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A B S T R A C T

Ulcerative colitis (UC) is defined as a chronic intestinal inflammation with an unknown cause. During its 
occurrence and development, oxidative stress and intestinal microbiota dysbiosis play important roles. Never
theless, the treatment of UC continues to pose significant challenges due to the intricate nature of physiological 
barriers and the suboptimal targeting efficacy of traditional therapeutic strategies. To solve the dilemma facing 
UC treatment, in this study, we developed a metal-phenolic nanozyme, designated as DHM-Zn, which exhibits 
anti-inflammatory and antioxidant properties via metal coordination between dihydromyricetin (DHM) and 
Zn2+. Furthermore, we engineered yeast microcapsules (YM) encapsulating the metal-phenolic nanozymes 
(DZ@YM), leveraging the inherent biosafety and tolerability advantages offered by natural microorganisms. 
Following oral administration, the intestinal retention characteristics of YM facilitated the efficient aggregation 
of DHM-Zn nanozymes at the inflammation site, thereby extending their therapeutic efficacy. In addition to 
augmenting anti-inflammatory and antioxidant effects, DZ@YM contributed to the restoration of intestinal mi
crobial balance by increasing the abundance of beneficial bacteria such as Parabacteroides and Muribaculaceae, 
while regulating potentially harmful bacteria like Clostridium-sensu-stricto and Escherichia-Shigella, thereby 
achieving a synergistic multi-pathway therapeutic approach. Collectively, with excellent biocompatibility, this 
novel therapeutic approach demonstrates extensive potential for clinical application in the treatment of UC and 
offers new directions and insights for UC therapy.

1. Introduction

Ulcerative colitis (UC) is a chronic and nonspecific inflammatory 
disorder of the intestine, the underlying etiology of which remains 
incompletely understood. Clinically, it is characterized by persistent or 
relapsing episodes of diarrhea accompanied by mucopurulent bloody 
stools and associated abdominal pain [1]. With the continuous 
advancement of society, the incidence rate of UC has been showing an 
upward trend globally. Notably, in Western countries, there has been a 
particularly significant increase in the prevalence of this disease [2]. 

Additionally, newly industrialized regions such as Asia, South America, 
and the Middle East have also witnessed a rising incidence, making UC a 
global health concern [1]. The exact cause of UC remains unclear; 
however, the most widely accepted theory suggests that genetic factors, 
immune dysregulation, changes in the gut microbiome, and environ
mental triggers together disrupt intestinal homeostasis, resulting in 
chronic inflammation [3–6]. Clinically, therapeutic strategies vary 
based on the stage and severity of UC, aiming to alleviate symptoms. 
While active medical therapy can provide symptomatic relief, persistent 
therapeutic limitations exist regarding long-term efficacy, including 
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high recurrence rates, significant adverse effects, and increasing drug 
resistance. In cases of severe or refractory disease, surgical intervention 
is often contemplated; however, this approach carries substantial 
operative risks and may potentially compromise patients’ quality of life 
[7]. Consequently, there exists an urgent need for novel therapeutic 
strategies that demonstrate enhanced safety profiles and improved 
clinical effectiveness in managing UC.

Dihydromyricetin (DHM), a flavonoid compound derived from the 
plant Ampelopsis grossedentata, exhibits potent anti-inflammatory and 
antioxidant properties [8–10]. However, its clinical application is 
limited by low solubility, poor permeability, gastrointestinal instability, 
and low bioavailability [11]. The unique chemical architecture of 
polyphenolic compounds facilitates the formation of metal-phenolic 
coordination complexes, thereby improving their aqueous solubility 
[12]. Importantly, these metal-phenolic coordination complexes exhibit 
enzyme-mimetic catalytic properties that offer multiple advantages over 
conventional natural enzymes, including cost-effectiveness, enhanced 
stability, chemical tolerability, and adjustable catalytic performance, 
while maintaining structural modularity for functional modifications 
[13,14]. Of particular therapeutic significance, redox-active nanozymes 
with intrinsic antioxidant capacity demonstrate efficacy in concurrently 
mitigating oxidative stress and attenuating pro-inflammatory signaling 
pathways, thereby positioning these nanomaterials as promising thera
peutic candidates for UC management.

The colon exhibits evolutionarily conserved adaptations. Due to its 
gradient-dependent hypoxic microenvironment and the dynamics 
regulated by peristalsis, it facilitates the colonization of microorganisms 
[15]. Alterations in gut microbiota, a critical component of the intestinal 
microecosystem, can lead to significant physiological changes and 

contribute to disease states [16]. In UC patients, gut microbiota exhibits 
reduced diversity, increased harmful bacteria, and decreased beneficial 
bacteria, leading to impaired intestinal mucosal barrier function and 
subsequent inflammation [17,18]. Moreover, changes in gut microbiota 
can disrupt the balance of the intestinal immune system, resulting in 
abnormal immune regulation and exacerbating inflammation. There
fore, restoring the balance of gut microbiota has emerged as a crucial 
approach for treating UC [19–21].

Yeast microcapsules (YM), acting as a natural oral microcapsule 
carrier, exhibit excellent biocompatibility, primarily composed of 
β-glucan, ensuring stability within the complex gastrointestinal envi
ronment and resistance to gastric acid and digestive enzymes [22,23]. 
The hollow interior and porous surface facilitate drug loading and 
enhance drug stability. Notably, YM contains mannan, which possesses 
prebiotic functionality, promoting the proliferation of beneficial bacte
ria while inhibiting harmful bacteria, thus demonstrating significant 
therapeutic potential in regulating gut microbiota [24–26].

In this study, zinc ions were successfully complexed with dihy
dromyricetin to prepare DHM-Zn nanozymes, which possess both anti- 
inflammatory and antioxidant properties. Both in vitro and in vivo in
vestigations have validated that DHM-Zn nanozymes effectively alle
viate oxidative stress at inflammatory loci through reactive oxygen 
species (ROS) scavenging. Furthermore, these nanozymes demonstrate 
immunomodulatory capabilities by modulating pro-inflammatory 
cytokine expression profiles and impeding M1 macrophage polariza
tion, thereby attenuating inflammatory cascades. To enhance the 
localized accumulation and prolong the therapeutic duration of DHM-Zn 
nanozymes at pathological sites, we engineered YM-encapsulated DHM- 
Zn nanozymes (DZ@YM). The unique intestinal retention property of 

Fig. 1. The synthesis of DZ@YM and its mechanism in the treatment of UC. (A) Preparation of DZ@YM. (B) The intestinal targeting ability of YM increased the 
concentration and duration of DZ@YM at the site of inflammation, and DZ@YM improved ulcerative colitis by relieving inflammation, alleviating oxidative stress, 
and modulating gut microbiota.
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YM allows DZ@YM to enhance its anti-inflammatory and antioxidant 
effects. Additionally, DZ@YM optimizes gut microbiota structure by 
increasing the abundance of beneficial bacteria such as Parabacteroides 
and Muribaculaceae, while regulating potentially harmful bacteria like 
Clostridium-sensu-stricto and Escherichia-Shigella, achieving a balanced 
gut microbiota composition and facilitating multi-targeted combined 
treatment effects (Fig. 1). This novel therapeutic approach demonstrates 
extensive potential for clinical application in the treatment of UC and 
offers new directions and insights for UC therapy.

2. Materials and methods

2.1. Materials

Dihydromyricetin, (CH3COO)2Zn•2H2O, DPPH, TMB, and MTT were 
purchased from Macklin (Shanghai, China). Active dry yeast was pur
chased from Angel Yeast (Yichang, China). LPS (from Escherichia coli 
O55: B5) and reactive oxygen species assay kit were purchased from 
Solarbio (Beijing, China). The fluorescent dye DiR and DHE were pur
chased from UElandy (Suzhou, China). ABTS was purchased from 
Beyotime Biotechnology (Shanghai, China). SOD assay kit-WST was 
purchased from Dojindo (Shanghai, China). DSS was purchased from MP 
Biomedicals (Santa Ana, CA, USA). PE anti-mouse CD86 antibody 
(105007) and APC anti-mouse CD206 antibody (141708) were pur
chased from BioLegend (San Diego, CA).

2.2. Preparation of DHM-Zn

64 mg of DHM was dissolved in 100 mL of absolute ethanol. Sub
sequently, the pH of the solution was adjusted to 7.5 by using sodium 
acetate. After the pH adjustment, the solution was stirred for 30 min. 
Then, 100 mL of a 2 mM zinc acetate ethanol solution was slowly added. 
The resulting mixture was stirred and subjected to reflux at a constant 
temperature of 70 ◦C for 6 h. Following the reflux process, the precipi
tate was separated by centrifugation at 5000 rpm for 10 min. After 
centrifugation, the obtained solution was thoroughly washed with ab
solute ethanol several times. Finally, the resulting precipitate was DHM- 
Zn.

2.3. Preparation of DZ@YM

20 g of yeast was suspended in 300 mL of 1 M NaOH solution, un
dergoing thermal processing at 80 ◦C for 60 min under reflux conditions. 
Subsequently, the yeast was resuspended in a buffered acidic aqueous 
medium (pH = 4) and maintained at 60 ◦C for 60 min. The precipitate 
was then collected by centrifugation at 3000 rpm for 10 min. The pre
cipitate was collected by centrifugation after rinsing the precipitate with 
isopropanol several times and again with acetone. The resulting pre
cipitate was YM.

1 mL of DHM-Zn with a concentration of 10 mg/mL was added to the 
YM of the same concentration. The mixture was then subjected to son
ication for 30 min, followed by stirring for 2 h. Subsequently, it was 
centrifuged at 3000 rpm for 10 min to obtain a precipitate. The pre
cipitate was dispersed with ultrapure water and centrifuged again to 
remove the unencapsulated DHM-Zn. The resulting product was 
DZ@YM.

2.4. Characterization of DHM-Zn and DZ@YM

The morphologies of DHM-Zn, YM, and DZ@YM were characterized 
by transmission electron microscopy (TEM, JEOL JEM-2100). The 
ultraviolet–visible absorption spectra (UV–Vis) and Fourier transform 
infrared spectra (FTIR) of DHM and DHM-Zn were recorded by an ul
traviolet spectrophotometer (Shimadzu UV2700) and a Fourier trans
form infrared spectrophotometer (Thermo-Scientific Nicolet 5700). The 
hydrodynamic diameters and zeta potentials of DHM-Zn and DZ@YM 

were monitored by dynamic light scattering (DLS, Malvern Zetasizer 
Nano ZS90). The elemental contents and valence states of DHM-Zn were 
characterized by an X-ray photoelectron spectrometer (XPS, Thermo 
Fisher ESCALAB Xi+).

2.5. ROS scavenging evaluation of DHM-Zn

ABTS experiment: A 10 μL aliquot of serially diluted DHM-Zn solu
tions was mixed with 190 μL of ABTS working solution to achieve final 
DHM-Zn concentrations of 5, 10, 25, 50, and 100 μg/mL. Following a 5- 
min room temperature incubation period, absorbance measurements 
were conducted at 734 nm using spectrophotometric detection.

DPPH experiment: DHM-Zn solutions were serially diluted, and 
equal-volume aliquots were combined with 125 μM DPPH ethanolic 
solution, resulting in final DHM-Zn concentrations of 5, 10, 25, 50, and 
100 μg/mL. After allowing the reaction to proceed for 30 min under 
ambient conditions, radical scavenging activity was quantified spec
trophotometrically through absorbance measurements at 517 nm.

TMB experiment: Equal volumes of a 10 μM FeCl2 solution, a 50 μM 
H2O2 solution, and a 300 μM TMB solution were mixed, and 10 μL of a 
DHM-Zn solution with different concentrations was mixed with 90 μL of 
the mixed solution. The final concentrations of DHM-Zn were 5, 10, 25, 
50, and 100 μg/mL, respectively. After a 30-min reaction period at 
ambient temperature, the absorbances at 645 nm were measured.

NBT experiment: A mixture containing 50 μM NBT, 13 mM L- 
methionine, and 20 μM riboflavin was prepared with 25 mM PBS buffer. 
Then, 10 μL of DHM-Zn solution was added to 90 μL of the above so
lution, and the final concentrations of DHM-Zn were 5, 10, 25, 50, and 
100 μg/mL, respectively. After 5 min of LED light irradiation, the ab
sorbances at 560 nm were measured.

ESR experiment: BMPO exhibits specific spin-trapping efficacy for 
O2
•- generated during the enzymatic conversion of hypoxanthine by 

xanthine oxidase. Similarly, DMPO has been shown to capture •OH, 
while DPPH radical and •OH production are the methods mentioned 
above in the DPPH experiment and the TMB experiment. The resulting 
radicals were then utilized to record signal changes using ESR (EPR 200 
M, CIQTEK Co., Ltd.).

Stability experiment: 1 mg of DHM-Zn was weighed and thoroughly 
mixed with 1 mL of commercially available simulated intestinal fluid 
(SIF, Beijing Leagene Biotechnology Co., Ltd.), and then incubated at a 
constant temperature of 37 ◦C for 2 h. For the simulated inflammatory 
colonic fluid (SICF) system, H2O2 with a concentration of 200 μM was 
added to 1 mL of commercially available simulated colonic fluid 
(COOLABERSCIENCE &TECHNOLOGY Co., Ltd.) to construct an in
flammatory environment. After the incubation was completed, the free 
radical scavenging ability of DHM-Zn in different simulated body fluid 
environments was determined by using the above-mentioned free 
radical scavenging experimental method.

2.6. Cell culture

The medium used for RAW 264.7 cells is the RAW 264.7 cell-specific 
medium, which consists of DMEM medium supplemented with 10 % 
fetal bovine serum (FBS) and 1 % penicillin/streptomycin. The medium 
for FHC cells is DMEM medium enriched with 1 % penicillin/strepto
mycin and 10 % FBS. The culture conditions are maintained in an 
environment of 37 ◦C and 5 % CO2.

2.7. Intracellular anti-inflammatory and antioxidant effects

Following the co-culturing of RAW 264.7 cells with 40 μg/mL DHM 
or DHM-Zn for a period of 8 h, the medium was subjected to the addition 
of 600 μM H2O2 for a further 1 h of co-culturing. Thereafter, the medium 
was discarded and the cells were co-cultured with medium containing 
10 μM DCFH-DA or 1 μM DHE for a further 1 h. Subsequently, the cells 
were washed three times with PBS to remove residual probes, 
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intracellular ROS levels were assessed through fluorescence microscopic 
imaging and flow cytometric quantification.

RAW 264.7 cells were separately co-incubated with 40 μg/mL of 
DHM or DHM-Zn for a duration of 8 h. After the incubation was 
completed, lipopolysaccharide (LPS) with a final concentration of 1 μg/ 
mL was added to the cell system, and then the co-incubation process was 
continued for 12 h. Cellular samples were collected for RNA isolation, 
followed by cDNA synthesis and quantitative real-time PCR (qPCR) 
analysis of pro-inflammatory mediator expression. Parallel samples 
underwent CD86 or CD206 immunostaining (200 μL, 4 ◦C, 30 min) with 
PBS washing three times preceding flow cytometric quantification.

2.8. Animals

Female C57BL/6 mice were provided by the Medical Experimental 
Animal Center of Xi’an Jiaotong University, Shaanxi Province, China. 
All experiments complied with the Institutional Animal Care and Use 
Committee at Xi’an Jiaotong University.

2.9. The intestinal targeting and retention effects of DZ@YM

The preparation of DiR-labeled DHM-Zn involved the overnight 
stirring of 20 μL of 10 mM DiR with 5 mg/mL DHM-Zn. Subsequently, 
DiR-labeled DHM-Zn was thoroughly stirred with YM overnight, and the 
DiR-labeled DZ@YM was obtained by centrifugation at 3000 rpm for 10 
min. Following oral gavage administration of DiR-labeled DHM-Zn and 
DZ@YM, in vivo fluorescence imaging was performed at predetermined 
intervals. At the 24-h endpoint, animals were euthanized for ex vivo 
quantification of tissue-specific fluorescence signals. In parallel experi
mental cohorts, UC was induced through 2.5 % DSS oral administration, 
with subsequent comparative biodistribution analysis conducted using 
identical fluorescence tracking methodology.

2.10. Biosafety assessment

In a 96-well cell culture plate, RAW 264.7 cells or FHC cells were 
seeded in each well (10,000 cells/well). Then, different concentrations 
of DHM-Zn were added, and the co-incubation was carried out under 
standard cell culture conditions for 24–48 h. After the incubation, the 
original culture medium in each well was gently discarded, and fresh 
medium containing 5 mg/mL MTT was added to each well. The incu
bation was continued in the dark for 4 h. After that, the MTT medium 
was carefully removed, and 100 μL of dimethyl sulfoxide (DMSO) was 
added to each well. The plate was shaken on a horizontal shaker for 10 
min. Finally, the absorbance values of each well were measured at a 
wavelength of 490 nm to quantify the cell viability level. In addition, to 
systematically evaluate the biosafety of YM and DZ@YM, the same 
experimental protocol was adopted. RAW 264.7 cells were co-incubated 
with different concentrations of YM and DZ@YM, respectively, for 
24–48 h, and the changes in cell viability were detected by the MTT 
method to assess their potential cytotoxicity.

To explore the short-term and long-term toxic effects of DHM-Zn and 
DZ@YM, mice were administered DHM-Zn and DZ@YM via daily oral 
gavage at a dose of 40 mg/kg. The short-term toxicity experiment lasted 
for 7 days, while the long-term toxicity experiment extended over 30 
days. Mice were sacrificed on the day following the completion of 
gavage. Blood samples were collected and aliquoted for complete blood 
cell count analysis and serum biochemical index detection, aiming to 
assess the impacts on the blood system and major organ functions. 
Simultaneously, primary tissues including the heart, liver, spleen, lung, 
and kidney were collected, fixed in 4 % paraformaldehyde (PFA) solu
tion, and then comprehensively evaluated for pathological morpholog
ical changes using hematoxylin-eosin (H&E) staining.

2.11. Colitis model

C57BL/6 mice aged between six and eight weeks were randomized 
into six experimental cohorts (n = 8/group) for DSS-induced ulcerative 
colitis modeling. Following a week of acclimation, the mice were 
administered 2.5 % DSS to induce acute ulcerative colitis. Thereafter, 
over seven days, the mice were given 40 mg/kg of DHM, DHM-Zn, YM, 
and DZ@YM by oral gavage for five consecutive days. The body weight, 
stool condition, and hematochezia of the mice were recorded daily. The 
mice were sacrificed on the final day, and their spleens and colons were 
removed for subsequent experimental analysis.

2.12. Analysis of gut contents microbiota

In the gut contents microbiota analysis experiment, gut content 
samples were collected and immediately stored at − 80 ◦C to preserve 
the integrity of the microbial community structure. The bacterial 16S 
rDNA sequencing was entrusted to LC-Bio Technologies Co., Ltd. The 
detailed experimental procedures were as follows: First, microbial DNA 
was efficiently extracted from fecal samples. Subsequently, the V3-V4 
hypervariable regions of 16S rDNA were specifically amplified using 
the universal primers 341F/805R. The purified PCR products were 
subjected to high-throughput sequencing on the Illumina NovaSeq 6000 
platform (in PE250 mode) to obtain raw sequence data. For the raw 
data, pre - processing steps including adapter sequence removal, quality 
filtering, and chimera elimination were successively performed to 
ensure data quality. The DADA2 software was utilized for in-depth 
analysis to generate amplicon sequence variants (ASVs), which were 
then compared with the SILVA/NT-16S authoritative database for 
taxonomic annotation. The QIIME2 software was employed to conduct 
α-diversity and β-diversity analyses, comprehensively evaluating the 
richness, evenness of the microbiota and the structural differences in 
microbiota among samples. The Wilcoxon rank-sum test and linear 
discriminant analysis effect size (LEfSe) were used to systematically 
identify bacterial genera with significantly different abundances among 
groups. The analysis results were visualized using the R language plot
ting packages.

2.13. Statistical analysis

All experimental datasets underwent parametric analysis using 
GraphPad Prism 9.0. Two-tailed unpaired Student’s t-test was applied 
for intergroup comparisons between two experimental cohorts, whereas 
one-way analysis of variance (ANOVA) was executed for multi-group 
comparisons. The results were expressed as mean ± standard devia
tion (SD), and the significant differences between groups were expressed 
as *p < 0.05, **p < 0.01, ***p < 0.001, and p < 0.05 was considered 
statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of DHM-Zn and DZ@YM

The coordination compound was synthesized through the coordi
nation reaction between DHM and zinc acetate. The microscopic 
morphology of DHM-Zn was characterized by transmission electron 
microscopy (TEM), and the results showed that DHM-Zn had a network 
structure, indicating that the metal-phenolic network was successfully 
synthesized (Fig. 2A). The TEM results of YM exhibited an elliptical 
shape with a size of approximately 4 μm (Fig. 2B). The loading of DHM- 
Zn into YM to prepare DZ@YM resulted in the TEM observations of 
DHM-Zn on the surface and within the YM structure, thereby confirming 
the successful synthesis of DZ@YM (Fig. 2C). UV–Vis analysis revealed a 
red shift in the absorption peak of DHM-Zn from 290 nm to 320 nm, 
suggesting enhanced conjugation following HO-C complexation in 
ligand DHM, thereby reducing the transition energy (Fig. 2D). 
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Furthermore, FTIR revealed that the C=O peak of DHM was 1643 cm− 1, 
and the C=O peak of DHM-Zn shifted to 1616 cm− 1, indicating that Zn2+

complexed with C=O and formed a coordination compound (Fig. 2E). 
Concurrently, the particle size and potential of DHM-Zn and DZ@YM 
were measured by dynamic light scattering. The results showed that the 
particle size of DHM-Zn was 110.08 ± 5.22 nm, and that of DZ@YM was 
4244.92 ± 172.31 nm (Fig. 2F–S1A). The zeta-potentials were − 3.88 ±
1.30 mV and − 10.83 ± 1.58 mV, respectively (Fig. 2G). To evaluate the 
stability of DHM-Zn and DZ@YM, the particle size and zeta potential of 
them were measured continuously for 7 days. The results show that 
there are no significant changes in both the particle size and zeta po
tential (Fig. 2H–S1B). Similarly, the TEM results also indicate that there 
are no obvious morphological changes in DHM-Zn and DZ@YM after 
being placed for 7 days (Fig. S1C and D). XPS spectra of DHM-Zn showed 
peaks of Zn 2p3, O 1s, and C1s at 1022, 532, and 285 eV, respectively 
(Fig. 2I). In the spectrum of C 1s, the binding energy peaks at 284.8, 
286.6, and 288.7 eV can be attributed to C-C, C-O, and C=O, respec
tively (Fig. 2J). In the spectrum of O 1s, the binding energy peaks at 
531.9 and 532.8 eV are C=O and C-O (Fig. 2K). Similarly, in the spec
trum of Zn 2p, the binding energy peaks at 1022.2 and 1045.3 eV belong 
to Zn 2p3/2 and Zn 2p1/2 (Fig. 2L). Taken together, our thorough and 
systematic structural characterization confirmed that DHM-Zn and 
DZ@YM were successfully synthesized.

3.2. Enzymatic activities of DHM-Zn

To verify the antioxidant capacity of DHM-Zn, its enzymatic activity 
was evaluated. 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scav
enging tests are commonly used and validated methods to assess total 

antioxidant capacity (Fig. 3A–C). The experimental results demon
strated that the scavenging effect of DHM-Zn on ABTS radical and DPPH 
radical was concentration-dependent, and the scavenging effect was 
more than 80 % at the concentration of 100 μg/mL (Fig. 3A–D). 3,3′,5,5′- 
Tetramethylbenzidine (TMB) serves as a well-established chromogenic 
probe for •OH detection. In Fenton reaction systems, catalytically 
generated •OH mediates the oxidative conversion of TMB to its oxidized 
derivative (oxTMB) through electron transfer processes (Fig. 3E). DHM- 
Zn has been observed to reduce oxTMB, suggesting a capacity for •OH 
scavenging (Fig. 3E and F). Nitrotetrazolium blue chloride (NBT), a 
widely employed O2

•- detector, reacts with O2
•- to form formazan 

(Fig. 3G). The results demonstrated that DHM-Zn reduced formogenase 
production, thereby reflecting its effective O2

•- scavenging ability 
(Fig. 3G and H). Furthermore, electron spin resonance (ESR) spectros
copy revealed that 100 μg/mL of DHM-Zn could significantly reduce the 
spectral signal intensity of DPPH radicals, •OH, and O2

•- (Fig. 3I–K). The 
SOD activity of DHM-Zn was also evaluated using a SOD assay kit, and 
the results demonstrated that DHM-Zn exhibited considerable O2

•- 

scavenging ability (Fig. 3L). To further evaluate the free radical scav
enging ability of DHM-Zn nanozymes in the intestinal environment, 
DHM-Zn was incubated in SIF and SICF for 2 h, respectively. Charac
terization results revealed negligible alterations in particle size and zeta 
potential under these conditions, demonstrating the structural integrity 
of DHM-Zn. Moreover, free radical scavenging assays confirmed that 
DHM-Zn retained potent antioxidant capacity, highlighting its stability 
and functionality in intestinal-relevant environments (Fig. 3M–S2).

Fig. 2. Characterization of DHM-Zn and DZ@YM. (A–C) TEM images of DHM-Zn (A), YM (B), and DZ@YM (C). (D) The UV–Vis of DHM and DHM-Zn. (E) FTIR of 
DHM and DHM-Zn. (F, G) Particle size distribution and zeta-potential of DHM-Zn and DZ@YM. (H) The particle sizes of DHM-Zn and DZ@YM were measured over 
seven consecutive days. (n = 3). (I–L) XPS of DHM-Zn.
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3.3. The intracellular antioxidant and anti-inflammatory effects of DHM- 
Zn

In the context of oxidative stress, a significant amount of ROS is 
generated within the cell. 2,7-Dichlorofluorescein diacetate (DCFH-DA) 
is a fluorescent probe employed for the detection of intracellular ROS, 
which can be converted to DCF with fluorescent characteristics under 
the oxidation of ROS. Cells exposed to H2O2 exhibited strong green 
fluorescence, which intuitively indicated that a significant amount of 
ROS had been produced in the cells. However, the internal green fluo
rescence of cells pretreated with DHM and DHM-Zn was significantly 
weakened, indicating that DHM and DHM-Zn could effectively reduce 
the level of ROS in the cells (Fig. 4A). Similarly, dihydroethidium (DHE) 
is a fluorescent probe for O2

•-. Following H2O2 stimulation, significant 
red fluorescence was observed in the cells, while DHM and DHM-Zn 

intervention led to a notable reduction in red fluorescence intensity 
(Fig. 4B). Subsequent flow cytometry analysis demonstrated that both 
DHM and DHM-Zn could significantly reduce ROS levels, with the 
scavenging ability of DHM-Zn being more pronounced (Fig. 4C and D).

Simultaneously, an acute inflammatory model was constructed in 
vitro by induction with LPS. After stimulation with LPS, macrophages 
could be polarized into M1-type macrophages with pro-inflammatory 
functions, and these cells were capable of secreting a large amount of 
pro-inflammatory cytokines. Flow cytometry was used to detect and 
analyze the specific marker CD86 of M1-type macrophages. The results 
showed that after induction with LPS, the number of M1-type macro
phages increased significantly. In sharp contrast, after treatment with 
DHM and DHM-Zn, the number of M1-type macrophages decreased 
significantly (Fig. 4E).

Compared with M1-type macrophages, M2-type macrophages play a 

Fig. 3. Enzymatic activities of DHM-Zn. (A, B) ABTS radical scavenging of DHM-Zn. (C, D) DPPH radical scavenging of DHM-Zn. (E, F) •OH scavenging of DHM- 
Zn. (G, H) O2

•- scavenging of DHM-Zn. (I–K) The ability of DHM-Zn to scavenge free radicals was measured by ESR. (L) The SOD assay kit was employed to 
quantitatively assess the superoxide anion-scavenging capacity of DHM-Zn nanozymes. (M) Free radical scavenging ability of DHM-Zn after incubation with SIF and 
SICF for 2 h (n = 3).
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crucial role in maintaining the immune homeostasis of the body and 
promoting the process of tissue repair. To explore the regulatory effects 
of DHM and DHM-Zn on macrophage polarization under inflammatory 
conditions, in this study, LPS stimulation was used to simulate the in
flammatory environment. By detecting the specific marker CD206 on the 
surface of M2-type macrophages, an analysis was conducted to deter
mine whether these two substances could promote the transformation of 
macrophages into M2-type cells to alleviate the inflammatory response. 
The results of flow cytometry showed that the number of M2-type 
macrophages decreased significantly after LPS induction. However, 
after intervention with DHM and DHM-Zn, the decrease in the number of 
M2-type macrophages caused by LPS induction was significantly 
reversed (Fig. S3). These results fully indicate that DHM and DHM-Zn 
can not only significantly inhibit the polarization of macrophages into 
pro-inflammatory M1-type cells but also effectively promote their 
transformation into anti-inflammatory M2-type cells, thus playing an 
important role in reducing the inflammatory response. Furthermore, 
qPCR analysis quantified transcriptional levels of key pro-inflammatory 

mediators (TNF-α, IL-6, and IL-1β). When the cells were exposed to LPS, 
cellular expression profiles of these cytokines demonstrated significant 
upregulation. However, the DHM and DHM-Zn groups exhibited a 
marked decrease in cytokine expression compared to the LPS group, 
with the DHM-Zn group demonstrating a more pronounced reduction 
(Fig. 4F). These results indicate that DHM-Zn can effectively reduce the 
expression of inflammatory mediators, thereby alleviating the cellular 
inflammatory response.

3.4. Biosafety assessment of DHM-Zn and DZ@YM

Before applying DHM-Zn and DZ@YM to animal models, the 
biosafety of both was systematically evaluated. Firstly, the MTT method 
was used to determine the effects of DHM-Zn and DZ@YM on cell 
viability. The results showed that the viability of RAW 264.7 cells and 
FHC cells remained stably around 80 % after co-incubation with 200 μg/ 
mL of DHM-Zn for 24 h and 48 h, respectively (Fig. 5A). Similarly, after 
RAW 264.7 cells were co-incubated with DZ@YM at the same 

Fig. 4. The intracellular antioxidant and anti-inflammatory effects of DHM-Zn. (A, B) Fluorescence images of DCF (A) and DHE (B) stained RAW 264.7 cells 
after different treatments. (C) Flow cytometry analysis of DCF. (D) Flow cytometry analysis of DHE. (E) Flow cytometry analysis of CD86. (F) The mRNA expression of 
TNF-α, IL-6, and IL-1β in different groups. (n = 3, the significant differences between groups were expressed as *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 5. Biosafety assessment of DHM-Zn and DZ@YM. (A) Relative viability of RAW 264.7 and FHC cells treated with DHM-Zn for 24 h and 48 h. (B) H&E staining 
of major organs (heart, liver, spleen, lung, and kidney) isolated from mice receiving oral administration of DHM-Zn and DZ@YM for 7 days and 30 days. (C) Routine 
blood tests and blood biochemistry were performed in mice following oral administration of DHM-Zn and DZ@YM for 7 days. (n = 3).
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concentration for 24 h and 48 h, the cell viability remained above 80 % 
(Fig. S4A), which preliminarily confirmed that DHM-Zn and DZ@YM 
have good cellular safety.

To further explore the acute and chronic toxicity of DHM-Zn and 
DZ@YM, systematic biosafety tests were conducted 7 days and 30 days 
after oral administration to mice. Pathological staining and observation 
of mouse tissues showed that no obvious pathological changes were 
found either in the short term (7 days) or in the long term (30 days) of 
administration (Fig. 5B). In terms of hematological index detection, a 
quantitative analysis of routine blood parameters of mice, such as red 
blood cell count, white blood cell count, lymphocyte count, platelet 
count, and hemoglobin concentration, indicated that there was no sta
tistical difference among the DHM-Zn group, the DZ@YM group, and the 
control group (Fig. 5C–S4B). Meanwhile, liver function indices such as 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST), 
as well as renal function indices such as creatinine (CRE) and urea, were 
also measured. The data showed that there were no significant differ
ences in various indices among the DHM-Zn group, the DZ@YM group, 
and the control group (Fig. 5C–S4B). The above results fully demon
strate that under the conditions of this study, no acute or chronic toxicity 
of DHM-Zn and DZ@YM was detected, and both exhibit good biosafety.

3.5. The intestinal targeting and retention effects of DZ@YM

The gastrointestinal tract presents a dynamic physiological 

microenvironment for oral drug delivery, where catabolism in the 
gastric compartment, coupled with active small intestinal absorption, 
results in subtherapeutic concentrations at colonic target sites. The 
peristaltic function of the intestine itself leads to a significant reduction 
in drug residence time. Consequently, these elements may underpin the 
suboptimal therapeutic outcomes observed in UC. YM is composed of 
β-glucans, which are capable of withstanding the harsh gastrointestinal 
environment and delivering drugs to the gut. Furthermore, the in vivo 
retention time of drugs can be effectively prolonged by YM through its 
specific binding to the dectin-1 receptor on intestinal macrophages 
[27–29]. To validate the colon-targeting retention capacity of DZ@YM, 
biodistribution studies were conducted in healthy and DSS-induced co
litis murine models through oral gavage administration of DiR-labeled 
DHM-Zn and DZ@YM. Real-time non-invasive near-infrared imaging 
revealed distinct pharmacokinetic profiles: In healthy cohorts, the 
DHM-Zn formulation exhibited complete systemic clearance within 24 h 
post-administration, whereas DZ@YM demonstrated sustained 24-h 
luminal retention evidenced by persistent near-infrared signal in
tensity (Fig. 6A–C). DSS-induced colitis models revealed analogous 
pharmacokinetic patterns. Despite the gastrointestinal motility 
dysfunction induced by the disease state, a small amount of DiR-labeled 
DHM-Zn was still not eliminated from the body at 24 h, while DZ@YM 
demonstrated a strong retention capacity within the body (Fig. 6A–E). 
Furthermore, the results of the detection of isolated tissues 24 h after 
drug administration demonstrated that the DZ@YM group exhibited 

Fig. 6. The intestinal targeting and retention effects of DZ@YM. (A) Fluorescence images of normal mice and DSS-induced colitis mice at the indicated time 
points after oral DHM-Zn and DZ@YM. (B) Fluorescence images of colon tissues and organs. H: heart; Li: liver; S: spleen; Lu: lung; K: kidney. (C, D) Quantitative 
analysis of fluorescence intensity biodistribution in systemic (C) and colonic tissues (D) of healthy mice. (E, F) Quantitative analysis of fluorescence intensity 
biodistribution in systemic (E) and colonic tissues (F) of DSS-induced colitis mice. (n = 3, the significant differences between groups were expressed as *p < 0.05, **p 
< 0.01, ***p < 0.001).
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higher fluorescence intensity in the cecum and colon region, signifying 
that the number of DZ@YM retained in the cecum and colon was sub
stantial, with minimal distribution observed in other tissues and organs 
(Fig. 6B). In comparison with the DHM-Zn group, the retention ability of 
the DZ@YM group in the colon was significantly enhanced, and it 
showed similar advantages in both normal physiological and inflam
matory states (Fig. 6D–F). Similarly, after administering DZ@YM to both 
healthy mice and mice with colitis, analysis of their colonic tissues 
revealed significantly higher fluorescence intensity of DZ@YM in the 
colons of diseased mice compared to healthy controls (Fig. S5). This 
phenomenon directly indicates that DZ@YM exhibits enhanced reten
tion properties in intestinal tissues under inflammatory conditions, 
showcasing superior tissue retention capacity compared to the healthy 
state. These findings strongly confirm that DZ@YM not only demon
strates favorable retention in intestinal tissues but can further augment 
this effect within the inflamed microenvironment.

3.6. Therapeutic efficacy of DZ@YM in DSS-induced colitis

In the subsequent investigation, the therapeutic efficacy of DZ@YM 

was assessed in a DSS-induced colitis murine model. The colitis model 
was established through the continuous administration of DSS to the 
mice for a period of seven consecutive days. Upon the successful 
establishment of the model, the mice were then subjected to treatment 
with the DZ@YM for a duration of five days (Fig. 7A). The daily body 
weight and disease activity index (DAI) of the mice in the control group 
demonstrated progressive weight gain with maintained minimal DAI 
scores, confirming systemic homeostasis and the absence of pathological 
progression. Conversely, DSS-induced mice exhibited progressive 
weight loss accompanied by sustained DAI escalation. Therapeutic in
terventions (four experimental groups) showed attenuated weight 
reduction and modulated DAI elevation relative to the DSS group. 
Notably, the DZ@YM group demonstrated a particularly significant 
response. Following treatment, the body weight of the mice in this group 
ceased to decrease, while the DAI also underwent a substantial reduc
tion, suggesting that the disease progression in this group was effectively 
mitigated (Fig. 7B and C). Subsequent endoscopic inspection of the mice 
demonstrated that the mice within the DSS group manifested diffuse 
ulcerations in the intestinal mucosal layer, which were accompanied by 
hemorrhage. Moreover, following treatment with DZ@YM, there was a 

Fig. 7. Therapeutic efficacy of DZ@YM in DSS-induced colitis. (A) Schematic diagram of the establishment of a DSS-induced colitis mouse model and the 
arrangement of drug administration time points. (B) The curves of body weight changes of different groups over 12 consecutive days. (C) The curves of DAI scores of 
different groups over 12 consecutive days. (D) Statistics of the spleen index for different groups. (E) Statistics of the length of the colon for different groups. (F) 
Endoscopic images, colon images of mice, and images of H&E staining of mice in different groups. (G) The mRNA expression level of pro-inflammatory cytokines 
(TNF-α, IL-6, IL-1β). (n = 3, the significant differences between groups were expressed as *p < 0.05, **p < 0.01, ***p < 0.001).
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notable amelioration in the condition of the intestinal tract. This ther
apeutic effect of DZ@YM was found to be more pronounced than that of 
DHM-Zn and YM (Fig. 7F). The evaluation of the spleen index demon
strated that DHM-Zn and DZ@YM could significantly reduce the spleen 
index (Fig. 7D). In addition, both DHM-Zn and DZ@YM demonstrated 
the capacity to effectively restore colon length. However, DZ@YM 
exhibited superior efficacy in this regard, while YM exhibited a certain 
therapeutic effect. However, the efficacy of these treatments was found 
to be limited (Fig. 7E and F). Further observation of the pathological 
sections of the colon revealed that the epithelial cells and crypts in the 
DSS group were all destroyed, accompanied by a large number of in
flammatory cell infiltrations. In contrast, the YM group and the DHM-Zn 
group exhibited preservation of crypt and epithelial cell structure, 
accompanied by a reduction in the area of lesion (Fig. 7G). The DZ@YM 
group demonstrated a significant reduction in the degree of colonic 
pathological damage (Fig. 7F). Moreover, the quantification of pro- 
inflammatory cytokines through qPCR revealed that the mice in the 
DSS group displayed significantly increased concentrations of TNF-α, IL- 
6, and IL-1β. In contrast, both the YM group and the DHM-Zn group 
showed the ability to reduce the expression levels of these pro- 
inflammatory cytokines, indicating a potential anti-inflammatory ef
fect. Notably, the DZ@YM group exhibited an enhanced anti- 
inflammatory effect, characterized by a substantial reduction in the 
levels of inflammatory factors and a significant alleviation of the 
development of UC (Fig. 7G).

3.7. Modulating gut microbiota by DZ@YM

Gut microbiota plays a pivotal role in the pathogenesis of UC, 
exerting a profound influence on the disease process by affecting the 
host’s energy metabolism and regulating immune homeostasis. Dysre
gulation of gut microbiota has been demonstrated to promote the 
development of UC. The stability of gut microbiota and the loss of 
biodiversity in UC patients are decreased, which may be related to the 
maintenance of the integrity of the intestinal biological barrier and the 
decrease of the regulatory function of the host immune system [30,31]. 
The intestinal epithelial mucosa is populated by dense microbiota, and 
the mucus layer and intestinal epithelial cells collaborate to form a 
physical barrier that maintains the symbiotic relationship between the 
intestinal microbiota and the host [32]. However, defects in epithelial 
cells are often observed in patients with inflammatory bowel disease. 
The disruption of the intestinal barrier has been shown to result in a shift 
in the composition and structure of the intestinal bacterial community, 
which in turn can lead to dysfunctional gut microbiota and subsequent 
exacerbation of intestinal inflammation [33,34]. The analysis of changes 
in gut microbiota using 16S rRNA gene sequencing revealed a change in 
ASVs composition following DSS induction (Fig. 8A). Species diversity 
analysis showed that species abundance and α diversity were reduced in 
the DSS group (Fig. 8B–S6). Concomitantly, β diversity analysis 
employing principal coordinate analysis (PCoA) and non-metric 
multi-dimensional scaling (NMDS) techniques revealed disparities in 
species composition between the groups (Fig. 8C and D). This finding 

Fig. 8. Modulating gut microbiota by DZ@YM. (A) The Venn diagrams. (B) The species abundance of gut microbiota is illustrated by Chao1. (C) β-diversity of gut 
microbiota is demonstrated by PCoA. (D) β-diversity of gut microbiota is demonstrated by NMDS. (E) The abundance at the phylum level. (F) Heatmap of the relative 
abundance of the genus level. (G) LEfSe analysis. (G) Cladogram based on LEfSe analysis. (I) Heatmap of the KEGG function prediction results. (n = 3).
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suggests that DSS-induced changes in the structural and functional 
properties of gut microbiota. Taxonomic stratification at phylum and 
genus resolution demonstrated significant β-diversity divergence be
tween the DSS-induced dysbiosis cohort and the DZ@YM therapeutic 
intervention group (Fig. 8E and F). The abundance of bacteroidota has 
been demonstrated to be associated with energy metabolism [35]. The 
results of the study demonstrated a decrease in the abundance of bac
teroidota following DSS induction, while the intervention of DZ@YM 
resulted in an increase in bacteroidota abundance in the gut microbiota. 
At the genus level, the abundance of beneficial bacteria parabacteroides 
and muribaculaceae decreased in the DSS group and increased after 
DZ@YM intervention. Parabacteroides, a constituent of the gut micro
biota, has been demonstrated to regulate the immune system, inflam
mation, metabolism, and lipid metabolism, thereby contributing to the 
reduction of inflammation [36–38]. Muribaculaceae have been shown to 
produce SCFAs from both endogenous and exogenous polysaccharides, 
which have been well-documented to exert a crucial function in the 
attenuation of inflammatory responses within the host biological system 
[39]. In contrast, the abundance of clostridium-sensu stricto and escher
ichia Shigella with pathogenic tendencies increased after DSS induction 
but decreased after DZ@YM treatment [40–42]. Phylogenetic compo
sition analysis was conducted using LEfSe, and the effect magnitude 
estimation of differentially abundant species was performed through 
linear discriminant analysis (LDA) score computation (LDA>4). Among 
them, bacteroidota and bacteroidales have a significant influence on the 
differential effect of the DZ@YM group (Fig. 8G and H). Concurrently, 
the KEGG function prediction identified that DZ@YM exerted a pivotal 
role in amino acid metabolism, cell growth and death, and replication 
and repair (Fig. 8I). Consequently, the modulation of the gut microbiota 
mediated by DZ@YM exerted a synergistic influence on the alleviation 
of colitis symptoms. This modulation led to an increase in the bacterial 
diversity within the gut microbiota and induced a compositional shift of 
the microbiota towards an anti-inflammatory phenotype.

Emerging evidence underscores the pivotal role of gut microbiota- 
derived metabolites in modulating immune responses, particularly 
through the regulation of macrophage functions. DZ@YM exhibits 
remarkable efficacy in modulating the composition and structure of the 
gut microbiota [43]. DZ@YM contributed to the restoration of intestinal 
microbial balance by increasing the abundance of beneficial bacteria 
such as parabacteroides and muribaculaceae, while regulating potentially 
harmful bacteria like clostridium-sensu stricto and escherichia Shigella, 
thereby creating a favorable gut microenvironment conducive to im
mune homeostasis.

Under normal circumstances, the polarization of macrophages is in a 
dynamic equilibrium state to maintain the immune homeostasis of the 
body. When the body is infected by pathogens or suffers from tissue 
damage, macrophages polarize towards the M1 type to eliminate path
ogens and damaged tissues. However, if the activation of M1 macro
phages is excessive or lasts for too long, it will lead to the loss of control 
of the inflammatory response. In contrast, the timely activation of M2 
macrophages helps to control inflammation, promote tissue repair, and 
restore the body to its normal state. Therefore, regulating the polariza
tion direction of macrophages is an important strategy for treating in
flammatory diseases [44]. Notably, the study reveals that DHM-Zn not 
only inhibits the polarization of macrophages towards the 
pro-inflammatory M1 phenotype but also actively promotes their tran
sition towards the anti-inflammatory M2 state, underscoring its multi
faceted role in inflammation resolution and immune regulation. 
Consequently, DZ@YM can not only regulate the composition and 
function of the gut microbiota and reshape the balance of the gut 
microecology but also regulate the polarization of macrophages and 
promote their transformation into an anti-inflammatory phenotype. This 
strategy integrates the dual mechanisms of microecological reshaping 
and immune regulation, providing a novel therapeutic strategy for in
flammatory diseases.

4. Conclusion

In conclusion, this study effectively incorporated DHM-Zn nano
zymes into YM, resulting in the synthesis of DZ@YM, which exhibits 
distinct properties. The intestinal targeting capability of YM facilitates 
the delivery of DHM-Zn to sites of inflammation, thereby maximizing its 
anti-inflammatory and antioxidant effects. Simultaneously, DZ@YM can 
modulate the composition and structure of the gut microbiota, syner
gistically enhancing the intestinal microecological environment and 
significantly alleviating the symptoms of UC. This approach establishes 
a novel framework for the future development of microbial-derived drug 
delivery systems aimed at addressing other intestinal inflammatory 
disorders.
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