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ABSTRACT: In this work, we introduce an electrowetting-
assisted 3-D biofabrication process allowing both complete and
localized functionalization of bionanoreceptors onto densely
arranged 3-D microstructures. The integration of biomaterials
with 3-D microdevice components offers exciting opportunities
for communities developing miniature bioelectronics with
enhanced performance and advanced modes of operation.
However, most biological materials are stable only in properly
conditioned aqueous solutions, thus the water-repellent proper-
ties exhibited by densely arranged micro/nanostructures (widely known as the Cassie−Baxter state) represent a significant
challenge to biomaterial integration. Here, we first investigate such potential limitations using cysteine-modified tobacco mosaic
virus (TMV1cys) as a model bionanoreceptor and a set of Au-coated Si-micropillar arrays (μPAs) of varying densities.
Furthermore, we introduce a novel biofabrication system adopting electrowetting principles for the controlled localization of
TMV1cys bionanoreptors on densely arranged μPAs. Contact angle analysis and SEM characterizations provide clear evidence to
indicate structural hydrophobicity as a key limiting factor for 3-D biofunctionalization and for electrowetting as an effective
method to overcome this limitation. The successful 3-D biofabrication is confirmed using SEM and fluorescence microscopy that
show spatially controlled and uniform assemblies of TMV1cys on μPAs. The increased density of TMV1cys per device footprint
produces a 7-fold increase in fluorescence intensity attributed to the μPAs when compared to similar assemblies on planar
substrates. Combined, this work demonstrates the potential of electrowetting as a unique enabling solution for the controlled and
efficient biofabrication of 3-D-patterned micro/nanodomains.

■ INTRODUCTION

The convergence of biochemistry and micro/nanomanufactur-
ing technologies has resulted in revolutionary advancements in
the development of miniaturized devices and systems equipped
with novel functions derived from biomaterials such as nucleic
acids, antibodies, enzymes, and viruses.1,2 The integration of
these biomaterials into devices has positively impacted
numerous applications that include sensors, gene discovery
platforms, and bioenergy production.1,3 However, despite these
advancements there remains a need for new strategies that
permit the controlled deposition and patterning of functional
biomaterials onto device surfaces.
Some of the representative approaches and technologies

developed previously for biopatterning include (1) the use of
conventional lithography techniques (e.g., UV, E-beam, and
FIB) to create heterogeneous surface patterns for the selective
functionalization of biomaterials,4−6 (2) microcontact printing
(μCP) which adopts the scheme of traditional ink stamps with
PDMS-based microgratings for biopattern transfer at submi-
crometer resolution,7,8 and (3) dip-pen nanolithography
(DPN) which utilizes atomic force microscopy systems to
draw nanoscale biopatterns, leveraging their ultrahigh mechan-

ical precision.9 Such biofabrication technologies have rapidly
evolved over the past two decades based on biochemical
principles, micro/nanofabrication processing methodologies,
and instrumentation science/engineering. The development of
these biofabrication technologies has led to a greater under-
standing of biomolecular activities through on-chip character-
ization and enables the rapid development of advanced
bioelectronics including biosensors and bioenergy harvest-
ers.1,10

Recent efforts have demonstrated the integration of
biomaterials with 3-D transducers for enhanced performance
or advanced modes of operation for bioelectronics on
miniaturized scales.11−15 Three-dimensional structures at
micro- and nanoscales offer numerous beneficial properties
compared to their 2-D counterparts. The primary attractive
feature is their expanded physical interface between system
components and materials which can directly translate into a
significant enhancement in respective performance. Also,
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precise pattern control over these interfaces using micro/
nanofabrication or emerging 3-D printing technologies has the
potential to further improve the surface-to-volume ratio,
functional uniformity, and tunability of these devices.16

One of the interesting characteristics present in such small-
scale 3-D structures is their limited wetting, known as structural
hydrophobicity or the Cassie−Baxter wetting state.17−20 When
micro-/nanoscale structures are densely arranged, the wetting
of 3-D microcavities with aqueous liquids can be hindered by
the balancing of surface tensions at the solid−liquid, solid−gas,
and liquid−gas interfaces.21 Considering that most biological
materials are stored in buffered aqueous solutions due to
inherent narrow biological stability windows, such limited
wetting properties can become a significant obstacle when
attempting to build and pattern 3-D interfaces between devices
and biomaterials.22,23 Over the past decade, our group has been
developing miniaturized device components (microenergy
storage devices and bio/chemical sensors) utilizing genetically
modified tobacco mosaic virus (TMV1cys) as a nanoscale
functional material.24,25 In recent efforts, we have demonstrated
the use of TMV1cys-based hierarchical electrodes for electro-
chemical charge storage devices achieving a significant increase
in performance.22,25 However, we have encountered challenges
when functionalizing TMV1cys on high-density microstruc-
tures, which limited our ability to further increase the area-to-
volume ratio of our devices with enhanced performance.
Among the effective methods to induce structural wettability

(the Cassie−Baxter to Wenzel state) is the widely applied
principle of electrowetting.19,26 Electrowetting allows one to
control material wetting states by the modulation of applied
electric potential at the solid−liquid interface. Due to its high
precision over the manipulation of liquid droplets on solid
surfaces, it has been utilized for a wide range of applications
including liquid-based optical components,27 new display
technologies,28 and digital microfluidics.29 More importantly
for this work, electrowetting for wettability transition in various
3-D structured materials (e.g., Si nanoposts,30 epoxy micro-
posts,31 and carbon nanotubes (CNT)32) has been demon-
strated. However, to the best of our knowledge, this principle
has not yet been applied for the wetting of biological solutions
into 3-D structured materials for surface functionalization.
In this report, we characterize and identify structural

hydrophobicity as a key limiting factor in the successful 3-D
biofunctionalization of patterned microsurfaces and introduce
an electrowetting-assisted biofabrication technology that allows
for the complete and localized assembly of TMV1cys onto
structurally hydrophobic substrates. Specifically, Si-based
micropillar array (μPA) electrodes having different pillar
spacings were used to investigate the relationship between
μPA densities to the extent of TMV1cys functionalization on
these 3-D surfaces. The electrowetting principle is revealed as
an enabling solution for 3-D biofabrication, displaying
enhanced abilities to integrate functionalized biological macro-
molecules onto micropatterned surfaces. Overall, the bio-
fabrication process introduced and characterized in this work
provides a basic resource and suggests potential opportunities
for the development of advanced biointegrated 3-D devices and
systems.

■ EXPERIMENTAL SECTION
Cysteine-Modified TMV1cys and Self-Assembly onto Au

Surfaces. TMV is a cylindrical plant virus featuring high-aspect-ratio
geometry with a 300 nm length, 18 nm outer diameter, and 4 nm inner

channel diameter. The structure is a result of ∼2130 coat proteins
encapsulating an RNA genome. Driven by genetic modification and
chemical conjugation strategies, TMV has been engineered over the
past decade to provide nanoscale biological templates for assembling a
wide range of nanostructured materials (metals,33,34 metal oxides,22,25

polymers,35 peptides,36 enzymes,37 etc.) for developing energy storage
devices, bio/chemical sensors, drug-delivery molecules, etc. The
biomaterial used in this work is genetically modified TMV expressing
thousanda s of cysteine residues on its outer surface (for TMV1cys, the
details of genetic modification and purification protocols can be found
in a previous report33). A 0.2 mg/ml concentration of TMV1cys in 0.1
M, pH 7 phosphate buffer (PB) solution is used for all experiments.
The increased metal binding properties of TMV1cys, such as self-
assembly onto Au surfaces and surface metallization with Ni,23 and its
facile chemical binding sites for fluorescent conjugation provide a great
means for the characterization of functionalization morphology and
biochemical activity after the electrowetting-assisted biofabrication
process.

Au-Coated Si μPA as Structurally Hydrophobic Substrates.
As shown in Figure 1a, a set of four different μPA electrodes is

fabricated to study the dependence of TMV1cys functionalization on
the μPA density using a previously reported method that involves the
complete immersion of respective electrodes into TMV1cys solution
followed by 18 h of incubation for the self-assembly. All pillars are 70
μm tall and 7 μm in diameter, but the spacing between the pillars is
varied from 7 to 21 μm, allowing the spacing aspect ratio (SAR) to
vary from 10 to 3.3 (Figure 1b). Figure 1c illustrates the fabrication
process for the μPA electrodes. A silicon substrate is patterned with a
negative photoresist (NR9-1500PY, Futurrex) etch mask and etched
using deep reactive ion etching (DRIE; STS deep reactive ion etcher).
The etched wafer is diced into single chips (1 × 1.7 cm2 with a 1 × 1
cm2 pillar array area), and the surface is passivated with SiO2 (500 nm
at 300 °C) using plasma-enhanced chemical vapor deposition
(PECVD, Oxford Plasmalab System 100). Electrodes are created by
subsequent sputter deposition (model AJA International, ATC 1800-
V) of Ti (30 nm)/Au (120 nm).

Electroless Ni Metallization for SEM Characterization. The
SEM (Hitachi S-3400) characterization of surface-immobilized
TMV1cys leverages electroless Ni metallization of the viral macro-
molecules prior to imaging. The process involves an initial 5 h surface
activation step in Pd solution (0.7 mM Na2PdCl4 in 0.1 M PB
solution), creating Ni nucleation sites, followed by a 4 min immersion
in Ni solution (50 mM NiCl2, 75 mM Na2B4O7, 0.13 M glycine, and
0.25 M (CH3)2NHBH3 in deionized water). The process is carried out

Figure 1. (a) Schematics of Au-coated Si-μPA electrodes featuring a
range of SARs. (b) Cross-sectional view of the μPA with geometrical
parameters; the pillar aspect ratio remains at 10 for all electrodes while
the spacing varies from 7 to 21 μm for SARs of 10, 7, 5, and 3.3. (c)
Fabrication process involving one-step photolithography followed by
DRIE. The Cr/Au electrodes are deposited via sputtering with an
underlying SiO2 passivation layer deposited via PECVD.
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under ambient conditions. The details of the solution preparation
protocols can be found in previous reports.23,33

Fluorescence Microscopy Characterization. The increased
biochemical density of 3-D-functionalized TMV1cys on μPA electro-
des was evaluated by labeling thiols (on exposed cysteine residues)
with a 50 μg/mL fluorescent labeling reagent (fluorescent 5-
maleimide) prepared in 0.1 M PB solution (pH 7). The TMV1cys-
functionalized electrodes were immersed in the labeling solution for 2
h and then repeatedly rinsed with deionized water before imaging
(Leica INM100). The acquired fluorescence images were evaluated
using open source image analysis software ImageJ.
System Components for Electrowetting-Assisted Three-

Dimensional Biofabrication. A custom-built setup was developed
to characterize and implement the electrowetting of TMV1cys
solutions onto high-density (SAR = 10) μPA electrodes. Figure 2a

illustrates an overview of the developed system comprising six major
elements: (1) TMV1cys solution, (2) a Au-coated Si μPA electrode,
(3) a stainless-steel nozzle with its tip coated with a hydrophobic film
(polyimide), (4) an ac function generator (Agilent 33220A), (5) an
XYZ micromanipulator (Velmex modules), and (6) an optical
microscope with high-speed image capture capability (Redlake
MotionPro HS-3). The electrowetting process is conducted in air at
room temperature. The details of each element are described below.
The TMV1cys solution functions as a biological ink to be

functionalized and patterned on the μPAs. As mentioned before, the
TMV1cys used in this work is genetically modified with cysteines,
which contain thiol groups (-SH), on their surfaces. This allows
TMV1cys macromolecules to self-assemble onto Au surfaces through
Au-thiol binding as well as uniform metallization over their nanoscale
structure through electroless plating.33 This is critical to the successful
demonstration of this approach, allowing the characterization of
functionalization morphology and biochemical activity after the
electrowetting process via SEM and fluorescent labeling.
The μPA electrode serves as a 3-D substrate in the system. The

hydrophobicity provides physical control over the wetting and

patterning process by limiting the substrate wetting at thermal
equilibrium. The Au layer used to coat the Si pillar structure functions
as an electrode for the electrowetting process as well as a means for the
functionalization of the cysteine-modified TMV1cys through the Au-
thiol binding mechanism. Considering the hydrophobicity of the
substrate, it is challenging to accurately position the TMV1cys solution
on the μPAs and even more problematic when the volume of the
solution is in the microliter range. This is overcome by the use of a
modified metallic nozzle and the XYZ micromanipulator positioned
over the substrate. Specifically, the hydrophobic film (polyimide)
coating the outer surface of the metallic nozzle enables the formation
of a semispherical hanging drop of the biological solution. This key
modification allows precise control over the amount of solution
dispensed during each electrowetting step (∼1 μL/electrowetting).
Without the coating, the dispensed liquid would immediately roll
upward to the outer metallic surface, hence making it challenging to
control the size and amount of solution used for the electrowetting
step.

The cross-section of the electrowetting step is described in Figure
2b. As shown in the left panel, the TMV1cys solution at the nozzle
adopts the Cassie−Baxter state when it is loaded onto the μPAs
(Figure 2b, left). When the electrowetting voltage is applied, an instant
transition in surface wettability is induced, driving the TMV1cys
solution into the microcavities (Figure 2b, right), transitioning to the
Wenzel state.19 This allows uniform self-assemby/functionalization of
TMV1cys onto the surfaces of the deep microstructures.

In order to apply the electrowetting voltage at the solid−liquid
interface formed at the tip of the pillars, an ac function generator is
directly connected to the μPAs and the stainless-steel part of the
nozzle. Using the horizontally positioned microscope, the dynamics of
the electrowetting are characterized by monitoring the apparent
contact angle for a range of applied voltage levels. The frequency of
the applied voltage was kept at 10 kHz to avoid bubble generation
from the electrolysis of water.

■ RESULTS AND DISCUSSION
TMV1cys Assembly on μPAs of Different Densities. As

an initial step, the structurally hydrophobic properties of Au-
coated μPAs are characterized via contact angle measurements
of 10 μL sessile drops of the TMV1cys solution on Au-coated
planar (Figure 3a) and μPA electrodes (Figure 3b). While the

planar Au surface exhibits a hydrophilic nature with a 65°
contact angle, the μPAs yield higher hydrophobic character-
istics as indicated by a 132° contact angle (the Cassie−Baxter
state). This is close to the theoretically expected value (136°)
calculated on the basis of the Cassie−Baxter equation (eq 1),
where θ* is the apparent contact angle on the μPAs, ϕs is the

Figure 2. (a) Overview of the custom-built system for the
electrowetting-assisted 3-D biofabrication process and (b) cross-
sectional schematics describing the electrowetting-induced structural
wettability transition and the introduction of TMV1cys into the deep
microcavities.

Figure 3. Comparison of apparent contact angle measurements of 10
μL sessile drops of TMV1cys solution (0.2 mg/mL in 0.1 M PB
solution) on Au-coated (a) planar and (b) μPA (SAR = 10) electrodes.
(c) The experimentally measured contact angles (θ*) follow a
theoretically expected trend while there is increasing disparity with
lower SARs.
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fraction of the solid in contact with the TMV1cys solution, and
θ0 is the contact angle on the planar Au substrate.19

θ ϕ θ∗ = − + +cos 1 (1 cos )s 0 (1)

Figure 3c plots both theoretically expected (derived from
Cassie−Baxter eq 1 with θ0 = 65° and ϕs calculated from the
pillar geometry) and experimentally acquired contact angles
(θ*) indicating that the hydrophobicity of the μPAs decreases
with an increase in SAR. The disparity between the two can be
attributed to the gentle pressure applied when loading the
droplet onto the μPAs via syringe tips and a hydrophilic surface
(Au), inducing liquid pinning onto the pillar tips.38 Such a
wetting state is valid only when there is no external disruption
force due to the hydrophilicity of the Au surface. Once the
Cassie−Baxter state is disrupted with an external force (e.g.,
mass loading), a faster transition of the wetting state, indicated
by the droplet spreading into the cavities (transitioning to the
Wenzel state), is observed with the lower SAR μPAs (data not
shown). It becomes significantly challenging to introduce the
solution into narrower cavities (SAR ≥ 7) that do not easily
transition to a Wenzel state, attributed to less pressure loading
per each spacing segment. In other words, the wider spacing
reduces ϕs, which as a result increases the fraction of the liquid
droplet that is supported by the micropillars.18,38 The
TMV1cys droplets on such high SAR μPAs are readilly
movable with no traceable liquids remaining on the electrode
surface.
The wetting properties discussed above are experimentally

represented in the following SEM characterizations. The Au-
coated Si μPAs having different densities (Figure 1a) are
functionalized with TMV1cys using the previously reported
method where each electrode is immersed in 1 mL of TMV1cys
solution and incubated for 18 h at room temperature for self-
assembly through thiol−Au binding. The surface functionaliza-
tion morphologies are characterized using cross-sectional SEM
(Figure 4) after electroless metallization with Ni. Figure 4a−d
compares the TMV1cys textured pillar sidewalls that are

located on the edge of the electrodes. As clearly observed, a
complete and uniform coverage of the vertical sidewalls with
TMV1cys-based nanostructures is observed irrespective of the
density. However, when examining the pillars located in the
central region of the μPAs (Figure 4e−h), a gradual reduction
of TMV1cys surface coverage toward the bottom of the pillars
is observed with increased SAR. Uniform TMV1cys assembly
was achieved only on pillar arrays with a SAR of 3.3 (Figure
4e). In addition, for the μPAs having a SAR above 5, the
TMV1cys functionalization created a profile from the edge
toward the array center (red-dotted curve in Figure 4i;
representative image from SAR = 7), indicating that the
wetting of the liquid is strongly limited in the high SAR cavities
as it experiences a greater sum of surface tensions while
spreading through the closely spaced micropillar sidewalls−
resulting in a reduced capillary pressure in the radial spreading
direction. The combined results strongly imply that the
Cassie−Baxter wetting property of densely arranged μPAs
can limit biomaterial integration into densely packed micro-
pillar arrays.

Electrowetting Dynamics of TMV1cys Solutions on
μPAs. For these experiments, electrowetting for 3-D
biofunctionalization was performed using the custom-built
system introduced in the Experimental Section. μPAs featuring
a SAR of 10 were used to control structural hydrophobicity for
electrowetting and to achieve high-density TMV1cys immobi-
lization per device footprint. First, the electrowetting voltage is
characterized by monitoring the change in droplet config-
uration (TMV1cys solution) upon wetting and measuring the
steady-state contact angle at different applied voltages. Figure 5
compares the steady-state contact angles of TMV1cys droplets
on planar Au (Figure 5a) and Au-coated μPA substrates (Figure
5b). The applied ac voltages are varied from 0 to 1.2 VRMS,
featuring a 0 minimum level with the peak-to-peak amplitude
varying from 0 to 2 VPP at 10 kHz, and the steady-state contact
angles are measured 3 s after the surface impingement. (No
noticeable spreading is observed at this time point.) As
expected, the droplet on a planar Au substrate shows
hydrophilic contact angles for all applied voltage levels with
slightly lower measures at increased voltages. However, a
droplet impinging the μPA substrate shows a slower and more
gradual decrease in contact angle as the voltage is increased,
demonstrating the higher dependency of its wettability on the
electrowetting voltage compared to the planar counterpart.
(See Video S1−S3.)
Figure 6a,b shows the change in contact angle monitored

over time until it reached steady state, to characterize the
electrowetting dynamics. As shown, there is an abrupt change
in the contact angle of the liquid drops impinging a planar
surface, reaching the steady-state contact angle within a second
(Figure 6a). The steady-state angles line up with very small
differences corresponding to the level of applied voltages. (180°
is plotted to indicate the abrupt change−it is the tangent angle
for the hemispherical droplet right before impingement.)
Figure 6b plots the change in contact angle on the μPAs.
The primary observation is that the higher voltage induced a
faster change in contact angle due to the increased applied
capacitive energy at the solid−liquid interface. In addition, the
electrowetting on μPAs shows three distict dynamic regions
over time. First, an abrupt change in contact angle is induced
upon the application of the electrowetting voltage due to an
instant reduction of the surface tension at the solid−liquid
interface. However, this is not as abrupt as observed on the

Figure 4. Cross-sectional SEM images of the μPAs functionalized with
TMV1cys using the previously reported method23 (scale bars: 50 μm
unless specified). (a−d) SEM images taken at the very edge of the four
electrodes and (e−h) taken at the electrode center area after cleaving.
(i) A functionalization profile (red-dotted curve) is created from the
edge to the center of the electrodes having SAR > 5 due to the limited
structural wetting.
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planar surface as the radial spreading is more hindered by the
surface tentions formed at the pillar side wall−liquid interfaces.
As a result, a semilinear region (indicated by the straight dotted
lines on the graphs) is followed where the wetting boundary
spreads gradually in the radial direction as the liquid reaches the
bottom surface. This in the end transitions into a saturated
region as the contact angle approaches a steady state, in which
the wetting does not involve a change in contact angle. (The
spreading of liquid in the radial direction continues within the
microcavities based on visual observation, assigned to capillary
pressure.26) Overall, this characterization confirms that the
wetting of liquid within 3-D structures can be controlled by
adjusting the voltage amplitude and duration of electrowetting,
thereby indicating the capability to control the biofunctional-
ization of 3-D substrates.
The electrowetting voltage of 1.2 VRMS at 10 kHz was

identified as optimal for TMV1cys solution wetting, as
determined from the steady-state contact angle measured
from the planar Au and the μPA substrates as shown in Figure
6c. Basically, the voltage level that reached a similar contact
angle between the two substrates was chosen, as this is

considered to be indicative of complete wetting. Lower
electrowetting voltage levels (<1.2 VRMS) would leave exposed
pillar surfaces at the bottom of the microcavities. Also, the ac
voltage signal significantly helped minimize electrolysis/bubble
generation during electrowetting; when observed with the
microscope, there was no observable bubble generation with
the ac voltage, while a dc voltage of 1.2 V created noticeable
bubbles on electrode surfaces and within the TMV1cys droplet
during the electrowetting process, which can hinder successful
biofunctionalization.

Localized Three-Dimensional Functionalization of
TMV1cys on μPAs. The morphology of electrowetting-
processed TMV1cys on μPAs was characterized using SEM
after electroless Ni metalization. The cross-sectional images
taken from these μPAs confirm complete and uniform
TMV1cys nanotexturing of the μPAs (Figure 7a). Compared
to our previous methods using complete immersion of the
substrates in 1 mL of a TMV1cys solution bath (Figure 4h),
this is a significant improvement considering the excellent
uniformity of the TMV1cys coating at the lower and deep
portion of the μPA surfaces. Figure 7b shows the μPAs that are

Figure 5. Comparisons of steady-state contact angles on Au-coated (a) planar and (b) μPA (SAR = 10) electrodes (scale bars: 1 mm). Images were
taken 3 s after applying the specified electrowetting voltages.

Figure 6. Comparisons of the change in contact angle over time at different electrowetting voltages on Au-coated (a) planar and (b) μPA (SAR =
10) electrodes. (c) Comparison of steady-state contact angles measured from planar and μPA electrodes indicate 1.2 VRMS as a complete wetting
voltage.
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exposed to a TMV1cys droplet without electrowetting. Only
isolated TMV1cys macromolecules coated with Ni are observed
at the top surfaces of the pillars while most of the micropillar
surfaces remain uncovered. This indicates that the Cassie−
Baxter state of the droplet is stable through the overnight self-
assembly process and increases the significance of the
electrowetting-assisted process as an enabling technology.
Figure 7c shows the μPAs located at the wetting edge.

Corresponding to the optical microscope image provided in
Figure S1, a clear functionalization boundary is formed on a
side wall of micropillars located along the wetting edge. The
initial limitation from the structural hydrophobicity plays a
critical role in locally confining TMV1cys functionalization on
the 3-D substrate by limiting the lateral spreading of liquid with
reduced radial capillary pressure, which is a result of the
increased sum of solid−liquid surface tensions owing to the
densely arranged vertical pillar side walls. Additional top-down
SEM images (Figure 7d) showing the tops of TMV1cys-
assembled micropillars further demonstrate the beneficial utility
of electrowetting principles for creating uniform biofunction-
alized hierarchical device components.
As a final characterization, the biochemical activity of

TMV1cys assembled by electrowetting was evaluated using a
sulfhydryl (−SH)-specific fluorescent labeling reagent, fluo-
rescein-5-maleimide. Figure 8a,b compares the fluorescence
emitted by labeled TMV1cys macromolecules on planar Au and
μPA substrates, respectively. Fluorescent microscope settings
were identical for both images (e.g., magnification, exposure
time, etc.). As clearly observed, a significant increase in the
fluorescence intensity is achieved with the hierarchically
arranged TMV1cys on the μPAs, attributed to the increased
nanoreceptor density within the functionalization area. The
image analysis indicated an ∼7-fold increase in the intensity
(Figure 8c), a significant enhancement enabled by successful
TMV1cys integration with the high-density microstructures.
The enhancement factor achieved is slightly less than the
theoretically expected value of 8.9 (derived on the basis of the
μPA geometry25). Potential reasons are (1) a wider focal depth
for the 3D structure compared to the planar substrate and (2)
possible emission losses within the volume of the μPAs.

Figure 7. SEM images of μPA electrodes (SAR = 10) with Ni-coated
TMV1cys nanostructures (scale bars: 40 μm unless specified). (a) The
electrowetting allowed a complete TMV1cys coverage along the deep
micropillar side walls compared to the (b) nonelectrowetted μPAs. (c)
A clear functionalization boundary formed along a single pillar surface
at the wetting edge. (d) Top-down view of the μPAs showing a
uniform TMV1cys coverage across the electrowetting-processed μPAs.

Figure 8. Fluorescence microscopy characterization confirming the biochemical activity of TMV1cys after electrowetting. Comparing TMV1cys on
(a) planar and (b) μPAs, (c) a 7-fold increase in fluorescence intensity is achieved (n = 9), with excellent functionalization uniformity and pattern
fidelity across the (d) 3 × 3 arrays of hierarchical bionanoreceptors.
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Furthermore, in efforts to demonstrate the patterning capability
of the developed biofabrication system (Figure 2a), 3 × 3
hierarchical TMV1cys arrays on 7 × 7 mm2 μPA substrates
were fabricated as shown in Figure 8d. As indicated by the error
bars in Figure 8c, the TMV1cys arrays fabricated through the
electrowetting process show excellent uniformity in biochem-
ical activity. The results combined demonstrate the advantages
of the electrowetting-assisted 3-D biofabrication technology for
building multiplexed and high-throughput bio/chemical sens-
ing/analysis platforms.
While the introduced biofabrication platform and the

demonstrated results sufficiently validate the applicability of
electrowetting for biomaterial patterning on 3-D electrodes,
there are a range of additional opportunities to further develop
this approach in terms of scalability, programmability,
composition of biomaterials, and complexity of 3-D substrates.
For instance, the use of smaller-capillary nozzles and/or
nanoscale 3-D substrates can allow enhanced pattern resolution
and increased array density. Also, further integration with
automated mechanical systems with multiple nozzles can enable
programmable and high-throughput 3-D biofabrication tech-
nology for the production of arrayed or multiplexed
biointegrated devices and systems.

■ SUMMARY AND CONCLUSIONS
This work reports the characterization of the TMV1cys
assembly on Au-coated Si-μPAs having different densities and
identifies structural hydrophobicity as a key limiting factor for
3-D biofunctionalization. A major breakthrough of this study
was achieved by adopting electrowetting principles, which
circumvented structural hydrophobicity limitations to enable
the controlled patterning of 3-D assembled bionanoreceptors
on high-surface-area microstructures. Results from this study
demonstrate the potential of electrowetting technologies to
serve as robust platforms for the biofabrication of micro/nano/
biointegrated 3-D devices and systems. These findings offer
new possibilities for developing advanced 3-D components
beneficial for a range of microdevice applications including
microenergy storage/harvesting, biochemical sensing, micro-
thermal management, water-repellent surfaces, etc. The simple
principles, readily available system components, and minimal
volumes of biological solutions featured by the custom-built
fabrication system suit the major criteria for widespread
application of this technology.
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