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ABSTRACT: Detailed simulations show that the relationship
between electroenzymatic glutamate (Glut) sensor performance in
vitro and that modeled in vivo is complicated by the influence of
both resistances to mass transfer and clearance rates of Glut and
H2O2 in the brain extracellular space (ECS). Mathematical
modeling provides a powerful means to illustrate how these
devices are expected to respond to a variety of conditions in vivo in
ways that cannot be accomplished readily using existing
experimental techniques. Through the use of transient model
simulations in one spatial dimension, it is shown that the sensor
response in vivo may exhibit much greater dependence on H2O2
mass transfer and clearance in the surrounding tissue than
previously thought. This dependence may lead to sensor signals
more than double the expected values (based on prior sensor calibration in vitro) for Glut release events within a few microns of the
sensor surface. The sensor response in general is greatly affected by the distance between the device and location of Glut release, and
apparent concentrations reported by simulated sensors consistently are well below the actual Glut levels for events occurring at
distances greater than a few microns. Simulations of transient Glut concentrations, including a physiologically relevant bolus release,
indicate that detection of Glut signaling likely is limited to events within 30 μm of the sensor surface based on representative sensor
detection limits. It follows that important limitations also exist with respect to interpretation of decays in sensor signals, including
relation of such data to actual Glut concentration declines in vivo. Thus, the use of sensor signal data to determine quantitatively the
rates of Glut uptake from the brain ECS likely is problematic. The model is designed to represent a broad range of relevant
physiological conditions, and although limited to one dimension, provides much needed guidance regarding the interpretation in
general of electroenzymatic sensor data gathered in vivo.

KEYWORDS: glutamate, glutamate biosensor, mathematical model, neurochemical sensing in vivo, glutamate sensing in vivo,
sensor spatiotemporal resolution in vivo

1. INTRODUCTION

Electroenzymatic microsensors have proven valuable for the
selective monitoring of nonelectroactive chemical species
including glutamate (Glut), glucose, ATP, acetylcholine, and
choline in the deep brain.1−7 These biosensors are based on
one or more immobilized enzymes that serve as the selective
recognition element (s) and that generate an electroactive
species, commonly H2O2, which is oxidized or reduced at an
underlying electrode to give a current signal. The electrode is
normally coated with one or more permselective polymer
layers to prevent electroactive interfering compounds, such as
ascorbic acid (AA), from accessing the electrode surface. For
example, in the case of Glut sensors, glutamate oxidase
(GlutOx) is commonly immobilized onto a polymer-coated
electrode surface using a cross-linking compound such as
glutaraldehyde. The immobilized enzyme catalyzes the
oxidation of Glut to produce H2O2, which may then diffuse

through the permselective film (s) to the electrode surface
where it is electrooxidized to produce a measurable current
signal, usually in the picoamp to nanoamp range. The current
produced is a function of the ambient Glut concentration, and
the biosensor response is often reported as a concentration
measurement that is calculated using a calibration factor, which
is determined in vitro prior to sensor use.
Historically, the primary competing technology for deep-

brain sensing has been microdialysis. Microdialysis may be
employed to detect virtually any neurochemical for which an
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analytical technique exists, including high-performance liquid
chromatography, mass spectrometry, capillary electrophoresis,
and so on, whereas electroenzymatic sensors have been
developed only for the small set of analytes for which
appropriate enzymes are available. The typical tradeoffs have
been the relatively large size of implanted microdialysis devices
and their relatively poor temporal resolution, although some
recent technical advances in microdialysis and related “push-
pull” microdevices have reduced these disadvantages.8,9

Of late, genetically encoded fluorescent sensors for neuro-
chemicals, including Glut, have emerged as a very different and
powerful approach to follow the activity of hundreds of
neurons simultaneously.10−13 However, extensive implementa-
tion of the technique is complicated by the limited, mm-scale
penetration depth of visible light in the brain, requiring the use
of fiber-optic probes or implantable miniaturized microscopes
(i.e., miniscopes) to monitor the emitted light from deep-brain
regions.14 Also, genetically encoded sensors are available for a
limited number of analytes, and the design of biosensors with a
sufficiently high binding constant to detect species at low
concentration, yet exhibiting rapid enough dissociation rates to
track transient neurotransmitter signaling, presents an ongoing
challenge.
The clear advantages and disadvantages of these primary

approaches for monitoring neurochemicals in vivo suggest that
each will have a role going forward in elucidating brain
function. In particular, electroenzymatic sensors are well suited
to deep-brain measurements where good spatiotemporal
resolution and minimal tissue damage are vital. A recent
electroenzymatic Glut sensor design offers a several-fold
improvement in sensitivity to 320 nA μM−1 cm−2 and an
order-of-magnitude improvement in intrinsic response time (in
the absence of external mass transfer resistance) to ∼80 ms,15

which adds to the appeal of the technology.
However, even the fastest electroenzymatic sensors exhibit

response times that are too slow to monitor true synaptic
neurotransmitter dynamics, which occur on the millisecond to
sub-millisecond time scale. As with microdialysis probes,
analysis of time-dependent electroenzymatic sensor data is
further complicated by neurochemical mass transfer rates and
clearance mechanisms in the brain, which limit sensor
sampling space and can mask neurotransmitter signal
characteristics.16 These considerations highlight the need to

formulate validated approaches for the interpretation of
electroenzymatic sensor data to better establish the true
usefulness of these tools for the study of transient neurological
processes.
A central issue is the applicability of calibration factors

obtained in vitro, typically by measuring sensor responses to
step changes in concentration administered in a rapidly stirred
beaker, for interpretation of sensor data gathered in vivo. To
date, use of electroenzymatic sensors to study neurotransmitter
concentrations has been predicated on the assumption that
these biosensors will perform the same in both environments
and that the rise and decay of signals from implanted sensors
are straightforwardly reflective of corresponding concentration
changes in vivo. However, the environments employed for
calibration where external mass transfer is minimized or
essentially eliminated are not reflective of the relatively
quiescent deep brain environment where external mass transfer
limitations cannot be ignored. A previous theoretical and
experimental study of glucose and hypoxanthine biosensors
addressed differences in sensor performance in a stirred beaker,
in agar, and in brain tissue.17 In brain tissue, Newton et al.
found that the lack of convective mass transfer to quickly
transport analytes to the biosensor surface combined with the
presence of H2O2 clearance mechanisms resulted in a steady-
state sensor response of only ∼1.5% of that expected for the
same bulk concentration in a stirred beaker.17 The influence of
diffusional mass transfer resistance on the implanted sensor
response was recognized and modeled many years ago,18 and
significant improvements were made to the early analytical
approach in an effort to better describe experimental dopamine
(DA) sensor data gathered in vivo.19 Although aspects of these
earlier models have been adopted in this work, the goal here is
to illustrate the complicated relationship between the
responses of electroenzymatic Glut sensors calibrated in vitro
and clearly defined, transient Glut release events in the
simulated brain.
To understand better how Glut sensors perform in the

complex environment of the brain, a simulation strategy using
a validated model of an ideal Glut biosensor coupled with an
accepted mathematical description of diffusive mass transport
and sensible ranges of average Glut and H2O2 uptake and
clearance rates is applied here for a clearly defined set of Glut
release scenarios at various distances from the biosensor.

Figure 1. Sensor schematic and the set of conditions used to model Glut release into the brain ECS. Equations 1 and 2 (see Section 3) describe the
diffusion and reaction of Glut, O2, and H2O2 within each 1-D domain (PPD, Nafion, enzyme/BSA, and brain ECS). AA, DA, α-ketoglutarate, NH3,
and H+ are not modeled.
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Although the transient, one-dimensional model employed is an
approximation, it is known to be a reasonably good one for the
description of transport to typical sensors with characteristic
dimension >25 μm.20 The sensor parameters used in this study
correspond to a theoretically optimized design of the sort
shown in Figure 1 with a sensitivity of 364 nA μM−1 cm−2 and
a response time of 8 ms, whereas the best measured intrinsic
response time (in the absence of external mass transfer
resistance) is ∼80 ms.15 These simulation results therefore
correspond to aspirational sensor performance metrics, yet
they illustrate well the key issues encountered in the
interpretation of sensor data in what may be the best-case
scenario. Of course, these findings apply best to Glut
biosensors of the particular design described here, yet they
are expected to be qualitatively valid for electroenzymatic
sensors of related construction.

2. RESULTS AND DISCUSSION
2.1. Model Development and Simulated Sensor

Response to Glut Concentration Step Changes in the
Brain Extracellular Space (ECS). A detailed, transient
mathematical model in one spatial dimension (1-D) was
developed to provide an approximate description of Glut
sensor performance in vivo and to study the sensitivity of
simulation results to parameters describing the clearance rate
of Glut and H2O2 from the brain ECS. This model builds upon
a previously published mathematical description of sensor
performance in vitro under conditions where external mass
transfer resistance is minimal15,21 to include an additional,
brain ECS domain where the rates of chemical diffusion to and
from the sensor as well as the biological clearance rates of Glut
and H2O2 are included. These rates of external mass transfer
and clearance are generally not considered when a Glut sensor
is calibrated in a stirred beaker, yet they play an important role
in sensor performance in vivo. The importance of these
considerations was demonstrated previously by reported
simulations of and experiments with electroenzymatic sensors
implanted in a gel or tissue and exposed to constant bulk
analyte concentration.17

However, an understanding of the sensor response to
transients in neurotransmitter concentrations as well as the
influence of varied clearance and uptake rates within the ECS
clearly is of central importance for the interpretation of sensor
data used to study actual brain function. Noting that many of
the properties affecting the clearance of neurochemicals from
the ECS are expected to vary from one region to another, as
well as over time, the model simulations presented here were
run over a range of reasonable values (Table 1) to capture the

effects of temporal and spatial variability in the brain (see
Section 3). However, modeling in 1-D has some intrinsic
limitations, including those pertaining to the description of
neurotransmitter release. For example, the difference between
synaptic dimensions and sensor sites (∼40−150 μm) cannot
be addressed in 1-D models that describe only linear distances
such as the depth into sensor coatings, not the surface area of

the sensor itself. Nevertheless, diffusive transport to the sensors
considered in this simulation study is expected to be modeled
well in 1-D, because their characteristic dimension is assumed
to exceed 25 μm.20

Because sensor calibration in vitro normally is conducted by
recording sensor responses to step changes in Glut
concentration, initial simulations were conducted for step
changes to 10 μM Glut at various distances, δ, from the sensor
in the simulated ECS (Figure 1a). A Glut concentration of 10
μM was chosen because it appears to be representative of the
peak concentration observed in the mammalian ECS.22

Because Glut concentration changes are expected to originate
at a variety of finite distances from an implanted sensor surface,
the step change was specified at a varied distance from the
sensor to assess how well sensors may describe a well-defined
change in concentration beyond their immediate vicinity in
vivo.
In order for calibration factors obtained from data gathered

in vitro to be useful directly, sensor responses to actual Glut
concentrations in the simulated ECS should be predictable by
applying straightforwardly such calibration factors to the
recorded current signals. For the simulations shown in Figure
2 and elsewhere in this study, the sensor is characterized by a

calibration factor of 21.85 pA/μM for Glut concentrations
within the linear range of the sensor. Somewhat unexpectedly,
simulations predict that when a step change in concentration
occurs close to the sensor surface (<3 μm away), sensor
current signals correspond to apparent concentrations (based
on the calibration factor) that are as much as twofold (or
more) greater than the actual imposed concentration of 10 μM
in the release zone (Figure 2). For step changes in
concentration more distant from the sensor surface, the sensor
response is predicted to be reduced significantly relative to that
expected for a sustained 10 μM release, dropping to 25% of the
expected response for Glut release at a distance of 10 μm and

Table 1. First-Order Rate Constants for Glut Uptake and
H2O2 Clearance (s−1)

species slow moderate fast

Glut 4.33 s−1 4.95 s−1 7.7 s−1

H2O2 0.0116 s−1 5 s−1 30 s−1

Figure 2. Simulated biosensor response in vivo to a 10 μM step
change in Glut concentration at various distances for moderate Glut
and H2O2 clearance rates. Apparent concentration measurements
were calculated using the calibration factor (21.85 pA/μM) obtained
in vitro. The time periods required for the approximate steady-state
responses represent the time to 90% of the actual steady-state values,
consistent with calibration procedures in vitro (see text). Error bar
termini correspond to the slow and fast biological clearance rates of
Glut and H2O2 given above (see Section 3) where slower rates result
in higher sensitivities and longer response times. Steady-state response
times for the slowest H2O2 clearance rate (for any Glut uptake rate)
are omitted because achievement of steady state required >80 s.
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to below 7.6% of the expected response for Glut released at 20
μm. For the simulated range of Glut and H2O2 clearance rates,
the sensor response is greater for slower rates and lower for
faster rates, as described by the error bars in Figure 2. These
simulations show that the relationship between sensor
performance in vitro, in the absence of external mass transfer
limitations and Glut and H2O2 clearance mechanisms, and in a
simulated brain environment is not straightforward.
The large deviations in the simulated sensor response from

what might be expected (Figure 2) arise from the significant
mass transfer resistance to species transport to and away from
the sensor surface in vivo as well as chemical clearance
mechanisms in the brain ECS. A rapidly stirred beaker often is
used for calibrations in vitro, which minimizes mass transfer
resistances between the sensor and bulk fluid. Stirring results in
rapid convective transport of Glut and O2 to the sensor surface
and rapid removal of typically most H2O2 produced in the
sensor enzyme layer. It is important to note that the Glut
concentration at the sensor surface never achieves the
concentration released (10 μM in this case) as the simulated
system approaches steady state whether in vivo or in vitro. The
sensor response is related to the rate of Glut transport to the
sensor, the rate of Glut uptake in the brain, the rate of Glut
turnover in the GlutOx layer of the sensor, and ultimately, the
delivery of H2O2 to the Pt electrode surface where H2O2 is
electrooxidized to give rise to the current signal. For example,
for a Glut step change to 10 μM at 5 μm from the sensor in
vivo, a sensor surface concentration of <2.6 μM provides the
driving force for Glut diffusion to the sensor surface at the
steady state and a current signal corresponding to a bulk
concentration of ∼6 μM Glut (based on in vitro calibrations).
Because resistance to mass transport of H2O2 from the sensor
surface also is greater in vivo, a greater fraction of H2O2
produced may be transported to the Pt electrode surface,
which can give rise to larger sensor current signals in vivo than
expected (Figure 2) when Glut release events occur very close
to the sensor surface. Representative concentration profiles for
Glut, H2O2, and O2 both within the sensor coatings and the
brain ECF at the steady state for Glut release maintained at 10
μM at 5 μm from the sensor surface are shown in Figure 3.
Note that the slopes of the concentration profiles at the sensor
surface provide an indication of the diffusive mass transfer rates
of the chemical species between the sensor surface and the
simulated ECS.
Prior simulations of sensor calibration in vitro (using the

same sensor parameters but including convective mass transfer
at the sensor surface and a mass transfer coefficient of 0.05 cm/
s for H2O2) indicate that only ∼15% of the H2O2 arising from
Glut oxidation catalyzed by GlutOx immobilized in the sensor
surface layer diffuses to the underlying Pt electrode where it is
electrooxidized to give a current signal; most of the H2O2
diffuses to the sensor surface where it is flushed away rapidly to
the bulk solution by convective mass transfer.15,21 In the brain,
mass transfer of H2O2 from the sensor surface to the ECS
occurs primarily by much slower diffusion, augmented
somewhat by biological mechanisms that clear H2O2 at
relatively slow rates. H2O2 clearance results primarily from
catalase activity and the glutathione system and exhibits
characteristic times ranging from 0.1 s to minutes.23−25

Nevertheless, the slower removal rates of H2O2 can lead to
not only higher sensor signals in vivo than expected from
calibrations in vitro (as mentioned above), but also to a
moderate accumulation of H2O2 in the brain in the vicinity of

the sensor. However, this H2O2 accumulation is not expected
to show any toxic effects unless it well exceeds 10 μM.26 For
moderate rates of H2O2 clearance (5 s−1), the highest
accumulation of H2O2 for the simulated sensor responses
shown in Figure 2 is 10 μM (faster and slower expected
clearance rates result in peak concentrations of 7.25 and 13.5
μM, respectively) for Glut release at 1 μm, and in all cases, this
value drops by ∼60% or more for release 3 μm or greater from
the sensor surface. The sensor response scales with H2O2
concentration at the electrode surface, which can be elevated
for Glut release events closest to the sensor surface that give
rise to local H2O2 accumulation.
The intrinsic response time for these sensors is defined in

accordance with common practice in the field, namely, the
time required for the sensor to reach 90% of the steady-state
response to a step change in bulk Glut concentration in a
system where external mass transfer resistance between the
sensor and the bulk solution essentially is eliminated (by rapid
stirring for example). The simulations presented here (Figure
2) suggest that much longer times generally are required to
approach steady state in vivo, typically >90 ms versus 8 ms in
vitro for an ideal optimized sensor of the design shown in
Figure 1,15 depending on sensor proximity to the Glut source
and H2O2 clearance rate. This order-of-magnitude difference
between the simulated sensor response in vivo and the intrinsic
sensor response time also arises from the slow rate of diffusive
transport between the brain and the sensor surface. When Glut
release occurs very close to the sensor surface, within a few
microns, for example, the steady-state Glut concentration
profile over this small distance sets up quickly, whereas the
H2O2 profile, which extends tens of microns into the brain,
approaches its steady-state character much more slowly. Thus,
H2O2 mass transfer and clearance rates may be expected to
control the apparent response of the sensor in vivo. For
example, for Glut release <1 μm from the sensor surface, the
simulated Glut profile becomes constant after ∼10 ms, whereas
the H2O2 concentration profile approaches steady state at
∼100 ms, thereby controlling the apparent sensor response.
H2O2 mass transfer and clearance become progressively less

Figure 3. Steady-state concentration profiles after a 10 μM step
change in Glut 5 μm from the sensor surface. The sensor surface is
located at x = 2.093 μm, and the underlying platinum electrode within
the sensor is located at x = 0. H2O2 concentration decreases
asymptotically to 0 for x > 2.093 μm. The x-coordinate is the distance
from the Pt electrode surface underlying the permselective films and
the immobilized enzyme layer of the sensor.
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controlling as the distance between the sensor surface and the
point of Glut release is increased (Figure 2).
As expected, the overall apparent sensor response time

increases almost linearly with distance for simulated Glut

release events >5 μm from the sensor. Surprisingly, the
opposite trend is shown for the closest Glut release distances.
This can be explained by examining the steady-state Glut
profiles. At short release distances of less than 3 μm, there is

Figure 4. Sensor response to transient Glut release at various distances from a sensor. Solid curves showing simulated sensor responses are to be
read using the y-axis labels on the right. Black portions of solid curves show the sensor response while Glut is maintained at 10 μM (Note: For
release events at 5 and 15 μm, the black portions are covered by the colored curves). Simulations were conducted using the moderate rate constants
for Glut uptake (4.95 s−1) and for H2O2 clearance (5 s

−1). The dotted curves show the actual Glut concentration at the release site. In all plots, the
blue, green, and red curves represent data for Glut release times of 1, 5, and 10 ms, respectively. The dashed gray curves (to be read using the y-axis
on the left) show modeled Glut disappearance due only to an imposed biological uptake corresponding to a 4.95 s−1 rate constant (no diffusion and
no sensor consumption).
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enough Glut entering the sensor layer to be driven to the
Nafion/enzyme layer boundary, where the concentration
begins to increase nonlinearly. Any H2O2 produced here by
the accumulating Glut will have an added mass transfer
resistance against diffusing back to the outer edge of the
sensor, causing an increased response time. At greater release
distances, where Glut is fully consumed before reaching the
enzyme/Nafion boundary, more H2O2 is produced at the outer
edge of the immobilized GlutOx layer where it can diffuse
directly into the brain thereby resulting in quicker attainment
of steady state.
In considering the distances traveled by diffusing molecules

in the brain, it is important to acknowledge how the tortuosity
of diffusion paths in the brain ECS impacts apparent or
effective diffusivities by increasing relative diffusion distances.
The anisotropic nature of the brain also influences mass
transport, an effect that has been exploited for creation of
detailed maps of neural connections using diffusion-weighted
magnetic resonance imaging. For example, the diffusion of
water has been shown to be significantly faster in the axial
direction of myelinated axons.27 These differences are often
characterized in terms of the fractional anisotropy (FA),
relating the magnitude of diffusivity in the primary, axial
(faster) to radial (slower) directions. In studies of brains of
developing Sprague Dawley rats, FA stabilized through
developmental cycles to a value of about 0.3.28 This value
corresponds to diffusion in the axial direction that is 1.67 times
the average and diffusion in radial directions 0.67 times the
average value (assuming equal diffusivities in all radial
directions). This could increase or decrease the distance at
which sensors can detect Glut depending on where the probe
is located within the brain and could prove to be an important
factor in deciding where to implant sensors. Also, it is known
that glial scarring develops around implants over time unless
measures are taken to attenuate it,29 and such scar tissue likely
has different mass transfer properties from normal brain tissue.
However, to reduce the complexity of the simulations
conducted here while still addressing the main points of
discussion, the brain medium is assumed to be isotropic with a
void fraction of 0.2 and a tortuosity of 1.6, as mentioned in the
Methods.16

Although the Glut step change modeled in these initial
simulations may not be realistic biologically, these results
highlight the impact on the sensor response of the dramatically
different conditions used for calibrations in vitro and expected
in vivo. Additional simulations described below of the sensor
response in vivo to transient Glut release events provide
further indication that calibration plots and response time
measurements obtained by the typical means in vitro cannot be
used straightforwardly for the interpretation of sensor data
gathered in vivo.
2.2. Simulated Sensor Response to Transient Glut

Release Events at Fixed Distances in the Brain ECS.
Figure 2 shows that if Glut concentrations are not maintained
at the site of release for >0.09 s, steady-state sensor responses
will not be reached for the conditions explored, and the device
will provide a signal corresponding to a lower Glut
concentration, except for release events within a few microns
of the sensor surface. Because it is unlikely that Glut
concentration transients corresponding to synaptic events
occur on such lengthy time scales, such release events will not
be described well by the duration or magnitude (based on
calibrations in vitro) of sensor responses. Figure 4 shows

simulations of the ideal, optimized sensor response if Glut
concentration is held constant at specific distances from the
device for short time periods (1−10 ms). This scenario
corresponds to a rectangular Glut concentration pulse in time
at a point location (Figure 1b). This study is intended to
investigate how closely a sensor signal time course might be
expected to describe a clearly defined, transient pulse in Glut
concentration in a simulated ECS environment. The specific
release times investigated (1, 5, and 10 ms) are intended to
approximate in vivo timescales. For example, recordings from
the rat nucleus accumbens corresponded to exocytosis events
with apparent submillisecond rise times and ms decay times,
which would result in Glut presence near the synapse over the
range of 1−5 ms.30 As expected, simulated sensor responses to
10 μM Glut concentration releases are shown to vary
significantly depending on how long the concentration is
maintained and the distance between the sensor and the point
of release (Figure 4). Sensor current signals generally
correspond to significant underestimates of the actual 10 μM
Glut release concentration, except for release events of longer
duration within a few microns of the sensor, which is
consistent with the simulation results illustrated in Figure 2
for step changes in Glut concentration at varied separations
from the sensing site.
It is also notable that although all simulated sensor responses

shown in Figure 4 have a similar asymmetric shape, more
distant Glut release events result in broader signals with a more
extended period of decline. The decay rate of sensor responses
has been used by some to estimate extracellular Glut residence
times and cellular uptake rates. However, comparisons of the
simulated sensor signal decay profiles with the actual declines
in Glut concentration at the release point and with the
simulated component of Glut concentration drop-off solely
because of biological uptake from the ECS (Figure 4) show
how difficult it would be to determine such Glut uptake rates
directly from signal decay data. The declining sensor signal
results from a combination of Glut uptake from the ECS,
actual Glut consumption by the sensor, and diffusion of Glut
away from the release site. Among these influences, the effect
of the sensor is minor but can be observed by comparing the
time profiles of actual Glut concentration (the dotted curves in
Figure 4) for the three different Glut release distances from the
sensor. For release at 1 μm, the Glut concentration decays
most quickly; however, at 5 and 15 μm (the more realistic
scenarios), the Glut time courses are slower and nearly
indistinguishable indicating that consumption of Glut by the
sensor has become inconsequential.
Of course, simulation of Glut release in this way lumps

together the many factors that actually influence Glut release
and concentration regulation in the ECS. These factors may
include variations in the number of vesicles releasing Glut
during signaling events, the number of molecules contained in
each vesicle, the fraction of molecules released by each vesicle,
local geometric constraints, unique synaptic structures, the
fraction of Glut spillover into the ECS, and even the possibility
of Glut release from astrocytes, which has been observed in
response to inflammatory conditions31 that could be caused by
probe insertion. After 1, 5, or 10 ms of maintained Glut
concentration, there would be approximately 20, 30, or 40
million molecules present locally in the ECS, assuming
outward diffusion from a sensor-sized area (a low estimate of
the number of molecules). However, because of the 1-D nature
of this model, the actual numbers of molecules needed to
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produce these simulated sensor responses would be higher,
unless sensor sites are miniaturized significantly. These Glut
numbers are still >10−100 times the number found inside a
single presynaptic vesicle32 and do not account for molecules
that were taken up from the ECS in those time periods. These
1-D simulations, therefore, should be understood as simplified
representations of concurrent release from multiple vesicles
and/or synapses.
2.3. Simulated Sensor Response to Bolus Glut

Release Events in the Brain ECS. The sensor response
also was simulated for single, bolus-type releases of Glut into
the ECS at varied distances from the sensor. This simulation
roughly represents how these biosensors would respond to
neurotransmitter release from synaptic vesicles where it is
assumed that vesicles release Glut instantaneously into a
volume roughly the size of a synapse, simulated as a 1-D, 20
nm wide region in the ECS, resulting in local concentrations
near 60 mM.33 After release, Glut diffuses through the ECS
and the responses of sensors at various distances from the
release site were simulated (Figure 5A). The concentrations of
Glut within the ECS at the time of the maximum sensor
responses also are shown in Figure 5B. The model conditions
for these simulations are given in Figure 1c. Simulations
corresponding to the extrema of the range of plausible uptake
and clearance rates of Glut and H2O2 are shown by the dashed
curves, although the differences are less pronounced than
under the steady-state conditions presented in Figure 2.
However as in Figure 2, greater sensor responses are observed
for slower clearance and uptake rates, and lower responses are
observed when these rates are faster.
At simulated times corresponding to the maximum sensor

response, actual concentrations in the brain ECS are much
lower than the 60 mM level present initially at the simulated
synapse and vary significantly over micron-scale distances
(Figure 5B). This observation complicates analysis of how well
a sensor reports a bolus release event and the actual
concentration in the brain, because the actual Glut profiles
show large spatiotemporal variations. It is important to note
once again here that the sensor response at any moment is
generated from the rate of electrooxidation of H2O2 at the Pt
electrode surface, which is related directly to the flux of H2O2

within the sensor coatings arising from the turnover of Glut by
the immobilized GlutOx and the flux of Glut to the sensor
surface. As time progresses, the peak Glut concentration
diminishes because of Glut diffusion into the simulated ECS
away from the sensor as well as Glut clearance from the ECS,
which results in a decreasing Glut flux at the sensor surface and
a decay in the signal. The effect of Glut consumption by the
sensor on simulated Glut concentrations is minimal, although
its impact is reflected in the slight shift in the peak centers
away from the original 10, 15, 20, or 30 μm release locations as
shown in Figure 5B.
These 1-D simulations make it appear possible to observe

single, synaptic releases of Glut. However in such 1-D models,
we are assuming that the concentration at the release distance
is constant across the sensor surface, yet typical sensor surface
dimensions of 40 × 150 μm dwarf the size of a synapse. Thus,
this simulation describes the sensor response to a release event
that likely is much larger than reality, and the actual sensor
response in vivo may be much lower. Also, the apparent Glut
concentrations corresponding to sensor signals vary signifi-
cantly depending on the distance between the sensor and
location of Glut release, despite the identical Glut release
conditions specified for each sensor/release site separation
distance. For Glut released farther from the sensor surface,
response is lower and broader. For distances greater than 30
μm, even with the 1-D simplifications that overestimate
response, simulated response remains below the limit of
detection (LOD), which has been determined experimentally
as ∼0.7 μM for such sensors.15 However, this 1-D simulation
cannot provide a quantitative prediction of the maximum
sensor/release site separation distance that could give rise to a
detectable signal, yet the sensor sampling distance likely is far
less than the range for electrophysiological recordings (100−
200 μm).12 On a more optimistic note, the peak broadening
effect that occurs with increasing Glut release distance from
the sensor suggests that it may be possible to correlate the peak
widths or rise times to the location of the Glut source relative
to the sensor, although this would require experimental
validation and careful consideration of relevant assumptions
including the time course of Glut release, the concentration

Figure 5. (A) Simulated sensor concentration measurements after bolus releases of Glut at various distances from the sensors within 20 nm,
synaptic scale regions, where Glut is specified to be 60 mM at t = 0. (B) The actual Glut concentration profiles in the brain plotted versus distance
from the sensor surface at the times of maximum sensor response. Dashed curves show the effects of slower and faster uptake or clearance rates of
Glut and H2O2 corresponding to the lowest and greatest rate constants presented in Table 1, where slower uptake rates result in greater
concentrations.
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achieved in the synapse, and the Glut leakage rate from the
synapse.
It is suspected that in reality only a fraction of the

neurotransmitters are released during exocytosis,34 which
would reduce the initial Glut concentration and simulated
sensor signals, although not enough is known to account
quantitatively for partial neurotransmitter release. This
consideration, along with the 1-D nature of the model, further
suggests that the simulations likely overestimate the sensor
signal and that these results should be understood as maximum
possible sensor responses. Nevertheless, these simulation
results qualitatively agree with experimental measurements
made with less-than-optimal versions of these sensors that had
response times in vitro of ∼0.8 s. In the basolateral amygdala,
similar sensors detected transient increases in extracellular Glut
of ∼1 μM in the time surrounding reward-seeking decisions
with release frequencies observed on the order of 1 to 8 per
second, depending on rat activity;35 this is consistent with the
observable (above the LOD) rise times of Figure 5A and is
within the bounds of the expected response. Another study
entailed injection of nanoliter volumes of 500 μM Glut at
∼100 μm from the sensor surface, resulting in a signal
corresponding to ∼25% of that expected based on sensor
calibration in vitro with signal decay occurring over 3−5 s.36

Amplitude, rise time, signal decay, and asymmetric signal
response in all these cases are consistent with the simulations
shown here corresponding to Glut release >20 μm from the
sensor surface.

3. METHODS
3.1. Models and Simulation Methods. Mathematical models

are used to simulate diffusion and reaction of the three chemical
species of primary interest in modeling Glut biosensor performance in
vivo: Glut, O2, and H2O2.

21 These processes are described by separate
time-dependent mass balance equations for each chemical species in
each coating layer of the biosensor (Figure 1) as well as in the brain
ECS (four separately defined domains, each described by three linked
partial differential equations corresponding to the three species of
interest, as seen for the ECS in eq 1). The equations used to describe
the biosensor, in one spatial dimension (eq 2), were reported in
earlier work.15,21 In these models, Glut is excluded from the negatively
charged Nafion layer using a large partition coefficient of 1000, with
equal fluxes and concentrations for all species at all other internal
(within the sensor layer) boundaries. Others have published a 1-D
model of species diffusion and reaction in the brain ECS suitable for
our purposes,16
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In this model, brain porosity and tortuosity of diffusion paths in the

ECS are represented by ϵb and λ, respectively. As discussed earlier, the
assumption of constant diffusivity in anisotropic, heterogeneous brain
tissue constitutes a significant approximation. The concentration of
species i within the ECS or sensor coating is Ci; its molecular
diffusivity in water is Di; its first-order clearance rate from the ECS is
ri, b(Ci) (see Table 1); and the other variables of eq 2 remain
consistent with prior models: ϵj is the void fraction within sensor
coating j; αj modifies the diffusion coefficient to represent the effective
diffusivity; and ri,j(Ci) specifies Glut oxidase enzyme activity in the
enzyme layer, which is zero in the other coatings.

Boundary and initial conditions for the brain ECS varied depending
on the simulation being performed. A general visualization of the 1-D
domains and simulation initial conditions are provided in Figure 1. In
all simulations, equal diffusive fluxes for the ECS domain at the sensor
immobilized enzyme layer/ECS boundary were specified, using eq 3,
where αeDi represents the effective diffusivity in the enzyme layer of
species i.
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Also, at the immobilized enzyme layer/ECS boundary, concen-
trations on either side of the interface were set equal (no
concentration partition was specified between these domains). At
the edge of the ECS far from the sensor, Glut and H2O2 were set at 0
μM, while O2 was set to a bulk in vivo concentration of 25 μM (see
below). To ensure that this boundary condition did not influence
simulation results, the length of the ECS domain was increased until
further increases did not affect simulation results. To simulate Glut
being held at 10 μM for specified time periods, first a constant
concentration boundary condition was used for the given time period,
then it was removed, and finally, the simulation was continued using
data from the last time point.

Solutions to these sets of equations and boundary conditions were
generated numerically using COMSOL Multiphysics (COMSOL, Inc,
Los Angeles). Equations were entered using the coefficient-form PDE
interface. At internal domain boundaries, it was necessary to select the
“apply reaction terms on individual dependent variables” option to
ensure boundary conditions remained as specified. Time-dependent
solutions were found using the default, fully coupled, multifrontal,
massively parallel sparse direct solver. Time steps and variable
tolerances were adjusted as necessary, depending on the simulation.

A number of assumptions are implicit in these models. In using
Fick’s Law to construct the diffusion equations, it is assumed that all
regions have a homogeneous nature and that concentrations are low.
Other assumptions used previously concerning the sensors also
apply,21 including the application of free-enzyme kinetic rate
constants for immobilized enzyme, no loss in GlutOx activity upon
immobilization and over time, and the nonparticipation of the
ammonia byproduct in the reactions of interest. The fraction of active
GlutOx in the enzyme layer is assumed to be 0.1, based on the fitting
of in vitro experimental data.15

3.2. Selection of H2O2 Clearance, Glut Uptake, and O2 Bulk
Concentration Parameters. It is assumed that appropriate ranges
of rate constants for Glut uptake and for H2O2 clearance from the
brain ECS can be used to encompass the spectrum of conditions
expected, making the model more widely applicable over different
regions of the brain. The clearance rates of H2O2 and Glut from the
brain ECS can greatly affect the simulated sensor response in vivo and
are expected to vary depending on many biological factors including
differences because of anisotropy, location within the brain, glial
scarring around an implanted sensor, and the influence of other
neurotransmitters and neuromodulators. These considerations led to
the performance of multiple simulations for each set of Glut release
conditions to explore a representative range of H2O2 and Glut
clearance rates described as fast, moderate, and slow in the discussion
of simulation results (see Table 1). Further considerations that must
be made when interpreting these results concern the possibility of
tissue damage resulting from probe insertion,37 which likely would
affect the rates of clearance and uptake. Also if a blood vessel is
ruptured on insertion, a layer of red blood cells would be expected to
accumulate on the sensor surface,37 which would alter sensor
function. Abnormal accumulation of glial cells also has been observed
near inserted electrode probes.22 Ultimately, the values for first-order
clearance or uptake rates (Table 1) were selected based on available
literature data and from observations made from sensor use in vivo
over a range of values that should be applicable to most biological
conditions.

Prior data gathered in vivo with sensors constructed on
microelectrode array (MEA) probes did not show evidence of
crosstalk between sensor sites arrayed ∼50 μm apart, suggesting that
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any H2O2 produced at one site is diluted into or cleared by the
surrounding ECS before it can diffuse to an adjacent site at sufficient
concentration to give a signal. Simulations were performed to
determine the minimum clearance rate required for crosstalk to be
absent. For sensor spacings of 40 μm on a MEA probe, a clearance
rate constant >5 s−1 is required. This is consistent with the rate
constant measured for cultured Jurkat T cells of 4.5 s−1,23 and was
chosen as the mid-range parameter. An upper bound was found by
repeating the simulation assuming that crosstalk would not be
observed for a smaller sensor spacing of 20 μm, in this case larger rate
constants (>30 s−1) would be required. Studies of cultured neurons
and astrocytes displayed slower clearance rates on the order of
minutes,24 leading to specification of a slow rate constant representing
a 1-min halftime (0.0116 s−1). Other cell types show similarly slow
clearance of H2O2, including the red blood cells that may be present
in cases of insertion damage. For example, mouse red blood cells have
shown a H2O2 clearance rate constant of 0.048 s−1.25 Rates this slow
would likely result in significant crosstalk between sensors under
sustained Glut exposure, but this value was included as the lower
bound that may be accurate situationally for certain instances and
locations in the brain.
Clearly, measurement of the extracellular H2O2 present during Glut

monitoring could help improve sensor accuracy. Furthermore, it is
worth mentioning that evoked H2O2 has neuromodulatory effects and
is known to be produced from additional sources in the brain. For
example, electrical stimulation of dopaminergic axons has been shown
to prompt release of H2O2 as well as neurotransmitters.38 The
possibility of these effects was not incorporated into this model but
may be worth consideration. In some cases, they could cause a greater
sensor response because of H2O2 evoked by neuronal stimulation.
The importance of H2O2 production and regulation to biosensor
accuracy are complex, and the topic deserves further independent
study.
The range of Glut uptake rate constants used was taken from data

obtained using a genetically encoded Glut sensing fluorescent reporter
(SuperGluSnFR) technique in cultured hippocampal neurons, where
Glut dynamics were recorded after electrically stimulating neural
tissue at different frequencies.13 Middle, upper, and lower values for
Glut uptake rate constants were estimated from this data, where the
uptake rate from a single stimulation resulted in the fastest uptake,
and repeated, high-frequency stimulations resulted in the moderate
and slower uptake rates. These rate constants likely result in
overestimates of Glut uptake rate because diffusion is not accounted
for in the experimental measurements; however, they provide a good
initial set of values for simulations.
Oxygen concentration was fixed in the bulk ECS for all simulations

at a level such that it would not influence results, which is a reasonable
approximation based on previous sensor simulations showing that O2
is not limiting unless the concentration of Glut is held constant at a
concentration more than triple that of O2.

21 Because the
concentration of O2 in the brain ranges from 5−50 μM, similar to
that expected for Glut,39 simplifications to ignore oxygen dependency
are not expected to influence simulation results.

4. CONCLUSIONS

A mathematical model was developed to simulate the
performance in vivo of electroenzymatic Glut sensors, which
highlights the complex relationship to calibration in vitro that
is dependent on mass transfer in vivo and the local rates of
Glut uptake and H2O2 clearance from the brain ECS. Ranges
of values for the volume-averaged uptake and clearance rate
constants for Glut and H2O2 were chosen to represent the
range of their probable variations, spatially and temporally, in
the brain. Rates of H2O2 clearance were shown to be most
significant in affecting steady-state sensor signals and apparent
response times, which implies a need for additional
experimental study of H2O2 concentration regulation in the
brain. Simulations of sensor steady-state responses to a 10 μM

step change in vivo showed that apparent sensor concentration
measurements (based on calibration factors obtained in vitro)
may be more than double the actual concentration for Glut
release events very close to the sensor because of H2O2
diffusive mass transfer resistance from the sensor surface that
is not present during typical sensor calibrations in vitro.
However, if Glut release occurs >3 μm from the sensor surface,
measured apparent concentrations are likely to be significantly
lower than actual Glut concentrations.
Simulations showing sensor responses to transient Glut as a

rectangular pulse in time at specified distance from a sensor
also showed great dependence of sensor response on both the
relative location and duration of Glut release. If Glut
concentrations are maintained for <10 ms, sensor measure-
ments (based on calibration data previously gathered in vitro)
are not likely to correspond to the higher actual concentration
reached in the brain. As the sensor signal decays in time
because of a combination of Glut diffusion away from the
sensor, Glut consumption by the sensor (a minor contributing
factor), and Glut uptake from the ECS, it is clear that rate
constants for Glut uptake cannot be estimated straightfor-
wardly from signal decay data. Furthermore, as the distance
between the sensor and the Glut release site was increased, the
sensor signal became progressively broader and weaker.
For the most biologically relevant simulations performed, in

which a bolus Glut release is specified within a 20 nm region at
various distances from the sensor, it was shown that detection
of Glut release within 30 μm of the sensor is feasible and that
the breadth of the sensor response is related to the sensor
distance from the release site. This information could be useful
in distinguishing Glut release events from various locations
using a single sensor if all release events are assumed to have
the same character, including magnitude and duration. In
situations where measuring the magnitude of Glut release
events is of primary importance, it is noted that although the
sensor response can be correlated well to a bulk concentration
in a well-mixed beaker, there can be a very large spatial
variation in Glut concentration local to a sensor within the
ECS at the time of peak response that would not be readily
apparent when analyzing sensor data.
Electroenzymatic biosensors of similar construction for

other biomolecules are expected to be affected similarly by
conditions in vivo, especially considering the key importance of
H2O2 dynamics in the sensor response reported here.
Deviations from performance in vitro may even be more
pronounced for sensors using different enzymes with slower
kinetics, as differences in sensor response time are expected to
have a large effect on the ability of simulated sensors to
monitor quickly changing concentrations.21

Within the context of the available sensing techniques,
miniaturization of Glut sensors will be necessary (and is
feasible considering recent sensitivity improvements)15,40 if
electroenzymatic sensing techniques are intended to operate
with spatiotemporal resolution approaching that of devices for
electrophysiological recordings,41 which have resolved >250
Hz action potentials within ∼50 μm of a three-dimensional
electrode array.42 An approach to similar levels of spatiotem-
poral resolution with electroenzymatic sensors would provide
exciting opportunities for simultaneous electrophysiological
and electrochemical recordings and the correlation of chemical
signaling with neuronal activity.
The current 1-D model cannot be used to determine the

lateral spatial resolution of these electroenzymatic sensors.
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However, this 1-D model provides a foundation upon which to
construct a 3-D model, to further investigate the spatial
resolution issue, and perhaps to optimize overall probe design
for improved spatial resolution.
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