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Introduction
This review gives an overview of electrochemical sensor research for the calendar years 2004
and 2005. References were collected by topic and author searches using databases such as ACS
SciFinder. Since searches with sensor-related keywords are normally not as meaningful
because of the vast use of the term sensor in the chemical sciences, we also manually skimmed
through tables of contents of journals to identify key publications. Unfortunately, the limit of
200 references made it impossible to comprehensively cover the entire field of electrochemical
sensors. Instead, emphasis was on fundamental advances of sensing principles, materials and
characteristics. Only original and review articles published in widely available journals written
in English were considered. Patents, book chapters or book serials were omitted for this review.
Applications, including electronic tongues and noses, are not covered here either to give more
room for fundamental advances.

Today, electrochemical sensors are tightly integrated and hyphenated with sampling, fluidic
handling, separation and other detection principles. Unfortunately, this review does not has
sufficient room to cover these topics, and a reader should keep in mind that the topic of
electrochemical sensors is relatively mature and has found its way into commercial products
and advanced integrated sensing systems. Again, the focus here was on the reporting of
fundamental advances, not so much on fabrication, integration and hyphenation.

As in past years, we have organized this review by topic, in the order of potentiometric,
voltammetric and gas sensors as well as reference electrodes that generally avoid the use of
biological recognition elements, followed by electrochemical biosensors including affinity
sensing principles. It should be emphasized that many such biosensors are not sensors in the
strict sense, as their response behavior is often not reversible.

Please keep in mind that this is a subjective collection of publications. Given the rather vast
and active field of electrochemical sensor research, it is inevitable that this review gives an
incomplete account of the status of the field. The authors apologize in advance for any possible
oversights of important contributions, as they are bound to have occurred. Nonetheless, it
should give the reader a snapshot of current activity in this important field, and hopefully will
provide motivation for further work on the understanding and development of chemical
sensors.
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Potentiometric Sensors
Reviews

Wroblewski et al. published a review on the design and performance of miniaturized chemical
sensors based on silicon transducers (30 references).1 The groups of Cha and Nam gave a
review on their efforts to design ionophores based on molecular tweezer shapes, especially to
recognize carbonate, calcium, silver and other ions (42 references).2 The article also describes
new ionophores not reported before. In line with his earlier critical examination of the practical
determination of potentiometric sensor selectivity, Macca reviewed the current and previous
IUPAC recommendations on how the response time of ion-selective electrodes (ISEs) should
be reported and showed that most authors are not complying with them (72 references).3 There
have been numerous debates in the past about the exact response mechanism of ion-selective
electrodes. A review summarized the applicability of the rather intuitive so-called phase
boundary potential model, with many literature examples (119 references).4 Another review
mainly aimed at the more general analytical chemistry community and published in a special
issue on trace level analysis, outlined the current state of the art of potentiometric sensors for
measurements at trace levels (64 references).5

ISEs: New Mechanisms, Unusual Analytes
Solvent polymeric ion-selective electrodes tend to be insensitive to localized surface adsorption
phenomena because their response mechanism is governed by the thermodynamics of ion
extraction. Muslinkina and Pretsch showed that the surface active concanavilin A can be
detected without labeling by binding to a stearyl-b-d-glucopyranoside layer adsorbed onto an
ion-selective membrane.6 This was accomplished with electrochemical impedance
spectroscopy and with non-equilibrium potentiometry, where the membrane is interrogated
upon concentration polarizing the Nernst diffusion layer. In a related approach, Xu et al. were
able to monitor the surface adsorption of electrically neutral surfactant Brij35 onto ion-selective
membranes by a pulsed galvanostatic approach where sample ions are also depleted in the
Nernst diffusion layer. Here, however, this process is instrumentally controlled and leads to
reversible sensor signals (see also Voltammetry: ITIES).7

Non-equilibrium potentiometry is a promising technique that widens possible applications of
ion-selective electrodes. Historically, however, steady-state concentration gradients across
ion-selective membranes have been too slow to establish across such membranes and resulted
in potential drifts. Tompa et al. showed that thin ion-selective supported liquid membranes
may reach steady-state in a matter of seconds.8 Interestingly, concentration changes at the inner
membrane side had an immediate effect on the transmembrane ion fluxes, which could lead to
sensor applications where calibration is performed at the inner side of the membrane without
perturbing the sample.

Meyerhoff and co-workers explored the potentiometric response of
dinonylnaphthalenesulfonate doped polyurethane membranes to cationic dendrimers.9 While
the response mechanism is analogous to that of previously reported polycation-selective
membranes, it is notable that different dendrimeric generations gave essentially the same
equilibrium potential change, but shifted the non-equilibrium response at short measuring times
to lower concentrations down to 5 nM in agreement with the increase in dendrimer charge.

Yong-Yuan Chen and coworkers proposed a potentiometric sensor for ascorbic acid on the
basis of cobalt phthalocyanine nanoparticles directly coated on a glassy carbon electrode by
drop caoting.10 The authors explained the selective and rapid response to ascorbic acid on the
basis of the redox potential, with cobalt acting as the mediator.
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ISEs: Materials, Ionophores, Ion-Exchangers
The introduction of new ion recognition chemistries has historically been at the heart of ion-
selective electrode research, and remains to be important today. Egorov and co-workers found
that the replacement of a long chain alkyl substituent at the nitrogen atom of quaternary
ammonium salts by a methyl group may drastically improve the ion-selectivity of
corresponding ISEs towards divalent ions.11 Such selectivity tunability on the basis of the ion-
exchanger alone has often been overlooked in the past.

In related work, Alaviuhkola et al. synthesized five different aromatic borate anions to be used
as ion-recognition sites in ISEs for the detection of aromatic cations on the basis of π–π
interactions.12 While the selectivity differences among various ion-exchangers amounted to
about one order of magnitude, the results show again that the structure of the ion-exchanger
may play a significant role in the ion recognition process if no other ionophore is present in
the membrane.

Many papers dealt with the design and characterization of anion-selective receptors,
traditionally a more difficult task than sensors for cations. Gorski et al. reported that Zirconium
(IV)-salophens exhibit very high fluoride selectivity over most lipophilic anions including
perchlorate.13 Membranes contained a lipophilic cation-exchanger, suggesting a so-called
charged carrier mechanism, and functioned for about 2 weeks.

Zirconium(IV)tetraphenylporphyrins were studied by Yuchi and co-workers who found by
UV-Vis spectroscopy that the hydroxide-bridged dimerization equilibrium of this compound
in the membrane depends on the concentration and nature of the contacting solution.14 A strong
preference for acetate or citrate anions was found in select cases, although with significant
super-Nernstian response slopes.

Since dimerization reactions of metalloporphyrins are often the source for undesired super-
Nernstian response slopes (usually accompanied by sluggish response times) and short
lifetimes because of precipitation, Qin and Bakker proposed to covalently attach two different
In(III) porphyrin derivatives to alleviate this problem.15 The resulting membranes indeed
showed no evidence for dimer formation and showed Nernstian response slopes to chloride
ions, although the measuring range was now limited to lower concentrations because of the
increased effective complex formation constant of the ionophore.

Ortuño et al. explored tris(2-aminoethyl)amine as an ionophore for the recognition of nitrate
in ISEs.16 While it appears questionable that the control experiment without ionophore
exihibited virtually no anion response characteristics and the ionophore has limited
lipophilicity, the nitrate selectivity appeared to improve about 10-fold relative to conventional
ISEs.

Le Goff et al. covalently attached a derivative of the phosphate-selective ionophore 3-
decyl-1,5,8-triazacyclodecane-2,4-dione, originally developed by Carey and Riggan, to a
crosslinked polystyrene-block-polybutadiene-block-polystyrene polymer for improved
durability.17 Long-term stability was improved to about 40 d with an attractive ion selectivity
that was similar to that of a membrane containing freely dissolved ionophore.

Boswell and Buhlmann reported on the use of fluorous phases as a novel class of sensing
materials for ISEs.18 Since such materials are known to exhibit negligible extraction of many
potential interferences they bear great promise for this research field. Of course, all active
sensing ingredients must be made compatible with this sensing matrix, which demands a
significant synthetic effort. This paper already demonstrates that cation-exchanger based
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membranes are fully functional and show exceptionally wide selectivity ranges that cannot be
achieved with other sensing materials.

While sol-gel matrices have mainly been used in biosensor applications because of their
encapsulation properties, they are also being explored as ion-selective electrode materials. Park
and co-workers encapsulated the traditional carbonate ionophore trifluoroacetyl-p-
decylbenzene together with a lipophilic anion-exchanger into a sol-gel matrix prepared from
the precursors (3-isocyanopropyl)-triethoxysilane and hexadecyltrimethoxysilane.19

Suprisingly, the resulting carbonate selectivities were significantly improved relative to PVC
membranes containing the same receptor, which the authors attributed to the increased
hydrophilicity of the sol-gel matrix. In an effort to improve durability and biocompatibility
Marxer and Schoenfisch reported on sol-gel based pH sensors containing covalently atached
amine functionalities.20 Potentiometric response characteristics were attractive, and the
authors demonstrated a reduced level of platelet adhesion relative to traditional sensing
matrices.

The groups of Cha and Nam also demonstrated that previously reported chloride sensors based
on simple expoxy resins cured with polyamine-type hardeners, effectively forming anion-
exchanger sites, can be successfully used for chloride measurements in physiological samples
including whole blood.21 The chloride selectivities are significantly improved relative to
traditional ion-exchanger based systems, especially over lipophilic interferences.

Neutral red electropolymerized onto platinum electrodes was studied spectroscopically and
potentiometrically, and an unusual deviation from a linear pH response slope was observed
when carboxylic acids were present in the sample.22 Consequently, the authors found that such
electrodes showed remarkable selectivity to citrate over many other carboxylic anions,
sufficient for successful citrate determinations in soft drinks.

While potentiometric sensors with so-called solid inner contacts at the back side of the ion-
selective membrane have been known for many years, research on these systems have
experienced a resurgence. Some of this is attributed to the quest of achieving low detection
limits (see there), but much of this research is driven for the need for durable and maintenance-
free sensors that can be mass produced.

Lindfors and Ivaska offered a critical look at the stability of polyaniline solid contact layers
for use in potassium-selective electrodes by UV-Vis, cyclic voltammetry and open circuit
potentiometry.23 While the sensing membrane appears to hinder the emeraldine salt–
emeraldine conversion of the conducting polymer, the water uptake of the inner film was
probably responsible for significant long-term potential drifts (see also24).

An all-solid-contact chloride sensor was reported on the basis of a mixture of lipophilic
conducting polymer poly(3-octylthiophene), a highly lipophilic anion-exchanger
trihexadecylmethylammonium chloride for improved durability, PVC and plasticizer,
deposited onto a glassy carbon disk electrode.25 The electrode showed acceptable long term
stability with sufficient durability for practical use. The group of Ivaska also characterized the
sensing properties of undoped poly(3-octylthiophene) itself, without covering ion-selective
membrane, and found a preference for silver ions with Nernstian response slopes, even for
undoped polymer films, and no evidence for polymer oxidation by silver ions.26 This again
suggests that POT is resistant to oxidation, which, together with its lipophilic character makes
it an attractive candidate for solid contact ISEs as supported also by other works discussed in
this review. Brzozka and Malinowska and co-workers studied various ferrocene terminated
disulfide self-assembled monolayers on gold as solid inner contact systems, and long term
stabilities with phenyl-spaced derivatives compared favorable to hydrogel inner contact
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systems.27 For this purpose, oxygen, carbon dioxide and water layer tests were critically
performed and a drastic improvement was observed compared to bare gold underlayers.

Chaniotakis and coworkers explored the use of gallium nitride semiconductor materials for
potentiometric anion sensors.28 Here, anion recognition is based on adsorption processes on
the gallium face of the (0001) GaN crystal in analogy to early work on CdS based membranes,
but unfortunately the reported ion selectivities were not impressive.

ISEs: Lowering Detection Limits
The discovery that ion-selective electrodes may reach detection limits orders of magnitude
lower than previously believed continues to fuel this chemical sensor field. Most research
appears now to focus on solid-contact ion-selective electrodes and other sensing configurations
where the inner solution at the backside of the membrane is either absent or not relevant to the
practical performance characteristics of the electrode. This is important because it eliminates
tedious optimization steps that were necessary for previous configurations.

Among many other papers, Michalska and co-workers studied calcium-selective electrodes
with a poly(pyrrole) solid contact that was doped with the complex ligand Tiron, and a sub-
nanomolar detection limit was reported after exploring various conditioning protocols.29

Electrode drifts and repeatabilities were also critically evaluated and found to deteriorate
somewhat with increased sample dilution. In other work, Michalska and Maksymiuk used a
galvanostatic polarization step on the final electrode assembly containing either poly(pyrrole),
poly(N-methylpyrrole) and poly(3,4ethelenedioxythiophene) as conducting polymer solid
contact before measurement.30 This was reportedly done to compensate for the spontaneous
charging/discharging reaction of the conducting polymer, which is accompanied by an
undesired transport of ions across the membrane.

Sutter et al., on the other hand, used poly(pyrrole) by electropolymerizing it with a redox buffer,
potassium hexacyanoferrate(II)/(III) on platinum to fabricate lead(II)-selective electrodes with
nanomolar detection limits without such a galvanostatic preconditioning step.24 The authors
performed reconditioning steps on their electrodes that helped them eliminate an undesired
water layer between membrane and solid contact. The resulting electrodes were virtually free
of long-term drifts, suggesting that such water layers, rather than spontaneous discharge
reaction of the polymer, may be responsible for long term instabilities. The same group then
reported on solid-contact ion-selective electrodes with nanomolar detection limits for lead(II)
by using poly(octylthiophene) as a more lipophilic and less oxidizable conducting polymer in
conjunction with methylmethacrylate–decylmethacrylate ion-selective membranes.31 This
polymer shows drastically reduced diffusion coefficients and improved adhesion compared to
classical plasticized PVC. This combination allowed the authors to avoid the use of any water
soluble mediator, such as Triton or hexacyanoferrate, thereby making these systems even more
robust and practically applicable. Michalska and co-workers also found that the use of
methacrylic/acrylic polymers with lower diffusion coefficients decreased the detection limit
of solid-contact potassium-selective electrodes.32

The influence of the inner solution composition on the detection limit of ion-selective
electrodes was also eliminated by covalent attachment of the ionophore. Püntener et al.
synthesized a derivative of the lead(II)-selective ionophore 4-tert-butylcalix[4] arene-tetrakis
(N,N′-dimethylthioacetamide) and copolymerized it to form a polyurethane membrane.33 A
nanomolar detection limit was found that was much less influenced by the composition of the
inner solution than classical membranes containing freely dissolved ionophores.

Poly(styrene-co-divinylbenzene) based monolithic columns ordinarily used for liquid
chromatography were introduced as ion-selective membrane materials after doping them with
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plasticizer, ionophore and ion-exchanger for the construction of calcium, silver and sodium-
selective electrodes for low detection limit measurements.34 The detection limits (1–10 nM)
did not depend on the inner solution composition because of the long diffusion distance
between outer and inner sides and the low porosity of the capillaries, making this a very
promising alternative to solid contact based systems.

The time-dependent concentration profiles and corresponding cell potentials of ion-selective
membranes at or near detection limit and containing an aqueous inner solution were described
by a numerical approximation.35 This work helped understand the time scale upon which
steady-state is reached across the membrane, required conditioning times for optimum
measuring characteristics, and practical response times and drifts.

In view of lowering the detection limit of silver-selective membranes, Nam and co-workers
reported on the synthesis and characterization of 12 new tweezer-type ionophores based on
steroid backbones containing dithiocarbamoyl moieties.36 The interferences by mercury ions
were carefully evaluated and the best membranes were reported to exhibit sub-nanomolar
detection limits. The group of Malinowska also characterized silver-selective ionophores, 16-
membered azothia- and azoxythiacrown ethers, with attractive selectivities, although the
achieved detection limits were not as low.37

ISEs: Characterizations, Spectroscopic Studies
Gyurcsanyi and Lindner offered an experimental approach to the characterization of
transmembrane ion fluxes in view of lowering the detection limit with so-called
spectroelectrochemical microscopy.38 While similar imaging experiments had been described
before, including the use of electrochemical perturbation, this paper offers systematic insight
into membranes with imposed transmembrane currents. Subsequently, Langmaier and Lindner
showed with this technique that some phenoxazine dyes (nile blue derivatives) so widely used
in optical sensors and polymeric pH electrodes may photochemically decompose easily under
certain conditions that were not studied earlier.39

Since diffusion coefficients in the membrane phase have an important impact on the attainable
detection limit of the resulting potentiometric sensors, they were studied experimentally in
more detail. Long and Bakker monitored the backdiffusion of dye into a previously
photobleached spot on the membrane to quantify the diffusion coefficients in materials
containing a variety of plasticizer/PVC ratios and added inert lipophilic electrolyte.40 The
results agreed with earlier data. Heng, Toth and Hall determined apparent diffusion coefficients
from optical sensor response experiments for methacrylic-acrylic sensing matrices, and found
that they were orders of magnitude smaller than for plasticized PVC.41 This result was
subsequently used to fabricate ISEs with lower detection limits (see above).

Established ISE theory regards ion-selective membranes as homogeneous systems. The group
of Buhlmann used dark field visible microscopy and FTIR microspectroscopy to study
membranes where self-aggregation takes place. Results were used to explain drastic differences
in the response behavior of sulfate selective electrodes containing structurally similar
derivatives of bisthiourea ionophores.42

Pejcic and De Marco use a range of surface analysis techniques to understand aging processes
of a variety of chalcogenide based ISEs. In one example, a combination of XPS, SEM and
electrochemical impedance analysis was used on mercury-selective electrodes based on the
chalcogenide AgBr-Ag2S–As2S3-HgI2.43 The complementary techniques revealed
photooxidation, hydration and arsenic depletion and surface adsorption of mercury and variety
of halides.

Bakker and Qin Page 6

Anal Chem. Author manuscript; available in PMC 2010 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Reference Electrodes
The reference electrode is an integral part of an electrochemical measurement, and efforts in
miniaturization and simplification of electrochemical measuring systems often fail because of
the need of large electrolyte reservoirs and liquid junctions. While research on new reference
electrodes has been limited to a few papers, there has been renewed interest compared to
previous years.

The group of Lewenstam introduced a conducting polymer with pH buffering ligands as a new
reference electrode concept.44 The systems appear to work quite well, especially at
physiological pH. While the mechanism is not completely understood at this stage, the
reference electrode appears to at least partly act as a self-buffering system. As the pH buffer
partitions from the polymer film into the sample may maintain a local pH that is independent
of the sample pH in a certain range.

Maksymiuk and co-workers also used conducting polymers to construct reference electrodes.
45 In one approach, conducting polymers were fabricated to exhibit no ion-exchange properties.
In agreement with theoretical expectations, the resulting open circuit potentials were
independent of electrolyte concentration, but dependent on the nature of the electrolyte. To
also suppress redox interferences, a pseudo-reference electrode was constructed by covering
such polymers with PVC films that contained excess of potassium chloride, and the resulting
potentiometric behavior was convincing.

Ha et al. used polymeric junction membrane on the basis of cellulose acetate and polyurethane
to solid state reference electrodes that can in principle be mass produced.46 While there were
no new chemical principles reported, the design offers good adhesion, hydration from the
outside sample within 100 s, and a useful lifetime of up to 90 min.

Lowy and coworkers characterized a previously reported miniaturized reference electrode
based on a silver sulfide inner reference element embedded into an acrylic copolymer matrix
for use in biological and organic media.47 The polymeric intermediate layer appears to
essentially eliminate the electrode slope of the inner reference element to either silver and
sulfide, but no convincing explanations were given here for this behavior.

A microtubular hydrogen electrode was proposed by Kunimatsu et al. as a miniaturized
replacement of the traditional hydrogen electrode,48 but the electrode was found to only
function in contact with acidic solutions.

Voltammetric Sensors
Reviews

The group of Bond made a strong case that the time honored representations of electrochemical
waveforms may be easily Fourier transformed for a presentation in the frequency domain (24
references).49 This allows one to reduce interferences and to separate Faradaic from
background currents, for instance.

Umezawa and coworkers reviewed the design of ion channel sensors based on artificial
receptors (30 references).50 Most of these sensor concepts rely on a redox marker present in
solution that is denied access to the electrode surface upon binding of the substrate to a surface-
confined receptor.

Amatore and Maisonhaute elaborated in a thoughtful review about the experimental challenges
involved with submicrosecond time scale measurements (34 references).51 The problems
associated with the ohmic drop are discussed, along with strategies to perform ohmic drop
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compensation, followed by specific examples that include long range electron transfer
reactions. Some reviews described the use and application of new materials. Note that a number
of book series include or are devoted to the electrochemistry of modified diamond electrodes,
which are not cited here. As part of an award account, Niwa reviewed the electroanalytical
utility of carbon film electrodes, including micro and nanostructured ones (84 references).52
He stresses that such films possess a wider potential window than metal electrodes, are less
prone to adsorption processes, can be fabricated into microarray electrodes and can achieve
low detection limits. Economou gave a critical look at bismuth-film electrodes, materials that
have the promise to replace mercury based electrodes (34 references).53 They are attractive
mainly because of their low toxicity and partial insensitivity to dissolved oxygen, and are well
suited for stripping analysis. Their only main drawback appears to be their limited anodic range.
Walcarius described the impact of mesoporous silica-based materials, which have similar
sieving characteristics as zeolites, on electrochemistry (145 references).54 Such materials are
attractive because of their highly ordered structure and very high specific surface area and their
ease of functionalization. The authors give examples, including stripping analysis,
electrocatalysis, bioelectrochemistry and gas sensors. Zen and Kumar reviewed clay mineral
electrodes for chemical sensor applications (43 references).55 The authors describe the
preparation, key characteristics, and a number of practical examples, including stripping
analysis and enzyme biosensor development. Molecularly imprinted polymer films for
electrochemical sensors, mostly their own work, were reviewed by Blanco-Lopez et al. (35
references).56 Four different designs were compared: electrogenerated polymer films, drop
coated films, composite acrylic PVC films and spin coated acrylic films.

Town and van Leeuwen comparatively evaluated various modes of stripping
chronopotentiometry for trace level speciation analysis (66 references).57 The authors stress
the advantages of depletive stripping potentiometry at scanned deposition potential, which
including greater resolution and, in some cases, improved selectivity, and include some theory.
Hanrahan et al. reviewed the design, development and applications of electrochemical sensors
for environmental monitoring (71 references).58 This review touched only briefly on the
operational principles and mainly emhasized a variety of in-situ measurement examples.
Trojanowicz and Wcislo summarized progress in the design of enantioselective sensors and
biosensors, starting with the initial beginnings some 25 years ago.59 This review encompasses
the description of a variety of materials and transduction principles, including molecularly
imprinted polymers, immunosensors, enzyme biosensors, and ion-selective electrodes.

Samec et al. reviewed progress of realizing amperometric ion sensors on the basis of ion
amperometry at the interface between two immiscible electrolyte solutions (105 references).
60 The authors emphasize that the technology may now be sufficiently mature for routine use
and possible commercialization, and describe multi-analyte detection and sensors for a number
of non-electroactive ions and polyions.

The group of Hauser wrote a review with 95 references on amperometric sensors for gaseous
electroactive analytes where the measurement takes place at the contact zone between gaseous
sample, electrolyte and solid electrode.61 A number of new developments have appeared in
recent years, and sensors for SO2, NOx, O3, CO, formaldehyde, ethanol and other gases have
been fabricated.

Ion Transfer Voltammetry
This area of research experiences renewed activity and has moved even closer from the
fundamental studies at the interface of two immiscible electrolyte solutions (ITIES) to useful
chemical sensors. Kihara and coworkers reported on the coulometric detection of ions such as
potassium, magnesium and calcium by using a flow cell that operates on the principles of ion
transfer voltammetry.62 Each ion was detected separately within 40-s by passing through a
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porous Teflon tube with inserted silver wire and quantitative transfer into a contacting organic
solution containing the counter electrode and a suitable ionophore. This exciting paper has
implications for calibration-free ion detection as well as quantitative removal of unwanted
interferences for a number of applications.

Shao and coworkers showed that dopamine can be detected voltammetrically by transfer into
a 1,2-dichloroethane phase doped with a variety of crown ethers, with a detection limit down
to 50 nM when measured with differential pulse voltammetry.63 The key motivation for ion
transfer voltammetry is the lack of interference by ascorbic acid, which is a problem with other
electrochemical techniques.

Yuan and Amemiya used cyclic voltammetry and chronoamperometry at micropipettes
containing dichloroethane and dinonylnaphthalenesulfonate to detect the polycation
protamine, an antidote for the blood anticoagulant heparin.64 The key advantage of this
technique over zero current potentiometry appears to be its improved reversibility, and the
possibility of direct protamine detection without having to rely on competing sodium ions.
This paper was mainly of mechanistic nature, evaluating the complex stoichiometry and
explaining the nature of protamine extraction on the basis of an adsorption/transfer model. In
a related effort, the same research group described the voltammetric detection of the
anticoagulant polyanion heparin at similarly configured micropipettes, with
octadecyltrimethylammonium as the heparin recognizing reagent in the organic phase.65

Fundamental studies suggested that polyion adsorption, rather than complete transfer was the
relevant mode of detection and a voltammetric stripping analysis technique was developed to
detect heparin down to 0.01 units per mL. This is a somewhat puzzling conclusion since earlier,
analogous ion-selective electrodes were confirmed to exhibit heparin transport across the bulk
of the membrane. Whole blood experiments were also demonstrated successfully with the
technique.

Shvarev and Bakker characterized a previously reported pulsed galvanostatic technique for the
reversible detection of the polycation protamine.66 Unlike the system mentioned above, an
imposed current pulse forces the extraction of protamine and sodium ions into the membrane
in analogy to zero current potentiometric sensors, but exhibits sensor reversibility because of
an intermittent baseline potential pulse that is applied. This paper demonstrates the utility of
this sensor for the detection of heparin in undiluted whole blood via heparin–protamine
titration. Makarychev-Mikhailov et al. extended on this technique by introducing a zero current
measurement pulse between the current and baseline potential pulse.67 Ion-selective
membranes interrogated with this triple pulse technique are termed pulstrodes and allow one
to separate the ion extraction from the measurement step, thereby eliminating the undesired iR
drop. It was applied to the super-sensitive detection of silver ions with up to 20-fold increased
electrode slopes.

Traditionally, sensors based on ion transfer voltammetry are thought to respond linearly to
concentration changes, while signals of the corresponding potentiometric sensors depend on
logarithmic concentrations. This apparent contradiction was revisited by Sutter et al. with a
thorough theoretical explanation and corresponding experimental results,68 explaining that the
exact relationship depends on the nature of the kinetic limitation.

Voltammetric Sensors: Spectroelectrochemical Sensors, Coupled Selectivity,
Chemometrics, Heated Electrodes

Voltammetric technique generally only reach low detection limits in combination with an
accumulation or catalytic step. Potentiometric sensors, in contrast, are today capable of sub-
nanomolar detection limits (see above). In response, so-called programmed potential sweep
voltammetry was introduced by Yoo and Park to decrease the detection limit to sub-nanomolar
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levels.69 The technique involves using an input waveform that results in a greatly diminished
background current in the potential region of interest, and was applied to the measurement of
dopamine with an estimated detection limit of 127 pM. A possible challenge of this interesting
technique is the requirement of prior knowledge of the background signal, which may be
problematic in the measurement of unknown samples.

Voltammetric sensors have been coupled to other detection/recognition principles in order to
achieve a higher dimensionality of the device. Of course, this approach is very well established
in Analytical Chemistry to couple, for instance, separation systems with chemical detectors
that possess some type of selectivity. Electrophoresis separation with electrochemical detection
really is in the a realm of electroanalysis, and so are many others. This review, however, focuses
on distinct sensing principles and cannot possibly cover the countless hyphenation examples
reported in the literature that involve electrochemical principles as well.

The group of Heineman has continued its work on spectroelectrochemical sensing based on
such hyphenated detection techniques, often combining selective recognition, cyclic
voltammetric analyte turnover, and optical detection. In one recent paper, this group reported
on the use of 2,9-dimethyl-1,10-phenanthroline embedded in a Nafion-SiO2 composite film
coated onto an indium tin oxide transparent electrode to induce an electrochemically mediated
ligand exchange reaction for copper ethylenediamine complexes in the sample.70 This reaction
was modulated by cyclic voltammetry and resulted in a large optical response of the sensor.
This group has also reported on attenuated total internal reflectance spectroscopic detection of
stripping voltammetry of metals such as lead and mercury.71 The optical rather than
electrochemical detection results in less than optimal detection limits (2.5 × 10-7 M), but allows
for convenient multianalyte detection and the presence of oxygen in the sample.

Buffle and coworkers had previously reported on permeation liquid membrane coupled with
optical or electrochemical detection in the receiving solution for the design of sensing systems
with orthogonal selectivity. In recent work, Salauen and Buffle described a theoretical
description of such systems, based on steady-state considerations but taking into account the
geometry of the cell.72 Predictions with this theory were successfully applied to experimental
results for lead and cadmium detection in non-complexing media.

Wiyaratn et al. described a simple but highly sensitive electrochemical collector-generator
process to detect organohalides with a 0.1 nM detection limit.73 Analyte electrolysis and release
of halide ions was achieved at a first Zn/PTFE composite working electrode, followed by the
detection of the released halides at a second silver working electrode by cathodic stripping
voltammetry. The continuous collection of electrolysis product at the second electrode for a
period of 600-s was responsible for the low detection limit. This work was followed by the
synthesis of a Pt-Zn porphyrin nanocomposite material, which was stabilized in Nafion
membranes and used on glassy carbon electrodes as catalytic material for the detection of
organohalides, including chloroform, carbontetrachloride, chlorobenzene and others.74

Measuring ranges were observed from 0.5 to 10 µM, making this a promising material. Since
a number of years, chemometrics is playing an increasing role to enhance the dimensionality
of analytical data. Morena et al. used differential pulse voltammetry at a platinum electrode,
which is normally used as a detection method after chromatographic separation, coupled with
multivariate calibration methods to differentiate the voltammetric waves, and were able to
simultaneously detect the amino acids tryptophan, cysteine and tyrosine.75 The method was
successfully applied to the analysis of oxidizable amino acids in feed samples.

The group of Wightman has done important work to devise fast scan voltammetric sensors for
the detection of neurotranmitters such as dopamine. In a recent paper, they applied principal
component analysis to resolve different neutrotransmitters from cyclic voltammetric data that
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would ordinarily overlap electrochemically.76 Five principal components were found to be
relevant from a 30 scan calibration set, and successfully applied to the identification and
quantitation of unknowns if up to two 2 neurotransmitters were present.

Bond and coworkers demonstrated the use of large-amplitude fourier transformed high-
harmonic alternating current cyclic voltammetry to discriminate against capacitive background
currents, separate reversible from overlapping irreversible processes and the kinetic resolution
of reversible electrochemical processes.77

The direct electrochemical detection of NADH can be difficult because adsorption and
polymerization processes can lead to electrode deactivation and fouling. Lau et al. solved this
problem by using heated platinum electrodes, representing the first example of using localized
electrode heating to minimize surface fouling effects.78

Elevated temperatures were also used by Zen et al. to improve peak separation in mixtures of
dopamine and uric acid, and to suppress ascorbic acid as well (also note the ion transfer
voltammetry work cited above to eliminate ascorbic acid interference).79 In this work,
however, the entire sample was heated to the desired temperature (50 C), which appears to be
a less elegant approach.

Clark and Fritsch explored to effect of magnetohydrodynamics on anodic stripping
voltammetry.80 When excess mercury(II) was added to the sample during deposition of various
metal ions, the Lorentz force increased the convection and hence resulted in up to 130% peak
current enhancements.

The group of Compton found that the application of a low frequency sound during the
deposition step decreased the detection limit for arsenic hundred-fold in square wave anodic
stripping voltammetry, also by enhancing mass transport.81 The low frequency sound was
found to be attractive in view of miniaturizing the system.

In an interesting variation on this general theme, Weber and Messerschmidt found that stirring
the sample during the stripping step gave an order of magnitude lower detection limits for the
adsorptive stripping voltammetric detection of platinum (0.2 pg in a 15 mL sample).82 The
enhancement was much less pronounced for other metals and was chiefly explained by the
convective enhancement of the catalytic hydrogen process during the stripping process.

Voltammetric Sensors: Materials
The concept of molecularly imprinted polymers (MIPs) continues to fascinate researchers
because of its intuitive beauty, ruggedness and versatility. While most research in this direction
is targeted to the design of chromatographic stationary phases, their use in electrochemical
sensors is expanding for electroactive analytes. In convincing work, the group of Mandler
explored sol-gel polymers imprinted with the organophosphate pesticide parathion and
performed gas phase and liquid phase partitioning experiments as well as cyclic voltammetric
studies.83 Imprinted films showed a more than 10-fold increased equilibrium binding over non-
imprinted polymers, and discriminated well against a range of other structurally similar
organophosphates.

Guoli Shen and coworkers reported on the covalent molecular imprinting of p-phtahlic acid
(as a template for the noncovalent interaction with p-hydroquinone) into a TiO2 network on a
graphitic electrode.84 Cyclic voltammetry and infrared spectroscopy revealed a roughly
thousand-fold apparent binding constant enhancement on the basis of the imprinting process.
In a special volume of Analytica Chimica Acta devoted to molecularly imprinted polymers,
Pogorelova et al. reported on TiO2 films as well, imprinting benzylphosphonic acids and
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thiopenols.85 FTIR was used to follow the association complex during imprinting, and ISFETs
were fabricated and showed some enhanced selectivity.

Kitade et al. developed a potentiometric immunosensor based on a molecular imprinted
polymer instead of a traditional antibody.86 The sensor used serotonin as the template and a Pt
electrode as the transducer. The sensor exhibited superior selectivity to serotonin over
tryptamine, acetaminophen, or procainamide. The authors applied the sensors to micro total
analysis systems in view of simplified clinical analysis.

Hui-Jing Liang et al. examined the enantioselectivity of polypyrrole films to recognize D and
L-tyrosine.87 While enantioselectivities of more than 9:1 were reported, diffusion kinetics, not
only binding affinities, appeared to play a significant role in the electrochemical recognition
and discrimination step.

Tuñon-Blanco and coworkers used a computational approach to enable the rational design of
MIPs for chemical sensing.88 Density functional theory calculations were used to pre-screen
for the most suitable monomer and polymerization solvent for the imprinting of a given target
template. The predictions included possible interferences and were validated by experiment
using an electrochemical sensor for homovanillic acid as a model system.

Aldakov and Anzenbacher described phosphate-selective p–doped conductive polymers that
can be interrogated via conductivity measurements as well as by optical means, by spacing
positive charges along the polymer chain for optimal coulombic interactions with phosphate.
89 Among the few anions explored in this study, chloride showed weak interactions while
fluoride was found to be a major interference and gave similar signals as pyrophosphate.

Lee and Park found that glucose can be directly electrochemically detected without using any
enzyme at a boron-doped diamond electrode.90 This was accomplished in the physiological
concentration range, even in treated human blood samples, and no interferences from ascorbic
acid or uric acid were found. The key drawback of this methodology appears to be the need
for an alkaline pH, making it difficult to realize in-situ monitoring in undiluted blood or in
subcutaneous tissue.

Electrochemical enzyme-less sugar recognition was also the goal of Miyahara and Kurihara,
who explored langmuir-blodgett films containing a carotenoid amphiphile functionalized with
a boronic acid residue.91 When a mannoside sugar containing a nitrobenzene moiety as redox
marker was present in the sample, cyclic voltammetry showed increased current responses of
the device. Selectivities for this early system are not expected to be high, but such data were
not given in the paper.

Diamond electrodes were also successfully explored by the group of Swain for metal ion
analysis in environmental samples in an effort to replace the mercury based electrode materials
that are no longer attractive today.92 The authors found nanocrystalline diamond thin-film
electrodes to have attractive properties for the measurement of Pb(II), Ag(I), Cu(II), Cd(II) and
Zn(II) in a variety of samples when interrogated with differential pulse voltammetry.

Alternatively, Yantasee et al. explored carbon paste electrodes modified with a self-assembled
monolayer of an acetamide phosphonic acid on mesoporous silica to detect Cd(II), Cu(II) and
Pb(II) at a mercury-free electrode material.93 The detection with adsorptive stripping
voltammetry yielded detection limits down to 0.5 ppb after a 20 min preconcentration time.
Yoon-Bo Shim and coworkers synthesized two redox active crown ethers to study their binding
affinity and to fabricate ammonium-selective chronoamperometric sensors by embedding them
into a Nafion coating of a glassy carbon electrode.94 The amperometric response was generated
from the redox active quinone functionalities. Interestingly, the authors reported only marginal
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interferences from 9 different alkali and alkaline earth metals provided in 200-fold excess. The
drastic enhancement of selectivity over potassium was explained on the basis of tetrahydral
binding configuration that was achieved with these receptors.

The group of Compton developed a square wave voltammetric detection method for Vitamin
B12 based on the electrocatalytic detection of the Co(III) center with regeneration of Co(II).
95 Detection limits of 1 nM were achieved with carbon paste electrodes using 1,2-
dibromocyclohexane both as binder and electrocatalytic material. The electrode surfaces
needed to be renewed after each measurement.

The same research group also developed a highly sensitive electrochemical method for the
detection of arsenic(III) at a gold nanoparticle-modified glassy carbon electrode.96 The use of
either anodic stripping voltammetry or linear sweep voltammetry gave impressive detection
limits of 0.01 ppb in 1 M HCl.

The important coenzyme NADH is normally difficult to detect electrochemically because of
the limited reversibility of the NADH oxidation reaction. While previous efforts to improve
reversibility used electrochemical pretreatments, Palleschi and coworkers successfully
employed poly(1,2-diaminobenzene) conducting nanotubule coatings on glassy carbon
electrodes.97 Amperometric sensor responses remained operationally stable for 2 days. The
coating appeared to act as a redox mediator, leading to mild oxidation potentials (0.55 V vs.
Ag/AgCl), and seemed to inhibit surface fouling.

Zhang and Gorski used carbon nanotubes and redox mediators dispersed into a polymeric
matrix for NADH detection, and found a reduction of the overpotential (by 0.3 V), a higher
sensitivity and faster response times.98

Karyakin et al. achieved even further reduction of the required oxidation potential, to just 0 V
at physiological pH.99 This was done by electropolymerization of the prosthetic FAD group
that acted as electrocatalyst for NADH oxidation. Operational lifetimes were tested and the
modified electrodes remained 90% responsive after 250 min and 40 injections of 1 mM NADH
in flow injection analysis. See also the use of heated electrodes to suppress NADH fouling
cited above.

Voltammetric Sensors: Analytes of Interest
Meyerhoff and coworkers reported on an amperometric nitric oxide sensor based on a
platinized platinum anode covered with a microporous gas permeable membrane, similar to a
Clark oxygen sensor.100 The porous membrane effectively discriminated against potentially
interfering nitrite ions, and the platinization was responsible for a 10-fold lower detection limit
down to 1 nM), higher sensitivity and improved stability compared to bare platinum electrodes.
This type of sensor was later modified with a thin hydrophilic polyurethane film containing
catalytic copper sites that mediated the decomposition of S-nitrosothiols to NO for the
fabrication of an electrochemical sensor for S-nitrosothiols.101 This type of sensor can possibly
be used to assess the ability of blood samples to generate nitric oxide.

In competing work, Liu et al. presented a voltammetric NO sensor, with 1 nM detection limits
as well, based on the entrapment of polyoxometalate clusters in a polyelectrolyte matrix
deposited onto the electrode.102 The clusters appeared to electrocatalyze the reduction of NO,
and the polyelectrolyte layers discriminated against nitrite and nitrate, although not as
effectively. The group of Schoenfisch explored a variety of sol-gel formulations as NO
permeable membranes, with an eye on NO vs. nitrite permeabilities, and found exquisite
transport selectivities of more than 4 orders of magnitude after treating the films with 5 atm
NO.103 The resulting NO microsensors were fully characterized and the selectivities of the
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sensor were on the order of six orders of magnitude over nitrite, ascorbic acid, uric acid and
acetaminophen, with a detection limit of 25 nM.

In contrast, Fan et al. reported on an amperometric NO sensor based on a heme protein
entrapped in a sodium montmorillonite film deposited on a pyrolitic graphite electrode surface.
104 While similar heme proteins have been used for NO detection before, this group
demonstrated the utility under aerobic conditions with a detection limit down to impressive 20
pM. Interferences were tested, but unfortunately only at very dilute concentrations.

Ghoneim and Tawfik reported on the detection of the anticoagulant warfarin in spiked human
serum and other samples using square-wave adsorptive cathodic stripping voltammetry at a
hanging mercury drop electrode.105 The measuring range was found to be relatively narrow
for serum samples (1.1 nM to 13 nM).

Electrochemical insulin sensors have been reported in the past, but they often lack required
selectivity for use in complex samples. Wang and Musameh reported on the use of carbon-
nanotube modified glassy carbon electrodes in order to accelerate the electrooxidation of
insulin, which resulted in a lowering of the required detection potential and a 14 nM detection
limit as studied by flow injection analysis.106

Selective electrochemical sensors for catecholamines (which include dopamine, see other
articles in this review) were designed by Hayashi and coworkers with an interdigitated
heteroarray electrode, in view of their application in blood samples.107 Indium-tin oxide films
were used as the oxidation electrode, mainly because appropriate pretreatment leads to a net
negative charge on the electrode surface that gives suppression of the signal to L-ascorbic acid
and uric acid. The observed selectivities were not sufficient for direct use in extracellular
samples and the authors discussed the possible need for prereactors to further remove
interferences.

Electrochemical Gas Sensors
Capacitive gas sensors are an attractive platform in terms of their fabrication and interrogation,
but often suffer from humidity interference since water vapor has a high dielectric constant.
Hierlemann and coworkers showed by theory and experiment in a beautiful piece of work that
the selectivity of such sensors can be tuned as a function of the sensing film thickness.108

Apparently, for each analyte a critical layer thickness must exist where the sensitivity to this
analyte vanishes. A difference signal from two layers of different thickness was demonstrated
to be virtually independent of humidity fluctuations, for instance. This arrangement also
showed less signal drift while maintaining sensitivity to the gases of interest.

Dasgupta and coworkers reported on a microfabricated humidity sensor based on interdigitated
rhodium electrodes covered with a Nafion membrane.109 The gas sensors showed rapid
response times on the order of 50 ms and long lifetimes >160 h), even when operated under 2
V d.c. excitation conditions. The authors also showed in the same paper how Au gold electrodes
can be made more durable when interrogated at a lower amplitude square wave potential, albeit
with slower response times.

Stetter and coworkers reported on an amperometric hydrogen gas sensor and suppression of
interferences by carbon monoxide, ammonia and hydrogen sulfide.110 This was achieved in a
three-electrode configuration using a Pt black electrode, with an FEP membrane mounted at
the gas inlet that acted as a hydrogen gas selective filter.

Dutta et al. designed an amperometric sensor to detect hydrocarbons at relatively low
temperatures (410–770 K), important for so-called cold start conditions in automotive exhaust
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gas, using a LaGaO3-based Perovskite oxide electrolyte.111 The sensors showed good
selectitivity against NO, NO2, CO and hydrogen in exhaust, good stability and sensitivity.
Hydrogen gas sensors typically operate at elevated temperatures. Lutz et al. went the unusual
route to propose a chronoamperometric hydrogenase enzyme-based hydrogen gas sensing
system that functions at room temperature.112 This system was based on enzyme dissolved in
water that also acted as the gas collection medium and still constitutes an assay at this stage.
Hydrogen gas was oxidized by the enzyme, and the benzyl viologen acted as electron acceptor
and redox mediator.

Meilin Liu and coworkers reported on a porous and nanostructured SnO2 thin film gas sensor
with Pt interdigitated electrodes.113 The device showed rapid response and recovery times for
the detection of ethanol vapor. The response to other gases was not studied, unfortunately.
Kolmakov and coworkers enhanced the oxygen and hydrogen gas sensitivity of SnO2
nanowires, when used as chemiresistor, by plating them with Pd catalyst particles.114 The
enhancement was explained by the catalytic action of Pd, which was argued predissociate the
adsorbing species before the actual chemisorption process. The selectivity of the device was
not discussed in this paper.

Haddon and coworkers devised ammonia gas sensors on the basis of single-walled carbon
nanotubes functionalized with covalently attached poly(m-aminobenzene sulfonic acid). The
sensor was operated as a chemiresistor, with the carbon nanotubes forming a random network
between interdigitated electrodes, and improved response and recovery times were observed
(on the order of 15 min).115 The selectivity of the device was not rigorously studied.

In yet another example of nanostructured gas sensors, Ya-Dong Li and coworkers fabricated
hollow sphere WO3 materials with diameters of about 400 nm with 30-nm shells.116 The
spheres were evaluated for their gas sensing properties at elevated temperature, and good
sensitivities to ethanol, acetone, CS2 and some other organics were found. Response and
recover times were on the order of 2 min, making these promising materials.

The group of Compton explored room temperature ionic liquids as a replacement for traditional
gas permeable membranes for the construction of amperometric gas sensors.117 The authors
compared several different cell designs and provided for a theoretical analysis of
chronoamperometric transients and expected response times.

Electrochemical Biosensors
The field of electrochemical biosensors has grown rapidly in the past few years because they
may provide fast, simple and low-cost detection capabilities for biological binding events.
Research in this field has focused on novel sensing strategies and was supported by a large
number of publications about the enhancement of specificity, sensitivity and response time.

Reviews
Mehrvar and Abdi reviewed recent developments, characteristics, and potential applications
of electrochemical biosensors. The authors described the technical importance, performance,
techniques, advantages, and disadvantages of biosensors in general and electrochemical
biosensors in particular (102 citations).118

Lin, Yantasee and Wang reviewed the development of electrochemical biosensors based on
carbon nanotubes (CNTs), including their own recent results on this topic and successful
applications of CNT-based biosensors (88 citations).119 Merkoci and coworkers also reviewed
the topic of electrochemical sensing with carbon nanotubes. The authors discussed the latest
advances and future trends in producing, modifying, characterizing and integrating CNTs into
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electrochemical sensing systems, including enzyme-based biosensors (90 citations).120 Wang
also reviewed electrochemical biosensors based on nanomaterials, described nanomaterials
and nanomaterial-based electrochemical biosensing devices and examined future prospects
and challenges (47 citations).121 More specifically, Yanez-Sedeno and Pingarron reviewed
electrochemical biosensors based on gold nanoparticles. The authors discussed gold
nanoparticle-based electrochemical biosensor designs, enzyme-based electrodes, and
immunosensors and DNA sensors (18 citations).122

Alaejos and Garcia Montelongo reviewed applications of amperometric biosensors with
different enzymes and whole cells for the determination of vitamins and amino acids (185
references).123 Zhang and Li reviewed recent progress in the development of third-generation
electrochemical biosensors based on the direct electron transfer of proteins. The authors
specially addressed the topic of protein-film voltammetry (131 citations).124

The group of Costa-Garcia reviewed recent progress and developments in integrating
electrochemical detection methods with enzyme immunoassays (EIAs) (210 references).125
Cosnier reviewed the different types of affinity biosensors based on electropolymerized
polymer films. The author discussed different fabrication methods for those biosensors (123
citations).126 The group of Hart reviewed the design and fabrication of electrochemical sensors
and biosensors based on screen-printed electrodes and their applications (122 citations).127

Ju and Zhao reviewed the principles of electrochemical biosensors for DNA analysis with
emphasis on the enhancement of their selectivity and sensitivity (110 references).128 Kerman,
Kobayashi and Tamiya reviewed recent trends and challenges in the electrochemical detection
of DNA hybridization. The authors also discussed future prospects towards PCR-free DNA
chips (102 citations).129

Enzyme Biosensors Based on Glucose Oxidase and Horseradish Peroxidase
Enzyme based biosensors have been studied extensively. Research in this field is still focused
on the improvement of sensor properties by new sensing approaches. The Glucose Oxidase
(GOx) based biosensor for glucose sensing continues to be the primary model system in the
development of new sensing materials and methods.

Wang’s group reported on a carbon paste based sensor for glucose.130 Different from
conventional systems, a ferrocene type redox mediator was directly used as pasting liquid. The
elimination of the traditional oil binder resulted in a higher sensitivity, a much wider linear
response range and better stability, although the response mechanism of the new carbon paste
sensors is still under investigation.

Pereira described the amperometric detection of glucose by ion transfer voltammetry (ITIES)
based sensors.131 Although glucose is a neutral molecule, it can be oxidized to gluconolactone
by glucose oxidase. Gluconolactone is further hydrolyzed to gluconic acid and oxygen is
reduced to hydrogen peroxide, which provided the protons transferred across the liquid-gel
interface, facilitated by an ionophore.

Willner’s group also developed a novel method for the electrical contact of glucose oxidase to
electrodes by using a supermolecule, rotaxane, electron relay interlocked on a molecular wire.
132 The oxidation of glucose occurred at −0.4 V, very close to the thermodynamic redox
potential of the FAD cofactor.

Another approach to obtain an efficient electron transfer system was developed by Kase and
Muguruma.133 The authors applied an ultra thin plasma-polymerized film of
dimethylaminomethylferrocene as a mediator on a sputtered Au electrode. The amino groups
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of the film allowed one to immobilize a large amount of GOx. The new biosensors can detect
glucose over relatively wide range (1.3~81 mM).

Horseradish peroxidase (HRP) based biosensors are also often studied as a model system.
Prieto-Simon et, al. reported metal-dispersed Xerogel-based composite films for preparing
electrochemical biosensors.134 Iron, copper, cerium and zinc used in the new composites acted
as catalysts for the oxidation of hydrogen peroxide. The new composites were used to construct
alcohol free sol gel biosensors with GOx and HRP for the detection of glucose and hydrogen
peroxide.

Wang’s group described a novel approach for enzyme based electrochemical biosensing.135

The authors successfully prepared enzyme nanoparticles for the first time. The horseradish
peroxidase was crosslinked with glutaraldehyde after desolvation with ethanol. The
nanoparticles were then functionalized with thiol groups for attachment on the gold electrode
surface. Most of the enzymes preserved their native protein structures and properties after the
crosslinking and functionalization procedure. The biosensors exhibited relatively good
detection limit for H2O2 at 100 nM and good reproducibility.

Morrin et al. reported preliminary work on amperometric enzyme biosensors prepared from
polyaniline nanoparticles.136 The electrodeposition of the polyaniline nanoparticles instead of
polyaniline itself on the electrode lead to a smoother, highly ordered conductive nanostructured
film. HRP immobilized on the nanoPANI film through electrostatical interaction showed
improved deposition characteristics and better signal to noise ratios compared to the direct
PANI depositing approach.

Enzyme Biosensors Based on Carbon Nanotubes and Nanoparticles
The unique electrical and mechanical properties of Carbon Nanotubes (CNTs) make them
attractive materials for the construction of electrochemical biosensors. A significant amount
of work in the area of enzyme biosensors were related to CNTs and nanomaterials.

Gorski’s group studied the integration of CNT with a polysaccharide biopolymer, chitosan, for
the fabrication of enzyme biosensors.137 The interactions between the chains and CNT lead
to the formation of a stable CNT- chitosan solution and simplified the fabrication procedures
for CNT based biosensors. Glucose dehydrogenase was immobilized onto the new
biocomposite and the system was able to detect glucose in urine samples. From the same group
the electrochemical sensing based on the combination of redox mediation and CNTs was
reported.98 The authors co-immobilized a redox mediator, the phenothiazine derivatives of
Azure dyes (AZU) and CNT in the chitosan biomatrix. The new sensing system amplified the
NADH current 35 times and much reduced the response time compared to the system without
CNT. The authors explained the CNT enhancement effects by the improvement of electronic
and ionic transport capacity of the chitosan–AZU/CNT films.

By using L-amino acid oxidase as the model enzyme, Bachas’s group developed a stable
biosensor based on CNT aqueous sol-gel composites.138 The aqueous sol-gel process provided
a mild approach to immobilize the enzyme. Sodium silicate was used as precursor and
eliminated the generation of alcohol by-products and enabled the gelation at neutral pH. The
new composite materials retained the excellent electrochemical characteristics of CNTs.

Joshi et al. reported that single walled carbon nanotubes (SWCNTs) can be incorporated in
redox polymer-enzyme hydrogels for electrochemical biosensing.139 The authors investigated
two different fabrication procedures. The composites were prepared by incubating glucose
oxidase in SWCNTs and crosslinked with the redox polymer for better electrochemical
properties. The new sensing approach lead to the increase of current output compared to the
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ones without SWCNT. Hrapovic et al. combined platinum nanoparticles with carbon nanotubes
and developed a new approach for the electrochemical detection of glucose.140 Effective
deposition of Pt nanoparticles on SWCNT was achieved by using a negatively charged
polymer, Nafion, to dissolve and disperse SWCNT. Pt nanoparticles can easily be deposited
on the Nafion modified CNT due to charge interactions. Compared to the sensors containing
only Pt or CNT, the integration of Pt and CNT lead to improved sensitivity and detection limit.

Different from conventional CNT based biosensors that require a membrane substrate for
entrapment or immobilization of the CNT, enzymes and mediators, Lin et al. reported on a
glucose biosensor based on CNT nanoelectrode ensembles.141 The CNTs were directly grown
on the electrically conductive Cr-coated Si substrate, following the attachment of GOx to the
tips of the CNTs by using standard the water-soluble coupling agent 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC). The new fabrication allowed them to prepare a
mediator free and membrane free biosensor. The new glucose sensors exhibited a response
range from 0.08 to 30 mM and a response time of about 20 to 30 s.

In related work to improve the electrical transfer turnover rate in a sensing approach based on
the surface reconstitution of apo-proteins on flavin adenine dinucleotide (FAD) functionalized
materials, Willner’s group reported on the application of orient assembled SWCNTs as nano
electrical connectors between glucose oxidase and the electrode surface.142 The new sensing
scheme eliminated the need for electronic mediators and other membrane materials. The
electrons can be effectively transported longer than 150 nm along the distance of a SWCNT
as a nanoconnector, while the transfer rate is controlled by the length of the SWCNT.

The group of Dai studied the electrical conductance of SWCNT field effect transistors upon
protein adsorption in view of fabricating label-free detection principles for biomolecules that
can be readily miniaturized.143 The authors found that non-specific adsorption was rather
irreversible, which was alleviated by the use of a number of different surface coatings. Selective
label-free immunosensing was demonstrated, albeit with rather drifting signals.

As an alternative to CNTs Yemini et al. reported on a novel peptide nanotube modified
electrodes for direct and unmediated biosensing.144 The self-assembled diphenylalanine
peptide nanotubes attached on the gold electrode surface and were well ordered. By using
peroxidase as model enzyme and 4-acetaminophenol as mediator, the authors demonstrated
that the peptide nanotube can improve the electrochemical parameters of graphite electrodes.

Other Enzyme Biosensors
Shan, Mousty and Cosnier described the detection of cyanide with polyphenol oxidase based
clay biosensors.145 The authors used synthetic Zn-Al layered double hydroxides (LDHs) as
matrix to entrap the enzymes. The charge density of layers in LDHs is higher than that of other
cationic clays, which makes them a good transducer for the detection of decreased
amperometric response due to enzyme inhibition. The positively charged layer also contributed
to the preconcentration of the negative cyanide. With the new enzyme immobilization material
the detection limit for cyanide was pushed down to 0.1 nM.

Zhou et al. reported that the photovoltaic effect can improve the catalytic activity of hemoglobin
in a hemoglobin-based biosensor for the detection of hydrogen peroxide.146 The hemoglobin
as a peroxidase was bioconjugated to titanium dioxide nanoparticles, following the spread of
the solution containing the functionalized nanoparticles on a pyrolytic graphite electrode. The
photovoltaic effect of TiO2 nanoparticles resulted in greatly improved enzyme activity under
UV light compared to that in the dark. However, the effect was only found for hemoglobin so
far and more investigation on the exact reaction mechanism will be necessary.
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Electrochemical determination of nitrate under ambient air without oxygen removal was
reported by Nam’s group.147 The authors used the yeast-originated nitrate reductase
immobilized on glassy carbon electrodes and screen-printed carbon paste electrodes. After
simple treatment of the sample by adding sodium sulfite as oxygen scavenger, the yeast-
originated nitrate reductase based biosensor can perform accurate and precise in-situ
measurements of nitrate without oxygen removal.

Shim’s group described the in vivo measurement of glutamate by a glutamate oxidase based
microbiosensor.148 The enzymes were immobilized on a nano conducting polymer layer
electropolymerized on the electrode surface. The microbiosensors can effectively detect
glutamate in the concentration range from 0.2 to 100 µM.

In the detection of dioxygen Rowinski et al. used two different laccases immobilized on the
liquid crystalline cubic phase formed with monoolein.149 In this water stable liquid crystal
matrix the substrates and reaction products can diffuse freely through the water channel inside
and provided advantages over many other matrices. The new biosensor can detect lower
concentrations of O2 (10–4 M) than Clark-type electrodes.

Schulze, Schmid and Bachmann worked on phosphorothionate biosensors that are less studied
because such substrates have a much reduced inhibitory effect toward the corresponding
enzyme, acetylcholinesterase.150 Although the traditional approach of activation of the
phosphorothionates was followed, the authors used a cytochrome P450 BM-3 mutant as new
enzymatic activation reagent, which was more effective for some phosphorothionates than
chemical oxidation. Dale’s group reported on a microelectrode biosensor for in vivo
measurement of ATP in biological tissues.151 Amperometric biosensors for ATP are of great
promise due to the experimentally simplicity. However, most of ATP biosensors with
hexokinase and glucose oxidase suffer from the interference of ambient glucose and can only
detect ATP in a low and narrow concentration range (200–300 nM) below the physiological
concentration in the nervous system and other tissues. The authors coated the Pt electrode with
an ultrathin biolayer containing glycerol kinase and glycerol-3-phosphate oxidase prepared by
a new sol-gel deposition method. The sensors exhibited a fast response time and much wider
response range (200nM ~ 50 µM) for ATP, suitable to measure ATP in tissue samples.

Shumyantseva et al. achieved a direct electron exchange between the membrane enzyme
CYP2B4 and the electrode by integration of sodium montmorillonite clay nanoparticles and
nonionic detergent on the electrode surface as enzyme matrix.152 Such biosensors were able
to measure various organic substrates such as aminopyrine and benzphetamine related to NaD
(P)H-dependent metabolism.

Detection of L-lactate based on L-lactate-cytochrome c oxidoreductase (Fcb2) biosensors was
reported by Smutok et al.153 While the type of Fcb2 had advantages over other L-lactate
enzymes, the authors further used a new enzyme Fcb2 isolated from yeast Hansenula
polymorpha that showed higher stability than other Fcb2 obtained from other sources. The new
sensor exhibited sufficient stability, fast response and low working potential.

Enzyme Amplified Immunosensors
Due to its high sensitivity the electrochemical detection of immunoreactions on the basis of
the classic enzyme linked immunosorbent assay is still an extremely popular method. Main
research directions are still the developments of new substrates and better immobilization
methods in order to improve detection sensitivity of the enzymatic products. For the
amperometric detection of immunoreactions, the diffusion of the electroactive probe is
essential to the sensitivity of the sensor, which is strongly related to the permeation properties
of any polymer used for the immobilization of antibody or antigen. For instance, Cosnier’s
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group reported on a new procedure to fabricate immunosensors based on the electrogeneration
of a biotinylated copolymer film.154 The immunological material was linked to the film and
the coelectropolymerization of pyrrole-biotin and pyrrole-lactobionamide monomers formed
an anchoring polymeric layer. The copolymer exhibits greater permeability for electroactive
species due to the high hydrophilicity of the pyrrole-lactobioamide monomer. The production
of electroactive probes was shown to permeate faster to the electrode and provided a shorter
response time.

The background current caused by nonspecific adsorption of proteins in enzyme-amplified
electrochemical immunoassays is a severe problem that limited the detection sensitivity. Zhang
and Heller described a horseradish peroxidase amplified sandwich type immunoassay for the
monitoring of IgG.155 To suppress the nonspecific adsorption they used two polyanions, poly
(acrylic acid-co-maleic acid) and the poly(acrylic acid) to treat the polycationic redox polymer-
modified screen-printed carbon electrode. Besides electrostatically binding to the polycationic
redox polymer surface, these two chosen polyanions can also bind covalently to some residues
of avidin through Michael addition reaction at room temperature and neutral pH. The
application of the polyanions successfully reduced the nonspecific adsorption-associated noise,
lowered the detection limit from 3 ng/mL (~20 pM) to ~7 pg/mL (~40 fM), and also expanded
the dynamic concentration range to 4 orders of magnitude.

Jung et al. developed an immunosensor based upon the spontaneous immobilization of
biotinylated, functional lipid vesicles (FLVs) on a polymeric resist layer.156 Antibodies
immobilized on the liposome membrane retained their structure and bioactivity. The strong
hydrophilic properties of liposome membrane were also able to prevent nonspecific adsorption
of the antibody. However, the individual liposomes tended to disrupt and resulted a decrease
of the electrochemical signal. To solve the problem the authors modified the gold electrode by
fabrication of 200 nm (nanoscale) wells in the resist layer utilizing an electron-beam. The
assembled FLVs primarily adhered as individual molecules without aggregation or fusion and
demonstrated a clearly defined redox activity in electrochemical measurements. Model
proteins such as human serum albumin (HSA) and carbonic anhydrase from bovine (CAB)
were tested with the new electrochemical immunoassay.

Matsuura et al. developed a highly sensitive surface electrochemical enzyme immunoassay
based on the measurement of the activity of acetylcholinesterase.157 The main idea was to
accumulate the enzymatic reaction product, thiocholine, on the electrode surface via
chemisorption/electrochemical desorption cathodically through a one-electron path. The
method was highly sensitive and the detection limit for target antigens reached 10 ngL-1.

Fernandez-Sanchez et al. successfully integrated a one-step lateral flow immunoassay format
and impedance detection with a pH-sensitive polymer layer coated transducer for the sensitive
detection of free and total prostate-specific antigen (f-PSA, t-PSA) tumor marker at
concentration levels down to 3 ng/mL.158 the authors used low-cost and robust immunostrips
as substrate. The nitrocellulose membrane strips loaded with antibodies and antibody-urease
enzyme conjugate were coated with a pH –sensitive polymer layer. The pH sensitive Rohm
Pharma polymer undergoes controlled degradation at alkaline pH caused by the urease-
catalyzed hydrolysis of urea and results in a capacitance change in the system. In order to
overcome the drawback of traditional lateral flow immunoassay format, the authors added
small storage blisters containing urea solution and developed a true one-step immunosensor.

Halsall and Heineman’s group developed a sensitive and miniature immunoassay based on
magnetic microbeads and an interdigitated array (IDA) electrode.159 It has been demonstrated
that the enzymatic reaction on the surface of a microbead can provide short response times on
the order of seconds. IDA electrodes were used to further amplify the signal by recycling the
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electrochemically redox-reversible molecules. However, the new method suffered from the
nonspecific adsorption of proteins on the microbead surface and lowered the collection
efficiency.

Wilson developed an immunoassay based on a novel electrochemically conducting iridium
oxide matrix for immobilizing the antibody.160 The new method can maintain the activity of
the antibody because the iridium oxide matrix can easily be formed electrochemically under
physiological conditions. Such matrix provided a porous three-dimensional hydrous
environment for proteins with a high degree of transport for water, protons and ions. Diffusion
of electroactive enzyme-generated product was hindered in the matrix. The stability of the
antibody may also be improved due to the 3D hydrous environments in the matrix. In the
optimized assay conditions, IrOx sensors exhibited comparable performance with other
electrochemical immunosensors. Honda et al. developed a 3D comb electrode for
electrochemical immunosensing.161 The micro-fabricated 3D electrode was 10 µm wide and
30 µm tall, with 20 µm spacing in between. A single sensor was made up of 30 pairs of anode
and cathode electrodes. Such structure efficiently prevented the diffusion of the redox species
along to the z-axis of the electrode and improved the trap ratio (nearly 100%) of the redox
species and improved the sensitivity.

Other Immunosensors
Due to their simplicity, immunosensors based on redox probes without any enzyme
amplification attracted interest. Yang et al. described a label-free impedance immunosensor
for the rapid detection of Escherichia coli O157:H7 by immobilizing anti-E. coli antibodies
onto an indium-tin oxide interdigitated array (IDA) microelectrode.162 The authors showed
that the immobilization of antibodies and the binding of E. Coli cells to the IDA microelectrode
surface increased the electron-transfer resistance, which was directly measured with
electrochemical impedance spectroscopy in the presence of [Fe(CN)6]3-/4- as a redox probe.
The electron-transfer resistance was correlated with the concentration of E. Coli cells in a range
from 105 to 108 cfu/mL with the detection limit of 106 cfu/mL which was comparable with
other label free electrochemical immunoassays.

Mak et al. reported on a novel electrochemical immunoassay based on ferrocene microcrystal
as redox-active compound.163 The microcrystal core was encapsulated with an ultrathin and
porous polymeric capsule conjugated with antibody. The crystal can dissolve immediately and
release large amounts of signal generating molecules. The ferrocene microcrystal labeled
system exhibited high detection sensitivity and good detection limit.

Electrochemical immunosensing based on new concepts were also reported. Wang’s group
developed a novel electrochemical immunoassay using DNA as molecular label.164 The
sandwich immunoassay includes two antibodies linked to magnetic beads and DNA-
functionalized polystyrene spheres. The oligonucleotide strands were released from the beads
at alkaline solution and dipurinized by acid. The free nucleobases were electrochemically
measured at a graphite electrode after adsorptive accumulation. The new protocol exhibited a
high sensitivity, selectivity and miniaturization advantages.

Martin and coworkers made the concept of biological nanopore sensors potentially more robust
by utilizing conically shaped pores with a small diameter of 30 nm in 12-µm polymeric
membranes decorated with affinity probes.165 The ion current across the pore was completely
blocked in the presence of suitable target while corresponding experiments with bovine serum
albumin showed no appreciable response. Three different detection systems were explored,
including biotin/streptavidin, protein-G/immunoglobulin, and anti-ricin/ricin.
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In past years, a number of so-called ion channel sensors were developed, which worked by
blocking the access of a redox probe to a metal electrode upon a surface binding event with
non-electroactive species. The group of Walder presented a detailed study at the mechanism
of charge propagation of such sensors, utilizing seven different proteins in combination with
seven different redox markers ions.166 They were able to give a number of general statements
that will be useful in understanding these devices and in developing new types of sensors.

Wang’s group reported on multiplexed immunoassays for protein detection based on different
inorganic nanocrystal tracers.167 Magnetic beads were used to conjugate the antibodies for
target antigens. The bound antigens reacted with a pool of nanocrystal-antibody pairs and were
detected by the stripping voltammetric measurement of the corresponding metals. Different
protein recognition events yielded different voltammetric peaks which corresponded to
different antigens.

Electrochemical DNA Sensors
Electrochemical techniques remain one of the most attractive methods to detect and identify
oligonucleotides due to their high sensitivity, low cost, ease of miniaturization and direct
electronic readout. The various detection approaches include direct measurement, conjugation
of DNA strand with electroactive reporters, use of soluble electroactive mediator or
intercalators, and enzyme labels.

Enzyme labeled DNA Sensors
Due to their high sensitivity enzyme labeled DNA sensing techniques attracted much attention.
Enzyme labeled DNA sensing provides the desired amplification that makes it possible to
detect very low target levels.

Hernadez-Santos et al. developed an enzymatic genosensor based on screen-printed carbon
electrode.168 The electrode surface was coated with streptavidin. The biotinylated
oligonucleotides probes were immobilized through streptavidin–biotin interaction. Alkaline
phosphatase (AP) was used as the enzyme label. The sensors were able to detect 0.49 fmol of
20-mer oligonucleotide target and discriminate against a three-base mismatch.

To improve the electron transfer efficiency between enzyme reaction and electrode, Xie, Zhang
and Gao modified the gold electrode surface with an electrochemical activator bilayer.169 After
traditional immobilization of ssDNA probes following by hybridization and enzyme labeling,
the authors used cationic redox polymers containing osmium-bipyridine complexes coated on
the electrode through layer by layer electrostatic self-assembly. The cationic polymer can
strongly interact with anionic enzymes and the formation of the anionic-cationic bilayer
brought the glucose oxidase in electrical contact with the redox polymer, making the bilayer
an electrocatalyst for the oxidization of glucose. The sensor was able to detect nucleic acid
molecules amperometrically at femtomolar levels.

The same group reported on an ultrasensitive biosensor for the detection of mRNA.170 The
new biosensor was based on an enzyme labeled mRNA in the sample and redox polymer bilayer
on the electrode surface. The oligonucleotide capture probes were immobilized on the electrode
surface by self-assembly. The probes were then hybridized with mRNA labeled with cisplain-
biotin conjugates, the glucose oxidase-avidin labels were connected with the labeled RNA
through biotin-avidin interaction. A redox polymer was applied to the electrode surface via
layer by layer self assembly. The current generated from enzymatic oxidation of glucose was
detected and correlated directly to the target gene concentration in the sample solution. The
new assay exhibited a 25 fold increase of the sensitivity compared to the sandwich assay. The
amount of mRNA that can be detected in the sample was pushed down to nanogram levels.
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Traditionally, one enzyme molecule was conjugated to a single oligonucleotide. Dominguez
et al. described an electrochemical DNA sensor using an enzyme with several oligonucleotide
sequences.171 Each hybridization event resulted in an accumulation of catalytic molecules and
a concomitant increase in sensitivity. The GOx was first labeled with several oligonucleotide
strands, then followed by the immobilization of DNA probes on the self-assembled multilayers
including horseradish peroxidase connected to a redox polymer on the electrode. Such
sandwich assay enabled the measurement of a free-label 44-mer oligonucleotide at 1 nM
concentration. Wang’s group reported on a novel method to dramatically amplify enzyme
based DNA sensing by using carbon nanotubes.172 In the new sensing scheme, the DNA duplex
acted as connectors between microbeads and CNTs. The CNT loaded with enzymes linked to
the magnetic microbeads through the interaction of complementary oligonucleotides. Without
the recognition event the CNT cannot attach to the particles and is removed during the magnetic
separation. The CNTs function as carriers for enzyme tags and the enzyme reaction products
were also accumulated in the CNTs. The coupling of enzyme tagged CNTs provided a better
detection limit than single-enzyme labels and a conventional glassy carbon transducer.

DNA Sensors Based on Other Labels
Enzyme-less DNA sensors based on indirect measurements of intercalators commonly use
metal complexes such as daunomycin or methylene blue as redox indicators.

Liu and Anzai developed a poly(4-vinylpyridine) derivatives containing redox active osmium
complexes in the side chains as a hybridization indicator for electrochemical DNA sensors.
173 The polymeric indicator remains the properties of the osmium complex monomer and
exhibited 1000 times higher sensitivity than the monomer analogue due to the polymeric effect.
The redox potential of the polymeric indicator was also found to be much lower than that
reported for the monomeric analogue. The new polymeric redox indicator can also be easily
removed from the sensor surface and enabled the repeated use of the sensors.

Rusling’s group developed a voltammetric sensor for oxidized DNA using films containing
two Osmium and Ruthenium metallopolymers.174 The films were assembled layer by layer on
the electrode surface and exhibited two different redox potentials corresponding to
electroactive Os3+/Os2+ and Ru3+/Ru2+ centers that can catalyze the oxidation of 8-oxoguanine
and guanine respectively at well-separated potentials. Therefore, the new sensors can
selectively detect oxidized DNA by monitoring the catalytic Os square wave voltammetry peak
mainly selective for 8-oxoguanine and other oxidized nucleobases from the Ru peak.

Kim et al. reported on a new electrochemical DNA sensor with highly selective discrimination
of single base mismatches without post-hybridization washing.175 The authors used double
stranded DNA as probes and a competitive hybridization replacement sensing approach. The
double stranded probe attached on the electrode surface was prepared by hybridization of
capture DNA and signaling DNA. Ferrocene-conjugated DNA was coupled with signaling
DNA strand. Under thermal stringency a perfectly matched target DNA displaced the capture
DNA to make a more stable duplex, and at the same time the signaling DNA is removed from
the electrode surface. The single-base-mismatched target DNA displaced the capture DNA
much slower. King’s group described a novel detection method for RNA.176 The two
electrochemically distinct, enzyme-compatible ribonucleoside triphosphates labeled with
ferrocene and anthraquinone were incorporated into RNA transcripts and detected specifically
at a DNA-functionalized electrode.

Fojta and co-workers reported on a new electrochemical detection of the length of the triplet
expansion based on multiple hybridization of the DNA repetitive sequence at magnetic beads
with a short biotin-labeled reporter probe (RP) complementary to the triplet repeats.177 The
reporter probe is detected via an enzyme-linked electrochemical assay with converting
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electroinactive 1-naphthyl phosphate to electroactive 1-naphthol. Osmium tetroxide, 2,2'-
bipyridine (Os,bipy) was introduced as electroactive labels in tDNA. The length of the triplet
expansion is calculated from the ratio of the intensities of electrochemical signals of hybridized
RP/tDNA-Os,bipy.

Contrary to most DNA sensors based on conducting polymers with anion exchange properties,
Reisberg et al. reported on a novel DNA sensor constructed with a cation exchange conducting
polymer.178 The polymers contained a cation-exchange redox group, quinine, as immobilized
redox-active label. Such properties lead to a novel “signal on” detection approach which
enabled the detection of various probe and target lengths (10–30 bp) and single mismatch
discrimination. The paper also showed that one probe strand can be used to address several
shorter targets.

Oligonucleotide modified electroactive polymers have been used in DNA biosensing.
However, such polymers can lead to a strong electrical background due to their insolubility in
water and the electrical signal is usually decreases after hybridization. Le Floch et al. introduced
a new sensing approach using neutral peptide nucleic acid as capture probes and an
electroactive, cationic, water-soluble polythiophene as transducer.179 The electrostatic
interaction with the transducer occurred only when the neutral probes hybridized with
negatively charged complementary target stands.

Peng et al. reported on the label-free electrochemical detection of DNA based on new
functionalized conducting copolymer, poly[pyrrole-co-4-(3-pyrrolyl)butanoic acid].180 The
DNA probes were covalently attached to the surface of the conducing polymer. The
hybridization of complementary oligonucleotides with the probes lead to a significant and
reproducible signal compared to non-complementary oligonucleotides.

The application of nanoparticles for DNA sensing has attracted the attention of several research
groups. Pumera et al. described a gold nanoparticle based biosensor for direct detection of
DNA.181 The biotinylated probe DNA strands were immobilized on streptavidin coated
magnetic beads. The target DNA marked with Au67 quantum dots in the ratio 1:1 hybridized
with probe DNA, which prevented the formation of an interconnected three-dimensional
network of Au-DNA duplex-paramagnetic beads as previously developed nanoparticle DNA
assays. The hybridized magnetic beads were accumulated on the surface of a magnetic
electrode and enable the magnetically trigged direct electrochemical detection of gold quantum
dot tracers without prior chemical dissolution of the metal quantum dots.

Kerman et al. reported on the detection with single-stranded DNA binding protein modified
gold nanoparticles.182 The microbeads with immobilized probe DNA strand were accumulated
on a carbon paste electrode, while Au nanoparticles were modified with the same single
stranded probe and then coated with binding proteins. This approach reduced the nonspecific
binding of Au nanoparticles. Changes in the Au oxidation signal was monitored upon binding
of Au tagged Escherichia coli single stranded binding protein (SSB) to probe and hybrid on
the electrode surface. The amplified oxidation signal of Au nanoparticles provided a detection
limit of 2.17 pM target DNA.

Label-Free Electrochemical DNA Detection
A new transducing material, rigid carbon composites, was reported by Erdem et al. for DNA
sensors.183 The extent of hybridization was detected with differential pulse voltammetry using
the oxidation signal of guanine originating from the target. The composites prepared by mixing
graphite powder and epoxy resin had an uneven surface allowing oligonucleotides to be
absorbed easily. The oxidation potentials were much lower when such graphite-epoxy
composites was used. Free guanine base was oxidized at +0.35 V while adenine oxidation
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occurred at +0.63 V (vs Ag/AgCl). Cytosine and inosine free bases showed no peaks within
the experimental potential range. The oxidation of DNA guanine moieties occurred at a
potential of +0.55 V while DNA adenine bases were oxidized at +0.85 V. DNA hybridization
has been determined in a target concentration of 10 mg/ml in 15 min hybridization time.

Based on the unique binding properties between Escherichia coli single stranded binding
protein (SSB) and single-stranded DNA (ssDNA), the Kerman et al. reported on a simplified
DNA sensors based on the intrinsic oxidation signals of nucleic acids and proteins on a single-
walled carbon nanotube (SWCNT)–modified screen-printed carbon electrode (SPE).184 The
voltammetric signal from guanine oxidation significantly decreased upon binding of SSB to
single-stranded probes, while oxidation of the tyrosine (Tyr) and tryptophan (Trp) residues of
the SSB protein increased upon binding of the SSB protein to ssDNA and ss-oligonucleotides.
After the hybridization, SSB did not bind to the double helix form, and the guanine signal could
be observed along with the disappearance of the oxidation signal of the protein. With the
amplification of the guanine and protein oxidation signals by SWCNTs the detection limit of
0.15 mg/ml target DNA was achieved.

Kerman et al. also described the label-free electrochemical detection of DNA based on the
direct attachment of adenine probes to the side-wall and end of functionalized multi-walled
carbon nanotubes.185 The MWNTs were attached onto the carbon paste electrode surface
modified with thymine probes by hybridization between adenine and thymine. The
combination of side-wall and end functionalization of MWNT showed enhancement of the
guanine oxidation signal in the direct measurement compared to the ones from only end-
modified MWNT. This approach resulted in a detection limit down to 10 pg/mL and could
discriminate against single-base mismatches and noncomplementary DNA.

Cai et al. reported on the direct impedance detection of DNA hybridization on a silicon surface.
186 N- and p-type silicon surfaces were chemically modified with amino groups and covalently
linked with thiol-modified oligonucleotides probes. The hybridization of target complementary
oligonucleotides sequence in the sample solution with the probes resulted in significant changes
in both real and imaginary components of the electrical impedance, while exposure to DNA
with non-complementary sequences generated negligible responses. Field-effect transistors
(FETs) were also explored for the label-free detection of oligonucleotides. DNA molecules are
negatively charged in aqueous solution, and the detection at a genetic FET appears to be based
on a charge-density change at the gate surface induced by hybridization. The groups of
Ingebrandt, Shin and Miyahara independently developed FET-type DNA biosensors. In all
cases the probe DNA strands were directly immobilized on the gate surface by chemical
modification. Ingebrandt et al. used FET sensors with SiO2 gate oxide and oppositely charged
polyelectrolytes (PAH and PSS).187 The sensor enabled the detection of natural 19 base-pair
sequences hybridization. However, the sensors suffered from long hybridization times. Shin’s
group chose a p-channel MOSFET because the native charge of the phosphate groups in DNA
determines the effective gate potential.188 Thiol modified Au was used as gate metal for the
immobilization of DNA probes. Sakata and Miyahara developed a genetic FET sensor with
probe DNA directly attached on the modified Si3N4 surface.189 Different from other
approaches, the authors used DNA binders as charged species for doubled-stranded DNA after
hybridization, which enabled the detection of single-based mismatch of target DNA.

Yang and co-workers detected DNA with diamond thin film modified electrodes.190 The thiol
functionalized probe was linked to the diamond surface after the surface was photochemically
treated with 10-aminodec-1-one. The impedance change induced by DNA hybridization was
monitored without the need for any label.
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Gu et al. also developed an impedimetric diamond-based sensor for sensing DNA
hybridization.191 Different from the wet chemical processing steps reported before, the authors
used a simple one step electropolymerization to introduce a self –terminating ultrathin layer
of polyaniline/polyacrylic copolymer film containing a high density of functional groups for
linking with DNA probes on the boron-doped diamond surface. The polymer-modified boron
doped diamond electrode was robust and shows no detectable nonspecific adsorption, with
good selectivity between the complementary DNA targets and one-base pair mismatched
targets. The detection limit was reported as 2 × 10−8 M at 1000 Hz.

Electrochemical impedance spectroscopy was also used by Long et al. for the detection of
single-nucleotide mismatches.192 The detection was based on the change of the resistance to
charge transfer (RCT) before and after normal duplex DNA was converted to a metalated DNA.
The RCT value difference between B- and M-DNA enabled a reliable measurement of single
nucleotide mismatches in ideal conditions. A 100 pM detection limit was achieved with the
new sensing method.

DNA (aptamer) based sensors for other analytes
Xu et al. used aptamer based array electrodes for the detection of proteins.193 The aptamers
reportedly showed a stronger and more selective affinity for protein targets compared to
antibodies. To increase the binding efficiency for proteins, a hybrid modified layer containing
aptamers and cysteamine was fabricated on the gold electrode surface. The impedance
spectroscopic detection also provided high sensitivity and better selectivity. The method was
able detect human IgE in the range of 2.5–100 nM. A detection limit of 5 fmol in a 50 mL
sample was achieved with an average relative standard deviation of less than 10%.

Wang’s group also reported on an aptamer-based biosensor for the detection of proteins via
Faradaic Impedance Spectroscopy (FIS),194 which is sensitive to the change in surface charge
upon binding. The formation of such bioaffinity complexes commonly leads to an insulating
layer that retards the interfacial electron transfer kinetics between the redox probe and the
electrode and increases the electron-transfer resistance. Contrary to impedance-based
immunoassays, the aptamer–protein interaction lead to a decrease (rather than the common
increase) in the electron transfer resistance. Without target protein the negatively-charged [Fe
(CN)6]32/42 marker was repelled from the surface and its redox reaction was found to be
hindered. When the protein binds to the aptamer probe, the [Fe(CN)6]32/42 marker was
attracted to the surface and the resistance to electron transfer was found to decrease. Bang, Cho
and Kim used a beacon aptamer-based biosensor for the detection of thrombin.195 The beacon
aptamer modified with a linker containing a primary aliphatic amine was attached to gold
electrode surface. Methylene blue (MB) was intercalated into the beacon sequence, and used
as an electrochemical marker. The intercalated MB could be released when the immobilized
beacon aptamer encountered thrombin and was conformationally changed, which resulted in
a decrease in electrical current intensity in the voltammogram. The aptamer sensor exhibited
a linear range between 0 and 50.8 nM of thrombin and a detection limit of 11 nM.

In the same year, the group of Plaxco described a similar system for the detection of thrombin.
196 Here, the methylene blue label was covalently attached to one of the DNA strands. Upon
interaction of thrombin with the other strand the label became detectable by alternating current
voltammetry, forming a pseudo-reagentless detection system for thrombin down to 3 nM.
Bovin serum albumin, as a rough selectivity test, did not induce a response at 300 nM levels.

Babkina et al. determined auto-antibodies using DNA interaction with a Pt(II) complex.197

The denatured DNA was immobilized on cellulose nitrate film coated on the electrode. Pt
complexes in the aqueous solution acted as the electrochemical probe that can interact with
denatured DNA and form stable complexes. After the immunoreaction of auto-antibodies, the
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current of catalytic hydrogen evolution in the presence of the complex was monitored. The
measuring range for auto-antibodies was reported as 10–10 to 10–8 M

Babkina and Ulakhovich also reported on the amperometric detection for transition metals with
DNA based sensors.198 Different metals have different complexation abilities with single
stranded DNA, double stranded DNA and immobilized single stranded DNA. The method
could detect the metals Cu, Pb, Fe at 10−11, 10−10, 10−9 M. However, a biospecific
preconcentration step was required for this method.

Girault’s group described a DNA modified electrode sensor for the detection of antioxidants
using a TiO2/ITO modified electrode.199 Double stranded DNA was efficiently immobilized
on the TiO2 film. The dsDNA was oxidized through photogenerated hydroxyl radicals. The
damage of the DNA by reactive oxygen species was detected by adding methylene blue as an
intercalator redox probe and by monitoring the associated reduction current.

Li et al. reported on the impedance sensing of DNA binding drugs using a gold electrode
containing gold nanoparticles immobilized with DNA.200 The interaction of the DNA binding
drugs with immobilized DNA on the electrode surface was reported to cause a change in the
capacitance and in the interfacial electron resistance, by reducing the active area of the electrode
or by preventing the redox species from approaching the electrode. Two different minor groove
binders were compared in this study.

Conclusions
Electrochemical sensor research is a diverse, healthy field that enjoys a significant level of
activity in numerous countries all over the world. Some key areas of special interest can be
identified here. Research on potentiometric sensors is to a large part still driven by the discovery
of a few years ago that these devices can reach detection limits that are orders of magnitude
lower than previously thought possible. In the past two years, efforts have focused on making
these devices more robust, and to avoid the influence of the inner solution on the detection
limit as much as possible. This was achieved with solid contact formulations on the basis of
conducting polymers and by choosing long diffusion paths between the inner solution and
sample. A new, fresh approach to ion-selective electrodes was introduced by the appearance
of fluorous membrane phases, which have the potential of significant impact by offering a class
of materials that will be more inert towards biological samples and offer unprecendented
selectivity ranges. Potentiometric sensors operated in a kinetic mode were found to be sensitive
to localized surface atttachment processes, opening up new possibilities. Conducting polymers,
despite having appeared in ion-selective electrode research many years ago, overall underwent
a strong resurgence in the past two years. Research on reference electrodes was, as in the past,
rather limited in quantity, but some papers suggested new concepts to achieve liquid-junction
free systems, or established ones on the basis of new materials.

The field of ion transfer voltammetry saw increased activity and appears to develop rapidly to
a practical sensor platform, away from a tool for a select few to solve fundamental problems.
Some key advances in this field include the concept of calibration-free, coulometric ion
detectors, and ion transfer voltammetric as well as pulsed chronopotentiometric sensors for
polyionic analytes. With voltammetric sensors, the application of molecularly imprinted
polymers as artificial and potentially more durable receptor materials is gaining popularity.
Voltammetric sensors now also benefit more from chemometric tools, including Fourier-
transformations, to extract useful data and to enhance sensor selectivity. A new approach to
modify the electrochemical waveform has also been proposed to effectively deal with charging
currents for voltammetric sensors, and this may have important implications for the design of
low-detection limit sensors of this type. Other innovative approaches, such as localized heating
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of the electrode, offer added dimensionality and have been shown to reduce surface fouling in
some cases. Also of note is a new approach to suppress undesired humidity responses with
capacitive gas sensors on the basis of calculated sensing film thickness variations.

While glucose sensors are well established and commercially available, research has continued
to improve on its design, including the use of new binders in carbon paste electrodes, principles
of ion transfer voltammetry, and the use of nanoparticles and molecular wiring. Nanoparticles
in particular were an extremely popular theme in biosensor research. Principal motivations
were their use as electrochemically readable labels, the possibility of effective blending with
other sensing film components, their high effective surface area that result in higher sensitivity,
and their use for long distance electrical connectivity in the form of nanowires. Unfortunately,
the quest for improved sensitivity was sometimes at the expense of the critical evaluation of
other sensing parameters such as selectivity, especially in the gas sensor community. Research
also focused on new membrane materials, including mesoporous materials, numerous types of
sol-gel materials that sometimes show impressive permeation selectivities, and
electrochemically polymerized films with selective transport characteristics. The quest for
electrochemical detection of oligonucleotides with very low detection limits has intensified,
and the number of explored variations have been enormous, although most have centered on
common themes borrowed from electrochemical immunoassay approaches. A variety of
enzyme labels were explored, giving the possibility for effective amplification. The attachment
of numerous enzymes on a single carbon nanotube label provided for enormous signal
enhancement, for instance, although non-specific binding onto the label material may be a
problem. Label-free DNA detection was also an important theme. Some of the approaches
involved the irreversible destruction of the measured DNA and electrochemical measurement
of detached nucleobases, sometimes in combination with other signals. Field effect transistors
were found to be able to detect DNA hybridization reactions without requiring any label,
although the results were still quite preliminary. Impedance analysis was also found to be
useful. Aptamers, DNA-based recognition elements that function in analogy to antibodies,
were further explored in biosensor research. Of note is work that used an electrochemical
beacon aptamer for the detection of thrombin, where the label was only allowed access to the
electrode surface upon binding to the target.

The enormous activity in electrochemical sensor research is a reflection of the importance of
the field, and the power and convenience that electrochemistry offers in detecting and triggering
binding events. There is a good quantity of excellent, high quality sensor research going on.
Unfortunately, there are also numerous published papers that lack scientific rigor, where
important characteristics such as selectivity are either not mentioned or not sufficiently studied.
There is also a tendency of decreasing increments of novelty in the literature, which likely
reflects the ever increasing pressure to publish, but which is negatively affecting the quality of
published work. Of course, science must look forward for innovation, and the excitement one
feels in many areas of chemical sensing is a key driving force for eventual success. Nonetheless,
this field is rather old and rooted, and researchers bear an important responsibility in also
connecting with past work and to build on the level of excellence that came before us.
Researchers should also keep in mind that chemical sensors are, at the end of the day, meant
to be used in a real-world sample environment that pose clear demands on selectivity,
sensitivity, detection limits and ruggedness.
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