Chapter 9 M)
Sandwich Assays Based on QCM, SPR, s
Microcantilever, and SERS Techniques

for Nucleic Acid Detection

Xiaoxia Hu and Quan Yuan

Abstract Signal transducers which can read the signal toward targets are widely
used for nucleic acid assay. Typically, the signal transducers based on quartz crystal
microbalance (QCM), surface plasmon resonance (SPR) sensor, microcantilever,
and surface-enhanced Raman scattering (SERS) play a significant role in the
development of techniques for the detection of nucleic acid. The combination of
these techniques with sandwich assay has received extensive attention due to the
advantages of sensitivity and specificity. In this chapter, we summarized the recent
development of the nucleic acid sandwich assay based on QCM, SPR sensor,
microcantilever, and SERS. Additionally, the advantages and disadvantages of
these sandwich assays along with the challenges and prospects are also presented,
devoting to guide researches to design more of robust sandwich assays for nucleic
acid assay.

Keywords Sandwich assay - Nucleic acid - Detection - Quartz crystal
microbalance - Surface plasmon resonance - Microcantilever - Surface-enhanced
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9.1 Sandwich Assays Based on QCM

QCM is a potential method to assess the surface phenomena of layers, such as
antigen—antibody recognition [1, 2]. It is based on the mass change and the conse-
quent change of piezoelectric crystals resonance frequency. Detailedly, functional-
ized crystal surface selectively captures the analyte, which results in the increase of
the effective surface mass and the ensuing decrease in resonance frequency. Thus,
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the measurement of the binding event is achieved. This measurement is simple,
robust and allows real-time detection. In earlier studies, Ward et al. coupled
amplified mass immunosorbent assays with QCM to detect the adenosine 5'-phos-
phmulfate reductase and human chorionicgonadotropin. The measurement was
based on the sandwich structure among anti-hCG, hCG, and anti-hCG/HRP [3].

However, it is known that the signal response of QCM-based assays in a very
low target concentration is unstable, thus resulting in a low sensitivity. One way to
increase the sensitivity is increasing the mass on the surface. The involvement of
nanoparticles has been regarded as one of the methods. Based on this, Zhou’s group
developed a method for gene detection [4]. The oligonucleotide 1-functionalized
QCM was hybridized with part of the target DNA 2 to form the dsDNA complex.
The interaction between them resulted in the frequency decrease because of the
increased surface coverage of the sensing interface. By adding the Au
nanoparticle-modified oligonucleotide 3, the resulting frequency decrease was
enhanced. The frequency signal was amplified because of the formation of a
sandwich-type ternary complex, which consisted of an oligodeoxynucleotide
immobilized on a QCM electrode, the target DNA, and an Au
nanoparticle-modified oligonucleotide. Compared with the masses of the binding
pair members, the mass of each nanoparticle was relatively large.

Another way to improve sensitivity is to change surface properties; Fan’s group
studied how single-stranded DNA (SH-ssDNA) and non-SH-ssDNA changed fre-
quency in the presence of target DNA [5]. The result showed that the surface with
thiolated SH-ssDNA attached demonstrated a sharp decrease of frequency, indi-
cating the rapid occurrence of hybridization. However, the surface with
non-SH-ssDNA attached showed no significant change in frequency.

By doing so, Su’s group first developed a DNA sensor based on QCM for
detection of pathogenic bacteria [6]. A thiolated single-stranded DNA (ssDNA)
specific to E. coli O157:H7 eaeA gene self-assembled on the surface of QCM sensor.
Then biotinylated target DNA was captured by ssDNA. The hybridization between
the ssDNA probe and target DNA resulted in the mass change and consequent
frequency change of the QCM. Moreover, the “mass enhancers” used in their assay
was Fe;O,4 nanoparticles, which amplified the frequency change. Their assay could
sensitively detect 267 colony-forming units (CFU)/mL E. coli O157:H7.

Although the above assay improved the sensitivity and detection limit to some
extent, it is still far from satisfactory compared to the traditional culture plating
methods. Recently, Sandhyarani et al. developed a genosensor based on QCM and
modified traditional sandwich assay [7]. In this work, to improve the sensitivity,
gold nanoparticle was replaced by gold nanoparticle cluster (AuNPC), which
conjugated with reporter probe DNA (DNA-r) for the hybridization with target
DNA (DNA-t) (Fig. 9.1). The efficient immobilization of capture DNA (DNA-c) on
the surface is necessary for a sensitive sensor. The surface of their sensor was
modified with mercaptopropionic acid self-assembled monolayer in order to avoid the
non-specific binding of the DNAs on the gold surface. The DNA sensor is based on the
traditional sandwich assay. DNA-c was first immobilized on the SAM through EDC/
NHS chemistry. Part of the DNA-t on the surface was complementary to DNA-c,
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Fig. 9.1 Capture DNA
(DNA-c) is immobilized on
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which was hybridized to the immobilized DNA-c. Then, the open part of DNA-t
hybridized to the DNA conjugated with AuNPC (DNA-r.AuNPC). The hybridization
of DNA-r with the DNA-t produced a large increase of mass on the surface even at
ultralow concentration of DNA-t. With this method they achieved the detection of 10
aM target DNA, which enhanced the sensitivity to few orders of magnitude.

QCM was also used to monitor the multiple (re)programming of protein-DNA
nanostructures. Sanchez et al. studied the binding affinity of the
multi-ligand-binding flavoprotein dodecin on flavinterminated DNA monolayers
based on quartz crystal microbalance with dissipation (QCM-D) measurements
(Fig. 9.2) [8]. A single apododecin—flavin bond was relatively weak, and stable
dodecin monolayers were formed on flavin-DNA-modified surfaces at high flavin
surface coverage due to multivalent interactions between apododecin bearing six
binding pockets and the surface-bound flavin-DNA ligands. If bi- or multivalent
flavin ligands were adsorbed on dodecin monolayers, stable sandwich-type
surface-DNA-flavin-apododecin-flavin ligand arrays were obtained. The research
showed how protein-DNA nanostructures could be generated, deleted, and repro-
grammed on the same surface by exploiting multivalency and the redox properties
of dodecin on the same flavin-DNA-modified surface.
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Fig. 9.2 The binding of apododecin and bidentate flavin-DNA ligands (writing) is made of the
flavin-modified dsDNA layer. After the disassembly of the surface architecture by chemical flavin
reduction (erasure), dsSDNA layer modified with flavin can be used for further writing and erasure
cycles. Multiple reprogramming with different bidentate flavin-DNA ligands is possible (Reprinted
from Ref. [8]. Copyright 2015 American Chemical Society)

9.2 Sandwich Assays Based on SPR

SPR sensors possess unique ability for real-time monitoring the interaction of
chemical and biological analytes through measuring the refractive index changes at
the SPR sensing surfaces [9—11]. In order to detect low molecular weight biological
analytes (DNA) under extremely low concentration conditions, improve the
specificity as well as decreasing the limit of detection, sandwich format based on
nanoparticles- or/and enzymes-enhanced SPR is usually employed. Typically, the
SPR sensing film is modified with capture sequences at first. Then the targeted
DNA sequences are flowed onto the film and bind to the capture sequences through
sequence-specific hybridization. Following, the nanoparticles tags bind to the tar-
geted sequences through sequence-specific hybridization or/and enzymes bind to
the part of the DNA-DNA/DNA-RNA sequences catalyzing the downstream
reaction. Therefore, the sandwich-like structure is formed and the enhanced SPR
signal can be obtained.

Gold nanoparticles (Au NPs) are one of the most commonly used signal
amplification labels in nanoparticles-enhanced SPR. Duo to efficient electromag-
netic coupling between Au NPs and Au sensing film, a higher sensitivity can be
obtained. The detection of nucleic acids based on Au NP-enhanced SPR has
attracted much attention in the past decades [12-23]. Keating et al. reported the first
demonstration of DNA hybridization sensing based on Au NP-enhanced SPR [12].
The sensing film was initially functionalized with the capture sequences. Then the
oligonucleotide sequence-functionalized Au NPs and the targeted DNA sequences
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were exposed to the SPR surface. A sandwich-like structure was formed through
capture sequence-targeted DNA hybridization and targeted DNA-oligonucleotide
sequences hybridization. A detection limit of 10 pM for 24-mer oligonucleotides
was achieved, and such sensitivity for the target DNA has been significantly
improved by more than 1000-fold compared to the unamplified binding detection
method. This pioneering work demonstrated the potential of Au NP-amplified SPR
for ultrasensitive detection of oligonucleotides. However, such SPR method is faced
with a problem, non-specific absorption, when used for complicated samples. Misawa
et al. coated a mercapto-acetic-acid (MAA) layer on the Au film to prevent undesirable
DNA absorbing and optimized the length of Au NP-attached probe DNA to improve
the performance of Au NP-enhanced SPR [13]. The DNA sequences with different
chain lengths (15-mer, 30-mer and 60-mer) were tested, and the best sensitivity was
obtained with the 30-mer DNA-functionalized Au NPs probe. With such optimized
probe, target DNA within a large dynamic detection range of 1 pM to 10 mM can be
detected. Zhou et al. reported that 39-mer target DNA as well as p53 cDNA can be
detected with high specificity and reproducibility by combining oligonucleotide-
capped gold nanoparticle with a microbore flow injection (FI) SPR setup [14].
Specifically, a carboxylated dextran film was immobilized onto the sensing film so that
non-specific adsorption of oligonucleotide-capped Au NPs can be eliminated. Using
this sensing strategy, 1.38 fM of 39-mer oligonucleotides and 100 fM of p53 cDNA
can be detected with a remarkable sensitivity.

It is known that the size, shape, morphology of Au NPs play an important role in
increasing the sensitivity of SPR [9]. Haam et al. further used a series of spherical
Au NP to investigate the sensitivity enhancement properties for DNA hybridization
detection [19]. In their work, Au NPs with different sizes (12-20 nm) and Au
nanograting patterned sensing film were employed. The signal enhancement factor
increased from 6.6-fold to 11.6-fold, and the maximum 18.2-fold was achieved with
the 20 nm Au NPs coupling with the nanograting patterned sensing film. Minunni
et al. used star-shaped gold nanoparticles as the nanoparticle tags and 6.9 aM of
human genomic DNA can be detected [23]. Such high sensitivity was achieved
thanks to the enhanced-plasmon coupling between the stars and the sensing film. In
addition to DNA sequences, peptide nucleic acids (PNAs) are proposed as valuable
alternatives to oligonucleotide as capture probes. Kim and co-workers utilized
peptide nucleic acid as the capture probe and cationic Au nanoparticle for signal
amplification by ionic interaction [18]. This method resulted in a detection limit of
58.2 + 1.37 pg mL™". Similarly, Spoto and co-workers used PNA as the capture
probe and achieved a detection limit of DNA sequences as low as 1 fM [17].
Besides, this sandwich format can remain highly sensitive in single-nucleotide
mismatched recognition.

Other kinds of nanoparticles, such as hydrogel nanospheres [24], Fe;O,
nanoparticles [25, 26], and silica nanoparticles [27], have been employed for signal
amplification of SPR sensors as well. Enzyme-enhanced SPR is another way to
improve the sensitivity with enhancement factors compared to that of Au
NP-enhanced SPR [28-33]. Gao et al. reported a signal amplification strategy with
the assistance of DNA-guided polyaniline deposition [30]. The target DNA
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hybridized with the PNA probe first and DNA-templated polyaniline deposition
was followed in the presence of H,O, and horseradish peroxidase. The in situ
polymer chain growth along DNA strands contributed to the sensitivity improve-
ment and 50-fold improvement of the limit of detection was achieved. Corn and
co-workers used RNase H that can specifically digest RNA oligonucleotides in
RNA-DNA heteroduplex to gain significantly enzymatic amplification [28]. When
the target ssDNA binding to the ssSRNA capture probe immobilized on the sensing
microarrays to form a heteroduplex, RNase H can digest the sSRNA and the target
ssDNA can be released. The released DNA was further hybridized with another
ssSRNA and induced another enzymatic hydrolysis. Such repeatable cycle resulted in
enzymatic amplification sensitivity by 6 orders of magnitude. Therefore, DNA
targets with concentration down to 10 fM can be detected.

By combing signal enhancement based on the enzymatic amplification and
nanoparticles, the sensitivity can be further improved [11]. In 2006, Corn et al. put
forward a novel approach to detect multiple microRNAs by combining a surface
enzyme reaction with nanoparticle-amplified SPR imaging (SPRI) [34]. In their
work, three kinds of miRNAs (miR-16, miR-122b, miR-23b) obtained from mouse
liver tissue were detected and locked nucleic acids (LNAs) were specifically used as
the capture probe for these miRNAs. The proposed method includes three steps.
The LNAs were initially immobilized onto a microarray format and the targeted
miRNAs hybridized with the complementary LNAs. Then poly(A) polymerase was
added into the array to form a poly(A) tail on the miRNAs. Finally, the solution of
T3 functionalized Au NPs was flowed onto the sensing surface and hybridized with
poly(A) tails. Through such ultrasensitive NPs-amplified SPRI methodology, a
detection limit of 10 fM was gained. In 2011, Corn et al. proposed a signal
amplification strategy by coupling a surface RNA transcription reaction to
nanoparticle-enhanced SPRI (Fig. 9.3) [35]. In their design, two kinds of adjacent
microarrays, one called generator for RNA transcription and the other called
detector for Au NP-enhanced detection of the transcribed RNA, were employed.
The capture DNA sequences containing T7 promoter sequence was modified on the
generator microarray and then target DNA sequences hybridize with the capture
DNA to form dsDNA templates. In the presence of T7 RNA polymeras, numerous
ssRNA copies were synthesized. Such transcribed ssSRNA can diffuse to the detector
microarray and be captured by the second ssDNA immobilized on the detector.
ssDNA-functionalized AuNPs were added into the system and absorbed on the
detector through hybridizing with the transcribed ssRNA. This dual amplification
method can be used to detect ssDNA down to 1 fM.

In addition to the methods mentioned above, there are other types of amplifi-
cation strategy. Szunerits and co-workers demonstrated that DNA in the attomolar
concentration range can be detected with SPR by non-covalent coating graphene
layers on gold sensing film [36]. Recently, Wang et al. proposed a multiple signal
amplification strategy for miRNA detection (Fig. 9.4) [37]. In their strategy, a
hairpin probe was employed as the capture probe and immobilized on the Au film
first. Then target miRNA was hybridized with the hairpin probe; therefore, the
stem-loop was unfolded and the DNA-functionalized Au NPs can hybridize with
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Fig. 9.3 Schematic illustration of the signal amplification strategy. a On the generator elements a
surface promoter DNA is covalently attached to the gold surface and then hybridizes with template
DNA from solution. b An in situ surface RNA polymerase reaction is used to transcribe numerous
ssRNA copies. ¢ The ssRNA is base-paired with the surface detector DNA. d DNA-modified AuNPs
can bind to the detector elements via RNA hybridization and the ssRNA is detected with
nanoparticle-enhanced SPRI (Reprinted from Ref. [35]. Copyright 2011 American Chemical Society)

the terminus of the unfold hairpin. Subsequently, two kinds of report DNA
sequences were added into the above system and DNA supersandwich structure
was formed. Finally, numerous positively charged Ag NPs were added and
absorbed onto the long-range DNA supersandwich. Through such strategy, 0.6 fM
of miRNA-21 can be detected and single-base mismatch can be sensitively rec-
ognized. The multiple signal amplification was achieved through three main factors:
(1) enhanced-electronic coupling between localized plasmon of the Au NPs and
surface plasmon of the sensing film; (2) enhanced-refractive index of the medium
induced by DNA supersandwich structure; (3) enhanced-electronic coupling
between localized plasmon of the Ag NPs and surface plasmon of the sensing film.

9.3 Sandwich Assays Based on the Microcantilever

Microcantilever has recently been emerging great attention in the field of chemical,
physical, and biological detection [23-26, 38—43]. The fundamental principle for
microcantilever-based assay is that the adsorption of molecular on one cantilever
surface can change the surface stress that causes the mechanical bending deflection
motion of the cantilever [44-47]. By selecting adsorbed probe that can recognize the
specific molecular, it has the possibility to detect various targeted molecules.
Like QCM and SPR, microcantilever can directly transfer the molecular recognition
into nanomechanics and does not need the labeling of targets. Serving as an
upcoming sensing technique, microcantilever exhibits many advantages such as high
sensitivity, potential low cost, and faster response time. It has broad application in
chemical, physical, and biological detection. For instance, Gerber’s group developed
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Fig. 9.4 Schema of SPR biosensor. a The SMMC-7721 cell aptamer-modified magnetic beads
were hybridized with the complementary sequence, and then were incubated with cells. S1 probe
was released through magnetic separation, and the S1 probe could act as the target. b The
stem-loop structure was unfold in the presence of S1 probe, and then DNA-linked gold
nanoparticles was hybridized with S1 probe. DNA supersandwich structure was formed upon
introducing report DNA1 and report DNA2. Numerous positively charged silver nanoparticles
(AgNPs) were bound to the DNA supersandwich, resulting in a increase of resonance angle shift
(Reprinted with permission from Ref. [37]. Copyright 2017 Elsevier)

a method based on microcantilever arrays to detect the mutation in total RNA
samples extracted from melanoma cells [40]. The BEAF-specific oligonucleotide
probe was linked on one cantilever surface. The target DNA or RNA containing the
matching sequence and the other non-related sequences was injected to the micro-
cantilever arrays. On hybridization, only the probe cantilever bended, but no binding
occurred on the reference cantilever, thus giving a differential deflection (Fig. 9.5).
They detected the mutant BRAF at a concentration of 0.5 nM in a 50-fold excess of
wild-type sequence. This method had an ability to distinguish melanoma cells with
mutation BRAF using the RNA concentration as low as 20 ng pL ™', without using
PCR amplification. Gerber et al. reported microfabricated cantilevers for DNA
hybridization assay [23]. They immobilized a selection of receptor molecules on one
cantilever and then detected the mechanical bending induced by the ligand binding.
The differential deflection of the microcantilevers provided a true molecular
recognition signal, and they monitored the bending of each cantilever in real time by
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Fig. 9.5 Principle of microcantilever array for the detection of a BRAF mutation in total RNA.
The cantilevers were modified with a probe oligonucleotide (in red) and a reference
oligonucleotide (in blue). On treating with target DNA or RNA, only the probe cantilever bends,
and then the differential deflection Ax increased (Reprinted with permission from Ref. [40].
Copyright 2013 Nature Publishing Group)

investigating changes in the optical beam deflection. They have shown that a
single-base mismatch between two 12-mer oligonucleotides could be clearly
detected. In the opposite way, the thermal dehybridization of double-stranded DNA
on the cantilever surface was investigated by Majumdar’s group [46]. They used
heat to separate the double-stranded DNA into two single strands. The dehy-
bridization of double helix on one microcantilever beam could lead to one com-
plementary DNA diffused away from the other DNA strand. Therefore, the change
of surface stress was observed. They have successfully distinguished the changes in
the melting temperature of double-strand DNA on the basis of salt concentration and
oligomer length. Interestingly, McKendry et al. reported that the force generated by
an i-motif conformational change could be probed using the micromechanical
cantilever arrays coated with a non-specific sequence of DNA [48].

Improving detection sensitivity is of significance for clinical diagnosis and various
genome projects. In the previous study, Dravid’s group has developed a
sandwich-based microcantilever for DNA detection using gold nanoparticle-modified
probes [45]. The capture DNA was firstly linked on the cantilever, and then the target
DNA was hybridized with the capture DNA. The gold nanoparticle-labeled DNA
strand was integrated into the capture DNA-target DNA complex through the com-
plementary interactions. Gold nanoparticles served as a nucleating agent for the
growth of silver, which could lead to a detectable frequency shift due to the increasing
of the mass of the microcantilever. The core strategy of this idea is that the DNA
hybridization can cause the mass change of a microfabricated cantilever, and the
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signal can be amplified by gold nanoparticle-catalyzed nucleation of silver. They can
detect the target DNA concentration down to 0.05 nM. In addition, a single-base
mismatch can be discriminated.

According to recent studies, dynamic-mode millimeter-sized cantilevers can
detect the oligonucleotides at extremely lower concentration in comparison to the
staticc-mode  microcantilevers. Kim et al. have developed a silica
nanoparticle-enhanced dynamic microcantilever biosensor for Hepatitis B Virus
(HBV) DNA detection (Fig. 9.6) [49]. The capture DNA was immobilized on the
microcantilever surface. Then, the HBV target DNA could hybridize with the
capture DNA, and the silica nanoparticle-labeled probe DNA was conjugated with
this capture DNA-probe DNA complex. To make the silica nanoparticle efficiency
to enhance the detection sensitivity, they optimized the size of the silica nanopar-
ticle and the dimension of the microcantilever. Without nanoparticle enhancement,
the HBV target DNA was detected up to pM level. When the silica
nanoparticle-based signal amplification process was applied, they could detect the
concentration of HBV target DNA at fM level.
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Fig. 9.6 Schematic illustration of DNA assay using the silica nanoparticle (SiNP)-enhanced
microcantilever. a SINP was modified with detection DNA. b dDNA was hybridized with cDNA
on the microcantilever to optimize conditions of the SiNPs-enhanced DNA detection. ¢ In the
presence of the target DNA, the nanoparticle-based sandwich assay was formed. The concentration
for the target DNA was monitored by the resonant frequency shifts (Reprinted with permission
from Ref. [49]. Copyright 2009 Elsevier)
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9.4 Sandwich Assays Based on SERS

SESR is a surface-sensitive technique that can enhance the Raman scattering by
absorbing molecules on rough metal surfaces or by nanostructures [50]. The phe-
nomenon of SERS is commonly explained by combining an electromagnetic
mechanism (reflecting the surface electron movement in the substrate) and a
chemical mechanism (relating to charge transfer between substrate and target
molecules) [42, 51-53]. Mirkin’s group reported a sandwich assay strategy based
on the Raman spectroscopic fingerprints for multiple DNA and RNA detection [38].
They designed the nanoparticle probes by labeling the gold nanoparticles with
specific oligonucleotides and Raman dyes. The silver-coated gold nanoparticles
were employed as a surface-enhanced Raman scattering promotor. By integrating
with SERS spectroscopy, the Raman spectroscopic fingerprint could be identified
by scanning Raman spectroscopy. A series of Raman scattering response could be
obtained. Therefore, a large number of oligonucleotides with different sequences
could be detected. The detection limit of this strategy was 20 fM.

To make the nucleic acid detection more sensitive and stable, Yang et al. found
that the semiconductor nanoparticles which have Raman signal were more appli-
cable for achieving the high sensitivity detection than the dye molecules [54]. Since
ZnO quantum dots (QDs) are capable of transferring electrons to gold nanoparti-
cles, ZnO/Au nanocomposites can achieve the electromagnetic-field enhancement.
They functionalized the thiol-oligonucleotides with ZnO/Au nanocomposites as
Raman labels. The capture DNA was firstly immobilized on the gold film, and the
target DNA and the ZnO/Au functionalized probe DNA could be hybridized with
the capture DNA to form a stable sandwich structure. With a strong resonance
Raman scattering signal output, the target oligonucleotide strand could be detected
with extraordinary sensitivity and selectivity (Fig. 9.7).

A SERS “hot spot” is predicted to be created by forming a junction between
nanoparticles and smooth surface. Reich and Moskovists developed a versatile
SERS biosensor by assembling the probe DNA-tethered Ag nanoparticles to the
smooth Ag surface due to the hybridization of the target DNA with the capture
DNA and probe DNA [48]. The “hot spot” was thus created to enhance the Raman
signals. The intense and reliable SERS signals could be obtained at near-single
particle level. Furthermore, it was indicated that the decrease of the distance
between the nanoparticle and Raman molecule can enhance the Raman signal.
Based on this principle, by forming a SERS “hot spot” between the nanoparticles or
between the nanoparticles and surface, the sandwiched structure-based DNA
biosensor has been developed for HIV-1 DNA detection by Liu’s group [55]. The
target DNA triggered the formation of sandwich structure of capture DNA—target
DNA-probe DNA. Then, the probe DNA was further recognized by another Raman
tag-labeled probe DNA. The multi-metal-molecule-metal-sandwiched structure was
finally constructed, which created a SERS “hot spot” and further decreased the
distance between the gold nanoparticles and Raman tags. Therefore, the Raman
signal has been largely enhanced and this sandwich-based platform could detect
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Fig. 9.7 Capture DNA was attached to the Au film. In the presence of target DNA, ZnO/Au
nanocomposites-based sandwich assay was formed, and the ZnO/Au nanocomposites were used as
Raman labels (Reprinted with permission from Ref. [54]. Copyright 2008 American Chemical
Society)

DNA concentration down to 107" M with the capability for distinguishing the
single-base mismatch.

To control the assembly of nanoparticles to turn on the Raman signal
enhancement in a reproducible manner, Faulds developed a DNA-based assembly
process to control the enhanced Raman scattering [56]. They applied the DNA
hybridization to control the enhancement of Raman scattering from Ag nanopar-
ticles labeled with a Raman dye. Here, two mechanisms were involved to be
responsible for the signal enhancement, which were chemical and electromagnetic.
A monolayer dye was firstly modified on the Ag nanoparticles; two different
oligonucleotide probe sequences were then linked on the surface of Ag nanopar-
ticles, respectively. The target DNA sequence finally integrated with these two
different Raman dye-labeled Ag nanoparticles to form a controlled assembly. The
signal was only capable of being obtained when the target recognition event of
DNA hybridization taken place. Similar to the strategy reported by Faulds, Graham
et al. precisely controlled the assembly of dye-coded and oligonucleotide-modified
Ag nanoparticle conjugates [49]. This strategy could discriminate the single mis-
matched base in an unmodified target oligonucleotide.

To achieve the simultaneous multiple detection of nucleic acid, Song and Wen
developed a SERS-based sandwich method using the mixed DNA-functionalized
Ag nanoparticles [57]. Three kinds of probe DNA strands were co-assembled at the
surface of the Ag nanoparticles at equal molar ratios to form conjugate 1. In
addition, they prepared three kinds of stable Ag nanoparticle-oligonucleotide
conjugates based on the Raman dyes and triple-cyclic disulfide-modified DNA
strands. The targeted DNA could be hybridized with the conjugate 1 and the
corresponding probe conjugate 2, and the electromagnetic enhancement of Raman
dyes labeled on these nanoparticles is therefore enhanced (Fig. 9.8). Thus, the
specific detection of multiple target DNA could be achieved.

Wang showed that enriching the target-mediated Raman tags aggregation is a
promising strategy to improve the detection sensitivity [58]. They attached the
probe DNA to the silica-Ag nanoparticles composite and labeled the magnetic
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Fig. 9.8 a and b A scheme of the preparation of the mixed DNA-modified AgNPs 1 and Raman
dye and DNA-modified AgNPs 2, respectively. ¢ The SERS-based sandwich detection system for
one (I), two (II), three (IIT) target DNA detection (Reprinted with permission from Ref. [57].
Copyright 2011 The Royal Society of Chemistry)

nanospheres with the capture DNA. The target DNA was first allowed to hybridize
with the SERS tag-labeled probe DNA. With the addition of the capture
DNA-linked magnetic nanospheres, it could be integrated with the above com-
posite. When the external was applied to the reaction solution, the nanocomposites
were deposited together and then could be separated and analyzed by SERS
(Fig. 9.9). They realized the quantitative detection of target DNA in the range of

2
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Fig. 9.9 a Schematic representation of a three-component-based sandwich assay in the presence
of target ssDNA. b Scheme of the experimental procedure for the detection of target ssDNA
(Reprinted with permission from Ref. [58]. Copyright 2013 American Chemical Society)
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10 nM to 10 pM. In addition, they achieved the multiplexed detection of up to three
different target DNAs.

9.5 Conclusion

The analysis of nucleic acids is important in the research of their fundamental
functions. Developing sensitive, simple, and specific detection techniques for DNA
detection is of great significance for the development of molecular diagnostics. In
this chapter, we have described the recent developments in the detection of nucleic
acid by the sandwich assays based on QCM, SPR sensor, microcantilever, and
SERS. Sandhyarani et al. achieved the ultrasensitive detection of DNA by using the
QCM-based sandwich assay. For SPR-based sandwich assay, various nanoparticles
such as AuNPs, hydrogel nanospheres, Fe;0,4 nanoparticles, and silica nanoparti-
cles have been used as signal amplification labels for signal amplification of SPR
sensors. This amplification method can be used to detect ssDNA down to 1 M. In
addition, by applying the silica nanoparticle-based signal amplification process to
the microcantilevers-based sandwich assay, Kim et al. achieved the detection of
HBYV target DNA at fM level. The simultaneous multiple detection of nucleic acid
was achieved by Song and Wen by using the SERS-based sandwich assay. The
large achievement of the sandwich assay was realized in recent decades, but there
are still some problems such as complex process, non-specific adsorption, and
stability need to be solved. This relies on the further development of sandwich
assay to resist these problems.

References

1. Henne WA, Doorneweerd DD, Lee J, Low PS, Savran C (2006) Detection of folate binding
protein with enhanced sensitivity using a functionalized quartz crystal microbalance sensor.
Anal Chem 78:4880-4884

2. Uludag Y, Tothill IE (2012) Cancer biomarker detection in serum samples using surface
plasmon resonance and quartz crystal microbalance sensors with nanoparticle signal
amplification. Anal Chem 84:5898-5904

3. Ebersole RC, Ward MD (1988) Amplified mass immunosorbent-assay with a quartz crystal
microbalance. ] Am Chem Soc 110:8623-8628

4. Zhou XC, O’Shea SJ, Li SFY (2000) Amplified microgravimetric gene sensor using Au
nanoparticle modified oligonucleotides. Chem Commun 953-954

5. Lao RJ, Song SP, Wu HP, Wang LH, Zhang ZZ, He L, Fan CH (2005) Electrochemical
interrogation of DNA monolayers on gold surfaces. Anal Chem 77:6475-6480

6. Mao XL, Yang LJ, Su XL, Li YB (2006) A nanoparticle amplification based quartz crystal
microbalance DNA sensor for detection of Escherichia coli O157:H7. Biosens Bioelectron
21:1178-1185

7. Rasheed PA, Sandhyarani N (2016) Quartz crystal microbalance genosensor for sequence
specific detection of attomolar DNA targets. Anal Chim Acta 905:134-139



9 Sandwich Assays Based on QCM, SPR, Microcantilever ... 163

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Sanchez CG, Su Q, Schonherr H, Grininger M, Noll G (2015) Multi-ligand-binding

flavoprotein dodecin as a key element for reversible surface modification in
nano-biotechnology. ACS Nano 9:3491-3500

. Zeng SW, Baillargeat D, Ho HP, Yong KT (2014) Nanomaterials enhanced surface plasmon

resonance for biological and chemical sensing applications. Chem Soc Rev 43:3426-3452
Ermini ML, Mariani S, Scarano S, Minunni M (2014) Bioanalytical approaches for the
detection of single nucleotide polymorphisms by Surface Plasmon Resonance biosensors.
Biosens Bioelectron 61:28-37

Sipova H, Homola J (2013) Surface plasmon resonance sensing of nucleic acids: a review.
Anal Chim Acta 773:9-23

He L, Musick MD, Nicewarner SR, Salinas FG, Benkovic SJ, Natan MJ, Keating CD (2000)
Colloidal Au-enhanced surface plasmon resonance for ultrasensitive detection of DNA
hybridization. ] Am Chem Soc 122:9071-9077

Hayashida M, Yamaguchi A, Misawa H (2005) High sensitivity and large dynamic range
surface plasmon resonance sensing for DNA hybridization using Au-nanoparticle-attached
probe DNA. Jpn J Appl Phys Part 2—Lett Express Lett 44:1544-1546

Yao X, Li X, Toledo F, Zurita-Lopez C, Gutova M, Momand J, Zhou FM (2006)
Sub-attomole oligonucleotide and p53 cDNA determinations via a high-resolution surface
plasmon resonance combined with oligonucleotide-capped gold nanoparticle signal ampli-
fication. Anal Biochem 354:220-228

Yang XH, Wang Q, Wang KM, Tan WH, Li HM (2007) Enhanced surface plasmon
resonance with the modified catalytic growth of Au nanoparticles. Biosens Bioelectron
22:1106-1110

Wark AW, Lee HJ, Qavi AJ, Corn RM (2007) Nanoparticle-enhanced diffraction gratings for
ultrasensitive surface plasmon biosensing. Anal Chem 79:6697-6701

D’Agata R, Corradini R, Grasso G, Marchelli R, Spoto G (2008) Ultrasensitive detection of
DNA by PNA and nanoparticle-enhanced surface plasmon resonance imaging.
ChemBioChem 9:2067-2070

Joung HA, Lee NR, Lee SK, Ahn J, Shin YB, Choi HS, Lee CS, Kim S, Kim MG (2008)
High sensitivity detection of 16s rRNA using peptide nucleic acid probes and a surface
plasmon resonance biosensor. Anal Chim Acta 630:168-173

Moon S, Kim DJ, Kim K, Kim D, Lee H, Lee K, Haam S (2010) Surface-enhanced plasmon
resonance detection of nanoparticle-conjugated DNA hybridization. Appl Optics 49:484-491
D’Agata R, Breveglieri G, Zanoli LM, Borgatti M, Spoto G, Gambari R (2011) Direct
detection of point mutations in nonamplified human genomic DNA. Anal Chem 83:8711—
8717

Hong X, Hall EAH (2012) Contribution of gold nanoparticles to the signal amplification in
surface plasmon resonance. Analyst 137:4712-4719

Gu Y, Tan YJ, Wang CY, Nie JL, Yu JR, Li YH (2012) A surface plasmon resonance sensor
platform coupled with gold nanoparticle probes for unpurified nucleic acids detection. Anal
Lett 45:2210-2220

Mariani S, Scarano S, Spadavecchia J, Minunni M (2015) A reusable optical biosensor for the
ultrasensitive and selective detection of unamplified human genomic DNA with gold
nanostars. Biosens Bioelectron 74:981-988

Okumura A, Sato Y, Kyo M, Kawaguchi H (2005) Point mutation detection with the
sandwich method employing hydrogel nanospheres by the surface plasmon resonance
imaging technique. Anal Biochem 339:328-337

Mousavi MZ, Chen HY, Wu SH, Peng SW, Lee KL, Wei PK, Cheng JY (2013) Magnetic
nanoparticle-enhanced SPR on gold nanoslits for ultra-sensitive, label-free detection of
nucleic acid biomarkers. Analyst 138:2740-2748

Mousavi MZ, Chen HY, Lee KL, Lin H, Chen HH, Lin YF, Wong CS, Li HF, Wei PK,
Cheng JY (2015) Urinary micro-RNA biomarker detection using capped gold nanoslit SPR in
a microfluidic chip. Analyst 140:4097-4104



164 X. Hu and Q. Yuan

27. Zhou WJ, Halpern AR, Seefeld TH, Corn RM (2012) Near infrared surface plasmon
resonance phase imaging and nanoparticle-enhanced surface plasmon resonance phase
imaging for ultrasensitive protein and DNA biosensing with oligonucleotide and aptamer
microarrays. Anal Chem 84:440-445

28. Goodrich TT, Lee HJ, Corn RM (2004) Enzymatically amplified surface plasmon resonance
imaging method using RNase H and RNA microarrays for the ultrasensitive detection of
nucleic acids. Anal Chem 76:6173-6178

29. Zeng DM, Wang JX, Yin LJ, Zhang YT, Zhang Y, Zhou FM (2007) Sequence-specific
analysis of oligodeoxynucleotides by precipitate-amplified surface plasmon resonance
measurements. Front Biosci 12:5117-5123

30. Su XD, Teh HF, Aung KMM, Zong Y, Gao ZQ (2008) Femtomol SPR detection of
DNA-PNA hybridization with the assistance of DNA-guided polyaniline deposition. Biosens
Bioelectron 23:1715-1720

31. Seefeld TH, Zhou WJ, Corn RM (2011) Rapid microarray detection of DNA and proteins in
microliter volumes with surface plasmon resonance imaging measurements. Langmuir
27:6534-6540

32. Fasoli JB, Corn RM (2015) Surface enzyme chemistries for ultrasensitive microarray
biosensing with SPR imaging. Langmuir 31:9527-9536

33. Li YA, Wark AW, Lee HJ, Corn RM (2006) Single-nucleotide polymorphism genotyping by
nanoparticle-enhanced surface plasmon resonance imaging measurements of surface ligation
reactions. Anal Chem 78:3158-3164

34. Fang SP, Lee HJ, Wark AW, Corn RM (2006) Attomole microarray detection of MicroRNAs
by nanoparticle-amplified SPR imaging measurements of surface polyadenylation reactions.
J Am Chem Soc 128:14044-14046

35. Sendroiu IE, Gifford LK, Luptak A, Corn RM (2011) Ultrasensitive DNA microarray
biosensing via in situ RNA transcription-based amplification and nanoparticle-enhanced SPR
imaging. J Am Chem Soc 133:4271-4273

36. Zagorodko O, Spadavecchia J, Serrano AY, Larroulet I, Pesquera A, Zurutuza A,
Boukherroub R, Szunerits S (2014) Highly sensitive detection of DNA hybridization on
commercialized graphene-coated surface plasmon resonance interfaces. Anal Chem
86:11211-11216

37. Liu RJ, Wang Q, Li Q, Yang XH, Wang KM, Nie WY (2017) Surface plasmon resonance
biosensor for sensitive detection of microRNA and cancer cell using multiple signal
amplification strategy. Biosens Bioelectron 87:433-438

38. Cao YWC, Jin RC, Mirkin CA (2002) Nanoparticles with Raman spectroscopic fingerprints
for DNA and RNA detection. Science 297:1536-1540

39. Ghosh S, Mishra S, Mukhopadhyay R (2014) Enhancing sensitivity in a piezoresistive
cantilever-based label-free DNA detection assay using ssPNA sensor probes. J Mat Chem B
2:960-970

40. Huber F, Lang HP, Backmann N, Rimoldi D, Gerber C (2013) Direct detection of a BRAF
mutation in total RNA from melanoma cells using cantilever arrays. Nat Nanotechnol 8:125-
129

41. Mertens J, Rogero C, Calleja M, Ramos D, Martin-Gago JA, Briones C, Tamayo J (2008)
Label-free detection of DNA hybridization based on hydration-induced tension in nucleic acid
films. Nat Nanotechnol 3:301-307

42. Zhu R, Howorka S, Proll J, Kienberger F, Preiner J, Hesse J, Ebner A, Pastushenko VP,
Gruber HJ, Hinterdorfer P (2010) Nanomechanical recognition measurements of individual
DNA molecules reveal epigenetic methylation patterns. Nat Nanotechnol 5:788—791

43. Zheng S, Choi JH, Lee SM, Hwang KS, Kim SK, Kim TS (2011) Analysis of DNA
hybridization regarding the conformation of molecular layer with piezoelectric microcan-
tilevers. Lab Chip 11:63-69

44. McKendry R, Zhang JY, Arntz Y, Strunz T, Hegner M, Lang HP, Baller MK, Certa U,
Meyer E, Guntherodt HJ, Gerber C (2002) Multiple label-free biodetection and quantitative



9 Sandwich Assays Based on QCM, SPR, Microcantilever ... 165

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

DNA-binding assays on a nanomechanical cantilever array. Proc Natl Acad Sci U S A
99:9783-9788

Su M, Li SU, Dravid VP (2003) Microcantilever resonance-based DNA detection with
nanoparticle probes. Appl Phys Lett 82:3562-3564

Wu GH, Ji HF, Hansen K, Thundat T, Datar R, Cote R, Hagan MF, Chakraborty AK,
Majumdar A (2001) Origin of nanomechanical cantilever motion generated from biomolec-
ular interactions. Proc Natl Acad Sci U S A 98:1560-1564

Lee SM, Hwang KS, Yoon HJ, Yoon DS, Kim SK, Lee YS, Kim TS (2009) Sensitivity
enhancement of a dynamic mode microcantilever by stress inducer and mass inducer to detect
PSA at low picogram levels. Lab Chip 9:2683-2690

Shu WM, Liu DS, Watari M, Riener CK, Strunz T, Welland ME, Balasubramanian S,
McKendry RA (2005) DNA molecular motor driven micromechanical cantilever arrays. J Am
Chem Soc 127:17054-17060

Cha BH, Lee SM, Park JC, Hwang KS, Kim SK, Lee YS, Ju BK, Kim TS (2009) Detection of
Hepatitis B Virus (HBV) DNA at femtomolar concentrations using a silica
nanoparticle-enhanced microcantilever sensor. Biosens Bioelectron 25:130-135

Xu XB, Li HF, Hasan D, Ruoff RS, Wang AX, Fan DL (2013) Near-field enhanced
plasmonic-magnetic bifunctional nanotubes for single cell bioanalysis. Adv Funct Mater
23:4332-4338

Banholzer MJ, Millstone JE, Qin LD, Mirkin CA (2008) Rationally designed nanostructures
for surface-enhanced Raman spectroscopy. Chem Soc Rev 37:885-897

Larmour IA, Graham D (2011) Surface enhanced optical spectroscopies for bioanalysis.
Analyst 136:3831-3853

Prado E, Daugey N, Plumet S, Servant L, Lecomte S (2011) Quantitative label-free RNA
detection using surface-enhanced Raman spectroscopy. Chem Commun 47:7425-7427

Liu YC, Zhong MY, Shan GY, Li YJ, Huang BQ, Yang GL (2008) Biocompatible ZnO/Au
nanocomposites for ultrasensitive DNA detection using resonance Raman scattering. J Phys
Chem B 112:6484-6489

Hu J, Zheng PC, Jiang JH, Shen GL, Yu RQ, Liu GK (2010) Sub-attomolar HIV-1 DNA
detection using surface-enhanced Raman spectroscopy. Analyst 135:1084-1089

Graham D, Thompson DG, Smith WE, Faulds K (2008) Control of enhanced Raman
scattering using a DNA-based assembly process of dye-coded nanoparticles. Nat Nanotechnol
3:548-551

Zhang ZL, Wen YQ, Ma Y, Luo J, Jiang L, Song YL (2011) Mixed DNA-functionalized
nanoparticle probes for surface-enhanced Raman scattering-based multiplex DNA detection.
Chem Commun 47:7407-7409

Li JM, Ma WF, You LJ, Guo J, Hu J, Wang CC (2013) Highly sensitive detection of target
ssDNA based on SERS liquid chip using suspended magnetic nanospheres as capturing
substrates. Langmuir 29:6147-6155

Sipova H, Zhang SL, Dudley AM, Galas D, Wang K, Homola J (2010) Surface plasmon
resonance biosensor for rapid label-free detection of microribonucleic acid at subfemtomole
level. Anal Chem 82:10110-10115

Liu JY, Tian SJ, Tiefenauer L, Nielsen PE, Knoll W (2005) Simultaneously amplified
electrochemical and surface plasmon optical detection of DNA hybridization based on
ferrocene-streptavidin conjugates. Anal Chem 77:2756-2761

Ding XJ, Yan YR, Li SQ, Zhang Y, Cheng W, Cheng Q, Ding SJ (2015) Surface plasmon
resonance biosensor for highly sensitive detection of microRNA based on DNA
super-sandwich assemblies and streptavidin signal amplification. Anal Chim Acta 874:59-65



	9 Sandwich Assays Based on QCM, SPR, Microcantilever, and SERS Techniques for Nucleic Acid Detection
	Abstract
	9.1 Sandwich Assays Based on QCM
	9.2 Sandwich Assays Based on SPR
	9.3 Sandwich Assays Based on the Microcantilever
	9.4 Sandwich Assays Based on SERS
	9.5 Conclusion
	References




