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a b s t r a c t 

Oxidative stress that is induced by excessive reactive oxygen species (ROS) is considered to be a key pathophys- 

iological mechanism of inflammatory bowel disease (IBD), and restoring redox homeostasis in the inflammatory 

region by eliminating ROS is an effective way to treat IBD. Herein, ultrasmall Au 25 nanoclusters (Au 25 NCs) were 

synthesized using a simple improved protocol, which has good physiological stability and biosafety and can be 

noninvasively monitored by clinical computed tomography (CT) after oral administration. Au 25 NCs can elimi- 

nate ROS such as ABTS radicals, superoxide free radicals ( • O 2 
− ), and hydroxyl free radicals ( • OH), upregulate the 

expression level of antioxidant enzymes, inhibit the expression of proinflammatory cytokines, and finally inter- 

rupt the inflammatory circuit of IBD to achieve the effective prevention and delayed treatment of IBD. This work 

will demonstrate the protective effect of Au 25 NCs on IBD in living animals, which suggests a new nanomedicine 

strategy for IBD treatment. 
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. Introduction 

Inflammatory bowel disease (IBD), also known as "green cancer", is

 chronic, nonspecific disease of the intestine [1–3] . IBD includes ul-

erative colitis (UC) and Crohn’s disease (CD) with a tendency toward

ifelong recurrence and even death in severe cases. At present, there is no

rug that can completely cure IBD. The main clinical treatment for IBD

s aminosalicylic acid preparations, corticosteroids, and other drugs, but

hey are often accompanied by gastrointestinal problems, anemia, and

arious intestinal complications [ 4 , 5 ]. Therefore, it is of great impor-

ance to propose therapeutic strategies for the pathogenesis of IBD and

mprove the therapeutic effect. Researchers have found that excessive

eactive oxygen species (ROS), including superoxide radicals ( • O 2 
− ), hy-

roxyl radicals ( • OH), hydroperoxyl radicals (H 2 O 2 ), and singlet oxygen

 

1 O 2 ), and reduced antioxidant capacity are the main pathogenic factors

f IBD [6] . Oxidative stress caused by the accumulation of high con-

entrations of ROS can cause cell damage by oxidizing proteins, lipids,

nd DNA molecules while activating inflammatory factors to cause an

mmune response and aggravate oxidative stress damage [7] . Some
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tudies have found that the mucosal ROS concentration in IBD patients

s 10-100 times higher than normal [8] . Therefore, the timely and effec-

ive removal of ROS from the intestine plays a crucial role in inhibiting

ntestinal inflammation [9] . 

The antioxidant system in the body includes superoxide dismutase

SOD), catalase (CAT), peroxidase (POD), and glutathione peroxidase

GPx), which can control ROS at normal levels under physiological con-

itions. However, the activities of antioxidant enzymes in intestinal

ucosal cells of patients with CD will decrease [10] . Based on these

athophysiological features, Jubeh et al. encapsulated SOD enzyme and

 2 O 2 enzyme into negatively charged liposomes and explored the anti-

nflammatory effect of dinitrobenzenesulfonic acid (DNBS)-induced col-

tis in rats through colonic administration [11] . Nevertheless, natural en-

ymes are not the preferred treatment for IBD because they are unstable,

nd many of them only have catalytic activity against a single ROS. With

he development of nanomedicine, nanoartificial enzymes have gradu-

lly become an effective alternative since nanoparticles represented by

e 3 O 4 have been found to mimic the catalytic activity of POD [12] .

ompared to natural enzymes, nanomaterials with enzymatic properties
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Scheme 1. Synthesis of Au 25 NCs and mechanism of treatment of DSS-induced colitis in mice. 
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hat can catalyze a variety of ROS have obvious advantages, such as

ower use cost, better stability, mass synthesis, and easier storage [13–

6] . At present, the development of multifunctional nanozymes such as

russian Blue (PPBs) [ 17 , 18 ], CeO 2 [19] , Mn-MOF [20] , W POMs [21] ,

nd WO 3 NPs [22] has inspired the treatment of IBD. Considering the

iosafety of nanomaterials, choosing a kind of nanozyme with a suitable

ize and milder method of administration is an effective way to reduce

ide effects in the treatment of IBD. Therefore, natural antioxidant group

ltrasmall Au nanoparticles with antioxidant activity, convenient oral

dministration, and low systemic toxicity will be a potential choice for

he nanomedical treatment of IBD. 

In this work, ultrasmall Au 25 nanoparticles with good biocompatibil-

ty were prepared using an improved protocol for inflammatory bowel

isease treatment, as shown in Scheme 1 . Au nanoclusters ( < 3 nm),

specially atomically precise gold nanoclusters, have been applied in

he fields of drug delivery, biosensing, biomedical imaging, and disease

reatment due to their strong quantum confinement effect, good biocom-

atibility, high colloidal stability, water solubility, catalytic activity and

hotophysical properties [23–31] . It has been reported that Au 25 NCs

ave intrinsic high catalytic activity, which can effectively eliminate a

ariety of ROS [32–34] . After oral administration, Au 25 NCs also have a

ood CT imaging function of the gastrointestinal tract of mice and could

chieve the prevention and delay the treatment of DSS-induced colitis in

 mouse model by eliminating ROS, upregulating the expression level of

ntioxidant enzymes, and inhibiting pro-inflammatory cytokines, with-

ut obvious side effects. 

. Materials and methods 

.1. Synthesis of Au25 NCs 

HAuCl 4 ·3H 2 O (62.0 mg) was dissolved in 4.4 mL THF and placed

n a round-bottom flask in an ice bath. After approximately 30 min,

00 mg GSH was added to the above solution when the temperature

ropped to zero. The solution was stirred overnight at a low speed of 60

pm. After the solution became clear, the stirring speed was accelerated

o 1200 rpm. Then, 69 mg NaBH 4 dissolved in ultra-pure water (1.5

L, 0°C) was quickly added to the mixture. The ice bath was removed

fter 3 h, and the solution was kept at 25°C for 20 h. The precipitation
2 
as obtained by high-speed centrifugation of the reaction solution, and

ure Au 25 NCs were obtained by recrystallization with a mixed solution

f methanol and water (V/V = 4:1). 

To explore the stability of Au 25 NCs, the UV–Vis-NIR absorption and

ydration particle size values of Au 25 NCs in different environments

different solvents, different pH values, and different temperatures) after

tanding at 0, 1, 3, 5, and 7 days were investigated for comparative

nalysis. TEM images of Au 25 NCs were collected after incubation in

ltra-pure water and simulated gastric fluid (pH ≈ 1.5 hydrochloric acid

olution) for 24 h. 

.2. In vitro experiments 

Cell culture: HT-29 colonic epithelial cell lines and RAW264.7

acrophages were obtained from the Cell Bank of the Chinese Academy

f Sciences (Shanghai, China). Cells were cultured in high glucose-

MEM containing 5% or 10% (v/v) FBS and 1% penicillin/streptomycin

n a humidified 5% CO 2 atmosphere at 37°C. 

Cell viability: HT-29 cells and RAW264.7 cells at the logarithmic

rowth stage were digested and seeded into 96-well plates at 1 × 10 4 

ells per well. After the cells adhered overnight, the old medium was

iscarded, and the cells were gently washed with PBS three times. Then,

edium containing different concentrations of Au 25 NCs (6.25, 12.5, 25,

0, 100, 200, 400 𝜇g/mL) was added to 96 wells and incubated for 24

. The absorbance value at 450 nm was measured by the MTT method,

nd the survival rate of HT-29 cells and RAW264.7 cells was calculated.

Cell uptake: To investigate the cell uptake characteristics in vitro ,

y5.5-NH 2 solution was dropped into Au 25 NC solution and stirred mag-

etically for 8 h. The resulting mixture was then subjected to dialysis

MW = 3500 Da) for 72 h. Finally, Cy5.5-NH 2 -labeled Au 25 NCs were

yophilized and stored at 4°C. HT-29 cells and RAW264.7 cells were in-

ubated with Cy5.5-NH 2 -labeled Au 25 NCs for 6 h and washed with PBS.

he endocytosis of Au 25 NCs was qualitatively and quantitatively ana-

yzed by confocal laser scanning microscopy (CLSM) and fluorescence-

ctivated cell sorting (FACS). 

ROS scavenging ability of cells: To explore the ROS scavenging abil-

ty in vitro , HT-29 cells and RAW264.7 cells were incubated with Au 25 

Cs for 24 h. After washing with PBS several times, the cells were

reated with H O (3 mM) for 0.75 h. 2’,7’-Dichlorofluorescin diacetate
2 2 
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Fig. 1. Structural characterization and ROS-scavenging activities of Au25 NCs. (a) HRTEM images. (b) Size distribution by DLS. (c) Zeta potential. (d) FTIR 

spectra. XPS spectra: (e) Survey and (f) Au 4f. (g) UV–Vis-NIR absorption spectra of Au25 NCs with different concentrations. (h) ABTS, (j) • OH and (j) • O2 − scavenging 

activities with various concentrations of Au25 NCs. 

(  

w

2

 

i  

t  

m  

s  

t  

A  

t

2

 

s  

(  

C  

a  

v  

p  

p  

M  

a  

m  

s  

h  

r

 

l  

h  

a  

A  

t  

c

2

 

w

N  

a  

f  

r  

o  
DCFH-DA) was used as probe staining, and a fluorescence microscope

as used to collect images. 

.3. Animals 

Female Balb/c mice (6 weeks old, ∼20 g, purchased from the Exper-

mental Animal Center of Anhui Medical University) were acclimated

o the environment for 1 week before the experiment. Animal experi-

ents were approved by the ethics committee of Anhui Medical Univer-

ity (approval number: LLSC20220723). All animal-related experimen-

al protocols were performed in accordance with the guidelines of the

ssociation for Laboratory Animal Science and the Center for Labora-

ory Animal Science of Anhui Medical University. 

.4. CT characterization and biodistribution 

To evaluate the changes in the Hounsfield unit (HU) and base sub-

tance map of Au 25 NCs in vitro , a series of concentrations of Au 25 NCs

10, 20, 30, 40, 50 mg/mL) were added into the microcentrifuge tube,

T scanning mode was used to obtain images, and the values (CT value

nd base substance concentration) were recorded individually. The CT

alue and the fitting curve of the base substance concentration were

lotted and the slope was calculated. The gastrointestinal imaging ca-

ability of Au 25 NCs at the animal level was subsequently evaluated.
3 
ice with DSS-induced colitis were fixed in a horizontal foam plate

nd placed in CT, and the mice were fed Au 25 NC solution (200 𝜇L, 50

g/mL). After oral administration, the mice were obtained by plain CT

canning at different times (0 min, 10 min, 30 min, 1 h, 2 h, 6 h, 12 h, 24

), and the CT images of the mice were obtained by three-dimensional

econstruction. 

Mice with DSS-induced colitis were orally administered Au 25 NC so-

ution (200 𝜇L, 50 mg/mL) and sacrificed after different times (2 h, 6

, 12 h, 24 h). The organs (heart, liver, spleen, lung, kidney, stomach,

nd colon) were collected, weighed, and dissolved with aqua regia. The

u content was measured by inductively coupled plasma–mass spec-

rometry (ICP–MS), and the percentage per gram of tissue (%ID/g) was

alculated to determine the biodistribution. 

.5. DSS-induced model of colitis and therapeutic effects 

In the preventive effect of colitis, mice adapted for one week

ere randomly divided into four groups: (1) PBS + Water, (2) Au 25 

Cs + Water, (3) PBS + 3% DSS, and (4) 3% DSS + Au 25 NCs. Groups (1)

nd (2) were fed normal drinking water, while groups (3) and (4) were

ed 3 wt% DSS-containing sterile water-induced colitis. During this pe-

iod, groups (2) and (4) were orally administered Au 25 NCs (100 mg/kg)

n Days 1, 3, 5 and 7. The body weight and the disease activity index
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Fig. 2. The stability of Au25 NCs in various environments. Absorbance at 670 nm of Au25 NCs in (a) normal saline solution at various temperatures, (c) solution 

with different pH values and (e) different solutions. Hydrodynamic diameter of Au25 NCs in (b) normal saline solution at various temperatures, (d) solution with 

different pH values and (f) different solutions. TEM image of Au25 NCs (g) before and (h) after incubation in ultra-pure water and simulated gastric fluid (pH ≈ 1.5 

hydrochloric acid solution) for 24 h. 
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DAI) score were determined daily (Table S1). On Day 9, all mice were

acrificed, and the whole colon and viscera were removed. The colon

ength of each group was recorded and photographed. 

For the therapeutic effect on colitis, mice adapted for one week were

andomly divided into four groups: (1) PBS + water, (2) Au 25 NCs + water,

3) PBS + 3% DSS, and (4) 3% DSS + Au 25 NCs. Groups (1) and (2) were

ed normal drinking water for 7 days, while groups (3) and (4) were fed

 wt% DSS-containing sterile water-induced colitis. After that, groups

2) and (4) were orally administered Au 25 NCs (100 mg/kg) on Days

, 10, 12, and 14. The body weight and DAI score were determined

aily. On Day 16, all mice were sacrificed, and the whole colon and

iscera were removed. The colon length of each group was recorded

nd photographed. 

Histological evaluation: The colons of each group were fixed with 4%

araformaldehyde, embedded in paraffin after drying, sliced into 4 mm

hick sections, and stained with H&E and immunohistochemistry. The

tained tissue was examined with a light microscope and photographed.

ELISA analysis: The levels of proinflammatory cytokines (TNF- 𝛼, IL-

 𝛽 and IL-6) in colon homogenates were quantitatively determined by

LISA. The middle colon of each mouse was weighed and homogenized

n normal saline at 4°C. Then, the supernatant was collected for evalu-

tion by centrifugation at 4°C (2000 rpm, 20 min). Commercial mouse

NF- 𝛼, IL-1 𝛽 and IL-6 ELISA kits were used to detect proinflammatory

nd anti-inflammatory cytokines. All data are presented as the standard

eviation (n = 5). 

Myeloperoxidase (MPO) activity, ROS levels and SOD levels in colon

omogenate were measured by using a myeloperoxidase assay kit,

OS/reactive nitrogen (RNS) assay kit and SOD assay kit, respectively. 
4 
.6. Characterization 

The surface morphology, phase, optical properties, dynamic light

cattering (DLS), Fourier transform infrared spectroscopy (FTIR), and

-ray photoelectron spectra (XPS) of the product were investigated

arefully according to our previous protocol or instruments [ 35 , 36 ].

PECT/CT images were obtained through a U-SPECT + /CT imaging sys-

em (MILABS). 

.7. Statistical analysis 

GraphPad Prism 7.0 software was used for t test and ANOVA to de-

ermine statistical significance. Data were graphed as the mean ± SD.
 P < 0.05, ∗ ∗ P < 0.01, and ∗ ∗ ∗ P < 0.01 were considered statistically

ignificant. 

. Results and discussion 

.1. Synthesis and characterization of Au 25 NCs 

In this work, Au 25 NCs were synthesized by a simple protocol, fol-

owing a process from reported literature with some improvements

 Scheme 1 ). As shown in Fig. 1 a, high-resolution transmission electron

icroscopy (HRTEM) characterization suggested that Au 25 NCs were

niformly distributed and had good monodisperse performance with-

ut obvious agglomeration. From Fig. 1 b and c, it can be seen that the

ydrodynamic size of nanoclusters was 2.16 ± 0.26 nm by DLS, and

he zeta potential was approximately -25.2 mV, which was conducive
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Fig. 3. In vitro ROS-scavenging activity of Au 25 NCs. CLSM images of (a) HT-29 and (b) RAW264.7 cells with DCFH-DA staining after 24 h of coincubation with 

different treatments. 

t  

p  

w  

s  

 

e  

d  

e  

U  

t  

w  

s  

i  

s  

i  

w  

μ  

a  

c  

s  

R  

i  

a  

a

 

t  

m  

w  

c  

a  

b  

n  

6  

S  

a  

8  

a  

a  

b  

s  

c  

t  

t  

s  

s  

c

3

 

(  

t  

R  

h  

A  

v  
o targeting the colitis site [14] . In the FTIR spectra, pure GSH had a

eak at 2522 cm 

− 1 corresponding to the S-H stretching vibration mode,

hile the peak disappeared after the reaction, implying the successful

ynthesis of GSH-protected Au 25 nanoclusters (Au 25 NCs) ( Fig. 1 c) [37] .

In addition, the XPS spectra confirmed the presence of the binding

nergies of Au 4f (eV), C 1 s (eV), N 1 s (eV), and O 1 s (eV) ( Fig. 1 e), in-

icating the existence of Au (0). The binding energies at 84.35 and 88.05

V can be assigned to Au 4f 5/2 and Au 4f 7/2 , respectively ( Fig. 1 f). The

V–Vis-NIR absorption spectra of Au 25 NCs with different concentra-

ions showed the maximum peak at 670 nm and a few shoulder peaks,

hich was consistent with earlier studies [ 38 , 39 ]. The well-defined ab-

orption spectrum indicates the high purity of the sample. Typical ROS,

ncluding • O 2 
− , • OH-, and ABTS-represented ROS involved in IBD were

elected to evaluate the scavenging capacity of Au 25 NCs. As shown

n Fig. 1 h, the scavenging efficiency of ABTS was positively correlated

ith the concentration of Au 25 NCs. At a Au 25 NC concentration of 200

g/mL, the scavenging rate of ABTS reached 92.51 ± 4.05%, showing

 satisfactory removal effect. Similarly, the scavenging rate of • OH in-

reased with increasing Au 25 NC concentration ( Fig. 1 i). In addition, the

cavenging ability of Au 25 NCs on • O 2 
− (a highly toxic and destructive

OS) was further explored. Au 25 NCs showed excellent scavenging abil-

ty at low concentrations, with the • O 2 
− scavenging rate exceeding 80%

t 200 μg/mL. These results demonstrated that Au 25 NCs had significant

ntioxidant capacity in vitro and potential in biological applications. 

If Au 25 NCs are delivered orally to the inflammatory site of the colon,

hey need to pass through a series of complex physiological environ-

ents (such as the stomach, duodenum, small intestine, and colon),

hich have high requirements for physiological stability [40] . The
5 
olloidal stability of Au 25 NCs in different environments was evalu-

ted by DLS and UV–Vis-NIR spectroscopy. As shown in Fig. 2 a and

, whether the ambient temperature was 4°C, 25°C or 37°C, there was

o significant change in the hydrodynamic size and absorbance value at

70 nm of 200 μg/mL Au 25 NCs, indicating the convenience of storage.

imilarly, Au 25 NCs also displayed consistent hydrodynamic sizes and

bsorbance values in different pH environments (pH = 1.5, 6.8, 7.4 and

.0) ( Fig. 2 c and d) and different media (water, PBS and DMEM) ( Fig. 2 e

nd f), indicating good stability. To determine the stability of Au 25 NCs

fter oral administration to DSS-induced colitis mice, they were incu-

ated in a simulated gastric environment (pH ≈ 1.5 hydrochloric acid

olution) for 24 h. The morphology of Au 25 NCs from HRTEM did not

hange significantly before and after incubation, and they still main-

ained good monodisperse properties after 24 h, suggesting their poten-

ial to resist gastric acid erosion ( Fig. 2 g and h). These results demon-

trated that storage of Au 25 NCs was not affected by pH, temperature or

olution medium, and its good physiological stability and acid resistance

ould ensure access to the inflamed colon. 

.2. ROS scavenging activity of Au25 NCs 

First, we did not find any clear sign of cytotoxicity of Au 25 NCs

from 6.25 to 400 𝜇g/mL) in HT-29 and RAW 264.7-cell lines af-

er 24 h in vitro by an MTT assay. The cell viability of HT-29 and

AW 264.7 remained 88.35 ± 5.59% and 92.20 ± 0.21% even at the

igh concentration (400 𝜇g/mL), indicating a negligible cytotoxicity of

u 25 NCs (Fig. S1). The results indicated that Au 25 NCs had good in

itro biocompatibility, which was necessary for the treatment of IBD.
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Fig. 4. CT characterization and biodistribution of Au25 NCs. (a) In vitro CT characterization. (b) In vivo CT imaging. (c) Total radiant efficiency and (d) 

biodistribution images in the organs of mice treated with Au25 NCs at different times after oral administration. (e) Distributions of Au25 NCs in the heart, liver, 

spleen, lung, kidney, stomach and colon. 
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ubsequently, experiments were designed to explore the cell uptake be-

avior of Au 25 NCs. 4 ′ ,6-diamidino-2-phenylindole (DAPI) and Cy5.5

ere used to label the nucleus and Au 25 NCs, respectively. As shown

n Fig. S2a and b, the average fluorescence intensity of Au 25 NCs-Cy5.5

ncreased with the passage of time, indicating that the uptake of HT-29

nd RAW264.7 cells gradually increased and approached saturation at

 h. In the confocal laser scanning microscope (CLSM) diagram of 6 h,

API showed blue light and Cy5.5 showed red light; red fluorescence

as observed surrounding blue fluorescence in the image after merging

hich proved that Au 25 NCs could be successfully taken up by HT-29

r RAW 264.7 cells. The results were consistent with the quantitative

nalysis of flow cytometry. To investigate whether Au 25 NCs can pro-

ect cells from ROS-induced damage, HT-29 and RAW264.7 cells were

reated with a high concentration of H 2 O 2 as an exogenous stimulus to

stablish cellular inflammatory models. The nonfluorescent DCFH-DA

eacted in the cell to DCFH, which was stored in the cell and then ox-

dized to 2 ′ ,7 ′ -dichlorofluorescein (DCF) with green fluorescence [41] .

s shown in Fig. 3 a, there was no obvious green fluorescence in the

ontrol group without H 2 O 2 addition, indicating that the production of

OS during normal physiological metabolism was not enough to affect

he observation. The group with added Au 25 NCs also had no observable

reen fluorescence, indicating good biocompatibility, which is needed

o ensure that the nanoclusters would not induce the production of ROS.

owever, strong green fluorescence could be observed in the image from
6 
he group with H 2 O 2 (3 mM) added, suggesting the state of oxidative

tress of HT-29 cells. The green fluorescence of some cells decreased

r disappeared after coincubation with Au 25 NCs (100 μg/mL). When

he concentration of Au 25 NCs increased to 300 μg/mL, the green fluo-

escence was almost invisible, which strongly indicated that Au 25 NCs

liminated the intracellular ROS and thus weakened the green fluores-

ence. Similar results were observed after the treatment of RAW264.7

ells ( Fig. 3 b). The above results suggested that the prepared Au 25 NCs

ad good biocompatibility and chemical stability and could remove a

ariety of ROS. Therefore, it was speculated that Au 25 NCs can be used

o treat DSS-induced colitis by oral administration. 

.3. CT characterization and biodistribution of Au 25 NCs 

Based on the X-ray absorption ability and good physiological stabil-

ty, the pharmacokinetics of Au 25 NCs in the gastrointestinal tract were

onitored by CT after oral administration. First, the evaluation of in

itro CT was performed, and the results are shown in Fig. 4 a. The ac-

uired image brightness and the corresponding CT value increased with

 gradually increasing concentration of Au 25 NCs, and the fit was lin-

ar (slope = 10.26). When the concentration of Au 25 NCs reached 50

g/mL, the image reached the brightest point, and the CT value was

30.01 HU. In vitro CT characterization suggested the feasibility of us-

ng clinical CT to monitor in vivo . To prove this conjecture, mice with
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Fig. 5. Au25 NCs ameliorate colonic damage in a murine model of colitis. (a) General procedure of the animal experiment. (b) Body weight changes and (c) 

DAI scores in each group over 9 days. (d) Images and (e) lengths of the colons in the indicated groups. (f) H&E-stained colon pathological sections of mice on Day 

9. Scale bars: 100 μm and 200 μm. (g) MPO activity, (h) SOD activity and (i) ROS level of colonic tissues from mice in each group. Means ± SDs (n = 5). ∗ P < 0.05, 
∗ ∗ P < 0.01 and ∗ ∗ ∗ P < 0.001. 
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t  
SS-induced colitis were orally administered Au 25 NC solution (200 𝜇L,

0 mg/mL) and clinical CT scan images were collected at different times.

s shown in Fig. 4 b, obvious CT signals in the stomachs of mice could

e observed after 10 min of oral administration. With the passage of

ime and the movement of the digestive tract, the brightness of the gas-

rointestinal tract increased significantly, while a decreased signal was

bserved after 24 h. To accurately study the distribution in vivo , CT im-

ges of various organs (0 h, 2 h, 6 h, 12 h and 24 h) of mice at different

imes after oral administration were collected, and the corresponding

T signal values were counted. The results are shown in Fig. 4 c and
7 
. The orally administered Au 25 NCs reached the small intestine and

oved to the cecum and colon. The signal values of other major organs

ere extremely low. 

The accumulation of nanoclusters in organs was further determined

y ICP–MS through a typical tissue nitration process. As shown in

ig. 4 e, 2 h after oral administration, the Au 25 NCs were mainly con-

entrated in the stomach, and more Au 25 NCs accumulated in the colon

25.74 ± 3.02%ID/g) after 6 h. The maximum value was reached at 12 h

27.47 ± 4.83%ID/g), and only 6.49 ± 1.13%ID/g of Au was detected af-

er 24 h. Due to mucosal damage and ulcers, a few Au 25 NCs entered the
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Fig. 6. Au25 NCs alleviate colitis in a delayed therapeutic setting. (a) General procedure of the animal experiment. (b) Body weight changes and (c) DAI scores 

in each group over 16 days. (d) The lengths and (e) images of the colons in the indicated groups. (f) SOD activity, (g) MPO activity and (h) ROS level of colonic 

tissues from mice in each group. (i) H&E and (j) immunohistochemically stained colon pathological sections of mice on Day 16. Scale bars: 100 μm. (k) IL-1 𝛽, (l) 

IL-6 and (m) TNF- 𝛼 levels in colon homogenates from the indicated groups. Means ± SDs (n = 5). ∗ P < 0.05, ∗ ∗ P < 0.01 and ∗ ∗ ∗ P < 0.001. 

b  

0  

t  

n

 

r  

s  

(  

m  

t  

s  

t  

n  

d  

t  

s  

c  

g  

3

 

t  
lood, with the highest accumulative amounts of 0.74 ± 0.02%ID/g and

.34 ± 0.01%ID/g in the liver and kidney, respectively. This suggested

hat Au 25 NCs can reach the colon and be excreted quickly without sig-

ificant toxic accumulation. 

In addition, we also explored the in vivo biosafety of Au 25 NCs. The

outine blood indices (WBC, RBC, HGB, HCT, MCV, MCH, MCHC, PLT),

erum biochemical indices (ALT, UREA, AST, ALP), and main organs

heart, liver, spleen, lung, kidney, stomach and colon) of healthy Balb/c

ice were examined on Days 7, 14, and 30 after daily oral adminis-

ration of Au 25 NCs (200 𝜇L, 50 mg/mL). Healthy mice administered

aline were used as the control group. The results showed that the rou-

ine blood and serum biochemical indices of the mice were within the
 a  

8 
ormal range (Fig. S3a and b). In addition, there was no obvious tissue

amage or inflammatory reaction in H&E-stained sections of organs af-

er 7, 14, and 30 days (Fig. S3c). In the images of H&E-stained colon

ections, the goblet cells in the colon were intact, and the colonic mu-

osa was not impaired. These results proved that oral Au 25 NCs had

ood biocompatibility and would not cause damage to the main organs.

.4. The preventative effects of Au 25 NCs on colitis 

Based on the ROS scavenging ability, high stability in the digestive

ract and low toxicity in vivo , it was reasonable to speculate that the oral

dministration of Au 25 NCs can effectively prevent DSS-induced colitis.



F. Wang, Q. Li, T. Xu et al. Fundamental Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: FMRE [m5GeSdc; July 26, 2022;9:2 ] 

T  

d  

c  

m  

f  

g  

e  

o  

c  

o  

c  

i  

(  

s  

g  

i  

c  

(  

c  

c  

c  

o  

a  

A  

(  

t  

t  

s  

fi  

c  

c

 

s  

n  

d  

a  

3  

a  

e  

s  

l

N  

m  

d  

t  

s  

A  

R  

I  

t

3

 

i  

t

N  

M  

a  

s  

o  

t  

S  

c  

w  

y  

h  

t  

t  

w  

t  

s  

p  

h  

A

4

 

g  

m  

i  

l  

A  

a  

s  

s  

b

D

 

w

A

 

e  

h  

G  

R  

U

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

o prove this conjecture, Au 25 NCs were orally administered every 2

ays to DSS-induced colitis mice for 7 days, and the preventative effi-

acy was evaluated on Day 9 ( Fig. 5 a). The preventative effect was pri-

arily assessed by changes in body weight, which is a typical parameter

or monitoring colitis phenotypes. The weight of the Au 25 NCs + Water

roup increased gradually similarly to that of the PBS + Water group, as

xpected, demonstrating that Au 25 NCs cannot affect the normal growth

f mice ( Fig. 5 b). Compared to their initial body weight, DSS-induced

olitis mice lost 13.23% of their body weight after 9 days. After 7 days

f treatment, the body weight of the 3% DSS + Au 25 NC-treated group de-

reased by 4.87%. Subsequently, the daily body weight, stool character-

stics and bleeding of the mice were scored by the disease activity index

DAI) (Table S1) [42] . The scores of the 3% DSS + PBS group increased

ignificantly over time, while the DAI scores of the 3% DSS + Au 25 NC

roup increased with a moderate trend ( Fig. 5 c). On the ninth day, mice

n each group were sacrificed, and the effect was evaluated by changes in

olon length and pathological section. Compared with the normal group

7.69 ± 0.34 cm), the 3% DSS + PBS group had a significantly shorter

olon length (6.26 ± 0.21 cm) and edema ( Fig. 5 d and e). H&E-stained

olon sections also showed destruction of the integrity of the colon mu-

osa, disappearance of crypts, decreased glands, extensive infiltration

f inflammatory cells, thickening of the musculature, vascular rupture,

nd bleeding in the mucosa, suggesting obvious mucosal inflammation.

fter oral administration of Au 25 NCs, the average colon length of mice

7.26 ± 0.34 cm) was shorter than that of the normal group but longer

han that of the 3% DSS + PBS group. The colonic mucosa of mice in

he 3% DSS + Au 25 NC group was relatively intact, with crypt and gland

tructures remaining, and only a small amount of inflammatory cell in-

ltration with no obvious blood vessel rupture or bleeding. Therefore, it

an be concluded from the histopathological results that oral Au 25 NCs

an have an effective preventive effect on colitis. 

Furthermore, the activities of MPO, SOD, and total ROS in colon tis-

ue were quantitatively analyzed. MPO is a heme protease secreted by

eutrophils, monocytes and other cells and is one of the important in-

icators of colonic inflammation in the pathogenesis of IBD [43] . The

nalysis results showed that the MPO level of the colon mucosa in the

% DSS + PBS group was notably higher than that in the other group,

nd it decreased to normal after Au 25 NC treatment ( Fig. 5 g). As an

ssential enzyme for scavenging ROS in vivo , SOD activity decreased

ignificantly in mice with colitis, while it basically returned to normal

evels in the 3% DSS + Au 25 NC group ( Fig. 5 h). It was inferred that Au 25 

Cs inhibited inflammation by removing excessive ROS at the inflam-

atory site of the colon. Therefore, ROS levels in the colon were also

etected ( Fig. 5 i). The level of ROS in the 3% DSS + PBS group increased

o 154.6 ± 13.79% when colon inflammation occurred, which was ob-

ervably higher than that in the PBS + Water group (69.8 ± 8.35%) and

u 25 NCs + Water group (61.4 ± 8.29%). After Au 25 NC treatment, the

OS level in the 3% DSS group decreased significantly (81.2 ± 6.30%).

n summary, ROS-scavenging Au 25 NCs can show considerable preven-

ive effects against colitis through planned oral administration. 

.5. The therapeutic effects of Au 25 NCs on delayed colitis 

It was also necessary to explore the therapeutic effect of Au 25 NCs

n the delayed treatment model of colitis. 3% DSS water was supplied

o Balb/c mice for 7 days to construct an acute colitis model, and Au 25 

Cs or PBS were orally administered on Days 8, 10, 12, and 14 ( Fig. 6 a).

ice in the 3% DSS group showed obvious weight loss, increased DAI,

nd shortened colon length (8.00 ± 0.16 cm) ( Fig. 6 b-e). The typical

ymptoms were relieved after treatment with Au 25 NCs, and the length

f colon was restored to normal (8.58 ± 0.29 cm). These manifesta-

ions were similar to the effect of Au 25 NCs on the prevention of colitis.

OD, MPO, and ROS showed corresponding improvements ( Fig. 6 f-h),

hanges in typical proinflammatory cytokines (IL-1 𝛽, IL-6 and TNF- 𝛼)

ere further evaluated to explore the pathogenesis. A qualitative anal-

sis of IL-1 𝛽, TNF- 𝛼 and IL-6 in the colon was performed by immuno-
9 
istochemical staining. As shown in Fig. 6 j, immunohistochemical sec-

ions of healthy mice showed complete colon tissue with no cell rup-

ure. However, a large area of tissue damage and more positive staining

ere observed in the injured site of colitis, indicating that proinflamma-

ory factors (IL-1 𝛽, IL-6 and TNF- 𝛼) were expressed in the inflammatory

ite. It was satisfying that Au 25 NCs eliminated the overexpression of

roinflammatory cytokines and returned the inflammatory colon site to

ealthy levels ( Fig. 6 k-m). The above experimental results indicated that

u 25 NCs have good therapeutic effects in the delayed colitis model. 

. Conclusions 

In summary, we successfully constructed ultrasmall Au 25 NCs with

ood physiological stability and biosafety that can be noninvasively

onitored in vivo by clinical CT after oral administration. Due to its abil-

ty to remove intracellular superfluous ROS, upregulate the expression

evel of antioxidant enzymes and inhibit proinflammatory cytokines,

u 25 NCs have been demonstrated to have good preventive and ther-

peutic effects on DSS-induced colitis in mice without obvious adverse

ide effects. Hence, this work presented a promising strategy in the re-

earch field of nanomedicine therapy for IBD and provided a scientific

asis and experimental basis for the clinical treatment of IBD. 
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