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Preface

MicroRNAs (miRNAs) are a kind of short noncoding RNAs that regulate gene
expression by translational repression or degradation of messenger RNA. They
play important roles in many cellular processes, including development, prolif-
eration, differentiation and apoptosis. Particularly, aberrant miRNAs expressions
have been proposed to be related to various pathological processes such as cancer,
diabetes, cardiovascular disease and other illnesses. Therefore, establishment of an
accurate and reliable miRNA expression profile is significant for the investigation
of biological processes in health and disease and for exploring their potential as
novel diagnostic and prognostic biomarkers and drug targets.

In recent years, due to tremendous expansion of analytical techniques and capa-
bility, the scope of miRNA detection has also been widened. A detailed descrip-
tion of covering all detection strategies is beyond the scopes of this book. The
book presented is an attempt to describe the significant and emerging research
effort being done in the miRNA detection, focusing on the potential clinical appli-
cation. The miRNA biogenesis, function, regulation and mechanism of action, as
well as the challenges for miRNA detection, are briefly described first in Chap. 1.
In Chap. 2, special attention is given to the miRNAs pathological function and
potential clinic diagnostics indicating their advantages as well as their shortcom-
ings. We then present an overview of various techniques and methods currently
used to detect miRNAs. The conventional techniques used for miRNA detection,
including standard PCR, Northern blotting and microarray, are critically addressed
in Chap. 3.

Subsequently, the most innovative techniques in miRNA detection and quan-
tification with superior flexibility and adaptability were presented in Chaps. 4-6
according to different detection techniques based on electrochemical, optical or
other signal detection. These chapters are focusing on nanotechnology techniques,
novel molecular biological techniques, enzyme-assisted approaches, capillary
electrophoresis methods, etc.

The latest development of clinical-related miRNA detection methods in living
cell, circulating blood and tissue including in situ hybridization (ISH) and molecu-
lar imaging techniques are reported in Chap. 7. The advantages and deficiency of
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various detection techniques in this fast moving field along with the challenge and
new directions are proposed in Chap. 8.

The book summarizes most of the significant miRNAs-related detection tech-
niques in a single resource. It is our hope the book will be useful for readers to
understand miRNA biogenesis, function and mechanism of action, assisting and
enriching readers to understand the various types of miRNA detection available or
under development, as well as their potential application in future clinical study. It
should be of broad interest for academic and scientific communication worldwide.

We would like to express our sincere appreciation to all the authors who have
taken part in this project and written wonderful chapters adding depth and value to
the book, and express our sincere gratitude to our editor June Tang who helped us
get through the project successfully. Special thanks to the support from National
Natural Science Foundation of China, China Postdoctoral Special Foundation
and Ph.D. Programs Foundation of Ministry of Education of China and the
Fundamental Research Funds for the Central Universities.

Xueji Zhang
Haifeng Dong
Yaping Tian
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Chapter 1
Introduction

Abstract microRNAs (miRNAs) are a class of nonprotein coding RNAs, which
play a significant regulated role in a diverse groups of animals, plants, and viruses.
The formation of miRNAs is a multiple-step biogenesis process. There have
been identified more than 1800 precursors and more than 2500 mature miRNA
sequences for the human species, regulating more than two-thirds of genes that
code functional proteins. Therefore, miRNAs are promising biomarkers for diag-
nosis and prognosis of the onset of disease states, providing an attractive path-
way in gene therapy for genetic disorders and potential drug targets. However, the
detection of miRNA involves great changes due to the characteristics of miRNA
including small size, low abundance, and sequence similarity among family mem-
bers. Besides traditional miRNA detection strategies such as Northern blotting,
microarrays, and quantitative RT-PCR (qRT-PCR), various emerging methods
including nanomaterials, molecular biological techniques, and surface plasmon
resonance (SPR) novel probe design techniques-based miRNA detection are con-
tinuously explored for miRNA detection.

Keywords miRNA biogenesis + miRNAs biological functions < Challenges of
detection + Conventional detection strategies + Emerging detection strategies

1.1 miRNA Biogenesis

Mature microRNAs (miRNAs) are a class of single-stranded short (approximately
19-23 nucleotides), evolutionally conserved and nonprotein coding RNAs. They
can act as posttranscriptional negative regulators of gene expression by binding to
messenger RNAs (mRNAs) in a diverse group of animals, plants, and viruses
[1, 2]. The formation of miRNAs is a multiple-step biogenesis process. Typically,
miRNAs are initially transcribed by RNA polymerase II with some miRNAs being
used by RNA polymerase III to generate 1-3 kb long primary miRNAs (Pri-
miRNA) with one or more hairpin structures (Fig. 1.1) in the cell nucleus from

© The Author(s) 2015 1
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Fig. 1.1 miRNA biogenesis

and function (see Footnote 1).
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intragenic or intergenic regions [3]. Subsequently, these Pri-miRNA are capped,
polyadenylated, and then cleaved in the nucleus by the RNase III enzyme Drosha
and a double-stranded RNA-binding protein Pasha (DiGeorge Syndrome Critical
Region 8 Protein), in order to generate a 70-100 nucleotides precursor miRNA
(pre-miRNA) with stem-loop structures [4, 5]. The pre-miRNA can also be alter-
natively generated from very short introns as a result of splicing [6]. The pre-miR-
NAs are then translocated into the cytoplasm by the nuclear receptor Exportin-5
and RanGTP, where they are further processed into a 19-24 nucleotides short
miRNA duplex by the RNase-III enzyme Dicer [7]. The dissociation of the duplex
gives rise to a mature miRNA molecule incorporated into an Argonaute protein,
forming an RNA-induced silencing complex (RISC) to regulate gene expression
The ‘passenger’ miRNA strand is often degraded or plays a regulated role in
miRNA homeostasis or downstream transcription [8, 9]. The RISC complex can
modulate gene expression via perfect or imperfect base pairing to the 3’-untrans-
lated region of the target mRNAs to induce target mRNA degradation or transla-
tional repression [10, 11].!

1.2 Biological Functions of miRNAs

The importance of miRNA can be demonstrated by the fact that the miRBase data-
base (miRBase 20: http://www.mirbase.org/) identified more than 1800 precur-
sors and more than 2500 mature miRNA sequences for the human species to date,
which regulates more than two-thirds of genes that code functional proteins [12].

Xueji Zhang, Haifeng Dong and Yaping Tian contributed together to this chapter.
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Notably, due to imperfect matching between the miRNA and its target, one
miRNA may regulate hundreds of mRNAs and, as a result, may substantially
affect gene expression networks [13]. The miRNA biology is a complex and
appears as a highly orchestrated mode of gene regulation network. Thus, miRNAs
that individually target various mRNAs whose protein products contribute to one
particular regulatory axis can be used for combinatorial regulation due to the mul-
tiplicity of miRNA targets [14].

miRNAs play important roles in various biological processes including early
development [15], cellular differentiation [16], proliferation [17], apoptosis [18],
developmental timing [19], and hematopoiesis [20]. They are also associated with
diverse cellular activities such as immune response [21], insulin secretion [22],
neurotransmitter synthesis [23], circadian rhythm [24], and viral replication [25].
Excellent observations demonstrate that aberrant expression of miRNAs are impli-
cated to a variety of human diseases and disorders, such as neurodegenerative dis-
eases [26], heart diseases [27], diabetes [28], kidney diseases [29], liver diseases [30],
and altered immune system function. [21] Numerous studies have reported that miR-
NAs are aberrant expression markers in cancer cells. It was discovered that miRNAs
could act as both tumor suppressors or oncogenes in human cancer [31, 32]. Thus,
miRNA expression profiles are emerging as promising biomarkers for diagnosis and
prognosis of the onset of disease states [33] and provide an attractive pathway in
gene therapy for genetic disorders [34] and potential drug targets [35].

1.3 Challenges of miRNA Detection

In order to understand the functions of miRNAs and enable the use of miRNAs
or miRNA in clinical practice for diagnosis or prognosis, an essential step is to
develop efficient and reliable detection strategies. However, the unique charac-
teristics of miRNA such as small size, low abundance, and sequence similarity
among family members make miRNA profiling a challenging endeavor. Briefly,
the problems are the small size of miRNA and sensitivity of the assay. The small
size of miRNAs makes the polymerase chain reaction (PCR) or hybridization inef-
ficient in miRNA analysis. The lengths of primers in conventional PCR are similar
to miRNAs, which require very short primers in assay design, leading to very low
oligonucleotide annealing temperature and inefficiency of PCR [36, 37]. The low
melting temperature decreases the hybridization stringency and sharply increases
the cross-hybridization risk. The cellular miRNAs concentration can be as low as
a few molecules per cell, representing only a small fraction (ca. 0.01 %) of the
mass in the total RNA sample [38], which requires an assay with high sensitivity.
The high sequence similarity among homogeneous members makes the specific
and sensitive detection more difficult. The different expression level of miRNAs
among cells require miRNA assay with wide dynamic range, while multiplicity
of miRNA needs an miRNA assay detecting multiple miRNA simultaneously.
For intracellular or in situ detection, when sample is a mixture of pre-and mature
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miRNA, the nonspecific hybridization to pre-miRNA can lead to a false positive
signal for expression levels of mature miRNA. Efficient noninvasive monitor-
ing approaches are of urgent need to provide detailed spatial expression patterns
for specific miRNAs in vivo. Taken together, facile, high selective and sensitive
miRNA analysis strategies that can effectively implement miRNA expression pro-
file and feasibly be applied to in situ detection are still in demand.

1.4 miRNA Detection Methods

Currently, a wide range of approaches are explored for miRNA profiling. The
traditional strategies including Northern blotting, microarrays, and quantitative
RT-PCR (qRT-PCR) as well as emerging methods such as nanomaterials, molec-
ular biological techniques, and surface plasmon resonance (SPR) novel probe
design techniques-based miRNA detection are briefly discussed in the section. It is
important to point out that sample processing and RNA extraction methods have a
substantial impact on the results of miRNA profiling regardless of different meth-
ods. The preparation and miRNA extraction methods are of critical importance in
miRNA detection.

Generally, when Northern blotting, microarrays, and quantitative qRT-PCR
are employed for miRNA profiling, numerous technical variants are needed to
improve the performance due to the unique characteristics of miRNA. Northern
blotting is used to identify and quantify specific miRNAs in profiling studies [13].
However, this method generally needs hundreds of micrograms of total RNA as
starting material, and often fails to detect low abundant miRNAs [39]. miRNA
microarrays are often used as screening tools rather than as quantitative assay plat-
forms due to low sensitivity and relatively narrow dynamic range. To date, qRT-
PCR is the gold-standard of miRNA detection. It possesses the wide dynamic
range, high accuracy, and can easily provide absolute miRNA quantification.
However, it suffers from expensive instrument and throughput issues [40, 41].

Besides the conventional quantification strategies reported above, a number of
emerging assays have been recently reported. The progress of nanotechnology and
nanoscience holds great promise in detection of miRNA with high sensitivity and
selectivity. The unique optical, electronic, and catalytic properties of nanomate-
rials facilitate translating of the biorecognition events into an electrochemical or
spectroscopic response. They possess high surface areas for improved mass trans-
port and high loading of receptor molecules for synergistic amplification of the
target response. In electrochemical miRNA detection, the properties of nanoma-
terials lead to less amount of sample, shorter detection time, and less labor-cost
while increasing sensitivity, specificity, and simplicity [42, 43]. The outstanding
optical properties of nanomaterials are valuable for the development of sensing
optical strategies. For instance, gold nanoparticles (AuNPs) and carbon-containing
nanoparticles have outstanding fluorescence quenching efficiency, allowing their
implementation in fluorescence recovery strategies. Silver nanoclusters (AgNCs)
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and quantum dots (QDs) can be used to develop fluorescence resonance energy
transfer (FRET) strategies, due to their bright and stable fluorescence. Various
nanomaterials have been used as carriers or tracers, catalysts, electronic conduc-
tors, and optical emitters, to amplify detection signal and stabilize recognition
probes in the detection of miRNA.

Molecular-biology-based methods involve enzymatic reactions for signal gen-
eration and amplification including target amplification, probe amplification, or
signal amplification strategies. Target amplification, such as thermal cycled PCR
and isothermal target amplification methods include helicase-dependent amplifica-
tion (HDA), strand displacement amplification, loop-mediated isothermal amplifi-
cation (LAMP), and recombinase polymerase amplification (RPA). They provide a
103-10°-fold amplification of a nucleic acids fragment to achieve high target con-
centration for detection using conventional approaches. The probe amplification
strategies are a replication of the probe sequence while keeping the amount of the
remains the same, such as rolling circle amplification (RCA). Another technique
that improves LOD is signal amplification using a target rather than the sequence
to trigger amplifications by chemical approaches.

The expansions of emerging analytical technologies lead to their broad appli-
cations in miRNA detection. Examples such as SPR, surface enhanced Raman
scattering (SERS), capillary electrophoresis (CP), and inductively coupled plasma
mass spectrometry (ICP-MS) are continuously explored in miRNA detection.
Each approach has its relative strengths and deficiency, thus researchers should
figure out a balance of cost, precision, accuracy, and sample quantity to make their
choice based on the given application.
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Chapter 2
miRNA Biology in Pathological Processes

Abstract miRNAs are small (~22 nucleotides) noncoding RNAs, highly conserved
in both plants and animals, which mainly function in posttranscriptional regula-
tion through directly degrading target mRNAs or inhibiting the translation. In other
words, the final roles of miRNAs are mediated by the regulation of their target
genes, which are involved in a series of important pathophysiological events, such
as embryonic development, metabolism, cell proliferation and differentiation, tumo-
rigenesis, immune defense, etc. According to their roles as a disease driving force
or accompanying feature, miRNAs could be used as molecular therapeutic targets
or potential diagnostic/prognostic biomarkers, respectively. Here, we review the lat-
est discoveries of miRNAs alteration involved in common human diseases and dis-
cuss their roles in diseases initiation and progression. On the basis of the increasing
knowledge on miRNAs, it could be inferred that we might be able to precisely mod-
ulate the tissue or cell-specific miRNA levels and this would lead to a new revolu-
tion in medical treatment in the future.

Keywords Small noncoding RNAs - miRNAs biogenesis * Pathological processes -
Inherited disease + Cancer initiation and progression * Cardiovascular disease °
Diabetes mellitus

miRNA genes, located in intergenic regions as independent units or in introns
of host genes, are generously transcribed by RNA polymerase II (Pol II). The
resulting transcripts, named primary miRNAs (pri-miRNAs), are cleaved by
“Microprocessor complex,” which is mainly formed by the DiGeorge syndrome
critical region 8 (DGCRS) and the enzyme Drosha. The corresponding products,
often termed as precursor miRNAs (pre-miRNAs), are then exported out of the
nucleus by the nucleocytoplasmic shuttler Exportin-5. In the cytoplasm, pre-
miRNAs are further cleaved by the RNase Il enzyme Dicer to form an imper-
fect miRNA: miRNA* duplex, which are about 22 nucleotides in length. Although
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either strand of the duplex might be functional miRNA, it must be incorporated
into the RNA-induced silencing complex (RISC) to fulfill its function.

Due to the common features shared by miRNA genes and traditional DNA
genes, it could be inferred that the regulating miRNAs might be regulated as well.
Indeed, many miRNA genes could be transcriptionally regulated or posttranscrip-
tionally edited, just like traditional genes. This expands the diversity and scope
of miRNA function beyond that implicated from just the genome. Therefore,
miRNA genes could be expressed in a time and tissue/cell-specific way under fine-
tunings. It presents a new regulation layer of gene expression, which ensures that
the body could make a rapid and accurate response to various external stimuli.
Given that the expression of each individual miRNA is under strict regulation, the
altered expression of certain miRNAs plays an important role in human diseases.
Specifically, the expression changes could be induced by gene abnormalities, tran-
scriptional or posttranscriptional alteration. Due to the limited space of this book,
we mainly discuss the relationship of miRNAs with common diseases, such as
inherited diseases, cancer, vascular diseases, diabetes, and so on.

2.1 miRNAs in Inherited Diseases

The first miRNA, named Lin-4, was discovered by Ambrosin Caenorhabditis ele-
gans in 1993 [1]. He found that Lin-4 is essential for the normal temporal control
of diverse postembryonic developmental events in C. elegans. Specifically, adult
Lin-4 loss-of function mutants lack many adult structures and they cannot lay eggs
because of a failure to develop a vulva, so the eggs accumulate within their bodies
[2]. Similarly, it could be inferred that some miRNA mutations might be involved
in human inherited diseases due to the dysregulation of their targets. Until now,
many hereditary diseases have been found to be caused by germline abnormalities
in miRNA or miRNA-related genes [3].

2.1.1 Hereditary Deafness Caused by Mutations
of miRNA-96 Gene

Growing evidence has demonstrated that both the mutations in certain miRNA
genes and the duplication or deletion of miRNA genes could cause human inher-
ited diseases. Although rare, several human single-gene disorders, which are
associated closely with point mutations in miRNA genes have been reported till
date. These mutations alter the subsequent processing and target recognition of
the miRNAs. The first study of a Mendelian disorder that is associated with muta-
tions in an miRNA gene is reported by Mencia et al. [4]. They found that point
mutations in the seed region of miR-96, an miRNA expressed in hair cells of the
inner ear, are responsible for nonsyndromic progressive hearing loss. According
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to the literature, miRNA-96 is a member of the miRNA-183 family (miRNA-
183, miRNA-96, and miRNA-182), which is expressed abundantly in specific
types of sensory cells and is required for the physiological development of sen-
sory hair cells [5—7]. The identified mutations are located in the seed region of
miRNA-96, which indicate that the mutations result in either the loss of regulation
of genes targeted by wild-type miRNA-96 or acquired repression of genes targeted
by the mutant miRNA-96, or both. Interestingly, a recent study has found a novel
mutation in the seed region of miRNA-96* in an Italian family with autosomal
dominant hearing loss [8]. These studies have shown that point mutations in the
miRNA-96 gene might play pivotal roles in severe hereditary deafness through
affecting the physiological development of sensory hair cells.

2.1.2 Familial Keratoconus with Cataract Due to Mutations
of the miRNA-184 Gene

The second example of a human disease that is closely related to mutations in the
seed region of an miRNA gene is familial keratoconus with cataract. Hughes and
colleagues identified a heterozygous C-to-T transition within the seed region of
miRNA-184 by deep sequencing of a linkage region known to contain the muta-
tion [9]. The same point mutation was reported subsequently by another group
using bidirectional sequencing [10]. The report suggested that the single-base-pair
substitution in the seed region of miRNA-184 is responsible for the correspond-
ing disease phenotype. Recently, two novel heterozygous substitution mutations
in miRNA-184 were identified in two patients with isolated keratoconus: miRNA-
184(4+8C>A) and miRNA-184(+3A>G) [11]. Computational modeling predicted
that these mutations would be involved in pathogenesis by altering the miRNA-
184 stem-loop stability and secondary structure.

2.1.3 Congenital Malformations Induced by Deletion
of the miRNA-17~92 Cluster

In addition to miRNA gene mutations, the duplication, deletion, or inversion of
miRNA genes could cause also human inherited diseases. The gene regions that
are altered in individuals with chromosomal abnormalities sometimes harbor
both protein-coding genes and miRNA genes [12, 13]. Although previous stud-
ies mainly focused on the roles of protein-coding gene changes in diseases, the
aberrant expression of miRNAs might cause some of the diseases. Here, one
example of disease with chromosomal abnormalities that is associated with
the dysregulation of miRNAs is introduced as the representative. In 2011, de
Pontual and colleagues reported the identification of germline hemizygous dele-
tions of miRNA17HG; encoding the miRNA-17~92 polycistronic miRNA cluster,
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in individuals with microcephaly, short stature, and digital abnormalities [14].
Through the establishment of a mouse model, they demonstrated that insufficiency
of miRNA-17~92 is responsible for these developmental abnormalities. It is the
first example of an miRNA gene responsible for a syndromic developmental defect
in humans.

2.1.4 Other Inherited Diseases Closely Related to miRNA
Alterations

Besides, many other miRNAs have been reported to be associated with inher-
ited diseases, such as Down’s Syndrome, Duchenne muscular dystrophy, meth-
ylmalonic acidemia, familial non-medullary thyroid cancer, and others [15-18].
Among these, although the microRNA genes are normal, their expression levels
could change significantly during pathogenesis and progression.

Interestingly, the various mutations of miRNA processing enzymes or cofac-
tors, including Drosha, DGCRS, Exportin-5, Dicer, TRBP, and AGO2, result in
the reduced efficiency of miRNA processing, which could also lead to human dis-
eases. For example, haploinsufficiency of the DGCRS gene, induced by hemizy-
gous microdeletions of the 22q11.2 locus, could contribute to the behavioral and
cognitive deficits observed in DiGeorge syndrome [19]. Given that mutations in
miRNA genes could induce human inherited diseases, it can be inferred that the
variants with different miRNA-binding sites in the 3°’UTRs of target mRNAs are
also associated with diseases. In this regard, Simon and colleagues have found that
a mutation in the miRNA-433 binding site of the HDAC6 gene is associated with
X-linked dominant chondrodysplasia [20].

2.2 miRNAs in Cancer

Both miRNAs and cancer are very hot and ever-changing fields of biomedi-
cal research. Growing evidence has shown that miRNAs play pivotal roles in the
whole process of cancer development, including tumor initiation, progression,
metastasis, and even the final outcome. Generously, miRNAs repress the expres-
sion of target genes through reducing the mRNA stability or inhibiting the follow-
ing translation. It is estimated that about two-thirds of all protein-coding genes
could be targeted and then regulated by miRNAs. These targets include genes that
mediate different stages of tumorigenesis, such as inflammation, cell cycle regula-
tion, stress response, differentiation, apoptosis, invasion, metastasis, and so on. On
the other hand, it is not unexpected that miRNAs are involved in various aspects
of cancer through the regulation of oncogenes and tumor suppressor genes. In
this regard, cancer-related miRNAs could be divided into two kinds depending on
their functions, namely the onco-miRNAs which inhibit tumor suppressor genes
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and tumor suppressor miRNAs which inhibit oncogenes. Therefore, the mutation
or dysregulation of miRNAs could play important roles in tumor initiation and
development.

2.2.1 Genetic Changes of miRNAs in Cancer

Single nucleotide polymorphisms (SNPs) have been identified in many protein-
coding genes and some of these variants have been found to be associated with
cancer risk [21, 22]. It is not unexpected that the SNPs could be closely related
to cancer risk or even prognosis. One of the most recent examples of miRNAs
SNPs in cancer is the miRNA-196a2 SNP rs11614913. Du and colleagues found
that the CC genotype was associated with the significantly decreased expression
of miRNA-196a-5p in some renal cell cancer (RCC) tissues. Moreover, luciferase
reporter assays revealed that this SNP could potentially affect the binding effi-
ciency of miRNA-196a-3p to its targets. It showed that this SNP may contribute
to the genetic susceptibility and prognosis for RCC, which may act as a biomarker
for RCC occurrence and prognosis [23]. Similarly, other SNPs within miRNA
genes could be associated with cancer risk as well. For instance, a single SNP
in the miRNA-499 gene is closely related to the risk of various cancers includ-
ing breast cancer, squamous cell carcinoma of the head and neck, and hepatocel-
lular carcinoma [24-27]. However, further study is needed to elucidate the detailed
mechanisms.

In addition, point mutations could also be associated with cancer risk. Using
miRNA-16-1 as an example, in 2005, a germline point mutation in the miRNA-
16-1-miRNA-15a primary precursor, which caused low levels of miRNA expres-
sion in vitro and in vivo, was identified in patients with chronic lymphocytic
leukemia (CLL) [28]. This suggested that the mutations in miRNA transcripts are
common and may have functional importance. Aside from SNPs and point muta-
tions, the most common chromosomal abnormality identified in CLL is deletion
of 13q14.3, which could cause both hemizygous and homozygous loss [29]. This
was also found in other tumors, including multiple myeloma, diffuse large B-cell
lymphoma (DLBCL), and prostate cancer, which suggests that this region harbors
tumor suppressor genes [30-32]. Combining with mouse models, Klein and col-
leagues found that miRNA-15a/16-1-deletion could accelerate the proliferation of
both human and mouse B cells by modulating the expression of genes controlling
cell-cycle progression [33].

Interestingly, SNPs within miRNA binding sites could be a novel genre of can-
cer biomarkers as well. Given that miRNA regulation is dependent on sequence
complementarity between the target mRNA and miRNA seed region, it can be
inferred that even single nucleotide alterations have significant effects. In recent
years, many examples of such functional SNPs within the miRNA binding site
have been identified as cancer biomarkers [34]. For instance, Dzikiewicz and col-
leagues found that variant alleles of TLX1_rs2742038 and ETV6_rs1573613 were
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associated with increased risk of childhood ALL, while PML_rs9479 was asso-
ciated with decreased ALL risk. Using luciferase reporter assays, it was revealed
that SNPs within an microRNA-binding site could modulate leukemia risk by
interfering with the miRNA-mediated regulation [35].

2.2.2 Alterations of miRNAs Expression in Cancer

As reported by many studies, miRNAs play more and more important roles in
the whole process of tumor development, such as cancer initiation, progression,
metastasis, and so on. Here, we will take some typical examples to illustrate the
specific mechanisms involved in various steps of cancer development: For the first
step, miRNAs expression might be associated with carcinogenesis. Through gPCR
detection, Wang and colleagues found that miRNA-185 expression decreased in
human breast cancer tissues compared with healthy tissue controls. In addition,
upregulation of miRNA-185 could inhibit breast cancer cell proliferation and inva-
sion and vice versa. Using bioinformatics techniques and a dual luciferase reporter
system, they found that miRNA-185 was shown to bind to the 3’-untranslated
region (UTR) of vascular endothelial growth factor a (Vegfa), which was found to
be high in human breast cancer tissues [36]. Coincidentally, Zhang and colleagues
revealed that miRNA-125b is abundantly expressed in both human and mouse,
particularly at early stages of malignant progression to squamous cell carcinoma
(SCC). Through further molecular and genetic analysis of miRNA-125b targets,
they uncovered new insights underlying miRNA-125b’s oncogenic function. On
the one hand, miRNA-125b directly represses stress-responsive MAP kinase genes
and associated signaling. On the other hand, it indirectly prolongs activated (phos-
phorylated) EGFR signaling [37]. These findings suggested that miRNAs could be
associated with cancer initiation by targeting key molecules of cell proliferation
and differentiation pathways.

For the second step, accumulating evidence has indicated that miRNAs act as
critical regulators in tumor progression. Recently, Wang and colleagues reported
that miRNA-199a-3p was significantly upregulated in gastric cancer (GC) cell
lines and tissues. Functional studies demonstrated that miRNA-199a-3p dramati-
cally increased cell proliferation and suppressed cell apoptosis both in vitro and
in vivo by targeting the transcriptional regulator zinc fingers and homeoboxes
1 (ZHX1) [38]. Similarly, Zhang and colleagues reported that miRNA-214
was overexpressed in nasopharyngeal carcinoma (NPC) cell lines and tissues.
Silencing of miRNA-214 by LNA-antimiRNA-214 in NPC cells resulted in pro-
moting apoptosis and suppressing cell proliferation in vitro, while it suppressed
tumor growth in nude mice in vivo. In addition, Bim was identified as a direct tar-
get of miRNA-214 by luciferase reporter assay [39]. This suggested that miRNAs
could be associated with cancer progression by regulating key molecules of cell
proliferation and apoptosis pathways.
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For the third step, angiogenesis is a fundamental characteristic of cancer and
is necessary in its multi-step progression. Although evidence for arsenite-induced
lung cancer in humans is strong, the molecular mechanisms by which arsenite
causes cancer remain to be established in practice. During a recent investigation,
Zhao and colleagues evaluated the mechanism for arsenite-induced angiogenesis.
They found that the knockdown of miRNA-21 could prevent tumors, which were
formed from human bronchial epithelial (HBE) cells transformed by arsenite,
from developing new blood vessels. Furthermore, downregulation of miRNA-21
in human umbilical vein endothelial cells (HUVEC) might inhibit the arsenite-
induced increases of VEGF levels, which promotes angiogenesis. Thus, it is con-
cluded that miRNA-21 could mediate tumor angiogenesis induced by arsenite
[40]. Additionally, Kumar and colleagues demonstrated that ectopic expression
of miRNA-34a in head and neck squamous cell carcinoma (HNSCC) cell lines
significantly inhibited tumor cell proliferation, colony formation, and migration.
Through an SCID mouse xenograft model, they found that ectopic expression of
miRNA-34a also significantly inhibited tumor growth and tumor angiogenesis,
which is mediated by blocking VEGF production as well as directly inhibiting
endothelial cell functions [41]. This suggested that miRNAs could be associated
with cancer initiation and progression by targeting key molecules in angiogenesis.

Finally metastasis, which can be regulated by miRNAs, causes most cancer
deaths. Comparing the expression of miRNAs in metastatic and nonmetastatic
primary mouse sarcomas, Sachdeva and colleagues found that miRNA-182 was
markedly overexpressed in some tumors that metastasized to the lungs. By utiliz-
ing genetically engineered mice, they discovered that deletion of miRNA-182 sub-
stantially decreased, while overexpression of miRNA-182 considerably increased
the rate of lung metastasis. Moreover, overexpression of miRNA-182 increased
circulating tumor cells (CTCs), while deletion of miRNA-182 decreased CTCs,
suggesting that miRNA-182 regulates invasion of cancer cells into the circulation.
They identified four miRNA-182 targets that inhibit either the migration of tumor
cells or the degradation of the extracellular matrix [42]. In addition, Wang and col-
leagues demonstrated that miRNA-133a expression negatively correlates with cell
invasiveness in both transformed normal bronchial epithelial cells and lung can-
cer cell lines. miRNA-133a can inhibit cell invasiveness and cell growth through
suppressing the expressions of three oncogenic receptors, including insulin-like
growth factor 1 receptor (IGF-1R), TGF-beta receptor type-1 (TGFBR1), and epi-
dermal growth factor receptor (EGFR) [43]. These results demonstrate that a sin-
gle miRNA can regulate metastasis by coordinated regulation of multiple genes.

2.3 miRNAs in Cardiovascular Development and Disease

Cardiovascular disease is the leading cause of morbidity and mortality in devel-
oped countries and its incidence has increased gradually in developing countries.
The implications of miRNAs in the pathological mechanism of cardiovascular
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disease have widely been recognized, and research on their relationship has now
become one of the most rapidly evolving fields. Many studies have demonstrated
that miRNAs are abnormally expressed in the cardiovascular system under some
pathological conditions. Using in vitro and in vivo models, both gain- and loss-of-
function studies have revealed various roles for specific miRNAs in cardiovascular
development, and physiological processes. Here, we review the latest studies that
show the association of miRNAs with different aspects of cardiovascular disease.

2.3.1 miRNAs in Cardiovascular Development

Previous studies indicated that miRNAs play pivotal roles in proper cardiac devel-
opment. However, their specific temporal and spatial functions during organogene-
sis are largely unknown. The results of inhibition of miRNA expression have been
tested by deletion of Dicer, which is the essential RNase for miRNA biosynthe-
sis. Interestingly, using Cre recombinase under control of cardiac regulatory DNA
sequences to achieve cardiac deletion of Dicer could result in lethality at differ-
ent developmental stages; which depends on the temporal expression pattern of the
Cre transgene [44, 45]. Similarly, using a tamoxifen-inducible Cre recombinase to
delete Dicer in the adult heart could cause heart failure and death [46]. Although
these reports verify the importance of miRNAs in heart development and function,
it is still unclear which miRNAs play decisive roles in the process.

miRNA-1, which is highly conserved from fruit flies to humans, was the first
miRNA to be implicated in heart development. Interestingly, miRNA-1 and
miRNA-133 are generated from a common bicistronic transcript in vertebrates,
whereas these miRNAs are transcribed separately in invertebrates. Research on
embryonic stem (ES) cells has revealed roles for miRNA-1 and miRNA-133 in the
specification of mesodermal cell fates. However, miRNA-1 and miRNA-133 have
opposite effects on the differentiation of muscle lineages: miRNA-1 promotes dif-
ferentiation of ES cells toward a cardiac fate, whereas miRNA-133 inhibits the
process. It is has been suggested that miRNA-1 exerts its effects by targeting the
Notch ligand Delta-like (DII-1) [47]. Both miRNA-1 and miRNA-133a could reg-
ulate the fundamental aspects of cardiac growth and development. Furthermore,
miRNA-1 could control cardiac rhythm and remodeling through modulating
numerous ion channels involved in cardiac conduction.

Additionally, many other miRNAs have been found to be involved in cardiac
development. For example, miRNA-138 is specifically expressed in the ventricu-
lar chamber of the zebrafish heart and plays pivotal roles in the control of car-
diac patterning. Some research has shown that miRNA-138 plays similar roles in
patterning of the mammalian four-chambered heart because it is conserved from
zebrafish to human [48]. This will be interesting to investigate in future studies. In
addition, although miRNA-143/145 has different sequences, they are transcribed
as a bicistronic unit. These miRNAs are cardiovascular-specific miRNAs and play
key roles in modulating vascular smooth muscle cell (VSMC) phenotypes between



2.3 miRNAs in Cardiovascular Development and Disease 15

differentiated, proliferative, or migratory states in response to vascular injury or
growth factor signaling [49]. Specifically, both miRNA-143 and 145 could target
various genes involved in the regulation of SRF activity and actin dynamics to pro-
mote differentiation, repress proliferation of VSMCs, and modulate cytoskeletal
assembly and dynamics [50, 51].

Despite current progress in the roles of miRNAs in cardiovascular develop-
ment, our understanding of the specific mechanism is far from complete and
numerous conceptual and experimental questions remain to be solved in future
studies. Till now, only a small part of the miRNAs expressed in the cardiovascular
system has been functionally determined by study. Identification and verification
of additional miRNAs and further analysis of the functions of their targets might
provide innovative insights into mechanisms of cardiovascular development, func-
tion, and dysfunction [52].

2.3.2 miRNAs in Cardiovascular Diseases

Expression profiles of miRNAs have been identified and verified in a variety of
cardiovascular disorders, such as hypertrophy, heart failure, ischemic cardiomyo-
pathy, myocardial infarction, and so on. According to the multifactorial nature of
cardiovascular disease, it could be inferred that miRNAs might orchestrate many
aspects of disease progression, from regulating metabolic risk factors (e.g., cho-
lesterol and hormones) to controlling the response to acute cardiovascular events
(e.g., inflammation and hypoxia) [53].

At the very beginning, miRNAs regulate lipid metabolism, lipoprotein clear-
ance, and the pro- or anti-atherogenic effects in multiple organs. As we know,
low-density lipoprotein (LDL) delivers cholesterol and phospholipids from the
liver to tissues in need, whereas high-density lipoprotein (HDL) carries redun-
dant lipids away from peripheral tissues back to the liver for excretion. Both
high levels of LDL cholesterol and low levels of HDL cholesterol are inde-
pendent risk factors for the development of atherosclerosis and its downstream
disorders. Based on knockdown experiments using antisense technology, Najafi-
Shoushtari and colleagues found that miRNA-33 acts in concert with the SREBP
host genes to control cholesterol homeostasis and suggested that miRNA-33 may
represent a therapeutic target for ameliorating cardiometabolic diseases [54].
Work by Ramirez and colleagues suggest that miRNA-144 regulates cholesterol
metabolism via suppressing ABCA1 expression and modulation of miRNAs may
represent a potential therapeutic intervention for treating dyslipidemia and athero-
sclerotic vascular disease [55]. Unlike that of HDL, the miRNA-mediated regula-
tion of LDL cholesterol has been less documented. miRNA-122, which is the most
plentiful miRNA expressed in liver, controls both LDL and HDL cholesterol lev-
els, mainly by indirect modulation of cholesterol biosynthesis [56].

Coronary atherosclerosis is one of the most common cardiovascular dis-
eases. Till now, various studies have identified many risk factors for it, including
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hypertension, dyslipidemia, overweight/obesity, high blood sugar/diabetes,
unhealthy lifestyle, smoking, unreasonable diet, excessive drinking, and so on.
Interestingly, cardiovascular inflammation or injury is common in early molecu-
lar events of coronary atherosclerosis. Inflammation in the vessel wall is regulated
by multiple miRNAs, including miRNA-126, miRNA-143/145, miRNA-155,
miRNA-342-5p, and so on [53]. For example, miRNA-126 in endothelial cells
(ECs) directly targets the 3’untranslated region of VCAM-1 mRNA to repress
its expression, and inhibition of miRNA-126 could upregulate VCAM-1 expres-
sion and leukocyte adherence to ECs [57]. In addition, EC apoptotic bodies
shed microvesicles containing miRNA-126, which represses RGS16 (regulator
of G protein signaling 16) in arteries, inhibits the expression of inflammatory
chemokine CXCL12 (chemokine (C-X-C motif) ligand 12), and then decreases
the recruitment of inflammatory cells. This further reduces inflammation and over-
all stabilizes the atherosclerotic plaque [58]. miRNAs also play pivotal roles in
cardiac fibrosis, hypertrophy, and remodeling and repair post-ischemic injury or
myocardial infarction (MI). Although miRNA-21 is the most well studied miRNA
in the post-MI environment, its role in cardiac remodeling remains controversial.
Thum and colleagues found that blocking of miRNA-21 inhibits ERK-MAPK
kinase pathways in cardiac fibroblasts through miRNA-21’s specific target, Spryl,
resulting in the attenuation of interstitial fibrosis and cardiac hypertrophy and dys-
function [59]. In contrast, another group used locked nucleic acid modified anti-
miRNA oligonucleotides to inhibit miRNA-21 and verified that no difference was
found in pathological cardiac remodeling in response to cardiac stress, which was
further confirmed in an miRNA-21-knockout model [60].

In summary, the understanding that miRNAs play pivotal roles in modula-
tion of inherited and acquired diseases of a cardiovascular system provides a new
perspective on these disorders and has shown innovative cellular mechanisms of
disease and potential new therapeutic targets. Therefore, the results that abnor-
mal miRNA expression patterns contribute at various levels to the pathogenesis
of cardiovascular disease has brought about considerable optimism for their use as
therapeutic targets.

2.4 miRNAs in Diabetes Mellitus

According to the high prevalence and associated complications, diabetes mellitus
(DM) is a major socioeconomic health problem worldwide. Diabetes is currently
the most common metabolic disorder and its prevalence is rapidly increasing in
both developed and developing countries. Specifically, diabetes affected 285 mil-
lion adults in 2010, and it is expected to ascend to 7.7 % or 439 million adults by
2030 [61]. Diabetes is a complex metabolic disorder with an etiology that includes
genetic, environmental, and lifestyle factors that lead to several different defects
of glucose homeostasis. Depending on the distinct pathogenesis, diabetes could be
classified into two forms: type I and type II. Between these, type I mostly occurs
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in children and adolescents. This type is associated with absolute insulin defi-
ciency due to a destruction of pancreatic f cells, often subsequent to autoimmune
B-cell destruction. Type II, often seen in older people, is caused by peripheral
insulin resistance and B-cell dysfunction. It can clearly be seen that the absolute
deficiency or relative lack of insulin is the root cause of diabetes. Till now, many
studies suggest that miRNAs regulate multiple biological processes, including the
pathogenesis of diabetes.

2.4.1 miRNAs Involved in § Cell Development and Function

Pancreatic § cells, located in the islet of Langerhans, secrete insulin in response to
increased blood glucose concentration, thereby maintaining glucose homeostasis
within the body. These cells play key roles in the pathogenesis and progression of
diabetes. Obviously, a variety of genes in them are distinctly regulated in response
to alterations in blood glucose. Many researchers examined the contribution of
miRNAs to this process.

In order to assess the overall contribution of miRNAs to pancreatic develop-
ment, Dicerl, an essential enzyme for miRNA processing, was conditionally
deleted from an embryonic developing mouse pancreas. The results showed that
the expression of a unique profile of miRNAs is required during pancreas devel-
opment and is necessary for p cell formation [62]. A recent study by Wang and
colleagues shows that Dicer is essential for maintenance of acinar cell identity.
Specifically, acinar cells lacking Dicer showed increased plasticity (as evidenced
by loss of polarity), initiation of epithelial-to-mesenchymal transition (EMT), and
acinar-to-ductal metaplasia (ADM) [63]. Poy and colleagues cloned and identi-
fied a novel, evolutionarily conserved and islet-specific miRNA (miRNA-375)
and found that it is a regulator of insulin secretion and may thereby constitute a
novel pharmacological target for treatment of diabetes [64]. miRNA-375, which is
highly expressed in pancreatic f cells, is one of the most widely studied miRNAs
involved in B cell functions. Soon after this discovery, the same group found that
miRNA-375 is essential for normal glucose homeostasis, alpha- and beta-cell turn-
over, and adaptive beta-cell expansion in response to increasing insulin demand in
insulin resistance [65]. In addition, increasing evidence has suggested that many
other miRNAs are involved in insulin secretion, such as miRNA-124a, miRNA-9,
miRNA-96, and so on [66].

2.4.2 miRNA Alterations During Pre-diabetic Metabolism

As discussed in the part “miRNAs in cardiovascular diseases,” miRNAs play piv-
otal roles in glucose and lipid metabolism, which is very important in the patho-
genesis of both cardiovascular diseases and diabetes. On one hand, several studies
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have revealed the role of miRNAs in glucose-induced vascular dysfunction. For
example, Caporali and colleagues found that the expression of miRNA-503 was
shown to be increased in human umbilical vein endothelial cells (HUVECs) and
human microvascular endothelial cells (HMVECS) in culture conditions mimick-
ing diabetes mellitus (high p-glucose) and ischemia-associated starvation (low
growth factors) [67]. On the other hand, under diabetes conditions the vascular
smooth muscle cell (VSMC) changes its phenotype from a contractile to a syn-
thetic and proliferative state, which is an early event in the pathogenesis of ath-
erosclerosis and is also accompanied by increased inflammation. Interestingly,
Villeneuve and coworkers demonstrated a novel upstream role for miRNA-125b in
the epigenetic regulation of inflammatory genes in VSMC of db/db mice through
downregulation of Suv39h1 [68].

2.4.3 miRNAs in the Manifestation of Long-Term
Complications

Due to consistently high blood glucose levels, diabetics have an elevated risk of
developing a number of serious health problems, which could affect the heart and
blood vessels, eyes, kidneys, nerves, and teeth. Additionally, these patients also
have a higher risk of suffering from infectious diseases. In almost all developed
countries, diabetes is a leading cause of cardiovascular disease, blindness, kidney
failure, and lower limb amputation. According to statistics by the WHO, diabetes
could lead to the largest number of complications in the world. Until now, it is
widely reported that miRNAs play important roles in these processes.

Diabetic cardiomyopathy is one of the diabetes-induced organ complica-
tions. Using a microarray analysis of myocardial tissue, Shen et al. [69] identified
changes in expression in 19 miRNAs, of which 16 miRNAs were further validated
by qPCR. Specifically, overexpression of miRNA-373 decreased the cell size, and
also reduced the level of its target gene MEF2C; this allows edp38 to regulate
miRNA-373 expression. Another important complication of diabetes is represented
by diabetic nephropathy (DN), which is the major cause of end-stage renal disease
in developed countries. Krupa [70] found that loss of miRNA-192 expression asso-
ciates with increased fibrosis and decreased estimated glomerular filtration rate
(eGFR) in diabetic nephropathy in vivo, perhaps by enhancing TGF-beta-mediated
downregulation of E-cadherin in proximal tubular cells (PTCs). Furthermore, dia-
betic neuropathy is a major debilitating complication of diabetes, which leads to
high psychological strain. Recently, combining a mouse model of diabetic periph-
eral neuropathy with cultured dorsal root ganglion (DRG) neurons, Wang and col-
leagues showed that hyperglycemia downregulated miRNA-146a expression and
elevated interleukin-1 receptor-activated kinase (IRAK1) and tumor necrosis factor
receptor-associated factor 6 (TRAF6) levels in DRG neurons. Their data provide
the first evidence showing that miRNA-146a plays an important role in mediating
DRG neuron apoptosis under hyperglycemic conditions [71].
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2.5 Conclusions

It is well known that one miRNA could target up to hundreds of mRNAs and one
mRNA could be regulated by multiple miRNAs at the same time. Therefore, vari-
ous miRNAs collaboratively work together to form a comprehensive regulatory
net, which provides a new layer of gene regulation, mainly at the transcriptional
level. Unexpectedly, it could be inferred that miRNAs participate in nearly all of
the physiological and pathological processes of the body, including embryonic and
tissue development, stem cell differentiation, apoptosis, inflammation, and so on.
Up to now, miRNAs are widely reported to be involved in many kinds of diseases.
Apart from the above-mentioned diseases, many other diseases are closely related
to aberrantly expressed miRNAs, such as infertility, infectious diseases, autoim-
mune diseases, neurodegenerative diseases, and so on. Therefore, modulation of
miRNA levels by administration of specific miRNA mimics or antisense oligonu-
cleotides has recently come into focus as an attractive and promising alternative
therapeutic option to halt or attenuate disease progression. These findings give us
hope that one day we might be able to precisely modulate the tissue or cell-spe-
cific miRNA levels by targeting technology and this would lead to a new revolu-
tion in medical treatment.
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Chapter 3
Conventional miRNA Detection Strategies

Abstract Conventional detection strategies for miRNA, including Northern blot-
ting, quantitative real-time reverse-transcription, miRNA microarrays and cloning,
are basically and widely used technologies. As gold-standard methods, conven-
tional miRNA detection strategies are continuously used for confirming results
from newer detection techniques. For improving the sensitivity and reducing the
throughput of these conventional strategies, numerous efforts were focused on the
probe design and miRNA labeling in the past several years. Although much pro-
gress has been made, researchers are devoted to improving miRNA detection strat-
egies with the criteria of high sensitivity and specificity, cost-effectiveness, and
minimal sample preparation.

Keywords Conventional strategies * Northern blotting + Qrt-PCR + miRNA
microarrays + Cloning

3.1 Northern Blotting

Northern blotting is the earliest attempt at methodically measuring an miRNA
expression profile [1-3]. It is broadly employed for visualizing miRNA expres-
sion of all sizes ranging from the long primal miRNA to the mature form [4, 5]. In
short, the technique includes an initial electrophoretic step separating the extracted
RNA in the light of size, followed by transferring to a blotting membrane. Finally,
detection/quantification of mature miRNAs is achieved by hybridization with
labeled, sequence-specific oligonucleotide probes [6]. Although this technology is
low-throughput, low-sensitivity, and relatively time-consuming with a large sam-
ple-requirement [7], it continues to be widely used as a gold-standard method for
confirming data from newer, more-sensitive detection techniques [8]. As an exam-
ple, Tang et al. validated results from ambiguous array data and enabled accurate
data interpretation by an additional array-data adjustment with step-Northern blot
analysis of a ratio of a given miRNA and U6 or tRNA [9].
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Fig. 3.1 Comparison of 3’P- and DIG-labeled RNA probes for the detection of miRNAs.
Reprinted from Ref. [10], Copyright 2006, with permission from Elsevier

In the past few years, various improvements of the Northern blotting technique
have been reported [5, 10-15], which mainly differ in the labeling and design of
the probes used to detect miRNA. The most popular probe-labeling protocol is
incorporation of radio isotopes (32P) to the probe [15]. However, the probes are
radioactively labeled, leading to health and environmental safety concerns and the
requirement of dedicated facilities. As a safer alternative, a digoxigenin (DIG)-
labeling system has been successfully applied to Northern-blotting analysis of
miRNA with several advantages including high sensitivity, short exposure time,
long shelf life, and increased safety. The use of DIG-labeled RNA oligos for
detection of small RNA molecules (~22 nucleotides) with equal sensitivity is
compared to 3*P-labeled probes in detecting miRNA (Fig. 3.1) [10]'.

In order to improve the sensitivity of Northern blots, the RNA was frequently
cross-linked to the blotting membrane [13, 16]. However, conventional methods
such as UV-cross-linking are generally not first-rank for detection of small RNAs
[16]. Therefore, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as an
alternative choice was employed to cross-link RNAs to the nylon membrane, giving
rise to a 25—50-fold increase in the sensitivity of detection of miRNA [11, 13, 17].

Probe-design strategies have also been significantly improved. Locked-nucleic
acids (LNAs) oligonucleotide probes, which considerably enhance the sensitivity
of small RNAs detection, have taken the place of traditional DNA oligonucleo-
tide probes [12, 14]. LNAs are a class of bicyclic high-affinity RNA analogues
where the furanose ring of LNA monomers is conformationally locked in an RNA-
mimicking C3’ endo/N-type conformation (Fig. 3.2) [18]. Compared to traditional
DNA probes, LNA-modified oligonucleotide probes have shown a 10-fold higher
efficiency to detect miRNAs in Northern blotting of miRNA [15]. In 2010, Hu
et al. reported the use of a new synthetic locked nucleotide, locMeCytidine-5’-
triphosphate (LNA-mCTP), which can be transcribed into a short (~30-nt) RNA

"Haifeng Dong and Conghui Liu contributed together to this chapter.
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Fig. 3.2 Chemical structure of LNA (locked nucleic acid). Reprinted from Ref. [18], Copyright
2008, with permission from Elsevier

probe hybridized at a high temperature to increase hybridization specificity and
reduce background [19]. A Northern-blot-based protocol for miRNA detection
using DIG-labeled oligonucleotide probes containing LNA and EDC for cross-
linking the RNA to the membrane has been reported [16], which generated clearly
visible signals for RNA amounts as low as 0.05 fmol and reduced the exposure
time by ~1000-fold.

3.2 Quantitative Real-Time Reverse-Transcription

Generally, quantitative real-time reverse-transcription (QRT-PCR) covers a large
dynamic range and is regularly termed as the gold standard for gene expression
[20]. qRT-PCR-based miRNA profiling leans on reverse transcription of miRNA to
cDNA, followed by real-time monitoring of reaction product accumulation using
gPCR. This technology represents a balance of cost, precision, and sample size,
and is always employed for profiling of miRNAs expression level and confirm-
ing results generated by other strategies including microarray and Northern blot
assays. [21, 22].

The development of QRT-PCR methods renders high-sensitivity miRNA detec-
tion down to a few nanograms of total RNA [23]. In order to obtain meaningful
and reproducible results, RNA integrity control, cDNA synthesis, primer design,
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transcription of individual miRNAs using (a) stem-loop or (b) linear primers, and (c¢) enzymatic
addition of a poly(A) tail to miRNAs followed by reverse transcription using oligo(dT) primers.
Reprinted by permission from Macmillan Publishers Ltd: Ref. [24], Copyright 2012

amplicon detection and normalization must be taken into account. The reverse
transcription of miRNA to cDNA includes several strategies (Fig. 3.3) [24, 25].
The poly(A) polymerase method is polyadenylation of all miRNAs by Escherichia
coli poly(A) polymerase, followed by reverse transcription using universal prim-
ers consisting of an oligo (dT) sequence on its 5’end, [26, 27], whereas specific-
primers reversely transcribe only particular miRNAs using miRNAs-specific
reverse transcription primers. In order to detect several miRNAs from a very small
amount of starting material, such as plasma, the poly(A) polymerase method is
more suitable [7]. However, it cannot distinguish pre-miRNAs from mature miR-
NAs, or detect small RNAs carrying a 2’-oxymethyl modification at their 3’-ends
either [28]. The 3’-end of the primer needs to be complementary to the miRNA in
the stem-loop primers approach [29, 30]. The stem-loop at the 5’-end facilitates
the annealing of the primer to pre- and primary miRNAs, but reduces the ability to
achieve reverse transcription of iso-miRNA sequences [31]. The TagMan miRNA
assay using stem—loop RT primers along with miRNA-specific TagMan probes is
the “gold standard™ for miRNA detection (Fig. 3.4) [28]. Various modified ver-
sions of the TagMan assay [17, 32] and SYBR green-based qRT-PCR miRNA
assays [33, 34] have also been developed.

However, it was reported that in stem-loop quantitative PCR, the accurate
detection could be severely influenced by total RNA input and DNA contamina-
tion, and the carryover DNA contamination could also mislead the detection in
a sequence-specific manner. Additionally, it was proved that different 3’ iso-miR
species of a particular miRNA could be reversely transcribed and cross-detected,
even by specifically targeted assays. Therefore, it was suggested to refine protocol
of miRNA detection by stem-loop real-time PCR technology [35].

Owing to sequence-specific differences in primer annealing, optimal reaction
conditions in performing highly parallel gqRT-PCR may vary substantially among
miRNAs. In order to solve this problem, the incorporation of LNAs into prim-
ers to standardize the hybridization conditions of optimal miRNA primer is an
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effective method [24]. Manufacturers like Exiqon, Fluidigm, and SA Biosystems
offer qRT-PCR Kkits that can evaluate hundreds of miRNAs in parallel, and some
have customizable assays to sell to customers [36]. These require a “spike in”
internal standard for array/qRT-PCR data normalization to quantificate circulating
miRNAs in body fluids, such as plasma [7]. Another problem for qRT-PCR is the
normalization of miRNA expression. Most normalization curves depend on genes
for small RNAs, which might not be transcribed by the same polymerases and are
unrepresentative of general miRNA regulation [36]. An alternative normalization
method introduces the mean miRNA present in each sample [37], but the selected
reference may not stay constant across samples.

Currently, the improvement of the synthesis of complementary DNA (cDNA)
is the main development of the qRT-PCR technique for miRNA detection. It has
been reported that a circularization-based platform called “miRNA-ID” exists for
miRNA detection [38]. Circularization of the miRNA by a ligase and reverse tran-
scription of the circularized miRNA was the main feature of the miRNA-ID. The
circular RNA and multimeric cDNA templates were unrivalled as being flexible in
the primers positioning, which straddled the boundaries between these repetitive
miRNA sequences.

In order to improve reliability of the quantification by qRT-PCR, addition of
“spiked-in” exogenous controls (e.g., miRNAs from the nematode C. elegans) at
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the beginning of sample preparation can be employed to monitor miRNA recovery
efficiency [39]. However, in this case, there are potential pitfalls such as sequence
dependence of miRNA recovery [40] and therefore misdirection of normalization
to a specific exogenous miRNA.

T4 DNA ligase has the capacity for repairing nicks in the DNA strand of a
DNA:RNA hybrid and it has been combined with size-coded DNA probes (Fig. 3.5)
to detect multiple miRNAs in all RNA with the detection limit down to 1 pM (~105
copies per microliter) [41]. A reverse transcription-free real-time approach has also
been used for rapid quantification of miRNAs ranging from 5 amol to 500 fmol
[42]. Only in the presence of target miRNA, which provides additional stability for
the heterodimer through contiguous stacking hybridization of miRNA and bridging
sequence, is an exponential amplification process carried out efficiently.

In order to identify serum miRNAs that diagnose and correlate with the progno-
sis of prostate cancer, a multiplex qRT- PCR method, which involved the purifica-
tion of multiplex PCR products followed by uniplex analysis on a microfluidics
chip to evaluate 384 human miRNAs, has been developed [43].
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Fig. 3.5 Diagram of the size-coded ligation-mediated PCR method. Reprinted with permission
from Ref. [41], Copyright 2011 Oxford University Press
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For the sensitivity to further increase, the DNA probe modified with ribonucle-
otides can be effectively ligated by using miRNA as the template with the catalysis
of T4 RNA ligase 2 [44]. The DNA probe modified with two ribonucleotides at
its 3/-terminus can make great contribution to ligation efficiency improvement and
limit of detection of target miRNAs as low as 0.2 fM (e.g., 4 zmol). The dynamic
range spanning over seven orders of magnitude is comparable to the sensitivity
of RT-PCR assays. Great discrimination of a single-nucleotide difference among
miRNA sequences and high specific detection of mature miRNAs against their
precursors can also be achieved.

3.3 miRNA Microarrays

Basic information for determination of miRNA biological function and regulation
can be provided by their expression patterns [18]. Among several common tech-
niques for miRNA detection, microarrays are highly efficient for profiling numer-
ous miRNAs [45]. However, it still needs further confirmation to obtain more
accurate expression for quantification [7]. Due to the low abundance and small
size of miRNAs, current microarray-based strategies are focusing on improvement
of the probe design and miRNA labeling [46].

In several early reports, DNA microarrays detections of miRNAs have been
introduced [47, 48]. However, the difficulty to obtain Tm-normalized probe sets
for genome-wide expression profiling is the central defect of all DNA-based oli-
gonucleotide array platforms. For the purpose of solving the issue, an LNA modi-
fied capture probe has been developed in an miRNA microarray, which allows Tm
normalization of array capture probes [49]. In addition, LNA incorporation can not
only improve mismatch discrimination, but also moderate the requirement for puri-
fication and amplification of miRNAs [49]. Notably, it represents low toxicity and
high stability in biological systems [18]. In order to balance melting temperatures,
application of 2/-O-(2-methoxyethyl)-modified oligoribonucleotides [50] and adjust-
ing the length of probes according to physicochemical characteristics of the target
miRNA [51] have also been used for this process [52]. By incorporating a hairpin
structure onto the 5’ end of the probe, distinguishing the targeted miRNA between
larger RNAs like miRNA precursors can be achieved [51]. Moreover, introduction of
exogenous and endogenous positive controls and negative control probes which can
help normalization and establishment of absolute reference points for quality control
and quantitative comparison of different microarrays are also important [52].

In 2003, an oligonucleotide array which could detect miRNAs by labeling low
molecular weight RNA with radioactive isotopes was designed [53], quickly fol-
lowed by other labeling technologies [54, 55]. Among them, the most common
method for parallel analysis of numerous miRNAs is the fluorescent labeling of
miRNA in a biological sample for succeeding hybridization to capture probes on
the array [24]. Direct labeling of miRNA molecules might be beneficial due to the
extremely small size of miRNAs.
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Another labeling technology, enzymatic labeling, can be mainly divided into
two approaches. One of them uses T4 RNA ligase to catalyze the ligation of a fluo-
rophore-conjugated nucleotide or short oligonucleotide to the 3’ end of miRNA.
By this way, the problem of circularization can be avoided, but a large and varia-
ble number of nucleotides may be added during tailing [24]. In both the cases, the
enzyme prefers certain sequences to others, so creates different artifacts. Making
matters worse, such biases might be more serious in degraded samples [36, 56].
In order to minimize the disturbance of structure and sequence differences among
miRNAs, dimethylsulfoxide(as an effective RNA denaturant) was introduced into
the reaction solution. It was discovered that up to 20 % dimethylsulfoxide can have
impact on the activity of T4 RNA ligase [51]. Failure to detect 5’ end mismatches
due to the 3’ activity of the enzymes is another shortcoming of enzyme-based labe-
ling methods. Furthermore, there is also uncertainty for enzymatic labeling to detect
miRNAs with natural modifications at 3’ ends such as plant miRNAs [20].

Chemical alkylation-based labeling along the miRNA and approaches based
on platinum coordination chemistry with nucleic acids are alternative chemical
approaches of miRNA labeling. [24]. However, insensitivity to the 3’ end modifi-
cations and the possibility of introducing bias by selectively labeling certain nucle-
otides with higher efficiency than others are the main disadvantages of chemical
labeling approaches [8].

There are some common problems in both enzymatic and chemical approaches
where background signal as well as cross-hybridization may be caused if coexist-
ing pre-miRNAs are labeled [20]. This problem may be solved by initial size frac-
tionation of small RNA using column- or gel-purification-based methods [24]. In
addition, for removing dye labeling bias and differences in hybridization and scan-
ning, background correction and normalization must be performed [57].

Label-based commercial miRNA microarrays are mainstream [58] and have
been reported to have poor performances in interplatform concordance [56], due
to the defects associated with labeling procedure [45]. Some problems have been
solved by Nelson et al. via posthybridization labeling [55]. However, the usage of
two different enzymes is still a problem.

The miRNA array detection method, which is free from labeling and amplifica-
tion reactions, can clearly make the process simple and greatly bolster the cred-
ibility of miRNA-profiling studies, especially for diagnostic purposes. In the past
decade, novel efforts have been continuously made to develop nonlabeling meth-
ods for direct miRNA detection [59, 60]. These works mainly focused on labeling
a secondary probe rather than miRNA target and making use of special equipment.

“Stacking hybridization,” which can combine target capturing and fluorescent
signaling in one step without labeling the targets, has also been introduced into
a label-free miRNA microarray. With a short fluorophore-linked oligonucleo-
tide universal tag, which can be selectively captured by the target bound probes
via base-stacking effects, the total RNA is directly applied to the microarray
(Fig. 3.6). It has been found that this assay is a useful way for unbiased profiling
of both normal and methylated small RNA species [61] by analyzing as little as
100 ng total RNA and was highly specific to conspecific miRNAs [20].
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A two-temperature hybridization procedure, 42 °C for the capture step and
64 °C for the detection step, has been applied for miRNA profiling to further
eliminate cross-hybridization between genomewide miRNAs and short probes
(Fig. 3.7). In this assay, label-free miRNAs are captured between two short probes
(~10 nt). This method can not only achieve detection at attomolar concentrations,
but also can be improved by combination with bead-based or microfluidic plat-
forms [46].

In summary, low cost and allowance of numerous parallel measurements are
the main strengths of miRNA microarrays. For now, many companies offer micro-
array platforms for miRNA profiling [36]. There are still some limitations exist-
ing such as a restricted linear range of quantification, imperfect specificity in some
cases for miRNAs that are closely related in sequence, failure to compare results
between different techniques, and inability to perform absolute quantification of
miRNA abundance easily.
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3.4 Cloning

Cloning, one of the techniques first used to detect and discover miRNAs [62, 63],
is still occasionally used for miRNA detection. Conventional cloning has its short-
comings. Cloning is extremely labor intensive, requires lots of RNA, and only
provides information about the presence or absence of a particular miRNA in a sam-
ple. Based on these shortcomings of the technique, cloning is impractical for high
throughput miRNA detection and expression profiling [64]. Recently, the discovery
of miRAGE(miRNA serial analysis of gene expression) has been realized [65].

Small RNAs are extracted and amplified by RT-PCR into ¢cDNA, which is
similar to cloning. In this application, biotinylated primers are used in the PCR
step and allow the cDNA products to be purified by affinity chromatography with
streptavidin-coated beads. The cDNAs are enzymatically cleaved from the beads
and the washed products can be cloned and sequenced. miRAGE is beneficial
because it can identify up to 35 tags in a single iteration, compared to five when
using conventional cloning [65].
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Chapter 4
miRNA Electrochemical Detection

Abstract Electrochemical genosensors hold great promise for point-of-care
diagnostics and multiplexed platforms for fast, simple, and inexpensive miRNA
analysis. A typical electrochemical biosensor consists of an electroactive hybridi-
zation indicator and a solid electrode with an immobilized short single-stranded
nucleotide probe [1]. Hybridization between the probe and the complementary
sequence influences the electrochemical response signal, producing a sig-
nal for detection. The electrochemical miRNA detection methods are based on
hybridization, which require translating the hybridization event into a measurable
signal when hybridization occurs in the sequence. Sensitivity is challenging
for the development of high performance electrochemical genosensors, due to
the unique characterization of miRNA. In order to implement the detection of
the specific target gene down to attomolar to femtomolar level presented in the
organism genome, [2] various approaches are continuously being explored for sig-
nal amplification to improve the sensitivity.

Keywords Electrochemical genosensors + Nanoparticle-based signal amplification -
Enzyme-assisted signal amplification

4.1 Nanomaterials-Based Electrochemical
miRNA Detection

Nanoparticles have attracted considerable attention for producing a strong detect-
able signal in the analysis of trace target miRNA. This provides a promising sens-
ing platform in nucleic acid detection. The unique optical, electronic, and catalytic
properties of nanomaterials are useful for translation of biorecognition events into
an electrochemical or spectroscopic response. The high surface areas can be used
to improve mass transport, while high loading of receptor molecules are employed
for synergistic amplification of the target response. Nanomaterials show excellent
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conductivity to promote direct electron transfer between the biomolecules and
electrode surface. Electrochemical miRNA detection employs the unique prop-
erties of nanomaterials to decrease the requirement for high amount of sample,
time, and number of steps while increasing sensitivity, specificity, and simplicity
[3, 4]. The combination of unique properties of nanoparticles with the advantage
of an electrochemical method has evolved a series of miRNA detection strategies.
According to the nanoscale element, we address the application of nanoparticles in
miRNA detection in this part.

4.1.1 Notable Metal Nanoparticles

Gold nanoparticles (AuNPs) have attracted intensive interests in biosensors due to
their excellent controllable size distribution, high stability, and compatibility with
biomaterials such as nucleic acids and proteins [5]. Yang et al. [6] used AuNPs
and silver enhancement to detect miRNA with a sensitive, specific, simple, and
colorimetric technique. They used a sandwich model, which was comprised of
two probes: an AuNPs probe hybridized to the complementary target miRNA and
a biotinylated probe (capture probe). The hybridization complex is immobilized
on the streptavidin-coated microplate surface. Then, silver enrichment is applied
to amplify the signal of adsorbed AuNPs and is recorded with a microplate reader.
Their reported LOD was 10 fM miRNA (2 ng of total RNA), so the method seemed
to be applicable for detection of low amounts of the small RNA molecule [7].

In another work, application of AuNPs in a ferrocene capped AuNP/streptavi-
din complex has been reported for detection of glioma-related miRNA in glioma
patients’ samples [8]. In their study, they immobilize thiolated-OND probes on the
surface of a gold electrode first, then the total miRNA sample was mixed with pre-
viously biotinylated competitor miRNA (which had the same sequence of target
miRNA) and applied on the electrode. After hybridization of miRNA with immo-
bilized probes, a ferrocene-capped AuNPs/streptavidin complex was added on these
hybridized miRNAs. The complex was condensed with biotin molecules of com-
petitive miRNA and ferrocene molecules of the complex produced considerable
voltammetric signals. This signal was proportional to the amount of target miRNA
molecules, and, with increasing target-miRNA concentration in the sample (due
to the competition between target miRNA and competitor miRNA in hybridiza-
tion to the immobilized probes) the voltammetric signal became weaker. In other
words, in the presence of more miRNA targets, the capacity of probes becomes
full, and competitor miRNAs cannot hybridize to probes and are removed after
washing steps. Therefore, less of the ferrocene-capped AuNP/streptavidin complex
is condensed with them, reducing the voltammetric signal [8].

Based on the three-step amplification, another chronoamperometry method
was developed to detect the presence of target miRNA. The first step of amplifi-
cation was achieved by applying a barcode nanostructure probe: comprising of a
reporter locked nucleic-acid (LNA) probe and biotin-functionalized reporter DNAs
conjugated on AuNPs. The second level of amplification was conducted through
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hybridization of this barcode AuNP probe to the target miRNA captured by a hair-
pin probe, which was pre-immobilized on the surface of a glassy carbon electrode
comprising a primary layer of graphene nanosheets and a secondary layer of den-
dritic gold nanostructure (DenAu). In fact, target miRNA was sandwiched between
the hairpin and barcode nanostructure probes. In the final step of amplification, the
positive signal was intensified more by reaction of streptavidin-conjugated HRP
(streptavidin-HRP) with terminal biotin molecules of barcode DNA. Then, hyd-
roquinone and H;O; were added as substrates for HRP [9]. Finally, the chrono-
amperometric readout of this method was achieved by electrochemical reduction
of the benzoquinone, which was produced in the previous steps.

Zhou et al. [10] designed a strategy based on LNA-modified DNA hairpin
probes carrying a 5’-end biotin immobilized on AuNPs and deposited on the
electrode surface. Hybridization of miRNA-21 unfolds the hairpins exposing the
biotin tag, which can then bind to streptavidin—-HRP conjugates. Therefore, it can
translate miRNA hybridization into a redox reaction at the electrode (the HRP-
catalyzed oxidation of hydroquinone), the extent of which is followed by amper-
ometry and allows miRNA quantification (LoD ~ 0.4 pm).

The same HRP-based transduction mechanism was used by Yin et al. [11].
Compared to the previously described assay, this approach is modified to largely
increase the number of biotin tags (and, hence, signal-generating HRP conjugates)
from each miRNA hybridization event. This strategy gave improved sensitivity
with an estimated LoD of 6 fm miRNA. In the other two sensors, immobiliza-
tion of HRP—streptavidin conjugates is replaced by target miRNA hybridization-
driven unmasking of DNA sequences able to fold into G-quadruplexes. Addition
of hemin results in supramolecular complexes with peroxidase-like catalytic
activity allowing miRNA quantification. Although similar in design, these two
approaches considerably differ in terms of sensitivity with LoD of about 6 pm [12]
and approximately 6 fm [13] respectively.

Boronic acids become attractive ligands for many sensing applications.
Separation and self-assembly is possible since they can covalently react with
cis-diols to form five- or six-membered cyclic esters. For this view, Liu and
co-workers described two electrochemical sensors for miRNA-21 using boronic
acid functionalized AuNPs on an electrode surface as transducers of miRNA
hybridization.

In their first strategy [14], they proposed a label-free and sensitive method for
the detection of miRNAs based on the formation of boronate ester covalent bonds
and the dual-amplification of gold nanoparticles (AuNPs). DNA capture probes
immobilized on the electrode surface hybridize to target miRNA giving DNA—
miRNA heteroduplexes, which can bind to boronic acid functionalized AuNPs.
Subsequently, dopamine (also a molecule with vicinal hydroxyls) functionalized
AuNPs can be immobilized on the primary AuNPs at the electrode surface again
through boronate ester formation. The electrochemically active dopamine then
allows generation of a DPV signal proportional to miRNA concentration during
the initial hybridization step. As a result, their reported detection limit was 50 fM
(Fig. 4.1).
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In order to improve the detection sensitivity, in their second strategy [15],
they replaced the phenyl boronic acid functionalized AuNPs with multifunctional
AuNPs carrying biotin as well as phenyl boronic acid moieties on their surface.
This replacement allows maintaining the miRNA recognition step (formation of
boronate ester bonds) while the biotin tags are used to immobilize streptavidin-
conjugated alkaline phosphatase (SA—ALP). After the addition of the 4-aminophe-
nyl phosphate (p-APP) substrate, the enzymatic conversion from p-APP to p-AP
occurred in the process. The resulting p-AP could be cycled by a chemical reduc-
ing reagent after its electro-oxidization on the electrode (known as p-AP redox
cycling) [16], thus enabling an increase in the anodic current of p-AP. The results
indicate that the detection limit was 3 fM and the current increased linearly with
the miRNA concentration over a range of 10 fM-5 pM. The performance of these
systems on samples of biological origin has not been reported.

Wau et al. [17] described a sensor for miRNA-155 employing palladium nanopar-
ticles for immobilization of RNA probes and for amperometric signal enhancement.
This assay reached a LoD of approximately 40 amol (~2 pm miRNA in 20 mL
sample used for hybridization).

A major limitation of these strategies is the need for tagging miRNA with
nanoparticles, which drastically increases sample manipulation before analysis.
In order to overcome the difficulty, Zhang and co-workers described an electro-
chemical strategy with sensitivity (~0.3 zmol) [18]. Their label-free miRNA sens-
ing strategy makes use of oligonucleotide encapsulated AgNCs to convert the
hybridization between miRNA and hairpin-structured DNA capture probes into an
electric current. No data has been reported about performance of the assay on
samples of biological origin.
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Fig. 4.2 Schematic illustration of the miRNA biosensor based on RuO; NP-catalyzed miRNA
templated deposition of a thin PBD insulating film. Reprinted with the permission from Ref.
[19], Copyright 2011 American Chemical Society

4.1.2 Metal Oxide Nanoparticles

Nucleic acid can guide the deposition of polymer where the phosphate groups
serve as templates. Recently, Gao’s group developed a simple and sensitive elec-
trical miRNA gene sensor based on the miRNA-guided deposition of insulating
poly(3,3’-dimethoxybenzidine) (PDB) polymer film with ruthenium oxide nano-
particles (RuO2NPs) polymerization method on gold electrodes covered with
the mixed monolayers of DNA capture probes (CPs) and 4-mercaptoaniline
(MAn) [19]. In the work, RuO,;NPs were coated with 4-(2-aminoethyl) pyridine
(AEP), which allows for the label of the oxidized miRNA through the forma-
tion of an imine bond between dialdehyde and AEP. In the system, the captured
miRNA and the tagged RuO,NPs act as the templates and catalysts, respectively.
Consequently, hybridization with RuO;-tagged miRNA and incubation in a mix-
ture of 3,3’-dimethoxybenzidine (DB)/H,0; led to the formation of an insulating
PDB film and the increase in the electrochemical impedance. The amount and
insulating capability of the deposited PDB correlated to the miRNA concentration
in the range of 6 fM—-2 pM. After incubating the sensing electrode in the mixed
DB/H,0; solution for 60 min, a detection limit of 3 fM was obtained by electro-
chemical impedance spectroscopy (Fig. 4.2).

Ruthenium oxide (RuO;) nanomaterials have found various applications in
nanotechnology. Chemically, RuO; is a highly conductive oxide and resistant
material toward harsh conditions with strong catalytic activity. These properties
make RuO; a good candidate for application in electrochemical sensing [20, 21].
As an application in electrochemical detection, Peng et al. [4] reported application
of RuO,NPs in electrochemical detection of target miRNAs. In this study, they
conjugated target miRNA molecules with RuO, NPs and, after hybridization with
a pre-immobilized probe on a gold-film electrode, an HyOy/aniline mix solution
was added. Finally, formation of polyaniline on miRNA-probe double strands by
reaction with RuO, NP-assisted H,O» produced a voltammetric current peak. The
principle of this method is outlined in Fig. 4.3.
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Fig. 4.3 RuO; nanoparticle-assisted electrochemical detection of miRNAs Reproduced from
Ref. [4] by permission of The Royal Society of Chemistry (RSC) on behalf of the Centre
National de la Recherche Scientifique (CNRS) and the RSC

4.1.3 Quantum Dots

Quantum dots (QDs) are defined as one of the most favorable nanomaterials in
nucleic-acid and single-molecule detection [22], due to its high quantum yield.
Wang et al. [23] demonstrated a hybrid procedure involving a molecular beacon
(MB)-based structure tagged with QDs. In this structure, QDs were used as the
electroactive labels in miRNA detection. Wang et al. reported that their LOD was
about 0.32 aM.

Electrochemical QDs are known to not only have excellent signal amplifica-
tion feature, but can also display unique voltammetric signals depending on the
compositions of QDs. Therefore, electrochemical QDs are good candidates as
barcodes for sensitive detection of oligonucleotides [23]. Zhu et al. combined the
high base-mismatch selectivity of ligase chain reaction (LCR) and the remark-
able voltammetric signature of electrochemical QDs barcodes to report a label-
free and PCR-free electrochemical method for multiplexed evaluation of miRNA
in a single-tube experiment. They labeled reporting probes of RP1 and RP2 with
PbS and CdS QDs to prepare PbS-RP1 and CdS—RP2 conjugates, and two cap-
ture probes of CP1 and CP2 were co-immobilized on magnetic beads (MBs) to
fabricate MB—CP1CP2 conjugate. The miRNA samples were simply incubated
with MB-CP1CP2, PbS—RP1, and CdS—-RP2 conjugates and then added with T4
DNA ligase. After release of the disjoined QDs barcodes from the MB conju-
gates, two target miRNAs of miRNA-155 and miRNA-27b were simultaneously
detected by square wave voltammetry with linear ranges of 50 fM-30 pM, and
50 fM-1050 pM and limits of detection (LODs) of 12 fM and 31 fM (S/N = 3),
respectively. The method fulfilled the assay in less than 70 min, and showed
acceptable testing recoveries for the determination of miRNAs in the biological
matrix. Currently, there are rare reports of electrochemical multiplexed quantifica-
tion of miRNA. The method is likely to provide a new platform for identification
of multiple miRNA in a simple manner [24] (Fig. 4.4).
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Fig. 4.4 Schematic illustration of the simultaneous electrochemical detection of multiple
miRNA targets. Reprinted from Ref. [24], Copyright 2014, with permission from Elsevier

4.1.4 Carbon Nanomaterials

Sensitivity is challenging for the development of high performance electrochemi-
cal genosensors, due to the unique characterization of miRNA. In order to enhance
sensitivity, carbon nanotubes (CNTs) are frequently reported [25] to increase
the electroactive area and decrease the electrical resistance of the working elec-
trodes leading to 3D conductive materials [26-28]. The electrodes are nanosized
unique tubular structures with high length/diameter ratio, in addition to attractive
electrical, chemical, mechanical, and structural properties. The metallic, semicon-
ducting and superconducting electron-transport abilities of CNTs and their large
capacity to be loaded with various biomolecules make them excellent candidates
in electrochemical biosensing. In this way, they were used as an interpenetrated
network to detect target miRNA through a “signal-on” method [29]. The method
takes advantage of embedding the quinine group in the polymeric backbone of
poly-[5-hydroxy-1,4-naphthoquinone]-copolymer-[3-(5-hydroxy-1,4-dioxo-1,4-
dihydronaphthalen-2(3)-yl) propanoic acid], poly(JUG-coJUGA), in order to
achieve higher electroactivity of the conducting polymer followed by deposition
of this modified polymer on the multi-walled CNTs (MWCNTs) and subsequent
application of this interpenetrated network in the sensing of target miRNA [29].
CNTs have also been widely used in reagentless formats [30-32]. In this paper,
they described a label-free and reagentless miRNA sensor based on an interpene-
trated network of CNTs and electroactive polymer. The nanostructured polymer film
presents well-defined electroactivity in neutral aqueous medium; in the cathodic
potential domain from the quinone group embedded in the polymer backbone.
Addition of miRNA-141 target (prostate cancer biomarker) gives a ‘“‘signal-on”
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response, i.e., a current increase due to enhancement of the polymer electroactivity.
By contrast, noncomplementary miRNA, such as miRNA-103 [33] and miRNA-
29b-1 [34], do not lead to any significant current change. A very low detection limit
of 8 fM is achieved with this sensor.

They built a sensitive and selective sensor based on a carbon nanotubes field-
effect transistor (CNTs-FET); with the surface functionalized with protein pl19,
which binds with nanomolar affinity to 21-23 base-pair long double-stranded
RNAs (dsRNA) through a combination of electrostatic and hydrogen bonding
interactions with the sugar—phosphate backbone. In this strategy, the RNA capture
probes complementary to miRNA do not need to be immobilized on the electrode
surface but can simply be mixed with the sample solution just before analysis,
alleviating the stability concern. A record sensitivity corresponding to the detec-
tion of 0.01 zmol miRNA (1 am in 10 mL sample solution) was reached using this
strategy. No data has been reported about the performance of this sensor on sam-
ples of biological origin.

4.1.5 Other Nanomaterials

Polyaniline nanowire (PAn-NWs) have many applications in electrochemical-
based sensing. Its main characteristic is that, under certain conditions, they can
be grown in the form of an interwoven NW network [35-38]. The electrochemical
conductivity of these NWs is due to the protonation of the constructing polymer.
However, its conductivity depends on its electrochemical redox state, humidity,
pH, the type of anions in the solution, and temperature. The conductivity of PAn is
typically in the range 2—10 S/cm [35, 39]. This high conductivity has been exploited
in research to detect miRNA targets. Based on this research, a simplified and sen-
sitive electrical biosensor is proposed to directly detect target miRNA in a range
from 10 fM to 20 pM [40]. Fan et al. [40] introduced a detection of miRNA
using target-guided formation of conducting polymer nanowires in nanogaps.
Hybridization and electrical detection of the sensing procedure was depicted in
Fig. 4.9. In their study, peptide nucleic acid (PNA) was used as a capture probe
while PAn-NWs were used as conducting polymer nanowires. The PNA was
immobilized in nanogaps of a pair of interdigitated microelectrodes and hybridi-
zation was performed with their complementary target miRNA. Then, deposition
of PAn-NWs was carried out by an enzymatically catalyzed method, where the
electrostatic interaction between anionic phosphate groups in miRNA and cationic
aniline molecules was exploited to guide the formation of the PAn-NWs onto the
hybridized target miRNA. The conductance of the deposited PAn-NWs corre-
lates directly to the amount of hybridized miRNA. This approach directly utilized
chemical ligation and amplification for signal read-out and thus eliminated the
use of labeling probes, which greatly simplifies the detection procedure. A lower
detection limit could be achieved with longer target nucleic acids, because the
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bridging of nanogaps by the PAn-NWs can be achieved with fewer long nucleic
acid molecules. The dynamic range for the biosensor was from 10 fM to 20 pM
with a detection limit of 5.0 M.

Bartosik et al. [41] developed an electrochemical miRNA genosensor relying
on magnetic bead-based DNA/miRNA hybridization and labeling of electroactive
Os(VDL. In this work, miRNA was labeled with Os(VI)bipy and hybridized with
biotinylated DNA capture probe attached to the streptavidin magnetic beads. The
labeled miRNA was then detected at a hanging mercury drop electrode at fem-
tomolar level due to the electrocatalytic nature of the peak from the Os(VI)bipy
labeled detection of miRNA (Fig. 4.5).

A concatamer-based hybridization chain reaction method was developed
by Hong et al. [42]. In this method, a hairpin capture probe comprising of the
sequence complementary to the target miRNA in the loop is immobilized onto the
sensor surface. In the absence of target miRNA, the capture probe exists predomi-
nantly in hairpin form which prohibits the binding of two auxiliary probes comple-
mentary to the end section of the hairpin probe. However, in the presence of target
miRNA, the stem loop structure of capture probe is unfolded and the DNA con-
catamers can hybridize with the terminus of a DNA capture probe. The long DNA
structures on the surface can electrostatically adsorb a large amount of positively
charged redox indicator [Ru(NH3)6]3+ added into the solution. Differential pulse
voltammetry (DPV) was used to detect the adsorbed redox indicator with the peak
current proportional to the miRNA concentration in the sample. The proposed
assay can detect as low as 100 aM target miRNA-21. Furthermore, fulfilling this
technology allowed absolute quantification of miRNA-21 in just 8 mL human
serum without RNA isolation and the results were validated by qRT-PCR [43].
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Fig. 4.5 Scheme of detection of miRNA with specific sequence using magnetic beads.
Reprinted from Ref. [41], Copyright 2014, with permission from Elsevier
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Fig. 4.6 Schematic representation of an miRNA assay using electrocatalytic label. Reprinted
from Ref. [45], Copyright 2007, with permission from Elsevier

Zhang et al. [44] reported a label-free direct detection of miRNAs with Silicon
nanowire (SiNWs) biosensors. They represented a label-free and direct hybridization
assay for ultrasensitive detection of miRNA using a SiNWs device. Peptide nucleic
acids (PNAs), which serve as a receptor to recognize miRNA directly without
labeling the target miRNA, were immobilized on the surface of the SINW device.
Electrical measurements for the sensing experiments were carried out by detecting
the resistance change in SiNWs before and after PNA-miRNA hybridization.

Gao and Yu [45] reported a direct labeling miRNA with an electrocatalytic moi-
ety and its application in ultrasensitive miRNA assays. In this paper, miRNA is
directly labeled with Ru(PD),Clo(PD = 1,10-phenanthroline-5,6-dione), through
coordinative bonds with purine bases in the miRNA molecule. The electrode was
placed in a moisture saturated environmental chamber maintained at 30 °C. A
2.5 pl aliquot of hybridization solution, containing the desired amount of labeled
miRNA, was uniformly spread onto the electrode. It was then rinsed thoroughly
with a blank hybridization solution at 30 °C after a 60-min hybridization period.
The hydrazine electrooxidation current was measured amperometrically at 0.10 V
in vigorously stirred PBS containing 5.0 mM hydrazine. At low miRNA concen-
trations, smoothing was applied after each amperometric measurement to remove
random noise and electromagnetic interference. Amplification from the electro-
catalytic oxidation of hydrazine greatly enhances the detectability of the approach
(Fig. 4.6).

4.2 Enzyme-Assisted Electrochemical Signal Amplification

The introduction of enzymes into a nucleic acid biosensor leads to a 1:1 hybridi-
zation event associated with numerous enzymes catalytic response, which sharply
amplify the detection signal and improve the sensitivity of the assay. Enzyme is
used to develop signal amplification, target amplification, or probe amplification
strategies to improve the LOD of the hybridization assays.
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Fig. 4.7 miRNA detection with the tetrahedron-based electrochemical miRNA sensor using
enzyme-based signal transduction (either avidin-HRP or high-activity poly-HRP) Reprinted with
permission from Ref. [47], Copyright 2012, with permission from Elsevier

4.2.1 Horseradish Peroxidase (HRP)

HRP is the enzyme most used in bioanalysis. Yin et al. developed a highly sen-
sitive miRNA biosensor using a molecular beacon and bio-barcode voltam-
metric assay with HRP reduction of benzoquinone as the reporter [46]. An LNA
integrated molecular beacon probe was modified on graphene and dendritic gold
nanostructure modified glassy carbon electrode (GCE). The miRNA binding to the
molecular beacon probe releases the end of the beacon to bind a bio-barcode based
on HRP reporter. Then, with specific interaction between biotin and streptavidin,
the streptavidin—-HRP can be immobilized on the electrode surface to catalyze the
oxidation reaction of hydroquinone by H>O; to form benzoquinone and enhance
the electrochemical reduction signal of benzoquinone for detection [9].

Wen et al. reported an miRNA detection strategy that enables attomolar detec-
tion limits for target miRNAs and discriminates single-base mismatched strands
by using a tetrahedral DNA nanostructure for optimum spatial control of the DNA
probe immobilization and avidin-HRP or poly-HRP catalyzing H>O; in the pres-
ence of 3,3,5,5'-tetramethylbenzidine (TMB) as an electron-shuttle [47] (Fig. 4.7).

4.2.2 Alkaline Phosphatase (ALP)

ALP is the enzyme used in widespread bioanalysis investigations. Wang et al. [48]
reported a photoelectrochemical (PEC) biosensor for sensitive and specific detec-
tion of mRNA based on Bi»S3 nanorods and ALP enzymatic signal amplification.
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Fig. 4.8 Sketch of steps involved in a surface activation of PGE with NHS/EDC, b probe immo-
bilization onto the surface of PGE, ¢ hybridization of probe with biotinylated target, d Ex-Ap—
biotin interaction, e enzyme substrate interaction and production of a-NAP and f voltammetric
measurement of oxidation signal of a-NAPL. Reprinted from Ref. [50], Copyright 2012, with
permission from Elsevier

Using the catalytic effect of ALP on L-ascorbic acid 2-phosphate trisodium salt
(AAP), ascorbic acid (AA) was in situ generated and used as an electron donor.
A signal-on protocol was successively achieved for miRNA detection due to the
dependence of photocurrent response on the concentration of electron donor of AA.
Under amplification of the immunogold-labeled streptavidin (SA-AuNPs), a low
detection limit of 1.67 fM was obtained with this setup. Bettazzi et al. [49] reported
an electrochemical detection of miRNA-222 by use of a magnetic bead-based bio-
assay and enzyme amplification. The proposed bioassay immobilized biotinylated
DNA capture probes on streptavidin-coated paramagnetic beads. After incubating
with biotinylated miRNA, the beads were hybridized with streptavidin—~ALP and
exposed to the appropriate enzymatic substrate to produce an electrochemical sig-
nal for detection. Notably, by using a compact microfluidic device, it enables multi-
plexed analysis of eight different samples with a detection limit of 7 pM.

Kilic et al. [50] reported an electrochemical-based detection of miRNA-21 in
breast cancer cells. In their study, the proposed enzymatic detection method was
detailed and compared with the conventional guanine oxidation-based assay in
terms of detection limit and specificity; the oxidation signal of enzymatic reaction
product (alpha naphthol, a-NAP), which is expected to be produced in the pres-
ence of hybrid, was detected by differential pulse voltammetry on a disposable
PGE. They claimed that for the first time an enzyme-based biosensor was designed
for detection of miRNA from cell lysates without any modification of the sample.
As a positive control, total RNA isolated from a breast cancer cell line that
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contains unregulated miRNA-21 was used for investigation. The specificity of the
assay was proven by noncomplementary studies using miRNA-21-free total RNA
samples. The proposed enzyme-based assay seems to provide more reproducible
results for detection of miRNA than the conventional guanine oxidation-based
method for cell lysates. Additionally, the method can unambiguously distinguish
between miRNA-21; including samples and miRNA-21 free samples, while detec-
tion is impossible with the guanine-based method due to very low signal (Fig. 4.8).

4.2.3 Other Enzymes or Molecules

Recently, several papers have reported the use of enzymatic reaction for recog-
nition of a hybridization event between probe and miRNA targets. In this way,
Pohlmann and Sprinzl [51] proposed an electrochemical detection of miRNAs via
gap hybridization assay. They introduced a method for detection of mature miR-
NAs based on four components DNA/RNA hybridization and electrochemical
detection using esterase 2-oligodeoxynucleotide (EST2-ODN) conjugates. Due to
complementary binding of miRNA to a gap built of capture and detector oligode-
oxynucleotides, the reporter enzyme is brought to the vicinity of the electrode and
enzymatically produces an electrochemical signal (Fig. 4.9).
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Fig. 4.9 Electrochemical detection of gap hybridization among immobilized capture ODN

(red), miRNA (green), EST2-miR conjugate (yellow), and complementary RNA probe (blue).
Reprinted with permission from Ref. [51], Copyright 2010 American Chemical Society
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Zhou et al. proposed a simple, sensitive, and label-free method for miRNAs
biosensing based on mimic enzyme catalysis signal amplification. They synthe-
sized carboxylic graphene—hemin hybrid nanosheets and used them to catalyze the
oxidation reaction of hydroquinone in the presence of H>O», due to the intrinsic
peroxidase-like activity of hemin on the carboxylic graphene surface. The electro-
chemical reduction current of the oxidative product of benzoquinone was depend-
ent on the hybridization amount of miRNAs and used to monitor the miRNAs
hybridization event. Under optimal detection conditions, the current response was
proportional to the logarithm concentration of miRNA-159 from 0.5 pM to 1.0 nM
with the detection limit of 0.17 pM (S/N = 3). The fabricated biosensor showed
high reproducibility and detection selectivity [52].

An innovative concept for miRNA detection is based on the molecular recog-
nition properties of the RNA-binding protein pl9, which is from the Carnation
Italian ringspot virus [53, 54]. The p19 homodimers bind with nanomolar affinity
to 21-23 base-pair long double-stranded RNAs (dsRNA) through a combination
of electrostatic and hydrogen bonding interactions with the sugar—phosphate back-
bone. Accordingly, binding to dsRNA is sequence independent and pl9 can be
used for recognition of miRNA hybridized to suitable RNA probes. In this study,
an electrochemical biosensor for detection of miRNA-21 using the oxidation signal
of protein 19 (p19) as a molecular caliper was designed. For the first time based
on this property, the proposed method enables detection of miRNA-21 in a direct,
rapid, sensitive, inexpensive, and label-free way. The detection of miRNA-21 was
achieved at picomolar sensitivity through the changes in intrinsic p19 oxidation
signals observed at 40.80 V with differential pulse voltammetry (DPV) and the
specificity of the designed sensor was proven by control studies [55].

Berezovski and co-workers proposed a strategy to transduce miRNA hybridiza-
tion into an electrochemical signal [56]. They immobilized RNA capture probes
on AuNP-modified screen-printed electrodes allowing miRNA detection in three
different modalities: direct hybridization with target miRNA, p19 binding, and
protein displacement. In the direct hybridization modality, target miRNA hybrid-
izes to the immobilized RNA-capture probes causing a modulation of the electrical
signal observed by scanning wave voltammetry (SWV). Ultrasensitive detection
(LoD = 0.15 zmol or 5 am in 30 mL sample solution) can be reached in the pro-
tein-based modality by adding p19 protein to the preformed hybrid. Binding of the
bulky p19 largely enhances shielding of the electrode surface compared to simple
miRNA hybridization and results in signal amplification. This sensing strategy is
appealing because of its high sensitivity, direct miRNA detection on small sample
volumes, no need for miRNA labeling or PCR amplification, and low cost of elec-
trodes. However, nonspecific adsorption of serum proteins, yeast tRNA and p19 on
the sensors surface was mentioned to likely affect quantification. This limitation
should be taken into consideration in the future method development. Finally, in
the protein displacement mode, the initial state for the sensor corresponds to full-
coverage of p19 protein on the electrode surface. In the presence of target miRNA
in solution, addition of the complementary RNA probe produces dsRNA. As a
consequence, pl9 is released from the electrode surface by competition with the
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immobilized dsRNA. In this mode, the LoD reached was, however, much higher
(1.5 fmol, 50 pm in 30 mL sample solution). Another possible limitation of quan-
tification strategies employing protein p19 is the reduced stability of RNA probes
compared to DNA probes. An alternative approach that tries to minimize this
problem was proposed by Mulchandani and co-workers [57].

Labib et al. [58] endeavored to develop a DNA four-way junction-based electro-
chemical sensor (4J-SENS) for ultrasensitive miRNA analysis. The developed sensor
can be operated within the dynamic range from 10 aM to 1 fM and detect as low as
2 aM of miRNA-122 (~36 molecules per sample), without PCR amplification.

4.3 Nucleic Acid Strand Amplification Electrochemical
miRNA Detection

As a typical target amplification technique, PCR is replication of a specific DNA
fragment of interest to a high enough concentration to be detected using con-
ventional approaches. However, the expensive thermal cycler limits its applica-
tion in point-of-care settings. Isothermal target amplification methods including
helicase-dependent amplification (HDA) [59, 60], strand displacement ampli-
fication (SDA), loop-mediated isothermal amplification (LAMP) [61-64], and
recombinase polymerase amplification (RPA) [65] have emerged as alternatives
to PCR; attracting intense interest in nucleic acids analysis. Besides the target
amplification, probe amplification strategies, such as rolling circle amplification
(RCA) [66—69] in which the amount of the target remains the same but the probe
sequence is replicated, are also employed to develop nucleic acid biosensors.
Duplex-specific nuclease (DSN) displays a strong preference for cleaving dou-
ble-stranded DNA or DNA in DNA:RNA heteroduplexes and is practically inac-
tive toward single-stranded DNA, or single-or double-stranded RNA [70]. It shows
good capability to discriminate between perfectly and nonperfectly matched (up to
one mismatch) short duplexes and is widely applied in the molecular biology field,
including full-length cDNA library normalization, subtraction, quantitative telomeric
overhang determination, and genomic single-nucleotide polymorphism detection.
Based on this property, Gao’s group developed a highly sensitive and selective label-
free miRNA genosensor, based on hybridized target miRNA strands initiated cleav-
age of hybridized DNA capture probes (CPs) by a DSN on a gold electrode [54].
Briefly, the hybridized CPs in the miRNA-CP duplexes are simultaneously cleaved
by the DSN, releasing the target miRNA strands back to the sample solution. The
released target miRNA strands again hybridize with the remaining CPs on the elec-
trode, thus forming an isothermal amplification cycle. The distinct difference in
electrochemical impedance between a control and the DSN cleaved genosensor
allows label-free detection of miRNA down to femtomolar levels. The mismatch
discrimination ability of the DSN permits miRNA expression to be profiled with
high selectivity. Moreover, it can be easily applied to all miRNAs, because DSN
enzyme has no requirement for specific recognition sequence [71] (Fig. 4.10).
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Fig. 4.10 Schematic illustration of working principle of the label-free electrochemical biosensor.
Reprinted with permission from Ref. [71], Copyright 2013 American Chemical Society

An ultrasensitive miRNA-16 biosensor was designed by combining rolling cir-
cle amplification (RCA), QDs tagging, and anodic stripping voltammetric detec-
tion (ASV). The LNA-MB probes immobilized on the Au electrode surface react
with the target miRNA to open up MB to release the RCA primer. After the RCA
primer binding RCA template, dNTPs and Phi29 DNA polymerase were intro-
duced to initiate the RCA reaction. The obtained RCA product was a long sin-
gle-strand DNA containing thousands of repeated sequences for linear periodic
hybridization with the QDs-modified detection probes. The Cd** released by
dissolving QDs attaching to the resulting electrode was quantified by ASV [72]
(Fig. 4.11).

An electrochemical biosensor without the assistance of enzyme for highly
sensitive miRNA detection was developed by combining a catalyzed hairpin
assembly reaction (CHA) and hybridization chain reaction (HCR). First, the hair-
pin-shaped capture probe H1 immobilized on the electrode surface was opened
by a target. In the presence of another hairpin probe H2, hybridization of HI-H2
resulted in the release of target from the Hl-target complex by a strand-displace-
ment reaction. The released target further hybridized with the remaining capture
probe H1. After the target recycling process, HI-H2 complex was achieved with
an exposed stem of H2. Then, the exposed stem of H2 served as initiator to trig-
ger an HCR event, yielding a long double-strand (dsDNA) molecule. Ultimately,
numerous methylene blue acting as redox probes intercalated into the minor groove
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Fig. 4.11 Schematic representation of the designed strategy for miRNA detection. Reprinted
from Ref. [72], Copyright 2013, with permission from Elsevier
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Fig. 4.12 Schematic illustration of electrochemical miRNA biosensor-based on enzyme-free
dual signal amplification of CHA and HCR. Reprinted from Ref. [73], Copyright 2014, with per-
mission from Elsevier

of the long dsDNA polymers to achieve an amplified electrochemical signal. The
proposed miRNA biosensor achieved a linear range from 10 fM to 1 nM with a
wide dynamic range of six orders of magnitude [73] (Fig. 4.12).
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Chapter 5
miRNA Optical Detection

Abstract miRNA is a kind of attractive candidates, as biomarkers, for early can-
cer diagnosis. Therefore, simple and novel strategies for miRNA detection with
high sensitivity and selectivity have great significance not only for the studies of
its biological functions but also for clinical cancer diagnosis. Various reliable opti-
cal miRNA detection methods have become a class of attractive and paramount for
miRNA expression analysis, due to its high sensitivity, wide dynamic range, and
multiplexing capabilities. The progress of nanotechnology and nanoscience allows
nanomaterial-based signal amplification to develop highly sensitive and selective
biosensors for in situ or online detection of miRNA. Molecular biology-based
strategies for miRNA detection by amplifying the target or probe with high detec-
tion sensitivity are applied in identifying and detecting nucleic acids analysis.

Keywords Optical detection + Signal amplification + Noble metal nanoparticles -
Transition metal dichalcogenides + Quantum dots + Canbon nanomaterials * Target
or probe amplification

5.1 Nanomaterials-Based miRNA Optical Detection

The development of nanotechnology and nanoscience renders nanomaterial-based
signal amplification great promise in developing highly sensitive and selective bio-
sensors for in situ or online detection of miRNA. Nanomaterials-based biosensors
exhibit the significant advantages with high sensitivity, wide dynamic range, and
multiplexing capabilities compared to bulk materials-biosensors. Nanoparticles
(NPs)-based biosensors show the significant advantages as follows: (i) The NPs
allow design of low cost and minimized equipment in point-of-care diagnostics
due to the small sizes breaking through the limitation of structure miniaturiza-
tion. (ii) The direct contact between NPs and the environment lead to accelerated
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signal transduction, enhanced ability of rapid analysis, and lower detection lim-
its. (iii) The utilization of nanomaterials also gives rise to a new research field
and concepts including reagent-less biosensing, biomimetics, and in vivo detec-
tion with long-term stability and less cytotoxicity. In an optical biosensor, various
nanomaterials-based fluorescent reporters and quenchers are explored to construct
the miRNA biosensor. For example, the great fluorescent properties of quantum
dots (QDs) [1] or AgNCs [2] are used as fluorescent reporters, while fluorescence
quenching behaviors of gold nanoparticles [3], carbon materials [4], graphene
oxide [5], or analogous nanostructures(e.g., MoSy, WS», etc.) [6] are employed as
efficient quenchers to develop a miRNA biosensing platform. In addition, many
nanomaterials have been explored to obtain the amplified detection signal and sta-
bilize recognition probes by using NPs as carriers or tracers, catalysts or electronic
conductors in the detection of miRNA [7].

5.1.1 Noble Metal Nanoparticles

Gold nanoparticles (AuNPs) have qualified in diverse applications to bioassay
detection, due to physical/chemical properties including surface/surface plasmon
resonance and excellent fluorescence quenching, as well as easily controllable size
distribution, high stability and compatibility with biomaterials, such as nucleic
acids and proteins. A colorimetric assay for convenient detection of miRNA has
gained increasing attention because it minimizes or eliminates the necessity of
using expensive and complicated instruments with a high sensitivity and wide
dynamic range, being easily monitored with the naked eye [8]. Among the many
colorimetric sensing strategies, AuNPs-based detection is desirable because of the
high extinction coefficients and strong distance-dependent optical properties of the
nanoparticles [9]. Mirkin and coworkers [10] designed a scanometric miRNA plat-
form for the detection of relatively low-abundance miRNAs with high specificity
and reproducibility. The scanometric miRNA system is able to detect miRNA of
1 fM in serum with single-nucleotide mismatch specificity.

Gao and coworkers [11] have demonstrated that AuNP networks in conjunction
with the duplex-specific nuclease (DSN) can be utilized to devise a simple and
yet ultrasensitive colorimetric assay for label-free detection of miRNAs (Fig. 5.1).
Hybridization of a target miRNA introduces the target miRNA strand into the
AuNP networks through forming a miRNA-capture probe (CP) duplex, then
the DSN cleaves the CP in the miRNA-CP duplex, releasing the miRNA strand
together with the AuNP into the sample solution. The released miRNA strand
again hybridizes with the AuNP networks, thus forming an isothermal amplifi-
cation cycle through which one target miRNA strand cleaves millions of AuNPs
from the AuNP networks during incubation. A sensitive colorimetric detection of
the target miRNA is realized after a sufficient period of incubation in the dynamic
range of 0.2 fM to 10 pM, with a detection limit of 0.1 fM.
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Since Mirkin and coworkers reported that DNA-modified AuNPs (DNA-
AuNPs) are a novel nanoprobe system for biomolecules detection for the first time
in 1996 [12], a variety of high-sensitive biomolecules detection based on a DNA-
AuNPs nanoprobe have been developed since that time [13, 14]. Degliangeli et al.
[15] have proposed a strategy for miRNA quantification based on DNA-AuNPs
probes. As shown in Fig. 5.2, they designed a fluorescently labeled DNA probe
immobilized on PEGylated AuNPs, whose fluorescence is quenched. In the pres-
ence of target miRNA and the endonuclease DSN, DNA-RNA heteroduplexes are
formed and the DNA strands are cleaved via enzymatic hydrolysis resulting in the
fluorophores moving away from the AuNPs surface, yielding a fluorescence sig-
nal. This strategy allows absolute and direct quantification of as little as 0.2 fmol
of miR-203.

Surface-enhanced Raman spectroscopy (SERS) utilizes nanostructured metal
surfaces, primarily silver and gold, that generate plasmon resonances in the
visible spectral region where Raman scattering is excited to a different state.
The phenomenon provides the basis for a powerful analytical technique offer-
ing both quantitative and qualitative molecular information about biomolecules.



60 5 miRNA Optical Detection

3 X T T 5 Template 3’ 5
. Vent (exo-) DNA

miRNA Nwﬂ‘} polymerase ?ﬂ

3 'j:f? 5 3 Tl |? 57

tatn? § i,

SO A A AT
v VAAA
VAAA

Capture probe- modified AuNP

"_':-'-- H g Reporter probe

by
o

Fig. 5.3 Scheme for surface-enhanced Raman spectroscopy (SERS) for simultaneous sensitive
detection of multiple miRNAs in lung cancer cell. Reproduced from Ref. [19] by permission of
The Royal Society of Chemistry 2014

Low detection limits, narrow spectral bandwidths, the ability to quench fluores-
cence, and the capacity to be used with or without optical labels make SERS
a good choice for biomolecules [16]. Widespread application of SERS-based
sensors, however, has been limited due to an inherent lack of spectral detail,
reproducibility [17], or a means of statistical analysis for quantitative analy-
sis [18]. In order to overcome these issues, a series of SERS-based strategies
for miRNA detection have been developed. Highly reproducible silver nanorod
SERS substrates along with a straight forward least squares (LS) technique
have been employed for the quantitative determination of the relative ratios of
the four nucleotide components: A, C, G, and T/U before and after hybridiza-
tion using a clinically relevant miRNA sequence. This study highlights a poten-
tially powerful advancement for miRNA label-free hybridization analysis [18].
Meanwhile, Zhang group [19] have developed circular exponential amplifica-
tion reaction (EXPAR)-based SERS for simultaneous sensitive detection of
multiple miRNAs in nonsmall cell lung cancer cells with a detection limit of as
low as 0.5 fM (Fig. 5.3).

5.1.2 Silver Nanoclusters (AgNCs)

The remarkable optical properties of silver nanoclusters (AgNCs) have stim-
ulated extensive interest for their potential use as fluorescent labels for
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microscopic imaging and as sensors for the detection of biomolecules [20].
Using the properties of DNA-silver nanoclusters (DNA/AgNC), a DNA/AgNC
probe for miRNA detection without pre- or postmodification, addition of
extra enhancer molecules or labeling was designed [21]. From this point,
DNA/AgNC probes have attracted prominent attention for miRNAs detec-
tion as a new, simple, inexpensive, and instant technique. Numerous stud-
ies have applied DNA as a scaffold for nanocluster formation, focusing on
the photoluminescence aspects of the DNA-templated silver nanoclusters
(DNA/AgNCs) for biosensing application [22-24]. Bjerrum and Yang [25]
have developed a strategy based on various fluorescent DNA/AgNCs probes for
multiplex miRNA detection in solution. For the creation of spectrally differ-
ent DNA/AgNCs probes, the emitters are encapsulated in nine different DNA-
12nt scaffolds, which is necessary, and with the tethered target-sensing DNA
sequences (also crucial) to tune the fluorescence across the visible to infrared
region (Fig. 5.4). In this study, they obtain three spectrally distinctive emitters
of each DNA/AgNCs probe such as green, red, and near-infrared (NIR) fluo-
rescence. This study shows a proof of concept for a rapid, one-step, in-solution
multiplex miRNA detection method.

(a) 12nt scaffold miR160 probe
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Fig. 5.4 DNA sequences of nine DNA/AgNCs probes with their abbreviations (a), the
maximum emission spectra of each DNA/AgNC probes (b) and absorption spectra of eight
DNA/AgNCs probes (c¢). Reproduced from Ref. [25] by permission of The Royal Society of
Chemistry 2014
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5.1.3 Quantum Dots

QDs, a novel semiconductor nanocrystal, have advantages over traditional fluoro-
phores for biosensing application. Especially for miRNA detection, due to their
outstanding optical properties, such as high quantum yields, broad absorption
spectra, narrow and symmetric size-tunable emission and strong resistance to pho-
tobleaching [26]. The combination of QDs with single-molecule detection (e.g.,
nucleic acids, proteins, and small molecules) enables the development of QD-
based biosensors with distinct advantages including high signal-to-noise ratios,
low sample consumption, and high sensitivity [27]. In particular, QDs hold great
promise as fluorescence resonance energy transfer (FRET) [28] or electrochemi-
luminescence resonance energy transfer (ERET) [29] donors in various biosensors
for miRNA detection. Zhang and coworkers [28] developed a QD-based miRNA
nanosensor for a point mutation assay with primer generation-mediated rolling cir-
cle amplification (PG-RCA), and further applied it to analyze the point mutation
of mir-196a2 in real samples. As shown in Fig. 5.5, in the presence of mir-196a2T,
the mir-196a2T-specific linear padlock probe forming a circular template and
mir-196a2T as a primer can initiate the RCA reaction with polymerase, produc-
ing a long repeat sequence, and with the nicking enzyme Nb.Bsml, an exponential
amplification can be performed. In the presence of Nt.BstNBI, a double-stranded
DNA (dsDNA) consisted of biotin/Cy5-labeled capture probes and RCA prod-
uct with a recognition site of the Nt.BstNBI was cleaved, leading to the separa-
tion of Cy5 from biotin and the release of the RCA product, and triggering the

(a)
mir-196a2T ((:
Ny . k—:
O Ligase OPol_vm:r-SO O O Nb. Bsmlo O
Padlock probe Biotin Cy$
.\‘:\ ! // .1 4 Capture probe
No FRET—-— 4'_. i &
/ Streplnvidin Nt.BstNBI
' coated QD
(b) Emission (QD) Emission (Cy5)
mlr—l%;ZC Jresp \q\ , //S\(
O = O ; Without —» w~wws ; FRET
amplification
Padlock probe . / l%\
Excitation (488 nm)

Fig. 5.5 Scheme for a quantum dot-based miRNA nanosensor for point mutation assays. Repro-
duced from Ref. [28] by permission of The Royal Society of Chemistry 2014
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next cleavage of capture probes. The higher the mir-196a2T concentration, the
lesser the Cy5 molecules are absorbed onto the surface of the streptavidin-coated
QD, resulting in the FRET efficiency between the QD donor and Cy5 acceptors
reduced and fewer Cy5 counts being detected in this application. While in the
presence of mir-196a2C, amplification reaction and cleavage of capture probes
are not triggered. The biotin/Cy5-labeled capture probes will be assembled on the
surface of QDs to form the QD—capture probe—Cy5 complex through a specific
streptavidin—biotin interaction, resulting in the occurrence of FRET between the
QD donor and Cy5 acceptors and, consequently, the detection of Cy5 counts.

Ju et al. [29] designed a distance-dependent ERET system based on CdTe
nanocrystals and Au nanoclusters (Au NCs) with the aid of ligase for a highly
selective detection of miRNA (Fig. 5.6). Au NCs functionalized hairpin DNA
(DNA-AuNCs) composite can be bound to the carboxylated CdTe nanocrystals
via amide reaction on a glass carbon electrode. The strong interaction between
CdTe nanocrystals and AuNCs led to the electrochemiluminescence (ECL)
quenching of CdTe nanocrystals. In the presence of assistant DNA and miRNA,
the ligase can selectively ligate both of them on the strand of the hairpin DNA to
form long DNA-RNA heteroduplexes. Thus, the ECL signal was recovered due
to the blocking of the ERET. As a comparison, when directly opening the hairpin
DNA by the target, the ECL emission signal is weak owing to the presence of
the ERET effect at the short distance. Based on the distance-dependent ERET,
a “signal on” ECL system was utilized for the detection of miRNA in six orders
of magnitude linear range with LOD of 21.7 fM and an excellent sequence
specificity.

Hairpin 1

)

—y

1 EDCI/NHS

CdTeQDs ¢ AuNCs ~w» AssistantDNA “w miR-15a

Fig. 5.6 Scheme for highly selective detection strategy of miRNA based on the distance-
dependent ERET between CdTe nanocrystals and Au nanoclusters. Reprinted from Ref. [29].
Copyright 2013, with permission from Elsevier
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5.1.4 Carbon Nanomaterials

The excellent fluorescence quenching properties of carbon nanomaterials have
been widely used in biosensors. Carbon nanotubes (CNTs), as a typical one-
dimensional (1D) nanomaterial, have been applied in a huge scientific field due to
their unique mechanical, electronic, and physicochemical properties. Furthermore,
a variety of works exhibit that CNTs have promising applications for biomolecules
detection based on the small size with large surface area, excellent electron trans-
fer ability and ability of biomolecule immobilization [30, 31]. Yang et al. [32] have
proposed an effective self-assembled single-wall carbon nanotube (SWNT) com-
plex with a fluorophores-modified DNA probe, based on the excellent fluorescence
quenching of SWNT, and exhibiting the feasibility of SWNT in recognizing and
detecting specific DNA sequences in a single step (Fig. 5.7).

Graphene oxide (GO), a two-dimensional (2D) nanomaterial, has shown
unique and excellent electronic, thermal, and mechanical properties. Graphene
is a one-atom thick sheet of sp? hybridized carbon network arranged in a per-
fect honeycomb lattice. GO has been applied particularly for biosensors due to
its extraordinary distance-dependent fluorescence quenching property. GO inter-
acts with single-stranded oligonucleotides through m—m stacking interaction with
nucleobases and efficiently quenches fluorescence of dyes present nearby. Dong
and coworkers [33] have proposed a highly sensitive multiple miRNA detection
method based on the GO fluorescence quenching and isothermal strand-displace-
ment polymerase reaction (ISDPR). As shown in Fig. 5.8, in the absence of spe-
cific targets, the strong interaction between ssDNA and GO led to the fluorescent
ssDNA probe exhibiting minimal background fluorescence. Upon the recognition
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Fig. 5.7 Schematic drawings of target-induced fluorescence change of the ssDNA-FAM-SWCNTs
complex from Ref. [32]. Reprinted with permission from Ref. [32]. Copyright 2008 American
Chemical Society
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Fig. 5.8 Scheme for highly sensitive multiple miRNA detection method based on the GO fluo-
rescence quenching and strand-displacement polymerase reaction (ISDPR). Reprinted with per-
mission from Ref. [33]. Copyright 2012 American Chemical Society

of specific target miRNA, an ISDPR was triggered to produce numerous mas-
sive specific DNA-miRNA duplex helixes, and a strong emission was observed
due to the weak interaction between the DNA-miRNA duplex helix and GO. This
miRNA biosensor exhibited LOD down to 2.1 fM with a linear range of four
orders of magnitude. Furthermore, the large planar surface of GO allows simulta-
neous quenching of several DNA probes with different dyes and produces a multi-
ple biosensing platform with high sensitivity and selectivity, which has promising
application in profiling the pattern of miRNA expression and biomedical research.

5.1.5 Transition Metal Dichalcogenides and Carbon Nitride
Nanosheet

Transition metal dichalcogenides (TMD) (e.g., MoS, [34], WS; [6], etc.) and car-
bon nitride nanosheet [35] are 2D layered nanomaterials analogous to graphene
and have attracted great attention due to their carrier mobility, optoelectronics, and
catalytic properties. These properties have led to the idea that TMD nanosheets
can hold great potential in biomedical applications because surfactants may cause
denaturation of proteins and oxidation can alter the semiconductive property of
the nanostructures. Jiang Jianhui and his group [6] developed a new strategy for
miRNA detection by combining the super fluorescence quenching ability of the
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Fig. 5.9 Scheme for highly sensitive and selective strategy for miRNA detection based on WS,
nanosheet-mediated fluorescence quenching and DSNSA. Reprinted with permission from Ref.
[6]. Copyright 2014 American Chemical Society

WS, nanosheet and duplex-specific nuclease signal amplification (DSNSA), with
a detection limit of 300 fM. As shown in Fig. 5.9, upon the addition of target
miRNA, the ssDNA probe hybridizes to a target miRNA to form a heteroduplex as
the substrate for triggering the DSNSA. After the product from the DSNSA reac-
tion is incubated with WS, nanosheets, the cleaved short FAM-linked oligonucle-
otide fragments will not be adsorbed on the nanosheets due to the weak affinity
and retain a strong fluorescence signal. In contrast, in the absence of the DSNSA
reaction, the sSDNA probes remain intact and their fluorescence is almost entirely
quenched due to their strong affinity to WS, nanosheets.

5.1.6 Other Nanomaterials

Recently, a variety of novel fluorescent probes have been employed for miRNA
detection. Owing to a superior electronic property, light-harvest nature, and effec-
tive optical signal amplification, conjugated polymers (CPs) have received world-
wide attention as biological sensors that either have a change in fluorescence or a
change in color when the molecules of interest are present [36]. Li and coworkers
[37] have established a label-free manner based on conformational and colorimetric
changes of a polythiophene derivative (PMNT) in the duplex of DNA/PMNT and
triplex of DNA/miRNA/PMNT for miRNA detection. Upon addition of ssDNA,
the DNA/PMNT solution color accordingly becomes red. When miRNA is hybrid-
ized with ssDNA and then mixed with the PMNT, due to the triplex structure of
DNA/miRNA/PMNT, the color of the triplex solution is orange. As a result of the
chemoselectivity, tunable kinetics, and fluorogenic nature, bioorthogonal tetrazine
is well known for being used as a fluorophore for molecular tagging or labeling in
many applications. Devaraj’s group [38] developed a transfer reaction between
7-azabenzonorbornadiene derivatives and fluorogenic tetrazines facilitating turnover
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amplification of the fluorogenic response in nucleic acid-templated reactions with
LOD for DNA and miRNA as low as 0.5 and 5 pM, respectively.

5.2 Target or Probe Amplification-Based miRNA
Optical Detection

In order to improve the detection sensitivity, molecular biological techniques
amplifying the target or probe are applied in identifying and detecting nucleic
acids analysis. Molecular biology-based strategies for miRNA detection are
always accompanied by enzyme signal amplification, e.g., endonuclease, poly-
merase, and exonuclease, which have attracted considerable attention for pro-
ducing a strong detectable signal in the analysis of trace target miRNA. For the
target amplification, reverse transcription polymerase chain reaction (RT-PCR)
[39] can render a 108-10°-fold amplification of a specific target to high concen-
tration detected by conventional methods. However, the expensive thermal cycle
instrument limits its expansion application in point-of-care diagnostics. Isothermal
amplification techniques free of thermal cycle instrument: including ligase chain
reaction (LCR) [40], rolling circle amplification (RCA) isothermal reaction [41],
loop-mediated isothermal amplification (LAMP) [42], and EXPAR [43] have
emerged as alternative nucleic acids strand amplification techniques in bioanalysis.

5.2.1 LCR

LCR is employed for two pairs of oligonucleotide probes which are adjacent and
perfectly complementary to target miRNA or the ligated DNA strand for per-
forming ligation-based exponential amplification [44]. Upon hybridization to
a target miRNA strand, the adjacent probes are ligated by a specific ligase [45]
(e.g., T4 RNA ligase 2 [46]) to form a long DNA strand. Afterwards, the ligation
products can serve as templates for the subsequent thermal cycles, leading to an
exponential amplification process and achieving high specificity to discriminate
one-base mutation in targets and with high sensitivity [47]. With a LCR utilized
for exponential amplification of miRNA and lambda exonuclease-assisted cati-
onic conjugated polymer (CCP) for fluorescent signal detection, a homogeneous
and sensitive detection of miRNA has been proposed (Fig. 5.10) [44]. The method
is sensitive enough to detect 0.1 fM target miRNA and specific to discriminate a
one-base difference of miRNAs. On the basis of enzymatic ligation of DNA stem-
loop probes, a variety of PCR miRNA detection methods [40, 48] are presented to
reduce nonspecific ligation at least 100-fold with a wide dynamic range and sin-
gle-base mismatch discrimination among miRNA sequences with a low limit of
detection. These strategies will be detailed in the following RT-PCR for miRNA
detection.
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5.2.2 RT-PCR

An RT-PCR miRNA detection method can overcome poor sensitivity and low
throughput of conventional technologies. Furthermore, a series of sensitive and
specific quantitative RT-PCR (qRT-PCR) techniques have been developed and
optimized for miRNA detection. For example, a real-time method based upon a
reverse transcription (RT) reaction with a stem-loop primer followed by a TagMan
PCR analysis has been designed [49] for total RNA from cells. This study has
indicated that stem—loop RT-PCR can be used for the quantification of other small
RNA molecules with better specificity and efficiency. Li and coworkers [48] have
proposed an ultrasensitive quantification of mature miRNAs by real-time PCR
based on ligation of a ribonucleotide-modified DNA probe. As shown in Fig. 5.11,
in the presence of target miRNA (let-7a), probe A-M and probe B (which con-
tains a universal sequence used for PCR amplification (green), a target-specific
sequence (blue), and a stuffer sequence in between (red), respectively), hybridize
with the half sequence of the target miRNA and are immediately adjacent to each
other. Therefore, the probe can be ligated by the catalysis of T4 RNA ligase 2. The
ligation product is then amplified by PCR with the universal forward primer and
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reverse primer. SYBR Green [ is utilized as the fluorescent dye for real-time detec-
tion of PCR products. With PCR amplification of the ligated DNA probe, as low as
0.2 fM target miRNAs can be detected with high specificity.

5.2.3 RCA

As a result of simplicity, robustness, specificity, and high sensitivity, RCA has
become increasingly popular in the detection of DNA [50], RNA [51], and pro-
teins [52]. RCA offers an exquisite strategy for detecting miRNAs because the
short miRNAs are suitable to be used as templates for ligation of the padlock
probes and can subsequently prime the RCA reaction. This reaction is an iso-
thermal enzymatic replication process that uses certain DNA or RNA polymer-
ases to generate long single-stranded DNA or RNA with tandem repeats of the
complementary sequence of a single-stranded circular DNA template [53]. Four
components are essential for a typical RCA reaction: (1) DNA polymerase (e.g.,
Phi29 DNA polymerase) including a suitable buffer (usually provided by manu-
facturer along with the polymerase); (2) a short DNA or RNA primer; (3) a cir-
cular DNA template; and (4) deoxynucleotide triphosphates (dNTPs) [54]. By
introduction of a second primer complementary to the RCA products, which leads
to a branched rolling circle amplification (BRCA) reaction, the RCA products
can be sensitively determined in a homogeneous manner by using SYBR Green
1 (SG) as the fluorescence dye [51]. On the basis of RCA and a T7 exonuclease-
assisted cyclic enzymatic amplification, a dual amplification strategy for miRNA
detection has been proposed (Fig. 5.12) [S5]. In the presence of target miRNA,
the circular template permits replication assisted to phi29 DNA polymerase form-
ing a long ssDNA with numerous copies of the complementary sequence of the
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Fig. 5.12 Scheme for a dual amplification strategy for sensitive and selective miRNA detec-
tion using a T7 exonuclease-assisted cyclic enzymatic amplification method coupled with RCA.
Reproduced from Ref. [55] by permission of The Royal Society of Chemistry 2014

circular template, which can hybridize with thousands of linear molecular beacons
(LMB). The LMB from the duplex is digested by T7 exonuclease (T7 Exo) and
the fluorophore is separated from the quencher to emit fluorescence when the RCA
product is intact and initiates a new cleavage process achieving cyclic enzymatic
amplification.

5.2.4 LAMP

LAMP, a novel nucleic acid amplification method, is one of the most potential
candidates for simple and rapid biomolecular detection [56], which relies on auto
cycling strand displacement DNA synthesis performed by the enzyme Bst poly-
merase [57]. LAMP is a simple, rapid, and cost-effective nucleic acid method, and
the resulting amplicons can be detected by metal indicator [58] or SYBR Green
I [59] after reaction. LAMP can amplify a few copies of the target to 10°-fold
in short time, even when large amounts of nontarget DNA are present, and has
been applied to detect a variety of viral pathogens [60]. Recently, Fang et al. [61]
have designed a LAMP-based detection system into one microfluidic chip with
a detection limit of 10 fg of DNA sample within 1 h using only the naked eye
as a detector. The detailed mechanism of LAMP for miRNA detection is illus-
trated in Fig. 5.13. Four probes are employed in the LAMP reaction: a template
DNA (containing the sequences of B3, B2, B1, Flc, F2c and complementary
sequence of target miRNA), forward inner primer (FIP, Flc, a TTTT spacer and
the sequence F2 complementary to F2c), backward inner primer (BIP), and outer
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primer B3 with modifications. In the presence of Bst polymerase, FIP and miRNA
hybridize the template DNA and extend, generating a FIP-linked single-strand
DNA (ssDNA), which can form a stem-loop structure. Then, BIP and primer B3
hybridize to the ssDNA performing the primer extension and releasing a BIP-
linked ssDNA; which can form double stem-loop structures. Based on the strand
extension and strand displacement, several cycles of strand extension can proceed,
achieving cyclic signal amplification. Finally, the LAMP products can then be
detected using SYBR Green I.

5.2.5 EXPAR

As an alternative amplification technique, the EXPAR has obtained great attention
for low-abundance miRNA detection due to its high sensitivity, low cost, and good
tolerance to the inhibitory components in the clinical samples. By the combination
of polymerase strand extension and single-strand nicking, EXPAR has the intrin-
sic merits of high amplification efficiency (its isothermal nature and rapid ampli-
fication kinetics), which can provide 10°-10°-fold amplification within minutes
[62]. EXPAR was first proposed by Galas and coworkers for the rapid and efficient
amplification of short oligonucleotides sequence by a combination of polymer-
ase strand extension and single-strand nicking [63]. Some improved approaches
combining MB [64], silver nanocluster?? or SYBR Green 1 [65] with EXPAR
have been successively developed by different research groups for miRNA detec-
tion. Duan et al. [66] have developed an ultrasensitive detection of miRNA at
the single-cell level based on hairpin-mediated quadratic enzymatic amplifica-
tion (HQEA). As shown in Fig. 5.14, in the presence of the target miRNA, the
loop region of MB probe is opened and hybridized, resulting in recovery of the
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Fig. 5.14 Scheme for ultrasensitive detection of miRNAs at the single-cell level and in breast
cancer patients using quadratic isothermal amplification. Reprinted with permission from Ref.
[66]. Copyright 2013 American Chemical Society

fluorescent signal. Next, a primer anneals with the opened MB and allows polym-
erization with Bst polymerase, which displaces the target miRNA and forms a
DNA duplex according to the MB probe. The displaced miRNA is free to bind
to another beacon, triggering the next cycle and achieving the fluorescent signal
amplification. By introducing the nicking enzyme and exonuclease, the beacon is
cleaved and dissociated, achieving a quadratic signal amplification. Thus, once ini-
tiated, many copies of miRNA are generated in the first amplification cycle, and
the nicking enzyme and exonuclease produce multiple copies of the newly recy-
cled target DNA in the second cycle, enhancing the signal. This method exhibits
ultrasensitivity with LOD of 10 fM at 37 °C and 1 aM at 4 °C (reaction tempera-
ture) for miRNA-21.

5.3 Probe Design Strategy Techniques in miRNA Optical
Detection

Due to the short size of miRNAs, the traditional DNA oligonucleotide probe
shows inefficiency in miRNAs detection. Probe design strategies have also
been significantly improved in recent years; peptide nucleic acids (PNAs) and
locked nucleic acids (LNA) oligonucleotide probes with considerable enhanced
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Fig. 5.15 Schematic illustration of the solution-based hybridization assay for the direct quanti-
fication of miRNAs with total internal reflection fluorescence microscopy (TIRFM). Reprinted
with permission from Ref. [71]. Copyright 2014 American Chemical Society

sensitivity in detecting small RNA have been increasingly used in miRNA detec-
tion. PNAs are DNA analogues in which the anionic phosphate backbone is
replaced by a neutral charge backbone, so that the less repulsion between PNA
and RNA results in increased melting temperature and subsequently enhanced
hybridization efficiency [67]. For miRNA detection, LNA (bicyclic RNA
analogues)-based probes have shown great advantages to enable specific identifi-
cation of highly similar sequences, such as miRNA family members and single
mutations due to the remarkable affinity and specificity of LNA to miRNA [68,
69]. Varallyay et al. [70] describe an improved protocol for miRNA northern blot
analysis using an LNA-modified oligonucleotide probe with a short detection time.
As shown in Fig. 5.15, Ho et al. [71] have designed a strategy to differentiate the
expression of a nasopharyngeal carcinoma (NPC) upregulator hsa-mir-205 (mir-
205) in serum using an LNA -modified MB as the CP for overcoming the back-
ground matrix interference in serum and enhancing sensitivity and specificity. The
LOD of this method is as low as 500 fM, and exhibits the capability of differen-
tiating NPC stages by the level of mir-205 detection in serum with only 10 pL of
serum in a short time.
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Chapter 6
Other Emerging miRNA Detection
Strategies

Abstract A number of specialized miRNA detection strategies have been recently
reported, including surface plasmon resonance (SPR), microfluidic technique,
next-generation sequencing, laser ablation (LA) inductively coupled plasma mass
spectrometry (ICPMS), and so on. With a sensitive, rapid, and on-site analysis,
SPR is an attractive alternative to conventional techniques in miRNA detection.
Referring to small sample volume and rapid detection for POC diagnosis, micro-
fluidic technique is a commendable choice. The possibility of new miRNA discov-
ery is the major advantage of next-generation sequencing. And using LA-ICPMS
for miRNA detection makes multiplexed, sensitive, and quantitative analysis pos-
sible with the sensitivity comparable to radioactive detection. For all these advan-
tages, it is believed that in the future, these new technologies will emerge as an
efficient and alternative tool for daily miRNA analysis.

Keywords miRNA detection strategies * Surface plasmon resonance * Microfluidic
technique + Next-generation sequencing * ICP-MS

6.1 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR), as a charge-density oscillation at the interface
between two media, can generate a surface plasmon wave (SPW) with a propa-
gation constant § and with dielectric constants of opposite signs [1]. Since the
propagation of the SPW is sensitive to the changes in the refractive index of the
dielectric, an SPR-based biosensor is considered as a refractometric device. The
binding between analytes and bioreceptors immobilized on the sensing surface
causes a local change in refractive index and the propagation constant  and gener-
ates a real-time signal in a label-free way (Fig. 6.1).

SPR is an attractive alternative to conventional techniques in miRNA detection!
with a sensitive, rapid, and on-site analysis [2]. Many developments for the
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Fig. 6.1 a In an SPR biosensor based on a prism coupler, light is totally reflected by a thin gold
layer (50 nm) exciting the surface plasmons (SPs) and generates an SPW. b The affinity binding
between bioreceptors and analytes causes a change in refractive index versus time. ¢ Entailing
a shift of the reflectivity curve versus wavelength of source light or angle of reflected light.
Reprinted from Ref. [1], with kind permission from Springer Science+Business Media

improvement of SPR technology were achieved in terms of sensitivity and speci-
ficity [3]. Zhang et al. described a fast and simple method based on a hybrid sand-
wich-like assay for detection of miR-122 extracted from human breast tumor cells
(Fig. 6.2) [4]. MiR-122 was first hybridized from a fully complementary thiolated
DNA probe, which was immobilized on the sensor surface using a Biacore X sys-
tem. After that, a secondary biotinylated DNA probe [linked to streptavidin-oligo-
nucleotide (SON) complex] was hybridized to the target. This method enhances
sensitivity, lowers the detection limit down to 17 pM, and shows good reproduci-
bility (CV% = 5.7 %) with PCR-free compounds.

By using SPR technology and a DNA*RNA antibody-based assay, an approach
detecting miRNA in less than 30 min at a concentration down to 2 pM has been
developed [5]. In addition, the SPR imaging has also been designed for LNA
microarrays that are able to detect miRNAs down to 10 fM. There are three steps
in the detection and identification of miRNAs (Fig. 6.3): [6]. First, target miRNAs
are adsorbed from solution onto a single-stranded LNA microarray (step i). Then,
by poly(A) polymerase surface reaction, poly (A) tails are added to the surface
bound miRNAs. Finally, the poly (A) tails are hybridized with T30 DNA coated
gold nanoparticles (AuNPs) for signal amplification, followed by SPR imaging
detection. This ultrasensitive nanoparticle-amplified SPR imaging method can be
used for miRNA concentrations determination in a total RNA sample from mouse
liver tissue. Using enzymatic silica nanoparticles combined with an SPR imaging
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Fig. 6.2 Schematic of the miRNA assay using an SPR biosensor and SON complex for signal ampli-
fication. Reprinted from Ref. [4], with kind permission from Springer Science+Business Media
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Fig. 6.3 Schematic showing the detection of miRNAs using a combination of surface polyade-
nylation chemistry and nanoparticle amplified SPRI detection: (i) hybridization adsorption of
miRNA onto a complementary LNA array element; (ii) addition of poly(A) tails to the surface
bound miRNAs using poly(A) polymerase; and (iii) hybridization adsorption of T30-coated Au
nanoparticles to poly(A) tails detected by SPRI measurements. Reprinted with permission from
Ref. [6]. Copyright 2006 American Chemical Society

measurement, subpicomolar concentrations of multiple short sSRNA can also be
detected for this process [7]. Although the above two assays were used for detec-
tion of miRNA from mouse liver, they represented the improvement of analytical
performance; which is suitable for future applications to human miRNA detection.
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6.2 Microfluidic Technique

A method using a microfluidic device is an attractive choice to meet the require-
ments of point-of-care (POC) miRNA detection. Using this device can thoroughly
shorten the incubation time, due to the straight conveyance of sample molecules
to the surface-immobilized probe DNAs by hydrodynamic force [8]. Moreover,
compared to microarrays and PCR tubes, smaller sample volumes are required
for microchannels. Owing to these properties, microfluidic devices have the pos-
sibility to solve problems referring to small sample volume and rapid detection for
POC diagnosis, which are difficult with existing technologies.

The power-free microfluidic device allowing self-pumping by poly-dimethyl-
siloxane (PDMS) air absorption need not connect to an external power supply.
Considering the potential for POC applications in the future, it is a significant
advantage. The energy stored in degassed PDMS prior to use is the driving force
of the power-free microfluidic device [9]. The large amount of air contained by
PDMS at atmospheric pressure can be evacuated in a vacuum chamber, and when
it is brought back under atmospheric pressure, the air dissolves into the PDMS
again. By this air redissolution process, the reduced pressure forces the solutions
to be pulled in the outlet reservoir. Furthermore, since in a gas-tight condition the
degassed device can be preserved, the device degassing does not need to be per-
formed at the time of the operation [10]. The operation of a power-free microflu-
idic chip has the properties of compactness, portability, and simplicity, which may
overcome the problems of need for an external power source and skilled personnel.

The highly sensitive detection of small and non-labeled miRNAs by surface
sandwich hybridization is one of the major challenges existing in the microflu-
idic approach. In order to solve the issues, two key strategies have been presented
to address this. One of them is combination of a laminar flow-assisted dendritic
amplification (LFDA) and coaxial stacking-aided sandwich hybridization, and the
other depends on the coaxial stacking effect of small DNA and miRNA during
sandwich hybridization. Using the power-free microfluidic chip, detection of sub-
attomole miRNAs can be realized in 20 min by both strategies.

LFDA is a signal amplification method for microfluidic analysis of surface-
bound molecules [11], which was performed by a device with a pair of micro-
channels arranged in a Y configuration (Fig. 6.4a). Two amplification reagents,
including one fluorescent reagent, were supplied from laminar streams to the
surface-bound molecules in LFDA. Both reagents constructed dendritic structures
growing over time and amplified fluorescent signals.

LFDA is based on the continuous three-phase reaction at the interaction of two
laminar streams and a solid surface. Laminar flow, as a common phenomenon in
microchannels, is characterized by low Reynolds numbers [12]. Two different
solutions are mixed when they are pumped into a microchannel by the interface
diffusion between the two streams (Fig. 6.4b). The components of the two streams
are simultaneously and continuously supplied onto the solid surface at the contact
line between the two streams and the channel ceiling or floor (Fig. 6.4¢c) [11].
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Fig. 6.4 a Schematics of the power-free microfluidic device. The width of the DNA probe pat-
tern was 100 pm, and it was located 500 pwm downstream of the Y-shaped channel confluent
point. b Enlarged view of a laminar flow in the microchannel. F-SA and Bio-anti-SA are con-
veyed by the laminar flow. ¢ Enlarged cross-sectional view of the sandwich hybridization and
LFDA. F-SA, FITC-labeled streptavidin; Bio-anti-SA, biotinylated antistreptavidin. Reprinted
with permission from Ref. [11]. Copyright 2007 American Chemical Society

Coaxial stacking-aided hybridization promotes the affinity and stability of oli-
gonucleotide hybridization [13, 14]. The dipole-induced dipole—dipole interaction
between the planar aromatic bases in two contiguous nucleotides is the base stack-
ing. Coaxial stacking at the nick site stabilizes hybridization when two neighbor-
ing sequences are annealed on a longer strand. Maeda’s group presented a method
that targets miRNA detection using sandwich-hybridization, taking advantage of
the coaxial stacking effect. In the experiment, a PDMS microfluidic device used
with multiple microchannels 100 pm wide and 25 pwm high. Amino-labeled probe
DNAs were selectively immobilized on an aminated glass surface by glutaraldehyde
(Fig. 6.5). This method was allowed to detect miR-21 in 20 min with a 0.5 mL sam-
ple volume at a limit of detection (LOD) of 0.62 nM [15], which was far above the
criteria for practical application. Therefore, further improvement of the LOD by three
orders of magnitude to 0.5 pM was made by adopting LFDA [11], which is a signal
amplification method for microfluidic analysis of surface-bound molecules [16].

Generally speaking, the coaxial stacking effect has been proven to be helpful
in DNA-RNA sandwich hybridization and has increased detection sensitivity by
one order of magnitude. LFDA increased the fluorescent signal by three orders
of magnitude. In addition to these strategies, various microfluidic-based strate-
gies have been explored for miRNA detection. Beier’s group introduced a micro-
fluidic primer extension assay (MPEA) for miRNA detection on highly flexible
microfluidic microarrays, which can analyze any type of IncRNA with the two-
tier specificity of the conventional RAKE assay, reduce amounts of input RNA,
and increase flexibility [17]. The qPCR-array based microfluidic dynamic array
platform developed by Jen et al. can be used in conjunction with multiplexed RT
reactions for miRNA gene expression profiling. This approach is highly reproduc-
ible and the results correlate closely with the existing singleplex qPCR platform
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Fig. 6.5 a Schematics of the power-free microfluidic device. PDMS absorbs air in the outlet
chamber, being a self-standing pumping device. Probe DNA is immobilized onto the glass sur-
face and microchannels convey the sample to the probe. b Schematics of sandwich hybridization.
Half of the miRNA sequence is complementary to the fluorescent labeled probe DNA and the
other half is complementary to the probe DNA immobilized on the glass surface. Reproduced
from Ref. [15] by permission of The Royal Society of Chemistry

at a throughput that is 5-20 times higher and a sample and reagent usage that was
about 50-100 times lower than conventional assays. They established optimal con-
ditions for using the Fluidigm microfluidic technology for rapid, cost-effective, and
customizable arrays for miRNA expression profiling and validation [18]. In 2011,
a new approach for highly sensitive detection of miRNA on a microfluidic-assisted
microarray was demonstrated. Due to its unmatched resolution, the technique
could detect as low as 300 copies of target miRNAs in a sample volume of 1.0 ml.
With the greatly improved sensitivity, the amount of total RNA needed in the assay
is reduced to only a few nanograms, providing an excellent opportunity for fast and
direct miRNA profiling without any labeling and amplification procedure [19].

For further practical applications, optical or electrical devices for signal read-
outs should be miniaturized and integrated on the same chip. It should also be pos-
sible that this technology is combined with existing electronic devices, such as cell
phones [20]. The ideal properties for POC diagnosis include rapidity, small sample
volume, simple operation, and portability of the device. Hence, further study in
commercialization might be helpful to improve global health and healthcare envi-
ronments even in regions that lack resources.

6.3 Next-Generation Sequencing

Next-generation sequencing, allowing the sequencing of small RNA molecules
and the calculation of their expression levels, involves enzymatic generation of a
cDNA library, which was followed by extensive parallel sequencing of individual
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Fig. 6.6 Scheme of miRNAs that were northern blotted and incubated with lanthanide-labeled
DNA probes. Reprinted with permission from Ref. [25]. Copyright 2014 American Chemical
Society

cDNA molecules. The possibility of new miRNA discovery is the major advan-
tage of next-generation sequencing. Based on this technology, researchers have
witnessed a large increase of newly discovered miRNA sequences in the past few
years. However, miRBase has introduced a high confidence subset of miRNA
entries, since loci annotated as new miRNAs have been identified under inhomo-
geneous stringency criteria [21]. By comparison of numerous sequencing data sets
available in the miRBase library, this entirety is obtained under the constraint of
specified criteria for the identification of miRNA.

Bioinformatics analysis of the sequence reads may be used to quantify relative
miRNA by a digital approach, which is estimation of the relative abundance of a
specific miRNA from multiple reads for its sequence normalized to the total reads
in the sample [22]. However, exorbitant price and requirements of highly special-
ized computational infrastructures and expertise still limit the large-scale applica-
tion of this promising technology [23, 24].

6.4 I1ICP-MS

Multiplexed analysis, the detection of several miRNAs in the same sample at a
given run, is desirable because it enables the direct comparison of several miR-
NAs in one analysis, while simultaneously reducing the associated labor and costs.
However, it still remains a challenge due to the chemical properties of the reporter
tags combined with the narrow size range of miRNAs [25].

Recently, analytical approaches for multiplexed protein analysis based on
lanthanide-labeled antibodies including laser ablation (LA) inductively coupled
plasma mass spectrometry (ICPMS) of Western blot membranes have been devel-
oped, which were combined with ICPMS detection [26]. Bang and co-workers
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combined the lanthanide labeled DNA probes with LA-ICPMS to detect miRNAs
on Northern blot membranes (Fig. 6.6). The DNA probes used for hybridization
had full sequence complementarity to the miRNA targets, ensuring high specificity
of the assay. Using LA-ICPMS for miRNA detection makes multiplexed, sensi-
tive, and quantitative analysis possible with sensitivity comparable to radioactive
detection (low femtomolar range) [25].
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Chapter 7
Intracellular and Organic miRNA
In Situ Detection

Abstract The detection methods of miRNA in intracellular or organisms fall into
two broad categories: indirect detection and direct analysis. The indirect measure-
ment of the expression levels of miRNAs in cells and tissues involves cells lysis
and detection by qRT-PCR, northern blotting, or microarray hybridization. The
direct analysis methods are a noninvasive manner for repetitively monitoring and
obtaining real-time imaging of the intracellular miRNA by using imaging analy-
sis or in situ hybridization (ISH). Technologies for direct detection of the tem-
poral and spatial expression sequence of specific miRNA in cells or tissues are
extremely important for elucidating miRNA biology. The progress of optical
imaging techniques with multimodal reporter systems holds great promise for non-
invasive and real-time imaging of molecular agent expression in living cell. Recent
progress in nanotechnology and imaging detection techniques leads to multifunc-
tional nanoprobe with specific-transfection, tracing, and regulation function in
intracellular miRNA detection. ISH holds great promise for visualization of the
spatial localization of RNA at the tissue, cellular, and even subcellular level.

Keywords Intracellular miRNA - Organic miRNA - In situ detection + Cell
imaging analysis + Functional nanoprobe

The detection of intracellular miRNA is significant in the development of gene
therapy and gene medicines. The deficiency of small size and degradation of the
mature miRNAs make it difficult to directly transfer the specific miRNA into the
cell. A noninvasive manner for repetitively monitoring and obtaining real-time
imaging of the intracellular miRNA is required for the analysis of miRNAs in
practical clinic application. Efficient gene vectors, including viral [1] and nonviral
categories, [2] were usually required to translocate miRNA probe through mem-
brane barrier into the cell. Retrovirus and adenovirus vectors can be effectively
transferred via the gene probes (DNA, RNA) into most cell lines. However, the

Haifeng Dong, Xiangdan Meng and Wenhao Dai contributed together to this chapter.

© The Author(s) 2015 87
X. Zhang et al., MicroRNA Detection and Pathological Functions,
SpringerBriefs in Molecular Science, DOI 10.1007/978-3-662-47293-4_7



88 7 Intracellular and Organic miRNA In Situ Detection

high cell toxicity of these vectors easily induces cell-mediated immunity response
and limits the broad application [3]. The nonviral vectors show less efficiency
compared to viral vector in delivering the gene probe and preventing it from
degradation of the cell autoimmunity, but good biocompatibility and large-scale
production of nonviral vectors make it promising in gene therapy research [4].
Various nonviral gene vectors such as liposomes, [5] cationic polymers, [6] den-
dritic polymers, [7] polymeric peptides [8], and nanoparticles [9—11] have been
continuously explored for gene therapy.

Recent significant progress in optical imaging techniques with multimodal
reporter systems holds great promise for noninvasive and real-time imaging of
molecular agent expression in living cell. Various reporter-based optical imaging
systems such as luciferase or fluorescent probes, and radionuclide imaging with
sodium iodide symporter and herpes simplex virus 1-thymidine kinase (as report)
have been developed for endogenous gene expression [12—15]. These emerging
miRNA detection strategies provide a better understanding of miRNAs expres-
sion profile in human diseases and the function in biological process. Notably, the
progress of nanotechnology combining with novel molecular modification and
imaging detection technique allows development of multifunctional nanoprobe
with specific-transfection, tracing, and regulation function in intracellular miRNA
detection.

7.1 Functional Nanoprobe-Based Intracellular miRNA
Detection

Generally, an efficient nanovector consists of three functional moieties including
specific target cell moieties, tracer, and gene probe. Due to good biocompatibility
and larger surface, carbonaceous nanomaterials are always used to develop gene
vector. The application of nanosized GO (NGO) in detection of multiple miRNA
targets inside the living cells has been reported. Dal-Hee Min and co-workers [16]
develop a biosensor for quantitative monitoring of target miRNA expression lev-
els in living cells. This strategy is based on tight binding of NGO with peptide
nucleic acid (PNA) probes, resulting in fluorescence quenching of the dye that is
conjugated to the PNA, and subsequent recovery of the fluorescence upon addition
of target miRNA by forming a DNA/miRNA heteroduplex (Fig. 7.1). The present
miRNA sensor allowed the detection of specific target miRNAs, with the detec-
tion limit as low as 1 pM and the simultaneous monitoring of three different miR-
NAs in a living cell. A simple nanocarrier of polyethylenimine-grafted graphene
nanoribbon (PEI-g-GNR) was designed by Ju and co-workers as effective gene
vector for cellular delivery of a locked nucleic acid-modified molecular beacon
for recognition of miRNA [7]. The obtained PEI-g-GNR exhibited good protective
properties, efficient transfection efficiency, and negligible cytotoxicity, which can
effectively deliver detection of LNA-m-MB into the cells to recognize the target
miRNA-21 in HeLa cells. Furthermore, the same group developed a functionalized
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Fig. 7.1 Scheme for quantitative and multiplexed miRNA sensing in living cells based on pep-
tide nucleic acid and nano graphene oxide (PANGO). Reprinted with the permission from Ref.
[16]. Copyright 2011 American Chemical Society

graphene oxide probe to mediated adriamycin delivery and miRNA-21 gene
silencing to overcome tumor multidrug resistance in vitro [17].

Silicon nanomaterials are another class of widely used nanodelivery com-
pounds. In order to tackle the low-abundant miRNAs in a single cell, Zhu et al.
[18] reported a multifunctional mesoporous silicon probe-based programmable
nanodevices using DNAzymes to realize stringent miRNAs multiplexed detec-
tion and controlled drug release (Fig. 7.2). In this system, the MNAzyme motifs
act as three-dimensional gatekeepers to lock the doxorubicin inside the nanocar-
riers. When nanocarriers were exclusively transfected into the target tumor cells
via aptamer-guided recognition, the endogenous miRNAs reopened the gate to
release the drug. Notably, the release rates could be spatial-temporally controlled
by the modulation of miRNA expression, which provide a general strategy com-
bining chemotherapy and gene therapy for disease diagnosis and prognosis. Zhang
et al. [19] have employed a fluorescent silica/metal core—shells nanocomposite as
a molecular imaging reporter to detect single miRNA molecules in the lung can-
cer cells. These metal nanoshells composed of silica spheres with encapsulated
Ru(bpy)3T complexes as cores and thin silver layers as shells, which display an
enhanced emission intensity, shortened lifetime and extended photostability com-
pared to silica spheres alone. Liu et al. [20] designed a multifunctional fluorescent
nanoprobe with the AS1411 aptamer as target-cell-specific moieties and a molecu-
lar beacon as the detection probe on the surface of the fluorescent dye-doped silica
nanoparticles (FSiNPs) for delivery and imaging intracellular miRNA.

Magnetic nanomaterials-based magnetic resonance imaging (MRI) offers great
spatial resolution for viewing cells and deep tissues. Yang et al. [21] have syn-
thesized Fe3O4@polydopamine coreshell nanocomposites (FezO4@PDA NCs)
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Fig. 7.2 Schematic illustration of in situ amplification of intracellular miRNA with MNAzyme
nanodevices for multiplexed imaging, logic operation, and controlled drug release. Reprinted
with the permission from Ref. [18]. Copyright 2011 American Chemical Society

using an in situ self-polymerization method. The PDA shell layer delivers the
nanocomposites near-infrared absorption, high fluorescence quenching efficiency,
and facilitated functional surface. The obtained Fez;O4@PDA NCs could acts as
theranostic agents for both intracellular mRNA detection and multimodal imaging-
guided photothermal therapy. A self-assembling signal on a magnetic fluorescence
nanoparticle was self-assembled to a signal on multifunctional system to visualize
intracellular miRNAs during neurogenesis using MRI (Fig. 7.3).

In addition, noble metal such as gold nanoparticles have attracted interests in
gene vector, and various novel nanomaterials with unique optical or magnetic
properties are continuously explored. Some graphene-like fluorescence quench-
ing analogs were reported for bioanalysis. Wu et al. [22] presented a novel strategy
by using PNA probes labeled with fluorophores; they were conjugated with
nanometal-organic framework (NMOF) as a fluorescence quencher of the labeled
PNA and developed for multiplexed miRNAs detection in living cancer cells.
A multifunctional SnO; nanoprobe for target-cell-specific delivery and imaging with
detection of intracellular miRNA was reported by Ju et al. [23] (Fig. 7.4). The mul-
tifunctional SnO; nanoprobe contains a cell-targeting moiety and a conjugated gene
probe to specifically recognize or regulate a target sequence, providing a detection
strategy or inhibitor. Using miRNA-21 in HeLa cells as a model, a method for in situ
specific detection and regulation of intracellular miRNA is implemented.
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Fig. 7.3 Strategy for multifunctional Fe3O4@Polydopamine core/shell nanocomposites for
intracellular mRNA detection and imaging-guided photothermal therapy. Reprinted with the per-
mission from Ref. [21]. Copyright 2011 American Chemical Society

7.2 miRNA Imaging Analysis

Bioluminescence imaging has been widely employed to monitor endogenous gene
expression and molecular distribution in living animals by detection of light emit-
ted from enzymatic reaction. Luciferase (Fluc), Renilla luciferase (Rluc), and
Gaussia luciferase (Gluc) are the three typical luciferase optical reporter proteins.
The maximum emission of Fluc loaded at about 562 nm is produced by oxidiz-
ing its substrate beetle D-luciferin to oxyluciferin (benzothiazole) [24, 25]. Rluc
and Gluc emit bioluminescence light at about 480 nm by catalyzing the oxi-
dation of coelenterazine [26]. Compared to native Rluc or Fluc, Gluc shows a
1000-fold more intensity, and it is the smallest stable luciferase at elevated tem-
peratures, which facilitating it to construct clones and cell transfection [27, 28].
Fluc, meanwhile, possesses better tissue penetration of photons for in vivo imag-
ing in tissue than Rluc and Gluc duo to longer wavelengths emission. Lee et al.
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Fig. 7.4 Schematic representation of multifunctional-SnO, nanoprobe for target-specific cell
imaging and intracellular detection of miRNA. FA folic acid, MB molecular beacon. Reproduced
from Ref. [23] by permission of John Wiley & Sons Ltd

[29] constructed a miRNA-23a specific reporter vector by fusing the 5’-upstream
promoter region of primal miRNA-23a to the cassette of pGL3 containing a
promoterless Fluc gene to obtain the images of endogenous expression of pri-
mal miRNA-23a in HeLa and P19 cells. The highly expressed pattern of a brain-
specific primal miRNA-9 during neurogenesis was also observed by the same
miRNA-specific reporter vector [30]. By fusing sense and antisense oligonucleo-
tides of the primal miRNA-23a into a cytomegalovirus promoter containing the
start codon of the Gluc gene, an optical reporter gene vector can be obtained to
view the image of the cleavage of pre-miRNA by the Dicer enzyme is acquired
[31]. Under the control of the cytomegalovirus promoter, an imaging system
using luciferase reporter has been designed by fusing complementary sequence
of mature miRNAs to the downstream of the reporter system to investigate the
expression of mature miRNA [32].

Fluorescent proteins with various emission wavelengths, including the green fluo-
rescent protein (GFP) and red-emitting fluorescent proteins (RFP), have been used
for in vivo imaging [33]. The high flexibility GFP provides a permanent and her-
itable label in living cells. By encoding GFP with multitargeting sites of miRNA,
lentiviral, or retroviral vectors, in vivo imaging was constructed for viewing [34, 35].
Several target sequences for miRNA-142-3p were fused into the 3/-UTR of a GFP
expression cassette driven by the ubiquitously expressed phosphoglycerate kinase
promoter to develop a lentiviral vector, providing evidence of miRNA regulation
in vivo imaging. A multiple colors system holds a promising platform for monitor-
ing dynamic multiple miRNA functions. By fusing target site for miRNA-133 in the
3’-UTR of a GFP with RFP for normalization, a two-color retroviral vector system
for monitoring miRNA-133 in living cells has been reported [36].
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The sensitivity of both luciferase-based and fluorescent-protein-based miRNA
reporter systems are related to the reporter gene expression level and the pharma-
cokinetics of probe reporter, which inherently suffer from low sensitivity and the
interpretation of cell death. Several alternative signal-on systems were explored
to overcome these limitations for in vivo miRNA. MB is a hairpin-shaped single-
stranded oligonucleotide hybridization probe containing a loop for complement-
ing a target sequence and stem forming by the self-complementary 5’ and 3’ ends
[37]. The unique thermodynamic and relatively low background of MB attract
intensive interest in molecular detection of intracellular targets. Several MB-based
signal-on imaging strategies have been constructed to detect endogenous miRNAs
[7, 23, 38, 39]. In order to improve the sensitivity, molecular biological amplifi-
cation technique was used to intracellular miRNA detection. Chu et al. [40] have
developed a target-primed RCA (TPRCA) strategy for highly sensitive and selec-
tive in situ imaging monitor of miRNA expression patterns at the single-cell level.
Using two-color fluorescent probes, the obtained TPRCA-based strategy is suc-
cessfully realized for two miRNAs simultaneous detection differentially expressed
in the two cell lines. Li et al. [41] have designed a RCA strategy using toehold-
initiated strand-displacement process for in situ amplification of the intracellular
target miRNA.

As shown in Fig. 7.5, binding the target to the toehold domain of the seal probe
switches the seal probe to the “activated” circular form via a strand-displacement
process. Then, the RCA was triggered and the product hybridizes with 6-carboxy-
fluorescein (FAM)-labeled probes, leading to a bright spot for detection of each
target miRNA. It showed high sequence discriminated capability; no amplifica-
tion was observed when there is a sequence mismatch between the miRNA and
the seal probe, achieving specific miRNA detection. A probe-modified technique
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(strand displacement) (rolling circle amplification)
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Fig. 7.5 Scheme for toehold-initiated rolling circle amplification for visualizing individual miR-
NAs in situ in single cells. Reproduced from Ref. [41] by permission of John Wiley & Sons Ltd
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can improve the hybridization efficiency and detection sensitivity. Kin Wong et al.
[42] have reported an intracellular miRNAs detection strategy using a double-
stranded locked nucleic acid (dsLNA) probe, which showed high performance in
detecting the dynamic regulation and dose-dependent modulation of miRNAs.

Meanwhile, the significant progress in radionuclide imaging modalities, includ-
ing the sodium iodide symporter and the MRI reporter gene, gives hope to promis-
ing tool for clinical diagnosis and biomedicine [43, 44]. Special attention is paid
to develop good MRI label to increase the spatial resolution in radionuclide imag-
ing. A new field termed radiogenomics is associated with gene expression profiles
with MRI phenotypes have emerged [45]. By combing quantitative MRI volumet-
rics with large-scale miRNA expression profiling, a comprehensive radiogenomic
analysis is conducted in glioblastoma multiforme [46]. The high periostin and low
miRNA-219 expression are demonstrated to significantly relate to the mesenchy-
mal glioblastoma multiforme subtype.

7.3 In Situ Hybridization (ISH)

The study of the physiologic function of miRNA needs to profile miRNA expres-
sion at the single-cell level. As a promising alternative option with complete
spatial profile of gene expression in single cell, ISH is a powerful technique for
visualization of the spatial localization of RNA at the tissue, cellular, and even
subcellular level [47-50]. A typical practice for ISH is to modify probes with a
reporter, including fluorophores maintaining spatial resolution [51] enzymes
catalyzing fluorogenic reactions [52] or radioactively labeled probes detected by
autoradiography [53]. By coupling LNA-based ISH system with high-resolution
imaging microscopy, Pederson et al. [50] monitored intracellular miRNA-206
localization during differentiation in a single rat myogenic cell. It is well demon-
strated that the probe modification, target copy number, and hybridization condi-
tions of stringency could influence the signal of ISH [54]. In contrast to attention
paid on the probe modification, by focusing on high-stringency wash conditions
based on tetramethylammonium chloride (TMAC) and RNase A, Turner et al.
[47] developed an ISH system for miRNA detection. The remarkable affinity
and specificity of the probes against RNA targets allow the LNA-ISH system to
qualitatively assess miRNA localization patterns and tissue distribution. However,
quantitative detection of low abundance miRNAs is less amenable by LNA-ISH
system. Various probe modification or label techniques are introduced into an
LNA-ISH system to improve the sensitivity [55, 56]. For example, a single-mol-
ecule dual-color coincident detection strategy by using two spectrally distinguish-
able fluorescent LNA-DNA oligonucleotide probes to recognize the target miRNA
was developed. The tagged molecules are directly counted for single-molecule
detection in a microfluidic, multicolor confocal laser system, achieving sensitiv-
ity down to femtomolar concentration of miRNA (500 fM) [57]. Using a fluores-
cence recovery strategy, the MB probe with LNA-DNA backbones can readily
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Fig. 7.6 miRNA-138 in situ staining of mouse hippocampus with miR-138 LNA probes con-
taining 30, 10, and 0 % LNA (red) as well a scrambled miR-138 30 % LNA probe. Reprinted by
permission from Macmillan Publishers Ltd: Ref. [59]. Copyright 1993

distinguish mature- and pre-miRNAs, and reliably quantify miRNA expression
with LOD as low as 1 nM [58]. Obernosterer et al. [S9] have designed a method
for sensitive and specific histological detection of miRNAs using an LNA-ISH
strategy under optimized conditions, which could monitor spatial and temporal
expression of miRNA-138 miRNAs in mouse hippocampus with high sensitivity
and resolution (Fig. 7.6).
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Chapter 8
Summary and Prospects

Abstract miRNAs hold great promise in clinical application acting as biomark-
ers for disease diagnosis and prognosis due to the significant regulating roles in
various physiological and pathological processes. The unique characteristics such
as small size, highly similar sequences among family members/isoforms, and
the low expression profile require efficient tools for rapid, specific, and sensitive
detection of miRNAs. Conventional miRNA detection techniques such as qRT-
PCR, Northern blotting, and microarrays could meet the detection requirement to
some degree. Various emerging reliable technologies in miRNA detection are con-
tinuous by incorporating novel materials and techniques owing to the significant
progresses in physics, engineering, and biology. Evaluation of the detection meth-
ods with high specificity for point-of-care analysis of miRNAs are still in great
demand and special attention should be paid to the miniaturization, efficient probe
modification techniques, novel physical label-free miRNA biosensors, and the sta-
bility and biocompatibility involving the immobilization of the signal probes in
miRNA assay.

Keywords Miniaturization device + Probe modification techniques * Label-free
biosensor * Stability and biocompatibility

miRNAs play a significant regulating role in various physiological and pathologi-
cal processes. They can hold great promise in clinical application acting as bio-
markers for disease diagnosis and prognosis. The small size of mature miRNAs,
highly similar sequences among family members/isoforms, and low expression
profile require the creation of efficient tools for rapid, specific, and sensitive detec-
tion of miRNAs. Conventional miRNA detection techniques, including qRT-PCR,
Northern blotting, and microarrays could meet the detection requirement to some
degree. However, miRNA analysis is still challenging due to the unique charac-
teristics of miRNA. Northern blotting can identify specific RNA sequences in a
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solution of mixed RNAs and provide information about the size and expression of
predicted miRNAs and precursor miRNAs. qRT-PCR provides an absolute miRNA
quantification method with wide dynamic range and high accuracy. miRNA micro-
arrays show advantage of high-throughput-screening capability alongside a low
sensitivity and dynamic range. These traits are less expensive as discovery tools.
However, they suffer from some deficiency such as being laborious, semi-quantita-
tive, and requiring complicated and labor-intensive sample preparation and expen-
sive equipment or radioactive/toxic labels. Therefore, a more reliable method with
high sensitivity and selectivity are in urgent need for detection of miRNA without
the time-consuming amplification process and purification step.

Significant progresses in physics, engineering, and biology have introduced
various emerging technologies in miRNA detection by incorporating novel mate-
rials and techniques such as metallic nanoparticles, semiconductor quantum
dots, bioluminescent proteins, novel surface modification, molecular biologi-
cal technique, etc. The nanoscale sizes of nanoparticles break through the limi-
tation of structure miniaturization, which has high surface areas for improved
mass transport, and high loading of receptor molecules for synergistic amplifica-
tion of the target response. The unique optical, electronic, and catalytic properties
of nanomaterials can translate the biorecognition events into an electrochemical
or spectroscopic response, resulting in a series of emerging approaches: such as
electrochemical assay, SPR, SERS, SiNWs, and nanomachine devices for miRNA
detection with high sensitivity, good specificity, multiplexing capability, and easy
operation. Furthermore, the molecular biological techniques, such as enzymatic
reaction, LCR, RCA, and EXPAR can effectively amplify the target, probe, or
hybridization signal for sensitive detection. These techniques exhibit great promise
in the detection of miRNAs in cells, circular blood, and tissue samples.

However, there are still great demands for evolving the detection methods for
point-of-care analysis of miRNAs. Finding a reliable miRNA profiling technique
with high specificity against other family RNAs, minimum sample manipulation,
and a wide dynamic range from attomolar to nanomolar concentrations are still a
critical requirement. Special attention should be paid to the following:

(i) The trend toward miniaturized devices and sensitive detection make nanoma-
terials become significant in practice. Nanomaterials can provide a synergic
effect among catalytic activity, conductivity, and biocompatibility to acceler-
ate the signal transduction, producing ultrasensitive detection for low-abun-
dance miRNA.

(i) Exploration of efficient probe modification techniques and molecular biologi-
cal techniques, such as target cycling, LAN recognition, ISH, and enzyme
catalysis is significant to improve the specificity of the assay. Higher specific-
ity is needed for miRNA detection in a complicated sample.

(iii) Novel physical label-free miRNA biosensors based on the unique optical,
electronic, and magnetic properties of nanomaterials with total internal reflec-
tion fluorescence microscopy. SPR and SERS are supposed to be alternative
techniques for miRNA detection, even permitting them to detect miRNA at
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(iv)

)

the single-molecular level. Microfluidic chips hold great promise for high-
throughput analysis of miRNA with enhanced performance, reduced cost, and
high sensitivity in single-cell gene expression measurements.

The study of the physiologic function of miRNA needs to be able to pro-
file miRNA expression at the single-cell level. Powerful techniques, includ-
ing imaging technology, ISH for visualization of spatial localization of RNA
at the tissue, cellular, and even subcellular level are continuously needed in
future applications.

In the design of next-generation biosensing methods, stability and biocompat-
ibility involving the immobilization of signal probes should be considered in
the future. The novel strategies will provide a powerful tool to not only pro-
file the expression of miRNA, but also act as disease diagnostics and used as
a therapy tool to improve human health.
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