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Abstract
Glucose, lactate, and pyruvate sensor arrays were fabricated by depositing electrostatically complexed monolayers on lithographically
patterned, individually addressable, gold microelectrodes. Standard photolithographic techniques combined with metal deposition were
used to fabricate gold arrays on both SiO2/Si and ¯exible Mylar substrates. These gold arrays were then functionalized with a negative
surface charge through chemisorption of 11-mercaptoundecanoic acid (MUA) followed by the electrostatic assembly of a nanocomposite
thin-®lm of a cationic osmium redox polymer and anionic oxidoreductases, either glucose oxidase, lactate oxidase, or pyruvate oxidase.
When tested electrochemically, glucose, lactate and pyruvate sensors exhibited analyte sensitivities of 0.26, 0.24 and 0.133 mA/(cm2 mM)
respectively. Responses to analytes proved to be linear in the physiologically relevant concentration ranges for glucose (0±20 mM), lactate
(0±10 mM), and pyruvate (0±2 mM). Standard deviations between individual electrodes of 18% (glucose) and 20% (lactate) were
determined for the enzyme electrode arrays with ®ve array members. Furthermore, the potential problem of sensor cross-talk was
investigated by subsequently testing one array member and then array members adjacent to that sensor. The response from a pair of
electrodes was approximately twice than that of a single electrode, demonstrating that the individual sensors are free of cross-talk.
# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Numerous research efforts are devoted to the development
of effective biosensors for clinical applications, most often
for monitoring glucose levels in ¯uid samples (blood or
interstitial ¯uid) collected from the body, or for direct in vivo
monitoring, by implanting in tissue or a blood vessel [1].
Most of these efforts to develop glucose sensors have focused
on the entrapment of glucose oxidase (GOX) in hydrogels
[2±6] behind membranes [7±9] and immobilized through an
electrostatic complexation [10±12]. While less attention has
been directed to the detection of lactate and pyruvate, several
groups are working on developing of amperometric sensors
for these analytes [13±19]. Despite an abundance of research
in the area of glucose and lactate detection, numerous issues
related to sensor development remain, such as enzyme deactivation, degradation of sensor materials, fouling, or an
adverse tissue response in the host. Because of these issues
*
Corresponding author. Tel.: 1-814-863-4810; fax: 1-814-865-7846.
E-mail address: mpishko@engr.psu.edu (M.V. Pishko).

and others, the reliability of these devices for applications
such as diabetes management is questionable.
Obviously, one can improve the reliability of these devices
by improving sensor materials and design to minimize the
problems described above. However, another potential method of improving reliability is through the use of redundancy
[20,21] as is common in applications where component
reliability is paramount for safety. An array of sensors, capable
of providing redundant information about the concentration
of analyte, can be used rather than a single sensor device,
thereby minimizing the negative effects resulting from the
failure of an individual electrode. Redundancy of the sensors
is important to improving reliability of the overall measurement where reliability is de®ne as the probability of a sensor
surviving for some period of time t. This point can be demonstrated by a simple calculation. For example, if Rm(t) is
the average sensor reliability among a group of N sensors
(reliability is de®ned as the number of sensors functioning
correctly at time t divide by the total number of sensors), then
the reliability of an array of these sensors operating in parallel
is Rs t  1 1 Rm tN [22]. Thus, for an array of ®ve
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sensors each with a reliability of 0.75, the reliability of the
entire array is 1
1 0:755 or 0.999, which is preferable to
a reliability of a single sensor. For most systems, lifetimes are
distributed exponentially, i.e. R t  e t=l , where l is the
sensor's mean lifetime. The most common metric for reliability is the mean-time-to-failure or MTTF, where MTTF is
equal to l. If MTTFs is de®ned as the mean-time-to-failure for
an array of identical sensors then MTTFs  MTTF(1
2 1      N 1 ). What becomes apparent from this simple
calculation is that even though each electrode in the array may
be subject to the same mode of failure (e.g. fouling, enzyme
deactivation), the introduction of redundancy increases
the reliability of the overall measurement as compared to a
single electrode measurement because each electrode is
acting independently and will not fail at the same time.
Electrode arrays can be fabricated using various methods
including conventional thick ®lm technology used to create
many commercially available biosensors. However, thin®lm technology adopted from the microelectronics industry
is another attractive approach due to ease, quality, reproducibility and low cost of manufacturing. Electrode arrays
have been photolithographically microfabricated on thermally oxidized silicon [23±26], polyimide [27,28] and other
insulating substrates [29,30]. Methods of immobilizing
sensing components for glucose and lactate detection onto
electrode arrays included electrodeposition of GOX [25,27]
and the solution casting of lactate oxidase (LAX) [17]. One
approach, which affords good reproducibility and control
over the architecture of the deposited species, is based upon
multilayer electrostatic assembly [31±35]. This scheme has
been used to deposit oppositely charged redox polymers and
enzymes on electrode surfaces. Speci®cally, ferrocene
[36,37] and osmium [10,12,38±40] based cationic redox
polymers stacked alternately with GOX, LAX or other
enzymes resulted in the formation of working sensors.
Here, we describe the generation of multilayer nanocomposite biosensor arrays for glucose, lactate, and pyruvate
on photolithographically fabricated gold microelectrode
arrays. These biosensors are composed of a self-assembled,
negatively charged monolayer of 11-mercaptoundecanoic
acid on gold, followed by an electrostatically complexed
structure of alternately stacked cationic redox polymers
and anionic enzymes. The reproducibility of individual
sensor response to changes in analyte concentration is measured for redundant glucose, lactate, and pyruvate sensor
arrays. Finally, we demonstrated the reproducible fabrication of electrode arrays that are free of sensor cross-talk
problems.
2. Experimental
2.1. Reagents
Glucose oxidase (GOX, EC 1.1.3.4, Type X-S, 128 units/
mg solid from Aspergillus niger), lactate oxidase (LAX,

35 units/mg solid, from Pediococcus species), lactic acid
(60% w/w in H2O), thiamine pyrophosphate chloride (alternatively called thiamin diphosphate) 97%, and ¯avin adenine dinucleotide (FAD) 94% were obtained from the Sigma
Chemical Co. (St. Louis, MO). Pyruvate oxidase (PYX, EC
1.2.3.3, MW 260000) was purchased from Toyobo America,
Inc. (New York, NY). Ammonium hexachloroosmate(IV),
1-hexadecanethiol (C16-SH), 11-mercaptoundecanoic acid
(MUA), 2,20 -azobisisobutyronitrile (AIBN), poly(4-vinylpyridine), and 2,20 -dipyridyl (bpy) were obtained from the
Aldrich Chemical Co. (Milwaukee, WI). Dextrose, methanol, ethyl alcohol, ethylene glycol and acetonitrile were
obtained from Fisher Scienti®c Co. (Pittsburgh, PA). All
reagents, unless otherwise stated, were used as received.
Mylar sheets (250 mm thick) were purchased from DuPont
(Wilmington, DE). Phosphate buffered saline (PBS) consisted of 1.1 mM potassium phosphate monobasic, 3 mM
sodium phosphate dibasic heptahydrate and 0.15 M NaCl in
18 MO cm deionized water (E-pure, Barnstead). Silver
epoxy was obtained from Epoxy Technologies (Billerica,
MA). Shipley Microposit STR1045 positive photoresist (G
line), Microposit 452 Developer and Microposit Remover
were purchased from MicroChem Corp. (Newton, MA). The
polycationic redox polymer, poly[vinylpyridine Os(bisbipyridine)2Cl]-co-allylamine (PVP-Os-AA) was synthesized according to a procedure described previously [11].
2.2. Equipment
The equipment for electrochemical analysis included a
CV-50W Voltammetric Analyzer (Bioanalytical Systems,
West Lafayette, IN), a C2 Cell Stand, a Ag/AgCl reference
electrode and a platinum counter electrode. The electrochemical apparatus was controlled and data acquired using a
Toshiba Pentium PC. Scanning electron microscopy (SEM)
was performed with a JEOL T330A electron microscope
with a magni®cation range of 15-20,000 and a resolution
of 4.5 nm. Spin coating was performed using a P-6000 spin
coater (Integrated Technologies, Inc., Acushnet, MA). Softbake of the photoresist was performed on a Thermolyne
1900 hot plate (Barnstead/Thermolyne, Dubuque, IA).
Photomasks were obtained from Advance Reproductions
(North Andover, MA). Substrate metallization was performed by Lance Goddard & Associates (Foster City, CA).
2.3. Electrode array fabrication
Si wafers (two in diameter, (1 1 1), n-doped, 500 mm
thick) were purchased from Wafer World, Inc. (St. Petersburg, Fl). The wafers were treated with a buffered oxide etch
to remove any residual native oxides or organics from the
surface. Subsequently, wafers were placed in a quartz boat
and put in a N2 purged oxidation furnace. Silicon dioxide
was then grown under dry/wet/dry conditions at 1100 8C
Ê which resulted in the creation
to the thickness of 5000 A
of a high-quality insulating layer on the silicon surface.

A.F. Revzin et al. / Sensors and Actuators B 81 (2002) 359±368

361

Fig. 1. Schematic of the electrode array fabrication process. A clean insulating substrate was coated with photoresist, then patterned photolithographically
and developed. The patterned substrate was then metallized and lift-off used to create the electrode array.

Alternatively, Mylar was used as a ¯exible insulating platform for electrode manufacturing. Mylar was cut into square
pieces and cleaned with ethanol prior to coating with
photoresist.

The major steps for manufacturing gold electrodes on
both thermal oxide and Mylar are presented in Fig. 1 and are
brie¯y outlined below. First, a positive photoresist (Shipley
Microposit STR1045) was deposited onto the substrate

Fig. 2. Schematic of the electrode array design. Electrodes were either 50 or 500 mm in diameter with 10 mm wide leads and 6.25 mm2 contact pads.

362

A.F. Revzin et al. / Sensors and Actuators B 81 (2002) 359±368

surface, spin-coated at 4000 rpm and soft-baked at 100 8C.
The substrate was then brought into contact with a mask,
exposed to 365 nm, 300 mW/cm2 UV light for 0.5 s and
subsequently placed in a developer solution (Microposit
452) for 3±4 min to remove portions of the photoresist that
were exposed to UV light. Photoresist patterns on SiO2 or
Ê
Mylar surfaces were then sputter coated with a 200 A
adhesion layer of chrome, followed by deposition of
Ê layer of gold (Lance Goddard Associates, Foster
1000 A
City, CA). The photoresist was subsequently stripped (Shipley Microposit Remover), lifting-off chrome and gold from
all non-patterned areas. This resulted in a spatially distinct
pattern of gold, consisting of an array of ®ve electrodes and
thin gold lines leading to contact pads. Disk shaped gold
electrodes were either 50 or 500 mm in diameter with leads
of 10 mm and 2.5 mm  2:5 mm square contact pads. A
schematic of an electrode array is shown in Fig. 2. Finally,
wires were attached to contact pads by soldering or use of a
silver epoxy.
2.4. Nanocomposite thin-film deposition
A detailed description of the redox polymer and enzyme
deposition process is presented elsewhere [11]. In brief,
electrode arrays were functionalized with a negative surface
charge by immersing in 1 mM MUA (ethanol) for 20 min.
The substrates were washed with ethanol and dried under
N2. The arrays were then alternately exposed to a polycationic 10 mg/ml solution of PVP-Os-AA (shown in Fig. 3)
for 20 min and a polyanionic solution of GOX (10 mg/ml
in PBS), LAX (0.7 mg/ml in PBS), or PYX (25 mg/ml in
PBS) for 40 min. In between immersions, the substrates
were rinsed with 0.1 M PBS and dried under ¯owing N2. In a
typical deposition procedure, ®ve layers were assembled,

these layers included MUA and two layers each of redox
polymer and an enzyme. To prevent redox polymer and
enzyme deposition on the electrode leads, photoresist or
another polymeric material may be used to mask off the
leads, and thus, prevent modi®cation to these surfaces.
2.5. Electrochemical characterization
Array members were tested in a cell of volume approximately 1 ml containing 0.1 M PBS degassed with N2
(15 min prior to start of experiment, for duration of experiment) and also containing Pt counter and Ag/AgCl reference
electrodes. Degassing with N2 agitated the solution, provided convection and created oxygen-free environment.
Cyclic voltammetry, from 0 to 500 mV (vs. Ag/AgCl) at
a scan rate of 20 mV/s was performed to characterize sensor
response to increases in glucose, lactate, or pyruvate concentration. In the case of pyruvate, 0.2 mM of thiamine
pyrophosphate and 10 mM of FAD was added to the PBS
solution as these factors are necessary for PYX activity.
3. Results and discussion
Here we describe the use of microfabricated redundant
gold electrode arrays with electrostatically assembled sensing components for the measurement of glucose, lactate,
and pyruvate. After the fabrication of a microelectrode array
using thin-®lm technology, the electrodes were functionalized, ®rst with a negative surface charge, and subsequently
with a cationic redox polymer and an anionic enzyme. The
responses and variability of individual array electrodes to
changes in analyte concentration were established. In addition, responses of multiple array members linked together
are compared to that of a single array member to demonstrate that the array members do not suffer from signal crosstalk.
3.1. Electrode array fabrication

Fig. 3. Structure of the osmium redox polymer used in the development of
electrostatic nanocomposites: poly[4-vinyl pyridine Os(bis-pyridine)2Cl]co-allylamine.

An SEM of a representative microelectrode array is
shown in Fig. 4. Each of the ®ve individually addressable
array members of the electrode arrays was 50 mm in diameter while each lead was 10 mm wide. The array members
appeared to be smooth with well-de®ned edges. No discontinuities were visible in the leads or array members. As
expected the microfabrication process described earlier
proved to be very reproducible as numerous defect-free
electrode arrays of the same geometry were fabricated on
SiO2 and Mylar. The adhesion of deposited gold electrodes
onto the substrates was strong. Mylar substrates could be
¯exed or sonicated without any delamination or damage to
the electrode arrays. Such ¯exibility is useful in an
implanted device. If the device were rigid, the movement
of tissue near the device could result in increased tissue
damage and a prolonged wound healing response.
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Fig. 4. Scanning electron micrograph of a gold microelectrode array on SiO2/Si substrate.

The placement of the array members on the substrate is
another important issue. If electrodes are densely packed
they may mimic behavior of one large electrode of an area
equal to the sum total of the areas of the individual array
members [41]. Such behavior may occur when d < 2r0
where d refers to the distance between array members
and r0 corresponds to the radius of the electrode. On the
other hand, electrodes in loosely packed arrays with d @ 2r0
exhibit independent responses. The largest and most spatially compact electrode arrays generated in this work have
electrodes with a r0 of 250 mm and a d of 1000 mm. The
inter-electrode distance, is therefore, suf®cient to prevent
overlay of diffusion layers, as it is two times greater than 2r0.
Hence, it is likely that the electrodes will function independently with no cross-talk present.
3.2. Nanocomposite thin-film deposition
The scheme used for the fabrication of these sensors is
based upon electrostatic attraction between a polycationic
osmium redox polymer and a polyanionic enzyme, GOX,
LAX, or PYX. First, the electrode surface was functionalized with MUA where the thiol end group was chemisorbed
to gold. The carboxylic acid end group of MUA presented
the solution±electrode interface with a net negative charge,
since with a pKa of 6.5 the acid group is at least partially
deprotonated at a pH of 7.4 [42]. Polymers modi®ed with
organometallic osmium complexes are known to be polycationic [43] at neutral pH and can, thus, be electrostatically
bound to the negatively functionalized surface. Subsequent
electrostatic binding of anionic GOX with an isoelectric
point (IEP) of 3.0, LAX with an IEP of 4.6 [44] or PYX with
an IEP of 4.3 was then possible to the positively charged
redox polymer layer. This process was then repeated as

desired to deposit multiple layers.Electrochemical activity
of the sensors
The electrochemical activity of nanocomposite thin-®lm
sensors was veri®ed by cyclic voltammetry. A set of representative voltammograms shown in Fig. 5(a) was obtained in
the absence of substrate for a two complementary layer
system (polymer/GOX/polymer/GOX). Anodic and cathodic peaks were observed at potentials of 250 and 210 mV
(scan rate of 20 mV/s) respectively, resulting in a peak
separation of 40 mV. This demonstrated successful deposition of the redox polymer and subsequent electron transfer in
the polycationic redox polymer and between multilayers in
the structure. Electron transfer is very likely facilitated by
the high level of intercalation hypothesized to exist between
the layers [42,45]. However, the relatively large peak splitting for these thin-®lms was very likely the result of the
presence of a dielectric (i.e. the enzymes) between the layers
of electroactive polymer. Other researchers working with
electrostatically assembled redox polymer-based biosensors
have reported similar results [10,46]. Indeed, cyclic voltammetry of a thin-®lm containing similar number of sensing
layers (4), but incorporating PYX instead of GOX has a peak
splitting of 50 mV as one can see from Fig. 5(b). The
difference between peak splitting for glucose and pyruvate
sensing ®lms may be attributed to a less stable secondary
structure of a PYX tetramer [19,47] which may have lead to
aggregation and increased insulation between the redox
polymer layers. In addition, the peak splitting increased
from 50 to 70 mV when the number of complementary
layers was increased from 2 to 5 (see Fig. 5(b)). This
observation, corroborated by other reports describing similar
modes of assembly of sensing ®lms [40] further con®rming
that the enzyme acts as a dielectric between the electroactive
polymer layers.
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Fig. 5. (a) Cyclic voltammograms from 20 to 80 mV/s from one array member functionalized with five layers total (MUA/RP/GOX/RP/GOX), where RP is
the redox polymer. (b) Cyclic voltammograms of a redox polymer/pyruvate oxidase nanocomposite thin-film electrode consisting of two complementary
layers a and five complementary layers b at a scan rate of 20 mV/s.

As scan rates were varied from 20 to 80 mV/s, the peak
current was found to be roughly proportional to the scan rate,
as one would expect for such a thin surface con®ned ®lm.
These two factors point toward reversibility and stability of
electron transfer within the multilayer thin-®lm. In addition,
peak height and splitting did not change appreciably when
tested repeatedly for up to three weeks (stored dry at 4 8C)
indicating that the electrostatically attached redox polymer
was not free to diffuse.
3.3. Sensor response and reproducibility
The GOX catalyzed reaction scheme with Os sites on
the redox polymer serving as electron relays between

the enzyme and electrode surface may be expressed as
follows:
b-D-glucose  GOX FAD
! gluconolactoneGOX FADH2 GOX FADH2 2M2
! GOX FAD  2M
where GOX(FAD) and GOX(FADH2) represent the oxidized and reduced forms, respectively of the enzyme's
cofactorÐflavin adenine dinucleotide (FAD) and M represents an Os redox site of the polymer in its oxidized (2)
and reduced (1) forms. Electrons are thus transferred from
the enzyme to the redox polymer, shuttled between the redox
sites in a self-exchange reaction until being transferred to
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Fig. 6. Response of the current to changes in glucose concentration for a five electrode array. The percent standard deviation between electrodes was
approximately 18%.

an electrode surface that is poised positive of the formal
potential of the polymer. As a result, a current that is proportional to substrate concentration is created. As seen
from the reaction mechanism presented above, sensors
incorporating redox polymers such as those used here should
be less dependent on oxygen than those based on hydrogen
peroxide oxidation [48]. This fact is important for in vivo
applications of a sensor, since oxygen concentration in tissue
can vary.
Cyclic voltammetry was used to quantify the response of
the sensors in an array and to determine the reproducibility
between array members. Fig. 6 shows the average response
from a ®ve-electrode glucose sensor array. The response is
linear with an R2 value of 0.98 and a sensitivity of 0.26 mA/
(cm2 mM). The standard deviation between the current
response of array members was approximately 18%. In
addition, these sensors operated effectively when degassed
with N2 suggesting mediated electron transfer from the
enzyme, through the redox polymer, to the electrode surface.
Lactate sensor arrays, fabricated in the same manner as the
glucose arrays, were also characterized by cyclic voltammetry. The response was linear with an R2 of 0.96 and a
sensitivity of 0.24 mA/(cm2 mM) (n  5). The standard
deviation between sensors was slightly higher at approximately 20%. For both types of electrodes, the linearity of the
response over the physiological range may be due to mass
transfer limitations imposed by the electrostatic interactions
in the redox polymer and enzyme layers similar to that seen
in other systems [49]. Certainly, in the absence of these mass
transfer limitations, one would expect the linear range for
each type of sensor to be much lower. In the case of pyruvate
electrodes, the sensitivity was 0.133 mA/(cm2 mM) in the
range of 0 to 2 mM. Beyond 2 mM, the current response to

pyruvate saturated, a result of the relatively low Km of this
enzyme (0.34 mM) [47].
While strong electrostatic complexation in the ®lms creates a mass transfer barrier to analyte suf®cient to extend the
linear range of each sensor, the response time of each device
is still rapid. For a step change in concentration from 0 to
2 mM, the response time was less than 20 s. This relatively
rapid response time is a direct result of the thinness of the
multilayer ®lms. Even though analyte diffusivity through the
®lms may be low, the ®lms are less than 10 nm thick and thus
a steady state ¯ux of analyte into the ®lm can be rapidly
established. Such response times were similar in magnitude
to those seen in previous studies [43].
As described earlier, the placement of the array members
has been addressed to minimize potential cross-talk problems
between array members. Cyclic voltammetry was once again
used to verify whether these array members were actually
capable of functioning independently. Substrate response
experiments, under identical conditions, were performed
with ®rst only one array member operational and repeated
with two neighboring array elements simultaneously connected to the potentiostat. Representative calibration curves
for LAX electrodes resulting from these experiments are
shown in Fig. 7. Note that the area used in the calculation of
current density was that for a single electrode. The result was
a near two-fold increase (1.96) in response when two array
members placed next to each other were connected simultaneously as opposed to either array member individually
(Fig. 8). This indicates that the array members are capable of
functioning independently and at a relatively consistent response between electrodes. If one wishes to take advantage of
sensor redundancy, such independence of operation is
required. As was discussed earlier, the MTTFs for an array
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Fig. 7. Response of the current to changes in lactate concentration for a five electrode array. The percent standard deviation between electrodes was
approximately 20%.

Fig. 8. Current response to changes in concentration for a lactate enzyme electrodes. One electrode (5) was tested independently followed by the
simultaneous testing of two electrodes adjacent to each other (*). The near 100% increase response when two electrodes were connected suggests that there
is no electrode cross-talk present. Note that the area used in the calculation of current density was that for a single electrode.

of independently operating sensors is MTTFs  MTTF(1
2 1      N 1 ), where MTTF is the average of an individual sensor and N is the number of redundant sensors in
the array. Thus, by increasing the number of enzyme electrodes from 1 to 5, the MTTFs for the system is 2.28 times
greater than that of a single electrode in the array. Ultimately, the successful use of redundancy is dependent on the
ability to correctly identify individual sensors with the array
that have failed, perhaps using fault detection algorithms

that have found use in other processes [50±52]. Such fault
detection will likely be particularly challenging in vivo.
4. Conclusions
We have fabricated, on rigid and ¯exible substrates, gold
microelectrode arrays and subsequently functionalized the
array members with electrostatically complexed sensing
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materials, including a cationic osmium redox polymer and
an anionic enzyme (GOX, LAX or PYX). The resulting
redundant sensor arrays were reproducible, with a typical
standard deviation of response between array members of
18% (GOX) to 20% (LAX). Furthermore, tests were conducted to determine if cross-talk occurred between adjacent
array members. Cyclic voltammetry experiments indicated
no cross-talk existed between electrodes. The relative precision between multiple sensing elements suggests that rapid
and cost-effective mass production may be feasible for the
generation of biosensor arrays by taking advantage of silicon
microfabrication schemes when coupled with simple, reproducible enzyme and redox polymer deposition schemes as
described in this work. In addition to improving the physical
and chemical design of electrodes, redundancy of electrodes
in sensor arrays, when combined with appropriate fault
detection algorithms, may improve measurement reliability
in clinical applications such as diabetes management. In the
future, microfabrication and sensor assembly techniques
presented in this work may also be employed to manufacture
multianalyte sensors on the same platform.
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