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Abstract

Adverse effects and multidrug resistance remain significant obstacles in conventional cancer therapy.
Nanomedicines, with their intrinsic properties such as nano-sized dimensions and tunable surface characteristics,
have the potential to mitigate the side effects of traditional cancer treatments. While nanomaterials have been
widely applied in cancer treatment, challenges such as low targeting efficiency and poor tumor penetration
persist. Recent research has shown that anaerobic bacteria exhibit high selectivity for primary tumors and
metastatic cancers, offering good safety and superior tumor penetration capabilities. This suggests that combining
nanomaterials with bacteria could complement their respective limitations, opening vast potential applications

in cancer therapy. The use of bacteria in combination with nanomaterials for anticancer treatments, including
chemotherapy, radiotherapy, and photothermal/photodynamic therapy, has contributed to the rapid development
of the field of bacterial oncology treatments. This review explores the mechanisms of bacterial tumor targeting
and summarizes strategies for synthesizing bacterial-nanomaterial and their application in cancer therapy. The
combination of bacterial-nanomaterial hybrids with modern therapeutic approaches represents a promising avenue
for future cancer treatment research, with the potential to improve treatment outcomes for cancer patients.
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Introduction

Cancer remains a leading cause of death globally, posing
a significant threat to human health [1]. The develop-
ment of effective cancer treatments is hampered by the
complexity and heterogeneity of tumor biology [2-4].
While traditional chemotherapy has played a crucial
role in prolonging patient survival, its lack of tumor-
specific targeting often leads to suboptimal drug con-
centrations at the tumor site, diminishing therapeutic
efficacy [5-7]. Furthermore, the systemic distribution of
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most chemotherapy drugs results in toxicity and various
adverse effects, including myelosuppression, mucositis,
and organ dysfunction [8—11]. These limitations high-
light the urgent need for targeted drug delivery methods
in cancer therapy. [12]. Current research in cancer thera-
peutics focuses on enhancing the targeting specificity
and delivery efficiency of anticancer agents while simul-
taneously minimizing adverse effects. The development
of nanotechnology over the past few decades has led to
the emergence of numerous promising biomedical mate-
rials. Nanomaterials have been extensively explored for
improving cancer diagnosis and treatment due to their
unique physicochemical properties, including nano-scale
size, tunable surface characteristics, and capabilities for
encapsulation and controlled drug release [2, 13]. This
has significantly advanced cancer therapy research. Com-
pared to traditional chemotherapy drugs, nanomedicines
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offer significant advantages in prolonging drug half-life,
enhancing drug stability, bioavailability, and tumor accu-
mulation [14-16]. These characteristics can be utilized
to design targeted drug delivery systems, improving the
bio-distribution and tumor accumulation of free drugs,
thereby enhancing the effectiveness of traditional cancer
therapy [17, 18]. Research has demonstrated that nano-
medicines can significantly enhance drug retention and
permeability, effectively targeting tumor tissues [19].
Additionally, nanomedicines enhance drug efficacy by
increasing the local drug concentration in tumors while
reducing damage to healthy cells [20]. However, the effi-
ciency of nanoparticle-based tumor targeting is reduced
due to the unique physiological structures of the tumor
microenvironment, such as dense stroma, heterogeneous
vascular leakage, and hypoxic conditions [21-23]. As the
transport of nanoparticles primarily relies on passive
accumulation in tumor sites through systemic circula-
tion, lacking active driving forces to penetrate deep into
tumors, the application of nanoparticles alone in cancer
treatment is limited, thus reducing therapeutic efficacy
[24].

In response to the limitations of traditional chemo-
therapy drugs and nanomedicines, recent research has
explored novel strategies for cancer therapy utilizing bac-
teria [25]. The use of bacteria in cancer treatment dates
back decades, with American physician William Coley
being the first to document the application of bacteria
and bacterial toxins for this purpose [26]. In recent years,

bacterial therapy has emerged as a promising antitumor
strategy. Whether used alone or in combination with
traditional anti-cancer treatments, bacterial therapy has
demonstrated promising efficacy in promoting tumor
regression and inhibiting cancer cell metastasis [27]. The
biocompatibility of bacterial therapy has also been widely
validated [28-32]. Bacteria themselves possess certain
antitumor effects. For instance, bacterial proliferation at
tumor sites can compete with cancer cells for nutrients in
the tumor microenvironment, thereby restricting tumor
growth [33]. Furthermore, the intrinsic pro-inflammatory
capacity of bacteria can stimulate the body’s immune sys-
tem, enhancing the efficacy of immunotherapy [34]. By
introducing specific functional plasmids into bacteria to
serve as bioreactors for producing cytotoxins, antigenic
substances, etc., bacteria can also exert their antitu-
mor effects [35-37]. Additionally, due to the prolonged
hypoxic conditions in the tumor microenvironment,
obligate or facultative anaerobic bacteria exhibit excel-
lent targeting and colonization abilities towards hypoxic
regions of tumors [38, 39]. Many bacteria have been
observed to selectively localize and grow at tumor sites,
including Escherichia coli, Listeria monocytogenes, Clos-
tridium species, Salmonella species, and Bifidobacterium,
demonstrating their colonization capabilities at tumor
sites [31, 32, 40—46]. Isolated native intratumoral bacte-
ria exhibit high biocompatibility in mice and antitumor
effectiveness with excellent tumor selectivity through
a single administration [47]. Bacteria-mediated tumor
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targeting offers a promising strategy for cancer therapy,
particularly when combined with other anti-cancer ther-
apies. This approach can significantly reduce side effects
by improving drug targeting, thereby enhancing the effi-
cacy of cancer treatment.

Researchers have extensively studied the mechanisms
of using bacteria as carriers for cancer therapy, con-
firming that bacteria, when injected into tumors or sys-
temically, can track the tumor microenvironment and
colonize at tumor sites, contributing to tumor regression
[48]. Therefore, scientists utilize the inherent anaerobic
targeting of anaerobic microorganisms as drug deliv-
ery carriers to transport therapeutic agents to hypoxic
regions of tumors [49, 50]. This approach involves attach-
ing drugs to bacteria, thereby achieving targeted cancer
therapy. Commonly used bacterial carriers for tumor
therapy include Salmonella typhimurium, Bifidobacte-
rium, and Escherichia coli. Studies have shown that the
combination of nanotechnology with attenuated strains
of Salmonella has been successfully applied in the treat-
ment of melanoma [26, 51]. Furthermore, liposomes
attached to different types of bacteria have also shown
promising results in cancer therapy and diagnosis [52].
Due to their unique anaerobic targeting capabilities,
anaerobic bacteria-mediated tumor-targeted therapy
presents a novel and effective strategy for cancer treat-
ment. Many studies have utilized certain bacteria as drug
carriers, including anticancer drugs and transport vehi-
cles for drug-loaded nanomaterials, to more effectively
target tumors and enhance the anticancer efficacy of
conventional drugs [53]. Therefore, bacterial carriers are

Bacteria Bacterial nanohybrids

£ /
¢ Tumor targeting
4

Page 3 of 24

emerging as a frontier in drug delivery [42]. The autono-
mous movement and anaerobic targeting ability of bac-
teria are utilized to transport nanomedicines to the deep
regions of solid tumors, while nanomaterials can be
attached to bacteria surfaces in various ways, forming
bacteria-nanoparticle hybrids to mediate nanoparticle
delivery [54]. This bacteria-nanoparticle hybrid approach
for cancer therapy has led to rapid advancements in bac-
terial research for tumor treatment. The application of
bacteria as carriers for nanomedicines is also attracting
increasing attention from researchers in the field of new
anticancer drug development. This review delves into the
mechanisms underlying bacteria-mediated tumor target-
ing. It summarizes synthetic strategies for nano-bacteria
hybrids and elaborates on their applications in cancer
therapy (Scheme 1). By providing a comprehensive and
integrated overview of nano-bacteria hybrids, this review
explores their potential future development directions.
Ultimately, it aims to offer valuable insights and guidance
for researchers in related fields, facilitating their research
and development of bacterial nanomaterial hybrids.

Mechanisms of bacterial targeting and
colonization in tumors

Due to their unique properties, bacteria have shown
great potential as delivery vectors for targeting drugs
and genes to tumor sites [55, 56]. Various bacteria such
as Bifidobacterium, Salmonella, Escherichia coli, and
Clostridium can selectively accumulate and replicate in
hypoxic tumor regions, delivering functional nanopar-
ticles to the target tissue [57, 58]. Table 1 summarizes the
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Scheme 1 Bacteria can be conjugated with nanomaterials through various strategies for diverse applications in antitumor therapy. Created with Bio-

Render.com
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Table 1 Bacterium types for antitumor therapy

Bacteria Nanomaterial Efficacy Ref

Escherichia coli Carbon nitride NPs Photoinducing in situ generation of cytotoxicspecies. [57]
PD1 antibody and SARS-CoV-2 spike  Increasing proliferation of CTL in DLNs and tumor tissue. [69]
1 protein link to PDA nanoparticles
ICG and PDA nanoparticles Achieving homogeneous imaging signals and enhancing tumor regression. [70]
DOX and superparamagnetic iron Deliver cargoes to specific regions locally. [71]
oxide NPs-loaded erythrocyte
Polymeric pro-micelles On-demand release of two drugs. [72]
OVA antigen and a-PD-1 antibody Providing a versatile platform to prepare multimodal and long-acting therapeutics [73]
loaded PDA nanoparticles for cancer immunotherapy.

Fe;0, NPs Realizing a selfsupplied therapeutic Fenton-like reaction without additional H202 [74]

provision.

PDA/Ce6 nanoparticles Exhibits efficient antitumor effect in vitro and in vivo. [75]
Conjugated polymer nanoparticles  Applying for cell imaging and optical barcoding. [76]
Photosensitizer nanoparticles Achieving better cancer cell imaging and effectively light-mediated cancer killing. [77]
Liposomal formulation Colonizing tumor spheroids under magnetic fields for on-demand release of the [78]
encapsulating DOX and ICG drug molecules by near-infrared stimulus.

Au NPs Enabling the conjugation of bacterial surfaces with diverse metal-rich nanoparticles.  [79]

Salmonella PLGA nanoparticles Enhancing nanoparticle retention and distribution in solid tumors by up to a remark-  [56]

able 100-fold.
|CG-loaded nanoparticles Exhibiting a highly efficient photothermal killing ability for eradicating tumor without [58]
relapse.
Nanoparticles self-assembled from Successful inhibition of tumor growth was also achieved by efficient oral delivery of ~ [80]
cationic polymers and plasmid DNA  VEGFR2.
PDA NPs Enhance the antitumor efficacy toward malignant melanoma. [81]
DOX loaded thermosensitive Enriching M1 macrophage phenotype and T1 population. [82]
liposomes
PTX encapsulated liposomes Showing strong tumor-targeting and killing properties. [83]
Liposomes Enhanced drug delivery. [84]
CaCO; shell Achieving remarkable efficacy against both primary and metastatic tumors. [85]
MnO, nanoparticles Modulating the immunosuppressive tumor microenvironment and triggering im- [86]
mune responses.

Clostridium Branched Au NPs Therapyefficient CT image guided bacteriolytic tumor therapy. [87]
Upconversion nanorods and Au Improving tumors Imaging and Photothermal Therapy. [88]
nanorods

Magnetococcus  SN-38 loaded liposomes Improving the therapeutic index of various nanocarriers in tumor hypoxic regions. [89]
Nanoliposomes Penetrating hypoxic regions of tumors currently unattainable with conventional [90]

cancer drugs and delivering active substances to solid tumors.
Gold Nanoparticles Promoting the uptake of antigens and adjuvants by APCs to arouse strong immune ~ [91]
responses against cancer.

Bifidobacterium — DOX-loaded bovine serum albumin  Enhancing the efficacy of chemotherapy. [92]
nanoparticles
MCDP nanoparticles Achieving synergistic chemotherapy and CDT against solid tumors. [93]
PDA- coated PTX nanoparticles Enhancing the efficacy of chemotherapy. [94]
The bacterial antibody decorated Promoting tumor cell apoptosis and significantly inhibiting tumor growth. [95]
nano-drug missile
DOX-loaded CaP/SiO, nanoparticles  Prolonging the survival rate and significantly inhibited the tumor progression and [96]

metastasis.
PLGA nanoparticles Giving stronger imaging, longer retention period and more effective tumor therapy.  [97]

Lactobacillus Lactate oxidase -and prodrug tira- Inducing strong anticancer immunity. [98]
pazamine -coloaded liposomes
Zeolitic imidazole framework-67 Leading to pyroptotic cell death and strong antitumor immunity. [99]
nanoparticles
SN-38 prodrugs Leading to bacterial colonization in NPC tumors and a 67% inhibition in tumor [100]

growth, enhancing the efficacy of SN-38 by 54%.
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Table 1 (continued)
Bacteria Nanomaterial Efficacy Ref
Shewanella Zeolitic imidazole Finding great potential to overcome the challenges of tumor targeting and tumor [101]
frameworks-90 encapsulating photo- heat tolerance in PTT.
sensitizer methylene blue
FeS nanoparticles This work presents a cascade bioreactor based on S. oneidensis MR-1, which is prom- [102]
ising for enhanced CDT and immunotherapy.
Listeria Plasmid DNA conjugated Delivering cargos of nucleic acid-based model drugs, plasmid DNAs for firefly lucifer-  [103]

nanoparticles

ase and SEAP enzymes into multiple organs of live mice.

bacterial types most investigated for antitumor therapy.
Through synthetic biology and genetic engineering, these
bacteria can be engineered to precisely deliver anticancer
drugs, specific proteins, antibodies, enzymes, antigens,
and cytokines [37]. Several factors contribute to the spe-
cific targeting and colonization of tumors by bacteria.
Solid tumors often exhibit hypoxic regions, a condition
prevalent within the tumor microenvironment (TME)
[59]. This hypoxic environment is attractive for the col-
onization and proliferation of anaerobic or facultative
anaerobic bacteria [60]. Necrotic areas within tumors
are nutrient-rich, providing ample resources for bacterial
growth and reproduction [61]. Furthermore, the abnor-
mal structure of blood vessels associated with tumor
growth, including tortuous, elongated, or abnormally
dilated vessels, leads to a disorganized vascular system.
The microstructure of these blood vessels often includes
discontinuous endothelial cells and a lack of pericyte cov-
erage, which may facilitate the entry of circulating bac-
teria into tumor tissue [62, 63]. The immunosuppressive
nature of the tumor microenvironment (TME) creates an
immune-privileged site, allowing bacteria to accumulate
within the tumor [32, 64].

Bacteria may target tumors through various mecha-
nisms, including chemoattractants, signaling molecules
released by dying tumor cells, or the hypoxic environ-
ment within the TME. Parthenogenetic anaerobic bac-
teria such as Salmonella, Pseudomonas, and Escherichia
coli can sense high nutrient densities within or around
the tumor through chemoreceptors, suggesting a strong
attraction of bacteria towards the nutrient rich TME
[65]. Studies have also shown that Escherichia coli pref-
erentially colonize lung cancer cells that secrete various
signaling molecules [66]. Bacterial motility is a crucial
factor enabling their deeper penetration into tumor tis-
sue, contrasting with the inherent passive distribution
and limited penetration of chemotherapeutic drugs. Bac-
teria, as living organisms, possess the ability to repro-
duce through active metabolism and acquire energy from
their surroundings, resulting in sustained and effective
expression and transport capabilities. Theoretically, after
systemic administration, bacteria can utilize their motil-
ity to actively exit the vascular system and preferentially
migrate towards regions within the tumor tissue that are
more conducive to survival and proliferation, such as

areas with higher immunosuppression or greater nutrient
availability. Studies have shown that Salmonella begins
accumulating in colonies within tumors as early as 3
days post-systemic injection and spreads throughout the
tumor tissue region [67].

In essence, bacteria exhibit a tropism towards the
hypoxic, nutrient-rich, and immunosuppressive TME,
endowing them with an inherent tumor-targeting prop-
erty. Upon successful targeting and entry into the tumor,
bacteria can rapidly replicate. While further research is
needed to fully elucidate the mechanisms involved, it is
undeniable that many therapeutic bacteria can penetrate
tumors, presenting immense potential in cancer treat-
ment [68] .

Synthesis methods of bacterial-nanomaterial
hybrids

Studies have demonstrated that certain anaerobic bac-
teria possess anaerobic targeting capabilities, allow-
ing them to actively target and colonize hypoxic tumor
microenvironments [104]. In recent years, nanotechnol-
ogy has significantly advanced the application of bacteria
for cancer treatment. Researchers have combined bacte-
ria with nanomaterials to create bacterial-nanomaterial
hybrids, enabling bacteria to deliver nanodrugs to tumor
sites and thereby enhancing the tumor-targeting capa-
bility of the drugs. These bacterial-nanomaterial hybrids
leverage the tumor-targeting abilities of bacteria along-
side the advantages of nanodrugs [92]. The synthesis of
bacterial-nanomaterial hybrids can be achieved through
various strategies, including chemical bonding, electro-
static interactions, the streptavidin-biotin system, and
other methods (Fig. 1). Table 2 provides a summary of
these methods.

Chemical bonding

Covalent bonding between nanomaterials and bacterial
cells is a common method for conjugation. The bacterial
outer membrane comprises various components, includ-
ing peptidoglycan, teichoic acid, lipopolysaccharides,
lipids, and proteins. These components provide diverse
surface properties and functional groups such as thiols,
hydroxyls, carboxyls, and amines [109]. Among these,
amino, carboxyl, and thiol groups are the most prevalent
functional groups used for chemical modification of the
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Fig. 1 Diagram of Different Methods for Connecting Bacteria and Nanomaterials. Created with BioRender.com

bacterial surface [110, 111]. Due to their simplicity, high
efficiency, and mild reaction conditions, these groups
serve as reactive sites. Amino groups can react with
N-hydroxysuccinimide (NHS) esters, isocyanate-acti-
vated molecules, or unsaturated aldehydes and ketones
[112]. Carboxyl groups can be activated and subsequently
conjugated with amino-functionalized compounds
using carbodiimide chemistry [113, 114]. Free thiol
groups in cysteine side chains can covalently couple with
maleimide-containing conjugates under neutral condi-
tions, forming stable thioether bonds [112, 115, 116].
Coupling reactions typically target amino (-NH,) and
carboxyl (-COOH) groups. Stable conjugation of bac-
teria with nanomaterials is primarily achieved through
the formation of stable amide bonds between the pep-
tidoglycan of bacterial cell walls or the lipid bilayers of
bacterial membranes and the nanomaterials [117]. There-
fore, by modifying nanoparticle surfaces with carboxyl
or amino groups, amide bonds can be utilized to firmly
attach nanoparticles to bacteria. This approach lever-
ages the tumor-targeting ability of bacteria to transport
nanodrugs to tumor sites [118]. Numerous studies have
utilized amide bonds to link carboxyl groups on bacterial
surfaces with amino groups on nanoparticles. For exam-
ple, Wu et al. designed and prepared Cu,O@Salmonella

Typhimurium ASt (ASt) (Cu,O@ASt), a novel micro-
bial-nano drug, by covalently bonding polyethylene
glycolated Cu,O nanoparticles’ amino groups with the
carboxyl groups on the surface of engineered Salmonella
Typhimurium to form amide bonds (Fig. 2A). Addition-
ally, Wu et al. reported LOD/TPZ@Lips-LA, another
novel microbial-nano drug [98]. LOD/TPZ@Lips-LA was
constructed by anchoring liposomes co-loaded with lac-
tate oxidase (LOD) and the prodrug tirapazamine (TPZ)
onto the surface of Lactobacillus (LA) through an amide
condensation reaction. The amino groups of the lipo-
somes co-loaded with LOD and TPZ were bonded to the
carboxyl groups of the Lactobacillus (LA). By modifying
nanoparticles with carboxyl groups, they can also bind to
the amino groups on the bacterial surface. For example,
poly(lactic-co-glycolic acid) (PLGA), indocyanine green
(ICG), and carboxyl-terminated polyethylene glycolated
phospholipid (DSPE-PEG-COOH) can self-assemble to
form nanoparticles with carboxylated surfaces using the
ultrasound emulsification method. These nanoparticles
can then react with the amino groups on the surface of
Salmonella Typhimurium YB1 (YB1), forming amide
bonds and resulting in the bacterium/nanoparticle hybrid
(YB1-INP) [58]. Additionally, indocyanine green (ICG)
can be encapsulated within human serum albumin (HSA)
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Table 2 Methods of bacterial-carrying therapeutic agents

Methods Bacteria Nanodrug Cancer cell Ref

line

Chemical bond Salmonella Typhimurium YB1 ICG-loaded nanoparticles MB49 [58]
Escherichia coli MG1655 Fe;0, NPs CT26 [74]
Magnetococcus marinus MC-1 SN-38 loaded liposomes HCT116 [89]
Magnetococcus marinus MC-1 Nanoliposomes Colo205 [90]
Bifidobacterium bifidum DOX-loaded CaP/SiO, nanoparticles CT26 [96]
Bifidobacterium longum PLGA nanoparticles MDA-MB-231  [97]
Lactobacillus Lactate oxidase -and prodrug tirapazamine -coloaded liposomes  4T1 [98]
Shewanella oneidensis MR-1 Zeolitic imidazole frameworks-90 encapsulating photosensitizer ~ CT26 [101]

methylene blue
Electrostatic Escherichia coli Carbon nitride NPs 4T1 [57]

interaction Escherichia coli PDA/Ce6 nanoparticles HOS, U20S and  [75]
MG63
Escherichia coli Conjugated polymer A549 [76]
nanoparticles
Escherichia coli Photosensitizer Hela cells [77]
nanoparticles
Salmonella Nanoparticles self-assembled from cationic polymers and plas- B16 [80]
mid DNA
Clostridium novyi-NT spores Branched Au NPs PC3 [87]
Magnetospirillum magneticum Fe;0, magnetic nanoparticles - [105]
AMB-1
Dopamine Escherichia coli Nissle 1917 aPD1 antibody and SARS-CoV-2 spike 1 protein link to nanopar- ~ CT26,B16F10  [69]
self-polymerisation ticular PDA
Escherichia coli BL21 ICG and PDA nanoparticles 4T1,CT26 [70]
Escherichia coli Nissle 1917 OVA antigen and a-PD-1 antibody loaded PDA nanoparticles CT26 [73]
Salmonella strain VNP20009 PDA nanoparticles B16F10 [81]
Bifidobacterium infantis MCDP nanoparticles 471 [93]
Bifidobacterium infantis PDA-coated PTX nanoparticles A549 [94]
Especially E. STING agonist (MSA-2) and PDA nanoparticles B16F10 [106]
coli Nissle 1917
Streptavidin-biotin Salmonella Typhimurium VNP20009 PLGA nanoparticles HCT-116, [56]
interaction U87MG and
4T
Escherichia coli MG1655 DOX and superparamagnetic iron oxide NPs-loaded erythrocyte - [71]
Escherichia coli Liposomal formulation HT-29 [78]
MG1655 encapsulating DOX and ICG
Salmonella typhimurium YS1646 DOX loaded thermosensitive liposomes CT26 [82]
Salmonella Typhimurium PTX encapsulated liposomes 471 [83]
L.monocytogenes, Listeria Plasmid DNA conjugated NPs KB cells [103]
The AppGpp S. typhimurium strain -~ Cy5.5-coated polystyrene microbeads NIH/3T3, CT-26  [107]
SHJ2037 and 4T1
Clostridium difficile CCUG 37,780 Upconversion nanorods and Au nanorods A549 [88]
Bifidobacterium infantis The bacterial antibody decorated nano-drug missile A549 [94]
Electroporation Escherichia coli and Salmonella Liposomes 471 [84]
Active adsorption of  Bifidobacterium infantis Adriamycin-loaded bovine serum albumin nanoparticles 411 [92]
proteins by bacteria
Tetrazine/norbornene  Escherichia coli Polymeric pro-micelles 471 [72]
click reaction
Metal-peptide affinity  Escherichia coli Au nanoparticles - [79]
Biomineralize Shewanella Palladium nanoparticles CT26 [101]
oneidensis MR-1
Shewanella algae K3259 Gold nanoparticles CT26 [108]
Salmonella typhimurium strain CaCOj shell B16F10 [85]
AppGpp
Salmonella typhimurium MnO, nanoparticles CT26,B16F10  [86]

and 4T1
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Fig. 2 (A) Schematic diagram of the construction of Cu,0@ASt microbiotic nanomedicine by bonding Cu,O onto the surface of ASt. Modified with
permission [118]. (B) Synthesis of the self-driven, tumor tropism SO@MDH Biohybrid. Modified with permission [132]. (C) Schematic illustration showing
the fabrication process of the biomotor MCDP@BIf. Modified with permission [93]. (D) Schematic illustration of the bacterial biohybrid microrobots, con-
jugated with NLs and mNPs. NLs are loaded with DOX and ICG, and both NLs and mNPs are conjugated to bacteria via biotin-streptavidin interactions.

Modified with permission [140]

nanoparticles (HSA/ICG NPs) via intermolecular disul-
fide bonds. These nanoparticles can be attached to the
surface of a natural photosynthetic cyanobacterium, Syn-
echococcus elongatus PCC 7942 (Syne), through amide
bonds, creating a biomimetic system (S/HSA/ICG) for
triple therapy of metastatic breast cancer [110]. Besides
amide bonds, nanoparticles can also covalently bind to
bacteria via imine bonds. For instance, methylene blue
(MB), a photosensitizer, can be encapsulated in zeolitic
imidazolate framework-90 (ZIF-90) nanoparticles that
contain surface aldehyde groups. These nanoparticles can
react with the amino groups of the facultative anaerobe
Shewanella oneidensis MR-1, forming imine bonds under
mild conditions [101]. Bacteria and nanoparticles bound
by chemical bonds can usually be carried out under
physiological conditions and have strong binding forces
and high loading rates. Therefore, bacteria-nanoparticle
hybrids bound by chemical bonds are relatively stable
and not easily dissociated. However, their high stability
leads to low drug release efficiency, which often requires
more reasonable material design so that the encapsulated
drugs can be successfully released, thus hindering the
implementation of this method.

Electrostatic interaction

The outer membranes of most bacteria exhibit a negative
charge due to the abundance of phosphate and carboxyl
groups on their cell membranes, typically resulting in an
isoelectric point below 5 [119, 120]. Under physiological
conditions, the pH is generally above the isoelectric point
of bacterial cells. This negative charge allows for electro-
static interactions with various positively charged nano-
materials, such as polymers, inorganic materials, and
liposomes, enabling direct decoration of the bacterial cell
surface through simple co-incubation with live bacteria

[121-128]. Consequently, by co-incubating positively
charged nanomaterials with negatively charged bacteria,
stable bacterial-nanomaterial hybrids can be obtained.
Numerous studies have utilized the negatively charged
bacterial surface to bind various cationic substances
through electrostatic methods [57, 80, 87, 129]. Addition-
ally, modifying the surface potential of bacteria allows for
further surface decoration with anionic nanomaterials
[130, 131]. For example, biocompatible poly(allylamine
hydrochloride) (PAH) can be used to modify non-patho-
genic Shewanella oneidensis (SO) [132], rendering the
bacterial surface positively charged. This allows for the
binding of MIL-101 metal-organic framework (MOF)
nanoparticles loaded with the anticancer drug doxorubi-
cin (DOX) and coated with negatively charged hyaluronic
acid (HA). The DOX-loaded MIL-101 MOF nanopar-
ticles and SO can bind through electrostatic interac-
tions, resulting in the formation of the biohybrid system
SO@MIL-101-DOX-HA (SO@MDH) (Fig. 2B). Another
example involves labeling anaerobic Clostridium novyi-
NT (C. novyi-NT) spores with branched gold nanopar-
ticles (BGNP) for visualization of spore delivery to solid
tumors via X-ray computed tomography (CT) following
intratumoral injection [87]. Negatively charged C. novyi-
NT spores were functionalized with positively charged,
low molecular weight branched polyethylenimine (bPEI,
600 Da), increasing the surface charge of the spores to
positive values. The synthesized BGNPs were modified
with 4-mercaptobenzoic acid (4-MCBA) through ligand
exchange, resulting in highly negatively charged BGNPs.
Finally, the negatively charged BGNPs were electrostati-
cally deposited onto the positively charged spore walls.
In a PC3 prostate tumor mouse model, BGNP-coated
spores were injected into the hypoxic center of each
tumor, and intratumoral delivery was confirmed via CT.
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Polyethyleneimine (PEI) is a cationic polymer that can be
surface-modified to form positively charged nanoparti-
cles that adsorb onto bacterial surfaces. In the context of
bacteria-mediated DNA vaccines, cationic polymers and
DNA self-assembled nanoparticles are used for cancer
immunotherapy [80]. Fe;O, nanoparticles modified with
amine-functionalized ligands exhibit a positive poten-
tial. The negatively charged surface of Magnetospirillum
magneticum AMB-1 (AMB-1) allowed the formation of
the bio-nanohybrid AMB-1@MNPs through electrostatic
interactions [105]. This composite material is referred to
as semi-artificial magnetotactic bacteria (SAMTB). The
motion of this biohybrid can be regulated by adjusting
the size and concentration of Fe;O, nanoparticles, mak-
ing it applicable for precise in vivo drug delivery. Fur-
thermore, a research team developed a novel engineered
bacterial system capable of targeting hypoxic tumor tis-
sues and effectively mediating photodynamic therapy of
these tumors. In this study, Escherichia coli was geneti-
cally modified to express catalase (CAT). Black phos-
phorus quantum dots (BPQD) were then combined with
these catalase-expressing E. coli through electrostatic
adsorption, producing the engineered E. coli/BPQD (EB)
system [133]. This method of bacteria and nanomaterials
being adsorbed to each other through positive and nega-
tive charges is simple to operate and has good biocom-
patibility. However, due to factors such as the strength of
the charges and external interference, it can easily lead to
low binding efficiency and low stability. Moreover, modi-
fying the surface charge of bacteria can negatively affect
bacterial activity.

Polydopamine adhesion

Polydopamine (PDA) is well-known for its two key chem-
ical features: a high content of primary and secondary
amines and a high content of catechol (3,4-dihydroxy-
benzene). The coexistence of these functional groups
contributes to PDA’s strong interfacial adhesion proper-
ties, enabling it to attach to virtually all types of organic
and inorganic material surfaces [134]. Inspired by mussel
adhesive proteins, dopamine is a small molecule known
for its ability to readily form stable PDA nanoparticles.
These nanoparticles exhibit high adhesiveness, bio-
compatibility, negligible cytotoxicity, and good disper-
sion in aqueous solutions. These advantages have led to
widespread applications of PDA in the biomedical field
[135]. Numerous researchers have leveraged PDA’s adhe-
sive properties to connect nanomaterials with bacteria,
forming bacterial nanobiohybrids for antitumor therapy
studies. For instance, a nanomedicine, MCDP, was syn-
thesized by preparing a metal-organic framework (MOF)
containing calcium peroxide and doxorubicin (DOX).
Subsequently, a polydopamine (PDA) coating was applied
to facilitate the attachment of the nanomedicine onto
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the surface of Bifidobacterium (Bif), resulting in a bacte-
rial nanobiohybrid, MCDP@Bif [93]. MCDP@Bif enables
precise delivery of CaO2 nanoparticles and doxorubicin
(DOX) to tumor tissues for synergistic chemotherapy and
chemodynamic therapy (CDT) (Fig. 2C). Polydopamine
(PDA) conjugation can also be employed in immuno-
therapy as a linker for immunotherapeutic agents. Bac-
teria with surfaces decorated with mixed immunoactive
nanoparticles can induce dual anticancer and antiviral
immunity. aPD1 antibody and SARS-CoV-2 spike 1 (S1)
protein were chosen as the immune checkpoint inhibi-
tor and virus-specific antigen, respectively. Both aPD1
and S1 protein can be conjugated to PDA nanoparticles,
which are then attached to the surface of Escherichia coli
Nissle 1917 (EcN) [69]. Beyond its adhesive properties,
PDA also exhibits photothermal effects. Under compat-
ible conditions, indocyanine green and PDA nanode-
posits can be applied to the surface of bioengineered
bacteria expressing natural melanin for tumor photo-
thermal therapy [70]. Additionally, researchers synthe-
sized paclitaxel-loaded nanoparticles (PTX-NPs) using
a diblock copolymer of methoxy poly(ethylene glycol)-
poly(e-caprolactone) (mPEG-PCL) as a carrier, with a
PDA coating on the surface. These PTX-NPs were then
linked to Bifidobacterium infantis, forming Bif@PDA-
PTX-NPs hybrids. Upon reaching the hypoxic regions
of tumor tissues, the PTX-NPs respond to the reductive
tumor environment, releasing the paclitaxel and exert-
ing its antitumor effects [94]. The conjugation of bacteria
with nanomaterials via polydopamine has gained increas-
ing popularity in recent years due to its advantages of
excellent biocompatibility, ease of operation, strong
adhesion, and the ability to dissociate in weakly acidic
environments.

Streptavidin-biotin interaction

In addition to chemical bonds and electrostatic interac-
tions, biotin-based bioconjugation interactions have also
been employed for conjugating bacteria with various
substances. Streptavidin, a protein isolated and purified
from bacteria, forms a strong non-covalent interaction
with biotin [136]. This non-covalent interaction has been
extensively studied in bioanalysis and biomedical applica-
tions [137-139]. The streptavidin-biotin system has been
utilized to conjugate bacteria with various substances,
including compounds, nanoliposomes, and metal
nanoparticles. One study reported the development of
a biohybrid microrobot platform for targeted localiza-
tion and multi-stimuli-responsive drug release within
three-dimensional (3D) biological matrices. Magnetic
nanoparticles (mNP) and nanoliposomes (NL) loaded
with photothermal agents and chemotherapeutic drugs
were integrated into Escherichia coli via non-covalent
interactions. This biohybrid system was prepared by
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exploiting the streptavidin-biotin interaction between
a biotin-expressing engineered strain of E. coli MG1655
and streptavidin-functionalized mNPs. Subsequently,
biotinylated NLs were directly conjugated, forming a
biotin-streptavidin-biotin system [140] (Fig. 2D). Red
blood cell membranes can be combined with bacteria
using the biotin-streptavidin-biotin system. Engineered
motile bacteria and red blood cells form biohybrid
microswimmers, containing the model anticancer drug
doxorubicin (DOX) and superparamagnetic iron oxide
nanoparticles (SPIONs). These microswimmers offer
autonomous propulsion, untethered magnetic steer-
ing, and efficient drug encapsulation and release. DOX
molecules and SPIONs were first loaded into red blood
cells, which were then attached to genetically engineered
E. coli MG1655 via a biotin-streptavidin-biotin complex
[71]. Research has also utilized anaerobic Salmonella
VNP20009 to bind with nanoparticles through streptav-
idin-biotin interactions. Streptavidin was modified onto
PLGA nanoparticles, and biotin-treated bacterial anti-
bodies were attached to the bacterial surface. Through
the streptavidin-biotin interaction, PLGA nanoparticles
and bacteria formed bacterial/nanomaterial composites
(NanoBEADS). NanoBEADS can enhance the retention
and distribution of nanoparticles in solid tumors by up to
100-fold [56]. Additionally, biotinylated Listeria monocy-
togenes monoclonal antibodies were used to attach strep-
tavidin-coated polystyrene nanoparticles to the bacterial
surface. Biotinylated GFP plasmids were then attached
to the remaining streptavidin sites on the nanoparticles
[103]. The biotin-streptavidin binding method is a more
traditional choice. This strategy often has strong inter-
actions and high stability, usually does not interfere
with the activity of bacteria, and more importantly, has
high specificity. However, it also often leads to low drug
release efficiency.

Other methods

Other reported methods include the use of acid-labile
linkers and antigen-antibody interactions to connect
bacteria and nanoparticles [72, 95, 141]. Additionally,
nanoparticles can be introduced into bacteria through
incubation and electroporation methods [142]. Electro-
poration utilizes electric pulses to transiently increase
the permeability of the cell membrane, allowing nanopar-
ticles or other substances to enter the cell [143]. Research
has successfully employed electroporation to introduce
phosphatidylcholine-coated quantum dots into folate-
modified short Bifidobacteria, leveraging the high-quality
luminescent properties and photostability of quantum
dots to significantly improve in vivo imaging and thera-
peutic effects on tumors [144]. Cell-penetrating pep-
tides (CPPs) can also facilitate nanoparticle entry into
cells without the need for an external electric field. CPPs
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possess the ability to transfer large molecules from the
extracellular environment to the cytoplasm, a feature
that has been utilized to deliver gold nanoparticles into
bacterial cells [145]. Biomineralization, an extensively
explored strategy involving the in-situ biosynthesis of
nanoparticles, has emerged as a promising method for
producing bacterial-nanoparticle hybrids. Biominer-
alization phenomena have been observed in various
microorganisms. For instance, Bacillus subtilis has been
reported to biomineralize gold ions into gold nanopar-
ticles and deposit them on its cell wall surface [146].
Biomineralization serves as a detoxification mechanism
for microorganisms, reducing heavy metal ions into
nanoparticles. Numerous types of metal nanoparticles
have been reported to be formed through biomineral-
ization [147, 148]. Through a simple biomineralization
process, a biocompatible and biodegradable calcium car-
bonate (CaCO;) shell was coated on the surface of Sal-
monella, forming SAL@CaCO; [149].

The construction of bacteria-nanoparticle conjugates
can be achieved through various methods, including
chemical bonding, electrostatic interactions, and others.
Each method possesses its own advantages and disadvan-
tages. Consequently, a comprehensive consideration of
both bacterial and nanomaterial modifications is crucial
when designing these conjugates.

Bacteria-mediated nanomaterials for antitumor
therapy

The application of nanotechnology in bacterial-based
cancer therapy has advanced rapidly in recent years.
Researchers have discovered that hybrid materials com-
bining bacteria and nanomaterials can enhance tumor
targeting. Numerous studies have integrated bacteria-
nanomaterial hybrids with traditional cancer treatments,
including radiotherapy, chemotherapy, immunotherapy,
photothermal therapy, and photodynamic therapy, lead-
ing to effective eradication of tumor cells. We will elabo-
rate from two perspectives: bacterial-mediated tumor
monotherapy and combination therapy (Fig. 3).

Monotherapy

Bacteria-mediated nanomaterials for monotherapy in
tumor treatment include chemotherapy, radiotherapy,
photothermal therapy, photodynamic therapy, chemody-
namic therapy, and immunotherapy. Monotherapy only
requires loading one therapeutic drug, making the sys-
tem design simple and easy to implement, with fewer side
effects. Simple photothermal therapy, even only used for
subcutaneous tumors, has limited model selection and
cannot be extended to other in situ models. However,
the system is simple, more feasible for development, and
conducive to large-scale production. Table 3 summarizes
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Fig. 3 Diagram of Bacteria-Nanomaterial Hybrids Applied in Tumor Monotherapy and Synergistic Therapy. Created with BioRender.com

Table 3 Bacteria-mediated monotherapy

Bacteria-mediated Bacteria Therapeutic payload Tumor Ref
therapy
Chemotherapy Escherichia coli DOX and a-tocopheryl succinate Breast cancer [72]
Nissle1917
Salmonella Typhimurium Paclitaxel-loaded liposomal microcargo Breast cancer [83]
Magnetococcus marinus strain MC-1 SN-38 loaded liposomes Colon cancer [89]
Bifdobacterium infantis PTX-loaded NPs Lung cancer [94]
Bifdobacterium infantis DOX Lung cancer [95]
Bifdobacterium infantis Bovine serum albumin loading with DOX Breast cancer [92]
Escherichia coli DOX Breast cancer [114]
Nissle1917
Radiotherapy Escherichia coli Bi,S; nanoparticles Breast cancer [150]
MG1655
Salmonella Typhimurium AppGpp Bacterial luciferase, Lux and Cytolysin A Colon cancer [151]
Listeria 32-Phosphorus Pancreatic [152]
Photothermal Therapy ~ Salmonella Typhimurium YB1 |CG-loaded nanoparticles Bladder cancer [58]
Escherichia coli BL21 PDA nanoparticles Colon cancer [70]
Breast cancer
Salmonella Typhimurium VNP20009 Polydopamine Colon cancer [81]
B. breve UCC 2003 C. difficile CCUG 37,780 Gold nanoparticles Lung cancer [141]
Escherichia coli MG1655 Gold nanoparticles Breast cancer [153]
Escherichia coli MG1655 Gold nanoparticles Colon cancer [154]
Escherichia coli DH5a |ICG-loaded nanoparticles Glioblastoma [155]
Photodynamic Therapy  Escherichia coli Nissle 1917 Black phosphorus quantum dots Breast cancer [156]
Immunotherapy Salmonella Cationic polymers and plasmid DNA Melanoma [80]
Salmonella typhimurium AppGpp CaCO; shell Melanoma [85]
Salmonella typhimurium MnO, nanoparticles Colon cancer [86]
Breast cancer
Melanoma
Escherichia coli Fe;0,@lipid nanocomposites and anti-CD47  Colon cancer [157]
nanobody Breast cancer
engineering Salmonella DNAzyme -functionalized MnO, nanoparticles Melanoma [158]
Escherichia coli MG1655 Magnetic Fe;0, Colon cancer [159]
nanoparticles
Chemodynamic Therapy  Escherichia coli Au@Pt core —shell nanozyme Melanoma [160]
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the research on the application of bacteria and nanoma-
terials for cancer monotherapy.

Chemotherapy

Chemotherapy is a primary treatment modality for meta-
static cancer, as it allows drugs to circulate through the
bloodstream and reach various metastatic sites, enabling
systemic therapy [161]. Chemotherapy drugs target the
growth and division processes of cancer cells, prevent-
ing their normal replication and ultimately leading to cell
death. However, chemotherapy is often associated with
severe side effects [162]. Recent studies have highlighted
the potential of bacteria as carriers for chemotherapeutic
drugs in cancer treatment, enabling specific targeting of
both primary and metastatic tumors [163]. For example,
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a study reported the development of a biocompatible
bacteria/nanoparticle hybrid (Bif@DOX-NPs) designed
to enhance the efficacy of chemotherapy in breast cancer
[92]. Bif@DOX-NPs selectively accumulated in tumors
due to the hypoxic targeting ability of Bifidobacterium
and the affinity of the bovine serum albumin (BSA) layer
to the albumin-binding secreted protein acidic and rich
in cysteine (SPARC), which is expressed on many solid
tumors. This selective accumulation enhances the anti-
tumor efficacy of the chemotherapeutic drug while
reducing side effects (Fig. 4A). Notably, Bif@DOX-NPs
significantly prolonged the survival of mice by over 30
days compared to the saline group.
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Fig.4 (A) Schematic diagram of the antitumor process of bacterial nanohybrids. Modified with permission [92]. (B) When self-targeted to tumor sites, the
bacteria-based nanosystem could secrete ClyA protein to arrest the cell cycle to the radiosensitive phase and release BNP to realize radiotherapy sensitiv-
ity by ROS generation and DNA damage. Modified with permission [150]. (C) Illustration of potential immune responses induced by AMF-Bac. Modified
with permission [157]. (D) YB1-INPs with hypoxia-targeting and photothermal-assisted bioaccumulation for tumor penetrative therapy. Modified with

permission [173]

. (E) Schematic illustration of a novel engineered bacterium/black phosphorus quantum dot hybrid system for hypoxic tumor targeting

and efficient photodynamic therapy. Modified with permission [156]. (F) The scheme of bacteria-based Fenton-like bioreactor and its chemodynamic

therapy process for antitumor therapy. Modified with permission [159]
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Radiotherapy

Radiotherapy utilizes high-energy rays to irradiate the
tumor area, killing tumor cells by inducing DNA damage.
However, the hypoxic microenvironment within solid
tumors significantly reduces the efficacy of radiotherapy
[164]. Furthermore, studies have shown that radiotherapy
can induce protective autophagy in tumor cells, enabling
them to maintain homeostasis and continue proliferating
and metastasizing [161]. The combination of bacteria and
nanomaterials has the potential to improve the hypoxic
conditions of tumors and synergistically enhance the
effects of radiotherapy. Integrating bacteria with radio-
sensitizing nanomaterials can result in more pronounced
therapeutic outcomes for tumor treatment. For instance,
a study developed an integrated nanosystem composed
of engineered bacteria (Bacillus) and Bi2S3 nanoparticles
(BNPs) (Bac@BNP) to enhance radiosensitivity [150]. The
engineered bacteria specifically colonize tumor sites and
overexpress the cytolysin A (ClyA) protein, which modu-
lates the cell cycle from the radiation-resistant phase to
the radiation-sensitive phase. Meanwhile, the peptide-
modified BNPs, serving as a radiosensitizer with high
atomic (Z) elements, are released from the Bacillus sur-
face in response to matrix metalloproteinase-2 (MMP2)
present in the tumor microenvironment. Upon X-ray
irradiation, the BNPs trigger intracellular reactive oxy-
gen species (ROS) production, leading to DNA damage
and increased radiosensitivity (Fig. 4B). Notably, mice in
the PBS, PBS+X-ray, BNP, and Bacillus groups exhibited
increasing mortality before day 30. In contrast, mice in
the Bac@BNP group exhibited a 75% survival rate at day
60. In this study, Bac@BNP under X-ray irradiation sig-
nificantly inhibited breast cancer in mice while reducing
toxic side effects.

Immunotherapy

The advancement of cancer immunotherapy has brought
new opportunities to oncology, making immune-based
anticancer strategies increasingly significant [165-167].
Cancer immunotherapy harnesses the body’s own
immune system to recognize and attack cancer cells,
ultimately achieving therapeutic goals. In recent years,
several studies have proposed methods using bacte-
rial nanocarriers for immunomodulation [54]. Ma et al.
utilized Fe;O,@liposome nanocomposites to geneti-
cally modify engineered Escherichia coli, developing
magnetically manipulable bacteria targeted to tumors.
Alternating magnetic fields (AMF) are an ideal signal
for manipulating bacteria due to their virtually limitless
tissue-penetrating capability and excellent biosafety. The
study describes an AMF-manipulated tumor-homing
bacteria (AMF-Bac), constructed by modifying geneti-
cally engineered E. coli BL21 attenuated strain with a
Fe;O,@lipid nanocomposite. The magnetic engineered
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bacteria enable consistent magnetic field-controlled
movement to enhance tumor targeting and improve ther-
apeutic efficacy, achieving tumor-specific CD47 blockade
and precise tumor immunotherapy [157] (Fig. 4C).

Photothermal therapy

Photothermal therapy (PTT) involves the absorption of
photon energy by a photothermal agent, causing a tran-
sition from the ground state to the excited state. The
excited photothermal agent returns to the ground state
upon collision with surrounding molecules, releasing
energy and generating heat [168]. Nanomaterials, includ-
ing inorganic and polymer nanoparticles, serve as the
primary photothermal agents [169, 170]. These nanoma-
terials can be combined with bacteria to form antitumor
nano-bacterial complexes. In bacteria-mediated PTT
therapy, tumor treatment exhibits high specificity. Bac-
teria carrying photosensitizers preferentially accumulate
within solid tumors. Upon exposure to near-infrared
laser, bacteria with photosensitizers demonstrate excel-
lent efficacy in destroying cancer cells and eradicating
solid tumors [171, 172]. Research has connected nano
photosensitizers (indocyanine green nanoparticles, INPs)
to the surface of Yersinia enterocolitica strain YBI, form-
ing a bio/non-bio cross-linked system (YBI1-INPs) for
precise tumor treatment [173]. This YB1-INPS treatment
strategy demonstrates specific hypoxia targeting against
solid tumors, excellent photothermal conversion, and
efficient fluorescence (FL) imaging properties. Under
near-infrared laser irradiation (NIR), YB1-INPS exhibits
a reliable, efficient photothermal ability to eradicate large
solid tumors without recurrence (Fig. 4D). Addition-
ally, researchers have exploited the advantages of using
Salmonella VNP20009 biotherapy in combination with
dopamine-mediated photothermal therapy to enhance
the antitumor efficacy against malignant melanoma
[92]. VNP20009 is coated with dopamine through oxida-
tion and self-polymerization and then injected intrave-
nously into tumor-bearing mice. The dopamine-coated
VNP20009 targets the hypoxic regions of solid tumors,
and upon near-infrared laser irradiation, the tumor heats
up due to the presence of dopamine. This combined
approach eliminates tumors with a single injection and
laser irradiation, with no recurrence or metastasis.

Photodynamic therapy

Photodynamic therapy (PDT) utilizes photosensitiz-
ers, which, upon activation, generate cytotoxic reac-
tive oxygen species (ROS), inducing apoptosis, necrosis,
and autophagy in tumor cells [174]. While extensively
researched as a non-invasive treatment for tumors, PDT
is limited by the drawbacks of photosensitizers, includ-
ing their short half-life, low solubility, and poor stability
[175]. Precise delivery of sufficient photosensitizers to the
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tumor site remains a significant challenge [176]. Numer-
ous studies have explored the use of nano-bacterial bio-
hybrids for delivering photosensitizers for PDT [177].
Ding et al. developed a novel engineered bacterial system
capable of targeting hypoxic tumor tissues and effec-
tively mediating PDT for these tumors. Escherichia coli
was genetically modified to express peroxidase, and black
phosphorus quantum dots (BPQDs) were attached to the
bacterial surface via electrostatic adsorption, generating
the engineered E. coli/BPQD (EB) system [156]. Laser
irradiation at 660 nm drove EB to generate ROS and dis-
rupt the bacterial cell membrane, leading to the release of
catalase, followed by its degradation to produce oxygen.
Increased oxygen levels alleviate intratumoral hypoxia,
thereby enhancing BPQD-mediated PDT (Fig. 4E).

Chemodynamic therapy

Chemodynamic therapy (CDT) disrupts cancer cells
by converting hydrogen peroxide and superoxide in the
tumor microenvironment (TME) into reactive oxygen
species (ROS). However, its antitumor efficacy is limited
by tumor-targeting capability. Moreover, high levels of
ROS can promote the exposure of tumor-associated anti-
gens, facilitating the engulfment of dead cells and frag-
ments by antigen-presenting cells (APCs), thereby further
eliciting a systemic immune response [27]. In recent
years, bacteria integrated with functional nanoparticles
have achieved precise antitumor effects through thera-
peutic reactions, especially Fenton-like reactions [178].
The strategy of bacteria-mediated Fenton-like reactions
for tumor therapy primarily utilizes genetic engineering
techniques to introduce genes encoding catalase and iron
reductase into microbial cells, enabling them to produce
hydrogen peroxide and ferrous ions. In Fenton-like reac-
tions, hydrogen dioxide (H,O,) can be converted into
highly reactive hydroxyl radicals (¢OH) with the presence
of metal catalysts [179]. As a kind of the reactive oxy-
gen species (ROS), hydroxyl radical is of highly oxidative
activity towards organic molecules and induces severe
oxidative damage of tumor cells. Researchers developed
an integrative bioreactor based on engineered bacteria
for tumor therapy via Fenton-like reaction with localized
H202 generation. Nonpathogenic bacterium Escherichia
coli MG1655 (Ec) was engineered with respiratory chain
enzyme II (NDH-2) overexpression (Ec-pE). Amino-
functionalized magnetic Fe;O, nanoparticles (MNP)
were modified onto the engineered bacteria via amide
bonds, constructing a Fenton-like bioreactor (Ec-pE@
MNP) [159]. Under the anaerobic targeting of bacteria
and the influence of an external magnetic field, Ec-pE
carrying MNP reaches the tumor microenvironment
with abundant spontaneous H,O, production, generating
many hydroxyl radicals to kill tumor cells (Fig. 4F).
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Synergistic therapy

Given the high rates of metastasis, recurrence, individual
variability, and low survival rates associated with cancer,
combination therapy is particularly important and urgent
[180]. Extensive research has led to the engineering of
various bacterial cells as carriers for delivering chemo-
therapeutic drugs, plasmids, proteins, and other compos-
ite nanomedicines for tumor treatmentt [89, 181-183].
These composite nanosystems endow bacterial cells with
multiple therapeutic functions, enabling multidirectional
treatment approaches such as Fenton-like catalytic ther-
apy [184], photothermal therapy [185] and biotherapy
[186]. Bacteria-mediated nanomaterials for the syner-
gistic treatment of tumors have also been extensively
studied preclinically. Synergistic therapy, which employs
multiple treatment methods simultaneously to combat
tumors, achieves comprehensive tumor killing and exhib-
its enhanced therapeutic efficacy. Table 4 summarizes
the research on bacteria-mediated synergistic therapy for
tumor treatment.

Photothermal therapy-based synergistic therapies

Photothermal therapy (PTT), a non-invasive treatment
method, offers precise spatial and temporal control in
antitumor therapy [204]. PTT converts light into heat
energy through photothermal agents under specific wave-
lengths of near-infrared irradiation, killing tumor cells in
an oxygen-independent manner. While both PDT and
PTT induce cell death by generating free radicals, each
has inherent limitations, making it difficult to achieve
sufficient therapeutic effects with a single modality. How-
ever, the combined use of PTT and PDT not only retains
the advantages of low toxicity and minimal side effects
associated with phototherapy but also produces additive
or even synergistic therapeutic effects, thereby enhanc-
ing efficacy and reducing side effects [205-208]. PTT can
enhance immune activation, and combining PTT with
immunotherapy can yield potent antitumor effects. For
instance, tumor-specific antigens (OVA) and checkpoint
blockade a-PD-1 antibodies can be in situ precipitated
with polydopamine (PDA) to form PDA nanoparticles,
which are then conjugated onto the surface of Escherichia
coli (EcN). PDA exerts a photothermal effect, inducing
the repolarization of M2 macrophages to M1 macro-
phages. The attached OVA promotes the maturation of
dendritic cells (DCs), while a-PD-1 can induce the activa-
tion of cytotoxic T lymphocytes [73] (Fig. 5A). Combin-
ing chemotherapy with PTT can increase the sensitivity
of tumor cells to chemotherapeutic drugs and enhance
drug penetration into deeper tumor regions [204, 209].
The facultative anaerobic bacterium Escherichia coli
Nissle 1917 (EcN) was functionalized to form a self-pro-
pelled microrobot, actively delivering chemotherapeutic
drugs and photosensitizers to the deep hypoxic regions
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Bacteria-mediated therapy Bacteria Therapeutic payload Tumor Ref
Chemo-Chemodynamic Therapy Bifidobacterium infantis MCDP nanoparticles Breast cancer [93]
Chemo-Chemodynamic-Immunotherapy  Escherichia coli DOX Breast cancer [187]
Chemo-Immunotherapy Engineered DOX-loaded CaP/SiO, nanoparticles Melanoma [96]
Bifidobacterium
Salmonella typhimurium DOX and temperature sensitive Colon cancer [188]
liposomes
Escherichia coli 1917 Autophagy inhibitor hydroxychloro- Pancreatic [189]
quine and DOX
Photothermal-Photodynamic Therapy Synechococcus 7942 Au-Ceb Breast cancer [190]
Escherichia coli DH5a PDA nanoparticles Osteosarcoma [191]
Shewanella oneidensis MR-1 Palladium nanoparticles Colon cancer [192]
Photothermal-Immunotherapy Escherichia coli Nissle 1917 PDA nanoparticles Colon cancer [73]
Escherichia coli Nissle 1917 The STING agonist and PDA Melanoma [106]
nanoparticles
Bifidobacterium |CG-loaded nanoparticles Colon cancer [193]
NBRC100015
Salmonella Typhimurium VNP20009 ~ Heptamethine cyanine dyes NHS-N782  Melanoma [194]
and JQ-1
Purple photosynthetic bacteria PEG derivatives Colon cancer [195]
Escherichia coli Nissle 1917 CRISPR-Cas9 plasmid-loaded Breast cancer [196]
liposomes
Photothermal-Chemotherapy Salmonella Typhimurium DOX and ICG Colorectal cancer  [78]
Escherichia coli MG1655
Escherichia coli Nissle 1917 CA-Dox-Hyd-SH/AuNRs complexes Breast cancer [197]
Photothermal-Chemo-Chemodynamic Escherichia coli MG 1655 Pentabromopillar arenes and cisplatin Breast cancer [198]
Therapy derivatives loaded TMP
Photothermal-Radiotherapy Escherichia coli Black phosphorus quantum dot Colorectal cancer  [199]
Photodynamic-Immunotherapy Escherichia coli Nissle 1917 Iridium (Il) photosensitizer Breast cancer [200]
Photodynamic-Sonodynamic Therapy Bifidobacterium Ce6 nanoparticles Laryngeal cancer  [201]
CGMCC1.2212
Radiotherapy-Immunotherapy Salmonella Typhimurium VNP20009 ~ Gold-platinum bimetallic nanozyme Melanoma [202]
Chemodynamic-immunotherapy Lactobacillus rhamnosus GG Zeolitic imidazole framework-67 Breast cancer [203]

of tumors [197]. Doxorubicin (Dox) and gold nanorods
(AuNRs) were conjugated onto the surface of EcN. Cellu-
lar co-localization of EcN-Dox-Au conjugates in MCF-7
cells was observed using CLSM. The nuclei appeared
red fluorescence of Dox, and the fluorescence signals
enhanced with the increase of co-incubation time, dem-
onstrating that the conjugates could be internalized into
nuclei and exert antitumor efficacy. Upon near-infrared
laser irradiation near the tumor, the AuNRs converted
light into heat, significantly enhancing the permeability
of tumor cell membranes and increasing the penetration
of both Dox and EcN, thus achieving an optimized syn-
ergistic effect of PTT and chemotherapy (Fig. 5B). Addi-
tionally, bacterial-nanomaterial hybrids can be employed
for a combinatorial approach integrating chemotherapy,
PTT, and CDT. A “Trojan nanobacteria hybrid,” compris-
ing facultative anaerobic Escherichia coli MG 1655 and
prodrug based HINCs (highly integrated nanocapsules),
has been successfully constructed. The hybrid, termed E.
coli@HINCs (HINE-Hybrid), utilizes HINCs, which are
covalently cross-linked through pillararene derivatives

and cisplatin prodrug linkers. These HINCs can be endo-
cytosed and cleaved to release therapeutic agents. Under
near-infrared (NIR) light irradiation (808 nm), HINCs
significantly increase the system’s temperature, which
further leads to the efficient production of reactive oxy-
gen species (ROS). Moreover, in both in vitro and in vivo
studies, HINE-Hybrid demonstrates significant antitu-
mor effects and promotes immune cell infiltration and
antitumor cytokine expression within the tumor micro-
environment (TME) [198]. Additionally, bacterial-medi-
ated PTT combined with radiotherapy has also been
reported. A hybrid system of black phosphorus quantum
dots (BPQD) and Escherichia coli (E. coli) (BE) has been
developed. BPQD can directly enhance X-ray-mediated
tumor radiosensitization [199], achieving significant
radiotherapy efficacy at lower radiation doses. This sys-
tem effectively destroys hypoxic tumor tissues, thereby
inhibiting tumor growth (Fig. 5C).

Nanoparticles encapsulating the photosensitizer Ce6
and Au NPs (Au-Ce6) were conjugated to the native pho-
tosynthetic bacterium Synechococcus elongatus PCC
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Fig. 5 (A) Decorated bacteria-mediated reversal of the tumor immunosuppressive microenvironment via repolarization of TAMs, maturation of dendritic
cells, and activation of cytotoxic T lymphocytes. Modified with permission [73]. (B) Schematic illustration of the developed EcN-Dox-Au microrobots for
synergistic photothermal-chemotherapy and immunomodulatory effect of breast tumor. Modified with permission [197]. (C) Schematic illustration of
BPQDs/bacteria system that synergistically facilitates PTT against hypoxic tumors and complementary low-dose radiotherapy. Modified with permission

Tumor-targted

[199]. (D) Synthesis of Bac@Au-Ce6 and schematic diagram of PDT and PTT tumor therapy in vivo. Modified with permission [190]

7942 (Syne) [190]. The engineered bacteria loaded with
Au-Ce6 (Bac@AuCeb6) retained the photosynthetic char-
acteristics and tumor-targeting abilities of Syne. When
a 660 nm laser irradiated the tumor site, the photosyn-
thetic autotrophic Syne continuously released photo-
synthetic O2, which was immediately activated into 10,
by the loaded photosensitizer. Subsequently, 808 nm
laser irradiation was applied for PTT to further enhance
tumor cytotoxicity (Fig. 5D).

Chemotherapy-based synergistic therapies

The clinical efficacy of chemotherapeutic drugs is often
compromised due to poor drug selectivity, off-target
effects, and drug resistance. Bacterial vectors can deliver
chemotherapeutic drugs to deeper tumor regions [49,
50], and can be combined with other therapeutic modali-
ties to enhance antitumor effects. Bacteria-mediated
synergistic chemotherapy and CDT have demonstrated
promising antitumor efficacy. For example, by func-
tionalizing MCDP nanoparticles containing calcium
peroxide (CaO,) and doxorubicin (DOX) onto poly-
dopamine-coated metal-organic frameworks (MOFs),
synergistic chemotherapy and chemodynamic therapy
can be achieved with anaerobic Bifidobacterium infantis
(Bif) [93]. 4T1 cells readily took up MIL+DOX+PDA
(MDP) and MCDP NPs compared to free DOX, simi-
lar uptake was observed in A549 and CT26 cells.

This hybrid material, composed of MIL frame-
work+CaO,+DOX+polydopamine (MCDP)@Bif, lever-
ages the innate targeting ability of Bif to actively home
in on the hypoxic regions of solid tumors. In the acidic
tumor microenvironment (TME), MCDP generates
hydroxyl radicals through an enhanced Fenton-like reac-
tion between Fe?* and the hydrogen peroxide produced
by Ca0,. The disruption of Ca>* homeostasis and the
resulting mitochondrial Ca®" overload induce apoptosis
and enhance oxidative stress, thereby promoting tumor
cell death (Fig. 6A). Studies have also explored the use
of anaerobic bacteria to mediate the synergistic effects
of chemotherapy and immunotherapy. Probiotic Bifi-
dobacterium bifidum (Bi) combined with DOX-loaded
CaP/SiO, nanoparticles (DNPs@Bi) has been utilized
for tumor treatment. Studies have also explored the use
of anaerobic bacteria to mediate the synergistic effects
of chemotherapy and immunotherapy. Probiotic Bifi-
dobacterium bifidum (Bi) combined with DOX-loaded
CaP/SiO, nanoparticles (DNPs@Bi) has been utilized
for tumor treatment [96]. DNPs@Bi was able to enhance
the cellular uptake. The DNPs@Bi system releases DOX
to exert chemotherapeutic effects and induce immuno-
genic cell death (ICD). Furthermore, DNPs@Bi stimu-
lates the maturation of dendritic cells (DCs) and the
infiltration of cytotoxic T lymphocytes (Fig. 6B). Addi-
tionally, the integration of the chemotherapeutic drug
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Fig. 6 (A) Schematic illustration showing antitumor mechanism of the biomotor MCDP@BIf. Modified with permission [93]. (B) Bifidobacterium bifidum
(Bi) was covalently modified with DOX-loaded CaP/SiO, nanoparticles (DNPs@Bi) for tumor Therapy. Modified with permission [96]. (C) Schematic illustra-
tion of the elimination of solid tumors by enhanced photodynamic immunotherapy. The injected photosensitizer-bacteria hybrid induces photodynamic
therapy at tumor tissues under irradiation and evokes innate and adaptive immune responses, thereby leading to the final tumor regression. Modified
with permission [200]. (D) Combination of laser and US exposure exerted a synergistic effect on ROS generation of Ce6-B. bifidum-anti-DR5 Ab (a) and
Combined 671 nm laser and US targeted therapy (b). Modified with permission [201]

doxorubicin (DOX) onto the surface of non-pathogenic
Escherichia coli (E. coli) with high expression of glucose
dehydrogenase (GDH) has been employed to enhance its
antitumor efficacy. The nicotinamide adenine dinucleo-
tide phosphate (NADPH) produced by E. coli facilitates
the generation of toxic reactive oxygen species (ROS)
within tumors. These ROS are subsequently catalyzed
by NADPH oxidase activated by DOX. Importantly, the
hybrid bacteria augment the systemic antitumor immune
response, leading to effective tumor eradication [187].

Photodynamic therapy-based synergistic treatment

The tumor microenvironment (TME) is typically charac-
terized by significant hypoxia, with partial oxygen pres-
sure (pO,) below 20 mmHg [210-215]. This local hypoxia
severely impedes the effectiveness of cancer treatments,
particularly photodynamic therapy (PDT) [216-219].
Anaerobic bacteria have excellent tumor-targeting capa-
bilities, and attaching photosensitizers to bacteria can
enhance the efficacy of photodynamic therapy (PDT). For
example, iridium(III) photosensitizers covalently labeled
onto the surface of genetically engineered bacteria

(Ir-HEcN) selectively target and penetrate deep into
tumor tissues [200](Fig. 6C). Under irradiation, Ir-HECN
can induce tumor cell pyroptosis and immunogenic cell
death, leading to the regression of solid tumors through
the combination of PDT and immunotherapy. Addition-
ally, the combination of photodynamic therapy (PDT)
and sonodynamic therapy (SDT) can achieve superior
antitumor effects. Chlorin e6 (Ce6) nanoparticles can be
incorporated into bifidobacteria. Under laser or ultra-
sound irradiation, Ce6 generates reactive oxygen species
(ROS) to kill cancer cells [201] (Fig. 6D).

Others

In addition to the common bacterial-mediated combina-
tion therapies, bacterial vectors can activate the immune
system or synergize with other treatments such as immu-
notherapy, chemotherapy, or radiotherapy to enhance
antitumor effects [55, 220—226]. For instance, engineered
Salmonella typhimurium strains secreting Vibrio vul-
nificus flagellin B (SLpFlaB) have been used to activate
immune responses and, in combination with radiother-
apy, enhance the treatment of intracranial sarcomas
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[227, 228]. Moreover, another study designed a bacte-
rial vector coated with gold-platinum bimetallic nano-
zymes (Au-Pt@VNP20009, APV). This system leverages
the intense tumor inflammatory response induced by
low-dose X-rays, significantly enhancing the tumor-tar-
geting delivery capacity of CD11b+immune cells hitch-
hiking on APV. This approach effectively alleviates tumor
hypoxia and immune suppression, thereby inhibiting
tumor growth and metastasis [229]. Synergistic therapy
has better therapeutic efficacy. It uses multiple treatment
methods simultaneously to fight tumors, achieving com-
prehensive tumor killing. Especially after combining with
immunotherapy, the recurrence rate is lower in the long
term. However, the system synthesis is composed of two
or more therapeutic agents, leading to high complexity
and potentially increased side effects compared to mono-
therapy. Drug development becomes more difficult and
costly.

Challenges and outlook

Tumor-targeting bacteria can specifically penetrate pri-
mary tumors and metastases throughout the body and
proliferate within necrotic areas [230]. This unique prolif-
eration mechanism effectively overcomes the limitations
of current clinical cancer treatments, such as chemother-
apy, molecular targeted therapy, cell therapy, and anti-
body therapy, which cannot penetrate the interior of
tumors, and radiotherapy, surgery, and other physical
therapies that cannot target potential metastatic sites.
However, clinical trial results have shown that bacterial
monotherapy has not yet achieved significant antitumor
effects [33, 231]. This is primarily because the cytotoxic-
ity of tumor-targeting engineered bacteria is insufficient
to eliminate tumor cells, and the secreted therapeutic
agents cannot diffuse throughout the entire solid tumor.
Additionally, the proliferation of some bacteria may pro-
mote tumor growth and metastasis, posing significant
challenges for clinical application [232]. Therefore, com-
bining bacterial targeted therapy with the advantages
of existing clinical treatments is crucial for its ultimate
clinical application. The application of bacteria-nanopar-
ticle hybrids has been shown to successfully promote
tumor regression and prolong survival in mouse mod-
els. Although many published studies on bacteria-based
biotherapy have shown promising results in experimen-
tal models, the use of tumor-targeting bacteria in clini-
cal practice as therapeutic drugs still faces significant
hurdles. There are still some challenges that need to be
addressed.

First, potential risks associated with bacteria must be
carefully considered. Given that these conjugates contain
live bacterial cells, addressing biosafety concerns is para-
mount. Rapid introduction of a large number of bacterial
cells into the human body can trigger a strong immune
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response [233, 234]. Researchers have proposed several
solutions to address the safety concerns of using bacteria
as bioactive drug carriers. Firstly, it is recommended to
use biocompatible probiotics or non-pathogenic bacteria
for treatment. E coli Nissle 1917, a non-pathogenic intes-
tinal probiotic, has been used to treat gastrointestinal
diseases [235, 236]. Bifidobacterium is also known for its
oral probiotic use. Second, reducing the pathogenicity of
bacteria by deleting virulence-related genes can alleviate
immune responses. For example, genetically engineered
Salmonella strains lacking ppGpp genes elicit weaker
immune responses and have been applied in antitumor
therapy [237]. Additionally, attenuation strategies can be
employed to reduce the virulence of pathogenic bacteria.
These approaches can enhance the safety and efficacy
of bacterial-nanoparticle conjugates, facilitating their
clinical development. Second, the binding stability of
nanoparticles and bacteria during in vivo transport needs
improvement, and conducting clinical trials also presents
significant difficulties. Furthermore, limited drug load-
ing efficiency is another challenge hindering the anti-
cancer efficacy of bacteria. Besides further optimizing the
preparation methods, genetically modifying bacteria to
produce anti-cancer drugs may enhance the therapeutic
effect. Finally, the production process for live bacteria is
more complex than that for small molecule anti-cancer
drugs. Unlike small molecules or other non-active clini-
cal drugs, live therapeutic bacteria cannot be sterilized by
filtration or heat treatment, which would be the greatest
challenge for producing products that pass Good Manu-
facturing Practice (GMP) grade testing. Traditional ste-
rility testing standards will no longer apply. Therefore,
real-time supervision, production, purification, and har-
vesting of live bacteria under strict aseptic procedures are
practical methods to ensure the quality of the final prod-
uct. Bacterial seed banks and storage systems should also
be further optimized. Finally, the potential environmental
impact when live bacteria can be used in a clinical setting
is another issue that needs to be carefully addressed.
Bacteria can deliver a variety of drugs, amino acids,
and proteins. Their excellent tumor-targeting proper-
ties make them play a crucial role in cancer treatment.
It is noteworthy, however, that there are also some
issues that need to be addressed in future work in bac-
terial-mediated synergistic cancer therapy. To facilitate
the clinical application of bacterial synergistic therapy,
more resources need to be invested in researching large-
scale production, sterilization techniques, management
plans, production equipment, storage, and transporta-
tion methods. Tumor therapy with bacteria-mediated
nanomaterials also requires further research, which will
provide a solid theoretical basis and new development
directions for promoting tumor treatment. Although
this novel drug delivery system requires improvement,
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bacteria-nanoparticle conjugates have demonstrated
their potential in enhancing nanomaterial targeted deliv-
ery through bacterial tumor colonization. This innovative
therapeutic approach has shown promising preliminary
results. Since the initial attempts to use bacteria for
tumor treatment, the concept of bacterial biotherapy
and its effectiveness as a drug delivery system for vari-
ous diseases have been widely recognized. The powerful
tumor colonization ability of bacteria makes them ideal
carriers for tumor-targeted drug delivery. By combining
the antitumor advantages of nanomedicine with the tar-
geting ability of bacteria, this novel delivery system can
specifically enhance tumor therapeutic efficacy while
significantly reducing side effects. Combining bacteria-
nanoparticle conjugates with traditional or novel antitu-
mor therapies may represent a new direction for future
cancer treatment. This approach holds great potential
and broad prospects for development in the biomedical
field, especially in oncology.

Conclusions

This review summarizes the mechanisms potentially
involved in bacterial targeting of tumors, as well as the
construction strategies for bacteria-nanoparticle conju-
gates and their applications in antitumor therapy. Bac-
teria used for antitumor therapy could target tumors
and colonize hypoxic tumor regions, making them
ideal nanocarriers for delivering drugs to tumor areas.
Therefore, constructing novel drug delivery systems
by combining bacteria with nanomaterials occupies an
important position in antitumor therapy research. Bac-
teria are attracted to the TME, which is characterized
by hypoxia, nutrient richness, and immunosuppression.
Some chemoattractants, as well as the active movement
ability of bacteria, are also key factors in enabling bacte-
ria to target tumor sites. Bacterial targeting offers higher
targeting efficiency and penetration compared to tradi-
tional ligand-modified targeting. Additionally, bacteria
can carry a wide variety of therapeutic agents, such as
anticancer drugs, immunomodulators, and gene therapy
vectors. Bacteria-nanoparticles can be applied in various
cancer treatment modalities. In conclusion, this anti-can-
cer method utilizes the active targeting ability of bacteria
and the high efficiency of nanomaterials in killing can-
cer cells, achieving enhanced targeting effects in tumor
treatment. Although bacteria-based therapies are still in
their infancy, they have immense potential. The combina-
tion of bacterial therapy with other treatments to gener-
ate effective cancer therapies remains a topic worthy of
further research. One of the main focuses currently is to
effectively combine bacteria-based therapies with nano-
medicine. Utilizing bacterial tumor colonization can lead
to the development of novel antitumor drugs for use in
routine clinical applications.
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Abbreviations

PTT Photothermal therapy

PDT Photodynamic therapy

cbr Chemodynamic therapy
T™ME Tumor microenvironment
DOX Doxorubicin

PTX Paclitaxel

PLGA Poly (lactic-co-glycolic acid)
PDA Polydopamine

ICG Indocyanine green

ROS Reactive oxygen species

102 Singlet oxygen

NPs Nanoparticles

mNP Magnetic nanoparticles

NL Nanoliposomes

Ce6 Chlorin e6

OVA Ovalbumin

APCs Antigen-presenting cells
DCs Dendritic cells

TAMs Tumor-associated macrophages
AMF Alternating magnetic fields
BSA Bovine serum albumin
4-MCBA  4-mercaptobenzoic acid

PEI Polyethyleneimine

SPIONs Superparamagnetic iron oxide nanoparticles
NIR Near-infrared laser irradiation
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