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Core-shell structured microneedles with programmed drug
release functions for prolonged hyperuricemia management

Rui Wang 2®, Yanfang Sun “*, Han Wang ¢, Tiangi Liu *°, Amin Shavandi ¢, Lei Nie f, Khaydar E.
Yunusov &, and Guohua Jiang *° *

An appropriate non-oral platform via transdermal delivery of drugs is highly recommended for the treatment of
hyperuricemia. Herein, a core-shell structured microneedle patch with programmed drug release functions was designed
to regulate serum uric acid (SUA) levels for prolonged hyperuricemia management. The patch was fabricated using a
three-step-casting method. Allopurinol (AP), an anti-hyperuricemic drug, was encapsulated within the carboxymethyl
cellulose (CMC) layer, forming the "shell" of the MNs. The MNs inner core was composed of polyvinylpyrrolidon (PVP)
loaded with urate oxidase-calcium peroxide nanoparticles (UOx-CaO2 NPs). When the as-fabricated core-shell structured
microneedles were inserted into the skin, the loaded AP was first released immediately to effectively inhibit the
production of SUA due to the water-solubility of CMC. Subsequently, the internal SUA was further metabolized by UOx,
leading to exposure of CaO; NPs. The sustained release of UOx accompanied by the decomposition of CaO2 NPs which was
contributed to maintaining a state of normal uric acid levels over an extended period. More attractively, the uric acid could
be oxidized due to the strong oxidant of CaO,, which was beneficial to the continuous consumption of uric acid. In vivo
results showed that the as-fabricated MNs exhibited an excellent anti-hyperuricemia effect to reduce SUA level to normal
state within 3 h and maintain normouricemia state for 12 h. In addition, the levels of creatinine (Cr), and blood urea
nitrogen (BUN) in serum remained within normal range, and the activities of adenosine deaminase (ADA) and xanthine
oxidase (XOD) in the liver were effectively inhabited, mitigating the risk of liver and kidney damages for clinical anti-

hyperuricemia management.

Introduction

Hyperuricemia (HUA) is a widespread metabolic disease
marked by an elevated level of uric acid and is a risk factor for
premature death 1. Epidemiologic studies revealed that the
prevalence of hyperuricemia had increased quickly worldwide
in the past few decades, with the aggravation of population
aging and lifestyle modification 231, Furthermore, HUA is a
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hazardous factor for gout, which has been considered as the
pathogenesis of cardiovascular disease, diabetic nephropathy,
renal dysfunction, hypertension, and metabolic syndrome [45],
HUA is mainly caused by renal underexcretion and hepatic
overproduction of serum uric acid (SUA). Therefore, the clinical
therapeutic strategies for lowering SUA levels mainly act by
promoting the uric acid excretion or inhibiting the production
of uric acid 671, Allopurinol (AP), a general XOD inhibitor, is the
most commonly prescribed agent for treating hyperuricemia
by inhibiting the production of uric acid [89]. Nevertheless, it
can only cover up the symptoms rather than thoroughly cure
HUA because it lacks the capability to clear away the existing
SUA 101 |n addition, AP is associated with multiple side effects
in certain cases, including glomerulonephritis, nephritis,
elevated hepatic enzymes, hepatic necrosis, leukocytopenia,
purpura, and allergic diseases 111, Although there is no steep
dose-response relationship between AP and its side effects,
reducing or delaying the intake dose of AP can reduce its side
effects to a great extent. Urate oxidase (UOx) is a key enzyme
in SUA metabolism that can oxidize SUA into allantoin and
H,0, and eliminate existing SUA (121, However, UOx is rather
unique due to its lack of a co-factor, which is typically required
to participate in the catalytic reactions involving O, [13],
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Therefore, it is necessary to enhance UOx reactivity by
providing an adequate supplement of O,. Calcium peroxide
nanoparticles (CaO, NPs), as a kind of mesoporous
nanoparticles, have drawn widespread attention owing to
their nontoxicity, low price, environmental-friendly, and high-
quality oxygen release properties 1415, The O, generated by
the hydrolysis of CaO, NPs not only provides the necessary
support for the catalytic decomposition of uric acid by UOXx,
but also accelerates the breakdown of CaO,, which contributes
to the sustained release of UOx. Additionally, it can function as
a solid strong oxidant to oxidize uric acid, thereby achieving
the goal of continuous consumption of uric acid [16.17],

A suitable non-oral platform should ideally be designed to
avoid side effects and improve drug utilization. Microneedles
(MNs) are a transdermal drug delivery system, that can
penetrate the stratum corneum of the skin, allowing drugs to
enter the systemic circulation through capillaries to achieve
therapeutic purposes (18221 Therefore, it can eliminate the
first-pass metabolism and improve the drug utilization [23],
Additionally, the MNs system provides a safer and painless
alternative to subcutaneous injections, which can avoid
unexpected side effects and improve the patient’s compliance
[24.25]  Moreover, compared with traditional transdermal
delivery strategies, MNs technology can deliver high molecular
weight drugs and increase the drug permeability [26.27], Hence,
MNs technology has received widespread attention and
developed rapidly in clinical applications. Recently, a polymer
MNs system has been developed by our group for transdermal
delivery of AP to acute hyperuricemic mice. An in vivo study
demonstrated that the AP-loaded MN system can effectively
reduce SUA levels, akin to oral administration but with lower
side effects, which will be conducive to reducing the adverse
reactions and improving the bioavailability of AP. The SUA
levels can still be maintained at the therapeutic level (~150
umol/L) even after 5 h 128, However, the effective timeframe
for regulation SUA levels by this MNs system remains relatively
limited, posing a challenge in meeting the daily requirements
for long-term SUA level management.

This study developed
microneedle patch with programmed drug release functions to
regulate SUA levels for prolonged HUA management and

a core-shell structured

mitigate toxicity-related side effects while maintaining the
therapeutic efficacy both in vitro and in vivo. Carboxymethyl
cellulose (CMC), as one of the most promising cellulose, has
received extensive attention in biomedical applications due to
its excellent water solubility, biodegradability,
biocompatibility, and high viscosity (2930, Therefore, AP was
encapsulated into the CMC layer as the “shell” of MNs, which
was supported by polyvinylpyrrolidon (PVP) loaded with urate
oxidase-calcium peroxide nanoparticles (UOx-CaO; NPs) as the
“core” of MNs. When the as-fabricated core-shell structured
MNs were inserted into the skin, AP was released immediately
to inhibit the production of SUA due to the excellent water-
solubility of CMC. Afterwards, the internal SUA could be
metabolized by UOx to form allantoin and H,0, upon exposure

of the “core” of MNs to skin tissue. The generated allantoin is
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more easily, absorbed and excreted by renal tubules, and the
H,0; could be scavenged due to the potent antioxidant activity
of uric acid 132, Subsequently, CaO, NPs was exposed as a
high-quality oxygen release reagent, and the generated O,
provides an essential support for the catalytic oxidation of uric
acid by UOx. the
accompanied by the decomposition of CaO, NPs which was
contributed to maintaining a state of normal uric acid levels

Hence, sustained release of UOx

over an extended period. In addition, the uric acid could be
oxidized due to the strong oxidant of CaO,, which was also
beneficial to the continuous consumption of uric acid (Figure
S1). In addition, a hyperuricemia model was established to
assess the effect of inhibiting SUA levels in vivo. Biochemical
indicators, such as creatinine (Cr), blood urea nitrogen (BUN)
and the activities of adenosine deaminase (ADA) and xanthine
oxidase (XOD) in the liver, were evaluated for comparison with
the oral treatment route.

Experimental
Chemicals and reagents

Calcium chloride dihydrate (CaCl;"2H,0), hydrogen
peroxide (H;0,, 30 wt.%) and ammonia solution (NH3'HO,
25~28 wt.%) were purchased from Aladdin Chemistry Co. Ltd
(Shanghai, China). Polyvinylpyrrolidon (PVP, K88-96, Mw =
1300 kDa and K30, Mw = 58kDa), polyvinyl alcohol (PVA, 1788
type, alcoholysis = 87.0-89.0%), carboxymethyl cellulose (CMC,
Mw = 90,000), urate oxidase (UOx, =20 U/mg), allopurinol
(AP), potassium oxonate (PO) and hypoxanthine (HPT) were
provided by Macklin Biochemical Co., Ltd (Shanghai, China).
Assay kits for serum uric acid (UA), serum creatinine (SCr),
blood urea nitrogen (BUN), xanthine oxidase (XOD), and
adenosine deaminase (ADA) activity were obtained from
Elabscience Biotechnology Co., Ltd (Wuhan, China). CaO;
nanoparticles (NPs) were synthesized based on a previously
reported method [33],

Preparation of UOx-CaO; nanoparticles

UOx-Ca0; was prepared by mixing 500 pL Tris-HCl buffer
solution (pH = 8.4) containing 20 mg of UOx with CaO; ethanol
solution (1 mg/mL, 10 mL) and stirring at room temperature
for 12 h. Afterwards, the samples were obtained by
centrifugation at 10,000 rpm for 10 min and washing with
ethanol three times. The obtained UOx-CaO, samples were
resuspended in ethanol and stored at 4 °C for further use.
Additionally, the encapsulation efficiency (EE) and loading
capacity (LC) of UOx were calculated.

Characterization

The surface morphology and size of nanoparticles and
MNs were analyzed by scanning electron microscopy (SEM,
VItra55, Zeiss, Germany) and transmission electron microscopy
(TEM, JEOL, JSM-2100, Japan). Particle size and zeta potential
measurements were conducted by Malvern Zetasizer Nano ZS
UK). N
isotherms were estimated by the

system (Malvern Instruments, Worcestershire,

absorption-desorption
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Brunauer-Emmett-Teller (BET) method using a Quantachrome
specific surface area and pore size analyzer (BeiShiDe
Instrument Technology (Beijing) Co., Ltd, ps2-1195, China) to
identify the specific surface area, pore size distribution and
pore volume of the samples. XRD spectra were recorded on an
X-ray photoelectron spectroscopy (K-Alpha, Thermo Fisher
Scientific). Fourier transform infrared (FTIR) spectra were
implemented on a Nicolet 5700 FTIR spectrometer (Thermo
Electron Corporation, USA), and the spectra were collected in
the range of 4000-400 cm-.

Design and fabrication of the core-shell structured MNs

A three-step-casting micromolding approach was used to
fabricate the core-shell structured MNs. The AP loading in shell
layer precisely controlled by adjusting the
concentration of AP, and the dose of AP in the shell matrix was

can be

determined by an UV-vis spectrophotometer (Figure S2).
Therefore, 20 mg AP was dispersed in 10 mL CMC aqueous
solution (6%), and ~100 pL of this mixture was pipetted onto
the PDMS mold cavities by vacuuming to form the outer layer
of the MNs. Subsequently, the mold was dried in a vacuum
drying oven (37°C) for 12 h to harden the “shell” layer of MNs.
After drying overnight, 10 mg UOx-CaO; NPs were mixed with
PVP (k30, 10 mL, 60%) ethanol solution, and ~100 pL of the

This journal is © The Royal Society of Chemistry 20xx

above mixture was filled into the microcavities of the mold to
form the “core” layer of MNs. The backing layer aqueous
solution (PVA/PVP, 1:1, 20%, w/v) was then filled into the mold
and dried in a vacuum drying oven (37°C). The core-shell
structured MNs labeled as S/C-MNs were obtained after
demolding. Similarly, a shell layer loaded with AP MNs (S-MNs)
and a core layer loaded with UOx-CaO,; MNs (C-MNs) were
fabricated using the same method. The S-MNs with 0.2 mg AP
in an MN patch were fabricated by pipetting ~100 puL AP@CMC
solution into PDMS mold cavities (20 x 20 arrays) to form the
“shell” layer of MNs, and then the PVP (k30, ~100 uL, 60%)
ethanol solution was filled into the mold after the “shell” layer
was dried overnight in a vacuum drying oven (37°C). C-MNs
with 0.1 mg UOx-CaO; NPs in an MN patch were constructed
using a CMC aqueous solution (6%) layer as the “shell” layer
and a PVP (k30, 10 mL, 60%) ethanol solution loaded with
UOx-Ca0; NPs (10 mg) as the “core” of MNs.

To verify the core-shell structure, fluorescent-dyed MNs
with green FITC- labeled shells and red R6G-labeled cores were
also fabricated using the same method, and fluorescence
images were captured by fluorescence microscope (ZEISS, Axio
Vert.Al, Germany) and laser scanning confocal microscopy
(CLSM, C2, Nikon Corporation, Japan). To investigate the
insertion properties, the mechanical strength of the MNs was
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measured
MicroTester,

using a universal testing machine (5943

Instron, America). To evaluate the drug
penetration performance, the as-prepared fluorescent-dyed
MNs were pierced vertically into the excised mouse skin by
thumb pressure and kept for 2 min. The mouse skin site
inserted by MNs was embedded in paraffin and sliced into 6
um sections, followed by hematoxylin and eosin (H&E)
staining. The H&E staining sections were visualized by a
fluorescence microscope.

AP release in vitro

To assess the release kinetics of AP from the S/C-MNs, a
Franz diffusion cell was applied for in vitro transdermal
diffusion detection. Fresh mouse skin inserted with S/C-MNs
patch was fixed over the receiving chamber containing 25 mL
PBS solution, followed by incubating in the water bath at room
temperature under magnetic stirring at 400 rpm. At the
predetermined time point, 3 mL aliquots were removed and

4| J. Name., 2012, 00, 1-3

complemented with the equivalent volume of blank PBS. The
drug release efficiency was ultimately determined by an
ultraviolet-visible spectrophotometer (UV, TU-1901, Beijing
Purkinje General Instrument Co., Ltd, China).

Biosafety of MNs in vitro and in vivo

Different concentrations of CaO; solution were incubated
in 96-well culture plate against 3T3 and L929 cells to assess the
cytotoxicity of CaO, NPs. After incubation for 24 h, the cell
viability was determined by a MTT method. The viability of
L929 cells was also employed to evaluate the cytocompatibility
of as-fabricated MNs. The live/dead staining of L929 cells co-
cultured with the supernatants of MNs for 12, 24 and 48 h was
conducted and recorded by a CLSM. Additionally, given the
long-term nature of the treatment, the inflammation
responses of skin section treated with prepared MNs for 12 h

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Stereomicroscope (a) and SEM (b and c) images of MNs. (d) Fluorescence images of cross-sections of prepared MN
with shells obtained by CLSM along z axis from tip to base (scale bar:100 um). (e) Representative microscopy images of cross-
section of a core-shell MN at depth of 500 um, showing the green shell labeled with FITC and the red core labeled with
rhodamine 6G (scale bar: 200 um). (f) Fluorescence microscope images of vertical-section of a core-shell MN (scale bar: 200

and 24 h were analyzed by IL-6 immunohistochemistry

staining.
Hyperuricemia management in vivo

Thirty-six healthy ICR mice (6-8 weeks old, 20-22g) were
provided by Wenzhou Institute, University of Chinese Academy
of Sciences (Wenzhou, Zhejiang, China). Mice were housed
under a controlled environment (22-26°C, 40-70% humidity, 12
hours light/dark cycle) with free access to standard chow and
water. All the in vivo experimental procedures were conducted
and complied with the Guide for the Care and Use of

This journal is © The Royal Society of Chemistry 20xx

Laboratory Animals of Wenzhou Research Institute, Chinese
Academy of Sciences (Ethics Code Permit WIUCAS23051802).
After one week of acclimatization, mice were randomly
divided into six groups (n = 6): normal control group (control);
hyperuricemia model group (model); oral group (administrated
AP by gavage); MNs-1 group (administrated by S-MNs with 0.2
mg AP in an MNs patch); MNs-2 group (administrated by C-
MNs with 0.1 mg UOx-CaO, NPs in an MNs patch); MNs-3
group (administrated by S/C-MNs with 0.2 mg AP and 0.1 mg
UOx-Ca0; NPs in an MNs patch). Except for the normal control
group, mice in other groups were injected with hypoxanthine (150

J. Name., 2013, 00, 1-3 | 5
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Mechanism scheme of SUA

modulation by the core layer of MNs with encapsulation of UOx-CaO; NPs. (e) The UV-visible absorption spectra of UA with

increased concentration of CaO..

mg/kg) intraperitoneally and potassium oxyacetate (250 mg/kg)
subcutaneously once a day for 15 days to establish hyperuricemia
models. On day 15, mice in the control group were treated with
0.9% sodium chloride aqueous solution, whereas mice in the other
groups were administered by the corresponding interventions after
modeling. Blood was taken from the orbit at predetermined
intervals and placed in a refrigerator at 4°C overnight to collect
serum. The levels of serum uric acid (SUA), blood urea nitrogen
(BUN), and serum creatinine (SCr) were assessed using the
appropriate biochemical assay kit. After the mice were euthanized,
organ tissues were excised for biochemical and histological
examination. The XOD and ADA activities in the supernatants of
hepatic tissue homogenates were measured using a standard
biochemical assay kit. The retrieved tissues were embedded in
paraffin and sliced into 5 um thick sections for histological analysis.
The obtained sections were stained with hematoxylin and eosin
(H&E), and the general morphological was evaluated under an
optical microscope.

Statistical analysis

All quantitative data presented in this study are the

means * standard deviation (SD). Statistical significance was

6 | J. Name., 2012, 00, 1-3

determined by one-way ANOVA using GraphPad Prism 8.0
(GraphPad Software, Inc., San Diego, CA). P-values < 0.05 were
considered statistically significant differences.

Results and discussion
Preparation of UOx-CaO, NPs

AP is extensively applied as an outstanding clinical anti-
hyperuricemia drug. However, the clinical application of AP is
limited due to its multiple side effects. Herein, a core-
shell structured MNs with programmed drug release functions
is designed to regulate SUA levels for prolonged hyperuricemia
management (Scheme 1). Firstly, CaO, NPs are synthesized by
the reaction of CaCl,"2H,0 with H,0; in ethanol using PVP as a
stabilizer, exhibiting a uniform size distribution (Figure S3). The
elements Ca, C, O and N can be detected in these
nanoparticles (Figure S4). TEM images display that the
particles have a spherical shape with an average diameter of
about 128 nm (Figure 1a). The hydrodynamic size and zeta
potential of CaO; NPs are 134.71 + 0.87 nm and 8.29 £+ 2.17 mV
tested by the dynamic light scattering (DLS) measurements
(Figure 1d and 1e). The XRD pattern of CaO, NPs shows

This journal is © The Royal Society of Chemistry 20xx
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characteristic peaks at 208 values of 30.2, 35.6, 47.4, 53.0, and
60.4, which matched well with the standard diffraction peaks
(002), (110), (112), (103) and (202) of CaO, (JCPDS No. 03-
0865) (Figure 1f) B4, FT-IR was utilized to further assess
whether CaO; NPs were successfully prepared by analyzing the
characteristic absorption peak of peroxide groups.The
absorption bands at 881 cm™lcorresponded to the
characteristic peaks of peroxide bonds (O—-0), indicating that
Ca0; has successfully prepared (Figure 1g). The
N2 adsorption-desorption isotherm curves and pore size
distribution plots indicate that the specific surface area, pore

been

volume, and an average pore size of CaO, NPs are 65.95 m?/g,
0.33 cm3/g and 19.95 nm, respectively (Figure 1h and 1i). The
loading of UOx is analyzed by UV-vis spectrophotometry.
According to the standard curve (Figure S5), the encapsulation
efficiency and loading capacity are 62.41% and 39.4%,
respectively. After loading of UOx, the morphology of UOx-
Ca0; NPs is close to that of CaO, NPs (Figure 1b). Figure 1c
the mapping of UOx-CaO, NPs,
demonstrating the uniform distribution of Ca, C, and O
elements. The average hydrodynamic diameter slightly
increased from 134 to 154 nm, which is confirmed by DLS
measurement (Figure 1d). The zeta potential of CaO; is +8.29
mV, but it is decreased to 0.78 mV after loading of UOx (-5.18
mV), indicating that UOx is successfully loaded into CaO, NPs
(Figure 1e). Moreover, the decreased specific surface area
(25.51 m?/g), pore volume (0.25 cm3/g), and pore size (6.36
nm) further confirmed the successful construction of UOx-
Ca0; NPs (Figure 1h and 1i). In addition, the distinct diffraction
peaks of UOx-Ca0; in XRD pattern are consistent with those of
Ca0; NPs (Figure 1f), and the characteristic absorption peaks
of peroxide groups can also be observed appear in the FTIR

shows elemental

This journal is © The Royal Society of Chemistry 20xx

spectrum of UOx-CaO, (Figure 1g), indicating that there is no
effect on the crystal structure of CaO, after loading of UOx.

Fabrication of the core-shell structured MNs

To achieve a prolonged anti-hyperuricemia effect, a new
core-shell structured MNs system with programmed drug
release functions was designed to regulate SUA levels for
prolonged hyperuricemia management. The “shell” layer of
MNs consists of CMC and AP, in which the rapid dissolution of
CMC offers a rapid release of AP into the blood. The internal
SUA could be further metabolized by UOx upon reaction with
the “core” of MNs with skin tissue, resulting in a prolonged
anti-hyperuricemia effect. The core-shell structured MNs are
fabricated by three-step-casting method (Figure S6). The
representative core-shell structured MNs arranged in a 20 x 20
array are observed under stereomicroscope and SEM (Figure
2a-c), which displayed predicted specific periodic pyramid-like
structures with ~800 pm in height and ~200 pum in base
diameter (Figure S7). Figure 2d shows the fluorescence images
of cross-sections of MNs, and green fluorescence square rings
can be found at different height within the shell-
defined region. Meanwhile, a solid red fluorescence signal can
be observed in the inner of MNs (Figure 2e). The vertical-
section image of representative MNs was recorded by CLSM,
showing a green-fluorescent shell, a red-fluorescent core, and
a combination of the red and green fluorescent merged
images, which further validated the core-shell structure of
MNs (Figure 2f).

Insertion of the core-shell structured MNs in vitro

The mechanical strength of MNs plays a significant role in
skin penetration and insertion. To investigate whether the
core-shell structured MNs can tolerate the required
compressive force for skin insertion, the pressure-compression

J. Name., 2013, 00, 1-3 | 7
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tests were performed by a universal testing machine (Figure
S8). The compression test revealed that the failure force of
prepared MN patches is significantly higher than that needed
for mucosa penetration 35, The maximum tolerated
compressive force of as-fabricated core-shell structured MNs is
approximately 0.22 N per needle with displacement at 500 um,
which is sufficient to penetrate into human skin without
breaking, while the strength of S-MNs is only 0.09 N per needle
with displacement at 500 um. In addition, the isolated skin
tissues from mice are treated with core-shell structured MNs,
and then H&E staining was performed. As shown in Figure 3a,
the MNs successfully can be penetrated the stratum corneum,
suggesting high applicability of MNs in ex vivo skin. And the
difference size between the microchannel in the histological
image and the real microneedle is due to the known skin
surface deformation during the insertion of MNs [36] An array
of needle spots can also be observed on the skin surface after
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the removal of MNs patch, which is attributed to the good
mechanical strength of the as-prepared MNs (Figure 3b).
These needle spots can slowly vanish after removing the MNs
patch and almost completely disappear after 20 min. This
suggests that the administration site of the skin can also be
returned to its initial state within a short time using MNs
patches, and no skin allergic and irritation reaction can be
observed. They are suitable for the frequent administration of
medicines via the transdermal route. To further estimate the
insertion ability of the core-shell structured MN, fluorescent-
dyed MNs were applied to the excised mice dorsal skin. Many
microchannels with a depth of ~400 um can be observed,
suggesting that MNs can be efficiently inserted into the skin
(Figure 3c). In addition, in the fluorescence microscope field,
the red fluorescence of R6G can be found in the inner
microchannels and the green fluorescence of FITC is dispersed
in the outer-ring of microchannels and both overlapped to

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. H&E staining images of tissue slices of the liver (a) and kidney (b) from treated mice (red arrow: normal glomerulus
morphology, yellow arrow: complete brush border structure, green arrow: dilatation of renal tubule, blue arrow: renal
interstitial inflammatory cell infiltration, black arrow: the disappearance of the brush border).

show a yellow fluorescence shell, further confirming the core-
shell structure of the as-fabricated MNs.

In vitro drug release and underlying mechanism

To assess the actual transdermal release of AP, a
transdermal drug release system was set up via a transdermal
diffusion apparatus. The S/C-MN patch was applied to the
excised fresh mouse skin by thumb pressure and then fixed
over a receptor chamber containing 25 mL of PBS solution. 3
mL solution was taken out from the sampling port at timed
intervals for ultraviolet measurement. As shown in Figure 4d,
the cumulative release percentage reached ~78% within 2 h
and further increased to ~98% after 4 h due to the excellent
water solubility of CMC (Figure S9). After the dissolution of the
MN shell layer, the core layer of MNs with encapsulation of
UOx-Ca0; NPs will be exposed to the microenvironment of
skin tissue.

This journal is © The Royal Society of Chemistry 20xx

The possible mechanism of SUA modulation by UOx-CaO,
NPs was depicted in the Figure 3d. Firstly, UA can be oxidized
by UOx to allantoin and H,0,. The generated allantoin is more
easily absorbed and excreted by renal tubules B7, and the
injury caused by H,0; generation can be attenuated due to the
high antioxidant activity of UA [03138] which is further
confirmed by the shifted absorption peak of UA with the
increasing concentration of H,0, (Figure S10). Afterwards,
Ca0O; NP is exposed as a high-quality oxygen release reagent,
and the generated O, provides an essential support for the
catalytic oxidation of uric acid by UOx. In addition, the UA can
also be oxidized by CaO, due to its potent oxidant activity,
which is confirmed by decreased intensity of the absorption
peak of UA with increasing CaO; concentration (ranging from 0
to 200 pL) (Figure 3e).

In vitro cytotoxicity
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Figure 7. (a) H&E staining images of tissue slices of the heart, liver, spleen and lung. Immunohistochemistry staining
images (b) and (c) the quantitative analysis of pro-inflammatory IL-6. (d) Skin recovery at administration sites of healthy
mice with the treatments of a core-shell microneedle patch.

To evaluate the cytotoxicity of CaO, NPs, different
concentrations of CaO; solution were co-cultured with L929
and 3T3 cells. The results reveal that there are almost no
rate with CaO; concentration
ranging from 0 to 400 ug /mL, and the cell viabilities are higher
than 95%, indicating the low cytotoxicity of CaO, NPs (Figure.
4a). Meanwhile, the biocompatibility of as-fabricated MNs
patch was also evaluated by co-culture of MNs matrix (100
pg/mL) and L1929 cells. As shown in Figure 4b, the cell
viabilities of L929 cells are higher than 90% for shell-layer,

differences in cell survival

core-layer, and core-shell MNs matrices after co-culture for
12h, and they have a slight increase after co-culture for 24 and
48h, indicating the negligible cytotoxicity of MNs matrix.
Live/dead staining images of L929 cells co-cultured with MNs
matrix for 12, 24 and 48h are shown in Figure 4c. The cell
density can be increased with the prolongation of co-culture
time, and dead cells are almost undetected even after 48 h.

10 | J. Name., 2012, 00, 1-3

Regulation of SUA levels in vivo

To evaluate the regulation of SUA levels in vivo, a
hyperuricemia mice model was established by a previously
reported method with a slight 391, The
comprehensive process for in vivo treatment is depicted in
Figure 5a. The mice were divided into six groups randomly: (1)
control group; (2) model group; (3) oral group; (4) MNs-1
group; (5) MNs-2 group; and (6) MNs-3 group. The SUA levels
of treated mice were monitored over time following

modification

administration. As shown in Figure 5c, the SUA levels of mice
in the control group with a healthy state (~142 umol/L), while,
the model group with hyperuricemia maintained a higher SUA
level (~293 umol/L) for at least 24 h, indicating the successful
establishment of a chronic hyperuricemia model. After oral
administration of AP (0.2 mg), the SUA levels slowly decreased
to ~146 umol/L within 6 h and maintained for ~3 h under ~160
pmol/L. In the case of MNs-1 group (administrated by S-MNs

This journal is © The Royal Society of Chemistry 20xx
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with 0.2 mg AP in an MNs patch), the SUA levels can be
decreased to a normal state within 3 h, faster than that of the
oral group due to the water-solubility of CMC, which
accelerates the drug release from shell layer of MNs. The SUA
levels can be maintained for ~3 h under ~160 umol/L which is
close to the oral administration. The mice in MNs-2 group that
treated by C-MNs with 0.1 mg UOx-CaO; NPs in an MNs patch
shows a delayed decrease in SUA levels owing to the slowly
decomposition of CaO; NPs. The SUA levels decrease to ~152
umol/L after administration for 6 h, and they can be kept at a
normouricemia state for almost 8 h, longer than that of pure
AP treatment through oral or MNs delivery route. This can be
attributed to the oxidation of SUA in the presence of UOx and
the high sensitivity of CaO; to UA. The above results imply that
the integration of AP and UOx-CaO; has synergistic effect. To
verify the synergistic effect, the SUA levels of the mice treated
by shell-core structured MNs were constantly monitored up to
24 h. As shown in Figure 5c, the SUA levels rapidly decreased
to ~142 umol/L within 3 h, and then remained consistent
within the normouricemia range for more than 12 h. Even
after administration for 24 h, the SUA level was slightly
increased to ~180 umol/L, showing a rapid and prolonged anti-
hyperuricemic effect.

Immunohistochemical tests

SCr and BUN are two important indicators of renal
dysfunction 49421, To verify the nephroprotective effect of the
as-fabricated core-shell structured MNs, the SCr and BUN
levels were determined by standard Cr and BUN biochemical
assay kits. As expected, the SCr level of mice treated with core-
shell structured MNs shows a remarkable decrease within 5 h
and maintained lower levels even after administration of 24 h,
suggesting an excellent protective effect on renal function
(Figure 5d). However, after treatment with oral AP, the SCr
level displays a rapid decrease in the first 7 h and then
gradually returns to its initial state within the following 17 h.
The SCr level is close to the model group after administration
of 24 h. The BUN levels in all groups exhibit a similar trend, as
shown in Figure 5e. These results indicate that as-fabricated
core-shell structured MNs has a more promising effect for
hyperuricemia management.

ADA and XOD, mainly present in the liver, are pivotal
enzymes in purine catabolism. ADA plays a critical role in
transforming adenosine to inosine, which can be converted
into hypoxanthine and xanthine [4344, XOD directly contributes
to the UA production by oxidizing hypoxanthine and xanthine
into UA 45461, Herein, hepatic XOD and ADA activities were
tested to explore the mechanism of SUA regulation at the end
of the experiment. Figure 5f and 5g shows the results of XOD
and ADA activities after treatment. The XOD and ADA activities
in model group are significantly higher than those in the
healthy group due to the high SUA levels. After treatment with
oral AP, both XOD and ADA activities were decreased slightly,
showing a short-term enzyme inhibition effect. However, the

This journal is © The Royal Society of Chemistry 20xx

XOD and ADA activities in the core-shell structured MNs group
exhibit similar levels compared with those in control group,
implying a strong inhibition effect on ADA and XOD. These
results suggest that the as-fabricated core-shell MNs can
effectively reduce the production of SUA and liver damage by
inhibition the activities of XOD and ADA. At the end of
treatment for 24 h, the main organs, heart, liver, spleen, lung,
and kidney tissues, were retrieved (Figure 5b). No significant
drastic liver and kidney changes are found in the as-fabricated
core-shell MNs groups compared with the control group,
suggesting no remarkable liver damage and renal impairment
by MNs administration. In contrast, acute liver and kidney
damage can be founded in the model group, which also
confirmed by the increase of SCr and ADA levels. Traditional
oral drug administration also showed liver toxicity due to the
first-pass effect and slow clearance. Hence, the MNs-mediated
strategy developed in this study has the potential to be used
as an attractive anti-hyperuricemia treatment with lower
damage and toxicity and a longer therapeutic effect.

Histopathological analysis

Histopathological analyses of the treatment groups were
performed to observe organ features and identify the effects
of each group. H&E-stained organs samples from each group
were observed with optical microscopy. As shown in Figure 7a,
no tissue lesions are found in the heart, lung, and spleen in any
of the groups. However, the liver cell of the model group
liver cell edema with steatosis,

shows severe punctate

necrosis, and extensive lymphocyte infiltration, indicating
severe liver damage development in hyperuricemic mice [10],
Moreover, the liver cell edema with steatosis can also be
observed in oral administration group due to the first-pass
effect [47-49], There are no significant abnormalities in the liver
cells in the core-shell structured MNs administration group,
suggesting the negligible liver damages (Figure 6a).

The kidney is an important organ for UA excretion, and
further evidence has suggested that an increase of UA level is a
predictive indicator for subjects with end-stage kidney disease
(ESKD) and chronic kidney disease (CKD) 15951, To assess the
potential kidney damage, the H&E staining of kidney tissues
was conducted to investigate the effect of MNs administration
on renal ultrastructure changes. As shown in Figure 6b, the
kidney tissue sections of the control group shows a natural
histological structure with normal glomeruli and renal tubules,
In contrast, the

hyperuricemic model group exhibits symptoms with the

and without evidence of inflammation.

glomeruli swelling, tubular dilation, inflammatory cell
infiltration, and mild Bowman’s capsule expansion, indicating
severe renal tissue damage development in hyperuricemic
mice. In addition, the extensive renal impairment can also be
observed in oral administration group, which is confirmed by
tubular vacuolization, infiltration  of

dilatation and

inflammatory cells. However, abnormal pathological changes
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do not appear in the MNs administration group, suggesting the
alleviation for renal histopathological damages.

Additionally, given the long-term nature of the treatment,
the local irritation and inflammation responses of MNs
administration were further evaluated. The upregulation of IL-
6 expression indicates an enhanced inflammatory response,
which may limit the clinical application of MNs [5253]
Therefore, the IL-6 immunohistochemistry staining of skin
sections treated with prepared MNs for 12 and 24 h were
performed. As shown in Figure 7b and 7c, the skin slice of MNs
treated for 12 h shows almost similar levels of pro-
inflammatory IL-6 expression as compared to the control
group. Moreover, the IL-6 levels only increased by 6.2% even
after 24 h of MNs treatment, indicating that skin tissue can
MNs

inflammatory responses (Figure 7d). Furthermore, the local

tolerate prolonged treatment  without severe
irritation response of skin tissues after MNs treatment was
conducted. The micropores in administration site of the skin
almost completely disappear after 15 min, and return to its
initial state within 30 min. There is no skin irritation response
can be observed even after 24 h of MNs treatment, suggesting
that long-term administration can be realized via MNs
technology. Hence, these results further demonstrate the

biosafety of the prepared MN patches for treatment in vivo.

Conclusions

In view of the limited pharmacodynamic window and side
effects of conventional oral AP in the
hyperuricemia, we developed a core-shell structured MNs
system with programmed drug release functions to regulate
serum uric acid levels for prolonged hyperuricemia
management. The encapsulated AP in shell layer can be easily
released, leading to a rapid decrease in SUA. The urate
oxidase-calcium peroxide nanoparticles (UOx-CaO; NPs) can be
slowly released from the core layer of MNs after exposure to

treatment of

skin tissue fluid, leading to the eliminate of existing uric acid
and maintaining of a prolonged normouricemia state. In vivo
results showed that the as-fabricated MNs exhibited an
excellent anti-hyperuricemia effect to reduce SUA level to a
normal state within 3 h and maintain normouricemia state for
more than 12 h. In addition, This MNs treatment strategy
could also effectively reduce the critical risk of liver and kidney
damage. Thus, the core-shell structured MNs developed in this
study are expected to be a new alternative for the exploration
of clinical treatment of hyperuricemia.
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