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Abstract Probiotics play a crucial role in colon cancer treatment by metabolizing prebiotics to

generate short-chain fatty acids (SCFAs). Colon cancer patients are frequently propositioned to supple-

ment with probiotics to enhance the conversion and utilization of prebiotics. Nevertheless, the delivery

and colonization of probiotics is hindered by the harsh conditions of gastrointestinal tract (GIT). Here,

we devised a straightforward yet potent modified prebiotic-based “shield” (Gelatin-Inulin, GI), employ-

ing dietary inulin and natural polymer gelatin crosslinked via hydrogen bonding for enveloping Lactoba-

cillus reuteri (Lr) to formulate synbiotic hydrogel capsules (Lr@Gl). The GI “shield” serves as a dynamic

barrier, augmenting the resistance of Lr to gastric acid and facilitating its bioactivity and adherence in the

GIT, synergizing with Lr to elicit an anti-tumor effect. Simultaneously, Lr@GI demonstrates anti-tumor

effects by depleting glutathione to release reactive oxygen species, accompanied by the activation of

NLRP3 (NOD-like receptor family pyrin domain containing 3), and the induction M1 macrophage polar-

ization. Furthermore, Lr@GI can not only promote the recovery of intestinal barrier but also regulate in-

testinal flora, promoting the production of SCFAs and further exerting anti-tumor effect. Crucially,
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Lr@GI also potentiates the anti-tumor effect of 5-Fluorouracil. The construction and synergistic anti-

tumor mechanism of synbiotic hydrogel capsules system provide valuable insights for gut microbial tu-

mor therapy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Colon cancer is the predominant malignant neoplasm affecting the

gastrointestinal tract (GIT)1. An increasing body of evidence

suggests that the intestinal microbiota plays a pivotal role in the

pathogenesis of inflammatory bowel disease, obesity, and carci-

nogenesis2-4. Probiotic therapies have gained recognition for their

ability to restore the equilibrium between the immune microen-

vironment and gut microflora5. Nevertheless, the oral adminis-

tration of probiotics is confronted with challenges including

limited bioavailability in the hostile GIT and suboptimal coloni-

zation efficiency6-8. To overcome these obstacles, researchers have

devised diverse strategies to safeguard the viability and effec-

tiveness of probiotics, encompassing polymer-based techniques,

surface mineralization, and biofilm encapsulation9-16. Regrettably,

these approaches are hindered by their intricate production pro-

cesses. Alternatively, fecal microbiota transplantation (FMT) of-

fers a direct method for modulating microflora to treat digestive

disorders17. However, the widespread adoption of FMT remains

impeded due to the potential risk of infectious complications18.

Therefore, it is imperative to establish a straightforward approach

to enhance the survival and effectiveness of orally-administered

probiotics to further advance bacterial therapy.

Microorganisms are an important component of ecosystems.

The role of bacteria in the occurrence, development, and treatment

of tumors has attracted widespread attention15. Various attenuated

strains of Salmonella typhimurium and Listeria monocytogenes

have been designed and engineered as targeted therapies or drug

delivery vehicles for tumors, demonstrating excellent safety and

therapeutic efficacy in mouse models19-22. Although these atten-

uated immunogenic bacteria have distinct advantages in treating

diseases, the preparation of attenuated bacterial vaccines requires

complex processes to ensure loss of pathogenicity while retaining

immunogenicity. These processes require to be strictly

controlled23,24. Moreover, its rapid proliferative capacity and

inevitable immunogenicity limits its clinical application. Pro-

biotics are known to have beneficial effects on host immunity

overall, and they are considered safe for consumption and

potentially therapeutic for cancer. Probiotics have their unique

advantages over attenuated strains25. Probiotics help maintain

intestinal health and balance by modulating the gut microbiota.

They increase the number of beneficial bacteria and inhibit the

growth of harmful bacteria, thereby reducing digestive system

issues such as diarrhea and constipation26. Studies have shown

that a single-cell coating composed of tannic acids and ferric ions,

referred to as ‘nanoarmor’, can protect probiotics from the effects

of antibiotics27. Additionally, probiotics are known as immune

modulators, capable of enhancing overall immune function by

influencing the intestinal immune system28. Previous studies have

indicated that Lactobacilli can effectively ameliorate colorectal

cancer. It has been reported that the Lactobacillus L1681 and its

derivative indole-3-lactic acid (ILA) can improve intestinal

inflammation, tumor growth, and dysbiosis of the intestinal

microbiota
29. Furthermore, probiotics are widely accessible and

easy to use as daily dietary supplements or as part of specific

functional foods, suitable for a wide range of people. Compared to

attenuated bacterial vaccines, probiotics are generally considered

safe and harmless, causing no serious side effects or allergic re-

actions. Their long-term safety has been widely recognized and

accepted. Currently, several probiotics have been identified as

having beneficial effects29-31, encompassing Saccharomyces bou-

lardii, various species of Lactobacillus and Bifidobacterium,

Propionibacterium, Streptococcus, Bacillus, Enterococcus, as well

as specific strains of Escherichia coli. Lactobacillus reuteri (Lr), a

species within the Lactobacillus genus, is widely present in the

intestinal tracts of vertebrates and mammals32. It plays a crucial

role in modulating immune responses, maintaining the gut

microbiota balance, promoting beneficial metabolites, and pre-

serving intestinal barrier function and morphology33-35. Impor-

tantly, Lr is acknowledged by the U.S. Food and Drug

Administration (FDA) for its high safety profile in colicky infants

and healthy adults, as demonstrated in a new drug trial36.

Metabolomic analysis identified reuterin, which is produced by Lr,

a natural colonizer of the human gut, as the most inhibitory

compound37. Furthermore, study suggested that Lr, when present

in a healthy gut microbiome, possessed inhibitory effect on colon

cancer by altering the redox balance38. Previously, we developed a

probiotic microgel delivery system (Lr@(SA-CS)2) to improve

intestinal flora dysregulation and enhance anti-tumor therapeutic

effects through layer-by-layer encapsulation technology of algi-

nate (SA) and chitosan (CS)39. Additionally, Bender et al.40

demonstrated that dietary tryptophan metabolites released by

Lactobacillus tumefaciens enhance the efficacy of immune

checkpoint inhibitors. These findings highlight the potential of Lr

for anti-tumor applications. However, it is essential to note that

successful colonization and propagation in the intestinal milieu

remain pivotal factors for the therapeutic efficacy of Lr against

colon cancer.

The composite materials approved by the FDA have wide

applications in the medical field, particularly in drug delivery, the

approval of these composite materials by FDA mainly focuses on

their biocompatibility, drug release characteristics, and safety41,42.

While some drug-loaded composites, such as polylactic acid and

polyvinyl alcohol composites have been approved for drug de-

livery systems and biodegradable implants43-46, polyurethane can

also be used for cardiovascular and soft tissue repair47. Although

these materials exhibit certain biocompatibility, their degradation

properties are poor, and byproducts such as lactic acid generated

during the degradation process can potentially alter the local

acidic environment of local tissues, affecting long-term safety48,49.

Proteins and polysaccharides are often favored by researchers

when choosing biomaterials for microbial cultivation. Addition-

ally, various forms such as liquids, pills, enteric coatings, polymer

gels, and dry powders have been developed for the oral
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administration of probiotics50-52. Although these formulations

have succeeded in improving delivery efficiency, the use of gut

microbiota as oral therapeutic agents is largely limited. Hydrogel

drug delivery systems have shown great potential and application

prospects in the field of drug delivery, especially in improving

drug efficacy and patient experience53,54. Prebiotics are substances

that can be utilized by host bacteria to enhance the ratio of

beneficial bacteria55, thereby improving anti-tumor immunity56.

Inulin, a natural fructan prebiotic, is widely employed in dietary

applications due to its favorable safety profile and water solubil-

ity57. Notably, the metabolism of inulin by microorganisms leads

to the production of short-chain fatty acids (SCFAs) with anti-

tumor properties. Additionally, the presence of abundant hydrox-

yl groups in inulin permits robust cross-linking and hydrogel

formation, which could enhance bio-adhesion and colonic reten-

tion58. Studies have demonstrated the advantageous colonic

retention of inulin when formulated as a gel, effectively regulating

the intestinal flora and fostering the proliferation of commensal

microorganisms59. The University of Michigan reported an inulin

gel-based oral immunotherapy that effectively reshape the small

intestinal microbiome and metabolites to establish specific oral

tolerance to allergens and achieve effective suppression of food

allergy in a mouse model of food allergy60. Nevertheless, inulin

demonstrates a restricted capacity for gel formation, and an

excessive intake may potentially contribute to indigestion and

gastrointestinal dysfunction. In an endeavor to mitigate these

challenges, the integration of natural polymer has been explored to

facilitate gel formation and reduce the reliance on inulin. Collagen

is highly suggested for hydrogel-mediated tissue engineering,

because of its desirable effect on cell adhesion, migration, and

proliferation61. Nevertheless, its high cost poses a significant

drawback. Consequently, gelatin can be considered as a viable

alternative owing to its non-immunogenic nature and cost-

effectiveness, while retaining several unique properties, such as

high biocompatibility, absence of skin irritation, and favorable cell

attachment62-64. In addition, gelatin provides arginine-glycine-

aspartic acid (RGD) peptide sequence that imparts favorable cell

adhesion capacity to hydrogels made by this polymer65. Further-

more, the structural stability of gelatin in acidic environments and

its alkaline decomposition properties make it more resistant to the

harsh stomach acid environment66. To date, the available literature

predominantly focuses on the use of inulin for drug delivery in the

context of colitis treatment, primarily centered on its potential to

modulate the intestinal flora of host and exert anti-inflammatory

effect. The potential therapeutic effect of inulin as a prebiotic

camouflaged probiotic in synbiotic gels for colon cancer is still

uncertain.

Herein, we designed to construct a biocompatible gelatin-

inulin (GI) hydrogel “shield” system based on the prebiotic inulin

and the polymer gelatin by a simple hot-cold alternating method.

The GI “shield” was employed to encapsulate Lr for the formu-

lation of synbiotic hydrogel capsules (Lr@GI). As shown in

Fig. 1, the GI “shield” not only serves as a dynamic barrier,

enhancing the resistance of Lr to gastric acid stress, but also

contributes to the intestinal colonization of Lr, synergistically

exerting an anti-tumor effect with Lr. Furthermore, Lr@GI can

promote the recovery of intestinal barrier and generate a signifi-

cant amount of short-chain fatty acids (SCFAs) through the

fermentation of the prebiotic inulin, which positively influences

the intestinal flora and produces anti-tumor effect. Additionally,

upon orally administered, synbiotic hydrogel capsules Lr@GI

releases reactive oxygen species (ROS) by depleting glutathione

(GSH), triggers the production of pro-inflammatory factors by

activating NOD-like receptor family pyrin domain containing 3

(NLRP3), and inhibits tumor growth through the polarization of

M1 macrophages. Crucially, this synbiotic hydrogel capsules

Lr@GI also potentiates the anti-tumor effect of chemotherapeutic

drug 5-Fluorouracil (5-FU). The favorable biocompatibility and

uncomplicated manufacturing process of Lr@GI indicate its po-

tential for clinical translation.

2. Materials and methods

2.1. Mateials

Inulin and gelatin were obtained from Aladdin Reagent Company

(Aladdin, Shanghai, China). FITC-Inulin was obtained from

Sigma—Aldrich (Shanghai, China). Pepsin, trypsin, bile salts,

antibiotics were purchased from McLean Reagent Company

(McLean, Shanghai, China). ELISA kits (TNF-α, IL-1ß) were

purchased from Lianke Biologics (Shanghai, China). Bcl-2, Bax

and ß-actin antibodies were purchased from CST website (USA).

NLRP3, ZO-1, iNOS, Arginase antibodies were obtained from

Proteintech (Wuhan, China). DCFH-DA-Reagent was obtained

from Tongren Chemical (Japan). CD11b, CD45, CD206, CD86

flow antibodies were obtained from Biolegend Reagent Company.

Cell counting kit-8 (CCK-8) was obtained from KeyGen BioTech

(Nanjing, China). BCA protein concentration detection reagent

and GSH detection reagent were provided by Biosharp (Shanghai,

China). 1640 complete medium was purchased from Fuheng

(Shanghai, China), trypsin-ethylene diamine tetraacetic acid

(EDTA, 0.05%) and fetal bovine serum were purchased from Life

Science (Gibco, Pittsburgh, USA). CT26 cell line was provided by

the School of Pharmacy, Fudan University. Lactobacillus reuteri

(Lr) and MRS medium were obtained by BiouBowei Biotech-

nology Co., Ltd. (Beijing, China). H&E kit, TUNEL apoptotic

reagent and Ki67 antibody were supplied by Servicebio (Wuhan,

China).

Male BALB/c mice with SPF grade of 5—6 weeks 20—25 g

were provided by Shanghai Yisheng Biological Company

(Shanghai, China). All mice were housed in a specific pathogen-

free experimental at medical center of Shanghai Pudong Hospital,

Fudan University. The animal experiment was approved by the

Ethics Committee of Shanghai Pudong Hospital (2022-KY-01).

2.2. Preparation and characterization of Lr@GI

Firstly, we prepared hydrogel by adjusting the methods described

in the literatures, 300 mg of inulin was weighed, and dissolved in

1 mL of distilled water, and 20 mg of gelatin was added to another

1 mL of distilled water, the mixture was heated in a water bath at

70 ◦C for 5 min. The gelatin solution was slowly dripped into the

inulin solution to obtain the hydrogel GI. After standing at room

temperature, Lr (108 CFU/mL) was added into the hydrogel GI,

stirred to uniformity with a magnetic stirrer and left at room

temperature overnight to obtain Lr@GI. The morphologies of Lr

and Lr@GI were characterized by SEM (HITACHI Regulus 8100,

Japan). The samples of each group were collected and fixed for

dehydration, the samples were fixed with 2.5% glutaraldehyde,

rinsed with phosphate buffer three times, then fixed with 1%

osmic acid for 4—6 h, followed by gradient dehydration with

ethanol, and then replaced with isoamyl acetate twice, 20 min/time.

CO2 critical point drying was carried out. Finally, after the ion
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sputtering gold, it could be observed and photographed by scan-

ning electron microscope. For CLSM, Lr was incubated with

DAPI on dark room ice for 10 min and washed with PBS. Then, Lr

was incubated with FITC-GI for 30 min and washed with PBS.

FTIR (Thermo Fisher Scientific Nicolet iS20, USA) qualitatively

analyzes the sample by obtaining infrared absorption spectra of

transmittance or absorbance with wave length. In a dry environ-

ment, the ATR attachment is placed in the optical path of the

spectrometer, when the air background is scanned, the sample is

dropped on the crystal surface of the ATR attachment, and then

the infrared spectrum of the sample is collected with a resolution

of 4 cm− 1, the number of scans is 32, and the range of the test

wavelengths is 400/600—4000 cm− 1 (according to the test re-

quirements), and the infrared absorption spectrograms of the

transmittance versus the wavelength are obtained. The particle

size and potential of inulin, gelatin, GI, Lr, and Lr@GI were

detected by DLS. Additionally, the viscosity and rheological

properties of Lr@GI were tested on a 20 mm sandblasted parallel

plate using perjeta temperature control plate and cover plate

(Anton Parr MCR702 rheometer, Austria). Using a pipette, take a

small amount of Lr@GI and place it on the rheometer platform.

When the flat plate rotor contacts the sample and is squeezed, the

plate rotor is locked and wipe away the extruded sample, then

click “Start” to conduct rheological determination of Lr@GI

under specific conditions.

2.3. Gastrointestinal resistance of GI “shield” and intestinal

retention of Lr@GI

The retention capacity of GI hydrogel in GIT was investigated

in vivo: BALB/c mice were individually administered 100 μL of

FITC-Inulin/FITC-GI hydrogel solution via gastric gavage and

euthanized at different time points (2, 4, 6, 10, 12 h) (n � 3).

Intestinal tissues were collected for IVIS imaging to observe the

retention of both substances in the colon (and cecum). Secondly,

the resistance of Lr@GI to simulate GIT was studied in vitro:

100 μL of Lr and Lr@GI with the same bacterial count were

suspended in SGF (pH � 2), SIF (pH � 6.8), 3% bile salt

solution, and 7.5 mg/mL antibiotic solution respectively, The

samples were cultured in a constant temperature incubator at

37 ◦C, 100 μL samples were collected, centrifuged, washed and

diluted with PBS at different time points, the appropriate amount

of diluted bacterial solution is plated on the MRS solid agar

plate. The number of colonies was counted after incubation for

24 h. Finally, the resistance of Lr@GI in the GIT was studied

in vivo: The male BALB/c mice were individually administered

100 μL of Lr or Lr@GI solution via gastric gavage and sacrificed

at specific time points. The contents of stomach, small intestine,

cecum, and colon were collected, homogenized and diluted with

PBS, plated 100 μL bacterial solutions onto MRS solid agar

plate. The number of colonies was counted after incubation for

24 h.

2.4. The biological safety study

The safety of orally administered Lr@GI was assessed by blood

routine and blood biochemistry. 50 μL of whole blood was

extracted from each mouse orbit using a capillary glass tube.

The blood intended for blood routine examination was pre-

served in purple vacutainer tubes containing EDTA anticoagu-

lant, while the blood for biochemical analysis was preserved in

EP tubes. Quantitative analysis was performed using a standard

animal blood analyzer. 50 μL whole blood was extracted from

each mouse orbit using a capillary glass tube. Blood for routine

Figure 1 Schematic illustration of synbiotic hydrogel capsules for colon cancer treatment by polarizing macrophage polarization and regu-

lating intestinal microbiota. (A) Preparation of Lr@GI. (B) The proposed therapeutic mechanisms of Lr@GI.
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testing is stored in a purple collection vessel containing EDTA

anticoagulant, and blood for blood biochemistry is stored in an

EP tube containing heparin lithium. Quantitative analysis was

performed using a standard animal blood analyzer. To assess

the safety of Lr@GI in intestinal tissues, a fluorescent probe

called FITC-Dextran was utilized for precise evaluation of in-

testinal permeability. Healthy mice were administered different

formulations the day before the experiment. After fasting for

4 h the next day, each mouse received 200 μL (25 mg/mL) of

FITC-Dextran solution by gavage and continued fasting for 3 h.

2.5. The distribution of Lr@GI in tumor tissue

The distribution of Lr in the tumor: Based on the gene sequence of

Lr, we designed the corresponding primers: forward

5′-TGGGCGCAAGCCTGATGGA-3′, reverse 5′-TGAA-

CAGTTACTCTCACGCACG-3′. DNAiso Reagent was added to

the tumor tissue and homogenizaed with homogenizer. The lysate

was added to tissue and centrifuged at 1000×g for 10 min at 4 ◦C

to obtain the supernatant, then half volume of anhydrous ethanol

was added for vortex centrifugation to discard the supernatant.

Subsequently, 1/2 volume of 75% ethanol was added for vortex

centrifugation to discard the supernatant, and enzyme-free water

was added to obtain DNA, which was directly used for PCR re-

actions followed by DNA gel electrophoresis. Furthermore, tumor

tissue of each group was collected, homogenized and diluted with

PBS, 100 μL bacterial solution was plated onto MRS solid agar

plate, the number of colonies was counted after incubation for

24 h.

2.6. In vivo anti-tumor study

The anti-tumor properties of Lr@GI were evaluated in mice with

in orthotopic colon cancer. Firstly, we established an orthotopic

cancer model. The modeling method for in situ colon cancer

involved the use of whole-cell cytoplasmic injection. Mice were

anesthetized with isoflurane, and an incision was made in the left

lower abdomen. The incision was disinfected, revealing that the

cecum had been extracted from the left lower abdomen and pulled

out through the incision. A total of 100 μL of 5 × 106 CT26 cells

suspended in saline were injected subserosally into the vascular

area of the mid-cecum using a 1 mL syringe. After the injection,

the needle was removed, and a small cotton ball was pressed

against the site for 30 s. After the injection liquid was absorbed by

the intestinal wall, the abdominal cavity was washed with saline,

the cecum was reset to avoid pressure, and the abdominal cavity

was closed. The sham surgery group underwent the same surgical

procedure except for the cell injection. The entire surgical process

adhered to sterile surgical principles, and no antibiotics were used

postoperatively. After modeling, all mice were placed in SPF

animal cages for routine feeding for 8 days, and tumor growth was

monitored by IVIS in vivo. On Day 8 after the establishment of the

model, mice were randomly divided into 5 groups, the mice were

treated once every two days and given five times of intragastric

administration. the tumor volume and body weight of mice were

recorded every other day for 20 days. After 20 days, the tumor

tissue was stained with H&E, Ki67, and TUNEL to evaluate its

anti-tumor effect, the major organs were stained with H&E to

evaluate biological safety.

2.7. CCK-8 toxicity detection

The cytotoxicity of different concentrations of GI (0, 200, 400,

800, 1600, 2000 μg/mL) and different bacterial amounts of Lr

(103, 104, 105, 106, 107, 108 CFU/mL) to CT26 was detected. To

investigate the anti-tumor effect of Lr@GI in vitro, CCK-8 assay

kit is used to detect the cytotoxicity of Lr@GI. Initially,

CT26 cells were inoculated on 96-well plates with 104 cells per

well and incubated for 24 h, then treated with different drugs for

24 h, culture medium was removed, and 100 μL of diluted CCK-8

was added to the pore plate. The 96-well plates were placed in

incubator at 37 ◦C and incubated for 1—2 h away from light. The

OD value was detected by microplate reader at 450 nm absorbance

wave length. Cell viability was calculated based on these

measurements.

2.8. Detection of GSH

Initially, CT26 cells were inoculated on 96-well plates with

104 cells per well and incubated for 24 h. After each group was

treated with different drugs for 24 h, the cells were washed with

pre-cooled PBS, and collected by cell scraper. Cells were lysed

with Triton-X-100 and lysed for 20 min on ice, then centrifuged at

1000×g for 10 min at 4 ◦C and supernatant was obtained.

Appropriate amount of supernatant was mixed with 200 μL DTNB

and incubated for 30 min. OD values of cells in each group were

detected by microplate reader (Thermo Fisher Varioskan LUX,

USA) at A412 nm absorbance wave length. The same method was

used to assess GSH levels in vivo.

2.9. Detection of ROS

Following the above steps, CT26 cells were treated with different

drugs, washed with PBS twice, and finally added 100 μL diluted

DCFH-DA (10 μmol/L) and incubated for 30 min in dark light to

detect ROS expression in CT26 cells. DAPI-labeled nuclei were

incubated for 10 min. The fluorescence of DCFH was observed by

laser scanning confocal microscope (CLSM, Carl Zeiss, LSM710,

Oberkohen, Germany) or flow cytometry (Agilent, NovoCyte

3000. USA). DHE was used to reflect ROS levels in vivo.

2.10. Detection of TNF-α and IL-1ß cytokines

Cytokines TNF-α and IL-1ß were detected by ELISA. CT26 cells

were inoculated on 6-well plates with 105 cells per well and

incubated for 24 h, then treated with different reagents for 24 h.

Subsequently, each group was centrifuged at 1000×g for 5 min,

washed twice with PBS and centrifuged at 300×g for 10 min to

collect the supernatant. According to the protocols by ELISA kit.

The methods of serum cytokine detection were the same.

2.11. Western blot

Briefly, CT26 cells were inoculated on 6-well plates with 105 cells

per well and incubated for 24 h, followed by treatment with

different drugs for 24 h. After washing twice with pre-cooling

PBS, appropriate amount of lysis was added to each well for

20 min, which was centrifuged 12,000×g at 4 ◦C for 10 min. The

protein concentration of each group was measured by BCA

Improved prebiotic-based “shield” equipped probiotics for colon cancer treatment 4229



protein concentration kit. OD values of each group were detected

by microplate reader at 562 nm absorbance wave length, and

protein concentrations were calculated according to OD values.

After quantification with protein loading buffer and PBS, the

diluted protein solutions were heated at 95 ◦C for 10 min, and

immediately placed in the − 20 ◦C refrigerator. Next, after elec-

trophoresis, SDS-PAGE gel was transferred onto PVDF mem-

brane, after incubate with a blocking solution for 1 h, then PVDF

membrane was incubated with related antibodies at 4 ◦C over-

night. The next day, after washing the PVDF membrane with

TBST for three times, the PVDF membrane incubated with HRP-

labeled goat anti-rabbit antibody for 1 h, followed by another three

washes with TBST. Imaging was conducted by Bio-RAD

(ChemiDoc Go, USA). The detection of tissue protein was

consistent with the above.

2.12. Detection of macrophage polarization

To prove the immune response of tumor cells induced by Lr@GI.

CT26 cells were treated with different reagent, and then the

treated CT26 cells were co-cultured with RAW264.7 cells. The

collected cells were incubated with F4/80, CD86 and CD206 flow

antibodies for 30 min respectively, after PBS washing, the po-

larization of macrophages was detected by flow cytometry. To

evaluate the immune response triggered by Lr@GI in vivo, the

tumors were collected at 10 days after treatment and cut into small

pieces, then the tissue was digested with collagenase V (2 mg/mL,

YEASEN) in HBSS solution for 4 h at 37 ◦C. Single-cell sus-

pensions were obtained by filtering cells through a 70-μm cell

strainer and washed with FACS buffer. The prepared single-cell

suspensions were stained with fluorescent antibodies against

CD11b, CD45, F4/80, CD86, and CD206 for 30 min. After

washing with FACS buffer, flow cytometry was used to assess the

polarization of macrophages. The data was analyzed using

FlowJo.

2.13. Fecal SCFA detection and SCFA in medium supernatant

by GC—MS

On Day 18 after in orthotopic colon cancer treatment, fresh faecal

pellets were collected from mice and appropriate amount of faeces

was homogenised in deionised water and centrifuged at 3000×g

for 5 min at 4 ◦C. The supernatant was taken and the pH of the

supernatant was measured by pH meter. For the measurement of

SCFAs, we used Milli-Q water to extract SCFA from faecal pel-

lets. An appropriate amount of pure standard solutions of 7 SCFAs

(acetic acid, propionic acid, butyric acid, isobutyric acid, valeric

acid, and isovaleric acid) were taken to prepare 100 mg/mL stock

solution by mixing with water, which was further diluted with

water to obtain a series of working standard solutions. A proper

amount of pure standard acetic acid was taken and mixed with

ether to prepare 100 mg/mL stock solution, which was further

diluted with ether to obtain a series of the reserve solutions. The

internal standard (4-methylpentanoic acid) was prepared into

375 μg/mL with ether, Ten standard curve points were prepared by

mixing 200 μL working standard solution of series of 6 acids,

100 μL 15% phosphoric acid, 20 μL working standard solution of

series of hexanoic acid, 20 μL internal standard and 260 μL ethyl

ether at the following concentrations: 0.02, 0.1, 0.5, 2, 10, 25, 50,

100, 250, and 500 μg/mL 100 μL of 15% phosphoric acid, 20 μL

of hexanoic acid working standard solution, 20 μL of the internal

standard, and 260 μL of ether. The stock solutions were stored at

− 20 ◦C, and the working solutions were prepared freshly.

Appropriate sample was taken into a 1.5 mL centrifuge tube, add

500 μL water and add 100 mg glass beads in 1.5 mL centrifuge

tube, homogenized for 1 min and centrifuged at 12,000 rpm at

4 ◦C for 10 min, and 200 μL of the supernatant was collected and

100 μL of 15% phosphoric acid and 20 μL of 375 μg/mL internal

standard (4-methylvaleric acid) solution were added, followed by

mixing with 280 μL of ether for 1 min, the mixture was then

centrifuged at 12,000 rpm at 4 ◦C for 10 min, and the supernatant

was tested on the machine. The experimental analysis was per-

formed on trace 1300 gas chromatograph (Thermo Fisher Scien-

tific, USA). Mass spectrometric detection of metabolites was

performed on ISQ 7000 (Thermo Fisher Scientific, USA). SCFAs

in medium supernatants are detected in the same way.

2.14. 16S rDNA sequencing

The CT26 orthotopic tumor mice were administered according to

the above method. On Day18, fecal pellets were obtained and

preserved at − 80 ◦C for subsequent microbiological analysis.

Microbial DNA was extracted and the DNA was quantitatively

analyzed by Nanodrop, and the quality of DNA extraction was

detected by 1.2% agarose gel electrophoresis. Typically, the target

sequences that can reflect the composition and diversity of bac-

terial flora. the target sequences reflective of microbial community

composition and diversity of bacterial flora, such as microbial

ribosomal RNA or specific gene fragments are usually taken as

targets. The corresponding primers were designed according to the

conserved regions in the sequences. The specific barcode sequence

of the sample was added, and then PCR amplification was per-

formed on the variable region of rRNA gene (single or multiple

consecutive regions) or specific gene fragments. Fluorescence

quantification was performed on the PCR amplification products

by Quant-iT PicoGreen dsDNA Assay Kit and measured by

Microplate reader (BioTek, FLx800, USA). Based on the fluo-

rescence quantitative results, the samples were proportionally

mixed according to the sequencing quantity required for each

sample. Illumina’s TruSeq Nano DNA LT Library Prep Kit was

used to prepare sequencing libraries. High-throughput sequencing

was conducted on the computer. The library and samples were

divided according to index and Barcode information from the

original sequence of quality preliminary screening, and barcode

sequence was removed. Subsequently, following the analysis flow

of QIIME2 dada2 or Vsearch software for sequence denoising or

OTU clustering, the specific composition of each sample (group)

at different species taxonomic levels was displayed to understand

overall microbial profile.

2.15. Histopathological examination

To make a thorough inquiry the biocompatibility of the Lr@GI

in vivo, the body weight of BABL/c mice was recorded every other

day during treatment. On Day 20, the mice were euthanized, and

major organs (heart, liver, spleen, lung, kidney) were dissected for

H&E staining. Additionally, tumor tissues were subjected to

TUNEL and Ki67 staining to assess relevant pathological changes

related to the anti-tumor efficacy in vivo.

2.16. Statistical analysis

All analyzed data are presented as mean ± standard deviation. The

student’s t-test was used to compare differences between the two
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groups, where “ns” indicates no significant difference. Multiple

group analyses were performed using GraphPad 8 via one-way

analysis of variance (ANOVA). *P < 0.05, **P < 0.01,

***P < 0.001, represent statistical differences.

3. Results

3.1. Preparation and characterization of synbiotic hydrogel

capsules Lr@GI

Dietary inulin was employed as the prebiotic instrumental in the

development of the hydrogel. The rationale for choosing inulin

stems from its recognition by the FDA as a dietary fiber that en-

hances the antitumor efficacy of anti-programmed cell death

protein-1 (α-PD-1) therapy58,67. Furthermore, the metabolic

byproducts produced by probiotics fermenting inulin in the colon

trigger the multiplication of advantageous Bifidobacteria and

Lactobacilli in the intestinal microbiota. This process contributes

to the enrichment and diversity of the intestinal microbial com-

munity68,69. To facilitate the formation of the hydrogel, we

introduced the natural polymer gelatin, renowned for its superior

biocompatibility and degradability70. The GI hydrogel was formed

by inulin and gelatin as raw materials via a simple heating-cooling

method. In previous experiments, it was observed that the for-

mation of hydrogel using inulin alone posed challenges, the

introduction of gelatin proved to be conducive to the successful

formation of the hydrogel. This was attributed to the strong cross-

linking between the abundant hydroxyl groups in inulin and the

carboxyl and amino groups in gelatin, promoting hydrogel for-

mation (Fig. 2A). The scanning electron microscopy (SEM) im-

ages shown that Lr has a smooth surface with no additional

material attached, reflecting the natural morphology of the bac-

teria. In contrast, Lr@GI exhibited a rough and grainy surface.

This roughness might be attributed to the irregular covering layer

formed by the GI hydrogel on the bacterial surface (Fig. 2B). To

further verify the encapsulation success and the presence of

Lr@GI as individual granules, the GI labeled with green fluo-

rescence was fused with Lr, which was labeled with blue fluo-

rescence. As illustrated in Fig. 2C, following the immobilization

of Lr@GI in glycerol, distinct co-localization of green and blue

fluorescence was observed using laser scanning confocal micro-

scopy (CLSM). The bacteria appeared more loosely aligned

without significant aggregation. These results suggested that Lr

can be effectively encapsulated by the GI hydrogel, allowing

Lr@GI to exist in a more dispersed form rather than in large

aggregates. Subsequently, the interaction between inulin, gelatin,

and GI hydrogel was evaluated by Fourier transform infrared

spectroscopy (FTIR). A noteworthy phenomenon in the infrared

spectra of inulin was the emergence of a broad band at

3422.92 cm− 1, representing the —OH stretching vibration and

hydrogen bonds in the polysaccharid71. Gelatin exhibited a

broader band at 3280.80 cm− 1 due to —NH tensile vibrations of

amide groups and free —OH groups in its structure. In the spec-

trum of GI, the broad band of —OH stretching vibration was

centered at 3412.01 cm− 1. The —OH band slightly shift towards

lower wavenumbers after the formation of GI. In addition, the C]

O stretching vibration band of inulin at 1646.95 cm− 1 merged

with the absorption band of gelatin at 1626.27 cm− 1 to form a

broad bond at 1639.82 cm− 1 in the GI hydrogel spectrum. The

reason was that the vibration frequencies of the related functional

groups (such as hydroxyl or carbonyl) decrease when hydrogen

bond was formed, which enhanced the intermolecular interactions

and reduced the energy required for vibration72,73. It contributed

to a redshift of the absorption peak. In many cases, the variation of

the —OH stretching vibration can more clearly reflect the forma-

tion of hydrogen bonds74, which we found in the previous study as

evidence of hydrogen bond formation. Moreover, the N—H vi-

bration of inulin at 1551.64 cm− 1 in the amide II region merged

with the absorption band of gelatin at 1528.49 cm− 1, while the

N—H vibration in the amide II of GI was weaker, which may be

due to the influence of hydrogen bonding on its vibration.

Furthermore, the C—O stretching vibration band of gelatin at

1078.84 cm− 1 merged with the absorption band of inulin at

1030.11 cm− 1, and a broad bond at 1031.48 cm− 1 is also observed

in the FTIR spectrum of GI75 (Fig. 2D). The foregoing result

indicated that the hydroxyl groups of inulin and the carboxyl and

amino groups of gelatin cross-link with each other to form

hydrogels. To investigate the property of GI hydrogel, a rheometer

was employed to analyze the rheology and viscosity of hydrogel.

In rheological analysis experiments, sample was classified a solid

rather than a liquid when the storage modulus (G′) exceeds the

loss modulus (G′′)76. As depicted in Fig. 2E, G′ was notably

greater than G′′, providing evidence for the formation of hydrogel

by GI. Furthermore, the relationship between hydrogel viscosity

and shear rate was examined, as illustrated in Fig. 2F. The vis-

cosity of GI hydrogel exceeded that of inulin and gelatin,

following further analysis revealed the viscosity of GI hydrogel

progressively decreased with increasing shear rate, indicating the

presence of shear-thinning behavior within the hydrogel. The

result showed that the structure of the GI hydrogel had a certain

degree of flexibility and variability.

The particle size and zeta potential of each group were char-

acterized, it was observed that the particle size of Lr@GI increased

by 200 nm compared to Lr (Fig. 2H), which was attributed to the

successful wrapping of Lr by GI. Additionally, the potential of GI-

armed Lr changed from − 35 to − 28 mV (Fig. 2G), probably due

to the surfaces of bacteria usually carry a negative charge77, and

the GI gel may adsorb ions in solution, which could alter the

distribution or flow of surrounding charges, potentially resulting in

an increase in electric potential and thus affecting its zeta poten-

tial. In general, the increased potential after GI gel coating Lr may

be due to uneven charge distribution on the surface of the GI gel or

its inherent electric field shielding effect. These factors changed

the electric field distribution around the material, affecting the

measured potential values78. These findings affirmed the suc-

cessful synthesis of the synthetic hydrogel capsules Lr@GI.

Subsequently, to validate whether GI encapsulation affected the

viability of Lr@GI, the growth curve and vitality of both Lr and

Lr@GI were monitored, respectively. As shown in Fig. 2I, the

growth rate of Lr was faster than that of Lr@GI in the first 8 h

potentially related to the encapsulation of GI. However, the two

groups eventually reached the same optical density (OD 600) at

22 h, which proved that the use of GI as shield to protect Lr did not

affect its growth. Furthermore, AlamarBlue, a redox indicator that

undergoes absorbance and fluorescence changes based on meta-

bolic activity, was used to monitor bacterial viability. The results,

as illustrated in Fig. 2J, revealed no significant decrease in bac-

terial viability of Lr@GI over time compared to Lr, demonstrating

that GI acting as a shield to camouflage Lr did not compromise

bacterial survival.
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3.2. Study of gastrointestinal resistance of GI “shield” and

intestinal retention of synbiotic hydrogel capsules Lr@GI

To verify whether the adhesive capacity of GI “shield” increases

intestinal retention, FITC-labeled inulin and GI were employed

for oral administration and imaged using in vivo imaging system

(IVIS) at different time points to observe the retention of them in

the intestinal tract67. Results depicted in Fig. 3A and Supporting

Information Fig. S1 revealed notably higher fluorescence intensity

of GI compared to inulin after 6 h, indicating that the cross-linked

inulin and gelatin enhanced the gastrointestinal retention of GI.

The harsh environment of the GIT is not conducive to the survival

of Lr. After oral administration, the strong acidic gastric juice,

various digestive enzymes and bile salts in the intestine could lead

to mortality of probiotic, which further cause the limited coloni-

zation and proliferation ability of probiotics in the GIT79.

Consequently, the survival rate of Lr@GI in the harsh GIT was

explored. To elaborate, equal amounts of Lr and Lr@GI were

incubated in simulated gastric fluid (SGF) at pH � 2, 3% bile

salts (BS), simulated intestinal fluid (SIF) at pH � 6.8 and

7.5 mg/mL antibiotic solution respectively. Subsequently, they

were plated on MRS agar plates at different time points to

calculate the number of colonies (Supporting Information

Fig. S2A‒S2D). The results indicated that the survival rate of

Lr@GI in SGF was 1.6 times higher than that of Lr at 2 h.

Although both survival rates decreased at 4 h, Lr@GI still

exhibited twice the survival rate of Lr. As expected, the GI

“shield” could enhance survival rate of Lr in gastric acid, which

was in stark contrast with extensive deactivation of Lr (Fig. 3B).

Comparable protection effect was observed for Lr@GI that was

incubated with BS, SIF, and antibiotic solution respectively,

indicating that GI acts as a protective “shield” against adverse

Figure 2 Preparation and characterization of Lr@GI. (A) The visual appearance and structure of inulin and hydrogel GI. (B) The SEM images

of Lr and Lr@GI (scale bar � 2 μm). (C) LSCM images of Lr and Lr@GI. The bule channel shows Lr, the green channel shows FITC-GI, and the

merge shows Lr@GI. (scale bar � 10 μm). (D) The FTIR spectra of inulin, gelatin, GI hydrogel. (E) The rheological properties detection of

Lr@GI. (F) The viscosity test of inulin, gelatin, and hydrogel GI. (G) Dynamic Light Scattering size distribution and (H) zeta potential inulin,

gelatin, GI, Lr, and Lr@GI. (I) The growth curves of Lr and Lr@GI. (J) Bacterial viability of Lr and Lr@GI at different time points by

AlamarBlue staining assays. Data are presented as mean ± SD (n � 5). ns, not significant.
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environments. Subsequently, to quantify the survival of Lr and

Lr@GI in the GIT, the amount of living Lr inside the stomach,

small intestine, cecum, and colon was detected by plate counting

(Supporting Information Fig. S3A‒S3D). Noticeably, in the

stomach, the number of viable Lr@GI was 2.4 times higher than

that of Lr, indicating that Lr@GI exhibited enhanced resistance to

the GIT. Meanwhile, the number of viable Lr@GI inside the small

intestine, cecum, and colon was also obviously higher than that of

Lr after oral administration (Fig. 3C), highlighting the substantial

enhancement of Lr survival capacity in the GIT conferred by

Lr@GI.

To further investigate the hydrolytic behaviour of GI in the

GIT, GI hydrogel was placed into SGF and SIF for 2 h after in-

cubation for infrared spectrum detection. Combined with Fig. 2D,

it was observed that the absorption band of —OH stretching vi-

bration of GI in SGF was concentrated at 3282.32 cm− 1, the ab-

sorption band of the —OH stretching vibration of GI in the SIF

was shifted at 3414.57 cm− 1. Interestingly, GI hydrogel showed an

Figure 3 The intestinal retention of GI and gastrointestinal resistance of Lr@GI. (A) Retention of inulin and GI hydrogels at different time

points in vivo (n � 3). (B) The bacterial quantitative analysis of Lr and Lr@GI in SGF, BS, SIF, and antibiotic at different time (n � 3). (C) The

bacterial quantitative analysis in stomach, small intestine, cecum and colon after administration of Lr and Lr@GI at different time points (n � 3).

(D) The SEM images of Lr and Lr@GI after incubation in SGF and SIF for 2 h (scale bar � 2 μm). (E) The bacterial quantitative analysis in

tumor after oral administration of PBS, GI, Lr and Lr@GI. Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001. ns,

not significant.
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obvious absorption peak at 2930.84 cm− 1 in SIF while dis-

appeared in SGF, which might be due to the change of the C—H

vibration frequency in GI hydrogel (Supporting Information

Fig. S4). Additionally, to visualize the morphological changes

and release of Lr@GI in the GIT, we performed simulated

gastrointestinal fluid experiments by incubating Lr and Lr@GI in

SGF and SIF. Morphological changes of Lr and Lr@GI in SGF

and SIF were subsequently observed using SEM. The result was

depicted in Fig. 3D, the cell walls of naked Lr underwent

contraction and deformation in SGF, whereas the morphology of

Lr remained largely unchanged in SIF. Following encapsulation in

GI hydrogel, Lr maintained its morphology in both SGF and SIF,

with evident hydrogel encapsulation, indicating that GI functions

as a dynamic barrier “shield” enhancing the resistance of Lr to

gastric acid. Further examination revealed that the hydrogel of

Lr@GI in SIF was notably reduced compared to SGF, suggesting

that GI, acting as a prebiotic, can be metabolized by intestinal

probiotics upon entering the intestine, thereby promoting the

release of Lr. Additional observations showed signs of the GI

hydrogel did not surround the Lr as tightly in SIF compared to

SGF, with most of the structure exhibiting significant cracking

instead. This phenomenon might be attributed to the pH and ionic

strength of intestinal fluid affecting the solubility of the GI

hydrogel, as well as the continuous proliferation of bacteria,

which may impact the extent of cracking. However, under alkaline

conditions, the amino (NH2) groups accept protons (H+), altering

their charge state and affecting the stability of intramolecular

hydrogen bonds and other non-covalent bonds80,81. This weakens

the intermolecular binding force of gelatin, facilitating their

decomposition and thereby promoting the release of Lr in the

intestine. Therefore, Lr@GI had stronger resistance to GIT, which

laid a foundation for subsequent experiments.

Moreover, the specific primers targeting Lr was designed to

verify its effective colonization at the tumor site82. The primer

sequence was shown in Supporting Information Table S1. DNA

was extracted from tissues for DNA gel electrophoresis, revealing

that relevant sequences were expressed exclusively in tumor tis-

sues from mice orally administered with Lr or Lr@GI (Supporting

Information Fig. S5A and S5B). This further validated the ability

of Lr to infiltrate the tumor site, possibly due to the hypoxic

conditions within the tumor area. In comparison to normal sur-

rounding tissue, the lower oxygen level in the tumor region pro-

vided a suitable environment for the proliferation of facultative

and anaerobic bacteria. To further elucidate the in situ distribution

of bacteria within the tumor, we administrated probiotics orally to

CT26 orthotopic tumor mice, the result revealed that Lr@GI

significantly accumulated at the tumor site, reaching a peak at

48 h, with a colony count higher than that of naked Lr (Fig. 3E and

Supporting Information Fig. S6). In addition, similar results were

obtained in the MC38 orthotopic tumor model (Supporting In-

formation Fig. S7A‒S7D). These findings offered the possibility

of anti-tumor treatment with Lr@GI.

3.3. Biosafety assessment of synbiotic hydrogel capsules Lr@GI

The biosafety of the synbiotic hydrogel capsules Lr@GI was

investigated through blood routine and blood biochemical tests.

BALB/c mice were randomly allocated into four groups: PBS, GI,

Lr and Lr@GI. Blood samples were collected from the orbital

socket of mice at different time points, and the safety of bacterial

treatment was evaluated by blood routine assessments. The results

indicated that counts of white blood cell (WBC), red blood cell

(RBC), and platelet (PLT) fell within normal ranges and did not

exhibit statistically significant differences between groups at 7

days (Fig. 4A‒C). Similarly, the levels alanine aminotransferase

(ALT), aspartate aminotransferase (AST), and alkaline amino-

transferase (ALP) exhibited similar results (Fig. 4D‒F), suggest-

ing that oral administration of Lr or Lr@GI did not induce any

hepatic function impairment in mice. It is likely attributed to the

benign nature of the selected gelatin, oligofructose and prebiotics

for human consumption.

Impaired intestinal barrier function leads to increased perme-

ability of the intestinal tract, allowing pathogens and toxins to

enter the bloodstream through the damaged intestinal mucosa,

resulting in various diseases83,84. Therefore, the integrity of the

intestinal barrier is a crucial criterion for evaluating the safety of

intestinal tissues. To assess the biosafety of Lr@GI in intestinal

tissues, a fluorescent probe called FITC-Dextran was utilized for

precise evaluation of intestinal permeability. Healthy mice were

administered different formulations the day before the experiment.

After fasting for 4 h the next day, each mouse received 200 μL

(25 mg/mL) of FITC-Dextran solution by gavage and continued

fasting for 3 h. As shown in Fig. 4G, there was no significant

difference in fluorescence intensity among the other groups

compared to the PBS group (Fig. 4H), indicating that the intestinal

barrier function was intact and there was no leakage into the

bloodstream. Furthermore, the tight junction protein zonula

occludens-1 (ZO-1) plays a critical role in maintaining the

integrity of the intestinal mucosal barrier and regulating intestinal

permeability85. Therefore, the expression of ZO-1 in normal mice

administered Lr and Lr@GI by oral gavage was examined.

Western blot results showed in Fig. 4I that consistent expression

levels of the intestinal barrier protein ZO-1 across all groups,

suggesting that Lr@GI has good biocompatibility and does not

cause significant damage to the intestinal tract. The aforemen-

tioned experimental results indicated that the synbiotic hydrogel

capsules formed by prebiotics camouflaged with probiotics

exhibited superior biosafety.

3.4. Study on the anti-tumor effect of synbiotic hydrogel

capsules Lr@GI in vivo

As a common probiotic, Lr has been widely used in the research

of various diseases, and its anti-tumor mechanisms are diverse38.

Therefore, the anti-tumor efficacy of Lr and Lr@GI was inves-

tigated. Firstly, the safety of GI hydrogel was evaluated in a

dose-dependent manner, as shown in Supporting Information

Fig. S8A, even at the concentration of 2000 μg/mL, GI did

not have any significant effect on CT26 cells, indicating that GI

hydrogel was not cytotoxic to CT26 cells within a certain range.

Secondly, we conducted a dose-dependent evaluation of Lr and

Lr@GI in vitro. As shown in Fig. S8B, the cell viability grad-

ually decreased with the increase of the dose of Lr and Lr@GI,

when the concentration of Lr was 106—108 CFU/mL, the cell

viability reached about 50%, and the therapeutic effects of Lr

and Lr@GI were similar. Therefore, so we chose the dose of

106 CFU/mL for follow-up in vitro experiments. For the inves-

tigation of anti-tumor effect in vivo, the orthotopic colon cancer

tumor model was established and mice were imaged in vivo on

the eighth day of tumor growth. The successfully implanted

tumor mice were randomly assigned into five groups: PBS, GI,

Lr, Lr + GI, and Lr@GI. Here, the administration of diverse

agents adhered to the schedule delineated in Fig. 5A, with

treatments being delivered once every two days, totaling five
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sessions. Tumor distribution was assessed on Days 0, 5, 10, and

18 using IVIS, and tumor size was quantified based on fluores-

cence intensity (Fig. 5B). The relative fluorescence quantifica-

tion as shown in Supporting Information Fig. S9A revealed that

tumor volume amplification in the PBS group, while tumor

volume in the GI and Lr groups either slightly decreased or

remained unchanged. Particularly notable was the significant

reduction in tumor volume observed in the Lr@GI group during

treatment. After 20 days, the mice were euthanized, and the

tumor tissues in each group were photographed and weighed, as

depicted in Fig. 5C and D, the tumor weights of mice in various

treatment groups, with the statistical results indicating that

tumor weights in the GI and Lr groups were reduced compared

to the PBS group. There was no significant difference between

the GI and Lr groups, both of which demonstrated significant

anti-tumor effects. This is likely due to GI, as a prebiotic, pro-

ducing SCFAs with anti-tumor properties through microbial

metabolism86,87. Notably, Lr@GI exhibited its most potent anti-

tumor effect. In addition, the tumor morphology and cell death

were evaluated by H&E and TUNEL staining after treatment, as

shown in Fig. 5F. Minimal cell death was observed in the PBS

group, while the Lr, GI, and Lr + GI groups exhibited partial

cell death. The Lr@GI group displayed loose cellular arrange-

ment, and nuclear consolidation was evident. What’s more, the

TUNEL staining also presented extensive necrosis in the Lr@GI

group, suggesting that the Lr@GI group could effectively treat

Figure 4 The safety assessment of Lr@GI in the GIT. Assessment of in vivo biological safety. PBS, GI, Lr, and Lr@GI (Lr, 100 μL,

1 × 108 CFU/mL) were administered orally by gavage and blood was withdrawn at the specified time points (Days 0, 1, 3, 5, and 7). (A—C)

Routine blood analysis including WBC, RBC and PLT counts (n � 3). (D—F) ALT, ALP, and AST levels. (n � 3). Reference range of WBC

count: 0.8 × 109—6.8 × 109/L, RBC count: 6.36 × 1012—9.42 × 1012/L, PLT count: 450 × 109—1590 × 109/L, ALT: 10.06—96.47 U/L, AST:

36.31—235.48 U/L, ALP: 22.52—474.35 U/L. (G) Fluorescence images of isolated intestine of mice in each group after administration of FITC-

Dextran (n � 3). (H) The fluorescence quantitative results of isolated intestinal tract of mice administered FITC-Dextran in each group. (I) The

expression level of ZO-1 protein in each group after administration of FITC-Dextran. Data are presented as mean ± SD (n � 3). ns, not

significant.
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Figure 5 In vivo anti-tumor efficacy of synbiotic hydrogel capsules Lr@GI. (A) The schematic illustration of treatment protocols for orthotopic

colon cancer tumor model. (B) IVIS images of mice of different treatment groups at Days 0, 5, 10, and 18. (C) Photographs of tumors removed

from each group on Day 20 after treatment. (D) Tumor weight of mice in different treatment groups (n � 5). (E) Average body weight of mice

during treatment. (F) H&E, Ki67, and TUNEL staining of the tumor tissue (scale bar � 50 μm). Data are presented as mean ± SD (n � 5).

***P < 0.001 vs, PBS, ##P < 0.01 vs, Lr@GI. ns, not significant.
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colon cancer. Ki67, primarily assessing tumor cell proliferation,

showed reduced staining intensity in the Lr@GI group. More

convincingly, as shown in Fig. S9B, we detected the changes of

pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 in

tumor tissue. The Bax/Bcl-2 ratio in the Lr@GI group was

significantly increased compared with the other groups

(Fig. S9C), indicating that Lr@GI had obvious anti-tumor effi-

cacy. Furthermore, mice were weighed every 2 days, and no

weight loss was observed following any of the treatments,

indicating no serious systemic toxicity of Lr@GI (Fig. 5E). In

addition, histopathologic analysis was performed to further

assess biosafety. As illustrated in Supporting Information

Fig. S10, the results showed no abnormalities in cell

morphology or inflammatory reactions in the heart, liver, spleen,

lung, and kidney. Overall, our findings suggested that Lr@GI

demonstrates robust anti-tumor efficacy, potentially attributed

to the prolonged in vivo retention of Lr facilitated by the

“shield” GI.

3.5. Study on anti-tumor mechanism of synbiotic hydrogel

capsules Lr@GI in vitro

Encouraged by the remarkable experimental results of Lr@GI in

eradication of tumor cells in vivo, the anti-tumor effect mechanism

of Lr@GI was further investigated in vitro. Initially, the cytotox-

icity of Lr@GI on CT26 cells was evaluated by CCK-8 assay. As

shown in Fig. 6A, the cytotoxicity of both Lr and Lr@GI on tumor

cells exhibited similarity, with a cell death rate of approximately

40%. This indicated that the presence of GI as a shield for Lr did

not compromise its anti-tumor efficacy. It has been reported that

reuterin produced by Lr can induce apoptosis of colon cancer cells

by glutathione (GSH) consumption88. Rapid GSH consumption

inhibited the expression of the cofactor glutathione peroxidase 4,

preventing the conversion of toxic peroxides to non-toxic hy-

droxyl compounds and activating intracellular oxidative stress89.

Primarily, the change in intracellular GSH was explored. The

result revealed no significant reduction in the GI group compared

to the control group, while GSH levels were reduced to a similar

extent in both the Lr and Lr@GI groups (Fig. 6B), suggesting that

GI-camouflaged Lr did not impact GSH consumption. It has been

demonstrated that tumor cells consistently maintain a redox bal-

ance to sustain rapid proliferation, and the consumption of GSH,

as the principal cellular antioxidant, which disrupts the cellular

redox balance, leading to an increase in peroxides90. Subse-

quently, 2′,7′-dichlorofluorescein diacetate (DCFH2-DA) was

employed as a probe to further detect the changes of CT26

intracellular ROS, and the flow fluorescence intensity showed a

significant increase in both Lr and Lr@GI, indicating that Lr or

Lr@GI could increase ROS by depleting the CT26 intracellular

GSH level to disrupt the redox balance (Fig. 6C). To visually

confirm the alteration of ROS, fluorescence confocal microscopy

was utilized to photograph the treated cells, with the results

aligning with those obtained through flow cytometry (Fig. 6D). It

has been reported that ROS can regulate the activation of NLRP3

inflammasome through various mechanisms, thereby participating

in the occurrence and development of inflammatory responses and

diseases91. To further corroborate this finding, immunoblotting

experiments were performed to investigate the expression of

NLRP3 in the treated groups. Encouragingly, both Lr and Lr@GI

were found to activate NLRP3 expression (Fig. 6E), the corre-

sponding protein quantification results depicted in (Supporting

Information Fig. S11A). Meanwhile, the Bax/Bcl-2 ratio was

elevated in Lr and Lr@GI compared with the control and GI

groups (Fig. S11B), providing further evidence that Lr or Lr@GI

induced apoptosis in CT26 cells. Numerous effectors of cell death

have been identified to regulate the activation of the NLRP3

inflammasome through diverse pathways leading to cell death92.

Mounting evidence suggested that NLRP3 could induce macro-

phage polarization towards M1 macrophages. For example, A.

Muciniphila has been reported to inhibit colon cancer develop-

ment by activating the TLR2/NLRP3 pathway mediating M1

macrophage activation93. To ascertain whether Lr induces M1

macrophages through the NLRP3 pathway, CT26 cells treated

with Lr or Lr@GI were co-cultured with RAW264.7 cells, and

macrophage polarization levels in RAW264.7 cells were exam-

ined. Flow cytometry results showed a significant increase in the

ratio of M1/M2 in the Lr and Lr@GI groups, indicating that Lr

and Lr@GI could induce M1 macrophage polarization (Fig. 6G

and Supporting Information Fig. S12). An intimate relationship

exists between macrophage polarization and ROS. ROS affects the

direction of macrophages by participating in the activation of

signaling pathways and regulation of transcription factors, thereby

regulating the process of inflammatory response94. Immunofluo-

rescence showed that macrophages treated with Lr or Lr@GI

expressed higher ROS levels compared to control group (Fig. 6F

and Fig. S11C). Furthermore, the co-culture of CT26 treated with

Lr or Lr@GI with RAW264.7 revealed a significantly increase in

the expression of tumor necrosis factor (TNF-α) and pro-

inflammatory cytokine interleukin-1beta (IL-1ß) (Fig. 6H and I).

This suggested that M1 macrophage polarization could induce a

robust anti-proliferative response, which might be beneficial for

tumor cell regression. The above experimental results demon-

strated that Lr@GI induced M1 macrophage polarization to exert

antitumor effect by depleting GSH, leading to increased ROS

levels, and simultaneously activating NLRP3 inflammasomes.

3.6. Study on the anti-tumor mechanism of Lr@GI in vivo

Having confirmed the compelling in vivo anti-tumor efficacy of

Lr@GI in vivo and the elucidated anti-tumor mechanism in vitro,

we further delved into understanding the anti-tumor mechanism of

Lr@GI in vivo. Firstly, the GSH levels in tumor tissue from

different treatment groups were detected, as depicted in Fig. 7A.

Compared to the PBS and other treatment groups, the Lr@GI

group exhibited a significantly reduction in GSH levels, indicating

a substantial decrease in cellular antioxidant capacity post-

treatment. Studies have established that maintaining the dynamic

balance between the cellular redox capacity and oxidation levels is

crucial, and a decrease in redox levels may disrupt this equilib-

rium, potentially inducing oxidative stress95. Subsequently, the

level of ROS in the tumor tissue was measured by dihydroethi-

dium (DHE), which emits red fluorescence upon oxidation. As

described in Fig. 7B, no significant red fluorescence was detected

in the PBS group, while a slight red fluorescence was observed in

the Lr group, indicating the production of a small amount of ROS.

Notably, the Lr@GI group exhibited the most intense red fluo-

rescence compared to the Lr + GI group, as shown in the relative

fluorescence quantification of ROS in Supporting Information

Fig. S13A. These results suggested that Lr@GI had the ability

to perturb the oxidative balance and generate ROS by depleting

GSH, thereby inducing oxidative stress in tumor cells. Crucially,

elevated ROS levels could trigger the activation of NLRP3

inflammasome96. Therefore, Western blot was conducted to

assess the expression of NLRP3 protein across different
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treatments. Results depicted in Fig. 7C and Fig. S13B revealed a

significant increase in the expression level of NLRP3 in Lr@GI

group, indicating the evident activation of the inflammatory

response by Lr@GI in vivo. The activation of NLRP3 inflamma-

some was known to be involved in macrophage polarization,

which played a pivotal role in the anti-tumor process93. Macro-

phages are widely distributed in the tumor microenvironment and

serve various functions, including clearing dead tumor cells,

regulating immune responses, and participating in tissue

repair97,98. M1 macrophages predominantly exhibit anti-tumor

activity in tumor immunity by secreting proinflammatory cyto-

kines and toxic intermediates, thereby killing tumor cells and

inhibiting tumor growth99. To further investigate whether the

mechanism underlying the superior anti-tumor effect of Lr@GI

Figure 6 The anti-tumor mechanism of synbiotic hydrogel capsules Lr@GI in vitro. (A) Cytotoxicity detection of CT26 cells with different

treatment groups by CCK-8. (B) GSH levels of CT26 cells in different treatment. (C) The ROS of CT26 cells were detected by flow cytometry. (D)

Immunofluorescence images of ROS expression in CT26 cells in different treatment groups (scale bar � 50 μm). (E) Expression of Bcl-2, Bax,

and NLRP3 in CT26 cells. (F) Immunofluorescence images of ROS expression in RAW267.4 cells in different treatment groups (scale

bar � 50 μm). (G) The M1/M2 ratio of macrophages in CT26 was measured by flow cytometry. The contents of (H) TNF-α and (I) IL-1ß in RAW

264.7 cells in different treatment groups were detected by ELISA. Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01,

***P < 0.001. ns, not significant.
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was related to macrophage polarization, flow cytometry was

employed to quantify macrophage polarization in the tumor. The

results revealed that the expression of CD86, a marker of M1

macrophages, was significantly higher in the Lr + GI and Lr@GI

groups compared to the PBS group (Fig. 7D). In contrast, the

expression of CD206, a marker of M2 macrophages, was lower,

indicating a polarization of macrophages toward the anti-tumor

M1 macrophages after treatment. Furthermore, the analysis of

the M1 to M2 ratio revealed no significant change in the M1/M2

ratio between the GI group and the PBS group (Fig. S13C).

However, the ratio of M1/M2 increased in other treatment groups,

notably reaching approximately 0.15, 2.85, and 9.15 in the Lr,

Lr + GI, and Lr@GI groups, respectively. Particularly in the

Lr@GI treatment group, there was a significant increase in the

M1/M2 ratio, indicating that Lr@GI treatment effectively pro-

motes the polarization of tumor-associated macrophages (TAMs)

from M2 phenotype to M1 phenotype, thereby exerting an anti-

tumor effect. M1 macrophages, often termed “classically acti-

vated” or “pro-inflammatory” are activated in response to infec-

tion or inflammation. These cells produce high levels of inducible

nitric oxide synthase (iNOS), which generates nitric oxide (NO),

essential for pathogen elimination and the regulation of inflam-

matory responses. Thus, iNOS is considered a characteristic pro-

tein of M1 macrophages100. On the other hand, M2 macrophages,

known as “alternatively activated” or “anti-inflammatory”, play

roles in tissue repair, immunomodulation, and anti-tumor activity.

These cells typically express arginase, arginase was recognized as

a characteristic protein of M2 macrophages101. We also assessed

the expression of macrophage polarization-associated proteins

iNOS and Arginase in tumor tissue, and the results in Fig. 7C

showed that the expression of iNOS was elevated in the Lr@GI

group, and that the expression of Arginase was decreased

compared with the other groups. The relative protein quantifica-

tion of iNOS and Arginase were shown in Fig. S13D and S13E.

Both immunofluorescence and immunohistochemistry demon-

strated that Lr@GI promoted the increase of iNOS in the tumor

tissue (Fig. 7E and F), both the relative fluorescence intensity and

the relative quantification of iNOS were shown in Fig. S13F and

S13G, suggesting that macrophages polarized into the M1 mac-

rophages, contributing to anti-tumor effect. Polarized M1 macro-

phages release inflammatory mediators, including cytokines and

oxidative free radicals, regulating the inflammatory response and

influencing the survival, proliferation and invasion of tumor

cells102. To examine the impact on the inflammatory response, we

assessed changes in the relevant pro-inflammatory cytokines IL-

1ß and TNF-α in tumor from different treatment groups. As

illustrated in Fig. 7G and H, significantly higher cytokine

expression was observed in the Lr@GI group compared to PBS

and the other treatment groups, indicating that Lr@GI-induced

M1 macrophages polarization may promote anti-inflammatory

responses and exert anti-tumor effect.

Furthermore, the tight junction protein ZO-1 plays a crucial

role in maintaining the integrity of intestinal mucosal barrier and

regulating intestinal permeability103,104. The visual examination of

immunohistochemistry results revealed a significant increase in

ZO-1 expression in Lr@GI group compared to the PBS group

(Fig. 7I), the relative quantification depicted in Fig. S13H.

Meanwhile, the Western blot analysis yielded consistent experi-

mental result (Fig. 7J), the semi-quantitative protein results are

shown in Fig. S13I. These findings suggested that Lr@GI

treatment could effectively regulate intestinal barrier function,

which was essential for preventing microbial invasion and main-

taining immune balance.

3.7. Study on effect of Lr@GI on intestinal flora and the anti-

tumor effect of Lr@GI collaborates with 5-FU

Mounting evidence from both preclinical and clinical studies

implicates the gut microbiota as a key player in the progression of

colon cancer105. Emboldened by the remarkable therapeutic effi-

cacy of Lr@GI presented in the above section. Subsequently, we

explored whether Lr@GI treatment could reshape the dysbiosis of

gut microbiota in mouse model of colon cancer and thus cease the

progression of the disease. Therefore, to assess the impact of

Lr@GI on the changes in intestinal flora in mice with colon

cancer, 16S rDNA amplicon sequencing was performed on fecal

samples. Microbial ß diversity reflects differences in microbial

diversity among different groups. Based on the abundance infor-

mation of ASV/OTU in the samples, the sample difference dis-

tance matrix was obtained through the Jaccard distance algorithm.

The principal coordinate analysis, depicted in Fig. 8A, revealed

clear separation between groups, indicating significant variations

in the composition of intestinal flora among different treatment

groups. Additionally, at the family level, the abundance of Lac-

tobacillaceae and Rikenellaceae in the Lr@GI group were

increased, which were known to produce propionic acid and

butyric acid from substrates such as succinate, lactate, or acetate

(Fig. 8B). At the phylum level, the relative abundance of Lacto-

bacillus and Firmicutes were enriched, while the relative abun-

dance of Actinobacillus were reduced in the Lr@GI group

compared to the PBS group (Fig. 8C‒E). At the species level, the

results demonstrated that compared with PBS group, the Lr@GI-

treated group exhibited increased abundance of Lactobacillus

johnsonii, Muribaculaceae, Lactobacillus, and Prevotellaceae

(Supporting Information Fig. S14). These probiotics are known to

elevate SCFAs levels106-108 with Muribaculaceae and Pre-

votellaceae particularly associated with promoting butyrate pro-

duction109,110. These results suggested that Lr@GI may indirectly

promote butyrate production by regulating intestinal flora to in-

crease the abundance of probiotics. Inulin, as a polysaccharide,

could be metabolized by intestinal microbiota to produce a large

amount of SCFAs, inducing immune responses and exhibiting

anti-tumor effect111,112. Moreover, while it has been reported that

the main metabolites of Lr include reuterin and lactic acid and

SCFAs38,39,113, there is currently no direct evidence demonstrating

whether Lr directly produces butyric acid. To investigate whether

Lr@GI can produce butyric acid in vitro, Lr and Lr@GI were

incubated in MRS medium for 24 h, and the supernatant was

collected. The content of SCFAs (acetic acid, propionic acid,

isobutyric acid, butyric acid, isovaleric acid, valeric acid, and

hexanoic acid) in the supernatant of MRS, Lr and Lr@GI groups

were detected by ELISA and mass spectrometry, as depicted in

Supporting Information Fig. S15A and S15B. The results indi-

cated that both Lr and Lr@GI did not produce butyrate in vitro but

rather increased acetate production (Fig. S15C‒S15I). It has been

reported that the production of B. pseudobacterium has a protec-

tive effect on non-alcoholic fatty liver disease-associated hepato-

cellular carcinoma through the secretion of acetate114.

Subsequently, fecal samples from mice in different treatment

groups were analyzed using mass spectrometry, revealing the
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levels of 7 fatty acids as presented in Fig. 8F. The levels of 7

SCFAs in Lr@GI and health groups were higher than in the other

treatment groups (Fig. 8G). Although no significant changes in the

content of acetate, propionate, and butyrate were observed in the

Lr, GI, and Lr + GI groups compared to the PBS group, the

content of the three SCFAs in Lr@GI was significantly increased

and returned to normal levels (Fig. 8H‒J). Notably, this increase

was attributed not only to elevated acetate levels but also to an

augmentation in butyrate content. This result suggested that

Lr@GI may indirectly enhance butyrate production by modulating

the intestinal microbiota balance and enriching other butyrate-

producing bacteria. To further elucidate the anti-tumor effect of

SCFAs in vitro, butyrate, acetate, and propionate were selected for

cytotoxicity experiments on CT26 cells. Results from the CCK-8

toxicity assay showed that all three SCFAs could promote the

apoptosis of CT26 cells (Supporting Information Fig. S16A‒
S16C). The expression of relevant apoptotic protein was detected

by Western blot (Fig. S16D‒S16F). The results revealed an

increased Bax/Bcl-2 ratio following treatment with the three

SCFAs (Fig. S16G‒S16I), indicating that SCFAs could inhibit the

proliferation of colon cancer cells. The aforementioned results

suggested that Lr@GI not only regulated intestinal flora and

increased the abundance of beneficial bacteria, but also produced

abundant SCFAs to exert an anti-tumor effect.

5-FU (5-fluorouracil), a derivative of uracil, has been a classic

and standard chemotherapy agent for the treatment of colon

Figure 7 Anti-tumor mechanism of synbiotic hydrogel capsules Lr@GI in vivo. (A) The level of GSH expression in tumor. (B) Immuno-

fluorescence image of ROS expression in tumor (scale bar � 50 μm). (C) The protein expression of NLRP3, iNOS, and Arginase in different

treatment groups. (D) The representative flow cytometric plots of CD86 and CD206 in different treatment groups. (E) Immunofluorescence

images and (F) Immunohistochemical images of iNOS in tumor (scale bar � 50 μm). (G) The tumor related cytokines expression of IL-1ß and

(H) TNF-α. (I) Histochemical images of ZO-1 protein in different treatment groups (scale bar � 20 μm). (J) The Western blot results of ZO-1

protein in different treatment groups (n � 3). Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8 Changes of intestinal flora and SCFAs in vivo and enhancement of the anti-tumor effect of Lr@GI collaborates with 5-FU. (A) The

PCoA analysis of ß diversity in intestinal microbes (n � 3). (B) The species distribution at family level in different treatment groups. The

expression of (C) Lactobacillus, (D) Firmicutes, and (E) Actinobacteria in different treatment groups. (F) Levels of SCFAs in different treatment

groups (n � 3). (G) Expression of total SCFAs in different treatment groups. The expression of (H) propionic acid, (I) acetic acid, (J) butyric acid

in different treatment groups. (K) The diagram of experimental design diagram. (L) IVIS images of mice in different treatment groups on Days 0,

6, 12, and 18. (M) Photographs of tumors removed from each group on Day 20 after treatment. (N) Tumor weight of mice during treatment

(n � 5). (O) Average body weight of mice after 20 days with different treatment groups. Data are presented as mean ± SD (n � 3). *P < 0.05,

**P < 0.01, ***P < 0.001.
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cancer115. However, the clinical benefits of 5-FU are limited by

drug resistance in colorectal tumor cells and common adverse side

effects, such as gastrointestinal reactions116. Consequently, there

is a pressing need to devise novel strategies to minimize or pre-

vent adverse reactions of 5-FU and enhance treatment efficiency.

Probiotics have been identified as a potential factor in reducing

the risk of colon cancer117. Clinical reports indicate significant

advantages of probiotics in patients with colon cancer undergoing

5-FU adjuvant therapy post-surgery118. Probiotics supplementa-

tion may confer anti-tumor effects, diminishing abnormal crypt

formation, ameliorating tumor malignancy, and augmenting the

apoptosis-inducing capability of 5-FU119. Given the potential anti-

tumor properties of probiotics, their combination with conven-

tional colon cancer therapies presents a plausible and safe strategy

to enhance the therapeutic effectiveness of 5-FU through Lr@GI.

Therefore, we conducted additional experiments to validate the

anti-tumor efficacy of Lr@GI in combination with 5-FU in vitro.

First, the cytotoxic effects of different doses of 5-FU on CT26

tumor cells were detected by CCK-8. As shown in Supporting

Information Fig. S17A. The cytotoxic effect of 5-FU on

CT26 cells was dose-dependent. Based on these results, a con-

centration of 100 μmol/L 5-FU was selected for subsequent ex-

periments. To investigate the anti-tumor effect of 5-FU combined

with Lr@GI, the CCK-8 result was shown in Fig. S17B.

Compared to the control group, the viability of CT26 cells was

significantly reduced in the treatment groups, with the inhibition

rate of 5-FU and Lr@GI demonstrating similar effects, however,

the combination group (5-FU + Lr@GI) exhibited a markedly

greater reduction in cell viability. In addition, at the protein level,

the anti-tumor efficacy was futher verified by detecting related

apoptosis proteins. The Western blot results in Fig. S17C revealed

that compared with the control group, the Bax/Bcl-2 ratio was

increased in the 5-FU and Lr@GI groups, with no significant

difference, indicating that 5-FU exhibit an anti-tumor effect to

some extent. Furthermore, the Bax/Bcl-2 ratio was increased more

significantly in the 5-FU + Lr@GI group (Fig. S17D), demon-

strating that Lr@GI markedly enhanced the anti-tumor effect of 5-

FU. To corroborate this conjecture in vivo, mice with successfully

implanted CT26 orthotopic tumor mice were randomly divided

into 3 groups: PBS, 5-FU, and 5-FU + Lr@GI. The experimental

procedure was illustrated in Fig. 8K. The mice received treatments

once every two days for a total of five treatments. Tumor distri-

bution was assessed on Days 0, 6, 12, and 18 by IVIS equipment,

and tumor size was determined based on fluorescence intensity

(Fig. 8L). The results revealed an increase in tumor volume in the

PBS group, a slight decrease in tumor volume in the 5-FU group,

notably, a significant reduction in tumor volume observed in the 5-

FU + Lr@GI group throughout the treatment period. After 20

days, the mice were euthanized, and the tumor tissues in each

group were photographed and weighed, as depicted in Fig. 8M

and N. These results were consistent with those in Fig. 8L,

showing a decrease in tumor volume and weight in the treatment

groups compared to the PBS group, with the most significant

reduction observed in the 5-FU + Lr@GI group. These results

suggested that Lr@GI could serve as an adjunctive treatment to

enhance the efficacy of 5-FU as a chemotherapy agent for colon

cancer. Furthermore, mice were weighed every 2 days, and no

weight loss was observed following any of the treatments

(Fig. 8O). It implied that Lr@GI represent a promising strategy to

further enhance the therapeutic efficacy of 5-FU within a safe

manner. These results laid the groundwork for the clinical trans-

lation of Lr@GI.

4. Discussion

Colon cancer stands as the most prevalent malignancy in the GIT,

characterized by a heterogeneous process influenced by genetic

and environmental factors120. Drug chemotherapy, primarily uti-

lizing fluorouracil (5-FU), represents a cornerstone in the treat-

ment for advanced colon cancer patients121. However,

chemotherapy drugs not only kill tumor cells, but also inflict

damage on normal cells, leading to intestinal toxicity and intricate

alterations in the intestinal flora. This significantly diminishes the

quality of life and therapeutic effectiveness for patients122.

Consequently, the quest for a dependable, effective, and safe anti-

tumor drug has ascended to a paramount position in contemporary

research. Probiotic therapy emerges as a promising avenue for

colon cancer, positioned at the forefront of precise and personal-

ized treatment93,123-125. However, oral therapy encounters limita-

tions concerning low bioavailability, insufficient gastrointestinal

retention, and challenges in achieving significant cancer treatment

effect using probiotics alone. Therefore, innovative approaches are

being developed to enhance the competitiveness of probiotics in

the pathological microenvironment, facilitating efficient probiotic

colonization.

However, in the challenging GIT, the key to effectively treating

colon cancer lies in improving the intestinal colonization and

survival rate of Lr. In our study, a shield “GI” hydrogel based on

the cross-linked hydrogen bond of prebiotic inulin and natural

polymer gelatin was synthesized and coated with Lr synthetic

synbiotic hydrogel capsules (Lr@GI). Bacterial viability experi-

ments confirmed that GI had no significant impact on the growth

and viability of Lr. Moreover, the GI shield hydrogel exhibited

superior gastrointestinal retention properties, possibly attributed to

the inherent high viscosity of inulin as a polysaccharide. Subse-

quently, we delved into the anti-tumor mechanisms of Lr@GI

in vivo and in vitro. Previous research has reported that reuterin

produced by Lr can induce apoptosis of colon cancer cells by

depleting GSH, thereby disrupting the intracellular redox balance

and triggering oxidative stress response38. The results of in vivo

and in vitro experiments demonstrated that Lr@GI significantly

consumed GSH, leading to a substantial release of ROS and an

increased Bax/Bcl-2 ratio expression. Further exploration into the

molecular mechanisms of cell death revealed that cell death ef-

fectors could regulate the activation of the NLRP3 inflammasome,

leading to cell death through various pathways92. It has been re-

ported that oxidative stress can affect the transcription level of

NLRP3 through NF-κB and other transcription factors (SOD,

Nrf2, AP-1)126-128. The accumulation of ROS also promoted the

transcriptional activation of NLRP3, thereby increasing the

expression levels of NLRP3 in vivo and in vitro, which can further

influence the occurrence and development of tumors. After initi-

ation, NLRP3 assembles the NLRP3 inflammasome, and cleaves

pro-IL-1ß to generate IL-1ß129,130, which might further enhance

the pro-inflammatory characteristics of M1 macrophages and

promote the clearance of tumor cells.

Moreover, the tight junction protein ZO-1 was vital for

maintaining the integrity of intestinal mucosal barrier and con-

trolling intestinal permeability103. Our study revealed that Lr@GI

effectively elevated ZO-1 expression in colon tissue, indicating its

potential to restore intestinal barrier function. Oral probiotics can

regulate the composition of intestinal flora. Results from 16S

rDNA sequencing revealed that Lr@GI could restore microbiota

imbalance induced by colon cancer by modulating the intestinal

microbiota. SCFAs are primarily produced in the intestine, with
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most being absorbed by colonic epithelial cells through mono-

carboxylate transporters to provide energy for these cells or enter

the bloodstream to participate in systemic metabolic regula-

tion131,132. In contrast, SCFAs present in feces represent unab-

sorbed SCFAs that are ultimately excreted. These not only reflect

the end products of microbial fermentation but also provide

insight into the composition and fermentation capacity of the in-

testinal microbiota. Our result suggested that Lr@GI generates the

most SCFAs in the intestinal tract, while fewer SCFAs may be

produced in the Lr, GI, and Lr + GI groups, as they were likely

absorbed by colonic epithelial cells, resulting in no significant

differences in fecal SCFA levels. By detecting the supernatant of

the medium in vitro, we found that the supernatant containing Lr

could produce a large amount of acetic acid, which is a very

interesting phenomenon. The anti-tumor effect of SCFAs has also

been further demonstrated in vitro, although it has been shown that

high doses of SCFAs, such as butyric acid and propionic acid

could inhibit the anti-tumor effect blocked by CTLA-4

blockers133. It is important to note that SCFAs have variety

physiological functions and benefits, including providing energy,

regulating electrolyte balance, and protecting the intestinal

mucosal barrier134,135. Additionally, the anti-tumor mechanism of

SCFAs may be complex and require comprehensive consideration

of the impact of other factors.

In clinical studies of colon cancer, 5-FU is considered the

standard chemotherapeutic drug for the treatment of colon can-

cer121. In palliative care, 5-FU has a remarkable effect in relieving

symptoms, improving quality of life, and prolonging life136.

However, it is limited due to adverse reactions such as diarrhea,

nausea and vomiting during chemotherapy137. The overall effec-

tive rate needs to be improved. Clinical reports have indicated that

administration of probiotics significantly improves tumor malig-

nancy and enhances apoptosis-inducing capacity of 5-FU in colon

cancer patients receiving postoperative adjuvant 5-FU ther-

apy119,138. Considering the anti-tumor properties of probiotics,

enhancing the efficacy of 5-FU treatment with Lr@GI is a safe

and feasible strategy. Our experimental findings additionally

showcased the capacity of Lr@GI to augment the anti-tumor ef-

fect of 5-FU, potentially attributed to capability of Lr@GI to

generate SCFAs, modulate intestinal flora, and enhance the

tolerance of organism to chemotherapeutic drug. Therefore, the

concurrent administration of Lr@GI and 5-FU serves as a valuable

paradigm for microbial therapy aimed at bolstering the clinical

efficacy of chemotherapeutic drug.

5. Conclusions

Colon cancer is a malignant tumor originating from the mucosal

epithelium of the colon, which is one of the common malignant

tumors of the digestive tract. The main objective of this article is to

synthesize synbiotic hydrogel capsules encapsulated with probiotic

Lr based on modified prebiotic “shield”, named Lr@GI, for the

treatment of colon cancer. Which demonstrated notable resistance

to the challenging conditions of the GIT, thereby enhancing the

bioactivity of probiotics in vivo. This was attributed to GI acting as

a shield, prolonging the retention capacity of Lr in the GIT.

Through comprehensive in vivo and in vivo experiments, we sub-

stantiated the therapeutic potential of Lr@GI. The straightforward

processing involved in GI shield holds promise for streamlining the

clinical implementation of probiotic therapy. This study unveiled

that the synergistic application of Lr@GI with 5-FU could amplify

anti-tumor efficacy with certain safety and practical benefits.

Nevertheless, several limitations in this study necessitate further

exploration. Firstly, the effectiveness and safety profile of Lr@GI

should be evaluated in larger animal models or in patients with

colitis. Secondly, it is imperative to ascertain whether Lr@GI can

mitigate the clinical toxicity associated with existing drugs. As we

continue to refine and advance this approach, Lr@GI holds the

potential to pave the way for personalized medicine and open new

avenues in the clinical translation of probiotics.
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