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a b s t r a c t

A microelectrode array sensor platform was designed and fabricated to increase diversity, flexibility, and
versatility of testing capabilities over that of traditionally reported sensor platforms. These new sensor
platforms consist of 18 individual addressable microelectrodes, photolithography fabricated, that employ
a glass base substrate and a resist polymer layer that acts as an insulating agent to protect the circuitry
and wiring of the sensor from undesired solution interactions. Individually addressable microelectrodes
increase diversity by allowing isolated electrochemical testing between electrodes, global array testing,
or some combination of electrodes to perform electrochemical methods. Furthermore, because of the
optical transparency of the glass base substrate and the resist mask layer, along with the small size of
the electrode array, spectrochemical analysis is possible within the sample area that acts as electrochem-
ical cell and cuvette, while the microelectrode array passively resides within the optical path length
during spectrochemical testing. This unique arrangement offers improved testing possibilities for vari-
ous applications, including simultaneous electrochemical and spectrochemical analysis in environmental

testing, identification or quantification of possible species for bioavailability in the biotechnology field,
and process control in industrial applications. Electrochemical characteristics and spectrochemcial use
of the sensor platform are proven with potassium ferricyanide, an electrochemical standard analyte, and
electrochemical measurements are compared against a commercially available working electrode of sim-
ilar size. Additionally, the electrochemical method of differential pulse anodic stripping voltammetry is
performed with the sensor platform to detect copper and lead heavy metal ions in aqueous solution,
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. Introduction

Trace chemical species identification and quantification are
ritical to analytical chemistry experiments in industrial, environ-
ental, and academic research. Many systems and environments

equire testing for trace levels of ions or molecules that reside,
ontaminate, or transform through some reaction. Salinity is an
mportant criterion of water control in both agricultural and munic-
pal water supplies. Salts are strong electrolytes consisting of metal
ations and counter ions that disassociate in aqueous solutions.
etal contaminates such as copper, lead, zinc, and cadmium can be
resent in foods, beverages, drinking water, and aquatic environ-
ents [1–4]. Alternatively, ions can be important trace nutrients

or biological species growth in an aqueous medium, and monitor-
ng their concentrations can improve the information derived from
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use with environmental samples.
© 2008 Elsevier B.V. All rights reserved.

aboratory studies. Because charged species have the potential to
mprove studies or raise levels of concern, accurately monitoring or
uantifying them is of great importance.

Traditionally, environmental or industrial process samples are
ollected on site and removed to a laboratory facility where
lectrochemical, chromatographic, and spectroscopic methods are
mployed to detect, observe, and quantify ions or ionic species
ithin the sample. Examples of typical methods utilized include:

nductively coupled plasma-mass spectrometry (ICP-MS), differen-
ial pulse anodic stripping voltammetry (DPASV) on mercury based
lectrodes, graphite furnace atomic absorption spectrometry (GF-
AS), cold vapor atomic absorption spectrometry (CV-AAS), and
old vapor atomic fluorescence spectrometry (CV-AFS) [5–7]. While
any of these methods capitalize on low detection abilities and
arge linear dynamic concentration test ranges, these test meth-
ds can be insensitive to some of the charged species of interest
nd take an undesirably long amount of time to report results.
he samples also have a greater chance of exposure to contamina-
ion due to the transportation and relocation prior to testing [1,8].

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:Anhong.Zhou@usu.edu
dx.doi.org/10.1016/j.snb.2008.10.031
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ome advantages of new analytical tools and sensors that are capa-
le of real-time process monitoring or environmental monitoring

nclude: improved process control, minimization of environmen-
al impact, and continuous monitoring capabilities with options
or early detection [1,2]. By offering rapid return of results, early
ction can be initiated when problematic issues are detected within
ystems.

Ions and charged species of interest can be monitored on site
ith an appropriately designed sensor with the aforementioned

apabilities. Additionally, with the advances and trends toward
leaner (green) analytical chemistry, a new sensor system should
e capable of monitoring an environment without polluting the
ystem or affecting it in any adverse manner [1]. Electrochemical
EC) methods have been proven effective for ion detection. Features
ike independence from an optical path length and high sensitivity
pproaching that of fluorescence, along with low power require-
ents, low cost, ability to be miniaturized, and adaptability with

dvanced micromachining and microfabrication technologies, all
ncrease the appeal of this test method [1]. Furthermore, by appro-
riate design of the sensor platform, the EC system can reside in
quasi-passive manner, allowing traditional spectrochemical (SC)
ethods to be employed. New analytical tools that offer greater

iversity and flexibility in testing increase application versatility.
Traditionally, EC working electrodes are large electrodes in the

entimeter or millimeter scale. However, since the advent of micro-
lectrodes, it is no longer necessary to rely on bulky electrodes
r difficult electrochemical cells when fast, easy, environmentally
riendly electrochemical systems can be designed [1]. Additionally,

iniaturization of electrodes offers many practical and fundamen-
al advantages: reduced resistance (ohmic drop), reduced sample
onsumption, ability to incorporate many electrodes in a small
rea, and increased ability to facilitate measurements in low-ionic-
trength water samples [1].

The foremost advantage of using this miniaturized electrode
s the mass transport enhancement due to nonlinear diffusion
roperties, which is further amplified when multiple electrodes
re utilized in an array. Nonlinear diffusion occurs at the bound-
ry of the electrode due to the increased perimeter-to-surface
rea exhibited by microelectrodes, as compared to larger tradi-
ional electrodes. Current density is increased at the electrode
oundaries, yielding current amplification [3,9–15]. Extensive
ork has been done to show that microdisk designs (cir-

ular shaped disk) have hemispherical diffusion patterns and
icroband designs have hemispherical or a combination of

emicylindrical-hemispherical diffusion patterns depending on
hether they are square- or rectangular-shaped, respectively

3,9,13,15]. Furthermore, 3-D (hemispherical) diffusion associated
ith microelectrodes has a steady state analyte mass flux to the

lectrode surface, resulting in sigmoidal cyclic voltammograms
nstead of the peak shaped voltammograms observed with tradi-
ional or non-square microband electrodes [3,15]. With their small
ize, larger perimeter-to-surface area, and nonlinear radial dif-
usion through the diffusion zones, microelectrodes attain larger
esponse changes and improved signal-to-noise ratios.

By utilizing microelectrodes in an array fashion, one can
apitalize on the enhanced properties inherent in the smaller
icroelectrode size. Additionally, a greater diversity of testing is

ossible with a sensor platform capable of multiple microelec-
rode combinations. With the use of a multi-channel potentiostat
r a multiplexer, one can simply use all microelectrodes inde-

endently, cycling through each electrode, scanning at different
otential ranges; or use the microelectrodes as a census electrode
ith all electrodes performing as one to capitalize on their indi-

idual enhancements while allowing greater current flow. This is
eneficial due to the small current (nA–pA) associated with individ-
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al microelectrodes. The option also exists for some situationally
nique combinations of the two former scenarios. In these cases,

nter-electrode spacing must be such that diffusion zones from
he individual microelectrodes do not overlap to constructively
nterfere and produce planar diffusion zones like those associated

ith macroelectrodes. Extensive studies comparing inter-electrode
pacing with current responses have reportedly used or suggested
sing an inter-electrode spacing of 10 times the width, or diameter,
f the electrode [2,3,15–17].

As previously mentioned, spectroscopy within the sensor test
rea can be realized with intelligent design in the base sensor
ubstrates and a complimentary insulation mask layer to isolate
ircuitry. In the majority of cases, microelectrodes are grown,
eposited, or printed on silicon or silicon carbide base materials;
owever, glass or polished quartz offer the benefits of low electri-
al conductivity and optical transparency. Also, there are a variety
f mask layers that can be utilized in this type of sensor platform
ncluding oxide, silicon nitride, or simple resist coatings [10,14,17].
ased on the 1981 work by Aoki, as well as fabrication simplicity, the
esist polymer coating was deemed advantageous over other coat-
ngs, although silicon nitride would be less susceptible to corrosion
10,17]. Furthermore, thin resist layers maintain transparency char-
cteristics which allow spectroscopic measurements to be made,
hile silicon nitride would not. By using the simplistic fabrication

pproach of opening holes in the resist mask layer directly above
he electrodes and then utilizing plasma etch to clean the elec-
rode surface, low cost, reliable, and sensitive sensor platforms can
e developed. This approach has been performed on a traditional
acroelectrode and with silicon based platforms, but a literature

earch failed to show where it has been performed on a microelec-
rode array for use in both EC and SC testing [10,14]. Additionally,
he transient current response through recessed microelectrodes

aintains the current amplification from the enhanced nonlinear
iffusion [9].

This paper is a summary of the work done to develop a low
ost, reliable sensor platform that is sensitive and selective to ions
hat may act as interesting constituents or contaminates in aque-
us systems. This platform utilizes miniaturized microelectrodes
hat reside in a planar array design for use in EC test methods that,
hen coupled with working microelectrodes, allow trace levels

f ions to be detected. Additionally, due to the small size of the
icroelectrode array (MEA), SC methods may be employed on ana-

yte aqueous solutions where the sample container acts as both
uvette and EC cell for SC and EC techniques, respectively. SC meth-
ds can add diversity in testing, allowing additional information to
e obtained in aqueous systems. This work has demonstrated the
apability to simultaneously conduct EC and SC measurements of
etal ions in an aqueous sample, which provides new opportuni-

ies to develop a portable, environmentally friendly, and reliable
ensing systems for water quality monitoring.

. Experimental

.1. Microelectrode sensor design

The MEAs are based on a planar design where 10 �m × 10 �m
old working electrodes are positioned (1 �m thick) on glass to
orm arrays. Adequate adherence to glass is accomplished by a
hin (50 nm) layer of titanium between the gold surface and glass

upport base. Glass was chosen as the support base for its low elec-
rical conductivity and optical transparency. The exact geometry of
hese electrodes and arrays is as follows: nine 50 �m × 50 �m base
lectrode pads with 30 �m circuitry connecting the electrode with
uter slide edge electronic connection pads, utilized for connection
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ig. 1. Half array pictures: (a) final half array comprising of nine electrodes, wiring,
nd electronic contact pads; magnified views of the nine electrode test site (b) before
nd (c) after the final layer of resist is applied and electrode holes are opened.

o an external electrochemical analyzer, comprise half an array. Two
alf arrays work together to form an array with connection pads on
ach side of the glass slide. The three central electrodes in a nine
lectrode half array have short spans of 10 �m circuitry for ease
n fabrication. A final layer of Shipley photoresist 1813 masks the
ntire slide with the exception of the 10 �m × 10 �m holes posi-
ioned over the 50 �m × 50 �m pads and the electronic connection
ads on the glass slide edge. Fig. 1 shows these half arrays both
efore and after the final photoresist mask is applied and heat
reated. Fig. 2 shows a finished glass slide for electrochemical con-
guration, with all the individual electrodes comprising the three
rrays, as well as the numbering scheme developed to label each
icroelectrode. Sensor platform attachment to a 96-welled plate

or spectroscopic measurements is not shown.

.2. Photolithography fabrication of MEAs

Sensors were constructed by implementing basic photolithogra-
hy methodology utilized in integrated circuit fabrication. Electron
eam sputtering was employed to deposit a thin layer of tita-

ium, approximately 50 nm, to the exterior of a glass microscope
lide acting as bonding agent between glass elements and a gold
ayer, approximately 1 �m thick. Layer thicknesses were monitored

ith a piezoelectric quartz crystal microbalance thickness moni-

ig. 2. Complete microelectrode array platform and numbering designation for elec-
rochemical experimentation configuration.
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or. Gold-coated slides were stripped to exact geometries specified
or the 54 individually isolated electrodes with a photolithography
echnique, summarized as follows:

. Shipley photoresist 1813 was applied to thickness by spinning
40 s at 2000 rpm on a spin coater. The photoresist was soft heat
set on the slide surface by heating to 95 ◦C for 90 s on a general
hot plate.

. The slide was then exposed, on a mask aligner, to light from a
mercury lamp at 365 nm wavelength for 8 s, followed by devel-
opment and deionized water rinse.

. The gold layer was removed from everywhere exposed to UV
light with an iodine based gold etch, followed by a buffered oxide
etch (BOE) to remove the titanium layer. The remaining metal
comprised the contact pads, circuitry, and electrode pads on the
slides.

. A second layer of Shipley photoresist 1813 was spun and heat
set at the parameters previously reported, followed by UV
exposure in a mask aligner with a secondary mask exposing
10 �m × 10 �m holes over each 50 �m × 50 �m electrode pad as
well as the electronic contact pads on outer slide edge. Once
more, development and rinsing were preformed with the previ-
ous parameters.

. Electrode surfaces were cleaned with an evacuated oxygen
plasma etch for 1 min to remove organic material.

The slides were completed with three arrays per slide, giving a
otal of 54 individually isolated working electrodes per slide. The
nal step in sensor construction was the adhesion of sterol plas-
ic wells cut from a 96-well plate, or attachment, to the bottom
f a 96-well plate for spectroscopic testing. This prototype sensor
latform was designed for future application and coupling with a
6-well plate; herein we report experimental results from wells
reviously cut out of the plate and adhered to the sensor for EC
esting, and platforms attached to the 96-well plate for SC testing.
he attachment was accomplished using a non-conductive, solvent
ree, urethane epoxy (Royal-Hardman), shown to have no effect on
he photoresist mask or the individual circuitry that comprised the

EA.

.3. Electrochemical measurements and reagents
All electrochemical testing was performed using a CHI 1220
lectrochemical Analyzer (CH Instruments, TX, USA), and all exper-
ments were done in the standard three electrode configuration.
he gold electrodes of the MEA, fabricated as aforementioned, or a
0 �m gold wire working electrode (CH Instruments) were utilized

able 1
xperimental parameters for cyclic and differential pulse anodic stripping voltam-
etry testing.

arameter type CV parameter DPASV parameter

nitial E (V) 0.5 −0.6 (Cu & Pb)
igh E (V) 0.5 0.4 (Cu & Pb)
ow E (V) −0.1
nput positive/negative N
can rate (V/s) 0.01
egment (#) 2
ample interval (V) 0.001
uiet time (s) 2 60
ensitivity (A/V) 1 × 10−9 1 × 10−9

ncrement E (V) 0.004
mplitude (V) 0.025
ulse width (s) 0.05
ample width (s) 0.0167
ulse period (s) 0.02
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Fig. 3. Cyclic voltammograms for individual 18 MEA electrodes comprising one test site with 0.3 mM K3Fe(CN)6 in 0.01 M PBS; 0.5 to −0.1 V, scan rate of 10 mV/s.
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Fig. 4. Average cyclic voltammetry and standard deviation comparison for MEA
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in Fig. 4. There is a small amount of variation between electrodes at

F
P

lectrodes comprising one test site with 0.3 mM (black sigmoidal curve set) and
.5 mM (blue sigmoidal curve set) K3Fe(CN)6 in 0.01 M PBS, 0.5 to −0.1 V, scan rate
f 10 mV/s. n = 18.

s the working electrode, with a silver|silver chloride (Ag|AgCl) ref-
rence electrode and platinum wire counter electrode (both from
H Instruments). Polishing of the 10 �m gold wire working elec-
rode was done by successive polishing using 1 (bare borundum
anding paper only), 0.3, 0.1, and 0.05 �m alumina slurries, followed
y thoroughly rinsing with deionized water. The MEA gold work-
ng electrodes were utilized ‘as is’ after the oxygen plasma etch
reatment described earlier.

Cyclic voltammetry testing was performed on concentrations of
.05, 0.1, 0.3, 0.5, 0.8, and 1 mM K3Fe(CN)6 in 0.01 M PBS (both from
igma–Aldrich) and recorded at the working electrode. Differential
ulse anodic stripping voltammetry was performed on a 50 ppb
u and 50 ppb Pb mixed analyte solution with HNO3 as counter
lectrolyte prepared from 1000 ppm, 2% HNO3, Cu and Pb stan-
ards (Fisher Scientific) and recorded at the working electrode. This

olution was diluted to exact concentration with 18 M� deionized
ater. The K3Fe(CN)6 in 0.01 M PBS solutions and 50 ppb Cu and Pb

n deionized H2O were deoxygenated by nitrogen purge for at least
0 min prior to testing. Table 1 shows the experimental parame-

b
i
t
f

ig. 5. Cyclic voltammetry testing of a microelectrode array electrode in (a) five success
BS, 0.5 to −0.1 V with scan rate of 60 mV/s. Arrow indicates the potential scanning direct
uators B 136 (2009) 177–185 181

ers for cyclic and differential pulse anodic stripping voltammetry
esting.

The electrochemical cell consisted of a sterol plastic well approx-
mately 300 �l volume (cut from a Falcon flat bottom 96-well plate)
or the MEA working electrode tests, and a 25 ml glass beaker, for
he 10 �m gold wire working electrode tests. The counter and ref-
rence electrodes were inserted through the top opening for the
EA working electrode tests, and all three electrodes were inserted

hrough the top opening of the glass beaker for the 10 �m Au wire
orking electrode tests.

Spectrochemical analysis was performed using Multiskan Spec-
rophotometer (Thermo Labsystems, MA, USA) in 96-well plate
onfiguration utilizing 0.01 M PBS and 1.0 mM K3Fe(CN)6 in a 0.01 M
BS solution. The MEA sensor platform was attached to the bottom
f a modified Falcon flat bottom 96-well plate.

. Results and discussion

Initial tests to investigate electrochemical behaviors and to
etermine if the MEA electrodes are operational were per-
ormed using cyclic voltammetry (CV) measurements on the
erric/ferrocyanide redox couple. It is essential to verify the oper-
tion of each electrode in an array format before more advanced
C testing methods may be employed utilizing these electrodes.
olutions of 0.3 and 0.5 mM K3Fe(CN)6 in 0.01 M PBS were tested
n all 18 individual MEA electrodes within one test site, utilizing
he potential range 0.5 to −0.1 V and a scan rate of 10 mV/s. Fig. 3
hows the individual plots for the 18 electrodes comprising one test
ite on the sensor platform. Each individual MEA electrode por-
rays the steady state sigmoidal shape with no transient limited
eak indicative of nonlinear diffusion and current density enhance-
ent. Furthermore, the responses are in agreement with CV curves

rom literature [3,14,17,18]. The individual plots for the 18 electrodes
ested at 0.5 mM K3Fe(CN)6 in 0.01 M PBS were not included in this
eport but are similar in form to those shown in Fig. 3.

The average response, with standard deviation, between the 18
lectrodes at both 0.3 and 0.5 mM K3Fe(CN)6 in 0.01 M PBS is shown
oth 0.3 mM and 0.5 mM K3Fe(CN)6 in 0.01 M PBS. The responses
ndicate a lower amount of variation at the lower 0.3 mM concentra-
ion than that of the higher 0.5 mM concentration. A possible reason
or the variance may be saturation of the sensor’s ability to reduce

ive tests and (b) average and standard deviation with 0.1 mM K3Fe(CN)6 in 0.01 M
ion. n = 5.
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ig. 6. Cyclic voltammetry of K3Fe(CN)6 using (a) microelectrode array electrode a
mM (upper curve) in 0.01 M PBS supporting electrolyte, 0.5 to −0.1 V with scan ra
urrents vs. mediator concentration and linear fits (solid lines) for (c) microelectrod

nd oxidize the K3Fe(CN)6 by excess analyte in solution, indicating
hat the linear full span output or the linear testing range of the
ensor has been surpassed and the response has become nonlinear
s it approaches some asymptotic current value. Another possible
eason for the small variation is in the small circuitry resistive dif-
erences between the electrodes comprising an array. At this point,
e believe the variation increase in 0.5 mM compared to that of
.3 mM to be a product of resistance difference between individual
icroelectrodes.
In spite of the small variation between electrodes, there is signif-

cant difference between responses at the tested concentrations. As
xpected, the higher 0.5 mM analyte concentration gave a response
f approximately 530 pA, compared to approximately 360 pA for
he 0.3 mM analyte, as shown in Fig. 4. Furthermore, the average
esponses of the 18 MEA electrodes, with respect to both concen-
rations, have non-overlapping standard deviation differences.

Repeatability and drift characteristics were investigated by five
uccessive runs with 0.1 mM K3Fe(CN)6 in 0.01 M PBS, 0.5 to −0.1 V
ith scan rate of 60 mV/s, shown in Fig. 5; (a) shows individual

ve cycle voltammograms and (b) shows the average between the
ycles and standard deviation between cycles. Again the sigmoidal
teady state curve is present with no transient diffusion limited
eaks indicative of the current density and diffusional enhance-
ents. Results indicate these electrodes have a high degree of

t
r
T
t
I

10 �m CH electrode at concentrations of 0.05 (lower curve), 0.1, 0.3, 0.5, 0.8, and
ll cases of 10 mV/s. Arrow indicates the potential scanning direction. Plots of peak
y electrode and (d) 10 �m CH electrode.

epeatability as no significant drift is observed over the five runs
ested. There was a slight difference with the initial onset of the
educing path observed on the first cycle tested, but it is negligible
ecause the maximum current response is correlated with concen-
ration, which lies at the end of the reducing path at −0.1 V. At this

aximum current response, there is almost no difference between
he five cycles tested, as noted by the standard deviation residing
top the average, shown in red and black, respectively, in Fig. 5.

Fig. 6 shows CV testing from .5 to −0.1 V with a scan rate
f 10 mV/s on solutions of (a) 0.05, 0.1, 0.3, 0.5, 0.8, and 1 mM
3Fe(CN)6 in 0.01 M PBS for a MEA electrode, and (b) 0.05, 0.1,
.3, 0.5, and 1 mM K3Fe(CN)6 in 0.01 M PBS for a 10 �m electrode
urchased from CH Instruments for comparison reasons. The sig-
oidal shape curve is observed on all the responses within the

oncentration range tested with no transient limited peak forma-
ion, for the MEA electrode. The sigmoidal steady state shape curve
s present with concentrations greater than and equal to 0.3 mM
or the 10 �m CH electrode; however, the low concentrations 0.05
nd 0.1 mM did not have a sigmoidal shape, but rather increased

o a maximum current response at −0.1 V. At 0.5 V, the response
eturned to the initial state, but did not come to a resolving plateau.
his indicates the solution was continuously reduced and oxidized
hroughout the entire reducing and oxidizing passes, respectively.
n other words, there is implication that the full extent of combined
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Fig. 7. Absorbance in the visible spectrum of (red) 0.01 M PBS and (blue) 1 mM
K3Fe(CN)6 in 0.01 M PBS when a microelectrode array with resist polymer coating
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s attached to the bottom of a 96-well plate. A control (black) of 1 mM K3Fe(CN)6 in
.01 M PBS in an unaltered well is shown for comparison. 350–700 nm with a scan

ncrement of 5 nm.

inear and nonlinear diffusion was not achieved by this commercial
0 �m electrode when tested in these low analyte concentrations.

Peak current response vs. mediator concentration plots were
onstructed for (c) MEA CV results and (d) 10 �m CH electrode
V results. There is a strong linear correlation to the concentration
esponses for both electrodes tested, where the squared correlation
oefficient (R2) equals 0.981 and 0.991, for the MEA electrode and
he 10 �m CH electrode, respectively. The span output over the con-
entrations tested occurred with the highest concentration tested
1.0 mM) and is approximately 1.3 and 1.1 nA for the MEA electrode
nd the 10 �m CH electrode, respectively. This indicates the MEA
lectrode is more sensitive to the same concentration of K3Fe(CN)6
ithin the solution ranges tested.

In order to test the MEA sensor platform’s ability to act passively
hen spectrochemical tests occur within the electrochemical cell

cting as cuvette, a MEA sensor slide was attached to the bottom
f a Falcon 96-well spectrophotometric plate. The excitation light
assed from the top of the well, through the analyte solution, then
hrough the MEA sensor slide to the photomultiplier tube. Fig. 7
hows the visible absorbance spectrum of 0.01 M PBS, shown in
ed, and 1 mM K3Fe(CN)6 in 0.01 M PBS, shown in blue, where the
icroelectrode array (resist polymer coating included) is attached

o the bottom of the well. Also included is a control measurement of
mM K3Fe(CN)6 in 0.01 M PBS, shown in black, measured within an
naltered well. Absorbance was measured from 350–700 nm with a
can increment of 5 nm. Comparison between the 1 mM K3Fe(CN)6
n 0.01 M PBS and 0.01 M PBS responses show a distinct absorbance
eak at approximately 410 nm attributed to the K3Fe(CN)6 analyte.
he wavelength is confirmed by comparison with 1 mM K3Fe(CN)6
n 0.01 M PBS tested in an unaltered well, where the same peak
ormation was observed. There was an increase in absorbance at
10 nm between the MEA altered and native curves, blue and black,
espectively. This increase in sensitivity can be attributed to possi-
le advantageous optical transparency characteristics of the glass
ased MEA sensor substrate as opposed to the native characteristics
f the unaltered plastic 96-well plate holds, or a linear combina-

ion of increased absorbance the MEA slide may impose at 410 nm.
owever, the significant absorbance signal recorded in the pres-
nce of the MEA sensor platform confirms the ability to passively
eside within the optical path length during spectrochemical anal-

o
c
r
b

ig. 8. Microelectrode array electrode L8 differential anodic stripping voltammetry
esting on 50 ppb Cu and 50 ppb Pb in HNO3 solution, 60 s preconcentration, −0.6 to
.4 V scan range.

sis, thus adding a new dimension to the testing ability of the MEA
ensor platform when attached to a 96-well plate.

Although the EC and SC results and discussion have thus far been
onducted independently, the very positive results for both types
f testing methods drive future research toward simultaneous SC
nd EC testing. Thus, the combined sensor platform offers many
ossibilities, in many fields, to increase the speed and diversity of
esting. For instance, environmental water samples can be taken for
oth optical density measurements and heavy metal ion analysis.
his sensor platform will allow simultaneous testing for the desired
nvestigations. Toward that end, a MEA electrode was utilized to
erform stripping analysis with differential pulse anodic stripping
oltammetry (DPASV) in order to demonstrate the EC component
f the platform for such an investigation.

Stripping analysis is a powerful electrochemical technique capa-
le of detecting metals at trace concentrations [1–4,6,8,11,18–21].
PASV is essentially a two phase testing technique. Phase one
mploys an underpotential held constant for a certain amount
f time, effectively reducing and electroplating the electrochem-
cal analyte on the electrode surface. Phase two begins sweeping
he potential towards overpotential and the plated analyte is oxi-
ized and stripped off. Electrochemical analytes (e.g., heavy metal

ons) have different oxidation–reduction potentials specific to the
nalyte species of interest, and stripping the analyte from the
lectrode surface causes a significant change in current at this
xidation–reduction potential. Therefore, this testing technique
an be utilized on individual or mixed analyte systems where
nalyte concentrations are correlated to the change in current reg-
stered at oxidation–reduction potentials which will show as peaks
n voltammograms recorded during the sweeping phase of DPASV
esting. Speciation is accomplished by correlating oxidation poten-
ials of analytes to peaks of the voltammogram.

DPASV was done on 50 ppb mixed Cu and 50 ppb Pb solutions
ith HNO3 as the counter electrolyte. Fig. 8 shows the DPASV

esponses of the 50 ppb analyte solutions, with scanning range
f −0.6 to 0.4 V, 60 s quiescent preconcentration. Both Pb and Cu
ttributed peaks are present at the expected ranges, −0.4 to −0.25 V
nd 0.2 to 0.35 V, respectively. These peak potential positions coin-
ide with published literature reports [3,18,19]. This indicates that

ur design for microelectrodes can successfully detect individual
urrent changes associated with each analyte. The Cu peak is nar-
ow with respect to the Pb peak, and this peak narrowing could
e due to differences in preconcentration effects on the stripping
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esponse, diffusion rate differences between Cu and Pb, or non-
niform electroplating of the Cu ions to the electrode surface.
urther investigation into counter electrolyte concentration effect
nd preconcentration parameters may shed light on the narrow
eak effect. However, for the purpose of proving the sensor platform
or application in heavy metal ion detection by stripping analy-
is, these results indicate an excellent ability for heavy metal ion
etection.

The use of a multi-channel potentiostat or multiplexer inter-
acing with our MEA sensors simplifies these measurement proce-
ures: (1) conducting different electrochemical measurements in
ach single microelectrode. For example, one microelectrode can
un cyclic voltammetry, and the other one can run ASV or DPASV,
2) any selected microelectrodes can be conductively connected by
imply modifying the lithography procedures. This configuration
ould result in higher current responses compared to the single
icroelectrode.
Fig. 8 demonstrates the ability of our MEA sensor to detect

ultiple heavy metal ions, which is important in water qual-
ty monitoring and management. The application of this sensor
latform to real water samples and the re-configuration of MEA
atterns to increase sensor sensitivity are under investigation.

. Conclusion

A microelectrode array sensor platform was designed and fab-
icated, by lithographic means, to effectively increase diversity and
ersatility of testing capabilities over that of traditionally reported
acroelectrode sensors. These MEA sensor platforms consist of

8 individually addressable microelectrodes and employ a resist
ayer as an insulating layer protecting the circuitry and wiring of
he sensor. The microelectrodes were defined by holes opened in
he resist mask layer to exact electrode dimensions. Furthermore,
hese MEA sensor platforms consist of planar arrays of gold square

icroelectrodes with an interelectrode spacing of 100 �m, making
he interelectrode spacing 10× the width (10 �m × 10 �m square)
f the electrode, effectively enhancing the mass transport proper-
ies of the electrochemical analyte by allowing nonlinear diffusion
round the perimeter of the electrode.

The enhancement of mass transport was checked by cyclic
oltammetry on the ferric/ferrocyanide redox couple, and exhib-
ted well defined sigmoidal shaped curves which signify 3-D
emispherical diffusion of the electrochemical analytes. Drift was
hecked by repeating the cyclic voltammetry testing five times;
bservations indicated high repeatability. The MEA sensor was
ompared against a commercially available 10 �m CH electrode
n cyclic voltammetry testing. Evidence suggests that the MEA
lectrodes perform better than the 10 �m CH electrode in both
ncreased sensitivity and better theoretically defined voltammo-
rams.

Additionally, these investigations have demonstrated that,
hen a glass base substrate with a relatively optically transparent

esist mask layer is utilized, spectrochemical analysis is possible
ithin the sample area that would act as the electrochemical cell

nd cuvette. This capability increases the diversity and versatility
f the testing that can be performed with this sensor platform. The
bility of the sensor platform to detect Cu and Pb heavy metal ions in
queous solutions was also proven by utilizing the electrochemical
ethod of differential pulse anodic stripping voltammetry.
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