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ABSTRACT: This study presents a nonamplification-based nucleic acid assay for the detection of single-nucleotide polymorphism
(SNP) associated with familial Mediterranean fever (FMF) besides polymerase chain reaction (PCR)-based methodologies. The
major objective is to show the potential of the proposed assay for rapid screening of FMF in a Mediterranean region of 400 million
population. The assay relies on binding difference of specially designed wild and mutant primers to the target genomic DNA,
followed by determination of unbound primers by quick titration of a cationic polythiophene reporter. The fluorescent reporter
exhibits signal transition from 525 to 580 nm in the presence of unbound primers, and it correlates the binding affinity of label-free
primers to the homozygous wild and mutant genomes. As a proof of concept, 26 real samples are studied relying on the ON and
OFF fluorescence signals of the cationic polythiophene reporter. The results are analyzed by principal component analysis (PCA),
which provides clear separation of healthy and patient individuals. The further analysis by support vector machine (SVM)
classification has revealed that our assay converges to 96% overall accuracy. These results support that the PCR-free nucleic acid
assay has a significant potential for rapid and cost-effective screening of familial Mediterranean fever.

KEYWORDS: conjugated polyelectrolyte, PCR-free SNP detection, familial Mediterranean fever, DNA biosensors, nucleic acid assay

Familial Mediterranean fever (FMF) is an autosomal
recessive inherited disease and is common in ethnic

origins such as Turks, Jews, Armenians, and Arabs.1 The most
prominent symptoms of the disease are periodic fever, joint
and muscle pain, high erythrocyte sedimentation rate, and
increased acute phase reactants such as C-reactive protein and
fibrinogen.2 Since the similar symptoms are common in several
other diseases, diagnosis of FMF via routine hospital
examinations is quite unlikely. Therefore, FMF diagnosis is
only performed by genetic testing. Although there is no
treatment to cure FMF, it is possible to suppress the symptoms
and adverse effects of the disease by applying colchicine
treatment. More importantly, diagnosis of FMF on time saves
patients from severe kidney diseases in later stages.
The routine detection protocol of FMF is currently based on

clinical symptoms, ethnicity, family history, and patient
response to colchicine.3 The Tel Hashomer criterion relying
on classification of major and minor criteria is commonly used
for high or low clinical suspicion and definitive diagnosis of
FMF.4 The major criterion is defined with the periodic fever
accompanied by peritonitis, synovitis or pleuritis, and

amyloidosis. FMF in first-degree relatives, erythema, and
recurrent febrile episodes are the indicators of the minor Tel
Hashomer criteria.4,5 Determination of biallelic pathogenic
variants of the MEFV gene by molecular genetic testing
confirms the diagnosis. Although genetic testing can provide a
definite diagnosis for FMF, it cannot be applied to all patients
due to its high cost. So far, more than 70 mutations have been
identified that cause FMF, and these are mostly seen in exon
10. The most prevalent mutations are M694V (32%), E148Q
(20.6%), V726A (17%), and M680I (14.5%).6 In a study,
8.41% of patients awaiting renal transplantation were found to
be FMF patients.7 Since kidney transplantation needs a
suitable donor and is a costly approach, it is important to
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reduce this rate with early FMF diagnosis. Therefore, we
propose that screening population for especially phenotype 2
FMF cases would reduce the renal failure rates and need for
transplantation.
In recent years, conjugated polyelectrolytes have been

utilized for detection of biological materials8,9 such as proteins,
nucleic acids, and small molecules and tissue/cell imaging.10−13

One of the conjugated polyelectrolytes, polythiophenes (PT),
has been widely studied in detection of biological materials
because of the ability to switch between two basic
conformations, “random coil and planar”. The transition
between these conformations is monitored by spectroscopic
methods such as absorption and fluorescence spectroscopies.14

The numerous studies have well exploited the conforma-
tional change and concomitant optical transition for nucleic
acid assays.15−19 The basic detection mechanism relies on the
interaction between cationic polythiophene (PT) and single-
stranded DNA (ssDNA)/double-stranded DNA (dsDNA).
When PT is introduced to ssDNA, an electrostatic interaction
occurs, which results in a planar PT−ssDNA duplex. The
planarization in PT increases the overlap of the π electrons and
the effective conjugation length on the polymer backbone and
hence changes the optical properties of PT.20 The increased
effective conjugation length on the backbone reduces the
energy difference between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels, which further causes a shift in absorbance
toward the higher wavelengths (red) and quenching in
fluorescence spectroscopy. In contrast to ssDNA, PT and
dsDNA form a triplex complex by electrostatic interactions. In
this case, the PT maintains its random coil conformation and
spectroscopic properties are preserved, as well. Therefore,
detection of alteration in the optical properties of PT by
spectroscopic methods promotes the use of cationic poly-
thiophene derivatives as DNA biosensors.21 Utilizing con-
formational changes on the polythiophene backbone, there are
many published studies related to the detection of biological
materials, e.g., nucleic acids, proteins, and enzymes. Yildiz et al.
developed a polythiophene-based fluorescence assay for
determination of activity of ATPase by utilizing different
conformational structures of the polythiophene backbone with
coordination of adenosine 5’-triphosphate (ATP) and
adenosine 5’-diphosphate (ADP).22 As another study of
ATP−polythiophene, they investigated ATP-dependent reac-
tions by associating ATP-permeable polymer vesicles with a
fluorescence polythiophene reporter.23 The conformational
changes on the polyelectrolyte backbone due to the energy
bands provide a color switching, which is detectable even by
the naked eye.24−27 Yildiz et al. also developed a biosensor
platform consisting of a cationic polythiophene derivative and
polyvinylidene fluoride (PVDF) for the determination of the
lung cancer-related miRNA sequence.24 While the target
miRNA with the cationic polythiophene and PNA triplex
preserves the original color of the random coil polythiophene
(orange), the noncomplementary sequence forms a duplex
structure with polythiophene by electrostatic interactions and
changes the color from orange to pink.
Detection of single-nucleotide polymorphism (SNP) is

significant for diagnosis of diseases, especially genetic diseases.
Therefore, many methods have been developed to detect SNPs
on genomic DNA responsible for a certain disease. The well-
known protocol for SNP detection is based on allele
discrimination, which can be succeeded by primer extension,

hybridization, ligation, and enzymatic cleavage methods.28

These methods, however, require the polymerase chain
reaction (PCR) protocol and specific enzymes, which are
labor-intensive, time-consuming, and costly. Because of these
drawbacks, PCR-free methodologies have been developed as
alternative SNP detection methods.29−35 These studies have
overcome the PCR protocol; however, they still require
complex steps like enzymatic reactions,31,34 magnetic particle
preparation,29,35 and complexed chemical modifications.32,33

The proposed method is based on hybridization of a small
fragment DNA sequence (primer) to the complementary
region on genomic DNA with a simple PCR and enzyme-free
protocol. In this method, isolated genomic DNA is treated
with wild-type (WT) and mutant-type (MT) primers
separately at melting temperatures of primers. After that,
genomic DNA is precipitated and supernatants are collected
for fluorescence analysis with a cationic polythiophene (PT)
derivative. If the genomic DNA is homozygous wild (HZW),
the wild-type complementary primer is more efficiently
associated with genomic DNA. On the other hand, a
mutant-type noncomplementary primer cannot hybridize to
homozygous wild-type genomic DNA. From these two
collected supernatants, therefore, the former is poor in wild-
type primers and the latter is rich in mutant-type primers.
Consequently, the latter can cause significant conformational
change in the PT backbone, thereupon inducing optical
transition in the fluorescence spectrum. Familial Mediterra-
nean fever (FMF) was chosen as a model genetic disease to
detect single-nucleotide polymorphism. Pathogenic M694V
variation of the MEFV gene is the most common and widely
studied mutation in FMF clinics. M694V mutation is caused by
the A/G single-nucleotide transition. The proposed method-
ology may lead to facilitate screening of samples prior to
analysis and may provide quick separation of healthy
individuals prior to the PCR analysis process, thereby saving
costs in FMF detection.

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from Sigma Aldrich and

used without further purification. Twenty nine base pair oligonucleo-
tides of wild and mutant types were synthesized and purchased from
OLIGOMER (Turkey). Human anonymized genome samples were
provided by Dokuz Eylul University, Department of Medical
Genetics, Faculty of Medicine. The study was approved by the local
ethics committee.

Synthesis of Cationic Polyelectrolyte. Synthesis of 3-
Methoxy-4-methylthiophene (Precursor 1, PC1). 1-Methyl-2-pyroli-
dinone (1 mL) and 25 wt % freshly synthesized sodium methoxide
(0.479 g, 8.85 mmol) are mixed in a round-bottom flask. Sodium
methoxide (25 wt %) was synthesized from sodium metal and dry
methanol. 3-Bromo-4-methylthiophene (0.5 g, 2.82 mmol) and CuBr
(0.25 g, 1.74 mmol) were added into the mixture and then reflux at
110 °C for 3 days. After the reaction mixture was cooled down to
room temperature, 0.1 g of sodium bromide in 4 mL of deionized
(DI) water was added and stirred at room temperature for an hour.
The mixture was extracted with 10 mL of diethyl ether 4−5 times.
During extraction, the organic phase was washed with DI water and
dried over MgSO4. The solvent was removed by a rotary evaporator
to yield a light yellow oil. The product was purified by column
chromatography to yield 3-methoxy-4-methylthiophene (PC1, 90%).
1H NMR (400 MHz, CDCl3) δ (ppm): 6.82 (1H, d), 6.16 (1H, d),
3.82 (3H, s), 2.10 (3H, s).

Synthesis of 3(3-Bromo)propoxy-4-methylthiophene (Precursor
2, PC2). 3-Methoxy-4-methylthiophene (100 mg, 0.78 mmol), 3-
bromo-1-propanol (150 μL, 1.66 mmol), NaHSO4 (12.5 mg, 0.1
mmol), and 2 mL of toluene were mixed in a round-bottom flask. The
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reaction medium was heated to 100 °C for 1 day under a N2
atmosphere. After the reaction mixture was cooled down to room
temperature, toluene was evaporated. The mixture was then extracted
with diethyl ether 4−5 times, washed with DI water, and dried over
MgSO4. Diethyl ether was removed by a rotary evaporator, and the
crude product was purified by column chromatography to yield 3(3-
bromo)propoxy-4-methylthiophene (PC2, 85%) as a colorless oil. 1H
NMR (400 MHz, CDCl3) δ (ppm): 6.84 (1H, d), 6.18 (1H, d), 4.09
(2H, t), 3.61 (2H, t), 2.34 (2H, p), 2.09 (3H, s).
Synthesis of Monomer N-Allyl-N-methyl-N-(3-((4-methylthio-

phen-3-yl)oxy)propyl)prop-2-en-1-aminium Bromide. PC2 (60
mg, 0.26 mmol), diallylmethylamine (704 μL, 5.0 mmol), and 2.5
mL of tetrahydrofuran (THF) were added into a round-bottom flask
and stirred at 72 °C for 48 h. The reaction mixture was cooled down
to room temperature and then transferred to a 15 mL centrifuge tube.
The mixture was centrifuged at 3000 rpm for 5 min, and the
supernatant was removed. The precipitate was washed with THF and
centrifuged again. This process was repeated several times, and the
final precipitate (monomer, 67%) was dried under vacuum. 1H NMR
(400 MHz, D2O) δ (ppm): 6.90 (1H, d), 6.36 (1H, d), 5.89 (2H,
ddt), 5.57 (4H, dt), 4.02 (2H, t), 3.80 (4H, m), 3.30 (2H, t), 2.89
(3H, s), 2.17 (2H, p), 1.95 (3H, s).
Synthesis of Cationic Polyelectrolyte Poly(N-allyl-N-methyl-N-(3-

((4-methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium Bro-
mide). FeCl3 (60 mg, 0.38 mmol) was dissolved in 2.3 mL of
CHCl3 and then added dropwise to the monomer (30 mg, 0.11
mmol) solution dissolved in 1.5 mL of CHCl3. The mixture was
stirred at room temperature for 1 day under a N2 atmosphere. The
reaction mixture was washed with CHCl3 and centrifuged at 4000
rpm for 5 min. The dark green precipitate was dried under vacuum.
The NMR characterization (400 MHz) for the polymer was
performed in D2O (2 mg/mL). The typical NMR spectrum of the
polymer yielded broadened peaks at around 5.70, 5.40, 3.67, 2.75, and
1.94 ppm (shown in Figure 1a with dashed lines).
Isolation of Human Genome. Anonymized FMF patient

samples from the DNA bank of Dokuz Eylul University, Faculty of
Medicine, Department of Medical Genetics, were used as a genomic
DNA source. Samples stored at −80 °C were isolated according to the
manufacturer’s procedure using the “High Pure PCR Template
isolation (Roche)” kit. The DNAs obtained were measured using the
“Nanodrop (Thermo)” instrument, and the concentration and purity
of the samples were determined by measuring their absorbance at 260
and 280 nm wavelengths. The concentrations of isolated samples,
which were analyzed in this study, were recorded within the range of
around 10 and 70 ng/μL. The average concentration of homozygous
wild (HZW) samples was 43.96 ng/μL and that of homozygous
mutant and heterozygous samples (HZM and HTZ) was 46.17 ng/
μL. To design wild-type and mutant primers, sequence data of the
MEFV gene were obtained from NCBI and Ensembl databases for
Human and designed using the “primer3” program. The specificity of
the designed primers was checked using Blast and UCSC in silico
PCR software programs.
Detection of M694V SNP Using Real-Time PCR. The DNAs

obtained were studied in accordance with the procedure in the
LightCycler FastStart DNA Master Hyb Probe (Roche) kit specific to
the LightSNiP FMF M694V (rs61752717) gene and SNPs.
LightSNiP FMF M694V (rs61752717) mutation was identified as

wild type, heterozygous, and mutant using the melting curve analysis
method in LC480 software.
Primers’ and Probes’ Design. The reference sequences ofMEFV

gene and rs61752717, also known as c.2080A>G, p.Met694Val or
M694V which is an SNP in the MEFV gene, were downloaded from
NCBI (http://www.ncbi.nlm.nih.gov/) and “dbSNP Short Genetic
Variations” database, respectively. Multiple sequence alignment was
performed using the Clustal Omega algorithm in EMBL-EBI (www.
ebi.ac.uk). LightCycler Probe Design Software 2.0 (version 2.0;
Roche) was used to design the primers and probe for M694V SNP in
the MEFV gene.
Sequences of primers and probe:
F: 5′-TCATCATTATCACCACCCAGTAGCC-3′.

R: 3′-GAGCCTGCAAGACATCC-5′.
Sprob:5′-Fluorescein-SPC-GGCTACTGGGTGGTGATAAT-

GATGA-Phosphate-3′.
Hybridization Protocol. The isolated genomic DNAs were

treated with wild- and mutant-type primers of the MFEV gene
separately, and their sequences are as follows:

Wild-type primer:
TGATAATGATGAAGGAAAATGAGTACCAG.
Mutant-type primer:
TGATAATGGTGAAGGAAAATGAGTACCAG.
The genomic DNA and primer mixtures were heated to 95 °C for 1

h to denature the genomic DNA strands. The mixtures were then
incubated at 61 and 62 °C (the melting temperatures of primers) for
2 h for the hybridization step of wild-type (WT) and mutant-type
(MT) primers, respectively. After incubation, the complementary
primer hybridizes to the genomic DNA and the noncomplementary
primer does not hybridize (or does hybridize in trace amount).
Immediately, the mixtures were centrifuged at 10 000 rpm for 30 min
to precipitate genomic DNA and then supernatants were carefully
collected.

Optical Characterization. Absorption spectra were recorded
using a Schimadzu UV 2550 spectrophotometer. A quartz cuvette
with 0.1 cm optical path length and 1 cm width (Hellma) was used in
absorption analysis. Steady-state fluorescence spectra were recorded
using a Thermo Scientific Varioskan Flash microplate reader with
384-well black plates. Fluorescence emission spectra were measured
with excitation at maximum absorption wavelength.

Fluorescence Analysis of DNA Solutions. After the hybrid-
ization protocol, the DNA solutions were analyzed with poly-
thiophene solutions by fluorescence spectroscopy. The PT solution
(10 μL, 0.5 mg/mL) was first diluted to 20 μL with Tris-
ethylenediaminetetraacetic acid (EDTA) buffer (TE). Then, 2 μL
of rWT and rMT solutions was added to PT solutions, and the PT-

Figure 1. (a) 1H NMR spectra of PT and its monomer. The inset is
the chemical structure of the cationic polythiophene (PT) reporter.
(b) Fluorescence titration spectra of PT (1.8 mM of 200 μL) with
WT from the concentration of 0 (top) to 108 ng/μL (bottom). (c)
Stern−Volmer plot of (b).
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DNA solutions were gently vortexed before adding them to the well
plate.

■ RESULTS AND DISCUSSION

Scheme 1 illustrates the four-step PCR-free methodology for
detection of FMF-associated single-nucleotide polymorphism
(SNP). In the first step, typically 30 μL of the DNA extract of
the clinical sample stored in the Tris-EDTA (TE) buffer is split
into two equivolume solutions as solution A and solution B for
the denaturation of genomic DNAs. The special design wild-
type (WT) and mutant-type (MT) pseudoprimers are then
added into solution A and solution B, respectively, prior to the
annealing process. At step two, solutions are annealed and
incubated at the melting temperature of each primer for the
hybridization process followed by a quick centrifugation to
separate unhybridized remaining primers. The supernatants
from solution A (containing remaining WT) and from solution
B (containing remaining MT), which are hereinafter referred
to as rWT and rMT, respectively, are collected for
spectrometric measurements at the final step. Depending on
the hybridization efficiency of WT and MT with target genes
of homozygous wild (HZW, healthy subjects), homozygous
mutant (HZM, patients), and heterozygous (HTZ, carrier),
the final amount of rWT and rMT differs in supernatant
solutions. Since the fluorescent reporter PT is bearing cationic
charges, rWT and rMT are prone to form rWT−PT and
rMT−PT complexes that cause transition in fluorescence from
525 to 580 nm. The yield of fluorescence transition is found to
be proportional to the unhybridized extent of pseudoprimers,
and this facilitates SNP detection without PCR multiplication.
We use a simple algorithm that compares the fluorescence
intensities (I525 and I580) between rWT−PT and rMT−PT and
is operated for final decision of clinical samples. The logic is
given as follows:1. If rWT I525/580 > rMT I525/580, then the
subject is healthy (HZW);
2. If rWT I525/580 = rMT I525/580, then the subject is

unhealthy (HZM or HTZ).
Figure 1a inset shows the chemical structure of the

fluorescent reporter PT poly(N-allyl-N-methyl-N-(3-((4-meth-
ylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide).

The NMR spectra of the monomer and polymer have been
shown in Figure 1a satisfying the structures (peak assignments
were given in the experimental part). Figure 1b shows the WT
concentration-dependent fluorescence response of PT. As the
concentration increases from 10 to 70 ng/μL (relevant to the
clinical concentration of genomic DNA), the fluorescence
intensity quenches. Emission intensities at the maximum
wavelength of fluorescence titration curves in Figure 1b were
utilized for the Stern−Volmer plot (I0/I) displayed in Figure
1c. Using Origin 9 software, linear least-squares regression
between WT concentrations and I0/I was applied. The R-
square of the resulting linear line was calculated as 0.997, and
the slope used was 0.00563. The calibration curve in Figure 1c
reveals the linear correlation of fluorescence intensity to
increasing pseudoprimer concentration. This correlation
assures that rWT and rMT are detectable by monitoring the
fluorescence signal of PT.
The proposed algorithm has been validated for 26 clinical

samples. It has accomplished classification of separate groups
in 26 samples. Twelve samples (given in Figure 2) were found
to be exhibiting high affinity to pseudoprimer WT, while the
rest 14 samples were prone to associate with pseudoprimer
MT (given in Figure 3).
Figure 2a shows WT and MT sequences and illustrates the

probable hybridization pattern. Here, the MT sequence is
expected to remain unbound or the rMT concentration is
higher than that of rWT in final supernatant solutions. Figure
2b shows the fluorescence intensity profile of 12 clinical
samples after the proposed assay was applied. The orange bars
show the intensity profile of the rWT−PT complex, while pink
bars are rMT−PT complexes. If the genomic DNA has the
wild-type sequence on the MEFV gene region, the then WT
pseudoprimer (complementary) has to hybridize to genomic
DNA more efficiently than the MT pseudoprimer (non-
complementary). Since rWT is in trace amounts in the final
supernatant solution, it does not quench PT emission at 525
nm. However, rMT is abundant in the supernatant solution
since it does not hybridize efficiently; therefore, it causes
significant fluorescence quenching in PT at 525 nm. As
illustrated in Figure 2, fluorescence intensity of rWT−PT is

Scheme 1. PCR-Free Assay for Detection of Single-Nucleotide Polymorphism by a Cationic Polyelectrolytea

aHG, human genome; WT, wild-type primer; MT, mutant-type primer; HZW, homozygous wild-type human genome; HZM, homozygous mutant-
type human genome; HTZ, heterozygous human genome.
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nearly 3 times greater than that of rMT−PT. In this analysis,
12 human DNA samples are utilized, and the same behavior is
observed for each sample. Based on the proposed algorithm,
these intensity profiles refer to healthy subjects; therefore, the
algorithm classifies 12 of 26 samples as HZW [homozygous
wild-type isolated human genomes]. Figure 2c shows the
typical fluorescence spectrum of random coil (orange trace)
and planar conformations (pink trace) referring to rWT−PT
and rMT−PT, respectively. The peak at 580 nm is assigned as
a lower energy peak due to the planarized form of polymer PT;

however, it is observable at a lower PT concentration (PT <
1.2 mM); otherwise, it is concealed (see Figure 1b for higher
concentration response).
Figure 3a shows the pseudoprimer MT and HZM sequence

and illustrates the probable binding motif. Figure 3b shows the
rest 14 samples’ fluorescence intensity profile, indicating the
rMT−PT complex exhibiting strong fluorescence at 525 nm.
This profile refers to MT binding to the genomic DNA that
has the mutant-type sequence on the MEFV gene mutation
region. For the 14 samples, the MT pseudoprimer (comple-
mentary) hybridizes to genomic DNA.
The assay methodology classifies two groups in 26 samples

referring to homozygous wild (HZW) and homozygous
mutant (HZM) or heterozygous (HTZ). To validate the
capability of the proposed assay, we have performed qPCR
measurements for 26 samples. We have used the primers and
SimpleProbe probes specific for MEFV (FMF) genes to allow
the detection of single-nucleotide polymorphism (SNP of
M694V) in DNA samples using melting curve analysis after
real-time PCR reactions. Here, SimpleProbe is a single probe
containing the SNP site labeled with a quencher and
fluorescein at the 5′-end. This probe is designed to specifically
hybridize to a target sequence that contains the SNP of
M694V. qPCR instruments can detect melting of the probe−
target hybrids as the temperature increases. The more stable
the hybridization between SimpleProbe and the wild-type
sequence, the higher the melting temperature. Mutations like
V694V SNPs weaken the stability of SimpleProbe binding, and
we can observe the peaks at low temperatures.
Figure 4 shows the fluorescence versus temperature curve

(melting curve) of each variation in the MEFV gene. In each

sample, the fluorescence signal clearly decreases as the
temperature increases, which is reflecting the quenching of
the SimpleProbe signal as the probe is displaced from its target.
Twelve samples among 26 exhibit melting transition at a
slightly higher temperature (orange curve) as compared to the
other samples. The first negative derivative of the fluorescence
signal shown in Figure 5 indicates melting temperature at 61
°C for M694M-homozygous wild (HZW). The rest of the 14
samples exhibit single-step melting transitions at 55 °C (7
patients, V694V) and double-step transitions both at 55 and 61
°C (7 carriers, M694V). The higher melting temperature of
homozygous wild samples is attributed to the perfect match
between the M694M sequence and probe as compared to
homozygous mutant samples (lower melting peak that reflects
the sequence mismatches between the V694V sequence and
probe). The qPCR results assure that homozygous (12:HZW)
and homozygous mutant + heterozygous (14:HZM + HZT)
samples are perfectly correlated with the proposed assay. This

Figure 2. (a) Schematic representation of the hybridization protocol
for HZW samples. (b) Fluorescence intensity comparison at 525 nm
of the PT−rWT complex (orange) and PT−rMT complex (pink). (c)
Fluorescence spectra of sample 8 (20 μL of 0.9 mM PT solution used
in fluorescence analysis).

Figure 3. (a) Schematic representation of the hybridization protocol
for HZM samples. (b) Fluorescence intensity at 525 nm of the PT−
rWT complex (orange) and PT−rMT complex (pink). (c)
Fluorescence spectra of sample 5 (20 μL of 0.9 mM PT solution
used in fluorescence analysis).

Figure 4. Melting curve of the MEFV gene variations: M694V-
heterozygous, V694V-homozygous mutant, and M694M-homozygous
wild.
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result assures that the proposed methodology is able to
differentiate healthy subjects with 100% precision from
patients and carriers. Moreover, the differentiation of HZW
(healthy) and HZM + HTZ (patients + carriers) is found to be
as accurate as PCR.
We further analyzed the fluorescence signals by applying

data analysis techniques to standardize the methodology. First,
PCA was applied to fluorescence intensities at two wavelengths
for both rWT−PT and rMT−PT complexes (four variables for
each sample). PCA provides reduced number of dimensions by
projecting multivariate data to orthogonal directions, which
maximize the variance. In other words, PCA allows
interpretable visualization and reveals underlying patterns
within the multivariate data set in a robust manner. By PCA,
each sample with these four aforementioned variables was
projected to a new two-dimensional score space consisting of
first two principal components, namely, PC1 and PC2, where
each point represents a single sample. PC1 and PC2 accounted
for 96.31% of total variance in the data set where individual
explained variances were 76.39 and 19.92% for PC1 and PC2,
respectively. While visual evaluation of the score plot showed a
clear separation of homozygous wild (HZW) and homozygous
mutant (HZM)−heterozygous (HTZ) samples, PCA alone as
an unsupervised method cannot provide a mathematical
classification method; thus, support vector machine (SVM)
classification was applied to PCA scores (only to PC1 and
PC2), and an optimal linear decision boundary was obtained.
The entire procedure was carried out in a Python 3
environment, and scikit-learn36 library was utilized for data
analysis. The combined results of the PCA+SVM approach are
shown in Figure 6. Of 26 samples (12 HZW, 14 HZM +
HTZ), only a single sample belonging to HZW was
misclassified by a small margin, yielding an overall classification
accuracy of 96%. Moreover, given that the mutant class is
referred to as the positive class, the sensitivity and specificity of
the model were calculated as 100 and 92%, respectively. From
Figure 6, it is also clear that the first PC is the main axis of
separation where the most HZW samples are clustered on the
right side of PC1 and HZM−HTZ samples are on the left side.
Hence, the PCA loadings of PC1, which is the vector used for
projection of the data to the first PC, were utilized to assign
relative variable importance. In Figure 7, a bar graph of PC1
loadings is given, and it shows that the loading corresponding
to the fluorescence reading of PT that is complexed with the
mutant-type primer-treated human genome samples at 525 nm
has a significantly greater absolute value and may be
considered as the most influencing variable for both the
separation at PC1 and the success of the classification. The

results assure that HZW and HZM−HTZ are classified by the
proposed algorithm and the assay is validated.

■ CONCLUSIONS
This study demonstrates a 4-step and PCR-free protocol for
SNP detection with a cationic conjugated polyelectrolyte. The
fluorescent reporter “PT” that is sensitive to the amount of
unhybridized pseudoprimer is utilized to monitor the
fluorescence intensity difference between rWT and rMT.
The results reveal that SNP detection on FMF-related gene
regions is achieved in the range of clinical concentration of
genomic DNA (10−70 ng/μL). The data analysis of the
fluorescence spectra (525 and 580 nm) is carried out using
PCA followed by SVM for the classification of HZW and
HZM/HTZ genomic DNA samples and provides 96%
accuracy. Additionally, the cost for proposed methodology is
less than $1.5, which is significantly lower than the estimated
cost of FMF (genetic disease associated with SNP) tests, about
$15−70 per patient (cost analysis, advantages, and limitations
of commercial tests for FMF are given in Table 1). The use of
proposed screening methodology might provide advantage in
separation of healthy individuals from samples in high volume
and eliminate the further PCR testing steps and therefore
saving cost. The proposed protocol has a great potential to
differentiate healthy individuals from the FMF patients with a
simple and rapid fluorescence analysis. Overall, our PCR-free
nucleic acid assay has a significant potential for rapid and cost-
effective screening of familial Mediterranean fever. PCR is a

Figure 5. Real-time PCR results indicating the melting temperatures
of MEFV gene variations (M694V, V694V, and M694M). The inset
figure represents the data of total 26 genomic DNA studied in this
work.

Figure 6. Two-dimensional (2D) PCA scores of all samples along
with the decision boundary obtained by SVM classification.

Figure 7. Loadings’ plot for PC1.
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golden standard method, and our assay promises a potential
pre-evaluation step in the overall detection process; therefore,
it may find potential application together with the PCR
technique.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.0c02130.

NMR spectra for each synthesis step of the cationic
polyelectrolyte; concentrations of genomic DNAs
utilized in this study; isolation of human genome; the
whole real-time PCR protocol; further information
regarding the data analysis and performance evaluations
along with the complete Python script (PDF)
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