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Abstract

Colorectal cancer (CRC) is the third most common malignancy and the second most lethal cancer
worldwide and has become a significant burden on global healthcare. The primary treatments for
CRC include surgery, chemotherapy, and targeted therapy. However, these approaches face several
limitations, such as invasive administration, poor patient compliance, systemic toxicity, drug
resistance, and recurrence. Thus, alternative therapeutic strategies to overcome these challenges
are urgently needed. Oral administration represents a promising approach for CRC treatment
because of its noninvasive nature, safety, ease of self-administration, and high patient compliance.
Moreover, when applied in CRC treatment, oral therapies can potentially increase therapeutic
efficacy and reduce systemic toxicity via local treatment. Furthermore, the unique
pathophysiological features of CRC, such as the overexpression of certain receptors and dysbiosis,
present valuable opportunities for the development of advanced oral therapies. This review focuses
on cutting-edge oral therapies for CRC, including nanomedicine-based and bacteria-modulating
strategies. These approaches show significant promise for improving therapeutic outcomes and can
be combined with existing treatment modalities to improve efficacy and minimize adverse effects.
Additionally, we provide critical perspectives on the challenges and future perspectives of these
strategies for CRC management. This review aims to provide novel insights into the design and
advancement of oral therapies, paving the way for more effective and patient-friendly CRC

treatments.
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1. Introduction

According to the Global Cancer Statistics Report of 2022, colorectal cancer (CRC) ranks as the
third most prevalent malignancy and the second leading contributor to cancer-related mortality
worldwide [1-3]. By 2030, the global burden of CRC is projected to increase by 60%, with more
than 2.2 million new cases and 1.1 million cancer-related deaths [4]. Current therapies for CRC
include surgery, chemotherapy, radiotherapy, and targeted therapy [5, 6]. Other emerging strategies,
such as phototherapy and gene therapy, have shown great potential in preclinical and early clinical
stages [7-10]. While these therapeutic modalities have demonstrated efficacy, most are invasive,
as most drugs for CRC treatment are administered through intravenous injections [6]. Such invasive
administration routes result in multiple drawbacks, including (1) the need for professional
administration; (2) pain, irritation, and bruising associated with injections, leading to low patient
compliance; (3) side effects linked to intravenous injections, such as blood clots and infection; and
(4) systemic drug exposure, resulting in off-target toxicity [11]. These limitations not only affect
patient compliance and quality of life but also restrict the clinical potential of these therapeutic
strategies. Furthermore, drug resistance and treatment insensitivity in CRC patients highlight the

need for effective alternative therapeutics.

Oral drug delivery has emerged as a preferred route of administration because of its noninvasive
nature, high patient compliance, and ease of use [12]. Furthermore, oral administration is
particularly attractive for the local treatment of gastrointestinal (GI) tract diseases, such as CRC,
as it can potentially increase local drug accumulation and minimize systemic exposure [13].
Additionally, the pathophysiological features of CRC provide unique opportunities for advanced
oral therapies. An extended retention time in the colon allows prolonged drug absorption following
oral administration [14]. Reduced proteolytic activity in the colon facilitates the delivery of
peptides and proteins [14]. Increased intestinal permeability due to defects in the mucus layer and
epithelial barrier promotes the accumulation of certain drugs at tumor sites [15]. Furthermore,
CRC-associated genetic mutations and changes in the tumor microenvironment (TME) represent
specific treatment targets. Together, these factors support the rationale and potential of oral
therapies for CRC [16].



However, oral delivery of drugs remains a formidable challenge for many therapeutic agents,
particularly hydrophobic small molecules and macromolecular biologics. This is primarily due to
a series of physiological barriers within the Gl tract [17-19], such as degradation by the harsh acidic
environment and digestive enzymes, entrapment and cleavage by the thick and viscous mucus
barrier, and insufficient permeability across the intestinal epithelium [20]. Advanced drug delivery
systems, such as nanomedicine-based oral therapies, have shown great promise for oral delivery.
Nanomedicines, characterized by their small size, large surface area, and versatile functionalization,
enable fine-tuned biological interactions through physicochemical modulation or surface
engineering [18]. Various nanomedicine-based oral therapies, such as lipid-based nanocarriers,
polymer-based nanocarriers, and inorganic nanocarriers, have been developed for the oral delivery
of small-molecule drugs and biomacromolecules for CRC treatment and have exhibited promising
efficacy [21]. Furthermore, strategies such as acid and/or enzyme inhibition, colon and/or tumor
targeting, mucus adhesion or penetration, and permeation enhancement have been employed to

optimize nanomedicine-based oral delivery for CRC treatment [21].

The colon harbors an extensive bacterial population, estimated at 10***2 colony-forming units per
gram (CFU/g), accounting for more than 70% of all microbes found in the human body [22]. CRC
exhibits a unique association with the gut microbiota and its metabolites, considering the close
local interactions in the colon. Research conducted over the past decade has highlighted the
dysbiosis that occurs during colorectal tumorigenesis, chemotherapy, and immunotherapy,
providing a rationale for modifying the gut microbiota to treat CRC or enhancing the response to
chemotherapy and immunotherapy [23]. Moreover, the oral administration of bacteria-based
therapies offers advantages for localized treatment and colonization and has great potential for
CRC therapy. Examples of promising bacterial modulation-based advanced oral therapeutics
include fecal microbiota transplantation, probiotic and/or prebiotic delivery, genetically engineered

probiotics, and pathobiont-killing therapies.

In this review, we first summarize the pathophysiological features of CRC and the potential
therapeutic targets they present. We then outline the current standard of care, clinically established
CRC therapies and emerging CRC therapies, which are administered intravenously. By
emphasizing the distinct advantages of oral administration in CRC treatment, we review advanced

oral therapies in the context of significant challenges within the Gl tract and the TME for CRC,



with a focus on nanomedicine-based strategies, bacterial modulation-based therapies and their
combinations, to provide an in-depth discussion of representative approaches in the literature. This
review aims to provide novel insights into the development of advanced oral therapies for CRC,
emphasizing enhanced local treatment, reduced systemic and injection-associated side effects, and

improved patient compliance.
2. Pathophysiological features of CRC

The pathophysiological features of CRC not only play important roles in cancer pathogenesis and
progression but also provide multiple opportunities for advanced oral therapies (Figure 1). CRC
originates in the epithelial cells lining the colon or rectum through spontaneous mutations, exposure
to environmental mutagens, or inflammation-induced (epi-)genetic changes [24, 25]. The mutation
and clonal expansion of these cells (polyps) drive proliferation, leading to the formation and
progression of malignant tumors. Further mutations and alterations in the TME enable metastasis
[15]. Genetic and epigenetic alterations in CRC have been extensively studied [26, 27], providing
potential biomarkers for predicting treatment outcomes and prognosis or identifying therapeutic
targets. A recent study comprehensively analyzed the genomic landscape of 2023 individuals with
CRC, offering a valuable reference for future investigations [16]. Representative mutations
relevant to oral advanced therapies include the presentation of receptors (e.g., epidermal growth
factor receptor, EGFR) for targeted drug delivery, increased accumulation of certain enzymes (e.g.,
matrix metalloproteinases) for enzyme-responsive drug release, and the expression of protumor
molecules (e.g., vascular endothelial growth factor, VEGF) for targeted inhibition of tumor

proliferation and metastasis [28-30].

Colon mucus is a dilute, aqueous, and viscoelastic secretion produced by goblet cells, forming two
distinct layers, the inner and outer layers, with a total thickness of approximately 107—155 um. The
inner mucus layer is dense, tightly attached to the epithelium, and impenetrable to bacteria because
of its small pore size (~0.5 pum) and antimicrobial peptides. In contrast, the outer mucus layer is
unattached and loose, with larger pores that allow penetration by bacteria and particles up to 0.5
pim in diameter. These mucus layers serve as crucial barriers, protecting the underlying epithelium
from the luminal contents through continuous renewal (~1-2 hours). In addition, high levels of

sialic acid and sulfate impart an overall negative charge [31, 32]. In individuals with CRC, the



mucus barrier is often defective because of goblet cell loss [33, 34]. However, the specific changes
in mucus renewal time, thickness, rigidity, and physicochemical properties remain unexplored.
Increased epithelial permeability in CRC, caused by decreases in the numbers of enterocytes and
tight junctions, further compromises mucosal barrier function. These defects facilitate the invasion
of bacteria and pathogen-associated molecular patterns into the gut mucosa, leading to dysbiosis

and promoting CRC development [33-35].

The colonic microbiota plays critical roles in maintaining homeostasis, regulating immune
responses, and modulating treatment outcomes, particularly in CRC, because of its direct local
interactions with tumor tissues. Microbiota dysbiosis and reduced bacterial diversity are hallmarks
of CRC and worsen during chemotherapy and radiotherapy [23, 35]. CRC is associated with the
enrichment of specific bacteria (e.g., Bacteroides fragilis and Fusobacterium nucleatum) [36, 37]
and decreased abundance of other bacteria (e.g., Faecalibacterium prausnitzii, Barnesiella
intestinihominis, Alistipes finegoldii, Bacteroides eggerthii, and Eubacterium siraeum) and their
metabolites, such as short-chain fatty acids (SCFASs) [38-40]. Moreover, an association between
the use of oral antibiotics, particularly those with antianaerobic activity, and an increased risk of
colon cancer, especially in the proximal colon, has been reported [41]. These findings underscore

the critical role of the microbiota in CRC progression.

Moreover, CRC progression is strongly influenced by the interactions of cancer cells with the TME.
The features of the TME provide additional targets for advanced oral therapies: (1) an acidic
microenvironment (pH ~6.5) resulting from the high glycolytic rate of tumor cells; (2) hypoxia due
to rapid tumor growth depleting the oxygen supply [42]; (3) increased reactive oxygen species
(ROS) generated by glycolysis; (4) abundant infiltration of stromal cells (e.g., fibroblasts) and
extracellular matrix components; and (5) increased infiltration of immunosuppressive cells (e.g.,
tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs)) and
molecules (e.g., hypoxia-inducible factor 1-alpha (HIF-1a)) [43, 44].
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Figure 1. The key pathophysiological features of CRC-related genetic alterations include increased
intestinal permeability, microbial dysbiosis, and remodeling of the TME. Created with

BioRender.com.
3. Current CRC treatments and challenges

3.1 Standard of care

According to the European Society for Medical Oncology (ESMO) and American Society of
Clinical Oncology (ASCO) guidelines, the standards of care for CRC depend on the stage and
molecular characteristics of the disease [45, 46]. For localized CRC, typical treatment involves

surgery with neoadjuvant and/or adjuvant chemotherapy, especially for patients with stage III



tumors [45, 46], and a combination of fluoropyrimidine (such as 5-fluorouracil (5-FU) or
capecitabine) and oxaliplatin (leucovorin—5-FU—oxaliplatin (FOLFOX) or capecitabine—
oxaliplatin (CAPOX)) is commonly used [45, 46]. Treatment for metastatic CRC is more tailored.
First-line treatment involves combination chemotherapy (FOLFOX and leucovorin—5-FU—
irinotecan (FOLFIRI)) with targeted therapies such as an anti-VEGF antibody (bevacizumab) or
anti-EGFR antibody (e.g., panitumumab), particularly in patients with rat sarcoma (RAS) wild-
type tumors. Immunotherapies, such as pembrolizumab, are the first-line treatments for patients
with microsatellite instability-high (MSI-H) tumors. Treatment approaches are continually
evolving, with the latest guidelines emphasizing precision medicine, immunotherapy, and targeted

therapies, especially for patients in advanced stages and with specific molecular subtypes [47].

3.2 Clinically approved therapeutics for CRC

Clinically approved therapeutics for CRC include primarily small-molecule drugs and biologics
(Table 1). Chemotherapies, predominantly small-molecule drugs such as 5-FU, oxaliplatin, and
irinotecan, play pivotal roles in the clinical management of CRC patients [48]. These therapies are
cost effective and have been employed for decades, resulting in significantly improved five-year
and overall survival rates in CRC patients. However, chemotherapy is associated with severe side
effects stemming from off-target effects. The mechanism of action of most chemotherapeutic
agents involves the inhibition of DNA synthesis in rapidly dividing cells, but these agents cannot
distinguish between cancer cells and healthy cells [49]. Common side effects include fatigue, hair
loss, vomiting, loss of appetite, nausea, and neurotoxicity [49]. In more severe cases, these
treatments can lead to infection, organ damage, or significant bleeding [50]. These adverse effects
not only diminish patient quality of life but also restrict the use of chemotherapeutic agents because
of the limited dosages that can be administered safely while achieving therapeutic efficacy.
Targeted therapies, such as monoclonal antibodies, have transformed CRC treatment in recent
years. Antibodies such as bevacizumab, cetuximab, and pembrolizumab have been approved as

first-line treatments for specific individuals with CRC [43].
3.3 Emerging therapies under investigation for CRC

In addition to established and clinically approved treatments, several novel strategies for CRC are

being explored at the preclinical and early clinical stages, notably phototherapy and gene therapy.



Phototherapy, including photodynamic therapy (PDT) and photothermal therapy (PTT), has
attracted considerable attention for cancer treatment, especially in combination with other
modalities such as chemotherapy [51]. PDT, administered intravenously, is approved for malignant
cancers such as esophageal, lung, and prostate cancers, where light activation of photosensitizers
generates ROS to induce tumor cell death [52]. Although not yet approved for CRC, endoscopic
access to the colorectum makes phototherapy an attractive option for local or palliative treatment
[7]. Ongoing clinical studies have shown encouraging results in phototherapy for CRC treatment
[7, 53, 54]. For example, in a retrospective study of 52 patients with stage 11I-1V CRC, PDT
achieved a response rate of 44.4% compared with a disease control rate of 88.9%, while it also
increased the infiltration of immune cells, including T cells, B cells, and macrophages, in the TME
without severe adverse effects associated with PDT [8]. PTT leverages heat generated by
photothermal materials under light irradiation to induce thermal erosion and cancer cell death [55,
56]. While photothermal nanomaterials have shown promising efficacy in preclinical models of
CRC, clinical investigations remain limited [17, 57]. The major challenges associated with
phototherapy in CRC treatment include poor tissue penetration of light, hypoxia within the TME,
which limits ROS production, and poor tumor targeting by photosensitizers [55]. Future advances
in optimized light sources, hypoxia alleviation and oxygen supply in the TME, tumor-specific
photosensitizers, and combinations with chemotherapy or immunotherapy hold great promise for
improving the clinical outcomes of phototherapy [55].

Gene therapies predominantly rely on the intravenous administration of nucleic acid-based
therapeutics, such as DNA, mRNA, and siRNA, to deliver them directly into the systemic
circulation or target tissues [58-60]. With the advancement of gene delivery systems and gene
editing technologies, gene therapy is emerging as a promising modality for treating CRC [61-63].
Currently, many strategies are under investigation in preclinical and early clinical studies, including
the silencing of oncogenic genes, such as KRAS and APC [64]; the delivery of therapeutic genes,
such as IL-12 or IL-15, to stimulate antitumor immunity [9, 65]; and cell-based gene therapies that
involve engineering immune cells to enhance tumor clearance [10, 66]. Recent advances in genome
sequencing have expanded the repertoire of CRC-specific targets [16] and nanotechnology
represents an alternative to viral vectors, enabling more precise, immune-evasive, and tumor-
targeted delivery systems [67]. Cell-based gene therapies, most notably chimeric antigen receptor

(CAR) T-cell therapy, have transformed the treatment of hematologic malignancies but remain



largely ineffective in solid tumors including CRC [68]. The main barriers include tumor
heterogeneity, the immunosuppressive TME, and physical obstacles to T-cell infiltration [9, 69].
Innovative strategies such as dual-targeting and logic-gated CAR constructs to improve tumor
specificity (NCT05736731) and the secretion of immune-stimulating cytokines to remodel the
TME and resist exhaustion [70] are under preclinical and early clinical evaluation. Furthermore,
large-scale randomized clinical trials and the development of scalable manufacturing pipelines
would advance the clinical application of gene therapies [71].

3.4 Challenges for established CRC treatment

Most of the treatments mentioned are administered by intravenous injection (Table 1). Intravenous
administration, which requires professional medical management and repeated hospital visits,
compromises patient compliance and places a significant burden on healthcare resources. This is
particularly challenging for CRC patients, who often require long-term, multicycle therapy because
of the high risk of recurrence. Furthermore, repeated injections can lead to complications such as
hypersensitivity reactions. Systemic anticancer drug exposure often causes severe off-target effects,
exacerbating patient morbidity [72, 73]. These limitations underscore the need for alternative,
patient-friendly strategies that can provide targeted drug delivery to disease sites, enhance

treatment accessibility, and ultimately improve patient outcomes.



Table 1. Clinically approved therapeutics for CRC.

Mechanism(s) of | Administration
Drug type | Drug molecule Advantages Limitations References
action route
Small 5-FU Inhibits thymidylate | i.v. Cornerstone of | High toxicity; side effects | [74]
molecule synthase, disrupts chemotherapy; effective in | include diarrhea,
drugs DNA synthesis combination regimens (e.g., | mucositis, and
FOLFOX and FOLFIRI) myelosuppression

Oxaliplatin Platinum-based DNA | i.v. Effective in combination | Neurotoxicity, especially | [75]

crosslinking agent with fluoropyrimidines (e.g., | cumulative peripheral
FOLFOX); increases DNA | neuropathy
damage

Irinotecan Topoisomerase I]iwv Effective against metastatic | Severe  diarthea  and | [76]
inhibitor that leads to CRC in combination | neutropenia
DNA damage regimens (e.g., FOLFIRI)

Leucovorin Enhances the | i.v. or p.o. Increases the efficacy of 5- | May increase  5-FU- | [77]
inhibition of FU in regimens like | related toxicities, such as
thymidylate synthase FOLFOX and FOLFIRI; | Gl issues
induced by 5-FU reduces the toxicity of high-

dose methotrexate in other
cancers

Capecitabine Oral prodrug of 5-FU | p.o. Convenience of oral | Similar toxicity profile to | [78]

administration; fewer | 5-FU; hand-foot

infusion-related side effects

syndrome may occur




Regorafenib Multi-kinase p.o. Option for chemotherapy- | High toxicity; common | [79]
inhibitor  targeting resistant metastatic CRC side  effects include
VEGFR, FGFR, etc. fatigue, hand-foot
syndrome, and
hypertension
Trifluridine/Tipiracil | Incorporates into | p.o. Effective against heavily | Commonly causes | [80]
DNA, inhibiting its pretreated metastatic CRC neutropenia, fatigue, and
synthesis;  protects GI toxicity
trifluridine from
degradation
Biologics | Bevacizumab VEGF inhibitor; | i.v. Extends the survival of | Risks of hypertension, | [81]
inhibits angiogenesis patients with metastatic CRC | bleeding, and
when combined  with | thromboembolism
chemotherapy
Cetuximab EGFR inhibitor; | i.v. Effective against RAS wild- | Limited to patients with | [82]
prevents tumor cell type CRC; enhances the | RAS wild-type tumors;
proliferation response in combination | causes rash, diarrhea, and
with chemotherapy hypomagnesemia
Panitumumab EGFR inhibitor; | i.v. Fully human monoclonal | Same  limitations as | [83]
similar to cetuximab antibody; reduces the risk of | cetuximab; less effective
infusion reactions against RAS-mutant
tumors
Pembrolizumab PD-1 inhibitor; | i.v. Effective  against MSI- | High immune-related | [84]
increases the immune H/dAMMR  tumors; long- | toxicity, including colitis

lasting responses

and endocrinopathies;




response to cancer ineffective against pMMR
cells CRC

Nivolumab PD-1 inhibitor; | i.v. Similar benefits as | Limited to specific CRC | [85]
increases the immune pembrolizumab subtypes
response

Ipilimumab CTLA-4 inhibitor, | i.v. Effective in combination | High immune-related | [86]
enhances T-cell with nivolumab for some | toxicity, including colitis
activation CRC patients and endocrinopathies

5-FU, 5-fluorouracil; i.v., intravenous injection; p.o., oral administration; FOLFOX, leucovorin—5-fluorouracil-oxaliplatin, FOLFIRI, leucovorin—5-
fluorouracil-irinotecan; VEGFR, vascular endothelial growth factor receptor; FGFR, fibroblast growth factor receptor; EGFR, epidermal growth factor
receptor; MSI-H/dMMR, microsatellite instability high/mismatch repair-deficient; pMMR, mismatch repair-proficient.



4. Oral route: Noninvasive and local drug delivery to treat CRC

Oral administration is widely regarded as the preferred route for drug delivery because of its safety,
painless nature, and convenience [87]. The oral route overcomes the drawbacks associated with
intravenous administration, significantly improving patient compliance. In the context of CRC, oral
administration has additional advantages. The unique pathophysiology of CRC, as described in
Section 2, provides promising opportunities for local and targeted treatment via oral delivery, with
potential benefits such as increased local bioavailability, enhanced antitumor efficacy at the lesion
site, and reduced systemic exposure.

Moreover, the association between diet and CRC has been extensively studied [88]. The World
Cancer Research Fund/American Institute for Cancer Research highlights that consuming whole
grains, dietary fiber, and dairy products can lower CRC risk [89]. Emerging evidence implicates
the gut microbiota as a key mediator of the relationship between diet and cancer, particularly in
CRC, given the close local interaction between the gut microbiota and colon tumors [23]. Dietary
components, such as protein, fat, fiber, and vitamins, can influence the composition and function
of the gut microbiota [23]. For example, dietary fiber serves as a primary energy source for the
microbiota in the cecum and colon, generating crucial metabolites such as SCFAs. These
metabolites stimulate intestinal mucus secretion, regulate immune responses, and suppress
inflammation and carcinogenesis, thereby contributing to gut health [90]. Whole grains, a rich
source of soluble and insoluble fibers, have been shown to reduce CRC risk by approximately 20%
when three servings (90 g) are consumed per day, with a further reduction in risk observed with
greater intake [91]. Moreover, dietary fiber intake is positively associated with improved responses
to immune checkpoint inhibitors and a reduced incidence of immune-related adverse events in
cancer patients [92]. These findings underscore the potential for CRC prevention and treatment
through modulation of the gut microbiota via the oral route. Although no microbiota-based
therapies have yet been approved for CRC specifically, advanced oral therapies could play a
promising role in their clinical development, enabling colonization in the colon or the local delivery

of drugs for microbiota modulation after oral administration.

Despite the advantages of the oral route for CRC treatment, current CRC therapeutics are

predominantly administered invasively via intravenous injection, and only a limited number of



small-molecule drugs, such as capecitabine, are available for oral administration (Table 1) [61]. To
date, no biologic formulation has been approved for oral delivery in CRC treatment. The unmet
need for oral therapeutics can largely be attributed to the complex and harsh conditions of the GI
tract, as well as the physicochemical properties of many drugs. The heterogeneity of the GI tract
presents significant challenges for oral delivery. The pH gradient ranging from 0.4-4.0 in the
stomach to 5.0-7.0 in the small intestine and 6.4—7.0 in the colon requires therapeutics to remain
stable across a broad range of pH value [93]. The physiological complexity of each Gl tract segment
further complicates oral delivery. Gastric fluid contains digestive enzymes such as pepsin, which
compromise protein stability; small intestinal fluids contain trypsin, chymotrypsin, lipases, and bile
salts, which degrade proteins and lipophilic drugs; and colonic fluids are highly rich in diverse
microbiota [93]. Retention times differ across segments, with approximately 2 h in the stomach, 6
h in the small intestine, and up to 24 h in the colon [87]. While the long residence time of the colon
provides opportunities for local CRC therapy, oral formulations must first withstand the acidic
gastric environment and enzymatic degradation in the small intestine. These factors collectively
affect drug absorption and release kinetics. In addition, CRC is frequently associated with a chronic
inflammatory microenvironment, resulting from inflammation-associated tumorigenesis, tumor
elicited inflammation, and therapy-induced inflammation [15]. Chronic inflammation leads to
breakdown of the epithelial barrier, increased ROS levels, and elevated levels of proinflammatory
cytokines and chemokines [15, 94, 95]. These factors can profoundly affect the stability, release,
and efficacy of oral therapeutics. Furthermore, the intrinsic physicochemical properties of different
drugs must be considered. With respect to small molecules, particularly hydrophobic compounds,
instability in the GI tract often leads to rapid degradation, poor bioavailability, suboptimal
therapeutic outcomes, and dose-dependent toxicity [14]. For biologics, the challenges are even
more pronounced, including degradation by gastric acid and digestive enzymes (e.g., pepsin,
trypsin, and chymotrypsin), entrapment or cleavage by mucus, and inherently low permeability
across the intestinal epithelium. These hurdles result in oral bioavailability typically less than 1%
[62]. Even clinically approved oral agents for CRC remain limited by efficacy and safety concerns.
For example, capecitabine, an oral prodrug of 5-FU, has a short plasma half-life (0.55-0.89 h) and

nonselective cytotoxicity, leading to adverse effects such as diarrhea and abdominal pain [63].



Taken together, these challenges underscore the need for advanced oral delivery systems with
enhanced colon-targeting and tumor-specific capabilities, which hold promise for improving

efficacy while minimizing systemic toxicity.
5. Advanced oral therapies for CRC treatment

5.1 Targeted Drug Delivery: Nanomedicine-based therapies

Given the limitations of conventional drugs in CRC treatment—including poor specificity,
systemic toxicity, and suboptimal efficacy—nanomedicines have attracted considerable research
interest for direct drug delivery because of their excellent cargo protection, precise region- and cell-
specific targeting, efficient cellular uptake, and controllable drug release. Some nanomedicines,
such as Doxil® and Nanoxel®, have already been approved for clinical use in cancer patients via
intravenous injections [96]. Tailored physicochemical modifications and surface engineering of
nanoparticles for oral delivery hold significant promise for the development of advanced therapies
in CRC treatment. To date, various nanomedicines have been explored in this context, including
lipid-based nanomedicines (e.g., solid lipid nanoparticles, nanostructured lipid carriers, lipid
nanocapsules, nanoemulsions, self-nanoemulsifying drug delivery systems, and liposomes) [97],
polymer-based nanomedicines (e.g., polymeric nanoparticles, polymersomes, polymeric micelles,
and dendrimers) [98], lipid—polymer hybrid nanomedicines (LPNSs; e.g., monolithic matrix LPNs
and core—shell LPNs) [99], and scaffolds (e.g., nanofibers, hydrogels, and films) [100] (Figure 2A).
Considering the heterogeneity of the Gl tract, multiple strategies, including anti-acid, anti-enzyme,
mucus interaction, permeation enhancement, and tumor targeting strategies, have been developed
to facilitate nanomedicine-based oral drug delivery (Figure 2B). In this section, we review these
strategies and their potential to overcome pathophysiological barriers, thereby advancing

nanomedicine-based oral therapies for CRC treatment.
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5.1.1 Anti-acid and anti-enzyme strategies

Nanomedicine offers a promising platform for improving drug stability through inherent antiacid
and antienzyme properties or via the incorporation of acid- and enzyme-resistant excipients and
coatings, providing protection during Gl transit following oral administration.



pH-sensitive polymers and proximal gut—indigestible polymers have been utilized in this context.
pH-dependent strategies leverage the pH gradient along the Gl tract (stomach: pH 0.4-4.0; small
intestine: pH 5.0-7.0; and colon: pH 6.4-7.0) [101]. pH-sensitive methacrylic acid copolymers,
such as the pH-sensitive polymer Eudragit S100, which remains unionized at pH > 7, and Eudragit
L100, which is ionized at pH > 6 [102], have been utilized for anti-acid strategies to protect the
formulation against gastric acid. Eudragit S100 has been widely employed for colon-targeted drug
delivery and combining Eudragit S100 and Eudragit L100 at specific ratios allows for precise
release profiles tailored to the desired pH range. Within the realm of advanced oral nanomedicine-
based therapies, delivery systems can be coated with pH-sensitive polymers [103] or lyophilized
and encapsulated in enteric capsules made of such polymers [104, 105]. Narayan et al. developed
double-layer coated mesoporous silica nanoparticles (MSNs) with an inner layer of a chitosan—
glucuronic acid conjugate and an outer layer of Eudragit S100 for oral capecitabine delivery. Oral
administration of the colon-targeting nanosystem significantly reduced the number of tumors in an
orthotopic rat CRC model [106]. Other pH-sensitive polymers, such as cellulose derivatives, have
been developed as well. For example, Yusefi et al. synthesized cellulose nanocrystals for delivery
of the colon-targeting drug 5-FU [107]. Compared with pH 1.2 and pH 4.2 media, cellulose

nanocrystals showed increased drug release in pH 7.4 media [107].

Nondigestible polymers in the proximal gut that are selectively metabolized by the colon
microbiota, such as polysaccharides, have also been harnessed for colon-targeted nanomedicine
applications [108]. Examples of naturally occurring polysaccharides employed for this purpose
include pectin [109], starch [110], alginate [111], chitosan [112], dextran [113], chondroitin sulfate
[114], and inulin [115]. These polysaccharides exhibit a wide range of molecular weights and
chemically active groups, allowing for tailored nanomedicine designs. They can be used to form
nanoparticles, or to encapsulate nanoparticles within polysaccharide-based microparticles or
hydrogels [116], enabling microbiota-responsive dissolution and targeted drug release upon
reaching the colon. Kang et al. developed doxorubicin- and metformin-loaded guar gum
microparticles by emulsification via the cumulative solidification method. The results revealed the
restricted release of metformin and doxorubicin in simulated gastric and intestinal fluid and
increased release in simulated colonic medium with a 4% rat cecal content, confirming enzymatic
degradation of the guar gum microparticles. An in vivo study revealed that the tumor inhibition

rate of this microparticle system was 78% greater than that of free drugs [117]. Additionally, certain



polysaccharides, such as inulin and dextran, also act as prebiotics, conferring additional benefits
[118]. This feature is particularly desirable in CRC treatment owing to the dysbiosis present in the

disease. Prebiotic-based oral advanced therapies are discussed in Section 5.2.4.

5.1.2 Mucus interaction strategies

The thick and viscous colonic mucus layer in the GI tract poses a substantial barrier to
nanomedicine-based oral therapies for CRC. It not only prevents interactions between
nanomedicines and the underlying epithelium but also subjects nanomedicines to continuous
clearance because of mucus renewal. For oral CRC treatment, overcoming the mucus barrier of the
colon is particularly challenging. Thus, mucoadhesion and mucopenetration strategies have been

exploited to address this issue.

In terms of mucoadhesion, nanomedicines can bind to mucus through noncovalent or covalent
interactions, leading to enhanced interactions with the mucus and a prolonged residence time within
the mucus layer, thereby favoring reduced nanomedicine clearance [119]. Noncovalent interactions
include mainly electrostatic interactions and hydrogen bonds [119]. Positively charged
nanomedicines can achieve mucoadhesive interactions because of the negative charge of mucus.
In addition, nanomedicines can be assembled from or coated with mucoadhesive polymers, such
as chitosan [120], alginate [121], or cellulose [122], to facilitate mucoadhesion. A study by Han et
al. demonstrated the efficacy of a mucoadhesive nanomedicine comprising self-assembling
nanoparticles composed of chitosan-conjugated curcumin and 7-ethyl-10-hydroxycamptothecin
(SN38), achieving a tumor growth inhibition rate of 94.9% in an azoxymethane (AOM)- and
dextran sulfate sodium (DSS)-induced colitis-associated cancer (CAC) murine model after oral
administration [123]. Covalent interactions, on the other hand, involve the formation of disulfide
bonds between thiolated groups on nanomedicines and active sulthydryl groups in the cysteine-
rich mucin layer, which are stronger than conventional noncovalent interactions [124]. Zhao et al.
developed a-lactalbumin peptosomes coloaded with a microRNA-31 inhibitor and curcumin
encapsulated in thiolated TEMPO-oxidized Konjac glucomannan microspheres to enable covalent
mucoadhesion [124]. Although this system demonstrated effective colon distribution following oral
administration, rectal administration yielded superior therapeutic outcomes in an AOM/DSS-

induced CAC model [124]. This difference could be attributed to the trapping of nanomedicines



within the thick and highly digestive mucus layer in the stomach and small intestine [125].
Preventing gastric and small intestine mucus adhesion when delivering mucoadhesive
nanomedicines intended for colon targeting is critical to overcome this challenge. By coating
nanomedicines with colon-targeting polymers, such as Eudragit S100, premature adhesion to the
mucus present in the stomach and small intestine can be avoided, enabling a selective interaction

with the colonic mucus.

The primary objective of mucopenetration is to facilitate rapid passage through the mucus layer to
enable effective interaction with the underlying epithelium. Two primary approaches—passive and
active mucus penetration—have been explored to achieve this goal. Passive mucopenetration
focuses on minimizing interactions between the nanomedicine surface and the mucus layer.
Smaller nanomedicines generally exhibit better mucus penetration, whereas larger particles are
more likely to become entrapped. Additionally, hydrophilic and neutral surfaces have been shown
to facilitate passage through the mucus barrier [126]. Surface modifications, such as the
incorporation of polymers with mucopenetration-enhancing properties, such as polyethylene glycol
(PEG) [127] and poloxamer [128], have proven effective at improving mucus penetration. Notably,
the chain length and modification density of PEG significantly influence its interaction with the
mucus. For example, compared with their longer counterparts, shorter PEG chains exhibit superior
penetration [129]. The key physicochemical properties of PEG coatings and PEGylation strategies
to achieve muco-inert PEG coatings on nanomedicines have been thoroughly discussed in the
literature [127, 130]. Zwitterionic nanomedicines, inspired by virus capsids with balanced positive
and negative surface charges, represent another strategy for efficient mucus penetration [126].
Active mucopenetration utilizes external or internal forces, such as nanomotors or nanobots driven
by external stimuli such as near-infrared (NIR) light [131], ultrasound [132], magnetic fields [133],
or self-promoting gases [134], to propel nanomedicines through the mucus. Zu et al. developed a
nanoplatform that combines silk fibroin-based nanoparticles with sonosensitizers and
immunoadjuvants [135]. By coating the system with a hybrid membrane of plant-extracted lipids
and Pluronic F127 and applying ultrasound irradiation, they achieved enhanced mucus and tumor
penetration. This approach facilitated immunotherapy in a CAC murine model after oral
administration, resulting in fewer colon tumors and increased infiltration of CD4" and CD8" cells
[135] (Figure 3). In a follow-up study, they employed a similar system modified with Pluronic

F127 for magnetic field-driven mucus penetration [136]. In this study, gingerol-loaded magnetic



mesoporous silicon nanoparticles functionalized with lipids extracted from mulberry leaves
improved mucus and tumor penetration and therapeutic outcomes after oral administration [136].
While external stimuli such as ultrasound and magnetic fields show promise, their reliance on
specialized equipment and precise control pose significant challenges for clinical translation.
Internal stimulation-based nanomotors present a compelling alternative. Serra-Casablancas et al.
designed catalase-bound MSNs capable of decomposing hydrogen peroxide (H20>) into water and
oxygen to drive self-propulsion. Compared with passive nanoparticles, enhanced Brownian motion
facilitated a 60-fold improvement in mucus penetration in both in vitro and ex vivo models [134].
This approach is particularly appealing in the context of CRC, where increased H>O: levels in the
colonic mucus provide a disease-specific advantage for propulsion [137]. Furthermore,
nanomedicines with mucolytic properties have been developed [126]. Functionalization with
disulfide bond cleavage agents, such as N-acetylcysteine, or mucolytic enzymes, such as papain or
trypsin, enables these systems to degrade mucus, thereby facilitating penetration [126]. Steiger et
al. employed a mucin-specific protease, mucinase, and a phospholipase to increase mucus
diffusivity and epithelial cell membrane permeability for oral peptide delivery. Enteric capsules
containing both enzymes and the peptide drug desmopressin acetate (DDAVP; MW = 1069 Da)
achieved a relative bioavailability of 155% compared with that of the drug alone after oral
administration in a canine model [138]. However, this strategy raises safety concerns, as disruption
of the protective mucus barrier may increase the diffusion of pathogens and bacteria, potentially

leading to infection in the underlying epithelium [139].
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Figure 3. Mucus- and tumor-penetrating nanoparticles as oral sonosensitizers and
immunoadjuvants to treat CRC. (A) Schemes of the methods used to prepare silk fibroin-based
dual sonosensitizer (chlorin e6 (Ce6))- and immunoadjuvant (imiquimod, R837)-loaded
nanoparticles as the core surface coated with plant-extracted lipids and Pluronic F127 (p127). The
nanoparticles were named Ce6/R837@Lpl127NPs. (B) Schematic of colonic mucus penetration,
tumor accumulation, in situ vaccination, and activation of the antitumor immune response by
Ce6/R837@Lp127NPs for CRC treatment. (C) Three-dimensional fluorescence images showing
the penetration profiles of the NPs in the simulated mucinous hydrogel with or without ultrasound
irradiation. (D) Penetration profiles of the NPs into 3D tumor spheroids with or without ultrasound
irradiation. (E) Number of orthotopic tumors from AOM/DSS-induced orthotopic CRC models
after different treatments. (F) Percentages of CD8" T cells and (G) CD4" T cells among CD3" cells

in the spleen at the end of the experiments. Reproduced with permission from ref. [135].



5.1.3 Permeation enhancement strategies

Despite the small increase in intestinal permeability and reduced mucus levels in CRC tissues, gut
leakage remains relatively limited, particularly in the context of solid tumor tissue [140]. The
epithelial layer, comprising epithelial cells tightly bound via tight junctions with a gap of
approximately 2 nm, forms a formidable barrier limiting drug entry [141]. Drugs penetrate this
barrier through two primary routes: the transcellular route, involving endocytosis, transcytosis, and
exocytosis, and the paracellular route, involving the traversal of tight junctions. The ability of drugs
to permeate this barrier is influenced predominantly by their size, water solubility, and polarity
[142]. Lipophilicity is positively associated with transcellular permeation because of interactions
with the phospholipid bilayer of cell membranes [143]. However, excessive lipophilicity constrains
oral delivery and therapeutic dosing, as lipophilic drugs are rapidly metabolized in and cleared
from the Gl tract. Polarity, typically quantified by the polar surface area or the number of hydrogen
bond donors and acceptors, is negatively correlated with permeability; thus, the penetration of
small, hydrophilic molecules is limited. In terms of size, small molecules (<10 nm) can pass
through tight junctions, whereas larger molecules, particularly biomacromolecules, face significant
challenges [144]. In the context of nanomedicine-based advanced therapies, two strategies have
been employed to increase drug permeation: (1) the use of permeation enhancers (PEs) to facilitate
paracellular or transcellular transport and (2) the surface modification of nanomedicines with

receptor or transporter ligands to enable transcellular transport.

Various PEs that modulate paracellular and/or transcellular permeability have been extensively
developed [145]. Surfactants [146] and bile salts [147] are among the most common classes of PEs.
Their mechanisms of action and effects on drug delivery have been comprehensively described in
the literature [148, 149]. In addition, PEs hold particular promise for the oral delivery of lipophilic
drugs, as they not only increase their solubility by forming micelles but also improve their
permeability [150, 151]. For example, Sze et al. encapsulated paclitaxel, a poorly soluble
chemotherapeutic agent, within poly (ethylene glycol)-block-poly (e-caprolactone) (PEG-b-PCL)
micelles, significantly increasing its solubility compared with that of the free drug. The micelles
showed improvements in uptake and the apparent permeability coefficient in MDCK-MDR1 cell
monolayer models. Furthermore, in vivo studies showed that PEG-b-PCL micelles effectively

increased the oral bioavailability of paclitaxel in rats [152]. Similarly, Almeida et al. encapsulated



camptothecin, another poorly soluble drug, within oleic acid-chitosan-PEG (OA-CS-PEG) micelles.
This formulation increased the solubility and intestinal permeability of camptothecin in Caco-2
monolayers and 3D models, which included Caco-2 cells, HT29-MTX mucus-producing cells, and
HPMEC-St1.6R cells. The oral administration of these micelles reduced tumor progression in a
CAC murine model [153]. While PE-micellar systems show considerable promise for the oral
delivery of poorly soluble drugs, maintaining micelle stability in vivo after oral administration
remains a challenge. The large fluid volume of the Gl tract can dilute polymer concentrations below
the critical aggregation concentration, leading to micelle disassembly [145]. Stability testing can
be conducted in vitro using simulated Gl fluids by assessing the particle size and number after

incubation, or in vivo using Forster resonance energy transfer (FRET) experiments [154].

PEs have also been widely applied for the systemic delivery of proteins and peptides via oral
administration [145]. Recently, their use has been extended to include larger biomacromolecules
such as antibodies for CRC treatment. Fluorinated cationic polymers can greatly enhance the cross-
membrane and transmucosal penetration properties of nanoparticles [155]. Zhu et al. developed
fluorocarbon-modified chitosan (FCS), which was mixed with proteins to form nanoparticles and
subsequently lyophilized with mannitol for encapsulation into enteric capsules [104]. FCS
facilitated transmucosal protein delivery by inducing the transient rearrangement of tight junction
proteins in intestinal epithelial cells. Notably, the oral administration of FCS-assembled anti-PD-1
antibodies, alone or in combination with anti-cytotoxic T-lymphocyte antigen-4 (anti-CTLA-4)
antibodies, achieved therapeutic responses comparable to those of intravenous injection in
subcutaneous CRC murine models at a fivefold higher oral dose than the intravenous dose,
demonstrating its capability for systemic delivery [104]. They further changed the model antibody
to an anti-PD-L1 antibody and studied the efficacy of the resulting therapeutic in an orthotopic
CRC murine model to evaluate local treatment after oral administration. Compared with the
intravenous injection of anti-PD-L1, the oral administration of FCS/anti-PD-L1 achieved
comparable therapeutic efficacy and tended to reduce systemic immune-related adverse effects
(Figure 4) [105].

Strategies targeting epithelial receptors (e.g., vitamin B receptors and transferrin receptors) or
transporters (e.g., solute carrier transporters and peptide transporters 1 and 2) for transcellular

delivery have been extensively explored for systemic peptide delivery via the oral route and have



shown promising bioavailability. However, these approaches are seldom applied for localized CRC

treatment via oral delivery, and future research focusing on this targeting approach could be

promising.
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Figure 4. Permeation enhancement of FCS for oral anti-PD-L1 delivery in local CRC therapy. (A)
Schematic of CRC therapy with FCS/anti-PD-L1 capsules. (B) Cumulative modality-free survival
rates of mice in the different groups. (C) Bioluminescence imaging of orthotopic colorectal tumors
from mice after different treatments. (D) Representative flow cytometry plots of IL-17" CD4" cells

in the lymph nodes after various treatments. Reproduced with permission from ref. [105].
5.1.4 Protein corona interaction strategies

The protein corona is a dynamic layer of proteins and other biomolecules that adsorb onto
nanoparticles upon contact with biological fluids, primarily through electrostatic and hydrophobic
interactions [156]. In oral delivery, the complex Gl environment strongly influences protein corona
formation. For example, gastric fluids can generate pepsin- or gastric lipase-dominated coronas;
small intestinal fluids may yield coronas enriched with pancreatic lipase, trypsin, chymotrypsin,
and bile salts, whereas in the colon, where proteolytic enzymes are scarce but mucus is abundant,
mucin-enriched coronas predominate [157]. In addition, the physicochemical properties of
nanoparticles, including size, surface charge, and material composition, profoundly affect both the

type and structure of adsorbed proteins [158].

Protein corona formation can alter nanoparticle characteristics, masking surface ligands, changing
physicochemical properties, modulating drug release, and ultimately affecting biodistribution and
therapeutic efficacy [159]. Researchers have developed strategies to avoid or utilize protein corona
interactions with nanoparticles to facilitate oral drug delivery, but this research is limited in the
context of CRC treatments. Learning from these strategies could facilitate advances in oral
therapies for CRC. Strategies to mitigate these interactions include stealth coatings, such as
PEGylation, which reduce nonspecific protein adsorption while preserving surface functionality
[159, 160]. However, other modifications have emerged in recent years. For example, Wang et al.
engineered MSNs decorated with a small cyclic FcRn-binding peptide (FCBP) to avoid protein
corona adsorption [161]. Compared with 1gG Fc—decorated MSNs, FcBP functionalization not only
diminished protein adsorption and mucus interactions but also enhanced intestinal transport [161].
Given the thick mucus layer in the colon, such corona avoidance strategies are particularly relevant
for CRC therapy. In contrast, deliberate manipulation of the protein corona can transform it from

a barrier into a tool. Yao et al. demonstrated that transferrin-modified PLGA nanoparticles, when



precoated with mucin as an active protein corona, absorbed proteins involved in endoplasmic
reticulum—Golgi trafficking, thereby enhancing intracellular transport and exocytosis [162]. This
active corona differed from the passive coronas formed in mucus-secreting cells, which reduced
endocytosis [162]. This research inspired the development of oral therapeutics for CRC by

leveraging engineered protein coronas as functional tools to overcome mucus and epithelial barriers.

Notably, the protein corona composition is not static but highly context dependent. Wu et al.
reported that intestinal protein coronas formed under disease conditions such as colitis or diabetes
differ significantly from those formed under healthy conditions, with disease-derived coronas
enriched in proteins that facilitate transcytosis across the epithelium [163]. However, systematic
studies on CRC-specific intestinal coronas remain limited. Moreover, protein coronas exhibit high
interindividual variability [164], underscoring the need for more research into personalized coronas

and their implications for nanomedicine.

5.1.5 Tumor-targeting strategies

The pathological characteristics of CRC include multiple targets for the development of oral
nanomedicine-based treatments, including overexpressed receptors, tumor-associated antigens,
and a distinct TME. These characteristics have been leveraged to develop strategies for tumor-
targeted delivery and stimulus-responsive drug release via the oral route. This section explores

these targets and their strategic application in oral nanomedicine for CRC treatment (Table 2).

5.1.5.1 Receptor- and antigen-targeting strategies

The pathological landscape of CRC tumor tissue provides molecular targets for active targeting
after oral administration, particularly owing to the increased expression of specific receptors and
antigens, including CD44, the mannose receptor, and the folate transporter [165]. Nanomedicines
can be functionalized with targeting ligands, such as antibodies, peptides, carbohydrates, or small
molecules, enabling selective binding to tumor-specific or tumor-overexpressing antigens and
receptors on the cell surface or within the TME, leading to increased CRC tissue retention and
enhanced tumor cell internalization [166]. For example, hyaluronic acid (HA), a well-known
CD44-targeting ligand, is highly biocompatible and has additional therapeutic potential because of
its interaction with Toll-like receptors[167-169]. Hou et al. developed paclitaxel-loaded polylactic



acid—polyethyleneimine nanoparticles coated with an outer layer of inulin and an inner layer of HA.
The inulin shell was selectively degraded by colon-specific bacteria, exposing HA for the active
targeting of tumor tissues. This nanomedicine exhibited extended in vivo retention (up to 24 h) and
substantial tumor accumulation, achieving notable antitumor efficacy in an orthotopic CRC murine
model following oral administration [170]. Epithelial cell adhesion molecule (EpCAM) plays a
vital role in increasing the aggressiveness of cancer proliferation through multiple signaling
pathways, including those associated with cell adhesion, migration, proliferation, cycle metabolism,
and metastasis [171]. Liu et al. conjugated the anticancer protein fragmented human lactoferrin to
an EpCAM-targeted ligand, ankyrin repeat protein, for targeted delivery to CRC tissues [172].
Compared with unmodified proteins, EpCAM-targeted proteins exhibited more than 1000-fold
greater anticancer activity in the human CRC cell line HT-29. In addition, compared with the oral
administration of unmodified proteins, the oral administration of targeted proteins increased

antitumor efficacy in orthotopic HT-29 CRC murine models [172].

Gene therapies have attracted significant interest for the development of precise CRC therapies
[173]. While oncogene silencing via nanocarriers has shown promise for intravenous applications
[174, 175], translating these strategies to oral delivery remains challenging. This is primarily due
to the harsh GI environment, where nucleic acids undergo enzymatic degradation and exhibit poor
mucosal permeability, limiting their therapeutic efficacy [176]. CD98 expression is increased in
human colonic biopsy samples from patients with CRC [177]. Xiao et al. formulated CD98 siRNA
(siCD98) and camptothecin-loaded CD98 Fab-functionalized poly(lactic-co-glycolic) acid (PLGA)
nanoparticles embedded in a chitosan/alginate hydrogel. This system enabled tumor-specific CD98
targeting and silencing, and oral administration achieved greater therapeutic efficacy than that of
nonfunctionalized siCD98/CPT nanoparticles in an orthotopic CRC murine model [177]. Lipid
nanoparticles have garnered considerable attention for gene delivery, especially following the
success of the Pfizer—-BioNTech COVID-19 mRNA vaccine. However, their application in oral
gene delivery remains underexplored. Ball et al. investigated the oral delivery of siRNA-loaded
lipid nanoparticles and observed that although the nanoparticles were retained in the GI tract for
more than 8 h and were internalized by epithelial cells in the small intestine and colon, gene
silencing was not achieved [178]. These findings suggest that lipid nanoparticles require protection
from the harsh conditions of the stomach and upper intestine to enable effective siRNA delivery

into intestinal epithelial cells.



Furthermore, with advancements in biotechnology, researchers have found that embedding
nanoparticles within the membranes of cells or microbes endows the materials with promising
tumor-targeting properties. For example, Wang et al. leveraged the specific immunoglobulin G
binding ability of Staphylococcus aureus, which is present at high levels in CRC tissues, to
camouflage platinum-sprayed MSNs with the bacterial membrane. This innovative nanomedicine
achieved a 4.3-fold increase in CRC-specific intestinal accumulation and a tumor inhibition rate of
99.1% in mice bearing orthotopic CRC tumors following oral administration [179]. Similarly, Shen
et al. developed miR21-loaded ZnO nanoparticles coated with yeast shells derived from
Saccharomyces cerevisiae. These nanoparticles targeted Dectin-1 on macrophages and effectively
suppressed tumor growth in Apc¥™* and in situ tumor-bearing mouse models, with fewer and
smaller polyps observed in the colon. This system exhibited the ability to target tumors, effective

tumor growth inhibition, and low toxicity to nontumor cells (Figure 5) [180].

Despite advances in targeted nanomedicine, many receptors and antigens that have been
successfully utilized for intravenous delivery, such as carcinoembryonic antigen and EGFR [181],
remain underexplored for oral delivery. Extending these targeting strategies to oral nanomedicines
holds great promise for CRC therapy. Nanotechnology has enabled the surface functionalization of
nanoparticles with targeting ligands, including antibodies, to increase the tumor-specific delivery
of therapeutic payloads. Integrating this approach with colon-targeting and mucus-penetrating
strategies, as discussed above, may further improve the precision and efficacy of advanced oral

therapies for CRC treatment.
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Figure 5. Tumor-targeting nanoparticles for oral miRNA delivery in CRC treatment. (A)
Schematic of the strategy used to generate a probiotic yeast-mediated oral gene delivery system for
CRC therapy. (B) The size and number of gut polyps in Apc™™* mice from different groups. (C)
Anatomical images of the cecum (the site of tumor cell inoculation) in orthotopic tumor-bearing
model mice from different treatment groups. (D) Immunohistochemical staining of tumor tissue



(from the cecum) was performed to detect the expression of the proliferation-related proteins C-

myc, Cyclin-D1, Ki67, and B-catenin. Reproduced with permission from [180].
5.1.5.2 Drug release mediated by stimuli in the TME

The TME is characterized by specific features, such as hypoxia, elevated ROS levels, an acidic pH,
and increased infiltration of several enzymes [182], which present unique opportunities for the
development of advanced oral nanomedicines for CRC treatment. TME-responsive nanomedicines
offer the possibility to release drugs specifically in the TME, thereby improving the therapeutic

index.

Some enzymes, including matrix metalloproteinase (MMP) and hyaluronidase (HAase), which
have been leveraged in enzyme-sensitive drug release strategies, are upregulated within the TME.
For example, Qin et al. developed a chitosan nanoparticle system loaded with 5-FU, which was
crosslinked with HA and assembled with Saccharomyces cerevisiae. Saccharomyces cerevisiae
modification provided tumor-targeting capabilities, while HA crosslinking facilitated enzyme-
triggered release by HAase within the TME. Oral administration of this formulation effectively
inhibited tumor growth and prolonged the survival of orthotopic CRC model mice [183]. The
hypoxic TME has been widely exploited for targeted drug delivery. Anaerobic bacteria, in
particular, have shown intrinsic tumor-targeting capabilities because of their natural tropism for
hypoxic regions. For example, Fan et al. employed the anaerobic bacterium Veillonella atypica to
deliver BaTiO3 nanocubes via a surface click chemistry strategy [184]. This nanosystem effectively
modulated the immunosuppressive TME by increasing dendritic cell (DC) maturation, promoting
macrophage M1 polarization, increasing effector T-cell infiltration, and reducing regulatory T-cell
populations. Following oral administration in an orthotopic CRC murine model, this approach
enabled synergistic catalytic therapy and immunotherapy [184]. pH-responsive drug release
systems, which exploit the difference between normal tissue pH (~7.4) and the acidic TME (~6.5),
have been utilized in intravenous antitumor nanomedicines. However, such strategies are less
applicable to oral formulations, as complex changes in the pH of the GI tract could lead to
premature drug release. Future research could focus on designing oral nanomedicines for precise
colon targeting and TME pH responsiveness. Similarly, ROS-responsive strategies, which have

been widely employed in intravenous anticancer therapies because of the elevated ROS levels in



the TME [185-188], remain underexplored in the context of oral nanomedicines for CRC. However,
such strategies have shown considerable promise in the development of oral nanomedicines for the
treatment of inflammatory bowel disease (IBD) [189-192]. By adapting these strategies, the
development of ROS-responsive oral nanomedicines for CRC could be a promising avenue for

further exploration.

As previously discussed, certain receptors, antigens, and enzymes that are overexpressed have been
harnessed for tumor targeting. However, in the context of oral nanomedicines for CRC, accounting
for the expression of some of these targets in the upper GI tract is critical. A combination of
receptor-targeting and colon-targeting strategies could be employed to achieve colon-specific
targeting followed by selective tumor targeting. For example, coating nanoparticles with colon-
targeting polymers or encapsulating nanoparticles in enteric capsules can help prevent premature
targeting and release. Lu et al. developed hierarchically targeted nanocarriers to deliver
cisplatin/superparamagnetic iron oxide nanoparticles for oral CRC treatment. These nanocarriers
were coated with folic acid (FA) and a dextran shell in a layer-by-layer fashion, which prevented
FA-mediated uptake by enterocytes in the small intestine, allowing efficient targeted delivery to
the tumor [193]. When they reach the colon, the dextranase-degraded dextran- and FA-modified
nanoparticles are exposed to facilitate FA receptor-mediated tumor targeting and internalization.
This nanosystem significantly inhibited tumor growth and suppressed metastatic peritoneal

carcinomatosis in mice bearing orthotopic colon tumors (Figure 6) [193].
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Figure 6. Hierarchically targeted dextran/FA nanocarriers of oral cisplatin/superparamagnetic iron
oxide nanoparticles for CRC treatment. (A) Schematic of hierarchically targeted microgels for
combined local chemotherapy/thermotherapy for CRC via oral administration. (B) Relative
fluorescence intensity of Cy5.5-labeled LNPs and LNPs@MGs in the colons of mice bearing in
situ CT26 tumors at 6 and 10 h after oral gavage. (C) Mean tumor masses of tumor-bearing mice
in different treatment groups 14 days after the first treatment. Reproduced with permission from
ref.[193].



Table 2. Tumor-targeting oral nanomedicine strategies for CRC treatment.

Strategy Target Ligand Formulation Effect(s) References
Receptor CD44 HA; facilitates the | Paclitaxel loaded polylactic acid- | Remained in vivo for 24 h, | [170]
and antigen internalization of NPs by | polyethyleneimine nanoparticles ~ with  a | accumulated at the tumor site,
targeting tumor cells via CD44- | double outer layer of inulin and an inner layer | and achieved effective anti-
mediated cellular uptake of HA. tumor efficacy in an
orthotopic = CRC  murine
model
CD98 CD98 Fab; facilitates the | siCD98- and camptothecin-coloaded CD98 | Enhanced antitumor efficacy | [177]
internalization of | Fab-functionalized PLGA  nanoparticles | in an orthotopic CRC murine
nanomedicines by tumor | embedded in a chitosan/alginate hydrogel model
cells via CD98-mediated
cellular uptake
Folate FA,; facilitates the | Cisplatin/superparamagnetic  iron  oxide | Inhibited tumor growth and | [193]
receptor internalization of NPs by | nanoparticle (SPION)-loaded trilaurin-based | suppressed metastatic
tumor cells wvia folate | lipid nanoparticles coated with FA and a | peritoneal carcinomatosis in
receptor-mediated cellular | dextran shell in a layer-by-layer manner orthotopic CRC-bearing mice
uptake 5-FU- and sodium butyrate-coloaded p- | Remarkable toxicity to both | [194]
lactoglobulin nanoparticles functionalized | HCT116 and Caco-2 cells
with FA compared with the free drugs
EpCAM | Ankyrin repeat protein; | Ankyrin  repeat protein-tagged human | Increased antitumor efficacy | [172]
facilitates the | lactoferrin fragment -conjugate compared with nontargeted

internalization of NPs by

proteins in orthotopic and




tumor cells via EpCAM-

subcutaneous CRC murine

mediated cellular uptake models
Galectin- | Citrus pectin; facilitates the | 5-FU-loaded citrus pectin nanoparticles coated | Increased colon retention and | [195]
3 internalization of NPs by | with Eudragit S100 decreased systemic
receptors | tumor cells via galectin-3 absorption
receptor-mediated cellular
uptake
Dectin 1 Yeast shell from | miR21-loaded ZnO NPs assembled with the | Effectively suppressed tumor | [180]
Saccharomyces cerevisiae; | yeast shell from Saccharomyces cerevisiae growth in both Apc™™* mice
facilitates the phagocytosis and mice bearing in situ
of NPs by macrophages via tumors
Dectin-1-mediated cellular
uptake
IgG Staphylococcus aureus | Asymmetric platinum-sprayed mesoporous | 4.3-Fold greater biological | [179]
membrane; facilitates | silica camouflaged within Staphylococcus | chemotactic anchoring of
colonization in the | aureus membranes CRC-related intestine and
intestinal tract via IgG tumor inhibition rate of
recognition 99.1% in mice bearing
orthotopic CRC tumors
TME HAase HAase degrades the HA | 5-FU  loaded  chitosan  nanoparticles | Effectively inhibited tumor | [183]
responsive crosslinked NPs to facilitate | crosslinked with HA and assembled with | growth and prolonged mouse

drug release

Saccharomyces cerevisiae

survival in an orthotopic CRC

model




Hypoxia

The anaerobic bacterium
Veillonella atypica targets
the hypoxic TME

BaTiO3 nanocubes conjugated to Veillonella

atypica surface via click chemistry

Enhanced synergetic catalysis
and immunotherapy in an

orthotopic CRC model

[184]

HA, hyaluronic acid; FA, folic acid; EpCAM, epithelial cell adhesion molecule; TME, tumor microenvironment.




As illustrated in Table 3, all developed oral nanomedicine-based therapies have exhibited
considerable promise at the preclinical stage for the treatment of CRC. Nevertheless, each of these
strategies falls short in addressing the full spectrum of clinical requirements for CRC and is
associated with certain limitations. Owing to the complexity of the GI environment and the
anatomical localization of tumors, these approaches are generally not suitable for use as
monotherapies. Instead, combination strategies can substantially enhance the therapeutic efficacy
of orally administered targeted nanomedicines for CRC. Furthermore, the clinical translation of
nanomedicine-based interventions for CRC continues to face multiple challenges and safety
concerns, which primarily include the following: (1) biological barriers: the increased oral
bioavailability still does not meet clinical needs [131, 196]; (2) patient variability and
manufacturing hurdles: considerable interpatient heterogeneity complicates the prediction of
treatment response, while ensuring consistent quality control of complex nanoformulations remains
technically challenging and costly [197-199]; and (3) safety considerations: potential toxicity of
carrier materials, risks of immunogenicity, and possible disruption of gut microbiota equilibrium

[200-202]. Addressing these critical issues must be prioritized in future research endeavors.



Table 3. Summary of nanomedicine-based oral strategies for CRC.

Delivery In vivo performance Advantages Limitations
strategy
Anti-acid  and | Enhanced cargo delivery to the colon | -Good safety profiles. Eudragit polymers | -Limited efficacy. Need to

anti-enzyme

and increased antitumor efficacy

(e.g., Eudragit S100 and L100) are

combine with other strategies to

strategies compared to nonmodified delivery | approved by FDA. Many polysaccharides | improve the efficacy.

systems, reaching a 78% tumor | (e.g., inulin and some alginate

inhibition rate in one study [117] derivatives) are Generally Recognized As

Safe (GRAS) for oral use.

Mucus Engineered mucus interactions | -Overcome the mucus barrier. -Complex engineering may
interaction avold mucus cleavage and hinder large-scale
strategies contributes to enhanced tumor | TEG, @  well-established  mucus- manufacturing and  clinical

killing efficacy, reaching a 94.9% penetrating polymer, is recognized as safe translation.

tumor inhibition rate ig dgNsdy and widely accepted as an excipient in

[123] FDA-approved products. -Mucolytic  strategies raise

potential safety concerns.

Permeation Enhanced transmucosal delivery. | -Overcome the epithelium barrier. -Need high doses and precise
enhancement Demonstrated improved antibody colocalization with the cargo at
strategies transport, with oral administration -Showed promising efficacy in many the target site.

achieving comparable antitumor
efficacy to intravenous injection in

one study [203].

preclinical studies, even for large

molecular biologics, such as antibodies

[104, 203].

-Increased intestinal

permeability may pose risks to




the fragile CRC gut and lead to
translocation of microbiota and
into the

their metabolites

mucosa.

Protein corona
interaction

strategies

Exploiting the protein corona

interaction can facilitate mucus

penetration and intestinal transport.

-Potential ability to overcome the mucus

and epithelium barrier.

-Limited understanding of its

application in CRC.

-Highly context-dependent and
disease-specific with limited
knowledge of'its change in CRC

context.

Tumor targeting

strategies

Enhanced tumor targeting delivery,
reaching a TIR 0£99.1% in one study
[179].

-Many targeted ligands have been
developed and have shown promising

effects for oral delivery.

-Enhanced efficacy and decreased side

effects through tumor targeting.

-Promising results for many kinds of drug
delivery, even for siRNA [177] and
miRNA [180] delivery.

-Complex modification of
nanoparticles posing challenges
for large-scale manufacturing

and clinical translation.




5.2 Indirect Modulation: Bacteria-mediated strategies

The colon harbors a vast population of gut microbes that play pivotal roles in maintaining colonic
homeostasis [204]. In the past decade, extensive research has highlighted the role of microbiota
dysbiosis in CRC pathogenesis [205]. Dysbiosis profoundly influences CRC development and
progression by promoting chronic inflammation, altering immune responses, and producing
harmful metabolites. This imbalance can lead to DNA damage, genomic instability, and ultimately,
tumor formation [205-207]. Furthermore, emerging studies have emphasized the importance of
modulating the gut microbiota as a novel CRC treatment strategy [208]. Such modulation not only
enhances the efficacy of chemotherapy and immunotherapy but also mitigates their toxicity,
thereby improving therapeutic outcomes by increasing drug effectiveness and safety. In this section,
we review the potential of bacteria-based approaches as advanced oral therapies for CRC treatment,
with a focus on fecal microbiota transplantation, probiotic-based therapies, genetically engineered

probiotics, prebiotic-based therapies, and pathobiont killing therapies (Figure 7).
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Figure 7. Bacterial modulation-based approaches, such as fecal microbiota transplantation,
probiotic-based therapies, genetically engineered probiotics, prebiotic-based therapies, and

pathobiont-killing therapies, as advanced oral therapies for CRC. Created with BioRender.com.
5.2.1 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) was among the earliest strategies for modulating the gut
microbiota. FMT involves transferring microbiota from the feces of healthy donors to the colon of
recipients, with the aim of introducing or re-establishing a stable microbial community [209].
Recent evidence supports the potential of oral capsules as an efficient method for FMT, as
documented in clinical and preclinical studies (ChiCTR2100046768 and NCT04729322) [209].
These advancements pave the way for FMT-based oral therapies. FMT has been approved for

treating Clostridium difficile infection, which is driven by Gl dysbiosis and Clostridium difficile



overgrowth. Currently, FMT is undergoing extensive preclinical and clinical evaluation for
applications in CRC [210, 211]. FMT has been shown to exert direct antitumor effects in CRC by
reversing intestinal microbial dysbiosis to enhance anticancer immune responses [212]. FMT has
also shown promise in mitigating chemotherapy-induced toxicity in orthotopic CRC murine
models via a mechanism mediated by the TLR-MyD88-NF-«kB signaling pathway [213].

Moreover, FMT can be applied to modulate the immune system and enhance the response to
immunotherapies. Recent studies have highlighted its role in improving outcomes when combined
with immune checkpoint inhibitors. Preclinical data show that FMT to germ-free animals can
recapitulate the responses to immune checkpoint inhibitors observed in human donors [214-216].
Trials testing similar approaches in patients with CRC are currently ongoing (NCT04729322 and
NCT04130763). Notably, Baruch et al. conducted a single-center clinical trial involving 15 patients
with metastatic, anti-PD-1-refractory, MSI-H cancers. By combining oral FMT capsules with anti-
PD-1 therapy, this study demonstrated enhanced efficacy in this population of patients
(NCTO04729322). While immune checkpoint inhibitors have revolutionized CRC treatment, their
clinical use remains limited to MSI-H CRC patients, who account for only 15% of all individuals
with CRC. Microsatellite-stable (MSS) CRC patients respond poorly to PD-1 inhibitors, creating
an unmet therapeutic need. Zhao et al. addressed this issue by conducting a phase Il trial evaluating
a combination of oral FMT capsules, the anti-PD-1 antibody tislelizumab, and fruquintinib in 20
patients with refractory MSS metastatic CRC. This study reported improved survival outcomes and
manageable safety profiles, suggesting a promising new treatment option for this patient population
with a low response to immunotherapy (ChiCTR2100046768).

While FMT offers the convenience of a broad-spectrum approach, it also presents challenges,
including immunogenicity, nonspecificity, and an incomplete understanding of the underlying
molecular mechanisms. Identifying the specific bacterial strains and the metabolites responsible
for the therapeutic effects is an area of intense interest. Further subclassification and analysis of
the microbiota derived from CRC patient feces could elucidate the roles of individual microbial
strains and metabolites in CRC pathogenesis and treatment, advancing the development of

microbiota-targeted therapies.



5.2.2 Probiotic-based therapies

Probiotics, particularly bacterial strains from the genera Lactobacillus, Lactococcus,
Bifidobacterium, and Escherichia, have been extensively reported to confer diverse benefits to the
host [217]. These benefits include restoring gut homeostasis, modulating immune responses,
producing anti-inflammatory or anticarcinogenic compounds such as SCFAs, and inhibiting the
growth of pathogenic or harmful bacteria [218]. Hallmarks of CRC-associated dysbiosis are the
enrichment of CRC-promoting bacteria and the depletion of e.g., Bifidobacterium, Lactobacillus,
and Streptococcus [219]. The oral administration of these probiotics has shown great promise in
CRC prevention and treatment. Lactobacillus and Bifidobacterium are known to increase immune
resistance to intestinal infections, stabilize the intestinal mucosal barrier, and prevent colon cancer
[220]. For example, the daily oral administration of microencapsulated Lactobacillus acidophilus
has been demonstrated to be an effective strategy for enhancing survival in the harsh Gl
environment and significantly reducing the incidence, multiplicity, and size of tumors in Apc™"*
mice [221]. Similarly, daily gavage with Lactobacillus gallinarum has been shown to inhibit
intestinal tumor development in Apc™™* mice and CAC model mice through the production of
protective metabolites such as indole-3-lactic acid (ILA), which promote apoptosis in CRC cells.
Additionally, Lactobacillus gallinarum administration increases the abundance of beneficial
bacteria, including Lactobacillus helveticus and Lactobacillus reuteri [222]. Bifidobacterium
longum is an anaerobic, gram-positive bacterium. Under conditions of gut dysbiosis, exogenous
supplementation with Bifidobacterium longum can lead to rapid colonization of the intestine,
enhanced barrier function, and increased tumor-targeting ability. Bifidobacterium longum
demonstrates considerable antitumor activity by selectively inhibiting angiogenesis and hypoxic
tumor growth. The oral administration of Bifidobacterium longum leads to reductions in the tumor
formation rate, number, and size. Furthermore, Bifidobacterium longum increases the abundance
of beneficial bacteria such as Lactobacillus, Bifidobacterium, Alistipes, and Parabacteroides while
reducing the abundance of pathogenic bacteria, including Desulfovibrio, Helicobacter, and
Enterorhabdus [223]. Similarly, the efficacy of Bifidobacterium bifidum in reducing the incidence
of colon tumors in CAC murine models has been shown, although its effectiveness (27% reduction)
was lower than that of Lactobacillus acidophilus (57% reduction) [224]. In addition, other
probiotics have shown promising effects. Streptococcus thermophilus, for example, significantly

reduced tumor development in Apc™i"* and CAC mice owing to its production of B-galactosidase,



an enzyme that inhibits the Warburg effect [225]. Additionally, Akkermansia muciniphila has been
shown to suppress colon tumor development by promoting the accumulation of M1-like
macrophages in ApcM™* mice in an NLRP3-dependent manner [226].

The evidence discussed above underscores the potential of oral probiotics as promising advanced
therapies for CRC. Notably, probiotics not only exhibit intrinsic antitumor effects but also regulate
the composition and abundance of the intestinal microbiota. Their incorporation as adjunct
therapies alongside conventional treatments has shown great promise. As mentioned above, FMT
has the potential to increase the responsiveness of CRC patients to immunotherapy, albeit through
mechanisms that remain incompletely understood. Recently, researchers have shifted their focus
toward identifying specific probiotic strains responsible for this immunomodulatory synergy.
Mager et al. reported that oral gavage with Bifidobacterium pseudolongum, Lactobacillus johnsonii,
and Olsenella species significantly increased the efficacy of anti-CTLA-4 treatment [227]. Further
investigation revealed that the metabolite inosine produced by Bifidobacterium pseudolongum
could potentiate the differentiation of TH1 cells, and this differentiation promoted the infiltration
of IFN-y" CD4" and IFN-y* CD8" T cells, effectively inhibiting tumor progression when combined
with anti-CTLA-4 therapy [227]. Similarly, Tanoue et al. isolated 11 low-abundance bacterial
strains from the feces of healthy individuals, seven of which belong to the phylum Bacteroidetes.
When these strains cocolonized the gut of mice after oral gavage, they induced IFN-y* CD8" T
cells with cytotoxic functionality. Such immune activation enhances resistance to pathogenic
infection and significantly increases the antitumor efficacy of immune checkpoint inhibitors [228].
In addition, the oral administration of Lactobacillus gallinarum increased the efficacy of anti-PD-
1 antibody therapy in a CAC mouse model. This effect was achieved by reducing the infiltration
of Foxp3®™ CD25" Tregs in tumors and enhancing the effector functions of CD8" T cells,

contributing to more robust antitumor immune responses (Figure 8) [229].

In addition, gut microbiota dysbiosis is a critical factor contributing to the side effects of
chemotherapy in patients with CRC [230]. Probiotic-based therapies represent a promising strategy
to regulate the gut microbiota, potentially alleviating the severe side effects of these therapeutic
modalities. The oral administration of 20Bi® (Eurofarma, Brazil), a commercially available
probiotic mixture, was shown to increase the efficacy and safety of 5-FU in a rat model of CRC
induced by 1,2-dimethylhydrazine [231]. Similarly, the probiotic drug BIO-THREE has been



shown to mitigate intestinal damage caused by oxaliplatin in both preclinical mouse models and
human patients. This effect was mediated in part by restoring the abundance of beneficial gut
bacteria such as Bacteroides and Prevotella [232]. In addition to mitigating chemotherapy-induced
toxicity, specific probiotic strains have been shown to alleviate related complications. For example,
oral supplementation with Lactobacillus casei variety rhamnosus, Lactobacillus acidophilus, and
Bifidobacterium bifidum alleviated chemotherapy-related diarrhea in mouse models by decreasing
the mRNA expression of proinflammatory cytokines such as TNF-a, IL-1B, and IL-6 [233].
Furthermore, a randomized, single-blind, placebo-controlled prospective study demonstrated that
the postoperative administration of probiotics to CRC patients attenuated the GI complications and
gut microbiota dysbiosis induced by chemotherapy (ChiCTR2000040916). This intervention
promoted the production of SCFAs, particularly increasing the levels of acetate, butyrate, and

propionate, which are beneficial for gut health and recovery [234].
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Figure 8. Oral Lactobacillus gallinarum increases the efficacy of anti-PD1 therapy in CRC. (A)
Schematic of how oral Lactobacillus gallinarum improves the efficacy of anti-PD1 injection
therapy in AOM/DSS-induced CRC. (B) Representative images of the colon tissues of AOM/DSS-
induced CRC mice receiving different treatments. (C) Tumor numbers in AOM/DSS-induced CRC
mice after different therapies. (D) Percentages of Foxp3* CD25" Tregs in colon tumor tissues



after different treatments. (E) Percentages of IFN-y* CD8" T cells in colon tumor tissues after

different treatments. Reproduced with permission from ref. [229].
5.2.3 Genetically engineered probiotic-based therapies

Engineered probiotics with enhanced functionality represent a safe and effective strategy to
combine the therapeutic benefits of probiotics with the delivery of adjunct therapies. Common
engineered bacteria include Salmonella, Escherichia coli, and Lactobacillus. Through genetic
recombination techniques, these bacteria can be modified to carry therapeutic genes or plasmids
with specific functions. These genes may encode tumor-specific antigens, immunostimulatory
factors, or cytotoxic proteins, thereby contributing to tumor treatment [235]. For example, Zhang
et al. developed engineered bacteria expressing the antigen AH1-A5 as a tumor nanovaccine,
encapsulated within sodium alginate/chitosan hydrogels for spatiotemporal protection during Gl
transit. The oral administration of this engineered bacterial hydrogel facilitated the release of
antigen peptides, activating CD4* and CD8* T cells in mesenteric lymph nodes and significantly
increasing antitumor efficacy in a subcutaneous CRC model [236]. Similarly, Griffin et al.
engineered a Lactobacillus lactis strain to express SagA, a stimulatory molecule that enhances
signaling through the innate immune sensor protein NOD2. The oral administration of this SagA-
engineered probiotic improved the anti-PD-L1 antitumor response in a subcutaneous CRC murine
model [237]. Engineered bacteria have also been used to reshape the metabolic profile of the TME
to facilitate immunotherapy. For instance, Escherichia coli Nissle 1917 (EcN) was genetically
modified to convert ammonia, a metabolite overproduced in the TME, to L-arginine. The oral
administration of this engineered strain increased intratumoral arginine availability and the
numbers of tumor-infiltrating T cells and exerted synergistic effects when combined with PD-L1-
blocking antibodies in a subcutaneous CRC mouse model [238]. Additionally, engineered bacteria
can express therapeutic proteins, including immune checkpoint inhibitors. Gurbatri et al.
constructed Escherichia coli strains capable of producing anti-PD-L1 nanobodies, anti-CTLA4
nanobodies, and granulocyte—macrophage colony-stimulating factor (GM-CSF). Oral
administration to Apc™™* mice led to the selective and robust colonization of adenomas, which
resulted in a 50% reduction in the tumor burden and induced immune-mediated tumor cell death
(Figure 9) [239].



Genetically engineered probiotics represent a promising strategy for CRC therapy by combining
the therapeutic efficacy of probiotics and engineered therapeutic gene expression. However,
several challenges remain, including ensuring probiotic stability during GI transit, achieving
precise control of gene expression, optimizing colonization efficiency, and maintaining biosafety.
For instance, the encapsulation of engineered Escherichia coli within a polydopamine-based
system can effectively protect the bacteria from gastric acid degradation, significantly increasing
their survival rate, and prolonging their retention time in the intestinal tract [240]. Future progress
will rely on interdisciplinary integration, leveraging pathological insights to identify novel targets,
formulation innovations to improve oral delivery, and advances in synthetic biology to fine-tune
gene editing and expression. Taken together, these developments can drive the evolution of

precision, oral, genetically engineered, probiotic-based therapies for CRC.
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Figure 9. Oral administration of genetically engineered probiotics for CRC treatment. (A)
Schematic of the EcN probiotic engineered to express immunotherapeutic proteins (top panel) and
oral administration regimens for CRC treatment (bottom panel). (B) Quantification of the overall
tumor area in different treatment groups (black: female mice; gray: male mice). (C-E).
Quantification of the percentages of CD3" (C), CD8" (D) and granzyme B* (E) cells in the tumor
area. Reproduced with permission from ref. [239].

5.2.4 Prebiotic-based therapies

Prebiotics are defined as substrates selectively utilized by host microorganisms to confer health
benefits [241]. Most prebiotics are carbohydrate-based and are predominantly administered orally
via dietary intake. Some prebiotics, including inulin, pectin, and dextran, have shown promising
therapeutic effects on CRC [242]. Mechanistically, inulin and pectin stimulate the proliferation of
beneficial microbial genera (e.g., the Ruminococcaceae family), individual bacteria such as
Akkermansia muciniphila, and their metabolites, including SCFAs and cyclic diadenosine
monophosphate (cyclic di-AMP) [243]. These metabolic products contribute to antitumor
immunity. SCFAs increase cytotoxic CD8" T-cell activity [244, 245], whereas cyclic di-AMP
activates STING-dependent type I interferon (IFN) production, stimulating the production of innate
immune components such as monocytes, natural killer (NK) cells, and DCs, which in turn increase
the responsiveness to immune checkpoint inhibitors [246]. Advances in drug delivery have enabled
the development of prebiotics with increased colonic retention. Han et al. developed a colon-
retentive inulin-based oral gel that effectively modulates the gut microbiota in situ, promoting the
proliferation of commensal microorganisms involved in T-cell immunity. Such modulation
facilitated the microbial metabolite-induced differentiation of CD8" T cells into stem-like memory

CD8" T cells, synergizing with a-PD-1 therapy in a subcutaneous CRC mouse model [245].

Furthermore, prebiotics can encapsulate probiotics and protect them during Gl tract transit. Zheng
et al. engineered prebiotic-encapsulated Clostridium butyricum spores using dextran-based host—
guest chemistry [118]. Dextran improved intestinal adhesion and increased fermentation through
the production of Clostridium butyricum and SCFAs. The spore—dex system increased the
abundance of SCFA-producing bacteria, such as Eubacterium and Roseburia, increasing the

overall microbiota richness and shifting the phenotype from protumor to antitumor. In



subcutaneous and orthotopic CRC models, this system inhibited tumor growth by 89% and 65%,
respectively. Interestingly, the reduced efficacy in the orthotopic model suggests a potential role of
dysbiosis in promoting tumor growth [118]. Wang et al. developed a synbiotic hydrogel capsule
by cross-linking dietary inulin with gelatin through hydrogen bonding to encapsulate
Limosilactobacillus reuteri. This gelatin—inulin matrix markedly improved the gastric acid
resistance, Gl adhesion, and biological activity of the probiotic, resulting in synergistic antitumor
effects. The capsule also restored intestinal barrier integrity, modulated the gut microbiota
composition, and promoted SCFA production, thereby further increasing its antitumor efficacy.
Notably, the capsule also improved the antitumor effect of 5-FU. This study provides novel insights
and experimental evidence for the combined application of probiotics and conventional
chemotherapeutic drugs [247].

5.2.5 Pathobiont killing therapies

CRC is associated with the presence of bacteria near the tumor. Scientists have reported the
enrichment of protumor pathobionts (e.g., enterotoxigenic Bacteroides fragilis and oral anaerobe
Fusobacterium nucleatum) [36, 37] in CRC patients. These findings highlight the significant
potential of pathobiont-targeting strategies for CRC treatment via microbiota modulation.

Din et al. engineered a clinically relevant bacterium capable of synchronous lysis at a threshold
population density, thereby releasing genetically encoded cytotoxic agents—a technique termed
the synchronous lysis circuit (SLC) strategy [248]. Combining this approach (oral administration
of an engineered bacterium) with chemotherapy (intraperitoneal injection of 5-FU) significantly
reduced tumor growth and prolonged the survival of model mice with syngeneic hepatic colorectal
metastasis transplantation [248]. Recently, Zhang et al. encapsulated engineered EcN within
chitosan—sodium alginate microcapsules to develop an SLC nanovaccine for CRC treatment. These
microcapsules protected the bacteria from extreme gastric acid conditions and facilitated targeted
release in the colon. Subsequent SLC activation regulated the expression and release of
recombinant antigens, enabling periodic antigen delivery. This system stimulated potent mucosal
and systemic immune responses, achieving a tumor inhibition rate of 75% and a twofold increase
in the T-cell response in a subcutaneous CRC mouse model [236]. These findings highlight the

potential of SLC-based strategies for antitumor therapy and introduce the idea of limiting bacterial



growth under a threshold population density during repeated growth cycles for antitumor treatment.
However, it also highlights challenges, such as nonselective bacterial lysis. This approach could
inadvertently eliminate both protumor and antitumor bacteria, potentially impeding probiotic
colonization in the colon. Among the identified pathobionts, Fusobacterium nucleatum is well
known for its significant role in CRC progression. While Fusobacterium nucleatum is commonly
present in the oral cavity, it is rarely detected in the lower Gl tract of healthy individuals but is
enriched in CRC tumors, where it contributes to tumorigenesis [249]. Phages and antibiotics have
been applied to kill Fusobacterium nucleatum and increase sensitivity to chemotherapy and/or
immunotherapy. Zheng et al. isolated Fusobacterium nucleatum-targeted phage strains from
human saliva and covalently linked them to irinotecan-loaded dextran nanoparticles [250]. This
hybrid nanosystem specifically accumulated in CRC tumors after oral administration, effectively
eliminating intratumoral Fusobacterium nucleatum, promoting the proliferation of endogenous
Clostridium butyricum, increasing colonic SCFA levels, and increasing chemotherapeutic efficacy
in orthotopic CRC tumors or spontaneously formed colorectal tumors in Apc™™* mice [250].
Owing to the diversity of pathogenic bacteria associated with CRC, in addition to Fusobacterium
nucleatum, other bacterial species can also serve as targets for phage-based antitumor therapy.
Studies have revealed that Bacteroides fragilis is enriched in nonresponders to chemotherapy. Ding
et al. employed the Bacteroides fragilis-specific phage VA7, which effectively cleared bacteria and
restored sensitivity to chemotherapeutic treatment [251]. Antibiotics, such as silver ions, have long
been utilized for their antibacterial effects [252]. Silver nanoparticles (Ag NPs) have been
developed for improved targeting and retention in antitumor treatment [253]. Many studies have
investigated the efficacy of Ag NPs for CRC treatment in vitro, including Ag/PVP nanoparticles
[254], Ag/Lactobacillus rhamnosus GG nanoparticles [255], Ag NP-loaded sodium alginate and j3-
cyclodextrin hydrogel beads [256], and white tea Ag NPs [257]. Future modifications of these
nanoparticles for oral delivery and in vivo efficacy studies could advance silver-based therapies for
CRC treatment. Notably, the lack of specificity of silver may also eliminate beneficial antitumor
bacteria residing in the colon or within the TME. Dong et al. constructed a phage-based
bioinorganic hybridization system for targeted clearance of Fusobacterium nucleatum to remodel
the TME [258]. They screened a specific Fusobacterium nucleatum-binding phage strain using an
M13 filamentous phage display library [258]. They then assembled Ag NPs on the surface of the
selected phages for enhanced antibacterial efficacy [258]. After oral administration, Ag NPs



selectively killed Fusobacterium nucleatum with the targeting function of the phages [258]. In
addition, highly immunogenic phages induced DC maturation and decreased MDSC amplification
at tumor sites, reversing the immune-suppressive TME [258]. When combined with immune
checkpoint inhibitors (e.g., anti-PD1 antibodies) or chemotherapeutics (e.g., FOLFIRI), this
strategy significantly inhibited tumor progression and prolonged overall survival in model mice
bearing orthotopic CRC tumors (Figure 10) [258]. These findings highlight the promising potential
of phage-based targeting of pathobionts as a novel anticancer strategy. Nevertheless, this approach
faces crucial challenges that must be addressed before clinical translation. These include the
variable abundance of Fusobacterium nucleatum among patients, the complex manufacturing and
stability issues inherent to living biologic products such as phages, and the difficulties in defining
appropriate clinical endpoints. Future research must carefully consider and overcome these hurdles.
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Figure 10. Oral administration of a bioinorganic hybrid bacteriophage for CRC treatment. (A)
Schematic of the phage-based bio/abiotic hybrid system (M13@Ag) for the regulation of gut
microbes in CRC-specific immune therapy. (B) qPCR analysis of Fusobacterium nucleatum levels
in fecal samples from Fusobacterium nucleatum-colonized CRC model mice after various
treatments. (C) Survival curves of orthotopic tumor-bearing mice after various treatments. (D-G).

Orthotopic CT26-luc tumors were collected from mice at 14 days after treatment. Representative



flow cytometry analysis showing the relative quantification of immune cells infiltrating the tumor
tissues, as indicated. (D) Maturation of double-positive CD80* CD86* DCs (gated on CD11c" cells).
(E) TAMs of the classically activated M1 phenotype with high CD86 expression (gated on CD11b"
cells). (F) The level of tumor-infiltrating CD8" cytotoxic T cells (gated on CD3" cells). (G)
Percentage of CD11b* Gr-1* MDSCs among total CD45* lymphocytes. G1, PBS; G2, M13; G3,
AgNP; G4, M13@Ag; G5, M13@Ag + a-PD1; G6, M13@Ag + FOLFIRI. Reproduced with

permission from ref.[258].

Although microbiota-based intervention strategies hold significant therapeutic potential for CRC,
their clinical translation remains constrained by several key limitations (Table 4). Currently, these
approaches are largely confined to preclinical or early-phase clinical investigations, with major
challenges including: (1) unstable efficacy and substantial interindividual variability, wherein the
high heterogeneity of gut microbial composition often results in unpredictable treatment
responses[198, 259, 260]; (2) safety concerns, particularly the potential risks of opportunistic
infections, exacerbated inflammation responses, or horizontal gene transfer (especially with
engineered bacterial strains) in immunocompromised patients [23]; (3) formulation and
manufacturing difficulties, such as maintaining viability and achieving scalable, standardized
production; and (4) inadequate mechanistic understanding and undefined regulatory pathways, as
the modes of action for many microbial therapies are not fully understood, and standardized clinical
evaluation criteria and regulatory frameworks are still lacking. These constraints significantly
hinder their clinical translation and broad application, necessitating urgent resolution through

interdisciplinary collaboration and technological innovation.



Table 4. Summary of bacteria-mediated oral strategies for CRC.

Modulation In vivo performance Advantages Limitations
strategies
FMT Enhanced antitumor immune response and | -Demonstrated promising effects | -Safety  concerns:  potential

improved sensitivity to PD-1 blockade.

in clinical and preclinical studies.

transmission of pathogens or

undesired microbes

-Donor variability.

-Inadequate mechanistic

understanding and undefined

regulatory pathways.

Probiotic-based | Preventive and therapeutic ~ effects; | -Showed promising effects in | -Limited  colonization  and
therapies activation of antitumor immunity; | many aspects for CRC, including | survival.

augmentation of immune checkpoint | prevention, treatment and

inhibitor  efficacy;  alleviation  of | management of side effects. -Limited robust and large-scale

chemotherapy-induced dysbiosis clinical trials.
Genetically Probiotics expressing therapeutic agents | -Synergizes probiotic benefits | -Limited  colonization  and
engineered enhanced responses to immune checkpoint | with therapeutic gene expression. | survival.

probiotic-based

therapies

blockade therapies.




-Risk  of horizontal gene

transfer; safety concerns in

immunocompromised patients.

-Challenging to achieve precise
delivery of therapeutic molecule

to the tumor site.

-Limited clinical trials.

Prebiotic-based Enhanced antitumor immunity; increased | -Favorable safety profile | -Requires high dosage, which
therapies response to chemotherapy and | compared to live bacteria. may be difficult to achieve in the
immunotherapy in CRC models. colon.
-Easier formulation and
administration compared to live | -Limited clinical evidence.
bacteria.
Pathobiont killing | Enhanced mucosal and systemic immune | -Selectively  eliminates  pro- | -Nonspecific killing may disrupt
therapies response. Increased the efficacy of | tumorigenic bacteria. beneficial antitumor microbiota.
chemotherapy and immunotherapy.
-Enhanced the efficacy of | -Bacteria may evolve
chemotherapy and | mechanisms to evade killing.
immunotherapy.

-Limited clinical evidence.




5.3 Synergistic strategies combining nanomedicine and bacterial modulation

Both nanomedicine and bacterial modulation have demonstrated promising therapeutic outcomes
in the treatment of CRC. Nanomedicines, by virtue of their precise targeting, controlled release,
and efficient delivery, significantly increase drug accumulation at tumor sites while reducing
toxicity to normal tissues. Bacterial modulation, on the other hand, can impact gut microbiota
dysbiosis, ameliorate the TME, regulate immune responses, and influence microbial metabolism.
A synergistic combination of these two approaches is expected to yield enhanced therapeutic

efficacy against CRC.

The oral administration of probiotics has demonstrated promising effects in CRC patients at
multiple levels. However, the challenges associated with oral probiotics in vivo are important to
note. Effective therapeutic outcomes require a high daily dosage of 10°-10° viable cells, which are
often compromised by the harsh GI environment. The acidic gastric fluids, digestive enzymes, and
bile salts in the small intestine can degrade probiotics, limiting their survival, colonization of the
colon, bioavailability, and antitumor efficacy. Advanced oral delivery technologies represent a
potential solution, as they can increase the resistance of probiotics in the harsh GI environment and
improve their mucoadhesive properties. Such modifications aim to increase oral bioavailability and
facilitate intestinal colonization. Protective strategies include coating probiotics with acid- and
enzyme-resistant or colon-targeting materials and modifying them with mucoadhesive groups. For
instance, the encapsulation of engineered Escherichia coli with chitosan and alginate can protect
the bacteria from the extremely acidic conditions in the stomach and facilitate their colonization of
the intestine, thereby enabling targeted antitumor immunotherapeutic effects [236]. While research
in this area for CRC treatment remains limited, insights can be drawn from analogous studies of
treatments for IBD, considering the disease’s location and associated dysbiosis. Examples include
coating probiotics with acid- and enzyme-resistant polymers and colon-targeting polymers, such
as multilayer coatings composed of alginate and chitosan [261]; conjugating probiotics with
protective metal-organic frameworks [262]; and leveraging resistant biofilms, which are
bioadhesive and protect against external threats [263]. Strategies such as coating probiotics with
mucoadhesive polymers (e.g., HA) [191] or chemically modifying bacterial surfaces (e.g.,
converting primary amino groups to free thiols) [264] have also been explored to promote

mucoadhesion. The application of these strategies specifically for oral CRC treatment remains



underexplored. Future work leveraging these advanced oral delivery technologies to facilitate the

development of probiotic-based CRC therapies is promising and warrants further investigation.

Prebiotics can function as polymers to form nanoparticles, providing dual benefits in terms of
microbiota modulation and efficient cargo delivery. Prebiotics such as chitosan, dextran, and pectin
resist digestion by enteric enzymes [265], remaining intact through the upper Gl tract and
undergoing fermentation in the colon. This characteristic enables colon-targeted delivery [14].
Moreover, their improved safety profiles compared with those of other polymers make them ideal
for drug delivery systems. For example, Ma et al. synthesized aspirin-conjugated dextran via click
chemistry, which self-assembled into nanoparticles [266]. After oral administration, these
nanoparticles increased drug accumulation in CRC tumor tissues, enabling the controlled release
of aspirin and dextran. This system restored microbiota homeostasis, significantly increasing the
abundance of anticancer microbes, such as Lactobacillus (6.66-fold) and Akkermansia (103-fold),
while reducing the abundance of pathogen-associated microbes, including Bacteroides. In an
orthotopic CRC mouse model, this nanosystem demonstrated a tumor suppression rate 2.1 times
greater than that of free aspirin, achieving an overall suppression rate of 85% [266].
Physiochemical modification of prebiotics could further expand their utility in drug delivery. Lipid
conjugation, for example, facilitates the oral delivery of lipophilic drugs. Xylan is a polysaccharide
prebiotic with excellent water solubility, biocompatibility, and prebiotic activity [267]. It remains
intact in the upper Gl tract and is degraded exclusively by microbes in the lower GI tract—a
property that makes it highly suitable for colon-targeted drug delivery. Based on this characteristic,
Lang et al. synthesized a xylan—stearic acid conjugate (SCXN) for capecitabine delivery. The oral
administration of SCXN delayed drug clearance, increased intratumoral drug concentrations and
promoted probiotic proliferation and SCFA production in an orthotopic CRC mouse model.
Compared with free capecitabine, SCXN significantly enhanced antitumor immunity, increasing
the tumor inhibition rate from 5.29% to 71.78%, while exhibiting excellent biocompatibility and
extending the median survival from 14 to 33.5 days (Figure 11) [267].

Leveraging the ability of phages and antibiotics to eliminate pathogenic bacteria, their combination
in nanomedicine offers a promising strategy for targeted drug delivery [198]. Zheng et al.
covalently conjugated phages with irinotecan-loaded dextran nanoparticles via bioorthogonal

chemistry to construct a phage-mediated nanodrug delivery system. Animal studies have



demonstrated that the phages specifically accumulated in tumors colonized by Fusobacterium
nucleatum, thereby facilitating the targeted enrichment of nanodrugs within tumor tissues. By
inhibiting the proliferation of Fusobacterium nucleatum, this approach effectively counteracted
chemoresistance in colorectal tumors and significantly enhanced the efficacy of chemotherapy
[250].
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Figure 11. Oral prebiotic-based therapies for CRC treatment. (A) Average weights of tumors from
MC38 tumor-bearing mice on day 21 after multidose treatment with different formulations. (B)
Survival curves of CT26 tumor-bearing mice 45 days after the first administration. (C) Bar plot
showing the relative abundance of various microbes in the gut at the genus level. (D) Summary of
SCFA levels in feces from CT26 tumor-bearing mice after different treatments. Reproduced with

permission from ref. [267].



6. Future perspectives

Although considerable progress has been made in the development of advanced oral therapies for
CRC treatment, as described above, this field remains relatively underexplored. Current oral
formulations continue to face major challenges in clinical translation, including unreliable
therapeutic efficacy, poor stability, significant interpatient variability, complex manufacturing
processes, difficult regulatory pathways, and potential safety risks [268-270]. This limited progress
could be attributed to the significant barriers posed by the harsh GI environment and limited targets
currently exploited. Overcoming these obstacles through future research would significantly
advance the development and refinement of clinical treatment strategies for CRC. Valuable
strategies can be drawn from the treatment of IBD, which shares the same anatomical location (the
colon) and several pathophysiological features as CRC, to make progress in this area. For example,
colon-targeted strategies have long been employed in IBD and have demonstrated safety and
efficacy in clinical applications for decades [14]. Adapting these established systems for CRC
treatment represents a compelling route to improve local drug delivery via oral administration.
Moreover, several stimulus-responsive strategies, such as ROS-responsive systems, have shown
promise as oral delivery strategies for IBD treatment [190-192]. Considering the elevated ROS
levels present in the TME of CRC [137], the use of these strategies for oral advanced therapies in
CRC treatment could yield promising results. Nanomedicine and bacterial modulation strategies
utilize distinct delivery systems and therapeutic mechanisms, each possessing unique advantages
and limitations (Tables 3 and 4). The synergistic integration of these two approaches has
established a highly promising therapeutic modality. This combined strategy not only enables
precise colon-targeted delivery of bacterial or pharmaceutical agents but also simultaneously
regulates microbiota homeostasis and remodels the immune microenvironment, thereby

significantly enhancing antitumor efficacy [236, 240, 266, 267].

Immunotherapy is a cutting-edge approach to cancer treatment and has revolutionized the treatment
of immunogenic tumors such as those with melanoma and certain types of lymphoma [271]. Oral
immune checkpoint blockade represents a paradigm-shifting advance in CRC treatment.
Traditionally, immune checkpoint inhibitors such as anti-PDL1 antibodies have relied on

intravenous injection, which can lead to systemic side effects and impose invasive administration,



high cost, and compliance challenges. Recent advances in oral delivery systems demonstrate the
feasibility of oral anti-PD-L1 therapy, achieving effective mucosal absorption and antitumor
efficacy comparable to those of intravenous injections in preclinical CRC models [104, 203]. This
breakthrough broadens the accessibility of immunotherapy and highlights the unique potential of
oral administration to modulate the tumor immune microenvironment through local treatment.
Notably, approximately 85% of CRC cases are MSS subtypes characterized by low
immunogenicity, which substantially limits the efficacy of immunotherapies in these patients [25,
272]. Future efforts could focus on activating both innate immunity, such as activation of the cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway [273], and adaptive
immunity, such as blocking immune checkpoints [274], to increase immune system activity.
Moreover, combining immune activation with oral delivery strategies to overcome Gl barriers may

enhance both local and systemic antitumor responses.

Furthermore, the emergence of innovative oral delivery devices, such as autoinjector capsules [275],
omnidirectional adhesive microneedles [276], and triggerable tough hydrogels [277], has led to
significant progress in systemic delivery via the oral route. Although their application in colon-
targeted delivery remains unexplored, they provide new possibilities for local antitumor treatment
via the oral route. Future endeavors combining these innovative devices with advanced oral

nanotechnology and/or microbiota modulation provide great promise for the oral treatment of CRC.

7. Conclusions

The increasing global burden of CRC underscores the urgent need for innovative treatment
strategies that address the limitations of conventional therapies. Oral drug delivery represents a
compelling solution, offering a noninvasive alternative that improves patient compliance while
minimizing systemic side effects. The unique pathophysiological features of CRC further support
the potential of oral therapy for local antitumor treatment. Recent advancements in drug delivery
technologies, particularly nanomedicine-based systems, aimed at overcoming these barriers after
oral administration have significantly improved the antitumor efficacy of a variety of drugs
delivered orally. Additionally, the emerging field of microbiota-modulating therapies provides a
novel approach to harness the microbiota to improve therapeutic outcomes and reduce the side

effects of chemotherapies and immunotherapies. Continued interdisciplinary research, such as a



combination of nanomedicine- and microbiota-based therapies to facilitate the oral delivery of
probiotics, will be key to advancing therapeutic efficacy. With these efforts, advanced oral
therapies may transform the landscape of CRC treatment, offering therapeutic options that are more

friendly, effective, and personalized for patients.

Acknowledgments

The authors greatly acknowledge the financial support from the 1.3.5 Project for Disciplines of
Excellence (ZYYC25001), the National Nature Science Foundation of China (82370860), the
Department of Science and Technology of Sichuan Province (24YFHZ0326), the Fundamental
Research Funds for the Central Universities (YJ202412), and the Sichuan University
Interdisciplinary Innovation Fund. Cheng Chen is a PhD student at UCLouvain and is supported
by the China Scholarship Council (CSC) and Fonds de la Recherche Scientifique (FRS-FNRS,
Belgium). Ana Beloqui is a research associate at FRS-FNRS and a WEL Research Institute

investigator.

Declaration of Interest Statement
Yining Xu and Ana Beloqui are coinventors on a patent (application filed by the Université
catholique de Louvain: PCT/EP2020/064766). Ana Beloqui has served within the past 12 months

as a consultant to Johnson & Johnson.

Declaration of the use of generative Al and Al-assisted technologies in the

writing process

During the preparation of this work, the authors used ChatGPT to improve the readability and
language of the work. After using this tool/service, the authors reviewed the content and take full

responsibility for the content of the publication.

References

[1] F. Bray, M. Laversanne, H. Sung, J. Ferlay, R.L. Siegel, I. Soerjomataram, A. Jemal, Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers
in 185 countries, CA Cancer J Clin, 74 (2024) 229-263.

[2] Z. Yang, X. Zhang, X. Bai, X. Xi, W. Liu, W. Zhong, Anti-angiogenesis in colorectal cancer
therapy, Cancer Sci, 115 (2024) 734-751.



[3] L.H. Biller, D. Schrag, Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review,
JAMA, 325 (2021) 669-685.

[4] M. Amold, M.S. Sierra, M. Laversanne, 1. Soerjomataram, A. Jemal, F. Bray, Global patterns
and trends in colorectal cancer incidence and mortality, Gut, 66 (2017) 683-691.

[5] N.A. Johdi, N.F. Sukor, Colorectal Cancer Immunotherapy: Options and Strategies, Front
Immunol, 11 (2020) 1624.

[6] E.J. Kuipers, W.M. Grady, D. Lieberman, T. Seufferlein, J.J. Sung, P.G. Boelens, C.J. van de
Velde, T. Watanabe, Colorectal cancer, Nat Rev Dis Primers, 1 (2015) 15065.

[7] J.A. Rodrigues, J.H. Correia, Photodynamic Therapy for Colorectal Cancer: An Update and a
Look to the Future, Int J Mol Sci, 24 (2023).

[8] B. Gu, B. Wang, X. Li, Z. Feng, C. Ma, L. Gao, Y. Yu, J. Zhang, P. Zheng, Y. Wang, H. Li, T.
Zhang, H. Chen, Photodynamic therapy improves the clinical efficacy of advanced colorectal
cancer and recruits immune cells into the tumor immune microenvironment, Front Immunol, 13
(2022) 1050421.

[9] S. Lei, X. Zhang, K. Men, Y. Gao, X. Yang, S. Wu, X. Duan, Y. Wei, R. Tong, Efficient
Colorectal Cancer Gene Therapy with IL-15 mRNA Nanoformulation, Mol Pharm, 17 (2020)
3378-3391.

[10] E. Lou, M.S. Choudhry, T.K. Starr, T.D. Folsom, J. Bell, B. Rathmann, A.P. DeFeo, J. Kim, N.
Slipek, Z. Jin, D. Sumstad, C.A. Klebanoff, K. Ladner, A. Sarkari, R.S. Mclvor, T.A. Murray, J.S.
Miller, M. Rao, E. Jensen, J. Ankeny, M.A. Khalifa, A. Chauhan, B. Spilseth, A. Dixit, P.P.
Provenzano, W. Pan, D. Weber, M. Byrne-Steele, T. Henley, D.H. McKenna, M.J. Johnson, B.R.
Webber, B.S. Moriarity, Targeting the intracellular immune checkpoint CISH with CRISPR-Cas9-
edited T cells in patients with metastatic colorectal cancer: a first-in-human, single-centre, phase 1
trial, Lancet Oncol, 26 (2025) 559-570.

[11]S.S. Dychter, D.A. Gold, D. Carson, M. Haller, Intravenous therapy: a review of complications
and economic considerations of peripheral access, J Infus Nurs, 35 (2012) 84-91.

[12] X.X. Zhang, G.P. Chen, H. Zhang, L.R. Shang, Y.J. Zhao, Bioinspired oral delivery devices,
Nat Rev Bioeng, 1 (2023) 208-225.

[13] N. Wang, L. Chen, W. Huang, Z. Gao, M. Jin, Current Advances of Nanomaterial-Based Oral
Drug Delivery for Colorectal Cancer Treatment, Nanomaterials (Basel), 14 (2024).

[14] A. Awad, C.M. Madla, L.E. McCoubrey, F. Ferraro, F.K.H. Gavins, A. Buanz, S. Gaisford, M.
Orluy, F. Siepmann, J. Siepmann, A.W. Basit, Clinical translation of advanced colonic drug delivery
technologies, Adv Drug Deliv Rev, 181 (2022) 114076.

[15] M. Schmitt, F.R. Greten, The inflammatory pathogenesis of colorectal cancer, Nat Rev
Immunol, 21 (2021) 653-667.

[16] A.J. Cornish, A.J. Gruber, B. Kinnersley, D. Chubb, A. Frangou, G. Caravagna, B. Noyvert,
E. Lakatos, H.M. Wood, S. Thorn, R. Culliford, C. Arnedo-Pac, J. Househam, W. Cross, A. Sud, P.
Law, M.N. Leathlobhair, A. Hawari, C. Woolley, K. Sherwood, N. Feeley, G. Gul, J. Fernandez-
Tajes, L. Zapata, L.B. Alexandrov, N. Murugaesu, A. Sosinsky, J. Mitchell, N. Lopez-Bigas, P.
Quirke, D.N. Church, I.P.M. Tomlinson, A. Sottoriva, T.A. Graham, D.C. Wedge, R.S. Houlston,
The genomic landscape of 2,023 colorectal cancers, Nature, 633 (2024) 127-136.

[17] J. Chen, Z. Zeng, L. Huang, S. Luo, J. Dong, F.H. Zhou, K. Zhou, L. Wang, L. Kang,
Photothermal therapy technology of metastatic colorectal cancer, Am J Transl Res, 12 (2020) 3089-
3115.

[18] C. Chen, A. Beloqui, Y. Xu, Oral nanomedicine biointeractions in the gastrointestinal tract in
health and disease, Adv Drug Deliv Rev, 203 (2023) 115117.



[19] D. Wang, Q. Jiang, Z. Dong, T. Meng, F. Hu, J. Wang, H. Yuan, Nanocarriers transport across
the gastrointestinal barriers: The contribution to oral bioavailability via blood circulation and
lymphatic pathway, Adv Drug Deliv Rev, 203 (2023) 115130.

[20] Y. Xu, N. Shrestha, V. Preat, A. Beloqui, Overcoming the intestinal barrier: A look into
targeting approaches for improved oral drug delivery systems, J Control Release, 322 (2020) 486-
508.

[21] K. Ying, B. Bai, X. Gao, Y. Xu, H. Wang, B. Xie, Orally Administrable Therapeutic
Nanoparticles for the Treatment of Colorectal Cancer, Front Bioeng Biotechnol, 9 (2021) 670124.
[22] S.M. Jandhyala, R. Talukdar, C. Subramanyam, H. Vuyyuru, M. Sasikala, D. Nageshwar
Reddy, Role of the normal gut microbiota, World J Gastroenterol, 21 (2015) 8787-8803.

[23] C.C. Wong, J. Yu, Gut microbiota in colorectal cancer development and therapy, Nat Rev Clin
Oncol, 20 (2023) 429-452.

[24] T. Armaghany, J.D. Wilson, Q. Chu, G. Mills, Genetic alterations in colorectal cancer,
Gastrointest Cancer Res, 5 (2012) 19-27.

[25] J. Guinney, R. Dienstmann, X. Wang, A. de Reynies, A. Schlicker, C. Soneson, L. Marisa, P.
Roepman, G. Nyamundanda, P. Angelino, B.M. Bot, J.S. Morris, .M. Simon, S. Gerster, E. Fessler,
E.M.F. De Sousa, E. Missiaglia, H. Ramay, D. Barras, K. Homicsko, D. Maru, G.C. Manyam, B.
Broom, V. Boige, B. Perez-Villamil, T. Laderas, R. Salazar, J.W. Gray, D. Hanahan, J. Tabernero,
R. Bernards, S.H. Friend, P. Laurent-Puig, J.P. Medema, A. Sadanandam, L. Wessels, M. Delorenzi,
S. Kopetz, L. Vermeulen, S. Tejpar, The consensus molecular subtypes of colorectal cancer, Nat
Med, 21 (2015) 1350-1356.

[26] S.N. Hong, Genetic and epigenetic alterations of colorectal cancer, Intest Res, 16 (2018) 327-
337.

[27] Q. Huang, Y. Jing, L. Xiong, L. Li, J. Feng, J. Cheng, The interplay between driver mutation
and oxidative stress in colorectal cancer: from pathogenesis to therapeutics, J Transl Med, 23 (2025)
635.

[28] G. Gonzalez-Avila, B. Sommer, D.A. Mendoza-Posada, C. Ramos, A.A. Garcia-Hernandez,
R. Falfan-Valencia, Matrix metalloproteinases participation in the metastatic process and their
diagnostic and therapeutic applications in cancer, Crit Rev Oncol Hematol, 137 (2019) 57-83.
[29] C. Tomuleasa, A.B. Tigu, R. Munteanu, C.S. Moldovan, D. Kegyes, A. Onaciu, D. Gulei, G.
Ghiaur, H. Einsele, C.M. Croce, Therapeutic advances of targeting receptor tyrosine kinases in
cancer, Signal Transduct Target Ther, 9 (2024) 201.

[30] Z.L. Liu, H.H. Chen, L.L. Zheng, L.P. Sun, L. Shi, Angiogenic signaling pathways and anti-
angiogenic therapy for cancer, Signal Transduct Target Ther, 8 (2023) 198.

[31] P. Paone, P.D. Cani, Mucus barrier, mucins and gut microbiota: the expected slimy partners?,
Gut, 69 (2020) 2232-2243.

[32] G.M. Birchenough, M.E. Johansson, J.K. Gustafsson, J.H. Bergstrom, G.C. Hansson, New
developments in goblet cell mucus secretion and function, Mucosal Immunol, 8 (2015) 712-719.
[33] A. Loktionov, Colon mucus in colorectal neoplasia and beyond, World J Gastroenterol, 28
(2022) 4475-4492.

[34] W.R. Becker, S.A. Nevins, D.C. Chen, R. Chiu, A.M. Horning, T.K. Guha, R. Laquindanum,
M. Mills, H. Chaib, U. Ladabaum, T. Longacre, J. Shen, E.D. Esplin, A. Kundaje, J.M. Ford, C.
Curtis, M.P. Snyder, W.J. Greenleaf, Single-cell analyses define a continuum of cell state and
composition changes in the malignant transformation of polyps to colorectal cancer, Nat Genet, 54
(2022) 985-995.

[35] R. Pothuraju, S. Chaudhary, S. Rachagani, S. Kaur, H.K. Roy, M. Bouvet, S.K. Batra, Mucins,
gut microbiota, and postbiotics role in colorectal cancer, Gut Microbes, 13 (2021) 1974795.



[36] Z. Dai, O.0. Coker, G. Nakatsu, W.K.K. Wu, L. Zhao, Z. Chen, F.K.L. Chan, K. Kristiansen,
J.J.Y. Sung, S.H. Wong, J. Yu, Multi-cohort analysis of colorectal cancer metagenome identified
altered bacteria across populations and universal bacterial markers, Microbiome, 6 (2018) 70.
[37] J. Wirbel, P.T. Pyl, E. Kartal, K. Zych, A. Kashani, A. Milanese, J.S. Fleck, A.Y. Voigt, A.
Palleja, R. Ponnudurai, S. Sunagawa, L.P. Coelho, P. Schrotz-King, E. Vogtmann, N. Habermann,
E. Nimeus, A.M. Thomas, P. Manghi, S. Gandini, D. Serrano, S. Mizutani, H. Shiroma, S. Shiba,
T. Shibata, S. Yachida, T. Yamada, L. Waldron, A. Naccarati, N. Segata, R. Sinha, C.M. Ulrich, H.
Brenner, M. Arumugam, P. Bork, G. Zeller, Meta-analysis of fecal metagenomes reveals global
microbial signatures that are specific for colorectal cancer, Nat Med, 25 (2019) 679-689.

[38] D. Rios-Covian, P. Ruas-Madiedo, A. Margolles, M. Gueimonde, C.G. de Los Reyes-Gavilan,
N. Salazar, Intestinal Short Chain Fatty Acids and their Link with Diet and Human Health, Front
Microbiol, 7 (2016) 185.

[39] Y.A. Yap, E. Marino, An Insight Into the Intestinal Web of Mucosal Immunity, Microbiota,
and Diet in Inflammation, Front Immunol, 9 (2018) 2617.

[40] F. Yusuf, S. Adewiah, A.F. Syam, F. Fatchiyah, Altered profile of gut microbiota and the level
short chain fatty acids in colorectal cancer patients, Journal of Physics: Conference Series, 1146
(2019).

[41]J. Zhang, C. Haines, A.J.M. Watson, A.R. Hart, M.J. Platt, D.M. Pardoll, S.E. Cosgrove, K.A.
Gebo, C.L. Sears, Oral antibiotic use and risk of colorectal cancer in the United Kingdom, 1989-
2012: a matched case-control study, Gut, 68 (2019) 1971-1978.

[42] Z. Chen, F. Han, Y. Du, H. Shi, W. Zhou, Hypoxic microenvironment in cancer: molecular
mechanisms and therapeutic interventions, Signal Transduct Target Ther, 8 (2023) 70.

[43] Y.H. Xie, Y.X. Chen, J.Y. Fang, Comprehensive review of targeted therapy for colorectal
cancer, Signal Transduct Target Ther, 5 (2020) 22.

[44] Q. Li, S. Geng, H. Luo, W. Wang, Y.Q. Mo, Q. Luo, L. Wang, G.B. Song, J.P. Sheng, B. Xu,
Signaling pathways involved in colorectal cancer: pathogenesis and targeted therapy, Signal
Transduct Target Ther, 9 (2024) 266.

[45] VK. Morris, E.B. Kennedy, N.N. Baxter, A.B. Benson, 3rd, A. Cercek, M. Cho, K.K. Ciombor,
C. Cremolini, A. Davis, D.A. Deming, M.G. Fakih, S. Gholami, T.S. Hong, 1. Jaiyesimi, K. Klute,
C. Lieu, H. Sanoff, J.H. Strickler, S. White, J.A. Willis, C. Eng, Treatment of Metastatic Colorectal
Cancer: ASCO Guideline, J Clin Oncol, 41 (2023) 678-700.

[46] A. Cervantes, R. Adam, S. Rosello, D. Arnold, N. Normanno, J. Taieb, J. Seligmann, T. De
Baere, P. Osterlund, T. Yoshino, E. Martinelli, E.G.C.E.a. clinicalguidelines@esmo.org, Metastatic
colorectal cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up, Ann
Oncol, 34 (2023) 10-32.

[47] C.K. Sievers, C. Eng, Moving towards more personalized approaches in locally advanced and
metastatic colorectal cancer, Nat Rev Gastroenterol Hepatol, 22 (2025) 90-91.

[48]Y. Yang, P. Liu, M. Zhou, L. Yin, M. Wang, T. Liu, X. Jiang, H. Gao, Small-molecule drugs of
colorectal cancer: Current status and future directions, Biochim Biophys Acta Mol Basis Dis, 1870
(2024) 166880.

[49] U. Anand, A. Dey, A.K.S. Chandel, R. Sanyal, A. Mishra, D.K. Pandey, V. De Falco, A.
Upadhyay, R. Kandimalla, A. Chaudhary, J.K. Dhanjal, S. Dewanjee, J. Vallamkondu, J.M. Perez
de la Lastra, Cancer chemotherapy and beyond: Current status, drug candidates, associated risks
and progress in targeted therapeutics, Genes Dis, 10 (2023) 1367-1401.

[50] B. Katta, C. Vijayakumar, S. Dutta, B. Dubashi, V.P. Nelamangala Ramakrishnaiah, The
Incidence and Severity of Patient-Reported Side Effects of Chemotherapy in Routine Clinical Care:
A Prospective Observational Study, Cureus, 15 (2023) e38301.



[51] H. Shi, P.J. Sadler, How promising is phototherapy for cancer?, Br J Cancer, 123 (2020) 871-
873.

[52] X. Li, J.F. Lovell, J. Yoon, X. Chen, Clinical development and potential of photothermal and
photodynamic therapies for cancer, Nat Rev Clin Oncol, 17 (2020) 657-674.

[53] K. Guidolin, L. Ding, H. Yan, M. Englesakis Hba, S. Chadi, F. Quereshy, G. Zheng,
Photodynamic Therapy for Colorectal Cancer: A Systematic Review of Clinical Research, Surg
Innov, 29 (2022) 788-803.

[54] K. Guidolin, L. Ding, J. Chen, G. Zheng, Development of a Clinically Viable Strategy for
Nanoparticle-Based Photodynamic Therapy of Colorectal Cancer, Adv Ther-Germany, 6 (2023)
2200342.

[55] Y. Cai, T. Chai, W. Nguyen, J. Liu, E. Xiao, X. Ran, Y. Ran, D. Du, W. Chen, X. Chen,
Phototherapy in cancer treatment: strategies and challenges, Signal Transduct Target Ther, 10 (2025)
115.

[56] W. Bian, Y. Wang, Z. Pan, N. Chen, X. Li, W.-L. Wong, X. Liu, Y. He, K. Zhang, Y.-J. Lu,
Review of Functionalized Nanomaterials for Photothermal Therapy of Cancers, ACS Applied Nano
Materials, 4 (2021) 11353-11385.

[57] O.R. Farzam, N. Mehran, F. Bilan, E. Aghajani, R. Dabbaghipour, G.A. Shahgoli, B.
Baradaran, Nanoparticles for imaging-guided photothermal therapy of colorectal cancer, Heliyon,
9(2023) e21334.

[58] C.E. Dunbar, K.A. High, J.K. Joung, D.B. Kohn, K. Ozawa, M. Sadelain, Gene therapy comes
of age, Science, 359 (2018).

[59] Y. Zong, Y. Lin, T. Wei, Q. Cheng, Lipid Nanoparticle (LNP) Enables mRNA Delivery for
Cancer Therapy, Adv Mater, 35 (2023) €2303261.

[60] Y. Zhao, J. Qin, D. Yu, Y. Liu, D. Song, K. Tian, H. Chen, Q. Ye, X. Wang, T. Xu, H. Xuan, N.
Sun, W. Ma, J. Zhong, P. Sun, Y. Song, J. Hu, Y. Zhao, X. Hou, X. Meng, C. Jiang, J. Cai, Polymer-
locking fusogenic liposomes for glioblastoma-targeted siRNA delivery and CRISPR-Cas gene
editing, Nat Nanotechnol, 19 (2024) 1869-1879.

[61] D. Kerr, Clinical development of gene therapy for colorectal cancer, Nat Rev Cancer, 3 (2003)
615-622.

[62] D.J. Kerr, L.W. Seymour, F. Maruta, Gene therapy for colorectal cancer, Expert Opin Biol
Ther, 3 (2003) 779-788.

[63] N. Sayed, P. Allawadhi, A. Khurana, V. Singh, U. Navik, S.K. Pasumarthi, I. Khurana, A.K.
Banothu, R. Weiskirchen, K.K. Bharani, Gene therapy: Comprehensive overview and therapeutic
applications, Life Sci, 294 (2022) 120375.

[64] H.H. Hasbullah, M. Musa, Gene Therapy Targeting p53 and KRAS for Colorectal Cancer
Treatment: A Myth or the Way Forward?, Int J Mol Sci, 22 (2021).

[65] R. Suzuki, E. Namai, Y. Oda, N. Nishiie, S. Otake, R. Koshima, K. Hirata, Y. Taira, N.
Utoguchi, Y. Negishi, S. Nakagawa, K. Maruyama, Cancer gene therapy by IL-12 gene delivery
using liposomal bubbles and tumoral ultrasound exposure, J Control Release, 142 (2010) 245-250.
[66] N. Chen, C. Pu, L. Zhao, W. Li, C. Wang, R. Zhu, T. Liang, C. Niu, X. Huang, H. Tang, Y.
Wang, H. Yang, B. Jia, X. Jiang, G. Han, W. Wang, D. Chen, Y. Wang, E.K. Rowinsky, E. Kennedy,
V.X. Lu, G. Cui, Z. Wu, L. Xiao, J. Cui, Chimeric Antigen Receptor T Cells Targeting CD19 and
GCC in Metastatic Colorectal Cancer: A Nonrandomized Clinical Trial, JAMA Oncol, 10 (2024)
1532-1536.

[67] B.B. Mendes, J. Conniot, A. Avital, D. Yao, X. Jiang, X. Zhou, N. Sharf-Pauker, Y. Xiao, O.
Adir, H. Liang, J. Shi, A. Schroeder, J. Conde, Nanodelivery of nucleic acids, Nat Rev Methods
Primers, 2 (2022).



[68] S. Ouladan, E. Orouji, Chimeric Antigen Receptor-T Cells in Colorectal Cancer: Pioneering
New Avenues in Solid Tumor Immunotherapy, J Clin Oncol, 43 (2025) 994-1005.

[69] T. Wan, Q. Pan, C. Liu, J. Guo, B. Li, X. Yan, Y. Cheng, Y. Ping, A Duplex CRISPR-Cas9
Ribonucleoprotein Nanomedicine for Colorectal Cancer Gene Therapy, Nano Lett, 21 (2021) 9761-
9771.

[70] O.0. Yeku, T.J. Purdon, M. Koneru, D. Spriggs, R.J. Brentjens, Armored CAR T cells enhance
antitumor efficacy and overcome the tumor microenvironment, Sci Rep, 7 (2017) 10541.

[71] N.K. Lee, J.W. Chang, Manufacturing Cell and Gene Therapies: Challenges in Clinical
Translation, Ann Lab Med, 44 (2024) 314-323.

[72] M. Brod, M. Rousculp, A. Cameron, Understanding compliance issues for daily self-injectable
treatment in ambulatory care settings, Patient Prefer Adherence, 2 (2008) 129-136.

[73] B. Homayun, X. Lin, H.J. Choi, Challenges and Recent Progress in Oral Drug Delivery
Systems for Biopharmaceuticals, Pharmaceutics, 11 (2019).

[74] S. Vodenkova, T. Buchler, K. Cervena, V. Veskrnova, P. Vodicka, V. Vymetalkova, 5-
fluorouracil and other fluoropyrimidines in colorectal cancer: Past, present and future, Pharmacol
Ther, 206 (2020) 107447.

[75] J. Cassidy, J.L. Misset, Oxaliplatin-related side effects: characteristics and management,
Semin Oncol, 29 (2002) 11-20.

[76] B. Glimelius, Benefit-risk assessment of irinotecan in advanced colorectal cancer, Drug Saf,
28 (2005) 417-433.

[77] H.T. Arkenau, A. Bermann, K. Rettig, G. Strohmeyer, R. Porschen, O. Arbeitsgemeinschaft
Gastrointestinale, 5-Fluorouracil plus leucovorin is an effective adjuvant chemotherapy in
curatively resected stage III colon cancer: long-term follow-up results of the adjCCA-01 trial, Ann
Oncol, 14 (2003) 395-399.

[78] M.W. Saif, N.A. Katirtzoglou, K.N. Syrigos, Capecitabine: an overview of the side effects and
their management, Anticancer Drugs, 19 (2008) 447-464.

[79] M. De Wit, C.B. Boers-Doets, A. Saettini, K. Vermeersch, C.R. de Juan, J. Ouwerkerk, S.S.
Raynard, A. Bazin, C. Cremolini, Prevention and management of adverse events related to
regorafenib, Support Care Cancer, 22 (2014) 837-846.

[80] J.J. Lee, E. Chu, Adherence, Dosing, and Managing Toxicities With Trifluridine/Tipiracil
(TAS-102), Clin Colorectal Cancer, 16 (2017) 85-92.

[81] E.T. Pavlidis, T.E. Pavlidis, Role of bevacizumab in colorectal cancer growth and its adverse
effects: a review, World J Gastroenterol, 19 (2013) 5051-5060.

[82] H.J. Lenz, Cetuximab in the management of colorectal cancer, Biologics, 1 (2007) 77-91.
[83] C.M. Hocking, T.J. Price, Panitumumab in the management of patients with KRAS wild-type
metastatic colorectal cancer, Therap Adv Gastroenterol, 7 (2014) 20-37.

[84] L.A. Diaz, Jr., K.K. Shiu, T.W. Kim, B.V. Jensen, L.H. Jensen, C. Punt, D. Smith, R. Garcia-
Carbonero, M. Benavides, P. Gibbs, C. de la Fourchardiere, F. Rivera, E. Elez, D.T. Le, T. Yoshino,
W.Y. Zhong, D. Fogelman, P. Marinello, T. Andre, K.-. Investigators, Pembrolizumab versus
chemotherapy for microsatellite instability-high or mismatch repair-deficient metastatic colorectal
cancer (KEYNOTE-177): final analysis of a randomised, open-label, phase 3 study, Lancet Oncol,
23 (2022) 659-670.

[85] M.J. Overman, F. Gelsomino, M. Aglietta, M. Wong, M.L. Limon Miron, G. Leonard, P.
Garcia-Alfonso, A.G. Hill, A. Cubillo Gracian, E. Van Cutsem, B. El-Rayes, S.M. McCraith, B.
He, M. Lei, S. Lonardi, Nivolumab plus relatlimab in patients with previously treated microsatellite
instability-high/mismatch repair-deficient metastatic colorectal cancer: the phase II CheckMate
142 study, J Immunother Cancer, 12 (2024).



[86] T. Andre, S. Lonardi, K.Y.M. Wong, H.J. Lenz, F. Gelsomino, M. Aglietta, M.A. Morse, E.
Van Cutsem, R. McDermott, A. Hill, M.B. Sawyer, A. Hendlisz, B. Neyns, S. Abdullaev, A. Memaj,
M. Lei, M. Dixon, S. Kopetz, M.J. Overman, Nivolumab plus low-dose ipilimumab in previously
treated patients with microsatellite instability-high/mismatch repair-deficient metastatic colorectal
cancer: 4-year follow-up from CheckMate 142, Ann Oncol, 33 (2022) 1052-1060.

[87]J. Lou, H. Duan, Q. Qin, Z. Teng, F. Gan, X. Zhou, X. Zhou, Advances in Oral Drug Delivery
Systems: Challenges and Opportunities, Pharmaceutics, 15 (2023).

[88] R. Baena, P. Salinas, Diet and colorectal cancer, Maturitas, 80 (2015) 258-264.

[89] M. Song, W.S. Garrett, A.T. Chan, Nutrients, foods, and colorectal cancer prevention,
Gastroenterology, 148 (2015) 1244-1260 el216.

[90] K. Makki, E.C. Deehan, J. Walter, F. Backhed, The Impact of Dietary Fiber on Gut Microbiota
in Host Health and Disease, Cell Host Microbe, 23 (2018) 705-715.

[91] D. Aune, D.S. Chan, R. Lau, R. Vieira, D.C. Greenwood, E. Kampman, T. Norat, Dietary fibre,
whole grains, and risk of colorectal cancer: systematic review and dose-response meta-analysis of
prospective studies, BMJ, 343 (2011) d6617.

[92] R.C. Simpson, E.R. Shanahan, M. Batten, I.L.M. Reijers, M. Read, L.P. Silva, J.M. Versluis,
R. Ribeiro, A.S. Angelatos, J. Tan, C. Adhikari, A.M. Menzies, R.P.M. Saw, M. Gonzalez, K.F.
Shannon, A.J. Spillane, R. Velickovic, A.J. Lazar, A.V. Damania, A.K. Mishra, M. Chelvanambi,
A. Banerjee, N.J. Ajami, J.A. Wargo, L. Macia, A.J. Holmes, J.S. Wilmott, C.U. Blank, R.A.
Scolyer, G.V. Long, Diet-driven microbial ecology underpins associations between cancer
immunotherapy outcomes and the gut microbiome, Nat Med, 28 (2022) 2344-2352.

[93] B. Greenwood-Van Meerveld, A.C. Johnson, D. Grundy, Gastrointestinal Physiology and
Function, Handb Exp Pharmacol, 239 (2017) 1-16.

[94] M. Scarpa, I. Castagliuolo, C. Castoro, A. Pozza, M. Scarpa, A. Kotsafti, I. Angriman,
Inflammatory colonic carcinogenesis: a review on pathogenesis and immunosurveillance
mechanisms in ulcerative colitis, World J Gastroenterol, 20 (2014) 6774-6785.

[95] M.H. McLean, G.I. Murray, K.N. Stewart, G. Norrie, C. Mayer, G.L. Hold, J. Thomson, N.
Fyfe, M. Hope, N.A. Mowat, J.E. Drew, E.M. El-Omar, The inflammatory microenvironment in
colorectal neoplasia, PLoS One, 6 (2011) e15366.

[96] F. Rodriguez, P. Caruana, N. De la Fuente, P. Espanol, M. Gamez, J. Balart, E. Llurba, R.
Rovira, R. Ruiz, C. Martin-Lorente, J.L. Corchero, M.V. Cespedes, Nano-Based Approved
Pharmaceuticals for Cancer Treatment: Present and Future Challenges, Biomolecules, 12 (2022).
[97] J. Zhang, K. Ali, J. Wang, Research Advances of Lipid Nanoparticles in the Treatment of
Colorectal Cancer, Int J Nanomedicine, 19 (2024) 6693-6715.

[98] M. Haider, K.Z. Zaki, M.R. El Hamshary, Z. Hussain, G. Orive, H.O. Ibrahim, Polymeric
nanocarriers: A promising tool for early diagnosis and efficient treatment of colorectal cancer, J
Adv Res, 39 (2022) 237-255.

[99] R. Dave, R. Patel, M. Patel, Hybrid lipid-polymer nanoplatform: A systematic review for
targeted colorectal cancer therapy, Eur Polym J, 186 (2023).

[100] P. Gogoi, G. Kaur, N.K. Singh, Nanotechnology for colorectal cancer detection and treatment,
World J Gastroenterol, 28 (2022) 6497-6511.

[101] L.E. McCoubrey, A. Favaron, A. Awad, M. Orlu, S. Gaisford, A.W. Basit, Colonic drug
delivery: Formulating the next generation of colon-targeted therapeutics, J Control Release, 353
(2023) 1107-1126.

[102] A. Nikam, P.R. Sahoo, S. Musale, R.R. Pagar, A.C. Paiva-Santos, P.S. Giram, A Systematic
Overview of Eudragit((R)) Based Copolymer for Smart Healthcare, Pharmaceutics, 15 (2023).



[103] Y. Su, H. Pan, J. Wang, D. Liu, W. Pan, Eudragit S100 coated nanodiamond-based
nanoparticles as an oral chemo-photothermal delivery system for local treatment of colon cancer,
Colloids Surf B Biointerfaces, 237 (2024) 113849.

[104] W. Zhu, Y. Chao, Q. Jin, L. Chen, J.J. Shen, J. Zhu, Y. Chai, P. Lu, N. Yang, M. Chen, Y.
Yang, Q. Chen, Z. Liu, Oral Delivery of Therapeutic Antibodies with a Transmucosal Polymeric
Carrier, ACS Nano, 17 (2023) 4373-4386.

[105] L.F. Chen, L. Zhang, R. Zhao, J.J. Shen, Y.Y. Wang, J.F. Zhu, H.P. Fang, N.H. Liu, C. Wang,
T. Wei, Y. Chai, M.Y. Li, C.H. Wu, Q. Chen, Z. Liu, Oral delivery of anti-PD-L1 antibody for
cancer immunotherapy against orthotopic colorectal tumors, Nano Today, 50 (2023).

[106] R. Narayan, S. Gadag, S.P. Cheruku, A.M. Raichur, C.M. Day, S. Garg, S. Manandhar, K.S.R.
Pai, A. Suresh, C.H. Mehta, Y. Nayak, N. Kumar, U.Y. Nayak, Chitosan-glucuronic acid conjugate
coated mesoporous silica nanoparticles: A smart pH-responsive and receptor-targeted system for
colorectal cancer therapy, Carbohydr Polym, 261 (2021) 117893.

[107] M. Yusefi, M.L. Soon, S.Y. Teow, E.I. Monchouguy, B. Neerooa, Z. [zadiyan, H. Jahangirian,
R. Rafiee-Moghaddam, T.J. Webster, K. Shameli, Fabrication of cellulose nanocrystals as potential
anticancer drug delivery systems for colorectal cancer treatment, Int J Biol Macromol, 199 (2022)
372-385.

[108] A.M. Dos Santos, S.G. Carvalho, A.B. Meneguin, R.M. Sabio, M.P.D. Gremiao, M. Chorilli,
Oral delivery of micro/nanoparticulate systems based on natural polysaccharides for intestinal
diseases therapy: Challenges, advances and future perspectives, J Control Release, 334 (2021) 353-
366.

[109] M.L.N. Siles-Sanchez, P. Garcia-Ponsoda, I. Fernandez-Jalao, L. Jaime, S. Santoyo,
Development of Pectin Particles as a Colon-Targeted Marjoram Phenolic Compound Delivery
System, Foods, 13 (2024).

[110] T.T. Koev, H.C. Harris, S. Kiamehr, Y.Z. Khimyak, F.J. Warren, Starch hydrogels as targeted
colonic drug delivery vehicles, Carbohydr Polym, 289 (2022) 119413.

[111] M. Huai, M. Pei, J. Pan, Y. Zhu, Y. Chen, P. Du, Y. Duan, H. Xu, W. Ge, Oral colon-targeted
responsive alginate/hyaluronic acid-based hydrogel propels the application of infliximab in colitis,
Int J Biol Macromol, 249 (2023) 125952.

[112] N. Kulkarni, P. Jain, A. Shindikar, P. Suryawanshi, N. Thorat, Advances in the colon-targeted
chitosan based multiunit drug delivery systems for the treatment of inflammatory bowel disease,
Carbohydr Polym, 288 (2022) 119351.

[113] J. Varshosaz, F. Ahmadi, J. Emami, N. Tavakoli, M. Minaiyan, P. Mahzouni, F. Dorkoosh,
Colon delivery of budesonide using solid dispersion in dextran for the treatment and secondary
prevention of ulcerative colitis in rat, Int J Prev Med, 1 (2010) 115-123.

[114] A.T. Mneimneh, M.M. Mehanna, Chondroitin Sulphate: An emerging therapeutic
multidimensional proteoglycan in colon cancer, Int J Biol Macromol, 254 (2024) 127672.

[115] S. Chadha, A. Kumar, S.A. Srivastava, T. Behl, R. Ranjan, Inulin as a Delivery Vehicle for
Targeting Colon-Specific Cancer, Curr Drug Deliv, 17 (2020) 651-674.

[116] L. Zhang, Y. Sang, J. Feng, Z. L1, A. Zhao, Polysaccharide-based micro/nanocarriers for oral
colon-targeted drug delivery, J Drug Target, 24 (2016) 579-589.

[117] R.K. Kang, N. Mishr, V.K. Rai, Guar Gum Micro-particles for Targeted Co-delivery of
Doxorubicin and Metformin HCL for Improved Specificity and Efficacy Against Colon Cancer: In
Vitro and In Vivo Studies, AAPS PharmSciTech, 21 (2020) 48.

[118] D.W. Zheng, R.Q. Li, J.X. An, T.Q. Xie, Z.Y. Han, R. Xu, Y. Fang, X.Z. Zhang, Prebiotics-
Encapsulated Probiotic Spores Regulate Gut Microbiota and Suppress Colon Cancer, Adv Mater,
32 (2020) e2004529.



[119] R. Kumar, T. Islam, M. Nurunnabi, Mucoadhesive carriers for oral drug delivery, J Control
Release, 351 (2022) 504-559.

[120] G. Sandri, S. Rossi, M.C. Bonferoni, F. Ferrari, M. Mori, C. Caramella, The role of chitosan
as a mucoadhesive agent in mucosal drug delivery, J Drug Deliv Sci Tec, 22 (2012) 275-284.
[121] A. Sosnik, Alginate Particles as Platform for Drug Delivery by the Oral Route: State-of-the-
Art, ISRN Pharm, 2014 (2014) 926157.

[122] J. Bhandari, H. Mishra, P.K. Mishra, R. Wimmer, F.J. Ahmad, S. Talegaonkar, Cellulose
nanofiber aerogel as a promising biomaterial for customized oral drug delivery, Int ] Nanomedicine,
12 (2017) 2021-2031.

[123] W. Han, B. Xie, Y. Li, L. Shi, J. Wan, X. Chen, H. Wang, Orally Deliverable Nanotherapeutics
for the Synergistic Treatment of Colitis-Associated Colorectal Cancer, Theranostics, 9 (2019)
7458-7473.

[124] R. Zhao, S. Du, Y. Liu, C. Lv, Y. Song, X. Chen, B. Zhang, D. Li, S. Gao, W. Cui, M.V. Plikus,
X. Hou, K. Wu, Z. Liu, Z. Liu, Y. Cong, Y. Li, Z. Yu, Mucoadhesive-to-penetrating controllable
peptosomes-in-microspheres co-loaded with anti-miR-31 oligonucleotide and Curcumin for
targeted colorectal cancer therapy, Theranostics, 10 (2020) 3594-3611.

[125] M.E. Johansson, H. Sjovall, G.C. Hansson, The gastrointestinal mucus system in health and
disease, Nat Rev Gastroenterol Hepatol, 10 (2013) 352-361.

[126] D.A. Subramanian, R. Langer, G. Traverso, Mucus interaction to improve gastrointestinal
retention and pharmacokinetics of orally administered nano-drug delivery systems, J
Nanobiotechnology, 20 (2022) 362.

[127]J.T. Huckaby, S.K. Lai, PEGylation for enhancing nanoparticle diffusion in mucus, Adv Drug
Deliv Rev, 124 (2018) 125-139.

[128] N. Nafee, K. Forier, K. Braeckmans, M. Schneider, Mucus-penetrating solid lipid
nanoparticles for the treatment of cystic fibrosis: Proof of concept, challenges and pitfalls, Eur J
Pharm Biopharm, 124 (2018) 125-137.

[129] N. Shrestha, Y. Xu, J.R.C. Prevost, F. McCartney, D. Brayden, R. Frederick, A. Beloqui, V.
Preat, Impact of PEGylation on an antibody-loaded nanoparticle-based drug delivery system for
the treatment of inflammatory bowel disease, Acta Biomater, 140 (2022) 561-572.

[130]Y. Chen, S. Lin, L. Wang, Y. Zhang, H. Chen, Z. Fu, M. Zhang, H. Luo, J. Liu, Reinforcement
of the intestinal mucosal barrier via mucus-penetrating PEGylated bacteria, Nat Biomed Eng, 8
(2024) 823-841.

[131] Z.H. Wang, X. Zeng, W. Huang, Y. Yang, S. Zhang, M. Yang, H. Liu, F. Zhao, A. Li, Z. Zhang,
J. Liu, J. Shi, Bioactive nanomotor enabling efficient intestinal barrier penetration for colorectal
cancer therapy, Nat Commun, 16 (2025) 1678.

[132] Y. Cao, S. Liu, Y. Ma, L. Ma, M. Zu, J. Sun, F. Dai, L. Duan, B. Xiao, Oral Nanomotor-
Enabled Mucus Traverse and Tumor Penetration for Targeted Chemo-Sono-Immunotherapy
against Colon Cancer, Small, 18 (2022) €2203466.

[133] Z.H. Wang, X. Zeng, S. Zhang, H. Li, J. Zhou, Y. Yang, W. Huang, F. Zhao, Z. Liu, J. Liu, Y.
Hu, J. Shi, Acoustic-Magnetic Responsive Nanomotor Augments Oral Drug Delivery by
Gastrointestinal Site Navigation and Mucus Layer Penetration, ACS Nano, 19 (2025) 17228-17246.
[134] M. Serra-Casablancas, V. Di Carlo, D. Esporrin-Ubieto, C. Prado-Morales, A.C. Bakenecker,
S. Sanchez, Catalase-Powered Nanobots for Overcoming the Mucus Barrier, ACS Nano, 18 (2024)
16701-16714.

[135] M. Zu, Y. Ma, J. Zhang, J. Sun, M.A. Shahbazi, G. Pan, R.L. Reis, S.C. Kundu, J. Liu, B.
Xiao, An Oral Nanomedicine Elicits In Situ Vaccination Effect against Colorectal Cancer, ACS
Nano, 18 (2024) 3651-3668.



[136] B. Li, M. Zu, A. Jiang, Y. Cao, J. Wu, M.A. Shahbazi, X. Shi, R.L. Reis, S.C. Kundu, B. Xiao,
Magnetic natural lipid nanoparticles for oral treatment of colorectal cancer through potentiated
antitumor immunity and microbiota metabolite regulation, Biomaterials, 307 (2024) 122530.
[137] M.A. Sorolla, I. Hidalgo, A. Sorolla, R. Montal, O. Pallise, A. Salud, E. Parisi,
Microenvironmental Reactive Oxygen Species in Colorectal Cancer: Involved Processes and
Therapeutic Opportunities, Cancers (Basel), 13 (2021).

[138] M.B. Steiger, A. Steinauer, D. Gao, D.K. Cerrejon, H. Krupke, M. Heussi, P. Merkl, A. Klipp,
M. Burger, C. Martin-Olmos, J.C. Leroux, Enzymatic absorption promoters for non-invasive
peptide delivery, J Control Release, 382 (2025) 113675.

[139] P.I. Chater, M.D. Wilcox, J.P. Pearson, Efficacy and safety concerns over the use of mucus
modulating agents for drug delivery using nanoscale systems, Adv Drug Deliv Rev, 124 (2018)
184-192.

[140] M.F. Neurath, D. Artis, C. Becker, The intestinal barrier: a pivotal role in health,
inflammation, and cancer, Lancet Gastroenterol Hepatol, 10 (2025) 573-592.

[141] K.C. Baral, K.Y. Choi, Barriers and Strategies for Oral Peptide and Protein Therapeutics
Delivery: Update on Clinical Advances, Pharmaceutics, 17 (2025).

[142] B.J. Boyd, C.A.S. Bergstrom, Z. Vinarov, M. Kuentz, J. Brouwers, P. Augustijns, M. Brandl,
A. Bernkop-Schnurch, N. Shrestha, V. Preat, A. Mullertz, A. Bauer-Brandl, V. Jannin, Successful
oral delivery of poorly water-soluble drugs both depends on the intraluminal behavior of drugs and
of appropriate advanced drug delivery systems, Eur J Pharm Sci, 137 (2019) 104967.

[143] M. Bohley, J.C. Leroux, Gastrointestinal Permeation Enhancers Beyond Sodium Caprate and
SNAC - What is Coming Next?, Adv Sci (Weinh), 11 (2024) ¢2400843.

[144] S. Barua, S. Mitragotri, Challenges associated with Penetration of Nanoparticles across Cell
and Tissue Barriers: A Review of Current Status and Future Prospects, Nano Today, 9 (2014) 223-
243.

[145] S. Mabher, R.J. Mrsny, D.J. Brayden, Intestinal permeation enhancers for oral peptide delivery,
Adv Drug Deliv Rev, 106 (2016) 277-319.

[146] E.M. Danielsen, G.H. Hansen, Intestinal surfactant permeation enhancers and their
interaction with enterocyte cell membranes in a mucosal explant system, Tissue Barriers, 5 (2017)
e1361900.

[147] E. Moghimipour, A. Ameri, S. Handali, Absorption-Enhancing Effects of Bile Salts,
Molecules, 20 (2015) 14451-14473.

[148] S. Maher, D.J. Brayden, Formulation strategies to improve the efficacy of intestinal
permeation enhancers(), Adv Drug Deliv Rev, 177 (2021) 113925.

[149] Q. Jiao, Y. Huang, J. He, Y. Xu, Advances in Oral Biomacromolecule Therapies for Metabolic
Diseases, Pharmaceutics, 17 (2025).

[150] H. Lian, T. Zhang, J. Sun, X. Liu, G. Ren, L. Kou, Y. Zhang, X. Han, W. Ding, X. Ai, C. Wu,
L. Li, Y. Wang, Y. Sun, S. Wang, Z. He, Enhanced oral delivery of paclitaxel using acetylcysteine
functionalized chitosan-vitamin E succinate nanomicelles based on a mucus bioadhesion and
penetration mechanism, Mol Pharm, 10 (2013) 3447-3458.

[151] X. Wang, L. Qiu, X. Wang, H. Ouyang, T. Li, L. Han, X. Zhang, W. Xu, K. Chu, Evaluation
of intestinal permeation enhancement with carboxymethyl chitosan-rhein polymeric micelles for
oral delivery of paclitaxel, Int J Pharm, 573 (2020) 118840.

[152] L.P. Sze, H.Y. Li, K.L.A. Lai, S.F. Chow, Q. Li, K.W. KennethTo, T.N.T. Lam, W.Y.T. Lee,
Oral delivery of paclitaxel by polymeric micelles: A comparison of different block length on uptake,
permeability and oral bioavailability, Colloids Surf B Biointerfaces, 184 (2019) 110554.



[153] A. Almeida, F. Castro, C. Resende, M. Lucio, S. Schwartz, Jr., B. Sarmento, Oral delivery of
camptothecin-loaded multifunctional chitosan-based micelles is effective in reduce colorectal
cancer, J] Control Release, 349 (2022) 731-743.

[154] S.C. Owen, D.P.Y. Chan, M.S. Shoichet, Polymeric micelle stability, Nano Today, 7 (2012)
53-65.

[155] G. Li, S. Wang, D. Deng, Z. Xiao, Z. Dong, Z. Wang, Q. Lei, S. Gao, G. Huang, E. Zhang,
G. Zeng, Z. Wen, S. Wu, Z. Liu, Fluorinated Chitosan To Enhance Transmucosal Delivery of
Sonosensitizer-Conjugated Catalase for Sonodynamic Bladder Cancer Treatment Post-intravesical
Instillation, ACS Nano, 14 (2020) 1586-1599.

[156] N.M. Mayordomo, A. Zatarain-Beraza, F. Valerio, V. Alvarez-Mendez, P. Turegano, L.
Herranz-Garcia, A. Lopez de Aguileta, N. Cattani, A. Alvarez-Alonso, M.L. Fanarraga, The Protein
Corona Paradox: Challenges in Achieving True Biomimetics in Nanomedicines, Biomimetics
(Basel), 10 (2025).

[157] A. Aljabbari, S. Kihara, T. Rades, B.J. Boyd, The biomolecular gastrointestinal corona in oral
drug delivery, J Control Release, 363 (2023) 536-549.

[158] T. Zhang, G. Zhu, B. Lu, Z. Qian, Q. Peng, Protein corona formed in the gastrointestinal tract
and its impacts on oral delivery of nanoparticles, Med Res Rev, (2020).

[159] Z. Jiang, Y. Chu, C. Zhan, Protein corona: challenges and opportunities for targeted delivery
of nanomedicines, Expert Opin Drug Deliv, 19 (2022) 833-846.

[160] Q. Xiao, M. Zoulikha, M. Qiu, C. Teng, C. Lin, X. Li, M.A. Sallam, Q. Xu, W. He, The
effects of protein corona on in vivo fate of nanocarriers, Adv Drug Deliv Rev, 186 (2022) 114356.
[161]]. Wang, Z. Zhang, Z. Zhang, Z. Zou, Y. Zhuo, C. Liu, D. Nie, Y. Gan, M. Yu, Enhanced Gut-
to-Liver Oral Drug Delivery via Ligand-Modified Nanoparticles by Attenuating Protein Corona
Adsorption, ACS Nano, 18 (2024) 35310-35324.

[162] D. Yang, Y. Feng, Y. Yuan, L. Zhang, Y. Zhou, A.C. Midgley, Y. Wang, N. Liu, G. Li, X. Yao,
D. Liu, Protein Coronas Derived from Mucus Act as Both Spear and Shield to Regulate Transferrin
Functionalized Nanoparticle Transcellular Transport in Enterocytes, ACS Nano, 18 (2024) 7455-
7472.

[163] J. Wu, L. Xing, Y. Zheng, Y. Yu, R. Wu, X. Liu, L. Li, Y. Huang, Disease-specific protein
corona formed in pathological intestine enhances the oral absorption of nanoparticles, Acta Pharm
Sin B, 13 (2023) 3876-3891.

[164] R. Rampado, S. Crotti, P. Caliceti, S. Pucciarelli, M. Agostini, Recent Advances in
Understanding the Protein Corona of Nanoparticles and in the Formulation of "Stealthy"
Nanomaterials, Front Bioeng Biotechnol, 8 (2020) 166.

[165] B. Wang, S. Hu, Y. Teng, J. Chen, H. Wang, Y. Xu, K. Wang, J. Xu, Y. Cheng, X. Gao, Current
advance of nanotechnology in diagnosis and treatment for malignant tumors, Signal Transduct
Target Ther, 9 (2024) 200.

[166] Q. Pan, X. Fan, L. Xie, D. Wu, R. Liu, W. Gao, K. Luo, B. He, Y. Pu, Nano-enabled colorectal
cancer therapy, J Control Release, 362 (2023) 548-564.

[167] D.T. Akhter, J.D. Simpson, N.L. Fletcher, Z.H. Houston, A.V. Fuchs, C.A. Bell, K.J. Thurecht,
Oral Delivery of Multicompartment Nanomedicines for Colorectal Cancer Therapeutics:
Combining Loco-Regional Delivery with Cell-Target Specificity, Adv Ther-Germany, 3 (2020).
[168] B. Xiao, M.K. Han, E. Viennois, L. Wang, M. Zhang, X. Si, D. Merlin, Hyaluronic acid-
functionalized polymeric nanoparticles for colon cancer-targeted combination chemotherapy,
Nanoscale, 7 (2015) 17745-17755.

[169] B. Li, Z. Zhang, S. He, W. Du, X. Yang, B. Kou, Y. Jiang, P. Bian, L. Yin, Hyaluronic acid
oligosaccharide-modified zeolitic imidazolate framework-8 nanoparticles loaded with oxaliplatin



as a targeted drug-delivery system for colorectal cancer therapy, Nanomedicine (Lond), 18 (2023)
891-905.

[170] Y. Hou, J. Jin, H. Duan, C. Liu, L. Chen, W. Huang, Z. Gao, M. Jin, Targeted therapeutic
effects of oral inulin-modified double-layered nanoparticles containing chemotherapeutics on
orthotopic colon cancer, Biomaterials, 283 (2022) 121440.

[171] O. Gires, M. Pan, H. Schinke, M. Canis, P.A. Baeuerle, Expression and function of epithelial
cell adhesion molecule EpCAM: where are we after 40 years?, Cancer Metastasis Rev, 39 (2020)
969-987.

[172] Z. Liu, C. Zhang, B. Cui, Y. Wang, K. Lim, K. Li, J.P. Thiery, J. Chen, C.L. Ho, Targeted
EpCAM-binding for the development of potent and effective anticancer proteins, Biomed
Pharmacother, 161 (2023) 114443.

[173] P.W. Underwood, S.M. Ruff, T.M. Pawlik, Update on Targeted Therapy and Immunotherapy
for Metastatic Colorectal Cancer, Cells, 13 (2024).

[174] S. Aghamiri, A. Jafarpour, Z.V. Malekshahi, M. Mahmoudi Gomari, B. Negahdari, Targeting
siRNA in colorectal cancer therapy: Nanotechnology comes into view, J Cell Physiol, 234 (2019)
14818-14827.

[175] M. Hu, C. Feng, Q. Yuan, C. Liu, B. Ge, F. Sun, X. Zhu, Lantern-shaped flexible RNA
origami for Smad4 mRNA delivery and growth suppression of colorectal cancer, Nat Commun, 14
(2023) 1307.

[176] X. Jiang, N. Wang, C. Liu, Y. Zhuo, L. Liang, Y. Gan, M. Yu, Oral delivery of nucleic acid
therapeutics: Challenges, strategies, and opportunities, Drug Discov Today, 28 (2023) 103507.
[177] B. Xiao, E. Viennois, Q. Chen, L. Wang, M.K. Han, Y. Zhang, Z. Zhang, Y. Kang, Y. Wan,
D. Merlin, Silencing of Intestinal Glycoprotein CD98 by Orally Targeted Nanoparticles Enhances
Chemosensitization of Colon Cancer, ACS Nano, 12 (2018) 5253-5265.

[178] R.L. Ball, P. Bajaj, K.A. Whitehead, Oral delivery of siRNA lipid nanoparticles: Fate in the
Gl tract, Sci Rep, 8 (2018) 2178.

[179] Z.H. Wang, M. Chu, N. Yin, W. Huang, W. Liu, Z. Zhang, J. Liu, J. Shi, Biological
chemotaxis-guided self-thermophoretic nanoplatform augments colorectal cancer therapy through
autonomous mucus penetration, Sci Adv, 8 (2022) eabn3917.

[180] T. Shen, X. Sun, S. Yang, W. Wang, Z. Chen, Y. Lin, S. Li, H. Peng, L. Zeng, G. Li, X. Li, B.
Wang, J. Ning, H. Wen, B. Lei, L. Zhang, Innovative Oral Nano/Gene Delivery System Based on
Engineered Modified Saccharomyces cerevisiae for Colorectal Cancer Therapy, ACS Nano, 18
(2024) 28212-28227.

[181] B.A. Cisterna, N. Kamaly, W.I. Choi, A. Tavakkoli, O.C. Farokhzad, C. Vilos, Targeted
nanoparticles for colorectal cancer, Nanomedicine (Lond), 11 (2016) 2443-2456.

[182] N. Li, Q. Zhu, Y. Tian, K.J. Ahn, X. Wang, Z. Cramer, J. Jou, . W. Folkert, P. Yu, S. Adams-
Tzivelekidis, P. Sehgal, N.N. Mahmoud, C.B. Aarons, R.E. Roses, A. Thomas-Tikhonenko, E.E.
Furth, B.Z. Stanger, A. Rustgi, M. Haldar, B.W. Katona, K. Tan, C.J. Lengner, Mapping and
modeling human colorectal carcinoma interactions with the tumor microenvironment, Nat
Commun, 14 (2023) 7915.

[183] Y.T. Qin, X. Liu, J.X. An, Z. Chen, M.T. Niu, X. Yan, Q.R. Li, Z.Y. Rao, X.Z. Zhang, Oral
Saccharomyces cerevisiae-Guided Enzyme Prodrug Therapy Combined with Immunotherapy for
the Treatment of Orthotopic Colorectal Cancer, ACS Nano, 18 (2024) 23497-23507.

[184]Y. Fan, J. Ye, Y. Kang, G. Niu, J. Shi, X. Yuan, R. Li, J. Han, X. Ji, Biomimetic piezoelectric
nanomaterial-modified oral microrobots for targeted catalytic and immunotherapy of colorectal
cancer, Sci Adv, 10 (2024) eadm9561.



[185] X. Xu, P.E. Saw, W. Tao, Y. Li, X. Ji, S. Bhasin, Y. Liu, D. Ayyash, J. Rasmussen, M. Huo, J.
Shi, O.C. Farokhzad, ROS-Responsive Polyprodrug Nanoparticles for Triggered Drug Delivery
and Effective Cancer Therapy, Adv Mater, 29 (2017).

[186] W. Yin, W. Ke, W. Chen, L. Xi, Q. Zhou, J.F. Mukerabigwi, Z. Ge, Integrated block
copolymer prodrug nanoparticles for combination of tumor oxidative stress amplification and
ROS-responsive drug release, Biomaterials, 195 (2019) 63-74.

[187] Y. Hao, Y. Chen, X. He, Y. Yu, R. Han, Y. Li, C. Yang, D. Hu, Z. Qian, Polymeric
Nanoparticles with ROS-Responsive Prodrug and Platinum Nanozyme for Enhanced
Chemophotodynamic Therapy of Colon Cancer, Adv Sci (Weinh), 7 (2020) 2001853.

[188] L. Cao, H. Tian, M. Fang, Z. Xu, D. Tang, J. Chen, J. Yin, H. Xiao, K. Shang, H. Han, X. Li,
Activating cGAS-STING pathway with ROS-responsive nanoparticles delivering a hybrid prodrug
for enhanced chemo-immunotherapy, Biomaterials, 290 (2022) 121856.

[189] C. Tan, H. Fan, J. Ding, C. Han, Y. Guan, F. Zhu, H. Wu, Y. Liu, W. Zhang, X. Hou, S. Tan,
Q. Tang, ROS-responsive nanoparticles for oral delivery of luteolin and targeted therapy of
ulcerative colitis by regulating pathological microenvironment, Mater Today Bio, 14 (2022)
100246.

[190] S. Li, A. Xie, H. Li, X. Zou, Q. Zhang, A self-assembled, ROS-responsive Janus-prodrug for
targeted therapy of inflammatory bowel disease, J Control Release, 316 (2019) 66-78.

[191] Q.X. Huang, J.L. Liang, C.H. Yang, K. Li, M.T. Niu, J.X. Fan, X.Z. Zhang, Stimulation-
responsive mucoadhesive probiotics for inflammatory bowel disease treatment by scavenging
reactive oxygen species and regulating gut microbiota, Biomaterials, 301 (2023) 122274.

[192] W.Q. Cai, W. Liang, D. Li, W. Dai, Z. Li, X. Wei, L. Cheng, B.B. Zhang, Q. Yang, Reactive
Oxygen Species-Responsive Polymer Drug Delivery System Targeted Oxidative Stressed Colon
Cells to Ameliorate Colitis, ACS Nano, 19 (2025) 17287-17308.

[193] ILL. Lu, T.W. Yu, T.I. Liu, HH. Chen, Y.C. Yang, C.L. Lo, C.Y. Wang, H.C. Chiu,
Microfluidized Dextran Microgels Loaded with Cisplatin/SPION Lipid Nanotherapeutics for Local
Colon Cancer Treatment via Oral Administration, Adv Healthc Mater, 11 (2022) €2201140.

[194] R. Heydarian, A. Divsalar, H.M. Kouchesfehani, M. Rasouli, Folic acid-targeted beta-
lactoglobulin nanocarriers for enhanced delivery of 5-fluorouracil and sodium butyrate in
colorectal cancer treatment, Int J Pharm, 671 (2025) 125262.

[195] M.B. Subudhi, A. Jain, A. Jain, P. Hurkat, S. Shilpi, A. Gulbake, S.K. Jain, Eudragit S100
Coated Citrus Pectin Nanoparticles for Colon Targeting of 5-Fluorouracil, Materials (Basel), 8
(2015) 832-849.

[196] D. Desai, N. Prabhakar, V. Mamaeva, D.S. Karaman, [.A. Lahdeniemi, C. Sahlgren, J.M.
Rosenholm, D.M. Toivola, Targeted modulation of cell differentiation in distinct regions of the
gastrointestinal tract via oral administration of differently PEG-PEI functionalized mesoporous
silica nanoparticles, Int J Nanomedicine, 11 (2016) 299-313.

[197] M. Ancillotti, A. Grauman, J. Veldwijk, A. Flobak, D. Mascalzoni, Exploring doctors'
perspectives on precision medicine and Al in colorectal cancer: opportunities and challenges for
the doctor-patient relationship, BMC Med Inform Decis Mak, 25 (2025) 283.

[198]Y. Wei, F. Shen, H. Song, R. Zhao, W. Feng, Y. Pan, X. Li, H. Yu, G. Familiari, M. Relucenti,
M. Aschner, H. Shi, R. Chen, G. Nie, H. Chen, The challenge and opportunity of gut microbiota-
targeted nanomedicine for colorectal cancer therapy, Imeta, 3 (2024) e213.

[199] Z. Gong, Y. Mao, Y. Liu, X. Hu, Y. Zhang, L. Zhu, S. Guo, Z. Ding, L. Zhang, Sono-promoted
piezocatalysis and low-dose drug penetration for personalized therapy via tumor organoids, J
Colloid Interface Sci, 675 (2024) 192-206.



[200] H. Choukaife, S. Seyam, B. Alallam, A.A. Doolaanea, M. Alfatama, Current Advances in
Chitosan Nanoparticles Based Oral Drug Delivery for Colorectal Cancer Treatment, Int J
Nanomedicine, 17 (2022) 3933-3966.

[201] I.L. Bergin, F.A. Witzmann, Nanoparticle toxicity by the gastrointestinal route: evidence and
knowledge gaps, Int ] Biomed Nanosci Nanotechnol, 3 (2013).

[202] E.J. Park, E. Bae, J. Yi, Y. Kim, K. Choi, S.H. Lee, J. Yoon, B.C. Lee, K. Park, Repeated-
dose toxicity and inflammatory responses in mice by oral administration of silver nanoparticles,
Environ Toxicol Pharmacol, 30 (2010) 162-168.

[203] L. Chen, L. Zhang, R. Zhao, J. Shen, Y. Wang, J. Zhu, H. Fang, N. Liu, C. Wang, T. Wei, Y.
Chai, M. Li, C. Wu, Q. Chen, Z. Liu, Oral delivery of anti-PD-L1 antibody for cancer
immunotherapy against orthotopic colorectal tumors, Nano Today, 50 (2023) 101834.

[204] A. Adak, M.R. Khan, An insight into gut microbiota and its functionalities, Cell Mol Life Sci,
76 (2019) 473-493.

[205] I. Yu, R. Wu, Y. Tokumaru, K.P. Terracina, K. Takabe, The Role of the Microbiome on the
Pathogenesis and Treatment of Colorectal Cancer, Cancers (Basel), 14 (2022).

[206] S. Zou, L. Fang, M.H. Lee, Dysbiosis of gut microbiota in promoting the development of
colorectal cancer, Gastroenterol Rep (Oxf), 6 (2018) 1-12.

[207] A. Ahmad, N. Mahmood, M.A. Raza, Z. Mushtaq, F. Saced, M. Afzaal, M. Hussain, H.W.
Amjad, H.M. Al-Awadi, Gut microbiota and their derivatives in the progression of colorectal cancer:
Mechanisms of action, genome and epigenome contributions, Heliyon, 10 (2024) €29495.

[208] X. Bai, B. Liu, D. Fan, Y. Lu, X. Zhao, Modulating the gut microbiota: A novel perspective
in colorectal cancer treatment, Cancer Lett, 612 (2025) 217459.

[209] T.J. Borody, A. Khoruts, Fecal microbiota transplantation and emerging applications, Nat
Rev Gastroenterol Hepatol, 9 (2011) 88-96.

[210]Y. Ma, H. Chen, Faecal microbiota transplantation, a promising way to treat colorectal cancer,
EBioMedicine, 49 (2019) 13-14.

[211]Y. Yang, Y. An, Y. Dong, Q. Chu, J. Wei, B. Wang, H. Cao, Fecal microbiota transplantation:
no longer cinderella in tumour immunotherapy, EBioMedicine, 100 (2024) 104967.

[212] H. Yu, X.X. Li, X. Han, B.X. Chen, X.H. Zhang, S. Gao, D.Q. Xu, Y. Wang, Z.K. Gao, L.
Yu, S.L. Zhu, L.C. Yao, G.R. Liu, S.L. Liu, X.Q. Mu, Fecal microbiota transplantation inhibits
colorectal cancer progression: Reversing intestinal microbial dysbiosis to enhance anti-cancer
immune responses, Front Microbiol, 14 (2023) 1126808.

[213] C.W. Chang, H.C. Lee, L.H. Li, J.S. Chiang Chiau, T.E. Wang, W.H. Chuang, M.J. Chen,
H.Y. Wang, S.C. Shih, C.Y. Liu, T.H. Tsai, Y.J. Chen, Fecal Microbiota Transplantation Prevents
Intestinal Injury, Upregulation of Toll-Like Receptors, and 5-Fluorouracil/Oxaliplatin-Induced
Toxicity in Colorectal Cancer, Int J Mol Sci, 21 (2020).

[214] B. Routy, E. Le Chatelier, L. Derosa, C.P.M. Duong, M.T. Alou, R. Daillere, A. Fluckiger,
M. Messaoudene, C. Rauber, M.P. Roberti, M. Fidelle, C. Flament, V. Poirier-Colame, P. Opolon,
C. Klein, K. Iribarren, L. Mondragon, N. Jacquelot, B. Qu, G. Ferrere, C. Clemenson, L. Mezquita,
J.R. Masip, C. Naltet, S. Brosseau, C. Kaderbhai, C. Richard, H. Rizvi, F. Levenez, N. Galleron,
B. Quinquis, N. Pons, B. Ryffel, V. Minard-Colin, P. Gonin, J.C. Soria, E. Deutsch, Y. Loriot, F.
Ghiringhelli, G. Zalcman, F. Goldwasser, B. Escudier, M.D. Hellmann, A. Eggermont, D. Raoult,
L. Albiges, G. Kroemer, L. Zitvogel, Gut microbiome influences efficacy of PD-1-based
immunotherapy against epithelial tumors, Science, 359 (2018) 91-97.

[215] F.Y. Shaikh, J.J. Gills, F. Mohammad, J.R. White, C.M. Stevens, H. Ding, J. Fu, A. Tam, R.L.
Blosser, J.C. Domingue, T.C. Larman, J.E. Chaft, J.D. Spicer, J.E. Reuss, J. Naidoo, P.M. Forde, S.
Ganguly, F. Housseau, D.M. Pardoll, C.L. Sears, Murine fecal microbiota transfer models



selectively colonize human microbes and reveal transcriptional programs associated with response
to neoadjuvant checkpoint inhibitors, Cancer Immunol Immunother, 71 (2022) 2405-2420.

[216] J. Huang, X. Zheng, W. Kang, H. Hao, Y. Mao, H. Zhang, Y. Chen, Y. Tan, Y. He, W. Zhao,
Y. Yin, Metagenomic and metabolomic analyses reveal synergistic effects of fecal microbiota
transplantation and anti-PD-1 therapy on treating colorectal cancer, Front Immunol, 13 (2022)
874922,

[217] N.M. Maftei, C.R. Raileanu, A.A. Balta, L. Ambrose, M. Boev, D.B. Marin, E.L. Lisa, The
Potential Impact of Probiotics on Human Health: An Update on Their Health-Promoting Properties,
Microorganisms, 12 (2024).

[218] A. Latif, A. Shehzad, S. Niazi, A. Zahid, W. Ashraf, M.W. Igbal, A. Rehman, T. Riaz, R.M.
Aadil, .M. Khan, F. Ozogul, J.M. Rocha, T. Esatbeyoglu, S.A. Korma, Probiotics: mechanism of
action, health benefits and their application in food industries, Front Microbiol, 14 (2023) 1216674.
[219] M. Kvakova, A. Kamlarova, J. Stofilova, V. Benetinova, 1. Bertkova, Probiotics and
postbiotics in colorectal cancer: Prevention and complementary therapy, World J Gastroenterol, 28
(2022) 3370-3382.

[220] P. Ranji, A. Akbarzadeh, M. Rahmati-Yamchi, Associations of Probiotics with Vitamin D and
Leptin Receptors and their Effects on Colon Cancer, Asian Pac J Cancer Prev, 16 (2015) 3621-
3627.

[221] A.M. Urbanska, J. Bhathena, C. Martoni, S. Prakash, Estimation of the potential antitumor
activity of microencapsulated Lactobacillus acidophilus yogurt formulation in the attenuation of
tumorigenesis in Apc(Min/+) mice, Dig Dis Sci, 54 (2009) 264-273.

[222] N. Sugimura, Q. Li, E.S.H. Chu, H.C.H. Lau, W. Fong, W. Liu, C. Liang, G. Nakatsu, A.C.Y.
Su, 0.0. Coker, WK.K. Wu, F.K.L. Chan, J. Yu, Lactobacillus gallinarum modulates the gut
microbiota and produces anti-cancer metabolites to protect against colorectal tumourigenesis, Gut,
71(2021) 2011-2021.

[223] Z. Bi, E. Cui, Y. Yao, X. Chang, X. Wang, Y. Zhang, G.X. Xu, H. Zhuang, Z.C. Hua,
Recombinant Bifidobacterium longum Carrying Endostatin Protein Alleviates Dextran Sodium
Sulfate-Induced Colitis and Colon Cancer in Rats, Front Microbiol, 13 (2022) 927277.

[224] S. Agah, A.M. Alizadeh, M. Mosavi, P. Ranji, H. Khavari-Daneshvar, F. Ghasemian, S.
Bahmani, A. Tavassoli, More Protection of Lactobacillus acidophilus Than Bifidobacterium
bifidum Probiotics on Azoxymethane-Induced Mouse Colon Cancer, Probiotics Antimicrob
Proteins, 11 (2019) 857-864.

[225] Q. Li, W. Hu, W.X. Liu, L.Y. Zhao, D. Huang, X.D. Liu, H. Chan, Y. Zhang, J.D. Zeng, O.O.
Coker, W. Kang, S.S.M. Ng, L. Zhang, S.H. Wong, T. Gin, M.T.V. Chan, J.L. Wu, J. Yu, WK K.
Wu, Streptococcus thermophilus Inhibits Colorectal Tumorigenesis Through Secreting beta-
Galactosidase, Gastroenterology, 160 (2021) 1179-1193 el114.

[226] L. Fan, C. Xu, Q. Ge, Y. Lin, C.C. Wong, Y. Q1, B. Ye, Q. Lian, W. Zhuo, J. Si, S. Chen, L.
Wang, A. Muciniphila Suppresses Colorectal Tumorigenesis by Inducing TLR2/NLRP3-Mediated
MI1-Like TAMs, Cancer Immunol Res, 9 (2021) 1111-1124.

[227] L.F. Mager, R. Burkhard, N. Pett, N.C.A. Cooke, K. Brown, H. Ramay, S. Paik, J. Stagg,
R.A. Groves, M. Gallo, LA. Lewis, M.B. Geuking, K.D. McCoy, Microbiome-derived inosine
modulates response to checkpoint inhibitor immunotherapy, Science, 369 (2020) 1481-1489.
[228] T. Tanoue, S. Morita, D.R. Plichta, A.N. Skelly, W. Suda, Y. Sugiura, S. Narushima, H.
Vlamakis, 1. Motoo, K. Sugita, A. Shiota, K. Takeshita, K. Yasuma-Mitobe, D. Riethmacher, T.
Kaisho, J.M. Norman, D. Mucida, M. Suematsu, T. Yaguchi, V. Bucci, T. Inoue, Y. Kawakami, B.
Olle, B. Roberts, M. Hattori, R.J. Xavier, K. Atarashi, K. Honda, A defined commensal consortium
elicits CD8 T cells and anti-cancer immunity, Nature, 565 (2019) 600-605.



[229] W. Fong, Q. Li, F. Ji, W. Liang, H.C.H. Lau, X. Kang, W. Liu, K.K. To, Z. Zuo, X. Li, X.
Zhang, J.J. Sung, J. Yu, Lactobacillus gallinarum-derived metabolites boost anti-PD1 efficacy in
colorectal cancer by inhibiting regulatory T cells through modulating IDO1/Kyn/AHR axis, Gut,
72 (2023) 2272-2285.

[230] R. Negarandeh, E. Salehifar, F. Saghafi, H. Jalali, G. Janbabaei, M.J. Abdhaghighi, A. Nosrati,
Evaluation of adverse effects of chemotherapy regimens of 5-fluoropyrimidines derivatives and
their association with DPYD polymorphisms in colorectal cancer patients, BMC Cancer, 20 (2020)
560.

[231] S.C. Genaro, L.S. Lima de Souza Reis, S.K. Reis, E.A. Rabelo Socca, W.J. Favaro, Probiotic
supplementation attenuates the aggressiveness of chemically induced colorectal tumor in rats, Life
Sci, 237 (2019) 116895.

[232] W. Yuan, X. Xiao, X. Yu, F. Xie, P. Feng, K. Malik, J. Wu, Z. Ye, P. Zhang, X. Li, Probiotic
Therapy (BIO-THREE) Mitigates Intestinal Microbial Imbalance and Intestinal Damage Caused
by Oxaliplatin, Probiotics Antimicrob Proteins, 14 (2022) 60-71.

[233] C.Y. Yeung, W.T. Chan, C.B. Jiang, M.L. Cheng, C.Y. Liu, S.W. Chang, J.S. Chiang Chiau,
H.C. Lee, Correction: Amelioration of Chemotherapy-Induced Intestinal Mucositis by Orally
Administered Probiotics in a Mouse Model, PLoS One, 10 (2015) e0141402.

[234] F. Huang, S. Li, W. Chen, Y. Han, Y. Yao, L. Yang, Q. Li, Q. Xiao, J. Wei, Z. Liu, T. Chen,
X. Deng, Postoperative Probiotics Administration Attenuates Gastrointestinal Complications and
Gut Microbiota Dysbiosis Caused by Chemotherapy in Colorectal Cancer Patients, Nutrients, 15
(2023).

[235] G.F. Luo, W.H. Chen, X. Zeng, X.Z. Zhang, Cell primitive-based biomimetic functional
materials for enhanced cancer therapy, Chem Soc Rev, 50 (2021) 945-985.

[236] Y. Zhang, R. Kang, X. Zhang, G. Pang, L. Li, C. Han, B. Liu, X. Xue, J. Liu, T. Sun, T. Wang,
P. Liu, H. Wang, A programmable oral bacterial hydrogel for controllable production and release
of nanovaccine for tumor immunotherapy, Biomaterials, 299 (2023) 122147.

[237] ML.E. Griffin, J. Espinosa, J.L. Becker, J.D. Luo, T.S. Carroll, J.K. Jha, G.R. Fanger, H.C.
Hang, Enterococcus peptidoglycan remodeling promotes checkpoint inhibitor cancer
immunotherapy, Science, 373 (2021) 1040-1046.

[238] F.P. Canale, C. Basso, G. Antonini, M. Perotti, N. Li, A. Sokolovska, J. Neumann, M.J. James,
S. Geiger, W. Jin, J.P. Theurillat, K.A. West, D.S. Leventhal, J.M. Lora, F. Sallusto, R. Geiger,
Metabolic modulation of tumours with engineered bacteria for immunotherapy, Nature, 598 (2021)
662-6606.

[239] C.R. Gurbatri, G.A. Radford, L. Vrbanac, J. Im, E.M. Thomas, C. Coker, S.R. Taylor, Y. Jang,
A. Sivan, K. Rhee, A.A. Saleh, T. Chien, F. Zandkarimi, I. Lia, T R.M. Lannagan, T. Wang, J.A.
Wright, H. Kobayashi, J.Q. Ng, M. Lawrence, T. Sammour, M. Thomas, M. Lewis, L. Papanicolas,
J. Perry, T. Fitzsimmons, P. Kaazan, A. Lim, A.M. Stavropoulos, D.A. Gouskos, J. Marker, C.
Ostroff, G. Rogers, N. Arpaia, D.L. Worthley, S.L. Woods, T. Danino, Engineering tumor-
colonizing E. coli Nissle 1917 for detection and treatment of colorectal neoplasia, Nat Commun,
15 (2024) 646.

[240]J. Li, R. Yang, Y. Yuan, H. Ren, C. Fang, J.F. Lovell, Y. Zhang, An Oral Nanovaccine Secreted
by Genetically Engineered and Ultrasound-Responsive Bacteria for Colon Cancer Immunotherapy,
Advanced Functional Materials, 35 (2025) 2414994.

[241] S. Salminen, M.C. Collado, A. Endo, C. Hill, S. Lebeer, E.M.M. Quigley, M.E. Sanders, R.
Shamir, J.R. Swann, H. Szajewska, G. Vinderola, The International Scientific Association of
Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of postbiotics,
Nat Rev Gastroenterol Hepatol, 18 (2021) 649-667.



[242] S.L. Zhang, Y.Q. Mao, Z.Y. Zhang, Z.M. Li, C.Y. Kong, H.L. Chen, P.R. Cai, B. Han, T. Ye,
L.S. Wang, Pectin supplement significantly enhanced the anti-PD-1 efficacy in tumor-bearing mice
humanized with gut microbiota from patients with colorectal cancer, Theranostics, 11 (2021) 4155-
4170.

[243] Z. Alam, X. Shang, K. Effat, F. Kanwal, X. He, Y. Li, C. Xu, W. Niu, A.R. War, Y. Zhang,
The potential role of prebiotics, probiotics, and synbiotics in adjuvant cancer therapy especially
colorectal cancer, J Food Biochem, 46 (2022) e14302.

[244] C.N. Spencer, J.L. McQuade, V. Gopalakrishnan, J.A. McCulloch, M. Vetizou, A.P. Cogdill,
M.A.W. Khan, X. Zhang, M.G. White, C.B. Peterson, M.C. Wong, G. Morad, T. Rodgers, J.H.
Badger, B.A. Helmink, M.C. Andrews, R.R. Rodrigues, A. Morgun, Y.S. Kim, J. Roszik, K.L.
Hoffman, J. Zheng, Y. Zhou, Y.B. Medik, L.M. Kahn, S. Johnson, C.W. Hudgens, K. Wani, P.O.
Gaudreau, A.L. Harris, M.A. Jamal, E.N. Baruch, E. Perez-Guijarro, C.P. Day, G. Merlino, B.
Pazdrak, B.S. Lochmann, R.A. Szczepaniak-Sloane, R. Arora, J. Anderson, C.M. Zobniw, E.
Posada, E. Sirmans, J. Simon, L.E. Haydu, E.M. Burton, L. Wang, M. Dang, K. Clise-Dwyer, S.
Schneider, T. Chapman, N.A.S. Anang, S. Duncan, J. Toker, J.C. Malke, 1.C. Glitza, R.N. Amaria,
H.A. Tawbi, A. Diab, M.K. Wong, S.P. Patel, S.E. Woodman, M.A. Davies, M.I. Ross, J.E.
Gershenwald, J.E. Lee, P. Hwu, V. Jensen, Y. Samuels, R. Straussman, N.J. Ajami, K.C. Nelson, L.
Nezi, J.F. Petrosino, P.A. Futreal, A.J. Lazar, J. Hu, R.R. Jenq, M.T. Tetzlaff, Y. Yan, W.S. Garrett,
C. Huttenhower, P. Sharma, S.S. Watowich, J.P. Allison, L. Cohen, G. Trinchieri, C.R. Daniel, J.A.
Wargo, Dietary fiber and probiotics influence the gut microbiome and melanoma immunotherapy
response, Science, 374 (2021) 1632-1640.

[245] K. Han, J. Nam, J. Xu, X. Sun, X. Huang, O. Animasahun, A. Achreja, J.H. Jeon, B. Pursley,
N. Kamada, G.Y. Chen, D. Nagrath, J.J. Moon, Generation of systemic antitumour immunity via
the in situ modulation of the gut microbiome by an orally administered inulin gel, Nat Biomed Eng,
5(2021) 1377-1388.

[246] K.C. Lam, R.E. Araya, A. Huang, Q. Chen, M. Di Modica, R.R. Rodrigues, A. Lopes, S.B.
Johnson, B. Schwarz, E. Bohrnsen, A.P. Cogdill, C.M. Bosio, J.A. Wargo, M.P. Lee, R.S.
Goldszmid, Microbiota triggers STING-type I IFN-dependent monocyte reprogramming of the
tumor microenvironment, Cell, 184 (2021) 5338-5356 e5321.

[247] Y. Wang, X. Su, Y. Liu, L. Hu, L. Kang, C. Xu, Z. Sun, C. Sun, H. Guo, S. Shen, Improved
prebiotic-based "shield" equipped probiotics for enhanced colon cancer therapy by polarizing M1
macrophages and regulating intestinal microbiota, Acta Pharm Sin B, 15 (2025) 4225-4247.

[248] M.O. Din, T. Danino, A. Prindle, M. Skalak, J. Selimkhanov, K. Allen, E. Julio, E. Atolia,
L.S. Tsimring, S.N. Bhatia, J. Hasty, Synchronized cycles of bacterial lysis for in vivo delivery,
Nature, 536 (2016) 81-85.

[249] M. Zepeda-Rivera, S.S. Minot, H. Bouzek, H. Wu, A. Blanco-Miguez, P. Manghi, D.S. Jones,
K.D. LaCourse, Y. Wu, E.F. McMahon, S.N. Park, Y.K. Lim, A.G. Kempchinsky, A.D. Willis, S.L.
Cotton, S.C. Yost, E. Sicinska, J.K. Kook, F.E. Dewhirst, N. Segata, S. Bullman, C.D. Johnston, A
distinct Fusobacterium nucleatum clade dominates the colorectal cancer niche, Nature, 628 (2024)
424-432,

[250] D.W. Zheng, X. Dong, P. Pan, K.W. Chen, J.X. Fan, S.X. Cheng, X.Z. Zhang, Phage-guided
modulation of the gut microbiota of mouse models of colorectal cancer augments their responses
to chemotherapy, Nat Biomed Eng, 3 (2019) 717-728.

[251] X. Ding, N.L. Ting, C.C. Wong, P. Huang, L. Jiang, C. Liu, Y. Lin, S. Li, Y. Liu, M. Xie, W.
Liu, K. Yuan, L. Wang, X. Zhang, Y. Ding, Q. Li, Y. Sun, Y. Miao, L. Ma, X. Gao, W. Li, WK.K.
Wu, J.J.Y. Sung, S.H. Wong, J. Yu, Bacteroides fragilis promotes chemoresistance in colorectal



cancer, and its elimination by phage VA7 restores chemosensitivity, Cell Host Microbe, 33 (2025)
941-956 €910.

[252] W. Sim, R.T. Barnard, M.A.T. Blaskovich, Z.M. Ziora, Antimicrobial Silver in Medicinal
and Consumer Applications: A Patent Review of the Past Decade (2007(-)2017), Antibiotics
(Basel), 7 (2018).

[253] T. Bruna, F. Maldonado-Bravo, P. Jara, N. Caro, Silver Nanoparticles and Their Antibacterial
Applications, Int J] Mol Sci, 22 (2021).

[254] O.U. Cruz-Ramirez, L.M. Valenzuela-Salas, A. Blanco-Salazar, J.A. Rodriguez-Arenas, P.A.
Mier-Maldonado, J.C. Garcia-Ramos, N. Bogdanchikova, A. Pestryakov, Y. Toledano-Magana,
Antitumor Activity against Human Colorectal Adenocarcinoma of Silver Nanoparticles: Influence
of [Ag]/[PVP] Ratio, Pharmaceutics, 13 (2021).

[255] S.M.A. Aziz Mousavi, S.A. Mirhosseini, M. Rastegar Shariat Panahi, H. Mahmoodzadeh
Hosseini, Characterization of Biosynthesized Silver Nanoparticles Using Lactobacillus rhamnosus
GG and its In Vitro Assessment Against Colorectal Cancer Cells, Probiotics Antimicrob Proteins,
12 (2020) 740-746.

[256] S. Tahmasebi, H. Farmanbordar, R. Mohammadi, Synthesis of magnetic bio-nanocomposite
hydrogel beads based on sodium alginate and beta-cyclodextrin: Potential pH-responsive oral
delivery anticancer systems for colorectal cancer, Int J Biol Macromol, 305 (2025) 140748.

[257] S.R. David, K. Abdullah, R. Shanmugam, L. Thangavelu, S.K. Das, R. Rajabalaya, Green
Synthesis, Characterization and In Vivo Evaluation of White Tea Silver Nanoparticles with 5-
Fluorouracil on Colorectal Cancer, BioNanoScience, 11 (2021) 1095-1107.

[258] X. Dong, P. Pan, D.W. Zheng, P. Bao, X. Zeng, X.Z. Zhang, Bioinorganic hybrid
bacteriophage for modulation of intestinal microbiota to remodel tumor-immune
microenvironment against colorectal cancer, Sci Adv, 6 (2020) eabal590.

[259] M.C.W. Spaander, A.G. Zauber, S. Syngal, M.J. Blaser, J.J. Sung, Y.N. You, E.J. Kuipers,
Young-onset colorectal cancer, Nat Rev Dis Primers, 9 (2023) 21.

[260] M. Lahouty, M. Fadaee, R. Aghaei, F. Alizadeh, A. Jafari, Y. Sharifi, Gut microbiome and
colorectal cancer: From pathogenesis to treatment, Pathol Res Pract, 271 (2025) 156034.

[261] J. Zhou, M. Li, Q. Chen, X. Li, L. Chen, Z. Dong, W. Zhu, Y. Yang, Z. Liu, Q. Chen,
Programmable probiotics modulate inflammation and gut microbiota for inflammatory bowel
disease treatment after effective oral delivery, Nat Commun, 13 (2022) 3432.

[262] F. Cao, L. Jin, Y. Gao, Y. Ding, H. Wen, Z. Qian, C. Zhang, L. Hong, H. Yang, J. Zhang, Z.
Tong, W. Wang, X. Chen, Z. Mao, Artificial-enzymes-armed Bifidobacterium longum probiotics
for alleviating intestinal inflammation and microbiota dysbiosis, Nat Nanotechnol, 18 (2023) 617-
627.

[263] X. Wang, Z. Cao, M. Zhang, L. Meng, Z. Ming, J. Liu, Bioinspired oral delivery of gut
microbiota by self-coating with biofilms, Sci Adv, 6 (2020) eabb1952.

[264] H. Luo, Y. Chen, X. Kuang, X. Wang, F. Yang, Z. Cao, L. Wang, S. Lin, F. Wu, J. Liu,
Chemical reaction-mediated covalent localization of bacteria, Nat Commun, 13 (2022) 7808.
[265] .M. Ibrahim, Advances in Polysaccharide-Based Oral Colon-Targeted Delivery Systems:
The Journey So Far and the Road Ahead, Cureus, 15 (2023) e33636.

[266] S. Ma, H. Yao, X. Si, Z. Huang, R. Wang, R. Wan, Z. Tang, G. Wang, W. Song, Orally
available dextran-aspirin nanomedicine modulates gut inflammation and microbiota homeostasis
for primary colorectal cancer therapy, J Control Release, 370 (2024) 528-542.

[267] T. Lang, R. Zhu, X. Zhu, W. Yan, Y. Li, Y. Zhai, T. Wu, X. Huang, Q. Yin, Y. Li, Combining
gut microbiota modulation and chemotherapy by capecitabine-loaded prebiotic nanoparticle
improves colorectal cancer therapy, Nat Commun, 14 (2023) 4746.



[268] J. Wahlich, Review: Continuous Manufacturing of Small Molecule Solid Oral Dosage Forms,
Pharmaceutics, 13 (2021).

[269] I. Krause, R. Manigk, E.A. Lopez, D. Douroumis, Personalised oral dosage forms using an
ultra-compact tablet press at the point of care, Eur J Pharm Biopharm, 197 (2024) 114220.

[270] K.J. Santamaria, B.J. Anaya, A. Lalatsa, P. Gonzalez-Barranco, L. Cantu-Cardenas, D.R.
Serrano, Engineering 3D Printed Gummies Loaded with Metformin for Paediatric Use, Gels, 10
(2024).

[271] L.H. Butterfield, Y.G. Najjar, Immunotherapy combination approaches: mechanisms,
biomarkers and clinical observations, Nat Rev Immunol, 24 (2024) 399-416.

[272] K. Ganesh, Z.K. Stadler, A. Cercek, R.B. Mendelsohn, J. Shia, N.H. Segal, L.A. Diaz, Jr.,
Immunotherapy in colorectal cancer: rationale, challenges and potential, Nat Rev Gastroenterol
Hepatol, 16 (2019) 361-375.

[273] N. Samson, A. Ablasser, The cGAS-STING pathway and cancer, Nat Cancer, 3 (2022) 1452-
1463.

[274] D.M. Pardoll, The blockade of immune checkpoints in cancer immunotherapy, Nat Rev
Cancer, 12 (2012) 252-264.

[275] A. Abramson, M.R. Frederiksen, A. Vegge, B. Jensen, M. Poulsen, B. Mouridsen, M.O.
Jespersen, R.K. Kirk, J. Windum, F. Hubalek, J.J. Water, J. Fels, S.B. Gunnarsson, A. Bohr, E.M.
Straarup, M.W.H. Ley, X. Lu, J. Wainer, J. Collins, S. Tamang, K. Ishida, A. Hayward, P. Herskind,
S.T. Buckley, N. Roxhed, R. Langer, U. Rahbek, G. Traverso, Oral delivery of systemic monoclonal
antibodies, peptides and small molecules using gastric auto-injectors, Nat Biotechnol, 40 (2022)
103-109.

[276] W. Chen, J. Wainer, S.W. Ryoo, X. Qi, R. Chang, J. Li, S.H. Lee, S. Min, A. Wentworth, J.E.
Collins, S. Tamang, K. Ishida, A. Hayward, R. Langer, G. Traverso, Dynamic omnidirectional
adhesive microneedle system for oral macromolecular drug delivery, Sci Adyv, 8 (2022) eabk1792.
[277] J. Liu, Y. Pang, S. Zhang, C. Cleveland, X. Yin, L. Booth, J. Lin, Y.A. Lucy Lee, H.
Mazdiyasni, S. Saxton, A.R. Kirtane, T.V. Erlach, J. Rogner, R. Langer, G. Traverso, Triggerable
tough hydrogels for gastric resident dosage forms, Nat Commun, 8 (2017) 124.



Declaration of Interest Statement

[] The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in
this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate
Editor/Guest Editor for this journal and was not involved in the editorial review or
the decision to publish this article.

The authors declare the following financial interests/personal relationships
which may be considered as potential competing interests:

Y.X. and A.B. are coinventors on a patent (application filed by the Université catholique de Louvain:
PCT/EP2020/064766). A.B. has served within the past 12 months as a consultant to Johnson &

Johnson.




- “omedicine-based St’ategie
S

Pe‘.meation enhancement

strategy ”
[

Combined s
therapy /%

Prebiotic-based o
therapy

8 n 1eS
3Cteria-modulation strate9'

Advanced oral therapies for CRC treatment



