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A B S T R A C T

Therapeutic proteins are indispensable in the treatment of various human diseases. Despite the many benefits of
therapeutic proteins, they also exhibit diverse side effects. Therefore, reducing unwanted side effects of ther-
apeutic proteins as well as enhancing their therapeutic efficacy are very important in developing therapeutic
proteins. Urate oxidase (UOX) is a therapeutic enzyme that catalyzes the conversion of uric acid (UA) into a
soluble metabolite, and it is used clinically for the treatment of hyperuricemia. Since UA degradation by UOX
generates H2O2 (a cytotoxic side product), UOX was co-delivered with catalase-mimic nanoparticles (AuNPs)
using biocompatible pluronic-based nanocarriers (NCs) to effectively reduce H2O2-associated toxicity in cultured
cells and to enhance UA degradation efficiency in vivo. Simple temperature-dependent size changes of NCs
allowed co-encapsulation of both UOX and AuNPs at a high loading efficiency without compromising critical
properties, resulting in efficient modulation of a mixing ratio of UOX and AuNPs encapsulated in NCs. Co-
localizing UOX and AuNPs in the NCs led to enhanced UA degradation and H2O2 removal in vitro, leading to a
great reduction in H2O2-associated cytotoxicity compared with UOX alone or a free mixture of UOX and AuNPs.
Furthermore, we demonstrated that co-delivery of UOX and AuNPs using NCs significantly improves in vivo UA
degradation compared to simple co-injection of free UOX and AuNPs. More broadly, we showed that bio-
compatible pluronic-based nanocarriers can be used to deliver a target therapeutic protein along with its toxi-
city-eliminating agent in order to reduce side effects and enhance efficacy.

1. Introduction

Therapeutic proteins are used for clinical treatment of diverse
human diseases [1–6] because of their favorable features including
great biocompatibility, selectivity, and efficacy compared with che-
mical drugs [7]. However, therapeutic proteins can also cause side ef-
fects, such as headache, diarrhea, transient rash, cytopenias, cardiac
toxicity, hypertension, anaphylaxis, exfoliative dermatitis, im-
munogenicity, and serum sickness [8–10]. Reducing side effects is a
critical issue in developing therapeutic proteins, along with other,
conventional issues, such as enhancing therapeutic efficacy and stabi-
lity. To date, in order to reduce doses of therapeutic proteins and
consequently lessen their side effects, alteration of amino acid compo-
sition or conjugation of a biocompatible molecule (e.g., polyethylene
glycol [PEG]) has been widely applied [11–17]. Since these approaches
may compromise critical properties of therapeutic proteins, developing
alternative strategies is required.

Herein, we investigated whether the co-delivery of therapeutic
protein and catalytic nanoparticles using nanocarriers has a potential to
mitigate toxicity-related side-effects, while maintaining the efficacy of
the therapeutic protein both in vitro and in vivo (Fig. 1). We chose urate
oxidase (UOX) as a model therapeutic protein; it is a therapeutic en-
zyme catalyzing the conversion of insoluble uric acid (UA) into soluble
5-hydroxyisourate (5-HIU). UOX is used to treat hyperuricemia asso-
ciated with gout, kidney diseases, cardiovascular diseases, and tumor
lysis syndrome (TLS) [18–20]. TLS can occur during the treatment of
cancer when many tumor cells are lysed. Gout is a common in-
flammatory arthritis caused by the deposition of uric acid (UA) crystals
in joints and soft tissues. Prevalence of gout varies from 0.1 to 10% of
population among countries [21]. The conversion of UA to 5-HIU cat-
alyzed by UOX also generates H2O2, which is toxic and can cause an
adverse effect for patients who are glucose-6-phophate dehydrogenase
deficient (Fig. 1(a)) [22]. Gold nanoparticles (AuNP) are highly bio-
compatible metals, and they are known to degrade H2O2 like catalase
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[23]. In our previous study, we demonstrated that catalase-mimic
AuNPs can reduce the H2O2 level generated from the conversion of UA
by UOX [24]. Reduction in H2O2 level was expected to shift the equi-
librium state toward a lower UA level. Therefore, the use of AuNPs led
to an increase in degradation of UA by removing H2O2 and supplying
extra O2 to the UOX (Fig. 1(b)). Such enzyme-mimic nanoparticles are
called nanozyme [25]. Nanozymes have received attention as an al-
ternative of enzymes because of their high stability and cost-effective-
ness compared with enzymes [26]. However, enzyme-nanozyme sys-
tems have been mainly used in biosensor area [27] or nanozyme alone
[28–30] because they have limitations for in vivo application. For ex-
ample, although the use of catalase-mimic AuNPs with UOX reduced
H2O2 level in vitro, their applications in vivo are challenging. Upon the
administration of UOX and AuNPs in blood, their concentrations are
diluted to a very low concentration. Therefore, they cannot be located
close enough to each other to achieve efficient cascade reactions
composed of 1) generation of H2O2 by UOX and 2) removal of H2O2 by
AuNPs. In order side-product H2O2 to be removed efficiently by AuNPs,
AuNPs and UOX need to be delivered together in a single carrier.

As delivery carrier, metal-organic frameworks (MOFs) and meso-
porous silica nanoparticles (MSN) have been used for proteins and
nanomaterials together [31,32]. Briefly, Zhou and co-workers had de-
signed the enzyme and gold nanoparticles to be loaded by MOFs, and

then a chain reaction takes place. Through this, they had developed a
sensor that measures changes in the concentration of substances in the
body [31]. In another design, Qu and co-workers utilized MSNs for
carrying of the enzyme and PtNPs [32]. However, these carriers may
have issues, such as potential toxicity of MOFs and MSNs [33–36]. Also
activity loss of the loaded enzymes due to harsh preparation/loading
conditions may have disadvantages. Furthermore, it was challenging to
modulate the amount of proteins/nanomaterials loaded to MOFs and
MSNs, due to varying loading efficiencies dependent of type of mate-
rials.

In this study, we employed thermosensitive, biocompatible
pluronic-based NCs. Previously, we developed pluronic-based NCs
using photocrosslinking of pluronic and applied them as an efficient in
vivo drug delivery system [37–40]. Based on their large size change
upon temperature change (volume expansion ~ 103 times from 37 °C to
4 °C) and surfactant properties of pluronic [37], various biomacromo-
lecules and metal nanomaterials-such as bovine serum albumin, basic
fibroblast growth factor, vascular endothelial growth factor, bone
morphogenetic protein, lysozyme, iron oxide nanoparticles, gold na-
norods, and gold nanoparticle-could be loaded very efficiently and
easily by simple coincubation in aqueous solutions at a low tempera-
ture, followed by a temperature increase to 37 °C [37,40–42]. In addi-
tion, biomolecules encapsulated in the NCs preserved their bioactivity

Fig. 1. Schemes of administration of UOX and AuNPs for hyperuricemia treatment. (a) Administration of the free UOX. (b) Cascade reaction between UOX and AuNP.
(c) Administration of the UOX and AuNPs encapsulated in NCs.
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during long-term incubation under physiological conditions, and the
loaded NCs showed good stability in serum containing environments
[38,40–42]. Furthermore, since the NCs can encapsulate several sub-
stances simultaneously [43], they can be capable of delivering two or
more complementary substances. In addition, since the loading effi-
ciency of proteins and nanomaterials into pluronic based NCs was very
high (over 90%) [37,42], the amount of loaded proteins and nanoma-
terials could be easily modulated. Thus, we hypothesized that co-de-
livery of UOX and AuNPs in the pluronic based NCs would be able to
achieve efficient degradation of UA in vivo, due probably to efficient
H2O2 removal in situ (Fig. 1(c)). The effects of co-localization of UOX
and AuNPs using the NCs were systematically characterized in vitro as
well as in vivo using a hyperuricemia mice model.

2. Materials and methods

2.1. Materials

Gold nanoparticles (diameter: 5 nm) coated with poly(vinylpyrro-
lidone) were purchased from nanoComposix Inc. (San Diego, CA). Ni-
nitrilotriacetic acid (Ni-NTA) resins ware purchased from Qiagen
(Valencia, CA, USA). Vivaspin centrifugal concentrators with a mole-
cular weight cut-off (MWCO) of 50 kDa were purchased from Sartorius
Corporation (Bohemia, NY, USA). PD-10 desalting columns were pur-
chased from GE Health care (Piscataway, NJ, USA). Yeast extract,
tryptone, and agar were obtained from DB Biosciences (San Jose, CA,
USA). Pluronic F127, a poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) (PEO100-PPO65-PEO100, mole-
cular weight: 12.6 kDa) was kindly donated by BASF Corporation
(Seoul, South Korea). Acryloyl chloride was bought from Tokyo
Chemical Industry (TCI, Tokyo, Japan). 4-(2-Hydroxyethoxy) phenyl-
(2-hydroxy-2Propyl) ketone (Irgacure 2959) was obtained from Ciba
Specialty Chemicals Inc. (Basel, Switzerland). Nanosep® centrifugal
devices for spin-filtration (MWCO 300 kDa) were purchased from Pall
Life Sciences (Ann Arbor, MI, USA). All other reagents were purchased
from Sigma-Aldrich (Saint Louis, MO, USA), unless otherwise noted. All
reagents were analytical grade and used without further purification.

2.2. Expression and purification of UOX

The plasmid encoding a gene of recombinant urate oxidase derived
from Aspergillus flavus under control of T5 promoter (pQE80-UOX) was
transformed into TOP10 Escherichia coli cells as reported previously
[44]. Pre-cultured transformant cells were inoculated into a fresh 2xYT
medium with 100 μg/mL ampicillin, and then cultured with shaking
(220 rpm) at 37 °C. When the optical density at 600 nm (OD600nm)
reached 0.5, 1 mM of isopropyl β-D-1-thiogalactopyranoside was added
to the culture for induction of UOX expression followed by incubation
for 5 h. Then, the cells were pelleted by centrifugation at 6000 rpm for
10min. The cell pellets were stored at −80 °C until use, and they were
resuspended in a lysis buffer (50mM sodium phosphate, 0.3M NaCl,
10 mM imidazole, pH 7.4) and incubated with lysozyme at 100 μg/mL
on ice for 10min. Resuspended cell pellets were sonicated on ice for
15min (10 s pulse-on and 20 s pulse-off). The cell lysate was cen-
trifuged at 12,000 rpm for 40min at 4 °C and then Ni-NTA resins were
added to the supernatant followed by incubation for 30min at 4 °C. The
supernatant incubated with Ni-NTA resins was loaded on a poly-
propylene column and washed with washing buffer (50mM sodium
phosphate, 0.3M NaCl, 20 mM imidazole, pH 7.4). After washing, UOX
was eluted by elution buffer (50mM sodium phosphate, 0.3 M NaCl,
250mM imidazole, pH 7.4). The eluted UOX solution was buffer-ex-
changed with PBS buffer (pH 7.4) using a PD-10 column. UOX con-
centration was determined by absorbance measurement at 280 nm
using a Synergy™ multimode microplate reader (BioTek, Winooski, VT,
USA) according to the Beer-Lambert's law. The extinction coefficient of
UOX was 53,520M−1 cm−1.

2.3. Determination of UA degradation rate by UOX

In order to optimize the ratio of UOX and AuNP, various con-
centrations of AuNPs (1, 2.5, 5, 10, 15, 20, and 25 μg/mL) were mixed
with 500 nM of UOX. To determine the degradation rate of UA, 200 μM
UA was mixed with UOX in PBS buffer (pH 7.4) and the absorbance at
293 nm was monitored using a Synergy™ multimode microplate reader.
The extinction coefficient of UA at 293 nm was 12,300M−1 cm−1.

2.4. Preparation of UOX-AuNP@NCs

Pluronic based NCs were synthesized by photo-crosslinking the
micelle state of diacrylated pluronic F127 (DA-F127), as previously
reported [37,39]. Briefly, DA-PF127 was obtained by reacting pluronic
with acyloyl chloride, and 10wt% DA-F127 solution was prepared in
deionized water (DIW). Then, 0.154mL of the DA-F127 solution was
added into 1.846mL of DIW including 0.057wt% irgacure 2959 to
induce micelle formation of DA-F127. Using an ultraviolet (UV) lamp
(VL-4.LC, 8W, Vilber Lourmat, France), the mixed solution was irra-
diated for 15min at 1.3mW/cm2 to perform the photo-crosslinking
process for NC synthesis. The prepared NCs were purified by dialysis for
1 day using the spectra/Por dialysis membrane of MWCO 50 kDa and
frequent change of the whole release buffer and lyophilized. UOX and
AuNPs were co-encapsulated into the NCs (UOX-AuNP@NCs) using the
temperature-dependent size change of the NCs [37,42]. Briefly, 1mg of
the NCs was dissolved in 1mL of 5 μM UOX solution with 50 μg of
AuNP. The mixture was incubated overnight at 4 °C to induce the size
expansion of the NCs. Then, the temperature of the mixed solution was
increased to 37 °C and maintained for 10min to reduce the size of the
NCs for encapsulation. The final solution was centrifuged using a na-
nosep® centrifugal device to remove the unloaded UOX and AuNPs
(11,000 rpm, 37 °C, 10min). After that, the amount of UOX in the UOX-
AuNP@NCs was measured by bicinchoninic acid protein assay (Micro
BCA protein assay kit, Thermo Fisher Scientific, Waltham, MA, USA).
The loaded amount of AuNPs in the UOX-AuNP@NCs was calculated by
absorbance of AuNPs at 525 nm using a spectrometer (Molecular De-
vices, Spectra-MaxM2e, Trenton, NJ, USA).

2.5. Size and surface charge of UOX-AuNP@NCs

The sizes and surface charges of NCs and UOX-AuNP@NCs were
analyzed at 37 °C using an electrophoretic light scattering system (ELS-
8000, Otsuka Electronics Osaka, Japan). Then, the stability of UOX-
AuNP@NCs was determined by measuring the size change of UOX-
AuNP@NCs at 1mg/mL in a cell culture medium (RPMI 1640, Gibco,
NY, USA) with 10% fetal bovine serum (FBS) at 37 °C and a 100 rpm
environment [38]. The size of UOX-AuNP@NCs was observed at pre-
determined time points for 7 days.

2.6. Determination of in vitro UA degradation rate in NCs

In order to compare the UA degradation efficiencies, four enzyme
systems were prepared as follows: (1) UOX, (2) UOX in NCs (UOX-NC),
(3) UOX with AuNPs (UOX-AuNP), and (4) UOX-AuNP in NCs (UOX-
AuNP@NC). Enzyme samples were incubated at 37 °C for 15min and
enzymatic assays of UOX at 10 nM were performed. 200 μL of assay
buffer (50mM sodium borate buffer, pH 8.0, 100 μM UA) was used and
the UA degradation rates were calculated by measuring absorbance
change at 293 nm.

2.7. Determination of H2O2 levels in vitro

Concentrations of H2O2 generated by UOX systems (UOX, UOX-
AuNP, or UOX-AuNP@NC) upon the addition of UA into the samples
were estimated using degradation of N,N-dimethyl-4-nitroaniline
(RNO), as previously reported [43,45]. 0.25M of RNO and 0.03M of
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histidine were prepared in DIW and mixed together. Then, UOX, UOX-
NC, UOX-AuNP, or UOX-AuNP@NC solution was added into the RNO
solution. The concentrations of UOX and UA were fixed at 200 nM and
1mM, respectively. Then, H2O2 generation from each sample was
measured by incubating the sample at room temperature for 10min and
observing N,N-dimethyl-4-nitroaniline (RNO) concentration by mea-
suring absorbance at 440 nm.

2.8. In vitro cytotoxicity of UOX-AuNP@NC

Cytotoxicity of UOX-AuNP@NCs without UA was investigated using
squamous cell carcinoma-7 (SCC7) cells obtained from American Type
Culture Collection (Rockville, MD, USA) [46]. First, SCC7 cells were
seeded at 5×103 cells/well in a 96-well tissue culture plate with a cell
culture medium (RPMI 1640, Gibco, NY, USA) containing 10% FBS and
1% penicillin-streptomycin. The plated cells were incubated for 24 h at
37 °C with 5% CO2 atmosphere condition. Then, the cells were washed
using PBS buffer (pH 7.4) and treated with the prepared UOX-AuNP@
NC samples at different concentrations (from 0 to 1mg/mL on the basis
of NC concentration). The sample treated cells were incubated over-
night at 37 °C. Then, the cells were washed with PBS buffer and the
cytotoxicity of the UOX-AuNP@NCs without UA was calculated using a
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Ku-
mamoto, Japan).

2.9. In vitro cytotoxicity determination of H2O2 generated by the UOX
systems

To investigate the cytotoxicity of H2O2 generated by the UOX sys-
tems, the cytotoxicity of UOX-AuNP@NC in the presence of UA was
compared to that of UOX and UOX-AuNP [32]. SCC7 cells were seeded
at 5×103 cells/well in a 96-well tissue culture plate and cultured
overnight at 37 °C in 5% CO2 environment. The prepared cells were
washed with PBS and treated with 100 μL of a sample such as UOX,
UOX-NC, UOX-AuNP and UOX-AuNP @ NC. Each sample was processed
to a final concentration of 200 nM UOX and 1mM UA. Among them,
UOX-NC was a negative control. The sample treated cells were in-
cubated for 3 h at 37 °C and washed with PBS. The cytotoxicity of
sample groups in the presence of UA was determined using a Cell
Counting Kit-8.

2.10. Determination of in vivo uric acid level

For in vivo experiments, 8-week old, female C57BL/6 mice (Orient
Bio Inc., Seongnam, South Korea) were used according to the guidelines
of the Animal Care and Use Committee of the Gwangju Institute of
Science and Technology (GIST) (Approval Number: GIST-2017-086).

To induce hyperuricemia state in the mice, they were treated with
hypoxanthine and potassium oxonate, as previously reported [32].
Before the induction of hyperuricemia, all the mice were fasted over-
night. Hypoxanthine was dissolved in 3% soluble starch solution and
injected intragastrically into the mice at a dose of 475 μg/g. Then,
potassium oxonate was dissolved in a co-solvent composed of a mixture
of lanolin and liquid paraffin (3:2, v/v) and injected subcutaneously
into the hypoxanthine treated mice at a dose of 95 μg/g. Five groups of
mice were prepared: (1) normal mice compromising a negative control,
(2) hyperuricemia mice compromising with no treatment, and hyper-
uricemia mice treated with (3) UOX, (4) UOX-AuNP, and (5) UOX-
AuNP@NC (5). After that, 100 μL of sample solution (UOX concentra-
tion was fixed at 1 μM) either PBS, UOX, UOX-AuNP, or UOX-AuNP@
NC was injected into the tail vein of the hyperuricemic mice. At pre-
determined time points (pre-induction and, 1, 3, 6, 12, and 18 h post-
injection), blood was collected from the sample treated mice via retro-
orbital bleeding [32]. At 18 h post-injection of samples, blood was
collected by cardiac puncture [47]. The collected blood was centrifuged
at 4 °C and 3000 rpm for 5min to obtain serum. The UA concentration

in the serum was analyzed after sample injection to compare the effect
of UA degradation by the sample. For measuring the serum level of uric
acid, samples were analyzed by the previously reported method [48]
with little modification. Serum samples were subjected to an acid
treatment using 0.3 M acetate buffer (pH 3.6) and then stored at 4 °C
until analysis in order to prevent the degradation of uric acid by re-
sidual UOX (Fig. S5). Reagent mixtures for determination of serum UA
were made in 0.3 M acetate buffer (pH 3.6) at a concentration of
0.83mM 2,4,6-tripyridyl-s-triazine (TPTZ) and 1.66mM FeCl3·H2O.
Absorbance at 593 nm was measured to determine the UA concentra-
tion. Also, in the presence or absence of NCs, the UA degradation rates
of serum samples at 18 h post-injection were measured to estimate the
residual activity of UOX.

3. Results and discussion

3.1. Preparation of purified UOX and AuNPs

Purified UOX was obtained as previously reported [24,44]. Briefly,
the plasmid-encoding UOX gene (pQE80-UOX) was transformed into
TOP10 Escherichia coli cells. The transformant TOP10_pQE80-UOX cells
were cultured for expression of UOX. Cells expressing UOX were har-
vested and subjected to immobilized metal ion affinity chromatography
using a hexahistidine affinity tag attached to UOX. The purity of UOX
was> 95%, analyzed by SDS-PAGE analysis (Fig. S1(a)). The catalytic
activity of purified UOX was confirmed using uric acid degradation
assay (Fig. S1(b)).

Prior to NC encapsulation, the catalase-mimic catalytic activities of
AuNPs were confirmed using H2O2 degradation assay (Fig. S1(c)), as
previously reported [24].

3.2. Physiochemical properties and optimal ratio of UOX and AuNPs
encapsulated in NCs

Pluronic-based NCs were used to deliver UOX and AuNPs simulta-
neously. UOX and AuNPs were co-encapsulated in NCs through tem-
perature-dependent size changes. In order to achieve efficient UA de-
gradation by UOX in the presence of AuNPs, the optimal ratio of UOX to
AuNPs was investigated. Various concentrations of AuNPs (1, 2.5, 5, 10,
15, 20, and 25 μg/mL) were mixed with 500 nM UOX, and then en-
capsulated in NCs. In all cases, the loading efficiencies were over 90%,
similar to protein loading in NCs in previous studies [37,42].

The enzymatic activity assay of samples showed that 5 μg/mL was
the optimal concentration of AuNPs for efficient UA degradation
(Fig. 2(a)). In the presence of 5 μg/mL AuNPs, the amount of UA de-
graded by UOX was 2.5 times higher compared than that by UOX alone.
The simple and efficient loading of multiple components into pluronic-
based NCs enabled us to modulate the composition of active compo-
nents in the carrier and easily determine the optimal ratio between UOX
and AuNPs. The proportion of UOX to AuNP was fixed at the optimal
ratio in all subsequent experiments. In these conditions, the loading
efficiency of UOX and AuNPs into the NCs was over 90% (92 ± 8%
AuNPs and 93 ± 1% UOX, respectively).

Size and surface charge of the prepared NCs were characterized
using an electrophoretic light scattering system at 37 °C to predict the
size of NCs in the body. Without loading UOX and AuNPs, the size and
surface charge of NCs were 67 ± 15 nm and− 4.2 ± 0.8mV, re-
spectively (Fig. 2b and c). After encapsulating UOX and AuNPs (UOX-
AuNP@NC), the size and surface charge of UOX-AuNP@NCs were
65 ± 19 nm and− 5.1 ± 1.7mV, respectively (Fig. 2b and c), in-
dicating that there was no significant change in size and surface charge
of NC upon loading of UOX and AuNPs. Efficient loading of AuNPs into
NCs, instead of adsorption to the surface of NCs, was already confirmed
in our previous report [37]. Furthermore, considering the predicted net
charge of UOX as +1.4 at pH 7.4 (by Protein Calculator v3.3 developed
by Dr. Chris Putnam at Scripps Research Institute), no increase but
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similar surface charge of NCs after loading both UOX and AuNPs sup-
ports that UOX was loaded inside the NCs as well as AuNPs, instead of
adsorption to NC surfaces. In addition, UOX-AuNP@NC showed good
size stability in a serum containing medium (10% serum, 37 °C,
100 rpm) up to 7 days (Fig. S2), implying colloidal stability in vivo.
Considering that pluronic-based NCs can preserve protein activity and
capture gold nanomaterials without perturbation of properties such as
absorbance shift [37,40,42], we speculated that the physicochemical
properties of UOX and AuNPs are not substantially affected by the en-
capsulation of UOX and AuNPs in the NCs. In Fig. 3(a), catalytic activity
of UOX in NCs was not substantially reduced compared with that of free
UOX. Similarly, the AuNPs in NCs exhibited catalytic activity compar-
able to that of free AuNPs (Fig. S3). Therefore, NCs are expected to
simultaneously deliver UOX and AuNPs without compromising the
critical properties under in vivo environment.

3.3. Enhanced catalytic activities of UOX encapsulated with AuNPs in NCs

We next analyzed the change in catalytic efficiency of UOX upon co-
encapsulation with AuNPs in NCs. We hypothesized that the efficiency
of catalytic activity will be enhanced by two factors. One is that the

Fig. 2. (a) UA degradation rate by UOX in the presence of varying concentra-
tions of AuNPs encapsulated in NCs. (b) Size change of the NCs after loading
UOX and AuNPs (UOX-AuNP@NC). (c) Surface charge of NCs and UOX-AuNP@
NC. (#, p > .05 by t-test).

Fig. 3. Comparison of cascade reaction of UOX and AuNPs in different systems.
(a) UA degradation assay. (b) Relative H2O2 production assay. (#p > .05,
⁎p < .05, ⁎⁎p < .01 by t-test and ANOVA).
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addition of AuNPs will degrade a side-product H2O2, accelerating UA
degradation reaction. The other is the proximity effect of multiple
catalysts in cascade reactions [49]. Co-encapsulation of UOX and
AuNPs in NCs will greatly reduce distances between UOX and AuNPs,
accelerating H2O2 degradation in situ. In order to prove these hy-
potheses, we prepared four groups of enzyme systems including UOX
alone (UOX), UOX encapsulated in NC (UOX@NC), free mixture of UOX
and AuNPs (UOX-AuNP), and UOX and AuNPs encapsulated in NCs
(UOX-AuNP@NC). The degraded amounts of UA and H2O2 were mea-
sured as previously reported [43]. As shown in Fig. 3(a), UA degrada-
tion rate of UOX and that of UOX@NC were similar. In the presence of
AuNPs, UA degradation by UOX became 40% higher than that by UOX
alone. In addition, UOX-AuNP@NC degraded 70% more UA than UOX
alone.

Next, we investigated whether different enzyme systems led to
different H2O2 levels during UA degradation in vitro. H2O2 levels were
estimated by measuring RNO degradation (Fig. 3(b)). In the case of
UOX alone, almost 20% of RNO was degraded via H2O2 produced from
UA degradation by UOX [24,32]. Under the same reaction conditions,
RNO degradation by UOX@NC was not significantly different from that
by UOX alone. However, in the presence of AuNPs (UOX-AuNP), ap-
proximately 14% of RNO was degraded, indicating the lower H2O2

level. This result was consistent with our hypothesis of in situ de-
gradation of H2O2 by AuNPs [24]. Interestingly, when both UOX and
AuNP were loaded into NCs (UOX-AuNP@NC), only about 5% of RNO
was degraded, implying more efficient removal of H2O2 than UOX-
AuNP. These RNO degradation assay results (Fig. 3(b)) were well
consistent with UA degradation assay results (Fig. 3(a)).

Similar UA degradation and H2O2 production by UOX alone and
UOX@NC indicate that NCs themselves did not substantially affect the
enzymatic activity of UOX. More importantly, these results imply that
NCs do not hinder the transport of UA as well as H2O2 across NCs or
inside NCs. Thus, NCs not only provided the efficient loading of enzyme
and nanoparticles, but also allowed the transport of small molecules
including substrate and product for enzymatic reaction across or inside
the carrier, which is a key requirement for proper action of delivered
enzymes against target molecules present inside the body. A significant
increase in the UA degradation and a significant decrease in H2O2 level
of UOX-AuNP@NC compared to UOX-AuNP imply that NCs did not
hinder the cascade reactions between them. Also, these results de-
monstrate our hypothesis of the proximity effect made by co-localizing
UOX and AuNPs in NCs on H2O2 removal and UA degradation. We
speculated that the distances between UOX and AuNPs were closer in
NCs than those between free mixture of UOX and AuNPs. Considering
that blood volume is much greater than sample injection volume,
samples are expected to be substantially diluted in vivo upon adminis-
tration. Therefore, the more pronounced effect of co-encapsulation of
UOX and AuNPs in NCs on H2O2 removal and UA degradation would be
expected in vivo. Thus, we confirmed the favorable features of our de-
livery platform for the enhanced efficacy but reduced side product of a
therapeutic protein with the ultimate goal of clinical applications.

3.4. In vitro cytotoxicity of UOX-AuNP@NC with or without UA

Before in vivo experiment using UOX-AuNP@NC, cytotoxicity of
UOX-AuNP@NC without UA was measured to verify the biosafety of the
nanosystem using SCC7 cancer cells (Fig. 4a). Cytotoxicity was in-
dicated by reduction in the cellular activity. The assay results showed
that UOX-AuNP@NC without UA exhibited no cytotoxicity up to 1mg/
mL based on the NC concentration. Considering that NCs themselves
have no in vitro toxicity [39], AuNP does not have severe toxicity issue,
and UOX can produce toxic substance such as H2O2 only in the presence
of UA [24], UOX-AuNP@NC, containing both UOX and AuNP inside the
pluronic based NC, is expected to be safe without significant toxicity in
the absence of UA.

In order to evaluate H2O2-related cytotoxicity, cytotoxicity of UOX-

AuNP@NC system was compared to those of other samples in the
presence of UA (Fig. 4b). SCC7 cancer cell line was used because cancer
cells are more susceptible to reactive oxygen species such as H2O2 ac-
cumulation than normal cells [50]. As expected, UA alone samples (UA
(+)) did not show any significant cytotoxicity, similar to negative
control samples without UA (UA (−)). In contrast, in the presence of
UA, UOX samples showed significant (about 70%) cell death due to the
produced H2O2. Encapsulation of UOX in NCs (UOX@NC) did not sig-
nificantly reduce the cytotoxicity, similar to the results of H2O2 pro-
duction (Fig. 3b). On the other hand, UOX and AuNPs dissolved solu-
tion (UOX-AuNP) samples showed the significantly reduced
cytotoxicity (about 40%) due to H2O2 removal by AuNPs in the closed
experimental setup. More importantly, UOX-AuNP@NC showed further
reduced cytotoxicity compared to UOX-AuNP. The cellular activity of
UOX-AuNP@NC samples was very high, and was even comparable to
that of the control UA (−). All of these results were well consistent with
the results of UA degradation assay (Fig. 3a) and H2O2 production assay
(Fig. 3b). Also, these results suggest that H2O2 generated by UOX
during UA degradation can cause toxicity, a potential side-effect in in
vivo clinical applications, however efficient removal of H2O2 by UOX-
AuNP@NC can mitigate the toxicity issue of H2O2 produced by UOX.

3.5. Evaluation of in vivo activities of UOX and AuNP loaded NC

To characterize the therapeutic effect of UOX-AuNP@NC in vivo, a
hyperuricemia mouse model was used, as shown in Fig. 5a. Mice were
divided into 5 groups: normal control (Control), hyperuricemia (Hy-
peruricemia), UOX treated (UOX), UOX-AuNP treated (UOX-AuNP),

Fig. 4. (a) Cytotoxicity of UOX and AuNP loaded NC without UA. (b)
Cytotoxicity of various systems induced by H2O2 with UA. (#p > .05,
*p < .05, **p < .01 by t-test and ANOVA).
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and UOX-AuNP@NC treated (UOX-AuNP@NC) groups. C57BL/6 hy-
peruricemia mice were injected with UOX, UOX-AuNP, or UOX-AuNP@
NC by intravenous administration with the same amount of enzyme.
Blood samples obtained at predetermined time points were analyzed
and the concentrations of UA were determined (Fig. 5b) using a cali-
bration curve (Fig. S4b).

First, among experimental groups, hyperuricemia group showed a
much higher (over 3 folds) UA concentration in serum at 1 h compared
to the pre-induction (0 h) or the normal control (no hyperuricemia in-
duction) group (Fig. 5b). At 3 h after induction, still over 2 fold increase
in UA concentration was observed for hyperuricemia group compared
to pre-induction (0 h) or the normal control group. From 6 h post-in-
duction, hyperuricemia group showed similar UA concentrations in
serum compared to that of the control group or the pre-induction state.
Thus, our method of hyperuricemia induction induced an increase in
the UA concentration initially, then lasted at least up to 3 h. This
temporal effect on hyperuricemia was also reported in previous reports
using the similar induction method [32]. In contrast, UOX-treated
groups (UOX, UOX-AuNP, and UOX-AuNP@NC) all showed sig-
nificantly lower concentrations of UA in serum than that of the hy-
peruricemia group at both 1 h and 3 h, confirming the UA degradation

by UOX in vivo. Among UOX-treated groups, UOX and UOX-AuNP
showed very similar UA concentrations (similar UA degradation)
whereas UOX-AuNP@NC showed significantly lower concentration of
UA than UOX and UOX-AuNP, revealing a superior UA degradation by
UOX-AuNP@NC compared to UOX and UOX-AuNP (Fig. 5b). The si-
milar effect of UOX and UOX-AuNP suggests that simple mixing and co-
injection of UOX and AuNP was not sufficient to achieve the cascade
reaction of UOX and AuNP in vivo. So, as expected, dilution after in-
jection seemed to prevent the co-localization of UOX and AuNP in vivo.
In contrast, much more effective decomposition of UA by UOX-AuNP@
NC compared to UOX and UOX-AuNP proved that co-delivery of UOX
and AuNP by of NC encapsulation could make a sufficient environment
for the cascade reaction to occur in blood.

In addition, at 6 h or later, UOX and UOX-AuNP showed similar UA
concentrations compared to the normal or hyperuricemia group in
contrast to the maintenance of lower concentration of UA for UOX-
AuNP@NC group, indicating that the UA degradation by UOX was ef-
fective until 18 h for UOX-AuNP@NC group only (Fig. S6). In order to
understand the prolonged activity of UOX for UOX-AuNP@NC group,
the serum half-life of NCs was determined using Cy5.5 labeled NCs in
mice (Fig. S7). Since the decay rate of serum concentration showed a

Fig. 5. (a) Experimental scheme of therapeutic effect in different enzyme system. (b) Therapeutic effect of 5 different treatment groups. (#p > .05, *p < .05,
**p < .01, ***p < .001 by t-test).

S. Kim, et al. Journal of Controlled Release 309 (2019) 181–189

187



sharp transition, a two-phase model was used to analyze the data. The
serum half-life of NC for the alpha-phase was about 0.64 h, and the
serum half-life of NCs for beta-phase (~ 13 h) was significantly longer
than serum half-life of free UOX (~1.4 h) [44]. Another experiment was
performed to evaluate the body distribution of injected NCs, and the
result showed that NCs were distributed predominantly in the liver at
6 h post intravenous administration (Fig. S8). Thus, the extended half-
life of NC for beta-phase could be explained by the slow elimination of
NCs from the body. Therefore, it can be postulated that the extended
uric acid degradation activity of UOX co-encapsulated with AuNPs in
NCs resulted from the extended half-life of NCs encapsulating UOX.
Furthermore, UOX and AuNPs co-encapsulated in NCs exhibited a
greater uric acid degradation activity than free mix of UOX and AuNPs
at early time points in vivo (Fig. 5). These results suggest that the re-
latively longer half-life of NCs compared to free UOX and the enhanced
UOX activity by AuNPs co-encapsulated in NCs were attributed to the
extended uric acid degradation activity.

As previously reported [24], clearance of toxic intermediate H2O2

can facilitate UA degradation. Also, the effective removal of H2O2 by
UOX-AuNP@NC can lower the toxicity issue associated with H2O2. To
analyze the toxicity of the present system, histopathological changes in
the major visceral organs at 48 post intravenous administration of each
sample (saline, UOX, UOX-AuNP, and UOX-AuNP@NC) into healthy
mice were observed (Fig. S9). Hematoxylin/eosin (H&E) staining of
tissue sections showed mild congestion in the kidney for both UOX and
UOX-AuNP group whereas UOX-AuNP@NC group showed no difference
compared to the control sample (saline injection). Periodic acid–Schiff
(PAS) staining of the kidney samples was used to further analyze the
injured state in the kidney sections, and it confirmed tissue damage for
both UOX and UOX-AuNP whereas no discernable pathological lesion
was observed for UOX-AuNP@NC as well as the control group. These
results imply that H2O2 produced by UOX may cause some toxicity in
the kidney in vivo and the H2O2-associated toxicity was not effectively
eliminated by free mixing of AuNPs with UOX. In contrast, AuNPs co-
encapsulated with UOX in NCs could substantially reduce the associated
toxicity. The results also support that NCs encapsulating UOX and
AuNPs did not cause noticeable toxicity issue. Thus, combing with
significantly better UA degradation effect by co-delivering UOX and
AuNP using NC (UOX-AuNP@NC) in vivo, our delivery platform has an
obvious clinical potential for hyperuricemia treatment through sy-
nergistic effect of UOX and AuNPs.

4. Conclusion

From characterization of physical and catalytic properties of
pluronic based nanocarriers (NCs), it was shown that biocompatible
NCs could encapsulate both therapeutic protein (UOX) and enzyme-
mimic nanoparticles (AuNPs) in a high loading efficiency (> 90%) by
simple temperature-dependent size changes. Loading of UOX and
AuNPs into the NCs did not affect the physical properties (size and
surface charge) of NCs. NCs themselves did not alter the enzymatic
activity of UOX, and did not hinder the transport of substrate and
product of the reaction across the NCs, either. In addition, easy and
efficient loading of enzyme and enzyme-mimic nanoparticles into the
NCs led to modulation of a mixing ratio between UOX and AuNPs for
optimal efficacy. Co-localizing UOX and AuNPs in the NCs led to the
enhanced UA degradation and H2O2 removal in vitro. In addition, such
an enhanced H2O2 removal by co-encapsulation of UOX with AuNPs in
NCs greatly reduced the H2O2-associated cytotoxicity in cultured cells
compared with UOX alone or a free mixture of UOX and AuNPs. Finally,
we demonstrated that co-delivery of UOX and AuNPs using NCs could
significantly improve the in vivo UA degradation compared to simple
coinjection of UOX and AuNPs without NCs, suggesting a promise for
therapeutic applications. Co-delivery of multicompoments using NCs
will be applicable to achieve efficient cascade reactions in various
systems.
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