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1. Introduction

Hybrid cell membrane-conjugated photosensitive
hydrogels as a tumor vaccine for promoting
cancer immunotherapy

Chaoying Wang, )@ Tao Wang,t® Wenxin Zhou,? Yanxu Li,® Weiben Ji,
Shengyi Wu,? Yutao Feng,? Lai Chang,® Quan Zhang*® and Wei Wu*®

Preventive tumor vaccines exhibit substantial potential in averting tumorigenesis; nevertheless, their clini-
cal efficacy remains constrained by challenges in eliciting potent and long-lasting immune activation,
which ultimately leads to subpar overall therapeutic performance. In this study, we designed a biofilm-
based hydrogel as a highly efficient single-dose prophylactic tumor vaccine. A hybrid biofilm (TMBM),
which combines bacterial membrane (BM) and tumor cell membrane (TM), was modified with methacry-
lated hyaluronic acid—gelatin methacrylate (HAMA-GelMA) to form a gel formulation (HG-TMBM hydro-
gel). This hydrogel can encapsulate ginsenoside Rg3 (Rg3) within its micropores and rapidly gelate in situ
following subcutaneous injection. Upon single administration of the HG-TMBM hydrogel/Rg3 vaccine,
both TMBM and Rg3 are sustainably released owing to the degradable nature of the HAMA—-GelMA matrix.
TMBM actively targets dendritic cells (DCs) and efficiently induces their maturation. Concurrently,
Rg3 modulates the immune microenvironment and enhances antigen presentation efficiency, providing
robust support for subsequent antigen cross-presentation. Ultimately, the vaccine successfully elicits
potent and long-lasting T lymphocyte-mediated immune responses and exhibits significant preventive
efficacy against colon tumors. The present work constructs a sustained-action system for tumor prophy-
laxis, offering an innovative approach for the creative development of single-administration preventive
tumor vaccines.

molecules, and activate T lymphocyte subsets.””® Compared
with radiotherapy and chemotherapy, they cause less damage

The core function of cancer vaccines is to elicit immune
responses against tumor-associated antigens, which are
characteristic protein structures of tumor cells."” Tumor-
specific antigens are expressed exclusively on tumor cell mem-
branes and can induce the activation of T lymphocytes and the
differentiation of CD8" cytotoxic T lymphocytes (CTLs), exert-
ing targeted anti-tumor effects.* Adjuvants are key components
of vaccines. Ideal adjuvants can regulate antigen retention,
concentration, and presentation efficiency of antigen-present-
ing cells (APCs) to activate the first signal of T cells, and
enhance the co-stimulation and cytokine secretion capacity of
APCs.>® As the most potent APCs, dendritic cells can take up
and process antigens, present them via MHC class I and II
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to normal tissues and can reduce tumorigenesis risk at the
source. However, traditional cancer vaccines suffer from weak
immune activation, poor durability, easy degradation of active
components, and the requirement for multiple inoculations,
leading to unsatisfactory immune responses in some patients
due to immune tolerance.” Therefore, the development of
novel cancer vaccines with high immunogenicity is of great sig-
nificance for tumor prevention and treatment.

In recent years, the fields of biomedical materials and
cancer therapy have witnessed numerous advances in bio-
mimetic delivery systems, composite hydrogels, and immu-
notherapy. Relevant studies have systematically reviewed
polymer hydrogel composites and chemotherapeutic drug
delivery carriers.'®"" Meanwhile, nanoplatforms and injectable
hydrogels have been employed to achieve tumor-targeted
therapy, immune activation, and remodeling of the immune
microenvironment.'>"® In the area of biomimetic immu-
notherapy, the applications of cell membrane biomimetic
systems and bacterial outer membrane vesicles in cancer vac-
cines have also been extensively explored, providing important
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theoretical and experimental support for the development of
hydrogel vaccines, biomimetic delivery systems, and tumor
chemoimmunotherapy.'**?

Biofilms have shown considerable application potential in
tumor therapy by virtue of their unique biological activities
inherited from their original cells.'® Tumor cell membranes
(TMs) are rich in tumor-specific antigens and serve as an ideal
antigen source for vaccines. However, their intrinsic immuno-
genicity is relatively weak, making it difficult to effectively acti-
vate immune responses in vivo.'” Bacterial membranes (BMs)
contain active components such as lipopolysaccharides and
lipoproteins, which can activate the TLR4/TLR2 signaling
pathway and efficiently induce the maturation of dendritic
cells, making them excellent immune adjuvants.'® Hybrid cell
membranes integrate the antigen diversity and immunomodu-
latory functions of different cell membranes. By fusing tumor
cell membranes with bacterial or immune cell membranes,
they can simultaneously deliver dual signals of antigens and
adjuvants to antigen-presenting cells, overcoming the limit-
ations of traditional subunit vaccines.'® As the main active
component of red ginseng, ginsenoside Rg3 (Rg3) exhibits
remarkable immunomodulatory effects. It can enhance
antigen presentation efficiency, promote CTL activation, and
simultaneously inhibit tumor cell proliferation, invasion, and
induce apoptosis and autophagy.’®>" Hydrogel carriers enable
spatiotemporally controlled delivery of therapeutic agents.
Among them, injectable HAMA-GelMA interpenetrating
network hydrogels feature stable encapsulation, rapid gelation,
and favorable biocompatibility, allowing long-term sustained
drug release.?>™*

Based on the above strategy, this study constructed an
injectable hybrid biofilm hydrogel as a prophylactic colon
cancer vaccine. The hybrid biofilm (TMBM) prepared by fusing
tumor cell membranes (TMs) and bacterial membranes (BMs)
can provide both tumor antigen and immune adjuvant func-
tions. TMBM, ginsenoside Rg3 and HAMA-GelMA were com-
bined to form the HG-TMBMR hydrogel, which can rapidly gel
in situ under blue light irradiation, achieving stable encapsula-
tion of TMBM and Rg3. During the gradual degradation of the
hydrogel matrix, TMBM and Rg3 were released in a long-term
sustained manner. TMBM can target dendritic cells and
promote their maturation, while Rg3 improves the immune
microenvironment, enhances antigen presentation efficiency,
and strengthens CTL-mediated anti-tumor immunity.>® A
single inoculation of HG-TMBMR induces potent and long-
lasting T-cell immunity and effectively prevents colon cancer,
providing a new strategy for the development and clinical
translation of single-dose prophylactic tumor vaccines (Fig. 1).

2. Methods

2.1 Preparation of the tumor cell membrane (TM)

CT26 monolayers were rinsed once with PBS buffer. Adherent
cells were detached by mechanical scraping or incubation in
an EDTA-supplemented, trypsin-free dissociation buffer, fol-
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lowed by gentle aspiration to release the cells. The suspension
was centrifuged, the supernatant was discarded, and the
resulting cellular sediment was retained. Membrane fragments
were isolated using a Membrane Protein and Cytoplasmic
Protein Extraction Kit (Beyotime Biotechnology). The pelleted
material was re-dispersed in PBS, passed 11 times through a
polycarbonate filter bearing 400 nm pores with an Avanti mini-
extruder, and subsequently preserved at —20 °C.

2.2 Preparation of the bacterial membrane (BM)

A 250 mL volume of MRS broth was seeded with Lactobacillus
reuteri (L. reuteri) and maintained at 37 °C under continuous
orbital shaking. After the culture achieved an absorbance of
1.2 at 600 nm, the cells were pelleted via centrifugation at 5000
rpm for 10 minutes. Following washing, the bacteria were
resuspended in PBS, and the bacterial suspension was dis-
rupted using an ultrasonic cell disruptor (pulse: 5 s on and 10
s off, for 90 min at 0 °C). After sonication, the suspension was
centrifuged at 14 000g for 20 min at 4 °C. The collected precipi-
tate was resuspended in PBS and extruded 11 times through a
polycarbonate porous membrane (400 nm pore size) using an
Avanti mini-extruder, and then stored at —20 °C.

2.3 Preparation and characterization of TMBM

The tumor cell membrane (TM) and bacterial membrane (BM)
were dispersed in ultrapure water at a mass ratio of 5:1.
Following sonication of the preparation for 30 minutes at
20 °C using a 300 W ultrasonic apparatus (model KQ-300DE),
the material underwent 11 extrusion cycles through a polycar-
bonate filter with 400 nm pores via an Avanti mini-extruder.
Centrifugation at 12 000 rpm and 4 °C for 30 min was sub-
sequently performed to harvest the hybrid biofilm, hereafter
referred to as TMBM. To verify the hybrid fusion of the two
biofilms, TM and BM were labeled with 1,1-dioctadecyl-
3,3,3',3"-tetramethylindodicarbocyanine perchlorate (DiD) and
3,3'-dioctadecyloxacarbocyanine perchlorate (DiO), respect-
ively. TMBM was fabricated following the aforementioned pro-
tocol, and confocal microscopy was utilized to examine the
colocalization of the dual fluorescent signals.

For TM, BM, and TMBM samples, membrane proteins were
thoroughly extracted using a Membrane Protein and
Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology).
Protein levels across distinct preparations were quantified
using a bicinchoninic acid (BCA)-based assay. Comparative
profiling of the polypeptide composition in the TM, BM, and
TMBM was carried out via SDS-PAGE. Each specimen, normal-
ized for the total protein content, was supplemented with a
concentrated sample buffer containing dithiothreitol and a
tracking dye, incubated at ambient temperature for 30 minutes
to ensure denaturation, and subsequently electrophoresed on
12% polyacrylamide resolving gels. Following electrophoresis,
the gel was stained with Coomassie Brilliant Blue for 3 h and
destained overnight in a diluted destaining solution, and then
imaged using a Bio-Rad Gel Doc XR + gel imaging system.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic representation of the biofilm-derived HG-TMBMR injectable hydrogel vaccine, which facilitates dendritic cell (DC) maturation,

enhances antigen cross-presentation, and stimulates T-cell activation.

2.4 Preparation and characterization of the HG-TMBMR
hydrogel

Methacrylated hyaluronic acid (HAMA) and gelatin methacrylate
(GelMA) were purchased from Suzhou Xianjue New Material
Technology Co., Ltd. Hydrogel precursor solutions were formulated
according to the supplied protocol. To verify whether the system
can achieve rapid gelation, the vortexed solution was mixed with
TMBM and Rg3, and exposed to 405 nm blue light for 60 seconds.
Approximately 100 pL of HG-TMBMR hydrogel solution containing
a small amount of phenol red was drawn using a 1 mL syringe and
injected at a constant rate into a phosphate-buffered saline (PBS)
solution to evaluate the injectability through a 27-gauge (27 G)
0.45 mm needle. Following complete gel solidification, the speci-
men was stored at —80 °C for 12 hours and subsequently subjected
to lyophilization. The sample was sectioned and observed by scan-
ning electron microscopy (SEM).

2.5 Invitro release of encapsulated components from hydrogels

Bovine serum albumin (BSA) was solubilized to a final concen-
tration of 1.5 mg mL™". A 0.1 mL aliquot of this protein solu-

This journal is © The Royal Society of Chemistry 2026

tion was introduced into 1 mL of the gel precursor formu-
lation. Following photo-crosslinking triggered by 405 nm blue
light exposure, the resulting hydrogel was placed in phos-
phate-buffered saline (PBS, pH 6.8) and maintained at 37 °C
under orbital agitation. At designated intervals, aliquots were
withdrawn, and the corresponding protein content was deter-
mined using a Bradford-based assay.

2.6 Invivo subcutaneous degradation behavior

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Yangzhou
University and approved by the Animal Ethics Committee of
Yangzhou University (no. 202508003). The HG-TMBMR hydrogel
(100 pL) was subcutaneously injected into BALB/c mice. Mice
were euthanized at predetermined time points to observe the
in vivo degradation behavior of the hydrogel.

2.7 In vivo retention effect

Following covalent conjugation with the lipophilic NIR fluorophore
DiR (1,1-dioctadecyl-3,3,3',3-tetramethylindotricarbocyanine iodide),

Biomater. Sci,, 2026, 14, 2983-2994 | 2985
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the TMBM chimeric vesicles were incorporated into the hydrogel
matrix to generate the HG-TMBMR formulation. The labeled
HG-TMBMR hydrogel (100 pL) was subcutaneously injected into
BALB/c mice. At designated intervals, fluorescence-based optical
imaging was conducted on live subjects.

2.8 Invitro biocompatibility evaluation

To determine the biocompatibility of the HG-TMBMR prepa-
ration with non-cancerous cells, its potential cytotoxic effects
on L929 murine fibroblasts were assessed via the CCK-8 colori-
metric assay. Cells cultured under optimal conditions were
released from the substrate using trypsin; the enzymatic reac-
tion was subsequently quenched with complete DMEM, and
the suspension was pelleted by centrifugation at 1000 rpm for
5 minutes. The pellet was gently dispersed, and a fresh
medium was added and mixed to obtain the L929 cell suspen-
sion. The cell concentration was determined and adjusted to 4
x 10 cells per mL. 1929 cells were planted into 96-well culture
plates and cultured overnight. Next, the HG-TMBMR hydrogel
at various concentration gradients (the non-toxic concentration
of Rg3 was verified with the identical protocol) was introduced
into each well, and the cells were cultured for an additional
24 h. The supernatant was removed, and each well received
100 pL of fresh culture medium supplemented with 10 pL of
the CCK-8 reagent. Following a 4-hour incubation period,
optical density was recorded at 450 nm. Relative cell viability
was determined according to the following formula:

Cellviability ratio
- (Asample - Ablank)/(Apositive - Ablank) X 100%

In this formula, Agampie; Apositives anNd Apank denote the
absorbance values measured at 450 nm for the experimental,
positive control, and blank control groups, respectively.

2.9 Activation and maturation of bone marrow-derived DCs
in vitro

DCs were differentiated from bone marrow progenitors
obtained from BALB/c mice aged 6 to 8 weeks. Hind limb long
bones (tibia and femur) were excised, and the marrow spaces
were repeatedly perfused with RPMI 1640 to collect hemato-
poietic precursors. Following erythrocyte lysis, the cell suspen-
sion was filtered through a 70 pm nylon strainer and sub-
sequently cultured for 7 days in RPMI 1640 medium contain-
ing 20 ng mL™" GM-CSF and 10 ng mL™" IL-4. The resultant
BMDCs were then incubated for 24 hours with various formu-
lations: PBS (negative control), HG-TM, HG-BM, HG-TMBM,
HG-Rg3, or the combinatorial HG-TMBMR. Subsequently, the
BMDCs were harvested and labeled with fluorescein isothio-
cyanate (FITC) anti-mouse CD11c, allophycocyanin (APC) anti-
mouse CD80, and phycoerythrin (PE) anti-mouse CD86 for
flow cytometry (FCM) assessment. Upon termination of co-
incubation, supernatants were harvested and cytokine levels
were quantified using an enzyme-linked immunosorbent assay
(ELISA).

2986 | Biomater. Sci,, 2026, 14, 2983-2994
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2.10 In vitro recruitment ability of BMDCs

BMDCs were obtained as described above. A Transwell system
was employed to evaluate the migratory capacity of BMDCs. In
brief, DCs were placed in the apical compartment of the
insert, while PBS, HG-TM, HG-BM, HG-TMBM, HG-Rg3, and
HG-TMBMR were placed in the lower chamber. The concen-
tration of the hybrid biofilms was standardized at 100 pg mL™"
(based on the protein content). The recruitment of BMDCs
across the polycarbonate membrane was assessed based on
the recruitment capacity of the hybrid biofilm components.
After 24 h, the immigrated cells were fixed, stained with crystal
violet ammonium oxalate, and counted in five non-overlapping
fields using an inverted microscope.

2.11 Invitro T cell proliferation assay

BMDCs were co-incubated with PBS, HG-TM, HG-BM,
HG-TMBM, HG-Rg3, and HG-TMBMR for 24 h. CD8" T lym-
phocytes were harvested from the spleens of BALB/c mice via
immunomagnetic bead separation. Vaccine-activated BMDCs
were co-incubated with carboxyfluorescein succinimidyl ester
(CFSE)-labeled CD8" T cells for 48 h at a DC-to-T cell ratio of
1:10. Cells were then harvested and analyzed by flow cytome-
try (FCM).

2.12 In vivo splenocyte killing assay

BALB/c mice aged six to eight weeks were assigned into six
groups, and each group was administered 100 pL of normal
saline (NS), HG-TM, HG-BM, HG-TMBM, HG-Rg3, or
HG-TMBMR via subcutaneous injection at the tail base,
respectively. Seven days later, splenocytes were isolated by har-
vesting the spleens from euthanized mice and processing
them into single-cell suspensions. CT26 cells were plated in
96-well culture plates at a density of 5000 cells per well and
allowed to adhere. Splenocyte suspensions were then overlaid
at 100 000 cells per well and maintained for 24 h. At the end of
co-culture, the medium was removed and replaced with 100 pL
of fresh medium containing 10 pL of CCK-8 solution.
Following a further 4 h incubation, absorbance was measured
at approximately 450 nm. Viability percentages were computed
by comparing sample absorbance to that of the NS control
group, employing the equation below:

Cell viability ratio
= (Asample - Ablank)/(Apositive - Ablank) X 100%

2.13 In vivo tumor prevention assay

BALB/c mice aged six to eight weeks were assigned into six
groups, and each group was given a subcutaneous injection of
100 pL of normal saline (NS), HG-TM, HG-BM, HG-TMBM,
HG-Rg3, or HG-TMBMR at the tail base once per week.
Twenty-one days later, the subcutaneously
implanted with 1 x 10° CT26 tumor cells. The tumor volume
was then monitored continuously thereafter. On the last day of
the observation period, tumors were surgically removed from

mice were

This journal is © The Royal Society of Chemistry 2026
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euthanized mice and subsequently weighed to assess tumour
burden.

2.14 In vivo tumor treatment assay

BALB/c mice aged six to eight weeks were subcutaneously
implanted with 1 x 10° CT26 tumor cells. Seven days after
tumor inoculation, each group was given a subcutaneous injec-
tion of 100 pL of normal saline (NS), HG-TM, HG-BM,
HG-TMBM, HG-Rg3, or HG-TMBMR. Tumor volume was moni-
tored on an ongoing basis throughout the experiment. On the
last day of the observation period, tumors were surgically
removed from euthanized mice and subsequently weighed to
assess tumour burden.

2.15 In vivo immunoassays

At the conclusion of the prevention and therapy assays, mouse
spleens and tumors were dissected for immunological assess-
ment. Single-cell suspensions were derived from splenic tissue
following erythrocyte lysis. To characterize T lymphocyte
subsets, single-cell suspensions were stained with APC anti-
mouse CD45, FITC anti-mouse CD4, and APC/cyanine7 anti-
mouse CD8a, after which samples were analyzed via flow cyto-
metry. For the determination of serum cytokine concen-
trations, serum was isolated by centrifuging blood samples
from the tumor prevention experiment at 1000g for 15 minutes
under refrigeration (4 °C); the recovered supernatant was sub-
sequently subjected to ELISA quantification. For tumor tissues
from mice in the tumor prevention assay, paraffin sections
were prepared following fixation and analyzed by immuno-
histochemical staining and immunofluorescence staining. For
tumor tissues from mice in the tumor treatment assay,
paraffin sections were prepared following fixation and analyzed
using a terminal deoxynucleotidyl transferase-mediated deox-
yuridine triphosphate nick-end labeling (TUNEL) apoptosis
detection kit.

2.16 In vivo biocompatibility evaluation

BALB/c mice aged six to eight weeks were assigned into six
groups, with each group receiving a subcutaneous injection of
100 pL of normal saline (NS), HG-TM, HG-BM, HG-TMBM,
HG-Rg3, or HG-TMBMR at the tail base, respectively. The body
weight of each mouse was tracked longitudinally. At 21 days
following the initial treatment, the animals were euthanized,
and their cardiac, splenic, hepatic, pulmonary, and renal
tissues were collected for histopathological assessment using
H&E staining.

2.17 Statistical analysis

The results are presented as the mean accompanied by the
standard deviation (SD). Comparisons between two groups
were conducted using Student’s ¢-test, while comparisons
involving multiple groups were analyzed via one-way analysis
of variance (ANOVA), followed by Tukey’s multiple compari-
sons test. Statistical significance is indicated as follows: *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

This journal is © The Royal Society of Chemistry 2026
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3. Results and discussion

3.1 Preparation and characterization of the HG-TMBMR
hydrogel

Tumor cell membranes (TMs) and bacterial membranes (BMs)
were obtained from the CT26 cell line and cultures of
L. reuteri, respectively. The mixture of TMs and BMs was sub-
jected to water bath sonication and then co-extruded via a
polycarbonate membrane with a 400 nm pore diameter to
realize biofilm fusion and acquire a hybrid biofilm (TMBM)
with a suitable size. The resulting TMBM was further modified
with methacrylated hyaluronic acid-gelatin methacrylate
(HAMA-GelMA). Confocal microscopy verified the successful
fusion of the biofilms, as the red fluorescence emitted by the
TM labeled with DiD and the green fluorescence from the BM
labeled with DiO showed colocalization (Fig. 2A). Likewise,
protein analysis via SDS-PAGE revealed that the hybrid biofilm
(TMBM) preserved all membrane proteins from both TM and
BM, suggesting the effective extraction and hybridization of
the two biofilms (Fig. 2B). Furthermore, the porous internal
structure of the HG-TMBMR hydrogel before and after drug
loading was characterized by SEM (Fig. 2C). Upon irradiation
with 405 nm blue light, HG-TMBMR undergoes a sol-to-gel
phase transition (Fig. 2D). Under photoinitiation, the meth-
acrylate groups on HAMA and GelMA molecules undergo
photopolymerization and covalent crosslinking, rapidly
forming stable carbon-carbon (C-C) covalent bonds. These
covalent bonds form a dense and stable three-dimensional
polymer network, converting the liquid precursor into a solid-
like hydrogel. In vitro, the HG-TMBMR hydrogel solution con-
tained in the syringe could be easily injected, initially confirm-
ing the injectability of this hydrogel-based tumor vaccine
(Fig. 2E). Additionally, we further assessed the in vitro release
profile of the hydrogel, whose biofilm-releasing capability was
reflected by the quantity of the liberated protein. Based on the
release curve, 89.4% of the protein was continuously released
from the HG-TMBMR hydrogel within 4 days (Fig. 2F), demon-
strating that the hydrogel system exhibited controlled-release
capability. As shown in Fig. 2G, the HG-TMBMR hydrogel was
capable of persisting in vivo for a few days and degrading
gradually within 40 days after subcutaneous injection.

3.2 Invitro immune effects of the HG-TMBMR hydrogel

The cytocompatibility of the HG-TMBMR hydrogel was deter-
mined by assessing its toxicity to normal cells. L929 fibroblasts
were co-incubated with the HG-TMBMR hydrogel for 24 h, and
the cells maintained excellent viability at various HG-TMBMR
hydrogel concentrations, indicating superior cytocompatibility
(Fig. 3A). To assess the immune-stimulating potential of the
HG-TMBMR hydrogel, Transwell migration experiments and
FCM were employed to evaluate the in vitro behavior of
BMDCs, recruitment ability and maturation level, respectively.
Quantification of migrated BMDC populations revealed that
the HG-TMBMR hydrogel markedly promoted the migratory
ability of DCs toward the hydrogel site (Fig. 3B and C). CD80
and CD86 are classic marker proteins expressed on mature

Biomater. Sci, 2026, 14, 2983-2994 | 2987
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(A) Confocal microscopy image of the hybrid biofilm (TMBM). (B) SDS-PAGE protein analysis of TMBM. (C) SEM images of hydrogels before

and after drug loading. (D) Photograph depicting the sol-to-gel transition following blue light irradiation. (E) Injection of the HG-TMBMR hydrogel
(containing a small amount of phenol red for enhanced visualization) in phosphate-buffered saline (PBS) solution. (F) Release profile of biofilm pro-
teins from the HG-TMBMR hydrogel. (G) Photographs showing the in vivo degradation profile of the HG-TMBMR hydrogel at different time points.

DCs, which deliver co-stimulatory signals necessary for naive T
cell activation. Following co-incubation of BMDCs with the
HG-TMBMR hydrogel, the co-expression levels of CD80 and
CD86 were markedly elevated. The proportion of mature DCs
reached 47.2%, a substantial increase relative to the 11.1%
detected in the phosphate-buffered saline (PBS) control group,
as presented in Fig. 3D and E. These findings show that the
HG-TMBMR hydrogel functions as an antigen depot, substan-
tially improving DC recruitment and maturation, thereby
achieving robust and sustained T cell activation.
Concentrations of pro-inflammatory cytokines released by
DCs after stimulation act as key markers to evaluate the
immune efficacy of vaccines. Therefore, we further investigated
the secretion of relevant pro-inflammatory cytokines by DCs
following hydrogel treatment. Relative to the remaining experi-
mental groups, the HG-TMBMR cohort displayed the peak con-
centrations of interleukin-6 (IL-6), interleukin-12p40

2988 | Biomater. Sci,, 2026, 14, 2983-2994

(IL-12p40), and tumor necrosis factor-a (TNF-a) within the cell
culture supernatants (Fig. 4A-C), indicating that the
HG-TMBMR hydrogel exhibits potent capacity to induce DCs
to release pro-inflammatory cytokines. Given the strong
capacity of the HG-TMBMR hydrogel to induce DC activation,
we further assessed its capacity to promote T cell proliferation.
BMDCs pre-stimulated with the HG-TMBMR hydrogel were co-
incubated with T cells for 48 h. The co-incubation was
designed to evaluate the promoting effect of BMDCs matured
by the hydrogel vaccine on the activation and proliferation of T
cells, and to verify the cascade immune effect of the hydrogel
vaccine through DC activation followed by the functional acti-
vation of T cells. As illustrated in Fig. 4D and E, HG-TMBMR
hydrogel-stimulated BMDCs effectively promoted T cell pro-
liferation. Collectively, the current results show that the
HG-TMBMR hydrogel is capable of efficiently triggering DC
stimulation and T cell activation in vitro, thereby eliciting

This journal is © The Royal Society of Chemistry 2026
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(A) The viability of L929 fibroblasts following exposure to different concentrations of the HG-TMBMR hydrogel (n = 6). This concentration

corresponds to the concentration of the biofilm membrane protein within the hydrogel, with a mass ratio of Rg3 to the biofilm membrane protein of
1:20. (B) Representative microscopy images. (C) Quantitative data related to DC migration were obtained via Transwell assays; the quantity of
migrated cells was calculated by counting across five random visual fields (n = 3). (D and E) FCM analysis illustrating the proportion of mature DCs
after various treatment conditions. All experimental data are shown as the mean + standard deviation (SD). Levels of statistical significance are

denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 4 Release of (A) interleukin-6 (IL-6), (B) interleukin-12p40 (IL-12p40), and (C) tumor necrosis factor-a (TNF-a) from BMDCs after various treat-
ment regimens, measured using ELISA (n = 3). (D and E) Quantitative data regarding T cell proliferation under different treatment conditions (n = 3).
(F) Viability of CT26 cells following co-incubation with splenocytes isolated from the treated mice (n = 6). All experimental data are expressed as
mean + standard deviation (SD). Statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

potent immunostimulatory functions. In addition, splenocytes
obtained from mice that had been administered various for-
mulations were co-cultured with CT26 tumor cells for the
evaluation of their tumor cytotoxicity. As depicted in Fig. 4F,
splenocytes from mice vaccinated with HG-TM alone exerted
limited cytotoxicity against CT26 tumor cells, suggesting that
immunization with antigen alone is insufficient to induce
effective T cell activation. In contrast, the cellular viability

This journal is © The Royal Society of Chemistry 2026

measured in the HG-TMBMR group was 66.1%, a value that
was notably lower in comparison with every other test group.
This enhanced tumor-killing capacity is attributed to the
synergistic cooperation among the antigen, adjuvant, and
immunomodulatory component (Rg3) within the HG-TMBMR
hydrogel. Collectively, these results indicate that the
HG-TMBMR tumor vaccine is capable of triggering strong T
cell activation targeting tumor cells via the synergistic actions
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of the antigen, adjuvant, and Rg3, thus inhibiting the degra-
dation of antigens.

3.3 Assessment of in vivo tumor development prevention

Since antigens are integrated within the HG-TMBMR hydro-
gel framework, the hydrogel-based vaccine is anticipated to
display extended in vivo persistence, thus preventing the
rapid elimination of antigens by the immune system. To
further explore the in vivo retention capacity, the hybrid
biofilm (TMBM) was marked with the near-infrared fluo-
rescent dye DiR, thus endowing the HG-TMBMR hydrogel
vaccine with fluorescence characteristics. Mice were randomly
assigned to two groups and administered with dye-marked
preparations, followed by in vivo fluorescence imaging ana-
lysis at various time intervals. On day 12, the fluorescence
signal intensity in the Rg3 + hybrid biofilm (TMBM) mixture
group was significantly weakened, whereas that in the
HG-TMBMR hydrogel group remained at a relatively high
level (Fig. 5A and B). The weakened fluorescence was mainly
attributed to the poor stability and rapid clearance of the
free mixture in vivo, which lacked the sustained-release and
protective effects of the hydrogel. In contrast, the hydrogel
system could retain the biofilm and prolong its retention
time, resulting in a stronger fluorescence signal. The capacity
of the HG-TMBMR hydrogel vaccine to prevent tumor devel-
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opment was further assessed in mice. Male BALB/c mice
were administered different vaccine formulations. On day 21
post-immunization, the mice were subjected to a CT26
tumor cell challenge (defined as day 0), with continuous
monitoring of tumor volumes conducted over the following
three weeks. As shown in Fig. 5C and D, tumors generally
developed in all groups by day 7. Notably, tumor volumes in
the normal saline (NS) group and HG-Rg3 group increased
rapidly during the subsequent 14 days. In contrast, tumor
growth was most delayed in mice immunized with the
HG-TMBMR hydrogel, indicating the favorable prophylactic
effect of the vaccine on delaying tumor progression.
Compared with the other groups, mice treated with the
HG-TMBMR hydrogel also displayed the smallest tumor
burden (Fig. 5E) and the lowest tumor weight (Fig. 5F).
Additionally, the biological safety of the HG-TMBMR hydro-
gel tumor vaccine was systematically evaluated. No notable
reduction in body weight was detected over the 21-day period
post-immunization (Fig. 5G). In addition, H&E staining of
the major organs in mice showed that the HG-TMBMR treat-
ment did not induce pathological lesions in any organ
(Fig. 5H). These findings verify that the HG-TMBMR hydro-
gel, serving as a prophylactic vaccine, can effectively delay
tumor progression after a single immunization dose while
ensuring favorable biological safety.
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Fig. 5

(A and B) In vivo retention profile of the Rg3 + hybrid biofilm (TMBM) mixture and HG-TMBMR hydrogel characterized by IVIS. (C) Mean

tumor growth profiles of mice treated with distinct formulations (n = 5). (D) Temporal changes in individual tumor growth for mice administered
with various preparations (n = 5). (E) Macroscopic tumor morphology and (F) tumor weight in mice following different therapeutic interventions (n =
5). (G) Body weight of mice during the administration of diverse treatment regimens (n = 5). (H) Representative H&E staining images of the major
organs harvested from mice subjected to different treatments. All data are expressed as mean + standard deviation (SD). Statistical significance is

defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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To elucidate the immune mechanism responsible for the
tumor-inhibitory activity of the hydrogel, immunized mice
were humanely sacrificed on the 21st day for the collection
and isolation of tumor tissues, spleen specimens, and
serum samples. Tumor-infiltrating CTLs (CD3'CD8') and
helper T lymphocytes (CD3'CD4') were quantified using
FCM analysis. To explore the immune mechanism behind
the tumor-preventive action of the hydrogel, vaccinated mice
were sacrificed on day 21 to harvest tumors, spleens, and
serum samples. Tumor-infiltrating CTLs (CD3'CD8') and
helper T cells (CD3'CD4") were quantified by FCM (Fig. 6A-
C). Meanwhile, the HG-TMBMR hydrogel vaccine signifi-
cantly increased the serum levels of IFN-y and TNF-a
(Fig. 6D and E). Immunofluorescence and immunohisto-
chemical analyses of tumor-infiltrating CTLs revealed find-
ings consistent with those observed in the spleen (Fig. 6F
and G). Collectively, these results show that the HG-TMBMR
hydrogel substantially increases the proportion of CTLs in
both tumor tissues and spleens. Given the pivotal role of
CTLs in tumor cell elimination, the delayed tumor pro-
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gression observed in the HG-TMBMR hydrogel group is
attributed to the hydrogel-mediated enhancement of CTL
proportions and function.

3.4 Inhibition of tumor progression in vivo

In addition to the preventive capacity of the tumor vaccine, the
anti-tumor activity of the HG-TMBMR hydrogel was further
explored. Male BALB/c mice were randomly divided into six
groups and inoculated with CT26 cells for the establishment
of a mouse colon tumor model. On day 7 post-implantation,
the mice were administered with HG-TM, HG-BM, HG-TMBM,
HG-Rg3 and HG-TMBMR hydrogels, and normal saline (NS),
respectively. Tumor growth was monitored continuously over a
two-week period. As shown in Fig. 7A and B, treatment with
the HG-TMBMR hydrogel significantly delayed tumor growth,
demonstrating that the hydrogel vaccine could effectively sup-
press tumor progression. Compared with the other groups,
mice treated with the HG-TMBMR hydrogel displayed a
smaller tumor burden (Fig. 7C) and the lowest tumor weight
(Fig. 7D). According to the survival profiles of mice across
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Fig. 6

(A—C) Flow cytometric analysis showing the percentages of CTLs and helper T cells in the spleen. (D) IFN-y and (E) TNF-a levels in serum (n

= 3). (F) Immunofluorescence images of CTLs in tumors. (G) Immunohistochemical staining images of CTLs in tumors. Experimental data are
expressed as the mean + standard deviation (SD). Statistical significance is labeled as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 7 (A) Average tumor growth profiles of mice treated with distinct formulations (n = 5). (B) Tumor growth kinetics of individual mice receiving

different formulations (n = 5). (C) Tumor morphology and (D) tumor weight of mice after different treatment regimens (n = 5). (E) Survival curves of
mice given different formulations (n = 10). (F) H&E staining images of the major organs of mice subjected to various treatments. Experimental data
are expressed as the mean + standard deviation (SD). Statistical significance is labeled as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 8 (A—C) FCM analysis showing the percentages of CTLs and helper T cells in the spleen. (D and E) Fluorescence images of terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining, along with a quantitative assessment of tumor cell apoptosis. All experi-
mental data are expressed as the mean + standard deviation (SD). Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001.

2992 | Biomater. Sci, 2026, 14, 2983-2994 This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6bm00261g

Open Access Article. Published on 27 April 2026. Downloaded on 11/6/2026 11:08:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

various groups (Fig. 7E), treatment with the HG-TMBMR
hydrogel markedly extended the survival period of tumor-
bearing mice. At the conclusion of the therapeutic experiment,
the mice were humanely sacrificed, and their major organs
were subjected to H&E staining. The findings revealed that, in
comparison with the NS group, administration of the
HG-TMBMR hydrogel suppressed local tumor metastasis
(Fig. 7F).

CTLs (CD3'CD8") and helper T cells (CD3°CD4") that infil-
trated the tumor were identified via FCM. As illustrated in
Fig. 8A-C, mice administered with the HG-TMBMR hydrogel
displayed strengthened anti-tumor immune responses, since
the proportions of both CTLs and helper T cells within the
tumor tissue were the highest across all treatment groups. The
fluorescence images from the apoptosis assay in the
HG-TMBMR hydrogel group (Fig. 8D and E) further confirmed
that the tumor vaccine suppressed tumor progression by pro-
moting tumor cell apoptosis. Taken together, these findings
indicate that the HG-TMBMR hydrogel, acting as a prophylac-
tic vaccine, is capable of not only effectively inhibiting tumor
formation but also functioning as a therapeutic vaccine to
delay the progression of tumors.

4. Conclusion

In summary, the present study constructed an injectable
hydrogel integrated with biofilm, which serves as a one-dose,
highly effective prophylactic vaccine targeting colon cancer,
designed to achieve potent and long-lasting immune acti-
vation. The hybrid biofilm (TMBM), modified with HAMA-
GelMA, was fabricated into a hydrogel formulation
(HG-TMBM hydrogel), and Rg3 was encapsulated within the
micropores of the hydrogel to establish a stable sustained-
release system for antigens and bioactive components. Upon
subcutaneous injection, the system rapidly undergoes a sol-
to-gel transition, and the gradual degradation of the matrix
enables a slow and sustained release of the hybrid biofilm
(TMBM) and Rg3. The hybrid biofilm (TMBM) can actively
target DCs and efficiently induce their maturation, while
Rg3 modulates the immune microenvironment and enhances
antigen presentation efficiency. The synergistic action of
these two components promotes the activation, proliferation,
and functional stability of CTLs, enhances specific antitumor
immune responses and successfully surmounts the key limit-
ations of conventional prophylactic vaccines, including
insufficient immune activation intensity and the requirement
for multiple administrations. The enhanced and long-lasting
T lymphocyte-mediated immune response induced by this
hydrogel vaccine provides substantial prophylactic efficacy
against colon cancer. The long-lasting tumor prevention plat-
form constructed in the present research offers a novel tech-
nological approach for the innovative advancement of single-
dose prophylactic cancer vaccines and is anticipated to facili-
tate the clinical transformation of prophylactic cancer
vaccines.

This journal is © The Royal Society of Chemistry 2026
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