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The combined use of surface plasmon resonance (SPR)
and modified or mimic oligonucleotides have expanded
diagnostic capabilities of SPR-based biosensors and have
allowed detailed studies of molecular recognition processes.
This review summarizes the most significant advances made in
this area over the past 15 years.

Functional and conformationally restricted DNA analogs
(e.g., aptamers and PNAs) when used as components of SPR
biosensors contribute to enhance the biosensor sensitivity and
selectivity. At the same time, the SPR technology brings advan-
tages that allows forbetter exploration of underlying proper-
ties of non-natural nucleic acid structures such us DNAzymes,
LNA and HNA.

Introduction

The advent of click chemistry' has led to the design of DNA ana-
logs with modified nucleobases and backbones,? thus allowing
the development of a new generation of “smart” systems useful for
chemical and biological applications.> As a consequence of those
synthetic efforts DNA analogs with improved stability, function-
ality and binding characteristics and with properties not present
in natural nucleic acids have been produced.® The new nucleic
acid analogs have been also produced with the aim to develop
innovative therapeutic agents’ or new tools for diagnostics.®
Aptamers’ and DNAzymes,® collectively referred to as func-
tional nucleic acids, are RNA or DNA structures with bind-
ing and catalytic properties respectively. These systems have
sequence-specific folds’ that achieve their tertiary folds and
activities through a combination of different molecular interac-
tions and motifs."” Unfortunately, the use of functional nucleic
acids in therapeutics has been hampered by their denaturation
and/or biodegradation in body fluids. In this perspective, arti-
ficial nucleosides with unusual structural features may offer
improved half-life in vivo, better structural stability, and could
represent innovative systems to be used as novel interacting
groups. Examples of promising non-natural nucleosides include
conformationally restricted oligonucleotides such as peptide
nucleic acid (PNA)," locked nucleic acid (LNA),'? hexitol nucleic
acid (HNA)" and phosphoramidates morpholino (MORFs)"

oligomers.
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Specific properties of artificial nucleosides have contributed
to the development of more efficient tools for biosensing. In fact,
artificial nucleoside probes have been used in combination with
a number of different transduction platforms in order to achieve
an even more sensitive and selective detection of nucleic acids
and proteins.

Among the different platforms for multiplexed detection of
protein markers and nucleic acids available, SPR" has the great-
est potential.'® In fact, recent improvements in instrumental and
experimental design' together with important features such as
being real-time, label-free and having sensitive detection, make
SPR a key technology for a wide range of potential therapeutic
and diagnostic applications.'®?

The SPR phenomenon® occurs when a plane-polarized radia-
tion interacts with a metal film under total internal reflection
conditions. At a specific incidence angle of the incoming radia-
tion the intensity of the reflected light is attenuated. The reso-
nance angle is dependent on the thickness and dielectric constant
of both the metal film as well as its interfacing region. Keeping
all the other conditions constant, the binding of molecules to
the metal surface modifies the dielectric constant of the interface
region, thus changing incident light/surface plasmons coupling
conditions and the resonance angle. SPR experiments involve
immobilizing one reactant on a metal surface (typically gold)
and monitoring the reactant interaction with a second compo-
nent which is typically available as a solute in a solution that flows
over the sensor surface through a microfluidic cell.”!

The SPR-based sensing benefits from the label-free detec-
tion?* and is useful for quantitative analysis and equilibrium and
kinetic constants determination.?

In this paper, the state of the art technology of the currently
available SPR applications based on functional and conforma-
tionally restricted artificial nucleic acids will be reviewed with
specific attention to applications in diagnostics and detection of
clinically relevant targets demonstrated over the past 15 years. A
special emphasis will be given to DNA-like compounds such as
aptamers and PNAs, which exhibit many advantages as recogni-
tion elements in biosensing when compared with traditional anti-
bodies and DNA probes, respectively. In particular, this review
will be aimed at introducing the SPR approach and at displaying
how artificial DNAs can serve as bioreceptor components in SPR
biosensing, while eliminating some processing steps that affect
multiplex analysis capabilities. Moreover, this review will try to
show how useful SPR is in addressing challenges associated with
the study of artificial DNAs.

Due to the specific attention to applications in diagnostics and
detection of clinically relevant targets this review will highlight
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those applications able to meet enhanced sensitivity requirements
useful for their use in real matrices. Selected applications dem-
onstrating lower sensitivity in target detection will be discussed
when associated with significant advantages, such as the sim-
plicity of the detection scheme or the use of innovative detec-
tion strategies. In this perspective, this review complements the
existing ones from the past that mostly demonstrated the basic
possibilities offered by SPR sensing and DNA analogs on model
systems for proof-of-concept emphasis.

Functional DNA Analogs

Functional DNA analogs play a prominent role in important
biotechnological fields.? In this review a selection of functional
DNA analogs will be discussed with particular reference to their
differential binding properties investigated by using SPR. The
increasing number of synthesized functional DNA analogs ren-
ders their chemical and biochemical characterizations even more
challenging. In this context, SPR plays an important role thanks
to the possibility it offers to determine binding constants. In
addition, SPR is used as the transducer of functional DNA ana-
log-based sensing platforms.

Aptamers and SPR. DNA or RNA aptamers are artificial
single-stranded oligonucleotide able to bind molecular targets
with high specificity. They can be viewed as chemical comple-
ments to antibodies.”” Aptamers offer good chemical stability,
high selectivity and high affinity toward their targets and can
easily chemically modified, thus making them promising tools

for bioanalytic*

and diagnostic applications.?”*® In particular,
aptamers®® have emerged as promising recognition elements
for SPR biosensors,* since they offer the opportunity to achieve
an enhanced specific and sensitive SPR detection.”® Aptamers
offers many advantages compared with antibodies related to
their chemical production based on an in vitro selection process,
the possibility to be optimized for conditions different than the
physiological conditions needed by antibodies, their stability, the
possibility tolerate repeated cycles of denaturation and regenera-
tion, easy chemical modification without affecting their affinity,
the possibility to interact with high affinity with toxins as well as
molecules that do not elicit good immune response.*

SPR detection based on aptamers has been used with dif-
ferent aims. Misono and Kumar® have used the SPR detection
in order to select an RNA aptamer for the human influenza A/
Panama/2007/1999 (H3N2) virus. A pool of RNA sequences
constituting a random RNA library was adsorbed on an SPR chip
previously coated with the influenza A/Panama virus. After the
RNA interaction and the surface washing, RNA sequences spe-
cifically adsorbed on the virus were recovered and amplified for
the next selection round. The process selected an aptamer specific
for the haemagglutinin (HA) of influenza A with a general recog-
nition motif as 5-GUCGNCNU(N),-, GUA-3'.

The SPR-based aptamer selection method benefits from the
repeated use of an immobilized target and allows the identifica-
tion of binding species in fractions besides providing information
about the target binding ability of molecules before they have
been selected.
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SPR biosensors are also used to screen and to characterize
aptamers. In this perspective, aptamer-based SPR analysis has
been used to detect the human IgE,** the C-reactive protein®
and the HIV-1 Tat protein.*

The use of enzymes to generate precipitants has been recently
proposed as a strategy to generate enhanced SPR signals.’” In
particular, an enzymatically-amplified SPR imaging (SPRi)
assay has been developed to detect thrombin, a protease with
anticoagulant functions, and vascular endothelial growth fac-
tor (VEGEF), a potential biomarker for rheumatoid arthritis and
various cancers.’® The detection protocol benefited from the use
of surface bound aptamers to immobilize the targeted protein.
A horseradish peroxidase (HRP)-conjugated antibody was then
adsorbed onto the immobilized target thus creating an aptamer
target-antibody sandwich structure. The complex when exposed
to the HRP substrate formed a precipitate on the SPRi sensor
surface that caused a significantly amplified SPRi response. A
high sensitivite detection of the target proteins was thus obtained
(limit-of-detections for thrombin and VEGF were 500 fM and
1 pM, respectively).

A DNA aptamer specific for retinol binding protein 4 (RBP4),
a biomarker for insulin resistance and type II diabetes, was used
to develop an SPR biosensor.”” The developed SPR biosensor
performances rivalled those of existing antibody-based assays for
RBP4 with the additional advantage of being reusable.

Besides the capture and the identification of proteins as bio-
markers, the aptamer-based SPR analysis has recently been
applied to the detection of small molecules. Small molecules are
detected with difficulty by conventional SPR due to the reduced
change in the refractive index they cause. A non-conventional
approach based on an SPR surface inhibition combining the SPR
signal amplification produced by gold nanoparticles (AuNPs)*
with the use of aptamers has been developed to detect adenos-
ine, an important biological cofactor (Fig. 1).*! The aptamer
was first immobilized on the SPR sensor metallic gold surface.
The random and coiled ssDNA structure of the selected aptamer
allowed the hybridization with a complementary ssDNA pre-
viously tagged to AuNDPs thus producing a large change in the
detected SPR signal. However, when adenosine was introduced
into the SPR cell, the structural change of the aptamer prevented
the AuNDPs-tagged hybridization. The reduction of the SPR sig-
nal was linearly proportional to the concentration of adenosine
over the 1 nM to 1 pM concentration range.

The AuNDPs amplification effect has also been exploited by
using aptamer-Au NPs conjugates for the detection of the human
immunoglobulin E (IgE).* In this case an LOD of 1 ng/mL was
obtained.

Aptamer beacons have been used in combination with SPR
for the detection of interferon gamma (IFN-y).** In this case,
a fluorescence signal was generated directly upon the binding
of IFN-vy. However, fluorescence-based sensors suffer from the
limited stability and the photobleaching of fluorophores so the
electrochemical detection of redox-labeled aptamers was more
effective.** The experiment was conducted by immobilizing a
thiolated DNA hairpin containing a methylene blue (MB) IFN-
v-binding aptamer on a gold electrode. The IFN-y binding
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Figure 1. Schematic description of the protocol used to detect adenosine by using an aptamer-based gold nanoparticle enhanced SPR protocol.

caused the aptamer hairpin to unfold, pushing MB redox mol-
ecules away from the electrode and decreasing electron-transfer
efficiency. The assembly of aptamers and the IFN-y subsequent
binding were investigated with SPR, while the change in the
measured current was quantified by square wave voltammetry
(SWV). The sensor was specific to IFN-y even in the presence
of overabundant serum proteins and its surface regeneration was
obtained by disrupting the aptamer-IFN-y complex with urea.

DNAzymes and SPR. Whereas the specific binding proper-
ties of aptamers have been exploited to develop specific and sensi-
tive biosensors, catalytic nucleic acids such as DNAzymes* have
been used as labels to amplify biosensing events.” DNAzymes
operate by stimulating the peroxidase activity®® or by inducing
hydrolytic reactions.”” Moreover, aptamers have been combined
with DNAzymes to form allosteric DNAzymes™ or aptazymes
whose functions extend beyond the Watson-Crick base pair
recognition of complementary strands® since DNAzymes
are DNA-based biocatalysts capable of performing chemical
transformations.”>

The most studied DNAzyme is the “10-23” subtype com-
prising a cation dependent 15 deoxyribonucleotides catalytic
core that binds to and cleaves its RNA target by producing a
(53

2',3"-cyclic phosphate and a 5'-hydroxyl termini.
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DNAzymes catalysis is highly dependent on the formation of
tertiary structures, on the presence and concentration of metal
ions and on stereochemical effects.

The Mg?* induced conformational change of a DNAzyme tar-
geting the B3 integrin mRNA has been studied by using SPR.>
DNAzyme undergone several conformational rearrangements
that were responsible of an enhanced enzymatic activity as the
Mg?** concentration was increased from 0 to 25 mM. An efficient
cleavage was obtained only when the Mg?* concentration was
much higher than its physiological concentration, thus suggest-
ing the selected DNAzyme might be inactive in transfected cells
and operated via an antisense mechanism.

Conformationally Restricted DNA Analogs

The members the conformationally restricted oligonucleotide
family designed to target single stranded DNA and RNA has
kept rapidly growing since its introduction in 1993.5 The follow-
ing sections focus on selected structures showing superior base-
pairing properties while SPR key limitations are centered on the
issues of sensitivity and selectivity.

PNA and SPR. PNAs are non-natural informational mole-
cules containing a neutral peptide-like backbone and heterocyclic
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bases of DNA.® In this case, the phosphate linkage found in
DNA and RNA is replaced by a 2-aminoethylglycine peptide
backbone. PNAs have unique properties that have been exploited
for many molecular biology and biochemical applications.””*
PNA oligonucleotides hybridize to complementary RNA or DNA
by normal Watson-Crick base pairing with higher affinity and
specificity than normal oligonucleotides, and bind strongly under
conditions in which normal nucleic acid hybrids are disfavored.
On account of their outstanding properties, PNAs have been pro-
posed as valuable alternatives to oligonucleotide probes.”*-*!

The uncharged nature of PNAs brings fundamental advan-
tages to surface hybridization technologies such as SPR. Among
them reduced needs in terms of ionic strength control to obtain
the hybridization between PNA probes and complementary
strands when compared with DNA probes.

Several research groups have applied the SPR technology
to study the DNA hybridization with PNA since the end of
the 1990s.9%%4 At that time efforts were paid in demonstrating
advantages offered by PNA in DNA recognition. In addition, the
use of surface plasmon-allied techniques, such as the surface plas-
mon field enhanced fluorescence spectroscopy (SPES), in DNA
detection by PNAs has also been accounted.®*

The use of surface-immobilized PNA probes in SPR detec-
tion provides a powerful tool for the study of pathogen DNAs.
Kai et al.*® demonstrated the SPR detection of oligonucleotides
obtained after the PCR amplification of DNA from E. coli
0157:H7 in stool samples. A biotinylated PNA probe sequence
was immobilized on a streptavidin coated surface and the PCR
products were detected with a LOD of 102 cfu/0.1 g of stool.

Mismatched base pairs in PNA:DNA hybrids are quite
unstable, so PNA probes can be used to efficiently detect single
nucleotide polymorphisms (SNPs).%>7® This specific properties of
PNAs has been used to detect the K-ras gene point mutation by
immobilizing a 15-mer biotinylated PNA probes on the SPR sen-
sor surface.”! The ability of PNA and DNA probes to discrimi-
nate point mutation was investigated and the importance of the
temperature for the SPR detection of a G-G mismatch in PNA/
DNA or DNA/DNA interactions was revealed.

The specific peculiarity of PNAs in SNPs detection has been
also exploited in detecting the cystic fibrosis gene W1282X point
mutation.”> Experiments were conducted by using target DNA
oligomers, PNA oligomers and chiral PNA oligomers and it was
demonstrated that PNAs carrying chiral monomers can be used
to alter the affinity and the selectivity for the cDNA.”? Chiral
PNA oligomers were selected to contain a “chiral box” carry-
ing three nucleotides with chiral monomers based on d-lysine.
Experiments based on chiral PNAs showed an enhanced mis-
match recognition. Moreover, hybridization energetic was shown
to be superior when compared with both DNA oligomers and
achiral PNA sequences. It was also found that chiral PNA/DNA
hybrids were less stable when hybridization occurred at the solid
interface rather than in solution.”

SPR imaging (SPRi) is a convenient tool for label-free and
multiplexed biosensing” that couples the sensitivity of spectral
SPR measurements with spatially-controlled imaging capabili-

76

ties.”® It involves exciting a relatively broad area of the sensor
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surface which has been pre-arrayed with series of biorecognition
sites.”” Since SPRi is capable of monitoring the amount and the
distribution of molecules adsorbed on the metal surface in real
time, it is an ideal tool for the study of the binding of molecules
to arrays of surface-bound species”® with high-throughput and
low sample consumption thanks to its easy coupling to microflu-
idic devices.”>*°

Detection of DNA and RNA molecules in biological samples
has had a central role in genomics research.®’ However, the use
of SPRi for genomic research has been limited by the reduced
sensitivity in detecting DNA or RNA hybridization. A number
of different strategies aimed at amplifying the SPRi response to
DNA hybridization have been investigated®* and the possibil-
ity to achieve detection limits useful for the non-amplified DNA
detection has been demonstrated by using AuNPs to enhance the
SPRi sensitivity.®

The most effective approach for the SPRi nucleic acid detec-
tion so far proposed is based on a sandwich detection protocol.
The protocol relies on PNA capture probes immobilized onto
the gold SPRi sensor surface while the SPRi enhanced detection
of the captured target DNA is obtained by using AuNPs previ-
ously conjugated to an oligonucleotide sequence complementary
to a tract of the target DNA not involved in the hybridization
with the PNA probe.® This method successfully demonstrated
the ultrasensitive detection of oligonucleotide sequences down to
1 fM by maintaining a good selectivity in the recognition of sin-
gle nucleotide mismatches.®” Moreover, it has been shown to be
able to detect GMO sequences in non-amplified genomic DNA
extracted from soybean flour.®

The direct detection of genomic DNAs with no need for PCR
amplification represents an important step toward the develop-
ment of simpler, cheaper and more reliable detection methods.
The specificity and sensitivity provided by the method combin-
ing PNA probes and the nanoparticle-enhanced SPRi detection
allowed the identification of a genetically modified (GM) target
sequence down to zM concentrations in solutions containing a
total of GM and GM-free genomic DNA aM in concentration
(10 pg L") thus supplying a new tool for the PCR -free and
multiplexed detection of genomic DNA.

A similar detection strategy was successfully used for the direct
detection of a point mutation related to the B-thalassemia disease
in non-amplified genomic DNA obtained from blood samples.*
In this case normal, homozygous and heterozygous genomic
DNA samples were directly fluxed into each of six microchannels
of the SPRi fluidic system in order to allow the direct interac-
tion of each of the three samples with two different PNA probes
complementary to the normal (PNA-N) and mutated (PNA-M)
DNA sequences, respectively (Fig. 2). The two different PNA
probes were useful both to discriminate between normal, homo-
zygous, and heterozygous DNAs as well as to avoid the use of
external controls which were difficult to be obtained for this spe-
cific application. The specific SPRi response patterns obtained
when normal, homozygous, or heterozygous DNAs were each
allowed to interact with the two different PNA probes provided
a robust experiment control. In fact, whereas normal DNA
was expected to interact with only the PNA-N probe (Fig. 2),
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different interactions were expected A
from homozygous and heterozygous
DNAs, i.e., interaction between homo-
zygous DNA and only the PNA-M
probe and interactions between het-
erozygous DNA and both PNA-N and
PNA-M probes.

The ultrasensitive detection of
the genomic DNA was achieved by

B normal C

@enomic DNA

using AuNDPs conjugated to an oligo-
nucleotide complementary to a tract D
of the target DNA not involved in the
hybridization with the PNA probe.
Cationic AuNDPs were also used for
SPR signal amplification through ionic
interaction with 16S rRNA (rRNA)
hybridized to PNA probe previously
immobilized on an SPR sensor chip.”
16S rRNA was used as a genetic marker
for the identification of E. coli organ-

S
%

t/sec

isms. The hybridization between the
neutral PNA and 16S rRNA resulted
in a change of the ionic condition
from neutral to negative. The method

Figure 2. Pictorial description of the nanoparticle-enhanced SPRI strategy used to detect the normal,
heterozygous and homozygous genomic DNAs. PNA-N and PNA-M specifically recognize the normal
B-globin and the mutated 3°39-globin genomic sequences respectively. Reproduced with permission
from the American Chemical Society.®

resulted in a detection limit of E. coli
tRNA of 58.2 + 1.37 pg ml™.

LNA and SPR. LNAs""' first described by Wengel and
coworkers in 1998, are synthetic RNA derivatives in which the
ribose moiety in sugar-phosphate backbone is structurally con-
strained by a methylene bridge between the 2'-oxygen and the
4'-carbon atoms. The bicyclic structure locks the molecule in a
C3'-endo sugar (N-type) configuration and forces the oligonucle-
otide in a A-form helix thus causing an excellent duplex stabil-
ity, not compromising its sequence specificity. LNAs, which were
synthesized as ideal oligomers for the RNA sequences recogni-
tion,”*” do not suffer from PNAs limited solubility and tendency
to aggregate.”*

MicroRNA (miRNA) are non-coding RNAs that play a key
role in the regulation of gene expression, acting as post-tran-
scriptional regulators by base-pairing with their target mRNAs.
Mature miRNAs are short molecules (about 22 nucleotides)
which regulate a wide range of biological functions from cell pro-
liferation and death to cancer progression.”

Fang et al’® designed an SPRi-based miRNA detection
method taking advantage of a multistep surface reaction protocol
based on LNA probes. The specific design of LNA probes pro-
duced a 10-fold increase in sensitivity and improved the hybrid-
ization discrimination among similar miRNAs.”” The binding
of miRNAs to the LNAs array was directly monitored by SPRi.
However, the detection of low-abundance species required spe-
cific SPR signal amplification obtained after the hybridization
of poly(T)-coated AuNDPs to poly(A) tails added to the 3" end of
miRNAs captured on the array. The approach allowed the detec-
tion of miRNAs down to 10 fM.

HNA and SPR. The study of base-pairing properties of

a variety of six-membered carbohydrate mimics with RNA

www.landesbioscience.com

shows that RNA can cross-pair with a broad range of nucleic
acid structures.”®” In particular, anhydrohexitol nucleic acid
(HNA),” a homolog of DNA, was found to be particularly
stable, by forming cross-pairs with RNA more stable than that
formed by RNA. HNA can be regarded as a close analog to
DNA with the only difference that the base is moved from the
1" to the 2' position.

HNA oligonucleotides have been studied with the aim to
develop an efficient anti-HIV inhibitor by targeting the trans-
activator responsive region (TAR) of the HIV-1 RNA genome.'”
SPR has been used to show that a fully HNA-modified aptamer
is a poor TAR ligand while mixmers containing both HNA and
unmodified RNA nucleotides interact with dissociation con-
stants in the low-nanomolar range and show a reduced nuclease
sensitivity.

MOREFs oligomers and SPR. Molecular targeting often
involves the delivery of therapeutic radioisotopes to specific
disease biomarkers expressed on a cell membrane. The use of
DNA-like oligomers, such as phosphodiester DNAs, PNAs and
phosphorodiamidate morpholino oligomers (MORFs) in the
design of radiopharmaceuticals would benefit from an improved
understanding of their in vitro properties and their behavior in
vivo.

In radiopharmaceuticals, tumor pretargeting'® is being inves-
tigated as a method proven to be effective in tumor imaging and
therapy. The method is based on the targeting of tumor with
an antibody containing a secondary recognition moiety. MORFs
have been extensively studied for tumor pretargeting applica-
tions' and SPR have contributed to the study of their properties.
In particular, SPR has been used to understand whether a specific

Artificial DNA: PNA & XNA 49

©2012 Landes Bioscience. Do not distribute.



bivalent MORF exhibited bimolecular binding and whether the
MORFs showed improved in vitro hybridization affinity in the
bivalent form compared with the monovalent form.'”? The results
showed that bivalency may be superior to monovalency in MORF
pretargeting applications.

Conclusions

In this review, an overview of advances in the use of SPR-based
sensors employing DNA-like molecules is given. Aptamers and
PNAs exhibit many advantages as recognition elements in bio-
sensing when compared with traditional antibodies and DNA
probe, respectively. A number of different studies supports the
importance of specific features of these DNA analogs. Such fea-
tures have led SPR biosensors to exhibit higher selectivity and
sensitivity in detecting biomolecular targets. In addition, the SPR
investigation of DNA analogs and mimics, such us DNAzyme,

LNA, HNA and MORF oligomers has significantly improved
our understanding of biomolecular interactions.

The combined use of SPR biosensing with DNA analogs is
expected to provide significant improvements in those fields
that benefit from the enhanced target detection sensitivity and
selectivity combined with the label-free detection protocol and
capabilities for high-throughput analyses. The above mentioned
benefits have been already shown to be useful to limit biochemi-
cal sample manipulation needs and PCR amplification of nucleic
acid targets thus reducing analysis time and costs. More specifi-
cally the combined use of SPR biosensors and DNA analogs can
provide breakthroughs in important areas such as non-invasive
early disease detection and biomarker discovery.
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