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I. Introduction

The genesis of the biosensor undoubtedly began
with the efforts of Leland C. Clark, Jr. to measure
oxygen in biological fluids.1 The key innovation was
the placement of both the indicating and reference
electrodes behind a gas-permeable membrane, thus
isolating them from the biological fluid. The concept
of an enzyme-based device was presented by Clark
in 1962 at a New York Academy of Sciences Sympo-
sium2 and was realized as a commercial clinical
analyzer (Yellow Springs Instruments) in 1975. Clark
has given an interesting personal account of his work
in this area.3 Significant progress has been made in
the development of sensors capable of in vivo mea-
surements, the most demanding of applications, and
this will be the focus of the present review. The
results are a consequence of proliferating cross-
disciplinary interactions involving electrochemistry,
spectroscopy, materials science, bioengineering, and
medicine.

This review will focus on significant advances in
in vivo biosensing, most of which has occurred in the
last 10 years. The literature for biosensors is vast,
but the number of sensors with demonstrated capa-
bilities for in vivo operation is quite limited. Some
applications in cell cultures are cited, but these have
in common with in vivo sensors the requirement that
the sensor is “reagentless”, i.e., no reagents, which
might otherwise perturb the system, need be added.
A further requirement is that the sensor must be
capable of continuous measurements at least over a
period of several hours.

Because enzyme-based sensors tend to either pro-
duce or consume protons and/or electroactive species,
the vast majority of enzyme sensors use an electrode
as the transducer, which will be the primary empha-

sis of this review. From a practical and commercial
point of view, only four sensors have been widely
used: glucose (diagnosis and treatment of diabetes,
food science, biotechnology), lactate (sports medicine,
critical care, food science, biotechnology), urea (clini-
cal applications), and glutamate/glutamine (food sci-
ence, biotechnology). However, glucose is, by far, the
most widely employed and therefore continues to
drive research toward better sensors. Devices capable
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of in vivo monitoring of blood glucose as part of an
“artificial pancreas” have been the subject of exten-
sive research by many groups over the last 15
years.4-19

Most enzyme-based biosensors employ a class of
enzymes known as oxidoreductases, and the two most
frequently encountered subclasses are the oxidases
and dehydrogenases. Their reaction sequences can
be described by the following reactions:

If, for example, glucose oxidase (GOx) is the enzyme
employed, then Sred, Sox, S′ox, and S′red correspond to
glucose, gluconic acid, oxygen, and hydrogen perox-
ide, respectively. To make reaction eq 1 rate limiting,
a large excess of S′ox, typically oxygen, is required.
This is accomplished by increasing the flux ratio of
Sred to S′ox into the enzyme reaction layer such that
S′ox is in large excess. When properly implemented,
the sensor output is largely independent of oxygen
partial pressure over a wide range down to 8 Torr.
(Subcutaneous tisssue levels of oxygen are estimated
at 20-30 Torr.)20

The rate of the overall reaction sequence can be
measured by monitoring the consumption of S′ox or
the formation of S′red. In practical GOx systems this
means either the consumption of oxygen or the
production of peroxide. The advantage of the former
approach is the relative ease of separation (as Clark
demonstrated) of oxygen from other electroactive
species through the use of a gas-permeable mem-
brane. The disadvantage of this approach is that it
is more complicated, requiring two measurements
(concentration of oxygen in the presence and absence
of the enzymatic reaction). However, the approach
is capable of compensating for significant fluctuation
in oxygen levels.21 Measurement of peroxide forma-
tion has the advantage of being simpler, especially
for small sensors, however, with the disadvantage
that a number of in vivo endogenous species (ascor-
bate and urate) are electroactive at the applied
potential required for peroxide oxidation. It has
proven possible to use permselective membranes that
can successfully exclude interfering species.19 Moni-
toring of peroxide reduction is not possible because
of the inability to find a potential at which peroxide,
but not oxygen, is reduced. A porous Teflon mem-
brane has been used to electrochemically detect
hydrogen peroxide because of its “gaslike” proper-
ties,22 thus providing selectivity.

It is obvious then that two redox couples are
necessary to carry out the enzyme-catalyzed redox
reaction, one of which is the analyte. Thus, the other
(S′ox) has to be introduced in some fashion. It is often
desirable for the biosensor to be “reagentless”. This
means that a clever method for delivering the second
substrate (cofactor) must be devised or S′ox must
initially be present at sufficiently elevated levels that
it does not affect sensor response. This is the reason
for the overwhelming preference for oxidases, because
oxygen is often naturally already present at the
required levels. If the enzyme belongs to the dehy-

drogenase class, it will typically use NAD as a
cofactor. Either NAD or NADH will have to be
monitored electrochemically or by some other means.
There are a large number of enzymes in this class,
but the need to add reagent (NAD) and the relative
complexity of NADH electrochemistry have precluded
their use in in vivo applications.

Alternatively, S′ox could be eliminated if the redox
center of the enzyme was coupled directly to the
electrode, thus making the electrode the “sink” for
the electrons needed to complete eq 2. With a few
exceptions, this has not proven to be feasible because
enzyme redox centers are frequently well buried
within the protein and heterogeneous electron trans-
fer is prohibitively slow. Horseradish peroxidase,
which is a very small enzyme, is able to communicate
directly with the electrode in the case of carefully
prepared carbon electrodes23 or through the use of
30 nm gold particles deposited on a gold electrode.24

II. Mediated Electron Transfer
If direct electron transfer between the electrode

and the redox center of the enzyme is not possible,
then mediators must be employed; however, they
must be prevented from diffusing out of the enzyme
layer and into the biological medium. The pioneering
work of Heller25 demonstrated that it was possible
to derivatize GOx with ferrocene, thus promoting
relayed electron transfer to an electrode. A detailed
experimental and theoretical study by Mikkelsen and
co-workers26 revealed that the rates of intramolecular
electron transfer are very sensitive to the particular
ferrocene derivative employed and also to the dis-
tance between the flavin ring and the point of
covalent attachment of the mediator. It is not neces-
sary to have a large number of mediator molecules
attached; they need instead to be in the “right”
locations. The highest rate of intramolecular electron
transfer was obtained for a ferrocene carboxylic acid
derivative (0.9 s-1). If the rate of reaction of oxygen
with the enzyme is assumed to be 2 × 106 M-1 s-1,
then the “relay rate” would have to be 5 × 103 s-1 if
the sensor is operating in air saturated solution ([O2]
) 240 µM). Faster relay rates were obtained using
dopamine and daunomycin27 compared to the fer-
rocene derivatives, and targeting carboxylate attach-
ment points rather than amine functions, because the
former are significantly closer to the flavin ring, also
helped to improve efficiency. Although the resulting
relay rates were significantly faster, they were still
several orders of magnitude short of what would be
required. This illustrates a fundamental dilemma:
the mediator must be able to compete with freely
diffusing oxygen, which can have a parasitic effect
on sensor response, and this is quite difficult if it
must be anchored in place. It was observed that
sensors based on hydrogels made by cross-linking
GOx and the redox polymer formed from complexing
poly(vinyl pyridine) with [Os(4,4′-dimethoxy-2,2′-
bipyridine)2Cl]+/2+ showed oxygen effects (signal de-
crease) of between 2% and 41%, depending on the
glucose concentration.28 The low potential (+35 mV
vs SCE) reduces significantly but does not eliminate
ascorbate effects. Heller’s group demonstrated that

Sred + Eox f Sox + Ered (1)

S′ox + Ered f S′red + Eox (2)
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oxygen interference can be largely reduced by “salting
out” oxygen so that it does not enter the reaction
layer.29 Willner and co-workers elegantly addressed
the question of whether it is possible to “wire” an
enzyme to an electrode with sufficiently high ef-
ficiency to prevent competition from oxygen.30 The
strategy was to remove the noncovalently bound FAD
from the enzyme (GOx) and attach it to a tether
consisting of cystamine chemisorbed on a gold elec-
trode surface and a pyrroloquinoline quinone (PQQ)
link. The transfer of electrons from the enzyme to
the electrode yielded an apparent turnover number
(maximum rate for the enzymatic reaction) of 900 (
150 s-1 compared to the value for the enzyme in
solution of about 1000 s-1, indicating excellent cou-
pling efficiency. There is only a monolayer of enzyme
on the electrode surface, and even assuming rela-
tively high stability for GOx, it is unclear whether
such a sensor would have a reasonable lifetime. This
work, however, emphasizes that careful control of the
communication link between the electrode and redox
center of the enzyme is extremely important.

Many oxidases contain a flavin moiety as the redox
center, and the potential of this functionality is
sufficiently low that mediators having potentials in
the range from -100 to +35 mV vs AgCl/Ag reference
can be employed. In this range the formal potentials
of mediators are high enough to rapidly facilitate
oxidation of the enzyme but low enough to largely
avoid either direct or mediated oxidation of endog-
enous reducing agents such as ascorbate. Depending
on the particular application, the mobility of the
mediator may also be an issue. For example, elec-
trochemically based glucose self-monitoring (“finger-
stick”) systems use mediators such as ferricyanide
or ferrocene derivatives that are free to diffuse out
of the enzyme layer.31 This is entirely adequate for
measurements of 30 s duration but not for applica-
tions demanding sensor stability for days, weeks, or
months.

In addition to ferrocene derivatives including those
attached to polymers,32 other mediators have also
been investigated. Nickelocene has a lower formal
potential than ferrocene33 but also reacts more slowly
with the enzyme.34 Phenazines, phenoxazines, and
Wurster’s salts have been evaluated as possible
mediators.34 In addition to the redox hydrogels
developed by Heller’s group and others, sensors have
been prepared using polymers, to which mediators
have been attached,35 and deposited on an electrode.
An intriguing system yielding surprisingly stable
sensors is constructed from an electrode coated with
the organic salt tetrathiafulvalene (TTF) tetracyano-
quinodimethane (TCNQ). First described by Kulys36

in the 1980s, this electrode material appears to
mediate electron transfer to the enzyme by corroding,
yielding primarily TTF+, which then functions as the
electron acceptor for reaction 2.37 Reasonable appar-
ent stability can be achieved, but because TTF+ is
also not stable,38 it is likely that the observed
performance is attributable to constant renewal of
the mediator. Khan39 has investigated in some detail
the morphology of the organic salt surface as this has
a significant effect on sensor stability and sensitivity.

A high rate of mediator efficiency, as measured by
apparent Michaelis constants for glucose in the range
of 20-60 mM, was achieved by preparing dendritic
or “tree-like” deposits. The sensors showed very little
influence of oxygen and interferents such as ascor-
bate. Mediators have been “stored” in carbon paste
so that they may freely diffuse. This is frequently a
good solution provided that the diffusion of the
mediator into the test medium does not create any
problems. A recent such example is the creation of
an oxygen reservoir.40 Most investigations have
reached the same conclusion: it is extremely difficult
to find mediators that react rapidly with the redox
center of the enzyme, thus avoiding oxygen interfer-
ence, and can also survive repeated recycling without
degradation or leaching, especially when placed in a
biological milieu. Proper sensor design can tolerate
some loss of enzyme activity during use without
affecting sensor performance. Much less tolerance is
permissible in the case of the mediator unless a
constant and renewable supply is available.

The appeal of mediator-based sensors for in vivo
measurements is the expectation that their response
might, in principle, be independent of oxygen tension.
This is particularly important for lactate or glutamate
monitoring under conditions where oxygen levels are
expected to be low (ischemia). Perhaps one of the
earliest examples is that of Boutelle and co-workers,41

who employed the organic salt, TTF+TCNQ-, as the
mediator in the measurement of brain glucose with
a 250 µm sensor. They report 31% activity remaining
after 28 days of implantation. It has been demon-
strated37 that TTF+, released from the organic salt
coating in a soluble form, serves as the mediator.
Reaction of the mediator with endogenous reductants
such as ascorbate must be taken into account.
Heller’s group has employed redox hydrogels for
sensors implanted in the vascular bed42 and subcu-
taneous tissue of rats.43 Other examples of mediator-
based sensors are given subsequently.

III. Practical Considerations for in Vivo Sensors
There are a number of routes to monitoring of

biological systems including batch sampling of bio-
logical fluids (blood, urine, etc.), indwelling catheters,
microdialysis, and some noninvasive monitoring tech-
niques such as pulse oximetry and imaging, however,
few can match the temporal and spatial resolution
possible with microsensors. Unfortunately, the re-
quirements for a successful biosensor are sufficiently
strict that most sensors cannot meet them and thus
remain mostly laboratory curiosities. These include
sensitivity, selectivity, detection limit, stability, and
response time. Since enzyme-based sensors must
consume analyte in order to measure it, high sensi-
tivity may correlate with high analyte consumption
and can result in depletion effects in the vicinity of
the sensor. This is a particularly serious problem in
tissues of high metabolic activity. Selectivity, as we
will see subsequently, is evaluated in vitro in two
different ways: as a ratio of currents for the analyte
and the interferent at the same concentration or as
a signal response when several species are present
simultaneously. This latter approach allows for the
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possibility that there may be synergistic effects on
sensor response. Stability is difficult to evaluate
because this necessarily requires periodic calibration
of the implanted device. In the case of subcutaneous
glucose monitoring, this is feasible but glucose is
probably unique in this regard. Detection limits for
most enzyme sensors are in the low micromolar range
(0.1-1.0 µM) and are typically limited by the back-
ground current. Sensors have been fabricated in
characteristic diameters down to 10 µm.44 Such
sensors may be required to have fast response times
(seconds to subseconds for 90% response). This is
challenging from a design point of view because the
enzyme layer must be of finite thickness. However,
if the layer is about 1 µm thick, then responses in
the 10 ms range should be possible, based on the
diffusion limit. So far, responses as short as 85 ms
have been attained with a 0.27 µm diameter glucose
sensor.45

IV. Continuous Monitoring of Blood Glucose

As noted above, significant effort has been ex-
pended by many groups toward the development of
glucose sensors suitable for continuous monitoring.
The reader is referred to a recent monograph on
“Biosensors in the Body”.46 We have focused attention
on the development of a subcutaneously implantable
glucose sensor, a key part of a continuous glucose
monitoring system (CGMS). Such a system will, as
a first step, be used to monitor blood glucose and
provide diabetic patients with a continuous record of
blood glucose fluctuations. In addition, the system
will have the capability of detecting hypoglycemic
(low blood sugar) events and so informing the patient.
Eventually the sensor might be connected to an

insulin pump; the resulting closed loop system might
then be called an “artificial pancreas”. From the
beginning it was clear that the implanted sensor had
to be acceptable to the patient, and for this reason a
size of 350 µm for the sensing element was chosen.
The sensor is shown in Figure 1. It consists of a Pt-
Ir wire coated with PTFE. Toward the distal end a
portion of the insulation is removed to create a cavity,
which forms the sensing element. On top of the
electrode are three functional layers: the inner
membrane, which ideally excludes all electroactive
species except peroxide (S′red, eq 2), an enzyme layer,
and an outer membrane. The latter membrane has
as its major function control of fluxes of glucose (Sred)
and oxygen (S′ox) into the enzyme layer. This mem-
brane presents a substantial diffusional barrier to
glucose transport and very little resistance to oxygen
transport such that the response of the sensor is
defined by the permeability of this membrane to
glucose. This provides both the relative independence
of response on oxygen and also renders the response
to glucose linear up to at least 15-20 mM glucose. If
a large excess of enzyme is present, then the response
is independent of enzyme activity over a wide range,
allowing for enzyme activity loss during operation.
Finally, because the response is mass transfer rather
than enzyme kinetically limited, the temperature
coefficient is much smaller (2.5%/°C).13a The depen-
dence of the response on oxygen is most serious at
high glucose concentrations and where the outer
membrane permeability to glucose is high.20 In vitro
and in vivo experiments in rats have established that
at 15 mM glucose only a 5% change in sensor output
is observed in passing from 150 to 7.5 mmHg of O2.
The tissue O2 levels are estimated to be around 23
mmHg. Oxygen levels in tissue can be quite variable,

Figure 1. Schematic diagram of glucose biosensor used for glucose monitoring in humans (dimensions are in millimeters).
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however, and care must be taken to ensure that
sensor response is not oxygen dependent.20

As noted above, the inner membrane must be
capable of excluding electroactive species such as
ascorbate and urate. Acetaminophen, a widely em-
ployed analgesic, is often used as a “litmus test” for
permselectivity. We have developed a composite inner
membrane fabricated from alternate layers of cel-
lulose acetate and Nafion, such that interferences can
be effectively eliminated.19a This conclusion was
supported by studies in rats and in humans19a,b

indicating that three factors work in concert to
minimize acetaminophen interference in practical
applications: the permselectivity of the inner mem-
brane, the relatively low levels in the tissue, and the
rapid acetaminophen elimination after ingestion. A
simple one-layer permselective coating has been
developed to accomplish a high acetaminophen/
peroxide exclusion ratio.47

Sensor performance is evaluated in several differ-
ent ways, one such method being Clarke error grid
analysis.48 In this approach the “true” blood glucose
value (as measured with a clinical analyzer) is plotted
on the x-axis and the estimate obtained from the
sensor on the y-axis. Perfect correlation would, of
course, result in all points falling on a 45° line
passing through the origin. Error grid analysis is an
empirical approach that evaluates the clinical sig-
nificance of deviations from ideality. This then ad-
dresses the question of whether a particular result
would cause the patient to take incorrect action such
as taking carbohydrate when they should be taking
insulin. The zones of Figure 2 (one patient only)
correspond to A ) clinically accurate, B ) clinically
acceptable, and the remaining zones C, D, and E )
progressively less acceptable and even dangerous. In
this case, however, results obtained in nine different
normal patients showed that 99% of the values fell
in zones A and B.13c Special attention should be paid
to the location of points corresponding to glucose
concentrations less than about 5mM (normoglyce-

mia). Of particular concern are values that fall in the
D zone, corresponding to a sensor reading that is high
when the actual blood glucose may be dangerously
low.

A key issue in the use of in vivo sensors is their
calibration. Because of the accuracy demanded of
continuous monitoring systems, it is not feasible, at
least so far, to use an in vitro precalibration as the
basis for the sensor response function. Fortunately,
it has been demonstrated that it is possible to use
blood glucose, measured either with a clinical ana-
lyzer or a “fingerstick” system, to facilitate an in vivo
calibration. Such calibrations are typically subject to
the following assumptions: (1) The response of the
sensor to glucose is linear over the relevant range of
glucose concentrations (2-20 mM) and (2) the con-
centrations of glucose in the blood and interstitial
fluid are either equal or constantly proportional
during calibration and measurements. The former
assumption is easily established by proper sensor
design. The latter, on the other hand, is much more
complicated and has been the subject of significant
discussion.7,12,49a,50-54 It is well established that the
“apparent” ratio of blood/tissue glucose is not con-
stant, and this observation may have at least three
causes: (1) The intrinsic sensor dynamic response,
(2) the kinetics of glucose transport between the
vascular bed and the subcutaneous tissue, and (3)
local perturbations of glucose and/or oxygen concen-
trations in the vicinity of the sensor. The latter two
issues are probably the most problematic, and the
feasibility of predicting tissue glucose concentrations
has been recently examined.43 It is not yet clear,
however, that a kinetic model will be useful due to
the complexities of glucose uptake by the subcutane-
ous tissue.51 Relatively little attention has been paid
to the latter issue, which is presented in a discussion
of biocompatiblity below.

It is apparent, then, that a glucose sensor im-
planted in the subcutaneous tissue can be calibrated
by measuring glucose concentration in the blood and
assuming a tissue level that is proportional, typically
equal. For short-term implants, patients will be
required to measure their blood glucose level using
a “fingerstick” system, devices whose performance
(precision, accuracy) is certainly not optimal. Two
general approaches are currently employed: the two-
point and the one-point calibration. The two-point
calibration is implemented by performing two blood
glucose measurements, corresponding to two differ-
ent sensor current outputs. The slope (sensitivity, S)
and intercept (background current, I0) are derived
from the equation of the straight line. This approach
requires the establishment of two plateaus, where the
signal remains constant for a period of about 5 min.49b

This approach is feasible but not very convenient for
the diabetic patient. A second approach involves a
one-point calibration, that is, in effect, a two-point
calibration where the origin is assumed by definition
to be one of the two points.54 This method depends
on the existence of a background current that is small
(probably less than 10% of the signal) and with a
relatively small standard deviation over the time that
the calibration is considered valid. The effect of

Figure 2. Clarke error grid analysis of subcutaneous
glucose monitoring system performance in normal subjects
(n ) 9). (Reprinted with permission from ref 13c. Copyright
1993 Springer-Verlag.)
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multiple simultaneous sensor measurements on the
reliability of estimation of glucose levels has also been
examined.54c

The report of the results of a long-term prospective
trial, the Diabetes Control and Complications Trial
(DCCT), sharply focused attention on the importance
of continuous glucose monitoring as a means for
avoiding the increased incidence of hypoglycemia, a
striking consequence of demonstrably beneficial in-
tensive insulin therapy.55 A consequence has been the
qualified approval in the last year by the U.S. Food
and Drug Administration of a continuous glucose
monitoring system produced by Minimed.56 It is
designed to be implanted subcutaneously for ap-
proximately 3 days. After calibration, the sensor and
accompanying pager-size unit generates a value for
the tissue/blood glucose once per minute, which is
then averaged over 5 min. These values are stored
and subsequently downloaded by the physician at the
end of the 3 days. A second system, developed by
Cygnus, Inc., for which FDA approval is expected
shortly, avoids implantation of the sensor by extract-
ing glucose through the skin by reverse iontophore-
sis.57 The glucose thus accumulated reacts with
oxygen in a pad contacting the skin, producing
peroxide that is then measured coulometrically with
the iontophoretic current turned off. Because the
glucose is accumulated over a period of time as is the
charge during the subsequent measurement step, the
overall process takes about 20 min. This system is
designed to operate for about 12-15 h at a time, and
the data will be accessed by a physician at the end
of the test period. There are also several glucose
monitoring systems based on microdialysis sampling
of the subcutaneous tissue that have been developed
in Europe, but their commercialization status is not
known. In any case, an immediate objective of all of
these systems will be to detect the onset of hypogly-
cemia and to provide a more comprehensive and
effective approach to insulin therapy.

V. Microbiosensors for the Study of Neurological
Processes

The pioneering work of Adams58 and Wightman59

in in vivo electrochemistry has demonstrated the
utility of microsensors in the study of important
issues in neurophysiology and neuropharmacology.
Neurotransmitter release and uptake has been in-
vestigated in single cells, brain slices, and the intact
brain. This work has demonstrated the advantages
of microsensors in providing enhanced spatial and
temporal resolution to the point of monitoring quan-
tal release of neurotransmitters from individual
cells.59 This approach is feasible, however, because
the neurotransmitters of interest (catecholamines
and their metabolites, especially dopamine) are elec-
troactive and, through the use of rapid scan cyclic
voltammetry,60-62 can be distinguished from endog-
enous electroactive species such as ascorbate. Un-
fortunately, many important neuromodulators are
not intrinsically electroactive, and therefore, alterna-
tive methods must be found for monitoring them.
Microdialysis63-66 combined with discrete sampling,
separation by HPLC or capillary electrophoresis, and

subsequent determination can provide a comprehen-
sive picture of metabolic processes occurring in the
sampling region. Because the determination is not
made in situ, a wide range of analytical methods may
be applied to the measurement step that makes
possible the simultaneous monitoring of several spe-
cies. The disadvantage of microdialysis is its rela-
tively poor temporal and spatial resolution, thus
making difficult the characterization of processes in
the second to subsecond time domain.

In recent years considerable progress has been
made in the application of enzyme-based microbio-
sensors to neurophysiology measurements. Several
reviews on this subject have recently appeared,61b,67

and it is clear that relatively few applications have,
so far, involved real-time measurements in the intact
brain. It is ordinarily desired to make the sensor as
small as possible to avoid tissue damage on implan-
tation and to achieve fast response, ideally in the
subsecond domain. To be sure that reliable results
can be obtained from an enzyme microbiosensor, it
is necessary to perform comprehensive in vitro tests.
These include characterization of sensitivity, linear-
ity, and stability, especially under continuous opera-
tion. Much less frequently examined are potential
interferences, in particular those caused by endog-
enous electroactive species. Such a comprehensive
study is illustrated by the results shown in Table 1
obtained for a glutamate sensor developed in our
laboratory.68 It is necessary to demonstrate not only
that the presence of a particular interference does
not change the signal to the analyte of interest, but
also that there are no synergistic effects. This can
be studied using the time-dependent response curves
shown in Figure 3. In vitro evaluation is a necessary
but not sufficient means of establishing sensor per-
formance. The properties of the sensor in vivo are
much more difficult to assess, and they can be
different from those measured in vitro. Permselective
membranes may be used to eliminate interferences,

Table 1. Selectivity Ratios for Sensor Response to
Glutamate vs Interferent

interferents selectivity ratiosa

L-ascorbic acid (AA) >5000:1
uric acid (UA) <1000:1
dopamine (DA) 23:1 (( 2.7, n ) 4)
norepinephrine 47:1 (( 6.8, n ) 4)
serotonin 28:1 (( 4.2, n ) 4)
DOPAC 224:1 (( 29, n ) 4)
HVA 1300:1 (( 221, n ) 4)
MHPG 18:1 (( 2.2, n ) 4)
5-HIAA 280:1 (( 50.4, n ) 4)
L-tyrosine 58:1 (( 7.5, n ) 4)
L-cysteine 146:1 (( 20, n ) 4)
L-tryptophan 245:1 (( 41, n ) 4)
L-aspartate 61:1 (( 7.3, n ) 4)
L-glutamine 325:1 (( 42, n ) 4)
glutathione 1600:1 (( 304, n ) 4)
GABA no response
catalase no effect on the response to glutamate

a DOPAC, 3,4-dihydroxyphenyl acetic acid; HVA, 4-hydroxy-
3-methoxyphenylacetic acid; MHPG, 3-methoxy-4-hydroxy-
phenylglycol; 5-HIAA, 5-hydroxyindolacetic acid. The selec-
tivity ratio is calculated as the ratio of the glutamate current
to the extrapolated current for the interferent at a concentra-
tion equal to that of glutamate (10 µM).
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but their required thickness can have a detrimental
effect on sensor response time. Wightman and co-
workers dealt with this problem in the context of
direct electrochemistry through Nafion membranes,69

but to our knowledge, such a treatment has not been
applied to the more complex, multilayered enzyme-
based devices. A major electroactive interference in
the brain is ascorbate, which can be easily eliminated
using ascorbate oxidase.68,70 This enzyme reduces
oxygen to water rather than peroxide, so that ascor-
bate elimination does not perturb peroxide levels. It
may, however, perturb oxygen levels and thus affect
the response to glutamate. It is accordingly essential
to demonstrate that at the highest level of analyte
envisioned, minimal changes in sensor output will
be observed as oxygen partial pressure varies over
normal physiological levels. Of particular concern are
ischemic situations where the concentrations of
glutamate or lactate are high but the levels of oxygen
are low as noted above.

L-Glutamic acid is the most prevalent excitatory
neurotransmitter in the mammalian brain, and its
high concentration in extracellular fluid (ECF) caused
by excessive release may play a major neurotoxic role
in a wide range of neurological disorders. Thus,
sensors capable of monitoring the release and uptake
of glutamate in real time can contribute to the better
understanding of glutamate- induced physiological
and pathological states in the central nervous system
(CNS). There have been a number of recent reports
of in vivo measurements of glutamate, all employing
amperometric detection and immobilized glutamate
oxidase.71-73 Our sensor has a response time of about
1 s, measured in vitro in a flow injection experiment
with a detection limit for glutamate of less than 2
µM.68 It employs an inner layer of Nafion/cellulose
acetate and ascorbate oxidase to eliminate interfer-
ences. When the sensor is placed in the dentate gyrus
of the hippocampus of an anesthetized rat, it is
possible to measure glutamate release and uptake

resulting from local KCl stimulation or remote elec-
trical stimulation. In this latter situation a bipolar
stimulating electrode is placed in the angular bundle
of the perforant pathway (known as the glutamater-
gic axonal pathway). Biphasic fluctuations in ECF
glutamate concentration are observed as the neu-
rotransmitter is released and subsequently taken up
by both neurons and glial cells.

Microdialysis and the use of a microbiosensor have
been combined to produce a monitoring system. In
one instance the microbiosensor monitors the mi-
crodialysis perfusate,74 while in the other, the sensor
is located within the dialysis probe itself.75 The
continuous measurement of glutamate efflux in the
striatum of a freely moving rat following a tail pinch
stimulation and other recent applications have been
reported.76,77

Choline, another important substrate in both the
peripheral and central nervous system, has also been
monitored in the brain using an enzyme-modified
amperometric microelectrode by immobilization of
horseradish peroxidase (HRP) and choline oxidase
within a redox hydrogel. The latter mediates electron
transfer between HRP and the electrode. The sensor
is built on a 10 µm carbon fiber and has a response
time of about 15 s.44 An acetylcholine sensor was
created by adding acetylcholinesterase to the redox
hydrogel film.44 Wightman and co-workers78 used
TTF+TCNQ- as the mediator in the preparation of
choline and acetylcholine microbiosensors.

Under normal physiological conditions glucose is
the major source of energy powering the mammalian
brain. Glucose is transported into brain across the
blood brain barrier (BBB) by a saturable process of
facilitated mass transfer. Previous studies using the
2-deoxyglucose method confirm that there is a tight
coupling between phosphorylation and glucose trans-
port into the brain which is correlated with glucose
utilization and regional cerebral blood flow (rCBF).79

Because of the key role played by rCBF, studies must
be carried out in the intact brain and fast sensor
response is required because classical steady-state
assumptions are not appropriate.

The in vivo measurement of glucose variations was
first demonstrated by Silver80 using a Pt-coated glass
micropipet (0.1 µm diameter) on which glucose oxi-
dase was adsorbed. More recently, several sensors
have been developed for brain glucose measure-
ments.41,81-85 We have developed a sensor for brain
glucose measurements86 which is similar in construc-
tion but smaller than that shown in Figure 1 (diam-
eter 110 µm) with a response time of 5 s for 90%
maximum response. The sensor shows excellent sta-
bility and selectivity, especially for ascorbate. Ascor-
bate elimination is far simpler than for the glutamate
sensor because the concentrations of the analyte are
3 orders of magnitude higher. On the other hand,
more oxygen is required to “run” the sensor and care
must be taken to be sure that fluctuations in the
cosubstrate are not affecting sensor response. Simul-
taneous measurement of plasma (blood) and inter-
stitial brain glucose showed the same trends as the
blood glucose was altered by ip glucose and insulin
injection. However, brain glucose levels are always

Figure 3. Effect of interferents on sensor response.
Medium: 0.1 M phosphate-buffered saline, pH 7.4, 37 °C.
The final concentrations at each addition were (A) AA, 200
µM; (B) DOPAC, 25 µM; (C) Glutamate (Glu), 10 µM; (D)
UA, 50 µM; (E) DOPAC, 50 µM; (F) DA and 5-hydroxy-
tryptamine (5-HT) together, 5 µM each; (G) AA, 500 µM;
(H) Glu, 20 µM; (I) Glu, 30 µM; (J) Glu, 40 µM. (Reprinted
with permission from ref 68. Copyright 1994 Elsevier
Science B.V.)
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much lower than those in the blood. Basal glucose
levels are currently the subject of debate as we obtain
2.6 mM in normoglycemic anesthetized rats. This
value is in agreement with previous findings of 2.4
mM obtained by Silver and Erecinska82 and with
results obtained after focused microwave irradia-
tion87,88 and NMR.89 These results are all clearly
higher than the 0.47 mM obtained by Fellows et al.90

and 0.35 mM by Lowry85 in awake animals. However,
administration of anesthesia can significantly per-
turb levels of analytes being monitored.61a

VI. Multidimensional Biosensor Measurements

As technology becomes available to facilitate de-
velopment of sensor arrays, it becomes increasingly
possible to simultaneously measure the time-depend-
ent variation in several analytes. This is very impor-
tant in complex biological systems because the cor-
related time dependence often provides clues as to
how regulation is accomplished. Simultaneous mea-
surements in our laboratory of glucose and oxygen
in the dentate gyrus of the rat hippocampus demon-
strated, surprisingly, that transient regional changes
in extracellular glucose occur without obvious de-
crease in oxygen levels following neuronal stimula-
tion. The utility of this approach is illustrated in
Figure 4. An initial transient, rapid (10-13 s) glucose
decrease of up to 34% is observed in response to an
acute energy demand (KCl stimulation). The nearly
simultaneous increase in oxygen levels is suggestive
of an increase in rCBF, resulting as well in increased

delivery of glucose. Similar trends are observed when
electrical neuronal stimulation is accomplished
through the perforant path.

The findings of this study suggest that transient
limitations of glucose transport across the BBB may
occur upon acute energy demands, implying that
traditional understanding of dynamic regulation of
cerebral metabolism may need to be reconsidered.
This finding is also consistent with observations in
other groups using biosensors and microdialysis.82,85,90

Given this situation, the key question becomes “How
is regional energy homeostasis maintained for neu-
ronal functional activity?” Part of the answer to this
question comes from expanding simultaneous mea-
surements to include lactate.

Lactate has long been considered a harmful meta-
bolic byproduct that degrades the performance of
athletes and may contribute to the damage of the
CNS in pathological situations involving acidosis
such as hypoxia, ischemia, seizures, and trauma.
However, compelling in vitro evidence from recent
studies using brain slices and cell cultures has
strongly implicated lactate as an alternative CNS
energy source. There have, however, been few studies
involving lactate monitoring with brain biosen-
sors.91,92

We have constructed a lactate sensor using the
same strategy as that for brain glucose but using
lactate oxidase.91 Three electrodes (glucose, lactate,
and oxygen) were simultaneously implanted in the
dentate gyrus within 50-100 µm of each other.
Extracellular levels of the three species were simul-

Figure 4. (a) Typical original profiles show simultaneous response of a glucose sensor (upper), an oxygen electrode (middle),
and a blank sensor without glucose oxidase (lower), stereotaxically positioned in the dentate gyrus of rat brain, to local
microinjection of KCl (5 nmol in 0.05 µL of saline). Three stimulations, at about 1 h intervals, were made in an anesthetized
rat from 15 similar experiments, showing good reproducibility. After each stimulation, the extracellular glucose returned
to the original level. (b) Expansion of one stimulation from panel a showing detailed multiphasic alterations in extracellular
glucose (thick line) and oxygen (thin line) levels during perturbation caused by KCl. (Reprinted with permission from ref
86. Copyright 1997 International Society for Neurochemistry.)
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taneously measured following a sequence of 5-s
stimulations with 2 min intervals. Figure 5 shows
the rich body of information that can be extracted
from such an experiment. Repeated stimulations
resulted in sustained high levels of extracellular
lactate that returned to baseline only when the
stimulation was stopped. Mean cellular levels of
lactate and glucose always varied in opposite direc-
tions following exactly the same time course. There
was always a deeper rapid transient depletion up to
28% in lactate following each subsequent stimulation
from the sustained mean level of lactate which was
between 180% and 200% above the basal level,
suggesting that lactate is being preferentially con-
sumed to meet energy demands. As lactate depletion
on stimulation increases, depletion of glucose be-
comes much less pronounced. These results are
supported by ample in vitro observations demon-
strating that astrocytes take up glucose and export
large quantities of lactate to the medium for neuronal
use and that glutamate stimulates astrocytic glyco-
lysis to produce lactate.93

The results of this study give a real-time dynamic
picture of changes in extracellular concentrations of
key components in regional energy homeostasis in
the brain. The fact that the measured oxygen levels
are above the basal level supports the idea that
lactate is produced by glycolysis under overall aerobic
conditions and that under acute energy requirements
lactate is the preferred energy source. Acute energy
demand creates a local fuel “reservoir” behind the
BBB resulting from elevated levels of lactate. This
model is supported by in vitro observations that have
demonstrated glutamate uptake into astrocytes in
cultured cell preparations stimulates glucose utiliza-
tion and lactate production via an increase in aerobic
glycolysis.94,95

The value of simultaneous measurements has
triggered the development of sensor arrays where the
geometrical relationships between the various sens-
ing elements are well defined. For example, Xin and
Wightman96 carried out simultaneous detection of
Ca2+ and catecholamines by deposition of a Ca2+-
sensitive fluorescent dye on the surface of a 5 µm
carbon fiber electrode. It was then possible to detect
micromolar concentrations of catecholamines and 100
nM concentrations of Ca2+ using this system. Differ-
ences in electrochemical properties have made it
possible to simultaneously detect histamine and
5-hydroxytryptamine using fast scan cyclic voltam-
metry.97 Optical sensors, though not discussed in this
review, are destined to play a larger role in in vivo
measurements. Submicrometer fiber optic sensors for
measuring glucose have been developed.98 Even more
interesting is the possibility of imaging a biological
surface using a coherent array architecture created
by a bundle of optical fibers. This has been demon-
strated using an acetylcholine biosensor, which mea-
sures fluorimetrically the change in pH resulting
from acetylcholine hydrolysis.99

VII. Biocompatibility
When a biosensor is implanted in an in vivo

system, the host medium is perturbed. Biocompat-
ibility thus becomes a question of the extent to which
the resulting interactions affect the proper function
of the sensor and also the extent to which the implant
modifies the function of the host. There are two
separate but related processes that must be consid-
ered: tissue/sensor interactions resulting from a
cascade of reactions called the inflammatory response
(wound healing) and blood interactions eventually
resulting in thrombus formation. For many applica-
tions implantation of sensors in the vascular bed is
avoided because of the danger of thromboembolism.
Thus, the interstitial fluid of the subcutaneous tissue
has so far proven to be the most suitable site for
continuous measurement of analytes such as glucose.
When a sensor is implanted in this environment,
tissue is disrupted and capillaries damaged. Although
the process of hemostasis and the subsequent tissue
response are understood in general terms,100 consid-
erably less is known about how these processes affect
sensor performance.

Qualitatively, there appear to be three overlapping
time domains important to biosensor function: rapid
sensitivity loss (minutes-hours), acute inflammatory
response (days), and foreign body capsule formation
(weeks). The most rapid of these processes occurs in
a matter of several hours during which time sensors
can lose 50% or more of their in vitro sensitivity. We
have found the process to be reversible.13d Removal
of the sensor from the tissue and rapid calibration
in buffer solution yields the same sensitivity as that
determined in vivo, but if the sensor is allowed to
remain in the buffer for several hours, the original
in vitro sensitivity is attained. The exact cause of the
sensitivity loss is not known, but it should not be
concluded that proteins are the prime source of the
problem. Because the extent of the loss is unpredict-
able, it is necessary to calibrate sensors in vivo. There

Figure 5. Typical original profiles show the time course
and dynamic relationships of local extracellular lactate
(thick solid line), glucose (thin solid line), and Po2 (dotted
line) levels during a sequence of 5-s electrical stimulations
of the perforant path with 2-min rest intervals. Simulta-
neous real-time measurements were carried out in the
dentate gyrus of the rat brain using miniaturized sensors
with rapid response time. The arrows indicate the time of
each repeated stimulation. (The arrow with asterisk marks
a spontaneous transient drop of lactate level. The reason
for the drop was unclear.) (Reprinted with permission from
ref 91. Copyright 1997 International Society for Neuro-
chemistry.)
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have been several strategies proposed for minimizing
such effects including suppression of protein adsorp-
tion on the sensor surface.101 Hydrogels (poly-
(ethylene glycol)s, polymethacrylates, poly(vinyl al-
cohol), etc.) tend to show reduced tissue interaction.102

Rational design of outer membranes is confounded
by the complexity of the observed interactions. Sur-
face properties of implant materials have been linked
to cell-implant interactions through surface group
properties,103 surface free energy,104,105 surface charge,
and surface charge density.101,102 Biocompatibility is
sometimes linked to cell response by such assays as
human monocyte activation and human fibroblast
proliferation.108 Histology of implants in rats is also
studied. It must be emphasized that outer mem-
branes designed to render the sensor more “biocom-
patible” must not interfere adversely with the trans-
port to the sensing layer of the analyte and cofactors
such as oxygen.

The second stage of interaction, that of the acute
inflammatory response, has been extensively studied
by Anderson and co-workers109 A series of reactions
leading from blood monocytes to macrophages and
eventually to foreign body giant cells is of concern
especially for sensors implanted for periods of 1-2
weeks. Using the so-called “cage implant method”,
Anderson’s group characterized various materials
with respect to their ability to evoke inflammatory
response by analyzing the exudate localized within
a wire cage implanted in the dorsal subcutis of a
rat.110 An aspect of the acute inflammatory response
that has received relatively little attention is the
extent to which the interaction of macrophages with
the surface of the implanted sensor affects sensor
response. It is known that macrophages consume
oxygen and glucose and produce superoxide and
peroxide, a situation that could lead to substantial
perturbation of the concentrations of relevant species
at the sensor surface. Microdialysis glucose recovery
studies in subcutaneous adipose tissue of humans
over a period of 3 weeks suggest that the decreasing
inflammatory response over the first 10 days may
indeed lower the glucose concentration at the probe
surface.111 Moreover, because of the oxidative pro-
cesses occurring, the pH could be as low as 3.5-3.7.112

The third stage of the wound healing process
results in the formation of a fibrotic capsule around
the implant. This could potentially interfere seriously
with the delivery of analyte to the sensor surface.
Several groups are attempting to deal with this
problem by developing textured surfaces that encour-
age vascularization of the sensor surface and the
surrounding tissue, thus ensuring that the capillaries
can continue to deliver the glucose and oxygen
needed for proper sensor operation.113 This question
is of particular concern in the case of long-term
implants (several months or more).

The bulk properties of implant materials also have
to be considered. For example, leachates from the
sensor manufacture such as organic solvents or
reagents used in polymerization as well as media-
tors113 must be considered to be potentially toxic. For
long-term implants, the chemical stability of poly-
meric materials must also be considered.110 Further,

standard toxicology tests must be performed to
establish that the sensor is safe for implantation if
used in humans (Ames test (mutagenicity), dermal
allergenicity, cytotoxicity, intracutaneous irritation,
and test of necrosis). Sensors must also be prepared
under sterile conditions.

Despite the complexity of living systems and the
problems associated with in vivo measurements
using biosensors, significant progress has been made
in improving reliability and extending capabilities to
higher sensitivity and selectivity, and faster response
time.
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