro-
cedure began with the removal of the abdominal skin under white light,
while the visible fluorescent signal was continuously monitored in real-
time under macroscope (Movie S1, Supporting Information). Tumor was
excised based on the fluorescence-guided locations. Resection was con-
tinued until no residualfluorescent signal could be detected, ensuring the

complete removal of the tumor. Surrounding tissues showing no fluores-
cent signal were further excised (3rd section in Figure 5b; Figure S7, Sup-
porting Information) to confirm the absence of residual tumor cells.

The excised tissues were fixed in 4% paraformaldehyde (PFA) and sub-
sequently underwent hematoxylin and eosin (H&E) staining for histologi-
cal evaluation. All stained samples were independently reviewed by pathol-
ogist Professor Jin-Man Kim, who was blinded to the clinical information.

Comprehensive Biosafety and Pharmacokinetic Evaluation—Evaluation:
As shown in Figure 6a, when 4T1 tumors reached 150mm3, SAS bac-
teria (2 × 107 CFU) were administered, followed by daily L-arabinose in-
jections (200 μL of 40% (w/v)) starting three days post-inoculation. After
15 days, blood samples were collected from each group and centrifuged
at 8,000 rpm for 10 minutes at 4 °C to obtain serum. For the measure-
ment of inflammatory cytokines, mouse TNF-𝛼 (Abcam, Cat#Ab208348)
and IL-6 (Abcam, Cat#Ab222503) ELISA kits were purchased from Abcam.
Biochemical markers in serum, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (BUN), and crea-
tinine (CREA), were analyzed using the respective assay kits.

Comprehensive Biosafety and Pharmacokinetic Evaluation—
Immunohistochemical Analysis: For immunohistochemical analysis,
tissue samples from the heart, liver, spleen, lung, kidney, and tumor were
collected 15 days after Salmonella treatment and embedded in 4 μm-thick
paraffin sections for H&E staining to assess histopathological changes.

Comprehensive Biosafety and Pharmacokinetic Evaluation—Measurement
of Streptavidin in blood by ELISA: Tomeasure streptavidin levels in blood,
4T1 tumor cells (1 × 106) were subcutaneously injected into the left thigh
of mice. When tumors reached 300–500mm3, SAS bacteria (5 × 107 CFU
in 100 μL) were administered intravenously via the tail vein. Three days
later, streptavidin secretion was induced by intraperitoneal injection of
200 μL of 40% (w/v) L-arabinose. Blood samples were collected at 1, 3,
7, and 14 days, centrifuged at 2,000 g for 10 minutes using a serum sepa-
ration tube to obtain serum and streptavidin levels were quantified using
the Streptavidin ELISA Detection Kit (AKR-5186, USA).

Statistical Analysis: All statistical analyses were performed using Ori-
gin software. Paired t-tests were conducted to compare experimental
groups, with statistical significance determined at p < 0.05. Data are pre-
sented as mean ± standard deviation (SD), and all experiments were con-
ducted with at least three independent replicates to ensure reproducibility.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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