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Preface

It is interesting to note that the first biosensor which emerged involved the use of
an enzyme, while the most recent bioreceptor molecule is the aptamer. Therefore,
the title and subject of this volume reminds us not only to look back to the history
of biosensor development, but also to foresee the future of biosensors. We are
really delighted to present this volume, even if it is true that a single volume
cannot show all the progress in the biosensor development since it started. In this
volume, therefore, after a brief introduction to the latest technology in biosensors,
topical reviews are followed for the most recent advances in aptamer and enzyme
biosensors. These contributions are by world renowned biosensor scientists and
engineers who share their broad and deep experience and knowledge.

‘‘Future of Biosensors: A Personal View’’ (Frieder W. Scheller, Aysu Yarman,
Till Bachmann, Thomas Hirsch, Stefan Kubick, Reinhard Renneberg, Soeren
Schumacher, Ulla Wollenberger, Carsten Teller and Frank F. Bier) gives a general
overview of biosensors, which is a personal view on the future of biosensors. The
chapter highlights that biosensors will be a very useful tool for decentralized and
personalized online patient control or health check-ups in the future healthcare
technology. They can also be widely used as a simple and rapid on-site mea-
surement system, as a complement to the instrumental analysis methods, and for
several applications including safety checks of drinking water and foods.

Since their first discovery in 1990, aptamers have received tremendous attention
not only in academia but also from industrial sectors. During the last two decades,
thousands of publications on aptamers or SELEX have been reported, numerous
patents have been filed and granted, and several companies in pharmaceutical and
diagnostic fields are now dealing with aptamers. Since the first FDA approved
aptamer-drug (Macugen) entered onto the market, aptamers have become
increasingly important as molecular probes for diagnostics and therapeutics.
Especially, several advantages of aptamers, compared to natural receptors such as
antibodies or enzymes, have attracted researchers to develop aptamer-based
biosensors. Recently, various novel aptasensors have been developed from their
intrinsic properties as nucleic acids, these show remarkable flexibility and
convenience in the design of their structures. Moreover, a considerable under-
standing of aptamers’ conformation and their ligand-binding properties combined
with functional nanomaterials, such as gold nanoparticles or quantum dots, has led
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to the emergence of a range of different styles of bioassay platforms. These issues
are included in a different chapter of this book.

‘‘Advances in Aptamer Screening and Small Molecule Aptasensors’’ (Gu and
Kim) introduces the recent advances in aptamer screening methods, including a
modified SELEX processes using graphene oxide (GO) from their own study,
which enables aptamer isolation with higher affinity and selectivity through a less
labor-efficient and time-efficient manner. This chapter also reviews aptasensors,
especially for low-weight molecular targets, which have not been studied
sufficiently, despite the increasing need in the fields of environmental monitoring,
food safety, and defense and security.

In ‘‘Exploration of Structure-Switching in the Design of Aptamer Biosensors’’,
Lau and Li review the recent progress on engineered structure-switching aptamer
sensors. In this chapter, the authors introduce the origin and design of struc-
ture-switching aptamers and summarize their key applications for aptasensor
development with the integration of fluorescent, electrochemical and colorimetric
detection methods.

In ‘‘DNAzyme-Functionalized Gold Nanoparticles for Biosensing’’, Xiang,
Wu, Tan, and Lu review the recent progress on analytical methods using
DNAzyme and gold nanoparticles (AuNPs). In this chapter, various sensing
methods using DNAzyme functionalized AuNPs are summarized. In addition, the
intracellular applications of DNAzyme functionalized AuNPs are discussed.

In ‘‘Aptamer-Modified Nanoparticles as Biosensors’’ (Lonne, Zhu, Stahl, and
Walter), the authors review both the utilization of aptamers in combination with
various nanoparticles and discuss the analytical applications of aptamer-modified
nanoparticles. Also, the authors address the medical applications of these aptamers
in the detection of biomarkers and pathogens, cell targeting and imaging, and
targeted drug delivery.

‘‘Electrochemical Aptasensors for Microbial and Viral Pathogens’’ (Labib and
Berezovski) summarizes the recent developments in electrochemical aptasensors
for the detection of microbial and viral pathogens. In addition, the authors give a
viability assessment of microorganisms, bacterial typing, identification of
epitope-specific aptamers, and affinity measurement between aptamers and their
respective targets.

Abe, Yoshida, and Ikebukuro also present electrochemical aptasensors in
‘‘Electrochemical Biosensors Using Aptamers for Theranostics’’, but this time
focused on the theragnostics application, in which specific patients are selected for
appropriate drug administration with diagnostics. The authors summarize the
electrochemical aptamer-based sensing systems and discuss their advantages for
theragnostics.

In spite of extensive advances in aptasensors, the market in biosensors is
dominated by antibodies which are fully matured and standardized in the industry.
One bottleneck in the commercialization of aptasensors is the isolation process of
aptamers by in vitro selection which prevents widespread usages of aptamers. Only
a limited number of aptamers are currently available. To overcome this issue,
SELEX has been continuously advanced to make it simpler and quicker.
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In addition, the understanding of whether any overarching rules govern aptamer
functions is also important for optimal aptamer performance in assays and
detection systems. Aptasensors are now starting to show their worth as a rival of
traditional immunoassays in analytical fields.

In an effort to overcome the current limitations and expand the use of enzyme
biosensors, many attempts have been made. This book describes some typical
examples.

First, Lim and Kim in ‘‘Enzymatic Glucose Biosensors Based on
Nanomaterials’’ describe the innovations in glucose biosensors that account for
about 85 % of the entire biosensor market. Over the last few decades, glucose
biosensors based on glucose oxidase (GOx) have played a pivotal role in simple
glucose detection kits in blood as well as in vivo glucose monitoring, due to its
mass production and easy availability. The major issues to be addressed in enzyme
biosensors include the enhancement of biosensor performance such as sensitivity,
selectivity, and detection range of analytes.

In ‘‘Cascadic Multienzyme Reaction-Based Electrochemical Biosensors’’,
Yoon et al. describe a concept of cascadic multi-enzyme reaction employing more
than two enzymes in the construction of biosensors to enhance their sensitivity and
accuracy. They present fundamental principles for the development of electro-
chemical biosensors based on cascadic multienzyme reactions and their applica-
tions in clinical and environmental fields. Essential knowledge for the
development of such biosensors includes a cascadic multi-enzyme reaction-based
assay method and their multi-enzyme reaction mechanisms, electrochemical
signaling principles, and multi-enzyme immobilization strategies. Obviously, a
key step in the construction of biosensors is the immobilization process of
enzymes that specifically recognizes the analyte. This crucial process is often
limited by reduction in the catalytic activity of enzymes at the solid–liquid
interface, which is related to the need for the biomaterial to be well-arranged on
the surface, or within, an assembly. Furthermore, the number of biomolecules
immobilized is connected to the sensitivity of the whole sensing device. This gives
rise to the development of immobilization procedures which move away from
simple mixing of the biocomponent with a matrix to methods allowing a layered
and controlled deposition of the recognition element, resulting in multilayered
architectures on the transducer surface.

In ‘‘Protein Multilayer Architectures on Electrodes for Analyte Detection’’,
Feifel et al. present an overview of the methods available for arranging biomo-
lecules in a layer-by-layer (LBL) design. Furthermore, applications in sensor
construction are illustrated with the focus on electrochemical transduction.
In particular, this chapter provides an overview of different assembly methodol-
ogies used for the construction of multilayer architectures with bio-molecules for
application in sensors. The use of different building blocks is introduced for the
formation of multilayers with a clear preference for polymers and nanoparticles.

Finally, as a new concept of enzyme biosensors, Arduini and Aminec in
‘‘Biosensors Based on Enzyme Inhibition’’ introduce a biosensor based on enzyme
inhibition. The measurement of analytes can be performed by means of two
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different approaches. If the enzyme metabolizes the analyte, the analyte can be
determined measuring the enzymatic product. If the analyte inhibits the enzyme,
the decrease in the enzymatic product formation can be measured and correlated to
the analyte concentration. In this context, the authors describe the detection
principle and the potential application of biosensors based on enzyme inhibition.

With a growing demand for sensitive and robust biosensors in the fields of
healthcare, the environment, and bioprocesses, many advances in aptamer or
enzyme biosensors are in high demand. In particular, the integration of new
materials and nanotechnology with current biosensor technology will accelerate
the development of new biosensors with greater potential. We hope that this
volume provides some insight into the possible future developments of aptamer
and enzyme biosensors.

Man Bock Gu
Hak-Sung Kim
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Future of Biosensors: A Personal View

Frieder W. Scheller, Aysu Yarman, Till Bachmann, Thomas Hirsch,
Stefan Kubick, Reinhard Renneberg, Soeren Schumacher,
Ulla Wollenberger, Carsten Teller and Frank F. Bier

Abstract Biosensors representing the technological counterpart of living senses
have found routine application in amperometric enzyme electrodes for decen-
tralized blood glucose measurement, interaction analysis by surface plasmon
resonance in drug development, and to some extent DNA chips for expression
analysis and enzyme polymorphisms. These technologies have already reached a
highly advanced level and need minor improvement at most. The dream of the
‘‘100-dollar’’ personal genome may come true in the next few years provided that
the technological hurdles of nanopore technology or of polymerase-based single
molecule sequencing can be overcome. Tailor-made recognition elements for
biosensors including membrane-bound enzymes and receptors will be prepared by
cell-free protein synthesis. As alternatives for biological recognition elements,
molecularly imprinted polymers (MIPs) have been created. They have the
potential to substitute antibodies in biosensors and biochips for the measurement
of low-molecular-weight substances, proteins, viruses, and living cells. They are
more stable than proteins and can be produced in large amounts by chemical
synthesis. Integration of nanomaterials, especially of graphene, could lead to new
miniaturized biosensors with high sensitivity and ultrafast response. In the future
individual therapy will include genetic profiling of isoenzymes and polymorphic
forms of drug-metabolizing enzymes especially of the cytochrome P450 family.

F. W. Scheller (&) � A. Yarman � S. Kubick � S. Schumacher � C. Teller � F. F. Bier
Fraunhofer Institute for Biomedical Engineering IBMT, 14476 Potsdam, Germany
e-mail: fschell@uni-potsdam.de

F. W. Scheller � A. Yarman � U. Wollenberger � F. F. Bier
Institute of Biochemistry and Biology, University of Potsdam, Karl-Liebknecht-Str. 24–25,
14476 Potsdam, Germany

T. Bachmann
Division of Pathway Medicine, University of Edinburgh Chancellor’s Building,
49 Little France Crescent, Edinburgh EH16 4SB, Scotland

T. Hirsch
Institute of Analytical Chemistry, Chemo- and Biosensors, University of Regensburg,
93053 Regensburg, Germany

R. Renneberg
Department of Chemistry, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon SAR Hong Kong, China

Adv Biochem Eng Biotechnol (2014) 140: 1–28
DOI: 10.1007/10_2013_251
� Springer-Verlag Berlin Heidelberg 2013
Published Online: 6 November 2013



For defining the pharmacokinetics including the clearance of a given genotype
enzyme electrodes will be a useful tool. For decentralized online patient control or
the integration into everyday ‘‘consumables’’ such as drinking water, foods,
hygienic articles, clothing, or for control of air conditioners in buildings and cars
and swimming pools, a new generation of ‘‘autonomous’’ biosensors will emerge.

Keywords Biosensors �Molecularly imprinted polymers � Personalized medicine

Abbreviations

2D Two-Dimensional
BCC Business Communications Company, Inc
DNA Deoxyribonucleic Acid
ELISA Enzyme-Linked Immunosorbent Assay
ESBL Extended-Spectrum Beta-Lactamase
FDA Food and Drug Administration
FETs Field Effect Transistors
GO Graphene Oxide
HER-2 Human Epidermal Growth Factor Receptor 2
HVA Homovanillic Acid
IUPAC International Union of Pure and Applied Chemistry
IVD In Vitro Diagnostics
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rGO Reduced Graphene Oxide
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SELEX Systematic Evolution of Ligands by Exponential Enrichment
TSA Transition State Analogue
TCP 2, 4, 6-Trichlorophenol
UV Ultraviolet

Contents

1 Introduction.......................................................................................................................... 3
2 State of the Art.................................................................................................................... 4

2.1 Blood Glucose Measurement ..................................................................................... 4
2.2 Immunoassays ............................................................................................................. 5

2 F. W. Scheller et al.



2.3 Lab-on-a-Chip Technologies in Bioanalysis ............................................................. 6
3 Enabling Technologies: Physical, Chemical, and Biological Approaches........................ 8

3.1 Graphene in Biosensor Applications.......................................................................... 8
3.2 Aptamers and Molecularly Imprinted Polymers as Recognition Elements

in Biomimetic Sensors................................................................................................ 13
3.3 Cell-Free Synthesis of Biological Recognition Elements ......................................... 17

4 Biosensors for Personalized Medicine................................................................................ 19
5 Outlook ................................................................................................................................ 23
References.................................................................................................................................. 24

1 Introduction

Enzymes and antibodies are well-established tools in clinical analysis, food
control, and environmental analysis. Almost 50 years ago, a new category of
analytical devices—biosensors—was created. According to the IUPAC definition,
a biosensor is an integrated receptor-transducer device capable of providing
selective quantitative or semi-quantitative analytical information using a biologi-
cal recognition element [1]. The biosensor definition may also be extended to
biomimetic recognition elements, for example, ‘‘mini-enzymes,’’ synzymes,
aptamers, and molecularly imprinted polymers (MIPs), which are derived from
biology.The spatial integration of the recognition element with the transducer
leads to a compact functional unit that allows reuse of the biological component
and miniaturization of the sensor body (Fig. 1). These features allow for online
measurements and are the basis of the combination of different recognition ele-
ments on one transducer array: the biochips. Integration of the biochemical and
signal processing has been realized in ‘‘intelligent biosensors’’ and bio-FETs,
respectively. The combination of biosensors with microfluidics and actuators on a
chip has led to total microanalytical systems (lTAS).

In contrast to ‘‘traditional’’ bioanalytical assays such as Fehling’s solution or
measuring the optical rotation of sugar solution, biosensors combine highly specific,
molecular recognition elements (MREs) with ultrasensitive signal transduction
devices. Modern biosensorics has been established as a standalone branch of
biotechnology at the interface between molecular and cell biology, and analytical
chemistry and engineering, respectively.

The development of biosensors started with the enzyme electrode for blood
glucose described by L. C. Clark in 1962 [2]. It combined the enzyme glucose
oxidase with an amperometric oxygen electrode.

In spite of the large potential and the great expectations in the early 1980s,
biosensors have found only limited application. The commercial sector is clearly
dominated by the decentralized blood glucose measurement and the large forecasts
in the field of DNA-based biochips have failed up to now [3].

After presenting the state of the art in this chapter we discuss the following key
aspects of further development:
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• Physical, chemical, and biological enabling technologies for biosensors.

– The ‘‘magic’’ of graphene.
– The potential of bimimetic recognition elements.
– Generation of proteins by cell-free synthesis.

• Biosensors for personalized medicine.

2 State of the Art

2.1 Blood Glucose Measurement

The blood glucose monitoring by biosensors is an integral part of diabetes man-
agement nowadays. Due to the permanently increasing incidence of diabetes both
in industrialized countries and the ‘‘threshold’’ states such as China and India,
blood glucose measurement is a rapidly growing market. The annual world market
in 2012 was almost US $13 billion with a growth rate of almost 10 %. This value
represents 87 % of the total market for all types of biosensors including DNA
chips. The exceptional position of blood glucose sensors is also expected to last for
the next decade [3].

There have been tremendous developments in the technologies behind com-
mercial blood glucose devices resulting in cost-effectiveness and convenience for
patients. Therefore these analyzers are simple and easy to use, have low sample
requirements, and rapid response. The technology has already reached a highly
advanced level and there are mostly possibilities for minor incremental

Fig. 1 The route from biosensor to biochip
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improvements of discontinuous extracorporeal blood glucose measurement [4, 5].
Nevertheless the following aspects still need further improvement and are the
subjects of intensive research and development:

(i) The US Food and Drug Administration (FDA) recommends that glucose
sensors must have an error of less than 20 % in the clinically relevant region
between 1.65 and 22 mmol/L. Obviously, changes in the performance within
one lot of single-use sensors are the reason for the insufficient accuracy of
decentralized blood glucose analysis. Integrated recalibration could prevent
scattering in many sensors. The present concepts of single-use sensors do not
allow a calibration before the measurement, therefore they have to rely on the
uniformity within each lot.

(ii) Elimination of interference, that is, ‘‘absolute’’ specificity for glucose both on
the level of biological recognition and the transducer. In this line the traditional
glucose-recognizing enzymes glucose oxidase and glucose dehydrogenase
have engineered for improved substrate specificity [6]. Third-generation
enzyme electrodes based on direct electron transfer between the active site of
the biocatalyst e.g., cellobiose dehydrogenases [7] work at low electrode
potential thus suppressing the interference of reducing sample constituents
such as ascorbic acid or paracetamol (acetaminophen). As an alternative to
enzymes, sugar-binding proteins in combination with an optical readout could
be applied in glucose measurement.

(iii) Integration of all analysis steps from taking the sample to the measuring
process including advanced lancing mechanisms and autonomous transfer of
the sample to the sensor. Both micromechanical systems and manchetes with
integrated lancets have been applied, however, the handling is not yet ripe.

Considerable efforts have been and will be devoted to continuous blood glucose
[8, 9] measurement because it can provide valuable information on how to
improve therapy. However, the difficulties in handling and the high costs are still
limiting factors for the commercial success of the devices from Abbot, Medtronic,
and DexCom.

Noninvasive blood glucose measurement is another prospective area. It would
make all sample-dependent measurements obsolete. In spite of considerable efforts
there has been no major success so far due to the absence of specificity.

2.2 Immunoassays

Immunoassays are a widely used analytical technology in biodiagnostics, including
the determination of antigens, hormones, drugs, and antibodies. Immunoassays
have been used in hospitals, laboratory medicine, and research since the mid-1960s.
Their expansion is nowadays boosted by globalization of infectious diseases and the
surge in cardiovascular and other chronic diseases. POC testing is one of the
most rapidly growing segments as tests that were done in the central lab are now
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available as near-patient tests. This has led to an explosion of new tests and tech-
nologies [10].

Lateral-flow assays have moved closer to the patient. A novel ‘‘digital-style’’
lateral-flow assay provides semi-quantitative results by simply counting the
number of lines in the test without any expensive reading instrument. In addition,
more and more lateral-flow tests using saliva, urine, and sweat for analysis can
make them more patient-friendly.

Although it is impossible to duplicate analytes chemically yet, the analyte can
be tagged with oligonucleotide markers that can be subsequently amplified with
PCR and then identified by DNA detection [11, 12]. This approach is often
referred to as immuno-PCR that allows the detection of proteins with DNA
markers. A bio-barcode assay utilizes antibody-coated magnetic beads to capture
and concentrate the analytes, which are subsequently labeled with gold nanopar-
ticle probes conjugated with specific antibodies and DNA barcodes [13, 14]. The
DNA barcodes are then released from the complex and detected via hybridization.
This system allows signal amplification as the nanoparticle probe carries a large
number of oligonucleotides per protein.

For the determination of haptens it would be desirable to provide a method that
produces a response which increases with the concentration of the analyte. An
immuno-threshold-based assay can give a signal directly proportional to the
concentration of the hapten [15]. Also, a one-step, homogeneous noncompetitive
immunoassay for haptens using a highly specific antibody against the immune
complex (IC) formed between an antibody and an analyte has been demonstrated
[16].

High-throughput multiplex immunoassays that measure hundreds of proteins in
complex biological matrices in parallel have become significant tools for quanti-
tative proteomics studies, diagnostic discovery, and biomarker-assisted drug
development.

2.3 Lab-on-a-Chip Technologies in Bioanalysis

‘‘Lab-on-chip technologies are believed to be one of the mainstream technologies
within the next centuries.’’ This sentence is familiar to any researcher in the field
of lab-on-a-chip and biochip technology even if it is hard to find a citation for it.
Nevertheless, according to BCC market researches about the Global Biochip
Market published in 2011, the global market was believed to be as high as US $3.9
billion with an annual growth rate of 19.5 % which is a highly attractive market
segment [17].

One of the key drivers in lab-on-a-chip systems are the huge research activities
in biomedicine. Starting from the human genome project which was completed in
2003, researchers have gained more insights into the genome, proteome, or me-
tabolome [18, 19, 20]. These activities boosted the technology because huge
amounts of data per sample in an adequate time had to be delivered. Small sample
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and reagent consumption, shorter reaction times, lower detection limits, and
especially the possibility for multiparameter analysis made these systems superior
to classical biochemical analysis. These advantages boosted research in areas such
as empiric biomarker research, drug development, or high-throughput screening.
In these areas, lab-on-a-chip systems are mostly used as research tools. For
example, companies such as Affymetrix, Protagen, or Pepperprint offer high-
density microarrays for biomarker identification.

These high-density arrays are used to evaluate differences between diseased and
healthy patients. Starting with a broad spectrum of parameters, the number of
biomarkers will be narrowed down to those analytes showing significant differ-
ences between healthy and diseased states. This lower number will be further
evaluated as candidates in order to find a limited but sufficient number of markers
for focused diagnostic decision making. This way of looking at molecular medi-
cine offers great potential and benefits for patients. Whereas classical biochemistry
looks at just one parameter in order to diagnose a certain disease, multiparameter
analysis will allow us to verify the stage of the disease, to screen risks for pre-
disposition, or to enable therapeutic control (Fig. 2).

This scientifically driven change in the diagnostic value chain will culminate in
personalized medicine approaches. The frequent determination of a multiple of
different parameter requests for new technologies that allow near-patient testing
for direct therapeutic action. Many different analytical devices were developed for
these applications including lab-on-a-disc systems or chip systems such as the
Fraunhofer ivD-platform.

For example, in the Fraunhofer ivD-platform [21] a drop of blood is applied
onto the credit card cartridge which is inserted into the base-unit for a fully
automated processing of the assay. Within 10–15 min the results of immunolog-
ical, serological, and DNA-based assays are obtained.

Multiplexed protein measurement for biomarker-based diagnostic and prog-
nostic testing will become the largest growth segment of the immunodiagnostics
industry [22]. It has the capacity to identify surrogates that will be integrated into
clinical indices, treatment algorithms, and, ultimately, into dynamic disease
models that permit real-time, data-driven patient management.

Fig. 2 Correlation of
number of proteins with
specific application areas
such as traditional
biochemistry, focused
proteomics, and empiric
biomarker research (adapted
from [24])
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Another very promising approach is next-generation sequencing (NGS). Elab-
orated systems such as the platform from Pacific Biosciences allow the sequencing
of the whole genome. Within the platform, a single polymerase is attached to a
waveguide. While synthesizing the complementary DNA strand each nucleotide is
detected and the whole genome can be analyzed [23]. The ability to sequence the
whole genome and to derive specific diagnostic statements such as genetic dis-
position gives rise to new molecular diagnostics. Since as the technology of
sequencing is continually improving, the prices for whole genome sequencing will
drop to an amount affordable for every patient. This trend is already here: for
example, an app from Illumina is available called ‘‘My Genome’’ for exploring
your own genome.

3 Enabling Technologies: Physical, Chemical,
and Biological Approaches

3.1 Graphene in Biosensor Applications

In the family of carbon nanomaterials graphene has recently become the rising
star. This was strengthened by the European Commission’s choosing graphene as a
future emerging technique. Research in Europe involving graphene will be funded
in one of the first so-called flagship initiatives by €1,000 million for the next
10 years [25]. The scientific and technological roadmap of the graphene flagship
lists graphene as a platform with many beneficial properties as a one-atom thick
material with ultimate strength, but also high flexibility, as well as unique elec-
trical and optical properties. The first components that can be transferred from
academic research to industrial applications are proposed for 2015. Transistors are
predicted to start the commercial success of the graphene story, followed by spin
valves, flexible displays, RF tags, ultralight batteries, solar cells, ultrafast lasers,
composite materials, and prostheses. Sensors and biosensors based on graphene are
expected to be available on the market for 2017. To start, a ramp-up phase of
30 months with a total budget of €75 million is planned, where about 3–5 % will
be spent in development of sensor technologies. Not only in Europe, but also in
Asia, mainly Singapore, as well as in the United States, graphene is proclaimed as
an important part of future key technologies. Therefore the question arises as to
whether graphene could be smart enough to replace some of the currently used
materials in biosensor technology.

The reasons why graphene has become so attractive to researchers are to be
found in the extraordinary physical properties of this material. Simply, one can
imagine graphene as a single layer of graphite with exactly one layer of a poly-
cyclic aromatic hydrocarbon network, with all carbon atoms hexagonally arranged
in a planar condensed ring system of quasi-infinite size [26]. It has a metallic
character and consists solely of carbon and hydrogen. It was found for such a
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material that the planar surface of 2,630 m2 weighs only 1 g [27]. A Young’s
modulus of approximately 1,100 GPa indicates superior mechanical strength [28].
A high thermal conductivity of 5,000 Wm-1 K-1 and a high electrical conduc-
tivity of 1,738 S m-1 are further outstanding properties of graphene. Many more
exciting properties have been discovered since Andre Geim and Konstantin
Novoselov described in 2004 a simple way for producing and characterizing
individual graphene flakes [29]. The idea to have all these supreme properties
unified in one material is highly attractive. A combination of transparency,
elasticity, and conductivity will immediately bring flexible sensor arrays with
electrical addressing and/or optical read-out to one’s mind.

This simple synthesis of graphene as described by Andre Geim and Konstantin
Novoselov was performed by the so-called scotch-tape method: an adhesive tape is
thereby placed onto a piece of highly ordered pyrolytic graphite and is then
removed. The graphite layers that stick to the tape will be cleaved by repeating this
procedure again and again. Graphite flakes are transferred from one tape to another
and in each step there is a chance that this layered material will get disrupted. In a
last step, to transfer the graphene, the adhesive tape will be placed onto and
removed from a silicon wafer with a suitable oxide layer on top. The remaining
graphene can be identified due to its high transparency simply by interference
contrast with an optical microscope. This method allows distinguishing between
single-, two-layer, and multilayer graphene and thus gives access to this carbon
nanomaterial for the study of its physical properties. For any practical application
this method is too laborious and inconvenient, therefore nearly a dozen methods
have been developed thus far, to prepare graphene of various dimensions, shapes,
and quality [30]. The methods used mostly are chemical vapor deposition [31],
epitaxial growth on silicon carbide [32], or chemical exfoliation [33]. All of these
methods are advantageous in some ways, and they are able to deliver large
quantities of graphene, but the resulting products are not of the quality of defined
molecules. Even within the same production technique an ill-defined material,
which only somehow represents the ideal graphene at all, will be received, often
with slightly different properties from batch to batch. The perfect graphene is
characterized by quasi-infinite size. This cannot be achieved by any preparation
method. Graphene comprises only surface; there is no bulk phase, but there is
always a border. Therefore, as for every nanomaterial, the properties depend
strongly on the size of the material. The smaller a perfect single flake, the higher
the ratio of the surface to the border and the less the material can be claimed as
perfect graphene. Furthermore, the structure itself can contain chemical func-
tionalities or impurities, introduced by the synthesis or transfer of this material. For
chemically derived graphene (rGO), for example, elemental analysis showed that
about 5 % oxygen remains in this material. This has tremendous influence on the
behavior and the properties of rGO, which are no longer the same as found for
graphene prepared by the scotch-tape method. Additionally, many of the materials
synthesized have not been adequately classified and so the term ‘‘graphene’’ is
often used for materials that differ in chemical structure, shape, size, number of
layers, and, therefore, in their properties. This problem was previously addressed
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[26], but remains unresolved. It is therefore critical first to classify graphene
materials before associating the materials with (biosensor) applications. Often this
is neglected, and the term graphene is used without giving an exact character-
ization of the material. An urgent need, for all carbon nanomaterials in between
graphene and graphite (Fig. 3), is to find a clear language in describing these
manifold materials. Furthermore, a standard method is required that immediately
depicts to any researcher the quality of the material, in terms of the number of
layers, chemical doping, crystallite size, or presence of impurities. All this
information can be obtained from Raman studies; therefore it should be mandatory
for all works on and with graphene to present a Raman spectrum instead of
defining the material by countless numbers of indiviual acronyms such as: CRGO,
GO, RGO, GR, G, GNS, EG, GNP, CCG, GE, GP, ERGO, GF, EGO, GS, GN,
TRGO, CMG, FG, ERGNO, CRGNO, and many more. This allows for a high risk
of confusion (e.g., GO may stand for graphite oxide or graphene oxide).

For biosensor applications, it turned out that the chemically exfoliated graphene
should be the most promising candidate. This material differs a lot from the perfect
graphene, due to many defects in the chemical structure, and small flake sizes with
high polydispersity, but it still has some interesting properties. First of all,
graphene oxide (GO) can be dispersed in aqueous solutions and second, it can
easily be modified by biomolecules via standard immobilization techniques. If the

Fig. 3 Classification of graphene-related materials. Routes: (1) Oxidation of graphite to graphite
oxide. (2) Stepwise exfoliation of graphite oxide to give graphene oxide in aqueous colloidal
suspensions by sonication and stirring. (3) Reduction of graphene oxide by chemical reactions,
thermal annealing, flash reduction, enzymatic reduction, or electrodeposition. (4) Mechanical
exfoliation of graphite to give graphene (scotch-tape method). (5) Oxidation of graphene sheets to
graphene oxide. (6) Thermal decomposition of a SiC wafer. (7) Growth of graphene films by
chemical-vapor deposition. Group A includes graphene materials primarily used for their electronic
properties, group B for their optical properties. (Adapted from [34] by permission from Elsevier.)
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flakes are small, such material shows a weak fluorescence that can be excited
nearly over the whole visual range. After a reduction step, the previous highly
distorted aromatic system will be recovered and such material turns out to have
good electrical conductance as well as promising quenching abilities. The reduced
GO, the chemically derived graphene (rGO), is also dispersible in water, but does
not form stable solutions. It highly tends to aggregate due to excellent p-stacking
properties. Nevertheless, chemically derived graphene as well as graphene oxide
can be solution processed and therefore transferred to any sensor surface by dip
coating, drop casting, or spin coating. As the starting material is very inhomo-
geneous this is also the case for such a sensor layer. Furthermore, there will not be
the desired one-atom-thick layer, but more likely a few layers of graphene. The
difference within the materials can be seen by investigating a literature survey on
amperometric glucose sensors based on an electrode modified with graphene.
More than 25 publications on this topic can be found for the last three years. The
LODs in these studies, of more or less the same material—all talk about graph-
ene—range from pM to mM, and the working potentials cover nearly the whole
range possible in aqueous solutions from -0.8 to 1 V versus Ag/AgCl. This
inconsistency is almost the same for any of the electrochemical biosensors used in
amperometric or voltammetric transduction, with enzymes attached to graphene
materials. Nevertheless, by this proof of principle two points turn out to be useful
in the development of enzyme-based biosensors on graphene: the electrode
potential can be significally lowered by introduction of graphene as a coupling
material between electrode and enzyme, and therefore the selectivity of the sensor
can be enhanced. Another benefit is that the electron transfer from the biomolecule
to the electrode can be enhanced, which can result in higher sensitivity and faster
response. Both could be interesting by thinking of electrodes completely fabricated
out of graphene deposited on flexible substrates that can be further structured by
laser beam writing to design mircroarrays. By this it would be possible to design
cheap, miniaturized, disposable, multianalyte biosensors. Up to now, in biosensor
technology, graphene and graphene-like materials have been used only as an
additional layer on top of an already existing electrode, for example, on a carbon
paste electrode. The improvements here may be of academic interest but there will
be no impact on already commercially available biosensor applications. Further-
more, many of these studies do not demonstrate that they can be used in complex
matrices such as whole blood or even serum.

Biosensors for the detection of proteins, mainly immunosensors, are also found
in the literature in growing numbers. The common way is to immobilize antibodies
onto individual graphene flakes. Sensor read-out is performed by differential pulse
voltammetry, fluorescence, field effect transistors, impedance or electrochemi-
luminescence. Detection limits are in the range of nanogram per milliliter. The
sensitive layer often comprises hybrid or composite materials in combination with
gold or silver nanoparticles, ionic liquids, or membranes of nafion or chitosan.
Explanations of why certain combinations of materials result in better sensitivity
are poor. The function of the graphene is often allocated to increase the sensitive
surface area. Sensors with fluorescence read-out seem to be more sensitive on the
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order of one magnitude in contrast to the electrochemical ones. Interesting
approaches report on electrochemiluminescent immunosensors for alpha fetopro-
tein (AFP) [35] or prostate protein antigen (PSA) [36] with detection limits of
0.2 fg/mL and 8 pg/mL. The electrochemiluminescence was induced by CdS
nanoparticles in the case of AFP detection, for the PSA immunosensor luminol
was used. It has been shown that the detection for PSA with this sensor could be
performed in human blood serum. Biosensors for thrombin or IgE have been
constructed by using aptamers immobilized on graphene as the bioreceptor. With
differential pulse, voltammetry thrombin in concentrations as low as 0.45 fM has
been detected [37]. The benefit of the graphene in this sensor platform is explained
by the greatly enhanced charge transfer of this carbon nanomaterial.

In addition to enzymes and proteins, single-strand DNA has also been immo-
bilized on electrochemical sensors based on graphene. It has been demonstrated
that the hybridization of complementary strands can be monitored. The detection
of single-base mismatch has been reported, but again, up to now there are no
tremendous impacts that let one believe that graphene will soon become com-
petitive with existing technologies. Fluorescence quenching can also be used as a
detection principle for DNA sensors with graphene. A single strand of nucleic
acids tends to bind to the aromatic system of the graphene via p-stacking of its
nucleobases. After hybridization to a complementary strand the double strand is
released from the graphene surface. By this, turn-on sensors can be constructed,
where the probe DNA is labeled by a fluorescent dye, directly attached to the
graphene before adding analyte DNA.

Many publications prove that graphene can be principally used in biosensors.
Nevertheless, the advantages of using this material are not always apparent. The
lack of a preparation method resulting in large-scale synthesis of well-defined
graphene complicates the situation a lot. As long as there are no standards in
material characterization a comparison of the results to existing concepts in sensor
technology is difficult and success in using this material is hindered. A great per-
spective could be in chemical bottom-up synthesis of graphene. Surface-assisted
coupling of molecular monomer precursors on metallic substrates has been
successfully demonstrated by the group of Klaus Müllen [38]. To exploit all
extraordinary properties of graphene at once it would be necessary to produce such
high-quality material on insulating flexible materials. Graphene itself turned out to
obtain high sensitivity but without any selectivity at all. One possibility to introduce
selectivity can be by chemical modification. First results have already been
described. Another possibility is to design composite materials together with other
nanomaterials. The functionality of graphene should also be increased by expanding
the one-atom-thick concept to other 2D atomic crystals, such as BN, NbSe2, TaS2,
MoS2, and many others. Many investigations in this field have very recently begun,
and it is expected that the first biosensors with some of these materials or even with a
combination of a stack of different 2D crystals will be reported soon.

For all these optimistic and promising perspectives of graphene, there will be
three essential questions for the near future that are challenging for technology
transfer. (1) Is there anything else beyond a good paper? (2) Will it be possible to
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produce more than one device? (3) Does the market care? Up to now there are no
convincing answers to any of these questions. Therefore one should not expect any
biosensor based on graphene in the near future. Up to now graphene cannot
compete with existing biosensors, and maybe it will never be able to do so. The
most promising fields will not be in imitating and improving well-established
sensor technologies. The focus needs to be driven to truly unique properties of
carbon nanomaterials and how they can be exploited in new needs and markets.
One of these properties may be the highest possible surface-to-volume ratio
together with the ability to have transparent, conductive, as well as a flexible
material at once, which could lead to new miniaturized biosensors and sensor
arrays, with high sensitivity, high stability, multidetection capabilities, and ultra-
fast response.

3.2 Aptamers and Molecularly Imprinted Polymers
as Recognition Elements in Biomimetic Sensors

Evolution has created biopolymers on the basis of amino acids and nucleotides
showing high chemical selectivity and catalytic power. Molecular recognition and
catalytic conversion of the target molecules by antibodies and enzymes take place
in so-called epitopes or catalytic centers of the macromolecule that typically
comprise 10–15 amino acids. Nucleic acids bind complementary single-stranded
nucleic acids by base pairing (hybridization) but also interact highly specifically
with proteins, for example, transcription factors, and low-molecular-weight mol-
ecules and even with ions.

As alternatives for biological binders and catalysts molecularly imprinted
polymers and aptamers are generated using total chemical synthesis and ‘‘evolu-
tion in the test tube’’, respectively.

3.2.1 Aptamers

Aptamers are single-stranded DNA or RNA molecules prepared by in vitro
selection from libraries of synthetic oligonucleotides. This combinatorial approach
is known as SELEX (systematic evolution of ligands by exponential enrichment).
The selection cycle is repeated 6–10 times leading by increasing the stringency of
the binding conditions to aptamers with affinities comparable to those of
antibodies.

Once the sequence of an aptamer is identified, it can be reproducibly synthe-
sized with high purity. Aptamers can be easily modified by various tags or markers
including electrochemical indicators and fluorescence probes. In contrast to anti-
bodies, aptamers can be easily regenerated without loss of affinity and selectivity.
On the other hand, immobilization of the aptamer to the transducer surface or
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changes of the environment can influence the structure and therefore the interac-
tion with the ligand. Furthermore, problems arise from degradation by the ubiq-
uitous DNAses.

Today, aptamers for almost 250 different analytes including metal ions, organic
dyes, drugs, amino acids, co-factors, antibiotics, and nucleic acids have been
synthesized. Aptamers may even distinguish the chirality of molecules or the
secondary structure of proteins.

The effective combination of aptamers with a transducer is still a challenge for
the development of a sensor. The analyte recognition by the aptamer must be in
close proximity to the surface of the signal-generating transducer. Therefore, the
aptamer has to be immobilized directly at the surface [39, 40, 41].

In analogy with immunosensors and DNA chips aptamer sensors uses the fol-
lowing principles:

I. Competitive, displacement, or sandwich assays with fluorophores, enzyme,
or redox labels.

II. Changes of permeability for an electrochemical probe (e.g., [Fe(CN)6]3).
III. Changes of accessibility of labels or markers, (e.g., intercalators,

nanoparticles).
IV. Label-free evaluation of changes of the recognition layer upon binding of the

analyte by potentiometry, FETs, conductometry, and impedance
spectroscopy.

Aptamer-based sensors show several specific features:

• Analyte binding to aptamers—called molecular beacons—can induce drastic
conformational changes that result in an enormous fluorescence or electro-
chemical signal.

• The exchange rate of the analyte–binder complex can be considerably higher
than for antibodies. This behavior allows for sensor regeneration and even for
‘‘online measurements’’.

3.2.2 Antibody Mimics: Molecularly Imprinted Polymers

Molecular imprinting is a methodology used to create recognition sites in synthetic
polymers by co-polymerizing a functional and a cross-linking monomer in the
presence of the analyte. In the prepolymerization mixture, the dissolved target
interacts by covalent (preorganized approach) or noncovalent (self-assembly
approach) binding with the functional monomer responsible for localizing the
chemically active moieties of the target molecules during co-polymerization. After
polymerization the template molecules are removed, providing binding sites
resembling size, shape, and functionality of the template, thus the template pref-
erentially rebinds to the cavity (Fig. 4).

The most common functional monomers applied in thermal or photopolymer-
ization are methacrylic acid, vinylimidazole, vinylpyridine, and their derivatives.
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Surface imprinting of self-assembled monolayers of thiols on metal surfaces and
electropolymerization of pyrrole, phenylenediamine, thiophene, p-aminophenylbo-
ronic acid, and their derivates in the presence of the target molecule allow the
one-step preparation of MIPs for a broad spectrum of analytes [43, 44].

Molecularly imprinted polymers have the potential to substitute biological
recognition elements, especially in affinity chromatography but also biosensors
and biochips for the measurement of low-molecular-weight substances, proteins,
viruses, and living cells. So far, however, the affinity and catalytic activity of MIPs
have, in general, been well below the affinity and catalytic activity of their bio-
logical counterparts. The proteins are built up by 20 amino acids, however, MIPs
are synthesized from only up to 5 different functional monomers. Combinatorial
synthesis and molecular modeling should lead to further improvements.

3.2.3 Catalytically Active Molecularly Imprinted Polymers

In addition to binding MIPs, catalytically active MIPs have been developed for the
application in sensors and syntheses for which no enzyme exists such as Diels–
Alder reaction and Kemp elimination [45]. At the beginning the concept of cat-
alytically active antibodies (Abzymes) was applied. In analogy to the generation of
Abzymes stable analoga of the postulated transition state (TSA) of the catalyzed
reaction are used as the template to mimic the active center of the enzyme. This
concept is appropriate for the preparation of hydrolase-like MIPs, whenever the
specific activity is several orders of magnitude lower as compared with that of
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Fig. 4 Work flow of MIP preparation ([42] permission by Springer)
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esterase enzymes [46, 47]. Obviously, the phosphonic acid esters that are generally
applied as template insufficiently mimic the tetraetric TSA of the enzyme catalysis.

The first example of a MIP catalyst that had a higher catalytic activity than the
respective catalytic antibodies applied a phosphonate, in the presence of an ami-
dium-containing monomer and Zn2+ as TSA template [47] for the catalysis of
carbonate hydrolysis.

Metal ions or metal complexes have been integrated into the polymer matrix of
MIP in order to mimic redox enzymes. This concept takes advantage of the success
in catalysis achieved by coordination chemistry [48]. Lakshmi et al. developed an
electrochemical sensor for catechol and dopamine using hybrid materials that was
capable of oxidizing the template [49]. In their approach they formed a conducting
layer with a new monomer, N-phenylethylene diamine methacrylamide, on the
gold electrode and grafted the MIP by UV light on this layer. The Cu2+-containing
MIP could mimic the catalysis of tyrosinase which can oxidize catechol in the
presence of atmospheric oxygen. In addition the biomimetic approach applies
redox-active groups of oxidoreductases, for example, heme, selenocystein, or
flavine derivatives as the catalytic center.

For example, Cheng et al. used hemin as a co-monomer and homovanillic acid
(HVA) as a template/substrate [50]. This HVA–MIP not only showed specificity
towards HVA binding but it could also catalyze its oxidation in the presence of
peroxide. It showed higher catalytic activity towards HVA as compared to
structurally related substances such as (p-hydroxyphenyl) acetic acid and
(p-hydroxyphenyl) propionic acid.

Kubato et al. prepared MIPs by bulk polymerization for pAP [51], serotonin [52],
or epinephrine [53] by using hemin as the catalytic site and methacrylic acid. The
MIPs were packed in a column that was inserted into a flow injection analysis system
with an amperometric detector. Later, hemin-based catalytically active MIP was
grafted on a glassy carbon electrode for the amperometric detecttion of pAP [54].

Recently Díaz-Díaz et al. described a MIP with chloroperoxidase-like activity
towards the oxidation of 2, 4, 6-trichlorophenol (TCP) [55]. In this work hemin
was used as the catalytical center and TCP as the template. It was seen that the
presence of structurally similar substances did not change the kinetics of TCP,
when 4-vinylpyridine was used as a functional monomer.

In the redox-active MIPs the creation of an appropriate binding pocket for the
substrate is still a challenge. Up to now only one paper applied molecular mod-
eling for the selection of functional monomers for optimal interaction in the
prepolymerization complex. However, the reported catalytic efficiency for the
oxidative dehalogenation as expressed by kcat/KM revealed no improvement as
compared with the nonimprinted polymer [55].

In general the catalytic activities of MIPs are in aqueous media well below
those of enzymes and comparable to Abzymes. Hybrids composed of a biocatalyst
and MIP may combine the advantages of both components. But up to now the
harsh conditions of MIP synthesis restricted this combination to enzyme labels in
MIP-based binding assays and the integration of catalytically active prosthetic
groups into the polymer backbone of catalytic MIPs.
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Separation of MIP formation by electropolymerization and immobilization of
the catalyst on top allowed the integration of the minizyme microperoxidase but
also the enzyme-horseradish peroxidase (HRP) with a MIP layer in a sensor
configuration. The peroxide-dependent substrate conversion takes place in the
layer on top of a product-imprinted electropolymer on the indicator electrode. This
architecture allowed the interference-free measurement of the drug aminopyrine
[56]. This combination has the potential to be transferred to other enzymes, for
example, P450 s, opening the way to clinically important analytes.

3.3 Cell-Free Synthesis of Biological Recognition Elements

Cell-free protein synthesis, also termed in vitro translation, has emerged as a
powerful technology platform to produce correctly folded and functional proteins in
reasonable amounts for further downstream applications. The development of
translationally active cell lysates into highly productive systems, the generation and
optimization of particular DNA and RNA templates for different cell-free systems
and the optimization of reaction conditions in newly developed reaction systems are
part of intense ongoing research activities. Recent advances have inspired new
applications in the synthesis of protein libraries for functional genomics, the pro-
duction of personalized medicines, and the expression of tailor-made biological
recognition elements including membrane-bound enzymes and receptors.

Starting as a research tool to investigate the fundamentals of translation pro-
cesses in vitro [57], cell-free protein synthesis has evolved to serve as a reliable
and versatile protein production platform [58, 59]. In particular, cell-free protein
synthesis has facilitated the successful production of pharmaceutical target pro-
teins [60, 61, 62, 63] such as membrane proteins [64, 65, 66, 67, 68, 69, 70] and
the high-throughput production of protein libraries [71, 72, 73]. The strategy of
cell-free protein expression shows crucial advantages over conventional in vivo
production methods [58, 57]. Protein production in living cells is always a com-
promise between the conditions required for efficient cell growth and viability and
the conditions necessary for the synthesis of a functional target protein. Because
cell-free systems represent open systems, reaction conditions can be adjusted
according to the needs of the individual protein without consideration of the
conditions necessary for cell cultivation. Moreover, cell-free protein synthesis can
be performed using linear DNA templates, thereby omitting the need for time- and
labor-consuming cloning steps. The basis of cell-free expression systems are crude
cell extracts that can be obtained from different types of living cells. In particular,
lysates gained from Escherichia coli (E. coli), wheat germ, rabbit reticulocytes,
and insect cells [71] are very common and widely used. Every cell lysate has well-
defined characteristics, therefore one has to consider carefully which type of lysate
shall be used to express a desired protein. The expression of functional eukaryotic
proteins not only requires the coordinated interplay of the translational machinery
but also the integrity of components modulating co- and posttranslational
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modifications. For reasons of economy and simplicity, lysates supplemented with
mRNA or a mRNA-synthesizing subsystem and a NTP-regeneration subsystem are
used most often. Prokaryotic cell lysates have the advantage of a long-lasting
expertise, low costs, and high production yields but only very few posttranslational
modifications can be carried out on target proteins [58, 74]. In contrast, eukaryotic
lysates are well suited for the synthesis of complex proteins and proteins with
posttranslational modifications not found in bacteria [75, 76, 68]. Such post-
translational modifications, for example, glycosylation, signal peptide cleavage,
phosphorylation, farnesylation, acetylation, palmitoylation, and disulfide bond
formation have a great impact on protein folding, localization, and activity [77].
Because the majority of posttranslational modifications are processed inside the
endoplasmic reticulum (ER) in living cells, novel in vitro translation systems have
been developed that implement ER-derived microsomal vesicles in a translation-
ally active eukaryotic cell lysate. These microsomal fractions are either derived
from different types of cells [78, 79], or can be maintained in the lysate due to a
sophisticated extract preparation procedure [67, 80, 70]. Using the latter type of
lysate, posttranslational modifications on proteins such as glycosylation, lipidation,
phosphorylation, signal peptide cleavage, and disulfide bond formation can be
performed [81, 67, 82, 68, 83, 84].

The synthesis of functional membrane proteins in particular, depends on an
efficient folding and modification machinery present in the cell-free expression
system. Membrane proteins play a vital role in many biological functions and they
have a tremendous potential in microsystem array platforms utilizing bioelectro-
chemical methods for continuous use and label-free detection. Three quarters of all
potential drug targets account for membrane proteins and recent advances in the
self-assembly of biomimetic interfaces permit the development of biosensor arrays
that harness the unique sensitivity and selectivity of membrane proteins [85]. In
contrast, membrane proteins constitute a difficult-to-express class of proteins as
their overexpression in vivo often leads to cytotoxic effects or results in protein
aggregation, misfolding, and low yields [58]. However, in vitro translation can
circumvent these obstacles. As cell-free systems provide open reaction conditions
they can be supplemented with any kind of reagent that allows a solubilization of
membrane proteins and supports their correct folding and assembly [86, 87]. The
supplementation of lysates with natural or synthetic lipids or detergents [88],
purified E. coli phospholipid bilayer vesicles [89], nanolipoprotein particles [90],
or unilamellar liposomes [91] have shown to be promising strategies. Continuous
cell-free translation systems combining eukaryotic cell lysates with the perpetual
supply of consumable substrates and the removal of reaction by-products make the
process of in vitro synthesis of membrane proteins and secreted proteins sustain-
able and productive (Fig. 5). The development of this novel eukaryotic in vitro
translation system now expands the possibilities of cell-free protein synthesis,
inasmuch as membrane insertion and posttranslational modification significantly
alter the physical and chemical properties of membrane proteins, including their
folding and conformational distribution and these modifications are frequently a
fundamental prerequisite for functional activity.
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4 Biosensors for Personalized Medicine

Healthcare is seeing a dramatic change towards integration of stratified or even
personalized approaches to drug therapy. This transformation is driven on the one
hand by an increased understanding of disease etiologies but also by an increasing
difficulty in the pharma industry to develop new drugs despite ever-increasing
budgets and enormous efforts by introducing high-throughput screening, genom-
ics, or molecular design in the drug development process. These developments are

Fig. 5 High-yield protein synthesis using eukaryotic cell-free protein expression systems.
a Schematic illustration of a cell-free reaction running in a continuous-exchange reactor device.
The reaction compartment is separated from the feeding compartment by a semi-permeable
dialysis membrane (molecular weight cut-off = 10 kDa). b Schematic presentation of the co-
translational translocation of a secreted target protein into ER-derived vesicles that are present in
the eukaryotic cell lysate. c CLSM image of the cell-free synthesized single-chain antibody
fragment (scFv) Mel-Anti-FITC fused to eYFP (Mel-Anti-FITC scFv-eYFP). Strong emission
intensity arising from the vesicles indicates translocation of the target protein into the lumen of
the vesicles. d CLSM image of the cell-free synthesized transmembrane protein Mel-Hb-EGF
fused to eYFP (Mel-Hb-EGF-eYFP). Strong emission intensity arising from the vesicular
membrane indicates integration of the target membrane protein into the lipid bilayer. Samples for
CLSM analysis were excited at 488 nm using an argon laser and fluorescence emission was
recorded with a long-pass filter in the wavelength range above 505 nm
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underpinned by generally less than optimal efficacy rates for drugs in human
therapy ranging from 80 % at the better end for analgesics to seriously concerning
20 % in oncology [92]. In summary, it is estimated that of 90 % of the drugs
currently on the market only 40 % have the desired efficacy, resulting in US $350
billion ineffective prescriptions [93, 94]. The traditional blockbuster model is
coming to its end and new models on niche busters and stratified treatments are
gaining momentum [95]. One way to tailor a therapy to the specific needs of a
patient and to ensure that a drug will reach its claimed efficacy and safety per-
formance is to couple its application with the use of a diagnostic. The diagnostic
then becomes the ‘‘companion diagnostic’’ for the drug in a constellation that is
increasingly recognized by regulatory authorities. Other terminologies use ‘‘ther-
anostics’’ to describe the combination of therapy and diagnostics. However, this
term is easily misunderstood with multifunctional nanotechnological devices. As
of 2012, there were 14 companion diagnostics approved by the US Food and Drug
Administration. In addition, the pipelines of the pharma industry are packed with
respective projects. In 2011 the Personalised Medicine Coalition already listed 74
drug–diagnostic partnerships [96]. Personalized medicine initially progressed with
Herceptin and Gleevec for breast cancer and chronic myeloid leukemia therapy.
For both drugs companion diagnostic tests were developed as predictive bioana-
lytical tests that determine the likelihood of response of a patient [97]. Meanwhile
the personalized medicine portfolio grew beyond cancer, for example, into
infectious diseases. For HIV therapy with Selzentry, the FDA requires testing of
CCR5 tropism using a companion diagnostic test. For further drugs testing is either
required, recommended, or informative tests are available.

The main metabolism route of xenobiotics is initiated by oxidative reactions
called phase I metabolism, which are catalyzed by enzymes of the cytochrome
P450 superfamily. Human cytochrome P450 enzymes act on more than 90 % of all
drugs currently on the market [98].

The P450 catalysis leads to either activation of chemicals for bioavailability or
detoxification with following excretion of drugs or reactive products and may also
activate procancerogens. The amino acid sequence of the peptide chain can be
quite diverse. P450 enzymes of the same family can differ by up to 60 % in their
sequence; on the other hand, changes of only a single amino acid can alter the
reactivity of the enzyme. Adverse effects in multidrug treatments have been seen
in many patients originating from overlapping substrate specificities or inhibitory
effects. Therefore for drug screening, assessment of toxicity and prediction of drug
clearance the measurement of the substrate specificity and distribution of P450
isoenzymes and polymorphic enzymes would be of high clinical relevance.

P450-based enzyme electrodes utilizing a variety of isoenzymes in different
surface architectures have been developed to detect various chemicals, such as
chlorophenols, pesticides such as paraoxon, or drugs such as bupropion, bufuralol,
warfarin, and cyclophosphamide [99, 100, 101, 102]. Also, microsomes combined
with cytochrome P450 reductase were employed as in vitro sensor mimicking
[103, 104, 105] for detection of drug conversion (i.e., Ketocanazole transforma-
tion). Kinetics of drug conversion of P450 isoenzymes and its polymorphic
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variants have been addressed by forming fusion proteins bearing P450 and fla-
vodoxin, which were then bound to gold electrodes modified with a self-assembled
monolayer. The ability to engineer, express, and purify various P450 isoenzymes
and polymorphic variants enabled development of P450-arrays for in vitro drug
testing [101].

The current companion diagnostic tests predominantly use established and, to
some degree traditional, laboratory-based technologies such as ELISA, RT-PCR,
fluorescence/colorimetric in situ hybridization or DNA microarrays in some cases
[106]. The dominating discipline in the field of companion diagnostics is molec-
ular in vitro diagnostics. Here, biosensors traditionally have a strong domain and
huge emerging potential. Not surprisingly, ‘‘personalized medicine’’ is a term that
is increasingly found in biosensor-related publications to describe potential
applications of the described new developments. Examples range from graphene-
encapsulated nanoparticles to detect cancer biomarkers [107], piezoelectric
microcantilevers for HER-2 biomarkers in serum of breast cancer patients [108], to
electrical biosensors for the detection of circulating tumor cells associated with
breast cancer [109]. Other biosensors detect the drug using carbon nanotube-based
biosensors [110]. Next to HER-2 as an important cancer biomarker, KRAS
mutations are strongly associated with poor responses to drugs targeting the epi-
dermal growth factor receptor pathway. Consequently, a number of assays exist
targeting this biomarker, mostly based on variations of PCR assays combined with
nucleic acid probe technologies [111]. An interesting study dealt with the devel-
opment of RNA aptamers to detect the mutated KRAS protein providing further
potential for biosensor developments using aptamers [112, 113]. Although PCR
and blood are the dominating sample matrix and technology, developments have
been undertaken to improve PCR by moving to digital PCR formats and to target
other sample matrices such as urine [114]. Great expectations are held in the use of
exosomes as a source of useful biomarkers for therapy guidance in oncology and
beyond [115].

Another major health problem of global scale where diagnostics and biosensors
can make a difference is in infectious diseases. Infectious diseases are among the
leading reasons for morbidity and death worldwide, especially in developing
countries, for children and the elderly. In addition, antibiotic resistance is a world-
wide threat to patients and healthcare systems. As an example, in the European Union
25,000 patients die annually from infection by four main pathogens [Staphylococcus
aureus, Enterococcus spp., Enterobacteriaceae (e.g., Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa) due to their antibiotic resistance [116]. The
alarming rise of antibiotic resistance increasingly causes massive extra costs and
problems to society. The problem is increasingly being recognized and reaches the
global political arena as international [117] and national catastrophic threats together
with climate change and terrorism [118]. Of particular concern is the increasing
prevalence of multidrug-resistant Gram-negative pathogens in combination with the
lack of antimicrobials against these pathogens in development may become one of
the biggest and most pressing concerns in human healthcare if we run out of treatment
options [119]. Beta-lactam antibiotics, conventionally used to target such infections
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at present, make up more than half of antibiotics used in the world and these mul-
tiresistant Gram-negative strains pose a severe public health threat [120]. Rapid
molecular diagnostics could help improve antibiotic stewardship and secure the
precious resource of this important class of medications. Antibiotic prescriptions are
often unnecessary (estimated 50 % in the United States) ([121, 122]), a situation that
further drives the development of antibiotic resistance. To make things worse, the
pipeline for new antibiotics is almost dry. Diagnostics could help in reducing this
threat but current standard methods are too slow and lack information depth to enable
tailored therapy decisions. To overcome this limitation molecular tools have been
developed for rapid in vitro diagnostics of infectious diseases. In an ideal scenario
such devices would be available at point of care to make therapy decisions possible at
the site of the patient.

Conventional infectious disease diagnostic testing relies heavily on molecular
amplification techniques such as quantitative real-time PCR, immunoassays, or
cultivation-based tests. These tests may either be too slow or do not offer sufficient
information in all cases to make a prospective therapy decision possible. Alterna-
tive methods described, among others, used DNA microarrays [123] and homo-
geneous multiplexing assays [124] for rapid genotyping of antibiotic resistances of
bacterial pathogens (e.g., ESBL and carbapenemases). Although very sensitive,
many of the molecular tests use optical read-out systems based on fluorescence
which, in view of point-of-care testing, add unfavorably to the technical demands of
a portable test device. Electrochemical biosensors instead offer the possibility to
integrate the detection of molecular markers, such as PCR amplification products,
in very simple systems paving the way for molecular diagnostics truly at the point
of care [125]. The combination of such diagnostic tests with their linked antibiotic
drug will enable a more stratified approach to antibiotic therapy.

The ultimate molecular diagnostic would be achieving target amplification-free
determination of the entire genome sequence of interest, either in a host or tumor
sample or in a pathogen. Although whole genome sequencing is well underway to
become a key factor in clinical diagnostics, for example, in oncology [126] or
infection outbreak tracking [127], it still has a considerable way to go until practi-
cality issues including sample preparation, time to result, user interference, low
complexity, and cost are overcome that have been solved for the traditional bioan-
alytical assays such as ELISA and PCR. Apparently, this has yet been impossible to
achieve without target amplification in molecular tests. Interestingly, the recent
advances in decoding genomic information delivered by next-generation sequencing
techniques have not been associated with biosensor technologies in the perception of
the public and scientific community, very much as in the case of DNA or protein
arrays. Nevertheless, many of the technologies used for NGS are biosensor tech-
nologies [23, 128, 129] by definition, or have their roots in classic biosensor tech-
nologies and publications [130, 131]. Both fields, DNA arrays and NGS, aim for a
massively parallel approach to holistically analyzing biological systems. It can be
seen that biosensor research and development is steadily moving into this field and,
with a view to personalized medicine, is gaining increasing momentum. It will be
interesting to see how this development continues and impact is generated.
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If a general prediction for biosensors for the future should be made, then their
further development into simple-to-use tools that analyze the target system in an
integrative manner at the site of demand with high connectivity into networks is
most promising. This will enable their integration with the big data revolution and
continued contribution to the improvement of healthcare and society.

5 Outlook

Current development is focused on a new generation: autonomous biosensor units for
direct on-the-spot measurements. For decentralized online patient control or the
integration into everyday ‘‘consumables’’ such as drinking water, foods, hygienic
articles, or clothing [132] or for control of air conditioning in buildings and cars and
swimming pools this new generation of ‘‘autonomous’’ biosensors will emerge.
These fourth-generation biosensors can be autonomous data collectors that possess
an internal energy supply and a wireless transmitter or sensor-actor-molecules—
tailor-made MREs—that couple the recognition event to a direct read-out (Fig. 6).
This kind of autonomy sets aside the need for complex equipment and training, and

Fig. 6 The route to autonomous biosensors: from membrane-covered biosensor via direct
immobilization of the MRE on the transducer surface and sensor arrays to complete integration of
recognition and reporting within an autonomous biosensor unit
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enables usage in point-of-care diagnostic and fitness monitoring. Although the
former is especially of great interest for medical care in sparsely populated areas,
the latter application is receiving growing attention in the so-called ‘‘quantified
self’’ movement. This term was coined to describe the measurement of bodily
parameters, including heart rate and temperature as well as blood sugar level, lactate
concentration, and ion balance. These data are collected and analyzed in order to
achieve better knowledge about one’s body and to take actions towards a higher
quality of living.
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Abstract It has been 20 years since aptamer and SELEX (systematic evolution of
ligands by exponential enrichment) were described independently by Andrew
Ellington and Larry Gold. Based on the great advantages of aptamers, there have
been numerous isolated aptamers for various targets that have actively been
applied as therapeutic and analytical tools. Over 2,000 papers related to aptamers
or SELEX have been published, attesting to their wide usefulness and the appli-
cability of aptamers. SELEX methods have been modified or re-created over the
years to enable aptamer isolation with higher affinity and selectivity in more labor-
and time-efficient manners, including automation. Initially, most of the studies
about aptamers have focused on the protein targets, which have physiological
functions in the body, and their applications as therapeutic agents or receptors for
diagnostics. However, aptamers for small molecules such as organic or inorganic
compounds, drugs, antibiotics, or metabolites have not been studied sufficiently,
despite the ever-increasing need for rapid and simple analytical methods for
various chemical targets in the fields of medical diagnostics, environmental
monitoring, food safety, and national defense against targets including chemical
warfare. This review focuses on not only recent advances in aptamer screening
methods but also its analytical application for small molecules.
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1 Introduction

As one of the most popular biomaterials for molecular recognition, antibodies have
been widely used for more than three decades in various fields, especially in
medical diagnostics and therapeutics. The new class of oligonucleotide-based
molecular recognition elements has more recently emerged as a rival of antibody-
based methods. These oligonucleotide sequences are called ‘‘aptamers,’’ derived
from a linguistic chimera composed of the Latin word aptus (meaning ‘‘to fit’’) and
the Greek suffix ‘‘-mer’’ [1, 2]. Aptamers can bind to a wide range of target
molecules that include proteins, peptides, nucleotides, amino acids, antibiotics,
low-molecular organic or inorganic compounds, and even whole cells with high
affinity and specificity [3]. Aptamers can be developed in vitro by systematic
evolution of ligands by exponential enrichment (SELEX), which makes it possible
to isolate functional oligonucleotides against a specific target from a random single
strand (ss)DNA or RNA library (usually 1015 different sequences). The higher-
order structure of oligonucleotides is accomplished by changing intramolecular
base pairing. This means that a random library is actually a library of three-
dimensional (3D) structural DNA or RNA. Some sequences among the nucleic
acid library are folded into unique 3D structures having a combination of stems,
loops, quadruplexes, pseudoknots, bulges, or hairpins [4]. The molecular recog-
nition of aptamers results from intermolecular interactions such as the stacking of
aromatic rings, electrostatic and van der Waals interactions, or hydrogen bonding
with a target compound. In addition, the specific interaction between an aptamer
and its target is complemented through an induced fit mechanism, which requires
the aptamer to adopt a unique folded structure to its target [4–6].

Over the last 20 years, a large and diverse collection of aptamers for hundreds
of targets has been developed from combinatorial ssDNA or RNA pools by basic
or advanced SELEX processes. The dissociation constant (Kd) of aptamers to their
targets is typically from the micromolar to picomolar range, which is comparable
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to or sometimes even better than the affinity of antibodies to their antigens. Ap-
tamers have high specificity, which makes it possible to discriminate specific
target molecules from their derivatives, as demonstrated in previous reports for a
theophyllin binding aptamer, which showed a 10,000-fold higher binding capacity
against caffeine (difference of only a methyl group) [7], by an L-arginine binding
aptamer with 12,000-fold affinity against D-arginine [8], and by an oxytetracycline
binding aptamer against tetracycline (difference of only an OH-group) [9].

In addition to high affinity and specificity, aptamers have a number of advan-
tages as molecular recognition elements in comparison to antibodies. First, apta-
mers are easy to handle due to their thermostability. Aptamers can be also
regenerated easily within a few minutes after denaturation because aptamers
undergo reversible denaturation. This excellent flexibility of the aptamer structure
is useful in developing new types of sensing methods. Second, aptamers are easily
modified, linked with labeling molecules such as dyes, or immobilized on the
surface of beads or substrates for different applications. This is a tremendous
advantage for diagnostic and biosensor applications, because the uniform align-
ment and immobilization of receptors are very important in analytical systems.
Labeling with signal-generating molecules is a common method for signal pro-
duction or amplification in biosensors. Third, there is no or rare immunogenicity
when aptamers are applied to an in vivo system. Aptamers also enable easy control
of bioavailability and delivery durability due to their small size (generally less than
20 kDa). This facilitates their penetration into cells and their delivery or immo-
bilization in any medium, similar to liposomes. Fourth, nucleic acid aptamers can
be easily amplified by polymerase chain reaction (PCR), unlike other synthetic
receptors such as antibodies, oligopeptides, or molecular imprinted polymers
(MIP), and also can be expressed inside cells containing a plasmid that includes
the aptamer sequence [10]. Finally, the most important advantage of using apta-
mers is that these receptors do not require animals for selection and production.
There is no need for an in vivo immunization to obtain an aptamer, which can be
isolated and chemically synthesized in vitro. This is the main advantage of apta-
mers because it is not easy to produce antibodies against some targets, such as
proteins, that are structurally similar to endogenous proteins and toxic compounds.
In contrast, aptamers are not limited to their targets. In vitro synthesis makes it
possible for the production of purified aptamers with low cost and without batch-
to-batch variation. In vitro selection is also proper to develop a high-throughput or
automated system for aptamer isolation. Based on these properties of aptamers, the
screening method, the SELEX process, has been modified or evolutionarily
changed over the years to develop aptamers with higher affinity and selectivity in
more efficient, less time-consuming, or automatic ways.

In addition, one of the most successful applications of aptamers is as a rec-
ognition probe for medical diagnostics and biosensor development. Various ben-
efits of aptamers as sensing elements (i.e., high affinity and specificity, small size,
easy modification and labeling, high stability, no limitation against any kinds of
targets, and reversible denaturation) have been verified [11]. Concerning the
aptamer-based biosensors, several novel strategies have been devised with
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different signal transducers [12]. Most studies on aptamer-based biosensing have
focused on protein targets for medical diagnostics. However, the aptamers for
small molecules such as organic or inorganic compounds, drugs, antibiotics, or
metabolites have not been studied sufficiently, despite the ever-increasing demand
for rapid and simple analytical methods for chemical targets in the fields of
medical diagnostics, environmental monitoring, food safety, and national defense
against targets including chemical warfare agents.

Therefore, this review focuses on recent advances in aptamer screening tech-
niques and aptamer-based biosensors for small molecule detection.

2 Recent Advances in Aptamer Screening Methods

2.1 General Process of Aptamer Screening

In 1990, three laboratories independently described a technique for isolation of
functional oligonucleotides, showing the affinity to their target molecule or
enzymatic activity, from a randomly synthesized nucleic acid library composed of
more than 1015 different sequences [1, 2, 13]. This was accomplished by repetition
of selection and amplification. This method of in vitro selection is commonly
known as SELEX. Since this early introduction of aptamers and the SELEX
process, numerous papers about aptamer isolation, their applications in various
fields, and the modifications of the SELEX process have been reported. SELEX
has become a general and powerful method for isolating nucleic acid aptamers.
Figure 1 is a schematic diagram depicting the basic SELEX process including
repeated cycles of selection and amplification. This aptamer screening process is
affected by many parameters such as target features, design of the random DNA
library, selection conditions, and the efficiency of the partitioning methods.

As with any other combinatorial method, the SELEX process starts with the
chemical synthesis of a single-stranded (ss)DNA library comprised of random
sequences at the center flanked by defined primer binding sites at each 5’ and 3’
terminus. Individual ssDNA has a different sequence. Compared to other libraries,
the randomized ssDNA pool can be easily prepared by a standard DNA synthe-
sizer, because the coupling efficiency of the A, T, G, and C phosphoramidites is
very similar. The random ssDNA library can be produced with the mixture of
phosphoramidites in a ratio of 1.5: 1.25: 1.15: 1.0 (A: C: G: T) [14]. The diversity
of the library depends on the length of the random region. Although one generates
4n different sequences for n nucleotides long, about 1015 diversity is a practical
limitation, which corresponds to a length of about 25 nucleotides. Because 30–60
nucleotides at random regions are a commonly used DNA pool, unfortunately, the
full theoretical diversity is not covered for a randomly synthesized DNA library in
real experiments [14]. Normally, an initial ssDNA pool comprised of around 1015

different sequences allowing a generation of a high possibility of sequences
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specific for a target is used. Only the short part of full aptamer sequences is
sufficient for binding to a target [15]. This suggests that a short library, which is
cost-effective and easier to manage, can be used for successful aptamer screening
as well. However, long random sequences in a library are more appropriate for
providing higher structural complexity, which is important in isolating aptamers
with high affinity. Therefore, a longer library may increase the possibility for
successful aptamer selection [16]. The constant region as a primer binding site
should be well designed to avoid primer–dimer pairs and self-priming during PCR
amplification, and to reduce the probability of base pairing between the two
constant regions. The design of a constant region is important, because the DNA
pool should undergo many rounds of amplification. Therefore, any unwanted
nucleotides could be amplified in the final aptamer population by hundreds of PCR
cycles [17]. An initial random ssDNA library then is incubated with a target
molecule. In this step, however, the ssDNA library must be transformed to a RNA
library before the incubation with the target is conducted for the selection of RNA
aptamers. In an early stage of aptamer research, RNA libraries were frequently
used for aptamer selection because RNA is better at folding into complex 3D
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-In vitro transcription
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targets on solid supports
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structures that provide stronger molecular interactions with the target. RNA also
has an additional hydroxyl group that might facilitate the formation of additional
hydrogen bonds between the aptamer and the target. For these reasons, the ability
of RNA aptamers is generally reported to be superior to DNA aptamers in terms of
their affinity and specificity. For in vivo applications such as therapeutics,
molecular imaging, or drug delivery, both RNA and DNA aptamers have to be
modified to achieve resistance in degradation against nucleases, which is very
expensive work. For in vitro applications such as biosensor development, the
modification of DNA aptamers for enhancing stability is not necessary, whereas
RNA aptamers should still be modified due to their low stability. Nowadays,
therefore, ssDNA pools and DNA aptamers are widely used for the isolation of
aptamers and for the development of aptamer-based biosensors or separation
systems. In fact, DNA aptamers are much cheaper than RNA aptamers, and DNA
is easier to manipulate during the SELEX process [16]. Furthermore, ssDNA folds
into a 3D configuration containing stems and loops, even though the folded
ssDNAs are less stable than the folded structure of the corresponding RNA
sequences [18, 19]. It should also be noted that the conformations of DNA apta-
mers differ from the corresponding RNA aptamer sequences.

The essential steps of the normal SELEX process are binding, selection,
amplification, and partitioning. The most critical step of this process is the
selection step. In the first step of SELEX, the random DNA or RNA library is
incubated with the target. The nucleic acid–target complex is subsequently par-
titioned from unbound and weakly bound nucleotides. This is one of the most
critical steps to isolate high affinity and specificity aptamers among the extremely
diverse oligonucleotide library. During this incubation step, target molecules are
either interacted with the nucleic acid pool as a free form or a form that is
immobilized on a certain substrate. Fixation of the target on a solid support
facilitates easy separation of bound nucleic acids to target from unbound and
weakly bound nucleotides. Consequently, this method is very efficient for low-
molecular targets. But, the immobilization of the target may result in its confor-
mational change and cause interference on the binding of the library with the
conjugation side of the target molecules [20]. The abundant nonspecific interaction
of nucleic acid with the solid supports or linker molecules is also notable. Fur-
thermore, it must be remarked that the elution of the strongly bound nucleic acids
from the target is difficult, especially in an affinity chromatography type operation,
which can restrict the isolation of the extremely high affinity of aptamers. This
technique also requires a large amount of targets for elution. In previous studies,
therefore, most of the highest affinity aptamers with subnanomolar or picomolar Kd

values were obtained by SELEX with free-form target molecules [21, 22]. In
addition, a free-form target can avoid all of these issues. However, the separation
of a free target–nucleotide complex from unbound nucleotides is difficult or
impossible in some cases, especially for low-molecular targets. Therefore, this
method is proper only for macromolecular targets. This method normally produces
low separation efficiency, which significantly affects the efficiency of the SELEX
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process. An efficient partitioning method can reduce the required number of SE-
LEX rounds.

Filtrations using a nitrocellulose membrane or affinity chromatography column
containing the target immobilized beads are traditional and conventional methods
for partitioning in the SELEX process [1, 2, 22, 23]. In the filtration method,
unbound oligonucleotides to targets are removed from aptamer–target complexes
based on the molecular weight difference between nucleic acids and the oligo-
nucleotide–target complex. Affinity chromatography separates oligonucleotides
interacted with the target molecules from the pool of nucleic acids by using a
column packed with the target-immobilized beads. These separation methods,
however, often show low resolution and efficiency in separation. Therefore, many
cycles of SELEX rounds are required. In addition, it is not easy to elute nucleic
acids that are strongly bound to targets using an affinity chromatography type
operation. Recently, many advanced separation methods have been developed to
improve separation efficiency, which are detailed later in this review. The affinity
of nucleotides to their targets might be affected by the selection conditions. In
some cases, the binding and washing conditions (i.e., concentration of target,
buffer composition, time, and volume) are changed stringently in later SELEX
rounds to obtain the aptamers with high affinity and specificity [16]. The nucle-
otides that bind to the target can be eluted through the heating, the change of ionic
strength or pH, the competitive elution by the excessive addition of target, or the
addition of denaturing substances including urea, sodium dodecyl sulfate (SDS), or
ethylenediamine tetraacetic acid (EDTA) after the harsh washing step [8, 24–28].

In principle, it is expected that only a few oligonucleotide sequences among the
initial oligonucleotide library having an extreme diversity might bind to the target
molecules. However, it is very difficult or impossible to separate these from a
library readily at a time, due to the low partitioning coefficient of normal separation
techniques. Therefore, the repetition of the selection step is required in practical
protocols of aptamer screening. To perform this repeated selection, the bound
oligonucleotides to the targets should be amplified by reverse transcription (RT)-
PCR for a RNA library or PCR for a DNA library, which generates a new popu-
lation of oligonucleotides for the next round of SELEX. PCR is one of the major
steps in the aptamer screening process and, therefore, is important to achieve
successive PCR amplification with high efficiency. PCR efficiency in the SELEX
process is normally not high, mainly due to the central random sequence regions of
the nucleotide pool. Therefore, the PCR conditions including the number of cycles
should be optimized depending on the design of the primers and library.

Too many PCR cycles might cause unexpected DNA banding (normally a
longer DNA band), whereas the excessive amplification of the selected DNA is not
required. Normally, 10–20 amplifications are sufficient within 10–20 cycles [29]
for the next round of selection. Improvements of the SELEX process have been
accomplished in this amplification step, the preparation of the random nucleotides’
pool, or the modification of the SELEX procedure. Normally, for practical reasons,
the library of random nucleic acids cannot contain all possible sequences. Muta-
genic PCR and nonhomologous random recombination (NRR) have been applied
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to increase the diversity of the DNA pool during PCR amplification. In error-prone
PCR techniques, point mutations occur with a frequency of 1–10 % per base per
PCR reaction. This evolution by mutagenic PCR increases the diversity of the
oligonucleotide pool. Consequently, the probability to select the more efficient
aptamers can be increased [30]. However, the degree of evolution by point
mutation is still not sufficient. Liu and co-workers applied NRR to already defined
DNA aptamers for a streptavidin target. NRR enabled random recombination of
the nucleic acid fragments in a length-controlled manner. As a result, the affinity of
aptamers was improved by 15- to 20-fold compared to aptamers enhanced by
mutagenic PCR and 27- to 46-fold higher than the original aptamers [31].

After PCR amplification, the enriched oligonucleotide pool exists as double-
stranded DNAs. This dsDNA pool is separated to individual ssDNAs and then a
forward strand DNA pool is incubated with targets as the next round of SELEX.
For the selection of RNA aptamers, the ssDNA pool has to be converted to a RNA
pool by reverse transcription. The streptavidin/biotin interaction is widely used for
this. In this method, a biotin molecule is incorporated into the unwanted strands
during PCR amplification with biotinylated reverse primer. Then, biotin-labeled
dsDNAs (only reverse-strand biotinylated) are incubated or passed through a
column of streptavidin-coated beads. Forward strands originating from nucleic
acids bound to the target are separated by alkaline denaturation or affinity puri-
fication, whereas the biotinylated reverse strands are captured on the streptavidin-
coated supports [29, 32–34]. Asymmetric PCR is one possible approach to
generate enriched ssDNAs from the eluted ssDNA pool. In this technique, only
one or a significant portion of one primer is used for PCR [35]. The forward strand
can dominate in a mixture of the ss- or ds-DNA pool by asymmetric PCR
amplification. Another method was also developed, based on the size difference
between strands. Williams and Bartel used a primer linked with a hexaethylene-
glycol (HEGL) spacer and an additional 20 adenine nucleotides to provide a size
difference between strands [36]. The different-sized strands were easily discrimi-
nated and visible in denaturing polyacrylamide gel electrophoresis (PAGE) by
ultraviolet (UV) shadowing or by fluorescence using dye-modified primer in PCR
[24, 37–39].

During repeated cycles of selection and amplification, the diversity in an oli-
gonucleotide pool is decreased and a high affinity of oligonucleotides to target can
result, because low or no affinity of oligonucleotides have no chance to interact
with the target. In general, only a few sequences that can bind to targets with high
affinity dominate in an oligonucleotide pool after around 8–15 cycles of selection
and amplification. The progress of the SELEX process (enrichment of target-
bound oligonucleotides) can be monitored by the quantification of target-bound
oligonucleotides among the pools of incubated oligonucleotides at each round of
SELEX. Radioactive markers are widely used for the quantification of target-
bound oligonucleotides during SELEX due to their high sensitivity, even though
they have many drawbacks such as the need for an isotope laboratory, high cost,
and health risk for experimenters [1, 40, 41]. Fluorescence dyes are also attractive
labeling materials for the quantification of target-bound oligonucleotides, because
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they are sufficiently sensitive, relatively economical, and easy to handle and
measure [24, 38, 39, 42].

Typically during the SELEX process, a counter-selection (negative selection) is
normally involved and is necessary to exclude oligonucleotides that are nonspe-
cifically bound to the membrane or bead surface in the absence of the target [7, 43,
44]. The oligonucleotides that bind to structurally similar compounds or abundant
molecules in a real sample such as serum albumin proteins can also be removed by
counter-selection. During the counter-selection, these undesirable molecules are
incubated with the pool of oligonucleotides instead of the target molecule itself,
and the oligonucleotides bound to undesirable molecules are eliminated from the
oligonucleotide pool. Counter-selection can enhance the specificity of aptamers,
but too much counter-selection might decrease the efficiency of the entire SELEX
procedure. Subtractive selection is also similar to counter-selection, but it pur-
posefully improves aptamer selectivity against complex targets such as whole
cells. Subtractive selection excludes the oligonucleotides bound to the uninter-
esting regions of the complex target. One study isolated aptamers that can dis-
criminate target cells (leukemia cells) and other cells using the normal human
lymphoma cell line as subtractive cells [45]. This technique has become widely
used and is powerful for the isolation of highly selective aptamers against cancer
cells or bacterial cells [29, 46].

The selection is stopped when oligonucleotides bound to the target are fully
dominant in the pool of oligonucleotides or when no significant enhancement of
target-bound oligonucleotides is observed during two or three successive SELEX
rounds. At this time, most selected oligonucleotides can be regarded as potential
aptamer sequences. These selected oligonucleotides are amplified with unmodified
primers. Subsequently, the sequences of individually selected oligonucleotides are
identified by cloning and sequencing of the selected clones. The number of dif-
ferent aptamer sequences screened by the SELEX process might depend on the
stringency of the selection conditions and target characteristics [47]. In general,
about 50 or more colonies among many colonies are sequenced. Sequence analysis
can give some useful information about selected oligonucleotides. Regions
of homologous sequences differing only by a few points can be identified by
sequence analysis. These highly conserved regions or some unique sequence
patterns are often an essential part of an aptamer for target binding (see Sect. 2.2.1
for details). DIALIGN and CLUSTAL are frequently used sequence alignment
programs (http://bibiserv.techfak.uni-bielefeld.de/dialign/ and http://www.
ebi.ac.uk/clustalw/) [48–51]. Secondary structure analysis of aptamers can also
provide binding site information that can be predicted easily by a computer pro-
gram. A representative program ‘‘m-fold’’ for the secondary structure prediction
of ssDNA or RNA at various conditions is available at http://frontend.
bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi [52]. This program is
based on a free energy minimization algorithm. Consensus motifs in predicted
secondary structures of different aptamers are mainly located in stem-loop struc-
tures and are rarely in G-rich structures such as G-quadruplexes or pseudoknot
structures [53–55]. These structurally conserved motifs normally correspond

Advances in Aptamer Screening and Small Molecule Aptasensors 37

http://bibiserv.techfak.uni-bielefeld.de/dialign/
http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/
http://frontend.bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi
http://frontend.bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi


closely with consensus regions of aptamer sequences and are often regarded as
binding sites of aptamer to target. After the selection and identification of apta-
mers, the affinity and specificity of individual aptamers is evaluated by various
methods. In some cases, however, the oligonucleotide pool obtained from the last
SELEX round can be characterized according to binding ability and used as a
mixture, such as polyclonal antibodies [56]. Exact assessment of the aptamer’s
affinity (dissociation constant, Kd) and specificity is very important for further
applications of aptamers. These characteristics of aptamers can be influenced by
the conditions of the binding assay.

The normal SELEX process for aptamer screening is universally performed by
the repetition of three main steps: selection, amplification, and partitioning.
However, there is no standard aptamer screening protocol for any target groups.
The SELEX process has been continuously modified to improve screening effi-
ciency and make possible aptamer screening against inaccessible targets by using
new efficient separation techniques, automation of the process, or new design of
oligonucleotide libraries. The following section describes these advances in the
SELEX process in detail.

2.2 Advanced Methods for Aptamer Screening

2.2.1 Oligonucleotide Libraries

Several modifications of the random nucleic acid library in the SELEX process
have been developed. Basically, modification is done with the aim of improving
aptamer potency by increasing the affinity of aptamers to targets, by offering
nuclease resistance, or by providing higher stability. Among the approximately
1015 different oligonucleotides, a very small portion of sequences are folded to the
3D structure that allows them to bind to the specific target. Based on this
knowledge, Liu and co-workers examined the relationship between the degree of
secondary structure in a nucleic acid library and its ability to yield aptamers [57].
They designed a patterned nucleic acid library with a remarkably high degree of
secondary structure and ability to accommodate loops and bulges normally
observed in the aptamer structures, and demonstrated that the use of a patterned
oligonucleotide library had a higher potential to isolate the higher affinity of
aptamers than the same size of an unpatterned random library to the same targets.

For in vivo applications, aptamers should be modified to endow nuclease-
resistant ability because DNA, and especially RNA, is very sensitive to nucleases
[58]. Thus, some methods to transform aptamers into nuclease-resistant moieties
by modifying the ribose ring at the 20-position or by modifying the pyrimidine
nucleotide specifically have been reported [59, 60]. Because most nucleases in
biological fluids are pyrimidine-specific nucleases, the specific modification with
20-amino and 20-fluoro functional groups at the 20-position of the pyrimidine
nucleotide is the commonly used method to increase resistance from nucleases,
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increasing half-life up to 15 h [61]. Macugen� marketed by Pfizer and several
aptamers currently in clinical development were generated with a library con-
taining 20-fluoro-pyrimidines. A large number of modifications including substi-
tution at the 20 position (20-O-methyl, 20fluoro) and phosphate modifications
(phosphorothioate, phosphoraminate, morpholino) have been developed [62–64].
In some cases, these kinds of modifications are limited in their application to the
SELEX process because the polymerase cannot effectively amplify DNA with
these modified nucleotides. Therefore, some researchers have tried to develop
modification schemes that protect DNA or RNA from nuclease-mediated degra-
dation while maintaining the availability of modified nucleotides for PCR
amplification by using a special DNA polymerase such as KOD Dash DNA
polymerase [65, 66]. These SELEX processes with a modified nucleic acid library
can endow not only the nuclease-resistant ability to aptamers, but also accessibility
to difficult or impossible targets [67].

A photo-SELEX method performed by incorporating modified nucleic acids
activated by absorption of light instead of normal nucleotides has been introduced
[68]. In this technique, fluorophore-modified nucleotides, such as 50 bro-
modeoxyuridineITP or 50 iodouracil, were used. The modified ssDNA aptamers
can bind to photocross-linking the target molecule and were identified by photo-
SELEX [68]. These modified aptamers can make a photo-induced covalent bond
with the target molecules, which is very useful in developing sensitive assays. This
method screens the high affinity and specificity of aptamers via strong covalent
cross-linking between nucleic acid and the target, but the false-positive rate is also
high. So the cross-linking conditions should be optimized well.

Genomic SELEX used ssDNA or RNA libraries derived from the whole gen-
ome of a certain organism. Escherichia coli, Saccharomyces cerevisiae, and the
human genomic DNA library were used for genomic SELEX in previous studies
[23, 69, 70]. All other steps in the genomic SELEX are similar to the normal
SELEX. This method provides great potential for the study of regulation networks
between proteins and nucleic acids, and interaction between bioactive molecules
and nucleic acids.

The full aptamer sequence is generally not essential for binding to the target
[71, 72]. Therefore, several different truncation series of aptamer sequences were
arrayed on a chip with high density and DNA microarray experiments with these
chips were conducted with dye-labeled target molecules to ascertain which
sequence among the full aptamer sequence was essential for the target binding.
Fluorescence intensity at each spot well represented the binding ability of trun-
cated aptamer sequences to the target. These massively parallel sequence-function
analyses with an aptamer microarray demonstrated that the consensus sequence
and common stem-loop structures of aptamers were important for target binding.

In addition, the exclusion of primer sequences was generally not necessary for
target binding. However, truncation of primer sequences did not affect the binding
ability in all cases. Wen and Gray developed a primer-free SELEX with a bac-
teriophage-derived genomic library to avoid the influence of primers [73].
Recently, Pan and co-workers reported a minimal primer and primer-free SELEX

Advances in Aptamer Screening and Small Molecule Aptasensors 39



protocol with a random DNA library [74]. In these techniques, primer sequences
were excluded from the DNA pool before incubation with the target and were
incorporated again at the amplification step. Tailored SELEX as a similar approach
was successively demonstrated with a random library flanked by short oligonu-
cleotide sequences (only 10 nucleotides) that formed complementary base pairing
[75]. In this manner, primers were added to both ends by bridge sequences during
amplification; then these primers were eliminated by an alkali treatment. This
newly prepared short oligonucleotide pool can then be used in the next round of
SELEX. As a result, short aptamer sequences originated from all randomized DNA
libraries not incorporated with primer sequences could be screened directly, with
no need for a truncation study as a post-SELEX process to use screened aptamers
in practical applications.

Burke and Willis varied the SELEX protocol in the generation of a starting
nucleic acid pool to develop bifunctional aptamers [76]. At first, they prepared a
chimera RNA by simple junction of aptamers previously identified for different
targets. These chimera RNAs showed some binding ability to both targets, but
their binding activity was not satisfactory probably due to misfolding. To solve
this problem, a recombined RNA population was generated by an overlap exten-
sion method in PCR with different two aptamers and was used in the SELEX
process to both target molecules, instead of a random nucleic acid library (chi-
meric SELEX). By this technique, dual-functional aptamers having high-binding
ability to both targets were screened. Similar to the chimeric SELEX, multistage
SELEX was introduced [35]. In this method, each SELEX process was first per-
formed individually with different targets. Then, after five to six rounds of SELEX,
two nucleic acid pools were fused to form longer oligonucleotides that were used
in the next round of SELEX for both targets.

2.2.2 Selection Methods

In the normal SELEX process, counter-selection is strongly suggested to improve
the specificity of aptamers to their target, which is essential for aptamer use,
especially in medical diagnostic or therapeutic applications. However, in some
applications such as bioseparation and environmental monitoring, the universal
binding (low specificity to single target molecules) of aptamer to a group of
structurally similar molecules can be more useful [38, 77]. In order to screen the
aptamers having high universality, the sequential screening of the nucleic acid
pool should be performed with a group of target analogues [22, 25, 38]. Based on
this strategy, White and co-workers suggested a toggle-SELEX process, in which
two different target molecules are switched during alternating rounds of selection
[22]. This method allowed the identification of aptamers that can recognize both
human and porcine thrombin with Kd values of 1–4 nM and less than 1 nM,
respectively. This technique suggests a useful approach for new therapies when
aptamers isolated against human targets may not progress to clinical trials due to
their therapeutic efficacy in animal models. Gu’s group also developed DNA
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aptamers that can bind to two structurally similar antibiotics, oxytetracycline and
tetracycline [38]. These aptamers might be more useful in aptasensors to estimate
the total concentration of three different tetracycline antibiotics, meaningful
information in environmental monitoring, than a combination of aptamers to
individual tetracyclines. Toggle-SELEX is available for structurally similar targets
whereas chimeric SELEX and multistage-SELEX are less limited to structural
similarity between targets.

SELEX is a time-consuming and laborious process because it requires many
repetitions of selection and amplification. Therefore, time, cost, or labor can be
effectively reduced if the round of SELEX is decreased by enhancement of sep-
aration efficiency. If the separation efficiency of the selection method is low, more
cycles are needed to screen the aptamers having high affinity and specificity. To
this end, many separation tools were applied in the SELEX process. Stoltenburg
and co-workers introduced a FluMag-SELEX process based on magnetic beads
and fluorescence-labeled forward primers [24], which is a more advanced method
than the technique using magnetic beads [78]. In this method, target molecules are
immobilized on the surface of the magnetic beads. Unbound oligonucleotides can
be efficiently removed from oligonucleotides bound to targets immobilized on
magnetic beads by magnetic separation, which is very simple and also does not
require a large amount of target, expensive instruments, or skilled people. The
evolution of an oligonucleotide pool amplified by using fluorescence-labeled
forward primer is also monitored by measuring fluorescence during SELEX rounds
[9, 24, 38, 39]. Many kinds of magnetic beads, functionalized to immobilize any
target molecules having a functional group, are commercially provided. Tok and
Fischer suggested a similar method based on a single microbead to which target
proteins were immobilized [79]. They used only a single bead to reduce the
amount of targets incubated with the nucleic acid library. It was asserted that small
amounts of targets were better to isolate most strongest and specific aptamers.
After two cycles, eight aptamers were identified.

Improvement of the partitioning coefficient of the selection methods can also
decrease the rounds of SELEX. In this regard, capillary electrophoresis is an
attractive method for aptamer researchers. The first application of capillary elec-
trophoresis in the SELEX process (CE-SELEX) was demonstrated by Mendonsa
and Bowser [80]. In this separation system, unbound oligonucleotides can be
easily partitioned from oligonucleotide–target complexes with high resolution
based on the difference of migration velocity between unbound oligonucleotides
and oligonucleotide–target complexes [81–83]. The high efficiency of CE-SELEX
aptamer selection was verified by the isolation of IgE specific aptamers identified
after only four cycles, whereas normal SELEX required 18 cycles to obtain a
similar affinity of aptamers. In addition, CE-SELEX does not need to consider the
nonspecific adsorption of oligonucleotides on the matrix because the target
interacts with oligonucleotides as a free form. However, CE-SELEX is limited in
terms of its properties and target size. Especially, low-molecular weight targets
such as small organic compounds are not suitable in CE-SELEX because
the migration velocity of oligonucleotide–target complexes is not effectively
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discriminated with one of the unbound oligonucleotides. In addition, because a
very small volume of sample (nL level) can be injected without overloading the
capillary, only a small amount of the library having low diversity (typically 1013)
has a chance to interact with the target.

Non-SELEX is also a highly efficient and fast method for aptamer screening.
This process is performed by repetitive selection without an intervening PCR
amplification step. The selected target-bound oligonucleotide pool selected from
the previous round is directly used in the next round of selection. In this method,
nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) is
used for separation. This method enables the selection of aptamers with predefined
kinetic/thermodynamic parameters (such as Kd), because the migration time of the
aptamer–target complexes in the capillary depends on the Kd. Berezovski and co-
workers first showed that the high affinity of aptamer (Kd: 0.3 nM) for hRas was
screened in only three selection cycles [21]. However, the mechanism of this
method is still unclear and reports of aptamers screened by this method are very
few. Therefore, additional investigations of non-SELEX for various targets are
required to establish an efficient method for aptamer screening.

Faster and greater high-throughput methods for aptamer screening are strongly
demanded. To this goal, automatic, high-throughput, and simultaneous aptamer
selection methods have and continue to be devised. The first automated SELEX
process was developed based on the Biomek 2000 pipetting robot (Beckman
Coulter) by Cox and Ellington in 1998 [84]. The authors reported that this robotic
workstation could carry out aptamer screening for eight targets simultaneously
with the process completed in about 12 rounds of selection in two days. The
authors immobilized biotinylated lysozyme on strepavidin-coated beads and then
conducted an automated repetition of cycles of separation and amplification [85].
Even if lysozyme aptamers were isolated by automatic SELEX, just pipetting, not
the whole SELEX process, was automatically operated in this system. This
automated SELEX process using a robotic workstation was also demonstrated for
some other protein targets such as CYT-18, MEK-1, and Rho [86]. The robotic
workstation for automatic SELEX was improved by the addition of a generation
part of protein targets that are directly produced from the respective gene in vitro
on station [87]. This can accelerate the SELEX process for protein targets.

Eulberg and co-workers developed a modified automatic SELEX system whose
design was based on the optimum aptamer screening conditions including buffer
components, pH, and PCR conditions, which could be varied according to the
target’s features [88]. In this system, the Amp 4200E robotic workstation (MWG
Biotech Ebersberg) was incorporated with an ultrafiltration system, fluorescence
detector, and semi-quantitative PCR under some flexibility [89]. Recently, an
upgraded version of the automatic SELEX process was developed using a
microfluidic system [90]. This automatic SELEX system, as a microfluidic,
microline-based assembly, enables a start-to-finish SELEX including transcription,
selection, RT-PCR, and partitioning. The prototype of this automated system is
smaller, simpler, and relatively less expensive than previous robotic workstations.
In spite of the rapid improvement of the SELEX process, it has still not been
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standardized for any type of target. The automated SELEX system can be a
favorable approach to establish a standard SELEX protocol. In addition, the
automated SELEX system enables fast and high-throughput aptamer screening,
and improves the accessibility of SELEX to many nonspecialized researchers.

Most recently, a sol-gel microfluidic chip was also adapted for the SELEX
process, in the form of a ‘‘SELEX-on-a-chip’’ [91]. In this system, the binding and
elution are performed on a microelectromechanical systems (MEMS) chip for the
simultaneous examination of multiple targets. The microfluidic chip was designed
to incorporate five sol-gel droplets in which different molecules were embedded as
targets or control. The droplets are located on top of individually addressable
electrical microheaters used to elute target-bound nucleic acids in the sol-gel
droplets. They have demonstrated the specific binding of aptamers to their
respective protein targets, and the selective elution by microheating. This SELEX-
on-a-chip system demonstrated high selection efficiency and consequent decrease
of selection cycles to isolate high-affinity aptamers. This method needs only a very
small reagent volume for selection and induces the competitive binding of oli-
gonucleotides to multiple targets embedded in each droplet, which is useful to
increase the specificity of aptamers. In addition, the process can be easily extended
for larger arrays of sol-gel–embedded proteins. Another microfluidic chip-based
aptamer selection method, termed microfluidic SELEX (M-SELEX), was devel-
oped [92, 93]. In this system, the magnetic bead-based SELEX process (using
target immobilized micromagnetic beads for selection) is integrated with micro-
fluidics technology, which enables the precise manipulation of a small number of
beads and selection of target-bound oligonucleotides from the library with a high
partitioning coefficient. M-SELEX successively isolated high-affinity DNA apta-
mers (nM level Kd values) that strongly bound to the light chain of recombinant
Botulinum neurotoxin type A after only a single round of selection.

2.2.3 Target Features

The SELEX process has no limitation on various classes of targets. Large mole-
cules such as proteins are the best-suited targets in the SELEX process because
they provide a large surface for interaction with aptamers. However, low-molec-
ular–weight targets such as inorganic components (Zn2+, Ni2+, As) [94–96] and
small organic molecules including cholic acid, cocaine, theophylline, tyrosinimide,
ethanolamine, malachite green, and oxytetracycline [1, 7, 9, 97–101] are also
proper in the SELEX process. The affinity of these aptamers for small molecules is
normally low in a range of submicro- to micromolar Kd values. The major diffi-
culty in aptamer screening for low-molecular–weight targets is that the target
should be immobilized on a solid substrate to separate the target unbound oligo-
nucleotides from the oligonucleotide–target complex. If a target interacts with
oligonucleotides as a free form, it is very difficult to separate them due to the lack
of a significant difference between their molecular weights. Unfortunately, the
fixation of targets (especially small molecular targets) has the potential to decrease
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the specificity of aptamers, especially towards the immobilization part of the target
[20]. In addition, many small molecular targets such as pesticides are not easy to
immobilize on any solid substrates.

To overcome this problem in SELEX for small molecular targets, Gu and co-
workers recently developed an immobilization-free aptamer screening method
using graphene oxide (GO-SELEX) [102]. It had already been proven that ssDNA
can avidly adsorb on graphene or a graphene oxide sheet via p–p stacking inter-
actions [103]. Based on this knowledge, the ssDNA library was adsorbed on
graphene oxide and the DNA species were interacted with target molecules.
ssDNA binding to target was target-induced detached from the graphene oxide
sheet and separated from the unbound ssDNA pool still adsorbed on the graphene
oxide sheet by centrifugation. By this GO-SELEX method, ssDNA aptamers
having submicromolar Kd values were successively isolated for Nampt, an
adipokine protein. Even in the absence of reports about aptamers for small mol-
ecules screened by GO-SELEX, the approach can be easily extended to low-
molecular–weight targets because GO-SELEX is based on the competitive inter-
action among oligonucleotides, graphene sheet, and target molecules, and not on
the size difference between unbound oligonucleotide and an oligonucleotide target
complex. Another useful approach for immobilization-free SELEX was introduced
by Nutiu and Li in 2005 [104]. This method was based on the structural-switching
property of aptamers. In this reported SELEX method, an oligonucleotide library
was designed as a 15 nt specific sequence flanked by two random sequences of 10
and 20 nt. The central specific sequence was complementary to a biotinylated
capture oligonucleotide. Thus, the library could be immobilized on avidin-coated
beads by hybridization. Oligonucleotides binding to targets were released from the
beads via structure-switching for the formation of a complex that was subsequently
separated from the library.

Sometimes the preparation of pure protein is not easy, or the aptamers for a
pure protein are not useful (e.g., membrane proteins and ion channel proteins). As
well, some researchers are more interested in complex targets such as whole cells.
Fortunately, the SELEX process is also suitable for these complex targets or
mixtures when detailed information about their individual target is not available,
which is very attractive in studies of diseases such as cancer. The structural or
molecular change on the surface of cells is normally associated with their state, but
information is lacking in many cases. In recent years, an interest in aptamers for
complex targets such as mammalian cells, tissues, bacteria, and viruses has spurred
the development of a new SELEX process dubbed cell-SELEX or whole cell-
SELEX [46, 105–107]. This method is very similar to the normal SELEX process,
except for the use of whole cells or tissues, instead of purified targets. But, serious
hurdles remain. Because receptors or proteins expressed on the cell surface are so
complex and multifarious, it is not easy to isolate the aptamers specific to target
proteins. Cerchia and co-workers solved this problem using a new strategy in
which target proteins were overexpressed on the cell surface [106]. Another study
reported improvements by excessive negative selection using counter-cells having
almost same composition of membrane proteins on the cell surface, except for a
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specific target receptor [107]. These kinds of cell-SELEX processes are very useful
approaches for diagnostics, imaging, drug delivery, and therapy for cancer or any
other disease.

3 Recent Advances in Aptasensors for Small Molecule Detection

The need for the development of chemical biosensors is continuously increasing
because the rapid and on-site detection of low-weight compounds, such as residual
antibiotics or medicines, illegal drugs, environmental toxicants, chemical warfare
agents, and heavy metals, is increasingly important in aspects that include public
health, environmental monitoring, food safety, and antiterrorism. In addition, the
need for the accurate detection of small molecules, such as disease-related
metabolites or medically relevant bioactive compounds, is also increasing in
disease diagnosis through the multiparameter analysis of disease-related proteins
and newly discovered metabolite biomarkers. However, biosensors for these low-
weight compounds have not been extensively studied as much as protein targets
have. In addition to the fact that proteins are very significant compared to other
molecules, another critical reason is that the recognition elements for these targets
are often very difficult to develop. Antibody- or enzyme-based assays are still
regarded as standard and well-established assays for the detection of proteins and
small chemicals, but they are restricted to some targets, such as toxicants or
nonimmunogenic compounds and also often show low specificity due to struc-
turally diverse similar analogues that can exist in the sample. One more important
concern for chemical sensing is related to the transducer platform for signal
production. For the detection of small molecules, mass-dependent detection
methods, including surface plasmon resonance (SPR), quartz crystal microbalance
(QCM), and cantilevers, are not efficient because it is very difficult for small
molecular targets to generate a signal effectively upon the molecular interaction,
due to their low molecular weight in mass-dependent affinity-based assays [108].
A sandwich assay format, one of most powerful methods in immunoassay, is also
unsuitable for the detection of low-weight compounds because these targets are
normally pocketed inside the cleft of the capturing probes, leaving little space for
interaction with secondary probes [109]. The single-site binding, which is the
normal assay configuration for small molecules, is not suitable for signal ampli-
fication. Subsequently, the highly sensitive detection of small molecules is very
restricted. However, environmentally hazardous components can cause a signifi-
cant problem as they are present in very low concentration in many cases.

Nucleic acid aptamers are very attractive bioreceptors for low-weight com-
pounds due to their many advantages in biosensor development. Aptamer
screening for toxic target molecules or for molecules with no or low immunoge-
nicity is possible. Denatured aptamers can be regenerated easily within minutes,
which is a useful property in a bioassay. Aptamers are also promising because of
their high specificity to low molecular targets from structurally similar analogues.
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Concerning signal production, the structural flexibility of aptamers enables the
development of novel and unique aptamer-based sensing platforms [110]. Nucleic
acid aptamers fold into a flexible but well-defined three-dimensional structure
upon binding to their target molecules. Another approach is the use of the inherent
property of aptamers as nucleic acids. Nucleic acid aptamers can form a double-
helix structure by hybridization with their complementary sequences. This double-
helix structure can be easily destroyed by the binding of aptamers to targets by
competitive interaction. There are few reports about aptasensors for low-weight
compounds, but some compelling aptasensor developments for small molecules
have been introduced based on the conformational change of aptamers, hybridized
aptamers, or other strategies with optical or electrochemical platforms.

3.1 Fluorescence-Based Analysis

Fluorescence analysis is the most popular technique in bioanalytical chemistry.
Several conventional fluorescent or quencher molecules are available and their
detection is very sensitive. These various dye molecules can be easily conjugated
with nucleic acid aptamers and are also inherently suitable for real-time detection.
In addition, the high flexibility of the aptamer structure is very useful to establish
various types of fluorescent aptasensors, such as a fluorescence resonance energy
transfer (FRET) assay, which is based on the energy transfer between two fluo-
rescent molecules (donor and acceptor). A frequently adopted method is an apt-
amer-based molecular beacon (aptabeacon). If aptamers have a hairpin structure,
the aptamer can be used as a molecular beacon by labeling with a fluorescent
compound and quenching dye at the 50 and 30 end of the aptamer, respectively. In
the presence of targets, the aptamer undergoes a conformational change from the
hairpin structure to the unfolded form, and fluorescence of the dye molecules is
recovered because the distance between the fluorescence dyes and quencher
molecules is beyond that for efficient quenching [111]. Similarly, for aptabeacons,
a theophylline-specific aptamer double-labeled with a fluorophore and a quencher
dye was examined for the detection of theophylline with a target-dependent
allosteric ribozyme [112]. In the presence of theophylline, the ribozyme domain
was altered to an active conformation by the action of a theophylline-specific
aptamer domain. Thus, the quencher was positioned away from the fluorophore by
substrate cleavage, resulting in an increase of the fluorescence signal.

Nutiu and Li developed a more generalized aptamer-based FRET assay by
DNA displacement [113]. They hybridized aptamers with two partial comple-
mentary sequences labeled with fluorescence dye and quencher, respectively. In
the absence of the target, the fluorescence was quenched by the nearby quencher
molecule hybridization, whereas the aptamer preferred to form an aptamer–target
complex when the target was added. As a result, a strong fluorescence signal could
be generated by dissociation of short quenching DNA. This approach can be
adopted in sandwich fluorescence assay in which fluorescent nanoparticles and
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quenching (or capturing particles) are networked by sandwich hybridization
between aptamers and their complementary DNAs. This network is broken by the
formation of the target–aptamer complex, resulting in the enhancement or
quenching of the fluorescence signal. This target-induced displacement strategy
might be useful to improve the universality of the methods and to develop apta-
sensors when an aptamer has no beacon structure or prior information about its
secondary or tertiary structure [114, 115]. Most recently, another general excimer
signaling approach for aptasensors was reported by Wu and co-workers [116]. In
this method, the aptamer was split into two fragments conjugated with pryene
molecules, abrogating the aptamer’s binding ability. Target molecules (cocaine)
induced the self-assembly of the split pieces, allowing the pyrene molecules to
approach close enough to establish a pryene excimer. This resulted in a wave-
length shift of fluorescence.

Gold nanoparticles (AuNPs) have been widely used in an aptamer-based FRET
assay as a fluorescence acceptor, based on the knowledge that AuNPs can su-
perquench fluorescence through an energy/charge transfer process [117]. In gen-
eral, the quenching effect of AuNPs is several orders of magnitude higher than that
of an organic quencher [118]. AuNPs have a broad quenching ability for almost all
organic dyes, which enables a multiplex detection of several analytes in homo-
geneous solution by the anchoring of multiple aptamers on AuNPs without rational
design and optimization of fluorophore–quencher pairs [119–121]. Besides AuN-
Ps, carbon nanotube (CNT), graphene, and graphene oxide have been recently
applied in aptamer-based FRET assays as effective fluorescence acceptors. Yang
and co-workers demonstrated the potency of a CNT–aptamer complex-based
fluorescent biosensor. In this method, dye-labeled aptamer was adsorbed on CNT
via p–p stacking interaction between bases of aptamer and CNT sidewalls.
Fluorescence was quenched by the electron or energy transfer from the fluorophore
to the CNT. The fluorescence signal was recovered by the addition of the target
due to the competitive interaction between aptamer and target [122]. The FRET
assay using graphene and graphene oxide has been applied in aptasensors using
almost the same mechanism as the CNT-based assay [123, 124]. In some cases,
target-induced conformational change of aptamers brings the donor and acceptor
in close proximity, which causes fluorescence quenching (signal-off mode). One
example is a cocaine-binding aptamer having a three-way junction [125]. This
aptamer, which is double labeled with the donor and acceptor at each end, exists
as a free form in the absence of cocaine. But the addition of cocaine induces
a conformational change of the aptamer, leading to the close apposition of the
acceptor and donor, and consequent quenching of the fluorescence.

A double-labeled thrombin-binding aptamer was also used as a signal-off mode
to detect Pb2+ and Hg2+ [126]. The conformation of this random coil structure
aptamer was changed to a G-quadruplex by the interaction with Pb2+ or to a
hairpin structure by interaction with Hg2+, respectively. As a result, the fluores-
cence was decreased by FRET between the fluorophore and quencher. Similarly,
L-argininamide-binding aptamer was used for detection of L-argininamide [127].
Although some of the aptamer-based FRET assays have been conducted only for a

Advances in Aptamer Screening and Small Molecule Aptasensors 47



protein target (mostly thrombin), these principles have no restriction on being
expanded for small molecular detection.

All of the aforementioned methods used fluorescence and quencher-labeled
nucleic acids. But, label-free aptamers involving fluorescence aptasensors for
low-weight components using intercalating agents have been studied [128–130]. In
these techniques, fluorescence dyes such as N,Ndimethyl-2,7-diazapyrenium
dication (DMDAP) and 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) are
intercalated in single or duplex form of aptamers and quenched by acceptors.
These intercalating agents are displaced upon target binding, resulting in increased
fluorescence. Another approach of the label-free aptamer-based fluorescence assay
was developed based on target-binding induced quencher deactivation or removal.
In these methods, quenchers were located close to donors, such as fluorescence dye
and quantum dots, by conjugation on beads or hybridization with aptamer [131,
132]. In some cases, label-free fluorescent aptasensors were developed using
fluorescent dyes including 40,6-diamidino-2-phenylindol (DAPI), Hoechst, mala-
chite green (MG), acridine orange (AO), and OliGreen (OG) without quencher
molecules [133–137]. These fluorescent dyes emit very weak fluorescence when
they are free in solution, but their fluorescence is significantly enhanced by
interaction with specific regions of aptamers such as stem structure or capturing
with dye-binding aptamers. As one example, the aptamer has no stable stem
structure for dye binding in the absence of targets (L-argininamide), whereas target
binding to an aptamer leads to stable stem formation, resulting in enhancement of
fluorescence by the binding of dye (DAPI or Hoechst). The interaction between
aptamer and fluorescent dye does not affect the binding ability of the aptamer
because the stem structure of aptamers is not normally a binding domain. Con-
versely, AO and OG dyes interact well with the free form of aptmers in the
absence of target, but are displaced by the formation of an aptamer–target complex
(signal-off mode) [138, 139].

Recently, an interesting fluorescence assay was reported, which is based on
selective fluorescent CuNP formation by accumulation in the major groove of the
DNA duplex [140]. Based on this phenomenon, small molecular targets including
ATP and cocaine were sensitively detected using dsDNA formed by hybridization
between aptamers and their complementary ssDNA. In the absence of targets, the
formation of CuNPs associated with the dsDNA template induces the fluorescence
emission from CuNPs. But the fluorescence signal cannot be observed in the pres-
ence of the target because the dsDNA is broken by the formation of the aptamer–
target complex, in which CuNPs cannot be grown due to the absence of dsDNA.

3.2 Colorimetric Assay

The colorimetric assay is a very attractive method because detection can be
accomplished simply using the naked eye, which eliminates the need for expensive
analytical instruments. Based on these features, colorimetric biosensors are a
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compelling point-of-care (POC) analysis, which is frequently requested for the
real-life application of biosensors. Based on these advantages, colorimetric apta-
sensors have been recently studied for the detection of low-molecular–weight
components, such as small chemicals and heavy metal ions. An initial colorimetric
aptasensor for a small molecule (cocaine) was developed based on the intermo-
lecular displacement of the dye from an aptamer–dye complex in the presence of
the cocaine target [99]. In this method, cocaine displaced the dye by forming a
cocaine–aptamer complex, causing an immediate attenuation of absorbance and
eventual precipitation of the dye. In a similar approach, heavy metal ions (Pb2+ and
Cu2+) were also detected using DNAzymes [141, 142].

Nowadays, AuNPs are more widely used materials in colorimetric assays due
to their unique optical properties, the size-dependent SPR. AuNPs have high
extinction coefficients and show size-dependent colors [143]. The dispersed
AuNPs that are approximately 13 nm in diameter appear red in color due to their
intense SPR absorbance at 520 nm, but the red color changes to purple when they
aggregate. This red-to-purple color change can be easily observed by the naked
eye. Based on this optical property of AuNPs, as a more recent technology, apt-
amer-based colorimetric analyses using AuNPs have been extensively described.
In this technique, AuNPs are connected to each other by hybridization between
aptamers and two different sequenced DNA probes, which are individually
immobilized on AuNPs. Due to the aggregation, the solution of AuNPs appears
purple. In the presence of target, the networking between AuNPs is broken and
they disperse, changing the color to red [144]. This principle was adopted in a
‘‘dipstick’’ type of aptasensor for the detection of small molecules (adenosine and
cocaine) [145]. In this system, target-specific, aptamer-linked NP aggregates were
loaded onto a lateral flow device, resulting in a simpler and, more excitingly, more
sensitive dipstick test than the colorimetric assay in solution. In the absence of
target, aggregated nanostructures did not move along the membrane and show a
purple line in the conjugation pad. This dipstick type of aptasensor is very
attractive in a practical application format, similar to the pregnancy test strip.

Similarly, aptamer was partially hybridized with a probe immobilized on
AuNPs. In this state, the AuNPs are not aggregated by the addition of salt. Upon
binding of the target, aptamers that are partially hybridized with probes are
released from the AuNPs. Then, the AuNPs will aggregate in the salt addition,
which screens the electrostatic repulsion between AuNPs. Consequently, the color
of the AuNP solution is changed from red to purple [146]. In a converse format for
networking between AuNPs, some macromolecular targets having multibinding
moieties for aptamers including thrombin and platelet-derived growth factor can
induce interparticle cross-linking aggregation of AuNPs by sandwich binding,
resulting in the colorimetric change from red to purple in the presence of the target
[147]. Unfortunately, this method cannot be adopted for small molecular detection
because small molecules do not possess sufficient binding moieties to enable
sandwich binding. However, some metal ions, such as Hg2+ and Ag+, can be
detected by this target-induced cross-linked aggregation of AuNPs. Thymine–
thymine (T–T) and cytosine–cytosine (C–C) base pairs selectively capture
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mercury and silver ions, respectively, and the metallo-base pairs, T–Hg2+–T and
C–Ag+–C, are formed in DNA duplexes with high stability [148]. This phenom-
enon was successfully adopted in colorimetric metal ion detection [149–151].
In this method, Hg2+ and Ag+ led to the aggregation of AuNPs by the formation of
T–Hg2+–T and C–Ag+–C, respectively, resulting in the red-to-purple color change.

In most cases, AuNP-based colorimetric aptasensors used the modified AuNPs
with aptamers or their specific probes for the cross-linking of AuNPs. However,
the use of unmodified AuNPs should be more convenient, cost-effective, and time-
saving because the synthesis of thiolated aptamers is very expensive and the
immobilization of aptamers on AuNPs is time-consuming. Li and Rothberg have
described a new strategy of colorimetric assay using unmodified AuNPs for DNA
detection, which is based on the different electrostatic interactions between ssDNA
and dsDNA on AuNPs. The selective adsorption of ssDNA on AuNPs prevents the
aggregation of AuNPs at a salt concentration that screens the repulsive interactions
of citrate ions [152]. Inspired by this phenomenon, many unmodified AuNP-based
colorimetric aptasensors have been recently developed. Dong’s group has devel-
oped a simple unmodified AuNP-based colorimetric assay for Pb2+ detection using
17E DNAzyme, which cleaves its substrate, 17DS, in the presence of Pb2+ [153].
The ssDNA released from the 17E - 17DS duplex is adsorbed on the AuNPs,
preventing the aggregation of the AuNPs. In another approach, the target-induced
conformational change of aptamers was applied in an unmodified AuNP-based
colorimetric aptasensor for the detection of small molecules or ions.

The detection for several low-weight components (K+, Hg2+, oxytetracycline)
was accomplished using unmodified AuNPs and aptamers with a simple experi-
mental design [154–157]. In the assay, unfolded aptamers were strongly adsorbed
on AuNPs and stabilized the AuNPs in a high salt buffer. In the presence of targets
the conformation of aptamers transits to a folded state that is not easily adsorbed
on AuNPs. Subsequently, the red color of the dispersed AuNPs is changed to a
purple color due to the aggregation of AuNPs.

However, not all of the aptamers undergo a sufficient conformational change.
To overcome this limitation, Fan and co-workers have developed a displacement-
based assay [158]. In this strategy, aptamers were hybridized with their comple-
mentary DNA. By the addition of targets, the aptamers detached from the duplex
form to interact with target molecules. A released complementary ssDNA from
complex stabilizes AuNPs against aggregation and the color of the AuNPs appears
as red. This strategy can be generally applied to any kind of aptamer structure.
Most recently, Fan’s group have reported a more advanced design of an unmod-
ified AuNP-based colorimetric assay. In this assay, aptamers are partitioned to two
pieces of ssDNA, which reassemble into the original tertiary structure of aptamers
in the presence of target molecules [143]. By this strategy, small molecules
(cocaine, adenosine, and K+) were detected in the micromolar range within min-
utes, which is based on the knowledge that the short-sized DNA fragments are
more rapidly adsorbed on AuNPs. Surprisingly, almost all of colorimetric apta-
sensors used only a few aptamers as cocaine, adenosine, and K+ binding aptamers,
because these aptamers have been extensively studied concerning their structure
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and binding. Unfortunately, however, it is true that the information on the structure
of many aptamers is not available or elucidated. As an answer to this issue, Gu’s
group demonstrated that long-sized aptamers (76 mer) can also be used in an
unmodified AuNP-based colorimetric assay directly after SELEX without studies
on the truncation and structure, although the sensitivity for some targets was not
satisfactory for use in real samples. They also showed signal enhancement by
modulating the interaction between aptamers and AuNPs through the exchange of
AuNP capping agents. [156–158]

In addition to AuNP-based assays, other colorimetric aptasensors have been
reported using polydiacetylene (PDA) liposomes and colored polymers. Kim and
co-workers introduced colorimetric aptasensors incorporated with PDA liposome,
which is very sensitive and changes its color by external stimuli including ligand
interaction, temperature, solvent, and pH. In this technique, aptamers are conju-
gated on the surface of PDA liposomes. Binding of target to aptamers induces the
color change of the liposomes. The detection of K+ was successfully performed by
this method [159, 160]. In another way, a colorimetric detection of mercury ion
was accomplished using conjugated polymer, poly(3-(30-N,N,N-triethylamino-10-
propyloxy)-4-methyl-2,5-thiophene hydrochloride) (PMNT) and Hg2+ specific T-
rich ssDNA. The optical properties of polythiophene are highly sensitive to con-
formational change of its conjugated backbone. In the absence of Hg2+, T-rich
ssDNA has a stretched structure that readily forms an electrostatic complex with
cationic PMNT in aqueous solution. This leads to a planar conformation of PMNT
with a characteristic red color. In the presence of Hg2+, T-rich ssDNA forms a
stem-loop structure by binding with Hg2+ and is surrounded by PMNT. This
conformational change of PMNT induces a color change from red to yellow [161].

Colorimetric aptasensors are very useful for the on-site detection of low-weight
components with high simplicity, but the relatively low sensitivity compared with
other methods remains a significant hurdle for real applications.

3.3 Electrochemical Analysis

Electrochemical analysis is one of the most attractive sensing platforms due to its
great simplicity, rapidity in detection, cost-effectiveness, and the ease of minia-
turization, which are necessary for POC applications of biosensors. An electro-
chemical biosensor is also suitable for multitarget detection through the design of
arrayed electrode chips. Recently, many papers have described the incorporation
of aptamer-based biosensors in electrochemical detection systems based on dis-
tinct properties of aptamers. In electrochemistry, the state change of an electrode
surface that occurs by the interaction between targets and immobilized receptors
modifies the resistance and capacitance of the electrode–solution interface.
Therefore, voltammetry and impedance analyses are very effective and widely
used techniques in electrochemical biosensors. The first electrochemical apta-
sensors developed were mainly based on the analysis of current or faradic
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impedance change occurring by simple binding events. In these systems, the
electron transfer resistance between redox mediators such as [Fe(CN)6]-3/-4 in
solution and electrode is changed by the capturing of target by aptamers immo-
bilized on the electrode. The direction of current or resistance change is greatly
affected by electrical properties of the targets [162, 163]. These single-binding
methods result in very sensitive and simple detection at the fM level for some
protein targets such as thrombin [164]. However, this electrochemical detection
based on simple binding is still limited for the development of sensitive apta-
sensors for small molecules, because the electron transfer resistance or current that
can be changed by the simple binding of small molecular targets is generally
insignificant, compared to macromolecules [165, 166]. To overcome this problem
of low sensitivity, various strategies for the design and signal amplification
methods of electrochemical signal production have been incorporated in novel and
sensitive electrochemical aptasensors, based on the signals produced by the direct
conformational change of aptamers and target-induced displacement.

Hegger and Plaxco have developed new types of electrochemical aptasensors
based on the conformational change that occurs when aptamers are bound to target
molecules [167–169]. In this technique, the current is changed depending on the
distance between electroactive compounds (methylene blue or ferrocene) labeled
with aptamers and the electrode surface, which is well distinguished in the absence
or presence of any type of target. One example is a thrombin detection using
redox-active methylene blue- (MB) labeled thrombin-binding aptamer immobi-
lized on an electrode. The flexible conformation of the aptamer labeled with MB
enables the electrical contact of the MB with the electrode, and a voltammetric
response of the MB. This sensing principle was successfully expanded to low-
weight components such as cocaine and K+. But, this signal-off sensing format has
the disadvantage of a negative readout signal.

To solve this defect, several signal-on aptasensors have been developed. One
approach is to use a bifunctionalized aptamer labeled with a terminal electroactive
ferrocene as a redox group and a thiol group at the second terminus of the aptamer
[168, 170]. The long, flexible aptamer strand prevents electrical contact of the
ferrocene with the electrode. The formation of an aptamer–target complex makes a
rigid configuration and results in the orientation of the ferrocene towards the
electrode. This leads to the generation of a positive signal in the presence of targets
such as cocaine. In another approach, a DNA duplex structure consisting of a
ferrocene-labeled aptamer and its complementary DNA was used [171–173]. In
the absence of target molecules (cocaine, ATP, Pb2+), the hybridized aptamer
adopts a partially unfolded state, whereas in the presence of targets, the aptamer
folds to bind to the targets. Consequently, an electroactive ferrocene is closed to
the electrode, and the signal is increased. As another approach, a target-induced
displacement format is a very effective method. This strategy is based on the
separation of the two strands of duplex nucleic acids, composed of an aptamer
strand and partially complementary sequence, induced by the presence of target
molecules. In the presence of a target, duplex DNA separates and the aptamer folds
and binds to the target. The displacement of a complementary sequence decreases
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the electron-flow resistance. The separation of duplex DNA is dependent on target
concentration. Thus, this method enables the sensitive detection of small mole-
cules [173–176].

The other method for an electrochemical aptasensor uses a redox-active
reporter that intercalates into double-stranded DNA rather than being covalently
tethered to the aptamer. In this method, intercalating redox-active molecules such
as MB are used for signal enhancement. The hairpin structure of aptamers is
immobilized on a gold electrode, and MB intercalated in the duplex stem structure
of the probe hairpin. The binding of target with the aptamer opens the hairpin
structure, thus releasing the intercalated redox-active MB. As a result, the elec-
trochemical signal decreases proportionally to the target (theophylline) concen-
tration [177]. Shao and co-workers suggested a sensitive chronocoulometric
aptasensor for adenosine monophosphate (AMP) detection using [Ru(NH3)6]3+

(RuHex) [178]. In this report, the aptamers hybridized with short complementary
ssDNA were immobilized on a gold surface and many RuHex molecules were
associated with the duplex form of the aptamer complex to produce a coulometric
signal. Short complementary ssDNA was displaced from the aptamer with RuHex
by addition of the target (AMP). Thus, the charge was reduced in proportion to the
AMP concentration. Similarly, the sensitivity of adenosine detection was
improved as low as 1 nM by MB intercalation into the DNA duplex formed by
hybridization between an adenosine-binding aptamer and probe DNA immobilized
on the electrode [179]. The addition of adenine induced the displacement of
adenine-binding aptamers from the duplex form, followed by the releasing of MB.
As a result, the current was decreased.

Other effective signal amplification methods in electrochemical detection have
been accomplished by the incorporation of NPs. AuNPs are the most popular NPs
used for signal amplification in electrochemical aptasensors due to their large
surface area, favorable electronic properties, and electrocatalytic activity. The
strategies of AuNP-based signal amplification in electrochemical aptasensors are
classified into two different approaches. The first method is an attachment of
AuNPs on an electrode for enlargement of the electrode surface. The second
method is the use of AuNPs as the carrier of signaling materials for amplification
of the electrochemical signal. Zhang and co-workers reported a sensitive elec-
trochemical aptasensor for cocaine detection based on the signal enhancement
supported by the self-assembly of AuNPs on a gold electrode [180]. In this report,
cocaine-binding aptamers conjugated with a redox-active ferrocene and thiol
group, respectively, were immobilized on the AuNP-modified electrode. The tar-
get-induced conformational change of aptamers may increase the current due to
the close proximity between ferrocene and the electrode in the presence of cocaine.
As a result, the sensitivity of aptasensors using an AuNP-modified electrode was
enhanced tenfold compared to aptasensors using a naked gold electrode. As a
converse method, a signal-off electrochemiluminescence (ECL) aptasensor was
developed for the detection of small molecules using a gold electrode modified by
the complex of AuNPs and ECL substrate (Ru(bpy)3

2+) [181]. An adenine-binding
aptamer conjugated with ferrocene was immobilized on a modified gold electrode
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and stretched by the hybridization with complementary DNA. In the presence of
adenine, complementary DNA was dehybridized by the formation of an adenine–
aptamer complex. The ferrocene probe was closed to the electrode by the folding
of the aptamers. Consequently, the ECL intensity was decreased by the quenching
effect of ferrocene to the Ru(bpy)3

2+.
AuNP-based electrochemical signal amplification in aptasensors has been

developed mainly in the sandwich configuration. Use of AuNPs conjugated with
secondary aptamers is a very simple and powerful method for signal amplification
in electrochemical aptasensors, but they are not available for small molecular
detection due to the sparse binding space of small molecule-binding aptamers.
Therefore, almost all sandwich structures in aptasensors consist of duplex DNA
formed by hybridization between aptamers and their complementary sequences (as
capture and reporter probes conjugated with AuNPs). Zhu and co-workers pro-
posed a method for the detection of Hg2+ using AuNPs [182]. In this method,
mercury-ion–specific ssDNAs were heavily loaded on AuNPs which were linked
on the electrode. This led to the extensive capture of a large amount of Hg2+,
resulting in a decrease of the electrochemical signal. The sensitivity of this method
for Hg2+ was improved by three orders of magnitude compared with one of simple
binding of Hg2+ by Hg2+-specific ssDNA on an electrode. Similarly, the sensitive
electrochemical aptasensor for ATP detection was also reported [183]. In this
method, many ATP-binding aptamers were grafted on AuNPs by the hybridization
with partially complemented ssDNA. Then the aptamer-grafted AuNPs were held
on the gold electrode by the hybridization between the single-sequenced region of
aptamer and another partially complemented capture DNA immobilized on the
electrode. The MB bound to the dsDNA and also bound to guanine bases for the
generation of strong electrochemical signal. The duplex structure was destroyed by
the addition of ATP, which decreased the amount of MB on the electrode. As a
result, a peak current was significantly decreased. This aptasensor could detect
ATP as low as 0.1 nM, which is a markedly amplified sensitivity compared with
use of a single ATP-binding aptamer.

4 Future Perspectives

Many researchers have demonstrated that aptamers are very useful bioreceptors in
various fields such as therapeutics, medical diagnostics, biosensors for environ-
mental monitoring and food safety, bioseparation, and bioimaging. In addition, the
success of Macugen� (Pfizer), the first FDA-approved aptamer drug, in the
pharmaceutical industry has accelerated researchers’ interest in the isolation and
applications of aptamers. However, aptamers for other targets remain few com-
pared with antibodies, and only a few aptamers have been isolated and used in
reports describing aptamer applications. Therefore, aptamers for more varied
targets are required because it is expected that the spectrum of analytes will be
greatly expanded in various applications. To meet the extensive requirement of
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aptamers for various targets, researchers will be continuously trying to advance the
SELEX process by improving the automation degree and efficiency, development
of more high-throughput processes and new screening techniques, and reducing
the limitation to targets. Towards these goals, a clearer understanding of the
binding mechanism of aptamers to targets and their binding structure in various
conditions is needed.

F Q

Q

F

Q

Target Aptamer

F Q
Fluorescence donor
(fluorescence dye, 
QDs etc)

Fluorescence acceptor
(quenching dye, AuNP,
CNT, graphene etc)

FQ

F

F

F

Fluorescence intercalating agent
(DAPI, Hoechst, malachite green etc)

Complementary DNA

(a) (b) (c)

Fig. 2 Various types of fluorescent aptasensors. (a) FRET assay using aptabeacon conjugated
with fluorescence donor and acceptor; (b) fluorescent assay based on target-induced displacement
of complementary DNA (CD) from aptamer–CD duplex; (c) label-free fluorescence aptasensor
using intercalating fluorescence dye

Fig. 3 Various types of colorimetric aptasensors. (a) Colorimetric assay using AuNP aggregates
cross-linked via aptamers and probe DNA; (b) unmodified AuNP-based colorimetric aptasensing;
(c) PDA liposome-based colorimetric aptasensing
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There is no doubt that studies on aptasensors will be continuously and actively
increasing based on various merits of aptamers as bioreceptors. In spite of these
bright perspectives, aptamer-based biosensors also have some hurdles to over-
come. Aptasensor technology is immature compared to immunoassays, and the
biosensing and diagnostic market is still largely dominated by antibodies. Only a
few aptamer-based biosensors are commercially available.

However, aptasensors have one promising area for detection of small molecules
in biological systems, the environment, and food safety because it is very difficult
to produce highly specific antibodies for small molecules. For successful com-
mercial applications of aptasensors for low-molecular–weight components, some
technical issues should be overcome. First, a stronger affinity of aptamers for small
molecules is needed because the affinity of aptamers significantly affects sensi-
tivity. In many cases, especially in the environment, small molecules exist in very
low concentrations. Related to this, the post-SELEX including truncation and
study of the binding site will become a more conventional step to downsize the
aptamers and improve the aptamers’ affinity. Truncations of isolated aptamers can
not only reduce the synthetic cost meaningfully, but also raise the affinity of
original aptamers to targets in some cases. More powerful signal amplification
methods are expected to be developed by implementation of various NPs as
powerful probe materials, and new sensing mechanisms. Secondly, most apta-
sensors were tested in defined buffer solution. They should be examined on
complex real samples for practical applications. The sensitivity of aptasensors
often declines remarkably in real biological or environmental samples. To over-
come this problem, aptamer screening has been attempted in real samples, not
defined buffer solution. Finally, simpler, more cost-effective, and high-throughput
aptasensors are needed. To meet these requirements, the development of

e-

Electrode

e-

Electrode

Target Aptamer
Redox-active molecules 
(methylen blue, ferrocence etc)

e-

e-

Electrode

e-
e-

Complementary 
DNA

(a) (b) (c)

Fig. 4 Various types of electrochemical aptasensors. (a) Target-induced conformation change-
based electrochemical aptasensing using redox active molecules modified aptamer (signal-off
mode); (b) electrochemical aptasensing based on target-induced displacement format (signal-on
mode); (c) electrochemical signal amplification in aptasensors using intercalating electroactive
component
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aptasensors should be label-free, real-time, multiplex, and miniaturized systems.
All of these efforts on aptasensors will facilitate their commercialization (Table 1,
Figs. 2, 3, 4).

References

1. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind specific
ligands. Nature 346:818–822

2. Tuerk C, Gold L (1990) Systematic evolution of ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA-polymerase. Science 249:505–510

3. Jayasena SD (1999) Aptamers: an emerging class of molecules that rival antibodies in
diagnostics. Clinic Chem 45:1628–1650

4. Patel DJ, Suri AK, Jiang F, Jiang LC, Fan F, Kumar RA, Nonin S (1997) Structure,
recognition and adaptive binding in RNA aptamer complex. J Mol Biol 272:645–664

5. Hermann T, Patel DJ (2000) Adaptive recognition by nucleic acid aptamers. Science
87:820–825

6. Osborne SE, Ellington AE (1997) Nucleic acid selection and the challenge of combinatorial
chemistry. Chem Rev 97:349–370

7. Jenison RD, Gill SC, Pardi A, Polisky B (1994) High-resolution molecular discrimination
by RNA. Science 263:1425–1429

8. Geiger A, Burgstaller P, Von der Eltz H, Roeder A, Famulok M (1996) RNA aptamers that
bind L-arginine with sub-micromolar dissociation constants and high enantioselectivity.
Nucleic Acids Res 24:1029–1036

9. Niazi JH, Lee SJ, Kim YS, Gu MB (2008) ssDNA aptamers that selectively bind
oxytetracycline. Bioorg Med Chem 16:1254–1261

10. You KM, Lee SH, Im A, Lee SB (2003) Aptamers as functional nucleic acids: in vitro
selection and biotechnological applications. Biotech Bioprocess Eng 8:64–75

11. Tombelli S, Minunni M, Mascini M (2005) Analytical application of aptamers. Biosens
Bioelectron 20:2424–2434

12. Baldrich E, Acero JL, Reekmans G, Laureyn W, O’Sullivan CK (2005) Displacement
enzyme linked aptamer assay. Anal Chem 77:4774–4784

13. Robertson DL, Joyce GF (1990) Selection in vitro of an RNA enzyme that specifically
cleaves single-stranded DNA. Nature 344:467–468

14. Ho SP, Britton DH, Stone BA, Behrens DL, Leffet LM, Hobbs FW, Miller JA, Trainor GL
(1996) Potent antisense oligonucleotides to human multidrug resistance-1 mRNA are
rationally selected by mapping RNA-accessible sites with oligonucleotide libraries. Nucleic
Acids Res 24:1901–1907

15. Bock LC, Griffin LC, Latham JA, Vermaas EH, Toole JJ (1992) Selection of single-stranded
DNA molecules that bind and inhibit human thrombin. Nature 355:564–566

16. Marshall KA, Ellington AD (2000) In vitro selection of RNA aptamers. Meth Enzymol
318:19–214

17. Sampson T (2003) Aptamers and SELEX: the technology. World Patent Inf 25:123–129
18. Harada K, Frankel AD (1995) Identification of two novel arginine binding DNAs. EMBO J

23:5798–5811
19. Hamula C, Guthrie J, Zhang H, Li XF, Le XC (2006) Selection and analytical applications

of aptamers. Tr Anal Chem 25:681–691
20. Reinemann C, Stoltenburg R, Strehlitz B (2009) Investigations on the specificity of DNA

aptamers binding to ethanolamine. Anal Chem 81:3973–3978

Advances in Aptamer Screening and Small Molecule Aptasensors 59



21. Berezovski M, Drabovich A, Krylova SM, Musheev M, Okhonin V, Petrov A, Krylov SN
(2005) Nonequilibrium capillary electrophoresis of equilibrium mixtures: a universal tool
for development of aptamers. J Am Chem Soc 127:3165–3171

22. White R, Rusconi C, Scardino E, Wolberg A, Lawson J, Hoffman M, Sullenger B (2001)
Generation of species cross-reactive aptamers using ‘‘toggle’’ SELEX. Mol Ther 4:567–573

23. Shimada T, Fujita N, Maeda M, Ishihama A (2005) Systematic search for the Cra-binding
promoters using genomic SELEX system. Genes Cells 10:907–917

24. Stoltenburg R, Reinemann C, Strehlitz B (2005) FluMag-SELEX as an advantageous
method for DNA aptamer selection Anal. Bioanal Chem 383:83–91

25. Bianchini M, Radrizzani M, Brocardo MG, Reyes GB, Gonzalez SC, Santa-Coloma TA
(2001) Specific oligobodies against ERK-2 that recognize both the native and the denatured
state of the protein. J Immunol Methods 252:191–197

26. Theis MG, Knorre A, Kellersch B, Moelleken J, Wieland F, Kolanus W, Famulok M (2004)
Discriminatory aptamer reveals serum response element transcription regulated by
cytohesin-2. Proc Natl Acad Sci 101:11221–11226

27. Weiss S, Proske D, Neumann M, Groschup MH, Kretzschmar HA, Famulok M, Winnacker
EL (1997) RNA aptamers specifically interact with the prion protein PrP. J Virol
71:8790–8797

28. Bridonneau P, Chang YF, Buvoli VB, O’Connell D, Parma D (1999) Site directed selection
of oligonucleotide antagonists by competitive elution. Antisens. Nucleic A 9:1–11

29. Sefah K, Shangguan D, Xiong X, O’Donoghue MB, Tan W (2010) Development of DNA
aptamers using cell-SELEX. Nat Protocol 5:1169–1185

30. Cadwell RC, Joyce GF (1994) Mutagenic PCR. PCR methods Appl 3:S136–S140
31. Bittker JA, Le BV, Liu DR (2002) Nucleic acids evolution and minimization by

nonhomologous random recombination. Nat Biotechnol 20:1204–1209
32. Paul A, Avci-Adali M, Ziemer G, Wendel HP (2009) Streptavidin-coated magnetic beads

for DNA strand separation implicate a multitude of problems udirng cell-SELEX.
Oligonucleotides 19:243–254

33. Fitzwater T, Polisky B (1996) A SELEX primer Methods Enzymol 267:275–301
34. Naimuddin M, Kitamura K, Kinoshita Y, Honda-Takahashi Y, Murakami M, Ito M,

Yamamoto K, Hanada K, Husimi Y, Nishigaki K (2007) Selection-by-function: efficient
enrichment of cathepsin E inhibitors from a DNA library. J Mol Recognit 20:58–68

35. Wu LH, Curran JF (1999) An allosteric synthetic DNA. Nucleic Acids Res 27:1512–1516
36. Williams KP, Bartel DP (1995) PCR product with strands of unequal length. Nucleic Acids

Res 23:4220–4221
37. Hendry P, Hannan G (1996) Detection and quantitation of unlabeled nucleic acids in

polyacrylamide gels. Biotechniques 20:258–264
38. Niazi JH, Lee SJ, Gu MB (2008) Single stranded DNA aptamers specific for antibiotics

tetracyclines. Bioorg Med Chem 16:7245–7253
39. Kim YS, Hyun CJ, Kim IA, Gu MB (2010) Isolation and characterization of

enantioselective DNA aptamers for ibuprofen. Bioorg Med Chem 18:3467–3473
40. Shi H, Fan XC, Ni ZY, Lis JT (2002) Evolutionary dynamics and population control during

in vitro selection and amplification with multiple targets. RNA 8:1461–1470
41. Beinoraviciute-Kellner R, Lipps G, Krauss G (2005) In vitro selection of DNA binding sites

for ABF1 protein from Saccharomyces cerevisiae. FEBS Lett 579:4535–4540
42. Rhie A, Kirby L, Sayer N, Wellesley R, Disterer P, Sylvester I, Gill A, Hope J, James W,

Tahiri-Alaoui A (2003) Characterization of 2’-fluoro-RNA aptamers that bind preferentially
to disease-associated conformations of prion protein and inhibit conversion. J Biol Chem
278:39697–39705

43. Ellington AD, Szostak JW (1992) Selection in vitro of single-stranded DNA molecules that
fold into specific ligand-binding structures. Nature 355:850–852

44. Wang W, Jia L (2009) Progress in aptamer screening methods. Chin J Anal Chem
37:454–460

60 Y. S. Kim and M. B. Gu



45. Wang CL, Zhang M, Yang G, Zhang DJ, Ding HM, Wang HX, Fan M, Shen BF, Shao NS
(2003) Single-stranded DNA aptamers that bind differentiated but not parental cells:
subtractive systematic evolution of ligands by exponential enrichment. J Biotechnol
102:15–22

46. Shangguan D, Li Y, Tang Z, Cao ZC, Chen HW, Mallikaratchy P, Sefah K, Yang CZ, Tan
W (2006) Aptamers evolved from live cells as effective molecular probes for cancer study.
Proc Natl Acad Sci 103:11838–11843

47. Conrad RC, Baskerville S, Ellington AD (1995) In vitro selection methodologies to probe
RNA function and structure. Mol Div 1:69–78

48. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res 22:4673–4680

49. Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG, Thompson JD (2003)
Multiple sequence alignment with the clustal series of programs. Nucleic Acids Res
31:3497–3500

50. Morgenstern B (2004) DIALIGN: multiple DNA and Protein Sequence Alignment at
BiBiServ. Nucleic Acids Res 32:W33–W36

51. Morgenstern B, Prohaska SJ, Pöhler D, Stadler PF (2006) Multiple sequence alignment with
user-defined anchor points. Algorithms Mol Boil 1:6

52. Zuker M (2003) Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res 31:3406–3415

53. Horn WT, Convery MA, Stonehouse NJ, Adams CJ, Liljas L, Phillips SEV, Stockley PG
(2004) The crystal structure of a high affinity RNA stem-loop complexed with the
bacteriophage MS2 capsid: further challenges in the modeling of ligand-RNA interactions.
RNA 10:1776–1782

54. Macaya RF, Schultze P, Smith FW, Roe JA, Feigon J (1993) Thrombin binding DNA
aptamer forms a unimolecular quadruplex structure in solution. Proc Natl Acad Sci
90:3745–3749

55. Chaloin L, Lehmann MJ, Sczakiel G, Restle T (2002) Endogenous expression of a high-
affinity pseudoknot RNA aptamer suppresses replication of HIV-1. Nucleic Acids Res
30:4001–4008

56. Bruno JG, Kiel JL (1999) In vitro selection of DNA aptamers to anthrax spores with
electrochemiluminescence detection. Biosens Bioelectron 14:457–464

57. Ruff KM, Snyder TM, Liu DR (2010) Enhanced functional potential of nucleic acid aptamer
library patterned to increase secondary structure. J Am Chem Soc 132:9453–9464

58. Wilson C, Keefe AD (2006) Building oligonucleotide therapeutics using non-natural
chemistries. Curr Opin Chem Biol 10:607–614

59. Kusser W (2000) Chemically modified nucleic acid aptamers for in vitro selections:
evolving evolution. J Biotechnol 74:27–38

60. Pieken W, Olsen DB, Benseler F, Aurup H, Eckstein HF (1991) Kinetic characterization of
ribonuclease-resistant 20-modified hammerhead ribozymes. Science 253:314–317

61. Heidenreich O, Eckstein F (1992) Hammerhead ribozyme-mediated cleavage of the long
terminal repeat RNA of human immunodeficiency virus type 1. J Biol Chem
267:1904–1909

62. Kubik MF, Bell C, Fitzwater T, Watson SR, Tasset DM (1997) Isolation and
characterization of 2’-fluoro-, 2’-amino-, and 2’-fluoro-/amino- modified RNA ligands to
human INF-gamma that inhibit receptor binding. J Immunol 159: 259–267

63. Prakash TP, Bhat B (2007) 2’-modified oligonucleitides for antisense therapeutics. Curr Top
Med Chem 7:641–649

64. Koizumi M (2007) True antisense oligonucleotides with modified nucleotides restricted in
the N-conformation. Curr Top Med Chem 7:661–665

65. Sawai H, Ozaki A, Satoh F, Ohbayashi T, Masud M, Ozaki H (2001) Expansion of
structural and functional diversities of DNA using new 5-substituted deoxyuridine

Advances in Aptamer Screening and Small Molecule Aptasensors 61



derivatives by PCR with superthermophilic KOD Dash DNA polymerase, Chem Commun
24:2604–2605

66. Kuwahara M, Hanawa K, Ohsawa K, Kitagata R, Ozaki H, Sawai H (2006) Direct PCR
amplification of various modified DNAs having amino acids: convenient preparation of
DNA libraries with high-potential activities for in vitro selection. Bioorg Med Chem
14:2518–2526

67. Keefe AD, Cload ST (2008) SELEX with modified nucleotides. Curr Opion Chem Biol
12:448–456

68. Golden MC, Collins BD, Willis MC, Koch TH (2000) Diagnostic potential of photoSELEX-
evolved ssDNA aptamers. J Biotechnol 81:167–178

69. Singer BS, Shtatland T, Brown D, Gold L (1997) Libraries for genomic SELEX. Nucleic
Acids Res 25:781–786

70. Shtatland T, Gill SC, Javornik BE, Johansson HE, Singer BS, Uhlenbeck OC, Zichi DA,
Gold L (2000) Interactions of Escherichia coli RNA with bacteriophage MS2 coat protein:
genomic SELEX. Nucleic Acids Res 28:E93

71. Fischer NO, Tok J, Tarasow TM (2008) Massively parallel interrogation of aptamer
sequence, structure and function. PLoS ONE 3:e2720

72. Katilius E, Flores C, Woodbury NW (2007) Exploring the sequence space of a DNA
aptamer using microarrays. Nucleic Acids Res 35:7626–7635

73. Wen JD, Gray DM (2004) Selection of genomic sequences that bind tightly to Ff gene 5
protein: primer-free genomic SELEX. Nucleic Acids Res 32:e182

74. Pan WH, Xin P, Clawson GA (2008) Minimal primer and primer-free SELEX protocols for
selection of aptamers from random DNA libraries. Biotechniques 44:351–360

75. Vater A, Jarosch F, Buchner K, Klussmann S (2003) Short bioactive Spiegelmers to
migraine-associated calcitonin gene-related peptide rapidly identified by a novel approach:
tailored-SELEX. Nucleic Acids Res 31:e130

76. Burke DH, Willis JH (1998) Recombination, RNA evolution, and bifunctional RNA
molecules isolated through Chimeric SELEX. RNA 4:1165–1175

77. Deng Q, German I, Buchanan D, Kennedy RT (2001) Retention and separation of adenosine
and analogues by affinity chromatography with an aptamer stationary phase. Anal Chem
73:5415–5421

78. Bruno JG, Kiel JL (2002) Use of magnetic beads in selection and detection of biotoxin
aptamers by electrochemiluminescence and enzymatic methods. Biotechniques 32(178–180):
182–173

79. Tok JB, Fischer NO (2008) Single microbead SELEX for efficient ssDNA aptamer
generation against botulinum neurotoxin. Chem Comm 16:1883–1885

80. Mendonsa SD, Bowser MT (2004) In vitro selection of high-affinity DNA ligands for human
IgE using capillary electrophoresis. Anal Chem 76:5387–5392

81. Tang JJ, Xie JW, Shao NS, Yan Y (2006) The DNA aptamers that specifically recognize
ricin toxin are selected by two in vitro selection methods. Electrophoresis 27:1303–1311

82. Drabovich AP, Berezovski M, Okhonin V, Krylov SN (2006) Selection of smart aptamers
by methods of kinetic capillary electrophoresis. Anal Chem 78:3171–3178

83. Mosing RK, Mendonsa SD, Bowser MT (2005) Capillary electrophoresis-SELEX selection
of aptamers with affinity for HIV-1 reverse transcriptase. Anal Chem 77:6107–6112

84. Cox JC, Rudolph P, Ellington AD (1998) Automated RNA selection. Biotechnol Prog
14:845–850

85. Cox JC, Ellington AD (2001) Automated selection of anti-protein aptamers. Bioorg Med
Chem 9:2525–2531

86. Cox JC, Rajendran M, Riedel T, Davidson EA, Sooter LJ, Bayer TS, Schmitz BM, Ellington
AD (2002) Automated acquisition of aptamer sequences. Comb Chem High Throughput
Screening 5:289–299

87. Cox JC, Hayhurst A, Hesselberth J, Bayer TS, Georgiou G, Ellington AD (2002) Automated
selection of aptamers against protein targets translated in vitro: from gene to aptamer.
Nucleic Acids Res 30:e108

62 Y. S. Kim and M. B. Gu



88. Hianik T, Ostatna V, Sonlajtnerova M, Grman I (2007) Influence of ionic strength, pH, and
aptamer configuration for binding affinity to thrombin. Biochem 70:127–133

89. Eulberg D, Buchner K, Maasch C, Klussmann S (2005) Development of an automated
in vitro selection protocol to obtain RNA-based aptamers: identification of a biostable
substance P antagonist. Nucleic Acids Res 33:e45

90. Hybarger G, Bynum J, Williams RF, Valdes JJ, Chambers JP (2006) A microfluidic SELEX
prototype. Anal Bioanal Chem 384:191–198

91. Park SM, Ahn JY, Jo MJ, Lee D, Lis JT, Craighead HG, Kim S (2009) Selection and elution
of aptamers using nanoporous sol-gel arrays with integrated microheaters. Lab Chip
9:1206–1212

92. Lou X, Qian J, Xiao Y, Viel L, Gerdon AE, Lagally ET, Atzberger P, Tarasow TM, Heeger
AJ, Soh HT (2009) Micromagnetic selection of aptamers in microfluidic channels. Proc Natl
Acad Sci 106:2989–2994

93. Gian J, Lou X, Zhang Y, Xiao Y, Soh HT (2009) Generation of high specific aptamers via
micromagnetic selection. Anal Chem 81:5490–5495

94. Ciesiolka J, Gorski J, Yarus M (1995) Selection of an RNA domain that binds Zn2+. RNA
1:538–550

95. Hofmann HP, Limmer S, Hornung V, Sprinzl M (1997) Ni2 ? -binding RNA motifs with
an asymmetric purine-rich internal loop and a G-A base pair. RNA 3:1289–1300

96. Kim M, Um HJ, Bang S, Lee SH, Oh SJ, Han JH, Kim KW, Min J, Kim YH (2009) Arsenic
removal from Vietnamese groundwater using the Arsenic-binding DNA aptamer. Environ
Sci Technol 43:9335–9340

97. Mann D, Reinemann C, Stoltenburg R, Strehlitz B (2005) In vitro selection of DNA
aptamers binding ethanolamine. Biochem Biophys Res Commun 338:1928–1934

98. Grate D, Wilson C (2001) Inducible regulation of the S-cerevisiae cell cycle mediated by an
RNA aptamer-ligand complex. Bioorg Med Chem 9:2565–2570

99. Stojanovic MN, Landry DW (2002) Aptamer-based colorimetric probe for cocaine. J Am
Chem Soc 124:9678–9679

100. Kato T, Takemura T, Yano K, Ikebukuro K, Karube I (2000) In vitro selection of DNA
aptamers which bind to cholic acid. Biochim Biophys Acta 1493:12–18

101. Vianini E, Palumbo M, Gatto B (2001) In vitro selection of DNA aptamers that bind
L-tyrosinamide. Bioorg Med Chem 9:2543–2548

102. Park JW, Tatavarty R, Kim DW, Jung HE, Gu MB (2012) Immobilization-free screening of
aptamers assisted by graphene oxide. Chem Com 48:2071–2073

103. Wu M, Kempaiah R, Huang PJJ, Maheshwari V, Liu J (2011) Adsorption and desorption
of DNA on graphene oxide studies by fluorescently labeled oligonucleotides. Langmuir
27:2731–2738

104. Nutiu R, Li YF (2005) In vitro selection of structure-switching signaling aptamers. Angew
Chem Int Edit 44:1061–1065

105. Daniels DA, Chen H, Hicke BJ, Swiderek KM, Gold L (2003) A tenascin-C aptamer
identified by tumor cell SELEX: systematic evolution of ligands by exponential enrichment.
Proc Natl Acad Sci 100:15416–15421

106. Cerchia L, Duconge F, Pestourie C, Boulay J, Aissouni Y, Gombert K, Tavitian B, de
Franciscis V, Libri D (2005) Neutralizing aptamers from whole-cell SELEX inhibit the RET
receptor tyrosine kinase. PLoS Biol 3:697–704

107. Tang Z, Shangguan D, Wang K, Shi H, Sefah K, Mallikratchy P, Chen HW, Li Y, Tan W
(2007) Selection of aptamers for molecular recognition and characterization of cancer cells.
Anal Chem 79:4900–4907

108. Kim YS, Jung HS, Matsuura T, Lee HY, Kawai T, Gu MB (2007) Electrochemical detection
of 17b-estradiol using DNA aptamer immobilized gold electrode chip. Biosens Bioelectron
22:2525–2531

109. Song S, Wang L, Li J, Zhao J, Fan C (2008) Aptamer-based biosensors. Trends Anal Chem
27:108–117

Advances in Aptamer Screening and Small Molecule Aptasensors 63



110. Li D, Song S, Fan C (2010) Target-responsive structural switching for nucleic acid-based
sensors. Acc Chem Res 43:631–614

111. Yamamoto R, Baba T, Kumar PK (2000) Molecular beacon aptamer fluorescence in the
presence of Tat protein of HIV-1. Genes Cells 5:389–396

112. Frauendorf CA, Jaschke A (2001) Detection of small organic analytes by fluorescing
molecular switches. Bioorg Med Chem 9:2521–2524

113. Song Y, Zhao C, Ren J, Qu X (2009) Rapid and ultra-sensitive detection of AMP using a
fluorescent and magnetic nano-silica sandwich complex. Chem Commun 15:1975–1977

114. Nutiu R, Li Y (2003) Structure-switching signaling aptamers. J Am Chem Soc
125:4771–4778

115. Cruz-Aguado JA, Penner G (2008) Fluorescence polarization based displacement assay for
the determination of small molecules with aptamers. Anal Chem 80:8853–8855

116. Wu C, Yan L, Wang C, Lin H, Wang C, Chen X, Yang CJ (2010) A general excimer
signaling approach for aptamer sensors. Biosens Bioelectron 25:2232–2237

117. Liu JW, Lee JH, Lu Y (2007) Quantum dot encoding of aptamer-linked nanostructures for
one-pot simultaneous detection of multiple analytes. Anal Chem 79:4120–4125

118. Fan C, Wang S, Hong JW, Bazan GC, Plaxco KW, Heeger AJ (2003) Beyond
superquenching: hyper-efficient energy transfer from conjugated polymers to gold
nanoparticles. Proc Natl Acad Sci 100:6297–6301

119. Song S, Liang Z, Zhang J, Wang L, Li G, Fan C (2009) Gold-nanoparticle-based multicolor
nanobeacons for sequence-specific DNA analysis. Angew Chem Int Ed 48:8670–8674

120. Zhang J, Wang L, Zhang H, Boey F, Song S, Fan C (2010) Aptamer-based multicolor
fluorescent gold nanoparticles for multiplex detection in homogenous solution. Small
6:201–204

121. Kim YS, Jurng J (2011) Gold nanoparticle-based homogeneous fluorescent aptasensor
for multiplex detection. Analyst 136:3720–3724

122. Yang R, Tang Z, Yan J, Kang H, Kim Y, Zhu Z, Tan W (2008) Noncovalent assembly of
carbon nanotubes and single-stranded DNA: an effective sensing platform for probing
biomolecular interactions. Anal Chem 80:7408–7413

123. Chang H, Tang L, Wang Y, Jiang J, Li J (2010) Graphene fluorescence resonance energy
transfer aptasensor for the thrombin detection. Anal Chem 82:2341–2346

124. Sheng L, Ren J, Miao Y, Wang J, Wang E (2011) PVP-coated graphene oxide for selective
determination of ochratoxin A via quenching fluorescence of free aptamer. Biosens
Bioelectron 26:3494–3499

125. Stojanovic MN, de Prada P, Landry DW (2001) Aptamer-based folding fluorescent sensor
for cocaine. J Am Chem Soc 123:4928–4931

126. Liu CW, Huang CC, Chang HT (2009) Highly selective DNA-based sensor for lead(II) and
mercury(II) ions. Anal Chem 81:2383–2387

127. Ozaki H, Nishihira A, Wakabayashi M, Kuwahara M, Sawai H (2006) Biomolecular sensor
based on fluorescence-labeled aptamer. Bioorg Med Chem Lett 16:4381–4384

128. Xiang Y, Tong A, Lu Y (2009) Abasic site-containing DNAzyme and aptamer for label-free
fluorescent detection of Pb2 ? and adenosine with high sensitivity, selectivity, and tunable
dynamic range. J Am Chem Soc 131:15352–15357

129. Xiang Y, Wang Z, Xing H, Wong NY, Lu Y (2010) Label-free fluorescent functional DNA
sensors using unmodified DNA: a vacant site approach. Anal Chem 82:4122–4129

130. Xu Z, Morita K, Sato Y, Dai Q, Nishizawa S, Teramae N (2009) Label-free aptamer-based
sensor using abasic site-containing DNA and a nucleobase-specific fluorescent ligand.
Chem Commun 42:6445–6447

131. Li B, Qin C, Li T, Wang L, Dong S (2009) Fluorescent switch constructed based on hemin-
sensitive anionic conjugated polymer and its applications in DNA-related sensors. Anal
Chem 81:3544–3550

132. Zhang CY, Johnson LW (2009) Single quantum-dot-based aptameric nanosensor for
cocaine. Anal Chem 81:3051–3055

64 Y. S. Kim and M. B. Gu



133. Zhu Z, Yang C, Zhou X, Qin J (2011) Label-free aptamer-based sensors for L-argininamide
by using nucleic acid minor groove binding dyes. Chem Commun 47:3192–3194

134. Xu W, Lu Y (2010) Label-free fluorescent aptamer sensor based on regulation of malachite
green fluorescence. Anal Chem 82:574–578

135. Babendure JR, Adams SR, Tsien RY (2003) Aptamers switch on fluorescence of
triphenylmethane dyes. J Am Chem Soc 125:14716–14717

136. Sando S, Narita A, Hayami M, Aoyama Y (2008) Transcription monitoring using fused
RNA with a dyebinding light-up aptamer as a tag: a blue fluorescent RNA. Chem Commun
33:3858–3860

137. Furutani C, Shinomiya K, Aoyama Y, Yamada K, Sando S (2010) Modular blue fluorescent
RNA sensors for label-free detection of target molecules. Mol BioSyst 6:1569–1571

138. Shi Y, Huang WT, Luo HQ, Li NB (2011) A label-free DNA reduced graphene oxide-based
fluorescent sensor for highly sensitive and selective detection of hemin. Chem Commun
47:4676–4678

139. Huang CC, Chang HT (2008) Aptamer-based fluorescence sensor for rapid detection of
potassium ions in urine. Chem Commun 12:1461–1463

140. Rotaru A, Dutta S, Jentzsch E, Gothelf K, Mokhir A (2010) Selective dsDNA-templated
formation of copper nanoparticles in solution. Angew Chem Int Ed 49:5665–5667

141. Liu J, Lu Y (2003) A colorimetric lead biosensor using DNAzyme-directed assembly of
gold nanoparticles. J Am Chem Soc 125:6642–6643

142. Liu J, Lu Y (2007) A DNAzyme catalytic beacon sensor for paramagnetic Cu2 ? ions in
aqueous solution with high sensitivity and selectivity. J Am Chem Soc 129:9838–9839

143. Zhang J, Wang L, Pan D, Song S, Boey F, Zhang H, Fan C (2008) Visual cocaine detection
with gold nanoparticles and rationally engineered aptamer structures. Small 4:1196–1200

144. Liu J, Lu Y (2006) Fast colorimetric sensing of adenosine and cocaine based on a general
sensor design involving aptamers and nanoparticles. Angew Chem Int Ed 45:90–94

145. Liu J, Mazumdar D, Lu Y (2006) A simple and sensitive ‘‘dipstick’’ test in serum based on
lateral flow separation of aptamer-linked nanostructures. Angew Chem Int Ed 45:
7955–7959

146. Zhao WA, Chiuman W, Brook MA, Li YF (2007) Simple and rapid colorimetric biosensors
based on DNA aptamer and noncrosslinking gold nanoparticle aggregation. ChemBioChem
8:727–731

147. Huang CC, Huang YF, Cao Z, Tan W, Chang HT (2005) Aptamer-modified gold
nanoparticles for colorimetric determination of platelet-derived growth factors and their
receptors. Anal Chem 77:5735–5741

148. Ono A, Torigou H, Tanaka Y, Okamoto I (2011) Binding of metal ions by pyrimidine base
pairs in DNA duplexes. Chem Soc Rev 40:5855–5866

149. Lee JS, Han MS, Mirkin CA (2007) Colorimetric detection of mercuric ion (Hg2+) in
aqueous media using DNA-functionalized gold nanoparticles. Angew Chem Int Ed
46:4093–4096

150. Xu H, Wang Y, Huang X, Li Y, Zhang H, Zhong X (2012) Hg2+ -mediated aggregation of
gold nanoparticles for colorimetric screening of biothiols. Analyst 137:924–931

151. Li B, Du Y, Dong S (2009) DNA based gold nanoparticles colorimetric sensors for sensitive
and selective detection of Ag(I) ions. Anal Chimi Acta 644:78–82

152. Li H, Rothberg L (2004) Colorimetric detection of DNA sequences based on electrostatic
interactions with unmodified gold nanoparticles. Proc Natl Acad Sci 101:14036–14039

153. Wei H, Li B, Li J, Dong S, Wang E (2008) DNAzyme-based colorimetric sensing of lead
(Pb2 +) using unmodified gold nanoparticle probes. Nanotechnology 19:1–5

154. Wang L, Liu X, Hu X, Song S, Fan C (2006) Unmodified gold nanoparticles as a
colorimetric probe for potassium DNA aptamers. Chem Commun 28:3780–3782

155. Liu CW, Hsieh YT, Huang CC, Lin ZH, Chang HT (2008) Detection of mercury(II) based
on Hg2 ? –DNA complexes inducing the aggregation of gold nanoparticles. Chem
Commun ***2242–2244

Advances in Aptamer Screening and Small Molecule Aptasensors 65



156. Kim YS, Kim JH, Kim IA, Lee SJ, Jurng J, Gu MB (2010) A novel colorimetric aptasensor
using gold nanoparticle for a highly sensitive and specific detection of oxytetracycline.
Biosens Bioelectron 26:1644–1649

157. Kim YS, Kim JH, Kim IA, Lee SJ, Gu MB (2011) The affinity ratio—Its pivotal role in gold
nanoparticle-based competitive colorimetric aptasensor. Biosens Bioelectron 26:4058–4063

158. Wang J, Wang L, Liu X, Liang Z, Song S, Li W, Li G, Fan W (2007) A gold nanoparticle-
based aptamer target binding readout for ATP assay. Adv Mater 19:3943–3946

159. Lee J, Kim HJ, Kim J (2008) Polydiacetylene liposome arrays for selective potassium
detection. J Am Chem Soc 130:5010–5011

160. Lee J, Seo S, Kim J (2012) Colorimetric detection of warfare gases by polydiacetylenes
toward equipment-free detection. Adv Func Mater 22:1632–1638

161. Liu X, Tang Y, Wang L, Zhang J, Song S, Fan C, Wang S (2007) Optical detection of
mercury(II) in aqueous solutions by using conjugated polymers and label-free
oligonucleotides. Adv Mater 19:1471–1474

162. Rodriguez MC, Kawde AN, Wang J (2005) Aptamer biosensor for label-free impedance
spectroscopy detection of proteins based on recognition-induced switching of the surface
charge. Chem Commun 2005:4267–4269

163. Radi AE, Sanchez JLA, Baldrich E, O’Sullivan CK (2005) Reusable impedimetric
aptasensor. Anal Chem 77:6320–6323

164. Xu Y, Yang L, Ye XY, He PA, Fang YZ (2006) An aptamer-based protein biosensor by
detecting the amplified impedance signal. Electroanal 18:1449–1456

165. Kim YS, Niazi JH, Gu MB (2009) Sepecific detection of oxytetracycline using DNA
aptamer-immobilized interdigitated array electrode chip. Anal Chim Acta 634:250–254

166. Kim YJ, Kim YS, Niazi JH, Gu MB (2010) Electrochemical aptasensor for tetracycline
detection. Bioprocess Biosyst Eng 33:31–37

167. Xiao Y, Lubin AA, Heeger AJ, Plaxco KW (2005) Label-free electronic detection of
thrombin in blood serum by using an aptamer-based sensor. Angew Chem Int Ed
44:5456–5459

168. Baker BR, Lai RY, Wood MS, Doctor EH, Heeger AJ, Plaxco KW (2006) An electronic,
aptamer-based small-molecule sensor for the rapid, label-free detection of cocaine in
adulterated samples and biological fluids. J Am Chem Soc 128:3138–3139

169. Zuo X, Song S, Zhang J, Pan D, Wang L, Fan C (2007) A target-responsive electrochemical
aptamer switch (TREAS) for reagentless detection of nanomolar ATP. J Am Chem Soc
129:1042–1043

170. Li X, Qi H, Shen L, Gao Q, Zhang C (2008) Electrochemical aptasensor for the
determination of cocaine incorporating gold nanoparticles modification. Electroanalysis
13:1475–1482

171. Xiao Y, Piorek BD, Plaxco KW, Heeger AJ (2005) A reagentless signal-on architecture for
electronic, aptamer-based sensors via target-induced strand displacement. J Am Chem Soc
127:17990–17991

172. Xiao Y, Rowe AA, Plaxco KW (2007) Electrochemical detection of parts-per-billion lead
via an electrode-bound DNAzyme assembly. J Am Chem Soc 129:262–263

173. Lu Y, Li X, Zhang L, Yu P, Su L, Mao L (2008) Aptamer-based electrochemical sensors
with aptamer-complementary DNA oligonucleotides as probe. Anal Chem 80:1883–1890

174. Wu Z, Guo M, Zhang S, Chen C, Jiang J, Shen G, Yu R (2007) Reusable electrochemical
sensing platform for highly sensitive detection of small molecules based on structure-
switching signaling aptamers. Anal Chem 79:2933–2939

175. Du Y, Li B, Wei H, Wang Y, Wang E (2008) Multifunctional label-free electrochemical
biosensor based on an integrated aptamer. Anal Chem 80:5110–5117

176. Feng K, Sun C, Kang Y, Chen J, Jiang J, Shen G, Yu R (2008) Label-free electrochemical
detection of nanomolar adenosine based on target-induced aptamer displacement.
Electrochem Comm 10:531–535

66 Y. S. Kim and M. B. Gu



177. Zhu Z, Su Y, Li J, Li D, Zhang J, Song S, Zhao Y, Li G, Fan C (2009) Highly sensitive
electrochemical sensor for mercury(II) ions by using a mercury-specific oligonucleotide
probe and gold nanoparticle-based amplification. Anal Chem 81:7660–7666

178. Ferapontova EE, Olsen EM, Gothelf KV (2008) An RNA aptamer-based electrochemical
biosensor for detection of theophylline in resum. J Am Chem Soc 130:4256–4258

179. Feng K, Sun C, Kang Y, Chen J, Jiang JH, Shen GL, Yu RQ (2008) Electrochem Commun
10:531–535

180. Li X, Qi HL, Shen LH, Gao Q, Zhang CX (2008) Electrochemical aptasensor for the
determination of cocaine incorporating gold nanoparticles modification. Electroanalysis
20:1475–1482

181. Wang X, Dong P, He PG, Fang YZ (2010) A solid-state electrochemiluminescence sensing
platform for detection of adenosine based on ferrocene-labeled structure-switching
signaling aptamer. Anal Chim Acta 658:128–132

182. Shen L, Chen Z, Li Y, Jing P, Xie S, He S, He P, Shao Y (2007) A chronocoulometric
aptamer sensor for adenosine monophosphate. Chem Commun 21:2169–2171.

183. Du Y, Li B, Wang F, Dong S (2009) Au nanoparticles grafted sandwich platform used
amplified small molecules electrochemical aptasensor. Biosens Bioelectron 24:1979–1983

Advances in Aptamer Screening and Small Molecule Aptasensors 67



Exploration of Structure-Switching
in the Design of Aptamer Biosensors

Pui Sai Lau and Yingfu Li

Abstract The process of ‘‘structure-switching’’ enables biomolecular switches to
function as effective biosensing tools. Biomolecular switches can be activated or
inactivated by binding to a specific target that triggers a precise conformational
change in the biomolecules involved. Although many examples of aptamer-based
biomolecular switches can be found in nature, substantial effort has been made
in the last decade to engineer structure-switching aptamer sensors by coupling
aptamers to a signal transduction method to generate a readout signal upon target
binding to the aptamer domain. This chapter focuses on the progress of research on
engineered structure-switching aptamer sensors. We begin by discussing the origin
of the structure-switching aptamer design, highlight the key developments of
structure-switching DNA aptamers for fluorescence-, electrochemistry-, and col-
orimetry-based detection, and introduce our recent efforts in exploring RNA
aptamers to create structure-switching molecular sensors.
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1 Introduction

Nature has evolved biomolecular switches in all domains of life as biosensing tools
to monitor its complex environmental surroundings. Made of nucleic acids or
proteins, biomolecular switches effectively detect specific chemical signals (tar-
gets) to carry out precise biochemical functions within a cell. Through ‘‘structure-
switching,’’ nature’s biosensors can become active/inactive, by target binding that
induces specific conformational change of the biomolecules involved [1].

To date, the only known group of natural nucleic-acid-based biomolecular
switches are riboswitches. Discovered by Ronald Breaker’s group in 2002,
riboswitches are RNA-based regulatory systems found in diverse organisms that
respond to specific small molecules to regulate gene expression [2]. Typically
composed of a molecular recognition element (aptamer domain) that binds to a
specific target and a downstream expression domain, riboswitches operate through
structure-switching events whereby target binding to the aptamer domain results in
an overall change in the structure of the designated RNA to switch the expression
domain to the ‘‘on’’ or ‘‘off’’ state.

Although the number of novel classes of riboswitches that respond to different
metabolites continues to grow [3–5], many research groups have successfully
engineered artificial riboswitches to broaden the versatility of controlling gene
expression by RNA switches [6–14]. Interestingly, even before the discovery of
riboswitches, the laboratories of Jack Szostak and Larry Gold independently
developed a method to derive artificial aptamers in 1990 [15, 16]. Termed sys-
tematic evolution of ligands by exponential enrichment, or SELEX, this test-tube–
based selection technique has been extensively used to isolate aptamers specific to
a target of choice from random-sequence DNA or RNA libraries [17, 18]. Through
the mechanism of structure-switching, many of these aptamers have been coupled
to a signal transduction method to relay a readout signal produced by target
binding to the aptamer domain [19, 20]. This is the subject of the current chapter.

Exploration of structure-switching for the design of aptamer-based biosensors is
attractive for two particular reasons. First, structure-switching processes can
ensure high detection specificity; that is because structure-switching can only be
induced through specific target–aptamer interactions (which are difficult to imitate
by noncognate targets). Second, structure-switching is highly compatible with a
variety of signal transduction mechanisms for signal generation; the aptamer–
ligand binding also brings about pronounced structural/physical rearrangement of
the aptamer, which can be effortlessly coupled to many prevailing signal pro-
duction mechanisms for the generation of an easily detectable signal, such as a
change in fluorescence intensity, color appearance, and electrochemical readout.

The exploration of aptamers for engineering biosensors also comes with a
number of advantages that reflect the innate properties of nucleic acids. These
include the chemical stability of DNA, intricate folding capability of DNA and
RNA, tendency of both DNA and RNA to form predictable duplex structural
elements, ease of immobilization of DNA and RNA onto solid supports, and their
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amenability to various chemical modifications [21]. This chapter focuses on
research progress in structure-switching aptamer sensors made over the past
decade. We discuss the origin of structure-switching aptamer design; highlight the
key developments in investigating structure-switching DNA aptamers for bio-
sensing in connection with fluorescent, electrochemical, and colorimetric plat-
forms; and introduce our recent efforts in exploring RNA aptamers for the design
of structure-switching molecular sensors.

2 The Origin of Structure-Switching DNA Aptamers

Early accounts of engineered structure-switching aptamer sensors began using
DNA aptamers. Inspired by natural biomolecular switches and motivated to
improve upon previous aptamer sensor designs that lacked wide applicability
towards diverse aptamers, our group developed structure-switching DNA aptamers
[22]. This approach takes advantage of the ability of aptamers to form both an
aptamer–target complex and a DNA–DNA duplex with complementary sequences.
By creating a DNA duplex composed of an extended DNA aptamer strand partly
hybridized to complementary strands of fluorophore-labeled DNA (FDNA) and
quencher-labeled DNA (QDNA), a low fluorescent signal is obtained due to the
close proximity of the fluorophore and quencher moieties (the ‘‘off’’ mode). The
addition of a target, however, facilitates formation of the target–aptamer complex
and subsequent displacement of QDNA, generating a high fluorescent signal (the
‘‘on’’ mode; Fig. 1a). In this way, signaling reporters were successfully created for
both anti-ATP [23] and anti-thrombin [24] aptamers.

The ATP reporter exhibited target specificity comparable to the original apt-
amer (which primarily recognizes the common adenosine group), and generated
10- to 14-fold fluorescence increase in the presence of adenosine and related
analogues such as ATP, ADP, AMP, and dATP. Expectedly, no fluorescence
increase was generated in the presence of CTP, UTP, or GTP. Similarly, the
thrombin reporter only recognized the thrombin target, produced *12-fold fluo-
rescence increase, but exhibited no signal for BSA and human factors Xa and IXa.
The structure-switching design served well despite differences in binding affinity
and size of the aptamers tested, thus demonstrating generality of the strategy [22].

To further extend the generality, our group developed three other structure-
switching designs [22]. These alternative designs include the attachment of the
fluorophore to the end of an aptamer (Fig. 1b) or at an internal nucleotide
(Fig. 1c), and the hybridization of FDNA and QDNA with an aptamer without the
addition of extra nucleotides (Fig. 1d). Notably, there are also examples of sensing
strategies that make use of target-induced structure-switching, but do not involve
the dissociation of a complementary oligonucleotide [25, 26].

Aptamers are artificially created through the SELEX process [15, 16]. In this
technique, a randomized library of *1015 single-stranded DNA or RNA sequences
is subjected to a selective pressure to separate molecules that pass a functional test
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(i.e., target binding) from those that do not. Successful sequences are copied, and
used to carry out the same procedure for another round. Through iterative rounds
of selection and amplification, functional molecules ‘‘evolve,’’ so that only the
most effective sequences survive in the end (Fig. 2a).

Our group has developed a strategy to create structure-switching reporters
directly through SELEX [27]. The potential advantage of this approach is that
post-SELEX modification and optimization steps do not need to be taken to
convert the selected aptamer into a signaling probe. In this study, the DNA library
was specially designed to contain a central fixed-sequence domain flanked by two
random-sequence domains, each of which was further flanked by a primer-binding
sequence. The central fixed-sequence domain was purposely designed to be
complementary to an antisense oligonucleotide biotinylated at its 50-end (BDNA),
which permitted immobilization of the DNA library onto streptavidin-coated
beads. The immobilized DNA duplex was then exposed to a solution containing
the target of interest. Oligonucleotides that were able to form the DNA/target
complex were separated from the beads and were released into solution. These
molecules were then collected, amplified by PCR, and processed for the next round
of enrichment (Fig. 2b). Interestingly, all classes of ATP-binding aptamers
obtained contained the previously isolated ATP-binding aptamer, which reinforces
that SELEX often finds the same solution to a given problem. Other groups have

Fig. 1 Variations of the structure-switching design strategy. All examples make use of the
ability of a DNA aptamer (purple) to form a duplex with a complementary DNA sequence, or a
complex with a designated target (star). F and Q signify fluorophore and quencher, respectively.
See main text for details
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also independently reported selection of the same ATP-binding motif [23, 28],
despite differences in library designs and SELEX strategies used. Additionally,
conserved nucleotides were also found outside the target-binding sites, suggesting
that these regions are important for the structure-switching process. All selected
reporters readily responded to ATP, however, the fluorescence increase was only
*4.5-fold. A possible explanation for this may lie in the finding that all selected
aptamers acquired one or two nucleotide mutations in the site that binds to BDNA.
Although a weaker aptamer–BDNA duplex enabled easier structure-switching
throughout the course of SELEX, it also contributed to a higher background signal
of the aptamer-based sensor. Therefore, improved structure-switching reporters
may be developed in the future by using a more stringent SELEX design (i.e.,

Fig. 2 a General SELEX scheme. b Application of SELEX to develop structure-switching
reporters. Isolation step is depicted: DNA sequences are designed with two randomized sites
(green) and fixed regions that hybridize with primers (P1, P2), and biotinylated DNA (BDNA).
Only sequences capable of target (star) binding, and thus structure-switching, are eluted from the
streptavidin beads and carried on for further SELEX rounds
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elevated temperature during the functional selection step to eliminate weaker
duplex structures) [27].

Since conception, structure-switching DNA aptamers have been expanded to
detect various targets including GTP [27], mercury [29, 30], quinine [31], cocaine
[32], arginine [33], IgE [34], L-tyrosinamide [35], cathepsin D [36], lysozyme
[37], and PDGF [38], although most studies to date have predominantly focused on
the anti-ATP and anti-thrombin DNA aptamers, which have become model sys-
tems for biosensor development. Moreover, the versatility of the structure-
switching design has been adapted to function with other signal transduction
methods including electrochemical and colorimetric platforms. In the following
sections, we discuss some of the key advancements of structure-switching sensors
using fluorescent, colorimetric, and electrochemical signal transduction mecha-
nisms. To facilitate comparative analysis, we examine examples primarily based
on the well-characterized anti-ATP and anti-thrombin DNA aptamers.

3 Structure-Switching DNA Aptamers in Fluorescent Sensors

Fluorescence is a commonly used method of signal transduction for aptamer
sensors due to the ease of conjugation of various fluorophores and quenchers to
DNA, and the convenience of detection conferred by widely available commercial
instruments. Using the classic structure-switching design [22], our lab discovered
that the ATP reporter produced a Kd of *600 lM [22], which is 60-fold lower in
affinity than the original aptamer (Kd = *10 lM) [23]. The thrombin reporter
produced a Kd of *400 nM [22], which is a twofold reduction in affinity com-
pared to the original aptamer (Kd = 200 nM) [24]. These findings suggest that the
QDNA displacement step affects the target-binding affinity of aptamers with
inherently low affinity more so than those with high affinity. Possible explanations
for the reduced affinities of the structure-switching reporters include: (i) QDNA
hybridization partially blocks the aptamer site, so the target must compete with
QDNA for binding, and (ii) the low level of fluorescence generated from the
signaling duplex (extended aptamer–FDNA–QDNA) itself may make it difficult to
detect small increases in fluorescence from low target concentrations, which may
be obscured within the background fluorescence associated with a large excess of
unswitched duplex.

To enhance detection sensitivity, signal amplification methods can provide
solutions. A commonly used assay format based on structure-switching involves a
capture probe to bind a desired ligand at one site for immobilization, and a sig-
naling probe to bind the ligand at another site for detection (Fig. 3a). In this way,
Xiaogang Qu and colleagues have created an assay that makes use of fluorescent
silica nanoparticles (FNPs), which can entrap many fluorophores in a single par-
ticle [39]. Compared with traditional fluorophores, FNPs are advantageous as they
provide fluorescent signal amplification and higher photostability. The design by
the Qu group involved use of magnetic silica microspheres functionalized with
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DNA that hybridizes to a part of the anti-ATP aptamer (capture probe), and FNPs
functionalized with DNA that hybridizes to another part of the aptamer (signaling
probe). In the absence of the target, the capture probe-aptamer-signaling probe
complex was separated from the solution magnetically, which resulted in low
fluorescence in solution. However, when the target was introduced, the binding of
the target to the aptamer resulted in a structure-switching event that separated
FNPs from the complex and produced a high level of fluorescence in solution. This
method exhibited a much improved detection limit of 0.1 lM.

Quantum dots (QDs) have also been explored for the purpose of signal
amplification. From a molecular recognition perspective, the surface of QDs can
be easily functionalized with multiple oligonucleotides to facilitate multiple
binding interactions (Fig. 3b). From a signaling perspective, QDs provide higher
photostability, sharper emission bands, and versatility for multiplex detection
(QDs respond to the same excitation wavelength, but can be tuned to emit at
different wavelengths). The Ellington group has designed a strategy whereby QDs
were functionalized with multiple copies of an extended thrombin aptamer [40].
Hybridization of a complementary, quencher-modified DNA to the QD-aptamer
resulted in low fluorescence due to the close proximity of the QD and quencher.
The addition of thrombin, however, led to multiple target–aptamer binding
interactions, and displacement of many quencher-modified DNA strands. The
result of multiple structure-switching events generated signal amplification and a
19-fold fluorescence enhancement.

Fig. 3 a A structure-switching assay for fluorescence-based detection. The capture probe
immobilizes the aptamer, and the signaling probe anneals to provide a readout signal upon target-
induced structure-switching. Only the signal in solution from displaced signaling probes is
measured after the magnetic separation step. b Quantum dots for multiplex detection; use of
multiple aptamers, for many target-induced structure-switching events and high increase in
fluorescent signal
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Yi Lu’s group has taken QDs one step further for simultaneous detection of
multiple targets within one pot [41]. Their design takes advantage of a number of
properties of gold nanoparticles (AuNPs): the ability of AuNPs to quench fluo-
rescence when in close proximity to QDs, the tunability of fluorescence quenching
by controlling the aggregation or dispersal state of AuNPs, and the color changes
associated with aggregation or dispersal of AuNPs due to surface plasmon reso-
nance. In brief, when no target was added, AuNPs and QDs functionalized with
complementary DNA sequences hybridized to an extended aptamer sequence. In
this state, the AuNP–QD–aptamer complex aggregated to generate low fluores-
cence (due to close proximity of QD and AuNP), as well as a blue color from the
AuNPs. In the presence of the target, however, target–aptamer binding occurred,
which caused the functionalized QDs and AuNPs to dehybridize and disperse the
aggregate. This subsequently led to high fluorescence signaling (separation of QD
from AuNP), and a color change to red. Using this design, two different aptamer-
based reporters were created to detect ATP and cocaine, respectively. The asso-
ciated QDs for each reporter emitted at characteristic wavelengths of 525 and
585 nm, although the same excitation wavelength was used for both systems. ATP
and cocaine were accurately detected simultaneously in the same solution using
fluorescent and colorimetric means.

Over the last few years, structure-switching fluorescent reporters have started to
move into the realm of more ‘‘real-life’’ detection involving the use of automation
and complex samples. For drug discovery, our group implemented a structure-
switching assay to search for enzyme inhibitors in a high-throughput screen (HTS)
[42]. The therapeutic target used in this case was adenosine deaminase (ADA), a
problematic metabolic enzyme in severe combined immunodeficiency diseases
that irreversibly converts adenosine into inosine [43]. The well-established anti-
ATP structure-switching aptamer reporter provided a suitable solution as a
screening assay because the aptamer has a high affinity for adenosine, but does not
bind inosine [23]. In the presence of adenosine, the target–aptamer complex
formed and structure-switching occurred to generate high fluorescent signaling.
However, in the presence of inosine (after ADA conversion of adenosine), the
fluorescein-labeled aptamer bound to the complementary QDNA sequence, and
fluorescence was quenched. The use of this screening assay resulted in the iden-
tification of small-molecule inhibitors of ADA out of a collection of 44,400
compounds [42].

Another automated approach that was demonstrated to be highly amenable with
structure-switching sensors is fluorescence-activated cell sorting (FACS), a
method that can sort fluorescent cells faster than 104 cells a second [44]. Juewen
Liu and colleagues immobilized the anti-ATP structure-switching aptamer onto
magnetic microparticles, and implemented FACS to sort out microparticles that
underwent target-induced structure-switching (high fluorescence) from those that
retained the duplex of fluorescein-labeled aptamer and QDNA (low fluorescence)
[45]. Furthermore, sorting was also demonstrated in serum without significant
change in the performance of the reporter. In another FACS-based study, Chad
Mirkin’s group functionalized AuNPs with duplexes made of the ATP aptamer
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hybridized to a fluorophore-modified complementary DNA sequence, forming the
aptamer ‘‘nanoflare’’ [46]. In this state, the close proximity of fluorophore to the
AuNP resulted in fluorescence quenching. However, the addition of ATP resulted
in target–aptamer complex formation and the release of fluorophore-modified
complementary DNA (high fluorescence from reporter ‘‘flares’’). This reporter was
readily taken up by living cells, and FACS was implemented to measure fluo-
rescence intensity and quantify intracellular levels of ATP.

Other efforts have also resulted in the successful immobilization of structure-
switching reporters in sol–gel- [47, 48], hydrogel- [49], and cellulose- [50] based
materials, which have shown comparable sensing capabilities as solution-based
studies. These findings will help extend the utility of structure-switching sensors
towards real-world applications in medical diagnostics, environmental monitoring,
and food safety.

4 Structure-Switching DNA Aptamers
in Electrochemical Sensors

Electrochemistry has become another well-established signal transduction method
for structure-switching designs (Fig. 4a). Some of the major advantages include
high sensitivity and selectivity, fast and accurate detection, requirement of only
simple instrumentation, and possible miniaturization for portability [51]. Signals
generated by aptamer-based electrochemical sensors involve the transfer of elec-
trons between redox-active moieties in an electrically conductive medium (elec-
trolyte) and a conductive support (electrode) to which the aptamer is typically
immobilized. The electrical changes produced by target binding to the aptamer can
be measured based on changes in voltage (potentiometric), current (amperomet-
ric), or the ability to transport charge (conductometric) [52].

Electrochemical sensors can be classified as ‘‘signal-off’’ or ‘‘signal-on’’ sensor
types depending on whether target binding decreases or increases the measured
electrochemical signal (Fig. 4b). One of the earlier signal-off sensor designs
involved hybridization of an immobilized anti-ATP aptamer with a complemen-
tary DNA sequence labeled with a redox-tag [53]. In this state, the close proximity
of the redox-tag to the electrode surface facilitated electron transfer and an intense
electrochemical signal. However, in the presence of ATP, the aptamer sequence
binds to its target, and displaces the redox-tag–labeled DNA strand. The separation
of the redox-tag from the electrode resulted in substantial signal reduction.
Alternatively, in a reported signal-on design, the anti-ATP aptamer was labeled
with the redox-tag [54]. When the aptamer sequence formed a duplex structure
with the complementary DNA strand, a low electrochemical signal was produced
due to the rather large distance of the redox-tag from the electrode surface. The
presence of target, however, resulted in target–aptamer complex formation, and
displacement of the complementary DNA. In this state, the redox tag was brought
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in close proximity to the electrode surface for electron transfer to occur. The
aforementioned designs are considered to be ‘‘labeled’’ methods as they involve
direct labeling of the aptamer or aptamer-related sequence with a redox tag
(Fig. 5a).

‘‘Label-free’’ structure-switching designs, on the other hand, have also been
demonstrated and involve a free redox mediator in solution; the aptamer and apt-
amer-related sequences are free of any direct labeling (Fig. 5b). One notable label-
free example involved hybridization of an extended anti-ATP aptamer sequence to
a complementary DNA segment that was immobilized to an electrode support [55].
Methylene blue was used as the free redox indicator, as it has the ability to interact
with guanine to form a complex. This way, methylene blue molecules effectively
tag the aptamer sequence. As a signal-off design, the high electrochemical signal
generated in this state was significantly reduced upon addition of ATP, as structure-
switching resulted in displacement of the target–aptamer complex, as well as
methylene blue molecules away from the electrode surface.

Whether classified as signal-off or signal-on, labeled or label-free, electro-
chemical structure-switching designs based on the anti-ATP aptamer produce
detection limits in the lM to nM range [53–55], which is an improvement on
fluorescence-based designs. Nevertheless, signal amplification methods have also
been successfully applied to lower the limit of detection further. Shaojun Dong and
colleagues have designed an assay using AuNPs functionalized with multiple
copies of a complementary DNA sequence in duplex with the anti-ATP aptamer

Fig. 4 a Structure-switching design for electrochemical detection. b Sensor ‘‘off’’ switch
involves a decrease in signal upon target detection (left). Sensor ‘‘on’’ switch involves signal
increase upon target addition (right)
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[56]. Methylene blue molecules intercalate along the DNA sequences immobilized
to the electrode surface for redox tagging. The intense electrochemical signal
produced in this state was significantly reduced when ATP was added to induce
multiple structure-switching events, and subsequent displacement of multiple
target–aptamer complexes, as well as methylene blue indicators. The detection
limit was determined to be 100 pM, which is well below the reported Kd value of
the original aptamer. Another notable signal amplification method involved a
three-step procedure and made use of silver microspheres (SMSs) as a separation
element, and graphene–mesoporous silica AuNP hybrids (GSGHs) to enhance the
performance of the electrode surface [57]. In the first step, SMSs were function-
alized with the anti-ATP aptamer, which formed a duplex with a complementary
DNA sequence (blocker strand). In the presence of ATP, the blocker strand was
displaced through structure-switching. SMSs linked with the aptamer–target
complexes were then removed, leaving only the blocker strands in solution. In step
two, hairpin probes that were complementary in sequence to the blocker strand
were incorporated. The blocker strands opened the hairpin probes by the well-
established toehold-based strand displacement strategy to generate an accumula-
tion of duplex donor probes. In the last step, the duplex donor probes were cap-
tured to form Ag+-stabilized DNA triplex structures with ssDNA acceptor probes
that were immobilized onto the GSGH-electrode platform. Given the numerous
DNA triplex structures formed and the enhanced nature of the electrode surface
implemented, this design provided substantial signal amplification and yielded an
incredible detection limit of *23 pM.

In addition to continual advancements in sensing capabilities for electro-
chemistry-based detection, many sensing designs have been applied in complex
sample matrixes including serum [58], urine [59], and cell extracts [60]. Fur-
thermore, the structure-switching design has also been used for multiplex

Fig. 5 a Electrochemical detection with ‘‘labeled’’ design involves direct coupling of the
aptamer or aptamer-related sequence with a signaling molecule. b A ‘‘label-free’’ design involves
the use of a free signaling molecule in solution
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detection. Through implementation of a bifunctional aptamer, whereby the anti-
ATP aptamer was linked to the anti-thrombin aptamer, parallel detection of both
targets was effectively demonstrated [61]. Arguably, the most successful com-
mercially available electrochemical sensor to date is the glucose sensor, which is
widely used by diabetic patients around the world [62, 63]. Taking advantage of
the convenience, portability, and low cost of personal glucose meters (PGMs), Yi
Lu’s group strategically adapted commercially available PGMs and the structure-
switching design to quantify adenosine among other nonglucose-related targets
[64]. In this approach, magnetic beads were functionalized with the designated
aptamer in duplex with a complementary DNA sequence labeled with invertase
enzyme. The addition of the target resulted in structure-switching: the aptamer–
target–bead complexes were separated magnetically, and the invertase-labeled
DNA strands were left in solution. Invertase was then able to catalyze the con-
version of sucrose into glucose for detection by the PGM. Because the concen-
tration of released invertase-labeled DNA is directly proportional to the
concentration of the target, the readings produced by the PGM can be used for
target quantification. Although this integrated method of detection is not as simple
as current usage of PGMs, further progress towards automation can perhaps take
this prototype system into mainstream usage for convenient medical and envi-
ronmental monitoring in the near future.

5 Structure-Switching DNA Aptamers in Colorimetric Sensors

Colorimetric detection is an attractive option for biosensor development as a
simple color change in the presence of the target is readily observable by the naked
eye without the use of complex instruments (Fig. 6). This advantage is particularly
useful for on-site qualitative analysis in resource-limited regions. As nucleic acids
do not absorb light in the visible spectrum, colorimetry-based detection requires
coupling aptamers to a color-producing molecule to generate a color change upon
target binding. For structure-switching designs, AuNPs (10–50 nm in diameter)
have been a popular choice. Due to the optical phenomenon of surface plasmon
resonance, the color of AuNPs in aqueous solution can be reversibly changed from
a red (dispersed state) to a blue color (aggregated state). The surface of AuNPs can
be easily functionalized to immobilize desired DNA sequences, which allows the
tunability of color changes by target–aptamer interactions. A ‘‘cross-linking’’
design was created by Yi Lu’s group, whereby AuNPs were functionalized with
one of two DNA sequences that were complementary to different sites of an
extended anti-ATP aptamer [65].

Once all components were hybridized to each other, the extended aptamer
cross-linked both types of functionalized AuNPs to form an aggregate and produce
a blue color. Upon the addition of adenosine, target–aptamer binding occurred to
induce structure-switching and subsequent displacement of functionalized AuNPs.
Dispersal of AuNPs produced a red color. Although this method is a clear
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demonstration of technology transfer of the original structure-switching design
into a novel signal transduction platform, the obtained sensitivity was not as high
as for typical fluorescent-based designs, and generated a detection limit of
300 lM. Our group has improved the sensitivity of the ATP structure-switching
reporter by applying a ‘‘non-cross–linking’’ strategy [66]. This design makes use
of AuNPs functionalized with a segment of DNA to hybridize to the ATP aptamer.
Under specific salt conditions, the aptamer–AuNPs remained well dispersed and
produced a red color. The addition of the target, however, resulted in a structure-
switching event, which led to aggregation of the AuNPs and a color change to
blue. The detection limit was determined to be *10 lM, which is identical to the
reported Kd of the original aptamer [23]. Alternatively, a ‘‘label-free’’ method of
structure-switching was also demonstrated to provide improved detection sensi-
tivity. Developed by Chunhai Fan and colleagues, this design makes use of the
anti-ATP aptamer in duplex with its complementary sequence [67]. In a mixture of
DNA duplex and AuNPs, the addition of salt resulted in aggregation of the AuNPs
(blue color). However, when ATP was initially added to the duplex DNA and
AuNP mixture, the target–aptamer complex formation resulted in structure-
switching and displacement of the complementary DNA strand. The free DNA
strand was then able to adsorb onto the surface of AuNPs, which provided pro-
tection and stability against the effect of salt. As a result, the AuNPs remained
dispersed and appeared red in color. The reported detection limit was *0.6 lM.

Although less extensively studied than fluorescence and electrochemistry-based
structure-switching aptamer reporters, AuNPs have also started to move into the
realm of real-world applications. AuNPs using the cross-linking strategy have been
successfully applied for multiplex detection, which enables the detection of
multiple targets within the same environmental conditions and the investigation of
co-operative binding. Based on the original cross-linking system, Yi Lu’s group
created design variations whereby AuNPs were functionalized with multiple
complementary DNA sequences to hybridize to designated sites on the anti-ATP
and anti-cocaine aptamers [68]. The aggregated state of the AuNPs resulted in a
blue color. Depending on the system, the AuNP aggregates were dispersed to
produce a red color change, by the addition of both ATP and cocaine targets (high
co-operativity), or simply by either one of the targets alone (no co-operativity).

To take one step further towards practical application, the cross-linking design
has also been applied to a ‘‘dip-stick’’ assay format using lateral flow to separate

Fig. 6 Structure-switching
reporter for colorimetric
detection. A gold
nanoparticle (AuNP)-based
system is illustrated. See
main text for details
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dispersed aptamer-linked AuNPs from those aggregated [69]. This adaptation
enhances the user-friendliness of detection, and the use of effective separation was
also shown to provide better sensitivity than solution-based tests due to lower
background interference. Furthermore, the assay retained function even in com-
plex sample matrices, such as blood serum.

6 Structure-Switching RNA Aptamers

Metabolite-binding RNA aptamers exist in cells as parts of riboswitches to reg-
ulate gene expression [2]. These RNA regulatory systems are composed of a well-
conserved aptamer domain that recognizes a specific metabolite, and a down-
stream expression domain, which converts the aptamer–metabolite binding inter-
action to a change in the level of gene expression. Based on variations of the
structure-switching mechanism, riboswitches control gene expression through
regulation of transcription, translation, or alternative RNA splicing [3–5]. To date,
riboswitches have been discovered to respond to nucleobases [70–72] and their
derivatives [73–82], amino acids [83–86] and their derivatives [87–93], vitamins
[2, 94, 95], sugar derivatives [96], and even metal ions [97, 98]. Metabolite
binding alters expression of genes typically associated with biosynthesis, transport,
or utilization of the metabolite involved. Remarkably, without assistance from
protein effectors, riboswitches can detect a specific metabolite in the complex
cellular environment with an affinity typically in the picomolar to micromolar
range. More details on this topic can be found in comprehensive reviews published
in recent years [99–103].

In addition to the growing number of riboswitches that have been discovered,
numerous artificial RNA aptamers have also been isolated through SELEX to
recognize wide-ranging molecular targets [15–18]. Similar to natural RNA apta-
mers, many artificial RNA aptamers also exhibit superior binding affinity and
specificity [93, 104–106]. These excellent RNA aptamers constitute an attractive
reservoir of molecular recognition elements for biosensor development. However,
reports on exploring RNA aptamers for biosensing applications are relatively
limited, largely due to the poor chemical stability of RNA and its susceptibility to
nuclease degradation. The primary cause of chemical instability stems from the
characteristic 20-hydroxyl group on the ribose ring of RNA [107]. Absent in DNA,
the 20-hydroxyl group enables more intricate folding of RNA to facilitate target
recognition [108]; however, this functional group can also readily act as a nucle-
ophile to attack the adjacent phosphodiester linkage in RNA, causing cleavage of
the RNA backbone [107]. Additionally, the prevalence of nucleases is another
cause of degradation, which predominantly targets RNA rather than DNA [107].

To explore RNA aptamers as sensing elements, we have developed a gener-
alizable rational strategy to create structure-switching reporters from existing RNA
aptamers. Conceptually based on the previously reported DNA structure-switching
reporters, the newly adapted design makes use of the ability of RNA aptamers to
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form both an aptamer–target complex and an RNA–DNA duplex with a com-
plementary sequence [109]. As part of a three-component system, the hybridiza-
tion of an in vitro transcribed aptamer-containing RNA sequence to chemically
synthesized sequences of fluorophore-modified DNA (FDNA) and quencher-
modified DNA (QDNA) resulted in low fluorescence through quenching. The
addition of target released the QDNA from the aptamer, which subsequently led to
high fluorescence enhancement (Fig. 7). Using this strategy, we successfully
created two reporters based on first, an RNA aptamer developed through SELEX
to bind theophylline [106], and second, a riboswitch-derived RNA aptamer that
recognizes thiamine pyrophosphate (TPP) metabolite [105]. Both reporters
retained the binding specificity of the original aptamer, and presented comparable
detection limits (10 9 higher than the Kd of the original aptamers). Despite dif-
ferences in origin, size, and affinity of the aptamers tested, our strategy functioned
well and was shown to be generalizable.

In contrast to the previous DNA aptamer reporters [22], a number of modifi-
cations were critical to the design for RNA aptamers. First, a greater number of
base pairs in duplex between the FDNA and the extended aptamer sequence were
required in order to reduce background fluorescence and obtain a higher level of
target-induced signal enhancement. Second, a longer QDNA length was deter-
mined to be optimal for the RNA aptamer-based systems to produce the most
desirable balance of background fluorescence and signaling rate. Third, the use of
a longer QNDA also necessitated the use of a longer extension domain (nucleo-
tides immediately upstream of the aptamer domain that participate in the binding
of QDNA, but not in the binding of target) for better signal enhancement [109].

The use of in vitro transcription to generate RNA aptamers was shown to be an
effective approach as it bypasses the need for chemical synthesis of RNA, which is
inefficient relative to that of DNA [110, 111]. Furthermore, this method facilitates
the long-term storage of the sensing components. The aptamer-encoding DNA
template is more stable than its RNA counterpart and can be readily transcribed

Fig. 7 Overview of a
general procedure for
designing structure-switching
reporters based on RNA
aptamers
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when needed. In addition, hybridization of RNA with fluorescently labeled DNA
circumvents the need for modified RNA, which is prone to degradation and can
contribute to higher background fluorescence [109].

To help address the issue of RNA degradation as the next step, both theoph-
ylline and TPP structure-switching reporters were successfully immobilized in
sol–gel derived material for solid-phase sensor development. Both RNA reporters
demonstrated sensitivity and specificity comparable to free aptamers in solution,
when entrapped in a composite material derived from 40 % (v/v) methyltrime-
thoxysilane/tetramethoxysilane [112]. Furthermore, this material conferred pro-
tection of the RNA reporters from nuclease degradation, and afforded long-term
chemical stability, which enabled storage for up to one month without significant
loss of sensing ability for both reporters.

Immobilization within sol–gel–derived materials [112], as well as other RNA
protection methods such as chemical modification of nucleotides [113–117],
Spiegelmer technology [118, 119], and locked nucleic acids (LNAs) [120, 121]
have made considerable advancements to improve the stability of RNA aptamers.
Nevertheless, combating the technical challenges of RNA also requires imple-
mentation of appropriate experimental controls to ensure the validity of results
produced by RNA aptamer-based detection. External experiments commonly used
to assess RNA integrity include agarose gel electrophoresis of stained RNA [122–
124], calculation of absorbance ratio at 260 and 280 nm by spectrophotometer
[125, 126], and microfluidic capillary electrophoresis by a bioanalyzer [127, 128].
Alternatively, a simple biosensing strategy that incorporates an internal control to
monitor RNA integrity continuously would be highly beneficial to ensure the
quality of detection throughout the duration of the bioanalysis. Structure-switching
designs typically require the formation of DNA–DNA or RNA–DNA duplexes as
critical structural elements [22, 109]. Unintentional structural denaturation, how-
ever, can occur at times caused by a variety of factors (high temperature, unfa-
vorable pH, suboptimal metal ion concentration, presence of organic species such
as alcohol, formamide, urea, detergents, etc.) [129]. Having a detection strategy
with an internal control in place would help pin-point defective samples in real-
time, which could otherwise contribute to a higher background signal (hence lower
sensitivity) in some situations, or be mistaken as an authentic target-induced signal
in others. For similar reasons, an RNA aptamer detection strategy that can inter-
nally monitor quality control would also be useful in different cases of RNA
degradation. We previously found that longer RNA sequences undergo more
spontaneous degradation than shorter sequences in solution by comparing the
activity of structure-switching reporters using RNA aptamers of different lengths
over long-term storage [112]. Under physiological conditions, the rate of degra-
dation for RNA is *100,000-fold higher than that of DNA [130]. If experimental
conditions are not optimal, additional factors can further increase the rate of
degradation (i.e., pH, metal ion concentration, temperature, etc.). In addition,
quality control monitoring would serve well to report the effects of nucleases,
which are highly prevalent. Previously, we illustrated the potent function of
nucleases on RNA structure-switching reporters, inasmuch as the addition of
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RNase A or RNase H resulted in complete RNA digestion [112]. Hence, contin-
uous system monitoring is critical; depending on the level of the denaturation or
degradation source, defects can occur sporadically or may only become apparent
over time. Having a simple strategy that can detect system malfunction would
ensure the reliability and reproducibility of RNA aptamer-based sensing.

We have recently developed a fluorescent aptamer biosensor design strategy
that exploits an internal control (or quality control) element to distinguish target
binding from false-positive signals in real-time (Fig. 8) [131]. The DNA sequence
encoding both the quality control (QC) and aptamer elements was chemically
synthesized and amplified via PCR with the necessary primers to produce a
double-stranded DNA template. The template was then used for in vitro tran-
scription to generate the required multifunctional RNA (mfRNA) for a given
aptamer. Each mfRNA is designed to form three consecutive short duplexes with
Q1DNA, F1DNAF2, and Q2DNA (Fig. 8a). Target addition is expected to release
Q2DNA from the duplex assembly through structure-switching and produce the
expected true-positive signal from F2 (Fig. 8b). Incorporation of the Q1F1 pair is
intended to facilitate the distinction of a true-positive signal from a false-positive
signal that may arise from unexpected system malfunctions such as the destruction
of the DNA/RNA assembly by nucleases (Fig. 8c). Using this design, structure-
switching reporters were created to detect theophylline, and thrombin, respec-
tively. Both reporters exhibited sensitivity and specificity comparable to the ori-
ginal aptamer [106, 132], confirming the generality of the design. The QC element
was able to report a true-positive signal for both reporters (production of F2 signal
and lack of F1 signal), and also reliably report a system malfunction when treated
with known chemical denaturants and nucleases, as well as unspecified nucleases
in human serum (production of both F1 and F2 signals).

Fig. 8 Structure-switching
RNA aptamers with a quality
control element.
a Hybridization of a
multifunctional RNA with
Q1DNA, F1DNAF2, and
Q2DNA. b True-positive
signal: addition of target
(star) results in target–
aptamer complex formation
and separation of Q2DNA,
which leads to an F2 signal.
c False-positive signal:
system destruction (e.g., from
a nuclease) would lead to
both F1 and F2 signals

Exploration of Structure-Switching in the Design of Aptamer Biosensors 85



These results demonstrate the intended utility of the QC element, and showcase
the generality of the design strategy. In testing the human serum samples doped
with theophylline, we discovered that simple filtration of the drug–serum mixture
prior to addition to the theophylline reporter removed all contaminating nucleases,
but was able to retain the drug target for detection. However, for the thrombin
reporter, simple filtration was not a feasible correction method because protein
targets and common nucleases are similar in size. In this case, we found that
treatment of the protein–serum mixture with nuclease inhibitors substantially
reduced nuclease degradation, and allowed accurate detection of thrombin. These
analyses indicate that the incorporation of a QC element can help identify remedy
methods to eliminate false-positive signals.

Given the success of the structure-switching reporters based on DNA aptamers,
RNA aptamer reporters with a QC element are expected to find a variety of
applications where high quality of detection is necessary.

7 Concluding Thoughts

Looking back over the past decade, structure-switching aptamers have garnered
considerable success. Structure-switching DNA aptamer sensors have been uti-
lized for a variety of bioanalytical tasks using different signal transduction
methods, and novel strategies have been developed to lower the boundaries of
detection limits. Reporting systems based on structure-switching RNA aptamers
have begun to emerge. Given the continual advancements in RNA protection
technology and the incorporation of quality control elements in the design,
structure-switching RNA aptamers are expected to find increasing application in
bioanalysis.

Further expansion of exploiting structure-switching aptamer reporters for bio-
analytical applications requires use of aptamers beyond the model anti-ATP and
anti-thrombin systems. This is feasible because diverse aptamers have been, and
will continue to be, discovered by the SELEX approach or in biological systems.
With the availability of many different aptamers, the structure-switching design
will certainly be explored for more challenging analytical tasks or innovations,
such as multiplex detection in a single assay and automated testing for multiple
analytes in parallel using real-life biological samples. Several aptamers are cur-
rently at various stages of clinical trials [133] and structure-switching may offer
unique solutions to accelerating the progress of diagnostics and therapeutics using
these aptamers. Many challenges remain to be addressed for real-life applications,
which include simplification of assay procedures for greater efficiency and lower
cost, integration of streamlined assays into automated multifunctional systems for
high-throughput analysis, assurance of accurate detection directly in complex
samples, and protection against the possibility of false-positive signals. Never-
theless, ongoing research with structure-switching aptamers is expected to reveal
more answers in the next decade and beyond.

86 P. S. Lau and Y. Li



References

1. Gerstein M, Krebs W (1998) A database of macromolecular motions. Nucleic Acids Res
26:4280–4290

2. Nahvi A, Sudarsan N, Ebert MS et al (2002) Genetic control by a metabolite binding
mRNA. Chem Biol 9:1043–1049

3. Roth A, Breaker RR (2009) The structural and functional diversity of metabolite-binding
riboswitches. Annu Rev Biochem 78:305–334

4. Tucker BJ, Breaker RR (2005) Riboswitches as versatile gene control elements. Curr Opin
Struct Biol 15:342–348

5. Mandal M, Breaker RR (2004) Gene regulation by riboswitches. Nat Rev Mol Cell Biol
5:451–463

6. Topp S, Gallivan JP (2010) Emerging applications of riboswitches in chemical biology.
ACS Chem Biol 5:139–148

7. Werstuck G, Green MR (1998) Controlling gene expression in living cells through small
molecule-RNA interactions. Science 282:296–298

8. Thompson KM, Syrett HA, Knudsen SM, Ellington AD (2002) Group I aptazymes as
genetic regulatory switches. BMC Biotechnol 2:21

9. Suess B, Hanson S, Berens C et al (2003) Conditional gene expression by controlling
translation with tetracycline-binding aptamers. Nucleic Acids Res 31:1853–1858

10. Suess B, Fink B, Berens C et al (2004) A theophylline responsive riboswitch based on helix
slipping controls gene expression in vivo. Nucleic Acids Res 32:1610–1614

11. Desai SK, Gallivan JP (2004) Genetic screens and selections for small molecules based on a
synthetic riboswitch that activates protein translation. J Am Chem Soc 126:13247–13254

12. Weigand JE, Sanchez M, Gunnesch EB et al (2008) Screening for engineered neomycin
riboswitches that control translation initiation. RNA 14:89–97

13. Topp S, Gallivan JP (2007) Guiding bacteria with small molecules and RNA. J Am Chem
Soc 129:6807–6811

14. Topp S, Gallivan JP (2008) Random walks to synthetic riboswitches-a high-throughput
selection based on cell motility. ChemBioChem 9:210–213

15. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind specific
ligands. Nature 346:818–822

16. Tuerk C, Gold L (1990) Systematic evolution of ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA polymerase. Science 249:505–510

17. Bunka DH, Stockley PG (2006) Aptamers come of age—at last. Nat Rev Microbiol
4:588–596

18. Lee JF, Hesselberth JR, Meyers LA, Ellington AD (2004) Aptamer database. Nucleic Acids
Res 32:D95–100

19. Lau PS, Li Y (2011) Functional nucleic acids as molecular recognition elements for small
organic and biological molecules. Curr Org Chem 15:557–575

20. Vallee-Belisle A, Plaxco KW (2010) Structure-switching biosensors: inspired by Nature.
Curr Opin Struct Biol 20:518–526

21. Klussmann S (2006) The Aptamer handbook. Wiley, Weinheim
22. Nutiu R, Li Y (2003) Structure-switching signaling aptamers. J Am Chem Soc

125:4771–4778
23. Huizenga DE, Szostak JW (1995) A DNA aptamer that binds adenosine and ATP.

Biochemistry 34:656–665
24. Bock LC, Griffin LC, Latham JA et al (1992) Selection of single-stranded DNA molecules

that bind and inhibit human thrombin. Nature 355:564–566
25. Han K, Liang Z, Zhou N (2010) Design strategies for aptamer-based biosensors. Sensors

10:4541–4557
26. White RJ, Rowe AA, Plaxco KW (2010) Re-engineering aptamers to support reagentless,

self-reporting electrochemical sensors. Analyst 135:589–594

Exploration of Structure-Switching in the Design of Aptamer Biosensors 87



27. Nutiu R, Li Y (2005) In vitro selection of structure-switching signaling aptamers. Angew
Chem Int Ed 44:1061–1065

28. Lin CH, Patel DJ (1997) Structural basis of DNA folding and recognition in an AMP-DNA
aptamer complex: distinct architectures but common recognition motifs for DNA and RNA
aptamers complexed to AMP. Chem Biol 4:817–832

29. Wang ZD, Lee JH, Lu Y (2008) Highly sensitive ‘‘turn-on’’ fluorescent sensor for Hg2 ? in
aqueous solution based on structure-switching DNA. Chem Commun (Camb) 6005–6007

30. Wu DH, Zhang Q, Chu X et al (2010) Ultrasensitive electrochemical sensor for mercury (II)
based on target-induced structure-switching DNA. Biosens Bioelectron 25:1025–1031

31. Taylor SK, Pei RJ, Moon BC et al (2009) Triggered release of an active peptide conjugate
from a DNA device by an orally administrable small molecule. Angew Chem Int Ed
48:4394–4397

32. Liu J, Lu Y (2005) Fast colorimetric sensing of adenosine and cocaine based on a general
sensor design involving aptamers and nanoparticles. Angew Chem Int Ed 45:90–94

33. Null EL, Lu Y (2010) Rapid determination of enantiomeric ratio using fluorescent DNA or
RNA aptamers. Analyst 135:419–422

34. Feng KJ, Sun CH, Jiang JH, Yu RQ (2011) An aptamer-based competitive fluorescence
quenching assay for IgE. Anal Lett 44:1301–1309

35. Zhu ZY, Schmidt T, Mahrous M et al (2011) Optimization of the structure-switching
aptamer-based fluorescence polarization assay for the sensitive tyrosinamide sensing. Anal
Chim Acta 707:191–196

36. Niu WZ, Jiang N, Hu YH (2007) Detection of proteins based on amino acid sequences by
multiple aptamers against tripeptides. Anal Biochem 362:126–135

37. Liu DY, Zhao Y, He XW, Yin XB (2011) Electrochemical aptasensor using the
tripropylamine oxidation to probe intramolecular displacement between target and
complementary nucleotide for protein array. Biosens Bioelectron 26:2905–2910

38. Yang L, Fung CW, Cho EJ, Ellington AD (2007) Real-time rolling circle amplification for
protein detection. Anal Chem 79:3320–3329

39. Song YJ, Zhao C, Ren JS, Qu XG (2009) Rapid and ultra-sensitive detection of AMP using
a fluorescent and magnetic nano-silica sandwich complex. Chem Commun (Camb)
15:1975–1977

40. Levy M, Cater SF, Ellington AD (2005) Quantum-dot aptamer beacons for the detection of
proteins. ChemBioChem 6:2163–2166

41. Liu JW, Lee JH, Lu Y (2007) Quantum dot encoding of aptamer-linked nanostructures for
one-pot simultaneous detection of multiple analytes. Anal Chem 79:4120–4125

42. Elowe NH, Nutiu R, Allah-Hassani A et al (2006) Small-molecule screening made simple
for a difficult target with a signaling nucleic acid aptamer that reports on deaminase activity.
Angew Chem Int Ed 45:5648–5652

43. Aldrich MB, Blackburn MR, Kellems RE (2000) The importance of adenosine deaminase
for lymphocyte development and function. Biochem Biophys Res Commun 272:311–315

44. Fowler CC, Brown ED, Li Y (2008) A FACS-based approach to engineering artificial
riboswitches. ChemBioChem 9:1906–1911

45. Huang PJJ, Liu JW (2010) Flow cytometry-assisted detection of adenosine in serum with an
immobilized aptamer sensor. Anal Chem 82:4020–4026

46. Zheng D, Seferos DS, Giljohann DA et al (2009) Aptamer nano-flares for molecular
detection in living cells. Nano Lett 9:3258–3261

47. Rupcich N, Nutiu R, Li Y, Brennan JD (2005) Entrapment of fluorescent signaling DNA
aptamers in sol-gel-derived silica. Anal Chem 77:4300–4307

48. Carrasquilla C, Li Y, Brennan JD (2011) Surface immobilization of structure-switching
DNA aptamers on macroporous Sol-Gel-derived films for solid-phase biosensing
applications. Anal Chem 83:957–965

49. El-Hamed F, Dave N, Liu J (2011) Stimuli-responsive releasing of gold nanoparticles and
liposomes from aptamer-functionalized hydrogels. Nanotechnology 22:494011–494017

88 P. S. Lau and Y. Li



50. Su SX, Nutiu R, Filipe CDM et al (2007) Adsorption and covalent coupling of ATP-binding
DNA aptamers onto cellulose. Langmuir 23:1300–1302

51. Radi AE, Acero Sanchez JL, Baldrich E, O’Sullivan CK (2006) Reagentless, reusable,
ultrasensitive electrochemical molecular beacon aptasensor. J Am Chem Soc 128:117–124

52. Luong JH, Male KB, Glennon JD (2008) Biosensor technology: technology push versus
market pull. Biotechnol Adv 26:492–500

53. Yoshizumi J, Kumamoto S, Nakamura M, Yamana K (2008) Target-induced strand release
(TISR) from aptamer-DNA duplex: A general strategy for electronic detection of
biomolecules ranging from a small molecule to a large protein. Analyst 133:323–325

54. Zuo XL, Song SP, Zhang J et al (2007) A target-responsive electrochemical aptamer switch
(TREAS) for reagentless detection of nanomolar ATP. J Am Chem Soc 129:1042–1043

55. Wang JL, Wang F, Dong SJ (2009) Methylene blue as an indicator for sensitive
electrochemical detection of adenosine based on aptamer switch. J Electroanal Chem
626:1–5

56. Du Y, Li BL, Wang F, Dong SJ (2009) Au nanoparticles grafted sandwich platform used
amplified small molecule electrochemical aptasensor. Biosens Bioelectron 24:1979–1983

57. Guo SJ, Du Y, Yang X et al (2011) Solid-state label-free integrated aptasensor based on
graphene-mesoporous silica-gold nanoparticle hybrids and silver microspheres. Anal Chem
83:8035–8040

58. Zhang SS, Xia JP, Li XM (2008) Electrochemical biosensor for detection of adenosine
based on structure-switching aptamer and amplification with reporter probe DNA modified
Au nanoparticles. Anal Chem 80:8382–8388

59. Li W, Nie Z, Xu XH et al (2009) A sensitive, label free electrochemical aptasensor for ATP
detection. Talanta 78:954–958

60. Zhang XR, Zhao YQ, Li SG, Zhang SS (2010) Photoelectrochemical biosensor for detection
of adenosine triphosphate in the extracts of cancer cells. Chem Commun (Camb)
46:9173–9175

61. Du Y, Li BL, Wei H et al (2008) Multifunctional label-free electrochemical biosensor based
on an integrated aptamer. Anal Chem 80:5110–5117

62. Clark LC Jr, Lyons C (1962) Electrode systems for continuous monitoring in cardiovascular
surgery. Ann NY Acad Sci 102:29–45

63. Montagnana M, Caputo M, Giavarina D, Lippi G (2009) Overview on self-monitoring of
blood glucose. Clin Chim Acta Int J Clin Chem 402:7–13

64. Xiang Y, Lu Y (2011) Using personal glucose meters and functional DNA sensors to
quantify a variety of analytical targets. Nature Chem 3:697–703

65. Liu JW, Lu Y (2006) Fast colorimetric sensing of adenosine and cocaine based on a general
sensor design involving aptamers and nanoparticles. Angew Chem Int Ed 45:90–94

66. Zhao WA, Chiuman W, Brook MA, Li Y (2007) Simple and rapid colorimetric biosensors
based on DNA aptamer and noncrosslinking gold nanoparticle aggregation. ChemBioChem
8:727–731

67. Wang J, Wang LH, Liu XF et al (2007) A gold nanoparticle-based aptamer target binding
readout for ATP assay. Adv Mater 19:3943–3946

68. Liu JW, Lu Y (2006) Smart nanomaterials responsive to multiple chemical stimuli with
controllable cooperativity. Adv Mater 18:1667–1671

69. Liu JW, Mazumdar D, Lu Y (2006) A simple and sensitive ‘‘dipstick’’ test in serum based
on lateral flow separation of aptamer-linked nanostructures. Angew Chem Int Ed
45:7955–7959

70. Johansen LE, Nygaard P, Lassen C et al (2003) Definition of a second Bacillus subtilis pur
regulon comprising the pur and xpt-pbuX operons plus pbuG, nupG (yxjA), and pbuE
(ydhL). J Bacteriol 185:5200–5209

71. Mandal M, Breaker RR (2004) Adenine riboswitches and gene activation by disruption of a
transcription terminator. Nat Struct Mol Biol 11:29–35

72. Mandal M, Boese B, Barrick JE et al (2003) Riboswitches control fundamental biochemical
pathways in Bacillus subtilis and other bacteria. Cell 113:577–586

Exploration of Structure-Switching in the Design of Aptamer Biosensors 89



73. Roth A, Winkler WC, Regulski EE et al (2007) A riboswitch selective for the queuosine
precursor preQ1 contains an unusually small aptamer domain. Nat Struct Mol Biol
14:308–317

74. Meyer MM, Roth A, Chervin SM et al (2008) Confirmation of a second natural preQ1
aptamer class in Streptococcaceae bacteria. RNA 14:685–695

75. Mironov AS, Gusarov I, Rafikov R et al (2002) Sensing small molecules by nascent RNA: a
mechanism to control transcription in bacteria. Cell 111:747–756

76. Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS (2002) Comparative genomics of
thiamin biosynthesis in procaryotes. New genes and regulatory mechanisms. J Biol Chem
277:48949–48959

77. Cheah MT, Wachter A, Sudarsan N, Breaker RR (2007) Control of alternative RNA splicing
and gene expression by eukaryotic riboswitches. Nature 447:497–500

78. Wachter A, Tunc-Ozdemir M, Grove BC et al (2007) Riboswitch control of gene expression
in plants by splicing and alternative 30 end processing of mRNAs. Plant Cell 19:3437–3450

79. Croft MT, Moulin M, Webb ME, Smith AG (2007) Thiamine biosynthesis in algae is
regulated by riboswitches. Proc Natl Acad Sci USA 104:20770–20775

80. Bocobza S, Adato A, Mandel T et al (2007) Riboswitch-dependent gene regulation and its
evolution in the plant kingdom. Genes Dev 21:2874–2879

81. Winkler WC, Cohen-Chalamish S, Breaker RR (2002) An mRNA structure that controls
gene expression by binding FMN. Proc Natl Acad Sci USA 99:15908–15913

82. Sudarsan N, Lee ER, Weinberg Z et al (2008) Riboswitches in eubacteria sense the second
messenger cyclic di-GMP. Science 321:411–413

83. Mandal M, Lee M, Barrick JE et al (2004) A glycine-dependent riboswitch that uses
cooperative binding to control gene expression. Science 306:275–279

84. Grundy FJ, Lehman SC, Henkin TM (2003) The L box regulon: lysine sensing by leader
RNAs of bacterial lysine biosynthesis genes. Proc Natl Acad Sci USA 100:12057–12062

85. Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS (2003) Regulation of lysine
biosynthesis and transport genes in bacteria: yet another RNA riboswitch? Nucleic Acids
Res 31:6748–6757

86. Sudarsan N, Wickiser JK, Nakamura S et al (2003) An mRNA structure in bacteria that
controls gene expression by binding lysine. Genes Dev 17:2688–2697

87. Gilbert SD, Rambo RP, Van Tyne D, Batey RT (2008) Structure of the SAM-II riboswitch
bound to S-adenosylmethionine. Nat Struct Mol Biol 15:177–182

88. Corbino KA, Barrick JE, Lim J et al (2005) Evidence for a second class of
S-adenosylmethionine riboswitches and other regulatory RNA motifs in alpha-proteobacteria.
Genome Biol 6:R70

89. Epshtein V, Mironov AS, Nudler E (2003) The riboswitch-mediated control of sulfur
metabolism in bacteria. Proc Natl Acad Sci USA 100:5052–5056

90. Fuchs RT, Grundy FJ, Henkin TM (2006) The S(MK) box is a new SAM-binding RNA for
translational regulation of SAM synthetase. Nat Struct Mol Biol 13:226–233

91. McDaniel BA, Grundy FJ, Artsimovitch I, Henkin TM (2003) Transcription termination
control of the S box system: direct measurement of S-adenosylmethionine by the leader
RNA. Proc Natl Acad Sci USA 100:3083–3088

92. Winkler WC, Nahvi A, Sudarsan N et al (2003) An mRNA structure that controls gene
expression by binding S-adenosylmethionine. Nat Struct Biol 10:701–707

93. Wang JX, Lee ER, Morales DR et al (2008) Riboswitches that sense S-adenosylhomocysteine
and activate genes involved in coenzyme recycling. Mol Cell 29:691–702

94. Borovok I, Gorovitz B, Schreiber R et al (2006) Coenzyme B12 controls transcription of the
Streptomyces class Ia ribonucleotide reductase nrdABS operon via a riboswitch mechanism.
J Bacteriol 188:2512–2520

95. Warner DF, Savvi S, Mizrahi V, Dawes SS (2007) A riboswitch regulates expression of the
coenzyme B12-independent methionine synthase in Mycobacterium tuberculosis:
implications for differential methionine synthase function in strains H37Rv and
CDC1551. J Bacteriol 189:3655–3659

90 P. S. Lau and Y. Li



96. Winkler WC, Nahvi A, Roth A et al (2004) Control of gene expression by a natural
metabolite-responsive ribozyme. Nature 428:281–286

97. Cromie MJ, Shi Y, Latifi T, Groisman EA (2006) An RNA sensor for intracellular Mg(2+).
Cell 125:71–84

98. Baker JL, Sudarsan N, Weinberg Z et al (2012) Widespread genetic switches and toxicity
resistance proteins for fluoride. Science 335:233–235

99. Breaker RR (2011) Prospects for riboswitch discovery and analysis. Mol Cell 43:867–879
100. Ferre-D’Amare AR, Winkler WC (2011) The roles of metal ions in regulation by

riboswitches. Met Ions Life Sci 9:141–173
101. Serganov A, Patel DJ (2012) Molecular recognition and function of riboswitches. Curr Opin

Struct Biol 22:279–286
102. Wittmann A, Suess B (2012) Engineered riboswitches: Expanding researchers’ toolbox with

synthetic RNA regulators. FEBS Lett 586:2076–2083
103. Batey RT (2012) Structure and mechanism of purine-binding riboswitches. Q Rev Biophys

45:345–381
104. Huang L, Serganov A, Patel DJ (2010) Structural insights into ligand recognition by a

sensing domain of the cooperative glycine riboswitch. Mol Cell 40:774–786
105. Welz R, Breaker RR (2007) Ligand binding and gene control characteristics of tandem

riboswitches in Bacillus anthracis. RNA 13:573–582
106. Jenison RD, Gill SC, Pardi A, Polisky B (1994) High-resolution molecular discrimination

by RNA. Science 263:1425–1429
107. Fowler CC, Navani NK, Brown ED, Li Y (2008) Aptamers and their potential as recognition

elements for the detection of bacteria. In: Zourob M, Elwary S, Turner A (eds) Principles of
bacterial detection: biosensors, recognition receptors and microsystems, Springer, Chapter
25, pp 689–714

108. Cate JH, Gooding AR, Podell E et al (1996) Crystal structure of a group I ribozyme domain:
principles of RNA packing. Science 273:1678–1685

109. Lau PS, Coombes BK, Li Y (2010) A general approach to the construction of structure-
switching reporters from RNA aptamers. Angew Chem Int Ed 49:7938–7942

110. Scaringe SA, Wincott FE, Caruthers MH (1998) Novel RNA synthesis method using 50-O-
silyl-20-O-orthoester protecting groups. J Am Chem Soc 120:11820–11821

111. Khakshoor O, Kool ET (2011) Chemistry of nucleic acids: impacts in multiple fields. Chem
Commun (Camb) 47:7018–7024

112. Carrasquilla C, Lau PS, Li Y, Brennan JD (2012) Stabilizing structure-switching signaling
RNA aptamers by entrapment in sol-gel derived materials for solid-phase assays. J Am
Chem Soc 134:10998–11005

113. Jellinek D, Green LS, Bell C et al (1995) Potent 20-amino-20-deoxypyrimidine RNA
inhibitors of basic fibroblast growth factor. Biochemistry 34:11363–11372

114. Lin Y, Qiu Q, Gill SC, Jayasena SD (1994) Modified RNA sequence pools for in vitro
selection. Nucleic Acids Res 22:5229–5234

115. Biesecker G, Dihel L, Enney K, Bendele RA (1999) Derivation of RNA aptamer inhibitors
of human complement C5. Immunopharmacology 42:219–230

116. Ruckman J, Green LS, Beeson J et al (1998) 20-Fluoropyrimidine RNA-based aptamers to
the 165-amino acid form of vascular endothelial growth factor (VEGF165). Inhibition of
receptor binding and VEGF-induced vascular permeability through interactions requiring
the exon 7-encoded domain. J Biol Chem 273:20556–20567

117. Green LS, Jellinek D, Bell C et al (1995) Nuclease-resistant nucleic acid ligands to vascular
permeability factor/vascular endothelial growth factor. Chem Biol 2:683–695

118. Klussmann S, Nolte A, Bald R et al (1996) Mirror-image RNA that binds D-adenosine. Nat
Biotechnol 14:1112–1115

119. Nolte A, Klussmann S, Bald R et al (1996) Mirror-design of L-oligonucleotide ligands
binding to L-arginine. Nat Biotechnol 14:1116–1119

120. Kumar R, Singh SK, Koshkin AA et al (1998) The first analogues of LNA (locked nucleic
acids): phosphorothioate-LNA and 20-thio-LNA. Bioorg Med Chem Lett 8:2219–2222

Exploration of Structure-Switching in the Design of Aptamer Biosensors 91



121. Petersen M, Wengel J (2003) LNA: a versatile tool for therapeutics and genomics. Trends
Biotechnol 21:74–81

122. Le Pecq JB, Paoletti C (1966) A new fluorometric method for RNA and DNA
determination. Anal Biochem 17:100–107

123. Vendrely R, Alexandrov K, De Sousa Lechner MC, Coirault Y (1968) Fractionation of
ribonucleic acids by ‘Sephadex’ agarose gel electrophoresis. Nature 218:293–294

124. Lehrach H, Diamond D, Wozney JM, Boedtker H (1977) RNA molecular weight
determinations by gel electrophoresis under denaturing conditions, a critical reexamination.
Biochemistry 16:4743–4751

125. Manchester KL (1995) Value of A260/A280 ratios for measurement of purity of nucleic
acids. BioTechniques 19:208–210

126. Glasel JA (1995) Validity of nucleic acid purities monitored by 260 nm/280 nm absorbance
ratios. BioTechniques 18:62–63

127. Mueller O, Hahnenberger K, Dittmann M et al (2000) A microfluidic system for high-speed
reproducible DNA sizing and quantitation. Electrophoresis 21:128–134

128. Bustin SA (2002) Quantification of mRNA using real-time reverse transcription PCR (RT-
PCR): trends and problems. J Mol Endocrinol 29:23–39

129. Doktycz MJ (1997) Nucleic acids: thermal stability and denaturation. Encyclopedia of Life
Sciences

130. Li Y, Breaker RR (1999) Kinetics of RNA degradation by specific base catalysis of
transesterification involving the 20-hydroxyl group. J Am Chem Soc 121:5364–5372

131. Lau PS, Lai CK, Li Y (2013) Quality control certification of RNA aptamer-based detection.
ChemBioChem. doi:10.1002/cbic.201300134

132. Kubik MF, Stephens AW, Schneider D, Marlar RA, Tasset D (1994) High-affinity RNA
ligands to human alpha-thrombin. Nucleic Acids Res 22:2619–2626

133. Ni X, Castanares M, Mukherjee A, Lupold SE (2011) Nucleic acid aptamers: clinical
applications and promising new horizons. Curr Med Chem 18:4206–4214

92 P. S. Lau and Y. Li

http://dx.doi.org/10.1002/cbic.201300134


DNAzyme-Functionalized Gold
Nanoparticles for Biosensing
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Abstract Recent progress in using DNAzyme-functionalized gold nanoparticles
(AuNPs) for biosensing is summarized in this chapter. A variety of methods,
including those for attaching DNA on AuNPs, detecting metal ions and small
molecules by DNAzyme-functionalized AuNPs, and intracellular applications of
DNAzyme-functionalized AuNPs are discussed. DNAzyme-functionalized AuNPs
will increasingly play more important roles in biosensing and many other multi-
disciplinary applications.
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1 Introduction: DNAzymes and Gold Nanoparticles

Deoxyribonucleic acid (DNA) is a biopolymer made of four types of deoxynu-
cleotides: adenosine (A), thymidine (T), guanosine (G), and cytidine (C). Com-
plementary DNA strands assemble into a double helix (DNA duplex) via the
formation of A–T and G–C base pairs [1, 2]. Such DNA was long considered
solely a genetic material to encode the inheritable information of many organisms
through its sequence. However, this understanding was challenged in the 1990s
when DNAs with catalytic activities [3–5] and ligand-binding abilities [6–9] were
discovered from libraries containing random DNA sequences through combina-
torial techniques such as in vitro selection (Fig. 1) or systematic evolution of
ligands by exponential enrichment (SELEX) [3–9]. The DNAs with catalytic
activities are DNAzymes (also called deoxyribozymes or catalytic DNAs). Since
their discovery, many different DNAzymes have been isolated by different
research groups to catalyze the cleavage [3, 10–18], ligation [4, 19, 20], phos-
phorylation [21], adenylation [22], depurination [23], and thymine dimer repair
[24, 25] of nucleic acids, as well as formation of nucleopeptide linkage [26, 27],
porphyrin metallation [28], and other chemical reactions [29–31]. DNAzymes are
generally more stable than protein and ribozymes due to the prominent stability of
DNA against hydrolysis and denaturation, and many artificial modifications can be
further introduced into DNAzymes to enhance their resistance to nuclease deg-
radation [32, 33]. As a result of these properties, DNAzymes have been widely
applied in many research fields, including biosensing [34–45], logical DNA
computing and machines [39, 46–48], gene therapy [49–54], and others [55–60].

Among many nanomaterials, gold nanoparticle (AuNP) is one of the most
studied [61]. The growing research interest on AuNPs is mainly because of their
excellent properties such as high stability, strong plasmonic effects, good catalytic
activities, and low cytotoxicity [62]. Many techniques have been developed for the
synthesis of AuNPs of different sizes and shapes [63–68], including Au spheres
[69–72], rods [73–80], prisms [81–84], cages [85–87], and wires [88, 89]. AuNPs
are widely applied in nanoassembly [90–99], chemical catalysis [90, 100–106],
sensing [96, 107–122], and biological applications [90, 123–131].

In this chapter, we focus on DNAzyme-functionalized AuNPs in biosensing and
dynamic assembly [43, 96, 98, 121, 132–138]. The related works that have been
conducted in our group are also introduced. Readers are directed to other out-
standing reviews about more general perspectives of DNAzymes [34–60, 139–
172], AuNPs [61, 62, 90], and biomolecule-functionalized nanomaterials [92, 95,
97–99, 122, 173–178].
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2 DNAzyme-Functionalized Gold Nanoparticles for Biosensing

2.1 Fabrication of DNA-Functionalized AuNPs

Before AuNPs can be used with DNAzymes, they have to be functionalized with
DNA through strong ligand–Au bindings or in some other cases by weaker DNA–
Au interactions. AuNPs synthesized by various methods are generally coated by
ligands to stabilize the colloid aqueous solutions [62, 63, 71]. These ligands on the
surface of AuNPs can be efficiently replaced by thiol-containing molecules
because of the thiophilic nature of Au [179–181]. Based on this principle, thiol-
modified DNAs (thiol-DNAs) were successfully functionalized onto the surface of
AuNPs to direct the assembly of AuNPs via DNA hybridization (Fig. 2a) [182,
183]. After DNA functionalization, the AuNPs were stabilized by the strong
electrostatic repulsion between negatively charged DNA strands. A fluorescence-
based method could be utilized to quantify the surface coverage and hybridization
efficiency of thiol-DNAs on AuNPs, using mercaptoethanol to displace the sur-
face-bound fluorophore-labeled thiol-DNAs [184]. DNA loading on AuNPs of
different sizes can be significantly enhanced by aging in concentrated salt solution
or introducing a PEG spacer to the DNA [185]. Gel electrophoresis was used to
study the conformation of thiol-DNA attached on AuNPs [186] and separate
DNA-functionalized AuNPs containing different DNA coverage or in different

Fig. 1 A scheme of in vitro selection technique for selecting DNAzymes specifically using
uranyl ions (UO2

2+) as a cofactor to catalyze nucleic acid cleavage. The random DNA library is
amplified by PCR using primers P1 and P2, and repeated using P3 and P4 containing rA as a
cleavage site and an overhang/spacer as a tag, respectively. After PCR and PAGE purification,
the DNA library is incubated with UO2

2+. DNA sequences (containing both DNAzyme (bold and
green) and substrate (black and rA) motifs) that undergo cleavage in the presence of UO2

2+ are
isolated and used for the next round of selection. After a few rounds of selection, UO2

2+-specific
DNAzymes are identified by cloning and sequencing (Adapted from Ref. [16])
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assemblies [183, 187–190]. In addition to the DNA-functionalized AuNPs with
multiple DNA strands on each AuNP, mono-DNA-functionalized AuNPs (one
DNA strand per AuNP) could also be prepared and purified [183, 187, 191, 192].
In addition to thiol-DNA, DNA with a poly A block was found to bind AuNPs with
sufficient affinity to form DNA-functionalized AuNPs, and the lateral spacing and
surface density of DNA strands on AuNPs was controlled by adjusting the length
of the poly A block (Fig. 2b) [193].

In our lab, DNAzymes and their nucleic acid substrates were used as cross-
linkers to form assemblies of DNA-functionalized AuNPs via DNA hybridizations
on both binding arms, and the assemblies underwent disassembly upon cleavage of
the substrates by the DNAzymes in the presence of metal ion cofactors [194, 195].
In addition to the postsynthetic methods that attach DNA on the surface of pre-
formed AuNPs, our lab developed a new in situ method to prepare DNA-func-
tionalized AuNPs simultaneously during the growth of AuNPs in the presence of
DNA (Fig. 2c) [196, 197]. In this approach, DNA noncovalently bound to the
surface of spherical Au nanoseeds through its poly A or poly C blocks, and then
Au salts and reductants were added to initiate the growth of the nanoseeds into
larger flower-shaped AuNPs. DNA was partially embedded in the newly formed
Au layers during the growth of these Au ‘‘nanoflowers’’, and the DNA fragment on
the surface of the AuNPs was still active to hybridize with AuNPs functionalized
with a complementary DNA strand to form nanoassemblies [196]. One advantage

Fig. 2 Functionalization of
DNA on AuNPs through
a thiol–Au interaction, b poly
A tags, and c in situ
embedding during AuNP
growth (Adapted from
Ref. [182, 193, 196])
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of this in situ DNA-functionalization method over postsynthetic methods is that
the attachment of DNA on the AuNPs by embedding is so stable that the treatment
of high concentrations of coadsorbed diluent molecules such as mercaptoethanol
could not displace the DNA from the AuNPs [196], whereas under this condition
thiol-DNA on the surface of AuNPs was efficiently removed from the AuNPs
[184]. The mechanism on how DNA is embedded and which sequence is preferred
for the embedding during the growth of Au nanoseeds is currently not clear.
Further studies are under way in our lab to answer these questions to enable more
efficient DNA functionalization on AuNPs and better preservation of DNA
activities.

On the other hand, despite the above progress made to attach DNA on AuNPs,
few methods are capable of modifying the DNA sequences already attached [189,
198–203]. The ‘‘post-attachment’’ modification can enable more flexible trans-
formations of DNA sequences to control AuNP nanoassemblies and tune their
functions [189, 198–203]. We have recently developed a DNAzyme-based method
to modify the sequences of DNA on AuNPs (Fig. 3). The DNA is processed by
DNAzymes to cut off (cleave) unwanted fragments and then add (ligate) desired
new fragments, enabling DNA sequence modifications to provide new DNA
functions to the DNA-functionalized AuNPs [204]. More importantly, the DNA
sequence modifications catalyzed by the DNAzymes are sequence-specific [3, 4],
so that multiple DNA sequences on one AuNP can be modified selectively and in a
stepwise manner [204]. Another advantage of this method is that the size of
DNAzymes is comparable to that of DNA attached on AuNPs, thus little steric
effect is present [203, 204]; whereas protein enzymes that catalyze sequence-
specific DNA cleavage and ligation are much larger and may encounter low
efficiency or incomplete cleavage of DNA on AuNPs [198–201]. In our current
method, a ribonucleotide (rA) serves as the designed cleavage site in the DNA
when DNAzymes are present. This rA is not necessary if a recently discovered
new DNAzyme that can catalyze the cleavage of unmodified DNA is utilized [18].

Fig. 3 Selective and
stepwise modification of
DNA sequences immobilized
on AuNPs using DNAzymes
(Adapted from Ref. [204])
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2.2 DNAzyme-Functionalized AuNPs for Biosensing

The major application of DNAzyme-functionalized AuNPs is biosensing [43, 98,
121, 132, 135, 137]. DNA-functionalized AuNPs were first found to assemble via
DNA hybridization between complementary DNA strands in 1996 [182, 183],
where a color change from red to blue was observed. A red shift in absorption
spectra was observed when discrete AuNPs assembled into macroscopic aggre-
gates [182]. Due to the extremely large extinction coefficient of AuNPs compared
to organic dyes and their other prominent properties such as light scattering,
surface enhanced Raman spectroscopy (SERS), and surface plasmon resonance
(SPR), AuNPs have been widely applied for highly sensitive enzyme-free detec-
tion of nucleic acids [205–240].

By introducing DNAzymes into such DNA–AuNP systems and taking advan-
tage of AuNPs, a new series of DNAzyme-based biosensors has been developed
for a broad range of targets [194, 221, 241–278]. In most of these studies,
DNAzymes have played two distinct roles in target recognition and in signal
enhancement. In the former case, nucleic acid cleaving or ligating DNAzymes
[3, 4, 165] are used to recognize specific cofactors such as metal ions and small
organic molecules; then the DNAzyme-catalyzed cleavage or ligation of the
nucleic acid substrates alters AuNP assemblies, producing physically detectable
signal changes for sensing the cofactors as targets [194, 241–252, 255–261, 263,
265–267, 269, 271–275, 277, 278]. In the latter case, peroxidase-mimicking
DNAzymes [28, 29, 40, 169], usually containing G-quadruplex motifs, serve as
signal generators or enhancers on AuNPs to transform target recognition by other
molecules into physically detectable signals [221, 253, 254, 262, 264, 268, 270,
275, 276].

In addition to the above examples of in vitro detection, cellular or in vivo
biosensing is also an active field of research and can provide useful information of
the analytes in live cells and organisms. Although DNA-functionalized AuNPs
have been successfully applied to biosensing of nucleic acids and small molecules
in cells based on nucleic acid hybridization and aptamers [230, 279–282], such
application based on DNAzymes and AuNPs for metal ion detection in live cells is
still very challenging and has been reported only recently [283].

2.2.1 Nucleic Acid Cleaving/Ligating DNAzymes and AuNPs for Biosensing

In 2003, a colorimetric biosensor for lead ion (Pb2+) was developed based on the
DNA-directed assembly of 13 nm AuNPs in our lab (Fig. 4a) [194]. DNA-func-
tionalized AuNPs were mixed with 8–17 DNAzymes and nucleic acid substrates.
The nucleic acid substrates cross-linked the AuNPs into aggregates via DNA
hybridization after mild heating at 50 �C and annealing, resulting in a blue solution
and an absorption band around 700 nm. However, in the presence of the target
(Pb2+, the cofactor of the DNAzyme), the nucleic acid substrates that crosslinked
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the AuNP together were cleaved by the DNAzymes so that no AuNPs aggregates
could form. A red color and an absorption band at 522 nm were observed in this
case. When an inactive DNAzyme was used, the DNA-directed assembly of
AuNPs still occurred, but no color change was observed regardless of whether the
samples contained Pb2+. Interestingly, by changing the ratio of active and inactive
DNAzymes, the dynamic range of the biosensor could be tuned from 0.1 * 4 to
10 * 200 lM [194]. This method was further optimized by testing the biosensor
using different DNAzyme lengths, AuNP alignments, stoichiometries of DNA-
zyme to its substrate, buffer pH, and temperatures [242].

To enable fast Pb2+ detection at ambient temperature, the ‘‘tail-to-tail’’ align-
ment of 42-nm AuNPs was used for the biosensor design. The alignment and size
of AuNPs were the major determining factors to achieve fast color changes and
assembly of AuNP aggregates [241]. In another work, DNA functionalized AuNPs
first assembled into aggregates cross-linked by 8–17 DNAzymes and substrates.
Then, the aggregates were used as a biosensor system to detect Pb2+ by disas-
sembling them in the presence of Pb2+ with the assistance of invasive DNA,
resulting in color changes from blue to red and a blue shift in absorption spectra
[245]. Compared with the previous methods [194, 241, 242], this new design

Fig. 4 Colorimetric
detection of (a) Pb2+ and
(b) adenosine using
DNAzyme-functionalized
AuNPs by an 8–17
DNAzyme and an adenosine-
specific aptazyme,
respectively (Adapted from
Ref. [194, 244])

DNAzyme-Functionalized Gold Nanoparticles for Biosensing 99



exhibited a ‘‘light-up’’ response to Pb2+ rather than a ‘‘light-down,’’ and thus was
less vulnerable to interference from other species that could inhibit the DNAzyme
activity [245]. To eliminate the requirement of invasive DNA usage, an improved
design using asymmetric DNAzymes to form the AuNP aggregates as the bio-
sensor system was also developed [246].

In addition to Pb2+, the biosensor system was further modified to detect
adenosine by replacing the 8–17 DNAzyme with a DNA aptazyme (Fig. 4b). The
aptazyme was a combination of an 8–17 DNAzyme and an adenosine aptamer,
with the latter sequence inserted to one binding arm of the 8–17 DNAzyme. In this
case, only in the presence of both adenosine and Pb2+ could the DNAzyme motif
be activated to cleave its substrate and disassemble the AuNP aggregates [244].

In addition to the 8–17 DNAzyme that is specific to Pb2+, other DNAzymes
such as a nucleic acid ligating E47 DNAzyme for cupric ion (Cu2+) and a nucleic
acid cleaving 39E DNAzyme for uranyl ion (UO2

2+) were also functionalized with
AuNPs for the detection of Cu2+ and UO2

2+ through the color change of AuNP
assemblies [247, 248]. In the former case, the E47 DNAzyme catalyzed the
ligation of two short DNA strands into a long strand in the presence of Cu2+. The
long DNA strand could then bind two types of DNA-functionalized AuNPs by
linking two short DNA fragments via DNA hybridization, respectively, to form
blue colored aggregates as a response to Cu2+ in the solution [247]. In the latter
case, the 39E DNAzyme induced the cleavage of a nucleic acid substrate with
UO2

2+ as the cofactor. Upon the addition of UO2
2+ to AuNP aggregates cross-

linked by 39E DNAzymes and their substrates, the cross-linker substrates were
cleaved and caused the disassembly of the AuNP aggregates, resulting in color
changes from blue to red [248].

In contrast to the above examples of AuNP aggregate formation by DNA cross-
linkers [182], non-crosslinking DNA hybridization could also induce rapid
aggregation of AuNPs [284]. For example, Li and coworkers utilized the 8–17
DNAzymes and substrates to functionalize discrete AuNPs without cross-linking,
where Pb2+-induced cleavage of the substrates reduced the stability of the AuNP
colloid solution and caused aggregation. The detection of Pb2+ in this simple
method was successfully achieved by monitoring the color change from red to
purple or the red shift in absorption spectra due to the Pb2+-induced aggregation of
AuNPs [285].

To make the metal ion detection more user-friendly, lateral-flow devices were
also developed based on DNAzymes and AuNPs for dipstick tests. In one design,
the 8–17 DNAzymes and substrates were modified with biotin and functionalized
on AuNPs. In the absence of Pb2+, the AuNPs in the lateral-flow device were
captured by the streptavidins immobilized on the device in the control zone, thus
showing a colored band in this zone as a sign of Pb2+ free samples (Fig. 5a).
However, when Pb2+ was present, the cleavage of the substrates removed the
biotin labels from AuNPs and allowed them to go through the control zone on the
device to reach the test zone containing immobilized complementary DNA, where
biotin-free AuNPs were captured and displayed a colored band, indicating the
presence of Pb2+ in the samples [256]. In another design by Zeng and coworkers, a
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Fig. 5 Lateral-flow devices using DNAzyme-functionalized AuNPs for the detection of (a) Pb2+

and (b) Cu2+ (Adapted from Ref. [255, 256])
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nucleic acid cleaving DNAzyme specific for Cu2+ and its substrate were used
without being prefunctionalized on AuNPs. The target Cu2+ interacted with the
DNAzyme and substrate first, releasing a single-stranded DNA (ssDNA) piece that
could link DNA-functionalized AuNPs to the test line by DNA hybridization
(Fig. 5b). In the absence of Cu2+, however, no release of the ssDNA occurred, thus
the AuNPs moved across the test line and were captured on the control line where
complementary DNA was immobilized. Therefore, a red line appeared on the test
line only when Cu2+ was present in the samples [255]. Later, the same research
group further incorporated a catalytic DNA circuit that could amplify the release
of a ssDNA by the 8–17 DNAzyme and its substrate, achieving the detection of
Pb2+ on a lateral-flow device with high sensitivity [277].

In addition to the lateral-flow device, an interesting study by Yu and coworkers
utilized a conventional compact disc as the platform for Pb2+ detection based on
DNAzymes and AuNPs. In their method, Pb2+-induced cleavage of the substrate
strand prevented the attachment of DNA-functionalized AuNPs onto the disc
coated with complementary DNA. When Pb2+ was present in samples, fewer
AuNPs were decorated on the disc to induce error in disc reading. Any optical
drive from a computer could be used as a reader for this Pb2+ detection with the
disc [265]. We also developed a method to use a low-cost commercial device, a
glucose meter, to detect Pb2+ using DNAzymes, although no AuNPs were involved
in the method [286].

In 2008, unmodified AuNPs were found to have the ability to couple with label-
free DNAzymes and substrates for Pb2+ detection (Fig. 6) [250, 251]. The
approach was based on a previous finding by Rothberg and coworkers that ssDNA

Fig. 6 Label-free detection of Pb2+ using DNAzymes and unmodified AuNPs (Adapted from
Ref. [250])
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and double-stranded DNA (dsDNA) had distinct binding affinities and stabilization
effects on unmodified AuNPs [218–220, 287]. Upon cleavage of the nucleic acid
substrate by the 8–17 DNAzyme in the presence of Pb2+, a ssDNA fragment was
released from the DNA duplex to bind unmodified AuNPs. Because this ssDNA
fragment had a stronger binding affinity to AuNPs to stabilize the colloid solution,
the red color of the solution was only preserved when Pb2+ was present. By
measuring the absorbance ratio at two wavelengths, the Pb2+ concentration was
quantified [250, 251]. Through a very similar design but using another nucleic acid
cleaving DNAzyme for Cu2+ with unmodified AuNPs, Yang and coworkers also
developed a label-free method for detection of Cu2+ [257].

In addition to the above colorimetric methods based on DNAzyme-function-
alized AuNPs, other analytical techniques have also been utilized to detect the
target-induced change of DNAzyme-substrate duplexes and AuNPs. For example,
AuNP-induced light scattering was used to develop biosensor systems for the
detection of Pb2+ (Fig. 7a) and Cu2+ [263, 271, 273, 274]. The approach was based
on the cleavage of substrates in the presence of metal ions by DNAzymes to either
disassemble the DNA cross-linked AuNP aggregates [263] or prevent the aggre-
gation of unmodified AuNPs [271, 273, 274]. In all these studies, the quantification
of metal ions was achieved by measuring the difference in light-scattering prop-
erties between discrete AuNPs and aggregates [263, 271, 273, 274]. SERS [267]
and SPR [275] (Fig. 7b) were also used to detect Pb2+ by measuring the release of
AuNPs [267] and the activation of catalytic motifs [275] by the DNAzyme-cata-
lyzed cleavage of substrates on surfaces, respectively.

Instead of generating signals directly, AuNPs can also serve as efficient fluo-
rescence quenchers for the design of fluorescent biosensors [224, 288]. Following
this principle, a Pb2+ sensor was developed by attaching fluorophore-labeled 8–17
DNAzymes and substrates to AuNPs, which underwent fluorescence enhancement
in the presence of Pb2+ as a result of the increase in fluorophore-AuNP distance
upon DNAzyme-catalyzed cleavage of the substrate [260]. Another study used a
similar design for a Cu2+-specific DNAzyme but was applied for ascorbic acid
detection rather than Cu2+, taking advantage of the requirement of ascorbic acid to
reduce Cu2+ for the DNAzyme’s activity [272]. Similarly, rod-shaped AuNPs
coated with positively charged surfactants acted as binders and quenchers for
flurophore-labeled 8–17 DNAzymes and substrates, allowing the detection of Pb2+

by fluorescence enhancement [266]. In addition to fluorescence quenching, AuNPs
could serve as fluorescence anisotropy generators for the coated fluorophores due
to the large size compared to free fluorophores and DNA. Based on this principle, a
fluorescence anisotropy sensor was constructed using DNAzyme-functionalized
AuNPs for the detection of Cu2+ and Pb2+ [259]. Finally, DNAzyme-functional-
ized AuNPs were also incorporated with electrochemically active substances for
biosensor applications. Electrochemical sensors for Pb2+ were reported using Pb2+-
induced cleavage of nucleic acid substrates on AuNPs by 8–17 DNAzymes to
enable the detachment (Fig. 7c) [249] or attachment [258] of AuNPs onto a DNA-
coated electrode. The DNA on AuNPs permits attachment of large amounts of
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electrochemically active metal complexes, thus providing a large signal
enhancement on the electrode in the presence of Pb2+ [249, 258]. Graphene sheets
decorated by DNAzyme-functionalized AuNPs were also used to detect L-histidine
and Pb2+ as the cofactors of two DNAzymes, respectively [261, 278].

Fig. 7 DNAzyme-
functionalized AuNPs for
the detection of Pb2+ using
(a) dynamic light
scattering, (b) SPR, and
(c) electrochemistry (Adapted
from Ref. [249, 263, 275])
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2.2.2 Peroxidase-mimicking DNAzymes and AuNPs for Biosensing

Unlike the nucleic acid cleaving or ligating DNAzymes mentioned above that
could recognize the target molecules and transform the recognition event into
changes of AuNPs, peroxidase-mimicking DNAzymes [28, 29, 40, 169] usually
serve as signal generators or enhancers by catalyzing the production of optically
active substances, with AuNPs as carriers of many such DNAzymes for signal
amplification. Willner and coworkers developed a telomerase activity assay using
DNAzyme-functionalized AuNPs (Fig. 8a). In their method, the DNA immobi-
lized on a surface was extended with telomere repeat units to capture the AuNPs
via DNA hybridization. Then, the DNAzymes on the surface-bound AuNPs cat-
alyzed the production of chemiluminescence. The more telomerase activity was
present in samples, the more DNAzymes and AuNPs were immobilized, gener-
ating more intense chemiluminescence [221].

A similar design using magnetic particles as the surface was reported for the
colorimetric detection of nucleic acids, where the target-induced immobilization of
DNAzyme-functionalized AuNPs catalyzed the production of colored ABTS+

from H2O2 and ABTS (Fig. 8b) [253]. By functionalizing AuNPs with both
DNAzymes and antibodies, sandwich immunoassays were successfully achieved
using the DNAzymes on AuNPs to generate color [254], electrochemilumines-
cence (Fig. 8c) [262], and chemiluminescence [264] signals for the detection of a-
fetoprotein and carcinoembryonic antigen. Pb2+ detection using Pb2+-specific
DNAzymes [275] or Pb2+-binding G-quarduplex [270] and AuNPs as carriers for
peroxidase-mimicking DNAzymes were also achieved by electrochemistry [275]
and fluorescence [270] measurements. Another study used AuNPs as carriers of
two halves of a peroxidase-mimicking DNAzyme. The two halves were released
when target nucleic acids or small molecules interacted with the DNA or aptamers
on the surface of the AuNPs, respectively. Then the released halves formed active
DNAzymes in solution and generated chemiluminescence for sensitive detection
[276].

2.2.3 DNAzyme-Functionalized AuNPs for Intracellular Biosensing

AuNPs were first found by Mirkin and coworkers as an efficient material for the
delivery of DNA into cells for intracellular gene regulation and the detection of
mRNA and ATP [230, 279, 280]. By functionalizing AuNPs with DNAzymes,
delivery of DNAzymes into cells to sequence-specifically cleave mRNA [281] and
perform RNAi-independent gene regulation [282] were achieved. Despite these
achievements, there are still very few studies using DNAzyme-functionalized
AuNPs for intracellular biosensing.

Recently, our group has developed a new method to attach fluorophore-labeled
UO2

2+-specific DNAzymes and substrates onto AuNPs for intracellular UO2
2+

detection (Fig. 9). The UO2
2+-specific 39E DNAzyme was conjugated to the

AuNP through a thiol tag, and the substrate strand was modified with a Cy3
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fluorophore and a molecular quencher to reduce background. In the absence of
UO2

2+, the fluorescence of the Cy3 was quenched by both the AuNP and the
molecular quencher. In the presence of UO2

2+, the DNAzyme cleaved the fluo-
rophore-labeled substrate strand, resulting in the release of the shorter ssDNA
containing the Cy3, and accompanied by fluorescence enhancement. We demon-
strated that this DNAzyme–AuNP biosensor could readily enter cells and serve as
a UO2

2+ sensor within a cellular environment, making it the first demonstration of
DNAzymes as intracellular metal ion sensors [283].

Fig. 8 Detection of (a) telomerase activity, (b) nucleic acid, and (c) protein biomarker using
AuNPs as support for peroxidase-mimicking DNAzymes (Adapted from Ref. [211, 253, 262])
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3 Summary and Outlook

Since the discovery of the first DNAzyme that catalyzed the cleavage of RNA in
1994, more and more DNAzymes with diverse functions have been obtained by the
in vitro selection technique and are being actively pursued for many applications
including biosensing, especially for metal ion detection in both the environment
and biology. AuNPs, on the other hand, are ideal materials for biosensing due to
their prominent properties as efficient signal reporters, DNA carriers, and cellular
delivery materials. Therefore, intensive research has been carried out in recent
years to utilize DNAzyme-functionalized AuNPs for biosensing and other appli-
cations, and there is no doubt that the future work and impact of this field will
continue to grow.

One challenge in this field is the discovery of new DNAzymes to cover more
metal ions and other target molecules. DNAzymes specific for Mg2+, Zn2+, Pb2+,
Cu2+, Co2+, Hg2+, and UO2

2+ have been selected from random DNA libraries and
biochemically characterized [3, 4, 10–20]. However, many other important mol-
ecules and especially metal ions, such as iron (Fe2+ and Fe3+), Cr3+, Ni2+, and
Mn2+ in biology, still do not have a DNAzyme to selectively recognize each of
them. Introducing modified DNA bases or backbone into random DNA libraries is
one promising method to extend the possibility of obtaining these candidates.
However, the available techniques for amplifying DNA with artificial modifica-
tions for in vitro selection are still limited and require active collaboration from
many disciplines such as chemistry, chemical biology, and biochemistry.

Fig. 9 Fluorescent UO2
2+-specific DNAzyme immobilized onto AuNP as selective turn-on

UO2
2+ sensors inside live cells. The scale bar is 20 lm (Adapted from Ref. [283])
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On the other hand, although AuNPs provide many unique properties for signal
amplification, one hurdle for wide adoption in commercial products is batch-to-
batch variations and quality controls. Overcoming this hurdle is critical to translate
the technology from bench to the field, clinics, and home.

Another challenge is the application of DNAzyme-functionalized AuNPs in
intracellular biosensing. Although AuNPs can efficiently deliver DNAzymes and
substrates into cells and serve as part of the sensor systems, such as signal
reporters for light scattering and SERS or quenchers for fluorescence, the intra-
cellular localization and activation of such sensors are still difficult and demand
more general methods to be developed because many intracellular targets are not
evenly distributed in cells. In addition, most DNAzymes currently available are not
selected under cellular conditions, so they may need optimization and reselection
to ensure their activities are still viable inside cells and on the surface of AuNPs to
recognize specific targets. Stability of DNAzymes in a cellular environment has
not been well understood and DNA modifications are required to make DNA-
zymes more resistant to enzymatic degradation while still retaining their activities.

Finally, the cytotoxicity and biological effects of nanomaterials such as AuNPs
on different cells are not well understood currently, and how DNAzyme func-
tionalization will affect these properties of AuNPs is still an open question to be
answered. These are critical for the future applications of DNAzyme-functional-
ized AuNPs in cellular and in vivo biosensing. Given the progress made in this
area in the past 10 years, more efficient DNAzyme–AuNP-based sensors will be
developed in the near future.
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Aptamer-Modified Nanoparticles
as Biosensors

Maren Lönne, Guohong Zhu, Frank Stahl and Johanna-Gabriela Walter

Abstract Aptamers are short oligonucleotides that are capable of selectively
binding to their corresponding target. Therefore, they can be thought of as a nucleic
acid-based alternative to antibodies and can substitute for their amino acid-based
counterparts in analytical applications, including as receptors in biosensors. Here
they offer several advantages because their nucleic acid nature and their binding
via an induced fit mechanism enable novel sensing strategies. In this article, the
utilization of aptamers as novel bio-receptors in combination with nanoparticles as
transducer elements is reviewed. In addition to these analytical applications, the
medical relevance of aptamer-modified nanoparticles is described.
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1 Introduction

Nanotechnology is playing an increasingly important role in the development of
biosensor systems [1]. In biosensors, nanoparticles (NPs) have enabled new
techniques for signal transduction based on their unique characteristics. Because of
these properties, aptamer-modified NPs have been investigated intensively in the
last decade, which can be tracked by the exponential increase of publications in
this area (Fig. 1a). In addition to bioanalytical applications, aptamer-modified
nanoparticles have also attracted attention in medical applications, including as
vehicles for drug delivery (Fig. 1b).

Although not exhaustive, this review aims to highlight the broad diversity of
aptamer-modified nanoparticles for sensor applications and the underlying
detection modes. In the first part, aptamers are described, with a focus on their
binding properties and possible chemical modifications. In the next section, the
role of aptamers in nanosensors is summarized and categorized according to the
mechanism underlying the sensing. The use of aptamer-modified nanoparticles
for the detection of different analytes is reviewed. Different aptamer-modified
nanoparticles are classified according to the material of the nanoparticle, the type
of sensor enabled by this nanoparticle (e.g. optical, electrochemical sensor), and
the underlying mode of detection. Finally, potential medical applications are
outlined.
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2 Aptamers

Aptamers are single-stranded DNA or RNA molecules consisting of 15–80
mononucleotides. Because an elongated primary molecular structure is energet-
ically unfavorable, some unpaired nucleobases interact with each other, gener-
ating typical secondary structural motifs such as different loop structures.
Additional interactions between these motifs result in more complex tertiary
structures, which generate a sequence-dependent three-dimensional conformation
allowing specific target recognition and binding. However, in some cases the
ligand-binding domain of the unbound aptamer remains completely unstructured
until ligand binding [2].

Aptamers bind their ligands by folding around and encapsulating them via an
‘‘induced fit mechanism.’’ Only during the binding process is the final bioactive
aptamer conformation achieved because the interaction between the target and
aptamer induces the formation of new secondary and tertiary structure elements.

Fig. 1 Publications dealing with aptamer-modified nanoparticles. Left publications containing
the terms ‘‘aptamer’’ and ‘‘nanoparticle.’’ Right Publications additionally containing the term
‘‘drug delivery.’’ Data was created using MEDSUM: an online MEDLINE summary tool by
Galsworthy, MJ. Hosted by the Institute of Biomedical Informatics (IBMI), Faculty of Medicine,
University of Ljubljana, Slovenia. URL: www.medsum.info
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2.1 Aptamer Folding and Target Recognition

Typical nucleic acid secondary structure elements are k-turn, stem-loop or
pseudoknot motifs, but higher-ranking tertiary motifs such as coaxial stacking or
G-quadruplexes are also formed (Fig. 2).

The k-turn motif comprises a three-nucleotide bulge flanked by regular paired
bases and introduces a tight kink into the helical aptamer. K-turn motifs are
conserved to a high degree and they are renowned as important protein recognition
elements [3]. Loops, especially tetraloops, are the most common motifs in aptamer
folding, which may be stabilized by mismatch base pairing and base stacking
during target binding [4]. Pseudoknot structures are more complex because they
contain two nested stem-loop elements. As the half of one stem intercalates
between the two halves of the other stem, a distinct tertiary structure is built up.
Further, guanine-rich aptamer sequences are capable of forming higher ordered
structures named G-quadruplexes. Here, four Hoogsteen-paired guanine bases
arrange in a planar guanine tetrad, which can stack on top of another tetrad. In the
center of the quadruplex motif, monovalent or divalent cations can be incorpo-
rated, which stabilize the three-dimensional (3D)-structure via electrostatic inter-
actions. Due to different steric demands, the effective quadruplex geometry
depends on the ion identity [5, 6].

All associations and aptamer structures are based on intra- and intermolecular
hydrogen bonds, hydrophobic effects, or electrostatic interactions. Intramolecular
hydrogen bonds can induce both match and mismatch base pairing. In addition to
typical Watson–Crick-match base pairs, resulting in regular helical structures,
aptamer folding is also affected by extraordinary base pairing geometrics, base
triples, and ‘‘mismatches’’ [4, 7]. In particular, all mismatch-paired or unpaired
bases are highly involved in target recognition because they can build up addi-
tional hydrogen bonds towards the target molecules, which in turn stabilize the
aptamer conformation. Moreover, the hydroxyl groups of the ribose backbone can
contribute to target binding as well.

For aptamer folding, stacking effects are even more important than hydrogen
bonds. Here, the planar carbon ring systems of the nucleobases orient in parallel to
each other, allowing dipole–dipole interactions between the aromatic bases [8].
Those interactions may also be important for target binding because planar mole-
cules can be sandwiched by two stacking nucleobase pairs in aptamer complexes [9].

Although hydrogen bonds and stacking effects take place between nucleobases
and sugar molecules, the negatively charged phosphate group can induce electro-
static interactions towards other charged molecules or functional groups. In par-
ticular, the presence of metal cations (‘‘diffused’’ or ‘‘chelated’’ ions) can strongly
affect the aptamer folding, explaining the strong buffer dependency of aptamer-
based assays. while diffused ions interact with the aptamer without any physical
contact, chelated ions get in direct contact with an electronegative chelating site.
Thereby, water molecules, hydrating the ion, are partially or entirely displaced [10].
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Specific target binding of aptamers is achieved by interplay of various dis-
criminatory contacts based on the three referred interactions and additional steric
effects [9]. Which of these effects contributes to the recognition of a particular
target depends on its molecular structure. Binding of small targets is often achieved
by intercalation between two nucleobases, especially when the target contains
either nucleobase-similar structure elements or planar aromatic ring systems.

Because proteins are much larger, they provide a huge number of secondary
structure elements and thus potential binding sites. Aptamers can accommodate
minimal elements of this secondary structure by forming sterically restricted
pockets that are only accessed by elected amino acids. Typical recognition ele-
ments are the guanidinium groups of arginine side chains, which form an ‘‘elec-
trostatic zippering’’ with the phosphate backbone, and aromatic side chains, which
intercalate into the oligonucleotide [4].

2.2 Modification of Aptamers

Because aptamers are generated during an in vitro selection process (SELEX)
based on polymerase chain reaction, the initially selected aptamers were

Fig. 2 Secondary structures
of aptamers. (a) Stem-loop
(b) K-turn (c) Pseudoknot
(d) G-quadruplex
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chemically identical with naturally occurring oligonucleotides. Because both
RNA- and DNA- degrading nucleases are omnipresent in nearly all biological
fluids, any biological or pharmaceutical application of aptamers may be limited
due to degradation. To overcome those stability problems, a multiplicity of pre-
and post-SELEX modifications were developed over the years.

During the amplification step of the SELEX process, diverse nucleoside tri-
phosphates analogues can be incorporated into the oligonucleotide, provided that
they are suitable polymerase substrates. Typical modifications include masking the
20-OH-group of the ribose by replacing it with amino, O-methyl [11], or fluoro [12]
groups. Moreover, 40-thioribonucleotides possess a sulfur atom instead of the
furanose ring oxygen atom. All ribose-modified nucleotides show enhanced RNase
resistance [13]. Further, the phosphate backbone of nucleotides can be replaced
with phosphorothioate [11] or boranophosphate [14], which are isoelectronic and
isosteric with the natural phosphodiester but show reduced nuclease affinity.

Another common strategy to improve aptamer stability and in some cases also
the affinity towards the molecular target is the derivatization of nucleobases [11].
The 50 position of pyrimidine bases and the 70 or 80 position of purine bases are the
most permissive sites for modifications because these modifications are accepted
by polymerases, enabling an efficient SELEX process [14, 15]. Moreover, apta-
mers consisting of unnatural L-sugar backbones named ‘‘spiegelmers’’ are not
degraded by nucleases, as these enzymes show stereospecific substrate recognition
[16]. For biological applications, there are some further exercises beside aptamer
stability that can be solved with post-SELEX modifications. Those are generally
initialized by introducing a functional group (usually amine or thiol) at C-terminus
or N-terminus of the aptamer linking it to another molecule. Typical binding
partners for pharmaceutical applications are polyethylene glycol (PEG), which
enhances the plasma half-life and distribution of aptamers [17], enzymes restoring
the activity in enzyme-deficient cells [18], and siRNA molecules inhibiting spe-
cific gene expression [19].

Due to their high specificity, aptamers have found many applications in med-
icine [20–22], biotechnology [23–25] and bioanalysis [26–31]. For using aptamers
as recognition molecules, they can be linked to organic chromophores such as Cy3
or Cy5, or nanoparticles, which are the topic of this review.

3 Detection Modes of Aptamer-Based Biosensors

Based on specific binding to their corresponding targets, aptamers can be used as
recognition elements in biosensors. Here, they can be used to substitute for anti-
bodies, thereby enabling the application of detection modes known from con-
ventional antibody-based biosensors:
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• Sandwich mode: In the sandwich mode, two aptamers directed against different
‘‘epitopes’’ of the target are used. Usually, one aptamer is immobilized on the
sensor surface. This aptamer captures the target, which is consequently bound
by a second aptamer that is labeled for detection.

• Competitive replacement: In a competitive assay, one component (either the
aptamer or the analyte) is immobilized on the sensor’s surface. In the case of
immobilized aptamers, a labeled target is bound to the aptamer. Competitive
replacement of the labeled target by an unlabeled target originating from the
sample results in a decrease of the signal.

• Simple binding mode: Using labeled aptamers, surface-bound targets can be
detected.

In addition, due to their oligonucleotide nature and their adaptive mechanism of
binding, aptamers enable novel detection strategies [29, 32]:

• Target-induced structure switching (TISS): TISS is based on the induced fit
binding mechanism [9]. Here, conformational changes during the binding of the
target are used to generate a signal.

• Target-induced dissociation (TID): Because aptamers are oligonucleotides,
complementary oligonucleotides can be designed, which hybridize with the
aptamer in the absence of the target. In the presence of the target, the com-
plementary sequence dissociates from the aptamer and is replaced by the target.

• Target-induced reassembling of aptamer fragments (TIR): The aptamer can be
cut into two pieces that do not interact with each other in the absence of the
target. In the presence of the target, the aptamer fragments reassemble to form a
three-molecular complex with the target.

These modes of detection enabled by the specific properties of nucleic acid-
based aptamers are summarized in Fig. 4, using the example of aptamer-modified
gold nanoparticles.

4 Aptamer-Modified Nanoparticles in Analytical
Applications

4.1 Gold Nanoparticles

Noble-metal nanoparticles with a size less than 100 nm exhibit unique properties
for biosensing, including structural, electronic, optical, and catalytic properties.
Features such as localized surface plasmon resonance (LSPR) and strong light
scattering, in combination with the lack of photobleaching, qualify them as a
platform for robust and sensitive detection.

Most aptamer-modified noble metal nanoparticles described in the literature are
gold nanoparticles (AuNPs). The immobilization of DNA to AuNPs has been well
established by the groups of Alivisatos and Mirkin [33, 34]. This two-step process
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involving the chemical synthesis of AuNPs and subsequent modification of AuNPs
with DNA via ligand exchange with thiolated DNA has already been successfully
transferred to aptamers [35, 36]. More recently, it was shown that AuNPs can also
be produced by laser ablation of gold in a liquid environment [37, 38], and that
AuNPs can be modified with aptamers during laser ablation based AuNP gener-
ation in a one-step procedure [39].

Due to strong localized LSPR and high extinction coefficients in the visible
region, AuNPs are especially suitable for colorimetric sensing. The state-of-the-art
of aptamer-modified AuNP-based biosensors has been reviewed by Du et al. [40].
Due to their high biocompatibility, aptamer-modified AuNPs have also been used
extensively in medical applications (as discussed in Sect. 5 of this review). Within
the text of this section, only a few examples for analytical applications of aptamer-
modified AuNPs are outlined; a more comprehensive review of the current liter-
ature is given in Table 1.

4.1.1 Colorimetric Sensing with Aptamer-Modified AuNPs

Typically, colloidal spherical AuNPs exhibit a red color arising from their LSPR
maximum (LSPRMax) at approximately 520 nm. LSPR strongly depends on the size
and shape of AuNPs, as well as on the surrounding media and interparticle distance
of AuNPs. If the distance of AuNPs decreases, a red-to-purple or even blue color
change can be observed as a result of plasmon coupling between vicinal AuNPs.
The distance-dependent optical properties can be exploited to design colorimetric
aptasensors. In these sensors, the binding of the target to aptamer-modified AuNPs
results in a color shift from red (non-agglomerated AuNPs) to purple or blue
(agglomerated AuNPs), or vice versa. Because the LSPR absorption of AuNPs is in
the visible region, these changes can be observed by the naked eye or, more pre-
cisely, by monitoring the absorption spectra. According to the classification of
sensing modes described in Sect. 3, the application of aptamer-modified AuNPs in
colorimetric sensors is summarized in the following paragraphs.

Sandwich-Based Colorimetric Sensing

In the sandwich assay, two (or more) aptamer-modified AuNPs bind to one target
molecule. Thereby, AuNP interparticle distance decreases, resulting in a blue-shift
of AuNP’s LSPRMax. For the construction of a sandwich assay, either two aptamers
directed against different ‘‘epitopes’’ of one target or targets comprising two or
more equivalent ‘‘epitopes’’ are necessary. The latter variant was applied by Huang
et al. for the detection of platelet-derived growth factor (PDGF) [36]. They have
modified AuNPs with a DNA aptamer directed against PDGF. Because PDGF is a
homodimeric protein, it is able to bind two aptamer-modified AuNPs, resulting in
decreased distances of AuNPs and thus in a blue-shift of LSPRMax (Fig. 3).

Exploiting the visible absorption of AuNPs, Xu et al. have developed a lateral
flow device platform with aptamer-modified AuNP readout in the sandwich mode
[41]. Two DNA aptamers directed against thrombin were applied; one of them was
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immobilized on a membrane via biotin-streptavidin interaction to form the test
zone. The other aptamer was immobilized on AuNPs. In the presence of thrombin,
the aptamer-modified AuNPs concentrate in the test zone to form a red line.
Thrombin detection could also be performed in human plasma samples, indicating
the suitability of the device for diagnostic applications.

Using two different DNA aptamers selected against Ramos cells via cell
SELEX, Liu et al. have developed a similar dipstick assay for the detection of
circulating cancer cells [42]. Again, one of the aptamers was immobilized on the
membrane via biotin-streptavidin interaction, whereas the other aptamer was
immobilized on AuNPs. The cells were captured by the membrane-bound aptamer
and consequently stained with aptamer-modified AuNPs.

Direct Capture-Based Colorimetric Sensing

Because of their characteristic adsorption in the visible region, aptamer-modified
AuNPs can be used for colorimetric detection of the target by direct capture. For
instance, Wang et al. have developed a dot-blot assay for detection of thrombin
[43]. Thrombin was immobilized on a nitrocellulose membrane and anti-thrombin
aptamer-modified AuNPs were used for detection. Spots were visible with a limit
of detection (LOD) of 0.115 pmol thrombin. The sensitivity was further increased
by silver enhancement, resulting in a LOD of 14 fmol and detection of thrombin in
complex samples was demonstrated by spiking thrombin to 1 % human plasma.
We have used a similar approach to verify the functionality of aptamer-modified
AuNPs produced by laser ablation-based in situ conjugation using aptamers
directed against streptavidin [39]. Many approaches for the detection of cells, such
as the detection of prostate cancer cells via aptamer-modified AuNPs [39], belong
to direct capture-based assays.

TISS-Based Colorimetric Sensing

The stability of AuNPs against salt-induced aggregation depends on the interplay
of interparticle attraction and repulsion forces. Major possibilities to stabilize
AuNPs are to maximize electrostatic and steric repulsion forces. Because aptamers

Fig. 3 Detection of a homodimeric target using Aptamer-modified gold nanoparticles in the
sandwich mode. Adapted from Huang et al. [36]
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are polyelectrolytes bearing a negatively charged phosphate backbone, they enable
the effective stabilization of AuNPs at elevated ionic strength. Moreover, different
states of aptamers—in particular, folded and unfolded conformations—have a
different stabilizing effect.

Zhao et al. have exploited this effect to design an aptamer-based sensor for
adenosine and potassium ions [44]. They have immobilized an aptamer directed
against adenosine on the surface of AuNPs. Target-induced structure switching of
this aptamer results in an increased stability of AuNPs (Fig. 4c). In the absence of
adenosine, the AuNPs agglomerated at 30 mM MgCl2. In contrast, in the presence
of adenosine, the AuNPs remained stable. The authors assumed that the adoption
of a rigid, compact conformation induced by target binding in contrast to random
conformation in the absence of the target results in better electrostatic and steric
stabilization.

In a similar approach, Chen et al. used aptamer-modified AuNPs to sense ATP
in an aggregation-based assay. Aptamer-modified AuNPs were aggregated in the
absence of ATP under high salt conditions, resulting in a red-to-purple color
change. In contrast, in the presence of ATP, no agglomeration occurred because
the target induces the folding of the aptamer into a G-quadruplex containing
conformation [45].

Another type of sensor using TISS mode is based on unmodified AuNPs
(Fig. 4d). It is known that short ssDNA can be adsorbed to AuNPs and stabilizes
them against salt-induced aggregation. Wang et al. have developed this sensor type
by using an aptamer directed against potassium ions [46]. In the absence of the
target, the aptamer is adsorbed on AuNPs via nitrogen of nucleobases, thereby
electrostatically stabilizing the AuNPs against salt-induced aggregation. After the
addition of K+, the aptamer folds into a G-quadruplex that does not significantly
adsorb on AuNPs. Due to agglomeration of AuNPs, a blue-shift of LSPRMax was
observed. A similar assay was developed using aptamers directed against thrombin
and adenosine, which also contain G-quadruplex structures [47, 48].

TID-Based Colorimetric Sensing

To translate the binding of the target into a signal, oligonucleotides complemen-
tary to the aptamer can be designed. The binding between this oligonucleotide and
the aptamer has to be strong enough to be stable in the off-state of the sensor.
Otherwise, the binding must not be too strong in order to guarantee sufficient
replacement of the oligonucleotide by the target. Here, the binding strength can be
tuned by variation of the length of the complementary oligonucleotide.

A TID-based sensor for the detection of adenosine has been developed by Liu
and Lu [49, 50]. They have extended the anti-adenosine aptamer sequence and
have used AuNPs that were modified with two oligonucleotides complementary to
the extension and a portion of the original aptamer. In the absence of adenosine,
the extended aptamer hybridizes with the complementary oligonucleotides,
thereby agglomerating the AuNPs. The presence of the target induces aptamer
folding and dissociation from the complementary oligonucleotides and thus an
AuNP disassembly-based red shift (Fig. 4a). To show the general applicability of
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this concept, the sensor design has been transferred to an aptamer directed against
cocaine. The same authors have combined their sensor systems for adenosine and
cocaine detection to create a sensor that only responds in the presence of both
targets [51].

Due to their visible color, aptamer-modified AuNPs can be used not only in
homogeneous assays, but they can also be applied to dipstick assays. Based on the
TID mode, Liu et al. have developed a dipstick assay for the detection of aden-
osine. Here, aptamers against adenosine were hybridized with complementary
oligonucleotides that were immobilized on AuNPs. In addition, the AuNPs were
modified with biotin. In the absence of adenosine, large agglomerates were formed
that were not able to migrate through the membrane of the dipstick assay. The
addition of adenosine induces disassembly of agglomerates and the single AuNPs
were able to migrate into the membrane, where they were captured by streptavidin
that was immobilized to the test zone; consequently, a red line could be detected.
The assay was also successfully applied for the detection of cocaine in human
serum [52].

Although in the former aptasensors crosslinking of AuNPs was achieved via
hybridization of aptamers and complementary oligonucleotides, Zhao et al. have
reported a noncrosslinking agglomeration assay [53]. Here the phenomenon of
salt-induced aggregation of AuNPs was exploited. AuNPs were modified with
short oligonucleotides, which were complementary to the terminus of an aptamer
directed against adenosine. After hybridization with the aptamer, the AuNPs were
stable to a given salt concentration. Upon addition of the target, the aptamer
dissociated from the oligonucleotide-modified AuNP. Because the AuNPs were
electrostatically stabilized by the aptamer, the dissociation of the aptamer resulted
in agglomeration and thus a blue-shift of LSPRMax-. Based on different suscepti-
bilities to salt-induced agglomeration of AuNPs carrying the aptamer and those
only carrying the short oligonucleotide, sensing of adenosine was performed.

TIR-Based Colorimetric Sensing

Because the sandwich assay requires at least two aptamers binding to one target
molecule, this detection scheme is limited to large molecules such as proteins,
whereas small molecules do not offer sufficient surface to simultaneously bind to
two aptamers. Here, target-induced reassembling of aptamer fragments offers a
‘‘sandwich-like’’ alternative. Li et al. first developed this method by cutting a DNA
aptamer against adenosine into two fragments and immobilizing these fragments
on different AuNPs [54]. After mixing of the particles and addition of the target,
the aptamer fragments reassemble into the intact aptamer and form a three-mol-
ecule complex with adenosine (Fig. 4b). The agglomeration of AuNPs was visible
by the naked eye and, using ultraviolet (UV)-Vis spectroscopy, the sensor was

Fig. 4 Detection modes enabled by the specific properties of aptamers. a Target-induced
dissoziation (TID), b Target-induced reassembling of aptamer fragments (TIR). c Target-induced
structuring switching (TISS). d Target-induced structuring switching (TISS)

b
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capable of detecting adenosine in the low micromolar range. Moreover, the gen-
eral applicability of this detection mode was demonstrated by successful appli-
cation of another aptamer directed against cocaine.

4.1.2 Fluorescence Sensing with Aptamer-Modified AuNPs

Although most AuNPs (except those smaller than 3 nm) exhibit no fluorescence,
they can be used in fluorescence assays as a ‘‘superquencher’’ for almost all dyes.
The Stern–Volmer quenching constants for dye-AuNP pairs are usually several
orders of magnitude higher than for typical dye-small molecule quencher pairs
[55]. Therefore, they allow increased sensitivity and efficiency in Förster reso-
nance energy (FRET)-based biosensors [56]. AuNPs can also be used to quench
the fluorescence of semiconductor nanocrystals. Within this review, these sensors
are discussed in Sect. 4.2.

Competitive Binding-Based Fluorescence Sensing

Huang et al. have developed a competitive assay for PDGF by using two differently
sized AuNPs [57]. AuNPs with a diameter of 2 nm were modified with PDGF. Due
to their small size, these AuNPs exhibit photoluminescence and were used as a
donor in the FRET system. Larger AuNPs (diameter 13 nm) were modified with an
aptamer and used as an acceptor. In the absence of PDGF, PDGF-modified AuNPs
were bound to aptamer-modified AuNPs and the photoluminescence of the 2 nm
AuNPs was quenched by the larger AuNPs. Free PDGF in the sample displaced
PDGF-modified AuNPs and the release of these AuNPs results in an increase of
photoluminescence signal. The LOD was 80 pM for PDGF and the assay was also
used for sensing of PDGF a-receptor with a LOD of 250 pM.

TISS-Based Fluorescence Sensing

Huang et al. have developed a fluorescence sensor for PDGF based on the
quenching properties of AuNPs [58]. They exploited the DNA-intercalating
fluorescence dye N,N-dimethyl-2,7-diazapyrenium dication (DMDAP), which was
intercalated to a DNA aptamer immobilized on AuNP. In the off-state, the
DMDAP was almost completely quenched by the AuNP. The fluorescence
strongly increased after the addition of PDGF. The authors assume this to be a
result of conformational changes of the aptamer during the binding of PDGF. The
LOD was 8 pM and additionally the assay was transferred to the detection of
thrombin (LOD: 250 pM). The sensor was also reported to be useful for the
detection of PDGF in cell culture media (LOD: 1 nM), but in this case precon-
centration of the sample was required.

TID-Based Fluorescence Sensing

A TID-based fluorescence assay to sense thrombin was reported by Wang et al.
[59]. The anti-thrombin aptamer was immobilized on AuNPs and a complementary
TAMRA-modified oligonucleotide was hybridized to the aptamer. In the absence
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of thrombin, the TAMRA dye was effectively quenched by the AuNP. In the
presence of thrombin, the oligonucleotide dissociates from the aptamer and is thus
released from the AuNP, resulting in an increased TAMRA fluorescence signal.
The LOD was 0.14 nM for this system. The authors also constructed a similar
system in which the complementary oligonucleotide is immobilized on the AuNP
while the aptamer is TAMRA labeled. This sensor showed a LOD of 3.5 nM.

The TID-approach has also been used to realize multiplexed detection of small
molecules [60]. In this case, the AuNPs were simultaneously modified with three
different oligonucleotides complementary to the terminal bases of aptamers
directed against adenosine, potassium ion, and cocaine, respectively. The three
aptamers were labeled with different dyes and were allowed to hybridize to the
corresponding oligonucleotides immobilized on the AuNPs surface. As a result of
the close proximity to the AuNPs surface, the fluorescence of the dyes is quenched
in the ‘‘off’’ state of the resulting nanosensor. In response to the target-induced
dissociation of the aptamer, the sensor switches to the ‘‘on’’ state, allowing the
simultaneous detection of the three analytes.

4.1.3 Electrochemical Sensing with Aptamer-Modified AuNPs

In addition to their excellent optical properties, AuNPs exhibit redox properties
qualifying them as electrochemical labels. Du et al. identified two general appli-
cations of aptamer-modified AuNPs in electrochemical sensors [40]:

(i) AuNPs can be immobilized on the sensor’s surface in order to increase the
surface area and thus the loading of capture probe, thereby enhancing signal
intensity. This application of AuNPs as a substrate in electrochemical sensors
has been widely used [61–66].

(ii) AuNPs can be used as labels for amplification of the detection signal.

Within this section, we focus on the latter class of electrochemical sensors.

Sandwich-Based Electrochemical Detection

He et al. have developed an aptamer-modified AuNP-based approach for the
electrochemical detection of thrombin, in which an anti-thrombin antibody was
immobilized in order to capture thrombin from the applied sample. [67]. The
captured thrombin was sandwiched by aptamer-modified AuNPs. Alkaline solu-
tion was used to release aptamer-modified AuNPs and the aptamers were degraded
by acid or nuclease treatment. The redoxactivity of adenine was directly measured
on pyrolytic graphite electrodes. Because the AuNP carries large amounts of
aptamers, AuNPs were used to amplify the signal. As a result, the sensor shows
excellent sensitivity with an LOD of approximately 3 pM. Another sandwich-
based sensor for thrombin was developed by Li et al. who used two aptamers—one
for the capture of thrombin and one for the detection. Also, this assay was very
sensitive (20 pM) [68].
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Moreover, Ding et al. have used a similar approach to detect thrombin. Here,
AuNPs were additionally modified with CdS nanoparticles, which were detected via
differential pulse voltammetry. A detection limit of 0.55 fM emphasizes the
extraordinary sensitivity of the developed electrochemical sensor, which was also
successfully used to quantify thrombin in clinical serum samples [69]. More
examples for the high sensitivity of electrochemical sensors can be found in Table 1.

TID-Based Electrochemical Detection

Although the sandwich assay shows extreme sensitivity, it is not necessarily
applicable for all targets, such as small molecule targets. Using an aptamer directed
against ATP and two oligonucleotides partially complementary to this aptamer, Du
et al. developed an electrochemical aptasensor for ATP detection [70]. One of the
complementary oligonucleotides was immobilized on the sensor’s surface, whereas
the other was immobilized to AuNPs. Both oligonucleotides bind the aptamer via
hybridization in a ‘‘sandwich-like’’ manner. Methylene blue (MB) was intercalated
in the resultant DNA duplexes. In the presence of ATP, the aptamer was released
from the oligonucleotides; thus, the differential pulse voltammetry (DVP) signal
decreases. The AuNP was used to amplify the signal by carrying many copies of
MB-intercalating DNA duplexes. The detection limit was 100 nM.

A similar TID-based electrochemical sensor for adenosine was developed using
[Ru(NH3)6]3+ as a redox indicator. A LOD of 180 pM and successful detection of
adenosine in human serum samples was reported [71].

TIR-Based Electrochemical Detection

Another method to detect small molecules in a sandwich-like assay is the TIR-
mode. Sharon et al. realized an electrochemical sensor for detection of cocaine
based on TIR [72]. The anti-cocaine aptamer was divided into two fragments. One
of the fragments was immobilized on the sensor’s surface; the other was immo-
bilized on AuNPs. The addition of cocaine resulted in the formation of a complex
containing the two fragments and the target; consequently, AuNPs were bound to
the sensor’s surface. Because the AuNPs exhibit a highly negative charge as a
consequence of multiple oligonucleotide loading, the interfacial electron transfer
resistance increased when a negatively charged redox-label was used.

4.1.4 Other Sensing Techniques Applied to Aptamer-Modified AuNPs

Noble metal nanoparticles can be used in a variety of biosensing applications [56].
In addition to the optical and electrochemical applications discussed above, they
can be used in Raman spectroscopy and imaging to enhance signals. Wang et al.
have used aptamer-modified AuNPs to develop a surface-enhanced Raman scat-
tering (SERS) sensor for thrombin in a sandwich mode. A thrombin-binding
aptamer was immobilized on a gold surface. After capturing thrombin, a sandwich
was formed with aptamer-modified AuNPs, which also carry the Raman reporter
R6G. Raman signal was enhanced utilizing AgNPs, resulting in a sensitivity of
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Table 1 Analytical applications of aptamer-modified AuNPs, including the target of the
aptamer, the mode of detection, the applied sensor type, and the limit of detection

Target Principle Sensor type LOD References

Thrombin Sandwich Colorimetric 20 nM [35]
PDGF Sandwich Colorimetric 2.5–10 nM [36]
Thrombin Sandwich Colorimetric

(dipstick)
2.5 nM (buffer) [41]
0.6 lM (human plasma)

Ramos cells Sandwich Colorimetric
(dipstick)

4000 cells (naked eye) [42]
800 cells (with readout system)

Thrombin Simple
binding

Colorimetric (dot
blot)

0.115 pmol (naked eye) [43]
14 fmol (silver enhancement)

Mercury ions TISS Colorimetric 1 nM [80]
ATP TISS Colorimetric 10 nM [45]
Adenosine K+ TISS Colorimetric Approx. 20 lM [44]
K+ TISS Colorimetric 1 mM [46]
Thrombin TISS Colorimetric 0.83 nM [47]
Adenosine TISS Colorimetric 51.5 nM [48]
Adenosine

cocaine
TID Colorimetric 0.3 mM (adenosine) [49–51]

50 lM (cocaine)
Adenosine TID Colorimetric 100 mM [81]
Adenosine TID Colorimetric 10 lM [53]
Adenosine

cocaine
TID Colorimetric

(dipstick)
20 lM (adenosine) [52]
10 lM (cocaine in buffer)
200 lM cocaine (in human

blood serum)
Adenosine

cocaine
TIR Colorimetric 0.25 mM (adenosine) [54]

0.1 mM (cocaine)
Adenosine Colorimetric [82]
PDGF Competitive Fluorescence 80 pM [57]
PDGF

Thrombin
TISS Fluorescence 8 pM (PDGF) [58]

1 nM (PDGF in complex
sample)

250 pM (thrombin)
Adenosine TISS Fluorescence 5.5 nM [83]
Thrombin TID Fluorescence 0.14 nM [59]
Thrombin Sandwich Electrochemical 3 pM [67]
Thrombin Sandwich Electrochemical 20 pM [68]
Thrombin Sandwich Electrochemical 0.55 fM [69]
Thrombin Sandwich Electrochemical 100 fM [84]
PDGF Sandwich Electrochemical 10 fM (purified samples) [61]

1 pM (blood serum)
Thrombin Sandwich Electrochemical 7.82 aM [85]
Adenosine TID Electrochemical 180 pM [71]
ATP TID Electrochemical 200 pM [86]
Adenosine

lysozyme
TID Electrochemical 20 pM (adenosine) [87]

670 pM (lysozyme)
Thrombin TID Electrochemical 662 fM [88]

(continued)
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0.5 nM [73]. Other SERS-based sensors for thrombin based on TISS-based
detection mode have been described with LODs in the picomolar range [74, 75].

Aptamer-modified AuNPs can also be used to enhance signals in surface
plasmon resonance (SPR) sensors. This is especially useful for the detection of
small molecules, which do not result in sufficient changes in refractive index upon
binding to SPR sensor surfaces. To overcome this limitation, Wang et al. devel-
oped a TIR-based SPR sensor for the detection of adenosine. The aptamer directed
against adenosine was divided in two pieces—one immobilized on the sensor’s
gold surface, the other to AuNPs. In the presence of adenosine, both fragments
reassemble to form a sandwich-like complex with the target. Electronic coupling
of the localized plasmon of AuNP and Au surface plasmon wave thereby occurs
and enhances the SPR signal. The detection limit for adenosine was 1.5 pM and
detection in complex samples was successfully performed [76]. Aptamer-modified
AuNPs have also been used for signal enhancement in other SPR sensors [77–79].
More details can be found in Table 1.

4.2 Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals. Upon excitation with UV
light, QDs emit fluorescence; the emission maximum is directly dependent on the
QD’s diameter. Due to their unique optical properties such as broad adsorption

Table 1 (continued)

Target Principle Sensor type LOD References

Adenosine
thrombin

TID Electrochemical 8.8 pM (adenosine) [89]
0.78 pM (thrombin)

ATP TID Electrochemical 100 nM [70]
Cocaine TIR Electrochemical 1 lM [72]
Adenosine

thrombin
TID

Sandwich
Electrochemical 2.2 pM (adenosine) [90]

12 fM
IgE Sandwich SPR 0.001 lg/ml [78]
Thrombin Sandwich SERS 0.5 nM [73]
Thrombin TISS SERRS 100 pM [75]

1 nM in 10 % fetal calf serum
Thrombin TISS SERS 20 pM [74]
Adenosine TID SPR 100 nM – 100 pM (linear range) [77]
Adenosine TID SPR 1 nM – 1 lM (linear range) [91]
Adenosine TIR SPR 1.5 pM [76]
Thrombin Sandwich QCM 0.1 nM [92]

ATP adenosine triphosphate; IgE immunogloblin E; LOD limit of detection; PDGF platelet-
derived growth factor; QCM quartz crystal microbalance; SERS surface-enhanced Raman scat-
tering; SERRS surface-enhanced resonance Raman scattering; SPR surface plasmon resonance;
TID target-induced dissociation; TIR target-induced reassembling of aptamer fragments; TISS
target-induced structure switching
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spectrum, narrow and tunable emission spectrum, and low photobleaching, they
are valuable platforms for analytical devices as well as for biological imaging.

Based on their broad absorption in combination with narrow emission, QDs are
particularly attractive for Förster resonance energy transfer (FRET)-based sensors.
Here, the excitation wavelength can be chosen from a broad range and narrow
emission spectra qualify them especially for multiplexing approaches [93]. Based
on the broad absorption, the use of QDs as FRET acceptors is limited, although
they are excellent donors [93].

In general, FRET sensors rely on a target-induced change of the distance
between donor (in this case a QD) and receptor (a dye that is excited by the
emission of the QD or a quencher). Therefore, for FRET sensors, the TID and
TISS modes of detection are especially useful. Different TID-based FRET
approaches, which are displayed in Fig. 5, are described in the following para-
graph and summarized in Table 2.

Fig. 5 Target-induced dissociation-based Förster resonance energy transfer (FRET) approaches
using aptamer-modified quantum dots. a FRET utilizing quencher-modified oligonucleotides.
b FRET utilizing dye-modified oligonucleotides. FRET utilizing dsDNA interlealated dyes.
Adapted from Zhou [93]
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TID-Based FRET

Levy et al. have developed a FRET-based approach for detection of proteins [94].
They have modified QDs with an anti-thrombin aptamer. In the off-state of the
sensor, the QD’s fluorescence was quenched by a quencher-modified oligonu-
cleotide that was hybridized to the aptamer. Binding of thrombin to the aptamer
induces dissociation of the quencher-modified oligonucleotide and thus enhances
QD fluorescence (Fig. 5a).

In addition to the utilization of quencher-modified complementary oligonu-
cleotides, oligonucleotides modified with fluorescent dyes also have been suc-
cessfully applied to FRET-based sensors (Fig. 5b). For instance, Zhang et al. have
used this strategy to create a sensor for cocaine detection [95]. Here, the aptamer
was immobilized on the QD and subsequently hybridized with a complementary
oligonucleotide which was modified with Cy5. In the absence of cocaine, Cy5 was
positioned in close proximity to the QD and could thus be excited by the QD.
Cocaine addition results in dissociation of the Cy5-modified oligonucleotide from
the aptamer and thus a decrease of Cy5 fluorescence was observed for increasing
cocaine concentrations.

Although the aforementioned approaches necessitate the chemical modification
of the complementary oligonucleotide, it is also possible to design FRET-based
sensors with nonmodified oligonucleotides. Here, dsDNA-intercalating dyes can
be incorporated in the duplex formed by the aptamer and the complementary
oligonucleotide (Fig. 5c).

TISS-Based FRET

Using the conformational changes of an aptamer directed against thrombin, Chi
et al. have developed an aptamer-modified QD-based sensor for thrombin. They
have immobilized the aptamer on QDs. In the absence of the target, the aptamer
adopts a stem-loop structure. The dsDNA region of this structure was intercalated

Table 2 Analytical applications of aptamer-modified quantum dots

Target Principle Sensor type LOD References

Thrombin TISS FRET 1 nM (in buffer) 50– 500 nM
(linear range in 15 % serum)

[96]

Thrombin TID FRET Nd [94]
PDGF TID FRET 0.4 nM [97]
Cocaine TID FRET 0. 5 lM [95]
ATP TID FRET 24 lM [98]
ATP TID Fluorescence 0.1 mM [99]
ATP TIR CRET 185 nM [100]
ATP

Cocaine
TIR Electrochemical 30 nM

50 nM
[101]

ATP adenosine triphosphate; CRET chemiluminescence resonance energy transfer; FRET Förster
resonance energy transfer; LOD limit of detection; PDGF platelet-derived growth factor; TID
target-induced dissociation; TIR target-induced reassembling of aptamer fragments; TISS target-
induced structure switching
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with the fluorescence dye (1,10-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-
bis-4-[3-methyl-2,3-dihydro-(benzo-1,3-thiazole)-2-methylidene]-pyridinium
tetraiodide) (BOBO-3), which was excited by the QD’s fluorescence. The addition
of thrombin results in a conformational rearrangement of the aptamer into a
G-quadruplex, which is not capable of binding to BOBO-3. Consequently,
BOBO-3 fluorescence decreases upon binding of thrombin.

Multiplexing with Quantum Dots

One of the main advantages of quantum dots is their high potential for multiplex
analysis. Liu et al. have developed a quantum dot-based multiplex sensor for the
simultaneous detection of adenosine and cocaine [102]. They have used two
quantum dots emitting at different wavelengths and AuNPs as a quencher. In a TID
mode, the nanoparticles were modified with short oligonucleotides complementary
to parts of extended aptamers. In the sensor’s off-state, AuNPs quench the QDs
emission. Target molecules binding to the aptamer result in increased QD fluo-
rescence. The authors have developed and tested these systems first for the
detection adenosine and cocaine separately. Afterwards, they have mixed QDs and
AuNPs for the simultaneous detection of both analytes. They were able to detect
both analytes in a one-pot assay. Beside the fluorescence of the QD that increases
with increasing analyte concentrations, also the change in LSPRMax of AuNPs
could be exploited for sensing. Here, the disassembly of agglomerated AuNPs
results in a red shift of LSPRMax. The analytical applications of aptamer-modified
QDs are summarized in Table 2.

4.3 Other Nanoparticles

4.3.1 Magnetic Nanoparticles

One problem associated with QDs and AuNPs is the background interference due
to scattering, absorption, and autofluorescence of biological samples. In contrast to
these nanoparticles, magnetic nanoparticles (MNPs) do not interfere with bio-
logical samples, which exhibit virtually no magnetic background [103].

MNPs are able to enhance the magnetic resonance from surrounding water
molecules. Aggregation of MNPs induces the coupling of magnetic spin moments,
resulting in a strong local magnetic field. Thus, aggregation and dissociation of
MNPs result in a change in proton relaxation times, which can be read out via
NMR, magnetic resonance imaging (MRI), or relaxometry.

Based on this effect, Bamrungsap et al. have described the use of aptamer-
modified MNPs for the detection of lysozyme [104]. Here, iron oxide nanoparti-
cles were modified with an anti-lysozyme aptamer. A linker oligonucleotide was
designed, which is complementary to the terminal fraction of the aptamer. In
absence of lysozyme, the linker leads to agglomeration of the MNPs; in presence
of lysozyme, the linker is replaced, resulting in the dissociation of agglomerates
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and thus an increase of proton relaxation time. Thus, this sensor is one example for
the TISS mode of detection. The sensor was able to detect lysozyme concentra-
tions as low as 0.5 nM and was also used to determine the level of lysozyme in cell
lysates [104].

MNPs can also be used in combination with other nanoparticles. For example,
Zheng et al. have developed a sandwich-based assay for the detection of thrombin
that uses MNPs and AuNPs. The nanoparticles, MNPs and AuNPs, were modified
with aptamers directed against the target. In presence of thrombin, a sandwich was
formed. Signal amplification was performed by the addition of thiocyanuric acid,
which results in the formation of a network-like thiocyanuric acid/AuNP structure.
Due to this signal amplification, an excellent LOD of 7.82 aM was reported [85].

As described before for AuNPs, MNPs can also be used to enhance SPR sig-
nals. In this context, aptamer-modified MNPs have been used to enhance the
sensitivity for the detection of adenosine by Wang et al. [105].

4.3.2 Silica Nanoparticles

Dye-doped silica nanoparticles (SiNPs) offer several advantages over organic
dyes. A large number of dyes can be incorporated in the SiNP, resulting in high
optical intensity. Moreover, photobleaching is minimized within the nanoparticle
and the dye is protected from environmental influences.

Babu et al. have recently constructed a TISS-based sensor for thrombin based
on aptamer-modified SiNPs [106]. The system consists of SiNPs doped with
[Ru(dpsphen)3]4- (dpsphen-4,7-diphenyl-phenanthroline disulfonate) ion. The
nanoparticles were further modified with anti-thrombin aptamers, which were
covalently attached to the SiNP via their 50 terminus, whereas the 30 terminus was
modified with a DABCYL quencher. In the presence of thrombin, the aptamer
adopts its specific G-quadruplex conformation in which the DABCYL quencher
comes in close proximity to the SiNP surface. Thus, in this sensor, the lumines-
cence signal decreases with increasing thrombin concentration.

In a TID-based approach, Cai et al. have used SiNPs to detect ATP [107]. The
SiNP was modified with an oligonucleotide complementary to an ATP-binding
aptamer. Thus, the addition of ATP causes the release of the aptamer from the
SiNP and a reduction of dsDNA on the particle surface. This was read out using
Hoechst33258, a dye which preferentially binds to AT-rich sequences of dsDNA.
This approach necessitates the separation of SiNPs from the sample prior to the
addition of the dye. Due to the high density of silica, this can be easily achieved by
centrifugation. Therefore, despite the necessity of several steps, this ATP assay
can be easily performed and does not necessitate the use of expensive labeled
aptamers. The authors assumed their platform to be universally applicable to other
aptamers [107].

A sandwich-based approach based on SiNPs has been realized by Wang et al.
[108]. They have immobilized an aptamer directed against thrombin on SiNPs.
After capture of thrombin by the aptamer, a fluorescently-labeled aptamer directed
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against thrombin was bound. Signal amplification was performed with a cationic
conjugated polymer, resulting in excellent LOD of 1.06 nM.

4.3.3 DNA and Protein Nanoparticles

DNA can be used to construct three-dimensional DNA polyhedrons. By using six
DNA sequences with partial complementary sequences, Chang et al. have
designed a six-point-star motif that further assembles to form a rigid DNA ico-
sahedra due to hybridization of sticky ends of the oligonucleotides [114]. Because
one of the DNA strands contains a DNA aptamer directed against the tumor
surface marker MUC 1 and this aptamer erects at the outside of the DNA poly-
hedral during the self-assembly, the particle is able to bind to human breast cancer
cell line MCF-7. Moreover, the DNA nanoparticles were internalized via endo-
cytosis. The double-stranded DNA of the nanoparticle was used as a carrier for the
DNA-intercalating drug doxorubicin. The targeted delivery of doxorubicin to
MCF-7 cells was demonstrated and doxorubicin’s fluorescence was used for the
imaging of internalization.

Kim et al. have modified ferritin nanoparticles composed of ferritin heavy chain
and green fluorescent protein with an anti-PDGF aptamer. These nanoparticles
were used to detect the growth factor in a sandwich format [113].

5 Aptamer-Modified Nanoparticles in Medical Applications

Based on their potential in analytical applications and their specific binding,
aptamer-modified nanoparticles attracted attention in diagnostics and therapeutical
applications. Depending on the analyte of interest, three different diagnostic
applications of aptamer-modified nanoparticles can be distinguished:

(i) detection of soluble biomarkers,
(ii) intracellular detection of biomarkers, and

(iii) detection of cell-surface-bound biomarkers.

These diagnostic applications are described in the following paragraphs and
reviewed in Table 4. Potential therapeutic applications are outlined in Sect. 5.4.

5.1 Detection of Soluble Biomarkers

Several examples for the detection of soluble biomarkers have already been given
in the previous section. For example, thrombin regulates the process of blood
coagulation and its concentration is associated with thrombosis, hemostasis, and
heart diseases. Therefore, it is a target for therapy as well as diagnostics. PDGF is
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known to be related with tumor growth. These and other examples for the
detection of soluble biomarkers can be found in Tables 1, 2, and 3.

5.2 Intracellular Detection

Oligonucleotide-modified AuNPs are known to be internalized by cells [115]. This
cellular uptake is dependent on the oligonucleotide loading, in which higher
loadings result in better uptake. Giljohan et al. have investigated this effect sys-
tematically and have proposed that AuNPs carrying a dense oligonucleotide
monolayer adsorb a large number of proteins on their surface, which facilitates
cellular uptake [115]. On this basis, Mirkin and co-workers have developed an
aptamer-modified AuNP that enables the detection of ATP within living cells
[116]. The so-called aptamer nanoflares consist of AuNPs modified with a dense
monolayer of anti-ATP aptamer. The detection was based on TID mode; therefore,
the aptamer was hybridized with a Cy5-labelled complementary oligonucleotide. It
was shown that nanoflares were effectively taken up by HeLa cells. Moreover, the
conjugate resists nuclease degradation. Within the cell, ATP binds to the aptamer,
resulting in dissociation of Cy5-labeled complementary strands from the
quenching AuNP and thus in increased fluorescence signals. The sensor was

Table 3 Applications of other nanoparticles in aptamer-based sensors

Target Nanoparticle Principle Sensor type LOD References

Thrombin SiNP TISS Luminescence 4 nM [106]
ATP SiNP TID Fluorescence 20 lM [107]
ATP SiNP TID 34 lM [109]
Thrombin

Lysozyme
SiNP Sandwich Fluorescence 1.06 nM (thrombin) [108]

Thrombin
Lysozyme

SiNP Sandwich Fluorescence 1.06 nM (thrombin) [108]

Adenosine MNP TID SPR 10– 10 lM
(linear range)

[105]

Lysozyme MNP TID Magnetic relaxation
switch detection

1 nM
(in serum)

[104]

Thrombin MNP Sandwich Magnetic relaxation
switch detection

1 nM [110]

Thrombin MNP Sandwich Magnetic resonance
imaging

25 nM (in serum) [111]

Ochratoxin A MNP/UCNP TID Luminescence 0.1 pg/ml [112]
PDGF Ferritin Sandwich Fluorescence 100 fM [113]

ATP adenosine triphosphate; LOD limit of detection; MNP magnetic nanoparticle; PDGF
platelet-derived growth factor; SiNP silica nanoparticle; SPR surface plasmon resonance; TID
target-induced dissociation; TISS target-induced structure switching; UCNP upconversion
nanoparticle
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capable of quantifying ATP concentration in a physiological range (0.1–3 mM).
The authors expect this approach to be extendable to other intracellular analytes.

5.3 Detection of Cell Surface-Bound Biomarkers

The specific detection of subpopulations of cells is especially important in cancer
diagnosis. Other diagnostic applications include the detection of pathogens. These

Table 4 Applications of aptamer-modified nanoparticles in cell detection

Target Nanoparticle Mode of
Detection

Application (LOD) References

CEM cells, Ramos
cells, Toledo
cells

SiNP Simple
binding

Multiplex cancer cell monitoring [117]

PTK7 receptor
IgM

MNP TID Detection of cancer cells (10 cells/
250 ll in PBS, 100 cells in
biological liquids)

[103]

PSMA AuNP Simple
binding

Detection of prostate cancer cells in
human tissue sections

[39]

PSMA MNP Simple
binding

Prostate cancer imaging [122]

Tenascin-C QD Simple
binding

Targeting of glioma cells [123]

Mucin 1 QD FRET Detection of tumor marker [124]
CCRF-CEM NIR-NP Simple

binding
Detection of cancer cells in whole

blood
[125]

C. jejuni surface
proteins

QD Sandwich Detection of food-borne pathogens
(C. jejuni) (2.5 cfu in buffer;
10–250 cfu in food matrices)

[121]

Bacillus
thuringiensis
spores

QD Simple
binding

Detection of Bacillus thuringiensis
spores (1000 cfu/ml)

[120]

Salmonella
typhimurium
Staphylococcus
aureus

MNP/UCNP Sandwich Simultaneous detection of
S. Typhimurium (5 cfu/ml) and
S. aureus (8 cfu/ml)

[119]

Hemagglutinin QD Simple
binding

Detection of influenza A virus
particles

[126]

Prion protein AgNP Simple
binding

Intracellular imaging of prion
protein in human bone marrow
blastoma cells

[118]

AgNP silver nanoparticle; AuNP gold nanoparticle; FRET Förster resonance energy transfer;
LOD limit of detection; MNP magnetic nanoparticle; NIR-NP near-infrared fluorescent nano-
particles; PBS phosphate-buffered saline; PSMA prostate-specific membrane antigen; QD quan-
tum dot; SiNP silica nanoparticle; TID target-induced dissociation; UCNP upconversion
nanoparticle
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diagnostic applications of aptamer-modified nanoparticles are outlined in the next
paragraphs; more examples can be found in Table 4.

5.3.1 Cell Targeting and Imaging

Bamrungsap et al. have used aptamer-modified magnetic nanoparticles to detect
cancer cells [103]. As described in Sect. 4.4.1, the aggregation of MNPs results in
changes of proton relaxation times. In this case, the aptamers were directed against
cancer-specific cell surface proteins (IgM, PTK 7) and binding of the aptamer to
the surface bound target lead to aggregation of MNPs on the cell surface. The
sensor was able to detect the applied cell lines. By using an array of MNPs
conjugated with seven aptamers directed against cancer-associated targets, it was
possible to distinguish between different cancer cell lines based on differential
expression of the respective cell surface markers. The sensors’ sensitivity was as
high as 10 cells in 150 ll [103].

Chen et al. developed a dye-doped SiNP-based system for the simultaneous
detection of multiple cancer cells [117]. They used three different aptamers
directed against different cancer cell lines (Ramos, CEM, Toledo). Aptamers were
immobilized on dye-doped SiNPs via biotin-streptavidin interaction. The SiNPs
were doped with three different dyes and mixtures thereof. The dyes exhibit
overlapped excitation and emission wavelengths and thus enable fluorescence
energy transfer (FRET). As a result, by using one single excitation wavelength,
three dyes could be detected simultaneously, resulting in simplification of
instrumentation requirements. In early experiments, aptamer-modified SiNPs were
shown to selectively bind to the corresponding target cells, as monitored by FACS.
Moreover, simultaneous detection of three cancer cell lines was performed and
examined via confocal microscopy. To simulate complex samples, the measure-
ments were also performed in cell culture media supplemented with 10 % fetal
bovine serum. Although the experiments were only performed with cell lines so
far, the authors believe that the method is applicable for the multiplexed detection
of cancer cells.

Beside their potential in diagnostic applications, aptamer-modified nanoparti-
cles can also be exploited in medical research. For instance, Chen et al. have
modified AgNPs with an aptamer directed against cellular prion protein (PrPC),
which is a cell-surface-bound protein. They have used this aptamer-modified
AgNP to investigate the internalization pathway of PrPC. Here the excellent light
scattering properties of silver nanoparticles (AgNPs) were exploited for dark-field
light scattering microscopy and the AgNP was also used as a contrast imaging
agent for TEM in order to localize aptamer-modified AgNPs after internalization.
The results support a caveolae-dependent endocytosis pathway. Moreover, inter-
nalized aptamer-modified AgNPs were subjected to single nanoparticle spectral
analysis. Because the surrounding of AgNPs influences spectral characteristics, the
authors assume that these nanoparticles might be useful for intercellular micro-
environment analysis [118].
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5.3.2 Detection of Pathogens

Recently, Duan et al. have developed a highly sensitive aptamer-conjugated
nanoparticle-based platform for the simultaneous detection of Salmonella
Typhimurium and Staphylococcus aureus [119]. They have used two different
nanoparticles, MNPs and lanthanide-doped near-infrared (NIR)-to-visible upcon-
version nanoparticles (UCNPs), in a sandwich-based assay. Both nanoparticles
were modified with aptamers. The MNPs were used to capture and concentrate the
target pathogen, whereas the UCNP was used for detection of MNP-bound targets.
The sensor has a LOD of 5 cfu/ml and 8 cfu/ml for S. Typhimurinum and S.
aureus, respectively. The sensor’s applicability to real samples was investigated by
analyzing authentic water samples. Comparative measurements with classical
counting methods revealed good agreement of both methods.

Ikanovic et al. have described the use of aptamer-modified quantum dots for the
detection of Bacillus thuringiensis spores [120]. In a more advanced approach, the
same group has constructed a sandwich assay consisting of aptamer-modified
magnetic beads and aptamer-modified QDs for the detection of Campylobacter
jejuni [121]. Here, a sandwich of the aptamer-modified particles and the target was
formed and the magnetic beads were used to concentrate the analyte, resulting in a
LOD of 2.5 cfu in buffer and 10–250 cfu in complex food samples.

5.4 Targeted Drug Delivery

In medical applications, aptamer-modified nanoparticles can be used not only for
cell targeting but also for drug delivery, as well as combinations of both [127,
128]. Here, the possibility to use nanoparticles as a platform to design multi-
functional constructs is exploited. The nanoparticle itself serves a transducer and
offers surface and/or volume for further modification. The surface can carry the
aptamer and other functional molecules can be immobilized. These may include
drugs or polymers controlling the internalization of nanoparticles into cells or the
fate of nanoparticles within the cell. In case of polymer-based nanoparticles, the
nanoparticle’s volume can carry drugs and the nature of the polymer can facilitate
controlled release of this drug and biodegadation. These manifold functionalities
of aptamer-modified nanoparticles have accelerated their use as vehicles for tar-
geted delivery. In this section, some of these approaches will be summarized.
A more comprehensive review of the literature is given in Table 5.

In targeted delivery, the aptamer is exploited to enhance the specificity of a
therapy. By binding of the aptamer-modified nanoparticle to the cell-surface-
bound target, the drug is localized directly at the desired cells or tissues that shall
be treated. Thereby, in contrast to systemic therapy, the local concentration of the
drug can be enhanced while side effects to healthy tissue are minimized.

As a consequence of their high loading capacity, especially liposomes, poly-
meric nanoparticles and hybrid systems of both can be applied for targeted
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delivery. Biocompatible polymeric nanoparticles enable the encapsulation of
hydrophobic drugs and the drug release rate can be controlled by choice of the
polymer; it is also possible to achieve triggered drug release that is initiated by pH
changes, for example. Biodegradable liposomes offer advantageous features for
drug delivery. They can be used for the encapsulation of hydrophilic drugs within
their core. They can also carry hydrophobic drugs within the lipid bilayer, although
in this case the loading capacity is rather low. Other disadvantages include the
burst release of drugs. In order to overcome these limitations, lipid-polymer
hybrids can be used [129].

In this context, Aravind et al. have designed a lipid-polymer hybrid nanopar-
ticle consisting of a poly(D, L lactic-co-glycolic acid) (PLGA) core, a lipid layer
of lecithin and pegylated phospholipids [129]. The pegylated lipids were func-
tionalized with an anti-nucleolin aptamer to enable targeting of cancer cells over-
expressing nucleolin receptors. The core was loaded with paclitaxel for cancer
treatment and with Nile red to monitor cellular uptake. It was shown that the
aptamer significantly increases uptake of conjugates to MCF-7 breast cancer cell
line, whereas no toxicity was observed for normal cells (HMEC).

Further, anorganic nanoparticles can be used for targeted delivery. For example,
Bagalkot et al. have designed aptamer-modified quantum dots for synchronous

Table 5 Applications of aptamer-modified nanoparticles in drug delivery

Target Nanoparticle Application/Cell type References

PSMA PLGA-b-PEG Targeted drug delivery/LNCaP [137]
PSMA PLGA-b-PEG Co-delivery of multiple drugs/LNCaP [138]
PSMA PLGA-b-PEG Targeted drug delivery/LNCaP [139]
Nucleolin PLGA-lecithin-

PEG
Tumor cell targeting drug delivery/MCF-7

and GI-1
[129]

U87 cells PEG-PCL Targeted delivery/U87 glioma cells [140]
PSMA PLA-PEG Targeted drug delivery/LNCaP [141]
IgM Micelle Potential application in drug delivery/Ramos [142]
ATP SiNP Stimulus-responsive controlled release/Ramos [135]
CCRF-CEM

cells
SiNP Targeted delivery and detection/CCRF-CEM [134]

Thrombin Lipid-coated
SiNP

Inhibition of tumor cell proliferation, drug
delivery/HeLa

[133]

PSMA QD Targeted delivery/C4-2B cells [131]
PSMA QD Targeted delivery/LNCaP cells [130]
PSMA MNP Targeted delivery and imaging/LNCaP [122]
MUC 1 DNA Drug delivery/MCF-7 breast cancer cell line [114]
gp 120 RNA Delivery of siRNA and HIV-1 inhibition/infected

human PBMCs
[143]

ATP adenosine triphosphate; HIV human immunodeficiency virus; IgM immunoglobulin M;
PBMC peripheral blood mononuclear cell; PEG polyethylene glycol; PEG-PCL poly(ethylene-
glycol)-poly(***e-caprolactone); PLGA poly(D, L lactic-co-glycolic acid); PLGA-b-PEG
poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene glycol); PLA-PEG poly(lactic acid)-block-
polyethylene glycol; PSMA prostate-specific membrane antigen; QD quantum dot; SiNP silica
nanoparticle
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cancer imaging and therapy [130]. Here, quantum dots were modified with an
RNA aptamer directed against PSMA. In addition to its function to guide the
conjugate to the desired cells, the aptamer was also used as a carrier for the nucleic
acid-intercalating drug doxorubicin. Besides the potential use for doxorubicin
delivery, the conjugates also allow the detection of conjugate binding and doxo-
rubicin release. Doxorubicin exhibits fluorescence, which is quenched by inter-
calation in the double-stranded regions of the RNA aptamer. Thus, gradual release
of doxurubicin can be monitored after cellular uptake. Moreover, doxorubicin
quenches the quantum dot’s fluorescence, resulting in a simultaneous increase of
quantum dot fluorescence during doxorubicin release. Thus, this system not only
delivers the drug into the cells, but it also senses the delivery.

Beside conventional small-molecule drugs, siRNA has been delivered to cells
via aptamer-conjugated nanoparticles. Bagalkot and Gao have designed a siRNA-
aptamer chimera, which was immobilized on polyethylenimine (PEI)-modified
QDs [131]. Based on an RNA aptamer directed against PSMA, these conjugates
bind to PSMA-positive cells and are internalized. Moreover, due to the proton
sponge effect of PEI [132], endosomal escape of siRNA was improved and
effective gene silencing was observed.

Gao et al. have investigated the use of mesoporous SiNPs for the inhibition of
tumor cell proliferation [133]. The SiNPs were lipid-coated and additionally
modified with an anti-thrombin aptamer. Moreover, the lipid layer was used to
incorporate the anticancer drug docetaxel. These multifunctional hybrid SiNPs
were shown to suppress HeLa cell growth by inhibiting thrombin and thus dis-
turbing PAR-1 receptor signaling, which is activated by thrombin to accelerate
tumor cell proliferation. Moreover, the SiNPs were internalized via endocytosis,
resulting in delivery of docetaxel.

SiNPs have also been used by He et al. for targeted delivery of doxorubicin to
leukemia CCRF-CEM cells [134]. To enable targeted delivery, the SiNPs were
modified with an aptamer directed against the cells. The SiNP allows sustained
release of doxorubicin and in vitro studies revealed an effective killing of tumor
cells after endocytic uptake. The first animal experiments were performed with
SiNPs not modified with an aptamer by injection in tumor-bearing mice. These
nontargeting SiNPs were shown to accumulate in the lung, kidney, and the tumor-
tissue. The authors assume that the SiNPs passively target the tumor due to
enhanced permeability and retention effects, which has to be resolved before
in vivo application.

Recently, He et al. have developed a stimulus-responsive controlled release
system by using aptamer-modified mesoporous SiNPs [135]. As a model for
incorporated drugs, the dye Ru(biphy)3

2+ was incorporated in SiNPs and ATP
binding aptamers were used to design a cap to block the release of the dye. Here, a
TID approach was used in which two oligonucleotides were immobilized on the
SiNPs surface, which are partially complementary to the anti-ATP aptamer and
bind the aptamer in a sandwich-like manner. Binding of ATP to the aptamer
dissociates the aptamer from the cap and flexible single-stranded oligonucleotides
no longer block the pores of SiNP. The capping efficiency was high and after
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addition of 20 mM ATP, 83.2 % of the dye was released within 7 h. The system
was stable in serum at 37 �C. This proof-of-concept study may enable the
development of other stimulus-responsive systems in the future.

Besides their application as vehicles for drug delivery, aptamer-modified
nanoparticles may also be used for selective surgery. In this context, Nair et al.
have used aptamer-modified MNPs to perform surgical actions. The so-called
nanosurgeon can selectively target cancer cells and be moved by external magnetic
fields. By applying a rotating magnetic field, cell death was induced. Thus, the
authors assume that the nanosurgeon will be a useful tool in the removal of
complex cancers [136].

Within this section, only a few examples of the application of aptamer-modified
nanoparticles have been given. More examples are summarized in Table 5.

6 Summary, Conclusions, Outlook

The use of aptamer-modified nanoparticles in analytical and medical applications
was intensively investigated in the last decade. Within the literature reviewed in
this article, a broad diversity of applications was revealed. Many different analytes,
including small molecules, proteins, and even cells, have already been detected
successfully using aptamer-modified nanoparticles composed of manifold anor-
ganic and inorganic materials. Today, most reports deal with aptamer-modified
AuNPs, which enable different detection techniques, including colorimetric,
fluorescent, and electrochemical detection. Among these techniques, electro-
chemical sensing has particularly enabled the ultrasensitive detection of analytes
with LODs in the femto- or even atomolar range.

Despite this high sensitivity, most reports on aptamer-modified nanoparticles
are proof-of-concept studies using pure targets. Only a few investigations have
been performed for the applicability of these sensors for the analysis of real,
complex samples. Nonetheless, these rare cases, such as the detection of PDGF in
complex samples [58], point out the potential of aptamer-modified nanoparticles in
complex analytical problems.

Especially for the detection of small molecules, the use of aptamers as biore-
ceptors has proven to be advantageous. Here the conformational changes of ap-
tamers during binding of the target can be exploited for the detection of the target.
Also, different ‘‘sandwich-like’’ sensor systems have been developed based on the
oligonucleotide structure of the aptamer. Target-induced dissociation of comple-
mentary oligonucleotides (TID) and target-induced rearrangement of aptamer
fragments (TIR) have been used for the detection of small molecules. Here, LODs
in the nano- and picomolar range have been achieved.

In summary, the application of aptamer-modified nanoparticles in bioanalysis
shows highly promising results. To tap the full potential, more applications to
complex analytical problems have to be performed and optimized, if necessary.
The same is true for medical applications of aptamer-modified nanoparticles. Most
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of the studies have been performed using cell lines or mixtures of different cell
lines. Within the body or biological samples, aptamer-modified nanoparticles will
be confronted with a much more complex environment that challenges their
specificity.
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Electrochemical Aptasensors
for Microbial and Viral Pathogens

Mahmoud Labib and Maxim V. Berezovski

Abstract Aptamers are DNA and RNA oligonucleotides that can bind to a variety
of nonnucleic acid targets with high affinity and specificity. Pathogen detection is a
promising area in aptamer research. One of its major advantages is the ability of
the aptamers to target and specifically differentiate microbial and viral strains
without previous knowledge of the membrane-associated antigenic determinants
or molecular biomarkers present in that particular microorganism. Electrochemical
sensors emerged as a promising field in the area of aptamer research and pathogen
detection. An electrochemical sensor is a device that combines a recognition
element and an electrochemical transduction unit, where aptamers represent the
latest addition to the large catalog of recognition elements. This chapter summa-
rizes and evaluates recent developments of electrochemical aptamer-based sensors
for microbial and viral pathogen detection, viability assessment of microorgan-
isms, bacterial typing, identification of epitope-specific aptamers, affinity mea-
surement between aptamers and their respective targets, and estimation of the
degree of aptamer protection of oncolytic viruses for therapeutic purposes.
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1 Introduction

Pathogen surveillance is critical to the diagnosis, control, and prevention of
infectious diseases. Common diagnostic and surveillance methods include culture-
based tests, biochemical assays, antibody-based methods including agglutination
and enzyme-linked assays, and molecular methods [1]. These techniques are either
time-consuming or require sophisticated equipment and highly trained personnel,
hence increasing the analysis cost. Therefore, there is a continued need for point-
of-care assays that are simple, reliable, user-friendly, rapid, sensitive, and eco-
nomical [2]. According to Lazcka et al. biosensor technology is the fastest growing
area in rapid pathogen detection [3]. The commonly used biological recognition
elements in biosensor platforms are whole cells [4], receptors [5], antibodies [6, 7],
proteins [8–10], peptides [11–15], histones [16], molecularly imprinted polymers
[17], and nucleic acid probes [18, 19]. Aptamers are specific nucleic acid
sequences that can bind to a wide range of targets with high affinity and specificity
[20, 21]. This group of synthetic nucleic acid molecules can be generated in vitro
against virtually any target analyte. The affinity of aptamers to their targets is
comparable to, or even higher, than most monoclonal antibodies. Typical disso-
ciation constants for aptamer-target complexes are found in the picomolar to low
micromolar range [22]. Aptamers possess key advantages over antibodies,
including lower cost and less batch-to-batch variation. Furthermore, toxins and
molecules that are poisonous or do not elicit any good immune response can be
used to generate high affinity aptamers [23]. Besides the advantages discussed
above, aptamers can undergo conformational changes and become reusable,
allowing some of the aptasensor platforms to become recyclable. Also, aptamers
have long shelf-lives and thus can be used to coat devices for point-of-care
applications for which these devices could potentially be reused after heating due
to the thermal stability of aptamers. In addition, aptamers can be chemically
modified and incorporated into a variety of simple assays for pathogen detection,
including flow cytometry, cell imaging, and aptasensors. The global market for
aptamers is expected to expand rapidly in the near future. BCC Research estimates
that the market was $10 million in 2009 and it will grow to $1.9 billion in 2014
[24]. Aptamer therapeutic markets were valued at $10 million in 2009 and should
increase at a 55 % compound annual growth rate to $1.2 billion in 2014. Aptamer
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diagnostic markets were worth $26 million in 2010 and are expected to increase in
value to $659 million in 2014, a compound annual growth rate of 124 %.

This chapter summarizes and evaluates recent developments in electrochemical
aptasensors for microbial and viral pathogens detection, viability assessment of
microorganisms, bacterial typing, identification of epitope-specific aptamers,
affinity measurement between aptamers and their respective targets, and estimation
of the degree of aptamer protection of oncolytic viruses for therapeutic purposes.
One of the main advantages of electrochemical aptasensors is that the sensitivity
can be enhanced by attaching biocatalytic labels to the aptamer-target complexes
to amplify the signal. Furthermore, electrochemical aptasensors are more conve-
nient for on-field applications because they do not require expensive optical
instruments. Additionally, it is possible to use label-free and reusable detection
systems [25].

2 Aptasensors for Microbial and Viral Pathogen Detection

In this section, we focus on electrochemical aptasensors developed for the
detection of pathogens and comprising aptamers specific to whole bacterial cells,
bacterial toxins, whole viral cells, and viral nucleic acids.

2.1 Detection of Whole Bacterial Cells

In 2008, Crespo and his coworkers showed that single-walled carbon nanotubes
(SWCNTs) can act as efficient ion-to-electron transducers in potentiometric assays
[26]. The notable charge-transfer capability between the heterogeneous phases of
SWCNTs [27] together with their remarkable double-layer capacitance [28] might
explain their transducing behavior. Moreover, aptamers can self-assemble on
carbon nanotubes by p–p stacking interactions between the puric and pyrimidic
bases and the carbon nanotube walls [29], thus forming a hybrid material that can
be applied in the development of aptasensors [30]. In this context, So et al.
reported on aptamer-functionalized single-walled carbon nanotube field-effect
transistor (SWCNTs-FET) arrays as a screening tool for Escherichia coli [31].
Notably, E. coli is the bacterium inhabiting the lower intestine of warm-blooded
animals, and the level of E. coli provides an indicator of food and water pollution.
Also, E. coli can cause intestinal and extraintestinal infections; some strains of the
bacteria, such as E. coli (O157:H7), can be fatal [32]. The developed sensor was
based on E. coli-specific RNA aptamers. The binding of the bacterium to the
immobilized aptamers resulted in a more than 50 % decrease in conductance in
less than 20 min. Furthermore, the SWCNTs-FET did not show a noticeable
change in conductance when exposed to a high-density Salmonella typhimurium
solution, indicating the high selectivity of the developed sensor.

In 2009, Zelada-Guillén et al. employed an RNA aptamer specific to IVB pili of
Salmonella typhi, previously developed by Pan and coworkers [33], to develop a
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SWCNT-based potentiometric sensor for the detection of S. typhi [34], a major
cause of many food poisoning cases worldwide [35]. The developed sensor was
based on the well-known carbodiimide-mediated wet-chemistry approach to form
amide bonds between the amine spacer of the synthetic aptamer and the carboxylic
moieties on the sidewalls of the nanotubes [36], as shown in Fig. 1. The developed
sensor allowed the detection of ultralow concentrations of the bacteria with a
dynamic range of four logarithmic units (0.2–103 CFU mL-1) in close to real time,
thus making the detection of the pathogen as easy as measuring the pH value.
Also, the sensor was easily regenerated by dissociating the bacteria from the
immobilized aptamers in 2 M NaCl for 30 min. Furthermore, the most important
strength of this aptasensor is that simple positive/negative tests can be carried out
in real zero-tolerance conditions and without cross reaction with other bacteria.

Similarly, the same group reported on an SWCNT-based potentiometric apta-
sensor for detection of E. coli (CECT 675) [37] as a nonpathogenic surrogate for
the pathogenic E. coli (O157:H7), the causative agent of a wide spectrum of
human diseases ranging from some types for hemorrhagic and nonhemorrhagic
diarrhea, kidney failure, hemolytic uremic syndrome, and death due to ingestion of
contaminated food [38]. The developed sensor allowed the interrogation of the
E. coli level in a couple of minutes and at concentrations as low as 6 CFU mL-1 in
complex matrices as milk or 26 CFU mL-1 in apple juice and up to
104 CFU mL-1. Also, the authors assessed the selectivity of the sensor against
different microorganisms, including Salmonella enterica, Lactobacillus casei, and
E. coli (CECT 4558), and they found that none of them gave a detectable
potentiometric signal. Remarkably, the sensor can also be regenerated with 2 M
NaCl for at least five regeneration cycles before the sensitivity and limit of
detection are affected.

Fig. 1 a Possible conformations of the aptamers that are self-assembled on carbon nanotubes.
b Schematic representation of the interaction between the target bacteria and the hybrid aptamer–
SWCNT system. From Zelada-Guillen et al. [34], with permission
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In 2012, the same group reported two SWCNT-based potentiometric sensors for
the detection of Staphylococcus aureus, a Gram-positive pathogen that can cause a
wide range of diseases, including several types of dermatitis, gastrointestinal tract
infections, and endotoxin-related food poisoning worldwide [39]. Furthermore, the
microorganism is also responsible for many other life-threatening infections such
as pneumonia, septicemia, osteomyelitis, toxic shock syndrome, and about one
third of endocarditis cases worldwide. The developed sensors were based on a
tailored DNA aptamer that can recognize conserved epitopes on the surface of S.
aureus [40]. These aptamers were attached to a homogenous layer of SWCNTs
using two functionalization strategies, including a covalent and a noncovalent
approach. The covalent approach consisted of attaching the aptamers to the
nanotubes chemically by the amide bonds formed between the carboxylic groups
of previously carboxylated SWCNTs and an amine moiety introduced at the 30 end
of the aptamer by the carbodiimide mediated chemistry [36]. The noncovalent
approach was performed by direct adsorption onto the SWCNT side walls of
pyrenil moieties previously introduced at the 30 end of the aptamer. It is worth
noting that the pyrenil groups strongly interact with the sidewalls of the nanotubes
by p-stacking, and this property is commonly used to attach pyrenil-modified
biomolecules to carbon nanotubes by drop casting [41]. Both of these approaches
yielded functional biosensors but there were large differences in the minimum
detectable bacteria concentration and sensitivity values. With covalent function-
alization, the minimum concentration detected was 8 9 102 CFU mL-1 and the
sensitivity was 0.36 mV/Decade. With the noncovalent approach, the sensitivity
was higher (1.52 mV/Decade) but the minimum concentration detected was
greatly affected (107 CFU mL-1). In both cases, potential as a function of Decade
of bacteria concentration was linear, as shown in Fig. 2.

Two reasons might explain the lower affinity of the biosensors prepared by
noncovalent functionalization. First, an excess of Pyr-Aptamer molecules closely
adsorbed during the drop casting procedure probably resulted in random molecular
overlapping; therefore, the recognition of the target bacteria by the biosensor was
compromised by self-entanglement of Pyr-Aptamer molecules, which could
clearly reduce the availability of aptamers that are able to recognize their targets.
A second possibility is the progressive leaching of the aptamer-bacteria complex,
which was probably caused by an excessive accumulation of aptamers, which may
have reduced the fixation strength of outer aptamer layers to the nanotube side-
walls by inner layers of more strongly adsorbed aptamers.

Electrochemical impedance spectroscopy (EIS) is one of the most powerful
electrochemical techniques for directly probing the interfacial reaction mecha-
nisms and monitoring the dynamics of biomolecular interactions. Also, EIS is
widely used to characterize variations in the electronic properties of bulk mate-
rials, as well as for investigating surface and interfacial processes on electrodes.
Compared to other electrochemical methods, EIS has a less destructive effect on
the measured biological interactions because it is usually performed at a very
narrow range of small potentials [42]. Recently, Labib and coworkers reported two
impedimetric aptasensors for detection of Salmonella enteritidis [43] and
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Salmonella typhimurium [44]. The developed sensors were based on the self-
assembly of thiolated DNA aptamers onto gold nanoparticle-modified screen-
printed carbon electrodes (GNPs-SPCEs). Remarkably, the developed sensors

Fig. 2 Performance of biosensors prepared by covalent functionalization with NH2-aptamer and
noncovalent functionalization with Pyr-aptamer. a Change in Electromotive Force (EMF)
recorded as a function of time for different biosensors when exposed to S. aureus (right,
amplification of the curve after inoculation with 8 9 102 CFU mL-1). b Potentiometric response
as a function of concentration of bacteria in decade units (the circles represent the average
responses of three different biosensors; error bars are standard deviations). c Change in EMF
recorded as a function of time, when biosensors were exposed to stepwise increasing
concentrations of different microorganisms (values are in CF mL-1), S. aureus, E. coli, S.
epidermidis and a SWCNTs-based sensor without aptamer to S. aureus. From Zelada-Guillen
et al. [39], with permission
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exhibited high selectivity and allowed the detection of both bacterial species at
levels down to 600 CFU mL-1 in 10 min.

2.2 Detection of Bacterial Toxins

Botulinum neurotoxin (BoNT) is one of the most toxic substances known. Among
the seven defined serotypes of BoNT, A to G, type A represents the most frequent
cause of human botulism [45]. In 2009, Wei and coworkers proposed an elec-
trochemical aptasensor coupled with an enzymatic amplification step for detection
of BoNT type A toxoid [46]. A toxoid-specific DNA aptamer was dual-labeled
with a reporting tag, fluorescein, and an anchoring tag, biotin. In the signal
amplification step, an anti-fluorescein antibody conjugated with horseradish per-
oxidase (HRP) was introduced to bind to the fluorescein label on the aptamer.
Subsequently, 3,30,5,50 tetramethylbenzidine (TMB/H2O2) was added for the sig-
nal readout under -200 mV. TMB acts as a mediator and is reduced at -200 mV;
consequently, HRP reduces H2O2 to 2H2O. In the absence of the target, the apt-
amer remained in the closed conformation and prevented the anti-fluorescein-HRP
from accessing the reporting tag and thus inhibited the signal amplification [47].
After binding of the toxoid, the aptamer conformation opened up and permitted
access of the HRP reporter, generating an electrochemical current signal, as shown
in Fig. 3. The developed sensor allowed the determination of as low as
40 pg mL-1 of the toxoid.

Ochratoxins are byproducts of several fungal species that can contaminate food
and beverage and cause food poisoning. Ochratoxin A (OTA) is the most toxic
serotype; it can cause hepatotoxicity, nephrotoxicity, and teratogenicity to a wide
variety of mammalian species [48]. In 2010, Kuang and coworkers reported an
electrochemical aptasensor for detection of OTA [49]. In the proposed technique,
an OTA-specific DNA aptamer was immobilized on the surface of the electrode
through base-pairing with an immobilized linker DNA (DNA 1), which is com-
plementary to the lower part of the aptamer. Subsequently, a gold nanoparticle
(GNP)-functionalized DNA sequence (DNA 2), complementary to the upper part
of the aptamer, was hybridized with aptamer to amplify the sensing signal.
Methylene blue was used as an electrochemical probe and its amount was pro-
portional to the amount of DNA on the sensor surface. Upon binding between
OTA and its specific aptamer, the aptamer was forced to dissociate from its
complex with DNA 1 and DNA 2. Hence, the displacement of the aptamer from
the surface of the electrode into the bulk solution brought about a significant
reduction of methylene blue redox current, ‘‘signal-off,’’ which was measured via
cyclic voltammetry, as shown in Fig. 4. Importantly, using GNPs caused a nearly
fivefold amplification of signal intensity, which greatly improved the sensitivity of
the sensor, presumably due to enhancing the electron transfer between the redox
mediator and the electrode. The developed sensor allowed a linear quantification
of the level of OTA in the dynamic range of 0.1–20 ng mL-1 with an Limit of
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Detection (LOD) of 0.03 ng mL-1, which is much lower than the acceptable safe
OTA concentration of 10 ng mL-1.

Microcystins are potent hepatotoxins produced by cyanobacteria. The health
hazard of microcystin contamination prompted a World Health Organization
(WHO) evaluation of the tolerable daily intake level of 0.01 lg/kg/day of mi-
crocystins [50]. This strict regulation called for rapid, sensitive, and reliable
detection method for microcystins. In 2012, Ng and coworkers developed an
electrochemical aptasensor for the detection of several microcystin congeners,
including microcystin LR (MC-LR), MC-LA, and MC-YR [51]. In the proposed
technique, microcystin-specific DNA aptamers were immobilized onto the elec-
trode surface by self-assembly via thiol-chemistry and exposed to a solution
containing the redox cations [Ru(NH3)6]3+. In the absence of the target, the redox
cations bound to the phosphate backbone of the immobilized aptamers gave a large

Fig. 3 Aptamer-based electrochemical detection of BoNT/A toxoid. BoNY Botulinum neuro-
toxin, HRP horseradish peroxidase, TMB tetramethylbenzidine. From Wei and Ho [46], with
permission
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reduction peak measured via square wave voltammetry, as shown in Fig. 5.
Introduction of microcystins caused a decrease in the voltammetric current within
the dynamic range of 10 pM to 10 nM microcystin, with an LOD of 7.5–12.8 pM.

Endotoxin is the major component of the lipopolysaccharide outer membrane of
gram-negative bacteria, which upon internalization into mammalian cells may
trigger a fatal septic shock [52]. Recently, Kim and coworkers developed an
electrochemical impedimetric aptasensor for detection of endotoxin [53]. The
developed aptasensor was based on a thiol-modified endotoxin-specific DNA
aptamer self-assembled onto a gold disc electrode. Binding of endotoxin to its
respective aptamer brought about an increase in the resistance to charge transfer
(RCT) in the range of 0.01–1 ng mL-1, as shown in Fig. 6. This range is com-
parable to the endotoxin detection range reported by the conventional Limulus
amoebocyte lysate assay.

Fig. 4 The aptamer-based
sensing mechanism of the
ochratoxin A (OTA) using
Methylene Blue (MB) as an
electrochemical probe. From
Kuang et al. [49], with
permission
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2.3 Detection of Whole Viral Particles

Vaccinia virus (VACV), a member of the Orthopoxvirus genus of Poxviridae
family, served as a live vaccine to eradicate smallpox, which is caused by another
orthopoxvirus, variola virus, in a worldwide vaccination program organized by the
WHO in the last century [54]. Recently, there has been a renewed interest in the
use of VACV vaccine as a defense against the deliberate release of variola virus, as
an act of bioterrorism [55]. This has led to the rebuilding of VACV vaccine stocks
and created an urge for the development of rapid and sensitive methods for
quantifying VACV. Recently, Labib and coworkers selected anti-VACV DNA
aptamers and developed an electrochemical impedimetric aptasensor for VACV
analysis. The developed sensor was based on the formation of a self-assembled
monolayer of a hybrid of a thiolated DNA capture probe and the aptamers [19]. It
was demonstrated that the interfacial resistance decreased linearly with increasing

Fig. 5 Electrochemical detection of microcystin. Square Wave Voltammetry (SWV) of 5.0 lM
[Ru(NH3)6]3+ on AN6 aptamer (a), RC4 aptamer, (b), HC1 aptamer, (c), modified gold electrodes
in 10 mM Tris buffer at pH 7.4 before (black line) and after (red line) incubation with 1 nM
microcystin (MC)-LR, -LA, and -YR. d Percentage of electrochemical signal change showing
congener selectivity of the aptasensor. The inset is the calibration curves based on the change of
the % SWV peak current change versus the logarithm of the concentrations. From Ng et al. [51],
with permission
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the number of VACV particles, in the range from 500 to 3,000 plaque forming
units (PFU) with an LOD of 330 PFU.

Vesicular stomatitis virus (VSV) is an arthropod-borne RNA virus that pri-
marily affects rodents, cattle, swine, and horses but can also infect humans [56].
Based on the same sensing platform previously adopted for VACV analysis and
using an anti-VSV DNA aptamer, the same group has developed an electro-
chemical impedimetric sensor for VSV analysis [57]. EIS was employed to
quantitate VSV in the dynamic range of 800–2,200 PFU, with an LOD of
600 PFU.

2.4 Detection of Viral Nucleic Acid

Avian influenza virus (AIV) infections are the major cause of diseases ranging
from asymptomatic infection to acute, fatal respiratory diseases in poultry. The
virus is subtyped according to the antigenic type of the hemagglutinin (H) and
neuraminidase (N). Unfortunately, AIV has crossed the species barrier recently
and infected humans [58]. Through September 2009, 442 cases of AIV H5N1
infection of humans occurred and led to 262 deaths [59]. Driven by the severity of
the disease, several electrochemical aptasensors were developed for the detection
of AIV nucleic acid. The utilized aptamers can discriminate between target nucleic
acids on the basis of subtle structural differences, such as the presence and absence
of chemical groups [60] and the dimensional structure [61]. Therefore, they have
two different modes of binding to target DNA sequences: (i) hybridization and (ii)
preferred dimensional orientation. In 2008, Kukol and coworkers developed an
electrochemical impedimetric aptasensor for detection of 30-nt DNA sequence
obtained by reverse translation of an amino acid sequence that exists in highly
pathogenic AIV [62]. The developed hybridization sensor was based on the self-

Fig. 6 a Nyquist plots for the gold electrode during modification (1–3: bare, aptamer deposition,
6-mercapto-1-hexanol (MCH) deposition and detection (4–9: 0.01, 0.1, 0.25, 0.5, 0.75, and
1 ng mL-1 of Lipopolysaccharide (LPS) processes and the equivalent circuit (inner) used to
model electrochemical impedance spectroscopy data. b The linear relationship between DRet and
endotoxin concentration. From Kim et al. [53], with permission
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assembly of a thiolated complementary DNA probe onto a gold electrode surface.
Incubation with the target DNA caused an increase in the interfacial resistance
measured via EIS. Interestingly, the authors observed that the incubation of the
sensor with shorter sequences (23-nt) brought about a higher detection signal than
longer sequences (120-nt). This was ascribed to the space constraints on the sensor
surface where non-hybridized stretches of the DNA sequence might have pre-
vented the hybridization at neighboring probe molecules. Therefore, although
longer nucleotides may confer greater specificity, shorter counterparts may give
rise to greater sensitivity.

In 2009, Zhu and coworkers developed a novel electrochemical aptasensor
based on the combination of multi-walled carbon nanotubes-cobalt phthalocyanine
(MWCNTs-CoPc) nanocomposite and poly amidoamine (PAMAM) dendrimer on
a glassy carbon electrode for detection of 21-nt DNA sequence characteristic to
highly pathogenic AIV [63]. In the proposed technique, a complementary DNA
probe was immobilized on the modified electrode by covalent coupling between
the amino group of the PAMAM and the 50-end phosphate group of the DNA
probe. Differential pulse voltammetry (DPV) is a well-established electrochemical
technique known for providing better peak resolution and current sensitivity. In
addition, the charging current contribution to the background current, which is a
limiting factor in analytical measurements, is negligible in the DPV mode [64]. In
this work, DPV measurements revealed that increasing the target DNA concen-
tration between 0.01 and 500 ng mL-1 caused a proportional decrease in the
guanine oxidation signal.

In 2011, Liu and coworkers developed a sensitive electrochemical aptasensor
for the detection of the AIV H5N1 gene sequence using a DNA aptamer immo-
bilized onto a gold electrode modified with MWCNTs, polypyrrole nanowires
(PPNWs), and gold nanoparticles (GNPs) [65]. The hybrid nanomaterials
(MWCNTs/PPNWs/GNPs) provided a porous structure with a large effective
surface area, highly electrocatalytic activities, and electronic conductivity. Rec-
ognition of the target DNA was performed using tris91,10-phenanthroline cobalt
(III) percholrate as a redox indicator, which cannot bind to the single-stranded
DNA aptamer before recognition. After recognition, the response signal was
associated with the redox process involving the intercalation of the indicator into
the formed double-stranded DNA hybrid. DPV measurements showed that the
oxidation peak current of the indicator increased linearly with the target concen-
tration within the dynamic range between 5 9 10-12 and 1 9 10-9 M, with an
LOD of 4.3 9 10-13 M.

Lai and coworkers presented a miniaturized complementary metal oxide
semiconductor (CMOS) sensor for nonfaradic impedimetric detection of AIV
oligonucleotides [66]. The CMOS sensor impedimetric sensor is based on mea-
suring the interface impedance changes using a potentiostatic step method where
small potential steps were applied to the working electrode and the transient
current responses, as determined by the time constant of the interface resistance
and capacitance, were measured accordingly. In contrast to faradic EIS, nonfaradic
impedance spectroscopy does not require the inclusion of any redox indicators.
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The associated impedance change is predominantly capacitive due to a dielectric
thin film on the top of the interdigitated microelectrodes with the charge transfer
resistance being omitted. Also, the small gap (\lm) between the interdigitated
sensing electrodes was found to improve the sensing resolution by promoting
signal coupling efficiency, as shown in Fig. 7. The developed CMOS sensor
achieved a highly sensitive detection of AIV nucleotides, down to 6.1 fg mL-1.

3 Aptasensors for Viability Assessment of Microorganisms

Conventional methods used to assess the viability of microorganisms (bacteria and
viruses) involve the use of specific enrichment media to separate, identify, and
count viable cells. For instance, the conventional bacteriological method used to
assess the presence of pathogenic bacteria and to determine whether they are alive
or dead is based on pre-enrichment in a nonselective media, followed by selective
plating and subsequent biochemical and serological confirmation, which often
takes 2–3 days for presumptive results and up to 7–10 days for confirmation [67].
This method is time-consuming, labor-intensive, and is not valid for detection of

Fig. 7 a Surface
modification and
functionalization for
impedimetric detection of
avian influenza virus H5
DNA hybridization using
complementary metal oxide
semiconductor (CMOS)
interdigitated
microelectrodes. The
scanning electron micrograph
shows the top view of the
electrodes. b The equivalent-
circuit model for
impedimetric detection. From
Lai et al. [66], with
permission
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viable but nonculturable (VBNC) bacteria. Similarly, the conventional cell-culture
based method for viability assessment of viruses is the plaque-forming assay. A
viral plaque is formed when a virus infects a cell within a fixed monolayer of cells.
However, plaque formation may take 3–14 days, depending of the virus being
analyzed. This section focuses on electrochemical aptasensors as a rapid and
sensitive alternative to the previous conventional techniques for the viability
assessment of bacteria and viruses.

3.1 Viability Assessment of Bacteria

In 2012, Labib et al. reported the first aptamer-based viability impedimetric sensor
for bacteria (AptaVISens-B) that can distinguish between live and heat-killed
Salmonella typhimurium, a major cause of many food poisoning cases worldwide
[44]. The idea of the sensor is based on tailoring the selectivity of the aptamers by
positive selection against live S. typhimurium cells, whereas the counter selection
was performed against the heat-killed bacteria. Several rounds of selection were
performed against the live target to increase the affinity and against the dead target
to improve the selectivity. The developed sensor was based on the self-assembly of
the thiol-modified live S. typhimurium-specific DNA aptamer onto a gold nano-
particle-modified screen-printed carbon electrode (GNPs-SPCE), as shown in
Fig. 8. Interestingly, incubation of the heat-killed S. typhimurium with the
developed sensor caused only a 13.8 % increase in the RCT value, compared with
100 % obtained with live cells. In addition, incubation with proteinase K-digested
cells caused only a 4.2 % increase in the RCT value, which confirmed the high
selectivity of the developed sensor.

3.2 Viability Assessment of Viruses

Recently, Labib and coworkers reported the first aptamer-based viability imped-
imetric sensor for viruses (AptaVISens-V) that can distinguish between live and
heat-killed vaccinia virus [18]. Similar to the previously discussed AptaVISens-B,
the idea of the sensor is based on tailoring the selectivity of the aptamers by
performing several rounds of positive selection against viable intact vaccinia virus
particles and counter-selection against the heat-killed virus particles. The selected
DNA aptamer was thiolated and self-assembled onto a GNPs-SPCE. Subsequently,
EIS measurement revealed that the incubation of the developed sensor with heat-
killed vaccinia virus caused only a 13.8 % decrease in the RCT value, in contrast
with 100 % obtained with intact virus particles. In addition, incubation with
proteinase-K digested virus brought about a negligible change in the interfacial
resistance, which ensured the selectivity of the sensor, as shown in Fig. 9. Via-
bility sensors are envisaged to open a new venue for the development of a variety
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of sensors for viability assessment of many microorganisms and spores. This is
particularly important in sterility tests and for validating the efficiency of
sterilization.

4 Aptasensors for Bacterial Typing

Although serotyping using the Kauffman-White scheme represents the gold stan-
dard for serovar determination, it is not free from significant deficiencies including
high cost, inability to serotype between 5 and 8 % of the isolates, and the long time
(3 or more days) that is required for a highly trained technician to produce results
[68]. In addition, genotyping methods require highly skilled personnel, sophisti-
cated equipment, and centralized laboratories. Furthermore, both sero- and geno-
typing methods require a pre-enrichment step, which takes 2–3 days for pre-
sumptive results and 7–10 days for confirmation, thus adding to the time and
complexity of these methods [69]. Recently, Labib and coworkers reported the first
aptamer-based impedimetric sensor for typing of bacteria (AIST-B) [43]. The idea
of the sensor is based on tailoring the selectivity of the aptamers by positive
selection against live Salmonella enteritidis bacteria and counter selection against
other related pathogens, including Salmonella typhimurium, Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, and Citrobacter freundii. The
thiol-modified selected DNA aptamer was self-assembled onto GNPs-SPCE. EIS
experiments showed that the incubation of the sensor with S. typhimurium caused

Fig. 8 Schematic diagram of the aptamer-mediated electrochemical detection of live Salmonella
typhimurium bacteria. From Labib et al. [44], with permission
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26.2 % increase in the RCT value, whereas incubation with S. choleraesuis caused
an 18.1 % increase in the RCT value, when compared with 100 % obtained with S.
enteritidis. The developed sensor is envisaged to open a new venue for the
development of a genus-specific array chip comprising highly specific aptamers
for each species, to enable typing of a variety of pathogens. Although there is a
long road ahead for establishing such a typing format, it is attainable considering
the substantial efforts of many researchers to produce highly specific aptamers and
the recent advances in selection technologies. Both trends are foreseen to produce
species-specific aptamers with the same ease of analyzing the species genome.

5 Aptasensors for Identification of Epitope-Specific Aptamers

Although aptamers can be selected in vitro against purified target molecules, their
applications to detect whole live cells can sometimes be limited because the
binding sites of the cell-surface molecules differ from their isolated forms.
Therefore, whole live cells have become common targets for aptamer selection.
This is because aptamer selection using whole cells allows epitopes to be targeted
in their native conformation on the cell surface. It also negates the need for target
partitioning and complex purification steps.

Fig. 9 a Nyquist plot (-Zim vs. Zre) of impedance spectra of the vaccinia virus (VACV)
viability aptasensor obtained using (a) 60 PFU lL-1 (equivalent to 3,000 PFU) VACV, (b) heat-
treated 60 PFU mL-1 VACV for 30 min at 90 �C, (c) 60 PFU lL-1 vesicular stomatitis virus
(VSV), (d) buffer alone, (e) 20 mg mL-1proteinase K alone, (f) 5.1 mg mL-1 Human Serum
Albumin (HSA), (g) 60 PFU lL-1 VACV treated with 1.0 lL of 20 mg mL-1 proteinase K, and
(h) 60 PFU lL-1 VACV using DNA library instead of the anti-VACV aptamer pool. The inset
represents the circuit employed to fit to electrochemical impedance spectroscopy-measured data.
The circuit consists of the ohmic resistance; RS, of the electrolyte solution, electrolyte/film
interface resistance Ref, and capacity CPEef, film resistance Rf and capacity CPEf, and the
Warburg impedance, Zw, resulting from diffusion of the redox probe. b Titration plot of Ref vs
number of VACV particles ranging from 0 to 3,500 PFU. From Labib et al. [18], with permission
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In 2012, Labib et al. introduced a novel technology for electrochemical dif-
ferentiation of epitope-specific aptamers (eDEA) using an electrochemical apta-
sensor without selecting aptamers against individual antigenic determinants [19].
In this work, the authors selected aptamers against VACV followed by cloning and
sequencing of the selected aptamers. Next, electrochemical aptasensors were
produced based on the formation of a self-assembled monolayer of a hybrid of a
thiolated DNA capture probe and each of the selected anti-VACV aptamers onto
gold microelectrodes. Subsequently, the interfacial resistance was recorded via
EIS. Afterward, the developed sensors were incubated with VACV and the
interfacial resistance at the biosensing interface were measured via EIS. It was
observed that incubation with VACV caused a decrease in the interfacial resis-
tance. It is noteworthy that the VACV membrane is associated with at least 19
different viral proteins [70]; among them, only six—L1R [71], A27L [72], D8L
[73], H3L [74], A28 [75], and B5R [76]—are the targets of neutralizing antibodies.

All the developed aptasensors were then incubated with a high concentration of
a monoclonal antibody specific to any of the VACV epitopes, such as the anti-L1R
protein specific antibody, and EIS was measured again. Two situations were
encountered, If the immobilized aptamer sequence was specific to L1R protein,
then the added anti-L1R protein antibody at high concentration, relative to the
small concentration of the aptamers immobilized onto the gold microelectrode
surface, forced the virus to dissociate from its complex with the immobilized
aptamer, causing a shift-back in the interfacial resistance. Hence, all the apta-
sensors that exhibited a shift-back in signal were sorted out and the involved
aptamer sequences specific to L1R protein were registered. In the other situation,
incubation with the antibody caused a further decrease in impedance, indicating
that the immobilized aptamers were not specific to the target epitope, as shown in
Fig. 10. Subsequently, these aptasensors were exposed to a monoclonal antibody
specific to another VACV epitope. This technology is envisaged to open a new
venue for the production of aptamers specific to target molecules in their native
state and conformation. Hence, it surpasses the limitation of many conventional
methods for the development of aptamers against recombinant proteins, which
may not possess the native folding and post-translational modifications.

6 Aptasensors for Affinity Estimation Between Aptamers
and Their Targets

Conventional methods for measuring the affinity of aptamers to proteins include
dialysis [77], ultrafiltration [78], gel [79] and capillary electrophoresis [80], high-
performance liquid chromatography [81], isothermal titration calorimetry [82],
circular dichroism [83], surface Plasmon resonance [84], and flow cytometry [85].
However, there is an urge for simple, rapid, economic, and ultrasensitive tech-
niques that are capable of distinguishing between the binding affinities of aptamers
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to their targets, particularly between aptamers showing relatively close affinities to
their target.

In 2012, Labib et al. reported two electrochemical aptasensors for measuring
the affinity of the selected aptamers to vesicular stomatitis virus (VSV) [57] and
VACV [19]. The idea is based on selecting aptamers from a native single-stranded
DNA library that consists of a randomized region of nucleotides flanked by two
constant hybridization sites. Afterward, a hybrid of thiolated DNA capture probe
complementary to one hybridization site and the selected anti-virus aptamer itself
was self-assembled onto a gold microelectrode. Subsequently, the developed
sensor was titrated with several concentrations of the target virus and the dynamic
range was determined using EIS. Next, a set of aptasensors were produced; each
contained one of the selected aptamers hybridized with the universal capture probe
and immobilized onto the electrode surface. Consequently, each aptasensor was
incubated with a fixed concentration of virus particles that lies within the dynamic
range to avoid saturation of the sensor surface. EIS was measured before and after

Fig. 10 Schematic diagram of the electrochemical differentiation of the epitope-specific
aptamers (eDEA) technique. A thiolated DNA primer is hybridized with a complementary end
of a vaccinia virus (VACV)-specific aptamer (either specific or nonspecific to a viral epitope).
The hybrid is self-assembled onto a gold microelectrode surface. Binding of the virus to the
immobilized aptamer causes a decrease in impedance, measured by electrochemical impedance
spectroscopy. Introduction of epitope-specific anti-VACV neutralizing antibody could either
a force the virus to dissociate from the virus–aptamer complex, causing a shift back in impedance
in the case of an epitope-specific aptamer, or b bind to a vacant epitope on the surface of the
virus, causing a further decrease in interfacial resistance if the aptamer is nonspecific to the
epitope. According to the electrochemical data, all DNA aptamers can be categorized as either
immunoshielding aptamers or analytical probes. From Labib et al. [19], with permission
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virus binding to guard against any possible variations in the baseline interfacial
resistance values that might be caused by the different aptamers adopting different
conformations on the electrode surface, thereby affecting the charge transfer
through the formed film. Thus, the change in interfacial resistance after target
binding can be used as an estimate for the affinity between the selected aptamer
and its respective target. Interestingly, this method can be used for rapid screening
of aptamers using an array chip and a rapid and sensitive electrochemical tech-
nique, such as SWV or DPV. In addition, this method is highly useful in the case
of small targets for which conventional techniques such as flow cytometry may not
be able to distinguish between aptamers exhibiting close affinities to their target.

7 Aptasensors for Estimation of the Degree of Aptamer
Protection of Oncolytic Viruses

Oncolytic viruses (OVs) are promising therapeutics that selectively replicate in
and kill tumor cells. However, repetitive administration of OVs provokes the
generation of neutralizing antibodies (nAbs) that can diminish their anticancer
effects. Although VSV has been extensively used as a laboratory tool for probing
aspects of cellular physiology, it was only during the last decade that its potential
as a cancer therapeutic has been appreciated. VSV replication in normal cells is
usually thwarted by the innate immune response. Defects in antiviral innate
immune responses in transformed cells, involving the interferon (IFN) system,
play a prominent role in allowing VSV to robustly replicate and invoke cytolysis
[86]. In this context, VSV proves to be superior to DNA viruses for oncolytic
applications, for a variety of reasons. For example, VSV is a relatively innocuous
virus that, even in its most virulent state, causes mild disease in ruminants and
humans. Furthermore, VSV rapidly replicates to very high levels that it can
effectively shut off host-mRNA export and take over the protein synthesis
machinery of the transformed cell for its own specific use, within a few hours of
infection.

Owing to its short generation time, VSV can be produced at very high titers in
bioreactors or in well-characterized mammalian cell lines [87]. OVs administered
intravenously can be particularly effective against metastatic cancers, which are
difficult to treat using conventional therapy. However, OVs can be deactivated by
nAbs and rapidly cleared from circulation. Thus, a prerequisite for a successful
virotherapy is that the virus must gain access to the tumor cell; this requires an
extended circulation time without depletion by nAbs. The current approaches to
extend the circulation time exploit polymer-coating technologies with poly-[N-(2-
hydroxypropyl) methacrylamide] (HPMA) [88] and polyethylene glycol (PEG)
[89] or preinfected T cells as carriers for the delivery of OVs to tumor sites [90].
However, these methods suffer from many drawbacks, including the permanent
polymer coating of the virus causing a loss of infectivity. The latter requires the
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isolation of the patient’s T cells and activation followed by back-infusion to the
patient, which makes it impractical for clinical use. Development of aptamers
specific for VSV seems promising in terms of changing the viral interaction with
the immune system. In other words, protecting the VSV surface with specific
nonimmunogenic aptamers could allow the virus to escape the host immune
mechanism and neutralization by the circulating antibodies. This is only feasible if
the aptamers can specifically bind to the vulnerable epitopes on the virus surface
that are attacked by nAbs.

In 2012, Labib et al. developed a novel technology called aptamer-facilitated
virus immunoshielding (AptaVISH) to protect oncolytic viruses from their
respective nAbs [57]. In this work, several anti-VSV DNA aptamers were selected
and an electrochemical impedimetric aptasensor was developed for measuring the
degree of protection (DoP) imparted by each aptamer for the virus. The aptasensor
is based on the formation of a self-assembled monolayer (SAM) of a thiolated
DNA capture probe and an anti-VSV aptamer as a detection probe. An electro-
chemical displacement assay was performed to ensure that the selected aptamers
can protect the virus and prevent its binding to nAbs, as shown in Fig. 11.

Each selected aptamer pool was immobilized onto an electrode and incubated
with VSV. The electrode was then washed and incubated with a high concentration
of an anti-VSV polyclonal antibody. It was observed that the addition of anti-VSV
antibody caused a shift-back in impedance due to the reduction of the interfacial
resistance. This could be ascribed to the binding of the antibody, at such a high
concentration, to VSV with the subsequent dissociation of the virus from its
complex with the immobilized aptamers. Thus, the ratio between the shift-back
signal and the original signal observed after VSV coupling can thus be used to
estimate the degree of protection (DoP) of VSV by the selected aptamers. This can
be calculated from the formula DoP = (R1ef -R2ef)/R1ef (%), where R1ef repre-
sents the change in in the electrolyte/film interfacial resistance R1ef after VSV
coupling (R1ef-baseline), whereas R2ef represents the change in R2ef after VSV
dissociation from its complex with the immobilized aptamer by the added antibody
(R2ef-baseline). Importantly, the DoP value indicates the affinity of an aptamer to
a virus, whereas its sign shows if the aptamer can protect the virus or not. Thus, a
positive DoP indicates virus protection from nAb, whereas a negative DoP indi-
cates noncompetitive binding of the aptamer to the virus.

Compared to VSV, VACV has a genome of approximately 190 kbp and can
potentially express more than 200 proteins, allowing an exceptional degree of
independence from the host [91]. VACV replication is associated with activation
of the epidermal growth factor receptor (EGFR)-Ras signalling pathway, which is
activated in most human cancers [92], indicating that the virus could be broadly
applied in cancer therapy. Recently, Labib et al. developed a similar aptasensor for
measuring the DoP imparted by DNA aptamers specific to VACV [19].

Development of aptamers specific to nAbs seems promising in terms of
shielding nAbs with aptamers, allowing the virus to escape the host immune
mechanism and following neutralization. This can be feasible if the aptamer is
selected against the antigen-binding fragment (Fab) of nAbs [93]. Antibodies can
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exist in two physical forms: a soluble form that is secreted from plasma B cells and
a membrane-bound form that is attached to the surface of B cells, referred to as the
B cell receptor [94]. Ideally, aptamers should bind to free antibodies, which mimic
the soluble form of antibodies, and this binding can be tested using flow cytometry.
On the other hand, aptamers should have a high affinity to immobilized antibodies
or B-cell receptors. The latter can be tested using an immunosensor where nAbs
are immobilized onto the gold electrode.

Recently, Muharemagic and coworkers developed an aptamer-mediated neu-
tralizing antibodies shielding (AptaNAS) technology to enhance the survival of
oncolytic viruses and efficiency of anticancer treatment [95]. An electrochemical
immunosensor was developed to ensure that the selected aptamers can adequately
shield the anti-VSV nAbs and thus can be further used to enhance VSV delivery
into tumor cells. The developed biosensor was employed for screening of aptamers
based on their degree of shielding (DoS) of the antibodies in order to find aptamer
clones showing the highest shielding effect. The evaluation is based on measuring
the impedimetric signal that resulted from the binding of VSV to aptamer-shielded
immobilized nAbs when compared to the nonshielded counterpart, as shown in
Fig. 12. Briefly, EIS was performed and the RCT baseline value was determined
after the immunosensor preparation (RCTb), after aptamer binding (RCTa), and after
the virus capture (RCTv). Correspondingly, the change of RCT upon virus binding

Fig. 11 Schematic diagram of an electrochemical sensor applied for the development of
aptamer-facilitated virus immunoshielding (AptaVISH). A thiolated DNA primer is hybridized
with the complementary end of vesicular stomatitis virus (VSV)-specific aptamer and the hybrid
was self-assembled on a gold microelectrode surface. Binding of VSV to the immobilized
aptamer causes an increase in impedance, whereas the introduction of the neutralizing anti-VSV
antibody causes a shift-back in impedance. From Labib et al. [57], with permission
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(RCTv) was calculated for each aptamer-shielded anti-VSV nAbs by subtracting
RCTb from RCTv. The reference RCTv value for the non-shielded anti-VSV nAbs
was determined by incubating the immunosensor, without prior shielding, with
VSV under the same incubation conditions. Hence, the DoS value can be calcu-
lated from the formula: DoS = (RCTv for non-shielded nAbs - RCTv for shielded
nAbs)/RCTv for non-shielded nAbs (%).

8 Forthcoming Challenges and Concluding Remarks

In this chapter, we described the current applications of electrochemical apta-
sensors specific for microbial and viral pathogens, starting from the classical
detection application to the latest applications of viability assessment and esti-
mation of the degree of aptamer protection of oncolytic viruses. Although apta-
mers are one of the most attractive recognition elements for integration into
sensing devices, their potential application in complex matrices continues to be a
major challenge for point-of-care systems. Therefore, complementary strategies
involving nanomaterials have been the subject of intense study. We are presently

Fig. 12 Principle of aptamer-mediated neutralizing antibody shielding (AptaNAS). a Anti-
vesicular stomatitis virus-neutralizing antibodies bind to the virus, which causes aggregation,
blocks the attachment of the virus to the cell membrane, or prevents uncoating of the virus inside
the cell. b With aptamers binding to the Fab fragment of antibodies, the virus is free to infect a
cell. From Zhu et al. [95], with permission
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in the early days of the emerging technology of using aptamers and nanostructured
materials to develop sensing devices. Nevertheless, it is foreseen that nanomate-
rial-based aptasensors will soon be used for the diagnosis and therapeutic follow-
up of diseases.
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14. Martić S, Labib M, Kraatz HB (2011a) Electrochemical investigations of sarcoma-related
protein kinase inhibition. Electrochimica Acta 56:10676–10682
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Electrochemical Biosensors Using
Aptamers for Theranostics

Koichi Abe, Wataru Yoshida and Kazunori Ikebukuro

Abstract Theranostics, a new term consisting of the words ‘‘therapy’’ and
‘‘diagnostics,’’ represents the concept of selecting specific patients for appropriate
drug administration using diagnostics. For the development of a molecular tar-
geting drug, the theranostics approach is effective. Therefore, the market for
molecular diagnostics is likely to grow at an extraordinary rate over the next
10 years. In this review, we focus on aptamer-based electrochemical biosensors
for theranostics. Aptamers are molecular recognition elements that can bind to
various target molecules from small compounds to proteins with affinities and
specificities comparable to those of antibodies. Inasmuch as various molecules
would be targeted for analysis using theranostics, aptamer-based biosensors would
be an attractive format because they can be developed for various molecules using
the same sensing format. Although a diverse sensing system can be constructed,
we focus on electrochemical biosensors in this review because they can measure
biomarkers rapidly in a miniaturized sensing system with low cost, such as blood
glucose sensors. We summarize the sensing systems of aptamer-based electro-
chemical biosensors and discuss their advantages for theranostics.
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1 Introduction

Molecular target drugs have been developed for various diseases. Because
molecular target drugs are efficacious for patients whose cells express the target
molecules of the drug, evaluation of the amount of target molecules or other
alternative biomarkers is essential prior to the administration of the drug, in order
to select the patient. Theranostics, a coined term combining the words ‘‘therapy’’
and ‘‘diagnostics’’ (also called ‘‘companion diagnostics’’), is defined as using
diagnostics testing to identify the disease, select a treatment regimen, and monitor
the response of the patient to therapy. The US Food and Drug Administration
(FDA) recently recognized companion diagnostics as being increasingly important
in decision making by introducing guidelines according to which targeted drugs
will be reviewed for approval only in the presence of matching companion
diagnostics (http://www.fda.gov/downloads/MedicalDevices/DeviceRegulation-
andGuidance/GuidanceDocuments/UCM262327.pdf).

Trastuzumab (Herceptin�), an antibody drug for breast cancer, is a represen-
tative example of theranostics. HER-2, the target protein of trastuzumab, is
overexpressed in 25–30 % of breast cancers [1], and trastuzumab inhibits the
growth of tumors overexpressing HER-2 but not that of tumors in which this
molecule is not expressed. To administer trastuzumab to patients, the HER-2
expression level must be evaluated by immunohistochemistry (IHC) and/or in situ
hybridization by fluorescence (FISH).

For infectious diseases, there is a need for rapid (\1 h) and accurate diagnostic
tests to enable optimal patient management and treatment [2]. To administer
neuraminidase inhibitors, which are therapeutics for influenza, the presence of the
influenza virus in a specimen is evaluated by immunochromatography, which is a
lateral flow assay using a gold nanoparticle-labeled antibody. It can detect the
influenza virus within 15 min, although it is limited to qualitative detection.

For theranostics, the sensing system should measure biomarkers rapidly and
easily with low cost. Because rapid measurement with low cost is required for
point-of-care testing (POCT) to allow physicians to tailor the selection of either
drugs or drug doses quickly, POCT technology would help in the development of
theranostics. In addition, it is necessary to analyze various kinds of molecules such
as DNA, RNA, proteins, and metabolites to decide on the appropriate therapeutic
in terms of safety and efficiency. As we describe later, because aptamers can be
selected against various molecules, we can construct a sensing system for various
molecules from DNA/RNA to small compounds using the same sensing platform.
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This is an attractive feature because it would repress the cost of development and it
would allow us to construct multiple biomarker detection systems.

In this review, we summarize electrochemical aptamer sensors in the field of
theranostics and describe their advantages.

2 Aptamers

Aptamers are nucleic acids that exhibit binding ability toward various molecules
with unique three-dimensional structures [3, 4]. Some aptamers have comparable
affinity and specificity to antibodies. Compared to antibodies, aptamers have some
advantages originating from their nucleic acid properties. They can be easily
synthesized and labeled with various molecules. Aptamers, especially DNA
aptamers, are more stable than antibodies at room temperature and they are re-
naturable after denaturation by heating. These properties are advantageous in their
use as molecular recognition tools in commercialized biosensors because the cost
can potentially be repressed and the molecule would endure severe storage con-
ditions. Furthermore, aptamers can be selected by an in vitro selection method
named SELEX (systematic evolution of ligand exponential enrichment) [3].
SELEX consists of four simple steps: incubation of a combinatorial nucleic acid
library of about 1015 sequences with the target, removal of unbound nucleic acids,
extraction of bound nucleic acids from the target, and amplification of the col-
lected nucleic acids. The aptamers are selected by repeating these steps. These
steps enable us to automate and shorten the developmental period for molecular
recognition elements for biosensors [5]. Using SELEX, we can select aptamers
that bind to various targets such as small compounds, peptides, proteins, and even
cells including toxins and antigens that do not induce immune responses in host
animals for antibody production. Most aptamers recognize target molecules with
unique three-dimensional structures and some aptamers can discriminate between
slight differences in the target [6]. By combining this property with negative
selection against other molecules or cells, we can select specific aptamers that can
distinguish slight changes in the target. Williams et al. selected aptamers bound
to histone H4 acetylated at lysine 16 (H4-K16Ac), and not histone H4 that is
notacetylated at lysine 16. The selected aptamer showed higher specificity to
H4-K16Ac than did the anti-H4-K16Ac antibody [7]. Furthermore, we can select
aptamers that recognize the conformation and assembly state of the target. Sayer
et al. reported aptamers that selectively bind disease-associated b-sheet rich forms
of the prion protein but not its a form [8]. We have reported aptamers that bind to
the amyloidogenic soluble oligomer of a-synuclein and amyloid b [9]. These ap-
tamers recognize only the soluble amyloidogenic oligomer but not the monomeric
state and amyloid fibril of a-synuclein and amyloid b. Soluble amyloidogenic
oligomers are known as the most toxic species and cause neurodegenerative dis-
eases such as Alzheimer’s disease, Parkinson’s disease, Huntington disease, and
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prion disease. Aptamers would be useful diagnostic tools for these diseases and for
the analysis of the molecular mechanisms of these diseases.

Additionally, aptamers against cells can be selected directly by Cell-SELEX
[10]. Protein expression levels on the cell surface help us discriminate between
cancer cells and normal cells. Most antibodies are used for cell typing based on
protein expression on the cell surface. The target proteins for antibody therapy are
expressed on the cell membrane, therefore evaluation of target protein expression
is important for the selection of patients for antibody therapy. However, it is
difficult to purify membrane proteins for immunization. Although peptide immu-
nization sometimes helps in generating antibodies, the selected antipeptide anti-
body often shows low binding ability toward the target protein. In addition,
aptamers selected against purified target membrane proteins often do not bind to
the target protein on the cell surface, because the purified protein might have a
conformation that is different from that seen on the cell surface [11]. On the other
hand, Cell-SELEX, a SELEX method that directly uses the cells as the targets, can
select aptamers against membrane proteins with native structure without protein
purification. Aptamers selected by Cell-SELEX show strong binding to the target
cells [10]. However, inasmuch as Cell-SELEX has the potential to obtain aptamers
that bind to membrane proteins other than the target protein, we need to introduce
adequate counter-selections in Cell-SELEX [12].

SELEX against unpurified proteins, including Cell-SELEX, can be utilized to
identify biomarkers. Polyacrylamide gel electrophoresis (PAGE) can separate
proteins from crude samples and aptamers can be selected against the protein
transferred onto a nitrocellulose membrane [13]. The membrane-bound protein of
interest is excised, and nucleic acids bound to the protein of interest are extracted
from the membrane. Thereby, we can obtain aptamers against the unpurified
protein. By comparing samples of normal and tumor cells resolved by PAGE, we
can identify aptamers recognizing proteins that represent only tumor cells. Using
these selected aptamers, the target protein can be easily purified and identified. For
the validation of biomarkers, many samples from patients should be evaluated.
Aptamers would allow us to analyze the protein amount in the sample and facil-
itate biomarker discovery.

Many aptamer sensors based on selected aptamers have been developed. As
described later, conformational changes that occur in aptamers upon binding to
target molecules are utilized in many biosensors. Fluorescence resonance energy
transfer (FRET) can transduce binding signals generated by a conformational
change in the aptamer. This feature represents an advantage of using aptamers over
antibodies for the construction of biosensors. However, engineering aptamers for
biosensors based on conformational change requires a detailed knowledge of the
aptamer sequence and structure. Rajendran and Ellington have reported screening
using aptamer beacons, an optical sensing format that detects conformational
change, in a random library [14]. They used complementary strands immobilized
on beads. The complementary strand was modified with a quencher and the DNA
library was modified with the fluorescence molecule. When the DNA binds to the
target molecule, the DNA is dissociated from the beads, resulting in increased
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fluorescence intensity. The collected DNA was amplified by PCR and these steps
were repeated. By iterative cycles, they succeeded in obtaining aptamer beacons.

3 Electrochemical Biosensors Using Aptamers

Since the first reports of aptamers became public two decades ago, many
researchers have reported various aptamer sensors for biomarker detection based
on optical or electrochemical detection. Among these, electrochemical methods
have attracted particular attention in the development of aptamer sensors because
of their high sensitivity, inherent simplicity, miniaturization, and low cost. We
describe biosensors using aptamers as alternatives to antibodies, and using apta-
mers with unique features not present in antibodies.

3.1 Sandwich Assay

Because aptamers have comparable affinity and specificity to antibodies, they are
often used as an alternative to antibodies in biosensors. The sandwich assay format
is a widely used method to measure diagnostic markers in commercialized sensing
systems (Fig. 1). We have reported a simple electrochemical sandwich assay of
thrombin using two antithrombin aptamers that simultaneously bind to different
parts of thrombin. A 15-mer thrombin aptamer was immobilized on a gold elec-
trode and a biotinylated 29-mer thrombin aptamer was labeled with avidin-con-
jugated flavin adenine dinucleotide-dependent glucose dehydrogenase (FADGDH)
[15] or pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQGDH)
[16, 17] via avidin–biotin interactions. An electrochemical current was observed
with a dependence on thrombin concentration upon adding D-glucose. GDH has
high catalytic activity and an electrochemical current can be obtained by the
addition of D-glucose, which is a very cheap substrate. The sandwich assay format
enables the removal of nonspecific binding and amplification of the binding signal
using an enzyme [18] or other nanomaterials such as Pt nanoparticles [19], which
catalyze the reduction of H2O2, and CdS [20], detectable by an ion-selective
electrode following the dissolution of CdS with hydrogen peroxide, resulting in
highly sensitive detection with high specificity. Many researchers have therefore
reported various sensing systems based on the sandwich assay using aptamers.
Centi et al. optimized the sandwich assay for thrombin using alkaline phosphatase-
conjugated streptavidin [21]. They immobilized aptamers on magnetic beads,
facilitating the effective mixing and washing of the beads. After the preparation of
the sandwich complex on the beads, beads were applied on screen-printed carbon
electrodes. This method resulted in the successful detection of thrombin with a
lower detection limit of 0.45 nM.
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3.2 Signal Amplification in Sandwich Assay Format

To construct a highly sensitive detection system, some researchers have attempted
the conjugation of multiple enzymes on an aptamer. Xiang et al. used a single-
walled carbon nanotube (SWCNT) to conjugate several alkaline phosphatases
(ALP) for highly sensitive detection. Aptamer-labeled ALP conjugated to CNTs
recognizes target molecules captured by an immobilized aptamer on the electrode.
Combined with signal amplification by diahorase, this method allowed the suc-
cessful detection of thrombin with a lower detection limit of 10 fM.

Zhou et al. used rolling cycle amplification (RCA) for signal amplification in
the sandwich assay [22]. Inasmuch as aptamers themselves can be amplified by a
polymerase, we can amplify signals without labeling the aptamers. RCA can
amplify the aptamer by several thousands isothermally via /29 polymerase,
resulting in the amplification of a site to which an enzyme-labeled probe sequence
can be hybridized. Zhou et al. used platelet-derived growth factor-BB (PDGF-BB)
aptamer with an attached primer site that hybridized to a padlock probe. When
sandwich complexes are formed on the electrode, /29 polymerase amplifies the
padlock probe sequence. Zhou et al. used ALP-conjugated avidin and biotinylated
complementary DNA and measured ALP activity based on enzymatic silver
deposition via ascorbic acid that is generated from ascorbic acid 2-phosphate by
ALP. They succeeded in PDGF-BB detection with a low detection limit of 10 fM
by linear sweep voltammetry.

Polymerase chain reaction (PCR) is an attractive methodology to amplify
signals because PCR can amplify the signal exponentially. Many researchers have
utilized PCR for aptamer sensors. PCR is often used in biosensors combined with

Fig. 1 Sandwich assay using aptamers combining various signal amplification methods:
a enzyme, b nanoparticle, c rolling cycle amplification, d multiple enzyme-labeled carbon
nanotube
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antibodies and this sensing system called immuno-PCR. Although immuno-PCR
allows the construction of a highly sensitive detection system, antibodies should be
modified with probe DNA. On the other hand, the aptamer does not need to be
labeled with probe DNA and can be directly applied to PCR [23]. Many
researchers have reported aptamer-based immuno-PCR. Most of these studies have
used real-time PCR based on fluorescence detection. Xiang et al. reported the
electrochemical detection of PCR products. They focused on the guanosine as the
electric probe [24]. After PCR amplification, they treated purified PCR products
with H2SO4 and heat, which enhance the depurination of DNA, and measured the
released guanosine by chronopotentiometric measurements. The detection limit
was 5.4 fM, significantly lower than the detection limit without PCR (8 nM).

The sandwich assay format requires two aptamers that bind to the target
simultaneously. Therefore, it is difficult to apply it to sensing systems for small
compounds, proteins that have only one superior aptamer, and monomeric pro-
teins. We have constructed a bound/free separation (B/F separation) system for
versatile biosensors using an aptamer (Fig. 2). We have reported two types of
biosensors using an aptamer. These systems consist of two parts: an aptamer and
its complementary DNA. One system utilizes the inhibition of hybridization of
complementary DNA with an aptamer upon target binding. Target molecule
binding to the aptamer stabilizes its structure, thereby inhibiting the hybridization
of complementary DNA (Fig. 2a) [25, 26]. Furthermore, when we use DNA that is
complementary to the target-binding region, the complementary DNA cannot
hybridize with the aptamer because of steric hindrance. Another system utilizes the
conformational change of an aptamer. We created a ‘‘capturable’’ aptamer by
adding a sequence to it that gave it a new structure (Fig. 2b) [27, 28]. Upon target
binding, the aptamer would form a structure suitable for target recognition, and the
attached DNA would be free. The conformationally altered aptamer–target com-
plex can be captured by an immobilized DNA that is complementary to the
attached DNA sequence. These B/F separation systems can remove excess aptamer
labeled with an enzyme. Therefore, we can utilize enzymes to amplify signals for
target sensing. We have designed these sensing systems for thrombin, prion, IgE,
and vascular endothelial growth factor (VEGF).

3.3 Label-Free Aptamer Sensor

Because aptamers can be immobilized on the electrode using thiol-labeled apta-
mers, aptamers are easily applicable to the development of electrochemical bio-
sensors. Electrochemical impedance spectrometry (EIS) and field-effect transistor
(FET) methodology can detect signals originating from the molecular recognition
of immobilized ligands. EIS measures alternating current impedance, reflecting
changes in a diffusion-limited electrochemical process, presumably due to steric
hindrance created by the bound molecules to immobilized aptamer and repulsion
between electron mediators and immobilized molecules. Xu et al. reported IgE
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sensing using the IgE aptamer and compared this with detection using antibodies
[29]. They observed lower background impedance using the IgE aptamer-immo-
bilized electrode than with an anti-IgE antibody-immobilized electrode, presum-
ably due to the small size and simple structure of aptamers. In addition, the ratio of
the signal change upon IgE binding to the IgE aptamer to the background signal
was higher than that of the anti-IgE antibody. Therefore, EIS would be an
attractive detection approach for aptamer-based biosensors, and many researchers
have reported aptamer sensors based on EIS for small molecules, protein, viruses,

Fig. 2 Bound/free separation system using an aptamer. a In the absence of a target molecule, the
aptamers are trapped by immobilized beads containing a DNA sequence complementary to that of
the aptamer, whereas in the presence of the target protein, aptamers that bind to the target are not
trapped. b The aptamer, which can be captured, undergoes a conformational change upon binding
to the target molecule. This change induces the exposure of a partial single strand that hybridizes
with the complementary DNA. Otherwise, any unbound capturable aptamer does not hybridize
with the complementary DNA, and it is removed by the bound/free separation system
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and bacteria [30–32]. EIS can measure slight changes in the electric charge
transfer resistance (Rct) on the electrode surface, therefore we can trace the fab-
rication process of the electrode. On the other hand, the background signal must be
suppressed for highly sensitive detection, especially for serum samples, because
EIS is sensitive to nonspecific interaction. Qi et al. investigated surface treatment
for thrombin detection [33]. Thiol-containing compounds can mask the gold
electrode to suppress nonspecific interaction. They found that treatment of the gold
electrode by dithiothreitol suppresses nonspecific interaction and enhances the
signal-to-noise ratio. They succeeded in detecting thrombin in undiluted serum
with a lower detection limit of 0.3 ng/mL (8 pM) based on EIS.

Deng et al. introduced gold nanoparticle-labeled aptamers (Apt-AuNP) to
enhance signal amplification in an EIS-based sensor [34]. Apt-AuNP formed a
sandwich structure with thrombin and immobilized a 15-mer thrombin-binding
aptamer. To enhance charge transfer resistance, they used enlarged sodium
dodecyl sulfate (SDS)-stabilized Apt-AuNP. As expected, Apt-AuNP increased
Rct because of steric hindrance by the enlarged gold nanoparticle and electrostatic
repulsion between the SDS-stabilized Apt-AuNPs and the redox probe,
[Fe(CN)6]3-/4-. Using Apt-AuNPs, thrombin was detected with a lower detection
limit of 100 fM.

EIS is an easy sensing methodology, but its sensitivity is dependent on target
charges and sizes. Wang et al. utilized graphene to control Rct based on the
conformational change of an ATP-binding aptamer to amplify signals for the
detection of small molecules [35]. Graphene has ultrahigh electron transfer ability
and it interacts with single-stranded DNA nonspecifically due to strong p–p
interactions. Adsorption of graphene onto the aptamer immobilized on the elec-
trode decreases the Rct because of the high electron transferability of graphene.
ATP binding to the aptamer induces a conformational change in the aptamer and
decreases the adsorption of graphene to the aptamer, resulting in no decrease of
Rct. The Rct depends on the ATP concentration, with a lower detection limit of
15 nM. They also fabricated a sensing system for Hg2+, a highly toxic metal ion,
using a thymine-rich mercury-binding oligonucleotide, with a lower detection
limit of 0.5 nM. The change in impedance caused by the binding of small com-
pounds would be lower than that caused by protein. The change ratio of Rct can be
increased by the use of graphene.

FET methodology can also detect target molecules without labeling the
molecular recognition element. FET biosensors measure binding events between
aptamers and target proteins within the Debye length, defined as the typical dis-
tance required for screening the surplus charge carried by mobile carriers present
in a material; therefore, FET biosensors that use antibodies require careful control
of the Debye length [36]. Because most aptamers have sizes that are smaller than
the Debye length, aptamers would be useful molecular recognition elements.
Maehashi et al. reported the development of FET sensors for IgE using aptamers
and compared the performance with FET biosensors using antibody [37]. Inas-
much as IgE has a large size (*10 nm), complex IgEs and anti-IgE antibodies
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easily exceed the Debye length. They succeeded in detecting IgE using the anti-
IgE aptamer but not the anti-IgE antibody under similar conditions.

3.4 Aptamer Sensors Based on Conformational Change

Because aptamers are a type of biopolymer consisting of nucleic acids that have
many negative charges, their tertiary structures are destabilized by the repulsion
between phosphate backbones. Furthermore, some aptamers have the ability to
form different structures because there are many possible combinations for Wat-
son–Crick base pairing with similar energy states. Target molecule binding sta-
bilizes a particular structure, even though the structure would have little chance of
forming without the target molecule. Aptamers therefore have the potential to
change conformation, and in some cases, drastically so. Their conformational
changes upon target binding are not limited to protein binding but also occur upon
the binding of small molecules. Therefore, aptamer sensors based on conforma-
tional change have potential applications as biosensors for various molecules.
Many aptamer sensors have been reported and they rely on the transduction of
structural changes into detectable signals [38]. Aptamer beacons are optical sen-
sors based on FRET accompanied by a conformational change in the aptamer upon
target binding [39, 40]. To measure the conformational change in the aptamer
based on electrochemistry, a redox tag such as methylene blue or ferrocene is used,
and the distance between the redox tag and electrode surface is controlled to
measure biomarkers based on the electrochemical current change. Bang et al.
focused on a feature that methylene blue can intercalate with double-stranded
DNA [41]. They added a complementary sequence at the 50 terminal that
hybridizes with 30 region of the thrombin aptamer. The immobilized designed
aptamer on the electrode folds into a stem-loop structure without thrombin.
Methylene blue recognizes double-stranded DNA regions, resulting in increased
electric current (Fig. 3a). Upon thrombin binding to the aptamer, the thrombin
aptamer folds into a chair-type G-quadruplex structure that does not have a stem
structure, resulting in a decrease in electric current because of the dissociation of
methylene blue from immobilized DNA. However, this sensing system is limited
to G-quadruplex-type aptamers.

Xiao et al. reported the development of a thrombin sensor using a methylene
blue-labeled aptamer immobilized on a gold electrode [42]. Their group has
previously constructed DNA sensors based on controlling the distance between
methylene blue and the electrode. In the absence of the target, the immobilized 32-
mer thrombin aptamer is thought to remain relatively unfolded, thereby allowing
the attached methylene blue moiety to collide with (or weakly bind to) the elec-
trode and transfer an electron (Fig. 3b). Upon thrombin binding, electron transfer
is inhibited (signal-off sensor), presumably due to a binding-induced conforma-
tional change in the aptamer. Radi et al. reported a similar sensing system for
thrombin using a ferrocene-labeled aptamer in the same period, but this sensing
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system shows the opposite signal change (signal-on sensor) [43]. They used a
ferrocene-labeled short 15-mer thrombin aptamer. The distance between the
electrode and the labeled ferrocene decreased significantly upon thrombin binding,
resulting in enhancement of electron transfer. This strategy resulted in the suc-
cessful detection of thrombin with a lower detection limit of 0.5 nM.

This strategy is useful for small molecule detection. Baker et al. reported
cocaine sensors using methylene blue-labeled aptamers [44]. The cocaine aptamer
formed a stable three-way junction. Stojanovic et al. engineered the cocaine apt-
amer to form a three-way junction in the presence of cocaine but not in the absence
of cocaine by destabilizing the stem structure formed between the 50 and 30 ends
[45]. Upon cocaine binding, the distance between the 50 and 30 ends is decreased,
leading to the successful construction of an optical cocaine sensor based on FRET.
Baker et al. applied cocaine aptamers to an electrochemical aptamer-based sensor
(E-AB sensor) [44]. The immobilized methylene blue-labeled aptamer was par-
tially folded and the methylene blue was attached at the 30 terminal of the aptamer
at varying distances relative to the electrode. Binding of the target molecule
induces the folding of the aptamer resulting in the restriction of the aptamer
structure at the position close to the electrode. Subsequently, electron transfer from
methylene blue to the electrode is presumably facilitated. This resulted in the
successful detection of cocaine with a lower detection limit of 10 lM. Lai et al.
also reported platelet-derived growth factor (PDGF) sensing using methylene blue-
labeled aptamers, and they succeeded in the detection of PDGF with a lower
detection limit of 1 nM in undiluted serum and 50 pM in twofold diluted
serum[46]. Because we do not need to wash to detect signals using the
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Fig. 3 Electrochemical aptamer sensor format based on conformational change. a In the absence
of the target molecule, immobilized DNA forms a stem-loop structure and methylene blue
associates with the stem-loop structure, resulting in an increase in electric current. Upon target
molecule binding, immobilized DNA forms a G-quadruplex structure and methylene blue (MB)
dissociates from immobilized DNA, resulting in a decrease in electric current. b Immobilized
redox-probe–modified DNA does not form a stable structure and the redox probe can easily
access the electrode. Upon target binding, the redox probe is fixed at a certain position, resulting
in an increase or decrease of electric current dependent on the aptamer structure. c The duplex of
the redox-probe–modified DNA aptamer and the complementary DNA is immobilized on the
electrode. Upon target binding, the aptamer folds and the complementary DNA dissociates from
the electrode, resulting in the fixation of the redox probe at the proximal side of electrode. d The
duplex of the DNA aptamer and the redox-probe–modified complementary DNA are immobilized
on the electrode. Upon target binding, the aptamer folds and dissociates from the electrode. The
immobilized complementary DNA folds into a stem-loop, resulting in the fixation of the redox
probe at the proximal side of the electrode
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conformational change of the aptamer, we can detect target molecules rapidly.
Baker et al. detected cocaine in 4 min, and PDGF in 30 min. This method is very
attractive for use in constructing biosensors for theranostics.

Although this sensing system is not limited to G-quadruplex-type aptamers, it is
not easy to construct biosensors with any kind of aptamer because some aptamers
have a rigid structure regardless of binding to the target. Xiao et al. hypothesized
that if binding of the target to the aptamer restricts the movement of the immo-
bilized aptamer, the electric current would change with a dependence on the target
concentration [47]. They tried to measure thrombin and IgE using the corre-
sponding aptamer. Although Xiao et al. succeeded in the detection of thrombin and
IgE, they found that only about 3 % of the signaling current was changed when
saturated IgE (200 nM) was applied. Inasmuch as IgE has a high molecular
weight, it is expected that IgE binding to the aptamer would efficiently restrict the
movement of the aptamer. However, methylene blue is presumably sufficiently
close to the electrode in the absence of target molecules, because IgE aptamer has
a restricted structure in the absence of target binding, resulting in a slight current
change upon target addition. This indicates that the restricted movement of an
aptamer upon target binding depends on the aptamer sequence but not the target
size. Therefore, we need to engineer the structures of aptamers to apply them to E–
AB sensors.

To apply E–AB methodology to any aptamer, complementary DNA has often
been used to induce a conformational change in the aptamer before target binding.
The complementary DNA induces a conformational change in the aptamer forming
a double-stranded DNA structure. The complementary DNA dissociates from the
aptamer upon target binding. Xiao et al. reported thrombin sensing by E–AB using
complementary DNA [48]. The immobilized DNA consists of the aptamer and the
hybridization region with the complementary DNA sequence. The complementary
DNA partially hybridizes with the aptamer sequence, and the terminus of the
sequence that hybridizes with the aptamer sequence is labeled with methylene blue.
In the absence of the target, the complementary DNA hybridizes with the aptamer
region and methylene blue is restricted at a considerable distance from the electrode.
Upon target binding, the complementary DNA presumably dehybridizes from the
aptamer, bringing the methylene blue closer to the electrode. In the absence of the
complementary DNA, it is difficult to control the signal change. In the thrombin-
sensing system, the electric current associated with the thrombin concentration
decreases (signal-off sensor). On the other hand, in the cocaine and PDGF detection
system, the electric current associated with the PDGF concentration increases
(signal-on sensor). For highly sensitive detection, the signal-on sensor is more
suitable than the signal-off sensor because it is easier to decrease noise in such a
system than in the signal-off sensor in the absence of the target. Using comple-
mentary DNA, the authors succeeded in constructing a signal-on sensor for thrombin
and DNA with lower detection limits of 3 nM and 400 fM, respectively.

Zuo et al. reported an aptamer sensor for adenosine based on a similar strategy
[49]. The adenosine aptamer was immobilized on a gold electrode and the opposite
terminal was labeled with ferrocene. Ferrocene does not have the ability to
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intercalate with dsDNA, therefore it was considered a better choice than methylene
blue. In the absence of adenosine, a complementary DNA was hybridized with the
aptamer. Upon target binding, the complementary DNA presumably dissociated
from the aptamer, bringing the ferrocene close to the electrode (Fig. 3c). On the
other hand, Lu et al. immobilized the complementary DNA on the electrode [50].
They designed a complementary DNA to the aptamer that forms a stem-loop
structure in the absence of aptamer hybridization. In the absence of the target
molecule, the aptamer hybridizes with the complementary DNA. Upon target
binding to the aptamer, the aptamers confined to the electrode surface dissociate
from the complementary DNA, allowing the complementary DNA to form the
stem-loop structure. The 30 terminal of the aptamer was labeled with ferrocene and
the formation of the stem-loop structure resulted in an increase in electric current
via the reduction of the ferrocene (Fig. 3d).

Das et al. reported a versatile aptamer sensor platform by using a polycationic
polymer-modified peptide nucleic acid (PNA), designated the neutralizer [51]
(Fig. 4). Because aptamers possess many negative charges, some researchers have
utilized these negative charges in the development of biosensors [52, 53]. Upon
target binding, most of the negative charges would be neutralized, resulting in a
decrease in the amount of Ru(NH3)6

3+ bound to the aptamer. However, the neu-
tralization efficiency upon binding to the target molecule depends on the size of the
target molecule. To apply this platform in a biosensor to measure any molecule
using aptamers, the high background signal originating from the nonspecific
interaction of Ru(NH3)6

3+ with immobilized aptamers would pose a problem. Das
et al. resolved this problem using a neutralizer. PNA is entirely a synthetic DNA
mimic and can hybridize to complementary DNA or RNA strands. In PNA, the
negatively charged phosphate backbone of the nucleic acid is replaced by an
uncharged N-(2-aminoethyl)-glycine scaffold. Using this polycationic polymer-
modified PNA, the negative charge of the immobilized aptamer is neutralized,
resulting in a decrease in the background signal from Ru(NH3)6

3+ binding. Upon
target binding, the neutralizer is replaced by the target molecule, resulting in the
binding of Ru(NH3)6

3+ to the exposed phosphate backbone of the immobilized
aptamer. The authors combined Ru(NH3)6

3+ and Fe(CN)6
3-, which would permit

the turnover of Ru(NH3)6
3+ by regenerating the oxidized form, resulting in signal

amplification. The use of this technology resulted in the successful detection of
ATP (1 lM), cocaine (1 lg/mL), DNA (100 aM), bacteria (0.15 cfu/mL), and
thrombin (10 fM). Because PNA can hybridize with DNA more strongly than can
DNA, strand displacement seems not to occur rapidly. The authors introduced
mismatches in the PNA such that the target bound to the immobilized aptamer
more rapidly and robustly, leading to the displacement of the neutralizer. Signal
change in ATP detection occurred within 1 min, and the signal change in the
absence of ATP is not significant even after 20 min.
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3.5 Sensing System for POCT Using Aptamers

To measure biomarkers for POCT, the sensing system should be miniaturized and
capable of rapid measurement at low cost. In general, immunochromatography
formats are widely utilized for POCT. Immobilized antibodies trap targets such as
virus, bacteria, and the like and gold nanoparticle-modified antibodies form a
sandwich structure with the immobilized antibody–target complex. Inasmuch as
gold nanoparticles undergo a color change when they form assemblies, we can
estimate the presence of virus, bacteria, or other biomarkers in the sample by
observing the presence of a line at the spot where the antibodies are immobilized.
This methodology is useful in the estimation of infectious disease in order to
administer a suitable medicine. However, it is limited to partial quantification
because we evaluated it only by the presence of the line.

Most successful biosensors are glucose-sensing systems for self-monitoring
blood glucose (SMBG). Most glucose sensors for SMBG are based on electro-
chemical detection using glucose oxidase or glucose dehydrogenase [54]. Glucose
sensors can measure the blood glucose concentration in 0.15 lL blood within 1 s
[55]. Whole systems are optimized well, and some glucose sensors contain an
enzyme that removes the effect of redox active molecules such as ascorbic acid
and uric acid included in blood. We focus on glucose dehydrogenase as the
labeling enzyme. Glucose dehydrogenase has high catalytic activity (PQQGDH
shows 5,000 U/mg protein) that is measurable by an optimized minimal glucose-
sensing format. Therefore, we could potentially construct a highly sensitive
detection system for various biomarkers for POCT, and we have reported aptamer
sensors using glucose dehydrogenase as the labeling enzyme and an aptamer that
binds to PQQGDH and FADGDH [15–17, 56–58].

Using the FADGDH-binding aptamer, we have reported a novel sensing system
based on nanostructure control by target molecule binding [57]. The FADGDH
binding aptamer selected by SELEX forms a G-quadruplex structure composed of
two successive stretches of six guanines each, with a sandwiched sequence
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+
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+
+ 

Small compound

Fig. 4 Aptamer sensors using peptide nucleic acid-modified cationic polymer as the neutralizer.
Upon target binding, the neutralizer dissociates from DNA immobilized on the electrode and the
ruthenium complex associates with the immobilized DNA, resulting in an increase in electric
current
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between these sequences. Through the analysis of truncated mutants, we found that
this aptamer formed a polymerized G-quadruplex structure called a G-wire, and a
mutant that broke the G-wire structure lost its ability to bind to FADGDH. Sur-
prisingly, we found that the central sequence sandwiched by consecutive guanines
was not related to FADGDH binding. FADGDH derived from Burkholderia
cepacia has three subunits, one of which has electron transfer activity to the
electrode from the catalytic subunit [59]. It has been utilized in a glucose sensing
system based on direct electron transfer without an electron mediator [60]. We
therefore hypothesized that replacing the central sequence with an aptamer in the
structure of the G-wire would change the distance between the electrode and
FADGDH upon target binding (Fig. 5). When we inserted the adenosine aptamer
into the FADGDH aptamer, it retained its ability to bind adenosine and FADGDH.
The aptamer was immobilized on a gold electrode and incubated with FADGDH.
After washing the electrode to remove excess FADGDH, the electrode with the
immobilized adenosine aptamer containing the insertion of the G-wire–FADGDH
complex was further incubated with various concentrations of adenosine. As
expected, we observed a concentration-dependent increase in electric current with
adenosine in the absence of electron mediator. Although the sensitivity of this
system is low because nanostructure control is a complicated process, this sensing
system is very attractive because it can utilize signal amplification by the enzyme
without B/F separation.

Xiang et al. reported the development of biosensors using commercialized
glucose sensors for various target molecules based on strand displacement [61]
(Fig. 6). To apply the glucose sensor to a sensing system for not only glucose but
also various other biomarkers, they focused on an invertase, which catalyzes the
hydrolysis of sucrose to glucose. The aptamer was immobilized on beads via
partially complementary DNA to the 50-region of the aptamer and invertase-
modified complementary DNA was hybridized with the 30-region of the aptamer.

Response current : Small Response current : Large

FADGDH

Adenosine

Fig. 5 G-quadruplex–based nanostructure biosensing format using FADGDH that has an
electron transfer subunit. In the absence of the target molecule, the electron transfer subunit is
distant from the electrode. Upon target molecule binding, the G-quadruplex structure changes,
resulting in increased electron transfer from the enzyme subunit to the electrode
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Upon binding of the target molecule, the invertase-modified complementary DNA
was released from the beads into solution. When sucrose was added to the
supernatant after removing the beads by magnetic separation, sucrose was
hydrolyzed to glucose and fructose with a dependence on the amount of invertase
within a short time. More important, because of its highly efficient enzymatic
turnover, even nanomolar levels of invertase are capable of converting millimolar
concentrations of sucrose into millimolar amounts of glucose whose range can be
measured by commercialized glucose sensors. The authors measured cocaine
(3.4 lM detection limit), adenosine (18 lM detection limit), and interferon-
gamma of tuberculosis (2.6 nM detection limit). They also used DNAzyme for the
on-site detection of toxic metal ions such as uranium (UO2

2+). Biotinylated DNA
was immobilized on magnetic beads, and the invertase-conjugated DNA probe was
connected to the UO2

2+-dependent DNAzyme via 12-base–pair hybridization.
Upon the binding of UO2

2+ to the DNAzyme, the DNAzyme cleaved the com-
plementary probe immobilized on the beads, resulting in the release of the
invertase-conjugated DNA probe. The group of Dr. Ya-Qin Chai has also reported
the development of biosensors using invertase-modified nanoparticles [62, 63].
They utilized antibodies or DNA probes immobilized on the nanoparticle. After B/
F separation, sucrose was converted to glucose in a target DNA concentration-
dependent manner. They succeeded in sensing carcinoembryonic antigen or DNA
with a lower detection limit comparable to that of conventional ELISA. Therefore,
invertase would be an attractive enzyme for signal amplification because its
activity can be measured in a miniaturized glucose sensing system.

3.6 Future Perspective

Diagnostics are increasingly important to achieve personalized medicine, therefore
the development of molecular recognition elements and detection systems should
be accelerated. Aptamers are expected to be useful as alternatives to antibodies
because they can be selected by in vitro selection with comparable affinity and

Sucrose

GlucoseTarget

Invertase

Fig. 6 Versatile aptamer
sensor using a glucose meter.
Aptamers are immobilized on
the beads via complementary
DNA. Invertase-modified
DNA is hybridized with the
aptamer. Upon target binding,
invertase-modified DNA
dissociates from the beads.
Glucose that is converted
from sucrose by invertase is
measured using a glucose
meter
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specificity in a short time and possibly with low cost. To develop theranostics, we
need to develop biosensing systems for various biomarkers with low cost and rapid
sensing. An electrochemical sensing system can miniaturize the sensing system at
low cost and it can be fabricated by lithography-based technology, allowing us to
construct multiple biomarker detection systems by using a chip. Aptamers are the
most suitable molecular recognition element for use with an electrochemical
sensing system because they can be easily modified for immobilization on the
electrode. For conventional diagnostics, antibody-based chemiluminescent detec-
tion systems are widely used clinically. However, their sensing systems are rela-
tively big. Electrochemical sensors using aptamers would allow us to measure
multiple biomarkers by a chip rapidly and with low cost to allow physicians to
tailor the selection of either drugs or drug doses quickly. We expect that these
biosensors will facilitate the development of theranostics and personalized
medicine.
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Enzymatic Glucose Biosensors
Based on Nanomaterials

Butaek Lim and Young-Pil Kim

Abstract Glucose biosensors have an important place in the diagnosis of diabetes
as well as in various food and biotechnological processes. Recent advances in
nanomaterials have directly improved enzymatic glucose biosensors owing to their
distinguished structural and physiochemical properties. Here, we review the recent
developments in electrochemical and fluorescent glucose biosensors based on
nanomaterials. New technologies that combine nanomaterials with glucose-sens-
ing enzymes will result in promising glucose biosensors with high specificity and
sensitivity.
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1 Introduction

Enzymes, as the most commonly used reagents, offer exquisite specificity when
combined with different types of biosensors. To this end, enzymatic biosensors are
attractive in spite of their relatively poor stability, which is associated with short
lifetimes and limited ranges of applications. A great number of enzymatic bio-
sensors have been proposed, but far fewer have been practically used; notable
success has been achieved in the rapid diagnosis of blood glucose levels for
patients with diabetes, which is one of the leading causes of death and disability in
the world. Because the diagnosis and management of diabetes mellitus require a
stringent control of blood glucose levels within the normal range of 80–120 mg/dL
(4.4–6.6 mM), glucose biosensors account for about 85 % of the entire biosensor
market [1], leading to the incessant development of innovative biosensors. Over
the last few decades, glucose biosensors, especially those based on glucose oxidase
(GOx), have played a pivotal role in simple glucose detection in blood as well as
in vivo glucose monitoring, due to mass production and easy availability. How-
ever, enzyme-based glucose sensors remain formidable.

To expand the usability of enzymatic glucose biosensors, much research has
focused on increasing their stability and sensitivity using nanomaterials. Recent
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advances in nanomaterials offer some significant advantages owing to their
enhanced structural and engineered complexity. For example, high surface area/
volume ratios facilitate larger signals and greater catalytic activity by enzymes.
Also, the enhanced electrical or optical properties of nanoparticles, including gold
nanoparticles (AuNPs), quantum dots (QDs), and carbon nanotubes (CNTs),
improved the accuracy and lifetime of the glucose biosensors. Therefore, enzymes
and their coupling to nanomaterials will lead to new types of biosensors.

Here, we review recent advances in the field of enzymatic glucose biosensors
based on nanomaterials. To avoid redundancy in a myriad of reviews of glucose
biosensors [2–6], we outline nanomaterial-based enzymatic glucose biosensors,
primarily focusing on distinguished detection methods by various nanomaterials.
A short description regarding electrochemical and fluorescent glucose biosensors
is presented with sensing principles and structural properties. Emphasis is given to
the major strategies for enhancing their performance. We outline key challenges
and opportunities for their further development and use.

2 Enzymatic Electrochemical Detection of Glucose
Using Nanomaterials

The immobilizing technique of glucose oxidase directed the era of self-monitoring
of blood glucose with reflectance meters in the 1970s [7]. However, since Clark
and Lyons [8] and Updike and Hicks [9] first described the electrochemical
enzymatic glucose sensors in the 1960s, electrochemical sensors have replaced
reflectance meters due to their faster and more accurate properties. The most
significant sensing material that is widely used in glucose biosensors is glucose
oxidase (GOx), which catalyzes the oxidation of glucose to gluconolactone, fol-
lowed by being hydrolyzed to gluconic acid in water. A good example is the
traditional glucose sensor, which can detect the hydrogen peroxide produced in the
oxidation process catalyzed by a glucose oxidase enzyme.

Glucose þ O2 þ GOx ! Gluconolactone þ H2O2

Along with flavoprotein GOx, nicotinamide adenine dinucleotide (NAD)-
dependent glucose dehydrogenase (GDH) has been harnessed as an enzyme for
glucose biosensors. In contrast with the oxidation systems of GOx, which involve
membrane flavoproteins in the inner face of the cytoplasmic membrane, GDH is
found in the periplasm of gram-negative bacteria, such as Acinetobacter calco-
aceticus. Although these two enzymes have been primarily used for the con-
struction of glucose biosensors, they have intrinsic problems: GOx is sensitive to
oxygen fluctuations in blood samples and NAD–GDH has less stability due to the
loss of the cofactor NAD. GDH also requires an additional redox mediator to
lower the overvoltage for oxidation of the NADH product. To circumvent these
problems, pyrroloquinoline quinone (PQQ)-dependent GDH has been used as an
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alternative; it does not require an oxygen cofactor (that is, it is oxygen-insensitive)
and has tightly bound PQQ in the enzyme [10–12]. PQQ can act as an electron
acceptor instead of oxygen during the glucose oxidation.

Glucose þ PQQOx - GDH ! Gluconolactone þ PQQRed - GDH

Compared to NAD-dependent GDH, PQQ-GDH contains a relatively tightly
bound PQQ cofactor [13]. In addition, glucose kinetics for quinoprotein GDH are
approximately 40 times greater than that for the flavoprotein GOx under identical
conditions [10]. Although such PQQ enzymes are of limited use due to their
limited stability by insoluble PQQ, the water-soluble PQQ-GDH is reported to be
developed from Acinetobacter calcoaceticus [14]. The high catalytic activity and
oxygen insensitivity make the PQQ-GDH biosensor suitable for in vivo blood
glucose monitoring in the management of diabetes.

Recently, it has been revealed that the incorporation of nanomaterials into such
enzymes offers a variety of advantages, including increased surface area, improved
catalytic reaction, and more efficient electron transfer from enzyme to electrode. In
particular, nanocomposites including carbon nanotubes and metal particles have
been preferentially implemented to induce high performance of the electrochem-
ical glucose sensing system. Other nanoparticles have been exploited to amplify
the signal sensitivity by several orders of magnitude. In this chapter, we highlight
recent advances in electrochemical glucose biosensors, including enzymes and
nanomaterials.

2.1 Carbon Nanotubes

The CNT-based enzymatic glucose sensor was initially demonstrated as a field
effect transistor (FET)-type sensor by Dekker et al. [15]. Through the controlled
attachment of the GOx to the nanotube sidewall in Fig. 1, it was shown that the
conductance change of the assembly was much more dependent on the pH than
that of enzyme-free CNT. With increasing pH, GOx became more negative,
thereby increasing the conductance of the semiconducting single-wall nanotube
(SWNT). Accordingly, it was very effective to detect charge changes of about 50
protein molecules attached to a *600-nm long semiconducting SWNT. The low-
potential (-0.2 V vs. SCE) reductive detection of the hydrogen peroxide product
led to highly selective amperometric monitoring of the glucose, which showed the
linearity up to 30 mM glucose and a detection limit of 0.08 mM. This system was
very specific to glucose; glucose did not change the conductance of the bare
SWNT but did increase the conductance after GOx was immobilized. It was
presumed that this system would be suitable for real-time electronic glucose
detection. However, because the immobilization of GOx can decrease the con-
ductance (and many other factors in the real sample can also affect the conduc-
tance), a stringent control is a prerequisite for reliable measurement.
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Willner et al. demonstrated the incorporation of single-walled carbon nanotubes
(SWCNTs) as electrical connectors between the GOx redox centers and the
electrode [16]. The amino derivative of the flavin adenine dinucleotide (FAD)
cofactor was coupled to the carboxy groups at the free edges of the standing
SWCNTs that had been conjugated to a gold electrode via an EDC reaction. After
passivation of the walls with Triton X-100 and polyethylene glycol, apo-GOx was
reconstituted on the FAD unit. This assembly allowed the SWCNT to act as a
nanoconnector that electrically contacted the active site of the enzyme and the
electrode. The rate constants of electron transport were controlled by the length of
the SWCNTs: 83, 42, 19, and 12 s-1 was estimated for the standing SWCNTs of
25, 50, 100, and 150 nm average length, respectively. The large surface coverage
of the GOx–CNT units enabled the turnover rate of electrons sixfold faster than
that between the GOx and its O2 electron acceptor. This system suggested the
hybrid system of CNTs and enzymes could be used for glucose detection, showing
that CNTs served as the distance-dependent electron wire.

Davis and Coleman described an SWCNT glucose biosensor based on a dif-
fusive ferrocene mediator [17]. This was achievable by adsorbing several metal-
loproteins and enzymes on both the sidewalls and termini of SWCNTs. As is
characteristic with many similar enzyme systems, the tunnelling distance between
the (redox) active site and any underlying support/electrode is still too far. Because
direct electrochemical communication between the flavin active site of GOx
immobilized in this way and the nanotube is not possible, the adsorption (p–p
interaction) of cytochrome on oxidized SWNTs allowed for direct communication
between the active site of GOx enzyme and nanotube through the ferrocene
mediator to generate a quantifiable catalytic current in response to glucose sub-
strate (Fig. 2).

Schmldtke et al. showed further utility of the CNT/enzyme assembly by
incorporating SWNTs into redox polymer hydrogels containing the GOx enzymes
[18]. The composite films were achieved by incubating the GOx in the SWNT
solution and then the subsequent cross-linking within a poly[(vinylpyri-
dine)Os(bipyridyl)2Cl2+/3+] polymer. This system resulted in a two- to tenfold
increase in the redox peak currents during cyclic voltammetry, while the glucose
oxidation current was also threefold higher in the current output than that of CNT-
free electrode. This result clearly demonstrated that the incorporation of CNT into

Fig. 1 Carbon nanotube (CNT)-based field effect transistor as the glucose biosensor. Two
electrodes are connected to a semiconducting CNT with GOx enzymes immobilized on its
surface. SWNT, Single-walled nanotube. Adapted from [15] with permission
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the films facilitated the electron transfer through the polymer film upon the
addition of glucose.

In addition to electrochemical glucose sensors based on CNTs, a novel method to
generate a high potential biocathode through a controlled electric connection between
CNTs and the electrode was recently proposed by Schuhmann and Stoica [19]. The
effective reduction of H2O2 was induced by co-immobilization of GOx at CNT/carbon
microfiber (CMF)/graphite rod (GR) electrodes modified with 1-pyrenehexonic acid
and horseradish peroxidase (HRP). This biocathode with suitable anodes would be
useful as both a glucose sensor and a glucose-based biofuel cell.

Fig. 2 Schematic representation of the single-walled nanotube glucose biosensor. Solution-
phase D-glucopyranose is turned over by oxidase enzymes immobilized on the nanotubes. This
redox process at the enzyme flavin moieties is communicated to the nanotube p system through
the diffusive mediator ferrocene monocarboxylic acid. The redox action of the ferrocenes at the
nanotube surface ultimately generates a quantifiable catalytic current characteristic of substrate
detection and turnover. Adapted from [17] with permission
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2.2 Mesoporous Carbon

Ordered mesoporous carbon (OMC) could be a good candidate for glucose-sensing
nanomaterials due to its unique structural properties, such as the uniform existence
of mesopores ([2 and\50 nm), large pore volume, high specific surface area, and
biocompatibility, which not only ensure highly homogeneous and reproducible
immobilization of enzymes onto the biosensor electrode but also lead to large
loading capacity for biocatalysts [20, 21]. Kim et al. reported highly sensitive
glucose biosensors using enzymes immobilized in mesocellular carbon foam
(MCF) [22]. To immobilize GOx with a molecular weight of ca. 160 kDa and with
molecular dimensions of 5.2 nm 9 6.0 nm 9 7.7 nm, the OMC containing
interconnected hollow cells with a diameter of ca. 30 nm was synthesized as foam.
The loading density of GOx in MCF was about 4.7-fold higher than that in the
activated carbon owing to the larger pore volume (Fig. 3a). As a result, the
detection limit of glucose was about 0.07 mM and its dynamic range was extended
up to *2 mM (Fig. 3b) with a fast response time (less than 30 s after glucose
addition). This was attributed to the effective transfer of substrate and products
through MCF matrixes containing enzymes.

A mediator-free glucose sensor by the OMC–AuNP nanocomposite was dem-
onstrated by Guo et al. [23]. They synthesized the AuNPs on OMC by a chemical
reduction of gold seed ions via NaBH4/sodium citrate. Thereafter, GOx was
directly adsorbed on the nanocomposite-modified glassy carbon electrode. The
surface coverage of the GOD/OMC–Au/GC electrode was calculated to be
2.99 9 10-9 mol cm-2, which is much larger than that of the GOD/OMC/GC
electrode (1.80 9 10-9 mol cm-2). Also, the GOD/OMC–Au/GC electrode had
better stability than the GOD/OMC/GC electrode, due to the good biocompati-
bility of the OMC–Au nanocomposites. Owing to this property, the nanocom-
posite-based glucose biosensor showed a linear range from 0.05 to 20.0 mM with
good reproducibility and stability.

Fig. 3 a Schematic representation of MSU-F–C/glucose oxidase showing effective retention of
enzymes within large mesopores and the role of small pores in the facile transport of a substrate.
b The amperometric response on varied contents of MCF (a 0, b 0.5, c 1.0, d 2.0, and
e 3.0 mg mL-1) as a function of glucose concentration. Adapted from [22] with permission

Enzymatic Glucose Biosensors Based on Nanomaterials 209



2.3 Gold Nanoparticle

A metallic nanoparticle (NP) with the appropriate dimensions and structures can
serve as an excellent nanocollector and an electron relay to a macroelectrode when
adjacent to the enzyme redox center. Willner et al. have been leading this field.
They initially reported that improved electrical contacting of flavoenzymes was
achieved by the surface-reconstitution of apo-GOx on a single gold nanoparticle
(AuNP)-flavin adenine dinucleotide (FAD) unit, where a 1.4-nm AuNP was
functionalized with FAD and then the FAD-AuNP was reconstituted with GOx
[24]. The AuNP/FAD/GOx composite was assembled on an Au electrode func-
tionalized with a 1,4-dimercaptoxylene monolayer, showing the denslely packed
GOx monolayer (1 9 10-12 mol cm-2). The electron transfer turnover rate of the
reconstituted bioelectrocatalyst is *5,000 per second, compared with the rate at
which molecular oxygen, the natural cosubstrate of the enzyme, accepts electrons
(*700 per second). They emphasized the role of AuNP as an electrical nanoplug
for the alignment of the enzyme on the conductive support.

Willner also demonstrated that this concept could be applied to the apo-GDH
[25]. To construct an electrically contacted GDH electrode, the apo-GDH with
PQQ-functionalized AuNPs (1.4 nm in diameter) was reconstituted on a Au
electrode via 1,4-benzenedithiol bridges (Fig. 4). The electrical contacting of
GDH by AuNPs was approximately 25-fold improved as compared to a system
where polyaniline acts as the matrix for the electrical contacting of the reconsti-
tuted enzyme and the electrode support. When compared to that of the AuNP/
FAD/GOx nanocomposite, the efficient electrical wiring of AuNP/PQQ/GDH led
to the higher turnover rate (11,800 s-1) between the enzyme and the electrode,
suggesting that nonspecific oxidizable interfering compounds for biosensing of
glucose would not significantly be considered because the oxidation of glucose by
the PQQ-dependent GDH is known not to be affected by oxygen.

Intriguingly, it was reported by Kim et al. that the electrostatic binding of PQQ-
incorporated GDH on an electrode was more efficient and easier in the fabrication
of this enzymatic biosensor. It was revealed that the GDH glucose biosensor by
electrostatic conjugation onto the self-assembled monolayers (SAMs) on the Au
electrode gave rise to twofold higher detection sensitivity than that by covalent
conjugation under the same condition, mainly due to the net charge of PQQ-GDH
(pI *9.5). Thus, it is suggested that this enzyme should confer a strong electro-
static attraction to the carboxyl groups of SAM or AuNPs.

Willner et al. also described the biocatalytic growth of AuNPs by GOx and
glucose [26]. By using a glucose sensor system, the catalytic growth of AuNPs was
performed using AuCl4

- and H2O2 produced by the enzyme because numerous
oxidases generated H2O2 upon the oxidation of the respective substrates by
molecular O2 (Fig. 5). Although the AuNPs exist in several morphologies
(spheres, rhombs, triangles, and polygons) with a very narrow size distribution,
12 ± 1 nm, the absorbance values from the catalytically enlarged AuNPs
increased as the concentration of glucose was elevated, enabling us to develop a
new glucose biosensor based on the H2O2-mediated growth of the AuNPs.
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More recently, Stevens et al. developed the plasmonic nanosensors by means of
GOx-mediated crystal growth [27]. This nanosensors are based on the localized
surface plasmon resonance (LSPR), where GOx controls the rate of nucleation of
silver nanocrystals on plasmonic transducers. That is, GOx generates hydrogen
peroxide, which reduces silver ions to grow a silver coating around plasmonic
nanosensors (gold nanostars): (i) At low concentrations of GOx the nucleation rate
is slow, which favors the growth of a conformal silver coating that induces a large
blueshift in the LSPR of the nanosensors; (ii) When GOx is present at high
concentrations, the fast crystal growth conditions stimulate the nucleation of silver
nanocrystals and less silver is deposited on the nanosensors, therefore generating a
smaller variation of the LSPR. Therefore, this LSPR-generation step induces
inverse sensitivity of GOx. By controlling the kinetics of crystal growth with an
enzyme, this system opens up new opportunities and applications for biosensing.

2.4 Magnetic Nanoparticle

It is noteworthy that the combination of the OMC foams and nanostructured
magnetic materials (NMMs) will facilitate a fast and reversible electrochemical

Fig. 4 Assembly of glucose dehydrogenase (GDH) reconstituted on the pyrroloquinoline
quinone (PQQ)-functionalized gold (Au) nanoparticles associated with an Au electrode and the
non-mediated electrical contacting of the enzyme. Adapted from [25] with permission
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glucose biosensor. Kim et al. demonstrated that the OMC with embedded magnetic
nanoparticles (MNPs) has the carbon structure and loading capacity, immobili-
zation kinetics, and the stability for GOx similar to OMC forms, which was
characterized by co-existence of three types of substructures: interconnected
hollow spherical cells (diameter ca. 30 nm), channels (width ca. 6 nm) sur-
rounding the cells, and micropores (width ca. 0.6 nm) present throughout the
carbon framework [28]. Electron microscopy and analysis of the magnetic prop-
erties have revealed that ferromagnetic nanoparticles were generated and well
distributed mainly on the exterior surface of magnetic OMC. A switchable glucose
sensing system was made possible by GOx immobilized in the magnetic OMC and
a diffusive ferrocene derivative (Fig. 6). By controlling the distance between the
enzyme and the electrode using an external magnetic field, the mediated electron-
transfer was able to be reversibly promoted or inhibited.

To further extend applications of the OMC-related materials, there seems to
remain a need for the highly electroconductive materials so as to reach the most
efficient electron-transfer reaction. For example, much faster reaction of enzyme-
assembled electrodes would be attainable when using electrode-immobilized
mediators, rather than using soluble free electron mediators. In this regard, co-
immobilization of proper electron mediators with enzymes may enhance the
performance of magnetic OMC-based glucose sensors.

Fig. 5 Biocatalytic enlargement of gold (Au) nanoparticles by the glucose oxidase (GOx)-
mediated oxidation of glucose on a glass support (TES–NH2, 3-aminopropyltriethoxysilane).
Adapted from [26] with permission
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Cui et al. recently demonstrated a glucose biosensor based on poly(diallyl-
dimethylammonium chloride) functionalized helical CNTs (PDDA-HCNTs) and
magnetic electrodes [29]. An amperometric response to glucose by the developed
GOx-functionalized PDDA-HCNTs was conducted on magnetic glass carbon
electrode, which resulted in the excellent electrocatalytic activity and stability,
with a linear range of glucose from 5 to 85 lM and a low detection limit of
0.72 lM at 3r. Furthermore, the magnetic electrode has an advantage of elimi-
nating the biofouling effect and of preventing the leaking loss of the enzyme. As an
on–off bioelectrocatalytic glucose sensor, an MNP-assisted gate microelectrode
was recently developed by Baker et al. [30]. As shown in Fig. 7, MNPs control
reversibly the gate transport of an electroactive species (ferrocene) to the surface
of the electrode in the center of single-coil microelectromagnetic traps; that is,
GOx-modified MNPs were pulled on and off of the electrode surface by magnetite
and the voltammetric response was recorded, which was proportional to the glu-
cose concentration. It is anticipated that an MNP-modulated sensing system will
be promising for developing on/off biosensors and drug delivery systems.

3 Enzymatic Fluorescent Detection of Glucose
Using Nanomaterials

Although electrochemical sensors have taken up a large proportion of research and
commercialized activity in glucose detection, fluorescence-based sensors can be
used as an alternative. Fluorescence-based glucose sensors provide several
advantages for in vivo continuous monitoring, due to the ability to optically see
through the skin rather than having an electrode system implanted.

Fig. 6 Principle of the magnetically switchable electrochemical biosensing. Expected
voltammetric results are also depicted schematically before (left) and after (right) applying a
magnetic field to the working electrode
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Initial work on the fluorescence-based detection of glucose was done by
Trettnak and Wolfbeis [31], in which they examined changes in the intrinsic
flavine fluorescence of glucose oxidase. Thereafter, it was reported that fluoro-
phore-modified GOx was used for the detection of glucose by delayed energy
transfer between the FAD and the fluorophore [32, 33]. However, a main hurdle in
such research is that FAD fluorescence in response to glucose is too weak, making
this system unsuitable for investigating a real monitoring system in many other
interferences.

A convenient way of developing glucose sensors that involve measurements of
fluorescence is to use a GOx-catalyzed reaction. During this process, oxygen
consumption or hydrogen peroxide production can be monitored by fluorescent
detection. For example, decacyclene (ex 385 nm, em 450–600 nm) and the
ruthenium complex, tris(1,10-phenanthrolene)ruthenium chloride (ex 447 nm, em
604 nm), have been used as oxygen reactive materials in GOx-based glucose
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Fig. 7 a Schematic of mechanism of on/off ferrocene-mediated glucose detection. Glucose
oxidase (GOx) is attached to magnetic particles that are pulled to the center of the coil. Various
concentrations of glucose (0.5–20 mM), 0.5 mM ferrocene carboxylic acid, 50 mM phosphate,
and 50 mM KCl buffer were used. When particles are at the coil periphery, the mediated reaction
does not occur. b Glucose concentration is shown versus the limiting current measured
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sensors, where their fluorescence is quenched by the oxygen [34, 35]. Rosenzweig
et al. reported the fluorescence-based glucose sensors by using MNP/GOx and
ruthenium phenanthroline fluorescent complex [36]. GOx was covalently attached
using a cross-linking reagent (glutaraldehyde) to amino-modified magnetite
(Fe3O4) NPs averaging 20 nm in diameter. The resulting GOx-coated magnetic
particles had long-term stability (even for 3 months) and high enzymatic activity.

The Yagci et al. proposed the fluorescent glucose biosensor using the poly(vinyl
alcohol)-pyrene-GOx (PVA-Py-GOx) having both fluorescent and oxidant sites in
the structure [37]. Upon the consumption of glucose by GOx and dissolved O2, the
fluorescence intensity of pyrene groups of the probes was generated by the
elimination of O2. As a result, glucose concentration was analyzed quantitatively
from 0.25 to 3.0 mM by the fluorescence measurement. The change in dissolved
oxygen in the medium causes a quenching fluorescent intensity (Fig. 8).

As promising fluorescence-based glucose sensors, QDs have received great
attention as a preferable material in enzyme-based biological analyses and
applications, owing to their good optical characteristics, high catalytic effects, and
high electron-transfer efficiency. Tang et al. demonstrated that a complex of CdTe
QDs and GOx could be useful as a fluorescent nanosensor for the detection of
glucose with high sensitivity [38]. When glucose was oxidized to gluconic acid
and H2O2 in the presence of GOx, H2O2 was specifically reduced to O2 on the
surface of QDs via electron hole traps, resulting in fluorescence quenching
(Fig. 9). The resultant O2 was presumed to be further participated in the catalyzed

Fig. 8 Schematic
representation of the
mechanisms responsible for
a glucose oxidation by the
enzymatic reaction and
b fluorescence emission and
oxygen quenching of excited
poly(vinyl alcohol)-pyrene-
glucose oxidase (GOx).
Adapted from [37] with
permission
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reaction of GOx, producing a cyclic reaction of glucose oxidation. Therefore, the
quenching efficiency of CdTe QDs increases as the glucose concentration
increases. Compared to free GOx, GOx conjugated on the CdTe QDs showed the
conformational changes in the process of assembly, leading to the considerably

Fig. 9 Schematic illustration of the structure of the assembled CdTe quantum dots (QDs)–
glucose oxidase (GOx) complex and its glucose-sensing principles. Adapted from [38] with
permission

Fig. 10 a Sensing of glucose by the methylene blue (MB+)-functionalized CdSe/ZnS quantum
dots (QDs). b Time-dependent fluorescence changes upon the interaction of 0.5 mM glucose with
the MBþ-functionalized QDs. Spectra were recorded at 6-min intervals. c Calibration curve
corresponding to the optical analysis of different concentrations of glucose by the MB+-
functionalized QDs. Each sample was analyzed by reacting the functionalized QDs with different
concentrations of glucose for two fixed time intervals of 30 and 60 min, respectively. FRET,
Fluorescence resonance energy transfer; GDH, Glucose dehydrogenase; NAD, Nicotinamide
adenine dinucleotide. Adapted from [40] with permission
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enhanced enzyme activity. Not only that, the conjugated GOx remained active
over a wide range of temperatures up to 80 �C, presumably due to the limited
denaturation on the QD surface. This system, however, should be further validated
to see whether one can eliminate many interfering species that affect the genera-
tion of O2 and H2O2, which would not be easy, especially in real blood samples.
By taking advantage of this principle, Li et al. constructed a layer-by-layer
assembly consisting of CdTe QDs and GOx for the detection of glucose by using
its fluorescence change [39]. Although this chip-based sensor is not reproducible,
due to the partial recovery of fluorescence intensity under ambient conditions, this
system has an advantage: it can be designed in an array format for rapid and high-
throughput screening of blood glucose.

Similarly, Willner et al. developed an integrated hybrid system by combining
NAD-dependent GDH with CdSe/ZnS QDs for the optical detection of glucose.
QDs were functionalized with methylene blue (MB+)-conjugated avidin via
covalent linkage to a glutathione-protecting layer. Because MB+ quenched the
fluorescence of QD via a fluorescence resonance energy transfer (FRET) process,
the production of NADH by glucose and NAD-GDH can reduce the MB+, leading
to the fluorescence activation of QDs (Fig. 10). When biotinylated GDH was
associated with the complex of MB+/avidin/QDs, the addition of glucose generated
the fluorescent intensity, depending on its concentration; that is, higher glucose
induced higher NADH and lower MB+. However, this complicated nanoassembly
is not validated in real blood samples and the free NAD+ should be added to the
reaction solution; therefore, this glucose-sensing system needs to be more opti-
mized for high stability and reproducibility.

4 Summary, Conclusions, Outlook

Glucose sensing has an important place in the diagnosis and therapy of diabetes. In
addition to medicinal applications, an advanced sensing system with online and
in vivo monitoring properties is also desirable to control various food and bio-
technological processes. Because enzymatic glucose reactions offer better selec-
tivity in response to glucose rather than enzyme-free sensing, the combination of
highly stable enzymes in association with glucose and nanomaterials is being
harnessed at many stages of commercial and clinical implementation to achieve
better performance of glucose-sensing systems. Although a variety of nanosensor
technologies have been developed using both electrochemical and fluorescent
methods, there is still a need to integrate such sensing systems with in vivo
measurements. Implantation of electrochemical sensing chips and optical inter-
rogation through the skin will be of great interest. In addition, a method to
eliminate or reduce the need for patients to take blood samples is promising with
the miniaturization of sensing systems for point-of-diagnosis in the future.
Amplification strategies are another significant area in the development of enzy-
matic glucose biosensors, which can be possibly achieved by the incorporation
of glucose-related enzymes or other detection molecules into nanomaterials.
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Using the high-protein loading capacities of nanocarriers and co-immobilization
with antibodies or avidin and multiple enzyme labels, the optical or electro-
chemical signals could be highly amplified, which will contribute to the detection
of many metabolites with high sensitivity.
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Cascadic Multienzyme Reaction-Based
Electrochemical Biosensors

Yong Duk Han, Yo Han Jang and Hyun C. Yoon

Abstract Since the first glucose biosensor was developed by Clark and Lyons,
there have been great efforts to develop effective enzyme biosensors for wide
applications. Those efforts are closely related to the enhancement of biosensor
performance, including sensitivity improvement, elevation of selectivity, and
extension of the range of analytes that may be determined. Introduction of a
cascadic multienzyme reaction to the electrochemical biosensor is one of those
efforts. By employing more than two enzymes to the biosensor, its sensitivity and
accuracy can be enhanced. Also, the narrow application range that is a typical
limitation of single enzyme-based biosensor can be overcome. This chapter will
discuss the fundamental principles for the development of cascadic multienzyme
reaction-based electrochemical biosensors and their applications in clinical and
environmental fields.
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1 Introduction

Curiosity and the desire to understand the composition of certain objects have been
strong driving forces for advances in analytical science. As the scientific knowledge
about physics, chemistry, and biology has grown, analytical chemists and bio-
chemists have developed various analytical methods to detect the amounts of bio-
chemical components in complex systems such as the human body. Those analytical
methods for chemical or biochemical assays have been performed in professional
laboratories and facilities by experts using additional equipment. Rationally, we
have sought more convenient and efficient biochemical assay methods that require
minimal professional skills and equipment. These needs triggered the development
of a brand-new analytical methodology: the biosensor [1].

A biosensor can be generally defined as an analytical device that is composed of
a biological recognition part (the so-called bioreceptor) and a physico-chemical
transducer to convert an observed biospecific response into a measurable signal
whose intensity is proportional to the concentration of a target analytes. Briefly,
biosensors can be classified as affinity biosensors and catalytic biosensors. In
affinity biosensors, biomolecules having target-specific binding capabilities—such
as antibodies, oligonucleotides, and cellular receptors—are used as bioreceptor
elements. If the target analytes are composed of protein or oligonucleotide, one
can select an affinity biosensor for an assay. In catalytic biosensors, enzymes
possessing a biocatalytic activity with target analytes are employed as a biore-
ceptor element. Generally, this catalytic biosensor is used in detection of non-
protein biochemical metabolites.

According to the utilized transducer type, biosensors also can be divided into
several groups such as electrochemical, optical, piezoelectric, and calorimetric
biosensors [1–5]. Among these various transducing strategies, electrochemical
transducers are most widely used as biosensors due to their cost efficiency,
operation convenience, good portability, and simplicity of construction. Also, the
electrochemical transducer (especially an amperometric transducer) can be easily
combined with catalytic bioreceptors (enzymes) generating bioelectro-catalytic
signals when the target analytes recognized [2–4]. Figure 1 shows a scheme of a
typical amperometric enzyme biosensor principle.

Since the first glucose biosensor using a catalytic biosensing concept was
introduced by Clark and Lyons in 1962 [6], many researchers have struggled to
develop efficient and sensitive enzyme-based electrochemical biosensors that can
be applied to various fields, such as healthcare [1–3, 7–11], environmental mon-
itoring [12–18], food analysis [16–18], and bioreactor monitoring [19]. By these
efforts, there has been an explosive growth of research activities in the biosensor
development area. Although there were huge advances in the academic fields, few
commercially successful biosensor products exist, except for the blood-glucose
biosensor in the industrial field [8].

Commercialized glucose biosensors employ an amperometric enzyme electrode
as a biosensing platform. On the amperometric enzyme electrode, the enzyme–
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substrate biocatalytic reaction results in an alteration of redox-active species
concentrations. During an appropriate electric potential applied to the electrode,
oxidation or reduction of these redox-active species generates measurable current
whose magnitude has a stoichiometric relationship to the concentration of the
analyte [7, 8]. The success of this glucose biosensor was affected by its compa-
rably simple electrocatalytic reaction principle that requires only one redox
enzyme to measure the concentration of blood glucose. Unfortunately, many
analytes in nature require more complicated enzymatic assay methods involving
more than two enzymes. Only a few enzymes that have the ability to directly
generate or consume electroactive species. These limited numbers of analytes can
be measured by a mono-enzymatic biosensor and thus hinder the expansion of
biosensor applications [20].

To overcome this limitation, introduction of cascadic multienzyme-modified
electrodes that couple the bioelectrocatalytic activities of different enzymes in a
sequential manner should be considered [20, 21]. For instance, determination of
triglycerides in serum sample cannot be achieved by using a monoenzymatic assay
method because there is no enzyme that can directly oxidize the analytes and
produce electroactive substances. However, triglycerides can be hydrolyzed into
fatty acids and glycerol by the enzyme reaction of lipase. Sequentially, by using a
glycerol kinase (GK) reaction, the generated glycerol is converted into glycerol-3-
phosphate that can be oxidized by glycerol-3-phosphate oxidase (G3PO). Based on
this three-enzyme involved cascadic reaction, triglycerides can be electrochemi-
cally determined [22].

Fig. 1 Schematic
illustration of a typical
amperometric enzyme
biosensor
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This cascadic multienzyme-involved biosensing strategy provides not only an
expansion of the biosensor application range but also an enhancement of the
selectivity and sensitivity of the biosensor. To analyze the very low concentrations
of target analytes, enhancement of enzymatic biosensor sensitivity is required. In
this regard, Wollenberger et al. suggested a multienzyme system employing the
recycling of substrates and electroactive species [20]. For example, a very sensi-
tive measurement of glutamate has to be accomplished by employing an enzyme-
modified carbon electrode that is comprised of glutamate dehydrogenase and
alanine aminotransferase [23]. On the bienzyme-modified electrode, a sequential
enzyme reaction allows the recycling and regeneration of the glutamate, a target
analyte, and it provides amplified electrochemical signals that guarantee higher
sensitivity. As discussed previously, the employment of cascadic multienzyme
reactions to the electrochemical biosensor offers great advances to its sensitivity
and extended usage to industrial fields. This chapter reviews the principles of the
development of multienzyme-based electrochemical biosensors and their practical
applications in various fields.

2 Basic Principles of the Development of Cascadic
Multienzyme Reaction-Based Electrochemical
Biosensors

Simply, the multienzyme-modified electrochemical biosensor might be considered
as extra enzyme reactions added to the mono-enzymatic electrochemical biosen-
sor. However, the practical realization of multienzyme reaction-involved biosensor
demands more complicated conditions, such as appropriate strategy selections for
immobilization and arrangement of different enzymes on the electrode, diffusion
controls of substrate products in multienzyme-modified layers, adjustments of
different enzyme activities, and electrochemical signaling efficiencies. On the basis
of these considerations, this section will consider some essential knowledge for the
development of cascadic multienzyme-modified electrochemical biosensor
including (1) the kinds of analytes that require a cascadic multienzyme reaction-
based assay method and their multienzyme reaction mechanisms, (2) electro-
chemical signaling principles, and (3) multienzyme immobilization strategies.

2.1 Cascadic Multienzyme Reaction for Enzymatic Analysis

From the 1960s, a full-scale analytical use of enzymes began, especially in the
medical analysis field, and their accumulated experience has influenced other
industrial fields, such as food analysis and environmental analysis [24].
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In the most frequently used enzymatic analytical methods, stoichiometric
measurements of targeted enzyme-substrate reactions are achieved by spectro-
photometric observation of the optical density alterations of cofactors such as
NAD(P)+ or NAD(P)H, which are involved during enzyme-substrate reactions. For
example, the determination of pyruvate involves the reaction of lactate dehydro-
genase (LDH) and nicotinamide adenine dinucleotide (reduced; NADH) as shown
in Scheme 1a.

By the LDH reaction, pyruvate is converted into lactate in the presence of
NAD+, and NAD+ is reduced to NADH. By reading the appearance of NADH by
an ultraviolet and visible absorption spectrophotometer, concentrations of pyruvate
can be determined. When the target analytes have no adequate enzymes to directly
catalyze them with cofactor-involving reactions, additional enzymes are employed
to convert the target analytes into an accessible form that can be catalyzed by
adequate cofactor-dependent enzymes. This enzymatic method, based on the
coupling of conversion purpose-enzymes and indication-purpose enzymes, is
called coupled enzymatic assay [24–27]. The measurement of lactose, for instance,
can be accomplished by employing cascadic bienzyme reactions of b-galactosi-
dase and galactose dehydrogenase (GalDH), as given in Scheme 1b. To our best
knowledge, there is no redox enzyme (oxidase or dehydrogenase) that directly
reacts with lactose and generates signals. However, a coupled enzyme reaction
enables the lactose determination. By the reaction of b-galactosidase as a con-
version-purposed enzyme, lactose is decomposed into glucose and galactose. In
the presence of NAD+, GalDH is employed as an indicating enzyme converts
galactose into galacturonic acid. During the indication-purposed enzyme reaction,
NAD+ is reduced into NADH. Finally, the measured optical density of appeared
NADH reflects the concentration of lactose in tested samples. A number of such
coupled enzymatic assay methods for various analyte determinations are listed by
Rudolph et al. [27] and some important analytes are listed in Table 1.

As shown in Table 1, many biochemicals require coupled enzymatic assay
methods to be measured. The concept and principle of these coupling enzyme assay
methods provide important clues to the development of cascadic-multienzymatic

Scheme 1 Examples of conventional enzymatic analytical method. a Monoenzymatic assay for
lactate determination. b Coupled enzymatic assay for lactose determination
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electrochemical biosensors. First, most indicating enzymes used in coupled enzy-
matic assays are redox enzymes, and those are also essential components of elec-
trochemical biosensors for bioelectrocatalytic signaling. The only difference
between coupled enzymatic assays and electrochemical enzymatic biosensors is the
type of redox enzymes that are frequently used in indication and signaling. In the
case of traditional coupled enzymatic assays, NAD(P)+ and NAD(P)H-dependent
enzymes are predominantly used for optical indications. Contrary to this, enzymatic
electrochemical biosensors employ the oxidase type of enzymes, using oxygen as
an electron acceptor for signaling. Therefore, for the implantation of coupled
enzyme reactions to an electrochemical biosensor, adjustment and modification of
NAD(P)+ and NAD(P)H-dependent enzyme couples into the type of enzyme
couples to enable easy and efficient signaling should be considered [28]. A number
of examples of enzyme couples that can be applied in a multienzymatic electro-
chemical biosensor are listed in Table 2.

As shown in Table 2, the cascadic enzyme reaction couples employed in a
multienzymatic electrochemical biosensor can be briefly classified into two cate-
gories: non-redox enzyme/redox enzyme couple and redox enzyme/redox enzyme
couple [29]. In the cascadic reaction of non-redox enzyme/redox enzyme couple,
non-redox enzymes convert the analytes into a certain form that can be oxidized by
the following redox enzyme reaction. As a non-redox enzyme, any possible
enzymes such as kinase, transferase, invertase, and hydrolase can be employed for
an analyte conversion reaction. For instance, maltose can be measured by using
glucosidase-glucose oxidase (GOx) coupled reaction. Glucosidase hydrolyzes
maltose into glucose that can be oxidized by GOx. Cascadic enzyme reactions
of these non-redox and redox enzyme couples produce hydrogen peroxide (or
reduced electron transferring mediators) as an electroactive product. By the
electrochemical oxidation (or reduction) of these electroactive products, electro-
chemical signals can be generated on the electrode. This type of enzyme reaction
is frequently used for determination of target analytes that have no directly related
redox enzymes. Appropriate selection of these types of enzyme couples gives a
strong chance to extend the biosensor application ranges. The schematic illustra-
tions of non-redox enzyme and redox enzyme coupling reaction are depicted in
Fig. 2a.

Table 1 Examples of coupled enzyme assays

Target analyte Coupling enzymes Indication

Aspartate AST, MDH Disappearance of NADH
Alanine ALT, LDH Disappearance of NADH
Fructose Hexokinase, G6PD Formation of NADPH
Citrate Citrate lyase, LDH or MDH Disappearance of NADH
Creatine CK, PK, LDH Formation of NADH
Glycerol GK, PK, LDH Formation of NADH
TG Lipase, GK, PK, LDH Formation of NADH
ATP Hexokinase, G6PD Disappearance of NADPH
ADP PK, G6PD Disappearance of NADPH
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The other cascadic enzyme reaction used in enzymatic biosensor is the redox
enzyme/redox enzyme coupling reaction. In the cascadic reaction of the redox
enzyme/redox enzyme couple, a primary redox enzyme reacts with a target analyte
in the presence of electron acceptor (or donor) molecules, such as oxygen, and
produces oxidized substrate and reduced (or oxidized) electroactive species, such
as hydrogen peroxide. A secondary redox enzyme oxidizes the produced elec-
troactive species and generates an electrochemical signal on the electrode [29].
This enzyme coupling of a redox enzyme is generally used for the enhancement of
sensitivity and accuracy. For example, redox enzymes such as GOx can be
combined with a peroxidase such as horseradish peroxidase (HRP). The oxidase-
substrate reaction yields an oxidized substrate and hydrogen peroxide by oxygen
involved in the electron transferring reaction. Sequentially, the oxidation of
hydrogen peroxide by HRP occurs and it initiates generation of an electrochemical
signal on the electrode. The electrochemical signaling of HRP-induced hydrogen
peroxide oxidation can be accomplished under a relatively low potential range that
can prevent signal interference by the overpotential of ascorbic acid, uric acid, and
acetaminophen [30].

Similar to the oxidase–peroxidase couple, NAD+-dependent dehydrogenase
such as LDH can be coupled with diaphorase (DAP), which oxidizes NADH. As a
result of the dehydrogenase-analytes reaction, oxidized substrates and NADH are
generated. DAP re-oxidizes NADH into NAD+ and generates electrochemical
signals on the electrode. In this case, the employed DAP reaction efficiently
recycles NAD+/NADH and finally provides an amplified electrochemical signal
[31]. In both cases, a secondary redox enzyme reaction can be combined with
appropriate electron transferring mediators to provide an amplified signal, as will
be discussed in the next section. The reaction schemes of the oxidase-HRP couple
and dehydrogenase-DAP couple are illustrated in Fig. 2b, c respectively.

As a minor case, the determination of the enzyme itself in the sample can be
considered. When the target analyte is a certain enzyme form, its own reaction and
related substrate should be induced on the appropriate oxidase-modified electrode.
In this case, careful preparations of conditions for the enzyme-substrate reaction,
such as substrate solution and pre-reaction time, are required. For example, alanine
transaminase (ALT) quantification can be achieved by using a pyruvate oxidase
(POx)-modified electrode [32]. In the presence of a-ketoglutarate and alanine,
ALT produces pyruvate as an oxidizable product in the solution phase. After the
pre-reaction solution is applied to the POx-modified electrode, electrochemical
signals can be registered by the POx-pyruvate reaction.

According to the target analytes, the non-redox enzyme/redox enzyme couple
and redox enzyme/redox enzyme couple can be mixed and used for biosensing.
For example, GK, G3PO, and HRP involving a cascadic multienzyme reaction are
employed to quantify creatine kinase (CK) concentrations in serum. In this case,
GK takes the conversion reaction and the G3PO-HRP couple performs the coupled
redox enzyme reaction [33].
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2.2 Principles of the Electrochemical Signaling in a Cascadic
Multienzymatic Electrochemical Biosensor

The electrochemical signaling of an enzymatic electrochemical biosensor is
mainly dependent on the reaction of redox enzymes with their corresponding
substrate. In this section, principles of bioelectrocatalytic signaling using redox
enzymes on the electrochemical biosensing surface will be discussed.

As described in the previous section, for the generation of electrochemical
signals, most catalytic biosensors employ redox enzymes, such as oxidases, which
produce hydrogen peroxide and dehydrogenases that produce NAD(P)H during the
course of catalytic reaction with the enzyme substrate of interest. The enzymatic
products from the redox enzyme reactions, such as hydrogen peroxide and
NAD(P)H, can be directly oxidized on the biosensing electrode by applying a
certain electrical potential, and this direct electrocatalytic oxidation provides a
measurable electrical signal.

As shown in Scheme 2, products from redox enzyme reactions such as
hydrogen peroxide and NADH can be measured amperometrically by electro-
oxidation at the solid electrode (e.g., glassy carbon electrode), polarized at more
than +0.65 and +0.8 V, respectively. This direct electrocatalytic oxidation pro-
vides a simple and convenient biosensor transducing strategy. However, in a
complex sample such as human blood, at those potential levels where the direct
electrocatalytic oxidation of hydrogen peroxide and NADH is accomplished, co-
oxidation of various organic compounds, such as ascorbic acid and uric acid, can

Fig. 2 Types of cascadic
multienzyme reactions.
a Cascadic reaction of non-
redox enzyme and redox
enzyme couple. b Cascadic
reaction of oxidase-HRP
enzyme couple. c Cascadic
reaction of dehydrogenase-
DAP enzyme couple. DAP,
Diaphorase; HRP,
Horseradish peroxidase
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also occur and cause poor biosensor selectivity. It is a serious problem for practical
applications of biosensor in clinical fields and bioreactor monitoring. Additionally,
the high oxidative potential results in the fouling of the solid electrode surfaces.
Although careful selection and use of biosensing electrode materials may solve
this problem, it cannot be a fundamental solution.

To overcome the overpotential problems in direct electrocatalytic oxidation of
hydrogen peroxide and NADH, the use of additional redox enzymes and electron
transferring mediators has been studied [12, 28–31]. Generally, these additional
redox enzymes and mediators are used to replace the natural electron acceptor.
Electron transferring mediators are employed to participate in the electrocatalytic
reaction of redox enzyme as an artificial electron acceptor instead of a natural
electron acceptor such as oxygen or NAD+(P). Those mediators were reduced by
the redox enzyme reaction and oxidized on the electrode at relatively low oxi-
dative potentials, which could prevent the co-oxidation of non-target interfering
molecules. Also, during the bioelectrocatalytic reaction of the redox enzyme on
the polarized electrode, mediators are regenerated in a reduced form by a cycling
reaction of repetitive reduction and oxidation. The regeneration of the mediator
results in the amplification of amperometric signals and a higher sensitivity of
biosensors. Moreover, especially in the oxidase-based biosensor, the mediator
recycling reaction minimizes the signal hindrance that may be caused by the
oxygen depletion in the sample solution.

One thing that should be noted in the use of a mediator is the possible side
reaction between the mediator and non-target molecules in the sample, which
causes a signal interference during the biosensor operation. A detailed review for
the required conditions that should be satisfied by an electron transferring mediator
was reported by Turner [34]. A lot of work has been done in mediated biosensing
systems, and the advantages from the use of mediators have been reported in
comprehensive reviews [35, 36]. For the electron transferring mediators of
amperometric enzyme biosensors, ferrocene derivatives, ferricyanides, organic

Scheme 2 Scheme for redox enzyme reactions and the direct electrocatalytic oxidations of
electroactive products from enzyme reactions. a Oxidase enzyme reaction and direct electro-
catalytic oxidation of hydrogen peroxide at electrodes. b Dehydrogenase enzyme reaction and
direct electrocatalytic oxidation of NADH at electrodes
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dyes, quinone derivatives, and metal-conductive polymer complexes can be used.
These mediators can be prepared by adsorption onto the enzyme electrode or by
mixing with sample pre-treatment solution. In addition, mediators can be cova-
lently immobilized on the electrode as mediator–polymer complex formats.

Similar to the use of electron transferring mediators, the use of additional redox
enzymes lowering the electrocatalytic potential range is another promising route.
This redox enzyme coupling was mentioned in the previous section. In this case,
additional redox enzymes (e.g., HRP and DAP) catalyze products from the primary
redox enzyme reaction (e.g., hydrogen peroxide or NADH) and accept the elec-
trons to their own redox active site. Those activated additional redox enzymes can
generate amperometric signals on the electrode by direct electrocatalytic oxidation
with a certain electrocatalytic potential or again by mediator-involved electro-
catalytic reaction. By using these combined redox enzyme couples, their electro-
catalytic potential levels for the amperometric signal generation also can be
reduced similarly to the case of a single redox enzyme-mediator system. More-
over, the high substrate specificity and fast catalytic rate of these additional redox
enzymes provide enhanced signaling efficiency and accuracy.

These approaches employing mediators and extrinsic redox enzymes to
minimize the side effects caused by high electrocatalytic working potential for
direct oxidation of electroactive species can be classified into oxidase-based
biosensing systems and dehydrogenase-based systems, as shown in Figs. 3 and 4,
respectively.

In oxidase-based biosensing, the amperometric signaling methods could be
divided into three cases: (1) Mediator-involved bioelectrocatalytic signaling using
single oxidase-modified electrodes, (2) Direct electrocatalytic reduction of acti-
vated HRP using oxidase-HRP redox enzyme couple-modified electrodes, and (3)
Mediator involved electrocatalytic signal generation using oxidase-HRP redox

Fig. 3 Schematic illustrations for the electrocatalytic signaling of an oxidase-based biosensor.
a Mediated mono-oxidase reaction. b Nonmediated oxidase-HRP cascadic enzyme reaction.
c Mediated oxidase-HRP cascadic enzyme reaction. HRP, Horseradish peroxidase
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enzyme couple-modified electrodes. Also, distinctively in the dehydrogenase-
based biosensing, the amperometric signaling methods follows in two cases: (1)
Mediator-involved bioelectrocatalytic oxidation of NADH signaling using single
dehydrogenase-modified electrodes and (2) Mediator-involved electrocatalytic
signal generation using dehydrogenase-DAP redox enzyme couple-modified
electrodes. All the cases that use mediators or extrinsic redox enzymes include
regeneration and recycling of redox active species causing an amplification of
signal. However, when redox enzyme couples and mediators are used together, the
type of mediators should be carefully chosen to avoid possible distracted electron
transfer, because some mediators participate in both coupled redox enzyme
reactions and may generate false signals. For example, the most widely used
mediator, ferrocenemethanol, can react with flavin adenine dinucleotide (oxi-
dized)-dependent oxidase and HRP simultaneously. The distracted electron
transfer reduces the signal accuracy and sensitivity of the biosensor. Similar
problems appear in the mediated dehydrogenase-DAP system because some
mediators can react with NADH and DAP simultaneously. To address these issues,
rate constants of the redox enzymes and mediators should be carefully considered
for the selection of mediators [28, 34].

On the basis of these bioelectrocatalytic reaction principles, recent advances in
materials science and nanotechnology offer a great possibility to enhance the
signaling performance of biosensors. A number of studies have reported on the
application of newly developed nanomaterials having novel electrochemical
properties that may improve of the performance of enzymatic biosensors [37–42].
For example, nanocarbon materials (e.g., carbon nanotubes [CNT], graphene) that
show good electrical and mechanical properties—including high conductivity,
stability under a high potential level, minimized surface fouling, high surface area,
and biocompatibility—were used as electrode substrates or electrode additives for
the fabrication of enzyme biosensors [39, 40]. Also, carbon-based nanomaterials
remarkably decreased the oxidation potential level of NADH, which was ascribed
to the edge-plane sites or defects present in the pyrolytic graphite and CNTs [43].
Another example of nanomaterial applications in biosensors is the use of metal

Fig. 4 Schematic illustrations of electrocatalytic signaling of a dehydrogenase-based biosensor.
a Mediator-involved indirect measurement of NADH. b Mediated dehydrogenase-DAP cascadic
enzyme reaction. DAP, Diaphorase; NADH, Nicotinamide adenine dinucleotide (reduced)
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nanoparticles [37, 41, 42, 44]. Among the various metal nanoparticles, gold
nanoparticles (AuNPs) are most widely used in enzymatic biosensors because of
their convenient synthesis, biocompatibility, and novel electrical properties. The
use of AuNPs in the enzyme electrode provides an enhanced electron transferring
(hopping) between redox enzymes and electrode surfaces. These improvements in
electrochemical activities are induced by AuNPs’ own characteristics, such as the
high surface-to-volume ratio and high surface energy. The effectively small size of
AuNPs (a few nanometers) offers an opportunity to approach the active site of
redox enzymes and facilitate the electron transfer. Also, AuNPs play a role as
electro-conducting pathways between electroactive sites in redox enzymes and the
electrode surface. Pingarron et al. reported a review on AuNP-based electro-
chemical biosensors [44]. Besides carbon-based nanomaterial and metal nano-
particles, nano metal-oxide materials (e.g., ZnO and TiO2) and conducting
polymers (e.g., polyaniline [PANI] and polypyrrole [PPY]) are also applied to the
enzyme biosensor to improve the electrochemical signaling [45–48]. Although
these nanomaterials provide an enhancement of electrochemical signaling per-
formance, ill-prepared use of nanomaterials can cause some problems, including
complicated sensor construction steps, an increase of background signals, and
uneconomical fabrication costs. To develop a highly sensitive multi-enzymatic
biosensor for practical use, appropriate selection and organization of enzyme
couples and mediating scenarios are more important than the employment of new
material.

2.3 Enzyme Immobilization Strategies for the Construction
of Multienzyme-Modified Electrodes

To develop enzyme-based biosensors, enzymes have to be properly attached to the
transducer surface. This process is known as immobilization. The optimal
immobilization method retains the activity of biomolecules with long-term sta-
bility regarding their function [5]. Generally, there are a number of factors to be
considered for the enzyme immobilization, including the characteristics of the
supporting material, functional moiety on the enzyme surface, molecular weight of
the enzyme, isoelectric point and polarity of enzyme, substrate diffusivity toward
enzyme layer, and the transfer of electroactive product toward the electrode sur-
face [5, 49–51]. To carry out the multienzyme immobilization, those factors for
each enzyme should be individually satisfied. Certainly, if the characteristics of
different enzymes to be immobilized are similar, optimization of those factors can
be rather simple. Otherwise, careful selection of immobilization conditions for
each enzyme, such as pH and the ionic strength of the treating solution, is required.

In addition, the efficient diffusion of an intermediate reactant that is generated
from a primary enzyme reaction to the secondary enzyme location should be kept
in mind for the multienzyme immobilization [5, 49–51]. Also, the amount of each
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enzyme and the ratio for immobilization are critical factors for sensitive biosensor
fabrication. These factors are related to the catalytic reaction of each enzyme,
which is represented as the Km value, exhibiting the lag period in the coupled
reaction. Thus, it is highly necessary to evaluate the Km values of each enzyme to
fabricate the most effective multienzyme biosensor. The correlation between the
Km values of each enzyme and the total coupled enzyme assay was demonstrated
by Tipton in 2002 [25]. Based on the evaluation according to the product gener-
ation, the total reaction rate of the cascadic coupled enzyme reaction is propor-
tional to the reaction rate of the primary enzyme. In the enzyme biosensor, reaction
of the final redox enzyme for signal generation is equivalently important as the
primary enzyme reaction. Therefore, when the reaction rates of each enzyme are
different, the ratio of immobilized enzymes would be changed to compensate for
this imbalance. Thus, by understanding the enzyme reaction rate, we can calculate
the optimal amount of enzymes to be immobilized, which provides an efficient
multienzyme reaction and biosensing.

In addition to the ratio control, the compensation of enzyme reaction rates can
be achieved by the arrangement of individual enzymes during the immobilization.
When each enzyme is separately immobilized on the electrode, the delayed dif-
fusion of the intermediate from primary enzyme location to the next enzyme layer
occurs. This delayed diffusion provides time to produce a sufficient amount of
intermediate that acts as a substrate for secondary enzymes. Regarding biosensor
sensitivity, an intense immobilization of the redox enzyme that generates an
electrochemical signal may enhance the electrochemical signal. Although this
approach is not required for every multienzyme system, it is useful when the
involved primary enzyme is remarkably slow in the cascadic multienzyme reac-
tion. The mathematical modeling studies about the kinetic behavior of two enzyme
reactions on the multienzyme-modified electrode were summarized by Baronas
et al. [21].

The immobilization methods used for enzyme biosensors can be divided into
physical and chemical approaches (Fig. 5) [5, 49–51]. Physical methods include
adsorption, entrapment, and encapsulation. Chemical methods can be briefly cat-
egorized into cross-linking and covalent bonding. Adsorption is the simplest and
involves minimal preparation. In this case, enzymes are randomly attached to
surfaces of supporting material by low energy bonds such as electrostatic inter-
action, hydrogen interaction, van der Waals forces, and hydrophobic interactions
[52]. However, the bonding is relatively weak. Therefore, this method is only
suitable for exploratory work over a short timespan. In this method, arrangement
of individual enzymes after immobilization cannot be achieved.

In entrapment and encapsulation methods, enzymes are held in three-dimen-
sional polymeric lattices, polymeric membranes, and micellar polymers. Entrap-
ment is normally achieved by forming a networked polymer gel, such as a starch
gel, polyacrylamide gel, or PEG-based hydrogel, around the enzymes. Also, a sol–
gel matrix can be applied to this method, such as tetraethyl orthosilicate [53, 54].
Conducting polymers including PPY and PANI are also useful [47, 48]. The
polymeric network can be formed by traditional polymerization and electro-
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polymerization for entrapping enzymes [40]. Simple polymer membranes such as
polyvinyl chloride, nylon, and Nafion also have been employed to hold enzymes
[22]. In addition, electrostatic interaction-based multienzyme layer formation
using linear polyelectrolytes such as polyethyleneimine, poly-L-lysine (PLL), and
polyaniline sulfonic acid (PASA) are frequently used [55]. The entrapment method
provides a definite enzyme immobilization with minimized leaching of enzymes as

Fig. 5 Methods of enzyme immobilization. a Adsorption b Entrapment c Liposome-based
encapsulation-random immobilization d Liposome-based encapsulation-isolated enzyme immo-
bilization e Covalent bonding f Blended method using covalent bonding and cross-linking
g Layer-by-layer (LBL) formation and LBL associated with covalent bonding
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a function of time. Moreover, by repeating the polymerization with different
enzymes, separated enzyme layers can be achieved.

Encapsulation is similar to the entrapment method. In cases of encapsulation,
enzymes are immobilized in a polymeric matrix having isolated pores, room, or
film structure [56]. In the early type of biosensors, enzymes were held in place
behind a permeable membrane such as a dialysis membrane, which allowed
selective substrate and product penetration. Recently, enzyme micelle and enzyme
liposome structures have been developed and used. However, during the poly-
merization step, enzyme activity can be reduced by uncertain denaturation. In
addition, the polymeric networks such as polymeric matrix, micelle structures, and
polyelectrolyte layers may act as barriers against the diffusion of substrates and
intermediates; thus, reduction or loss of the cascadic multienzyme reaction rate can
occur. To address this issue, polymerization degree and polymerization conditions
should be carefully controlled [57].

Cross-linking and covalent bonding are the most stable immobilization methods
for enzyme electrode fabrication [49–51]. In these methods, enzymes are bound to
an activated electrode surface or other enzyme molecules by forming a covalent
bond. Functional moieties of the enzyme surface, such as amine groups and car-
boxyl groups, are involved in covalent bonding. To attach the enzymes onto the
electrode surface, electrode surfaces are preactivated by additional treatments such
as silanisation of ITO glass, oxidation of carbon, and formation of self-assembled
monolayers (SAM) on gold electrode surfaces. By this surface activation, various
functional groups, such as amine groups, carboxyl groups, hydroxyl groups, thiol
groups, N-hydroxysuccinimide ester (NHS) groups, and maleimide groups, can be
exposed on the electrode. To these functional groups of electrode surfaces,
functional moiety of the enzyme surface can be immobilized by direct covalent
bonding or bifunctional cross-linking reagents (e.g., succinimidyl-4-[N-maleimi-
domethyl]cyclohexane-1-carboxylate, glutaraldehyde (GA), and bis[sulfosuccin-
imidyl] suberate [BS3]). The reaction between electrode surface and enzyme was
simply done by dipping the activated surface into an enzyme solution or applying a
drop of this solution onto the surface.

To the enzyme immobilized electrode that is fabricated by covalent bonding,
one can immobilize more enzymes repetitively by using a bifunctional cross-
linking reagent. Using this strategy, one can construct an enzyme electrode in a
layer-by-layer (LBL) format [32]. Cross-linking can be formed among enzymes in
the same layer after LBL formation. This covalent bond-based enzyme immobi-
lization necessarily causes a reduction of enzyme activities due to the covalent
bonding. Therefore, the selection of relatively mild conditions of enzyme immo-
bilization treatments such as low ionic strengths, low temperatures, near physio-
logical pHs, and the selection of water-soluble chemical reagents are very
important [57]. Recently, nanomaterials with unique properties such as high sur-
face-to-volume ratio, mesoporous nanostructures, and good electrochemical
activities (e.g., CNTs, mesoporous metal oxides, metal nanoparticles) have been
applied to the enzyme immobilization for the construction of highly concentrated
enzyme layers and sensitive multienzyme electrodes.
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3 Practical Applications of Cascadic Multienzyme-Modified
Biosensing Electrodes in Various Fields

The efforts of scientific and engineering research provide us with the knowledge to
develop accurate and effective electrochemical multienzymatic biosensors. The
theories and techniques include coupled enzyme reaction mechanisms, electro-
chemical signaling techniques, and enzyme immobilization strategies. On the basis
of these findings, a number of studies about the development of biosensors
employing cascadic multienzyme reactions have been reported. They are used in
clinical diagnostics, food analysis, and environmental monitoring [1–3, 10–19].
This section discusses the practical applications of multienzyme-based electro-
chemical biosensors in various fields.

3.1 Applications in Clinical Diagnostics

Among many achievements in enzyme biosensor research and development, the
most successful is the diagnostic use of blood glucose sensors. Although there
exist many important target metabolites that need to be measured by biosensors,
the list of commercialized enzyme biosensors is very short. Recent advances in
multienzyme reactions involving biosensing techniques may offer an opportunity
to overcome this situation. By using cascadic multienzyme-modified biosensing
electrodes, more clinically significant analytes that require complicated analysis
procedures for detection—including biochemical metabolites, cofactors, and
metabolic enzymes—can be analyzed more efficiently. Moreover, a sensitive
electrochemical immunoassay can be accomplished by using a multienzymatic
reaction as a label of antibody molecules. D’Ozario reviewed the biosensing
technologies for clinical chemistry [2].

Many researchers reported the development of multienzymatic electrochemical
biosensors to quantify the concentration of biochemical metabolites such as ace-
tylcholine [58, 59], arginine [60], cholesterol [52, 61], creatinine [62, 63], glucose
[64–66], and triglycerides [22, 67]. Ahmadalinezhad et al. proposed a total cho-
lesterol biosensor using a titanium electrode modified with three enzymes and
nanoporous gold coating [61]. As enzymatic constituents, cholesterol esterase
(CE), cholesterol oxidase (CO), and HRP were employed and were immobilized
onto a nanoporous gold-coated Ti electrode by simple adsorption and chitosan-
based entrapment. As shown in Fig. 6, the cascadic enzyme reaction for choles-
terol detection is composed of non-redox enzyme/redox enzyme couple and redox/
redox enzyme couple. The multienzyme-modified biosensing electrode (Ti/AuNP/
CE-CO-HRP) exhibited a high sensitivity (29.33 lA/mM � cm2) and a wide linear
range to 300 mg/dL. In addition, the apparent Km constant of the proposed bio-
sensor was very low (0.64 mM). The researchers explain that the effective enzyme
immobilization strategy and the nanoporous structure of the electrode surface are
the possible reasons for the observed biosensor performance.
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Yadav et al. reported a sensitive and stable serum creatinine biosensor
employing carboxylated multiwalled carbon nanotube (c-MWCNT) and a PANI-
modified electrode [63]. For the multienzyme-modified electrode fabrication,
c-MWCNT/PANI nanocomposite film was electrodeposited over the surface of a
platinum (Pt) electrode. To the carboxyl group on the activated electrode, enzymes
(creatinine amidohydrolase, creatine amidinohydrolase, and sarcosine oxidase) for
creatinine detection were covalently immobilized by using 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide/NHS chemistry. The cascadic enzyme reaction and
electrochemical signaling mechanism are shown in Scheme 3.

Fig. 6 Schematic illustration of cascadic tri-enzyme reaction mechanism and multienzyme
electrode fabrication for the total cholesterol biosensor proposed by Ahmadalinezhad et al. [61].
a Cascadic multienzyme reaction mechanism and electrochemical signaling mechanism
b Multienzyme electrode fabrication procedures. AuNP, Gold nanoparticle; HRP, Horseradish
peroxidase
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In this study, as an electrochemical signaling strategy, direct oxidation of
hydrogen peroxide, which was generated from the cascadic enzyme reaction, was
employed. The proposed biosensor exhibited a linear response range from 10 to
750 lM creatinine with a limit of detection of 0.1 lM. Also, Yadav et al.
described that the proposed biosensor was successfully employed for the deter-
mination of creatinine in human serum samples. According to their report, the
developed biosensor showed a 15 % loss in its initial response after 180 days
storage at 4 �C.

Recently, the development of multienzymatic biosensors for the analysis of
clinically meaningful metabolic enzymes including CK [33] and transaminase [32,
68] have been reported. Han et al. investigated a new method for the electro-
chemical detection of human serum transaminases (e.g., aspartate transaminase
[AST] and ALT) by using a bienzyme-modified electrode [32]. For the electro-
chemical detection of AST and ALT, POx and oxaloacetate decarboxylase (OAC)
were immobilized on the gold electrode surface using an amine-reactive SAM
(DTSP) and a homobifunctional cross-linker (BS3). AST and ALT were pre-
reacted with a substrate such as L-aspartate, L-alanine, or a-ketoglutarate. Enzyme
reactions of AST and ALT generated pyruvate as an end product. To determine the
activities of AST and ALT, electroanalyses of pyruvate were conducted using
POx/OAC-modified multienzyme electrode with ferrocenemethanol as an electron
mediator. Generated biosensor signals from the multienzyme-mediated reaction
were correlated to AST and ALT levels in human plasma. The calibration results
for AST and ALT concentrations from 7.5 to 720 units/L in human plasma-based
samples were found useful, covering the required clinical detection range for the
liver disease diagnosis. For the enzyme immobilization, Han et al. employed an
LBL technique associated with covalent bonding to enhance and control the
biosensor sensitivity (Fig. 7).

Cascadic multienzyme reactions also can be applied to an affinity biosensor
system such as immunoassays [69] and aptamer-based protein analyses [70, 71].

Scheme 3 Cascadic tri-enzyme reaction employed in electrochemical creatinine biosensor
(Yadav et al. [63])
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Xiang et al. suggested an electrochemical sandwich-type aptasensor for the
monitoring of proteins through a multienzyme reaction-based signal amplification
strategy [70]. In this study, thrombin was employs as a model analyte, sandwiched
between an electrode surface immobilized aptamer and an aptamer enzyme
(alkaline phosphatase [ALP])-CNT bioconjugate. By coupling the ALP-DAP
bienzymatic signal amplification with the biocatalytic signal enhancement from
redox-recycling, the resulting analytical signal was significantly amplified. In the

Fig. 7 Schematic illustration of a multienzyme reaction mechanism and electrode fabrication
for an electrochemical transaminase biosensor proposed by Han et al. [32]. a Cascadic
multienzyme reaction mechanism and electrochemical signaling mechanism b Multienzyme
electrode fabrication procedures

242 Y. D. Han et al.



presence of DAP, p-aminophenylphosphate, and NADH, the electrochemically
oxidized product p-quinonimine (p-QI) is reduced back to p-aminophenol (p-AP)
by DAP, and NADH reduces the oxidized form of DAP to its native state. A redox-
recycling between p-AP and p-QI is made accordingly, resulting in an increased
electrocatalytic signal (Fig. 8). Xiang et al. demonstrated that the detection limit of
the proposed aptasensor was as low as 8.3 fM, and it showed highly improved
sensitivity for thrombin detection compared to a conventional single ALP-based
aptamer assay.

Fig. 8 Schematic illustration of an electrochemical aptasensor suggested by Xiang et al. [70].
a Cascadic bienzyme reaction-based electrochemical signaling b Fabrication and operation
procedures of electrochemical aptasensors. ALP, Alkaline phosphatase; DAP, Diaphorase; EDC,
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide; GCE, Glassy carbon electrode; NADH,
Nicotinamide adenine dinucleotide (reduced); NHS, N-hydroxysuccinimide ester; p-AP, p-
Aminophenol; p-QI, p-Quinonimine; p-APP, p-Aminophenylphosphate; SWCNT, Single-walled
carbon nanotube; TBA, Thrombin-binding aptamer
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3.2 Applications in Food Analysis and Environmental Monitoring

Accurate monitoring of contaminants in food and the environment, such as
chemical compounds and toxins, is a significant issue to assess and prevent risks
for human and environmental health. Moreover, in the food industry, the analysis
of nutrients in a product is essential for quality control. On the basis of these
requirements, a number of multienzyme-based biosensors for monitoring the food
and environmental conditions have been developed [16–18].

Glucan [72], L-lactate [73], L-malate [73], polyphenol [74], and sulfites [55]
are typical target analytes for the reported multienzyme-based biosensors for food
analysis. Katrlík et al. presented bienzymatic electrochemical biosensors for the
selective detection of L-lactate and L-malate in wine [73]. The developed elec-
trode comprised a solid binding matrix (SBM) having a hydrophobic skeleton such
as 2-hexadecanone, graphite, and NAD+. As the enzymatic component, malate
dehydrogenase or LDH and DAP were applied to the prepared electrode and
covered by a dialysis membrane, which substantially reduced interferences from
easily oxidizable compounds such as polyphenols in wine. As an electron trans-
ferring mediator, hexacyanoferrate (III) was used for DAP-involved bioelectro-
catalytic signaling. During the biocatalytic reaction, the substrate (L-malate or
L-lactate) is oxidized and NAD+ is reduced to NADH. The reduced cofactor
NADH is then reoxidized by DAP, which reacts with the electron mediator
hexacyanoferrate (III). The reduced mediator is electrochemically oxidized on the
electrode and generates a signal (Fig. 9). The response of the proposed bienzy-
matic biosensing electrode were found to be linear up to 1.1 mM for L-malate and
1.3 mM for L-lactate, respectively. The biosensing results obtained from wine
samples were in good agreement with those obtained by liquid chromatography.

Spricigo et al. investigated an electrochemical biosensor for the detection of
sulfite, which is a hazardous food additive [55]. An enzyme electrode was

Fig. 9 Schematic illustration of a cascadic bienzyme reaction employed in an electrochemical
L-lactate/L-malate biosensor suggested by Katrlík et al. [73]. DAP, Diaphorase; LDH, Lactase
dehydrogenase; MDH, Malate dehydrogenase; NAD, Nicotinamide adenine dinucleotide
(oxidized); NADH, Nicotinamide adenine dinucleotide (reduced)
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fabricated by co-immobilizing sulfite oxidase (SO) and cytochrome complex (Cyt-
c) with PASA on the gold wire electrode as an LBL assembly (Fig. 10). An
electrostatic interaction between positively charged enzymes and negatively
charged PASA was used as the driving force for immobilization. SO is a metal-
loprotein containing both the molybdenum cofactor (Moco) and a cytochrome
b5-type heme. Sulfite is oxidized at the Moco cofactor of the SO enzyme. The
resulting electrons from Moco are transferred to the heme b5 domain in the same
SO and then transferred to the nearest Cyt-c molecule that is immobilized. Then,

Fig. 10 Schematic illustration of a sulfite biosensor proposed by Spricigo et al. [55].
a Mechanism of SO/Cyt-c enzyme reaction and electrochemical signaling mechanism
b Multienzyme electrode fabrication procedures. Cyt-c, Cytochrome compound; MU, 11-
Mercapto-1-undecanol; MUA, 11-Mercapto-1-undecanol acid; PASA, Polyaniline sulfonic acid;
SAM, Self-assembled monolayer; SO, Sulfite oxidase
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the Cyt-c transfers received electrons further to the neighboring Cyt-c molecules
and ultimately to the electrode, generating the sensor signal. A electro-oxidation
current was measured in the presence of sulfite at the enzyme/cytochrome
t-modified electrode under the working potential of +0.1 V versus Ag/AgCl, which
is a relatively low potential level and advantageous in sensor operation. According
to Spricigo et al., a 17-bilayer deposited electrode exhibited a linear range between
1 and 60 lM sulfite, with a sensitivity of 2.19 mA/M. The resulting enzyme
electrode was found to be stable for extended uses (5 days of operational stability
and 2 months of storage stability). By the sulfite testing using unspiked and spiked
samples of red and white wine, Spricigo et al. verified that the suggested biosensor
is applicable for real sample analysis.

In the environmental monitoring field, the development of a multienzyme
reaction-based biosensor is focused on the detection of toxic chemicals such as
pesticide [14, 15, 75] and formaldehyde [76]. Among them, the detection of
organophosphorous (OP)-type pesticides has been one of the most popular subjects
for multienzymatic biosensor development because it requires complicated
enzyme inhibition assay procedures to be conducted. In a number of studies about
OP compound determination, acetylcholine esterase (AChE)-related enzyme
pathways have been widely employed because they are specifically inhibited by
the OP compounds.

Recently, Han et al. developed an integrated microsystem for the OP detection
using AChE and choline oxidase (ChOx) cascadic bienzyme bioelectrocatalysis
[75]. The electrocatalytic signaling mechanism of the AChE–ChOx bienzyme
reaction for OP determination is depicted in Fig. 11. Acetylcholine (ACh) is
decomposed into choline (Ch) and acetic acid by the AChE reaction, and Ch is
then used as a substrate for ChOx, generating an amplified electrochemical current
based on its electrocatalytic reaction with mediators such as ferrocenemethanol.
The changes in AChE activity by the irreversible inhibition of OP compounds can
be tracked to determine the OP concentration. For field applications, a micro-
system containing an enzyme biosensor and microfluidic sample treatment part
was designed and fabricated. By using the microfluidic channel and chamber, all
the required procedures of an OP test, including enzyme immobilization, sample
injection, and washing procedures, are accomplished without any other external
preparation.

In this report, enzymes were immobilized on the biosensing microchip in two
different ways. As shown in Fig. 11, ChOx was immobilized on the electrode
using PLL, GA, and an amine-rich interfacial surface such as cystamine SAM. In
the other method, AChE was attached on the magentic microparticle (MP) surface
via imine bond formation, and the enzyme-modified MPs were localized on the
working electrode using a magnet installed under the microfluidic channel. By
utilizing the developed OP biosensing chip, calibration results for OP from 0.05 to
0.8 ppm of diazinon were obtained. The concentrated enzyme arrangement and
reduced distance between the enzymes participating in the cascade signaling
reactions improved the biosensing performance. The suggested system is a good
example of an integrated multienzyme biosensor for field use.
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4 Conclusion

This review described fundamental principles for multienzyme biosensor devel-
opment and its applications in various fields. As mentioned in the text, an
understanding of the enzyme reaction mechanisms is the most important factor in
the development of effective biosensors. The selection of appropriate enzyme
couples based on the mechanisms and molecular characteristics is the starting
point of multienzyme reaction-based biosensor research.

The potential values and advantages of multienzyme reaction-based biosensors
are clear. To expand the pipeline of enzyme biosensors, research on multienzyme
reaction-based biosensors is highly important. For the commercialization of

Fig. 11 Schematic illustration of a biosensor for OP-type pesticides proposed by Han et al. [75]
a Mechanism of bienzyme reactions and electrochemical signaling for OP b Procedures of
multienzyme electrode fabrication and integrated microchip construction. OP, Organophosphorous

Cascadic Multienzyme Reaction-Based Electrochemical Biosensors 247



multienzyme biosensors, a number of critical problems should be solved. First,
signal interferences induced by non-target molecules should be determined. When
employing more than two enzymes for the analysis, one should consider possible
side reactions of the enzymes and chemical substances. Another issue is the sta-
bility of the biosensor. Because the sensor stability is directly related to the
enzyme stability being used, one should find a way to maintain or enhance the
enzyme stability. Also, the development of genetically engineered enzymes with
improved stability can be another promising solution to the problem. A final
concern is the cost of biosensor fabrication. By using new materials and micro-
fabrication technologies, sensors containing small amounts of immobilized
enzymes will be made to solve the issue. For the commercialization of biosensors,
balanced approaches toward the biosensor performance and fabrication costs are
required.
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Protein Multilayer Architectures
on Electrodes for Analyte Detection

Sven C. Feifel, Andreas Kapp and Fred Lisdat

Abstract This chapter provides an overview of different assembly methodologies
used for the construction of multilayer architectures with biomolecules for
application in sensors. Besides the use of bioaffinity interactions and covalent
strategies, special attention will be paid to the electrostatic layer-by-layer tech-
nique. Different building blocks can be used for the formation of multilayers with a
clear preference for polymers and nanoparticles. Among the biomolecules,
enzymes and redox proteins are in the focus. Because of the high importance of
multilayers formed on electrodes, the chapter will concentrate on sensor systems
with electrochemical transduction. Particularly advantageous are schemes that can
avoid diffusible shuttling molecules between the biomolecule and the electrode
and that represent artificial signal chains by exploiting direct protein–protein
communication in the immobilized state.
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1 Introduction

First conceptualized in the 1960s, the development of biosensors has continuously
progressed since then. A biosensor can be defined as a device incorporating a
biological sensing element connected to a transducer to convert an observed
biomolecular interaction into a measurable signal, the magnitude of which is
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proportional to the concentration of a specific molecule [1]. Among the various
kinds of biosensors, electrochemical biosensors are the most common devices [2].

The immobilization process of the biocomponent, which specifically recognizes
the analyte, is a key step in the construction of biosensors [3]. However, there is
often limited activity of the biomolecules at the solid–liquid interface, which is
related to the need for the biomaterial to be well arranged on the surface (or
within) an assembly [4]. Furthermore, the amount of biomolecules immobilized is
connected to the sensitivity of the whole sensing device. This gives rise to the
development of immobilization procedures that moved away from simple mixing
of the biocomponent with a matrix to methods that allow a layered and controlled
deposition of the recognition element, resulting in multilayered architectures on
the transducer surface. This chapter gives an overview of the methods available for
arranging biomolecules in a layer-by-layer (LBL) design [5]. Furthermore,
applications in sensor construction are illustrated, with a focus on electrochemical
transduction.

2 Multilayer Architectures: Assembly Methods

Immobilization is an essential part of biosensor construction. The main aim is that
the biomolecules are properly attached to the surface or the supporting matrix and
thereby maintain their activity. Furthermore, it is desirable to use simple but also
reproducible procedures for the fixation.

The local chemical environment can have profound effects on the activity and
stability of the biological recognition element. Therefore, several factors have to
be considered before selecting an appropriate immobilization method, such as the
following:

• The nature of the biological component
• The accessibility of the biomolecule within the assembly after immobilization
• The essential functionalities of the bioelement, which should not be blocked or

affected during the assembly process
• The physico-chemical properties of the analyte, which need to reach the rec-

ognition element
• The type and the surface of the transducer
• The desired lifetime of the device
• The response time of the sensor needed for application
• The operating conditions under which the biosensor has to function.

Considering all of these factors, it is often not easy to develop a procedure for
maximum biomolecule activity under certain conditions. The issue of sensitivity is
particularly important for an efficient biosensor. The sensitivity depends on several
factors: the recognition properties of the selected biomolecule, the density distri-
bution and/or orientation of the biological material near the sensor surface, and the
sensitivity of the transduction system. Thus, the last decade can be characterized by
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the development of more complex immobilization schemes. One direction is con-
nected to the preparation of multilayer architectures on transducers. The concept is
based on the combination of individual layers of the biocomponent or even several
biomolecules. Thus, the techniques used are often called LBL methods. Several
advantages can be seen for such an approach:

(i) Surface density can be controlled by the number of layers and also by the
composition of each layer.

(ii) A high surface density may result in higher response at a given concentration.
(iii) Control of the permeation of substrates (or cofactors) will influence the

dynamic range of the sensor and also the response time.
(iv) The deposition in a layered fashion can be beneficial in the exclusion of

interfering substances.
(v) Additional layers can also be deposited on top of the assembly to improve

stability and specificity.

Different strategies for arranging biomolecules in multiple layers have been
developed. They can be classified according to the basic interaction principle used:
biospecific interactions (e.g. antibody–antigen), covalent binding/cross-linking of
the layer constituents, or adsorption of differently charged molecules or particles.
These strategies are discussed in the following sections. In addition, examples of
biosensorial applications are illustrated. Because of the importance of electrostatic
LBL constructions, sensor systems based on this approach are treated in more
detail in Chap. 3.

2.1 Biospecific Interactions

One strategy for preparing protein multilayer films makes use of biospecific
interactions between two biomolecules. These interactions are noncovalent by
nature but can be rather strong. Examples include avidin–biotin, lectin–sugar, and
antibody–antigen interactions. When weaker interactions are used, such as DNA
hybridization, reversible binding becomes feasible. To exploit these highly specific
and stable binding reactions for multilayer construction, first the biomolecule that
is supposed to be used as a recognition element needs to be coupled to such a
biospecific molecule. Alternatively, the sensing component may already be a
carrier of ligands for biospecific interactions (e.g. glycosylated enzymes/proteins,
which can be bound by lectins).

2.1.1 Biotin–Avidin Interaction

Biotin, also known as vitamin H, is a small molecule (molecular weight [Mw] =
244.3 Da) that is present in tiny amounts in all living cells. The valeric acid side
chain of the biotin molecule can be derivatized to incorporate various reactive
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groups that are used to attach biotin to other molecules. Once biotin is attached to a
molecule, it can be immobilized through interaction with avidin.

Avidin (MW 66 kDa) is a glycoprotein found in the egg white and tissues of
birds, reptiles, and amphibia. It has nearly a globular shape and contains four
identical biotin-binding sites arranged in two pairs on opposite faces of the
molecule, with a high affinity for biotin (binding constant, Ka * 1015 M-1) [6, 7].
In addition to avidin, streptavidin (from streptomyces avidnii) and neutravidin
(deglycosylated avidin) have been used for similar purposes.

Alternating and repeated deposition of avidin and biotin-labeled enzymes or
proteins produces a multilayer structure composed of monomolecular layers, as
schematically shown in Fig. 1. Several enzymes have been integrated in the
multilayer architecture with avidin, such as glucose oxidase (GOx), lactate oxidase
(LOx), and alcohol oxidase (AOx) [8–15]. The enzymes are catalytically active in
the multilayer films. Signal generation can be performed via hydrogen peroxide
conversion at the subjacent electrode (first-generation biosensor).

In other examples, a mediator has been introduced into multilayer systems for
signal transfer (second-generation biosensor). Thus, in a hydrogenase-based sys-
tem, methyl-viologen is used as a diffusional mediator [16]. The mediator can also
be integrated into the multilayer system by stably coupling it to the matrix. Thus,
for example, the charge transfer in multilayer films with covalently linked ferrocene
has been studied [17].

In addition to constructing enzyme multilayers with one kind of protein, it is
possible to combine different enzymes immobilized in different layers. This route
allows for the buildup of multienzyme sensing schemes, such as the use of
sequential reactions. In this case, the analyte is first converted by one enzyme to a
product that is subsequently converted into a second product by another enzyme.
The overall reaction is finally detected by analyzing the formation of a coproduct
or using a redox mediator, for example.

Fig. 1 Multilayer architecture on an electrode surface using avidin and a biotin-labeled enzyme.
Figure adapted from Ref. [8]
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This principle can be demonstrated in an acetylcholine biosensor that has been
constructed by optimizing the loading of choline esterase (ChE) and choline
oxidase (ChOx) on a Pt-black electrode [18]. In this case, the idea of sequential
enzyme reactions is confined to the sensor surface: The part of choline, which is in
its esterified form, is first cleaved within the ChE layer before it can react in the
underlying ChOx-layers to form H2O2, which subsequently reacts at the Pt elec-
trode (first-generation biosensor). A sensor modified with 10-layer ChOx exhibits
its maximum response to acetylcholine when two additional layers of ChE are
added to the surface of the ChOx layer. The (ChOx)/(ChE)-based biosensor
displays a concentration-dependent amperometric response to acetylcholine. The
response time is fast for all sensors (10 s or faster). This is attributed to the rather
thin ChOx/ChE membranes, which do not significantly alter the transport of
acetylcholine and products of the enzymatic reactions in the membrane.

Bienzyme sensors have also been constructed with a different background. For
example, GOx/ascorbate oxidase (AsOx) and LOx/AOx multilayers are used to
effectively eliminate ascorbic acid interference. Such a biosensor can determine
the normal blood level of glucose (5 mM) and lactate (1 mM) in the presence of
physiological level of ascorbic acid (0.1 mM) [19, 20]. The response time of both
sensors is 10 s or faster, irrespective of the number of the AOx layer, confirming
the smooth transport of substrates across the AOx layers.

2.1.2 Lectin–Sugar Interaction

Another way to construct enzyme multilayers has been achieved by the use of
lectin–sugar interactions. Concanavalin A (Con A) appears to be a promising
building block for preparing enzyme multilayer films. Con A is a lectin protein
(MW 104,000 Da) that contains four identical binding sites to sugars, such as
D-mannose or D-glucose. The binding between Con A and sugar is not covalent and
reversible [21]. Lvov et al. [22, 23] were the first to use Con A to develop
multilayer films in combination with glycogen, a polysaccharide composed of
D-glucose units through biological affinity, without extending the application of
such multilayer films to the construction of biosensors. One of the benefits of using
Con A for the formation of multilayers is that certain kinds of enzymes, such as
GOx and horseradish peroxidase (HRP), can be used without labeling because
such enzymes intrinsically contain polysaccharide chains on their molecular
surface. This is advantageous because the glycosylation of the proteins is not
connected to the catalytic function. Thus, the assembly process is used to construct
multilayer-based biosensors with Con A and glycoenzymes via sugar chains
(Fig. 2).

For example, the sensitivity of a flow-through glucose monitoring cartridge,
integrated into a flow injection analysis system, is improved significantly by
increasing the amount of immobilized GOx via bioaffinity layering [24]. A car-
tridge bearing six layers of GOx on a Sepharose support can be used effectively
and repeatedly for analysis of medium glucose concentration during a fed-batch

Protein Multilayer Architectures on Electrodes for Analyte Detection 259



cultivation of yeast Saccharomyces cerevisiae. Signal detection is based on the
liberation of H2O2 during glucose oxidation. However, the formation of more than
five bioaffinity layers on the Sepharose matrix is ineffective in further enhancing
the sensitivity.

In addition, bienzyme multilayer films using lectin and glycoenzymes, such as
GOx and HRP, have been used for biosensor applications [25]. During glucose
oxidation in the GOx layers, hydrogen peroxide is produced, which is subse-
quently converted in the HRP layers. The enzymes are catalytically active and
stable in the multilayer films and the response of the sensing electrode depends
linearly on the number of enzyme layers. The (HRP)5(GOx)5 film-modified
electrode is used to determine 10-6–10-3 M H2O2 and 10-5–10-2 M glucose, with
nearly the same maximum current (* 8.0 mA). Based on the same enzymes, other
systems have been developed to make use of mediated electron transfer by means
of an Osmium polymer [26, 27]. Also, mannose-labeled LOx (which contains
intrinsically no sugar chain) has been successfully integrated in the construction of
multilayer films [28].

Another approach uses pH-dependent electrocatalysis on electrodes modified
with multiple layers composed of Con A and redox proteins (myoglobin) or
enzymes (HRP) [29–32]. A dextran/Con A/myoglobin multilayer-coated electrode
has been constructed, and the catalytic reduction of O2 and H2O2 at the electrode is
studied [29]. The electrode reactions are regulated as a function of the number of
protein layers (up to eight) in the assembled films.

These findings support the possible use of Con A/enzyme layered systems for
the development of biosensor interfaces. However, multilayer films constructed

Fig. 2 Multilayer system of ConA (lectin)–glucose oxidase on an electrode. Figure adapted from
Ref. [24]
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with Con A may be sensitive to sugars because these structures rely on the
reversible binding between Con A and sugar residues.

2.1.3 Antibody–Antigen Interaction

To make further use of biospecific interactions, antibody–antigen reactions have
been employed to organize multilayers for electrochemical biosensors. The anti-
body (also known as immunoglobulin [Ig]) recognizes a unique part of a target,
called an antigen. Each antibody contains a paratope that is specific for one par-
ticular epitope on an antigen, allowing these two molecules to bind together with
specificity and precision to form very stable noncovalent bonds. For this approach,
the (bio)molecule has to be fixed to one of the partners of the antibody–antigen
couple or it possesses an antigenic structure by itself.

For example, an immunological method has been developed, allowing the layered
assembly of IgG-labeled GOx and anti-GOx IgG onto an electrode surface. A glassy
carbon electrode is coated with gelatin, and mouse IgG antibodies are adsorbed onto
the gelatin [33–38]. A conjugate consisting of GOx linked to the antimouse IgG
antibody is bound to the antibody associated with the gelatin to yield an enzyme-
modified electrode on which further GOx-layers are assembled by the use of
monoclonal antibodies against GOx produced in mouse (Fig. 3). The immunological
procedure has been extended up to 10 enzyme monolayers. The immobilized enzyme
is fully active and its kinetic properties are the same as those of the native enzyme in
solution. For signal generation, a mediator-type scheme is applied. For this purpose,
ferrocene is used to transfer the electrons from GOx through the network towards the
electrode (second-generation biosensor).

Fig. 3 Scheme of the construction of multilayers of glucose oxidase on a glassy carbon electrode
surface. Figure adapted from Ref. [33]
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2.2 Covalent Binding/Cross-Linking

An alternative approach for the immobilization of biomolecules to a sensor surface
is through covalent binding. In this approach, biomolecules are immobilized on
solid surfaces through the formation of defined chemical linkages [39, 40].
Immobilization by other methods is sometimes associated with instability or
leakage of proteins; these problems are common when biomolecules are trapped
on sensor surfaces by means of polymer matrices or adsorption, but they can be
overcome by using covalent immobilization procedures.

Covalent binding of biomolecules to the surface can result in loss of biomol-
ecule activity because of unwanted reactions. Therefore, care has to be taken in the
choice of linkers and coupling strategies to achieve minimal loss of specific
recognition or catalytic activity [41–46]. Covalent coupling has been employed to
improve uniformity, density, and distribution of the bound proteins in a multilayer
fashion onto a surface. It has the advantage that the biomolecule is generally stable
when immobilized and therefore unlikely to detach from the surface during use
[46–51].

Covalent coupling between the enzyme or protein and the solid support is best
achieved through functional groups on the biomolecule surface that are not
required for its biological activity. Biomolecules such as enzymes and proteins
have several functional groups present for covalent immobilization onto surfaces;

Scheme 1 Covalent biomolecule immobilization. a Step-by-step covalent coupling route via
activating agents. b Cross-linking by the use of a bifunctional reagents. The blue and red spheres
represent the respective biomolecules used
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these include carboxylic acid groups, amino groups, hydroxyl groups, sulfhydryl
groups, phenolic groups, and imidazole groups.

There are two main approaches used for covalent coupling on sensor surfaces
(Scheme 1). In the first approach, activation reagents are used to mediate the
conjugation of two molecules by forming a bond between a group of one bio-
molecule with a group of the other one. Thus, one atom is covalently attached to an
atom of a second molecule with no intervening linker or spacer. The chemistry of
reactive groups and how they can be activated covers a broad spectrum of different
reagents; however, because of the fragility of biomolecules, only a limited number
of them can be applied for bioconjugation reactions. The agents described in this
section can initiate the formation of four types of bonds: an amide linkage made by
the condensation of a primary amine with a carboxylic acid, a phosphoramidate
linkage made by the reaction of an organic phosphate group with a primary amine,
an ester linkage and a Schiff base or amine linkage made by the reaction of a
primary amine with an aldehyde group. A Schiff base (the first reaction product of
an amine with an aldehyde) can be reduced to a secondary amine linkage. All of

Fig. 4 a Activating agents. b Homo- and heterobifunctional cross-linking agents. EDC 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide, CDI N,N0-carbonyldiimidazol; Sulfo-NHS N-hydrox-
ysulfo-succinimide, DSP dithiobis succinimidylpropionate, DSG disuccinimidyl glutarate, DMA
dimethyl adipimidate dihydrochloride, SMCC succinimidyl-4-(N-maleimido-methyl)cyclohex-
ane-1-carboxylate; MPBH (4-N-maleimidophenyl)butyric acid hydrazide hydrochloride, DIDS
4,40-diisothiocyanate-2,20-stilbene-disulfonic acid
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the reactions are quite efficient. Depending on the reagent chosen and the desired
application, they may be performed in aqueous or nonaqueous environments.

For the activation of the functional groups as illustrated in Scheme 1a, different
activation agents can be used. Some examples are shown in Fig. 4. Carbodiimides
are used to mediate the formation of an amide linkages between carboxlates and
amines or phosphoramidate linkages between phosphates and amines. The water-
soluble carbodiimides are the most common choice for biochemical conjugations
because most macromolecules of biological origin are stable only in aqueous
buffer solutions. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide is the
most popular carbodiimide used for conjugating biomolecules. Another example is
CMC 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide.

Carbonyldiimidazoles, such as CDI (N,N0-carbonyldiimidazole), are highly
active carbonylating agents that contain two imidazole leaving groups. They can
be used to activate carboxylic acids or hydroxyl groups for conjugation with other
nucleophiles, thereby creating either a zero-length amide bond or one-carbon-
length N-alkyl carbamate linkage between the coupled molecules. The active
carboxylate can further react with amines to form amide bonds or with hydroxyl
groups to form ester linkages. If a carbonyldiimidazole is used to activate a
hydroxyl functional group, the reaction proceeds differently because the active
intermediate formed by the reaction of a carbonyldiimidazole with a hydroxyl
group is an imidazoyl carbamate, which can be attacked by an amine releasing the
imidazole but not the carbonyl. Thus, a hydroxyl-containing molecule may be
coupled to an amine-containing molecule with the result of a one-carbon spacer,
forming a stable urethane (N-alkyl carbamate) linkage.

N-hydroxysuccinimides, such as NHS (N-hydroxysulfo-succinimide), can also be
used to activate carboxylic groups to form active esters to react with an attacking
amine from the other molecule to form an amide linkage. N-hydroxysuccinimide
esters are more stable in aqueous solutions but still couple rapidly with amines on
target molecules.

Tosylates, such as 4-toluenesulfonyl chloride, are used to activate hydroxyl
groups. The modification of the hydroxyl group (which is a relatively poor leaving
group) by the tosylate transforms it into a good leaving group, and thus it reacts
with other nucleophiles such as amines.

Another type of activation agent is NaIO4. NaIO4 allows the oxidative con-
version of sugar structures (e.g. on protein surfaces) to aldehydes, which in turn
can be used to react with another nucleophile, such as an amine, to form a linkage
between the two molecules.

In a second approach, bifunctional reagents are used (so-called cross-linkers).
Cross-linking is achieved with the use of reagents containing (at least two) reactive
end groups. The bifunctional reagents are characterized as either homobifunctional
or heterobifunctional. Most of the compounds containing the same functionality at
both ends are symmetrical in design, with a carbon chain spacer connecting the
two reactive ends. The length of the spacer may be designed to achieve the optimal
distance between two molecules to be conjugated. Therefore, these reagents glue
one protein to another by covalently reacting with the same group on both
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molecules. Thus, for example, amino groups on the surface of a protein are
modified with a cross-linker (e.g. glutaraldehyde) in such a way that the amine
group is coupled to one end of the cross-linker, exposing the other (reactive) end
for further protein coupling (see Scheme 1b).

In addition, heterobifunctional cross-linkers may be used, which contain two
different reactive groups that can couple to different functional targets on proteins
and other macromolecules. This results in the ability to direct the cross-linking
reaction to selected parts of target molecules, thus gathering better control over the
conjugation process.

There are mainly four functional groups that have been found to be successful
cross-linking targets: primary amines, carboxyls, sulfhydryls, and hydroxyls. The
cross-linkers discussed in the following sections are the types most often referred
to in literature or are commercially available.

Homobifunctional Cross-linkers

Bis-NHS-esters are highly reactive towards amine nucleophiles. Bis-imidoesters
carry one of the most specific acylating groups available for the modification of
primary amines, with minimal cross-reactivity toward other nucleophilic groups
in proteins. Bis-maleimides can react with sulfhydryls to form stable thioether
linkages. Bis-aldehydes are likely used to react with primary or secondary amines.
Bis-epoxides can be used to cross-link molecules containing nucleophiles,
including amines, sulfhydryls, and hydroxyls (the reaction proceeds with epoxide
ring opening).

Heterobifunctional Cross-linkers

In several heterobifunctional linkers, the previously mentioned functionalities
are combined, such as an NHS ester on one side and a maleimide group on the
other side of the linker. In Fig. 4, some homo- and hetero-crosslinkers are shown.
To illustrate the covalent multilayer concept, several examples for sensor con-
struction are described here. A multilayered arrangement of GOx has been
achieved by previous modification of functional groups on the protein surface.
Thereby, the carbohydrate groups on the peripheral surface of GOx are first oxi-
dized to aldehydes by periodate [53–55]. Thereafter, a cross-linker with a large
number of amine groups, such as on poly(L-lysin) (PLL) and polyamidoamine
(PAMAM) dendrimer, is used to react with periodate-oxidized GOx (aldehyde
groups formed on the surface) to form a Schiff base. The sensor signal can be
monitored by detection of H2O2, which is produced during the oxidation of glu-
cose. The sensitivity of the constructed multilayer is tunable by the number of
layers (five), with the possibility to extend this immobilization method for the
construction of multilayer films with other enzymes.

The approach of bifunctional reagents has been used to construct a multilayer
enzyme electrode through covalent attachment of quinoprotein glucose dehydro-
genase (PQQ-GDH) onto a gold electrode surface [52]. The gold electrode surface
is modified with 3,30-dithiodipropionic acid bis-N-hydroxy succinimide ester
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(DSP), which has a disulfide linkage that rapidly chemisorbs onto the gold surface
and possessing an activated succinimide ester (NHS) group for efficient coupling
of the protein. When the activated electrode is dipped into an GDH solution, the
enzyme spontaneously binds to the modified gold. The resulting monolayer-GDH
electrode is then activated by the bifunctional reagent 4,40-diisothiocyanate-2,20-
stilbene-disulfonic acid (DIDS); further layers of GDH have been stepwise
coupled to the primary layer. This system can be applied as recycling sensor for
p-aminophenol, which is oxidized at the electrode and re-reduced by the enzyme
GDH. The steady-state current of the multilayer electrode to p-aminophenol
concentrations is linear in the range of 10 nM to 10 mM, with a detection limit of
5 nM. After 2 months of storage, the multilayered biosensor maintains 75 % of its
original activity.

This concept has also been used to construct enzyme multilayer biosensors for
sensing of glucose, choline, and acetylcholine. By the use of bivalent cross-linking
reagents, the enzymes are fixed in the layered films through covalent bonds [56].

Fig. 5 Stepwise assembly of a covalently-linked multilayer system of glucose oxidase (GOx) on
a gold electrode (Au). The linkage is formed by the reaction of the amino groups on GOx with the
isothiocyanate groups of the bifunctional reagent. Electrical contact between the enzyme
molecules and the electrode is established via the multiple ferrocene moieties. Figure adapted
from Ref. [56]
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As an electron mediator, ferrocene carboxylic acid is used for the electrical
communication of the enzyme with the electrode (Fig. 5). The linear range of the
glucose biosensor is up to 15 mM. The layered GOx network electrodes reveal
unaltered activity for 6 months when stored dry at 4–8 �C.

As described previously, enzyme multilayers can be constructed by combining
different enzymes immobilized in different layers; thereby, the buildup of multi-
enzyme sensing schemes, such as sequential reactions, becomes feasible. Here, the
analyte is first converted by one enzyme to a product that in turn is subsequently
converted to a second product by another enzyme. Such an amperometric ace-
tylcholine biosensor is established using a multilayered network consisting of
choline oxidase (ChO) and acetylcholine esterase (AChE) bienzyme layers [63]. In
this system, choline generated by AChE hydrolysis of acetylcholine is converted
by the ChO layers in the presence of soluble dichlorophenol indophenol (DCPIP).
DCPIP acts as diffusional electron mediator and is amperometrically detected at
the electrode (Fig. 6).

Both covalent attachment and cross-linking of entrapped enzymes or proteins in
multilayer systems can often alleviate the problem of biomolecule leakage. Cross-
linking of biological components by means of a bifunctional or multifunctional
reagent affords an enhanced stability of the deposited proteins that are supposed to
be fixed onto the support. Glutaraldehyde, which couples with the amino groups of
enzymes, is by far the most common cross-linking agent used in biosensor
applications. A selected example includes the cross-linking of proteins such as

Fig. 6 Layered assembly of two enzymes for amperometric sensing of acetylcholine. AChE
acetylcholine esterase, ChO choline oxidase, DCPIP dichlorophenol indophenol. Figure adapted
from Ref. [63]
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BSA with GOx using glutaraldehyde to produce a thin layer on the sensor surface
[57].

The approach of cross-linking can also be combined with different strategies for
the multilayer formation. One example is shown for glucose and lactate biosensors
combining electrostatic LBL deposition (see Sect. 2.3) and chemical cross-linking
[60]. Cross-linking is accomplished here by exposing the thin film to glutaralde-
hyde vapor, thus inducing linkage formation between lysine and arginine residues
present on the enzyme periphery with amine groups on a redox polymer,
poly[vinylpyridine Os(bisbipyridine)2Cl]-co-allyamine. Reproducible analyte
response curves from 2 to 20 mM (glucose-GOx) and 2–10 mM (lactate-LOx) can
be obtained. The electron transfer between the redox polymer and enzyme is
improved and the cross-linked films are able to retain nearly 100 % of their
activity for 3 weeks. The authors explain that cross-linking of the multilayer
structure likely decreases the distance between enzyme active sites and redox sites
while providing direct routes of charge transfer. For more insights in the combi-
nation of different immobilization strategies, the reader is referred to other
references [57–64]. Immobilization problems associated with leakage of proteins
can be overcome using covalent immobilization routes, resulting in very stable
systems. However, as for many immobilization strategies, there are also some
disadvantages associated with this method, such as the following:

• It is often difficult to control the cross-linking reaction.
• Loss of activity of the proteins or enzymes in the multilayer system may occur

after covalent coupling reactions.
• Rather large diffusion barriers can be formed because of tight binding of

biomolecules, resulting in slow response.

The suitability of the covalent coupling is also very much dependent on the
biomolecule used, the cross-linking agent, and the spacing capability, as well as on
the kind of signal generation, such as the diffusion of generated species or a
hopping of electrons between the redox-active sites within the immobilization
matrix.

2.3 Electrostatic Interactions

Adsorption of biomolecules from solution onto solid surfaces can proceed via
either physical or chemical interactions. Physical adsorption involves van der
Waals forces, ionic binding, or hydrophobic forces [65]. For multilayer formation,
electrostatic interactions are mainly used, although other interactions may con-
tribute to the binding. This method is also called polyelectrolyte adsorption
technique or electrostatic LBL assembly. The method is based on the constrcution
of a multilayer thin film from oppositely charged species deposited in succession
on a solid support (Fig. 7).

268 S. C. Feifel et al.



The method is very advantageous because it is more versatile than other film
fabrication techniques. In addition, a large range of different materials, including
polyelectrolytes [66, 67], nanoparticles [68, 69], dendrimers [70, 71], carbon
materials [72], and many others [73] can be employed in the fabrication of mul-
tilayer films. Moreover, parameters such as roughness, thickness, and porosity of
films can be controlled by changing experimental conditions, such as pH, tem-
perature, concentration of the building blocks, and ionic strength of the media [74].

The main driving force in alternate LBL assembly is the electrostatic interac-
tion between oppositely charged species [75]. Therefore, the layer formation can
be described as the kinetic trapping of charged species from solution on a surface.
Multilayer film assembly is possible because of charge reversal on the film surface
after each adsorption step. Surface charge therefore depends on the last adsorbed
layer, permitting a degree of control over surface and interface properties. A high
charge density in the adsorbing species will result not only in strong attraction
between molecules in neighboring layers but also in strong repulsion between like-
charged molecules in the same layer. That is, electrostatics both drives layer
assembly and limits it. Several layers of material applied in succession create a
solid, multilayer coating. Subtle changes in organization and composition of the
used building blocks as well as several experimental factors influence layer
structure (e.g. thickness, stability) and functionality (e.g. permeability). Because
the layer formation is induced by electrostatic interactions, the ionic strength of the
working solution will modifiy the appearent charge density because of partial
shielding of the charges in the building blocks used. The ionic strength influences
the amount of deposited material and also the structure of the multilayer film.

Fig. 7 Layer-by-layer method: initially a base electrode is modified with a charged layer. This
negatively charged substrate is then immersed in a polycation and a polyanion aqueous solution,
respectively (e.g. protein, nanoparticles, polyelectrolytes, DNA). Figure adapted from Ref. [5]
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Therefore, ionic strength appears as a valuable tool to govern and adjust the LBL
formation process.

A further tuning parameter is the pH of the working solution, which can also
affect the charge density of the deposited polyelectrolyte, particularly if it contains
functional groups which can be protonated or deprotonated. The concentration of
the building blocks is another criterium affecting the layer assembly and its
functionality. If the concentration of the building blocks is too high, repulsion may
be enforced or displacement of the already assembled molecules may occur.
Otherwise, if the concentrations of the building blocks are too low, an imperfect
film may be formed. For every system, there will be an optimum range for the
building block concentration. Another factor is the temperature used during layer
formation, as it can slow down or speed up the adsorption process but also sub-
sequent interpenetration of deposited layers. In a similar way, the adsorption time
affects the building block deposition, particularly at low adsorption rates. The
choice of the solution composition also needs to be considered because some
additives may influence the stability and functionality of the biomolecules to be

Table 1 Advantages of layer-by-layer deposition over other methods for multilayer construction

Main advantages Further specifications

Wide range of materials used Polyelectrolytes - Biological polymers
- Artificial polymers

Nanoparticles - Nonbiological origin
(e.g. AuNPs, SiNPs, QDs)

- Biological origin
(e.g. viruses, bacteria)

Nonpolyelectrolytes Co-entrapment with charged
polymers

Various surfaces for deposition Nonbiological surfaces e.g. metals, glass, plastic
Colloids e.g. SiNP, AuNP, vesicles
Biological particles e.g. cells, bacteria, viruses

Tuning parameters for optimization
of layer formation and structure

Ionic strength
Concentration
pH
Temperature
Solvent composition
Adsorption time

Post deposition processing by pH
Ionic strength
Temperature
Deposition of

protecting layer
‘‘Infinite’’ number of layers
Low-cost production
Environmental friendly process
Automation possible
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deposited. To fix biomolecules, one can exploit their inherent charge at a given pH
or one can codeposite weekly or uncharged species together with a polyelectrolyte.
The advantages of the LBL deposition method over other approaches of multilayer
construction are summarized in Table 1.

3 Multilayer-Based Sensing Architectures Using Electrostatic
Interactions of the Building Blocks

3.1 Polyelectrolyte-Based Biosensors

Electrostatic multilayer assembly of proteins and oppositely charged polyelec-
trolytes was developed in the 1990s [5]. Polycations that have predominantly been
used to construct multilayer architcutres include PLL, poly(ethyleneimine) (PEI),
poly(dimethyl-diallylammonium chloride) (PDDA), poly(allylamine hydrochlo-
ride) (PAH), and chitosan (CHIT). The most commonly used polyanions are:
poly(styrene-sulfonate) (PSS), poly(vinylsulfonate) (PVS), poly(anilinepropane-
sulfonic acid) (PAPSA), poly(acrylic acid) (PAA), and poly(methacrylic acid)
(PMA). The chemical structures of the polymers are shown in Fig. 8.

The polyelectrolyte-based multilayer assemblies provide an excellent control of
layer thickness and have been extended to immobilize proteins, enzymes, DNA,
and nanoparticles for the construction of biosensors. Biomolecules in a buffer

Fig. 8 Structures of commonly used polyelectrolytes for multilayer assembly. CHIT chitosan,
PAA poly(acrylic acid), PAH poly(allylamine hydrochloride), PAPSA poly(anilinepropane-
sulfonic acid), PDDA poly(dimethyl-diallylammonium chloride); PEI poly(ethyleneimine), PLL
poly(L-lysin), PMA poly(methacrylic acid), PSS poly(styrene-sulfonate), PVS poly(vinylsulfonate)
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solution of pH smaller or larger than their isoelectric point can take positive or
negative charges, which make them suitable for incorporation in polyelectrolyte
layers. Initially, an electrode has to be modified with a charged layer. This neg-
atively (or positively) charged surface is then immersed in a polycation (or pol-
yanion) solution to form the first positively (or negatively)-charged layer.
Negatively-charged biomolecules are immobilized subsequently during the next
incubation step. These deposition processes are carried out repeatedly to obtain the
desired number of layers. When the protein has only a weak charge on the surface,
it can also be mixed with a polyelectrolyte, resulting in a codeposition of both
materials. However, for this kind of procedure, a rather high concentration of the
proteins has to be applied.

The LBL approach is generic and provides a strategy to rationally design the
properties of immobilized architectures. With this approach, almost all types of
enzymes have been immobilized to form multilayered biosensors. Some repre-
sentative examples are collected in Table 2.

3.1.1 Polyelectrolyte-Based Monoprotein Systems

Currently an ideal model, GOx was first incorporated in multilayer assemblies and
applied for biosensing in 1996. In this example, the multilayered GOx sensor was
prepared via GOx and PLL coadsorption on a negatively charged monolayer made
of mercaptopropionic acid [114]. The glucose concentration can be directly cor-
related to the byproduct H2O2, which is than detected at the underlying electrode.

Table 2 Polyelectrolyte-based protein multilayer assemblies on electrodes for substrate
detection

Enzymes in multilayer films Analyte References

Peroxidase H2O2 [85–89, 97]
Cytochrome c oxidase Cyt c [109]
Fructose dehydrogenase Fructose [90]
Polyphenol oxidase Dopamine, catechol [91–93]
Glucose oxidase Glucose [76–82]
Lactate oxidase Lactic acid [60, 83, 84]
Uricase Uric acid [96, 110]
Alcohol dehydrogenase Ethanol [111]
Sorbitol dehydrogenase Sorbite [111]
Glucose dehydrogenase Glucose [112]
Glutamate oxidase Glutamate [113]
Hemoglobin O2 [98–100]
Myoglobin O2 [101–104]
Cytochrome c Superoxide [105–107]
Catalase H2O2 [108]
Cytochrome P450 O2 [101]
Cholesterol oxidase Cholesterol [94, 95]
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The sensor is build up to seven layers, with an signal increase with each layer.
Therefore, the sensitivity of the constructed system can be tuned by the number of
deposited enzyme layers. The presented GOx multilayer system is an example of a
first-generation biosensor (Fig. 9).

In a similar approach, a multilayer-based biosensor using ChOD and 6-O-
ethoxytrimethylammoniochitosan chlorid (EACC) deposited on a Prussian blue
(PB)-modified platinum electrode, is constructed [118]. The chitosan building
block provides multilayer-forming ability, sufficient permeability towards water
and small molecules, good adhesion, and biocompatibility. The signal is generated
by the conversion of the ChOD-generated H2O2 at the PB-modified Pt electrode.
With this multilayered biosensor PB[EACC/ChOD]10, the analyte (choline) can be
detected in a linear range between 5 9 10-7 and 1 9 10-4 M. The sensing system
retains around 85 % of its initial response to choline after 2 month of storage. A
similar amperometric glucose biosensor based on the alternating deposition of a
quaternized chitosan derivative and GOx on a Nafion-modified electrode has been
developed [119]. For this system, the sensitivity is enhanced by the increase of the
number of layers up to 10 bilayers. The glucose concentration has been correlated
to the arising byproduct H2O2, which is then detected at the modified electrode.
This sensor is quite selective because the presence of uric acid and ascorbic acid
does not interfere with the electrochemical response due to the charge repulsive
properties of Nation.

A further evolutionary step is shown by a reagentless glucose biosensor, which
is prepared by successive alternate deposition of ferrocene-attached polypyridine
or ferrocene-modified polyallylamin polymer and anionic GOx, on an Au electrode
surface initially thiolated with negatively charged sulfonic acid groups [78, 115].
In these systems, ferrocene is used as a mediating agent attached to the polymers.
In an similar way, this kind of GOx multilayer sensor is prepared by the use of a

Fig. 9 Schematic illustration of glucose oxidase (GOx) incorporated into a matrix consisting
of poly-L-lysine (PLL) by co-immobilization of the enzyme with polymer. Figure adapted from
Ref. [114]
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charged Os-based redox polymer for the electrochemical communication of GOx.
The analytical performance of the sensor can be controlled by the number of
GOx/redox polmer bilayers [116]. The progress here is that the reaction process is
followed more directly as the relase of electrons during the oxidation reaction is
monitored without the liberation or consumption of byproducts. Electrons are
transferred through the assembly by hopping from redox center to redox center
(second-generation biosensor).

In an almost equal approach, a multilayer-based sensor for hydrogen peroxide is
constructed by the use of a positively charged osmium-derivatized polymer and a
negatively charged HRP [117]. The resulting architectures are shown to be stable
and exhibit some advantages, such as fast response times and good chemical/
mechanical stability.

The multilayer construction with the LBL method also seems to be a promising
approach for the fabrication of mediator-free biosensors. In this context, the
construction of layered architectures with positively charged myoglobin (Mb) and
negatively charged PSS on a pyrolytic graphite (PG) electrode surface is shown
[102]. Cyclic voltammetry of [PSS/Mb]n films exhibit a pair of well-defined,
quasi-reversible peaks, characteristic for the Mb heme Fe2+/Fe3+ redox couple.
Electroactivity of the multilayer system is extended up to seven [PSS/Mb]7

bilayers. Unfourtunately, not all of the Mb in the multilayer system can be
addressed because only an slight signal increase is monitored with the number of

Fig. 10 a Schematic depiction of a cytochrome c (cyt c)/poly(aniline-sulfonic acid) (PASA)
multilayer electrode. Arrows indicate the suggested pathway for electron transfer through the
cyt c assembly with rotational flexibility of the protein. b Cyclic voltammetry in order of
increasing magnitude: monolayer, 4, 6, 8, 12, 15 layers of cyt c. c Electrochemically determined
concentration of cyt c in 2–15 multilayers. Figure adapted from Ref. [105]
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layers. In this system, the electron transfer of myoglobin may be explained by
direct electron transfer from one Mb to the other towards the underlying electrode.
Additionally, oxygen and trichloroacetic acid catalysis have been observed.

Based on the idea of direct electron transfer, a multilayer assembly combining
cytochrome c (cyt c) as a small redox protein and sulfonated polyaniline (PASA)
as a counter polyelectrolyte has been developed (Fig. 10). Thereby, a fully elec-
troactive assembly based on interprotein electron transfer is prepared without the
need of redox mediators [105, 106]. These multilayer architectures containing up
to 15 protein layers show a quasi-reversible electron transfer. The propotional
increase of electroactivity with the number of deposited cyt c layers also results in
an enhanced sensitivity of such an electrode for the analysis of superoxide radicals
because cyt c is able to oxidize this radical [107].

The increased number of recognition sites on the electrode generates a higher
current. However, as in the case of several other multilayer systems, above a
certain thickness, diffusion through the multilayer becomes rate limiting. This
phenomenon is shown for superoxide sensors with more than six cyt c layers
deposited by the polyelectrolyte adsorption technique [107]. This appears here
with a rather small number of layers because the analyte is not a stable molecule
and decomposes by spontanous disproportionation into O2 and H2O2.

On the basis of cyt c multilayers constructed with sulfonated polyaniline
(PASA), some further work has been performed. An additional envelop-S-layer
can be assembled on top of the multilayer architecture to construct a permselective
system [120]. The recrystallization of a bacterial protein surface layer (S-layer-
envelop) of SbpA (recrystallized protein, from Bacillus sphaericus CCM 2177) on
the PASA-cyt c multilayer film is feasible in the case when a different polyelec-
trolyte, PSS, is used as bridging layer before immobilization of SbpA. Notably, the
recrystallization process of the S-layer does not significantly diminish the amount
of electroactive cyt c within the multilayer arrangement. Therefore, the described
approach of self-assembled protein multilayers with S-layer recrystallization can
offer new advantages for the construction of permselective functional systems.

Additional investigations of cyt c multilayer architectures, constructed with
chemically modified sulfonated polyanilines as polyelectrolyte [121], have been
performed. The comparison of the different sulfonated polyanilines points out that
the redox activity of the polyelectrolyte can significantly contribute to the overall
activity of the assembly, if not carefully chosen. This may cause side reactions if
the system is applied in sensorics. It is also shown that the polyanilline is not
acting as a conducting matrix between the cyt c but as a kind of glue holding the
proteins in small distances from each other.

Instead of using synthetic polymers, biopolymers can be also applied as building
blocks for the construction of multilayer systems. In a rather unique example, DNA
and cytochrome c are used to build up electroactive multilayers [122]. DNA, which
habours a negatively charged phosphate backbone, ensures electrostatic interac-
tions to facilitate the immobilization of cyt c in multiple layers. A significant
increase in the amount of cyt c with the number of layers is shown for up to six
bilayers by spectrophotometric, quartz crystal microbalance (QCM) and
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electrochemical studies. Multilayers containing up to six DNA–cyt c bilayers
exhibit a quasi-reversible electron transfer. The most striking difference compared
to polymer-based systems, however, is the significantly higher amount of electro-
active cyt c bound within this type of architecture (six bilayers = 190 ± 12 pmol/
cm2). This finding is accompanied by much higher surface roughness, indicating
that a three-dimensional structure is formed on the electrode surface. Furthermore,
the long-term stability of the DNA/cyt c multilayer assembly has been studied for at
least 40 days, and only a slight decrease in electroactive protein amount (\5 %) is
found during this period of dry storage.

Another example for the use of polyelectrolytes to build up multilayers are
dendrimers, which are new types of polymers with a globular structure mimicking
the three-dimensional structure of biomacromolecules, with a highly branched
dendritic structure and unique properties, such as a high density of active groups,
good structural homogeneity, internal porosity, and good biocompatibility. Thin
multilayer films of heme proteins, including hemoglobin (Hb), myoglobin (Mb),
and catalase (Cat), are assembled layer by layer with polyamidoamine (PAMAM)
dendrimers on different solid surfaces [123]. At pH 7.0, protonated PAMAM
possesses positive surface charges, whereas the proteins have net negative surface
charges at pH above their isoelectric points, allowing defined electrostatic inter-
actions for film preparation. The assembly process is monitored by QCM and
visible ultraviolet (UV–Vis) spectroscopy. The growth of the protein multilayer
films proceeds regular and linear, whereas the electroactivity of the films can only
be extended up to a few bilayers. Cyclic voltammetries of [PAMAM/protein]n

films display a pair of defined and nearly reversible peaks characteristic for the
protein heme Fe2+/Fe3+ redox couple. Several substrates with biological or envi-
ronmental significance, such as oxygen, hydrogen peroxide, trichloroacetic acid,
and nitrite, are catalytically reduced at [PAMAM/protein]n film electrodes,
showing that the multilayers are based on direct electrochemistry of the proteins
because no shuttle molecules are needed.

3.1.2 Polyelectrolyte-Based Multiprotein Systems

More sophisticated approaches have been reported, which integrate more than one
biomolecule in the multilayer assembly to achieve a cooperative mechanism
(so-called biprotein assemblies). For example, a multilayer biosensor for direct
determination of cholesterol was constructed using cholesterol oxidase (COx) and
PSS on a monolayer of microperoxidase that was covalently immobilized on a
Au-alkanethiolate electrode (Fig. 11) [124]. The biosensor diplays a linear current
response for cholesterol in the concentration range of 0.2–3.0 mM with a rather
fast response time (\20 s). The catalytic current increases with the number of
layers up to three bilayers of [COx/PSS]3. Thus, the reactions involved in the
observation of a cathodic current response for cholesterol is the generation of
hydrogen peroxide by the enzymatic reaction between COx and cholesterol
followed by electrocatalytic reduction of H2O2 at the microperoxidase (MP). The
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COx/MP biosensor is a multilayer system only with respect to COx; the micro-
peroxidase only serves as transducing monolayer.

However, various kinds of real biprotein multilayer assemblies have been
developed, including a xanthine oxidase-based multilayer system [125]. Here,
xanthine oxidase (XOD) has been combined with cyt c and two different poly-
electrolytes (PASA and PEI). On the basis of this arrangement, a signal chain
starting from hypoxanthine (HX) is established. A schematic view of the protein
assembly is given in Fig. 12. Here, XOD is immobilized on top of a cyt c/PASA
assembly. In contrast to cyt c, XOD is a slightly acidic enzyme (pI = 5.1).
Therefore, a cationic polyelectrolyte and a higher pH is necessary to assemble

Fig. 12 a Scheme of a cyt c/XOD biprotein sensor for HX and electron transfer. HX
hypoxanthine, UA uric acid, black arrows electron transfer/reaction pathway. b Increase of the
amperometric sensor current with increasing HX concentration. Figure adapted from Ref. [125]

Fig. 11 Schematic depiction of a cholesterol oxidase (COx) multilayer illustrating the enzymatic
and electrochemical reaction. PSS poly(styrenesulfonate). Figure adapted from Ref. [124]
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XOD on the cyt c multilayer. As cationic polyelectrolyte, PEI is used. Voltam-
metric measurements indicate that cyt c is still electrochemically active in the
polyelectrolyte multilayer after PEI and XOD immobilization. When the electrode
is exposed to a buffer solution containing hypoxanthine, a well-defined oxidation
current can be detected, thereby verifying that a signal chain from hypoxanthine
via the two proteins towards the electrode is formed. The conversion of hypo-
xanthine can only occur at the XOD. During this oxidation process, oxygen is
reduced and hydrogen peroxide and superoxide are liberated simultaneously.
Because the cyt c multilayer electrode gives no response to hydrogen peroxide at
the chosen potential, superoxide radicals serve as shuttle molecules, transferring
the signal from XOD to cyt c. Therefore, the multilayer system relies on the
internal generation of a shuttle molecule, ensuring the communication of both
proteins.

Another example is also based on the immobilization of the biocatalyst on top of
the cytochrome c multilayer. This is exemplified by the assembly of laccase on top
of cyt c multilayers [126]. The assembly reflects the structure of the previously
mentioned cyt c/XOD system; however, the operation is based on direct electron
exchange between the two proteins. Electrons are delivierd by cyt c for the catalytic
reaction at the copper enzyme laccase. The oxygen reduction current linearly
follows the oxygen concentration in solution up to oxygen saturation. Because the
laccase is assembled on top of the cyt c multilayer, the catalytic current cannot be
enhanced by simply increasing the number of layers. After two or three layers of
laccase, this system reaches saturation because additional enzyme layers are not in
contact with the cyt c molecules in the multilayer architecture anymore.

A similar approach can be shown by the layered assembly of quinoprotein
glucose dehydrogenase (PQQ-GDH) on cytochrome c, where DNA is used as
second building block [127]. The LBL deposition technique is applied to build up
cyt c/DNA bilayers and a terminal layer of PQQ-GDH on top. It is found that the
catalytic current flows when substrate (glucose) is present, indicating that this
system also relies on interprotein electron transfer.

In a more advanced system, it would be favorable to incoporate the biocatalyst
into the whole layered architecture. This new principle of signal chain has been
first demonstrated with multilayers comprising cyt c and bilirubin oxidase (BOD)
[128]. The structure of this system is schematically given in Fig. 13. Proteins are
assembled here in complexes on electrodes in such a way that direct protein–
protein electron transfer is achieved. This design does not need a redox mediator in
analogy to natural protein communication, such as in the respiratory chain. The
concept relies on the direct electron exchange between proteins, which has been
investigated in solution or in monolayer systems but is confined here to the
immobilized state of both partners.

For demonstration of the principle, cyt c and the enzyme BOD are coimmo-
bilized by means of the polyelectrolyte sulfonated polyanilin on gold electrodes.
Although these two proteins are not natural reaction partners, they can exchange
electrons directly in solution [129]. Immobilized in multilayers, the protein
architecture facilitates electron transfer from the electrode via multiple protein
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layers to molecular oxygen in solution, resulting in a significant catalytic reduction
current. The electrode architecture is fabricated starting from a cyt c electrode
(Au/MUA/MU/cyt c) by alternating incubations in the protein mixture of cyt c and
BOD and the polyelectrolyte PASA. When the cyt c/BOD multilayer electrode is
exposed to an air-saturated solution and a cathodic potential sweep is performed, a
substantial reduction current can be observed at neutral pH. The catalytic current
results from reduction of cyt c, most of which is oxidized by the electron transfer
to neighboring BOD molecules. By varying the number of [cyt c/BOD] layers on
the electrode, not only the electroactive amount of cyt c is increasing with every
deposition step but also the catalytic oxygen current.

Increasing the number of catalytic sites (BOD amount) obviously enhances the
electrocatalytic conversion. This result implies that the deposited BOD molecules
are in electrical contact with the electrode. Because a large part of the enzyme is
immobilized rather far from the electrode surface, it is concluded that cyt c is
providing the electrons for the enzyme reaction. For the sensorial application, this
also means that the sensitivity can be tuned by the number of deposited [BOD/cyt
c] layers. Notably, a current limit is not observed up to 12 bilayers because of the
direct communication between the enzyme and the redox protein in every layer
and a rather fast diffusion of oxygen.

In a further study on the basis of this principle, different forms of cyt c have been
investigated with respect to their behavior as electron donors to the enzyme BOD
incorporated in multilayer assemblies [130]. It is shown that cyt c from different
species as well as single-point mutations in the human form of cyt c can influence
the reaction rate with BOD in solution. In addition, it is observed that the amount of

Fig. 13 a Schematic illustration of the redox chain in cyt c/BOD multilayer electrodes. Red
circles cyt c protein, blue shapes BOD enzyme, arrows indicate electron transfer pathways
between cyt c and BOD within the polyelectrolyte network and the four-electron oxygen
reduction process. b Dependency of the reduction current of a three-layer assembly on oxygen
concentration. Figure adapted from Ref. [128]
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protein deposited by the LBL approach can be influenced by exchange of one amino
acid and thus can limit the current density. The kinetic analysis of the multilayer
system with different cyt c forms shows that a decreased cyt c self-exchange rate
can also be a limiting factor. This corroborates a dominating role of the redox
protein for the electron transfer through the system. Thereby, it is illustrated that
protein engineering can be a helpful instrument to study protein–protein reactions,
as well as the electron transfer mechanisms of complex multilayer systems.

Another biprotein multilayer is shown by a sulfite oxidase SOx/cyt c arrange-
ment, with both proteins assembled together on the electrode. SOx–cyt c multi-
layers are successfully formed as fully electroactive assemblies with the help of the
polyelectrolyte PASA [131, 132]. The multilayer architecture diplays catalytic
activity for the oxidation of sulfite. Increasing numbers of biprotein layers result in
a linear increase of both: electroactive cyt c amount and catalytic sulfite oxidation.
Thus, again a protein assembly is constructed on modified electrodes, establishing a
signal chain from the enzyme substrate via the enzyme and cyt c towards the
electrode and allowing sensitive sulfite detection, even in real samples.

Instead of a synthetic polymer, DNA can be used as natural polyelectrolyte (see
[122]). This has also been used for the construction of biprotein assemblies, in
which cellobiose dehydrogenase (CDH) and cytochrome c are used as protein
building blocks [133]. CDH and cyt c are co-immobilized on a cyt c modified
monolayer electrode by alternating incubation steps in DNA and [CDH/cyt c]

Fig. 14 a Schematic representation of DNA/cytochrome c (cyt c)�cellobiose dehydrogenase
(CDH) architectures prepared on cyt c monolayer electrodes (M). The cyt c monolayer is
assembled on a mixed thiol layer (11-mercapto-1-undecanol [MU]/mercaptoundecanoic acid
[MUA]). b Cyclic voltammograms of Au-MUA/MU-cyt c-[DNA/dCDH�cyt c]n multilayer
electrodes. Multilayers (n = 1, 2, 4) in the presence of lactose (5 mM). Figure adapted from
Ref. [133]
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solutions. The biosensor is used to monitor the substrate (lactose) concentration in
solution (Fig. 14). The electrons that are generated during the oxidation process at
CDH are transfered via interprotein electon transfer by the cyt c molecules
towards the electrode. Therefore, no additional shuttle molecule is needed. The
catalytic response increases with the number of deposited [DNA/CDH�cyt c]
bilayers. A further analysis of the system reveals a dynamic range from 0.01 to
20 mM lactose.

3.1.3 Polyelectrolyte-Based Immunosensors

In the past few years, there have been several reports on the development of
immunosensors for clinical and environmental purposes as a result of the possi-
bility of generating a large number of antibodies for the analysis of numerous
chemical species, with the advantage of analyzing samples with less pretreatment
and because of a rather fast and direct signal generation. The construction of the
biological recognition layer is fundamental for tailoring the sensing properties of
such biosensors. Increasing the binding layer capacity and maintaining its
immunological activity are two key issues for an increased sensitivity. To develop
such immunosensors, the arrangement of one partner of the immune reaction by
means of multilayer architectures has also drawn some attention [134–137].
However, compared to enzyme-based systems, here the permeability for the
analyte (antigen) can be a major drawback, particularly when the antigen is a
molecule of higher molecular weight.

One of the first approaches is shown with a multilayer immunosensor prepared
by embedding anti-immunoglobulin G (anti-IgG) monoclonal antibodies into
polyelectrolyte multilayer films [135]. Alternating polyelectrolyte films con-
structed by the sequential adsorption of anti-IgG and PSS have been used as
sensors for IgG. The assembly process of the multilayer films can be monitored
using QCM and surface plasmon resonance (SPR). Multilayer film growth is
achieved up to at least five anti-IgG layers. The sensitivity, determined using IgG
mass uptake data from quartz crystal microgravimetry, is found to be linearly
dependent on the number of anti-IgG layers (and hence the amount of IgG
incorporated) in the polyelectrolyte film when the anti-IgG layers are separated by
one PSS layer. In contrast, for films where anti-IgG layers are separated by five
polyelectrolyte (PSS(PAH/PSS)2) layers, only the outer anti-IgG layer is found to
be immunologically active. This is attributed to the formation of a densely packed
polyelectrolyte film through which antigen permeation is restricted. The assembly
strategy is promising because the sensitivity can be controlled by the number of
protein layers, whereas the selectivity can be modified by selecting the desired
antibody.

Another layered immunosensor is fabricated by alternating adsorption of anti-
horseradish peroxidase (anti-HRP) antibodies and dextran sulfate [138, 139]. A
sensor employing mutiple layers of antibodies exhibits an enhanced sensitivity to
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the HRP antigen compared with those using two-dimensional monolayers, mainly
because of the higher number of receptors and their accessibility to the antigens.

For many immunosensor systems, polyelectrolyte layers haven been exten-
sively used as the first modication step because antigens or antibodies can be easily
immobilized on top of the polyelectrolytes by simple adsorption, as well as by
covalent linkage with the reactive groups on the polymer. The adsorption method
is very attractive for single-use immunosensor devices and the covalent one is
favorable for multiple-use sensors. The high amount of recognition molecules
immobilized in such a way allows for more sensitive detection of antigens or
antibodies, respectively.

3.1.4 Polyelectrolyte-Based DNA Biosensors

Specificity with respect to biomolecular recognition has also been explored
extensively using DNA fragments on modifed electrode surfaces [140–143]. DNA
is known as a polymeric molecule with a specific base sequence that determines
the genomic characteristics of living organisms. The identification of specific
changes in the base sequences is very important for detecting diseases or identi-
fying organisms [144, 145].

Another aspect is that oxidative DNA damage may lead to aging, cancer, and
mutaganesis. Therefore, the application of DNA sensors has been extended to the
detection of chemical toxicity [146–149]. Such methods are based on two facts:
(1) guanine is the most easily oxidized of the four DNA bases and (2) single-
stranded DNA is more easily oxidized at the guanine or adenine sites than double-
stranded DNA (dsDNA) because of the easier access to the bases. When multilayer
films of dsDNA are exposed to a solution harboring toxic chemicals, the dsDNA in
the film is damaged and the double helix is unwound. Easier access to the
nucleobases is enabled, leading to faster reaction rates and larger electrochemical
signals. In conventional electrochemical approaches, DNA is preconcentrated on
electrodes by adsorption prior to analysis, and a larger voltammetric signal can be
obtained when oxidative damage has occured. DNA voltammetry with higher
sensitivity can be achieved by using electrocatalytic oxidation with transition
metal complexes.

Based on this principle, films of [Ru(bpy)2(PVP)10Cl]Cl (in which PVP is
poly[vinyl-pyridine]) and dsDNA are assembled as multilayers by alternate elec-
trostatic interactions [148]. The redox polymer [Ru(bpy)2(PVP)10Cl]Cl in the
multilayer architecture is used to catalyze the voltammetric oxidation of guanine
bases of dsDNA. This multilayer-based system provides a reagentless sensor for
toxicity screening of new chemicals based on the detection of DNA damage. In
another example, DNA films containing [Os(bpy)2(PVP)10Cl]Cl and [Ru(bpy)2

(PVP)10Cl]Cl are assembled as multilayers on pyrolytic graphite electrodes to
obtain sensors selectively detecting oxidized DNA [149]. The assemblies display
independent reversible electrochemistry for Os3+/Os2+ and Ru3+/Ru2+ centers. The
combination of ruthenium and osmium metallopolymers in the multilayer
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structures allows for the detection of 8-oxogunanine and other oxidized nucleo-
bases simultaneously. The catalytic osmium square wave voltammetry (SWV)
peak is mainly selective for 8-oxoguanine because Os3+ selectively oxidizes 8-
oxogunaine but not guanine [150].

3.2 Nanomaterial-Based Biosensors

Materials at the nanoscale level have received significant attention in the last
decade because of their interesting properties associated with quantum confine-
ment and surface energy effects. The main advantages of using nanomaterials for
multilayer construction are based on their morphology, size, and surface proper-
ties. Because these parameters can be controlled to a large extent, it offers the
possibility to regulate the composition and structure of the resulting layered
architecture. The use of nanoparticles for the construction of multilayered systems
allows the following:

• The introduction of new functionalities
• An enhanced interaction with biomolecules
• An easy adjustment of the surface charges by suitable modification protocolls of

the nanostructure.

Colloidal noble metal nanoparticles (NPs) have been the subject of many
studies owing to their particular electronic and electrocatalytic properties
[151–153]. Many electrochemical approaches use various types of NPs, including
gold [154–156], platinum [157], silver [158, 159], palladium [160], and others
[161–163]. The introduction of NPs in multilayer construction has developed into
an important approach in biosensor research. Gold nanoparticles (AuNPs) are one
of the most studied nanomaterials in literature [164–166]. This is assocciated with
their intensive absorption in the visible range, electrocatalytic properties, high
mass (density), and ease of modification by thiol compounds. Besides their elec-
tronic properties, they exhibit excellent biocombatibility [167], and colloidal
solutions of AuNPs can be synthesized relatively simply.

Carbon nanotubes (CNTs) have attractive conducting and electochemical
properties with several applications as electrode materials [168–171]. The tubular
structure of CNTs is formed from sp2-carbon atoms arranged in a hexagonal
pattern, with a diameter in the order of nanometers and length of micrometers
[172]. Furthermore, the adsoprtion of biological molecules, such as proteins
[173–176], antibodies [177], and DNA [178], has been reported in an active form.

A further representative example of nanomaterials are colloidal quantum dots
(QDs), which are fluorescent semiconductor particles. They have been intensively
studied for several years because of their unique photophysical properties. QDs
have been recently discussed as new building blocks for the construction of
electrochemical biosensors [179–184]. Upon illumination, electron hole pairs are
generated inside QDs [185]. Because of these charge carriers, electron transfer
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from or to the QDs becomes feasible. The nanoparticles thus can be oxidized or
reduced. They can serve as a light-controlled redox-active element and can be
integrated into electrochemical signal chains [182, 186–188]. The key advantage
hereby is that the redox reaction on the QDs surface can be switched on and off by
light. QDs have also been used as signal transducting elements of enzymatic
reactions [189, 190]. In another application, they are used as electrochemolumi-
nescence labels during biorecognition reactions; here, electrochemical reactions
are used to excite QDs with subsequent emission of light, appearing as an
analytical signal [191].

3.2.1 Multilayered Enzyme Sensors Based on Nanomaterials

Because the surface charge of different nanomaterials can be adjusted, they can be
used as new building blocks for the formation of multilayer assemblies [192–194].
For example, myoglobin multilayers have been constructed by the use of MnO2

nanoparticles [195]. The alternate adsorption of manganese oxide nanoparticles
with myoglobin (Mb) onto silver, quartz, or rough pyrolytic graphite results in
stable, porous, and thin films. QCM and UV–Vis absorbance reveal regular film
growth after each adsorption step for MnO2 and Mb. These multilayered films
feature reversible interconversion of the protein’s heme Fe3+/Fe2+ redox couple up
to 10 electroactive layers of protein. Nevertheless, a linear increase in electroactive
protein is not observed because only a fraction of the assembled protein layers are
electrochemically active. Shifts in redox potential caused by CO complexation of
the heme Fe2+ and electrochemically driven catalytic reduction of oxygen suggest
that the Mb/MnO2 films on pyrolytic graphite are porous for easy access of gas
molecules.

Another example are stable films of clay particles and hemoglobin (Hb), which
are assembled LBL on various solid substrates by alternate adsorption of negatively
charged clay platelets from their aqueous dispersions and positively charged Hb
[196]. This is based on earlier developments incorporating heme proteins in thicker
clay layers [197, 198]. The multilayer film growth can be monitored by QCM and
UV–Vis spectroscopy. Cyclic voltammetries of [clay/Hb]n multilayers on pyrolytic
graphite electrodes show a pair of well-defined, nearly reversible peaks. Although
the amount of Hb adsorbed in each bilayer has been found to be almost the same
(QCM), the fraction of electroactive Hb decreases with the number of [clay/Hb]n

bilayers. Electroactivity of Hb extends to six clay/Hb bilayers. The Soret absorption
band of Hb in [clay/Hb]6 films shows that Hb-heme environment remains in its
structure similar to its native state. Additionally, the electrodes can catalyze the
electrochemical reduction of trichloroacetic acid, oxygen, and hydrogen peroxide.

Another approach for multilayer construction can be seen by core–shell
nanocluster films of proteins, polyelectrolytes, and silica nanoparticles (SiNPs)
[199]. Thereby, SiNPs are used as ‘‘core’’ materials and the (enzyme/polyion)n

multilayers are deposited on this core particles to form a bioactive shell. These
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core–shell nanoclusters are then assembled by the use of oppositely charged
polyions on electrodes (Fig. 15).

For the construction, hemoglobin and myoglobin can be used as redox proteins.
{[SiO2 - (protein/PSS)m]/PEI}n films at pyrolytic graphite (PG) electrodes exhibit
well-defined, reversible cyclic voltammetric reduction–oxidation peaks charac-
teristic of the heme Fe3+/Fe2+ redox couple. For this system, it is also found that
only a relative fraction of the incorporated redox protein is electroactive (C*/C).
Therefore, not all of the Hb is able to contribute to the electrochemical signal.
However, the electroactivity of the [SiNP - (protein/PSS)m/PEI]n system can be
tailored by adjusting both the shell thickness (m) and the film thickness (n).

Multilayer formation has also been studied with negatively charged gold nano-
particles (AuNPs) and positively charged myoglobin (Mb) to ensure electrostatic
interactions [200]. The AuNP/Mb multilayers are used to catalyze the electrore-
duction of oxygen and hydrogen peroxide, showing that the electrochemical and
electrocatalytic properties are strongly effected by the size of the AuNPs. Unfortu-
nately, not all of the assembled Mb is able to contribute to the electrochemical
reaction because it is also found that only a relative fraction of the immobilized Mb is
electroactive (C*/C).

Based on the same construction principle, a layered architecture with cyt c and
colloidal AuNPs has been decribed [156]. Prepared on a MU/MUA-modified gold
electrode, the AuNP/cyt c multilayers give a well-defined, quasi-reversible
response of cyt c. A highlight here, compared to the systems described above, is
that this system exhibits a linear increase of the cyt c amount and electrochemical
response with the number of adsorption steps. For a six-bilayer assembly, an

Fig. 15 Schematic diagram of the idealized structure of [SiNP-(protein/PSS)m/PEI]n multilayer
on a PG/PEI/PSS/PEI surface. PEI is used as polycation and PSS is used as polyanion. Hb
hemoglobin, NP nanoparticle, PEI poly(ethylenimine), PG pyrolytic graphite, PSS poly(styrene-
sulfonate). Figure adapted from Ref. [199]
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electroactive surface concentration of 90 ± 25 pmol/cm2 is found. The combi-
nation of cyt c with small-diamater AuNPs (5 nm) for multilayer construction
demonstrates its potential for application in biosensor development.

Semiconducting nanoparticles have also been applied for layered protein
immobilization. Different properties of the nanoparticles are the focus here,
including biocompatibility and a light-induced charge carrier generation [185]. For
example, two QD multilayer architectures are constructed by the use of the posi-
tively charged polyelectrolyte polyallylamine (PAH) or the redox-protein cyt c and
mercaptopropionic acid-modified CdSe/ZnS-QDs [201]. The assembly with PAH
and QDs reveals a proportional increase of the accumulated mass and the light-
induced current with the number of deposited layers. Obviously, here an electron
exchange between the immobilized and illuminated QDs is feasible.

In summary, a QD-based multilayer electrode system can be constructed and its
properties can be tuned in a controlled way. This has also been shown with DNA-
coupled QDs for multilayer construction by means of hybridization [202]. Because
photocurrent measurements can be used for sensorial purposes, such as in the
detection of redox active substances, the higher amount of electrode contacted
QDs can be beneficially used for enhanced analytical signals [191]. It needs to be
mentioned that assemblies constructed with cyt c and QDs do not show an increase
of the redox signal from cyt c, but for the photocurrent mesurements an
enhancement is found, which depends on the number of deposited layers [201].

In contrast to the previously described systems, nonconducting nanoparticles can
also be used for the construction of fully electroactive protein multilayers. Here,
carboxy-modified SiNPs and cytochrome c are used to construct a layered entity
[203]. For this system, it can be demonstrated that smaller SiNPs (5 nm) in the size

Fig. 16 a Schematic representation of the SiNPs/cyt c multilayer architecture. The SiNPs/cyt
c assembly was prepared on a cyt c monolayer electrode (M). Yellow arrows indicate the electron
transfer between the cyt c molecules towards the electrode. b Cyclic voltammetry of 1, 2, 3, 4-
bilayer assemblies of cyt c/SiNPs. Figure adapted from Ref. [203]

286 S. C. Feifel et al.



range of cyt c are more favorable for construction than larger silica particles
because more cyt c is assembled in the layered system. For the cyt c/SiNPs
multilayers, a well-defined, quasi-reversible response of cyt c has been detected
with a rather small peak separation, which is indicative for a fast electron transfer
within the system (Fig. 16). A spotlight here is that the SiNPs-based cyt c multi-
layer system exhibits a linear increase of the electroactive cyt c amount with the
number of deposited bilayers. Compared to AuNPs-based assemblies [156], the
system clearly demonstrates that protein–protein electron exchange is the domi-
nating mechanism for electron transport through the layered entity because SiNPs
are nonconductive. Therefore, the construction strategy of this multilayer system
provides a controllable route to immobilize proteins or enzymes in mutiple layers
featuring direct and interprotein electron transfer without the need for mediating
shuttle molecules.

SiNPs have also been used to construct enzyme-based multilayers. For example,
aminated SiNPs and GOx are assembled in multiple layers [204]. Here, cross-
linking by means of glutaraldehyde is applied for improved stability. By a different
approach, mesoporous silica spheres have been used to immobilize different
enzymes (catalase, peroxidase, lysozyme) in the hollow spheres, followed by
encapsulation with PDDA and PSS in mutiple layers [205].

Because of the high conductivity, the use of carbon nanotubes (CNTs) repre-
sents a very different multilayer construction principle for electrochemical bio-
sensors. The CNTs can be used to effectively convert reaction products within the
assembly and transport electrons toward the electrode. Furthermore, it is possible
to connect enzymes in such a way with CNTs that DET becomes feasible. To
ensure the electrostatic force of attraction for multilayer assembly, the surface of
CNTs is functionalized with carboxy groups or wrapped with a polyelectrolyte,
such as CHIT, PDDA, poly(aminobenzensulfonic acid) [206–213], or even DNA.

GOx can be immobilized on the negatively charged carbon nanotube surface
(functionalized with carboxy-groups) by alternatingly assembling a cationic
PDDA layer and a GOx layer [206, 207]. The sandwich-like structure of (PDDA/
GOx/PDDA/CNT) provides a microenvironment to contain the bioactivity of GOx
and prevent enzyme molecule leakage. During the reaction, glucose is oxidized in
the presence of oxgen into D-glucono-lactone and hydrogen peroxide. Therefore,
the catalytic reaction can be monitored by the detection of the liberated hydrogen
peroxide. The high electrochemical activity for H2O2 indicates that the poly-
electrolyte-protein multilayer does not affect the electrocatalytic properties of
CNTs, enabling sensitive determination of glucose.

In a similar way, a bienzyme nerve agent biosensor can be prepared using the
LBL assembly of PDDA, HRP and ChO on CNTs [208, 209]. A bioactive
multilayer/nano-composite film of [CNT/PDDA/HRP/PDDA/ChO/PDDA] is
fabricated on a glassy carbon electrode (Fig. 17). Owing to the electrocatalytic
effect of CNTs, the measurement of a Faradayic response is realized at low
potential. The signal results from the enzyme reactions, in which choline is
oxidized in the presence of oxygen into betain aldehyde and hydrogen peroxide,
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which is converted by HRP. For this system, it has been demonstrated that the
CNT-modified GC electrodes offer a significant catalytic effect for the reduction of
hydrogen peroxide and faciliate the direct electron transfer reaction of the enzyme
(HRP) on the electrode surface.

In an even more sophisticated approach, SiNPs are used to construct a fully
catalytically active biprotein system for analyte (lactose) detection [214]. Here,
cellobiose dehydrogenase (CDH) and cyt c are used as biomolecules for analyte
conversion and signal transfer. SiNPs in this system are used as second building
block with a negative surface charge to enhance electrostatic interaction with the
biomolecules. The supramolecular system is assembled on a cyt c monolayer elec-
trode by alternating incubation steps in solutions of SiNP and a CDH/cyt c mixture.
The co-immobilization of CDH and cyt c is faciliated by different isoelectric points
of the two proteins. A schematic representation of the complex artificial onion-like
architecture is given in Fig. 18. The system shows a distinct increase in the catalytic
current and the amount of addressable cyt c with the growing number of deposited
biomolecular layers and thereby provides evidence for efficient interprotein electron
transfer. In a reverse conclusion, this means that by increasing the number of cata-
lytic sites (amount of enzyme) within the system the specific bioelectrocatalytic
conversion of lactose can be enhanced. This circumstance, however, also implies
that CDH molecules deposited in different layers are in electrical contact with the
electrode. Because a large portion of the enzyme molecules are immobilized rather
far away from the electrode surface, it can be concluded that the catalytic oxidation
reaction at CDH provides the electrons for the catalytic current, which are in turn
transferred by cyt c–cyt c interprotein electron transfer steps towards the electrode.

Fig. 17 Layer-by-layer coating of carbon nanotubes with enzymes. Schematic illustration of the
procedure for the attachment of choline oxidase (ChO) and horseradish peroxidase (HRP) on
carbon nanotube surface. PDDA poly(dimethyldiallylammonium chloride). Figure adapted from
Ref. [208]
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For applications of such supramolecular nanoarchitectures, this means that the
sensitivity towards the enzyme substrate (here, lactose) can be tuned to a large
extent by the number of deposited protein layers without being limited by mediator
diffusion or leakage.

In addition, the study of this system provides some information on the influence
of protein glycosylation, as it can be shown that glycosylation of CDH can hinder
the defined deposition of material during layer formation and decrease electron
transfer between the immobilized protein molecules [214]. Approaches using
direct protein–protein communication are expected to have a considerable impact
on the development of further multilayer-based architectures and also represent a
significant advance in modeling biological electron-transfer processes.

3.2.2 Nanomaterial-Based Immunosensors

Nanomaterials can also be a helpful tool to construct multilayer immunobiosen-
sors. However, here the focus is not on the preparation of antibody multilayers but
mainly to use multilayers of nanoparticles to increase electrochemical signals and/
or the amount of bound antibodies [215, 216]. A large number of systems based on
nanoparticles [134, 217–220] have been developed in this direction. However,

Fig. 18 Schematic representation of a supramolecular [SiNP/CDH�cyt c] architecture prepared
on a cytochrome c (cyt c) monolayer electrode (M). The cyt c monolayer is assembled on a
mixed thiol layer (MU/MUA). The different electron transfer steps for this architecture can be
summarized in a simple way as follows: First lactose is oxidized at the flavin adenine
dinucleotide (FAD)-domain of cellobiose dehydrogenase (CDH) and then the electrons are
transferred to the cyt b-domain of CDH and from there on to the next neighboring cyt c and then
they are transferred towards the electrode by cyt c–cyt c self-exchange. Figure adapted from Ref.
[214]
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because of the limited importance for the construction of protein multilayers, only
a selected example will be illustrated in this section (Fig. 19).

This system combines electrochemically active Co(bpy)3
3+ and AuNPs for the

construction of [AuNP/Co(bpy)3
3+]n multilayers [136]. Thereafter, a hepatitis B

antibody (HBs-Ab) is immobilized on the gold nanoparticle surface. The multi-
layer immunosensor is used for hepatitis B surface antigen (HBsAg) determination
via an amperometric and a potentiometric method. The electrochemical response
of Co(bpy)3

3+ is tuned by the number of bilayers. Because of the interaction of the
immobilized antibodies with the antigens, an insulating antigen–antibody complex
is formed, diminishing electron transfer reactions; accordingly, the amperometric
response decreases. The linear range of the system for HBs-Ag is 0.05–4.5 lg/mL,
with different detection limits for the voltammetric system (0.005 lg/mL) and the
potentiometric system (0.015 lg/mL).

3.2.3 Nanomaterial-Based DNA Sensors

Carbon nanotubes have been proposed as support materials for numerous appli-
cations, including the development of DNA sensors [221, 222]. One of the
challenges is the immobilization of DNA or other biological molecules on
the sidewall of CNTs. Therefore, several methods have been developed, such as

Fig. 19 Schematic illustration of the carcinoembryonic antigen immunosensor. Schematic
illustration of the assembly of antibody/{nanogold/Co(bpy)3

3+}n/Nafion multilayers on the
platinum electrode surface to core–shell particles. Figure adapted from Ref. [136]
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for modification with P-system containing compounds, partial surface oxidation,
electropolymerization of thin films, or wrapping of CNTs in polymers. This can be
exemplified with a system immobilizing DNA on single-wall carbon nanotubes
(SWCNTs) in mutiple layers (Fig. 20) [143].

PDDA, a positively charged polyelectrolyte, and DNA as a negatively charged
counterpart macromolecule are alternatingly deposited on oxidized SWCNTs. The
electrode modified by the DNA/PDDA/SWCNTs particles shows a dramatic change
of the electrochemical signal in solutions of tris(2,20-bipyridyl)-ruthenium(II)
((Ru-(bpy)3

2+) as a reporting redox probe. The DNA/PDDA/SWCNTs multilayer
electrode is used to monitor DNA damage through the presence of nitric oxide. Here,
the signal increases after oxidative damage of DNA.

Other examples are reported on the fabrication of multilayer films for the
improvement of the electrochemical detection of DNA hybridization, such as
through the modification of gold or ITO electrode surfaces with PSS and PAH
multilayers and subsequent DNA adsorption [223].

Fig. 20 Schematic illustration of the DNA/poly(dimethyl-diallylammonium) (PDDA)/single-
wall carbon nanotube (SWCNT) multilayer. Figure adapted from Ref. [143]
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3.3 Protein–Protein Interaction-Based Biosensors

In this section, a rather unique approach to construct multilayer architectures is
presented. Previously, we have seen that, in most cases, a supporting polyelectro-
lyte or different kinds of nanomaterials are used for the construction of multilayer
films, but it can also be shown that the electrostatic interactions between proteins
can be strong enough to result in multilayer formation on surfaces without any
supporting material. This fact relys on a very different charge situation on the
surface of the two proteins used for the construction at a given pH.

The principle can be exemplified with a system in which the redox protein cyto-
chrome c is combined with the enzyme sulfite oxidase (SOx) in a self-assembling
process, thereby forming a fully catalytically and electrochemically active multilayer
electrode for sulfite detection [224]. One of the fundamentals for the successful
multilayer development in this case is that the isoelectric points of the two proteins
are rather separated and the density of charged amino acids is high enough to ensure
that the electrostatic interactions between them are sufficient to form stable layers.
This approach may have an advantge because both proteins are natural reaction
partners with opposite charge on the protein interaction surface. Electron transfer
(mediator-free) through the multilayer film is achieved by co-immobilization of the
enzyme and the redox protein from a mixture rather than pure solutions. The cyt c and
SOx are assembled by alternating incubations of a cyt c monolayer electrode into a
SOx/cyt c mixture and a pure cyt c solution. The mixture of SOx/cyt c is necessary
because a pure SOx interlayer would prevent the electron transport through the
system, as it is based on cyt c–cyt c electron exchange. The mass accumulation
during the assembly process can be confirmed by QCM measurements.

Atomic force microscopy measurements analyzing the multilayer thickness
clearly show that with every deposition cycle approximately a monolayer of

Fig. 21 a Schematic image of a multilayer electrode comprising cyt c and SOx constructed by
electrostatic layer-by-layer self-assembly: red circles cyt c, blue objects SOx. Black arrows
indicate electron transfer steps and sulfite oxidation. b Cyclic voltammograms of an eight-bilayer
cyt c/SOx electrode with increasing sulfite concentration (0, 60, 125, 250, 0.5, 1 mM; scan rate
100 mV�s-1). Figure adapted from Ref. [224]
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proteins is immobilized on the surface. A schematic layer profile is given in Fig. 21.
Voltammetric analysis shows a distinct catalytic oxidation current in the presence
of sulfite in solution. It is a result of SO3

2- oxidation by SOx, subsequent enzyme
oxidation by cyt c, followed by electron transfer toward the electrode. In addition,
the current is found to correlate with the number of immobilized [cyt c/SOx]n

layers. This indicates that the two proteins are able to maintain efficient electronic
communication being co-immobilized in multiple layers on the electrode. Notably,
the fast reaction of cyt c with SOx in solution (k = 4.47 ± 0.13 lM-1 s-1, pH 8.5)
[225] can also occur in the immobilized state. The experiments indicate that the
electron transfer cascade from the enzyme to the electrode is fast enough to follow
the catalytic reaction and, thus, is not the rate-limiting step. Thus, a catalytically
active multilayered protein architecture is established, which relys only on the
electrostatic protein–protein interaction without any supporting material.

4 Summary

Electrochemical biosensors represent a wide area of research, which continues to
develop at a rapid pace. As a rather simple, reliable, and cost-effective method for
biomolecule immobilization, the LBL assembly technique has been paid much
attention over the past decade. Therefore, the method is considered to be a very
interesting approach for the fabrication of nanostructured architectures with rather
high molecular order. Many studies have focused on maintaining the molecular
integrity of biomolecules when they are immobilized on solid supports using
polymers as well as several nanosized materials. However, the main focus is
clearly the increase in biomolecular interaction sites on the electrode surface
because this is attributed to the sensitivity of the system when applied for sensorial
analysis.

Various LBL assembly strategies have been developed to incorporate enzymes,
proteins, immunoglobulins, and DNA in the organized multilayer films for the
design of biosensors. Mainly, biospecific interactions, covalent reactions, or
electrostatic interactions have been applied. The LBL assembly allows control on
the properties of the nanoarchitectures, such as charge, thickness, polarity, per-
meability, and roughness of the multilayer films. Special attention has been paid to
an improved signal transfer based on the use of redox polymers or the construction
of systems with protein–protein electron transfer. The rather large interest in
multilayered sensor electrodes can be attributed in part to the possibility of
developing miniaturized devices capable of a more sensitive and selective analysis
and of detecting small quantities of analyte molecules.
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Biosensors Based on Enzyme Inhibition

Fabiana Arduini and Aziz Amine

Abstract The present chapter describes the use of biosensors based on enzyme
inhibition as analytical tools. The parameters that affect biosensor sensitivity, such
as the amount of immobilized enzyme, incubation time, and immobilization type,
were critically evaluated, highlighting how the knowledge of enzymatic kinetics
can help researchers optimize the biosensor in an easy and fast manner. The
applications of these biosensors demonstrating their wide application have been
reported. The objective of this survey is to give a critical description of biosensors
based on enzyme inhibition, of their assembly, and their application in the envi-
ronmental, food, and pharmaceutical fields.
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1 Introduction

According to the IUPAC (International Union of Pure and Applied Chemistry)
definition, a biosensor may be defined as a device incorporating a biocomponent
(antibody, enzyme, microorganism, tissue, nucleic acid) in intimate contact with a
suitable physicochemical transducer. The transducer converts the biochemical
signal into a quantifiable electronic signal, which is proportional to the concen-
tration of a specific analyte or group of analytes. As reported in a technical report
in the Biosensor and Bioelectronics Journal,

Biosensors may be classified according to the biological specificity-conferring mechanism
or, alternatively, to the mode of physico-chemical signal transduction. The biological
recognition element may be based on a chemical reaction catalyzed by, or on an equi-
librium reaction with macromolecules that have been isolated, engineered or present in
their original biological environment. In the latter cases, equilibrium is generally reached
and there is no further, if any, net consumption of analyte(s) by the immobilized bio-
complexing agent incorporated into the sensor. Biosensors may be further classified
according to the analytes or reactions that they monitor: direct monitoring of analyte
concentration or of reactions producing or consuming such analytes; alternatively, an
indirect monitoring of inhibitor or activator of the biological recognition element (bio-
chemical receptor) may be achieved [1].

In the case of an enzymatic biosensor, in which the enzyme is the biocompo-
nent, we can summarize that the measurement of analytes can be performed by
means of two different approaches: if the enzyme metabolizes the analyte, the
analyte can be determined measuring the enzymatic product, or if the analyte
inhibits the enzyme, the decrease of the enzymatic product formation can be
measured and correlated to the analyte concentration. In the latter case, this type of
biosensor is called a ‘‘biosensor based on enzyme inhibition.’’ Nowadays, several
reviews of biosensors based on enzyme inhibition have been published. Taking
into consideration the papers published from 2000, there are just three reviews in
the literature. The first one in chronological order was reported in the Biosensor
and Bioelectronics Journal by Luque de Castro and Herrera, in which an overview
of biosensors and biosensing systems was given. In this case the authors high-
lighted that the inhibition effect is not selective, and for this reason the title is
‘‘Enzyme Inhibition-Based Biosensors and Biosensing Systems: Questionable
Analytical Devices’’ [2]. Another review was reported by our research group, also
published in the Biosensors and Bioelectronics Journal with the title, ‘‘Enzyme
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Inhibition-Based Biosensors for Food Safety and Environmental Monitoring’’ [3].
The review highlighted research carried out during 2000–2005 on biosensors that
are based on enzyme inhibition for determination of pollutants and toxic com-
pounds in a wide range of samples. Here the different enzymes implicated in the
inhibition, different transducers forming the sensing devices, and the different
contaminants analyzed were considered. The last one was reported in the Ana-
lytical Letters Journal also by our research group with the title of, ‘‘Reversible
Enzyme Inhibition Based Biosensors: Applications and Analytical Improvement
Through Diagnostic Inhibition,’’ in which research carried out from 2000 up to
2009 on biosensors based on reversible enzyme inhibition for determination of
drugs, pollutants, and toxic compounds was reported [4].

We highlight that, to our knowledge, these reviews are the only ones totally
dedicated to biosensors based on enzyme inhibition; in fact, in other reviews such as,
‘‘Determination of Pesticides Using Electrochemical Enzymatic Biosensors’’ [5] or
‘‘Design and Development of Biosensors for the Detection of Heavy Metal Toxic-
ity’’ [6], only a section dedicated to the biosensor based on enzyme inhibition is
present. However, taking into consideration the three reviews mentioned above, it
seems that the world of biosensors based on enzyme inhibition is confined to a
restricted field of applications in analytical chemistry. However, this is not true if we
consider that the cholinesterase biosensor is a biosensor based on cholinesterase
inhibition; in fact, including the period between 2000 and 2012, there are eight
reviews concerning the cholinesterase biosensor [7–14]. In Fig. 1 we show the
distribution of enzymes used for the design of biosensors in the period 2006–2012
demonstrating that the cholinesterase biosensor is the most used enzyme for
developing enzyme-based biosensors. We have found the same trend also in the
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Fig. 1 Distribution of enzymes used to construct biosensors based on enzyme inhibition (period
2006–2012)
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period 2000–2005 [3]. In this chapter, after highlighting research activity in this field
reported in the literature, we describe how to design a biosensor based on enzyme
inhibition and which parameters need to be investigated accurately in order to reach
a low detection limit, together with their analytical application.

2 Biosensors Based on Irreversible and Reversible Inhibition

The detection of analyte is based on the determination of the difference in enzyme
activity in the presence and absence of inhibitor according to the equation:

I% ¼ A0 � Ai=A0ð Þ � 100

where A0 is the activity in the absence of inhibitor and Ai in the presence of
inhibitor. This procedure is always used in the case of reversible inhibition and,
sometimes, in the case of irreversible inhibition in which a different protocol is
usually adopted in order to obtain an increase in sensitivity, as described in detail
in the successive protocol of the measurement section. The different protocol is
due to a different kind of inhibition: reversible inhibition is characterized by
noncovalent interaction between inhibitor and enzyme, with the consequent res-
toration of the initial activity after the inhibition measurement. On the contrary, in
the case of irreversible inhibition characterized by covalent bonding between the
enzyme and the inhibitor, the restoration of the initial activity requires a reacti-
vation of the enzyme using specific compounds. Thus, in order to choose the best
measurement protocol, it is important to know the type of inhibition. The research
study should start with the calculation of the Michaelis–Menten constant (KMapp)
using the Michaelis–Menten equation

V ¼ Vmax½S�
KM þ ½S�

where V is the reaction rate, Vmax is the maximum reaction rate, [S] is the substrate
concentration and KMapp is the Michaelis–Menten apparent constant, apparent
because the enzyme is immobilized. The enzymatic activity is measured as a
function of the substrate concentration and a typical response is reported in Fig. 2.
The substrate concentration that produces exactly half of the maximum reaction
rate (Fig. 2) is numerically equal to the KMapp and gives information about the
affinity of the enzyme towards the substrate: a low value of KMapp indicates a high
affinity for the substrate. A good biosensor should have the KMapp value near the
KM value of the enzyme free in solution.

To understand if the enzyme is inhibited by the analyte in an irreversible or
reversible way, the procedure should be the one described in Fig. 3; if the enzyme
restores the initial enzymatic activity after the measurement, then the inhibition is
of reversible type (Fig. 3a); if the enzyme does not restore its initial enzymatic
activity instead, the inhibition is of irreversible type (Fig. 3b).
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In the case of irreversible inhibition, the reaction scheme is reported in Fig. 4a.
In the case of reversible inhibition, there are different mechanisms involved in
interactions between enzyme and inhibitor. Most of the developed biosensors are
based either on a competitive or noncompetitive mechanism. In the first case (Fig.
4b), the inhibitor may bound to the active site center and compete with the sub-
strate for the active site. This equilibrium is regulated by the inhibition constant
that describes the affinity of the inhibitor for the enzyme. In competitive inhibition,
a high concentration of substrate competes with the inhibitor and prevents the
detection of a low concentration of inhibitor. For this reason, in order to reach a
low detection limit, the substrate concentration should be chosen as a compromise
between a good analytical signal and an inhibition effect still detectable for the
needed level. In the case of noncompetitive inhibition (Fig. 4c), the inhibitor binds
to both the enzyme and the enzyme–substrate complex, most likely at a site other
than the active site, such that the inhibitor does not compete directly with the
substrate. In this case, the degree of inhibition is not dependent on the substrate
concentration, and this format permits reaching a low detection limit of the ana-
lyte/inhibitor more easily, because there is no limitation on using an amount of
substrate giving the optimal analytical signal.

The other two mechanisms of inhibition are uncompetitive inhibition and mixed
inhibition. For the case of uncompetitive inhibition (Fig. 4d), the inhibitor binds only
the enzyme–substrate complex, so that the degree of inhibition is independent of the
substrate when the substrate concentration is higher than the Michaelis–Menten
constant value. For the latter case of a mixed inhibition (Fig. 4e), the inhibitor binds
the enzyme and enzyme–substrate complex with different affinities as regulated by
Ki in the case of the inhibitor–enzyme complex, and aKi for the inhibitor enzyme–
substrate complex. The inhibition is designated mixed, predominantly competitive
when a[1, or mixed predominantly uncompetitive when a\1, and noncompetitive
when a = 1. Thus, noncompetitive inhibition is one of the cases of mixed inhibition.
For the evaluation of the inhibition type and the determination of Ki, an exact

Fig. 2 Typical Michaelis–
Menten plot
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evaluation of the mechanism [15–17] can be made by use of the Lineawever–Burk
plot, Dixon plot, and Cornish–Bodwen plot. Often in pharmacological and toxico-
logical fields, the I50 is commonly reported; it designates the inhibitor concentration
required for 50 % of inhibition. I50 is often regarded as simply equal to Ki, albeit this
is only true for purely noncompetitive inhibition.

Table 1 shows the relations between I50 and Ki and calculates the values of I50/
Ki ratios when [S] increases from 0.1 to 10 km. Under competitive inhibition, the
ratio I50/Ki increases by increasing [S], particularly when [S][Km. In the opposite
case, under uncompetitive inhibition, the ratio I50/Ki decreases by increasing [S],
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Fig. 3 a A typical response before and after inhibition in the case of a biosensor based on
reversible inhibition, or b irreversible inhibition
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Fig. 4 a Scheme of enzyme inhibition in the case of irreversible inhibition, and b reversible
inhibition competitive, c noncompetitive, d uncompetitive, and e mixed type inhibition

Table 1 Relations between I50 and Ki for pure inhibition and for different ratios of [S]/Km

Competitive
inhibition

Noncompetitive
inhibition

Uncompetitive
inhibition

Mixed inhibition

I50 (Km + [S])
Ki/Km

Ki (Km + [S])
Ki/[S]

(Km + [S])aKi/
(aKm + [S])

I50/Ki 1 + ([S]/Km) 1 1 + (Km/[S]) a (1 + ([S]/Km))/
(a + ([S]/Km))

I50/Ki when
[S]/Km = 0.1
and a = 2

1.1 1 11 1.05

I50/Ki when
[S]/Km = 1
and a = 2

2 1 2 1.33

I50/Ki when
[S]/Km = 10
and a = 2

11 1 1.1 1.83
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particularly when [S]\Km. Slight variation of the ratio I50/Ki was obtained in all
ranges of substrate concentration studied under mixed inhibition. The I50 and I50/Ki

equations are obtained and rearranged from general equations of pure inhibition
reported in the literature [18].

3 Parameters Affecting the Analytical Performance
of Reversible and Irreversible Inhibition Biosensors

The goal of this section is to give useful suggestions for easily developing a
biosensor based on enzyme inhibition to the researcher starting to work in this
field. The parameters that can affect the sensitivity of an enzyme inhibition-based
biosensor can be summarized as follows.

• Measurement protocol: The measurement can be carried out applying several
protocols.

• Immobilization: How the enzyme is immobilized on the sensor.
• Enzyme loading: Amount of enzyme immobilized.
• Incubation time: Time of contact between enzyme and only inhibitor.
• Substrate concentration: Concentration of substrate used to monitor enzymatic

activity.

In this section we described how these parameters affect the analytical per-
formances of the biosensor and how to choose the best conditions in order to
obtain a sensitive measurement.

3.1 Measurement Protocol

In the case of reversible inhibition, the most used approach is based on the
measurement of initial enzymatic activity by adding the substrate to the working
solution in which the biosensor is immersed (first protocol). Subsequently, the
biosensor reaction reaches the steady state and the initial enzyme activity is
evaluated (A0). Next, the inhibitor is added to the same working solution. The
addition of inhibitor leads to a decrease of enzyme activity, and, in fact, the signal
immediately decreases; after a certain time, the steady state is again reached and
corresponds to the enzyme residual activity (Ai; Fig. 5a). Knowing the initial
activity (A0) and residual activity (Ai), it is then possible to calculate the degree of
inhibition correlated to inhibitor concentration.

The second protocol is characterized by two different measurements (Fig. 3a).
The first one is carried out in the absence of inhibitor (A0), after which the working
solution is replaced with a new working solution to which the inhibitor is then
added. Subsequently, the substrate is added and the steady-state signal is recorded
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and corresponds to the residual activity (Ai). In this case the incubation step is
absent. In the case of irreversible inhibitor, the first and second protocols are
usually not recommended because they are characterized by a high detection limit.
The protocols usually used for the detection of an irreversible inhibitor are the
third and fourth protocols. In the third protocol (Fig. 3a), the biosensor is
immersed in a buffer solution; the substrate is then added and the signal registered.
The biosensor is then immersed in the inhibitor solution for a certain period
(incubation time) and afterward, in the same inhibitor solution, the substrate is
added and the residual activity measured, registering the signal. The fourth one
(also called the ‘‘medium exchange method;’’ Fig. 5b) is performed as follows: the
biosensor is immersed in a buffer solution, the substrate is then added, and the
signal registered. Afterwards, the biosensor is immersed in the inhibitor solution
for a certain period (incubation time). Next, the biosensor is rinsed several times
with distillate water. The biosensor is then immersed in a new buffer solution and
the substrate added, and the residual activity measured.

In the case of reversible inhibition the first protocol is usually suggested
because it is faster and can be carried out in the same step. In the case of irre-
versible inhibition the fourth protocol is suggested because it allows reaching
lower detection limits than the ones obtained using the first and second protocols,
and, with respect to the third protocol, it allows avoiding (1) electrochemical and
(2) enzymatic interferences. The electrochemical interferences, which can be

Fig. 5 Different protocols of inhibitor measurement using a biosensor based on enzyme
inhibition
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present in the real sample tested, are eliminated because the residual enzymatic
activity is measured in a new substrate buffered solution in the absence of a real
sample. Enzymatic interferences such as reversible inhibitors [19] as well as
detergents [20, 21] are avoided because, after the incubation step, the biosensor is
washed with distilled water and in this way, only the inhibitor covalently linked to
the enzyme is measured. The need for adopting a ‘‘medium exchange method’’ has
been demonstrated in the literature as effective for pesticide measurements using a
cholinesterase biosensor enzyme, for example [22]. In detail, using the medium
exchange method in the presence of 200 ppb of sodium dodecyl sulfate (SDS, limit
value for wastewater), no inhibition was observed, whereas following the third
protocol, an inhibition of 88 % was observed. With this procedure, the enzyme acts
as a high-affinity capture agent for the pesticide, and, because of the irreversibility
of the inhibition, the successive enzymatic reaction can be carried out in a fresh
buffer solution, thereby circumventing the effect of reversible inhibitors of cho-
linesterase present in real samples.

However, there is an exception: in the case of irreversible inhibitor nerve agent
detection using a cholinesterase biosensor, rapid measurement is an important
issue, thus the first protocol can be used to reach this requirement taking into
consideration that, even if this protocol is characterized by lower sensitivity, the
nerve agents are very strong inhibitors [23]. Recently the same approach was
reported by Alonso et al. in whose paper the slope of the biosensor response
measurement in the presence of inhibitor is reported, coupled with an artificial
neural network and arrays of biosensors with acetylcholinesterase from Drosophila
melanogaster wildtype and genetically for a rapid determination of a pesticide
mixture [24].

3.2 Immobilization

Immobilization is a key step to obtaining a robust and sensitive biosensor. There
are several methods for immobilizing the enzyme, such as physical adsorption,
cross-linking method, and self-assembled monolayer (SAM) formation. Physical
immobilization such as adsorption is one of the simplest procedures to immobilize
the biocomponent onto the transducer [25]. Acetylcholinesterase (AChE) was
immobilized by adsorption on screen-printed electrodes modified with multiwall
carbon nanotubes (MWCNTs): some lL of AChE solution were dropped on the
MWCNT modified electrode surface and allowed to dry at room temperature under
a current of air. The electrode was then rinsed twice with buffer to remove the
loosely adsorbed enzyme molecules [26]. In order to avoid enzyme leakage during
the measurement, a Nafion membrane can also be added [27]. An interesting
approach was also the one based on the layer-by-layer electrostatic self-assembly
of AChE on MWCNTs modified glassy carbon electrodes [28]. The CNTs were
initially NaOH treated in order to assume a negative charge and then dipped into a
solution of cationic poly(diallyldimethylammonium chloride) (PDDA), which
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leads to the adsorption of a positively charged polycation layer (CNT–PDDA).
Afterward, the negatively charged AChE was adsorbed on CNT–PDDA to obtain
CNT–PDDA–AChE. Finally, in order to avoid the leakage of AChE from the
electrode surface, another PDDA layer was absorbed, resulting in a sandwich
structure of PDDA/AChE/PDDA. This system allows a low detection limit for
paraoxon (4 9 10-13 M).

One of the most common methods of enzyme immobilization is chemical
immobilization by means of cross-linking with glutaraldeyde. This method confers
high working stability to the biosensor even if it usually causes a decrease of the
enzymatic affinity towards its substrate. This behavior is due to the distortion of
the enzyme structure with a consequent KMapp higher than KM obtained for ChE in
solution [22, 29]. A valuable approach to immobilize the enzyme is the use of
layered double hydroxides, a layered structure built on a stacking of positive layers
([M1-x

II Mx
III(OH)2]x+). Their intercalation properties were used for an easy and

biocompatible immobilization of enzyme molecules; however, in order to
strengthen the resulting inorganic biocoating, glutaraldehyde can be added
inducing a partial covalent binding between adjacent enzyme molecules. This
approach was used, for example, to assemble a xanthine oxidase biosensor and to
investigate the inhibitory effect by allopurinol [30].

The SAM can be an alternative method to immobilize the enzyme close to the
electrode surface with a high degree of control over the molecular architecture of
the recognition interface. An example can be the biosensor based on AChE
enzyme immobilization via glutaraldehyde on a preformed cysteamine (SAM) on
gold-screen printed electrodes (Au–SPEs). This method allows the detection of 2
ppb of paraoxon pesticide [31]. Another approach can be step-by-step self-
assembly, such as in the case of horseradish peroxidase incorporated into a lap-
onite/chitosan modified glassy carbon electrode for sulfite detection [32]. The
enzyme can also be immobilized by means of a polymerization reaction such as
the case of peroxidase immobilized on a screen-printed electrode in which
acrylamide was used as monomer and the polymerization reaction was initiated by
adding K2S2O8 [33].

Recently an alternative way to realize a biosensor is enzyme immobilization on
magnetic beads. The measurement was performed by the retention of the enzyme-
functionalized magnetic beads onto a magnetized electrode. An example reported
in the literature is the case of tyrosinase immobilized onto glutaraldehyde-acti-
vated streptavidine magnetic particles with a carbon paste electrode for the
evaluation of the inhibitory potency of the most frequently used active substances
in a cosmetic product [34].

How does the immobilization type affect the kinetic inhibition? In the case of
irreversible inhibition, the different types of immobilization used can change the
KMapp or the sensitivity towards the inhibitor. In the case of a reversible inhibitor,
the immobilization can change the sensitivity such as in the case of an irreversible
inhibitor; moreover, the immobilization can also change the type of inhibition as in
the case of the inhibition of the polyphenol oxidase [35] immobilized in con-
ducting polymer matrices. The immobilized enzyme modifies the inhibition type

Biosensors Based on Enzyme Inhibition 309



when compared with the free enzyme in the case of cinnamic and sorbic acid, and
also changes the inhibition constant (affinity of the inhibitor for the enzyme) as a
function of the characteristics of the polymeric films. A clear example about the
sensitivity change in the enzyme immobilization function was reported in the
research work carried out by Vidal et al. [36], in which the different analytical
performances using different immobilization types are reported in Table 1 of the
paper for dichlorvos detection using tyrosinase as the enzyme. This means that
although the type of inhibition in solution is well known, it is better to restudy the
type of inhibition when using a biosensor, in order to know the type of inhibition
exactly and easily optimize the parameters for obtaining a sensitive biosensor.

3.3 Effect of Incubation Time

The incubation time is the reaction time between the enzyme and the inhibitor. For
irreversible inhibition, it is possible to achieve lower detection limits using longer
incubation times; in fact, the degree of enzyme inhibition increases with the
incubation time [37] until reaching a plateau [38]. The incubation time is usually
chosen as a compromise between a sensitive measurement and a measurement
carried out in a reasonable time. In the case of reversible inhibition, the degree of
inhibition is theoretically independent of the incubation time, which means that the
analysis time can be very short because no incubation time is required. The term
‘‘theoretically’’ is required because in the case of an enzyme free in solution, this
behavior is always confirmed, whereas in the case of an enzyme immobilized on a
sensor, such behavior is not always observed. An example could be the depen-
dence on incubation time reported by Cosnier et al. [39] in the case of As(V)
detection through the reversible inhibition of acid phosphatase and polyphenol
oxidase entrapped in anionic clays. In this case the use of incubation time was
useful to increase the sensitivity only due to specific electrostatic interactions
between the positively charged layers of the clay and the As(V) anion that allows a
preconcentration fo As(V) in the clay.

3.4 Effect of Enzyme Loading

Enzyme loading is another critical factor to be evaluated. In the case of reversible
inhibition using enzyme free in solution, the enzyme concentration does not affect
the degree of inhibition if the enzyme concentration is lower than the concentra-
tion of the inhibitor. Instead, for irreversible inhibition, the degree of inhibition
depends on the enzyme concentration. Specifically, the enzyme concentration
should be chosen taking into consideration that (1) the amount of enzyme
immobilized should give a measurable signal and (2) the lowest amount of enzyme
is necessary to achieve the lowest detection limit. In this view, it is very useful to
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have a highly sensitive enzymatic product detection and an enzyme immobiliza-
tion that does not decrease enzymatic activity. In this approach, the use of
nanomaterial can be an added value. In fact, using sensors modified with
nanomaterials such as carbon nanotubes, carbon black, and gold nanoparticles
[40–43] it is possible to reach a lower detection limit for the enzymatic product,
because of the promoted electron transfer reaction catalyzed by the nanomaterials.
The high sensitivity for the enzymatic product allows the use of a lower amount of
enzyme and consequently in the case of irreversible inhibition, better sensitivity of
the biosensor. In the case of reversible inhibition, the amount of enzyme should not
affect the degree of inhibition; however, for an immobilized enzyme, this behavior
is not so strictly respected, such as in the case of a tyrosinase biosensor reported by
Shan et al. [44]. In this case the authors studied a set of five membranes with
different amounts of enzyme loading, observing an increase of sensitivity up to 30
lg of tyrosinase loading, and then a gradual decrease due to the film thickness
effect [44].

3.5 Effect of Substrate Concentration

In the case of irreversible inhibition, a high substrate concentration can be selected
in order to obtain a higher output signal; usually the minimum substrate concen-
tration to have the maximum reaction rate is chosen [22]. In the case of reversible
inhibition, the choice of substrate amount is not so predictable. For reversible
competitive inhibition, the best analytical performance can be obtained using (1)
substrate at a concentration lower than that of inhibitor or (2) using a substrate
with low affinity for the enzyme. In the first case, as demonstrated by Benilova
et al., the degree of inhibition decreases at a high concentration of substrate for
butyrylcholinesterase inhibited by a-chaconine [45], whereas in the second case,
analytical performance can be improved by choosing the best substrate as dem-
onstrated by Shan et al. [44]. In their study, the inhibition of tyrosinase by benzoic
acid was investigated as a function of five different phenolic compounds as sub-
strate (catechol, p-cresol, m-cresol, phenol, and p-chlorophenol). It was found that
the highest degree of inhibition was obtained using catechol as the substrate, which
showed the highest value of KM among the five phenolic compounds tested, cor-
responding to a lower affinity of the enzyme for this substrate.

3.6 Biosensor Stability

As reported by Gibson [46], ‘‘One of the main problems of many biosensors is
their intrinsic stability…. However, the majority of enzymes used in biosensors are
labile and require stabilization to produce viable devices.’’ This means that in
order to develop a successful biosensor, it is important to reach low detection
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limits but it is also true that the biosensor should be characterized by a satisfactory
working and shelf stability where (1) the working stability may be defined as the
retention of activity of an enzyme when the biosensor is in use and (2) shelf
stability is defined as the enhancement or improvement of activity retention of an
enzyme when stored under specified conditions after manufacture [46]. The
problem of low shelf stability at room temperature in dry conditions is probably
the reason for the gap between academic research and the biosensor presence in
the market. This is a relevant problem; in fact, the reduction of the gap between the
real market and on-going research is one of the policy priorities of the Horizon
2020 strategy. In this context, for example, we have performed a study to develop
a biosensor for organophosphate detection characterized by high working and
storage stability [47]. In this study we have investigated several immobilization
types also with stabilizers using both AChE and BChE. Briefly, for the con-
struction of AChE or BChE biosensors we have used three approaches: in the first
approach, the enzyme was adsorbed onto the working electrode surface, storage at
4 �C overnight, and after that some lL of several stabilizers were added to the
working electrode surface. The biosensors were tested when the working elec-
trodes of biosensors were completely dry.

An another approach a similar protocol to the aforementioned was adopted but
followed by a final step of Nafion� coverage by simple addition of some lL of
Nafion on the working electrode surface and waiting to be dry. The last approach
was made using the cross-linking method by means of glutaraldehyde, Nafion, and
bovine serum albumin (BSA). In the case of AChE the best result in terms of shelf
stability was obtained in the case of AChE immobilized by gelatin, retaining its
activity up to 5 months when maintained at RT in dry conditions; however, we
observed the possibility of using this biosensor no more than five times because
after that, there is a probable solubilization of the membrane. In the case of BChE,
the best shelf life stability was obtained using the biosensor constructed immo-
bilizing the BChE by means of glutaraldeyde, Nafion, and BSA. This type of
BChE biosensor demonstrated a shelf stability of at least 6 months and a working
stability of 10 h, confirming that this biosensor is characterized by high working
and storage stability; for this reason this biosensor was chosen to be assembled to a
prototype for nerve agent detection for future commercialization [48]. However, in
the case of inhibitor measurement the working stability can also be affected by the
change of pH, temperature, and matrix composition [49]. In the case of a decrease
of enzymatic activity due to the change of these parameters, the degree of inhi-
bition is overestimated, and thus is very important during enzyme inhibition to
evaluate the matrix effect in order to avoid false-positive results. In addition, in the
case of irreversible inhibition, the enzyme can’t recover its original activity and
thus only few experiments are carried out with the enzyme. The addition of
activator can allow 60–90 % of the initial activity [50–52], but after a few gen-
erations the enzyme is totally inhibited. That is why it is recommended to adopt a
procedure for the single use of an enzymatic biosensor using, for example, a
disposable biosensor [22, 29, 31].
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3.7 Transducer

The choice of transducer is also important in order to have a sensitive, robust, and
cost-effective system. As reported in Fig. 6, the most used type of transducer is the
electrochemical one (81 % of the biosensors based on enzyme inhibition reported
in the literature are electrochemical biosensors) for several reasons, because it is
robust, cost-effective, fast, miniaturizable, and used also in the case of colored
solutions. In addition, the possibility of using screen-printed electrodes renders this
kind of sensor suitable for an easy, fast, and cost-effective measurement for each
type of inhibitor both reversible and irreversible, avoiding reactivation in the latter
case.

3.8 Electrochemical Transduction

In our first review we discussed the transducer for a cholinesterase biosensor and
we divided the electrochemical biosensors into bienzymatic and monoenzymatic
ones; on the contrary, in the 2006–2012 period we found only two systems based
on the bienzymatic approach, confirming that the monoenzymatic system is the
preferable one [53, 54]. As reported in the literature [13], it is possible to obtain a
monoenzymatic biosensor employing both a potentiometric or conductimetric
transducer, using the natural substrate acetylcholine with acetylcholinesterase.
However, in the case of a cholinesterase amperometric monoenzymatic biosensor,
the nonnatural acetylcholinesterase substrate acetylthiocholine should be used,

Electrochemical
transducer

Other s
Optical transducer

Fig. 6 Distribution of transducers used to construct biosensors based on enzyme inhibition
(period 2006–2012)
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because it generates an electroactive product. Moreover, in order to reduce the
applied potential and the electrochemical interferences, thiocholine detection can
be measured using redox mediators such as cobalt phthalocyanine (CoPc) [55],
Prussian Blue [56], tetracyanoquinodimethane (TCNQ) [57], cobalthexacyano-
ferrate [58], potassium ferricyanide [59], or nanomaterial [26, 43, 60] such as
carbon nanotubes, carbon black, or also nanomaterial (carbon nanotubes) coupled
with redox mediator (CoPc), as we have recently demonstrated [61].

Conductimetric biosensors such as in the case of peroxidase biosensors for
cyanide detection [62] or square wave voltammetric biosensors such as in the case
of peroxidase biosensors for glyphosate [63] are also present in the literature.
However, amperometric detection is the most common, due to its high sensitivity
coupled with the possibility to miniaturize the system in an easy way, as we have
demonstrated in the case of the prototype for nerve agent detection based on a
butyrylcholinesterase amperometric biosensor [48].

3.9 Optical Transduction

Optical transducers were also utilized in the case of a biosensor based on enzyme
inhibition. A colorimetric method was developed by Pohanka et al. for nerve agent
and organophosphate pesticide detection. The principle of the assay is based on the
enzymatic hydrolysis of acetylcholine into acetic acid and choline by acetylcho-
linesterase. Acidification of the reaction medium due to accumulation of acetic
acid was visible using a pH indicator strip. The achieved limit of detection was 5
9 10-8 M for paraoxon-ethyl and 5 9 10-9 M for sarin and VX [64].

A biosensor composed of nanostructured multilayers of the enzyme AChE and
photoluminescent CdTe QDs was reported in the literature for organophosphate
detection [65]. The decrease of enzymatic activity in the presence of organo-
phosphate leads to the decrease of thiocholine production and then the photolu-
minescent quenching rate of QDs. By measuring the quenching rate before and
after an incubation step with the pesticide, one can calculate the concentration of
organophosphate with a very low detection limit, 2.89 ppt.

An interesting approach was reported by Li et al. although the format is a
bioassay and not a biosensor because the enzyme is used in solution. The system is
based on acetylcholinesterase inhibition by an organophosphate compound, and
citrate-coated Au nanoparticles were used with a colorimetric probe. The catalytic
hydrolysis of acetylthiocholine into thiocholine by acetylcholinesterase induces
the aggregation of Au nanoparticles and the color change from claret-red to purple
or even grey; in the presence of pesticides the aggregation and the relative color
change is absent, whereas in the absence of pesticides there is an AuNP aggre-
gation. The linear range value found was from 0.02 to 1.42 ppm [65].
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3.10 Surface Plasmon Resonance (SPR) Biosensor

Recently, cholinesterase biosensors using a SPR were reported in the literature.
The acetylcholinesterase was immobilized on a SPR biosensor chip surface and in
the presence of pesticides, a changing of intensity of SPR angles was observed
[66, 67]. The SPR biosensor was also developed in the case of AFB1 detection
obtaining higher sensitivity when compared with the one obtained using an
amperometric biosensor [68].

3.11 Piezoelectric Transduction

The insecticide inhibitors can also be measured by means of piezoelectric bio-
sensors [69, 70]. The detection of organophosphate and carbamate was carried out
measuring the precipitation of an enzymatic reaction product over a quartz crystal
microbalance (QCM) [71].

3.11.1 Analytes

Pesticides

The detection of pesticide residues in food, water, and soil is one of the major
issues of analytical chemistry. Pesticides are, in fact, among the most important
environmental pollutants because of their increasing use in agriculture. Among the
several pesticides used, organophosphorus and carbammic insecticides are often
used due to their high toxicity coupled with low persistency in the environment.
This type of insecticide has the power to inhibit the cholinesterase enzyme in an
irreversible way, thus they can be detected by means of a cholinesterase biosensor.
The amperometric monoenzymatic biosensor based on acetyl or butyrilcholinest-
erase was principally applied in water samples (drinking water, river water, and
wastewater) with good recovery values [22, 31, 61]. An adopted procedure and the
typical response for pesticide (paraoxon) detection using a butyrilcholinesterase
biosensor based on screen-printed electrode modified with Prussian Blue are
shown in Fig. 7a, b, respectively, using the portable instrumentation shown in Fig.
7c. The electrochemical bienzymatic AChE–ChOx was used to detect coumaphos
in honey samples [52].

The cholinesterase biosensor was also applied to detect organophosphorus and
carbammic insecticides in fruit, vegetables, and dairy products as reported in the
literature before 2006 [72]. An interesting application published in 2008 reported
the detection of insectides in tomato without any previous manipulation of the
sample; in fact, the amperometric biosensor was immersed directly in the tomato
pulp during the incubation time, obtaining a recovery of 83.4 % for 50 lM
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Fig. 7 a Procedure used to detect pesticides using the ‘‘medium exchange method;’’
b amperograms obtained using the following conditions: applied potential + 0.2 V versus Ag/
AgCl, phosphate buffer 0.05 M + KCl 0.1 M, pH 7.4 using BChE biosensor based on Prussian
Blue modified screen-printed electrode; and c the portable instrumentation used (unpublished
data)
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carbaryl and showing very low interference from the matrix components [73]. The
results reported showed the real possibility to detect organophosphorous and
carbamic insecticides using an AChE biosensor in real samples. In the case of
organothiophosphate, it is important to stress that these insecticides usually were
electrochemically oxidized before the analysis because the oxidized form is able to
inhibit the enzyme more strongly [74]. This means that organothiophosphate
insecticides themselves are weak inhibitors of ChE: in fact, only their oxo-form is
highly toxic. However, in the literature sometimes low detection limits using
organothiophosphate are shown, and this could be ascribed to (1) a possible
mistake using parathion spontaneously oxidated to paraoxon, (2) the use of or-
ganothiophosphate coupled with chemical or electrochemical oxidation in order to
have organophosphate–oxo, or (3) the use of a very sensitive biosensor.

Another approach to detect pesticides is the use of tyrosinase, laccase, or
peroxidase enzyme. The herbicide glyphosate [N-(phosphonometyl)glycine] was
detected using a biosensor with atemoya peroxidase [63]. Carbamate methomyl
was measured using a biosensor based on laccase obtained from a genetically
modified fungus (Aspergillus oryzae) immobilized in a new supported ionic liquid
phase formed by platinum nanoparticles/1-butyl-3-methylimidazolium tetrafluo-
roborate ionic liquid/montmorillonite [75]. A tyrosinase biosensor was used to
detect the herbicides atrazine and diuron with a conductimetric biosensor [76]; the
insecticide dichlorvos was detected by means of a chronocoulometric biosensor
[77]. In the case of tyrosinase, the inhibition is of reversible type with the
advantage of using the same biosensor for several measurements, but without the
possibility of (1) the use of the medium exchange method in order to avoid
electrochemical interferences, and (2) to increase the sensitivity increasing the
incubation time.

Heavy Metals

For heavy metal detection, several enzymes can be used such as alkaline phos-
phatase, glucose oxidase, and acetylcholinesterase. However, in the period
2006–2012, an interesting system for Hg2+ was presented by Cosnier et al. [39]
using an amperometric bienzymatic system based on the competitive activities of
glucose oxidase and laccase [78]. The As3+ was detected using acetylcholines-
terase immobilized on screen-printed electrodes. As reported by the authors, the
As3+ is a powerful inhibitor, more so than other metal ions such as mercury, nickel,
and copper. The biosensor was challenged in spiked tapwater samples with good
recovery values [79]. The same authors instead used acid phosphatase immobilized
on screen-printed electrodes for As5+ detection at the lM level [80]. The
amperometric biosensor based on glucose oxidase for the detection of metallic
cations, cadmium, copper, lead, and zinc was developed by Ghica and Brett [81] or
coupled with a flow-injection system by Guascito et al. for heavy metal ion (Hg2+,
Ag+, Cu2+, Cd2+, Co2+, Ni2+) measurements [82].
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Toxins

Okadaic acid is a toxin that accumulates in bivalves; this toxin can be detected by
means of a biosensor based on protein phosphatase-2A (PP2A) due to the ability of
okadaic acid to inhibit this enzyme [83]. The same enzyme was also used to realize a
biosensor for microcystin detection, applied to detect this cyanobacterial toxin with
a 50 % inhibition coefficient (IC50) of 83 ppb and a limit of detection (LOD; 35 %
inhibition) of 37 ppb. Real samples of cyanobacterial blooms from the Tarn River
(France) have been analyzed using the developed amperometric biosensor and the
toxin contents have been compared to those obtained by a conventional colorimetric
protein phosphatase inhibition assay and high-performance liquid chromatography
(HPLC). The authors found higher values of R.S.D. (35 %) in the case of the
biosensor due to the less steep slope of the curve (which induces a higher uncertainty
on the concentration values) coupled with reproducibility problems associated with
the electrode construction and with fouling phenomena [84].

Recently we have demonstrated the possibility of detecting the toxin AFB1 by
means of acetylcholinesterase [85]. Prior to developing a biosensor, a bioassay
using a choline oxidase biosensor was applied to detect AFB1 in olive oil obtaining
recovery values higher than 75 % [86]. In the case of a biosensor in which the
enzyme was immobilized, a higher detection limit was found. For example,
Hansmann et al. developed an AChE biosensor depositing 3 lL of a 1:1 mixture of
polyvinylalcohol and enzyme on cobalt–phthalocyanine-modified screen-printed
electrode and polymerized the mixture under neon light at 4 �C for 3 h. This sensor
allows the detection of a minimum concentration of 3 lM of AFB1 corresponding
to 1 ppm [87]. We have developed an amperometric biosensor for detecting AFB1

at ppb levels using AChE immobilized on Prussian Blue-modified screen-printed
electrodes by means of physical immobilization. The AChE immobilized in a
gelatin layer allows obtaining a LOD of 100 ppb. Pohanka et al. have developed a
biosensor immobilizing the enzyme with a gelatin layer, obtaining IC50 = 100 ppb
[88]. Recently Puiu et al. have immobilized AChE via its primary amine groups
(lysine residues) through 1-ethyl-3-(3-dimethylaminopropyl carbodiimide)
hydrochloride and N-hydroxysuccinimide on the (SAM) functionalized surface of
the surface plasmon resonance chip. The LOD was 0.94 ppb for AFB1 which is
lower than the ones previously reported [68].

Drugs and Clinical Application

In the case of drugs, the application of a biosensor is rather limited to academic
research because, at this time, for quality measurement the US Food and Drug
Administration requires highly selective methods. However, this does not mean
that in the future the US Food and Drug Administration could not also accept the
biosensor as a screening method in the pharmaceutical industry.

In order to detect amaryl and acorbose, which are therapeutic drugs that prevent
high blood glucose levels, a-glucosidase enzyme was immobilized on bismuth-
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modified glassy carbon electrodes, obtaining a linear range of 0.002–0.24 mg/mL
and 0.0008–0.0066 mg/mL for amaryl and acorbose, respectively [89]. Allopurinol
is used to treat hyperuricemia and it was measured by means of an amperometric
xanthine oxidase biosensor [30]. Glutathione is detected by means of an amper-
ometric biosensor based on pyranose oxidase inhibition [90]. Several thiols such as
glutathione, N-acetylcysteine, and cysteine were detected using amperometric
biosensors based on peroxidase inhibition [91, 92].

Others

The chemical warfare nerve agent can be detected by means of a cholinesterase
biosensor. Our group developed a butyrylcholinesterase biosensor immobilizing
the enzyme on screen-printed electrodes modified with Prussian Blue. The system
was challenged towards two different concentrations of Sarin gas (0.1 mg/m3 and
0.5 mg/m3) at different incubation times (from 30 s up to 10 min) demonstrating
that it is possible to detect the Sarin at a concentration of 0.1 mg/m3 with only 30 s
of incubation time [29]. A butyrylcholinesterase biosensor was also integrated into
a miniaturized prototype composed of the cell in which the biosensor is inserted, a
little fan for sampling the air, and an electronic circuit. The circuit was able to

Fig. 8 A typical amperogram in the case of benzoic acid measurement using a tyrosinase
biosensor. Enzyme tyrosinase cross-linked with glutaraldehyde and deposited on a carbon paste
electrode. Applied potential is -0.15 V versus Ag/AgCl, phosphate buffer pH 7.0. After
stabilization of the catechol signal, successive additions of benzoic acid were added (unpublished
data)
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apply the potential, to register the current, to turn the fan on and off, and eventually
give an alarm [47].The acetylcholinesterase electrochemical biosensor was also
developed to measure Tabun, Sarin, Soman, Cyclosarin, and VX in solution [93].

Cyanide is a substance commonly used worldwide in industrial applications
often resulting in contamination of groundwater. Biosensors prepared through
immobilization of bovine liver catalase in a photoreticulated poly(vinyl alcohol)
membrane on the surface of a conductimetric transducer was reported in the
literature. The biosensor allows cyanide detection with LOD of 6 lM [94].

Fluoride is a reversible inhibitor of tyrosinase, thus it can be detected by means
of an amperometric tyrosinase biosensor as reported by Asav et al. reaching a
linear range from 1.0 to 20 lM [95].

Sulfide is able to inhibit peroxidase and thus, a biosensor using horseradish
peroxidase has been developed characterized by a detection limit of 5 lM [32],
whereas using a biosensor based on Coprinus cinereus peroxidase, a detection
limit of 0.3 lM was found [96].

Benzoic acid is extensively used as a preservative in food, beverages, mouth-
washes, cosmetics, and pharmaceuticals. Amperometric tyrosinase-based biosen-
sors for benzoic acid determination with the use of a flow-batch monosegmented
sequential injection system were reported in the literature with the detection limit of
0.03 lM [97]. Highly sensitive biosensors based on the immobilization of tyrosi-
nase by calcium carbonate nanomaterials were applied from the determination of

Table 2 Practical considerations of biosensors based on reversible and irreversible inhibition

Reversible inhibition Irreversible inhibition

Enzyme loading Medium Very low
Time of incubation of

enzyme with
inhibitor

No incubation is required 10–60 min

Method of enzyme
immobilization

Immobilization does not
change the inhibition
type

Covalent attachment or adsorption
methods involving low amount
of enzyme/gr or/cm2

Concentration required
of substrate

Low concentration if the
inhibition is competitive

Minimum concentration to have the
maximum enzymatic reaction rate
(&2 km)

Total time of analysis Short Long
Batch analysis Yes Yes
Flow injection analysis Yes No
Regeneration Yes with water or buffer No unless specific reagent (reactivator)

is used for few regenerations
Frequency of analysis

per hour
High Low

Limit of detection Very low if Ki is very low Very low
Matrix effect Exposed to interfering

species of the matrix
Less sensitive to matrix effect

using the ‘‘medium exchange
method’’ (see Fig. 5b)
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benzoic acid in real beverage samples [46]. A typical amperogram of benzoic acid
measurement using a tyrosinase biosensor is shown in Fig. 8. The tyrosinase bio-
sensor for evaluation of the inhibitory potency of the most frequently used active
substances in marketed cosmetic products against hyperpigmentation such as kojic
acid, azelaic acid, and benzoic acid was also reported in the literature [34].

4 Conclusion

Biosensors based on enzyme inhibition can be applied to monitoring several
analytes with the advantage of being a cost-effective, easy to use, and miniaturized
analytical tool. The knowledge of the enzymatic kinetic (knowing if the inhibition
is an irreversible or reversible inhibition type) can help the researcher reach the
optimized procedure in a faster and easier way, as schematized in Table 2 in
respect to the optimization obtained by changing one variable at time. Wide
application in the environmental, food, and pharmaceutical fields demonstrates the
suitability of this tool also with real samples.

We also highlight that in the case of organophosphate detection, low detection
limits using organothiophosphate could be ascribed to a possible mistake using
parathion spontaneously oxidated to paraoxon, thus the presence of the oxo-form
in the standard solution used should be checked.

In this overall scenario, it is important to highlight the low selectivity to the
biosensor based on enzyme inhibition. This characteristic can be an advantage as
in the case of the cholinesterase inhibition that can be considered a ‘‘family
doctor,’’ whereas in the presence of inhibition, a specialist doctor such as an HPLC
instrument can be used with a decrease in terms of time analysis and cost.
However, sometimes the selectivity of the biosensor can be improved by opti-
mizing the procedure knowing the enzymatic kinetic [13] or also optimizing the
sample treatment; thus it can be very useful during biosensor-based inhibition
development to evaluate interferences or demonstrate selectivity using a sample
fortified with several analytes, because very often in the papers based on enzyme
inhibition reported in the literature the authors focused their attention on a single
analyte detection instead of which the biosensor is able to detect a class of
compounds instead of a single compound. In this direction, we propose using the
biosensor based on enzyme inhibition as a first alarm system in order to give, even
if not specific, a fast and cost-effective response.

Development of an array of enzyme electrodes for multianalyte detection and
the use of the chemiometric method for interpretation of experimental data in the
analysis of these mixtures of inhibitors may allow in the near future the conversion
of biosensing systems to marketable devices suitable for large-scale applications.
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