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ABSTRACT: Uricase-based therapies are limited for gout partially due
to the accumulation of H,O, in an arthrosis environment with slow
metabolism. To tackle this limitation, previous studies adopted a cascade
reaction between the degradation of uric acid (UA) and timely
elimination of H,0, using complicated composites of uricase and
catalase (CAT)/CAT-like nanozyme. Herein, the self-cascade nanozyme
Pt/CeO, with high efficiency toward simultaneous UA degradation and
H,0, elimination is demonstrated on the basis of both uricase- and
CAT-like activities in Pt, Ir, Rh, and Pd platinum-group metals. With an
optimized molar ratio of Pt and CeO,, Pt/CeO, (1/5) not only does
better in degrading UA but also has excellent reactive oxygen species
(ROS) and reactive nitrogen species (RNS) scavenging activities. In
monosodium urate (MSU)-induced acute gout rats, Pt/CeO, nanozyme
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markedly alleviates pain along with joint edema, thus improving gait claudication and tissue inflammation. These results provide
novel insights into strategies of an efficient enzyme-mimetic treatment for gout.
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1. INTRODUCTION

Gout is a common inflammatory arthritis due to purine
metabolism and lifestyle factors.'™> The deposition of
monosodium urate (MSU) crystals, a crystallized form of
uric acid (UA), in peripheral joints and periarticular tissues
causes intense pain and drastic inflammatory response.”*~°
However, the concentration of UA in tissues always keeps
increasing until saturation due to the uricase deficiency in
humans. The current treatment for gout includes the
temporary relief of pain and inflammation of an acute attack
(nonsteroidal anti-inflammatory drugs, colchicine, and cortico-
steroids) and a long-term UA-lowering therapy (uricase agent
and nonenzyme drugs).” Surgical intervention is considered if
the joint symptoms are out of control because of severe MSU
deposition.

Uricase catalyzes the degradation of UA to allantoin, which
is more water-soluble. Therefore, a uricase-based therapy has
been explored as an effective and emerging strategy to treat
gout. As an exogenous enzyme, uricase is immunogenic to
humans. To minimize the immunogenic effect, various
strategies such as uricase surface modification were devel-
oped.”™"" Encouragingly, pegloticase (a PEGlyated uricase)
has achieved the Food and Drug Administration approval for
treating chronic refractory gout in 2010."”> Nevertheless, the
PEGylated uricase still has some drawbacks (e.g., 89% antibody
occurrence and adverse cardiovascular events).'"> Moreover,
uricase-mediating uricolysis generates hydrogen peroxide
(H,0,) as a byproduct. Particularly, slow metabolism in the
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articular cavity and the closed internal environment markedly
aggravate the accumulation of H,0,. This leads to not only
oxidative stress in cells but also chronic joint damage. Thus,
the timely elimination of H,0, during UA degradation is
essential for uricase-based therapies. Recently, a few studies
focus on the cascade reaction system of uricase and catalase
(CAT) (or CAT-like nanozyme) to maximize the therapeutic
efficacy by eliminating UA and H,0, sequentially.'*”"”
Nevertheless, those systems adopt a spatially confined
structure to fulfill the biocompatibility in vivo and to maintain
the activities of two encapsulated substances, which requires a
delicate and complicated design. Hence, selecting a multifunc-
tional nanozyme with UA degradation as well as H,O,
scavenging activities could achieve a self-cascade reaction in
joints, providing an effective strategy for the treatment of gout.

Nanozymes have attracted increasing attention in biomed-
ical applications due to multienzyme-like activities, high
stability, and low cost."*"*' For example, Fe-N,-C artificial
peroxisome was used to ameliorate UA-related hyperuricemia
and ischemic stroke.”’ Recent in vitro studies revealed that
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Figure 1. Schematic illustration of the design and synthesis of the Pt/CeO, nanozyme based on platinum-group metals and self-cascade uric acid
degradation for MSU-induced acute gout therapy.
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Figure 2. Characterization and UA degradation activities of platinum-group metals. (a) TEM images of Pt, Ir, Rh, and Pd NPs. (b) Changes in
absorbance at 292 nm every 10 min recorded by UV—vis spectra for the catalytic degradation of UA by the four metals. Results are expressed as
A(absorbance) = (absorbance measured during UA degradation) — (background absorbance of metals). (c) UA degradation activities of the four
metals at 25 and 37 °C. (d) UA degradation activities of the four metals at different pH values. In (b—d), the amounts of materials used were
normalized by the corresponding metal content. A 20 ug/mL amount of the four metals was used for (b—d). A S0 uM amount of UA was used for
(b), and 100 uM of UA was used for (c) and (d). Tests of (b) and (d) were carried out at 37 °C.

nanosized Pt is an active uricase mimic.””*” It is reasonable to that one could screen the most suitable metal on the basis of
investigate the uricase-like activity of subordinative platinum- the self-cascade catalysis of uricolysis to alleviate gout.
Herein, to simultaneously address acute pain and MSU
deposition, two major issues in the treatment of gout, we
demonstrate that Pt shows excellent capability for UA
degradation under physiological conditions, in comparison
are promising CAT mimics to eliminate H,0,.”*”*” We reason with Ir, Rh, and Pd. To offer more stability and

group metals (eg, Ir, Rh, and Pd). Yet, few studies have
developed a nanozyme as a therapeutic agent for alleviating

gout. On the other hand, Pt and other platinum-group metals
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Figure 3. Characterization and diverse catalytic activities of Pt/CeO, with different molar ratios. (a) TEM images. The insets are HR-TEM images
of Pt/CeO, with the corresponding ratios. Scale bar: S nm. (b) Powder XRD patterns. The pink and blue lines at the bottom mark the reference
patterns of CeO, and Pt from the JCPDS database, Card Nos. 43-1002 and 04—0802, respectively. (c) Changes in the fraction of Pt valence states
in Pt/CeO,. (d) Detection of accumulated H,O, after catalysis of the reaction by Pt/CeO, and uricase. A 100 uM amount of UA, Pt content at 20
pug/mL of Pt/CeO, (1/5) and 1 U/mL of uricase were used for UA degradation at 37 °C for 90 min. The inset is a digital photograph of the FOX
assay on different samples. The color of solution changes from yellow to purple in the presence of H,0,. (e) Schematic illustration of the self-
cascade catalysis by Pt/CeO,. (f) Percentage of UA elimination catalyzed by the indicated materials. (g) Percentage of superoxide radical
elimination catalyzed by the SOD-like activity of the indicated materials. (h) Percentage of H,O, elimination catalyzed by the CAT-like activity of
the indicated materials. (i) Comparison of several activities of Pt/CeO, with different molar ratios. The amounts of materials used in (f) and (g)
were normalized by CeO, content (80 yg/mL). Pt alone was used as an equal amount of Pt in Pt/CeO, with the corresponding ratio. Pt contents
in Pt/CeO, with different molar ratios were 50.8 yug/mL (1/2), 19.4 ug/mL (1/5), 9.76 ug/mL (1/10) and 4.80 ug/mL (1/20), respectively.
Amounts of materials used in (h) were half of those used in (f) and (g).

biocompatibility for in vivo applications, CeO, nanorods were S1b—e). High-resolution TEM images indicated the adjacent
chosen as the supporting substrates and polyvinylpyrrolidone fringes of 0.220, 0.213, 0.222, and 0.215 nm that were assigned
(PVP) with random-coiled chains as a “guiding molecule” to
evenly grow Pt in situ on CeO, nanorods. By optimizing the
molar ratio of Pt and CeO,, we show that Pt/CeO, (1/5) not
only does better in degrading UA on the basis of a self-cascade

to the lattice spacing of the (111) facets of the face-centered-
cubic (fcc) Pt, Ir, Rh, and Pd NPs, respectively (Figure Sla).
Dynamic lighting scattering (DLS) (Figure S3) and { potential

catalysis but also has excellent reactive oxygen species (ROS) (Figure S4) results of the four newly prepared metals
and reactive nitrogen species (RNS) scavenging activities. In demonstrated their good monodispersity in water due to the
MSU-induced acute gout rats, Pt/CeO, nanozyme alleviates stabilization of PVP.

pain along with joint edema, thus improving gait claudication Afterward, the NP-catalyzed degradation of UA was

and tissue inflammation (Figure 1). evaluated by monitoring the decrease in absorbance at 292

nm, the characteristic absorbance of UA. As we hypothesized
2. RESULTS AND DISCUSSION above, Ir, Rh, and Pd NPs could also catalyze the oxidative
2.1. Synthesis, Characterization, and UA Degradation degradation of UA similarly to Pt NPs, while Pt NPs catalysis

of Pt, Ir{ Rh, and Pd. The formations of Pt, Ir, Rh, ar}d _Pd was the fastest in comparison with other NPs with a trend of Pt
nanoparticles (NPs) were first confirmed by transmission

electron microscopy (TEM) imaging and powder X-ray > Ir > _Rh >_?d (Figure 2b and Figure S5). The UA
diffraction (XRD) (Figure 2a and Figures SI and S2). The degradation activity of the NPs was further evaluated by a
Pt, Ir, Rh, and Pd NPs were approximately spherical with subsequent kinetics analysis. The degradation is governed by a
average sizes of 2.9, 1.9, 3.8, and 5.2 nm, respectively (Figure first-order reaction (eq 1)22
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where k is the reaction rate constant, ¢ is the degradation time,
Co is the initial concentration of UA, and ¢, is the residual
concentration of UA. The reaction rate constant k was
calculated in the first 40 min. We found that Pt NPs presented
the highest activity of degrading UA at around room
temperature (25—30 °C), while Pt NPs as well as Ir NPs
had similarly better performance around and above physio-
logical temperature (35—45 °C) (Figure 2c and Figure S6).
However, both Rh NPs and Pd NPs maintained lower catalytic
activities with slight fluctuations in the range of 25—45 °C.
When they were in different pH environments (Figure 2d),
both Pt NPs and Ir NPs showed higher performance in acidic
pH in comparison to those in more basic pH. Moreover, Pt
NPs did better in weakly alkaline systems, which is closer to
the physiological environment. There is almost no fluctuation
in the catalytic activities of Rh NPs and Pd NPs at different pH
values. Since Pt possessed excellent capability for UA
degradation, we chose Pt as a therapeutic component to
rationally design a nanozyme to alleviate gout.

2.2. Synthesis and Characterization of Pt/CeO,. Metal
NPs fixed on specific substrates should facilitate their stability
in complex environments. In addition, highly tunable proper-
ties containing metal—substrate interactions and a certain
number of defects may activate additional catalytic sites
different from the case for the metal or substrate alone.”* >’
Herein, CeO, was selected as a favorable supporting substrate
for biomedical applications due to its extraordinary bio-
compatibility, adjustable morphology, and ROS scavenging
abilities.>*™>° For convenient fabrication on a large scale, we
chose CeO, nanorods as the supportin§ substrates presynthe-
sized by a hydrothermal method.>® Particularly, CeO,
nanorods expose more (111) facets in the axial lateral area,
facilitating in situ nucleation of Pt. In addition, PVP was
selected as a “guiding molecule” to evenly decentralize the
nucleation and growth of Pt on nanorods.

The amount of PVP used is crucial for the controlled
morphology of Pt/CeO,. We first fixed the n[Pt]/n[CeO,]
molar ratio at 1/10, and then different samples were
synthesized with n[Pt]/n[PVP] molar ratios of 1/30, 1/60,
and 1/90 and without PVP. There was an obvious change in
morphology with different amounts of PVP, as shown in TEM
images (Figure S7). We observed that Pt tended to form larger
clusters (about 10—40 nm) on CeO, nanorods without PVP
(Figure S7a). As the amount of PVP increased, the nucleation
of Pt was decentralized by the disturbance of PVP with
random-coiled chains; thus, in situ growth transformed into
smaller NPs (about 3—5 nm) (Figure S7b,c). However, there
were fewer Pt NPs formed on CeQO, nanorods due to severe
interference when excess PVP was added during nucleation of
Pt (Figure S7d). In addition, the addition of PVP decreased
the { potential of Pt/CeQO,, whereas a further increased
amount of PVP had almost no influence on the { potential
(Figure S8a). We speculated that PVP mainly worked in the
initial nucleation of Pt and only a small part grafted on Pt/
CeO, to stabilize the growth of Pt. On the basis of the results
above, a n[Pt]/n[PVP] molar ratio of 1/60 was selected to
synthesize Pt in situ that had sizes similar to those of the Pt
NPs above.

Then, Pt/CeO, with different molar ratios of Pt and CeO,
was synthesized (n[Pt]/n[CeO,] = 1/2, 1/5, 1/10, 1/20) and

511

characterized by TEM images, powder XRD, ( potential, and
X-ray photoelectron spectra (XPS) (Figure 3a—c and Figures
S8b and S9—S12). CeO, nanorods and Pt alone without
modifications were used as control groups (TEM images are
shown in Figure S13). As shown in Figure 3a, lattice fringes of
0.310, 0.306, 0.304, and 0.301 nm were all assigned to the
spacing of CeO, (111) facets (JCPDS No. 43-1002). We
inferred that preferred nucleation sites could be provided at the
(111) facets of CeO, nanorods, thus facilitating the in situ
growth of Pt.***° With an increasing content of Pt in Pt/CeO,,
the distribution of Pt on nanorods tended to be denser and the
¢ potential of Pt/CeO, gradually decreased from 15.8 mV (1/
20) to —2.5 mV (1/2) (Figure S8b).

In more detail, the composition and variation of charge
states of the elements were analyzed by XPS analysis. The
survey spectrum confirmed the presence of Ce, Pt, and O
elements in CeO, or Pt/CeO, (Figure S9). As shown in Figure
S10, there was only a slight fluctuation in the fraction of Ce®*
between CeO, and Pt/CeO,. However, it was observed that
the oxidative states of Pt** were present at a high percentage
and the state of Pt*" also appeared with a small amount in the
Pt 4f fitted spectra of Pt/CeO, (Figure S11). Moreover, the
increasing content of Pt in Pt/CeO, triggered a significant
decrease in the fraction of Pt** while there was an obvious
increase in the fraction of Pt° (Figure 3c). Hence, it appeared
that the deposition of PtO, particles tended to occur during in
situ growth of Pt on CeO, nanorods.

Due to the formation of the PtO,/CeO, system, new oxygen
components appeared in the fitted O 1s spectra of Pt/CeO,
(Figure S12 and annotated in Table S1). In the fitted O Is
spectrum of CeO,, the curves were deconvoluted into three
peaks, which were attributed to the lattice oxygen (O,), surface
oxygen species related to defects (Og), and the absorbed
oxygen (O,) (Figure S12a).””* However, in the fitted curves
of Pt/CeO,, the O 1s spectra consisted of four peaks (Figure
S12b—e). The state O; was attributed to the lattice oxygen,
similar to O, in CeO,. The new form Oy was more likely due
to oxygen binding either to Pt or simultaneously to Pt and
CeO, at the surface.””*” The peak Oyy; most probably referred
to surface oxygen species related to defects and the amount of
carbonyl groups in PVP.***" The Oy, form was likely due to
the chemisorbed water and/or hydroxyl groups in PVP.*"**
These results indicated that the new forms of defects
introduced by Pt might work toward diverse enzyme-like
activities of Pt/CeO,, including the adsorption of different
substrate molecules around them.

2.3. Self-Cascade UA Degradation, ROS Scavenging,
and RNS Eliminating Activities of Pt/CeO,. Considering
UA degradation and CAT-like activities of Pt in Pt/CeO,
simultaneously,”** we first verified the self-cascade reaction
during the degrading process of UA via ferrous oxidation in a
xylenol orange (FOX) assay (Figure 3d). A catalytic reaction
involving uricase inevitably caused the accumulation of H,O,,
leading to a color change of the FOX reagent from yellow to
deep red. However, due to the CAT-like activity of Pt, the
byproduct H,0, could be consumed in a timely fashion and a
self-cascade reaction formed through this step. Thus, there was
almost no residual H,O, detected by the FOX reagent.
Further, allantoin could be observed as the reaction product
from the catalysis of Pt using ultra-performance liquid
chromatography—mass spectrometry (UPLC-MS). It is worth
noting that allantoin was the same as the degradation product
from natural uricase, and the schematic illustration of the self-
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Figure 4. Effects of Pt/CeO, on pain response and edema degree in MSU-induced acute gout rats. (a) Experimental scheme of MSU-induced acute
gout rats. (b, c) Weight distribution of affected limbs (right hind limbs) of rats at 6 and 24 h, respectively. (d) Differences in weight distribution
between bilateral hind limbs of rats at 6 and 24 h. (e, f) Knee-joint diameter of affected limbs of rats at 6 and 24 h, respectively. (g) Variations in
knee-joint diameter of the affected limbs of rats. Data are presented as mean + SD (n = S). Statistical differences were analyzed by one-way
ANOVA and Student’s ¢ test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns (not significant).

cascade reaction catalyzed by Pt/CeO, is depicted in Figure
3e. Since the detailed mechanism of UA degradation catalyzed
by Pt has not been clearly established, different methods of
characterization may detect various compounds with different
molecular weights.22

Then, we investigated the diverse catalytic activities of Pt/
CeO, with different n[Pt]/n[CeO,] molar ratios to identify the
best Pt/CeO, ratio (Figure 3f—i and Figures S14 and S15).
CeO, nanorods and Pt alone without modifications were used
as control groups. By monitoring the characteristic absorbance
of UA at 292 nm, we observed that both Pt/CeQO, and Pt alone
could efficiently degrade UA during 90 min in vitro. As shown
in Figure 3f, a higher content of Pt in Pt/CeO, was beneficial
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to the degradation of UA under physiological conditions,
though it was slightly inferior to an equal amount of Pt alone.
This indicated that Pt played a dominant role in degrading UA.

The ROS scavenging activities of Pt/CeO, toward *O,” and
H,0,, the two representative ROS involved in the inflamma-
tion of gout, were investigated as shown in Figure 3gh. We
studied the superoxide dismutase (SOD)-like activity for *O,~
elimination at first. It was obvious that Pt/CeO, showed a
good combination of Pt and CeO, on eliminating *O,”,
whereas an excessive content of Pt in Pt/CeQ, did not further
enhance the SOD-like activity (Figure 3g). Moreover, Pt/
CeO, (1/5) and Pt/CeO, (1/10) had better SOD-like activity
in comparison to their equal amounts of Pt alone, respectively.
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Statistical differences were analyzed by one-way ANOVA and Student’

s t test: *p < 0.05, **p < 0.01, and ns (not significant). (e) H&E staining

images of the synovial area in different groups of MSU-induced acute gout rats. Scale bar: 400 gm in the first row and 100 ym in the second row,

respectively.

Then, the CAT-like activity of Pt/CeO, was also investigated,
as shown in Figure 3h. We observed that, as the content of Pt
in Pt/CeO, increased, the capability of degrading H,O,
gradually increased until its plateau. In the composite structure,
Pt largely contributed to the CAT-like activity while CeO,
showed a negligible effect on degrading H,O, due to the
unique rod shape.

The RNS eliminating activity of Pt/CeO, was investigated
using 1,1-diphenyl-2-picrylhydrazyl (DPPH) as a model

molecule (Figure S15). We found that Pt in Pt/CeO, played
a dominant role in scavenging DPPH free radicals while CeO,
had a weak capacity. According to the results above, it was
suggested that Pt/CeO, (1/5) showed the best performance of
diverse enzyme-like activities and potential possibility for the
efficient therapy of gout (Figure 3i). In addition, Pt/CeO, (1/
5) showed good recyclability and stability of diverse activities
(Figures S16 and S17).
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2.4. Pt/Ce0, Alleviates Pain and Joint Edema in MSU-
Induced Acute Gout Rats. In this study, the detection of cell
viability of RAW264.7 and SW982 cell lines induced by Pt,
CeO,, and Pt/CeO, with different molar ratios, respectively,
was carried out at first (Figures S18 and S19). On the basis of
the results of cell viability and catalytic activities, Pt/CeO, (1/
S) with a Pt concentration of 10 ug/mL was considered to be
optimal for cell proliferation in the joint tissues and was used
in subsequent animal experiments.

Then, we prepared MSU crystals and characterized them by
scanning electron microscope (SEM) images (Figure S20).
Afterward, the synthesized MSU was intra-articularly injected
into the right knee joint of SD rats to construct an acute gout
model. Then saline, Pt, CeO,, and Pt/CeO, solution were
intra-articularly injected into the joint in each group separately.
Weight-distribution measurements, edema degree analyses,
and gait analyses were performed at 6 and 24 h to monitor the
pain level of the affected limb (Figure 4a). As shown in Figure
4b,c, the weight distribution of the normal limb was nearly
50% at 6 and 24 h, which represented a baseline. After the
injection of MSU, the ratio was significantly decreased at 6 and
24 h, illustrating the weakening in weight bearing of the
affected limb caused by pain. After injection of Pt/CeQ,, rather
than Pt and CeO,, the weight distribution on the affected limb
was higher at 6 and 24 h in comparison to other groups. These
results indicated that Pt/CeQ, alleviated pain and rebalanced
the weight distribution between the two limbs in the process of
acute gout. The therapeutic effect was evident 6 h after
injection of Pt/CeO, (Figure 4d). In addition, we measured
the maximum distance between the medial and lateral condyles
of the affected limbs to assess the joint edema after the
injection. The results showed that Pt/CeO, helped relieve
joint swelling during the process of acute gout (Figure 4e—g).

2.5. Amelioration of Gait Claudication and Tissue
Inflammation with Pt/CeO,. Rats with red-inked fore paws
and blue-inked hind paws were allowed to freely walk from one
side to another side on a 100 cm X 10 cm track (Figure Sa).
The footprints of the rats’ feet were recorded, and a gait
analysis during walking clearly revealed the pain of the affected
limb. The prints of the front and hind paws of rats in the sham
group were relatively overlapping, while those of rats in the
MSU group were distinctly separated. The injection of Pt/
CeO, reduced this tendency and partially restored the
movement at 6 and 24 h (Figure Sb). The average stride
length and step length of the Pt/CeO, group were more
similar to those of sham group than to those of other groups at
6 h (Figure 5c), but the results at 24 h were not significant
(Figure Sd). In general, an analysis of the gait further
elaborated that Pt/CeO, relieved pain induced by MSU
deposition. In gouty arthritis, cell infiltration is usually
accompanied by disease progression and tissue remodeling.
An H&E analysis of the synovial tissue was carried out to
evaluate the inflammatory cellular recruitment after the MSU
injection. As shown in Figure Se, intra-articular injection of Pt/
CeO, attenuated the inflammatory cell infiltration into the
synovium induced by MSU. When they were taken together,
these results indicated that Pt/CeO, had a certain therapeutic
effect on acute gout, which should provide new insights for
gout treatment.

3. CONCLUSION

In summary, the self-cascade nanozyme Pt/CeO, with both
uricase- and CAT-like activities was developed to tackle the
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accumulation of MSU and H,0, in joints for gout treatment.
The designed Pt/CeO, structure ensured the in situ growth of
Pt with smaller sizes on CeO, nanorods, facilitating the long-
term retainment of catalytic activity. Importantly, Pt/CeO,
could not only efficiently degrade UA but also remove the
byproduct H,0O, in a timely fashion in one catalytic system.
Moreover, Pt/CeO, (1/5) had excellent capabilities, including
UA degradation and ROS and RNS scavenging activities. In
the MSU-induced acute gout model, Pt/CeO, nanozyme
alleviated pain along with joint edema in vivo, thus improving
gait claudication and tissue inflammation. This work presents
the potential of a nanozyme as a therapeutic agent for the
effective treatment of gout, providing a new strategy to develop
enzyme-like therapy.
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