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Review
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Colorectal cancer (CRC) ranks as the third most prevalent cancer worldwide. It

is associated with imbalanced gut microbiota. Probiotics can help restore this
balance, potentially reducing the risk of CRC. However, the hostile
environment and constant changes in the gastrointestinal tract pose
significant challenges to the efficient delivery of probiotics to the colon.
Traditional delivery methods are often insufficient due to their low viability
and lack of targeting. To address these challenges, researchers are
increasingly focusing on innovative encapsulation technologies. One such
approach is single-cell encapsulation, which involves applying nanocoatings
to individual probiotic cells. This technique can improve their resistance to
the harsh gastrointestinal environment, enhance mucosal adhesion, and
facilitate targeted release, thereby increasing the effectiveness of probiotic
delivery. This article reviews the latest developments in probiotic
encapsulation methods for targeted CRC treatment, emphasizing the
potential benefits of emerging single-cell encapsulation techniques. It also
analyzes and compares the advantages and disadvantages of current
encapsulation technologies. Furthermore, it elucidates the underlying
mechanisms through which probiotics can prevent and treat CRC, evaluates
the efficacy and safety of probiotics in CRC treatment and adjuvant therapy,
and discusses future directions and potential challenges in the targeted

1. Introduction

Colorectal cancer (CRC) is characterized by
a high incidence and mortality rate. Ac-
cording to the International Agency for Re-
search on Cancer, by 2040, there will be 32
million new cases, resulting in 16 million
deaths, representing an increase of 63%
and 73-4%, respectively.!l CRC involves
both genetic and sporadic, with the major-
ity being of the latter type. Environmen-
tal factors such as dietary habits, smoking,
obesity, and high levels of alcohol intake
significantly contribute to the development
of sporadic CRC. In addition, accumulating
evidence reported that dysbiosis in the gut
microbiota triggered an immune response
and increased the risk of CRC.2l The gut
microbiota assumes a pivotal role in sus-
taining the overall health of the host by facil-
itating immune system equilibrium, energy
metabolism, and shaping the intestinal ep-
ithelium as well as mucosal homeostasis.]
Hence, the gut microbiota has emerged as a
promising therapeutic target for early CRC
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in recent years.

Research on multi-cohort samples
has identified that pathogenic bacteria,
including Fusobacterium nucleatum, Peptostreptococcus anaerobius,
Parvimonas micra, and Peptostreptococcus stomatis, are signifi-
cantly enriched in CRC patients, while probiotics such as Strep-
tococcus salivarius subsp. thermophilus, Lactobacillus gallinarum
(L. gallinarum), Carnobacterium maltaromaticum, Clostridium bu-
tyricum (C. butyricum), and Streptococcus salivarius were de-
pleted in CRC patients.[¥] The beneficial modulation of the
gut microbiota through the administration of probiotics facili-
tates the proliferation of health-boosting bacterial strains, which
are currently being harnessed in the advancement of probi-
otic therapeutic interventions. Studies have shown that treat-
ment with probiotics (e.g., L. gallinarum, Lacticaseibacillus rham-
nosus GG and Lacticaseibacillus rhamnosus LS8) enhances com-
mensal probiotics, including Lactobacillus helveticus (L. helveti-
cus), Limosilactobacillus reuteri (L. reuteri), Faecalibaculum, Akker-
mansia muciniphila (AKK), Roseburia, while reducing pathogenic
species of Alistipes, Allobaculum, Dorea, Odoribacter, Parabac-
teroides, and Ruminococcus.’) Thus, probiotics signify a pioneer-

ing research avenue for the prevention and treatment of CRC.
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Number of publications

1994 1995 1998 2001 2004 2009 2012 2015 2018 2021 2023 2024
Year

Figure 1. The number of publications about probiotic intervention in CRC
from 1994 to 2024 (until December 2024). The data were obtained by
searching in Web of Science (https://www.webofscience.com) on the topic
of “probiotics” and “colorectal cancer”.

The utilization of probiotics in the treatment of CRC has wit-
nessed notable advancements in recent years.[®) (Figure 1) Three
cellular pathways have been proposed to elucidate the favorable
impacts of probiotics on gut health.[°] Initially, probiotics coun-
teract the deleterious effects of pathogenic bacteria by produc-
ing bactericidal substances and engaging in competition with
pathogens and toxins for adherence to the gut epithelium. Sub-
sequently, they regulate immune responses by enhancing in-
nate immunity and orchestrating the inflammation pathways
triggered by pathogens.”] Ultimately, probiotics contribute to
the maintenance of intestinal epithelial homeostasis via stim-
ulating intestinal epithelial cell survival, barrier function, and
protection.!®]

Nonetheless, for probiotics to be effective, they must survive
the harsh gastrointestinal environment, which includes low gas-
tric pH, enzymatic degradation, and the antimicrobial activity of
bile salts. Microencapsulation is an ideal option used to enhance
the resistance of probiotics to these unfavorable conditions.[’!
However, conventional microencapsulation faces inherent disad-
vantages, such as a lack of size control for microgels, low viability
and bioavailability of probiotics, and insufficient targeting of tu-
mor tissues.'” Therefore, recent studies have focused on devel-
oping more robust delivery systems. For instance, methodologies
for single-cell encapsulation utilizing liposomes, graphene, poly-
dopamine, and metal-polyphenol nanoshells have been meticu-
lously developed.I'! These encapsulation systems have superior
advantages: 1) improved vitality, stability, and bioavailability of
probiotics; 2) responsiveness of some materials; 3) a reduction in
the size of probiotic carriers, facilitating targeted delivery to the
colon through epithelial permeability and retention effects; 4) an
augmented mucoadhesive capacity within the colonic environ-
ment; 5) preferential adherence and augmented colonization at
the disease site. Targeted delivery of probiotics to the disease site
and controlled release in response to the pathological microenvi-
ronment show great potential in CRC treatment.

This article comprehensively summarizes the effectiveness
and safety of probiotics used in CRC treatment and adjuvant
therapy. It then systematically reviews the potential mechanisms
of probiotics in the prevention and treatment of CRC. This re-
view mainly focuses on describing the current progress in dif-
ferent probiotic encapsulation methods for targeted delivery in
CRC treatment. It also analyses the limitations and advantages
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of current modification strategies for probiotics. It finally antici-
pates the future development direction and application prospects
of probiotics encapsulation systems, aiming to better apply pro-
biotics in targeted CRC therapy in the future. Some recent re-
views have been published on similar topics, such as “ Probi-
otics intervention in CRC: From traditional approaches to novel
strategies”(1?] and “Advances in colon-targeted nano-drug deliv-
ery systems: challenges and solutions”,[**! yet no comprehensive
data is available regarding targeted delivery of probiotics for the
treatment of CRC. This article is poised to establish a precedent
and provide useful guidelines for CRC prevention and treatment.

2. The Efficacies of Probiotics in Treatment and
Adjuvant Therapy of CRC

2.1. The Intervention of Probiotics in Chemotherapy

Presently, the preventive approaches for CRC are predomi-
nantly predicated upon lifestyle alterations, screening of high-
risk individuals, the excision of polyps, and the administration
of aspirin." Clinical strategies for CRC can be broadly di-
vided into three main approaches: surgery resection, chemother-
apy, and radiotherapy. Chemotherapy regimens, which com-
prise 5-fluorouracil (5-FU), oxaliplatin (OX), irinotecan (IRI), and
capecitabine (CAP), are commonly administered as the initial
therapeutic intervention for cancer patients. However, the de-
velopment of chemo-resistance in the entirety of CRC patients
substantially diminishes the efficacy of anticancer agents, ul-
timately culminating in therapeutic failure.'* This resistance
has the potential to elevate mortality rates by virtue of its dele-
terious short- and long-term adverse effects, which encompass
decrements in body weight, atrophy of skeletal muscle, exhaus-
tion, and psychiatric comorbidities. Additionally, the chemother-
apeutic protocols employed for the treatment of gastrointesti-
nal malignancies disrupt gut homeostasis, culminating in pro-
nounced gastrointestinal toxicity that markedly diminishes the
overall quality of life for the patient.['®] For example, some re-
searchers have observed that the therapeutic regimen of irinote-
can (CPT-11) had the potential to modify the composition of
the intestinal microbiota, thereby facilitating the proliferation
of p-glucuronidase-producing pathogenic bacteria, such as Es-
cherichia coli (E. coli), Staphylococcus and Clostridium, which con-
sequently resulted in enterotoxicity.'®! Probiotics have a posi-
tive effect on alleviating chemotherapy’s side effects. Motoori
et al. found that the administration of synbiotics, including Lac-
ticaseibacillus casei (L. casei) strain Shirota, Bifidobacterium breve
strain Yakult, and galactooligosaccharide, along with enteral nu-
trition (EN) containing omega-3 fatty acids during neoadjuvant
chemotherapy (NAC), significantly reduced febrile neutropenia
and severe diarrhea compared to the antibiotic group.'”] Mego
et al. also described the incidence of diarrhea and enterocoli-
tis was lower in metastatic CRC patients undergoing irinotecan-
based chemotherapy when they were also given a synbiotic mix-
ture. This mixture contained a variety of Bifidobacterium and Lac-
tobacillus spp., Streptococcus salivarius subsp. thermophilus, mal-
todextrin, magnesium stearate, ascorbic acid, and inulin.[*®! An
extensive meta-analysis of 2982 cancer patients suggested that
probiotics may be an affordable and safe intervention to reduce
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infection and diarrhea complications in this population.[*l More-
over, probiotic or synbiotic pretreatment has been shown to re-
store gut function and is correlated with better outcomes, includ-
ing improved quality of life and long-term survival.[2”]

Recent studies suggest that probiotics and their specific
metabolites could modulate the antitumor efficacy of chemother-
apy and immunotherapy by shaping host immunity and bal-
ancing the gut microbiota.[?!! For example, research has discov-
ered that butyrate is capable of directly modulating the anti-
cancer activity of CD8% T cell response and improving the ef-
fectiveness of OX through an ID2-mediated interleukin-12 (IL-
12) pathway.[?”l Ren et al. found that Bifidobacterium animalis
subsp. Lactis SF enhanced the anticancer properties of irinote-
can. This was achieved by protecting against intestinal harm
through regulating the gut microbiota and decreasing the pro-
portion of pro-inflammatory bacteria.?’] Furthermore, the pro-
biotic combination containing Bifidobacterium infants, Lactobacil-
lus acidophilus (L. acidophilus), Enterococcus faecalis, and Bacillus
cereus effectively reduced chemotherapy-induced gastrointestinal
complications, particularly diarrhea. This combination also in-
creased bacterial diversity in the gut microbiota of CRC patients,
and mildly elevated the genus levels of Bifidobacterium, Strep-
tococcus, and Blautia.?*! Furthermore, the administration of a
blend of probiotics, comprising Bifidobacterium longum, L. reuteri,
and Lactobacillus johnsonii led to a marked rise in the presence
of macrophages and the levels of IL-10 in colonic, splenic, and
bone marrow samples. This treatment also mitigated oxaliplatin-
induced toxicity in tumor-bearing mice models and enriched
short-chain fatty acids, which further engaged dendritic cells
and macrophages to promote IL-10 secretion and ameliorate
chemotherapy-induced toxicity.[” These findings underlined the
beneficial effects of probiotic interventions as innovative alter-
natives or complementary strategies in chemoprevention, high-
lighting their role in enhancing treatment outcomes and patient
quality of life.

2.2. The Intervention of Probiotics in Radiotherapy

Radiotherapy plays an essential role in cancer treatment, with
an estimated 50-60% of cancer patients receiving radiotherapy
as part of their treatment.?’l Meanwhile, advancements in ra-
diotherapy have significantly lessened its side effects, includ-
ing damage to surrounding healthy tissues.””] Emerging evi-
dence from preclinical and clinical studies suggests that probi-
otics can help protect normal tissues during radiotherapy and
may even prevent radiation-induced injuries. For instance, an
animal study led by Hua et al.[?®! demonstrated that supple-
mentation of L. casei ATCC334 as a probiotic agent alleviated
radiation-induced intestinal damage. This was achieved by stim-
ulating the proliferation of intestinal stem cells (ISCs), increas-
ing the expression of tight junction proteins, reducing intesti-
nal permeability, safeguarding intestinal barrier integrity, and
remodeling gut microbiota structure and metabolic activity. In
a subsequent experiment involving animals, male Wistar rats
were given a probiotic mixture that included L. acidophilus,
L. helveticus, and Bifidobacterium spp. to assess the impact of
this mixture on severe intestinal inflammation caused by ra-
diation, with a focus on endotoxemia and bacterial transloca-
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tion. The findings suggested that probiotics may provide substan-
tial benefits in treating and preventing radiation-induced intesti-
nal inflammation.[?”] Moreover, a large-scale Italian trial, char-
acterized by its double-blind, placebo-controlled, and random-
ized design, enrolled 490 individuals receiving post-surgical radi-
ation treatment for either colorectal or cervical malignancies. Par-
ticipants were administered probiotic bacteria comprising var-
ious Lactobacilli, Bifidobacteria, and Streptococcus. The findings
indicated a marked decrease in the incidence of diarrhea.*"!
It was concluded that probiotics were increasingly recognized
for their potential to avert radiation-induced toxicity, highlight-
ing their role as a valuable adjunct in radiotherapy treatment
protocols.!

2.3. Effectiveness of Probiotics in Prevention and Treatment of
CRC

Studies have revealed that probiotics can induce apoptosis or in-
hibit the growth of CRC cells. The role of probiotics in preventing
and treating cancer is attributed to multiple pathways, such as the
biosynthesis of compounds exhibiting anticarcinogenic proper-
ties, modulation of gut microbiota composition, suppression of
cellular proliferation and promotion of apoptotic pathways in ma-
lignant cells, regulation of mutagenic and carcinogenic factors,
immunomodulation, and enhancement of intestinal barrier.[??]
A summary of these mechanisms for different probiotics is listed
in Table 1.

Various Lacticaseibacillus strains have shown robust anti-tumor
properties in CRC, as illustrated by pre-clinical studies in animal
models.[**] Notably, Lacticaseibacillus rhamnosus (L. rhamnosus)
Probio-M9 has exhibited potent inhibitory effects on CRC, partic-
ularly when combined with anti-programmed cell death receptor-
1 (PD-1) treatment.['>3* This synergistic approach highlights the
potential of combining probiotics with immunotherapies. Addi-
tionally, Lactiplantibacillus plantarum (L. plantarum) L168 and its
derived metabolite, indole-3-lactic acid, have effectively reduced
tumor number by 83.3% in mice with colitis-associated cancer.[®
The anti-cancer properties of L. plantarum S2T10D containing
butyrate are further evidenced by its supernatant’s ability to sup-
press the proliferation of HT-29 cells, halt the cell cycle progres-
sion at the G2/M checkpoint, and decrease the levels of cyclin
D1 and cyclin B1 expression.I*! L. casei JY300-8 has also been
demonstrated to significantly reduce the proliferation of Caco-
2 cells to a maximum of 65.27%, as well as that of HT-29 and
HCT-116 cells, exceeding an 80% reduction.*®! Similarly, treat-
ment with L. casei ATCC393 for 24 h at a concentration of 10°
CFU-mL~! dramatically decreased the viability of CT26 and HT-
29 cells by 52% and 78%, respectively.*’]

Other microorganisms, including Lactococcus, Streptococcus,
Enterococcus, Bacillus, and Roseburia intestinalis (R. intestinalis) are
also commonly used as probiotics in CRC.38 For example, R. in-
testinalis administration has been shown to reduce colon tumor
incidence by about 60% in ApcMi"/* mice.[%] These probiotics are
selected for their ability to modulate the gut microbiota, enhance
immune responses, and directly impact cancer cell biology, of-
fering a multifaceted approach to CRC management. The inte-
gration of probiotics into cancer treatment strategies represents
a promising avenue for future research and clinical applications.
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Table 1. Probiotics, NGPs, and postbiotics in treatment of CRC.
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Items Effects on CRC Mechanisms Refs.
Probiotics
Lactobacillus Inhibit tumor formation; Alter the gut microbiota’s composition and [5a]
gallinarum Promote apoptosis; induce the secretion of indole-3-lactic acid

(ILA)
Lactobacillus Attenuat inflammation; Increase anti-PD-1 L. gallinarum and its derived indole-3-carboxylic [84]

gallinarum

Limosilactobacillus reuteri

Lacticaseibacillus paracasei
sh2020

Lacticaseibacillus
casei BL23

Lacticaseibacillus casei

Lacticaseibacillus casei ATCC
393

Lacticaseibacillus casei
JY300-8

Lacticaseibacillus rhamnosus
Probio-M9

Lacticaseibacillus rhamnosus
GG

Lacticaseibacillus rhamnosus
LS8

Lactiplantibacillus plantarum
L168

Lactiplantibacillus plantarum
YYC-3

Lactiplantibacillus
plantarum-12

Lactobacillus acidophilus

Lactobacillus acidophilus
CGMCC 878

Bifidobacterium animalis
subsp. lactis SF

Bifidobacterium longum
subsp. longum

Streptococcus salivarius subsp.
thermophilus

NGPs

Faecalibacterium prausnitzii

efficacy

Inhibit tumor formation

Strengthen intestinal barrier integrity

Attenuate inflammation

Attenuate inflammation

Induce apoptosis

Activate apoptosis; Regulate gut microbiota

Increase anti-PD-1
efficacy
Attenuate inflammation

Inhibit tumor proliferation

Inhibit tumor formation; Strengthen
intestinal barrier integrity

Attenuate inflammation

Inhibit tumor formation; Attenuate
inflammation
Regulate the intestinal microbiota; Inhibit

NF-xB signaling way; Induce apoptosis

Induce apoptosis

Regulate gut microbiota
Induce apoptosis
Induce apoptosis; Inhibit tumor

proliferation

Inhibit cell proliferation

Regulate gut microbiota

acid (ICA) mitigate the infiltration of regulatory
T cells and enhance the cytotoxic function of
CD8* T lymphocytes via the regulation of the
IDO1/Kyn/AHR metabolic pathway.
Reuterin induces protein oxidation and inhibits [114]
ribosomal biogenesis

Upregulate expression of CXCL10 and enhance [78]
CD8* T cell recruitment; Modulate gut
microbiota;
Downregulate the IL-22 cytokine and upregulate [78]
caspase-7, caspase-9, and Bik
Increase in interferon gamma (IFN-y), Granzyme [81]
B, and chemokine; Enhance CD&8* T cell
infiltration.
Induce ROS generation [54]
Activate apoptosis of colon cells and regulate the [36]

gut microbiota.
Promote beneficial microbes and metabolites; [34]
Promote CD8* cytotoxic T lymphocytes
(CTLs) and suppress Tregs.

Upregulate CEA gene expression and its protein [41]
(CEA).
Prevent goblet cell loss and promote the [5¢]

expression of ZO-1, occludin, and claudin-1;
Inhibit the overexpression of TLR4/NF-xB.
ILA accelerates IL-12 production in DCs to prime [8a]
anti-tumor immunity of CD8* T cells; Inhibit
expression of Saa3 in CD8* T cells.

Suppress activation of the NF-xB and Wnt [65¢]
signaling pathways
Downregulate TNF-q, IL-8 and IL-1p and [77]

upregulate IL-10; Downregulate PCNA and
upregulate Bax
Induce apoptosis; Evaluate the mRNA [97]
expression levels of apoptosis-related genes
(survivin and smac)
Decrease the intestinal pathogenic bacteria and [120]
increase beneficial bacteria

Reduce TGF-g and inhibit the PI3K/ AKT pathway [23]
activation
Induce the tumor suppressor miRNAs (miR-145 [100]

and miR-15a) expression;
p-Galactosidase induces cell cycle arrest, and [119]
promotes apoptosis; Downregulate the Hippo
pathway kinases

Increase gut probiotics and decrease potential [88]
gut pathogens
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Items Effects on CRC

Mechanisms Refs.

Enterococcus Augmented immunotherapy efficacy

Leuconostoc mesenteroides Promote apoptosis

Ruminococcus gnavus and Inhibit cell proliferation

Blautia producta
Companilactobacillus Inhibit cell proliferation
crustorum MNO047
Clostridium butyricum Increased anti-PD-1 efficacy
Clostridium butyricum ATCC
19398

Induce apoptosis;
Modulate the gut microbiota

Roseburia intestinalis Attenuate inflammation, Inhibit cell

proliferation

Akkermansia muciniphila Attenuated inflammation

Postbiotics

Lysates of Lactobacillus Inhibited tumor formation

acidophilus
Lactobacillus delbrueckii Increased anti-PD-1
subsp. bulgaricus efficacy, Attenuated inflammation

OLL1073R-1
Lactobacillus pantheris

TCP102 EPS

Lactobacillus-CLA

Inhibited tumor proliferation

Inhibit cell proliferation, Attenuated
inflammation

Extracellular vesicles of
Lactiplantibacillus
plantarum (LpEVs)

NIpC/p60 peptidoglycan hydrolase SagA [83]
activates macrophages; Generate conventional
type 1 dendritic cells and prime CD8% T cells
Upregulate MAPKT, Bax, and caspase 3, and [971]
downregulate AKT, NF-xB, Bcl-x_ expressions
and some key oncomicroRNAs such as
miRNA-21 and miRNA-200b

Degrade lyso-glycerophospholipids that inhibit [82]
CD8* T cell activity
Suppress the TLR4/NF-xB pathway; Increase [65b]
SCFAs and reduce LPS levels.
Degradate MYC; Mitigate MYC-mediated 5-FU [8b]
resistance
Suppress the Wnt/f-catenin signaling pathway; [65b]

Increase the SCFA quantities and activate
G-protein coupled receptors (GPRs), such as
GPR43 and GPR109A.
Butyrate activates CD87 T cells by directly [39]
binding to TLRS, thereby triggering NF-«xB
signaling
Activate toll like receptor 2 (TLR2) signaling [86]
pathway; Protect gut barrier function
Inhibit the M2 polarization and the IL-10 [85]
expressed levels of LPS-activated Raw264.7
macrophages.
Increase CCR6™ CD8*T cells infiltration and [112]
produce IFN-y

Induce the production of nitric oxide (NO), [113]
TNF-a, and IL-6
CLA lowerCyclindependent kinase 1 (CDKT) [74]

/2/6, PLK1, and SKP2; Downregulate
pro-inflammatory cytokine and upregulate
anti-inflammatory cytokine gene expressions.
LpEVs enhance 5-FU sensitivity in CRC/5FUR [276]
cells by reducing PDK2 expression via p53-p21
metabolic signaling, overcoming drug
resistance.

Probiotics secrete bioactive components such as bacteriocins
and polysaccharides, which can exert beneficial effects via direct
and/or indirect interaction with cancer cells.[*”) Researcher have
demonstrated that extracellular vehicles (EVs) derived from L.
rhamnosus GG (LGG) can suppress the proliferation of HT29
and SW480 cells, upregulate the expression of the CEA gene,
and increase the production of its protein CEA.I!] In another
study, L. paracasei-derived EVs significantly reduced the viability
of HCT116 cells by 60% to 80% at 200 ug-mL~".1*?] A therapeutic
protein p8 derived from L. rhamnosus exhibited potent inhibitory
effects on tumor growth, leading to a significant reduction in tu-
mor volume, with reductions as high as 59% relative to the con-
trol group.[*’] Additionally, Bifidobacterium animalis subsp. lactis
SF was found to produce substantial quantities of exopolysaccha-
rides (EPS). Upon administration to HCT-8 cells at a concentra-
tion of 1600 pg mL~! for 48 h, its inhibition efficacy reached a
peak of 41.2%.[23]

Adv. Sci. 2025, 12, 2500304 2500304 (5 of 30)

2.4. The Safety of Probiotics: Less Drug Resistance and Chronic
Toxicity

Probiotics are commonly delineated as “live bacteria that con-
fer health advantages to the host when consumed in sufficient
quantities”.!*l Traditionally, a wide variety of fermented prod-
ucts like yogurt, kefir, kimchi, sauerkraut, tempeh, miso, and
kombucha have been integral to diets, acting as traditional pro-
biotic sources.*’] Research into probiotic usage among oncol-
ogy patients receiving chemotherapy or chemoradiotherapy re-
vealed that 28.5% of them incorporated probiotics into their
regimen. Of this group, only 8.5% reported adverse effects
such as diarrhea, vomiting, allergy, infection, constipation, and
flatulence.[*]

Itis generally believed that probiotics pose minimal risks to pa-
tients with typical health profiles. A comprehensive review con-
ducted in 2011 found no substantial elevation in the likelihood of
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negative outcomes, even severe ones, associated with short-term
probiotic supplementation.[*’] For example, research indicated
that using probiotics or synbiotics around the time of surgery
could lessen gastrointestinal issues, such as infections and diar-
rhea, among patients with CRC. Clinical trials have further sup-
ported the safety of probiotics, as cases of sepsis, bacteremia, and
infections attributed to probiotics are rare.[*® Nonetheless, there
are infrequent but potentially severe safety concerns associated
with probiotics. For instance, in October 2023, the Food and Drug
Administration (FDA) warned against probiotic use in premature
infants due to reports of sepsis that resulted in fatalities. This
warning is likely due to the immature state of the gastrointesti-
nal tract and immune system in preterm babies, making them
more vulnerable to the adverse impacts of probiotics.[*’! Gener-
ally, prebiotics and probiotics seem to be safe for the majority, yet
with the scarcity of safety data, additional research is essential
to confirm their safety over extended periods, alleviate worries
about prolonged use, and identify their suitable applications in
various health scenarios.

2.5. Probiotic Nanoparticles act as Antibacterial and Anticancer
Agents

The application of lactic acid bacteria strains in synthesizing bio-
logical nanoparticles has provided a method for developing novel
nano-drug formulations in cancer therapy. Advancements in re-
search have shown that biosynthesized silver nanoparticles (Ag-
NPs) hold promise as both antibacterial and anticancer agents.>"!
For example, Leila and her colleagues used the probiotic Lactica-
seibacillus casei subsp. casei for the synthesis of AgNPs, which
were found to inhibit the proliferation of HT-29, promote apop-
tosis, and increase nitric oxide (NO) secretion.l>!] Mousavi et al.
synthesized silver nanoparticles combined with L. rthamnosus
GG (Ag-LNPs)P% and discovered that the survival rate of HT-
29 CRC cells was significantly diminished as the Ag-LNPs con-
centration escalated. It is suggested that these Ag-LNPs, synthe-
sized through biological processes, could trigger the production
of ROS in the HT-29 cell line, ultimately resulting in cellular
demise.[>*! Spyridopoulou and colleagues employed the probi-
otic strain L. casei ATCC 393 to synthesize biogenic Selenium
nanoparticles measuring 360 nm in size. Their findings indicated
that selenium nanoparticles derived from L. casei, as well as L.
casei enriched with selenium nanoparticles, displayed targeted
anticancer effects in vitro. These effects encompassed the induc-
tion of programmed cell death and an increase in the production
of reactive oxygen species (ROS) within malignant cells.**! Bio-
nanomaterials, such as nanoparticles, show immense potential
in fighting against multiple drug-resistant bacterial pathogens,
presenting a key tool in tackling the major global issue of drug
resistance.>®] These nanomaterials can target bacteria through a
variety of mechanisms, such as destroying bacterial cell mem-
branes, binding to intracellular components, producing ROS,
and more. In addition, nanomaterials can function as drug car-
riers, improve bioavailability and target drugs, and mitigate the
development of bacterial resistance. Studies have shown that
with proper surface functionalization, nanomaterials can im-
prove their selectivity against bacteria while minimizing their tox-
icity to mammalian cells. For example, AgNPs, which are com-
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bined with antibiotics, can improve their killing effect on bacte-
ria, while reducing bacterial resistance to antibiotics.>®!

2.6. Engineered Probiotics Improve Therapy Efficacy

In recent years, numerous studies have demonstrated that engi-
neered probiotics are effective in various practical applications.
Tang and colleagues engineered a novel probiotic, Ep-AH, by
integrating azurin and hlpA genes into Escherichia coli Nissle
1917 (EcN). In azoxymethane (AOM)/dextran sodium sulfate salt
(DSS)-treated mice, Ep-AH exhibited potent anticancer proper-
ties, significantly reversing weight loss (p < 0.001), fecal occult
blood (p < 0.01), and colon shortening (p < 0.001), while reduc-
ing tumorigenesis by 36% (p < 0.001) compared to the model
group.l*’]

For efficient delivery of engineered EcN, some studies have
combined it with coating materials. ECN-pE, engineered to over-
express catalase and superoxide dismutase, was coated with chi-
tosan (CS) and sodium alginate (SA) via layer-by-layer assem-
bly to enhance gastrointestinal bioavailability. Remarkably, ECN-
pE(C/A), mitigated the severity of DSS-induced colitis by sub-
stantially reducing weight loss, preventing colon shortening, and
restoring intestinal barrier integrity.l>®! In another study, Gu et al.
developed a novel probiotic formulation (GM-EcN) by encapsu-
lating EcN within intracellularly gelated macrophages (GM). The
hydrogel protected EcN from gastric digestion, while GM acted
as a macrophage-like carrier that sequestered and neutralized in-
flammatory cytokines through receptor-ligand interactions and
inflammation-related membrane proteins. In vivo, GM-EcN ef-
fectively mitigated inflammatory bowel disease (IBD) symptoms
and promoted the restoration of gut microbiota.>!

The click reaction represents an alternative methodology for
establishing covalent bonds between nanoparticles and live bacte-
rial cells, exhibiting high specificity, selectivity, and orthogonality.
For example, Cao et al. developed self-adaptive antitumor probi-
otics by coupling a pH-sensitive peroxidase-like nanozyme regu-
lator B-FeAu with clinically relevant probiotics via click chemistry
between phenylboronic acid groups on the nanozyme and bac-
terial polysaccharides. Mice treated with Bifidobacterium longum
9999@ B-FeAu (BL999@ B-FeAu) significantly suppressed tumor
growth, reduced tumor nodules, and decreased tumor sizes com-
pared to BL999+B-FeAu combination therapy or monotherapy
with BL999 or B-FeAu alone.[®! These findings highlight the po-
tential of engineered probiotics to treat colitis through synthetic
biology, coating, and other methods to develop more effective pro-
biotics and improve targeting.

3. Mechanisms of Probiotics in the Prevention and
Treatment of CRC

3.1. The Role of Probiotics Themselves in CRC
3.1.1. Immune Modulation

The immune response plays a critical role in pathogen defense
and suppression of malignant proliferation. Macrophages trigger
inflammation by phagocytosing foreign substances and secret-
ing inflammatory molecules upon detection via specific recep-
tors like the Toll-like receptor 4 (TLR-4).[°!] However, prolonged
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Figure 2. Immune mechanism of probiotics and its metabolite in CRC.

inflammation and overproduction of pro-inflammatory cells can
lead to immune system imbalances, fostering an inflammatory
environment that supports the survival and spread of CRC cells.
The TLR4/MyD88/NF-kB signaling pathway in intestinal cells
contributes to inflammation-associated CRC.[] Lipopolysaccha-
ride (LPS) activates TLR4,[%] which triggers a cascade involving
IxB and p65 phosphorylation and subsequent Ik B-a degradation,
allowing nuclear factor kappa (NF-xB) to translocate to the nu-
cleus. This process initiates the transcription of genes including
inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-
2, and inflammatory cytokines such as interleukin-14 (IL-18),
interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-).[%]
Nevertheless, probiotics have been shown to possess a sig-
nificant capacity to reduce inflammation and modulate the im-
mune system by maintaining the equilibrium between pro-
and anti-inflammatory factors (Figure 2). Data from several
studies have revealed that probiotics supplementation, such as
with L. rhamnosus LS8, Loigolactobacillus coryniformis MX]32
(L. coryniformis), Companilactobacillus crustorum (C. crustorum)
MNO047, L. plantarum YYC-3, Limosilactobacillus fermentum (L.
fermentum) CQZS40, C. butyricum ATCC 19 398, and Bifidobac-
terium animalis subsp. lactis SF, inhibited the increase of serum
LPS, attenuated the overactivation of TLR4/MyD88/NF-xB path-
way, and further inhibited the secretion of pro-inflammatory
cytokines (i.e., IL-6, TNF-qa, interferon (IFN)-y, IL-22 and IL-
1p), and chemokines (CXCL1, CXCL2, CXCL3, CXCLS, and
CXCL7).5¢7:2365] Not only that, multi-strain probiotics mixture
also significantly inhibits tumorigenesis and inflammatory re-
sponse. For example, a mixture of L. plantarum KX041, L. rham-
nosus LS8, L. coryniformis MX]32, and C. crustorum MNO047 could
decrease serum LPS and pro-inflammatory cytokines.[®®! Probi-
otics like L. acidophilus, L. rhamnosus, and Bifidobacterium bifidum
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reduced inflammatory pathway activity by decreasing phosphory-
lated IKK and TNF-a expression while increasing IL-10 levels.[®]

Cytokines such as IL-6 and TNF-a are key in early
tumorigenesis.|®! Their effects include disrupting the intestinal
mucosal barrier, leading to high intestinal permeability.[*?] Later,
it can aggravate mucosal inflammation and induce an immune
response. It is believed to be the key to initiating intestinal
diseases, including cancers, triggered by infection and immune
factors.”) COX-2, activated by pro-inflammatory cytokines and
ROS,"Y is closely related to NF-kB and significantly upreg-
ulated in colon carcinogenesis.”? Conjugated linoleic acids
(CLAs) play crucial roles in probiotics’ anti-inflammatory and
anti-carcinogenic properties.!’”?! Dietary Lactobacillus and CLA
treatment suppressed the activity of NF-kB and modulated the
expression of cancer progression-related elements COX-2 and
prostaglandin E2 (PGE2), reducing pro-inflammatory cytokine
levels and Th17-related inflammatory cytokine genes in CRC
cells.” These effects align with the observed suppression of
intestinal mucosa inflammation, infiltration of inflammatory
cells, and reduction in pro-inflammation factors.

Interleukin-12 (IL-12) stimulates the expansion of natural
killer (NK) and T cells, fostering the secretion of cytotoxic cy-
tokines such as IFN-y, crucial for Thl cell differentiation and
anti-cancer immunity.”>! According to previous reviews, the syn-
ergistic action of IL-12, IFN-y, CXCL9, and CXCL10 is closely
linked to the infiltration of CD8" T cells into CRC and is
accompanied by enhanced anti-tumor activity.’®! These find-
ings are confirmed in the following literature. Ma et al. re-
ported that treatment with L. plantarum 1168 and its metabo-
lite, indole-3-lactic acid (ILA), could enhance CD8* T cell-
mediated anti-tumor cytotoxicity, with ILA potentially hasten-
ing IL-12 synthesis in dendritic cells (DCs), thereby activating
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the anti-tumor potential of CD8* T cells.”’”] Similarly, Zhang
and colleagues revealed that L. paracasei sh2020 induced an in-
crease in CXCL10 levels within tumors, recruiting more CD8*
T cells.l7®)

Previous studies have indicated that the secretion of CXCL10
and CCL5 in tumors is correlated with the aggregation of
granzyme-expressing CD8" lymphocytes and IFN-y-secreting
CD4* T cells in CRC, particularly in early TNM stages.l””) The
accumulation of these T cells, cytotoxic CD8* T cells, and the
presence of IFN-y and granzyme B, aims to eradicate cancer
cells.® This has been confirmed in studies where R. intesti-
nalis and L. casei enhanced anti-cancer effects by activating cy-
totoxic CD8% T cells and increasing granzyme B, IFN-y, and
TNF-a levels.[3*8!] Certain bacteria from the Lachnospiraceae fam-
ily, Rg and Bp, can also break down lyso-glycerophospholipids,
which in turn raises the levels of granzyme B and IFN-
y, thereby enhancing CD8* T cell function in combating
tumors.[82]

Furthermore, studies have highlighted the significant role of
probiotic supplementation in enhancing the effectiveness of im-
munotherapies targeting CTL-associated antigen-4 (CTLA4), PD-
1, and PD-L1.13%] For instance, L. gallinarum synergized with anti-
PD1 therapy by diminishing the presence of Foxp3* CD25% reg-
ulatory T cell (Treg) within tumors and bolstering the function-
ality of CD8" T cells.®*l Another study reported that Clostrid-
ium butyricum (C.B) potentiated the responsiveness to anti-PD1
therapeutic intervention by enhancing proteasome-dependent
ubiquitination pathways, thereby elevating the expression lev-
els of CD4, CD8, and Granzyme B, which included the degra-
dation of MYC protein and augmented the effectiveness of 5-
FU chemotherapy.®®) Members of the bacterial genus Entero-
coccus have demonstrated the ability to enhance the efficacy
of checkpoint inhibitor therapies. Active strains of Enterococ-
cus produced and secreted homologs of the NIpC/p60 peptido-
glycan hydrolase, SagA, which in turn produced immunostim-
ulatory muropeptides and thereby bolstered the antitumor ef-
fects of anti-PD-L1 treatment.®*] Zhuo and colleagues reported
that lysates of L. acidophilus could intensify the tumor-inhibiting
capabilities of CTLA-4 monoclonal antibodies by elevating the
counts of CD8"T cell and memory T cells (CD44*CD8*CD62L"),
while also decreasing Treg (CD4*CD25*Foxp3*).851 Shi et al.
reported that concurrent administration of IL-2 and AKK can
lead to superior tumor management, characterized by an in-
crease in tumor-specific cytotoxic T lymphocytes (CTLs) and a
reduction in immunosuppressive Tregs within the tumor mi-
croenvironment. The tumor-inhibiting immune response trig-
gered by AKK is believed to be due to its outer membrane
protein Amuc, which activates Toll-like receptor-2 (TLR2) sig-
naling pathways, leading to effective tumor regression.® It
was also found that L. rhamnosus GG stimulated the activity of
CD8" T cells activity through TLR2 receptors present on den-
dritic cells, subsequently increasing dendritic cell counts and
enhancing the response of CD8" T cells.[*”] Besides, the oral
administration of Faecalibacterium prausnitzii has been shown
to increase the infiltration of CD3* and CD8" T-cell, as well
as the levels of IFN-y and TNF-a in these cells, thus potentiat-
ing the effects of dual checkpoint blockades against CTLA4 and
PD-1.188]
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3.1.2. Induction of Apoptosis

Unrestrained cell division and the disruption of programmed
cell death mechanisms are key features of cancer. As shown in
Figure 3, probiotics can inhibit cancer cell growth and stimu-
late apoptosis by upregulating pro-apoptotic and downregulating
anti-apoptotic proteins. In a case study of L. plantarum YYC-3, it
strongly reduced the expression level of f-catenin protein, a key
step in the Wnt pathway, leading to decreased expression of genes
that promote apoptosis and inhibit proliferation (c-Myc, cyclin-
D1, Vcam1, and Icam1), thereby preventing CRC in mice.[%¢!
Similar effects have been reported for Bifidobacterium animalis
subsp. lactis SF2] and C. butyricum.[®]

B-cell lymphoma-2 (Bcl-2) is a major apoptosis inhibitor, while
B-cell lymphoma-extra large (Bcl-xL), an anti-apoptotic protein,
belongs to the Bcl-2 family. Liu and colleagues found that L. fer-
mentum treatment downregulated the expression of Bcl-x; and
then promoted cell apoptosis.!®*d B-cell lymphoma-2-associated
X-protein (Bax), a pro-apoptotic protein, is involved in hasten-
ing the process of programmed cell death. The oral administra-
tion of L. plantarum-12 significantly ameliorated colon injury in
the AOM/DSS-treated mice by enhancing colonic tight junction
protein level and promoting tumor cell death via downregulat-
ing PCNA (proliferating cell nuclear antigen) and upregulating
the pro-apoptotic Bax.[””] Supplementation of L. rhamnosus GG
and L. acidophilus has been recently shown to contribute to CRC
prevention by modifying the gut microenvironment, downregu-
lating the expression of anti-apoptotic Bcl-2, proto-oncogene K-
ras and upregulating pro-apoptotic Bax as well as tumor sup-
pressor p53.[°] Probiotics can also mediate the apoptosis of CRC
cells through the phosphoinositide 3-kinase (PI3K)/protein ki-
nase B (AKT) signaling pathway. Researchers from Zununi Va-
hed’s team found that Leuconostoc mesenteroides (L. mesenteroides),
a dairy-derived bacterium, suppressed the activation of the AKT
pathway and induced a marked rise in the ratio of Bax to Bcl-
xL, as well as enhanced caspase-3 activity, which resulted in the
apoptosis of cancer cells.®!l This outcome was consistent with
prior research demonstrating that AKT activation promotes Bcl-
2 production while suppressing Bax, consequently lowering the
Bax/Bcl-2 ratio.’”) Furthermore, it is known that the elevated ex-
pression of Bcl-2 and Bax can regulate the initiation of caspase-3,
a key enzyme in the apoptotic process, and mediate cell survival
or death.[*93]

Notably, there are connections between different signaling
pathways, such as PI3K/AKT and Wnt pathways.® B. lactis SF
enhanced the expression of IL-10, not only safeguarding the in-
tegrity of the intestinal barrier but also preventing the escape
of pro-inflammatory cytokines like transforming growth factor-
p (TGF-p), thereby inhibiting the PI3K/AKT signaling cascade
and suppressing the Wnt signaling pathway, ultimately promot-
ing apoptotic autophagy.?}] Researchers have also validated that
administrated probiotics can inhibit CRC cell growth via the
Notch and Wnt/p-catenin signaling pathways. The Notch path-
way was one of the significant signaling pathways. It could
be disrupted during CRC, which was activated at the base of
the intestinal crypts and was indispensable for various cellular
processes, encompassing normal epithelial cell differentiation,
cell-to-cell communication, proliferation, and homeostasis. A

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(PI3K/AKT Pathway |

www.advancedscience.com

p38 MAPK Wt
Pathway Pathway
| 1§

e p-catenin |
\\

/

=)

APs (Inhibittor of Apoptosis family of proteins )} é;’;‘;;;gfs") >

Figure 3. Apoptosis-inducing mechanism of probiotics in CRC.

probiotic mixture consisting of L. plantarum, L. rhamnosus, L.
brevis 205, and L. reuteri decreased the gene expression of neuro-
genic locus notch homolog protein (NOTCH), Hes family BHLH
transcription factor 1 (HES1), and Musashi RNA binding protein
1 (MSI1) while not affecting the expression of endocytic adaptor
protein (NUMB), which inhibited Notch signaling. Concurrently,
this probiotic cocktail also decreased the expression of f-catenin
and Cyclin D1 in the Wnt/g-catenin pathway in a time-dependent
manner.[*]

The Mitogen-Activated Protein Kinase (MAPK) /extracellular
signal-regulated kinase (ERK) pathway is significantly involved
in a range of biological processes associated with cancer. The im-
pact of MAPK on apoptosis can vary; it may either promote or
suppress cell death depending on the specific cell type, the nature
of the stimuli, and the variability in the expression and activation
levels of different p38 kinase isoforms.®®! For example, the probi-
otic L. mesenteroides, isolated from dairy products, promoted CRC
cell apoptosis by increasing MAPK1 activity. Additionally, oral ad-
ministration of L. plantarum-12 has been reported to attenuate
CRC in AOM/DSS-treated mice via inhibiting p38 MAPK signal-
ing pathways.””]

Survivin, cIAP1, and XIAP are members of the inhibitor of
apoptosis protein (IAP) family. Isazadeh et al. showed that L.
acidophilus significantly increased smac gene expression levels
and decreased survivin gene expression levels in CRC cells.
Therefore, L. acidophilus enhanced CRC cell death by regulating
apoptosis-related gene expression.”’! Spyridopoulou et al. used
L. casei ATCC 393 to synthesize biogenic selenium nanoparticles.
They found SeNp-treated downregulated Survivin to 0.8-fold and
cIAP1 to 0.6-fold and upregulated XIAP to 3.8-fold, which could
induce apoptosis and elevate ROS levels in cancer cells.** The
caspase protein family is also a key component of the apoptosis
signaling pathway. Once activated by specific apoptotic signals,

Adv. Sci. 2025, 12, 2500304 2500304 (9 of 30)

the Initiator caspase can activate executioner caspase, trigger-
ing a cascade of apoptosis. For instance, L. casei BL23 increased
caspase-7, caspase-9, and Bik levels, protecting mice from CRC
progression.[®] Likewise, it was found that L. casei elevated apop-
totic markers, such as cleaved caspase 3 and poly (ADP-ribose)
polymerase 1 (PARP1) in tumor tissue.[®!]

miRNA-21 is an antiapoptotic-cmiRNA frequently overex-
pressed in most cancers.”) L. mesenteroides significantly re-
duced miRNA-21 and miRNA-200b expression levels.[*!l Probi-
otics like Bifidobacterium longum subsp. Longum were modulated
to enhance tumor-suppressing miRNAs (miRNA 145, miRNA
15a) and reduce oncogenic miRNAs (miRNA 21a, miRNA 155),
thereby inhibiting CRC progression.['%"]

3.1.3. Enhancement of Intestinal Barrier Integrity

The integrity of the intestinal barrier is essential for maintaining
gastrointestinal health by preventing the translocation of gut mi-
crobiota and luminal contents. Conversely, barrier dysfunction
increases intestinal permeability, which promotes bacterial mi-
gration and intestinal inflammation, and may ultimately trigger
tumorigenesis.['% Goblet cells, which secrete mucin, form a mu-
cosal barrier that protects epithelial cells and prevents the adhe-
sion of pathogenic microorganisms. Regrettably, CRC patients
often exhibit reduced production of mucin proteins, which can
impair the integrity of the mucosal barrier and contribute to the
disease progression.

Much research has indicated that probiotics can effectively re-
pair gut barrier damage induced by AOM/DSS, as illustrated in
Figure 4. For instance, research conducted by Chen et al. demon-
strated that the integrity of the intestinal mucosal barrier could
be enhanced through the oral ingestion of commensal bacte-
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Figure 4. The mechanism of probiotics in repairing intestinal barrier in CRC.

ria encapsulated with poly(ethylene glycol) (PEG), which pro-
motes their penetration into the mucosal layer. In murine mod-
els experiencing an imbalance in intestinal homeostasis, mucus-
penetrating PEGylated bacteria have been shown to exhibit a pref-
erential affinity for the mucosal lining in the distal gastrointesti-
nal tract. These bacteria effectively curtailed the encroachment
of pathogenic microorganisms, preserved the equilibrium of the
gut microbiota, stimulated mucus production, and triggered the
upregulation of tight junction proteins, ultimately averting the
onset of colitis and diabetes in rodents.['%2] Supplementation with
L. plantarum-12 not only recovered crypt structure but also in-
creased goblet cell numbers and upregulated the protein expres-
sion of Claudin-1, a key component of tight junctions.l””] Treat-
ment with C. crustorum MNO047 in the AOM/DSS induced CA-
CRC mice preserved goblet cell and increased the mRNA lev-
els of tight junction proteins, thereby preventing pathogen in-
vasion and reducing inflammation.|®"! Similarly, L. rhamnosus
LS8 (LRL) reduced intestinal permeability by protecting goblet
cells and increasing the expression of tight junction proteins
like Zona occludens 1 (ZO-1), occludin, and claudin-1.5¢ In
mice treated with R. intestinalis, the protein expression of tight
junction proteins ZO-1 and claudin-3 significantly increased in
the colon tissues.*”) Combined treatment with IL-2 and AKK
effectively maintained intestinal morphology, providing an in-
tact mucosal barrier against infection and colitis.[®! B. bifidum
has been further investigated for its ability to maintain gut bar-
rier function. The research has elucidated that B. bifidum mit-
igated colitis by modulating the expression of occludin and E-
cadherin via nucleotide-binding oligomerization domain (NOD)-
like receptor family pyrin domain containing 6 (NLRP6)/caspase-
1/IL-8 signaling pathway, reducing LPS infiltration and subse-

Adv. Sci. 2025, 12, 2500304 2500304 (10 of 30)

Enhence problotlcs colonization ’

‘\MTMU
® D
’ J' Tlght junction recovery
P — “ -~
| — - — !
| G—=
1 ~ — ~

\ 2,

=== rwn

I
I
1
I
1
I
I
|
I
:
1
O| Claudin | |
1
I
1
I
1
I
1
I
I
I

quent inflammation.l'®! Therefore, probiotics offer an exciting
and promising treatment approach to strengthen intestinal bar-
rier function, reduce the consequential inflammatory response
and lower CRC development risk. By targeting the restoration
and maintenance of a healthy gut barrier, probiotics have the po-
tential to significantly impact the prevention and treatment of
CRC.

3.1.4. Effects of Probiotic-Derived Metabolites in CRC

Probiotic metabolites promote cell cycle arrest, induce apop-
tosis, and activate immune responses. Short-chain fatty acids
(SCFAs), especially butyric acid, benefit CRC patients by sup-
pressing the growth of harmful microbes, enhancing mucus
secretion and thickening the mucosal layer,[1°] regulating cel-
lular proliferation,[!®] inhibiting histone deacetylases,*%! pro-
moting the synthesis of tumor suppressors like FAS, p21, and
p27,1% and exerting anti-inflammatory effect.**1%l For in-
stance, C. butyricum ATCC 19 398 treatment altered microbial-
derived metabolites such as SCFAs and activated specific butyrate
receptors, namely G-protein coupled receptor 43 (GPR43) and
GPR109A. The activation of GPR109A suppressed NF-x B activa-
tion, downregulated cyclin D1, and inhibited cell proliferation,
thereby inducing apoptosis.®’] Kang et al reported that R. in-
testinalis generated butyrate, which strengthened the efficacy of
cytotoxic CD8* T cells by engaging the TLR5-NF-«B signaling
pathway.[*] Besides, butyrate also strengthened tight junctions
by activating Amp-activated protein kinase (AMPK) and preserv-
ing intestinal epithelial barrier function.!1%!
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Other probiotic metabolites like indole-3-carboxylic acid (ICA)
modulated antitumor immunity by suppressing Indoleamine
2,3-dioxygenase (IDO1) expression in tumors and lowering
kynurenine production in the tumor microenvironment.[#* In-
terestingly, in another study, L. gallinarum was found to con-
vert L-tryptophan into indole-3-lactic acid (ILA), which inhib-
ited CRC cell growth and induced cell apoptosis and patient-
derived CRC organoids.®® Another study also showed that L.
plantarum -derived ILA accelerated IL-12 production in dendritic
cells, priming CD8" T cell immunity against tumor develop-
ment and playing a role in the epigenetic modulation of serum
amyloid A3 (SAA3) inhibition in cholesterol metabolism within
CD8" cells.®a] Postbiotics, which include metabolites, cell-free
supernatants, enzymes, EPS, and other components from probi-
otics, have been studied extensively.'! L. acidophilus lysates in-
hibited M2 polarization and reduced IL-10 levels in LPS-induced
RAW 264.7 cells, thereby neutralizing the pro-inflammatory mi-
croenvironment and suppressing tumor progression via limit-
ing monocyte-derived macrophage accumulation.®] Akkerman-
sia muciniphila and Amuc_1100 blunted tumourigenesis by
expanding cytotoxic T lymphocytes in the colon and mesen-
teric lymph nodes, as demonstrated by TNF-a induction and
PD-1 downregulation.'"!l Likewise, EPS from several probi-
otic bacteria has also indicated anti-cancer potential in stud-
ies. EPSs are long-chain polysaccharides synthesized by mi-
crobes, and those derived from LAB have exhibited anti-cancer
effects in CRC cell lines.['”) The microbial EPS produced by
Lactobacillus delbrueckii subsp. bulgaricus OLL1073R-1 (EPS-R1)
has been shown to enhance the antitumor effects of anti-
CTLA-4 or anti-PD-1 monoclonal antibodies against CCL20-
expressing tumors, with an increase in infiltrating CCR6* CD8*
T cells and IFN-y production.!'?l Another research also re-
ported that three exopolysaccharide fractions (EPS1, EPS2, and
EPS3) obtained from Lactobacillus pantheris TCP102 significantly
induced the production of nitric oxide (NO), TNF-a, and IL-
6 in peritoneal macrophage cells while also suppressing the
proliferation of HCT-116, BCG-803, and particularly A-2780
cells.[113]

In addition to the immune modulation mentioned above,
some works have demonstrated that probiotic derivatives can
hinder the occurrence and progression of CRC by inducing
apoptosis of cancer cells. Bell et al. showed that L. reuteri and
its metabolite, Reuterin, can combat CRC by causing oxidative
stress and hindering protein synthesis.[''*] They observed an in-
crease in genes crucial for managing oxidative stress (NQOI,
GCLM, HMOXI1) and genes that function under the control
of the nuclear factor erythroid 2-related factor 2 (NRF2) path-
way. Ferrichrome, the compound derived from the < 3kDa frac-
tion of L. casei ATCC334 culture fluid is a siderophore that se-
questers metals and triggers endoplasmic reticulum (ER) stress
responses. This leads to selective apoptosis in CRC cells via
the cjun N-terminal kinase (JNK)-CHOP pathway and sup-
presses CRC xenograft growth in mouse models.''5] Addition-
ally, the therapeutic protein p8, derived from L. rhamnosus,
has been shown to possess potent, strong anti-proliferative ef-
fects in a mouse CRC xenograft model by specifically enter-
ing the cytosol of DLD-1 cells and reducing the levels of Cy-
clin B1 and CDK1, both of which are pivotal for cell cycle
advancement.[*]
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3.2. The Mediated Role of Gut Microbiota in CRC

Gut microbiota plays a crucial role in CRC development, which
could interact with colonic epithelial cells and immune cells
through metabolites and proteins.[''®) Microbial community dys-
biosis weakens the intestinal barrier, which in turn allows for
the leakage of microbes and their metabolites. This breach can
initiate persistent inflammation, disrupt lipid metabolism, dis-
turb the normal growth patterns of cells, and hinder the capac-
ity of myeloid cells to eliminate mutant, senescent, and mal-
functioning cells. These effects can cumulatively contribute to
the promotion of tumor development.''”! Unfortunately, imbal-
ances in gut microbiota are commonly observed in CRC patients.
Studies have confirmed that certain bacteria, like Fusobacterium
nucleatum, Streptococcus gallolyticus, Escherichia coli, Enterococcus
faecalis, and Bacteroides fragilis (B. fragilis), are more prevalent
in CRC patients than in healthy people. Conversely, the pres-
ence of beneficial bacteria, such as Clostridium, Faecalibacterium,
Roseburia, and Bifidobacterium tends to be decreased in these
patients.l”’]

In light of these findings, a growing body of research
is now focusing on the application of probiotics to regulate
gut microbiota. Probiotics have been shown to facilitate the
restoration of microbial equilibrium within the gastrointesti-
nal tract, enhancing beneficial bacteria and inhibiting CRC-
associated bacteria growth (Figure 5). They modulate the Firmi-
cutes/Bacteroidetes ratio, crucial for gut homeostasis.['*®! For in-
stance, it was confirmed that Faecalibacterium prausnitzii treat-
ment increased the abundance of Firmicutes and lowered the
abundance of Bacteroidetes.[®] Similarly, a supplement of L.
coryniformis MX]J32 was found to decrease the abundance of Bac-
teroidetes and Proteobacteria, while increasing the abundance
of Actinobacteria.l'®] Interestingly, the Firmicutes/Bacteroidetes
ratio in the Bifidobacterium animalis subsp. lactis SF groups was
also significantly higher than in the CPT-11 group.[?*! Yet, ac-
cumulating evidence pointed out a decrease in the ratio of Fir-
micutes/Bacteroidetes, which was also beneficial in inhibiting
CRC. Oral administration of L. plantarum-12, for example, re-
duced the relative abundance of Firmicutes and increased the
relative abundance of Bacteroidetes in the AOM/DSS-treated
mice.l””] Similarly, a reduction of Firmicutes and an increase in
Actinobacteria were observed in mice gavaged with Streptococcus
thermophilus.[''1 The relative abundance of Firmicutes and Bac-
teroidetes is influenced by many factors such as age and lifestyle
and thus cannot be generically defined. Given the complexity of
the gut microbiota ecosystem, a simple division at the phyla level
only provides a basic clue. For a more accurate analysis, it is nec-
essary to focus on the most important core bacteria genera, such
as common harmful bacteria and a large number of functional
bacteria.

Reports have indicated that various probiotics, including LRL-
treated,>! L. plantarum-12-treated,”’ L. casei ]Y300-8-treated, 3!
Streptococcus thermophilus-treated,!) L. coryniformis MX]32-
treated,l® L. gallinarum-treated,® and L. acidophilus 878-
treated,['%! generated an increase in beneficial bacteria of Bifi-
dobacterium, Lactobacillus, L. helveticus and L. reuteri, which in-
hibited carcinogen-induced colorectal tumorigenesis in rodents.
Compelling data suggested that Bifidobacterium and Lactobacillus
not only enhance epithelial barrier function but also play a criti-
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Figure 5. The regulation mechanism of gut microbiota by probiotics in CRC.

cal role in modulating short-chain fatty metabolites as well as the
cancer response to immunotherapy.'?!l For instance, L. rhamno-
sus Probio-M9 regulated gut microbiota in tumor-bearing mice
by enriching the presence of strains that produce SCFAs (e.g., L.
reuteri, L. murinus, L. johnsonii, Staphylococcus lentus, Enterococ-
cus gallinarum). This enrichment led to higher acetic, propionic,
and butyric acid levels in the gastrointestinal tract. The SCFA-
producing bacteria also elevated the levels of certain metabolites
in the mice’s bloodstream, including a-ketoglutarate (a-KG), N-
acetyl-L-glutamic acid, and pyridoxine, which are particularly im-
portant for enhancing the activity and infiltration of CTLs and for
dampening the activity of regulatory T cells (Tregs) within the tu-
mor microenvironment (I'ME). Notably, a-KG has been found to
influence the gut microbiota composition, further boosting the
population of Lactobacillus and the production of SCFAs.34122]
Thus, enhancing SCFAs formation through the regulation of gut
microbiota holds promise as a future strategy in anti-cancer ther-
apy.

Apart from the specifically mentioned Lactobacillus and Bi-
fidobacterium, some other bacteria from the Firmicutes phy-
lum (e.g., Clostridium and Faecalibaculum) as well as some next-
generation probiotics have also shown beneficial effects. For ex-
ample, it was proposed in previous studies that C. butyricum
were butyrate-producing bacteria that decreased CRC cell pro-
liferation and apoptosis as well as decreased pathogenic bac-
teria and increased SCFAs-producing bacteria.®?) Akkermansia
muciniphila were important in inducing antigen-specific T cell re-
sponses, which helped maintain host immune homeostasis.['?3]
The presence of these bacteria increases in the gut with probi-
otics treatment. Mendes et al. highlighted the statistically sig-
nificant difference at the genus level, noting an increase in
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Clostridium XI, Clostridium XVIII, Akkermansia, and Allobaculum
when supplemented with L. acidophilus, L. rhamnosus, and Bifi-
dobacterium bifidum %] Similarly, L. plantarum L168 and ILA ad-
ministration upregulated the abundance of Faecalibaculum and
Bifidobacterium.®1 A new strain of L. lactis, named ‘HkyuLL
10’ and successfully isolated from healthy human stools, has
demonstrated the ability to suppress CRC tumorigenesis in
mice. This is achieved by enriching the gut with commensal
probiotics such as Propionibacterium freudenreichii, Akkermansia
muciniphila, L. johnsonii, L. intestinalis, and L. reuteri and by se-
creting a-mannosidase (eMAN)."!] The interplay between the
administered probiotics and the augmented commensal bacteria
has the potential to exert a synergistic effect with the anticarcino-
genic properties of the probiotics.

Likewise, the administration of L. rhamnosus Probio-M9 has
led to a significant increase in the relative abundance of benefi-
cial bacteria within the Bacteroidetes phylum, such as Bacteroides
intestinalis (B. intestinalis) and Bacteroides xylanisolvens (B. xylani-
solvens), both of which were recognized for their positive impact
on the host’s health.['?] B. intestinalis, in particular, can enhance
host immunity by producing metabolites or inducing the tran-
scription of interleukin IL-14,112%] while B. xylanisolvens has been
positively correlated with cancer treatment outcomes.['?”] Simi-
larly, another study found that L. rhamnosus Probio-M9 adminis-
tration significantly increased the relative abundance of benefi-
cial bacteria (e.g., Bifidobacterium pseudolongum, Parabacteroides
distasonis, and some Bacteroides species).'?!] Treatment with
C. crustorum MNO047 could significantly increase the abundance
of Akkermansia, Parabacteroides, Clostridium_sensu_stricto_1, Bac-
teroides, and Ruminococcaceae_UCG-013.19% Consistent with
these findings, the contents of beneficial families like Muribac-
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ulaceae, Clostridiaceae_1, and Saccharimonadaceae in the gut
microbiota of mice treated with AOM/DSS were elevated by L.
plantarum-12.”7] Besides, multiple studies have shown the ad-
vantageous impacts of non-toxigenic B. fragilis strains on en-
hancing the host’s immune response to immunotherapy, sup-
pressing tumorigenesis, and mitigating inflammation through
the secretion of polysaccharides.['?] Bacteroides species are capa-
ble of decomposing polysaccharides into oligosaccharides or SC-
FAs. SCFAs-producing bacteria can increase the concentration
of acetic acid, butyric acid, and propionic acid in the intestinal
cavity by fermenting oligosaccharides and monosaccharides.[**")
Thus, the proliferation of beneficial Bacteroides can help main-
tain a healthy equilibrium within the gut microbiota.

However, some Firmicutes and Proteobacteria are poten-
tially pathogenic. Probiotics reduce harmful bacteria like
Erysipelotrichaceae and Desulfovibrionaceae, which are asso-
ciated with inflammation and CRC risk.®!l For example,
the relative abundances of Erysipelotrichaceae, a potentially
pathogenic bacterial family, significantly decreased after L. plan-
tarum 12 administration .7 Similarly, LRL-treated could de-
crease Ruminococcaceae_UCG-014 and Turicibacter at the genus
level.><] Gao et al. also reported that Mucispirillum, Candida-
tus Arthromitus, and Clostridium decreased after supplement-
ing with L. rhamnosus Probio-M9.3*l These microbial alter-
ations were accompanied by a reduced incidence of colitis, less
colonic inflammation, as well as lower expression of inhibitors
such as IKKp and TNF-a. Besides, some Proteobacteria bac-
teria, such as Desulfovibrionaceae, which are sulfate-reducing
and endotoxin-producing, may be associated with an increased
risk of CRC by promoting oxidative stress, DNA damage, and
hyper-proliferation in intestinal epithelial cells.3?! L. plantarum-
12 treatment reduced the relative abundances of Helicobacter-
aceae and Desulfovibrionaceae.l””] Likely, the supplementation
of L. coryniformis MX]32, decreased the abundance of Desul-
fovibrio and Helicobacter as well, attenuating the overexpres-
sion of inflammation and significantly increasing the level of
Isovaleric and other SCFAs (e.g., Propionic, butyric acid and
isobutyric), which were partly beneficial to the anti-carcinogenic
effect.l%%

Additionally, certain bacteria within the Bacteroides phylum
can be potentially pathogenic, such as Enterotoxigenic B. fragilis
(ETBF) and Bacteroides vulgates. Researchers reported that ETBF
strongly induced colonic tumors in mice via promoting chronic
inflammation and altering microbial composition at the colorec-
tal site.[1**] Fortunately, these potential pathogenic could be re-
duced with the treatment of probiotics. For instance, L. rhamno-
sus Probio-M9-treated could decrease Bacteroides.>>**! And pro-
longed administration of L. acidophilus 878 could reduce the
development of colorectal tumors in rats by modifying intesti-
nal pathogenic bacteria, including Bacteroides vulgates and Por-
phyromonas asaccharolytica.'?! Furthermore, it was discovered
that Fusobacterium nucleatum potentiated intestinal tumorigen-
esis in ApcM®/* mice via a TLR4/p-PAK1/p-f-catenin S675 sig-
naling pathway.3* However, a novel probiotic formula consist-
ing of B. adolescentis, B. longum, and B. bifidum effectively inhib-
ited the growth of Fusobacterium nucleatum and improved the gut
microbial environment against CRC development.!'*] These re-
sults suggested that probiotic intervention enhanced the antitu-
mor abilities by fostering the growth of beneficial bacteria while
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suppressing the harmful ones in antibiotic-treated tumor bearing
s oo [128]
mice.

4. Targeted Delivery Systems for Probiotics

As mentioned above, probiotics have potential health benefits.
However, the delivery of probiotics through the gastrointesti-
nal tract faces various challenges, such as harsh gastrointesti-
nal environments. Encapsulation emerges as a highly effective
method for maintaining the vitality of probiotics.['** Extensive
research has been conducted to create various encapsulation
methods for probiotics, such as nano armors,['*”! biofilms, 18]
gel microspheres,*! liposomes,['*] probiotic spores,['*!] and so
on. However, conventional encapsulation often falls short in safe-
guarding probiotics from the harsh conditions of the gastroin-
testinal tract, due to factors such as acidic gastric juices, bile salts,
and digestive enzymes.[13¢2] For instance, biopolymer microgels
possess a high degree of porosity, which permits the infiltration
of gastric acids and enzymes, leading to the potential degrada-
tion of the encapsulated probiotics. Spray drying encompasses
atomizing a bacterial suspension into small droplets and then
rapidly evaporating the water using hot air (up to 200 °C). Dur-
ing this process, microorganisms are exposed to diverse stresses
such as thermal, dehydration, shear, and osmotic stresses, which
collectively can reduce probiotic viability.['*%] And probiotics are
unable to be released within the colon or adhere to the colon’s
lining and be colonized on it, leading to rapidly passing through
the human body and cannot exert their effects.['*?

More recently, there has been a shift in research emphasis
toward improving the adhesion of probiotics within the target
site.*3] The ability of delivery systems to adhere to the target area
is crucial for extending the duration of probiotic residence at the
specified site in the gastrointestinal tract (GIT), which in turn
optimizes their potential to deliver health benefits. Researchers
are also committed to improving targeting and the survival rate
of probiotics. This section systematically summarizes recent ad-
vances in the targeted delivery of probiotics for CRC prevention
and treatment. These oral delivery systems are specifically de-
signed to improve probiotic viability and mucosal adhesion, en-
sure effective colonic colonization, and provide site-specific re-
lease in the gut.

However, based on our understanding, the existing research
predominantly addresses targeted delivery therapy for colitis,
whereas the focus on CRC therapy is relatively minor. Several
clinical and epidemiological studies suggest that chronic inflam-
mation serves as a pivotal initiating element in the pathogenesis
of colorectal tumors, leading to DNA damage, impaired gut bar-
rier function, and immunosuppression.'**l For example, 1BD,
including ulcerative colitis (UC) and Crohn’s disease (CD), poses
a serious hazard to the development of colitis-associated CRC.
It was reported that individuals with UC have a four to twenty
times higher incidence of cancer.'*! The likelihood of develop-
ing inflammatory CRC is strongly correlated with the chronic-
ity of colon inflammation and the extent of the lesions; the
longer the inflammatory process and the broader the affected
area, the higher the risk of cancer development.!'] Therefore,
improving intestinal inflammatory responses has become an ef-
fective strategy to prevent CAC. In light of these findings, we
have also reviewed the literature on targeted delivery of probi-
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otics to enhance the efficacy of IBD treatment in this article.
Our aim is to provide guidance and insights that may inform
future targeted delivery of probiotics for CRC prevention and
treatment.

4.1. Microencapsulation Technology in Probiotics Delivery

Conventionally, predominant encapsulation methodologies em-
ployed for safeguarding probiotic cells have centered on mi-
croencapsulation technologies, whereby probiotics are embed-
ded within micron-scale gel networks, particles, or emulsion mi-
crogels prior to administration.['*’] The fabrication of these mi-
crogels commonly employs biopolymeric substances, such as
starch, alginate, carrageenan, gelatin, xanthan gum, and pro-
teins. These materials are chosen for their favorable properties,
such as thermal stability, biocompatibility, minimal toxicity, and
affordability.'*8] However, conventional microencapsulation was
unable to control the dimensions of microgels, which was closely
related to the survival of probiotics. Meanwhile, the viability and
bioavailability of probiotics in vivo efficiency were so low that only
a few probiotics could target tumor tissue. Thus, recent studies
have focused on reducing microgel size to ensure efficient tran-
sit through the GIT, achieve targeted colon delivery, and enhance
probiotic viability.

4.1.1. Microgel Systems

Alginate has become a popular choice for probiotic encapsula-
tion due to its water absorption capacity and ability to form gels
through ionic cross-linking. The alginate-ion interaction gener-
ates hydrogels that resist harsh gastric conditions, particularly in
the stomach."*1 Moreover, alginate remains undigested within
the upper gastrointestinal tract, whereas it undergoes fermenta-
tion in the lower gastrointestinal tract (specifically the colon) due
to the enzymatic action of colonic bacteria.l**" This property facil-
itates its ability to encapsulate and retain probiotics in the upper
gastrointestinal tract, subsequently releasing them upon reach-
ing the lower gastrointestinal tract.[5!]

SA microbeads are widely utilized for encapsulating, protect-
ing, and delivering probiotics due to their high viscosity, which is
beneficial for sustained release. However, the high porosity and
bulkiness of SA microbeads can prematurely release the encap-
sulated probiotics. Research has demonstrated that the combi-
nation of SA and CS created chelation with EDTA, which not
only supported the survival of EcN but also improved its adhesive
properties and mechanical strength.[>®!>2] For instance, Niu and
colleagues discovered that SA and CS together formed a chelat-
ing agent EDTA that created an environment conducive to the
survival of EcN, and endowed it with better adhesion properties
and mechanical strength (Figure 6a). This oral microgel delivery
system EcN@ (CS-SA), not only sustained 99.6% viability of the
encapsulated bacteria but also withstood the exposure to simu-
lated gastric fluid (SGF) for 4 hours, thereby exemplifying pro-
nounced gastrointestinal resilience.['>*] Moreover, this microgel
potentiated the antineoplastic efficacy of Galunisertib (Gal), an
inhibitor of TGF-g, by inducing apoptosis and immunogenic cell
death (ICD) within malignant cells, as well as by enhancing the
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infiltration of CD8" T lymphocytes into the TME, in a syner-
gistic manner. It also significantly enhanced the abundance of
Lactobacillus, Akkermansia, and Bifidobacterium in the intestinal
microbiota.l'¥”] Another study also reported on a multilayer mi-
crogel encapsulation system L. r@ (SA-CS),, which leveraged the
electrostatic interactions between SA and CS, along with layer-by-
layer assembly and calcium chloride ion crosslinking, to shield
L. reuteri from gastric acid and ensure its arrival in the intestine
(Figure 6b). The SCFAs produced by L. reuteri can cause apop-
tosis in some tumor cells, regulate intestinal microbiota by re-
ducing harmful bacteria (e.g., Proteobacteria and Fusobacteriota)
and nourishing probiotics that produce butyric acid, and finally
enhance antitumor therapeutic effect.!'>]

Another interesting approach recently developed involved the
use of calcium alginate to improve the viability of Bifidobacterium
pseudocatenulatum G7 (BPG7) under gastric conditions, which
can control the pore size and internal pH of microgels. Due to
highly porous calcium alginate microgels, Zhang and colleagues
incorporated colloidal antacids and lipid droplets into calcium al-
ginate microgels. The stability of the probiotics was greatly im-
proved by antacid microgels, which may be due to their ability to
maintain a neutral internal pH under simulated stomach condi-
tions (Figure 6¢). After exposure to the GIT conditions, no viable
probiotic cells were found in the control microgels. In contrast,
microgels with CaCO, contained 5.6 log;, CFU of live probiotics,
and those with both CaCO, and nanoemulsions retained 6.6 log;
CFU. The observed outcomes are primarily ascribable to the ca-
pacity of colloidal CaCO; particles and lipid droplets to obstruct
the migration of enzymes and bile salts into the core of the mi-
crogels, achieved by occupying a portion of the interstitial spaces
in the calcium alginate network.!*>!]

In addition, some research not only preserved the inher-
ent properties of probiotics but also endowed them with addi-
tional functionalities to enhance their therapeutic potential. Deol
et al. encapsulated a probiotic-ginger extract (GE), recognized for
its antioxidant and potent anti-inflammatory activity,>>! along
with L. acidophilus into calcium-alginate beads.*>! L. acidophilus
MTCC5401 is noted for its antioxidant capabilities. To address
the poor encapsulation of probiotics due to the numerous fine
voids formed in the alginate gel, they employed polyethylene
glycol for its hydrophilic, thickening, and osmotic characteris-
tics. Furthermore, the system was coated with Eudragit-S100 to
ensure colon-specific delivery. In vivo evaluation indicated both
GE and LAB could attenuate oxidative stress (catalase, SOD,
LPO) and inflammatory burden (IL-6 and TNF-), and downreg-
ulate COX-2,iNOS, and c-Myc. Another study encapsulated anti-
inflammatory curcumin with probiotic Bacillus subtilis (B. subtilis)
spores in cysteine-modified konjac glucomannan microspheres
for the treatment of colitis and the prevention of colonic dyspla-
sia by modulating the gut microbiota (Figure 6e). The polysac-
charide microspheres, which leverage electrostatic interactions,
have a prolonged retention effect on the intestines. This property
effectively restores oxygenation to hypoxic areas of the colon, a
process triggered by oxygen consumption during spore germina-
tion. As a result, the overgrowth of luminal Enterobacteriaceae is
curbed, and the growth of bacteria that produce SCFAs is pro-
moted. The fermentation of konjac glucomannan prebiotics by
these bacteria results in the production of butyrate, which acti-
vates the peroxisome proliferator-activated receptor-c (PPAR-c)
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Figure 6. Microencapsulation of probiotics in microgels systems. a) Schematic illustration of EEN@ (CS-SA), microgel through layer-by-layer assembly
and crosslinking with calcium chloride ions. Reproduced with permission.!'>3] Copyright 2024, Elsevier B.V. b) Schematic illustration for the preparation
of L.r@ (SA-CS), by encapsulating L.r with SA and CS through the layer-by-layer strategy.l’>*! c¢) Schematic diagram of fabrication of probiotic-loaded
microgels: control microgel; antacid-microgels; and, antacid-nE microgels. Reproduced with permission.['>'] Copyright 2021, Elsevier Ltd. d) Schematic
illustration of the procedure of preparing the single-layer gel and multi-layer gel. Reproduced with permission.l'>° Copyright 2023, Elsevier Ltd. e)
Illustration of decoration procedure of curcumin onto bacterial spores and the encapsulation process of SP-CUR by SOKGM through crosslinking of
carboxyl-Fe3* coordination and disulfide bonds formation. Reproduced with permission.['>’] Copyright 2023, Elsevier Ltd.

signaling pathway in epithelial cells, shifting cellular metabolism
from glycolysis to oxygen-consuming f-oxidation. This metabolic
shift led to oxygen depletion, decreased nitrate-producing en-
zymes, and reduced inflammation. Thus, the developed spore-
laden polysaccharide microspheres have demonstrated signifi-
cant therapeutic benefits against DSS-induced colitis-associated
CRC. The combination of natural anti-inflammatory agents with
probiotics presents a novel approach for therapeutic intervention
in diseases.!!%”]

Besides normally used alginate, cellulose has emerged as a
candidate material for probiotic delivery owing to its affordabil-
ity, biocompatibility, and edibility. Previous research has shown
that regenerated cellulose microgels maintain stability in simu-
lated gastric and intestinal environments, characterized by their
high porosity and adjustable pore sizes.['*®) Thus, Luan et al. de-
veloped an electrostatically reinforced and sealed nanocellulose-
based microsphere (Figure 6d). The microsphere’s porous core
offers a spacious and separate habitat for probiotics. The incor-
poration of CS hydrochloride (CHC) and alginate (ALG) fortified
the microsphere’s structure, creating a multi-layered system with
pH-responsive capabilities. These engineered multi-layer macro-
spheres are designed to shield probiotics against the corrosive
effects of gastric acid and bile salts. Moreover, the outer shell’s
solubility and the inner porous framework’s stability in the in-
testinal tract promote a controlled release of probiotics in targeted
environments.!!%]
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4.1.2. Hydrogels Systems

It has been documented that hydrogels made from a single mate-
rial, such as polysaccharide or protein, face limitations like poor
mechanical stability, rapid degradation within the body, and sen-
sitivity to gastric acid.['®*] In contrast, composite hydrogels com-
bining polysaccharides and proteins offer improved mechanical
stability and controlled release in response to stimuli.l'®!l Qiu
and colleagues used dextran and thiolated bovine serum albumin
(sBSA) to design polysaccharide—protein hydrogels (Dex-sBSA
hydrogels) (Figure 7a). This hydrogel significantly enhanced the
survival of probiotic bacteria by several orders of magnitude in
SGF and bile salts, and even more in GIF, protecting them from
ROS and antibiotics. In vivo experiments have elucidated that
encapsulation within a hydrogel matrix significantly enhances
the bioavailability of orally administered probiotics. Notably, the
cellular count within the intestine and colon was markedly ele-
vated in comparison to the control group without encapsulation.
Moreover, the hydrogel extended the residence time of the pro-
biotics in the gut, thereby creating favorable conditions for the
colonization and growth of probiotics.['®2l And Huang et al. intro-
duced a double-layer polysaccharide hydrogel (DPH) with a struc-
ture consisting of a carboxymethyl cellulose (CMCL) inner layer
and a dialdehyde alginate (DAA) cross-linked carboxymethyl chi-
tosan (CMCS) outer layer (Figure 7b). The bifurcated structural
design of DPH facilitates the encapsulation and targeted delivery
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Figure 7. Microencapsulation of probiotics in hydrogel systems. a) Schematic illustration of the synthesis of the dextran (Dex)-Mal backbone and
thiolated bovine serum albumin (sBSA)thiolated bovine serum albumin (sBSA) and Dex-sBSA hydrogel preparation. Reproduced with permission.[162]
Copyright 2023, American Chemical Society. b) Schematics of the double-layer polysaccharide hydrogel (DPH).['8%] ) Calcium tungstate microgel (CTM)
was loaded with BC via CaCl, solution crosslinking using a w/o emulsion method.l"®”] d) Preparation of an nanoscale dietary fibers (NDF)-Pro/5-
aminosalicylic acid (5-ASA) composite microsphere (NDF-M).["%8] e) The process flowchart for encapsulation and colon-targeted release of Lactobacillus
Plantarum in W,/O/W, double emulsions based on alginate-CaEDTA system. Reproduced with permission.['8°] Copyright 2020, Elsevier Ltd.

of probiotics within the corporeal environment. Within the gas-
tric cavity, the encapsulating matrix of DPH adopting a cage-like
configuration effectively sequesters probiotics, while the external
stratum assimilates adjacent fluids to create a protective barrier
against gastric secretion. Subsequently, the cage-like matrix dis-
assembles in the intestinal lumen, thereby facilitating the release
of probiotics. Notably, probiotics encapsulated by DPH showed
a 100.1-fold increase in bioavailability and 10.6-fold increase in
mucoadhesion compared to free probiotics in an animal model
48 h after treatment. Thus, DPH confers probiotics with excep-
tional intestinal targeting efficacy, augmented oral bioavailability,
increased tolerance to the gastrointestinal tract, and a strong mu-
coadhesive property.[1®3]

In order to facilitate the precise delivery of probiotics to the
gastrointestinal tract, pH-sensitive hydrogels are deemed an op-
timal conveyance for oral administration of probiotics.['**] For in-
stance, a W, /O/W, double emulsion, stabilized by the whey pro-
tein isolate (WPI) and epigallocatechin-3-gallate (EGCG) (WPI-
EGCG) covalent conjugate nanoparticles in conjunction with an
alginate-Ca-EDTA complex, was employed for the encapsulation
of L. plantarum strain in liquid form. In acidic conditions, algi-
nate and Ca** form a gel (Figure 7¢), while EDTA competes with
Ca’* to maintain the system in a liquid state at neutral pH. This
double emulsion serves as a colon-targeted release vehicle for the
L. plantarum strain contained in the inner aqueous phase.!'%!
In another study, Ding et al. developed a similar W, /O/W, dou-
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ble emulsion encapsulated within a calcium-alginate hydrogel
bead system (ACGs) for the intestinal-targeted delivery of probi-
otics. They created carboxymethyl konjac glucomannan-chitosan
(CMKGM-CS) nanogels to stabilize the W, /O/W, double emul-
sions, which were subsequently encapsulated in alginate to form
ACGs hydrogel beads for the targeted delivery of L. reuteri.['%] In
vitro probiotic release experiments showed the lyophilized ACG-
2 and ACG-3 hydrogel beads maintained a prolonged release pro-
file within the simulated intestinal fluid (SIF). The cellular vi-
ability remained above 10 CFU-mL™! after 6 h. Furthermore,
the alginate concentration in ACG hydrogel beads significantly
affected their swelling behavior and structural integrity by in-
fluencing hydrogen bonding between alginate and CMKGM-CS,
thereby controlling probiotic release kinetics.

In addition, the ability of probiotics to deliver effectively and
colonize at their targets was often impeded by the abnormal colo-
nization of Enterobacteriaceae at pathological sites. To overcome
this challenge, Yang and colleagues put forth a novel oral pro-
biotic delivery system, which was based on calcium tungstate
microgel (CTM) (Figure 7c). Their findings revealed that calpro-
tectin (CP), which was highly prominent within colitis-affected
regions,[!%® initiated the liberation of tungsten from the CTM
through a process of calcium depletion, effectively suppressing
the proliferation of Enterobacteriaceae. This effect was medi-
ated by replacing molybdenum in the molybdenum pterin cofac-
tor, without adversely impacting the delivered probiotics. More-
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over, CTM demonstrated remarkable adaptability within the in-
hospitable milieu of the GIT and manifested a strong affinity
for intestinal adherence. The synergistic outcome of diminish-
ing Enterobacteriaceae by 45-fold and augmenting probiotic set-
tlement by a factor of 25 has proven to be pivotal in the man-
agement of colitis. This therapeutic strategy has led to signifi-
cant improvements such as the restoration of colon length, sup-
pression of inflammation, repair of the mucosal barrier, and the
reestablishment of gut microbiota balance.l'”) Another study ex-
ploited the advantages of dietary fibers (DFs) and gut microbiota
by fabricating an alginate hydrogel microsphere, which served as
a vehicle for encapsulating Bifidobacterium (Bac) alongside drug-
functionalized nanoscale dietary fibers (NDFs) (Figure 7d). The
NDFs were modified with IL-14 antibodies and a combination of
thiolated bovine serum albumin (sBSA) and 5-aminosalicylic acid
(5-ASA) to create NDF-Pro/5-ASA. Subsequently, NDF-Pro/5-
ASA and Bac were combined and encapsulated into a hydrogel
microsphere (NDFM) using an electrostatic droplet generator in
the presence of alginate. Upon traversing the colorectal region,
the anaerobic fermentation of Bac, which metabolizes NDFs and
proteins as carbon and nitrogen substrates, can facilitate the re-
lease of therapeutic agents and to augment the efficacy of the pro-
biotic within the gut microbiota. Notably, this innovative system
significantly enhanced SCFA production and promoted 5-ASA
release at inflammation sites in murine models of chronic col-
itis, thereby mitigating gut inflammation and restructuring gut
microbiota.[1]

4.2. Nanoencapsulation Technology in Probiotics Delivery

In recent years, there has been a growing body of research uti-
lizing nanomaterials and nanotechnology for probiotics deliv-
ery. Nanoencapsulation technologies encase probiotics within a
nanoshell matrix such as single-cell encapsulation via nanocoat-
ing. These methods can overcome conventional delivery chal-
lenges and offer unique benefits, including enhanced coloniza-
tion, strong gastric resistance, and significant roles in the pre-
vention and treatment of diseases. In this section, we review
two nano-encapsulation technologies used for probiotic cells in
the treatment of CRC or colitis: single-cell encapsulation and
nanofibers encapsulation. We further analyze the distinctive
properties of these various nano-encapsulation methods.

4.2.1. Single-Cell Encapsulation Systems

Single-cell encapsulation is based on the formation of nanofilms
around individual probiotic cells, enabling their direct delivery
to the colon without needing release from an encapsulation ma-
trix. These nanocoatings approach provides enhanced protec-
tion for probiotics in the harsh gastrointestinal environment and
promotes stronger mucus adhesion, thereby reducing the risk
of bacterial translocation.'®”! Moreover, specific nanocoatings
confer additional therapeutic functions on probiotics, such as
immunomodulation, antioxidant activity, and anti-inflammatory
properties, which enhance their efficacy in treating CRC or coli-
tis and improve safety. Encapsulated probiotics have also shown
promise in preventing and treating diseases at a cellular level.['7°!
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An assortment of nanoscale coatings has been developed for the
encapsulation of probiotics, encompassing polysaccharides, lipid
membranes, proteins, cell membranes, and modified polymers.
Based on the different modes of interactions in the encapsulation
process, we categorize these methods into non-covalent adsorp-
tion, covalent conjugation, and substrate encapsulation. In this
section, we present an overview of the contemporary single-cell
encapsulation methods used for probiotic cells in the treatment
of CRC or colitis.

Non-Covalent Adsorption: The layer-by-layer (LbL) deposition
method typically entails the sequential adsorption of positively
or negatively charged polymers onto substrates with opposite
charges to form multiple polymer layers (Figure 8a). Cationic
polymers, such as CS, can be directly deposited onto the an-
ionic surfaces of bacteria, like alginate, through electrostatic
attraction.['”!] For instance, Kuang et al. selected CS as a car-
rier to conjugate biguanide (BG), leveraging its positive charge to
facilitate deposition onto the negatively charged surface of EcN
through electrostatic interactions (Figure 8b). They employed
oxidation-responsive aromatic thioacetal (TA) as a linker to create
a CS-BG prodrug (CS-TA-BG) that forms a protective nanocoat-
ing on EcN. Upon oral administration, this nanocoating effec-
tively shields EcN from gastrointestinal insults, while its stability
allows for the simultaneous and spatially aligned co-delivery of
EcN and BG. At the lesion site, elevated ROS levels trigger TA
linker cleavage, resulting in dual release of the conjugated drug
and the linker-derived cinnamaldehyde (CA), while charge rever-
sal releases and activates EcN for proliferation. The combined
delivery of EcN and BG with the linker-derived antibacterial CA
to colitic lesions demonstrated significant synergistic therapeutic
efficacy in a murine model of pathogen-induced colitis.'”?! Bacil-
lus amyloliquefaciens (B. amyloliquefaciens) was loaded into CS and
sodium alginate nanoparticles in another study. The results in-
dicated that these nanoparticles loaded with B. amyloliquefaciens
were more resilient in simulated gastrointestinal conditions than
the unencapsulated bacteria Specifically, the load of unencapsu-
lated B. amyloliquefaciens dropped from 8.9 + 0.23x 10? at 30 min
after incubation to 8.1 + 0.21 X 10° after 120 min. In contrast, the
load of B. amyloliquefaciens in nanoparticles decreased from 9.3
+ 0.19 x 10° at 30 min to 6.1 + 0.20 x 10® after 120 min. Fur-
thermore, it was shown that BANPs could upregulate Bcl-2 and
Bax expression and downregulate cytochrome c and caspase-3,
demonstrating their role in colonic apoptosis attenuation. They
also prominently reduced the overexpression of inflammatory
markers such as IL-6, IL-18, TNF-a, COX-2, and iNOS, high-
lighting their potential therapeutic efficacy in IBD treatment.'”3]
Similarly, Deng et al. employ hyaluronic acid (HA)-nanocoated
C. butyricum to repair damaged gut tissue and reduce inflamma-
tion. It can be coated with anionic HA by inverting the surface
charge of C. butyricum with cationic CS via electrostatic inter-
action under cytocompatible conditions. This HA coating pro-
tected C. butyricum from GIT challenges and enhanced its ag-
gregation at inflamed intestinal sites. The combination of HA’s
immunosuppressive properties and C. butyricum’s butyrate pro-
duction effectively relieved intestinal mucosal damage.'’*] Coat-
ings formed through electrostatic interactions can be unstable in
varying pH or ionic strength conditions, which may expose the
encapsulated probiotics to the external environment.!'”>] More-
over, the elevated charge density within the microenvironment
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encircling the cell has the propensity to diminish cellular activity
and may potentially compromise cellular integrity.!'’®! As such,
there is a growing tendency to resort to alternative non-covalent
interactions for coating assembly.

Research on encapsulating probiotics using lipid nanoparti-
cles, rather than polymers, has seen a rise in recent years. Lipo-
somes, predominantly composed of phospholipids and choles-
terol, have been meticulously synthesized using substances
such as cholesterol, lecithin, and vitamin E. The preparation
of liposomes was accomplished through the membrane disper-
sion technique, culminating in the procurement of a single-cell
“nanoarmor” (Liposome) encapsulating probiotics via the ad-
mixture of the liposome solution with bacterial sediment.!'4"]
Phospholipids self-assemble into a phospholipid bilayer struc-
ture on the surface of probiotics to protect probiotics from strong
acids and digestive enzymes, while cholesterol improves flexibil-
ity and permeability.'””) Cao et al. coated EcN with a lipid mem-
brane, demonstrating that the encapsulated EcNs had nearly
three times the survival rate in the mouse stomach and over
four times the bioavailability in the gut compared to uncoated
bacteria.l'*% (Figure 8c) The prolonged residence in the gut can
last up to 4 days after administration. They also demonstrated
that coated EcNs achieved significantly increased efficacies in
DSS-induced colitis mouse models. Similarly, Xu et al. found that
L. rhamnosus and Bifidobacterium longum subsp. Longum encap-
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sulated in single-cell “nanoarmor” (Liposome) significantly im-
proved probiotics’ colonization ability and viability.'7%] Follow-
ing a 48-h exposure within the gastrointestinal tract, the probi-
otics formulation demonstrated a superior fluorescence inten-
sity relative to the naked bacteria group, suggesting that the lipid
membrane is instrumental in extending the retention time of
bacteria within the gastrointestinal lumen. Moreover, the pro-
biotics formulation was observed to modulate the colonic mi-
croenvironment, leading to an increase in the population of
goblet cells and the expression of protective proteins, includ-
ing claudin and occludin. Therefore, the combined administra-
tion of nanovaccines and probiotics formulation could bolster
resistance against AOM/DSS-induced CRC by preserving the
structural integrity of the epithelial tissue. Balsalazide (Bal), a
prodrug of 5-ASA, was conjugated to 1-palmitoyl-sn-glycero-3-
phosphocholine to form LPC-Bal (Figure 8d). This conjugate was
successfully modified onto the surface of L. rhamnosus GG via
interfacial supramolecular self-assembly, creating a drug-loaded
lipid coating. Upon reaching the colon, the coated probiotic re-
leased 5-ASA under the action of azoreductase, which effec-
tively regulated intestinal inflammation and provided a favor-
able microenvironment for LGG colonization. Concurrently, the
coated probiotic modulated the gut microbiota and improved
epithelial barrier function, thereby synergistically ameliorating
UC."”! In another study, Xu et al. synthesized carbon dots
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(CDs) and CpG-encapsulated mulberry leaf lipid (MLL) nanopar-
ticles (CD/CpG@LNPs) using a thin film hydration technique
(Figure 8e). These nanoparticles were subsequently functional-
ized to the surface of Limosilactobacillus reuteri (LR) via ROS-
responsive linkers, creating an engineered bacterium (LR-S-
CD/CpG@LNP). This nanomedicine-engineered bacterium ex-
hibited optical responsiveness, immune-stimulating activity, and
the ability to regulate microbiota metabolome. Mechanistically,
the intrinsic photothermal and photon-induced cytotoxic effects
of CD/CpG@LNPs induced the generation of cytotoxic ROS and
immunogenic apoptosis within colorectal tumor cells. The resul-
tant neoantigens, combined with the emancipated CpG, formed
a potent in situ immunogen that facilitate the maturation of
immature dendritic cells served as a robust in situ immuno-
gen that facilitates immature dendritic cells’ maturation. Fur-
thermore, the mature dendritic cells and metabolites secreted
by LR promoted the infiltration of cytotoxic T lymphocytes into
the tumor microenvironment, aiding in the excision of colorectal
malignancies.[*8]

Substrate Encapsulation: Metal-phenolic networks (MPNs)
are formed by cross-linking polyphenols with metal ligands
(Figure 9a). The as-synthesized MPN complexes feature pH re-
sponsiveness, controllable size and rigidity, adhesion, self-repair,

Adv. Sci. 2025, 12, 2500304 2500304 (19 of 30)

protection, and toughness.'8!] Therefore, it is widely used in
biological applications. However, the metal-polyphenol network
disintegrates under acidic conditions, making them inappropri-
ate for use as a protective barrier for probiotics. Instead, MPNs
serve more effectively as an adhesive layer, bridging probiotics
with protective wall materials and enhancing their retention and
delivery within the GIT. Integrating metal-polyphenol networks
with other technological advancements can revolutionize the de-
velopment of delivery systems with optimal protective and ad-
hesive properties. For instance, Xie et al. equipped EcN with a
Fe*-tannic acid cross-linked network and carboxymethylated -
glucan (GN) to create EEN@Fe-TA@mGN (Figure 9b). Shielded
by the Fe-TA@mGN “armor”, the viability of the modified EcN
was enhanced approximately 1720-fold compared to the unmod-
ified EcN following exposure to SGF. Moreover, the retention rate
of EEN@Fe-TA@mGN in the intestines reached 47.54 + 6.06%
after 16 h of administration, whereas the majority of the unmodi-
fied EcNs were eliminated within 8 h post-administration. Given
that GN possesses multiple bioactivities (e.g., modulating gut mi-
crobiota and repairing intestinal barriers), combined with its up-
per gastrointestinal stability and specific recognition by Dectin-1
on M cells, this system achieves synergistic therapeutic effects
for improved colitis management. [182]
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Since probiotics colonize and grow within the mucus layer,
Shi and colleagues modified probiotics with mucin and Tan-
nins/Tannic acids (TA) to spontaneously regulate the patholog-
ical microenvironment of inflammatory diseases (Figure 9c).
These mucin-fortified probiotics demonstrated enhanced resis-
tance to rigorous gastrointestinal conditions and improved in-
testinal mucosa adhesion, facilitating stable colonization and
growth within the mucus layer while maintaining their protec-
tive coating. Moreover, ECN@TA-Ca?* @Mucin can significantly
mitigate inflammation through the scavenging of ROS scaveng-
ing and minimize the adverse effects of bacterial translocation
associated with IBD, thereby increasing the abundance and di-
versity of the gut microbiota.'®] Building on this foundation,
researchers have explored other methods to enhance the re-
silience and efficacy of probiotics. In another study, procyanidine
(PC) coordinated with Fe (III) to form MPNs, which were then
incorporated into a high-molecular-weight hyaluronan (HMW-
HA) framework (Figure 9e). Coated probiotics exhibited supe-
rior resistance to the harsh environment, and after 1-2 h ex-
posure to SGF, the survival rate of EEN@PC-Fe/HA was ap-
proximately six times higher than that of naked EcN. Previous
studies indicated that key functional groups (carboxyl, hydroxyl,
and acetylamino) of HMW-HA interact strongly with mucin via
multiple molecular interactions (hydrogen bonding, hydropho-
bic interactions, and electrostatic forces), thereby significantly
prolonging intestinal residence time of coated bacteria.'8% The
luminescence intensity of the unadorned EcN-mcherry dimin-
ished precipitously 24 h subsequent to oral administration. Con-
versely, the fluorescence emitted by EcNmCherry@PC-Fe and
EcN-mCherry@PC-Fe/HA complexes remained discernible up
to 120 h post-administration. Additionally, EEN@PC-Fe/HA pro-
biotics demonstrated a marked preference for adhering to the in-
flamed areas within the gastrointestinal tract, attributed to the
interaction between HA and the overexpressed CD44 receptors.
This specific binding enhanced the targeting at the disease site
and the bioavailability, culminating in an improved therapeutic
outcome.'®] This approach of enhancing probiotic performance
through nanocoatings is not limited to the examples mentioned
above. Although the use of polyphenol-based nanocoatings for
probiotics is a relatively recent development, it has already shown
promise due to its ability to improve the viability of probiotics,
enhance mucosal adhesion, and provide an adjuvant treatment
effect for diseases. As a result, nanocoating probiotics have the
potential to become a hot research direction in the field of probi-
otic encapsulation.

Regarding to targeted delivery systems, recent advances tend
to focus on single-cell encapsulation platforms conjugated with
specific targeting moieties (e.g., antibodies or ligands) for pre-
cise antigen recognition. For example, building on the speci-
ficity of HA binding to CD44 receptors, Zhu et al. meticulously
engineered a hyaluronic acid-inulin (HA-IN) coated Enterococ-
cus faecium (E. faecium, EF47) for the purpose of achieving
colon-specific delivery, with the intent to combat the pathogen
Fusobacterium nucleatum.'8% The intrinsically protected EF47
was resilient against the rigorous conditions of the gastrointesti-
nal tract, particularly in the colon where it was selectively de-
graded, thereby functioning as a prebiotic to enhance the pro-
liferation of EF47. Subsequent validation demonstrated that this
system significantly augmented tumor tissue adhesive proper-
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ties, effectively counteracted Fusobacterium nucleatum’s prolif-
eration, and exerted a notable antitumor effect. Therefore, this
colon-targeted delivery system offered a novel platform for re-
alizing high-activity and adhesive delivery of probiotics, poten-
tially improving the therapeutic efficiency of CRC. Although tar-
geted probiotic delivery systems based on specific recognition of
disease biomarkers or signaling molecules remain in the early
stages of development, they represent a promising approach for
precision microbiome therapeutics. Further endeavors are re-
quired in this emerging field.

In recent years, spores, a natural material, have been utilized
as coatings to enhance probiotic performance. Spores are charac-
terized by their robust outer layer composed of hydrophobic pro-
teins, which protect probiotics against the stringent gastrointesti-
nal environment and extreme temperature variations, enabling
successful traversal of the GIT and colonization in the large
intestine.['*”] The surface proteins of spores exhibit significant
resistance to external attacks, making them suitable candidates
for chemical modification into novel carrier materials.['®8 No-
tably, Song et al. innovatively developed a multifunctional spore
coat nanomaterial designated as CN, which is affixed to probiotic
surfaces, forming CN-coated probiotics (Figure 9f). This method
involves mechanically extruding spore coatings while retaining
their high resistance and natural affinity properties, facilitating
the exponential growth and competitive establishment of probi-
otics. CN demonstrates pronounced anti-inflammatory activity
and enhances probiotic efficacy across various functions, includ-
ing microbiota regulation, gut barrier maintenance, and tumor
prevention.['®] Moreover, spores are widely utilized as oral de-
livery carriers due to their ability to resist stomach acidity and
facilitate the germination of probiotics upon exposure to intesti-
nal nutrients. This capability enables colonization in the intes-
tine. Compared to alternative systems, Bacillus spores offer dis-
tinct advantages such as prebiotic function, oral safety profile,
cost-effectiveness, ease of synthesis, substantial drug loading ca-
pacity, biocompatibility, and targeted colon delivery.['¥”] Inspired
by these physiological characteristics, Song and colleagues mod-
ified Bacillus cagulans spores by incorporating deoxycholic acid
(DA). Subsequently, chemotherapeutic drugs (doxorubicin and
sorafenib, DOX/SOR) were encapsulated within these spores to
form a self-sustaining nanocarrier platform. These nanoparticles
protected the drug cargo as they navigated through the harsh
gastric environment and were transported to the intestine for
swift colonization. Additionally, these nanoparticles efficiently
enter epithelial cells via the apical sodium-dependent bile acid
transporter (ASBT)-mediated pathway, which helped overcome
intestinal epithelial barriers and enhanced drug release on the
basolateral side. This therapeutic approach has shown promising
results in reducing inflammation, suppressing tumors, restor-
ing intestinal barrier function, and maintaining gut microbiota
equilibrium.['%! In parallel, Yin et al. developed an oral deliv-
ery system, named SPORE-CUR-FA, based on probiotic Bacillus
spores for curcumin delivery in CRC therapy.['*”] In this system,
curcumin and folate are chemically attached to the spore surface
without affecting the spores’ activity. In vivo studies have demon-
strated that it significantly increased curcumin’s oral bioavailabil-
ity, prolonged its retention period in the body, and exhibited po-
tent anti-colon cancer properties. These studies collectively high-
light the potential of spores as carriers for enhancing probiotic
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Schematic illustration of bioorthogonal-mediated bacterial delivery to enhance probiotics colonization in the gut.

efficacy and delivering therapeutic agents, offering innovative av-
enues for treating various diseases.

In addition, coated probiotics with therapeutic nanocoating is
also a protective strategy, which can provide exogenous functions
(e.g., anti-inflammatory properties) and synergistically enhance
biotherapy. Silk fibroin was employed to self-assemble on the sur-
face of bacteria, transitioning from a random coil to a f-sheet
conformation and then forming a complete and stable nanocoat-
ing (Figure 9d). Inspired by the excellent properties of silk fi-
broin in biological structures, numerous studies have encapsu-
lated cells using this material. Hou et al. meticulously crafted a
silk fibroin coating for the encapsulation of EcN. Following a 3-
h exposure to simulated gastric juice, the number of viable en-
capsulated EcN was found to be 52-fold higher compared to the
non-encapsulated EcN. The nano-scale silk fibroin coating served
not only as an effective barrier to protect against gastric degra-
dation but also mitigated inflammation and exerted a synergis-
tic enhancement on the therapeutic efficacy of probiotics in the
treatment of intestinal mucositis."! Similarly, Yang et al. found
that silk fibroin nanocoating significantly improved the survival
of coated bacteria against gastric insults.['?] It can also modulate
the balance of microbiota and metabolites in the gut by increas-
ing their richness and diversity, restore the intestinal barrier in-
tegrity, and consequently exhibit stronger anti-inflammatory effi-
cacy than the traditional immunosuppressant widely used in the
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[200]

clinic (5-ASA), without side effects and resulting in effective treat-
ment of acute colitis.

Biomineralization is another substrate encapsulation method
that can produce a hard coating around soft tissues, thereby en-
hancing the survival of organisms.['*] (Figure 9a) Inspired by
this natural phenomenon, researchers applied it to coat probi-
otics. CaCO;-coated B. fragilis (BF839) was meticulously prepared
through an electrostatic interaction-facilitated interfacial miner-
alization process, wherein polyvinylpyrrolidone was employed as
a stabilizing reagent to ensure colloidal stability (Figure 9g). Fol-
lowing oral ingestion, the outer casing effectively engages in neu-
tralizing gastric acid, concurrently liberating the entrapped bac-
teria via a prompt and autonomous biphasic decomposition pro-
cess. Apart from neutralizing acidic content, the resultant cal-
cium ions facilitate the aggregation of biliary acids at the micel-
lar level, thereby endowing the formulation with a dual protective
mechanism against the deleterious effects of both gastric and bil-
iary acids, thus guaranteeing the integrity and viability of the en-
capsulated bacteria. The probiotic strain B. fragilis, fortified with
a mineral coating, exhibited significant therapeutic benefits in a
DSS-induced murine colitis model.l1%]

Covalent Conjugation: Conjugating substances can form coat-
ings around individual probiotics to specific chemical groups
on the cell surface (Figure 10a). A successful example of co-
valent binding is the conjugation of the chain-transfer agent

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(CTA) BTPA-NHS to amino groups on the EcN cellular sur-
face (Figure 10b). Polyethylene glycol (PEG) polymer brushes
were synthesized from CTA to produce the polymer-coated bac-
teria (PCB), which can promote the tumor colonization ability
of EcN by prolonging the blood reservation with a lower in-
flammatory reaction. Notably, the polymer coating did not al-
ter the cellular viability or dimensions of the bacteria. More im-
portantly, PCB has the capability to transform the prodrug 5-
fluorocytosine (5-FC) into 5-FU, which is utilized for the treat-
ment of tumors. The combination of PCB with 5-FC resulted in
a tumor growth inhibition rate of 56.1 + 11.1%, markedly higher
than that of the EcN with 5-FC treatment (19.0 + 9.9%).°! An-
other exemplar instance of covalent binding involves the conju-
gation of polydopamine (PDA) to amine and/or sulthydryl moi-
eties on the surface glycoproteins of bacterial cells.l'%! Inspired
by an adhesion protein in mussels, PDA features catechol groups
that enable strong surface adhesion. Using a one-step oxidation
and self-polymerization method, dopamine was successfully de-
posited on the surface of the probiotic EcN.% This PDA coat-
ing can then be functionalized through various chemical reac-
tions, including hydrogen bonding, z—r stacking, Michael ad-
dition, or Schiff base reactions. A case in point is the integra-
tion of CS into the PDA coating through Michael’s addition and
Schiff base reactions, culminating in the creation of EcN encap-
sulated with a PDA-CS composite layer (Figure 10c). The dual
cytoprotective and targeting effects observed in this study signif-
icantly enhanced the oral bioavailability and tissue-specific accu-
mulation, as demonstrated by experimental results.['%] Addition-
ally, Liu et al. synthesized a hyaluronic acid-poly (propylene sul-
fide) (HA-PPS) conjugate that self-assembled into nanoparticles
(HPNSs) due to the amphiphilic nature of the HA-PPS combina-
tion (Figure 10d). These ROS-scavenging HPNs were used to en-
capsulate EcN cells with an outer polynorepinephrine (NE) coat-
ing. The NE layer protected EcN from oxidative stress, enhancing
both bacterial viability and intestinal retention through strong
mucoadhesion. In DSS-induced murine colitis models, the
HPN-NE-EcN system showed significantly improved prophylac-
tic and therapeutic efficacy, while also promoting gut microbiota
diversity. [17]

TAs possess polyphenolic groups that can easily bind to bac-
terial surface proteins, allowing for the attachment of addi-
tional substances.!'*!] For example, poloxamer 188 (F68) has been
shown to self-assemble on TA-coated bacterial surfaces, creat-
ing a coating (TA@F68) that enhances probiotic survival and
strengthens the intestine colonization by autonomously modu-
lating the pathological microenvironment. In DSS colitis mice,
this coating demonstrated excellent anti-inflammatory effects
and a strong ability to restore intestinal barrier functions and
prompt the balance of gut microbiota.l'®®) Liu et al. delineated
a sophisticated double-layer encapsulation methodology utiliz-
ing TA in conjunction with enteric polymer L100 to encapsulate
EcN. This novel strategy displayed exceptional resilience in with-
standing the rigorous conditions prevalent within the gastroin-
testinal tract.['®) Furthermore, the pH-sensitive disintegration of
the outer L100 coating facilitates targeted delivery of the TA-EcN
complex specifically to the intestinal region. The intrinsic mu-
coadhesive properties of the TA layer significantly enhance the
retention period of EcN within the intestine, while simultane-
ously preserving its viability and promoting its proliferation. This

Adv. Sci. 2025, 12, 2500304 2500304 (22 of 30)

www.advancedscience.com

mechanism significantly contributed to the enhanced prophylac-
tic and therapeutic effectiveness against colitis.

Bio-coupling chemistry has been investigated for its potential
to enhance the adhesion of probiotics to epithelium cells, thereby
improving probiotic delivery and colonization. Metabolic amino
acid engineering was utilized to facilitate the metabolic inte-
gration of azido-functionalized D-alanine into the peptidoglycan
structure of gut microbiota, thereby permitting in situ bioorthog-
onal conjugation with probiotics that have been modified with
dibenzocyclooctyne (DBCO). As illustrated in Figure 10f, this ap-
proach significantly enhanced bacterial adherence within intri-
cate physiological milieus. Notably, the DBCO-modified strain
of C. butyricum exhibited enhanced retention within the gut lu-
men and markedly ameliorated disease symptoms in the DSS-
induced colitis model.2®! Similarly, Xie et al. attached doxoru-
bicin to EcN using acid-labile cisaconitic anhydride linkers to
achieve tumor-specific targeting and drug release in response to
the tumor microenvironment.[?°!l The treatment with EcN con-
jugated to doxorubicin through these acid-labile linkers has been
found to be more effective in inhibiting tumor growth, extending
survival in animal models, and inducing apoptosis in cancer cells
compared to free doxorubicin or doxorubicin conjugated to EcN
with stable succinic anhydride linkers.

Zheng and colleagues developed a novel probiotic delivery sys-
tem by combining C. butyricum with a chemically modified prebi-
otic dextran to create prebiotic-encapsulated probiotic spores, de-
noted as spores-dex (Figure 10e). The suggestion of incorporating
prebiotics, in conjunction with the co-encapsulation technique
of probiotics and prebiotics, represents a prospective strategy for
augmenting the viability and functional efficacy of probiotics.[2%2]
For example, dextran enhances intestinal mucosal adherence
and, subsequent to the fermentation by C. butyricum, produced
abundant SCFAs, thereby exerting a notable anti-tumorigenic in-
fluence. In addition, oral prebiotic intake is advantageous for
human health, as it enhances mineral absorption, modulates
the immune system, and promotes metabolic processes.!162203]
It has been found that following oral ingestion, spores-dex se-
lectively accumulates within the colon, thereby enhancing the
prevalence of SCFA-producing bacteria (e.g., Eubacterium and
Roseburia), and markedly elevating the overall biodiversity of the
microbiota.l'*!] Moreover, co-delivery of probiotics and prebiotics
is a frequently employed strategy to augment the therapeutic ef-
ficacy of probiotics in the context of oral delivery. For example,
Subirade and colleagues elucidated that the viability of encap-
sulated probiotics exposed to acidic environments in vitro was
markedly enhanced by incorporating inulin as a co-encapsulating
agent.204]

4.2.2. Nanofibers Encapsulation Systems

Recent studies have significantly increased the number of pro-
biotics encapsulated within nanofibers, leveraging coaxial elec-
trospinning technology to enhance surface area and porosity,
thereby protecting bioactivity and facilitating the release of bioac-
tive substances. A pivotal benefit of electrospinning technology
lies in its ability to avoid heat generation during the encapsula-
tion phase, obviate the requirement for deleterious organic sol-
vents, and maintain the integrity of bioactive compounds.!'3!
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Figure 11. Nanofibers encapsulation of probiotics. a) Multilayered fibrous structure of Poly-lactic-co-glycolic acid (PLGA)-Pull-PLGA. Schematic repre-
sentation of the layer-by-layer electrospinning (PLGA, LGG:Pull) is applied to fabricate a three-layer electrospun construct where the pullulan layer is
sandwiched by two PLGA layers. Reproduced with permission.[297] Copyright 2021, Elsevier Ltd. b) Schematic diagram of electrospinning. Reproduced

with permission.[298] Copyright 2024, Elsevier B.V.

Hitherto, an array of materials, encompassing polysaccharides,
proteins, and lipids, have been utilized as encapsulating agents
within the electrospinning framework.[2%%]

LGG bacteria were encapsulated within pullulan-based
nanofibers, which were subsequently enveloped by bilayered
layers of electrospun Poly-lactic-co-glycolic acid (PLGA). PLGA is
widely recognized for its utility as a protective carrier for bioactive
compounds, safeguarding them from detrimental conditions
and enhancing their oral or systemic delivery and absorption.[2¢]
(Figure 11a) According to an in vitro study, the viability of LGG
encapsulated in a single pullulan-based layer was much lower (4
x 10° CFU-g™!) than that in the triple-layered structure, which
boasted a significantly higher count of 2.4 x 10° CFU-g~1.12%]
Zhang et al. also prepared encapsulated nanofibers of L. fer-
mentum ZJ316 using pullulan and CS by electrospinning.[2¢]
The encapsulation of Z]J316 within the nanofibrous matrix
markedly augmented its viability in simulated gastrointestinal
environments, as evidenced by the significantly elevated survival
rates of 87.24% in gastric fluid and 79.71% in intestinal fluid,
respectively, when compared to the viability of unencapsulated
bacteria (Figure 11b).

Prebiotics are endowed with the capacity to augment the bio-
metabolic processes, viability, and proliferative potential of probi-
otics, and further boost their survival rate as they pass through the
upper gastrointestinal tract, amplifying their beneficial effects in
the large intestine. Consequently, the co-administration of probi-
otics and prebiotics is a widely adopted strategy to improve the
oral bioavailability of probiotics. For example, Yu et al. encap-
sulated L. plantarum in polylactic acid (PLA) nanofibers using
coaxial electrospinning.[?%] PLA is biocompatible, degradable in
the human body and has good acid resistance. In vitro digestion
simulations showed that the survival rate of probiotics in these
coaxial electrospun nanofibers exceeded 72%. Fructooligosaccha-
rides (FOS) incorporated in shell electro-spun nanofibers could
selectively promote the further growth of lactic acid bacteria. A
similar study reported a significant increase in the viability of
L. plantarum by 1.1 log when 2.5% (w/w) of FOS was used in
the electrospinning process.?®) And Wen et al. reported that
a quercetin-loaded electro-spun fiber mat (Q-loaded EFM) ex-
hibited good prebiotic effects owing to the addition of prebi-
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otic galactooligosaccharide (GOS). It promoted sustained and tar-
geted colon-specific quercetin (Q) release and enhanced its re-
lease rate. Furthermore, it showed anticancer activity by halting
the cell cycle at the GO/G1 phase and inducing apoptosis in colon
cancer cells.?!!l These results suggested that electrospun fiber-
based encapsulation systems that protect gastric-sensitive next-
generation probiotics from acidic degradation, combined with
prebiotic—probiotic synergism to enhance antitumor immunity,
may represent a promising strategy for clinical translation.

5. Challenges, Limitations, and Prospects

5.1. Challenges to the Development of Probiotics Oral Delivery
Systems

1) Precision of targeted delivery: Probiotic delivery systems are
comprised of a variety of materials, which are integrated via
covalent or non-covalent bonds. Depending on the strength
of these bonds, an excessively stable delivery system may pre-
clude the timely release of probiotics at target sites. Con-
versely, an overly unstable system may result in the prema-
ture discharge of the encapsulated probiotics prior to reach-
ing their intended destination. In both cases, it is difficult
to ensure that probiotics accurately reach the site of inflam-
mation or tumor.[*'2] Some synthetic components, like sur-
factants and polymers used in oral systems, may pose toxi-
city risks, potentially disrupting the microbiome or causing
gastrointestinal inflammation. Therefore, it is essential to de-
velop materials that integrate targeting to pathological sites or
possess responsiveness, such as ROS responsiveness or the
ability to bind to CD44 receptors, while also ensuring they are
biocompatible, biodegradable, protective, and non-toxic to the
host. The specific strategies will be discussed in Section 5.3.

2) Complex preparation process and difficulty in ensuring con-
sistency: Preparing probiotic delivery systems involves intri-
cate steps: probiotic cultivation, material preparation, carrier
construction, and drug loading. Since laboratory research of-
ten relies on manual operations, achieving high automation
and standardization is difficult, leading to significant differ-
ences in each preparation process. Errors in manual opera-
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tions may affect the activity of probiotics, drug loading efhi-
ciency, and the overall performance of the delivery system,
thus failing to ensure consistency in quality and function for
each production. This poses a major obstacle to the high re-
peatability and controllability required in clinical applications
for CRC.

Insufficient stability, long-term storage, and liquid-to-powder
conversion: Probiotic delivery systems must remain active in
the harsh gastrointestinal environment, where gastric acid,
low pH, and enzymes can reduce probiotic viability or dam-
age the system, lowering delivery efficiency.*!3] Currently,
prepared probiotic systems are often “freshly prepared and
used” liquid forms, characterized by high fluidity and diffi-
culties in long-term storage. These characteristics make them
inconvenient for clinical use and patient administration and
limit the possibility of large-scale production and commer-
cialization. Moreover, transitioning to stable forms like pow-
ders, capsules, or tablets is technically challenging, requiring
protection of probiotic activity, stable drug loading, and op-
timized production processes. Existing technology remains
immature, hindering the shift from lab-scale liquids to practi-
cal clinical forms. If these problems cannot be solved, clinical
translation will face bottlenecks.

Production and quality control standards: Currently, there is a
lack of unified international or domestic standardized norms
for the production of probiotic-targeted delivery systems. Lab-
oratory preparations often rely on researchers’ experience and
conditions, making it difficult to form consistent quality con-
trol standards (such as detection methods for strain activ-
ity and drug loading efficiency). Clinical applications require
strict batch consistency, quality traceability, and stability test-
ing, but existing technology cannot meet these requirements,
leading to difficulties in translating from laboratory to indus-
trial production.

Dosage and potency standardization: The quality and potency
of probiotics directly affect their therapeutic effect. The ab-
sence of standardized probiotic types, dosages, and treatment
protocols affects the comparability of results. It is essential to
validate the safety and efficacy of probiotic therapies through
multicenter, large-sample clinical trials and establish unified
standards for probiotic types, dosages, and treatment proto-
cols to improve result comparability.

Detection methodologies standardization: Detection method-
ologies for probiotics must be standardized to ensure com-
parability of results across different laboratories and man-
ufacturers (e.g., QPCR for strain-specific quantification and
metabolomic profiling for functional validation). Interna-
tional organizations (e.g., ISO) could take the lead in devel-
oping globally applicable detection methodologies standards.
Safety and side effects: Not all probiotic strains are suitable for
treating inflammatory diseases or cancer; some strains may
cause adverse reactions. And not everyone can be treated with
probiotics. For instance, cases of bacteremia associated with
probiotic therapy have been documented in particularly vul-
nerable populations, such as very young and immunocom-
promised children.?'*] Moreover, the potential risks of long-
term or excessive probiotic use, such as microbial imbalance
or immune overactivation, remain unclear.!**?] Establishing
a globally unified guideline for probiotic safety assessment
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(e.g., immunogenicity screening and long-term microbiome
monitoring) is recommended. Additional safety assessments
should be conducted for vulnerable populations such as im-
munocompromised patients and children.

Market access and regulatory coordination. Diverse regula-
tory requirements across regions complicate market entry.
Enhanced international coordination could unify global stan-
dards for probiotic products by drawing from the EU’s EFSA
(European Food Safety Authority) or the US’s FDA (Food and
Drug Administration).

5.2. Limitations to the Development of Probiotics Oral Delivery
Systems

1)

Technical bottlenecks in delivery systems: Current delivery
technologies (e.g., microencapsulation, nanoparticles) may
protect probiotics but could also affect their release and ac-
tivity.

Functional limitations of probiotics: Probiotics’ anti-
inflammatory and anti-cancer mechanisms are not fully
understood, limiting their precise application. And more
importantly, probiotics alone may not address complex
inflammatory or cancer-related issues and may need to be
combined with other therapies.

5.3. Future Perspectives of the Development of Probiotics Oral
Delivery Systems

1)

Development of novel delivery technologies: First, nanoma-
terials are being employed to effectively enhance probiotics’
targeting and stability. For instance, encapsulation materials
such as MPNs have been extensively investigated for their po-
tential in surface film formation.'82!%] Second, responsive
delivery systems that trigger probiotics release based on spe-
cific intestinal conditions are under active research. A no-
table approach involves single-cell encapsulations conjugated
with targeting moieties such as ligands or antibodies, en-
abling precise targeting of receptors overexpressed on CRC
cells. Several researchers employed aromatic TA or a single
thioether linkage, known for its specific responsiveness to
ROS, thereby facilitating rapid drug release and enabling im-
provement of drug bioavailability. Third, addressing concerns
related to chronic toxicity associated with prolonged use has
led to an increasing trend of incorporating plant-derived com-
ponents into formulations, which not only mitigate potential
toxicities but also maintain and potentially enhance the deliv-
ery system’s efficacy through improved bioavailability.
Introduce automated production technologies and intelligent
equipment, such as using microfluidics or high-precision
bioreactors for probiotic cultivation combined with sensors
to monitor culture conditions (temperature, pH, oxygen con-
centration), to reduce human operational errors. Develop de-
tailed Standard Operating Procedures (SOPs) and ensure con-
sistency in the activity of probiotics, drug-loading efficiency,
and delivery system performance through process parameter
optimization and real-time quality monitoring.

Optimize the freeze-drying technology by adding protectants
or using coating materials that are resistant to freeze-drying,
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to extend the formulation’s shelf life and address the limita-
tions of the “prepare-and-use” approach.

4) Personalized treatment: Given the differences in gut mi-
crobiota composition and tumor microenvironments among
CRC patients, future research should use metagenomics and
other technologies to analyze patients’ gut microbiota and de-
velop personalized probiotic treatment plans.

5) Interdisciplinary collaboration and technological innovation:
As an emergent interdisciplinary discipline, its advance-
ment necessitates collaborative efforts across the domains
of microbiology, materials science, immunology, and clinical
medicine. And it is also necessary to apply new technologies
like CRISPR gene editing to engineer probiotics and enhance
CRC therapeutic effects.

6) Combination therapy strategies: Probiotics combined with
small-molecular drugs or immune checkpoint inhibitors may
improve efficacy. It is a good idea to implement multilayered
gut microecological regulation strategies that combine dietary
interventions, prebiotics, and postbiotics.

7) In-depth research on probiotic mechanisms, especially their
anti-inflammatory, immunomodulatory, and anti-cancer ef-
fects in CRC, is crucial for providing a theoretical basis for
precision therapy.

6. Conclusion

The growing appreciation of probiotics’ potential in the preven-
tion and adjuvant treatment of CRC has sparked a surge of inter-
est in developing sophisticated targeted-delivery systems. These
systems are designed to encapsulate, protect, and effectively de-
liver probiotics to the colon. This article provides a comprehen-
sive review of the advancements in targeted probiotics release
for CRC treatment, highlighting the various encapsulation meth-
ods available, each with its own set of advantages and limita-
tions. Ranging from hydrogel microcapsule technology to the
bulk encapsulation of probiotics with nanofibers, and more re-
cently, the development of nano “armor” for a single probiotic
through nanocoating, nanocarriers offer an innovative approach
to probiotics encapsulation and delivery. It is important to men-
tion that single-cell encapsulation technologies offer significant
advantages over traditional microencapsulation methods. Coated
probiotics, for instance, are biocompatible and exhibit enhanced
resistance to the harsh environment of the gastrointestinal tract.
They can adhere to mucus, thereby prolonging their retention
time, and promoting intestine colonization. They also enable im-
proved controlled release of probiotic cells in the colon and hold
potential for cellular-level disease prevention and treatment. Con-
sequently, the development of well-designed, edible delivery sys-
tems could totally increase the effectiveness of probiotics in both
preventing and treating CRC. These advancements in targeted
delivery protect the probiotics from the hostile gastrointestinal
environment and ensure their efficient delivery to the site of ac-
tion, making them a promising tool in the arsenal against CRC.
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