7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online
View Journal | View Issue

REVIEW

Recent progress in nanomaterials for bacteria-

{ M) Check for updates ‘
related tumor therapy

Cite this: Biomater. Sci., 2024, 12,
1965 ad ) R
*3% and Hui Gao*

Fuping Zhang,® Shuyu Wang,* Shuo Yang,© Feihe Ma
Many studies suggest that tumor microbiome closely relates to the oncogenesis and anti-tumor
responses in multiple cancer types (e.g., colorectal cancer (CRC), breast cancer, lung cancer and pancrea-
tic cancer), thereby raising an emerging research area of bacteria-related tumor therapy. Nanomaterials
have long been used for both cancer and bacterial infection treatment, holding great potential for bac-
teria-related tumor therapy. In this review, we summarized recent progress in nanomaterials for bacteria-
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related tumor therapy. We focus on the types and mechanisms of pathogenic bacteria in the development
and promotion of cancers and emphasize how nanomaterials work. We also briefly discuss the design
principles and challenges of nanomaterials for bacteria-related tumor therapy. We hope this review can
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1. Introduction

Increasing evidence suggests that there are various bacteria
existing in tumor tissues, and the intratumoral microbiome
plays important roles in tumor genesis, progression, meta-
stasis, immune response and chemosensitivity.'® For
example, intratumoral bacteria can directly cause DNA
damage, leading to increased gene mutations, causing cancer
and promoting the growth of cancer cells.*” The intratumoral
bacteria can also convert chemotherapy drugs into inactive
forms® or upregulate tumor cell autophagy,” causing chemo-
therapy resistance. Moreover, intratumoral bacteria can affect
the tumor immune microenvironment, inhibiting anti-tumor
immune responses and making the tumors more aggressive.®
To date, the use of antibiotics remains the most effective
and widely used strategy against bacterial infections, which
has shown benefits for bacteria-related tumor therapy.’
However, systemic or oral administration of antibiotics lacks
anti-bacterial specificity, causing undesired dysbiosis of gut
microbiota.'®'" Moreover, the poor accumulation of free anti-
biotics in the infected tumor tissues requires a large dose and
repeated administration of antibiotics to efficiently kill bac-
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provide some insights into this emerging and rapidly growing research area.

teria, which can enhance gut dysbiosis and develop drug resis-
tance."””> The rapid developments in nanotechnology and
materials science provide advanced strategies against both bac-
terial and cancer.”*'* In comparison with small molecules,
nanomaterials have a higher surface-to-volume ratio, providing
a good tailorable surface for functionality modifications."®
Nanomaterials themselves can directly exhibit antibacterial or
antitumor activities, such as silver nanoparticles,16 carbon-
based nanomaterials,'” nanozymes'® and polycationic nano-
materials.'® Meanwhile, nanomaterials including mesoporous
silica nanomaterials,® liposomes®>' and polymeric nano-
particles®® can also be used as drug carriers to effectively
deliver antibacterial and anti-tumor drugs to infection or
tumor sites, improving the therapeutic efficacy and reducing
side effects of the free drugs.>*>* Therefore, nanomaterials cer-
tainly hold great potential for bacteria-related tumor therapy.
In this review, the recent progress in nanomaterials for bac-
teria-related tumor therapy is summarized. The main types and
mechanisms of pathogenic bacteria in the development and pro-
motion of cancers are first introduced. Then, we summarize the
current nanomaterials for the treatment of bacteria-related tumors
including CRC, breast cancer, lung cancer and pancreatic cancer,
and discuss the mechanisms. Finally, we briefly discussed the
challenges in the area of development of nanomaterials for bac-
teria-related tumor therapy. We hope this review will provide some
insights into this emerging and rapidly growing research area.

2. Pathogenic bacteria in tumors

The microbial composition in tumors shows cases distinct pat-
terns (Fig. 1). For example, rectal tumors predominantly
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Fig. 1 The main types of pathogenic bacteria in cancers and their mechanisms in tumorigenesis. (A) Fap2 secreted by F. nucleatum can invade
tumor cells. F. nucleatum activates p-catenin signaling by binding to E-cadherin using its specific FadA adhesion protein, which subsequently
enhances the expression of inflammatory genes. F. nucleatum may activate TLR4 innate immune signaling and subsequently reduce certain
microRNAs to initiate the autophagy pathway, which induces colorectal cancer chemoresistance. (B) Tumor-related bacteria metabolize gemcitabine
into an inactive form, which leads to chemotherapy resistance. (C) Lung bacteria can induce inflammation by producing y8T cells and IL-17. (D)
Breast-associated bacteria can secrete adhesion proteins to invade breast cells and increase the expression level of the Notch reaction genes.

harbor Firmicutes and Bacteroidetes.>® Pancreatic cancer exhi-
bits a dominance of Proteus akin to the normal duodenal
microbiome, possibly indicating bacterial migration from the
duodenum through the pancreatic duct.>*® Proteobacteria and
Firmicutes are present across all cancer types, while their ratio
(P/F) varies among tumors, potentially holding significance in
understanding individual cancer microbiomes.>” The non-gas-
trointestinal tumors such as breast, lung, and ovarian cancers
display the presence of actinomycetes such as corynebacteria-
ceae and micrococcaceae." These microbial distinctions in
different cancers provide insights into potential relationships
between microbial presence and tumor development. Here, we
briefly discuss the main types of pathogenic bacteria and their
mechanisms in the oncogenesis of cancers including CRC,
pancreatic cancer, lung cancer and breast cancer.

2.1 CRC

CRC is one of the most common causes of cancer death in the
world, and chemotherapy and immunotherapy are most used
clinically for the treatment of CRC.?® The intestine contains

1966 | Biomater. Sci, 2024,12,1965-1980

approximately 3 x 10'® bacterial cells that are symbiotic with
the host, which play important roles in the occurrence and
treatment of CRC and have attracted increasing interest in
recent years.”’

Fusobacterium nucleatum (F. nucleatum). F. nucleatum is a
Gram-negative anaerobic bacterium, which is ubiquitous in
the human oral cavity. Many studies suggest that F. nucleatum
is enriched in human colon cancer relative to non-cancerous
colon tissue, closely relating to the oncogenesis of CRC.*° For
example, F. nucleatum secretes adhesive lectin Fap2, which can
mediate the colonization and invasion of colorectal cancer
cells by binding to the host factor p-galactose-p (1-3)-N-acetyl-
p-galactosamine (Gal-GalNAc) overexpressed in the early and
metastatic stages of tumors.’" F. nucleatum can also adhere to
neoplastic colonic epithelial cells by producing amyloid
FadA,**** which can modulate E-cadherin and activate
E-cadherin/p-catenin  signaling, leading to
expression of transcription factors, oncogenes, Wnt genes, and
inflammatory genes, as well as growth stimulation of CRC
cells.**

increased
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In mouse models of CRC, F. nucleatum can drive a pro-
inflammatory tumor microenvironment and suppress anti-
cancer immune responses. F. nucleatum can activate the NF-xB
pathway, and upregulate pro-inflammatory factors (COX-2,
TNF, IL-6, IL-8, and IL-1$),>® thus promoting chronic inflam-
mation and infiltrating intra-tumoural myeloid cells to
enhance tumorigenesis.*® In addition, some studies have preli-
minarily found that F. nucleatum may activate TLR4 innate
immune signaling, subsequently downregulation certain
microRNAs to initiate the autophagy pathway, and reduce the
sensitive response of F. nucleatum-treated CRC cells to 5-FU
and oxaliplatin chemotherapy through autophagy.”*’
Moreover, it was found that short-chain fatty acids (SCFAs), a
derivative metabolite of F. nucleatum, can further promote its
role in carcinogenesis by changing the function of the
immune system.?® SCFAs can cause numerous changes in
different types of immune cells such as Treg cells, innate lym-
phoid cells type 3 (ILC3s), neutrophils and dendritic cells, and
usually affect the immune system in a receptor-mediated
way.>®

Bacteroides fragilis (B. fragilis). B. fragilis accounts for a
small fraction of total gut bacteria, estimated at about 0.1% to
0.5%, but it is considered an important symbiont and can
serve as an effective pathogen.’ Enterotoxigenic B. fragilis
(ETBF) secretes B. fragilis toxin (BFT) stimulates carcinogenesis
by activating host colonic epithelial cell (CEC) NF-xB and
E-cadherin pathways while additionally recruiting procarcino-
genic myeloid inflammation and inducing mucosal IL-17
production.*®

Escherichia coli (E. coli). E. coli is a common resident bacter-
ium in the human intestine, most of which are non-patho-
genic and only a small part can cause diseases under certain
conditions.” For example, pks" E. coli, which produces entero-
toxin-polyketide synthase, can alkylate DNA and produce DNA
adducts, inducing DNA damage in colonic epithelial cells.*’
Co-colonization of ETBF and pks' E. coli was found in the
biopsy tissues of patients with familial adenomatous polyposis
(FAP), which indicated that the two virulence factors may have
synergistic effects.’

2.2 Pancreatic cancer

Pancreatic ductal carcinoma (PDAC) is a highly malignant
tumor with a hidden location, low early diagnosis rate, poor
efficacy of various treatments, and extremely poor prognosis.*>
The survival rate within five years after diagnosis is less than
10%."” Many studies have found that the intratumoral
microbial composition of long-term survival (LTS) patients and
short-term survival (STS) patients with PDAC is varied, and
regulation of the tumor microbiome can affect tumor growth
and immune infiltration.**

Gammaproteobacteria (GP). GP can express the bacterial
enzyme cytidine deaminase (CDD;) to metabolize gemcita-
bine, a chemotherapy drug commonly used to treat pancreatic
cancer, into an inactive form, 2',2"-difluorodeoxyuridine, ulti-
mately causing chemotherapy resistance.® Additionally, deplet-
ing the microbiome with antibiotics promotes T-cell prolifer-
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ation and immune activation, including tumor responsiveness
to checkpoint inhibitor therapy, and prevents preinvasive and
invasive pancreatic ductal adenocarcinoma.*

2.3 Lung cancer

Lung cancer is the most common primary malignant tumor
and the 1° cause of cancer deaths worldwide.*® Because of the
presence of mucosa, lung tissue attracts a large number of
microorganisms to colonize, such as Staphylococcus aureus,
Streptococcus pneumoniae, and Pseudomonas aeruginosa.”” Due
to the limitation of technology, few viable microbial cells can
be isolated from healthy lungs, so the intervention mechanism
of lung microflora is rarely studied.

Tsay et al.*® demonstrated that Streptococcus and Veillonella
enriched in the lower respiratory tract of lung cancer patients
affect the proliferation, survival and tissue invasion of lung
cancer cells by up-regulating RK/MAPK and PI3K/AKT path-
ways. Jin et al.*® used the KP mouse model of lung adeno-
carcinoma (LUAD) driven by Kras activation point mutation
and p53 deletion, which clearly proved that the increase of
lung bacteria and ecological imbalance would accelerate LUAD
by producing y3T cells and IL-17. The evidence is mounting
that bacterial microbe-associated molecular patterns (MAMPs)
and lipoteichoic acid (LTAs) will lead to the activation of the
transcription factors, such as NF-xkB and AP-1, thus inducing
inflammation and promoting lung cancer.*’

2.4 Breast cancer

Breast cancer is the most common type of cancer and the
leading cause of cancer death in women.”® Fu et al.”" reported
that the tumors of spontaneous mouse mammary tumor (BT)
model mice contained a large number of intracellular bacteria,
similar to human breast cancer. Under the physiological con-
ditions, these intracellular bacteria can move with cancer cells
in the circulation and play a key role in tumor metastasis and
colonization.”

F. nucleatum. F. nucleatum can utilize the expressed lectin
Fap2 to bind to Gal-GalNAc to colonize breast cancer tissue
and reduce CD4" and CD8" T cell infiltration in a Fap2-depen-
dent manner.>”

B. fragilis. ETBF can be detected not only in the intestinal
tract, but also in the breast, and can strongly induce the
growth and metastatic progression of tumor cells implanted in
the mammary ducts.>® Parida et al.®® discovered that short-
term exposure to BFT elicits a “BFT memory” with long-term
implications, functionally mediated by the p-catenin and
Notch1 pathways. It can increase the expression level of several
canonical and noncanonical Notch-responsive genes in breast
cancer cells.

3. Nanomaterials for bacteria-related
tumor therapy

As discussed above, tumor-associated bacteria can metabolize
drugs into inactive forms, induce drug resistance, and regulate
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the response of the immune system, thus having a significant
impact on the therapeutic effect.>® With the continuous devel-
opment and perfection of nano-materials, nano-drug delivery
systems including liposomes, polymeric micelles, and in-
organic nanoparticles provide new possibilities for both bac-
terial infection and cancer therapies by improving the pharma-
cokinetic behavior of drugs, increasing the stability of drugs,
and realizing targeted drug delivery and controlled release.’
Liposomes are spherical nanoparticles composed of phospho-
lipid bilayer membranes, and their size is usually between 50
and 500 nanometers. Liposome nanoparticles can encapsulate
hydrophilic and hydrophobic drugs and release drugs in
tumor cells, thus achieving targeted drug delivery and con-
trolled release.”® A polymeric micelle is a kind of nanoparticle
formed by polymer self-assembly, which can encapsulate and
release chemotherapy drugs and has good biocompatibility.””
Mesoporous silica nanoparticles are considered one of the
most potential nano-carriers of antibacterial drugs because of
their porosity, large specific surface area and easy modifi-
cation. Gold nanoparticles have also been studied for cancer
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treatment because of their excellent antibacterial mecha-
nism.*® Nanozymes with oxidase activity can selectively cata-
lyze the tumor microenvironment and generate a large amount
of ROS, so it is widely used in the treatment of tumors.>®

3.1 Chemotherapy

Chemotherapy is one of the most commonly used and
effective means to treat cancer. The basic principle is that
chemical drugs enter the tumors to inhibit and kill cancer
cells, thus achieving the purpose of treating cancer.”® Previous
studies have shown that tumor-related bacteria can lead to
chemotherapy resistance by activating autophagy or inducing
drug inactivation.>® Therefore, the use of nano-drugs to regu-
late bacteria closely related to cancer progression and chemo-
therapy resistance can be used as an important method to
improve the efficacy of chemotherapy.

Conventional liposome generally lacks self-adaptability
which is important for the tumor accumulation of nanomedi-
cines. Shi et al.®® synthesized a new type of pH-responsive lipo-
some 2-(4-((1,5-bis(octadecyloxy)-1,5-dioxopentan-2-yl) carba-
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Fig. 2 (a) DCPA-H,O has the function of pH response and is negatively charged in a normal physiological environment, and will be protonated
rapidly in a tumor or infected site (pH < 6.8). Reproduced with permission from ref. 60. Copyright 2021, Wiley. (b) Tumor weight at sacrifice.
Treatment either consisted of tail-vein injections of PBS, free gemcitabine or gemcitabine combined with ciprofloxacin in solution, GC-DPPC or
self-targeting GC-DCPA-H,O liposomes. Reproduced with permission from ref. 61. Copyright 2023, Wiley. (c) Schematic illustration of the NaBu-
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2023, Elsevierc.
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moyl) pyridin-1-ium-1-yl) acetate, abbreviated DCPA in 2021,
which can complex with water molecules through hydrogen
bonds (DCPA-H,0). Due to its high HOMO binding energy, it
can be rapidly protonated in acidic environments. Therefore,
DCPA liposomes circulating in the blood can quickly target the
surface of negatively charged bacteria or tumor cells and
release the loaded drugs. The strong self-targeting properties
make DCPA-H,O liposomes a very promising nanocarrier for
the treatment of bacteria-related tumors. Recently, they used
DCPA liposomes to co-deliver the antibiotic ciprofloxacin and
the chemotherapy drug gemcitabine to bacteria-related tumors
(Fig. 2a and b).°" In vivo and in vitro results show that
GC-DCPA-H,0 can accumulate in tumor tissue very fast and
eliminate tumor bacteria with high efficiency, thereby prevent-
ing the inactivation of gemcitabine and significantly inhibiting
tumor growth.

Chen et al.®® tried to use sodium butyrate (NaBu), the main
product of intestinal microbial fermentation, to treat bac-
terially infected colorectal cancer (Fig. 2c). However, since
sodium butyrate is a small hydrophilic molecule, it is easily
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excreted in the body. In order to improve bioavailability,
sodium butyrate was embedded in liposomes and injected
intravenously into subcutaneous colorectal tumors, orthotopic
colorectal tumors, and spontaneously formed colorectal
tumors in F. nucleatum-infected mice. They showed that the
liposome-embedded sodium butyrate can effectively inhibit
the growth of F nucleatum in colorectal tumors and reduce
F. nucleatum-induced chemotherapy resistance, achieving
effective tumor chemotherapy, and prolonging the overall sur-
vival of mice.

Zhang et al.”” isolated a phage strain from human saliva
that can specifically lyse F. nucleatum. This phage was used to
design a bio-non-biological hybrid nanomaterial, that is, the
phage was modified in dextran nanoparticles (DNPs) encapsu-
lating the anti-colorectal cancer drug irinotecan (IRT)(Fig. 3a).
The results showed that in mice with orthotopic colorectal
tumors or spontaneously formed colorectal tumors, oral or
intravenous administration could inhibit the proliferation of
F. nucleatum and significantly improve the efficiency of CRC
chemotherapy treatment. Chen et al.®® designed nitroreduc-
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Fig. 3 (a) Illustration of the phage-guided biotic-abiotic hybrid nanosystem and its mechanism. Reproduced with permission from ref. 63.
Copyright 2019, Springer Nature. (b) EGCG/Fe(i) network encapsulated MSN loaded with MTZ and 5-FU, mixing into CMC, constructed as the
AB-Gel. (c) AB-Gel was directly perfused into the colon to the tumor site, which not only realized the rapid and accurate release of drugs but also
reduced the side effects, thus increasing the chemotherapy effect. Reproduced with permission from ref. 66. Copyright 2021, Elsevier.
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tase-mediated supramolecular self-assembly. After enzyme cat-
alysis, the precursor undergoes a self-elimination reaction to
form a gel, which self-assembles into supramolecular nano-
fibers. The supramolecular nanofibers then target and capture
F. nucleatum to inhibit intratumoral bacteria and enhance sub-
sequent chemotherapy.

Chen et al.®® used dendritic mesoporous silicas (DMSNs) to
load silver nanoparticles (Ag NPs), and combined with chemo-
therapy to treat F. nucleatum-infected colorectal cancer. DMSN
was firstly modified with Ag" through sulfhydryl bonds, and
then Ag NPs were grown in situ in the mesopores of SH-DMSNs
through the sodium borohydride rapid reduction method.
Finally, the chemotherapy drug epirubicin (EPI) was loaded to
form antibacterial and antitumor Ag@DMSNs-EPI NPs (ADEN
for short). The designed antibacterial-antitumor nanomedi-
cines can effectively treat colorectal cancer by -clearing
F. nucleatum within tumors and reshaping the tumor micro-
environment. Chen et al.®® used mesoporous silica nano-
particles to prepare a drug delivery gel (Fig. 3b and c). The
antibiotic metronidazole and the chemotherapy drug 5-fluor-
ouracil (5-FU) were loaded in MSN and then blended with
carboxymethylcellulose (CMC) to obtain the anti-CRC gel

a Lung microbiota
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AB-Gel. In vitro experiments showed that antibiotic-loaded
A-MSN has strong antibacterial activity, and 5-FU-loaded
B-MSN has strong anti-cancer ability. In vivo studies further
confirmed that combined microbiota modulation can signifi-
cantly improve the efficacy of colorectal cancer treatment.

In order to inhibit chemotherapy resistance caused by com-
mensal bacteria in lung tumors, Han et al.®’ constructed an
inhalable gallium-based metal nanoparticle coated with capsu-
lar polysaccharidecp (CP), defined as GaTa-cpNPs (Fig. 4a).
Tannin (Ta) is a natural polyphenol with many phenolic
hydroxyl groups. GaTa NPs were successfully synthesized by
self-assembly through a coordination reaction between tannin
and gallium metal ions. The Streptococcus pneumoniae capsu-
lar polysaccharide coating can enable GaTa-cp NPs to effec-
tively adhere to lung tissue and masquerade as normal tissue
components to reduce immune clearance in the body. In
addition, they also included the chemotherapy drug epoposide
to verify the drug delivery and tumor treatment capabilities of
GaTa-cp NPs. In the acidic environment of the tumor, Ga**
and the drug Eto are released. In multiple Escherichia coli
Nissle 1917 (EcN)-infected mouse lung cancer models, local
lung microbiota can be effectively depleted to inhibit bacterial-
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induced chemotherapy resistance, thereby enhancing lung
cancer treatment. Recently, Qiu et al.®® used micelles to jointly
deliver antibiotics and anticancer drugs, called colistin cross-
linked gemcitabine micelles (CCGM) for EcN-infected breast
cancer therapy (Fig. 4b). Once CCGM is delivered into the
tumor microenvironment, it triggers a glutathione response,
and the self-immolating linker is disconnected, resulting in
the release of colistin and gemcitabine, thereby inhibiting the
growth of intratumoral bacteria and eliminating bacterial-
induced tumor resistance to enhance tumor chemotherapy.
Recently, our group has developed a series of polymeric
nanosystems to overcome F. nucleatum caused issues including
chemotherapy resistance and immunosuppression in CRC
therapy. Based on our decadal works on supramolecular
assembly, we rationally designed a size-switchable supramole-
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cular nanomedicine (PG-Pt-LA/CB[7]) to effectively reverse
F. nucleatum-induced chemotherapy resistance of CRC to oxali-
platin (Fig. 5a-f).®® This was the first report on using a natural
fatty acid lauric acid (LA) as an antibacterial agent to selec-
tively kill £ nucleatum, which overcomes the drawbacks of
broad-spectrum antibiotics. In detail, LA and platinum(iv) oxa-
liplatin prodrug (OxPt-COOH) were coupled with hyper-
branched poly(glycidol) (PG) and self-assembled to form
PG-Pt-LA nanoparticles, and then cucurbit[7]uril (CB[7]) was
added to induce supramolecular assembly. The PG-Pt-LA/CB[7]
(~210 nm) is stable in blood with a long half-life, while disas-
sembles in response to the CRC microenvironment and turns
into small PG-Pt-LA NPs (~10 nm) to penetrate the tumor
deeply. In vivo results confirmed that LA has a significant
effect in eliminating F. nucleatum present in solid CRC tumors
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and can reduce chemotherapy resistance, thereby increasing
the therapeutic effect of chemotherapy drugs on tumors.

Intracellular F. nucleatum was hard to eliminate using free
antibiotics due to its inability to traverse cell membranes. In a
recent study, Li et al.”® fabricated an acidity-responsive nano-
material that can deliver LA and OxPt-COOH into tumor cells
to kill the intratumoral bacteria and treat cancer (Fig. 6a-d).
OLP and PP can self-assemble in water to form stable nano-
assembly, in which the PBA can specifically bind to tumor
cells and facilitate receptor-mediated endocytosis. After cellu-
lar uptake, the OLP/PP nanoassembly can disassemble in
response to the tumor’s acidic microenvironment (pH 5.0) to
trigger the release of drugs. The results showed that the con-
structed OLP/PP nanoassembly can effectively eliminate both
extracellular and intracellular F. nucleatum and inhibit tumor
growth.

3.2 Immunotherapy

Cancer immunotherapy aims to activate the immune system of
patients and kill cancer cells by their own immune function.>
This new treatment method is expected to achieve the goal of
long-term survival with a tumor or a complete cure of tumor
and is becoming one of the important development directions

1972 | Biomater. Sci., 2024, 12, 1965-1980

in the field of cancer treatment. Recent studies have shown
that the enrichment of F. nucleatum in colorectal cancer can
drive the formation of tumor microenvironment in immuno-
suppression.”" As such, eliminating tumor-associated bacteria
may be an effective strategy to improve the effect of tumor
immunotherapy.

Chen et al.”? designed a liposome-based nanomedicine that
mimics F. nucleatum to reverse immunotherapy resistance for
the infected CRC treatment (Fig. 7a and b). The antibiotic
colistin is loaded into liposomes, and then fused with the cyto-
plasmic membrane FM of F. nucleatum to obtain colistin-
loaded FM fusion liposomes (colistin-LipoFM). Since the
surface of the nuclear-cytoplasmic membrane (FM) contains
Fap-2, it can specifically target Gal-GalNAc that was over-
expressed on the surface of colorectal tumor cells, allowing
colistin to effectively accumulate at the site of the tumor infec-
tion without affecting intestinal microorganisms and selec-
tively kill tumor-colonizing F. nucleatum. Recently, Huang
et al.”® also designed an antibiotic silver-tinidazole complex
encapsulated liposomes (LipoAgTNZ) (Fig. 7c¢ and d). This
LipoAgTNZ can accurately target anaerobic bacteria in infected
tumors, release silver particles and tinidazole in the acidic
tumor microenvironment, and kill F. nucleatum in the tumor.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01952g

Published on 24 February 2024. Downloaded on 1/19/2026 7:30:35 PM.

Biomaterials Science

a

Isolation of
membranes

2]
o
|
*
N
[¢2)
)
*

~ g 20 *
& 60 @
2 T s
+8 40 *8 o
a 2
O 20 8 5
O
0 0
[ control TNZ

cb3‘'cb4’

View Article Online

Review

b a 1‘

Untreated Colistin

66 2
LS L L
L P S
Colistin- Colisti- ¥ &
Lipo LipoFM (<Y

CD4" memory T cells M2 macrophages

& P0q 00 1007 #%k

>4 K]

P 0.0994 T o0,

8 20 - . + b L]

4_] 8 Q 80 =

3 8§

[a) D,“- 70 +

O 10 A Oa

3 2 60 A

= O

8 ATA e H
0 - 50 -

[ LipoCuTNZ [] LipoAgTNZ

Fig. 7 (a) Synthetic legend of Colistin-LipoFM. (b) Colony plate images (left) and the colony-forming units (CFUs) (right) showing the F. nucleatum
abundance in homogenized tumors of mice treated with colistin-LipoFM, colistin-Lipo and free colistin. Reproduced with permission from ref. 72.
Copyright 2023, Wiley. (c) Illustration of remote loading by a silver nitrate gradient and drug release in response to low pH. (d) Analyses of the
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Interestingly, they found that eliminating bacteria in colorectal
cancer tumors can expose microbial epitopes, thus activating
immune responses to enhance tumor treatment efficacy.
Zhang et al.”* used hyaluronic acid (HA)-modified photolu-
minescent organosilica nanodots (OSiNDs) to deliver gemcita-
bine (Gem) and the antibiotic ciprofloxacin (Cip) into bac-
terially infected mouse colon tumors (Fig. 8a). After treatment
with Gem/Cip@SiPNG@HA, the killed bacteria promoted the
maturation of antigen-presenting dendritic cells (DCs), while
Gem reduced the levels of MDSCs, thereby triggering T cells
enhanced cancer immunotherapy. Song et al.”> designed a bac-
teria-targeting nanomaterial to target bacteria living in tumor
sites. Bacterial lipophosphocholic acid antibodies extracted
from bacterial walls were modified on mesoporous silica nano-
particles, which could precisely target LTA on the bacterial
surface within tumors and deliver anti-tumor drugs. Ma
et al.”’® also designed an inhalable, dual-loaded mesoporous
silica nanoparticle (MSN@DOX-AMP) to treat lung cancer

This journal is © The Royal Society of Chemistry 2024

(Fig. 8b). Efficient loading of anti-tumor antibiotic doxorubicin
(DOX) and antimicrobial peptide HHC36 using physical
adsorption and thiol-ene click chemistry. In mice with lung
cancer with Staphylococcus aureus as a commensal bacterium,
it was demonstrated that MSN@DOX-AMP could strongly
destroy the tumor/bacteria symbiosis system of lung cancer,
achieving better therapeutic effects that compared with treat-
ing tumors or bacteria alone.

3.3 Synergetic therapy

After carefully designed nano-system with two or more treat-
ments can be skillfully combined to act on tumors together,
thus producing remarkable synergistic effects. This combi-
nation therapy strategy can not only significantly improve the
therapeutic effect, make the tumor inhibition rate reach more
than 90% within 20 days, but also greatly reduce the toxic and
side effects so that patients can bear fewer side effects during
the treatment.””
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Qu et al.”® developed a gold nanopatrticle-based antibacter- fied with an antibacterial metalloporphyrin (CuPpIX) sonosen-
ial nanoplatform by using bovine serum albumin (BSA) as a sitizer to synthesize nanoparticles with ultra-small diameters.
carrier to improve biocompatibility and = stability Reactive oxygen species (ROS) are generated under the action
(Au@BSA-CuPpIX) (Fig. 9a). Gold nanoparticles (Au NPs) are of ultrasound, and in vivo experiments showed that
captured through biomimetic mineralization and then modi- Au@BSA-CuPpIX can effectively kill bacteria in tumors and
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Fig. 9 (a) The scheme describes the synthesis and mechanism of Au@BSA-CuPplX. Au@BSA-CuPplX, which can effectively eliminate F. nucleatum
to reduce the level of apoptosis inhibitor protein in cancer cells, and enhance the tumor treatment effect of SDT. Au NPs can reduce the phototoxi-
city of CuPplX in the skin, thus reducing skin damage. Reproduced with permission from ref. 78. Copyright 2023, American Chemical Society. (b)
Schematic of N-CS-induced inhibitory effects against CDD expressed by bacteria to metabolize Gem into dFdU. Reproduced with permission from
ref. 80. Copyright 2022, Elsevier.

1974 | Biomater. Sci,, 2024, 12, 1965-1980 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01952g

Published on 24 February 2024. Downloaded on 1/19/2026 7:30:35 PM.

Biomaterials Science

improve the therapeutic effect of colorectal cancer. In addition,
the wrapped gold nanoparticles reduce the phototoxicity of
metalloporphyrins and avoid severe inflammation and metal
damage.

Wang et al.”® pioneered the construction of a highly bio-
mimetic artificial protein-supported copper single-atom nano-
zyme (BSA-Cu SAN). Due to the multivalent nature of copper,
BSA-Cu SAN can produce catalytic H,O, to generate ROS,
consume glutathione, kill intratumoral F. nucleatum, and effec-
tively restore the autophagy level of tumor cells elevated by
F. nucleatum. At the same time, bovine serum albumin is
loaded on the nanozyme, which gives the nanozyme high
hydrophilicity and biocompatibility, solving the problem of

a HoOC,
o o R®
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high metal ion toxicity, and achieving satisfactory tumor treat-
ment effects. Xi et al.®® used N-doped carbon spheres (N-CSs)
as a colorectal cancer treatment system and found that they
have the dual functions of nanozymes and nanoinhibitors,
capable of reversing bacterial-induced tumor drug resistance
and improving immunity in pathogen-symbiotic tumors
(Fig. 9b). First, N-CSs, as a peroxidase-like nanozyme, can cata-
lyze H,0, in the tumor microenvironment to produce highly
cytotoxic hydroxyl radicals ("OH) to kill cancer cells. Secondly,
N-CSs, as nanoinhibitors, inhibited bacteria at tumor sites,
successfully reversing bacterial-induced gemcitabine resis-
tance and restoring tumor susceptibility to gemcitabine. It pro-
vides an effective way to overcome tumor resistance induced by

) s, 0 0
“z@ 4 o s\ */\0‘]:
H*u*"*u’\/\/\/" COOH
R=PHMG Gem [R1048 HA
®© / A
?/m\{ Assembly Coating
NP@GI/IR sNP@G/IR
b Laser Bacteria-colonized iii) Intracellular process iv) Immune

i activation

tumormodel
CD44
> Q% X 7 <9 endocytosis -~ _—
A V= e QP ‘actlve P mactlve‘ immature DCs

escapel

i) HAase responsive : :
> . responsive
\ size decrease V charge reversal '

ii) Deep tumor penetration
& Extracellular bacterial killing

\/\(\/l) )&
\ CTGRAKRRMQYNRR

.‘ O

.WV\»

Ppa-PEG-UBI

\ cancer cell
GSH N o0 Vi
5 ¢

R 03

bacteria-binding I <
SN
; > dead bacteria Q‘,,‘u &
/ mature DCs
17
L Cancer cell l
Bacterial infected death

S48 cell B &
chonat apoptosis CD8* T Cell 4
phototherapy

Bacterial-targeted Photodynamic Therapy

Fig. 10 (a) Preparation process of sSNP@G/IR. (b) Schematic diagram illustrating that SNP@G/IR can kill bacteria and activate immunity. After the
HAase response, the particle size of SNP@G/IR decreases and the charge is reversed, which can achieve deep penetration of the tumor and bacterial
killing. After rapid endocytosis, NP@G/IR is beneficial for the clearance of intracellular bacteria and immune activation. Reproduced with permission
from ref. 81. Copyright 2023, Wiley. (c) Schematic illustration of the preparation process of UPPM micelles. Reproduced with permission from ref. 82.

Copyright 2023, American Chemical Society.

This journal is © The Royal Society of Chemistry 2024

Biomater. Sci, 2024,12,1965-1980 | 1975


https://doi.org/10.1039/d3bm01952g

Published on 24 February 2024. Downloaded on 1/19/2026 7:30:35 PM.

Review

intratumoral bacteria and to synergize chemotherapy with
catalytic therapy.

Wang et al.®' proposed and synthesized a dual-cascade
response nanoparticle (sSNP@G/IR) with a shell-core structure
that can eliminate intra-tumor bacteria and achieve effective
drug delivery for EcN-infected pancreatic cancer therapy
(Fig. 10a and b). Firstly, an amphiphilic GSH-responsive
polymer (SGP) with good antibacterial activity and biocompat-
ibility was synthesized, which contained the chemotherapy
drug Gem and the photothermal agent IR1048 and was self-
assembled to form NP@G/IR. It was further coated with hya-
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luronic acid (HA) with a tumor-targeting effect to obtain dual
cascade reaction nanoparticles (SNP@G/IR). This inhibits the
growth of bacterially colonized tumors by eliminating tumor-
resident intracellular bacteria and killing cancer cells with
precise delivery. Liu et al®® synthesized an amphiphilic
polymer by coupling hydrophilic polyethylene glycol (PEG)
with the poorly water-soluble photosensitizer pyropheophor-
ide-a (Ppa) and the antimicrobial peptide ubiquicidin (UBI)
(Fig. 10c), and then self-assembled into polymer micelles
(UPPM) in the aqueous solution. UBI peptides endow UPPM
with excellent bacterial targeting capabilities. Under light,
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Fig. 11 (a) Schematic diagram of the photothermal and gas combined therapy with Cu,O/BNN6@MSN-Dex. (b) Scheme showing the experimental
schedule. (c) In vivo fluorescence imaging and (d) temperature versus time curves of F. nucleatum-infected HT29 tumor mice treated with PBS or
Cu,O/BNN6@MSN-Dex under 808 nm laser irradiation. (e) Body weight and (f) tumor growth curves of F. nucleatum-infected mice bearing HT29
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UPPM can kill bacteria by inducing bacterial membrane
damage, thereby effectively inhibiting Gem metabolism. In
subcutaneous PDAC animal models injected with bacteria,
UPPM can eradicate intratumoral bacteria via photodynamic
therapy without affecting the intestinal microbiota.

Immunotherapy is promising for the treatment of CRC,
however, the therapeutic efficiency is also affected by
F. nucleatum. Recently, Xin et al.®® developed an in situ acti-
vated anti-tumor and antibacterial nanoplatform (Cu,O/
BNN6@MSN-Dex) that allows combined photothermal and gas
therapy to enhance F nucleatum-infected colorectal cancer
immunotherapy (Fig. 11a-f). Boronized mesoporous silica
nanoparticles MSN-PBA were first synthesized, and then
cuprous oxide (Cu,0) and N,N'-di-sec-butyl-N,N'-dinitroso-1,4-
phenylene diamine (BNN6) were encapsulated in MSN-PBA.
Finally, polyhydroxydextran (Dex) was coated through dynamic
cross-linking boronic acid bonds to obtain Cu,O/
BNN6@MSN-Dex. Cu,O/BNN6@MSN-Dex can accumulate into
tumor tissues and target tumor cells through the PBA ligand.
After penetrating into the tumor, the loaded Cu,O will be sul-
fated by endogenous H,S overexpressed in tumors, resulting in
copper sulfide with significant photoacoustic (PA) and photo-
thermal (PT) properties. Under 808 nm laser irradiation, non-
invasive PTT was performed with in situ local hyperthermia
and induced BNN6 to produce NO. Dextran makes Cu,O/
BNN6@MSN-Dex have good biocompatibility, responding in
the tumor microenvironment, and is decomposed by gluca-
nase, which is beneficial to the release of NO. In vivo and
in vitro experiments demonstrated that combined photother-
mal and NO gas treatment can specifically eliminate
F. nucleatum within tumors and significantly inhibit tumor
growth, providing an effective strategy to enhance CRC
treatment.

4. Conclusions and perspective

In this review, we summarized the key research progress in the
field of nanomaterials for bacteria-related tumor therapy.
Current studies mostly focus on targeting the tumor-commen-
sal bacteria model and using nanomaterials to eradicate
cancer-associated microorganisms to enhance tumor treat-
ment effects. It is obvious that this strategy has shown prosper-
ous significance. One key challenge for the construction of
such nanomaterials is how to effectively integrate antibacterial
and antitumor functions into a single system. More impor-
tantly, it is optimum for antibacterial agents to selectively exert
antibacterial effects on intratumoral bacteria to prevent micro-
biome imbalance caused by unselective sterilization.

Currently, there is relatively little research on the mecha-
nism of the progression of bacteria colonization in tumor
tissue. This should be a long process with many pathological
changes. However, current animal models are too artificial.
For example, when building a bacterial related tumor model,
researchers usually use intratumoral injection or intravenous
injection of a single bacterial species. Although this method is

This journal is © The Royal Society of Chemistry 2024
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simple and feasible, it cannot truly simulate the diversity of
the intratumoral microbiota and the complex bacteria-tumor
interaction. Therefore, more attention needs to be paid to
building a more authentic bacterial related tumor model in
order to obtain more accurate and in-depth research results.
Moreover, the effectiveness of such a therapeutic strategy
should be further evaluated using the above models. Overall,
this is an emerging research area which is worthy of attention.
We believe more innovative methods and strategies will
emerge in the near future, which will be helpful in improving
tumor treatment effects and improving patients’ quality of life.
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