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Highly sensitive methods of chiral Raman optics that allow to record conformational
dynamics of deoxyribonucleic acid (DNA) molecules are promising for discrimination of
somatic point mutations in the genome of colorectal cancer. The results of the sequencing
are important for the correct drug prescription. However, it is challenging due to very low
signal intensity of Raman optical activity of DNA. We offer a novel KRAS gene sequencing
method which is based on the dependence of Raman band enhancement by plasmonic carbon
nanotube assemblies on the DNA helicoidality degree and which registers the change of the
DNA Raman optical activity due to formation of a homoduplex between complementary
probe and target DNAs. We demonstrate that such a technology is very sensitive one when
studying the allele single-nucleotide polymorphism of tumor genome.
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1. Introduction

Currently, the development of nanosensors
which are capable of detecting somatic point
mutations (single base genomic variants, single
nucleotide substitutions, single-nucleotide
polymorphism (SNP)) in the genome of
cancer patients is of great interest for medical
applications. In oncology, the type of tumor
molecular profile determines the
a treatment strategy which excludes the
development of resistance to anticancer drugs
[1]. Changes in DNA sequence of the oncogene
of KRAS protein in the tumor genome of
colorectal cancer correlate to a malignant state
of the tumor. The difficulty of sequencing this
gene is stipulated by the simultaneous presence
of a reference wild-type allele as well as an
alternative allelic variants (mutant-type allele) in
the DNA sample. Besides, the process of tumor
evolution is characterized by a variant history
with the emergence as well of unknown point
mutations. The method of determination of
unknown mutations is based on sensitivity of the
parameters of the unwinding and denaturation
of the double-stranded DNA to its nucleotide
composition, for example, such a parameter may
be the melting point [2].

Chiral molecules, including biomolecules
(helical double-stranded deoxyribonucleic acids
(dsDNAs) and proteins), with a helical backbone
are optically active ones [3]. DNA molecules
comprise asymmetric sugars (deoxyribose) that
cause the optical activity. After elastic (Raman)
scattering of a laser beam on the molecules,
the light gains an additional circularly polarized
component due to their vibrational optical
activity. It means that the plane of the
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electric field vector, E, of the light wave, and,
correspondingly, E is rotated by some angle.
The enhanced sensitivity of the chiral-spectral
method of Raman optical activity (ROA) is used
to study structure and conformational dynamics
of proteins in solutions [4]. ROA of DNA is
sensitive to the conformal changes in the DNA
structure |5, 6]. Generally, the drawback of
Raman spectroscopy for DNA low-concentration
measurements is low intensity of light scattering
in DNA and, moreover, ROA is often only 1073 —
10~° times that of the Raman scattering intensity.
Plasmonic nanoparticles that induce optical chiral
field in the mnear-field area are capable of
enhancing the intensity of the ROA spectra [7].
The signal-enhancement techniques are based
on surface plasmon resonance phenomena |[8].
The plasmon resonance occurs in close proximity
to the surface of metal nanoparticles (gold
nanoparticles) because the electric field from
plasmonic monolayers of gold nanoparticles is
distributed over a distance on the order of 250 nm
from the gold-particle surface [9]. It means that
the Raman scattering of light in DNA can only be
enhanced in nanoscale region, e.g. in plasmonic
nanopore array [10]. However, the long DNA
molecules are extended beyond the near-field
region, even if DNA polymerase amplification
occurs in nanopores [11].

One way to solve the problem of holding
DNA molecules at the surface of plasmonic
particles is their non-covalent binding. However,
additionally to the scattering of light in DNA, the
surface scattering of light in impurities of external
environment occurs. Since the DNA diameter is
of 2 nm, the intensity of Raman scattering of
light in DNA is less than 1% of the total Raman
scattering level in the near-field region with a
width of 250 nm.

Since the near-field region for graphene is 50-
100 times smaller (on the order of 2.5 — 5 nm)
than for gold nanoparticles the signal-to-noise
ratio in the Raman genosensor could be increased
using the graphene [9]. Rolled up graphene
sheets, called carbon nanotubes, are a promising
material for constructing transducers based on
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changing of the redox properties of purine
nucleotide bases, such as guanin for recording
signal of hybridization between complementary
electroactive DNA targets and probes [12].

In this paper, we propose to use few-
walled carbon nanotubes to enhance the intensity
of the circularly polarized component of laser
beam Raman-scattered in helical DNA. A
hybridization-signal optical transducer which
enhances the Raman optical activity of DNA
entering conjugates with CNTs will be based
on high-ordered few-walled CNT assemblies. To
construct the CNT-based optical transducer we
employ a Langmuir-Blodgett (LB) technique
which allows to fabricate highly ordered defect-
free layered nanocomposites based on carbon
nanotubes of very small diameters. In [13-
16] the LB technique has been utilized to
fabricate the crystalline CNT assemblies for
plasmon applications. When creating a network
the complexification between the highly-ordered
carbon-nanotube arrays and dsDNA target
molecules do not impair but improve the ability
of the CNT arrays to screen electric fields [17,
18]. When decorating CNTs a high-conductive
oligomer with conjugated double bonds enhances
the efficiency of the screening by the highly-
ordered CNT arrays [19, 20]. The Raman optical
activity method will be used to perform an allele
discrimination of a single nucleotide substitution
in exon 2 codon 12 of the KRAS gene. This
point mutation is the most common somatic
mutation in the KRAS oncogene. The goal of the
paper is to develop a method for detecting single
nucleotide polymorphism of genome as a changing
in Raman optical activity of the double DNA helix
during its unwinding, followed by hybridization
with oligonucleotides entering conjugates with
few-walled carbon nanotube assemblies.

2. Materials and methods

2.1. Reagents for direct hybridization-
mediated tumor-SNP detection

2.1.1. Native DNA from tissue samples

The native DNA molecules were isolated
from human placenta, formalin-fixed paraffine-
embedded (FFPE) tissue samples of colorectal
cancer, and blood of colorectal-cancer patients,
and rat glioma C6 cell line. The dsDNA has been
purified from contaminating ribonucleic acids
(RNA), ssDNA, proteins and lipids. In what
follows, the placental dsDNA, the dsDNA of
C6 cells, the dsDNA from the blood and the
tumor tissue are denoted by dsDNA;, dsDNAg,
dsDNAy;, and dsDNAgrc, respectively. The
following KRAS variant: rs121913529 ¢.35G>A
site, p.G12D, located in the second exon of the
human KRAS gene (NCBI/Gene KRAS genomic
DNA sequence NC_000012.12; NCBI/Gene KRAS
mRNA var d sequence NM 001369787.1) is
genotyped.

The C6 cells have been cultured in standard
conditions. Clinical samples were collected at the
N. N. Alexandrov National Cancer Center of
Belarus. The study included 10 FFPE samples
obtained from patients with advanced colon
cancer. For isolation, 2-3 sections of the paraffin
block were used. Deparaffinization was performed
with xylene followed by washing with ethanol
(95%). Total DNA isolation was performed using
the QIAamp DNA FFPE Tissue Kit (Qiagen)
according to the manufacturer’s protocol.

The dsDNA was isolated from placenta
tissue of healthy donors. RNA and proteins
contents in the high purity dsDNAcgg and
dsDNA,; (1.03 mg/ml in 107> M NayCOj3 buffer
medium) were less that 0.1 % (optical density
ratio Dg@o/Dggo = 2.378 and D260/D280 = 1.866,
respectively).

The placental dsDNA has been used as a
control perfect DNA of non-mutant (wild) type.
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2.1.2. Model target ssDNAs

The 35-nucleotide sequences of the KRAS
oncogene used as model DNA targets formed
homoduplexes or heteroduplexes with 57%
content of guanine-cytosine (G-C) pairs. The
35-base oligonucleotide denoted by “N3” being
the perfect-matched KRAS-gene sequence has
been used as a wild-type model target ssDNA.
The 35-base oligonucleotide denoted by “M3”
being the single base-mismatched KRAS-gene
sequences has been used as a mutant model
target ssDNA. The oligonucleotide M3 differs
from the normal wild-type KRAS sequence by the
nucleotide change in position 3.

2.1.8.  Single-stranded hybridization ssDNA probes

The 19- and 20-base oligonucleotides,
KRAS,, and KRAS,,, were utilized as short
primers of wild- (reference, normal, non-
mutant) and mutant- (alternative) type to the
KRAS-gene, respectively. The perfect-matched
(KRASw) and single base-mismatched (KRASm)
probes are complementary to the KRAS-gene
wild-type (normal, non-mutant) and mutant-
type nucleotide sequences, respectively. The
oligonucleotides KRASw and KRASm differ by
the nucleotide change in position 12.

2.1.4. Toehold-mediated hybridization dsDNA
probes

Conjugates of few-walled carbon nanotubes
(FWCNTs) with double-stranded nucleotide
sequences called  double-stranded  (toehold
exchange) DNA, PF3/W3, were used to probe
the model target DNA. The dsDNA probe can
form a homoduplex with the complementary
DNA target N3 or a heteroduplex with the
single-nucleotide mismatched DNA target M3
in a reaction of displacement of the shorter
protector oligonucleotide of the dsDNA probe
(strand displacement reaction).

The PF3/W3 toehold duplex consisted of

the two 35-base and 28-base oligonucleotides.
The longer capture oligonucleotides, W3, is
complementary to the wild KRAS gene. The
four inosines replace guanines in the shorter
chain, W3, being protector of the capture
oligonucleotide “PF3”. In the -electrophoretic
studies, the probe oligonucleotide (PF3)
complementary to the protector strand was
chemically labeled with a fluorescent group
(fluorescein phosphoramidite, FAM).

The toehold exchange probe was fabricated
by annealing the protector strand W3 with the
complementary strand PF3 in TE buffer at
37 £ 0.1 °C. The strand displacement reaction
proceeds during 1.5 hour through successively
linking the nucleotides of the recognized ssDNA
target to the longer capture complementary
ssDNA chain from the dsDNA probe. The
synthesis of the FWCNT conjugates lasted 30
minutes.

All oligonucleotides were purchased from
“Primetech ALC” (Minsk, Belarus). The details
of the sequences are listed in Table 1.

2.2. Materials for hybridization signal
transducer

The  carboxylated and  stearic-acid-
functionalized FWCNTs of 2.5 nm in diameter
have been decorated by the cyclic complexes of
Ce and/or high-spin octahedral Fe(II) with 3-
hexadecyl-2,5-di(2-thienyl)-1H-pyrrole (H-DTP,
H-dithienylpyrrole) ligands [21|. The H-DTP is
an amphiphilic conducting oligomer of thiophene-
pyrrole derivatives. An alkyl 16-link hydrocarbon
chain R =Ci6H33 was chemically bounded to the
oligomer. Inverse micelles of stearic acid with
DNA-FWCNT conjugates or DNA inside (called
micellar DNA-FWCNT hybrids and micellar
DNA) are obtained by mixing stearic acid with
the appropriate reagent dissolved in hexane by
the ultrasound treatment.

Salts FG(NO;g)g . 9HQO, 062(804)3 (Sigma,
USA), hydrochloric acid, deionized water with
resistivity of 18.2 M{2-cm were used to preparate
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Table 1: Sequences of all the oligonucleotides used in this study.

Name Sequence structure (5" — 3')

N3 TGGTGGCGTAGGCAAGAGTGCCTTGACGATACAGC
W3 TGGTGICGTAGICAAGAITGCCTTIACG

M3 TGATGGCGTAGGCAAGAGTGCCTTGACGATACAGC
PF3 GCTGTATCGTCAAGGCACTCTTGCCTACGCCACCA-FAM
KRAS,, GTTGGAGCTGGTGGCGTAG

KRAS,, AGTTGGAGCTGATGGCGTAG

subphases. All chemical reagents of analytical
grade were used without further purification.

2.3. Methods

2.8.1.  Fabrication of dithienylpyrrole-coated CNT
assemblies

By employing the LB  technique,
monomolecular crystalline DNA-CNT hybrid
layers (DNA-CNT hybrid crystalline monolayers)
were fabricated by compressing two-dimensional
gas of inverse stearic-acid micelles with the
carboxylated FWCNTs and DNA probe
molecules inside. The hexane solution of the
micellar DNA-FWCNT hybrids was preliminary
dropped on deionized-water surface. Then the
two DNA-CNT hybrid LB-monolayers were
formed and deposited onto surface of nanoporous
anodic aluminium oxide (AAO) with 10-nm pores
or Si supports.

Preliminary, five iron-containing LB-
monolayers consisting of the cyclic complex
(Fe(IT)DTP) of octahedral high spin Fe(II) with
DTP ligands were formed. The FWCNTs were
decorated by the mnanocyclic organometallic
LB-complexes. The CNT LB-arrays decorated by
the dithienylpyrrole complexes of octahedral high
spin Fe(II) host spin-polarized graphene charge
carriers ([14, 15, 22|).

2.3.2. dsDNA denaturation

The target dsDNAs were denatured at 95 °C
before detection. The denatured dsDNAs were
hybridized with the ssDNA probes.

2.3.3.  Raman spectroscopy

Spectral studies in visible range were carried
out using a confocal micro-Raman spectrometer
Nanofinder HE (“LOTIS-TII”, Tokyo, Japan—
Belarus) on diode-pumped solid-state (DPSS)
lasers operating at wavelengths of 473, and
532 nm with power in the range from 0.0001 to
20 mW. The spectra were recorded in the back-
scattering geometry under a x 50 objective at
room temperature (RT). The size for the optical
image is of 7 x 7 pm, vertical spatial resolution
150 nm, spectral resolution is of up to 0.01 nm.

2.83.4. FElectrophoretic study

The electrophoresis (PAGE) was performed
in polyacrylamide gel in 0.5x 0.09 M TBE buffer
(pH 8.0) at room temperature during 45 min.
Control of the electrophoretic system electrical
parameters which are reset by power, was carried
out on the equipment Electrophoresis Power
Supply EPS 601 (GE Healthcare Bio-Sciences
AB, Sweden). PAGE was repeated at least three
times.
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FIG. 1. Raman spectra: (a) stearic acid micelles with dsDNA,~-FWCNTs inside; (b) the micellar KRAS,,—
FWCNTSs hybrids (red curve in figure b) and a crumpled (crushed) LB-monolayer formed of the stearic acid
micelles with KRAS,,~FWCNTs hybrids inside (blue curve in figure b); (c) the LB-monolayer formed of the
micellar dsDNA,-CNT hybrids with (c, blue curve) or without (c, red curve) propidium iodide. The micellar
KRAS,,~FWCNT, dsDNA,-FWCNT hybrids, and the KRAS,,~FWCNT hybrid LB-monolayer were deposited
on pure Si supports; the dsDNA-CNT hybrid LB-monolayer was deposited on the Si support hydrophilized by
H-DTP. The Raman spectra were recorded at laser excitation wavelength of 532 nm; the following laser powers
and collected times were used for the specimen excitation: 20 mW and 1 s (figure a), 3 mW and 10 s (figures b
and ¢).“*” denotes a laser mode.

3. Results 3.1.1.  Characterization of plasmonic CNT assembly
3.1. Raman spectral study of DNA- A prominent CNT radial breathing mode
CNT hybrid interactions (RBM) of 298.28 cm™! is featured in Raman
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FIG. 2. (a) Raman spectra of pure stearic acid inverse micelles (green curve in figure a), the micelles with
dsDNA,, inside (blue curve in figure a), the micelles with dsDNA,~-FWCNTs inside (red curve in figure a); the
pure stearic acid micelles and the micelles with dsDNA,; and dsDNA,~FWCNT hybrids inside were deposited
on pure Si supports; the Raman spectra were recorded at laser excitation wavelength of 532 nm; the laser power
and collected time were used for the specimen excitation: 2 mW and 60 s, respectively. (b) Raman spectra of the
micellar dSDNAg (red curve) and the micellar tumor dsDNAcgre (blue curve); the dsDNA g and the dsSDNAcgrce
were deposited on pure Si supports; the Raman spectra were recorded at laser excitation wavelength of 532 nm;
the laser power and collected time were used for the specimen excitation: 2 mW and 60 s. (¢) A Raman low-
frequency part of the spectrum for the inverse micelles formed in hexane solution of mixture from stearic acid
with dsDNAp,; and dripped on pure Si. The numbers indicate the characteristic frequencies of dsDNA vibrations;
adenine, guanine, thymine and cytosine are designated by A, G, T and C, respectively; DP denotes phosphodiester
bond. Laser power, excitation wavelength, and collected time were of 20 mW, 532 nm, and 3 s, respectively. (d)
Raman spectra of the micellar dsDNA, (blue and black curves 1 and 2, respectively) and the micellar dsDNA -
CNT hybrids (red and green curves 3 and 4, respectively); the micellar dsDNA,; and dsDNA-CNT hybrids were
deposited on the Si hydrophilized by H-DTP; the Raman spectra were recorded at laser excitation wavelengths of
473 nm (curves 1 and 3) and 532 nm (curves 2 and 4), the following laser powers and collected times were used for
the specimen excitation: 8 mW and 1 s (curves 1 and 3), 20 mW and 1 s (curves 2 and 4). (¢) A Raman spectra of
the original dry placental dsDNA, deposited on pure Si support; the spectrum was recorded at laser excitation
wavelengths of 473 nm; the laser power and collected time were used for the specimen excitation: 5.76 mW and
60 s. “*” denotes a laser mode.
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spectra of the micellar CNTs (see Figs. la and
1b). Let us estimate the CN'Ts diameters using the
formula (see (|23]), [24] and references therein)

Cy /
WRBM:d*t 1+Cenvd% (31)

t

where C.,, quantifies the environmental effect
on the RBM frequency, C; is empirically derived
parameter (227 nm- cm™ '), d; is a diameter of
single-walled carbon nanotube (SWCNT) and is
determined by the following formula:

dt—ao_:\/g\/(

n? + nm + m?). (3.2)
Here the (n,m) integers are coordinates of a
carbon-nanotube chiral vector, C‘h, determined by
the following expression: C‘}l = nay +mds; di and
ds are hexagonal-lattice unit vectors; a carbon-
carbon distance of the primitive graphene cell,
ac—_c, is in the range from 1.42 A (graphite) to
1.44 A (Cgp) (see [25-28] and references therein).
Assuming that the C.,, is approximately equal
to zero for the stearic acid micelles with dsDNA-
CNTs hybrids inside, the d; being estimated by
the eq. (3.1) for the RBM of 298.28 cm™! is of
0.76 nm. CNTs with such diameter are single-
walled carbon nanotubes. The (n,m) index being
equal to (7,4) is a better fitting derived from
eq. (3.2) for the ac_c equal to 1.43 A. For the
(7,4) carbon nanotube, n — m is a multiple of
three: n—m = 3¢ where ¢ is an integer. It signifies
that a one-dimensional Brillouin zone comprises
K (K') points of graphene Brillouin zone and, as
a result, the carbon nanotubes are metallic with
a band gap of 0 eV [29, 30]).

A so-called D peak in the Raman spectra
is the defect-activated graphene band. The G
peak is an in-plane vibrational mode that involves
sp? hybridized carbon atoms that comprises the
graphene sheet.

3.1.2.  Characterization of CNT hybridization-signal
transducer

The crystal structure of both the KRASw—
SWCNT and dsDNA,;-SWCNT LB-monolayers

that are formed of the micellar KRAS,,—SWCNTs
and dsDNA;;-SWCNT conjugates, respectively,
are broken when crumpling the LB-monolayers.
Such structural defects appear also in CN'Ts when
folding the KRASw-SWCNT and dsDNA[-
SWCNT conjugates in the inverse micelles. As
a result, since there are the structural defects
in the rolled-up graphene sheets the defect-
activated D band appears in the Raman spectra
for the micellar DNA-SWCNT conjugates and
the broken-down crumpled LB-films (see Fig. 1).
Such regions of structural defects are called
electrostatically-confined graphene p —n (n — p)
junctions [16, 31].

A conformational state of dsDNA deposited
on CNT can be investigated of exploiting
propidium iodide (PI) being a DNA intercalating
dye. The PI fluorescence grows when the PI
molecules intercalate into the dsDNA helix. It
is also used to indicate the presence of dsDNA.
A Raman spectrum of scattered light for a
Pl-contained dsDNA,~CNT LB-conjugates is
shown in Fig. lc. The PI-fluorescence of the
dsDNA;-CNT LB-conjugates indicates that PIis
intercalated in the dsDNA,; and, correspondingly,
the latter resides on the CNT walls in a double-
helical state.

Since the metallic single-walled CNTs are
flexible they can be arranged with a high degree
of order. In this case, the D and G peaks can
be very weak in the Raman spectra of DNA-
CNT hybrids. A comparison between the Raman
spectra for DNA-CNT conjugates in Fig. 1 and
Figs. 2(a, red curve) and (d, red and green curves
3) testifies this disappearing. Prominent peaks in
these Raman spectra in the Figs. 2(a, red curve)
and (d, red and green curves 3 and 4)) indicate the
DNA molecular group vibrations because their
frequencies coincide with all characteristic bands
of dsDNA in the recorded Raman DNA spectra
presented in Figs. 2a, blue curve and 2b—d [17].

The Raman spectra of the dsDNA before
and after its conjugation with the high-ordered
arrays of the metallic SWCNTs are shown in
Fig. 2a. Comparing the DNA Raman spectra in
red and blue colors one can conclude that the
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FIG. 3. Electrophoregram of mixture comprising FWCNTs and DNA. Lane 1 — marker (2 pug/ml); lanes 2 and 6
— toehold exchange probe PF3/W3 (1:2)(7 pl) just after synthesis and 15 hours later, respectively; Lanes 3 and
7 — conjugate FWCNT-PF3/W3 (7 ul) between FWCNTs and PF3/W3 (1:2) that is synthesized during 30 min
and 15 hours, respectively; lanes 4 and 8 — conjugate FWCNT-PF3/N3 (7 ul) between FWCNTs and product
(homoduplex PF3/N3) of hybridization reaction between PF3/W3 and N3 (1:4), that is synthesized during 30 min
and 15 hours, respectively; lanes 5 and 9 — conjugate FWCNT-PF3/M3 (7 ul) between FWCNTs and product
(heteroduplex PF3/M3) of hybridization reaction between PF3/W3 and M3 (1:4), that is synthesized during
30 min and 15 hours, respectively. The duration of the electrophoresis is of 2 hour at a bias voltage of 100 V,
the FWCNT concentration is of 0.4 mg/ml. Insets (b) and (c) show intensity of the FAM fluorescence for the
toehold exchange probe (lanes 2 and 6) and the duplexes of DNA target (lanes 4, 5, 8, and 9), respectively.

intensity of the DNA Raman bands is increased
(see Fig. 2a). It signifies that the SWCNT micellar
and LB assemblies possess plasmonic properties
and, correspondingly, the assemblies can enhance
the light scattering in the DNA in a result of
plasmon resonance.

DNA Raman spectra are strongly affected
by deprotonation. Due to the latter, the Raman
spectral bands of DNA are widened even for a dry
DNA sample (see the Raman spectrum of the dry
dsDNA,, deposited on pure Si support in Fig. 2e).
Hampering the deprotonation the stearic-acid
shell of the inverse micelles drastically narrows
Raman spectral bands in the Raman spectra for
the micellar dsDNA and dsDNA-CNT hybrids

deposited on pure Si (make comparison between
the Raman spectra presented in Figs. 2a,b, and
e).

Raman spectra for the micellar dsDNA,
dropped on a Si surface hydrophilized by the
H-DTP molecules are significantly widened in
comparison with the spectra of the micellar
DNAs deposited on the non-modified Si surface
(compare the two Raman spectra “1” and “2”
shown in Fig. 2d with the Raman spectra
in Figs. 2a, blue curve and b. However,
the complexification of the dsDNA with the
carbon nanotubes leads to the confinement of
the placental DNA on the hydrophobic CNT
surface by the m — 7 stacking interactions
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FIG. 4. Frequency dependencies of real (green and
blue solid lines) and imaginary (yellow and magenta
solid lines) parts of ohmic contribution oxox( ) O far-
infrared conductivity in relative units of e?/h for the
graphene pseudo-Majorana fermion model (green and
magenta lines) and for the Dirac massless fermion
model [32, 33| (blue and yellow lines). Neglecting
the pseudo-Majorana mass term the calculation was
carried out at temperature of 200 K and the chemical
potential of 33 K.

and, correspondingly, to a DNA protonation.
The narrowing of the Raman spectrum of the
micellar DNA,-CNT hybrids testifies the DNA
protonation (make comparison between the values
of spectral widths in the Raman spectra “17—4”
shown in Fig. 2d).

3.1.8.  Stability/reproducibility

The elecroforesis indicates quenching of
FAM-fluorescence in PF3/W3 by FWCNTs
during a long time period (15 hours and more)
that testifies stability of the conjugates between
FWCNTs and DNA (compare lanes 2 and 6 with
lanes 3 and 7 in Fig. 3). A weakening of FAM-
fluorescence quenching by carbon nanotubes in
a result of PF3/N3 homoduplex formation is
observed during 1.5 hour from the beginning
of the strand displacement reaction (see Fig. 3,

lanes 4 and 5). The observed weakening of
the FAM-fluorescence CNT-quenching indicates a
violation of the stacking interactions between the
probe oligonucleotide and the carbon nanotubes
(compare lanes 4 and 5 in Fig. 3). This weakening
of FAM-fluorescence quenching is significantly
less for the heteroduplex DNA, PF3/M3, than
for the homoduplex DNA, PF3/N3 (compare
lanes 4 and 5 in Fig. 3). The electrophoretic
investigations shows that the strand exchange
reaction with the formation of the duplex
proceeds with a phase transition from the helical
state of the DNA probe to the coil state, because
the intensity of FAM-fluorescence increases with
time due to the detachment of nucleotide bases
from the CNT surface (compare lanes 5 and 9 in
Fig. 3). The strand exchange reaction with the
formation of a homoduplex begins with the phase
transition from the helical state of the DNA probe
to the coil state and ends with a phase transition
of the homoduplex from the coil state to the
double-helix state that is expressed in appearing
a quenching of the homoduplex fluorescence 15
hours later (compare lanes 4 and 8 in Fig. 3).

3.2. Operating principles of metallic-
CNT optical transducer of hybridization signal

Impressively fast response of the graphene
sheets to the change of environment is provided
by very high mobility of electrons and holes, being
massless ones in valleys K and K’ of graphene
Brillouin zone. The K and K’ are called Dirac
points. A strongly interacting quasi-relativistic
electron-hole plasma called a Dirac fluid exists in
the vicinity of the Dirac point [34]. Non-Abelian
statistics of the strongly correlated graphene
charge carriers indicates their pseudo-Majorana
vortical nature and, correspondingly, the pseudo-
Majorana fermion graphene model is a topological
semimetal (see [35-40]).

Confining pairwise the pseudo-Majorana
fermions in the K and K’ points the hexagonal
symmetry of graphene lattice attributes negative
and positive electrical charges, respectively, to

Henuneiinble gBiieHnst B CJIOXKHBIX cucTemax 1. 26, Ne 2, 2023



Plasmonic Metallic Carbon Nanotube Assemblies Enhancing Raman Optical Activity of DNA for
Ultra-Sensitive Detection of KRAS-Gene Point Mutations 201

the bound (confined) pseudo-Majorana modes.
Electromagnetic-field quanta are elastically
(Compton) scattered on the vortical confined
pseudo-Majorana modes. As a result, electron-
hole pairs appear in the graphene conduction
band. It signifies that graphene could efficiently
screen applied electric fields.

When the electron and hole configurations
are excited in flattened graphene bands, a
deconfinement of the bound Majorana modes
occurs. The deconfinement of the bound pseudo
Majorana fermion in the graphene flat bands
could significantly decrease the intensity of the
elastic scattering because the deconfined pseudo
Majorana fermions are electrically neutral.
However, the presence of pseudo-Majorana mass
term partially breaks the chiral symmetry of
graphene in the flat bands. Due to the chiral
anomaly, the electrically neutral pseudoMajorana
fermions give avalanche-like rise to a huge number
of electron-hole pairs [41]. Since the propagation
pathes of the electrons and the holes along
and against the applied electric field E do not
coincide, a non-zero electric current flows in the
graphene sheet. It means that 1) graphene can
screen a low-frequency electrical fields similarly
to a metal and 2) a free electron-hole pair
density appears in the graphene conduction band
in a result of the elastic (Compton) scattering
of electromagnetic field quanta on the graphene
electron density.

The zero-energy pseudo Majorana mode is a
midgap state because the confinement (binding)
of the pseudo fermions in the Dirac point,
K(K'), occurs with forming the electron—hole
configurations. A plasmon band in the spectrum
of graphene optical conductivity appears due to
the confinement.

When a monolayer of molecules is deposited
on the graphene surface, the free vortical charge
density is swinging on the eigenfrequencies of the
molecule-nuclei vibrations in a response to electric
fields of the nuclei oscillating in the molecular
groups being adjacent to the graphene plane.
The quantized collective oscillations are called
plasmon modes. Zeros of the dielectric function

for the pseudo-Majorana fermion model indicate
that the collective modes in the massless Dirac
plasma is an inherent feature of graphene (see
Fig. 4) [35, 42].

An electrical field of scattered-light
component, circularly polarized by spiralized
dsDNA regions, twists the electrically charged
density in graphene valleys K, K’, where a zero-
energy pseudo Majorana mode as a topological
defect resides.

The zero-energy mode is the core of the
vortex, and the swirling charge density plays
the role of the “feathering” of this vortex. The
emergent topologically non-trivial excitation of
the Dirac fluid in the graphene sheet is the
electron-hole configuration of bound (confined)
pseudo Majorana particles.

The complementary region of the pure
dsDNA forms a stable homoduplex with the
ssDNA probe because the Helmholtz free energy
of the complementary hybridized DNA probe
and DNA target is less than the free energy
of each on the CNT surface. The release of
the oligonucleotide from the CNT surface with
the formation of triplex regions in the target
DNA violates the homogeneity of its helicoidal
structure. Instead of a single double-helix twisted
in one direction, many double-helix fragments
appear with different helicity directions. The
electromagnetic waves from the laser beam,
after being elastically scattered by such partially
untwisted pure DNA, are polarized in different
directions so that the total polarization of the
light decreases. Since the total circularly polarized
component of the light scattered in DNA is
small or absent, there is no swirling of the
Dirac electron liquid in the graphene sheets and,
correspondingly, the free graphene charge carriers
(confined pseudo Majorana vortex-antivortex
pairs similar to electron-hole pairs of nonzero
energy) do not be exited. In the absence of
plasma oscillations or their low intensity, the
enhancement of light scattering in DNA on the
CNT surface does not occur or is very weak.

The stacking interaction between m(p,)
electrons of CNT and DNA wraps the pure
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dsDNA around the carbon nanotube. An increase
in the intensity of light scattering in the dsDNA
in a result of plasmon resonance testifies this
winding.

laser beam detector
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FIG. 5. Schematic of operating principle of DNA
hybridization-signal transducer based on Raman
optical activity: (up) optically highly active double-
stranded DNA, which is fully double helix in
the presence of non-complementary ssDNA probe;
(down) optically low-active untwisted double-stranded
DNA comprising double-stranded regions of different
helicity and homoduplex between complementary
ssDNA probe and chain of the dsDNA.

The conjugated-DNA  hybridizing to
complementary oligonucleotude probes forms
homoduplexes [13]. The Raman genosensor
operates on the effect of reducing the intensity
of the helically polarized component of the
DNA-scattered laser beam after homoduplexes
formation. The operating principle of the
genosensor are shown schematically in Fig. 5.

3.3. KRAS-gene sequencing based on
both Raman optical activity of DNA and
plasmon resonance

According to the Raman spectra shown in
Figs. 6, the surface light-scattering enhancement
decreases right until its disappearing after

hybridization with a DNA probe whose nucleotide
sequence matches that of the KRAS gene.

The micellar genotyping based on the
plasmon-resonance effect and DNA ROA is
performed in a following way. One detects a
light scattering enhancement in duplexes between
the target and probe DNAs and subsequently a
dependence of this enhancement on the DNA-
CNT hybrid type is analyzed. The intensity
of the KRAS,-dsDNAcg-heteroduplex Raman
bands (see the DNA peaks and the frequency
region from 2700 to 3100 cm™! in the Raman
spectrum in light-blue, Fig. 6a) is significantly
higher than one of the KRAS,,-dsDNAgs-
homoduplex Raman bands (see the frequency
region from 2700 to 3100 cm™! in the Raman
spectrum in dark-blue, Fig. 6a). It testifies that
the Raman optical activity of dsDNAgg being
hybridized with KRAS,, is better than ROA of
the dsDNA g being hybridized with KRAS,,, due
to the fact that the KRAS,,-dsDNAgg¢ hybrids
are created in the result of the complementary
hybridization. As it has been shown in Section 3.2
the decrease of the intensity of light scattering
in the homoduplex DNA is stipulated by the
diminishing of CNT-enhanced Raman scattering
due to smaller numbers of graphene charge
excitations because of smaller optical activity of
the homoduplex DNA.

When forming a high-conducting network
of CNTs linked by DNA molecules the
complexification of highly-ordered CNT arrays
with DNA does not impair but vice versa
improves the plasmonic capability of the CNT
arrays. The decreasing of Raman optical activity
of DNA indicates that the KRAS,,-dsDNAcg—
CNT network is less perfect and when hybridizing
the KRAS,, primers and dsDNAgg molecules
form homoduplexes.

The perfect plasmonic CNT assemblies
with the high content of DNA and the low
concentration of CNTs are formed in the presence
of the homoduplexes KRAS,,-dsDNAcg because
the the ration %’ of intensities between the
Raman D and G peaks is significantly less for the
KRAS,,,-dsDNA g duplexes than for the KRAS,,-
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FIG. 6. Raman scattering genotyping. (a) Raman spectra of inverse micelles containing 1) DNA g isolated from
C6-line cells (black curve), or 2) low-ordered FWCNT assembly covered by DNA molecules hybridized with
KRAS,,- or KRAS,,-oligonucleotides (light- and dark blue curves, respectively), or 3) high-ordered FWCNT
assembly covered by DNA molecules hybridized with KRAS,,- or KRAS,,-oligonucleotides (green and red curves,
respectively). The spectra were recorded at laser excitation wavelengths of 532 nm; the laser power and collected
time were used for the specimen excitation: 2 mW and 60 s, respectively. (b) Raman spectra of LB-FeDTP-
film with oligonucleotide/SWCNT complexes after hybridization with dsDNA of different types: homoduplex of
placental DNA with KRAS,, (red curve (10)) and heteroduplex placental dsDNA with KRAS,,, (violet curve (2))
at excitation 532 nm; duplex (grey (7) and black (8) curves) of KRAS,, and duplex (light-green (1) and green
(4) curves) of KRAS,,, with dsDNAy (at excitation at 473 and 532 nm, respectively); duplexes (blue curve (5)
and light-blue curve (6)) between SNP-mutant dsDNAcpc and KRAS,, or KRAS,,, respectively (at excitation
at 532 nm); duplex (brown curve (9)) of KRAS,, and duplex (yellow curve (3)) of KRAS,,, with the dsDNACR
(excitation at 473 nm). Power was 0.6 mW for green laser and 0.24 mW for blue laser, accumulation time 10 s.

dsDNAg duplexes (compare Raman spectra in
light- and dark-blue, Fig. 6a). The decrease in
the intensity of the DNA Raman peaks occurs
due to the lower helicoidality of the untwisted
dsDNA in the coil state when the conjugates are
formed with a lower content of helical dsDNA
and, correspondingly, the number of structural
defects caused by the distortion of the graphene
plane decreases. Thus, when creating the network
the homoduplexes link the FWCNT together so
that the degree of ordering of the CNT assemblies
with the micellar DNA-CNT hybrids increases
after the complementary hybridization.

Let us analyze the Raman spectra for
conjugates of KRAS, probe-target dsDNA-
FWCNTs with higher concentration of CNT

and small concentration of DNA. The intensity
of the DNA Raman bands of the conjugates
is higher than the intensity of the Raman
spectrum of the micelles with the original dsDNA
(compare black and green curves in Fig. 6a).
The FWCNT-enhanced light scattering in the
dsDNA occurs due to the high Raman activity
of the helical dsDNA. The intensity of the
micellar DNAcg—FWCNT-hybrid Raman bands
for the homoduplexes, dsDNAcg-KRAS,,,, of the
target dsDNAgg with the mutant-type probe,
KRAS,,, is less than for the heteroduplexes,
dsDNA6-KRAS,,, between the target dsDNAcg
and the single base-mismatched oligonucleotide
(as one can see from comparison between the
Raman spectra in red and green, Fig. 6a). The
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attenuation of plasmon resonance signifies that
the ROA of the target DNA has decreased
in a result of its transition to the partially
untwisted state and, correspondingly, in a result
of complementary binding to the probe DNA.
According to these results, the KRAS gene of the
cultured glioma cells has a point mutation of type
of nucleotide substitution.

Let us study hybridization between the
probe oligonucleotides and the placental DNA
whose KRAS gene is of wild type always. The
genotyping based on the plasmon-resonance effect
and DNA ROA in LB DNA-CNT conjugates
is performed in a following way. One detects
the complementary DNA hybridization as a
weakening of an enhancement of light scattering
in the iron-contained dithienylpyrrole that is
decorated the DNA-CNT LB-conjugates.

The weakening of plasmon resonance for
the LB-CNT conjugates of DNA probe-dsDNA
target duplexes and its complete absence for
target DNA hybridizing to the probe DNA being
conjugated with LB CNT assemblies testify that
homoduplexes between KRAS,, and dsDNApl
were formed (compare the Raman spectra in red
and violet in Fig. 6b).

Now, one can discriminate the nucleotide
sequence in the gene KRAS of the allele-
SNP tumor genome. To do it, alternatively,
the probe oligonucleotides KRAS,, or KRAS,,
hybridize with the DNA samples from blood
or tumor of colorectal-cancer patients. Let
us compare the Raman spectra that were
recorded at laser excitation with a wavelength
532 nm for the duplexes being formed after
hybridization between the tumor DNAcgrc and
KRAS,, (the Raman spectrum (5) in blue) and
between DNAcrc and KRAS,, (the Raman
spectrum (6) in light-blue in Fig. 6b). The
CNT enhancement of the light scattering in
the dithienylpyrrole LB-monolayers decorating
the CNT /oligonucleotide LB-assemblies is much
less for the duplex DNAcgrc/KRAS,, than
for the heteroduplex of the placental wild-
type dsDNA, samples. Contrary to that,
ROA of the duplex dsDNAcgc entering the

conjugates CNT-dsDNAgrc-KRAS,, is much
higher compared with the optical activity of
the homoduplex dsDNA[ (make comparison
between the Raman spectra (2),(10) in violet
and red, respectively, and (5), (6) in blue
and light-blue in Fig. 6b). Such behavior of
the ROA is explained by the simultaneous
presence of duplexes KRAS,/DNAcrc and
KRAS,,/DNAcgrc and, correspondingly, testifies
two types of alleles that is called SNP of gene
KRAS in the tumor genome. The Raman spectra
indicate decrease of optical activity of duplexes
KRAS,,/ dsDNAcgrc at excitation by 473-nm
laser (see the Raman spectra (3) and (9) in
yellow and brown, respectively, in Fig. 6b). This
decrease can be explained by long-range charge
transfer being more efficient for the double-helical
heteroduplex DNA and less efficient one for
partially-untwisted homoduplex DNA.

Let us analyze Raman spectra which were
recorded at laser excitation at wavelength with
473 and 532 nm for the duplexes being formed
after hybridization between the DNAy,, isolated
from the blood of colorectal-cancer patient and
KRAS,, (the Raman spectra (7) and (8) in gray
and black, respectively, in Fig. 6b) and between
DNAy; and KRAS,, (the Raman spectra (1)
and (4) in light-green and green, respectively,
in Fig. 6b). Similar as for DNACR, both the
duplexes KRAS,,/DNA}; and KRAS,,/DNAy,
are optical active at 532-nm laser excitation.
We observe also the decrease of optical activity
of duplexes KRAS,,/DNA}; due to long-range
charge transfer at excitation by 473 nm laser (see
the Raman spectra (1) and (7) in light-green and
green, respectively, in Fig. 6b).

Thus, the Raman spectra indicate the
decrease of ROA for the duplexes of DNACRC
and DNAy,] with both the oligonucleotide probes
of wild and mutant types and, correspondingly,
the performed spectral study confirms the allele
SNP of the tumor genome. It signifies that both
alleles of wild and mutant types present in the
genome.

Thus, the sequencing method has allowed
us to diagnose allele SNP of the KRAS-oncogene
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in the genome of the colorectal cancer tissue.
DNA molecules being non-specific linked to DNA
probes are easily washed and do not contribute in
the transducer response.

4. Discussion

The our results testify that the magnitude
of the light-scattering enhancement in a result
of plasmon resonance on the frequencies of
vibrational modes for the molecules deposited
on the rolled-up graphene-DNA monolayers
depends on the magnitude of the Raman
optical activity of dsDNA configuration. The
experimental studies performed have revealed
a large CNT light-scattering enhancement for
the micellar helicoidal dsDNA. The intensity
of Raman scattering in micellar homoduplexes
is less than in heteroduplexes. The higher
Raman optical activity of non-hybridized dsDNA
remaining fully in a single helix double-stranded
state in the presence of a non-complementary
ssDNA probe, gives rise this enhancement effect
of the heteroduplex formation. Complementary
binding between dsDNA and the ssDNA probe
causes a conformational transition of dsDNA to
a state in which regions of different helicity are
present, and, correspondingly, the homoduplex
DNA in such an untwisted state becomes less
optically active. The enhancement of Raman
light scattering in the molecules located on
graphene surfaces is explained by the existence
of strongly correlated states (Dirac fluid) in
the K, K’ graphene valleys. We predict that
these many-particle configurations are vortexes
of graphene electron density and represent
themselves topologically non-trivial defects of
pseudo-Majorana nature. The circularly polarized
component of the laser beam, twisting the
electron density, excites pseudo Majorana modes
in a bound (confined) state that are free electro-
hole pairs in graphene.

The scattering of light in the aromatic
molecular groups residing on the graphene plane
is enhanced because the light is scattered

on intensive graphene plasmonic oscillations
emerging in a result of resonance with low-
intensity vibrations of the aromatic molecular
groups.

The novel high-performance ROA DNA
capable of discriminating single-
nucleotide polymorphism of KRAS gene in the
human genome.

sensor is

5. Conclusion

So, we offer a single molecular analysis
that is based on the pseudo-Majorana fermion
dispersion of the Dirac fluid in a graphene sheet.
The physical fundamentals of the analysis are
the excitation of plasmon modes in graphene.
Their launch is performed by electromagnetic
field quanta, circularly polarized in a result of
scattering by optically active DNA molecules.
The formation of homoduplexes is detected as
an attenuation in the enhancement of Raman
light scattering in the micelles comprised of
complexes between pure DNA and FWCNTs as
a result of plasmon resonance. An even greater
decrease in the enhancement of Raman scattering
up to the complete disappearance of SWCNT-
enhanced Raman scattering in the decorating
Fe(II)DPT monolayers deposited on the CNT LB-
assemblies occurs during the formation of probe
DNA homoduplexes from LB complexes between
the oligonucletide and SWCNTs. This effect of
Raman optical activity of DNA underlies the
functioning of our Raman optical genosensor.

Our high-sensitivity ROA genosensor will
be at an advantage over the plasmon-resonance
sequencer when performing single-molecule allele
discrimination of the genome of metastatic tumor
cells at early and first stages of cancer.
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