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ABSTRACT: Urinary tract infections (UTIs), common bacterial infections in
communities and medical facilities, are mainly mediated by FimH. The glycan sites
of the uromodulin protein play a crucial role in protecting against UTIs by interacting
with FimH. A bioinspired approach using glycan-FimH interactions may effectively
reduce bacteria through an antiadhesive mechanism, thereby curbing bacterial
resistance. However, typical antiadhesive therapy alone fails to address the excessive
reactive oxygen species and inflammatory response during UTIs. To bridge this gap,
antioxidant nanozymes with antiadhesive ability were developed as nanodecoys to
counter bacteria and inflammation. Specifically, ultrasmall dextran-coated ceria (DEC)
was engineered to address UTIs, with dextran blocking FimH adhesion and ceria
exhibiting anti-inflammatory properties. DECs, metabolizable by the kidneys, reduced
bacterial content in the urinary tract, mitigating inflammation and tissue damage. In
murine models, DECs successfully treated acute UTIs, repeated infections, and
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catheter-related UTIs. This dual approach not only highlights the potential of nanozymes for UTIs but also suggests
applicability to other FimH-induced infections in the lungs and bowels, marking a significant advancement in nanozyme-based

clinical approaches.
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INTRODUCTION

Urinary tract infections (UTIs) rank among the most prevalent
bacterial infections, impacting millions of individuals and
causing significant economic losses worldwide."”” UTTIs are
primarily caused by uropathogenic Escherichia coli (UPEC).
The pathogenic mechanism of UPEC-initiated UTIs involves
bacterial adhesion, colonization, and the subsequent evasion of
host immune responses.” The FimH adhesin within type 1 pili
plays a crucial role in the invasion, adhesion, and persistence of
UPECs by interacting specifically with mannosylated uropla-
kins and @,f3; integrins on cell surfaces of the urinary tract.”
This adhesion and colonization of pathogenic bacteria on the
host cells determine the occurrence of diseases.

In response to bacterial invasions, some mammalian
organisms have developed uromodulin (UMOD) to cope
with external infectious threats.” The glycans within UMOD
act as multivalent decoys, binding with FimH, inducing
bacterial aggregation, and reducing cell invasion.’ The bacteria
with a weakened colonization ability are then expelled from the
body through urine. Notably, a UMOD promoter variant drives
a 2-fold increase in urinary UMOD concentration, resulting in
reduced susceptibility to UTIs.° This innate defense
mechanism relies mainly on interactions between FimH and
UMOD’s glycans. Therefore, creating a UMOD glycan-like
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binding site is a potential method for antiadhesive bacterial
therapy. To date, a series of multivalent antagonists, designed
as UMOD glycan mimetics and based on mannose and glucose
structures, have been developed,7_11 advancing clinical trans-
lation.'”"” Although the multivalent strategy enhances the
weak interaction between glycomimetics and FimH, the
current glycomimetic-based antiadhesive therapeutics remain
unsatisfactory due to their failure to address UPEC-induced
inflammation.

When UTIs occur, the invasion by FimH'* or other toxins,
such as lipopolysaccharide (LPS)," triggers the release of
inflammatory mediators, resulting in damage to the tissues
colonized by bacteria, which in turn aggravates the infection.”
Unfortunately, the use of antibiotics induces bacterial death,
causing the release of bacterial contents and a more severe
local inflammatory response.'®'” Therefore, it is necessary to
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develop therapeutics for regulating the inflammatory response
during bacterial invasion, preventing adverse tissue damage,
and halting disease progression.'® Furthermore, since both
UPEC bacteria and inflammation play critical roles in UTIs,
the combination of antiadhesive and anti-inflammatory
activities is a prudent strategy to treat UTIs.

Nanotechnology provides an effective implementation to
integrate the antiadhesive and anti-inflammatory activities at
the nanoscale. Among the emerging nanotechniques, nano-
zymes, the functional nanomaterials with enzyme mimicking
activities, have shown promise in biomedicine due to their easy
synthesis, low cost, and ease of modification.'”™** The latter
feature facilitates the incorporation of functionalities beyond
catalysis, enabling biomimicry. In particular, antioxidant
nanozymes have been developed to treat inflammatory
diseases.”> > Among them, CeO, nanozyme has been
extensively explored in various biomedical applications due
to its superior biocompatibility and excellent anti-inflammatory
activities.”” Additionally, the engineerable surface of CeO,
makes it facile for modifications. Therefore, we hypothesized
that it is feasible to design a nanodecoy for UTIs therapy by
endowing anti-inflammatory CeO, nanozyme with antiadhe-
sive activity. To achieve this, we chose dextran (DEX) as the
antiadhesive component for modifications. DEX, an FDA-
approved biocompatible glycan composed of glucose mole-
cules linked together in a branched fashion, offers multivalent
sites for promising antiadhesive therapy.”®™>°

Herein, we report a bioinspired DEX-modified ceria (DEC)
as a nanodecoy for UTI treatment. DEX enhanced the
dispersion of ultrasmall ceria and, more importantly, provided
multivalent binding sites for interacting with the FimH protein,
thus simulating the functionality of UMOD and offering a
platform for antiadhesive therapy (Scheme 1a). DECs showed
superior antioxidant abilities in two types of cell lines toward
oxidant stress driven by H,0,, LPS, and FimH. DECs

Scheme 1. (a) Bioinspired Approach for Guiding the
Synthesis of Carbohydrate-Based Nanodecoys (i.e., DECs)
to Mimic UMOD (PDB: 7Q3N); (b) Renal Clearable
Nanodecoys Possessing Antioxidant and Antiadhesive
Abilities for the Treatment of UTIs
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effectively inhibited bacterial adhesion to cells and the abiotic
surface. Significantly, the DECs demonstrated curative out-
comes in the acute UTI model, repeated infection model, and
catheter-associated UTI (CAUTI) model, highlighting their
potential in future clinical applications (Scheme 1b).

RESULTS AND DISCUSSION

Screening, Optimization, and Characterization of
Nanodecoys. To highlight the importance of saccharides in
nanodecoy design, we chose citric acid (CA), polyvinylpyrro-
lidone (PVP), and DEX as modifications to decorate the
nanoceria. As shown in Figure 1a, the X-ray diffraction (XRD)
results confirmed that the crystal structure of all three samples
was identical with that in PDF#00—043—1002 (Powder
Diffraction File). In addition, to verify successful modification,
Fourier transform infrared (FT-IR) spectra were collected
(Figures 1b—d). In Figure 1b, peaks for carboxylate
asymmetric stretching (v,, (COO™)) and symmetric stretching
(v, (COO7)) from CA appeared at 1579 and 1401 cm™ in
CA-CeO,, respectively. The peaks at around 1700 cm™,
assigned as v (C=O0) in CA samples, were absent in CA-
capped ceria due to carboxylate coordination.”’ In Figure lc,
the presence of peaks near 1660 and 1300 cm™' represented
stretching signals, confirming the decoration of PVP.>* For
DEX-CeO,, bands at approximately 915 and 845 cm™’,
corresponding to y (C—H) vibrations, were observed,
suggesting that there were no conformational changes in the
glucopyranose units, and the vibrations of glycosidic bonds
were observed at 1016 and 1153 cm™. All of the peaks from
the three samples were in accordance with previous works,
indicating successful synthesis. Afterward, to determine the
distribution of nanoceria in an aqueous solution, dynamic light
scattering (DLS) was conducted. As shown in Figure le,
nanoceria with different modifications exhibited distinct
hydrodynamic diameters. Based on these results, we obtained
three kinds of nanoceria with different surface coatings.

To determine which nanoceria have the potential to interact
with FimH, we chose a model protein for assessment.
Concanavalin A (ConA) is a lectin that has a high affinity
for certain sugars, such as mannose. It has been widely used in
studying §lycoprotein interactions owing to its binding
properties. ® Hence, we designed a ConA aggregation assay
to identify the function of ceria (Figure 1f). DLS was employed
to observe the alterations in the size of the complex (Figure
1g). Following a 30 min reaction, the hydrodynamic diameter
of the complex with added DEX-CeO, exhibited a significant
increase, whereas the others demonstrated more modest
growth. The DLS results proved that the existence of
carbohydrates, such as DEX, could induce mannose-specific
multivalent protein aggregation. Accordingly, we assumed that
DEX-CeO, could be a potential candidate for antiadhesive
nanodecoy for FimH.

Then, we selected a series of DEX derivatives with different
molecular weights for optimization. As shown in Figure S3, the
DECs were synthesized using a one-pot approach involving the
oxidation and hydrolysis of cerium salts under basic conditions.
During this process, various DEXs were employed as
modifying agents (M, = 10k, 20k, 40k, and 70k). The
obtained products were named DEC10, DEC20, DEC40, and
DEC70. The linear and branched structure of DEX provides a
natural spatial barrier for CeO,, preventing the growth of
particles and improving the size distribution. DEC nano-
particles featuring a uniform size between 2 and 3 nm under
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Figure 1. Characterization and antioxidant activities of DECs. (a) XRD patterns of CA-CeO,, PVP-CeO,, and DEX-CeO,. FT-IR spectra of
(b) CA-CeO,, (c) PVP-CeO,, and (d) DEX-CeO,. (e) DLS profiles of CA-CeO,, PVP-CeO,, and DEX-CeO, (M,, = 10 kDa) in aqueous
solution. (f) Mechanism of the ConA aggregation assay for screening potential nanozymes. (g) Hydrodynamic diameter changes of the ConA
aggregation systems. (h) TEM images of DEX-CeO, (M, = 10 kDa, the scale bar of the inset images is 5 nm). (i) Schematics of the
antioxidant abilities of DECs. (j) SOD-like activities of DECs. Data are presented as the mean + SD (n = 3). (k) CAT-like activities of DECs.
Data are presented as the mean + SD (n = 3). (I) ABTS"" scavenging abilities of DECs. Data are presented as the mean + SD (n = 4).

transmission electron microscopy (TEM) (Figures 1h and S4)
can be metabolized by the kidneys.”* Due to the ultrasmall
nanoscale particles and the existence of polymeric material, the
XRD patterns of DECs and DEXs exhibited broadened peaks
(Figure S5). Additionally, the DECs are mostly noncharged,
exhibiting superior stability (Figure S6). Then, FT-IR spectra
were collected to confirm the interaction between ceria and the
coating. The spectra in Figure S7 indicated that the formation
of DECs did not lead to conformational changes in adjacent
glucopyranose units, which endowed the potential of DECs
with antiadhesive activity.

ROS Scavenging Abilities of Nanodecoys. When UTIs
occur, the body initiates an inflammatory response to eliminate
bacteria. However, excess inflammation can cause damage to
the bladder or kidneys. In this process, an excessive amount of
reactive nitrogen and oxygen species (RNOS) act as
proinflammatory agents, exacerbating tissue damage. Typically,
superoxide anion radicals (O,°”) and hydrogen peroxide
(H,O,) are representative ROS species during UTIs. DECs
have excellent scavenging ability against these harmful species
due to their abundant active sites (Figure 1i). Therefore, the
SOD-like activity of the nanozymes was evaluated by using a
SOD assay kit for WST-1, while the CAT-like activity was
measured via dissolved oxygen detection and dopamine-based
CAT assays.”> As shown in Figures 1j, 1k, and S8 and S9,
DECs demonstrated significant and concentration-dependent
SOD- and CAT-like activities, while the DEXs showed no

obvious enzymic activities. Furthermore, ABTS®* and DPPH"*
were selected for measuring the RNS scavenging capability of
DECs (Figures 11 and S10). The reduction in absorbance of
the radical cations indicated an enhanced capacity for
eliminating RNS. To explore the mechanisms behind their
excellent catalytic capability, X-ray photoelectron spectroscopy
(XPS) analysis was conducted to examine the elemental states
on the material’s surface involved in catalytic reactions. The
survey XPS spectra of DECs were presented in Figure S11,
revealing the presence of elements such as C, O, and Ce across
all spectra. Furthermore, detailed spectra for C 1s and O 1s
were also gathered, providing insight into the structure and
composition of all of the samples (Figures S12 and S13). More
importantly, the detailed XPS spectra of Ce 3d revealed the
valence state composition of cerium in the samples. As shown
in Figure S14, the percentages of Ce®* in DEC10, DEC20,
DEC40, and DEC70 were 37.3%, 36.9%, 37.3%, and 32.9%,
respectively. The trivalent-to-tetravalent ratio of cerium atoms
in ceria determines the strength of its enzyme-like activity.*®
Such closely matched data imply a similar activity of DECs.
The aforementioned results demonstrate that DECs have the
potential to serve as an effective antioxidant agent for removing
excessive RNOS in the inflammatory process.

In Vitro Anti-inflammatory and Antiadhesive Abilities
of Nanodecoys. After evaluation of the RNOS scavenging
activity of DECs, their anti-inflammatory and antiadhesive
abilities were investigated. A mouse macrophage line
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Figure 2. Antioxidant and antiadhesive abilities of DECs. (a) Schematics of DECs protecting the cell from oxidative stress. ROS levels of
RAW264.7 and T24 cells were monitored by a flow cytometer in the presence or absence of DECs under (b) H,0,, (c) LPS, and (d) FimH
stimulus. (e) Fluorescent staining images of CFT073 on T24 cells. Dil (red) and FilmTracer FM 1—43 (green) were used to stain the cell
membrane of T24 and the plasma membrane of CFT073, respectively. The DECs were used at a low concentration (200 gg/mL) and a high
concentration (500 ug/mL). The scale bar is 20 gm. (f) Antibiofilm formation of DECs on the abiotic surface. Data are presented as mean =+
SD (n = 6). (g) BLI response of DEC40 at different concentrations.

(RAW264.7) and a human urinary bladder cancer cell line T24
(HTB-4, ATCC) were utilized as models for cellular
evaluation. First, the cytotoxicity of DECs was evaluated to
explore their cytocompatibility. As shown in Figures S15 and
S16, DECs exhibited no toxicity toward these two types of cells
and even promoted the proliferation of RAW264.7 cells,
confirming their excellent biocompatibility.

Afterward, a cellular model for ROS elimination was
established, and 2',7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) was utilized to measure the ROS levels. To
simulate the UPEC infection process, three types of stimuli
were applied (Figure 2a). Hydrogen peroxide (H,0,), an
endogenous molecule associated with inflaimmation, was
employed to stimulate both cell types. Flow cytometry analysis
demonstrated the exceptional ROS scavenging ability of DECs.

In contrast, the stimulated group, that treated with H,O, alone,
displayed the highest fluorescence intensity in Figure 2b,
indicating a significantly elevated ROS level. LPS, also known
as endotoxins, are recognized by the host organism as a sign of
bacterial presence. It initiates a potent immune response
primarily by activating Toll-like receptor 4 (TLR4) on immune
cells, resulting in the secretion of proinflammatory cytokines
and other immune signaling molecules."> The flow cytometry
results demonstrated that DECs can relieve the oxidative
response caused by LPS (Figure 2c). Similar but more intuitive
results were observed through laser scanning confocal
microscopy (LSCM) (Figure S17). The third model was
constructed with the FimH protein. The FimH protein induces
inflammation by binding specifically to receptors, such as
mannose receptors and TLR4.'* The binding of FimH to these
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Figure 3. DECs protect bladders and kidneys in acute and repeated UTI models. (a) Signal of DECs in urine monitored by the absorbance of
TMB,, at 652 nm. (b) Schematics of acute UTI models. In the acute UTT model, (c) total bladder bacterial counts were determined after
homogenization, and representative images of bladder sections stained with an antibody against CD68 were shown in (d). The scale bar is 50
pm. (e) Semiquantitative analysis of CD68-positive areas. Data are presented as mean + SD (n = 4). (f) Schematics of repeated UTT models.
In the repeated UTI model, representative images of bladders and kidneys with/without treatment were shown in (g), and (h) total bladder
and (i) kidney bacterial counts were determined after homogenization. (j) Representative H&E staining images of bladders and kidneys. The
scale bar is 100 gm. Semiquantitative analysis of CD68 positive areas in (k) bladder and (1) kidney. Data are presented as mean + SD (n =9
and 12, respectively).

receptors triggers a series of signaling events that contribute to

inflammation. Before stimulation, DECs and FimH proteins
the activation of immune responses and the initiation of

were mixed and incubated. The results also indicated the
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excellent intracellular antioxidative stress capability of the
nanozymes (Figures 2d and S18). It is worth noting that this
outcome may stem from the inherent antioxidative activity of
DECs as well as their ability to prevent FimH adhesion. These
findings demonstrated that DECs have the potential to
effectively combat the inflammatory storm associated with
UTlIs.

The interaction between host cells and UPECs plays a
crucial role in UTIs. FimH-induced adhesion triggers the
progression of the disease. The strain CFT073, originally
isolated from a patient who suffered from UTI, was utilized to
establish an infection research model.”” Due to the excellent
biocompatibility of DECs, no obvious inhibitory effects on
bacterial growth were observed (Figures S19 and $20). Taking
DECA40 as a representative, the adhesion of CFT073 to T24
cells was evaluated (Figure S21a). As shown in Figures 2e and
S22, the amounts of CFT073 labeled with FilmTracer FM 1—
43 were obviously reduced when DEC40 was coincubated,
indicating that the adhesion of bacteria was prevented. Based
on the experimental results above involving bacterial toxicity, it
is inferred that DECs inhibited the adhesion of FimH to cells
rather than killing the bacteria. Meanwhile, a bacterial
aggregation assay was performed at different concentrations
of DEC40. As the concentration increased, bacterial
aggregation became more pronounced (Figure S23). Based
on these findings, we speculated that the multivalent binding
sites of DECs, upon binding to FimH, induced bacterial
aggregation similar to UMOD. Taking this into consideration,
we further investigated the role of DECs in preventing the
formation of biofilms. As a type of adhesin, FimH is regarded
as a key factor in biofilm formation under static growth
conditions in a mannose-inhibitable manner, especially in
implantation-like catheters.”® To confirm whether DECs play a
role in antibiofilm formation on the abiotic surface, a biofilm
assay was performed and quantified via crystal violet staining
(Figure S21b). As shown in Figure 2f, the formation of
biofilms on plates was inhibited when DECs were applied.
Based on the above-mentioned experimental results, we
attempted to explore the mechanism of DECs’ antiadhesive
properties. Taking DEC40 as an example, we immobilized the
FimH protein on a sensor for bilayer interferometry (BLI)
signal analysis. As the concentration of DEC40 increased, the
response signal also increased (Figure 2g). Through steady-
state fitting, we estimated that the Ky value of DEC40 for
FimH was 1.4 uM (Figure S24a). Furthermore, we monitored
the response values of different DECs at the same
concentration and found that with an increase in molecular
weight, the corresponding response signal also increased
(Figure S24b), which could be explained by the mechanism
of multivalent enhancement.

Given the in vitro anti-inflammatory and antiadhesive
capabilities of DECs, there will be significant potential for
their use in treating UTIs.

In Vivo Treatment of Acute and Repeated UTls. From
a clinical perspective, uncomplicated UTIs primarily affect
individuals with no structural or neurological urinary tract
abnormalities who are otherwise in good health. These
infections are further divided into lower UTIs (cystitis) and
upper UTIs (pyelonephritis).” Acute UTIs are sudden and
relatively short-lived infections that affect the urinary system.

Acute UTIs are often caused by UPECs entering the urinary
tract and multiplying, leading to infection. To determine the
therapeutic potential of DECs for treating acute UTIs, a

murine model was adapted via transurethral catheterization
with CFT073. The biosafety of DECs was evaluated first. After
intravenous (i.v.) injection of DECs three times a week, the
main organs were harvested and stained with hematoxylin and
eosin (H&E). All samples demonstrated negligible toxicity to
the main organs at the experimental dose (Figure S25). In the
meantime, murine urine was collected after 4 h of i.v. injection.
Peroxidase-mimicking activities of DECs were used to confirm
the existence of DECs metabolized from the kidneys (Figure
3a). Typically, because urine collected from different mice has
varying degrees of background absorbance levels, the
absorbance change of TMB,, (the oxidized product of
3,3',5,5 -tetramethylbenzidine) at 652 nm in 30 min was
monitored. The signal of the DEC10 group showed an obvious
increase, which implied renal clearable properties of DEC10. It
is worth noting that other groups showed a weak signal change
in measurement, which was attributed to the large M, and
lower concentration of DECs in urine. In addition, when
disease occurs, infection and inflammation affect the renal
clearable threshold and lead to different outcomes.” Addi-
tionally, positron emission tomography-computed tomography
(PET-CT) was employed to monitor the metabolism of a
nuclearly labeled substance (Figure $26). Taking DEC40 as an
example, distinct signals were observed in the bladder,
indicating that DEC40 could be excreted by the kidneys
during the test. Combining these findings, it can be concluded
that DECs can be excreted through urine.

Afterward, an acute UTI model was established through
urethral bacterial injection (Figure 3b).*” The i.v. injection of
DECs was performed 30 min before infection. Within 6 h of
treatment, bladders were harvested and homogenized. The
bladders from the Ctrl group, which were not treated with
DECs, showed hyperemia and edema to some degree. In
contrast, the bladder status in the DEC groups was much more
similar to that in the healthy group (Figure S27). We noted a
significant reduction in bacteria, suggesting that DECs were
effective in treating acute infection by antiadhesive therapy
(Figures 3c and S28). Excess inflammation in acute UTIs can
lead to various damaging effects. The H&E staining displayed
significant improvements in the treatment group (Figure S29).
Then, CD68 was stained to evaluate the macrophage count
(Figure 3d and 3e). In the Cttl group, high CD68-positive
areas were observed. After administration of DECs, the
expression of CD68 was lower, indicating an improved state
and demonstrating that DECs can scavenge inflammation.
With the treatment of DECs, oxidative stress was relieved. It is
noted that while DEC10 and DEC20 showed promising results
in terms of anti-inflammation, their performance in bacterial
elimination was suboptimal. This could be attributed to their
relatively smaller molecular weight, leading to rapid metabo-
lism under pathological conditions and inadequate reduction
in bacterial content. Therefore, in subsequent experiments, we
employed DEC40 and DEC70 for treatment.

After an initial urinary tract infection, almost 20—30% of
women with a UTT will have a second UTI within 6 months,
while 3% of them will experience a third UTI during that time
period."" Repeated UTIs refer to instances where an individual
experiences UTIs multiple times. After verifying the anti-
adhesive and anti-inflammatory abilities of DECs in the acute
UTI model, we constructed a repeated model through multiple
infections in mice (Figure 3f). Correspondingly, the dosage of
the DEC treatment was also increased. Because UPECs exhibit
the ability to inhabit various regions within the urinary tract,
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Figure 4. DECs protect bladders and kidneys in CAUTI models. (a) Schematics of CAUTI models. (b) Weight of the bladders in the CAUTI
model. The data are shown as the means + SDs (for the sham group, n = 8; healthy group, n = 3; other groups, n = 12). (c—e) Total bladder/
kidney/catheter bacterial counts. (f) Bladder H&E staining images of the Ctrl and treatment groups. Red arrows indicate neutrophil
leukocytes and other inflammation-related cells. The scale bars are 1 mm, 200 #m, and 50 gm. (g) Representative images of bladder sections
stained with an IL-6 antibody. The scale bar is 100 gm. (h) Representative SEM images of catheters in the Ctrl and treatment groups. The
scale bar is 10 gm.

encompassing the urethra, ureters, kidneys, and bladders, we was observed in the Ctrl group, while the two treatment groups
collected the kidneys and bladders for further investigation. As showed less area related to tissue pathology. The status of the
shown in Figures 3g and S30, extensive abscess of the kidney bladders was similar to that in the acute model. These results
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might be attributed to serious infection and a hyperactive
innate immune response. We assessed the amounts of bacteria
in these two organs. Both DEC40 and DEC70 groups
demonstrated effectiveness in eradicating bacteria from the
bladders and kidneys (Figures 3h, 3i, S31) while also
mitigating inflammatory responses (Figures 3j—l, S32, and
S33). To explore the alterations in the ROS levels following
treatments with DECs, dihydroethidium (DHE) was applied
for evaluate the ROS levels in bladders. As shown in Figure
S34, the treatment group demonstrated weaker fluorescent
signal, while the Ctrl group showed more which indicated
antioxidant abilities of DECs. In addition, we evaluated the
level of fibrosis in infected kidneys using Masson’s trichrome
(MT) staining (Figure S35). The severity of renal fibrosis
signifies the inadequacy of kidney function. DECs protect the
kidney from fibrosis, which is attributed to their excellent anti-
inflammatory and antiadhesive activities.

In Vivo Treatment of Catheter-Associated UTIs. The
other kind of UTI is complicated UTIs, which are
characterized by factors that compromise the urinary tract or
host defense mechanisms. Catheter-associated UTIs (CAU-
TIs) are particularly concerning because they lead to increased
morbidity and mortality, representing the most common cause
of secondary bloodstream infections.*”

To explore whether treatment with DECs is effective for
CAUTIs, we established a CAUTI model using medical
silicone tubing (Figure 4a). Implanting tubing into the bladder
leads to histological and immunological alterations in the
bladder of mice.*”** Specifically, the introduction of a urinary
catheter disrupts the protective layers of the uroepithelium and
results in observable histological modifications. As mentioned
above, all the groups exhibited varying degrees of edema due to
implant existence. The presence of bacteria and an excess
inflammatory response exacerbated the phenomenon of
edema. Encouragingly, the weight of bladders treated with
DECs was decreased, indicating that edema was relieved
(Figure 4b). Then, we counted the bacteria in the bladders,
kidneys, and catheters. As shown in Figures 4c—e, after
treatment, there was a significant reduction in the quantity of
bacteria. Meanwhile, H&E staining (Figures 4f and S37) and
CD68 staining (Figure S38) of the two organs both
demonstrated the bioprotective effects of DECs against
inflammation storms. During the acute infection process, the
infiltration of central granulocytes and other immune cells in
response was significantly reduced (Figure 4f). The same
results also appeared in the IL-6 immunofluorescence-stained
samples (Figures 4g, S39, and S40). In addition to the organ
results, the white blood cell (WBC) counts and the proportion
of lymphocytes (Lymph%) also indicated decreased inflam-
mation in the blood (Figure S41). Furthermore, edema was
particularly evident in the slices (Figures 4f and S38),
consistent with the trend observed in the previous qualitative
results of bladders. The physiologic response to catheterization
also includes the release of fibrinogen that coats the catheter
surface.”*’ In all groups, we observed coatings that might be
fibrinogen inside of the silicone tubing (Figure 4h). The Ctrl
group showed significant biofilm formation, while the treat-
ment group exhibited better conditions, which was consistent
with the results of the in vitro experiment. According to
catheter-associated mouse models, DECs showed great
potential in ameliorating UTIs from potential bacterial
infection by effective ROS scavenging and antiadhesive

activities. It provides a viable option for eradicating infections
related to implants.

CONCLUSION

In conclusion, we engineered ultrasmall ceria nanoparticles
coated with dextran to mimic the UMOD function for UTI
treatment. The dextran component serves as a multivalent
decoy, obstructing the adhesion of FimH proteins, while the
ceria component exhibits excellent anti-inflammatory proper-
ties. These ultrasmall particles are designed to be metabolized
by the kidneys, effectively reducing bacterial colonization in
both the upper and lower urinary tracts. This dual-action
approach alleviates excessive inflammation and mitigates
further tissue damage. As a result of these integrated
functionalities, DECs have been proven to be effective in
alleviating acute UTIs, repeated infections, and CAUTIs in a
mouse model. This bioinspired study not only illustrated
antiadhesive nanozymes to protect urinary tissue from external
bacteria but also reduced the potent risk of excess
inflammation.

METHODS

Synthesis of Nanoceria with Different Modifications.
Synthesis of CA-CeO,: To prepare CA-ceria NPs, citric acid (0.48
g) and cerium nitrate pentahydrate (0.52 g) were dissolved in water
(30 mL) and rapidly poured into 100 mL of a 3 M ammonia solution.
The mixed solution was stirred overnight at 25 °C, centrifuged, and
washed with water.*

Synthesis of PVP-CeO,: Ce(NO;);:6H,0 (0.2 mmol) was
dissolved in a PVP ethanol solution (40 mL, 30 g/L). Then,
triethylamine (2 mmol) was added dropwise to the Ce*" solution. The
stock solution was transferred into a Teflon bottle, held tightly in a
stainless-steel vessel and then heated at 180 °C for 24 h. After being
cooled to room temperature, the reaction solution was se(parated and
washed with water-acetone mixed solvent (v/v = 1:10).*°

Synthesis of DEX-CeO,: First, dextran with different molecular
weights was dissolved in 10 mL of deionized water, followed by
several minutes of sonication to get a homogeneous solution (1.0 M,
marked as solution A). Then, S mL of Ce(NO;);-6H,0 liquor (1.0
M, solution B) was added to solution A. The solution was vortexed
for 3 min and then added dropwise to 30 mL of NH;-H,O to form
suspension C under vigorous stirring. After this, suspension C was
stirred at room temperature for 24 h. To keep the chain concentration
the same, different masses of dextran were adopted.*’

ConA Aggregation Assay. ConA as a model protein has been
widely used for studying carbohydrate—protein interaction.*® The
ConA has a high affinity for certain carbohydrate like mannose. In the
given buffers (pH = 7.04, 10 mM Ca’* and Mn”*), the ConA exists
predominantly as a tetramer of four identical subunits.*” The tetramer
provided four binding sites for carbohydrate. When the tetramer met
the multivalent carbohydrate, the interactions would induce
aggregation. And this aggregation could be detected by DLS.
Typically, a series of mixtures (2.0 mL) of Con A (500 uL, 4 uM)
and ceria (40 L, 1 mg/mL) in a buffer solution (10 mM PBS, 0.1
mM MnCl, and 0.1 mM CaCl,; pH 7.04) were equilibrated at room
temperature and monitored by DLS for 30 min.

Measurement of Enzymatic Activities. To determine the
superior RNOS scavenging abilities of DEC nanozymes, we checked
SOD-like activities to eliminate O,*”, CAT-like activities to remove
H,0, and RNS scavenging activities against reactive nitrogen analogs
(2,2'-azinobis (3-ethyl benzothi-azoline-6-sulfonic acid) ammonium
radical (ABTS®*) and 1,1-diphenyl-2-picryl-hydrazyl radical
(DPPH®)).

Measurement of SOD-like activities: The SOD-like activities of
DECs were tested via an SOD assay kit according to the protocols of
the assay kit. Typically, different DEC samples were serially diluted
and mixed with 200 yL of a WST-1 (2-(4-iodophenyl)-3-(4-
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nitrophenyl)-S-(2,4-disulfophenyl)-2H tetrazolium sodium salt)
probe solution. Following enzyme solution addition to start the
reaction, the system was incubated at 37 °C for 20 min. The
absorbance at 450 nm was recorded by a microplate reader. The final
concentrations of the DEC nanozymes were 10, 50, and 100 pug/mL.

Measurement of CAT-like activities: The CAT-like activities of
DECs were evaluated by detecting oxygen production from H,0, in
solution with a dissolved oxygen meter. Normally, different
concentrations of DECs were mixed with 5.0 mM H,O, in an
aqueous solution. The change in dissolved oxygen concentration over
S min was recorded. Additionally, the CAT-like activities were also
evaluated by a dopamine-based assay. In a typical measurement, the
reaction system in the 96-well plate contained 5 yL of DECs, 90 uL of
Tris buffer (10 mM, pH 8.5), 100 uL of DA (2 mg/mL), and S uL of
H,0, (0.8 M). After adding the solution into the plate, the plate was
quickly transferred to the anaerobic device and incubated at 37 °C for
10 min. Finally, the absorbance at 405 nm was recorded by using a
microplate spectrophotometer.®®

Measurement of ABTS®*-scavenging abilities: First, 10 mL of
ABTS (7 mM) and 10 mL of K,S,04 (2.45 mM) aqueous solution
were premixed, and the mixed solution was stored in the dark
overnight to obtain an ABTS®" mother solution. The working solution
contained S0 pL of ABTS mother liquor, 100 uL of DEC solution,
and 850 pL of 1 X PBS. The final concentrations of DEC nanozyme
were 10, 50, and 100 pg/mL. The mixture was incubated at 37 °C,
and the absorbance at 734 nm was recorded by using a microplate
reader.

Measurement of DPPH® scavenging abilities: First, 1.50 mg of
DPPH was dissolved in 15 mL of methanol. Due to the insolubility of
DEC in methanol, an aqueous solution was used. The working
solution contained 50 pL of DPPH-methanol solution, 100 yL of
DEC solution, and 850 yL of 1 X PBS. The mixture was incubated at
37 °C, and the absorbance at 517 nm was recorded using a microplate
reader.

Cell Culture. A mouse macrophage line (RAW264.7) was cultured
in DMEM, and the human urinary bladder cancer cell line T24
(HTB-4, ATCC) was cultured in McCoy’s SA medium. Both of these
were supplemented with 10% fetal bovine serum (FBS), penicillin,
and streptomycin. All cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO, in air.

In Vitro Cytotoxicity Evaluation. RAW264.7 and T24 cells were
cultured in 96-well plates (1.0 X 10* cells per well) in 100 uL of
DMEM or McCoy’s SA medium with 10% FBS, 1% penicillin, and
streptomycin. After overnight culture, the cells were treated with
various doses of DECs. Cell viability was monitored by a cell counting
kit-8 assay after 24 h of treatment.

In Vitro Antioxidant and Anti-inflammatory Evaluation.
Since microorganism infection is accompanied by endotoxin release
and protein stimulation, LPS and FimH were chosen to establish an
oxidative stress model. In addition, H,O, was adopted as excess ROS
produced during hyperactive innate immunity. The intracellular ROS
level was evaluated by using DCFH-DA as a fluorescent probe
through flow cytometry and laser scanning confocal microscopy.

Typically, RAW264.7 cells were incubated with a 6-well plate at 37
°C for 24 h, and the density of each well was 1 X 10°. Then, 50 ug/
mL DECs were added to each well plate for another 2 h. After
washing the cells several times with 1 X PBS, 1 ug/mL LPS was added
and incubated for an hour. After that, DCFH-DA (0.01 mM) in
DMEM was added to each well plate for 30 min followed by washing.
The fluorescence images were recorded using laser scanning confocal
microscopy. Flow cytometry was performed for semiquantitative
analysis. Similarly, T24 cells were treated as mentioned above with
flow cytometry.

For the FimH segment, before the simulation, FimH protein (10
ug/mL) and DECs were incubated for 2 h. RAW264.7 cells were
incubated with a 6-well plate at 37 °C for 12 h, and the density of
each well was 1 X 10°. Then, the mixed solution was added to each
well plate for another 4 h. After washing the cells several times with 1
X PBS, DCFH-DA (0.01 mM) in DMEM was added to each well
plate for 30 min followed by washing. The fluorescence images were

recorded using laser scanning confocal microscopy. Flow cytometry
was performed for semiquantitative analysis. Similarly, T24 cells were
treated as mentioned above with flow cytometry.

For the H,O, segment, the basic operation was the same as that for
the LPS group, except 0.08 mM H,0, was added as a simulator. Two
cell lines were handled and analyzed by using flow cytometry.

Bacterial Viability. CFT073 viability was determined by
monitoring the absorbance at 600 nm. DECs were added, and the
final concentration was determined to be 1 mg/mL. After 18 h of
incubation, the absorbance of all groups was recorded. In addition,
DEC40 was chosen to evaluate the bacterial viability at other
concentrations.

Adhesion Assay. The adhesion of CFT073 to T24 cells was
evaluated following the method described by Hawdon et al. with some
modifications.’® T24 cells were grown in 12-well plates for 12 h.
Then, the cells were stained with Dil (10 M) for 20 min to label the
cell membranes. Then, the cells were washed with PBS. After being
serum starved for 2 h, the cells were inoculated with a bacterial
suspension. Before the infection experiment, CFT073 was stained
with FilmTracer FM 1—43 for 30 min under dark conditions. After
being washed three times with sterile 0.9% NaCl solution, bacterial
pellets were suspended in serum-free McCoy’s SA without antibiotics
and adjusted to 1 X 10" CFU/mL prior to the adherence assay. T24
cells were treated with DEC40 for 15 min and seeded with 50 uL of
an OD = 0.1 bacterial suspension for 30 min. Following incubation,
the monolayers were washed with PBS, and the adhered bacteria were
determined by epifluorescence microscopy.

Light Microscopy of DEC40 and CFT073. CFT073 was grown
in M9 media supplemented with 0.01 mg/mL biotin, 0.01 mg/mL
thiamine, 0.01 mg/mL amino acid mix (containing all L-natural amino
acids, except glutamine, in ddH,0), and 0.4% glucose. At OD600 = 1,
cells were then harvested at 2700g for 5 min, resuspended in M9
media without glucose, and incubated for 1 h at 37 °C with mild
shaking (350 rpm). Ninety microliters of OD600 = 0.9 cells were
mixed with DEC40 solution to final concentrations of 0, 0.35, and
1.76 mg/mL. Reactions were incubated for 2 h at 37 °C with shaking.
Aliquots of S uL from each reaction mixture were spotted and covered
with a coverslip, and random images were collected with a 40 X
objective.6

Biofilm Assay. CFT073 was grown in LB in wells of PVC
microtiter plates at 23 °C in the presence of DECs at varying
concentrations. After 24 h of growth, the wells were rinsed with water
and stained with crystal violet for quantification.

Biolayer Interferometry (BLI) Assay. The Octet K2 system
(Molecular Device, ForteBIO, USA) was used for the characterization
of protein—ligand binding affinity. The recombinant protein FimH
(10 pg/mL) was immobilized on an Octet Ni-NTA biosensor. The
sensors were then stabilized and moved into wells containing various
concentrations of the test compounds in a kinetic buffer (PBST).
Buffer was added to a 96-well plate, and the plate was transferred to
the K2 instrument for analysis by running it serially at 30 °C with a
shaking speed of 1000 rpm. Baseline readings were obtained in buffer
(60 s), associations were obtained in wells containing compound (30
s), and dissociation was observed in buffer (30 s). After interference
from the sensor and ligand-containing buffers was removed, the
binding signals were identified, and the results were analyzed using
OctetHT V10.0 software. Then, the affinity constant (Kp) values were
calculated by steady-state fitting.

Animals. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Nanjing
University. Female CS7BL/6] mice (6—8 weeks) were supplied by
Beijing Vital River Laboratory Animal Technology Co., Ltd. (China).
After acclimatization for 7 days, the mice were subjected to different
experiments.

Renal Clearance Studies of Ultrasmall DECs. Renal clearance
studies of DECs were determined via urine catalytic activity assays.
The urine was collected until 4 h of i.v. injection. For all assays, 20 uL
of urine was diluted to 80 pL at pH = 4.0 HAc-NaAc buffer and
allowed to equilibrate at room temperature for 15 min. Then, 100 uL
of 10 mM TMB, 20 uL of 1 M H,0,, and 780 uL of the buffer
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solution were added. After S min of reaction, the plate was read
kinetically at 652 nm over the course of 30 min.

In Vivo Antiadhesive and Anti-inflammatory Ability
Evaluation. In vivo antiadhesive and anti-inflammatory evaluations
were conducted in three types of UTI models.'>**** CFT073 was
chosen as an infectional pathogen, and the bacteria were grown under
type 1 pilus-inducing conditions (2 X 24 h at 37 °C statically in LB).
CS57BL/6] mice were used due to their strong innate inflammatory
response.

In the acute UTI model, eight-week-old C57BL/6] female mice in
the treatment groups were iv. injected with DECs at 8 mg/kg, while
the control group was treated with saline. Thirty minutes later, all
groups were anesthetized by inhalation of isoflurane and infected via
transurethral catheterization with 60 uL of the bacterial suspension,
resulting in 1 X 107 to 2 X 107 inoculum. At 6 h after infection, the
mice were killed by cervical dislocation under anesthesia, and the
bladders were immediately harvested and processed.

In the repeated UTI model, 7- to 8-week-old female mice were
anesthetized by inhalation of isoflurane and infected via transurethral
catheterization with 60 uL of bacterial suspension, resulting in 1 X 10
to 2 X 107 inoculum. After repeated infection every 3 days 4 times,
DECs were i.v. injected every day 3 times. After that, the mice were
killed by cervical dislocation under anesthesia and the bladders and
kidneys were collected.

In the CAUTI model, nanozymes were iv. injected before
infection. Then, 7- to 8-week-old female mice were anesthetized by
inhalation of isoflurane and implanted with a 4- to S mm length of
biomedical silicone tubing. Immediately following implantation, 60
uL of the bacterial suspension (1 X 107 to 2 X 10’ CFU) in
phosphate-buffered saline (PBS) was introduced into the bladder
lumen by transurethral inoculation. At 24 h after infection, the mice
were killed by cervical dislocation under anesthesia, and the bladders,
kidneys, and catheters were collected. In catheter-associated UTIs
models, the Sham group represents the mice were implanted with
catheter but not infected, while the Ctrl group means the mice were
implanted with catheter and infected with CFT073.

Bacterial Titer Determination on Implants and Organs.
Animals were sacrificed at the indicated time points by cervical
dislocation after anesthesia inhalation, and the bladders and kidneys
were aseptically harvested. Subsequently, the silicone implant was
retrieved from the bladder when present, placed in PBS, sonicated for
10 min, and then vortexed at a maximum speed for 3 min. The
bladder and kidneys of each mouse were homogenized in PBS.
Samples were serially diluted and plated onto LB agar plates. CFU
were enumerated after 24 h of incubation at 37 °C.

Histopathology. For histological analyses, bladders and kidneys
were fixed in formalin at room temperature. They were then
embedded in paraffin, sectioned, and stained with hematoxylin and
eosin (H&E) and Masson’s trichrome. For the immunohistochemical
and immunofluorescent analysis, tissue sections were incubated with
antibodies against CD68 and IL-6. Image] software was used for the
semiquantitative analysis of histological images.

Statistical Analysis. Data were shown as mean + SD. Statistical
analysis to compare median values between groups was determined by
Mann—Whitney U test.
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