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ABSTRACT: Glioblastoma (GBM) treatment faces a significant
challenge due to the blood-brain barrier (BBB) restricting
therapeutic delivery. In this study, we found that inactivated and
attenuated meningitis bacteria (e.g., Escherichia coli K1)
intracellularly loaded with nanoagents could safely and effectively
bypass the BBB even when injected intravenously into mice at a
dose of ~ 107 colony forming units (CFU) since the vehicles
preserved the bacteria’s structure and chemotaxis while removing
their pathogenicity. We demonstrated that bacteria could
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internalize glucose polymer, indocyanine green and stimulator of interferon genes (STING) agonists (e.g., SR717)-modified

silica nanoparticles through the bacteria-specific adenosine-triphosphate (ATP)-binding cassette sugar transporter pathway.
As a result, the developed system could deliver approximately five times more nanoagents to the brain than free
nanoagents. Upon 808-nm irradiation, the indocyanine green induced photothermal effects that destroyed the bacteria,
releasing the SR717, which triggered adaptive antitumor immunity, and the bacterial remnants further induced innate
antitumor immunity. Our findings demonstrate that this inactivated nanobacteria system effectively treats GBM in mice,

suggesting potential for broader applications in central nervous system disorders.
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1 Introduction

Glioblastoma (GBM), the most common and aggressive grade IV
primary brain tumor in adults, accounted for a significant portion
of the 329,673 newly diagnosed cases of central nervous system
(CNS) cancer reported worldwide in 2016 by the Global Burden of
Disease (GBD) study, corresponding to an age-standardized
incidence rate of 4.63 per 100,000 person-years [1-3]. Current
treatments, such as surgery combined with chemotherapy (e.g.,
temozolomide, bevacizumab) and/or radiotherapy, result in a poor
5-year survival rate of less than 10%. While cancer immunotherapy
has advanced treatment for metastatic cancers, GBM remains an
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immunologically “cold” tumor, displaying low levels of
proinflammatory  immune cells and high levels of
immunosuppressive cells within the tumor microenvironment
(TME) [4-7]. Recent studies show that activating the stimulator of
interferon genes (STING) pathway can convert cold tumors into
hot tumors, thereby enhancing antitumor immunity [8-20]. In this
pathway, cyclic GMP-AMP synthetase (cGAS) detects cytosolic
DNA and catalyzes the formation of 2’, 3’ cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP). cGAMP
binds to STING, inducing the production of type I interferons
(IFNs) and other cytokines. This cascade activates dendritic cells
(DCs) and tumor antigen-specific T cells, and natural killer (NK)
cells infiltrate tumors to initiate antitumor responses via STING
activation in tumor cells. Consequently, STING agonists such as
c¢GAMP and cyclic dinucleotides (CDNs) have been developed to
enhance antitumor immunity [21-25]. However, the poor ability of
STING agonists to cross the blood-brain barrier (BBB) poses a
significant challenge, leading to off-target inflammation and rapid
systemic clearance.
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Bacterial therapy, due to bacteria’s inherent tumor-targeting
abilities, has been explored for cancer treatment [26—36]. The first
generation, such as Bacillus Calmette-Guérin (BCG) for bladder
cancer, received Food and Drug Administration (FDA) approval in
1990. The second generation involves genetically engineered
bacteria with enhanced antitumor activity and improved safety,
such as attenuated Salmonella spp. lacking lipopolysaccharide (LPS)
virulence factors [15]. However, the inability of nonpathogenic
bacteria to cross the BBB remains a barrier for GBM treatment [37].
Escherichia coli K1 (EC-K1) is a leading cause of neonatal
meningitis, capable of crossing the blood-brain barrier (BBB) and
triggering severe brain inflammation. Outer membrane protein A
(OmpA) plays a crucial role by binding to glycoprotein 96 (gp96)
on brain microvascular endothelial cells (BMEC:s), facilitating EC-
K1’s tight attachment to the BBB and promoting bacterial invasion.
This process involves OmpA-gp96 binding, actin cytoskeleton
rearrangement, and activation of signaling pathways like focal
adhesion kinase (FAK), phosphatidylinositol 3-kinase (PI3-K), and
Rho GTPases, enabling EC-K1 to internalize, evade lysosomal
fusion, and cross the BBB [38—41]. Using these bacteria to transport
STING agonists across the BBB is a promising but undeveloped
approach. Advances in nanotechnology have led to third-
generation bacterial therapies, modifying bacterial surfaces with
nanomaterials for multifunctional, biorobot-like behaviors [30-36,
42-49]. However, these systems face challenges, including
premature drug release, lower payloads, non-specific protein
interactions, and potential negative effects on bacterial function or
viability. In addition, the pathogenicity of meningitis bacteria used
as drug carriers raises safety concerns and limits the deliverable
drug dose.

To address these challenges, we designed a novel safe bacterial
drug delivery system, in which the nanoagents cargoes were located
intracellularly rather than on the surface of inactivated attenuated
meningitis bacteria. Typically, we synthesized nanoagents (NAs)
composed of (1-4)-glucosidically linked glucose polymer (GP),
indocyanine green (ICG), and SR717, incorporated into silica
nanoparticles (SiNPs). These nanoagents were internalized by
attenuated EC-K1 bacteria via the ATP-binding cassette (ABC)
sugar transporter pathway, forming a nanobacteria system that was
subsequently inactivated. After intravenous administration to mice,
the inactivated nanobacteria system successfully transported SR717
across the BBB, achieving a brain concentration approximately 5.0-
fold higher than free nanoagents under similar conditions. Notably,
the delivered dose of inactivated bacteria reached ~ 10’ colony
forming units (CFU). Our results demonstrated that inactivated
nanobacteria system enabled effective GBM immunotherapy in
mice. We anticipate that this inactivated nanobacteria system will
inspire innovative therapies for various central nervous system
disorders, with the GBM treatment in this study serving as a
preliminary proof-of-principle.

2 Experimental

2.1 Synthesis of nanoagents

SiNPs were synthesized by combining 1,8-naphthalimide with 3-
aminopropyltrimethoxysilane, followed by exposure to 365-nm
ultraviolet (UV) light for 40 min at room temperature. The
resulting solution was centrifuged at 6000 rpm for 10 min to
remove unreacted chemicals, followed by dialysis (MWCO 1000,
Spectra/Pro) for further purification. The purified SiNPs (200 pL,
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25 mg/mL) were mixed with GP (100 pL, 10 mg/mL) and
incubated at 70 °C for 6 h, after which 0.01 mg of NaBH, was
added. Stable GP-modified SiNPs formed after a 12-h incubation at
room temperature. The reaction mixture was filtered using a
Nanosep centrifugal device (MW cutoff 3 kDa; Millipore) at
7500 rpm for 15 min to remove unreacted GP. SiNPs with GP
molecules (GP-SiNPs) were then combined with SR717 and ICG,
and the mixture was shaken overnight at 4 °C. Unreacted ICG was
removed by centrifugation at 8000 rpm for 10 min using Nanosep
centrifugal devices (MW cutoft 3 kDa; Millipore). The resulting
NAs were collected and stored at 4 °C for subsequent studies. To
determine the size and shape of the NAs, we used transmission
electron microscopy (TEM, Philips CM 200) operating at 200 kV.
We measured the ultraviolet-visible (UV-vis) absorption spectra
using a UV-vis near-infrared spectrophotometer (Perkin-Elmer
lambda 750) and recorded the photoluminescence (PL) spectra
using a spectrofluorimeter (HORIBA JOBIN YVON FLUORMAX-
4). Dynamic light scattering (DLS) analysis was conducted using a
Beckman Coulter, Inc., DelsaTM nano submicron particle size
analyzer.

2.2 Bacterial culture

The EC-K1 strains were obtained from the American Type Culture
Collection (ATCC). The bacteria were grown in Luria-Bertani (LB)
liquid media at 250 rpm and 37 °C and harvested during the
exponential growth phase. Bacterial suspensions were washed three
times with PBS, and the optical density (OD) at 600 nm was
measured to determine the bacterial concentration. The number of
bacterial colonies was counted using a colony counting device
(Czone 8).

2.3 Construction of attenuated bacteria

We cultivated EC-K1 cells in 50 mL of LB liquid medium until the
OD reached approximately 0.8, then centrifuged to collect the cells.
The cells were resuspended in 2 mL of 10% glycerol after three
washes with 10% glycerol. The msbB sgRNA plasmid and
homologous repair arm of msbB were added to the competent cells
and left on ice for five minutes. After electroporation at 2500 V,
1 mL of LB medium was added. Following a one-hour recovery
phase at 37 °C, the cells were plated on spectinomycin or
kanamycin-resistant plates to select msbB deletion strains.

24 Construction of inactivated nanobacteria system

ABac (+) suspension containing approximately 1.0 x 10’ CFU was
incubated with NAs (0.56 mM, 200 pL) in a shaking incubator at
200 rpm and 37 °C for 4 h. The mixture was centrifuged at
6000 rpm for 5 min to harvest NAs-ABac (+). The harvested cells
were washed at least three times with PBS to remove excess or
nonspecifically absorbed NAs. One milliliter of NAs-ABac (+) was
added to a 60 mm-diameter culture dish and exposed to UV
irradiation using a 16 W UV lamp at 254 nm while being shaken
on a magnetic stirrer for 120 min, producing NAs-ABac (-).

2.5 Cellular experiments

Mouse glioblastoma cell lines bEnd.3, GL261, and GL261-luc were
obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology and
cultured under appropriate conditions. Bone marrow cells from
female C57BL/6] mice were washed with red blood cell (RBC) lysis
buffer (Sigma) and subjected to hypotonic lysis to reduce RBC
content. After three days of growth at a starting concentration of
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1 x 10° cells/mL in RPMI 1640, nonadherent cells were washed
away. On day 6, an additional 10 mL of fresh complete medium
containing 20 ng/mL rmGM-CSF (MCE) was added, and half of
the medium was replaced. On day 8, nonadherent and loosely
adherent cells were collected by forceful pipetting and placed in the
lower chamber of the transwell system. GL261 cells were inoculated
in a 96-well plate, co-incubated for 6 h with NAs, NAs-ABac (-)
without SR717, or NAs-ABac (-), exposed for 5 min with or
without an 808-nm laser, and then washed with sterile PBS. Cell
viability was assessed using the 3-(4,5)-dimethylthiahiazo (-z-y1)-
3,5-di-phenytetrazoliumromide (MTT) assay. Treated cells were
also subjected to confocal microscopy analysis after staining with
calcein-AM (CAM) and propidium iodide (PI) (A, = 488 nm, A, =
500-545 nm for CAM, A, = 543 nm, A, = 560-620 nm for PI).

2.6 Mouse brain microvascular endothelial cell model

An in vitro mouse brain microvascular endothelial cell (bEnd.3)
model was created using a 24-well transwell plate with a 0.4 um
pore size membrane. Transwell inserts 6.5 mm in diameter were
seeded with bEnd.3 cells at 1.0 x 10* cells per well. A Millicell-ERS
volt-ohmmeter was used to measure the transendothelial electrical
resistance (TEER) to maintain the integrity of the cell monolayer
during culture.

2.7 Animal experiments

All animal experiments involved in this study were conducted in
accordance with relevant laws and protocols approved by the
Animal Care and Use Committee of Soochow University (Approval
No. ECSU-2019000198). GBM-bearing mouse models were
established using a brain stereotaxic apparatus to locate and inject
GL261-luc cells into the mouse brain. Tumor size was measured
using biofluorescence signals, with the tumor volume not exceeding
a maximum diameter of 15 mm. To investigate in vivo bacterial
dispersion, healthy mice were intravenously injected with
mCherry@ABac, mCherry@E. coli DH5a, NAs-ABac (+), or NAs-
ABac (=) (~ 1.0 x 10" CFU per mouse). Mice were sacrificed at
intervals (12, 24, 72, and 120 h), and the brain, heart, liver, spleen,
lung, and kidney were harvested for imaging using an in vivo
optical imaging system (IVIS Lumina III). Homogenized organs
were centrifuged, and bacterial colonies were counted using a
colony counting instrument (Czone 8). To examine therapeutic
effects in vivo, GBM-bearing mice were injected with PBS, NAs,
NAs-ABac (=) without SR717, or NAs-ABac (=) (~ 1 x 10’ CFU of
ABac internalized with NAs (0.56 mM)). Seven days post-
inoculation, an 808-nm laser (1.2 W/cm?) was used to irradiate the
GBM for 5 min, keeping the temperature constant at 48 °C. The
mice received additional injections and laser exposure at 5 and
10 days post-initial injection. Bioluminescence imaging was
performed every four days to assess antitumor effects. Two days
after the final treatment, mouse brain tissues were homogenized
into single-cell suspensions for flow cytometry analysis. Detailed
information about the antibody panel used is provided in Table S1
in the Electronic Supplementary Material (ESM).

2.8 Statistical analysis

We processed confocal images using Image] (NIH Image;
http://rsbweb.nih.gov/ij/) and Leica Application Suite Advanced
Fluorescence Lite (LAS AF Lite). Error bars represent the standard
deviation from three independent measurements. All statistical
analyses were performed using GraphPad Prism 7 and Origin.
Statistical significance was determined using one-way ANOVA.

(B 7~ 2w | Sci@pen

94907077 (3 of 13)

3 Results and discussion

3.1 General design of the inactivated nanobacteria system

We developed a bacterial drug delivery system utilizing
intracellularly loaded NAs, composed of four key components:
SiNPs, SR717, GP, and ICG, as illustrated in Fig. 1(a). Using Schiff
base interactions between amino groups on the SiNP surface and
aldehyde groups of GP molecules, we successfully modified the
SINP with GP molecules [50-53]. Subsequently, we loaded the
SiNPs with ICG and SR717 molecules through electrostatic
interactions, forming the complete NAs. Compared to cGAMP,
SR717 is more stable, has better pharmacokinetic properties, and is
easier and less costly to synthesize. This makes it more effective and
practical for therapeutic use [54]. The core of the NAs, SiNPs are
under clinical evaluation for various biomedical applications due to
their demonstrated safety, efficacy, and viability [55, 56]. GP
molecules (e.g., poly[4-O-(a-D-glucopyranosyl)-D-glucopyranose])
serve as unique carbon sources for bacteria and are robustly
engulfed by bacterial cells, not mammalian cells, via a bacteria-
specific ABC sugar transporter pathway [57-59]. This mechanism
enabled bacteria to uptake the GP-modified nanoparticles.
Similarly, attenuated meningitis bacteria (e.g., EC-K1) consumed
these camouflaged “foods” in the form of nanoagents (Fig. 1(b)).

We attenuated EC-K1 by knocking out the msbB gene, which
removed the myristoylation of lipid A (a potent endotoxin), thereby
eliminating the toxicity of LPS. Polymerase chain reaction (PCR)
(Fig. S1 in the ESM) and Sanger sequencing (Table S2 in the ESM)
confirmed the successful construction of attenuated EC-K1 (ABac
(+)). To further mitigate potential toxicity from host bacterial
proliferation, we inactivated them by using UV irradiation after the
internalization of nanoagents (NAs-ABac (-)) (Fig. 1(c)). UV
irradiation preserves the bacterial structure and outer membrane
protein activity better than other inactivation methods (e.g., heat,
ethanol). The OmpA protein on the outer membrane of EC-K1
binds to the gp96 protein on BMECs, triggering actin cytoskeleton
rearrangement that allows EC-K1 to invade the brain [60-62].
Therefore, the constructed NAs-ABac (—) strain retained the ability
of live EC-K1 to cross the BBB while losing its pathogenicity from
LPS and its proliferative capacity (Fig. 1(d)).

Near-infrared (NIR) irradiation (e.g, 808 nm) was used to
destroy NAs-ABac (-), releasing the intracellularly loaded SR717
due to the heat generated by the ICG molecules. When SR717
binds to STING, it triggers the production of IFNs and other
cytokines [14, 15]. This stimulation specifically activates antigen-
presenting cells, particularly DCs, which in turn prime and activate
tumor antigen-specific T lymphocytes. Furthermore, the activation
of the STING pathway in tumor cells may allow NK cells to
infiltrate the tumor and initiate an anticancer response (Fig. 1(e)).
Additionally, the destruction of bacterial cells can induce innate
antitumor immunity. Pathogen-associated molecular patterns
(PAMPs) generated by bacterial debris activate innate immune
cells, including macrophages and NK cells. Ultimately, both
adaptive and innate antitumor immunity induced by this bacteria-
based drug delivery system could provide effective therapeutic
outcomes for GBM.

3.2 Preparation and characterization of the inactivated
nanobacteria system

We first systematically prepared and characterized the nanoagents.
As schematically illustrated in Fig. S2 in the ESM, we modified GP-
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Figure1 Design of the inactivated nanobacteria system. (a) A scheme illustrating the main composition of NAs, including SiNPs, GP, ICG, and SR717. (b) A scheme
illustrating the internalization of NAs into attenuated EC-K1 (NAs-ABac (+)) through a bacteria-specific ABC sugar transporter. (c) A scheme illustrating the inactivation
of NAs-ABac (+) via UV irradiation (NAs-ABac (-)), followed by intravenous injection into GBM-bearing mice. (d) A scheme illustrating that NAs-ABac (-) can safely
circumvent the BBB. (e) A scheme illustrating the controllable release of SR717 from host bacterial cells under NIR laser irradiation, triggering adaptive antitumor

immunity and innate antitumor immunity.

SiNPs based on previously reported methods [50-53]. We then
loaded the SiNPs with ICG and SR717 molecules via electrostatic
interactions, forming the nanoagents. We characterized the
nanoagents using TEM, DLS, zeta potential measurements, UV-vis,
and PL measurements. The TEM images (Fig. S3(a) in the ESM)
showed that the as-prepared nanoagents appeared as highly
dispersed spherical particles with an average diameter of ~ 5 nm,
slightly larger than that of the naked SiNPs (~ 3 nm). The size
distribution determined by DLS was consistent with these results
(Fig. S3(b) in the ESM). Zeta potential measurements (Fig. S3(c) in
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the ESM) indicated that GP-SiNPs were positively charged, while
ICG and SR717 were negatively charged, confirming their
adsorption via electrostatic interactions. The UV spectra of the
nanoagents displayed representative peaks for SR717 (300 nm) and
ICG (731, 780 nm) (Fig. S3(d) in the ESM). Calibration absorption
curves quantified the amounts of SR717 and ICG modified onto the
SiNPs (Figs. S3(e) and S3(f) in the ESM). PL spectra showed the
emission peaks of SR717 and ICG in the nanoagents (Figs. S3(g)
and S3(h) in the ESM). Additionally, the nanoagents demonstrated
good stability under various conditions (Fig. S4 in the ESM),
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supporting their potential biomedical applications. These results
confirmed the successful preparation of nanoagents.

Next, we constructed attenuated bacteria intracellularly loaded
with nanoagents (NAs-ABac (+)). We incubated an attenuated E.
coli K1 strain (ABac (+)) (~ 107 CFU, 1 mL) with the constructed
nanoagents (0.56 mM) at 37 °C, rinsing away any unincorporated
NAs with PBS. To obtain inactivated bacteria intracellularly loaded
with nanoagents (NAs-ABac (-)), we irradiated NAs-ABac (+)
(~ 10" CFU, 1 mL) with an ultraviolet lamp (16 W/cm?, 2 h).
Scanning electron microscopy (SEM) images (Fig. 2(a)) showed
that the surface and morphology of NAs-ABac (+/-) were similar
to those of natural bacteria. High-angle annular dark field-scanning

NAs
uv(-)

(a)

Blank
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ABac(+) ABac(+) ABac(-)

[HAADF [RARDF
UU nm
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transmission electron microscopy (HAADF-STEM) images (Fig.
2(b)) revealed the elemental mapping of NAs-ABac (+/-), showing
the presence of silicon from SiNPs and fluorine from SR717 only in
NAs-ABac (+/-), not in the live attenuated E. coli K1 (ABac (+)).
Confocal laser scanning microscopy (CLSM) images (Fig. 2(c))
showed both green fluorescence signals from SR717 (A, = 405 nm,
Aem = 500-550 nm) and red fluorescence signals from ICG (A, =
633 nm, A, = 700-800 nm) in NAs-ABac (+/-) but not in ABac
(+/-). No fluorescence was observed in the ABac (+) strain
incubated with nanoagents without GP modification (Fig. S5 in the
ESM). We created two E. coli mutants, AmalE and AlamB, with
aberrant expression of the bacteria-specific ABC sugar transporter
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Figure2 Characterization of the inactivated nanobacteria system. (a) SEM images of EC-K1 (Bac (+)), attenuated EC-K1 (ABac (+)), NAs-Bac (+), NAs-ABac (+), NAs-
Bac (-) and NAs-ABac (-). Scale bars: 200 nm. (b) HAADF-STEM images of attenuated EC-K1 (ABac (+)) treated with PBS or NAs with or without UV irradiation. The
bacterial cell concentration was ~ 1.0 x 10’ CFU. Scale bars: 200 nm. (c) CLSM images of ABac (+), NAs-ABac (+), ABac () and NAs-ABac (-). Scale bars: 20 pum. (d)

CLSM images of bacterial mutants of AlamB and AmalE incubated with NAs. Scale bars: 20 pum. (e) Proliferation plots of ABac (+) or NAs-ABac (+). (f) The viability of
ABac or NAs-ABac upon UV irradiation for different durations was tested by agar plate experiments. All imaging tests were performed three times, each yielding
consistent outcomes. The standard deviation derived from three separate measurements is represented by the error bars. The statistical significance of differences was
determined using a Tukey post hoc test and one-way analysis of variance (ANOVA).
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(Tables S3 and S4 in the ESM). Fluorescent signals were absent in
the nanoagents-treated mutants (Fig. 2(d)), consistent with flow
cytometry data (Fig. S6 in the ESM). Inhibition and competition
assays (Fig. S7 in the ESM) confirmed that the bacteria-specific
ABC sugar transporter pathway facilitated nanoagents entry into
the bacteria. The internalization of nanoagents did not influence the
proliferation of host bacteria (Fig. 2(e)). Flow cytometry (Fig. S8 in
the ESM) evaluated the nanoagents loading efficiency of ABac (+)
after a 4-h incubation, showing that concentrations greater than
0.56 mM did not significantly improve the drug loading efficiency
(~ 60.2%). Thus, we used 0.56 mM nanoagents for subsequent tests.
Liquid medium turbidity assays (Fig. S9 in the ESM) and agar plate
studies (Fig. 2(f)) assessed the survivability of ABac and NAs-ABac
upon UV irradiation. After 120 min of UV irradiation, bacterial
counts of ABac and NAs-ABac decreased by nearly 99.99%,
indicating complete inhibition of bacterial proliferation. These
results demonstrated the successful construction of the inactivated
nanobacteria system.

3.3 Inactivated nanobacteria system crossing the BBB in
vitro and in vivo

To determine whether the inactivated nanobacteria system can
cross the BBB, we first constructed an in vitro BBB model using
bEnd.3 cells (Fig. 3(a)). We evaluated this model using the
transepithelial electrical resistance (TEER) assay (Fig. S10 in the
ESM). Typically, NAs-ABac (+/-) systems were cultured with 1.0 x
10° CFU of bEnd.3 cells in the upper transwell compartment. We
collected the culture media at 1, 2, 3, and 4 h from the lower
transwell chamber. The penetration rate of NAs-ABac (-) was
80.5% at 4 h, closely matching the 83.6% penetration rate of NAs-
ABac (+) (Fig. 3(b)). These findings demonstrated that inactivated
nanobacteria system retains the ability of E. coli K1 to bypass the
BBB in vitro.

We further investigated the mechanism by which the inactivated
nanobacteria system crosses the BBB. Previous studies have shown
that OmpA, a 325 amino acid protein located on the outer
membrane of E. coli K1, plays a critical role in crossing the BBB.
OmpA binds to gp96, a heat shock protein analog found on the
surface of BMECs, triggering actin cytoskeleton rearrangement and
subsequent bacterial invasion [60-62]. To explore the role of
OmpA and gp96 in the crossing of the BBB by NAs-ABac (-), we
designed competition experiments. We incubated NAs-ABac (-)
with an OmpA antibody for 1.5 h before cultivating with bEnd.3
cells (Fig. 3(c)). The penetration of NAs-ABac (—) was progressively
inhibited with increasing concentrations of the OmpA antibody.
Similarly, we treated bEnd.3 cells with a gp96 antibody for 1.5 h
before introducing NAs-ABac () (Fig. 3(d)). The penetration rate
of NAs-ABac () decreased with increasing concentrations of the
gp96 antibody. These results collectively demonstrate that the
inactivated nanobacteria system can effectively bypass the BBB in
vitro, potentially via the interaction between OmpA and gp96.

Building on our in vitro findings, we evaluated whether the
inactivated nanobacteria system could cross the BBB in vivo. To
track the bacteria in mice post-injection, we engineered bacteria to
express the red fluorescent protein mCherry by transforming the
pRSETB-mCherry plasmids into attenuated E. coli Kl
(mCherry@ABac) or E. coli DH5a (mCherry@E. coli DH5a) strains
(Fig. S11 in the ESM). We then intravenously injected healthy
female BALB/c mice with approximately 1 x 10° CFU of
mCherry@ABac or mCherry@E. coli DH5a. The mice were
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sacrificed 12 h post-injection, and we used an in vivo imaging
system (IVIS Lumina III) to detect mCherry signals from major
organs ex vivo (Fig. S12 in the ESM). After 12 h, the red
fluorescence of mCherry@ABac was prominently observed in the
liver, lung, kidney, and brain, while mCherry@E. coli DH5«a was
mainly detected in the liver, lung, and kidney. Quantitatively, the
fluorescence intensity of mCherry@ABac in the brain was
~ 6.5 times higher than that of mCherry@E. coli DH5a. Agar plate
assays confirmed that the number of bacteria in the brain of the
mCherry@ABac group was significantly higher (~ 4.3 times) than
in the mCherry@E. coli DH5« group (Fig. S13 in the ESM). These
results suggest that attenuated E. coli K1 accumulates in the brain
more effectively than E. coli DH5a.

We then examined the ability of the inactivated nanobacteria
system to cross the BBB in vivo after intravenous injection. Female
nude mice were randomized into four groups (n = 3 per group):
Gl1, PBS; G2, NAs; G3, NAs-ABac (+); and G4, NAs-ABac (-). At
4 h post-injection, we observed strong fluorescence from ICG in the
brains of the NAs-ABac (+) and NAs-ABac (-) groups, with
fluorescence intensity peaking at 8 h post-injection (Fig. 3(e)). The
ex vivo images corroborated the in vivo observations (Figs. 3(f) and
3(g)). Quantitatively, the NAs signal in the brain at 8 h in the G4
group (NAs-ABac (-)) was ~ 5 times greater than that in the G2
group (pure NAs), indicating effective delivery of STING agents to
the brain by the inactivated nanobacteria system. TEM imaging
confirmed the accumulation of NAs-ABac (+) and NAs-ABac (-)
in the mouse brain (Fig. 3(h)). Collectively, these results
demonstrate that the inactivated nanobacteria system has the
potential to cross the BBB in vivo.

34 Antitumor effects of the inactivated nanobacteria
system in vitro

To investigate the antitumor effects of the inactivated nanobacteria
system in vitro, we designed a transwell system. Mouse
glioblastoma cells (GI261) subjected to different treatments (PBS,
NAs, ABac (=), NAs-ABac (-) without SR717 + laser, and NAs-
ABac (-) + laser) were placed in the upper chamber, while DCs
harvested from the bone marrow (BMDCs) of 6- to 8-week-old
female C57BL/6 mice were seeded in the lower chamber (Fig. 4(a)).
After 300 s of 808-nm laser irradiation (1.2 W/cm?), the
temperature of 1.0 x 10° CFU/mL NAs-ABac (-) loaded with
0.56 mM NAs reached ~ 50 °C, similar to the temperature reached
by the equivalent NAs alone (Fig. S14 in the ESM). This
temperature increase was due to the photothermal effect of ICG
molecules in the NAs. SEM images (Fig. 4(b)) showed lysed
bacterial cells only in the NAs-ABac (—) without SR717 and NAs-
ABac (—) groups after laser irradiation, suggesting that the elevated
temperature destroyed the bacterial cells, possibly releasing the
loaded NAs. Additionally, we demonstrated that the photothermal
effects of NAs-ABac () could destroy glioblastoma Gl261 cells (Fig.
S15 in the ESM).

We next analyzed the expression levels of phosphorylated
STING (p-STING), phosphorylated TBK1 (p-TBK1), and
phosphorylated IRF3 (p-IRF3) in GI261 cells under different
treatments (PBS, NAs, ABac (-), NAs-ABac (-) without SR717+
laser, and NAs-ABac (-) + laser) using Western blotting.
Phosphorylation of STING, TBK1, and IRF3 was significantly
increased in the NAs-ABac (-) + laser group (Fig. 4(c)). For the
BMDCs in the lower chamber, enzyme-linked immunosorbent
assay (ELISA) showed elevated expression of interferon-$ (IFN-f3)
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Figure3 Inactivated nanobacteria system crossing the BBB in vitro and in vivo. (a) Diagram depicting the construction of the in vitro BBB model using bEnd.3 cells. (b)
The penetration rates of NAs, NAs-ABac (+), and NAs-ABac (-) after 1, 2, 3, and 4 h of incubation. The bacterial count was approximately 1.0 x 10° CFU. (c) Scheme
displaying competition trials to demonstrate the uptake of NAs-ABac (—) by bEnd.3 cells linked with OmpA and the corresponding penetration rates of NAs-ABac (-) in
the presence of the OmpA antibody. The NAs-ABac () cells were initially treated with the OmpA antibody for 1.5 h before inoculation with bEnd.3 cells. (d) Scheme
displaying competition trials to demonstrate the uptake of NAs-ABac (—) by bEnd.3 cells associated with the gp96 antibody and the related penetration rates of NAs-ABac
(-). (e) Representative in vivo fluorescence images of mice intravenously injected with PBS, NAs, NAs-ABac (+), or NAs-ABac (-) over time. (f) Corresponding ex vivo
imaging of major organs at 8 h after intravenous injection and (g) the corresponding fluorescence intensity. (h) TEM images of mouse brains following various
treatments, as indicated. All imaging experiments were repeated three times with similar results. The error bars represent the standard deviation obtained from three
independent measurements. The statistical significance was calculated via one-way analysis of variance (ANOVA) with a Tukey post hoc test.
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Figure4 In vitro evaluation of the antitumor ability of the inactivated nanobacteria system. (a) A scheme illustrating the Transwell system for investigating the antitumor
effects of the constructed NAs-ABac (-) system in vitro. G261 cells were cultured in the upper chamber, and BMDCs were cultured in the lower chamber. (b) SEM
images of NAs-ABac () ASR717 (i.e., NAs-ABac (—) without SR717) and NAs-ABac (-) with or without irradiation. Scale bars: 1 um. (c) Western blot analysis of p-
STING, p-TBK1 and p-IRF3 in GI261 cells after different treatments, as indicated. The levels of the inflammatory factors (d) IFN-f and (e) IL-6 secreted by BMDCs in the
lower chamber after different treatments, as indicated. (f) Flow cytometric analysis of mature BMDCs (CD11c* MHC II) after different treatments as indicated. All
imaging experiments were repeated three times with similar results. All error bars represent the standard deviation determined from three independent assays. The
statistical significance was calculated via one-way analysis of variance (ANOVA) with a Tukey post hoc test.

(Fig. 4(d)) and interleukin-6 (IL-6) (Fig. 4(e)) in the NAs + laser
and NAs-ABac (-) + laser groups. Flow cytometry was used to
evaluate the maturation of BMDCs (CD11c¢* and MHC II* cells).
Detailed information about the antibody panel used for spectral
flow cytometry analyses is provided in Table S1 in the ESM. The
highest level of BMDC maturation was observed in the NAs-ABac
() + laser group (Fig. 4(f) and Fig. S16 in the ESM). Collectively,
these results indicate that the inactivated nanobacteria system, after
NIR irradiation, can effectively stimulate the cGAS-STING pathway
in vitro.

3.5 Biosafety assessment of the inactivated nanobacteria
system

We thoroughly examined the biosafety of the inactivated
nanobacteria system following intravenous injection in healthy
mice (Fig. 5(a)). Initially, we assessed the impact on mouse body
weight after injecting live E. coli K1 (Bac (+)), inactivated E. coli K1
(Bac (-)), NAs-ABac (+), or NAs-ABac (-). As shown in Fig. 5(b),
body weights significantly declined 5 days post-injection with either
Bac (+) or Bac (-) at doses > 1 x 10° CFU, indicating their extreme
pathogenicity. In contrast, mice injected with NAs-ABac (-) at
doses up to ~ 1 x 10° CFU survived for 14 days post-injection,

doses. Consequently, we selected a moderate dose of ~ 1 x 10" CFU
of NAs-ABac (—) per mouse for subsequent tests. We then cultured
homogenates of primary organs on LB agar plates to evaluate
bacterial growth in the organs. 12 h post-injection, NAs-ABac (+)
was detected in the brain and increased over time (Fig. 5(c)), while
its presence in other organs, such as the liver, declined. In contrast,
nearly no live bacteria were detected in any organs of the NAs-ABac
(=) group (Fig. 5(d)).

We also conducted whole blood and serum biochemical analyses
on mice treated with the tested dose of NAs-ABac (-). As expected,
plasma levels of aspartate transaminase (AST) (Fig. 5(e)) and
alanine transaminase (ALT) (Fig. 5(f)) increased following
intravenous administration of NAs-Bac (-) after 72 h. However,
these levels did not rise after NAs-ABac (-) injection, indicating no
induction of acute hepatotoxicity or nephrotoxicity. Additionally,
mice treated with NAs-Bac (—) exhibited significant increases in
white blood cell (WBC) (Fig. 5(g)) and platelet (PLT) counts (Fig.
5(h)). 72 h post-injection of NAs-ABac (-), all serum biochemical
markers and most routine blood data remained within normal
limits compared to untreated healthy mice (Fig. S17 in the ESM).
Finally, no significant histopathological abnormalities were
observed in the hematoxylin and eosin (H&E)-stained major
organs from healthy mice 30 days post-treatment (Fig. S18 in the

although their body weights were somewhat reduced at higher ESM). Collectively, these results demonstrate the good
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Figure5 Biosafety assessment of the inactivated nanobacteria system. (a) Scheme illustrating the assessment of the biosafety of the constructed NAs-ABac () construct
after intravenous injection into healthy mice. (b) Effects of the injected dose of NAs-Bac (+), NAs-Bac (-), NAs-ABac (+) or NAs-ABac (-) on the body weight of the
mice. Homogenates of major organs of healthy mice after intravenous injection of (c) NAs-ABac (+) or (d) NAs-ABac (-) at a dose of ~ 1 x 10" CFU over time cultured
on solid LB agar plates and corresponding quantification of bacterial counts. The levels of () AST, (f) ALT, (g) WBCs and (h) PLTs in healthy mice intravenously injected
with NAs-Bac () or NAs-ABac () at a dose of 1.0 x 10" CFU per mouse for 72 h. All error bars represent the standard deviation determined from three independent
assays. Statistical significance was calculated via one-way analysis of variance (ANOVA) with a Tukey post hoc test.
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biocompatibility of the inactivated nanobacteria system. GBM-bearing mice, with a focus on selective glioma targeting. An
orthotopic tumor model was generated by inoculating

3.6 In vivo evaluation of the antitumor ability of the approximately 5 x 10> G1261-Luc cells per animal in situ on day -7

inactivated nanobacteria system (Fig. 6(a)). Once the GBM model was established, mice received
Having established that inactivated nanobacteria can traverse the intravenous treatments on days 0 (Treatment 1), 5 (Treatment 2),
BBB, we evaluated its photothermal immune efficacy in orthotopic and 10 (Treatment 3). Photothermal treatment (PTT) was
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Figure 6 In vivo evaluation of the antitumor ability of the inactivated nanobacteria system. (a) A scheme illustrating NAs-ABac (-) therapy in a GBM-bearing mouse
model. (b) Representative infrared images of the brains of GBM-bearing mice treated with PBS (G1), NAs (G2), NAs-ABac (—) ASR717 (i.e, NAs-ABac (-) without
SR717) (G3) or NAs-ABac (=) (G4) under 808 nm laser irradiation and (c) the corresponding temperature changes in the brain. (d) Representative in vivo
bioluminescence images of GBM-bearing mice, (e) individual bioluminescence change curves and (f) semiquantification of bioluminescence intensity in the brain of GBM-
bearing mice treated with PBS (G1), NAs (G2), NAs-ABac () ASR717 (G3) or NAs-ABac (-) (G4) under 808 nm laser irradiation. (g) Kaplan-Meier survival curves.
Flow cytometric analysis of (h) mature DCs (CD11c" MHC II'), (i) CD8" T cells (CD3" CD8"), (j) Treg cells (CD3" CD4* FOXP3"), (k) NK cells (CD3 CD45' CD49b")
and (I) M1-type cells (CD11b* F4/80* CD80") in GBM-bearing mice after different treatments as indicated. Quantification of (m) TNF-a, (n) IFN-f and (o) IL-6 in the
serum of GBM-bearing mice after different treatments as indicated. All imaging experiments were repeated three times with similar results. All error bars represent the
standard deviation determined from five independent assays. Statistical significance was calculated via one-way analysis of variance (ANOVA) with a Tukey post hoc test.
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administered under 808-nm laser irradiation, which was precisely
focused on the tumor site. Laser irradiation was applied for 5 min,
8 h following each drug injection, ensuring targeted heating. To
minimize potential damage to adjacent healthy brain tissue,
temperature modulation was carefully controlled, focusing on
achieving therapeutic efficacy against glioma cells without
extending thermal effects beyond the tumor area. Mice were
euthanized three days after Treatment 3, and tumors were
harvested and homogenized for flow cytometric analysis [37, 63].
Cytokine concentrations in the tumor lysate supernatants were
measured using ELISA kits as per the vendors’ instructions. 8 h
after NAs-ABac () injection, the mouse brains were irradiated with
808 nm light (1.2 W/cm’, 5 min). Infrared camera images (Fig.
6(b)) showed a rapid temperature increase in the GBM tissue
exclusively in the NAs-ABac (—) without SR717 and NAs-ABac (-)
groups. Specifically, after 5 min of irradiation, the GBM surface
temperature in the NAs-ABac (-) group reached 48 °C (Fig. 6(c)).
No significant heating was observed in the other groups under the
same conditions. Subsequent intravenous injections of NAs, NAs-
ABac (-) without SR717, and NAs-ABac (—) were administered on
days 5 and 10 post-initial injection. The anticancer effect was
visualized every four days using bioluminescence imaging. Figures
6(d) and 6(e) show significantly dimmer bioluminescence signals of
GI261-Luc cells in the NAs-ABac (-) group compared to other
groups. Quantitative analysis revealed that the NAs-ABac (-)
system significantly inhibited tumor growth, achieving an
inhibition rate of 83.5%, compared to 48.2% for NAs and 60.2% for
NAs-ABac (-) without SR717 (Fig. 6(f)). Survival analysis indicated
that mice in the NAs-ABac () group survived substantially longer
than those in other groups (Fig. 6(g)).

To assess whether the NAs-ABac (-) system induces both
adaptive and innate antitumor immunity, we performed flow
cytometry analysis on various immune cell populations. We first
evaluated the degree of DC maturation (CD11c* MHCII*). The
highest proportion of mature DCs was observed in the NAs-ABac
(-) + laser group (27.7%), compared to 11.4% in the NAs-ABac (-)
without SR717 + laser group, 16.7% in the NAs + laser group, and
7.47% in the PBS + laser group (Fig. 6(h) and Fig. S19 in the ESM).
Next, we assessed the populations of cytotoxic T lymphocytes
(CTLs) (CD3* CD8'). The NAs-ABac (-) + laser group showed a
3.24-fold increase in CD8" T cells compared to the PBS + laser
group (Fig. 6(i) and Fig. S20 in the ESM). Additionally, we
evaluated regulatory T cells (Tregs) (CD3* CD4* Foxp3®). The NAs-
ABac (-) + laser group showed a 65.1% reduction in Treg
populations compared to the PBS + laser group (Fig. 6(j) and Fig.
§21 in the ESM). We also investigated innate antitumor immunity.
The intratumoral frequencies of NK cells (CD3~ CD45" CD49b")
were significantly higher in the NAs-ABac (-) + laser group (2.85-
fold increase) compared to the PBS + laser group (Fig. 6(k) and Fig.
$22 in the ESM). M1 macrophage polarization (CD11b* F4/80*
CD80*) was also more pronounced in the NAs-ABac (-) + laser
group (25.4%) compared to the PBS + laser group (12.3%) (Fig. 6(1)
and Fig. S23 in the ESM). Finally, we measured levels of
proinflammatory cytokines, including IFN-f, IL-6, and TNF-q, in
serum samples from mice subjected to various treatments. The
levels of these cytokines were highest in the NAs-ABac (-) + laser
group (Figs. 6(m)—6(0)). These results collectively demonstrate that
the STING-mediated bacterial delivery system can induce both
adaptive and innate antitumor immunity, working synergistically to
suppress GBM growth.
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4 Conclusions

GBM treatment is challenged by the inability of therapeutic agents
to cross the BBB. Here, we successfully developed a novel
inactivated nanobacteria system. By knocking out the msbB gene,
we reduced the pathogenicity of EC-K1. By further irradiating the
bacterial cells with UV light, we eliminated their proliferation
ability. The loaded therapeutics were made of GP, ICG and SR717-
modified silica nanoparticles, which could be robustly internalized
into attenuated EC-K1 through a bacteria-specific ABC sugar
transporter pathway. These bacteria retain their chemotactic
properties but lose pathogenicity, enabling safe intravenous
administration. Upon laser irradiation, the bacteria release STING
agonists, triggering a robust antitumor immune response. This
approach significantly reduces tumor growth in mice, suggesting a
promising new direction for GBM immunotherapy.

Electronic Supplementary Material: Supplementary material
(further details of PCR results, CLSM images, flow cytometry
analysis, blood biochemistry and hematology data and Sanger
sequencing data) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907077.
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