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Significance

 The present symbionts exhibited 
excellent tolerance to the harsh 
environment of the 
gastrointestinal tract. Importantly, 
probiotics within symbionts 
created a local anaerobic 
environment to activate the 
[NiFe]-hydrogenase enzyme of 
cyanobacteria, facilitating the 
production of hydrogen gas to 
persistently scavenge elevated 
reactive oxygen species and 
alleviate inflammatory factors. 
The reduced inflammation caused 
by cyanobacteria improves the 
viability of the probiotics to 
efficiently regulate gut microbiota 
homeostasis and reshape the 
intestinal barrier function.
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Inflammatory bowel disease (IBD) is often associated with excessive inflammatory 
response and highly dysregulated gut microbiota. Traditional treatments utilize drugs 
to manage inflammation, potentially with probiotic therapy as an adjuvant. However, 
current standard practices often suffer from detrimental side effects, low bioavailabil-
ity, and unsatisfactory therapeutic outcomes. Microbial complexes characterized by 
mutually beneficial symbiosis hold great promise for IBD therapy. Here, we aggregated 
Synechocystis sp. PCC6803 (Sp) with Bacillus subtilis (BS) by biomimetic mineraliza-
tion to form cyanobacteria–probiotics symbionts (ASp@BS), which reshaped a healthy 
immune system and gut microbiota in a murine model of acute colitis. The symbionts 
exhibited excellent tolerance to the harsh environment of the gastrointestinal tract. 
Importantly, probiotics within the symbionts created a local anaerobic environment to 
activate the [NiFe]-hydrogenase enzyme of cyanobacteria, facilitating the production of 
hydrogen gas (H2) to persistently scavenge elevated reactive oxygen species and alleviate 
inflammatory factors. The resulting reduced inflammation improves the viability of the 
probiotics to efficiently regulate the gut microbiota and reshape the intestinal barrier 
functions. Our research elucidates that ASp@BS leverages the synergistic interaction 
between Sp and BS to create a therapeutic platform that addresses multiple aspects of 
IBD, offering a promising and comprehensive solution for IBD treatment.

inflammatory bowel disease | cyanobacteria-probiotics symbionts | hydrogen gas | gut microbiota

 Inflammatory bowel disease (IBD) comprises a family of idiopathic gastrointestinal disorders 
that includes Crohn's disease (CD) and ulcerative colitis (UC), which can lead to more serious 
diseases such as colorectal cancer ( 1   – 3 ). Although the pathogenesis of IBD is complex and 
elusive, emerging evidence suggests that IBD is associated with intestinal mucosal barrier 
dysfunction and dysbiosis of the gut microbiota, which subsequently leads to an overactive 
immune response and inflammatory factors with elevated reactive oxygen species (ROS) ( 4 ). 
Currently available clinical therapies for IBD primarily focus on improving disease-related 
symptoms by either reducing the burden of intestinal inflammation or suppressing the 
immune response ( 5 ). These therapies include drugs such as 5-aminosalicylates (5-ASA), 
corticosteroids, and tumor necrosis factor (TNF) antagonists ( 5 ,  6 ). However, these treatments 
often fail to address the root causes of IBD, which include damage to the gastrointestinal 
mucosal layer, loss of intestinal barrier function, and dysregulation of the gut microbiota. 
Furthermore, traditional immunosuppressive agents based on small molecules or biologics 
can result in off-target systemic side effects and may lead to serious complications with pro-
longed use, including opportunistic infections, malignancies, autoimmune conditions, and 
liver toxicity ( 1 ,  7   – 9 ). Recent studies have shown that the microbiome plays a crucial role in 
regulating essential immune functions in both health and various disease contexts, including 
IBD ( 10 ). The emerging understanding of the microbiome's role in the pathogenesis of the 
disease and the anti-inflammatory properties of certain symbiotic microorganisms support 
the use of probiotic-based therapies for IBD ( 11   – 13 ). Oral probiotic therapy has shown 
promise as an adjunctive treatment for IBD by enabling the balance of bacterial composition 
in the intestines to be actively modulated and promoting mucosal healing ( 14 ,  15 ). However, 
oral administration of probiotics has been limited by their low bioavailability—given these 
probiotics are susceptible to ROS damage in the context of IBD—reducing treatment efficacy 
and prolonging therapy duration ( 16   – 18 ). There is an unmet need for more effective and 
safer IBD therapies targeting suppression of inflammation, reestablishment of intestinal barrier 
function, and modulation of the gut microbiota in infected tissues.

 Symbiotic relationships between microorganisms play a fundamental role in ecosystem 
processes and evolutionary pathways ( 19 ). Importantly, microbial complexes characterized by 
mutually beneficial symbiosis hold great promise for disease therapy ( 20   – 22 ). Microorganisms 
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with symbiotic relationships can synergistically exert functions that 
cannot be achieved by a single microorganism, thereby increasing the 
efficiency of microbiome-based biotherapies ( 3 ,  23 ). Synechocystis  sp. 
PCC6803 (Sp) is a cyanobacterium that can produce hydrogen 
through dark fermentation under anaerobic conditions ( 24   – 26 ). 
However, the [NiFe]-hydrogenase (HoxEFUYH) in Sp is 
oxygen-sensitive, with its hydrogen-producing capabilities being lim-
ited by local oxygen concentrations ( 24   – 26 ). Bacillus subtilis  (BS) is 
a probiotic renowned for its ability to rapidly consume free oxygen 
( 27 ) and inhibit the growth of pathogenic bacteria ( 28   – 30 ). However, 
the therapeutic potential of BS is often limited by excessive oxidative 
conditions within the gastrointestinal tract in the pathological con-
text. IBD is typically accompanied by a hyperoxic and highly oxida-
tive microenvironment ( 31 ), which limits the therapeutic efficacy of 
Sp and BS when each is used independently.

 Given the above limitations of using these strains individually, in 
this study, cyanobacterial-probiotic symbionts were established for 
the effective treatment of IBD. Specifically, we used a biomimetic 
mineralization process to aggregate the cyanobacterium Sp with the 
probiotic BS to form a symbiont (ASp@BS). In this symbiotic sys-
tem, BS can consume oxygen to create a local anaerobic environ-
ment, which activates [NiFe]-hydrogenase of cyanobacteria to 
promote H2  production, initiating antioxidant and anti-inflammatory 
responses. In a mutually beneficial relationship, H2  produced by 
cyanobacteria persistently eliminates ROS ( 32 ,  33 ), exerting a pow-
erful protective effect on the probiotics against oxidative damage 
under these inflammatory conditions, thereby remodeling the gut 
barrier function and gut microbiota. Additionally, the symbiotic 
aggregate is not affected by harsh gastrointestinal conditions, includ-
ing the presence of gastric acid and bile salts, which enhances the 
efficiency of oral delivery. The research results highlight the ability 
of the ASp@BS system to alleviate inflammatory symptoms, regulate 
the gut microbiota, and restore intestinal barrier function, ultimately 
producing a potent therapeutic effect in a DSS-induced acute colitis 
model. In summary, the present ASp@BS symbiont, utilizing the 
synergy between Sp and BS, represents a therapeutic platform that 
not only substitutes clinical anti-inflammatory drugs but also shields 
probiotics from adverse stressors. This symbiont addresses multiple 
facets of IBD, offering a promising comprehensive solution for its 
treatment. 

Results

Intermicroorganism Mutualism between Sp and BS Holds the 
Potential to Treat IBD. IBD is often associated with an overactive 
inflammatory response and highly dysregulated gut microbiota (4, 
6, 8, 34). As an excellent antioxidant and anti-inflammatory agent, 
H2 can be used for treating IBDs (35–37). Furthermore, probiotics 
have beneficial functions in regulating gut microbiota. Therefore, 
we hypothesized that the symbiosis of Sp and BS could effectively 
treat IBD (Fig. 1A). To validate this hypothesis, we first measured 
the oxygen concentration in the symbiotic system. When Sp and 
BS were cocultured, the O2 concentration in the system gradually 
decreased with time, and the O2 concentration was almost zero after 
8 h (Fig. 1B). Then, a simple apparatus was designed to collect the 
generated H2 (Fig. 1C), inject it into a gas chromatograph (GC), 
and perform quantification (Fig. 1D). The coculture of Sp and BS 
produced 8.6 μmol of H2, and neither Sp nor BS alone produced 
H2. Furthermore, hydrogenase activity was quantified based on the 
hydrogen production rate, which was significantly higher for the 
coculture of Sp and BS than for Sp alone (SI Appendix, Fig. S1). 
A methyl blue-platinum (MB-Pt) probe (38) was used to further 
investigate the H2-producing ability of Sp+BS. In the presence of a 
platinum catalyst, MB was reduced by H2 (Fig. 1E). Upon addition of 

the Sp+BS suspension once H2 production had been completed, the 
characteristic peak of the MB probe at 664 nm decreased significantly 
and the color of MB gradually faded (Fig. 1F). These results indicated 
that BS is able to consume oxygen, causing a localized anaerobic 
microenvironment which in turn activates [NiFe]-hydrogenase in 
Sp, promoting H2 production.

 Based on the effective H2  production behavior of the coculture, 
we investigated the ability to scavenge reactive oxygen species 
(ROS) of Sp and BS in vitro. The ABTS method was utilized to 
assess the coculture of Sp and BS ability to clear hydroxyl radicals 
(•OH). Compared with BS and Sp, the coculture of BS and ASp 
was the most efficient in reducing •OH, with a clearance efficiency 
of 58.1% ( Fig. 1 G  and H  ). The protective effect on probiotics 
under high oxidative stress was further investigated. After treating 
the cocultures in hydrogen peroxide (H2 O2 ), the survival rate of 
bacteria in the Sp and BS coculture was significantly increased by 
5.3 folds compared with that when BS was cultured alone ( Fig. 1I  ). 
The above results confirm that the symbiotic properties of SP and 
BS have great potential for the treatment of IBD.  

Preparation and Characterization of ASp@BS. In order to ensure 
that the mutually beneficial symbiotic relationship between Sp and BS 
was still functional in vivo, we synthesized cyanobacterial-probiotic 
symbionts (ASp@BS) via a one-step synthesis using the biomimetic 
mineralization method (39) (Fig. 2A). Specifically, we first introduced 
polydiallyldimethylammonium chloride (PDADMAC) onto the 
surface of Sp cells. PDADMAC molecules can interact with Sp cells 
and modify their properties, creating a biomimetic silicified protein 
layer. PDADMAC is a cationic polymer containing quaternary 
amines to simulate silicification proteins and successfully encapsulate 
individual cells with silica (40). This technique has proven successful in 
conferring cyanobacteria aggregates with characteristics akin to those 
of diatoms (39, 41). Next, the modified cells were resuspended in a 
sodium silicate solution, inducing spontaneous aggregation behavior. 
During this aggregation process, by adding the probiotic BS, we 
effectively encapsulated BS within the aggregates. Determination of 
the optimal ratio of Sp and BS was pivotal. We synthesized ASp@
BS with different ratios and then observed the aggregation of BS 
and Sp cells by confocal laser scanning microscopy (CLSM). As 
shown in SI Appendix, Fig. S2, BS concentration of 1 × 108 CFU/
mL combined with 3 × 108 Sp cells/mL, provided the optimal ratio, 
producing aggregates with the highest BS load while maintaining 
structural integrity. Dynamic light scattering (DLS) results revealed 
that the surface potential of Sp cells was approximately −26.8 ± 0.23 
mV. After modifying the algae surface with PDADMAC, the surface 
potential shifted to 15.5 ± 0.47 mV. Subsequent mineralization 
resulted in ASp@BS with a surface potential shift to −3.3 ± 0.4 mV, 
thereby confirming the formation of ASp@BS through the observed 
changes in potential (Fig. 2B). Subsequently, we employed scanning 
electron microscopy (SEM) to characterize the surface morphology 
of ASp@BS. The SEM results depicted aggregate sizes of around 
100 µm, and zoomed-in images revealed the close interconnection 
of numerous algae and bacteria within the aggregates (Fig. 2 C and 
D). Further observation using CLSM demonstrated the successful 
colocalization of green fluorescent protein (GFP) from the bacteria 
and red fluorescence (chlorophyll a, phycocyanin) from the algae 
(Fig.  2E). Moreover, the CLSM 3D images also confirmed the 
successful synthesis of ASp@BS (Fig.  2F). Additionally, infrared 
spectroscopy and energy dispersive X-ray spectroscopy (EDS) analysis 
indicated self-aggregation achieved by the interbonding of individual 
algae cells through amorphous silica on their surfaces (Fig. 2G and 
SI Appendix, Figs. S3 and S4).

 Oral administration is the preferred method of drug delivery 
for the treatment of chronic gastrointestinal disorders owing to 
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its convenience, safety, and direct action on the local mucosa. 
However, orally administered agents encounter a hostile environ-
ment in the gastrointestinal tract. To evaluate the resistance of 
ASp@BS to the gastrointestinal environment after oral adminis-
tration, experiments were conducted. As illustrated in  Fig. 2H  , 
ASp@BS maintained its structural integrity even after exposure 
to simulated gastric fluid (SGF) for 2 h, bile salts for 6 h, and 
simulated colonic fluid (SCF) for 6 h, demonstrating that it is 
stable in the gastrointestinal tract ( Fig. 2H   and SI Appendix, 
Fig. S5 ). Similarly, colocalization of Sp and BS was still observed 
in intestinal sections 48 h after oral administration of ASp@BS, 
indicating the stability of the ASp@BS oral delivery platform 
( Fig. 2I  ). Furthermore, the growth curve and CCK8 assay results 
demonstrated the excellent biocompatibility of this synthesis 
method (SI Appendix, Figs. S6 and S7 ).  

H2 Generation and ROS Elimination Ability of ASp@BS. Next, 
we investigated whether ASp@BS could maintain a mutually 
beneficial symbiotic relationship between Sp and BS (Fig. 3A). 
As shown in Fig. 3B, ASp@BS produced 13.8 μmol of H2 in 48 
h. Aggregates without BS (ASp) also produced 2.5 μmol of H2, 
possibly due to anaerobic microenvironments created by oxygen 

consumption during cellular respiration inside the ASp under 
dark conditions. The MB probe similarly confirmed that ASp@BS 
produced more H2 than ASp (Fig. 3C). It is noteworthy that ASp@
BS could retain the ability to continuously produce H2 even after 
treatment with stomach acid and bile salt (SI Appendix, Fig. S8). 
The ABTS method was utilized to assess the ability of ASp@BS to 
clear •OH. The ASp@BS suspension that had already produced H2 
demonstrated the highest efficiency in reducing •OH generation 
relative to ASp, with a clearance efficiency of 75.1% (Fig. 3 D 
and E). Owing to its sustained H2 production ability and efficient 
diffusion of H2, ASp@BS exhibited potential as an antioxidant, 
countering intracellular oxidative stress (Fig. 3F). To determine the 
effect of the H2 produced by the algae-probiotics aggregates on the 
intracellular ROS level of CT26 cells, we induced the production 
of ROS by the H2O2. As shown in Fig.  3G, preincubation of 
cells with ASp@BS under dark conditions led to a reduction 
in intracellular ROS, indicating that ASp@BS can effectively 
defend against oxidative stress by generating H2. Similar trends 
were observed through flow cytometry analysis, which showed 
that the oxidation level of cells decreased from 61.5 to 19.6% 
(SI Appendix, Fig. S9). These results suggest that the aggregates can 
promote the formation of localized anaerobic microenvironments, 

Fig. 1.   Intermicroorganism mutualism between Sp and BS holds the potential to treat IBD. (A) Schematic representation of intermicroorganism mutualism 
between Sp and BS. (B) The O2 concentration in the Sp and BS coculture system. (C) Schematic diagram of a simple apparatus for H2 collection and quantitative 
measurement. (D) Accumulated amount of H2 produced by various suspensions, quantified by gas chromatography. (E) Reaction equation of H2 and MB-Pt reagent 
(H2-detecting probe). The Inset shows the molecular structure change of MB after H2 reduction. (F) MB-platinum was incubated in different suspensions and the 
UV-vis absorption spectra were measured. (G and H) •OH-scavenging ability of different suspensions measured by ABTS method. (I) The survival of the BS was 
evaluated in the presence of 200 µM of H2O2. Data are presented as the mean ± SD (n = 3); *P < 0.05, **P < 0.01, and ***P < 0.001 determined by Student’s t test.
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thereby activating hydrogenase within the Sp cells and producing 
H2. Furthermore, the potential of ASp@BS to generate H2 in the 
intestine was also investigated. Ultrasound imaging confirmed 
that mice treated with ASp@BS exhibited a 2.5-fold increase in 
ultrasound signals, indicating the production of gas bubbles in 

their abdomen (Fig. 3 H and I). These results confirmed that ASp@
BS retained the symbiotic properties of the two microorganisms 
for effective H2 production by Sp, with potent ROS scavenging 
capacity and the ability to protect cells from oxidative stress, 
exhibiting promise for the treatment of inflammation.

Fig. 2.   Preparation, characterization, and assessment of stability of ASp@BS. (A) Schematic of the synthesis of ASp@BS. (B) Zeta potential of Sp, Sp-PDA, and 
ASp@BS (n = 3). (C and D) Representative SEM image of ASp@BS and enlarged image. (E and F) Confocal fluorescence images of ASp@BS. The red fluorescence 
shows Sp and the green fluorescence shows BS-GFP. (G) FTIR of Sp, BS, and ASp@BS. (H) Representative fluorescence microscopy images of ASp@BS after 
reacting with SGF for 2 h and then bile salt for 6 h. (I) Representative fluorescence microscopy images of mouse colon collected at 48 h after oral gavage with 
BS+Sp or ASp@BS; GFP-expressing BS was used.
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Protection and Colonization of Probiotic Bacteria by ASp@BS. 
Encouraged by the effective promotion of H2 production by Sp in 
ASp@BS, we further explored the ability of Sp to exert protective 
effects on BS and promote its colonization. The protective effect 
of aggregates on BS probiotics was investigated through colony 
counting. When treated to SGF, BS inside aggregates exhibited 
superior vitality compared with unencapsulated BS, across different 
incubation intervals (SI Appendix, Fig. S10A). Remarkably, after 
2 h, ASp@BS retained over 1 × 106 viable bacteria, whereas 

unencapsulated BS experienced near-complete bacterial death. 
Similarly, ASp@BS displayed enhanced viability in the presence 
of bile salts, indicating the protective role of the encapsulating 
layer against external stressors (SI Appendix, Fig. S10B). Further 
examination focused on the protective effect of ASp@BS on 
bacteria under high oxidative stress conditions. After subjecting 
the symbionts to H2O2 treatment for 2 h, compared with BS, 
ASp@BS significantly improved the bacterial viability by 10.3 
folds (SI Appendix, Fig. S11).

Fig. 3.   H2 generation and ROS elimination ability of ASp@BS. (A) Diagram of the mechanism of H2 production by ASp@BS. (B) Accumulated amount of H2 produced 
by various suspensions, quantified by gas chromatography. (C) MB-platinum was incubated in different suspensions and the UV-vis absorption spectra were 
measured. (D and E) •OH -scavenging ability of different suspensions measured by ABTS method. (F) Schematic representation of the ability of different groups to 
scavenge ROS at the cellular level. (G) Confocal fluorescence images of ROS levels in CT26 cells after different treatments. Cells were stained with the ROS probe 
DCFH-DA (green fluorescence). (H) In vivo time-dependent ultrasound imaging of mice after oral administration of ASp@BS. (I) Quantitative analysis of signal 
intensities based on ultrasonic imaging data. Data are presented as the mean ± SD (n = 3); *P < 0.05, **P < 0.01, and ***P < 0.001, determined by Student’s t test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2403417121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2403417121#supplementary-materials
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 To investigate the in vivo adhesion and colonization capability 
of ASp@BS, mice were orally administered equal amounts of 
ASp@BS and BS. Bacterial colony counting was performed on 
harvested stomach and intestinal tissues at various time points (4, 
48, and 96 h postadministration). The results showed that com-
pared with the unmodified BS group, significantly higher quanti-
ties of bacteria of the ASp@BS group were found in both the 
stomach and intestine at all indicated time points ( Fig. 4 A –D  ). 
After 4 h, the viable bacterial count of the ASp@BS group in the 
stomach was 7.9 times that of the natural BS group, demonstrating 
the tolerance of ASp@BS to gastric acid. Similarly, after 48 h of 
gavage, the number of bacteria in the intestines of the ASp@BS 
group was 4.6 times that in the intestines of the BS group. Even 
when the administration time was extended to 96 h, the coloni-
zation of bacteria in the intestine of the ASp@BS group was still 
12.7 times higher than that in the BS group. To visually assess 
bacterial adhesion and colonization in the gastrointestinal tract, 
mice were orally administered equal amounts of ASp@BS-GFP 
and BS-GFP, and stomach and intestinal tissues were collected for 
IVIS imaging at designated time points. As shown in  Fig. 4 E  and 
﻿F  , the fluorescence intensity of the ASp@BS group was signifi-
cantly higher than that of the BS group, indicating that ASp@BS 
enhances bacterial adhesion and colonization in mice. We also 
investigated the time-dependent distribution of ASp@BS in the 
gastrointestinal tract by detecting silicon in ASp@BS using induc-
tively coupled plasma mass spectrometry (ICP-MS). As shown in 
﻿SI Appendix, Fig. S12 , after oral administration, ASp@BS primar-
ily accumulated in the stomach within the first 2 h and gradually 
transitioned to the intestines over time. Notably, the highest 
cumulative concentrations were observed in the small intestine 
and colon at 8 and 12 h, respectively. Silica was still detected in 
the colon at 48 h, indicating that ASp@BS has an intestinal dis-
tribution time of more than 48 h. Additionally, ASp@BS was not 
detected in the blood or major organs, suggesting that ASp@BS 
is not readily transferred into the systemic circulation (SI Appendix, 
Figs. S12 and S13 ). Subsequently, the long-term adhesion and 
retention capabilities of ASp@BS were evaluated using CLSM. 
After oral administration of ASp@BS-GFP and BS-GFP, mice 
were killed on the third and sixth days, and colonic tissues were 
collected for frozen sections. As shown in  Fig. 4G  , the green flu-
orescence intensity of the ASp@BS group was significantly higher 
than that of the BS group, further confirming enhanced bacterial 
survival in vivo. Moreover, on the sixth day, green fluorescence 
was still observable in the ASp@BS group, while no fluorescence 
was detected in the BS group, indicating the prolonged retention 
of bacteria in the ASp@BS group. Importantly, comprehensive 
evaluation through measurement of body weight, complete blood 
count, blood biochemical indices, and hematoxylin-eosin (H&E) 
staining confirmed that administration of ASp@BS did not induce 
detectable damage or inflammatory reactions (SI Appendix, 
Figs. S14 and S15 ). In addition, we measured the levels of 
cytokines such as tumor necrosis factor- α (TNF- α), interleukin-6 
(IL-6), and interferon- γ (IFN- γ) in the intestines of 
ASp@BS-treated mice. As shown in SI Appendix, Fig. S16 , similar 
to that in the control group, no inflammatory response was seen 
in the ASp@BS group. In summary, the ASp@BS symbionts lev-
erage the synergistic interaction between Sp and BS to create a 
therapeutic platform that addresses multiple aspects of IBD, offer-
ing a promising and comprehensive solution for IBD treatment.          

ASp@BS Ameliorate DSS-Induced Colitis. Next, the therapeutic 
effect of ASp@BS on colitis in  vivo was evaluated. Mice were 
administered ASp@BS, Sp+BS (BS mixed with Sp), BS, Sp, and 
SiO2 for five consecutive days following a 7-d induction of colitis 

using dextran sulfate sodium (DSS) (Fig. 5A). The experimental 
design included positive control mice treated with PBS and negative 
control mice not exposed to DSS. To gauge the impact of ASp@
BS on colitis, changes in body weight were closely monitored. 
Although all mice exhibited weight loss after DSS induction, 
those treated with ASp@BS showed significantly less weight loss 
on the 13th day, indicating potent therapeutic effects against colitis 
(Fig. 5B and SI Appendix, Fig. S17A). Given that colitis-induced 
inflammation can lead to a shortened colon length, colonic tissues 
were isolated and measured to quantify colonic damage. The 
results demonstrated that, compared with the control group, mice 
treated with ASp@BS, Sp+BS, BS, Sp, SiO2, and PBS exhibited 
average reductions in colon length of 7.63%, 18.83%, 19.59%, 
22.1%, 30.79%, and 37.4%, respectively (Fig. 5C and SI Appendix, 
Fig. S17 C and D). This confirmed the protective role of ASp@BS 
against colitis-induced damage. Additionally, the disease activity 
index score further underscored the substantial therapeutic effect 
of ASp@BS on colitis (Fig. 5D and SI Appendix, Fig. S17B).

 Histological analysis was employed to evaluate the degree of 
colonic damage. Representative images showed that in the DSS 
group, the colonic structure was significantly disrupted, with 
lost crypts, depleted goblet cells, and immune cell infiltration. 
In contrast, treatment groups, especially the ASp@BS group, 
displayed notable improvements with nearly intact epithelial 
layers and minimal inflammatory cell infiltration ( Fig. 5E   and 
﻿SI Appendix, Fig. S18A﻿ ). Further, the apoptotic rate of colonic 
epithelial cells was assessed using a terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL) assay ( 42 ). The 
results revealed significantly fewer positive cells in the ASp@BS 
group than in other groups, signifying the ability of ASp@BS to 
reduce apoptosis of colonic epithelial cells (SI Appendix, 
Fig. S19 ). Next, the anti-inflammatory properties of ASp@BS 
were examined. Assessment of ROS levels in colonic tissues using 
DCF fluorescence imaging revealed that ASp@BS exhibited sig-
nificantly better ROS-clearing effects in vivo than Sp+BS and 
BS. This result indicated that ASp@BS has the capability to 
produce higher levels of H2  within the body, leading to robust 
ROS-clearing abilities ( Fig. 5F   and SI Appendix, Fig. S18B﻿ ). To 
gauge the extent of neutrophil infiltration in colonic tissues, the 
activity of myeloperoxidase (MPO), a marker of neutrophil 
activity, was measured. The results showed that MPO activity in 
the ASp@BS group was notably lower than in all other treatment 
groups, demonstrating the strong anti-inflammatory effects of 
ASp@BS (SI Appendix, Fig. S20 ). The impact of ASp@BS on 
the inflammatory colonic epithelium and disruption of intestinal 
barrier function caused by DSS was also examined. Alcian blue/
periodic acid–Schiff (AB/PAS) staining images also revealed that 
ASp@BS treatment significantly restored the mucus layer, similar 
to that in the healthy group ( Fig. 5G  ). Administration of ASp@
BS to DSS-induced colitis mice normalized the expression pat-
tern of tight junction proteins ZO-1 and occludin in colonic 
tissues ( Fig. 5H   and SI Appendix, Fig. S18 C  and D ). These pro-
teins play vital roles in maintaining intestinal homeostasis. This 
effect was minor in other control groups, including those that 
received Sp+BS and BS treatment. Furthermore, compared with 
other treatment approaches, ASp@BS effectively prevented sys-
temic exposure to fluorescein isothiocyanate-dextran 
(FITC-dextran) upon oral administration in mice with colitis, 
indicating successful restoration of intestinal barrier function 
(SI Appendix, Fig. S21 ). The enzyme-linked immunosorbent 
assay was performed to quantify cytokine levels in colonic tissues. 
ASp@BS was found to reduce the levels of proinflammatory 
cytokines such as IL-6, interferon- γ, and TNF- α while increasing 
the expression of anti-inflammatory cytokines such as IL-10 and 
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TGF- β ( Fig. 5I  ). This balance between proinflammatory and 
anti-inflammatory cytokines further underscored the potent 
anti-inflammatory potential of ASp@BS.

 To evaluate the preventive effect of ASp@BS on colitis in vivo, 
a DSS-induced mouse colitis prevention model was established, 
and different formulations of treatment were administered 
(SI Appendix, Fig. S22A﻿ ). Consistent with previous results, ASp@
BS demonstrated superior inhibition of colitis progression 

compared with all other treatment groups, with reduced weight 
loss, longer colon length, and minimal colonic damage (SI Appendix, 
Fig. S22 B –E ). Taken together, these results provide comprehensive 
evidence of the potential of ASp@BS as a therapeutic option for 
colitis, which is attributable to its anti-inflammatory properties, 
ROS-clearing abilities, and restoration of intestinal barrier func-
tion. These findings pave the way for potential applications in 
treating and preventing colitis.  

Fig. 4.   Protection and colonization of probiotic bacteria by ASp@BS. (A–C) Counts of bacteria collected from the stomach, small intestine, colon, and cecum at 
4, 48, and 96 h after oral gavage BS or ASp@BS. (D) Total counts of bacteria collected from the gastrointestinal tract at 4, 48, and 96 h after oral gavage BS or 
ASp@BS. (E and F) Representative IVIS images (E) and intensity (F) of GFP signals with the intestinal tracts after oral gavage of BS or ASp@BS. (G) Representative 
fluorescence microscopy images of mouse colon collected at 72 h and 144 h after oral gavage with PBS, BS, or ASp@BS; GFP-expressing BS were used. Data are 
presented as the mean ± SD (n = 3); *P < 0.05, **P < 0.01, and ***P < 0.001 determined by Student’s t test.
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ASp@BS Regulates Colitis-Associated Gut Microbiota Dysbiosis. 
Owing to the beneficial effects of probiotics in regulating gut 
microbiota, we examined the composition of the gut microbiota 
through 16S ribosomal RNA (rRNA) gene sequencing of the V3-
V4 region. The Species Accumulation Boxplot indicated sufficient 
samples for subsequent analysis (Fig. 6A). The petal plot analysis 
revealed a total of 333 feature sequences across all groups, with 
110, 38, 51, 32, and 108 unique feature sequences for Control, 
DSS, BS, Sp+BS, and ASp@BS, respectively (Fig. 6B). Principal 

coordinates analysis (PCoA) was conducted to examine the  
β-diversity of the gut microbiota among the different treatment 
groups. The results showed that the gut microbiota composition 
of the ASp@BS treatment group was closest to that of the control 
group, indicating a positive shift toward healthier gut microbiota 
in response to ASp@BS treatment (Fig.  6C). Nonmetric 
multidimensional scaling was used to further assess the bacterial 
community structure. This analysis confirmed that ASp@BS 
treatment led to a significant shift of the bacterial community 

Fig. 5.   ASp@BS ameliorated DSS-induced colitis. (A) C57BL/6 mice were provided water or 3% DSS-containing water for 7 d and orally administered medium, 
BS, Sp+BS, and ASp@BS. (B) Daily body-weight changes in each group were monitored for 13 d. Data were normalized as a percentage of the body weight at day 
0. (C) Colon lengths of mice that received indicated treatments on day 13. (D) Changes in DAI for 13 d, which is the summation of the stool consistency index  
(0 to 3), fecal bleeding index (0 to 3), and weight loss index (0 to 4). (E) H&E staining of colonic sections of mice on day 13 after the indicated treatments. (Scale bar, 
200 μm.) (F) Representative ROS staining of colonic sections of colons of mice on day 13 after the indicated treatments. (Scale bar, 100 μm.) (G) AB/PAS-staining 
of colonic sections of mice on day 13 after the indicated treatments. (Scale bar, 200 μm.) (H) Immunofluorescence images of ZO-1 and occludin staining of the 
colon after the indicated treatments. (Scale bar: 100 µm.) (I) Typical inflammatory cytokine levels of colons of mice on day 13 after the indicated treatments. 
Data are presented as the mean ± SD (n = 5); *P < 0.05, **P < 0.01, and ***P < 0.001, determined by Student’s t test.
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structure in untreated colitis mice closer to that of normal mice 
(SI Appendix, Fig. S23). Family-level species abundance bar plots 
were used to visualize the species composition in each treatment 
group. The results indicated that the gut microbiota composition 

of the ASp@BS group was more similar to that of the control group 
than to other treatment groups, suggesting a favorable shift toward 
a healthier microbial composition (Fig. 6D). Additionally, based 
on functional annotations and abundance information of samples 

Fig. 6.   ASp@BS regulates colitis-associated gut microbiota dysbiosis. (A) Box plots show the accumulation of alpha-diverse species in the gut microbiota. (B) 
Venn diagrams showing the differences in composition between different communities. (C) The PCoA plot shows the β-diversity of the intestinal microbiome 
(n = 5). (D) Relative abundance of bacteria classified at the family-level taxonomic classification. (E) Dendrogram generated using the UPGMA method. (F–K) 
Relative abundance of selected taxa (F) Enterobacteriaceae (G) Akkermansia_muciniphila, (H) Muribaculaceae, (I) Lactobacillus_murinus, (J) Romboutsia_ilealis, and 
(K) Bifidobacterium. Data are presented as the mean ± SD (n = 5); *P < 0.05, **P < 0.01, and ***P < 0.001, determined by Student’s t test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2403417121#supplementary-materials
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in the database, we selected the top 35 abundant functions and 
their abundance information in each sample to create a heatmap. 
As depicted in Fig.  6E, the ASp@BS group clustered together 
with the normal control group, indicating a similar functional 
composition of the samples.

 The bacterial composition of each treatment group was then 
analyzed in detail ( Fig. 6 F –K  ). ASp@BS treatment significantly 
increased the relative abundance of Akkermansia_muciniphila  
(known to be associated with protective intestinal barrier function) 
( 43 ,  44 ), Muribaculaceae (known to regulate inflammatory 
responses) ( 45 ), Lactobacillus_murinus  (known to be negatively 
correlated with the inflammatory state of IBD) ( 46 ), and 
Bifidobacterium [known to enhance regulatory T cell (Treg) func-
tion and metabolism] ( 47 ), while significantly decreasing in the 
DSS group. Additionally, ASp@BS reduced the relative abundance 
of Enterobacteriaceae, which can thrive in inflamed intestines ( 48 , 
 49 ), and Romboutsia_ilealis , which can enhance IBD-related 
inflammatory responses ( 50 ). To further explain the observed dif-
ferences in microbial composition, linear discriminant analysis 
effect size analysis was performed. Consistent with the above results, 
in the colitis mice of the control group, the abundance of Firmicutes 
was significantly reduced, while IBD-associated Enterobacteriaceae 
and Proteobacteria were significantly enriched (SI Appendix, 
Fig. S24 ). However, following ASp@BS treatment, the relative 
abundance of these pathogens decreased, and beneficial families 
such as Muribaculaceae, Lactobacillaceae, and Bifidobacteriaceae 
were significantly enriched relative to other groups, confirming the 
trend of ASp@BS regulating ecological imbalance in the gut 
(SI Appendix, Figs. S25 and S26 ). Additionally, ASp@BS treatment 
also slightly elevated the relative abundance of Streptococcaceaeaceae  
and Prevotellaceae  (proinflammatory commensal bacteria). Despite 
increased levels of Streptococcaceae  and Prevotellaceae, the overall 
composition of the ASp@BS treatment group was more similar to 
that of the control group. t  test and Simper (Similarity Percentage) 
analysis also supported the conclusion that ASp@BS treatment 
played a role in regulating the gut microbiota, restoring balance, 
and potentially contributing to improved gut homeostasis in 
DSS-induced colitis mice (SI Appendix, Figs. S27 and S28 ). In 
conclusion, the study highlighted that ASp@BS treatment had a 
multifaceted impact on the gut microbiota by influencing its com-
position, function, and overall balance. This demonstrated the 
potential of ASp@BS to regulate gut homeostasis in the context of 
colitis, impacting oxidative-reduction balance, immune responses, 
and gut microbiota.   

Discussion

 Prompt alleviation of inflammation and the restoration of equi-
librium within the gut microbiota are pivotal aspects of successful 
IBD treatment ( 4 ,  51 ). Regrettably, conventional therapeutic 
approaches, encompassing the use of corticosteroids and TNF 
antagonists, have frequently yielded suboptimal outcomes while 
potentially exposing patients to associated risks, ultimately com-
promising their overall quality of life augmenting their suscepti-
bility to more severe pathologies such as colon cancer ( 52   – 54 ). In 
response to these challenges, here, we developed ASp@BS with 
unique anti-inflammatory and gut microbiota-restoring properties 
and demonstrated its therapeutic efficacy in a mouse model of 
acute colitis. Within this unique symbiotic system, BS plays a 
pivotal role by activating hydrogenases within the Sp, thereby 
facilitating the generation of H2 . The H2  gas thus produced 
replaces conventional anti-inflammatory drugs, offering a distinct 
advantage owing to its capacity to efficiently neutralize ROS and 
subsequently mitigate inflammation. Importantly, this mechanism 

underscores the biological safety of ASp@BS, setting it apart from 
conventional drug-based therapies. Furthermore, H2  produced by 
Sp persistently eliminates ROS, exerting a powerful protective 
effect on the probiotics against oxidative damage under these 
inflammatory conditions. This synergy not only enhances bacterial 
survival but also expedites the restoration of intestinal barrier func-
tion and rectification of the disrupted gut microbiota, as depicted 
in  Figs. 5  and  6 , highlighting the profound therapeutic potential 
of ASp@BS.

 We also observed a significant reduction in proinflammatory 
cytokines and ROS levels, concomitant with a substantial increase 
in anti-inflammatory factors, as shown in  Fig. 5 . Furthermore, 
ASp@BS treatment led to a notable upregulation in the expres-
sion of tight junction-related proteins within the colon. This dual 
action contributed to the simultaneous restoration of intestinal 
barrier function and protection of the epithelium from apoptotic 
processes, as illustrated in  Fig. 5 . Moreover, in a murine model 
of acute colitis induced by DSS, ASp@BS administration effec-
tively facilitated the rapid recovery of lost body weight. 
Additionally, it exerted a suppressive effect on colonic and 
mucosal damage while significantly reducing colonic MPO activ-
ity. Intriguingly, these positive outcomes were not replicated in 
other control groups, including those administered BS+Sp and 
BS, highlighting the superior protective efficacy of ASp@BS in 
the context of colitis, as evident in  Fig. 5 . This phenomenon can 
be attributed to the ability of symbiotic aggregates to synergisti-
cally produce H2  and modulate gut microbiota. BS could alleviate 
DSS-induced colitis by regulating the gut microbiota, promoting 
mucosal barrier reconstruction, and inhibiting the inflammatory 
response ( 29 ,  30 ). H2  reprograms colonocyte metabolism by reg-
ulating the H2﻿-gut microbiota-SCFA axis and strengthens the 
intestinal barrier by modulating specific mucosa-associated muc-
olytic bacteria, which, in turn, may alleviate colitis ( 35 ). 
Furthermore, the symbiotic interaction between Sp and BS 
enhances the therapeutic processes described. H2  produced by 
Sp persistently eliminates ROS and protects probiotics from oxi-
dative damage in the inflamed microenvironment. Although H2  
can remove hydroxyl radicals, it does not respond to H2 O2  in 
physiological conditions. Interestingly, we found that H2  pro-
duced by Sp can be used by BS to defend against ROS. Specifically, 
the expression of antioxidant enzymes was increased after H2  
treatment (SI Appendix, Figs. S29 and S30 ). Coculture of Sp and 
BS enhances other aspects of the probiotics, which may contrib-
ute to the observed improvement in disease outcomes. This pro-
tection promotes the colonization and proliferation of BS, 
enhancing probiotic efficacy. Additionally, the extensive prolif-
eration of BS consumes oxygen, creating an anaerobic environ-
ment that further stimulates H2  production by Sp. These 
symbiotic effects collectively contribute to the promising thera-
peutic potential of ASp@BS against colitis. Crucially, in contrast 
to conventional immunosuppressive agents, which are associated 
with adverse events such as opportunistic infections, autoimmune 
reactions, and hepatotoxicity, our extensive investigation did not 
reveal any apparent toxicity related to repeated ASp@BS treat-
ment, as evidenced in SI Appendix, Figs. S14 and S15 . These 
compelling findings underscore the safety and efficacy of ASp@
BS as a potential therapeutic approach for colitis.

 The growing acknowledgment of the pivotal role played by the 
gut microbiota in human health has led to an increased under-
standing of its involvement in numerous human diseases, including 
IBD, obesity, diabetes, cancer, and neurological disorders ( 1 ,  8 , 
 55 ). In this context, our ASp@BS treatment demonstrated the 
capacity to modulate the gut microbiota effectively. This modula-
tion was characterized by an augmentation in the diversity and 
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relative abundance of beneficial probiotics, including, but not lim-
ited, to Akkermansia_muciniphila , Muribaculaceae, Lactobacillus_
murinus , and Bifidobacterium , as illustrated in  Fig. 6 . Notably, 
ASp@BS also exerted a favorable influence by decreasing the relative 
abundance of potentially harmful Proteobacteria, particularly 
Enterobacteriaceae, which tend to thrive in the inflamed gut  
environment. Additionally, ASp@BS curtailed the presence of 
﻿Romboutsia_ilealis , known to exacerbate the inflammatory response 
in IBD. BS can secrete surface-active agents, plipastatin, or 
bacteriocin-like secondary metabolites, inhibiting the growth of 
harmful bacteria ( 29 ,  30 ). Additionally, BS can produce beneficial 
metabolites such as short-chain fatty acids (SCFAs), which have a 
positive impact on the gut microbiota ( 29 ,  30 ). The H2﻿-producing 
properties of ASp@BS are also beneficial for the modulation of gut 
microbiota homeostasis. Previous research has shown that H2  
administration can increase the abundance of intestinal-specific 
SCFA-producing bacteria and therefore enhance SCFA production. 
H2  also modulates specific mucosa-associated mucolytic bacteria, 
leading to substantial inhibition of the spread of opportunistically 
pathogenic Escherichia coli  in mice with colitis ( 35 ). The reduction 
of ROS by ASp@BS also contributes to the regulation of gut micro-
biota. Studies have shown that ROS are detrimental to the growth 
of beneficial bacteria and can be utilized by facultative anaerobic 
pathogenic bacteria, leading to their proliferation ( 4 ,  34 ,  56 ). The 
research results highlight the ability of the ASp@BS system to 
enhance probiotic activity, increase H2  generation, and reduce 
ROS, ultimately enabling the modulation of gut microbiota home-
ostasis. Collectively, these findings emphasize the multifaceted 
benefits of ASp@BS, which extend beyond its protective effects on 
the colonic epithelium against inflammation to restoration of dis-
rupted gut microbiota and intestinal barrier function. Given the 
well-established link between dysregulated gut microbiota and 
compromised intestinal barrier function in systemic diseases, the 
approach delineated herein holds promise as a versatile and potent 
platform for the treatment of various inflammatory conditions.  

Materials and Methods

See SI Appendix, Materials and Methods for technical details for each method.

Preparation and Characterization of ASp@BS. ASp@BS was synthesized 
using a biomimetic silica mineralization method and subsequently character-
ized by various techniques, including CLSM, EDS, Fourier-transform infrared 
spectroscopy (FT-IR), and DLS.

In Vitro Characterization of ASp@BS. The H2 production capability of ASp@
BS was assessed using gas chromatograph and a Methylene Blue-Platinum (MB-
Pt) probe. The survival of bacterial cells was evaluated through colony counting 
methods.

In Vivo Characterization of ASp@BS. All experiments adhered to inter-
national guidelines. Animal studies were conducted following protocols 
reviewed and approved by the Institutional Animal Care and Use Committee 
of Zhengzhou University. The in  vivo distribution of ASp@BS was examined 
using in vivo imaging techniques. The biosafety of ASp@BS was assessed in 
healthy mice. The therapeutic efficacy of ASp@BS was evaluated in mice with 
DSS-induced colitis.

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI  Appendix. Bacterial V4-16S rRNA amplicon sequencing 
data in raw format prior to postprocessing and data analyses have been depos-
ited at the NCBI SRA, under accession no. PRJNA1187480 (57). RNA-seq data 
for Bacillus subtilis have been deposited at the NCBI SRA, under accession no. 
PRJNA1187674 (58).
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