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Coupling Electrochemical Adsorption and Long-range
Electron Transfer: Label-free DNA Mismatch Detection
with Ultramicroelectrode (UME)

Nivedita Basu, ¥ Thu Huong Ho," Francois-Xavier Guillon,”) Yuanyuan Zhang " Pascal Bigey,

[b,c]

Bhat Navakanta,"! Fethi Bedioui,*/*! and Mathieu Lazerges!® ™!

Abstract: A new electrochemical hybridization trans-
duction pathway, obtained by coupling electrochemical
adsorption and long-range electron transfer through
double-stranded DNA, was investigated using ultrami-
croelectrode (UME). The results show that long-range
electron transfer does not occurs exclusively throws well-
packed and organized self-assembled DNA monolayers.

This approach is used to investigate long-range electron
transfer properties of both single- and double- stranded
short synthetic DNA and DNA plasmids. Single mismatch
electrochemical detection protocol of non-labelled short
synthetic DNA, without heating or probe labelling, in a
10 minutes protocol, was in fine performed.
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1 Introduction

Electrochemical adsorption of nucleic acids onto carbon
paste electrode was firstly used to quantify RNA [1],
single-stranded DNA [2] and DNA plasmids [3,4]
samples. The electrochemical adsorption of DNA was
performed at +0.5V vs Ag/AgCl potential during 2 min.
The adsorbed nucleic acids were then detected using the
irreversible guanine oxidation peak at +1.0V vs Ag/
AgCl. The driving force of electrochemical adsorption is
the electrostatic interaction between the negative charges
of DNA phosphate backbone and the positive charges of
the graphite surface due to electrode polarization. This
technique, combining electrochemical adsorption of nu-
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cleic acids and subsequent irreversible electrochemical
oxidation of their guanine base, was used to perform
electrochemical hybridization transduction of various
nucleic acids targets: 20-base poly(C) DNA [5] and 21-
base and 27-base DNA [6]. Moreover, single mismatch
detection of a 17-base DNA was performed at 42°C
temperature [7]. In the last two decades, several bio-
sensors based on this architecture were developed,
yielding to detection limits in the femtomolar range [8,9].
The principal advantages of this approach are the use of
non-labeled nucleic acid probes and the rapid probe
adsorption. Its main limitation is the irreversible DNA
oxidation process that does not allow further use of the
biosensor.

Elsewhere, the distance dependence of electron trans-
fer in DNA duplex was unambiguously established
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20years ago by measurements of steady-state
fluorescence quenching between a fluorescent electron
donor and an electron acceptor covalently grafted at
different length of a DNA duplex [10]. Quenching of the
fluorescent probe occurs when the spacing length between
electron donor and acceptor is inferior to 30 A, which is
the long-range electron transfer distance limit. The
authors rose from this study that a single mismatch
induces a large decrease of long-range electron transfer
efficiency due to disrupting of n-stacking of DNA base
along the duplex helix axis. This property was used few
years later to design electrochemical DNA biosensors
based on long-range electron transfer through DNA self-
assembled monolayers (SAM) of thiol-labeled probes
adsorbed onto gold surface via S—Au bond. The electro-
chemical transduction of hybridization was performed by
reduction of [Fe(III)(CN)¢]*" to [Fe(II)(CN)s* at
—0.35V vs saturated calomel electrode catalyzed by
methylene blue (MB), which is a redox and conjugated
plane molecule intercalated in the DNA duplex [11].
Diffusion of [Fe(IIT)(CN)s]*~ within the DNA monolayer
is prevented by electrostatic repulsion with the phosphate
residues of the DNA backbone. A recent study demon-
strates that DN A-mediated electron transfer efficiency is
increased for reduction and depends on the structure of
the DNA duplex sequence: the electron transfer rate for a
AT oligonucleotide duplex is about 5 times the rate of a
CG one [12]. The major advantage of this electrochemical
transduction pathway is the detection of a single mismatch
without heating [13]. Its main limitations are the chemical
labeling of the probe with a sulfured ligand and the slow
adsorption process of the probe onto the gold surface.
Many biosensors based on this architecture were devel-
oped the last two decades, yielding to a LOD in the
femtomolar range [14,15,16].

The aim of this study is to investigate the coupling of
DNA electrochemical adsorption, which is rapid and do
not require chemical labelling, to long-range electron
transfer of double-stranded DNA, which is selective, in
order to combine advantages of the two techniques for
DNA assay purposes.

2 Experimental Section

Electrochemistry. A two-electrode setup (Scheme 1) con-
sisting of a working UME (graphite @ 33 um or platinum
@ 25 um) and a counter millielectrode of the same metal
(graphite or platinum @ 2 mm) was used in order to avoid
the use of a reference electrode. As previously reported,
such two-electrode setup is interesting for the develop-
ment of miniaturized analytical devices as it requires less
complex equipments than a three-electrode setup. Else-
where, the redox Fe(Il)/Fe(Ill) wave is centered at the
axes origin. Indeed, as the two electrodes are made from
the same metal {geld), the equilibrium potential is equal
to 0V, and so the application of a feeble potential
difference yields to a the development of a high current
suitable for analytical purposes [13,14].
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Scheme 1. Electrochemical two-electrode setup (not real scale).

The electrodes were successively polished using P800/
P2400 (9-22 pum particle size) and P1200/P4000 (615 pm
particle size) silicon carbide disks (Pesi) during 1 min
each. Amperometric measurements were performed with
a Petit Ampere LC-3C (BAS) using the 10 nA range and
the 0.03 Hz low-pass RC filter that allows measurements
without the use of a Faraday cage. The electrolyte volume
was 50 pL.

Chemical products. Water was distillated and deion-
ized prior to use (p=15MQ.cm). 99.8 % NaCl (Riedel-de
Haén), K;[Fe(CN),] denoted as Fe(I11) (Rhone-Poulenc),
K,[Fe(CN)¢],3H,0 denoted as Fe(Il) (Riedel-de Haén)
and methylene blue (MB) (Rhone-Poulenc) were used
without further purification.

DNA strands. Synthetic 21-base oligonucleotides (Ta-
ble 1) were purified using reverse phase HPLC by the
provider (Eurogentec).

The probe sequence is complementary to miR215, a
colon cancer biomarker [17]. The 4271 base-pair (bp)
DNA is a plasmid encoding a soluble receptor of TNF-a
[18] and the 2023 bp DNA is a non-coding small plasmid
[19].

3 Results and Discussion

The detailed raw data of this study (I vs 4E responses of
UMESs) are included in the supplementary material file.

Table 1. 21-base oligonucleotides sequences of probe (P), target (T),
targets with 1 mismatch (Tm1 and Tm11) and 2 mismatches
(Tm5,11).

P TACTGG ATA CTT AACTGT CGT

T ATG ACCTAT GAATTG ACA GAC
Tml TTG ACCTAT GAA TTG ACA GAC
Tmll ATG ACCTAT GTA TTG ACA GAC
TmS5.11 ATG AGC TAT GTA TTG ACA GAC

Electroanalysis 2019, 31, 1-7 2
These are not the final page numbers! 77


www.electroanalysis.wiley-vch.de
Fethi_Bedioui
Barrer 


Full Paper

15

1(nA)

10

Fe(Il) = Fe(lll) + ¢

(3]

NaCl AE(V)

-0,3 -0,2 -0,1 0,1 0,2 0,3

Fe(lll) + e = Fe(ll)
-10

-15

Fig. 1. Amperometric response of 25 pm diameter platinum UME
in NaCl 0.5M (black discs) and 0.5 M NaCl, 3.0 mM K;[Fe(III)
(CN),] and 3.0mM K,[Fe(II)(CN)4],3H,0O (blue discs), the
current was recorded for each potential after 1 min. of polar-
ization.

Two-electrode setup electrochemical responses. Elec-
trochemical responses of a platinum UME between
—0.3V and +0.3V (Figure 1) indicate that the back-
ground current related to NaCl electrolyte is negligible
compared to that of Fe(Ill)/Fe(II) redox process. The
mean value of diffusion limit current, equal to 12.5 nA
(4E=+£0.15V), is in the range of the 9.5 nA calculated
for the theoretical stationary faradaic solution of a disc
electrode:

I=4xzxFxDxCxR

where z=1, F=96485 C.mol' (IUPAC source [20]), Dp,
ayren =64x10""m’s™" (mean value [21]), Cruuyren
3mM and r=12.5 uym.

Electrochemical single-stranded DNA adso. ;..on onto
platinum and graphite UMEs. Fe(II) oxidation current I
was measured before electrochemical adsorption of sin-
gle-stranded DNA (ss-DNA) at a +0.05V for both Pt
and graphite UMEs (Scheme 2A): oxidation current for
this potential difference is close to the maximum one
(Figure 1). The electrochemical adsorption of ss-DNA
was performed by applying a positive potential difference
AE ranging from 0.1 V/0.5V (Scheme 2B). Fe(II) oxida-
tion current I, was then measured after the electro-
chemical adsorption step B again at a +0.05V (Sche-
me 2C). For all these experiments, the electrolyte
contains DNA and Fe(II)/Fe(III) in order to perform the
electrochemical adsorption and the oxidation of Fe(II) in
a one-pot protocol.

The Fe(II) oxidation currents before (I,,) and after
(I,) the ss-DNA electrochemical adsorption were meas-
ured for different conditions: electrochemical adsorption
potential ranging from +0.1 V/40.5V and electrochem-
ical adsorption time ranging from 3 min. to 15 min. The
1./1,, ratio of the oxidation current after and before ss-
DNA adsorption was then calculated (Figure 2).
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Scheme 2. (A) Fe(IT) oxidation before electrochemical adsorption
of ss-DNA. (B) Electrochemical adsorption of ss-DNA. (C) Fe
(IT) oxidation after the electrochemical adsorption of ss-DNA.
Electrolyte: 3.0 mM Fe(II); 3.0 mM Fe(III); 0.5 NaCl and 1.5x
107 M ss-DNA probe.
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Fig. 2. Ratio I,/1,, of current measured at +0.05 V with Pt UME
before (I,,) and after (/) the electrochemical adsorption of ss-
DNA probe vs 4E for a 5 min. time (A) and vs time for 4E= +
0.4V (B). Electrolyte: 3.0 mM Fe(II); 3.0 mM Fe(III); 0.5 NaCl
and 1.5x107° M ss-DNA probe.

The ratio I /I,, decreases slightly when the potential
difference AE increases (Figure 2A). AE=+0.4V was
chosen for DNA adsorption in order to avoid DNA
guanine and Au oxidations that may occur at higher
potential. The evolution of Isxy/I4, ratio vs adsorption
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time was measured for +0.05 V applied potential differ-
ence AE (Figure 2B). Five minutes adsorption time was
chosen, as I,/1,,, close to 50 %, does not decrease beyond
this value. The electrochemical adsorption conditions
(AE=+0.4V, t=4 min.) obtained for Pt UME were used
to study the performance of a 33 um diameter graphite
UME: A value of 64% +4% was obtained for 1./1,,,
which is in the range of the one obtained for Pt UME.

Long-range electron transfer across electrochemical
adsorbed layers of ss- and ds- DNA. ss-DNA monolayer
was adsorbed onto Pt UME surface using optimized
conditions and the current was recorded before and after
addition of a complementary DNA target in presence of
MB as redox intercalator. The current variation mean
value measured (N=13) was extremely low and equals to
—0.09+£0.22 nA, indicating that hybridization transduc-
tion does not occur after saturation of the surface with ss-
DNA. This result indicates that an electrochemical
biosensor consisting of DNA-probe adsorption onto an
electrode surface cannot be designed using this trans-
duction pathway. The other way to perform hybridization
transduction is then to hybridize the DNA-target in bulk
solution and then perform electrochemical adsorption
(Scheme 3).

Pt electrode

il
i

Pt electrode

< |B

Scheme 3. Two-step transduction pathways: immobilization —
hybridization (A) and hybridization — immobilization (B).

Pt electrode

Iu—J

Thus, long-range electron transfer efficiency was
quantified using the Fe(II) oxidation current ratio (1,-1,,)/
I, between single strand ss- and double strand ds- DNA
adsorbed layers with or without MB. The ds-DNA
solution was prepared by mixing two 1.5x10°°M solu-
tions of complementary ss-DNA (probe and target)
during 10 min. The MB concentration was chosen equal
to 107 M, which is well-adapted for catalyzing long-range
electron transfer across ds-DNA monolayer for UMEs
[15]. Current ratio (I,-1)/I,, was measured 3 to 6 times
for each experimental condition (Figure 3).

The obtained results show that the current ratio is
close to 0 for DNA adsorbed onto graphite, with or
without MB, meaning that there is no significant differ-
ence between electron transfer through ss- and ds- DNA
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Fig. 3. Long-range electron transfer efficiency (I,-1)/I,, across
electrochemical adsorbed DNA for 33 um diameter graphite (C,,)
and 25 pm diameter platinum (Pt) UMEs, with and without
10 M MB. Electrolyte: 0.5 M NaCl; 3.0 mM Fe(III); 3.0 mM Fe
(IT) and 107° M ss- or ds- DNA.

for this electrode material. The current ratio is equal to
12 % without MB and to 56 % with MB for adsorbed
DNA onto Pt. These results indicate that long-range
electron transfer across ds-DNA adsorbed is catalyzed by
MB only onto Pt. In the case of graphite, overlaps
between n-conjugated systems of DNA bases and gra-
phene layers of graphite [22] may induce a conformational
change of the duplex that prevents long-range electron
transfer (Scheme 4).

A B
MB >
Aty PR A " Par
| graphite | | [Ylatinum ‘

Scheme 4. Proposed long-range electron transfer mechanism
across electrochemical adsorbed ds-DNA with MB onto graphite
(A) and Pt (B) UMEs.

Long-range electron transfer across plasmid layers.
Monolayers of 2023 and 4271 bp plasmids (i. e. circular ds-
DNA) were adsorbed onto platinum UME surface using
optimized conditions (i.e. 4 min. at +0.4V). As the
single-stranded forms of these plasmids are not available,
electron transfer efficiency was estimated using the ratio
(Iy5-1)/1 of the current I,,; with and I without MB: [ is the
Fe(Il) oxidation current through the adsorbed plasmid
layer measured without MB and I,z the one measured
with MB. The electron transfer efficiency ratios were
measured three times for each DNA duplex and com-
pared to a linear 21-base DNA duplex (Figure 4).

The 19% current ratio value for the 21 bp-DNA
duplex reflects the catalyzed long-range electron transfer
properties established above. The current ratios values
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Fig. 4. Long-range electron transfer efficiency (I,;-1)/I for dou-
ble-stranded 21 bp synthetic DNA, 2023 bp and 4271 bp DNA
plasmids at 10 ug/mL concentration.

were close to 0 for both 2023 bp and 4271 bp plasmids
allow stating that no long-range electron transfer across
ds-DNA layer occurs. This is consistent for a plasmid that
has a circular form where long-range electron transfer

cannot occur via the backbone phosphate [11]
(Scheme 5).
A B
- ' 1 MB »

v v
| platinum clectrode | | platinum clectrode |

Scheme 5. Long-range electron transfer electrocatalyzed by MB
trough linear ds-DNA (A) and circular ds-DNA (B).

Mismatch detection of synthetic oligonucleotides. The
two-step hybridization transduction pathway was used to
evaluate mismatch detection of synthetic oligonucleotides
by electrochemical adsorption of a duplex. The melting
temperature of the 21-base ds-DNA used is close to 49°C
[23], meaning that both perfect matched and mismatched
ds-DNA will be stable at room temperature. Mismatch
detection was then estimated with the ratio (I.-1,)/I.
between perfect matched and mismatched ds-DNA using
MB: I is the current measured across the adsorbed layer
of the duplex and the complementary target and I the
current measured across the adsorbed layer of the duplex
with a mismatched target. The current ratios were
measured three times for targets with mismatch at differ-
ent sequence positions (Figure 5).

The current ratios for all the mismatched targets, close
to 10%, is high enough to perform single mismatch
detection (Scheme 6).
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Fig. 5. Mismatch detection current ratio for complementary target
(T), mismatched targets in position 1 (Tm,), 11 (Tmy,) and 5 and
11 (Tmsy,).

MB

PR, / v
| platinum electrode | | platinum electrode |

Scheme 6. Long-range electron transfer electrocatalyzed by MB
trough perfect matched ds-DNA (A) and single mismatched ds-
DNA (B).

4 Conclusion

This study describes a new transduction pathway of DNA
hybridization that results from the coupling of two well-
known electrochemical properties: electrochemical ad-
sorption of DNA and long-range electron transfer
through double-stranded DNA. It was demonstrated that
long-range electron transfer across double-stranded DNA
adsorbed without probe labelling (physical adsorption)
onto an electrode surface is possible. This transduction
pathway presents an interest in synthetic oligonucleotide
assay (primers, probes), as it allows single mismatch
detection of a duplex, without heating or probe labelling,
in a 10 min. protocol using a small DNA sample volume.
Single mismatch detection using other analytical methods
is not possible in these conditions (i.e. room temperature
and no probe labelling).

5 Associated Contents

Raw data of the study: electrochemical I vs AE response
of 25 ym diameter platinum and 33 pm diameter graphite
ultramicroelectrodes (UMEs).
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