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\ Nucleic acid sensing applications /

methods, like direct sequencing, a number of results are still found
to be either “false positives” or “false negatives”. This suggests that
modifications in these strategies are necessary to make them more XNA : Nuclease-resistant; Ordered, upright-oriented molecular assembly; Limit of Detection : 45 zM
accurate. In this minireview, we propose that one way toward DNA : Nuclease-susceptible; Disordered, lying-down molecular assembly; Limit of Detection : 1 aM
improvement could be replacement of the DNA capture probes

with the xeno nucleic acid or XNA capture probes. This is because the XNAs, especially the locked nucleic acid, the peptide nucleic
acid, and the morpholino, have shown better single nucleobase mismatch discrimination capacity than the DNA capture probes,
indicating their capacity for more precise detection of nucleic acid sequences, which is beneficial for detection of gene stretches
having point mutations. Keeping the current trend in mind, this minireview will include the recent developments in nanoscale,
fluorescent label-free applications, and present the cases where the XNA probes show clear advantages over the DNA probes.

using XNA capture probes

S ior Mi: h Discrimination by the XNA Probes

P

Bl INTRODUCTION developing a robust assay with high target specificity and
detection sensitivity. A number of synthetic alternative nucleic
acid analogs or xeno nucleic acids (XNAs), where “xeno”
stands for “alien”, having non-natural backbones, such as
arabinonucleic acid (ANA), cyclohexene nucleic acid (CeNA),
fluoro-arabinonucleic acid (F-ANA), glycol nucleic acid
(GNA), hexitol nucleic acid (HNA), peptide nucleic acid
(PNA), morpholino (MO), threose nucleic acid (TNA), click
nucleic acid (CNA) and locked nucleic acid (LNA), have been
developed over the last three decades. Recently, the capabilities
of different XNAs as capture probes have been explored,
including in testing liquid biopsy samples (blood, saliva, urine,
ascites and pleural effusion) for the presence of circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA), cell-
free DNA (cfDNA) or exosomes and micro-RNA (miRNA).
Among all the alternative nucleic acids, LNA, PNA and MO
(Figure 1) have emerged as the most popularly used capture
probes.

The LNA is a conformationally restricted DNA analogue
where the sugar moiety is a bicyclic ribose derivative with a
bridgin§ methylene group between the 4’-carbon and the 2'-
oxygen (Figure 1). LNA is nuclease-resistant in nature as

The modifications in nucleic acid sequences, for example,
single nucleobase mutations, can be the basis of a number of
human diseases of genetic origin, for example, sickle-cell
anemia, cystic fibrosis, # thalassemia, Huntington disease and
color-blindness. In fact, the number of disorders that are
identified to be genetic in origin is increasing every year.' The
single nucleobase mutations may also create susceptibility
toward critical diseases like cancer, tuberculosis and neuro-
logical disorders like Alzheimer’s disease.! Therefore, se-
quence-specific and sensitive detection of nucleic acids is
vital for early and reliable diagnosis of a genetic disease. The
identification of certain nucleic acid sequences both in vitro
and in vivo is important also for the discovery of hitherto
unknown genetic diseases, diagnosis of pathogen infection and
monitoring of disease treatment.”” The nucleic acid biosensors
(NABs) or the genosensors, where detection is based on
nucleic acid hybridization, have shown considerable potential,
especially for clinical analysis,” for example, in the cases of
metabolic disorders like diabetes, cancer and cardiovascular
disease; contagious diseases like tuberculosis, dengue and
hepatitis; and food borne diseases like diarrhea, salmonellosis,
cholera etc.”?

Though the DNA capture probes have been widely used for Received: January 28, 2022
nucleic acid sensing (see Table 1), there are certain Accepted:  April 12, 2022
limitations of the DNA probes, for example, reduced Published: April 28, 2022
bioactivity, nonspecific signals, lack of reproducibility and
susceptibility to degradation by the nuclease enzyme.”’

Therefore, the necessity of an alternative probe arises for
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Table 1. Overview of Various DNA Capture Probe-Based Nucleic Acid Sensing Methods and Their Applications”

Capture probe
ssDNA

DNA molecular beacon

Target (limit of detection)
DNA (1.38 M)

DNA (0.17 nM)

Method of signal transduction
Surface plasmon resonance spectroscopy
(optical)
Fluorescence spectroscopy (optical)

Hybridization chain reaction-induced flu-
orescence emission spectroscopy (opti-
cal)

Fluorescence spectroscopy (optical)

Application

Detection of pS3 gene mutation®®

. N st
Detection of nucleic acid sequences””

Detection of nucleobase mismatches, deletion
and insertion mutations in complex biological

fluid>®
Detection of single nucleobase mismatch®?

Pyrene-excimer labeled DNA DNA (256 fM)

Single walled carbon nanotubes ~ DNA (4 nM)
(SWNT) associated ssDNA

Quantum dot (QD)-linked DNA DNA (4.8 fM)

Fluorescence resonance energy transfer-

Detection of Kras point mutation®®

based spectroscopy (optical)

BaGdF;: Yb/Er upconversion AuNP-linked virus oligonucleotide (300
nanoparticles conjugated DNA ™M)
probe

ssDNA HIV-1 DNA (0.24 pg/mL)

Luminescence resonance energy transfer-
based spectroscopy (optical)

Surface-enhanced Raman spectroscopy

Ebola virus detection®

Detection of viral DNA’®

(optical)
DNA hairpin miRNA (10 fM at 37 °C and 1 aM at 4 Quadratic isothermal amplification strat-  Cancer-specific miRNA detection™
°C) egy-based fluorescence spectroscopy
(optical)

Stem loop DNA
Tetrahedral DNA probe

Genomic DNA (10 fM)
miRNA (1 fM)

Amperometry (electrochemical)

Cyclic voltammetry and amperometry

Sequence-specific DNA detection®

Detection of cancer related biomarker-miRNA

(electrochemical) 1417

ssDNA DNA (1 pM DNA and genomic DNA
from 2.7 X 10> CFU/mL bacterial
culture)

dsDNA scaffold DNA (1 pM)

Gel electrophoresis (chemical, via hybrid-

Quartz crystal microbalance (mechanical) ~Pathogenic E. coli detection®

SNP detection®'

ization-induced conformational change)

“The relevant reference is shown in superscript for each application.
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Figure 1. Chemical structures of DNA, LNA, PNA and MO. The structural differences in LNA, PNA and MO, compared to DNA, are highlighted

by using different colors.

being unnatural to such an extent that nuclease cannot
recognize it as a substrate.” The PNA'® contains a “peptide-
like” backbone where the negatively charged sugar—phosphate
backbone is substituted with nonionic, repeating N-(2-
aminoethyl) glycine units, which are linked by amide bonds
(Figure 1). Such a nonionic, achiral structure of PNA is not
susceptible to degradation by nuclease or protease enzymes,
which makes PNA a highly stable biological molecule.'’
Another nonionic XNA is MO, where modifications are made
to both the sugar and the phosphodiester linkage."” It is
composed of morpholino rings, nucleobases and the nonionic
phosphorodiamidates (Figure 1). MO possesses a nonionic
backbone similar to PNA, but it exhibits better solubility in
water'” in comparison to PNA because the morpholine ring is
hydrophilic in nature. In addition, MO is resistant to a number
of nucleases."” MO is less expensive than most of the other

XNAs as it can be synthesized by starting with less expensive
ribonucleosides. The advantageous properties of MO such as
solubility in aqueous medium, nuclease-resistance, highly
target-specific hybridization and activity inside cells, have
made MO an ideal probe for developing NABs.

While DNA has remained a popular capture probe due to its
relatively easy accessibility, low cost, and the already available
extensive literature, difficulties associated with DNA-based
sensing as mentioned earlier persist. Some difficulties in
nucleic acid sensing have also been associated with the use of a
fluorescent label. The fluorescence signals may not always be
commensurate with the target concentration and/or false
positive/false negative signals may arise from nonspecific
origins for the following reasons. First, the organic fluorescent
dyes used as fluorescent labels may exhibit poor photostability
and pH sensitivity, thereby having altered or compromised

https://doi.org/10.1021/acsomega.2c00581
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functions in different experimental conditions. Second, the
characteristics of the linker, i.e. its nature and length as well as
the attachment position of the fluorophore (end or internal
modification), may play a crucial role in signal development as
dye—nucleotide interaction can influence the sensitivity of the
fluorescence intensity to environmental conditions. Third,
nonspecific association of the labeled target or the presence of
unreacted dye may give rise to a false positive signal. Fourth, a
poor degree of labeling of the target may give rise to weak or
no signal even when sequence-specific binding occurs resulting
in false negative signals. Fifth, though the low photo-
degradation rate of quantum dots (QDs) makes the QDs a
superior alternative to the traditional organic fluorophores,
they too have drawbacks like poor water solubility, and easy
aggregation in an aqueous medium that reduces their
fluorescence quantum yields. Sixth, in fluorescence quenching
approaches (such as in molecular beacons), the quencher
molecule that is covalently attached to the fluorescent
oligonucleotide may suffer from low quenching efliciency
when the distance between the fluorophore and the quencher
is relatively large. For all these reasons, it is useful to explore
fluorescent label-free approaches while testing the applicability
of XNA probes in nucleic acid sensing. In our laboratory,
notable progress has been made in the recent years toward
developing a fluorescent label-free approach for detection of
nucleic acid sequences using the XNA capture probes.’ This
approach is an obvious shift from the conventionally applied
ensemble methods, since here detection is performed in
molecule-by-molecule manner using the single molecule force
spectroscopy (SMFES) technique.

While most of the approaches for identification of point
mutations are based on polymerase chain reaction (PCR)-
based methods, the PCR-dependent approaches can suffer
from amplification-related errors that are caused by misprim-
ing, insufficient accuracy in discriminating single nucleotides,
an inadequate multiplexing capability, contamination-related
false positive signals, and false negative signals due to the
presence of a very low amount of the sequence of interest.
Therefore, there is a need for identification of the specific and
characteristic point mutations with alternative approaches,
such as the biosensor-based techniques that do not require
PCR-based amplification of nucleic acid sequences. In a
biosensor-based strategy, the binding of an analyte to a specific
bioreceptor, which is the recognition element, is converted into
a measurable electronic signal by the transducer. The
importance of biosensor technologies, especially the mini-
aturized ones that are capable of rapid and point-of-care
testing, is increasingly being felt in the healthcare management
nowadays. Development of accurate and sensitive biosensors
means that early detection of disease is possible and preventive
measures can be taken at the right time. At present, the reverse
transcription polymerase chain reaction (RT-PCR) is routinely
used as the most standard approach for nucleic acid detection,
for example, in the diagnosis of COVID-19 disease. However,
false-positive cases (due to amplification errors, contamina-
tion) and false-negative cases (particularly in the initial stages
of the viral infection, when the viral load is the minimum, and/
or when a novel mutant virus causes the infection) are also
reported. To surmount the limitations of RT-PCR, different
biosensors techniques have been developed with promising
capacities. For example, a plasmonic biosensor having dual
functions has been developed, where the plasmonic photo-
thermal (PPT) effect has been combined with localized surface

plasmon resonance (LSPR)-based transduction. Here, the two-
dimensional gold nanoislands (AuNIs) with surface-anchored
complementary DNA receptors have been used for sequence-
specific and sensitive detection of SARS-CoV-2-derived
sequences.'”” The SMFS-based approach that has been
developed in our laboratory is a PCR-amplification-free
approach since very low amount of sample is needed for the
molecularly resolved detection by SMES, for example, in the
case of identification of the most common mutations of the
multidrug-resistant Mycobacterium tuberculosis bacteria, where a
15-mer LNA capure probe sequence was used for the detection
of a 45-mer long target DNA with overhang regions.'*
Typically an efficient biosensor should exhibit a combination
of the following characteristics: high sensitivity, selectivity,
reproducibility, and reusability, where reusability is often not
considered to be essential, especially in clinical diagnostics,
where cross-contamination from another patient’s sample
should be avoided. In order to improve sensitivity in nucleic
acid sensing, considerable development in the use of nanoscale
sensing surfaces has been made over the last decade.® Because
of the high surface-to-volume ratio of the nanomaterials, the
sensing surface area effectively increases, thereby increasing the
total amount of immobilized capture probes. The resulting
increase in the capture probe density improves the prospect of
enhancement in nucleic acid recognition signal. Also, because
of the confinement of a nanoscale region, a low concentration
of analytes (sub-nanomolar concentration) that are present
within that region can be detected, which makes the limit of
detection better. The most significant clinical applications of
the DNA-based nanobiosensors available at this time are in the
areas of diagnosis of infectious diseases like Mycobacterium
tuberculosis, genetic diseases like cystic fibrosis, cancer
diagnosis and biomarker discovery and immunodeficiency
related diseases.'> Keeping this advantage of applying nano-
scale detection approaches in mind, this review focuses on the
recent developments, where nanoscale strategies, especially
those that are fluorescent label-independent and potentially
PCR-amplification-free, have been followed.

B THE BASIC DESIGN OF A NANOSCALE
XNA-BASED NUCLEIC ACID SENSOR

In nucleic acid detection, the target analyte is usually a section
of a nucleic acid sequence (e.g, ssDNA or ssRNA or dsDNA),
or a nucleic acid pattern (e.g., the RNA G-quadruplex). The
capture probes are usually fully or partly complementary
single-stranded nucleic acid sequences that are used to detect
target sequences via sequence-specific hybridization. These
probes can be of short sequences (10—30 mer) and long
sequences (40—90 mer). The capture probes can also be
nucleic acid aptamers (mostly 10—100 mer in size) with
specific 3-D structures. It has been observed that the nanoscale
detection approaches based on hybridization/dehybridization
processes occurring on surface can be generally faster, more
sensitive and sequence-specific than the traditional approaches,
for example, those that involve detection of electrophoresis-
separated DNA/RNA fragments by Southern/Northern
blotting methods. In addition, they can be made fluorescent
label-free, when fluorescence-independent transduction meth-
ods are combined.

The basic steps in the nanoscale hybridization assays are (a)
capture probe immobilization on the surface, (b) target
hybridization and duplex formation and (c) monitoring
hybridization/dehybridization event via signal transduction

https://doi.org/10.1021/acsomega.2c00581
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(Figure 2A). The optimization of the capture probe density is
essential so that a high probe density with favorable probe-to-
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Figure 2. (A) Basic experimental design for nucleic acid sensing. (B)
Different strategies for immobilization of ssDNA/ssXNA on surface
via (I) gold—thiol linkage formation, (II) NHS-EDC activated
immobilization, (III) affinity binding of avidin and biotinylated
nucleic acid strand, (IV) dithiol linkage formation on 3-MPTMS-
modified silicon surface, and (V) formation of secondary imine using
glutaraldehyde cross-linker on 3-APTES-modified silicon surface.

probe spacing can be achieved that ensures minimization of
nonspecific interactions with the substrate and improvement in
sensitivity of target-specific detection.® Significant advantage of
the LNA probe has been observed in this respect.’ Careful
consideration is necessary also in following proper immobiliza-
tion chemistry to ensure stability and functionality of the
surface-confined capture probe molecules. Various immobiliza-
tion methods have been developed that are based on the
following three major approaches: (a) simple adsorption or
physisorption, (b) immobilization via covalent bond formation
or chemisorption, and (c) avidin (or streptavidin)—biotin
interaction. Among these, the simplest immobilization method
is based on physisorption, for example, via ionic interactions
between the negatively charged DNA capture probe and
positively charged surface like amino-silanized glass surface/
cationic polymer-coated glassy electrode. However, because
desorption of the physisorbed capture probes can happen
under environmental changes such as in pH, temperature and
ionic strength, even when the probes are adsorbed in a
controlled manner under the action of electric potential, the
covalent coupling of the capture probes with the surface is
generally considered to be more useful. Electrostatics-driven
physisorption of the capture probes also does not ensure
oriented attachment of the probes on surface, because the
capture probe with a charged backbone can interact with the
oppositely charged surface through the total stretch of the
probe and not a specific point on it. Biosensing approaches
have been develoged using thiol-containing DNA probes”'®
and XNA probes® because the thiol groups (-SH) exhibit a

high affinity toward the gold surface allowing covalent bond
formation between sulfur and gold atoms of a variety of gold-
coated surfaces including those of gold-interdigitated ultra-
micro-electrode arrays or gold micropads (Figure 2B). Other
covalent coupling chemistries involve the use of 5’ amino-
modified ssDNA to attach onto functionalized (carboxyl,
aldehyde, sulfonic, epoxy, isothiocyanate etc.) surfaces (Figure
2B).”'® Another strategy for capture probe immobilization has
been developed using avidin (streptavidin)—biotin interactions
where biotin, which is a small molecule, binds with very high
affinity to the tetrameric proteins like avidin/streptavidin. This
has been done by modifying the 3’ or the 5" end of DNA probe
with a biotin molecule and then exposing it to the avidin/
streptavidin-modified surface. A range of methods for the
development of an avidin/streptavidin-functionalized electrode
surface have been established for attachment of the
biotinylated DNA probes, for example, using N-hydroxysucci-
nimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) via NHS-EDC coupling between
activated carboxyl on the surface and the amine on avidin/
streptavidin (Figure 2B).1°

For effective target hybridization and duplex formation, an
efficient design of the sensing surface is necessary, for example,
construction of an ordered and self-assembled monolayer
(SAM) of the capture probes via controlled preparation of the
sensing film where the capture probes are oriented upright can
be crucial. It has been observed that DNA films are mostly
disordered (Figure 3A), where the ssDNA probes undergo
back bending on the surface, as evident from the cyclic
voltammetry (CV) and ellipsometry studies.'” This disposition
of the ssDNA backbone means that nonspecific interactions
between DNA and the underlying surface may occur through
the relatively exposed nucleobases, resulting in reduced
biosensor activity of the film, and thereby weakening the
target-specific signal strength.” Poorly ordered probes may
even lead to false positive and reproducible signals that
originate from these nonspecific interactions.” These issues
have been resolved to a significant extent by replacing DNA
with XNA probes. For example, more ordered SAMs (Figure
3A) with more upright backbone orientation of the surface-
anchored LNA probes'® has been observed compared to the
DNA probes, as demonstrated by the reflection absorption
infrared spectroscopy (RAIRS) experiments'® (Figure 3B).
The more upright orientation of the capture probes not only
makes the target’s passage to the total length of the capture
probes more direct and accessible to the target sequences, but
it also helps in reducing the nonspecific interactions of the
capture probes with the underlying substrate. Another
excellent hybridization probe is molecular beacons (MBs) for
target-specific detection of nucleic acids, but DNA-based MBs
suffer from limitations such as poor stability with poor
sensitivity during surface-based sensing. The MB—surface
interactions that partially disrupt the loop and destabilize the
stem structure can result in a considerable reduction of the
fluorescence enhancement exhibited by the surface-immobi-
lized DNA-MBs.”” As a result, inefficient quenching can take
place, which is reflected in background fluorescence signal,
thus affecting the overall detection sensitivity of the MBs.”’
Such a limitation has been overcome using the LNA-based
MBs,”” which increase the sensitivity of target-specific
detection events, because nonspecific interactions with the
surface can largely be avoided due to the rigid backbone of
LNA. The greater capacity of single nucleobase mismatch
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Figure 3. (A) The AFM topographic images of DNA and LNA films, along with the respective images of scratched areas generated by the
nanoshaving method and their corresponding cross-sectional profiles that indicate monolayer formation. (B) The reflection absorption infra-red
(RAIR) spectra of the DNA (left) and LNA (right) layers, that indicate a more upright orientation in case of the LNA probes compared to the
DNA probes. (C) The fluorescence spectra for the full match (FM: solid line) and single base mismatch (SM: dotted line) cases for the DNA
probe (left) and the LNA probe (right). (D) The single base mismatch discrimination ability of the DNA probe (see two force distributions at the
left) and the LNA probe (see two force distributions at the right) using single molecule force spectroscopy (SMFS) technique. The data presented
here are reproduced/adapted with permission from ref 19 (Copyright 2016, The Royal Society of Chemistry) for RAIRS data, ref 18 (Copyright
2012, American Chemical Society) for fluorescence data, and ref 26b (Copyright 2022, The Royal Society of Chemistry) and ref 14 (Copyright
2019, American Chemical Society) for SMFS data. The AFM topographic images, DNA scratching image and LNA scratching image with
corresponding cross sectional profile are reproduced/adapted with permission from ref 18 (Copyright 2012, American Chemical Society), ref 26b
(Copyright 2022, Royal Society of Chemistry) and ref 23 (Copyright 2016, Oxford University Press), respectively.

discrimination of the surface-anchored LNA probes over the
corresponding surface-anchored DNA capture probes was
observed both in an ensemble experiment (Figure 3C) and a
molecularly resolved SMFS experiment (Figure 3D), meaning
that the LNA-designed sensing surface retained the solution-
phase capacity of the LNA probes, as a result of optimized
surface preparation.' ™' ®*!

The nucleic acid-based sensors can be divided into two
categories, namely, label-dependent and label-independent
sensors. In label-dependent sensors, the label can be an
enzyme, a redox indicator (e.g., ferrocene or Fc), radioisotopes,

15300

cationic metal complexes or intercalating organic molecules
(e.g., methylene blue), fluorophores, UV-absorbing molecules
like nanoparticles, etc. Here, the sensor signal is proportional
to the amount of labels. As a result, an estimate of the number
of bound target molecules can be obtained. The label-
dependent methods are often not very effective as far as
labor, cost and time are concerned. In addition, labeling of
biomolecules may obstruct the active binding sites and alter
the nature of binding. All together, this may unfavorably affect
the affinity-based interaction between the recognition partner
and the target partner. In contrast, the label-independent
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Table 2. Overview of XNA Capture Probe-Based Nucleic Acid Sensing Methods and Their Applications”

Capture probe Target (limit of detection)

Method of signal transduction
AuNP-amplified surface plasmon reso-
nance imaging (optical)
Absorbance measured by ELISA reader

Fluorescence polarization (optical)

Fluorescence spectroscopy after on-sur-
face melting-induced dehybridization

LNA miRNA (10 fM)
LNA DNA amplicon (10* copies of plas-

mid/10 uL PCR reaction) (optical)
LNA DNA (50 nM)
LNA DNA (1 uM, nucleobase mismatch

discrimination ratio w.r.t. DNA

probe ~2) (optical)
Hairpin LNA DNA (83 fM)

Amperometry (electrochemical)

Chronoamperometry (electrochemical)

Single molecule force spectroscopy (me-

Single molecule force spectroscopy (me-

Hairpin LNA DNA (6 pM)
LNA DNA (50 pM)

chanical)
LNA DNA (45 zM)

chanical)
PNA DNA (1 uM)

PNA-functionalized sil- miRNA (1 fM)

icon nanowires

On-surface melting temperature analysis
by measuring fluorescence intensity
(optical)

Potentiometry (electrochemical)

Impedance spectroscopy (electrochemi-

Field effect transistor-based potentiome-

Cantilever array-based sensing (mechan-

Application

s : 242
Quantitative measurement of miRNA***

Detection of factor V leiden mutation®*"

SNP detection®*

. . s 18
Single nucleobase mismatch discrimination

Detection of promyelocytic leukemia/retinoic acid receptor
alpha (PML/RARa) fusion gene in acute promyelocytic
leukemia®**

e

. . .. 24
Single nucleobase mismatch discrimination

Detection of point mutations associated with multiple drug-
resistant tuberculosis'*

Quantitative detection of BCR-ABL fusion gene™

Single nucleobase mismatch discrimination™"

Single nucleobase mismatch discrimination in miRNA and
detection of miRNA from total RNA extracted from HeLa
cell line*®

Detection of genomic DNA sequence from methicillin drug-
resistant Staphylococcus aureus "

Single nucleobase mismatch detection®!

. . . P . 25
Single nucleobase mismatch discrimination**

(SiNWs)
PNA DNA (500 M)
cal)
PNA DNA (100 fM)
try (electrochemical)
PNA DNA (10 nM)
ical)
MO miRNA (2 fM)
cal)
MO DNA (10 nM)

chanical)

“The relevant reference is shown in superscript for each application.

Impedance spectroscopy (electrochemi-

Single molecule force spectroscopy (me-

miRNA expression proﬁlin;z.g, detection of circulating miRNA in
blood and cultured cells***

Single nucleobase mismatch discrimination®®

technologies do not require the labels to assist the measure-
ments. Instead, they use intrinsic physical nature of the
analytes based on their size, molecular weight, dielectric
permittivity, charge, electrical impedance, and refractive index,
or chemical properties like their capacity of chemical
interaction with the capture probe, for detection. Label-
independent biosensing methods have made considerable
progress in the recent years due to their capacity of fast and
cost-effective tests. Moreover, they can be integrated in the lab-
on-a-chip type platforms that allow real-time monitoring of
changes in target analyte concentration. A variety of label-free
nucleic acid detection techniques based on sequence-selective
DNA hybridization/dehybridization have been developed,
where the transduction methods can be optical, electro-
chemical, mechanical, magnetic, thermal, electronic, chemical
and acoustic in nature (Table 1). Among all these, the
microcantilever movement that is associated with a DNA—
DNA/XNA—-DNA duplex dehybridization event, where nano-
mechanical transduction is employed for nucleic acid sensing
using an atomic force spectroscopy (AFS)-based SMFS
strategy, is a recent development.'” In this approach, the
target sequence is detected by acquiring the unbinding force
value from the force-induced unbinding (or forced dehybrid-
ization) event that occurs during the cantilever retraction step.
The SMFS-based mechanical transduction offers an important
advantage over the other transduction methods, i.e., molecule-
by-molecule quantification of the interaction force and eliciting
the associated free energy of the interaction from therein."”
Because biological interactions are generally weak in nature,
involving forces of pN order, SMES is an ideal approach for
studying biological interactions. Apart from information on the

interaction force, structural information can also be obtained
because SMEFS is highly sensitive to the nanoscale changes in
the molecular conformation/assembly structure. A key
advantage of the SMFS-based sensing is that nucleic acid
amplification is not needed because the method allows
molecularly resolved detection and requires only ~10 nM to
as low as ~45 zM”” of target concentration. Among the other
advantages, each duplex unbinding event for detection can be
recorded very fast because every hybridization/dehybridization
event takes place within a small time period of 100 ms.*

B THE XNAs AS TROUBLESHOOTER

As mentioned earlier, the XNA capture probes are chemically
modified for providing greater stability including resistance to
restriction enzymes, and improved target-specificity and
detection sensitivity, compared to the DNA capture probes.
Consequently, applications of the XNAs as nucleic acid
hybridization probes have been realized in a number of
applications (see Table 2).'*'%?»**72° Because LNA, PNA
and MO are the most popularly used XNAs with modified
backbones, their applications as hybridization probes in the
construction of advanced NABs will be presented here.

1. Application of LNA Probes. It has been found that the
more rigid LNA backbone can support an upright backbone
orientation,'®'? which is beneficial for preventing nonspecific
interactions of the surface-anchored LNA capture probes with
the underlying solid substrate. The standing orientation of the
LNA probes also assists in making complete access of the
capture probe by the target sequence possible. Consequently,
recognition of the target sequences is achieved with improved
sequence specificity, higher affinity toward target sequence and
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enhanced thermal stability of the LNA-containing duplexes.’
The nuclease-resistant nature, water solubility and low toxicity
of LNA allow useful applications as probes for diagnostics
(both in vivo and in vitro). A 16-mer LNA sequence has been
used in microarray-based experiments for the detection of a 22-
mer gene expression regulatory miRNA.*** A DNA (15-mer)—
LNA (8—10 mer) chimera was used for detection of 150-mer
PCR amplicons in solid phase hybridization experiments for
the identification of the factor V leiden mutation responsible
for venous thromboembolism (blood clotting).24b A novel 31-
mer LNA-based MB has been designed that exhibits very high
melting temperature, sensing with a 25-fold enhancement in
the limit of detection reaching the nanomolar concentration
range, enhanced single nucleobase mismatch discrimination
capacity and resistance against digestion by nuclease.’’
Traditional DNA-based MBs generally exhibit poor stability,
sometimes false positive results, and weak enhancement of the
signal once immobilized onto a solid surface.”” High affinity
toward target nucleic acids with a mismatch discrimination
ability makes the LNA probes suitable for the development of
hybridization-based single nucleotide polymorphism (SNP)
genotyping. Simeonov et al. have used short LNA (6—8 mer)
probes labeled with Rhodamine or hexachlorofluorescein
(HEX) dye for detection of a 107 bp long DNA target from
a PCR-amplified genomic DNA sample by a fluorescence
polarization (FP) measurement.”** An electrochemical sensor
for the detection of the promyelocytic leukemia/retinoic acid
receptor alpha fusion gene in severe promyelocytic leukemia
has been reported that employed 31-mer LNA-modified
hairpin probes (labeled with biotin and carboxyfluorescein).”*!
This assay showed a high degree of specificity for single
nucleobase mismatches and an ability to detect 18-mer target
DNA (detection limit 83 fM) in the presence of human serum.
Another strategy based on electrochemical discrimination
between target DNA sequences having full match, full
mismatch and single mismatch combinations using LNA-
modified hairpin capture probes with the 32-mer capture
region has been presented, where the electrode is modified
with gold nanoparticles and horseradish 4peroxidase in order to
enhance the electrochemical readout.”** The 24-mer LNA-
integrated probe has been utilized also for detection of SNPs
using the toehold-mediated strand displacement reaction.”’
The proposed detection platform is based on ON—OFF
switching mechanism and it allows for target-specific, rapid
detection of SNPs with high selectivity and specificity toward
single nucleobase mismatches in detection of a part of codon
273 in the p53 tumor suppressor gene. The LNA nucleotides
have been incorporated as sensing elements in DNA/RNA
aptamers to overcome limitations of the conventional nucleic
acid aptamers which are not only prone to nuclease-mediated
degradation but also to damage by proteases. However,
Darfeuille et al. studied LNA nucleotides as nuclease-resistant
aptamers that are targeted against the HIV-1 trans-activation
response RNA, which indicates that LNA units alternated with
DNA could increase their stability and impart the capacity of
resistance to nuclease action without reducing their affinity for
the target.”®

The reports on nucleic acid sensing using XNA probes at the
nanoscale, especially at the single or few molecules level, are
limited in number. In our laboratory, we have developed
simple methods of generating self-assembled and ordered LNA
monolayers'® that are capable of producing a stronger DNA
detection signal and improved single nucleobase mismatch

recognition, compared to the case of DNA monolayers, as
detected by the molecularly resolved SMFS measure-
ments'*'*** (Table 3). The molecule-by-molecule detection

Table 3. SMES-Derived Unbinding Force Values and Single
Base Mismatch Discrimination Capacities as Demonstrated
by the DNA and the XNA Probes

Mean unbinding force (pN)

Nucleic acid Full Single base Mismatch discrimination
duplexes match mismatch (pN)
DNA—-DNA 124 £ 3 10§ + 2 ~19
PNA-DNA 95 +2 64 + 1 ~31
MO-DNA 157 £ 2 108 + 1 ~49
LNA—-DNA 203 +2 123 + 2 ~80

by SMES is largely dependent on the architecture of the
capture probe film where the capture probe backbone
orientation should be as upright as possible. We proposed
that this is one of the primary reasons behind the improved
performance of LNA as a capture probe, compared to the
DNA capture probe, because a more standing backbone means
fewer nonspecific interactions between the capture probe and
the substrate and more ease of access of the capture probe
strands to the target sequences. Another important reason
behind LNA’s improved performance for molecularly resolved
nucleic acid recognition, in comparison to the DNA probe, is a
favorable probe density in the case of the LNA probe”' due to
its effective molecular arrangement at the solid—liquid
interface. An optimal probe density means that the space
available per capture probe is sufficiently high to allow full
target entry inside the capture probe film so that complete
hybridization can take place between the target sequence and
the capture probe strand, but not too high that the target can
nonspecifically interact with the bare substrate surface.
Consequently, the optimal LNA probe density assists in
maximizing single nucleobase mismatch discrimination ca-
pacity as detected by the SMFS approach.”® The favorable
LNA probe density also contributed in acquiring a high
proportion (~80%) of the SMFS-based molecule-by-molecule
recognition events, whereas the success rate was lower in the
case of DNA-based sensing.”’

In the SMFS-based approach, it was found that the surface-
anchored LNA probes can discriminate between the different
types of nucleobase mismatches.'” This is an important
achievement because identifying different mismatch types are
essential for development of a diagnostic approach for genetic
screening. It is observed that any variation from the most
usually formed pairs of nucleobases A-T and G-C can be
identified and discriminated from each other.'*'? The LNA-
based assay has been further employed for identification of
mutant gene sequences as in the case of multiple drug-resistant
tuberculosis (MDR-TB) bacteria.'* The most prevalent codon
mutations of Mycobacterium tuberculosis leading to multiple
drug resistance, as in the cases of first-line drugs, i.e., rifampicin
and isoniazid, were considered, and the unbinding force data
was translated into the corresponding free energy estimates
using Jarzinsky’s equality treatment.'* In another SMFS-based
study for the detection of the BCR-ABL fusion gene that is
responsible for chronic myeloid leukemia, a 12-mer fully LNA-
modified capture probe and a 21-mer LNA—DNA chimera
probe were used to detect 154- to 160-mer target DNA
sequences at the level of the best limit of detection so far,
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which is 45 zM.” Ideally, the SMFS assay using LNA probes
should be able to detect any sequence, provided the correct
LNA capture probe sequence is applied and that the target
sequence is not too long (a sequence of the maximum length
of 80-mer has been tested so far). This approach could be a
general one, which is potentially suitable for early detection of
gene-related illnesses and for the prediction of vulnerability to
such diseases.

Very recently, a direct SMFS-based approach to identify the
KRAS G12D mutation in the circulating tumor DNA (ctDNA)
samples that are extracted from patients’ plasma with very low
mutant allele frequencies (0.006—0.2%) at high sensitivity and
specificity (near 100%) has been reported.” In this work, a
LNA/DNA chimeric blocker has been added into the ctDNA
sample before the denaturation step to make the desired target
sequence available to the capture probe. Applicability of this
assay for EGFR mutated DNA in cell-free DNA (cfDNA)
samples was also assessed. This seminal work affirms that the
XNA-based detection platform will open up new perspectives
for early diagnosis of cancer and patient follow-ups based on
liquid biopsy sample testing.

2. Application of PNA Probes. The PNA, which is a
nonionic XNA, opens up important applications that are not
feasible with conventional oligonucleotides. This is because it
is resistant to the degrading actions of nuclease and protease
enzymes, and is capable of target-specific binding with
complementary DNA/RNA with high thermal stability and
capacity of single nucleobase mismatch discrimination.
Although earlier PNA was regarded to be useful primarily as
a drug molecule for gene therapy, its other applications as a
tool in molecular biology, biotechnology and diagnostic
purposes (e.g, in testing liquid biopsy samples) where short
PNA sequences can be applied as capture probes have been
proposed in recent times. PNA has been utilized as a
biorecognition element in a number of nucleic acid sensor
technologies,””’ yet PNA-based nanoscale, fluorescence label-
free sensing studies are limited in number.”** Application of a
surface-tethered 12-mer PNA capture probe in improving
single nucleobase mismatch identification, in comparison to
the DNA probe, has been exemplified by fluorescence
measurement.”>* Label-free direct recognition of single
nucleobase mismatches in 22-mer miRNA by PNA (22-
mer)-modified silicon nanowires (SiNWs) has been demon-
strated at the level of 1 fM miRNA concentration.”™
Importantly, the label-free SiNW sensor allows miRNA
recognition in total RNA obtained from HeLa cells which
shows potential application in early cancer diagnostics via
detection of the miRNA biomarker.””” The development of a
sensitive assay employing 23-mer PNA for point-of-care testing
of methicillin-resistant Staphylococcus aureus (MRSA) using
electrochemical impedance spectroscopy (EIS) has enabled the
detection of fragmented MRSA gDNA in a label-independent
manner in the femtomolar concentration range.ZDC A field-
effect transistor (FET) having PNA (22-mer)-functionalized
reduced graphene oxide (R-GO) has been reported for highly
sensitive and label-independent detection of 22-mer DNA
sequences having single nucleobase mismatches.”* In this
work, detection at the level of 100 fM has been achieved using
a PNA capture probe. In the case of the corresponding DNA
probe, the detection limit is found to be 1 order of magnitude
higher, ie., 1 pM.25d A thermally controlled PNA-based
nanoplasmonic refractometric biosensor for recognition of the
ES42K and E545K tumor-specific mutations and methylation

of ctDNA (related to cancers in brain, lung, breast, colon, liver
and stomach) of the PIK3CA gene has been introduced where
PNA is used as a capture probe and enrich the 69-bp PIK3CA
ctDNA.* The application of PNA-modified AuNP to ctDNA
generates shift in the LSPR-peak, matching to the primary
response. For detection of the epigenetic changes, the plasmon
coupling-based enhancement by using immunogold colloid
was exploited that led to four times improvement in detection
sensitivity (until SO fM). An electrochemical approach has
been developed using nanostructured microelectrodes func-
tionalized with PNA probes that are specific for a definite
mutant DNA sequence, and a number of PNA clamps were
used to achieve high sequence-specificity in successful
detection of mutated ctDNA in lung cancer (KRAS mutations)
and melanoma (BRAF mutations) samples.”’ When the
complementary mutant target sequences were bound to the
PNA probes, the signal generated from the discrete sensors was
measured using an electrocatalytic reporter composed of
Ru(NH,)s** and Fe(CN)g*~ with differential pulse voltamme-
try. This assay demonstrates excellent specificity and sensitivity
in the detection of mutated ctDNA as it detects 1 fg/uL of a
mutant sequence in the background of 100 pg/uL of the wild-
type DNA. Another gold nanorod-based plasmonic detection
of ctDNA point mutation (G12V mutation in KRAS gene
related to pancreatic ductal adenocarcinoma) has been
demonstrated where the PNA probe specific to that point
mutation was bound to the gold nanorods, and the LSPR
measurement was performed after exposure to ctDNA.*” Using
this method, the mutant type could be clearly discriminated
from the wild type ctDNA, where the limit of detection was
found to be 2 pg/uL.

In our laboratory, from comparative investigations using
gold nanoparticles (AuNPs),”> nanomechanical cantilever
arrays,”® and the SMFS approach,”® we found that the
surface-tethered ssPNA probes exhibited better single
nucleobase mismatch discrimination capacity compared to
the corresponding DNA capture probes. In the AuNP-based
approach, the AuNPs were surface-affixed that assists in
overcoming the problem of AuNP aggregation.”® It was
observed that the mismatch discrimination ability of the PNA
capture probes that were immobilized onto the surface-affixed
AuNPs was improved on the NP-modified surface, compared
to the bare surface. The NP-facilitated improvement in the
mismatch differentiation by the PNA probes was the highest
when the smallest NP (10 nm) was used.”’ In the
piezoresistive cantilever array-based assay, which is a
fluorescent label-free approach for nanomechanical sensing,
the recognition event led to bending of the cantilever at
nanometer length scale.”>* Here, short ssPNA (9-mer to 12-
mer) strands were used that are capable of direct detection of
12-mer target oligonucleotides in a sequence-specific manner
including single nucleobase mismatch discrimination. The
sensitivity of the PNA-based assay was found to improve about
twenty times compared to that of the corresponding DNA-
based assay.”>* From the molecularly resolved studies using the
fluorescent label-free SMES approach, it was found that the
surface-confined ssPNA strands could recognize and discrim-
inate fully matched, singly mismatched and fully mismatched
target DNA sequences (10—20 nM) .2 Importantly, the
mismatch discrimination ability of PNA was found to be
greater in comparison to that of the DNA probe (Table 3).
Therefore, in overall, we propose that use of the PNA capture
probe can be beneficial for nanoscale nucleic acid sensing.
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3. Application of MO Probes. Morpholino, or MO, is
another nonionic DNA analogue,12 but unlike PNA, its
backbone is conformationally rigid. The nuclease resistance
of MO, along with its backbone rigidity, and single nucleobase
mismatch discrimination capacity, has encouraged assessment
of the nucleic acid sensing capacity of the MO-containing
capture probes. A simple and ultrasensitive EIS-based
detection of miRNA (22-mer) by the MO (22-mer) capture
probe has been reported.”®® Under optimized conditions,
miRNA expression profiling (the recognition of circulating
miRNAs in blood and miRNAs in total RNA extracted from
cultured cells) was performed at the concentration level of 2
fM.>** A simple, ultrasensitive electrochemical (voltammetric-
and amperometric detection) DNA sensor that employed a 24-
mer MO probe and a cationic redox-active polymer as a signal
generator reported better mismatch discrimination capacity
than the case of the corresponding DNA capture probes with a
detection limit of 1 pM.** Zhang et al. have employed a 22-mer
MO-functionalized SINW for target-specific fluorescence label-
free detection of 22-mer DNA with high recognition
specificity.”® Fully matched versus mismatched DNA sequen-
ces could be identified by the MO-modified SINW by time-
dependent conductance measurements.’”® The target DNA
sensing performance of MO was found to be better than DNA
as target concentration as low as 100 fM could be detected
with the MO-functionalized SiNW whereas 100 pM could be
detected by the DNA-modified SINW surface.”> We have very
recently employed the SMFS approach, which is capable of
molecularly resolved detection of DNA sequences using duplex
unbinding force values, and tested the ability of the MO probes
for sequence-specific recognition of target DNA sequences.”®”
It was found that the surface-tethered MO probes are capable
of differentiating between the fully matched, singly mismatched
and the fully mismatched sequences. Importantly, the single
nucleobase mismatch discrimination was significantly im-
proved by using the MO probes compared to the DNA
probes®® (Table 3).

4. Application of the XNAs other than LNA, PNA and
MO. Although a number of other XNAs, for example, GNA,
CeNA, HNA, CNA, TNA, ANA and F-ANA have been
reported, there is very little information available on their
applications in nucleic acid sensing, especially where a distinct
advantage over the DNA probes has been reported. In the case
of GNA, though the thermal stability of the GNA—GNA
duplex (Ty = 63 °C) surpasses the stability of the
corresponding duplex of DNA (T = 40.5 °C) and RNA
(Ty = 42.5 °C), GNA cannot form stable antiparallel cross-
pairs with DNA.® In the case of CeNA, inclusion of
cylcohexenyl nucleosides in the DNA chain can enhance the
stability of a DNA/RNA hybrid. CeNA is a new type of
oligonucleotide capture probe combining the benefit of duplex
stabilization and stability in serum with the potential to
activate RNaseH, which means that these oligomers are
important candidates for evaluation as antisense molecules for
application in a cellular environment.”” The HNA is stable
toward nuclease degradation with the ability to hybridize with
DNA/RNA sequences selectively. The order of duplex stability
was found to be HNA/HNA > HNA/RNA > HNA/DNA.*
This makes HNA an appropriate probe for nucleic acids,
especially RNA. In order to improve the hybridization capacity,
p-altritol nucleic acid that differs from HNA by the presence of
an additional hydroxyl group in the 3’-a-position, has been
designed. The high-affinity array-based detection has been

performed applying HNA and altritol NA probes to detect
DNA and RNA. Both the signal intensity and single nucleobase
mismatch discrimination increased up to S-fold and 3—3.5-fold
for DNA and RNA targets, respectively, by applying HNA or
altritol NA arrays (altritol NA > HNA > DNA).*® Altritol NA
arrays could be beneficial for the growing field of RNA
detection. Therefore, chemically and enzymatically stable HNA
and altritol NA could be suitable for long storage and chip
reuse, if and when needed. Recently, CNAs, an inexpensive
XNA, has been synthesized. CNA has the ability to hybridize
with DNA via Watson—Crick base pairing with high sequence
specificity even at the single nucleobase mismatch discrim-
ination level.’” However, the CNA—DNA stability is
independent of salt concentration over a range of NaCl
concentration (1.25—30 mM) unlike the DNA—-DNA
duplexes, which are largely unstable at low salt concentrations.
The CNA also exhibits limited water solubility.”> Another
interesting XNA is TNA, which is completely resistant to
digestion by nuclease enzyme. TNA can participate in
antiparallel duplex formation and cross-pairing with DNA
and RNA in a sequence-specific manner following the
Watson—Crick base pairing rule.”” The characteristics like
stability in the physiological environment, high specificity and
affinity toward DNA/RNA sequences, nuclease resistance, and
effective cellular uptake may make TNA an important
candidate for the development of robust XNA-based
biosensors in the near future.*” The appeal of the arabinose-
modified oligonucleotides, i.e., ANA and F-ANA, is based on
their resistance to nuclease enzymes and their capacity to bind
to target RNA. Their binding affinities for RNA are drastically
different as ANA binds to RNA with comparatively low affinity,
whereas F-ANA forms thermally stable duplexes with RNA."'
However, ANA and F-ANA can generate extensive RNaseH
cleavage during hybrid formation with RNA."'

B CONCLUSIONS

Improved performance in terms of single nucleobase mismatch
discrimination has been observed in case of the XNA-based
sensing in comparison to the DNA-based sensing. Applicability
of the XNAs in developing nanoscale sensing strategies for
detection of a variety of samples including the liquid biopsy
samples from patients has been exemplified. The lowest target
concentration detected so far is found to be 45 zM, as observed
in an SMFS study.”” A number of these nanoscale approaches
are fluorescent label-free, adding an extra advantage to the
sensing strategy. However, it is yet to be seen if these
approaches can be made fully PCR-independent because that
will potentially lead to a method that is faster, simpler, more
cost-effective and free of false positive/negative signals. We
found in our studies that cost can further be lowered by
preparing the XNA films using a small amount of XNA (0.1
uM—1 nM). Because the natural nucleic acids are susceptible
to enzymatic degradation, whereas XNA probes (here, LNA,
PNA and MO) are resistant to degradation by nuclease and/or
protease enzymes, the XNA-modified sensing surfaces should
be ideal for long storage and application in clinical settings. It is
plausible that developing a fully PCR-independent, fluorescent
label-free, nanoscale, XNA-based sensing strategy would lead
to a useful tool, for example, for clinically relevant detection of
the low-abundance SNPs. Indeed, because the XNAs other
than LNA, PNA and MO are also capable of pairing with
complementary nucleic acid sequences, and therefore, could be
potential candidates as nucleic acid hybridization probes,
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effective applications of these XNAs too need to be explored.
The application of the XNAs in point-of-care testing (POCT)
using paper-based strategies is another direction that is worth
to be explored. So far, for the POCTSs only DNA has been used
as the capture probe. Therefore, it would be interesting to use
XNA capture probes and see if the target specificity and
sensitivity can be improved. The XNA probe like PNA has
already been integrated in paper-based assays, for example, in a
multiplexed colorimetric assay for recognition of MERS-CoV,
MTB and HPV-specific oligonucleotides,” where the limit of
detection is found to be about 1 nM. The paper-based POCT
using XNA capture probes is an attractive option for nucleic
acid sensing. However, more studies are necessary to develop it
to a clinically applicable stage.
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