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1.Target amplification

As we all known, the more probes and targets involved in hybridization, i.e. the larger the
hybridization scale, the higher the signal intensity generated by hybridization. In most cases, the
amount of probe is sufficient, but the concentration of target is too low to produce obvious
hybridization signal for accurate detection. Increasing the target concentration or increasing the
amount of immobilized probe under the premise of the optimal probe density is an effective method
to solve this problem. Various amplification methods, such as PCR, RCA and LAMP, are the main

means to increase the target concentration.
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Fig.1 Target amplification. (a) Amplification process of PCR(1); (b) Illustration of the target-primed



BRCA reaction(2); (c)The Hybridization chain reaction(HCR) process(3); (d)Schematic

representation of the LAMP reaction initiated by the target miRNA(4)

1.1 Polymerase chain reaction

PCR was developed by Kary Mullis in the 1980s, which allows to selectively amplify target
sequence(5, 6). The typical PCR amplification process includes two main parts: thermal
denaturation and annealing. After heating(95°C), the nucleic acid duplex will be dissociated into
two single strands. Under the action of primers and enzymes, the disintegrated chain will be used
as a template to synthesize a new sequence. Repeat the above procedures to achieve target
amplification(1), and the scheme was shown in Figure 1a. The enzyme should be heat resistant.

In the past years, PCR has been used to push forward the detection of low-concentration
oligonucleotides sequence, which provides an available technique for detecting trace nucleic acid
markers(7). Compared with DNA probe, a unique feature of PNA sequence is that it cannot work
as primer extended by DNA polymerase(8). As indicated by Nielsen et al, the binding of PNA to
PCR primer site can effectively block the formation of a PCR product(9), and it was called “PCR
clamping”(10, 11). Take advantage of this feature of PNA, we can selectively amplify or suppress
target sequence, hence observing a different signal between target and non-target sequence(12, 13).
Some researchers developed a detection method of point mutations in Ki-ras with the utilization of
wild-type-specific PNA as competitors to mutation-specific primers(14, 15). The analysis time of
this method was reduced from 2 days to 1 hour with respect to the time of restriction fragment length
polymorphism analysis. The research of Sotlar et al. showed the addition of 0.75 pM PNA oligomer
to suppress 100 ng of wild-type DNA amplification, as a result, the detection limit of c-kit mutations
reached to 1:2000(16).

Real-time PCR(RT-PCR) was firstly demonstrated in the test of Higuchi and co-workers(17).
After the introduction of ethidium bromide and ultraviolet, the accumulation of DNA was visualized
and recorded by a video camera. RT-PCR refers to the dynamic monitoring of PCR amplification
process, which is similar to the concept of “Kinetic PCR”(1). In practice, it has been used as a target

DNA detection technology(18). Lillian et al. creatively proposed real-time immuno-polymerase



chain reaction (RT-iPCR) approach to enhance the detection signal of DNA(19). The detection limit
is 6 aM. Firstly, biotinylated target DNA was captured by PNA probes and left on the microtiter
wells surface. Then, a prepared streptavidin (STV)-DNA conjugate was added, which binds to the
hybridized DNA by immunological interaction. Finally, bound streptavidin (STV)-DNA is
quantified via the region of reporter DNA sequence using RT-iPCR. Compared with conventional
multiplex PCR assays, RT-iPCR could be used to carry out parallel detection in one tube without
mutual interference. In conventional multiplex PCR assays, competition consumption of reaction
components for parallel amplification reactions impairs the reliability and sensitivity of
detection(19).

For detection of miRNA, there are some limits for direct application of conventional PCR, such
as extremely short lengths, significant sequence homology among family members and the lack of
common sequence(20). Thus, miRNA extension and stem-looped primer method(21) have been
developed to sensitively detect miRNA. The research of Chen et al.(22) indicated that stem-loop
primer shows better reverse transcription efficiency and specificity than that of conventional primer.
This method expands the real-time quantification method to the detection of micro molecules(such
as miRNA). Compared with traditional PCR, the stem-loop primer was firstly hybridized to miRNA
and then reverse transcribed with related transcriptase, subsequently the products work as the
reactant of PCR.

For long sequence of PCR products, sequence amplification could improve sensitivity while
the selectivity is reduced(23, 24). Therefore, possible secondary and tertiary structure within target
molecular and electrostatic repulsion between probes and targets should be taken into account if the
target sequence was extended before hybridization. Changing structure of targets significantly affect
the hybridization between probes and targets due to the decreasing target sequence accessibility. In
this case, some researchers carried the hybridization in a solution with a certain salt concentration.
Therefore, how to use PCR technology scientifically is the key to design signal amplification
scheme.

The power of PCR technology enables the wide application in many fields, involving
biomedical research and molecular diagnostics. It has been used in detection of bacteria(25, 26),
acute myeloblastic leukemia(27) and gene expression in solid tumors(28). Although PCR-based

technique has obvious advantages, it also encounters the issues of easy contamination, high cost and



complicated operation(29, 30). The details of PCR technology and its application in other fields

could be seen in the research of Valasek and Repa(1).

1.2 Rolling-Circle Amplification(RCA) and Loop-mediated isothermal Amplification (LAMP)

RCA is becoming more and more popular in the detection of nucleic acid, which is an
isothermal enzymatic DNA replication method. A long single-strand DNA with repeating
complementary units of a circular DNA template was formed under the action of DNA
polymerases(31). In the mid-1990s, RCA was discovered in the replication of phage genomes(32).
Recent years, RCA has been developed as a novel DNA amplification tool in signal amplification
of nucleic acid detection(33-37).

With the wide application of RCA, Ellington et al. proposed that small-molecule targets and
protein could be detected with RCA method, in which the circular DNA template was formed by a
ligand-dependent ligase DNAzyme(38). For miRNA sequence, it is hard to directly reverse
transcription and subsequent PCR due to its extremely short sequence length. Stem-loop or locked
nucleic should be added in the reverse transcription PCR-based miRNA analysis(39), which makes
the monitoring process more complicated. In this case, RCA is a good alternative to PCR. In the
study of Cheng et al, template miRNA was specifically ligated padlock probes by T4 RNA ligase
2, shown in Figure 1b(2). Then add the second primer to trigger the branched rolling-circle
amplification (BRCA) reaction. A combinated amplification strategy of RCA and oligonucleotide
functionalized nanoparticles have also been effectively applied in cancer detection. The detection
limits is 10 Ramos cells mL-'(40), in which the sensitivity was about 2—4 orders higher than other
methods that reported in their paper. Althrough RCA and isothermal exponential amplification
reaction(41) could be carried without accurate cycling control, it relies heavily on pre-ligation
reaction with padlock probe. Besides, the enployment of enzyme may increase the cost and require
a mild condition. And RCA required a long reaction time of about 6 hours(42).

LAMP is a new thermostatic nucleic acid amplification technique for gene diagnosis, in which
four specific primers were designed for the six regions of the target gene, and the amplification was
carried out under the action of strand displacement DNA polymerase. One of the outstanding

advantages of LAMP is the rapid amplification rate at a constant temperature, eliminating the pre-



denaturation and temperature cycling of dSDNA procedure in PCR amplification. It was regarded
as a potential nucleic acid detection strategy(43). However, since LAMP amplification is strand
displacement synthesis, the target sequence length is preferably within 300 bps, it is not suitable for
the sequence more than 500 bps. In the research of Sun et al.(44), they reported a one-step miRNA
analysis using target-triggered LAMP mechanism. Only in the presence of miRNA, the starting
material of LAMP, a double stem-loop DNA, could be synthesized. This strategy simplifies the
design of probe and shortens the length of template, which contributes the efficient and sensitive
detection of target. The detection limit is 100 aM. The research indicates the detection sensitivity
for miRNA analysis could be remarkably improved by target-triggered LAMP strategy, which is
about 1000 times higher than that of their previous LAMP-based assay(4). The scheme was shown

in Figure 1d.

1.3 Hybridization chain reaction(HCR)

As researchers noted that the enzyme involved strategy often required complicated operation
procedures, and the utilization of enzyme usually increases the cost and the risk of false-positive
signal(45). Therefore, enzyme-free strategy, especially for target triggered hairpin assembly, has
received much attention(46-48).

HCR is an in-vitro nucleic acid isothermal amplification technology, which was proposed by
Dirks and co-workers(49). HCR is an enzyme-free process where the hybridization event could be
triggered by targets. It was expected to lead the formation of dsDNA, enabling the signal
amplification of DNA detection(49). The amplification reaction proceeds until the hairpin probes
are exhausted. The number of parallel reactions is closely related to the concentration of initiators.
Therefore, the average molecular weight of polymer decreases with the increased initiator
concentration. The structure of the hairpin species is different from the molecular beacons(50), in
which a short loop with potential energy was protected by a long stem while a short stem protects a
long loop in beacon(51). In a HCR event, it is desirable to design a capture probes that is
complementary to target and two or more hairpin probes. Capture probe was immobilized at the
biosensor surface to specifically identify targets and capture it. Targets work as an initiator to start

the reaction between hairpin probes. The HCR process was shown in Figure 1¢(3).



Chen et al. have proposed HCR amplification in situ for DNA detection(3). The amplification
process is an alternating assembly of two hairpin DNA triggered by the target DNA (52, 53), i.e.
each target can initiate an HCR event. An outstanding advantage is that HCR could be operated at
mild condition. In detection process, self assembly of hairpin probes (H;, H,) to form double
stranded DNA. Therefore, the amplification process is easy to operate and the procedure is simple
without complicate modification of electrode. Some researchers have made some improvements on
the basis of HCR, they proposed hyperbranched hybridization chain reaction(HB-HCR). It changes
from conventional single nanowire to multiple hyperbranched DNA polymer nanostructures during
reaction, as a result, it exhibits an excellent detection capability for the exponential signal
amplification in bioanalysis(54-56). The investigation of Chu et al. indicated that a scientific
combination of several signal amplification methods is expected to enhance the detection ability of
biosensors(57). In the study, photoelectrochemical (PEG) biosensor coupled with HCR and HB-
HCR, in which the detection limit of human telomerase RNA (hTR) is 17 fM. The detection limit
for CHA/HB-HCR was about 8.8 times lower than that of CHA/linear-branched HCR and 547 times
lower than that of CHA. As can be seen from the practice of detection, HCR-based technology
showed significant advantages in simple operation, low cost, high specificity, easy modification and

room temperature testing(58).

1.4 Target recycling amplification

Target recycling is an event-like that increased concentration of targets, in which a target
generates multiple signals. Strand displacement and enzymatic cleavage are common methods to
realize target recycling. Xuan et al. constructed a signal amplification sensor based on target
recycling utilizing a strand displacement activity DNA polymerase(59). The 5’of hairpin DNA was
labeled with PNA-ferrocene(Fc). The addition of target opens up the stem-loop of hairpin DNA,
subsequently the primer at the 3’end was extended by the DNA polymerase, resulting the
displacement of target and Fc-PNA. The mechanism was shown in Figure 2a. In the study of Chen
et al., they use exonuclease III and hairpin DNA probes to achieve the reuse of target DNA, which
is a good candidate for signal amplification(60). In the measurement, target DNA and exonuclease

IIT were added to the tested electrode, and the target hybridize with the hairpin probe to generate a



duplex. Exo III could specifically cleave hairpin DNA/target duplex and releases the target, then the
released target could hybridize with another hairpin DNA. Therefore, each target can remove
multiple hairpin DNA from the electrode, instead of one target for one probe. The scheme was
shown in Figure 2b.

Enzyme-catalyzed amplification of target cycles is often affected by enzyme activity. The
detection is costly and possible false responses in the case of enzyme inactivation. DNAzyme can
specifically recognize the sequence, which could over above disadvantages in enzyme-catalyzed
amplification detection. In which, a subtle combination of lead and specific DNA enzymes has
received wide interests(61). The addition of Pb*" could cleave the Y structure consisting primer
probe, assistant detection probe and target RNA, then the released target hybridize with other primer
probes and assistant detection probes, achieving target recycling(62).

Besides, nuclease-assisted target recycling has been successfully used to detect miRNA in
cancer cells(63). Nuclease can specifically cleave DNA duplexes with sequence greater than 10bp
or DNA/RNA hybrid with length more than 15bp. In the absence of the target miRNAs, the short
length and steric hindrance of the hairpin structures prevents nuclease from cleaving hairpin
structure of probe. Therefore, nuclease can not cleave a single hairpin probe without target. In the
test, the hairpin probes were labeled with MB or Fc respectively. When nuclease cleave hybrid of
probe and target, current peaks at different potential positions were obtained (MB at -0.30 V and Fc
at +0.36 V correspond to miRNA-141 and miRNA-21, respectively) for multiplexed detection of
miRNAs. MB/Fc labels, much more than the amount of miRNA target, were removed from the
sensing surface via target recycling. The detection limits are 4.2 fM for miRNA-21 and 3.0 fM for
miRNA-141. The scheme was show in Figure 2c.

In addition, some researchers have designed target cycle detection methods without enzyme
assistance. In the study of Bao et al., they use target miRNA to trigger the dynamic assembly of
H, and H, hairpins(H;, H,) to form a double helix s tructure, i.e. catalyzed hairpin assembly (CHA)

reaction without enzyme(64).
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Fig.2 Target recycling amplification. (a)The mechanism of the signal-amplified electrochemical
DNA sensor based on isothermal circular strand-displacement polymerization reaction(59);
(b)Ilustration of the enzyme-assisted target recycling for amplified EIS detection of DNA on a
graphene/AuNP modified electrode(60); (c)Schematic illustration of multiplexed and amplified
electrochemical detection of miRNA-141 and miRNA-21 by coupling different redox labels with

DSN-assisted target recycling signal amplification(63)
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