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Medical diagnosis is very important and essential for maintaining a healthy life. In vitro diagnostics have recently been a
focus of scientists and researchers because they have a number of merits over other diagnostic methods. In particular,
nucleic acid-based diagnostic methods are powerful and promising techniques. In this review, various types of nucleic
acid-based in vitro diagnostics are introduced. These methods can be categorized into three groups according to their
analytical approaches. In addition, aptamer-based diagnostic methods are covered in greater detail because aptamers are
promising materials for diverse areas, not only as alternatives to antibodies but also as the core components of analytical
equipment. It is expected that in vitro diagnostics based on DNA probes and aptamers will become a valuable platform
encompassing all types of diseases.

INTRODUCTION
Medical diagnosis is the process of attempting to determine the
presence of a disease or disorder. There are several methods
that can be used in the diagnostic process, including differential
diagnosis, pattern recognition, and diagnostic criteria (Rodriguez,
1997). These methods are mainly based on certain symptoms
or signs related to diseases or disorders. Therefore, symptoms
or signs have to be precisely obtained to determine or identify
diseases. A diagnostic test is a type of medical procedure by
which the symptoms or signs of patients’ diseases can be
obtained (Parquin and Audry, 2012). Such tests include utilizing
nuclear medicine techniques, measuring blood sugar, taking
a complete blood count, and monitoring electrocardiogram
readings. These diagnostic tests can be classified into several
groups, such as physical examinations, medical imaging, and in
vitro diagnostics (Stankovic, 2007).
The term “in vitro diagnostics” refers to methods of performing
diagnostic tests outside of a living body in an artificial
environment, such as a hospital or laboratory. The expression “in
vitro” comes from Latin, literally meaning “within glass,” because,
in the past, many in vitro diagnostic tests were conducted using
glass vessels. Currently, in vitro diagnostics include much more
than simple assays conducted in test tubes and glass dishes
(Turner et al., 1999). In vitro diagnostics are used for large-scale
screening and medical diagnosis, from confirming a pregnancy
to checking for the presence of an infectious disease, such as
malaria (Dati et al., 2004).
In vitro diagnostics are becoming increasingly familiar, as selftests, such as pregnancy tests and blood glucose monitors,
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becomes more common, because they have a number of
benefits (Kaleva et al., 2008). In vitro diagnostics help to
guide clinical choices on what treatment will be the most
suitable, ranging from measuring one’s blood pressure to
detecting genetic disorders. At an even earlier stage, in vitro
diagnostics can be used to detect conditions even before signs
of disease appear, often preventing a great deal of suffering
and occasionally unnecessary treatment (Renz, 2013). In many
cases, the early diagnosis produced by in vitro diagnostics can
provide better long-term outcomes by emphasizing the need for
medical treatment or changing one’s lifestyle. In some cases, the
information from in vitro diagnostics can help prevent untimely
death. In addition, in vitro diagnostics play a significant role in
public health programs, such as in population screening for
infectious diseases.
Unlike other forms of medical technology, in vitro diagnostics
never directly interact with a human body because their purpose
is not to have a direct therapeutic effect, but to offer essential
information on a patient’s health status. Thus, the expertise of
the healthcare professional using in vitro diagnostics is crucial
to ensure correct decision making for patient treatment and
care (Shimauchi, 1994). As the world’s population ages and
the burden of chronic diseases increases, in vitro diagnostics
will become increasingly important. In addition, the interest of
scientists in this area has gradually increased since 1990. As a
result, publications in this area have increased in the past two
decades (Gottlieb and Woodcock, 2006).
In vitro diagnostics can be classified into three main types:
clinical laboratory tests, near-patient tests, and self-tests. Clinical

Bio Design l Vol.3 l No.1 l Mar 30, 2015 © 2015 Bio Design

33

Highly sensitive and selective in vitro diagnostics based on DNA probes and aptamers

laboratory tests are medical tests that should be conducted
under a specialist laboratory environment due to their highly
complex procedures (Wians, 2009). For clinical laboratory tests,
samples are sent to the specialist laboratory, and the physician
who has requested the test can receive the results after the
completion of the analytical process. Blood count, blood lipid
tests, detection of biomarkers, measurement of enzymes, and
quantification of electrolytes fall under clinical laboratory tests
(Favaloro et al., 2013). Near-patient tests are performed by
medical experts, such as doctors, nurses, and paramedics,
because they can be carried out without a specialist laboratory
or equipment. The user can easily obtain and understand the
information about the patient in a short period of time, and they
may utilize this information to provide insight for a diagnosis
(Delaney et al., 1999). The other term for near-patient tests is
point-of-care testing. Self-tests are fabricated to be conducted
by the patients themselves. The patients themselves can easily
interpret the information from their self-tests because these tests
do not require the use of any specialist facility or equipment.
Therefore, these tests use equipment that is small, portable, and
simple to use, and their results are easy to interpret (Zeren and
Oztekin, 2006). Most of these tests are commercially available
and are becoming increasingly commonplace. As an example,
blood sugar tests for managing diabetes and pregnancy test
strips are frequently utilized.

AMPLIFICATION-BASED IN VITRO
DIAGNOSTICS
Immunoassays have been widely used in the diagnosis of
diseases because antibodies have a strong binding affinity for
their specific targets (Ward et al., 2004). Immunoassays provide
sensitive and rapid results due to the strong catalysis of enzymes.
In addition, immunoassay methods are relatively easy to use
compared to other traditional methods, such as chromatography.
Immunoassays, however, have several drawbacks, such as the
high cost for the development and production of antibodies and
the lack of binding ability for small molecules (Jayasena, 1999).
Moreover, some immunoassays are weak for detecting sample
contaminants, which may interfere with the accurate detection of
the target biomarkers (Jayasena, 1999).
In nucleic acid-based in vitro diagnostics, specially designed
nucleic acids are utilized as alternatives to antibodies for
immunoassays. Nucleic acid-based in vitro diagnostics detect
the presence of a specific biomarker, such as deoxyribonucleic
acid (DNA), ribonucleic acid (RNA), or proteins, in bodily fluid
through various methods (Weile and Knabbe, 2009). For example,
in the case of viral diseases, a biomarker, which may be any
one of these biomolecules, from the virus can be captured and
detected by specific nucleic acids. For non-infectious diseases,
one method by which they can be detected is by the interaction
between a specific gene associated with the diseases and a
nucleic acid (Palecek and Bartosik, 2012). Nucleic acid-based
in vitro diagnostics have some advantages over immunoassays,
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such as lower costs for the development and production of
nucleic acids and their thermal stability. Sometimes, however,
diagnosis using nucleic acids may fail to detect a biomarker
when infectious organisms hide in the host organs. Therefore,
nucleic acid-based in vitro diagnostics are synergetic with other
diagnostic methods, such as amplification, sequencing, and
hybridization as well as specific binding.
Polymerase chain reaction (PCR) or reverse transcription PCR
(RT-PCR) is commonly used in biological studies and applications
to amplify DNA or RNA that is reverse-transcribed to cDNA with
specific primers (Bustin, 2002). In many cases, these amplification
methods are utilized to obtain a large amount of DNA fragments
of interest, but PCR or RT-PCR is also widely used to detect the
presence of a pathogen or target gene in diagnostic applications
(Ho et al., 2013). They allow for the sensitive detection of target
DNA or RNA and requires a relatively short time to obtain the
results. These methods, however, require a highly skilled expert
and specialist laboratory equipment.
Commercial diagnostic kits are available for several
diseases, such as leishmaniasis, tuberculosis, and human
immunodeficiency virus (HIV). The SMART Leish PCR assay is
a qualitative diagnostic real-time PCR test for the detection of
the Leishmania species and the identification of L. major in skin
lesion scrapings and punch biopsies from individuals suspected
of having cutaneous leishmaniasis (Vasoo and Pritt, 2013).
The Amplified Mycobacterium tuberculosis direct (MTD) test
is a method for the detection of Mycobacterium tuberculosis
complex rRNA based on a target-amplified nucleic acid probe
test (Hazbon, 2004). Finally, the Abbott real-time HIV-1 assay
is an assay for the quantitative detection of HIV type 1 (HIV-1)
nucleic acids from human plasma and dried blood spots (Gueudin
et al., 2007).
Loop-mediated isothermal amplification (LAMP) is a technique
similar to PCR, but it is conducted at a single temperature,
without an expensive thermal cycler, as represented in Figure
1 (Tomita et al., 2008). LAMP is more amenable to near-patient
tests because of its simplified amplification process and low
cost. In addition, LAMP has been known to be insensitive to
analysis problems that are commonly associated with complex
samples, including blood and urine (Tomita et al., 2008). Its
primer design is relatively complicated, however, because LAMP
requires four primers to amplify six regions of target DNA. Thus, it
is more suitable to utilize LAMP in diagnostic applications than in
molecular biology applications. A LAMP assay for the diagnosis
of malaria was reported (Poon et al., 2006). In the study, blood
samples were heated and tested by the LAMP assay to detect
the 18S ribosomal RNA gene of Plasmodium falciparum. The
sensitivity and specificity of the LAMP assay for malaria were 95
and 98%, respectively. This method was recently improved by
Surabattula et al. through simple DNA extraction (Surabattula et
al., 2013).

SEQUENCING-BASED IN VITRO DIAGNOSTICS
DNA sequencing is the method of identifying the exact order of
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nucleic acids in a DNA strand (Chan et al., 2013). Currently, it has
been used for the identification of organisms in clinical fields,
and various ribosomal genes, such as 16S and 23S, are used as
the targets. DNA sequencing is routine and automatic via PCR
and capillary electrophoresis, and the Sanger method is the most
common method. Nevertheless, various sequencing techniques,
such as single molecule real time (SMRT) sequencing, ion torrent
sequencing, pyrosequencing, Illumina dye sequencing, and
sequencing by oligonucleotide ligation and detection (SOLiD),
have been developed to meet the high demand for low cost
and high-throughput techniques (Meldrum et al., 2011). These
sequencing methods are called next-generation sequencing and
are very powerful and promising for the diagnosis of diseases.
As shown in Figure 2A, SMRT sequencing uses the zero-mode
waveguide (ZMW), an optical waveguide, and the fluorescence
signal of each nucleotide is detected at the bottom of ZMW (Eid
et al., 2009). It has 99.9% consensus accuracy and allows reads
of 20,000 nucleic acids within two hours. SOLiD sequencing was

A

B

FIGURE 1 I Principle of the LAMP method. Six primer regions labeled
F3, F2, F1, B1c, B2c, and B3c from the 5’ end were designed (c:
complementary sequence). Two inner primers, FIP (combination of F1c
and F2) and BIP (combination of B1c and B2), and outer primers (F3 and
B3) were utilized in this method. The template structure is synthesized
from 1 to 5 step. The elongation is initiated via the hybridization between
FIP and F2c primers (1). Strand displacement occurs through annealing of
F3 primer to the F3c region (2), and then synthesized strand is released (3).
That strand forms a loop structure at 5’ end, and BIP and B3 primers are
attached to that strand (4). DNA elongation proceeds in the same manner
as described above. The resulting strand looks like dumbbell structure
(5). This strand is amplified via cycling step (5-12). Self-primed DNA
synthesis is started from the 3’ end, and the elongation begins. Structure
7 that is complementary to structure 5 is produced through various steps,
and structure 5 is regenerated from structure 8. Structures 9 and 10 are
constructed from structures 6 and 9, respectively. Through the repetitive
cycle, elongated strand is generated. The image is adapted from (Tomita
et al., 2008).
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FIGURE 2 I Hybridization and specific interaction-based in vitro
diagnostics. (A) Principle of the miRNA profiling microarray. The probe is
immobilized on the detection plate and the target miRNA is labeled with
the specific flourophore. And then, the target miRNA is hybridized with
the probe, and the resulting signal is recorded. The image is adapted from
(Li and Ruan, 2009). (B) Scheme for the detection of transcription factors
using a specific DNA probe. Whereas the DNA probe is digested by
exonuclease III in the absence of the target protein, the DNA probe-target
protein complex is robust against to the digestion by nuclease in the
presence of the target protein. Therefore, only DNA probe-target protein
complex can exhibit FRET signal through the intercalation of Sybr Green I.
The image is adapted from (Liu et al., 2013).
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developed by Life Technologies in 2006 (Meldrum et al., 2011).
It is based on a two-base encoding method and is performed
through repeated oligonucleotide ligation and extension rather
than through synthesis (Figure 2B). It has reduced the cost of
sequencing to approximately US $0.0001 per base and has
increased the capacity by 5 billion bases per day (Voelkerding et
al., 2009). Likewise, the benefits of next-generation sequencing
are considerable, but this process still has limitations, such as
the requirement for expensive equipment, which could hinder its
utilization in the diagnosis of diseases.

A

B

HYBRIDIZATION AND SPECIFIC
INTERACTION-BASED IN VITRO DIAGNOSTICS
In vitro diagnostic methods based on hybridization or binding
are technologies for detecting the presence of biomarkers using
a complementary DNA (cDNA) probe for target nucleic acids
or specific sequences that bind to the target. Fluorescence in
situ hybridization (FISH) is a typical diagnostic method based
on hybridization (Gerami et al., 2009). It is utilized to localize the
presence or absence of target DNA sequences in chromosomes.
The cDNA probe is modified with fluorescent dye, and the
locations of the cDNA probe on chromosomes are found using
fluorescence microscopy. The role of the cytoplasmic tyrosine
kinase JAK2 in human myeloproliferative disorder was revealed
using this method (Baxter et al., 2005). Researchers found that
there was a single point mutation in JAK2 in the patients in their
study, and the mutation was identified using the FISH method.
Another type of hybridization method is diagnosis using miRNAs,
which are small non-coding RNAs containing approximately 22
nucleic acids (Cissell and Deo, 2009). miRNAs act as regulators
in the transcription and post-transcription process, and the
dysregulation of miRNAs is associated with various diseases,
such as cancer, hearing loss, and growth defects. Thus, the
detection of specific miRNAs is becoming increasingly important.
Various detection methods for miRNAs have been developed
beyond traditional Northern blotting, such as microarray
technology (Figure 3A), a luminescence-based assay, and an
electrochemical assay (Li and Ruan, 2009). These methods
allow the sensitive, rapid, and multiplexed detection of the target
miRNAs.
Various transcription factors, including miRNAs, perform
important roles in the transcription process by binding specific
DNA sequences; transcription factors can be associated with
various diseases. Therefore, mutations in transcription factors or
their presence at abnormal levels can be biomarkers for specific
diseases. For example, mutation in insulin promoter factor-1 is
associated with diabetes, and the STAT and HOX families are
relevant to breast and prostate cancer, respectively (Libermann
and Zerbini, 2006). In these cases, specific DNA sequences
can be utilized to probe for these molecules due to their strong
binding, which is similar to the antibody-antigen interaction that
is vital for immunoassays. Therefore, it provides sensitive, rapid,
accurate, and stable diagnostic techniques. One such detection
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FIGURE 3 I Sequencing-based in vitro diagnostics. (A) Principle of
SMRT sequencing. Fluorophore-conjugated nucleotide is incorporated
in the strand, leading to an increase of fluorescence signal (1-2).
Phosphodiester bond formation liberates the fluorophore, resulting that a
decrease of fluorescence signal (3). This processes are repeated during
SMRT sequencing (4-5). The image is adapted from (Eid et al., 2009). (B)
Principle of SOLiD sequencing. In the probe design, each nucleic acid
consisting of two specific nucleotides and six degenerate bases (nnnzzz)
is conjugated with one of four fluorophores. In SOLiD sequencing, primer
N is bound to the template, and two specific nucleotides complementary
to the template are annealed and ligated. At this time, fluorescence is
recorded, and then the fluorophore is cleaved. Through the repetition
of these reactions, the first sequencing is carried out. For the complete
sequencing, five additional sequencings are carried out utilizing
successive primers (N-1, N-2, N-3, N-4, and N-5) in the same manner with
the first sequencing. The image is adapted from (Voelkerding et al., 2009).

method for a transcription factor was recently reported (Liu et
al., 2013). The specific DNA sequence containing the factor’s
binding site was used as a probe molecule, and the sensor
system was designed using fluorescence resonance energy
transfer (FRET) (Figure 3B).

APTAMER-BASED IN VITRO DIAGNOSTICS
Aptamers are oligonucleotides or peptides that can strongly bind
to specific targets via their specific three-dimensional structures.
Aptamers are commonly created by an in vitro selection process
called systematic evolution of ligands by exponential enrichment
(SELEX) (Ellington and Szostak, 1990; Tuerk and Gold, 1990).
At present, SELEX is a basic method for the discovery of
aptamers, and specific aptamers can easily be selected in vitro
against various targets, such as small molecules, biomolecules,
and cells. In addition, aptamers have received great attention
from many scientists because they have all of the advantages
of antibodies, along with several unique advantages, such
as thermal stability, low cost, low immunogenicity, variety of
targets, and so on. Therefore, aptamers have been considered
to be an alternative to antibodies in many biological studies
and applications. Accordingly, aptamers have been studied
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as biomaterials in numerous investigations concerning their
use as a diagnostic and therapeutic tool in the development of
biosensors, drugs, and drug delivery systems (Iliuk et al., 2011).
As mentioned above, SELEX is an in vitro selection technique
for the identification of aptamers from approximately 1012–1015
combinatorial oligonucleotide libraries consisting of random
sequence regions, usually 40–50 mers, flanked by the primer
binding site. The SELEX process generally consists of three
steps, which are repeated to search for nucleotide sequences
that can better bind to the target (Syed and Pervaiz, 2010). In
the first step, the double-stranded nucleic acids in the library are
converted into single-stranded nucleic acids. In the second step,
the target-bound single-stranded nucleic acids are separated
from unbound single-stranded nucleic acids. This step is
commonly combined with other methods for the rapid selection
of the target or library, such as nitrocellulose membrane filtrationbased separation, affinity chromatography-based separation,
and so on. In the last step, the target-bound single-stranded
nucleic acids are amplified via PCR to generate a new library
for use in the next round. Aptamers are discovered through
this process, and their characteristics are identified via several
biological assays.
There are various SELEX methods that are widely used
to develop aptamers. Nitrocellulose membrane filtrationbased SELEX was designed first (Tuerk and Gold, 1990). A
nitrocellulose membrane is commonly employed to immobilize
proteins in biological assays because it has a non-specific
affinity for amino acids. A nitrocellulose membrane was utilized
for the separation step in the early stage of SELEX because
the targets at that time were primarily proteins. However,
nitrocellulose membrane filtration-based SELEX has some
limitations, such as its incapability to bind small molecules and
peptides and the fact that it generally requires many selection
rounds. Affinity chromatography is one of the best methods for
the separation of biomolecules from a mixture. It has been widely
used for the purification of recombinant proteins via a specific
interaction between the target proteins and beads. In the binding
and separation process of SELEX, the library components
that possess affinity for the target can easily be selected by
immobilizing target molecules on beads, which can be used
to immobilize both proteins and small molecules (Song et al.,
2011). Thus, both small molecules and proteins can be utilized
for SELEX. The disadvantage of this method, however, is that
it requires an additional affinity tag or special functional group
to be added to the target molecules. Functionalized magnetic
beads are also utilized to immobilize the proteins or small
molecules via an electrostatic interaction or a covalent bond
between the affinity tag and the substrate on the beads. The
magnetic bead-based SELEX method recently attracted attention
because magnetic beads are an especially powerful tool due to
the easy and rapid isolation of target-immobilized beads with
a magnet (Joeng et al., 2009). In particular, because the library
bound to the target molecule can be easily separated from the
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unbound one through an external magnet, this method has been
commonly used to select a target-specific aptamer. To more
effectively select an aptamer, SELEX using a microfluidic or chip
system was developed (Ahmad et al., 2011). For example, the
DNA aptamer that specifically bound to neurotoxin type B was
selected after a single round of selection using a continuousflow magnetic activated chip-based separation device (Lou et
al., 2009). In addition, the screening of C-reactive protein (CRP)
specific aptamers has been automatically performed utilizing
a microfluidic system and magnetic beads conjugated with
CRP (Huang et al., 2010). Microfluidic chip-based SELEX is
regarded as a great tool for the selection of aptamers rapidly and
automatically.
Immunoassays, such as enzyme-linked immunosorbent
assay (ELISA) and the rapid diagnostic test (RDT), have been
commonly utilized to diagnose diseases in many clinical fields
due to their high sensitivity and specificity. These advantages are
very important for diagnostic applications, but they have several
limitations. Aptamers have the advantages of being stable at a
high temperature, cheap to develop and produce, and useful for
various applications. Based on these benefits, the antibodies in
ELISA and RDT can be replaced with aptamers (Vivekananda
and Kiel, 2006). Moreover, diagnostic sensor systems based on
aptamers have been reported using various analytical methods
including electrochemistry, colorimetry, fluorometry, and imaging.
For the successful diagnosis of diseases, sensitive, accurate
and rapid diagnostic methods are strongly required. To achieve
these requirements, electrochemical analysis has been applied,
and this method is called an electrochemical biosensor (Zhou
et al., 2009). It is an analytical technique that measures the
potential, current, and resistance of a sensing system to detect
or characterize biomolecules using electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), differential pulse
voltammetry (DPV), and so on. These electrochemical biosensor
methods have many advantages, such as high sensitivity and
selectivity, reproducibility, low cost, rapid response time, and
convenient functionalization of electrodes with aptamers. In
addition, various nanomaterials, such as gold nanoparticles
(AuNPs), are available to increase the sensitivity of the sensing
system; and diverse electroactive reporters can be used,
according to experimental conditions. Based on these benefits,
several electrochemical biosensors for the diagnosis of diseases
have been reported. As shown in Figure 4, Lee et al., developed
an electrochemical biosensor for engrailed-2 (EN2) based on
an aptamer and AuNPs in 2015 (Lee et al., 2015). This aptamerbased sensor (aptasensor) has a low detection limit (5.62 fM) and
good selectivity for EN2.
Colorimetry is an optical detection technique that uses
color changes. These changes are derived from the presence
of biomolecules, and the intensity of the changed color is
dependent on the concentration of interest. In this system,
AuNPs or polymers have often been utilized as indicators
because they cause color changes in specific conditions, such
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FIGURE 5 I Schematic illustration of colorimetric aptasensors using
gold nanoparticles. (A) AuNP aggregation by binding between the
aptamer and the target. (B) AuNP disaggregation occurs by binding
between the aptamer and the target.

FIGURE 4 I Detection of the target protein using an aptamer and gold
nanoparticle-deposited gold electrode. First of all, AuNPs are deposited
on the gold electrode, and then the target-specific aptamer is immobilized.
Target proteins bind to the aptamer, leading to an increase of surface
resistance. The image is adapted from (Lee et al., 2015).

as a high salt concentration (Song et al., 2012a). In particular,
AuNPs have been widely used in many assays because
highly negatively charged aptamers and their complementary
strands can protect positively charged AuNPs and are easily
immobilized onto the AuNPs’ surfaces via the thiol group (Figure
5). In 2010, a colorimetric aptasensor employing AuNPs for
oxytetracycline was reported (Kim et al., 2010). In addition, stripbased diagnostic tests are commonly designed using AuNPs. In
this type of study, the biomarkers interact with aptamer-AuNP
complexes, and then, these complexes are captured by other
aptamers on the strip pad. Finally, the aggregated AuNPs on the
strip can be observed by the naked eye
Another in vitro diagnostic application of aptamers is with
fluorescence-based detection techniques. Fluorescence
spectroscopy has become a powerful bioanalytical and
diagnostic tool in the past 20 years. The most commercially
successful application of fluorometry is luminescence
immunoassay, followed by the diverse applications of
fluorescence-activated cell sorting and other studies on the
functions of cells. Other exciting novel areas include fluorescence
correlation spectroscopy, which enables the detection of
single molecules. As these methods have high sensitivity, new
approaches based on aptamers have been reported to combine
the advantage of fluorometry with the high selectivity of the
aptasensor. In Li’s group, a FRET aptasensor for thrombin was
developed by combining graphene and a dye-labeled aptamer
(Figure 6) (Chang et al., 2010). This FRET aptasensor exhibits
high sensitivity and specificity for thrombin due to its high
fluorescence quenching efficiency, the electronic properties of
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FIGURE 6 I Schematic illustration of the graphene oxide FRET
aptasensor for thrombin. The image is adapted from (Chang et al., 2010)

graphene, and the quadruplex of the aptamer.
There are many applications of aptamers in diagnostics using
various analytical methods, such as surface-enhanced Raman
scattering, quartz crystal microbalance, and surface plasmon
resonance, in addition to those mentioned above (Song et al.,
2012b).

CONCLUDING REMARKS
In this review, we have focused on nucleic acid-based in vitro
diagnostics using various techniques, such as amplification,
sequencing, hybridization and specific interactions. Furthermore,
aptamer-based in vitro diagnostics were also introduced. The
importance of in vitro diagnostics is growing in accordance
with the popular demand to improve the quality of life. Through
the convergence of diverse systems, such as nanoparticles,
microelectromechanical systems, and electroanalytical systems,
superior techniques for in vitro diagnostics have recently been
developed. However, there are some challenges to be overcome,
such as the low specificity of biomarkers, the instability of the
targets, the occurrence of false-positive errors, and the lack of
clear correlations between some biomarkers and prognoses.
Furthermore, technical improvements, such as miniaturization
of the instrument, development of multi-detection system, and
design of fast screening reaction must be accomplished for the
fabrication of diagnosis devices. If these drawbacks are resolved,
nucleic acid-based in vitro diagnostics will become a general tool
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for early diagnosis encompassing all types of diseases.

149-162.

ACKNOWLEDGEMENTS

Ho, Y.K., Xu, W.T., and Too, H.P. (2013). Direct quantification of mRNA
and miRNA from cell lysates using reverse transcription real time PCR: a
multidimensional analysis of the performance of reagents and workflows.
PLoS ONE 8, e72463.

This work was supported by the National Research Foundation of Korea
(NRF- 2014029297) and a grant of the Korean Health Technology R&D
Project, Ministry of Health & Welfare, Republic of Korea (Grant number:
HI12C-1852-020014).
AUTHOR INFORMATION
The authors declare no potential conflicts of interest.

Original Submission: Feb 26, 2015
Revised Version Received: Mar 7, 2015
Accepted: Mar 10, 2015

REFERENCES

Huang, C.J., Lin, H.I., Shiesh, S.C., and Lee, G.B. (2010). Integrated
microfluidic system for rapid screening of CRP aptamers utilizing
systematic evolution of ligands by exponential enrichment (SELEX).
Biosens Bioelectron 25, 1761-1766.
Iliuk, A.B., Hu, L., and Tao, W.A. (2011). Aptamer in bioanalytical
applications. Anal Chem 83, 4440-4452.
Jayasena, S.D. (1999). Aptamers: An Emerging Class of Molecules That
Rival Antibodies in Diagnostics. Clin Chem 45, 1628-1650.
Joeng, C.B., Niazi, J.H., Lee, S.J., and Gu, M.B. (2009). ssDNA aptamers
that recognize diclofenac and 2-anilinophenylacetic acid. Bioorg Med
Chem 17, 5380-5387.
Kaleva, E., Saarakkala, S., Toyras, J., Nieminen, H.J., and Jurvelin, J.S.
(2008). In-vitro comparison of time-domain, frequency-domain and
wavelet ultrasound parameters in diagnostics of cartilage degeneration.
Ultrasound Med Biol 34, 155-159.

Ahmad, K.M., Oh, S.S., Kim, S., McClellen, F.M., Xiao, Y., and Soh, H.T.
(2011). Probing the limits of aptamer affinity with a microfluidic SELEX
platform. PLoS ONE 6, e27051.

Kim, Y.S., Kim, J.H., Kim, I.A., Lee, S.J., Jurng, J., and Gu, M.B. (2010). A
novel colorimetric aptasensor using gold nanoparticle for a highly sensitive
and specific detection of oxytetracycline. Biosens Bioelectron 26, 16441649.

Baxter, E.J., Scott, L.M., Campbell, P.J., East, C., Fourouclas, N., Swanton,
S., Vassiliou, G.S., Bench, A.J., Boyd, E.M., Curtin, N., Scott, M.A., Erber,
W.N., and Green, A.R. (2005). Acquired mutation of the tyrosine kinase
JAK2 in human myeloproliferative disorders. Lancet 365, 1054-1061.

Lee, S., Jo, H., Her, J., Lee, H.Y., and Ban, C. (2015). Ultrasensitive
electrochemical detection of engrailed-2 based on homeodomain-specific
DNA probe recognition for the diagnosis of prostate cancer. Biosens
Bioelectron 66, 32-38.

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

Li, W., and Ruan, K. (2009). MicroRNA detection by microarray. Anal
Bioanal Chem 394, 1117-1124.

Chan, M., Lee, C.W., and Wu, M. (2013). Integrating next-generation
sequencing into clinical cancer diagnostics. Expert Rev Mol Diagn 13,
647-650.
Chang, H., Tang, L., Wang, Y., Jiang, J., and Li, J. (2010). Graphene
Fluorescence Resonance Energy Transfer Aptasensor for the Thrombin
Detection. Anal Chem 82, 2341-2346.
Cissell, K.A., and Deo, S.K. (2009). Trends in microRNA detection. Anal
Bioanal Chem 394, 1109-1116.
Dati, F., Denoyel, G., and van Helden, J. (2004). European performance
evaluations of the ADVIA Centaur infectious disease assays: requirements
for performance evaluation according to the European directive on in vitro
diagnostics. J Clin Virol 30, S6-10.
Delaney, B.C., Hyde, C.J., McManus, R.J., Wilson, S., Fitzmaurice, D.A.,
Jowett, S., Tobias, R., Thorpe, G.H., and Hobbs, F.D. (1999). Systematic
review of near patient test evaluations in primary care. BMJ 319, 824-827.
Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., Rank,
D., Baybayan, P., Bettman, B., Bibillo, A., Bjornson, K., Chaudhuri, B.,
Christians, F., Cicero, R. et al. (2009). Real-time DNA sequencing from
single polymerase molecules. Science 323, 133-138.
Ellington, A.D., and Szostak, J.W. (1990). In vitro selection of RNA
molecules that bind specific ligands. Nature 346, 818-822.
Favaloro, E.J., Plebani, M., and Lippi, G. (2013). Regulation in hemostasis
and thrombosis: part I-in vitro diagnostics. Semin Thromb Hemost 39,
235-249.

Libermann, T.A., and Zerbini, L.F. (2006). Targeting transcription factors for
cancer gene therapy. Curr Gene Ther 6, 17-33.
Liu, X., Lan, O., Cai, X., Huang, Y., Feng, X., Fan, Q., and Huang, W.
(2013). An ultrasensitive label-free biosensor for assaying of sequencespecific DNA-binding protein based on amplifying fluorescent conjugated
polymer. Biosens Bioelectron 41, 218-224.
Lou, X, Qian, J, Xiao, Y., Viel, L., Gerdon, A.E., Lagally, E.T., Atzberger, P.,
Tarasow, T.M., Heeger, A.J., and Soh, H.T. (2009). Micromagnetic selection
of aptamers in microfluidic channels. Proc Natl Acad Sci USA 106, 29892994.
Meldrum, C., Doyle, M.A., and Tothill, R.W. (2011). Next-generation
sequencing for cancer diagnostics: a practical perspective. Clin Biochem
Rev 32, 177-195.
Palecek, E., and Bartosik, M. (2012). Electrochemistry of nucleic acids.
Chem Rev 112, 3427-3481.
Parquin, F., and Audry, A. (2012). Clinical evaluation of medical devices:
main constraints and specificities. Therapie 67, 311-318.
P o o n , L . L . , Wo n g , B . W. , M a , E . H . , C h a n , K . H . , C h o w, L . M . ,
Abeyewickreme, W., Tangpukdee, N., Yuen, K.Y., Guan, Y., Looareesuwan,
S., and Peiris, J.S. (2006). Sensitive and inexpensive molecular test for
falciparum malaria: detecting Plasmodium falciparum DNA directly from
heat-treated blood by loop-mediated isothermal amplification. Clin Chem
52, 303-306.
Renz, H. (2013). Advances in in vitro diagnostics in allergy, asthma, and
immunology in 2012. J Allergy Clin Immunol 132, 1287-1292.

Gerami, P., Jewell, S.S., Morrison, L.E., Blondin, B., Schulz, J., Ruffalo,
T., Matushek, P., Legator, M., Jacobson, K., Dalton, S.R., Charzan,
S., Kolaitis, N.A., Guitart, J., Lertsbarapa, T., Boone, S. et al. (2009).
Fluorescence in situ hybridization (FISH) as an ancillary diagnostic tool in
the diagnosis of melanoma. Am J Surg Pathol 33, 1146-1156.

Rodriguez, R.A. (1997). Use of the medical differential diagnosis to achieve
optimal end-stage renal disease outcomes. Adv Ren Replace Ther 4, 97111.

Gottlieb, S., and Woodcock, J. (2006). A regulatory perspective on in vitro
diagnostics. Nat Biotechnol 24, 927-929.

Song, K.M., Cho, M., Jo, H., Min, K., Jeon, S.H., Kim, T., Han, M.S., Ku,
J.K., and Ban, C. (2011). Gold nanoparticle-based colorimetric detection
of kanamycin using a DNA aptamer. Anal Biochem 415, 175-181.

Gueudin, M., Plantier, J.C., Lemee, V., Schmitt, M.P., Chartier, L., Bourlet,
T., Ruffault, A., Damond, F., Vray, M., and Simon, F. (2007). Evaluation of
the Roche Cobas TaqMan and Abbott RealTime extraction-quantification
systems for HIV-1 subtypes. J Acquir Immune Defic Syndr 44, 500-505.
Hazbon, M.H. (2004). Recent advances in molecular methods for early
diagnosis of tuberculosis and drug-resistant tuberculosis. Biomedica 24,

bdjn.org

Shimauchi, A. (1994). Japanese healthcare system: in vitro diagnostic
tests and reimbursements. Clin Chem 40, 1663-1667.

Song, K.M., Jeong, E., Jeon, W., Cho, M., and Ban, C. (2012a). Aptasensor
for ampicillin using gold nanoparticle based dual fluorescence-colorimetric
methods. Anal Bioanal Chem 402, 2153-2161.
Song, K.M., Lee, S., and Ban, C. (2012b). Aptamers and their biological
applications. Sensors 12, 612-631.

Bio Design l Vol.3 l No.1 l Mar 30, 2015 © 2015 Bio Design

39

Highly sensitive and selective in vitro diagnostics based on DNA probes and aptamers

Stankovic, A.K. (2007). Merger of in vivo and in vitro diagnostics: a new
paradigm. MLO Med Lab Obs 39, 60.
Surabattula, R., Vejandla, M.P., Mallepaddi, P.C., Faulstich, K., and
Polavarapu, R. (2013). Simple, rapid, inexpensive platform for the
diagnosis of malaria by loop mediated isothermal amplification (LAMP).
Exp Parasitol 134, 333-340.

Vivekananda, J., and Kiel, J.L. (2006). Anti-Francisella tularensis DNA
aptamers detect tularemia antigen from different subspecies by AptamerLinked Immobilized Sorbent Assay. Lab Invest 86, 610-618.
Voelkerding, K.V., Dames, S.A., and Durtschi, J.D. (2009). Next-generation
sequencing: from basic research to diagnostics. Clin Chem 55, 641-658.

Syed, M.A., and Pervaiz, S. (2010). Advances in aptamers. Oligonucleotides 20, 215-224.

Ward, E., Foster, S.J., Fraaije, B.A., and McCartney, H.A. (2004). Plant
pathogen diagnostics: immunological and nucleic acid-based approaches.
Ann Appl Biol 145, 1-16.

Tomita, N., Mori, Y., Kanda, H., and Notomi, T. (2008). Loop-mediated
isothermal amplification (LAMP) of gene sequences and simple visual
detection of products. Nat Protoc 3, 877-882.

Weile, J., and Knabbe, C. (2009). Current applications and future trends
of molecular diagnostics in clinical bacteriology. Anal Bioanal Chem 394,
731-742.

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

Wians, E.H. (2009). Clinical Laboratory Tests: Which, Why, and What Do
The Results Mean? Labmedicine 40, 105-113.

Turner, A.P., Chen, B., and Piletsky, S.A. (1999). In vitro diagnostics in
diabetes: meeting the challenge. Clin Chem 45, 1596-1601.
Vasoo, S., and Pritt, B.S. (2013). Molecular diagnostics and parasitic
disease. Clin Lab Med 33, 461-503.

40

Bio Design l Vol.3 l No.1 l Mar 30, 2015 © 2015 Bio Design

Zeren, B., and Oztekin, H.H. (2006). A new self-diagnostic test for biceps
femoris muscle strains. Clin J Sport Med 16, 166-169.
Zhou, M., Zhai, Y., and Dong, S. (2009). Electrochemical Sensing and
Biosensing Platform Based on Chemically Reduced Graphene Oxide. Anal
Chem 81, 5603-5613.

bdjn.org

