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KEY WORDS Abstract  The progression of ulcerative colitis (UC) is associated with immunologic derangement, in-
testinal hemorrhage, and microbiota imbalance. While traditional medications mainly focus on mitigating
inflammation, it remains challenging to address multiple symptoms. Here, a versatile gas-propelled
nanomotor was constructed by mild fusion of post-ultrasonic CaO, nanospheres with Cu,O nanoblocks.
The resulting CaO,—Cu,O possessed a desirable diameter (291.3 nm) and a uniform size distribution. It

Nanomotor;

Anti-inflammation;
Blood coagulation;
Immune regulation;

Hematopexis; could be efficiently internalized by colonic epithelial cells and macrophages, scavenge intracellular
Microbiota rebalance; reactive oxygen/nitrogen species, and alleviate immune reactions by pro-polarizing macrophages to the
Ulcerative colitis; anti-inflammatory M2 phenotype. This nanomotor was found to penetrate through the mucus barrier
Rectal administration and accumulate in the colitis mucosa due to the driving force of the generated oxygen bubbles. Rectal

administration of CaO,—Cu,O could stanch the bleeding, repair the disrupted colonic epithelial layer,
and reduce the inflammatory responses through its interaction with the genes relevant to blood
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coagulation, anti-oxidation, wound healing, and anti-inflammation. Impressively, it restored intestinal
microbiota balance by elevating the proportions of beneficial bacteria (e.g., Odoribacter and Bifidobac-
terium) and decreasing the abundances of harmful bacteria (e.g., Prevotellaceae and Helicobacter). Our
gas-driven CaO,—Cu,0 offers a promising therapeutic platform for robust treatment of UC via the rectal

route.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ulcerative colitis (UC) is a chronic and recurrent inflammatory
disorder in the colon, whose incidence has increased significantly
in recent years'”. As the largest immune organ, the colon over-
protects itself from antigens when continuously exposed to
intestinal contents, thereby causing intestinal inflammation’.
Although the pathogenesis of UC remains unknown, the severe
rectal bleeding, excessive reactive oxygen/nitrogen species (ROS/
RNS), over-expression of pro-inflammatory cytokines (e.g.,
TNF-a, IL-6, and IL-12), and activation of immune cells are
strongly associated with the occurrence and progression of UC*°.
The intestinal microbiota is crucial for the immune homeostasis of
the gastrointestinal tract (GIT), and its most striking characteris-
tics are abundance and diversity’. However, intestinal microbiota
balance is disturbed in UC patients and UC mouse models™’. In
practice, conventional therapeutic strategies aim to alleviate pro-
inflammatory reactions'®. For instance, current first-line treat-
ments for UC mainly include oral, rectal, and intravenous ad-
ministrations of S-aminosalicylic acid, corticosteroids, and
immunosuppressants, which have multiple disadvantageous re-
strictions, such as unsatisfactory therapeutic outcomes and severe
side effects''. Although oral administration is a preferable route
for drug delivery to the diseased gastrointestinal tissues, the
massive drug degradation in the digestive juice and the viscous
mucus barrier greatly diminish drug bioavailability'*'®. Thus, the
synergistic choices of the effective therapeutic system and the
administration route are indispensable to improving the thera-
peutic effect of UC.

Previously, to overcome the mucus barrier, nanoparticles (NPs)
were coated with mucus-inert polymers (e.g., polyethylene glycol,
lipid, Pluronic F127, and fluorinated polymer)'*"”. Unfortunately,
the high molecular weights of these polymers and the chain
entanglement effect largely impair the mucus-penetrating perfor-
mance of NPs. Recently, the locomotor activities of NPs were
enhanced by external physical stimuli (e.g., ultrasound, near-
infrared, and magnetic field) to overcome the movement bar-
riers'®. However, this strategy is limited by multiple external
factors (e.g., accurate penetration, processing time, and guidance).
By contrast, autonomous self-propelling NPs by gas (e.g., NO, O,,
and CO,) reveal the preponderance of quickly generated gas
bubbles and the independence of external driving forces'®?'.
Among the gas-generating materials, calcium peroxide (CaO,)
NPs emit their charm on oxygen generation and Ca®"-dependent
therapeutic functions™. It is reported that Ca>", a metal coagu-
lation factor 1V, securely activates the thrombin pathway by pro-
moting the conversion of fibrinogen and platelet activation®>*.
Copper (Cu) is a key microelement, which plays crucial roles in

modulating the immune system, redox balance, and tissue
regeneration25 . Therefore, the combination of CaO, and Cu is
speculated to overcome the delivery barriers and achieve syner-
gistic therapeutic effects against UC after rectal administration.

In the present study, we constructed a versatile gas-propelled
nanomotor (CaO,—Cu,0) with enhanced mucus penetration and
colitis mucosa accumulation properties. This NP played a prom-
inent part in ROS/RNS scavenging, down-regulation of pro-
inflammatory factors, precaution of tissue damage, and blood
coagulation, as shown in Scheme 1. Rectal therapies offer a
number of advantages, including direct drug delivery to inflam-
matory sites in the distal colon, rapid response of patients to
therapeutics, and reduced systemic drug exposure’®>’. Upon
rectal administration, CaO,—Cu,O could self-impulsively pene-
trate through the mucous layer due to oxygen generation following
accumulating into the colitis tissues. The in vitro and in vivo
experiments verified their ability to repair mucosa barriers and
restore colon lengths, body weights, and pro-inflammatory cyto-
kines to healthy levels, illustrating their efficient preventive and
therapeutic results. Finally, the therapeutic mechanisms of
Ca0,—Cu,0, including immune regulation, wound healing, and
flora modulation, were detected by transcriptomics and 16S
ribosomal RNA (rRNA) sequencing.

2. Materials and methods
2.1.  Preparation of CaO,, Cuy0, and CaO,—Cu0

Briefly, cupric chloride (CuCl,) solution (10 mmol/L, 15 mL) was
heated to 80 °C for 10 min by an oil bath heating method, and
ascorbic acid solution (100 mmol/L, 50 mL) was dropped into the
above solution for a 12-h redox reaction. After that, Cu,O NPs
were collected through centrifugation at 7000xg. After freeze-
drying, Cu,O was dispersed in ethanol. The preparation of CaO,
was as follows: calcium chloride (CaCl,, 300 mg), polyethylene
glycol 200 (PEG-200, 12 mL), and ammonium hydroxide
(2.5 mL) were dissolved in deionized water (3 mL), and hydrogen
peroxide (H,O,) solution (1.5 mL) was dropped into the mixture.
After a 4-h reaction, the sodium hydroxide solution was dropped
to adjust the pH value to 11.5. CaO, NPs were collected through
centrifugation at 7000x g (Hitachi, CP100NX, Tokyo, Japan) and
dispersed in ethanol. The obtained CaO, suspension was sonicated
for 10 min at an amplitude of 30%, while Cu,O suspension was
sonicated for 10 min at 150 W using a Sonifier 450 (Branson
Sonic Power, Danbury, CT, USA). These two suspensions were
mixed and stirred for 4 h at 80 °C. The resultant CaO,—Cu,0 was
collected through centrifugation at 7000xg and obtained by a
rotary evaporator.
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Scheme 1

Schematic diagram of CaO,—Cu,O as gas-driven nanomotors for effective treatment of UC through mucus penetration, colitis

mucosa accumulation, ROS/RNS scavenging, down-regulation of inflammatory reaction, blood coagulation, wound healing, and intestinal

microbiota modulation after rectal administration.

2.2.  Oxygen-generating property of NPs

Ca0, and Ca0,—Cu,0 (10 mg) were added into sample bottles
with stimulated colonic fluid (SCF). The oxygen-generating
progress was recorded with a camera every 30 s for 3 min. To
investigate the real-time oxygen releasing profiles of
Ca0,—Cu,0, the concentrations of oxygen in SCF were measured
by a dissolved oxygen meter (Shanghai INESA Scientific Instru-
ment Co., Ltd., JPBJ-608, Shanghai, China). The instrument
sensor probe was put into zero-oxygen water for zero calibration,
and the detected probe was dipped into SCF with a constant stir at
room temperature. When the display count stabilized, CaO, and
Ca0,—Cu,0 (10 mg) were added to the solutions at a final con-
centration of 1 mg/mL. The portable dissolved oxygen meter was
applied to record the dissolved oxygen concentrations during the
first 3 min.

2.3.  Invitro anti-inflammatory activity of NPs

Raw 264.7 macrophages were seeded in 24-well plates at a final
density of 1 x 10° cells per well. After overnight culture, cells
were incubated with CaO, and CaO,—Cu,O at a final Cu con-
centration of 100, 200, 400, and 800 ng/mL for 24 h and rinsed
with cold PBS. Lipopolysaccharide (LPS, 0.5 pg/mL, 300 pL) was
added to the wells of the positive control and experimental groups.
After 3-h incubation, the supernatant was collected after centri-
fugation at 1000g for 15 min, and the concentrations of TNF-q,
IL-6, and IL-10 were measured by their corresponding enzyme-
linked immunosorbent assay (ELISA) kits (Solarbio, Shanghai,
China). Raw 264.7 macrophages without the treatment of LPS
were treated as a negative control, whereas LPS-stimulated cells
(without NP treatment) were treated as a positive control.

2.4.  Mucus penetrating capacity of NPs

Hydroxyethyl cellulose (HEC, 1%, w/v; 200 pL) was added to the
Petri dish to simulate the colonic mucus. Subsequently, coumarin
(Cou)-labeled CaO, (CaO,@Cou) and Cou-labeled CaO,—Cu,0O
(Ca0,—Cu,0@Cou) suspensions (50 pulL) were added to the sur-
face of the simulated mucus, and the penetration profiles of NPs
were recorded by confocal laser scanning microscopy (CLSM,
Olympus Corporation, FV3000, Tokyo, Japan).

2.5.  Invivo therapeutic outcomes of CaO,—Cuy0 against UC
All animal protocols were approved by the Southwest University
Institutional Animal Care and Use Committee (IACUC-
20210610-02). Female Kunming and C57/BL6 mice (8 weeks)
were purchased from Ensiweier Biotechnology Co., Ltd.
(Chongging, China). The UC mouse model was established by
supplying mice with dextran sulfate sodium (DSS, 3.5%, w/v)-
contained drinking water. Mice were treated with DSS (3.5%, w/v)
for 4 days. Once the UC mouse model was established, all
drinking water was replaced with deionized water on Day 5. Mice
were fasted for 12 h (Days 5, 8, 11, 14, and 17) before the
treatment of CaO, and CaO,—Cu,O suspensions (2 mg/kg,
150 pL). In contrast, the DSS control and healthy control groups
were given equal doses of saline. The anus photos, mouse body
weights, and DAI values of all the groups were observed and
recorded at scheduled time points. Mice were sacrificed on Day
21, and the isolated colons were weighed and collected for
hematoxylin-eosin (H&E), periodic acid-Schiff (PAS), and
immunofluorescence staining. The concentrations of various
cytokines (TNF-«, IL-6, and IL-10) in the serum were quantified
by their corresponding ELISA kits (Solarbio, Shanghai, China).
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2.6.  Statistical analysis

Statistical analysis was conducted using a Student’s #-test or
ANOVA test, followed by a Bonferroni post-hoc test (GraphPad
Prism). Data were presented as mean =+ standard error of the
mean (SEM). Statistical significance was expressed by *P < 0.05,
**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1.  Preparation and physicochemical characterization of
CaOZ—CMZO

The fabrication process of CaO,—Cu,0 is illustrated in Fig. 1A.
As revealed by scanning electron microscopy (SEM),
Ca0,—Cu,0 possessed a crystalline rod shape and a uniform
particle size of 305.1 nm in length and 121.6 nm in diameter
(Fig. 1B). Dynamic light scattering (DLS) demonstrated that
Ca0,—Cu,0O with a uniform distribution had a mean hydrody-
namic particle size of ~291.3 nm (Fig. 1C). In contrast, sphere-
like CaO, and block-shaped Cu,O exhibited much smaller
hydrodynamic sizes of ~159.1 and ~135.4 nm, respectively
(Supporting Information Fig. S1). Element maps showed the
distribution profiles of Ca, Cu, and O in CaO,—Cu,0, which could
be deemed as proof of the successful fabrication of CaO,—Cu,O
(Fig. 1D and Supporting Information Fig. S2A). The weak energy
dispersive spectroscopy (EDS) signal of the Cu element might be
ascribed to the resolution limitation of the SEM instrument. To
confirm the existence of the Cu element, we prepared
Ca0,—Cu,0 powders and determined the Cu element again. It is
clear to observe the presence of Cu element in CaO,—Cu,0
(Fig. S2B). Moreover, compositions and chemical states of the
elements determined by X-ray photoelectron spectroscopy (XPS)
further chemically affirmed the successful acquisition of
Ca0,—Cu,0, of which the characteristic signal peaks at 953.0 and
932.8 eV corresponded to the binding energy of Cu2p;, and
Cu2ps,, respectively (Fig. 1E and Fig. S2C). The loading contents
of Ca and Cu in CaO,—Cu,O were quantified as 47.1 and 26.7%
(w/w) by inductively coupled plasma (ICP), respectively
(Supporting Information Fig. S3).

During the progression of inflammatory diseases, reactive
species are excessively produced, which induce irreversible
oxidative damage to the cellular components, such as lipids,
proteins, and nucleic acids®®. Thus, free radical scavenging is vital
for the treatment of inflammatory diseases. Initially, we demon-
strated the ROS scavenging ability of CaO,—Cu,0O by 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) kit. As shown in Fig. 1F, CaO, exhibited no anti-oxidative
effect, while CaO,—Cu,0 presented an obvious anti-oxidative
capacity in a concentration-dependent manner. Thereafter, we
evaluated the elimination efficiencies of H,O, and O,°” by
Ca0,—Cu,0 and their superoxide dismutase (SOD)-like nano-
enzyme performance. It was observed that CaO,—Cu,0O showed
strong H,O, and O,°" scavenging activities with a positive
correlation between their concentrations and anti-oxidative activ-
ities (Fig. 1G and H). In particular, at a Cu concentration of
250 ng/mL, the inhibition rates of H,O, and O,° activities
reached approximately 60.7% and 50.8%, respectively. SOD, as
an anti-oxidase, is a principal enzyme responsible for scavenging
free radicals®®, which could be utilized as a marker to estimate the
anti-oxidative ability of CaO,—Cu,0. Fig. 1I reveals the

SOD-mimic activity of CaO,—Cu,0, which showed an upward
trend with increasing Cu concentrations. Notably, the SOD
activity of CaO,—Cu,0 approached 90.0% when Cu concentra-
tions reached 1000 ng/mL. The excellent radical scavenging and
SOD-mimic activities of CaO,—Cu,O lay the foundation for
eliminating reactive species in the inflammatory tissues.

3.2.  Invitro biocompatibility, anti-inflammation, and anti-
oxidation of CaO,—Cu,0

The biocompatibility of nanotherapeutics is critical for their
biomedical applications®. Therefore, the viability of cells
receiving the treatment of CaO,—Cu,O was examined by the
methyl tetrazolium (MTT) assay. After co-incubation for 24 and
48 h, the viabilities of CT-26 cells and Raw 264.7 macrophages
with the treatment of CaO, significantly decreased (below 61.0%),
starting from 2 pg/mL (Supporting Information Fig. S4). This
observation might be attributed to the fact that CaO, triggers the
instantaneous overload of intracellular Ca>*, thereby inducing
cellular apoptosis’'. It is worth noting that the introduction of
Cu,0 to the nanomotors significantly increased their viabilities,
indicating that introducing Cu,O could improve the biocompati-
bility of CaO,—Cu,0. Consistently, few dead cells were observed,
and over 90.0% of cells were live after the treatment of
Ca0,—Cu,0 for 24 h (Supporting Information Fig. S5). In addi-
tion, unprevailing cell growth was detected in the cell migration
experiment (Supporting Information Fig. S6), confirming the good
in vitro biocompatibility of CaO,—Cu,O.

Macrophage has an integral function in the immune regulation
of UC?2. Based on this, the time-dependent internalization profiles
of Ca0,@Cou and CaO,—Cu,0@Cou by Raw 264.7 macro-
phages were determined by flow cytometry (FCM) (Supporting
Information Fig. S7TA-S7C). The encapsulation efficiencies of
Cou in Ca0O,—Cu,0@Cou and Cu,0@Cou were 5.8% and 7.6%,
respectively, which were detected using a fluorescence spectro-
photometer. Three hours after co-incubation, the internalization
percentage of the CaO,—Cu,0@Cou-treated macrophages
surpassed 90%, and no significant difference in cellular
uptake efficiencies was observed between CaO,@Cou and CaO,.
—Cu,0@Cou. CLSM further revealed that CaO,—Cu,0@Cou
(green fluorescence) was internalized and distributed within
macrophages after 2-h incubation (Fig. S7D), demonstrating the
preferential internalization of CaO,—Cu,0 by macrophages. The
progression of inflammatory diseases leads to the infiltration of
immune cells into the inflamed tissues. These cells secret abun-
dant pro-inflammatory cytokines (e.g., TNF-a and IL-6), which
exacerbate inflammatory responses and accelerate tissue dam-
age™. As presented in Fig. 2A-C, TNF-a and IL-6 were
remarkably elevated when macrophages were exposed to the main
cytoderm components of Gram-negative bacteria, LPS. Interest-
ingly, the secreted levels of TNF-« and IL-6 in the CaO,—Cu,0-
treated group markedly decreased in a concentration-dependent
manner, suggesting that CaO,—Cu,O could effectively block
LPS-induced inflammation and had the potential to nullify the
cytokine storm. Conversely, the treatment of CaO,—Cu,O
significantly increased the levels of IL-10 (a typical anti-
inflammatory cytokine) when compared with the positive con-
trol (Fig. 2D). Relative to the weak anti-inflammatory activity of
Ca0,, the strong capacity of CaO,—Cu,0O to down-regulate the
levels of pro-inflammatory cytokines demonstrate the beneficial
functions of copper ions in the treatment of inflammatory dis-
eases, which is consistent with previous studies?*.
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Fabrication and physicochemical characterization of CaO,—Cu,0. (A) Schematic diagram of the synthetic processes of CaO,—Cu,0.

(B) SEM image and (C) hydrodynamic size distribution of CaO,—Cu,O. The scale bar represents 200 nm. (D) Distribution of elements in
Ca0,—Cu,0, which were examined by EDS analysis. The scale bar represents 100 nm. (E) The whole spectrum of CaO,—Cu,O by XPS analysis.
(F) Trolox-equivalent anti-oxidative capacity of CaO, and CaO,—Cu,O with different NP concentrations (10, 20, 40, and 80 mg/mL). (G) H,O,
and (H) O,* scavenging capacities of CaO,—Cu,O with different Cu concentrations (50, 100, 150, 200, and 250 ng/mL). (I) SOD-like activity of
Ca0,—Cu,0 with different Cu concentrations (200, 400, 600, 800, and 1000 ng/mL). Data are expressed as means £ SEM (n = 3).

ROS and RNS play a critical role in the inflammatory pro-
cess, which influence the adjustment of physiological activa-
tors™. Inspired by the reactive species scavenging capacity of
Ca0,—Cu,O at the material level, we benchmarked their
ability to eliminate intracellular ROS and RNS by using
2'7'-dichlorofluorescein diacetate (DCFH-DA) and 4-amino,5-
aminomethyl-2',7'-difluorescein diacetate (DAF-FM-DA) fluo-
rescence probes, respectively. CLSM images (Fig. 2E) and the
corresponding quantitative results (Fig. 2F) displayed a con-
trasting result that bright green fluorescence signals (ROS) were

present in the positive control cells and the CaO,-treated cells.
In contrast, the CaO,—Cu,O-treated cells showed negligible
green signals, which confirmed the excellent intracellular ROS
scavenging capability of CaO,—Cu,0. Fig. 2G and H further
illustrated that CaO,—Cu,O exhibited much better RNS scav-
enging capacity than CaO,. The FCM data (Fig. 2I-N) was in
good agreement with the CLSM images, in which CaO,—Cu,O
possessed improved ROS/RNS scavenging activities according
to the lower fluorescence intensity histogram, compared with
CaOz.
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Figure 2  In vitro anti-inflammatory and anti-oxidative activities of CaO,—Cu,0. (A) The secreted amounts of TNF-«a from Raw 264.7

macrophages receiving the treatment of CaO, and CaO,—Cu,O at an equal NP concentration. The secreted amounts of (B) TNF-«, (C) IL-6,
and (D) IL-12 from Raw 264.7 macrophages with the treatment of CaO,—Cu,O at different Cu concentrations (100, 200, 400, and
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264.7 macrophages were treated as a positive control. Fluorescence images and mean fluorescence intensities of intracellular (E, F) ROS and
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intracellular (I—K) ROS or (L—N) RNS after treatment with various NPs. Data are expressed as means £ SEM (n =
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3.3.

Hematochezia is typically observed in UC patients, which is a life-
threatening indicator induced by leaky intestinal vessels and

Hemostatic activity, mucus penetration, and colonic
accumulation of CaO,—Cu,0

impaired colonic mucosa’
a primary therapeutic aim for UC treatment’®

36,3

3, *P <

0.05,

%7 Thus, hemosta51s has been raised as
. Here, the severed

tail model of Kunming mice was used to predict the prospect of
Ca0,—Cu,0 in stanching bleeding. Fig. 3A and B indicate that
Ca0,—Cu,0 showed rapid homeostatic performance within 30 s,
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whereas CaO, treatment exacerbated postoperative bleeding.
These observations might be ascribed to the fact that CaO, has
stronger oxygen-generating capacity than CaO,—Cu,0, and the
burst generation of large amounts of oxygen bubbles by CaO, can
dilate blood vessels, resulting in the acceleration of hemorrhage.
We further found that the CaO,—Cu,O-treated group had the least
amount of blood loss (Fig. 3C) and the shortest hemostasis time
(Fig. 3D). Moreover, the hemostatic effect of CaO,—Cu,O was
confirmed in the DSS-induced colonic bleeding mice. It was
observed that the treatment of CaO,—Cu,O obviously relieved the
colonic bleeding phenomenon (Supporting Information Fig. S§A)
and decreased the gastrointestinal bleeding values (Fig. S8B)
compared with the DSS control group. These observations suggest
that CaO,—Cu,O possesses the potential to prevent UC-associated
colonic bleeding.

The mucus remains the main obstacle, limiting nanomedicines
from reaching the inflamed areas of the colonic mucosa™. Self-
propelled nanomotors, via the generation of impetus (e.g., CO,,
H,, and O,), provide a promising therapeutic platform for pro-
moting deep tissue penetration’’. The schematic illustration
(Fig. 3E) represents that the CaO, component can drive
nanomotors (CaO,—Cu,0) to the colitis tissues via the persistent
and steady generation of oxygen bubbles. When CaO, and
Ca0,—Cu,0 reacted with SCF, they were gradually disrupted and
produced large amounts of bubbles (Supporting Information
Videos S1 and S2). Quantitatively, their oxygen-generating
capabilities were time-dependent, and the accumulative concen-
tration of the generated oxygen reached approximately 11 mg/L
after incubation for 3 min (Fig. 3F). Next, the motion performance
of Ca0,—Cu,0 was evaluated in the colonic mucus-like hydrogels
(pH 6.5 and pH 5.5). HEC hydrogel possesses microrheology
similar to colonic mucus, and thus, it has been used as a mucus-
simulating gel*'. It can be seen in Supporting Information Figs.
S9A—S9C that after incubation in the mucus-like hydrogels for
5 s, Ca0,—Cu,0 moved to large ranges, which were even larger
than that of H,O, and ultrasound dual-driven nanomotors in our
previous study”. The locomotor activity of CaO,—Cu,O was
significantly improved when presented in the hydrogel (pH 5.5),
resulting in enhanced diffusion capacity. Notably, the pH value of
the reaction solution was only slightly changed (less than 0.6) at
the end of the chemical reaction (Fig. S9D), suggesting that the
reaction could not greatly destabilize the acidity of the colonic
microenvironment.

Supporting video related to this article can be found at https://
doi.org/10.1016/j.apsb.2024.02.008

To show direct evidence that CaO,—Cu,0O has an improved
mucus penetrating capacity, we comparatively determined the
mucus penetrating profiles of CaO, and CaO,—Cu,0 in the HEC
hydrogel. As revealed in Fig. 3G, CaO,—Cu,0@Cou achieved a
more profound penetration distance (~ 100 pm) than its coun-
terpart (Cu,O@Cou) after 30 min of incubation. Moreover, the
generated oxygen bubbles significantly improved the unidirec-
tional movement and wide distribution of Ca0O,—Cu,0
(Supporting Information Fig. S10), providing a substantial foun-
dation for its enhanced mucus penetration and subsequent colitis
mucosa accumulation. Subsequently, we encapsulated the fluo-
rescence probe (Cou) into the NPs to track their distribution after
rectal administration. It can be seen in Fig. 3H that the fluores-
cence intensities of all the colons gradually decreased, and the

colons from the CaO,—Cu,O@Cou-treated mice showed stronger
fluorescence signals than those from the Cu,O@Cou-treated mice
at different time points (1, 2, 6, and 12 h). The fluorescence
staining of colon tissue sections confirmed the presence of NPs
(Cu,0@Cou and CaO,—Cu,O@Cou) in the colonic mucosa,
except that much brighter green fluorescence was detected from
the CaO,—Cu,O@Cou-treated group compared with the group
receiving the treatment of Cu,O@Cou (Fig. 3I). Furthermore, we
quantified the contents of Ca and Cu in the colitis tissues after
rectal administration of different samples. It was detected that the
contents of Ca and Cu in the colitis tissues from the CaO,—Cu,O-
treated group were much more than those from the groups
receiving rectal administration of Cu,O and CaO, (Supporting
Information Fig. S11), which might be attributed to the stron-
gest penetration capacity of CaO,—Cu,O. These results collec-
tively demonstrate that the introduction of CaO, endows
Ca0,—Cu,0 with strong in vivo mucus penetration and mucosa
accumulation capacities. As reported, drugs are required to be
delivered to the target sites to exert their therapeutic effect**’.
Considering the very small amount of Cu,O accumulated in the
colitis tissues (Fig. 3G and I), Cu,O was not set as a control in the
subsequent experiments.

3.4.  Invivo preventive effect of CaO,—Cu,0 against UC

To examine the therapeutic effect of CaO,—Cu,0 against UC, we
administrated these NPs to the DSS-induced UC mouse model via
the rectal route. The experimental design was shown in Fig. 4A. It
was observed that the DSS control group showed apparent body
weight loss (12.0%) and increased disease activity indexes (DAIs)
on Day 9. Rectal administration of CaO, had no retardation effect
on weight loss and DAI increase. At the same time, CaO,—Cu,O
treatment successfully prevented mice from weight loss (Fig. 4B)
and increased DAI (Fig. 4C). The CaO,—Cu,O-treated group
possessed comparable colon lengths to the healthy group. On the
contrary, the DSS control and CaO,-treated groups had relatively
short colon lengths (Fig. 4D). Increased spleen weight and
elevated myeloperoxidase (MPO) activities reflect the severity of
colonic inflammation due to the proliferation of macrophages and
neutrophils and their infiltration into the inflammatory sites**.
Ca0,—Cu,0 elicited protection against spleen weight gain
(Fig. 4E) and an effective reduction in the colonic MPO activity
(Fig. 4F) relative to the levels of the DSS control group and the
CaO,-treated group.

We further verified whether CaO,—Cu,0O could potentially
shift the expression profiles of pro- and anti-inflammatory cyto-
kines in the DSS-treated mice. Upon establishment of UC, the
amounts of pro-inflammatory cytokines (e.g., TNF-« and IL-6)
were found to be increased, which were accompanied by the
reduced levels of anti-inflammatory cytokine (e.g., IL-10)
(Fig. 4G—I). Notably, CaO,—Cu,O skewed the cytokine milieu
towards an anti-inflammatory state. It was detected that rectal
administration of Ca0O,—Cu,O from Day two to Day 8, every
three days, successfully reversed the expression levels of pro-
inflammatory cytokines and largely restored the secretion of
anti-inflammatory IL-10 to the healthy control level. However,
Ca0, alone had a diminished effect on reversing the expression
levels of DSS-induced pro- and anti-inflammatory cytokines.

Subsequently, H&E and PAS staining were performed to
examine the inflammation severities and mucus amounts.
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Figure 3 Hemostatic activity, mucus penetration, and colonic accumulation of CaO,—Cu,0. (A) Images of the hemorrhage symptom in the tail
cutting test after treatment with different NPs for 30, 60, and 120 s, respectively. (B) Images of blood collecting tubes from mice receiving the
treatment of CaO, and CaO,—Cu,0. (C) Blood loss amounts and (D) hemostasis time of various experimental groups. Data are expressed as
means = SEM (n = 4; *P < 0.05, **P < 0.01, and ***P < 0.001). (E) Schematic diagram of mucus penetration profiles of CaO, and
Ca0,—Cu,0. The reaction equation of CaO, and H,O is presented in the illustration. (F) Concentrations of dissolved O, in CaO, and
Ca0,—Cu,0 suspensions after incubation for 180 s. Data are expressed as means == SEM (n = 3; *P < 0.05, **P < 0.01, and ***P < 0.001).
(G) Mucus penetration profiles of CaO, and CaO,—Cu,0. The scale bar represents 100 pm. (H) In vivo imaging of the GIT showing the bio-
distribution of NPs after rectal administration. Once the NP suspensions were prepared, they were rectally administered to the mice at an

equal Cou amount (2 mg/kg). (I) Accumulation profiles of CaO,@Cou and CaO,—Cu,0@Cou in the inflamed colon tissues. The scale bar
represents 100 um.
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Figure 4 In vivo preventative effect of NPs against UC. (A) Schematic illustration of the experimental protocol. Mice were treated with
DSS-contained water (3.5%, w/v) for 9 days and rectally administered with CaO, and CaO,—Cu,O on Days 2, 5, and 8, respectively.
(B) Variations of body weights over time, normalized to the percentage of the day-zero body weight. (C) DAI values, (D) colon lengths, (E) spleen
weights, and (F) MPO activities of various experimental groups. The amounts of pro-inflammatory cytokines in the serum: (G) TNF-«, (H) IL-6,
and (I) IL-10. Data are expressed as means & SEM (n = 4; *P < 0.05, **P < 0.01, and ***P < 0.001). (J) H&E— and PAS-stained colon tissues.
The scale bar represents 20 um. (K) Histological scores and (L) PAS staining areas of the colon tissues. (M) Images of monocyte-derived immune
cells and neutrophils in the colon tissues from different experimental groups by immunofluorescent staining. The scale bar represents 50 pm. (N,
O) Quantitative results of neutrophils and monocyte-derived immune cells according to the mean fluorescence intensities by CLSM analysis.
Blood coagulation indexes of the serum from various experimental groups in terms of (P) APTT and (Q) PT. Data are expressed as means == SEM
(n = 3; *P < 0.05, **P < 0.01, and ***P < 0.001).
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Surprisingly, the colonic tissues from the CaO,—Cu,O-treated
group could not identify apparent inflammatory regions, damaged
epithelial barriers, and depleted goblet cells; instead, the nearly
intact colonic microstructure was observed (Fig. 4] and K). DSS
treatment yielded a significantly lower amount of glycomucins,
and CaO, had no effect on mucin secretion. However, the treat-
ment of Ca0,—Cu,0 could efficiently restore the mucin amount
to the healthy colon level (Fig. 4] and L). The immunofluores-
cence staining results revealed that significantly increased
numbers of infiltrating mononuclear phagocytes (CD11b™) and
neutrophils (Ly6G™), as well as the moderate/severe disruption of
colonic tissues, were observed in the colonic tissues from the
CaO,-treated group (Fig. 4AM~-0). On the contrary, mice receiving
the treatment of CaO,—Cu,O presented much fewer CD11b" or
Ly6G™ cells, suggesting that this nanomotor could mitigate the
infiltration of mononuclear phagocytes and neutrophils in the
colon tissues. We also found that after the treatment of
Ca0,—Cu,0, the indicators of activated partial thromboplastin
time (APTT) and prothrombin time (PT) were restored to the
healthy control levels (Fig. 4P and Q and Supporting Information
Fig. S12), which could be attributed to the coagulation effect of
Ca®" released from CaQ,—Cu,O. These findings suggest that
Ca0,—Cu,0 is able to mediate the recovery of the DSS-damaged
coagulation system. The normalization of the typical UC symp-
toms gives credit to the effective anti-inflammatory, radical
scavenging, and hemostatic activities of CaO,—Cu,O during the
therapeutic procedure. Dexamethasone (DEX) is a routine drug for
clinical treatment of UC. We further comparatively investigated
the therapeutic outcomes of CaO,—Cu,O and DEX against UC.
As seen in Supporting Information Fig. S13, the treatment of
Ca0,—Cu,0 achieved an obviously better therapeutic efficacy
against UC, in comparison with rectal DEX.

Besides its considerable therapeutic outcomes, in vivo
biosafety is an essential indicator for the clinical translation of
medical products. H&E staining results of the major organs
(Supporting Information Fig. S14), organ indexes (Supporting
Information Fig. S15), and hemanalysis (Supporting Information
Fig. S16) demonstrated the laudable biosafety of CaO,—Cu,0,
and this NP induced negligible damage to the five major organs
(heart, liver, spleen, lung, and kidney) and obtained healthy levels
of the immune-related indicators, including white blood cells
(WBC), neutrophilic granulocyte (Gran), lymphocyte (lymph),
and monocyte (Mon).

3.5.  Impact of CaO,—Cuy0 on the intestinal microorganism

The intestinal microorganism exerts diverse roles in the devel-
opment and treatment response of UC, including colonic
epithelial barrier function, redox equilibrium, and mucosal im-
mune status®. To explore the influence of CaO,—Cu,O on in-
testinal microorganisms, 165 rRNA was amplified and sequenced
to analyze the community distribution and diversity composition
of intestinal microorganisms. Initially, operational taxonomic
unit (OTU) analysis, including the Chao index (Fig. 5A),
Shannon index (Fig. 5B), and Venn diagram (Supporting
Information Fig. S17), suggested that the CaO,—Cu,O-treated
group had an improved diversity of intestinal microbiota. Prin-
cipal coordinates analysis (PCoA) showed that the community
composition in the CaO,—Cu,O-treated group was close to that
in the healthy control group, which was quite different from

those in the DSS control group and the CaO,-treated group
(Fig. 5C). The similarity of the bacterial colony between the
healthy control group and the CaO,—Cu,O-treated group dem-
onstrates that CaO,—Cu,0 is able to rebalance the intestinal
microbiota. To further ensure the influence of CaO,—Cu,0 on
microbiota, the microflora compositions of all the groups were
detected at the genus level (Supporting Information Fig. S18). It
was found that CaO,—Cu,0O had the ability to regulate the
interaction of enteric microorganisms. Heat map, a clustering
analysis method, revealed that the CaO,—Cu,O-treated group
mainly presented the increased abundance in Alistipes and the
decreased quantity in Clostridium and Romboutsia in contrast
with the DSS control group, almost similar to those in the
healthy control group (Supporting Information Fig. S19).

We detected a series of bacterium abundance to evaluate the
capacity of CaO,—Cu,0 to regulate the GIT ecosystem. Short-
chain fatty acids (SCFA) are essential for maintaining the bal-
ance of intestinal flora and the viability of colonic epithelial
cells*®. Odoribacter and Faecalibaculum, as beneficial symbi-
otic bacteria producing SCFA, showed much higher abundances
in the healthy control group and the CaO,—Cu,O-treated group
when compared with the DSS control group, particularly for
Odoribacter (Fig. 5D and E). Roseburia displays an anti-
inflammatory property by inhibiting the activation of macro-
phages in UC via propagating the butyrate metabolic pathway,
which also restores the structural integrity of the colon. Fig. 5F
showed that rectal administration of CaO,—Cu,0O induced a
slightly increased abundance of Roseburia. Meanwhile, for
beneficial bacteria (e.g., Phascolarctobacterium, Bifidobacte-
rium, and Alistipes) in protecting the intestinal barrier, their
abundances in the healthy control group and the CaO,—Cu,0O-
treated group were significantly higher than those in the DSS
control group and the CaO,-treated group (Fig. 5G—I). In
addition to up-regulating the abundance of beneficial bacteria,
Ca0,—Cu,0 could markedly down-regulate the proportions of
harmful bacteria. As shown in Fig. 5J-L, the levels of patho-
genic bacteria, including Escherichia coli, Prevotellaceae, and
Helicobacter, were largely decreased in the CaO,—Cu,O-
treated group compared with those in the DSS control group
and the CaO,-treated group. A sequence of results suggests that
Ca0,—Cu,0 has the ability to regulate the GIT ecosystem by
upgrading microbiome richness and diversity, promoting
beneficial bacteria proportions, restricting the proliferation of
pathogenic bacteria, and eventually maintaining microbiota
balance.

3.6.  Preventive mechanism of CaO,—Cu,0 against UC

Although Ca0O,—Cu,0 showed good performance in regulating
immune-hematopoiesis-microbiota, we further explored its un-
derlying preventive mechanism using bioinformatics analysis. The
volcano plots quantitatively displayed the up-regulation, down-
regulation, and insignificance of genes between the two groups
(Supporting Information Fig. S20). There were 723 up-regulated
differentially expressed genes (DEGs) and 182 down-regulated
DEGs in the CaO,—Cu,O-treated group against the healthy con-
trol group. However, compared with the DSS control group, 831
DEGs were significantly up-regulated, and 213 DEGs were down-
regulated in the CaO,—Cu,O-treated group. The Venn diagram
and the upset plot implied that 14276 genes were co-expressed in
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all the groups, and there were also a substantial number of DEGs
(Supporting Information Fig. S21). We further found that the gene
expression profile of the CaO,—Cu,O-treated group was closely
related to the healthy control group. Next, gene set enrichment
analysis was applied to interpret CaO,—Cu,0O-associated meta-
bolic and signaling pathways. The enriched GO terms implied that
the effective remission of CaO,—Cu,O against UC was associated
with abundant immune or anti-oxidative signaling pathways,
including B and T cell receptor-mediated signaling pathway,
activation of natural killer cells, lymphocyte migration, ROS
metabolic process, O,°" generation, and NO biosynthetic process
(Fig. 6A).

To contextualize the specific genes associated with identified
metabolic and signaling pathways, we applied hierarchical clus-
tering analysis and generated the heat map to visualize the gene
semantic similarities and differences among 4 experimental
groups. As seen in Fig. 6B, many representative pro-inflammatory
and immune genes (e.g., Tnf-o, 1I-6, 1l-18, Cd4, and Cd8) were
remarkably down-regulated in the CaO,—Cu,O-treated group.
Meanwhile, up-regulated chemokine genes (e.g., Ccl2, Ccl3, Ccl4,
Ccl5, Cxcr2, and Cxcll0) in recruiting various immune cells and
regulating mucosal inflammation in DSS-induced UC were
significantly restrained in the CaO,—Cu,O-treated group. The
results suggest that three dosages of CaO,—Cu,O reduce the pro-
inflammatory cytokines and chemokines.

To further elucidate the underlying biological mechanisms of
Ca0O,—Cu,0-associated DEGs, protein—protein interaction
(PPI) networks were constructed using the Majorbio I-Sanger
software. The top 7 hub genes (Tnf-a, 1I-18, Cd4, Itgh2,
mmol/Lp-9, Ccl-5, and Syk) were identified based on the degree
values (>10) (Supporting Information Fig. S22). Among the
encoded proteins, TNF-«, IL-18, and CD4 played a pivotal role
in the immune modulating function of the healthy tissue, with a
high consistency to the previous studies®’. Interestingly, Tnf-a
and II-168 were also identified as the hub nodes in the
Ca0,—Cu,O-treated group, confirming the immune regulatory
functions of CaO,—Cu,0O (Supporting Information Fig. S23).
Moreover, we found that other identified hub nodes in the
Ca0,—Cu,O-treated group were nitric oxide synthase 1 (Nosl),
Cd163, and haptoglobin (Hp) (Supporting Information
Fig. S24A), which were crucial in the progression of UC.
NOSI serves as a primary factor in the synthetic process of nitric
oxide and regulating the immune responses of the mucosa*®. HP
is one of the plasma proteins, which captures hemoglobin (Hb)
in hemolysis and acts as an anti-oxidative molecule and an
immunomodulator during hemolysis*’. CD163, an Hb-HP
scavenger receptor, is a macrophage-specific protein that can
protect inflammatory tissues from free Hb-mediated oxidative
damage®'. The synergistic function of HP and CD163 con-
tributes to promoting the coagulation effect and the ROS scav-
enging of macrophages, avoiding blood loss and oxidative
damage.

The expression profiles of 5 hub genes (Fig. 6C) and closely
related genes (Fig. 6D and E) in the colons were quantitatively
displayed. CD163 is considered a biomarker that is highly
expressed in macrophages exhibiting an anti-inflammatory
feature. Significantly increased CD163 expression was detected
in the CaO,—Cu,O-treated mice. These hub genes perform a vital
function in the therapeutic mechanism of CaO,—Cu,O in UC.
Treatment of CaO,—Cu,O successfully lowered the DSS-elevated
level of plasma HP, suggesting the protective effect of
Ca0,—Cu,O in ameliorating colonic inflammation-induced

oxidative stress. A much higher level of NOS suggests an
imbalanced M1/M2 ratio in the DSS-induced UC mouse model>”.
The therapeutic effect of CaO,—Cu,O against UC might be
mediated by promoting the polarization to M2 macrophages and
equilibrating the M1/M2 ratio relative to the healthy level. The
construction of the PPI network of immune factors, including
immune-stimulatory factors, immune-inhibitory factors, chemo-
kines, and receptors around the hub nodes of CaO,—Cu,0, could
comprehend the immune regulatory functions of CaO,—Cu,O
(Fig. S24B).

The transcriptome results illustrated that the effective treat-
ment of CaO,—Cu,0 in UC was closely connected with regulating
inflammatory reactions and preventing tissue damage via the
down-regulation of TNF-«, IL-18, and IFN-v, as well as
restraining the oxidative responses. At the same time, the
improved coagulation functions of CaO,—Cu,0O depended upon
the regulation of Nos, Hp, and Cdi163 (Fig. 6F). In summary, the
four primary synergetic links contribute to the therapeutic out-
comes of Ca0,—Cu,0 against UC.

3.7.  Invivo therapeutic effect of CaO,—Cu,0 against UC

To further confirm the UC therapeutic effect of CaO,—Cu,0,
mice were processed by clyster administration following the
treatment protocol in Fig. 7A. The body weights of all DSS-
involved groups exhibited an upward tendency from the fifth
day. In particular, the CaO,—Cu,O-treated group showed a rapid
weight gain when compared with other DSS-involved groups
(Fig. 7B). DAI values presented an accelerated decline after the
rectal administration of CaO,—Cu,0, demonstrating that this NP
efficiently restricted the progression of UC (Fig. 7C). Simulta-
neously, the CaO,—Cu,O-treated group displayed restored colon
length (Fig. 7D and Supporting Information Fig. S25) and spleen
weight (Fig. 7E). Nevertheless, multiple indicators were
measured to assess the therapeutic outcomes of CaO,—Cu,0,
such as MPO, pro-inflammatory cytokines (e.g., TNF-« and IL-
6), and anti-inflammatory cytokines (e.g., IL-10). As revealed in
Fig. 7F—I, CaO,—Cu,0 significantly inhibited the amounts of
MPO produced by neutrophils and the secreted levels of pro-
inflammatory cytokines while up-regulating IL-10. These re-
sults reflect that CaO,—Cu,O not only retards the development
of UC but also possesses an undeniably therapeutic effect
against UC.

H&E and PAS staining results revealed immune cell infiltration
and structural damage in the colonic tissues from the DSS control
group and the CaO,-treated group. There were no apparent lesions
and intact crypt structures in the CaO,—Cu,O-treated group
(Fig. 7). Semi-quantitatively, the histological scores revealed that
the treatment of CaO,—Cu,O nearly restored the colonic pheno-
type to a healthy appearance (Fig. 7K). As seen in Supporting
Information Fig. S26, there was no significant difference in
organ indexes among all mouse groups, illustrating the excellent
biosafety of CaO,—Cu,O. In the context of PAS staining, no
significant difference was observed in the colonic mucosa between
the healthy control group and the CaO,—Cu,O-treated group.
Their mucus amounts were over 2.0-fold higher than those in the
DSS control group as well as the CaO,-treated groups (Fig. 7L).
Meanwhile, immunofluorescence staining results showed that
Ca0,—Cu,0 treatment led to the lowest CD11b™ and Ly6G+ cells
among all mouse groups, effectively reducing the infiltration of
neutrophils and immune cells in the colonic tissues (Fig. 7TM-0).
Moreover, the anus photographs were recorded to observe the
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Figure 7  In vivo therapeutic outcomes of various NPs against UC. (A) Schematic illustration of the experimental protocol. Mice were treated
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hematochezia of mice. Supporting Information Fig. S27 indicated
that the CaO,—Cu,O-treated group presented a more rapid re-
covery effect of hematochezia than the DSS control group and the
CaO,-treated group.

The H&E staining and hemanalysis were again used to eval-
uate the biosafety of CaO,—Cu,O. The negligible lesions of the
main organs verified their favorable biocompatibility (Supporting
Information Fig. S28). The detected indicators of the
Ca0,—Cu,O-treated group showed an extreme similarity with the
healthy control group on hemanalysis results, affirming its good
biological safety (Supporting Information Fig. S29). The superior
therapeutic outcomes and the biosafety of CaO,—Cu,O demon-
strate their promising potential to defeat UC.

4. Conclusions

We proposed a versatile therapeutic system, a rectally adminis-
tered Ca0O,—Cu,0 nanomotor, which accumulated in the colitis
mucosa following gas-impulsively penetrating through the mucus
layer and disrupted epithelial barrier. Rectal administration into
the colon lumen and gas-propelled mucus penetration coopera-
tively reduced the systematic exposure and improved the accu-
mulation of CaO,—Cu,O in the colonic mucosa. Multiple
strategies of anti-oxidation, anti-inflammation, macrophage po-
larization, and regulation of intestinal flora allowed CaO,—Cu,O
to create a prominently alleviative and therapeutic effect against
ulcerative colitis (UC). The desirable therapeutic outcomes were
tied firmly to the regulation of hub genes (Tnf-«, Ii-10, 1I-6, Nos1,
Cd163, and Hp). Collectively, our versatile nanomotor provides an
efficient and safe therapeutic platform for managing UC, which
shows promising potential for biomedical translation.
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