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ABSTRACT: Fabrication of detection elements with ultrahigh surface
area is essential for improving the sensitivity of analyte detection. Here, we
report a direct patterning technique to fabricate three-dimensional CeO,
nanoelectrode arrays for biosensor application over relatively large areas.
The fabrication approach, which employs nanoimprint lithography and a
CeO, nanoparticle-based ink, enables the direct, high-throughput
patterning of nanostructures and is scalable, integrable, and of low cost.
With the convenience of sequential imprinting, multilayered woodpile
nanostructures with prescribed numbers of layers were achieved in a
“stacked-up” architecture and were successfully fabricated over large areas.
To demonstrate application as a biosensor, an enzymatic glucose sensor
was developed. The sensitivity of glucose sensors can be enhanced simply
by increasing the number of layers, which multiplies surface area while
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maintaining a constant footprint. The four-layer woodpile nanostructure of CeO, glucose sensor exhibited enhanced sensitivity
(42.8 uA mM™' cm™?) and good selectivity. This direct imprinting strategy for three-dimensional sensing architectures is
potentially extendable to other electroactive materials and other sensing applications.
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1. INTRODUCTION

High-sensitivity biosensors are widely sought for applications
including clinical chemistry, on-body health monitoring,
biological analyses, as well as safety and quality assurance in
the food industry.' > Among a multitude of sensing materials,
nanostructured metal oxides have received significant attention
due to their large surface-to-volume ratio and excellent
selectivity when coupled to biorecognition molecules.”’
Various kinds of metal oxide nanomaterials, such as nanorods,
nanowires, nanofibers, nanocombs, nanotubes, have been
synthesized for sensor applications.””” Of these, only a few
reports focused on utilizing advanced processing techniques for
developing these nanomaterials into even more efficient
sensing components. To date, direct printing techniques,
such as inkjet printing and direct laser writing, have emerged as
favorable fabrication methods for producing micro-/nano-
structured materials as sensing elements.'’”"* For example,
Adly et al. developed inkjet-sprinted flexible microgap electro-
des for ssDNA detection.” Although these direct printing
techniques are potentially scalable and designable, the main
challenge for applications in producing nanostructured
materials is to maintain both high resolution and high
manufacturing rate and scalability.

Nanoimprint lithography (NIL) offers a promising low-cost,
high-throughput, direct patterning method to fabricate two-
dimensional and three-dimensional (3D) nanostructures.'®™"’
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A wide variety of materials have been applied for patterning,
including self-assembled monolayers,”” polymers®"** and
inorganic sol—gel materials.”> More recently, inorganic nano-
particles and nanotubes were directly patterned into various
architectures. For example, Au nanoparticles stabilized with
bulky ionic liquid ligands resulting in a composition of 53 wt %
Au (<10 vol % Au) and indium tin oxide (ITO) nanoparticle
solution were directly utilized for surface patterning via
NIL.*** Nevertheless, the aspect ratios of previously reported
inorganic imprinted structures, made by NIL, were generally
limited. This is due to the low stamp modulus,*® insufficient
mass transfer,”” and the volumetric shrinkage with ink
drying.”® In the case of ITO imprinting done at very high
temperatures led to poor feature replication, oxygen vacancies
in the ITO, low transparency, and aspect ratios much smaller
than 1. Limited aspect ratio is detrimental to the total surface
area of the nanostructures and limits their sensing perform-
ance. To solve this problem, a general imprinting approach was
developed for fabricating 3D crystalline metal oxide nano-
structures, including woodpile nanostructures.”” ™' Ink
comprised predominantly of crystalline nanoparticles was
directly patterned into nanostructures via NIL. The woodpile

Received: September 28, 2018
Accepted: December 24, 2018
Published: December 24, 2018

DOI: 10.1021/acsami.8b16985
ACS Appl. Mater. Interfaces 2019, 11, 18211828


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.8b16985
http://dx.doi.org/10.1021/acsami.8b16985

ACS Applied Materials & Interfaces

Research Article

percentage (%)

38
—a— number intensity
(b) —e—volume intensity 364 (C) .
34 s
324

viscosity (mPas)
N
L]
1

10

diameter (nm)

1000

shear rate (s™)

Figure 1. (a) TEM image of CeO, nanoparticles. (b) Particle size distribution of ceria in methanol by DLS. (c) Shear viscosity of the CeO, ink
under shear rate between 200 and 2000 s (inset image shows well-dispersed CeO, nanoparticle dispersion).

nanostructures were obtained via sequential imprint-planariza-
tion cycles. Finally, the polymer planarization layers were
removed via heating. The number of layers can be easily
controlled by the number of imprint-planarization cycles. This
simple stacking method enables the engineering of 3D
nanoarchitectures with high and user-customized aspect ratios.

Here, we introduce a scalable approach for fabricating
multilayer CeO, woodpile nanostructures for enzymatic
glucose sensors using solvent-assisted NIL. Multiple layers of
CeO, nanogratings can be sequentially stacked on each other,
forming a high-aspect-ratio structure. As the number of
imprinted layers increases, the sensitivity of the CeO, woodpile
structure for glucose sensing exhibited a proportional enhance-
ment due to the accompanying increase in total surface area.
This result further demonstrated that woodpile nanostructures,
as well-organized 3D immobilization matrices, are highly
compatible with the enzyme-based detection schemes. The
limitations on sensitivity supported by the weak electron
transfer between the redox centers of enzyme and the
immobilization matrix are reduced by tuning molecular
architecture on the electrode surface. The controlled increase
in the surface area of woodpile nanostructures serves to be of
efficient use of the materials, yielding both good sensitivity and
stability. Furthermore, NIL is widely compatible with micro/
nanofabrication process, yielding a scalable platform technol-
ogy for the integration of biosensing elements into micro-
devices.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Poly(dimethylsiloxane) (PDMS) Mold.
PDMS stamps were fabricated by casting PDMS into master molds.
The PDMS precursor mixture contains 10:1 weight ratio of Sylgard
184 silicone elastomer base and curing agent. This mixture was
degassed under vacuum for 20 min at room temperature. After
thermal curing at 70 °C for S h, the PDMS stamps were removed
from the molds.

2.2. Preparation of Ceria Nanoparticle Ink. A commercial
colloidal dispersion of ceria nanoparticles, stabilized by acetate
(Nyacol Nanotechnologies), referred to as CEO2(AC), was used as
the ceria precursor. This ceria particle dispersion in water (20 wt %)
was mixed with methanol and 1,2-propanediol in 1:2:2 weight ratio.
This dispersion was further vortex-mixed and sonicated to obtain a ~4
wt % ceria particle dispersion. Particle size and size distribution of
ceria were characterized with transmission electron microscopy
(TEM) (JEOL 2000FX) and Malvern Nano Zetasizer.

2.3. Preparation of Ceria Nanoparticle/Titania Sol—Gel Ink.
Titanium diisopropoxide bis(acetylacetonate) (75 wt % in iso-
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propanol, Sigma-Aldrich Co. Ltd.) was diluted with methanol to 10
wt %. Then, the titania sol was mixed with previous ~4 wt % ceria
particle dispersion as various volume ratios, such as 20:1 and 40:1,
forming modified ceria ink.

2.4. Fabrication of Patterned and Multilayered Structure.
The silicon wafer substrates were cleaned by sonication in ethanol and
acetone for 5 min, followed by a piranha solution immersion for 2 h
(3:1 volume ratio of sulfuric acid and hydrogen peroxide (30%)). The
cleaned wafers were then rinsed with deionized water and dried. The
nanoparticle-based ink was spin-coated on these wafer substrates at
3000 rpm for 150 s in a glovebox maintained at 5% relative humidity.
The PDMS stamp was placed on the wet film at 55 °C for 10 min.
The PDMS stamp was then removed, yielding patterned ceria film.
The patterned film was calcined at 500 °C for 30 min to sinter the
nanoparticles.

To obtain multilayered structures, a UV-cross-linkable low-viscosity
organic thioleneacrylate prepolymer (NOA 60, Norland Products
Inc.) was utilized as a sacrificial planarization layer. The calcined
patterned film was first pretreated with low power oxygen plasma to
lower the surface energy and improve the quality of the planarization
layer. Then, a 10 wt % NOA 60 solution in propylene glycol
monomethyl ether acetate solvent was spin-coated on the patterned
film twice at 1000 rpm for 30 s with UV curing after each spin-coating
step. The imprinting and planarization steps were then repeated.
Finally, the CeO, structure was calcined at 500 °C for 2 h. As shown
in Figure S1, the all-organic planarization layers can be completely
removed with calcination.

As for the glucose sensor, patterned and multilayered CeO,
woodpiles were fabricated on an Au/Ti (50/5 nm) bilayer-coated
silicon wafer, deposited using an electron beam evaporator.

2.5. Immobilization of the GOx Enzyme. CeO, multilayered
film was immersed into a solution of GOx (1 mg mL™") prepared in a
50 mM phosphate-buffered saline (PBS) solution mixed with Nafion
(5%) overnight, allowing GOx immobilization to take place.’ The
electrode was then rinsed with PBS to wash away the nonimmobilized
GOx and stored in 4 °C refrigerator for further use.

2.6. Preparation of the Glucose Solution. A glucose stock
solution (0.1 M) was prepared with SO mM PBS solution (pH 7.0).
To ensure the formation of -p-glucose, this stock solution was left at
room temperature for 24 h before use.

2.7. Electrochemical Measurements. All electrochemical
measurements were conducted using CHI 600D. The characterization
of ceria electrodes was carried out with a three-electrode setup. A
platinum wire served as the counter electrode, and the Ag/AgCl
electrode worked as the reference electrode. The spectra of cyclic
voltammetry (CV) curves were recorded in PBS (50 mM, pH 7.0)
containing a S mM Fe(CN)¢* solution. For amperometric studies, all
experiments were carried out in PBS (50 mM, pH 7.0) via application
of +0.7 V versus Ag/AgCl electrode. The glucose sensing was
conducted under mild stirring at room temperature. After each
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Figure 2. (a) Illustration of fabrication steps for obtaining patterned CeO, film via solvent-assisted nanoimprint lithography with ceria
nanoparticles; (b, ¢) SEM images of patterned CeO, films with different structures (grating line and nanopillar structures with S00 nm width).
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Figure 3. (a) Schematic illustration of steps to fabricate bilayer structure of CeO, film via solution-based soft nanoimprint lithography. (i)
Planarization with a thiol—ene-based photopolymer. (ii) Spin coating new layer. (iii) Second-layer imprinting with molding—drying—demolding
process. (iv) Two-layer woodpile electrode obtained after calcination; (b—d) SEM images of bilayer nanostructures with (b) pure CeO,
nanoparticles, (c) CeO, nanoparticle with 2.5 vol % titanium sol gel and (d) CeO, nanoparticle with S vol % titanium sol gel.

measurement, the reaction cell and electrodes were fully washed with
PBS (S0 mM, pH 7.0) solution. Standard deviations of these
measurements were calculated based on the average of three
consecutive results.

3. RESULTS AND DISCUSSION

The first step for fabricating woodpile structure is to generate a
stable imprintable CeO, ink. For solvent-assisted nanoimprint,
ink’s imprintability is mainly related with nanoparticle size,
dispersity, solid concentration, and ink viscosity. Our imprint
ink is made with commercial colloidal CeO, nanoparticle
dispersions (20 wt %) in water (Nyacol Nanotechnologies). As
shown in transmission electron microscopy (TEM) image, the
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ceria particle core size is below 10 nm (Figure la). The
number- and volume-averaged particle sizes from dynamic
light scattering (DLS) are 11.8 and 13.6 nm, respectively
(Figure 1b). The difference is due to the solvation of the
ligands. This ceria particle dispersion in water was mixed with
methanol and 1,2-propanediol in 1:2:2 weight ratio to obtain a
4 wt % ceria nanoparticle dispersion, as the imprint ink. The
incorporation of methanol and 1,2-propanediol is critical in
two ways: (1) the low boiling point of methanol (bp 64.7 °C)
leads to fast evaporation and quick concentration of the ink
during spin-coating process, whereas the high boiling point
solvent, 1,2-propanediol (bp 188.2 °C), ensures fluidity during
the imprinting step; (2) the combination of these two solvents
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Figure 4. Schematic illustration of (a) three-layer and (d) four-layer CeO, woodpile nanostructures. SEM images of (b, c) trilayer and (e, f)
tetralayer CeO, films with different magnifications. The insert images show cross-section SEM images of three- and four-layer CeO, woodpile

nanostructures.

provides proper stability, viscosity, and wettability of ink for
spin-coating processes. ” The viscosity of ink remains low (3.5
mPa s), which is approximate to that of the mixture solvent
(2.6 mPa s at 25 °C) (Figure 1c). Meanwhile, this CeO, ink is
stable with negligible precipitation for several months. These
properties of ink are important to mold filling and solvent-
assisted nanoimprinting.

The schematic illustration of the process of solvent-assisted
soft nanoimprint lithography with CeO, nanoparticles is
shown in Figure 2a. A poly(dimethyl siloxane) (PDMS)
stamp with lithographically designed structures was placed on
the top of the spin-coated film. During heating, solvent was
absorbed into the PDMS stamp, and a patterned film was
obtained after demolding. Due to the effective dispersion and
the small diameters of the nanoparticles in the ink (Figure 1),
these ceria nanoparticles can be easily and rapidly imprinted to
yield nanostructures over large areas. As shown in Figure 2b,c,
CeO, nanostructures with various patterns were developed.
The final architecture is obtained through a calcination process
in air at 500 °C for 30 min. This high-temperature calcination
completely removes the planarization layers and other
organics. Thermal gravimetric analysis (TGA) curves of
planarization layer and nanoparticle ink are shown in Figure
S1. The difference in dimensions between the master mold and
the printed CeO, film before and after annealing at 500 °C is
discussed in detail in Figure S2.

To fabricate multilayered woodpile nanostructures, the
planarization step is essential to enable imprinting of the
succeeding layers. A commercial UV cross-linkable thiol—ene-
based photopolymer (NOA 60, Norland Products Inc.) is
applied as the planarization material. Photopolymer dispersion
fills the trenches and forms a solid and planar surface with UV
curing. The second layer of ceria nanoparticles was imprinted
on this new planarization layer in an orthogonal orientation.
Finally, the organic planarization layer is removed during
calcination to build the two-layer woodpile nanostructure. The
schematic illustration for these processes is shown in Figure 3a.
However, cracks were observed when using pure CeO,
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nanoparticle ink, as shown in Figure 3b. All these defects
happened at the intersections of two layers, caused by weak
connectivity of the ceria particles following calcination.
Though the neck formation and ripening of particles during
calcination can enhance the mechanical properties of the
nanostructure, the second layer of CeO, grating lines was still
not strong enough to firmly stack on the first layer. To solve
this, a binder for connecting nanoparticles together is needed
for preventing cracks for multilayer stack. Here, a 10 wt % UV-
curable binder, titanium diisopropoxide bis(acetylacetonate),
in methanol/isopropanol was added to improve the mechan-
ical strength of grating lines. Figure 3c,d shows the SEM
images of bilayer woodpile nanostructures with addition of
different amounts of titanium sol gel. When 2.5 vol % titanium
sol gel was added into CeO, nanoparticle ink, a majority of the
defects were eliminated; however, a few defects were still
observed, which is marked in the red box (Figure 3c). Defects
in the bilayer were essentially eliminated by adding 5 vol %
titanium sol gel. SEM images show robust bilayers without any
defects (Figure 3d). A defect-free imprint image with a larger
area view (Figure S3) demonstrates the robustness of this
method. X-ray photoelectron spectroscopy (XPS) indicates
that the ratio of Ti/(Ti + Ce) is 4.93% in the material after
calcination (Figure S4). The mass loss of this modified ink is
slightly increased due to the addition of binder, as shown in
Figure S1. X-ray diffraction (XRD) shows annealed sample
with typical peaks corresponding to (111), (200), (220), (311)
plane, which represents the face-centered cubic fluorite
structure of CeO,. The average crystallite size is calculated
to be 6.1 nm. To be noticed, there is no additional peak from
crystalline TiO, observed (Figure SS). This might due to the
limited amount of binder and annealing condition.

With this modified CeO, ink, additional layers can be easily
built upon the existing woodpile structure by simply repeating
the fabrication steps. The SEM images of woodpiles with three
and four layers are shown in Figure 4. The cross-sectional SEM
images show that these grating lines were stacked firmly on the
bottom layers. Well-defined nanogratings with aspect ratio of 1
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Figure 5. (a) Cyclic voltammograms of different layers of CeO, electrodes recorded in PBS (50 mM, pH 7.0) containing a 5 mM Fe(CN)*~
solution. (b) Cyclic voltammograms of four-layer CeO, woodpile electrodes before and after modification with GOx. (c) Cyclic voltammograms of
GOx/Ce0O,/Au electrode with and without glucose. (d) Calibration curves for glucose with various layers of CeO, woodpile structure (with range
of 0.4—2.4 mM). (e) The relationship between sensitivity and total surface area ratio with various layers of woodpile structure (all of the values of
surface area ratio are based on the surface area of one-layer imprinting). (f) Amperometric response curve of the fabricated four-layer CeO, sensor
with successive glucose injection. Each addition is 0.4 mM glucose. Inset image shows selectivity of sensors. 0.2 mM glucose, 0.2 mM ascorbic acid,
and 0.2 mM uric acid were added. All measurements for glucose are conducted in PBS buffer solution (50 mM, pH 7.0, 25 °C, +0.7 V). Error bars

in figures show the standard deviation of three measurements.

were obtained. The width and height are each approximately
230 nm. The dimensions are consistent in every layer.
Consequently, stacking more layers results in higher aspect
ratio. Notably, the dimensions of each layers and number of

layers can be easily tuned using the desired master mold and
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number of imprint cycles. Meanwhile, as the number of layers
increases, this woodpile nanostructure exhibits corresponding
increases in surface area and more importantly a nearly
constant surface-to-volume ratio, as the overlapping area
between layers is negligible.
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Figure 6. SEM images of woodpile electrodes with (a) GOx and (b) GOx and Nafion.

We then apply woodpile structures as a transducer for
biosensor applications. Nanostructured CeO, exhibits many
desirable properties, such as electrical conductivity, chemical
inertness, nontoxicity, and biocompatibility.”* To date, CeO,
nanomaterials have been applied for detection of glucose,*
cholesterol,”> H,0,°* and DNA.>* To demonstrate the
benefits of this woodpile CeO, nanostructure in biosensor
applications, we tested it as an enzymatic glucose sensor.
Glucose has a notable importance in terms of both clinical
studies to prevent and control diabetes as well as the food
industry. The impact of the former is potentially significant as
an estimated 422 million people, as reported by WHO in 2014,
suffer from diabetes.*®

Here, CeO, woodpile nanostructures with different numbers
of layers were fabricated on a bilayer of Ti/Au (5/50 nm),
which served as the current collector. First, cyclic voltammetry
(CV) studies were conducted in PBS buffer (50 mM, pH 7.0)
containing S mM Fe(CN)¢>~ over the range of —0.7 to +0.7 V.
Figure Sa shows that the peak current of ferrocyanide/
ferricyanide increased with the number of layers, confirming
that the woodpile nanostructures with more layers provide a
higher surface area for faradaic electron transfer. The CV
curves at various scan rates are shown in Figure S6. The linear
relation between peak currents and the square root of the scan
rates indicates that mass transfer between electrodes was a
diffusion-controlled process, similar to other reported for
surface-confined redox species on electrodes.'®

Glucose oxidase (GOx) was immobilized on the CeO, via
electrostatic interactions. CeO, is known as a material with
high isoelectric point (IEP, 9.2). The high IEP indicates that
CeO, carries positively electrical charge in a pH 7.0 buffer
solution. This property renders CeQO, particularly attractive for
immobilization of low IEP enzymes (for example, glucose
oxidase, GOx, exhibits an IEP of 4.2) via electrostatic
interactions.”” The addition of Nafion was applied to form a
uniform film on the GOx/CeO, for improving the stability of
immobilization.”® Immobilization of GOx was confirmed using
electrochemical characterization. The CV curve in Figure Sb
shows that the peak current decreased after modification with
GOx. This decreased peak current is a consequence of the
insulating characteristics of GOx. SEM images of woodpile
nanostructure after enzyme modification are shown in Figure
6. After immobilization, three-dimensional multilayer woodpile
structure remains structurally stable. The nanostructure in two-
layer woodpile electrode presents an increase in roughness,
turther indicating the successful immobilization of GOx on the
woodpile surface. As shown in Figure 6b, a thin layer of Nafion
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film is coated on the woodpile electrode for optimizing the
immobilization stability.

The cyclic voltammetry of the GOx/CeO,/Au in a 50 mM
PBS (pH 7.0) between 0 and +0.7 V against Ag/AgCl at a
potential scan rate of 0.01 V s is shown in Figure Sc. After
adding 1 mM glucose into the solution, an obvious current
increase can be observed above the +0.40 V potential, showing
glucose is detectable at high potentials. Saha et al. proposed a
mechanism for CeO,-based glucose sensing, relying on the
reoxidation of CeO,.”” Here, the performance of CeO, glucose
sensor was tested using an amperometric technique in
phosphate-buffered saline solution (PBS, S0 mM, pH 7.0, 25
°C) at an applied potential of +0.7 V. Before detailed
measurements of sensor performance with various layers
could be obtained, the effect of the addition of titanium sol
gel needed to be studied. Thus, devices containing one layer of
imprinted CeO, both with and without titanium sol gel were
developed and examined. As shown in Figure S7, both samples
exhibit similar sensitivity as a glucose sensor, indicating that
the addition of titanium sol gel did not impact the
performance. Moreover, these imprinted CeO, electrodes
show good reproducibility and repeatability for glucose sensing
(Figure S8).

Calibration curves for glucose (with range of 0.4—2.4 mM in
PBS solution) with various layers of CeO, woodpile
nanostructure were then generated and are shown in Figure
5d. The sensitivity of CeO, woodpile nanostructures increased
systematically with the number of layers. The sensitivity with
different numbers of layers exhibits a linear relationship with
surface area of nanostructure (Figure Se). The calculation of
surface area is based on the dimension of the patterned line
from SEM (230 nm width and 1000 nm pitch). The surface
area includes the area of residue layer, and overlapping area
between layers is negligible. This linear relationship reveals
that the woodpile architecture not only provides high surface
areas but also accessible area for biomaterials due to its
hierarchical nanostructure. The sensitivity of four-layer wood-
pile of CeO, is 42.8 yA mM™ cm™ a value that is
approximately 3.1 times that of the sensitivity of single-layer
devices (13.8 uA mM™ cm™2). The limit of detection was 10
uM at a signal to noise ratio of 3. Amperometric response of
the four-layer woodpile of CeO,/Au glucose biosensor on
successive additions of 0.4 mM glucose with a response time of
~S s is shown in Figure 5f. A detailed real-time glucose
detection is shown in Figure S9. Moreover, these woodpile
sensors show good selectivity, as shown in Figure 5f. The
electrode has a limited response to interferences, ascorbic acid,
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Table 1. Comparison of Glucose Sensor Performance of the Four-Layer CeO, Woodpile with Recent Reports on CeO,

immobilization matrix sensitivity (A mM™' cm™?)

CeO, nanorods 0.165 100
nanostructured CeO, 0.517 12
nanoporous CeO, NA NA
nano-CeO,/graphene 7.198 2
nanostructured CeO," 44 10
CeO,/polyaniline” 25.79 0.56
CeO,@CuO core shell” 3319.83 0.019
four-layer CeO, woodpile 42.8 10

a .
Nonenzymatic glucose sensor.

limit of detection (uM)

KPP linear range applied potential (V) refs

44.57 mM 2—26 mM +0.80 7

13.55 uM 50—400 mg L +0.50 32

101 mM  25-300 mg L™ +0.33 37

3.5 mM 0.05—6.5 mM +0.38 40

NA 1-10 mM NA 41

NA NA +0.10 42

NA 1-89 uM +0.40 43

4.59 mM 0.02—2.5 mM +0.70 this work

and uric acid. This good selectivity is due to the incorporation
of Nafion film. This perfluorinated cation-exchange polymer
membrane can strongly restrict the passage of anions across the
membrane.”” The long-term stability of four-layer woodpile
electrode is shown in Figure S10. The biosensor remains ~88%
of initial response after 3 weeks.

To demonstrate that the woodpile structure does in fact
enhance sensor performance, a series of unpatterned CeO,
electrodes were fabricated, and their performance was
compared to the woodpile structures. For example, a CeO,
film made by four spin-coating—calcination cycles is utilized as
a control sample for the four-layer woodpile. As shown in
Figure S11, although unpatterned CeO, exhibits similar
sensing performance as patterned structure, performance
difference becomes much larger as the number of layers
increases. The sensitivity of four-layer woodpile structure is
approximately 2.5 times that of the sensitivity of control
sample with similar mass loading. This confirms that the
woodpile stacking is effective for enhancing sensing perform-
ance.

Table 1 compares the sensitivity, limit of detection, value of
the apparent Michaelis—Menten constant (K,,**), and linear
range with other CeO,-based glucose sensors reported from
literature.”***”**=* These works mainly focus on CeO, with
nanoscale morphologies (e.g, nanorod, nanoporous) or
composite materials with CeO,. Although we use commercially
available particles, these relatively simple and scalable woodpile
structures achieve comparable-to-better sensor performance
among enzymatic glucose sensors with CeO,-based nanoma-
terials. Moreover, even higher aspect ratio CeO, electrodes
could be fabricated via the same strategy for achieving higher
sensitivity. The mechanical strength and conductivity of the
CeO, nanogratings determine their upper limit.

B CONCLUSIONS

In summary, three-dimensional CeO, woodpile electrodes with
designed aspect ratios were developed via solvent-assisted NIL
for application as glucose biosensors. The biosensor results
demonstrate that the sensitivity of this CeO, woodpile
electrode can be increased by simply increasing the number
of layers. The four-layer CeO, woodpile electrode has been
proved as an excellent glucose sensor with enhanced
performance. Moreover, this “stacked-up” approach with NIL
enables one to redesign the dimensions of CeO, woodpile
nanostructure (line width, line height, and number of layers)
with different master molds for achieving various biosensor
requirements. The method here is general and can be broadly
applied to electroactive sensing materials.
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