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Sensitivity and selectivity of modern electrochemical genotyping methods are insu±cient to de-

tect a single-oligonucleotidemismatch in low-concentration native DNA samples. Novel methods

of tuning, controlling, and monitoring plasmon modes are necessary to achieve attomolar and

higher sensitivity for the modern graphene-based transducers of molecular signals. The electro-
chemical DNA assay is promising one for applications in themolecular diagnostics of tumors with

the genome single-nucleotide polymorphism (SNP) for simultaneously discriminating both wild-

type andmutant alleles of the gene in very small concentrations.We o®er the plasmon-associated
DNA-genotyping method based on the screening e®ects in assemblies of Raman-optically active

conjugates comprising DNA and metallic carbon nanotubes. The impedimetric DNA sensors of

non-Faradaic type based on the plasmonic screening e®ect can be more sensitive than the Raman

optical transducer based on Raman DNA optical activity resulting in the plasmon resonance due
to liability of the Raman transducer parameters to environmental in°uence.

Keywords: DNA-carbon nanotube conjugates; crystalline assemblies of carbon nanotubes;
KRAS gene polymorphism; Raman spectroscopy; DNA optical activity; non-Faradaic EIS.

1. Introduction

Nowadays, plasmonic and electrochemical DNA assays are promising ones for

applications in the molecular diagnostics of tumors with genome single-nucleotide

polymorphism (SNP). However, sensitivity and selectivity of modern genotyping

electrochemical methods are low to detect allele SNP of cancer genome because of
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insu±cient limit of detection (LOD) for recording point mutations in gene alleles,1

insu±cient LOD when using long DNA probes,2 and su±ciently high value of gua-

nine and adenine oxidation potentials.3 Novel methods of tuning, controlling, and

monitoring plasmon modes are necessary to achieve attomolar and higher sensitivity

for the modern graphene-based transducers of molecular signals. The major di±-

culties to develop the plasmon-associated graphene-based DNA electrochemical

impedance spectroscopy (EIS) for determination of tumor biomarkers are related to

con¯ning of the negatively charged target and probe DNA sequences in the near-

electrode layer and, vice versa, non-speci¯c nucleotide sequences, including perfect-

matched ones chemically bonded with proteins and each others, have to be ejected

from the Helmholtz double layer. Development of electrochemical graphene-based

transducers based on the plasmon-associated screening e®ects would allow to en-

hance the accuracy of modern sequencers about 100 times.4

Our goal is to develop a plasmon-associated label-free DNA-genotyping method

based on the screening e®ects in conjugates comprising DNA and crystalline as-

semblies of few-walled metallic carbon nanotubes.

2. Materials and Methods

2.1. Target dsDNAs

Native genomic dsDNA was isolated from the formalin-¯xed para±n-embedded

samples of colorectal cancer tumor and human placenta. Circulating tumor DNA

(ctDNA) was isolated from the blood of patients with colorectal cancer. The pla-

cental dsDNA is denoted by dsDNApl. Amplicons of the human KRAS gene has been

synthesized by Taq DNA-polymerase. The total volume of the polymerase chain

reaction (PCR) mixture was 25�l. The reaction mixture consists of 50 ng of total

DNA fraction, 0.5�M of each oligonucleotide, including TaqMan probes for PCR,

0.2mM of each dNTP, 166mM (NH4)2SO4, 650mM Tris-HCl (pH 8.8), 0.2% Tween

20, 2mMMgCl2 and 1.25 ME Taq DNA-polymerase. PCR cycling conditions were as

follows: 5min at þ95�C, followed by 45 cycles of 10 s at þ95�C, 60 s at þ60�C. DNA

copy (cDNA) from a mRNA template was synthesized by reverse transcription (RT)

of the total RNA isolated from the colorectal cancer tumor samples by standard

commercial spin-column-based kits. The RT PCR is catalyzed by the reverse tran-

scriptase enzyme.

The following SNP: c.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.

2.2. Oligonucleotide probes

The single stranded 19- and 20-base oligonucleotides, KRASw and KRASm, pur-

chased from \Primetech ALC" (Minsk, Belarus) were utilized as primers. The per-

fectly-matched (KRASw) and single base-mismatched (KRASm) probes are
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complementary to the KRAS-gene wild-type (normal, non-mutant) and

mutant-type nucleotide sequences, respectively. KRASw structure ð50 ! 30Þ is

GTTGGAGCTGGTGGCGTAG, and KRASm structure ð50 ! 30Þ is AGTTG-

GAGCTGATGGCGTAG. The oligonucleotides KRASw and KRASm are distin-

guished by the nucleotide change in 12th position.

2.3. Langmuir–Blodgett sensitive ¯lms

A sensitive layer of the electrochemical-transducer is constructed with few-walled

carbon nanotubes (FWCNTs). The original FWCNTs with diameters ranging from

1.0 and less to 5 nm and length of �2.5�m have been synthesized using a method of

chemical vapor deposition (CVD-method).5 Then, FWCNTs were covalently mod-

i¯ed by carboxyl groups and mixed with a DNA probe and stearic acid in hexane.

Inverse stearic-acid micelles of the conjugates DNA probe–CNT were fabricated by

ultrasonic irradiation of the mixture. Monomolecular crystalline layers of the non-

covalently stearic-acid-functionalized micellar conjugates (DNA–CNT-conjugate

crystalline monolayers) were fabricated by employing the Langmuir–Blodgett (LB)
technique. The monolayers were formed by compressing a two-dimensional gas of the

inverse stearic-acid micelles with the carboxylated FWCNTs and DNA probe

molecules inside. Then, the two LB monolayers were deposited onto surface of

interdigital electrode structures which were isolated by nanoporous anodic aluminum

oxide (AAO) with pores of 10 nm in diameter. Preliminary, Ce- and/or iron-con-

taining 5-monolayer LB ¯lms of an amphiphilic oligomer of thiophene derivatives

with chemically bounded hydrophobic 16-link hydrocarbon chain denoted as H-DTP

were fabricated and deposited on AAO. A chemical structure of H-DTP is 3-hex-

adecyl-2,5-di(thiophen-2-yl)-1H-pyrrole. (see Ref. 6 and references therein). The

working solution of H-DTP, 1.0mM, was prepared by dissolving precisely weighted

substances in hexane. As a result, the DNA probe–CNTs were decorated by the

nanocyclic organometallic LB-complexes of octahedral high spin Fe(II).7–9 Salts

Fe(NO3Þ3 � 9H2O, Ce2(SO4Þ3 (Sigma, USA), hydrochloric acid, deionized water with

resistivity of 18.2M��cm were used to preparate subphases. All chemical reagents of

analytical grade were used without further puri¯cation.

2.4. Electrochemical impedance spectroscopy

Electrophysical studies have been performed using planar interdigital electrode

structures on a pyroceramics support. N pairs, N ¼ 20 of aluminum electrodes are

arranged in an Archimedes-type spiral con¯guration. Every such a pair is an \open-

mode type" capacitor. To excite harmonic auto-oscillations of electric current

(charging–discharging processes in the capacitors), the sensor was connected as

the capacitance C into the relaxation resistance (R) – capacitor (C) oscillator (self-

excited RC-oscillator).10 Operating of such RC-generator is based on the principle of

self-excitation of an ampli¯er with a positive feedback on a quasi-resonance fre-

quency. The capacitance C of the sensor entered in measuring RC-oscillating circuit
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has been calculated by the formula C ¼ 1=ð2�RfÞ, where R is the measuring resis-

tance, f is the frequency of the quasi-resonance.

EIS measurements have been made with a BORDO-322 digital oscilloscope

(UniTechProm, Minsk, Belarus) which provides automatic measurements and

mathematical signal processing (fast Fourier transforms) of the harmonic electrical

signals.

All electrochemical measurements are performed in deionized water.

2.5. Raman spectroscopy

Spectral studies in visible range were carried out using a confocal micro-Raman

spectrometer Nano¯nder HE (\LOTIS-TII", Japan–Belarus) on diode-pumped solid-

state (DPSS) lasers operating at wavelengths of 473 nm and 532 nm with the power

in the range from 0.0001mW to 20mW. The spectra were recorded in the back-

scattering geometry under a � 50 objective at room temperature (RT). The size for

the optical image is of 7� 7�m, vertical spatial resolution 150 nm, spectral resolu-

tion is of up to 0.01 nm.

2.6. Statistics

Each individual signal of the genosensor is registered not less than 60 times as a

response of the sensor has been detected more than 30 times at di®erent frequencies f

and not less than twice for each value of measuring resistance Rns. An e®ective

standard deviation, ��, for an integral value, C�, of the capacitance is determined as

follows. First, a moving average ¯lter, �ðfÞ, has been constructed for a linear in-

terpolation of the experimental Bode plot consisting of all NB experimental points.

Each point of the ¯lter has been found by averaging over ¯ve linear-interpolation

points, being distant from each other by 35 kHz. The points in the ¯lter are spaced by

1 kHz. Second, NB moving average ¯lters, �P ;iðfÞ, i ¼ 1; . . . ;NB, have been con-

structed for linear interpolations of ðNB � 1Þ experimental points with the following

construction of a linear interpolation �iðfÞ over �P ;iðfÞ and the ith non-average

experimental point. Then, the e®ective standard deviation has been calculated by

the following formula:

�� ¼ 1

NB � 1

XNB

i¼1

ð��;i � �� Þ2
" #1=2

ð1Þ

where ��;i and �� are integral values of �iðfÞ and �ðfÞ. An e®ective relative standard

deviation (RSD) for the Bode plot CðfÞ has been calculated as a ratio of the e®ective

standard deviation to the mean integral value, ��, of capacitance. RSD for all

experiments was from 0.003% to 0.02%.

The hybridization signal �C� is determined as the following di®erence: �C� ¼
C�;ah � C�;bh between integral values, C�;ah and C�;bh, of the capacitances, CahðfÞ
and CbhðfÞ, after and before hybridization, respectively.
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The dsDNApl was used as a non-template negative control. Sensitivity of the

electrochemical genotyping was assessed by comparing the integral values of elec-

trochemical signal outputs from the target-dsDNA samples and the dsDNApl–
KRASw against the dsDNApl–KRASm assays. The sensitivity was evaluated by the

Student's t-test that determines statistical signi¯cance or di®erence (P-value).

3. Results

3.1. Theory of dielectric losses in capacitive DNA-hybridization

transducer

Operating principles of the non-Faradaic impedimetric DNA-hybridization sensors

are based on changes in the complex dielectric permittivity, � ¼ �0 þ i�00, of the near-
electrode Helmholtz layer.

When inducing the charge density, �n, an applied electric ¯eld, E, E ¼ �grad U ,

(bias, U) is screened by the conducting LB-¯lm that, accordingly Maxwell

equations11 the electric displacement vector, D ¼ fDigj 3i¼1, arises as

div D ¼ �0div E� e�n ¼ enext ¼ �0

� div Eðr; tÞ þ
X
j

Z
dt0 dr0Kjðr� r0; t� t0ÞEjðr0; t0Þ

 !
; ð2Þ

where enext is an external charge density e is the electron charge. The Maxwell

equation (2) describes the response which is determined by the jth vector Kj, j ¼
1; 2; 3 of response functions as Kj ¼ fKijgj3i¼1 ¼ fKðr; tÞ�ijgj3i¼1, this response is one

to Coulomb interaction after Fourier and Laplace transformations, the response to a

harmonic signal Eð!; qÞ with a frequency ! and wave number q can be represented

through the complex dielectric permittivity, �ð!; qÞ, as
Dð!; qÞ ¼ �0�ð!; qÞEð!; qÞ ¼ �0

� 1þ
Z 1

0

d�

Z
dpe�iðq�p�!�ÞKðp; �Þ

� �
Eð!; qÞ ð3Þ

and is described by the following Fourier–Laplace image of the Maxwell equation

as

q �Dð!; qÞ ¼ �0�ð!; qÞq �Eð!; qÞ ¼ enextð!; qÞ
¼ �0q � Eð!; qÞ � e�nð!; qÞ: ð4Þ

The last gives the induced charge density

��nð!; qÞ ¼ �ð!; qÞ � 1

�ð!; qÞ next: ð5Þ

Then, for the harmonic signal depending on the frequency ! and wave number q,

the Fourier–Laplace image of this response consists in appearance of a Coulomb
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¯eld of induced charge V , as

V ðq; !Þ
1� �ð!; qÞ ¼

U extðq; !Þ
�ð!; qÞ : ð6Þ

Here, U ext and V being equal to enextðq;!Þ
q2 and e�nðq;!Þ

q2 , respectively, are Fourier

images of solutions of corresponding Poisson equations. A screened Coulomb

potential, U screen ¼ Uext=�ð!; qÞ,12 charges the capacitor due to the polarization

P;P ¼ �ðEþPÞ.13 Here �;� ¼ N� being the polarizability per unit volume

satis¯es the Clausius–Mossotti equation � ¼ 3 �c�1
�cþ2; �c is the dielectric constant, N

is a number of molecules per unit volume, � is the polarizability per molecule.

Accordingly to the formula (6), since P ¼ �� grad U screen, the bias V is equal to

grad V ¼ �� 1

�
P � ð�� 1Þð1��Þ

�2
grad U : ð7Þ

The bias U gives rise to Ich and � � 3 because the dielectric constant for water is

large and, correspondingly, �c � 81. Then, the discharging (charging) current is

proportional to the following expression:

Ich � 9

2

V

1� �
: ð8Þ

The imaginary part, �00, of the complex dielectric permittivity presents a resis-

tivity because14

� ¼ 1þ i
�

�0!
: ð9Þ

Here, � is the complex conductivity, ! is the cyclic frequency. It follows from the last

equation and Eq. (8) that

Ich � =m V

1� �
� <e �0!V

�
� V

�00
: ð10Þ

But, the energy CV 2=2 stored at (released from) the capacitance C is determined by

the following expression: CV 2=2 � IchV . Substituting the expression (10) for the Ich
into the expression for the energy one gains that �00 � 1=C. The last signi¯es that the

dielectric losses �00 due to the dielectric-polarization relaxation process occur in a

frequency range where the sensor capacitance C falls down.

3.2. Raman spectral studies of micellar dsDNA

A sensitive layer of the hybridization transducer comprises micellar DNA primary

entering micellar DNA–CNT conjugates from inverse micelles of stearic acid. Let us

make comparison between Raman spectra of dried dsDNA and the dsDNA inside of

stearic-acid micelles. Results of the Raman spectral analysis is in Table 1. The

Raman bands for the native dried and micellar dsDNAs mainly are related to Raman

spectra for dsDNA in A form, that forms a tighter helix than dsDNA in B form.

However, Raman peaks attributed to disordered regions of the bulk dsDNA are
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Table 1. Characteristic molecular vibrations, observed in the Raman spectra of native dsDNA in

di®erent forms.

Raman bands, cm�1

Dried placen-
tal DNA Micellar placental DNA

Dried calf
DNA15,16 Assignment

663.6 ��� 663 665 cm�1 for C-30-endo-anti ring pucker for
Gu entering Gu–Cy dsDNA in A form17;

666 cm�1 T in A-from A–T DNA17;

680–656 cm�1 for in-phase ring stretching

vibration of Gu.18

728.2 (disor-
dered)

��� 727
(disordered)

728 cm�1 for A of A–T disordered dsDNA17;

724–732 cm�1 for in-phase ring stretching
vibration of A.18

��� ��� 742 T, d15,16

783 ��� 783 783 cm�1 for vibrations of deoxyribose
phosphate backbone (bc) and Cy in

Gu–Cy A-form dsDNA17; 790–796 cm�1

for in-phase ring stretching vibration of

Cy.18

802 (A-form) 835 (B form) ��� 807 cm�1 and 808 cm�1 is values of frequencies

of C-30-endo-furanose-ring pucker for bc of
A–T and Gu–Cy A-form DNAs, respec-

tively17; 841 cm�1 is a very weak band

from C-20-endo-furanose-ring pucker for

A–T dsDNA in B form.17,19

881.6 880 ��� 852 cm�1 is a frequency of bc vibration for

Gu–Cy dsDNA in A form.17

963.6 920 ��� 960 cm�1 for rocking NH2 and stretching

N=C of A18; 920 cm�1 for A in A-form
dsDNA.

1014 1020 1012 1020 for rockingNH2 and stretchingCH inCy.18

1060.64 1050 1060 d(CO).15,16

1100 1100 1100 phosphodiester bond DP(PO�
2 ) of dsDNA in

A form.15,17

1141.25 1140 ��� 1140 cm�1 for stretching (–NH) and bending
CH in Cy.18

1181.3 ��� 1181 1180 cm�1 for Gu, Cy in A- and B-form

Gu–Cy dsDNA.17

��� 1185 (B form) ��� 1186 cm�1 for T in disordered and B-form

A–T dsDNA17; 1184–1169 cm�1 for bend-

ing (–CH) and stretching CN in T.18

1208.9 (disor-

dered)

��� ��� 1208 cm�1, 1209 cm�1 for T, A in disordered

and B-form A–T dsDNA, respectively; not

resolvable for A-form dsDNA.17

1245.67 1245 1243 1242 cm�1 forCy ofGu–CydsDNA inA-form.17

��� 1270 ��� 1295 cm�1 for Cy in A-form Cu–Cy dsDNA17;

1294–1306 cm�1 for a N–C stretch coupled

to C¼C stretching in Cy.18

1303.53 1300 1308 1301 cm�1 A in A-form A–T dsDNA.17

1344 (B form) 1340 (A-form) 1335 1334 cm�1 for A in disordered and A-form

A–T dsDNAs17; 1341 cm�1 for A entering

B-form A–T dsDNAs.17
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present in the Raman spectra also (see Table 1). It signi¯es that some sites of the

bulk dsDNA are disordered. Contrary to the bulk dsDNAs, both strands of the

micellar DNApl are spiral chains. When being stretched, the micellar A helix of

some A–T-rich regions transits into the B form. It testi¯es the appearance the band

from C-20-endo-furanose-ring pucker being feature for A–T dsDNA in B form and the

Raman band of 1185 cm�1 being feature for thymine entering B form (see Table 1).

The positions of characteristic bands of the micellar DNApl are shifted to the

lower frequency range on respect to that of the dried-DNApl. It signi¯es that the

micellar DNA are more deprotonated than the dried DNA and, correspondingly, an

Table 1. (Continued )

Raman bands, cm�1

Dried placen-

tal DNA Micellar placental DNA

Dried calf

DNA15,16 Assignment

1373.1 1370 1372 1374 cm�1 for T, A in A-form A–T dsDNA17;
1362–1370 for stretching (C¼N) and

(N–C) groups in A18; 1372–1388 cm�1 for

bending (C–Me) of T.18

1418.2 1418 1418 1418 cm�1 for a C¼N stretch coupled to NH2

stretching in Gu18; 1417 cm�1 for A, Gu,

bc entering A-form A–T and Gu–Cy
DNAs.17

1484 (disor-

dered)

shoulder 1480

(A-form)

1484

(disordered)
1482 cm�1 and 1486 cm�1 for Gu in A-form

and disordered Gu–Cy dsDNA, respec-

tively17; 1478 cm�1 for A in A-form

DNA17; 1483 cm�1 for A in disordered and

B-form DNAs17; 1488 cm�1 for stretching

group C–N–C in Gu.18

1504.8 1500 1508 1503–1504 cm�1 for bending NH group of T.18

1528.6 (disor-

dered)

1520 (A-form) 1528 (disordered) 1528 cm�1 for Gu in disordered Gu–Cy
dsDNA17; 1538 cm�1 for a (C¼C) stretch

coupled to C–N stretching in Gu18;

1520 cm�1 for Gu in A-form dsDNA.

1573 1570 1574 1574 cm�1 for Gu in A-form Gu–Cy dsDNA17;

1576–1582 cm�1 for C–N stretch coupled

to (C¼C) stretching in Gu.18

shoulder 1600 1607 ��� 1605 cm�1 for C¼N stretch in A20; 1609 cm�1

for NH2 in dsDNA20; 1655 cm�1 for

(C¼O) NH in Cy.18

1661 1641 1664 Vibration of the group (C¼O) NH (called

\Amide I") is a amide C¼O stretch cou-
pled to N–H wagging that is of 1632–1670
	 2–5 cm�117 for Gu; 1641 cm�1 for Gu
entering A-form dsDNA.

2747 2721 ��� d(CH).

2894 2845.6, 2880.7 2894 d(CH).15,16

2955.36 2921 2950, 2957 d(CH).15,16

Notes: Abbreviations used: adenine, guanine, thymine and cytosine are designated by A, Gu, T, and Cy,

respectively; d, deoxyribose.
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extent of conjugation increases in the micellar DNA.7,8,20,22 Some adenine-rich

A-helix regions of the bulk dsDNA can transit into B form. The comparison between

the Raman spectra for the bulk human placental and calf-thymus dsDNAs gives that

the frequency of 1208 cm�1 is recorded for the bulk DNApl. It indicates that the

presence of the bulk B-form DNApl sites is a result of protonation happening in the

less dehydrated dsDNApl (see Table 1).

The largest shifts were recorded for the following dried-DNA adenine and guanine

peaks: 963 cm�1 and 1661 cm�1, respectively, for which red wavelength shifts are

equal to 43 cm�1 and 20 cm�1, respectively. Thus, adenine and guanine bases most

subject to protonation with subsequent oxidation due to their oxidation potential

value being the lowest among the nucleotide oxidation potentials. Impact of

deprotonization is that the DNA helical structure and, correspondingly, the conju-

gation chain is restored. It means that hole conduction appears for the DNA double

helix after the reduction of adenine and guanine bases. The least shifts are recorded

for the dried-DNA cytosine and thymine peaks. For example, the cytosine and

thymine peaks of 1141.25 cm�1 and 1442 cm�1, respectively, shift to lower frequen-

cies by 1.25 cm�1 and 4 cm�1, respectively. Thus, cytosine and thymine bases are

weakly subject to protonation with subsequent oxidation due to the large values of

their oxidation potential.

dsDNA being deposited on CNT surface remains its helical structure. The DNA

double helix is optical active.23–25 It means that the helical DNA on CNT surface

circularly polarizes laser radiation. Raman scattering of the circularly polarized

electromagnetic quanta in the graphene sheet gives rise to whirling graphene electron

density around the zero-energy Majorana mode (vortex core) residing in the Dirac

point KðK0Þ. It brings about the decon¯nement of the vortical pseudo Majorana

quasi-particles, whose disintegration (the loss of correlation between individual

branches of vortex) originates electron-hole pairs of the Dirac °uid. High-intensity

collective (plasmonic) oscillations of the graphene charge carriers arise under an

action of electrical ¯elds of vibrational DNA molecular groups, and then an elastic

scattering of the laser beam on the graphene plasmons occurs resonantly. The in-

tensity of the peaks in the Raman spectrum of dsDNApl-individual-CNT conjugates

increase more than twice compared to the intensities of the Raman peaks of the

micellar dsDNA in a result of the plasmon resonance.

3.3. Plasmon-associated screening e®ects in conjugates

between metallic carbon nanotubes and DNA

Graphene hosts zero-energy pseudo Majorana modes in the Dirac points. Plasmon

modes in graphene may be originated from the swirling of the graphene electron

density as the low- and high-frequency dielectric function (imaginary part of con-

ductivity) is featured by zeros (see Fig. 1(a)).26 In experiments, the graphene plas-

mons are excited by circularly polarized quanta of electromagnetic ¯eld,25,27

including that in terahertz range (see Ref. 28 and references therein).
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Dipoles comprising hydrated ions (OH�) and counterions (Hþ), and hydrated

dipoles, for example, of nucleotide bases form a Helmholtz double layer. Resonances

of water in hydrate-like cages, which is formed by molecules of hydrate water around

the dipole, are in the terahertz range and are emitted after the decay of the hydrate

complex into the cage and dipole as a result of vibrations (rotation) of the dipoles in

an alternating electric ¯eld.29–31 Reorientation of the dipoles of the Helmholtz double

layer in the alternating electric ¯eld of the electrode is accompanied by the emission

of an electromagnetic ¯eld in the terahertz range.

Unlike the DNA dipoles, dipoles consisting of hydrated OH� and Hþ and rotating

in an alternating electric ¯eld disappear at low electric ¯eld strengths due to the

association of ions into neutral molecules with the disappearance of the water cages.

In the absence of radiation from the cage resonances, electrons and holes in graphene

annihilate very quickly so that the only core of the vortex remains (zero-energy

pseudo Majorana mode). These processes of con¯nement and decon¯nement of the

pseudo Majorana quasi-particles give rise to the CNT electroactivity that is resolved

by the Warburg impedance in the CNT dielectric spectrum. Negatively charged

regions of the plasmon wave e®ectively reduce the electrical charge on the electrode

as Fig. 1(b), left shows. Correspondingly, by reducing the intensity of the process of

water-molecules ionization, this plasmon-associated screening of the electrodes

electric ¯eld decreases the electrical capacitance of the Helmholtz double layer. The

higher the intensity of the plasmonic modes, the better the screening e±ciency.

Figure 1(b) depicts the near-electrode Helmholtz layer comprising the conjugates

\ssDNA–CNT" and \dsDNA–CNT" before and after hybridization with a perfectly

matched chain of target, respectively. The plasmon wave is attenuated when scat-

tered at the CNT ends. Since guanine is reduced during the double helix formation,

hole conductivity appears in DNA. Conductive double-stranded DNA regions,

linking the CNT ends, create a network of ways along which the graphene plasmons

(a) (b)

Fig. 1. (Color online) (a) Imaginary part of longitudinal Ohmic conductivity, �ð!; kÞ, of the pseudo

Majorana fermions (solid curves) and of Dirac fermions in graphene32 (dashed curves), versus wave
number k, k ¼ p�KAðBÞ at the temperature 100K and the frequencies !: 13:3K (0.27THz), 0:004K

(83MHz), 10�10 K (2.08Hz); the chemical potential equals to 1K. =m �ð!; kÞ is measured in the relative

unit e2=h and labeled as =m �13:3 (blue color), =m �0:004 (green color), and =m �dc (red color) for the

frequencies 13.3, 0:004, and 10�10 K, respectively; h is the Plank constant. (b) A cartoon of operating
principle of the electrochemical genotyping.

November 22, 2023 3:03:01pm WSPC/147-MPLB 2342013 ISSN: 0217-9849 2nd Reading

H. V. Grushevskaya et al.

2342013-10



can jump from one CNT to another one and, correspondingly, move inde¯nitely

throughout the CNT assembly (make comparison between Fig. 1(b), left and right).

Since the area of plasma-wave propagation e®ectively expands, the intensity of

plasmon waves increases. As a result, since the number of oxidized guanines

decreases and the number of hydrate complexes is proportional to the electrical

charge of the double layer, the capacitance of the latter decreases. But, as one can

see, the thickness of the double layer may also decrease after complementary binding

if the oxidized guanines of the untwisted regions of the target DNA make a large

contribution to the polarization.

Thus, when binding the electroactive conductive substrates the target analyte

which is residing in the Helmholtz layer dramatically changes the EIS-impedance.33–36

The change of capacitance of the electrode–electrolyte interface can be considered as

the main indicator of the hybridization interaction. It means that, unlike the Helm-

holtz layer formed by the dipole-polarized ssDNA, an additional Maxwell–Wagner

polarization of the Helmholtz layer with the dsDNA inclusions occurs due to hole

conduction of the helicoidal dsDNA.7 When strongly screening the applied electrical

¯eld of the frequency !, the Maxwell–Wagner polarization a®ects the ion hydrate

complexes formation that the capacitance of the double layer decreases.37

3.4. Electrochemical KRAS-gene sequencing based on

plasmonic conjugates DNA–CNT-assembly

We present a genotyping electrochemical technology to discriminate a single-nu-

cleotide mutation in the KRAS gene (2 exon, 12 codon, G/A). To recognize the

mutant and wild alleles, it was necessary to use two sensors. The wild-type allele

detection probe was placed on the surface of the ¯rst sensor. The probe for detecting

the mutant-type allele was located on the surface of the second sensor. This tech-

nology is based on the screening e®ect leading to that the capacitance values for a

wide frequency range decrease as a result of the complementary hybridization be-

tween target and probe DNA sequences.

We have sequenced real-time-PCR amplicons and RT-PCR cDNA for the DNA

colorectal cancer tumor and the ctDNA from blood of patients with colorectal

cancer. The results of their sequencing are shown in Fig. 2. The integral capacitance

of all samples decreased, with the exception of the cDNA sample in the concentration

of 6.25 ng/ml and for the sensitive layer being decorated by Fe only. The signal

output from the cDNA sample in the concentration of 6.25 ng/ml indicates an in-

crease in the electrical capacitance of the sensor due to the predominance of the

proportion of the dsDNA in the coiled state over the double-stranded one and,

correspondingly, due to a large guanine-dipole contribution. All these samples

showed statistical signi¯cance for a signi¯cance level of 0.02–0.05. All the samples are

contaminated however, the molecules being non-speci¯c bonded with DNA probes

are easily washed and do not contribute in the transducer response. The Fe–Ce
containing sensor covering is preferred as the sensitive transducer layer because the
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helix-coil transition occurs faster in the presence of Ce. Thus, it was found that the

genosensor preserves its ability to discriminate allele SNP even in the presence of

high concentration of interferences.

4. Discussion and Conclusion

So, the experimental studies performed have revealed that the stacking interactions

between �ðpzÞ electrons of carbon nanotubes and DNA molecules hamper non-

complementary hybrid formation. The observed screening e®ects of DNA hybrid-

ization are explained by the topologically nontrivial Majorana origin of the graphene

charge carriers. The plasmonic high-ordered DNA–CNT hybrids e®ectively screen

near-electrode double charged layers. Single strands of complementary target DNA

penetrate through nanocavities of nanocyclic complexes into the pores of anodic

aluminum oxide. Some sites of this penetrated DNA are structured into double-

stranded DNA and are con¯ned in the AAO nanopores, since due to the large

diameter of the double helix they cannot pass into the volume. Due to the locking of

such sites of the target DNA in the AAO pores, the DNA poly-ion does not leave the

conjugates between the homoduplexes and CNT when the sign of the electrode

electric potential changes to the opposite one. Dielectric and Raman spectral studies

of DNA hybridization on surface of crystalline metallic CNT assemblies which are

suspended on nanopores have been performed. It has been shown that the

Fig. 2. (Color online) EIS genotypings. Integral values, ��C�, of capacitance di®erence for samples

obtained by the method of RT from RNA, isolated from cancer tissue samples of patients (cDNA); for the
DNA samples isolated from blood of patients with colorectal cancer (ctDNA); for PCR products (PCR

amplicons). The DNA concentration in the measuring cell is indicated in parentheses. Error bars represent

threefold standard deviation (3�). The statistical signi¯cance is as follows: **P 
 0:02; *P 
 0:05. \Fe"

and \Fe–Ce" designate the type of sensor coating, comprising organometallic iron or iron-cerium com-
plexes, respectively.
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carboxylated CNTs decorated by the nanocyclic organometallic complexes can be

used to discriminate SNP of colorectal tumor genome. We have o®ered impedimetric

DNA sensors of non-Faradaic type based on the plasmonic screening e®ect.

To summarize our ¯ndings. The new high-performance DNA nanosensor has been

developed to genotype DNA sequences from colorectal-cancer tumor samples and

blood of patients with colorectal cancer. The sensor operation is based on di®erent

electrochemical capabilities of the assemblies ssDNA–CNT and the network formed

by homoduplexes linking the nanotubes to each other.
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