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Multi-enzyme cascade reactions are frequently found in living organisms, in particular when an
intermediate should be eliminated. Recently, enzyme-mimic nanomaterials (nanozymes) received
much attention for various applications, because they are usually more stable and cost-effective than

: enzymes. However, enzyme-nanozyme cascade reations have not been yet extensively exploited.

. Therefore, in this study, we investigated one-pot enzyme-nanozyme cascade reactions using urate

. oxidase (UOX) and catalase-mimic gold nanoparticle nanozyme (AuNP) with the ultimate goal of

. treatment of hyperuricemia. UOX degrades hyperuricemia-causing uric acid, but also generates

. hydrogen peroxide raising several health concerns. We successfully demonstrated that one-pot UOX-

. AuNP cascade systems degrade uric acid more than five times faster than UOX alone, by eliminating
potentially cytotoxic hydrogen peroxide, similar to enzyme-enzyme reactions.

Hyperuricemia is a phenomenon marked by an abnormally high level of uric acid in the blood. Such a high level

. of uric acid may precipitate in certain tissues, associated with cardiovascular diseases, kidney diseases, gout and
* tumor lysis syndrome (TLS)'~”. TLS is a potentially life-threatening disorder followed by systemic chemother-
. apy. Gout is a form of inflammatory arthritis caused by uric acid crystal formation®. Over eight million people
suffer from gout in the US®. One way to treat hyperuricemia is to enzymatically degrade uric acid. Urate oxidase
enzyme (UOX) catalyzes the conversion of insoluble uric acid into soluble 5-hydroxyisourate and hydrogen per-

- oxide (Fig. 1)!°. Rasburicase, a recombinant UOX originally derived from Aspergillus flavus, was approved by
. the Food and Drug Administration (FDA) for the treatment of TLS. Rasburicase showed a higher efficacy in
© decreasing plasma uric acid compared to a conventional chemical drug, allopurinol''. Pegloticase, a poly(ethylene
. glycol)-conjugated porcine-like urate oxidase, was approved by the FDA for the treatment of gout. Despite effec-
: tive treatment of hyperuricemia using UOXs, there are some health concerns about hydrogen peroxide generated
. during uric acid degradation. First, patients with glucose-6-phosphate dehydrogenase deficiency are vulnerable to
: hydrogen peroxide generated during the action of rasburicase and pegloticase, leading to methemoglobinemia'*-'4.
. Second, hydrogen peroxide can be degraded into hydroxyl radicals by Fenton reaction, causing damages to
DNAP. Besides the health concerns, the accumulation of hydrogen peroxide slows down the degradation of uric
acid. Therefore, elimination of hydrogen peroxide generated during uric acid degradation is considered a promis-
ing strategy for mitigating hydrogen peroxide-associated health concerns and accelerating uric acid degradation.
Catalase is an enzyme that catalyzes the dissociation of hydrogen peroxide into oxygen and water. Although
catalase may efficiently eliminate hydrogen peroxide generated during uric acid degradation by UOX, it has sev-
eral intrinsic limitations as an enzyme, such as low stability and relatively high production cost!®. In order to
overcome these limitations, enzyme-mimic nanoparticles (nanozymes) were developed. So far, various nano-
zymes have been developed to mimic natural enzymes, including peroxidase, oxidase, superoxide dismutase, and
catalase'’~%. In particular, the combination of diverse oxidase enzymes and peroxidase-like nanozymes have been
utilized for biosensor development detecting various target molecules, such as glucose, galactose, cholesterol,
and choline?*=*. In contrast to natural enzymes, nanozymes usually have good stability and relatively low pro-
duction cost!®. Therefore, we hypothesized that the combined use of UOX and a catalase-mimic nanozyme would
efficiently remove hydrogen peroxide eliminating any potential damage to cells and tissues. Furthermore, in
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Figure 1. Hyperuricemia-causing uric acid can be degraded into 5-hydroxyisourate (5HIU) and hydrogen
peroxide (H,0,) by urate oxidase (UOX) enzyme in the presence of oxygen and water (left side). A potentially
toxic hydrogen peroxide can be dissociated into oxygen and water by AuNP nanozyme (right side). In the
presence of both UOX enzyme and AuNP nanozyme, uric acid degradation increases.

UOX-nanozyme cascade reactions, uric acid degradation would be accelerated by the simultaneous removal of
hydrogen peroxide, a product of uric acid degradation (Fig. 1).

So far, several catalase-like nanozymes have been reported, including gold nanoparticles (AuNPs) and plati-
num nanoparticles!®?!-**, Considering the ultimate therapeutic application of UOX-nanozyme cascade system,
we chose AuNPs coated with polyvinylpyrrolidone (PVP). He et al. reported both PVP-coated gold nanoparticles
exhibit pH-dependent catalytic activity interconversion between SOD and catalase®. PVP, generally considered
safe, is frequently used as a binder in pharmaceutical pills. PVP has also been utilized as a blood plasma substitute®.
Considering the good biocompatibility of gold, PVP-coated gold nanoparticles are expected to exhibit very min-
imal toxicity in humans. In order to evaluate the relative performance of AuNPs coated with PVP, we compared
the performance of AuNPs coated with PVP with those with other stabilizing agents including poly ethylenegly-
col (PEG), citric acid (CA), and tannic acid (TA).

Results and Discussion

In order to construct UOX-nanozyme cascade reaction systems, we first prepared recombinant UOX. Briefly,
recombinant UOX was expressed in TOP10 [UOX] E. coli expression cells and purified by hexa-histidine tag
affinity chromatography. The purified recombinant UOX was visualized by SDS-PAGE (Fig. 2a). The single band
was located between 25- and 37-kDa molecular weight standards, which is consistent with the expected molecu-
lar weight of UOX, 33.4kDa. Next, we investigated the kinetics of uric acid degradation by UOX. UOX catalyzes
the conversion of uric acid into 5-hydroxyisourate and hydrogen peroxide. Uric acid has absorption at 293 nm.
Therefore, initial reaction rates of uric acid degradation by UOX were obtained by monitoring absorbance at
293 nm at varying UOX concentrations (0 to 20 nM) in 20 mM borate buffer (pH 9.5). In the presence of 100 uM
uric acid, the initial uric acid degradation rate by UOX linearly increased, as UOX concentration increased up
to 20nM (Fig. 2b). The initial uric acid degradation rates by 5nM UOX at varying uric acid concentrations (0 to
150 uM) were obtained in 20 mM borate buffer (pH 9.5) in triplicates (Fig. 2c). The average uric acid degradation
rates were fitted to a Michaelis-Menten model in order to determine kinetic parameters. The k,, and K., values
of UOX were 336 min~! and 33.4 1M, respectively. The catalytic activity profile of UOX was determined at 5nM
UOX and 100 pM uric acid over a pH range of 8.0 to 9.5 (Fig. 2d). The maximum catalytic activity of UOX was
observed at pH 8.5. These results clearly indicated that the purified recombinant UOX efficiently degrades uric
acid. However, it was expected that potentially toxic hydrogen peroxide as well as 5-hydroxyisourate was gener-
ated upon degradation of uric acid by UOX. Furthermore, the generated hydrogen peroxide would inhibit UOX
activity for decomposition of uric acid. We experimentally confirmed that hydrogen peroxide exhibits product
inhibition to UOX activity (Supplementary Information Fig. S2).

In order to prevent the accumulation of hydrogen peroxide, we investigated the properties of catalase-mimic
nanozymes. First, we used 5 nm AuNPs coated with PVP (Au@PVP), which was reported to have catalase-like
activity under basic conditions®, in order to achieve cascade reactions with UOX. If not mentioned otherwise
in this manuscript, Au@PVP means the Au@PVP with the average size of 5nm. The TEM image of Au@PVP
showed that the average size of Au@PVP is around 5nm, as expected (Supplementary Information Fig. S3). Since
UOX also exhibited significant catalytic activities under basic conditions (Fig. 2d), we performed cascade reac-
tions to degrade uric acid using UOX and AuNPs under basic conditions.

Next, we investigated the effects of AuNP size on the catalytic activities of AuNPs. As the size of Au@PVP
became smaller, the catalase-like activity of Au@PVP increased (Fig. 3a). We speculate that the smaller AuNPs
have relatively larger surface area-to-volume ratios making them catalytically more efficient. As hydrogen perox-
ide was dissociated to oxygen and water in aqueous solution, oxygen bubbles were generated. In the absence of
Au@PVP, no significant oxygen bubble formation was observed (Fig. 3¢c). However, in the presence of 12.5 pug/mL
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Figure 2. Properties of UOX. (a) SDS-PAGE gel image of UOX. M and UOX denote lanes for molecular
weight markers and purified UOX, respectively. Full-length gel is presented in Supplementary Fig. S1.

(b) Reaction rates of at varying UOX concentrations. An appropriate amount of UOX was reacted with 100 uM
uric acid in 20 mM borate buffer (pH 9.5). (c) Michaelis—-Menten plot of UOX. All reactions were conducted in
20mM borate buffer (pH 9.5) using 5nM UOX. (d) Tendency of UOX activity depending on pH. 100 pM uric
acid was converted by 5nM UOX in 20 nM borate buffer at varying pHs. Standard deviations are expressed by
error bars.

Au@PVP, oxygen bubble formation was clearly observed after 8 hours (Fig. 3c). As the amount of Au@PVP
increased to 25.0 pg/mL, more bubble formation was observed (Fig. 3¢). In order for us to observe bubble for-
mation, the 96-well plate containing samples were not shaken during the dissociation experiments. However, in
order for us to obtain the time course of hydrogen peroxide dissociation with different amounts of Au@PVP, 0,
6.3,12.5,18.8, and 25.0 pg/mL, respectively, the 96-well plate containing samples were shaken for 30 secs for each
measurement to reduce oxygen bubble formation.

Decomposition of hydrogen peroxide was monitored by absorbance change at 240 nm. The time courses of
hydrogen peroxide dissociation are shown in Fig. 3b. Hydrogen peroxide was decomposed by itself under basic
condition, but the rate was very low compared to those in the presence of Au@PVP (Fig. 3b). The time course curve
of hydrogen peroxide dissociation in the presence of 25.0 pg/mL Au@PVP slightly fluctuated, likely due to some
oxygen bubbles generated by too fast decomposition of hydrogen peroxide (Fig. 3b). However, below 25.0 ng/mL
of Au@PVP such as fluctuation in the absorbance time course was not observed Au@PVP, probably due to removal
of oxygen bubbles by shaking. Next, we compared the amounts of hydrogen peroxide dissociated by Au@PVP
for 3hours at different pHs (8.0, 8.5, 9.0, and 9.5). As the pH increased from 8 to 9,5, the amount of hydrogen
peroxide dissociated increased more than 12 times (Fig. 3d); this trend is consistent with the results reported
previously®. In order to compare the catalase-activity of AuNPs with that of catalase enzyme, we determined
turnover frequency of Au@PVPs by plotting reaction rate vs Au@PVP concentration data (Supplementary Infor
mation Fig. S4). When turnover frequency is defined by number of hydrogen peroxide molecules decomposed by
a single Au@PVP particle for a given time, the turnover frequency of Au@PVP (5nm) was 98 sec™!. The turnover
number of catalase enzyme is 4 x 107 sec™! % Although the turnover number of catalase is quite greater than the
turnover frequency of Au@PVP, catalase loses its catalytic activity shortly due to the action of its suicide substrate,
hydrogen peroxide®. Time courses of hydrogen peroxide decomposition by catalase and Au@PVP are presented
in Supplementary Information Fig. S5. As expected, the catalase activity significantly dropped within 30 mins,
whereas Au@PVP exhibited the almost fully retained activity at least up to 3 hrs.

Next, we investigated the effects of AuNP stabilizing agents on their catalase-like activities. We compared
the catalytic activity of AuNPs coated with PVP, PEG, CA and TA (Fig. 4). The amounts of degraded hydrogen
peroxide by Au@CAs and Au@TAs were about two times greater than those by Au@PVPs and Au@PEGs (Fig. 4).
We speculate that the scavenging activity of hydrogen peroxide/hydroxyl radical of TA and CA is attributed to the
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Figure 3. Properties of AuNPs coated with PVP. (a) Decomposition of hydrogen peroxide by different sizes of
Au@PVP (12.5pg/mL). Degradation of hydrogen peroxide (25 mM) was monitored by measuring absorbance
at 240 nm in 20 mM borate buffer (pH 9.5) for 3 hrs. *Indicates p < 0.01 versus Control (two-tailed Student’s t
test). (b) Hydrogen peroxide degradation with time at varying amounts of Au@PVP. (c) Generation of oxygen
bubbles as a reaction product. (d) Hydrogen peroxide (25 mM) degradation by Au@PVP for 3 hrs at varying
pHs. Standard deviations are expressed by error bars.
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Figure 4. Comparison of catalytic activities of 5 pg/mL AuNPs coated with different stabilizing agents.
Monitoring the hydrogen peroxide (25 mM) degradation by various AuNPs (12.5 ug/mL) was proceeded in
20 mM borate buffer (pH 9.5) for 3 hrs. Standard deviations are expressed by error bars.

enhanced hydrogen peroxide degrading activities of Au@CAs and Au@TAs. It was reported that TA and CA have
a very strong scavenging activity of hydrogen peroxide and hydroxyl radicals, respectively*.

Based on catalytic activities of UOX and AuNP nanozymes, we performed UOX-AuNP nanozyme cas-
cade reactions to degrade uric acid. In UOX-AuNP nanozyme cascade reactions, UOX converts uric acid into
5-hydorxyisourate and hydrogen peroxide followed by dissociation of hydrogen peroxide into oxygen and water
by AuNP nanozymes. Therefore, we hypothesized that continuous removal of hydrogen peroxide, an interme-
diate, by AuNP nanozymes will promote uric acid degradation by UOX. In the absence and in the presence of
AuNP nanozymes, uric acid degradation by 5nM UOX was performed in 20 mM borate buffer (pH 9.5). Uric acid
degradation was monitored by measuring absorbance at 293 nm.

First, it was investigated that the performance of UOX-AuNPs cascade system depending on the size of Au@
PVPs. As the size of Au@PVPs decreased, the UOX activity increased (Fig. 5a). These results can be attributed to
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Figure 5. Cascade reactions with UOX and Au@PVP. (a) The reaction rate of UOX with different sizes of
Au@PVPs (5.0 ug/mL). The measurement of 5nM UOX reaction rate was performed at 20 mM borate buffer
(pH 9.5) with 100 pM uric acid. *Indicates p < 0.05 versus UOX (two-tailed Student’s t test). (b) Degradation
rates of 100 pM uric acid by 5nM UOX alone or 5nM UOX plus varying amounts of Au@PVP in 20mM
borate buffer (pH 9.5). (c) Time courses of 100 pM uric acid degradation by 5nM UOX alone or 5nM UOX
plus varying amounts of Au@PVP in 20 mM borate buffer (pH 9.5). (d) Degradation rates of 100 uM uric acid
by 5nM UOX alone or 5nM UOX plus 5.0 pg/mL Au@PVP in 20 mM borate buffer at varying pHs. Error bars
represent standard deviations.

the fact that smaller particles have relatively larger surface area-to-volume ratios making them catalytically more
efficient (Fig. 3a).

Next, the activity UOX with different amount of Au@PVP was examined. When the amount of Au@PVP nano-
zymes increased, the degradation rate of uric acid increased (Fig. 5b). In the presence of 5.0 pg/mL of Au@PVP
nanozymes, the degradation rate of uric acid was two times faster compared with that without any Au@PVP
nanozyme (Fig. 5b). In the absence of Au@PVP nanozymes, the time required for 95% uric acid degradation (tys)
was 323 mins (Fig. 5¢). As expected, in the presence of 0.5, 1.3, or 5.0 pg/mL Au@PVP nanozymes, t; decreased
to 182, 99, and 62 mins, respectively (Fig. 5¢). UOX with 5pg/mL Au@PVP nanozymes reached ty; more than five
times earlier than UOX without Au@PVP nanozyme. In the presence of Au@PVP nanozymes, the accelarated
degradation of uric acid was attributed to the degradation of an intermediate, hydrogen peroxide, into oxygen
and water and the supplementation of oxygen to uric acid degradation reaction. Next, we investigated whether the
effects of Au@PVP nanozyme addition on the uric acid degradation rate are pH-dependent. Among pHs ranging
from 8.0 to 9.5, the degradation rate of uric acid by UOX was the highest at pH 8.5 (Fig. 5d). At pH 8.5, the addi-
tion of 5.0 pg/mL Au@PVP nanozymes increased the degradation rate of uric acid by 20% (Fig. 5d). Above pH
8.5, as pH increased, degradation rate by UOX gradually decreased. However, at pH 9.0 and 9.5, the addition of
5.0pg/mL Au@PVP nanozymes increased the degradation rate of uric acid by 46% and 123%, respectively. This
increase was attributed to the increased catalytic activity of Au@PVP nanozymes at higher pHs (Fig. 3d). Further,
at pH 9.5, the uric acid degradation rate by UOX and Au@PVP nanozymes was the highest. However, we could
not exclude the possibility that Au@PVP nanozymes directly degraded uric acid, leading to an increase in the uric
acid degradation rate. In order to investigate this, we measured the uric acid degradation rate at varying concen-
trations of Au@PVP nanozymes. As expected, the uric acid degradation by 6.25 or 12.5ug/mL Au@PVP nano-
zymes for 3 hrs was only 0.57 or 0.03% of that by 5nM UOX, respectively (Supplementary Information Fig. S6).
Therefore, we concluded that the direct degradation of uric acid by Au@PVP can be ignored compared to that by
UOKX. Last, we investigated whether Au@PVP substantially aggregate during the uric acid degradation reaction.
Aggregation of Au@PVP significantly reduces the total surface area of Au@PVP, very likely leading to a signifi-
cant reduction in catalytic activities. When Au@PVP aggregate, there is a red-shift in surface plasmon resonance
(SPR) band (about 520 nm)*-*3, Au@PVP with or without UOX were incubated with 100 pM uric acid for 1 hr,
and then subjected to UV-visible spectrum analysis. The SPR band of Au@PVP was not significantly changed
even in the presence of UOX and after the 1 hr-cascade reaction (Supplementary Information Fig. S7). These
results clearly indicated that there was no significant aggregation even after the cascade reaction.
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Figure 6. Cascade reaction of UOX and AuNPs depending on different AuNPs capping agents. 100 M uric
acid degradation rate by 5nM UOX alone or UOX with 5.0 pg/mL AuNPs coated with different capping agents
in 20 mM borate buffer (pH 9.5).

Last, we investigated the uric acid degradation rates in the cascade systems consisting of UOX and AuNPs
coated with varying stabilizing agents. The effects of stabilizing agents on the UOX-AuNP cascade reaction rate
were different from ones on the hydrogen peroxide degradation rate (Fig. 6). The addition of AuNPs coated
with PVP (Au@PVP) or PEG (Au@PEG) increased the uric acid degradation rate by 78% or 73%, respectively.
However, the addition of Au@CA or Au@TA reduced the uric acid degradation rate by about 23 or 20%, respec-
tively, though both Au@CA and Au@TA exhibited greater hydrogen peroxide degradation rates than Au@PVP
and Au@PEG (Fig. 4). It was reported that a hexahistidine tag (His-tag) of protein binds on the surface of AuNPs
through metal-histidine coordination**-%%. When a stabilizing agent is small and weakly binds on the surface
of AuNPs such as citrate, a protein with a His-tag easily binds to Au surface*. Such a binding on the surface of
AuNPs would perturb the folded structures and activities of a protein. Therefore, we hypothesize that Au@CA
and Au@TA bind more easily to UOX than Au@PVP and Au@PEG, resulting in the reduced UOX catalytic activ-
ity probably due to the structural changes.

In order to test whether a His-tag of UOX plays a key role in reducing the catalytic activity probably via
mediating binding to AuNPs, we investigated the effects of addition of free histidine on the UOX-AuNP cas-
cade reaction rate. We expected free histidines serve as competitors to His-tags. As 3 pM of free histidines were
pre-incubated with Au@CA or Au@TA, the UOX activity was significantly recovered (Supplementary Informa
tion Fig. S8). These results suggest that a His-tag of UOX mediates UOX binding to Au@CA or Au@TA causing
the reduction in UOX activity.

Conclusion

In summary, we have demonstrated that one-pot UOX-AuNP nanozyme cascade systems more efficiently
degrade uric acid than UOX alone, by eliminating potentially cytotoxic hydrogen peroxide and supplying oxygen
to UOX for uric acid degradation. Size and stabilizing agent of AuNP nanozymes affected both the hydrogen per-
oxide decomposition rate and uric acid degradation rate in the UOX-AuNP cascade system. Because of the great
biocompatibility of PVP-coated gold nanoparticle nanozymes, the UOX-AuNP nanozyme cascade systems have
great potential for the treatment of TLS and gout. Broadly, the results presented here suggest that catalase-mimic
AuNP nanozymes can be used to protect cells and tissues by eliminating toxic hydrogen peroxide, which causes
other human diseases.

Materials and Methods

Materials. Gold nanoparticles coated with PVP (5nm, 10 nm, and 20 nm), PEG (5nm), CA (5nm), or TA
(5nm) were obtained from nanoComposix Inc. (San Diego, CA). Ni-nitrilotriacetic acid (Ni-NTA) agarose and
PQEB0 plasmid were purchased from Qiagen (Valencia, CA). Vivaspin centrifugal concentrators with a molecular
weight cut-off (MWCO) of 50 kDa were purchased from Sartorius Corporation (Bohemia, NY). PD-10 desalting
columns were obtained from GE Health care (Piscataway, NJ). All other chemicals were purchased from Sigma-
Aldrich Corporation (St. Louis, MO) unless otherwise stated.

UOX expression and purification. The expression vector for a recombinant urate oxidase (UOX) orig-
inally derived from Aspergillus flavus with a hexa-histidine tag, pQE80-UOX, was used (Lim et al.*’). The
PQEB0-UOX plasmid was transformed into TOP10 Escherichia coli cells for the expression of UOX, affording
TOP10 [UOX] cells. The pre-cultured TOP10 [UOX] cells were inoculated into a newly made 2xYT medium
containing 100 pg/mL ampicillin. Then, the cells were incubated with shaking (220 rpm) at 37 °C, until the optical
density (OD) at 600 nm reached 0.5. One mM IPTG was added to the cultured TOP10 [UOX] cells to induce
protein expression. After induction for 5 hrs, cells were pelleted by centrifuging at 12,000 rpm for 30 min. Then,
cell pellets were resuspended with the lysis buffer (pH 7.5) containing 50 mM sodium phosphate, 0.3 M NaCl
and 10 mM imidazole in order to purify UOX. The resuspended cell pellets in lysis buffer were incubated with
the lysozyme (200 pg/mL) on ice for 30 min. The cell pellets incubated with lysozyme were sonicated on ice for
10 mins (10 sec pulse on and 20 sec pulse off). The cell lysate was pelleted by centrifugation at 12,000 rpm at 4°C
for 30 mins and the supernatant was transferred to a fresh tube. Ni-NTA agarose was mixed with the supernatant
for 1 hr with shaking at 220 rpm. The supernatant mixed with the Ni-NTA agarose was loaded on column and
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washed with washing buffer (pH 7.5) containing 50 mM sodium phosphate, 0.3 M NaCl and 20 mM imidazole.
Elution of proteins was performed by elution buffer (pH 7.5) containing 50 mM sodium phosphate, 0.3 M NaCl
and 250 mM imidazole. The buffer of protein solution was exchanged with PBS buffer (pH 7.4) by PD-10 column.
The molar absorption coeflicient of UOX at 280 nm was reported as 53,400 M~! cm™!#". The protein concen-
tration was determined according to the Beer-Lambert law by measuring molar absorbance at 280 nm using a
Synergy H1 four multimode microplate reader (BioTek, Winooski, VT)*.

Enzymatic activity assay of UOX. The kinetic analysis of UOX was performed by the spectrophotometric
method. UOX enzymatic reaction, where uric acid is oxidized into 5-hydroxyisourate (5HIU), was determined by
monitoring the absorbance reduction at 293 nm in triplicates at 25 °C in a standard 96-well plate on the Synergy™
four multimode microplate reader (BioTek, Winooski, VT). The reaction rate of uric acid (4M/min) was obtained
by dividing the rate of OD change (min™!) using molar absorptivity of uric acid (12,300 M~! cm™!)*. The kinetic
parameters of UOX at 5nM was measured in 20 mM borate buffer (pH 9.5) at varying concentrations of uric acid.
A Michaelis-Menten model was applied to average consumption rates at each uric acid concentration in order to
obtain V., K, and k.

Transmission electron microscopy (TEM). The TEM (JEOL, JEM-2100, Peabody, MA) was used for the
morphological and size analysis of 5nm gold nanoparticles coated with PVP (Au@PVP). A drop of Au@PVP was
applied onto 200-mesh carbon-coated copper grids and dried in vacuum oven at 25 °C. The TEM images of A u@PVPs
were analyzed using the Image]J software to determine particles size-distribution.

Catalytic activity assay of AUNPs.  The catalytic activities of AuNPs were spectrophotometrically deter-
mined. Hydrogen peroxide was prepared freshly before measurement. The reduction in absorbance at 240 nm
caused by degradation of hydrogen peroxide was measured in triplicates at 25 °C by the Synergy H1 four multi-
mode microplate reader. Prior to every measurement, the plate was shaken for 30 secs in order to remove oxygen
bubbles generated upon hydrogen peroxide degradation. The absorbance of hydrogen peroxide during the reac-
tion was used as a blank.

Cascade reactions of uric acid degradation using UOX and AUNPs.  The cascade reactions of uric
acid degradation were initiated by adding uric acid to the reaction buffer containing UOX and AuNP in 20 mM
borate buffer. The reaction was traced by monitoring the absorbance at 293 nm at 25 °C in triplicates.

References
1. Gaffo, A. L., Edwards, N. L. & Saag, K. G. Gout. Hyperuricemia and cardiovascular disease: how strong is the evidence for a causal
link? Arthritis Res. Ther. 11, 240 (2009).
2. Obermayr, R. P. et al. Elevated Uric Acid Increases the Risk for Kidney Disease. J. Am. Soc. Nephrol. 19, 2407-2413 (2008).
3. Choi, H. K., Mount, D. B. & Reginato, A. M. Pathogenesis of Gout. Ann. Intern. Med. 143, 499-516 (2005).
4. Campion, E. W, Glynn, R. J. & Delabry, L. O. Asymptomatic hyperuricemia. Risks and consequences in the normative aging study.
Am. ]. Med. 82, 421-426 (1987).
5. Chen, J.-H., Chuang, S.-Y., Chen, H.-J., Yeh, W.-T. & Pan, W.-H. Serum uric acid level as an independent risk factor for all-cause,
cardiovascular, and ischemic stroke mortality: A chinese cohort study. Arthritis Care Res. 61, 225-232 (2009).
6. Johnson, R.J. et al. Uric acid and chronic kidney disease: which is chasing which? Nephrol., Dial., Transplant., gft029 (2013).
7. Kim, S. Y. et al. Hyperuricemia and coronary heart disease: a systematic review and meta-analysis. Arthritis Care Res. (Hoboken) 62,
170-180 (2010).
. Terkeltaub, R. Update on gout: new therapeutic strategies and options. Nat. Rev. Rheumatol. 6, 30-38 (2010).
9. Zhu, Y., Pandya, B. J. & Choi, H. K. Prevalence of gout and hyperuricemia in the US general population: The National Health and
Nutrition Examination Survey 2007-2008. Arthritis Rheum. 63, 3136-3141 (2011).
10. Kahn, K., Serfozo, P. & Tipton, P. A. Identification of the True Product of the Urate Oxidase Reaction. J. Am. Chem. Soc. 119,
5435-5442 (1997).
11. Goldman, S. C. et al. A randomized comparison between rasburicase and allopurinol in children with lymphoma or leukemia at
high risk for tumor lysis. Blood 97, 2998-3003 (2001).
12. Browning, L. A. & Kruse, J. A. Hemolysis and methemoglobinemia secondary to rasburicase administration. Ann. Pharmacother.
39, 1932-1935 (2005).
13. Bosly, A. et al. Rasburicase (recombinant urate oxidase) for the management of hyperuricemia in patients with cancer: report of an
international compassionate use study. Cancer 98, 1048-1054 (2003).
14. Pui, C. H. et al. Urate oxidase in prevention and treatment of hyperuricemia associated with lymphoid malignancies. Leukemia 11,
1813-1816 (1997).
15. Ward, J. E, Evans, J. W, Limoli, C. L. & Calabro-Jones, P. M. Radiation and hydrogen peroxide induced free radical damage to DNA.
Br. J. Cancer, Suppl. 8,105-112 (1987).
16. Wang, X., Hu, Y. & Wei, H. Nanozymes in bionanotechnology: from sensing to therapeutics and beyond. Inorg. Chem. Front. 3,
41-60 (2016).
17. Woo, M.-A. et al. A Novel Colorimetric Immunoassay Utilizing the Peroxidase Mimicking Activity of Magnetic Nanoparticles. Int.
J. Mol. Sci. 14, 9999 (2013).
18. Heckert, E. G., Karakoti, A. S., Seal, S. & Self, W. T. The role of cerium redox state in the SOD mimetic activity of nanoceria.
Biomaterials 29, 2705-2709 (2008).
19. Wei, H. & Wang, E. Nanomaterials with enzyme-like characteristics (nanozymes): next-generation artificial enzymes. Chem. Soc.
Rev. 42, 6060-6093 (2013).
20. Korsvik, C., Patil, S., Seal, S. & Self, W. T. Superoxide dismutase mimetic properties exhibited by vacancy engineered ceria
nanoparticles. Chem. Commun., 10561058 (2007).
21. Song, Y., Xia, X., Wu, X., Wang, P. & Qin, L. Integration of Platinum Nanoparticles with a Volumetric Bar Chart Chip for Biomarker
Assays. Angew. Chem., Int. Ed. Engl. 53, 1245112455 (2014).
22. Wenfu, Z. et al. Screening reactive oxygen species scavenging properties of platinum nanoparticles on a microfluidic chip.
Biofabrication 6, 045004 (2014).
23. Zhu, Z. et al. Au@Pt nanoparticle encapsulated target-responsive hydrogel with volumetric bar-chart chip readout for quantitative
point-of-care testing. Angew. Chem., Int. Ed. Engl. 53, 12503-12507 (2014).

el

SCIENTIFIC REPORTS | 7:44330 | DOI: 10.1038/srep44330 7



www.nature.com/scientificreports/

24. Liu, J. et al. Au@Pt core/shell nanorods with peroxidase- and ascorbate oxidase-like activities for improved detection of glucose.
Sensors and Actuators B: Chemical 166-167, 708-714 (2012).

25. Kim, M. I, Shim, J., Li, T,, Lee, J. & Park, H. G. Fabrication of Nanoporous Nanocomposites Entrapping Fe304 Magnetic
Nanoparticles and Oxidases for Colorimetric Biosensing. Chemistry - A European Journal 17, 10700-10707 (2011).

26. Wei, H. & Wang, E. Fe304 Magnetic Nanoparticles as Peroxidase Mimetics and Their Applications in H202 and Glucose Detection.
Analytical Chemistry 80, 2250-2254 (2008).

27. Liu, C.-H. & Tseng, W.-L. Oxidase-functionalized Fe304 nanoparticles for fluorescence sensing of specific substrate. Analytica
Chimica Acta 703, 87-93 (2011).

28. Yu, C.-J, Lin, C.-Y,, Liu, C.-H., Cheng, T.-L. & Tseng, W.-L. Synthesis of poly(diallyldimethylammonium chloride)-coated Fe304
nanoparticles for colorimetric sensing of glucose and selective extraction of thiol. Biosensors and Bioelectronics 26, 913-917 (2010).

29. Zhang, Z., Wang, X. & Yang, X. A sensitive choline biosensor using Fe304 magnetic nanoparticles as peroxidase mimics. Analyst
136, 4960-4965 (2011).

30. Kim, M. L. et al. Colorimetric quantification of galactose using a nanostructured multi-catalyst system entrapping galactose oxidase
and magnetic nanoparticles as peroxidase mimetics. Analyst 137, 1137-1143 (2012).

31. Fan, J. et al. Direct evidence for catalase and peroxidase activities of ferritin-platinum nanoparticles. Biomaterials 32, 1611-1618
(2011).

32. Liu, Y., Wu, H.,, Li, M., Yin, J. J. & Nie, Z. pH dependent catalytic activities of platinum nanoparticles with respect to the
decomposition of hydrogen peroxide and scavenging of superoxide and singlet oxygen. Nanoscale 6, 11904-11910 (2014).

33. Pirmohamed, T. et al. Nanoceria exhibit redox state-dependent catalase mimetic activity. Chem. Commun. (Camb) 46, 2736-2738
(2010).

34. Chen, Z. et al. Dual enzyme-like activities of iron oxide nanoparticles and their implication for diminishing cytotoxicity. ACS Nano
6,4001-4012 (2012).

35. He, W. et al. Intrinsic catalytic activity of Au nanoparticles with respect to hydrogen peroxide decomposition and superoxide
scavenging. Biomaterials 34, 765-773 (2013).

36. Liu, X,, Xu, Y., Wu, Z. & Chen, H. Poly(N-vinylpyrrolidone)-modified surfaces for biomedical applications. Macromol Biosci 13,
147-154 (2013).

37. Nelson, D. L. & Cox, M. Lehninger Principles of Biochemistry. 3rd ed. (Worth Publishers Inc.,U.S, 2000).

38. Ghadermarzi, M. & Moosavi-Movahedi, A. A. Determination of the kinetic parameters for the “suicide substrate” inactivation of
bovine liver catalase by hydrogen peroxide. Journal of Enzyme Inhibition 10, 167-175 (1996).

39. Giilgin, 1., Huyut, Z., Elmastas, M. & Aboul-Enein, H. Y. Radical scavenging and antioxidant activity of tannic acid. Arabian Journal
of Chemistry 3, 43-53 (2010).

40. Zepp, R. G., Faust, B. C. & Hoigne, J. Hydroxyl radical formation in aqueous reactions (pH 3-8) of iron(II) with hydrogen peroxide:
the photo-Fenton reaction. Environmental Science & Technology 26, 313-319 (1992).

41. Murphy, C.J. et al. Chemical sensing and imaging with metallic nanorods. Chem. Commun. 544-557 (2008).

42. Daniel, M.-C. & Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and
Applications toward Biology, Catalysis, and Nanotechnology. Cherm. Rev. 104, 293-346 (2004).

43. Shipway, A. N,, Lahav, M., Gabai, R. & Willner, I. Investigations into the Electrostatically Induced Aggregation of Au Nanoparticles.
Langmuir 16, 8789-8795 (2000).

44. Kogot, J. M., England, H. J., Strouse, G. F. & Logan, T. M. Single peptide assembly onto a 1.5 nm Au surface via a histidine tag. ] Am
Chem Soc 130, 16156-16157 (2008).

45. Kogot, J. M. et al. Analysis of the dynamics of assembly and structural impact for a histidine tagged FGF1-1.5nm Au nanoparticle
bioconjugate. Bioconjug Chem 20, 2106-2113 (2009).

46. Aldeek, E, Safi, M., Zhan, N, Palui, G. & Mattoussi, H. Understanding the self-assembly of proteins onto gold nanoparticles and
quantum dots driven by metal-histidine coordination. ACS Nano 7, 10197-10210 (2013).

47. Lim, S. 1., Hahn, Y. S. & Kwon, I. Site-specific albumination of a therapeutic protein with multi-subunit to prolong activity in vivo. J.
Controlled Release 207, 93-100 (2015).

48. Grimsley, G. R. & Pace, C. N. In Curr Protoc Protein Sci Ch. Unit 3.1 (John Wiley & Sons, Inc., 2004).

49. Zhang, C., Fan, K., Ma, X. & Wei, D. Impact of Large Aggregated Uricases and PEG Diol on Accelerated Blood Clearance of
PEGylated Canine Uricase. PLoS ONE 7, €39659 (2012).

Acknowledgements
The authors acknowledge financial support from the National Research Foundation of Korea (NRF) grant funded
by Korea government (MSIP) (Grant No. 2014R1A2A1A11050322).

Author Contributions
S.J. and LK. designed experiments, performed the experiments, evaluated data, and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Jung, S. and Kwon, I. Synergistic Degradation of a Hyperuricemia-Causing Metabolite
Using One-Pot Enzyme-Nanozyme Cascade Reactions. Sci. Rep. 7, 44330; doi: 10.1038/srep44330 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:44330 | DOI: 10.1038/srep44330 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Synergistic Degradation of a Hyperuricemia-Causing Metabolite Using One-Pot Enzyme-Nanozyme Cascade Reactions

	Results and Discussion

	Conclusion

	Materials and Methods

	Materials. 
	UOX expression and purification. 
	Enzymatic activity assay of UOX. 
	Transmission electron microscopy (TEM). 
	Catalytic activity assay of AuNPs. 
	Cascade reactions of uric acid degradation using UOX and AuNPs. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Hyperuricemia-causing uric acid can be degraded into 5-hydroxyisourate (5HIU) and hydrogen peroxide (H2O2) by urate oxidase (UOX) enzyme in the presence of oxygen and water (left side).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Properties of UOX.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Properties of AuNPs coated with PVP.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Comparison of catalytic activities of 5 μg/mL AuNPs coated with different stabilizing agents.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Cascade reactions with UOX and Au@PVP.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Cascade reaction of UOX and AuNPs depending on different AuNPs capping agents.



 
    
       
          application/pdf
          
             
                Synergistic Degradation of a Hyperuricemia-Causing Metabolite Using One-Pot Enzyme-Nanozyme Cascade Reactions
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44330
            
         
          
             
                Secheon Jung
                Inchan Kwon
            
         
          doi:10.1038/srep44330
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44330
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44330
            
         
      
       
          
          
          
             
                doi:10.1038/srep44330
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44330
            
         
          
          
      
       
       
          True
      
   




