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a  b  s  t  r  a  c  t

Printed  electronics  has emerged  as an  important  fabrication  technique  that  overcomes  several  shortcom-
ings  of  conventional  lithography  and  provides  custom  rapid  prototyping  for various  sensor  applications.
In  this  work,  silver  microelectrode  arrays  (MEA)  with  three  different  electrode  spacing  were  fabricated
using  3-D  printing  by  the  aerosol  jet  technology.  The  microelectrodes  were  printed  at a  length  scale
of  about  15 �m,  with  the space  between  the  electrodes  accurately  controlled  to about  2 times  (30  �m,
MEA30),  6.6  times  (100  �m,  MEA100)  and  12 times  (180  �m,  MEA180)  the  trace  width,  respectively.
Hydrogen  peroxide  and  glucose  were  chosen  as model  analytes  to  demonstrate  the  performance  of  the
MEA  for  sensor  applications.  The  electrodes  are  shown  to  reduce  hydrogen  peroxide  with  a  reduction
current  proportional  to the  concentration  of hydrogen  peroxide  for certain  concentration  ranges.  Fur-
ther, the sensitivity  of the current  for the  three  electrode  configurations  was  shown  to decrease  with
an  increase  in  the microelectrode  spacing  (sensitivity  of MEA30:MEA100:MEA180  was in the  ratio  of
3.7:2.8:1),  demonstrating  optimal  MEA  geometry  for  such  applications.  The  noise  of  the  different  elec-
trode  configurations  is  also  characterized  and  shows  a dramatic  reduction  from  MEA30  to  MEA100  and
MEA180  electrodes.  Further,  it is  shown  that  the  response  current  is proportional  to MEA100  and  MEA180
electrode  areas,  but  not  for the  area  of MEA30  electrode  (the  current  density  of  MEA30:MEA100:MEA180
is 0.25:1:1),  indicating  that  the  MEA30  electrodes  suffer  from  diffusion  overlap  from  neighboring  elec-
trodes.  The  work  thus  establishes  the lower  limit  of  microelectrode  spacing  for our geometry.  The  lowest
detection  limit  of the  MEAs  was  calculated  (with  S/N  =  3)  to be  0.45  �M.  Glucose  oxidase  was  immobilized
on MEA100  microelectrodes  to  demonstrate  a  glucose  biosensor  application.  The  sensitivity  of  glucose

−1
biosensor  was  1.73 �A mM and  the calculated  value  of  detection  limit (S/N  = 3)  was  1.7  �M. The elec-
trochemical  response  characteristics  of the MEAs  were  in agreement  with  the  predictions  of existing
models.  The  current  work  opens  up the  possibility  of additive  manufacturing  as a  fabrication  technique
for  low  cost  custom-shaped  MEA  structures  that  can  be used  as  electrochemical  platforms  for  a wide
range  of  sensor  applications.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

An array of microelectrodes (MEA) shows many advantages
ver a conventional (individual) microelectrode such as increased

ass transport, fast response times, decreased influence of the

olution resistance, enhanced sensitivities, and the lower limit of
etection (LOD) [1–3]. Further, studies have shown that individual
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uehe.lin@pnnl.gov (Y. Lin).
1 These authors contributed equally to this work.
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925-4005/© 2016 Elsevier B.V. All rights reserved.
microelectrodes show high mass-transfer flux and a low value of
the potential drop, but have a very low current carrying capability
due to the low cross section area. The MEAs are shown to increase
the current carrying capability while maintaining the advantages
of a single microelectrode with respect to mass diffusion and ohmic
drop [4]. Each microelectrode of an MEA, however, has a diffu-
sion layer associated with it. In order to make each electrode work
as an individual microelectrode, the spacing between electrodes
(for a given electrode width) in an MEA  needs to be sufficiently

large to avoid the diffusion layer overlap with the adjacent elec-
trodes [5,6]. Since the noise level depends on the dimension of
the individual electrodes whereas the signal strength depends on
the total surface area of the electrodes, the size reduction of each
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ndividual electrode and the increase of the total number of elec-
rodes, as in an MEA, is shown to improve the signal-to-noise (S/N)
atio and achieve lower LOD [5,7]. An excellent sensor action can
e obtained by controlling the space between each microelectrode
f MEAs to achieve maximum number of electrodes and avoid the
verlap of the diffusion layer, while using the individual microelec-
rode for the sensing action.

Previously, lithography, template methods, or chemical self-
ssembly were explored to fabricate micro/nanoelectrode arrays
8–12]. Such methods typically involve the use of harmful chemi-
als, multiple fabrication steps and create material waste [13,14].
n addition, the material choices for sensor platforms are rather
estricted due to the substrate compatibility with the chemical
rocesses used. Lastly, a need for customized biosensors to each

ndividual is emerging in specific applications which requires rapid
hanges in sensor circuitry to change the detection range and/or
imit. The above fabrication techniques are not suitable for such
apid and customized changes to circuitry without resulting in a
ignificant cost increase. Recently, direct write 3-D printing has
ecome a valuable technique in a wide variety of applications,
uch as chemistry reaction container [15,16], microfluidics [17],
ensors [18], photodetectors [19], graphene interconnects [20],
nd biomimetic structures [21]. However, few works have been
chieved on the fabrication of microelectrode arrays with 3D print-
ng technique [22]. The direct write printing method can ‘write’

icroelectronic circuit on any surface without requiring the use
f harmful chemicals and without creating material waste [23,24].

n addition to being scalable, this technique can allow rapid and
ustomized changes to sensor design. Lastly, direct-write tech-
iques can create sensors on any substrate as long as the substrate

s hydrophilic and it allows highly complex/dense metal-polymer
ircuitry required for the electrochemical detection.

In this paper, we report design and direct-write fabrication
f MEAs with adjustable array spacing as a platform for electro-
hemical sensing. The space between microelectrodes of the three
abricated MEAs is controlled to be 30, 100, and 180 �m,  respec-
ively. By using direct write 3D printing technique, it is easy to
nd the minimum spacing between electrodes on MEAs to get

he maximum signal-to-noise (S/N) ratio. Sensor performance is
emonstrated through the detection of hydrogen peroxide and glu-
ose, chosen as model analytes. The sensitivity and accuracy of
etection was determined as a function of the printed MEA  struc-
ure geometry. The potential applications of this method for other
ypes of electrochemical sensors are also discussed.

. Experimental

.1. Micro-electrode array fabrication

The MEAs were fabricated using aerosol jet (AJ) based
irect-write technology that allows deposition of solvent based
anoparticles with solution viscosity ranging from 1 to 1000 cP.

 schematic of the AJ system (AJ 300, Optomec Inc., Albuquerque,
M,  USA) is shown in Fig. 1 and includes two atomizers (ultrasonic
nd pneumatic), a programmable XY motion stage, and a deposi-
ion head. Solvent based nanoparticle ink is placed in the atomizer
hich creates a continuous and dense mist of nanoparticles with a

roplet size of 1–5 �m which is then transferred to the deposition
ead with the help of a carrier gas N2. The mist or dense vapor is
hen focused and driven towards the nozzle with the help of a sec-
ndary gas (also N2) to form a micro-jet. A UV apparatus (UJ35

V cure subsystem, Panasonic Corporation, Osaka, Japan) con-
ected to the machine can instantaneously cure the (UV curable)
olymer. Primary materials used to fabricate the biosensor were
ilver nanoparticle ink (Perfect-TPS 40 G2, Clariant Group, Frank-
Fig. 1. Schematic of an aerosol jet micro-additive printer.

furt, Germany) and a UV curable polymer (Loctite 3105, Henkel
Corporation, Düsseldorf, Germany). The silver nanoparticles had a
size of about 30–50 nm with about 40 ± 2 wt% particle loading in
the ink and a viscosity of about 1.5 cP according to the manufac-
turer data sheet. The viscosity of Loctite 3105 was 300 cP and was
printed using pneumatic atomizer of the AJ system. Before print-
ing the structures, ink material was placed in a tube which was
rotated continuously around its axis for 12 h using a tube roller
(Scilogex MX-T6-S, Rocky Hill, CT, USA) to prevent nanoparticle
agglomeration within the ink. UV curable Loctite 3105 was stored
without exposure to ambient light prior to printing. A transparent
glass slide (Thermo Fisher Scientific, Waltham, MA,  USA) was used
as the substrate. Prior to printing, the substrates were cleaned in
DI water followed by isopropyl alcohol. In order to make the sub-
strate surface hydrophilic and to promote better adhesion of the
printed material, the substrate was  treated with an atmospheric
plasma (AtomfloTM 400, Surfx® Technologies LLC, Redondo Beach,
CA, USA) at 100 W for 5 min.

In the current study, we  used both, the ultrasonic and the pneu-
matic atomizer. The nozzle exit diameter to print the Ag electrode
lines was 150 �m (the minimum line width is about 10 times
smaller than the nozzle diameter based upon the sheath gas pres-
sure). Three types of nozzle exit diameters, 150 �m,  250 �m,  and
300 �m was used to print Loctite 3105 in order to achieve different
trace width 30 �m,  100 �m,  and 180 �m. While printing, the tip-to-
substrate distance was always kept at 3 mm.  All other parameters
mentioned in Table 1 were optimized for the current work. The
details for Ag and polymer printing is presented in following sub-
sections.

a) Additive fabrication of micro electrode: a nanoparticle Ag ink
is dispensed on the glass substrate using ultrasonic atomizer in
order to fabricate conductive Ag traces at a length scale down to
tens of micrometre. Before printing geometry of the conductive
part was drawn in AutoCad (Autodesk, 2015) and converted to
prg file compatible to the AJ software. The nozzle exit diame-
ter used to print Ag traces was 150 �m.  An atomizing flow rate
of 25 sccm and a sheath gas flow rate of 50 sccm was used for
printing. Width of the printed traces measured by a compound
microscope was 15 ±1.04 �m.  The fingers of the sensors includ-
ing interconnect and probing pad was printed using a single
layer of printed material. During printing platen temperature

was  set to 80 ◦C.

b) Additive fabrication of micro-scale polymer trace: after printing
the conductive silver traces, polymer traces were printed per-
pendicular to the silver traces in order to create micro electrodes.
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ig. 2. (a) Schematic showing the fabrication process for microelectrode arrays us
rinted microelectrode array at different magnifications.

The polymer traces were also created using AutoCAD. Polymer
traces were printed with certain distance apart from each other
in order to create sensing regions at alternate segments as shown
in Fig. 2a–c. Other alternate layers were insulated by polymer
layer in order to form the micro electrodes. A UV curable poly-
mer  ink was dispensed at an accuracy of tens of micro-meter by
a jetting action on top of Ag layers. The polymer ink was instan-
taneously cured during the dispense using a UV light source as
shown in Fig. 2a. With instantaneous curing, it was possible to
create solidified polymer layer maintaining the required width.
Three different polymer trace widths were used for the three
MEAs (see Table 1). By varying different printing parameters,
efforts were made to keep micro electrode array width close to
30 �m.  During printing, the UV power was set to 30% of the maxi-
mum capability (940 mW).  Platen temperature for polymer trace
printing was 80 ◦C as well. All completed sensors were thermally
sintered in Vulcan 3–550 programmable furnace (Degussa-Ney
Dental Inc., Bloomfield, CT, USA) at 100 ◦C for 15 min  followed by
air cooling according to manufacturer guideline. Sintering is nec-
essary in order to have conductive electrode lines. The resistivity
of the Ag sintered by this method is about 2 × 10−7�-m (manu-
facturer data sheet), or about an order of magnitude higher than
the bulk resistivity.
The exposed silver traces are expected to act as microelectrode
rrays. The space between silver trace and the width of the polymer
race define the electrode dimension of the microelectrode arrays.

able 1
ariables to create different types of sensor.

Sensor types Ag trace width
(�m)

Dist. between Ag
trace (�m)

Nozzle used for
Ag trace (�m)

Sheath gas/UA
atm. flow rate
(sccm)

1 15 ± 1.04 30 150 50/25 

2  15 ± 1.04 100 150 50/25 

3  15 ± 1.04 180 150 50/25 
 aerosol jet printer. (b) Schematic of microelectrode array. (c) Actual images of AJ

To adjust the space between electrodes, we just print silver traces
with different spacing and polymer traces with a different width.

2.2. Chemicals and reagents

Glucose oxidase (GOx) was  used for glucose sensor
(Sigma–Aldrich, St. Louis, MO,  USA) with an activity of
about 185 units mg−1. Hydrogen peroxide (H2O2) solution
(Sigma Aldrich, St. Louis MO)  was stored in refrigerator before use.
Nafion solution (5%), hydrogen peroxide (H2O2), glutaraldehyde,
and �-d-glucose (Sigma–Aldrich, St. Louis MO)  used in this work
were available with analytical grade purity. The stock solution of
Nafion, H2O2 and glutaraldehyde were stored in refrigerator before
use. Electrochemical measurements were carried out in a 0.1 M
phosphate buffer solution (PBS) (pH = 7.4). All aqueous solutions
were prepared using deionized water (18 M� cm). Certain stock
concentrations of glucose (mutarotation was  allowed for at least
12 h) were prepared in the buffer solution and stored at 4 ◦C.

2.3. Electrochemical analysis instrumentation

Cyclic voltammetry (CV) and Chronoamperometric (CA) mea-
surements were performed by using CHI 660E electrochemical
workstation (CH Instruments Inc., Austin, TX, USA). A three

electrode cell had platinum wire (ø 0.5 mm,  CHI115, from CH
Instruments Inc.) as a counter electrode and a saturated calomel ref-
erence electrode (SCE, CHI150, from CH Instruments Inc.) was used
for electrochemical measurements. During the CV measurement,

Polymer trace
width (�m)

Nozzle tip
diameter used
for polymer trace
(�m)

Micro electrode
width (�m)

Sheath gas/PA
Atm/exhaust
flow rate (sccm)

30.36 ± 1.55 150 31.06 ± 2.40 60/630/625
99.75 ± 1.35 250 31.74 ± 3.60 85/725/735

178.95 ± 4.36 300 30.25 ± 2.72 80/710/740



H. Yang et al. / Sensors and Actuators B 230 (2016) 600–606 603

F
s
T

i
t
2

2

g
t
c
h
1
w

3

3

l
c
d
F
t
a
t

p
M
t
t
F
t
(
i
d

ig. 3. (a) Cyclic voltammetry of three electrodes (MEA30, MEA100, MEA180) in PBS
olution; (b) MEA100 in different concentrate ion of H2O2 solution (0, 5, 13 mM).
he scan rate is 100 mV  s−1 and the reference electrode is SCE.

nitial potential was 0.0 V, and the initial scan direction was nega-
ive. All experiments were conducted at room temperature (about
6 ◦C).

.4. Formulation of microelectrode array biosensor (MEAB)

Silver MEA  was chosen as the base electrode. A 5 �L drop of
lucose oxidase solution (5.4 mg  mL−1) was dried on the MEA  elec-
rode at room temperature. The enzyme-modified electrode was
oated with 5.0 �L of 0.5% Nafion solution. A 3.0 �L of glutaralde-
yde (1%) was dropped on the resulting electrode and dried for
–2 h. The resulting microelectrode array biosensor (MEAB) was
ashed with phosphate buffer (0.1 M,  pH 7.4) and stored at 4 ◦C.

. Results and discussion

.1. Electrochemical behavior of the as-prepared MEA

Hydrogen peroxide (H2O2) and glucose are two important ana-
ytes/biomarkers [25,26]. H2O2 is the simplest peroxide, an oxidizer
ommonly used as bleach, and also a by-product of many oxi-
ase (such as glucose oxidase, lactate oxidase) catalytic reactions.
urther, the H2O2 concentration is proportional to the concen-
ration of the enzymatic analytes. Thus concentration of these
nalytes/biomarkers can be measured by assessing the concentra-
ion of H2O2.

Cyclic voltammetry (CV) was conducted in PBS and hydrogen
eroxide solution at 100 mV  s−1. During the measuring process, the
EA  were dipped into the solution. Since the connection part of

he electrode is covered by printed polymer, it will not be exposed
o the solution and does not influence the area of the electrode.
ig. 3a shows the CV curves of three electrodes with different elec-

rode spacing: 30 �m (MEA30); 100 �m (MEA100); and 180 �m
MEA180). It was observed that, with the increase of Ag trace spac-
ng, double layer charging current (IC) of the electrodes decreased
ramatically. The double layer charging current (IC) is proportional
Fig. 4. Cyclic voltammograms of MEA100 in 5 mM H2O2 solution with scan rates of:
10,  20, 40, 80, 100, 200 and 300 mV s−1. The inset shows the fitting curves of peak
current vs. sweep rate (�).

to active area of the electrode. MEA30 has the largest charging cur-
rent and MEA180 has the lowest charging current corresponding
to the reduction of electrode areas with increasing trace spacing.
These results prove the efficacy of the microelectrode arrays.

Fig. 3b shows the CV curves of MEA100 for different concen-
trations of hydrogen peroxide solution. The resulting electrodes
exhibit good electrocatalysis towards the reduction of H2O2. The
onset reduction potential is about 0 V, which is more positive and
echoes the good electroreduction ability of the MEA100 electrode.
The reduction current reaches maximum at about −0.3 V and main-
tains an almost constant value till −0.8 V. We  choose −0.6 V as an
applied potential in most cases. In absence of H2O2, the reduc-
ing current is low, only about 17 �A at −0.6 V vs. SCE (the lower
lines of the CV cycle). With the increasing amount of H2O2 to 5 mM
and 13 mM,  the reduction current also increased to about 110 �A
and 230 �A, respectively, which clearly shows the reduction ability
of the silver electrode towards hydrogen peroxide. The dramatic
increase of reduction currents is caused by the electroreduction
effect of the silver electrode towards hydrogen peroxide. Such a
signal justifies the choice of silver nanoparticles to fabricate MEAs
to detect H2O2. We  will show the detailed detection process in
chronoamperometric measurement part.

Fig. 4 shows cyclic voltammogram curves of MEA100 as repre-
sentative of MEAs in 5 mM H2O2 solution with sweep rate 10, 20,
40, 80, 100, 200 and 300 mV  s−1 (from inner ring to outer ring). The
reducing current at −0.6 V is chosen as cathode peak current since
the cathode reducing current is almost at the maximum value at
this potential. The inset shows the corresponding fitting curves of
peak current versus sweep rate (�). As the theory predicted, the lin-
ear relation between peak current and sweep rate indicates that the
kinetic behavior of the electrode reaction is dominated by surface
electrochemistry reaction, while the linear relation between peak
current and the square root of sweep rate indicates a surface dif-
fusion controlled electrode reaction. In this case, the peak current
versus the sweep rate plot was  linear (R = 0.99), implying that the
kinetic behavior of the electrode is not surface diffusion controlled
process rather a surface-confined electrode reaction [25,27].

The chronoamperometric (CA) curves of MEA100 for different
concentration of H2O2 solutions (from top to bottom, the curves
correspond to 0, 0.2, 0.5, 1.0, 3.0, 5.0, 7.0, 9.0, 11.0, 13.0, 15.0, 17.0,
19.0, 21.0, 25.0,29.0 and 37.0 mM,  respectively) are shown in Fig. 5.
During CA measurement, the initial potential is set as −0.1 V, the
high potential is set as 0.05 V, and the low potential is set to be
−0.6 V. The pulse width was set to 120 s. With the increasing con-
centration of H2O2, the reduction current increases linearly. The CA

analysis of MEA30 and MEA180 were also performed for different
concentration of H2O2. Plot for MEA100 is shown as a represen-
tative plot. The i–c curves were plotted with the concentration of
H2O2 and the corresponding current value at 240 s of the CA curves.
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Fig. 5. The chronoamperometric (CA) curves (measured with high potential 0.05 V
and  low potential −0.6 V vs. SCE) of MEA100 with different concentration of H2O2

(from top to bottom, the curves correspond to 0, 0.2, 0.5, 1.0, 3.0, 5.0, 7.0, 9.0, 11.0,
13.0, 15.0, 17.0, 19.0, 21.0, 25.0,29.0 and 37.0 mM of H2O2, respectively).

Fig. 6. (a) i–c curves of the three electrodes (MEA30, 100 and 180) derived from
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The corresponding regression equation of the linear plot was:
A  measurements of H2O2, and (b) noise of three microelectrodes with different Ag
race spacing.

The i–c curves of MEA30, MEA100 and MEA180 are shown in
ig. 6a. All printed electrodes showed linear behavior for certain
2O2 concentration range. With increasing Ag trace spacing, the

ensitivity (slope of the linear part) decreased. MEA  30 worked lin-
arly in H2O2 solution with a concentration range between 0.2 mM
nd 14.0 mM.  The corresponding regression equation of the linear
lot was: I/�A = 7.5 + 13.3 c, N = 9, R = 0.998, where c is the con-
entration of H2O2 in mM.  The sensitivity was estimated to be
3.3 �A mM−1. While for MEA100 and MEA180, the linear range
as larger. The MEA100 has a linear range over 37 mM and MEA

80 over 25 mM.  Higher concentrations could not be measured
ue to delamination of electrode with very high H2O2 concen-
ration. The corresponding regression equations for MEA100 and

EA180 are I/�A = 5.1 + 9.9 c, N = 17, R = 0.996 and I/�A = 1.1 + 3.6 c,
 = 9, R = 0.991, respectively (c is the concentration of H2O2 in mM).

he sensitivities are 9.9 �A mM−1 and 3.6 �A mM−1 for MEA100
nd MEA180, respectively. With the increase of Ag trace spacing,
he response current towards the same H2O2 concentration was
Fig. 7. The chronoamperometric (CA) curves of MEA100 glucose sensor with differ-
ent  concentration of glucose (from bottom to up, 0 to 2 mM). The inset shows the
i–c  curve of glucose derived from CA measurements.

decreased due to the decrease of number of the microelectrodes
and thus decrease in active areas. However, with the increase of Ag
trace spacing, the noise level of the electrodes decreased drastically
as shown in Fig. 6b. The noise of MEA30 is 12 nA, while for MEA100
and MEA180 noise were 1.5 and 1.2 nA for the same measurement
condition. The detection limit was  then calculated (S/N = 3) to be
2.7 �M,  0.45 �M and 1.0 �M,  respectively. The MEA100 electrode
has the lowest detection limit.

Note that the MEAs were 2.0 mm in width and 6.0 mm in length,
and each microelectrode has almost the same dimension, having
15 �m width and 30 �m length. As a result, the total number of
microelectodes of MEA30, MEA100 and MEA180 is about 4400, 803
and 297, respectively. The total electrodes area of a MEA  is propor-
tional to its total number of microelectrodes. The electrodes area
of MEA30:MEA100:MEA180 is calculated to be 14.8:2.7:1. The sen-
sitivity of the three MEAs is 13.3, 9.9 and 3.6 �A mM−1, which is
almost 3.7:2.8:1. As to MEA100 and MEA180, the response cur-
rent is proportional to the total electrodes area. However, as to the
MEA30, compared with its total electrodes area, the response cur-
rent is much lower than it should be. The current density of MEA30,
MEA100 and MEA180 is 0.67, 2.74 and 2.60 mA  cm−2 mM−1, respec-
tively, which is almost 0.25:1:1. This clearly shows that MEA30
suffers from diffusion layer overlap with its neighboring electrodes,
while MEA100 and MEA180 have sufficiently separated micro-
electrodes to avoid any issues. The results directly prove that the
electrode density (which is inversely proportion to Ag trace spac-
ing) plays an important role in microelectrode arrays [1]. Compared
with other fabrication methods, micro additive manufacturing has
great advantage to fabricate adjustable microelectrode arrays with
controlled electrode density, especially for rapid prototyping.

3.2. The performance of the electrode as a glucose biosensor

Glucose oxidase (GOx) was chosen as a model enzyme immo-
bilized on the MEA100 electrode with glutaraldehyde and Nafion
to make a micro-electrode array biosensor (MEAB). The chronoam-
perometric (CA) measurement were carried out to detect glucose.
During the CA measurement, the high potential was  set at 0.05 V
and the low potential was  set at −0.6 V vs. SCE, the pulse width was
setting to be 120 s. As shown in Fig. 7, with the increase of glucose
concentration, the absolute value of response current decreased
because of exhaustion of oxygen [25].

The i–c curves of glucose derived from CA measurements is
shown in the inset of Fig. 7. The MBA  sensor worked linearly in glu-
cose solution in the concentration range from 0.1 mM to 1.0 mM.
I/�A = −3.48 + 1.73 c, N = 6, R = 0.99, where c is the concentration of
glucose in mM.  The sensitivity is 1.73 �A mM−1 while the calcu-
lated value of detection limit (S/N = 3) is 1.7 �M.  The above results
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learly demonstrate the feasibility of using additively fabricated
EAs for biosensing application.

. Conclusion

In this work, microelectrode arrays with adjustable electrode
pacing are fabricated using aerosol jet micro additive manufac-
uring method. The dimension of each individual electrode is about
5 × 30 �m2. The space between Ag traces is controlled to be about
0 �m (MEA30), 100 �m (MEA100) and 180 �m (MEA180), respec-
ively. Hydrogen peroxide and glucose were chosen as analytes to
ustify the performance of the MEAs. The electrodes can reduce
ydrogen peroxide and the reduction current is proportional to
he concentration of hydrogen peroxide in wide concentration
anges. Though MEA30 has the highest sensitivity (13.3 �A mM−1),
ts detection limit is also high (2.7 �M)  due to the highest noise
evel (12 nA). The MEA180 has the lowest noise level (1.2 nA) but
ts detection limit (1.0 �M)  is not the lowest due to its lower sensi-
ivity (3.6 �A mM−1). The MEA100 has a relatively high sensitivity
9.9 �A mM−1) and low noise level (1.5 nA), therefore its detec-
ion limit is the lowest (0.45 �M).  The current density of MEA30,

EA100 and MEA180 is 0.67, 2.74 and 2.60 mA  cm−2 mM−1, respec-
ively. The results clearly show that MEA30 suffers from diffusion
ayer overlap with its neighboring electrodes, while MEA100 and

EA180 have sufficiently separated microelectrodes to avoid any
verlap of diffusion layers. GOx was chosen as a model enzyme

mmobilized on the MEA100 to show its biosensing ability. This
ork opens up an easy, quick, low-cost and environmentally

riendly micro additive manufacturing method to fabricate high
erformance microelectrode arrays. It can be used as an elec-
rochemical platform for a wide range of applications such as
iosensors, biofuel cells and other electrochemical devices.
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