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Aggregation induced emission luminogen
bacteria hybrid bionic robot for multimodal
phototheranostics and immunotherapy

Liwei Zhu1,6, Guangjie Song2,6, Wentian Zhang1, Yifan Wu1, Yuling Chen1,
Jiayi Song1, DeliangWang3, Guoxin Li 4 , Ben Zhong Tang 5 & Ying Li 1

Multimodal phototheranostics utilizing single molecules offer a “one-and-
done” approach, presenting a convenient and effective strategy for cancer
therapy. However, therapies based on conventional photosensitizers often
suffer from limitations such as a single photosensitizing mechanism, restricted
tumor penetration and retention, and the requirement formultiple irradiations,
which significantly constrain their application. In this report, we present an
aggregation-induced emission luminogen (AIEgen) bacteria hybrid bionic robot
to address above issues. This bionic robot is composed of multifunctional
AIEgen (INX-2) and Escherichia coli Nissle 1917 (EcN), i.e., EcN@INX-2. The
EcN@INX-2 bionic robot exhibits near-infrared II (NIR-II) fluorescence emission
and demonstrates efficient photodynamic and photothermal effects, as well as
tumor-targeting capabilities. These features are facilitated by the com-
plementary roles of INX-2 and EcN. The robot successfully enables in vivo
multimodal imaging and therapy of colon cancer models in female mice
through various mechanisms, including the activation of anti-tumor immunity,
as well as photodynamic and photothermal therapy. Our study paves an avenue
for designing multifunctional diagnostic agents for targeted colon cancer
therapy through image-guided combinational immunotherapy.

Malignant neoplasms pose a serious threat to human health and are
one of the leading causes of death worldwide1. Traditional modalities
such as surgery, chemotherapy, and radiotherapy are frequently
encumbered by challenges related to efficacy, side effects, and poor
patient prognosis. This has intensified the need for more effective
cancer therapies2. Phototherapy is a non-invasive approach minimally
impacting healthy tissues, targeting exclusively the irradiated region,
thereby aligning with the principles of precision medicine3,4. In recent

years, photodynamic therapy (PDT) and photothermal therapy (PTT)
have garnered considerable attention for their potential to overcome
many of the limitations associated with traditional treatments5,6. The
synergistic combination of PDT and PTT has shown promising
potential, as the thermal effects of PTT augment oxygen supply,
thereby boosting the effectiveness of PDT7–9. Such agents not only
streamline the therapeutic process but also augment efficacy by
inducing immunogenic cell death (ICD)10 and stimulating immune
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responses11,12. Bypromoting thematuration of dendritic cells (DCs) and
the activation of T cells13, ICD significantly enhances T cell-mediated
antitumor immunity14,15. Photosensitizers (PSs) possess the potential to
induce oxidative stress within cancer cells, thereby triggering ICD16,17.
The potency of the immune response elicited by ICD is intricately tied
to the generation of reactive oxygen species (ROS)18,19. However, the
intricacy inherent in the combination of diverse components renders
the synergistic therapeutic process convoluted and protracted,
potentially heightening in vivo toxic side effects20. In this context, the
urgent development of multifunctional single-component therapeutic
agents capable of harmonizing PDT and PTT at a singular excitation
wavelength is imperative21,22.

Aggregation-induced emission (AIE) has become a groundbreak-
ing concept in biophotonics, especially in cancer therapeutics23,24. AIE
luminogens (AIEgens) exhibit distinctive features, including intramo-
lecular motion units and complex, twisted three-dimensional struc-
tures that minimize intermolecular interactions and molecular
mobility25,26. These agents, through careful design, are able to integrate
dual roles of PDT and PTT7,8. Additionally, AIEgens offer multimodal
imaging capabilities, including near-infrared (NIR) fluorescence ima-
ging (FLI), photoacoustic imaging (PAI) and photothermal imaging
(PTI)7,8. These imaging techniques provide complementary views into
tumor biology and the microenvironment, and aid in accurate tumor
detection and therapeutic response monitoring27–29. For example, FLI
provides high spatial resolution and sensitivity30, PAI excels in deep
tissue penetration and contrast31, and PTI monitors temperature
changes during PTT29, thereby enhancing the precision of cancer
treatment32,33. In conclusion, AIEgens can enable efficient ICD with the
synergistic effect of PDT and PTT under multimodal imaging
guidance34,35, making them essential tools for tumor treatments.
Despite the robust properties of AIEgens like enhanced fluorescence
and photostability, the acidic, hypoxic, and abnormal vascular tumor
microenvironment impede drug delivery, leading to therapeutic
resistance and immune suppression within tumors25,26. Moreover,
systemically administered AIEgens lack tumor cell specificity and may
pose toxic risks to healthy tissues36. Therefore, improving the tumor-
targeting ability and efficacy of AIEgens is a significant challenge that
remains to be addressed.

In recent years, biological carriers, including cells, bacteria, and
viruses37,38, have attracted considerable attention in tumor therapy due
to their ability to naturally target and accumulate within tumor
tissues8,39–44. Among these, bacteria-mediated cancer therapy stands
out as a highly promising biotherapeutic strategy. Certain bacterial
genera, such as Escherichia, Salmonella, Listeria, Clostridium, and Bifi-
dobacterium, show a natural propensity for tumor targeting, selec-
tively accumulating within tumor tissues45–48. Escherichia coli Nissle
1917 (EcN) is renowned for its antimicrobial attributes, regulation of
gutmicrobiota, and facultative anaerobicnature. As the cornerstoneof
the Mutaflor® drug, it has been utilized in the treatment of inflamma-
tory bowel disease and gastrointestinal tumors49–51. However, bacterial
therapy has been hindered by dose-dependent toxicity and the need
for careful dosage control, which can compromise therapeutic
efficacy37,39. Consequently, relying solely on bacteria to suppress
tumors often fails to achieve the desired therapeutic outcomes52.
Therefore, combining AIEgens with bacteria offers a promising solu-
tion by enhancing tumor targeting and enabling controlled release of
therapeutic agents, ultimately improving the efficacy of cancer treat-
ment while minimizing side effects53.

In this work, we propose an innovative concept of an “AIEgen
Bacteria Hybrid Bionic Robot” (EcN@INX-2) that integrates AIEgen
with EcN to achieve multimodal phototherapeutic outcomes (Fig. 1).
By strategically modulating the molecular structure of AIEgen, we
successfully synthesized INX-PF6− (INX-2), which exhibits AIE char-
acteristics, NIR absorption, NIR-II emission, remarkable photothermal
and photoacoustic properties. Furthermore, EcN@INX-2 combines

these unique properties with the tumor-targeting capabilities of EcN.
Upon intravenous administration, the hybrid bionic robot pre-
ferentially localize within tumor tissues due to the natural hypoxia-
targeting ability of EcN. In vivo multimodal imaging facilitates dis-
cernment between tumors and normal tissues with high sensitivity,
thereby enabling precise targeting of tumor treatments. The light-
induced generation of ROS through PDT further promotes ICD in
tumor cells, potentiating anti-tumor immune responses. This study
seamlessly integrates robotics with biological systems, imbuing EcN
bacteria with phototheranostic AIEgen properties to fabricate fully
motile bio-hybrid microrobots. It underscores the potential of
bacteria-mediated enhancement of anti-tumor immunotherapy
through the deployment of phototheranostic AIEgen.

Results
Molecular design, synthesis and characterization
To construct a multimodal functional probe, INX-I− (INX-1) and INX-
PF6− (INX-2) were ingeniously fabricated by selecting bis(4-methox-
yphenyl)amine, 2,3-dihydro-1H-xanthene and 1-ethyl-2,3,3-trimethyl-
3H-indolium iodide as the strong donor, π-bridge, and acceptor,
respectively. The iodide (I−) and hexafluorophosphate (PF6−) were
introduced into the molecules as counter ions, which are expected to
regulate the solubility and luminescence properties at the aggregated.
The propeller-like twisted structures of INX-1 and INX-2 could not only
efficaciously restrain the fluorescence quenching in intraparticle
aggregates by significantly reducing the intermolecular π-π stacking,
but also extend the intermolecular distance and induce relatively loose
intermolecular packing in the aggregate state, which greatly helpful to
reserve part of the intramolecular rotation, thus favoring heat gen-
eration within aggregate. These aforementioned structural features
would endow INX-2 with typical aggregation-induced near-infrared
second window fluorescence emission (NIR-II AIE) characteristics and
equip the resulting AIE aggregate with prominent versatility (PDT and
PTT) as well as longer absorption/emission wavelengths.

To verify the hypotheses, we initially designed and synthesized
twoPSs (namely INX-1 and INX-2, Fig. 2a andSupplementaryFig. 1). The
details of synthesis information were shown in Supplementary Fig. 1.
All of the intermediates and target compounds were smoothly
obtained by a few reactions, and well confirmed by nuclear magnetic
resonance (NMR) and high resolution mass spectra (HRMS) as shown
in Supplementary Figs. 2–5. INX-1 and INX-2 were scrutinized for their
absorption and emission characteristics through analysis of their UV-
visible-near infrared (UV-NIR) and photoluminescence (PL) spectra.
Figure 2b illustrates that both INX-1 and INX-2 exhibited extended
absorption wavelengths. Notably, INX-2 showed elongated emission
wavelengths with a portion of its emission spectrum in the near-
infrared region (NIR-II window), thereby facilitating its applicability in
NIR-II fluorescence imaging (Fig. 2c). Consequently, INX-2 was chosen
for subsequent experimentation. Subsequently, the AIE characteristics
of INX-2 were scrutinized by monitoring its fluorescence in a dimethyl
sulfoxide (DMSO)/Toluene mixed solvents with varying toluene frac-
tions (fToluene). It was observed that INX-2 manifested weak fluores-
cence in pure DMSO solvent, with its fluorescence gradually
intensifying as the toluene fraction increased (Supplementary
Figs. 6a, b), signifying its favorable propensity towards AIE.

Subsequently, an exploration into the photothermal effects of
INX-2was undertaken. As depicted in Fig. 2d and Supplementary Fig. 7,
the temperature escalated proportionally with the increase in INX-2
concentration under laser irradiation (660nm, 0.45Wcm−², 5min),
accompanied by a photothermal conversion efficiency (η) of 46.26%
(Fig. 2e). The PA spectra were measured by assessing the intensity
across various wavelengths ranging from 680nm to 970 nm, unveiling
a robust photoacoustic signal of INX-2 at 735 nm (Fig. 2f). To assess the
ROS generation capability of INX-2, theoretical calculations were exe-
cuted utilizing density functional theory (DFT) and time-dependent
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density functional theory (TD-DFT) with Gaussian 09 program at
BYLYP/6-31 G(d, p) level54,55. The energy differential of 2.23 eV between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of INX-2 was ascertained
(Fig. 2g), facilitating the proficient intersystem crossing (ISC) of ROS
from oxygen molecules56. The distribution of HOMO and LUMO orbi-
tals of INX-2 is significantly different due to the donor-acceptor (D-A)
structure. This results in INX-2 having a ΔES1-T1 value as small as
0.681 eV (Figs. 2h, Table S1). Furthermore, the computed SOC value
between S1 andT1 of INX-2 stood at 0.09 cm−1. The relatively lowΔES1-T1
and moderate SOC values are expected to promote T1 state formation
via effective ISC, which reveals the great potential of INX-2 to produce
ROS efficiently, for either type-I electron transfer or type-II energy
transferred processes. However, the energy gap, ΔES0-T1, is lower than
the triplet oxygen (3O2) / singlet oxygen (1O2) band gap, thereby pre-
cluding type-II energy transfer processes57. This theoretical prediction
is consistent with the experimental validation of reactive ROS types
produced by INX-2. In addition, we further verified that the single
electron transfer could take place between excited INX-2 and the
environmental hydroxyl anion before INX-2 transfers electrons to O2.
The entire process was accompanied by a Gibbs free energy change of
-14.32 kcal. mol−1, calculated by PWPB95-D3/def2-TZVP method using

the ORCA 4.2.1 program (Supplementary Figs. 8, Table S2–5). In sum-
mary, the theoretical calculations conducted via computational soft-
ware delineated notable photodynamic activity of INX-2.

ROS can be categorized as type-I and type-II based on the distinct
mechanisms of interaction between PS and oxygen58,59. Triplet state PS
generates type-I ROS through electron transfer, primarily involving
superoxide anion radical (O2

·−), hydrogen peroxide (H2O2), and
hydroxyl radical (·OH). In contrast, type-II ROS mainly consist of 1O2

produced by oxygen through energy transfer (Fig. 3a). The capacity of
INX-2 to produce ROS through laser stimulation in aggregate state
(DMSO/phosphate-buffered saline (PBS), 1/99, v/v) was further inves-
tigated using a fluorescent probe to detect ROS. The overall ROS
generation ability of INX-2was initially evaluated using the commercial
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a compre-
hensive ROS indicator60. When the combination of DCFH and PS was
exposed to a laser (660nm, 0.45Wcm−2, 10min), the fluorescence
intensity of the oxidized product DCF at 525 nm exhibited a notable
increase. In particular, in comparison to the initial fluorescence
intensity, the fluorescence intensity of the commercial PS Chlorin e6
(Ce6), and INX-2 rose by 100-fold, and 550-fold respectively (Fig. 3b).
Various reactive oxygen fluorescent probes were utilized to elucidate
the specific ROS produced by INX-2 under a laser (660nm,

Fig. 1 | Schematic illustrative depiction of the AIEgen bacteria hybrid bionic
robot EcN@INX-2 for guiding multimodal imaging and its application in elu-
cidating cancer immunotherapy mechanisms. An AIEgen bacteria hybrid bionic
robot, EcN@INX-2, was fabricated by integrating the AIEgen (INX-2) with bacteria
(EcN). Following systemic administration, EcN@INX-2 infiltrates the tumor sitewith

its intrinsic tumor-targeting ability to facilitate multimodal imaging. Laser irradia-
tion of the tumor for combined photodynamic and photothermal therapy induces
ICD, triggers activation of CD4+ and CD8+ T cells, and elicits a potent immune
response, resulting in significant anti-tumor efficacy.
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0.45Wcm−2, 10min) (Fig. 3c–f). Singlet oxygen sensor green (SOSG)
and 9,10-anthracenediylbis (methylene) dipropanedioic acid (ABDA)
were used for the detection of 1O2, hydroxyphenyl fluorescein (HPF)
was employed for the identification of ·OH, and dihydrorhodamine 123
(DHR123) was deployed for the detection of O2

·− The results revealed
that the fluorescence intensity of themixed solution of Ce6 with SOSG
exhibited a rapid initial surge under laser irradiation (660 nm,
0.45Wcm−², 10min). Contrariwise, only a weak change in the fluor-
escence SOSG intensity was observed upon exposure to INX-2 under
identical circumstances (Fig. 3c). Similarly, the absorption peaks of
ABDA exhibited a gradual decline in the presence of Ce6, while there
was only a weak decrease in the absorption peaks of ABDA when

subjected to INX-2 under the same conditions (Fig. 3d). The fluores-
cence intensities of both SOSG and ABDA suggested that INX-2 pro-
duced only a very small amount of 1O2 in the solution. Conversely, in
the presence of INX-2, the fluorescence intensities of HPF at 525 nm
and DHR123 at 525 nm exhibited significant augmentation, with a 23.8-
fold amplification in the fluorescence intensity of HPF (Fig. 3e) and a
14.7-fold enhancement in the fluorescence intensity of DHR123
(Fig. 3f). These observations indicate that INX-2 possesses the cap-
ability to generate ·OH and O2

·− in the solution. The experimental
results were consistent with the theoretical calculation results
(Fig. 2g, h and Supplementary Figs. 8). Electron spin resonance (ESR)
spectroscopy, performed by irradiating mixtures containing 4-amino-
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2,2,6,6-tetramethylpiperidine (TEMP) or 5,5-dimethyl-1-pyrroline-
oxide (DMPO), corroborated that INX-2 barely produces 1O2 under
xenon lamp irradiation (300Wcm−2, 5min) (Fig. 3g), but yielded a
substantial quantity of ·OH (Fig. 3h) and O2

·− (Fig. 3i), aligning with the
aforementioned results obtained with the ROS fluorescent probe.
Based on the aforementioned experimental validation, INX-2 pre-
dominantly generates type-I ROS compared to Ce6 (Supplementary
Fig. 9), thereby enabling optimal utilization of limited oxygen. Con-
sequently, INX-2 presents notable advantages in the treatment of solid
tumors.

AIEgen bacteria hybrid bionic robot
Bacteria exhibit a remarkable capacity to colonize tumors, owing to
the intrinsic characteristics of hypoxia and diminished immune sur-
veillance within the tumor microenvironment. Moreover, these
microorganisms have a propensity to flourish in such hypoxic and
immunosuppressive conditions, rendering them ideal candidates as
delivery vehicles for tumor-targeted therapies. In this investigation, we
employed the probiotic EcN as a vector for INX-2 delivery. Confocal
laser scanning microscopy (CLSM) images revealed that INX-2 mole-
cules localized in the cytosol and on the surface of the bacteria after
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0.45Wcm−2, 10min), utilizing double fluorescence staining with SYTO 9 (green
fluorescence) and PI (red fluorescence) (Scale bar: 5 μm). h Representative TEM
images depicting the morphological characteristics of EcN following incubation
with or without INX-2 under dark conditions, as well as post laser irradiation
(660 nm, 0.45W cm−2, 10min), disrupted bacterial walls are denoted by red arrows
(Scale bar: 500nm). Data are presented asmean± SD (n = 3 independent samples).
For a, d, e, g, and h the experiment was repeated three times independently with
similar results. Source data are provided as a Source Data file.
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30min of coincubation with EcN (Fig. 4a). Ensuring the vitality of
bacteria represents a pivotal concern when harnessing them as con-
veyors of therapeutic agents. The growth dynamics of EcN in a liquid
medium were scrutinized through the evaluation of optical density
(OD) at 600 nm, serving as a measure of the opaqueness of cell sus-
pension. Examination of the growth profiles unveiled that the INX-2-
modified EcN bacteria (EcN@INX-2) demonstrated typical prolifera-
tion and division attributes, with a marginally discernible disparity in
viability between the EcN and EcN@INX-2 (Fig. 4b). The Zeta potential
of EcN@INX-2 was determined to be −12.83 ± 1.75mV, slightly less
negative than that of EcN at −15.73 ± 0.32mV (Fig. 4c). This variance
may be ascribed to the effective surface modification of EcN with the
positively charged INX-2. Evaluation of UV absorption spectroscopy
unveiled that EcN@INX-2 exhibited identical characteristic absorption
peaks as INX-2 (Fig. 4d), signifying that INX-2 had adhered and
encapsulated to EcN. Fluorescence signals emanating from INX-2
molecules affixed to the bacterial surface at various intervals of time
were discerned via flow cytometry. It was noted that the fluorescence
intensity remained unaltered after 24 h of co-incubation, indicating a
stable binding of INX-2 to the bacteria (Fig. 4e). These findings col-
lectively imply that INX-2 adheres to bacteria through electrostatic
adsorption to successfully form a stable AIEgen bacteria bionic robot
EcN@INX-2. In order to quantitatively characterize the loading capa-
city of a single EcN on INX-2, we constructed a standard curve (Sup-
plementary Fig. 10) and calculated that the loading capacity of a single
bacterium for molecules was 0.146pg and the loading efficiency was
96.7%. Moreover, EcN@INX-2 was washed three times with water and
was still able tomaintain binding stability (Supplementary Figs. 11a, b).
The results observed that ROS release and photothermal performance
of EcN@INX-2 slightly decreased after INX-2 was combined with EcN
(Supplementary Figs. 12a, b). Moreover, despite the dilution of INX-2
concentration in individual bacteria with each cell division, the col-
lective photothermal effect of the entire bacterial culture remained
comparable to its initial state (Supplementary Fig. 12b). This finding
indicated that, despite the dilution effect, the collective photothermal
response of the bacterial population is maintained.

To evaluate the potential antimicrobial efficacy of INX-2, we
investigated its direct interaction with bacterial cells. As shown in
Fig. 4f and Supplementary Fig. 13, bacterial suspensions derived from
distinct treatments were cultured on Luria Bertani (LB) agar and
incubated for a duration for 24 h. Following this, colony counts were
recorded to ascertain the extent of bacterial proliferation. In the
absence of laser irradiation, bacterial growth remained unaltered.
However, upon exposure to laser irradiation (660nm, 0.45Wcm−2,
10min), a conspicuous reduction in bacterial populationwasobserved
(Fig. 4f). To further substantiate the bactericidal functionality of INX-2,
we performed bacterial viability assays employing SYTO 9 green and
propidium iodide (PI) red fluorescent nucleic acid dye. The acquired
data revealed a dose-dependent escalation in the number of dead EcN
cells under laser irradiation (660 nm, 0.45Wcm−2, 10min), thereby
corroborating the antimicrobial potential of INX-2 (Fig. 4g). Notably,
transmission electron microscopy (TEM) images elucidated that the
morphology of EcN remained unaltered both before and after the
adsorption of INX-2. However, under laser irradiation (660 nm,
0.45Wcm−2, 10min), the cell walls andmembranes of the INX-2-loaded
EcN exhibited membrane structural membrane collapse (Fig. 4h).

Evaluation of AIEgen bacteria hybrid bionic robot in vitro
Based on the excellent photodynamic and photothermal properties of
INX-2, the in vitro anti-tumor effect of EcN@INX-2 has been validated.
Cell viability was evaluated using the conventional 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. CT26 cells
were co-incubated with varying concentrations of EcN@INX-2, subse-
quently exposed to laser irradiation (660nm, 0.45Wcm−2, 10min) or
maintained under dark conditions. Notably, the EcN@INX-2 + L group

demonstrated pronounced cytotoxicity towards CT26 cells, with cell
viability displaying a concentration-dependent decrease (Supplemen-
tary Fig. 14). It has been demonstrated that PDT-induced ROS and PTT-
mediated tumor injury can trigger an ICD cascade, thereby enhancing
tumor susceptibility to immunotherapy61,62. Accordingly, we investi-
gated the capability of the EcN@INX-2 + L group to induce ICD in vitro.
Immunofluorescence imaging revealed that the EcN@INX-2 + L group
significantly promoted surface-exposed calreticulin (ecto-CRT) expo-
sure on cancer cells compared to both the PBS group and the laser-
irradiated group (Fig. 5a). In addition, thefluorescence intensity of high
mobility group protein B1 (HMGB1) in the nucleus was significantly
reduced in the EcN@INX-2 + L group comparedwith that in the control
group, suggesting that the treatment in the EcN@INX-2 + L group
promoted the release of HMGB1 from the nucleus (Figs. 5b, Supple-
mentary Fig. 15). The findings indicated that treatment of CT26 cells
with EcN@INX-2 + L resulted in a pronounced increase in ecto-CRT
expression and a significant reduction in HMGB1 expression, corro-
borating the CLSM observations. These results suggest that EcN@INX-
2 + L can effectively induce ICD in tumor cells, which is pivotal for
enhancing tumor antigen presentation and T lymphocyte activation.

Building on the promising outcomes of the in vitro experiments,
we extended our investigation to evaluate the tumor penetration and
cytotoxicity of EcN@INX-2 using a 3D spheroid model of CT26 cells.
The 3D tumor spheroids were subjected to individual treatments with
INX-2 and EcN@INX-2 for 12 h, followed by Z-stack scanning via CLSM.
The results indicated that treatment with free INX-2 resulted in a red
fluorescent signal predominantly localing on the surface of the
spheroids. In contrast, fluorescence was detected within the inner
layers of the tumor spheroids upon treatment with EcN@INX-2,
demonstrating enhanced permeability of INX-2 facilitated by EcN
(Fig. 5c, d). This observation underscores the potential of the AIEgen
bacteria hybrid bionic robot for improving therapeutic effects in deep
tumor tissues. Following 12 h of incubation with the respective for-
mulations, the 3D tumor spheroids were irradiated witha laser (660
nm, 0.45Wcm−2, 10min). Cell viability within the spheroids was eval-
uated using the LIVE/DEAD Viability/Cytotoxicity Assay Kit. Notably,
the 3D tumor spheroids treated with EcN@INX-2 + L had extensive cell
death throughout the spheroids, including the inner regions (Fig. 5e).
Conversely, the treatment with INX-2 + L induced cell death primarily
restricted to the outermost layer of the spheroids. The treatmentswith
PBS, PBS+ L, INX-2 and EcN@INX-2 showed minimal impact on cell
viability. These results indicate that EcN@INX-2 possesses the cap-
ability to penetrate the core regions of 3D tumor spheroids, effectively
eradicating hypoxic regions and ablating CT26 cells under laser irra-
diation (660nm, 0.45Wcm−2, 10min).

In vivo biodistribution of EcN
To assess the accumulation of EcN in the female mouse
CT26 subcutaneous tumor model, a long-term observation of the
in vivo biodistribution of EcN after injection was performed. A sterile
collection of tissues from key organs (heart, liver, spleen, lungs and
kidneys) and mouse tumors were performed before EcN injection into
the tail vein (day 0) and at specified intervals post-injection (day 1, 3, 6,
10 and 16). The tissues were then homogenized, diluted into gradient
suspensions with PBS, and plated on LB agar to enumerate bacterial
colonies. Following systemic drug administration via the tail vein, the
bacteriawere distributed in both the tumor anddifferent organ tissues.
Importantly, the initial bacterial colony count in the tumor and other
major organs was similar on day 1. However, after 3 days, a significantly
greater proliferation of colonies occurred in the tumor compared to
the other major organs. Over time, bacterial colonies in the organs
gradually decreased and were eventually cleared by the immune sys-
tem. Conversely, colonies in tumor tissues persisted for up to 16 days,
further confirming the ability of EcN to selectively target tumor regions
owing to its intrinsic hypoxic tropism affinity (Supplementary Fig. 16).
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Multimodality imaging of tumors in vivo
The in vitro experiments showed significant efficacy of EcN@INX-2 on
3D tumor spheroids, and the in vivo experiments in female mice
confirmed that EcN was able to selectively target hypoxic regions of
tumors while exhibiting durable retention ability. Subsequently, a

CT26 tumor female mouse model was constructed, and the precise
accumulation of EcN@INX-2 at the tumor site in vivo was evaluated
using multiple imaging techniques after EcN@INX-2 was injected via
the tail vein when the tumor volume reached 200mm3. Given that INX-
2 emits fluorescence in both the NIR-I and NIR-II windows, the
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observation of NIR-I and NIR-II fluorescence signals was also per-
formed in the tumor-bearing female mice (Fig. 6 a,b,c,d). Both NIR-I
and NIR-II fluorescence images distinctly depicted EcN@INX-2 locali-
zation within the tumor tissues, demonstrating dynamic changes in
fluorescence intensity over 10 days, thus confirming substantial

accumulation and retention of EcN@INX-2 in the tumor tissue. Ther-
mal imaging was employed to observe tumor regions in female mice
subjected to laser irradiation (660nm, 0.45Wcm−2, 10min), with real-
time infrared images directly depicting local temperature fluctuations
(Fig. 6e). In the PBS-treated control group, tumor temperatures rose
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gradually and reached 39 °C under continuous laser irradiation
(660nm, 0.45Wcm−2, 10min), while in the free INX-2 administration
group, temperatures at the tumor site reached 42 °C. By comparison,
in the EcN@INX-2 group, tumor temperature reached 51 °C, high-
lighting the capability of EcN to facilitate targeted delivery of INX-2 to
tumor tissue (Fig. 6f). To explore the photoacoustic effect of
EcN@INX-2 in tumors, PA imaging at the tumor sites was conducted
for the female mice received injections of PBS, EcN@INX-2 and
equivalent free INX-2 1-day post-administration. Spectral separation
techniques were applied to counteract the influence of hemoglobin

and deoxyhemoglobin. The PA signal detected in the control group
predominantly comprised hemoglobin (red) and deoxyhemoglobin
(blue). Crucially, the EcN@INX-2 group exhibited a more prominent
anddarker PA signal (green) of INX-2 at the tumor site compared to the
free INX-2 group, further affirming the tumor targeting and infiltration
capabilities of EcN@INX-2 (Fig. 6g). In conclusion, the findings from
fluorescence, photothermal and PA tri-modal imaging provide robust
evidence affirming the tumor-targeted delivery, prolonged retention,
and multimodal imaging functionalities of the AIEgen bacteria hybrid
bionic robot EcN@INX-2.
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EcN@INX-2 in tumor treatment in vivo
Given the remarkable tumor-targeting ability of EcN@INX-2, the
in vivo antitumor effect of EcN@INX-2 under laser irradiation after tail
vein injection was further evaluated (Fig. 7a). CT26 tumor-bearing
female mice were successfully established and randomly allocated to
the following experimental cohorts: (I) PBS group; (II) PBS plus laser
(PBS + L) group; (III) EcN group; (IV) INX-2 group; (V) INX-2 plus laser

(INX-2 + L) group; (VI) EcN@INX-2 group; (VII) EcN@INX-2 plus laser
(EcN@INX-2 + L) group. Laser irradiation (660nm, 0.45Wcm−2,
10min) was performed 1 day after intravenous injection. Throughout
the treatment regimen, the weight and tumor growth of each experi-
mental group of mice were monitored every two day.

It could be observed that the tumor growth of the EcN@INX-2 + L
groupwas significantly inhibited, and the average tumor volume at the
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end of the observation was only 33.83 mm3, much smaller than that in
the INX-2 + L group (908.31 mm3) and the PBS group (1417.89 mm3)
(Figs. 7b, c and Supplementary Fig. 17). The average tumor mass
observed after treatment in the EcN@INX-2 + L group was measured
merely 18.38mg (Fig. 7d), whichwasmuch smaller than that of the PBS
group (937.286mg). The excellent anti-tumor efficacy of the
EcN@INX-2 + L group was mainly attributed to the targeting effect of
EcN and the PDT and PTT of INX-2. Hematoxylin and eosin (H&E)
staining as well as terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) assay further confirmed the pronounced
antitumor effects of EcN@INX-2. H&E staining showed that among the
different treatment groups, the most pronounced damage took place
in the EcN@INX-2 + L group, with disappearance of nuclei and a light
red cytoplasm (Fig. 7e, row 1). In addition, strong red fluorescencewas
observed in TUNEL staining, suggesting that EcN@INX-2 + L group
induced apoptosis of tumor cells (Fig. 7e, row 2). Furthermore, Ki-67
antibody staining elucidated the proliferative dynamics of endogen-
ous cell populations within malignant tumors and evaluated their
invasiveness. Compared with the other groups, the EcN@INX-2 + L
group significantly inhibited the proliferation of tumor cells (Fig. 7e,
row 3).

Photo-immunotherapy of tumors in vivo
Upon studying the immune response following the administration of
each agent, we assessed the activation of DCs in tumor tissue. The
results from flow cytometry indicated that the EcN@INX-2 + L group
exhibited enhanced maturation of DCs (15.5% MHC-II+CD11c+ DCs),
achieving a 4.62-fold, 1.72-fold and 1.69-fold increase compared to
the control group (3.4%), the EcN group (8.9%) and the INX-2 + L
group (9.2%) respectively (Figs. 8a, d and Supplementary Fig. 18a).
Cytotoxic T lymphocytes (CTL) (CD3+ CD8+ T cells) and helper T cells
(CD3+ CD4+ T cells) played a crucial role in adaptive immunity reg-
ulation. As demonstrated in Figs. 8c, f and Supplementary Fig. 18b,
the proportion of activated CD3+CD8+ T cells in the EcN@INX-2 + L
group (22.3%) was 3.66-fold, 1.91-fold and 2.14-fold higher than that
in the control, EcN and INX-2 + L groups respectively. Furthermore, in
addition to recruiting CTLs, the EcN@INX-2 + L group also prompted
a significant proliferation of helper T cells (17.1%) within the tumors,
resulting in a 3.33-fold increase in comparison to the control group
(Fig. 8b, e). These findings suggest that the EcN@INX-2 + L group
effectively triggered the immune response, which represents a cri-
tical step in initiating anti-tumor immunity. Furthermore, repre-
sentative biomarkers of ICD, such as HMGBl and etco-CRT, were
examined in tumor sections using immunofluorescence staining. A
significant reduction in nuclear HMGBl expression and increased
etco-CRT expression were observed in the EcN@INX-2 + L group
(Fig. 8g). Additionally, immunofluorescence staining demonstrated
that tumor sections from the EcN@INX-2 + L group exhibited abun-
dant CD11c+ DC cells, CD4+ helper T cells and CD8+ cytotoxic T cells
(Fig. 8h). These results collectively suggest that EcN@INX-2 + L
effectively stimulated anti-tumor immune responses, augmented the
presence of positive immune responders, ultimately restrained
tumor growth.

Proteomics analysis
To elucidate the molecular mechanism of the EcN@INX-2 + L group,
we conducted quantitative proteomics analysis to investigate the dif-
ferential expression levels of proteins in CT26 tumor tissues of Balb/c
female mice following treatments (PBS and EcN@INX-2 + L). We col-
lected three biological replicate samples ofCT26 tumor tissue for each
treatment condition and identified 7444 proteins using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Among
these, 1316 proteins exhibited differential expression (FC ≥ 2 or FC ≤ 1/
2, p <0.05) between the EcN@INX-2 + L group and the control group,
with 754 up-regulated and 562 down-regulated proteins (Supplemen-
tary Fig. 19 and 20). Gene ontology (GO) analysis of these differentially
expressed proteins in biological processes indicated significantly
higher up-regulation of proteins associated with stimulus response,
inflammatory response, immune system and antioxidant activity in the
EcN@INX-2 + L group compared to the control group (Figs. 9a and
Supplementary Fig. 21). Furthermore, significantly elevated levels of
proteins linked to heat shock, oxidative stress, cell death, inflamma-
tory response, bacteria infection and immune response were observed
in the EcN@INX-2 + L group (Fig. 9b). Figure 9c displays the heat map
of the top 30 highly expressed proteins in the EcN@INX-2 + L group
after treatment compared to the control group. The Venn diagram
demonstrated a clear overlap amongproteins associatedwithbacterial
infection, inflammatory response and immune response (Fig. 9d).
Additionally, this pattern is supported by the protein-protein interac-
tion (PPI) network (Fig. 9e). In conclusion, these proteomics data
indicate that EcN@INX-2 + L stimulated multiple immune processes,
thereby activating anti-tumor immunity.

Systemic toxicity evaluation of EcN@INX-2 in vivo
Female mice subjected to various treatments exhibited negligible dif-
ferences in body weight (Supplementary Fig. 22), preliminarily sug-
gesting that all treatments possessed good biosafety. Ultimately, the
female mice were humanely euthanized, and blood and major organs
were collected for further assessment of in vivo biosafety. Supple-
mentary Fig. 23 exhibits the outcomes of blood biochemical analyses
encompassing liver function indicators such as alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and albumin
(ALB), alongside renal functionmarkers including blood urea nitrogen
(BUN), creatinine (CREA) and urea. The hepatic and renal function
parameters of the mice were within the normal range, confirming that
the bacterial drug delivery treatment intervention did not exert any
significant adverse effects on liver or kidney function. In addition,most
of the hematological parameters remained within the normal range
(Supplementary Fig. 24), suggesting that the EcN@INX-2 + L group had
good hematological compatibility. The analysis results indicated an
absence of significant indications of injury or infection in female mice
post various treatments, affirming their enduring biosafety. To delve
deeper into systemic inflammation, C-reactive protein (CRP) levels
weremeasured, revealing no indications of systemic infection induced
by the EcN@INX-2 + L group (Supplementary Fig. 25). Evaluation of
tissue damage in female mice was conducted through H&E staining,
demonstrating no observable harmor inflammation in the vital organs

Fig. 8 | In vivo evaluation of photo-immunotherapy activation mediated by
EcN@INX-2. a Representative flow cytometry plots depicting DCs maturation
within tumor tissues following diverse treatments.bRepresentativeflowcytometry
plots depicting CD3+CD4+ helper T cells within tumor tissues following diverse
treatments. c Representative flow cytometry plots depicting CD3+CD8+ cytotoxic
T cells within tumor tissues following diverse treatments. dQuantitative analysis of
flow cytometric results for mature DCs (n = 3 mice). e Quantitative analysis of flow
cytometric results for CD3+CD4+ helper T cells (n = 3 mice). f Quantitative analysis
of flow cytometric results for CD3+CD8+ cytotoxic T cells (n = 3 mice).
g Representative CLSM captures of immunofluorescence staining depicting etco-

CRT (red fluorescence) and HMGB1 (green fluorescence) on tumor sections from
mice subjected to distinct treatment regimens. Nuclei (blue) were stained using
DAPI. (Scale bar: 50 μm). h Representative CLSM captures of immunofluorescence
staining depicting CD11c+ DCs (green fluorescence), CD4+ T (red fluorescence) and
CD8+ T (green fluorescence) cells on tumor sections from femalemice subjected to
distinct treatment regimens. Nuclei (blue fluorescence) were stained using DAPI.
(Scale bar: 50 μm). Data are presented as mean ± SD (n = 3 mice). For (d, e and f),
statistical analyzes were performed using one-way ANOVA. For (a, b, c, g and f),
experiment was repeated three times independently with similar results. Source
data are provided as a Source Data file.
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Fig. 9 | Proteomicquantitative analysis to explore the antitumormechanismof
EcN@INX-2. a Biological processes, cellular components, andmolecular functions
of diverse proteins were scrutinized through GO term enrichment analysis (n = 3
mice). b Bar charts representing the distinct proteins associated with the specific
biological process of interest, as characterized by GO annotations (n = 3 mice).
c Heat map showing top 30 highly expressed proteins. Statistical analyzes were
performedusing two-tailedStudent’s t-test. Box,medianwithwhiskers atminimum
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d Venn diagram delineated the distinct biological processes associated with heat
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e The PPI of the top 25 differentially expressed proteins (n = 3 mice). Source data
are provided as a Source Data file.
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of tumor-bearing female mice across all treatment groups post-treat-
ment, underscoring the substantial histocompatibility and high bio-
safety of the EcN@INX-2 + L group (Supplementary Fig. 26).

Discussion
Although tumor-targeted bacteria offer significant therapeutic
potential, the molecular and histological heterogeneity of cancers
suggests that a multifaceted therapeutic strategy may be required to
address the limited effectiveness of any single treatment modality,
including bacteria-based therapies. This study presents the synthesis
of novel AIEgen (INX-2) through careful modulation of effective
intramolecular charge transfer effect and the counter ion effect. INX-2
exhibited compelling properties including long-wavelength absorp-
tion, NIR-II fluorescence, excellent photothermal and PA properties,
rendering it an ideal fluorescent molecule for multimodal photo-
theranostics in colon cancer. To facilitate efficient delivery and colon
cancer targeting, INX-2 was further conjugated with the tumor-
targeting bacteria EcN. In vivo assessments have abundantly illu-
strated that the final fabricated bionanomaterials can accomplish
tumor hypoxic region targeting akin to an “AIEgen Bacteria Hybrid
Bionic Robot” through NIR-II FLI-PAI-PTI multimodal imaging, and can
also induce tumor ablation via phototherapeutic chelation. Given the
convenience and feasibility of this bacterial modification strategy, our
study proposes a biomimetic one-and-done photothermal nanoplat-
form that opens a promising avenue for enhancing anti-colon cancer
efficacy. While our study used a subcutaneous tumor mouse model,
which is a widely accepted model for the initial evaluation of NIR-II
imaging agents, it does have limitations. The use of this model does
not fully recapitulate the complexity of tumor microenvironments
found in human cancers, particularly those that are deeply seated or in
different anatomical locations. Furthermore, the penetration depth of
NIR light in the subcutaneous model may not accurately reflect the
situation in clinical settings where light scattering and absorption by
tissue can significantly affect imaging depth and resolution. In con-
clusion, while our study provides valuable preliminary data on the use
of NIR-II imaging, future research must address these limitations by
employingmore sophisticated animalmodels and leveraging the latest
advancements in detector technology to fully realize the potential of
NIR-II bioimaging in cancer research. Regarding future translation,
several potential challenges, such as route of administration, intratu-
moral bacterial distribution mechanism, dose and frequency of bac-
teria modification, and safety issues, need to be systematically
evaluated before considering clinical applications.

Methods
Ethical statements
All animal experimentation procedures are in accordance with the
Regulations on the Administration of Laboratory Animals of the State
Council of the People’s Republic of China. Ethical approval for this
studywas obtained from the Experimental Animal Ethics Committee of
the FirstAffiliatedHospital of GuangzhouMedicalUniversity (Approval
number: 20230406). Mice were housed in a controlled environment
maintained at approximately 22 °C, with a 12 h light/dark cycle. The
relative humidity was maintained at an appropriate level (50%). Stan-
dard rodent chow and water were available ad libitum to ensure the
well-being and normal physiological functions of the animals.

Materials
All solvents and reagents were purchased from commercial suppliers
without further purification. 6-bromo-2,3-dihydro-1H-xanthene-4-car-
baldehyde (purity 95%) was from Bide Pharmatech Ltd.(China). Bis(4-
methoxyphenyl)amine (purity 98%), Cs2CO3 (purity 99%), Pd2(OAc)2
(purity 99%), tri-tert-butylphosphine tetrafluoroborate (purity 99%),
Na2SO4 (purity 99%), DCFH-DA (purity 97%), MTT (purity 98%), Cal-
cein, AM (purity 96%) and PI (purity 94%) were purchased from Sigma-

Aldrich (Germany). LB broth and LB agar were from Sangon Biotech
Co., Ltd. (China), andHMGB1 ELISA kits (CSB-E08225m)were obtained
from Elabscience. Antifade mounting medium with DAPI was pur-
chased from Beyotime Biotechnology (China). Antibodies used: ICD
Immunofluorescence staining: Calreticulin Rabbit Monoclonal Anti-
body (1:200, Beyotime Biotechnology, Rabbit mAb, #AF1666); HMGB1
Rabbit Monoclonal Antibody (1:200, Beyotime Biotechnology, Rabbit
mAb, #AG2167); Anti-CD11cRabbitpAb (1:400, ServicebioTechnology,
#GB11059); Anti-CD4 Rabbit pAb (1:400, Servicebio Technology,
#GB11064); Anti-CD8 alpha Rabbit pAb (1:500, Servicebio Technology,
#GB114196); Alexa Fluor 488-labeled Goat Anti-Rabbit IgG(H + L)
(1:500, Beyotime Biotechnology, Rabbit mAb, #A0423); Alexa Fluor
647-labeled Goat Anti-Rabbit IgG(H+ L) (1:500, Beyotime Biotechnol-
ogy, Rabbit mAb, #A0468). Flow cytometry: Fixable Viability Dye
eFluor 780 (1:200, eBioscience, #65-0865-14); Brilliant Violet 510 anti-
mouse CD45 Antibody (1:200, Biolegend, #103137); FITC anti-mouse
CD3e Antibody (1:200, eBioscience, #16-0031-82); Super Bright 436
anti-mouse CD4 Antibody (1:200, eBioscience, #62-0042-82); PE anti-
mouse CD8a Antibody (1:200, eBioscience, #12-0081-82); APC anti-
mouse CD11c Antibody (1:200, eBioscience, #17-0114-82); PE anti-
mouse MHC Class II (I-A/I-E) Antibody (1:200, eBioscience, #12-
5321-81).

Characterization
NMR spectra were detected by Bruker 600MHz NMR spectrometers.
UV-Vis absorption spectra were acquired using a PerkinElmer Lambda
950 spectrophotometer. Photoluminescence spectra were obtained
employing an Edinburgh FLS1000 fluorescence spectrophotometer.
Transmission electron microscopy images were detected by a JEM-
2100 Electron Microscope. Dynamic light scattering measurements
were conducted using a Malvern Zetasizer Nano ZS90.

ROS generation of INX-2 in aqueous solution
Total ROS were detected by DCFH. DCFH-DA was hydrolyzed to
DCFH activation solution (40μM) by adding 1mL of NaOH solution
(10mM) and 5mL of PBS (pH 7.4) to 250μL of DCFH-DA solution
(1mM, EtOH), which was then incubated at room temperature in
darkness for 30min. A solution comprising 125μL DCFH activation
solution (40μM), 1μL PS (1mM) and 874μL PBS was prepared. The
fluorescence intensities of 100μL of this solution were measured at
various time points before and after laser irradiation (660 nm,
0.45Wcm−2, 10min) using a microplate reader (Ex = 488 nm, Em
= 525 nm).

O2
·− detection by DHR 123 and •OH detection by HPF. A blend con-

sisting of 1μL of either DHR 123 (5mM) or HPF (5mM), 1μL of PS
(1mM), and 998μL of PBS was prepared. The fluorescence intensities
of 100μL of this solution weremeasured at various time points before
and after laser irradiation (660nm, 0.45Wcm−2, 10min) using a
microplate reader (Ex = 488 nm, Em = 525 nm).

1O2 detection by ABDA or SOSG. A mixture of 5 μL ABDA (10mM),
1μL PS (1mM), and 994μL PBS was prepared. The microplate reader
documented the alteration in the UV absorption peak (350nm -
420 nm) of 100μL of the mixed solution after laser irradiation
(660nm, 0.45Wcm−2, 10min).

A mixed solution of 1μL of SOSG (5mM), 1μL of PS (1mM), and
998μL of PBS was prepared. The fluorescence intensities of 100μL
of this solution were measured at various time points before and after
laser irradiation (660nm, 0.45Wcm−2, 10min) using a microplate
reader (Ex = 488nm, Em = 525 nm).

Photothermal effect
To study the photothermal behavior of INX-2 under laser irradiation,
200μL of INX-2 solution was exposed to the laser irradiation (660 nm,
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0.45Wcm−2, 5min) and captured using a FLIR E6 thermal imaging
camera (FLIR thermal camera Systems, Inc., USA). The photothermal
conversion efficiency (η) was calculated according to the Eq. (1)63,64:

η=
hS× ðTmax � TsurrÞ �Qdis

I × ð1� 10�A660nm Þ ð1Þ

where S is the surface area of the vessel, h is the heat-transfer
coefficient, Tmax is the maximum laser-triggered temperature, Tsurr is
the room temperature, Qdis is the heat dissipation due to light
absorption by the centrifuge tube, I is the intensity of laser
(0.45Wcm−2), and A660nm is the absorbance of INX-2 at 660nm. The
value of hS can be calculated by Eq. (2)64:

hS=

P
imiCp, i

τs
ð2Þ

where τs is the time constant of the sample system; compared with
solvent (water).mwater is the solution mass and Cp, water is specific heat
capacity of the solution (Cp, water = 4.2 J/g °C), respectively.

PA imaging of INX-2
The intensity changes of INX-2 in the 680-970 nm wavelength range
were detected using a PA imaging system (VEVO LAZR-X, Fujifilm
VisualSonics Inc., Canada).

Density functional theory calculations
The DFT and TD-DFT theoretical methods were used for the ground
state and excited state computations by using the Gaussian 09 pro-
gram (revision D.01)65. The geometry of compound INX-2 in
the ground state was energetically optimized using B3LYP functional
and 6-31 G(d, p) basis set. TD-DFT was utilized at the same level of
theory to calculate excitation energies for electronically excited singlet
and triplet states. SOCmatrix elements between the singlet and triplet
were calculated onORCA 4.2.1 program66–68 with B3LYP functional and
6-31 G(d, p) basis set. In all calculations above, the solvent effect of
DMSOwas considered by the SolvationModel Based onDensity (SMD)
solvation model.

Cell line and bacteria
CT26 cells were acquired from the National Collection of Authenti-
cated Cell Cultures (NCACC, China). Escherichia coli Nissle 1917 was
acquired from the Guangdong Microbial Culture Collection Center
(GDMCC, China).

Preparation of EcN@INX-2
Bacteria (EcN) were harvested by centrifugation (3500 × g, 3min). The
supernatant was discarded, and the pelllet suspended in PBS con-
taining various concentrations of INX-2. The suspension was subse-
quently incubated for 5–30min. The supernatant was then discarded
by centrifugation (3500 × g, 3min) and resuspended in PBS.

CLSM imaging of EcN@INX-2
A suspension of EcN bacterial cells at a concentration of 5 × 108 CFU
mL−1 was added to 1mL of PBS with 5μM INX-2. The bacterial sus-
pension was incubated on a shaker at 37 °C and 200 rpm for 30min.
Subsequently, the suspension was centrifuged (3500 × g, 3min) to
remove the supernatant, and the pellet was resuspended in a small
amount of PBS. Images were captured using a CLSM (ZEISS LSM 980
with Airyscan 2, Germany).

ROS generation and photothermal effect of EcN@INX-2 in aqu-
eous solution
Asolution comprising 125μLDCFHactivation solution (40μM), 100μL
EcN@INX-2 (10μM), and 775μL PBS was prepared. The fluorescence

intensities of 100μL of this solution were measured at various time
points before and after laser irradiation (660 nm, 0.45Wcm−2, 10min)
using a microplate reader (Ex = 488 nm, Em = 525 nm). To study the
photothermal behavior of EcN@INX-2 under laser irradiation, 200μL
of EcN@INX-2 (50μM) solution was placed under the laser irradiation
(660nm, 0.45Wcm−2, 5min) and captured using a FLIR E6 Thermal
Imaging Camera.

Antibacterial tests of INX-2
Using a bacterial loop, a single colony of EcN from LB agar was
inoculated into LB broth and shaken overnight at 37 °C and 200 rpm
on a temperature-controlled shaker. Bacterialfluidswerewashed twice
by centrifugation (3500 × g, 3min). The supernatant was discarded
and the pellet was resuspended with PBS followed by centrifugation
(3500 × g, 3min). A bacterial suspension working solution (109 CFU
mL−1, OD600 = 1) was prepared using PBS. Different concentrations of
INX-2 were added to the bacterial suspension (5 × 108 CFU mL−1,
100μL) and then co-incubated in a constant temperature shaker
(200 rpm, 30min). The bacterial suspensions were divided into laser
irradiation (660nm,0.45Wcm−2, 10min) anddarkgroups. The treated
bacterial suspension was diluted proportionally and spread in LB-agar
plates, and incubated at 37 °C for 16-24 h before being photographed
and counted. The treated bacterial suspensions were stained using the
SYTO 9/PI, Live/Dead Bacteria Double Staining Kit and visualized
by CLSM.

Cell viability assay
The MTT assay was employed to assess the cytotoxic effects of
EcN@INX-2. Various concentrations of EcN@INX-2 suspensions were
added into the upper compartment of a Transwell® (pore size 0.4 μm,
Corning Costar), with the target cells seeded in the lower compart-
ment. Subsequently, the upper chamber underwent irradiation with a
laser irradiation (660nm, 0.45Wcm−2, 10min). Following an addi-
tional 12 h incubation period, cellular viability was evaluated using the
MTT assay.

Characterization of immunologic cell death
CT26 cells (1.5 × 105 cells well−1) were cultured in 24-well plates with
coverslips for 12 h, after which either PBS or EcN@INX-2 (EcN: 1 × 108

CFU mL−1, 100μL; INX-2: 1μM) was added. The culture was incubated
for 6 h. The cells were then rinsed with PBS and either kept in the dark
or exposed to a laser irradiation (660 nm, 0.45Wcm−2, 10min). After a
further 12 h of incubation, the cells were fixed in a 4% paraformalde-
hyde solution on ice bath temperature for 20min. Subsequently, the
cells were incubated with an anti-calreticulin antibody or an anti-
HMGB1 antibody at 4 °C overnight. Subsequently, the cells were
incubatedwithAlexa Fluor 488-labeledGoatAnti-Rabbit IgG (H + L) for
an additional 2 h at room temperature. The nuclei were subsequently
stained with DAPI in an antifademountingmedium. Following this, the
cells were imaged using CLSM to assess the exposure of ecto-CRT and
the release of HMGB1 from the nuclei.

To detect extracellular HMGB1, CT26 cells (3 × 105 cells well−1)
were inoculated into 6-well plates and cultured in medium containing
EcN@INX-2 for 6 h at 37 °C. Following this, the cells were irradiated
with a laser (660 nm, 0.45Wcm−2, 10min) and continued to be cul-
tured for an additional 12 h. The culture supernatant was collected by
centrifugation at 1000 × g for 10min at 4°C. The concentration of
HMGB1 released into the supernatant was quantified using the HMGB1
ELISA kit according to the manufacturer’s instructions.

The evaluation of EcN@INX-2 in 3D tumor spheroids
Agarosewas dissolved in cell culturemedium to prepare a 2% solution.
The bottom of a 96-well plate was coated with 60μL of the agarose
solution. CT26 cells (2 × 103 cells well−1) were seeded into the agarose-
coated plates and cultured for 5 days. Once a 3D tumor sphere of
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approximately 180-200 μm had formed, it was transferred to an
agarose-coated confocal dish and subjected to treatmentwith INX-2 or
EcN@INX-2 for 12 h. The cell spheres in the confocal dish were imaged
using the Z-stack function of a confocal laser scanning microscope
(Zeiss-LSM-980, Germany). For phototherapy testing on 3D tumor
spheroids, the spheroids were incubated with different formulations
for 24 h, followed by laser irradiation (660nm, 0.45Wcm−2, 10min).
The spheroids were stained using a Live/Dead cell viability assay kit
and imaged using CLSM.

Animals and subcutaneous tumor model
BALB/c female mice (4 weeks old) were obtained from Zhuhai Bestest
Biotechnology Co., Ltd. (China). 100μL of CT26 cells (1 × 107 cellsmL−1)
were injected subcutaneously into the the right thigh root of themice.
Tumor volume in the mice was calculated using the Eq. (3)7,8:

Volumeðmm3Þ=LengthðmmÞ×WidthðmmÞ×WidthðmmÞ=2 ð3Þ

In compliance with the regulations and guidelines set forth by the
Experimental Animal Ethics Committee, the mice in this study were to
be euthanized using carbon dioxide anesthesia when the tumor
volume reached 2000 mm3 or if the tumor burden affected animal
welfare. Notably, the tumors in themice throughout this study did not
surpass the predetermined maximum volume.

In vivo biodistribution and tumor retention of EcN
The in vivo biodistribution of EcN (1 × 108 CFU mL−1, 100μL) was
evaluated by administering it intravenously to female mice once their
tumors had grown to approximately 100 mm3. Female mice were
euthanized at different time intervals, and tumors as well as major
organ tissues (heart, liver, spleen, lungs, and kidneys) were harvested
for cryomilling. The resulting tissue homogenate was serially diluted
and plated onto LB agar, followed by photography and colony
counting.

In vivo multi-modal imaging
CT26 tumor-bearing female mice were administered with EcN@INX-2
(EcN: 5 × 108 CFUmL−l, INX-2: 150μgmL−l) in PBS via intravenous injec-
tion. The female mice were anesthetized with 2% isoflurane in oxygen.
NIR-I fluorescence images were acquired with 710 nm excitation and
840 nm emission filters after anesthesia induction by IVIS Lumina
XRMS Series III in vivo tracking system (PerkinElmer, USA). NIR-II
fluorescence images were collected using a full spectrum animal
in vivo imaging system (710 nm excitation laser with a long pass filter
of 1075 nm), AniViewPhoenix 600 (GuangzhouBiolight Biotechnology
Co., Ltd., China). The fluorescence intensity was analyzed using
the software provided by the manufaturer. Similarly, in vivo PA ima-
ging was also performed 1 day post-injection by the PA imaging sys-
tem, Vevo LAZR (Fujifilm VisualSonics Inc., Canada). To confirm the
in vivo photothermal property, thermographic images of the tumor
were performed on the mice (at 1 day post-injection) exposed to the
laser irradiation (660nm, 0.45Wcm−2, 10min), which were captured
using a FLIR E6 Thermal Imaging Camera (FLIR thermal camera Sys-
tems, Inc., USA) during laser irradiation.

In vivo anti-tumor experiments
When the tumor volumes were about 150 mm3, CT26 tumor-bearing
female mice were randomly divided into seven groups: (I) PBS group;
(II) PBS plus laser (660nm, 0.45Wcm−2, 10min) (PBS + L) group; (III)
EcN group; (IV) INX-2 group; (V) INX-2 plus laser (INX-2 + L) group; (VI)
EcN@INX-2 group; (VII) EcN@INX-2 plus laser (EcN@INX-2 + L) group.
Female mice were administeredEcN@INX-2 (200 μL, EcN: 5 × 108 CFU
mL−l, INX-2: 150μgmL−1) via intravenous injection. Mouse growth was
monitored by the measurement of tumor volume and body weight.
Upon completion of the treatment period, mice were humanely

euthanized, and tumor tissue was subsequently harvested for photo-
graphy and weight determination. The collected mouse tumor tissues
were fixed and embedded in paraffin for histological analysis to eval-
uate the anti-tumor efficacy.

In vivo immune cell analysis by flow cytometry
Tumors from female CT26 tumor-bearing mice, which had
been subjected to various treatments, were harvested on day 13 and
processed into single-cell suspensions via mechanical milling. The
resulting cell suspension was then centrifuged at 1000 × g for 3min,
and the pellet was collected and treated with erythrocyte lysis buffer
for 2-3min. Following this, the suspension was centrifuged at
2000 × g for 2min at room temperature to eliminate erythrocytes,
rinsed twice with PBS, treated with an Fc Antibody Blocker, and
centrifuged (2000 × g, 2min) twice with PBS in preparation for fur-
ther antibody staining. A portion of the cells was incubated with a
mixture comprising FVD eFluor-780, anti-MHC-II-PE, anti-CD11c-APC,
and anti-CD45-BV510 antibodies for 30min at 4 °C, then washed
three times with PBS and up-sampled for the analysis of mature DCs
via flow cytometry. The remaining cells were incubated with an
antibody mixture containing FVD efluor-780, anti-CD3-FITC, anti-
CD4-Super Bright 600, and anti-CD8-APC for 30min at 4 °C, followed
by three washes with PBS, and analyzed for CD3+CD8+ T cells and
CD3+CD4+ T cells by flow cytometry.

In vivo systemic toxicity evaluation
Serum and anticoagulated blood were collected on day 13 for blood
biochemistry and routine blood examination, respectively. At the end
of treatment period, paraffin sections of major organs (heart, liver,
spleen, lungs and kidneys) from mice were prepared for H&E staining
and analysis.

Proteomics analysis
Tumor tissues from the PBS and EcN@INX-2 + L groups (n = 3) were
collected on day 13 and subjected to quantitative proteomics analysis
at Shanghai OE Biotech Co., Ltd. (China). Proteins were considered to
be differentially expressed if the fold-change between the experimental
and control groups was greater than 2 or less than 0.5 (p <0.05).

Statistical analysis
The data results are expressed as the mean± standard deviation (SD).
Statistical analyses were conducted using GraphPad Prism 9.3.1, with
one-way ANOVA for multiple comparisons and two-tailed Student’s t-
test for comparisons between two groups. A significance level of
p <0.05 was utilized for determining statistical significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Theproteomics rawdata in this study havebeendeposited in the iProX
database under accession code IPX0009941000 (www.iprox.cn).
Source Data are provided with this paper. The remaining data are
available within the article, supplementary information, or source data
files. All data underlying this study are available from the corre-
sponding author upon request. Source data are provided with
this paper.
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