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Abstract. A novel label-free impedance assay which is based on self-redox active carbon nanotube arrays decorated by
nanocyclic organometallic complex monolayer is offered to discriminate single-nucleotide polymorphism of
colorectal-tumor genome. The assay is based on the following effects. A mass transfer for the multiwalled carbon nanotubes
(MWCNTs) is testified by a Cole–Cole plot with Warburg impedance in dielectric spectra. Charging K(K ′)-point of
graphene Brillouin zone is associated with the mass transfer for MWCNTs that leads to arising of charged MWCNT-end
states. Plasma oscillations of charge carriers shield electric field of charged electrodes. Complementary hybridization of
target deoxyribonucleic acid (DNA) with probe DNA on the MWCNT surface facilitates the penetration of single-stranded
target DNA in the nanopores. Dielectric-band appearance and shielding effects testify the duplex formation.

Introduction

Modern methods of molecular-genetic analysis, which are used
in clinical practice, require an amplification of target single-
stranded (ss) DNA sequences in polymerase chain reaction
(PCR).

However, the extremely low concentrations of tumor DNA
are out of detection limit of PCR-based methods because the
losses of the target DNA in the isolation, purification and de-
tection processes. Because of very small concentrations from
0.01 to 0.002% of mutated allele DNA in the cancer sam-
ples, only single double-stranded (ds) DNA molecules with
single-nucleotide mismatch (gene point-mutation or single nu-
cleotide polymorphism (SNP) of genome) are isolated from
tumor tissue of patients at early-stage cancer. Single long
DNA molecules in the plasma of patients with cancer are di-
agnostic marker and prognostic factor also. Because of these
facts new methods of DNA-analysis should be developed [1,2],.
The most promising method for sequencing of single DNA
molecules in samples is nanosequencing based on surface plas-
mon resonance effects and surface-enhanced Raman scatte-
ring in quantum materials: nanoparticles, graphene, carbon
nanotubes, graphene-like monomolecular layers (monolayers)
and nanostructured composite materials [3,4]. In the present
work we utilize long ds- and short ss-DNA-probes for label-
free genotyping. The purpose of this study is to perform di-
electric and Raman spectral analysis of DNA-hybridization
on surface of decorated-MWCNT monolayer suspended on
nanopores and to develop an label-free impedance assay utiliz-
ing self-redox activity of carboxylated MWCNTs decorated by
nanocyclic organometallic complexes to discriminate single-
nucleotide polymorphism of colorectal tumor genome.

1. Experimental

Materials. We utilize two types of DNA probes at single-base-
mismatch discrimination: short primer ss-DNAs for perfect-
matched (wild-type) and single-mismatched (mutant-type) hy-

bridization with native ds-DNAs and long primer single-base
mismatched ss-DNA/blocker composition system as ds-DNA
probe for complementary hybridization with a mutant-type
oligonucleotide sequence ss-DNAm. The blocker oligonu-
cleotide prevents a hairpin-structure formation and contains
inosine (I) substitutions. All oligonucleotide label-free probes
are presented in Table 1. The DNA probes were purchased
in “Primetech ALC” (Minsk, Belarus). An oncogene KRAS,
native ds-DNA

T
isolated from colon-cancer tumor, and pla-

cental ds-DNA
P

of healthy donors were utilized as a marker
gene. The purity of the DNA samples was confirmed by a
spectrophotometric method. All experiments were performed
at root temperature. For experiment, the ds-DNA probe was
prepared by annealing a 2:1 ratio of the blocker ss-DNAWm to
ss-DNAlp in TE buffer at 37 ± 0.1◦C. The hybridization re-
action lasted 30 minutes. All chemical reagents of analytical
grade were used without further purification.

Biosensitive nanostructured ultra-thin films which trans-
duce hybridization signals was fabricated by the Langmuir–
Blodgett (LB) technique and consisted of five monomolecular
layers (monolayers) formed by nanocyclic complexes of high-
spin octahedral iron with dithionylpyrrole (DTP) ligands and
two monolayers from complexes of carboxylated hydrophilic
MWCNTs with different DNA-probes.

Methods. Electro-physical studies have been performed
using planar interdigital electrode structures on pyroceramic
support. The dielectric coating of the electrodes represents
itself a nanoporous anodic alumina layer (AOA) with a pore
diameter of 10 nm. The synthesized LB-nanoheterostructures
were suspended on the interdigital electrode system. Spec-
tral studies in visible range were carried out using a confo-
cal micro-Raman spectrometer Nanofinder HE (“LOTIS-TII”,
Tokyo, Japan-Belarus) by laser excitation at wavelengths 532,
785 nm at room temperature.

All results were confirmed by Sanger sequencing method.
We have discriminated mutation and wild type in 100% of 20
samples.
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Table 1. Oligonucleotide sequences used in experiments.

Oligonucleotide name Sequence structure (5′ → 3′)
wild-type ss-DNA probe KRASw GTTGGAGCTGGTGGCGTAG

mutant-type ss-DNA probe KRASm AGTTGGAGCTGATGGCGTAG
long primer single-base mismatched ss-DNAlp ÀATAAGGAGGCACTCTTGCCTACGCCATCAGCTCCAACTACCACAAG

blocker ss-DNAWm ÑTTGTGITAGTTGGAGCTGATGICGTAGICAAIAGTICCT
target single-base mismatched ss-DNAlm CTTGTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCTCCTTATT

2. Hybridization effects on MWCNT enhancement
of light scattering and mass transfer
in MWCNT monolayers

MWCNT-enhanced light scattering and MWCNT-based quen-
ching. MWCNT-enhanced long-distance energy transfer is ex-
cited in the DTP monolayers with a hybridized ds-DNA at the
green laser excitation with 532 nm as fig. 1 a demonstrates.
The charge transfer into high excited levels is originated by
perfect match between KRASm and the mutant ds-DNA

T
of

colorectal cancer tissue. Chiral massless charge carriers con-
fined on MWCNT surface are in lower impurity levels and
become free after excitation of the impurity charge carriers to
the high energy levels. Therefore, destroying of electron-hole
pairs in graphene plane leads to decreasing number of charged
K(K ′), -points of graphene Brillouin zone for MWCNTs
and, accordingly, the intensity of G band of the spectrum in
fig. 1 a decreased.

Complementary hybridization between the single-stranded
chain of target ds-DNA

T
and the KRASm DNA-probe leads to

touching between MWCNTs and DTP surfaces the distortion of
ON/MWCNT complexes by formed perfect duplexes. Then the
target ss-DNA

T
penetrates through nanocavities of nanocyclic

compound into the nanopores. As result, Coulomb forces be-
tween the DNA and self-redox active DTP-monolayers push
out the last from nanopore and, accordingly, the touching sur-
face for DTP-molecules and MWCNTs grows with subsequent
increment of π−π -stacking. Meanwhile, a decrement in the
impurity energy levels makes them acceptable for MWCNT
charge carriers. Since the chiral charge carriers occupy and
are not destroyed on the impurity levels the transitions of im-
purity charges are suppressed in virtue of Pauli exclusion prin-
ciple signifying that MWCNTs quench scattering light with
wavelengths 532, 785 nm after the hybridization as compari-
son between pairs of spectra 1–2 and 3–4 in Fig. 1 a shows.

Impedance spectroscopy analysis. Figure 1b,c. Dielec-
tric spectra of nanoporous alumina do not contain dielectric
Cole–Cole plots (bands) with diffusion element or Warburg
impedanceW . Since theWarburg impedance is absent forAOA
and, accordingly, the oxidation of aluminium electrodes does
not occurs, the formed nanoheterostructures are stable. The
Cole–Cole plot for the metal-containing dithionylpyrrole LB-
films testifies both electric capacity of Helmholtz double layer
and the Warburg impedanceW of diffusion layer in which elec-
trochemical reactions with mass transfer proceed (self-redox
activity). The oxidation-reduction potential of dithionylpyrrole
films emerges due to self-redox activity of pyrrole groups with
transport of electric charge along conjugated double bonds.
MWCNTs are also self-redox active ones according to a Cole–
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Fig. 1. (a)Raman spectra of decorated MWCNTs after hybridization
of target DNA

T
with KRASw (spectra 1,3) and KRASm (spectra 2,4)

on MWCNT surface. Wavelengths of laser excitation were 532 (1,2),
785 mn (3,4).; (b) Dielectric spectra: “1” for nanoporous AOA, “2”
for metal-containing DTP-LB-film deposited on AOA, “3” for deco-
rated MWCNTs suspended on nanopores; (c) dielectric spectra: “1”
and “2” for DNA-sensor with KRASw and a probe system KRASw–
ds-DNA-probe respectively, “3” after binding with target ss-DNAlm.
Cole-Cole plots in the spectra are marked as Ai, i = 0, . . . , 5 for
AOA; “P” for the DTP compound and Ci, i = 0, . . . , 3 for MWC-
NTs; Si, i = 0, . . . , 3 for DNA-sensor with KRASw only; “On” for
ds-DNA probe; “DNA” for duplex.

Cole plot withW labeled by P in spectrum 3, Fig. 1b,c. Mass
transfer for the complex ds-DNA probe/ MWCNT is observed
that a dielectric spectrum of EIS-transducer including the com-
plexes ds-DNA probe/MWCNT is characterized by presence
of Warburg impedance in a Cole–Cole plot labeled by “On”
in Fig. 1c. It testifies redox activity of the ds-DNA probe on
MWCNT-surface. Fig. 1c shows that a dielectric band of du-
plex (Cole–Cole plot labeled by “DNA” in dielectric spectrum
3) appears after specific hybridization.

So, dielectric and Raman spectral analysis of DNA hy-
bridization on surface of decorated-MWCNT monolayer sus-
pended on nanopores has been performed. It has been shown
that self-redox activity of carboxylated MWCNTs decorated
by nanocyclic organometallic complexes can be used to dis-
criminate single-nucleotide polymorphism of colorectal tumor
genome.
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