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The present study aims at the further development of the uranyl oligonucleotide-based voltammetric biosensor,
which takes advantage of strong interaction between UO2

2+ and phosphate DNA backbone. Herein we report the
optimization ofworking parameters of previously elaborated electrochemical DNAbiosensor. It is shown that the
sensor sensitivity is highly dependent on the oligonucleotide probe length and the incubation time of sensor in a
sample solution. Consequently, the highest sensitivity was obtained for 10-nucleotide sequence and 60 min
incubation time. The lower detection limit towards uranyl cation for developed biosensor was 30 nM. The
influence of mixed monolayers and the possibility of developing a non-calibration device were also investigated.
The selectivity of the proposed biosensorwas significantly improved via elimination of adenine nucleobases from
the DNA probe. Moreover, the regeneration procedure was elaborated and tested to prolong the use of the same
biosensor for 4 subsequent determinations of UO2

2+.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Surface functionalization with self-assembledmonolayers (SAMs) is
one of the most intensively studied research area in the recent years. It
allows for inexpensive and versatile surface coatings for applications
including: control of wetting [1,2] and adhesion [3,4], chemical
resistance [5,6], nucleation and growth of crystals on surfaces [7,8],
biocompatibility [9,10], sensitization for photon harvesting [11], charge
transfer [12,13] or tribology [14,15]. SAMs are also crucial in the
development of many modern biosensors. The selectivity of these
devices is ensured by various types of biomolecules, applied as receptor
layers. Biosensor is a solid-state device which is simply placed in the
sample of interest, with no washing, rinsing or additional steps
required, and provides useful signal that is proportional to a certain
analyte concentration [16,17]. The self-assembled monolayers offer
the possibility of tuning the properties of a biosensor receptor layer by
adjusting the position and density of biomolecules, both vertically and
laterally [15,18,19].

Self-assembledmonolayers are very often applied for the preparation
of electrochemical nucleic acid (NA) biosensors, which utilize dsDNAs,
ssDNAs, RNAs, aptamers and DNAzymes as the recognition elements
immobilized on the electrodes' surfaces [20]. NA biosensors are
dedicated to detect complementary DNA strands, organic or inorganic
compounds, bacteria or viruses [16,21,22]. As nucleic acids are
electroactive, it is possible to detect the DNA hybridization or damage
via analysis of nucleobases' oxidation signals e.g. guanine [20,23]. The
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label-free approach can also be employed in the determination of
redox active analytes such as dopamine [24] or metal cations [25], how-
ever it is less sensitive in comparison to the label-based techniques [23].
On the contrary, with the utilization of redox labels lower detection
limits can be reached [26]. The redox markers can be either covalently
attached to the probe/target sequence or serve as the ‘external’ labels,
which interact with DNA receptor layer via intercalation, groove
binding or electrostatic attraction/repulsion. The most commonly used
electroactive indicators are: ethidium bromide, Ru(NH3)63+, bipyridine
complexes of cobalt and anthraquinone [26]. To further improve the
analytical parameters of nucleic acid biosensors the electrode'smodifica-
tions with the introduction of nanoparticles [23], graphene oxide [27]
and carbon nanotubes [28] were proposed. Very recently, a number of
publications describing direct or indirect electrochemical detection of
heavy metal ions with DNA sensors have been published, including
devices for the determination of cadmium [29], mercury [30–34],
lead [35,36], silver [37–39] and uranyl [40] cations in solution. Such
electrochemical biosensors seem to be attractive analytical tools due to
low cost, simplicity of their construction, low analyte consumption and
small dimensions.

Electrochemical sensors for uranyl cation determination are typically
electrodes modified with phosphate-containing compounds, such as: 2-
mercatpoethanol/POCl3, cysteamine/2-aminoethyl dihydrogenphosphate
or (t-butylphenyl)-N,N-di-(isobutyl) carbamoylmethylphosphineoxide
[41–43]. In our previous paper, we described an electrochemical UO2

2+

sensor based on 20-base oligonucleotide receptor monolayer [40].
Methylene blue (MB) – a cationic compound with strong affinity to
ssDNA and dsDNA, was used as a redox indicator [44]. MB interacts
with double-stranded DNA mainly via intercalation, groove binding
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and electrostatic attraction and in case of single stranded DNA the
electrostatic interaction and affinity towards guanine are the main
modes of interaction [26,45].

The operation of this sensor relies on strong interaction between
uranyl cation and phosphate residues of theDNA backbone. Due to elec-
trostatic repulsion, MB is forced out of the receptor layer by UO2

2+ cat-
ion, causing the diminishing of the redox current. Thus, the decrease
inmethylene blue current is proportional to the concentration of uranyl
cation in the sample solution. Despite its relative simplicity, proposed
biosensor exhibited some beneficial parameters, especially the lower
detection limit of 30 nM for UO2

2+, which is below its maximum
contaminant level in drinking water defined by the U.S. EPA (130 nM)
[46]. It was also reported that other parameters require further
improvement.

In this work, optimization of the receptor layer for DNA-based UO2
2+

biosensor is described. The oligonucleotide probe length and sequence
varied and the electrode surface areawas also altered.Moreover, the ef-
fect of additional electrode surface passivation on sensor performance
was shown. The procedure of receptor layer regeneration was also
developed in order to perform multiple determinations with the use
of a single sensor.

2. Materials and methods

2.1. Apparatus

Voltammetric measurements were performed with a CHI 660A and
CHI 1040A electrochemical workstations (CH Instruments, USA). The
experiments were carried out with a conventional three-electrode
system consisting of a gold disk electrode (CH Instruments, USA), a
gold wire auxiliary electrode and an Ag/AgCl/1.0 M KCl reference
electrode. All potentials are reported versus Ag/AgCl reference at room
temperature. The cyclic voltammetry was conducted at a sweep rate
of 100 mV/s while the square wave voltammetry was performed at a
pulse amplitude of 25 mV, increment of 4 mV and a frequency of 15 Hz.

2.2. Reagents

Tris–HCl, methylene blue (MB), (CH3COO)2UO2, Pb(NO3)2, KH2PO4,
NaOH, NaCl, EDTA, 6-mercapto-1-hexanol (MCH) were purchased
from Aldrich Chemicals. H2SO4, H2O2, CH3COOH, NH3(aq) were acquired
from POCh, Poland. All reagents were used without further purification.
All solutions were prepared with Milli-Q water. Milli-Q water and
all aqueous buffer solutions were sterilized using an autoclave.
Deoxyoligonucleotides were purchased from Genomed Sp. z o.o.,
Poland.

The base sequences of the thiolated DNA probes were as follows:

• 5′-SH-(CH2)6-CGACTGTGAATTCGTAGCAG-3′ (20-baseprobe sequence);
• 5′-SH-(CH2)6-CGACTGTGAATTCGT-3′ (15-base probe sequence);
• 5′-SH-(CH2)6-CGACTGTGAA-3′ (10-base probe sequence);
• 5′-SH-(CH2)6-CGACTG-3′ (5-base probe sequence);
• 5′-SH-(CH2)6- TTTGGGTAGGGCGGGTTGGG-3′ (20-base probe sequence);
• 5′-SH-(CH2)6-CGGCTGTGCGTTCGTCGCGG-3′ (20-base probe sequence).

The oligonucleotide stock solutions were prepared with 10 mM
Tris–HCl buffer solution, (pH 7.5) and stored at−20 °C before use.

2.3. Solutions

The following solutions were prepared: piranha solution (H2O2/
H2SO4; 1:3), immobilization buffer solution (1 M KH2PO4, pH 4.5),
Tris–HCl buffer solution (50 mM), mercaptohexanol solution (4 μM
in immobilization buffer), ammonium acetate solution (50 mM
CH3COONH4) containing 50 mM NaCl and 1 mM EDTA, Pb(NO3)2
solution (0.4 μM) in 50 mM Tris–HCl solution containing 50 μM
methylene blue (pH 3.0). The electrochemical measurements were
carried out in 50 mM Tris–HCl containing 50 μMmethylene blue and/or
uranyl acetate (pH 3.0).
2.4. Methods

Before the electrochemical experiments, the gold disk electrodes
were polished with alumina powder of grain sizes from 1 to 0.05 μm
(CH Instruments, USA). Then electrodes were washed with water and
sonicated for 5 min in demineralized water at 40 º C. Next, the piranha
solutionwas dropped on theworking gold disk electrode and incubated
for 1 min. After removing the solution, the electrode was again washed
with demineralized water. The last step of electrode cleaning was its
voltammetric cycling in 50 mM Tris–HCl solution (pH 3.0), until the
CV characteristic for a clean gold was obtained.

The DNA recognition monolayer was prepared as described in [47].
Briefly, after the electrode cleaning, the 4 μM solution of thiolated
ssDNA in 1 M KH2PO4 (pH 4.5) was dropped on the gold working disk
electrode. The ssDNA immobilization was performed for 120 min.
Next, the solution was removed and the electrode was washed with
1 M KH2PO4 (pH 4.5). Subsequently (if needed) electrode was incubat-
ed in the 4 μM solution of MCH for 60 min. Finally, the solution was
removed, the electrode was washed with immobilization buffer
solution and the electrochemical measurements were conducted.
3. Results and discussion

The investigations described below are a direct continuation of
experiments described earlier in [40], showing the possibility of uranyl
ion detection with ssDNA-modified gold electrodes. In full analogy to
previous report, methylene blue (MB) was employed as a redox label
in this work. After the incubation of ssDNA-modified gold electrode in
MB solution, an electrostatic interaction between cationic redox label
and negatively charged DNA receptor layer is observed. As a result, a
MB current signal of certain value is registered and it depends on the
the incubation time in MB solution as well as on the ssDNA probe
length. Then, after the incubation of working electrode in the uranyl
acetate solution, the complexation of UO2

2+ ions by DNA phosphate
moieties occurs. This leads to the competition between methylene
blue and uranyl cation and eventually the MB is withdrawn from the
recognition layer. As a result, a significant drop in the methylene blue
current signal is observed, allowing quantitative uranyl ion determina-
tion (Scheme 1).

The sensor response, Δ, is defined as a change of MB peak current,
registered in SWV measurements, using the following Eq. (1):

Δ ¼ I0‐Ið Þ=I0 ð1Þ

where:

I0 The MB current before the subjection of the sensor to sample
solution.

I The MB current after the subjection of the sensor to sample
solution.

The previous article [40] reported the analytical parameters of pro-
posed sensor, such as lower detection limit, linear range and selectivity.
The results of these investigations were quite promising, thus further
experiments were conducted in order to optimize the analytical
response of proposed biosensor. These investigations include the influ-
ence of oligonucleotide probe sequence and length, additional electrode
surface passivation, electrode surface area, and receptor layer regenera-
tion on the biosensor response.
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Scheme 1. Schematic representation of biosensor working mechanism. The methylene blue current value was measured before and after subjection of the sensor to the uranyl acetate
solution.

3M. Jarczewska et al. / Bioelectrochemistry 96 (2014) 1–6
3.1. Selectivity optimization

As it was already reported in [40], the strongest interference among
examined cations was observed for Pb2+ cation. According to literature
reports, Pb2+ preferably interacts with adenine residues of DNA [25].
Therefore, efforts to diminish interferences from Pb2+ on UO2

2+ deter-
mination by reducing the number of adenine residues in ssDNA probe
were undertaken. The following sequences, which differ in a number
of adenine residues, were employed in these experiments: 5′-SH-
(CH2)6-CGACTGTGAATTCGTAGCAG-3′ (probe A, results published in
[33]), 5′-SH-(CH2)6-TTTGGGTAGGGCGGGTTGGG-3′ (probe B), 5′-SH-
(CH2)6-CGGCTGTGCGTTCGTCGCGG-3′ (probe C). The measurements
were performed with a 5 min incubation time (the concentration of
Pb2+ and UO2

2+ cations was 0.4 μM) and each measurement was
repeated four times (Table 1).

As shown in Table 1, a significant difference in selectivity towards
lead cation for different ssDNA sequences is observed. Electrode modi-
fied with oligonucleotide A, which contains 5 adenine bases shows rel-
atively highΔ value,whileΔ for electrodewith DNA probe C, containing
no adenine, ismuch smaller. It should be noted that the sensor response
towards UO2

2+ cation is largely independent of ssDNA probe sequence,
as it can be observed in Table 1. This can be explained by the working
mechanism of these sensors, based on the interaction of UO2

2+ with
phosphate backbone of the ssDNA probe. Regardless of the qualitative
composition of the nitrogenous bases, the number of binding phosphate
residues remains unchanged. It is therefore evident that successive
reduction of number of adenine bases in ssDNA probe sequence leads
to the lessening of lead interference in UO2

2+ determination for
proposed sensors.
7

8

3.2. Oligonucleotide probe length

The length of oligonucleotide probe is of special importance for DNA
sensors, as it determines the number of binding sites in the receptor
layer. On the onehand, the number of binding sites can affect themethod
sensitivity. On the other hand, longer oligonucleotides (over 11 bases)
are prone to bending, which can influence monolayer properties [48].
Table 1
Comparison of the selectivity towards Pb2+ and UO2

2+ ions for DNA biosensors modified
with 20-base DNA probes differing in the number of adenine bases.

Oligonucleotide probe (I0–I)/I0d

UO2
2+ ion

(I0–I)/I0
Pb2+ ion

Probe Aa 0.212 ± 0.012 0.120 ± 0.008
Probe Bb 0.230 ± 0.028 0.085 ± 0.014
Probe Cc 0.215 ± 0.015 0.054 ±0.008

a Probe sequence: 5′-SH-(CH2)6-CGACTGTGAATTCGTAGCAG-3′
b Probe sequence: 5′-SH-(CH2)6-TTTGGGTAGGGCGGGTTGGG-3′
c Probe sequence: 5′-SH-(CH2)6-CGGCTGTGCGTTCGTCGCGG-3′
d I0 —the MB current before the subjection of the sensor to sample solution; I—the MB

current after the subjection of the sensor to sample solution.
A set of experimentswas conductedwith the use of oligonucleotides
of sequences similar to the probe (20 bases) used in the preliminary in-
vestigations. Oligonucleotides shortened by 5, 10 or 15 bases were used
and various periods of sensor incubation in uranyl ion solution were
applied and the obtained calibration curves were compared (Fig. 1).
For each sequence, it is noticeable that the slope of the calibration
curve increases significantly with the elongation of incubation time. It
is also evident that the length of ssDNA probe has a great effect on the
sensor sensitivity. For all incubation times longer than 5 min, highest
sensitivity was observed for 10-nucleotide sequence. It can be postulat-
ed that shorter, 5-nucleotide sequence offers relatively fewbinding sites
(phosphate groups) for UO2

2+ ion, resulting in lower slopes of the cali-
bration curves. Lower sensitivity, observed for sensors modified with
15- and 20-nucleotide probes, can be attributed to the oligonucleotide
folding.

Taking into account the importance of the short analysis time in
standard analytical practice, a 5 min incubation time was chosen to
show calibration curves towards uranyl ion for sensors modified with
oligonucleotides of different length (Fig. 2). As it can be observed, the
sensitivity increases with the elongation of the DNA probe, although
observed differences are not very large. This can be rationalized by the
fact that during 5 min of sensor incubation in sample solution, only
small part of the binding sites of the receptor layer is being occupied
by the UO2

2+ cation.
It can be concluded that the sensitivity of oligonucleotide-based

biosensor can be widely tuned by adjusting probe length and sample
incubation time.
3.3. Electrode passivation

Themercaptohexanol electrode surface passivation iswidely used in
DNA sensors to eliminate the non-specific interactions between gold
surface and receptor monolayer or sample constituents. It is especially
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Fig. 1. Comparison of slope values of UO2
2+ calibration curves obtained for ssDNA-

modified electrode for 5, 10, 15 and 20-base probe sequence: (♦) 5, (■) 10, (▲) 15, (●)
20 min incubation time.
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importantwhenmethylene blue is used as a redoxmarker, as it shows a
tendency to adsorb onto gold electrode surfaces [49]. In order to inves-
tigate the influence of electrode passivation on the biosensor response
parameters, mixed monolayer was prepared. After oligonucleotide
immobilization, the MCH solution was applied onto electrode surface.
It is expected that MCH bounds to the electrode regions that are not
occupied by oligonucleotide strands. Its application can also facilitate
desorption of weakly adsorbed DNA strands. Calibration curves for 15
and 20-base probes were prepared for 5 (Fig. 3) and 60 min (data not
shown) of incubation time.

As shown in Fig. 3a, the UO2
2+ calibration curve for electrode

modified with 15-base ssDNA/MCH mixed monolayer shows relatively
low slope (24.56 μM−1) with good linear correlation (R2 = 0.9985).
The calibration slope for a sensor without MCH passivation was signifi-
cantly higher (40.17 μM−1), with slightly worse linear correlation
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Fig. 3. Influence of additional electrode passivation on biosensor's response. a) electrode
modified with 15-base probe ssDNA b) electrode modified with 20-base probe ssDNA.
(■) without MCH; (▲) with MCH. Electrodes were incubated in uranyl acetate solution
for 5 min.
(R2 = 0.9774). Analogous parameters were recorded for electrodes
with receptor layers formed of 20-base probe oligonucleotides
(Fig. 3b). The UO2

2+ calibration slopes were 17.5 μM−1 (R2 = 0.9981)
and 41.17 μM−1 (R2 = 0.9801) for sensors with and without MCH, re-
spectively. Results obtained for identical sensors, with 60 min sample
incubation time, followed the same pattern. It can be concluded that
mixed receptor monolayer (with MCH) decreases UO2

2+ calibration
slopes, with concomitant improvement of linear correlation, as
compared to oligonucleotide-only monolayers. Such behavior can be
explained by the fact that MCH applied onto the oligonucleotide-
modified electrode can replace some of the ssDNA probes, which leads
to lower number of phosphate binding sites in the receptor layer. As a
result, low slopes of the UO2

2+ calibration curves were observed. MCH
presence also provides more repeatable quality of the DNA monolayer,
as it eliminates weakly adsorbed oligonucleotides. This results in good
linear correlation of the UO2

2+ calibration curves registered for
electrodes modified with DNA/MCHmixed monolayers.

3.4. The influence of electrode area

Arguably, the biggest obstacle for the acceptance of biosensors as
standard tools for industrial and clinical analysis is the requirement
for pre-calibration [50]. It is theoretically possible to develop an electro-
chemical sensor,which does not require calibration, as the current pass-
ing through an electrochemical cell is proportional to the concentration
of an electroactive analyte in the sample solution. Based on that, only
one of the sensors from the whole production batch can be calibrated
and the same calibration curve can be used for all other sensors. Howev-
er, this is true only if all the measurement conditions, including
electrode surface area, are constant. Obviously, electrode surface area
can vary greatly, especially formass-fabricated screen printed transduc-
ers, typically used for commercial electrochemical (bio)sensors. In the
case of proposed UO2

2+-selective biosensor, the signal is of differential
nature, calculated as a difference of MB redox current measured before
and after the incubation of the ssDNA-modified electrode in the sample
solution containing uranyl ion. Thus, the electrode area might not be
crucial for the biosensor response.

The influence of electrode surface on the magnitude of sensor re-
sponse towards UO2

2+ cation (Table 2) was investigated with the use
of gold disk electrodes that differ in geometrical surface area (electrode
1—3.14 mm2; electrode 2—12.56 mm2). Experiments were conducted
for electrodesmodifiedwith 20-base ssDNAhomogenousmonolayer, as
well as for electrodes modified with ssDNA/MCH mixed monolayer.

As shown in Table 2, the analytical signal (MB redox current change)
is similar for electrodes with significantly different surface area, modi-
fied with DNA oligonucleotide receptor layer. In fact, current change is
different by 10.5% for electrodes of 3.14 mm2 and 12.56 mm2 area.
The use of the mixed monolayer (Table 2) gave even better results. In
the case of the electrode of 3.14 mm2 surface area, the current response
is 0.7% higher than for a 12.56 mm2 electrode. It can be concluded that
in the proposed method, the change of working electrode area does not
induce a meaningful difference in a biosensor response. Therefore, the
developed biosensors could be produced as devices that require the
calibration of one biosensor from whole production batch only.
Table 2
The influence of electrode surface area on a biosensor analytical signal. Analysis was
carried out for a 5 min incubation time in 0.2 μM uranyl acetate solution for electrodes
modified with ssDNA monolayer or ssDNA/MCH mixed monolayer.

Aa/mm2 (I0–I)/I0b

ssDNA monolayer
(I0–I)/I0
ssDNA/MCH monolayer

3.14 0.162 ± 0.009 0.130 ± 0.004
12.56 0.179 ± 0.004 0.129 ± 0.013

a Electrode geometric surface area.
b I0 —the MB current before the subjection of the sensor to UO2

2+ solution; I —the MB
current after the subjection of the sensor to UO2

2+ solution.



Table 3
The effect of UO2

2+ exposure/removal cycles on the biosensor
response. The regenerations (20 CV cycles) were performed in
ammonium acetate buffer solution (50 mM, pH 7.0) containing
50 mM NaCl and 1 mM EDTA. The biosensor was modified with a
ssDNA/MCH receptor layer. Eachmeasurementwas repeated 4 times.

Measurement no. (I0–I)/I0a

1 0.260 ± 0.005
2 0.163 ± 0.033
3 0.152 ± 0.031
4 0.143 ± 0.032

a I0—theMB current before the subjection of the sensor to UO2
2+

solution; I —the MB current after the subjection of the sensor to
2+
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3.5. Sensor regeneration

In order to perform several determinations with the use of the
same biosensor, the regeneration of DNA receptor layer is required. Ac-
cordingly, attempts were undertaken to remove uranyl cation from the
receptor layer after sensor usage. Ammonium acetate solution (50 mM,
pH 7.0), containing 50 mMNaCl and 1 mM EDTA as complexing agent,
was used for this purpose. The regeneration procedure was as follows:
after the first use for uranyl cation determination, the electrodewas im-
mersed in the regenerating solution and the set of 20 CV scans between
−600 mV and 200 mV was performed. Subsequently, the electrode
was washed with Tris–HCl solution and the procedure of UO2

2+

(1 μM) determination was repeated. The efficiency of the proposed
regeneration method is shown in Table 3.

As it can be seen, the highest drop of the response signal (Δ change of
37.3%) occurred after first regeneration. However, the signal stabilizes
during further re-exposure/removal cycles; unfortunately, the standard
deviation of the results of these measurements is relatively high. It can
be concluded that the DNA receptor layer can be regenerated with the
use of EDTA-containing solution, although the regeneration procedure
influences to some extent the analytical parameters of the biosensor.

4. Conclusions

In this work, several important modifications of the UO2
2+-selective

biosensor based on DNA oligonucleotides are described. Firstly, the
efforts to improveUO2

2+ selectivity of ssDNA-based electrodeswere un-
dertaken. Itwas shown that by decreasing the amount of adenine nucle-
otides in the probe sequence, the interfering effect of Pb2+ ion can be
greatly reduced. The influence of ssDNA probe length and incubation
time on analytical parameters was also assessed. It was shown that for
a 5 min incubation time, longer oligonucleotides (20 and 15 bases)
induce higher sensitivity of UO2

2+ determination, as compared to
shorter probes (10 and 5 bases). On the other hand, the increase of incu-
bation timepromotes the use of 10-base probe as it provides the highest
sensitivity for incubation time of 60 min. The application of mixed
monolayer, with MCH used for electrode passivation, improves the
linear range of the biosensor response towards uranyl cation. However,
the slope of the calibration curves decreases for sensors with such
receptor layer. The electrochemical response of proposed sensor was
found to be independent on the electrode surface area. To further
improve the usefulness of proposed biosensor, the method for regener-
ation of the receptor layer was developed. Despite significant signal
decrease after the first regeneration cycle, sensor response stabilizes
during further re-exposure/removal cycles.
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