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Abstract
Background  Inflammatory bowel disease (IBD) is a progressive and debilitating inflammatory disease of the 
gastrointestinal tract (GIT). Despite recent advances, precise treatment and noninvasive monitoring remain 
challenging.

Methods  Herein, we developed orally-administered, colitis-targeting and hyaluronic acid (HA)-modified, core-shell 
curcumin (Cur)- and cerium oxide (CeO2)-loaded nanoprobes (Cur@PC-HA/CeO2 NPs) for computed tomography (CT) 
imaging-guided treatment and monitoring of IBD in living mice.

Results  Following oral administration, high-molecular-weight HA maintains integrity with little absorption in the 
upper GIT, and then actively accumulates at local colitis sites owing to its colitis-targeting ability, leading to specific 
CT enhancement lasting for 24 h. The retained NPs are further degraded by hyaluronidase in the colon to release Cur 
and CeO2, thereby exerting anti-inflammatory and antioxidant effects. Combined with the ability of NPs to regulate 
intestinal flora, the oral NPs result in substantial relief in symptoms. Following multiple treatments, the gradually 
decreasing range of the colon with high CT attenuation correlates with the change in the clinical biomarkers, 
indicating the feasibility of treatment response and remission.

Conclusion  This study provides a proof-of-concept for the design of a novel theranostic integration strategy for 
concomitant IBD treatment and the real-time monitoring of treatment responses.
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Introduction
Inflammatory bowel disease (IBD), which mainly com-
prises ulcerative colitis (UC) and Crohn’s disease (CD), is 
a group of chronic, progressive, and debilitating inflam-
matory disorders of unknown origin in the gastrointes-
tinal tract (GIT). The prevalence of IBD has substantially 
increased between 1990 and 2017, affecting approxi-
mately 6.8 million patients worldwide [1]. Various treat-
ment options have been introduced for IBD, including 
aminosalicylates, corticosteroids, immunomodulators, 
and biologics [2, 3]. However, a large proportion of 
patients fail to achieve clinical remission with these treat-
ments, or lose response over time, leading to adverse 
complications such as opportunistic infections, malig-
nancies, autoimmune disorders, hepatotoxicity or neph-
rotoxicity [4, 5]. Moreover, IBD is highly heterogeneous, 
with recurrent, relapsing, and remitting course. Thus, 
patients often require life-long treatment for symptom 
management, which greatly affects their quality of life. 
Therefore, timely and personalized treatment adjust-
ments are necessary, which are based on a comprehensive 
evaluation of multiple factors, including disease severity, 
treatment response, and overall health condition. Unfor-
tunately, predicting the disease course and treatment 
response and thereby establishing optimal treatment 
choices is challenging. Hence, a novel theranostic strat-
egy is highly desirable for IBD that can provide effective 
treatment and real-time assessment of the disease state 
and monitor therapy response for precise management 
and timely therapy adjustment of IBD.

In recent years, the application of non-invasive radio-
logical imaging in the clinical examination of IBD has 
received increasing attention. Several studies have dem-
onstrated the potential of nanoparticles that based on 
fluorescence imaging in IBD theranostics, however, these 
nanoparticles are not applicable to living animals owing 
to their inability for sufficient deep penetration of intra-
abdominal tissues [6, 7]. Computed tomography (CT) 
is a widely used diagnostic and monitoring tool in clini-
cal practice, particularly for abdominal disease [8–11]. 
Compared with fluorescence imaging, CT possesses the 
advantages of high resolution, short examination time, 
unlimited tissue penetration, and three-dimensional 
(3D) visualization of the target tissue [11, 12]. However, 
to the best of our knowledge, no reports exist on CT-
visualized theranostics for IBD owing to the lack of colon 
specificity for small molecule iodine-based CT contrast 
agents. Among the alternative CT contrast agents being 
investigated, cerium oxide (CeO2) nanoparticles, with 
a K-edge at 40.4  keV, has been demonstrated as a CT 
contrast agent for imaging gastrointestinal inflamma-
tion [13, 14]. In addition, the presence of both Ce3+ and 
Ce4+ sites on the surface of CeO2 nanoparticles endows 
them with nanozymes activity, allowing them to catalyze 

the removal of various reactive oxygen species (ROS) 
[15, 16]. Moreover, its nanozymes activity can effectively 
reduce the free radicals generated at the inflammatory 
site and promote inflammation recovery compared with 
traditional contrast agents. Therefore, CeO2 is considered 
a promising CT contrast agent for imaging gastrointesti-
nal inflammation.

Recently, colon-targeted oral delivery nanoparticles 
(NPs) has been considered to be one of the most prom-
ising clinical translational methods, owing to their 
potential for greater dosage flexibility, convenience of 
self-administration, and patient compliance [17]. Cur-
cumin (Cur) is a natural bioactive polyphenol derived 
from the turmeric rhizome. Due to its attractive anti-
inflammatory and antioxidant pharmacological activities, 
Cur can relieve IBD by regulating related inflammatory 
signaling pathways and repairing the intestinal epithelial 
barrier [18, 19]. However, it has been limited as a clini-
cal therapeutic drug due to low potency, poor solubility, 
poor absorption, low biodistribution [20–22]. To improve 
the bioavailability of Cur, poly (lactide-co-glycolic acid) 
(PLGA) was used as the cargo carrier to encapsulate it 
within NPs. However, the PLGA particle system alone is 
subject to partial degradation in the acidic environment 
of the stomach and, thus, the coating or functionalization 
of the drug-PLGA core with polysaccharides to protect 
the drug degradation in the acidic environment is essen-
tial to enhance the therapeutic response at the colitis site.

Hyaluronic acid (HA), a natural polysaccharide com-
monly found in the synovial fluid and extracellular 
matrix, can specifically bind to CD44 receptors that are 
highly expressed on the surfaces of colon inflammatory 
or tumor cells [23]. After oral administration, HA with 
high molecular weight can be selectively absorbed in 
the large intestine, whereas the small molecules of HA 
scarcely reach the lower GIT owing to their non-specific 
absorption by natural human metabolism, such as the 
portal vein and lymph vessels in the gastrointestinal sites 
[24]. Furthermore, various studies have demonstrated 
that HA-based NPs can improve the dysregulated intesti-
nal barrier, microbiome, and immune responses in colitis 
[25–27].Therefore, HA may be an ideal carrier for target-
ing colitis.

In this study, we report a novel and effective colitis-
targeted oral delivery system, HA-modified, core–shell 
curcumin (Cur)- and CeO2-loaded NPs (Cur@PC-HA/
CeO2 NPs), for the CT imaging-guided theranostics 
of IBD. Cur, a harmless natural polyphenol compound 
widely used in the treatment of IBD [20, 21], was cho-
sen as the model drug for encapsulation within NPs by 
poly(lactide-co-glycolic acid) (PLGA). In addition, HA 
polysaccharide as a template loaded with cerium to form 
HA/CeO2 nanozyme. Subsequently, the drug-PLGA core 
was coated with chitosan polysaccharides to form Cur@
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PC NPs with amines (+) on the surface, allowing the 
drug-PLGA cores to combine with the nanozyme HA/
CeO2 to synthesize core–shell drug-loaded nanoprobes 
(Cur@PC-HA/CeO2) via amide bond binding between 
HA and chitosan in the outer layer. Thus, this novel ther-
anostic integration strategy might allow for concomitant 
real-time diagnosis and therapy, holding great promise as 
a potential approach for effective and personalized man-
agement of IBD.

Results and discussion
Synthesis and characterization
The preparation of Cur@PC-HA/CeO2 is briefly 
described as follows: First, Cur@PLGA cores were pre-
pared using an emulsion/solvent evaporation method to 
convert Cur into PLGA, one of the most widely investi-
gated biocompatible and biodegradable synthetic poly-
mers with various biomedical applications in humans 
[28–30]. Chitosan polysaccharides were subsequently 
coated onto the Cur@PLGA cores to form Cur@PC 
NPs with amines (+) on the surface (Fig. 1A, Additional 

file 1: Fig. S1). Dynamic light scattering (DLS) measure-
ments were performed to verify successful surface coat-
ing, which revealed that the hydrodynamic diameter of 
the prepared Cur@PC NPs increased by approximately 
40 nm compared with that of the uncoated Cur@PLGA 
NPs cores (Additional file 1: Fig. S2-S5), while the sur-
face zeta potential turned from negative (− 16.83 ± 0.15 
mV) to positive (+ 12.43 ± 1.44 mV; Fig. 2A). Finally, ceria 
nanozymes (HA/CeO2) synthesized with HA polysac-
charides as a template were coupled with Cur@PC NPs 
through amide bond binding between the HA and chi-
tosan in the outer layer (Fig.  1A). The zeta potential of 
the resultant NPs (Cur@PC-HA/CeO2) became negative 
(− 46.97 ± 2.65 mV; Fig.  2A), with an increased hydrody-
namic diameter of approximately 270 nm (Fig. 2B). Fou-
rier transform infrared spectroscopy of Cur@PC-HA/
CeO2 NPs was performed to confirm the successful 
conjugation of Cur@PC and HA/CeO2 NPs. New peaks 
at 1759 and 1420 cm− 1 could be assigned to –C = O and 
–C–N groups, respectively, on HA functionalized NPs 

Fig. 1  (A) Preparation process of Cur@PC-HA/CeO2 nanoprobes. (B) Schematic illustration of the application of Cur@PC-HA/CeO2 nanoprobes for inflam-
matory bowel disease treatment
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(Fig.  2C), which demonstrated the formation of Cur@
PC-HA/CeO2 NPs.

The size and morphology of the obtained Cur@
PC-HA/CeO2 NPs were observed by transmission elec-
tron microscopy, which demonstrated a spherical core–
shell structure (Fig.  2D) with an approximately 174  nm 
particle size. Furthermore, energy-dispersive X-ray anal-
ysis revealed that Ce from the HA/CeO2 NPs was uni-
formly distributed on the surface of the Cur@PC core 
(Fig.  2E). X-ray photoelectron spectroscopy (XPS) data 
demonstrated the coexistence of Ce3+ and Ce4+ peaks 
in the spectra (Fig.  2F-G), indicating the presence of 
mixed Ce valence states in the resultant Cur@PC-HA/
CeO2 NPs. The Ce3+/Ce4+ ratios for HA/CeO2 and Cur@
PC-HA/CeO2 were 0.21 and 0.25, respectively (Fig.  2G, 

Additional file 1: Fig. S6), suggesting that the coupling 
reaction between HA/CeO2 and Cur@PC NPs did not 
significantly affect the valence states of Ce. Further-
more, fluorescence spectroscopy results verified the suc-
cessful encapsulation of Cur in Cur@PC-HA/CeO2 NPs 
(Fig. 2H), whereas the characteristic absorption peaks of 
Ce (290 nm) and Cur (430 nm) appeared in the ultravio-
let-visible absorption spectra of Cur@PC-HA/CeO2 NPs 
(Fig.  2I). The drug-loading content and encapsulation 
efficiency of Cur in the obtained Cur@PC-HA/CeO2 NPs 
were 15.3% and 94.5%, respectively. And the efficiencies 
of cerium in HA/CeO2 NPs and Cur@PC-HA/CeO2 NPs 
were 19.7% and 14.3%, respectively.

Fig. 2  Characterization of Cur@PC-HA/CeO2NPs. (A) Zeta potentials of Cur@PLGA, Cur@PC, HA/CeO2, and Cur@PC-HA/CeO2 NPs. (B) DLS analysis of the 
size of Cur@PC-HA/CeO2 NPs. (C) Fourier transform infrared spectroscopy spectra of HA/CeO2 and Cur@PC-HA/CeO2 NPs. (D) Transmission electron mi-
croscopy image of Cur@PC-HA/CeO2 NPs. (E) Elemental mappings of Cur@PC-HA/CeO2 NPs, including Ce, O, and C elements. (F, G) X-ray photoelectron 
spectroscopy analysis shows the chemical valence of Ce on the surface of Cur@PC-HA/CeO2 NPs. (H) Fluorescence emission spectra of Cur@PLGA and 
Cur@PC-HA/CeO2 NPs. (I) The ultraviolet-visible absorption spectra of Cur, Cur@PLGA, Cur@PC, HA/CeO2, and Cur@PC-HA/CeO2 NPs

 



Page 5 of 19Cao et al. Journal of Nanobiotechnology          (2024) 22:484 

In vitro enzyme-responsive drug release
Although HA or HA-based NPs have been widely used 
for targeted colon inflammation or tumor treatment, the 
absorption of orally administered HA remains contro-
versial [7, 31, 32]. HA with different molecular weights 
(MWs) may demonstrate variable metabolic processes 
following oral administration: HA with high molecu-
lar weight can be selectively absorbed in the large intes-
tine, whereas the small molecules of HA scarcely reach 
the lower GIT owing to their non-specific absorption by 
natural human metabolism, such as the portal vein and 
lymph vessels in the gastrointestinal sites [24]. To ana-
lyze the influence of HA MWs on the stability and drug 
release behavior of NPs, we synthesized Cur-loaded NPs 
with high-MW of HA (HMW-HA, defined here as 200–
400 kDa) and with low-MW of HA (LMW-HA, defined 
here as ≤ 3000 Da). As shown in Fig. 3A and Additional 
file 1: Fig. S7, both HMW-HA and LMW-HA NPs exhib-
ited higher release rates of Cur under simulated colon 
fluids (SCF, pH 7.4, with β-glucuronidase and hyal-
uronidase) than under pH media, indicating the colonic 
enzyme responsiveness of the designed NPs. Thereafter, 
we compared the in vitro release profiles of Cur-loaded 
NPs with HMW-HA and LMW-HA in several artifi-
cial media that simulated different physiological envi-
ronments of GIT according to the previous literature: 

(i) simulated gastric fluid (SGF, pepsin enzyme, pH 1.2) 
for 2  h, (ii) simulated intestinal fluid (SIF, pancreatin 
enzyme, pH 6.8) for 3 h, and (iii) simulated colonic fluid 
(SCF, β-glucuronidase and hyaluronidase, pH 7.4) for 
more than 24 h [22]. A total of 15.3% of Cur was released 
from HMW-HA NPs 5  h following sequential incuba-
tion under non-colonic conditions (SGF and SIF, Fig. 3B). 
Interestingly, the release rate of Cur from the HMW-
HA NPs rapidly accelerated to 35.6% after treatment 
with SCF, which contains enzymes capable of degrading 
the HA and chitosan layers, further demonstrating the 
colonic enzyme responsiveness of the HMW-HA NPs. 
For LMW-HA NPs, 18.9% of Cur was released during 
the first 5 h under non-colonic conditions, whereas only 
7.5% of Cur was released from LMW-HA NPs in the sub-
sequent 24  h of incubation in SCF, suggesting a lack of 
efficient responsiveness to colon enzymes. These results 
indicate that high-MW HA is more suitable for preparing 
colon-selective drug release systems.

Thereafter, we evaluated the impact of various enzy-
matic media conditions (SGF, SIF, and SCF groups) 
on the prepared NPs by monitoring their particle size 
changes following incubation with simulated GIT flu-
ids for scheduled periods. As shown in Fig. 3C, the par-
ticle size of the HMW-HA NPs demonstrated the largest 
change in the SCF group, followed by the SIF group, with 

Fig. 3  In vitro drug release studies. (A) In vitro release kinetics of curcumin from high-molecular-weight-hyaluronic acid nanoparticles (HMW-HA NPs) 
under SCF and pH = 7.4 media. (B) In vitro release kinetics of curcumin from low molecular weight (LMW)-HA and HMW-HA NPs under simulated gastro-
intestinal conditions (SGF, simulated gastric fluid; SIF, simulated intestinal fluid; SCF, simulated colonic fluid). (C) Particle size of HMW-HA NPs when being 
exposed to SGF (pH 1.2) for 2 h, SIF (pH 6.8) for 3 h, and SCF (pH 7.4) for 12 h. (D) Photograph showing the property of HMW-HA NPs when exposed to 
water and different pH solutions for 0, 2, and 12 h. Data are presented as mean ± SD
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no significant change in the SGF or water groups, further 
demonstrating their responsiveness to colonic enzymes. 
Meanwhile, pure pH media in the absence of enzymes 
did not alter the particle size or color of HMW-HA NPs 
(Fig.  3C-D), suggesting their great stability under acidic 
conditions, potentially attributable to the protective 
effect of HA on the particles. Taken together, the acid-
resistant property and colonic enzyme-responsive drug 
release behavior of the prepared Cur@PC-HA/CeO2 
NPs endowed them with remarkable potential to resist 
the non-specific corrosion of the acidic gastric environ-
ment and release drugs in local colon areas, making them 
suitable for use as an oral colon-specific drug delivery 
system.

In vitro colitis-targeting ability and cellular uptake
An inflammatory colon cell model was used for the in 
vitro assays, as previously reported [33, 34]. As expected, 
elevated interleukin (IL)-8 expression was observed 
in the inflamed colon epithelial-like carcinoma cells 

(Caco-2, Fig.  4A), confirming the presence of inflam-
mation in the established cell models. Furthermore, the 
expression level of CD44 receptor in uninflamed and 
inflamed Caco-2 cells were detected by fluorescence 
microscopy and flow cytometry. The results showed that 
the inflamed Caco-2 cells exhibited stronger fluorescence 
signal and had higher expression level of CD44 receptor 
than the untreated Caco-2 cells (Fig. 4B-C, Additional file 
1: Fig. S8), demonstrating upregulated expression of the 
CD44 receptor in inflamed cells.

To investigate the targeting ability and cellular uptake 
of Cur@PC-HA/CeO2 NPs through HA-CD44 receptor-
mediated endocytosis, inflamed and uninflamed Caco-2 
cells were treated with free Cur solution, Cur@PC NPs, 
and Cur@PC-HA/CeO2 NPs (with and without 5 mg/mL 
HA pretreatment) for 18 h, followed by CLSM examina-
tion. As shown in Fig. 4D-E, no obvious fluorescence sig-
nals were observed in free Cur- and Cur@PC NP-treated 
cells, whereas a clear green fluorescence was observed 
in Cur@PC-HA/CeO2 NP-treated cells. Compared with 

Fig. 4  Intracellular uptake study of Cur@PC-HA/CeO2NPs in Caco-2 cells. (A) The levels of interleukin-8 in uninflamed and inflamed Caco-2 cells. (B) Con-
focal fluorescence images of uninflamed and inflamed Caco-2 cells. Cells were stained with CD44-labeled fluorescein isothiocyanate antibody (green) 
and nuclei stained with 4ʹ,6-diamidino-2-phenylindole (blue). Scales bars, 50 μm. (C) The fluorescence intensity of CD44 was quantitatively analyzed using 
Image J software. (D) Confocal fluorescence images showing cellular uptake of free Cur, Cur@PLGA NPs NPs, and Cur@PC-HA/CeO2 NPs (with or without 
5 mg/mL HA pretreatment) in uninflamed and inflamed Caco-2 cells. Green and blue indicate the fluorescence of Cur and nucleus, respectively. Scales 
bars, 50 μm. (E) The fluorescence intensity of Cur in each group was quantitative analyzed using Image J software. Data are presented as mean ± SD. T-tests 
were performed for statistical comparison, **P < 0.01, ****P < 0.0001
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that in the uninflamed Caco-2 cells, a stronger fluores-
cence signal was observed in the inflamed Caco-2 cells 
incubated with Cur@PC-HA/CeO2 NPs, suggesting 
enhanced cellular uptake by the inflamed cells. Moreover, 
increased cellular uptake of Cur@PC-HA/CeO2 NPs was 
significantly inhibited by the pre-saturation of the CD44 
receptor with excess HA. These results support the role 
of HA-CD44 interaction-mediated endocytosis in the 
targeted internalization of Cur@PC-HA/CeO2 NPs into 
inflamed colon epithelial cells.

Colitis‑targeting CT imaging
To investigate the X-ray attenuation property of Cur@
PC-HA/CeO2 NPs, CT imaging was performed using the 
commercial CT contrast agent ioversol as a control. As 
shown in Fig.  5A and Additional file 1: Fig. S9, the CT 
images of ioversol and Cur@PC-HA/CeO2 NPs both 
became brighter following an increase in their concen-
trations, suggesting a strong X-ray attenuation effect. 
Similar to ioversol, Cur@PC-HA/CeO2 NPs increased 
the CT signal intensity in a concentration-dependent 
manner (r2 = 0.99) at each tube voltage (Fig.  5B, Addi-
tional file 1: Fig. S10). As expected, the CT attenuation 
rates (slope of the line) decreased with increasing tube 
voltage because the average beam energy moved further 
away from the K-edge of Ce (i.e., 40.4 keV). Furthermore, 
the CT imaging performance of Cur@PC-HA/CeO2 NPs 
was superior to that of ioversol at the same concentration 
(Fig. 5C-D). The potential reason for this is that Ce has 
a slightly higher K-edge value than iodine (i.e., 33.2 keV), 
and therefore matches well with the clinically used X-ray 
beam energy [35]. These results suggest that Cur@
PC-HA/CeO2 NPs can be used as effective agents for 
CT imaging and produce a better contrast-enhancement 
effect than ioversol at a low tube voltage, which has the 
potential to mitigate the dosage and damage attributed to 
radiation exposure.

Encouraged by the strong X-ray attenuation capa-
bility of Cur@PC-HA/CeO2 NPs in vitro, we subse-
quently examined the performance of Cur@PC-HA/
CeO2 NPs in noninvasive and real-time CT imaging of 
the GIT in living animal models. As shown in Fig. 5E, 
3D-reconstructed CT images of the GIT recorded the 
flow of Cur@PC-HA/CeO2 NPs throughout the entire 
GIT in healthy C57 mice following oral administration. 
At 5-min post-administration, the stomach and duode-
num became bright on the CT images, indicating that 
the NPs had reached the proximal small intestine. After 
1 h, some NPs gradually flowed into and illuminated the 
large intestine; 24 h later, the CT signals in the intestine 
became weak and even negligible, indicating that nearly 
all the NPs were eliminated from the GIT. Thereafter, we 
performed dynamic CT imaging of the lower GIT after 
Cur@PC-HA/CeO2 NP administration by enema, which 

demonstrated substantial CT contrast enhancement in 
the intestine (Additional file 1: Fig.S11). These results 
demonstrated outstanding performance of Cur@PC-HA/
CeO2 NPs for GIT imaging in vivo.

Considering the outstanding in vitro colitis-targeting 
ability of the designed NPs, we subsequently investigated 
the potential of Cur@PC-HA/CeO2 NPs in targeted CT 
imaging of colitis using a dextran sodium sulfate (DSS)-
induced colitis mouse model [36]. Following oral admin-
istration, dynamic CT images of the colitis mice were 
recorded, showing a remarkably enhanced contrast in the 
GIT when the Cur@PC-HA/CeO2 NPs passed through it 
(Fig. 5E-F). Such CT contrast enhancement in some large 
intestines can be sustained for over 24  h. However, in 
the ioversol group, no apparent CT signal was observed 
in the large intestine of colitis mice at 24 h post-admin-
istration (Fig.  5E-F). Furthermore, the large intestine 
with a high CT signal in the Cur@PC-HA/CeO2 NPs 
group was excised and examined under electron micros-
copy, confirming the presence of inflammation in these 
areas. Quantitative analysis of Ce by inductively coupled 
plasma mass spectrometry (ICP-MS) demonstrated the 
accumulation of NPs in the inflamed tissues (Fig. 5G-H). 
These results indicate that Cur@PC-HA/CeO2 NPs can 
be used for targeted CT imaging of colitis tissues in vivo. 
Interestingly, a similar colitis-targeted tracking effect of 
Cur@PC-HA/CeO2 NPs was also achieved in colitis mice 
induced by enema (Additional file 1: Fig. S11-S12). More-
over, these NPs could accumulate in the colitis tissues 
for up to 24  h, indicating that the Cur@PC-HA/CeO2 
NPs could not only be used for real-time colitis-targeting 
imaging but also for a prolonged treatment time window.

Protective effect against oxidative damage in colitis
Multiple studies have shown that the occurrence and 
development of IBD was closely associated with exces-
sive oxidative stress [37–40]. As effective nanozymes, 
CeO2 NPs reportedly possess robust multiple ROS scav-
enging capabilities by the electron transfer between Ce3+ 
and Ce4+, as well as the resultant hybrid superoxide dis-
mutase (SOD)- and catalase (CAT)- mimetic enzyme 
activities [41–43]. Moreover, CeO2 NPs possess auto-
catalytic capacities that enable them to easily recover 
their antioxidant activity and repetitively eliminate ROS 
[44]. XPS confirmed the presence of hybrid valence states 
of Ce3+ and Ce4+ in the HA/CeO2 and Cur@PC-HA/
CeO2 NPs (Fig. 2G, Additional file 1: Fig. S6). As shown 
in Fig. 6A, the HA/CeO2 solution rapidly turned yellow 
following the addition of hydrogen peroxide (H2O2). Dur-
ing the subsequent 10 days, the yellow solution gradually 
recovered its original color as H2O2 decomposed from 
the nanoparticle suspension. Meanwhile, re-addition of 
H2O2 could induce the above-mentioned color change 
again, thus confirming the admirable autocatalytic 



Page 8 of 19Cao et al. Journal of Nanobiotechnology          (2024) 22:484 

Fig. 5  In vitro X-ray attenuation property and in vivo IBD targeting computed tomography (CT) performance of Cur@PC-HA/CeO2NPs.In vitro CT images 
(A) and corresponding linear correlations of the CT signals (B) with the concentrations of Cur@PC-HA/CeO2 NPs at different tube voltages. Representative 
CT image (C) and the CT signals (D) of Cur@PC-HA/CeO2 (64 mM Ce) and ioversol (64 mM I) at different tube voltages. (E). Representative three-dimen-
sional-rendered CT images of healthy mice and DSS-induced colitis mice, pre- and post- administration of Cur@PC-HA/CeO2 NPs (400 µL, 64 mM Ce) or 
ioversol (400 µL, 64 mM I). “S”, “SI”, and “LI” indicate the stomach, small intestine, and large intestine, respectively. The white dashed oval indicates Cur@
PC-HA/CeO2 NPs accumulation in the diseased areas of colitis. (F) The CT signal histogram in the colon of the healthy and colitis groups at 24 h following 
oral administration of Cur@PC-HA/CeO2 NPs. (G) Ce contents in the digestive organs of mice in the healthy and colitis groups at 24 h post-administration 
of Cur@PC-HA/CeO2 NPs. (H) Representative hematoxylin and eosin staining image of colon from colitis mice, which show high CT signals at 24 h post-
administration of Cur@PC-HA/CeO2 NPs. Scale bars, 100 μm. Data are presented as mean ± SD. T-tests were performed for statistical comparison, *P < 0.05, 
**P < 0.01, ***P < 0.001
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properties of the HA/CeO2 NPs. Furthermore, the Cur@
PC-HA/CeO2 solution exhibited color changes similar to 
those of HA/CeO2, indicating that the assembly of NPs 
did not affect the autocatalytic properties of the HA/
CeO2 nanozymes. In addition, the SOD-mimetic catalytic 
capacity of NPs was measured by enzyme-linked immu-
nosorbent assay, demonstrating the highly sensitive and 
concentration-dependent scavenging activity of ROS by 
Cur@PC-HA/CeO2 NPs (Fig. 6B). H2O2 is generated by 
·O2

− disproportionation, which can be further decom-
posed into H2O and O2 by CAT enzyme activity. Using 
a dissolved oxygen meter, the CAT-mimicking activity of 
Cur@PC-HA/CeO2 NPs was investigated by monitoring 
the catalytic decomposition of O2 generated by H2O2. As 
shown in Fig. 6C, Cur@PC-HA/CeO2 NPs could catalyze 
the production of O2. In addition, as the concentration 
increased, Cur@PC-HA/CeO2 NPs showed enhanced 
H2O2 scavenging ability.

The protective effects of different NPs against oxida-
tive damage were explored using H2O2 as a toxic oxidant. 
Treatment with H2O2 alone and H2O2 + Cur@PLGA NPs 
significantly lowered cell viability. However, when the 

cells were pretreated with HA/CeO2 and Cur@PC-HA/
CeO2 NPs, the cell viability significantly improved, indi-
cating that both HA/CeO2 and Cur@PC-HA/CeO2 
NPs protected the cells from oxidative damage induced 
by H2O2 (Fig.  6D). Moreover, Cur@PC-HA/CeO2 NPs 
exhibited outstanding cellular protection effects at con-
centrations even as low as 100  µg/mL (Fig.  6E). Then 
intracellular ROS scavenging activities were detected 
by fluorescence microscopy and flow cytometry. Satis-
factorily, HA/CeO2 and Cur@PC-HA/CeO2 NPs treat-
ment could reduce intracellular ROS levels significantly 
compared to H2O2-treated only (Fig.  6F-G). As shown 
in Fig.  6H, both HA/CeO2 and Cur@PC-HA/CeO2 NPs 
could attenuate oxidative stress-induced cell apoptosis 
by eliminating intracellular ROS, and the Cur@PC-HA/
CeO2 NPs had a better effect. This enhanced effect is 
likely due to the additional antioxidant property of Cur 
[18, 19]. These results demonstrate the outstanding 
nanozyme capability of Cur@PC-HA/CeO2 NPs, con-
firming their great potential as nano-antioxidants for IBD 
treatment.

Fig. 6  Protective effect of Cur@PC-HA/CeO2NPs against oxidative damage in vitro. (A) Regeneration cycle of cerium oxide (CeO2): temporal color change 
in the samples indicates transition between Ce3+ (white) and Ce4+ (yellow color). (B) Reactive oxygen species (ROS) scavenging activity of Cur@PC-HA/
CeO2 NPs mimics superoxide dismutase (SOD). (C) Oxygen generation from H2O2 (100 µM) catalyzed by CAT-mimicking activity of Cur@PC-HA/CeO2 NPs. 
(D) Viability of HT-29 cells following 24 h treatment with PBS, H2O2 (100 µM) + PBS, H2O2 (100 µM) + Cur@PLGA (200 µg/mL), H2O2 (100 µM) + hyaluronic 
acid (HA)/CeO2 (200 µg/mL), or H2O2 + Cur@PC-HA/CeO2 (200 µg/mL). (E) Viability of HT-29 cells after 24 h treatment with different concentrations of 
Cur@PC-HA/CeO2 in the presence of 100 µM H2O2. (F) ROS scavenging activities in H2O2 stimulated Caco-2 cells were investigated by evaluating the 
fluorescence of DCFH-DA. (G) ROS scavenging activities in H2O2 stimulated HT-29 cells were investigated by flow cytometry. (H) Fluorescence imaging 
of HT-29 cells stained by Calcein-AM/PI following 24 h treatment with PBS, H2O2 (100 µM) + PBS, H2O2 (100 µM) + HA/CeO2 (200 µg/mL), or H2O2 + Cur@
PC-HA/CeO2 (200 µg/mL). Scale bars, 200 μm. Data are presented as mean ± SD. One-way of ANOVA were performed for statistical comparison, *P < 0.05, 
**P < 0.01, ***P < 0.001
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Theranostics of Cur@PC-HA/CeO2 NPs for colitis in vivo
To confirm the theranostic effect of Cur@PC-HA/
CeO2 NPs in vivo, experiments were performed in DSS-
induced acute colitis mice. The mice were randomly 
divided into five groups: healthy mice treated with water 
(i, the control group as the negative control), and DSS-
induced colitis mice treated with water (ii, the colitis 
group as the positive control), free curcumin (Cur) (iii), 
Cur@PLGA NPs (iv), or Cur@PC-HA/CeO2 NPs (v). 
According to the CT imaging results (Fig.  5E), Cur@
PC-HA/CeO2 NPs accumulated in the colitis tissues for 
up to 24  h and were completely excreted within 48  h. 

Therefore, the mice were administered the NPs once 
every 48 h, and the mice in the Cur@PC-HA/CeO2 group 
underwent CT imaging 24  h after each administration 
during the entire experimental period.

Compared with the colitis group, Cur@PC-HA/CeO2 
treatment significantly protected animals against DSS-
induced bodyweight loss and shortening of colon length 
(Fig.  7A-B and Additional file 1: Fig. S13). In contrast, 
mice treated with Cur or Cur@PLGA did not achieve full 
bodyweight recovery, and a subset of animals had short-
ened colon length. As shown in Fig. S14, the increased 
DAI in the colitis mice were modulated by Cur, Cur@

Fig. 7  In vivo IBD therapy with Cur@PC-HA/CeO2NPs. Representative digital photos (A) and quantified lengths (B) of colonic tissues isolated from healthy 
or colitis mice after 10 days of different treatment (i, control; ii, colitis; iii, Cur; iv, Cur@PLGA; iv, Cur@PC-HA/CeO2). Hematoxylin and eosin-stained his-
tological sections (C) and colonic damage scores (D) of colon tissues. Scales bars, 200 μm. The levels of (E) myeloperoxidase (MPO), (F) tumor necrosis 
factor-alpha (TNF-α), and (G) interleukin (IL)-6 in colon tissues from healthy or colitis mice at 10 days following different treatments. (H) Spleen index from 
mice in different groups. (I) Representative CT images of mice in Cur@PC-HA/CeO2 group at 24 h following oral administration during the whole treat-
ment period. The white dashed oval indicates Cur@PC-HA/CeO2 NPs accumulation in an area of colitis. Data are presented as mean ± SD (n = 3). One-way 
of ANOVA were performed for statistical comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus DSS-induced colitis group; #P < 0.05, ##P < 0.01, 
###P < 0.001, ####P < 0.0001 versus Cur@PC-HA/CeO2 group
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PLGA NPs and Cur@PC-HA/CeO2 NPs. The Cur@
PC-HA/CeO2 NPs treatment evidently reversed the val-
ues to a greater extent compared to the free drug Cur and 
Cur@PLGA NPs.

Furthermore, hematoxylin and eosin (H&E) staining 
was performed to explore the inhibitory effect of Cur@
HA-CeO2 against histological damage to the colon tissue 
in a colitis mouse model. As expected, mice treated with 
DSS exhibited robust signs of inflammation, including 
the destruction of crypts, a decrease in the goblet cells, 
and inflammatory cell infiltration in the lamina propria. 
After treatment with Cur@HA-CeO2 NPs, significant 
recovery from this pathological damage was observed, 
and the tissue is more closely resembled that of normal 
mice. In contrast, moderate recovery from pathological 
damage was found in the colon in the Cur sus and Cur@
PLGA NPs groups (Fig. 7C-D). Intrigued by these results, 
we examined the impact of Cur@PC-HA/CeO2 NPs on 
DSS-inflamed colonic epithelium with disrupted intesti-
nal barrier functions. DSS-colitis mice oral administered 
with Cur@PC-HA/CeO2 NPs normalized the expression 
patterns levels of ZO-1, tight junction-associated pro-
teins that play pivotal roles in gut homeostasis [27]; how-
ever, other groups, including free Cur and Cur@PLGA 
treatment, had minimal impact on ZO-1 levels (Addi-
tional file 1: Fig. S15).

A series of studies have shown that Cur can exert 
anti-inflammatory effects in colitis by inhibiting NF-κB 
activation [45].To confirm these findings, the colonic 
myeloperoxidase (MPO) expression was measured as 
an indicator of neutrophil infiltration. MPO expression 
substantially increased in the colitis group, whereas this 
change in MPO expression was significantly reversed 
in both NP-treated groups (Fig.  7E). In addition, the 
increase in the level of pro-inflammatory cytokines, 
including TNF-α and IL-6, was significantly decreased 
by Cur@PC-HA/CeO2 NPs treatment in the colitis mice 
(Fig. 7F-G). However, Cur@PLGA treatment only slightly 
decreased the level of these pro-inflammatory cytokines. 
In contrast, there was no statistically significant differ-
ence in MPO and IL-6 levels between the colitis and Cur 
groups. Additionally, the spleen index (the percentage 
of spleen-to-body weight) in each group demonstrated 
a trend similar to that of the pro-inflammatory cyto-
kines (Fig. 7H). These results support that Cur@PC-HA/
CeO2 possesses a strong therapeutic efficacy against IBD, 
whereas Cur and Cur@PLGA NPs treatment exerted a 
limited effect on alleviating colonic inflammation.

Based on the aforementioned colitis-targeting CT 
imaging performance, we further evaluated the CT imag-
ing-based therapy monitoring effect of Cur@HA-CeO2 
NPs on inflamed colons in vivo.  3D-reconstructed CT 
images of the inflamed GIT are shown in Fig. 7I. On day 
1, bright signals were observed in the large intestines of 

colitis mice, indicating inflamed lesions of the colon. The 
extent of intestinal inflammation with high CT attenua-
tion gradually diminished following multiple administra-
tions of Cur@PC-HA/CeO2 NPs. After treatment for four 
times, no obvious CT signal was detected in the large 
intestine of the mice 24 h post-administration of the NPs. 
We assumed that the intestinal inflammation in the Cur@
PC-HA/CeO2 group was relieved following multiple 
treatments with NPs, which could be quickly eliminated 
from the body instead of selectively accumulating in the 
intestine. As shown in Fig. 7, the GIT signal changes in 
the CT images of the Cur@PC-HA/CeO2 group were 
consistent with the trends of other clinical indicators, 
which further confirmed colitis recovery. Thus, these 
results demonstrate that Cur@PC-HA/CeO2 as a novel 
theranostic agent could achieve great anti-inflammatory 
therapeutic effects and simultaneously monitor the IBD 
therapy response in a real-time, noninvasive manner.

Intestinal microbiota modulation
It is reported that dysfunction of gut microbiota is closely 
associated with the occurrence and development of IBD 
[37, 38, 40]. Considering the regulatory role of HA and 
Cur in modulating the gut microbiota and immunity in 
enteric infections and inflammation [26, 27, 46], we fur-
ther examined whether Cur@PC-HA/CeO2 NPs treat-
ment modulated the composition of the gut microbiota 
in DSS-induced colitis mice. Mice with untreated colitis 
were used as positive controls and normal mice without 
colitis were used as negative controls. The alpha diver-
sity analysis results showed that Cur@PC-HA/CeO2 
NPs treatment significantly improved bacterial rich-
ness (observed OTU richness) and diversity (Chao1 and 
Shann) in DSS-colitis mice (Fig. 8A-B, Additional file 1: 
Fig. S16). In addition, β-diversity displayed by principal 
coordinate (PCoA) analysis and nonmetric multidimen-
sional scaling (NMDS) analysis revealed that the differ-
ence in the composition of the intestinal microbiota in 
the Cur@PC-HA/CeO2 treated-group was more simi-
lar to that of the control mice, whereas the intestinal 
microbiota in the colitis mice were completely differ-
ent from that of the normal control (Fig. 8C, Additional 
file 1: Fig. S17). Consistent with a previous report, a 
shift in the intestinal microbiota was observed in colitis 
mice, including reduced abundance of Firmicutes and 
increased abundances of Bacteroidota and Proteobacteria 
(Fig. 8D) [47]. Further analysis at the genus level demon-
strated that feeding mice with DSS resulted in increased 
abundance of Bacteroidetes (known for their negative 
roles in both IBD animal models [48–50] and patients 
with IBD [51, 52]) and conditional pathogenic bacteria 
Alistipes, whereas the abundance significantly decreased 
following treatment with Cur@PC-HA/CeO2 NPs 
(Fig.  8E-F). Notably, Cur@PC-HA/CeO2 NPs treatment 
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significantly increased the relative abundance of Akker-
mansia (known to be associated with protective intesti-
nal barrier functions [53]) and Lactobacillus (known to 
have beneficial roles in both IBD animal models [48–50] 
and patients with IBD [51, 52]) in colitis mice (Fig. 8E-F, 
Additional file 1: Fig. S18). These findings indicate that 
Cur@PC-HA/CeO2 NPs greatly improved the composi-
tion of the intestinal microbiota in colitis mice.

Biocompatibility of Cur@PC-HA/CeO2 NPs
In vitro and in vivo toxicity are critical concerns for the 
biomedical applications of nanomaterials. First, the cyto-
toxicity of Cur@PC-HA/CeO2 and HA/CeO2 NPs was 
assessed in human colon epithelial-like carcinoma cells 
(HT-29) using an MTT assay. As presented in Additional 
file 1: Fig. S19-S20, viability of HT-29 cells remained over 
80% following exposure to HA/CeO2 and Cur@PC-HA/
CeO2 NPs at various concentrations, even up to 500 µg/
mL, for 24  h, indicating good biocompatibility of HA/
CeO2 and Cur@PC-HA/CeO2 NPs in vitro. Thereafter, 

Fig. 8  Cur@PC-HA/CeO2NPs improved the composition of gut microbiota in colitis mice. Gut microbiota α diversity measured by observed OTU (opera-
tional taxonomic unit) richness (A) and Chao1 diversity index(B). (C) Multiple sample principal coordinate (PCoA) analysis of microbial species abundance 
using the different treatment as grouping variable, based on the Bray–Curtis distance. (D) Relative abundance of gut microbiome. Phylum level taxonomy 
is presented as a percentage of the total sequences. (E) Heatmap displaying the relative abundance of genus-level taxa (rows) for each mouse (columns). 
The abundance is shown as relative percentage. (F) Relative abundance of selected taxa at the genus level, data are presented as mean ± SD (n = 4). One-
way of ANOVA were performed for statistical comparison. *P < 0.05, **P < 0.01, ***P < 0.001
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we investigated the in vivo toxicity of the oral adminis-
tration of PBS or PBS containing Cur@PC-HA/CeO2 
NPs to C57BL/6 mice for 1 day or 14 days. After eutha-
nization, blood and organ samples were collected for 
further examination and histological analyses. As shown 
in Fig.  9A and Additional file 1: Fig. S21, H&E staining 
images of the digestive and other major organs (heart, 
liver, spleen, lung, and kidney) in the 1-day or 14-days 
groups were not significantly different from those of the 
control group. Moreover, no significant differences were 
observed in routine blood biochemical indices between 
the control and 1-day or 14-days groups (Fig.  9B-C), 

further demonstrating the favorable compatibility of 
Cur@PC-HA/CeO2 NPs in vivo.

Thereafter, we evaluated the metabolism and clear-
ance of Cur@PC-HA/CeO2 NPs in healthy C57BL/6 mice 
upon quantitative analysis of the Ce content in the major 
organs at 24 h following the oral administration of Cur@
PC-HA/CeO2 NPs, with deionized water as the con-
trol. ICP-MS analysis (Fig. 9D) demonstrated that Cur@
PC-HA/CeO2 NPs were completely eliminated from the 
body over 24 h, consistent with the CT images (Fig. 5E). 
The rapid clearance of Cur@PC-HA/CeO2 NPs is benefi-
cial for further clinical translation.

Fig. 9  In vivo biodistribution and biosafety of Cur@PC-HA/CeO2NPs. Hematoxylin and eosin-stained histological sections of the digestive organs (A), 
blood routine indexes (B), and liver/kidney functions (C) at 1-day or 14-days post-administration of Cur@PC-HA/CeO2 NPs in C57BL/6 mice, including 
blood urea nitrogen (BUN), creatinine (CRE), alanine transaminase (ALT), and aspartate transaminase (AST). Scales bars, 100 μm. (D) Inductively coupled 
plasma mass spectrometry analysis of Ce contents in various organs of C57BL/6 mice at 1 day following oral administration of Cur@PC-HA/CeO2 NPs. 
Healthy C57BL/6 mice treated with PBS served as a control. Data are presented as mean ± SD (n = 3). One-way of ANOVA were performed for statistical 
comparison. ns indicates no significant difference
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Conclusion
We successfully developed novel theranostic oral delivery 
NPs for targeted CT imaging, therapy, and colitis moni-
toring. Cur@PC-HA/CeO2 NPs demonstrated impressive 
properties including gastrointestinal stability, colitis-tar-
geting ability, and CT-visualized theranostic and protec-
tive effects against intestinal inflammation. In vivo and in 
vitro studies demonstrated that such NPs can efficiently 
accumulate in colitis tissues via HA receptor-mediated 
active targeting. Following oral administration into DSS-
induced colitis mice, Cur@PC-HA/CeO2 NPs achieved 
targeted CT imaging of the inflamed colon and remark-
able relief in the colitis symptoms. The great therapeutic 
effect of Cur@PC-HA/CeO2 NPs was attributed to the 
synergistic effect of its nanozyme function and intestinal 
microbiota regulation ability. The therapeutic efficacy can 
be monitored using CT imaging in a real-time and non-
invasive manner. Moreover, the prepared NPs are easily 
cleared from the body, demonstrating outstanding bio-
safety. In summary, our study provides a proof-of-con-
cept for the design and application of a novel theranostic 
integration strategy for simultaneous real-time diagnosis 
and treatment of IBD, which is a promising approach for 
the effective and personalized management of IBD.

Materials and methods
Materials
Hyaluronate (HA, BR, 97%) and poly(vinyl alcohol) 
(PVA, average Mw ~ 27,000) were purchased from 
RHAWN Reagent Co., Ltd.(Shanghai, China). Dul-
becco’s modified Eagle medium (DMEM) and fetal 
bovine serum (FBS) were obtained from Solarbio (Bei-
jing, China). PLGA (Mw = 38–54  kg/mol), chitosan 
(high viscosity, > 400 mPa.s), N-hydroxy succinimide 
(NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC), cerium chloride heptahydrate 
(CeCl3·7H2O), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide assay (MTT), calcein-acetoxymethyl 
ester (calcein-AM), propidium iodide (PI), 2’,7’-dichloro-
dihydrofluorescein diacetate (DCFH-DA), and dextran 
sulfate sodium salt (DSS, MW 40000) were supplied by 
Aladdin Reagent Co. Ltd. (Shanghai, China). All com-
mercial products were used without further purification.

Synthesis of HA/CeO2 nanoparticles
HA/CeO2 nanoparticles were synthesized following a 
previously reported procedure with some modifications 
[54]. Generally, the HA/CeO2 nanoenzymes were formed 
via precipitation of cerium salts after addition to concen-
trated ammonia in the presence of HA polysaccharide. In 
brief, 200 µL of 0.7 mol/L CeCl3·7H2O was added to 4 mL 
of 2.5 mg/mL HA solution and stirred for 30 min. Then, 
100 µL of concentrated ammonia was slowly added and 
stirred until the solution turned pale yellow. The product 

was dialyzed for 24 h, washed with deionized (DI) water 
three times at 12,000 rpm, and stored at 4  °C for future 
use.

Fabrication of curcumin loaded PLGA nanoparticles
Briefly, 4 mg curcumin and 80 mg PLGA were dissolved 
in 2 mL of dichloromethane (DCM)-methanol co-solvent 
(8:2). The mixture was then added to 10 mL of 1% PVA 
solution and sonicated with a probe in an ice bath (5 min, 
pulse on/off: 8  s/2 s, amplitude 50%). After complete 
stirring, the organic phase was removed using a rotary 
evaporator. The resulting product was collected by cen-
trifugation at 12,000 rpm for 20 min, and washed thrice 
with DI water. For chitosan coating, 0.2% chitosan and 
1% PVA were added to the uncoated Cur@PLGA NP pel-
let. The mixture was stirred for 4–6 h, followed by cen-
trifugation at 12,000  rpm for 20  min. This process was 
repeated three times.

Preparation of cur@PC-HA/CeO2 nanoprobes
To fabricate Cur@PC-HA/CeO2 NPs, we added 
DMTMM into the HA/CeO2 NPs solution and stirred it 
for 1 h at 37 °C to activate the carboxylic acid (-COOH) 
group of HA. Next, we added 1 mL of Cur@PC NPs solu-
tion into the mixture and stirred the reaction overnight. 
This allowed the -COOH groups of HA to covalently con-
jugate with the -NH2 groups of the chitosan coating on 
the surface of Cur@PC NPs. After completion, the pre-
pared Cur@PC-HA/CeO2 NPs were dialyzed in DI water 
for two days to remove impurities. The product was then 
collected by high-speed centrifugation at 12,000 rpm and 
stored at 4 °C.

Characterization
The hydrodynamic diameters were characterized using 
a BT-90 Nanoparticle Analyzer (Better, China), and the 
zeta potentials were recorded using a Zetasizer Nano-
series instrument (Nano ZS90, Malvern). Transmission 
electron microscopy (TEM) images were observed with 
an HT7icr700 electron microscope, and elemental map-
pings were acquired on a JEM-F200 electron microscope 
at an acceleration voltage of 200 kV. The absorption spec-
tra of different materials were collected on a UV-vis-NIR 
spectrophotometer (Hitachi UV-3600 plus, Japan). Fou-
rier transform infrared (FT-IR) spectra were recorded on 
a Nicolet iS10 FT-IR spectrometer (Thermo Scientific, 
USA). The fluorescence absorption spectra were col-
lected using a fluorescence spectrophotometer (SHI-
MANZU RF-6000). Quantitative analysis of the elements 
was performed by inductively coupled plasma mass spec-
trometry (ICP-MS) (Spectro Genesis, Germany). The 
fluorescence images of cells after various treatments were 
obtained using a confocal microscopy (FV1000, Olym-
pus, Tokyo, Japan).
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Assessment of encapsulation and loading efficacy
During the preparation of Cur@PC-HA/CeO2 NPs, 
the percentages of curcumin encapsulated and loaded 
were determined using the centrifugation method. The 
amount of curcumin encapsulated in the nanoparticles 
was measured by quantifying the free drug content in 
the supernatant after centrifugation at 12,000  rpm for 
30 min, and then analyzed at 504 nm using fluorescence 
spectroscopy. The encapsulation and loading efficiency 
of curcumin were calculated according to the following 
formula:

	

% Encapsulation efficiency

=
total mass of added drug − unencapsulated drug

total mass of added drug

× 100%

	
% Loading efficiency =

the weight of drug loaded in nanoparticles

the weight of nanoparticles solid mass

× 100%

In vitro drug release studies in simulated GI fluids
The efficacy of Cur@PC-HA/CeO2 NPs in targeting and 
drug release in the colon was evaluated using an in vitro 
release assay that simulates gastrointestinal conditions. 
The NPs were sequentially incubated in simulated gastric 
fluid (SGF) for 2 h, simulated intestinal fluid (SIF) for 3 h, 
and simulated colonic fluid (SCF) for 24 h to mimic the 
conditions in the gastrointestinal tract (GI). SGF (pH 1.2, 
pepsin 0.32%, w/v) and SIF (pH 6.8, pancreatin 1%, w/v) 
were prepared according to United State Pharmacopoeia 
25 NF 20 guidelines, while SCF comprised 0.1 M potas-
sium phosphate buffer (pH 7.4), hyaluronidase 20 U/mL, 
and β-glucuronidase 20 U/mL.

At predetermined time intervals, 1 mL samples were 
taken from the release profile medium and centrifuged at 
11,000  rpm for 5 min. The precipitate was then supple-
mented with 1 mL fresh simulation fluid and returned to 
the simulation system. The cumulative drug release from 
the supernatant was quantified by photometric analysis 
at 530 nm using a fluorescence spectrophotometer.

Inflamed intestinal barrier model
In brief, the Caco-2 cells were exposed to pro-inflam-
matory cytokines composed of IL-1β and LPS at 100 ng/
mL and 2000 ng/mLconcentrations, respectively, for 24 h 
at 37  °C to induce inflammation. The untreated Caco-2 
cells served as a control. To demonstrate the induction 
of inflammation in the cell model, we collected the extra-
cellular media and assayed the expression levels of IL-8 
using a sandwich enzyme-linked immunosorbent assay 
(ELISA).

CD44 receptor expression analysis
Confocal laser scanning microscopy (CLSM) was used to 
determine the CD44 levels on the cell surface using FITC 
Mouse Anti-Human CD44 antibodies (cat. no. 555478, 
1: 100, BD Biosciences). Inflamed and untreated Caco-2 
cells were fixed with a 4% paraformaldehyde solution for 
20  min at 4 ℃, followed by overnight incubation with 
FITC-labeled anti-CD44 monoclonal antibodies (green 
fluorescence) at 4 ℃ in the dark to mark the cells. Sub-
sequently, the cells were stained with DAPI (1 µg/mL) for 
5 min. After treatment with an anti-fluorescence quench-
ing agent, the CD44 expression levels of the cells were 
observed using CLSM.

In vitro cellular uptake
The cellular uptake capacity of Cur@PC-HA/CeO2 NPs 
was evaluated using CLSM. Normal uninflamed Caco-2 
cells and inflamed Caco-2 cells (5 × 104/well) were plated 
into glass petri dishes and cultured in the medium for 
24  h. After removing the medium, serum-free medium 
with different treatments was added for 12 h, i) free-Cur 
solution; ii) Cur@PC NPs; iii) Cur@PC-HA/CeO2 NPs; 
iv) Cur@PC-HA/CeO2 NPs with free HA (5 mg/mL) pre-
treatment for 1  h. After the 12  h uptake, the cells were 
washed three times with cold PBS, fixed with 4% parafor-
maldehyde for 20 min, and stained with DAPI (1 µg/mL) 
for 5 min to visualize the cell nuclei. Subsequently, CLSM 
was performed to observe and analyze the fluorescent 
signals in inflamed and untreated Caco-2 cells.

MTT assay
A standard MTT assay was utilized to determine the 
cytotoxicity of HA/CeO2 and Cur@PC-HA/CeO2 NPs. 
Initially, HT-29 cells (5,000 cells/well) were seeded in 
96-well microplates with 200 µL of DMEM culture 
medium and allowed to attach overnight. After 24  h, 
the original culture medium was replaced with different 
final concentrations of HA/CeO2 NPs (0, 5, 10, 20, 50, 
100, 200, and 500 µg/mL) or Cur@PC-HA/CeO2 NPs (0, 
10, 20, 50, 100, 200, and 500  µg/mL) and incubated for 
another 24 h in 5% CO2 at 37 °C. Thereafter, the culture 
media were removed and each well was filled with 200 
µL of fresh culture media containing MTT (5  mg/mL) 
followed by incubation for 2 h. The media was then dis-
carded, and DMSO (150 µL) was added to each well. The 
absorbance was measured at 490 nm using a spectropho-
tometer. Cell viability, defined as the relative absorbance 
on each sample compared to that of the control, was cal-
culated and expressed as percentage.

To evaluate the cell protection of different nanoparti-
cles against H2O2-induced cytotoxicity, HT-29 cells were 
seeded in 96-well plates at a density of 5000 cells per 
well and incubated for 24  h with various nanoparticles 
(200 µg/mL) or different concentrations of Cur@PC-HA/
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CeO2 NPs in the presence of H2O2 (100 µM). Subse-
quently, the cell viability was assessed using the standard 
MTT assay, following a similar procedure as mentioned 
above.

Detection of reactive oxygen species (ROS)
To measure intracellular ROS generation, we utilized the 
oxidation of DCFH-DA. Briefly, Caco-2 or HT-29 cells 
(5 × 104/well) were plated into glass confocal petri dishes 
and allowed to attach for 24 h. Then, cells were incubated 
with PBS, HA/CeO2 NPs (200 µg/mL), or Cur@PC-HA/
CeO2 NPs (200 µg/mL) in the presence of 100 µM H2O2 
for 24 h. Cells without any treatment served as the nega-
tive control group. Subsequently, DCFH-DA (10 µM) 
was incubated with the cells for 30 min and washed sev-
eral times with PBS, and then fluorescence images were 
obtained under an inverted microscope at the wavelength 
of 488 nm. Alternatively, the cells were washed with PBS 
and collected for detection by flow cytometry.

DSS-induced colitis mice model and experimental protocol
Acute ulcerative colitis in mice was induced using a 
published protocol [55]. In brief, female C57BL/6 mice 
weighing 18–25  g were treated with drinking water 
containing 3% (w/v) DSS (MW 40000) for 7 days to 
induce colitis. After colitis induction, the DSS water 
was replaced with regular water, and the drug treatment 
was initiated. The mice were divided into five groups 
(n = 3): untreated healthy control group, PBS-treated 
colitis group, free Cur-treated colitis group, Cur@PLGA 
NPs-treated colitis group, and Cur@PC-HA/CeO2 NPs-
treated colitis group. The NPs-treated groups received 
an equal dose of curcumin (15  mg/kg) via oral gavage 
every 48  h for 10 days. Mice in the Cur@PC-HA/CeO2 
group received CT imaging 24  h post-administration 
during the treatment period. On the 10th day, the mice 
were sacrificed, and body weight, spleen weight, and 
colon length were measured. Colonic tissue homogenates 
were prepared, and the concentrations of MPO, TNF-α, 
and IL-6 were quantitated using ELISA kits according to 
the instructions. All animal experiments were conducted 
following the Guidelines for Care and Use of Laboratory 
Animals of the Tianjin University of Traditional Chinese 
Medicine of China and were approved by the Animal 
Ethics Committee of the Tianjin University of Traditional 
Chinese Medicine (TCM-LAEC2023041).

Assessment of the disease activity index
During the whole period of treatment, changes in the 
body weight, visible stool consistency, and fecal bleeding 
were assessed each day. Disease activity index (DAI) is 
the combined scores of weight loss, stool consistency and 
bleeding divided by three. Stool consistency index was 
determined as follows(0: normal; 1, loose stool; 2, mild 

diarrhea; 3, diarrhea; 4, gross diarrhea), fecal bleeding 
index was assessed according to the following criteria (0: 
none; 1:Occult bleeding in stool; 2: blood traced in stool 
visible; 3,obvious blood in stool; 4: totally rectal bleed-
ing), and weight loss index was determined as follows (0: 
no change; 1: ≤5%; 2: 6–10%; 3: 11–20%; 4: ≥20%) [56].

CT scan procedure
To investigate CT imaging ability, both Cur@PC-HA/
CeO2 NPs and Ioverol solutions with equivalent element 
(Ce or I) concentrations (0, 2, 4, 6, 8, 16, 32, and 64 mM) 
were added respectively to 2 mL centrifuge tubes. These 
tubes were securely placed in a plastic tube rack, and 
CT scanning was conducted using a clinical spectral CT 
scanner (Siemens SOMATOM Definition Edge). Imag-
ing parameters included a 250 ms rotation time, adap-
tive tube current, and tube voltage of 80/140  keV. Data 
obtained from the scans was transferred to the Syngo 
Acquisition Workplace post-processing workstation, 
and virtual monochromatic images were reconstructed 
within the photon energies range of 40–140 keV, with a 
20-keV increment.

In vivo CT imaging
In vivo imaging experiments were performed with a 
clinical spectral CT scanner (Siemens SOMATOM Defi-
nition Edge). CT images were acquired using the follow-
ing parameters, slice thickness 0.6 mm, 330 ms rotation 
time, adaptive tube current, and tube voltage of 80 KeV 
and iterative reconstruction kernel. The DSS-induced 
acute colitis mouse model was established to explore 
the CT imaging ability of Cur@PC-HA/CeO2 in vivo. 
In brief, mice with or without colitis were divided into 
three groups: Healthy mice without colitis administered 
with Cur@PC-HA/CeO2 NPs; Colitis mice administered 
with Cur@PC-HA/CeO2 NPs; Colitis mice administered 
with Ioverol. All mice were scanned with CT, and then 
the mice were gavaged with either Cur@PC-HA/CeO2 
NPs or Ioverol at an equivalent element concentrations 
(400 µL, 64 mM Ce or I). After administration, in vivo 
CT imaging was performed at 5  min, 30  min, 1  h, 2  h, 
4  h, 18  h, 24  h and 48  h. And the obtained CT images 
were subjected to 3D reconstruction analysis (Amira 
4.1.2). Such areas of the large intestine where CT contrast 
enhancement can last for more than 24 h, colonic inflam-
mation has been confirmed by pathological sections. And 
the deposition of Ce within Cur@PC-HA/CeO2 NPs in 
large intestine tissue was further validated by ICP-MS. 
The CT values of the large intestine region in mice at 24 h 
after administration with Cur@PC-HA/CeO2 NPs were 
recorded from three different slices and averaged.
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Biosafety assessment
To assess the in vivo biocompatibility of Cur@PC-HA/
CeO2 NPs, healthy C57BL/6 mice were orally adminis-
tered with either PBS or PBS containing Cur@PC-HA/
CeO2 NPs (400 µL, 5 mg/mL, 64 mM Ce) for 1 day and 
14 days. After euthanizing the mice, organ samples were 
collected and some were subjected to H&E staining for 
histological evaluation. The remaining organ samples 
were weighed and dissolved in concentrated nitric acid 
solution, and the amount of Ce elements in different 
samples was analyzed using ICP-MS. Additionally, blood 
samples were collected for hematological and biochemi-
cal analysis prior to euthanization of the animals.

Histology analysis
Tissue samples were fixed in 10% neutral buffered for-
malin for more than 24  h, and then dehydrated with 
ethanol. After dehydration, tissue samples were embed-
ded in paraffin, sectioned (5 μm), and then stained with 
hematoxylin and eosin (H&E). After staining, images 
were observed by a Nikon ECLIPSE TI-SR (Tokyo, Japan) 
fluorescence microscope. The severity of colonic histo-
logical damage was scored in a blinded fashion to prevent 
observer bias, as previously described [57].Briefly, colonic 
damage was assigned scores as follows: for the epithelium 
(E), the standards are as follows: 0, normal morphology; 
1, loss of goblet cells; 2, loss of goblet cells in large areas; 
3, loss of crypts; and 4, loss of crypts in large areas. For 
the infiltration (I), it was evaluated by the following stan-
dard scores: 0, no infiltrate; 1, infiltrate around the crypt 
basis; 2, infiltrate reaching the muscularis mucosae; 3, 
extensive infiltration reaching the muscularis mucosae 
and thickening of the mucosa with abundant edema; and 
4, infiltration of the submucosa. The total histological 
score was presented as E + I.

Immunofluorescence staining
Colonic tissue sections were deparaffinized and rehy-
drated with xylene, 100% and 95% ethanol, and anti-
gen retrieved through a heat-induced antigen retrieval 
method in 10 mM sodium citrate buffer (pH 6.0). The 
slides were then blocked with 10% goat serum for 30 min 
at 37  °C and incubated with primary antibodies as fol-
lows: ZO-1 rabbit polyclonal antibody (cat. no. 61-7300, 
1:100, Invitrogen) together overnight at 4 °C. The second 
antibody against mouse was conjugated with anti-rabbit 
antibody with Alexa fluor-488 for 1  h at 37  °C. Nuclei 
were counterstained with DAPI for 3  min. Images were 
captured using a fluorescence microscope (Fluoview 
FV1000, Olymups, Japan ).

Gut microbiota analysis
The gut microbiota analysis of Cur@PC-HA/CeO2 NPs 
was evaluated in mice after a 10-day treatment. Acute 

ulcerative colitis in female C57BL/6 mice was induced as 
mentioned above, after colitis induction, the mice were 
divided into three groups (n = 4): untreated healthy con-
trol group, PBS-treated colitis group and Cur@PC-HA/
CeO2 NPs-treated colitis group. The Cur@PC-HA/CeO2 
NPs treated groups received an equal dose of curcumin 
(15 mg/kg) via oral gavage every 48 h for 10 days. On the 
last day of the experiment, 3 pellets of feces per mouse 
were collected and added into EP tube.These fece sam-
ples were properly packaged and shipped to the Lianch-
uan Biotechnology Co., Ltd(Hangzhou, China) and all the 
processes showed in the below were performed by the 
Lianchuan Biotechnology Co., Ltd(Hangzhou, China).

Total DNA was extracted from fecal samples using the 
E.Z.N.A. ®Stool DNA Kit (D4015, Omega, Inc., USA) 
according to manufacturer ’s instructions. The V3-V4 
regions of 16  S rRNA genes were amplified using the 
universal primers 341  F (5’-CCTACGGGNGGCWG-
CAG-3’) and 805R (5’-GACTACHVGGGTATCTA-
ATCC-3’) [58]. PCR amplification was performed with 
25 ng of template DNA, 12.5 µL PCR Premix, 2.5 µL of 
each primer, and PCR-grade water in a total volume of 
25 µL. The PCR conditions included an initial denatur-
ation at 98 °C for 30 s, followed by 32 cycles of denatur-
ation at 98  °C for 10  s, 54  °C for 30  s and extension at 
72  °C for 45  s. The final extension step was performed 
at 72  °C for 10 min. The PCR products were confirmed 
with 2% agarose gel electrophoresis. The PCR products 
were purified by AMPure XT beads (Beckman Coulter 
Genomics, Danvers, MA, USA) and quantified by Qubit 
(Invitrogen, USA). The completed library was sequenced 
using the Illumina NovaSeq PE250 platform (according 
to the manufacturer’s recommendations) provided by 
LC-Bio. Paired-end reads from the original DNA frag-
ments were merged using FLASH. Alpha diversity and 
beta diversity were calculated by normalized to the same 
sequences randomly. The feature abundance was normal-
ized using the relative abundance of each sample accord-
ing to SILVA (release 132) classifier. Beta diversity was 
calculated using QIIME2, and the graphs were drawn 
using the R package (v3.5.2). Sequence alignment was 
performed using Blast, and the feature sequences were 
annotated with the SILVA database for each representa-
tive sequence.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 8.0.2. Data are expressed as mean ± SD (standard 
deviation) . A two-tailed Student’s t-test, one-way or two-
way ANOVA followed by Dunnett’s post hoc test were 
used for testing differences among groups. A value of 
P < 0.05 was considered statistically significant.
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