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This review covers advances in electrochemical and biochemical sensor development and
usage during 2010 and 2011. In choosing scholarly articles to contribute to this review,
special emphasis was placed on work published in the areas of reference electrodes,
potentiometric sensors, voltammetric sensors, amperometric sensors, biosensors,
immunosensors, and mass sensors. In the past two years there have been a number of
important papers, that do not fall into the general subsections contained within the larger
sections. Such novel advances are very important for the field of electrochemical sensors as
they open up new avenues and methods for future research. Each section above contains a
subsection titled “Other Papers of Interest” that includes such articles and describes their
importance to the field in general. For example, while most electrochemical techniques for
sensing analytes of interest are based on the changes in potential or current, Shan et al.1 have
developed a completely novel method for performing electrochemical measurements. In
their work, they report a method for imaging local electrochemical current using the optical
signal of the electrode surface generated from a surface plasmon resonance (SPR). The
electrochemical current image is based on the fact that the current density can be easily
calculated from the local SPR signal. The authors demonstrated this concept by imaging
traces of TNT on a fingerprint on a gold substrate.

Full articles and reviews were primarily amassed by searching the SciFinder Scholar and ISI
Web of Knowledge. Additional articles were found through alternate databases or by
perusing analytical journals for pertinent publications. Due to the reference limitation, only
publications written in English were considered for inclusion. Obviously, there have been
more published accounts of groundbreaking work with electrochemical and biochemical
sensors than those covered here. This review is a small sampling of the available literature
and not intended to cover every advance of the past two years. The literature chosen focuses
on new trends in materials, techniques, and clinically relevant applications of novel sensors.
To ensure proper coverage of these trends, theoretical publications and applications of
previously reported sensor development were excluded.

We want to remind our readers that this review is not intended to provide comprehensive
coverage of electrochemical sensor development, but rather to provide a glimpse of the
available depth of knowledge published in the past two years. This review is meant to focus
on novel methods and materials, with a particular focus on the increasing use of graphene
sheets for sensor material development. For readers seeking more information on the general
principles behind electrochemical sensors and electrochemical methods, we recommend
other sources with a broader scope.2, 3 Electrochemical sensor research is continually
providing new insights into a variety of fields and providing a breadth of relevant literature
that is worthy of inclusion in this review. Unfortunately, it is impossible to cover each
publication and unintentional oversights are inevitable. We sincerely apologize to the
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authors of electrochemical and biochemical sensor publications that were inadvertently
overlooked.

REFERENCE ELECTRODES

Typically, the role of a reference electrode is to remain at a constant potential, thus behaving
independently from the properties of the working electrode and those of the solution being
measured.2, 3 This separation between reference electrodes and working electrodes is the
basis of accurate electrochemical measurements for a variety of applications. Here, we
review recent advances utilizing novel reference electrodes for biologically relevant
research, trends in solid-state reference electrode development, and other remarkable
reference electrodes that have superior characteristics leading to important implementation
in fieldwork and research.

Biological Implications

Reference electrodes are vital in studying the electrochemical changes of biological systems
to both enhance understanding of these complex systems and to aid in the development of
treatment for environmental or health-related issues. Recent developments in miniaturization
and materials suggest future availability of dependable reference electrodes. Ag/AgCl
reference electrodes are commonly used in a variety of systems. Unfortunately in some
measurements, such as those obtained in biological-based systems, the Ag/AgCl electrode
promotes inaccuracies and errors that lead to non-reproducible reference potential
measurements. Alternatives to traditional Ag/AgCl electrodes include Hg/HgO reference
electrodes, but unfortunately these pose environmental issues. Park et al.4 developed a novel
silver tetramethylbis(benzimidazolium) diiodide reference electrode that exhibited superior
characteristics and reproducibility in acid and alkaline solutions. The promising success of
this hybrid electrode provides a suitable alternative to more traditional reference electrodes.

Disposable, miniature reference electrodes are increasingly in demand due to the popularity
of microfluidic systems. Zhou et al.5 recently reported a miniaturized Ag/AgCl reference
electrode and its successful application to a microfluidic chip. The electrode exhibited ample
stability and adequately sensed heavy metal ions in sea water samples. This novel, miniature
reference electrode has potential in a variety of fields where disposability, mass production,
and laminar flow are challenges to experiments concerning microfluidic electrochemical
measurements. Screening printing has become a useful tool for the fabrication of electrodes.
Idegami et al.6 were able to develop a disposable sensor containing an Ag/AgCl reference
electrode, utilizing screen printing technology. They successfully investigated ease of
fabrication, stability, and accuracy. Their findings suggest the screen printed Ag/AgCl
reference electrode has long-term stability and is suitable for mass production, allowing for
future biosensing applications.

Solid-State Reference Electrodes

Reference electrodes have been implemented in a variety of industries, but often times the
traditional reference electrode composition is not adequately robust and fails to work
properly when subjected to harsh industrial processes. Traditional reference electrodes
depend upon a liquid solution for proper potential measurements. Liquid solution-based
reference electrodes are in widespread use, however successful miniaturization and mass
production is severely limited by continual maintenance as well as contamination control.
The alternative is a solid-state reference electrode (SSRE), but typically these devices cannot
compete adequately with the reproducibility of liquid-based reference electrodes or be mass-
produced consistently. Noh et al.7 recently developed a novel SSRE using a polyelectrolyte
junction. They were able to fabricate a SSRE and a pH-sensing chip that displayed excellent
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reproducibility between synthetic batches, short stabilization time (less than 6 min), superior
sensing characteristics, and can be readily miniaturized for affordable mass-production.

By using a solid KCl melt in conjunction with an Ag/AgCl component, Vanau et al.8 were
able to fabricate an SSRE designed specifically for beverage industry applications. They
found that this SSRE had a wide range of pH use, stable potentials, and small drift potentials
(1 mV at room temperature over three months time). The reported stability and lifetime of
this reference electrode make it particularly applicable for the food industry. In addition to
food industry, engine diagnostics are utilizing SSRE to assess efficiency. Oxygen sensors
have long been utilizing yttria-stabilized zirconia-based potentiometric components.
Recently, Mn-based oxides have been studied to find a suitable SSRE to ensure accurate on-
board diagnosis for engines. Miura et al.9 found Mn2O3-sensing electrodes to function with
excellent sensitivity and has great potential for miniaturization.

Rius-Ruiz et al.10 recently reported a carbon nanotube (CNT)-based SSRE. The most
successful design tested utilized a photo-polymerised n-butyl acrylate polymer in conjuction
with SWCNTs, acting as the transducer layer. This type of transducer layer was often
superior to alternative solid transducers, and the resulting SSRE proved insensitive to room
lighting. The superior characteristics of this reference electrode as well as its ease of
fabrication allow for potential widespread usage in a multitude of systems.

Other papers of interest

To ensure reference electrodes keep up with current miniaturization trends it has become
challenging to find suitable materials for all potential applications. One such challenging
arena is that of steel corrosion monitoring. Muralidharan et al.11 developed a NiFe2O4
reference electrode due to its superior fabrication cost and ease, and its resistance to
corrosion. The resulting electrode exhibited stability and low polarization currents in a
calcium hydroxide solution, which is commonly used in concrete environments.

Shibata et al.12 examined the stability of an Ag/AgCl reference electrode with the novel salt
bridge 1-methyl-3-octylimidazolium bis(trifluoromethanesulfonyl)-amide. This bridge was
proposed and found to be superior in order to avoid the interference found using alternate
ionic liquid salt bridges, such as KCl, while experimenting in phthalate buffer. Further
evaluation of stability is necessary, however the initial findings suggest this ionic liquid salt
bridge is promising. Huang et al.13 recently developed a working system using a Nafion
strip membrane as an ion-conducting bridge, allowing for electrochemical measurements in
pure water. By using this bridge, it is possible to avoid potential leaching contaminants and
gain higher accuracy.

Measuring the electrodeposition of boron melts is a challenge to researchers due to the
unknown chemistry of KF-KCl-KBrF4. Pal et al.14 fabricated an Ag/AgCl reference
electrode that was found to be reversible, have suitable stability and non-polarizability. This
will allow for the first available measurements of KF-KCl-KBrF4 chemistry at high
temperatures. Zeng et al.15 developed a novel reference electrode for use in an alkaline
polymer electrolyte membrane fuel cell. Their Pd-coated Pt wire reference electrode studies
indicated that water generation and flooding occurs at the anode and can be potentially
alleviated by thin alkaline membranes.

There have been numerous enhancements of reference electrode fabrication to allow for
suitable stability and size in physiological and environmental systems, allowing for accurate
measurements to occur in previously understudied systems. Additionally, there has been an
increasing movement toward the development of robust SSREs that can be used in harsh
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industrial processes. The reviewed papers suggest an ongoing trend in specialization of
reference electrodes for the further understanding of complex systems.

POTENTIOMETRIC SENSORS

Potentiometric sensors have been traditionally defined as a zero-current technique that
measures the potential across an interface, often a membrane.2 The past two years have
provided ample advances in the field of potentiometrics and a breadth of reviews have been
written for specific niches within potentiometric sensing. One thorough overview of
potentiometric sensors was written in 2010 by Bratov et al.16 (192 citations). Their review
focuses primarily on applications of novel potentiometric sensors and future trends of
potentiometric sensor fabrication.

Here we present an assortment of recent publications geared toward the advancement of
potentiometric sensors. In the past two years, research has been focused on highlighting the
importance of membrane composition using carbon pastes and polyvinyl chloride (PVC) as
well as unique ionophores specifically designed for targeted species. Here we review recent
advances in ion selectivity, clinical relevance, electronic tongues, and other novel reports on
potentiometric sensors.

Ion Selective

One challenge faced by scientists in fields ranging from medicinal chemistry to
environmental toxicity is that of novel ion selective electrodes (ISEs). ISEs typically use an
ionophore as the sensing platform to ensure selectivity toward a specific ion of interest. The
continual rise of heavy metal and ion usage in industrial processes makes ion selective
sensors vital for the proper sensing and quantification of potential pollutants. In the past two
years there have been a plethora of ISE advances with cations, anions, and neutral species.
These advances have enabled researchers to measure minute amounts of ionic species,
which can eventually aid in pollution containment and pharmaceutical screening.

Cation— Carbon pastes are becoming increasingly useful in membrane composition to
enhance the sensing capability of the electrode. Faridbod et al.17 recently developed an ISE
for rapid and sensitive determination of Yb3+ ions. The potentiometric sensor was developed
based on carbon paste and multi-walled carbon nanotube (MWCNT) membranes. Nƍ-(1-
oxoacenaphthylen-2(1H)-ylidene) furan-2-carbohydrazide proved to have great selectivity
for Yb3+ ions and allowed for better potentiometric responses than typical carbon paste
electrodes (CPEs). The use of room temperature ionic liquids (RTIL), instead of the
typically used paraffin, contributed greatly to the sensor performance. Another use for
carbon paste electrodes based on MWCNT, RTIL, and nano-silica was devised to fabricate
an Er3+ potentiometric sensor. Nƍ-(2-hydroxy-1,2- diphenylethylidene) benzohydrazide was
used due to its strong interaction with Er3+ ions.18 These sensors improved all operational
metrics such as the limit of detection and sensitivity, making these potentiometric sensor
responses better than currently used sensors. A second novel CPE fabricated by Faridbod et
al.19 provides an alternative device for Ho3+ sensing. The sensor composition is made up of
paraffin oil, graphite powder, MWCNTs, and N-(1-thia-2-ylmethylene)-1,3-
benzothiazole-2-amine as the ionophore. The findings suggested a Nernstian slope over a
wide concentration range in addition to selectivity, rapid response time, stability, and ease of
preparation.

Copper is a necessary atom in biological processes, however in high concentrations copper
can displace metal ions in vivo, leading to illness or fatality. Unfortunately, many
biochemical processes carried out in industrial settings depend on the presence of copper
ions, necessitating selective sensors to reduce the potential for copper toxicity. Current
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techniques to quantify residual copper in a given sample are time consuming and expensive.
A recent report by Ganjali et al. 20 has shown that 7-hydroxy-3-(2-methyl-2,3-
dihydrobenzo[d]thiazol-2-yl)-2H-chromen-2-one has great selectivity toward Cu2+ ions. The
authors in this study developed a CPE utilizing the selective behavior of 7-hydroxy-3-(2-
methyl-2,3-dihydrobenzo[d]thiazol-2-yl)-2H-chromen-2-one towards Cu2+. Modification of
the CPE was done using MWCNTs and nanosilica and was successful in measuring the
target ion in water samples. They report a Nernstiain slope, a working pH range of 3–6.0,
and a relatively short response time (13 s). Another novel copper selective electrode was
fabricated by Mashhadizadeh et al.21 using a macrocyclic ligand, such as crown ethers with
oxygen atoms substituted with nitrogen and sulfur atoms, to potentiometrically measure
copper abundance in samples. This affords selectivity to Cu2+ ions over other ions and
allows for good operating characteristics. Additionally, the use of macrocyclic ligands
provides an easy fabrication method and is cost effective for sample analysis. Kopylovich et
al.22 recently reported the use of 1-Phenyl-2-(2-hydroxyphenylhydrazo)butane-1,3-dione as
an ionophore, which allowed for good selectivity for copper when compared with alkali
metals. The resulting sensor allowed for a Nernstian response throughout a wide
concentration range and excellent characteristics compared with alternative copper sensing
electrodes. Petković et al.23 presented a novel Cu2+ ISE using N,Nƍ,NƎ,N‴-Tetrakis(2-
pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane as the ionophore in a PVC matrix. The
novel ISE construction is simple, allowing for a cost effective, rapid measurement of copper
in a mixed solution with ethylenediaminetetraacetic acid (EDTA). The resulting
measurements were comparable with commercial sensors with a superior working pH range
as well as a longer lifetime, suggesting a practical use for these novel copper sensors.

Proper composition of ISE membranes can enhance the response time for ionic sensing.
PVC has proven to be suitable for ISE construction allowing for ease of construction,
suggesting a potential widespread usage of novel electrodes. In the past two years, PVC
containing ISEs have performed in a variety of industrial studies including medical research
and water contamination experiments, showing the versatility of these electrodes for
potential applications in field work. Hosseini et al.24 used a PVC membrane electrode using
N,Nƍ-phenylenebis (salicylideaminato) for selective Zn2+ sensing. They reported successful
sensing over a wide concentration range, independent of pH, low detection limit, and short
response time. Another biologically important ion is the rare earth element terbium, as its
therapeutic application has become increasingly studied in recent years. Hassan et al.25

developed a novel potentiometric electrode using the Schiff base, N,Nƍ-bis(5-
nitrosalicylidene)-2-aminobenzylamin as a selective Tb3+ ionophore. Their results indicate
that a mixture of membrane components (sodium tetraphenyl borate, nitrobenzene, PVC)
allow for a minimal response time of 10 s and successful sensing independent of pH. Recent
evidence suggests that aluminum could contribute to the generation of Parkinson’s disease
and Alzheimer’s disease, as well as being known to interfere with phosphorus metabolism.
While trace amounts of aluminum are vital, overexposure due to continual use in industry,
construction, and useful daily products makes selective aluminum sensors vital. Ma et al.26

developed an N,Nƍ-propanediamide bis(2-salicylideneimine) sensing carrier in a PVC matrix
membrane to allow for selective Al3+ ion sensing. This sensor afforded superior working
characterizations compared with current sensing techniques and allows for easy
construction, lending itself readily to Al3+ determination in real samples.

Residual iron in aquatic systems can greatly impact the environment and lead to
toxicological issues. To measure the concentration of iron, current techniques used are
expensive and require trained analytical chemists. Recently, a potentiometric device was
made by Motlagh et al.27 to speed up water sample analysis in a cost efficient and accessible
way. Here, they used a PVC membrane electrode and a coated graphite electrode with 1-
phenyl-3-pyridin-2-yl-thiourea (PPT) as the iron carrier. The most successful composition

Kimmel et al. Page 5

Anal Chem. Author manuscript; available in PMC 2013 January 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tested was PVC/DBP/NaTPB/PPT (30:64:2:5, w/w; mg). This sensor provided an iron-
selective membrane that allowed usage of the potentiometric sensor at a wide temperature
range, independent of pH, and a rapid response time (< 10s). Sensing of lead ions has also
become important, as researchers have investigated its toxic effects to both health and the
environment. Abbaspour et al.28 constructed an electrode with a phenyl hydrazone
derivative coating on platinum wire. The sensor membrane was made of PVC and enabled
Nernstian slope measurements over a wide concentration range. The sensor also provided
great working characteristics and exhibited selectivity for lead over potential interfering
ions. This sensor enables rapid detection of lead contamination and can be practically used
in a variety of fields. Ganjali et al.29 also enhanced Pb2+ ion sensing by using a MWCNT
and nanosilica membrane. Their unique composition of the electrode provided a Nernstian
slope over a wide linear range, stability, and excellent characteristics.

Anion— Other important advances with potentiometrics have provided novel technologies
that will enhance research capabilities and quality of life. One such potentiometric sensor
niche is that of selectively sensing anions. Anion selectivity sensing poses problems for
ISEs, due to the availability of ionophores having discriminating interaction with the target.
Traditionally, macromolecules with strong central metal atoms have been utilized for cation
detection, however anion selectivity remains challenging.

PVC membranes containing ISEs, described earlier, have also proven useful in anion
selective electrodes. Chloride ions are of great importance for all biological systems, as well
as many industrial processes. Due to the growing need for miniaturization with chloride
sensing, Álvarez-Romero et al.30 successfully developed a chloride ion selective, composite
electrode. They were able to accomplish this by using a graphite-based composite containing
epoxy resin, doped with chloride ion-doped polypyrrole. The comparison of this
potentiometric sensor with other recently published sensors revealed equivalence in
analytical parameters, superior selectivity, and shows potential for future miniaturization.
Zahran et al.31 proposed a novel class of halide receptors, triazolophanes, which allow for
selectivity toward chloride and bromine. The size and organization of the macrocyclic
scaffold on the PVC-based sensor was found to play an important part in selectivity and high
binding constants. Fluoride selective sensors allow for rapid detection of toxic organic
fluorophosphates, which can contaminate drinking water. Kang et al. developed and
characterized a Sc3+ octaethylporphyrin based fluoride selective electrode. The only
interference with selectivity was salicylate, however the sensor allows for a binding constant
for fluoride of βSc(III)OEP-F =1012.8 and a lower detection limit.32

Neutral Species— Sensing uncharged molecules has been a challenge for researchers due
to traditional uses of ionophores that sense anionic or cationic species. The use of
molecularly imprinted polymers (MIPs) has been greatly increasing in the search to enhance
ISEs. Until recently, ISEs have been unable to adequately measure uncharged molecules.
Liang et al.33 developed a novel strategy using a polymeric membrane ISE to detect neutral
molecules. Their ISE utilizes an MIP as a sensing element and an indicator ion that is similar
in structure to the targeted neutral species. The neutral species studied was that of
chlorpyrifos, an organophosphate pesticide. The potentiometric sensor incorporates two
steps: accumulation of neutral species in the membrane phase and removal of the indicator
ion and potential measurement with the ISE. This novel sensing device reported by the
authors is selective, sensitive, and has a lower detection limit for chlorpyrifos sensing.

Detection of hydrocarbons as waste products in industrial systems has become increasingly
important for environmental protection in the past few years. Single-walled carbon
nanotubes (SWCNTs) have been shown to have an adsorption affinity for these potential
pollutants, primarily due to their π-π and hydrophobic interactions, suggesting SWCNT use
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in potentiometric sensing devices. Washe et al.26 found that their sensor was capable of
detecting these uncharged species through the nanotube-solution interface that allowed for a
double layer capacitance change. This promising device has good working characteristics, is
cheaper and easier to use than traditional methods, and could be miniaturized for future
industrial sensing. CO sensing has also proved vital to environmental toxicity
measurements. Park et al.34 recently developed a miniature potentiometric titania-based
sensor for the purpose of carbon monoxide detection. To enhance sensitivity, a novel
mixture of n-type and p-type electrodes were fabricated on opposite sides, yielding a sensing
resolution of 10 ppm CO concentration variations.

Water Monitoring

Water pollutants from industrial and agricultural processes can be hazardous to aquatic and
agrarian life. Recent developments in water monitoring sensors enable detection of
pollutants as well as assessment of water quality. Surface water pollution has been amplified
in recent years due to increasing surfactant production. Unfortunately, the typical method of
surfactant detection is a time consuming two-phase process requiring restricted, toxic
chemicals. Madunić-Čačić et al.35 present a novel potentiometric sensor based on a PVC-
plasticized liquid membrane housing hexadecyltrioctadecylammonium-tetraphenylborate as
the electroactive ion-pair. Their findings included a Nernstian response, a relatively rapid
response time, and an agreement with the standard two-phase procedure. This sensor
suggests future use as a cost effective and rapid replacement for the current two-phase
system. Quantifying dissolved oxygen in water samples is a vital measurement to assess the
quality of water, which greatly impacts the environment and health. A new potentiometric
sensor based on dissolved oxygen sensing, was proposed and tested by Zhuiykov et al.36

using a Cu2O-doped RuO2 electrode. This doping strategy allowed for less fouling and
enhanced sensing properties. These studies imply that a low concentration doping of the
RuO2 electrode improves sensitivity, selectivity, and does not change the ruthenium
chemical state. Tetracycline is a clinically relevant antibiotic, however due to its frequent
use there is an increasing environmental and biological concern as its infiltration of water
systems increases. Cunha et al.37 utilized β-cyclodextrin as the ionophore in their ion-
selective potentiometric sensor for tetracycline. These studies indicated superior working
characteristics of this ion-selective electrode when compared with current tetracycline
sensors, and suggest a future use for pharmaceutical screening.

Clinically Relevant

Potentiometric sensors have become increasingly useful in biomedical research.
Pharmaceutical development, disease screening, and disease research are just a few areas
currently using sensors to enhance knowledge and treatment options. PVC has played an
important role in membrane fabrication for clinically relevant sensors as well as ISEs and
their versatility can be seen by the variety of species sensed.

Domperidone is a clinically useful pharmaceutical for a wide variety of stomach ailments.
Unfortunately, typical domperidone concentration levels are measured with expensive
analytical techniques. Kumar et al.38 were able to fabricate a sensor capable of selective
determination of domperidone. This was accomplished by two separate sensors, made of a
PVC membrane and a carbon plate, with the electroactive ion pair domperidone-
phosphotungstic. Both cost-effective sensors were characterized through analysis of linear
range, detection limit, and response time. The results indicated that the carbon-based sensor
was superior in these characterizations and remained highly selective over other ions.

Abounassif et al.39 describe the fabrication and testing of a potentiometric sensor using PVC
membranes with three different electroactive materials to sense arecoline, which is thought

Kimmel et al. Page 7

Anal Chem. Author manuscript; available in PMC 2013 January 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to promote cancerous growth. The materials, AR-tetraphenyl borate, AR-
phosphomolybdate, and AR-phosphotungstate, proved successful in accurately and precisely
measuring arecoline in pure solutions and in human saliva. The comparative success of these
sensors to traditional methods makes this a superior system due to its feasibility, low cost,
and limited sample preparation.

Numerous active materials for use in polymeric membranes have been studied in the past
two years. One promising material is that of Mn3+ porphyrins due to its selectivity and
reversibility in binding. Vlascici et al.40 evaluated the use of manganese porphyrins in PVC
and sol-gel membranes versus other available diclofenac sensors and found that their Mn-
porphyrin sensor had the best sensitivity. The sensor had good working characterizations
and displayed comparable results to traditional HPLC methods in pharmaceutical
preparation determinations of diclofenac in drugs. Using MIPs, a new PVC-based
potentiometric sensor was fabricated to sense promethazine. Alizadeh et al.41 found that the
success of sensor performance was based upon the monomer composition of any MIP
formed. The sensor was tested against samples of blood and urine and produced reliable
results, suggesting the future use and importance of MIP-based potentiometric sensors in a
clinical setting.

In pharmaceutical research, quantification of active ingredients is vital to drug formulation.
Current analytical methods are time consuming and costly, making potentiometric sensors a
viable and attractive alternative. A new potentiometric device recently targeted one
clinically relevant compound, terazosin hydrochloride. Ganjali et al.42 first utilized
computational chemistry to investigate terazosin interaction with various ion-pairs. The
sensor membrane incorporated terazosin-tetraphenyl borate ions and plasticizers. This
fabrication proved to have excellent working parameters compared with alternate sensors,
including a lower detection limit 7.9×10−6 M, a pH range of 3.2 – 5.5, and a fast response
time (~15 s).

The nervous system relies heavily on cholinesterases (ChEs) for proper function in
catalyzing the hydrolysis of acetylcholine into choline. The current measurements of ChEs
are extremely sensitive, but cannot quantitatively assess ChEs in situ. Additional problems
with the current methods are their high cost and involvement of trained personnel. Here,
Khaled et al.43 provided a new methodology for the production of low cost ChEs sensors
that retain the optimal characteristics for ChEs sensing. Their sensor employed a screen-
printed carbon material, which allows for mass production, cost efficiency, and a longer
shelf life (6 months) per electrode. Their usage of a novel potentiometric butyrylcholine
proved accurate in measuring ChEs from blood samples, making this a novel tool for
inexpensive clinical assays. Microscopy and multi-welled plates are traditionally used for
cytotoxicology examination in vitro. Unfortunately, these two techniques are laborious and
require expensive instrumentation and can be time consuming. Building off of the unique
electrochemical properties of the cell, Wang et al.44 decided to utilize potentiometric sensors
to quantify the impact of environmental toxins in a non-invasive, rapid, and continuous way.
They successfully measured potential changes of a cellular membrane caused by exposure to
toxic chemicals. The various electrode substrates allowed for numerous toxic chemicals to
be studied on their polymer based biosensor. Controlling the type and amount of doping
allowed for kinetic information to be gathered in real-time, throughout the course of the
experiment.

Electronic Tongues

Electronic tongues (E-tongues) have become increasingly studied due to their industrial
capabilities to ensure safety and health. In 2010, Riul et al.45 published a minireview on
current E-tongue advances and technology (212 citations). Another 2010 review by Valle46
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focuses on the electrochemical sensors used for E-tongues (138 citations). Here we present a
few new advances in E-tongue development and application, but also other novel
potentiometric sensors.

Unknown gluten content in foodstuffs can lead to serious complications for those suffering
from celiac disease. There is no current technique that is readily available for rapid, portable
analysis of gluten content, and the misuse of labeling has caused widespread concern.
Recently, Peres et al.47 developed a solid-state potentiometric non-specific sensor to
function as an E-tongue device for the sensing of gluten in food samples. The samples were
subjected to ethanol extraction and centrifugation prior to measurement, making sample
preparation easy and cost effective. They found that their E-tongue device had good
sensitivity (1–2 mg/kg) and could reproducibly differentiate between “Gluten-free” and
“Gluten-containing” food samples. In an effort to standardize food and beverage profiling by
an analytical technique, Hruškar et al.48 proposed utilizing a novel E-tongue to qualitatively
assess probiotic fermented milk. They were able to successfully compare a sensory analysis
with their E-tongue and found a high correlation with the results, indicating that the E-
tongue could enhance the speed, cost, and accessibility of sensory analysis in the future.

Another interesting and practical use for E-tongues is analysis of beer bitterness. Typically,
bitterness is assessed with the European Bitter Units method, which is time consuming,
costly, and contaminates the beer samples with organic solvents. Newer technologies allow
for chromatographic methods to assess beer bitterness, but these are also time consuming
and rely on expensive instruments and skilled technicians. Polshin et al.49 devised a
potentiometric E-tongue designed to examine numerous physiochemical parameters of beer,
including its bitterness. The potentiometric sensor designed at St. Petersburg University
gave promising results in predicting the physiochemistry of the beer samples and shows
promise for future use in the rapid analysis of beer.

Meat spoilage is assessed based upon sensory and biochemical tests, both requiring highly
trained individuals, expensive techniques, and time consuming processes. Gil et al.50 have
presented new data on the use of potentiometric devices made from Au, Ag, Cu, Pb, or Zn
for use in E-tongue sensing. They were able to show a correlation between the obtained
response and degrading indicators such as pH, microbes, and nucleosides. Their
methodology is rapid and inexpensive allowing for future application to an assortment of
fields.

Other Papers of Interest

Quantification or characterization of compounds in minute quantities is becoming more and
more necessary for biological and environmental studies. Potentiometric sensors based on
ion-sensitive field-effect transistors have been useful tools to study the changes in the
dielectric-electrolyte interface potential; however studying organic transistors using ion-
sensitive field-effect transistors has proven difficult due to reproducibility and stability
issues, as well as Faradaic leaking. Spijkman et al.51 report that the changes in threshold
voltage can be measured successfully and sensitivity can be enhanced by proper ratio in
each gate of the dual-gate transducer.

α-Amylase is an enzyme in many biological systems and is responsible for the breakdown of
some glycosidic linkages in starch, providing accessible sugars for energy. Multiple
industries including clinical diagnostics and food production rely α-amylase sensing, which
is performed by four assay types. These assays are mainly spectrophotometric, and require
tedious sample preparation and are often high in cost. Sakač et al.52 present a theoretical
approach to measuring α-amylase using a potentiometric sensor. The sensor design
employed a platinum redox electrode and would be able to measure triiodide released from
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α-amylase promoted starch degradation. The sensor is proposed to be easily and
inexpensively fabricated into a miniature, portable system or inserted into a microfluidic
system.

Within just two years there has been a breadth of novel potentiometric sensors and
applications in a variety of fields. Many sensors have employed carbon pastes or PVC
mixtures in addition to innovative ionophores to ensure membrane composition that enables
superior sensing of select species. Over the past two years we have seen this trend of
perfecting target-specific sensor composition grow immensely and become applicable and
useful in biomedical, industrial, and environmental research. This compilation of research
suggests that target-specific potentiometric sensors will become increasingly vital and in
widespread use in the near future.

VOLTAMMETRIC SENSORS

Voltammetry provides an electroanalytical method for deriving information about one or
more analytes by measuring the current as a function of the potential. Several types of
experiments may be performed to gather information from voltammetry including cyclic
voltammetry, squarewave voltammetry, and stripping voltammetry to name a few common
techniques. Recent review articles have focused on specific applications or methods for
voltammetric sensors. The recent review by Gupta et al.53 focuses on the various application
of voltammetry to pharmaceutical analysis from 2001–2010 (279 citations). Dogan-Topal et
al.54 have also published a review focused on pharmaceutical analysis, however their review
has an additional focus on square wave voltammetry (218 citations). Besides listing the
various advances in the field from 1997–2010, the authors describe the underlying theory
and practical information for performing square wave voltammetric analysis. Alghamdi55

has published a recent review dealing with the application of stripping voltammetry in the
analysis of food (132 citations). Bustos and Godinez56 have published a review on the use of
Prussian Blue-dendrimer nano-composits as a useful material for electrochemical sensors
(217 citations). Finally, a recent review by Jacobs et al.57 discussed the recent literature on
the use of CNTs in electrochemical sensors for biomolecules such as neurotransmitters,
proteins, and DNA (202 citations). The reviewers conclude that future direction for this field
will focus on sensor miniaturization, isolation of specific nanotube allotropes, and the use of
different varieties of CNTs to exploit their various advantages synergistically.

Carbon based materials

Carbon based electrodes have been widely used in voltammetric studies for a variety of
reasons, including low cost, availability, stability, and the ability to easily modify the
morphology of carbon. There are a number of carbon-based electrodes including glassy
carbon (GC), polycrystalline boron doped diamond (pBDD), carbon nanotubes (CNTs), and
most recently graphene. In order to understand the potential improvements of newer carbon
materials, Guell et al.58 investigated the characteristics of three distinct carbon-based
electrodes: GC, pBDD, and CNTs. Through the detection of the neurotransmitter serotonin,
they found that “pristine” CNT networks exhibited background current densities that were
two orders of magnitude lower than GC and twenty times lower than pBDD. Furthermore,
they found that pBDD underwent electrode fouling to a lesser extent than did CNTs, and
that this fouling could be further reduced via careful selection of the potential range. Apetrei
et al.59 studied the sensing properties of CPEs prepared using graphite, carbon microspheres,
or MWCNTs. They found that CPEs prepared with MWCNTs had the lowest background
current, while electrodes prepared with graphite had the lowest detection limit for
antioxidants. Electrodes prepared with carbon microspheres showed the best performances
in terms of kinetics and stability. Finally, they demonstrated how an array of the three types
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of electrodes could be used to discriminate between various antioxidants based on their
chemical structure and reactivity.

The use of carbon as an electrode tip has numerous advantages including mechanical
strength and inhibition of water electrolysis. Prior to the work of Sripirom et al.60 however,
methods for producing carbon ultramicroelectrodes (UMEs) required complex and
expensive instrumentation. Utilizing electrochemical etching, they demonstrated a simple
technique for producing conical UMEs on the order of 1 μm. The ability to efficiently
prepare UMEs will enable their use in more electrochemical sensing studies in the future.

Graphene, a relatively new two-dimensional material, has been the focus of much research
in the field of electrochemical sensors due to its unique properties. A majority of recent
electrochemical studies involving graphene have been performed using reduced graphene
oxide. In order to gain a greater understanding of the intrinsic electrochemical characteristics
of graphene, Lim et al.61 have performed systematic studies of crystalline epitaxial graphene
prepared on silicon carbide. They found that pristine graphene had slow electron transfer
kinetics when compared to anodized epitaxial graphene. This effect was attributed to the
increase in edge plane defects, thus the higher the defect density the greater the electron
transfer kinetics. The anodized epitaxial graphene was then shown to be a superior
electroanalytical platform for a wide range of biomolecules compared to other carbon based
electrodes, with the ability to resolve the anodic peaks of all four nucleic acids in both single
and double stranded nucleic acids. The importance of accessible graphene sheet edges is
further demonstrated by Ambrosi and Pumera62 who demonstrated that stacked graphene
nanofibers have superior electrochemical performance for the oxidation of DNA bases than
CNTs, edge plane pyrolytic graphite, graphite microparticles, and GC. The difference in the
number of edge sites can be seen in Figure 1. Chang et al.63 were able to control the density
of oxygen-containing functional groups on nanoplatelets of graphitic oxide by varying the
temperature of microwave-assisted hydrothermal elimination. They determined that the
edge-plane-like sites of the electrode were the electroactive sites, which were demonstrated
to be useful for increasing the current response and peak shift between uric acid and ascorbic
acid. This effect was attributed to ability for these molecules to form hydrogen bonds with
the graphitic oxide. Wang et al.64 demonstrated how reduced graphene oxide sheets could be
prepared to modify a GC electrode in order to analyze the oxidation of hydrazine via cyclic
voltammetry. Their simple vacuum deposition of reduced graphene oxide sheets to modify a
GC electrode is of particular interest for future studies. Further fundamental understanding
behind the electrochemistry of graphene and its derivatives or composites will enable the
optimization of this new material for various electrochemical sensing methods.

Graphene has recently been incorporated in nanocomposites in order to couple its unique
properties with the properties of other nano-materials. Yue et al.65 have developed a sensing
platform composed of single-layer graphene nanoplatelet and heme protein. They found that
single-layer graphene nanoplatelet provided a biocompatible microenvironment for protein
immobilization with suitable electron transfer characteristics. The resulting composite film
was characterized and used for the indirect determination of nitrite. Using a polyol process,
Zhang et al.66 prepared a Cu2O-graphene nanocomposite, which was then deposited on a
GC electrode. The modified electrode was then used to selectively determine the
concentration of dopamine with a detection limit of 10 nM. A TiO2-graphene
nanocomposite was prepared by Fan et al.67 using hydrolysis and in situ hydrothermal
treatment. The composite was then used to modify a GC electrode, which showed significant
improvement in the electrocatalytic activity towards adenine and guanine. Du et al.68 have
prepared a ZrO2-graphene nanocomposite using an electrochemical deposition method. Due
to the strong affinity of the composite for phosphoric moieties, it can be used as capturing
agent or as a sensing material for organophosphorous agents.
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Other carbon-based materials have also been used in nanocomposites in order to couple their
unique features with the selectivity and catalytic ability of other materials. Nanocomposites
based electrodes have shown improved selectivity by inhibiting the interference reaction at
the electrode. Komathi et al.69 have demonstrated nanomolar detection of dopamine through
the use of a new nanocomposite made up of MWCNTs, a grafted silica network, and gold
nanoparticles. They attribute this increased sensitivity to the discriminate sites for the
analyte of interest and interfering molecules. Yang et al.70 have prepared gold nanoparticles
which were then tethered to an ethylenediamine/MWCNT modified GC electrode. The high
surface area from the nanotubes combined with the increased catalytic ability of the gold
nanoparticles allowed for the selective determination of rutin in the presence of ascorbic
acid. Gong et al.71 have utilized a nanofiber matrix decorated with gold and platinum
nanoparticles to modify a GC electrode. The porous structure of the resulting electrode
provides a large effective surface area that behaves like a microelectrode ensemble for the
detection of low concentrations of Hg2+. Huo et al.72 have developed a method for
modifying a gold electrode with carbon nanofibers followed by the electrodeposition of gold
nanoparticles. The composite modified electrode was found to have excellent sensitivity and
selectivity properties, which enabled the simultaneous determination of catechol and
hydroquinone. They also note that the electrochemical properties and inherent
biocompatibility make this composite suitable for use in amperometric biosensors. Liu et
al.73 have developed a novel electrode based on a PbO2-MWCNT-RTIL composite. The use
of this composite to modify a GC electrode was found to not only amplify the oxidation
peaks for adenine and guanine, but also decreased the oxidation peak potential significantly.

Carbon materials have also been incorporated into active and inert matrices. As an active
matrix, ionic liquids possess unique properties such as wide electrochemical windows and
high ionic conductivity. Guo et al.74 have developed an ionic liquid modified graphene
composite in order to couple the surface-to-volume ratio and conductivity of graphene with
the ability for ionic liquids to disperse graphene. The resulting ionic liquid-graphene paste
electrode proved to be superior to ionic liquid-CNT and ionic liquid-graphite paste
electrodes for the detection of 2,4,6-trinitrotoluene (TNT). Wang et al.75 have developed a
facile strategy to dope graphene into layered doubled hydroxides (LDH). In doing so they
were able to combine the adsorption and high catalytic activity of LDH with the excellent
electrical conductivity of graphene. The stable graphene-LDH modified GC electrodes were
used to enhance the determination of dopamine. Furthermore, the simple dispersion and
dropcast method could easily be applied to enhance the conductivity of other non-
conductive solids. Dispersion of CNTs in an inert matrix is one configuration that is
particularly attractive for electroanalytic studies due to the increased mechanical robustness
of the resulting electrode. In order to optimize this type of electrode, Olive-Monllau et al.76

studied the effect of various ratios of CNT to matrix. Their results demonstrated an optimal
loading of 9–11% MWCNTs, which was then utilized as a proof of concept in the
electroanalytical detection of ascobic acid.

Simultaneous Determination

The ability to simultaneously determine multiple analytes of interest quickly, sensitively,
and selectively make voltammetric analysis highly desirable for practical applications.
Crucial to this application is the ability for the sensor to provide peak separation as well as
providing enhanced sensitivity to the analytes of interest. A variety of materials, including
carbon-based materials mentioned in the previous section, have been utilized to improve one
or both of these properties in the papers discussed below.

The simultaneous determination of uric acid, ascorbic acid, and/or catecholamines is of
particular interest due to the presence of these molecules in physiologically relevant
specimens. Atta et al.77 have developed a composite film composed of palladium
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nanoclusters and poly (N-methylpyrrole) to modify a platinum electrode. The method of
polymerization was found to be an important factor for achieving optimum sensing ability.
The resulting sensor was then utilized for the simultaneous determination of a
catecholamine, uric acid, and ascorbic acid. As a proof of concept the method was applied to
pharmaceutical products, urine, and serum samples. Noroozifar et al.78 prepared silver
hexacyanoferrate nanoparticles which were then deposited on a CNT modified GC electrode
to simultaneously determine ascorbic acid, dopamine, and uric acid. The modification of a
GC electrode surface with CNTs and silver hexacyanoferrate nanoparticles improved both
the resolution of the oxidation peaks and the catalytic activities toward the analytes under
investigation. Ulubay and Dursun79 were able to perform simultaneous determination of
dopamine and uric acid by incorporating copper nanoparticles with a polypyrrole modified
GC electrode. The increased electrocatalytic activity towards the oxidation of these analytes
was attributed to the increase in electronic conductivity and effective surface area.
Kalimuthu and John80 have used an ultrathin electropolmerized film of 2-amino-1,3,4-
thiadiazole to modify GC to simultaneously analyze ascorbic acid, dopamine, uric acid, and
xanthine in human urine samples. The use of the electropolymerized film enabled the
needed separation in the aforementioned analytes to make quantitative measurements.
Further improvements and development of electropolymerized films will provide sensitive
and selective substrates by which multianalyte detection can be performed.

Multianalyte determination has also been demonstrated for other analytes. Rastakhiz et al.81

have reported the preparation of a 1-(3,4-dihydro-4-oxo-3-phenylquinazolin-2-yl)-4-
phenylthiosemicarbazide modified CNT paste electrode for the simultaneous determination
of phenylhydrazine, hydrazine, and sulfite. Ghorbani-Bidkorbeh et al.82 have developed a
methodology for the simultaneous determination of tramadol and acetaminophen using a GC
electrode modified with phenylsulfonate functionalized carbon nanoparticles. The resulting
electrode, with a high specific surface area, was able to enhance the oxidation peak currents
for these analytes. The sensor was then used to determine the amount of acetaminophen and
tramadol in pharmaceutical and biological preparations. Ensafi et al.83 were able to
demonstrate the simultaneous determination of 6-thioguanine and folic acid through the use
of a MWCNT paste electrode modified with ferrocenedicarboxylic acid. Here they
employed differential pulse voltammetry, which has a much higher current sensitivity and
better resolution than cyclic voltammetry.

Molecularly Imprinted Electrodes

The molecular imprinting technique has become a popular and powerful method for
replacing biological receptors with synthetic molecules in order to provide a rapid,
inexpensive, sensitive, and selective sensor. Molecular imprinting typically involves the
preassembly of template molecules and functional monomer and the subsequent
copolymerization with cross-linking monomers. The removal of template molecules from
the polymer matrix generates the recognition sites (cavities) complementary to the shape,
size, and functionality of the template molecule.

Several strategies are possible for the production of molecularly imprinted electrodes. Xie et
al.84 describe a surface molecular self-assembly strategy to modify a gold nanoparticle-GC
electrode for the enhanced detection of the pesticide chloropyrifos. In their study,
chloropyrifos molecules were used to form imprint sites in the polyaminothiophenol
membranes at the surface of gold nanoparticles modified GC electrode. The resulting sensor
had an increased in voltammetric response enabling a much lower detection limit for
chloropyrifos. Gomez-Caballero et al.85 have demonstrated the ability to generate an MIP
with great control over the polymer thickness using an electrochemical synthesis. As a proof
of concept, they used this method to make a MIP tailored for dopamine detection. Hu et al.86

prepared an MIP, which was added on top of nanocomposite film consisting of MWCNT

Kimmel et al. Page 13

Anal Chem. Author manuscript; available in PMC 2013 January 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



decorated with Fe3O4@SiO2 core-shell nanoparticles. The MIP provided numerous selective
binding sites for the target analyte (benzylpenicillin), while the nanocomposite film
enhanced the electrochemical signals. Yang et al.87 have develop a protocol by which MIP-
nanoparticles were prepared using the self-assembly micellization of an amphiphilic
copolymer in order to circumvent the limitations of typical MIP-nanoparticle based sensors,
such as incompatibility with aqueous systems and rigidity. The photo-crosslinkable
copolymer provided a high specific surface area, which allowed for more recognition sites
on the sensor. This general method was demonstrated using glucose, for which it was both
selective and reproducible; however this protocol could be easily adapted for a wide range
of analytes. By combining a molecular imprinting technique and nanotechnology, Zhang et
al.88 have prepared a sensitive tolazoline sensor. They used o-aminothiophenol as the
functional monomer, which provided not only covalent Au-S bonds to the nanoparticles but
also enabled recognition sites through hydrogen and π-π stacking interactions with the
analyte. The resulting amperometric sensor had high catalytic activity that could be
attributed to the gold nanoparticles, while the porous MIP film provided plentiful selective
recognition sites.

Different methods of detection have also become popular for a variety of reasons. For
example, Gholivand and Torkashvand89 developed an MIP sensor in carbon paste for the
detection of metronidazole. While the sensor fabrication was relatively standard, they
utilized cathodic stripping voltammetry during analyte determination, significantly reducing
the analysis time. This is the first report of stripping voltammetry being utilized with an MIP
modified electrode. Alizadeh et al.90 have synthesized MIPs that were incorporated into
CPEs. They used square wave voltammograms to measure to concentration of TNT in water
and soil samples. Li et al.91 have developed a MIP sensor for the detection of
oxytetracycline based on the competition reaction between the template molecule and an
enzymatic amplifier. Due to the stereoscopic hindrance effect of the enzymatic amplifier, the
target analyte is prevented from interacting with the electrode resulting in a measurable
current change following an isolation step. This new determination method enabled high
sensitivity and selectivity for the target analyte with a low cost sensor. The use of
molecularly imprinted electrodes provides a cheap and durable method to reproduce the
selectivity seen in biosensors. Further development for the use of molecularly imprinted
electrodes as sensors provides a promising avenue for research in the coming years.

Other Papers of Interest

In the past two years there have been a number of important papers, that do not fall into any
of the previous categories. Such novel advances are often very important for advancing the
field of voltammetric sensors as they open up new avenues and methods for future research.
Here we try to incorporate such articles and describe their importance while emphasizing
that many important articles may not be included due to the sheer number of articles
published in this field.

While potentiometric measurements through thin glass membranes is well understood, the
high ohmic resistance of glass has prevented it use in voltammetric measurements. Contrary
to convention, Velmurugan et al.92 demonstrated that nanometer-thick layers of dry glass are
permeable to water but not other electroactive species. Additionally, they discovered that the
nanometer-thick glass could be nearly entirely converted to a hydrated gel. This hydrated gel
enabled selective permeability to the encased platinum wire. Further modification of
nanometer-thick glass surrounding an electrode may provide a basis for improved
applications, particularly in biological systems where biofouling is a serious problem.

Determination of ion concentrations in various liquids is common for both quality control
and biological analyses. Typically potentiometric ISEs are used for routine monitoring of
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ions. While voltammetry is a widely used technique for measuring electroactive ions, its use
for nonelectroactive ions is rare. Thus the report by Zhang et al.93 on a new form of
voltammetric ISE provides a novel platform that allows for rapid measurements, small
sample volumes, and high selectivity. By combining the concepts behind ionophore based
ion-selective electrodes and using water-immiscible organic solvents adhered to an electrode
surface they developed voltammetric cation and anion sensors, though the anion sensor for
Cl− was non-Nerstian.

The ability to differentiate between enantiomers is a difficult yet important process,
particularly with the shift in pharmaceuticals toward single-enantiomer drugs over
racemates. Typically NMR spectroscopy has been used to determine the composition of
enatiomeric mixtures, however this method requires distinguishable NMR signals and high
concentrations for accurate measurements. Mirri et al.94 have developed a method by which
a chiral ferrocene amine was used in conjunction with voltammetry to electrochemically
detect the difference between 98% and 90% ee of (S)-Binol, and thus the detection of <5%
amounts of (R)-Binol at a concentration of 10−5 M. This proof of concept demonstration
provides a promising avenue for an electrochemical method for chiral sensing.

Previous attempts to immobilize tyrosine onto electrodes have resulted in limited enzymatic
activity. By utilizing Langmuir Blodgett (LB) methods, Pavinatto et al.95 were able to
successfully modify indium tin oxide (ITO) and platinum substrates with a mixed Langmuir
film. The resulting biosensor retained 12% of its original activity. Alessio et al.96

demonstrated a sensing platform that utilized both specific and non-specific interaction by
using mixed LB films of a phospholipid and phthalocynines. In a proof of concept study,
they demonstrated the ability for the mixed LB films to detect catechol at high sensitivity
and stability.

The use of micro- and nano- structured particles to increase the surface area of
electrochemical sensors has led researchers to develop a variety of methods for their
fabrication and modification with and on various electrodes. Urbanova et al.97 have recently
reported a strategy to create macroporous antimony film electrodes based on the
electrochemical deposition of the metal into the interstitial space of a colloidal crystal
template. By using well-defined polystyrene spheres as the template, they were able to
carefully control the diameter of the resulting antimony pores. The porous film was
significantly more sensitive to both cadmium and lead than planar antimony electrodes.

During the fabrication of DNA biosensors the immobilization of the single stranded probe
on the surface of the electrode dictates the performance of the resulting sensor. Numerous
methods for immobilization have been utilized, with the use of nanoparticles becoming
popular in recent years due to the unique characteristics of these particles. Sun et al.98 have
utilized a blend of nanomaterials including chitosan, V2O5 nanobelts, and MWCNT for the
immobilization of single stranded DNA on a carbon ionic liquid electrode. Each component
of the electrode provides a particular advantage, which in combination provides a stable and
sensitive biosensor. The ability to combine the unique properties of individual nano-
materials provides a new and exciting frontier for the formation of novel electrodes.

Jin et al.99 have developed a method for preparing a SWCNT-based three-electrode system
on a glass substrate using photolithography. The resulting SWCNT film was activated using
an optimized O2 plasma treatment. While not demonstrated, this electrode system can be
easily functionalized with biomacromolecules to generate a cost-effective, highly sensitive
biocompatible sensor for a variety of applications.
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AMPEROMETRIC SENSORS

During an amperometric measurement the working electrode, or sensor, is held at a constant
potential while the current is monitored. The current is then related to the concentration of
the analyte present.2, 3 This sensing method is commonly employed in both biosensors and
immunosensors, which will be discussed further in later sections. In this section we will
focus on recent papers that utilize amperometric methods without employing biologically
derived materials as the sensing mechanism. Of particular interest are the novel employment
of the amperometric method, the use of new materials, and improvements in non-enzymatic
glucose and hydrogen peroxide (H2O2) sensors.

Amatore et al.100 have developed a triple potential-step chronoamperometric method
enabling the simultaneous detection of reactive oxygen and nitrogen species released by
immunostimulated macrophages. The strategy uses a single microelectrode to make
successive measurements at multiple potentials. The use of multiple potentials allowed for
the detection of various reactive oxygen and nitrogen species released by a single living
macrophage during induced phagocytosis. This proof of principle study demonstrates the
feasibility for applying this method to monitor time dependence and composition of analytes
in a biologically meaningful setting.

A more typical amperometric strategy was used by Khairy et al.,101 who described how an
unmodified screen printed shallow recessed graphite microelectrode array could be
employed for the low micromolar determination of nitrite. The disposable nature and low
cost of screen printed microelectrode arrays make this method of detection particularly
promising. The modification of these microelectrode arrays could potentially make this a
powerful detection method for a number of different analytes. Colombo et al.102 used a
microelectrode array of boron-doped nanocrystalline diamond to perform amperometric
measurements with micrometer spatial resolution. The excellent electrochemical properties
of the electrodes coupled with the transparency and high spatial resolution of the array
makes this sensor attractive for numerous applications. A microneedle array of CPEs were
used by Windmiller et al.103 to generate a minimally invasive biosensor. The 3 × 3
pyramidal microneedle structures were loaded onto metalized carbon paste transducer. The
resulting array could be easily modified, as was demonstrated by the authors who added
lactate oxidase to produce a lactate sensor.

Novel materials/composites

The use of new materials, especially nanomaterials, has become an increased area of
research in electrochemical sensors. The incorporation of these nanomaterials in conjunction
with one another to form novel composites is particularly interesting, as many of these
materials have been found to have synergistic effects. The explorations described here both
solve problems of inter-material compatibility and investigate how the materials interact to
improve sensors based on an amperometric method of detection.

Habibi et al.104 have optimized a MWCNT modified carbon-ceramic electrode for the
enhanced determination of uric acid. The facile and rapid procedure for preparing this uric
acid sensor is reported. The ceramic nature of this electrode allows it to be easily
regenerated with a reproducibility of 99%. The low cost and simplistic nature of this
electrode make it a promising strategy for incorporation in real world applications. CNTs
were also used by Guo et al.,105 who developed a sensitive amperometric sensor for
tryptophan by modifying a GC electrode with gold nanoparticle decorated CNTs. The
nanocomposite material demonstrated synergistic enhancement for the electrocatlytic
activity toward the oxidation of tryptophan.
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Electrospun carbon nanofibers provide more edge sites on the outer wall than CNTs, which
may lead to more facile electron transfer, better dispersion, and better wettability. Tang et
al.106 have used electrospun carbon nanofibers to modify a CPE. Their study demonstrated
that this simple electrode can quantitatively determine L-tryptophan, L-tyrosine, and L-
cysteine using cyclic voltammetry and constant-potential amperometric methods. The low
cost, facile construction, high sensitivity, and lack of pretreatment make this electrode
appealing for future electrochemical sensing application, both with and without further
modification. Liu et al.107 mixed electrospun carbon nanofibers with the ionic liquid 1-
butyl-4-methylpyridinium hexaflurophosphate to produce a novel composite electrode. The
resulting sensor combined the advantages of the two separate materials: high voltammetric
response and low background noise making it applicable for amperometric determination of
nicotinamide adenine dinucleotide NADH.

Wang et al.64 have developed a sensing platform that takes advantage of the unique
properties of graphene nanosheets. They modified a GC electrode with poly(sodium
styrenesulfonate)-graphene materials which have a high specific surface area and high
electrial conductivity to produce a amperometric hydrazine sensor with a linear range of 3–
300 μM. Brownson and Banks108 compared the use of graphene vs. graphite based
amperometric biosensors. They found that graphite exhibited superior electrochemical
response due to the increased number of edge plane sites. Interestingly, the introduction of
Nafion reverses this trend as it disrupts the continuous nature of graphene. This further
highlights the importance of edge plane sites discussed in the Voltammetric Sensor section
of this review.

Tang et al.109 developed a novel method for producing a polyaniline/poly(acrylic acid)
composite which was utilized for the determination of ascorbic acid. They found that the
amounts of polyaniline and poly(acrylic acid) could be easily controlled by the number of
potential cycles during fabrication. The resulting composite film exhibited excellent
electrochemical activity in neutral and basic solutions.

Tao et al.110 have developed a sensitive methanol sensor based on an electrode composed of
palladium-nickel/silicon nanowires. The closely packed silicon nanowires stand vertically
on the electrode surface, providing high aspect ratios as well as the ability to be integrated
with silicon-based integrated circuits. The nanoscale effects of the Pd-Ni layer enhance the
electron mobility between the electrode-solution interface as well as increase the kinetics of
the electrode.

Using novel nickel-based nanocomposites, Sattarahmady et al.111 were able to determine
acetycholine without the use of any specific enzyme or reagent. In their study, a variety of
composites composed of Ni microparticles, Ni nanoparticles, Ni nanoshells, carbon
microparicles, and/or Nafion were used to modify a CPEs. The nickel catalysts present in all
the tested sensors enabled the electrocatalytic oxidation of acetylcholine. A composite
composed of nanoshells of hollow Ni microspheres, carbon microparticles, and Nafion
proved to have the highest performance, allowing for nanomolar detection of acetylcholine.
This systematic evaluation of nanomaterials with a known catalytic effect provides a useful
platform for future studies examining methods for replacing enzymatic materials with more
stable materials.

Non-enzymatic glucose and H 2O2 sensors

A rapid, inexpensive, and reliable glucose sensor has been sought after for various
applications including clinical, ecological, and food monitoring. The use of glucose oxidase
(GOx), a biological enzyme which oxidizes glucose into gluconic acid in the presence of
oxygen, to modify electrodes for glucose sensing has been thoroughly investigated.
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Unfortunately, the catalytic activity of GOx is susceptible to environmental conditions such
as temperature, humidity, pH, and toxic chemicals. Additionally, sensors based on this
enzyme suffer from high cost and poor stability. Toghill and Compton112 recently reviewed
the merits and shortfalls of non-enzymatic electrochemical glucose sensors (295 citations).
According to the review, advancement in this field may depend on research into new
carbon-based materials.

Yang et al.113 have prepared a non-enzymatic glucose sensor based on a novel
nanocomposite comprised of MWCNTs and copper nanocubes on a tantalum substrate. The
resulting amperometric sensor was capable of monitoring blood glucose levels in diabetic
and non-diabetic patients. Wang et al.114 have prepared a non-enzymatic glucose sensor
using a novel Cu-CuO nanowire composite. The reported sensor was able to provide low
detection limits (0.05 mM) with a fast current response. Beyond long-term stability, the
sensor was also able to determine glucose levels in the presence of uric acid and ascorbic
acid, common interfering compounds. Jiang et al.115 used MWCNT electrodes modified
with CuO nanoparticles via magnetron sputtering to detect glucose without GOx.
Importantly, the sensor was highly resistant to chloride fouling and interfering compounds, a
common problem in copper based sensors. They also demonstrated the utility of this
amperometric sensor in human serum samples.

Copper was also found to be essential by El Khatib and Hameed,116 who chemically
reduced Cu2O on oil-furnace carbon black (Carbon Vulcan XC-72) to prepare a glucose
sensor. They found that the morphology of Cu2O nanoparticles was affected by the molar
ratios of reducing agent and copper salt, which in turn impacted the characteristics of the
resulting sensor. Xu et al.117 generated a glucose sensor using copper polyhedron-patterened
nanostructures prepared using ionic liquid assisted solvothermal synthesis. They found that
the unique morphology of the copper nanostructures coupled with the presence of ionic
liquid on the surface of these particles resulted in enhanced current response to glucose.

While most non-enzymatic glucose sensors are based on copper materials, several recent
reports have described the use of other metals to act as a catalyst. Chen et al.118 have used
palladium nanoparticles to modify functional CNTs for non-enzymatic amperometric
glucose sensing. The resulting sensor was sensitive to glucose in the presence of chloride
ions as well as other common interfering molecules. The long-term stability of the electrode
was attributed to the use of palladium nanoparticles as the catalytic material. Yang et al.119

utilized a cobalt oxide/hydroxide nanostructure deposited onto MWCNTs to generate a non-
enzymatic glucose sensor. The composite material was synthesized by using an
electrochemical reduction. The modified electrode significantly enhanced the current
response of the sensor compared with the CNTs alone. Wang et al.120 have developed a non-
enzymatic amperometric glucose sensor based on nickel hexacyanoferrate nanoparticles. By
performing cyclic voltammetry in a solution containing Ni2+ and Fe(CN)63−, they were able
to modify a GC electrode with well dispersed spherical particles that provided a large
surface area. The resulting sensor was able to sensitively and stabile detect glucose without
the presence of an enzyme. The simple method to simultaneously create nanoparticles and
modify an electrode surface makes this approach particularly attractive. Mu et al.121 found
that nanonickel oxide could be used to modify a CPE to generate a non-enzymatic glucose
sensor. Furthermore, they found that performing potential scanning up to high potentials in
alkaline solutionn increased the amount of Ni(OH)2/NiOOH redox couple present within the
sensor, resulting in a improved electrocatalytical properties. Importantly, this paper presents
a simple method for activating the catalytic material present on the non-enzymatic sensor.
Seo et al.122 utilized nanoporous gold for glucose detection. By changing the deposition
charge during the fabrication of the electrode, the pore size could be easily controlled. They
found that the dimensions of the pores in the gold were of great significance to the detection

Kimmel et al. Page 18

Anal Chem. Author manuscript; available in PMC 2013 January 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of glucose, with an optimized pore size of ~16 nm. Because gold electrodes can be easily
modified, further investigations using this sensing material appear promising.

Nanoporous gold was also used by Meng et al.123 for the non-enzymatic detection of H2O2.
The fact that this material can be used for both glucose and H2O2 detection make this
material both highly promising as well as concerning from a selectivity point of view,
however both papers122, 123 describe the developed sensors as being highly selective. The
production of H2O2 during chemical and enzymatic processes makes its quantitative
detection extremely important for biosensors. Recent research has focused on the use of new
materials for enhancing H2O2 sensing properties. The use of nanomaterials has generated
much excitement in this area because their large specific surface area decreases the
overpotential required to detect many analytes.

Lin et al.124 have modified a fluorine-doped tin oxide electrode with zinc oxide nanorods
decorated with silver nanoparticles. The resulting sensor was able to selectively detect H2O2
in the presence of uric acid and ascorbic acid. Bo et al.125 reported a facile method for
incorporating copper sulfide nanoparticles inside ordered mesoporous carbons. The resulting
nanocomposite was then used to enhance the electrocatalytic activity towards H2O2. The
fast response and simple preparation makes this nanocomposite promising for a non-
enzymatic H2O2 sensor. Salimi et al.126 used CNTs modified with a phenazine derivative of
manganese complex that is capable of a quasi-reversible 1e−/H+ redox process over a wide
pH range. The resulting H2O2 sensor had remarkable catalytic activity, good reproducibility,
and a facile fabrication method.

Xu et al.127 have modified vertically aligned MWCNTs with manganese oxide (MnO2) for a
sensitive and stable non-enzymatic H2O2 sensor. The combination of catalytic MnO2
particles with the high surface area provided by the CNTs allowed for both sensitive and
selective determination of H2O2, which was demonstrated in the routine analysis of H2O2 in
milk. Using a coprecipitation method, Cui et al.128 were able to prepare Cu-Mg-Al calcined
layered double hydroxides that were used to modify a GC electrode. The layered double
hydroxide promoted the electron transfer between H2O2 and the underlying electrode
enabling efficient H2O2 detection.

Salazar et al.129 have demonstrated the use of Prussian Blue-modified carbon fiber
microelectrodes as an alternative for H2O2 detection in brain extracellular fluid. They
deposited the Prussian Blue film on carbon fiber electrodes using electrodeposition, which
were then activated using cyclic voltammetry. The modified electrode could then be further
modified to produce a sensitive biosensor that requires very low potentials to avoid
biofouling and interference problems. Prussian Blue was also used by Jiang et al.,130 who
electrodeposited the material onto graphene to sensitively detect H2O2 and hydrazine. They
attributed the enhanced electrocatalytic activity of the resulting sensor to a synergistic effect
between graphene and Prussian Blue.

IMMUNOSENSORS

Immunosensors, which perform immunoassays based on antigen and antibody recognition,
have become vital for the determination of biochemical targets relating to health concerns
spanning from cancer antigens in patient serum to bacterial species in food.2 A continual
concern with immunosensor development is the capability to sensitively detect relevant
immunological compounds without compromising the bioactivity of the immunoactive
species on the electrode. Hartwell et al.131 published a review on recent trends in flow-based
immunosensors (234 citations). Many researchers have increasingly utilized nanomaterials
to support the immunoactive agents while simultaneously enhancing the electrochemical and
analytical capabilities of the electrode. Here, we focus on the use of CNTs for electrode
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fabrication, trends in cancer detection using α-fetoprotein and carcinoembryonic antigen,
and sandwich-type electrodes for amplification of signals.

Carbon Nanotubes

CNTs play an important role in recent trends for immunosensor fabrication. Immobilization
of the bioactive species is crucial for proper detection and CNTs offer an easy way to protect
and stabilize these species. In addition to other nanomaterials, these composite
immunosensors have exhibited good analytical characteristics and have shown great promise
for clinical applications. Jacobs et al.57 have published a review focusing solely on
biomolecule detection using CNT-based sensors (202 citations). Cancer detection has also
benefitted from the inclusion of CNTs for immunosensors. Ji et al.132 published a review
highlighting recent advances in cancer research geared toward rapid diagnosis and potential
therapeutics (84 citations).

In addition to cancer detection, CNTs have allowed for novel immunosensor development to
advance screening capabilities for biomolecules. For example, Serafín et al.133 recently
developed a clinically relevant immunosensor for testosterone. Due to the illicit use of
testosterone agents to boost athletic ability and its subsequent health concerns, improved
sensing capabilities are necessary. These researchers found that a combination of gold
nanoparticles, MWCNTs, and Teflon allowed for a superior electrode composition ensuring
the stability of the immunoactive agent, which were monoclonal antitestosterone antibodies.
The resulting immunosensor could easily measure testosterone from serum with little
preparation.

Electrochemiluminescence has become increasingly popular in analytical chemistry due to
its variety of applications and relative ease of use. Jie et al.134 recently reported their novel
electrochemiluminescence immunosensor using CdS quantum dots and CNTs working in
tandem with gold nanoparticles-chitosan. Their sensor enabled successful antibody
immobilization and held exemplary analytical characteristics for biological environments.

Two recent examples of CNT-based immunosensors for cancer biomarkers revolve around
interleukin-6 and α-fetoprotein. Interleukin-6 is involved in immunological processes that
can lead to squamous cell carcinomas. To enhance detection of interleukin-6, Malhotra et
al.135 designed and tested a sensor composed of a SWCNT forest platform with multilevel
capture antibody functionalization. This novel immunosensor correlated well with enzyme-
linked immunosorbent assays and performed successfully in a variety of physiological
appropriate concentrations.

Cancer Detection

Accurate detection of cancer can be a clinical challenge due to the lack of approved and
applicable serum tests for specific cancer types. Immunosensors are becoming increasingly
utilized for cancer detection due to their inherent specificity and accuracy. Additionally, an
improvement of sensitivity in cancer detection could lead to earlier intervention and
successful treatments. CNTs were successfully used in an α-fetoprotein sensor developed by
Che et al.136 using GC electrodes with surface modification to include MWCNTs and
chitosan-MnO2. This modified electrode housed anti-α-fetoprotein, further immobilized by
gold nanoparticles. The composition of the electrode provided excellent conductivity,
improved performance, and successfully amplified the signal. The successful
characterization and use of this novel immobilization technique provides evidence of its
practical application for the detection of other proteins of interest.

One commonly used biomarker for diagnosis and treatment of cancer is α-fetoprotein, but
unfortunately current clinical α-fetoprotein serum tests are unreliable. Development of an α-

Kimmel et al. Page 20

Anal Chem. Author manuscript; available in PMC 2013 January 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



fetoprotein sensor could enhance diagnostic ability and lead to better treatment choices for
patient care. To ensure rapid, accurate detection of α-fetoprotein in serum, Giannetto et
al.137 developed a sandwich-type nanocomposite and GC electrode immunosensor.
Monomeric thionin was utilized in the reading solution to avoid immobilization issues while
providing ease of fabrication. This novel electrode exhibited good analytical characteristics
in a variety of samples when compared with enzyme-linked immunosorbent assay. This
method of fabrication allows for reproducibility, ease of fabrication and use, and storage
stability enabling potential clinical use for rapid α-fetoprotein detection. Du et al.138 also
constructed an immunosensor to detect and amplify the signal for α-fetoprotein. The
immunosensor was constructed using labeled carbon nanospheres and a graphene sheet
platform. The nanospheres were capable of binding to multiple horseradish peroxidase-
secondary antibodies as well as its bioconjugates, thus enhancing sensitivity. The graphene
sheet platform increased the surface area and aided in the amplification of detection
response. An alternate immunosensor for α-fetoprotein detection was developed by Tang et
al.139 and showed promising results when testing clinical serum samples. The trace label
was made by using labeled horseradish peroxidase-anti-α-fetoprotein conjugates on
irregularly shaped gold nanoparticles, allowing for a low detection limit and good analytical
characteristics. For an immunosensing probe, functionalized biomimetic carbon
nanoparticles were used, which aided in immobilization and electron transfer. Using
graphene sheets, Wei et al.140 developed a novel label-free immunosensor for α-fetoprotein
detection. This method immobilized anti-α-fetoprotein onto the graphene sheets and a
modified GC electrode. Analytical characteristics were measured by cyclic voltammetry and
provided reliable results. This label-free immunosensor is easier to fabricate than alternate
sandwich-type sensors, allowing for ease of production and makes it readily suitable for
clinical use.

Diagnostics have also been aided by the development of immunosensors specific to
carcinoembryonic antigen, which is over-expressed in serum samples of certain cancer
types, thus making it a reliable biomarker for clinical diagnosis. Magnetic nanoparticles
have become a useful tool in carcinoembryonic antigen immunosensor development. Li et
al.95 functionalized gold/Fe3O4 nanoparticles with thiourea, which could then directly
immobilize carcinoembryonic antibodies. These magnetic particles were then attached to a
solid paraffin CPE platform, making the electrode easy to fabricate and able to regenerate.
Their studies indicated that the analytical characteristics of their novel immunosensor are
superior to alternative techniques and require less money and time to construct, making this
extremely useful for clinical applications with tumor detection. Laboria et al.141 have
developed a novel class of bipodal thiolated self-assembled monolayers that contain reactive
N-hydroxysuccinimide ester end groups that were used to immobilize anti-carcinoembryonic
antigen monoclonal antibody. The resulting amperometric immunosensor was capable of
detecting carcinoembryonic antigen, a tumor marker in cancer patients, in serum samples
from colon cancer patients. The use of these self-assembled molecules may provide a
platform for the simple immobilization of numerous antibodies, making multiplexed
detection of biomarkers possible. Liao et al.142 have developed a novel composite material
composed of Nafion and cysteine, enabling the covalent attachment of gold nanoparticles,
which were further modified carcinoembryonic antibody to form an amperometric
immunosensor. The large specific surface area, biocompatibility, and electronic properties of
gold nanoparticles have lead to their use in numerous biosensors. Thus the compact, stable,
biocompatible, and electron transfer ability of the Nafion/cysteine composite provides an
attractive alternative for the immobilization of functionalized gold nanoparticles in a variety
of potential sensing applications. Song et al.143 have described a fabrication method for an
immunosensor based on the immobilization of an antibody on a redox biocompatible
composite membrane. The composite membrane was composed of gold nanoparticles doped
chitosan-MWCNTs modified with Prussian Blue nanoparticles and gold nanoparticles. The
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simple methodology provides a stable three-dimensional structure that is biocompatible and
can be easily modified with antibody molecules for use in a variety of immunosensors. As a
proof of concept, they immobilized anti-carcinoembryonic antigen to demonstrate the
superior sensitivity and sensing activity of the construct. Carcinoembryonic antigen has also
been detected by a novel immunosensor fabricated by Zhong et al.144 by using a variation on
the sandwich-type immunoassay. For trace labels their sensor used nanogold-enwrapped
graphene nanocomposites. These labels were attached by electrochemical deposition onto a
GC electrode via a Prussian Blue coating. Serum samples were tested and confirmed with
reference values, suggesting the use of this sensor for rapid determination in a clinical
setting.

Sandwich-Type Sensors

Sandwich-type immunosensors, or two site-type immunosensors, are considered to provide a
more sensitive platform. In these immunosensors one antibody is used to attach the antigen
to a solid matrix, while a second antibody is used to carry the detection system; typically an
enzyme. Sandwich-type immunosensors have becoming vital for the detection of
biomolecules due to the ability of the sensor to rapidly amplify responses. In the past two
years, sandwich-type sensors have been fabricated for a multitude of applications including
cancer detection and bacterial contamination, making this type of sensor greatly applicable
to health, environmental, and food industries.

Li et al.145 demonstrated a facile strategy for preparing sandwich-type immunosensors based
on magnetic mesoporous nanomaterials. A combination of organic and inorganic
nanomaterials were used to facilitate both absorption and performance of the sensor. As a
proof of concept, they immobilized anti-carcinoembryonic antigen and horseradish
peroxidase to generate a sensitive immunosensor for the detection of carcinoembryonic
antigen.

In the health industry, pancreatic cancer is difficult to diagnose in its early stages and
extremely lethal in later stages, when it is more diagnosable. Carbohydrate antigen 19-9 is a
popular and preferred label for pancreatic cancer and has become widely used in
immunosensor development. Gu et al.146 utilized ZnO quantum dots as labels in a sandwich-
type immunosensor constructed by functionalizing Si substrates and performing
immunoreactions of antibodies and antigens to successfully detect carbohydrate antigen
19-9. The resulting immunosensor exhibited good analytical characteristics as well as
promising results for amplification of response, stability over time, and uniformity;
indicating that variations on the composition and type of antigens used could lead to
sensitive immunosensors for other diseases. Quantum dots have also been utilized by Yang
et al.147 to functionalize graphene sheets to prepare a sandwich-type immunosensor, where
anti-prostate specific antigen was used as the primary antibody. The quantum dot
functionalized graphene served to amplify the signal of the antibody.

Widespread use of the vital biomarker, tumor necrosis factor-α (TNF-α), has afforded
researchers the opportunity to examine a multitude of biological processes. Recently, Yin et
al.148 developed a sensitive, novel sandwich-type immunosensor for the detection of TNF-α.
They used a poly (styrene-acrylic acid) surface to assemble gold nanoparticles as a
composite matrix for alkaline phosphatase, which could then be used as a label.
Immobilization of TNF-α occurred at a modified GC electrode, enabling the sandwich-type
immunoreaction.

Food analysis has always been vital in industry to ensure the lack of contaminants such as
staphylococcal enterotoxin B, which causes symptoms related with food poisoning and is
thought to be a biological warfare threat. A novel sandwich-type immunoassay developed by
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Tang et al.149 has been successful in detecting a dynamic range of staphylococcal
enterotoxin B contamination in doped food samples. Their immunosensor relies on
polyclonal anti-staphylococcal enterotoxin B antibodies adhered to a screen-printed carbon
electrode. This electrode is then bound to a MWCNT doped with horseradish peroxidase-
nanosilica, which aided in amplification of the signal.

Ahirwal et al.150 recently developed an electrochemical immunosensor using gold
nanoparticles and an attached antibody. They investigated the sensing capabilities with
cyclic voltammetric experiments and also evaluated it using electrochemical impedance
spectroscopy. The resulting data indicated that this sandwich-type immunosensor allowed
for antibody stability and adequate sensitivity, suggesting its potential application for
immunoassays. Gold nanoparticles were also used by Wang et al.,151 who incorporated
nanomaterials and antibodies to develop a sensitive sandwich-type electrochemical
immunosensor. The sensing ability was derived from horseradish peroxidase-anti-human
immunoglobulin G that was adsorbed on Au/SiO2 nanoparticles. The stable and
biocompatible nanoparticles provided a large specific area for the secondary antibody layer.
The amperometric response was based on the catalytic reduction of H2O2 at the gold
nanoparticle/polythionine modified GC electrode that formed the bottom of the sandwich
immunosensor. This strategy, which utilizes the advantages of both biomaterials and
nanomaterials, may be extended to other bio-hybrid devices for bioanalytical and
bioseperation applications.

The advantages of nanomaterials have also warranted their use in other sandwich-type
immunosensors for the detection of neomycin and human Immunoglobulin G (IgG). Using
this sandwich approach, Zhu et al.36 have developed a sensitive neomycin immunosensor.
The sensor was based on the combination of a new conducting polymer, poly-[2,5-di-(2-
thienyl)-1H-pyrrole-1-(p-benzoic acid)], and a hydrazine conjugate. The conducting
polymer was used to covalently immobilize the primary antibody, while the hydrazine/
MWCNT/gold nanoparticle conjugate enabled an accurate amperometric response.
Additionally, they demonstrated how the deposition of gold nanoparticles onto the CNTs
produced an enhanced response, enabling the measurement of neomycin in real sample
analysis. Yang et al.152 have developed an ultrasensitive electrochemical immunosensor
utilizing labels based on mesoporous silica nanoparticles that are capable of simultaneous
loading of mediator and enzyme, while also serving as a carrier for the secondary antibody.
The sandwhich-type protocol was based on covalent attachment of various molecules to the
mesoporous silica nanoparticles. The synergistic effects of the resulting immunosensor was
~100 times more sensitive to human IgG than sensors missing a component of the sandwich
(mediator or enzyme), demonstrating the importance of having both components.

Su et al.153 demonstrated how gold-silver-graphene hybrid nanosheets could be used to
enhance the sensitivity of a sandwich-type immunosensor. The α-fetoprotein sensor used the
hybrid nanosheet to both increase the loading capacity and improve the electrochemical
properties of the immunosensor. AuTi nanolabels were used to amplify the electrochemical
signal, resulting in a sensor capable of detecting α-fetoprotein with a detection limit of 0.5
pg/mL.

Other Papers of Interest

Toxicological studies have relied heavily on miniscule detection of bioactive agents.
Whether the toxin being studied is purposefully administered as a therapeutic or accidentally
introduced as a contaminant, successful determination of the toxin is vital for treatment
options. One such potentially toxic biomolecule is salbutamol. It is currently used as a
bronchodilation induction agent for therapeutic relief from a variety of respiratory pathway
diseases. Unfortunately, residues of salbutamol agents can be readily found in consumable
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meats and are toxic to humans, necessitating a selective immunosensor for minute
salbutamol quantity detection. Current detection techniques are time consuming, require
highly trained technicians, and expensive. Huang et al.154 recently reported the use of gold
nanoparticles with horseradish peroxidase-anti salbutamol as labels for their novel
polyaniline/poly (acrylic acid) nanocomposite immunosensor. The resulting analytical
characteristics were superior to alternative techniques when considering stability over time,
accuracy, reproducibility, and ease of fabrication.

Another biomolecule of interest is somatomedin C, or insulin-like growth factor-1.
Somatomedin C is becoming increasingly important in research for a variety of diseases
from hearing loss to cancer. Rezaei et al.155 reported their use of gold nanoparticles and
monoclonal antibodies on modified gold electrodes for novel detection of insulin-like
growth factor-1. Cyclic voltammetry and electrochemical impedance spectroscopy ensured
proper function of the immunosensor and preliminary results suggest its effective detection
in human serum samples.

Detection of cholera toxin is vital due to its capability to promote severe illness, death, and
potential use in biological warfare. Gold nanoparticles have been recently used by
Loyprasert et al.156 to develop an extremely sensitive cholera toxin immunosensor by
absorbing anti-cholera toxin onto the nanoparticles then attached to a polytyramine-modified
gold electrode. This sensor had superior detection to alternative sensors and exhibited valid
measurements in water samples.

Currently, detection of sulphate-reducing bacterium can take weeks to complete. To ensure
rapid detection of this bacterium, Wan et al.157 have developed a novel impedimetric
immunosensor using reduced graphene sheets doped with chitosan nanocomposite films.
This immunosensor exhibited good analytical characteristics, biocompatibility, and a novel
architecture suitable for the immobilization of various types of biochemical targets.

Recent trends for immunosensor development have focused on the miniaturization of the
sensors design by incorporating nanomaterials. Variations on the nanomaterials utilized have
also aided in electron transfer, bioactive agent immobilization, and stability, thus producing
reliable sensors. Based on these current publications, immunosensor development is moving
toward mobile devices for the rapid detection of targeted species. This will enhance clinical
diagnostics and eventually lead to custom therapies for illnesses that are currently not
adequately detectable in early, treatable stages.

BIOSENSORS

Biosensors aim to utilize the power of electrochemical techniques for biological processes
by quantitatively producing an electrical signal that relates to the concentration of a
biological analyte.2 The relatively low cost and rapid response of these sensors make them
useful in a variety of fields including healthcare, environmental monitoring, and biological
analysis among others.

There have been a number of recent review articles that have focused on the development of
various materials, techniques and applications of biosensors. A review by Wang et al.158 that
focused on the use of graphene in direct electrochemistry of redox enzymes, enzyme based
biosensors and the electrocatalytic detection of small molecules (137 citations). The use of
zinc-oxide based enzymatic biosensors and their fabrication are covered by Zhao et al159 (56
citations). Siqueira et al.160 provide an overview of the use of nanostructured films in
biosensors (132 citations). Harper and Anderson161 reviewed the developments in using
CNTs and electrostatic assembly in glucose sensors (133 citations). Also, there are reviews
based on specific techniques including a review by Singh et al.162 that focused on the
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developments in peptide nucleic acid in DNA biosensors (108 citations) while Park et al.163

covered progress in techniques using encapsulated enzymes (102 citations). A review by Su
et al.164 described the advances utilizing microorganisms to measure analytes (137
citations). Since there have been a wealth of biosensor developments in the past two years,
we primarily focused giving an overview of new approaches and materials for enzyme based
sensors and DNA sensors.

Enzyme-Based Biosensors

Enzyme based electrodes require the immobilization of an enzyme onto an electrode surface
for the quantification of an analyte and are receiving increased attention due to potential
applications in clinical, environmental and manufacturing areas.2 Recent development has
focused on improving the immobilization and stability of the enzymes.

Glucose Sensors— Glucose sensors have been extensively studied because of the
importance of monitoring blood glucose in diabetics. To improve upon current sensing
methods, nanostructured materials are being used to immobilize enzymes. The nanostructure
provides high catalytic activity and high surface affinity.159, 165 Li et al.165 developed a
glucose biosensor, which uses n-alkylamine stabilized palladium nanoparticles to
immobilize GOx onto a modified GC electrode, which provided a hydrophobic layer
preventing enzyme leaching. When tested, these electrodes were accurate and precise at
determining blood glucose in human blood serum and retained 90% of selectivity after
three-months of storage.

A thin-walled graphitic nanocage material with well-developed graphitic structure was
synthesized by Guo et al.166 to provide a sensing interface for a glucose biosensor. The
authors determined the specific surface area to be as high as 613 m2g−1, significantly higher
than other carbon-based materials such as CNTs. They coupled this material with GOx to
generate an amperometric glucose sensor. The unique physicochemical properties of this
material, including the high specific surface area and pronounced mesoporosity, make it a
suitable platform for a number of electrochemical sensors.

Ahmad et al.167 have demonstrated how a single zinc oxide (ZnO) nanofiber can be
fabricated and modified with GOx to form a highly sensitive amperometric glucose
biosensor. The electrospun ZnO nanofibers were deposited onto a gold substrate with the aid
of poly(vinyl alcohol). The hydrophobic nanofiber provides a favorable environment for the
enzyme, making it an ideal platform for increasing the stability of the resulting biosensor.

Baby and Ramaprabhu168 have used silicon dioxide coated magnetic nanoparticle decorated
CNTs as an electrocatalytic platform for GOx. The resulting glucose biosensor displayed
high sensitivity and a wide linear range that makes this sensor potentially useful in glucose
determination in food industries. In a one-pot chemical synthesis, Zou et al.169 prepared a
novel magnetic polymeric bionanocomposite with GOx immobilized at a high load while
retaining high activity. The magnetic activity of the composite allowed for simple and
efficient separation and immobilization onto a gold magnetism-electrode to form a glucose
biosensor.

Tang et al.170 have used an electrospinning technique to deposit TiO2 nanofibers on a
platinum electrode. The resulting substrate had excellent electrocatalytic activity, showing a
30% increase in current density response to H2O2 than a bare platinum electrode. The
authors then immobilized GOx with the aid of chitosan to provide a high performance
glucose sensor. The electrospun TiO2 nanofibers provide a promising platform for further
investigation in electrochemical biosensors.
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Wang et al.171 used a chitosan-stabilized hollow nanostructured platinum decorated with
MWCNTs to drive the direct electron transfer between GOx and the surface of a GC
electrode and positive poly(diallydimethylammunium) chloride protected gold nanoparticles
to create a better support and improve immobilization of GOx. The resulting electrode had a
lower limit of detection and a larger linear range compared to other MWCNTs and also
retained 83.7% of its initial current response after three weeks.

Wan et al.172 have developed a method for the covalent attachment of glucose oxidase
(GOx) within a three-dimensional surface network structure. The method involves
modifying a gold electrode with a self-assembled monolayer upon which polyaniline and
chitosan-coupled CNTs could be added as the signal amplifiers for the GOx detecting
molecules. The covalent attachment platform prevents GOx from leaching, providing a more
stable biosensor with high sensitivity and selectivity.

Another nanomaterial used to improve immobilization and selectivity of GOx was silicon
nanowires (SiNWs). SiNWs are a popularly employed nanomaterial because of their unique
physical properties and their ability to be mass produced, which makes them ideal for
diagnostic tests. Su et al.173 used SiNWs decorated with gold nanoparticles
(SiNWs@AuNPs) to support direct electrochemistry of GOx on GC electrodes. They found
that SiNWs@AuNPs alone had a relatively poor limit of detection, 500 μM, however when
Nafion was added there was a tenfold improvement. Also, they determined that when testing
is done in the presence of interfering substances there was no change in ampermeric current.
Murphy-Perez et al.174 used vapor-liquid-solid grown silica nanowires (SiO2NWs) to
covalently immobilize GOx showing higher enzyme loading and linearity in the range of
interest.

Zhang et al.175 have investigated a surface-initiated atom-transfer radical polymerization
method for developing an enzyme-mediated amperometric biosensor. Using a coupling
agent containing an atom-transfer radical polymerization initiator, the authors were able to
modify an ITO electrode with ferrocenylmethy methacrylate and glycidyl methacrylate.
GOx was then immobilized on the electrode through coupling between the epoxide groups
of glycidyl methacrylate and the amine groups of GOx. The authors discovered that the use
and order of the block copolymer provided a spatial effect that enhanced sensitivity to
glucose.

Lactate Sensors— The quantification of lactate is also becoming increasingly more
important for clinical purposes for the diagnosis of diseases including tissue hypoxia,
respiratory and renal failure. Romero et al.176 developed a lactate biosensor in which the
platinum surface is protected by a Nafion membrane, with lactate oxidase (LOx)
immobilized in a mucin/albumin matrix on the top and a final protecting Nafion layer on the
surface. The design enabled this sensor to be used in whole blood with improved selectivity
and sensitivity. The sensor kept a relatively unchanged sensitivity for five months with a
detection limit of 0.8 μM, and when assay were performed with whole blood there was a
recovery of 89 ± 6%.

Other modifications on lactate sensors have been used to expand the linear range, create
novel immobilization protocols and fabricate electrogenerated chemiluminescense.177–179

Gamero et al.177 on lactate sensors consist of immobilizing onto a rough gold electrode
modified with a self-assembled monolayer of dithiobis-N-succinmidyl propionate (DTSP),
which allows for a larger electrocatalytic activity and linear range, up to 1.2 mM. The novel
enzyme immobilization protocol utilizing hydrolysis of alkoxysilanes created a more active
and stable membrane.178 Electrogenerated chemiluminescense was obtained by MWCNTs
that were decorated with ZnO nanoparticles immobilized onto GC electrodes further
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modified with LOx and Nafion creating an electrogenerated chemiluminescense sensor that
was tested using human blood plasma.179

Other Enzymatic Sensors— Other vital analytes that can be quantified by enzymatic
biosensors are H2O2, copper compounds and polyphenols. In recent work by Sheng et al.180
they describe the use of heme-proteins immobilized in porous carbon nanofiber/RTIL film
for the detection O2, H2O2, and NO reduction. Safavi and Farjami181 developed a novel
hydrogen peroxide amperometric sensor that uses a composite film of ionic liquids to
immobilize myoglobin on a GC electrodes and has a lower detection limit than comparable
heme sensors. In two seperate papers by Akyilmaz et al.182, 183 they describe the
development of a tyrosine enzyme sensor and a partially purified polyphenol oxidase
enzyme sensor for the catechol oxidase. Also, Fusco et al.184 developed a polyphenol sensor
using laccases immobilized on MW- and SW-CNTs screen-printed electrodes for the
detection of polyphenols in wine, commonly called tannins, which have well known
antioxidant properties.

Nanomaterials have also been utilized to enhance the detection of H2O2, a compound of
particular importance in biological systems. Lu et al.185 have prepared a MgO nanoparticle-
chitosan composite matrix to immobilize horseradish peroxidase forming a sensitive H2O2
biosensor. The chitosan was utilized to form a biocompatible interface between the catalytic
MgO nanoparticles and the enzyme. The resulting sensor had a high specific surface area,
high sensitivity and fast response towards H2O2 in the presence of hydroquinone as a
mediator.

Using a hydrothermal technique, Kafi et al.186 have developed a method for the growth of
nanoporous gold networks on titanium substrates. The large surface area of the supporting
matrix was used to immobilize hemoglobin to produce a high-performance H2O2 biosensor.
The nanoporous gold network significantly enhanced the sensing ability when compared to a
titanium substrate modified with planar gold.

Ding et al.187 used an electrospinning technique to directly deposed highly porous
hemoglobin microbelts onto a GC electrode surface without using an immobilization matrix.
They used several spectroscopic methods to demonstrate that the hemoglobin kept its native
structure within the microbelt morphology. The resulting electrode was used to detect both
H2O2 and nitrite. This matrix- and mediator-free sensor fabrication process is very
intriguing for direct electrochemistry-based biosensors.

Ndangili et al.188 have described the formation of nanofibrillar polyaniline-polyvinyl
sufonate composite through the electropolymerization of aniline in the presence of
ferrocenium hexafluorophophate. They then used the composite to absorb horseradish
peroxidase to form an amperometric enzyme biosensor. This polymer based-substrate
provides a promising platform for mediated-redox-enzyme amperometric biosensors.

Sheng et al.180 were able to immobilize heme-proteins in a composite material composed of
porous carbon nanofiber and a room-temperature ionic liquid. The composite material
provided a microenvironment enabling the heme-proteins to retain their native structure. The
resulting biosensor was capable of detecting O2, H2O2, and NO.

Won et al.189 have used a Fe3O4 nanoparticle core-mesoporous silica shell matrix to
immobilize horseradish peroxidase to develop a H2O2 biosensor. The mesoporous surface of
the silica shell provides biocompatible entrapment sites, while the nanoparticle structure
increases the surface area and loading capacity. The resulting biohybrid material was
deposited onto screen-printed electrodes providing a sensitive biosensor.
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Direct Electron Transfer

Typical biosensors utilize natural or artificial redox mediators to monitor an enzymatic
reaction that is both selective and sensitive for a particular analyte. Yet an ideal approach
would allow for direct electron transfer between the enzyme and the electrode in order to
increase selectivity, simplify the process, and requiring fewer reagents. Unfortunately
enzyme immobilization remains a challenge for biosensors based on direct electron transfer.
Novel immobilization methods are thus a crucial step for advancing this field.

Silveira et al.190 have developed a protocol by which cytochrome c nitrite reductase was
incorporated within a porous sol-gel matrix to modify a pyrolytic graphite electrode. The
resulting non-mediated amperometric biosensor demonstrated enhanced selectivity toward
nitrite. Abdelwahad et al.191 were able to immobilize cholesterol oxidase on a conductive
polymer to create a cholesterol biosensor. In doing so, they were able to harness the direct
electrochemistry of this enzyme to function as sensing material. Co-immobilized
microperoxidase was used as a catalyst for the H2O2 generated by the cholesterol oxidase.
The ability to co-immobilize the two enzymes is a promising endeavor for direct electron
transfer-based biosensors.

Fan et al.192 have demonstrated how Fe3O4-Pt core/shell nanoparticles can be utilized to
covalently bind to hemoglobin, retaining the electrochemical behavior of the immobilized
protein. The resulting electrode exhibited excellent electrocatalytic activity and stability.

DNA Based Sensors

DNA biosensors are a relatively new and quickly emerging area due to its simplicity, speed,
and economical assays for gene analysis and testing.2 DNA biosensors use this high
specificity to target sequences in the presence of non-complimentary strands which has a
broad range of potential uses from detection of genetic disorders and bacterial and viral
infections to forensic and bio-warfare detection.193 Recent developments focus on
improvement of fabrication and specific biological uses.

To enhance the detection of short DNA sequences Liu et al.194 fabricated a DNA biosensor
based on hollow gold nanopartices. The hollow gold nanoparticles are fabricated based on a
displacement of Co nanoparticle, characterized using CV and electrochemical impedance
spectroscopy, have spike-like morphology of their surface which enhances the
immobilizations and hybridization of the DNA and after two weeks still maintained about
95% of their initial response with a wide linear range, 1 pM to 10 nM, and low detection
limit.

Du et al.195 used layer by layer technique to create an electronically conductive and
catalytically active polymeric multilayer film by alternating sulfonated polyaniline
nanofibers and cysteamine-capped gold nanoparticles, which can electrocatalyze NADH to
be used to detect DNA hybridization. This hybridization can be detected using
chronopotentiometry, which instantaneously detects DNA hybridization as compared to
electrochemical impedance spectroscopy that requires 15–20 minutes before detection.

Current advances in these biosensors have been used to detect DNA for a variety of
biological uses with a focus on disease diagnostics some applications are discussed below.
Vyskyocil et al.196 used a DNA biosensor based on a screen printed CPE immobilized with
double-stranded DNA for in detection of genotoxic nitro derivatives. Aladag et al.197 used
DNA biosensors to detect Apa I polymorphism, which are involved in Alzhiemer’s Disease,
within 30 minutes, which is more rapid than other current assays. Zhang et al.198 used DNA
biosensors for simultaneous detections of both HIV-1 and HIV-2 oligonucleotides.
Pournaghi-Azar et al.199 created a DNA biosensor for direct detection and discrimination of
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hepatitis C virus genotype 3a. Sun et al.98 developed a chitosan/nano-V2O5/MWCNTs
composite film modified carbon ionic liquid electrode that could detect Yersinia
enterocolitica, a common pathogen in pork known to cause gastroenteritis, with a lower
detection limit than current methods. A sensor for the detection of Trichoderma harzianum
species which allows for the quantization of microorganisms was developed by Siddiquee et
al.200

Other Papers of Interest

Yao and Hu201 developed a novel electrode that is pH-switchable, where it is in the on state
at pH 4.0 and off at pH 9.0. They constructed layer by layer films of concanavalin A and
horseradish peroxide on pyrolytic graphene that allows for the control of bioelectrocatalysis
of hydrogen peroxide by altering the surrounding pH.

Other interesting developments have involved the use of graphene. Wang et al.109 used
chemical doping of graphene to modify the intrinsic properties. They used nitrogen plasma
treatment of graphene to prepare nitrogen-doped graphene, which displayed high
electrocatalytic activity for the reduction of hydrogen peroxide. Also, Wan et al.202 used
functionalized graphene oxide sheets with a signal amplification method for the sensitive
and selective detection of bacteria.

MICROFLUIDIC SYSTEMS

Microfluidics refers to devices, systems, and methods for the manipulation of fluid, with the
length scales in the micrometer range.203 Advances in these devices coupled with electrode
development has led to the advancement of lab-on-a-chip systems or micrototal analysis
systems (μTAS).203, 204 The use of these systems has found many applications in
biochemical analysis, pharmaceutical industry and environmental testing because of their
ability to integrate several procedures into a single device.203 In the past two years there
have been two very thorough reviews on microfluidic systems, one by Liu et al.205 in 2010
(145 citations) and the other by Livak-Dahl et al.204 in 2011 (149 citations). Livak-Dahl et
al. focuses on the overall development of microfluidics while Liu et al. focuses on the recent
advances specifically for biosensing and biomedical applications. While there have been a
large number of advances in microfluidics in two years, this review will focus on advances
in the field that can be coupled with sensors for the development of novel μTAS.

Continuous Flow Assays

Continuous flow microfluidic systems are the main approach for simple biochemical
applications, such as diagnostic tests, because they are easy to implement and less sensitive
to protein fouling. Unfortunately, they are less suitable for tasks that require a large degree
of flexibility.203, 205 Current advances have focused on creating microfluidic devices that
incorporate electrodes into the microfluidic platform to create μTAS for clinical
applications.

Lin and Lee206 developed a microfluidic device capable of performing online cell counting
and continuous cell lysis. To do this, they used a combination of hydrodynamic focusing and
an optically induced electric field, where the fibroblast cells were precisely counted and
lysed simultaneously in a single chip. They used an applied voltage and illumination power
density above 7 V and 100 kW/m2 to obtain a lysis rate of 93.8%. Since this device was able
to quantify the number of lysed cells, which is essential for the subsequent DNA extraction
process, it has potential for various cell-based analysis and molecular diagnosis applications.

Vojtisek et al.207 created a rapid microfluidic device for continuous flow DNA hybridization
and isolation. They used parallel laminar flow streams containing reagents and buffer
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solutions that were generated in a flow chamber with magnetic particles. These particles
tagged with 20 nM single stranded probe DNA were pulled through a stream of
complimentary DNA using external magnets while non-specific DNA is washed away in
neighboring buffer streams. The bound DNA was fluorescently labeled and detected, which
allowed for the detection of DNA down to 20 nmol/L and greatly reduced total procedural
time, compared to conventional methods.

Wang208 used a microfluidic device and chelating nanobeads to remove lead from blood. He
used a microelectromechanical process to design and fabricate a microfluidic sorter. It has a
microchannel with asymmetric electrodes that provided a local dielectrophrosis field strong
enough to manipulate the chelating nanobeads and blood cells in a bloodstream flow. The
most effective driving velocity for the bloodstream flow was less than 0.09 m/s through the
device, with an applied power of 5 W and a frequency of 13.56 MHz ac field to effectively
separate out the nanobeads from the bloodstream.

Droplet Assays

Droplet based microfluidic systems commonly use electrowetting to create picoliter to
microliter droplets separated by an immiscible liquid. These droplets remain mobile in the
microfluidic system creating isolated chambers without cross contamination or dilution and
as a result, offer a unique solution to genomics, proteomics, metabolomics among
others.203, 204,205 Current advances have focused on the use of electrowetting-on-dielectrics
(EWOD). EWOD is considered one of the most feasible and efficient methods droplet based
assays. EWOD is an actuator based on controlling charge at the interface of liquids and
insulators over buried electrodes. EWOD actuators have more flexibility than other common
platforms because they can split, mix, and dispense droplets from on-chip reservoirs. A
thorough review was published in 2010 by Malic et al.209 over these advances in the past
decade (126 citations).

Lin et al.210 described a method of using low-voltage EWOD with multi-layer insulators to
develop devices that could be reused with more reliability. They found that devices which
used 135 nm Ta2O5 and 180 nm parylene C as insulators were more robust and operated
better under lower applied voltages than device with a homogeneous single dielectric layer.
Their devices with 100 μm electrode pitch were developed with an actuation threshold
voltage of 7.2 V and a dispensing voltage of 11.4 V, which are lower than the dielectric
breakdown voltages of the electrode insulator. They were also able to demonstrate the
ability to scale the actuation threshold voltage and physical size of the electrodes to 35μm,
enabling the transfer of 30 pL droplets.

Karuwan et al.211 coupled a three-electrode electrochemical sensing system with EWOD
digital microfluidic devices to quantitatively analyze iodide. A sensing system that
contained an Au working, Ag reference, and Pt auxiliary wires was suspended at the end of
T-junction EWOD mixing device. Microdroplets of Tris buffer and potassium iodide
solution were mixed and detected by cyclic voltametry within seconds. Their combination of
EWOD digital microfluidic and electrochemical sensing system shows the potential for a
novel method of rapid chemical analysis with minimal reagent consumption.

Malk et al.212 investigated the characteristic hydrodymamic flow shown in droplets actuated
by EWOD with AC voltage. Silicon oil was used as the ambient phase. They found that
there was quadripolar flow with four symmetrical vortex structures that was controlled by
frequency actuation. Also, they found that droplet oscillations were most likely involved in
the hydrodynamic flow.
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Other Papers of Interest

Liu et al.213 developed a microfluidic silicon chip with poly(ethylene glycol) (PEG)
hydrogel microarray on the nanoporous anodized aluminum oxide (AAO) membrane for cell
based microarray for drug testing. They used photolithography to fabricate PEG hydrogel
microstructures on a nanoporous alumina surface modified with a 3-(trimethoxysilyl)propyl
methacrylate. Cancer cells were selectively adherent to the 3-(trimethoxysilyl)propyl
methacrylate monolayer inside the microwells where they performed diffusion studies using
the anti-cancer drug, cisplatin.

Gallaway et al.214 designed a single-use microfluidic electrochemical cell to monitor a metal
layer electrodeposited from a flowing electrolyte stream, in a lateral configuration, and
separated by a flow channel. They found that zinc deposition was effected by flow rate so
they used ramified zinc tip approaches, which are independent of electrolyte flow rate. This
zinc deposition reaction has a Tafel slope of 130 mV below 10 mA/cm2 and 50 mV in the
second Tafel region less than 10 mA/cm2 where this second region could have relevance to
battery development.

Lee et al.215 developed a way of incorporating liquid glass electrodes into fluidic systems.
They developed a three-dimensional nanoscale liquid glass electrode by femtosecond-laser
nanomachining from monolithic substrates without conductive materials. The electrode
consisted of a nanochannel that ended at a nanoscale glass tip, which became a conductor in
the presence of high electric fields through dielectric breakdown, and was reversible when
the field is removed. They used nanoscale liquid glass electrode to develop a nanoinjector
with an electrokinetic pump capable of producing well-controlled flow rates below 1 fL/s.
Their electrode could be integrated into other nanodevices and fluidic systems, including
actuators and sensors.

MASS SENSORS

Due to potential uses in the biological and biomedical fields, the development of sensors that
can detect mass down to the molecular and atomic level has attracted interest. The overall
principle of mass sensors is that the detection of mass changes can be determined by
changes in resonance frequency, beam deflection, or electrical resistance from the mass on
the surface of the sensor.203, 216 Two most commonly explored techniques for
electrochemical mass sensing are the quartz crystal microbalance (QCM) and cantilevers.
QCM utilizes quartz crystal resonators as sensing material while cantilever sensors use
piezoresistive cantilevers.203 There are other types of mass sensors, however this review will
primarily focus on these two.

Quartz Crystal Microbalance

QCM consists of electrodes plated onto a thin cut disk of quartz. Quartz is a piezoelectric
material, meaning that when an oscillating electric field is applied across the surface an
acoustic wave is introduced perpendicular to the crystal. If a mass is absorbed or placed onto
the surface the change in oscillation frequency is proportional to the amount of mass.203

QCM can detect sub-nanogram mass changes and allows for the detection of biomolecules
when a receptor protein is immobilized onto the surface.203 There have been two review
articles in the past two years that thoroughly discuss the developments of QCM, one by
Hillman221 that discussed the developments in electrochemical QCM (76 citations) and
another by Tuantranont et al.217, 218 that discussed monolithic multichannel QCM (125
citations). Recent advances have focused on decreasing the limit of detection in assays and
improving selectivity with difficult substrates.
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To improve the sensitivity and selectivity for chemical analytes, previous work has looked at
various coatings on the QCM surface, including metals, ceramics, and polymers. Wang et
al.219 looked at electrospun fibrous membranes to improve the sensitivity of a formaldehyde
sensor. In particular, they look at polyethyleneimine fibers electrospun with poly(vinyl
alcohol), which created a porous surface and was three times more sensitive than the
corresponding electrode with a flat surface. The sensor had a range of 10–255 ppm at room
temperature and was reversible. The sensor was also selective for formaldehyde over other
volatile organic compounds.

Additionally, the selective detection of certain biomarkers in biologically relevant sample
posses some challenges. For example, the ability to detect C-reactive proteins in human
serum, which are important in inflammation, is difficult due to blood proteins
nonspecifically adsorbing onto the surface. Ogi et al.220 used an electrodeless QCM
sandwich assay with a resonant frequency of 182 MHz. Creactive proteins are important
biomarkers in inflammation with a threshold level of 30 ng/mL. To combat this, they used a
mass-amplified sandwich assay with a biotinated C-reactive protein-antibody whose mass
was increased by attaching streptavidin. They were able to detect C-reactive proteins in
solution accurately down to 0.1 ng/mL, which is well below the threshold level.

Another difficulty with QCM has to do with the reduced functionality of QCM in a liquid
environment. To be able to detect DNA sequences in fluid using QCM, Garcia-Martinez et
al.221 developed a homemade quartz crystal oscillator circuit where the quartz was
completely submerged in liquid. They used Miller oscillator topology and a working
frequency of 50 MHz to have a highly sensitive system that detected complimentary DNA
concentrations 50 ng/mL and higher.

Aptamers are synthetic single strand DNA or RNA molecules that fold up into 3-D
structures with a high affinity for their target molecules that retain their binding and
inhibitory behavior after immobilization making them extremely useful in the development
of sensors. Yao et al.222 developed a QCM biosensor with aptamers as the recognition
element. They compared immunogobulin E detection using an antibody-based sensor and an
aptamer-based sensor in human serum. They found that the linear range of the antibody was
10–240 μg/L while it was 2.5–200 μg/L with the aptamer. Also the aptamer based sensor
could tolerate repeated regeneration while the antibody based could not.

Cantilever Sensors

Micro- and nano-cantilever sensors are sensitive mass detectors that have been shown to
distinguish mass changes from single cells to single molecules. Cantilever sensors measure
the change in mass based on the change in resonant frequency actuated by piezoelectric
films.216 They are simple, highly sensitive and capable of real time detection. A recent
review by Alvarez and Lechuga223 was published in 2010 that discussed the overall
advances in the field (100 citations). Recent advances have focused on improving the
sensing surface and developing better ways to determine mass regardless of position on the
cantilever.

A current issue with cantilever sensors is that the mass sensitivity is determined by the
location of the mass relative to the free end, creating nonuniform sensitivity. In two current
papers, by Parkin and Hahner228 and Dohn et al.,224, 225 they derived general expressions
for determining mass regardless of position. Parkin and Hahner224 described the
development of expressions that allow for the determination of total mass with any mass
distributions regardless of the flexural mode, while Dohn et al.225 described expressions that
allow for the identification of the position of the particles on the cantilever.
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In an article by Joshi et al.,226 an improvement in the sensing surface of the cantilever for
use as bio nano mass sensors by utilizing the mass sensing capabilities of SWCNTs. They
looked at the mass sensing capabilities of three different chiral SWCNTs, (6,4), (7,3), and
(8,1), to determine which surface yielded the best results at detecting masses on a zeptogram
scale. They found that (8,1) SWCNTs yielded a higher frequency shift than the other two
chiral SWCNTs.

Other Papers of Interest

Even though cantilever sensors have been a commonly accepted way of determining mass,
there has been a trend in emphasis on ways to replace the cantilever. The main reasons for
this eventual shift are the complex calculations required for analysis with cantilevers, along
with their nonuniformity and fragility. Schmid et al.227 developed a sensor that uses micro-
strings instead of a cantilever for real-time mass detection of individual particles in air or a
vacuum without the need for post-measurement analysis. Silicon nitride micro-strings were
successfully used to measure the resonant frequency shifts due to the placement of
microparticles on the strings. This method possesses potential uses in the real-time detection
of airborne nanoparticles.

In a paper by Melli et al.,228 they describe the use of micro-pillars instead of cantilevers.
They used lithography and deep anisotropic etching to fabricate the micro-pillars, which are
intrinsically symmetrical, creating uniformity across the surface. Also, they use a self-
calibrating functionalization strategy making them suitable for use in liquid environments,
which typically present difficulties in cantilever-based sensors. These micro-pillars have a
sensitivity of 33 Hz/fg and a reproducibility of 0.1 fg and were selective when tested.

Park et al.229 developed micro-electro-mechanical systems, which utilize a four beam-spring
sensor structure to retain a uniform mass sensitivity and have the potential to be coupled
with microscopy for a comprehensive look at cell growth. They developed this sensor to
measure mass, growth rate and biophysical properties of fixed and unfixed cells. The
reported sensitivity was 221 Hz/ng in liquid. They used this sensor to detect the cell growth
of human colorectal carcinoma cells, which increased linearly at a rate of 3.25%/hr for over
50 hours.

CONSLUSIONS

Electrochemical sensors provide a crucial analytical tool as demand for sensitive, rapid, and
selective determination of analytes increases. Unlike spectroscopic and chromatographic
instruments, electrochemical sensors can be easily adapted for detecting a wide range of
analytes, while remaining inexpensive. Additionally, these sensors are capable of being
incorporated into robust, portable, or miniaturized devices, enabling tailoring for particular
applications.

In the area of potentiometric sensors, emphasis has remained on developing ISEs for the
detection of cations, anions, and neutral species. Strategies for incorporating materials to
enhance speed, sensitivity, and stability of these sensors has been of particular interest.
Additionally, focus on determining the concentration of clinically relevant molecules for
drug development, disease screening, and biomedical research has grown in this field.
Finally, the further development in E-tongues provides a promising avenue in this field to
provide a more general method of detection that can be applied as a more general tool in
analytical chemistry.

Previous reviews in this area described the growing importance of exploiting nanomaterials
in electrochemical sensors.230, 231 This trend has both continued and evolved in the past two
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years. As the unique properties of these nanomaterials increases, so does the ability to utilize
nanoscience to enhance the properties of electrochemical sensors. Of particular interest are
carbon-based materials, which can take numerous morphologies that impact the properties
of the resulting sensor. The recent Nobel Prize for graphene has sparked investigations of
this new material in a variety of applications, including electrochemical sensors. Moreover,
the combination of various nanomaterials into composites in order to explore their
synergistic effects has become an interesting area of research.

The incorporation of biomaterials into electrochemical sensors enables the sensitivity and
selectivity that are akin to nature. Major advancements in both biosensors and
immunosensors revolve around immobilization and interface capabilities of the biological
material with the electrode. The use of nanomaterials and sandwich-type devices has
provided a means for increasing the signal response from these types of sensors. The ability
to incorporate biomaterials with the potential for direct electron transfer is another growing
research area in this field.

In general, the field of electrochemical sensors continues to grow and find new areas for
application. We believe that the field will focus on the incorporation and interaction of
unique materials, both nano and biological, in the coming years. Two branches of
electrochemical sensors are developing: sensors with increased specificity and sensors
capable of simultaneous/multiplex determination. In both of these branches the ability to
operate in complex biological matrixes will remain critical, forcing researchers to solve
problems of biocompatibility and stability.
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Figure 1.
Schematics of graphene sheet orientation in MWCNTs (a) and stacked graphene nanofibers
(SGNF), b). The highly electroactive edge portion of the sheets are highlighted in yellow.
Reproduced by permission of the PCCP Owner Societies.62
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Table 1

List of abbreviations used in this review

Abbreviation Meaning

ChEs cholinesterases

CNT carbon nanotube

CPE carbon paste electrode

EDTA ethylenediaminetetraacetic acid

E-tongues electronic tongues

EWOD electrowetting-on-dielectric

GC glassy carbon

GOx glucose oxidase

IgG Immunoglobulin G

ISE ion selective electrode

ITO indium tin oxide

LB Langmuir Blodgett

LDH layered doubled hydroxides

Lox lactate oxidase

MIP molecularly imprinted polymers

MWCNT multi-walled carbon nanotube

NADH nicotinamide adenine dinucleotide

pBDD polycrystalline boron doped diamond

PPT 1-phenyl-3-pyridin-2-yl-thiourea

PVC polyvinyl chloride

QCM quartz crystal microbalance

RTIL room temperature ionic liquids

SiNWs silicon nanowires

SPR surface plasmon resonance

SSRE solid-state reference electrode

SWCNT single-walled carbon nanotube

TNF-α tumor necrosis factor-α

TNT 2,4,6-trinitrotoluene

UMEs ultramicroelectrodes

μTAS micrototal analysis systems

Anal Chem. Author manuscript; available in PMC 2013 January 17.


