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Abstract: The reaction of 1,4-benzoquinone and 1,4-naphthoquinone with -thiopropionic acid 

yielded 3-[(3,6-dioxocyclohexa-1,4-diene-1-yl)thio]propionic and 3-[(1,4-dioxo-1,4-

dihydronaphthalene-2-yl)thio]propionic acids, respectively. These compounds were used to 

modify oligonucleotides to allow their electrochemical detection on the surface of Au electrodes 

using cyclic voltammetry. Electrochemical reduction of the corresponding amides, modeling the 

bonding of the redox-active labels with molecules that are not electrochemically active, was also 

studied. 

 

Elaboration of electrochemical DNA biosensors, also known as genosensors, has achieved 

noticeable progress in the last decade.
1
 Methods used for DNA detection on the surface of 

electrodes can be classified into two main types depending on the nature of the electrochemical 

signal: label-free and label-based. The former use the signal resulting from hybridization itself
2
 

while the latter use small electrochemically active molecules, which are inserted into 

oligonucleotides and ds-DNA fragments (or amplicons) as redox-active labels. These labels must 

meet strict demands: low redox potentials, chemical stability and reversibility towards electron 

transfer in water buffers to avoid label decay under potential sweep. The main types of 

compounds studied as redox-active labels in electrochemical genosensing technologies are based 
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on ferrocene,
3
 9,10-anthraquinone derivatives,

4
 transition metals complexes with organic 

electrochemically active moieties
5
 and some types of redox-active intercalators.

6
 Several types of 

organic electrochemically active labels reported to date have close redox potentials, for example, 

derivatives of 9,10-anthraquinone.
4
 Thus, the synthesis of redox-active labels with different and 

well-discriminated potentials is a vital problem because a set of labels with various redox 

potentials can be used for simultaneous electrochemical detection of different site-specific DNA 

fragments in electrochemical microarray technologies. From this point of view the task of 

synthesising a large number of redox-active labels is similar to the analogous task in 

fluorescence based microarray analysis, for which a set of fluorescent labels with different 

spectral properties has been synthesized.
7
 The goal of this study was the synthesis and testing of 

redox-active modifiers of oligonucleotides to allow their electrochemical detection at the surface 

of Au electrodes using cyclic voltammetry (CV). Well distinguished potentials of the redox 

active modifiers in their cyclic voltammograms was the main requirement of this study, and the 

creation of specific genosensing technologies was not considered at this stage. 

Naphthoquinone (NQ), benzoquinone (BQ) and their derivatives have low electrochemical 

reduction potentials, and their electrochemistry has been well studied in various media.
8-11

 The 

stable electrochemical activity of NQ and BQ was exploited for their application in biosensors in 

recent years. Charge transfer interaction between quinones and melamine was used to determine 

the latter by voltammetric methods.
12

 NQ-based polymers have been applied to design 

electrochemical immunosensors.
13

 Several intracellular nanosensors based on BQ- and NQ-

modified nanoparticles were recently proposed for the determination of cell oxidative stress. 
14,15

 

NQ and BQ moieties possess well distinguished potentials in water buffers making them suitable 

to use as redox-active labels for oligonucleotides. 

NQ(BQ)-based modifiers (1, 2) for oligonucleotides were synthesized using S-nucleophilic 

addition of -thiopropionic acid to the double bond of NQ and BQ followed by aerobic oxidation 

or using PbO2 (for details see ESI). To test 1, 2 as redox active labels, the corresponding amides 

(3, 4) were synthesised. These compounds model the bonding of 1, 2 with molecules that are not 

electrochemically active. Then, the electrochemical reduction (ECR) of 3, 4 in MeCN and 

MeCN:H2O mixtures with variable water content were studied using cyclic voltammetry.
16
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Figure 1. Structures of the compounds. R= OH (1, 2); NHiPr (3, 4). 

The mechanisms of NQ and BQ ECR are known to be different in aprotic solvents and 

H2O.
7
 ECR of both compounds is an electron-electron (EE) - process in aprotic solvents with the 

formation of a long-lived radical anion (RA) and dianion (DA), whereas protonation of RA and 

DA should be taken into account in the aqueous media.
8
 Cyclic voltammograms (CV) of 3, 4 in 

MeCN and its mixtures with H2O were characterized by two or three (for 3 in MeCN only) 

diffusion controlled (
С

p

iI 
–1/2

 = const, where 
C

p

iI  is the peak current
17

, and  is the potential 

sweep rate) reduction peaks (Fig. 3a-d for 3). The CV of 4 are shown in ESI Fig. S1. The 

corresponding peak potentials of 3, 4 (Table 1) become less negative with the increase of the 

H2O content in the mixture. The second peak becomes irreversible when the molar fraction of 

H2O (m) exceeds 0.1 for 3 and 0.2 for 4, and in both cases is not observable when m>0.4. The 

only diffusion controlled and one-electron reversible peak (Ep= C1

p

A1

p EE  =0.058 V) was 

observed in the CV of both compounds in H2O (Fig. 3d,f, ESI Fig. S1d). To understand the 

changes in the CV of 3, 4 in binary MeCN:H2O mixtures, we considered a common ECR 

mechanism, which includes three one-electron electrochemical reactions and three non 

electrochemical protolytic equilibria where Q is 3 or 4 (Figure 2). 
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Figure 2. Common ECR mechanism of quinone-type compounds. 
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Table 1. Experimental reductive peak potentials 

of compounds 3, 4 in MeCN:H2O 

mixtures. 

 

3 4 

m 
1C

pE , V 2C

pE , V m 
1C

pE , V 2C

pE , V 

0
a
 −0.70 −1.19 0 −0.52 −1.11 

0.1 −0.59 −0.82 0.1 −0.40 −0.63 

0.244 −0.54 −0.69 0.218 −0.34 −0.53 

0.301 −0.53 −0.67 0.334 −0.31 −0.50 

0.447 −0.51 — 0.456 −0.29 — 

0.519 −0.51 — 0.528 −0.27 — 

0.921 −0.37 — 0.737 −0.23 — 

0.977 −0.33 — 0.808 −0.21 — 

1.0 −0.32 — 1.0 −0.13 — 

a 3C
pE = 1.38 V was observed for 3 only when m=0. 

 

 

Figure 3. Cyclic voltammograms (solid line) and their simulations (circles) of 3 in MeCN 
(a), MeCN:H2O mixtures (m= 0.1 (b), 0.244 (c)), H2O (d), model CV curves with 

various H3O
+
 concentrations when the mechanism III (Fig. 2) is assumed (e) and 

CVs of 4 in H2O at =100, 300, 700, 900, 1100, 1300, 1500, 1700, 1900 mVs
-1

 (f). 
Arrows indicate the direction of potential sweep. 

 

It is convenient to present possible schemes of mechanisms as graphs. The points of the graphs 

are molecules involved in the reaction mechanism (1-6), and the edges are one-electron transfer 

reactions or protolytic equilibria (Fig. 4). 
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Figure 4. Topological representation of the 

ECR mechanisms of 3, 4 in 
MeCN:H2O mixtures (yellow edges 

are one-electron transfer reactions, 

black edges are protolytic equilibria). 

The ECR of 4 in MeCN (ESI Fig. S1) is an example of a classical EE-process (I in Fig. 4) 

with two well-separated one-electron reversible peaks in the CV curve. Meanwhile, the ECR of 3 

in MeCN can be adequately simulated
18

 only when mechanism II is used (Fig. 3a). In 

accordance with the CV simulation data, the 3C peak corresponds to the ECR of the protonated 

form of 3 RA.  

The EPR spectra of 3, 4 RAs together with their protonated forms were observed under 

electrochemical reduction of 3, 4 at potential 
С1

pE . Both spectra were characterized by broadened 

lines in MeCN due to proton exchange between the oxygen atoms of the quinone moieties. This 

exchange became fast in H2O leading to line narrowing (ESI Fig. S2).  

The increase of the water content in the MeCN:H2O mixture results in a decrease of the 

heterogeneous electron transfer constants at the second electrochemical stage, whereas the first 

stage remained reversible over the whole range of m (ESI Table S1). In accordance with the CV 

simulation data, the ECR mechanism changes as follows: II (m=0)III(m>0) for 3 (Fig. 3a-d) 

and I (m=0)II (m~0.1)III(m>0.1) for 4 (ESI Fig. S1). To understand why only one 

reversible one-electron peak was observed in the CVs of 3, 4 in H2O (Fig. 3d, ESI Fig. S1), we 

considered a model simulation of the CV of 3 at different H3O
+
 concentrations (Fig. 3e) using 

mechanism III (Fig. 4). The decrease in the H3O
+
 concentration from 0.25 mM to 0.001 mM (pH 

of the aqueous solution was 6.2 under experimental conditions) resulted in a decrease of the 

protonated 3 RA concentration (particle 4 in graph III). In turn, this was accompanied by the 

decrease of 
C2

pI , corresponding to one-electron transfer to particle 4. As a result, the second 

electrochemical stage became not observable. The corresponding CV in this case has a one-

electron reversible diffusion-controlled peak, which was dependent on the potential sweep rate as 


0.5

 (Fig. 3f , ESI Fig. S1a, example for 4). The situation is reversed if the ECR mechanism, 

including DA formation is accepted. In this case, the 
C2

pI  decrease was not observed when the 
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H3O
+
 concentration is decreased. This proves that only mechanism III is correct for an adequate 

description of the ECR of 3, 4 in H2O. Note, that the ECR of 3, 4 in 50 mM phosphate buffer at 

pH 7.2 using an Au disk electrode gave the same results. When the Au electrode was used, the 

peak potentials of the ECR of 3, 4 were equal to 0.34 and +0.10 V, respectively. 

In accordance with literature data,
8,14

 quinoid substances in general undergo two-electron 

ECR in aqueous buffers. Contrary to this, we showed that the ECR of 3, 4 in H2O at pH 6.2-7.2 

was in fact a one-electron reversible process. The transfer of the second electron was not 

observed due to the kinetic reasons. This meant that the corresponding acids 1, 2 could be used 

as redox-active modifiers of oligonucleotides without limitation in potential sweep, because no 

irreversible processes accompanying the loss of the label electrochemical activity are observed. 

To test acids 1, 2 as redox-active labels in the model oligonucleotide structures, the 

modified oligonucleotides were prepared by modification of the corresponding amino-terminated 

27-base oligonucleotide via N-succinimide derivatives of 1, 2: 

NQ(BQ)S(CH2)2C(O)NH(CH2)65’-TTGGCAGAAGCTATGAAACGATATGGG-3’ 

(for oligonucleotide synthesis and modification see ESI). The base sequence of the model 

oligonucleotide was identical to the sequence of the quality control oligo probe (QC) which was 

used in the microarray analysis. 
19

 Labeled QC was purified by reprecipitation from ethanol 

followed by gel-filtration using Sephadex G-25 gel column chromatography. The final 

concentration of the labeled QC was adjusted to 100 M. 

A specially designed thin-layer electrochemical cell with three working electrodes 

equipped with a manual switch between the working electrodes was used in the experiments. An 

Ag disk electrode was used as a reference electrode. A standard microscope glass with 200 Å Au 

sputtering served as an auxiliary electrode (ESI Fig. S3a,b). The working electrode surface was 

prepared in accordance with a described previously procedure 
20,21

 (ESI). After purification of 

the working electrode surface, the electrochemical cell was dried in an Ar flow. Then, 5 l of a 

100 M solution of BQ- and NQ-labeled QC were dropped onto the surface of the working 

electrodes (electrode 1 and 2, respectively, ESI Fig. S3b) followed by drying overnight in air. A 

solution of unmodified QC was dropped onto electrode 3 for comparison. To remove any 

unadsorbed oligonucleotide, the cell was washed twice for 3 min in 50 mM phosphate buffer 

(pH=7.2). Then, 1.2 ml of the buffer was added into the cell electrode cavity and covered by the 

auxiliary electrode (ESI Fig. S3c). CV were sequentially measured at each electrode using the 

manual switch between the electrodes. CV are shown in the overlay mode (Fig. 5) and contain 

redox peaks corresponding to the electrochemical responses from the QC labeled with BQ 
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(electrode 1) and NQ (electrode 2), whose potentials were sufficiently different to identify the 

type of the label. No electrochemical signal from the unlabeled QC was detected. 

 

Figure 5. CV scans of the working electrodes of the thin-
layer electrochemical cell with adsorbed QC 

oligonucleotides labeled with NQ (1 – electrode 

1), BQ (2- electrode 2) and without a label (3 – 

electrode 3). (50 mM phosphate buffer, the 

initial delay in potential sweep was 5 s, =0.1 

Vs
1

, arrows indicate the beginning and 

direction of the potential sweep). 

 

The sensor electrodes modified with the labeled oligonucleotides were quite stable and 

displayed electrochemical activity for at least two weeks when stored under an inert atmosphere. 

The redox signal from both labeled oligonucleotides could be observed over 80-90 potential 

sweep cycles. 

Thus, we report the synthesis and electrochemical properties of benzoquinone and 

naphthoquinone based redox-active modifiers of oligonucleotides, which make electrochemical 

detection of oligonucleotides on the surface of Au electrodes possible. The mechanism study of 

the label electrochemical reduction demonstrated the one-electron and reversible nature of the 

first step of their ECR in H2O and phosphate buffer with pH=7.2. Other electrochemical 

processes resulting in the loss of the labels electrochemical activity were not observed under the 

studied experimental conditions. Both labels were stable in the oligonucleotide structure and 

gave quite steady electrochemical signals after adsorption of the labeled oligonucleotides onto 

Au electrodes. The elaborated labels possess well-distinguished ECR potentials, the values of 

which fall into “free” potential area between the potentials of anthraquinone and ferrocene based 

redox-active labels
4
 and can be used in electrochemical genosensing technologies, for which the 

simultaneous use of a number of labels with different redox potentials is required. 
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