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bstract

Biosensors were fabricated at neutral pH by sequentially depositing the polycation polyethyleneimine (PEI), the stereoselective enzyme
-glutamate oxidase (GluOx) and the permselective barrier poly-ortho-phenylenediamine (PPD) onto 125-�m diameter Pt wire electrodes
Pt/PEI/GluOx/PPD). These devices were calibrated amperometrically at 0.7 V versus SCE to determine the Michaelis–Menten parameters for

nzyme substrate, l-glutamate (Glu) and co-substrate, dioxygen. The presence of PEI produced a 10-fold enhancement in the detection limit for
lu (∼20 nM) compared with the corresponding PEI-free configurations (Pt/GluOx/PPD), without undermining their fast response time (∼2 s).
ost remarkable was the finding that, although some designs of PEI-containing biosensors showed a 10-fold increase in linear region sensitivity

o Glu, their oxygen dependence remained low.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The importance of l-glutamate (Glu) in systems as diverse
s food processing and brain monitoring (O’Neill et al., 1998;
ilson and Hu, 2000; Wilson and Gifford, 2005; Dale et al.,

005; Fillenz, 2005) has led to intense interest in the develop-
ent of sensors for this amino acid. In a neurochemical context,
lu is the main excitatory neurotransmitter, and a range of
iosensor designs, based mainly on glutamate oxidase (GluOx;
Wr, 140 kDa; solution KM, 0.21 mM in neutral buffer; pI, 6.2)

Kusakabe et al., 1983), have been described for direct moni-
oring of Glu in brain extracellular fluid (ECF) (Hu et al., 1994;
osnier et al., 1997; Kulagina et al., 1999; Matsushita et al.,
000; Burmeister et al., 2003; Nickell et al., 2005; Rahman et
l., 2005) (see reactions (1) and (2)). Encouraged by success
n the design and application of an implantable biosensor for

rain glucose (Lowry et al., 1994; Dixon et al., 2002), based on
he immobilization of glucose oxidase (GOx) in a permselec-
ive polymer (poly-ortho-phenylenediamine, PPD) electrosyn-
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hesized in situ on Pt wire (Pt/GOx/PPD) (Sasso et al., 1990;
alitesta et al., 1990; Lowry and O’Neill, 1992; Wang and Wu,

993; Bartlett and Birkin, 1994), this design has been adopted
n recent years for the detection of ECF Glu (Pt/GluOx/PPD)
Ryan et al., 1997; Lowry et al., 1998b; McMahon and O’Neill,
005).

The task of detecting brain ECF Glu, however, is significantly
ore challenging than glucose monitoring, mainly because the

aseline ECF concentration of Glu appears to be ≤5 �M (Miele
t al., 1996; Lada and Kennedy, 1996; Baker et al., 2002;
hen, 2005; Fillenz, 2005), although values as high as 15 �M
ave been suggested (Kulagina et al., 1999), and compares to
500 �M for ECF glucose (Boutelle et al., 1992; Lowry et

l., 1998a). Thus, optimization of Glu sensitivity is critical for
hysiological applications, and we reported recently a signifi-
ant enhancement of the linear region slope (LRS) for Glu, by
ncorporating the polycation polyethyleneimine (PEI) in these
PD-based biosensors (Pt/PEI/GluOx/PPD) (McMahon et al.,

006b).

-Glutamate + H2O + GluOx/FAD

→ �-ketoglutarate + NH3 + GluOx/FADH2 (1)

mailto:Robert.ONeill@UCD.ie
dx.doi.org/10.1016/j.bios.2006.06.027
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luOx/FADH2 + O2 → GluOx/FAD + H2O2 (2)

2O2 → O2 + 2H+ + 2e (3)

he protein immobilizing agent (Tang et al., 1998) and stabilizer
Bryjak, 1995; Andersson and Hatti-Kaul, 1999), PEI, has been
sed previously in biosensors for a number of analytes, including
lu (Belay et al., 1999; Rahman et al., 2005; Varma et al., 2006).
tudies suggest that PEI can have beneficial effects on biosen-
or performance by augmenting enzyme stability through the
ormation of polyanionic/polycationic complexes (Andersson et
l., 2000) and by decreasing the electrostatic repulsion between
he enzyme substrate and biosensor components (Chi et al.,
997; Jezkova et al., 1997; McMahon et al., 2006b). However,
he enhanced sensitivity of oxidase-based biosensors to enzyme
ubstrate, achieved using PEI, could have the undesired effect of
reater sensitivity to changes in the concentration of co-substrate
O2; see reaction (2)).

Since no literature is available on this topic, we investigate
ere the effects of incorporating PEI into Pt/GluOx/PPD biosen-
ors on their oxygen dependence. The importance of oxygen
nterference in biosensor functionality is particularly relevant in
pplications involving in vivo monitoring, where pO2 can fluc-
uate significantly (Clark et al., 1958; Bolger and Lowry, 2005).
hus, the suitability of a Glu biosensor design for a given appli-
ation depends on the concentration of Glu being monitored, as
ell as the range of fluctuations in pO2 relevant to that medium.
or example, a combination of excessive Glu and low pO2 could
ndermine the reliability of the Glu signal, and in extreme cases
he biosensor becomes an oxygen sensor. The advantages and
imitations of replacing O2 in reaction (2) by various mediators
as been discussed previously (O’Neill et al., 1998). Although
hese ‘second generation’ biosensors have the advantage of a
ow operating potential, they can suffer from a number of prob-
ems including leeching of untethered mediator from the enzyme
ayer, toxicity in biological tissues, and redox interference (e.g.,
xidized ferrocenes can be reduced by ascorbic acid present in
ost biological media). Additionally, the complete insensitivity

o oxygen tension sometimes claimed for mediated sensors has
een questioned for certain mediators (Martens et al., 1995).

. Materials and methods

.1. Biosensor fabrication and calibration

Pt cylinders (PtC, 125 �m diameter, 1 mm length) were fabri-
ated from Teflon®-coated Pt wire (Advent Research Materials,
uffolk, UK). GluOx (EC 1.4.3.11, 200 U mL−1, Yamasa Corp.,
apan) was deposited onto the metal surface by dip-evaporation
1–4 dips) (Ryan et al., 1997) and immobilized by amperomet-
ic electropolymerization (+700 mV versus SCE) in 300 mM
-phenylenediamine in phosphate buffered saline (PBS, pH 7.4)
Craig and O’Neill, 2003), as described previously to form

tC/GluOx/PPD biosensors (Ryan et al., 1997). Pt disks (PtD)
ere fabricated by cutting the Teflon®-coated wire transversely

o produce 125 �m diameter disks, and PtD/GluOx/PPD biosen-
ors were fabricated as for PtC. Additional sets of biosensors
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ere prepared by pre-coating the Pt surface with the polyca-
ion polyethyleneimine (Aldrich, MWr ∼ 750 kDa, 1% aque-
us solution), also by dip-evaporation, before enzyme depo-
ition. The alternative polymer/enzyme configuration (enzyme
eposited by dip-evaporation after the polymerization step) was
lso investigated: PtC/PPD/GluOx and PtD/PPD/GluOx, where
he enzyme was immobilized by exposure to glutaraldehyde
apor (McMahon et al., 2005).

After rinsing and a settling period at 700 mV in fresh PBS,
mperometric calibrations were carried out to determine the
pparent Michaelis–Menten parameters (Jmax and KM(Glu);
ee below) and the linear region sensitivity (0–100 �M) of the
iosensors to Glu and H2O2 in quiescent air-saturated buffer,
nless stated otherwise. All electropolymerizations and cali-
rations were performed in a standard three-electrode glass
lectrochemical cell containing 20 mL quiescent PBS at room
emperature. A saturated calomel electrode (SCE) was used as
he reference electrode, and a large stainless steel needle served
s the auxiliary electrode.

Experiments were computer controlled as described previ-
usly (Dixon et al., 2002; McMahon et al., 2005; McMahon et
l., 2006b). Response times were recorded in constantly stirred
olution, using a data acquisition rate of 100 Hz. A t90% parame-
er was defined as the time taken for the analyte response to reach
0% of its maximum value from the start of the current upswing,
nd is similar to definitions used previously (Berners et al., 1994;
ulagina et al., 1999; Burmeister et al., 2003). The limit of detec-

ion (LOD) was determined using the widely applied criterion
f three times the S.D. of the baseline.

.2. Monitoring dissolved oxygen

A self-calibrating commercial membrane-covered ampero-
etric oxygen sensor (CellOx 325 connected to an Oxi 340A
eter, Carl Stuart Ltd., Dublin, Ireland) was used to quantify

olution oxygen concentration as described previously (Dixon
t al., 2002). This percentage was converted to an estimated
oncentration of O2 by taking 200 �M to correspond to 100%
Bourdillon et al., 1982; Zhang and Wilson, 1993). To avoid
ontamination of the PBS by oxygen, the electrochemical cell
as contained within an AtmosbagTM (Sigma) (Dixon et al.,
002). Oxygen sensor data and biosensor data were recorded
imultaneously through the transition from N2 saturation to air
aturation. The biosensor response reached a plateau at oxygen
evels which depended on the concentration of Glu in the cell,
ut typically by 30–50 �M O2. Non-linear regression analysis of
he current was performed up to this plateau region to determine
he relevant KM(O2) value (McMahon et al., 2006a; see Section
.3).

.3. Kinetic model and data analysis

A number of sophisticated mathematical models of the behav-

or of enzymes in membranes have been described (Albery and
artlett, 1985; Bartlett and Pratt, 1993; Gooding et al., 1998;
hanthong and Somasundrum, 2003; Baronas et al., 2004).
hese complex analyses are often needed to understand and opti-
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ize the behavior of thick and/or conducting layers (Gooding
t al., 1998; Baronas et al., 2003). However, a recent study has
hown that substrate diffusion is not limiting for PPD layers
ncorporating enzyme (De Corcuera et al., 2005), due to their
elatively small thickness (Gooding et al., 1998). Therefore, the
asic Michaelis–Menten enzyme parameters used here provide
ore readily accessible insights into factors affecting the respon-

iveness of biosensors fabricated from ultra-thin (10–30 nm;
alitesta et al., 1990; Sohn et al., 1991; Myler et al., 1997;
raig and O’Neill, 2003) insulating PPD, and avoids the use
f more complex analyses, such as those involving the Thiele
odulus (Gooding and Hall, 1996).

Glu = Jmax

1 + KM(Glu)/[Glu]
(4)

A two-substrate model is necessary to describe the kinetics
f oxidase enzymes under conditions of varying concentration
f both substrate and co-substrate (Leypoldt and Gough, 1984;
ooding and Hall, 1996). When the concentration of the co-

ubstrate is constant, however, the two-substrate equation sim-
lifies to the one-substrate Michaelis–Menten form (Eq. (4)),
here the current density for the biosensor Glu response, JGlu,

s a measure of the overall rate of the enzyme reaction, and
max is the JGlu value at enzyme saturation. Different values of
max, determined under the same conditions, reflect differences
n the activity of enzyme on the surface (k2[E]; see reaction (5))
McMahon et al., 2005), provided the sensitivity of the elec-
rode to H2O2 (reaction (3)) does not vary much, as is the case
or the PPD-modified Pt cylinders and disks used here (Lowry
nd O’Neill, 1994; McMahon et al., 2004; McMahon et al.,
005).

+ S
k1�
k−1

ES
k2−→E + P (5)

M = k−1 + k2

k1
(6)

The Michaelis constant, KM, is defined in terms of the rate
onstants for the generalized reactions (reaction (5)) describ-
ng the conversion of substrate (S) to product (P), catalyzed by
nzyme (E) (see Eq. (6)). When Eq. (4) is used to approximate
he two-substrate case, the KM is more complex, containing co-
ubstrate terms. KM is then the apparent Michaelis constant and
henomenologically defines the concentration of substrate that
ives half the Jmax response. Thus, changes in KM are sensitive
o the binding constant, k1, and have often been interpreted in
erms of barriers to substrate/enzyme binding (Sasso et al., 1990;
ompagnone et al., 1996), as well as changes in oxygen demand

Zhang and Wilson, 1993).

Glu = J ′
max

1 + KM(O2)/[O2]
(7)

Alternatively, if the concentration of Glu is fixed and O2 levels

re changed, then Eq. (7) can be used to analyze the oxygen
ependence of the Glu signal (Dixon et al., 2002; McMahon and
’Neill, 2005), where J ′

max is the maximum (plateau) response
or a particular concentration of Glu, and KM(O2) is the apparent

F
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d

oelectronics 22 (2007) 1466–1473

ichaelis constant for oxygen. The apparent Michaelis constant
or Glu is useful for defining the linear range of Glu response
(∼1/2)KM(Glu)), as well as the slope in the linear region, that
s, LRS ≈ Jmax/KM(Glu) (see Eq. (8)).

Lt
Glu]→0

JGlu = Jmax

1 + KM/[Glu]
= Jmax[Glu]

[Glu] + KM
≈ Jmax

KM
[Glu]

(8)

Values of LOD, Jmax, KM(Glu), LRS and KM(O2) are
resented as mean ± S.E.M., with n: number of biosensors;
esponse times are reported as mean ± S.E.M., with n: number
f electrodes x determinations. The statistical significance of
ifferences observed between responses for the various designs
as calculated using Student’s two-tailed unpaired t-tests on the

bsolute current densities, slopes or Michaelis–Menten param-
ters.

. Results and discussion

Recent studies have shown that the incorporation of PEI into
PD/GluOx-based biosensors led to a significant improvement

n their performance, specifically a decrease in KM(Glu) and an
ncrease in LRS (McMahon et al., 2006b). Before addressing the
ain aim of this investigation (the oxygen dependence of PEI-

ontaining biosensors), the effects of PEI on other parameters
enzyme loading, response time and limit of detection) were
etermined to provide a fuller profile of the influence of this
olycation on biosensor performance.

.1. Response time and limit of detection

A number of properties of PPD-based biosensors indicate
hat their response is determined by enzyme kinetics, and not
y diffusion through the polymer/enzyme composite (PEC)
ayer (see Section 2.3). In particular, their response time is
ast (Lowry et al., 1994), being determined by the mixing
ime in stirred solution (Malitesta et al., 1990; Berners et
l., 1994). To determine whether incorporation of large PEI
olecules (∼750 kDa, branched form) into the PEC matrix

ould thicken the enzyme-containing layer, and lead to diffu-
ion effects in the biosensor response, response times (t90%) were
easured for the four basic designs (see Fig. 1): PtC/GluOx/PPD

2.4 ± 0.2 s, n = 24); PtC/PEI/GluOx/PPD (1.7 ± 0.2 s, n = 8);
tD/GluOx/PPD (3.0 ± 0.2 s, n = 46); PtD/PEI/GluOx/PPD
2.4 ± 0.2 s, n = 32). There was therefore no slowing of the
esponse times of PEI-containing devices, as has been observed
or oxidase-containing biosensors involving thicker films such
s redox hydrogels (∼30 s) (Kulagina et al., 1999; Mikeladze et
l., 2002; Castillo et al., 2005) and polypyrrole films (∼1 min)
Malitesta et al., 1990; Yoshida et al., 1995). Indeed, PEI
lightly decreased t90% values for the corresponding geometry
p < 0.05).
The limit of detection was also improved by PEI.
or cylinders: PtC/GluOx/PPD (0.31 ± 0.08 �M, n = 8) ver-
us PtC/PEI/GluOx/PPD (0.02 ± 0.01 �M, n = 4, p < 0.04). For
isks: PtD/GluOx/PPD (0.53 ± 0.04 �M, n = 8) versus PtD/PEI/
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Fig. 1. Sample calibration data and non-linear regression analysis (Eq. (4)) for
four biosensor designs: PtC/±PEI/GluOx/PPD (top) and PtD/±PEI/GluOx/PPD
(bottom). Incorporation of polyethyleneimine (PEI) into biosensor fabrication
increased the linear region slope (LRS = Jmax/KM (Eq. (8)); see top inset) for
cylinders (by increasing Jmax) and for disks (by decreasing KM). See Fig. 2 for a
scatter-plot analysis of KM vs. Jmax determined for 163 biosensors, and Table 1
for averaged values. The Glu response times (t90%; see bottom inset) in stirred
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olution were fast for all designs (<3 s); ∼1 s of this was attributed to the enzyme
eactions by comparing the t90% values for H2O2 and Glu on the same sensors
see bottom inset).

luOx/PPD (0.11 ± 0.02 �M, n = 8, p < 0.0001). These results
re consistent with the greater LRS of the PEI-containing devices
Table 1) coupled with little or no increase in baseline noise, and

ontrasts with other sensitivity-boosting strategies, such as pla-
inization (De Corcuera et al., 2005), that have little effect on
imits of detection due to significant increase in baseline fluctu-
tions.

P
s
a
t

able 1
ean values ± S.E.M. for the two apparent Michaelis–Menten parameters (Eq. (4)),

Eq. (7)) vs. Glu concentration for each of four biosensor designs

Components

Pt/GluOx/PPD

PtCa PtD

max (�A cm−2) 8 ± 1 (55) 120

M(Glu) (mM) 0.7 ± 0.1 (55) 4.3
RS (nA cm−2 �M−1) 11 ± 1 (55) 31

M(O2) slope (�M O2 �M Glu−1) 0.23 ± 0.02 (8) 0.06

umber of biosensors in parentheses.
a Geometry.
oelectronics 22 (2007) 1466–1473 1469

.2. Michaelis–Menten parameters for glutamate

Previous studies on the effects of PEI on PPD-based
McMahon et al., 2006b) and other designs of Glu biosensors
Rahman et al., 2005; Varma et al., 2006) focused on the appar-
nt Michaelis constant (Eqs. (4) and (6)) and/or the linear region
ensitivity. Here we report full calibrations for the determina-
ion of Jmax, KM(Glu) and LRS to understand more fully the
eneficial effects of PEI on biosensor functionality, including
xygen dependence (see Section 3.4). Fig. 1 shows steady-state
alibration points and non-linear regression (Eq. (4)) for indi-
idual examples of the four sensor configurations; Table 1 gives
he mean ± S.E.M. values of Michaelis–Menten parameters for
arge populations of these biosensor types. PEI caused an eight-
old increase in Jmax for cylinder-based electrodes, whereas there
as a significant reduction (38%, p < 0.04) for disk values. The
nding that PEI had opposite effects on Jmax for cylinders and
isks indicates that these changes are unlikely due to an effect on
2, but instead result from an increase in enzyme loading ([E],
eaction (5)) on cylinders and a decrease in [E] on the highly
oaded disks. This explanation in terms of GluOx loading is con-
istent with the finding that the Jmax values for PEI-containing
ylinders and disks converged (see Table 1 and Fig. 2), with no
ignificant difference between the two populations (p > 0.1).

The effect of PEI on KM(Glu) was also different for disks
nd cylinders, as discussed elsewhere for a smaller population
f biosensors (McMahon et al., 2006b). Here we present a more
etailed correlation analysis for KM(Glu) versus Jmax for the
our designs to probe these different PEI effects (see Fig. 2).

A useful index of active enzyme loading for these types of
ensors is Jmax (see Section 2.3). In the absence of PEI, Jmax for
ylinder devices fell within a narrow range (<20 �A cm−2) and
he KM(Glu) values were relatively constant (see Fig. 2). This is
onsistent with the vertical dip-evaporation protocol used (1–4
ips) for deposition of the enzyme: the cylinder sides do not
old much solution at each dip, limiting the amount of GluOx
eposited. For disks, however, the dome of solution produced
y surface tension deposits a significantly greater density of
luOx on the PtD surface. Thus, the range of Jmax values for

tD/GluOx/PPD was larger (20–400 �A cm−2), although Fig. 2
hows the data up to a maximum Jmax value of 100 �A cm−2 to
llow a clearer comparison with data for PtC/GluOx/PPD elec-
rodes. Thus, in this analysis involving larger populations of

experimentally determined linear region slope (LRS), and the slope of KM(O2)

Pt/PEI/GluOx/PPD

a PtCa PtDa

± 12 (61) 61 ± 5 (27) 74 ± 6 (20)
± 0.5 (61) 0.6 ± 0.1 (27) 0.6 ± 0.1 (20)
± 2 (61) 93 ± 8 (27) 100 ± 5 (20)
± 0.015 (13) 0.22 ± 0.01 (4) 0.13 ± 0.02 (4)
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Fig. 2. Section of the scatter plots and linear regression for apparent
Michaelis–Menten parameters (KM(Glu) vs. Jmax from Eq. (4)) for four biosen-
sor designs fabricated by depositing the polymer/enzyme composite GluOx/PPD
on either PtC, PtD, PtC/PEI or PtD/PEI (see Fig. 1 for examples of calibrations).
The tendency for KM(Glu) to increase with enzyme loading (Jmax), especially
for PtD-based devices (R2 = 0.82; p < 0.0001), was abolished by PEI. Incorpora-
tion of PEI into the cylinder design increased Jmax without increasing KM(Glu),
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PtC/PEI/GluOx/PPD. Unexpectedly, the PEI-containing biosen-
sor, with a nine-fold greater Glu sensitivity (LRS), showed a
similar KM(O2) value to the PEI-free device. Before attempt-
ing to explain this finding, the dependence of KM(O2) on the

Fig. 3. Section of the scatter plots and linear regression analyses for the Glu
calibration linear region slope (LRS) vs. Jmax (Eq. (4)) for four biosensor designs
fabricated by depositing the polymer/enzyme composite GluOx/PPD on either
PtC, PtD, PtC/PEI or PtD/PEI (see Fig. 1 for examples of full calibrations).
On bare Pt at low GluOx loading (Jmax), i.e., for PtC, there was a systematic
increase in LRS with Jmax (slope = 1.3 ± 0.2, R2 = 0.54, p < 0.0001, n = 55). On
bare Pt at higher GluOx loading, i.e., for PtD, there was no change in LRS with

2

hereas PEI on disks decreased KM(Glu) while maintaining a high Jmax value.
n effect, PEI led to convergence of the responses for the two geometries (see
able 1 for averages).

iosensors than in previous studies (McMahon et al., 2006b),
ifferences between the disk and cylinder configurations are
evealed (Fig. 2). The increased Jmax for PtD/GluOx/PPD elec-
rodes reflects a higher density of polyanionic enzyme on
he surface, representing an electrostatic barrier to binding of
he anionic substrate (at pH 7.4), which increases KM(Glu)
McMahon et al., 2006b). However, the linear regression of this
excess’ KM(Glu) (dashed line, Fig. 2) had an intercept of zero
0.1 ± 0.3 mM), showing that this crowding effect vanishes in
he limit of zero GluOx coverage; what remained experimen-
ally was the intrinsic KM(Glu) for enzyme immobilized on Pt,
amely the intercept displayed by PtC/GluOx/PPD electrodes
∼0.6 mM).

Pre-coating the Pt with PEI had a significant effect on both
ylinder and disk designs. Fig. 2 shows that PEI practically abol-
shed the regression slope for disk-based biosensors (PEI absent,
6 ± 2, n = 61, R2 = 0.82 versus 3 ± 1, n = 20, R2 = 0.24 for PEI
resent). The correlation behavior of PtD/PEI/GluOx/PPD was
imilar to PtC/PEI/GluOx/PPD (slope = 2 ± 1, n = 27, R2 = 0.29),
oth possessing a KM(Glu) intercept of 0.5 ± 0.1 mM Glu, which
ompares well with the low coverage value for PtC/GluOx/PPD
iosensors. Thus, PEI did not significantly affect the interaction
f Glu with GluOx when the enzyme molecules were widely
eparated (zero loading limit). This finding provides additional
vidence that the effect of PEI is not mediated by diffusion
ffects through the PEI/GluOx/PPD matrix (see Section 3.1),
nd is consistent with our ‘ultra-thin layer’ enzyme kinetic anal-
sis (De Corcuera et al., 2005).

.3. Linear region slope for glutamate
Biosensors are usually designed to operate in real applica-
ions within their linear region of analyte response, which is
enerally considered to extend as far as (1/2)KM. For biosensors

J
t
(
P
a

oelectronics 22 (2007) 1466–1473

ncorporating GluOx, intended to detect low levels of Glu in bio-
ogical samples, a critical property is high sensitivity in the linear
egion, whereas the range of linearity in not a problem. Since
RS ≈ Jmax/KM (Eq. (8)), increasing enzyme loading is a com-
on strategy in the quest for increased LRS. The plot of LRS

ersus Jmax in Fig. 3 shows, however, that the experimentally
easured LRS did not increase with Jmax for PtD/GluOx/PPD

iosensors; Fig. 2 shows that the corresponding increase in
M(Glu) for this design was the cause of the breakdown in this

elationship (Eq. (8)). The incorporation of PEI into the PEC
atrix restored this valuable correlation (Fig. 3), allowing sig-

ificant increases in LRS mean values (Table 1).

.4. Oxygen sensitivity studies

Biosensor oxygen dependence can be quantified as KM(O2)
efined by Eq. (7) (Dixon et al., 2002; McMahon and O’Neill,
005; McMahon et al., 2005). The smaller the value of KM(O2),
he lower the oxygen dependence because higher oxygen affin-
ty leads to oxygen saturation at lower pO2, thereby reducing
iosensor dependency at higher pO2 levels. KM(O2) is, phe-
omenologically, the concentration of oxygen at which the ana-
yte signal is reduced to half its maximum value for a given
oncentration of analyte (see Fig. 4).

Fig. 4 shows the effect of changing the concentration of
xygen in the electrochemical cell, from sub-micromolar lev-
ls to 30 �M, on the biosensor signal recorded for 20 �M
lu, using two cylinder-based biosensors: PtC/GluOx/PPD and
max (slope = 0.01 ± 0.02, R = 0.003, p > 0.65, n = 61). On Pt coated with PEI
here was a systematic increase in LRS with Jmax for both cylinders and disks
combined slope = 1.2 ± 0.1, R2 = 0.49, p < 0.0001, n = 47). Again (see Fig. 2),
EI led to convergence of the responses of the two geometries (see Table 1 for
verages).
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Fig. 4. Examples of raw data, recorded amperometrically (+700 mV vs. SCE) at
10 Hz with PtC/GluOx/PPD and PtC/PEI/GluOx/PPD biosensors, plotted against
oxygen concentration recorded simultaneously using a CellOx sensor. The dif-
ference in the plateau currents illustrates the ∼9-fold enhancement of the Glu
sensitivity (LRS values; see Table 1) caused by PEI. The curve in each case
represents the non-linear regression analysis, using Eq. (7). Surprising, the
PEI-containing device with the higher Glu LRS did not show a higher oxygen
dependence, KM(O2); see arrow. The regression parameters obtained for these
examples (20 �M Glu) were: J ′

max = 0.067 ± 0.001 �A cm−2, KM(O2) = 5.5
±
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appears therefore that PEI-containing PEC layers show a lower
oxygen dependence than their PEI-free counterparts for a given
value of k1 (or KM(Glu)). This is not likely due to the fact that

Fig. 5. Scatter plots and linear regression analyses for biosensor oxygen depen-
dence, KM(O2) slope (micromolar O2 per micromolar Glu), vs. reciprocal of
KM(Glu), used as a measure of enzyme affinity for substrate, k1 in Eq. (5) (see Eq.
(6)). The behavior of PPD/GluOx and GluOx/PPD polymer/enzyme configura-
tions is shown separately. Linear regression analysis for the four PEI-free biosen-
sor configurations (solid line) showed good linearity (slope = 0.215 ± 0.008,
R2 = 0.99, p < 0.001) and a KM(O2) intercept that was not significantly dif-
ferent from zero (0.009 ± 0.009 �M O2). Similar analysis for the two PEI-
0.2 �M, R2 = 0.92 (PtC/GluOx/PPD), and J ′
max = 0.52 ± 0.01 �A cm−2,

M(O2) = 4.2 ± 0.1 �M, R2 = 0.98 (PtC/PEI/GluOx/PPD). See Table 1 for aver-
ged values.

oncentration of Glu was determined for Pt/PEI/GluOx/PPD
lectrodes.

We established recently, for biosensors of the type
t/GluOx/PPD, that KM(O2) increases linearly with Glu con-
entration in the experimental range 5–150 �M Glu, with a limit
f 0 �M oxygen as the concentration of Glu approaches zero
McMahon and O’Neill, 2005). The slope of these KM(O2) ver-
us Glu concentration plots defines the oxygen dependence of
he sensor design in terms of micromolar oxygen per micro-

olar Glu (�M(O2) �M(Glu)−1). The KM(O2) values were
herefore determined, as in Fig. 4, over a range of Glu concen-
rations for biosensor incorporating PEI. PtC/PEI/GluOx/PPD
lectrodes showed a linear (R2 = 0.9999) relationship between
M(O2) and Glu concentration (4 biosensors × 3 concentra-

ions) with an intercept that was not significantly different
rom zero (0.1 ± 0.1 �M O2); PtD/PEI/GluOx/PPD electrodes
lso showed good linearity (R2 = 0.998). However, the KM(O2)
egression slopes were different for these two sets (p < 0.01; see
able 1).

.5. Relationship between KM(O2) and KM(Glu)

Oxygen demand of an oxidase-based biosensor (see reac-
ion (2)) arises from the generation of the reduced form of
he enzyme by substrate (reaction (1)). Thus, variations in

M(O2) for different designs of the same basic biosensor type
Pt/±PEI/GluOx/PPD) are likely due to changes in some or all
f the rate constants in reaction (5), and therefore in KM(Glu)

Eq. (6)). The analysis in Section 3.2 suggests that changes in
he binding of Glu (k1, Eq. (6)) should play the most important
art is the observed changes in KM(Glu) (Fig. 2). To investi-
ate this hypothesis, 1/KM(Glu) was used as a direct function

c
(
n
m
d

oelectronics 22 (2007) 1466–1473 1471

f k1 (Eq. (6)), and correlation analyses performed for mean
alues of KM(O2) versus 1/KM(Glu) for the different designs.
ince GluOx was deposited over large branched PEI molecules

n some designs, and onto bare metal in others, it is possible that
M(O2) could also have been influenced by additional routes
f access by oxygen from below the enzyme in PEI-containing
onfigurations. To control for this possibility, the KM(O2) values
or biosensors in which the GluOx was deposited over the PPD
olymer and crosslinked with glutaraldehyde (Pt/PPD/GluOx)
ere included for comparison.
Fig. 5 shows the linear correlation (R2 = 0.990, solid line)

etween KM(O2) and 1/KM(Glu) for the populations of PEI-free
iosensors. The intercept on the KM(O2) axis was effectively
ero, indicating that the oxygen dependence vanished as k1 (Eq.
6)) approached zero, as expected (no H2O2 produced in reac-
ion (2)). KM(O2) increased steadily as k1 increased over the
ntire range of Jmax observed in this study (400 �A cm−2). This
gain is expected as a result of an increase in the rate of H2O2
eneration. Thus, this analysis is totally in line with expectation
ased on reactions (1) and (2).

Regression analysis between KM(O2) and 1/KM(Glu) for
he PEI-containing biosensors (Fig. 5) also gave a good lin-
ar correlation (R2 = 0.980, dashed line). The intercept on the
M(O2) axis was effectively zero, again indicating that the
xygen dependence vanished as k1 approached zero. How-
ver, the regression slope was significantly less for biosen-
ors with PEI (0.120 ± 0.007) compared with those without
EI (0.215 ± 0.008, p < 0.0002 for the difference in slopes). It
ontaining biosensor configurations (dashed line) also showed good linearity
slope = 0.120 ± 0.007, R2 = 0.980, p < 0.005) and a KM(O2) intercept that was
ot significantly different from zero (−0.005 ± 0.021 �M O2). Each point is a
ean ± S.E.M.; see Table 1 for n-values (KM(O2) data). For the two biosensor

esigns not included in Table 1 (Pt/PPD/GluOx), n = 4 in each case.
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he enzyme is raised off the Pt surface when GluOx is deposited
ver PEI, because GluOx deposited over PPD (Pt/PPD/GluOx)
id not show any deviation from the regression line defined by
he opposite configuration (Pt/GluOx/PPD) (Fig. 5, solid line).
his effect of reduced oxygen dependence of PEI-containing
luOx/PPD biosensors is clearly beneficial for their operation

n environments where pO2 fluctuates, such as in vivo applica-
ions. The mechanism is unclear, but might involve an increase
n the affinity of the PEI-complexed GluOx/FADH2 (reaction
2)) for oxygen.

. Conclusions

Data for PEI-containing biosensors based on GluOx/PPD-
oated Pt wire show that this polycation has several beneficial
ffects. There was up to a 10-fold decrease in the limit of detec-
ion for PtC/PEI/GluOx/PPD (∼0.02 �M Glu) with no adverse
ffect on response time (∼2 s). More importantly, in addition
o the PEI-induced increase in linear region sensitivity reported
ecently (McMahon et al., 2006b), the oxygen dependence of
t/PEI/GluOx/PPD biosensors has been determined and ana-

yzed, and shown to be superior to that of the PEI-free configu-
ations.
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