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Fig. 3. (A-C) Temperature allocation along a linear sputtered conductor on an insulating substrate; huge temperature gradient between both ends; (A/C) 3D/2D-plot for
100 ms heating duration, (B) plot of the temperature development for the duration of at least 500 ms.
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Fig. 4. (A-C) Nearly constant temperature allocation along the conductor after optimizing the “wire” by fitting the shape-coefficient b; (A/C) 3D/2D-plot for 100 ms heating
duration and (B) plot of the temperature development for the duration of at least 2 s.
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ca. 62 to 30K at a heating time of 0.5s. For a certain temperature
of such as 360K, this means an enhancement of uniformity (+1 K)
from ca. 30% (Fig. 3B) to 50% (Fig. 4B) of the whole length of the
heated wire or layer. The longer heating time results from the lower
overall resistance of the oval wire or layer and can be compensated
by higher heating current.

Concerning a uniform temperature allocation along the wire for
the time period of 100 ms (e.g. for temperature pulse voltammetry),
the optimal value of b was found to be 0.05.

These results of the calculated temperature allocation along
sputtered conductors led us to an optimized shape for a completely
new designed electrode type.

4. Conclusions

The mathematical simulations proved our estimation of a non-
constant temperature at the surface of directly heated electrodes.
To minimize the temperature gradient, an oval shape (rather than
cylindrical or other shapes with a constant cross-section) would
be indeed a significant improvement. Further improvement of the
oval shape considering more complicated functions would require
considerably more computing resources and will be performed in
the future.
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Abstract

This communication reports about thermal modulation of amperometric signals by short heat pulses applied at directly heated gold
electrodes. A gold layer together with a pseudo reference and counter electrode has been printed onto a low temperature cofired ceramic
(LTCC) substrate. We chose hexacyanoferrate(II) and picric acid as model analytes in this preliminary study. Peak shaped amperometric
signals were formed upon such thermal modulation. The peak current has been taken as the analytical information. Thermal modulation
in amperometric measurements activates kinetically inhibited analytes such as picric acid. A linear calibration plot has been obtained
ranging from 0.2 to 1 mmol/l. The background contribution was effectively suppressed, even at 0.7 V applied potential at the gold elec
trode. Convection did not significantly affect the analytical signal. This will be important for applications where convection is pulsating
or is otherwise not under control and thus induces disturbances. Future applications include environmental monitoring, flow injection

analysis, high performance liquid chromatography and capillary electrophoresis.

© 2007 Elsevier B.V. All rights reserved.

Keywords: LTCC; Amperometry; Temperature pulse; Heated electrode; Picric acid

1. Introduction

Amperometric sensors are widely used detectors in ana-
lytical flow systems, high performance liquid chromatogra-
phy [1,2] and capillary electrophoresis [3 5]. However, such
detectors often suffer from electrode fouling and back-
ground contribution. Due to the constant potential, not
only the analyte but also the substances that can be oxi-
dized or reduced are reacting. The products can cause
severe electrode blocking. Pulsed electrochemical detection
is a common method to clean electrode surfaces while the
detection is running [6]. Heated platinum electrodes can
prevent electrode fouling during the amperometric and vol-
tammetric detection of NADH [7]. Discrimination against
major components of the background current is often
accomplished by means of hydrodynamic modulation

* Corresponding author. Fax: +49 381 4986461.
E mail address: gerd uwe.flechsig@uni rostock.de (G. U. Flechsig).

1388 2481/$  see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.elecom.2007.06.043

[8,9]. Thermo-hydrodynamic modulation has been demon-
strated at directly heated electrodes, which have been used
as amperometric detectors in flow systems [10]. Continuous
microwave activation of capillary electrophoresis detectors
results in improved signal-to-background ratios [4].

Using ferrocene-modified targets, we found a dramatic
effect of elevated temperature during DNA hybridization
at a directly heated probe-modified gold electrode [11].

In 1996 Griindler et al. introduced an electrochemical
technique known as ‘“‘temperature pulse voltammetry
(TPV)” [12 14]. This way, complete, sampled voltammo-
grams can be recorded at temperatures far above the boil-
ing point of the electrolyte used. However, due to practical
limitations, the critical state of that liquid can probably not
be reached [15,16]. Baranski described a method how to
obtain high steady state electrode temperature above the
boiling point by high frequency (0.1 2 GHz) Joule-heating
of a thin electrolyte layer in the nearest vicinity of the elec-
trode surface [17]. Both methods require a sophisticated
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apparatus including synchronized heat pulse generator and
potentiostat or (in the case of continuous electric heating of
a thin electrolyte layer) an expensive high frequency power
generator. The latter approach is limited to the use of
micro disk electrodes.

Recently, we introduced a compact heating instrument
and a filtering inductor bridge which allow direct electric
heating of many kinds of electrodes while performing
undisturbed electrochemical measurements. By these
means, a simple electrode design with two rather than three
contacts is sufficient [18]. Lin et al. investigated electrolumi-
nescence at electrically heated platinum wire electrodes
[19,20]. Sun et al. reported recently about heated graphite
cylinder electrodes [21]. Basic principles and analytical
applications of elevated temperature in electrochemistry
have been recently reviewed [22,23].

Here we describe how thermal modulation in ampero-
metric measurements can be achieved by applying short
heat pulses which elevate the temperature of the working
electrode within a 100 ms period. In this method that we
call “temperature pulse amperometry (TPA)”, the maxi-
mum current difference between cold and hot state is taken
as the analytical signal. This technique can be performed
by very simple means including a potentiostat and a pro-
grammable relay, both commercially available, and a heat-
ing generator [24].

2. Experimental
2.1. Apparatus

Working, counter and reference electrodes were screen-
printed metallic layers on a low-temperature cofired ceram-
ics (LTCC) substrate (Fig. 1). The working electrode was a
circular arc-shaped gold layer 4.4 mm in diameter and 0.13
mm in width. A platinum-layer circular ring counter elec-
trode surrounded both the working and the reference elec-
trodes. The latter was a printed Ag/AgCl circle in the

A-B

Fig. 1. Scheme of the “all in one”” LTCC sensor. Left: front view, right:
cross section A B, (a) LTCC tapes, (b) Pt counter electrode, (c) Ag/AgCl
reference electrode, (d) Au working electrode, (e) glass isolation and (f) Ag
through contacts and solder contact pads.

centre. More information about the structure of the elec-
trode and its production is given in [13].

Because of disturbing chloride anions that had to be
added to the solution when measuring with the internal ref-
erence electrode, we used an external AglAgCl (3 M KCI)
reference electrode from Metrohm. The potentiometric
and amperometric experiments have been conducted by
means of an AUTOLAB instrument equipped with a
PSTAT 10 potentiostat (ECO CHEMIE, Utrecht, The
Netherlands). The instrument was controlled by a PC using
the GPES 4.8 software. A FARADAY cage with a stand
and a glass cell was utilized during these measurements
(all from Metrohm AG, Herisau, Switzerland). The mea-
suring cell was temperature-controlled (15 °C) by means
of cryostat model #9105 from Fisher Scientific (Pittsburgh,
PA). The peak current was determined using the GPES 4.8
Software. The heating AC was generated by means of a
laboratory-made 100 kHz power generator. A LOGO!
230RC logic module (Siemens AG, Berlin, Germany) has
been used as a programmable relay to excite the 100 ms
temperature pulses.

2.2. Material

All chemicals were of analytical grade and were used as
received. Na,HPO,, NaH,PO,, K;[Fe(CN)g], K4[Fe(CN)g]
and the saturated aqueous solution of picric acid (2,4,6-
trinitrophenol, 13 g/L) were purchased from Fluka. Potas-
sium chloride was purchased from Merck. All solutions
were prepared with ultra pure water (18 MQ,
TOC <2 ppb) obtained by means of an SG Ultra Clear
water system (SG Water GmbH, Barsbiittel, Germany).
Argon 4.8 was delivered by Air Liquide.

2.3. Temperature calibration

Following earlier procedures [12,13], the temperature
calibration by open circuit potentiometry was performed
in a 50 mM equimolar potassium ferro-/ferricyanide solu-
tion in 0.1 M KCI. The electrode temperature has been cal-
culated from the potential difference between working and
reference electrode for each stationary heating current
using the well known temperature coefficient (—1.56 mV/
K) of the utilised redox couple.

2.4. Temperature pulse amperometric experiments

The amperometric measurements with ferrocyanide
were all carried out in 0.1 M phosphate buffer solution at
pH 7.0 at a constant electrode potential of 0.2 V. The
amperometric as well as the cyclic voltammetry measure-
ments of picric acid were all carried out in 0.1 M phosphate
buffer solution at pH 7.0 and an electrode potential of
—0.7 V. All measurements were performed in a thermo-
stated cell at 15 °C bulk solution temperature. The result-
ing graphs of the amperometric measurements were all
Savitzky/Golay smoothed at level 4.
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3. Results and Discussion

3.1. Open circuit Potentiometry
Au electrode

thermal behaviour of the

To characterise the thermal behaviour of the LTCC gold
electrode, we performed open circuit potentiometry (zero
current) in a 0.1 M KCI solution containing an equimolar
amount of both hexacyanoferrate(Il) and hexacyanofer-
rate(III) while applying short heat pulses caused by
100 ms constant heating current pulses. The EMF of the
cell depends on the applied electrode temperature and
has been used to calculate the changes of the electrode tem-
perature. This result is displayed in Fig. 2. Our heating gen-
erator allowed for a maximum temperature difference of
89 K. Hence, the electrode temperature could be elevated
to 104 °C for a very short period at the end of each
100 ms heat pulse.

100 - .
4 110

1100
190
180
170
160
150
140
130
120
110

AT/ K

Telectrode l °C

1t -~ rr-trTr 7T T 7T
02 04 06 08 10 12 14 16 18
Irms, heat / A

Fig. 2. Temperature calibration of the LTCC gold electrode by open
circuit potentiometry in 0.1 M KCI + 50 mM [Fe(CN)eP® /4 Calculated
temperature difference and electrode temperature depending on the
applied heating current.

Following a general rule and according to earlier results,
the temperature difference rises with the square of the heat-
ing current, i.e. it is proportional to the electric power,
which is transformed into heat. We found a linear function
when we plotted the temperature difference versus the
square of the current (plot not shown): AT 26.52 K/
A** P —3317K; R* 0.9932.

3.2. Thermal modulation by means of short heat pulses

Differential pulse amperometry (DPA) has been intro-
duced to remove the baseline from amperometric response.
The principle is similar to differential pulse voltammetry
(DPV), yet the applied potential is not changed (except
for the pulses themselves). Measuring the current prior to
the start and the end of one potential pulse, the difference
is taken as the analytical signal. In analogy, we simplified
temperature pulse voltammetry introduced by Griindler
et al. in 1996 [12]. We used a simple automatic programma-
ble relay to apply short heat pulses while the amperometric
experiment was running. Fig. 3 displays the resulting sig-
nals for different maximum electrode temperatures reached
at the end of each 100 ms heat pulse. Such thermal modu-
lated amperometric response can be quantified taking the
peak current as the analytical signal.

Upon elevation of the applied heating current, a rising
oxidation signal of ferrocyanide was observed. Raising
temperature causes an increasing mass transport towards
the electrode surface due to enforced diffusion of the ana-
lyte. In general, mass transport by thermal convection
had also to be considered; however, earlier results con-
firmed that a 100 ms heating period is too short to establish
significant convection [12].

3.3. Effect of the applied potential

In amperometric experiments, the electrode potential
is adjusted to allow for the oxidation or reduction of the
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Fig. 3. Amperometric response of 1 mM ferrocyanide in 0.1 M phosphate buffer solution at pH 7.0 and an applied electrode potential of 0.2 V upon
application of 100 ms heat pulses; (a) 35, (b) 52, (c) 69, (d) 82 and (e) 96 °C maximal electrode temperature.
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Fig. 4. Effect of the applied potential upon the 100 ms TPA signals of 50 mM ferrocyanide in 0.1 M phosphate buffer solution at pH 7.0 and a maximal

electrode temperature of 90 °C.

substances to be analysed. On the other hand, appropriate
potential can exclude undesired electrode reactions of inter-
fering substances. Therefore we recorded temperature pulse
amperogrammes of our model analyte ferrocyanide at
varying electrode potentials.

By plotting the currents at an LTCC gold electrode in
ferrocyanide recorded during various 100 ms temperature

pulses versus different applied potentials, a kind of sampled
voltammogram could be obtained as depicted in Fig. 4. In
a similar manner, by taking the differences of the currents
prior to the beginning and close to the end of each temper-
ature pulse, Griindler et al. had introduced the technique
called temperature pulse voltammetry (TPV). For temper-
ature pulse amperometry it is important to be aware about

a
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<
3
—
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1 v 1 1 I v L] v 1
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1/ A
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Fig. 5. (a) Cyclic voltammogram of 1 mM picric acid in 50 mM phosphate buffer solution at pH 7.0 in the potential range from 0.95 to 0.3 V; scan rate
0.1 V; step potential 3 mV. (b) Effect of the applied potential upon the 100 ms TPA signals of 1 mM picric acid in 0.1 M phosphate buffer solution at pH

7.0 and a maximal electrode temperature of 78 °C.
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Fig. 6. Effect of the maximal working electrode temperature (a) 35, (b) 50, (c) 63, (d) 82 and (e) 96 °C upon TPA signals of 1 mM picric acid in 0.1 M
phosphate buffer solution at pH 7.0 and an applied electrode potential of 0.7 V.

the temperature coefficient of the redox potential of the
considered substance. In the vicinity of the half wave
potential, a large current increase coupled with an over
swing in the opposite direction shortly after the heat pulse
can be observed, which has to be addressed to the shift of
the redox potential due to temperature changes. This effect
can be compared with the application of a potential pulse.
In the region of the diffusion limited current, we observed a
smaller increase of the current caused only by the temper-
ature depending diffusion coefficient.

3.4. Detection of picric acid

Kinetically slow reactions can be presumed to show lar-
ger temperature response even in the region of the diffusion
limited current.

Fig. 5a exhibits a cyclic voltammogram of picric acid.
Two significant reduction signals can be observed at
—0.58 and —0.83 V. They can be addressed to the reduc-
tion of the nitro groups. Picric acid is known to yield
three polarographic waves (ca. —0.36, —0.56, —0.96 V)
at moderate basic pH [25]. Four reduction signals have
been found at neutral pH on platinum and glassy carbon
electrodes [26]. The reduction mechanism has also been
studied in aprotic media [27]. In general, the complex
reduction of aromatic nitro groups occurs in various
steps involving stable radical anions, hydroxyl amino
groups and nitroso groups. Therefore, the different
reduction signals have to be addressed to the different
reduction steps of one or more nitro groups together
rather than to successive one-step reductions of different
nitro groups. Both significant reduction peaks in Fig. 5a
are superimposed by the large background of the gold
electrode at negative potentials which is caused by low
hydrogen overvoltage. The least negative signal seems
reversible; yet, these peaks are very small. Here the
potential fairly corresponds to the first polarographic
reduction wave. Both other signals although of consider-
able height (10 and 5 pA) are irreversible.

Fig. 5b depicts a sampled voltammogram of picric acid
consisting of single temperature pulse amperometric signals
obtained at various electrode potentials ranging from —0.9
to —0.1 V. In contrast to the sampled voltammogram of
ferrocyanide (Fig. 4), over swinging peaks or constant peak
level could not be observed. Instead the signals were rap-
idly rising upon application of more negative potentials.
This behaviour can probably be attributed to the irrevers-
ible character of the reduction processes and the large
background at the most negative potentials. However,
future studies will reveal, whether such background contri-
bution can be effectively eliminated. Compared to the cyclic
voltammetric response, the signals obtained with our new
technique TPA, being displayed in Fig. 6, are well shaped
and much more suitable for quantitative analysis of picric
acid. Very large signals up to 31 pA are obtained when
applying 48 K temperature pulses at a constant potential
of —0.7 V. The effect of the temperature pulse is signifi-
cantly larger in case of 1 mM picric acid compared with
1 mM ferrocyanide (5.5 pA), indicating a dramatic acceler-
ation of a kinetically inhibited electrode reaction. Due to

=50 pA B

T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
time/s

Fig. 7. TPA signals of picric acid in (A) unstirred and (B) stirred solution.
Maximal electrode temperature 96 °C; 1 mM picric acid in 0.1 M
phosphate buffer solution at pH 7.0; electrode potential 0.7 V.
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Fig. 8. TPA signals of (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8 and (¢) 1 mM picric acid in 0.1 M phosphate buffer solution at pH 7.0 and 82 °C maximal electrode
temperature at an applied electrode potential of 0.7 V. The inset displays the regarding calibration plot.

the constant potential, the baseline keeps always the same
level of current and does not change following an applied
potential ramp as in voltammetry.

As demonstrated in Fig. 7, stirring of the solution has
almost no effect upon the TPA signals. Such hydrodynam-
ically independent response indicates that kinetics or diffu-
sion rather than convection controls the current. This
behaviour is highly desirable for environmental monitoring
as well as in flow systems where uncontrolled or pulsating
convection can disturb the signals. Full independence of
the signals upon hydrodynamic disturbances will be
achieved if even shorter heat pulses are applied.

3.5. Calibration experiments

Fig. 8 depicts an amperometric calibration experiment
of picric acid at an applied potential of —700 mV and a
temperature pulse of AT 67 K. We found a linear range
between 0.2 and 1 mmol/L. The well shaped peaks at the
lowest concentration 200 umol/L indicate that even trace
amounts of picric acid are detectable. We expect that at
even higher temperature pulses, the sensitivity will further
increase while the noise level should not rise significantly.
Griindler et al. achieved temperatures above 200 °C at
10 ms heat pulses. To obtain such values we have to use
more powerful heating devices as we could apply in this
preliminary study.

4. Conclusions

We demonstrated how temperature pulse amperometry
can be performed by very simple means. All what is needed
is a heating generator coupled with a programmable relay.
Short heat pulses generated by directly heated electrodes
can elevate the temperature above the boiling point of
the electrolyte solution for a short time. Peak shaped
amperometric signals are formed upon such thermal mod-
ulation. The peak current can be taken as the analytical
information. Thermal modulation in amperometric mea-

surements activates kinetically inhibited analytes such as
picric acid. The background contribution is effectively sup-
pressed, even at very negative potentials at a gold electrode.
Convection does not significantly affect the analytical sig-
nal. This will be important for applications where convec-
tion is pulsating or is otherwise not under control and thus
induces disturbances. We encourage other electrochemists
to explore the possibilities of this new technique in the
fields of environmental monitoring, flow analysis, high per-
formance chromatography and capillary electrophoresis.
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1 Introduction

Biosensors on the basis of self-assembled monolayers (SAMs) are widely used. Especially
gold as a substrate for SAMs shows very strong affinity to thiol-modified probe molecules.
While miniaturised electrodes provide many advantages such as parallelization and
microelectrode behaviour, the smaller active surface leads to lower analytical signals, which
are prone to electronic interferences. Therefore, the enlargement of the electrochemically
active electrode surface is desirable. Several approaches for micro- or nano-structuring of
electrode surfaces have been proposed during the last couple of years.

Carbon nanotubes are reported to greatly increase voltammetric signals of carbon paste
electrodes [1]. Also metal electrode surfaces can be modified by depositing carbon nanotubes,
which is useful for many analytical purposes [2]. Carbon nanotube fibre microelectrodes were
prepared and characterized due to their performance regarding electroanalytic oxidation of
analytes via dehydrogenase-mediated reactions using NAD" as a mediator [3]. The
enhancement of the active electrode area by modifying the surface with cell imprints in
polyurethanes or porous gold with latex imprints was also reported [4,5]. A very efficient
method to enhance the performance of cell-based diagnostic assays is the lithographic
modification with focused laser radiation and interference lithography creating magnetic
nano-dots or regular structures [6-9]. Direct electrochemical deposition of gold or gold
containing particles is an elegant possibility to obtain well defined and highly ordered
structures with a tremendous effect on the electroactive surface. Common techniques often
require the use of nano-structured templates when using three-electrode arrangements [10],
high-frequency impedance [11] or direct electrodepositing methods [12,13]. Template-free
electrochemical deposition was carried out by French et al. using bipotentiostatic growing of
gold on self-made platinum disc electrodes [14,15].

Capture probe-modified electrodes can be wused to detect the hybridization with

complementary DNA target strands. Some reported procedures for the electrochemical
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recognition can be performed using indicator molecules that are (a) covalently attached to the
target, (b) covalently attached to a signalling/ reporter probe, (c) interacting with the
negatively charged phosphate groups, or (d) intercalating into the base stack. Another
possibility is to take advantage of the intrinsic electrochemical activity of the DNA, e.g. the
oxidation of guanine [16-18]. The capture probe strands can be immobilized on magnetic
beads [19,20] or as self-assembled monolayers on metal surfaces [21-27]. Methods of
electrochemical hybridization detection were reviewed a number of times [28-32]. We
already reported the application of covalently attached redox markers together with thiol-
linked probe oligonucleotides on heated gold electrodes [33,34]. For this purpose the complex
[OsOq(bipy)] can be utilized as an electrochemically reversible covalent DNA-label [35]. It
reacts with the pyrimidine bases thymine, uracil and cytosine [36]. In this way, labelling of
DNA-strands of any length can be easily performed in the laboratory which is an important
advantage of this approach. Palecek et al. demonstrated that osmium tetroxide complexes can
be used as sensitive and selective probes for single stranded and damaged DNA [37-40]. The
"two surface strategy" allows to conduct the steps of Os(VIII)-labelling and probe
hybridization on magnetic beads, while the detection can be performed on mercury or carbon
electrodes [41-43]. As known from earlier biochemical applications [44], also protective
oligonucleotides can be used to label target strands with [OsOg4(bipy)] without affecting their
ability for hybridization reactions [45-47]. Fojta et al. reported the use of protective
oligonucleotides for the preparation of osmium tetroxide-labelled reporter strands by
magnetic separation [48]. Recently, Havran et al. and Bartosik et al. demonstrated the ability
of [OsO4(bipy)] to detect DNA damage as well as unpaired thymine residues [49,50].

In this work, we present one possibility for a dramatic increase in active electrode area by
direct template-free galvanic electroplating of gold and silver with a minimum of complexity.

The modified electrodes were characterised using cyclic voltammetry in sulphuric acid and
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performing hybridization experiments with [OsO4(bipy)]-labelled DNA target strands on

thiol-linked probe SAMs.

2 Experimental

2.1 Materials

2,2’-Bipyridine was delivered by Merck and osmium tetroxide as a 2 % aqueous solution by
Fluka. TRIS buffer (10 mM tris(hydroxymethyl)-aminomethane, 0.5 M Na,SO, both from
Fluka) was adjusted to pH 7.5 using sulphuric acid. Single stranded 20-mer DNA (ssDNA)
was purchased from FRIZ Biochem GmbH (Munich, Germany). Ultrapure water (>18 MQ
cm, TOC < 2 ppb) was prepared with an Ultra Clear TOC system (SG Water Systems,
Germany) comprising ultra filtration and UV oxidizing modules. All chemicals were of
analytical grade. Buffer solutions, beakers and pipette tips were autoclaved prior to use.

Chemicals and solutions used for silver and gold plating were of technical grade [51].

2.2 Galvanic deposition method

The deposition of gold nano-structures was performed with a potentiostat / galvanostat
PGSTAT 12 from Metrohm (Switzerland), silver plating with a HP 6177c DC (Hewlett
Packard, Germany) current source. The PGSTAT 12 was used in its galvanostatic mode
together with a platinum anode in a two-electrode setup. Electroplating of both silver and gold
was performed using cyanide-based plating solution with a magnetic stirrer at 100 rpm at
room temperature. Current densities in the range of 15 - 30 mA/cm? in a strong alkaline
solution were applied for the silver plating process. Gold plating was performed with 1 — 5
mA/cm? in neutral pH range [51]. The active surface and consequently the real current density
depends basically on the surface profile and changes after 3D-nano-structure plating. The

electroplating was performed directly on polished gold disc electrodes with 3 mm diameter,
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preplated with a 2 um grain refined gold layer from a commercially available soft gold bath

(Puramet; Doduco company).

2.3 Electrode surface evaluation

The surface profiles of all galvanic layers were documented in a FE-SEM (Zeiss CrossBeam
1540 XB) in the secondary electron mode and the inlens mode at magnifications 1000x and
5000x with a view angle of 45 degree. The electrical contact was provided by the backside

connector. An aluminium foil was used to protect the electrode body.

2.4 Gold surface determination experiments

The accessible active gold surface was determined with a PalmSens potentiostat (Palm
Instruments BV, The Netherlands) by cyclovoltammetry (CV) in 0.5 M sulphuric acid
[13,47,52] . The 20 ml electrochemical cell comprised an Ag/AgCl (3 M KCl) reference and a
platinum counter electrode (Metrohm). The measurements were carried out at room

temperature (22 °C) and analysed using the PalmSens software.

2.5 Electrochemical detection of [OsO,(bipy)]-labelled
oligonucleotides

A 27-mer thiol-linked DNA-oligonucleotide with a 15 thymine bases spacer between linker
and detection sequence (5°-
AAGTCCTTGAGCTGATTTTACTGTATTTTTTTTTTTTTTTTT[Dithio]3-37) was
immobilized on the freshly plated electrodes overnight. After a mercaptohexanol treatment
(1 h in 100 mM aqueous solution), the voltammetric baselines were recorded. A 5 ul droplet
of [OsOq(bipy)]-labelled target solution of a given concentration was placed at the electrode
surface to allow for hybridization in a water saturated atmosphere for one hour. The

modification and hybridization procedure has been described earlier in full detail [46,47].
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Dehybridization was performed by incubation in deionised water at 50 °C for 60 s. The
sequence MON 810 (5-TTTTTGTTGTCCATGGCCGCTTGGTATCT-3") was used as a
noncomplementary target. This strand was labelled with [OsOa(bipy)] after hybridization with
the protective strand (5-AGATAGCAAGCGGCCATGCAGAAGAA-3"). All square-wave
voltammetric (SWV) experiments were performed with a PGSTAT 12 (Metrohm,
Switzerland). The 20 ml electrochemical cell comprised an Ag/AgCl (3 M KCl) reference
(Sensortechnik Meinsberg GmbH, Germany) and a self-made platinum counter electrode. All
voltammetric experiments were performed at room temperature (22 °C). All peak values were

determined using a GPES 4.9 software and graphically plotted with Origin 8 software.

3 Results and Discussion

Polished gold electrodes used in our experiments did not show a completely flat surface at the
micrometer scale (data not shown). The main reason for this could be the ductility and the low
hardness (less than 100 HV) of gold. Since silver disk electrodes As shown below, the active
surface of the used gold electrodes is dramatically enlarged by template-free gold
electroplating. This effect can be further enhanced by consecutive Ag/Au plating. Figure 1, I-
A and B show FE-SEM images of fine-gold nano-structure crystals plated on smooth gold
surfaces. In contrast, images II-A and B show structures obtained by consecutive silver/gold
electroplating. Fine, regular structures, with a shape reminding on shark teeth, were obtained
by plating gold galvanically onto the gold disk electrode. We designate these electrodes as
"ST-AuE" in the following sections. Consecutive silver/gold electroplating leads to relatively
large microstructures of silver covered by crystallized gold nano-particles. The resulting
structures bear a striking resemblance to cabbage and were designated "CAB-AgAuE" in the

following.
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Fig. 1. FE-SEM micrographs of 1) a ST-AuE and Il) CAB-AgAuE in (A) thousand fold and (B) five

36 thousand fold magnification; The shown nano-crystals of gold with their definite orientation cause a
38 dramatic enhancement of the available active gold surface. A completely different base-structure can
40 be achieved if the electrode is first plated with silver followed by galvanic gold nano-structuring (lI-A; II-

B).

46 Figure 2 displays cyclovoltammetric measurements in 0.5 M sulphuric acid using either an
48 ST-AuE (A) or a CAB-AgAuE (B). As can be seen, the integrated gold oxide reduction peak
51 at 0.88 V, and hence, the active area of the electrode, increases dramatically. The average
53 increases are approx. 7-fold for the ST-AuE and 15-fold for the CAB-AgAuE with respect to

the “normal” gold disk electrode,
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Fig. 2. Cyclic voltammograms in 0.5 M H,SOy; step potential 5 mV, scan rate 0.1 V s™'; dashed line —

before modification, full line — with (A) ST-AuE and (B) CAB-AgAUE.

A small reduction peak can be observed at 0.38 V in Fig. 2B which is related to silver. The
silver oxidation (presumably at approx. 1.17 V) can be hardly distinguished from the gold
oxidation signals. These findings indicate pinholes in the gold layer covering the silver
structures. Also areas with uncovered silver crystals may exist between the cabbage-like
structures as depicted in figure 1 (II-A and B). However, this will not be a problem for
electrochemical scans in the negative potential range as demonstrated below. Szamocki et al.
achieved an about 30 times greater surface by depositing 7%2 layers of hollow spheres of
macroporous gold within about 25 minutes [13]. Considering the shorter deposition time of 15
minutes and the lower complexity of the ingredients, our simple electroplating method is a
good compromise of cost and usability. Further optimization of the electroplating parameters
current density and deposition time may provide even better results in the enlargement of the
electrochemically active surface.

WiIe;?—VCH
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For an independent confirmation of the tremendous increase in the active electrode area,
DNA-hybridization experiments with surface-confined capture probes were performed.

250

O©Co~NOOOPRWN -
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Fig. 3. Square-wave voltammograms of DNA-hybridization events; step potential 1.95 mV, amplitude
40 mV, frequency 200 Hz; dotted — baseline, solid — hybridization, dashed — dehybridization;
hybridization with 625 nM [OsO,(bipy)]-labelled target for 1 h; A) plain gold disk electrode, B) ST-AuE,

C) CAB-AgAUE.

59 Figure 3 shows square-wave voltammetric signals of the osmium labelled target strands. An

electrochemical peak current of 40 uA was obtained with the plain gold disk electrode only
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modified with the thiol-linked capture probes (Fig. 3A). Dehybridizing in 50 °C warm water
gave a signal of about 5 pA. This indicates good regeneration capability and corresponds with
former observations reporting a remaining signal height of about 10% on this type of probe-
modified gold electrodes after dehybridization [47].

In contrast, an ST-AuE yields an approx. 4-fold enhanced hybridization signal (Fig. 3B).
Moreover, the thermal dehybridization step is strongly improved as indicated by a remaining
6% SWYV signal. These effects are even more pronounced for the CAB-AgAuE. These
nanostructures result in a 9-fold increase (Fig. 3C) compared with the plain probe-modified
gold disk electrode. The hybridization/dehybridization signal ratio further decreased below
5%. This can possibly be explained by an improved contact of the hot water with the upper
layers of the nanostructured electrodes. The nanostructures are almost completely surrounded
by hot water diminishing the cooling effect of the gold disk beneeth.

The greatly improved hybridization signals can be explained by an enlarged active electrode
surface able to carry more capture probes. The enlarged surface also results in a larger linear

calibration range as illustrated in Figure 4.
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Fig. 4. Concentration calibration of [OsQOy(bipy)]-labelled ssDNA on plain Au disk (circles), ST-AuE

(squares), and CAB-AgAUE (triangle) for concentration ranges of A) 0.1 to 6 uM and B) 0.001 to 1 uM.

The target concentration was varied between 0.1 and 6 uM (Fig. 4A). For the CAB-AgAuE
(triangle), a linear relation could be observed up to a target concentration of 1 uM. The ST-
AuE (squares) and plain Au disk electrode (circles) were already saturated at target
concentrations of 2 and 1 pM, respectively. This is a further indication for a tremendous
surface increase achieved by the consecutive silver/gold plating method. Even at lower
concentrations between 0.001 and 1.0 uM (Fig. 4B), the CAB-AgAuE shows an almost linear
behaviour, whereas the calibration range of the plain Au disk is limited to approx. 0.2 uM
target concentrations.

The detection limit improved from 83 nM for the plain gold disk electrode and 89 nM for the
ST-AuE to 64 nM for the CAB-AgAuE (graphically determined following DIN 32645; see

figure 5).
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Fig. 5. Determination of the limit of detection (LOD) following DIN 32645 for the bare gold electrode

(A), St-AuE (B) and CAB-AgAUE (C).
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Fig. 6. Selectivity of 30 min-hybridizations of three differently structured electrodes in 1 pmol/l target

solutions. Measured signals were recorded for the hybridization with a complementary [OsOq(bipy)]-

labelled target (solid), followed by the hybridization with a non-complementary target MON 810

(dashed), and another hybridization with the complementary target (dotted) on a smooth Au disk

electrode (A), ST-AuE (B), and CAB-AgAUE (C), respectively.

WiIe%ZVCH



Page 13 of 17 ELECTROANALYSIS

O©Co~NOOOPRWN -

Hybridization experiments were performed with labelled complementary and non-
complementary targets to verify the selectivity of the nanostructured probe-modified
electrodes. As a first step, the immobilized capture probe was hybridized for 30 min with a 1
UM complementary target (solid line). After a dehybridization step, the non-complementary
target MON 810 (1 uM) was allowed to hybridize for 30 min with the capture probe (dashed
line). Almost no nonspecific response was observed. To assure that the immobilized capture
probe was still able to selectively detect the complementary single strand, we allowed the
dehybridized electrode to again hybridize with the 1 uM complementary target solution for 30
min. The experiments verified the high selectivity of the immobilized capture probe. Two
dehybridization steps and hence, thermal treatment did not result in a decrease of the
sensitivity. The surface modification resulting in the increase of the voltammetric signals did
obviously not affect the selectivity. Even the more complex CAB-AgAuE did not suffer from

unspecific binding.

4 Conclusions

We conducted template-free galvanic formation experiments of nanostructures on gold disk
electrodes. A high increase in the electrochemically active surface was observed as verified
by cyclic voltammetry of gold oxide reduction. The highest increase was achieved by
consecutive plating of silver and gold. The active electrode area increased up to 15-fold
compared with the plain Au disk.

Experiments with [OsOq4(bipy)]-labelled ssDNA targets confirmed the great increase in the
accessible gold surface. A higher coverage with capture probe strands (with respect to the
geometric area), and hence, higher sensitivity of electrochemical DNA hybridization could be
achieved. The LOD obtained with the silver/gold modified disk electrode is significantly
enhanced. Selectivity and reproducibility are very good for all three types of working

electrodes.
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Our template-free formation of nanostructured electrode surfaces holds great promise for
future electrochemical biosensor applications and in particular for the parallel detection of

multiple analytes on microelectrode arrays.
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This communication reports about adsorptive stripping voltammetric determination of baker's yeast
tRNA that was modified with the complex osmium tetroxide bipyridine. The uracil and cytosine bases
are able to react with [OsO4(bipy)] within 2 h. We observed a 42 fold higher sensitivity for the catalytic
Os peak on the hanging mercury drop electrode (HMDE) compared with an [OsO4(bipy)] modified 20

base ssDNA. We found a 0.27 pg/l detection limit for [OsO4(bipy)] tRNA. A linear calibration function
was observed up to 3 pg/l. The effect of accumulation potential was very small. These findings possibly
indicate a strong adsorption on the HMDE. Such labelling of tRNA with [OsO4(bipy)] holds great promise
for future biosensor application regarding the detection of other RNA species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nucleic acids can be detected electrochemically in several ways.
The electrochemical activity of DNA on mercury electrodes had
been discovered by Palecek 50 years ago [1]. Most of the electrode
reactions of nucleic acids are irreversible. Fortunately nucleic acids
can be modified with labels such as osmium tetroxide complexes
and ferrocene that deliver large reversible electrochemical signals.
Palecek et al. showed that osmium tetroxide complexes with or
ganic ligands such as bipyridine can be utilized as versatile tools
for studying the structure of double strands as well as sensitive
detection of nucleic acids [2 5]. The complex [OsO4(bipy)] attacks
the C C double bond in the pyrimidine bases thymine, uracil and
cytosine forming a substituted glycol diester of osmium(VI) acid
[6,7]. Labelling of DNA strands of any length can be easily per
formed in the laboratory, which is an important advantage of this
approach. However, such Os modified DNA strands are unable to
form double strands. Sequence specific DNA detection by means
of osmium tetroxide labels has been conducted at separate sur
faces, including magnetic beads and mercury, carbon or amalgam
electrodes (“two surface strategy”) [8 12].

Recently, we reported on how protective oligonucleotide
strands can be utilized for labelling thymine containing nucleic
acids with [OsO4(bipy)] without losing their ability for hybridiza
tion with immobilized probes [13,14]. Fojta et al. have reported
about the use of protective oligonucleotides for the preparation

* Corresponding author. Tel.: +49 381 4986470; fax: +49 381 4986461.
E-mail address: gerd-uwe.flechsig@uni-rostock.de (G.-U. Flechsig).

1388-2481/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.elecom.2008.08.014

of osmium tetroxide labelled reporter strands by means of mag
netic separation [15]. We have recently demonstrated that protec
tive strands can also be applied to detect the products of
polymerase chain reactions (PCR) [16].

To our knowledge, considerably less has been reported about
the electrochemical detection of osmium tetroxide modified
RNA. As Palecek et al. reported, artificial RNA consisting of either
poly(rU) or poly(rC) is able to react with osmium tetroxide com
plexes and yields large polarographic signals. The catalytic signals
at 1.2V in the case of osmium tetroxide modified cytosine are
twice as high in comparison with the uracil product [3]. Uracil re
places thymine in all RNA variants. Besides this, also the cytosine in
RNA reacts with osmium tetroxide complexes. However, the reac
tion rate of cytosine is 10 times slower compared with thymine [7].
The reaction products of cytosine, thymine and uracil with several
osmium(VIII) reagents have already been isolated [17]. The result
ing cytosine glycol osmates(VI) can be transformed by deamina
tion to the regarding uracil product. Terminal ribose in RNA can
react with osmate(VI) forming sugar esters [7]. This reaction has
been used for the stripping voltammetric detection and discrimi
nation of thymine deoxyriboside and (artificial) thymine riboside
as well as for end labelling of RNA [18]. Osmium tetroxide bipyri
dine has been utilized to perform X ray diffraction analysis of tRNA
[19,20]. Besides cathodic voltammetric studies at mercury elec
trodes, there are several reports on anodic tRNA stripping detec
tion by guanine oxidation on carbon electrodes [21 23].
Electrochemistry of nucleic acids has been reviewed [24].

Here, we demonstrate how ppt traces of yeast tRNA can be
determined by labelling with osmium tetroxide bipyridine
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followed by adsorptive stripping voltammetry (AdSV) on hanging
mercury drop electrodes (HMDE).

2. Experimental
2.1. Materials

2,2’ Bipyridine was delivered by Merck and osmium tetroxide
as a 2% aqueous solution by Fluka. Tris buffer (10 mM tris(hydroxy
methyl) aminomethane (“Tris”), 0.5 M Na,SO,4) was adjusted to pH
7.5. Transfer ribonucleic acid from baker’s yeast (tRNA) catalogue
no. R 8759 has been delivered by Sigma Aldrich. Single stranded
20 mer DNA (ssDNA) was delivered by FRIZ Biochem GmbH (Mu
nich, Germany) and had the following sequence: 5 CGA TTT TGT
CGA CTC TCA TC 3'. Stock solutions (444 mg/l) were prepared in
acetate buffer (0.1 M, pH 4.8). Tris and sodium sulphate were ob
tained from Fluka and Riedel de Haén. Ultra pure water
(18 MQ cm, <2 ppb TOC) was prepared by means of an ultra clear
TOC system (SG Water Systems, Germany) comprising ultra filtra
tion and UV oxidizing modules. All chemicals were of analytical
grade. Buffer solutions, beakers and pipette tips were autoclaved
twice prior to use.

2.2. Labelling with osmium tetroxide bipyridine

We dissolved 2 mg tRNA in 1 ml acetate buffer (pH 4.8). Then
we added to 50 pl of this solution 27.5 pl 10 mM [OsOg4(bipy)]
and left the mixture for 8 h at 4 °C. In the next step we removed
excess osmium tetroxide bipyridine by dialysis against Tris buffer
(pH 7.5) [16]. The purified solution of [OsO4(bipy)] tRNA was di
vided in 10 ul aliquots. For enhanced purification, we repeated
the dialysis step with fresh Tris buffer for another 16 h.

2.3. Electrochemical detection of [0sO4(bipy)] tRNA and [OsO4(bipy)]
ssDNA

All adsorptive stripping voltammetric (AdSV) experiments have
been performed at a HMDE by means of a 797 VA Computrace
polarograph from Metrohm (Switzerland). The 20 ml electrochem
ical cell comprised also an Ag/AgCl (3 M KCl) reference and a plat
inum counter electrode (Metrohm).

The AdSV experiments were conducted by adsorptive accumu
lation of the [0sO4(bipy)] tRNA or [0sO4(bipy)] ssDNA at the given
potential and for the given time, followed by a differential pulse
voltammetric stripping step. All voltammetric experiments were
performed at room temperature (22 °C). All concentration values
relate to the unmodified nucleic acid. The limit of detection was

A
a l 100nA
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M 1 M 1
-0.90 110 1.30 -1.50
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determined graphically from the calibration plot and its prediction
band using Origin 7.5 software.

3. Results and discussion

We compared the AdSV response of [OsO4(bipy)] tRNA and
ssDNA. Fig. 1B displays adsorptive DPV stripping signals of
[0sO4(bipy)] tRNA in the concentration range between 0 and
21.4 ngfl (curves a d). The complete modification and AdSV proto
col was conducted with a blank buffer (a) to control, whether ex
cess osmium tetroxide was still present after the dialysis step.
We found that a single dialysis effectively removed the excess re
agent; however, a change of dialysis buffer in between signifi
cantly enhanced the removal of excess osmium tetroxide
complexes. Adsorptive stripping voltammetry of [0sO4(bipy)]
tRNA on the HMDE was some 42 fold more sensitive compared
with [0sO4(bipy)] ssDNA (Fig. 1A). We relate here to the mass con
centration of the unmodified nucleic acids and compare the DPV
response of 366 g/l ssDNA with 21.4 pg/l tRNA in Fig. 1A d and
B d, respectively. Note also the different scales. Although we chose
a 20 mer oligo ssDNA for comparison with tRNA, which has 80
bases in average, these preliminary results clearly show, that
RNA can be modified with osmium(VIII) complexes (in analogy
to DNA). It can be assumed that all pyrimidine bases of a single
stranded nucleic acid are modified at longer modification time.
Fig. 2 exhibits the effect of the deposition time upon AdSV sig
nals at different concentrations of [0sO4(bipy)] tRNA. We found an
optimal deposition time of 45 s. At longer deposition time, the sig
nals started to decrease significantly. This effect was very similar at
three different analyte concentrations between 7.14 and 21.4 pg/l.
Palecek et al. observed similar behaviour for osmium tetroxide
modified ssDNA only at much higher analyte concentration
[4,12]. It can be assumed that the AdSV signals of osmium tetrox
ide modified ssDNA and tRNA decrease at high concentrations or
deposition times due to the high coverage. The reason for this com
plex behaviour is still unclear. One possibility is stronger adsorp
tion of tRNA perhaps due to the ribose, which has one more
hydroxyl group than deoxyribose in DNA. Fig. 3 exhibits the effect
of accumulation potential upon the AdSV signals of [0sO4(bipy)]
tRNA at two different concentrations. The effect was slightly higher
at 14.3 compared with 7.14 pg/l. In general, the AdSV signals de
crease upon increasing negative potentials. This can probably be
addressed to the rising electrostatic repulsion of the negatively
charged phosphate groups in the nucleic acids. Also Palecek et al.
observed such an effect for osmium tetroxide modified ssDNA,
which was, however, considerably stronger [4,12]. Besides the
higher sensitivity, the small effect of accumulation potential upon

B
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Fig. 1. Differential pulse voltammetric stripping signals of [0sO4(bipy)]-modified nucleic acids in acetate buffer; (A) ssDNA, (a) blank, (b) 122, (c) 244, (d) 366 pg/l; and (B)
tRNA, (a) blank, (b) 7.14, (c) 14.3, (d) 21.4 ng/l; deposition time 60 s, deposition potential —0.9 V, pulse amplitude 50 mV, pulse time 40 ms, potential step 10 mV, sweep rate

20 mV/s.
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Fig. 2. Effect of the deposition time upon the DPV stripping signals of [OsO4(bipy)]-
tRNA at (a) 7.14, (b) 14.3, (c) 21.4 pg/l; the other conditions have been the same as
in Fig. 1.
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Fig. 3. Effect of the deposition potential upon the adsorptive stripping voltammet-
ric response of [0sO4(bipy)]-tRNA at (a) 7.14 and (b) 14.3 pg/l tRNA; deposition
time 15 s; the other conditions have been the same as in Fig. 1.
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Fig. 4. Calibration plot of [OsO4(bipy)]-tRNA at 45 s deposition time; The LOD of
0.27 pg/l has been obtained using the prediction band of the calibration plot.
Deposition potential —0.2 V, pulse amplitude 40 mV, pulse time 30 ms, potential
step 10 mV, sweep rate 20 mV/s.

the tRNA signals is perhaps another hint for strong tRNA adsorp
tion on the HMDE. Further study is needed to answer this question.

Fig. 4 depicts a linear calibration plot in the lowest possible con
centration range (0 3 pg/l) for [0sO4(bipy)] modified tRNA at 45 s
deposition time. A 0.27 pg/l limit of detection (LOD) could be
graphically estimated from the calibration plot and its prediction
band (p = 95%). Palecek and Hung found a 5 pg/l LOD for a long
chained [OsO4(bipy)] ssDNA at 120s deposition time [4]. The
calibration functions at 15, 45 and 180 s deposition time were
not linear in the range between 7 and 36 pg/l (data not shown).
Also these findings possibly indicate a stronger adsorption of
[0sO4(bipy)] tRNA on mercury in comparison with [OsO4(bipy)]
ssDNA.

4. Conclusions

We have demonstrated that tRNA from yeast can be easily mod
ified with the electroactive complex [0sO4(bipy)]. This allows for
highly sensitive adsorptive stripping voltammetric determination
of tRNA on the HMDE with a 0.27 pg/l limit of detection using
the catalytic osmium peak at 1.2 V. The linear calibration plot
ranges up to 3 pg/l. In comparison with a [0sO4(bipy)] modified
20 base ssDNA, we suppose a much stronger adsorption for
[0sO4(bipy)] tRNA on the HMDE.

Such covalent labelling of native RNA holds great promise for
future electrochemical biosensor applications regarding other
RNA species such as mRNA and miRNA.
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