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By combining polymer pen lithography (PPL) patterning with in-
situ polymerization, we report a straightforward and bottom-up
approach for bench-top fabrication of microelectrode arrays
(MEAs) with well-controlled dimensions. The as-fabricated MEAs
can be used to in-situ electrodeposit prussian blue and work as a
biosensor for H,0, with a detect limit as low as 5 nM at the
sensitivity of 0.7 A cm? M'l_

MEAs have been receiving significant attention in biological
analysis, environmental monitoring, food safety, and disease
diagnosis1 for their unique electrochemical properties such as
highly sensitive, small capacitive-charging currents, reduced iR
drop(potential drop due to solution resistance), improved
signal-to-noise ratio and current response, and steady-state
diffusion currents.” As a general rule, with the size down to
micrometer level, the size-effect can enhance the observed
response through adjusting the
transport of redox active species to and from the electrode
surface. MEA is capable of outputting satisfactory current
response signals while overcoming the drawback of a single
microelectrode having extremely large current densities yet
very small absolute currents. Moreover, MEAs create an
attractive and important opportunity for the integration of
living, biological systems into lab-on-a-chip devices owing to
their feasibility in sensing multiple analytes (via fabricating
devices with individually addressable MEAs) and probing signal
transmission.>* Such advantages are very important for in-
vitro or in-vivo biological applications such as enzyme-linked
assays and the detection of many other biomolecules.

So far, various types of MEAs have been introduced to
electrochemical analysis such as planar or recessed micro-disk
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electrode arrays,

electrode

arrays, interdigitated microelectrode
regioselectivity electrode arrays,6 micro-band
arrays,7 linear microelectrode arrays,8 and 3D microelectrode
arrays.9 These microstructured electrodes are usually
manufactured by conventional lithographic techniques such as
photolithography (for metal, carbon, and other electrode
arrays),10 screen-printing techniques,11 direct
electrodeposition12 or unconventional methods
assembly techniques13 and soft Iithography.14 Besides, we have
manufactured different functional micro structures by means
of soft Iithography,15 microfluidic etching16 and direct pen
writing.17 Those methods have their advantages respectively
when it comes to the fabrication of MEAs. While these MEAs
have been previously demonstrated to be very sensitive for
the detection of biologically important species, fabrication of
new types of MEAs with high resolution and controlled
architecture in a simple and scalable way is still highly desired
for the integration into microelectronic and microfluidic
systems towards addressable MEA and multiplex detection.

Polymer-pen lithography (PPL), a molecular printing method
developed in 2008, has been extensively exploited for mask-
free and high-throughput fabrication of complex patterned
nanostructures,18 which combines the attributes of soft
Iithography19 and dip-pen nanolithography (DPN)*° into a
single lithographic platform. This technique uses massive
cantilever-free pyramidal pen arrays to direct deposit
molecular materials onto a surface over cm” area, with precise
size and registration control across nano to macro length
scales by a scanning probe system.lg'21 Importantly, feature
size ranging from 40 nm to over 10 um can be easily adjusted
through controlling patterning parameters (contact force,
time, etc.) as well as external conditions (humidity, light etc.)
in a single patterning experiment.m’zz’23 Compared with other
techniques based on premade masks or templates such as soft
Iithography,6’23"’1 colloidal Iithography23b and subtractive
patterning via lift off,”?* in-situ growth,23d the ability to
produce arbitrary, uniform patterns over macroscopic areas
makes PPL an attractive tool for customized and bench-top
device fabrication.

such as
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Herein, by combining PPL patterning with in-situ
polymerization, we report a straightforward and bottom-up
approach to bench-top fabrication of MEAs with well-
controlled  dimensions. We  firstly patterned 16-
mercaptohexadecanoic acid (MHA) onto an Au-coated
substrate by PPL as molecular resist, followed by passivation of
the background with densely grown PMMA brushes through
surface-initiated atom transfer radical polymerization (SI-
ATRP). MEAs were then produced by simply plasma removing
the MHA self-assembled monolayer (SAM) to expose the
underlying Au surface. Further electrode modification with
prussian blue (PB) was also demonstrated and the modified
MEAs can function as electrochemical detector for H,0,, which
plays an important role in the biological processes. Notably,
MEAs with varied size and density can be easily produced in a
programmable manner by adjusting the lithography
parameters to screen their electrochemical performance. This
method could allow rapid prototyping of functional
electrochemical devices for various purposes.

Experimental Section

Fabrication of MEAs by polymer pen lithography

The MEAs were fabricated on an Au substrate as schematically
shown in Fig. 1. The Au-coated n-doped Si wafer (5 nm Cr, 50
nm Au) was cleaned by ultrasonication in DI water, acetone,
and isopropanol, sequentially, and was blown dry with N, prior
to patterning procedure. Polymer pen arrays were fabricated
following previously reported proc.:edures.24 The as-made
polymer pen array was plasma-treated for 1 min and dipped
into an ethanol solution of MHA (5 mM) and dried in air for
inking. The inked polymer pen array was then mounted onto a
customized z-piezo scanner (XE-100, Park Systems) and aligned
to the plane of the Au substrate. After leveling, the pen array
was programmed to contact with the substrate to write MHA
patterns at ~30% relative humidity and room temperature (RT)
with a dwell time of 0.5 s. Finally, the MHA-patterned
substrate was backfilled with 1 mM w-mercaptoundecyl
bromoisobutyrate (MUDBr) ethanol solution and rinsed with
fresh ethanol.

PMMA brushes were then grown on the substrate through
surface-initiated atom transfer radical polymerization (SI-
ATRP) in aqueous media:*> the MUDBr-coated Au substrate
was placed in Schlenk tubes under a N, atmosphere at around
35-40 °C, followed by adding the degassed monomer solution.
Typically, the monomer solution used to prepare PMMA
brushes is composed of 5 g MMA, 4 mL of methanol, 1 mL of
DI water, Cu(l)Br (0.071 g), 2,2-dipyridyl (0.156 g). The
polymerization time was varied from 0.5 to 8 h to control
thickness. The determination of the optimum thickness of the
PMMA layer is shown in supporting information ( Fig. S2). After
reaction, the resultant substrates were rinsed extensively with
methanol, DI water and toluene, and then dried under a
stream of N,. Then the as-fabricated Au substrate was exposed
to plasma for 30 s to remove the MHA and form Au MEAs.
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Fabrication of Prussian Blue (PB)-Based MEAs

PB was electrochemically deposited onto the Au MEAs in 0.1
M hydrochloric acid containing 4 mM K;Fe(CN)s, 4 mM FeCls,
and 0.1 M KCl with cyclic voltammetry. The electrode was
scanned from -0.2 to +0.6 V (vs. Ag/AgCl, all potentials
hereafter are with respect to this reference) for 3 cycles at the
scan rate of 50 mV s™. The same procedures were applied for
the fabrication of the Au/Cr/Si macroelectrode for the control

experiments.The characterization of Prussian Blue deposited
on the microelectrodes is shown in supporting information
( Fig. S1).

Polymer Pen with

MHA Ink 4

l SI-ATRP

PMMA

l Plasma Etching

Fig. 1 Schematic procedure of fabricating the MEAs by polymer pen
lithography.

Measurement

The optical photograph was taken by optical microscope
Eclipse Ni (Nikon). Atomic force microscopy (AFM) were
performed wusing an XE-100 (Park Systems). Plasma
experiments were carried out by a plasma degumming
machine PDC-32G (Harric Plasma). Electrochemical
experiments were conducted in a standard three-electrode cell
at room temperature using a computer-controlled CHI 660B
electrochemical analyzer (CH Instruments, Shanghai Chenhua
Instrument Corporation, China) and 1252A Frequency
Response Analyzer (Solartron Analytical). A Pt spiral wire and
an Ag/AgCl (saturated with KCl) were used as counter and
reference electrodes, respectively. The Au MEAs and a piece of
Au/Cr/Si substrate (macroelectrode) were used as working
electrode for the voltammetric measurements. The electrode
area of the MEAs was calculated using the area of exposed Au.

Results and Discussion

The MEAs were written on the Au/Cr/Si substrate originally by
PPL with the MHA ink, as shown in Fig. 1. The PPL method
offers the advantage in the ease of tuning the microelectrode
geometry and array density. One can tune the microelectrode
pitch sizes to create a pattern array geometry that exhibits
microelectrode behavior while maximizing the number of
microelectrode openings. The as-fabricated MHA arrays work
as the mask in the initiator back filling process. In the following

This journal is © The Royal Society of Chemistry 20xx
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SI-ATRP process, PMMA brush film grew on the Au surface
where the initiator is present. To get rid of the loosely
attached PMMA on the MHA protected area during the SI-
ATRP process and the residual MHA, the substrate was
exposed to plasma to get the MEAs.

Given to the shape of the tip used in PPL process, the shape
of the individual microelectrode in the MEAs are square. The
as-fabricated MEAs are shown in Fig. 2. The distance between
the individual electrodes are 5um (Fig. 2a), 8 um (Fig. 2b) and
20 pm (Fig. 2c), and the corresponding side length of the
square-shaped electrodes are 3.1+0.2 um, 2.8+0.5 pum, 3.0+0.3
um, respectively. The bright dots at the right up of each MEAs
are the approaching dots during the PPL procedure. The MEAs
are further investigated by AFM. As shown in Fig. 3, the width
of the individual electrode is 3um with an inter-electrode
spacing of 5 um, 8 um and 20 um, respectively, which is in

9 6SM0O27/9

COMMUNICATION

consistent with the optical image results. The depth of
electrode holes is 202 nm for all three electrodes.

Cyclic voltammetry (CV) is usually used to assess the
properties of an electrode. The microelectrode arrays in CV
measurement will have steady-state responses if the
hemispherical diffusion layers of the individual
microelectrodes are not perturbed by the adjacent
microelectrodes.”® Whereas once the diffusion layers overlap,
which is known as shielding effect, peak-shaped CVs with
smaller current densities are observed. On conditions that the
center-to-center distance between two adjacent
microelectrodes in an array is too small or too large, the
unique features of MEAs will vanish and function as
macroelectrode or an individual microelectrode, respectively.
Consequently, the selection of an optimal microelectrode
density in an array is important.

Fig. 2 The optical images of the as-fabricated MEAs at different densities, a) 3.1+0.2 um width of individual electrode at a distance of 5 um, b)2.8+0.5 um
width of individual electrode at a distance of 8 um, c) 3.0+0.3 um width of individual electrode at a distance of 20 um. The scale bar is 20 um.

50nm

25nm

0 10 20 30 40 50 600 10 20 30 40 50 60 0 10 20 30 40 50 60
um um um

Fig. 3 The AFM images of the as-fabricated MEAs at different density,
the width of individual electrode si about 3 um in those three MEAs. a)
individual electrode at a distance of 5 um and d) the profile of the
cross line, b) individual electrode at a distance of 8 um and e) the
profile of the cross line, c¢) individual electrode at a distance of 20 um
and f) the profile of the cross line.

To examine whether our fabricated MEAs possess the
microelectrode behavior, CV characterization was done using
2.5 mM Fe(CN)s>"*in 0.1 M KCl.

At Au macroelectrode, one pair of well-defined and peak-
shaped redox wave was obtained at +0.23 V (Fig. 4a), which
was ascribed to the electron transfer process of Fe(CN)G3 4 at
this electrode.”’” The cathodic peak currents increase with
increasing potential scan rate and were linear with the square
root of the scan rate within the range from 10 to 100 mV s'l,
suggesting a diffusion-controlled feature of the redox process
of Fe(CN)ss_M_ at the electrode.”® When the spacing is

This journal is © The Royal Society of Chemistry 20xx

increased from 5 pum to 20 um, the depletion zone in the CV
reduces and a classic sigmoidal shaped CV emerges as the
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Fig. 4 CV of as-fabricated MEAs, a) is the Au/Cr/Si macroelectrode in
0.1 M KCl solution containing 2.5 mM Fe(CN)sg'”'with a scan rate of 10
to 100 mV s* (from inner to outside), b) 3 um width of individual
electrode at a distance of 5 um, c) 3 um width of individual electrode
at a distance of 8 um, d) 3 um width of individual electrode at a
distance of 20 um in 0.1 M KCl solution containing 2.5 mM Fe(CN)s>"*.

sensors transit from macroelectrode to microelectrode
behavior. At the spacing of 5 um (Fig. 4b), the diffusion
hemispheres of the individual microelectrodes overlap and
give a peak-shaped CV. At the spacing of 8 um (Fig. 4c), the CV
obtained at the Au MEA exhibits a quasi-sigmoidal shape at
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scan rate of 100 mV sfl, implying the partial overlapping of the
diffusion zones. At a spacing of 20 um, the overlap of diffusion
hemispheres of the individual microelectrodes continue to
decrease as evidenced by the quasi-sigmoidal CV shape in Fig.
4d. This indicates that MEA with individual electrode in 3 um
width seperated by 20 um can substantially deliever
microelectrode features.

Davies and Compton29 has put forward a function to
describe the design criterion for an effective MEA.

d>2.|202E (1)
v

Where AE is the potential range from the foot of the forward
wave to the reverse point and v is the potential scan rate, and
D is the diffusion coefficient (7.GXIO"6 cm? s for Fe(CN)Gg"
).However, according to the formula 1, in the Fe(CN)63'/4'
system at the scan rate of 100 mV s'l, the distance between
the individual should be 135 um, which is larger than 20 um in
our case. This indicates the as-fabricated Au arrays does not
behaviour as a perfect MEA, where “the distance between
neighbouring microelectrodes is large enough such that there
is no overlapping of diffusion zones and the diffusion domain
response is identical to the response of the individual
microelectrode”.”® The diffusion layer of each microelectrode
overlaps with that of adjacent microelectrodes to some extent
and the MEAs have the mixture electrochemical behaviour of
1D linear diffusion and 2D radial diffusion. Our MEAs perform
like a “quasi microelectrode”®® and the overlap is not
substantially significant to make the MEAs behaviour like a
macro electrode. The minimum distance between the
neighboring electrode is sufficient at 20 pum in the PPL
fabricated MEAs system. As long as the geometry for the MEA
has a sufficient spacing and the device would operate in a
microelectrode array system. All MEAs were fabricated using
20 pum spacing.

The electrochemical performance of an Au macroelectrode
was compared to the as-fabricated MEA device, using H,0, as
the analyte (Fig. 5). The electrochemical deposition PB was
first modified on the surface of the MEA device, with the
extraordinary properties in the
electrocatalytic process. Sensitive measurement of H,0, is of
great importance both in biological studies and in the
development of electrochemical biosensors since, as one kind
of reactive oxygen species, H,0, plays a great role in the
biological processes.30 The acceleration of H,0, reduction at a
potential more positive than O, reduction becomes essential
since the slow kinetics in the redox process of H,0, leads to a
high potential for the oxidation and a low potential of the
reduction, resulting in the interference from, for example,
ascorbic acid and 02.31 PB is our choice to work as “artificial
peroxidase” since it’s the most effective electrocatalyst for the
H,0, reduction among almost all kinds of electrocatalysts
reported so far.3? At Au macroelectrode, well defined current
responses were recorded with successive addition of H,0, into
0.1 M phosphate buffer (pH 7.4). The sensitivity for H,0, was
enhanced at the as-fabricated MEAs (i.e.,, 0.7 A cm? M'l), as
compared with that at the Au macroelectrode (i.e., 0.4 A cm’
M'l, as shown in the inset of Fig. 5). The enhancement basically

electrochemical
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benefits from the electrochemical character of MEA.
Moreover, the detection limit obtained at the MEAs is down to
5 nM which is 20 times lower than that obtained at the Au
macroelectrode (100 nM). The excellent analytical properties
of MEAs substantially enable its applications both for the

0.0 «
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i/nA
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Fig.5 Amperometric responses observed at PB based MEA with
distance of 20um spacing among adjacent electrodes in 0.1 M
phosphate buffer (pH 7.4) applied -0.1 V vs Ag/AgCl upon successive
addition of H,0,. The amount of H,0, added each time ranges from 5
to 1000 nM as indicated. The inset plot shows the relationship
between the amperometric current density and the concentration on
PB based Au MEA (blue dots) and Au/Cr/Si macroelectrode (red dots)
of H,0, within the range 5x107 to 4x10° M.

detection of H,0, and for the development of highly sensitive
electrochemical biosensors.

Conclusions

A microelectrode array sensor has been successfully fabricated
by a bottom-up approach based on PPL and in-situ
polymerization. With PPL patterning, the size of individual
electrode and the spacing between neighboring electrodes can
be fine controlled. This allows screening of microelectrode
behavior in the electro-analytical system and the optimization
of size parameters. The as-fabricated MEAs can be readily
applied in the sensing of bioanalytes such as H,0, after
electrodeposition of Prussian blue, which exhibits high
sensitivity and ultralow detection limit. This simple and rapid
approach will allow low-cost and customized fabrication of
MEAs with excellent electrochemical performance for various
electroanalytical applications. In addition, with multiplexed
patterning techniques enabled by the polymer pen arrays,33
complicated and integrated devices could be envisioned for
combinatorial and high-through put analysis.m'34
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By combining polymer pen lithography with in-situ polymerization, we report a bottom-up
approach for fabricating microelectrode arrays with well-controlled dimensions.
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