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Abstract: Single nucleotide polymorphisms (SNPs) are single nucleotide variations which
comprise the most wide spread source of genetic diversity in the genome. Currently, SNPs
serve as markers for genetic predispositions, clinically evident disorders and diverse drug
responses. Present SNP diagnostics are primarily based on enzymatic reactions in different
formats including sequencing, polymerase-chain reaction (PCR) and microarrays. In these
assays, the enzymes are applied to address the required sensitivity and specificity when
detecting SNP. On the other hand, the development of enzyme-free, simple and robust SNP
sensing methods is in a constant focus in research and industry as such assays allow rapid
and reproducible SNP diagnostics without the need for expensive equipment and reagents.
An ideal method for detection of SNP would entail mixing a DNA or RNA target with a
probe to directly obtain a signal. Current assays are still not fulfilling these requirements,
although remarkable progress has been achieved in recent years. In this review, current
SNP sensing approaches are described with a main focus on recently introduced direct,
enzyme-free and ultrasensitive SNP sensing by optical methods.
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1. Introduction

The decoding of the human genome gave information on more than three million single nucleotide
polymorphisms (SNPs) which present important targets to study when addressing the influence of
small genetic variations on complex phenotypes [1,2]. Obtaining a deeper understanding of the latter,
e.g., on correlation between certain SNPs and disease states and individual pharmacological responses,
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offers the possibility of improved personalized health-care. To realize this task on a worldwide scale,
highly sensitive, robust and inexpensive SNP detection assays are in demand (References [1,2], and the
following examples of this review).

Numerous strategies have been developed for sensing SNP, and most of the detection methods rely
on optical techniques, such as fluorescence, due to their convenience, relatively low cost and
robustness. The main challenges of these assays is to gain sufficient sensitivity and specificity to sense
one single SNP in 1,000,000,000 bp complex human genome [1,2]. This review describes the most
recent developments in both enzyme-based and enzyme-free methods for diagnostics of SNP in
research and clinics. The major goal of this review is to underline the progress of SNP diagnostics
towards simple, robust and ultrasensitive technologies which will make SNP analysis both accessible
and reliable for personalized health care and for future research (Figure 1).

Figure 1. Representative one-step detection of single nucleotide polymorphisms (SNPs) by
optical methods. SNP is indicated as a blue cross.
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2. Enzyme-Based Detection of SNP

Among other methods, the allele-specific polymerase-chain reaction (PCR) allows reduction in the
complexity of target DNA by amplification of a specific region [3-6]. In allele-specific PCR, the
specificity of oligonucleotides can be dramatically improved using synthetic nucleic acid analogues
such as locked nucleic acid (LNA, Chart 1) [7-14]. LNA’s unique bicyclic structure allows it to adopt
the RNA mimicking N-type furanose conformation. As a result, structural and thermodynamic
parameters of LNA/DNA oligonucleotides are changed compared to non-modified DNA (e.g., high
binding affinity and mismatch specificity to DNA—especially RNA targets—and resistance to
enzymatic degradation). Although optimal positioning of LNA units in PCR primers still needs a
systematic evaluation, several allele-specific LNA/DNA primers and probes have been successfully
applied and also characterized by thermodynamic and design parameters [15,16]. Clearly, further
studies aiming at development of general design parameters for LNA/DNA primers and probes will
enable enhanced application of LNA/DNA in molecular diagnostics of SNP by PCR.

Amplified DNA targets can be analyzed for the presence of SNP by different direct and indirect
hybridization strategies including intercalator dyes in allele-specific digital PCR (dPCR) [17],
sequence-specific fluorogenic probes [18], electrochemical sensors [19-24] and diagnostic
nano-materials [25]. Electrochemical sensing is a promising approach for SNP detection which takes
advantage of synthetic oligonucleotide probes and the large thermodynamic changes in enthalpy and
entropy. These thermodynamic changes result from major conformational rearrangements that take
place upon binding a perfectly-matched target, resulting in a large-scale change in the faradaic current.
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Being a sensitive technique, electrochemical sensing still requires rather expensive equipment and
lacks robustness when compared to optical methods utilizing e.g. nano-particles and fluorescence
spectroscopy [17-25]. Next several efficient colorimetric assays for SNP sensing in amplified DNA
have been developed based on modified gold nano-particles (Au-nps; Figure 2) [26]. These methods
are based on the unique optical properties of colloid gold, whose color is strongly dependent on the
degree of aggregation of Au-nps in suspension and on the concentration of electrolytes such as
salt [26]. Aggregation of Au-nps can be easily monitored by absorption spectroscopy or by visual
observation. Salt-induced aggregation of Au-nps can be prevented by binding negatively charged
oligonucleotides which can be a base for a colorimetric assay of DNA. Thus, Au-nps were exposed to
the PCR mixture after the reaction containing two additional probes, binding and overlapping the
position of the possible SNP (Figure 2A) [26]. Prior to adding Au-nps, the mixture was denatured and
annealed below the melting temperature of the complementary probes. If a mutation exists in the target
sequence, the PCR product will remain attached to the amplified compliment while the probes will be
dehybridized hence, preventing salt-induced aggregation of added Au-nps giving a change of color. By
doing this, Li and co-workers could verify the mutation of DNA in less than 10 min with a simple
visual detection by color change (Figure 2A) [26]. In another work, allele-specific PCR was used in
simple colorimetric SNP detection using thiolated primers and an Au-np assay (Figure 2B) [27]. This
method was based on the fact that PCR products resulting from perfectly matched thiolated primers
inhibit the red-to-blue color transition associated with salt-induced aggregation of Au-nps. At the same
time, Au-np solution that does not contain a correct PCR product immediately undergoes aggregation
in the presence of salt giving a characteristic colorimetric signal (Figure 2B). Use of 5’-thiolated
probes was also adopted in a similar manner for simple post-PCR colorimetric detection of SNP
associated with antibiotic resistance in Mycobacterium tuberculosis [28]. Authors underline improved
sensitivity of the optical detection using allele-specific oligonucleotides conjugated to Au-nps at lower
cost and the possibility to use their assay via a novel portable platform rendering the assay suitable for
in-field screening [28]. Finally, a combination of Au-nps with magnetic beads was recently
demonstrated to further improve sensitivity of SNP detection in cancer-related KRAS oncogene
reaching low picomolar range [29]. In this assay, DNA products to be analyzed were obtained
by isothermal amplification (i.e., a PCR-free technique) which utilizes a DNA helicase and
single-stranded DNA binding proteins in order to open a double helix, thus avoiding the need for
thermal denaturation of the template [30]. A promising aspect of this work is the use of universal
poly-T Au-np probes, making the assay quickly adaptable for analysis of various targets [30].

Chart 1. Chemical structures of DNA, RNA and locked nucleic acid (LNA) nucleotide units.
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Figure 2. Representative detection of SNPs by modified gold nano-particles (Au-nps)
using specific probes binding polymerase-chain reaction (PCR) products (A), and
allele-specific PCR assay (B) [26,27].
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Another approach to SNP genotyping utilizes single-stranded (ss) oligonucleotides with a
stem-and-loop structure called molecular beacons (MBs; Figure 3) [31]. The loop is designed to bind a
target sequence, whereas the stem is formed by the hybridization of the arm sequences on either side of
the loop sequence. The 5° and 3’ termini of MBs are typically labeled with a fluorescent dye and a
quencher of its fluorescence. Thus, opening of MB gives increased fluorescence at a certain
wavelength, since the fluorophore is separated from the quencher. As demonstrated by Barreiro and
co-authors, an advantage of MBs is the possibility of multiplexing using up to 30 probes to
simultaneously interrogate several halotypes in a high-throughput approach [32]. In doing this, SNP
detection using MBs is based on a competition of perfectly-matched and mismatched probes
containing different fluorescent dyes for binding to a PCR template. However, disadvantages of
MBs in SNP sensing are as follows; a complicated design, false signal due to probe degradation and
rather low sensitivity requiring amplification prior to detection [31,32].

Figure 3. Detection of amplified DNA by molecular beacon (MB).
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Next, visual DNA genotyping can be performed using digital PCR [17] and split DNA enzymes [33].
In the presence of target sequences (i.e., amplified by assymetric PCR) that perfectly matched the
complementary probes, the split probes reassembled into active DNAzymes, which catalyzed a
colometric reaction. A single-base mismatch prevented this assembly and color change, providing the
means for accurate SNP detection with approx. 0.33 M limit of target detection. Alternatively, several
enzymatic strategies for SNP detection rely on the high specificity of the enzymes such as
thermostable ligases. These enzymes were used in combination with two probes binding adjacent
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regions of the DNA target. Then “ligase chain reaction” of the region containing SNP gave sufficient
quantity of ligated probes for detection by Fd&ster resonance energy transfer (FRET) [34]. Another
example is the use of flap endonucleases for signal amplification [35]. In these assays, cleavage of the
nucleic acid structures occurs when allele-specific probes are displaced by upstream probes at the SNP
site of the target. The cleavage results in generation of a fragment which becomes a substrate for
secondary reactions, which exponentially generates FRET probes giving detectable signals.

Genotyping by sequencing is another enzyme-based technique for SNP discovery and detection.
Among sequencing methods, pyrosequencing has a high sensitivity and represents an ideal method for
rapid detection of SNP (e.g., in BRAF gene, a genetic marker of several solid tumors) [36]. The major
advantage of sequencing is gaining information on the exact nature of a sequence alteration. Although
sequencing is a time-consuming and expensive technique, it is widely used in current SNP
diagnostics [37].

Finally, SNP microarrays involve hybridization of the target to a capture probe immobilized on the
array surface followed by analysis by diverse methods (incl. PCR and sequence-specific probes such as
the aforementioned MBs). Recently developed molecular inversion probe (MIP) assays require as little
as 75 ng of genomic DNA for SNP diagnostics on a microarray [38]. Central to the MIP assays are the
padlock probes that hybridize to the DNA target of interest before PCR leading to high assay
specificity. Four independent nucleotide specific regions are designed for each nucleotide base (A, T,
C, G); sequence-specific thermostable DNA ligase and a cocktail of DNAses to digest unused probes
and genomic DNA while leaving the circularized padlock probe intact. The increase in genotyping
performance using MIP can be attributed to the dramatic reduction in genome complexity before
hybridization to the array. Currently MIP microarrays find multiple applications in cancer genetics [38].

3. Toward Enzyme-Free Detection of SNP

As mentioned above, major goals for detection of SNPs in nucleic acids are high specificity and
affinity of target binding, bright signal, low cost, high repeatability and robustness of the assays
(Figure 1). As illustrated below, several non-enzymatic techniques provide advantages of improved
repeatability, decreased cost and robustness. Based on the chemical nature of the utilized probe, these
techniques can be divided into three groups: methods applying nano- and magnetic-particles [26-46],
(1) aptamer- and protein-based assays [47-52], (2) and other techniques utilizing bright chemically
modified nucleic acid analogues [53-60], (3) see Figures 4-5.

3.1. Nano- and Magnetic-Particles in Amplification-Free SNP Diagnostics

The complexes between DNA and negatively charged Au-nps mentioned above have been studied
for many years [26-29,39], and many creative schemes have exploited covalent complexes of Au-nps
with DNA either for nano-assembly or for the specific sensing of nucleic acid targets. Au-np-based
colorimetric assays utilize the dispersion and the aggregation of the Au-nps, mainly by cross-linking or
non-cross-linking aggregation mechanism [39]. For the crosslinking aggregation mechanisms, several
interparticular molecules, such as DNA, antibodies and aptamers, accelerate Au-np aggregation. In
turn, the non-cross-linking aggregation mechanism uses changes in electrostatic or (electro)steric
stabilization of Au-np surface [40]. Murphy and co-workers applied Au-nps for colorimetric detection
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of SNP in a cystic fibrosis transmembrane conductance regulator (CFTR) gene with sub-picomole
sensitivity [41]. In this work, the authors applied a three oligonucleotide system linked to Au-nps
wherein two probe oligonucleotide-gold nanoparticle conjugates are linked together by a third target
oligonucleotide strand which contains the target mutation in CFTR. Novel miniaturized optical
monitoring system and temperature dependence of the optical properties of the complexes allowed to
accurately distinguish the mutated nucleotide when present [34]. In another example, allele-specific
capture probes were immobilized on microarrays followed by adding a second gene-specific probe
after binding the target DNA to the microarray [42]. The second probe contained a nanoparticle which
if bound was then visualized on an array by an optical detection system. Remarkably, this enzyme-free,
allele-specific assay provided rapid and accurate genotyping of the desired gene fragment using as
little as 500 ng total genomic DNA; an amount obtained from a single drop of blood or from a
buccal swab.

Next, one microliter of the solutions containing the sub-picomole p53 gene DNA samples was
sufficient for microscopy based detection using colored nanospheres [43]. The oligonucleotides were
immobilized on organic nanospheres impregnated with fluorescent dyes. Upon the addition of the
single-stranded DNA that is complementary to the immobilized probes, the spheres gathered to
produce aggregates by cross-linking through specific base-pairing. The colors of the aggregates
depended on the added DNA sequences and were monitored using an ordinary fluorescent microscope.
FRET between the nanospheres also provided information about the SNP in added DNAs.

Using synthetic nanoparticles prepared by click chemistry between azido groups of oligo ethylene
glycol mecrylate (OEGMA) polymer on the surface of silica-coated magnetic nanoparticles with a
gene-specific probe, the DNA of herpes simplex (HSV) virus was detected without amplification at
low picomolar range (i.e., 6 pM in aqueous buffer and 60 pM in fetal bovine serum) by means of
fluorescence (Figure 4A) [44]. The reported methodology of preparation allows control over both
OEGMA polymer “brush” thickness and immobilized probe density. After 20 min hybridization with
HSV target and the second pool of nanoparticles containing specific HSV probes and fluorescent dye,
a wash step and analysis were subsequently performed. Authors mentioned that further development of
a particle-counting enzyme-free methodology will result in the development of diagnostic assays with
significant improvements in sensitivity [44].

Interestingly, Song and co-workers developed colorimetric SNP detection using intrinsic
peroxidase-like activity of single-walled carbon nanotubes (SWNTSs; Figure 4B) [45]. In the presence
of H,O,, SWNTs catalyze the reaction of the peroxidase substrate 3,3,5,5,-tetramethylbenzidine
(TMB) giving the blue oxidized TMB product (0xTMB). Flexible sSDNA noncovalently interacts with
SWNTs with much higher affinity than rigid double-stranded DNA due to active m-stacking
interactions of nucleobases and the side walls of the tube, as well as hydrophobic and van der Waals
interactions of ssDNA with SWNTs. Moreover, sSSDNA or double-stranded DNA (dsDNA) containing
a mismatch inhibit salt-induced aggregation of SWNTs, whereas SWNTs in solution with fully
complementary dsDNA are easily precipitated, e.g., in the presence of 0.3 M Na’. The precipitate can
be collected, re-dispersed in a buffer and further analyzed by a color reaction in the presence of TMB
and H,0,. Using this enzyme-free assay, SNP has been detected in just 15 min and at 1 nM
concentration of DNA [45].
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Figure 4. Representative optical methods for enzyme-free detection of SNPs: Oligo
ethylene glycol mecrylate (OEGMA)-coated magnetic nanoparticle detecting herpes
simplex (HSV) target [44] (A); single-walled carbon nanotube (SWNT) intrinsic
peroxidase-like activity in presence of fully complementary and single-mismatched DNA
duplex [45]; double-stranded DNA (dsDNA) containing a mismatch inhibit salt-induced
aggregation of SWNTSs, whereas SWNTs in solution with fully complementary dsDNA are
easily precipitated in presence of salt. The precipitate can be collected, re-dispersed in a
buffer and analyzed by a color reaction in the presence of 3,3,5,5,-tetramethylbenzidine
(TMB) and H;0, (B); a colorimetric detection assay using bivalent thrombin-binding
aptamers (TBA) and fibrinogen-conjugated Au-nps to detect DNA based on controlled
thrombin activity [50] (C).
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Finally, the same sensitivity as PCR (~70 aM) was recently demonstrated for magnetic particles
modified with capture DNA sequences in a so-called Simoa assay, which uses biotinylated detection
sequences and streptavidin-p-galactosidase [46]. Remarkably, the Simoa technique is a direct
diagnostic system and allows rapid multiplexed detection of nucleic acids and proteins from biologic
fluids like blood in a fully automated regimen.

3.2. Nucleic Acid Aptamers and Proteins in SNP Diagnostics

Nucleic acid aptamers represent an emerging class of biomolecules for therapeutic and diagnostic
applications. DNA aptamers are ss deoxyribonucleic acids which are capable of binding with strong
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affinity and high selectivity to a wide variety of target molecules, such as small organic molecules,
carbohydrates and proteins [47]. A colorimetric detection assay was reported using cross-linking [48]
or non-cross-linking of Au-nps mediated by DNA aptamers [49]. Among other DNA aptamers, a
29-nt long thrombin-binding aptamer (TBA) has been well studied and already applied in SNP
diagnostics [50,51]. Chen and co-workers used self-assembled bivalent thrombin-binding aptamers and
fibrinogen-conjugated Au-nps to detect DNA, based on controlled thrombin activity (Figure 4C) [50].
Using this assay, SNP could be detected at 20 pM concentration of target DNA with advantage of
confirmed high selectivity. Alternatively, Au-nps modified with 29-nt long thrombin-binding aptamer
inhibiting enzymatic activity of thrombin were applied in a sandwich hybridization assay [51]. A
second pool of Au-nps modified with thrombin substrate fibrinogen was not converted into aggregated
fibrin-Au-nps due to binding of fully complementary DNA to the former Au-nps. This assay allowed
detection of DNA by the naked eye at 12 pM concentration, although no information of the type of
mismatch could be gained by this method [51]. Finally, a product of an SNP containing gene can also
be applied for SNP sensing [52]. This was demonstrated for BRAF oncogene, which in the case of
mutation was translated in a distinguished mutant protein serving as a biomarker of SNP.

3.3. Other Optical Methods for Sensing SNP

Synthetic nucleotide analogues represent a promising class of sensors which can simultaneously
provide increased selectivity and sensitivity in SNP sensing. The aforementioned LNA molecules
can be combined with fluorescent dyes in the fluorogenic probe, or the dyes can be directly attached
to the 2’-amino position of 2’-amino-LNA (Chart 1; Figure 5) [53-55]. Short fluorescent
LNA/DNA probes containing ultrasensitive polyaromatic hydrocarbons (PAHSs) such as pyrene [53],
(phenylethynyl)pyrenes [54] and perylene [55] represent a class of sensors with advantages of high
specificity and sensitivity of sensing SNP. Umemoto and co-workers applied pyrene excimer-forming
short LNA/DNA probes for SNP sensing of a model system [53]. We further developed this system
and applied an excimer based design for the genotyping of HIV-1 protease (HIV PR) encoding
gene fragment (Figure 5) [53]. Using (phenylethynyl)pyrene dyes having improved photophysical
characteristics compared to the parent pyrene, the detection limit was below 5 nM. Effective detection
of SNP was observed also in the presence of one-two polymorphic mutations located 5-7 nucleotides
apart from the position of drug-resistance causing SNP (Figure 5B). This system was furthermore
efficiently applied for genotyping of clinical samples amplified by PCR. The resulting data was in full
agreement with sequencing experiments performed as controls. Finally, FRET was also useful for
nucleotide-specific genotyping of the HIV PR gene using LNA/DNA probes [55]. We believe that
extraordinary high specificity of LNA/DNA probes and bright fluorescence response to a particular
mismatched nucleotide can become a platform for development of the next-generation of enzyme-free
SNP diagnostics.

DNAzymes (also called deoxyribozymes or catalytic DNAS) have been recently applied in SNP
sensing. Advantages of DNAzymes over traditional protein enzymes include high chemical stability,
low cost, simple preparation and easy modification [56]. Tang and co-workers prepared a three-way
junction DNAzyme linked to allele-specific hairpin DNA in the presence of the target. DNAzyme in
the presence of hemin and fully complementary DNA target forms a G-quadruplex complex catalyzing
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oxidation of 2,2’-azinobis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) by H,0, to the colored ABTS
radical [57]. Using this assay detection was performed at a DNA concentration as low as 0.25 nmol L.
In turn, Kolpashnikov described a binary allele-specific peroxidize-like DNA enzyme in SNP
diagnostics [58]. Visual fluorimetric analysis using the binary probe revealed SNP in the coding sequence
for microtubule associated protein tau (MAPT) at 1 M concentration in 30 min. Promising allosteric
nucleic acid sensor molecules based on DNAzymes were reported by Blatt and co-workers [59]. Using
this novel design of the multicomponent DNAzyme-based sensor system, authors were able to detect
various viral, bacterial, cellular DNA and RNA.

Figure 5. Polyaromatic hydrocarbon (PAH)-LNA/DNA probes in colorimetric assays for
SNP detection [54]. HIV-pol = HIV-1 gene fragment encoding protease. (a) Chemical
structures and design rules for the PAH-LNA/DNA probes, LNAs are marked with
uppercase L; (b) Fluorescence spectra of single-stranded probe and its complexes with
complementary (mutant) and mismatched (wild-type) DNA targets.
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Finally. exchange of luminescent lanthanide ions (Ln**: Tb** or Eu®*) attached to allele-specific
capture probes was demonstrated to be a useful tool in colorimetric SNP sensing of G/C mismatch in
the thiopurine S-methyltransferase (TPMT) gene [60]. In doing this, 7mer capture probes, Cwt7 and
Cmut7, complementary to wild-type and the mutant part of the target gene, respectively, and carrying
EDTA at the 5° terminus, were prepared. The probes Cwt7 and Cmut7 were treated with Th** or Eu®*
prior to SNP detection, respectively. The 20 m sensor probe containing 1,10-phenanthroline (phen)
residue at the 3” terminus was complementary to the rest of both targets. Rapid diagnostics of SNP was
based on the characteristic color of the phen complexes of the corresponding ions, although authors do
not report a detection limit for their assay.

4. Conclusions

To date, multiple strategies have been developed for SNP sensing in nucleic acid targets. Generally,
these strategies can be classified as enzyme-based and enzyme-free. Both groups of methods are based
on specific binding of the target DNA and its sensing by a method of choice. Although enzymatic
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strategies such as PCR, sequencing and SNP microarrays are well-established in research and clinical
laboratories, they are very time consuming and expensive. Moreover, SNP diagnostic methods which
rely on protein enzymes often lack specificity and reproducibility. These disadvantages can be solved
by the development of non-enzymatic rapid SNP sensing methods. As described in this review, the
novel promising SNP probe designs include Au-nps and other biopolymers, DNAzymes, modified
nucleic acid analogues, including LNA and PAH-LNA, and complexes of lanthanide ions with nucleic
acids. Although most of amplification-free assays still are less sensitive than classic enzyme-based
methods, they already have a great advantage of high specificity, low cost and a robust detection
technique, often by a simple visually observed change of color. Further development of fluorogenic
ultra-bright probes for enzyme-free SNP sensing might benefit from new chemical substances and
biotechnological approaches. Herein, sensor probes could be based on recently introduced super-bright
bioorthogonal BODIPY -tetrazine dyes [61], new intercalator dyes such as Eva Green [62], nanomaterials
modified with PAH-LNA/DNA probes [63] and lanthanide ions [64].
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