
Shusheng Zhang · Sai Bi · Xinyue Song    
Editors

Nucleic Acid 
Amplification Strategies 
for Biosensing, 
Bioimaging and 
Biomedicine



Nucleic Acid Amplification Strategies
for Biosensing, Bioimaging and Biomedicine



Shusheng Zhang • Sai Bi •

Xinyue Song
Editors

Nucleic Acid Amplification
Strategies for Biosensing,
Bioimaging and Biomedicine

123



Editors
Shusheng Zhang
Shandong Provincial Key Laboratory of
Detection Technology for Tumour Markers
Linyi University
Linyi, Shandong, China

Sai Bi
College of Chemistry and Chemical
Engineering
Qingdao University
Qingdao, Shandong, China

Xinyue Song
Shandong Provincial Key Laboratory of
Detection Technology for Tumour Markers,
College of Chemistry and Chemical
Engineering
Linyi University
Linyi, Shandong, China

ISBN 978-981-13-7043-4 ISBN 978-981-13-7044-1 (eBook)
https://doi.org/10.1007/978-981-13-7044-1

Library of Congress Control Number: 2019935994

© Springer Nature Singapore Pte Ltd. 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

https://doi.org/10.1007/978-981-13-7044-1


Nucleic acid amplification strategies are a
new class of strategies including multiple
isothermal and thermocycling amplification
techniques. This book mainly introduces the
typical nucleic acid amplification strategies,
experimental research methods, their
applications and future development trends in
the construction of optical and
electrochemical biosensors, in vitro and
in vivo bioimaging systems and biomedical
platforms. This book can be used as a
reference for scientific researchers in related
disciplines. It can also be used as a teaching
reference book for undergraduate or
postgraduate students in chemistry,
materials, medicine and environment.



Foreword

Nucleic acid amplification strategies have been rapidly developed over the past
years to enable highly sensitive and specific detection of a wide range of biomo-
lecules, an essential process in biochemical analysis and early clinical test of tumor
markers for cancer diagnosis. Understanding the theory, methodology, character-
istic and dynamic of amplification strategies is of great importance to in-depth study
and application. However, the development of accurate and robust methods based
on nucleic acid amplification is still in urgent need for the analysis of practical
samples.

Professor Shusheng Zhang, Dr. Sai Bi and Dr. Xinyue Song kindly provide this
book that focuses on nucleic acid amplification strategies. The overall aim of the
book is to bring to readers a complete scope of nucleic acid amplification strategies,
ranging from fundamental theory and experimental techniques to major applications
and future development trends. Hence, the content of the book covers basic con-
cepts, knowledge and research methods of nucleic acid amplification strategies and a
variety of optical and electrochemical detection techniques that are widely applicable
in many fields, especially in biosensing, bioimaging and biomedicine. More
specifically, this book is divided into four parts with 15 chapters. Part I (Chap. 1) is
the introduction that gives an overview of the theoretical basis for nucleic acid
amplification strategies, as well as typical examples. Part II (Chaps. 2–10) sum-
marizes the applications of nucleic acid amplification strategies for the construction
of biosensors: The first half, from Chaps. 2 to 6, goes through five major types of
nucleic acid amplification strategy-based optical biosensors, including fluorescence,
chemiluminescence, electrochemiluminescence, colorimetric and surface plasmon
resonance biosensors; and the second half, from Chaps. 7 to 10, discusses
electrochemical-related biosensors, including electrochemical DNA sensors, photo-
electrochemical biosensors, nanopore sensors and quartz crystal microbalance.
Part III (Chaps. 11 and 12) introduces nucleic acid amplification strategy-based
bioimaging, within which Chap. 11 is to summarize nucleic acid amplification
strategy-based fluorescence imaging, including applications of isothermal and
thermal cycling amplification techniques, and Chap. 12 is to describe nucleic acid
amplification strategy-based surface-enhanced Raman spectroscopy for bioimaging,
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such as nucleic acid-induced distance change and aggregation. Finally, Part IV
(Chaps. 13–15) gives an overview of the current state-of-the-art development
and future perspectives of applying nucleic acid amplification strategies for bio-
medicine: Chap. 13 focuses on applications of nucleic acid amplification strategies
for in vitro and in vivo detection of metal ions; Chap. 14 highlights applications of
various nucleic acid amplification strategies in theranostics; and Chap. 15 summa-
rizes and prospects the use of miniaturized devices for nucleic acid amplification
strategies.

Since nucleic acid amplification strategies are at the stage of development, many
theoretical models and experimental methods are still being developed and
improved. Relying on the deep understanding and fruitful research achievements of
Prof. Shusheng Zhang, the authors present to readers a comprehensive overview
of the emerging nucleic acid amplification strategies and their application and
prospects in the fields of biosensing, bioimaging and biomedicine. It is for sure that
many readers will be able to learn systematically the theoretical and practical
knowledge, and gain thinking and enlightenment from this book. Readers are also
encouraged to explore and contribute to the growing literature of this evolving field.
We earnestly hope that this book will promote the scientific excitement and con-
tribute to the advance of biosensing, bioimaging and biomedicine.

Nanjing, China Yi-Tao Long, Ph.D.
Professor of Chemistry, School of Chemistry

and Chemical Engineering, Nanjing University
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Preface

The writing and publishing of Nucleic Acid Amplification Strategies for Biosensing,
Bioimaging and Biomedicine are a matter of course with the vigorous development
of nucleic acid amplification techniques. This book contains the following two
aspects of significance.

Firstly, nucleic acid amplification is an emerging technology and closely related
to life science. Since the invention of polymerase chain reaction (PCR) in 1980s,
PCR-based methods have been widely used in clinical diagnosis and treatment
because trace DNA can be exponentially amplified with high efficiency. In con-
sideration of the complicated temperature control of the thermocycling amplifica-
tion technique, isothermal amplification techniques based on both tool enzyme and
enzymes-free strategy have been developed for signal amplification. With the
specific properties of tool enzymes, such as polymerase, exonuclease and
endonuclease, various tool enzyme-based isothermal amplification techniques such
as rolling circle amplification (RCA) and recombinase polymerase amplification
(RPA) have been developed. Based on complementary base pairing, isothermal
amplification techniques such as hybridization chain reaction (HCR) and catalytic
hairpin assembly (CHA) have realized the non-enzymatic amplification with high
efficiency, which further extends the nucleic acid amplification strategies. On the
one hand, the amplification techniques meet the needs of sensitive detection of a
wide range of biomolecules. On the other hand, the diverse requirements of nucleic
acid amplification strategies pose new challenges to the existing methods such as
higher specificity and portability. Novel amplification techniques are needed, and
the development direction of the amplification strategies is also reflected in the topic
of this book.

Secondly, nucleic acid amplification is closely integrated with real applications.
Through combining with optical and electrochemical detection techniques, nucleic
acid amplification strategies have been widely used in biosensing, bioimaging and
biomedicine and become more and more important in disease diagnosis, especially
in cancers. Over the past decades, the development of the nucleic acid amplification
strategies is unprecedented. Under this great situation, how to expand the appli-
cations of nucleic acid amplification strategies in more aspects should be addressed.
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In this book, we cover this topic in the presentation and discussion of the nucleic
acid amplification strategies, such as features, advantages, disadvantages and
challenges.

The compilation and distribution of Nucleic Acid Amplification Strategies for
Biosensing, Bioimaging and Biomedicine also reflect the prosperous development
of biochemical analysis. Each chapter of the book is written by scientists in the
field, which not only summarizes the framework and development of nucleic acid
amplification strategies at a high level, but also provides a systematic introduction
for readers to understand their achievements in biosensing, bioimaging and
biomedicine.

Linyi, China Shusheng Zhang
Qingdao, China Sai Bi
Linyi, China Xinyue Song
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Chapter 1
Nucleic Acid Amplification Strategies
for Biosensing, Bioimaging,
and Biomedicine

Hong Zhou

Abstract Nucleic acid amplification methods are nucleic acid-assistant signal
amplification strategies, which have been widely studied and applied for fundamen-
tal laboratory research, pharmacogenomics, gene diagnosis, and protein detection
for many kinds of infectious diseases or cancers. Up to now, smart design and effi-
cient applications of various nucleic acid molecule-based recycling amplification
techniques have emerged as most promising tools, providing greatly enhanced sen-
sitivity and selectivity for the targets in complicated biological samples, including
blood, urine, saliva, tissues, and even living cells. Understanding the principles, char-
acteristics, and dynamics of these amplification strategies is of great importance to
their applications and research.

1.1 General

Nucleic acid amplification strategies have already become one of powerful tools
for efficient and smart signal amplified detection of a wide range of biomolecule,
which have been widely applied in many fields, especially in biosensing, bioimag-
ing, and biomedicine. Generally, based on the temperature requirements, nucleic
acid-assistant amplification techniques could be divided into two categories: ther-
mocycling amplification techniques and isothermal amplification techniques. Poly-
merase chain reaction (PCR) (Mullis and Faloona 1987) and ligase chain reaction
(LCR) (Barany 1991) are served as traditional thermocycling amplification tech-
niques. Since the first report of PCR in 1985, much attention has been aroused for the
studies of PCR or LCR to obtain cost-effective, simple, and robust genotyping assays
with high sensitivity, specificity, and multiplexing ability (Shen et al. 2012; Monis
and Giglio 2006; Shin et al. 2014). Even showing many advantages, one big problem
is that both PCR and LCR strategies requires thermostable DNA polymerases or

H. Zhou (B)
Shandong Provincial Key Laboratory of Detection Technology for Tumour Markers, College of
Chemistry and Chemical Engineering, Linyi University, Linyi 276005, Shandong, People’s
Republic of China
e-mail: zhouhong830215@126.com
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4 H. Zhou

DNA ligases as well as thermal machines, such as a thermal cycler. With the devel-
opment of nucleic acid technologies, isothermal nucleic acid-assistant amplification
strategies gradually come into researches’ sight as a promising alternative to PCR
for amplified assay of biomarkers.

In comparison to PCR and LCR, isothermal nucleic acid-assistant amplification
strategies exhibit many advantages such as simple conditions, instrument-free, time-
saving, and high sensitivity. Isothermal nucleic acid-assistant amplification tech-
niques have been widely expanded and are quite qualified for sensitive and accurate
assay of a series of targets, such as DNA/RNA, proteins, metal ions, other small
molecules, and cells (Zhao et al. 2015). The combination between these efficient
amplification strategies and nanotechnology has also aroused widespread attention
by taking both advantages from unique properties of nanomaterials and nucleic acid-
assistant amplification strategies (Zhou et al. 2018). Recently, many kinds of isother-
mal amplification strategies have been proposed with different reaction mechanisms,
for example, rolling circle amplification (RCA), strand displacement amplification
(SDA), helicase-dependent amplification (HDA), loop-mediated isothermal ampli-
fication, nucleic acid-cleaving enzymes or DNAzyme-assisted amplification strate-
gies, and enzyme-free DNA strand displacement-assisted isothermal amplification
strategies, etc. And above strategies have been widely and smartly designed and
reported for constructing many sensing methods with signal amplification, includ-
ing electrochemistry, electrogenerated chemiluminescence, photoelectrochemistry,
chemiluminescence, surface plasmon resonance, fluorescenceorRaman spectra tech-
nologies, etc. Insights into the functionality and structure of nucleic acids bring
the opportunities for better understanding of biological events involved with tar-
get binding, signal transfer, signal output at molecules, or even atom level. More-
over, advances in nucleic acid-based amplification technologies are expected to pro-
vide greatly enhanced biosensing performance and wide applications in the fields of
bioimaging, single-molecule detection, diseases diagnostics, and drug delivery.

1.2 The Typical Nucleic Acid Amplification Strategies

1.2.1 Thermocycling Amplification Techniques

1.2.1.1 Polymerase Chain Reaction (PCR)

PCR is a most commonly used signal amplification technique due to its high sensitiv-
ity and good reproducibility (Mullis and Faloona 1987; Saiki et al. 1988), operating
polymerase enzymes-assistant strand separation and annealing under a cyclic heat-
ing and cooling process. In the presence of primer pair, a large amount of specific
DNA products were produced known as the amplification capability of PCR (Erlich
et al. 1991; Gibbs 1991; Saiki et al. 1985). As a powerful technology, PCR-based
technologies have been well studied and widely employed for molecular diagno-
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sis, biomedical, and life science research. However, there are still some drawback
and challenges. For example, the required large instrument and extreme reaction
conditions for thermal cycling reaction, largely limit further applications of PCR in
point-of-care (POC) analysis, which needs rapid response without precision instru-
ments. Moreover, the smallest amount of contaminating DNA could also be ampli-
fied which interfere with the final testing results severely. Finally, miRNAs cannot
be directly detected using PCR technologies because miRNA is too short to act as a
PCR template.

1.2.1.2 Ligase Chain Reaction (LCR)

LCR is another common DNA-dependent strategy for signal amplification in which
four oligonucleotides as primers as well as two template strands are required
(Marshall et al. 1994). After annealing reaction, the generated nick between adjacent
oligonucleotides could be covalently sealed by DNA ligase through a phosphodiester
bond, resulting in perfectly target-matched primer bases at the junction and thus one
fragment for each template strand (Marshall et al. 1994). The formed ligated prod-
ucts could serve as templates for subsequent cycling reactions similar as that in
PCR, obtaining exponential amplification for the desired fragments (Andras et al.
2001). While facing with a single-base change at the junction site, primers will not
hybridize perfectly, and thus, no further amplification could be obtained. Which is
crucial for thismethod is to useDNA ligase lacking bluntend ligation activity in order
to prevent target-induced ligation. Ligation occurs under the conditions of NADH
or ATP-activated enzyme (Cao 2004), substrate adenylation, and nick-closure. LCR
is more sensitive and specific than previous PCR technique with the reported data
showing that the specificity and sensitivity for LCR are 100 and 97.6%, respectively,
while for PCR only 90 and 99.5%, respectively (Davis et al. 1998). Despite this pos-
itive report results, target independent ligation especially in the absence of template
DNA remains one of the biggest problems bringing in-creased in background signal
and thus annoying false-positive results during the detections.

1.2.2 Isothermal Amplification Techniques

1.2.2.1 Rolling Circle Amplification (RCA)

The first isothermal enzymatic process we mentioned here is RCA reaction during
which a short DNA or RNA sequence could form a long ssDNA or RNA strand
with tens to hundreds of repeated complementary sequences to the previously added
circular DNA templates, including plasmids, bacteriophage, and circular RNA of
viroids. Different from above-mentioned thermocycling amplification techniques,
which require thermostable DNA polymerase, the whole RCA process is carried
out at a constant temperature (30–65 °C) without expensive thermal cyclers. There-
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fore, RCA has been widely employed in biosensors, showing great potential as a
popular nucleic acid-assistant isothermal amplification strategy (Fire and Xu 1995;
Blanco et al. 1989). During RCA process, nucleic acid replication starts after primer
sequence has annealed to the circular template and continuously added nucleotides
by polymerase on the primer stand until it reaches the other end of the primer, form-
ing a complete loop. Then, the following strand displacement activity further kicks in
and displaces the previously prepared strand and initiating the synthesis of the next
loop. The same replication process proceeds loop after loop until no nucleotides or
active polymerase is available in solution. The produced ultra-long ssDNA strand
with a large number of repeated bases with lengths up to 105 bases makes (Banér
et al. 1998) RCA to be widely utilized in signal amplified diagnosis field for various
DNA, RNA, or protein detection via electrochemical or optical sensing techniques.

1.2.2.2 Nucleic Acid-Cleaving Enzymes Assisted Isothermal
Amplification Strategies

Traditional nucleic acid-cleaving enzymes showing cleave effect to the phosphodi-
ester bonds of nucleic acids could be divided into endonuclease and exonucleases
(Exos) on the basis of cleaving mechanism. Endonuclease contains of restriction
endonuclease which shows catalysis effect for the cleavage of specific dinucleotide
sequences at restriction sites and nicking endonuclease (NEase) which catalyzes the
hydrolytic action of single strand in a duplex at a corresponding recognition site, pro-
viding another complete ssDNA for further target nucleic acid recycling (Zhou et al.
2013). Different from endonuclease, exonucleases (Exos) exhibit catalysis effect on
ssDNA or dsDNA and stepwise remove mononucleotides from 3′-end or 5′-end (Wu
et al. 2009).

1.2.2.3 Enzyme-Assisted Strand Displacement Amplification (E-SDA)

E-SDA isothermal amplification process involved a DNA polymerase for strand-
displacing and a nicking endonuclease (Walker et al. 1992a, b). It generally begins
with a polymerase extension reaction forming a new complementary strand with a
special nicking site, which would be cleaved by a NEase. Under further assistance
of DNA polymerase, the 3′-end of the nick could be further extended, generating
a displaced downstream strand and regenerating the nicking site. Therefore, thou-
sands of target copies could be accumulated after the unidirectional amplification
process of SDA (Walker et al. 1992a, b). Furthermore, due to the unique charac-
ters of NEase which showed specific catalysis effect to one strand in a duplex at a
specific recognition site, this technologies could be integrated in other amplification
methods to obtain enhanced detection signals. For example, employing a circular
strand displacement polymerization reaction and target-specific hairpin structured
fluorescent probes, a low detection limit of 6.4 pM target ssDNA could be achieved
within 1000 s (Guo et al. 2009).
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1.2.2.4 DNAzyme-Assisted Isothermal Amplification Strategies

DNAzymes are a kind of nucleic acids with specific catalytic ability of cleaving
specific substrates with the help of cofactors, for instance metal ions (Liu et al.
2009). Benefited from their nucleic acid structure and excellent biocompatibility,
DNAzymes have become a promising material which could be employed for the
recognization of a series of analytes through in vitro or even in vivo sensing or
imaging. The preparation of DNAzymes is relatively inexpensive with excellent
batch-to-batch stability and consistency. Moreover, they are easy to functionalized
for further design of versatile signal amplification and readout purposes. The first
DNAzyme, which was discovered in 1994 by Breaker and Joyce through a process
called in vitro selection, shows ability of a catalyzing transesterification reaction
with the help of Pb2+ (Breaker and Joyce 1994). This Pb2+-dependent DNAzyme
demonstrated that single-stranded DNA served as a catalyst similar to ribozymes
and proteins. After that discovery, more DNAzymes structures have been developed
to catalyze various biological reactions such as RNA/DNA cleavage, ligation, and
phosphorylation reactions (Breaker and Joyce 1995). Up to now, the most currently
available DNAzyme are still RNA-cleaving DNAzymes that cleave a single RNA
linkage embedded in a DNA sequence. This kind of DNAzyme consists of a substrate
strand aswell as an enzyme strand.The substrate strand includes a singleRNAlinkage
(rA) known as a cleaving site, and the enzyme strand is composed of one catalytic
core and two arms. The motifs of the enzyme strand hold distinct primary/secondary
structures, corresponding cofactors, pH dependencies, and specific substrates. The
substrate strand will be cleaved by the active enzyme strand into two parts upon
catalytic cofactors, such as differentmetal ions and amino acids. This unique property
provides opportunities for constructing DNAzyme-based biosensors dependent on
different kinds of cofactor. From the cleaving mechanism of DNAzyme, we can see
that the cleaving activity showedhigh specificity in substrate recognition andmultiple
enzymatic turnover properties, making it not only versatile recognition elements but
also outstanding signal amplifiers for biosensing (Gong et al. 2015).

Besides cleaving DNAzyme, G-quadruplex DNAzyme is another type of
DNAzyme in which G-rich sequences could fold into a parallel or an antiparallel G-
quadruplex in the presence of K+, Pb2+, or NH4

+ (Willner et al. 2008). For example,
G-quadruplex DNAzyme could showed peroxidase-mimic activity in the presence
of hemin to selectively catalyze luminol/H2O2, generating chemiluminescence (CL)
signal, or to oxidize 2,2-azino-bis-(3-ethylben-zthiazoline-6-sulfonic acid) (ABTS),
leading to color changes. As the studies progressed, high recognition function and
catalytic activity of DNAzyme were found and developed, providing DNAzymes as
excellent functionalmolecular probes for signal amplification during the construction
of biosensing, bioimaging, and biomedicine systems.
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1.2.2.5 Helicase-Dependent Isothermal Amplification (HDA)

The amplification mechanism of HDA is very similar to that of PCR (Vincent et al.
2004). However, during this isothermal amplification, different from employing a
DNA denaturation step under a condition of high temperature as that in PCR, HDA
simply utilizes a helicase to realize DNA strand separation and ssDNA-binding pro-
teins to prevent the separated DNA strands from rehybridising. After introducing
helicase, it is very easy to avoid the requirement of a thermal cycler, and thus, all
exponential amplification experiments could be carried out at room temperature.
While many other kinds of isothermal amplification methods, an initial heating step
is required to denature the dsDNA target before operating amplification process at a
lower temperature (Vincent et al. 2004). Generally, dsDNA target is first unwound
by the helicase, followed by primer annealing and polymerase (e.g., exo-Klenow
fragment)-assistant amplification. The simplicity and good compatibility of HDA
procedure make it to be a powerful alternative tool to PCR tool for the detection of
various nucleic acids and other analytes. Since HDA amplification reaction was first
reported by Vincent and co-workers in 2004, a large number of studies have been
reported for developing HDA-based smart assays of various samples in the fields of
chemical biosensing (Chow et al. 2008; Goldmeyer et al. 2007; Tong et al. 2011).
Moreover, benefited from its isothermal experiments conditions and comparative
simple protocols, further development of HDA-based microfluidics and microfabri-
cation could realize for very practical point-of-care applications (Mahalanabis et al.
2010; Zhang et al. 2011; Ramalingam et al. 2009).

One great problem we cannot avoid for HDA is that before HDA optimization
experiments for following experimental conditions are needed including buffer com-
position and primer sets. The unfortunate thing is these kinds of optimization process
are usually conducted through PCR experiments, thus bringing a large amount of
extra cost and inconvenience to HDAmethod. In addition, optimizations are involved
in the identification of the rate-limiting steps in HDA, for instance the interaction
between ssDNA-binding proteins and target DNA strands as this interaction effec-
tively prevents rehybridisation of the helicase-separatedDNAstrands.Another possi-
ble rate-limiting step is the efficiencyof the helicase-catalyzedunwindingof the target
dsDNA since tests on several polymerases did not show any appreciable difference
among them (Vincent et al. 2004). Therefore, further research efforts are urgently
needed to find better helicases and ssDNA-binding proteins, obtaining enhanced
efficiencies compared to that of current helicases and ssDNA-binding proteins.

1.2.2.6 Loop-Mediated Isothermal Amplification (LAMP)

In order to obtain better amplification systems with enhanced specificity and sim-
plify,Notomi and co-workers developedLAMPstrategy in 2000 (Notomi et al. 2000).
The LAMP-based one-step reaction shows excellent specificity by employing a set
of four target-specific primers, covering a forward inner primer (FIP), a backward
inner primer (BIP), and two outer primers (F3 and B3), which demonstrate recog-
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nition activity for six distinct sites in the amplified DNA sequence (Tomita et al.
2008). During LAMP process, FIP and BIP play most important roles, containing
one functional sequences for priming extension in the first stage while the other
functional sequences for self-priming in the second stage, which are related to the
sense and antisense sequences of the target dsDNA. DNA polymerase-mediated
LAMP reaction coupled with strand displacement process consists of two steps:
One is starting structure-producing step and the subsequent cycling amplification
step. Among them, four primers are required in the first starting structure-producing
stage, while only two inner primers are needed for the second cycling amplifica-
tion step. Detailed speaking, strand displacement DNA synthesis triggered by an
outer primer (F3) could release a ssDNA, which then serves as a template for DNA
synthesis primed by both BIP and B3 to form a stem-loop DNA structure. After
initiation by one inner primer complementary to the loop on the product, the cycling
amplification process is repeated by each inner primer alternately, leading to the
geometric accumulation of 109 copies of the target sequence within an hour (Zhang
et al. 2014). The final products are stem-loop DNAs with different inverted target
repeats and cauliflower-like structures with multiple loops, which can be sensitively
detected by using various analytical technologies. As we can see that, the developed
LAMP method with high specificity and efficiency exhibits promising applications
in pathogens, SNPs, and RNAs detection (Mori and Notomi 2009). Additionally, due
to the gentle experimental conditions and simple but efficient signal amplification
effect, LAMP-assistant commercial test kits have been successfully developed and
currently could be purchased from many suppliers currently (e.g., Eiken Chemical
Corporation).

1.2.2.7 Enzyme-Free DNA Strand Displacement-Assisted Isothermal
Amplification Strategies

Three types of classical enzyme-free strand displacement reactions contain
hybridization chain reaction (HCR), catalyzed hairpin assembly (CHA), and entropy-
driven toehold-mediated DNA strand displacement reaction, which have attracted
much attention to obtain much improved performances during enzyme-free optical
biosensors for amplified detection of various targets.

HCR was first reported in 2004 by Dirks and Pierce, which was an enzyme-
free target-induced signal amplification strategy with high simplicity and versatility
(Dirks and Pierce 2004). Generally, two partially complementary monomer DNAs
were employed with a long-stem and short-loop hairpin structure (H1 and H2).With-
out the addition of target DNA strand, this two DNA hairpins’ mixture is stable and
concomitant at room temperature. While, the target ssDNA could break the energy
balance in long stems protected loops and then serve as a HCR initiator to trigger an
alternatingHCRand generate a long nicked dsDNA.The repeated units ofHCRprod-
uct can be further employed as templates for the assembly of various nanospecies,
generating complicated DNA superstructures. DNA self-assembly formed as nanos-
tructures in this approach makes DNA to be an efficient tool for recognition, trans-
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ducer, and signal amplification, simultaneously. Since its discovery, HCR has been
regarded as one of most attractive techniques for DNA nanotechnology, biosensing,
bioimaging, and biomedicine, which has been utilized to develop promising biosen-
sors for the detection of various small molecules, nucleic acids, proteins, and cells
(Bi et al. 2017).

Catalyzed hairpin assembly (CHA) is another enzyme-free signal amplification
method achieved by DNA hybridization (self-assembling and disassembling) rather
than HCR. Since it was first proposed by Pierce and co-workers in 2008, CHA has
become an important irreplaceable DNA molecular engineering tool in recent years
due to its unique advantages such as isothermal experimental conditions, enzyme-
free, highly predictable and precisely designed or controlled (Yin et al. 2008). CHA
strategy can be integrated into a variety of analytical applications, including multiple
assays, the spatial organization of biomolecules, and exponential signal amplifica-
tion. Due to the features of gentle and enzyme-free experiment conditions, the CHA
signal amplification technology demonstrates competitive advantages to the classical
PCR or enzyme-assistant amplification strategies, thus providing an appealing tool
for clinical diagnosis, environmental monitoring, bacterial virus detection, etc.

The last important type of amplification strategy is based on entropy-driven
toehold-mediated DNA strand displacement introduced by Zhang and co-workers in
their seminal work in 2007 (Zhang et al. 2007). In contrast to above-mentioned HCR
and CHA, which are driven by the negative free energy change of base pair forma-
tion, this entropy-driven catalytic reaction employ a series of single-stranded linear
DNA molecules to play multiple roles in the catalytic circuit via toehold-assisted
branch migration (Zhang and Winfree 2009). This kind of toehold-mediated strand
displacement is much simpler, faster, and more stable than hairpin-based designs and
easy to operate without complicated secondary structures of pseudoknots or kissing
loops in DNA molecules, or high background leakage from undesired interactions
between metastable hairpin structures.

During the toehold-mediated DNA strand displacement isothermal amplification
reaction, the previously hybridized DNA strand could be displaced by another per-
fectly complementary DNA strand and drop off from the DNA duplex containing a
“toehold” overhang. Here, the toehold is known as a single-stranded domainwith 5–8
bases where strand displacement could initiate through branched chain migration.
The kinetics of the strand displacement process is influenced and regulated by bases
species and number in the toehold domain. Theoretically, toehold-mediated DNA
strand displacement strategy could obtain 106-fold faster rate than that of traditional
strand displacement (Srinivas et al. 2013). Up to now, the toehold-mediated strand
displacement reaction has been vastly employed in designing various smart DNA-
assistant biosensing platforms, including molecular devices, autonomous walkers,
logic robot, molecular automata for sensitive and selective detection or diagnostics
of many targets and diseases.
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1.3 Overview of This Book

Many kinds of nucleic acid amplification reactions provide powerful tools for various
targets employing a variety of detection methods, including fluorescence, surface-
enhanced Raman scattering, chemiluminescence, colorimetric assays, surface plas-
mon resonance (SPR), and electrochemiluminescence (ECL), for highly sensitive
biosensing with wide dynamic range. Benefited from rapid development in nan-
otechnology, chemistry, and biotechnology, these nucleic acid amplification-based
methods have been expanded to detect targets ranging from RNA and DNA to cells,
small molecules, proteins, and even ions via molecules’ recognition events. Fol-
lowing the development of applications of these methods in sequencing and intra-
cellular bioimaging has also been successfully demonstrated. Further combination
with nanomaterials with unique optical and electronic properties realizes signifi-
cantly improved assay performances, providing excellent including specificity and
robustness.

Despite excellent performances of these nucleic acid-based amplification strate-
gies for constructing ultrasensitive biosensing systems, there are still several chal-
lenging problems needed to be addressed. The first problem is unsatisfied accuracy
withmany interference factors and insufficient procedures for the prevention and con-
trol of nucleic acid contamination. For example, the signal of interferons from chem-
ical reagents, laboratory disposables, equipment, or the environment could result in
annoying false-positive results in the assay even in optimized conditions. Besides,
well-controlled experiments conditions are required, for instance, strict buffer sys-
tems, thus showing much limited practical applications. For example, different opti-
mal buffer systems are required for polymerase or nucleic acid-cleaving enzymes.
That means when the sensing system was carried out in biological samples, includ-
ing blood, urine, or saliva, most of these sensors perform poorly with low sensitivity
and selectivity. The second problem is the limited types of analytes. Besides nucleic
acid, only a few proteins or cells with correspondingwell-selected aptamer structures
could be successfully detected employing these nucleic acid-based signal amplifi-
cation strategies, for example, thrombin, human IgE, PDGF-BB, K562 cells, and
Romas cells. A large majority of clinical protein cancer biomarkers or cancer cells
could not be detected through these powerful amplification strategies because no
corresponding aptamer related to these biomarkers or cancer cells. Therefore, more
broadly suitable molecular machine or translators deserved to explore for general
clinical cancer relevant protein biomarkers. At the same time, SELEX techniques
(system evolution of ligands by exponential enrichment) have been developed rapidly
to provide more suitable aptamers structures for most protein targets.

That means although isothermal nucleic acid amplification strategies have already
moved a big step to solve an essential problem in precise and effective clinical cancer
diagnosis, breaking the rules of programed heating, the limiting factors from buffer
still exist. Also, intracellular detection of important disease-related gene or RNA
still needs more studies and development due to the complicated environment inside
cells which could greatly influence the effect of nuclease. Good news is recent reports
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have proved that nanomaterial-assistant nucleic acid amplification strategies could
greatly enhance the ability of cell transfection, stability, and sensitivity of optical
biosensors, thus providing promising opportunities for in vivo imaging, diagnosis,
or therapy of tumor cells. For example, noble nanoparticles (Au or Ag), which hold
excellent biocompatibility and stability, could bring various enhanced specific SERS
or LSPR signal for nucleic acid amplification strategy-based multiple detection of
clinic targets. More importantly, these kinds of nanoparticles also show protection
effect for nucleic acids from enzymatic degradation in complex biofluids that is very
essential for real clinic samples detection or in vivo assay.

In addition to above-mentioned two problems, another challenge is how to pro-
vide rapid, low-cost, andmultiplex clinical diagnostics platforms on the basis of these
nucleic acid amplification strategies. Recently, nucleic acid amplification strategy-
assistant-efficient multimode microchip detection and in vivo 3D imaging have been
reported as promising tends. Furthermore, increasing types of portable devices for
point-of-care (POC) diagnosis have attracted researchers’ attention for the devel-
opment integrated and digital devices. For example, some portable and disposable
paper-based or microchip-based platforms have been designed with the combination
of both advantages between smart portable devices and efficient nucleic acid-based
amplification strategies. Under the development of engineering and the physical and
biological sciences, these promising rapid-response devices are expected to come out
to be commercial available in near future. After overcoming the stability problem
of probes in enzyme resistance inside of cells, nucleic acid amplification strategy-
assistedmoderndetectionmethodcouldbe a strong tool to understand the life process,
providing accurate information for diagnosis of early-stage cancers and following
efficient treatment. Benefited from the advances of nanomaterial and new-emerging
analytical methodology, it is expected that simple handled biosensing systems based
on gentle amplification strategies could be developed brilliantly which can satisfy
clinic sensitive detection, drug delivery, and disease therapeutics of many malignant
diseases with low-cost, time-solving, and high stability in complex bio-samples.

In this book, we introduce concepts and mechanisms of various nucleic acid-
assistant amplification strategies and also discuss recent representative works about
the constructions of these strategy-based optical and electrochemical biosensing for
various analytes includingDNA/RNA, ions, other small molecules, proteins inside or
outside cells, or even cancer cells.Most commonly used biosensingmethods involved
are reviewed as separate chapters in this book including chemiluminescence, elec-
trogenerated chemiluminescence, photoelectrochemistry, electrochemistry, surface
plasmon resonance, fluorescence, quartz crystal microbalance and Raman spectra
technologies. The introduced and summarized development in nucleic acid ampli-
fication strategy-assistant biosensing platforms as well as the facing challenges and
outlook of these strategies for real-time clinical detections are expected to bring new
horizons to further design and construction of biosensor, environmental detection,
theranostics, imaging in vitro and in vivo with the help of advances of various kinds
of novel nanomaterials, smart micro-devices and POC sensing systems.
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Chapter 2
Fluorescence Techniques Based
on Nucleic Acid Amplification Strategies:
Rational Design and Application

Xinyue Song and Yao Jiang

Abstract Modern fluorescence detection technology plays an important role in the
current bioanalysis and clinical detection withmerits of the high sensitivity and accu-
racy. The technology of nucleic acids amplification opens up avenues to establish
sensitive fluorescence detection technology. In this chapter, we described the con-
struction of the newly developed fluorescent nano-biosensors based on nucleic acid
amplification strategy and provided insightful views on: (1) fluorescence dyes and
nanomaterials to develop sensitive and feasible nucleic acid amplification-based flu-
orescence detection methods; (2) the rational design and application of fluorescence
biosensor based on nucleic acid amplification strategies; (3) fluorescence collection
and commercial instruments based on nucleic acid amplification strategies.

2.1 Introduction

The fluorescence analysis system has been widely applied in detecting biomolecules
with advantages of simplicity, convenience, and sensitivity. Recently, fluorescence
detectionmethods have been integratedwith various nucleic acids amplification reac-
tions to construct a series of analysis interfaces and novel analysis strategies, which
have developed remarkably sensitive and selective detection methods in bioanalysis.

2.2 Fluorescent Dyes and Nanomaterials

Commercially available organic dyes and fluorescent nanomaterials such as quan-
tum dots (QDs), metal nanoclusters, and upconversion nanoparticles (UCNPs) have
been widely used as fluorescent probes. Usually, fluorescence changes induced by
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Fig. 2.1 Molecular structures of rhodamine dyes. Reproduced from Beija et al. (2009) by permis-
sion of The Royal Society of Chemistry

intramolecular charge transfer (ICT), photoinduced electron transfer, Förster reso-
nance energy transfer (FRET), excited-state intramolecular proton transfer (ESIPT),
and chelation-induced enhanced fluorescence (CHEF) have been used advanta-
geously in the design of fluorescent probes.

2.2.1 Organic Fluorescent Dyes

Many organic fluorophores have been widely used as the labels for nucleic acid fluo-
rescent probes. The organic fluorophores may form covalent or noncovalent linkages
with the analyzed sample.

2.2.1.1 Rhodamine Dyes

Rhodamine dyes, a family of fluorophores, own the basic molecular structure of
xanthenes which are shown in Fig. 2.1 (Beija et al. 2009).

Owing to their high absorption coefficient, high fluorescence quantum yield
(QY), and good photostability, rhodamines are used as laser dyes (Drexhage 1976;
Amat-Guerri et al. 1993), fluorescence standards for QY and polarization (Prazeres
et al. 2008), as well as fluorescent probes for single-molecule imaging (Bossi et al.
2008; Li et al. 2008) and living cells imaging (Huang et al. 2008; Liu et al. 2008).
Their absorption and emission properties are strongly influenced by substituents in
the xanthene structure.
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Fig. 2.2 Synthesis of fluorescein. Reprinted with the permissions from Sameiro and Goncalves
(2009). Copyright 2009 American Chemical Society

2.2.1.2 Fluorescein

Fluorescein belongs to polycyclic fluorophores and is one of the most common
labels used in biological applications. It may be synthesized from phthalic anhy-
dride and 1,3-dihydroxy-benzene (resorcinol) in the presence of zinc chloride via
the Friedel–Crafts reaction (Fig. 2.2) (Sameiro and Goncalves 2009; Sun et al. 1997;
Ueno et al. 2004). Alternatively, methanesulfonic acid may be used as the catalyst
(Sun et al. 1997; Gašperšič et al. 2010). Its maximum absorption and fluorescence
wavelengths locate in the visible region of the electromagnetic spectra (λabs = 490 nm
and λem = 512 nm, in water). They can switch between spiral- and open-ring struc-
tural forms in different pH because of their special spironolactone structure. The
former structure is nonfluorescence, but the latter has excellent optical and chemical
properties, such as a large molar extinction coefficient and high fluorescence QY
due to its conjugate rigid plane system (Sjöback et al. 1995). Due to these excellent
photophysical properties including non-toxicity and low cost, fluorescein dyes have
been widely used in bioimaging.

However, fluorophores derived from fluorescein and their macromolecular conju-
gates do have some disadvantages, namely (i) a relatively high rate of photobleaching
(Udenfriend et al. 1972; Talhavini and Atvars 1999); (ii) pH-sensitive fluorescence
(Weigele et al. 1973; Martin 1975); (iii) a relatively broad fluorescence emission
spectrum, limiting their efficiency in multicolor applications (Martin 1975); (iv)
a tendency to self-quenching on conjugation to biopolymers, particularly at high
degrees of substitution (Bridges et al. 1986).

2.2.1.3 BODIPY Dyes

BODIPY dyes were first discovered in 1968 by Treibs and Kreuzer (Treibs and
Kreuzer 1968). Their basic structurewas 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(Fig. 2.3). Valuable alternatives to other heterocycle skeleton fluorophores were pro-
vided which fluoresced at wavelengths beyond 500 nm (Gonçalves 2010). BODIPY
fluorophores have attracted much attention in the design of fluorescent labels and
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Fig. 2.3 Basic structure of BODIPY fluorophores, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene.
Reproduced from (Printed with the permission from Sameiro and Goncalves (2009). Copyright
2009 American Chemical Society)

biomolecule sensors, because they present many excellent spectral properties, such
as high extinction coefficients, high fluorescence QY, and good photostability. This
kind of dyes is relatively easy to be oxidized and reduced, which could be used
to design photoswitches based on the theory of electron or charge transfer. More-
over, they are relatively insensitive to the environmental polarity and pH (Loudet
and Burgess 2007). Consequently, BODIPY fluorophores are widely used to label
proteins and DNA.

The fluorescence characteristics of the widely used fluorophores were shown in
Table 2.1.

2.2.2 Quantum Dots (QDs)

During the past few decades, the synthesis and biofunctionalization of colloidal
semiconductor nanocrystals have attracted much interest to researchers in the areas
of biology and medicine. These nanometer-sized crystalline particles, also called
QDs, consist of periodic groups of II-VI (e.g., CdSe) or III-V (e.g., InP) materials
(Alivisatos et al. 2005).

QDswith small size (1–10 nm) are usually composed of a core and a capping shell
which largely affect their photophysical and optical properties. The shell additionally
makes the surface defects of the core insensitive, preventing it from environmental
damage (Yin and Alivisatos 2005). The molar extinction coefficients of QDs are
10–100 times higher than those of common fluorophores. QDs have another incom-
parable characteristic, size-dependent optical and electronic properties caused by
the quantum confinement (Adams and Barbante 2013). Thus, the emission range
of QDs could be tuned by the regulation of the core size during the synthesis pro-
cess. Furthermore, the broad excitation spectra and narrowly defined emission peak
allow multicolor QDs to be excited from one source without emission signal overlap
(Alivisatos et al. 2005).

Due to the extreme brightness and resistance to photobleaching, QDs only need
very low laser intensities to excite, making them especially useful for the live-cell
imaging, especially three-dimensional (3-D) reconstructions and four-dimensional
(4-D) bioimaging. The intense brightness is also particularly helpful for single-
particle detection and biomedical assays. Furthermore, the synthesis methods of
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Table 2.1 Spectral
properties of labeled dyes

Fluorescent Labels λex (nm) λem (nm) ε(e)

Pyrene 345 378 44,000

AMCA 353 442 19,000

Acridine 362 462 11,000

BODIPY 493/503 500 506 89,000

ATTO 488 501 523 90,000

6-FAM 494 518 83,000

Alexa Fluor 488 495 518 71,000

FITC 492 520 78,000

Rhodamine Green 504 533 78,000

TET 521 536 99,000

JOE 520 548 75,000

HEX 533 559 98,000

Rhodamine B 543 565 106,000

Cy3 550 570 150,000

TAMRA 560 582 89,000

Texas Red 595 613 107,000

ROX 587 607 82,000

Cy5 643 667 250,000

NAP 603 670 49,200

Cy5.5 675 694 250,000

DyLight 680 682 715 140,000

DyLight 755 752 778 210,000

DyLight 800 770 794 270,000

QDs have been updating and optimizing, making QDs applicable in biological envi-
ronments. Thus, the biological application of QDs has been expanded, such as fluo-
rescent labels for cellular structures and organelles, tracing cell lineage, monitoring
physiological events in live cells, measuring cell motility, and tracking cells in vivo.

Even QDs have been widely used to develop sensitive fluorescence biosensors;
they also faced many disadvantages and were optimized based on developed strate-
gies. First, they suffered from luminescence intermittency known as blinking, which
could be overcome by shell engineering and/or decreasing the excitation intensity (Li
et al. 2013). Then, their inorganic nature and insolubility have been successfullymiti-
gated by different coating and capping agents. Furthermore, their synthesis costs and
the toxicity of the precursors are usually stated. Thus, “green synthesis” or biosynthe-
sis are newly developed (Ahmed et al. 2014; Beri and Khanna 2011; Bao et al. 2010).
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Fig. 2.4 Hierarchy of materials from atoms to bulk. The size of metal nanoclusters falls in between
individual atoms and plasmonic NPs. Reproduced fromYu et al. (2015) by permission of The Royal
Society of Chemistry

2.2.3 Metal Nanoclusters (MNCs)

Recently, noble MNCs have attracted great attention due to their specific physic-
ochemical properties (Gao et al. 2017). Noble metal nanoclusters are emerging
nanoparticle fluorophores with long-lived emission (10−8–10−5 s), and their fluores-
cence could be tuned in the visible and near-infrared (NIR) spectrum. The clusters
comprise approximately 18–100 gold and/or silver atoms. Compared to traditional
fluorescent dyes and QDs, MNCs have several remarkable advantages: First, MNCs
display excellent biocompatibility due to the negligible toxicity of their composition
elements. Second, MNCs have extraordinary chemical and photophysical stability.
Third, their ultrasmall sizes make them suitable for biolabeling with negligible dis-
turbance of the functions of to-be-labeled bioentities and excellent in vivo clearance.
Fourth, the size and composition of MNCs could be changed to tune the fluores-
cent emissions from visible to NIR. Owing to the above excellent characteristics,
MNCs have shown great potential in numerous bioanalysis. However, most noble
MNCs show relatively low fluorescence QY compared with organic dyes and QDs
(Higaki et al. 2016). To overcome this limitation, the introduction of the protection
ligand has attracted great attention (Yao et al. 2015; Yu et al. 2015). Additionally,
the fluorescence of MNCs is mainly depended on its structure, metal composition,
hydrophilic property, surface charge, and environment. Thus, the effect factors should
be optimized to improve the fluorescence QY of MNCs (Fig. 2.4).

2.2.4 Upconversion Nanomaterials

Based on multiple photon absorptions or energy transfers, upconversion is a process
which converts low energy light (i.e. NIR) to higher energy light (UV-vis) (Auzel
2004). Rare-earth nanoparticles are widely used upconversion materials which
exhibit luminescence properties arising from 4f transitions since their higher lying
5 s and 5p orbitals could effectively shield the 4f orbitals from the effect of the
outer ligand field. Therefore, rare earths doped into suitable matrices can generate
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upconversion luminescence (UCL) from the UV to NIR region under the excitation
of continuous-wave laser. The mechanisms of the upconversion process could be
roughly divided into three classes: excited-state absorption (ESA) or multistep (or
sequential) absorption, energy transfer upconversion (ETU), and photon avalanche
(PA). Other details have been summarized in previous reviews (Auzel 2004; Joubert
1999).

Upconversion nanoparticles (UCNPs) generally comprise inorganic host, sensi-
tizer, and activator. The low lattice phonon energy of host materials is a prerequisite
tominimize non-radiative losses andmaximize the radiative emission. Due to the low
photon energies (~350 cm−1) and high chemical stability, fluorides have been widely
used as host materials. To date, NaYF4, NaYbF4, NaGdF4, NaLaF4, LaF3, GdF3,
GdOF, La2O3, Lu2O3, Y2O3, Y2O2S, and others have been reported as host materi-
als for UCL process. Ytterbium ions (Yb3+) have larger absorption cross section at
around 980 nm than other lanthanide ions and are often used as sensitizers. The rare-
earth ions, Er3+, Tm3+, and Ho3+, are frequently used as activators to generate UCL
under NIR excitation due to their ladder-like arrangement energy levels. Usually, the
content of activators is limited to less than 2 mol% to minimize the cross-relaxation
energy loss (Fig. 2.5).

Under the excitation of single-wavelength laser, multicolor UCNPs could be
obtained with emission ranging from UV to NIR regions by the precise control
of dopant combinations and concentrations (Fig. 2.6, Wang and Liu 2008). Further-
more, the change of particles size, crystallinity, and capping ligands of UCNPs could
tune their UCL. For example, Niu et al. reported the UCNPs crystallinity played a
vital role in their UCL which can be easily tuned when subjected to different reac-
tion temperatures and times (Niu et al. 2011). Schietinger and coworkers reported
the UCL of NaYF4:Yb/Er NPs is size-dependent (Schietinger et al. 2009).

Compared with downconversion fluorescent materials, UCNPs have unique
luminescence properties and have attracted much attention in biological applica-
tions, including the noninvasive and deep penetration of NIR radiation, negligible
biological autofluorescence, long lifetime, and feasibility of multiple labeling. Thus,
UCNPs have widely used as fluorescence marker and energy donors for fluorescence
resonance energy transfer (FRET) assays in complex biological samples (Zhang
et al. 2006).

2.2.5 Cationic Conjugated Polymers

With the delocalized electronic structure, conjugated polymers (CPs) could trans-
fer the excitation energy along the polymer backbone to acceptors through electron
transfer or FRET, leading to their fluorescence quenching or the enhancement of
the fluorescence signal of the acceptor (Feng et al. 2008; Ho et al. 2008). Cationic
conjugated polymers (CCPs) easily react with the negatively charged DNA probes
due to the electrostatic interaction. Cationic polyfluorenes and polythiophene deriva-
tives reported by the Bazan group and the Leclerc group have been widely used in
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Fig. 2.5 Upconversionmechanismof theYb, Er/Tmco-dopedUCNPs.Under excitation at 980 nm,
an electron of Yb3+ is excited from the 2F7/2 to the 2F5/2 level. The energy may be transferred to
Er3+/Tm3+ nonradiatively to excite it to the corresponding excited level. For Yb, Er co-doped
UCNPs, the emission bands at 520, 540, and 654 nm may be assigned to 2H11/2 – 4I15/2, 4S3/2 –
4I15/2, and 4F9/2 –4I15/2 transitions of Er3+. For Yb, Tm co-doped UCNPs, the emission bands at
365, 451, 481, 646, and 800 nm may be assigned to 1D2 –3H6, 1D2–3F4, 1G4–3H6, 1G4–3F4, and
3H4–3H6, respectively (Reproduced from Zhou et al. 2012 by permission of The Royal Society of
Chemistry)

DNA sensing (see their typical chemical structures in Fig. 2.7) (Liu and Bazan 2004;
Ho et al. 2002, 2008; Gaylord et al. 2002; Baker et al. 2006). Cationic polyfluo-
renes have feasible structures with facile substitutions at the fluorene C9 position,
good chemical and thermal stability, and high fluorescence QYs. Their conforma-
tions could be changed when bound to DNA, leading to significantly fluorescence
changes. Based on this theory, cationic polyfluorenes could be successfully utilized
as optical transducers for simple, rapid, sensitive, and homogeneous detections of
single nucleotide polymorphism (SNP) genotyping (Duan et al. 2007), DNAmethy-
lation (Feng et al. 2010), and DNA damage (Feng et al. 2009). The use of CCPs
as FRET donors has several advantages: (i) The assays are performed in homoge-
neous solution, and cumbersome procedures are avoided to simplify operations and
increase reproducibility; (ii) a common spectrofluorometer or UV viewing cabinet
could collect the fluorescence information; (iii) trace amounts of analyte DNA are
needed due to the amplificated fluorescence signal and the improved detection sen-
sitivity; (iv) electrostatic interactions could assist CCPs to form complex with the
oppositely charged DNA instead of covalent linkage. What’s more, primers do not
require fluorescent labels. Therefore, the CCPs-based nucleic acid assays are quite
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Fig. 2.6 UC multicolor tuning in Ln3+-doped cubic NaYF4 NPs. UC emission spectra of a
NaYF4:Yb/Er (18:2 mol%), b NaYF4:Yb/Tm (20/0.2 mol%), c NaYF4:Yb/Er (25–60:2 mol%),
and dNaYF4:Yb/Tm/Er (20:0.2:0.2-1.5 mol%) particles in ethanol solutions (10 mM). The spectra
in c and d were normalized to Er3+ 650 nm and Tm3+ 480 nm emissions, respectively. Compiled
PL photographs show corresponding colloidal solutions of e NaYF4:Yb/Tm (20:0.2 mol%), f–j
NaYF4:Yb/Tm/Er (20:0.2:0.2-1.5 mol%), and k–n NaYF4:Yb/Er (18-60:2 mol%) upon excitation
at 980 nmwith a 600mWdiode laser. Reprinted with the permission from ref.Wang and Liu (2008).
Copyright 2008 American Chemical Society

Fig. 2.7 Chemical structures of cationic polyfluorene and polythiophene derivatives. Reprinted
with the permission from Liu and Bazan (2004). Copyright 2004 American Chemical Society;
printed with the permission from Ho et al. (2008). Copyright 2008 American Chemical Society
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suitable to identify susceptibility genes, early stage cancer diagnosis, mutagenesis,
or aging assays. However, CCPs still face several disadvantages including weak bio-
compatibility, aggregation-induced self-quenching, and easy photobleaching. Novel
designs for polymer chemical structures are desired to circumvent these limitations.
Recently, the newly developed conjugated polymer-based microarrays make multi-
plexed target detection promising (Liu and Bazan 2005; Zheng and He 2009).

2.3 Fluorescence Reporter Based on Nucleic Acid
Amplification Strategies

2.3.1 Fluorescent Dyes Aggression

During the nucleic acid amplification, the introduced fluorescent dyes got closer
to emit enhanced fluorescence. Take pyrene for an example. During the process of
nucleic acid amplification, the pyrene moieties tagged on the hairpins are brought
into close proximity with the others. Since pyrene is a spatially sensitive fluorescent
dye, the pyrene molecule at excited state could form an excimer when it was close
to the one at excited state. Thus, numerous pyrene excimers along the nucleic acid
amplification products were produced; the improved fluorescence could be used to
detect target biomolecule s with high selectivity (Huang et al. 2011).

2.3.2 Fluorescence Resonance Energy Transfer (FRET)

The 3′ end of one DNA is labeled with a fluorescent donor, while the 5′ end of its
complementary dsDNA is labeled with the corresponding fluorescent acceptor. Their
distance is adjusted to guarantee that efficient FRET can take place when they are
hybridized. In the non-radiative process, a photon from the energy donor excites
an electron in energy acceptor to the excited singlet state with higher vibrational
levels. As a result, the energy level of the donor molecule returns to the ground state
without emitting fluorescence and the acceptor fluorophore will emit fluorescence in
its own specific color. The energy transfer is owing to the dipole orientations of the
molecules, and its efficiency is highly dependent on the donor to distance. Effective
energy transfer usually occurs within a distance of 10–100 Å range which is roughly
the distance between 3 and 30 nucleotides in the dsDNA (Haugland et al. 1969).
Thus, therefore, no energy transfer should occur when the two probes are apart from
each other and free in solution. Another prerequisite is the spectra match between
the fluorescence emission spectrum of the donor and the absorption spectrum of the
acceptor. The transferred energy could excite a fluorophore as energy acceptor to emit
fluorescence or lose in the form of heat if the acceptor molecule is not a fluorophore.
Therefore, the energy transfer efficiency could be evaluated by the decrease in donor
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Fig. 2.8 Schematic overview of energy transfer and fluorescence signal generation in fluorescent
hybridization probes. Reprinted from Marras (2006), with kind permission from Springer Science
+ Business Media

fluorescence or the increase in acceptor fluorescence. Marras et al. concluded the
guidelines in choosing the appropriate fluorophore–quencher combinations for the
establishment of fluorescent hybridization probes (Fig. 2.8, Marras 2006).

The frequently used fluorophore and quencher labels were listed in Table
2.2 and 2.3.

Besides those, the newly developed fluorescent nanomaterials like QDs, GO, and
UCNPs could also be used to establish the FRET-based fluorescence biosensor. In
1998, Chen et al. (1998) developed FRET strategy to detect the ligase chain reac-
tion (LCR) products. The acceptor dye fluoresces when gets in close proximity with
the donor dye. However, LCR is difficult to use the common homogenous detection
techniques such as Taqman probe (Bardea et al. 2011), molecular beacon (Zheng
et al. 2011), and specific fluorescent dye of DNA (Cheng et al. 2008) since LCR is
based on the amplification of the ligated probes instead of the primer extension such
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Table 2.2 Fluorophore labels for fluorescent hybridization probes. Reprinted fromMarras (2006),
with kind permission from Springer Science + Business Media

Fluorophore Alternative fluorophore Excitation
(nm)

Emission
(nm)

Coumarin Biosearch Blue, LC Cyan 500 430 475

FAM – 495 515

TET CAL Fluor Gold 540 525 540

HEX ATTO 532, CAL Fluor Orange 560, JOE,
VIC

535 555

Cy3 NED, Oyster 556, Quasar 570 550 570

TMR Alexa 546, CAL Fluor Red 590 555 575

ROX Alexa 568, CAL Fluor Red 610, LC Red
610

575 605

Texas Red Alexa 594, CAL Fluor Red 610, LC Red
610

585 605

LC Red 640 CAL Fluor Red 635 625 640

Cy5 ATTO 647 N, LC Red 670, Oyster 645,
Quasar 670

650 670

LC Red 705 Cy5.5, Quasar 705 800 710

Table 2.3 Quenchers labels
for fluorescent hybridization
probes. Reprinted from
Marras (2006), with kind
permission from Springer
Science + Business Media

Quencher Absorption maximum (nm)

Deep Dark Quencher I 430

Dabcy 1 475

Eclipse 530

FQ 532

Black Hole Quencher I 534

Qsy-7 571

Black Hole Quencher 2 580

Deep Dark Quencher II 630

RQ 645

Blackberry Quencher 650 650

QSY-21 660

Black Hole Quencher 3 670

as PCR, SDA, RCA, and so on. Therefore, it is desirable to develop feasible, highly
sensitive, and specific methods for homogeneous LCR products. Nowadays, FRET
and real-time fluorescence assay for homogeneous detection of LCR products have
been developed. Cheng et al. (2012) used CCPs as an indicator to develop a novel
homogeneous LCR assay for the detection of SNP. For LCR, two pairs of unique
target-complement probes were designed. After the LCR, the two adjacent probes
are ligated to form one DNA strand with a fluorescein label at its 5′ end and phos-
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Fig. 2.9 Principle of homogeneous LCR detection based on FRET of SNP. Reprinted with the
permission from Cheng et al. (2012). Copyright 2012 American Chemical Society

phorothioate modification at its 3′ end, which is resistant to the exonuclease I and
exonuclease III degradation. Based on the strong electrostatic interactions, effective
FRET from the CCP to the fluorescein-labeled DNA can occur. This proposed assay
strategy extends the application of LCR and provides a new platform for homoge-
neous detection of SNP (Fig. 2.9).

The exonuclease-assisted CCP biosensor integrated with LCR could also be used
for miRNA genotyping (Yuan et al. 2014). However, CCPs can detect all dsDNA
without any sequence specificity; thus, unspecific amplification could also generate
fluorescence, which makes the discrimination of single-base difficult. To resolve
this problem, Sun et al. (2015) labeled a pair of LCR probes with a fluorophore
and a quencher, respectively. When the pair of LCR probes was ligated in LCR, the
quencher would specifically quench the fluorescence generated from the fluorophore
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based on the efficient FRET. Thus, the decrease of fluorescence intensity can be real-
time monitored with LCR to realize the one-step detection of SNPs.

Recently developed nanomaterials could be served as the energy acceptor to
develop FRET sensing platform. Li’s group developed the HCR-AuNPs to detect
the anterior gradient protein 2 homolog (AGR-2) (Li et al. 2017). In the absence of
AGR-2, the free aptamer acted as an initiator and activated the fluorescently labeled
hairpins to trigger HCR. The produced HCR dsDNA product generated intense fluo-
rescencewithout the quenching by theAuNPs due to theirweak interaction.However,
when the aptamer bound to the AGR-2, the HCR process would be inhibited. Thus,
the fluorescently labeled hairpins were adsorbed on AuNPs, quenching the overall
fluorescence of the system. Based on this strategy, AGR-2 was detected with high
sensitivity.

Besides AuNPs as the fluorescence quencher, polydopamine nanotubes could
also be used to establish the FRET system with the fluorescent dye. Ge et al. com-
bined cycled SDA, fluorescently labeled DNA probe, and polydopamine nanotubes
to develop a quantitation fluorometric assay of nucleic acids. In the absence of target
DNA, polydopamine nanotubes could quench the fluorescence of the absorbed flu-
orescence molecules. The addition of analyte (target DNA) and polymerase would
open the stem of the molecular beacon to bind with the primer, further triggered the
target strand displacement polymerization, and synthesized dsDNA.Due to the strand
displacement activity of the polymerase, the hybridized target was displaced and
further hybridized with another molecular beacon to trigger the next round of poly-
merization. Finally, a large amount of dsDNA with loaded fluorescence molecules
would be produced. The developed fluorescent sensing strategy showed good ana-
lytical performances toward DNA detection with a wide linear range and low LOD
(Ge et al. 2018) (Fig. 2.10).

Luo et al. described a fluorometric ATP assay that made use of carbon dots and
GO along with toehold-mediated strand displacement reaction. In the absence of
target, the fluorescence of carbon dots is strong and in the “on” state, because the
signal probe hybridized with the aptamer strand and could not combine with GO. In
the presence of ATP, it would bind to the aptamer and induced a strand displacement
reaction. Consequently, the signal probe was released, the sensing strategy would
change into the “off” state with the addition of GO (Fig. 2.11). This aptasensor
exhibited selective and sensitive response to ATP and had a 3.3 nM detection limit
(Luo et al. 2018).

2.3.3 Photoinduced Electron Transfer Strategy

Photoinduced electron transfer occurs when an excited-state electron transferred
from an electron-rich species (a donor) to an electron-deficient species (an acceptor).
Based on this strategy, novel fluorescence biosensing systems have been designed
(Aigner et al. 2014; Liu et al. 2015; Su et al. 2012; Tao et al. 2015). Via the pho-
toinduced electron transfer, guanine can efficiently quench the fluorescence of many
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Fig. 2.10 Schematic of the label-free sensor for sensitive nucleic acids detection by combining
cycled strand displacement amplification and the polydopamine nanotube strategy. Reprinted from
Ge et al. (2018), with kind permission from Springer Science + Business Media

Fig. 2.11 Schematic illustration of CD-based signal amplification fluorescence sensor for detection
of ATP. Reprinted from Luo et al. (2018) with kind permission from Springer Science + Business
Media
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Fig. 2.12 Schematic of the strategy for photoinduced electron transfer-based RCA fluorescence
detection of miRNA with linear DNA as signal probe. Reproduced from Zhou et al. (2016) by
permission of John Wiley & Sons Ltd

fluorophores (Zhang et al. 2012; Tao et al. 2015). Zhou et al. first integrated RCA
and photoinduced electron transfer into one detection process. A circular DNA as the
recognition probe was used to hybridize with the target miRNA and further primed
a RCA reaction. The generated RCA products could be hybridized with thousands
of FAM-labeled linear DNA probes, leading to FAM to be close to—GGG—base of
RCA product. Due to the photoinduced electron transfer between FAM and guanine,
the fluorescence of FMA was significantly quenched. This method provided a sim-
ple, isothermal, and low-cost approach for sensitive detection of miRNA and held a
great potential for early diagnosis in gene-related diseases (Fig. 2.12). Furthermore,
the target-dependent circularization of the padlock probe and the ligation reaction
could obtain higher specificity, leading to discrimination between miRNA family
members (Zhou et al. 2016).

2.4 Rational Design of Fluorescence Biosensor Based
on Nucleic Acid Amplification Strategies

2.4.1 Fluorophores Chemically Conjugated to DNA

Fluorescent molecules described in the section “Fluorescent Dyes and Nanomateri-
als” could be chemically conjugated to DNA to establish the fluorescently labeled
oligonucleotides. Molecular beacons with chemically conjugated fluorophores and
quencher arewidely used. Iovannisci andWinn-Deen utilizedfluorescent dye-labeled
oligonucleotides to generate fluorescently labeled LCR products. With a fluorescent
sequencer, as little as 0.5 fmol of fluorescently labeled products could be detected
(Iovannisci and Winn-Deen 1993). Meng et al. developed a fluorescent detection
of ligated products on microbeads (Meng et al. 2010). In this method, three primers
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were used and two allele-specific primers were labeled with two different fluorescent
dyes at their 5′ end. The ligation products were then captured by streptavidin-coated
microbeads, and then, fluorescence signals were collected by a fluorescent micro-
scope and used for genotyping. Many of the existing molecular beacon probes still
have presented disadvantages such as the complex synthesis process, costliness of
materials, toxicity of the heavy metal ion, and supersubtle optimization. Therefore,
it is still highly important and desirable to develop low-cost, efficient, and universal
molecular beacon for biochemical sensing. Recently, a novel γ -CD-mediated dual-
pyrene-labeled stemless molecular beacon (γ -CD-P-MB) was designed by bound-
ing the two pyrene molecule-labeled DNA probe in the γ -CD hydrophobic cavity
(Zheng et al. 2011). Via the γ -CD amplification, the loaded pyrene molecules could
trigger remarkable excimer fluorescence enhancement. In addition, the stable and
strong binding interaction between γ -CD and pyrene could tune the stem stability of
the probes, obtaining higher target-binding selectivity and sensitivity than conven-
tional DNA probes (Meng et al. 2012). The pyrene excimer with large MegaStokes
shifting (~130 nm) and long fluorescence lifetime (~ 40 ns) could effectively avoid
background interference; thus, it could achieve the sensitive detection in complex
biological media (Huang et al. 2011). Based on this strategy, Zou and his coworkers
developed a ligation-rolling circle amplification (L-RCA)-based fluorescent method
for the detection of SNP.With the low LOD (40 fM), this developed method was rec-
ognized to provide a great genotyping platform for pathogenic diagnosis and genetic
analysis (Zou et al. 2014). Besides conditional fluorescent dyes, near-infrared fluo-
rescent dyes could also be used to label DNA and combined RCA to detect nucleic
acid molecules (Xu et al. 2017). Yang et al. established a HCR/GO fluorescent sig-
naling platform for miRNA detection. Briefly, the target miRNA initiated the HCR
between fluorophore-labeled hairpins. The fluorescence of excess hairpins would
be completely quenched by GO due to their close distance, while the HCR product
would retain fluorescence due to the separation of the fluorophores from GO (Yang
et al. 2012). The improved sensitivity higher than those of otherGO-based fluorescent
nucleic acid assays (Dong et al. 2010). The simple operation, low cost, and enhanced
fluorescent signal make the HCR/GO platform a very interesting candidate for in situ
fluorescence imaging of miRNAs and possibly other biomolecules. Besides miRNA,
HCR/GO platform could be used to detect biothiols (Ge et al. 2014).

2.4.2 A Label-Free Fluorescent Strategy

The chemical conjugation between fluorescent molecules and DNA probe usually
need complex chemical reaction. Recently, a label-free fluorescent strategy has been
developed which the fluorescent dyes intercalate into the grooves of dsDNA (Xu and
Zheng 2016). However, the fluorescent ligands of dsDNA, such as SYBR Green,
exhibit strong fluorescence, resulting in a relatively high background signal. Hence,
it is still a great challenge to develop feasible fluorescent methods based on nucleic
acid amplification to detect biomarkers sensitively and selectively. Based on theHCR
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Fig. 2.13 Chematic illustration of label-free fluorescent detection of H7N9 virus DNA (a) and
thrombin (b) using HCR amplification and DNA triplex assembly with berberine as the triplex
indicator. Reprinted from Zou et al. (2018). Copyright 2018, with permission from Elsevier

amplification and DNA triplex assembly, Zou’s group constructed a label-free light-
up fluorescent sensing platform for the detection of avian influenza A (H7N9) virus
DNA and thrombin which used berberine as the triplex indicator and fluorophore.
In the presence of targets, the HCR can occur between H1 and H2, and then, DNA
triplex assembly forms between HCR products and triplex-forming oligonucleotide.
The triplex structures are easily recognized by berberine, resulting in a dramatic
increase in the fluorescence intensity at 530 nm. In the absence of targets, the HCR
process could not be triggered and the triplex structures could form, which resulted
in a relatively low background signal (Fig. 2.13, Zou et al. 2018). To improve the
performance of theHCR-based fluorescent nucleic acid assays significantly,Niu et al.
designed an enzyme-coupled HCR to achieve the fluorescence detection of target
DNA. Fluorescent molecules generated by the HRP-catalyzed oxidation reaction
showed a linear increase in fluorescence intensity with the target DNA concentration
(Niu et al. 2010).

In comparison with other isothermal nucleic acid amplification approaches, HDA
has significant advantages of simple reaction scheme and time-saving procedure.
Especially, HDA can achieve over amillion-fold amplificationwithin a short reaction
time (less than 1 h) and has been widely applied for the detection of DNA (Crannell
et al. 2014), telomerase (Chen et al. 2016), transcription factor (Cao andZhang 2013),
and pathogens (Andresen et al. 2009).
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Fig. 2.14 A simple, rapid, and sensitive fluorescent method for label-free detection of microRNAs
based on HDA. Reprinted with the permission from Ma et al. (2017). Copyright 2017 American
Chemical Society

Ma et al. developed a label-free fluorescent method to achieve the simple, rapid,
and sensitive detection of microRNAs based on HDA. A linear probe with specific
binding to target microRNAs escaped from exonuclease I (Exo I) digestion and then
was amplified by HDA to generate a distinct fluorescence signal with SYBR as the
indicator (Fig. 2.14). This assay could be finished within 30 min amplification time
and exhibited a high sensitivity and a large concentration range (around five orders
of magnitude) (Ma et al. 2017).

Zhao and his coworkers developed a dual-color fluorescence platform for the
detection of complementary dsDNA. Firstly, Ru complex, Ru(bpy)2(dppx)2+ (bpy=
2.2’-bipyridine, dppx = 7,8-dimethyldipyrido[3.2-a:2′,3′-c]-phenanthroline), was
served as an effective fluorescence quencher for QDs via photoinduced electron
transfer process. Then, complementary dsDNA could compete with the QDs and
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captured the Ru complex due to the stronger binding affinity. Therefore, Ru complex
intercalated DNA complex and free QDs were obtained, leading to the new emer-
gence of red fluorescence of Ru complex and restoration of QDs fluorescence. Based
on this process, they developed a simple, fast, and sensitive detection of dsDNA
(Zhao et al. 2009). Inspired by this design, Liu et al. developed a highly selective
detection for specific ssDNA sequences. The magnetic microparticles (MMPs) were
served as solid reaction carriers. Specific ssDNA including target DNA, capture
DNA, and auxiliary DNA was designed to induce hybridization and form HCR
products. As followed, a large amount of Ru complex could intercalate into the HCR
products and restored the QDs fluorescence. As compared, in the absence of the
target DNA, theHCRproducts could not be conjugated to theMMPs and theQDs flu-
orescence was quenched by the Ru complex. The developed method could be used to
recognize the ssDNA with high selectivity against single- and two-base mismatched
sequences. Thus, the developed HCR-based fluorescence method had great potential
for the application of DNA diagnostics and clinical analysis (Liu et al. 2013).

2.5 Fluorescence Collection and Commercial Instrument

2.5.1 Real-Time or Quantitative Nucleic Acid Amplification
Strategies

Higuchi et al. developed an real-time PCR strategy (also called quantitative PCR,
qPCR). Fluorescence molecules, ethidium bromide, were intercalated into each
amplification reaction; thus, nucleic acid amplification products with increased
amounts of fluorescence molecules were produced. The fluorescence was further
excited and collected with a computer-controlled cooled CCD camera (Higuchi et al.
1992, 1993). By plotting this fluorescence increment versus the cycle number, the
real-time PCR provided a more complete picture of the PCR process than elec-
trophoresis. The developed dPCR introduced fluorescent reporter molecules into the
PCR process and owned the merits of excellent sensitivity, high specificity, repro-
ducible data, low contamination risk, and reduced operation time. Thus, qPCR has
beenwidely used in various research areas like bioanalysis and biomedicine (Navarro
et al. 2015). With outstanding merits, the developed qPCR matured into a competi-
tive market, and the first commercial instrumentation was made available by Applied
Biosystems in 1996. Nowadays, Applied Biosystems and other companies produced
various qPCR instruments (Didenko 2006; Valasek and Repa 2005). Based on these
commercial instruments, a large number of qPCR techniques have been developed
for the DNA detection. Besides DNA, zhang et al. developed a ligation-mediated
PCR with SYBR Green I as the fluorescent indicator to real-time detect small bio-
logical molecules in a high-throughput format. This method is extremely sensitive
with a detection limit of as low as 18.8 fM for ATP and 17.3 fM for NAD+, and it
could also discriminate target molecules from their analogues (Zhang et al. 2015).
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Recently, a real-time accelerated reverse transcription loop-mediated isothermal
amplification (RT-LAMP) assay was proposed. The RT-LAMP assay is a specific,
effective, and rapid gene amplification method, and the whole procedure could be
finishedwith one hour. TheRT-LAMPassaywas successfully used for virus isolation,
surveillance, and differentiation (Parida et al. 2004, 2005).

FRET strategywas also used to design the qPCR (Kongklieng et al. 2015). Besides
commercially available dark quenchers (BHQ-1, BHQ-2, BBQ-650), unsymmetri-
cal dialkylamino-substituted zinc azaphthalocyanine with a wide absorption spectra
(300–700 nm), unique spectral and photophysical properties could be used as effec-
tive fluorescence quenchers in DNA hybridization probes (Demuth et al. 2018).

2.5.2 Multiplex Nucleic Acid Amplification Strategies

Chamberlain et al. developedmultiplex PCR in 1988 (Chamberlain et al. 1988). Since
then, much effort has been devoted to optimize multiplex PCR to achieve the dis-
tinction of several amplification products by fluorophores with different wavelengths
(Lee et al. 1993; Henegariu et al. 1997; Rachlin et al. 2005). Now, multiplex PCR has
widely used in the detection of viruses, bacteria, and genetic modifications (Schuler
et al. 2016). Real-time multiplex PCR assays offer automated analysis in a closed
tube system, but limited by the low throughput. To overcome this bottleneck, greater
multiplexing PCR assays were proposed and achieved by the application of differ-
ent fluorescent-labeled probes (Lee et al. 1993), hydrolysis probes (Holland et al.
1991), molecular beacons (Tyagi and Kramer 1996), and mediator probes (Faltin
et al. 2012).

2.5.3 Digital Nucleic Acid Amplification Strategies

The calibration curves are necessary to obtain quantitative results of the fluorescence
data which could be obtained by performing several amplification experiments using
variable and known concentrations of DNA. However, the calibration curves bring
several disadvantages to the real-time nucleic acid amplification strategies such as
the time-consuming process and unavailable standards. Thus, the digital droplet
polymerase chain reaction (ddPCR) was designed to enable a direct quantification of
nucleic acids without a calibration curve (Baker 2012; Heredia et al. 2013; Hindson
et al. 2011;Whale et al. 2012). Compared to RT-PCR, the ddPCRmethod has greater
tolerance to inhibitors and better repeatability at low concentrations (Morisset et al.
2013). It is based on partitioning the sample into small droplets. The size of the
droplets should be controlled to let only some of them carry DNA template before
amplification which would fluoresce after PCR. Accurate results are obtained when
the average number of templates per droplet is similar. The average template number
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per droplet before PCR, λ, is determined from the ratio of fluorescent droplets to
total droplets, p, making use of the poisson distribution, according to the following
equation:

λ = − ln(1 − p)

In the ddPCR, only droplet counting is needed instead of a calibration curve for
quantification. Several dPCR methods have been developed for the quantification of
miRNA, gene (Hui et al. 2018;Menschikowski et al. 2015), and genetically modified
organisms (Dobnik et al. 2015; Niu et al. 2018).

Although, the microfluidic device-based droplet-generating technique is quite
popular. However, the multistep procedure would inevitably cause “rain effect” that
some targets are missing, and others are present in high concentrations, leading
to false results and inaccurate screening detection standard (Dobnik et al. 2016).
Therefore, new approaches for dPCR should meet the requirement of simplicity,
reproducibility, and commercialization. Printing technology, especially inkjet print-
ing, could precisely control small volumes and produce monodisperse microdroplet
for use in digital PCR assays (Chen et al. 2012, 2013; Yang et al. 2016; Zeng et al.
2015; Zhang et al. 2016). This technique is recognized as one of the most promising
methods for efficient microarray fabrication since it could be precisely manipulated,
dispersed with spatial control, and widely used in many areas (Zhang et al. 2016).
This system is composed of three parts: an inkjet of generating the droplets, a coiled
fused-silica capillary for thermal cycling and a laser-induced fluorescence detector
for positive droplet counting. In addition, droplet volume can also be controlled via
adjusting the driving voltage and applied pulse waveform on the piezo actuator of the
inkjet system. Based on inkjet printing technology, the absolute quantification of the
HPV sequence has been achieved in Caski cells (Zhang et al. 2018). The commercial
and miniaturized instruments based on nucleic acid amplification were detailedly
described in Chap. 15.

2.6 Perspectives

In this chapter, we have summarized remarkable advances in the development of
fluorescence biosensor based on nucleic acid amplification strategies. Traditional
and commercial fluorescent dyes, novel near-infrared fluorescent dyes, aggression-
induced emission molecules, nanomaterials like quantum dots, metal nanoclusters
and upconversion nanoprobes, cationic conjugated polymer could be used to label
molecular beacons, or intercalate into the dsDNA,or establishfluorescence resonance
energy transfer probes. These fluorescent molecules could be combined with nucleic
acid amplification strategies to develop “turn-on” and “turn-off” biosensor. Owing to
their versatile functions, feasibility, and low cost, nucleic acid amplification strategies
have been used to establish and develop broadly applicable fluorescent biosensors
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in various biological areas. In addition, novel fluorophores with high quantum yield,
bright fluorescence in the near-infrared region, and negligible perturbation to the
normal biological process need to be further explored. In addition to intensity-based
measurement, other fluorescence signaling techniques, such as lifetime, polariza-
tion, and localization, showed various advantages in developing specific fluorescent
biosensors. These feasible signaling techniques combined with novel probe design
would obtain great developments in the further. Finally, the integration of nucleic
acid fluorescent probes with high-throughput platforms such as microfluidic chips
or microarray chips will be a rapidly expanding field. These new methodologies will
make significant new contributions to real-time monitoring of biochemical events,
rapid identification, and characterization of a large number of enzymes in a complex
system, drug screening, and disease diagnosis at the early stages.
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Chapter 3
Nucleic Acid Amplification
Strategies-Based Chemiluminescence
Biosensors

Sai Bi and Yongcun Yan

Abstract Chemiluminescence (CL) has become one of the most attractive tech-
niques to construct biosensors with the advantages of high sensitivity, low cost,
simple manipulation, and high throughput. In CL reactions, the luminescent sub-
strate is excited by chemical reactions, during which a light emission is generated.
So far, diverse CL biosensing platforms have been developed for sensitive and selec-
tive detection of a wide range of analytes, such as nucleic acids, small molecules,
proteins, and even cells. In particular, to improve the detection sensitivity, nucleic
acid amplification strategy-based CL biosensors have been developed, including the
fabrication of novel signal amplification probes, the development of new CL sys-
tems, the construction of tool enzyme-based biosensing platforms and the strand
displacement reaction-based enzyme-free signal amplification strategies.

3.1 Nucleic Acid-Based CL Nanoprobes for Signal
Amplification

Nanoprobes are powerful ways to improve the detection sensitivity and selectivity
(Chen et al. 2013;He et al. 2015; Li et al. 2016a, b, c; Liu et al. 2018). So far, a series of
novel biofunctional nanoprobes have been developed for signal amplification, which
have been successfully applied to the construction of biosensors. For example, many
efforts have been made using magnetic particles (MPs), gold nanoparticles (AuNPs),
and carbon materials to improve the sensitivity. MPs demonstrate the advantages of
large surface area for molecular immobilization and purification, easy separation,
and simple manipulation (Chen et al. 2017; Xianyu et al. 2018; Yang et al. 2016;
Zheng et al. 2016). AuNPs, as a class of nanomaterials with unique optical and
electrochemical properties, have been successfully applied in biochemical analysis
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Fig. 3.1 FL-CL detection of DNA hybridization based on biobarcode functionalized magnetic
nanoparticle labels (bbcMNPs). Reproduced from Bi et al. (2009a, b, c) by permission of The
Royal Society of Chemistry

(Bi et al. 2015a, b, c, d, e; Medeghini et al. 2018; Zhang et al. 2018a, b, c, d, e; Zhou
et al. 2018a, b). AuNPs have the advantages of easy synthesis in a wide range of sizes
(from ~1 to more than 100 nm). Further, as excellent biolabels, AuNPs can easily
conjugate with biomolecules (e.g., proteins and DNAs) retaining the bioactivity (Li
et al. 2018a, b, c; Sun et al. 2014; Zhang et al. 2018a, b, c, d, e). Carbonmaterials, such
as carbon nanotubes (CNTs) and graphene, have attracted more and more interest
in biosensing because of the excellent electrical, optical, and mechanical properties
and good chemical stability (Cao et al. 2018; Geim 2009; He et al. 2018; Kong et al.
2016; Li et al. 2018a, b, c; Pan et al. 2018). In addition, due to the large surface
area-to-weight ratio, easy preparation, and low cost, carbon materials have been
versatilely applied to the development of signal amplification platforms, achieving
sensitive detection of a wide range of analytes (Bi et al. 2014a, b).

To avoid the cross reaction and improve the detection sensitivity, the concept
of biobarcode nanoprobes has been proposed (Chen et al. 2014; Dong et al. 2015;
Wang et al. 2015a, b; Zhang et al. 2018a, b, c, d, e). For example, a flow injection-
chemiluminescence (FI-CL) system has been developed for the detection of target
DNA using biobarcode magnetic nanoparticles (MNPs) (Fig. 3.1) (Bi et al. 2009a, b,
c). In this assay, biobarcode MNPs were fabricated via labeling biobarcode DNA
(bbcDNA) and probe DNA (pDNA) with the ratios of approximately 1:1.22 ×
106:1.69 × 105. The target DNA was analyzed in a sandwich-type detection pro-
tocol. The sensitivity was improved by one order of magnitude over that only using
single DNA as probe.

It has been reported that hemin/G-quadruplex DNAzyme has the same catalytic
activity as HRPmolecules (Chen et al. 2018a, b, c; Qiu et al. 2017;Wang et al. 2017).
DNAzymewith thermostability is also easy to synthesize andmodify (Abu-Ghazalah
et al. 2010;Zhou et al. 2015).Usingmultilayer hemin/G-quadruplex-wrappedAuNPs
as tags, disposable protein array for multiplex CL imaging of α-fetoprotein (AFP),
human chorionic gonadotrophin-β (β-hCG), carcinoma antigen 125 (CA 125), and
carcinoembryonic antigen (CEA) was realized (Zong et al. 2013). In this work,
biotinylatedDNAand alkylthiol-capped ssDNAwere assembled onAuNPswith high
ratio. Then hemin andK+ were added to formmultilayer HRP-mimicking DNAzyme
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Fig. 3.2 CL imaging of cancer cells through biobarcode nanoprobe-based RCA. Reproduced from
Bi et al. (2013a, b, c, d) by permission of The Royal Society of Chemistry

on the surface of AuNPs. After CL immunoassay (CLIA), the DNAzyme/AuNP tag
was linked to sandwich immunocomplexes by biotin-streptavidin conjugation. The
CL signal was amplified markedly using the multilayer DNAzyme/AuNP labels.

Moreover, a biobarcode AuNPs-based CL imaging array has been developed for
high-throughput and sensitive detection of Ramos cells (Fig. 3.2) (Bi et al. 2013a, b,
c, d). Dual aptamers were used in this strategy to improve the specificity. Firstly, bio-
barcodeAuNPswere constructed through functionalizing aptamer TD05 and primers
with a ratio of 1:10 to specifically recognize cells and initiate rolling circle amplifi-
cation (RCA), respectively. At the same time, aptamer TE02 was immobilized on the
microplate well to capture Ramos cells. Upon introduction of the synthesized biobar-
codeAuNP probes, a sandwich complex of AuNP-aptamer TD05-cell-aptamer TE02
was formed. In the presence of DNA polymerase/dNTPs, RCA was triggered on the
AuNPs to assemble a large amount of horseradish peroxidase (HRP)molecules to cat-
alyze the PIP-enhanced luminol-H2O2 CL system. The CL images were recorded on
a cooled charge-coupled device (CCD), achieving ultrasensitive detection of Ramos
cells as low as 163 cells. Similarly, RCA-based biobarcode strategy was proposed for
thrombin detection on microchip via in situ formation of multi-G-quadruplex/hemin
DNAzyme (Wang et al. 2018a, b).

Mesoporous silica nanoparticles (MSNs) as novel controlled release materials
have been used to deliver drugs and biomolecules. Based onMSN-controlled release
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system, an analyte-triggered CL system was prepared for sensitive detection of
cocaine, in which a large number of glucose molecules were loaded into the pores of
MSNs. Then flexible linear aptamer of cocaine was added to wrap the MSN-glucose
compounds via electrostatic interaction. In the presence of cocaine, the aptamer on
MSNs specifically bound with cocaine, leading to the open of MSN pores and the
release of glucose. The glucose oxidase in solution catalyzed the oxidation of glu-
cose to produce H2O2, which further enhanced the CL emission of luminol. The CL
signals were positively related to the concentrations of cocaine. Cocaine could be
detected by this sensitiveMSN-based CL biosensor with the LOD of 1.43μM (Chen
et al. 2016).

3.2 Development of CL Systems for Signal Amplification

InCL assays, the development of detection systems is of great significance to improve
the sensitivity. The enzyme molecules are important in CL systems to determine
the H2O2 and other compounds through coupling enzyme-catalyzed reactions. For
example, the HRP-catalyzed oxidation of luminol has been applied to enhance the
sensitivity of the CL system (Landi-Librandi et al. 2011; Liu and Zhang 2015; Roda
and Guardigli 2012). In addition, a variety of phenol derivatives have been developed
as enhancers for luminol-based CL systems, which can greatly increase the emission
intensity (Clough et al. 2016; Liu et al. 2015). Certain chemical indicators, such as
phenol red, cresolphthalein, phenolphthalein, and bromophenol blue (BPB), have
also been found as efficient enhancers for HRP-catalyzed luminol-H2O2 CL reaction
(Luedeke et al. 2016; Nie et al. 2015; Yang et al. 2015; Zhang et al. 2018a, b, c, d,
e). Recently, through combining with the biofunctionalized nanoprobes for signal
amplification, the luminol-H2O2-HRP-BPBCL systemhas been successfully applied
in immunoassays (Bi et al. 2009a, b, c).

In addition, the development of metal ion-catalyzed CL systems also holds
promise in improving the detection sensitivity. For example, the luminol-H2O2-Fe3+

CL system has been extensively studied and readily applied to ultrasensitive detec-
tion of target DNA using biobarcode magnetic nanoparticles (MNPs) as labeling
probes, achieving a detection limit as low as 0.32 fM (Bi et al. 2009a, b, c). More-
over, through using biobarcode dendrimer-like DNA (bbc-DL-DNA) as probes for
signal amplification, a new CL system of luminol-H2O2-Ru3+ was developed for
sensitive and selective detection of cancer cells based on aptamer recognition (Bi
et al. 2010a, b, c, d).

Besides single-metal-ion catalysis, the development of synergistic enhanced
chemiluminescence (SECL) systems also attracts intensive research interest. For
example, a SECL system of luminol-H2O2-Cu2+-Fe3+ was proposed, which signif-
icantly intensified the CL signals in comparison to monometallic catalyst Cu2+ or
Fe3+ (Bi et al. 2010a, b, c, d). Through fabricating a kind of multiplex nanoprobes
(CuS/DNA/Au/DNA/MNP) and using MNPs as both DNA molecular carriers and
reporter labels, this SECL systemwas applied in amplified biosensing of target DNA
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Fig. 3.3 SECL detection of DNA hybridization and Ramos cells based on a dual-amplification
strategy. Reproduced fromBi et al. (2010a, b, c, d) by permission of The Royal Society of Chemistry

and Ramos cells with excellent specificity, achieving the detection limits down to
6.8 aMand 56 cells/mL, respectively, whichwas one of themost sensitive bioanalysis
methods (Fig. 3.3).

Chemiluminescence resonance energy transfer (CRET) system has become
more and more popular in bioanalysis. In a typical CRET system, a nonradiative
dipole–dipole energy transfer occurs from a CL donor to a certain acceptor via the
specific oxidation of a luminescent substrate during CL reaction (Cai et al. 2018;
Freeman et al. 2011; Shuhendler et al. 2014; Zhen et al. 2016; Zhou et al. 2018a, b).
In contrast to fluorescence resonance energy transfer (FRET), CRET occurs through
oxidizing a luminescent substrate with no requirement of an excitation source, which
thus can minimize nonspecific signals and avoid photobleaching caused by external
light excitation to improve the detection sensitivity. For example, in theCRET system
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Fig. 3.4 Binary and triplex DNA molecular beacons based on CRET system for ATP detection.
Reprinted with the permission from Zhang et al. 2009. Copyright 2009 American Chemical Society

of luminol-H2O2-HRP-fluorescein, the CL energy transfers from luminol donor to
fluorescein acceptor because fluorescein can absorb part of the excited-state energy
of luminol (~425 nm) and re-emit the light at longer wavelengths (~510 nm). Enlight-
ened by this phenomenon, Zhang et al. designed binary and triplex CRET molecular
beacons as signaling probes, achieving sensitive detection of ATP in cancer cells
based on structure-switching aptamer recognition (Fig. 3.4) (Zhang et al. 2009).

Based on the luminol-H2O2-HRP-fluorescein CRET system, an enzyme-free
amplified CL imaging platform was also proposed for microRNA detection based
on target-catalyzed DNA four-way junction (DNA-4WJ) (Bi et al. 2015a, b, c, d,
e). In this method, target microRNA-let-7a triggered a cascade of toehold-mediated
strand displacement reactions among four DNA hairpins to form the DNA-4WJ,
during which the target microRNA was displaced to catalyze the additional self-
assembly process. In theDNA-4WJ structure, fluorophore fluorescein amidite (FAM)
and G-quadruplex sequences were encoded in a close proximity. In the presence of
hemin/K+, the HRP-mimicking DNAzymes were formed to catalyze the luminol-
H2O2 CL system and further transfer to FAM. Importantly, in this system, the back-
ground signal was efficiently reduced using magnetic graphene oxide (MGO) to
remove excess hairpins and hemin via magnetic separation. Thus, the detection sen-
sitivitywas significantly improvedwith a detection limit of 6.9 fM. Similarly, another
CRET amplification platform was developed based on self-assembly of DNA net-
work on magnetic microparticles (MMPs), achieving ultrasensitive CRET imaging
of miRNA-122 (Bi et al. 2016a, b, c, d).

Through theoretical calculations, it has been found that graphene or graphene
oxide (GO) with the long-range nanoscale energy transfer property has excellent
quenching efficiency (Li et al. 2017b; Luong and Vashist 2017; Yang et al. 2017a,
b). Accordingly, a GO-based luminol-H2O2-HRP-fluorescein cascade CRET system
was proposed, in which luminol serves as the CL substrate and donor, fluorescein as
enhancer and acceptor, and GO as further energy acceptor of fluorescein. Based on
the high adsorption of single-stranded DNA (ssDNA) on GO via π–π interaction,
a cascade CRET system-based biosensing platform was constructed for sensitive
detection of nucleic acids via base-pairing hybridization and protein via aptamer
recognition (Fig. 3.5) (Bi et al. 2012a, b). Briefly, a FAM-labeled ssDNA probe
was absorbed on GO noncovalently, resulting in a quenched CRET signal. Upon
the introduction of target DNA or thrombin, the probe DNA was released from GO
through the formation of DNA duplex or DNA/thrombin complex. The increased
distance between the probe DNA and GO make the CRET restored from luminol-
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Fig. 3.5 Cascade CRET system based on DNA-GO complex. Reproduced from Bi et al. (2012a,
b) by permission of The Royal Society of Chemistry

H2O2-HRP to FAM, and the recovered CL intensity was proportional to the target
concentration.

Moreover, this cascaded CRET process was applied to microRNA detection
through using HRP-mimicking DNAzyme as catalyst. In this assay, three modes
of cascaded CRET hot-spot-active substrates were constructed by covalently attach-
ing HRP-mimicking DNAzyme/fluorescein-labeled DNA hairpins on MGO, which
results in an “off” signal due to the quenching effect ofGOon the luminol/H2O2/HRP-
mimicking DNAzyme/fluorescein CRET system (Bi et al. 2015a, b, c, d, e). Once
addition of target microRNA, it opened the loop domain of hairpin probe, result-
ing in a recovered CRET signal for sensitive and selective detection of microRNA.
More importantly, this CRET substrate demonstrated excellent controllability, repro-
ducibility, and reversibility through strand displacement reaction, which thus held
great promise in the development of versatile optical platforms for bioanalysis.

The aggregated AuNPs can not only induce color change of solution but also
catalyze the generation of CL signal, for example, in luminol-H2O2 system. Accord-
ingly, a label-free CL system based on the aggregation of AuNPs has been developed
for the detection of DNA hybridization (Qi et al. 2009). In this strategy, the pres-
ence of target DNA led to the hybridization between probe DNA and target DNA
after annealing in buffered salt. After hybridization, the as-prepared AuNPs with
the average diameter of 13 nm were added and the salt in hybridization solution
screened the repulsion between negatively charged AuNPs ((-)AuNPs) and therefore
led to the aggregation of AuNPs. Then, the aggregated AuNPs produced strong CL
emission after adding luminol and H2O2. In contrast, in the absence of target DNA,
probe DNA would adsorb on the surface of AuNPs in 0.5 M NaCl and therefore pre-
vented the aggregation of AuNPs. The dispersed AuNPs had weak catalytic activity
and led to a weak CL intensity. Compared to AuNP-based colorimetric methods
for target DNA detection, the sensitivity was increased more than six orders. Fur-
ther, single-based mismatched DNA strands were well distinguished from perfectly
complementary targets using this CL assay. Similarly, aggregated AuNPs-amplified
CL was further used in aptasensor for acetamiprid detection (Qi et al. 2016). In the
presence of acetamiprid, the strong interaction between acetamiprid and acetamiprid-
binding aptamer (ABA) occurred and the dispersed AuNPs were aggregated at 0.5M
NaCl, leading to a significant enhancement of AuNPs catalytic properties. This CL
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aptasensor did not need aptamer labeling or modifying, which can be finished within
0.5-1 h. However, the (-)AuNPs-based label-free CL system with high-salt medium
would influence the hybridization between aptamer and target. Alternatively, pos-
itively charged AuNPs ((+)AuNPs) were used to construct CL aptasensor without
high salt (Qi et al. 2017). In addition to the above AuNP-catalyzed CL system,
another AuNPs triggered luminol-AgNO3 CL system was proposed to detect Hg2+

based on interstrand cooperative coordination (Cai et al. 2011). Briefly, the capture
probe was firstly immobilized on the microwell surface via amino anchor. Then Hg2+

was added into microwell and capture probe cooperatively coordinated with Hg2+ to
formT-Hg-T complex.Afterwashing off residualHg2+, NH2OH/HAuCl4 was added.
The captured Hg2+ catalyzed the formation of AuNPs on T-Hg-T complex. Finally,
luminol and AgNO3 were added, and the CL signal was read out with the catalysis
of AuNPs. In contrast, the absence of Hg2+ would not accelerate the synthesis of
AuNPs as well as the emission of CL.

3.3 Tool Enzyme Amplification-Based CL Biosensors

In traditional sensing mode, the target-to-signal ratio is usually 1: 1. Thus, the detec-
tion sensitivity is often not low enough to satisfactorily determine trace amounts of
analytes in complex samples. To improve the sensitivity, many target recycling-based
strategies have been developed, in which the target acts as the “catalyst” to initiate
the reaction, resulting in a target-to-signal ratio of 1: n and significantly amplified
signals (Min et al. 2017; Qi et al. 2018a, b, c). Up to now, diverse tool enzyme-based
CL biosensors have been proposed for target recycling amplification, which have
demonstrated versatile applications in sensing of diverse biomolecules, from small
molecules and nucleic acids to proteins and even cancer cells (Li et al. 2016a, b, c,
2018a, b, c; Wang et al. 2018a, b; Xu et al. 2012, Zhang et al. 2018a, b, c, d, e).

Rolling circle amplification (RCA) is an isothermal enzymatic amplification reac-
tion, which is carried out with a circular DNA template and a primer in the presence
of polymerase. The RCA process can lead to the production of long DNA or RNA
strands that are the tandem repeating sequences complementary to circular template.
Thus, RCA has demonstrated as a powerful tool for signal amplification (Bi et al.
2013a, b, c, d; Cheng et al. 2009;Wang et al. 2015a, b; Zhao et al. 2008). For example,
a triggered polycatenated DNA scaffold was proposed to construct ultrasensitive CL
biosensors through combining RCA and DNAzyme amplification (Fig. 3.6) (Bi et al.
2010a, b, c, d). In comparison to traditional RCA methods, in which one target only
initiates the formation of one circular template for RCA, mechanically interlocked
polycatenated nanostructures were self-assembled upon the introduction of target
DNA. The resulting polycatenated DNA nanostructures were further used for RCA
reaction to synthesize hemin/G-quadruplex HRP-mimicking DNAzyme chains to
catalyze the luminol-H2O2 CL system. In particular, the high background induced by
excess hemin itself was overcome by attaching the RCA products on MNPs through
biotin–streptavidin interaction. This assay was further applied to thrombin detection
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Fig. 3.6 Polycatenated DNA scaffold-mediated RCA reaction and DNAzyme amplification for CL
detection of single-nucleotide polymorphisms (SNPs). Reprinted with the permission from Bi et al.
(2010a, b, c, d). Copyright 2010 American Chemical Society

based on specific recognition of aptamers. This CL biosensor demonstrated ultra-
high sensitivity that was comparable to PCR methods. Moreover, a branched rolling
circle amplification (BRCA) protocol based on hybridization chain reaction (HCR)
was developed for CL analysis of MTase activity and DNA methylation. Compared
to traditional BRCA, the proposed assay demonstrated high amplification in well-
controlled manner (Bi et al. 2013a, b, c, d).

In addition to polymerase, nicking-enzyme-based CL amplificationmethods were
also developed, in which nicking enzyme could recognize specific sequences of
double-stranded DNA (dsDNA) and cleave one of the two DNA strands. As shown
in Fig. 3.7, the ssDNA included a linker DNA and two HRP mimicking DNAzyme
sequences, which was blocked by a short ssDNA to form a quasi-circular struc-
ture I. Once addition of target DNA, the components were self-assembled into the
supramolecular structure II. Then, nicking enzyme Nt.AlwI was introduced to cleave
the linker strand, resulting in the dissociation of target DNA to initiate another
strand-scission cycle. In the presence of hemin, the cleaved DNAs were assembled
into HRP-mimicking DNAzymes, which thus catalyzed the oxidation of luminol
by H2O2 to generate CL signals. In addition, Fe3O4@Au complexes were used to
reduce background for sensitivity improvement. This nicking-enzyme-based target
recycling amplification achieved a detection limit as low as 8.6 aM (Bi et al. 2010a,
b, c, d).

Combined with proximity hybridization, another nicking-enzyme-assisted in situ
recycling strategywas presented for CL detection of target DNA, CEA, and thrombin
(Zong et al. 2014). Themolecular beaconwas designedwith cleavage site for nicking
enzyme Nt. BbvCI. Luminophore Cy5 on stem was quenched by nearby black hole
quencher2 (BHQ2). Two help ssDNA could hybridize with the stem of the molecular
beacon, the target-related sequence, and part of each other. In the presence of target
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Fig. 3.7 a Nicking-enzyme-assisted strand circular amplification for CL detection of target DNA
and b the use of Fe3O4@Au to reduce background. Reproduced from Bi et al. (2010a, b, c, d) by
permission of The Royal Society of Chemistry

DNA, molecular beacon was opened through the formation of proximity complex.
Then CL signal was generated in peroxalate-H2O2 CL system in which the oxidation
product 1,2-dioxetanedione transferred its energy to Cy5. The nicking enzyme Nt.
BbvCI could cleave the unfolded molecular beacon and release proximity complex,
leading to a recycling process to generate strong CL emission. Similarly, CEA and
thrombin were detected using this nicking-enzyme-assisted target recycling strategy.

Moreover, a target-triggered polymerase-nicking-enzyme-based cascade ampli-
fication reaction was developed for label-free CL detection of microRNA (Bi et al.
2016a, b, c, d). As shown in Fig. 3.8, upon recognition of target microRNA, the con-
formational changes of DNA hairpins occurred, resulting in the cascaded recycling
amplification processes and the generation of a large number of HRP-mimicking
DNAzymes to produce significantly enhanced CL signals. Since a feedback function
was integrated in the system, this strategy achieved high sensitivity for microRNA
detection with a detection limit of 0.82 fM. Moreover, a series of two-input logic
gates were constructed using two microRNAs as inputs to generate controllable CL
outputs.

Another polymerase-nicking-enzyme-based cascade amplification CL protocol
was developed through combing hemin/G-quadruplex HRP-mimicking DNAzyme
with DNA machine for ultrasensitive imaging of BCR/ABL fusion gene (Xu et al.
2016a, b). In the presence of BCR/ABL, three tailored DNA probes formed a bis-
three-way junction. Then, the DNAmachine was initiated with the assistant of DNA
polymerase and nicking enzyme, leading to the autonomous generation of DNA
products which further triggered another DNA machine. As a result, a large number
of DNA products containing G-quadruplex sequences were generated to catalyze the
CL signal.With the amplification of cyclic self-assembly, as low as 23 fMBCR/ABL
fusion gene can be detected by this assay. Further, microRNAwas also detected using
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Fig. 3.8 Target-triggered cascade recycling amplification for CL detection of microRNA. Repro-
duced from Bi et al. (2016a, b, c, d) by permission of The Royal Society of Chemistry

CL exponential isothermal amplification reaction, achieving a detection limit of 2.91
fM and excellent selectivity to distinguish single-base mismatched microRNA-21
(Xu et al. 2016a, b).

A novel ligation chain reaction (LCR) method using ampligase has been
developed for SNP detection based on luminol-H2O2-HRP-mimicking DNAzyme-
fluorescein CRET system (Fig. 3.9) (Bi et al. 2015a, b, c, d, e). In this system, four
target-complement probes were designed for the amplification of K-ras (G12C).
After LCR, the products with biotin modification were captured on streptavidin-
magnetic particles, which facilitated the CRET reaction from HRP DNAzyme-
catalyzed luminol-H2O2 CL system to fluorescein. Through using a cooled low-light
CCD to collect the signals, the SNP-induced CL images were recorded with a detec-
tion limit as low as 0.86 fM. In this assay, the high sensitivity can be attributed to
not only the exponential amplification efficiency of LCR but also the employment
of streptavidin-coated magnetic particles to separate the excess hemin to reduce the
background, which provided a new way to genetic diagnosis.

Exonuclease III (Exo III), which does not require specific recognition sequence,
has become an ideal candidate for the development of universal biosensing platforms
(Bi et al. 2012a, b; Hu et al. 2014; Li et al. 2017a, b; Wang et al. 2014). Recently, an
Exo III-based target recycling amplification strategy has been developed for label-
free CL detection of target DNA (Fig. 3.10) (Gao and Li 2014). Firstly, the loop
region of P2 hybridizedwithG-quadruplex-formingDNAprobe (P1). P1 andP2were
designed with protruding 3′-termini so the P1/P2 hybrid would avoid the digestion.
Then target DNA hybridized P2 to form a blunt 3′-terminus of P2, leading to the
initiation of Exo III-assisted target recycling amplification (Cycle I) and the release
of P1, targetDNA, and secondary targetDNA. Importantly, the secondary targetDNA
could hybridize P1/P2 hybrid probe and trigger another cycle to release P1. After the
addition of hemin and K+, a large number of P1 yield G-quadruplex HRP-mimicking
DNAzyme to catalyze the CL emission in the presence of luminol and H2O2. In
addition, the same group employed single-walled carbon nanotubes (SWCNTs) in



56 S. Bi and Y. Yan

Fig. 3.9 CRET imaging of SNP based on LCR amplification. Reprinted from Bi et al. (2015a, b,
c, d, e), Copyright 2015, with permission from Elsevier

the Exo III-assisted target recycling amplification strategy to improve the detection
sensitivity by virtue of the high intrinsic surface area and various functional groups
of SWCNTs (Gao and Li 2013). In this assay, free hemin was strongly adsorbed on
the surface of SWCNTs due to the strong affinity of SWCNTs with hemin, while
the formed DNAzyme cannot be adsorbed. After ultracentrifugation, superfluous
hemin would be removed and the background was therefore reduced. Further, GO
was also used in the Exo III-assisted luminol-H2O2-FAM CRET system for site-
specific detection of DNA methylation owing to its strong affinity to ssDNA (Chen
and Li 2014). The FAM-labeled probe DNA was adsorbed onto GO by noncovalent
binding. The target-methylated DNA was unchanged after treated with bisulfite and
could hybridize with FAM-labeled probe DNA, which triggered the Exo III-assisted
recycling release of FAM. The CL emission of luminol-H2O2-HRP was transferred
to FAM via CRET, leading to the decrease CL at 420 nm and enhanced CL at ca.
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Fig. 3.10 Exo III-assisted recycling amplification for target DNA detection using HRP-mimicking
DNAzyme to catalyze the CL signals. Reprinted with the permission from Gao and Li (2014).
Copyright 2014 American Chemical Society

510 nm. Whereas unmethylated DNA (5′-CG-3′) would change to 5′-UG-3′ after
treated with bisulfite so the probe DNA was still on the surface of GO. Because of
the quenching of GO, there was no CL signal at ca. 510 nm. DNAmethyltransferase
activity was also detected using this Exo III-assisted target recycling amplification
system.

The Exo III-assisted cascade amplification target recycling strategy was further
applied for CL detection of platelet-derived growth factor BB (PDGF-BB) by taking
advantage of recognition property of aptamer and cleavage function of Exo III (Bi
et al. 2014a, b). Upon the introduction of PDGF-BB, the aptamer occurred confor-
mational change, which initiated the Exo III-based target recycling amplification
reaction, resulting in the release of numerous G-quadruplex sequences. In the pres-
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ence of hemin, HRP-mimickingDNAzymeswere formed to catalyze the oxidation of
luminol by H2O2 to generate an amplified CL signal for PDGF-BB detection. Simi-
larly, another versatile Exo III-based target recycling amplification strategy has been
proposed for label-freeCLdetection of targetDNA,which further applied to establish
a series of “signal-on” and “signal-off” two-input molecular logic gates (Yan et al.
2017). These exonuclease-based strategies demonstrated the advantages of isother-
mal performance, simple design in sequences, homogeneous reaction, effective-cost
without labeling, and high amplification efficiency, which thus can be considered as
universal platforms in biosensing, biocomputation, and nanotechnology.

More recently, HCR was integrated into Exo III-assisted target recycling ampli-
fication for construction of a versatile cascade amplification biosensor for label-free
CL detection of target DNA and protein. In this system, the initiator triggered the Exo
III-assisted target recycling reaction. At the same time, the released ssDNA further
initiated the HCR, resulting in the formation of HRP-mimicking DNAzyme chains
for signal amplification. As low as 5.7 fM target DNA can be detected using this
amplified label-free CL biosensor, which also had good performance in real sample
assays. Moreover, based on specific aptamer recognition, this method was versatilely
applied to sensitive and selective detection of lysozyme, which demonstrated broad
application prospects in bioanalysis and clinical diagnosis (Qi et al. 2018a, b, c).

3.4 Enzyme-Free Signal Amplification CL Biosensors

On the basis of toehold-mediated DNA strand displacement reaction, diverse
enzyme-free signal amplification strategies have been developed (Bi et al. 2015a,
b, c, d, e, 2016a, b, c, d; Qi et al. 2018a, b, c; Wang et al. 2012; You et al. 2015; Yu
et al. 2018). HCR is a powerful nonenzymic amplification strategy based on toehold-
mediated strand displacement reaction triggered by initiators (Bi et al. 2017; Chen
et al. 2018a, b, c; Dirks and Pierce 2004). Based on HCR, a sandwich-type instanta-
neous derivatization technology was developed for CL detection of DNA target with
high selectivity and sensitivity (Wang et al. 2013). To further improve the sensitiv-
ity of HCR-based CL method, streptavidin-modified polystyrene microspheres were
introduced into the system to facilitate the dual-amplification strategy (Zhou et al.
2017). Catalytic hairpin assembly (CHA) is another typical enzyme-free isother-
mal amplification reaction based on toehold-mediated strand displacement reaction.
The process of CHA does not require enzymatic catalysis and the output signals
can be designed to be diverse. For example, based on CHA and proximity-dependent
DNAzyme formation, aDNAnanotweezerwas designed for CL detection ofmicroR-
NAs (Li et al. 2016a, b, c). As shown in Fig. 3.11, the double-crossover DNA nan-
otweezer was constructed by self-assembly, which contained an arched structure
and two split G-rich DNAs. In the both presence of miRNA-21 and miRNA-155,
the released miRNA-21-miRNA-155-set strand was attacked by assistant strand,
resulting in the release of miRNA-21 and miRNA-155. The released two miRNAs
triggered the CHA and turned the opened tweezer to closed state. Therefore, the split
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Fig. 3.11 a CHA-based DNA nanotweezer for microRNA detection and logic gate operation; b
truth table of “AND” logic gate. Reprintedwith the permission fromLi et al. (2016a, b, c). Copyright
2016 American Chemical Society

G-rich strands at the termini of two arms bound to hemin to form DNAzyme, which
catalyzed the CL reaction of luminol-H2O2. The amplified CL signal can only be
observed at the simultaneous presence of miRNA-21 and miRNA-155, so an AND
logic gate operation was build based on the binary target inputs. In addition, Bi’s
group developed a cross-catalytic hairpin assembly (CHA)-based exponential signal
amplification strategy for CRET detection of target DNA (Yue et al. 2017a, b).

The recent work reported a strategy to integrate CHA with HCR to self-assemble
hyperbranched DNA structures as enzyme-free amplifier for homogeneous CRET
detection of microRNA (Bi et al. 2016a, b, c, d). Upon introduction of target DNA, a
single-stranded region was produced to initiate the CHA-HCR cascade amplification
circuits, resulting in the formation of hemin/G-quadruplex nanowires to catalyze the
oxidation of luminol by H2O2 to generate a CL signal. Due to the close proximity of
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Fig. 3.12 CLIA for simultaneous detection of multiple miRNAs based on a polymerase/nicking-
enzyme-assisted DNA machine and b programmable strand displacement-mediated magnetic sep-
aration. Reprinted from Bi et al. 2017. Copyright 2015, with permission from Elsevier

hemin/G-quadruplex HRP-mimicking DNAzymes to FAM in the nanowires, the CL
energy further transferred to FAM to stimulate a CRET process, realizing sensitive
detection of a general DNA target.

High-throughput assay is of great significance to bioanalytical and clinical appli-
cations. Recently, a CL imaging array (CLIA) was reported for simultaneous anal-
ysis of three microRNAs through integrating polymerase/nicking-enzyme-assisted
DNA machine and toehold-mediated strand displacement reaction (Fig. 3.12) (Yue
et al. 2017a, b). In this assay, three kinds of hairpins were parallelly immobilized
on the MPs, which were designed to specially recognize corresponding microRNAs
(microRNA-155,microRNA-let-7a, andmicroRNA-141).Upon recognition of target
miRNAs, theDNAmachinewas initiatedwith the assistance ofDNApolymerase and
nicking enzymeNb.BbvCI for exponential amplification of targets. Subsequently, the
toehold-mediated strand displacement reactions were performed with the displace-
ment probes, resulting in the release of HRP-tagged DNA hybrids for CL imaging.
In addition to the achievement of a widely linear range covering five orders of mag-
nitude, an ultrahigh sensitivity as low as fM level, and excellent selectivity to differ-
entiate single-base mismatched microRNA, this CLIA assay also demonstrated the
advantages of easy operation, high throughput and good reproducibility and recycla-
bility, which thus can be widely applied in biosensing, biomedical research, disease
screening, and so on.
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Chapter 4
Nucleic Acid Amplification
Strategy-Based
Electrochemiluminescence Research

Huairong Zhang

Abstract Electrochemiluminescence (electrogenerated chemiluminescence, ECL)
has beenwidely used in analytical chemistry due to its excellent properties. However,
low-level detection of targets still remains a challenge in the modern biochemical
and biomedical research. Thus, nucleic acid amplification strategies combined with
ECL technology have already become a powerful tool for efficient and smart signal-
amplified detection.

4.1 General

4.1.1 Electrochemiluminescence (ECL) Assays

ECL is a technology to convert electrochemical energy into optical energy, and the
process was induced by the electrochemical oxidation or reduction on ECL-active
molecular through applying potential at the working electrode (Richter et al. 2004;
Zhou et al. 2016; Zhang et al. 2017a; Yetisen et al. 2013). As shown in Fig. 4.1
(Wu et al. 2014), the electron-transfer reactions at the electrode surface formed the
excited states of ECL-active molecular which could produce the light when decays to
the ground state. ECL technique integrates the advantages of both electrochemistry
and spectroscopy, such as stability, sensitivity, simplicity, facility, and wide dynamic
range. Moreover, background signals could be ignored, as it does not require a light
source, which finally leads to high sensitivity. Besides, high specificity was obtained
due to the emitter–coreactant relationship and the excited states can be regulated
by alternating the applying potential (Zhang et al. 2013a, 2016; Serena et al. 2017;
Li et al. 2017a). ECL has become a powerful analytical technique since detailed
studies by Bard and Hercules and et al. in the mid-1960s. By employing ECL-active
molecules as signal tags, ECL technology in the sensor or materials field was sum-
marized in plenty review articles (Guo et al. 2011b; Liu et al. 2015; Miao et al.
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Fig. 4.1 Schematic
mechanisms of
reductive–oxidative (R–O)
and oxidative–reductive
(O–R). Reprinted with the
permission from Richter
(2004). Copyright 2004
American Chemical Society

2008). The combination of isothermal amplification and biosensor based on ECL
technology has also attracted intense attention and led to more simple and sensitive
biomolecule analysis (Zhao et al. 2015; Craw et al. 2012; Reid et al. 2018). Herein,
a general overview about the latest developments and applications of nucleic acid
amplification strategies-based ECL techniques was given in the sensitive and selec-
tive detection of nucleic acids, enzyme, proteins, tumor cells, and small molecules.

4.2 Nucleic-Acid-Amplification-Assisted ECL Assays

4.2.1 Nucleic Acid-ECL Biosensors Assisted by Nucleic Acid
Amplification Strategies

Sensitive and specific nucleic acids targets biosensor is an important tool for early
genetic disease diagnosis and treatment. Some specific nucleic acids were studied
due to the hybridization to its complementary DNA with high specificity (Wang
et al. 2018a; Zhang et al. 2015b). The principle was used to develop ECL biosensor
assisted by signal amplification for nucleic acid detections. In recent years, rolling
circle amplification (RCA) and hyperbranching RCA (HRCA) are widely used in
DNA biosensor as it can extend the strength of DNA by synthesizing many repeat-
ing DNA sequences (Zhang et al. 2015a; Jiang et al. 2014a, b; Ali et al. 2014).
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Fig. 4.2 Schematic illustration of a the principle of target-cycling synchronized RCA and in situ
electrochemical generation of AgNCs, b preparation of the circular template, and c ECLmechanism
of AgNCs/S2O8

2−-based ECL system. Reprinted with the permission from Chen et al. (2016).
Copyright 2016 American Chemical Society

Based on enzyme-free target recycling amplification and 2DDNAnanoprobe (DNP),
Chai’s group built an electrochemical biosensor for micro-RNA detection (Zhang
et al. 2018). A large amount of ferrocene-labeled DNA strands were released from
working electrode after the liberated target opened hairpin H for triggering another
TSDR, which results in a dramatic decrease of the electrochemical response. As
a result, one input of the target can induce 2 N ferrocene-labeled DNA strands
released from the electrode surface. Thus, this strategy provided a novel method for
detecting various nucleic acids in nascent stages of cancer. Yuan et al. built a sensi-
tive micro-RNA (miRNA) biosensor based on RCA amplification and Pb2+-induced
DNAzyme-assisted target recycling (Fig. 4.2). Due to the RCA amplification and
in situ electrochemically generated silver nanoclusters (AgNCs), the detection limit
of miRNA could be down to 0.3 fM (Chen et al. 2016). Listeria monocytogenes (L.
monocytogenes) is a highly infectious type of pathogens that can be passed through
the food chain. Thus, a highly sensitive and specific assay using HRCA combined
with magnetic bead method for L. monocytogenes detection was built to ensure food
safety (Long et al. 2011). The method can detect 10 aM synthetic gene targets and as
low as 0.0002 ng/µl of genomic DNA from L. monocytogenes. This method offered a
highly sensitive, isothermal, and selective ECL assay for L. monocytogenes detection
due to the powerful amplification of HRCA.

Nucleic acid amplification strategies were usually used combined with nanopar-
ticles or DNA walkers to enhance the sensitivity. Lin and coworkers designed an
ultrasensitive ECL biosensor for sensitive p53 gene (0.02 fM) detection assisted by
MagneSphere Paramagnetic Particles, HRCA and NEase-assisted target recycling
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amplification (Yang et al. 2016). Zhang’s group also developed a highly selective
and sensitive ECL biosensing approach for Kras mutant gene detection (Zhang et al.
2017b). ECL biosensor was proposed based on the high discrimination capability of
LNA and dual signal amplification approaches including DNA walkers and HRCA.
The assay has large potential to application in diagnostics and individualized patients’
therapeutic strategies for cancer.

DNA strands can assemble into two or three dimensions with different structures
after properly designed. Self-assembledDNAnanostructure is an effective and simple
tool for signal amplification via target or signal probe hybridization. Based on self-
assembled DNA nanostructures as carriers, Liu et al. fabricated an ultrasensitive
and label-free ECL signal amplification biosensor, which was used for detection
of micro-RNA-21 (Liu et al. 2014). HCR is another DNA amplification method,
briefly; an initiator (target) triggered the process of this method and finally led to
the polymerization of oligonucleotides into a long nicked double-stranded DNA
(dsDNA) polymers. As shown in Fig. 4.3, a highly sensitive DNA sequence detection
based on HCR signal amplification and ECL technology was proposed (Chen et al.
2012). Target DNA was triggered and led to the formation of long-range double-
stranded DNA molecule through in situ HCR. As the grooves of dsDNA polymers
could be used as carriers of numerous Ru(phen)2+3 ions, the intensity of ECL signal
could be largely amplified. ECL strategy assisted by HCR not only shows high
selectivity against single-base mismatch sequences, but also enables low femtomolar
detection of nucleic acid.

Furthermore, some kinds of nanoparticles could be applied in signal amplifica-
tion method due to their catalysis or assembly abilities. Jiang and coworkers found
that a novel magnetic nanoparticle CoFe2O4 has the peroxidase-like activity which
could enhance the ECL intensity of N-(aminobutyl)-N-(ethylisoluminol) (ABEI)-
H2O2 system. Based on this theory, a sensitive and selective ECL biosensor was
built for MUC1 detection with a detection limit at fM level (Jiang et al. 2017).
DNA damage mainly includes alkylation of bases, bulky adduct formation, oxi-
dation of bases, mismatch of bases, and hydrolysis of bases. As we all know, the
damage of DNA may cause less effective DNA repair than normal cells. Besides,
damaged DNA will transfer to daughter cells by asexual reproduction and finally
lead to cancer (Zhou et al. 2012a). Therefore, analysis of DNA damage is significant
for the diagnosis of early stages of cancer and other diseases. An ECL biosen-
sor by using CdTe@SiO2 as nanoprobes for signal amplification was fabricated
for specific sequence DNA detection (Wei et al. 2013). The “sandwich-type” DNA
complexes were fabricated by self-assembly of capture DNA on working electrode.
Capture DNA could hybridized with one end of target DNA, and the other end of
target DNA was recognized by CdTe@SiO2-modified DNA. The different concen-
trations of target DNA were identified by ECL intensity of the CdTe@SiO2-labeled
DNA probe. This method could recognize single-base-mismatched DNA from com-
plementary DNA by different ECL intensities. Finally, a sensitive ECL biosensor
based on CdTe@SiO2 labeled probe was developed for the sequence-specific DNA
detection. Another ultrasensitive DNA biosensor was fabricated by utilizing the res-
onance energy transfer (RET) between Ru(dcbpy)2+3 and QDs. The nanostructure
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(QDs-Ru(dcbpy)2+3 ) used as an ECL-RET model contains both the donor and the
acceptor, which efficiently reduced the energy loss and improved the ECL efficiency
of the QDs. By employing target recycling CHA, this ECL biosensor could detect
miRNA-141 of human prostate cancer cells with an estimated detection limit of 33
aM, which showed potential applications in early cancer diagnosis and therapeutic
monitoring. Most importantly, the ECL technology could be applied to study the
DNA damage caused by several genotoxic chemicals with great potential (Li et al.
2017b).

For the past few years, isothermal amplifications in designing sensitive and
selective analysis of DNA damage and single-nucleotide polymorphism (SNPs)
assisted by DNA machines attracted much attention due to their simple operation
and autonomous and circular amplification (Chen et al. 2013; Zhou et al. 2011a, b).
The isothermal amplification reactions mostly used scission reactions or enzyme-
assisted replication as the DNA machines. Chen’s group developed a sensitive ECL
assay for mRNA detection by employing DNA biogate and DSN-assisted target
recycling. Wang et al. first encapsulated a mass of Ru(bpy)2+3 into the MSNs, and
the negatively charged ssDNA could be electrostatically adsorbed onto the MSNs
to seal the mesopores as a DNA biogate. After mRNA hybridization with ssDNA,
the entrapped Ru(bpy)2+3 molecules were released and the ECL signals with core-
actant TPA were available. This facile method enables the accurate quantification
of survivin mRNA detection in cancer cells with a low detection limit of 0.1 fM
(Wang et al. 2015). Besides, other ECL approaches for detection of SNPs based
on an isothermal cycle-assisted, triple-stem probes were fabricated with simplicity,
selectivity, and sensitivity. Those methods have great promise for SNP analysis, and
it will be extensively applied in diagnostics and therapeutics (Zhao et al. 2018; Chen
et al. 2015).

4.2.2 Proteins-ECL Biosensors Assisted by Nucleic Acid
Amplification Strategies

In the recent years, employment of nucleic acid as amplified indicators in sensi-
tive detection of proteins attracted great attention (Wang et al. 2011b; Zhang et al.
2012a; Xu et al. 2013a). Excellent improvements in the performance of the biosen-
sors were realized due to amplification strategies. For example, Jie etc. developed a
new amplified ECL strategy for selective and sensitive detection of thrombin based
on HCR amplification and resonance energy transfer (RET) between composite QDs
and AuNPs (Jie and Yuan 2012). Composite QDs display intense ECL signal and
provide promising advantages for ECL biosensing. This approach provides a conve-
niently and rapidly performing, impressive LODs and a comparable low background
signal. The reason should be the HCR is an enzyme-free, initiator-triggered reac-
tion and the magnetic property of the composite QDs. Other simple, highly sensitive
ECL biosensors were also developed based on the amplification capability of HCR.
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Wei’s group (Wu et al. 2015) reported one example of a single-stranded DNA spe-
cific exonuclease-based ECL aptasensor. In this work, the presence of thrombin
could combine with aptamer DNA that induces the dissociation of dsDNA due to the
stronger interaction between thrombin and aptamerDNA. Then, a type of exon nucle-
ase named RecJf catalyzed the removal of deoxynucleotide monophosphates from
the 50-end to the 30-end of DNAwith a target recycling amplification. Subsequently,
two-hairpin DNA in solution reacted with the capture probe and formed an extended
dsDNA through HCR, which efficiently introduced numerous Eu-MWCNTs as ECL
indicators through an amidation reaction. Thus, a detection limit as low as 0.23 pmol
L−1 for thrombin was realized. The proposed ECL biosensors for protein detection
based on HCR exhibited a sensitive, selective, stable response for detection of pro-
teins and showed great potential in cancer or other disease diagnosis (Xiao et al.
2013; Tang et al. 2011).

In conventional enzyme-linked immunoassays (ELISAs), bioactive enzyme was
mostly used as the label of secondary antibody. However, the conjugated sites’ avail-
ability was always limited for enzyme on each antibody. Therefore, artificial mimic
enzymes, such as catalytic nucleic acids (DNAzymes), attracted extensive study
interest. This should be due to the advantages of low cost, being easy to label, hav-
ing more stability against heat treatment, and hydrolysis. Hemin/G-quadruplex as
a new amplification tool, possessing the horseradish peroxidase (HRP)-mimicking
activities, is an interesting DNAzyme which has surprising potential in biosensing
events (Chinnapen and Sen 2002; Willner et al. 2008; Cai et al. 2013; Travascio et al.
2001; Wang et al. 2011a). DNAzymes provide biocatalytic detection of hybridiza-
tion process in the presence of hemin (Xiao et al. 2004). The detection of proteins is
underway by extension of the concept to design the DNAzyme linked to aptamers. A
ECL biosensor based on graphene-oxide NPs (GOxNPs) and hemin/G-quadruplex
DNAzyme which shows bi-enzyme cascade amplification effect was designed for
ultrasensitive detection of thrombin (Xiao et al. 2014). The details were shown in
Fig. 4.4, Pt nanoparticles and glucose oxidase nanoparticles (GOxNPs) were carried
by hollowwere Au nanoparticles (HAuNPs). TheGOxNPs and hemin/G-quadruplex
-DNAzyme both have mimicked horseradish peroxidase (HRP) activity. Herein, Pt
NPs, GOxNPs and hemin/G-quadruplex could form mimicking bi-enzyme cascade
catalysis system to catalyze H2O2 to generate high-concentration dissolved oxygen
which results in a great enhanced ECL signal. Besides, a novel ECL immunosen-
sor was designed for ultrasensitive detection of alpha-1-fetoprotein (AFP) based on
the in situ bi-enzymatic reaction to generate coreactant of peroxydisulfate for signal
amplification (Wang et al. 2012b). After a certain amounts of glucosewere added into
detection solution, glucose oxidase (GOD) catalyzed the oxidation of glucose and at
the same time H2O2 was generated, which could be further catalyzed by horseradish
peroxidase (HRP) to generate O2 for the signal amplification. As low as detection
limit of 3.3 × 10−4 ng mL−1 of AFP was obtained by this novel strategy with due to
the advantages of good selectivity, sensitivity, reproducibility, and simplicity which
might has a new promise employment in clinical detection.
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Fig. 4.4 a Analysis of DNA by opening of a Beacon Nucleic Acid and the generation of a
DNAzyme. b Analyzing telomerase activity by a functional DNA Beacon that self-generates a
DNAzyme. Reprinted with the permission from Xiao et al. (2004). Copyright 2004 American
Chemical Society

Due to the catalysis ability, excellent electron-transfer ability, and biocompati-
ble performance, employing nanomaterials as signal amplifier is a popular strategy
used for the development of ultrasensitive biosensor methods. Nanomaterials often
employed as carriers to load large amounts of biomolecules and ECL signal labels in
order to amplify the signal due to the good biocompatibility, large surface area, fasci-
nating electrocatalytic activity, excellent conductivity, and outstanding optical prop-
erties. Rapid evolution in nanoparticles promotes development of high-performance
ECL immunosensors; they can used as a promoter to enrich signal tags, improve the
electron-transfer velocity at the interface of electrode, and increase the surface area.
Therefore, ECL biosensor design by using nanomaterials as signal amplifiers is of
great interest (Duan et al. 2010; Pinijsuwan et al. 2008; Jie et al. 2008, 2010;Wu et al.
2010). The study focused on designing nanocomposites or nanomaterials as nanocar-
riers loaded on the working electrode, which increased the specific surface area to
capture a large amount of targets or tags and improved the electronic transmission
rate (Zhang et al. 2012c, 2013b, c; Liu et al. 2012, 2013). Xu reported an ECL sand-
wich immunosensor by using enzyme antibody-conjugated gold nanorods (AuNRs)
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and functionalized graphene as the sensor platform (Xu et al. 2013b). The synthe-
sized Au NRs were used as carriers to immobilize glucose oxidase and secondary
antibodies, which were applied as signal tags. The surface of working electrode was
modified with chitosan-functionalized graphene in order to immobilize more pri-
mary antibodies. Finally, a low LOD, stable, and strong ECL method was obtained
to detect cancer biomarkers based on the multiple signal amplification of chitosan-
functionalized graphene and Au NRs. Yuan’s group focused on study coreactant of
common ECL regents, synergistic catalyzer and utilizing novel catalyzer to develop
nanomaterial-based ECL immunoassay (Mao et al. 2011; Wang et al. 2012a; Liao
et al. 2013; Xiao et al. 2014; Zhao et al. 2013). As shown in Fig. 4.5, an ultrasensitive
ECL immunosensor to achieve quantitative detection of HIgG in serum and aqueous
buffers samples with low LOD, high sensitivity, good stability, and wide dynamic
response was prepared (Wang et al. 2012c). The designed Fe3O4-NP-modified GO
nanosheets (Ru(bpy)2+3 /Fe3O4@GO) were utilized as signal reporters because the
numbers of Ru(bpy)2+3 molecules were modified on the surface of the magnetic
Fe3O4-loaded graphene nanosheet (GN). An ultrasensitive NIR ECL immunosensor
was designed for protein detection by utilizing SiO2 nanospheres and AuNP-GN
hybrids for dual amplification. Xu’s group developed a novel dual-potential ECL
approach for the activity of telomerase detection in cancer cell (Zhang et al. 2014b).
In this approach, luminol molecules aggregated by Au NPs could produce an ECL
signal in the presence of coreactant H2O2 after added proper voltage; besides, L-Au
NPs could also enhance the ECL intensity of CdS NCs due to the surface plasmon
resonance (SPR) of Au NPs. By detecting two ECL signals, this approach can be uti-
lized to detect the activity of telomerase extracted from 100 to 9000 cancer cells. This
ECL strategywith dual-potential signals could avoid false positive or negative results
in bioanalysis and showed great promise in clinical research. Using nanoparticles as
amplifying tools could encourage researchers to take great interest in the develop-
ment of ECL biosensors and open new avenues on the design of nanoparticles-based
ECL sensors. For example, a sensitive strategy combined DNA cycle device with
magnetic micro-beads (MB) was developed and applied to thrombin detection. The
graphene oxide (GO) was employed to amplify the signal and enhance electrochemi-
luminescence (ECL) intensity (Guo et al. 2011a). Besides, a novel visual electro-
chemiluminescence (ECL) analysis on a micro-array chip was reported for detection
of telomerase activity. Luminol molecules and DNAzyme-modified Au nanoparti-
cles (NPs) were used as amplification labels with double-catalytic ability (Zhang
et al. 2014a). The luminescence signal could be enhanced by DNAzyme-L-Au NP
bioconjugates effectively. This strategy provides a sensitive and simple visual means
for detecting telomerase.
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Fig. 4.5 NIR-ECL immunoassay of HIgG with dual amplification strategy. Reprinted with the
permission from Wang et al. (2012a, b, c). Copyright 2012 American Chemical Society

4.2.3 Cancer Cells-ECL Biosensors Assisted by Nucleic Acid
Amplification Strategies

Cancer cells, which could be unlimitedly reproduced in the body, are the major
causes of morbidity and mortality worldwide. As the tumor is of great cause of death
in human beings, early detection and therapy play essential roles inmodernmedicine.
Tumor cells originate from genetic abnormalities and usually behave differently at
the molecular level. For decades, clinical tumor diagnosis primarily utilizes the mor-
phology of cancer cells or tissues which cannot realize tumor early diagnosis. As a
result, the optimal time for early tumor therapy was missed. Thus, more sensitive and
selective technologies should be developed for cancer cell detection (Xi et al. 2014;
He et al. 2014; Chen et al. 2014). For example, aptamers, composed by a specific part
of DNA or RNA, possess the properties of high specificity, low molecular weight,
easy discovery, versatility in application, and manipulation. Aptamer was selected to
use in tumor diagnostic assays due to their ability to distinguish different cancer cell
types with an equilibrium dissociation constant (Kd) in the nanomolar to picomolar
range. ECL, as a useful technology, was used for cancer cell detection assisted by
nucleic acid amplification strategies. In the cytosensors, the proposed methods pos-
sess highly selective and sensitive by employing signal amplification technology and
high-affinity aptamers. For example, as the ECL intensity of CdS NCs film could be
enhanced by Au nanoparticles (NPs), a sensitive ECL approach was built for HL-60
cancer cell detection (Zhang et al. 2012b). This method could test cancer cells with
a sensitive and selective range from 20 to 1.0 × 106 cells/mL by making use of the
amplification ability of Au NPs. In addition, the designed proposal has potential in
study diagnosis of tumor due to its simplicity, high sensitivity, and low cost. An
original dendrimer/CdSe-ZnS QDs nanocluster was designed for sensitive assay of
cancer cells (Jie et al. 2011). As shown in Fig. 4.6,magnetic beads (MBs)were immo-
bilized with aptamers, which then combined with dendrimer/CdSe-ZnS QDs nan-
ocluster for cancer cells detection. Large numbers of CdSe-ZnSQDswere labeled on



4 Nucleic Acid Amplification Strategy-Based … 77

Fig. 4.6 Fabrication steps of the dendrimerNCs/QDs-DNAprobe andECLbiosensor for signal-off
detection of cells. Reprinted with the permission from Jie et al. (2011). Copyright 2011 American
Chemical Society

the nanocluster,which could amplify theECLsignal significantly.Moreover, theMBs
could greatly simplify the separation procedures. Excellent difference between target
cells and control cells indicates that this assay has excellent potential to offer a conve-
nient, selective, sensitive, and cost-effective method for accurate and early tumor cell
detection. Another simple ECL assay based on a proximity hybridization-regulated
strategy was designed for highly specific and sensitive detection of overexpressing
surface protein on cancer cell surface (Wang et al. 2018b). This work reports a prox-
imity hybridization-regulated ECL cytosensors for detection of proteins on living
cell surface with good specificity and sensitivity. This simple, specific, and sensitive
strategy has greatly potential for detection of proteins and specific cells on clinical
application.

In addition, a high-sensitivity ECL approach using nanoprobe and aptamer for
cancer cells detection was reported (Ding et al. 2012). The nanoprobe was com-
bined with linker DNA, tris (2, 2′-bipyridyl) ruthenium (TBR)-labeled signal DNA
and gold nanoparticles (AuNPs). Nanoprobe was dropped from the biocomplexes
as aptamer DNA conjugated with tumor cells with higher affinity, subsequently
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nanoprobe hybridized with the capture DNA modified on another magnetic bead
(MB2) and formmagnetic nanocomposite. Thismethod candetect as lowas5 cells/ml
Romas cell with great selectivity. Besides, ECL detection was also performed to
detect Ramos cells by functionalized signal DNA, which was partly complementary
to the aptamer DNA (Ding et al. 2010). As the target cells from the ECL probes
could replace the signal DNA, the ECL intensity could directly express the number
of the tumor cells. As low as 89 Ramos cells per mL could be detected based on
the developed ECL probe. The proposed methods for tumor cell detection with ECL
technology shows wide applications in clinical diagnosis of tumor due to the low
cost, simplicity, and high sensitivity.

4.2.4 Small Molecules-ECL Biosensors Assisted by Nucleic
Acid Amplification Strategies

Basic biosensing platforms were built to evaluate small bioactive molecules related
to different disease states. ECL biosensors based on signal amplification were devel-
oped for small bioactive molecules detection in recent years (Yuan et al. 2014; Zhou
et al. 2012b). A unique ECL method using cycle amplification technique, magnetic
separation, and dendrimer QD hybrid superstructure was designed for ATP detection
(Jie et al. 2012). A large amount of QDs were modified on the surface of magnetic
nanoparticles by dendrimer nanoclusters, and the built superstructure exhibited out-
standing enhanced ECL intensity. This approach can detect ATPwith highly selective
and sensitive due to the magnetic property of the nanocomposites, and it has great
potential to detect ATP in tumor cells. Jiang and coworkers combined their pre-
vious discovery that Hg2+ has an efficient quenching effect on the ECL signal of
N-(aminobutyl)-N-(ethylisoluminol) (ABEI), and the theory was used to develop
an exonuclease-assisted aptamer-based ECL sensor. Exo I was employed on a GCE
electrode to digest the aptamer in the protein-aptamer complex, leading to the release
of Hg2+, and induce a strong detectable ECL readout, as well as mucin 1 for target
recycling (Jiang et al. 2016). Ju’s group constructed an Mg2+-dependent DNAzyme-
triggered ratiometric ECL biosensor to detect Mg2+ extracted from HeLa cell. The
analysis methodwas built usingDNAzyme-strand-functionalized QDs acting as cap-
ture probe; luminol-reduced Au NPs (Au@luminol) as an oxidative–reductive ECL
signal probe andCy5modifiedMg2+ substrate strand as quencher (Cheng et al. 2014).

4.3 Conclusions and Perspectives

Adeeper analysis and discussion about the recent development of nucleic acid ampli-
fication strategies on ECL technology was summarized above. The need of ultrasen-
sitive diagnosis and early therapy for cancer or other diseases was one of the hottest
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fields now. Wide varieties of ECL assays combined with nucleic acid amplification
strategies with the properties of wide dynamic range, multiplexing capabilities, high
selectivity, and sensitivity have offered an opportunity for this study. ECL biosensing
technology provide a high-effective strategy for quantitative analysis of genes, pro-
teins, cells, and other small molecules, which provide valuable information for early
diagnosis of cancer or other diseases and early clinical treatment. In order to meet the
demand of early disease diagnosis and clinical application, visible ECL imaging of
single cancer cells or single particles was developed for high-throughput analysis and
highly selective single-molecule detection in biological systems with signal ampli-
fication (Zhu et al. 2018; Pana et al. 2018). Due to the amplification of nanoparticles
and nucleic acid amplification strategies, ECL microscopy could provide promising
potential as an optical readout to investigate the electrochemical activity of single
nanoparticles and study the information of single cell in a high-throughput way. To
sum up, ECL bioassay assisted by nucleic acid amplification strategies could lead as
a good biosensor for diagnosis of tumor or other diseases.
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Chapter 5
Nucleic Acid Amplification
Strategy-Based Colorimetric Assays

Pengfei Shi and Xiangjiang Zheng

Abstract Colorimetric assays, using colored substances in solution to determine the
concentration without the aid of advanced instrumentation, are a convenient, cost-
effective, and rapid method for ions, small molecules, oligonucleotides, miRNA,
and protein detections. Nucleic acid amplification strategies play an important role
in highly sensitive detection. Based on nucleic acid amplification, colorimetric assays
detections would be more sensitive, proved by many detections, such as DNA,
miRNA, and tumor cells. In this chapter, we introduce the nucleic acid amplification
strategy-based colorimetric assays, including various amplification methods and col-
ored substances. Au nanoparticles and Ag nanoparticles are usually employed as the
colored substances by aggregation. HRP-catalyzed conversion of ABTS and TMB is
also used as colored substances, which can be oxidized by hydrogen peroxide with
color change, widely applied in electrochemical analysis and detection. The nucleic
acid amplification strategies contain enzyme-assisted (PCR, RCA, NEANA, EASA,
LAMP, DSN, NASBA, ESPAR, HDA) and enzyme-free (HCR, SDA). Addition-
ally, the future perspectives and advantages of adoption nucleic acid amplification
techniques in colorimetric assays are also discussed.

5.1 Introduction

In the development of analysis and detection, targeting recognition with a simple
measurable signal is worth drawing attention. Many detection methods have been
used, such as fluorescence, electrochemistry, surface plasmon resonance, colorime-
try, atomic force microscope, and so on. Among them, the colorimetric method has
attracted interest because of its rapidness, simplicity, and no need to use expen-
sive analytical instruments (Chen et al. 2018a, b). In the reported documents, the
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colored substances usually employ Au nanoparticles, Ag nanoparticles, and fluo-
resceins. HRP-catalyzed conversion of 3, 3′, 5, 5′-tetramethylbenzidine (TMB) or
2, 2′-azino-bis (3-ethylbenzothiazoline)-6-sulfonate disodium salt (ABTS) to the
colored product is also widely applied in colorimetry (Chen et al. 2018a, b; Geng
et al. 2014; Gong et al. 2014; Huang et al. 2013; Ke et al. 2011). Nucleic acid
amplification strategies play an important role in highly sensitive detections. Up to
now, many colorimetric assays based on nucleic acid amplification have been devel-
oped, such as rolling circle amplification (RCA), helicase-dependent amplification
(HDA), polymerase chain reaction (PCR), duplex-specific nuclease signal amplifi-
cation (DSNSA), ligase chain reaction (LCR), hybridization chain reaction (HCR),
exonuclease-assisted amplification (EAA), nicking endonuclease-assisted nanopar-
ticle amplification (NEANA), loop-mediated isothermal amplification (LAMP),
nucleic acid sequence-based amplification (NASBA), strand displacement amplifica-
tion (SDA), and hairpin catalytic assembly (HCA) reaction. Based on this principle,
detection of proteins, DNA, metal ions, viruses, amino acids, small molecules, and
cancerous cells has been developed.

5.2 Colorimetric Assays Based on Au Nanoparticles

Gold nanoparticles (AuNPs) present a promising platform for colorimetric assays
due to their high photostability and unique size-dependent optical properties. The
aggregation of AuNPs leads to a color change from red to blue, ascribing to their dis-
tance dependent and size-dependent optical properties. AuNPs can aggregate when
they are cross-linked to targets or at a high ionic strength. The absorption peak of the
aggregated AuNPs broadens and red-shifts (Fu et al. 2013; Kumvongpin et al. 2016;
Liu et al. 2016a, b; Ma et al. 2012; Niazi et al. 2013). The large color change can
be easily read out with naked eyes as an end-point detection method, and thus, no
expensive instrument is required. With these characteristics, AuNPs-based colori-
metric strategies are suitable to create a fast, specific, and low-cost analysis platform
for point-of-care diagnostics (Wang et al. 2015a, b, c).

5.2.1 Colorimetric Assays Detection Based
on Enzyme-Assisted Strategy Amplification and AuNPs

Most enzymes are proteins, which present specific catalytic functions and control
the efficiency of organic transformations. The catalytic power that may increase the
rate of chemical reaction by factors of a million is the remarkable characteristic of
enzymes. Among many types of enzymes, the enzymes involved in the actions of
nucleic acids and peptides are powerful biological tools.
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5.2.1.1 Colorimetric Assays Detection Based on PCR and AuNPs

PCR assay played a powerful tool in detecting biological targets such as nucleic acids
and proteins in the entire sample. Although the first PCR coupling with colorimetric
method was developed in 1995 (Armstrong et al. 1995), currently reported bio-
barcode probe strategies still require many experimental steps, which also include
microarrayer-based immobilization of oligonucleotides on a glass chip and light-
scattering measurement. As shown in Fig. 5.1, Nam reported a colorimetric PCR
that minimizes the above requirements while detecting 30 aM concentrations of
cytokines (Nam et al. 2005). Compared with other detection methods, this strategy
is fast and simple. Based on PCR and colorimetric assay, herpes simplex virus and
genes were also reported (Tan et al. 2007).

5.2.1.2 Colorimetric Assays Detection Based on RCA and AuNPs

RCA is a polymerase-based isothermal DNA amplification technique, which can
generate long single-stranded DNA (ssDNA) molecules with tandem repeats that are
complementary to a circular template. Unlike PCR, it is an isothermal amplification
process. It does not require thermal cycling or the use of sophisticated instruments.
And, RCA usually can provide 103 to 104-fold increase in the intensity of the signal
(Wang et al. 2014). The colorimetric assay detection based on RCA has been used
for the novel, ultrasensitive detection of DNA, proteins, and bacteria. As shown in
Fig. 5.2, Xing developed a new highly sensitive colorimetric method for the detection
of target H1N1 DNA. The method is based on the signal enhancement of RCA and
the capability of ssDNA to stabilize unmodified AuNPs. The assay requires only
3 h from start to finish and achieves a detection limit as low as 1 pM (Xing et al.
2013). Similarly, based on AuNPs and RCA, Hu presented miRNA detections with
a detection limit of 0.13 pM (Hu et al. 2017).

Wang, Chen, and Liang developed highly sensitive and novel colorimetric RCA
immunoassays for detecting proteins CRP, AFP, and CEA, respectively. With the
addition of CRP, a sandwich structure was formed. The RCA product was obtained
by magnetic separation, and long tandem repeated sequences mediated the aggre-
gation of AuNPs. The signal was observed by the naked eye and quantified using
absorption spectra with a detection limit of 30 fg mL−1. Based on similar meth-
ods, Chen presented high sensitivity for the detection of AFP with the detection
limit 33.45 pg mL−1 (Chen et al. 2015) and Liang reported detection of CEA with
the detection limit as low as 2 pM (Liang et al. 2014). High affinity between CEA
aptamer and its target (CEA) would lead to form a complex; however, the introduced
CDNA cannot hybridize with the aptamer. Based on RCA strategy, a large number of
single-stranded DNA (ssDNA) can be generated by CDNA as primer. ssDNA can be
easily adsorbed onto AuNPs and prevent salt-induced AuNPs aggregation, resulting
in the color change.
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Fig. 5.1 Colorimetric biobarcode assay. a Probe preparation and electron micrograph images of
amine-modified porous silica beads (inset). b Interleukin-2 detection scheme. Reprinted with the
permission from Nam et al. (2005). Copyright 2005 American Chemical Society
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Fig. 5.2 Scheme of the RCA-based assay for H1N1 DNA detection. (A) Target H1N1 DNA and
reporter probe are added to the capture probe-labeled beads; (B) the circular RCA template is added;
(C) the RCA components are added and stored at 20 °C for 120 min (negative control); (D) the
RCA components are added and incubated at 37 °C for 120 min; and (E) colorimetric or UV-vis
spectra analysis of the RCA products. Reproduced from Xing et al. (2013) by permission of The
Royal Society of Chemistry

5.2.1.3 Nicking Endonuclease Strategies Amplification and AuNPs

In the case of colorimetric detection based on DNA–AuNP conjugates, Liu and
co-workers developed a nicking endonuclease-assisted nanoparticle amplification
(NEANA) system that offered 103-fold improvement in detection sensitivity (10 pM).
It is worth noting that this method transcended traditional sandwich hybridization
methods. And, a single-base mismatch selectivity with simple naked eye colori-
metric detection was also realized (Xu et al. 2009). Using NEANA, Li developed
a simple method for highly sensitive detection of proteins (human thrombin) and
small molecules (ATP). Using this method, ATP was detected with a detection limit
of 100 nM and the human thrombin was detected with a detection limit of 50 pM
by the naked eye (Li et al. 2012). To further improve detection, Xu demonstrated
the combination of RCA and NEANA for rapid colorimetric DNA detection. This
dual-amplification technology eliminates the need for costly and time-consuming
target fluorescence labeling, which relies upon high specificity ligation and rolling
circle replication of a padlock probe. As shown in Fig. 5.3, the coupling two ampli-
fication methods (RCA and NEANA) present high sensitivity. Based on the fixed
of linker, particle probes, and modifiable padlock probe, random target sequences
were detected with great detection capacity (Xu et al. 2012). Although this improve-
ment allows NEANA to detect any target sequence, target-specific padlock probes
are required. Thus, this might result in a high cost when detecting different targets.
By coupling invasive reaction with NEANA (termed as IR-NEANA for brief), Zou
proposed a colorimetric DNA detection with the detection limit of IR-NEANA as
low as 1 pM. In a large amount of wild-type DNA backgrounds, the specificity of
the method can reach as low as 1% (Zou et al. 2015). Many miRNA is a marker of
many human tumors; thus, it is necessary to detect it, contributing to early tumor
diagnosis, which was also proved in reported articles. Persano reported a naked-eye
colorimetric detection of miRNA (miRNA-10b) based on the NEANA. The assay
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Fig. 5.3 Colorimetric DNA detection through rolling circle amplification and nicking
endonuclease-assisted nanoparticle amplification. Reproduced from Xu et al. (2012) by permis-
sion of John Wiley & Sons Ltd.

was also validated in cancer cells (Persano et al. 2016). Similar works were also
reported by other groups (Xia et al. 2017; Luo et al. 2012; Yu et al. 2016; Xie et al.
2012).

In cancer diagnostics, how to detect cancer cells rapidly and effectively at their
earliest stages is a challenge. Based on cell-triggered cyclic enzymatic signal ampli-
fication (CTCESA), Zhang developed a rare cancer cells detections based on col-
orimetric method. In the presence of target cells, hairpin aptamer probes can bind
to the target cells and result in linker DNA hybridization and cleavage by NESNA.
The target CCRF-CEM cells could be detected by the naked eye with a detection
limit of 40 cells (Zhang et al. 2014). Dual-signal amplification method has poten-
tial application in point-of-care cancer diagnosis. As shown in Fig. 5.4, based on
combining multi-DNA with cyclic enzymatic amplification, Yu dominated a colori-
metric strategy for cancer cell detection. ThemDNAs bond to the linker DNA to form
double-stranded structures, and the nicking enzyme would cleave the linker DNA,
leading to the release of the cleaved linker DNA and free mDNAs. Meanwhile, the
released mDNAs could be reused. After magnetic separation again, the supernatant
was added into AuNPs solution. These ssDNAs were adsorbed on the Au NPs to
prevent particle aggregation and result in the red color of AuNPs. With the increased
number of target HL-60 cells, the more dispersive AuNPs were present. The HL-60
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Fig. 5.4 Schematic representation of the visual detection of HL-60 cells based on aptamer DNA
conformational switch and non-crosslinking AuNPs aggregation. Reprinted with the permission
from Yu et al. (2016). Copyright 2016 American Chemical Society

cells were detected with a detection limit of four cells in buffer solution (Yu et al.
2016).

5.2.1.4 DNA Enzyme Strategies Amplification and AuNPs

DNA enzyme, a kind of catalytic DNA molecules, depends on specific metal ions
(e.g., Hg2+, Pb2+, Cu2+, and Zn2+) as cofactors and accounts for specific cleavage
sites of the substrate strand of DNA enzyme. DNA enzymes have been reported for a
variety of applications, including usual assays to detect metal ions in environmental
contaminants, DNA computing, nanowire production, and drugs in preclinical mod-
els of cancer. Liu reported a label-free colorimetric Pb2+ sensor based on molecular
beacon (MB) and DNA enzyme by recycling using enzyme strand for signal ampli-
fication. In his work, Pb2+ was detected with detection limit of 20 pM (Liu et al.
2018a, b). Chen developed another cascade signal amplification method for Hg2+

detection based on target-guided recycling assembly of the active DNA enzyme,
enabling the visual detection of Hg2+ down to 10 pM without instrumentation (Chen
et al. 2017). Detection of vascular endothelial growth factor (VEGF) is achieved by
target-catalyzed branched DNA cascade amplification with a low detection limit of
185 pM (Chang et al. 2016).

Based on the ion-dependent DNA enzymes, our group designed a complete set
of two-input logic gates, shown in Fig. 5.5. The logic gates are functional compo-
nents and the respective cofactor ions as inputs. Using AuNP-based homogeneous
colorimetric detection, the outputs of the cleaved active sites of the gates perform
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Fig. 5.5 OR logic gate system that is activated by Mg2+ and Pb2+ ions as inputs and connected to
single DNAa-b-AuNP probes as colorimetric outputs. Reproduced from Bi et al. (2010) by permis-
sion of John Wiley & Sons Ltd.

the gate functions (Bi et al. 2010). This strategy would become a general method for
any metal ion with a specific DNAzyme and other targets.

5.2.1.5 EASA Strategies Amplification and AuNPs

Exonuclease III catalyzes the stepwise removal of mononucleotides from blunt or
recessed 30-hydroxyl termini of duplex DNAs. Compared with other nucleases such
as nicking endonuclease and DNA enzyme, exonuclease III does not require a spe-
cific recognition site, which may offer a universally adaptable system. As shown in
Fig. 5.6, Zhou reported a rapid AuNP-based colorimetric DNA biosensor. Based on
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Fig. 5.6 Scheme of DNA-directed assembly and disassembly of DNA-functionalized AuNPs.
Oligomer Fa contains overhangs (a) and gaps (b). Reproduced from Zhou et al. (2013a, b) by
permission of The Royal Society of Chemistry

EASA, the sensor was successfully prepared with the detection limit as low as 2 nM
(Zhou et al. 2013a, b).

Using Exo III, a linker DNA, and two DNA-modified AuNPs, Cui developed a
simple, low-cost, sensitive, and selective colorimetric DNA detection method with
the detection limit of 15 pM (Cui et al. 2011). Using EASA, AuNPs, and combining
terminal protection of small molecule-capped DNA probes, Yang developed a label-
free colorimetric assay for highly sensitive folate receptor detection with a detection
limit of 10 pM by the naked eye (Yang and Gao 2014).

5.2.1.6 Colorimetric Assays Detection Based on LAMP and AuNPs

Loop-mediated isothermal amplification (LAMP) has been developed as an alter-
native method capable of detecting only a few copies of target nucleic acid under
isothermal conditions. This technique can be achieved simply by using a water bath
or an inexpensive heating block. Suebsing proposed a new LAMP-AuNPs assay for
molecular detection of E. hepatopenaei in shrimp without sacrificing sensitivity or
specificity (Suebsing et al. 2013a). This method significantly reduced the time, ease,
and cost. Additionally, Suebsing first reported Penaeus vannamei nodavirus (PvNV)
detection using the LAMP assay combined with colorimetric AuNPs, which offers a
simple, rapid, and sensitive technique (Suebsing et al. 2013b). Based on LAMP and
AuNP hybridization probe, Watthanapanpituck reported a human DNA in forensic
evidence. The detection limit was 718 fg of genomic DNA (Watthanapanpituck et al.
2014). Similar work was documented by Zhou groups (Zhou et al. 2013a, b). Hepati-
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tis E virus (HEV) infection is a communicable disease in the third world countries.
HEV detection was realized by Chen group with 101 copies of HEV RNA detected
visually (Chen et al. 2014). Similar work was developed by Wong group, and the
detection limit was 17 aM (Wong et al. 2014).

5.2.1.7 Duplex-Specific Nuclease and AuNPs

Duplex-specific nuclease (DSN) can cleave DNA in double-stranded DNA or
DNA–RNA heteroduplexes (Shi et al. 2016). Significantly, DSN can clearly dis-
criminate among mismatched duplexes. By coupling the DSN amplification and
AuNPs, DSN-assisted colorimetric assay can be generated with improved sensitivity
and specificity. Based on this method, Wang group (Wang et al. 2015b) reported the
miR-122 detection with detection limit of 16 pM. In Shi’s work, the DNA probe was
labeled with ferrocene (Fc) and immobilized on the electrode surface, which trig-
gered the assembly of positively charged AuNPs through electrostatic interaction.
The electrochemical signal can be obtained by recording the oxidation current of Fc
(Shi et al. 2016).

5.2.1.8 Colorimetric Assays Detection Based on EXPAR and AuNPs

As is mentioned previously, ultrasensitive miRNA detection is very important. Based
on isothermal exponential amplification reaction (EXPAR) amplification andAuNPs,
Li reported a miRNA detection method with the detection limit of 46 fM (Li et al.
2016a, b, c). Tan’s group have developed a method for detecting short oligonu-
cleotides that combines EXPAR through aggregation of DNA-functionalized AuNPs
with the detection limit of 100 fM in under 10 min (Tan et al. 2005). Similarly, based
on EXPAR and AuNPs, Zhang developed a sensitive detection method for transcrip-
tion factor NF-κBp50. In his work, NF-κBp50was converted to the oligonucleotides
through protein–DNA interaction, exonuclease III digestion, and EXPAR, resulting
in the detection of NF-κB p50 visually (Zhang et al. 2012).

5.2.1.9 Colorimetric Assays Detection Based on HDA and AuNPs

Except for the most common isothermal amplifications, the combination of helicase-
dependent isothermal amplification (tHDA)-ELISA and AuNPs detections for
molecular identifying of pathogen was also reported. This technique did not require
thermocycler machine because of tHDA of DNA targets coupled with ELISA to
allow simple analysis of several samples simultaneously. Gill describes a colorimet-
ric method using tHDA and AuNPs probes for more simple, rapid, and cost-effective
diagnosis of bacterium in gastrointestinal biopsies. In addition, using this assay, they
detected as little as 10 CFU mL−1 of H. pylori within less than 1 h (Gill et al. 2008).
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Fig. 5.7 Illustration of the enzyme-free colorimetric assay for mercury (II) using DNA conjugated
to gold nanoparticle along with strand displacement amplification. Reproduced from Liu et al.
(2018b) with kind permission from Springer Science + Business Media

5.2.2 Colorimetric Assays Detection Based on Enzymes-Free
Strategies Amplification and AuNPs

5.2.2.1 Colorimetric Assays Detection Based on SDA and AuNPs

SDA refers to the displacement of one or more pre-hybridized strands from partial
or full complementary dsDNAs, which is initiated at the complementary single-
stranded domains. SDA is enzyme-free, however, SDA was only applied in DNA
nanotechnology in the past decade.

Liu firstly developed an enzyme-free detection approach for Hg2+ by using the
color change of DNA–AuNP and SDA strategy. As shown in Fig. 5.7, the first exam-
ple of gold sandwich assay based on nucleic acid amplification is to detect Hg2+

concentration. The assay has a detection range over four orders of magnitude and a
3.4 nM detection limit. The biomarker DNA methylation in tumor and cancer plays
an important role in many biological processes. Li presented a novel colorimetric
method for assaying M.SssI activity-based AuNPs and SDA assay with a detection
limit of 0.08 U mL−1 (Li et al. 2017a, b). Zhang developed a sensitive colorimetric
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sensor to detect PDGF-BB with a detection limit of 1.1 nM (Zhang et al. 2015).
In addition to the conventional merits of AuNPs colorimetric, this detection system
also offered several advantages in that this method could convert the detection of
trace PDGF-BB to the detection of a large amount of the amplification product; it
offered ultrahigh detection specificity, which was capable of detecting PDGF-BB
in complicated biological sample such as human breast cancer tissue sample extract
without any interference; it provided an obvious color changewhen the concentration
of PDGF-BB was as low as 4.0 nM. Importantly, this method provides a simple and
direct visualization detection strategywith no need any complicated instrumentation.

5.2.2.2 Colorimetric Assays Detection Based on HCR and AuNPs

Compared with other competing amplification assays, the prominent merit of HCR
is that it allows for specific self-assembly and extension with enzyme-free at room
temperature. Based on HCR and AuNPs, Liu presented a highly sensitive and spe-
cific DNA assay. In his work, the strategy was not only nonchemical modifications
but also has no need to eliminate the enzymatic reactions and separation processes.
Importantly, this method offers high selectivity for the determination between per-
fectly matched target oligonucleotides (Liu et al. 2014). Based on HCR and AuNPs,
Wang presented a novel method for sensitive mercury ion (Hg2+) detection with the
detection limit of 30 nM (Wang et al. 2015a). Similarly, UO2

2+ was detected based
on this strategy. As shown in Fig. 5.8, in the presence of UO2

2+, rigid DNA triangles
was formed by the HCA reaction, which resulted in the aggregation of AuNPs with
a “turn-on” fluorescent signal and a color change. The detection limit was 0.1 pM
(Yun et al. 2018). With the elegant amplification effect of HCR and AuNPs, Wang
presented a low detection limit (15 nM for Hg2+ and 1 μM for adenosine) (Wang
et al. 2015a). Using this enzyme-free and isothermal signal amplification method,
Ma detected target DNA at concentrations as low as 0.5 nM with the naked eye (Ma
et al. 2014). Similar work was also reported by Liu group (Liu et al. 2013). Using
gold nanorods (AuNRs), Xu developed a novel and simple colorimetric biosensor by
combining the unique optical properties of unmodifiedAuNRswith the amplification
strategy of HCR, which was capable of detecting DNA sensitively and selectively.
The detection mechanism is based on the dispersion/aggregation of AuNRs under
the high concentration of salt. The approach is able to detect target DNA in a range of
0–60 nMwith a detection limit of 1.47 nM and exhibits high selectivity to distinguish
fully matched and single-base mismatched DNA (Xu et al. 2018a, b). Colorimetric
methods for protein detection based on nucleic acid amplification have been devel-
oped. Lin’s group constructed a new method for detection of acetylcholinesterase
(AChE) activity based on signal amplification of DNA enzyme and HCR with the
assembly of AuNPs. The detection limits of AChE and donepezil are as low as
5 μU mL−1 and 0.5 nM, respectively (Zou et al. 2018).
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Fig. 5.8 Schematic illustration of enzyme-free dual-amplification strategy based on enzyme-strand
recycle and HCR reaction for ultrasensitive fluorescent and colorimetric detection of uranyl.
Reprinted from Yun et al. (2018). Copyright 2018, with permission from Elsevier

5.3 Colorimetric Assay Based on Catalyzation

The enzyme horseradish peroxidase (HRP) is used extensively in biochemistry appli-
cations (Goto et al. 2009; Tang et al. 2012). It can catalyze the oxidation of various
organic substrates by hydrogen peroxide (Aktas et al. 2015; Chen et al. 2015; Du
et al. 2011; Gao et al. 2013, 2015). The common HRP chromogenic substrates are
presented in Fig. 5.9 (Liu et al. 2016a, b; Shao et al. 2017).

Fig. 5.9 Most common HRP chromogenic substrates. Reproduced from LHcheM (2015) by per-
mission of Wikipedia Commons
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5.3.1 Colorimetric Assay Based on HRP Catalyst

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) is a peroxidase sub-
strate, which can be oxidized by hydrogen peroxide from colorless to the green-
colored product ABTS− (Li et al. 2013, 2016a, b, c; Liu et al. 2014). Similarly,
3,3′,5,5′-Tetramethylbenzidine (TMB) is another important chromogenic substrate
in colorimetric assay (Lai et al. 2017; Li et al. 2017a, b; Liang et al. 2015). TMB
can be oxidized by peroxidase from colorless to the blue-colored product diamine.
And, this color change can be read on a spectrophotometer at the wavelengths of 370
and 650 nm. Thus, ABTS and TMB were widely used in colorimetric detection of
nucleic acid and protein (Luan et al. 2017a, b; Miao et al. 2015a, b; Nie et al. 2014;
Paniel and Baudart 2013; Persano et al. 2013; Sang et al. 2017; Shen et al. 2018a, b).

Based on exonuclease-assisted target recycling andmagnetic aptamer–HRP–plat-
inum composite probes, Miao presented an ultrasensitive chloramphenicol (CAP)
detection with the detection limit of 0.0003 ng mL−1, shown in Fig. 5.10 (Miao
et al. 2015a, b). Based on HRP-assisted HCR and colorimetric assay, miR-155 was
detected visually with a detection limit of 31.8 fM by Ying (Ying et al. 2017). Simi-
larly, nucleic acid detection has also been realized based on HCR signal amplifica-
tion andHRP–ABTS2− chromogenic system. The colorimetric assay system exhibits
excellent sensitivity, and the detection limits have been calculated to be 5.2 fM (Lu
et al. 2017).

Fig. 5.10 Detection procedures and color development for chloramphenicol. Reproduced from
Miao et al. (2015a, b) by permission of The Royal Society of Chemistry
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5.3.2 Colorimetric Assay Based on Mimic HRP Catalyst

In recent years, many materials were explored to mimic natural HRP, such as hemin-
containing complexes, iron oxide nanoparticles, and platinum nanoparticles. These
HRP-like artificial enzymes have been widely used in tumor immunostaining and
biomarker detection (Wei et al. 2017). G-quadruplex sequences bind hemin to form
numerous peroxidase mimicking DNA enzymes, which could catalyze TMB or
ABTS to reduce H2O2, causing substantially intensified color change of the probe
solution.

Fig. 5.11 Detection of Hg2+ based on dual-cycle target recycling strategy. Reprinted from Zhang
et al. (2017). Copyright 2017, with permission from Elsevier
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Fig. 5.12 Detection of miRNA based on nucleic acid amplification machine. Reprinted from Li
et al. (2016a, b, c). Copyright 2016, with permission from Elsevier

As shown in Fig. 5.11, detection of Hg2+ is proposed based on recycling amplifi-
cation strategy and hemin/G-quadruplex mimic HRP (Zhang et al. 2017), and similar
workwas also reported byRen group (Ren et al. 2015), with the detection limit as low
as pM. Based on dual-nicking enzyme signal amplification (NESA) coupled with
target-activated split peroxidase, DNA enzyme detection of antibiotic was developed
by Cui (Cui et al. 2018). This method exhibited excellent specificity and sensitivity
toward kanamycin with a detection limit as low as 14.7 pM.

As mentioned previously, cancer-related miRNAs have been regarded as special
biomarkers for tumor detections. As shown in Fig. 5.12, Li designed a colorimetric
biosensing for miRNA (Li et al. 2016a, b, c). The amplification machine was com-
posedofC-richDNA-modifiedmolecular beacon (MB), trigger template, polymerase
and nicking enzyme, G-rich DNA (GDNA) probe, and a dumbbell-shaped amplifi-
cation template. This strategy showed a high sensitivity in the range from 10 aM to
1.0 nM, which enabled successful visual analysis of trace amount of miRNA.

Based onmimicHRP system, Zhang described an isothermal colorimetricmethod
for amplified detection of the CaMV 35S promoter sequence. It is based on target
DNA-triggered unlabeled molecular beacon (UMB) termini binding, exonuclease III
(Exo III)-assisted target recycling, and hemin/G-quadruplex (DNA enzyme) signal
amplification (Zhang et al. 2018), shown in Fig. 5.13. DNA detection based on the
target-induced formation of a three-way junction has been achieved. It has a 0.8 pM
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Fig. 5.13 Sensitive detection of DNA based on dual-signal amplification. Reprinted from Zhang
et al. (2018), with kind permission from Springer Science + Business Media

Fig. 5.14 Colorimetric assay of tumor cells by aptamer-induced RCA on cell surface. Reprinted
from Xu et al. (2018a, b). Copyright 2018, with permission from Elsevier
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detection limit and applied to the isothermal determination of target DNA with high
selectivity (Wang et al. 2017).

Cell detection has also been detected based on aptamer-induced RCA on cell
surface. As shown in Fig. 5.14, the designed colorimetric assay could distinguish as
low as ten cancer cells in 10,000 times of benign cells mixture, showing very high
sensitivity and selectivity (Xu et al. 2018a, b).

5.4 Colorimetric Assays Based on Other Indicators

Similar to AuNPs, silver nanoparticles are also used as color substrate in colorimetric
assays (Chen et al. 2010). As shown in Fig. 5.15, high sensitively and selectively for
the detection of Hg2+ were developed based on the silver ion catalysis to form colored
KMnO4, HCR and silver nanowire for signal amplification (Tang et al. 2015).

As shown in Fig. 5.16, a colorimetric aptasensor is presented for the determina-
tion of zearalenone (ZEN) based on the nontarget-induced aptamer walker, catalytic
reaction of AuNPs, exonuclease III (Exo III) as a signal amplifier, and 4-nitrophenol
as a colorimetric agent. The presented aptasensor was capable to detect ZEN in a

Fig. 5.15 Colorimetric sensor for Hg2+ based on HCR reaction and silver nanowire amplification.
Reproduced from Tang et al. (2015) by permission of The Royal Society of Chemistry
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Fig. 5.16 Representation of the colorimetric aptasensor for the detection of ZEN based on the Exo
III-assisted aptamer walker and catalytic reaction of AuNPs. Reprinted with the permission from
Taghdisi et al. (2018). Copyright 2018 American Chemical Society

wide linear dynamic range, 20–80,000 ng L−1, with a detection limit of 10 ng L−1

(Taghdisi et al. 2018).
By introducing acetylcholinesterase (AChE)-catalyzed hydrolysis of acetyl-

cholinewith the change solution (pHand phenol red as an indicator),Guo developed a
pH-responsive colorimetric strategy.As shown inFig. 5.17, this strategy showed a lin-
ear range from50pMto50nMwith adetection limit of 38pM(Guoet al. 2017).Addi-
tionally, Chen reported an upconversion fluorescent and colorimetric dual-readout
assay for H2O2 as well as choline and acetylcholine chloride via enzyme-controlled
cyclic signal amplification strategy. Based on the rapid H2O2/Fe2+/OPD reaction,
this method is flexible and time-saving, and the sensing assay can present fluores-
cent and colorimetric dual-readout signal, convincing the experimental results (Chen
et al. 2018a, b). Based on RCA, Hamidi reported colorimetric method for monitor-
ing of H5N1 and hydroxy naphthol blue (HNB) as a metal indicator. Pyrophosphate
is produced via DNA polymerization and chelates the Mg2+ in the buffer solution
based on RCA. This causes the solution color change. Based on this assay, H5N1
was linear in the concentration range from 0.16 to 1.20 pM with a detection limit of
28 fM (Hamidi and Ghourchian 2015).
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Fig. 5.17 Schematic diagram of the proposed pH-responsive colorimetric strategy for DNA detec-
tion sensitized with nonenzymatic cascade amplification. Reprinted from Guo et al. (2017). Copy-
right 2017, with permission from Elsevier

5.5 Conclusion

In this chapter, a series of colorimetric detections based on nucleic acid amplification
methods are summarized and introduced during recent years. Given the significant
merits of ultrahigh detection sensitivity, nucleic acid amplification has demonstrated
as a powerful protocol for colorimetric assays. The chapter highlighted the col-
orimetric assays based on nucleotides amplification, which mainly included EAA,
NEANA, LAMP, NASBA, PCR, RCA, SDA, and HCR. The colored substances
usually employ Au nanoparticles, Ag nanoparticles, dyes, fluoresceins, ABTS, and
TMB. The nucleic acid amplification strategy techniques in colorimetric assays and
their future perspectives are also discussed. Additionally, colorimetric assays based
on nucleic acid amplification techniques have been expanded to detect a wide range
of targets, such as nucleic acids, proteins, and biological small molecules. With the
development of ultrahigh detections, colorimetric assays based on dual and multi-
amplifications would become promising in future.
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Chapter 6
Nucleic Acid Amplification Strategies
in Surface Plasmon Resonance
Technologies

Xueming Li

Abstract Surface plasmon resonance (SPR) is a real-time and label-free technology
for molecular interactions, chemical detection, and immunoassays. In this chapter,
the application of nucleic acid amplification strategies, such as PCR, HCR, RCA,
and SDA, in SPR technologies was summarized, providing an insight into the nucleic
acid amplification strategies in SPR technologies.

6.1 Introduction

SPR-based biosensors are very powerful tools for real-time and label-free study of
interactions between various biological and chemical analytes and have been widely
applied in therapeutics, pharmacy, food safety, environmental monitoring, and home-
land security (Wijaya et al. 2011; Homola 2008). The surface plasmons were first
observed by R. W. Wood in 1902, when anomalous narrow dark bands were discov-
ered in the diffraction spectrum of a metal grating illuminated with polychromatic
light (Wood 1902). This anomalywas completely explained in 1968, whenOtto (Otto
1968) and the same year Kretschmann (Kretschmann and Raether 1968), reported
the optical excitation of surface plasmons by attenuated total reflection. In 1983,
Liedberg et al. demonstrated the application of SPR-based sensors in gas detection
and biosensing (Fig. 6.1) (Liedberg et al. 1983). Since then, the enormous potential of
SPR sensor technology for detecting chemical and biological substances has received
increasing attention from the scientific community. Today, SPR-based biosensors are
used more and more not only in gas sensing, but in many other important applica-
tions, such as food safety, biology, and medical diagnostics. And numerous research
papers have been published about the exploitation of SPR biosensors.

Biosensor is an analytical device, which composed of biological elements such as
tissues, microorganisms, organelles, cell receptors, enzymes, antibodies, and physic-
ochemical sensors. A physicochemical change, which can be detected by the trans-
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Fig. 6.1 a Schematic view of the layer system used in the gas sensing application. b Measured
response to halothane gas exposure in the ppm range. Reprinted from Liedberg et al. (1983) Copy-
right (1983), with permission from Elsevier

ducer, is produced by the biological element when it specifically interacts with the
target analyte. The transducer transforms the physicochemical change to an analog
electronic signal which is relevant to the amount or concentration of the specific
analyte (Tudos and Schasfoort 2008; Saha et al. 2012). The biosensor based on SPR
technology is a type of optical refractometer, by which the change of the refrac-
tive index of the medium resulting from the binding and dissociation of the analyte
molecules on the SPR sensor surface can be measured (Zeng et al. 2014).

6.2 Type of Surface Plasmon resonance

Surface plasmons (SPs) are coherent oscillations of free electrons at the boundaries
between metal and dielectric which are often categorized into two classes: propa-
gating surface plasmons (PSPs) and localized surface plasmons (LSPs). PSPs can
be excited on the metallic films which have several approaches as the Kretschman
and Otto prism coupler, optical waveguides coupler, diffraction gratings, and optical
fiber coupler, whereas LSPs can be excited onmetallic nanoparticles, which both can
induce a strong enhancement of electromagnetic filed in the near-field region (reso-
nance amplification), leading to an extensive application in surface enhanced raman
scattering (SERS), fluorescence enhancement, refractive index (RI) measurement,
biomolecular interaction detection, and so on (Chen and Ming 2012).
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Fig. 6.2 Schematic description of conventional SPR sensor (Yanase et al. 2014)

6.2.1 Conventional SPR

In a conventional prism based SPR, a flat gold film is illuminated at a steep angle
in total internal reflection mode, whereas the gold films can initiate SPR directly
via polarized light. As shown in Fig. 6.2, the incident light is introduced to and
reflected by the gold film through a prism. The intensity of the reflected light will
change with the angle of the incident light and monitored by the detector. At a certain
angle of the incident light, the intensity of the reflected light has a maximum loss, at
which the light will excite surface plasmon resonance. The angle is called resonance
angle or SPR angle. The adsorption of the accumulated mass, such as proteins or
nucleic acids, will result in the changing of the refractive index of the media near the
metal surface which will lead to the shift of the SPR angle (Yanase et al. 2014). The
methodology based on SPR technology requires no labels for detection preventing
the disruptive chemistry modification for labeling (Linman and Cheng 2009). For
a more comprehensive description of SPR theory, there are a number of reviews
available (Hinman et al. 2018; Linman et al. 2010; Singh 2016).

6.2.2 SPR Imaging

Generally, the standard SPR biosensor instrument has 1–4 flow cells or channels on
a single sensor chip which limits its application in high-throughput screening and
multiplex analysis. To overcome this limitation, an excellent alternativemethod is the
combination of SPR biosensor with arrays. SPR imaging (SPRi), a modified version
of SPR design, has been developed, which can measure hundreds or thousands of
samples simultaneously. An array is prepared on the SPR sensor chip, and the whole
of the chip can be visualized via a video CCD camera through a label-free approach
(Scarano et al. 2010). Interacting with the specific analyte, each active site (spot)
of the array on the chip provides SPR signal information simultaneously, where the
data can be collected in a fixed angle/angle scanning/wavelength scanning format.
Detailed information of the biomolecular interactions in the array, such as the affinity
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Fig. 6.3 General principle of SPRi. Reprinted from Scarano et al. (2010) Copyright (2010), with
permission from Elsevier

and kinetic data, can be provided simultaneously. SPRi is faster and consumes lesser
reagent than conventional techniques, providing a robust and sensitive manner for
high-throughput screening of biomolecular interactions (Nguyen et al. 2015; Scarano
et al. 2010) (Fig. 6.3).

6.2.3 Localized Surface Plasmon Resonance (LSPR)

Localized surface plasmon resonance (LSPR) is another optical phenomenon type
of surface plasmon resonance. Without the metal film and the prism, the LSPR is
generated by light near the conductive nanoparticles (NPs) or nanowires, the size
of the which are smaller than the wavelength of the incident light. The interac-
tion between the incident light and the surface electrons of the metal nanostructure
produces the resonance of the localized plasmon. During the interaction, a portion
of the incident light was absorbed and another portion was scattered in different
directions. When the LSPR excited, the intensity of the absorption and scattering is
dramatically enhanced and correlated with the composition, size, and shape of the
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NPs as well as on the refractive index of the surrounding dielectric medium (Willets
and Van Duyne 2007). Typically, the materials used for plasmonic applications are
noble metals, such as gold or silver, which exhibit LSPR during the visible range of
the spectrum. Among them, gold is preferred for biological applications due to its
inert nature and biocompatibility, and thiol–gold association for immobilization of
biomolecules (Mayer and Hafner 2011).

6.3 Nucleic Acid Amplification Strategies in SPR
Technologies

Generally, the low signal intensity of the SPR assays severely impedes their
widespread applications in disease diagnostics, especially in the high-sensitive and
high-selective detection of the trace amount of targets in complex biological samples.
To enhance the signal intensity and obtain efficient SPR-based assays, the develop-
ment of amplification strategies is a straightforward and efficient way. Most of the
present strategies are based on the nanomaterials, such as Au, Ag, SiO2, magnetic
or carbon-based nanoparticle, nanorod, nanoflower, or nanosheet. There are a num-
ber of publications about the nanomaterial-enhanced SPR sensors (Lou et al. 2017).
Among these nanomaterials, Au NPs are one of the mostly and extensively used for
the enhancement of SPR signals through the electronic coupling interaction between
the localized surface plasmon of the Au NPs and the surface plasmon wave associ-
ated with the SPR gold film (Springer et al. 2014). For example, the amplification
strategies for SPR assays using secondary antibodies labeled with Au NPs (Huang
et al. 2005) aggregation of a network of Au NPs, Au NPs–polymer growth, and
DNA-functionalized Au NPs amplification all have demonstrated the enhancement
of the SPR signal.

Nevertheless, the signal enhancement can be further improved by combining
the novel and powerful nucleic acid amplification strategies, such as PCR, HCR,
RCA, and SDA amplification (Zhao et al. 2008; Bi et al. 2017; Zhou et al. 2018).
There have been some reviews summarized the nanomaterial-based amplification
strategies for SPR assays (Zhang et al. 2017; Fong and Yung 2013; Šípová and
Homola2013).However, a systematical and comprehensive reviewof the nucleic acid
amplification strategies for SPR assays is needed. In this chapter, the application of
nucleic acid amplification strategies in SPR technologies was summarized, providing
an insight into the nucleic acid amplification strategies in surface plasmon resonance
technologies.
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6.3.1 Rolling Circle Amplification (RCA)

RCA, with unique characteristics, such as mild reaction conditions, ease of opera-
tion, high efficiency, excellent sensitivity, and specificity, has been attracting much
attention as an advanced molecular amplification technique. In RCA reaction, the
primer can be amplified isothermally by a circular template in the presence of certain
DNA polymerases, producing a long single-stranded DNA. The thousands of tandem
repeats of the RCA product, as the detection sites, can hybridize with a great deal of
complementary DNA labeledwith signal molecules to enhance the signals. The RCA
strategies have been widely applied to the detection of various target molecules by
couplingwith electrochemistry, chemiluminescence, fluorescence, surface-enhanced
Raman spectroscopy, colorimetry, and SPR (Ali et al. 2014).

Recently, Shusheng Zhang et al. combined with RCA and bio-bar-coded Au NP
enhancement for ultrasensitive detection of the human thrombin using a SPRaptasen-
sor. The sensor platform exhibited a broad dynamic range, excellent selectivity, and
ultrahigh sensitivity. The assay platform is represented in Fig. 6.4, where the sensor
surface was initially modified with the hairpin aptamer probe and mercaptohexanol
(MCH) through an Au–S affinity binding. A hairpin structure was used to partially
cage the primary sequence of the thrombin aptamer to reduce the nonspecific bind-
ing. When the thrombin was introduced to the sensor surface, the interaction of the
thrombin and the aptamer opened the hairpin structure and a stable thrombin–aptamer
complex was formed. The aptamer–primer complex, in which the secondary aptamer
for thrombin was linked with a RCA primer, was extended through the RCA reac-
tion producing a linear sequence with thousands of tandem repeats. Then the RCA
products were introduced onto the SPR sensor surface and bound to the immobilized
thrombin through the interaction of the secondary aptamer and the thrombin, in a
classic sandwich assay format. Finally, a large amount of bio-bar-coded Au NPs
were introduced onto sensor surface and assembled on the linear RCA products for
the enhancement of the SPR signals by the increase of the surface mass and the
refractive index of clustered Au NP conjugates. The detection limit was as low as
0.78 aM, which was almost 9 orders of magnitude lower compared with the direct
SPR detection. Furthermore, the SPR sensor surface could be regenerated by 1 M
HCl for the reusability of the sensor chip (He et al. 2014a).

6.3.2 Polymerase Chain Reaction (PCR)

PCR amplification is useful technology in molecular biology to amplify DNA across
several orders ofmagnitude, generating thousands tomillions of copies of a particular
DNA sequence. This strategy is very useful for the detection of diseases caused by
genetic factors. Generally, the detection of the PCR product is carried out using
electrophoresis, in which a carcinogenic chemical such as an ethidium bromide is
used as the developing agent (Fakruddin et al. 2013). Although this method is simple
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Fig. 6.4 Illustration of the SPR assay for protein detection using signal amplification by aptamer-
based RCA and bio-bar-coded aunp enhancement. Reproduced from He et al. (2014a) with permis-
sion from The Royal Society of Chemistry

and effective to detect the PCR products, it cannot determine the sequence of the
product DNA is the same as expected. Be aimed at hereat, Isao Karube demonstrated
an asymmetric PCR strategy for DNA detection using SPR sensor. The target DNA
sequence was amplified through asymmetric PCR, producing the PCR product with
a single-stranded probe binding site, located in the 3′-terminus. A flow injection SPR
sensor was used for the detection of the PCR product, by which the formation of
intra- and intermolecular complexes was avoided (Kai et al. 1999). Although PCR
can provide high sensitivity of detection, the highly precise temperature cycling,
complex sample preparation, and strict laboratory conditions impede its widespread
use for various analysis.

6.3.3 Hybridization Chain Reaction (HCR)

HCR is another type of nucleic acid amplification reaction triggered by a target
DNA fragment, in which two stable species of DNA hairpins, as the monomers,
self-assemble into complex structures through a cascade of hybridization events.
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The HCR product, which is a type of nicked double helices analogous to alternating
copolymers, can be functionalized act as an amplifying transducer for biosensing
applications. Without the participation of enzymes, this strategy avoids the limita-
tion of the thermostability of enzymes and the specific recognition sites for nicking
endonucleases (Bi et al. 2017).

Normally, the detection of lowmolecular weight chemical and biological analytes
under extremely dilute conditions is one of the main challenges for all electrical,
mechanical, and optical sensors. SPR sensors have the unique ability for real-time
detection of the molecular binding events. However, the sensitivities of SPR sensors
are insufficient to detect trace amounts of small molecular weight molecules due to
the extremely low signal intensity of smallmolecules. Therefore, signal amplification
strategies are necessary for more sensitive detection of them. Adenosine triphosphate
(ATP, 507 Da) plays fundamental roles in the regulation and integration of cellular
processes and has also been used as substrate for cell viability and cell injury. Xuemei
Li et al. developed a SPR detection system coupled with HCR for amplified detection
of DNA and ATP with high sensitivity. Figure 6.5 represents the HCR-based SPR
assay for ATP detections. The magnetic beads (MB) were modified with the ATP
aptamer S1, which partly hybridized with the trigger DNA S2. In the presence of
ATP, the trigger DNAwas released from theMB due to the formation of the complex
structure between ATP and the aptamer. After magnetic separation, the released
trigger DNAS2 was introduced onto the SPR sensor chip surface and hybridized with
the capture DNA. The unpaired fragment of the trigger DNA worked as a trigger to
initiate the linear assembly of Fc-modified hairpin H1 and H2 through HCR onto the
SPR sensor surface. The assemblies of the large amount of Fc-modified H1 and H2

significantly enhance theSPR signals by increasing the refractive index of the surface.
For DNA detection, the trigger DNA S2 would work as the analyte, capture by the
capture DNA S3, and trigger the HCR event. The detection limit was 0.3 fM for DNA
detection, which is 6 orders lower than a LSPR amplified with gold nanoparticles
(Spadavecchia et al. 2013) and 0.48 nM for ATP detection. The authors also applied
the HCR-based SPR system, with high sensitivity and selectivity, to ATP analysis in
complicated biological samples, including human serum and lysates of HeLa cells
and K562 leukemia cells. In addition, the biosensor surface can be reused through
the regeneration step by the injection of 1 M HCl to remove the hybridized double-
stranded DNA, which would make the assay more cost-effective and efficient (Li
et al. 2014).

Different from the traditional HCR, in which the hairpin DNA is sequentially
opened and assembled into a linear structure, nonlinear HCR is a hairpin-free and
dendritically assembled system. In the nonlinear HCR amplification system, double-
strandedDNAmonomers are activated by a trigger sequence and dendritically assem-
bled into highly branched nanostructure. Since the hairpin-free strands have few
secondary structures, the reaction could be completed faster, and dendritic DNA
nanostructures with high molecular weights can be formed (Xuan and Hsing 2014).
Therefore, the nonlinear HCR could dramatically improve the sensitivity of SPR
assays than traditional HCR. By employing the nonlinear HCR amplification, Shijia
Ding et al. developed a label-free SPR biosensor for DNA and ATP detection. As
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Fig. 6.5 Illustration of the SPR assay for ATP detection with the DNA-based HCR. Reproduced
from Li et al. (2014) with permission from The Royal Society of Chemistry

shown in Fig. 6.6, the capture probe is immobilized on the SPR sensor surface for
capturing the target DNA. The target DNA had two sections: One terminal of the
target DNA hybridizes with the capture probe and the other terminal works as the
trigger of the nonlinear HCR. When the double-stranded DNA monomers are intro-
duced onto the sensor surface, the nonlinear HCR is initiated and a dendritic growth
of DNA dendrimer is self-assembled on the sensor surface causing the greatly ampli-
fied SPR signal. This biosensing strategy, with a detection limit down to 0.85 pM,
showed good reproducibility and precision and had been successfully applied for
detection of target DNA in complex sample matrices (Ding et al. 2017).

6.3.4 Strand Displacement Amplification (SDA)

Strand displacement amplification (SDA), which can provide exponential amplifi-
cation of a trace of DNA or RNA, has attracted more and more attention due to its
fast, efficient, and no special equipment requirement (Walker et al. 1992). There-
fore, the SDA technology is believed to be a suitable strategy to implement simply
determination of miRNA combined with SPR technology to produce high sensitiv-
ity. Combining with a SDA strategy and Au NP enhancement for improving the
sensitivity of the SPR sensor, Yinyin Peng et al. developed a simple and sensitive



120 X. Li

Fig. 6.6 Schematic representation of SPR biosensing srategy for DNA and ATP detection.
Reprinted from Ding et al. (2017). Copyright (2016), with permission from Elsevier

SPRi biosensor for the detection of miRNA-155. As shown in Fig. 6.7, initiated by
the miRNA, a large number of the DNA triggers are produced for further analysis
through a SDA and enzymatic amplification cycle. The DNA triggers are captured
onto the gold sensor chip surface by the capture probe. Then the DNA–Au NP is
introduced onto the sensor surface through the hybridization with the unpaired frag-
ment of the DNA trigger. The sandwich assembly of the DNA–Au NP results in a
large increase in the SPR signal. The detection limit of this method for miRNA-155
detection is down to 45 pM (Zeng et al. 2017).

6.3.5 DNAzyme Signal Amplification

Recently, catalytic nucleic acids (DNAzymes) have been the focus of growing inter-
est as amplifying units for the detection of DNA or aptamer–substrate complexes
(Pelossof et al. 2011). Due to the good stability, low costs, and easy preparation,
DNAzymes have been widely employed in various biosensor based assays. Among
them, the horseradish peroxidase- (HRP-) mimicking DNAzyme, consisting of G-
quadruplex and hemin, is one of the most frequently applied DNAzymes. The HRP-
mimicking DNAzyme has been widely applied in electrochemical, chemilumines-
cent, and colorimetric assays due to its excellent properties. Utilizing the efficient
catalytic activity of HRP-mimicking DNAzyme on the oxidative polymerization of
aniline to polyaniline, Li et al. reported a ultrasensitive SPR biosensor for detection
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Fig. 6.7 Schematic of SPRi system combined with a SDA strategy and AuNP enhancement for
improving the sensitivity of the SPR sensor for miRNA-155 detection. Reprinted from Zeng et al.
(2017) with kind permission from Springer Science + Business Media

of bleomycin (BLM). As shown in Fig. 6.8, in the present of BLM, the DNA probe
P1 on the sensor surface is cleaved and switches off the hybridization of the G-rich
DNA probe P2 onto the sensor surface. As a result, less HRP-mimicking DNAzymes
are formed, and less amount of polyaniline is deposited on the sensor surface (Li et al.
2017). Because of the high refractive index of the polyaniline, the SPR response is
significantly enhanced (Gong et al. 2015) and the detection limit of BLM was down
to 0.35 pM.

In addition, the hemin, with high extinction coefficient, can form the hemin/G-
quadruplex on the gold surface of SPR sensor, would dramatically alter the dielectric
properties of the surface. Thus, the hemin/G-quadruplex can be used as an amplifying
label for SPR detection of different sensing events. Itamar Willner et al. developed a
sensitive SPR sensor for Pb2+ detection employing the hemin/G-quadruplex nanos-
tructure and the Pb2+-dependent DNAzyme. As shown in Fig. 6.9, the sensor surface
was coated with AuNPs to enhance the sensitivity of the SPR sensor. A G-rich DNA,
containing the substrate of the Pb2+-dependent DNAzyme, was assembled onto the
Au NPs in which the G-rich domain was caged by the Pb2+-dependent DNAzyme.
In the presence of Pb2+, the substrate was cleaved, leading to the release of the
complex. The uncaged G-rich DNA self-assembled into the hemin/G-quadruplex
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Fig. 6.8 Schematic of the SPR biosensor based on the HRP-mimicking DNAzyme catalyzed depo-
sition of polyaniline. Reprinted with the permission from Li et al. (2017). Copyright 2016 American
Chemical Society

structure resulting in the dielectric changes at the sensor surface detected by the
SPR sensor. This sensing platform enabled the detection of Pb2+ down to 5 fM and
revealed an impressive sensitivity and selectivity (Pelossof et al. 2012).

6.3.6 Multiple Signal Amplification Strategy

Although various amplification strategies have been devoted to SPR technology for
sensitively detecting target analytes to meet the requirements of clinical diagnosis
andmedical treatment of diseases, the signal enhancement efficiency of single ampli-
fication strategy is insufficient. The signal enhancement can be further improved by
combining multiple signal amplification strategies. For example, by combining the
target-triggered isothermal exponential amplificationwith themagnetic nanoparticle-
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Fig. 6.9 Schematic presentation for the nucleic acid 1/2-functionalizedAuNPmonolayer-modified
surface for the SPR detection of Pb2+ ions by the Pb2+-dependent DNAzyme and the Hemin/G-
quadruplex label. Reprinted with permission from Pelossof et al. (2012). Copyright 2012 American
Chemical Society

based RCA, Shusheng Zhang et al. proposed a sensitive and versatile SPR sensor
for the detection of DNA and Ramos cells. Although this methodology is relatively
complex, the integration of multiple signal amplification strategy exactly produces
a remarkable amplification efficiency. As shown in Fig. 6.10, the strategy includes
the following three steps: (1) target-triggered isothermal exponential amplification
reaction (T-EXPAR), (2)magnetic nanoparticle-basedRCA reaction, and (3)AuNPs-
enhanced SPR assay. The LOD for the multiple amplification strategy is 9.3 aM for
DNA detection and 10 cells for Ramos cells (He et al. 2014b).

Jian-DingQiu et al. reported an ultrasensitive strategy for SPR detection of adeno-
sine, in which an aptamer-based target-triggering cascade multiple cycle amplifica-
tion strategy combined with Au NPs enhancement was designed to enhance the
SPR signals. The amplification strategy was composed of the aptamer-based target-
triggering nicking enzyme signaling amplification (T-NESA), the nicking enzyme
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Fig. 6.10 Schematic representation of the multiple signal amplification SPR assay for DNA and
cancer cells. Reproduced from He et al. (2014b) with permission from The Royal Society of Chem-
istry

signaling amplification (NESA) and HCR, which was triggered by the adenosine.
The multiple cycle amplification strategy significantly enhanced the SPR signals and
exhibited a detection limit of 4 fM for adenosine (Yao et al. 2015) (Fig. 6.11).
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Fig. 6.11 Schematic illustration of (A) dual NESA and (B) HCR and Au NPs signal amplification-
based SPR assay for the detection of adenosine. Reprinted with permission from Yao et al. (2015).
Copyright 2015 American Chemical Society

6.4 Conclusions and Perspectives

In this chapter, we have summarized the remarkable advances in the development of
nucleic acid amplification strategies for novel ultrasensitive SPR biosensors. Further
construction of nucleic acid amplification reactions on smartly designed modern
SPR biosensor interfaces will be widely applied in the recent biosensing field due to
their excellent designability and stability, and demonstrates great promise for clinical
application. Since the limited signal enhancement efficiency of single amplification
strategy, the development of multiple signal amplification strategies, in which the
nucleic acid amplification strategies, nanomaterials, enzyme amplification, and so
on is combined, would be a trend in the future. In addition, the combination of SPR
sensors with other sensor techniques, such as electrochemical analysis techniques,
fluorescence spectroscopy or SERS, to achieve more sensitive and specific detection
would also be a trend of SPR techniques.
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Chapter 7
Application of Nucleic Acid
Amplification Strategies
in Electrochemical DNA Sensors

Zhongfeng Gao

Abstract In recent decades, electrochemical DNA sensor has been demonstrated as
up-and-coming alternative clinical diagnostic equipment through studying biological
recognition matters and transforming them into a sensitive electrochemical output
signals. This is because the conventional diagnostic strategies, for example, optical
methods, have certain limitations including expensive, laborious, time-consuming,
low sensitivity, and selectivity. Nucleic acid amplification strategies and principle
of electrochemical signaling are two the most important aspects that should be con-
sidered before constructing highly sensitive and selective electrochemical sensor.
In this chapter, we show how we are able to construct and investigate biosensing
systems that utilize electrochemical signaling. Representative assays demonstrating
the performance and merits of each nucleic acid amplification strategies are showed
along with discussions on the limits of each strategy. Starting off from their sens-
ing principles and significant characters, the adoption of nucleic acid amplification
strategies in biosensing and their future outlooks are also provided.

7.1 Introduction

For sensitive biosensing, optical signals, such as fluorescence and colorimetry, are
often used to quantitative detection of the target concentration. Conventional optical-
based nucleic acid amplification methods not only demand accurate and cost equip-
ment but also require sophisticated numerical algorithms to interpret the experimen-
tal data. In recent years, massive creative designs of electrochemical DNA sensors
based on nucleic acid amplification techniques have been reported for trace target
detection. These types of devices combine nucleic acid amplification methods with
electrochemical transducers to produce an amplified signal, and thus offer a precise,
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inexpensive, and user-friendly platform for various practical applications, including
environmental monitoring and clinical diagnosis.

A classic electrochemical DNA sensor studies the variation of electrical current
that generated by redox reactions on the sensor surface. Thismethodpossesses several
merits, including rapidity, simplicity, high sensitivity, and inexpensive. In particular,
an electronic signal is directly yielded from electrochemical reactions; thus, costly
equipment for signal transduction can be avoided. On account of the immobilization
of functional DNAprobes on electrode surfaces, miniaturized, portable, and sensitive
biosensing systems can be created accordingly.

7.2 Preparation of Electrochemical DNA Sensor and Its
Redox Labeling Methods

7.2.1 Preparation of Electrochemical DNA Sensor

For a classical electrochemical DNA sensor, gold electrode is one of the most fre-
quently used working electrodes, and the thiolated DNA probes can be readily
attached on the surface by stable gold–sulfur bonds (Gorodetsky et al. 2008). By
phosphoramidite chemistry, the modification of terminal thiolated DNA can be sim-
ply realized when chemical synthesizes the probe. When the clean gold surface is
immersed in a thiolated DNA solution, the immobilization of DNA can be realized
readily on gold electrode surface, producing a self-assembled monolayer (SAM).
The gold surface that immobilized with mixed SAM from alkanethiol alcohols and
thiolated DNA generate a significantly better quality (less nonspecific adsorption and
uniform packing) than that immobilized purely of thiolated DNA. The alkanethiol
(e.g., 6-Mercaptohexanol)-DNAmixedSAM is traditionally used (White et al. 2008).
Long alkanethiols, such as 11-mercaptoundecanol, are also found to passivate gold
electrode surfaces. And the stability has been demonstrated after long-term dry stor-
age (Lai et al. 2006).

In recent years, researchers devoted many efforts to explore new immobi-
lization methods and supporting materials for the fabrication of DNA biosen-
sors. In 2008, a DNA electrochemical biosensor based on covalent immobi-
lization of ssDNA by coupling of sol-gel and self-assembled methods was
fabricated (Fig. 7.1a). 3-Glycidoxypropyltrimethoxysiloxane (GPTMS) and 3-
mercaptopropyltrimethoxysiloxane (MPTMS) were employed to prepare functional
sol-gel film, which could assemble on the gold electrode surface by the sulfur-Au
chemistry (Li et al. 2008b). Through co-condensation between silanols, GPTMS
sol-gel interconnected into MPTMS sol-gel and offered epoxide groups for cova-
lent immobilization of aminated ssDNA by epoxide/amine coupling reaction. The
as-prepared biosensor showed promising performance, including good selectivity,
high sensitivity, and regeneration ability. Furthermore, covalent immobilization of
aminated ssDNA by diazotization coupling on self-assembled 4-ATPmonolayer was
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Fig. 7.1 a Schematic representation for the construction of electrochemical DNA biosensor based
on covalent attachment of DNA on self-assembled MPTMS-GPTMS sol-gel-modified gold elec-
trode.Reprinted fromLi et al. (2008b).Copyright 2008,with permission fromElsevier.bFabrication
of electrochemical DNA biosensor based on covalent immobilization of DNA on self-assembled
diazo-ATP-modified gold electrode using diazotization coupling. Reprinted from Li et al. (2009a).
Copyright 2009, with permission from Elsevier

developed (Fig. 7.1b) (Li et al. 2009a). The 4-ATP could stably assemble on the gold
surface by sulfur–gold interaction. Through diazotization interaction, diazo-ATP for
covalent immobilization of ssDNAwas achieved, providing remarkable conductibil-
ity for electron transfer.Othermaterials, such as conducting polymers (Li et al. 2008c;
Nie et al. 2009), also have been demonstrated to prepare functional DNA sensor with
significant sensitivity and selectivity, which could be used for the detection of DNA
hybridization events.
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7.2.2 Redox Labeling Methods for Electrochemical DNA
Sensor

On the basis of the redox reactions of electroactive probes that confined to the gold
electrode surface, sensitive electrochemical signaling is readily accomplished (Wang
et al. 2008). In the past two decades, various redox labeling strategies have been
reported for electrochemical DNA sensors. Redox reporter can be used to label DNA
probe by an intercalation or covalent linker. To indirectly investigate the electrochem-
ical performance of DNA SAM, the solution-diffused redox reporters are frequently
employed. Therefore, the variations in the electrochemical response reflect the target
concentration in the system.

7.2.2.1 Intercalation-Based Methods

Intercalation is the insertion of a reporter between the adjacent base pairs of a DNA
duplex through a noncovalent interaction. The reporters, named intercalators, are
mostly aromatic, planar, and polycyclic. Intensively investigated DNA intercalators
include methylene blue (MB), Meldola’s blue (MDB), and some transition metal
complexes. Typically, thiolated dsDNA with mismatched or matched sequences are
first attached on gold electrode and then incubated with redox-active intercalator at
micromolar concentration. In this case, the electrochemical reporter can be easily
addressable, producing electrochemical signals.

MB, an organic molecule that belongs to the phenothiazine family, is a widely
used redox indicator in electrochemical DNA sensors (Liu et al. 2012). It generates
different voltammetric signals in the presence of ssDNA or dsDNA. As an indicator
of the extent of DNA sensor, the widespread use of MB is owing to the relatively low
potential value of its electrochemical reaction. For example, the oxidation potential
is around −0.20 V versus Ag/AgCl depending on the experimental conditions used
(Loaiza et al. 2007). Thus, it allows minimization of potential electroactive inter-
ferences. In comparison with the electrochemical signals obtained in the presence
of ssDNA probes, MB exhibits higher electrochemical signals after the hybridiza-
tion process. These enhanced signals might be attributed to the interaction of MB
with G bases, as well as to its intercalation in the dsDNA, if there are at least two
G-C base pairs (Bang et al. 2005). To investigate DNA-mediated charge transport,
intercalated redox reporters are extensively employed. By using the intercalator, the
density or amount of self-assembled DNA on the electrode surface can be accurately
examined and ssDNA and dsDNA can be accurately differentiated. In addition, the
DNA-mediated electron transfer at long range can be greatly influenced by coupling
of intercalators into the p-stack of DNA. The electrochemical signals generated from
redox reporters have been proved sensitive to subtle perturbations in the base stack-
ing and DNA sequences. Meanwhile, the mismatches, protein binding, and structural
damages all lead to less efficient charge flow within DNA.
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Another classic electrochemical indicator, MDB, can intercalate into the dsDNA
by the planar phenoxazine ring in its structure (Reid et al. 2002). The electrochemical
active center of MDB is not fully enveloped by the bulky DNA when the aromatic
ring of MDB intercalates into dsDNA. Thus, it is still available for redox activity,
and it can be employed as a hybridization indicator for electrochemical biosensing
assays (Pedrero et al. 2011; Radoi and Compagnone 2009).

Transition metal complexes exhibit significant potential and have been demon-
strated as the mostly used electroactive indicators for bimolecular analysis.
We developed a complex diaquabis [N-(2-pyridinylmethyl) benzamide-2-N, O]-
cadmium(II) dinitrate {[CdL2(H2O)2](NO3)2,whereL=N-(2-pyridinylmethyl) ben-
zamide}(Zhang et al 2007). The proposed [CdL2]2+ had excellent electrochemical
activity and could intercalate into the double helix of dsDNA. Using [CdL2]2+ as an
electroactive indicator, the detection of human hepatitis B virus DNA was investi-
gated by differential pulse voltammetry (DPV). The copper (II) complex of Luteolin
C30H18CuO12 (CuL2) was demonstrated to intercalate into double helices of the
dsDNA (Niu et al. 2009). Using CuL2 as an electroactive indicator, ssDNA fragment
of human hepatitis B virus could be selectively detected. A complex of rutin(R)
C54H58MnO32 (abbreviated by MnR2) was reported and also used as the electro-
chemical indicator for the detection of DNA hybridization event (Niu et al. 2008).
We summarized the classic transition metal complexes and their interaction to DNA
in a review, which is helpful for the reader to understand (Li et al. 2008a).

7.2.2.2 Covalently Tethered Redox-Active Methods

Using flexible alkyl linkages, various reporters, including MB and ferrocene (Fc),
have been tethered covalently to the distal terminus of DNA. By varying the surface
density or orientation of DNA SAM, the position of redox reporters can be easily
regulated due to the highly restricted mobility of the redox reporters. When the
length of alkyl linkages is limited, the only surface-controlled process is the redox
reaction of reporters without the consideration of diffusive processes. In this case, the
interpretation of obtained results is simplified. It should be noted that only one redox
reporter is present on each DNA construct. Thus, it is a powerful tool to examine
DNA density on the electrode surface in a 1:1 ratio with the reporter.

The reaction protocol has been successfully developed for covalent tethering of
MB and Fc (Willner and Zayats 2007; Gao et al. 2014). The preparation of amino-
labeled DNA probes and subsequent immobilization of the redox reporter by the
amino functionality to the terminal phosphodiester are often involved. For MB, the
NHS-ester of N-(carboxypropyl)methylene blue has been the gold-standard route.
For Fc, N-hydroxysuccinimide (NHS) ester of ferrocenecarboxylic acid is typically
used. It should be prepared freshly right before tethering to the amino-labeled DNA
probe because the activated ester is unstable.
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7.2.2.3 Solution-Diffused Methods

Owing to the strong electrostatic interactions, the common negatively charged redox
reporters, which are freely diffusing in aqueous solution, cannot reach the DNA-
immobilized electrode surface. For instance, the electronegative DNA phosphate
backbone can electrostatically repel the negatively charged [Fe(CN)6]3−/4− ions.
Thus, the redox reporters cannot get into close proximity with the electrode surface
(Gao et al. 2015). This results in a high electron transfer resistance, which can be
monitored through recording electrochemical impedance spectroscopy (EIS). How-
ever, the diffusion of [Fe(CN)6]3−/4− ions toward the sensor surface can be improved
upon treatment or binding to positively charged proteins, which leads to a decrease
in the electron transfer resistance (Zhou et al. 2012).

[Ru(NH3)6]3+/2+ is another solution-based redox system and often employed as a
stable and accurate reporter to determine the DNA density on the electrode surface
(Gao et al. 2013). The [Ru(NH3)6]3+ ions diffuse to the sensor surface and electrostat-
ically bind to the electronegative DNA backbone. Their characteristic surface redox
reaction can be adapted to discriminate the contribution of solution-diffused redox
centers: DNA dehybridization is detected by a reduced signal from the electrostati-
cally bound [Ru(NH3)6]3+. Besides, the surface densities of both double- and single-
stranded DNA can be detected by integration of the reduction peak of [Ru(NH3)6]3+

to [Ru(NH3)6]2+. Following the treatment of [Ru(NH3)6]3+ with a concentration of
5.0 mM or lower ionic strength, the surface concentration of [Ru(NH3)6]3+, �Ru, can
be calculated by the following equation (Steel et al. 1998):

�Ru = Q

nFA
(7.1)

where Q represents the charge obtained by integrating the reduction peak area of
surface-bound [Ru(NH3)6]3+, n is the number of electrons involved in the redox
reaction (which is 1), F represents Faraday’s constant, and A is the electrode area.
This equation assumes as follows: (1)The interactionbetween [Ru(NH3)6]3+ is purely
electrostatic; (2) full saturation of the DNA-modified surface with [Ru(NH3)6]3+

occurs; (3) there is complete exchange of [Ru(NH3)6]3+ with compensation by Na+

ions; (4) every phosphate molecule is accessible for electrostatic binding to the redox
cations.

Under saturation conditions (i.e., where the highest possible concentration of
surface-bound [Ru(NH3)6]3+, �Ru, was achieved), the measured �Ru value can be
converted to the surface density of DNA (Cheng et al. 2007), �DNA, using the fol-
lowing equation:

�DNA = �Ru

( z

m

)
NA (7.2)

where z represents the valence of the redox cation andm is the number of nucleotides
in the DNA.
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7.3 Electrochemical Sensors Based on Nucleic Acid
Amplification

The signal amplification methods can be divided into two groups based on whether
the temperature changes during reactions (Patterson et al. 2013). One category is ther-
mocycling amplification methods. For example, polymerase chain reaction (PCR),
which is recognized as a traditional signal amplification strategy for sensitive and
selective detection of nucleic acids at extremely low concentrations. The other group
called isothermal amplification method that has been established since the early
1990s.

7.3.1 Electrochemical Sensors Based on Thermocycling PCR
Amplification Systems

The electrochemical real-timemethod is first reported byHsing and co-workers using
solid-phase PCRwith a simple experimental setup (Yeung et al. 2006) (Fig. 7.2a). To
extend electrode-bound primers, a reactionmix containing ferrocene-modified dUTP
is employed. Thus, any amplification is measurable as an increase in ferrocene redox
current. They further implemented this strategy within an integrated PCR chip with
microfabricated electrodes and realized a detection limit as low as 3× 103 copies and
a 1000-fold dynamic range (Yeung et al. 2008). Although pioneering, this method
still has several disadvantages relative to standard optical approaches. For example,
compared to standard optical approaches which can realize low detection limits of
three DNA copies, its sensitivity and dynamic range are poorly presented (Bustin
et al. 2009). This discrepancy presumably arises because of the inefficiency of solid-
phase polymerization (Pemov et al. 2005). The degradation or loss of primers during
electrochemical measurement indicates a second limitation. In this case, they were
only able to measure at between four and six amplification cycles, thus reduces the
precision of detection.

The development of second-generation techniques which are more analogous to
current optical methods is motivated by the limited sensitivity and precision of the
above generation electrochemical PCR. The first-generation techniques are reported
to monitor amplifications by testing either the loss of electroactive intercalating
reporters or the consumption of electroactive nucleobases upon binding or incorpo-
rating into dsDNA.

Defever and co-workers, the first group to explore solution-phase electrochemi-
cal PCR, used electrochemical method to directly monitor the concentration of free
nucleotides in solution as they are consumed during amplification (Defever et al.
2009) (Fig. 7.2b). They first developed the electrochemical approach capable ofmon-
itoring PCR at each cycle, significantly improving the system accuracy. The redox
reactivity of 7-deaza-dGTP, the guanidine analogue,was also investigated. They indi-
cated that when its base incorporates into a dsDNA, it can be effectively reduced. The
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Fig. 7.2 a The electrochemical real-time PCR system using surface-bound primers that are elon-
gated by amplification. Reprinted with the permission from Yeung et al. (2006). Copyright 2006
American Chemical Society. b A direct method for the electrochemical detection of PCR prod-
ucts measures electroactive nucleotides using redox mediators. Reprinted with the permission from
Defever et al. (2009). Copyright 2009American Chemical Society. c The electrochemical eTaq PCR
platform uses a redox label-modified probe. Reprinted from Luo et al. (2011). Copyright 2011, with
permission from Elsevier. d The use of electroactive redox reporters that intercalate in dsDNA is
a direct electrochemical method for monitoring PCR in real time. Reprinted from Patterson et al.
(2013). Copyright 2013, with permission from Elsevier

detection limits as low as 283 bp sequence from human cytomegalovirus (HCMV)
and 2300 bp sequence from the bacterial genome of Achromobacter xylosoxidans
were obtained with a wide dynamic range over eight orders of magnitude.

Inspired by the TaqMan method, an electrochemical analog, which named ‘eTaq’
and supported sequence-specific, electrochemical qPCR,was reportedbyLuoand co-
workers (Luo et al. 2011) (Fig. 7.2c). In this method, eTaq probe is modified with an
electroactive reporter, such as MB or Fc. The diffusion of the reporter to a negatively
charged indium tin oxide electrode was decreased due to the high molecular weight
and negative charge. Upon hydrolysis into less highly charged, lower-molecular-
weightmononucleotides diffusion of the reporter to the electrode surface is increased,
improving the observed electrochemical signal. In consequence, they employed this
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method to detect a 137 bp segment of human genomic DNA with low background
and excellent signal-to-noise ratio. However, the authors stated that the precision,
dynamic range, and detection limit of the strategy have not beenwell investigated. For
example, the detection of a single, relatively high target concentration about 1.6 ×
106 copies is presented. And, this method has not yet been investigated in the context
of a fully integrated truly continuous system, which is the second concern. Manual
pipetting was used to transfer the amplicons from the solution onto the electrode chip
at specific cycles, although their preliminary results showed feasibility.

To conduct optical qPCR, DNA-intercalating fluorescent dyes are usually
employed. Thus, in electrochemical qPCR systems, the employment of electroactive
intercalators has not surprisingly been discovered (Fig. 7.2d) (Patterson et al. 2013;
Wilhelm and Pingoud 2003). When a low-molecular-weight redox reporter attaches
to a high-molecular-weight amplicon, the diffusivity is reduced, which is commonly
explored and demonstrated. The reduced diffusivity decreases the efficiency with
which the reporter approaches the electrode surface and transfers an electron. Sev-
eral intercalating reporters have been well exploited, to further improve this strategy,
by Defever and co-workers. And, they showed that Os[(bpy)2DPPZ]2+ (DPPZ is
dipyrido[3,2-a:2′,3′-c]phena-zine) displayed the critical attributes of good thermal
stability, strong binding efficiency to double-stranded amplicons, low inhibition effi-
ciency for PCR, and high sensitivity. To examine PCR at each cycle by using this
reporter, quantitative detection of the same target from HCMV was processed. They
finally achieved a low detection limit of 103 copies with a wide dynamic range over
six orders of magnitude (Defever et al. 2011). An intercalation-based microfluidic
qPCR system has been developed by Won and co-workers. They realized accurate
detection of initial copy numbers of Chlamydia trachomatis DNA by a homemade
microelectrode-patterned glass chip usingMB as an intercalating reporter (Won et al.
2011). A low detection limit of 103 copies target DNA was obtained with a dynamic
range spanning four orders of magnitude. In support of the proposed signaling princi-
ple, Won et al. have demonstrated that the transport of MB to the electrode decreases
by more than an order of magnitude upon intercalation into a 612 bp dsDNA.

7.3.2 Electrochemical Sensor Based on Isothermal
Amplification

Although PCR presents significant biosensing performance and is by far the most
well-established approach to amplify nucleic acids, it still has many limitations,
including high cost, easy contamination, and time-consuming (Pedrero et al. 2011).
In addition, the requirement of a sophisticated thermal cycler greatly restricts the
applications of PCR in the point-of-caremeasurements and resource-limited settings.
Alternatively, isothermal amplification that combines with electrochemical methods
indicates an extensive attraction and great opportunity for biosensing applications.
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7.3.2.1 Quantitative Electrochemical Methods Using
Helicase-Dependent Amplification

Themechanism of helicase-dependent amplification (HDA) is similar to that of PCR,
accelerating adaptation in current biosensing approaches. Generally, three steps are
included in HAD reaction that are template separation, primer hybridization, and
primer extension (Qi et al. 2018). The first step is template separation. DNA helicase
is used to separate dsDNAs, and each of them is covered by ssDNA-binding proteins.
For the second step, two specific primers attach to each ssDNA, respectively, and
finally extend their sequence to form the corresponding dsDNAs in the presence of
DNA polymerase. By taking the newly generated dsDNAs as the substrates, the next
cycle ofHDA reaction starts with the use ofDNAhelicase. As a result, the continuous
cycle processes lead to an exponential amplification of the target. To dissociate the
two DNA strands, instead of using high temperatures, a thermostable DNA helicase
is employed in this method, which processes this step enzymatically (Deng and Gao
2015; Barreda-Garcia et al. 2015; Vincent et al. 2004).

Taking advantage of the similarities between HDA and PCR, Kivlehan et al.
proposed Os[(bpy)2DPPZ]2+ as an intercalating redox reporter to establish the first
isothermal real-time electrochemical system (Kivlehan et al. 2011). Using a dis-
posable microplate with embedded electrodes, continuous measurements were con-
ducted every 38 s throughout the reaction, achieving excellent temporal resolu-
tion. However, they mention that HAD is inhibited by the proposed electrochemical
reporter, and thus almost twice the time is needed for the determination of the same
initial targets number as their optical method (e.g., ~28 min for fluorescence versus
~45 min for electrochemistry at 105 copies).

In addition to homogeneous detection, Lobo-Castanon et al. proposed an HDA-
based heterogenous-phase strategy by determining the unpurified HDA amplicons to
electrochemical detect transgene extracted from the Cauliflower Mosaic Virus 35 S
Promoter (CaMV35S) (Moura-Melo et al. 2015) (Fig. 7.3). The HDA products
attached to the signaling probes that were modified with fluorescein isothiocyanate
(FITC) and further bound to the thiolated P35S-capture probes. To combine with
the FITC, the anti-FITC-peroxidase (POD) fragments were added. By catalyzing the
oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) under the condition of H2O2, the
electrochemical signal was detected, which performed highly sensitive and selective
detection of target CaMV35S with a low detection limit down to 30 copies.

Despite the merits of HDA, optimization of experimental conditions including
primer sets and buffer composition, to ensure the HDA reaction can be conducted
effectively, is often ineluctable. However, PCR experiments are often used for the
optimization. As a result, more investigations should be carried out to achieve the
whole potential ofHDA.Moreover, the development of helicases and ssDNA-binding
proteins should be focused in future researches. Finally, the improvement of the effi-
ciency of the existing helicases and ssDNA-binding proteins should not be ignored,
which are important to the identification of the rate-limiting step in HDA.
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Fig. 7.3 HDA-based heterogenous-phase electrochemical biosensor for transgene detection.
Reprinted with the permission fromMoura-Melo et al. (2015). Copyright 2015 American Chemical
Society

7.3.2.2 Quantitative Electrochemical Sensor Using Loop-Mediated
Isothermal Amplification

Loop-mediated isothermal amplification (LAMP) is another widely used isothermal
strategy to be integrated into an electrochemical platform and employs strand displac-
ing polymerase and a loop-formingprimers to produce large, concatemeric amplicons
comprisingmultiple copies of the amplification analytes (Notomi et al. 2000). LAMP
has demonstrated to be an effective and alternative protocol to PCR because of its
significant amplification yields and specificity. For instance, a high amplicon yield
can be obtained by LAMP method (>500 ng/ml, even ~100 times greater than PCR)
(Nagamine et al. 2002b). Similarly, the specificity of LAMP is remarkable greater
than that of PCR, because it needs that four to six distinct primer probes simulta-
neously recognize six to eight different regions within the target (Nagamine et al.
2002a). Despite the complexity, commercially available master mixes and readily
accessible primer design software have greatly decreased the overheads and cost
of LAMP, contributing to its increasing popularity (Mori and Notomi 2009). Given
these strengths, it is reasonable that, in recent years, LAMP has been integrated with
electrochemical method to develop a real-time biosensing platform combining the
very real benefits of both.

LAMP has recently been used to combine with electrochemical method for the
detection of various analytes. The electrochemical detection is conducted by detect-
ing redox molecules in the absence or presence of amplicons or by immobilizing
redox-labeled LAMP amplicons on the surface of electrode. The LAMP amplicons
can be measured after the amplification reactions or be detected in real time. The
expected electrochemical signals can be monitored by square wave voltammetry
(SWV), linear sweep voltammetry (LSV), differential pulse voltammetry (DPV),
and the change of conductivity.
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Nagatani and co-workers first presented a semi-real-time electrochemical moni-
toring approach based on the reverse transcription LAMPusing a screen-printed elec-
trode for the detection of influenza virus RNA (Nagatani et al. 2011). They used MB
as an electroactive DNA intercalator to combine with amplified DNA, and SWVwas
used as the electrochemical signal in the RT-LAMP biosensing system. Based on the
RT-LAMP, amplification process of DNA was successfully monitored by recording
and analyzing the MB electrochemical signal with only one screen-printed working
electrode. The obtained electrochemical current was greatly related to the concen-
tration of target RNA and the extent of DNA amplification. This approach avoids
potential cross-contamination because both the amplification and the detection pro-
cesses are possible in a single tube, and laborious probe immobilization is not needed.
Moreover, this approach offers a novel aspect to fabricate sensitive electrochemical
handheld biosensors.

Recently,Marchal and co-workers reported a sensitive and selective electrochemi-
cal LAMP approach to determinate single DNA copies by using one nonintercalating
reporter (Ru(NH3)3+6 ) and three intercalating redox reporters (MB, [Os(bpy)2dppz]2+,
and PhP), respectively. Compared with the traditional PCR and fluorescence LAMP
assays, they carefully studied the sensing performance that monitored by each of
the four electrochemical reporters (Martin et al. 2016). More intercalating redox
reporters were used, with the progress of the reaction, to combine with the LAMP
amplicons. Besides, in the presence of Ru(NH3)3+6 , it prefers to bind with the by-
product pyrophosphate anion, which can be released significantly in the reaction. The
two distinct combination assays between nonintercalating and intercalating probes
with LAMP products lead to a reduced current along with the amplification. Thus,
the proposed approach provided an accurate and reliable merit for real-time electro-
chemical LAMP.

Taking a different approach, a microfluidic multiplex electrochemical LAMP
(namedμME-LAMP) systemwasdevelopedbyKongand colleagues for the sensitive
and real-time detection of multiple bacteria (Luo et al. 2014) (Fig. 7.4a). Multiplex
assay was achieved with the addition of different samples into the isolated elec-
trochemical microchambers. A lower electrochemical current was generated after
performing the LAMP reaction than that generated before LAMP, owing to the inter-
calation of MB into the DNA duplex and the slow diffusion of MB to the electrode
surface. The proposed μME-LAMP chip realized the detection limits as low as 17,
28, and 16 copies/μL for Haemophilus influenza, Mycobacterium tuberculosis, and
Klebsiella pneumonia, respectively.

Taken advantages of LAMP, a microfluidic electrochemical quantitative (MEQ)-
LAMP platform is developed for simple, sensitive, rapid, and quantitative determi-
nation of Salmonella genomic DNA at the point of care by Hsieh and co-workers.
DNA amplification was electrochemically processed in real time utilizing MB to
record measurements at 1-min intervals within a monolithic microfluidic device. By
a single-step process, they realized a low detection limit as few as 16 copies of tar-
get sequence in less than an hour (Hsieh et al. 2012) (Fig. 7.4b). Compared with
most other electrochemical detection systems, this method exhibits better sensitivity
and faster response speed. As the sensor surface can be simply modified to contain
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Fig. 7.4 a Schematic of the principle of the microfluidic multiplex electrochemical LAMP (named
μME-LAMP) system for real-time quantitative multiple bacteria. Reprinted from Luo et al. (2014).
Copyright 2014, with permission from Elsevier. bMEQ-LAMP system for pathogenic DNA detec-
tion. Reproduced from Hsieh et al. (2012) by permission of John Wiley & Sons Ltd.

multiple chambers for parallel determination of multiple targets, the proposedMEQ-
LAMP strategy is readily compatible withmultiplexing. The significant potential and
the performance for expanded capability might inspire researchers to envision the
MEQ-LAMP platform as a viable protocol for biosensing at the point of care.

Accurate calibration and control of temperature are demanded for quantitative
detection because the activity of polymerase in LAMP is greatly influent by tem-
perature. Therefore, create stable LAMP enzymes and other LAMP biochemical
components is in great demand. In addition, nonenzymatic LAMP biosensing meth-
ods might also be achieved that could be practical and potential for remote settings.
LAMP, as a powerful tool, has significant promise in the establishment of practical
approaches in future.
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7.3.2.3 Quantitative Electrochemical Sensor Using Rolling Circle
Amplification

Rolling circle amplification (RCA), a sensitive and selective isothermal amplifica-
tion technique, has been broadly employed in various domains owing to its high
efficiency and simplicity (Gao et al. 2018). Various electrochemical RCA (ERCA)
strategies have been reported to achieve ultrahigh sensitivity, such as hyperbranched
rolling circle amplification (HRCA) and padlock exponential rolling circle amplifi-
cation (P-ERCA). Lizardi and co-workers first proposed HRCA for the determina-
tion of single base mismatch in a small quantity of human genomic DNA (Lizardi
1998). In addition, HRCA is simplicity, less time-consuming, ultrahigh sensitivity,
and cost-effective performance. Compared with conventional PCR assay, HRCA has
the advantage that it can be carried out at constant temperature without the need of
complex thermal cyclers. During the past decades, HRCA has been extensively used
for the detection of viral RNA, DNA, metal ions, small molecules, and proteins.

In 2013, Lin et al. developed a label-free electrochemical aptasensor for the deter-
mination of platelet-derived growth factor B-chain (PDGF-BB) based on HRCA
with high specificity and sensitivity (Wang et al. 2013) (Fig. 7.5a). First, cDNA was
attached on the gold electrode surface by Au–S bond and it could partially hybridize
with aptamer probe to form the DNA duplex. When PDGF-BB was added, it prefers
to hybridize with the aptamer probe, removing the aptamer probe from the electrode
surface. In this case, the cDNA presented free state and able to hybridize with a pad-
lock probe. The padlock probe contains a small gap, and it could generate a circular
padlock probe in the presence ofE. coliDNA ligase. Primer 1was hybridizedwith the
circular padlock probe, leading to the RCA reaction by polymerase to generate long
ssDNA with repeated region, providing as the templates to hybridize with primer 2.
Therefore, primer 2 extended immediately forward with the addition of DNA poly-
merase. In this case, a number of dsDNA were produced on the electrode surface.
Finally, the electrochemical indicator, MB, was used to insert into the dsDNA, gen-
erating significant electrochemical signals that were proportional to the amount of
target. Thus, a label-free electrochemical aptasensor based on HRCA amplification
was established, realizing a detection limit as low as 1.6 fM of PDGF-BB and high
selectivity against other interferents, such as thrombin, lysozyme, and human serum
albumin (HSA).

Yi and colleagues created an electrochemical biosensor for sensitive determina-
tion of DNA fragments by integrating HRCA with hairpin-mediated circular strand
displacement polymerization (CSD) (Li et al. 2016) (Fig. 7.5b). The hairpin probe
that immobilized on the gold electrode surface can be opened to form the dsDNA,
when target DNA was added. Then, the unfolded stem binds with biotin-labeled
primer probe, resulting in the DNA strand polymerization with the aid of dNTPs and
DNA polymerase. Therefore, the target DNA was released to trigger the next cycle
of hybridization process with hairpin probes, resulting in the accumulation of biotin-
labeled DNAs. Given the specific and strong streptavidin–biotin interaction, massive
streptavidin molecules were attached on gold surface. With the addition of HRCA
primers and circular templates, the HRCA reaction was occurred. Consequently,
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Fig. 7.5 a HRCA-based electrochemical biosensor for PDGF-BB detection. Reproduced from
Wang et al. (2013) by permission of The Royal Society of Chemistry. b Electrochemical DNA
biosensor based on the cascade signal amplification of hairpin-mediated CSD andHRCA.Reprinted
from Li et al. (2016). Copyright 2016, with permission from Elsevier. c Schematic illustration of P-
ERCA assay and CoFe2O4 MNPs assisted no substrate nanoelectrocatalysis for miR-21 detection.
Reprinted from Yu et al. (2017). Copyright 2017, with permission from Elsevier

massive dsDNA with various lengths were generated. Finally, the biotin-labeled
probes are selectively attached to the dsDNA, which further linked to the streptavid-
in–alkaline phosphatase (ST-AP). The recorded electrochemical signal that catalyzed
by alkaline phosphatase (AP) was produced from the irreversible conversion of α-
naphthyl phosphate (α-NP) to electroactive products, which was measured by DPV.
The proposed strategy realized an ultrahigh sensitivity for DNA detection with a low
detection limit down to 8.9 aM.

Taking a different approach, P-ERCA has been recently established. Yu and
colleagues developed a P-ERCA method for electrochemical determination of
microRNA-21 (miR-21) using magnetic nanoparticles (MNPs) for nonsubstrate
nanoelectrocatalysis (Yu et al. 2017) (Fig. 7.5c). The exponential growth of P-ERCA
triggers was demonstrated during the continuous process of polymerization and
cleavage. Meanwhile, the electrode surface was modified with capture probe I (CP
I), which could hybridize with triggers and further produce the immobilization of CP
II/Au@CoFe2O4/Tb-Gra composites on the surface. Finally, the expected signal was
electrochemically measured from the MNPs-aided nonsubstrate nanoelectrocataly-
sis. The proposed method showed an excellent sensitivity, realizing a low detection



144 Z. Gao

limit of 0.3 fM for miR-21 detection. Taken together, the electrochemical P-ERCA
approaches are universal and suitable for the detection of various targets, such as pro-
teins and nucleic acids. The method has the advantages of low cost, rapid response,
high sensitivity, simplicity, and specificity, which holds significant promise in the
development of clinical diagnostics, environmental monitoring, and food safety.

Despite its significant performance, RCA-based electrochemical devices, or diag-
nostic protocols have yet to reach the commercial market. To date, the RCA ampli-
fication kit has been created only for research use, such as the Illustra TempliPhi
DNA amplification kits from GE HealthCare (Buckinghamshire, UK). Developing
RCA-based electrochemical sensors is of importance for point-of-care testing and
holds great business opportunities in future.

7.3.2.4 Quantitative Electrochemical Sensor Using
Nanomaterial-Assisted Amplification

Tomeet the growing requirements for ultrasensitive biosensing, scientists have estab-
lished various strategies to improve the response of the electrochemical DNA sensor
by modifying with functional nanomaterials. With the development of nanotechnol-
ogy, significant attention has been paid to various nanomaterials, such as MNPs,
quantum dots (QDs), metal nanoparticles, carbon-based nanomaterials, and poly-
meric NPs. Owing to the remarkable biological compatibility, chemical stability,
nontoxicity, high surface area, remarkable conductivity, and catalytic activity, the
introduction of nanomaterials has significantly enhanced the biosensing performance
to obtain the amplified electrochemical signal and the stabilized recognition probes.

In recent years, many reviews on functional nanomaterials and their biosens-
ing applications have been published. Herein, we simply concentrate on the recent
development of nanomaterial-based signal amplification strategies, especially gold
nanoparticle (AuNPs), in ultrasensitive DNA-based electrochemical biosensing.
In 2008, Zhang and co-workers fabricated an electrochemical sensor based on a
structure-switching aptamer and reporter DNA loaded on AuNPs for the detection of
adenosine (Fig. 7.6a) (Zhang et al. 2008). The electroactive complex, [Ru(NH3)6]3+,
acts as a signaling transducer. As a single AuNP can be loaded with hundreds of
reporter DNA strands, this provides a great amplification of electrochemical sig-
nal for the detection of adenosine. Based on this method, the adenosine could be
determined with a detection limit as low as 0.18 nM. Next, Hu et al. developed a
sensitive electrochemical DNA sensor based onmultifunctional encoded AuNPs and
nanoporous gold (NPG) electrode (Fig. 7.6b) (Hu et al. 2008). Different from the
above-mentioned AuNPs with one kind of DNA probe, the AuNPs we used here
labeled with two kinds of DNA biobarcode. One is complementary to the target
DNA, while the other is not, decreasing the cross-reaction of targets on the same
AuNPs. Given the multifunctional encoded AuNPs and dual-amplification effects of
the electrode, the proposed biosensor achieved a low detection limit of 28 aM DNA.

Taken the advantages of high loading capacity, programmable ability, and signal
amplification ability, AuNPs were widely used for the fabrication of electrochemical
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Fig. 7.6 a Schematic representation of the adenosine detection based on AuNPs. Reprinted with
the permission from Zhang et al. (2008). Copyright 2008 American Chemical Society. b Chrono-
coulometry detection of DNA hybridization by two steps of amplification. Reprinted with the
permission from Hu et al. (2008). Copyright 2008 American Chemical Society
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sensors to detect various targets, such as DNA (Zhong et al. 2009; Hu et al. 2009;
Li et al. 2009b), miRNA (Song et al. 2016), thrombin (Zhang et al. 2009a), human
α-fetoprotein (Ding et al. 2009), and cancer cell (Ding et al. 2010). As multiple
DNA can be attached to the gold surface to construct biobarcode AuNPs, amplified
electrical biobarcode assay for one-pot detection of multiple targets was realized (Li
et al. 2010a, b; Zhang et al. 2009b, 2011). In addition, other nanomaterials, such as
functionalized metal–organic framework, also show significant sensing performance
and promising for the detection of a wide range of targets (Shi et al. 2017).

7.3.2.5 Quantitative Electrochemical Sensor Using Enzyme-Free
Nucleic Acid Amplification

Toehold-mediated strand displacement (TMSD) has proved to be a useful strategy
for the design of enzyme-free isothermal amplification systems to selectively and
sensitively detect a broad range of targets (Zhang and Seelig 2011). Firstly, a long
ssDNA, in a typical TMSD, hybridizes to the toehold area of dsDNA, initiating the
strand displacement rapidly and producing a new dsDNA with all complementary
base pairs (Genot et al. 2011; Yurke et al. 2000). Hybridization chain reaction (HCR)
is a prominent example of TMSD. A cascade of hybridization events, in a typical
HCR, was occurred between alternating two hairpin probes induced by an initiator,
producing a long-nicked dsDNA (Dirks and Pierce 2004). Not only linear HCR,
branchedHCRstrategies for exponential amplification have also been constructed (Bi
et al. 2017). For example, aTMSD-based nonlinearHCRdesigns that usually occur in
an exponential manner are reported by Hsing and colleagues (Xuan and Hsing 2014)
(Fig. 7.7a). Firstly, they added trigger into the system, which was used to hybridize
with the toehold of Substrate-A and triggering the first TMSD reaction. In this case,
the black probe could be displaced to open the first functional loop. A new toehold
of the displaced strand was exposed, hybridizing with the Assistant-A and extending
forward to open the second loop. Thus, By-product-A was released. Substrate-A has
twoexposed sequences, and it could further hybridizewith the toehold ofSubstrate-B.
Consequently, the dissociation of By-product-B and the hybridization of Assistant-B
were proceeded. In this case, the product, consisting two ssDNA that are the same
as the trigger DNA, is exposed and continually triggers TMSD reactions, which
therefore leading to the exponentially growth of the branched DNA nanostructure.

An enzyme-free and immobilization-free electrochemical biosensing method
based on nonlinear HCR system has been established for nucleic acid detection
(Xuan et al. 2015) (Fig. 7.7b). The PNA probes labeled with ferrocene (Fc-PNAs)
freely dispersed in solution in the absence of target, which can attach to the surface of
negatively charged indium tin oxide (ITO) electrode and generate a significant elec-
trochemical current. In the presence of the target, the nonlinear HCR was triggered
and the branched DNA/PNA nanostructures were exponentially generated, and it
hardly in close to the ITO electrode surface. Therefore, the reduction of the electro-
chemical signal was significantly amplified. It is worth noting that Fc-PNAwas used
to hybridize onto the dendritic DNA nanostructures with strong binding strength and
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Fig. 7.7 a Enzyme-free exponential amplification method on the basis of TMSD-mediated nonlin-
ear HCR. Reprinted with the permission from Xuan and Hsing (2014). Copyright 2014 American
Chemical Society. b Principle of enzyme-free and immobilization-free exponential amplification
assay based on nonlinear HCR for electrochemical detection of nucleic acids. Reprinted with the
permission from Xuan et al. (2015). Copyright 2015 American Chemical Society. c A enzyme-free
and solid-phase exponential amplification system based on nonlinear HCR for the detection of ATP.
Reprinted from Ding et al. (2017), with kind permission from Springer Science + Business Media

high hybridization kinetics efficiency between DNA and PNA. The proposedmethod
demonstrated a high sensitivity with a low detection limit of 100 fM.

Ding et al. designed an electrochemical biosensor, unlike the immobilization-free
strategy that stated above, by attaching the capture probe onto the surface of gold
electrode to detect ATP (Ding et al. 2017) (Fig. 7.7c). With the addition of ATP, it
preferable to attach with its aptamer, resulting in the release of trigger DNA which
could hybridize with the toehold of Substrate 1. Thus, the first TMSD reaction was
triggered. Helper 1 was designed to hybridize with the region iii of Substrate 1-B and
extended forward to generate the By-product-1. Substrate 1-A strand was designed
with two identical sequences and combined with the two toeholds of Substrates 2,
respectively. Then, By-product 2 was dissociated with the assistant of Helper 2.
Finally, the product, consisting two target regions, was produced. Another cycle of
reaction could be triggered, leading to the exponentially growth of DNA nanostruc-
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tures. The resultant electrode surface was immobilized with DNA dendrimers that
modified with terminal biotin by capture probe, which linked to ST-AP to produce
significant electrochemical signal by the irreversible conversion of α-NP to elec-
troactive products catalyzed by AP. This assay realized a detection limit as low as
5.8 nM of ATP.

Enzyme-free methods, compared with enzyme-assisted isothermal amplification
methods, have the merit of simple and rapid response because of the inherent nonen-
zyme property (Gao et al. 2016). Moreover, enzyme-free strategies have excellent
structural versatility, amplification efficiency, and controllable kinetics, which thus
have significant promise in the application areas of biosensing, bioimaging, and
biomedicine.

7.4 Conclusion

In this chapter, a series of nucleic acid amplification methods have been summa-
rized and their electrochemical applications in fabrication of sensitive and selective
biosensors during the recent years have been introduced. Given the significant merits
of high amplification efficiency and biosensing sensitivity, nucleic acid amplifica-
tion has been proved as a powerful protocol for electrochemical bioassays. With the
development of bioanalytical chemistry, including DNAzymes and aptamers, elec-
trochemical biosensors based on nucleic acid amplification techniques have been
expanded to detect a wide range of targets, such as proteins, nucleic acids, ions, and
small biomolecules. Furthermore, the combination of nucleic acid amplification with
portable devices or microsystems has facilitated the development of clinical diag-
nosis with ultrahigh selectivity and sensitivity. In this research field, initial research
was concentrated on the preparation of biosensing platforms that can perform con-
current and real-time electrochemical detection during the amplification process. In
recent years, scientists have already developed promising electrochemical systems
that deliver quantification capabilities and sensitivity that potentially rival bench-top
optical systems. To date, the approach of integrating nucleic acid amplification with
intercalating electroactive molecules within microfluidic electrochemical devices
holds great potential and promising for practical applications. With the development
of detectionmechanisms and amplification techniques, coupledwith straight-forward
sample preparation and multiplexed assays, electrochemical strategies might bring
new power for real-time detection to the clinical diagnostic at point-of-care in future
(Patterson et al. 2013).
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Chapter 8
The Application of DNA Amplification
Strategies in the Field
of Photoelectrochemical Biosensor

Xiaoru Zhang

Abstract In this section, the strategy for isothermal amplification of nucleic acids
has been applied in photoelectrochemistry. Based on the signal format, the main
established strategies for PEC sensor can be classified as steric hindrance, biocat-
alytic precipitation, in situ generation of electron donor/acceptor, quenching effect,
DNA conformational change, introduction of photoelectric active materials, and so
on. Herein, we provide a comprehensive overview of the application of DNA ampli-
fication in different photoelectrochemical modes. Using illustrative examples, this
brief review highlights the current advances in this topic.

8.1 Introduction

The photoelectrochemical (PEC) process refers to photovoltaic conversion result-
ing from electron excitation and subsequent charge transfer of a photoelectrochem-
ically active material produced by an applied light (Zhao et al. 2015a; Hagfeldt
et al. 2010; Qu and Duan 2013). The principle of photoelectrochemistry has been
applied to solar cells for decades (Arias et al. 2010; Youngblood et al. 2009). The
PEC biosensor is a recently emerged yet vibrantly developing analytical method
for biological assays (Yu et al. 2015; Li et al. 2018a; Zhang et al. 2011). Bene-
fiting from its separate source for photoirradiation and electrochemical detection,
PEC assay has received substantial attention owing to its low background signal and
high sensitivity. On the other hand, compared with the optical assay such as fluores-
cence, chemiluminescence (CL), and electrochemiluminescence (ECL), which use
complex and expensive optical imaging instruments, the use of electronic detection
makes the photoelectrochemical device simple and low cost (Zhang et al. 2013a,
2017; Bettazzi and Palchetti 2018). To date, many different kinds of target analytes
such as proteins, metal ions, cells, microRNA, and DNA have been detected suc-
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cessfully by PEC biosensor (Haddour et al. 2006; Willner et al. 2001; Hojeij et al.
2008).

As we all know, photoactive material plays an important role in the performance
of the PEC sensors. According to the types of charge carrier, inorganic semiconduc-
tor material involved in PEC detection could be divided into two groups: n-type and
p-type (Hisatomi et al. 2014). Previous works mainly relied on the photoanodes of n-
type semiconductors such as CdSe, CdS, ZnO, and TiO2 (Yan et al. 2014; Zhao et al.
2013). The ejection of the electrons from conduction band to the electrode, with the
concomitant transfer of electrons from electron donor in the solution (for example,
H2O2, dopamine, ascorbic acid, thiol compounds, and nicotinamide adenine dinu-
cleotide), yields an anodic photocurrent. In contrast, p-type semiconductor-based
photocathode sensor needs electron acceptor rather than electron donor to produce
cathodic photocurrent. The most commonly used electron acceptor is oxygen (Zhao
et al. 2012a, b; Cheng et al. 2012).

With the in-depth study on the isothermal amplification of nucleic acids, it has
been referred as an efficient amplification tool by means of several distinct strategies
including strand-displacement amplification (SDA), hybridization chain reaction
(HCR) (Zhao et al. 2015b), rolling circle amplification (RCA), and loop-mediated
isothermal amplification (LAMP). Recently, these nucleic acid amplification strate-
gies have also been utilized in PEC assay to increase the detection sensitivity. Here,
we provide a comprehensive review from the viewpoint of different action modes of
the amplification process in PEC biosensor.

8.2 Amplify Electron Donor and Electron Acceptor

Generally, the PEC sensing system is composed of an appropriate PEC transducer
referring to photoexcited materials and electron donor or electron acceptors. As
a result, when electron donor or electron acceptor is generated during the target
recognition process, obvious photocurrent change can be found due to the charge
separation. Based on this idea, someworks were focused on producingmore electron
donor or electron acceptor using DNA amplification strategies.

Ye et al. (2016) showed a new PEC platform with an electron donor as a flexible
trigger, which promoted the effective consumption of the electron donor, resulting
in an enhanced signal. Hairpins (H1 and H2) modified dibenzocyclooctyne (DBCO)
can ligate azide (N3) functioned dopamine (DA) via click reaction to efficiently intro-
duce DA. The enzyme-free HCR ensures lots of DA attached to the substrate. As a
result, Bi2S3@MoS2 nanoflowers decorated on the electrode yield high photoactivity
under visible-light illumination with effective consumption of DA electron donor.
This method was successfully employed to detect miRNA-141 with highly specific
response (Fig. 8.1).

Qiu et al. (2018) devised a near-infrared light-to-UV light-mediated PEC sensor
for the detection of carcinoembryonic antigen (CEA) using core-shell NaYF4:Yb,
Tm@TiO2 upconversionmicrorods. As shown in Fig. 8.2, the guanine (G)-rich prod-
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Fig. 8.1 a Schematic illustration of the amplification of electron donor dopamine using HCR
method for ultrasensitively miRNA assay; b HCR hybridization time; and c DA concentration.
Reprinted with the permission from Ye et al. (2016). Copyright 2016 American Chemical Society

Fig. 8.2 a Schematic illustration the assembly of sandwich-type assay format and the released
process of guanine (G) bases followed by the RCA reaction; b diagram of energy transfer (ET)
among lanthanide ion and TiO2 under near-IR irradiation. Reprinted with the permission from Qiu
et al. (2018). Copyright 2018 American Chemical Society

uct generated by RCA reaction was cleaved by exonuclease I and exonuclease III
(Exos I/III), thereby resulting in the formation of numerous individual guanine bases
to enhance the photocurrent of upconversion microrods under 980 nm near-IR illu-
mination.

Very recently, Zhang et al. developed another electron acceptor: hemin/G-
quadruplex (Zhang et al. 2018). In this assay, prostate-specific antigen (PSA) was
detected using p-type Cu-doped Zn0.3Cd0.7S as the photosensitive semiconductor
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Fig. 8.3 a Mechanism of photocurrent generation of the HTLV-II DNA PEC biosen-
sor; b photocurrent response of the different modified ITO electrodes containing 10 mM
AAP: (a) GRCdS:Mn/ZnS; (b) GR-CdS:Mn/ZnS/pDNA/tDNA (1 nM)/dUTP-TdT; (c) GR-
CdS:Mn/ZnS/pDNA/tDNA (1 nM)/dUTP-TdT/AvALP. Reprinted with the permission from Shen
et al. (2015). Copyright 2011 American Chemical Society

material and target-triggered rolling circle amplification (RCA) for signal amplifica-
tion. In this work, long single-stranded DNA generated by the RCA reaction ensures
the introduction of G-rich DNA and the formation of long single-stranded DNA/G-
quadruplex/hemin. After digested by Exo III, hemin/G-quadruplex is released into
the solution. The free hemin/G-quadruplex can act as efficient electron acceptor
which can receive electrons from the CB of Cu-doped Zn0.3Cd0.7S, resulting in the
enhancement of the cathode photocurrent.

In addition to increasing the electron donor or electron acceptor directly, some
work aimed at utilizingDNAamplification strategy to introducemore enzyme,which
could catalyze substrates to generate more electron donors or electron acceptors.
Shen et al. (2015) reported a dual signal amplification PEC assay combined terminal
deoxynucleotidyl transferase (TdT)-mediated extension with enzymatic amplifica-
tion. As shown in Fig. 8.3a, due to the amplification effect of TdT enzymes, multi-
plex dUTP biotin was incorporated into 3′-OH terminal of tDNA and thereby more
avidin–alkaline phosphatase was assembled. The immobilized alkaline phosphatase
could catalyze the hydrolysis of 2-phospho-l-ascorbic acid trisodium salt (AAP) and
generate more electron donor–ascorbic acid (AA). The photocurrent response of the
different modified ITO electrodes is shown in Fig. 8.3b. In addition to TdT-mediated
extension strategy, HCR was also used for similar cascade signal amplification (Shi
et al. 2018; Xiong et al. 2018).
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8.3 Steric Hindrance

8.3.1 Under Catalysis of the Enzyme

Recently, enzymatic biocatalytic precipitation (BCP), involving the formation of
insoluble products on electronic transducers, has been utilized as an important route
for sensing and biorecognition events (Zhang et al. 2015; Zhao et al. 2012b; Gong
et al. 2016). However, the use of natural enzymes often suffers from high cost and
instability. To overcome these defects, numerous studies have resorted to the use
of various nonenzymatic enzyme mimicking. Among them, the HRP-mimicking
enzymes can be easily enriched through DNA amplification method. In Ref. (Huang
et al. 2018a), photoactive material 3,4,9,10-perylene tetracarboxylic acid (PTCA)
was decorated on the electrode after conjugated with PEI and nano-Au. Target
thrombin was recognized via binding with two aptamers. Three-dimensional DNA
networks with abundant manganese porphyrin (MnPP) were immobilized on elec-
trode via complementary base pairing. MnPP was used simultaneously as quencher
and HRP-mimicking enzyme to accelerate the generation of precipitation benzo-4-
chlorohexadienone (4-CD) for further reducing the photocurrent of PTCA. Thus, a
signal-off PEC aptasensor with high sensitivity was obtained.

In addition to the above metal–organic framework, other nonenzymatic enzyme
mimickings were also used in PEC sensor such as silver halides (Gong et al. 2016)
and hemin/G-quadruplex composition (Zhuang et al. 2015). Zhuang et al. reported
a novel PEC sensing platform for monitoring the activity of T4 polynucleotide
kinase (PNK) based on gold nanoparticle-decorated g-C3N4 nanosheets. As shown
in Fig. 8.4, double-hairpin-based isothermal amplification strategy and DNAzyme-
assisted biocatalytic precipitation were applied, which could induce to generate a
lot of hemin/G-quadruplex based. Subsequently, this DNAzyme could catalyze the
oxidation of 4-chloro-1-naphthol (4-CN) giving an insoluble precipitation on the Au
NP/g-C3N4 surface, thus the photocurrent is gradually inhibited with the increasing
activity of PNK.

8.3.2 Without Catalysis of the Enzyme

Introducing SiO2 NPs is a more direct approach for the increase of steric hindrance.
Zheng et al. (2016) reported a self-enhanced PEC platform based on a functionalized
nanocapsule packaged with both donor-acceptor-type photoactive material and its
sensitizer, which was applied for both ultrasensitive estimation of microRNA in
different cancer cells and pharmacodynamics evaluation on cancer cells. As shown
in Fig. 8.5, by combination of RCA reaction with the duplex-specific nuclease (DSN)
and Exo III enzyme-assisted target quadratic recycling strategy, the hairpin DNA on
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Fig. 8.4 Schematic Illustration of PEC detection platform toward monitoring the PNK activity.
Reprinted with the permission from Zhuang et al. (2015). Copyright 2015 American Chemical
Society

the SiO2 nanoparticles (NPs) could be cleaved by target quadratic recycling strategy.
After hybridized with the capture DNA on the modified electrode surface, the initial
photocurrent signal could be efficiently decreased by the SiO2 NPs via increasing
the steric hindrance of the electrode and depressing the transference of electrons.

Later, the same group reported an ultrasensitive PEC biosensor for p53 gene
detection using [Ru(dcbpy)2dppz]2+/Rose Bengal dyes co-sensitized C60 NPs struc-
ture as a photoactive indicator and SiO2 NPs-labeled DNA sequences as an efficient
quenching element (Wang et al. 2018). Nt.BstNB I enzyme-assisted target recycling
amplification was employed to convert a limited quantity of target to numerous SiO2

NPs-labeled DNA sequences, resulting in a sharp decrement of photocurrent since a
dramatic increment of steric hindrance on the modified electrode surface.
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Fig. 8.5 Schematic diagram of a quadratic enzyme-assisted target recycling amplification strategy
for the biosensor; b fabrication of the biosensor; c enlarged view of one nanocapsule; and d the
electron-transfer route in one nanocapsule. Reprinted with the permission from Zheng et al. (2016).
Copyright 2016 American Chemical Society
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8.4 Producing Quenching Effect After DNA Amplification
Process

Some signal-off PEC sensors are designed not from steric hindrance rout but
from quenching effect. For example, manganese porphyrin (MnPP) can cause signal
quenching of nano-C60/CdTe QDs. HCR was applied to increase the immobilizing
amount ofMnPPowing to the super stability ofMnPP in theHCR-basedDNAduplex,
which could reduce the background signal and improve the detection sensitivity. In

Fig. 8.6 ATP-mediated aptazymecycling amplificationprocedure (a); schematic illustrations of the
photocurrent-generating mechanisms (b); and photocurrent quenching mechanisms (c). Reprinted
with the permission from Li et al. (2017a). Copyright 2011 American Chemical Society
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the presence of thrombin, the formation of an aptamer–thrombin complex lead to the
releasement of quencher MnPP from the sensing interface, and the PEC signal was
recovered accordingly (Li et al. 2016).

Li et al. reported a novel signal-off PEC biosensor for ultrasensitive ATP detec-
tion. In this work, n-type C60-AuNP@MoS2 composite material was used as a signal
indicator, and a p-type PbS QD was used as an efficient signal quencher (Li et al.
2017a). In this sensing system, the p-type PbS QDs could compete with C60-Au
NP@MoS2 to absorb light energy and capture electron donor, which led to the retar-
dation of the electron transfer. With the aid of target-mediated aptazyme cycling
amplification strategy, a small amount of ATP was converted into plenty of output
S1. Subsequently, PbS QD-labeled output S1 was used to amplify the quenching
effect furthermore (see Fig. 8.6).

In the above work, MnPP and PbS QD can cause efficient signal quenching effect
of photoactive material directly. In Zhao’s work (Zhao et al. 2018), photoactive
material CdTe QDs was used to react with dissolved Ag+ through ion-exchange
reaction, which led to the formation of inactive of AgTe QD and the decrease of pho-
tocurrent intensity. To further increase the detection sensitivity, target-triggering cas-
cade multiple-cycle amplification was applied. In this work, nicking endonuclease-
assisted target DNA recycling produced abundant DNAwith cytosine (C)-rich loops,
which were employed to synthesize silver nanoclusters (AgNCs). After treated with
HNO3, numerous Ag+ were generated to trigger the ion-exchange reaction, which
resulted in significantly amplified decrease of photocurrent and the improved detec-
tion sensitivity.

8.5 Producing Enhance Effect After DNA Amplification
Process

In many research works, DNA amplification process can lead to the introduction of
plenty of DNA probe on the electrode, which may favor the photocurrent enhance-
ment. This always gives signal on photoelectrochemical biosensor.

λ-Exonuclease (λ-Exo) can selectively use double-strand DNA with one 5′-
phosphorylated end as a substrate and catalyzes stepwise hydrolysis of the 5-
phosphorylated strand in the directionof 5′ to 3′. Shi et al. developed an enhancedPEC
DNA biosensor through coupling inorganic–organic nanocomposites with λ-Exo-
assisted target recycling. As shown in Fig. 8.7, when tDNA and λ-Exo were added
to the hDNA-modified electrode, hDNA could hybridize with tDNA. Then, λ-Exo-
assisted tDNA recycling was initiated and plenty of short DNA (sDNA) fragments
were produced. These sDNA fragments immobilized on the electrode could hybridize
with CdTe/TCPP-labeled pDNA. As a result, the photocurrent signal increased dra-
matically by the sensitization of CdTe/TCPP inorganic–organic nanocomposites (Shi
et al. 2016).
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Fig. 8.7 Build produce of the designed PEC DNA biosensor. Reprinted with the permission from
Shi et al. (2016). Copyright 2016 American Chemical Society

DNA walkers move autonomously along a prescribed track initiated by a series
of reactions, including enzymatic cleavage, hybridization, and strand displacement
(Cha et al. 2015). Recently, DNA walkers were also applied in the PEC assay. Lv
et al. designed Z-scheme double photosystems for sensitive detection of PSA using a
three-dimensional (3D) DNA walker (Fig. 8.8) (Lv et al. 2018). DNA walker strand
was immobilized on magnetic bead by partial hybridization with PSA aptamer. In
the presence of target PSA, DNA walker strand was released, which opened hairpin
DNA1 immobilized on the Au NPs@BiVO4 nanohybrids. Then strand-displacement
reaction of the hairpin DNA2 led to the releasement of DNA walker to trigger the
next-step reaction. In this way, numerous CdS QDs-H2 conjugates were assem-
bled onto the surface of Au NPs@BiVO4 nanohybrids, and the photocurrent was
enhanced through the formation of ‘Z-scheme’ system on the Au NPs@BiVO4 with
the introduction of CdS QDs.

Ye et al. developed a label-free PEC sensor using G− wire-enhanced method
for highly sensitive detection of MicroRNA in cancer cells (Ye et al. 2017). As
depicted in Fig. 8.9, ultrathin copper phosphate nanosheets (CuPi NSs) combined
with Au nanoparticles (Au-CuPi NSs) were utilized as the photocathode material.
Meanwhile, both the DNA duplex structure and DNA 4J architectures could be
nicked by Nb.BbvCI and released c-myc regions, which form highly ordered G-wire
superstructures via aπ–π stacking interaction in the presence ofMg2+. Finally, TSPP
was coupled on the substrate via the unique G-wire superstructure to enhance the
PEC response, thus realizing the highly efficient and sensitive miRNA assay.
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Fig. 8.8 Schematic illustration of double photosystem-based ‘Z-scheme’ PEC sensingmode. a tar-
get PSA-induced release of DNA walker strand; b DNA walker process; and c ‘Z-scheme’ double
photosystems. Reprinted with the permission from Lv et al. (2018). Copyright 2018 American
Chemical Society

Fig. 8.9 Schematic diagrams of a the label-free “off–on” PEC platform fabrication for miRNA
assay and b the G-wire formation. Reprinted with the permission from Ye et al. (2017). Copyright
2017 American Chemical Society
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DNA nanotechnology provides new opportunities for the design of biosensor.
Taking advantage of the programmable self-assembly ability, DNA is considered as
a powerful building material for the creation of nanostructures with specific shape
and function (Shen et al. 2018). Thereby, it is possible to develop PEC DNA sensing
platforms by assembly of the DNA layer on an electrode to form 3D DNA networks
(Huang et al. 2018a, b; Da et al. 2018). Da et al. developed a ‘signal-off’ PEC
aptasensor based on assembly and disassembly of an aptamer-bridged 3D DNA
network structure for the sensitive detection of vascular endothelial growth factor
(VEGF165). By repeated assembling DNA D1 and D2 on the g-C3N4 modified
electrode, the VEGF165 aptamer-bridged DNA networks could be obtained. This
DNA network provided an excellent platform for the immobilization of methylene
blue (MB), which could facilitate the electron transport through the DNA helix
structure and suppress the recombination of electron–hole pairs generated by g-C3N4.
In the presence of the target VEGF165, the DNAnetwork could be destroyed through
the formation of aptamer–VEGF165 complex, leading to a remarkable decrease of
photocurrent.

8.6 DNA Conformational Change

Inspired by the work of electrochemical DNA (E-DNA), our group developed a
method for the transduction of DNA conformational change into a readily detectable
PEC signal (Zhang et al. 2013b). Photosensitizer Ru(bpy)2(dcbpy)-tagged DNA
stem–loop structures were self-assembled onto a nanogold-modified ITO electrode.
To improve the sensitivity of the developedPECbiosensor, isothermal circular strand-
displacement reactionwas applied. Under the action of polymeraseKlenow fragment
and dNTP, polymerization reaction was initiated and the target was displaced. Thus,
even minute amounts of targets could cause obvious photocurrent decrease. There-
fore, by monitoring the decrease of photocurrent intensities, target DNA could be
detected easily and sensitively.

Zheng et al. developed a ratiometric PECassay for the determination ofmicroRNA
in cells based on target DNA recycling amplification and electron-transfer tunneling
distance change (Zheng et al. 2017). As shown in Fig. 8.10, in absence of the target,
an initial photocurrent signal at a wavelength of 460 nm was produced by CdS
QDs-labeled hairpin DNA (signal probe 1) in close proximity to the electrode. In the
presence of target, a DSN enzyme-assisted target recycling was introduced to release
abundant product DNA from hairpin DNA. Subsequently, the binding-induced four-
way junction DNA nanomachine could be formed by opening the signal probe 1 with
the help of SiO2@MB-labeled DNA (signal probe 2), assistant DNA and product
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Fig. 8.10 Schematic diagram of a signal transduction amplification strategy and b fabrication
procedure for the ratiometric PEC Assay. Reprinted with the permission from Zheng et al. (2017).
Copyright 2017 American Chemical Society

DNA. As a result, photocurrent signal at 460-nm wavelength was reduced due to the
increased distance of CdS QDs to the electrode, and photocurrent signal at 623-nm
wavelength was enhanced due to the close proximity of SiO2@MB to the electrode.

8.7 DNA Based Nanocarrier

DNA based nanocarrier was used to enhance the loaded capacity of photoactive or
photopassive material and as a result amplified the enhancement or inhibition effect.
Our group had taken advantage of the dual-quenched effect of PEC nanoparticles
(Zhang et al. 2012), which relied on the electron transfer of bipyridinium relay and
energy transfer of Au NPs. The nanoparticles could carry numerous bipyridinium.
Carboxyl-functionalized graphene and CdSe nanoparticles were assembled as pho-
toactive film. The hybridization between capture DNA and aptamer attached on the
nanoparticle led to the dramatic decrease of PEC intensity, while the recognition
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Fig. 8.11 Schematic diagram for preparation of carboxyl-functionalized graphene and the fabrica-
tion of amplified signal-on thrombin biosensor. Reproduced from Zhang et al. (2012) by permission
of John Wiley & Sons Ltd.

of an aptamer with target thrombin led to the removement of nanoparticle and the
restoration of the PEC signal (Fig. 8.11).

Li et al. developed visible-light induced PEC platform based on cyclometalated
iridium(III) complex (Li et al. 2017a, b). [(C6)2Ir(dcbpy)]+PF6− (C6 = coumarin
6, dcbpy = 2,2′-bipyridine-4,4-dicarboxylic acid) and P-DNA were assembled on
the Au NPs to give nanoparticle probe, which contained a lot of PEC active species.
Exo III cleavage led to target recycling and release of numerous secondary target
fragment (T-DNA), which successively hybridized with the hairpin probe (HP3) on
the electrode. Accordingly, signal nanoprobe was captured through hybridization of
the released DNA fragment caged in HP3 with P-DNA attached to the Au NPs of
nanoprobe, leading to a remarkable photocurrent response (see Fig. 8.12).
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Fig. 8.12 Illustration of exonuclease III-assisted recycling amplification strategy for PEC detection
of thrombin: a schematic preparation process of Au NPs nanoprobes and b schematic process
of thrombin recognition and exonuclease III-assisted recycling amplification. Reprinted with the
permission from Li et al. (2017a, b). Copyright 2011 American Chemical Society

DNA tetrahedron (TET) as an important kind of DNAnanostructures holds poten-
tial applications due to its easy preparation, structural stability, mechanical rigidity,
and high loading capacity (Meng et al. 2016; Li et al. 2018b). Recently, Li’s group
(Li et al. 2018c) employed DNA TET as the nanocarrier to immobilize the photoac-
tive material CdTe QDs and its signal enhancer methylene blue (MB) for forming
the TET-QDs-MB complex as signal probe. Using this method, the loading capac-
ity for CdTe QDs and MB was enhanced. At the same time, it could avoid direct
modification of photoactive materials on sensing interface and produce a near-zero
background noise to improve the sensitivity of this PEC biosensor (see Fig. 8.13).
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Fig. 8.13 Schematic diagrams of this proposed PEC biosensor for miRNA-141 determination.
a DSN enzyme-assisted target cycling amplification strategy; b preparation of the DNA TET-CdTe
QDs-MB complex. Reprinted with the permission from Li et al. (2018c). Copyright 2011 American
Chemical Society
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Chapter 9
Nucleic Acid Amplification
Strategy-Based Nanopore Sensors

Dongmei Xi and Min Liu

Abstract Nanopore sensing has developed into a powerful tool for single-molecule
analysis in a rapid, low-cost, and label-free way. Generally, nanopores include bio-
logical nanopores, solid-state nanopores, and hybrid nanopores. Over the past two
decades, nanopores have been used for a wide range of applications including gene
sequencing and detection of various analytes. To improve the sensitivity of the
nanopore sensors, signal amplification technologies, including isothermal ampli-
fication and thermocycling amplification, have been introduced into the nanopore
system, although the reports are still rare. This chapter focuses on the combination
of the signal amplification strategies and nanopore technique in the detection of
various analytes.

9.1 Introduction

Biological cells utilize ion channels to gate the flow of ions across the cell membrane,
maintain cell osmotic balance, and stabilize cell volume (Eisenberg 1998; Perozo
et al. 2002). Inspired by this natural phenomenon, different biomimetic nanopores
with different characteristics have emerged as an attractive, powerful, and sensitive
single-molecule platform that has been used for a wide range of applications (Bayley
andCremer 2001; Pennisi 2014;Wanunu et al. 2009; Cao andLong 2018; Liu andWu
2016; Long et al. 2018; Shang et al. 2018). Reported applications of these nanopores
include rapid gene sequencing (Deamer et al. 2016; Branton et al. 2008; Cherf et al.
2012; Manrao et al. 2012) and the detection of various analytes such as metal ions
(Braha et al. 2000; Wen et al. 2011), small molecules (Cao et al. 2014; Movileanu
et al. 2003), DNA and microRNA (Xi et al. 2016; Liu et al. 2013a, b, c; Wanunu
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et al. 2010), peptides (Stefureac et al. 2012;Wang et al. 2013), and proteins (Bell and
Keyser 2015;Kong et al. 2016;Zhou et al. 2016).As the key components of nanopore-
based applications, nanopores can be broadly sorted into two categories, biological
and solid state (Deng et al. 2015; Stoloff and Wanunu 2013; Zhang et al. 2016;
Lindsay 2016;Haque et al. 2013; Shi et al. 2017). In general, the biological nanopores
are nanoscale holes embedded in electrically insulating membranes (Cao and Long
2018; Schmidt et al. 2016; Göpfrich et al. 2016; Li et al. 2015), while the solid-
state ones are tiny openings fabricated in thin inorganic or polymeric membranes
(Wang et al. 2017; Buchsbaum et al. 2014; Zhang et al. 2017a, b; Liu et al. 2013a,
b, c; Long et al. 2018). Both of these two types of nanopores have the ability to
confine the target of interest in a nanoscale cavity. To combine merits from both
the biological and solid-state nanopores, hybrid nanopore platforms have also been
developed recently (Hall et al. 2010).

9.1.1 Biological Nanopores

By mimicking the functions of natural ion channels, α-hemolysin (α-HL) nanopore
embedded in a lipid membrane was firstly fabricated that could monitor the transport
of ions and small molecules through membranes (Kasianowicz et al. 1996). This
protein pore has a cap domain with a large vestibule (with 2.6 nm opening and a
wider 4.6 nm interior diameter) and a transmembrane β-barrel (with 5 nm length)
(Song et al. 1996). Since the landmark demonstration of nucleotide detection with
α-HL (Kasianowicz et al. 1996), nanopore sensors have been developed mainly for
DNA sequencing (Laszlo et al. 2014; An et al. 2012; Deamer et al. 2016; Astier
et al. 2016) and detection of a wide range of analytes (Xi et al. 2018; Shang et al.
2018; Bayley and Cremer 2001; Howorka and Siwy 2009; Cao and Long 2018; Ying
et al. 2013). The principle of nanopore sensing relies on monitoring the ionic current
fluctuation through nanopores (Liu and Wu 2016, Fig. 9.1). When an analyte binds
within the nanopore, the ionic current will be modulated and current fluctuation
events can be recorded. The current amplitude change and the dwell time of the
events reveal the identity of the analyte, and the frequency of the events reveals its
concentration.

To date, a variety of biological nanopores with various characteristics have been
developed besides thewidely used α-HL, includingMycobacterium smegmatis porin
A (MspA) (Butler et al. 2008), aerolysin (Parker et al. 1994; Cao et al. 2016),
Cytolysin A (ClyA) (Soskine et al. 2013), FhuA (Mohammad et al. 2012), bac-
teriophage phi29 motor protein (Wendell et al. 2009), and outer membrane protein G
(OmpG) (Chen et al. 2008). Each protein pore has corresponding characteristics in
terms of size, surface properties, and gating behaviors that can be separately exploited
for different applications. Take the pore size (here, the pore size was defined as the
narrowest constriction of the protein pores in their native forms) as an example, α-
HL (~1.4 nm) (Song et al. 1996), MspA (~1.2 nm) (Faller 2004), OmpG (~1.3 nm)
(Subbarao and Berg 2006), and aerolysin (~1.0 nm) (Parker et al. 1994; Degiacomi
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Fig. 9.1 Principle of nanopore sensing, top: reversible binding of the analyte (green rhomb) to
a binding site (pink) inside the protein pore. Bottom: stochastic current trace showing blockade
amplitude and duration, which allow identification of the analyte. Reproduced from Liu and Wu
(2016) by permission of John Wiley & Sons Ltd.

et al. 2013) are more suitable for ssDNA translocation studies in their native, folded
confirmations. ClyA (~3.3 nm) (Mueller et al. 2009) and phi29 motor (~3.6 nm)
(Guasch et al. 2002), on the other hand, are large enough to allow the passage of
dsDNA molecules.

To tune the functionality of the biological nanopores for specific applications, two
common strategies have been employed in the nanopore sensing. The first one is to
create sensing elements inside nanopores by site-directed mutagenesis and chemical
modifications (Cheley et al. 2002; Wu and Bayley 2008). By introducing hydropho-
bic, aromatic, charged functional groups inside the nanopore, molecular recognition
between nanopore and analytes could be adjusted. The second one is the utiliza-
tion of molecular adapters, such as cyclic peptides (Sanchez-Quesada et al. 2000),
cyclodextrins (Gu et al. 1999), and cucurbiturils (Braha et al. 2010), which could
greatly enhance the identification of various analytes. For example, Bayley group
has recently developed a truncated-barrel mutant (TBM) α-HL and incorporated
CD adaptor molecule within the truncated pore for identification of four mononu-
cleotides (Ayub et al. 2015). More precise mutations or modifications are expected
to be employed in various biological nanopores in the coming research.
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9.1.2 Solid Nanopores

Fabrication of solid-state nanopores with subnanometer control is another break-
through in nanopore sensing. Those pores have the distinct feature of a wide range
of possible diameters (1–100 nm). Generally, the principle of solid nanopore-based
analysis can be described as follows: Analytes access or attach on the inner surface
of a nanopore, change the effective diameter, or affect the charge transfer of the inner
surface, leading to ionic current changes that can be detected (Liu et al. 2016a, b;
Chen et al. 2013; Arjmandi-Tash et al. 2016).

To date, a variety of solid-state nanopore materials along with various fabrica-
tion approaches have been exploited. With synthetic membranes such as silicon
nitride (SiNx) and silica (SiO2), nanopores with diameters comparable to biolog-
ical nanopores have been successfully fabricated via ion beam sculpting (Li et al.
2001) or electron beam lithography (Storm et al. 2003). Soon afterward, solid-state
nanopores in porous polymer membranes fabricated via the track-etch technique (Li
et al. 2004), alumina produced by the anodic oxidation method (Yuan et al. 2004),
and block copolymer obtained by self-assembly of two or more chemically dis-
tinct polymer blocks (Noshay and McGrath 2013) have also been reported. Another
attractive alternative is the direct fabrication of ultrathin pores within atomically thin
membranes made from two-dimensional (2D) materials, including graphene (Garaj
et al. 2010; Merchant et al. 2010; Fischbein and Drndic 2008), boron nitride (BN)
(Liu et al. 2013a, b, c), molybdenum disulfide (MoS2) (Liu et al. 2014), and hafnium
oxide (HfO2) (Larkin et al. 2013). Monolayers of 2Dmaterials represent the thinnest
materials with thickness comparable to the spacing between DNA bases, thus hold-
ing promise of superb spatial resolution. In recent years, glass nanopores fabricated
by laser-assisted pulling have emerged as a cost-effective and versatile source of
nanopores for single-molecule detection (Steinbock et al. 2010; Sze et al. 2017).
They have a wide range of diameters, and a fast, cheap, and user-friendly fabrication
process, drawingmore andmore researchers’ attention. Long group has done a series
of pioneering work with glass nanopore recently (Gao et al. 2018; Ying et al. 2018a,
b). They have firstly used a two-step 3D fabrication process to develop a modified
asymmetric glass nanopore electrode with a diameter down to 90 nm, which allowed
for the detection of redox metabolism in living cells (Ying et al. 2018a, b).

Compared with the biological nanopore, the solid-state type possesses several
unique advantages, including easy control over nanopore geometry and surface
properties, superior thermal and chemical stability over a wide range of conditions
(i.e., pH, temperature, concentration), as well as good compatibilities with existing
semiconductor and microfluidics fabrication techniques (Siwy and Howorka 2010;
Venkatesan 2011; Drndic 2014; Long et al. 2018). Up to now, solid nanopores have
evolved into powerful tools with wide applications ranging from gene sequencing
(Heerema and Dekker 2016; Feng et al. 2015) to stochastic sensing studies, such as
detection of nucleic acids (Plesa et al. 2016; Zahid et al. 2016), proteins (Li et al.
2013; Wang et al. 2015), small molecules (Guo et al. 2015), and protein–DNA inter-
actions (Marshall et al. 2015; Japrung et al. 2014). During the past several years,
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intense efforts have been undertaken to improve the sensing performance of the solid
nanopores. New pores are expected to be employed for nanopore sensing in the
coming decades.

9.1.3 Hybrid Nanopores

To combinemerits from both biological and solid-state nanopores and further expand
the applications of nanopore sensing, increasing efforts have been put into the devel-
opment of hybrid nanopore platforms. The first hybrid nanopore was created by
Dekker, Bayley, and co-workers by inserting a single, preassembled α-HL protein
pore into a SiNx pore (Hall et al. 2010). To guide entry of the α-HL pore into the
SiNx pore in a specific orientation, a long dsDNA was tethered to the β-barrel of
the α-HL to pull the protein pore into proper alignment as the DNA translocates
the solid pore. Insertion of the dsDNA-conjugated α-HL pore was achieved through
application of a potential across the SiNx membrane. In a novel design by Noy
and co-workers, short carbon nanotubes (CNTs) can spontaneously insert into lipid
bilayers and live cell membranes to form channels that exhibit a unitary conductance
of 70–100 picosiemens under physiological conditions (Geng et al. 2014). Translo-
cation of ssDNA through a CNT porin in the lipid bilayer has also been studied.
Hybrid nanopore platforms possess the advantages of atomic-precision structural
reproducibility and surface-modification adaptability of protein pores while also
bypassing the instability of the lipid bilayer, and are expected to play increasing
roles in nanopore sensing.

9.1.4 The Significance of the Combination of the Nanopore
and Nucleic Acid Amplification Techniques

Ultrasensitive bioassays are fundamental to laboratory research, pharmacogenomics,
and diagnosis of genetic or infectious disease. Up to now, a variety of nucleic acid
amplification technologies have been developed for the fabrication of biosensors
to improve the sensitivity. These amplification strategies can be grouped into two
major categories, including isothermal amplification and thermocycling amplifica-
tion. Many isothermal amplification strategies have been proposed utilizing rolling-
circle amplification (RCA), enzyme-assisted cycling, strand-displacement amplifica-
tion (SDA), helicase-dependent amplification (HDA), hybridization chain reaction
(HCR), and loop-mediated isothermal amplification (LAMP), etc. Thermocycling
amplification techniques include polymerase chain reaction (PCR) and ligase chain
reaction (LCR). To improve the sensitivity of the nanopore sensors, some signal
amplification technologies have been introduced into the nanopore system, although
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the reports are still rare. This chapter focuses on the combination of the signal ampli-
fication strategies and nanopore technique in the detection of various analytes.

9.2 The Combination of Enzymatic Isothermal
Amplification Reaction and Nanopore Sensors

9.2.1 Detection of Cancer Cells

Accurate diagnosis of cancer at its earliest stage is of importance to improve the cure
rate. It has been demonstrated that cancer originating from genetic abnormalities can
usually cause the affected cells to behave abnormally at molecular level. Different
from normal cells, cancer cells have specific extracellular or intracellular biomarkers,
and important cancer biomarkers would facilitate the monitoring of the biological
processes associated with cancers. Therefore, the development of methods for selec-
tive and sensitive detection of cancer cells would greatly improve early diagnosis
and prognosis of cancer.

Recently, our group present an ultrasensitive nanopore-based strategy for detec-
tion of Ramos cells (human Burkitt’s lymphoma cells), by combining the enzymatic
signal amplification with an aerolysin nanopore sensor (Xi et al. 2018). Aerolysin is
a heptameric pore-forming toxin from Aeromonas hydrophila. It allows spontaneous
insertion into the lipid bilayer leading to a nanoscale pore with diameter in a range
from 1.0 to 1.7 nm (Tsitrin et al. 2002; Parker et al. 1994). Since its emergence as a
nanopore to analyze the translocation of α-helix peptides through single pore (Radu
et al. 2006), aerolysin has been applied to study the dynamics of proteins (Pastoriza-
Gallego et al. 2011; Payet et al. 2012), oligosaccharides (Fennouri et al. 2012), and
kinetics of enzymatic degradation (Fennouri et al. 2013). Recently, aerolysin was
first utilized by Long group to discriminate oligonucleotides of different lengths,
exhibiting impressive advantage in sensing nucleic acids (Cao et al. 2016). Despite
its good performance, aerolysin has been utilized rarely in quantitative determina-
tion of the analytes. In our report, as shown in Fig. 9.2, a biotinylated aptamer of
Ramos cells was first hybridized with a cDNA portion, and the obtained dsDNA
was immobilized on a magnetic bead. Since the microbead–aptamer–cDNA com-
plex was too large to enter the aerolysin, no transport events could be observed when
the complex is subjected to a nanopore test. However, the addition of Ramos cells
would result in the unfolding of the aptamer-cDNA duplex and cause the release of
the cDNA, which subsequently triggers the enzymatic cycling amplification. This
process ultimately produced a large number of outputs DNA, which could quantita-
tively produce characteristic current events when translocated through aerolysin. By
introducing the signal amplification strategy into the nanopore sensor, the method
exhibits excellent sensitivity, and Ramos cells with a number as low as five cells
could be determined (Fig. 9.3). With good selectivity, the approach can further allow
for the determination of cancer cells in human serum.
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Fig. 9.2 Schematic representation of the cancer cell detection based on aptamer recognition and
enzymatic cycling amplification with an aerolysin nanopore. Reprinted with the permission from
Xi et al. (2018). Copyright 2018 American Chemical Society

Fig. 9.3 Images of the five
and ten cells obtained with
the inverted fluorescence
microscope. Reprinted with
the permission from Xi et al.
(2018). Copyright 2018
American Chemical Society
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Compared with the conventional methods, this simple, label-free nanopore-based
strategy opens a new horizon for the ultrasensitive detection of cancer cells, holding
great promise for potential applications in early diagnosis of cancers.Meanwhile, this
assaywould open up awide application of aerolysin to the quantitative determination
of a variety of analytes.

9.2.2 Detection of MicroRNAs

MicroRNA (miRNA) is a group of short non-coding RNA molecules that can com-
plement to a part of one or more messenger RNAs (mRNAs), thereby resulting in
translational inhibition or degradation of mRNA, which eventually regulates gene
expression. Aberrant expression of miRNAs has been found in various types of
tumors, and different types of cancers have distinct miRNA profiles. Therefore,
miRNAs can be used as a diagnostic biomarker to screen, monitor, or early diagnose
cancer. However, because of their small size, highly homologous sequences, and
low-level expression, accurate measurement of miRNAs remains a highly challeng-
ing task.

Recently, Kawano group reported a method for the detection of ultralow con-
centration miRNA by combining isothermal amplification and nanopore technology
(Zhang et al. 2017a, b). Using miR-20a as the input and poly-thymines as the output
molecules, the amplification system was constructed based on isothermal amplifi-
cation (Hiratani et al. 2017; Zhang et al. 2014). Under asymmetric conditions, the
amplified DNA at the concentration of 1 fM could be determined by α-HL nanopore
(Fig. 9.4).

In addition, asymmetric nanopore detection for the polyT(20) generated by
isothermal enzyme reaction in the presence of miR-20a was also realized. As shown
in Fig. 9.5, DNA polyT(20) was transcribed and amplified at the concentrations of
miR-20a ranging from 1 fM to 10 pM. The output polyT(20) could be measured
and quantified by nanopore using the asymmetric solution method. So far, 1 fM
of miRNA is the lowest concentration that can be detectable with nanopore. Based

Fig. 9.4 Schematic diagram of miR-20a detection by isothermal amplification and asymmetric
nanopore measurement. Reproduced from Zhang et al. (2017a, b) by permission of The Royal
Society of Chemistry
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Fig. 9.5 a Schematic illustration of asymmetric nanopore detection for the generated PolyT(20).
b Schematic illustration of PolyT(20) Generation by isothermal enzyme reaction in the presence
of miR-20a. Reproduced from Zhang et al. (2017a, b) by permission of The Royal Society of
Chemistry

on that, different miRNAs can be specifically amplified by simply changing the
nucleotide sequence of the DNA template and the primer according to the target
DNA. This is a promising method for the detection of ultralow concentrations of
miRNAs with nanopore and can be used for the diagnosis of related diseases in
which miRNA markers has been established.

Another report in Kawano’s group presented an isothermal reaction amplifica-
tion system that automatically produces large amounts of antisense DNA drugs after
detecting miRNA in small-cell lung cancer (Hiratani et al. 2017). They also success-
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Fig. 9.6 Schematic
illustration of miRNA
detection and oblimersen
generation. Reprinted with
the permission from Hiratani
et al. (2017). Copyright 2017
American Chemical Society

fully quantified the amount of the generated drug molecule by nanopore measure-
ment with high accuracy. In detail, a DNA-strand polymerization reaction using a
nicking endonuclease and DNA polymerase was selected (Komiya and Yamamura
2015). In order to achieve the autonomous amplification of oblimersen after dis-
criminating miR-20a, an isothermal DNA reaction was carried out with enzymes
and three-way junction (3WJ) structure (Fig. 9.6, Zhang et al. 2017a, b). Based on
the amplification reaction, a theranostic system for small-cell lung cancer (SCLC)
was constructed. The theranostic system and the model of oblimersen translocation
through the α-HL nanopore are shown in Fig. 9.7. After isothermal amplification of
miR-20a using a 3WJ structure, the antisense drug oblimersen could be amplified
and the output molecule oblimersen was quantified with nanopore. Results indicated
that more than 20-fold oblimersen was amplified from miR-20a, which meets the
dosage requirement for SCLC therapy. This autonomous amplification strategy is an
effective candidate for a wide range of theranostic with antisense oligonucleotides.
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Fig. 9.7 a Schematic illustration of the theranostic system for small-cell lung cancer. b Schematic
diagram of oblimersen translocation through the α-HL nanopore. Reprinted with the permission
from Hiratani et al. (2017). Copyright 2017 American Chemical Society

9.3 The Combination of Hybridization Chain Reaction
Amplification and Nanopore Sensors

A variety of solid-state nanopores have been exploited and utilized for detecting
various targets. Among them, the porous anodized aluminum oxide (AAO) film pos-
sesses the advantages of uniform pore diameter, adjustability, high pore density, and
close pore spacing (Lee and Park 2014), and has been used in nanopore sensing. In
addition, the AAO nanopore membrane has a symmetrical cylindrical pore, so the
ion current can be reduced by adjusting the pore size to study the development of
biosensors. Recently, Zhao et al. designed target-triggered hybridization chain reac-
tion amplification (HCR) on the surfaces of a highly efficient nanostructure assembly
of AAO nanopore membrane, providing a simple, label-free, and sensitive nanopore
biosensor for DNA detection (Zhao et al. 2017). In this work, HCR can efficiently
assemble long dsDNA complexes on the surface of nanopore membranes, effectively
reducing pore size and ionic current. Survivin mRNA was selected as a model tar-
get for its high expression in a variety of cancer cells. The analytical principle of
the unlabeled nanopore biosensor was illustrated in Fig. 9.8. Compared with the
traditional non-amplified nanopore biosensor, the detection sensitivity was signifi-
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Fig. 9.8 Illustration of the HCR assembly on the surface of AAO nanopore membrane. Reprinted
from Zhao et al. (2017). Copyright 2017, with permission from Elsevier

cantly improved by using large-size HCR products to enhance current blockage. This
method exhibits desirable selectively and applicability in the detection of biological
samples with surviving mRNA as a model target, and provides a new paradigm for
unlabeled nucleic acid amplification strategies of ultrasensitive nanopore biosensors.

9.4 The Combination of Loop-Mediated Isothermal
Amplification and Nanopore Sensors

Malaria is a mosquito infection caused by five protozoan parasites and is a serious
public health problem in tropical and subtropical regions of theworld. These parasites
are dependent on the species of plasmodium and select appropriate antimalarial drugs
based on accurate identification of pathogens. It is important to identify pathogens
correctly before standard experience chemotherapy begins and after the initial diag-
nosis. Therefore, there is an urgent need for a simple molecular diagnostic method
corresponding to the latest classification of Plasmodium to distinguish plasmodium.

The MinION™ nanopore sequencer is a pocket-sized and USB-connected
portable real-time sequencer. It possesses the advantages of the portability, small
platform, long reads, and real-time sequencing. In particular, sequence data can be
made available in real time as they are generated, and MinION™ can be used in
various clinical situations (Kugelman et al. 2015; Quick et al. 2016). In addition,
loop-mediated isothermal amplification (LAMP) methods have already been used
for the diagnoses of several infectious diseases in clinical, including malaria, and
even in resource-limited areas, also are promising molecular technologies with high
validity (Adams et al. 2014; Patel et al. 2013).
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In the combination of LAMP andMinION™nanopore sequencer, Imai et al. con-
structed a fast and easy diagnostic procedure for human malaria, and six species of
Plasmodium were identified using this diagnostic procedure, including two P. ovale
subspecies (Imai et al. 2017). Specifically, the LAMP method uses a set of four
primers specially designed to recode six distinct sequences on the target DNA and
relies on an automatic cycling process under isothermal conditions. In addition, the
method enabled rapid library preparation (within 30min), and the real-time sequenc-
ing data can be sequenced and analyzed by multiple sequencing and flow cytometry
through the rapid barcode sequencing kit. Therefore, the MinION™ sequencer com-
bined with the LAMP help to provide accurate diagnoses and appropriate treatments
for malaria patients, and it also would be convenient used in a variety clinical setting.

9.5 The Combination of Rolling-Circle Amplification
and Nanopore Sensors

Resistive pulse sensing (RPS) is a promising label-free alternative. The sensing prin-
ciple is similar to the Coulter counter, and the sensor depends on the object passing
through the nanopore from one compartment to another. A voltage applied between
two electrolytic-filled compartments causes an ionic current between the compart-
ments, which are temporarily blocked by particles passing through the pores. The
amplitude of the current pulse event is proportional to the volume of the particle,
while the width corresponds to the duration of the particle, which provides informa-
tion about the charge, shape, or modification of the particle (Ito et al. 2003; Kececi
et al. 2008; Roberts et al. 2010; Vogel et al. 2012). RPS nanoparticles can be used to
distinguish DNA functionalized particles from unmodified particles (Roberts et al.
2010; Steinbock et al. 2009).

Recently, Kühnemund et al. proposed the concept of unlabeled digital quantifi-
cation of rolling-circle amplification (RCA) products (RCPs) using RPS nanopore
(Kühnemund and Nilsson 2014). In this design, DNA was captured on magnetic
particles, targeted by a locked probe and amplified by RCA (Fig. 9.9a). Then the par-
ticles were measured one by one with RPS (Fig. 9.9b), and the particles with single
attached RCPs were identified by their unique characteristics. To be more precise,
the blockade magnitude, baseline duration, and full-width half-maximum were ana-
lyzed, and the particles with attached RCPs were allowed to be identified from the
blank particles (Fig. 9.9c). The results showed the size distribution of RCA products,
which was obtained for the first time by the method of true label-free size represen-
tation. This strategy can be used in the digitized quantization of DNA molecules
with excellent sensitivity and can also be well applied to the portable, simple and
inexpensive DNA sensing technology.
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Fig. 9.9 Assay concept of the digital DNA quantification method using RCA on magnetic beads
with RPS nanopore read out. Reprinted from Kühnemund and Nilsson (2014). Copyright 2014,
with permission from Elsevier

9.6 The Combination of Polymerase Chain Reaction
and Nanopore Sensors

DNA undergoes damage caused by oxidation, deamination, or alkylation, leading to
the formation of various base lesions (Lonkar and Dedon 2011; Gates 2009; Cadet
et al. 2014). The location of the modification occurring in the genome is critical
because it enables understanding the origin of genetic mutations resulting from these
lesions. Identification of the chemical identity and location of lesions is crucial for
determining the molecular etiology of diseases. However, DNA lesions exist in low
levels in the genome and cannot be amplified by standard PCR because they display
both altered base pairing and are frequently pause or stop sites for polymerases.

Here, Riedl et al. presented a method for PCR amplification of lesion-containing
DNAinwhich the site and identity couldbemarked, copied, and sequenced (Fig. 9.10,
Riedl et al. 2015). In this report, the base excision repair (BER) pathway was used to
yield gaps in DNA, and the nucleotides were inserted by passing the ‘A rule’; these
markers were exponential PCR amplification; the identity of the lesion was deter-
mined by the BER enzymes, avoiding lengthy synthesis of lesion-specific markers.

The key to this approach is the use of amarker nucleotidewith a selective, comple-
mentary partner that allows for high-fidelity PCR amplification of the marked DNA.
Herein, the dNaM or dMMO2 nucleotides bases were selected to pair with d5SICS
to form a set of unnatural base pairs (Fig. 9.11) (Malyshev et al. 2009; Seo et al.
2009). Sanger sequencing confirms the potential for this approach to locate lesions
by marking, amplifying, and sequencing a lesion in the KRAS gene. Detection with
the α-HL nanopore is realized to analyze the marker nucleotides in individual DNA
strands with the potential to identify multiple lesions per strand. This newly devel-
oped nanopore sequencing method has great potential for detecting and sequencing
non-native nucleotide that is currently only achievable by single-molecule real-time
sequencing (SMRT).
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Fig. 9.10 Newmethod for detection of marker nucleotides with the α-HL nanopore. a PCR ampli-
fication with dNaMαSTP and labeling of DNA containing phosphorothioate by an iodoacetamide. b
Reaction for phosphorothioate-containing DNA labeling by I-18-c-6. cGel-shift analysis of labeled
8-mer by I-18-c-6 to confirm the reaction yield. d Translocation of DNA labeled by I-18-c-6 through
the α-HL nanopore providing a modulation in the deep-blockage current level observed as the 11%
Io signal decreasing to 5% Io that signals the presence of the crown ether and the marker nucleotide
(i.e., Lesion). Reprinted by permission from Macmillan Publishers Ltd.: Riedl et al. (2015), copy-
right 2015
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Fig. 9.11 Unnatural base pairs used for labeling of DNA lesions. The dNaM·d5SICS and
dMMO2·d5SICS unnatural base pairs utilized for labeling DNA lesions with a third, amplifiable
marker base pair. Reprinted by permission from Macmillan Publishers Ltd.: Riedl et al. (2015),
copyright 2015

9.7 Others

Besides the nucleic acid amplification strategies mentioned above, there are many
other methods that have been used in nanopore sensing. Among which, the super-
sandwich structure is also a widely used signal amplification method. In particu-
lar, a highly efficient nanofluidic gating system was reported by Xia, Guo, and co-
workers through inserting supersandwich structures into alumina nanopores (Jiang
et al. 2012). It was found that the DNA supersandwich structures could reduce
the effective diameter of the nanochannels through self-assembling into the alu-
mina nanochannels, leading to the transformation of the open-to-close state of the
nanopores. ThroughDNA-ATP-binding interactions, the close-to-open process of the
nanopores would lead to the disassembly of the supersandwich structures (Fig. 9.12).
This device could fulfill the logic operations, in which multiple signal probes assem-
bled via multiple target DNAs, and then acted as a whole. The nanofluidic device
enables built-in signal amplification for future nanofluidic biosensing and modular
DNA computing on solid-state substrates.

In another report by Xia, Guo, and co-workers, a more complex DNA nanos-
tructure was grafted onto the inner surface of the polyethylene terephthalate (PET)
nanopores, with multiple target-binding sites on each of its long concatamers. How-
ever, the supersandwich structure in the PET nanopores contained only one target
DNA, achieving a built-in signal amplification, which greatly lowers the detection
limit (Fig. 9.13) (Liu et al. 2013a, b, c). In detail, this sensor was based on the
self-assembly and disassembly of supramolecular DNA nanostructures in nanopores
(two-way sensing),which turns off or on an intelligent nanofluidic switch, thus affect-
ing the effective diameter of the nanopores. By coordinating the improved structure
into the nanopores, a device for detecting subnanomolar DNA was designed. The
nanofluidic sensing system possessed a high specificity for DNA analysis and high
sensitivity with the detection limit of 10 fM. In addition, ATP aptamer sequence was
introduced into the capture and signal probes, and enabled a sensitive measurement
of ATP with the detection limit down to 1 nM. In the future, this sensing strategy
may be developed into real-time detection approach for disease-related molecular
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Fig. 9.12 Gating of alumina nanochannels by DNA supersandwich assemblies and ATP. The
nanochannels are first modified with the capture DNA probes (a). The DNA supersandwich struc-
tures initiate from the immobilized capture probes and compose repeatedunits of partially hybridized
DNA probes 1 and 2 (b). The formed long DNA concatamers efficiently block the pathway for ion
transport across the nanochannels, yielding an extremely low conducting state. Since the capture
probe and probe 2 contain an ATP-binding sequence (CCTGGGGGATATTGCGGAGGAAGG),
the supersandwich structures are disassembled by ATP that reopens the conducting pathway (c).
Reprinted with the permission from Jiang et al. (2012). Copyright 2012American Chemical Society

targets, holding great potential for practical applications in biotechnology and life
science.

Liu et al. also designed a nanopore platform for Zn2+ detection based on both
DNA supersandwich and Zn2+-requiring DNAzymes (Liu et al. 2016a, b). Due to the
multiple amplification of nucleic acids, DNA supersandwich structures were formed
and seriously blocked the nanopore. At the same time, DNA supersandwich structure
was bound to the sessile probe (SP) of the substrate in the nanopore and was partially
hybridized with DNAzymes. In the presence of Zn2+, the Zn2+-requiring DNAzyme
dissected the SP into two fragments, while the DNA supersandwich structures were
stripped and the ionic pathway was not obstructed. When the DNA supersandwich
structure was decorated and stripped, a sharp drop appears in the I-V diagram and a
continuous complete recovery of the current occurs (Fig. 9.14). In this system, the
reliable detection limit of Zn2+ is as low as 1 nM. Discrimination between different
types of ions (Cu2+, Hg2+, Pb2+) was achieved.
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Fig. 9.13 In conventional DNA-based nanopore sensors, a single capture DNA hybridizes to a sin-
gle target strand or binds to a single molecular target (inset). Here we improved this sensing strategy
by integrating amore complex DNA nanostructure within the nanopores. To detect oligonucleotides
(1), a capture probe (CP) is grafted onto the nanopores. When the target DNA is present, it is first
captured by the CP. To amplify this hybridization event, repeated units of signal probes hybridize
to each other from the free end of the target DNA, creating long concatamers (supersandwich). To
detect small molecules (2), such as ATP, predesigned signal probes containing an aptamer sequence
for ATP are used. The disassembly of the DNA nanostructures can therefore be used for sensing.
Reproduced from Liu et al. (2013a, b, c) by permission of John Wiley & Sons Ltd.

9.8 Conclusion and Perspectives

In this chapter, we have summarized remarkable advances in the development of
novel ultrasensitive nanopore sensors based on nucleic acid amplification strategies.
Further construction of nucleic acid amplification reactions on smartly designed
nanopore sensors will be widely applied in this rapidly evolving field. To date, how-
ever, the nanopore technology is still mainly used for in vitro detection, and the study
on intracellular analysis is just the beginning. With the rapid development of pore
materials and the continuous improvement of related instruments, combination of the
nanopore technology and nucleic acid amplification strategies will play an important
role in the field of cell analysis and even in vivo assay. This will not only promote
the development of basic research, but is also expected to be applied in areas such
as diagnosis of major diseases and personalized medicine.
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Fig. 9.14 Working mechanism of the Zn2+ detection in the nanopores based on DNA supersand-
wich structures and Zn2+-requiring DNAzyme. a Formation of DNA supersandwich structures
on the internal surface of nanopore by bridging of CPs and SPs of the substrate; b formation of
DNAzyme system through partially hybridization between Zn2+-requiring DNAzyme and SPs; c
fragmentation of SPs into two parts in the presence of Zn2+; d the peeling of DNA supersandwich
structures from the internal surface of nanopores. All DNA sequences are listed. Reproduced from
Liu et al. (2016a, b) by permission of The Royal Society of Chemistry
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Chapter 10
Nucleic Acid Amplification Strategies
Based on QCM

Lishang Liu

Abstract As a sensitive mass sensor, quartz crystal microbalance (QCM) has been
applied in measurement of various phenomena such as deposition kinetics, cell
growth, molecular recognition, chirality discrimination, environmental pollutant
detection, cancer biomarker detection, conformational arrangement, and so on.Using
a direct, no amplification QCM assay, nanomolar sensitivity of DNA is reported for
analyte monitoring, whereas attomolar sensitivity has been reported for amplified
detection. To analyze trace levels of small molecules of nucleic acid, several clas-
sical signal amplification strategies such as polymerase chain reaction (PCR) or
hybridization chain reaction (HCR) via elongate DNA for improving the detection
limit of QCM. Besides, particle conjugation, biocatalyzed precipitation, and surface
crystallization have been employed for enhancing the sensitivity via mass amplifi-
cation.

10.1 Introduction of QCM

Piezoelectric materials such as quartz can be used to detect mass change due to
their piezoelectric properties. Quartz crystal microbalance (QCM) is an acoustic
sensor composed of a piece of quartz crystal with gold electrodes on both of two
sides. The quartz crystal can be properly cut and upon stimulation of alternative
potential; the quartz vibrates at a resonant frequency infinitely. This frequency is very
sensitive to the mass of the crystal and can be determined with very high precision.
With materials deposited on the QCM gold surface, the resonant frequency varies
according to the attachment’s mass and physical property. The mass sensing ability
of QCM is extremely sensitive, and the adsorbed mass at the QCM-surface can be
detected down to a few ng/cm2 bymeasuring the change of a quartz crystal resonator.
With the capability of discriminating dissipation factor (D), a special QCM is called
QCM-D. Information about the structure variation of the attached layer can be known

L. Liu (B)
Shandong Provincial Key Laboratory of Detection Technology for Tumour Markers, College of
Chemistry and Chemical Engineering, Linyi University, Linyi 276005, People’s Republic of China
e-mail: liulishanghao@126.com

© Springer Nature Singapore Pte Ltd. 2019
S. Zhang et al. (eds.), Nucleic Acid Amplification Strategies for Biosensing,
Bioimaging and Biomedicine, https://doi.org/10.1007/978-981-13-7044-1_10

197

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7044-1_10&domain=pdf
mailto:liulishanghao@126.com
https://doi.org/10.1007/978-981-13-7044-1_10


198 L. Liu

through dissipation factor. Attributed to its compatibility with essentially any type
of substrate material QCM has become a versatile analyzing tool.

Without any disturbance, the quartz vibrates infinitely at a basic frequency. How-
ever, when the oscillation is disturbed by an adsorbed material, the oscillation wave
propagation from the QCM surface varies with the properties of the adsorbed mate-
rial. The frequency of the shear wave of the oscillating quartz crystal, called the
resonant frequency, is linearly correlated with the rigid mass loading on the quartz
surface, as described by Sauerbrey’s equation for the idealized mode (Sauerbrey
1959):

� f = − 2 f 20
A
√

μqρq
�m

where �f m is the resonant frequency shift due to the loaded mass on the sensor �m,
f 0 is the fundamental frequency of the resonator (9 MHz), A is the active area of the
quartz crystal, called the electrode surface (0.2 cm2), ρq is the density of the quartz
crystal (2.648 g/cm2), and μq is its shear modulus (2.947 × 1011 dyn/cm2).

According to the above equation, the correlation between the frequency shift and
the mass change of the QCM sensor is linear. Initially working as an ultrasensitive
gravimetric balance, further, QCM technique draws substantial attention and has
become one of the most important tools in fundamental surface science (Becker and
Cooper 2011; Liu et al. 2017, 2019; Speight and Cooper 2012). Fluid-based QCM
detection spans the nanomolar range: Nanomolar sensitivity of DNA is reported
for continuous analyte monitoring using a direct, no amplification assay, whereas
attomolar sensitivity has been reported for amplified detection. To analyze trace
levels of small molecules, several classical signal amplification strategies have been
employed for enhancing the sensitivity via mass amplification.

10.2 Nucleic Acid Amplification Based on QCM:
RCA/HCR Strategy

Mass increment of DNA strand can be realized by rolling circle amplification (RCA),
hybridized chain reaction (HCR), and bio-bar-code probe assemble and so on. This
mass increment caused by target recognition can be used for signal amplification of
QCM detection.

The QCM and surface plasmon resonance (SPR) sensing platforms are applied
in a detection of human a-thrombin, a biomarker of blood block formation in tumor
transfer (Falanga et al. 2015; Hao et al. 2017). Signal amplification was realized by
combination of aptamer-based RCA and bio-bar-coded AuNP. The capture probe
modified on gold ship surface contains aptamer part and primer part. Aptamer with
a loop structure can recognize target specifically. The primer part can initiate the
RCA process after its reconstruction followed target reorganization with aptamer.
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The long sequences generated by RCA increase the mass sensed by QCM chip and
realized signal amplification of thrombin recognition. For secondary signal ampli-
fication, AuNP labeled bio-bar-coded probes were introduced. A large amount of
AuNP labeled bio-bar-coded probeswere assembled on theRCAproducts and caused
obvious mass increase; thus, the QCM detection signal of thrombin recognition was
further enhanced (He et al. 2014).

A QCM measurement combined with surface plasmon resonance (SPR) is
designed to detect DNA and lysozyme. RCA and template-enhanced hybridiza-
tion processes (TEHP) amplified the signal of QCM measurement. After triggered
by aptamer recognition of target molecule, the released complementary strand was
used as the catalyst of template-enhanced hybridization processes (TEHP). The RCA
reaction occurred with the assistance of DNAzyme. Biocatalytic precipitation (BCP)
was stimulated by the horseradish peroxidase captured on electrode surface insol-
uble products on the electrode surface amplified the sensor response greatly. The
detection scheme of lysozyme is presented in Fig. 10.3 (Sun et al. 2017).

A duplex formed after the aptamer S1 immobilized on magnetic beads hybridized
with strand S2. With lysozyme binding with S1, DNA S2 (i.e., the target DNA)
released spontaneously and triggered the TEHP. After TEHP, the RCA reaction was
initiated and a long strand of DNA containing many repeat sequences was obtained.
The biotinylated probe hybridized to repeat units and bind with the streptavidin-
HRP In the presence of H2O2, the horseradish peroxidase-catalyzed oxidation of 4-
chloro-1-naphthol occurred. Therefore, a large amount of precipitate deposited on
the surface of QCM sensor and amplified the frequency shift obviously.

In HCR, with the presence of special sequence, two stable nucleotide with stem-
loop structures hybridize with each other and further assemble to a nucleotide
nanowire (Ge et al. 2014). Without the necessity of enzyme, the HCR has been
applied in various amplification strategies (Fig. 10.1).

A QCM-D biosensing platform combining the amplification capability of self-
assembled DNA nanostructures via HCR has been developed for nucleic acids detec-
tion (Tang et al. 2012). A most common genetic alteration in human cancers, p53
gene fragment was analyzed. The rationale of the DNA nanostructure amplified
QCM-D biosensor for target p53 is shown in Fig. 10.4. The sequence of the capture
probe immobilized on gold ship surface was designed precisely so that the initiator
domain was protected by hairpin initially. The hybridization of target p53 with CP
unfolded the closed CP hairpin to free the initiator domain. Due to the low mass
of target p53, a very small signal of QCM was observed. As amplification strategy,
two additional hairpins were added to facilitate cross-hybridization on the initiator
domain and finally formed a one-dimensional helix nanosturcture. The frequency
shift of QCMwas significantly enlarged accompanied with a remarkable dissipation
signal increase. The one-dimensional helix nanosturcture around 4μmwas observed
clearly by AFM. The detection of p53 with a direct detection limit of 20 nM was
successfully amplified by HCR with a detection limit of 0.1 nM.
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Fig. 10.1 Schematic illustration of DNA detection. Probes are immobilized on a 3D tetrahedral
scaffold, and signal is amplified by hybridization chain reaction (HCR). Reprinted with the permis-
sion from Ge et al. (2014). Copyright 2014 American Chemical Society

10.3 Nucleic Acid Amplification Based on QCM:
Biomolecule Conjugation Strategy

Liu et al. developed a target-triggered in situ layer-by-layer assembled DNA-
streptavidin (SA) dendrimer nanostructure on the chip surface as an efficient mass
amplifier (Zhao et al. 2015). They designed the two building blocks (DNA1-SA and
DNA2-SA) for assembling the DNA-SA dendrimer nanostructure, which based on
the fact that one SA molecule has four binding sites for coupling with the biotiny-
lated single-strand DNA. They prepared the building block DNA1-SA by incubating
a 30-nt linker DNA sequence and SA successively. The building block DNA2-SA
was also prepared similarly. The model nucleic acid target, the 32-nt p53 gene frag-
ment related to human cancers (abbreviated as target p53), was injected to hybridize
with the hairpin capture probe on god chip. The closed hairpin was opened through
a strand displacement process. The newly exposed sticky end of CP further binds
with DNA1-SA. Sequentially, by alternately injecting DNA2-SA and DNA1-SA,
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Fig. 10.2 Microgravimetric amplified assay of a target DNA by an oligonucleotide-functionalized
liposome (a) and by an avidin/biotin-functionalized liposome (b). Reprinted with the permission
from Patolsky et al. (2000). Copyright 2000 American Chemical Society

the layer-by-layer assembled DNA-SA dendrimer nanostructure is constructed on
the chip surface in a simple and enzyme-free manner. The amplified frequency shift
of the crystal chip as the output signal confirmed that the DNA-SA dendrimer nanos-
tructure is an efficient mass amplifier. This novel sensing strategy integrates two
advantages: (1) the target-triggered in situ layer-by-layer assembly of the DNA-SA
dendrimer nanostructure is very simple and specific, which dramatically enhances
sensitivity of the sensing platform, and (2) the QCM technique enables a label-free
detection in real time. It is notable that both the assembly of DNA-SA dendrimer
nanostructure and the sensing procedures here can be conducted facilely, with no
need for complex separation processes or enzymatic reactions.

Taking the sequence of TS 4I-Ngene inwhichmutations lead toTay-Sachs genetic
disorder as target, amplification of the oligonucleotide-DNA sensing processes by
antibodies by QCM assay was reported by Bardea et al. (1998). Frequency shift
of 2 Hz is observed for 0.6 μg/mL target DNA, achieving its detection limit. The
association of anti-dsDNA antibody resulted in a frequency change of 14 Hz, and
the further association of anti-mouse Fc-antibody (secondary antibody) resulted in a
further decrease of 8 Hz.

The amplified oligonucleotide-DNA recognition of QCM using functionalized
liposomes was realized by Patolsky et al. (2000). The oligonucleotide-tagged lipo-
somes and biotin-tagged liposomes worked as amplifying probes with an impressive
improved sensitivity (Fig. 10.2). The lower sensitivity limit for the detection of target
DNA by amplification of oligonucleotide-tagged liposomes was estimated to be 5
× 10−12 M (Fig. 10.2b). A two-step amplification route was realized by applying
biotinylated oligonucleotide, avidin, and biotin-tagged liposome (Fig. 10.2b). Using
the two-step amplification route, the lower sensitivity limit for sensing of analyte
DNA is 1 × 10−13 M.
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10.4 Nucleic Acid Amplification Based on QCM:
Nanoparticle Conjugation Strategy

Due to the unique chemical, optical, electrical, and biological properties, nanomate-
rials such as gold nanoparticles, magnetic beads, and quantum dots have been applied
in many fields (Nam et al. 2003; Liu et al. 2009, 2010). Metal nanoparticles with big
molecule weight can also be designed as mass amplifier for QCM sensing (Mo et al.
2005; Nie et al. 2007; Pang et al. 2007; Chen et al. 2010; Hao et al. 2011; Uludag
and Tothill 2012).

A QCM sensor was developed by layer-by-layer assembly of mercaptopropionic
acid, gold nanoparticle functionalized with polyethylene glycol (AuNPPEG), cap-
ture DNA, target BRCA1 DNA and DNA labeled with gold nanoparticle reporter on
gold electrode (Rasheed and Sandhyarani 2015). Mercaptopropionic acid and func-
tionalized gold nanoparticles (AuNPPEG) were immobilized on the gold electrode
surface (Au electrode) before the immobilization of DNA-c. The sensor relies on
the hybridization of the probes with their complementary target immobilized on the
electrode. The DNA probes are hybridized by “sandwich” hybridization scheme,
which involves capture probe DNA on the AuNPPEG hybridize to one half of the
target DNA and reporter probe DNA labeled with gold nanoparticles hybridize to
the other half of target DNA. The highest sensitivity obtained for the sensor is greatly
due to the presence of two gold nanoparticles in the sensor design.

Dengue virus is nowadays a most important arthropod-spread virus affecting
human being. Dengue virus causes infections which resulted in clinical symptoms
such as dengue fever dengue hemorrhagic fever and dengue shock syndrome and so
on. Chen et al. developed a circulating-flowQCMdetecting platform for dengue virus
measurement (Chen et al. 2009). Two kinds of specific AuNP probes were designed
and linked onto the QCM sensor surface to amplify the signal of target DNA. The
AuNP probes used work as verifiers to specifically recognize target sequences and
as amplifiers simultaneously.

Abdul et al. achieved a detection limit of 100 aM for the target BRCA1 gene using
gold nanoparticle conjugated DNA-r in the traditional sandwich assay (Rasheed and
Sandhyarani Abdul-Rasheed and Sandhyarani 2016). The gold nanoparticle clus-
ters conjugated with DNA-r are used for the hybridization with target DNA. The
hybridization of reporter probe DNA conjugated with AuNPC (DNA-AuNPC) with
the target DNA (DNA-t) produces a large increase of mass on the surface even at
ultralow concentration of DNA-t. A detection of 10 aM target DNAwas achieved by
the method.
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10.5 Nucleic Acid Amplification Based on QCM: Metal
Reduction Strategy

Because of its high electrical conductivity and excellent stability of AgNCs, DNA-
templated deposition of AgNCs has large potential for biology, electricity, and other
areas. The DNA-templated deposition of AgNCs is based on selective localization of
silver ions along the DNA through Ag+/Na+ ion-exchange. Ag+ ions are reduced by
reducing agents to generate AgNCs. This method can be applied for signal amplifi-
cation in QCM analysis. Zhou et al. reported a DNA QCM biosensor based on DNA
templated in situ formation of AgNCs for signal amplification (Zhou et al. 2016).

AgNCs as the mass contribution amplifiers can be employed for enhancing detec-
tive sensitivity in the QCM biosensor (Fig. 10.3). A signal amplification strategy
based on deposited-AgNCs alongDNAcombinedwithQCMbiosensorwas designed
to highly sensitive detect nucleic acid. The target DNA was captured by the probe
DNA-modified gold chip of QCM sensor, then silver cluster deposited along DNA
to amplify the detecting signal of QCM. DNA-templated AgNCs based on selective
localization of silver ions along the DNA through Ag+/Na+ ion exchange and AgNCs
were then formed on the DNA skeleton by in situ chemical reduction of electrostat-
ically absorbed Ag(I). They were characterized with TEM and AFM. The signal
amplification protocol can be applied in straightforward and cost-effective detection
of small molecule by QCM biosensor.

10.6 Nucleic Aid Amplification Based on QCM: Enzymatic
Catalyzed Insoluble Deposition Strategy

It is reported that biocatalyzed precipitation on electronic transducers provides a
means to amplify biochemical detection events as shown in Fig. 10.4 (Patolsky et al.
1999). Enzymes or oligonucleotides attached to electrodes or quartz crystals were
found to act as sensitive sensing interfaces for the respective substrates or comple-
mentary DNA. Mass changes occurring on the crystal as a result of the biocatalyzed
precipitation of an insoluble product are reflected by changes in the resonance fre-
quency (Fig. 10.4). The biocatalytic precipitation of an insoluble product on the
transducer provides an amplification route for the formation of the complex between
the sensing interface and the mutant DNA.

The specific detection of DNA with single-base mismatch detection ability is a
major challenge inDNAbioelectronics.Willner et al. reported on the amplified detec-
tion of a single-base mismatch in DNA by the polymerase-induced incorporation of
a biotin-labeled base, complementary to the base mismatch. Coupling of an enzyme-
avidin conjugate to the biotin label enabled the amplified detection of the mutant by
the biocatalyzed precipitation of an insoluble product on the transducer. The method
enabled the analysis of polymorphic blood samples with the ability to differentiate
the homozygotic or heterozygotic genes from the normal gene. In another work, they



204 L. Liu

Fig. 10.3 Schematic outline of the aptamer-RCA immunosensor based on enzymatic silver depo-
sition. Reprinted with the permission from Zhou et al. (2007). Copyright 2007 American Chemical
Society

described three different methods to detect and amplify a single-base mismatch in a
target DNA. They employed liposomes, Au-nanoparticles, or catalytic/biocatalytic
components that chemically amplify the base mismatch recognition event.

The study has compared three different methods to detect and amplify a single-
basemismatch inDNA(Willner et al. 2002).Allmethods are based on the polymerase
I-induced coupling of a biotinylated base complementary to the mutation site and the
subsequent detection of the biotin label in the hybrid assembly. Three methods are
described to amplify the existence of the biotin label in the double-stranded assembly:
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Fig. 10.4 Precipitation of the insoluble insulating material on QCM sensor surface. Reprinted with
the permission from Patolsky et al. (1999). Copyright 1999 American Chemical Society

(i) the use of avidin- and biotin-labeled liposomes as a particulate amplifying unit;
(ii) the use of avidin–alkaline phosphatase as a biocatalytic agent that generates an
insoluble product on the piezoelectric crystal; and (iii) the use of an avidin-Au-
nanoparticle conjugate that stimulates the catalyzed electroless deposition of gold.
All the three methods lead to ultrasensitive tools for the detection of the mutant.
Methods (i) and (ii) lead to a sensitivity limit in the range of 10−12–10−13 M, whereas
method (iii) leads to a record sensitivity of 3 × 10−16 M. The sensitivity reached by
methods (i) and (ii) is clearly not optimized.

10.7 Amplification Based on QCM: In Situ Crystallization
Strategy

The crystallization process has been reported to generate obvious frequency shift of
QCM (Liu et al. 2013, 2015, 2016). Surface selective crystallization on gold surface
can be realized by controlled self-assembled monolayers (SAMs) of ω-terminated
alkanethiols (HS(CH2)nX). Aizenberg et al. demonstrated that functional groups
like –COOH and –OH can obviously enhance the CaCO3 crystal growth, conversely,
groups like –CH3 and –N(CH3)3 can significantly inhibit crystal growth (Aizenberg
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Fig. 10.5 DNA detection by in situ selective crystallization amplified QCM. Reprinted with the
permission from Liu et al. (2017). Copyright 2017 American Chemical Society

et al. 1999a, b; Han andAizenberg 2003; Kim et al. 2013). Combing the advantage of
surface selective crystallization and the mass effect of CaCO3, in situ selective nucle-
ation could work as an effective signal amplification strategy for QCM to improve
the detection sensitivity.

Liu et al. reported a novelmethodusing in situ selective crystallization ofCaCO3 to
improve the QCM sensitivity as a DNA sensor as shown in Fig. 10.5 (Liu et al. 2017).
After the immobilization of DNAs (cDNA) on gold surface, a thiolate –N(CH3)3
was utilized instead of MCH and functioned as blocker of CaCO3 nucleation. With
the introduction of target DNA (tDNA), probe DNA (pDNA) labeled with –COOH
hybridized on gold surface providing nucleation cites for CaCO3. The –COOHgroup
on gold surface captured Ca2+ and react with CO2, realizing surface selective nucle-
ation of CaCO3 on sensor surface.

Significant frequency shift was observed when CaCO3 nucleation took place.
Frequency decreased more than 10,000 Hz after the crystallization amplification,
which is thousands folds of the direct detection. With DNA of higher concentration,
the crystals amount found on QCM sensor surface were also increase. A detection
limit of 2 aM and a wide linear range from 10 aM to 1 nM are achieved for DNA.

Applying a DNA aptamer, cancer cells were also detected using the in situ crys-
tallization amplification strategy as shown in Fig. 10.6. A limitation of 5 Ramos
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Fig. 10.6 Ramos cell detection by in situ selective crystallization amplified QCM. Reprinted with
the permission from Liu et al. (2017). Copyright 2017 American Chemical Society

cells was achieved. The amplification strategy of in situ CaCO3 crystallization is
enzyme-free, straightforward, ultrasensitive, and selective.

10.8 Conclusion

Direct detection by QCM is limited by the sensitivity of QCM instrument. This
chapter introduced several QCM signal enhance strategy based on mass amplifi-
cation. The utilization of mass amplification strategy enhanced the detection sen-
sitivity, lowered the detection limit, and expanded the scope of QCM application.
The signal amplification strategy of QCM is mainly based on mass amplification
include biomolecule conjugation, DNA polymerization hybridization, nanoparticle
conjugation, enzymatic catalyzed insoluble deposition, metal reduction, and in situ
crystallization and so on. The QCM-based detection strategies have the advantages
of easy operation, high sensitivity, real-time detection, and so on. Along with the sig-
nal amplification strategy, the further cooperation of QCM with multiple platforms
such as electrical station and SEM could provide multichannel information. Beside
the broad application in quantitative assay, the QCM also has shown potential in
detection of molecular interaction, structure transformation, visco-elasticity assay,
and so on.
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Chapter 11
Nucleic Acid Amplification
Strategy-Based Fluorescence Imaging

Qiong Li

Abstract Nucleic acid amplification techniques can be grouped into twomajor cate-
gories, including isothermal amplification and thermocycling amplification. Isother-
mal amplification techniques include rolling-circle amplification (RCA), strand-
displacement amplification (SDA), helicase-dependent amplification (HDA), and
hybridization chain reaction (HCR). And polymerase chain reaction (PCR) and lig-
ase chain reaction (LCR) have been known as thermocycling amplification tech-
niques. Now nucleic acid amplification techniques were widely applied in cellular
imaging based on fluorescent techniques. In this section, we attempt to summarize
recent development of nucleic acid amplification techniques for bio-analysis, includ-
ing the detection of miRNA, mRNA, ATP, telomerase, pH, and metal ions in cells
and biomolecules in cell surface. We also consider the current challenges and our
perspectives of nucleic acid amplification techniques for bio-imaging.

11.1 Introduction

Many components in cells, such as microRNA (miRNA), message RNA (mRNA),
ATP, and telomerase, play significant roles to maintain normal functions in diverse
range of cellular processes. For instance, miRNAs are significant to cell differentia-
tion, proliferation, apoptosis, gene expression, and many other biological processes
because of the regulation of gene expression through the promotion of the degrada-
tion or the inhibition of the translation of the target mRNAs. mRNA conveys genetic
information from DNA to the ribosome and specify the amino acid sequence of the
protein products of gene expression. Metal ions are essential in biological systems
on account of metal homeostasis. Much clinical evidence suggests that abnormal
biomolecule expression is closely related to serious diseases such as cancers. So they
are usually regarded as biomarkers for various diseases. However, these molecules
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in cell have a low-level abundance even the abundance will down-regulate when
associated with serious diseases. So it is easy to detect these biomolecules with low
abundance in cells on basis of nucleic acid amplification techniques.

In recent years, many kinds of nanomaterials have been widely developed, such as
noble metal nanoparticles, inorganic semiconductor quantum dots, silica nanoparti-
cles, graphene, and novel two-dimensional (2D) layered nanomaterials analogous to
graphene. These nanomaterials attract considerable attention due to their outstanding
characteristics such as large surface areas, high loading capacity, high stability, and
excellent biocompatible feature and have been widely applied in biological field as
micro-interfaces. On this basis, the micro-interfaces acted as a good cellular trans-
porter combined with nucleic acid amplification techniques and have established
their enormous potential in biosensing analysis of targets inside cells.

11.2 Nucleic Acid Amplification Techniques for Cellular
Imaging

Nucleic acids could carry genetic information and regulate intracellular molecules
so they play fundamental roles in many critical biological systems. Reagents devel-
oped from nucleic acids represent an essential tool in detection and regulation of
gene expression and protein activity in biomedical field. There are still a number of
challenges for nucleic acid reagents in cell biology and theranostics, for example, the
efficiency of their delivery into different cells and the sensitivity for target detection
and regulation. DNA/RNA nanostructures represent an attractive option for intracel-
lular delivery of nucleic acids. Spherical nucleic acids and self-assembled nucleic
acid nanostructures are typical examples of nucleic reagents. These nucleic acid
nanostructures have displayed their capacity to enter diverse cells with no aid of
cationic carriers and provided a powerful platform for developing diagnostic assays,
therapeutic drugs, and gene regulation agents in applications of cellular and in vivo
analysis. Nevertheless, for intracellular detection and regulation, a detection limit of
current nucleic acid nanostructures was typically at the nanomolar level, which was
largely resulted from no signal amplification mechanisms in these methods, so chal-
lenges, signal amplification strategies achieved through a nanomachine constructed
with specific nucleic acids in living cells, remain to be resolved. Nucleic acid ampli-
fication techniques can be grouped into two major categories, including isothermal
amplification and thermocycling amplification. Isothermal amplification techniques
include HCR, CHA, RCA, SDA, and HAD. And thermocycling amplification tech-
niques include PCR and LCR. Now nucleic acid amplification techniques are widely
applied in cellular imaging based onfluorescent techniques.Manynucleic acid ampli-
fication techniques have been developed for bio-analysis, including the detection of
miRNA, mRNA, ATP, telomerase, pH, and metal ions in cells and some proteins in
cell surface.
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11.2.1 HCR for Biomolecule Imaging in Cells

11.2.1.1 HCR for miRNA Imaging in Cells

Various strategies have been designed to challenge effective signal amplification
of miRNAs in living cells. Figure 11.1 illuminates the concept for amplification
and two-color imaging of miRNA in living cells based on HCR and GO (Li et al.
2016a, b). Here to simultaneously detect two kinds of miRNAs miR-21 and let-7a
within the same living cell, workers designed two pairs of hairpin probes labeled
with FAM and ROX, respectively. The hairpin probes H1 and H2 with fluorophore
FAM at the sticky end were specifically designed to detect miR-21. The hairpin
probes H3 and H4 attached with fluorophore ROX were specifically designed to
detect let-7a. Hairpin DNA probes and the GO self-assembly formed a probe/GO
complex due to noncovalent p-p stacking interactions between the hexagonal cells
of graphene and the ring of nucleobases. GO efficiently quenched the fluorescence
of the dye labeled on the probes. The hairpin probes were carried into cells by GO
via non-destructive clathrin-mediated endocytosis. The hairpin probe/GO complex
provided a fluorescence-sensing platform for imaging of intracellular miRNAs. In
the presence of miR-21 in cells, an HCR between H1 and H2 was triggered by each
miR-21 to yield long dsDNA with collected fluorophores. Remarkable fluorescence
enhancement was obtained because of weak interaction between the dsDNA andGO.
One miR-21 molecule could be effectively amplified by several FAM fluorophores,
and green fluorescence was imaged in the cells. Similar to miR-21, let-7a could
specifically trigger an HCR between H3 and H4, so that cellular let-7a miRNAs were
amplified and imaged by the red ROX fluorescence. Compared with let-7a, let-7b,
let-7c, and anti-miR-21, the H1 and H hairpin probes exhibited excellent specificity
for miR-21. This amplification strategy simultaneously succeeded imaging the two
miRNAs at different expression levels in the same living cells with a detection limit
of 0.18 pM for miR-21.

For miRNA imaging in living cells, a protein scaffolded DNA tetrad, shown in
Fig. 11.2, was developed (Huang et al. 2018a, b). As the proof-of-principle, intracel-
lular miR-21 imagingwas demonstrated using cHCR.Workers designed two biotiny-
lated hairpin probes H1 and H2, one attaching Cy3 fluorescence dye as a donor and
the other choosing Cy5 as fluorescence acceptor. Here DNA tetrads were synthesized
by separately displaying H1 and H2 probes on SA. miRNA would open the hairpin
probe H1, then, a cascade of alternating hybridization initialized HCR between H1
and H2 and induced crosslinking of the tetrads to form 3D crosslinked hydrogel net-
works. In this design, donors Cy3 and acceptors Cy5 are brought into close proximity
leading to the Föster resonant energy transfer (FRET) in the presence of miRNA. The
cHCR between H1 and H2 probes and FRET from Cy3 to Cy5 do not occur without
miRNA. Therefore, the cHCR products indicate the expression of target miRNA. In
comparison with other nucleic acid probes, this probe can quickly enter live cells
without the aid of transfection carriers and efficiently escape from lysosome. And
this probe affords high sensitivity and spatial resolution for imaging because of 3D
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Fig. 11.1 Scheme for amplification and two-color imaging of miRNA in living cells based on HCR
and GO. Reproduced from Li et al. (2016a, b) by permission of The Royal Society of Chemistry

crosslinked hydrogel networks induced by HCR. Finally, the result, dual-emission
ratiometric imaging obtained by FRET in this design, confers improved precision
and avoids the false signal in complex biological environment.

Using a ratiometric method to detect intracellular miRNAs, especially for the
down-regulated ones, recently Li and co-workers developed a biodegradable MnO2

nanosheet-mediated HCR strategy (Li et al. 2017a, b). Similar to graphene nano-
material, MnO2 nanosheets exhibit efficient fluorescent quenching ability to organic
dye attached to ssDNAs (Fan et al. 2015). In addition, glutathione (GSH) in cells
can degrade MnO2 nanosheets to significantly decrease the cytotoxicity. Therefore,
MnO2 nanosheets are employed as promising delivery and sensing intermediates for
living cells. In this design, the FRETdonor and acceptor organic dyeswere separately
labeled to two hairpin DNAs. Then they were delivered into living cells by MnO2

nanosheets, and upon entering cells, the hairpin DNAs can be released due to the
displacement reactions by other proteins or nucleic acids (Xuan et al. 2015) and the
MnO2 nanosheets would be degraded by cellular GSH. With the presence of down-
regulated miRNAs in cells, the hairpins can be triggered to assemble into dsDNA
polymers and the FRET pairs were drawn into close proximity, which activated sig-
nificantly amplified FRET signals as indicators for detecting the trace miRNAs in
living cells. Compared to other reported intracellular sensing methods, this design
described herein thus is obviously advantageous with low cytotoxicity because of
employing biodegradableMnO2 nanosheets, and high accurateness resulted from the
FRET-based approach, which canminimize false-positive signals. Given the virtue of
MnO2 nanosheets,Wang’s group also constructed a live cell miRNA imagingmethod
utilizing MnO2 nanosheet-mediated DD-A HCR (Ou et al. 2017). They chose MnO2

nanosheets to deliver DNA hair probes into live cells and upon the degradation of
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Fig. 11.2 Illustration of a DNA tetrad-enabled cHCR and b ultrasensitive intracellular miRNA
imaging strategy. Reproduced from Huang et al. (2018a, b) by permission of The Royal Society of
Chemistry
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MnO2 nanosheets by cellular GSH the miRNA would be detected and imaged by
significantly enhanced DD-A FRET signals.

There are also many approaches developed for amplifying the signal of miRNAs
with low abundance and imaging in living cells. For example, based on isother-
mal enzyme-free HCR, Wei and co-workers constructed a signal amplification plat-
form using two-layered concatenated HCR-1/HCR-2 circuit (cHCR) with synergis-
tic amplification performance (Wei et al. 2018). The downstream HCR (HCR-2)
transduction amplifier was triggered by the amplicon product of the upstream HCR
(HCR-1) layer. The cHCR imaging system exhibits concomitant improvements in the
convenience and programmability for intracellular biomarkers, leading to an accurate
in situ diagnoses and effective treatment of key diseases. In the past work, we estab-
lished a miRNA imaging method in single cells by orderly aggregating nucleic acid
on mesoporous silica nanoparticles (MSNs) using electrostatic self-assembly (Wang
et al. 2016). Song described an intracellularDNAandmiRNAsensing approach using
HCR based onmetal-organic framework (MOF) nanosheets (MnDMS) (Song 2017).
The miRNA probes were assembled on MnDMS nanosheets, leading to efficient flu-
orescence quenching of the fluorophore linked to ssDNA and miRNA. In presence
of the target, MnDMS nanosheets would release probes labeled with fluorophores
and the obvious fluorescence would be observed.

11.2.1.2 HCR for mRNA Imaging in Cells

mRNAs play a fundamental role in conveying the genetic blueprint encoded by DNA
to proteins. Abnormal expression of mRNA has been widely used as biomarkers for
the diagnosis of various diseases such as cancer (Santangelo et al. 2004, 2007; Li
et al. 2012; Pan et al. 2013). Probes based onHCRcould be used for directly detecting
and imaging of endogenous mRNA in living cells. So for the diagnosis of diseases by
detecting mRNAs, HCR affords valuable approaches (Xia et al. 2017). Jiang’s group
utilized gold nanoparticles (AuNP) to develop an electrostatic DNA nanoassembly
based on HCR for imaging mRNA in living cells (Wu et al. 2015a, b). In this design,
AuNP chosen as a core acts as a well-defined template, then cysteine-terminated
cationic peptides and fluorophore-labeled nucleic acid probes self-assembled as an
interlayer and outer layer on the core surface for signal amplification. In the self-
assembly nanostructure, fluorophores labeled at the nucleic acid probes could be
efficiently quenched due to surface energy transfer (SET). The survivin mRNA,
overexpressed in many cancers, was chosen as the model target. They designed two
hairpin-structured DNA probes H1 and H2, which was labeled with a FRET pair,
carboxyfluorescein (FAM) as the donor and tetramethylrhodamine (TMR) as the
acceptor, respectively. Because of efficient quenching by the gold core, H1 and H2
probes assembled on the peptide-coated particles exhibited very weak fluorescence
signals for both fluorophores (Wu et al. 2013; Paliwoda et al. 2014). As shown in
Fig. 11.3, the hybridization betweenmRNAtarget andH1was triggered andproduced
a single-stranded tail in H1, which might dissociate or increase the mobility of H1 on
the particles, facilitating its hybridization with H2 and restoring a single-strand tail
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Fig. 11.3 Illustration of intracellular HCR for mRNA detection. Reprinted with the permission
from Wu et al. (2015a, b). Copyright 2015 American Chemical Society

in H2 with the same sequence of target. In this way, a chain reaction is triggered for
alternating hybridization betweenH1 andH2, producing a chain-like assembly of H1
and H2 (Li et al. 2013). The HCR product had a rigid duplex conformation, which
had decreased affinity to the nanoassembly and thus dissociated from the surface.
The dissociated product also draws the FRET pair into close proximity leading a
FRET signal as an indicator for target mRNA expression. This HCR amplification
based on electrostatic nucleic acid assembly is an invaluable approach for detecting
mRNAs with low abundance and diagnosing related diseases.

Compared to standard HCR, branched HCR (bHCR) exhibits enhanced sensi-
tivity under stringent hybridization conditions. Jiang’s group exploited a fluores-
cence in situ hybridization (FISH) strategy based on a bHCR for intracellular mRNA
imaging to specifically resolve single-nucleotide variation (Tang et al. 2017). In
the FISH experiment, two new designs, ligase-mediated mutation discrimination
of target mRNA and bHCR-based signal-amplified detection of individual ligated
products, played crucial roles on this strategy. They utilized ligase-mediated muta-
tion discrimination to convert individual mRNA into a ligated DNAmolecule-tagged
bHCR initiator with high specificity and efficiency. In order to realize sensitive and
specific detection of individual mRNA, target mRNA was reversely transcribed into
localized cDNA using a locked nucleic acid (LNA) primer, which could protect the
complementaryRNA fromdegradation duringRNaseH treatment, allowing the LNA
primed cDNA to anchor on target mRNA in situ. In their study, to avoid topological
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constraints in circular probes and achieve efficient ligation, they chose linear DNA
probes, constructed with one anchor probe and two allelic probes, which flank the
polymorphic site. Catalyzed byDNA ligase, the pair of DNAprobes perfectlymatch-
ing cDNA is specifically ligated, while mismatched DNA probes remain unligated.
With unligated probes readily removed at a controlled temperature, the ligation prod-
uct is stably immobilized on cDNA due to its much higher melting temperature. A
single-stranded tail with the sequence encoded for a polymorphic site in each allelic
probe was incorporated to initiate bHCR from anchored ligation product. Accord-
ingly, a target mRNA with its single-nucleotide variation is converted into a ligated
DNAwith an encoded single-stranded tail, which is anchored on target mRNA acting
as the initiator for subsequent bHCR detection.

In Jiang’s another research, they further reported a novel bHCR circuit for effi-
cient signal-amplified imaging of mRNA in living cells (Liu et al. 2018a, b). The
hierarchical coupling of two HCR circuits in a single reaction was the crucial design
in this bHCR strategy. Two hairpin probes H1 and H2 were used for designing the
primary linear HCR circuit. The presence of target mRNA triggered two hairpin
probes to form the backbone chain of the hyperbranched assembly. They distinctly
designed the loop region of H1 and the toehold region of H2, in which two split ini-
tiator fragments of the secondary HCR are incorporated, respectively. The backbone
assembled in presence of target mRNA, and these split initiator fragments are bright
into close proximity, activating the secondary HCR circuit and enabling branched
growth of chain-like assembly between hairpin probes H3 and H4. The hierarchi-
cal coupling of the primary and the secondary HCR circuits was able to generate a
hyperbranched, brush-like assembly with a single mRNA target as the initiator. A
fluorophore FAM and a quencher BHQ1 were labeled in the stem region of H3 form-
ing F-H3 to light up the mRNA target. The F-H3 probe exhibited a low fluorescence
background in its folded, hairpin state while showed enhanced fluorescence in the
hyperbranched assembly in which H3 is extended by hybridization with H4. Upon
entering into cells, the probes H1, H2, H3, and H4 formed a hyperbranched, highly
fluorescent assembly triggered by each single mRNA target, realizing mRNA imag-
ing in situ with high-contrast and spatial resolution. Hence, this approach offered a
useful platform for intracellular mRNA imaging in situ with high sensitivity.

To analyze the expression of tumor-related mRNA, Wang’s group developed a
FRET-based HCR, which was initiated by the target mRNA (Huang et al. 2016).
Then, HCR produced multiple DNA repeating units generating a FRET signal for
each one. As illustrated in Fig. 11.4, three programmable DNA hairpins (H1, H2, and
H3) were used in this design. H1 was designed to hybridize the target TK1 mRNA
with a complementary sequence. A FRET pair TAMRA as an acceptor and FAM
as a donor was separately labeled on H2 and H3 at the appropriate positions. The
presence of target opened H1 (step 1), producing H1 pairs with the sticky end of
H2, which would open the hairpin by an unbiased strand-displacement interaction
(step 2). The resulting H2 exposed at the sticky end of H3 and opened the hairpin
to attach on the sticky end of H3, which can open H2 again (step 3). In presence of
target, chain reaction of hybridization events between alternatingH2 andH3 hairpins,
which generated and amplified the FRET signal, could be cycled to form a nicked
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Fig. 11.4 Working principle for in situ detection of TK1 mRNA using the FRET-based HCR
method. Reproduced from Wu et al. (2015a, b) by permission of The Royal Society of Chemistry

duplex (repeat steps 2 and 3). However, with no target the hairpins stay metastable
because of the closed formation of the hairpin stems. A FRET-based approach for the
analysis of target expression used in this system could avoid multiple washing steps
and prevent false-positive signals resulted from probe accumulation or degradation
in quencher/dye systems.

A study on detecting mRNA transcript abundance and localization in single
cells with single-molecule fluorescence in situ hybridization (smFISH) was reported
(Burke et al. 2017). In this system, RNA in situ hybridization and HCR was used
to measure translation of unmodified endogenous mRNA transcripts in single fixed
cells. This method was described as a fluorescence assay to detect ribosome inter-
actions with mRNA (FLARIM), which revealed interactions between individual
mRNAs and ribosomes to provide a measure of the extent of active translation of the
target mRNA species. No genetic manipulation of cells was required in this method,
which was almost suitable for any mRNA of interest. As ribosome profiling extends
RNA-seq to quantify mRNAs bound by ribosomes, FLARIM extends smFISH to
identify ribosome-bound mRNAs and to monitor the changes in ribosome–mRNA
interaction that accompany cellular perturbations. The subcellular locations where
mRNAs interacted with ribosomes could be determined utilizing fixed cell images
resulting from FLARIM.
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11.2.1.3 HCR for Detection of Circulating Tumor Cells

The detection and analysis of circulating tumor cells (CTCs) have been considered
as an important platform for predictive cancer diagnosis. DNA-templated magnetic
nanoparticle (MNP)-quantumdot (QD)-aptamer copolymers (MQAPs)was designed
for magnetic isolation and detection of CTCs with both high capture efficiency (CE)
and capture purity, shown in Fig. 11.5 (Li et al. 2018a, b). They choseDNAmolecules
as templates to design a nanostructure with several functionalities such as magnetic,
fluorescent, and biorecognition functionalities. In this way, each functionality of the
assembly could be rationally programmed and amplified. Compared to MNPQD-
aptamer monomers (MQAMs), MQAPs designed in this method enhanced magnetic
response at single cell level to efficiently isolate CTCs. This approach offered a prac-
tical platform for biomedical applications with bio-inspired construction of inorganic
magneto-fluorescent materials with programmable properties.

Fig. 11.5 Schematic illustration of MQAPs for magnetic isolation of CTCs. a Construction of
MQAPs in two steps: (i) hybridization chain reaction mediated formation of the polymeric DNA
template and (ii) co-assembly of DNA-QDs, DNA-MNPs, and DNA aptamers with the DNA tem-
plate. b Multivalent binding between MQAPs and cell surface receptors for CTC isolation and
detection. Reproduced from Li et al. (2018a, b) by permission of John Wiley & Sons Ltd.
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Using porous DNA hydrogels, as shown in Fig. 11.6, based on aptamer-trigger
clamped hybridization chain reaction (atcHCR) an approach was illustrated to in situ
identify and subsequent cloak/decloak CTCs, which were then used for live cell
analysis (Song et al. 2017). In this method, authors employed a DNA staple strand
with aptamer-toehold biblocks,which specifically recognized epithelial cell adhesion
molecule (EpCAM) on the CTC surface, to trigger subsequent atcHCR via toehold-
initiated branch migration. Living CTCs could be directly captured by porous DNA
hydrogel by cloaking of single/cluster of CTCs. Upon controlled and defined chem-
ical stimuli, living CTCs cloaked in the DNA hydrogel could be released without
damages for subsequent culture and live cell analysis.

For the efficient isolation and detection of CTCs in whole blood, Ding and co-
workers designed and prepared a newNIRAg2S nanoprobe combined with immune-
magnetic spheres based on HCR signal amplification (Ding et al. 2018). In this
design, workers constructed Ag2S nanoprobe with DNA1-labeled Ag2S nanodots
(DNA1-Ag2S) through HCR. DNA1-Ag2S and aptamer, which could specially bind
with MUC1 overexpressed in MCF-7 cells, were firstly assembled with the hairpin
DNA sequence H1 and H2, respectively. Upon hybridizing, the presence of initiator-
triggered assembling to formmultiple Ag2S nanodot–aptamer nanoassembly, named
as Ag2S nanoassembly. The NIR fluorescence signal intensities of nanoprobe were
greatly enhanced due to multiple Ag2S nanodots assembled in each Ag2S assembly
with multibranched structures, which produced the high sensitivity for cell imaging.
Compared to the probe with one aptamer per fluorescence nanoparticle, the multi-
aptamer structures on assembly largely enhanced the binding ability with tumor
cells. Furthermore, magnetic nanospheres (MNs) modified with anti-EpCAM anti-
body (anti-EpCAM-MNs) were used to isolate the target cells due to the specific
binding with EpCAM on the surfaces of MCF-7 cells. The combination of the Ag2S
nanoassembly with anti-EpCAM-MNs showed highly efficient separation and anal-
ysis of CTCs with the feature of capturing and detecting as low as six cancer cells
in artificial clinical samples.

11.2.1.4 HCR for Detection of Other Biotic Environment

Similar to the above-mentioned report, Li and co-workers also reported quantum
dots and DNA assembly with multibranched structures for molecular imaging on
surface of cancer cells in the previous study (Li et al. 2016a, b). They synthesized
polymers with QD monomer (M1) and aptamer monomer (M2) through HCR. The
overhangs of the reactive hairpin unit (H1 or H2) were used for separate conjugation
with the functional unit (QDs or aptamer). In this design, the imaging sensitivity
of QAPs was significantly improved over QAMs, and biomolecule PTK7 imaging
on surface of cancer cells was realized at very low QD concentration of 5 nM.
As illustrated in Fig. 11.7, another study on PTK7 imaging on cell surface was
reported for activatable theranostics based on structure-switching aptamer-triggered
hybridization chain reaction (SATHCR) (Wang et al. 2015). To prove the concept,
the aptamer probe was designed using sgc8c as the model system with a molecular
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Fig. 11.6 DNA gelation-based cloaking and decloaking of CTCs. a At the initial solution phase,
the MCF-7 cells were dispersed in solution. The aptamer-initiator biblocks were able to specifically
bind to the EpCAM on cell surface that could then trigger the atcHCR reaction to assemble DNA
hydrogel. The ATP was used to destroy the DNA hydrogel with designed ATP-responsive region in
DNA hydrogel that cloaked on cell surface. b DNA hairpins H1 and H2 were trapped in metastable
state. Without DNA initiator, H1 and H2 could not hybridize. With DNA initiator, the H1 was
opened and triggered the subsequent hybridization chain reaction. c Confocal images of aptamer-
initiator biblocks (red) colocalizedwith DiO-stained lipid on cell membrane (green). dThe 3D stack
of MCF-7 cells cloaked in DNA hydrogel with FDA staining in green which show multilayered
cells in hydrogel. Stack height: 40 µm. e By adding the ATP, the MCF-7 cells were released
and dispersed in solution. Reprinted with the permission from Song et al. (2017). Copyright 2017
American Chemical Society

recognition functionality and activatable ability to initiating HCR via two hairpin
probes, signal probe H1 and drug probe H2 tagged with Cy5 as a donor and BHQ3
as an acceptor, respectively. The drug probe H2 was linked with a synthesized pro-
drug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2COOH)]. TheAPwould not triggerHCR
without target protein leading to no fluorescence signal for diagnostic imaging and
internalized drug probes for tumor therapy. Upon binding to PTK7, the AP under-
went structure switching and activated a single-stranded initiator sequence triggering
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Fig. 11.7 Illustration of SATHCR for activatable theranostics. Reprinted with the permission from
Wang et al. (2015). Copyright 2015 American Chemical Society

a real-time HCR with probes H1 and H2. An amplified fluorescence signal is acti-
vated in the chain-like HCR product due to the separation of fluorophores from
quenchers producing real-time fluorescence signal of tumor cells. The HCR product
also accumulated a high load of prodrug, which was taken in cells and led selective
cytotoxicity to tumor cells via reduction of the conjugated prodrug into cisplatin by
cytosolic thiols.

Recently, Zhang et al. developed a biosensingmethod based onHCR for the detec-
tion of intracellular telomerase activity (Zhang et al. 2018). pH modulates diverse
cellular events and plays an important role in many biological processes. Jiang’s
group illustrated a sensitive sensing and imaging of intracellular pH method based
on a pH-responsive, fully reversible hybridization chain assembly (Liu et al. 2017).
The triplex-forming sequence (TFS) would induce a cascade of strand displacement
and DNA assembly after forming DNA triplex by using the Hoogsteen base pairs at
acidic pH. The results showed that the HCR signal was responsible in physiological
pH ranges with reversibility.



226 Q. Li

11.2.2 CHA for Biomolecule Imaging in Cells

11.2.2.1 CHA for miRNA Imaging in Cells

In recent years, a lot of work about detection and imaging of miRNA in cells, espe-
cially cancer cells, based on CHA have been reported. For example, Wang’s group
recently designed gold nanoparticles based hairpin-locked-DNAzyme for ampli-
fied miRNA imaging in living cells (Yang et al. 2017). As shown in Fig. 11.8,
the probe was constructed with an AuNP and hairpin-locked-DNAzyme strands.
The AuNP core was employed as a cellular transporter and fluorescence quencher.
The fluorophore of FAM and thiol were labeled at the 5′ end and the 3′ end of
hairpin-locked-DNAzyme strands, respectively, which consisted four essential struc-
tural sections, including a target-binding sequence, a DNAzyme sequence which is
a Mg2+-dependent 10-23 DNAzyme (Mei et al. 2003), substrate sequence with a
cleavage site and a linker. The linker, which was composed of poly T and used to
attach with the 10-23 DNAzyme and its substrate, was hybridized to poly A to form
the hairpin structure. With no target miRNA, the hairpin-locked-DNAzyme strand
could form hairpin structure via intramolecular hybridization, which could inhibit the
catalytic activity of DNAzyme strand leading fluorescence quenching due to draw-
ing fluorophores onto the AuNP surface. The presence of target miRNA-triggered
target–probe hybridization to open the hairpin and form the active secondary struc-
ture in the catalytic cores and then yielded an ‘active’ DNAzyme. With the aid of
Mg2+, DNAzyme cleaved the self-strand at the facing ribonucleotide moiety into
two shorter fragments separated with the target because of the lower affinity leading
to fluorescence recovery. Meanwhile, the intact miRNA strand (target) was released
and bound to adjacent hairpin-locked-DNAzyme strand to activate another cycle for
significant signal enhancement with high detection sensitivity.

Recently, Liu and co-workers established a miRNA imaging platform based on
CHA using gold nanoflower (AuNF) modified with polydopamine (Liu et al. 2018a,
b). As described in their paper, folic acid and dye-labeled hairpin DNA 1 (H1) and
hairpinDNA2 (H2)were separately employed as the targetedmoiety, the recognition
and amplification elements to modify DA-AuNF by noncovalent interactions for
yielding hairpin DNA functionalized DA-AuNF (HDA-AuNF) which was in “off”
state due to the FRET between the dye andDA-AuNF.Upon the nanovector delivered
into cells mediated by folate receptor, the target miRNA-21 specifically recognized
and opened H1 on the HDA-AuNF. The H1-target conjugate with exposing sticky
end could be dissociated by H2 via strand displacement to release the target for the
next cycle, leading to multiple signal outputs for imaging and sensitive detection
of intracellular miRNA. Other nanovectors, such as carbon nitride nanosheets and
graphene oxide (GO), were chosen as cellular carriers to amplify detection signal
for miRNA in living cells based on CHA (Liao et al. 2018; Liu et al. 2016).
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Fig. 11.8 Working mechanism of the AuNP-based hairpin-locked-DNAzyme probe for miRNA
detection. Reprinted with the permission from Yang et al. (2017). Copyright 2017 American Chem-
ical Society

11.2.2.2 CHA for mRNA Imaging in Cells

CHA offers a useful platform for development of DNA nanomachines, constructed
with multiple DNA sequences in response to a single trigger, which could be used for
biosensing and imaging of low-abundance biomolecules. For example, Jiang’s group
reported an approach to reconstruct DNAzymatic amplifier nanomachine induced
by mRNA target via CHA, and the nanomachine then was used to elicit concurrent
mRNA imaging and gene silencing in living cells (Li et al. 2018a, b). To verify
the concept, they chose a tumor-related biomarker GalNAc-T mRNA as the model
target to demonstrate the design (Li et al. 2012). Two hairpin probes H1 and H2
were separately designed as the signal unit and the therapy unit in the nanodevice.
A fluorophore Cy5 and a quencher BHQ2 were attached onto the signal unit H1
and its complementary base, respectively, to light up the target mRNA. Therapy
unit H2 is designed to block a part of the enzyme strand of DNAzyme in the stem
region to activate gene therapy. 10-23 DNAzyme was chosen to cleave the target
gene human early growth response-1 (EGR-1). The presence of target GalNAc-T
mRNA initiated the CHA to form multiple H1-H2 duplex products, activating an
amplified fluorescence signal due to the dissociation of fluorophores from quenchers.
Meanwhile, the conformational changes of hairpin probes completely restore the
enzyme strand from H2, allowing reconstruction of DNAzyme for activatable gene
silencing. Intracellular mRNA target would trigger the generation of multiple H1-H2
duplex products for concurrent sensitivemRNA imagingwith a low limit of detection
estimated to be 9 pM.Because the activity of DNAzyme is inhibited and is selectively
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activated by the target mRNA, this approach could improve the selectivity of therapy
with low side effect.

For monitoring targets of interest, especially for analytes with low abundance in
live cells, enzyme-free amplification techniques still remain a challenge. To meet
this challenge, Su et al. demonstrated the design and fabrication of a CHA-based
theranostic nanoplatform for sensitive and specific intracellular mRNA-triggered
fluorescence-guided therapy (Su et al. 2017). In this design, Cy5 attached on duplex
DNA was chosen as the near-infrared (NIR) fluorescence reporter of CHA, and
AuNRswere chosen as thefluorescencequencher andPTTagent due to the strong sur-
face plasmon absorption at NIR region and high photothermal conversion efficiency.
This nanoplatform relied on two intracellularmRNA triggerable hairpinDNAswhich
were assembled to theCy5 linking duplexDNAon the surface ofAuNRs for enabling
fluorescence amplification. The fluorescence of Cy5 was quenched by AuNRs with-
out target mRNA, and the presence of target mRNA would light up the fluorescence
of Cy5. Compared to the always-on systems, the “off” to “on” process effectively
avoided the “false-positive” signal. Thus, the “off” to “on” theranostic nanoplat-
form offered synergistic advantages of enzyme-free signal amplification from CHA
and the high photothermal effect from AuNRs for mRNA-triggered fluorescence
imaging-guided PTT.

For another enzyme-free amplification technique, hairpin DNA cascade ampli-
fier (HDCA) was developed to visualize low-expression mRNA with high signal
gain in live cells. This HDCA was constructed with two major components: a cat-
alytic element consisting of two hairpin-shaped metastable DNA substrates, whose
conformational transformations can be catalytically triggered upon target mRNA
binding, and the reporting moiety containing a hybridized DNA duplex with a fluo-
rophore (Rep-F) and quencher (Rep-Q) (Wu et al. 2015a, b). As shown in Fig. 11.9,
a pair of metastable hairpin DNA substrates, H1 and H2, remained intact with no
target mRNA, since their cross-reactivity was effectively blocked by intramolecular
hybridization. However, H1 and H2 will form a stable hybridized duplex triggered
by target mRNA, which was released, instead of being consumed, to catalyze the
next catalytic round. The H1-H2 duplex dehybridized the reporting moiety, resulting
in a restoration of the initially quenched fluorescent signal which lighted up cells.
In this HDCA, the target mRNA acted as catalyst and circularly generated signal
outputs to achieve signal amplification.

11.2.2.3 CHA for Other Biomolecule Imaging in Cells

There are also many approaches developed for amplifying the signal of biomolecules
with low abundance and imaging in living cells. For example, a catalytic hairpin
assembly RNA circuit that was genetically encoded, termed CHARGE, was devel-
oped by Karunanayake Mudiyanselage et al. (2018) In the design, Broccoli was
separated into Broc and Coli with no fluorescence, and two CHA hairpins, H1 and
H2, were separately linked to Broc and Coli (Alam et al. 2017). In presence of target,
hybridization between H1 and H2 was triggered to form Broccoli, leading to fluores-
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Fig. 11.9 Illustration of hairpin DNA cascade amplifier (HDCA) for catalytic signal enhancement
of specific mRNA expression in living cells. After transfection into live cells, the catalytic HDCAs
are initiated by specific target mRNA to repeatedly yield many H1–H2 duplexes, which further
destabilize the reporter moiety and fluoresce inside the cells. Reprinted with the permission from
Wu et al. (2015a, b). Copyright 2014 American Chemical Society

cent restoration of DFHBI-1T as an indicator for target. As described in the report,
one target RNA can catalytically activate tens-to-hundreds of Broccoli fluorescence.
So this approach they constructed provides a robust fluorescence signal and can be
used for RNA imaging in live cells with high sensitivity.

Metal ions play critical roles in numerous biological processes. It is important
to detect and monitor intracellular concentrations of metal ions because their con-
centration may affect normal functions. Toward this goal, Jiang’s group designed
the DzCHA probe that consisted of two parts: a Na+-specific NaA43 DNAzyme and
CHA amplification triggered by the cleaved product of the DNAzyme (Wu et al.
2017). The substrate strand at the rA position would be cleaved by the DNAzyme in
the presence of Na+. Upon being released from the substrate strand, the cleaved frag-
ment became the initiator DNA (I) for the CHA amplification using two hairpin DNA
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molecules (H1 and H2). The H1 and H2 remain intact because the cross-reactivity
is blocked by their intramolecular hybridization to form loops without free initiator
DNA. Once the initiator DNA (I) is released, it will bind to H1 through toehold-
assisted hybridization to open H1. Upon generating single-stranded portion on H1,
H2was opened through strand-displacement reaction, leading the fluorescence signal
turn-on. As a result of forming a stronger duplex between H1 and H2, I fragment was
released, instead of being consumed, to catalyze the next circuit, generating multiple
signal outputs to achieve signal amplification for endogenous Na+ detection.

For ATP detection and imaging in living cells, the approach based on aptazyme
technology was established (Yang et al. 2016). In this design, ATP aptamer and
AuNPs were employed to construct the probe to elucidate the principle of this
method. This method provides a new platform to intracellular ATP imaging with
high selectivity and low detection limit of 100 nM.

11.2.3 SDA for Biomolecule Imaging in Cells

11.2.3.1 SDA for miRNA Imaging in Cells

In recent years, many strategies based on SDA, which is used to achieve target induc-
tion and signal amplification, have been reported. For example, Bai and co-workers
employed gold nanoparticles (AuNP) as a scaffold to hold DNA to form a tetrahedral
DNA nanostructure (TDN) (Bai et al. 2018). AuNPs exhibited fluorescence quench-
ing effects and a large surface area to fabricate a fluorescence resonance energy
transfer-based nanosensor (Au-TDNN). In the presence of miR-21 (target), the fluo-
rescent dye-labeled detection probe on Au-TDNNswould be separated fromAuNPs,
which blocked the fluorescent quenching, producing an intensive fluorescence signal
as an indicator for miRNA detection. Dai and co-workers also design a probe for
miRNA quantitative detection utilizing SDA techniques (Dai et al. 2018). As shown
in Fig. 11.10, they developed an intracellular miRNAs detection method based on
a near-infrared (NIR) laser-induced target SDA mechanism. In this work, two types
of hairpin probes, one was programmable oligonucleotide hairpin probes of hairpin
assistant probe and the other was dye-labeled hairpin detection probe (HDP), were
separately designed on the terminal and side surfaces of AuNRs (THP-AuNRs). In
the THP-AuNRs, fluorescence of HDPwas quenched by theAuNRs. The presence of
target miRNAs separated the fluorescent dye from the surface of the AuNRs, leading
to recovery of fluorescence. In the THP-AuNRs, a DNA linker connected the HAP
to the terminal surface. The HAPwas thermodynamically released from the terminal
surface of AuNRs due to the photothermal effect of AuNRs with the 808 nm NIR
laser irradiating. The released HAP displaced the hybridized target miRNAs on the
THP-AuNPs, triggering a target SDA for sensitive miRNAs detection. The designed
strategy provided excellent analytical performance inmiRNAs analysis in living cells
and multicellular tumor spheroids (MCTS). Notably, a quantitative method in single
living cells was realized using a linear regression equation derived from miRNA
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Fig. 11.10 Schematic illustration of THP-AuNRs nanopore and intracellular miRNA-amplified
analysis in single living cells. The top row shows the principle of HAP andHDPmodified toAuNRs.
The bottom row shows the principle of detection based on THP-AuNRs nanoprobe through NIR
irradiation-triggered SDA. Reproduced from Dai et al. (2018) by permission of The Royal Society
of Chemistry

mimics based on the NIR-triggered SDA strategy because of its high sensitivity.
For highly sensitive multiple intracellular miRNA detection, this group also devel-
oped an ATP self-powered SDCA system based on mesoporous silica-coated copper
sulfide nanoparticles (CuS@mSiO2) (Meng et al. 2018). CuS@mSiO2 loaded with
numerousATPswasmodifiedwith theY-motifDNAstructure (CuS@mSiO2/Y-ATP)
through a disulfide bond (–S–S–) with one terminal containing a folded DNA strand
(rich in cytosine and guanine) to improve the encapsulation efficiency and reduce
the cargo leakage. After cellular uptake, the folded DNA strands were unlocked by
forming a C-G·C+ triplex DNA structure and accelerated the rupture of the disulfide
bond (–S–S–) to release numerous ATPs in an acidic microenvironment. ATP was
enhanced released from the nanoprobe due to the photothermal effect of the CuS
core with the near-infrared (NIR) laser irradiation. The presence of target miRNAs
in living cells triggered the corresponding strand displacement, and the endogenous
and released ATP acted as fuel for SDCA, producing fluorescent signal as an indi-
cator for miRNA target detection. In this report, the endogenous and released ATP
powered the SDCA strategy instead of additional external catalytic fuel for intracel-
lular miRNA analysis, enabling facile and accurate differentiation between normal
cells and different types of cancer cell using intracellular miRNA imaging.
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A DNA-fueled molecular machinery approach for sensitive detection of let-7a
miRNAs in living cells with target-triggered recycling amplifications was reported
(Li et al. 2017a, b). The nanoprobe was constructed with gold nanoparticles modifies
with dsDNA, which were doubly labeled with FAM and TAMRA, and unfolded hair-
pin sequences togetherwith theDNA fuels. Once themolecularmachinewas uptaken
by cells, the function would be triggered by the target let-7a miRNA sequences and
led to recycle the let-7a sequences through two cascaded TSDRs with the aid of
the DNA fuel strands, leading to the release of many hairpin sequences from the
dsDNA-AuNPs. The FAM and TAMRA were brought into close proximity, because
of the restoration of the hairpin structures, to generate amplified FRET signals as an
indicator for let-7a detection in living cells. As shown in Fig. 11.11, a nanomachine
containing a DNA coated AuNP assembly (DNA-AuNP), a walking leg (W), and a
fuel (F) was designed (Liang et al. 2017). In this design, a three-stranded substrate
complex (A/B/C) and affinity ligand (L) were conjugated on a single AuNP. Sub-
strate A tethered to the AuNP through a thiol at 5′ end along with B co-hybridizes
to C labeled at 3′ end with FAM, forming a sandwich structure with a toehold at
the 5′ end (toehold 1) and a B-sequestered toehold in the middle (toehold 2). In
this nanomachine, the FAM fluorescence emission was almost quenched by AuNP.
The W was drawn into a close proximity to the AuNP surface by binding L and
W to T, which was designed to separately embed in L and W as the recognition
sequences for target. The close proximity made W tethered to the AuNP to form a
walkable legwith capability to performhighly effective intramolecular hybridization.
And entropy-driven catalytic reaction was triggered as follows: W interacted with
C via toehold 1 and displaced B from C via toehold-mediated strand displacement
to expose toehold 2 on C. F hybridized to toehold 2 and triggered branch migration
to form duplex C/F, resulting in the complete disassembly of the A/B/C complex
and concurrent restoration of initially quenched FAM emission of C. The interaction
of C with F liberated W to move along the DNA-AuNP track to react with a new
toehold 1, triggering autonomous surface-bound A/B/C disassembly and continuous
production of the fluorescence signal from the formation of duplex C/F.

Recently, Wu’s group designed a 3HPSDA nanomachine for target miRNA-
triggered catalytic assembly to amplify fluorescence signal as an indicator formiRNA
detection (Xue et al. 2018). Shen and co-workers utilized AuNPs to design pho-
tocaged DNA sensors based on SDA for miRNA detection (Shen et al. 2018).

11.2.3.2 SDA for Other Biomolecule Imaging in Cells

SDA strategies designed for cellular imaging have been widely reported includ-
ing ATP detection and mRNA detection in living cells (Gao et al. 2018; He et al.
2018). Tan’s group developed an entropy-driven 3D DNA amplifier (EDTD) able to
operate within living cells to detect a specific intracellular mRNA target, shown in
Fig. 11.12 (He et al. 2018). TheEDTDprobewas constructedwith the entropy beacon
tetrahedron (ET) module and the fuel tetrahedron (FT) module. In their design, an
autonomous DNA circuit inside living cells could be specifically initiated by mRNA
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Fig. 11.11 Schematic illustration of the operation of entropy-driven DNA nanomachine for miR-
NAs analysis. Reproduced from Liang et al. (2017) by permission of John Wiley & Sons Ltd.

target/EDTD interaction owing to the exclusive entropy-driven force, leading obvi-
ous signal amplification for ultrasensitive detection of the target mRNA. Biostability
and cellular uptake efficiency of DNA machines, which were usually recognized as
prerequisites for in vivo applications, were significantly enhanced due to molecular
engineering of a unique DNA tetrahedral framework into the DNA amplifier. This
programmable DNA machine presented a simple and modular amplification mech-
anism for the detection of intracellular biomarkers. Moreover, this study provides a
potentially valuable molecular tool for understanding the chemistry of cellular sys-
tems and offers a design blueprint for further expansion of DNA nanotechnology in
living systems.

11.2.4 RCA for Biomolecule Imaging in Cells

In recent years,manynanoprobes basedonRCAstrategies havebeenwidely designed
and applied in cellular imaging including ATP, miRNA, and mRNA detection in liv-
ing cells, and detection of cancer cells, and delivery of siRNA into cancer cells. For
example, Larsson and co-workers presented a method for in situ detection and geno-
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Fig. 11.12 Assembly of the ET module (a) and the FT module (b); c mechanism of EDTD for
catalytic signal enhancement of specific mRNA expression in living cells. Reprinted with the per-
mission from He et al. (2018). Copyright 2018 American Chemical Society

typing of individual mRNA molecules with padlock probes utilizing target-primed
RCA (Larsson et al. 2010). In this report, they accomplished transcript detection
in situ by first converting the mRNA into localized cDNAmolecules, which could be
detectedwith padlock probes and target-primedRCA.Genotyping of individual tran-
script molecules was highly specific with cDNA due to the specificity of the padlock
probe ligation. For in situ mRNA detection in single cells, Li’s group developed a
robust method to directly detect mRNA. They employed Splint R, a recently discov-
ered ligase, to efficiently catalyze ligation of the padlock probe by a RNA template
for mRNA detection without reverse transcription (Deng et al. 2017). In their work,
they introduced an extra short DNA sequence acting as the primer to perform in situ
RCA instead of using mRNA as primer. In our group, we also designed probes for
biomolecules detection using RCA techniques. For example, as shown in Fig. 11.13,
DNA RCA based on click chemistry reaction was designed for imaging cell sur-
face glycosylation with improved detection sensitivity. The click chemistry between
the azide group of azido-sugars, which were integrated into glycans, and alkyne-
functionalized DNA enhanced the labeling efficiency of DNA on the cell surface.
An in situ RCA reaction would be initiated by the assembled DNAwith the presence
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Fig. 11.13 General strategy for DNA RCA-assisted metabolic labeling of cell surface glycans.
Reproduced from Zhang et al. (2016a, b) by permission of The Royal Society of Chemistry

of phi29 DNA polymerase and dNTPs, producing a long tandem repeated sequence.
The RCA product would hybridized with large amount of FITC-labeled DNA gen-
erating an enhanced fluorescence as a detectable signal. This method can provide
information about the localization and distributions of carbohydrates on the cell
surface by using relatively low concentration of azido-sugar (Zhang et al. 2016a, b).

Recently in our group, a study on telomere detection and drug delivery based on
RCAwas reported (Zhang et al. 2017). In this design, new nuclear-shell biopolymers
were formed on silica nanoflowers by telomere elongation. Telomerase could elon-
gate the telomere primers, resulting in inner chain substitution followed by the release
of RCA-primers and the trapped drug, which triggered the RCA of signal molecules,
attached with fluorescence labels and self-assembled into the nuclear-shell offering
significantly amplified signal. DOXcould be released in response to telomerase activ-
ity for specific cancer treatments. This method could be used for human telomerase
activity monitoring with high sensitivity. The discrepancy of telomerase activity
between normal and tumor cells could be utilized to target drug release and improve
diagnosis–treatment processes. For another work, based on RCA we constructed the
novel nucleic acid–graphene oxide self-assembly, nucleic acid molecular aggregate
self-assembled on graphene oxide nanoplates, and a functionalized triple-helix probe
(THP) (Zhang et al. 2016a, b). The functionalized THP, which consisted with the
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aptamer region for target recognition and the trigger DNA region for RCA, was
firstly used for miRNA imaging in single cells. In this design, nucleic acid molec-
ular aggregates, which were composed with the RCA products and fluorescence
molecule-labeled DNA by hybridization, could partly self-assemble on graphene
oxide nanoplates, and the other part were free, which led to the quenched fluores-
cence recovery. This method could be applied in low-abundance miRNA detection
and imaging in single cells.

The use of self-propelled nanowires (AuNWs) for selective and rapid intracel-
lular siRNA delivery utilizing a hybrid siRNA-DNA nanotechnology platform was
described in this work (Esteban-Fernandez de Avila et al. 2016). In this approach,
gene silencing relied on the accelerated intracellular delivery of green fluorescence
protein targeted siRNA (siGFP), hybridized to RCA DNA structures carried by the
US-propelled AuNWs. Once inside the cell, the siGFP was responsible for silencing
the formation of new fluorescent proteins, as indicated by the rapid loss of the green
fluorescence, which reflected an effective intracellular siRNA delivery. Different
from other approaches using either membrane fusion or receptor-related endocytosis
to enter the cell, these ultrasound-powered nanomotors pierced and traveled inside
the cell. The nanomotor-based gene silencingmethodwould bewidely used formany
cell lines.

11.2.5 PCR for Biomolecule Imaging in Cells

Based on programmable signal sequence, Jiang’s group developed a novel strategy,
using small molecule linked with DNA, to realize protein biomarker, on living cell
surface, detection and imaging in situ and washing-free, developed (Huang et al.
2018a, b). Compared to the former study, in this method they deactivated the non-
bound probes to achieve wash-free detection of proteins on cell surface. Hence, in
this strategy the signal-to-background ratio was enhanced and this method provided
a platform for signal reporting and amplification of various functional nucleic acids.
Additionally, this strategy provided a label-free method for membrane protein detec-
tion because of no fluorescence or radiolabeling labeling.

Given the disruptiveness and restrictive, such as only provided snapshots of phe-
notypic traits, of molecular evaluation of reprogramming, gene reporter might risk
insertional mutagenesis during viral transfection. So, Wiraja et al. demonstrated the
utilization of a non-integrative nanosensor to visualize key reprogramming events
in situ within live cells (Wiraja et al. 2018). Principally based on sustained intra-
cellular release of encapsulated molecular probes, nanosensors successfully mon-
itored mesenchymal-epithelial transition, pluripotency acquisition, and transdiffer-
entiation events. Tracking the dynamic expression of four pivotal biomarkers (i.e.,
THY1, E-CADHERIN,OCT4, andGATA4mRNA), nanosensor signal showed great
agreement with PCR and gene reporter imaging (R2 > 0.9). Such facile, versatile
nanosensor-enabled real-timemonitoring of low-frequency reprogramming events is
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thereby useful for high-throughput assessment, optimization, and biomarker-specific
cell enrichment.

11.3 Conclusion and Perspectives

These nucleic acid amplification strategies were widely developed and used formany
biomarker detection and imaging in living cells or on cell surface. These strategies
were designed to be facile and versatile, and the methods could be sensitively and
specially used to detect biomolecules with low abundance or down-regulated proper-
ties in tumor cells. However, the nucleic acid amplification strategy used for in vivo
imaging is rarely reported now. The current and oncoming challenges provide new
opportunities for further research and development of improved analytical methods
for all aspects of detection abilities, including accuracy, selectivity, efficiency, sen-
sitivity, and application rang such as efficient multimode clinical detection, small
animal in vivo imaging and the study of integrated diagnosis and treatment. If we
can overcome the stability problem of probes in enzyme resistance inside cells, an
isothermal amplification strategy-assisted modern optical method could be a strong
tool in understanding life processes, and then help us to diagnose and treat cancers at
a higher level. With the rapid development of nanomaterials and analytical method-
ology, it is expected that more excellent and simple-to-handle gentle amplification
strategies could emerge brilliantly to build smart optical biosensing platforms for
the sensitive assay of many malignant diseases with low cost, less time, ease of
operation, and high sensitivity. Therefore, real clinical applications for accurate and
minimally invasive diagnosis even with portable POC devices, precise and efficient
drug delivery, and disease therapeutics could be realized.
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Chapter 12
Surface-Enhanced Raman Spectroscopy
for Bioimaging Based on Nucleic Acid
Amplification Strategies

Shanwen Hu

Abstract Surface-enhanced Raman scattering (SERS) has been widely used on
biosensing and bioimaging, especially for nucleic acid analysis. However, some
problems such as target identification and signal uniformity limit its development.
When introducing nucleic acid amplification strategies into SERS detections, some
inspiring works have been reported. Herein, we first made a brief tutorial on SERS
technique, then we reviewed recent works on SERS bioimaging based on nucleic
acid amplification strategies, and at last, we made an outlook on the development of
this topic.

12.1 A Brief Tutorial on SERS

Surface-enhanced Raman scattering (SERS) is firstly observed in 1973 on a rough-
ened silver electrode to detect adsorbed pyridine and then correctly interpreted in
1977 (Campion and Kambhampati 1998). In 1997, scientists were inspired by the
fact that the signal strength of Raman scattering can be evenly matched with that
of fluorescence (Fig. 12.1) (Kneipp et al. 1999). During the last two decades, SERS
technique undergoes a blooming age, in view of development in nanomaterials and
Raman instrument. Nowadays, scientists majored in many fields, including chem-
istry, physics, material, and life sciences, are expanding our knowledge on SERS and
exploiting its huge potential in numerous approaches (Bantz et al. 2011).

The mechanisms of SERS phenomenon can be classified into two types: electro-
magnetic enhancement and chemical enhancement. Electromagnetic enhancement
relies heavily on noble metal nanoparticles. Amolecule with Raman scattering effect
is subjected to electromagnetic fields (EF) generated on the metal surfaces, results in
stronger polarization of themolecule, leading to high SERS signals. Electromagnetic
enhancement is counting for the major component of the enhancement mechanism,
reported enhancement contribution of 104–107. Chemical enhancement results from
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Fig. 12.1 Principle of Raman scattering, a stoke and anti-stoke modes, and b the comparison
between fluorescence and Raman scattering spectra. Reprinted with permission fromLee and Tseng
(2018). Copyright 2018 AIP publishing

charge transfer between metal and molecules adsorbed on plasmonic nanoparticles
surfaces. Compared with electromagnetic enhancements, chemical enhancements
are usually smaller, at range of 10–102, depending on the chemical structure of
molecules (Laing et al. 2017; Kahraman et al. 2017).

Since electromagnetic enhancement counts for most of SERS phenomenon,
research mainly focuses on fabricating novel plasmonic substrates to obtain higher
enhancement factors, via modulating physical properties such as particle size, shape,
or composition of plasmonic particles (Fig. 12.2) (Du et al. 2018). The resonance
frequency changed with the physical characteristics of nanoparticles. Higher SERS
EFs can be achieved when the wavelength of the SPs (defined as λSP) is between the
excitation wavelength (defined as λexc) and the wavelength of Raman signal (defined
as λRS). Theoretical and experimental results indicate that EF reaches a maximum
when λSP = 1/2(λexc + λRS). The EF on surface of nanoparticles also changes with
physical properties. Thus, it is of essential meanings to generate intense electric fields
on SERS substrate (Kneipp et al. 1999).

Besides physical properties of metallic nanoparticles mentioned above, there are
other factors could effect plasmonic properties and which in turn contribute to SERS
signals, such as molecule–substrate distance, type of structures (colloids and solid
substrates), and aggregation status.

12.2 Fundamental Aspects of SERS Bioimaging

Identification of target molecules is always a key issue for applications ranging
from health care to homeland security. SERS is especially helpful since it is capable
of obtaining “fingerprinting” spectra from molecules similar in structure with high
sensitivity. Furthermore, water has minimal background signal in SERS detection,
which is beneficial for analysis of aqueous samples (Li et al. 2014; Cialla-May et al.
2017).
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Fig. 12.2 a Illustration of the oscillating electron cloud, which moves in opposite direction of
the electric field vector, for a nanoparticle smaller than the wavelength of light. b Depiction of
the parameters. c Emitted dipole field of a metallic nanoparticle under light excitation. d EM
enhancement of both the incident field and the scattered field. Reprinted with the permission from
Lane et al. (2015). Copyright 2015 American Chemical Society

SERS bioimaging shows further advantages over other typical analysis techniques
for the following aspects: (1) Widths of Raman peaks are normally 10–100 times
narrower than fluorescence peaks, minimizing the overlap between different peaks;
(2) SERS signal can be generated from SERS-active molecule within the zone of
electromagnetic enhancement as long as the laser excitation wavelength is matched
with the substrate LSPR wavelength, thus a single excitation source can be used for
multiple labels; and (3) SERS labels are not susceptible to photobleaching (Ding
et al. 2017).

Considering all these advantages, SERS detection is playing more and more
important roles in biosensing applications. Herein in order to gain a better under-
standing of nucleic acid-based SERS detection, we first introduce some fundamental
aspects of SERS biosensing in this section.

There are two types of SERS probes namely colloidal suspensions and solid sub-
strates. As mentioned above, molecules must be bound to noble metal nanostructures
in the range of 1–4 nm. Since this distance is determined by interactions between
molecules and nanosurfaces, the SERS activity is stronger when the target molecules
possess the opposite charge with the nanosurfaces. The reduced zeta potential of
nanoparticles often caused aggregation, leading to increased SERS signals. How-
ever, large aggregates limit the generation of hot spots, and small-sized aggregates
seem to be optimum for largest EFs (Cardinal et al. 2017).
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12.2.1 SERS Substrate

As mentioned before, there are two mechanisms attributed to SERS effect, namely
chemical enhancement, which is based on the charge transfer between substrate and
analytes, and electromagnetic field (EF) enhancement, which relies on the metallic
nanoparticles. Hence, most efforts to develop EF-based SERS sensors are focused
on various SERS-active substrates based on new metal nanomaterials (Betz et al.
2014; Wang et al. 2017a).

The mechanism of SERS phenomenon is thought to be the laser excites localized
surface plasmons on the metal, when properly regulated to match the geometry
and material on SERS substrate, resulting in a strong, localized electromagnetic
field, which greatly enhances Raman scattering of molecules within a few nm of
the substrate surface. There are additional reports of a chemical charge transfer
mechanism, which contribute to the overall SERS effect. Since the SERS substrate
material plays a key role in the surface enhancement phenomenon, efforts have been
devoted to fabricating novel and efficient SERS substrates. A brief review about the
major categories of SERS substrates is introduced in this section, not intending to
be a completed list, but instead a brief outline for better understanding of SERS
bioimaging.

Roughened electrode

An electrode possess nanoscale roughness can be used as a signal generator for both
electrochemical and SERS detection. Ikeda, K presented an Ptmonolayer electroded,
shown in Fig. 12.3, helped to gain better understanding in electrochemical SERS
study. SERS observations were conducted on atomically defined Pt surface, while the
electronic effects induced by crystal orientation, surface metal layer formation, and
electrochemical potential tuning were also investigated successfully (Hu et al. 2014).
Brolo, AG developed a roughened silver electrode immersed in diluted solutions of
Brilliant Green, to show Stokes and anti-Stokes SERRS intensity fluctuations (dos
Santos et al. 2011).Advantages of such electrode lie in the convenience of fabrication,
the controllable surface situation, and double signal obtainment.

Colloidal nanoparticles

Colloidal nanoparticles have been widely used as SERS substrates for decades.
Nanoparticles such as Au or Ag can be synthetized conveniently in the laboratory,
with tunable physical and chemical prospects. For example, Xiong, J reported 3D
sword-shaped Cu crystals via a universal colloidal method on Al substrates (Zhao
et al. 2018). Morphology control during synthesis is key factors to fabricate colloidal
nanoparticles as highly efficient SERS platforms.

Thanks to the development of nanotechnology, both nanoparticle size and geom-
etry can be easily tuned or controlled by modulating experimental conditions. Some
inspiringworks havedemonstrated controlled nanoparticle geometry for SERSdetec-
tion such as nanocubes (Park et al. 2018), octahedral (Yoon et al. 2017), cuboctahe-
dra (Zhang et al. 2016), as well as core-shell (Jung et al. 2018) or alloyed particles
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Fig. 12.3 a Schematic illustration of conventional SERS system on rough poly Pt. The Pt surface
was coveredwithCPI.bPeak position as a function of the d-band center for various single crystalline
Pt substrates. The linear fitting was conducted among Pt(100), Pt(110), and Pt(211). Reprinted with
permission from Hu et al. (2014). Copyright 2014 American Chemical Society

(Schlucker 2014). Since the size, shape, and material of the particles all contributes
to the resulting plasmonic resonance characteristics, research on SERS-based bio-
analysis is closely related to nanotechnology.

Silicon

Silicon substrates are utilized as SERS substrate for their relatively low background
within the Raman fingerprint region, aside from the characteristic peaks associated
with the silicon crystal vibrations (Wang et al. 2015). The inkjet printer is used
to fabricate the substrate for patterning designs. The brittleness of silicon wafers
precludes them from being easily transported to the point of use, unless thewafers are
immobilized on another support, for example, a glass slide. On-site SERS biosensing
based on silicon substrate is bearing a blooming development (Shi et al. 2018; Meng
et al. 2018).

Paper

Paper is drawing increasing attention as a substrate material for the features of
lightweight, flexible, economical and portable, as well as power-free fluid trans-
port via capillary action and the ability to store reagents within the fiber network.
All of these features indicate that paper is very suitable for SERS sensor as sup-
porting substrate (Hu et al. 2017). Recently, many works have reported that paper
can be integrated with nanoparticles via different strategies, such as seeded growth,
self-assembly, adsorption, brushing, inkjet printing, or in situ synthesis (Hu et al.
2018). So paper coupled with nanoparticles has great potential to be developed as
SERS-active biosensors.
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12.2.2 Labeled and Label-Free SERS Sensing

Raman reporter

Raman reporters are usually referred to molecules with large Raman cross sections,
for example, chromophores such as malachite green, cyanine dyes, R6G, crystal
violet, andNile blue. The concentrations of targetsmolecules are relatedwith amount
of Raman reporters, so as to change the signal of targets to signal from the reporter,
which is stronger enough to be distinguished from potential contaminants adsorbed
on surface. Fluorescence signal is a common interference for SERS detection. So
it is essential for the reporters to be firmly anchored to the surface so as to quench
background emission (Wang et al. 2013b; Lane et al. 2015).

In recent years, the rational design of SERS reporters has been reported for
improved stability and signal intensity (Banholzer et al. 2008). For example, Olivo
and colleagues developed reporters based on triphenylmethine parent structures with
a lipoic acid anchor group, which is more stable than single sulfur bond (Maiti et al.
2011). The Olivo group also fabricated a NIR resonant dye possessed 12-fold greater
sensitivity than normal DTTC dyes, due to the extra stability introduced by a dithiol
anchoring group (Maiti et al. 2012). Recently, chalcogenopyrylium dyes have been
found to exhibit strong SERS signals in the NIR spectrum while having high affinity
to substrate surfaces (Harmsen et al. 2015). Further explorations of Raman reporters
would be beneficial to multiplexed tagging SERS applications (Kneipp et al. 2008;
Wang et al. 2017a).

Label-free detection

Label-freemethods have been used to directly identify biomolecules and obtain spec-
trum of molecules. By label-free determination of analytes, the spectral signatures of
a single molecule down to fingerprint can be captured. For a long time, the signal of
label-free is not strong enough to be distinguished from background. Nowadays, due
to the improvement of Raman instrument and detection strategies, label-free signal
can be read out and the signal intensity can also be related with target concentrations
(Krafft et al. 2017; Wang et al. 2017b; Dasary et al. 2009).

12.2.3 Limitation of SERS Bioanalysis

Thoughnumerousworks havehighlighted their SERSbioanalysis strategies, there are
still some major limitations. First, the linkage between pre-embedded nanomaterials
and substrates is usually not strong enough to bear the reagents during sample load-
ing, which may lead to aggregation or detachment, resulting in uniformity. Second,
nanoparticles are usually deposited on substrate in a random way, and it may restrict
the generation of hot spot and reduce the uniformity. Third, fluorescence signal has
the potential to mask SERS signals, even small amount of background fluorescence
signal will lead to large disturbance. Finally, the practical issue of instrumentation
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cost limits application of SERS out of biological laboratory; even though miniscale
Raman spectrometers have been reported, for the most part, the cost of a laser, optics,
spectrograph, and detector is high (Cardinal et al. 2017; Barhoumi et al. 2008; Laing
et al. 2016).

12.3 SERS Bioanalysis Based on Nucleic Acid
Amplification Strategies

12.3.1 Nucleic Acid in SERS Bioimaging

Aptamers for recognition

Aptamers are short single-strand DNAs or RNAs capable of recognizing targets
with high affinity and specificity. A large number of aptamers have been screened
via a combinatorial technique called systematic evolution of ligands by exponential
enrichment (SELEX). Typically,more than 1010 randomsequences are sent for target
binding, and the ssDNAs/RNAs binding well to the target are then picked out. After
PCR process, the products are subjected to the next round until the final sequences
are identified as aptamers.

Aptamers play a vital role for biotarget recognition including metal ions, organic
molecules, biomolecules, and even microorganisms/cells. In comparison with other
target recognition molecules such as antibodies, aptamers show their advantages
such as cost-effective synthesis, high binding affinities, and flexibility for signal
transduction. Besides, it is easy to design probes in combination with following
nucleic acid amplification process (Lee andTseng2018;Wang et al. 2010) (Fig. 12.4).

DNA detection in SERS

SERS has been widely used in DNA detection since its high sensitivity for readout
(Ngo et al. 2016). Indirect sensing approaches are more popular, where a SERS
reporter and ssDNA are immobilized onto nanoparticles and conformation will
change after target recognition. Direct sensingmethods have long been suffered from
limitations such asweak signals and large background.However, in recent years large
efforts have been devoted to these issues (Garcia-Rico et al. 2018). Target DNAs are
determined after hybridization with probe on SERS-active substrate (Wang et al.
2013a). Due to the “hot spots” scattering on these SERS-active substrates, DNA
targets detection with a limit low to 15–20 attomoles have been reported (Li et al.
2013) (Fig. 12.5).

RNA detection in SERS

When it comes to RNA detection on SERS substrate, most of the detection methods
based on the Raman-labeled nanoparticle probes or least squares analysis failed to
meet the requirement. The sensitivity is not sufficient to detect RNAs in clinically



248 S. Hu

Fig. 12.4 SERS-based adenosine detection using structure-switching aptamer. a Short DNA strand
released by target addition hybridizes with its probe DNA on SERS substrate and generates SERS
signal (Chen et al. 2008). b Thrombin detection according to the different amount of CV molecules
absorbed on SERS substrate due to target-induced different electrostatic effect of the anchored
aptamer (Hu et al. 2009). Reprinted from Wang et al. (2010). Copyright 2010, with permission
from Elsevier

relevant samples without an RNA enrichment treatment. For example, to detect cir-
culating miRNAs in blood without PCR enrichment treatment, at least femtomolar
sensitivity was needed (Pang et al. 2014).

Efforts have been devoted to detect RNA via SERS for clinical use, such as
diagnosis of H5N1 (Wang et al. 2018b), cancer cells, and virus (Zou et al. 2018;
Lee et al. 2017; Ali et al. 2014). Xu et al. described in vivo image of miRNA by
SERS. They introduced side-by-side self-assembled plasmonic nanorod dimers into
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Fig. 12.5 a Schematic illustration of an indirect SERS approach for the detection of target single-
stranded strands (ssDNAs) (Kang et al. 2010). b Schematic illustration of the acquisition of the
intrinsic SERS spectrum of ssDNA strands directly adsorbed onto silver nanoparticles. Four major
spectral regions of interest in representative SERS spectra of DNA. Reprinted from Garcia-Rico
et al. (2018), by permission of The Royal Society of Chemistry

living cells, which give rise to a distinct intense plasmonic response. This work
demonstrated potential for the real-time SERS bioimaging of biomarkers in living
cells (Xu et al. 2018). Haldavnekar designed a label-free 3D semiconductor quantum
probe for in vitro diagnosis of cancer. They observed an exponential increase in the
SERS enhancement up to 106 at nanomolar concentration for potential bioimaging
of DNA, RNA, or proteins up to single-cell level (Haldavnekar et al. 2018).

12.3.2 Distance Change Based on Nucleic Acid

The distance between Raman reporter and substrate is closely related with SERS
signal intensity. A simple model for the distance dependence of the enhancement
treats it as a near-field interaction of an oscillating dipole in the center of a sphere
with a molecule at distance R from the center of the sphere, yielding a R−12 distance
dependence. Hence, approaches have been promoted to build establish relevance
between target molecules and the distance. The structure of aptamer or signal strand
DNA will change after bonding with target molecules, leading to the approach or
apart of labeled Raman reporter (Zhou et al. 2018; Lim et al. 2011).

The largest obstacle in utilizingoperandoSERS is the requirement that the reaction
takes place within a few nanometers from the plasmonic surface (Zeng et al. 2016).
If the catalytic reaction does not involve the plasmonic surface as the catalyst, then
the whole catalytic system (i.e., the catalyst, reagents, and inert separation layer
between the catalyst and plasmonic surface) must be incorporated near the surface in
a way that optimizes the Raman signal during the experiment. Because a multitude
of factors inherent to the catalytic reaction (not limited to the coverage, lifetime,
and Raman scattering cross section of analyte species) will limit the SERS signal,
the total distance between the analyte and plasmonic surface must be minimized to
obtain appreciable signal (Qian and Nie 2008) (Fig. 12.6).
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Fig. 12.6 Distance dependence of SERS. a SERS intensity decay of sym. C–H and sym. Al-CH3.
b Spatial distribution of local electric field enhancement from FDTD calculations of simulated Ag
FON surface. cNear-field distance dependence profile at gap of simulated AgFON surface observed
at the dashed red line in (B). d Side-view SEM micrograph of AgFON substrate used. Reprinted
from Cardinal et al. (2017) by permission of The Royal Society of Chemistry

12.3.3 Aggregation Assisted by Nucleic Reactions

It is widely accepted that aggregation of nanoparticles can provide much higher
SERS effect than single one. Thereby, target-induced aggregation of nanoparticles
can be designed for novel “signal-on” SERS detection, which has a tremendous
capacity for multiplex assays. However, since the uniformity of SERS signal during
aggregation is especially out of control, substrates for homogenous and reproducible
SERS analysis are still in demand (Guerrini and Graham 2012).

Chen, LX fabricated a silver nanoplatform for Hg2+ SERS detection. Spermine
could bind AgNPs through Ag–N bonds and induce remarkable aggregation of
labeled AgNPs, leading to strong SERS signal. At present of Hg2+, the formation of
the Hg–Ag alloy blocked the adsorption of spermine, resulting in the decrement of
SERS signal (Chen et al. 2014). Some typical work based on target-induced aggre-
gation of nanoparticles is shown in Fig. 12.7.
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Fig. 12.7 a Schematic of DNA-mediated aggregation of positively charged Spermine-coated silver
colloids (AgSp) into stable clusters in suspension (Morla-Folch et al. 2015). b Spectral differenti-
ation of hybridization events. SERS spectra of two complementary 21-nt single strands and their
corresponding duplex dsDNA. SERS spectra of double-stranded DNA isolated from the thymus
of calves (ctDNA). (Panikkanvalappil et al. 2013) c Identification of chemically-modified cytosine
variants in DNA. d Direct quantification of relative base composition in DNAs (Prado et al. 2014).
e SERS monitoring of duplex DNA interactions with the chemotherapeutic drug cisplatin (CP)
(Masetti et al. 2015). f Molecular dynamics simulation of the adsorption and wrapping process of
a 141-nt ssDNA at low salt concentration (Morla-Folch et al. 2017). Reprinted from Garcia-Rico
et al. (2018) by permission of The Royal Society of Chemistry

12.3.4 Cyclic Amplification Assisted Analysis

Rolling circle amplification (RCA)-assisted SERS

RCA is a simple and efficient in vitro DNA amplification technology, imitating inter-
nal rolling circle replication and generating a large number of repetitive sequences of
target sequences. In the presence of DNA polymerase, the primer would extend and
generate a long ssDNAproductwith thousands of repeated complementary sequences
on the circular template. Linear RCA could generally achieve approximately 103-
fold amplification in a short period, and the number could be further increased with
the addition of a co-reagent DNA or protein. Therefore, it has been widely utilized
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Fig. 12.8 Schematic illustration of RCA strategy and RCA-based sensitive SERS assays. a
Schematic illustration of RCA strategy. b SERS assays based on nano rolling circle amplification
(left) and nanohyperbranched rolling circle amplification (right) for protein microarrays. Reprinted
with permission from Yan et al. (2012). Copyright (2012) American Chemical Society

in the diagnostic field for the detection of various DNA, RNA, or proteins combined
with electrochemical or optical testing techniques (Ali et al. 2014).

RCA-assistedSERSdetection interfacewas constructed according to the detection
requirement. Hu and co-workers first combined the RCA reaction with SERS for
the sensitive detection of nucleic acids on a gold electrode (Hu and Zhang 2010).
In that work, target DNAs are sandwich-hybridized with the thiol-labeled capture
probes and primer–probe. Then, the RCA reaction catalyzed with T4L DNA ligase
induced an increasing amount of probe-modified gold nanoparticles hybridized with
the longDNA strand, which significantly amplified the SERS signal and the detection
sensitivity. Besides gold nanoparticles and gold nanorods were also combined with
the long RCA product and showed more sensitive 35S promoter gene detection
compared with a traditional assay without RCA (Guven et al. 2015) (Fig. 12.8).
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Fig. 12.9 Schematic illustration of the detection of thrombin by RCA–SERS strategy with core-
shell tags. Reproduced from Li et al. (2015a) by permission of John Wiley & Sons Ltd.

In SERS assays, gold–silver staining methods were usually used for Raman
scattering enhancement, attributed to the hot spots arising from the Ag nanopar-
ticles grown around the fluorophore-labeled AuNPs (Cao et al. 2002). In order
to increase these “hot spot” groups, Yan and co-workers reported a SERS sens-
ing method employing an aldehyde-activated chip for protein micro-arrays with the
help of nanoRCA and nanohyperbranched rolling circle amplification (HRCA) (Yan
et al. 2012). Streptavidin-combined AuNPs (SA–AuNPs) were previously bound to
the protein, and then, biotin-modified primers bonded to SA–AuNPs and simulta-
neously initiated the RCA reaction. Thus, the intensity of the Raman signal was
detected for target protein analysis, with a detection limit lower than 10 zeptomo-
lar. Considering that HRCA could create longer ssDNA and thus before efficient
than RCA, they further designed a nanoHRCA strategy to achieve a much stronger
SERS signal for protein micro-arrays than nanoRCA. Besides nucleic acids and pro-
teins, some pathogenic microorganisms could also be sensitively detected using this
RCA-assisted SERS assay method (Yao et al. 2017).

Li et al. reported an ultrasensitive SERS sensor based on RCA-increased “hot
spot” for the detection of thrombin. The SERS probe is a sandwiched nanoplatform
containing gold nanoparticle core, Raman label, and SiO2 shell. At the surface of
magnetic beads, they immobilized thrombin aptamers. When thrombin exists, the
aptamer sequence was released, leaving the complementary ssDNA as primer for
RCA reaction, resulting in long ssDNAs, which can bind with a large number of
SERS probes. This method achieved a detection limit of 4.2 × 10−13 M, with good
performance in real serum samples (Li et al. 2015b) (Fig. 12.9).
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Fig. 12.10 Schematic illustration of the DNA–alkynes functionalized alloyed Au/AgNPs-based
SERS nanosensor for ratio-metric detection of endonuclease. Reprinted with permission from Si
et al. (2018). Copyright 2018 American Chemical Society

Endonuclease-assisted SERS

Endonuclease includes restriction endonucleases and nicking endonucleases
(NEase). Restriction endonucleases are enzymes that catalyze the cleavage of specific
double-stranded nucleotide sequences known as restriction sites. Benefiting from the
unique character of NEase, which only catalyzes the hydrolysis of one strand of a
duplex at specific recognition sites, many works further integrated it with strand
displacement amplification (SDA) to further amplify the detection signals. Li et al.
fabricated Au/Ag nanoparticles (NPs) as SERS substrate to determine the activity of
endonuclease under in vitro and in living cells conditions, ssDNA carrying PEB acts
as endonuclease responsive SERS signaling molecule and 4-thiophenylacetylene
(TPA) acts as the internal standard molecule (Si et al. 2018; Ye et al. 2014b). Li
et al. combined two-stage isothermal nucleic acid amplification with SERS readout
to develop a signal-on detection platform.With help of exonuclease III, trigger DNA
is generated to initiate HCR circles. The product structure tagged with SERS label
is then anchored onto substrate for readout (Li et al. 2016) (Fig. 12.10).

In addition to the above-mentioned enzyme-assisted amplification strategies,
enzyme-free nucleic acid isothermal amplification methods were also constructed on
AuNP-based micro-reaction interfaces to obtain amplified SERS signal. For exam-
ple, Ding et al. developed a HCR-assisted SERS biosensor for determination of
mercuric ion Hg(II). The trigger DNA is identified by two hairpin probes for HCR
to form a stable nicked dsDNA structure on magnetic beads, so as to generate a large
number of binding sites for connection of AuNPs (with Raman-labeled DNA and
streptavidin). The stable sandwich structure can be isolated by magnetic field and
used in the following amplification step. By this means, Hg(II) can be determined
with high sensitivity (Zhang et al. 2018; He et al. 2013).
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Fig. 12.11 Schematic illustration of SERS assay for thrombin detection based on DNAzyme assis-
tant DNA recycling and rolling circle amplification. Reprinted from Gao et al. (2015). Copyright
2015, with permission from Elsevier

DNAzyme-assisted SERS

DNAzymes have shown its potential as molecular tools in biosensing and bioimag-
ing. The catalytic activities of DNAzymes can be specifically triggered by cofac-
tors and showed multiple enzymatic properties, which make DNAzymes capable of
both molecule recognition and signal amplifiers. Combining with nanostructures,
DNAzymes may be applied to novel fluorescent, colorimetric, SERS, electrochemi-
cal, and chemiluminescent analysis (Gong et al. 2015; Tian et al. 2017).

Gao and co-workers combined DNAzyme-assisted DNA recycling into SERS
cycling for detection of thrombin. After thrombin binding with hairpins, the result-
ing DNAzyme can hybridize with the MB and activate by cofactor Zn2+, while
the remaining DNA can trigger RCA reaction. The long amplified RCA product
can bind with Raman reporter-labeled AgNPs for SERS readout (Gao et al. 2015).
Shi fabricated a SERS silicon chip for Pb2+ detection. The chip composed of core
(Ag)-satellite (Au) nanoparticles on silicon surface. When DNAzyme is specifically
activated by Pb2+ and cleaved the substrate strand into two free DNA strands, strong
SERS signals could be generated (Shi et al. 2016) (Fig. 12.11).

In order to prepare gold nanorods (AuNRs) with high purity and density on
graphene oxide (GO) , both two-step strategy of pre-sythesis–post assembly and
one-step strategy of in situ growth have been explored, respectively. Observations of
morphology and plasmonic bands reveal that both of the two approaches can yield
AuNRs with high purity on GO; however, the former can generate more uniform-
sized AuNRs on GO in contrast with the latter. Moreover, the AuNRs/GO and gold
nanoparticle seed–SERS nanotags can be assembled to fabricate large-scaled super-
structured plasmonic nanocomposities through DNAzyme–DNA substrate prehy-
bridization and in situ hybridization, respectively, and disassembled via copper ions
aided-DNAzyme–DNA substrate cleavage. As a result, an “on–off” aptasensor can
be utilized as an ultrasensitive SERS substrate for detection of copper ions (Wang
et al. 2018a; Tao and Wang 2018).

Fu et al. proposed a DNAzyme-linked plasmonic nanomachine for detection of
lead ions. This DNAzyme could be activated by lead ions and catalyze a fracture
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Fig. 12.12 Schematic Illustration of a RCA process; b SERS platform. Reprinted with permission
from He et al. (2017). Copyright 2017 American Chemical Society

action of the substrate, changing the double chain structure into a flexible single
strand, making the labeled nanoparticles fall to the metal film, which will exhibit
a similar effect of a “hot spot” and remarkably enhance the SERS signal (Fu et al.
2014).

Rolling circle reaction-assisted SERS

Yuan et al. fabricated a rolling circle reaction-assisted SERS strategy named padlock
probe-based exponential RCA (P-ERCA) for ultrasensitive detection of miRNA. On
surface of a magnetic SERS substrate (Co@C/PEI/Ag), mi-155 triggered a RCA
process for a long repeat sequence, which could be cleaved into two ssDNAs with
help of nickase. One of the DNAs can initiate new cycle reactions to amplify trigger
DNA, which would be hybridized with a Raman-labeled hairpin DNA for readout
(He et al. 2017) (Fig. 12.12).

Li and co-workers have built a SERS protocol for the selective and sensitive assay
of miRNA with the help of target-triggered rolling circle polymerization (RCP) and
rolling circle transcription (RCT) (Li et al. 2015a). Ye designed a circular exponential
amplification reaction to develop a direct sensing system for detection of multiple
miRNAs in lung cancer cells with a limit of 0.5 fM, showing great potential for
further clinical application in early diagnosis (Ye et al. 2014a).

12.4 Conclusions and Outlook

Numerous works have been proposed in developing SERS strategies for nucleic acid
analysis both in vitro and in vivo. Well-designed SERS analysis allows high signal
enhancements without giving rise to interference human body. The biocompatibility
of nanoparticles has also been improved by careful selection of the substrate and
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application of protective coatings. However, cytotoxicity still remains a concern
preventing clinical application of SERS, and more and more research is necessary
to explore the most safe and stable nanoprobes for clinical use. We predict the use
of SERS bioimaging in a clinical environment that will eventually come true in next
decades.
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Chapter 13
Nucleic Acid Amplification Strategies
for In Vitro and In Vivo Metal Ion
Detection

Beibei Xie and Zhongfeng Gao

Abstract Metal ions are critical to many biological, chemical, and environmental
processes. In recent years, many nucleic acid-based biosensors have emerged for
in vitro and in vivo metal ion detection. The structure of DNA is ideal for metal ion
binding by both the nucleobases and phosphate backbone, although the essential bio-
logical role of DNA is to store genetic information. Three main groups of functional
DNA were demonstrated for metal ion sensing: DNAzymes, G-quadruplex (also
known as G4 structure), and mismatched DNA base pair. Combining with nucleic
acid amplification strategies, many important metal ions can be sensitive determined
down to the low parts-per-billion level. Here, we detailed the interaction between
nucleic acid amplifications and metal ions, mainly including exonuclease-assisted
circling, hybridization chain reaction, and rolling circle amplification. We also offer
classic examples from the literature to reveal their impact in practical applications.
Finally, we highlight the essential limitations that need to be addressed, and future
research opportunities are discussed.

13.1 Introduction

Metal ions play critical roles in chemical environmental and biological systems (Zhou
et al. 2017b). As most metal ions cannot be biodegraded and cause persistent pol-
lution, they are easy to be ingested by the human body and cause serious harm to
the human body (Jarup 2003; Saidur et al. 2017). Therefore, the in vitro and in vivo
detection of metal ions is of great significance in the research fields of biomedicine,
environment, and industry.

Traditional methods for the detection of metal ion, such as inductively coupled
plasma mass spectrometry (Ashoka et al. 2009) and atomic absorption spectroscopy
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(Giokas et al. 2004), need costly and bulky instrumentation and significant training
to use properly, making it very difficult for in vitro and in vivo biosensing. Significant
progress, to overcome these limitations, based on functional nucleic acid isothermal
amplification techniques has been made in developing sensors and imaging agents
for the detection of metal ions.

13.2 Functional Nucleic Acids for Metal Ion Detection

To detect metal ions, functional nucleic acids are mainly categorized into three
groups: DNAzymes, mismatched DNA base pairs, and G-quadruplexes related to
guanine (G)-rich DNA probes. To achieve sensitive detection, signal amplification
strategies such as peroxidase-mimicking DNAzymes, cascade DNAzyme, protein-
based enzymes (e.g., rolling circle amplification (RCA), nicking enzymes, exonucle-
ase III, polymerase/DNase I, and so on), enzyme-free amplification (e.g., hybridiza-
tion chain reaction (HCR)) are particularly used.

13.2.1 DNAzyme-Based Sensing Strategies

DNAzymes, screened via in vitro selections, have been commonly employed as
highly selective recognition elements for a broad range of cofactors, such as Cu2+,
Pb2+, Zn2+, Ca2+, Mg2+, UO2

2+, and Hg2+ (Liu et al. 2009; Peng et al. 2018).
DNAzymes can bind with substrates associated with target ions. For example,
Fig. 13.1a, b exhibits the main structure of DNAzymes that are highly selective
to Pb2+ and Cu2+, respectively. With the addition of certain ions, the activities of
DNAzymes can be activated and cut into two components from the specific posi-
tions marked by the triangles. Then, the dsDNA dissociates from each other and
produces several short ssDNA fragments. DNAzymes have significant efficient cat-
alytic activities and recognition abilities, which are especially dependent on the target
ions being detected. DNAzymes have been extensively used in electrochemical and
optical sensors for the detection of metal ions in a simple, rapid, and stable manner
(Huang et al. 2017; Zhou et al. 2017b).

13.2.2 G-quadruplex-Enabled Detection Platforms

G-quadruplexes, also known as G4 structure, in which four guanines form a square
planar tetrad, have attracted extensive interest in recent years (Mohanty et al. 2013;
Vummidi et al. 2013; Yang et al. 2009). Since metal ions play a key role in the
preparation of G4 structure (Fig. 13.1c), G4 structures have been widely employed
for the sensitive determination of various metal ions, including Na+ and K+. An
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Fig. 13.1 Common functional nucleic acids used for metal ion detection: DNAzyme-specific com-
plexes that are sensitive to a Pb2+ and bCu2+. c Illustration of the metal ion-mediated G-quadruplex
structure. d T–Hg2+–T and e C–Ag+–C. Reprinted from Huang et al. (2017), Copyright 2017, with
permission from Elsevier

interesting property of G4 structures is that its conformation can transform from
single-strand structures to quadruplex states, which enables G4 structures compatible
with diverse signaling mechanisms.

Traditionally, a ssDNA probe is designed with the two terminals that linked with
a quencher and a fluorophore. It adopts a random coil structure and retains strong
fluorescence intensity (Ueyama et al. 2002). However, it rearranges its configuration
and forms a G-quadruplex structure upon the addition of K+, which brings the
quencher and fluorophore close to each other, thus allowing FRET process. The
decrease of fluorescence reveals the presence of K+ selectively and accurately.
Unlike the dual-labeled ssDNA probe, label-free ssDNA probe is also used, which
provides the straightforward and cost-effective detection of K+. The ssDNA probe
is enabled to switch its random coil structure to a G-quadruplex structure in the
presence of K+. Riboflavin, a special ligand that has strong fluorescent signal
by binding with G-quadruplexes, could be accommodated with G-quadruplex,
producing a significant fluorescent signal.

13.2.3 Mismatched DNA Base Pair-Mediated Assays

Hybridization events between thymine (T) bases can be effectively induced to gen-
erate T–Hg2+–T complexes in the presence of Hg2+ (Chiang et al. 2008; Li et al.
2009; Xue et al. 2008). The imino proton of T residues, as shown in Fig. 13.1d, can
be replaced by Hg2+ to form T–Hg2+–T complexes, which is much stable than the
natural T-A base pair. Thus, T–Hg2+–T coordination is a powerful protocol for Hg2+

detections. Similarly, Ag+ can link with cytosine (C) bases to induce the formation
of C–Ag+–C base pairs (Fig. 13.1e) (Hao et al. 2012; Yan et al. 2012; Zhao et al.
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2010). Many efforts have already been initiated to establishing methods for effective
and reliable detection of mercury and silver ions, which enable good use of metal
ion-aided coordination chemistry: T–Hg2+–T and C–Ag+–C.

13.2.4 Nanomaterials for Signal Transduction
and Amplification

With the development of nanomaterial and technology, functional nanomaterials have
attracted extensive attention in nucleic acid amplification for in vitro and in vivometal
ion detection.Nanomaterials have significant electrical, optical, thermal,mechanical,
and chemical properties, which can greatly improve the performance of biosensors.
Notably, nanomaterials can serve as remarkable colorimetric indicators or fluores-
cence quenchers. Also, they can be used as efficient nanocarriers for superb signal
enhancers or signaling probes to effectively amplify the readout signals, such as
SERS and fluorescence polarization. The combination of nanomaterials with func-
tional nucleic acid indicates high recognition affinity toward metal ions, enabling
innovative biosensing nanoplatforms with advanced selectivity and sensitivity. In
this chapter, the examples of metal ion biosensors on the basis of both nucleic
acid amplification and advanced nanomaterials, such as carbon nanotubes (CNTs),
quantum dots (QDs), gold nanoparticles (AuNPs), magnetic nanoparticles (MNPs),
graphene oxide (GO), and so on, are illustrated.

13.3 Detection of Alkali Metal Ions

Alkali metal ions contain lithium ion (Li+), sodium ion (Na+), potassium ion (K+),
rubidium ion (Rb+), and cesium ion (Cs+). As general buffer salts, these metals
have long been employed to screen charge repulsion in nucleic acid. Notably, Li+,
Na+, and K+ play a critical role in biology process. Rb+ has not been demonstrated
on biological functions yet. Cs+ is toxic to some degree. Until now, DNA-based
biosensors were mainly established for Na+ and K+.

Na+ is very important in organism. The increased concentration of Na+ might
result in high blood pressure, water retention, and other physiological disorders
(Grant et al. 2002; Jaitovich and Bertorello 2010). Twenty years ago, Geyer and Sen
have in vitro selected DNAzyme using Na+ alone, as shown in Fig. 13.2a, when they
tried to examine whether DNAzymes could be active without addition of divalent
metals (Geyer and Sen 1997). In the presence of Na+, the isolated DNAzyme was
active; however, the secondary structure is not satisfied and the selectivity for other
metals was not revealed, which might explain its lack of biosensing performances. In
recent years, a few Na+-specific DNAzymes have been demonstrated, and Lu et al.,
for example, selected a DNAzyme called NaA43 with a rate of 0.1 min−1 in 400 mM
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Fig. 13.2 a Proposed secondary structure of theNa+ familyDNAzymes. Reprinted fromGeyer and
Sen (1997), Copyright 1997, with permission from Elsevier and b secondary structures of the EtNa
DNAzymes for Na+ detection. Reproduced from Zhou et al. (2016) by permission of John Wiley &
Sons Ltd. c The colorimetric detection of K+. Reproduced from Yang et al. (2010) by permission
of The Royal Society of Chemistry. d Illustration of the label-free electrochemical detection of
K+. Reprinted from Chen et al. (2013), Copyright 2013, with permission from Elsevier. e Turn-On
fluorescent sensor for K+ detection with G4 structure as the sensing element. Reprinted with the
permission from Li et al. (2010). Copyright 2010 American Chemical Society

Na+ specifically, while other mono-, di-, and trivalent metals are inactive (Torabi
et al. 2015). Liu and coworkers isolated another DNAzyme called EtNa (Fig. 13.2b).
Although the rate was slightly slower, about 0.06 min−1, with much weaker Na+

binding affinity in water, it showed excellent selectivity for Na+ (Zhou et al. 2016).
Na+ is able to promote the formation of G-quadruplex; however, it is generally

less efficient thanK+. However, G-quadruplex with Na+ specificity was developed by
Tang et al. and it could be used for the detection of Na+ (Sun et al. 2016). The authors
chose a DNA sequence named p25, producing an antiparallel conformation with Na+

but a hybrid-type conformation with K+. Toward hemin, the binding affinities using
these two conformations are different, and thus, the resulting hemin-p25 DNAzymes
with peroxidase-like activity were employed for the detection of Na+. However, to
detect Na+ using such method in complex biological samples has yet to be reported
because of the high background ionic strength generating a high intracellular K+

concentration for competition and nonspecific DNA condensation.
Using DNA for the detection of K+ mainly relies on G4 structures. K+ is coor-

dinated by O6 groups of guanines from two consecutive stacked G-tetrads (Bhat-
tacharyya et al. 2016; Mekmaysy et al. 2008). Many efforts have been conducted to
improve selectivity to achieve its biological applications. It has been shown that K+

sensitivity at nanomolar level with about 104-fold selectivity over Na+ (Huang and
Chang 2008; Qin et al. 2010). As shown in Fig. 13.2c–e, utilizing theK+-sensitive G4
structures, researchers have achieved selective and sensitive determination of K+ by
colorimetric (Yang et al. 2010), electrochemical (Chen et al. 2013; Jarczewska et al.
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2016), and fluorescent strategies (Lee et al. 2014; Li et al. 2010). Given these research
progresses, usingG4 structures forK+ detection in biological samples, such as human
serum and urine, has been achieved (Huang and Chang 2008; Yang et al. 2016). How-
ever, sincemany othermetals could bindwithG4 structures, newDNAsequences that
canbetter selectively detectK+ fromNa+ andothermetal ions are still to bedeveloped.

13.4 Detection of Alkaline Earth Metal Ions

Alkaline earth metals refer to beryllium ion (Be2+), magnesium ion (Mg2+), calcium
ion (Ca2+), strontium ion (Sr2+), barium ion (Ba2+), and radium (Ra2+). Here, Be2+

is slightly toxic, Sr2+ usually acts as beta-ray source, Ba2+ is employed to help X-ray
imaging, and Ra2+ shows radioactive property. Only Mg2+ and Ca2+ are the most
important in biology.

13.4.1 Magnesium Ion Sensors

Magnesium ion, one of the most important, major intracellular divalent cation, is
related to all nucleic acid in biological processes (Pechlaner and Sigel 2012; Anas-
tassopoulou and Theophanides 2002; Auffinger et al. 2011). Mg2+ is demonstrated to
be a critical cofactor for most ribozymes (Bowman et al. 2012). A recent molecular
dynamics simulation reported by Li et al. indicates that Mg2+ specifically attaches to
the negatively charged phosphate backbone and the major groove of G/C bases (Li
et al. 2011).

Ju and coworkers reported a dual-potential ratiometric electrochemiluminescence
(ECL) biosensing strategy on the basis of Mg2+-specific DNAzyme-controlled ECL
signals of CdS QDs and luminol (Cheng et al. 2014). Without addition of Mg2+,
the cathode ECL of the QDs is significantly quenched by electrochemiluminescence
resonance energy transfer between Cy5 molecule and CdS QDs, while the anode
ECL from Au@luminol is presented into the system (Fig. 13.3a). Conversely, in the
presence of Mg2+, the DNAzyme cleaves the substrate, releasing the Au@luminol
andCy5, which leads to the decrease of the anode ECL. Based on the ECL intensities,
this method yields a detection limit as low as 2.8 µM of Mg2+ and achieves sensitive
detection of Mg2+ in Hela cell extract.

Generally, Mg2+-dependent DNAzyme is more commonly used as a universal
tool for target detections, such as nucleic acid, protein, enzymatic activity, and other
metal ions. For example, a new type of intracellular nanoprobe, named AuNP-based
hairpin-locked-DNAzyme, was established to detect miRNA in living cells (Yang
et al. 2017). Briefly, it contains hairpin-locked-DNAzyme strands and an AuNP
(Fig. 13.3b). The hairpin-locked DNAzyme strand induces a hairpin structure via
intramolecular hybridization in the absence of target, which could suppress the
catalytic activity of DNAzyme and the fluorescence is quenched using the AuNP.
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Fig. 13.3 a Illustration of ratiometric ECL approach initiated by Mg2+-dependent DNAzyme for
biosensing. Reprinted with the permission from Cheng et al. (2014). Copyright 2014 American
Chemical Society. b Working mechanism of the AuNP-based hairpin-locked DNAzyme probe for
miRNA detection. Reprinted with the permission from Yang et al. (2017). Copyright 2017 Ameri-
can Chemical Society. c Nucleic acid-controlled DNA machineries synthesizing Mg2+-dependent
DNAzymes for the logic-gate operations. Reproduced from Orbach et al. (2012) by permission
of John Wiley & Sons Ltd. d Colorimetric logic gates based on DNA machineries structures and
AuNPs. Reproduced from Bi et al. (2010) by permission of John Wiley & Sons Ltd.

However, the target–probe hybridization, in the presence of target, can open the
hairpin and form the active secondary structure to yield an active DNAzyme, which
then cleaves the self-strand with the aid of Mg2+. The cleaved two shorter DNA
fragments can be separated with the miRNA. In this case, the fluorophores are
released from the AuNP and the fluorescence is increased. At the same time, the
target is also released and attaches to another hairpin-locked DNAzyme strand to
trigger another cycle of activation.

Due to its unique advantages, including site-specific, programmable, and reliable
properties, it has been recently used to construct DNA machineries and logic gates.
Willner’s group used polymerase, nicking enzymes, andMg2+-dependent DNAzyme
subunits to prepare DNA machines for the design of logic gates and for the devel-
opment of amplified DNA detection schemes (Fig. 13.3c). They revealed the assem-
bly of the OR, AND, and AND gates and discussed the interplay of the systems
between biosensing and logic-gate functionalities (Orbach et al. 2012). We previ-
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ously developed a complete set of two-input logic gates, including AND, OR, XOR,
NOR, INHIBIT, XNOR, and NAND, based on the employment of ion-dependent
DNAzymes as functional elements and the cofactor ions as inputs (Fig. 13.3d). The
outputs of the gates perform the gate functions through AuNP-based colorimetric
detection (Bi et al. 2010).

13.4.2 Calcium Ion Sensors

Ca2+ is an essential metal ion in biology process and in the environment, resulting in
extensive research in developing biosensors for the detection of Ca2+. While many
proteins that are specific to Ca2+ are demonstrated, very fewDNAorRNA can specif-
ically bind to Ca2+. Biosensors based on nucleic acid are interesting and attractive for
its excellent programmability and high stability. Liu et al. reported an RNA-cleaving
DNAzyme, termed EtNa, cooperatively binding with two Ca2+ but only one Mg2+

(Zhou et al. 2017a). Compared with four DNAzymes with known Ca2+-dependent
activity, the selectivity of EtNa for Ca2+ was the best. The EtNa was used for Ca2+

detection with excellent selectivity and a detection limit of 17 µM Ca2+. The Ca2+

sensing in tap water was conducted, and the obtained result was comparable with
that from standard ICP-MS method.

13.5 Detection of Lanthanide and Actinide Ions

Lanthanides represent an especially challenging classification of analytes, as these
ions are very similar to each other. Lanthanides are belonging to hard Lewis acids
with a high density of charge. These ions have strong affinity to the phosphate back-
bone of DNA and thus tend to coordinate with DNA molecules. For example, Ln3+

only binds to the negatively charged phosphate backbone of dsDNA by the loss of at
least one hydration water (Gross and Simpkins 1981). Tb3+ binds with the phosphate
backbone of the nucleotide monophosphates (Barry et al. 1971; Raj and Rao 1969).
The resonance energy levels of Eu3+, Ce3+, and Tb3+ overlap with the triplet energy
states of the nucleotide, leading to higher lanthanide luminescence by energy trans-
fer (Yonuschot and Mushrush 1975). Thus, Tb3+ has been widely employed as an
enhanced luminescent probe for nucleic acids (Chatterji 1988; Gross and Simpkins
1981). Ye et al. reported that GT-rich DNA sequence is highly effective in improving
sensitized Tb3+ luminescence (Lin et al. 2014; Zhang et al. 2013).

In the early 1990s, Ln3+ has been reported for cleaving nucleic acids. Free Ln3+

ions at millimolar level cleave RNA nonspecifically through binding to the phos-
phate backbone and producing multinuclear complexes under alkaline conditions
(Komiyama and Shigekawa 1999). In addition, Ce4+ and its complexes have been
demonstrated to have more efficient in hydrolyzing DNA (Aiba et al. 2011). With
a ribozyme or DNAzyme, site-specific cleavage was realized. For instance, in the
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presence of Eu3+, Yb3+, or Ce3+ together with Zn2+, DNAzymes for DNA cleav-
age were isolated (Dokukin and Silverman 2012). Introducing the lanthanide ions
to the DNAzyme chemistry has generated several new signal amplifications for its
detection.

Previous literature selected a Gd3+ aptamer (Edogun et al. 2016). By constructing
a fluorescent strategy, the optimized conformation was characterized with a Kd of
330 nM Gd3+, which could be transformed into a fluorescent biosensor with a detec-
tion limit of 80 nM. The biosensor was found to have excellent selectivity against
several other ions, including divalent and trivalent metals.

Yttrium (Y3+), a trivalent rare earthmetal, has a similar size with holmium (Ho3+),
and its catalytic activity with the above-mentioned lanthanide-specific DNAzymes
is also similar to that of Ho3+ (Huang et al. 2014, 2015, 2016). However, in vitro
selection with Y3+ has not been reported yet. Adsorption of DNA byY2O3 was inves-
tigated, indicatingDNAphosphate backbone has essential for this adsorption reaction
(Liu and Liu 2015). Also, Sc3+ is a trivalent rare earth metal; however, it is inactive
with all known Ln3+-dependent DNAzymes because it is much smaller than Y3+.

Uranium is often employed for preparing power generation and nuclear weapons.
Sensitive determination of uranium is a practical analytical need as a nuclearwaste. In
water, themost stable formof uranium isUO2

2+. TheLu’s group isolated aDNAzyme
for UO2

2+ called 39E showingmillion-fold selectivity against other examinedmetals
(Xiao et al. 2007). The 39E for the detection of UO2

2+ is down to 45 pM.

13.6 Detection of Post-transition Metal Ions

Post-transitionmetals are a set of metallic elements located after the transitionmetals
in the periodic table, such as lead, bismuth, gallium, indium, thallium, and tin. Most
of them are toxic, and their interactions with nucleic acid are barely reported except
for lead. Here, we mainly review the nucleic acid amplification methods for lead ion
detection.

Lead, one of the most toxic heavy metals, can pass through skin, respiratory
organs, and digestive system into the blood. Lead is always accumulated in vital
tissues and organs of the human body and causes reproductive, cardiovascular, neu-
rological, and developmental disorders, especially in children (Wang et al. 2013).
On the basis of Environmental Protection Agency (EPA), the safety limit is 15 ppb
(0.07µM) in drinking water, while the International Agency for Research on Cancer
(IARC) defines a lower threshold of 10 ppb (48.26 nM) in water and food (Lu et al.
2015). Thus, it is very essential to develop the biosensing strategies for effective and
routine monitoring of Pb2+.

Plaxco et al. used the Pb2+-dependent DNAzyme for electrochemical Pb2+ detec-
tion (Xiao et al. 2007) (Fig. 13.4a). The sensor contains a methylene-blue (MB)-
modified catalyticDNAstrand (1), which is used to hybridizewith its complementary
sequence (2). This complex is relatively rigid, preventing the MB from approaching
the gold electrode to transfer electrons. With the addition of target Pb2+, the catalytic
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Fig. 13.4 a Schematic of electrochemical Pb2+ sensor based on the DNAzyme. Reprinted with
the permission from Xiao et al. (2007). Copyright 2007 American Chemical Society. b Pb2+-
dependent DNAzyme-catalyzed reaction for Pb2+ detection based on a hemin/G-quadruplex struc-
ture. Reprintedwith the permission from Pelossof et al. (2012). Copyright 2012American Chemical
Society. c Illustration of target–intermediate recycling amplification. Reproduced from Wen et al.
(2017) by permission of The Royal Society of Chemistry. dWorking mechanism of the DNAzyme-
based electronic switch for Pb2+ detection based on HCR reaction. Reprinted from Zhuang et al.
(2013), Copyright 2013, with permission from Elsevier. e Schematic of the DNAzyme-GO based
fluorescence method for the detection of Pb2+. Reprinted with the permission from Zhao et al.
(2011). Copyright 2011 American Chemical Society

strand cleaves the substrate into two fragments, which dissociate from the complex,
allowing the MB molecule to transfer electrons to the gold electrode. The directly
measured detection limit of the proposed biosensor is 0.3 µM.

Similarly, Willner et al. used Pb2+-dependent DNAzyme for electrochemical
detection (Fig. 13.4b). With the addition of target Pb2+, cleavage of the DNAzyme
substrate proceeds, leading to the self-assembly of the hemin/G-quadruplex nanos-
tructure label (Pelossof et al. 2012). The proposed sensing platform realizes sensitive
detection of Pb2+ with a low detection limit of 5 fM.

Cai et al. proposed an ultrasensitive fluorescencemethod for intracellular determi-
nation of Pb2+ with a detection limit down to 0.3 nMby target–intermediate recycling
amplification based on a strand displacement reaction and metal-aided DNAzyme
catalysis (Fig. 13.4c). With the addition of Pb2+, the DNAzyme cleaves the ribonu-
cleotide in the substrate with excellent specificity, releasing the Pb2+ and DNAzyme.
The released Pb2+ circularly activates another DNAzyme to realize the signal ampli-
fication. At the same time, the released DNAzyme could open the hairpin probe and
trigger the intermediate recycling with the signal probe. In the intermediate recy-
cling, the opened hairpin probe hybridizes with the P2 strand to form a completely
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complementary DNA duplex, recovering the fluorescent signal. Thus, the DNAzyme
was released and generated another intermediate recycling (Wen et al. 2017).

An enzyme-free strategy that couples a Pb2+-specific DNAzyme with HCR was
developed by Tang’s group (Fig. 13.4d). Upon addition of Pb2+, catalytic cleavage
of substrate in the DNAzymes leads to the capture of the initiator strands by the
conjugated catalytic strands that modified on MNPs. The captured DNA initiator
strands induced the HCR process between two alternating hairpin probes modified
with Fc to produce a nicked dsDNA on the MNPs. Massive Fc molecules were
formed on the neighboring probes and thus amplified the electrochemical signal
within the applied potential. This sensor displayed a detection limit of 37 pM and
robust applications in groundwater or drinking water (Zhuang et al. 2013).

Yu et al. developed a GO-DNAzyme-based strategy for amplified turn-on flu-
orescent detection of Pb2+ (Fig. 13.4e). The DNAzyme strand is hybridized with
the substrate strand by only five base pairs, allowing fluorophore attached to the
GO surface to afford a high quenching efficiency and a low background signal. The
FAM-labeled hybrid acts as both signal reporter and a molecular recognition module
and GO as a quencher. Upon addition of Pb2+, the substrate strand can be digested
into two short segments, releasing the FAM-labeled portion and recovering the fluo-
rescence. The biosensor shows a high sensitivity toward the Pb2+ with a low detection
limit of 300 pM (Zhao et al. 2011).

Fan and coworkers proposed a novel detection platform using enzyme syner-
getic isothermal quadratic DNA machine (Xu et al. 2013). This platform integrates
an NEase-aided signal amplification module and strand displacement amplification
(SDA)module into a one-step system to realize ultrasensitive analysis of Pb2+ (detec-
tion limit down to 30 fM) within a short sensing time (40 min). The obtained results
for the detection of Pb2+ in complex environmental water samples using the proposed
sensing system are consistent with those obtained by ICP-MS (Zhang et al. 2014).

With the help of RCA and DNAzyme, Zhang et al. developed highly selective and
sensitive electrochemical sensing system for the detection of Pb2+ (Tang et al. 2013).
TheDNAzyme could be activated in the presence of Pb2+ to digest theDNAzyme into
two short DNA fragments. A long ssDNA probe with repeating sequence was gener-
ated after RCA reaction. Subsequently, CdS QD-labeled ssDNA were employed as
signaling probes to hybridize with the long ssDNA product. Owing to the significant
signal amplification by the massive QDs and the low background signal by magnetic
separation, a low concentration of 7.8 pM Pb2+ could be detected.

Exonuclease-aided DNA recycling is a powerful strategy for signal-amplified
detection of Pb2+. Zuo et al. proposed a Pb2+ induced exonuclease III-assisted DNA
recycling system to enhance the sensitivity of detection (Xu et al. 2013). With the
addition of Pb2+, the substrate DNA segments were digested and released from the
dsDNA. The disassociated DNAzyme was employed as a primer of the exonuclease-
assisted recycling system which can significantly amplify the fluorescent intensity
by continuously recycling the DNAzyme. The detection limit of Pb2+ was down to
5 pM with excellent selectivity.

Similarly, Yu et al. proposed an isothermal signal-amplified DNAzyme method
for the specific and sensitive quantification of Pb2+ (Li et al. 2014). In the presence
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of Pb2+, an RNA probe containing DNA substrate was digested by the DNAzyme,
efficiently removing the 2′,3′-cyclic phosphate of the digested substrate by exonu-
clease III. The remaining portion of the ssDNA was subsequently employed as the
primer for SDA reaction. The proposed assay could sensitively detect 200 pM Pb2+.

13.7 Detection of Transition Metals

In recent years, nonspecific interactions between transition metal ions and DNA
have been investigated by diverse methods, which collectively imply transition met-
als prefer nucleic acid bases to the phosphate with the following binding affinity:
Hg2+ > Cu2+ > Cd2+ > Zn2+ > Mn2+ > Ni2+, Co2+ > Fe2+ (Duguid et al. 1993).
Many reports have been shown to select their DNAzymes and aptamers. Although
DNAzymes have been developed for Cd2+ detection, none of the DNAzymes were
highly selective for Cd2+. Furthermore, no nucleic acid-based high-performance sen-
sors for manganese, cobalt, iron, molybdenum, nickel, and tungsten are reported yet.
Noble metals, including gold, silver, platinum, and palladium, are transition metals
as well. These metals are not endogenous ions in living organisms and barely partici-
pate in native biological processes. Silver and platinum are often used to form stable
metal nanoparticles for DNA adsorption. Palladium usually coexists with platinum,
and no DNA-based biosensors have been reported for palladium detection yet. Thus,
the sensitive detection of Cu2+, Hg2+, Zn2+, and Ag+ is mainly discussed.

13.7.1 Copper Ion Sensors

Copper, a broadly used metal worldwide, can leak into the environment by numerous
ways. Copper with low concentration is a critical nutrient for human body. But
gastrointestinal disturbance might occur when exposed to high level of copper even
for a short period of time, while long-term exposure causes the damage of kidney
or liver (Georgopoulos et al. 2001). The US EPA has set the limit of copper to be
1.3 ppm (~20 µM) in drinking water (Georgopoulos et al. 2001). Hence, it is very
important to detect the concentration of Cu2+ in the environment.

Breaker et al. isolated DNA-cleaving DNAzymes by using Cu2+ as a metal cofac-
tor (Carmi et al. 1996, 1998). Based on the discovery, Lu et al. developed a Cu2+-
dependent DNA-cleaving DNAzyme sequences for a Cu2+ detection (Liu and Lu
2007a) (Fig. 13.5a). The DNAzyme contained two DNA strands that formed a com-
plex. A FAM fluorophore at the 3′-end and a quencher at the 5′-end are labeled on
the substrate, while the enzyme modified a 5′-quencher. In the presence of Cu2+, the
substrate could be cleaved irreversibly at the cleavage site (the guanine in red). After
that, the digested segments were released because of the low affinities to the enzyme,
resulting in increased fluorescence. They obtained a low detection limit of 35 nM
with excellent practicability for detecting Cu2+ in drinking water.
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Fig. 13.5 a Illustration of the Cu2+-specific DNAzyme for fluorescence detection. Reprinted with
the permission from Liu and Lu (2007a). Copyright 2007 American Chemical Society. b Schematic
illustration of DNAzyme-based fluorescent assay using HCRwith FRET technique. Reprinted from
Chen et al. (2016), Copyright 2016, with permission fromElsevier. c Schematic illustration of Cu2+-
specific DNAzyme-based electrochemical biosensor based on target-induced HCR for sensing of
Cu2+. Reprinted from Xu et al. (2015), Copyright 2015, with permission from Elsevier. d Signal
amplification method for the sensitive fluorescence imaging of Cu2+ and Zn2+ in living cells.
Reprinted with the permission from Si et al. (2018). Copyright 2018 American Chemical Society

Combining Cu2+-dependent DNAzyme with HCR signal amplification, Guo and
coworkers demonstrated the amplified detection of Cu2+ using fluorescence reso-
nance energy transfer (FRET) method (Chen et al. 2016) (Fig. 13.5b). With the
addition of Cu2+ ion, the DNAzyme attached on MNPs was selectively digested and
released, initiating the HCR process of hairpin H1 and H2 modified with TAMRA
as the acceptor and FAM as the donor, respectively. Long nicked duplexes were self-
assembled to provide the acceptor and the donor in close proximity, leading to a FRET
process. They achieved a limit of detection of 0.5 nM Cu2+ and successfully applied
for detection in tap water with satisfactory results. Similarly, Tang et al. designed
an impedimetric biosensor by coupling Cu2+-induced hemin/G-quadruplex-based
DNAzyme with enzymatic catalytic precipitation technique (Fig. 13.5c). Under the
optimal conditions, the electrochemical resistance increased with raising Cu2+ con-
centration and exhibited a detection limit down to 60 fM (Xu et al. 2015).

Using polymerase/endonuclease reaction, He et al. realized amplified fluores-
cent detection of Cu2+ (He et al. 2014). With the addition of Cu2+, the enzyme
strand induces catalytic processes to cleave substrate strand, releasing DNAzyme
substrates acting as primers to initiate the Klenow fragment polymerization. The
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double-stranded niking site is cut by Nb.BbvCI endonuclease, opening a new site
for a new replication. Thus, the complete dsDNA is regenerated to trigger another
cycle of nicking, polymerization, and displacement. With the assistance of GO,
Quan et al. designed a “turn-on” fluorescent biosensor for Cu2+ detection based
on graphene–DNAzyme catalytic beacon (Liu et al. 2011). Owing to the excel-
lent surface quenching property, GO acts as both “quencher” and “scaffold” of the
Cu2+-dependent DNAzyme, promoting the formation of self-assembled graphene-
quenched DNAzyme complex. However, with the addition of Cu2+, the graphene–D-
NAzyme conformation is disturbed, producing internal DNA cleavage-dependent
effect. Thus, the quenched fluorescence in graphene–DNAzyme is rapidly recov-
ered. Based on the change of fluorescence, they achieved a detection limit as low as
0.365 nM. Recently, Tang and coworkers used GO as intracellular transport carrier
to load DNAzyme and hairpin probe into the cell (Fig. 13.5d). The sensor enabled
the imaging of Cu2+ and Zn2+ by signal amplification based on DNA self-assembly
under DNAzyme catalysis and reached low detection limits of 80 pM and 100 pM,
respectively (Si et al. 2018).

13.7.2 Mercury Ion Sensors

AsT-Tmismatched base pairs revealed,Ono and coworkers first established a biosen-
sor for the detection of Hg2+ in 2004 (Ono and Togashi 2004), as shown in Fig. 13.6a.
They designed an ssDNA probe comprising T-rich bases with a quencher and a fluo-
rophore labeled at the ends. Without addition of Hg2+, the DNA probe tends to adopt
a random coil conformation with the quencher and fluorophore being away from
each other. In the presence of Hg2+, the DNA probe formed a hairpin structure owing
to the T–Hg2+–T complexes at the ends, which bring the quencher and fluorophore
into close proximity, resulting in significant fluorescence quenching. The decrease
of fluorescence is greatly influenced by the concentration of Hg2+. Although this
turn-off strategy provides an unsatisfactory sensitivity (about 40 nM), it brings a
new and potential method for Hg2+ detection by T–Hg2+–T coordination as the basic
recognition elements.

Hong et al. developed a signal-on electrochemical method for sensitive and selec-
tive detection of Hg2+ based on nicking endonuclease-assisted (NEase) target recy-
cling and HCR amplification tactics (Fig. 13.6b). Upon addition of Hg2+, PB probe
hybridized with PA probe to form dsDNA by T–Hg2+–T coordination, which auto-
matically induced NEase to efficiently digest duplex region from the recognition
sites, spontaneously releasing Hg2+ and PB and leaving the remnant initiators. The
dissociated Hg2+ and PB could be reused to trigger the next cycle, and more initiators
were produced. The HCR events occurred on the electrode surface triggered by the
initiators, resulting in a significant signal increase. They obtained a linear range from
10 pM to 50 nM and a detection limit down to 1.6 pM (Hong et al. 2017).

Li’s group developed a novel guanine nanowire (G-wire)-based approach for
signal amplification (Gao et al. 2016). On the basis of Hg2+-induced Exo III-aided
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Fig. 13.6 a Schematic diagram of T–Hg2+–T coordination. Reproduced from Ono and Togashi
(2004) by permission of John Wiley & Sons Ltd. b Illustration of electrochemical sensor based on
NEase assisted recycling and HCR strategy for the detection of Hg2+. Reprinted from Hong et al.
(2017), Copyright 2017, with permission from Elsevier. c Illustration of the label-free RRS aptasen-
sor based on Exo III-assisted recycling and G-wire amplification for Hg2+ detection. Reprinted with
the permission from Ren et al. (2016). Copyright 2016 American Chemical Society. d Schematic
diagram of the impedimetric biosensor based on DNA network for Hg2+ detection. Reprinted from
Xie et al. (2018), Copyright 2018, with permission from Elsevier

recycling and growth of G-wires for signal amplification, they designed a label-free
and signal-on resonance Rayleigh scattering (RRS) aptasensor for detection of Hg2+

(Fig. 13.6c). The hairpinDNAprobewas designed as a signal probe to recognizeHg2+

by T–Hg2+–T structure, which automatically induced Exo III digestion to recycle the
target and liberate the G-quadruplex sequence. The free G-quadruplex sequences can
be self-assembled into G-wire superstructure with addition of Mg2+, resulting in the
dramatically amplification of RRS intensity. The limit of detection was down to
20.0 pM, and it successfully applied to test tap water and river water samples (Ren
et al. 2016).

Xie et al. constructed a highly sensitive impedimetric biosensor to detect Hg2+

(Fig. 13.6d). With the addition of Hg2+, T–Hg2+–T structures initiated the Exo III-
catalyzed target recycling and generated free ssDNA to promote the information of
DNA networks on electrode surface, which could efficiently immobilize the por-
phyrin manganese (MnTmPyP). The formed MnTMPyP-dsDNA complex produced
an insoluble precipitate on the electrode surface, significantly increasing the resis-
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Fig. 13.7 a Schematic presentation of the DNAzyme sensor for the detection of Hg2+. Reproduced
from Liu and Lu (2007b) by permission of John Wiley & Sons Ltd. b Schematic of target-induced
DNAzyme cascade for the amplified fluorescence detection of Hg2+. Reproduced from Qi et al.
(2012) by permission of TheRoyal Society of Chemistry. c Schematic presentation of theDNAzyme
cascade for the amplified colorimetric detection of Hg2+. Reproduced from Chen et al. (2017) by
permission of The Royal Society of Chemistry

tance signal for the quantitative determination of Hg2+. This platform obtained a
detection limit of 1.47 pM (Xie et al. 2018).

DNAzyme is also a powerful tool to design sensitive strategies for Hg2+ detec-
tion. Liu and Lu first designed a turn-on allosteric DNAzyme catalytic beacons
triggered by T–Hg2+–T structure for ultrahigh sensitive and selective detection of
aqueous mercury ions (Liu and Lu 2007b) (Fig. 13.7a). Zhao et al. reported that
T–Hg2+–T structure could activate Mg2+-dependent DNAzyme in the presence of
Hg2+ (Fig. 13.7b), leading to hybridize with a hairpin-structured substrate to release
the fluorescent signal (Qi et al. 2012). Chen et al. designed a sensitive colorimetric
method for visual detection of Hg2+ based on T–Hg2+–T triggered DNAzyme cyclic
amplification (Chen et al. 2017) (Fig. 13.7c).

13.7.3 Zinc Ion Sensors

Shen et al. reported a sensitive biosensor based on G-quadruplex for fluorescent
determination of Zn2+ with a detection limit down to 0.91 µM. The thioflavin T
was bound to the G-quadruplex in the absence of Zn2+, leading to the significant
enhancement of fluorescent signal, while with the addition of Zn2+, thioflavin T was
released by displacement of Zn2+, resulting in a remarkable decrease of fluorescence
(Guo et al. 2015).

Cellular fluorescent detection of Zn2+ has been reported. Fan and coworkers
presented a dual-purpose fluorescent strategy to simultaneously monitor cellu-
lar Cu2+and Zn2+ (Fig. 13.8a). As is shown, the probe comprised Cu2+-specific
DNAzymes, Zn2+-specific DNAzymes, and AuNPs. To realize the synchronous
imaging of cellular Cu2+and Zn2+, dual-purpose AuNPs were designed labeled
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Fig. 13.8 a two DNAzyme-modified AuNPs were used to fabricate fluorescent biosensor for syn-
chronous imaging of Zn2+ and Cu2+ in living cells. Reprinted with the permission from Li et al.
(2015). Copyright 2015 American Chemical Society. b Electrochemical nanopore biosensor based
on DNA supersandwich amplification for Zn2+ detection. Reproduced from Liu et al. (2016) by
permission of The Royal Society of Chemistry

with two-color fluorophore-based DNAzyme probes. The fluorophores were greatly
quenched by the AuNPs and quencher. In the presence of Cu2+and Zn2+, the substrate
strands could be digested into two short fragments, when the nanoprobes were trans-
ported into the living cells, resulting in the separation of the fluorophore-modified
DNA fragments, which generated significant fluorescent signals corresponding to
the concentration and location of Cu2+ and Zn2+ (Li et al. 2015).

Traditional electrochemical biosensor contains immobilized nanomaterials and
DNA probes on the surface. Nevertheless, Xia and colleagues developed an electro-
chemical nanopore biosensor for Zn2+ detection based on HCR amplification and
Zn2+-specific DNAzyme (Fig. 13.8b). As is shown, the HCR structures were formed
by the multiple hybridization of DNA, leading to heavy blockage of nanopores and a
significant current decrease in an I-V plot. The DNA supersandwich contains the SP
probe, which could hybridize with the Zn2+-specific DNAzyme. With the addition
of Zn2+, the SP was digested into two short segments, releasing the DNA supersand-
wich structures. In this case, the ionic pathway was smooth, leading to a rapid and
complete rehabilitation of the current with a detection limit of 1 nM (Liu et al. 2016).

13.7.4 Silver Ion Sensors

For Ag+ detection, cytosine-rich DNA probes have been commonly employed. Sim-
ilar to the specific interaction between thymine and Hg2+, Ag+ was demonstrated to
selectively stabilize cytosine–cytosine mismatches.
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Fig. 13.9 Schematic illustration of a Exo III amplified fluorescent sensing system for the detection
of Hg2+ and Ag+ based on metal-polydopamine framework. Reprinted with the permission from
Ravikumar et al. (2018). Copyright 2018 American Chemical Society. b Detecting Ag+ based on
C–Ag+–C coordination chemistry by dark-field microscopy. Reprinted with the permission from
Li et al. (2018). Copyright 2018 American Chemical Society. c Electrochemical strategy based
on AuNPs and cleavage-mediated dual signal amplification for Ag+ detection. Reprinted with the
permission from Miao et al. (2013). Copyright 2013 American Chemical Society

Exo III is frequently used to catalyze the stepwise removal of mononucleotides of
dsDNA. The addition of Ag+ will trigger the formation of C–Ag+–C hybrid, enabling
Exo III to digest the generated hybrid duplex. Based on the principle, scientists
have developed numerous strategies for colorimetric, electrochemical, fluorescent
assays, and so on. Combining Exo III-aided strategy with nanomaterials, the sensing
performance might be improved due to the unique superiority of nanomaterials.
For example, Panneerselvam et al. proposed a metal–polydopamine framework with
specificmolecular probe as an effective fluorescent quencher (Fig. 13.9a) (Ravikumar
et al. 2018). They achieved simultaneous detection of Hg2+ and Ag+ with the aid
of Exo III. Integrating with AuNPs, colorimetric signal amplification strategy was
developed for Ag+ detection at the femtomolar level using dark-field microscope
(Fig. 13.9b) (Li et al. 2018).

Polymerization, DNAzyme, and nuclease-assisted amplification techniques have
also been employed. Bi et al. studied Ag+- and Hg2+-triggered ligase activity and
then established an RCA-based molecular logic gate to detect these two metal ions
(Fig. 13.3d) (Bi et al. 2010). Miao et al. developed a gold nanoparticles and nicking
endonuclease cleavage-based dual signal amplification method for the detection of
Ag+ by electrochemical readout (Fig. 13.9c). They achieve a low detection limit of
470 fM with satisfactory selectivity and practicability in lake water and drinking
water samples (Miao et al. 2013).
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13.8 Conclusion

Heavy metal ions have a great influence on human health. How to detect the metal
ions rapidly in vitro and in vivo with low cost and real time has become a chal-
lenge that needs to be addressed urgently. Nucleic acid amplifications have been
extensively used in the development of biosensors to detect metal ions because they
are highly sensitive, programmable, and stable. At present, the biosensors mainly
include four detection strategies, DNAzyme, G4 structure, mismatched DNA base
pair, and nanomaterial-based amplifications by fluorescent, colorimetric, and elec-
trochemistry readout. Although nucleic acid biosensors demonstrate many merits,
several limits are still existed. First, the reported biosensors are mainly focused on
the detection of K+, Mg2+, Hg2+, Pb2+, Cu2+, Zn2+, and Ag+, and other metal ions
are less investigated. Second, the current studies mostly stay in the theoretical and
laboratory level, and the relevant practical applications are few. Thus, nucleic acid
amplifications urgently need to be improved in many areas, e.g., discover new signal
amplification methods, promote binding nucleophilicity, enhance the sensitivity by
combining nucleic acid amplificationswith nanomaterials, such as carbon nanotubes,
graphene oxide, gold nanoparticles, quantum dots, etc., extend the detection range of
metal ions, improve detection approaches for metal ions detection in vivo, complete
high-throughput assays, explore multiple metal ion detections, and develop easy to
operate, simple, repeatable, real-time, and stable quantitative biosensors for in situ
detection.
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Chapter 14
The Application of Nucleic Acid
Amplification Strategies in Theranostics

Yanxialei Jiang

Abstract Targetingnanoparticles equippedwith diagnosis “tools” tomalignant cells
or tissues for optimal therapy is a popular concept of theranostics. As one of the most
reliable and sensitive diagnosis “tools,” nucleic acid detection is of growing practical
interest with respect to molecular diagnostics of cancer and other genetic diseases.
Particularly, PCR-based and other nucleic acid amplification strategies are most
widely used in theranostics. This chapter aims at systematization and critical sum-
marization of the applications of DNA- or RNA-targeted nucleic acid amplification
strategies in theranostics.

14.1 Introduction

Cancer is the first leading cause of disease-associated death in China (Chen et al.
2016) and the second leading cause of death in the USA (Olaku, Taylor 2017) in
decades. Current treatment modalities for tumors or cancers mainly focus on surgery,
radiotherapy, chemotherapy, and immunotherapy, among which medicine treatment
is still the most widely used therapeutic way for various types of tumors or cancers
(Xiao et al. 2017). Nevertheless, typical anticancer therapies, such as radiotherapy
and chemotherapy, cannot always work for the patients, even they helpful, they may
not cure the patients completely (Weeks et al. 2012). Besides, radiotherapy and
chemotherapy are also well known as their adverse side effects due to the treatment
cannot distinguish the similarity between cancerous cells and healthy human cells
(Emmenegger and Kerbel 2010; Karimi et al. 2016; Abou-Elkacem et al. 2016;
Fan et al. 2016; Park et al. 2016). What’s more, drug resistance, insufficient curative
effect, and tumor relapse during therapeutic process are still the huge challengeswhen
patients treated by conventional cytotoxic drugs or molecularly targeted therapeutics
(Al-Lazikani et al. 2012; Yano et al. 2012), and the efficacy of typical anticancer
therapies is usually limited in clinic.
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The ability to kill diseased cancerous cells while causing less harm to the normal
cells is of great significance to reduce adverse side effects during therapeutic process
especially in radiotherapy and chemotherapy. How to distinguish healthy cells and
cancerous cells, how to achieve tumor cells specific targeting, are the vital factors in
a cancer cure process. Particularly, a typical adopted strategy is to design a cancerous
cells target-specific drug delivery system (DDS) that can transport an effective dosage
of anticancer drugs to targeted cells, cancerous tissues or diseased area of the body
(Nicolas et al. 2013; Ge and Liu 2013; Chen et al. 2014; Frandsen and Ghandehari
2012), and sustained release drug over a period of time in a controlled manner to
increase survival of drugs (Bertrand and Leroux 2012).

Generally speaking, theranostics is a process combined diagnosis and therapy,
popularly in cancer. Cancerous cells target-specific DDS accelerates the advance-
ment of therapy; at the same time, more effective and reliable early tumor detection
and diagnosing methods have also been put forward result from the clinical needs,
which are also significant for cancer therapy in theranostics. The technology of
nucleic acid amplification strategy opens up avenues for meeting this clinical diag-
nosis requirement in theranostics. Hybridization chain reaction (HCR), rolling-circle
amplification (RCA), the strand displacement reaction (SDR), loop-mediated ampli-
fication (LAMP), and target-recycling amplificationwith endonuclease, exonuclease,
and polymerase, and these nucleic acid amplification strategies have already become
powerful tools for early diagnosis of cancer, due to their high sensitivity, excellent
stability, and subtly designability, which demonstrate good prospects to meet clinical
requirements, and assist DDS employed in theranostics.

14.2 Theranostics

“Theranostics,” generally, points out emphatically the inseparability of diagnosis and
therapy, the pillars of medicine (Baum and Kulkarni 2012). It means that “we know
which sites require treatment and confirm that those sites have been treated.” The
term “theranostics” was first used by John Funkhouser at the beginning of the 1990s,
while the concept of personalized medicine appeared at the same time (Choudhury
and Gupta 2018). Theranostics provides a clinical transition from conventional dis-
ease trial and wrong medicine treatment to much more personalized and precision
medicine time. Theranostics should have the ability to cure patients with more accu-
rate diagnosis and more specific therapy plan.

Diagnostic and therapeutic agents can be formulated as a single theranostic plat-
form and then can be attached to a biological ligand for cancerous cells or area
targeting (Muthu et al. 2014). The use of aptamers as targeting ligands which conju-
gated to DDS nanoparticles as nanotheranostic system has been substantially studied
(Vandghanooni et al. 2018). For example, Mosafer et al. (2017) loaded SPIONs and
doxorubicin simultaneously into poly (lactic-co-glycolic acid) (PLGA) nanoparti-
cles and then modified PLGA nanoparticles with AS1411 aptamer for tumor cell-
targeted theranostic purposes. It turned out that the AS1411 aptamer-conjugated
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PLGA nanoparticles enhanced its cellular uptake and cytotoxicity effect of doxoru-
bicin in murine C26 cells.

Nanotechnology has been proved to be a promising platform for theranostic
in recent advances. Nanoparticle-based contrast drug agents in theranostic offer
improved capabilities for specific cancer targeting, high-resolution imaging, and pro-
longed circulation times in comparison with the custom used methods (Hahn et al.
2011). Even though theranostic has drawn world widely particular interest in cancer
therapy since it shows significantly more advantages compared to typical radiother-
apy and chemotherapy, its application also raises critical questions simultaneously.
For example, is the optimal nanoparticles used in DDS for patients’ therapy also the
optimal nanoparticles used for cancer diagnostics (Dreifuss et al. 2015)?

14.3 DDS Applied in Theranostics

Nanotechnology has already involved in all fields of biochemical and chemical sci-
ence and technology,according to its high financial investment and rapid development
(Heath 2015). Simultaneously, nanotechnology breaks a new ground for drug deliv-
ery, especially for tumor-targeted drug delivery system (DDS). In 2004, National
Cancer Institute (NCI) launched the NCI Alliance for Nanotechnology in Cancer to
exploit the nanotechnology to fight cancer (Hull et al. 2014; Farrell et al. 2010).

Targeted DDS, as its name means, is to deliver the loaded cargos or treatment
drugs to the interested site while reducing or avoiding the cargos or treatment drugs
distribution to normal tissue or cells (Bae and Park 2011). For decades, several
series of nanocarriers applied in DDS have been used for anticancer drugs delivery,
including liposomes (Felfoul et al. 2016; Sharma and Sharma 1997; Gregoriadis
and Florence 1993; Drummond et al. 2000), organic nanoparticles (Horcajada et al.
2010a, b), inorganic nanoparticles (Rotello 2008; Liong et al. 2008; Vivero-Escoto
et al. 2010; Zhi et al. 2006), hybrid nanoparticles (Hrkach et al. 2012), polymeric
micelles (Matsumura and Kataoka 2009; Norased et al. 2006, Bae et al. 2003),
polymer-drug conjugates (Zhu et al. 2013), nanogels (Du et al. 2010; Jung-Kwon
et al. 2008), as shown in Fig. 14.1.

In addition to solubilizing poorly soluble drugs and protecting drugs from cellular
degradation, the drug-loaded nanocarriers in DDS could prolong the circulation time
of released drugs and selectively deliver them to the targeted tumor tissue, tumor
cells, or subcellular organelle (Shi et al. 2017). Besides, the released drugs from the
nanocarriers can be controlled in a spatiotemporal manner, sustained release drug
over a period of time, achieving their pharmacological activities only at the targeted
site (Dai et al. 2012). FDA has already approved several nanotechnology-based anti-
tumor preparations for decades, such as Doxil® (PEGylated liposomal doxorubicin
(DOX)) andAbraxane® (paclitaxel (PTX) loaded albumin nanoparticles) (Hare et al.
2017).

Even though targeting nanocarriers to malignant tissues, tumor cells, or subcel-
lular organelle to improve diagnosis and therapy is a popular concept, the literature
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Fig. 14.1 Illustration of several representative nanomedicines for cancer therapy, including lipo-
some, nanoparticle, polymer micelle, polymer–drug conjugate, and nanogel. Reprinted from Dai
et al. (2017). Copyright 2017, with permission from Elsevier

survey during the past 10 years turned out that only 0.7% (median) of the adminis-
tered nanocarriers is delivered to the targeted solid tumor. This has a negative effect
on nanotechnology for human clinic use with respect to manufacturing, financial
investment, toxicity, and imaging and therapeutic efficacy (Table 14.1) (Wilhelm
et al. 2016).

14.4 Nucleic Acid Amplification Strategies Applied
in Theranostics

For a particular disease, such as cancer, there is a growing significant interest in
theranostic approaches that permit concurrent diagnosis and treatment with thera-
peutic development. With the increased insights into delivery kinetics and biological
response, the theranosticmay help open the field ofmedicine toward to an era ofmore
effective and precise treatment (Peer et al. 2007; Conway et al. 2014). Unfortunately,
probing and detection low-abundance cancer biomarker and transporting a high-load
drug nanocarrier to specifically targeted tumor cells and, particularly, their combi-
nation still are a major challenge nowadays. Currently, theranostic approaches for
probing and detection in cancer typically rely on targeting tumor-associated biomark-
ers with aptamer, antibodies or other ligands, which allows an accumulation of signal
reporters or drug payloads in tumors and thus renders contrast imaging and selective
treatment (Andersen et al. 2009). However, the lack of intelligent designs for probing
and detection in diagnosis step in theranostic leads to limited imaging sensitivity and
increased background interference (Bhuniya et al. 2014). The pursuit of activatable
probe and detection designs represents a vital effort in cancer theranostics.
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Table 14.1 Delivery efficiency and the number of data sets. Reprinted fromWilhelm et al. (2016),
with kind permission from Springer Science + Business Media

Category Delivery efficiency [%ID]* Number of data sets

All data sets 0.7 232

Year

2005 1.4 8

2006 0.7 8

2007 1.0 24

2008 0.3 8

2009 0.9 11

2010 0.8 14

2011 0.7 27

2012 0.7 14

2013 0.5 35

2014 0.8 38

2015 0.5 45

Mateiral

Inorganic 0.8 86

Organic 0.6 137

Inorganic material

Gold 1.0 45

Iron oxide 0.6 8

Silica 0.4 13

Quantum dots 0.9 5

Other 0.6 14

Organic material

Dendrimers 1.4 7

Liposomes 0.5 27

Polymeric 0.6 62

Hydrogels 0.5 18

Other 0.9 23

Targeting strategy

Passive 0.6 175

Active 0.9 57
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14.4.1 Theranostics Based on DNA Rolling-Circle
Amplification

Rolling-circle amplification (RCA) is an isothermal nucleic acid amplification tech-
nique, and a variety of biomarkers such as genes,microRNAs, proteinswith ultra-low
cellular abundance have been successfully detected using developed RCA-based
probes. In recent decades, various approaches have been achieved to improve the
RCA technique, and it has become an attractive detection tool for biomedical appli-
cations. In this section, I will summarize the RCA-DDS combined cancer clinical
applications, making an outlook on the trends of the related research fields in the
future (Wang et al. 2015a; Chen et al. 2015).

In most assays based on RCA, the quantification of the target is achieved through
the RCA product quantification. The RCA products not only can turn into nanostruc-
tures by self-assembly, but also can form solubilized threads. Zhang’s group synthe-
sizedMNP/DNA-SP as nanocarrier and doxorubicin embedded in MNP/DNA-SP as
therapy drug to constructed a DDS (Guo et al. 2017b). By modification of different
functional elements in the surface of MNP/DNA-SP, such as aptamers and disulfide
linkages, the synthesizedMNP/DNA-SP-DOXcan be used for targetedGSHorCEM
cells detection and doxorubicin delivery, resulting in the relief of cell apoptosis in
target GSH or CEM cells, as shown in Fig. 14.2. For those that have not yet been
screened by their aptamers specifically, functional element (e.g., FA) modified poly
T tailed sequences were taken to MNP/DNA-SP by terminal transferase-mediated
chain elongation. Different functional elements as ligands for different targets can be
incorporated into MNP/DNA-SP, which can achieve versatile targeted and detection
applications. The advantages of MNP/DNA-SP-DOX cargo displayed high selectiv-
ity, superior biocompatibility, and convenient drug delivery. The potent antitumor
efficacy of DOX delivered by the biocompatible MNP/DNA-SP nanocarrier was
also tested in a model of xenografted tumors of mice. Consequently, the result is a
combination of traceable targeted detection and drug delivery that serves as a multi-
functionalMNP/DNA-SP, which will provide a novel theranostic platform for cancer
targets detection and may also approve other clinical applications.

Considering the requirement for combination of cancer clinical diagnosis and
therapy, Guo and her co-workers developed a magnetic nanoparticle (MNP)-based
cellular DDS for DOX cellular load and release to kill cancerous cells (Guo et al.
2017a). As shown in Fig. 14.3, MNPs surface was modified with RNA nanoflow-
ers (RNA NF) through biotin–avidin conjugation (MNP/RNA NF), and RNA NF
was produced based on rolling-circle transcription (RCT). To realize the specific
targeting cancerous cell delivery, they employed folic acid (FA) as active targeting
ligands to functionalize MNP/RNA NF and constructed FA/MNP/RNA NF nanos-
tructure. While for specific binding, folate receptors (FRs) is a wise choice for spe-
cific binding of FA, which is overexpressed on the cancer cell membrane, while low
expressed in the normal cell. The anticancer drug DOX as well as the photosensitizer
TMPyP4, which could generate reactive oxygen species (ROS) with 650 nm light,
was both loaded into this FA/MNP/RNA NF nanocarrier. The result showed that



14 The Application of Nucleic Acid Amplification … 295

Fig. 14.2 Schematic diagram of folic acid decorated MNP/DNA-SP for cellular targeted drug
delivery Reproduced from Guo et al. (2017a, b) by permission of the Royal Society of Chemistry

FA/MNP/RNA NF nanocarrier has better treatment efficacy than DOX traditional
delivery way. Additionally, FA/MNP/RNA NF could also be used as a probe for
HeLa cells’ detection, and it can detect as low as 50 cells (Guo et al. 2017b). Thus,
the nucleic acid amplification technique assisted by MNPs holds great promise for
potential applications in cancer diagnostics and therapeutics.

14.4.2 Theranostics Based on Hybridization Chain Reaction

Hybridization chain reaction (HCR), in which stable DNAmonomers assemble only
upon exposure to a target DNA fragment (Dirks and Pierce 2004). Generally speak-
ing, two stable DNA hairpins’ species coexist in reaction solution and then introduce
initiator strands to trigger a cascade of hybridization processes that yields nicked
double helices analogous to alternating copolymers. By coupling HCR to aptamer
triggers, amplification of more diverse recognition reactions can be achieved. In
HCR, this functionality allows DNA to act as an amplifying transducer for biosens-
ing applications.

Based on the feature and function of the telomerase primer and its extension
products (Qian et al. 2013, 2014), Zhang and her co-workers proposed a new strategy
for synthesis a novel nuclear-shell biopolymers initiated by telomere elongation and
can be used for telomerase activity detection and drug delivery to cancer cells (Zhang
et al. 2017). As shown in Fig. 14.4, telomerase can elongate the telomere primers,
which resulting in inner chain substitution followed by the release of RCA primers
and loaded drug. A core nanoball, an outer shell of RCA, biopolymers labeled with
fluorescence probes constituted the nuclear-shell self-assembly body. After equipped
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Fig. 14.3 Schematic diagram of magnetic nanoparticle-based co-delivery system Reprinted with
the permission from Guo et al. (2017a, b). Copyright 2017 American Chemical Society

this platform with functionalized silica-nanoflowers (FSNFs), it was supported to
detect and monitor telomerase activity and to achieve drug delivery to cancer cells.
The results showed that the nuclear-shell self-assembly body, which was the product
of RCA, displayed high sensitivity and activity for monitoring cellular telomerase,
and efficient signal amplification effect. Consequently, as RCA product, the nuclear-
shell biopolymer can efficiently deliver drugs to targeted cancer cells, which reduce
the undesired death of healthy cells, might prove a new way for diagnosis–treatment
processes in theranostics.

By applying a structure-switching aptamer-triggered HCR on cell surface, Chu’s
group developed a novel activatable theranostic approach. It is the first time that
achieves real-time activation and amplification for fluorescence imaging and target-
ing therapy use an aptamer platform (Wang et al. 2015b). The aptamer probe (AP)
used in this system is designed to trigger HCR on binding to the target cell via struc-
ture switching, instead of initiatingHCR in its free state, skillfully. TheHCR not only
amplifies fluorescence signals from a fluorescence-quenched probe (H1) for activat-
able tumor imaging but also accumulates high-load prodrugs from a drug-labeled



14 The Application of Nucleic Acid Amplification … 297

Fig. 14.4 Illustration of telomerase activity monitoring and drug delivery based on novel nuclear-
shell biopolymers in individual cancer cells. Reprintedwith the permission fromZhang et al. (2017).
Copyright 2017 American Chemical Society

probe (H2) and induces its uptake and conversion into cisplatin in cells for selective
tumor therapy. The in vitro result showed that this approach affords efficient signal
amplification for fluorescence detection of target protein tyrosine kinase-7 (PTK7)
with a detection limit of 1 pM. Live cell studies also reveal that this approach pro-
vides high-contrast fluorescence imaging and highly sensitive detection of tumor
cells, while renders high-efficiency drug delivery into tumor cells via an endocyto-
sis pathway. The results imply the potential of the HCR approach as a promising
platform for early-stage disease diagnosis and precise cancer therapy (Fig. 14.5).
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Fig. 14.5 Illustration of SATHCR for activatable theranostics. Reprinted with the permission from
Wang et al. (2015a, b). Copyright 2015 American Chemical Society

14.4.3 Theranostics Based on Aptamer-Incorporated Nucleic
Acid Amplification

Definitely, in theranostics, it is essential to monitor the expression of low-abundance
biomarkers and transport a high-load drug to target cancer cells (Srinivasarao et al.
2015). Aptamers are single RNA or DNA strand with unique intramolecular confor-
mations for selective binding to various targets. Aptamer-ligand recognition depends
on the precise stacking of flat moieties, specific hydrogen bonding, and molecular
shape complementarity (Bock et al. 1992; Jayasena 1999; Hermann and Patel 2000).
Aptamer possesses dominant advantages over antibodies in terms of size, synthetic
accessibility, and chemical modification. Therefore, aptamers are under worldwide
development as a potential diagnostic or therapeutic tool in theranostics (Table 14.2)
(Keefe et al. 2010).

In theranostics, the applied aptamers are functionalized with therapeutic agents
or imaging probes (Wang et al. 2014; Kruspe and Hahn 2014). How to discriminate
different types of cancer cells still remains challenging in the detection step due
to the subtle differences in cancer cell expression of membrane receptors. Zhang’s
group developed a multicolor cell imaging method for distinguishing different types
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Table 14.2 Aptamers to targets of therapeutic interest. Reprinted from Keefe et al. (2010), with
kind permission from Springer Science + Business Media

Target (alternative name) Kd (nM) Therapeutic applications Refs

α-thrombin 25 Prevent thrombosis 9

HIV-1 reverse transcriptase 1 Inhibit viral replication 134

HIV-1 Rev <1 Inhibit viral replication 135

Fibroblast growth factor 2, basic 0.35 Prevent angiogenesis 136

Respiratory syncytial virus 40 Prevent infection 137

HIV-1 integrase 10 Inhibit viral replication 138

Vascular endothelial growth factor 0.1 Prevent neovascularization 139

Platelet-derived growth factor 0.1 Prevent tumor development 83

Immunoglobulin E 10 Prevent allergies 140

L-Selectin 3 Modulate inflammation 141

D-Adenosine 1100 Unknown 39

Acetylcholine-specific
auto-antibodies

60 Treat myasthenia gravis 142

Interferon-γ 68 Modulate inflammation and
immune response

143

Keratinocyte growth factor 0.0002 Treat epithelial hyperproliferative
disease

144

Neutrophil elastase n/o Modulate inflammation 145

P-selectin 0.04 Inhibit viral adhesion 146

Acetycholine receptor 2 Control neurotransmission 147

Phospholipase A2 118 Treat ARDS, septic shock 148

Protein tyrosine phosphatase 18 Inhibit oncogenesis, viral
regulation

149

Activated protein C 110 Prevent thrombosis 150

CD4 0.5 Modulate immune response 151

Nuclear factor-κB 1 Treat chronic inflammtory disease 152

Lymphocyte function-associated
antigen 1

500 Prevent tumor development,
modulate inflammation

153

Cytohesin 1 5 Modulate cytoskeletal
reorganization

154

α v β 3 integrin 2 Prevent tumor development 155, 156

of cancer cells with fluorophore-tagged aptamers (Fig. 14.6) (Wang et al. 2014).
Aptamer sequence and aptamer-labeled dyes affect the recognition process between
aptamers and cancer cells. For different cancer cell lines, even though they own
the same biomarkers, when interact the fluorophore-tagged aptamers with different
cancer cell lines in different degree, the result turned out that there is a distinct color
to discriminate different types of cancer cells at single cell level. Based on cross-
reactive ability of the fluorophore-tagged aptamers, distinguish the cancer cells from
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Fig. 14.6 Schematic presentation of themulticolor imaging for single cell typing with fluorophore-
tagged aptamers. Reprinted with the permission fromWang et al. (2014). Copyright 2014 American
Chemical Society

large quantities of normal cells quickly, and identify different types of the cancer cells
are achieved, simultaneously. These fluorophore-tagged aptamers have a promising
application for cancer diagnostic and therapy in the future.

As one of the class of therapeutic nucleoside and nucleobase analogues drugs,
5-fluorouracil (5-FU) has been used in cancer therapy and in the treatment of var-
ious diseases for decades (Longley et al. 2003). Therefore, in DDS, nanoparticles,
nanogels, and nanopolymers are mainly focus on 5-FU cellular delivery for cancer
therapy (Burke et al. 2014). By applying a cell-specific cytotoxic aptamer, Sven’s
group found that it can be prepared in a one-step enzymatic reaction by incorpo-
rating multiple units of a nucleoside analogue directly into an aptamer that targets
a cytokine receptor. In targeted cancer cells, the controlled cellular release of 5-
FU is initiated by intracellular nucleolytic hydrolysis of the cell-specific cytotoxic
aptamer (Kruspe and Hahn 2014). Cytotoxic nucleoside and nucleobase analogues,
such as 5-fluoro-2’-deoxyuridine (5-FUdR), are advantageous drugs for receptor-
mediated active targeting as they benefit from this intracellular turnover. As showed
in Fig. 14.7, 5-FUdR becomes part of the aptamer molecule itself, replacing all the
uridines in the original aptamer. The controlled release of the drug inside the target
cells is mediated through naturally occurred degradation by lysosomal nucleases.
The hydrolysis of the aptamer would yield 5-FUdR, which could escape the lyso-
some by active nucleoside transporters, which normally serve as recycling gateways
for lysosomal degraded nucleic acids (Fig. 14.7).
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Fig. 14.7 Principle of drug delivery by AIR-3-FdU. The 5-FUdR-modified aptamer (AIR-3-FdU)
binds to the human interleukin-6 receptor on the cell surface and is internalized. Reproduced from
Kruspe and Hahn (2014) by permission of John Wiley& Sons Ltd.

14.5 Conclusion

Theranostics is a prosperous field of cancer which combines specific targeted cancer
therapywith specific cancer biomarkers-targeted diagnosis. Theranostics uses specif-
ically diagnostic ways in the human body, to acquire diagnostic images and also to
deliver a therapeutic dose of medicine to the patient. It applies nanoscience to unite
diagnostic and therapeutic applications to form a single agent, allowing for diagnosis,
drug delivery, and treatment response monitoring. Besides, theranostics provides a
transition from conventional medicine therapy to a contemporary personalized and
precision medicine approach.

In theranostics, the nucleic acid amplification strategy-based diagnostic method
recognize the particular biomarkers on a tumor, amplify the signal, and allow loaded
therapy drug released to specifically targets on the tumor, rather than more broadly
the disease and location it presents. This contemporary formof treatmentmoves away
from the one-medicine-fits-all and trial-and-error medicine approach, to offering the
right treatment, for the right patient, at the right time, with the right dose, providing
a more targeted, accurate and efficient pharmacotherapy in the form of theranostics.
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This chapter covers part of the reported applications, and many efforts have been
made to develop diagnostic and theraputic assays using nucleic acid amplification
combined DDS in theranostics. In the past decade, DNA- or RNA-targeted nucleic
acid amplification has been well developed to help in the detection and quantification
of cancer biomarkers and cells in patient-derived blood and tissue samples as well
as the patient’s body. While tumor is a heterogeneous tissue consisting of different
types of cancer or cancer-associated cells, it may vary between different patients or
even between different cancer stages in an individual patient. Therefore, currently,
the discovery of new and effective diagnostic and prognostic DDS cargoes seems
necessary in theranostics.
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Chapter 15
Microdroplet Array for Nucleic Acid
Amplification Strategies

Yingnan Sun

Abstract Nucleic acid amplification strategies are often integrated with miniatur-
ized devices including digital microfluidics, microfluidic chips, paper-based fluidic
chips, and other open chip without microstructures. In contrast to microdroplet gen-
eration on chips with microchannels or on microchambers, recently developed tech-
niques for the generation of droplet arrays (ranging from femtoliter to microliter
volumes) on planar substrates have set the stage for the direct manipulation of indi-
vidual droplets and for image acquisition and quantification. A droplet array on a
planar substrate has some advantages over the previous picoliter or nanoliter cham-
bers with solid walls. The integration of nucleic acid amplification into microdroplet
array has facilitated the development of nucleic acid-based detection and diagnosis
with high assay sensitivity. In this section, we highlight recent progress made on the
characterization of open-access microdroplet array, focusing particularly on design,
fabrication, and clinical application.

15.1 Introduction

In recent years, enormous efforts have been dedicated to develop droplet manipula-
tion technology since isolated microdroplets in an oil phase have great potential for
use in biochemical research and clinical diagnostics (Han et al. 2018). Compared to
conventional microfluidics with fluidic channels, droplet-based microfluidic devices
provide greater flexibility and versatility, and reaction in microdroplet has some
unique advantages (Ma 2016). Firstly, the volume of reaction in droplet is as small
as picoliters or nanoliters, the consumption of reagents can be decreased by more
than three orders of magnitudes. Secondly, droplet segregated by immiscible phase
can perform parallel high-throughput analysis for multiple targets. Thirdly, micro-
droplet can realize fast biochemical reactions due to rapid blend of reactant and high
efficiency of heat and mass transfer, which dramatically reduces the reaction time.
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Fourthly, the size of microdroplet comparable to that of a cell enables analysis for
single cell. Lastly, miniaturized reactors contribute to the combination of a series
of operations including purification, mix, amplification, and detection of samples,
which makes automation and portability of system more likely to come true. Cur-
rently, droplet technology has been widely used in biological detection technology
such as protein detection, kinetics of enzyme reaction, polymerase chain reactions
(PCR), and single-cell analysis. Many biochemical reactions have been successfully
executed in single droplet (Huebner et al. 2008; Taly et al. 2007). Notably, parallel
PCR in nanoliter- to picoliter-sizedmicrodroplets (Takinoue and Takeuchi 2011; Teh
et al. 2008; Theberge et al. 2010; Lorber et al. 2011) have garnered intense research
interesting in the past few years (Sun et al. 2014).

Themicrodroplet chip can be further classified into the enclosed and openmodels.
The former system requires designing and fabricating droplet-based microfluidics
including microchannels and microchambers, using specialized facilities and com-
plex procedures, which are not widely available. In contrast, the open-access micro-
droplet array has unique advantages inmultistep operation of droplets and subsequent
detection. Droplet arrays are emerging as an open platform which are totally differ-
ent from the conventional, flow-based, lab-on-a-chip philosophy and compete with
microplates, in terms of versatility and simplicity of operation (Garcia-Cordero and
Fan 2017). A planar monolayer droplet array (PMDA) (Xu et al. 2016a, b) in flat
substrate, offering exceptional convenience that can not only complete microscop-
ically one-time imaging, but also perform droplet addressing and real-time in situ
monitoringof the target droplets.Although this kindofmicrodroplet chip still has lim-
itations in analyzing throughput compared with the emulsion microdroplet system,
it is extremely suitable for the development of disposable POC diagnosis equipment.
Therefore, microdroplet array is one of the focused researches of droplet methodol-
ogy in recent years.

In this section, we highlight recent progress made on the characterization of open-
access PDMA, focusing particularly on design, fabrication, and clinical application.
What needs to be emphasized is that the here shown methodologies are important
prototype as general and powerful tools not only for nucleic acid amplification strate-
gies, but also for other important fields such as single-cell assays, molecular biology,
immunology, and proteomics catalysis and so on.

15.2 Open-Access Microdroplet Array

In contrast to microdroplets generation under constant flow in microchannels or on
microwell chips, recently developed methods for droplet arrays generation (ranging
from femtoliter to microliter volumes) on planar substrates have set the stage for
the direct manipulation of individual droplets, as well as images acquisition and
quantification. A droplet array on a planar substrate has several advantages over the
previous picoliter or nanoliter droplets in solid-walled chambers (Sakakihara et al.
2010). Because each droplet is isolated by immiscible phase, an individual droplet
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with its biological or chemical contents is directly accessible from outside. Another
important aspect of this feature is the ability to recover the droplet contents, which
may be useful for further downstream analysis or processing. Most of the studies
have used micropipettes to obtain regular droplet arrays with volumes in hundreds
of nanoliters under an oil layer in a petri dish (Kim et al. 2009) or on a hydrophilic-
in-hydrophobic-patterned chemically modified substrate (Sakakihara et al. 2010;
Kantlehner et al. 2011; Schmidt et al. 2006; Zhang et al. 2011). Contact printing
and inkjet printing (Arrabito et al. 2013) have also been developed and applied to
high-throughput nucleic acid amplification assays through the precise generation
and control of droplet volumes (Sun et al. 2014). In this section, we divide the
microdroplet array into several categories for respective elaboration according to the
droplet generation means and methods: (1) printing-based microdroplet array; (2)
microallocation-based microdroplet array; (3) surface-pattern-based microdroplet
array; (4) novel approaches for microdroplet array.

15.2.1 Printing-Based Microdroplet Array

Inkjet printing technology, as an alternative to microfluidic technology, can be uti-
lized to directly generate large-scale droplet arrays on a two-dimensional plane and
has the advantages of both high throughput and precise control of small volumes,
which satisfy the critical demands for biomedical assays and clinic diagnostics, espe-
cially in field of POC detection. This technique, which can be precisely manipulated
and applied with temporal and spatial control, does not require a complicated fab-
ricating process and has been employed in many areas, thus making it one of the
most widely used methods for efficient microarray fabrication (Zhang et al. 2016a,
b). In addition, droplet volume can also be precisely controlled through adjusting
the applied pulse amplitude and waveform on the piezo actuator of the inkjet system
(Chen et al. 2013a, b; Luo et al. 2013; Zeng et al. 2016; Zhang et al. 2017). Nowa-
days droplet array formation based on printing approach is encountered with such
intractable challenges as (1) evaporation of droplets during array fabrication. Evap-
oration effects typically hinder the extreme scale reduction of droplet reactions to
picoliter volumes, even femtoliter levels; (2)multistep droplet manipulation based on
inkjet printing approach. Since printing technology has the advantage of open oper-
ation, allowing easy access to the contents, it is also necessary to realize multistep
droplet manipulation.

Conventional microarray biochips, such as gene chips, usually use microjet tech-
nology to prepare an array of one reactant and fix it on the surface of the array (Fodor
et al. 1991) and then the sample solution to be tested interacts with the microarray
to complete the screening assay. However, this detection scheme is not suitable for
most biological/chemical reactions, since most of the biochemical reactions need to
be completed in solution environment. Moreover, more and more studies require the
reaction volume to be within the range of picoliter to nanoliter. Therefore, microjet
technology has been adopted to prepare biochips of high-throughput and solution-
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phase droplets array over the past decades. As early as 2003, Gosalia and Diamond
from University of Pennsylvania have created discrete nanoliter reaction volumes in
the liquid phase via contact printing combining with the low volatility of glycerol
droplets on glass. Using aerosol deposition, this method has the capability to rapidly
assemble multi-component reactions with minimal sample usage in a microarray
format (Gosalia and Diamond 2003). The kinetic and specificity profiling of serine
and cysteine proteases were performed on a 16× 24 array of 200 µm diameter spots
with 500 µm center-to-center spacing (Gosalia et al. 2005).

The addition of organic solvents, such as glycerin or DMSO, can alleviate the
volatilization issue of nanoliter volume or even smaller droplets (Berthier et al. 2008),
but the limitation of thismethod is that organic solvents are not compatiblewithmany
biochemical systems, and fluid droplets without fixation are not suitable for complex
multistep operations. Mugherli et al. proposed an approach that combined piezoelec-
tric printing and surface-tension microarrays to optimally suit for both the synthesis
and the profiling of enzyme inhibitors. The microarray utilized a hydrophobic sur-
face patterned with hydrophilic spots to maintain the position of the arrayed droplets
in order to facilitate the handling of bigger (30–150 nL) droplets and thus alleviates
the evaporation problem (Mugherli et al. 2009).

In order to further improve assay sensitivity, binding capacity and mass transport,
3D microarray substrates have been developed to achieve higher protein loading
capacity, higher fluorescent signals, and better spot morphology compared to a 2D
surface (Li et al. 2011). However, they often rely on photopolymers which have
a complex manufacture process and small pore size that limits mass transport and
demand long incubation time. To overcome some of these limitations, Juncker’s
group (Li et al. 2011) presented a novel 3Dbeads-in-gel dropletmicroarray (BiGDM)
based on the entrapment of modified microbeads that were printed onto a glass
slide using an inkjet printing technology. The hydrogels were highly porous and
together with the 3D architecturewhich could help enhancemass transport during the
assays. The printing parameterswere also optimized for the attachment of the alginate
to the substrate. BiGDM was applied for multiplexed sandwich immunoassays for
the detection of six proteins including cytokines and breast cancer biomarkers in
buffer solutions and 10% serum. The results illustrate the potential of 3D droplet
microarrays for highly sensitive and multiplexed biochemical assay.

It is an important issue that multiplexed multistep operations based on printing
technology are able to be realized on microdroplet array in sub-nanoliter to pico-
liter. This is also one of the keys to promote the applicability of printing technol-
ogy in the field of clinical diagnosis, since this linkage is typically challenging for
biomolecules since they might lose their function after covalent immobilization. In
order to address this problem, in 2013, Arrabito et al. first showed a low-cost and
rapid multistep/sequential picoliter droplets assembly on solid surfaces through non-
immobilized molecules interacting dispensed by piezoelectric inkjet printer and for
delivering multiple biomolecular systems. Biochemical reactions are conducted in
such picoliter spots, which were stable during both the multilayer-assembling and
the execution of the assay thanks to the high hygroscopicity of 30% glycerol in
droplets. Since it can be extended to molecular and biomolecular systems, the here
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shown methodology is an important prototype as a general approach not only for
high-throughput screening of compound libraries, but also for other important fields
such as PCR, genomics, catalysis, and single-cell assays (Arrabito et al. 2013).

It is the primary objective that employing the printing technology to develop
a non-contact and sequential picoliter droplet printing model without evaporation
in order to further improve the universality of printing applications in biochemical
analysis. In our previous work (Sun et al. 2014, 2015), two novel printing methods
based on droplet-in-oil structure were first developed and characterized. Droplet-
in-oil array with picoliter volumes was first fabricated and characterized generated
with a double-inkjet printing model on a hydrophobic substrate, which was suc-
cessfully applied for quantitative polymerase chain reaction (qPCR) analysis (Sun
et al. 2014). Double-inkjet printing was developed to address the picoliter droplets
evaporation during large-scale array generation on a planar substrate without the
assistance of a humidifier or glycerol. The method adopts piezoelectric inkjet print-
ing to precisely eject a reagent droplet into an oil droplet on a hydrophobic and
oleophobic substrate. There is no evaporation and random movement during array
fabrication and thermal cycling. Besides, this method can also be adopted to fabri-
cate multivolume droplet-in-oil arrays. This feature is useful for multivolume assays
aimed at wide and tunable dynamic ranges. On the basis of the double-inkjet print-
ing, sequential-inkjet printing method was further presented to describe the multiple
injection procedures implemented by the inkjet printing approach (Sun et al. 2015).
Themultiple injection models demonstrate a novel sequential-inkjet printingmethod
was proposed to generate picoliter-scale multi-component droplet-in-oil arrays via
multistep printing. Based on the previous work, this technique utilizes the inkjet
printing technology to fabricate an oil droplet array and print secondary droplets
with different compositions and volumes into the oil array, which simultaneously
addressing the evaporation issues associated with printing picoliter droplets without
external assistance. Besides, a three-phase model was also developed based on the
general numerical framework of the Gerris Flow Solver in order to perform a numer-
ical simulation of the droplet-in-oil formation based on sequential-inkjet printing.
We believe that applying the double-inkjet printing and sequential-inkjet printing
methodology to the existing inkjet printing devices will enhance their use as general
diagnostic tools as well as accelerate the application of inkjet printing in multistep
screening experiments (Fig. 15.1).

Different kind of droplet array for different applications can be realized by flex-
ible combination of the printing technique and other auxiliary strategies. Lin and
co-worker reported that inkjet technology was used for continuously generating
monodisperse droplets in the oil phase and droplets were then introduced into the
capillary in the form of linear array (Zhang et al. 2018). The linear array of monodis-
perse droplets was detected by a fluorescence detector located at the downstream
of the capillary for positive droplet counting. This combined system was able to
achieve online amplification and detection without any liquid transfer steps, thus
avoiding cross-contamination and sample loss. In our latest work, we combined
inkjet printing technology with a sticky superhydrophobic surface (SH) to prepare
high-resolution patterns with controllable diameters and large throughput (Sun et al.
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Fig. 15.1 a Schematic representation and bright-field images of picoliter droplet-in-oil array fabri-
cation by double-inkjet printing on a solid support. Reproduced fromSun et al. (2014) by permission
of The Royal Society of Chemistry. b Schematic representation of picoliter droplet-in-oil array fab-
rication by sequential inkjet printing on a silicon dioxide solid support. Reproduced from Sun et al.
(2015) by permission of The Royal Society of Chemistry

2018). The SH surface with both high contact angle and high contact angle hysteresis
(CAH) can not only obtain high-resolution spots with dewetting principle, but also
avoid droplet bouncing and scattering behaviors. It is the first time that applying a
transparent sticky SH surface to solve the bouncing issue during inkjet printing for
fabricating high-resolution patterns. Based on an inkjet printer with ordinary preci-
sion, the minimum feature size was obtained with this method was as small as 4 µm.
Although inkjet printing-based droplet generation procedure is set forth in detail
in this section, other high-resolution jet printing can also be used to produce multi-
ple submicroliter-sized droplets through piezoelectric or electrohydrodynamic-based
droplet generation (Ferraro et al. 2010; Park et al. 2007).

15.2.2 Microallocation-Based Microdroplet Array

In addition to the printing technology, microallocation method is an alternative to
be utilized to fabricate the microdroplets chip. This microallocation-based droplet
manipulation method is different from previous microfluidic droplet systems based
on continuous flowmode or digital microfluidics. Flexible droplet manipulations can
be automatically achieved including droplet generation, indexing, sampling, trans-
ferring, splitting, and fusion in picoliter-scale precision, even femoliter scale. In the
early stage of this field, Fang’s group has carried out many related researches dur-
ing the past dedicate. Back in 2006, the group reported a slotted-vial array sample
injection systemwhich was combined with a short fused-silica capillary to produce a
highly efficient and simple µSIA system (Du et al. 2006). Even though the approach
provides a useful means for online process monitoring and high-throughput screen-
ing, there is still a limitation of the present system that the bioanalysis was performed
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in the capillary tubes. In their further study, they successfully extracted the droplets
from the capillary and formed microdroplets array on substrates, which was covered
by oil layer. On this basis, Du et al. (2010) developed a so-called DropLab microflu-
idic platform, to deposit the generated droplets in the capillary into a multiwell plate
or an oil-immersed nanowell plate. A novel droplet generation approach based on
the droplet assembling strategy was developed to produce multi-component droplets
in the nanoliter to picoliter range (25 pL–25 nL) with high controllability on the
size and composition of each droplet. Without the need of complex microchannel
structures, various droplets with different parameters were automatically assembled
and dispensed, aiming to multiple screening targets by simply adjusting the aspirated
liquids on demand. In 2013, Zhu et al. (2013a, b, 2014) improved the droplet-based
microfluidic system, named SODA, for forming a 2D picoliter-droplet array based
on “aspirating-depositing-moving” (ADM) method. The ability of performing com-
plicated and multistep droplet manipulation with SODA systemwas demonstrated in
the serial dilution of inhibitor droplets which includes droplet generation, indexing,
splitting, transferring, and fusionwith picoliter precision.Du et al. (2018) constructed
a 6× 9 coculture droplet array by using the automated SODA system, and this array
allows concurrent mimicking of angiogenic sprouting and analysis of multiple sam-
ples and multiple factors. This microallocation system is particularly suitable for
screening of multiple samples and ultralow-consumption analysis and applications
in other analysis and screening for multiple samples, such as nuclear acid screening,
combinatorial chemistry, and clinical diagnosis. The tiny droplet array with volumes
down to 179 fL was achieved by combining the pin-based contact printing and the
oil-covered hydrophilic pillar microchip (Guo et al. 2018). To overcome the scale
phenomenon appeared in picoliter-scale droplets, a water moat was designed to pro-
tect the femtoliter to picoliter droplets from volume loss through the cover oil during
the droplet manipulation.

The uniformity and size of droplets produced by these methods are affected by
many factors, such as the fluid properties of viscosity and surface tension, precision
of the micro-fabrication, piezoelectric pulse parameters and so forth. Therefore, it is
always challenging to precisely and robustly control droplet generation on demand in
a wide volume range. Du et al. developed a simple active droplet generation method
(Xu et al. 2016a, b; Liao et al. 2016; Hu et al. 2017), named as cross-interface
emulsification (XiE), for the high-throughput generation of monodisperse droplets
with controllable volumes from picoliter to nanoliter. Droplets were fabricated via
the dynamic interfacial shearing driven by a mechanical vibration of a capillary at
the interface of the continuous phase. The droplet volume can be precisely con-
trolled on demand since it’s governed by flow rate and vibrating frequency. What’s
more, monodroplet emulsions can automatically assemble into a planar monolayer
microdroplet array on flat bottom, offering convenience for imaging thousands of
droplets simultaneously. However, the technique could only support one premixed
solution that severely restricts the fitness for use. The same group further developed a
new method for multi-component active droplet generation, named as multichannel
dynamic interfacial printing (MC-DIP) (Liao et al. 2017). This method converged
multiple liquid components on the nozzle and generates droplets via the XiE mech-
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Fig. 15.2 Schematic
illustration of multichannel
dynamic interfacial printing
(MC-DIP). Reprinted with
the permission from Liao
et al. (2017). Copyright 2017
American Chemical Society

anism. Compared with droplet microfluidic or printing technique, the XiE-based
device was composed of simple parts without any complicated microfabrication.
Therefore, the MC-DIP technique could perfectly offer opportunities for common
laboratories, evenwithoutmicrofabrication or printing facilities, to carry out awidely
accessible droplet generation and perform biochemical assays with high-throughput
microdroplet array (Fig. 15.2).

15.2.3 Surface-Pattern-Based Microdroplet Array

Although plenty of methods have been employed to generate microdroplets array,
most current methods require excellent prepared or sophisticated equipment (Li et al.
2015a, b), which restricts its versatility for various biochemical applications. There-
fore, the development of a simplemethod to generate tinymicrodropletswith control-
lable and uniform volume is urgently needed. Another kind of microdroplet arrays is
sessile droplets that are confinedwithin affinitive domainswith non-movable droplets
(Garcia-Cordero and Fan 2017). Sessile droplets are emerging as a platform capable
of competing with microplates in terms of versatility and simplicity of operation.
Such arrays usually require to prepare hydrophilic patterns on hydrophobic sur-
faces and rely less heavily on complicated techniques (Liang et al. 2017; Jin et al.
2014; Xu et al. 2016a, b). The extreme wettability contrast of the superhydrophobic-
superhydrophilic (SH-SL) patterns allows the spontaneous separation of an aqueous
solution into high-throughput arrays of microdroplets based on the effect of dis-
continuous dewetting. This efficient droplet formation does not require multiple
pipetting or a liquid-handling device. The handling of small volumes of droplets
requires fewer reagents than with conventional microplates. Recently, superwettable
microchips with superhydrophobic-superhydrophilic patterns exhibit excellent abil-
ity of patterning microdroplets (Gu et al. 2002; Zhang et al. 2007; Nishimoto et al.
2009; Oliveira et al. 2013; Neto et al. 2016a, b) and have a profound impact upon
diverse applications such as ultratrace detection of DNA (Xu et al. 2015) and cell
microarray (Ueda et al. 2013; Feng et al. 2014; Oliveira et al. 2014).
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Levkin’s group (Efremov et al. 2013) recently demonstrated a versatile platform
for generating thousands of isolatedmicrodroplets array (DA)with specific geometry
and volume, based on the utilization of precise SH-SLmicropatterns on films. Due to
the extremedifference inwettability betweenSHandSLareas and the phenomenonof
discontinuous dewetting, aqueous solutions appliedonto such surfaces spontaneously
form an array of separated microdroplets array (Ueda et al. 2012). These droplet
arrays can not only serve as a miniaturized platform for cell-based high-throughput
assays, but also achieve the simultaneous gelation of the prehydrogel droplets array of
defined sizes and shapes combined with the sandwiching method. The similar work
of droplet-splitting strategy was also conducted by Song’s group (Li et al. 2015a,
b). A facile method for microdroplet array preparation was realized by sliding a
droplet on a patterned SL/SH substrate. Tiny microdroplets with volume ranging
from 83.5 pL to 9.7 fL were successfully fabricated on SH square patterns with
lateral lengths ranging from 5 to 100 µm. The volume of microdroplets can be
controlled precisely by adjusting the SL pattern size, the contact force and the relative
sliding speed between the droplet and the substrate. This strategy was validated for
fluorescent spheres and cancer cells separation in designated array. This method is
facile, sample-effective, and low-cost for the development of microdroplet arrays for
biochemical analysis (Fig. 15.3).

Since the volume of microdroplets can even be minimized to picoliters or femto-
liters, free-standing and tiny aqueous droplets suffer an intractable issue with droplet
evaporation in a few milliseconds in air (Sun et al. 2014, 2015). Therefore, micro-
droplet arrays should be covered with immiscible oil as soon as they are generated, to
prevent evaporation for long-term analysis or high-temperature operation (Gorris and
Walt 2010). Iino and Noji et al. (Sakakihara et al. 2010; Kim et al. 2012; Iino et al.
2012) prepared a femtoliter droplet array by using a hydrophilic-in-hydrophobic
micropatterned surface. Since fluorinated oil has a higher density than water, the
hydrophilic micropatterns retain the dome-shaped aqueous solution when the aque-
ous solution on the surface is exchanged with fluorinated oil, and more than 106
directly accessible femtoliter droplets were prepared simultaneously. In this paper,
the author also proposes two important features of this method: One is accessible
femtoliter and high-throughput droplet assay, which can be applied to the digital

Fig. 15.3 Schematic
representation and snapshots
of the process of
discontinuous dewetting
leading to the formation of
an array of microdroplets.
Reproduced from Popova
et al. (2015) by permission
of John Wiley & Sons Ltd.
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PCR and the digital ELISA, which detect very low amounts of DNA and diagnostic
biomarkers down to the single-molecule level. Another important feature is the capa-
bility to recover the droplet content, which is useful for further applications of the
accessible product in droplet array. The Iino group has reported a variety of success-
ful applications based on the large-scale and directly accessible femtoliter droplet
array, including measuring the kinetic parameters of the single-molecule enzyme
and protein (Sakakihara et al. 2010), accessing a single-cell drug efflux assay in
bacteria (Iino et al. 2012), and digital counting of extremely low concentrations of
biomolecules (Kim et al. 2012). It is believed that the large-scale femtoliter droplet
array immobilized on a substrate would have great potential as a highly sensitive,
portable biochemical screening device that could be used to diagnose diseases.

Different from the Iino’s work that the liquid exchange was induced by den-
sity differences on a hybrid surface, Wu et al. (2018a, b) generated the oil-covered
uniformly picoliter droplet arrays by exploiting the capillarity principles to guide liq-
uids sliding along a hydrophilic-in-hydrophobic patterned surface. The entire droplet
array preparation process can be completed within a few minutes, and more than ten
thousand microdroplets can be generated in 5 s, with more than 80% coverage and
less than 10% variation in volume. In this paper, the separation experiments of single
microspheres and cells were carried out to verify that this new method enables high-
throughput generation. In addition, it is facile, efficient, and low-cost (Fig. 15.4).

SH-SL patterned surfaces are also adopted to accomplish biosensing in a micro-
gravity environment. Xu and coworkers (Xu et al. 2017) jointly developed an super-
wettable microchip to meet stringent requirements solve the problem of droplet
floating in a microgravity condition, providing a new scheme for the visual detection
of routine biomarkers in astronauts, such as calcium, protein, and glucose. SLmicro-
pores have a great ability to trap droplets while the anti-droplet adsorption ability of
the SH substrate can limit the movement of droplets. Deserved to be mentioned, the

Fig. 15.4 aDroplet array preparation procedure.Water on themicropatterned surface is exchanged
with oil. Reproduced fromSakakihara et al. (2010) bypermission ofTheRoyal Society ofChemistry.
b Schematic drawing of the oil-covered droplet array preparation procedure. Reprinted with the
permission from Wu et al. (2018a, b). Copyright 2018 American Chemical Society
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silica nanodendritic structure in SH microwells could generate capillary force which
was explained with capillary theoretical model on porous solid surfaces. This chip
could capture different volumes of microdroplets against the gravity by designing the
diameters of SH microwells, making the detection process easier in weightlessness
or zero gravity.

15.2.4 Novel Approaches for Microdroplet Array

There are few reports about droplet-based microfluidic system allowing effective
manipulation of biofluidic dropletswith low surface tension and high viscosity,which
limits the applications of related multiplex bioassays and point-of-care diagnostics.
In 2018, Han and co-workers (Seo et al. 2015; Han et al. 2018) developed a single-
droplet manipulation system with a superamphiphobic-superamphiphilic (SPO-SPI)
pattern on a disposable cartridge PDMS substrate applied for a multiplex bioassay
from single-droplet samples. A vacuum pressure was applied beneath the substrate
through a vacuum tip to manipulate the single-droplets including transporting, mix-
ing, and dispensing. The developed system could have broad applications in the
biomedical field because of its simple fabrication process and great potential in com-
bination with conventional biosensing methods.

Zhu et al. (2018) combined the evaporation and the deformability to control
directed self-assembly of microdroplets in an evaporating liquid to fabricate large-
scale ordered films. Firstly, they used the microfluidic chip to robustly produce uni-
form emulsions with silicone oil droplets in aqueous poly(vinyl alcohol) (PVA) solu-
tion. After emulsification, a dilute emulsion of oil droplets was deposited onto a glass
substrate. Because oil droplets are lighter than aqueous PVA solutions in density, ini-
tially disordered droplets quickly self-assemble near the upper liquid–air interface
driven by buoyancy within several minutes. Since the droplet assembly-based fabri-
cation is compatible with tunable properties, this novel approach paves a newway for
precisely engineering ordered and microstructured material networks over multiple
length scales (Fig. 15.5).

Real-time observation of droplet digital detection is extremely beneficial for
understanding phenomena of reaction kinetics and accurate quantification of nucleic
acid in various samples. Because the dispersion of monodisperse droplets into con-
tinuous phase violates the thermodynamic equilibrium, the microdroplets dispersed
in oil phase tend to move and merge into big ones, especially during droplet PCR
process and long-term cell culture (Baret 2012). To solve this problem, droplets are
usually injected into narrow capillaries or microchannels (Beer et al. 2008), where
the droplets are sequentially spaced by oil or are fixedwithwetting patterns of surface
(Liu et al. 2017). However, these approaches will cause either low-throughput pro-
duction or difficult real-timefluorescencemeasurements. As of now, high-throughput
real-time monitoring systems based on droplets are rarely reported due to droplet
coalescence and motion. Wu et al. (2018a, b) provided a straightforward method
for real-time monitoring of individual droplets in droplet digital PCR (ddPCR) by
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Fig. 15.5 Schematic showing the process of ordered microdroplet rearrangement in an evaporating
emulsion. Reproduced from Zhu et al. (2018) by permission of John Wiley & Sons Ltd.

developing a novel thermosetting oil as a continuous phase to eliminate droplets coa-
lescence through transforming into elastic solid after droplet generation. The oil is
harmless to biomaterials in droplets because the hydrosilation-based polymerization
of the curable material occurs spontaneously without inducers. More importantly,
the PCR products can be recovered from microcapsules for downstream analysis,
which is crucial for a wide application in molecular diagnosis and cell researches.

15.3 Nucleic Acid Amplification Strategies in Microdroplet
Array for Clinical Diagnostics

Analysis of biological analytes in droplets containing multiple biological analytes
is required for the clinical diagnosis and management of chronic diseases (Mar-
tinez et al. 2007; Kuan et al. 2016; Rice et al. 2010). Various biosensing techniques
have been developed to analyze biological analytes. Among these methods, droplet-
based bioassays have attracted particular attentions because of their straightforward,
addressable, open-access, and easy fabrication with no need of expensive or sophis-
ticated instruments (Han et al. 2018). The open microdroplet arrays have exhibited
strong functionality in biological and chemical analysis fields (You et al. 2013; Mon-
gersun et al. 2016; Du et al. 2013). The combination of nucleic acid amplification
strategies and microdroplet arrays would be greatly beneficial to the development of
point-of-care devices that enable multiplex bioassays using a single droplet (Kuan
et al. 2016; Martinez et al. 2010; Gonzalez et al. 2016;Wu and Zhang 2015). Nucleic
acid amplification is traditionally performed in tubes or inmicrowell plates. Although
ideal for applications with an initial high amount of DNAmaterial, they have several
limitations when working with low-volume samples, including large dead volumes
and template adsorption to the walls (Jose et al. 2017). For example, performing
single-cell methylation analysis in tubes is prone to a partial recovery of cell nucleus,
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decreased amplification efficiency, loss of DNA during various steps, among other
causes (Kantlehner et al. 2011).While somemicrofluidic devices can performgenetic
analysis on single cells, they are operatedwith specialized instrumentation and access
to individual chambers for manipulation is difficult. In addition, these devices are
fabricated in state-of-the-art clean rooms at a high cost with time-demanding tech-
niques (Sun et al. 2014). Droplet arrays offer a very simple and inexpensive alterna-
tive to implement different nucleic acid amplification methods with less demanding
instrumentation for thermal cycling and for the fluorescent readers (in the case of
real-time monitoring), which makes them ideal for point-of-care applications or for
resource-limited settings.

15.3.1 Multiplex Real-Time PCR System on Microdroplet
Array

It has been shown that nucleic acid amplification in low volumes is a suitable way
to enhance the sensitivity and efficiency of amplification. As early as in 2006, Mann
et al. (Schmidt et al. 2006) implemented PCR in 1 µL droplets using as little as
32 pg of template DNA. A glass slide was patterned with 60 circular patches of
hydrophobic and hydrophilic regions, each capable of holding volumes from 0.5 to
1.65 µL. The template was pipetted first on the slide, followed by the addition of
the PCR mix on the inner circle, and finally overlaid with 5 µL of oil on the outside
circle; forming a 2D droplet array on a flat, chemically structured glass slide. The
chip was amplified on a regular thermocycle and the results can be detected by elec-
trophoresis or sequencing. Schumacher et al. further applied this droplets slide to
make pre-implantation genetic diagnosis (PGD) (May et al. 2009) and profile high-
throughput DNA methylation (Kantlehner et al. 2011) in single cells deposited on
the circular regions. At present, this slide of droplet array has been commercialized
by Ampligrid (Beckman Coulter) due to its flexible operation and broad application
prospect in the field of single-cell analysis. In our previous work, Sun et al. (Sun
et al. 2014) successfully demonstrated quantitative real-time PCR on droplet-in-oil
array with a picoliter volume, fabricated by the double-inkjet method on a uniform
hydrophobic substrate.We employed humanRaji cDNAof 18S rRNA to demonstrate
the performance of real-time qPCR with serial dilutions of over five orders of mag-
nitude from 500 to 0.05 pg/µL. Deserved to be mentioned, the reagent consumption
here was at least 120 times lower than that in a conventional real-time PCR assay.
Compared with microchannels and microwells at picoliter level, this method greatly
reduces the reagent consumption since it does not require the use of extra reagent
fluid for flushing. The further research would focus on optimizing the double-inkjet
procedure for large-scale pico-droplet array preparations which has great potential
applications for digital PCR technique.
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15.3.2 Real-Time Reverse Transcription PCR

Real-time reverse transcription polymerase chain reaction (RT-PCR), as a laboratory
technique based on the traditional PCR, is one of the most commonly used tools for
quantitative measurement of gene transcription and nucleic acids (DNA and RNA)
owing to its accuracy, high sensitivity and large dynamic range (Heid et al. 1996). In
the past decade, more andmore effort has been put into the development of microfab-
ricated platforms for miniature qPCR and qRT-PCR technique, because it is no doubt
a powerful tool for biomedical diagnosis and quantitative biology. There are numer-
ous researches have been reported on miniaturized qPCR technique (Sanchez-Freire
et al. 2012; Dalerba et al. 2011), especially, droplet array on microchip platforms
could be an alternative to performmultistep and parallel assaywith different samples.
Fang and colleagues used a 6× 6 nanoliter droplet array on silicon wafer to perform
parallel two-step qRT-PCR assay for microRNAs quantification across five cultured
cell lines. The micro-122 is a small non-coding RNAs with 18–25 nucleotides in
length and is aberrantly expressed during disease development (Lagos-Quintana
et al. 2001). The minimum total RNA input was as low as 1 pg per assay, which
showed great potential for gene quantification at single-cell level. Single-cell RT-
PCR is a powerful tool for the measurement of gene expression variation among
individual cells, which has successfully applied in the study of cell heterogeneity
of human, and gene expression signatures that are relevant to patient survival and
clinical outcome in colon cancer patients. In a recent work, the same group (Zhu et al.
2015) successfully applied the 10 × 10 uniform array of 2-nL droplets for single-
cell reverse transcription quantitative PCR assay (RT-qPCR). As shown in Fig. 15.6,
such a droplet array can be accessed for multistep droplet manipulations required in
single-cell RT-qPCR assay including droplet generation, single-cell encapsulation,
cell lysis (thermally lysing), reagent addition (reverse transcription mix), reverse
transcription (convert RNA to cDNA), PCR mix and quantitative PCR (real-time
fluorescence) by printing a two-dimensional droplet array on an patterned microchip
under the cover oil. In this study, the expression level of mir-122 in single Huh-7
cells was quantitative measured ranging from 3061 copies/cell to 79998 copies/cell.

15.3.3 Isothermal Amplification Assay on Microdroplet Array

Without requiring thermal cycling, isothermal microsystems, including LAMP,
NASBA, RCA, HAD and SDA can be designed to be simple and portable with low-
energy consumption for process automation and integration in a single device, which
is superior to PCR. Hence, isothermal amplification methods are of great advantage
in simplifying both the microchip design and the instrument requirement. Rolling
circle amplification (RCA) is a commonly used research tool for medical biosensors
and biomedical applications (Li et al. 2012). RCA is a simple and efficient isother-
mal enzymatic process that utilizes nuclease to generate long single-stranded DNA
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Fig. 15.6 Nucleic acid
amplification based on
RT-PCR in sessile droplet.
Reproduced from Zhu et al.
(2015) Open Acess

or RNA. The aptamer or DNAzyme could be replicated hundreds of times in a short
period, and a lower LOD could be achieved if those units are combined with minia-
turized devices. Various RCA-based platforms including droplet array have been
developed to detect a variety of targets including nucleic acid, proteins, pathogens,
cytokines, and diseased cells. As one means of isothermal nucleic acid amplifica-
tion, the hyperbranched rolling circle amplification (HRCA) can be performed under
isothermal conditions (Lizardi et al. 1998; Baner et al. 1998), which removed the
requirement of stringent temperature control to cycle through the steps of denatura-
tion, annealing, and elongation. Due to its simplicity and high efficiency, HRCA has
also gained considerable attention in the detection of DNA (Cao and Zhang 2012),
RNA (Zhang et al. 2014), as well as proteins (Zhu et al. 2013a, b). Ma et al. (Zhao
et al. 2011; Ma et al. 2015) reported a HRCA reaction on a nanoliter droplet array
with 0.5 µL per droplet on the hydrophilic-hydrophobic patterned chip. To further
prove the performance of the nanoliter droplet array for real biological samples, the
chip was applied to measure the OLR1 gene from human genomic DNA extracted
from the A549 cell line. The results showed that the practicability of the nanoliter
droplet array for amplifying and detecting nucleic acids in the genomic DNA sample
and the ability of multiplex target detection. Obviously, this method,in conjunction
with the isothermal amplification of nucleic acid, does not need a precise thermal
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Fig. 15.7 Schematic illustration of the manufacture procedures for microfabrication-free nanoliter
droplet array. Reproduced from Ma et al. (2015) by permission of The Royal Society of Chemistry

cycler, which would facilitate its use as a universal platform in ordinary biological
laboratories. All the features provide the droplet array RCA a promising diagnostic
approach for disease detection and prevention (Fig. 15.7).

15.3.4 Digital PCR on Microdroplet Array for Clinical
Diagnosis

The best way to cure cancer is early diagnosis and early treatment, therefore, research
efforts for the management of cancer are focused on developing new strategies for its
early detection. There is a growing interest in techniques that allow an absolute quan-
tification of nucleic acid which could be useful for early diagnosis. Recently, digital
polymerase chain reaction (digital PCR, dPCR) emerges as a hopeful technology
for precise and absolute quantification of nucleic acids. The dPCR concept was con-
ceived in 1992 (Sykes et al. 1992) and was used to quantify KRASmutations in DNA
from colorectal cancer patients (Vogelstein and Kinzler 1999). As the “third genera-
tion” of PCR technology, the dPCR is a advanced nucleic acid detection method for
absolute quantification of target templates without calibration (Kreutz et al. 2011).
In dPCR, samples with target nucleic acids are seperated into tens of thousands of
droplets, and each contains a few or no copies of target templates. After amplifica-
tion, the droplets are classified into “positive” or “negative” according to fluorescence
intensity, and the original concentrations of the templates can be calculated based
on the Poisson distribution (Kreutz et al. 2011). Therefore, dPCR technology can
complete accurate quantification of nucleic acid and provide the absolute quantitative
results of target sequence. Compared with conventional quantitative PCR (qPCR),
dPCR is independent of standards, more tolerant to inhibitors and provides the abil-
ity to detect target nucleic acids at low concentration (Kantlehner et al. 2011). With
its outstanding performance, dPCR has been widely applied in nucleic acid-related
tests, including the detection and quantification of low-level pathogens, rare genetic
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sequences (Oliveira et al. 2014), copy number variations (CNVs) (Qin et al. 2008;
Marques et al. 2014), gene expression in single cells (White et al. 2013; Ludlow
et al. 2014), quantification of circulating miRNAs expression (Li et al. 2014) and
noninvasive prenatal testing (NIPT) (Lo et al. 2007).

15.3.4.1 Digital PCR in Monodisperse Droplets

Printing technology, especially inkjet printing, represents an alternate method
for producing monodisperse microdroplets for digital PCR assays, since the tech-
nique has the advantages of both high throughput and small volumes (Zhang et al.
2016a, b; Yang et al. 2016; Zeng et al. 2015; Chen et al. 2012, 2013a, b). In
2018, Lin et al. (Zhang et al. 2018) reported a work that aimed to utilize inkjet
printing technology to fabricate high-throughput monodisperse droplets into the
helical capillary for online digital PCR amplification, which subsequently applied
to absolute detection of the HPV sequence in Caski cells with dynamic ranges
spanning four orders of magnitude. Compared with previous reports, this systemwas
stable, flexible, and inexpensive, without liquid transfer steps eliminating sample
loss or cross-contamination what is worth mentioning, this is the first report of the
application of inkjet system in digital PCR.

In recent years, Du and his associates have done much work in studying digital
PCR in droplets and obtained fruitful results. The recent works aremainly focused on
the open-access and microstructure-free droplet array for dPCR, as well as the fabri-
cation methodology of low-cost and user-friendly device. In 2016, Du et al. (Hu et al.
2017) performed absolute quantification of H5-subtype influenza viruses by digital
loop-mediated isothermal amplification (dLAMP) based on XiE method. The results
show that dLAMP was not only highly specific and sensitive with a detection limit
of less than 10 copies per reaction, but also highly tolerant to inhibitory substances.
With regard to, viral loads from real samples, dLAMP and qPCR showed comparable
detection efficiency. The study of H5N1 quantification in real samples validates that
XiE could perform both dLAMP and dPCR for digital amplification of nucleic acids
and can be readily extended to the analysis of human specimens, which will have
more clinical applications. Asmentioned in the article, the dLAMP in droplets would
have broad applications in the early diagnosis of highly infectious viruses as well as
other bacterial and fungal pathogens, enabling treatment evaluation. In order to solve
several existingmajor issues associatedwith digital PCR, including reduction of cost,
integration of the instrumental platform, and simplification of operations promote,
and promote the wider use and clinical application of droplet dPCR, their latest work
in 2019 (Nie et al. 2019) describes another novel method that conducts the on-chip
multiplex digital PCR of eight samples simultaneously in nanoliter droplet arrays
generated with step emulsification. The device was able to detect template DNA at
concentrations as low as 10 copies/µL with a dynamic range of approximately four
logs. They also employed this device in the quantitative assessment of human epider-
mal growth factor receptor 2 (HER2) copy number variation (CNV) for 16 clinical
samples of breast cancer, which was important for targeted therapy and prognosis
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of breast cancer. Since the results are comparable to commercial dPCR system, this
low-cost, reusable, and user-friendly device has great potential in used in broad and
various applications.

15.3.4.2 Multivolume Digital PCR

Typical droplet digital PCR platforms use droplets of only a single volume and,
therefore, require a large number of droplets to achieve a large dynamic range. In
single-volumedigital PCR, the upper limit of quantification (ULQ) is determined pre-
dominantly by the volume and number of individual droplets; thus, a large dynamic
range requires tens of thousands to millions of microdroplets. In addition, resolu-
tion and dynamic range cannot be adjusted independently in single volume platform.
Especially for point-of-care application, it favors fewer droplets to make chip design,
fabrication, and readout more manageable. Multivolume digital PCR (MV digital
PCR) is able to overcome these limitations of single volume platform by minimizing
the total number of droplets required for “digital” (single molecule) measurements
and allow the user to quantify nucleic acid though adjusting dynamic range and res-
olution separately. MV digital PCR was first developed for quantification of HIV
and hepatitis C virus load with the SlipChip technique (Shen et al. 2011). For com-
plicated multistep, lithography and etching procedures were employed to produce
microchambers with large volume range on one glass substrate. In a separate publi-
cation by Ismagilov et al. (Kreutz et al. 2011), a protocol usingMPN theory methods
and SlipChip device was presented to design and analyze MV digital PCR devices.
Integrated pneumatic micropumps were also developed for generating droplets with
multiple sizes from 73 to 265 µm for multivolume digital PCR (Warren et al. 2006).
Liu et al. (2017) applied a dispensing approach to produce a droplet array with four
different volumes used for multivolume digital PCR assay with a dynamic range
spanning four orders of magnitude. Based on this multivolume design, the system
provides a dynamic range of 4.6 orders of magnitude. To generate thousands of
droplets, fluid flowing through a capillary is dragged onto an array of hydrophilic
micropillars, which adheres to the top of the pillar, forming droplets of different
volumes (from 1.2 to 150 nL). The present digital PCR system was also applied to
quantify HER2 expression levels in different breast cancer cell lines to demonstrate
its feasibility in clinical diagnosis and targeted therapy. The cDNA solution was pre-
pared by reverse transcription from total RNA extracted from two different types of
breast cancer cells, SKBR-3 and MCF-7 cells. In comparison with the previous sys-
tem based on fixed-volume chambers, this approach is able to change droplet volume
with no need of redesigning a new pattern, which facilitating to adjust the detection
range of digital PCR assay according to the actual requirements of different samples
with the same chip (Fig. 15.8).
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Fig. 15.8 a General schematic of multivolume system used for digital PCR (MV digital PCR),
with relationship between device features and performance abilities. Reprinted with the permission
from Kreutz et al. (2011). Copyright 2011 American Chemical Society. b Schematic diagram of
the micropillar array chip. The insets show an enlarged image of the droplet during the generation
process. Reprinted with the permission from Liu et al. (2017). Copyright 2017 American Chemical
Society

15.3.4.3 Real-Time Digital PCR

In comparison with end point detection, achieving real-time optical interrogation of
droplet digital detection will be more advantageous for accurate quantification of
nucleic acid in various samples, since it can provide the temporal information to
differentiate between individual reactors with gradual increasing signal from cycle
to cycle and background noise from evaporation of reactors (Hatch et al. 2011). As of
now, real-time monitoring of digital detection is rarely reported in droplet-based sys-
tem because of the droplets motion during PCR process, which results from thermal
expansion and compression during thermocycling. To obtain temporary information
at the single droplet level, individual droplets are monitored over time by introduc-
ing them in a capillary, which greatly limits the number of analyzed droplets, as
well as the functional combination with other microfluidic devices (Clausell-Tormos
et al. 2008). Alternatively, trapping droplets in array by flow-dependent or indepen-
dent manners is commonly adopted to fix them in position (Shim et al. 2007). This
strategy compromises the flexibility of microfluidic droplet technology because any
downstream areas must be compatible to the initial droplet generation parameters.
Mu et al. (Wu et al. 2018a, b) successfully achieved real-time monitoring of dPCR
process in droplets by applying the thermosetting oil to generate the droplet-in-oil
emulsion droplet and eliminate droplet motion and coalescence after oil solidifica-
tion. This ddPCR chip is integrated with the configuration of flow-focusing droplet
generator and droplet array chamber fabricated using PDMS by soft lithography
techniques. Certainly, it also can be applied to other types of digital detection which
possesses great promise in molecular diagnosis. What’s more, this oil can be used to
generate hybrid emulsion to recover ddPCRproducts from themicrocapsuleswith the
aid of vacuum container for further downstream bioanalytical methods (Fig. 15.9).
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Fig. 15.9 Real-time fluorescence monitoring of droplets in solidified material. Reproduced from
Wu et al. (2018a, b) by permission of John Wiley & Sons Ltd.

15.4 Conclusions and Outlooks

Open-accessmicrodroplet array on 2D substrate has several advantages over previous
microchambers with solid walls. (1) Because each droplet is isolated by oil and open-
access, the droplets can be accessed from outside. (2) Precise control of the droplet
volume, initiation and termination of the reaction, and exchange of the droplet content
are attainable. (3) High-throughput quantitative assays of biological and chemical
reactions with addressing of individual droplets can be realized under different con-
ditions. This droplet array can be applied to the digital PCR, which detects very low
amounts of DNA and diagnostic biomarkers down to the single-molecule level. (4)
Droplets contents can be easily retrieved for further downstream analysis. (5) The
equipment for real-time monitoring is considerably simplified in the sessile droplets
platform, which makes them ideal for POC diagnosis. In this chapter, we summarize
the state of the art in preparation methodology of microdroplet array and nucleic acid
amplification strategies in microdroplet array for clinical diagnostics. The integra-
tion of nucleic acid amplification into droplet-based devices has great potential in
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facilitating the development of nucleic acid-based POC and clinical diagnosis with
high assay sensitivity.
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