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ABSTRACT We report that vertically aligned ZnO nanowire arrays (Zn0 NWAs) were fabricated on 3D

graphene foam (GF) and used to selectively detect uric acid (UA), dopamine (DA), and ascorbic acid (AA) by a

differential pulse voltammetry method. The optimized ZnO NWA/GF electrode provided a high surface area
and high selectivity with a detection limit of 1 nM for UA and DA. The high selectivity in the oxidation
potential was explained by the gap difference between the lowest unoccupied and highest occupied

molecular orbitals of a biomolecule for a set of given electrodes. This method was further used to detect UA

levels in the serum of patients with Parkinson's disease (PD). The UA level was 25% lower in PD patients

than in healthy individuals. This finding strongly implies that UA can be used as a biomarker for PD.
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Parkinson's disease

raphene is chemically stable under
Gambient conditions and has many

potential uses in numerous scienti-
fic fields and practical applications.' > The
use of graphene has been further expanded
through integration with other materials
for synergistic effects, which often requires
tremendous efforts. Recently, graphene
foam (GF) consisting of a continuous three-
dimensional (3D) interconnected network
was used for battery applications.*> GF pro-
vides a highly conductive network of defect-
free graphene layers without the formation of
junction resistance. In addition, GF possesses
a high porosity of ~99.7%, which is ideal for
use as a scaffold for integration with other
materials to generate synergistic effects. In
addition, one-dimensional inorganic semi-
conductor nanowires also represent an attrac-
tive class of materials for different sensing
applications. Vertically aligned ZnO nanowire
arrays (ZnO NWAs) are considered a promis-
ing material with high catalytic efficiency,
biocompatibility, relative chemical stability
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in physiological environments, and a large
surface area.” Meanwhile, ZnO NWAs can
provide direct and stable pathways for rapid
electron transport.® The integration of GF
and ZnO NWAs with good connectivity can
facilitate the use of large area GF with high
electrical conductivity to enhance the sen-
sitivity of electrochemical biosensors.

RESULTS AND DISCUSSION

Herein, we report on the hydrothermal
synthesis of ZnO NWAs grown on GF using
chemical vapor deposition (CVD). A sche-
matic of the fabricated ZnO NWA/GF elec-
trode used to simultaneously detect uric
acid (UA), dopamine (DA), and ascorbic acid
(AA) is shown in Figure 1a. The ZnO NWAs
(shown in olive) were used to cover the
surface of the 3D GF (shown in purple). Bio-
molecules were oxidized to generate protons
and electrons during an electrochemical re-
action (Supporting Information Figure S1).
The generated electrons were quickly trans-
ferred to the ZnO NWA/GF electrode.
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Figure 1. Structural analysis of the integrated ZnO NWA/GF. (a) Schematic of the ZnO NWA/GF electrode and detection of
UA, DA, and AA. (b—e) SEM images of the ZnO NWAs on the 3D GF at different magnifications. Inset: EDX of the ZnO NWA:s. (f)
SEM images of the height of the ZnO NWAs, ~2 um. Inset: diameter of the ZnO NWAs, ~40 nm. (g) TEM images of the ZnO
nanowires which were detached from GF by sonication and transferred on the TEM grid. Inset: SAED pattern (top) and HRTEM
image of the ZnO nanowire (bottom). (h) XRD patterns and (i) Raman spectra of the GF and ZnO NWA/GF. Inset: magnification
of the ZnO NWAs spectrum; “x"indicates the peaks of the GF.

Figure 1b—f shows a series of scanning electron micro-
scopy (SEM) images of the ZnO NWA/GF structure.
GF at the bottom of the ZnO NWAs was robust, and
the surface of the GF was fully covered by vertically
aligned, highly uniform ZnO NWAs. The ZnO nano-
wires were ~40 nm in diameter and 2 um in height
(Figure 1f). During the course of the DPV measure-
ments, the detachment of ZnO NWAs was not ob-
served. ZnO nanowires were then separated from GF
by the ultrasonic treatment for TEM image. The ZnO
nanowires were single-crystalline with a lattice con-
stant of 0.52 nm, corresponding to the [0001] growth
direction, as demonstrated by TEM (Figure 1g). The
X-ray diffraction (XRD) pattern of the 3D GF had two
significant diffraction peaks at 260 = 26.5 and 54.6°,
which were attributed to the (002) (with an interlayer
spacing of 0.34 nm) and (004) reflections of graphite,
respectively (JCPDS 75-1621) (bottom of Figure 1h). In
the ZnO NWA/GF (top panel), the characteristic diffrac-
tion peaks matched well with the standard peak posi-
tions for a hexagonal ZnO structure (JCPDS 36-1451)
and with the characteristic peaks of GF. The Raman
spectrum of the 3D GF contained two prominent peaks

YUE ET AL.

near ~1580 and 2720 cm™’, corresponding to the G
and 2D bands of graphene (Figure 1i). No appreciable
D band intensity was observed, which confirmed the
high quality of the graphene, in contrast to defective
reduced graphene oxide.® The integrated intensity
ratio of the G to 2D band (Ig/l5p) indicates that the
as-grown GF was primarily multilayered graphene.* In
addition to the G and 2D bands for the ZnO NWA/GF,
the three peaks shown in the inset near 332, 377,
and 438 cm™' are characteristic of the ZnO NWAs
(Figure 1i). Therefore, these results confirm the suc-
cessful integration of the ZnO NWAs and the 3D GF.
Uric acid, which is a primary purine metabolite, is
regarded as an important natural antioxidant.'® Ab-
normal levels of UA are symptomatic of several dis-
eases, including gout, hyperuricemia, and Parkinson's
disease (PD)." Dopamine is an important neurotrans-
mitter that is widely distributed within the mammalian
central nervous system. Low levels of DA are related to
neurological disorders such as PD and schizophrenia.'?
Ascorbic acid is a vital vitamin in the human diet and
is well-known for its antioxidant properties.'® It is
also well-known that UA, DA, and AA coexist in the
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Figure 2. Electrochemical detection of UA, DA, and AA. (a—c) CV curves of the ZnO NWA/GF, GF, and bare GC electrodes in
1mMUA, DA, and AA, respectively, at a scan rate of 50 mV s~1.(d—f) DPV curves for UA, DA, and AA at different concentrations
using a ZnO NWA/GF electrode. The UA concentrations from the bottom are 0, 0.001, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, and
1 uM. The DA concentrations from the bottom are 0, 0.001, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, and 1 uM. The AA
concentrations from the bottom are 0, 1, 2.5, 5, 7.5, and 10 #M. Insets: plots of the oxidation peak current vs concentration of
each biomolecule, showing two slopes for UA and DA. (g) Flat band model (LUMO and HOMO) of the ZnO NWA/GF, UA, DA,
and AA, and work function for the GF, ITO, and Pt electrodes. (h) Electron and hole transfer during oxidation of the
biomolecules. (i) Schematic of the adsorbed biomolecule (UA) at different concentrations. The supporting electrolyte is a
0.1 M PBS solution (pH 7.4). DPV conditions: a pulse height of 50 mV, a step height of 4 mV, a pulse width of 0.2 s, a step time of

0.5s,and a scan rate of 8 mV s~ .

extracellular fluid of the central nervous system and
serum. However, it is difficult to simultaneously detect
each species in a mixture with high selectivity and
sensitivity when using conventional solid electrodes'
because their oxidation potentials overlap, the surface
area is insufficient, and/or the kinetic accessibility of
each species is limited. Although high-performance
liquid chromatography,'> enzymatic reaction-based
spectrophotometric methods,'® and immunosensing
microfluidic systems'”'® can be used to quantitatively
detect these species with a high degree of sensitivity,
these approaches are not easily utilized due to high costs
from the equipment and disposable chemicals, compli-
cated experimental protocols, and chip structures. Elec-
trochemical methods have attracted attention from a
clinical diagnostic perspective due to their simplicity, low
cost, high sensitivity and selectivity, excellent reprodu-
cibility and stability, and low detection limits.'®?°

YUE ET AL.

Figure 2a—c shows cyclic voltammetry (CV) curves
for various electrodes at a scan rate of 50 mV s~ '. The
ZnO NWA/GF electrode had the highest oxidation
current, with a relatively narrow peak window for the
detection of 1T mM UA. The GF is hydrophobic and
chemically inert, which impedes electrochemical reac-
tions in an aqueous environment,?' resulting in a
smaller oxidation current compared to that from the
ZnO NWA/GF electrode. However, a low oxidation
current and broad oxidation peak were observed for
the commercial GC electrode (Figure 2a and Support-
ing Information Figure S9). The oxidation current den-
sity of the ZnO NWA/GF electrode was enhanced by a
factor of 10 compared to that of the commercial GC
electrode. This result may arise from several factors: (i)
the central GF provides a pathway for rapid electron
transport; (ii) the biomolecules are readily accessible to
the 3D hierarchical and porous ZnO NWA/GF surface;
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(iii) the ZnO NWAs on the surface of GF offer numerous
active sites; and (iv) the ZnO NWA/GF possesses a large
surface area (Supporting Information Figure S8). This
trend is similar to that observed for DA and AA at the
same concentrations but at different oxidation poten-
tials (Figure 2b,c). Moreover, it also suggests a primary
diffusion-controlled oxidation process for these biomo-
lecules in a scan range of 10—90 mV s~ ' (Supporting
Information Figure S10). Heat treatment of the ZnO NWA/
GF was necessary to obtain distinct oxidation potentials
for the UA, DA, and AA (Supporting Information Figures
S$11—-513), which is again evidence of the increase of
active sites in ZnO NWAs after heat treatment. An
efficient conductivity of GF and its robust adhesion to
ZnO NWAs to facilitate electron conduction were well
manifested in the low equivalent series resistance in the
impedance measurement (Figure S13).

A differential pulse voltammetry (DPV) method was
used to obtain better sensitivity, due to the enhanced
analytical signal achieved by eliminating the non-
Faradaic current compared to CV.?> DPV curves for
the ZnO NWA/GF electrode at different concentra-
tions of UA, DA, and AA are shown in Figure 2d—f
(Supporting Information Figure S14). Four important
features that should be noted are as follows: (i) distinct
oxidation potentials were observed (UA, 0.25 V; DA,
0.1V; and AA, —0.04 V); (ii) the oxidation peak currents
for UA (5.5 uA) and DA (6.5 uA) were larger than that of
AA (04 uA) at 1 uM; (iii) the oxidation current increased
linearly as the concentration increased, revealing two
linear slopes for UA and DA (inset); and (iv) the measured
limit of detection (m-LOD) reached 1 nM for UA and DA.

The oxidation potential is generally governed by
electron transfer from the biomolecule to the ZnO and
hole transfer from the biomolecule to the Pt electrode,
although this varies with the electrolyte acidity, scan
rate, and biomolecule concentration. The Schottky
barrier that forms at the ZnO and biomolecule interface
is the main origin of the oxidation potential (Figure 2g).
By considering two barriers for the electrons and holes,
from a simple flat band model, the oxidation potential
is simply determined by the gap between the lowest
unoccupied molecular orbital and the highest occupied
molecular orbital (LUMO—HOMO) of the biomolecule®~2
for two given electrodes (Supporting Information
Figure S15). UA has the largest LUMO—HOMO gap,
resulting in the largest oxidation potential, which agrees
with our observations. In addition, the adsorption of
biomolecules on the ZnO during oxidation induces a
dipole interaction at the interface through the charge
transfer, which further modifies the oxidation potential.

The oxidation peak current is determined by the sum
of the electron flow to the ZnO and the hole flow to
the Pt electrode (Figure 2h). The oxidation current is
further modified by the adsorption strength. UA and
DA contain an aromatic ring in their molecular struc-
tures (Supporting Information Figure S1), resulting in
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strong adsorption and, hence, high oxidation currents
(Figure 2e,f). The m-LOD reached 1 nM for both UA
and DA, which is superior to all previously reported
limits for individual detection (Supporting Information
Table S1). However, the adsorption strength of AA
was weak due to the absence of an aromatic ring
(Supporting Information Figure S1). As a consequence,
the oxidation current was low compared to those of UA
and DA, resulting in a relatively poor detection limit.

The existence of two slopes in the oxidation peak
current may be explained by monolayer adsorption
followed by multilayer adsorption, as shown in the
schematic (Figure 2i). Even at low concentrations of
UA and DA, the first layer was easily formed due to
strong adsorption. In the limit of a high concentration,
interactions among the second-layer molecules were
screened by the first-layer molecules, which means
that the interaction strength differs from that of the
first-layer molecules, resulting in two slopes in the peak
current. Due to the weak interaction of the AA mol-
ecules, multilayer adsorption of the molecules was not
realized, even at high concentrations, yielding a single
slope. UA and DA had a higher slope than AA, which is
reflected as a higher sensitivity.

Due to the coexistence of UA, DA, and AA in
numerous biological systems, accurate measurements
of each component with a high degree of sensitivity
and selectivity are mandatory. Figure 3 depicts DPV
curves obtained at various concentrations for each
species as the other two species are held at fixed
concentrations. For instance, the UA concentration
was varied from 0 to 40 uM for fixed concentrations
of DA (15 uM) and AA (100 uM) (Figure 3a). The
oxidation peak currents for DA and AA remained al-
most constant as the UA concentration increased.
This trend indicates that the addition of UA did not
significantly influence the oxidation peak currents or
potentials of the other two species. Similar trends were
observed for the other species. The m-LODs were 0.5,
0.5, and 5 uM for UA, DA, and AA, respectively, which
are much smaller than previously reported values
(Supporting Information Table S2). It is possible to
simultaneously determine the amount of UA, DA, and
AA in a ternary mixture without obvious cross inter-
ference. Thus, the ZnO NWA/GF electrode may be a
promising candidate for electroanalysis applications
due to theirimproved selectivity and sensitivity and their
excellent stability (Supporting Information Figure S16).

To provide a proof of concept, we directly examined
serum extracted from human peripheral blood. UA and
DA are known biomarkers for PD,'%?%~28 and the facile
assessment of PD biomarkers in small volumes of
diluted serum is required (see Supporting Information
S2 for more details). Figure 4a shows typical DPV curves
obtained from PD serum at different concentrations
diluted in a 0.1 M PBS solution. A small broad peak
at —0.02 V and two obvious peaks at 0.15 and 0.29 V
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Figure 3. DPV measurements for mixed UA, DA, and AA.
DPV curves for the ZnO NWA/GF electrode at varying
concentrations of (a) UA in a mixture of 100 uM AA and
15 1M DA; the UA concentrations from the bottom are 0, 0.5, 1,
2.5, 5,10, 20, and 40 uM; (b) DA in a mixture of 50 «M AA and
10 4M UA; the DA concentrations from the bottom are 0, 0.5, 1,
2.5,5,10, 20, and 40 «M; (c) AA in a mixture of 15 uM DA and
7.5 uM UA; AA concentrations from the bottom are 0, 5, 10, 20,
40, 60, and 80 ..M. Insets: plots of the oxidation peak current vs
the concentration of each biomolecule. The supporting elec-
trolyte and the DPV conditions are the same as in Figure 2.

were observed when a 0.2 vol % serum or greater is used.
The potential near —0.02 V corresponds to AA oxidation.
The peak near 0.15 V corresponds to DA oxidation but
overlaps with signals from norepinephrine, epinephrine,
and L-dopa,® excluding the possibility of its use as a
biomarker for PD. The peak near 0.29 V originates from
the UA. The relationship between the UA peak current
and the percentage of serum in a 0.1 M PBS solution is
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Figure 4. DPV measurements in serum of patients from
Parkinson's disease (PD). (a) DPV curves of different volume
fractions of PD serum in a 0.1 M PBS solution (pH 7.4) for a
ZnO NWA/GF electrode. (b) Relationship between the UA
peak current and the percentage of serum in a 0.1 M PBS
solution (the calibration curve is shown in black). The error
bars represent the standard deviation obtained from four
measurements. (c) Statistical analysis of healthy individuals
and PD patients serum UA levelsin a 0.1 M PBS solution. The
average serum UA levels were 355 + 30 «M in the healthy
individuals (n =7) and 265 + 20 uM in the PD patients (n=7),
respectively. Inset: asterisks denoted data points represent-
ing an experimental group significantly different statisti-
cally (***p < 0.001) from healthy control group. The DPV
conditions are the same as in Figure 2.

shown in Figure 4b. The oxidation current level of the
UA from the serum was similar to that of the UA solution
as the percentage of serum increased, but the slope
decreased over 0.5% (equivalently 1.25 uM UA). At serum
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concentrations below 0.5%, the UA can be effectively
adsorbed on the ZnO surface and reacted directly, leav-
ing no appreciable change in the oxidation current
compared with the UA solution only. At concentrations
greater than 0.5%, other species are involved in the
adsorption with UA (see the schematic in the inset). To
determine accurate UA levels in PD patients, the serum
was diluted 500-fold using a 0.1 M PBS solution. Assays
were run on samples from seven healthy individuals and
seven PD patients. The average UA concentrations for the
healthy individuals and the PD patients were 355 + 30
and 265 + 20 uM, respectively (Figure 4c and Supporting
Information Figure S17). This clear reduction in UA levels
in the serum of PD patients with reliable statistics (p <
0.001) strongly implies that our approach is a significant
step forward, which we believe will be beneficial for
diagnosising PD and monitoring disease progression.

CONCLUSIONS

We have fabricated vertically aligned ZnO nano-
wire arrays on 3D graphene foam which were used

METHODS

Summary. Nickel foams were used as 3D templates for the
growth of GF by atmospheric pressure chemical vapor deposi-
tion (APCVD). After etching the nickel, the obtained GF was
transferred onto ITO glass. A solution of 0.01 M Zn(CH3COO), -
2H,0 in methanol was then dropped on the surface of the GF to
prepare for the ZnO seeding layer. The ZnO-seeded GF on the
ITO glass was placed top-down and was immersed in a mixture
of Zn(NO3),-6H,0 (0.05 M), hexamethylenetetramine (HMTA,
0.05 M), NH3 - H,0 (0.05 M), and polyethylenimine (PEl, 2 mM) to
prepare the ZnO NWA/GF under hydrothermal conditions at
100 °Cfor 12 h. Finally, the ZnO NWA/GF was rinsed in deionized
water and annealed in air at 450 °C for 1 h. The CV and DPV
methods were used to measure the current response of the UA,
DA, and AA biomolecules at different concentrations. The
application of this ZnO NWA/GF electrode was evaluated by
assaying the UA levels of clinical serum samples from healthy
individuals and PD patients using the DPV method.

Reagents and Chemicals. All reagents and chemicals were
analytical grade, purchased from Sigma-Aldrich, and were
directly used for the following experiments. Deionized water
with a resistivity greater than 18.0 MQ was used in all of the
assays and solutions. UA, DA hydrochloride, and AA solutions
were prepared daily and stored in a refrigerator.

Synthesis of 3D GF. Nickel foams (Alantum Advanced Technol-
ogy Materials, China) with an areal density of 420 g m~2anda
thickness of 1.6 mm were used as 3D templates for the growth
of GF by atmospheric pressure chemical vapor deposition
(APCVD) (Supporting Information Figures S2 and S3). Nickel
foams were placed in the center of a quartz tube in an APCVD
chamber, and samples were heated to 1000 °C at a rate of
30 °C min~" in an Ar (500 sccm) and H, (200 sccm) flow. The
temperature was maintained for 30 min to reduce the formation
of oxides on the surface of the nickel foams. A CH, gas (20 sccm)
was then flowed for 10 min with the same amounts of Arand H,.
Following the synthesis, the CH, gas was turned off and
the chamber was cooled to room temperature at a rate of
100 °C min~". The resulting samples were cut into 1 x 1 cm?
pieces, and the nickel foams were covered with graphene drop-
coated with a poly(methyl methacrylate) (PMMA) solution
(molecular weight ~ 996 000, 4 wt % PMMA in ethyl lactate)
and baked at 180 °C for 30 min. This process is necessary to
retain the porous structures. The sample was then placed in a

YUE ET AL.

to selectively detect UA, DA, and AA by a differential
pulse voltammetry method. The key features for the
structural design were large surface area with meso-
porous 3D graphene structures to facilitate ion diffu-
sion easily, high conductivity from 3D graphene foam,
and active sites of ZnO surface for high selectivity. The
thermal annealing was necessary to manifest selec-
tivity on the ZnO surface among UA, DA, and AA. The
optimized ZnO NWA/GF electrode provided high
selectivity with a detection limit of 1 nM for UA and
DA. The selectivity in the oxidation potential was
explained by the gap difference between the lowest
unoccupied and highest occupied molecular orbitals
of a biomolecule for a set of given electrodes. For
field test of Parkinson's disease, the UA level was
25% lower within reliable statistical statistics in PD
patients than in healthy individuals. This finding
opens a possibility that UA can be used as a bio-
marker for PD, which will provide greater clinical
diagnostic power and the potential to improve dis-
ease prognoses.

nickel etchant (Transene Inc., TFB) at 90 °C for 5 h to completely
remove the nickel. Finally, free-standing GF was obtained by
dissolving the PMMA with hot acetone at 60 °C for 1 h. After
etching the nickel, the obtained GF was transferred onto the ITO
glass (specific resistance of <10 Q, Zhuhai Kaivo Electronic Co.,
Ltd., China), which acts as an electrode. The ITO glass was
sonically cleaned in an acetone/ethanol solution prior to use.
Synthesis of Zn0 NWA/GF. The hydrothermal synthesis method
for preparing ZnO NWAs is more favorable for practical applica-
tions due to its low growth temperature, low cost, and potential
for scale-up.3° Here, we expand on this method to produce the
homogeneous vertical ZnO NWAs on the surface of the pre-
pared GF under mild aqueous conditions. The GF was trans-
ferred onto ITO glass to prepare the ZnO NWA/GF under
hydrothermal conditions. Initially, 0.01 M Zn(CH5COO),-2H,0
was dispersed in methanol. The solution was dropped onto
the surface of the GF and was annealed at 200 °C to form a
seeding layer of ZnO nanocrystals. A mixed solution consisting
of Zn(NOs),-6H,0 (0.05 M), hexamethylenetetramine (HMTA,
0.05 M), NH3-H,0 (0.05 M), and PEI (2 mM) was prepared. After
stirring for 5 min under ambient conditions, the mixture was
transferred to a Teflon-lined stainless steel autoclave with a
volume of 100 mL. The ZnO-seeded GF was fixed onto the ITO
glass, placed top-down, and immersed in the mixture solution.
A hydrothermal treatment was conducted at 100 °C for 12 h.
Afterward, the autoclave was allowed to cool to ambient
temperature. The effect of the preparation parameters on the
morphology and cross section of the ZnO NWA/GF was also
investigated (Supporting Information Figures S4—S7). Finally,
the ZnO NWA/GF was rinsed with deionized water and an-
nealed in air at 450 °C for 1 h to remove any residual organics.
Scanning Electron Microscopy (SEM). A field-emission scanning
electron microscope (FE-SEM; JSM7600F, JEOL) equipped with
an energy-dispersive spectrometer (EDAX) operating at an
acceleration voltage of 20 kV was used to examine the surface
morphology and to conduct elemental analysis of the samples.
Transmission Electron Microscopy (TEM). A high-resolution trans-
mission electron microscope (HRTEM; JEM2100F, JEOL) was
used to investigate the morphologies of the GF and the ZnO
nanowires and the electron diffraction patterns of the ZnO
nanowires. An accelerating voltage of 200 kV was used. For the
TEM observations, the ZnO NWA/GF was ultrasonically dis-
persed in ethanol for 3 min, and the detached ZnO nanowires
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from GF were dropped onto a 200-mesh TEM grid, followed by
drying under ambient conditions.

X-ray Diffraction (XRD) and Raman Spectroscopy. The crystallo-
graphic structures of the GF and ZnO NWA/GF were directly
examined by using XRD (Rotaflex D/MAX System, Rigaku) with
Cu Ka radiation (4 = 0.15406 nm). Raman spectroscopy was
performed with a micro-Raman system (Renishaw, RM1000-In
Via) using an excitation energy of 1.96 eV (633 nm, HeNe laser).

Brunauer—Emmett—Teller (BET) Measurement. The specific sur-
face area was determined by measuring N, adsorption—
desorption isotherms at 77 K using a Quantachrome ASAP2020.
The micropore and mesopore size distributions were calculated
by the Horvath—Kawazoe (HK) and Barrett—Joyner—Halenda
(BJH) methods, respectively.

Thermogravimetric Analysis (TGA). A TGA (Q500, TA Instrument)
was used to determine the heat treatment temperature of the
ZnO NWA/GF. The temperature was increased at a rate of
5°Cmin~" in an air atmosphere from room temperature to 500 °C.

Sheet Resistance Measurements. The sheet resistance of the GF
and ZnO NWA/GF (before and after heat treatment) on glass
was measured using a four-point method with a Keithley 2000
multimeter at room temperature.

Electrochemical Measurements. All of the electrochemical mea-
surements, including CV, DPV, and electrochemical impedance
spectroscopy (EIS), were performed in a 0.1 M PBS solution
(pH 7.4) using a VMP3 electrochemical workstation (BioLogic
Science Instrument, France) in a three-electrode cell at room
temperature (Supporting Information Figure S18). The free-
standing ZnO NWA/GF electrode served as the working elec-
trode, a Ag/AgCl electrode as the reference electrode, and a
platinum wire as the counter electrode. The apparent area of
the ZnO NWA/GF electrode was 0.7 cm? CV experiments were
carried out at a scan rate of 50 mV s~ unless otherwise stated.
The DPV responses were recorded over a potential range
of —0.2 to 0.6 V with the following parameters: a pulse height
of 50 mV, a step height of 4 mV, a pulse width of 0.2 s, a step time
of 0.5 s, and a scan rate of 8 mV s™' (Supporting Information
Figure S19). The EIS was measured over a frequency range of
100 kHz to 10 MHz at the open-circuit potential and with a
perturbation signal of 10 mV.

Human Serum. Seven PD patients (4 males and 3 females)
aged 66.6 + 9.8 years were recruited from the outpatient clinic
of the Department of Neurology at the Chungnam National
University Hospital. The patients were neurologically examined
to confirm the presence of clinically definite PD according to the
clinical criteria of the UK PD Society Brain Bank.!” Data regarding
age, gender, disease duration, and pharmacological treatment
were obtained for each participating patient. Patients with
concomitant neurological or psychiatric diseases, cancer, or
other severe diseases were excluded. Seven healthy individuals
(5 males and 2 females) aged 63.8 &+ 8.9 years and biologically
unrelated to the PD patients were selected as controls. The
exclusion criteria for the control individuals were identical to
those of the PD patients. All participants gave their written
informed consent after receiving information on the details of
the study according to the Declaration of Helsinki ethical guide-
lines. The study protocol was approved by the scientific ethics
committee of the Chungnam National University Hospital.

Statistical Analysis. The bar graph of serum UA levels from
human peripheral blood was shown as average value with a
standard deviation. An independent two-sample t test (SPSS 19,
International Business Machines Corp., NY, USA) was performed to
evaluate statistical differences. Asterisks *** denoted data repre-
senting an experimental group significantly different statistically
(p < 0.001) between healthy individuals control and PD patients.
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