
Critical guidelines for validation of
the selectivity of in-vivo chemical
microsensors
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Microsensors are miniaturized analytical devices for making in-situ
chemical measurements in biological systems with extraordinary temporal
resolution. Their most severe limitation is chemical selectivity. Here, we
suggest guidelines that can be applied to a range of in-vivo microsensor
applications for evaluation of analyte identification and improvement of
selectivity.
# 2003 Published by Elsevier B.V.
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1. Introduction

Our laboratory has developed carbon-
¢ber microelectrodes that serve as very
reliable sensors of dopamine and other
neurotransmitters. This electrochemical
technology permits chemical measure-
ments in the brain and is revolutionizing
the study of chemical signaling by allow-
ing measurements to be made in real
time. With such in-vivo microsensors,
the most severe limitation is their chemi-
cal selectivity, and our research has
developed ways to circumvent this short-
coming. This concern is common to all
sensors used in a biological environment.
Indeed, in 1988, a review of in-vivo vol-
tammetry listed criteria to aid the chemi-
cal identi¢cation of signals [1]. These
were the consensus of the views of 24
eminent investigators from the internat-
ional community. However, their use in
subsequent work has not been wide-
spread. As a result, there has been some
confusion in the literature when pub-
lished chemical signals have not been
adequately characterized. In the mean-
time, the number of microsensors has
broadened and there use has been exten-
ded into more complex environments
(e.g., the brains of behaving animals).
Here, we have reevaluated these original
principles in the context of current meth-
odology and experimental preparations
to develop guidelines that can be applied to
a rangeof in-vivomicrosensorapplications.
2. What is an in-vivo chemical
microsensor?

Microsensors are miniaturized analytical
devices for making chemical measure-
ments in biological systems. Because ana-
lyte separation and detection processes
are self-contained, in-situ recordings can
be made with extremely high temporal
resolution (seconds to microseconds [2]).
The majority of microsensors employ vol-
tammetry, on which we will focus. How-
ever, for the most part, the principles will
generalize to methodologies using other
detection schemes.
Voltammetric detection involves

measuring the current that arises when
a molecule changes its redox state. This
current is a result of charge transfer dur-
ing electron gain (reduction) or loss (oxi-
dation). When a potential is applied to an
electrode that is su⁄cient to drive one of
these transitions, the current is propor-
tional to the number of molecules electro-
lyzed (Fig. 1).
Conventionally, voltammetric micro-

sensors have been used to detect small
bioactivemolecules that are easily oxidized
(e.g., monoamine neurotransmitters) or
reduced (e.g., oxygen). However, newer
technology is emerging for the detection
of non-electroactive analytes using more
elaborate designs. These are typically
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biosensors that utilize a biological ‘‘recognition ele-
ment’’ (e.g., an enzyme) in their detection scheme. The
recognition element has substrate selectivity for the
analyte of interest, and is linked to a co-reaction
(‘‘transducer’’) which produces an electroactive species
that can be detected electrochemically (e.g., Fig. 2).
There are three commonly used potential waveforms

that are used to detect electroactive analytes with sub-
second time resolution. These are constant-potential
amperometry, high-speed chronoamperometry and
fast-scan cyclic voltammetry. They are most often used
with carbon electrodes, although several biosensors
incorporate noble-metal electrodes.
With constant-potential amperometry the electrode

is held continuously at a potential that is su⁄cient to
electrolyze the analyte of interest. The current provides
a continuous analog record of analyte di¡using to the
microsensor. In theory, its temporal resolution is lim-
ited only by di¡usion and electron-transfer kinetics,
although in practice it is also limited by data acquisition
and ¢ltering. This technique cannot resolve the chemi-
cal identity of the electroactive species.
Figure 1. Voltammetric detection of dopamine. When sufficient potential is applied to the electrode, dopamine is oxidized to dopamine-o-quinone,

donating two electrons that are detected as current. When the potential is returned, any dopamine-o-quinone remaining at the electrode surface is

reduced back to dopamine by accepting electrons, producing current in the opposite direction. In the example shown, the potential is applied by fast-scan
cyclic voltammetry. With this technique, the resultant current comprises time-resolved peaks that aid analyte identification. These measurements are

typically repeated several times per second.
Figure 2. Simplified representation of a biosensor detection scheme for

glucose [22]. When glucose is present, it is converted to gluconic acid
by glucose oxidase (GOx) that is immobilized on the electrode surface.

Secondary to this reaction is the production of the hydrogen peroxide

‘‘transducer’’ that is voltammetrically detected when it is oxidized at

the electrode.
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With high-speed chronoamperometry, the potential
is periodically stepped to a level that is su⁄cient to elec-
trolyze the analyte of interest, held for a ¢nite period
and then returned (i.e., a square wave). The ratio of
current during the cathodic step (reductive) to that on
the anodic step (oxidative) provides a degree of chemical
resolution. Although high-speed chronoamperometry
can perform at the sub-second time scale, its temporal
resolution is ultimately limited by the time required to
make discrete measurements.
With fast-scan cyclic voltammetry, the potential is

linearly ramped to a level that is su⁄cient to change the
redox state of the analyte of interest and back (i.e., a tri-
angular wave; Fig. 1). During the potential sweep, elec-
troactive compounds produce current peaks that are
separated in the time domain (and therefore voltage
domain) by di¡erences in their redox properties (formal
potential and electron-transfer kinetics) on a milli-
second timescale. Thus, fast-scan cyclic voltammetry
o¡ers much more chemical resolution. As with high-
speed chronoamperometry, its temporal resolution is
limited by the requirement to make discrete measure-
ments.
3. Selectivity requirement of a microsensor

The main goals in choosing a microsensor are that it
responds to the analyte on the desired timescale and
has preferential selectivity for it. Often, a compromise in
selectivity is made in favor of temporal resolution (or to
simplify data acquisition). The extent to which such a
compromise can be justi¢ed will depend on the like-
lihood of interference species being encountered by the
microsensor. This will ultimately be governed by the
source of the putative analyte as well as the micro-
environment around the probe.

3.1. Source of analyte
The con¢dence in identi¢cation of an analyte depends
on its source, so this should be considered when choos-
ing a microsensor. For example, when an electroactive
species is exogenously applied to the tissue near the
microsensor (e.g., iontophoretic application), it is
highly likely that the signal originates from this com-
pound, as long as secondary changes (e.g., pH changes)
can be excluded. However, to monitor changes in endo-
genous compounds, much more speci¢city is needed,
since many di¡erent compounds are likely changing in
concentration. Con¢dence in analyte identi¢cation is
greatest when its detection is linked to a stimulus,
which should be biologically speci¢c. For example, an
agent that causes release via binding to a speci¢c recep-
tor (e.g., nicotine) has more selectivity than a general
depolarizing agent (e.g., potassium). Likewise, elec-
trical stimulation of a neuronal pathway has more
selectivity than local stimulation. The greatest selectiv-
ity is required when endogenous compounds are intrin-
sically evoked (e.g., spontaneous or behaviorally
evoked release of a neurotransmitter). Under these con-
ditions, it is particularly important to carry out an
extensive characterization of the signal before attribut-
ing it to a speci¢c species.

3.2. Recordingmicroenvironment
Critical to the e¡ectiveness of detection of a microsensor
is the environment around it. When the microsensor is
to be implanted into a complex environment (e.g., in
tissue of a whole animal), it is essential that the probe
e⁄ciency is relatively insensitive to changes in the
environment and can resolve the analyte of interest
from these and other chemical changes that may take
place. For example, the sensitivity for voltammetrically
detected dopamine changes with Ca2+ concentration
[3], a concern that was eliminated by demonstrating
that Ca2+ changes were quite small during local elec-
trical stimulation [3,4]. The e⁄ciency of voltammetric
dopamine detection is not signi¢cantly a¡ected by
changes in temperature, pH or oxygen that may occur
under physiological or pathological conditions [5,6].
However, pH changes produce a competing signal at
the microsensor when using high-speed chron-
oamperometry [6] or fast-scan cyclic voltammetry [4]
(but not constant-potential amperometry; unpublished
observations). Therefore, it is important to test the abil-
ity of the microsensor to resolve pH from the analyte of
interest, particularly when initiating a study where the
microenvironment is not under tight experimenter
control. For example, we have shown that pH changes
are clearly discernible from dopamine using fast-scan
cyclic voltammetry [7].
Temperature £uctuations are a particular problem

for biosensors because the biological recognition ele-
ment component is almost certainly temperature
dependent. However, this issue can be minimized by
restricting di¡usion with a polymer [8]. This delays the
delivery of the analyte so that the rate-limiting step is
di¡usion rather than the biological recognition ele-
ment. Under these conditions, the e¡ect of physiological
temperature changes on the e⁄ciency of detection
should be less.
4. Evaluating and improving chemical
selectivity

With voltammetric detection, chemical selectivity can
be achieved by two means- selective sensitivity or
chemical resolution. For example, both constant-
potential amperometry and fast-scan cyclic voltam-
metry can selectively measure dopamine changes
during £uctuations in pH, but for di¡erent reasons.
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Constant-potential amperometry is relatively insen-
sitive to pH compared to dopamine, so it measures only
the change in dopamine (selective sensitivity). Con-
versely, fast-scan cyclic voltammetry detects changes
in pH, but these are electrochemically separated from
dopamine (chemical resolution). With all microsensors,
a complete characterization should be made of the
responses to the analyte of interest and a series of
compounds that may interfere in vivo.
Biosensors often have exquisite selectivity for the

primary analyte because of the speci¢city of the biologi-
cal recognition element. However, the secondary
process of detection of the transducer (e.g., H2O2)
may not be so selective, so it is during electrochemical
detection that interference is most likely.

4.1. Selective chemical sensitivity
Because current results from every type of molecule
that is electrolyzed, voltammetric detection is inher-
ently non-selective. However, several strategies have
been used to overcome this. Selectivity can be enhanced
by coating electrodes with ion-selective polymers, such
as Na¢on [9], which improves the selectivity for cation
analytes, since it allows the passage of cations to the
electrode while excluding anions and larger molecules.
Similar selective enhancement of sensitivity can be
achieved through adsorption [10]. This can be pro-
moted by electrochemical oxidation of the carbon sur-
face [11]. Selectivity has also been improved by
incorporating onto the electrode an enzyme that can
eliminate electroactive interference species [12].
There are a number of lesser-used voltammetric

techniques that utilize di¡erential measurement of
current at two potentials at the same electrode. For
example, di¡erential pulse amperometry uses a pre-
pulse potential that is not su⁄cient to electrolyze the
analyte, followed by another that is. Subtraction of the
current obtained at the ¢rst potential from that at the
second should, in principle, remove the interference
from species electrolyzed by the pre-pulse. An equiv-
alent di¡erential measurement can be made using fast-
scan cyclic voltammetry. Since the potential is linearly
scanned between two limits, the current at any poten-
tial in this range can be subtracted from that at any
other. For maximum versatility, this can be accom-
plished o¡-line with a computer. We have found this
particularly useful for removing pH interference from
dopamine measurements, thus increasing the selectiv-
ity for dopamine [7].
An important advance in the design of biosensors is

the use of a di¡erential measurement between two elec-
trodes [13]. The ‘‘self-referencing’’ technique uses one
biosensor with and one without a biological recogni-
tion element, thus allowing the removal of all non-
speci¢c current. For this strategy to work, the two
electrodes must be electrically and physically equiv-
alent (i.e., have the same bare electrode size and ¢lm
thickness of any polymer layer). This goal can be
achieved with the use of microfabrication techniques
[14]. Since there is a ¢nite spatial separation between
the two electrodes, it best suited to microenvironments
when the chemistry is spatially homogeneous at that
level.

4.2. Chemical resolution
Microsensors that respond to multiple analytes must be
capable of resolving them. With fast-scan cyclic vol-
tammetry, chemical resolution can be assessed using
the cyclic voltammogram. This current-voltage curve is
the ‘‘chemical signature’’ used for identi¢cation. Since
the position of the current peaks is a function of the for-
mal potential, electron-transfer kinetics and the rever-
sibility of the redox reaction, there can be separation of
competing analytes.
Traditionally, the cyclic voltammograms for di¡erent

species have been compared, and their discrimination
has relied on the investigator’s judgment. However, to
ensure objectivity, we compare cyclic voltammograms
of the analyte of interest and that of other compounds
with linear regression and obtain a correlation coe⁄-
cient. This provides a useful cut-o¡, above which one
can have con¢dence that the signal is not that speci¢c
contaminant. For example, if the dopamine metabolite,
DOPAC, achieves a correlation coe⁄cient of r2=0.5
versus dopamine in vitro, it is unlikely that an in-vivo
signal that attains r2=0.9 versus dopamine could be
attributable to DOPAC. Similar strategies can be
employed with the reduction^oxidation current ratio
obtained during high-speed chronoamperometry.
However, since there is only a single ratio, as opposed to
a series of peaks with cyclic voltammetry, high-speed
chronoamperometry is inherently less selective.
Constant-potential amperometry has no chemical

resolution among species where the redox states are
changed by the applied potential. However, one
approach has been to use fast-scan cyclic voltammetry
¢rst to identify a signal, and then to switch to constant-
potential amperometry (at the same electrode) [15].
This has the advantage of combining the superior
chemical resolution of fast-scan cyclic voltammetrywith
the microsecond time resolution of constant-potential
amperometry. Because electrochemical analyte identi-
¢cation can be accomplished only before (and possibly
after) the experiment, this approach can be used only
for signals that have been shown to be reproducible
throughout an experimental session (e.g., iontophore-
tic analyte application, electrically-evoked neuro-
transmitter release, or vesicular release from a single
cell). However, with behaviorally evoked signals,
reproducibility cannot be guaranteed from trial to trial
because habituation, learning, changes in the environ-
ment and perhaps even cognition can have an e¡ect,
Trends Trends in Analytical Chemistry, Vol. 22, No. 9, 2003
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and thus, this approach is not suitable for these types of
experiments.
5. Characterization of in-vivo signals

Once a suitable microsensor has been chosen and its
responses characterized, it is necessary to verify that in-
vivo signals do indeed re£ect extracellular changes in
the purported analyte. Electrochemical veri¢cation of
the signal is the most direct means of signal identi¢c-
ation, and therefore perhaps the most important. None-
theless, because this cannot provide unequivocal
selectivity, it is essential to corroborate the electro-
chemical information by indirect methods using
multiple criteria.
These criteria are intended to be applied to the in-vivo

signal of interest per se rather than a general character-
ization of the electrode (which should also be carried
out). Just because a microsensor can respond to a parti-
cular species, does not mean that all signals it detects
can be attributed to that species. If the signal of interest
is a chemical change in the brain during a lever-press
response for heroin, it is the signal during that behavior
that must be characterized. Likewise, every new signal
requires a new characterization. This can be tedious,
especially for behaviorally-evoked signals where
many behaviors may be studied, but is absolutely
imperative if the data are to be believable. For example,
if the signal when the animal presses the lever for
heroin can be characterized as dopamine, this does not
negate the requirement to characterize a signal for a
lever press for cocaine or food, or even a nose poke for
heroin.

5.1. Electrochemical veri¢cation
Current can arise frommultiple sources, including elec-
trolysis, double layer charging, movement artifacts,
and changes in tissue impedance. It is therefore critical
to demonstrate that the voltammetric signal is con-
sistent with the analyte of interest. The extent to which
analytes can be identi¢ed di¡ers between the detection
techniques (fast-scan cyclic voltammetry > high-speed
chronoamperometry > constant-potential ampero-
metry), therefore the level of con¢dence one places in
the assignment should re£ect this.
With fast-scan cyclic voltammetry, the cyclic voltam-

mogram of an in-vivo signal should attain a high correl-
ation coe⁄cient when compared to an in-vitro standard
of the purported analyte. In addition, it can be useful to
compare the cyclic voltammogram to another in-vivo
signal that is well-characterized as the analyte of
interest. This has the advantage that it allows the signal
to be evaluated against a standard that was obtained
at the same recording site (i.e., with the same electro-
lyte, tissue impedance and noise). We used this strategy
to provide evidence for sub-second changes of
dopamine in the nucleus accumbens during cocaine-
self-administration behavior by demonstrating that the
electrochemical signals had correlation coe⁄cients of
greater than r2=0.9 compared to signals obtained by
electrically stimulating dopaminergic neurons [16].
Likewise, with high-speed chronoamperometry, the
reduction-oxidation current ratio of an in-vivo signal
should be similar to an in- vitro standard of the
purported analyte and/or a well-characterized in-vivo
signal.
With constant-potential amperometry, it should be

demonstrated that the in-vivo signal can be abolished
when the electrode is held at a potential that is insu⁄-
cient to electrolyze the purported analyte. Ideally, sig-
nals will be electrochemically veri¢ed using fast-scan
cyclic voltammetry before and/or after the experiment
(see above). When using biosensors, the selectivity
should be tested by carrying out a control experiment
using an equivalent microsensor without the biological
recognition element present [17]. This could be a
second electrode on a multisite biosensor [13]. If there
is still signal present in the absence of the enzyme, and
this cannot be chemically resolved from the transducer,
the use of a multisite biosensor in di¡erential (self-
referencing) mode [13] should be considered. However,
when using a self-referencing biosensor, it should be
con¢rmed that there is indeed no signal when both
electrodes are devoid of enzyme.

5.2. Anatomical and physiological veri¢cation
Su⁄cient quantities of the purported analyte should be
present in the tissue where the recording is made. This
can easily be con¢rmed by tissue-content measure-
ments. In the case of a neurotransmitter, the recording
area should be innervated by cells that can release that
transmitter. This can be veri¢ed with post-mortem
histological methods for whole-animal experiments,
visually for slice experiments where the anatomy
is established or during tissue harvesting where
explanted tissue will be used.
In addition, the purported analyte should be capable

of changing concentration at the rates measured. This
can be estimated from the tissue content and the known
kinetics of the physiological processes involved. Where
spontaneous or behaviorally-evoked chemical changes
are being measured, the conceivable rate of con-
centration change can be veri¢ed by exogenously
evoking a change. For example, as proof of principle,
we have con¢rmed by electrically evoking dopamine
release that dopamine can rapidly change its con-
centration at the recording sites where we observe
rapid changes the electrochemical signal during
behavior [16,18,19]. Furthermore, the case will be
strengthened if there is additional corroborative
evidence for the purported chemical change to take
Trends in Analytical Chemistry, Vol. 22, No. 9, 2003 Trends
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place, such as electrophysiological data under equiva-
lent experimental conditions.

5.3. Pharmacological veri¢cation
The signal should respond to known pharmacology in a
predictable manner. Drugs particularly useful for such
investigations include inhibitors of synthesis, metabo-
lism, and storage. Enzymes have also been demon-
strated to be a useful. For example, in the detection of
ascorbate, ascorbate acid oxidase was used to eliminate
the signal [20].
When studying a behaviorally-evoked signal, global

alteration of that signal by systemic administration of
drugs would almost certainly change the very behavior
itself. Under these circumstances, drugs should be
applied locally, close to the recording electrode (e.g., by
iontophoresis). This should allow the desired alteration
of neurotransmission at the spatial level of the record-
ing without a signi¢cant disruption of behavior.

5.4. Independent chemical veri¢cation
To con¢rm the identi¢cation provided by the sensor, an
independent chemical analysis is important. This is
especially the case for microsensors or techniques with
little chemical selectivity. An example described above
is the use of fast-scan cyclic voltammetry with con-
stant-potential amperometric recordings made at the
same site. Another example is the use of a selective
adsorbent probe based on alumina to extract dopamine
from brain tissue adjacent to an electrode [21]. Such
chemical veri¢cation may be di⁄cult to achieve when
the chemical microsensor responds on rapid time scales
that are inaccessible to other techniques. For example,
a microdialysis sample is typically obtained over 5 min-
utes. This type of sampling will average out dopamine
£uctuations seen on a sub-second time scale with
voltammetry.
6. Conclusions

In order to make reliable measurements with in-vivo
chemical microsensors, a number of steps are neces-
sary. Great care should be placed in choosing a micro-
sensor that not only can perform on the desired
timescale, but also has su⁄cient selectivity for the ana-
lyte of interest for the speci¢c experimental conditions.
This selectivity should be con¢rmed by in-vitro char-
acterization of the microsensor with the analyte of
interest and other species that could interfere in vivo.
When a microsensor is used experimentally, it should

be used in a region where there is circumstantial (ana-
tomical and physiological) evidence for the presence of
the analyte of interest, and the electrochemical signal
should be consistent with this species. There should
also be independent corroborative evidence for the
signals seen, gained with alternative technology.
Finally, the signal should be characterized by appro-
priate pharmacological intervention.
Once all of these steps are taken to avoid erroneous

identi¢cation of analytes, the bene¢ts of in-vivo chemi-
cal microsensors can be enjoyed to their full.
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