
Real-Time Electrochemical Monitoring of the Polymerase
Chain Reaction by Mediated Redox Catalysis
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Céline Grossiord,§ Benoit Limoges,*,† and Damien Marchal*,†
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Abstract: We described the proof-of-principle of a nonoptical real-time PCR that uses cyclic voltammetry
for indirectly monitoring the amplified DNA product generated in the PCR reaction solution after each PCR
cycle. To enable indirect measurement of the amplicon produced throughout PCR, we monitor electrochemi-
cally the progressive consumption (i.e., the decrease of concentration) of free electroactive deoxynucleoside
triphosphates (dNTPs) used for DNA synthesis. This is accomplished by exploiting the fast catalytic oxidation
of native deoxyguanosine triphosphate (dGTP) or its unnatural analogue 7-deaza-dGTP by the one-electron
redox catalysts Ru(bpy)3

3+ (with bpy ) 2,2′-bipyridine) or Os(bpy)3
3+ generated at an electrode. To

demonstrate the feasibility of the method, a disposable array of eight miniaturized self-contained
electrochemical cells (working volume of 50 µL) has been developed and implemented in a classical
programmable thermal cycler and then tested with the PCR amplification of two illustrated examples of
real-world biological target DNA sequences (i.e., a relatively long 2300-bp sequence from the bacterial
genome of multidrug-resistant Achromobacter xylosoxidans and a shorter 283-bp target from the human
cytomegalovirus). Although the method works with both mediator/base couples, the catalytic peak current
responses recorded with the Ru(bpy)3

3+/dGTP couple under real-time PCR conditions are significantly
affected by a continuous current drift and interference with the background solvent discharge, thus leading
to poorly reproducible data. Much more reproducible and reliable results are finally obtained with the
Os(bpy)3

3+/7-deaza-dGTP, a result that is attributed to the much lower anodic potential at which the catalytic
oxidation of 7-deaza-dGTP by Os(bpy)3

3+ is detected. Under these conditions, an exponential decrease of
the catalytic signal as a function of the number of PCR cycles is obtained, allowing definition of a cycle
threshold value (Ct) that correlates inversely with the initial amount of target DNA. A semilogarithmic plot
of Ct with the initial copy number of target DNA gives a standard linear curve similar to that obtained with
fluorescent-based real-time PCR. Although the detection limit (103 molecules of target DNA in 50 µL) and
sensitivity of the electrochemical method is not as high as conventional optical-based real-time PCR, the
methodology described here offers many of the advantages of real-time PCR, such as a high dynamic
range (over 8-log10) and speed, high amplification efficiency (close to 2), and the elimination of post-PCR
processing. The method also has the advantage of being very simple, just requiring the use of low-cost
single-use electrodes and the addition of a minute amount of redox catalyst into the PCR mixture. Moreover,
compared to the other recently developed electrochemical real-time PCR based on solid-phase amplification,
the present approach does not require electrode functionalization by a DNA probe. Finally, on account of
the relative insensitivity of electrochemical methods to downscaling, the detection scheme is quite promising
for use in miniaturized devices and in the development of point-of-care diagnosis applications.

Introduction

The introduction of real-time monitoring of the polymerase
chain reaction (PCR) in the early 1990s was a major break-
through in specific nucleic acid quantification.1,2 The key feature
of this technique is that the amplified DNA is quantified as it

accumulates in the reaction, thereby eliminating laborious and
time-consuming post-PCR analysis (e.g., end-point PCR assay
on agarose gel or enzyme-linked oligonucleotidesorbent assay).
So far, all of the real-time PCR methods are based on the optical
detection of a fluorescent reporter molecule that produces an
increase (or occasionally a decrease3) of fluorescence as the
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reaction proceeds.4 These fluorescent reporter molecules include
dyes that bind to the double-stranded DNA (e.g., SYBR
Green),5,6 or sequence-specific fluorescent oligonucleotide
probes,1,3,7-11 that fluoresce upon specific hybridization with
the amplified DNA product. The resulting kinetic plot of
fluorescence vs cycle number thus provides a way to monitor
the PCR reaction in its early exponential phase, and it offers a
route to quantitatively determine the initial number of DNA
templates over a wide range of concentrations (more than 6
orders of magnitude).4 This closed-tube analysis also has the
benefit of reducing the risk of cross-contaminations.

On account of the inherent advantages of real-time PCR
technology, namely, enhancements in accuracy, speed, and
quantitation possibilities, it is rapidly becoming an indispensable
tool in many fields of molecular diagnostics. Quantitative real-
time PCR is, for example, commonly used for the determination
of viral or bacterial loads,12,13 identification and titers of germs
in food,14 diagnosis of tumors,15 determination of single
nucleotide polymorphisms,16 and gene expression analysis.17

Real-time PCR is also becoming increasingly important in
forensic analyses.18

Regardless of their great success for analyzing nucleic acids,
the existing fluorescence-based real time PCR instruments have
some limitations. One limitation is the need for complex and
delicate optical components that leads to rather fragile, bulky,
and costly real-time PCR instruments, thereby restricting their
use to clinical and research laboratories. Another shortcoming
is the intercalating properties of fluorescent reagents that can
partially inhibit the PCR reaction19 whereas, in the case of
fluorescent-labeled oligonucleotide probes, extensive efforts are
required to optimize the protocol.20 To overcome these limita-
tions, an interesting prospect is to replace optical-based detection
schemes with more robust, less expensive, and easier to
miniaturize nonoptical sensing methods.

Most of the nonoptical approaches that have been developed
for quantifying specific DNA sequences (some of them being
founded on the intrinsic properties of DNA and others on the
properties of an added indicator or label)21-26 are based on the
sequential hybridization of a single-stranded target sequence in
solution to a complementary oligonucleotide capture probe
immobilized on an electronic transducer surface, followed by
end-point signal measurement of the hybridization events.
Although these detection strategies are well-adapted to post-
PCR analysis (i.e., after the completion of PCR), they are not
easy to implement during PCR amplification. Even though some
efforts have been made to integrate in the same miniaturized
device a nonoptical detection of the enzyme amplification of
nucleic acids, all were finally related to post-PCR detection.27-32

To the best of our knowledge, the only example of a nonoptical
method permitting measurement of DNA amplification during
PCR is the one recently proposed by Hsing’s group.33,34 The
principle is based on the coupling of a solid-phase PCR
amplification (i.e., wherein the primers were directly attached
and extended on the electrode surface) with the electrochemical
detection of a surface-incorporated redox-labeled base. However,
the major problem with this approach is the poor amplification
efficiency of solid-phase polymerization that leads to a nonex-
ponential growth of the signal. Such a problem is common with
solid-phase PCR, and it is attributed to steric hindrance during
solid-phase DNA hybridization and/or enzyme polymeri-
zation.35-37 Another problem encountered by Hsing’s group is
an adverse effect of repetitive electrochemical scanning on the
electrode response, which limits the real-time PCR measurement
to a scarce number of cycles.33 In view of these limitations, it
is therefore highly desirable to develop an electrochemical
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detection scheme that indirectly probes DNA polymerization
in homogeneous solution phase instead of on the surface of an
electrode.

Herein, we report the proof-of-principle of a nonoptical real-
time PCR that uses cyclic voltammetry for indirectly monitoring
the amplified DNA product generated in the reaction solution
after each PCR cycle. To enable indirect measurement of the
amplicon produced throughout PCR, we monitor electrochemi-
cally the progressive consumption of intrinsically electroactive
deoxynucleoside triphosphates (dNTPs) used for DNA synthesis.
This is accomplished by exploiting the fast catalytic oxidation
of native deoxyguanosine triphosphate (dGTP) or its unnatural
analogue 7-deaza-dGTP by the one-electron redox catalysts
Ru(bpy)3

3+ (with bpy ) 2,2′-bipyridine) or Os(bpy)3
3+ generated

at an electrode (Figure 1A). Catalytic oxidation of intrinsically
electroactive bases such as guanine, adenine, or some of their
analogues by one-electron redox mediators such as Ru(bpy)3

3+

has been widely investigated by Thorp’s group to better
understand electron-transfer reactions in DNA38,39 and to
develop new detection schemes for nucleic acids.40-42 The main
advantage of this detection strategy compared with direct
oxidation of electroactive bases at an electrode is that it makes
it possible to shift the oxidation wave to a potential (i.e., far
from the potential discharge of the aqueous buffer) where well-
defined and reproducible voltammetric current responses are
obtained. These catalytic signals that are proportional to the
concentration of catalyzed bases provide a basis for monitoring
the concentration of free electroactive nucleobases during a PCR
experiment, which should decrease exponentially with the

number of PCR cycles, as the free dNTPs (i.e., unincorporated)
are consumed to generate the amplified target DNA. For this
statement to be true, it is necessary, of course, that the
incorporated oxidizable dNTPs are less efficiently detected than
their unincorporated counterpart. This should be true if, on the
one hand, the bases incorporated into replicated DNA are less
accessible to the catalyst for steric reasons and, on the other
hand, under kinetic control of the catalytic current by mass
transport, the diffusion coefficient of incorporated bases is
significantly lower than the free base.

The validity of the method was examined for two illustrated
examples of PCR amplification of real-world biological target
DNA sequences. The first one was based on the PCR amplifica-
tion of a relatively long DNA sequence (a 2300-bp coding for
a class 1 integron gene cassette) from the bacterial genome of
multidrug-resistant Achromobacter xylosoxidans, an aerobic
Gram-negative bacillus that frequently colonizes the hospital
environment and occasionally causes nosocomial infection.43-45

The second one was derived from a commercial PCR kit for
real-time monitoring of a 283-bp target from the human
cytomegalovirus, a worldwide distributed virus that can provoke
severe diseases in immunocompromised patients.46

Results and Discussion

To demonstrate the feasibility of this method, a disposable
array of eight miniaturized self-contained electrochemical cells
has been developed and implemented in a classical program-
mable thermal cycler. The hermetic seal of the eight electro-
chemical cells was obtained by pressure closing, between two
clamped copper plates, a strip of eight polypropylene domed
caps over a planar pattern array of 8 × 3 band-electrodes47

screen-printed on a polyester substrate (Figure 2). Such an
electrochemical cell configuration makes it possible to do cyclic
voltammetry in a few tenths of a microliter of solution (in the
present work, 50 µL) under programmed thermal cycles.
Because of the significant thermal inertia conveyed by the
copper plate holders, a maximal heating and cooling rate of
(1 °C/s was achieved.

Figure 1B compares the cyclic voltammograms (CVs) of the
two selected mediator/base couples, i.e. Ru(bpy)3

2+/dGTP and
Os(bpy)3

2+/7-deaza-dGTP, recorded in the electrochemical cell
array at 25 °C. Each couple can be easily differentiated from
the distinct potential at which the catalysis takes place. As
expected from the standard potential of Os(bpy)3

3+/2+ (E0 ) 0.76
V vs NHE), lower than that of Ru(bpy)3

3+/2+ (E0 ) 1.26 V vs
NHE), and from the easier oxidation of 7-deaza-dGTP than that
of dGTP, the catalytic oxidation of 7-deaza-dGTP by the
electrochemically generated Os(bpy)3

3+ occurs at an anodic
potential (∼0.8 V vs NHE) much lower than that of dGTP by
Ru(bpy)3

3+ (∼1.3 V vs NHE). Under the selected experimental
conditions, well-defined, scan-rate-dependent, peak-shaped cata-
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Figure 1. (A) Scheme principle of the selective redox catalytic oxidation
of free oxidizable bases by electrogenerated M(bpy)3

3+ (with M ) Ru or
Os). (B) CVs (V ) 0.1 V s-1) recorded in the electrochemical cell array
maintained at 25 °C: (a) 20 µM Ru(bpy)3

2+ alone; (b) 20 µM Ru(bpy)3
2+

and 150 µM dGTP; (c) 10 µM Os(bpy)3
2+ alone; (d) 10 µM Os(bpy)3

2+

and 100 µM 7-deaza-dGTP. All solutions were prepared in a Tris-HCl buffer
(50 mM, pH 8.7).
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lytic waves were observed for both couples. Such behavior is
characteristic of efficient catalysis that leads to partial or total
kinetic control of the catalytic response by mass transport of
the oxidizable base.48 These catalytic conditions were deliber-
ately selected because, under a limiting case of total catalysis
involving a nernstian redox mediator, the catalytic peak current
(ip,cat) should vary linearly with the concentration of base
according to eq 1:48

where n is the number of electron involved in the process, CB
0

the base concentration, DB its diffusion coefficient, S the
electrode area, and V the scan rate. At a mediator concentration
higher than 5 µM and a scan rate e0.3 V s-1, a linear
relationship between ip,cat and CB

0 was effectively obtained
within the base concentration range 0.2-200 µM for both
mediator/base couples tested (not shown), with a detection limit
of 0.1 µM.

An important prerequisite for the validity of the method is
to have a highly stable and reproducible catalytic peak current
under PCR cycling conditions. During our preliminary work
with the Ru(bpy)3

2+/dGTP couple, the catalytic current under
simulated thermal cycles of PCR was strongly affected by the
interference of the solvent/electrolyte discharge. The foot of the
latter was indeed observed to continuously shift and grow
in the direction of lower anodic potential until it interfered with
the catalytic response (see Figure S1 in Supporting Information).
This effect was attributed to the presence of chloride ions
in the Tris-HCl buffer, the latter being more easily oxidized, as
the working screen-printed carbon electrode was increasingly
activated by thermal PCR cycling. To avoid this problem, the

overall chloride anions contained in the standard PCR Tris-
HCl buffer as well as in the MgCl2 and KCl additives were
systematically substituted by sulfate anions.49 Figure 3 illustrates
the stability of the catalytic response under simulated PCR
conditions in Tris-H2SO4 buffer for the two mediator/base
couples. The data were obtained from two distinct experiments
in two separate arrays of electrochemical cells that were
subjected to a series of typical three temperature step cycles
(i.e., >94, 51-54 °C, and 72 °C) to simulate PCR, whereas the
cyclic voltammetric responses were measured during the lowest
temperature step. For both of the mediator/base couples, CVs
(Figure 3A and 3B) as well as plots of the catalytic peak current
with the number of thermal cycles (Figure 3C) exhibit a great
stability and reproducibility (lower than 1.5%) throughout the
overall thermal cycles. We have only noticed a small continuous
increase and negative shift of the solvent discharge in the
catalytic oxidation wave of dGTP by Ru(bpy)3

3+ (indicated by
the red arrow in Figure 3A) which reflects the occurrence of
the solvent discharge interference even in Tris-H2SO4 buffer.
Such an effect was not observed in the case of the Os(bpy)3

2+/
7-deaza-dGTP couple because catalysis takes place at a much
lower anodic potential. The constant value of the catalytic peak
current as a function of thermal cycles also reveals that the
oxidizable base concentration remains constant throughout the
experiment and that the cumulative amount of base irreversibly
oxidized (i.e., consumed) upon repetitive voltammetric scans
is negligible.50

The high stability of catalytic current has encouraged us to
monitor electrochemically the PCR amplification of a target
DNA sequence. Because the fraction of incorporated dNTPs
not only depends on the number of target sequences generated
but also on their size, we have first investigated the amplification
of a relatively long DNA fragment in such a way to ensure a
maximal catalytic current decrease during PCR reaction. The
specific PCR amplification of the 2300-bp target sequence of
resistant A. xylosoxidans was carried out using the same primers
L1-R1 as previously described.51 It was also directly performed
on real biological samples (sputa of a cystic fibrosis patient
infected with the bacteria) that were simply boiled and cen-
trifugated before PCR amplification. To ensure high amplifica-
tion efficiency and fidelity of the long target DNA, a blend of
two thermostable DNA polymerase enzymes (mix of Taq plus
a lesser amount of a proofreading Tgo DNA polymerase) was
used.52 A first attempt of real-time electrochemical PCR was
then carried out on the basis of the electrocatalytic detection of
dGTP by the electrochemically generated Ru(bpy)3

3+. For such
a purpose, the eight-strip electrochemical cell array was filled
with a PCR mix containing (positive control) or not (negative
control) the DNA template of resistant A. xylosoxidans. The
overall solutions were then subjected to 30 PCR cycles, and
the voltammetric catalytic current of each electrochemical cell

(48) Andrieux, C. P.; Savéant, J.-M. in Electrochemical Reactions in
InVestigation of Rates and Mechanisms of Reactions; Techniques of
Chemistry; Bernasconi, C. F., Ed.; Wiley: New York, 1986; Vol. VI/
4E, Part 2, pp305-390.

(49) The Tris-HCl buffer was replaced by a Tris-H2SO4 buffer (pH 8.7),
and the MgCl2 and KCl salts, required for optimal functioning of the
enzyme polymerase, were substituted by MgSO4 and NH4SO4 salts,
respectively. The concentrations of these two latter additives were also
optimized so as to have PCR yields as high as for standard Tris-HCl
buffer.

(50) To avoid significant electrochemical consumption of the base through-
out the repetitive cyclic voltammetric scans, the self-contained
electrochemical cells were designed with a small electrode area/solution
volume ratio of 0.4.

(51) Levesque, C.; Piche, L.; Larose, C.; Roy, P. H. Antimicrob. Agents
Chemother. 1995, 39, 185–191.

(52) Barnes, W. M. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 2216–2220.

Figure 2. (a) Open view of the eight self-contained electrochemical cells.
(b) Photography of the open electrochemical cells, showing on the left the
cap containers ready to be fill with the mix of PCR, and on the right the
array of 8 × 3 screen-printed electrodes including a reference Ag/AgCl
electrode, a carbon working electrode, and a carbon counter electrode. (c)
Overview of the sample holder when mounted in the thermocycler chamber
and connected to the potentiostat.

ip,cat ) 0.609nFSCB
0√DB√FV/RT (1)
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was recorded during the annealing step of each PCR cycle.53

Two typical series of CVs recorded at different numbers of
cycles are shown in Figure 4. The first series was obtained from
an electrochemical cell containing a positive DNA template (A
and B) while the second one was from a negative control (C)
(the CV curves recorded during the early PCR cycles for the
negative control are not shown because they were very similar
to those reported in A for the positive control). The catalytic
currents at 1.3 V (vs NHE) were also reported as a function of
the number of PCR cycles for all of the electrochemical cells
tested (see Figure S2 in Supporting Information). Whatever the
sample tested (i.e., negative or positive control), an unexpected
systematic rapid increase of the catalytic response was observed
during the early cycles, followed by a slower but continuous
increase in the middle cycles. This unexpected drift of the
catalytic response with PCR cycles was ascribed to the added
DNA polymerase solution because in the absence of enzyme a
horizontal baseline similar to those shown in Figure 3C was
found.54 Despite this considerable drift, a noticeable current

decrease in the late cycles was clearly distinguished for the
positive control (Figure 4B) but not for the negative one (Figure
4C) (this was systematically observed for all positive and
negative controls tested; see Figure S2 of Supporting Informa-
tion). To confirm that the signal decrease was indirectly related
to the formation of amplified DNA product, the electrochemical
cell contents were post-PCR-analyzed by gel electrophoresis
and, as expected, a characteristic fluorescent band of the
amplified 2300-bp target DNA was observed for all positive
controls (see inset of Figure S2 in Supporting Information). The
important drift of the catalytic response (several times larger
than the decrease in current) combined with the occurrence of
the solvent discharge interference was however detrimental to
the reproducibility and robustness of the method. We have then
anticipated that by lowering the catalytic detection far from the
solvent discharge a more stable signal would be obtained. For
this reason, we have examined the possibilities offered by the
Os(bpy)3

2+/7-deaza-dGTP couple. We have first verified the
effect of the replacement of dGTP by 7-deaza analogue and
the addition of Os(bpy)3

2+ to the PCR reaction by examining
the end-PCR product yield. For such a purpose, we have
performed PCR amplifications of a resistant A. xylosoxidans
template in standard PCR microtubes using different Os(bpy)3

2+

concentrations and 7-deaza-dGTP/dGTP ratios. After 30 PCR
cycles, the end-PCR products were analyzed by gel electro-
phoresis. The image of the gel (Figure 5) revealed no significant
influence of Os(bpy)3

2+ (in the range of 2.5-25 µM) on the
final product yield of the PCR reaction because the intensity of
the fluorescent band accredited to the 2300-bp amplicon was

(53) The programmed times for each temperature step of the cycle were
made relatively long because of significant thermal inertia of the
electrochemical cell. At 0.3 V s-1, it takes less than 5 s to record one
voltammogram, so the overall cells of the array could be entirely
scanned during the annealing step of each cycle.

(54) Among the different additives present in the commercialized DNA
polymerase solution, surfactants used to stabilize the enzyme were
suspected to affect the catalytic response by adsorption on the electrode
surface. Unfortunately, in the absence of precise knowledge of
constituents contained in the supplied proprietary enzyme solution, it
was not possible to clearly identify the additive responsible for this
phenomenon.

Figure 3. Series of CVs (V ) 0.3 V s-1) recorded in the electrochemical cell array under PCR cycling conditions. The cells were filled with (A) 50 µL of
Tris-H2SO4 buffer (pH 8.7) containing 20 µM Ru(bpy)3

2+ and 150 µM of each of the four dNTPs, (B) 50 µL Tris-H2SO4 buffer containing 10 µM Os(bpy)3
2+,

100 µM 7-deaza-dGTP, 100 µM dGTP, and 200 µM each of dATP, dTTP, and dCTP. The thermal PCR cycling parameters were (A) 10 min at 95 °C,
followed by 36 cycles of 60 s at 95 °C, 120 s at 51 °C, and 90 s at 72 °C; (B) 210 s at 94 °C, followed by 24 cycles of 90 s at 94 °C, 140 s at 54 °C, and
210 s at 72 °C. CVs were acquired once every two cycles at the end of the (A) 51 °C and (B) 54 °C heating phase (only a few cycles were overlaid as
indicated in the legend). (C) Plots of ip,cat as a function of cycle number: (a) same conditions as in A; (b) same conditions as in B; (c) same as in B except
for 50 µM 7-deaza-dGTP and 150 dGTP (each experiment was performed in duplicate).

Figure 4. (A-C) Overlays of CVs (V ) 0.3 V s-1) showing progress of the electrocatalytic oxidation of dGTP (150 µM) by Ru(bpy)3
3+ (20 µM) during

PCR amplification of the 2300-bp target DNA of resistant A. xylosoxidans: (A, B) positive control, (C) negative control. The PCR cycle number is indicated
in the legend.
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the same as without added Os(bpy)3
2+. This was not the case

upon changing the 7-deaza-dGTP/dGTP ratios because a gradual
decrease of the fluorescent band intensity was observed as the
fraction of 7-deaza-dGTP was raised. This result is in agreement
with earlier studies where it was shown possible to generate
PCR products with complete replacement of native guanine by
7-deaza-guanine but to the detriment of end-PCR product yield
that decreases upon increasing the 7-deaza-dGTP/dGTP ratio.55,56

It is important to recall here that the intensity of the bands on
the post-PCR gel electrophoresis (Figure 5) reflects the amount
of amplicon produced at the end of the PCR (i.e., on the PCR
plateau phase). This amount (which also corresponds to the end-
PCR product yield) is dependent on factors (polymerase
inactivation, primers consumption, etc.) that are not identical
to those occurring in the exponential PCR amplification phase.
Therefore, it is not possible on the basis of the post-PCR gel
electrophoresis to make a conclusion on the incorporation
efficiency of 7-deaza-dGTP relative to dGTP. Although it seems
possible to carry out PCR with 100% 7-deaza-dGTP, for the
further experiments we have finally preferred to work with a
mixture of 7-deaza-dGTP/dGTP in such a way to favor PCR
yield and thus the amplitude of signal decrease.

The electrochemical real-time PCR experiment previously
performed with the first couple was then repeated with the
Os(bpy)3

2+/7-deaza-dGTP couple using different ratios of
7-deaza-dGTP/dGTP. An eight-strip electrochemical cell array
was filled with two negative controls and six positive controls
(containing the same input of resistant A. xylosoxidans DNA
template) and then subjected to 37 PCR cycles. A typical series
of voltammetric responses recorded for both a positive and
negative control are shown in Figure 6A and 6B, respectively,
and the raw and normalized catalytic peak currents as a function
of cycle number for the complete eight cells are gathered in
Figure 6C and 6D. In contrast to the preceding results obtained
with the Ru(bpy)3

2+/dGTP couple, much more stable baselines
with only small linear drifts were consistently obtained. The
linear baseline drifts were then easily corrected and normalized
(see Materials and Methods). The normalized catalytic responses

show a systematic decrease for all positive controls and no
change for negative controls. The decrease and absence of signal
decrease were all correlated to the presence or absence of a
2300-bp fluorescent band on the post-PCR image of gel
electrophoresis. The most striking feature of the normalized plots
is the perfect overlay at which the signal starts to decrease (the
average normalized signal at the 23 cycle was 0.971 ( 0.003,
indicating a relative standard deviation of 0.3%), showing a
much higher reproducibility with Os(bpy)3

2+/7-deaza-dGTP
detection scheme than with Ru(bpy)3

2+/dGTP. The percentage
of signal decrease (i.e., 15-20%) is similar to the one previously
measured with the Ru(bpy)3

2+/dGTP couple, and it does not
change significantly with other 7-deaza-dGTP/dGTP ratios.

The next objective was to precisely evaluate the analytical
performances of the proposed electrochemical-based real-time
PCR compared with those of conventional fluorescent methods.
However, in the absence of an accessible fluorescent-based real-
time PCR for the 2300-bp sequence of resistant A. xylosoxidans,
we decided to use an alternative target DNA for which a
standardized fluorescent-based real-time PCR was commercially
available, a 283-bp DNA sequence from the human cyto-
megalovirus (hCMV).46 With the aim to determine the dynamic

(55) Seela, F.; Röling, A. Nucleic Acids Res. 1992, 20, 55–61.
(56) McConlogue, L.; Brow, M. A. D.; Innis, M. A. Nucleic Acids Res.

1988, 16, 9869.

Figure 5. Gel electrophoresis image showing the influence of the
Os(bpy)3

2+ and 7-deaza-dGTP/dGTP ratios on the PCR amplification of
resistant A. xylosoxidans DNA template. The PCR amplification was carried
out in standard PCR microtubes in the presence of (lanes 1-3) 200 µM
dNTP and different concentrations of Os(bpy)3

2+ (i.e., 2.5, 10, 25 µM) and
(lanes 5-9) in the absence of Os(bpy)3

2+ but with different 7-deaza-dGTP/
dGTP ratios (the ratios indicated on the figure were varied from 100% dGTP,
lane 5, to 100% 7-deaza-dGTP, lane 9, keeping constant the total
concentration of 7-deaza-dGTP and dGTP at a value of 200 µM). The overall
microtubes were subjected to 30 PCR cycles (denaturation at 94 °C for
90 s, primer annealing at 54 °C for 140 s, and extension at 72 °C for 210 s)
and the end-PCR product analyzed by gel electrophoresis. Lane 4: 100 bp
DNA ladder.

Figure 6. (A, B) Overlays of CVs (V ) 0.3 V s-1) showing progress of
the electrocatalytic oxidation of 7-deaza-dGTP (50 µM) by Os(bpy)3

3+ (10
µM) during PCR amplification of a 2300-bp target DNA of resistant A.
xylosoxidans: (A) positive control, (B) negative control. (C) Electrochemical-
based real-time PCR curves obtained in the absence or presence of DNA
template and for different ratios of 7-deaza-dGTP/dGTP. In the legend is
mentioned the cell number in the array and, in parentheses, the positive or
negative character of the PCR solution as well as the ratio value of 7-deaza-
dGTP/dGTP. (D) Same as in C but after baseline correction and normaliza-
tion. (E) Gel electrophoresis image of the electrochemical cell contents after
PCR amplification (Lane L, 100 bp DNA ladder; lanes +, positive controls;
lanes -, negative controls; numerals, cell number in the array).
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range of the method, kinetic PCR curves (Figure 7A) based on
the electrocatalytic oxidation of 7-deaza-dGTP by Os(bpy)3

3+

were at first generated from serial dilutions of a calibrated
hCMV DNA amplicon (2.6 × 1010 copies/µL hCMV DNA)
(see Materials and Methods). In this case, a HotStartTaq
polymerase was used and the PCR mixes were prepared with a
commercialized buffer (Qiagen PCR buffer).57 As expected, the
kinetic PCR curves show that the lower the starting amount of
target DNA, and the higher the cycle number at which the
normalized signal start to decrease. A signal decrease beyond
the 40th PCR cycle was also obtained for the negative control.
This behavior was attributed to unspecific amplification of
primer-dimers or possibly other nonspecific PCR products
because in the absence of one of the two primers the signal has
remained unchanged all along the PCR cycles (open circle
symbols in Figure 7A).58 The noteworthy generation of non-
specific product obtained during this experiment is promoted
by the slow heating and cooling rates of the actual electro-
chemical cell array because under the optimal conditions
recommended by the manufacturer of the commercialized real-
time PCR kit of the 283-bp hCMV DNA sequence (i.e., two-
step temperatures with a shorter programmed cycle) we have
not observed a significant primer-dimers band in post-PCR gel
electrophoresis. An optimized cell, specially designed for fast
heat transfer, should certainly lower the generation of unspecific
product and also improve the PCR performance. For an optical
real-time PCR system, the initial template concentration cor-
relates inversely with the number of cycles required to increase
the signal above a threshold level. Because we have the exact
opposite (i.e., a signal decrease), the signal can then be analyzed
based upon the number of cycles required to decrease the signal
below a threshold value. This was accomplished by setting a
threshold line across the graph as indicated in Figure 7A, from
which the cycle threshold value (Ct) of each curve was defined
as the intercept with this line. A plot of Ct vs log10 initial copy
number of hCMV DNA (Figure 7B) gives a standard curve
similar to that of fluorescent-based real-time PCR methodolo-
gies. The standard curve is linear over 8-log10 range with a

correlation of 0.989 and a detection limit as few as 103 molecules
of initial target DNA in the 50 µL PCR solution.

The Ct value is proportional to the logarithm of the initial
amount of DNA template according to the linear eq 2.4

where ε is the amplification efficiency (1 e ε e 2), N0 is the
initial copy number of target DNA, and b is a constant that
include a proportionality factor to relate PCR product concentra-
tion and signal intensity. From the slope of the linear regression
of Ct vs log10 N0 we calculate an amplification efficiency of
2.12, which is higher than the maximal theoretical value of 2.
This anomalously high ε value is explained by an increasing
contribution of unspecific products as the starting concentration
of target DNA is decreased. A better estimate of the amplifica-
tion efficiency, free of nonspecific contributions, can then be
found from linear regression to the highest concentrations
(dashed line in Figure 7B). Under this condition, an amplification
efficiency of 1.93 was calculated. Such a value close to 2 clearly
shows that the unnatural 7-deaza-dGTP base does not affect
the PCR amplification efficiency probably because it is incor-
porated as efficiently as the natural base.55

To evaluate the analytical performances of the proposed
method and to compare with those of conventional fluorescent
methods, the Ct values of serial dilutions of the same quantified
biological extract of hCMV DNA template (2 × 105 copies/
µL) were determined using both the electrochemical real-time
PCR method and a conventional real-time PCR (using TaqMan
fluorescent probes) on a Rotor-Gene system. The resultant data
were used to plot the standard curves shown in Figure 7B. In
the case of the fluorescent-based real-time PCR, the standard
curve was determined using a standard PCR protocol but also
according to our specific PCR conditions (i.e., in the presence
of 10 µM Os(bpy)3

2+ and 1:1 7-deaza-dGTP/dGTP ratio). From
the slopes of the fluorescent calibration plots, PCR efficiencies
of 1.83 and 1.79 were obtained, respectively, demonstrating that
the presence of osmium complex and 7-deaza-dGTP do not
significantly affect the PCR efficiency. However, comparison
of the electrochemical Ct values with those of fluorescence
shows a somewhat lower sensitivity of the electrochemical
strategy (the shift of sensitivity is equivalent to about six PCR
cycles). Because the sensitivity in real-time PCR is mainly

(57) The use of a commercial buffer was rendered possible because at the
low anodic potential at which the catalytic oxidation takes place, there
was no significant interference of chlorides ions brought by the buffer.

(58) We have obtained a similar result with a positive sample in which we
have voluntary not added the polymerase into the PCR mixture.

Figure 7. (A) Electrochemical-based real-time PCR curves for a 100-fold dilution series of 283-bp hCMV target DNA (from left to right: 1011, 109, 107,
105, 103, 0 initial copies of target and negative control with one of the two primers omitted). The horizontal dashed line indicates the threshold level used
to establish the Ct values. (B) Standard calibration plots of Ct vs the logarithmic input of hCMV copies for (9, f) conventional fluorescence-based real-time
PCR (TaqMan probes in a Rotor-Gene instrument) and (b, [) electrochemical-based real-time PCR. The data were obtained from serial dilutions of (9, f,
[) the same quantified biological extract of hCMV DNA template (2 × 105 copies/µL), or (b) a calibrated solution of 283-bp hCMV DNA amplicon (2.6
× 1010 copies/µL). Straight lines are linear regressions.

Ct ) -log(ε)-1 log N0 + b (2)
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related to the ability of detecting directly or indirectly a low
amount of amplified DNA, it was interesting to evaluate such
a parameter with the present method. A simple calculation gives
an estimate that a 2% signal decrease on the electrochemical
real-time PCR curve should correspond to a consumption of
ca. 1 µM of free electroactive base over the 50 µM initially
present in the PCR solution. Considering that the synthesis of
each double strand of 283-bp hCMV DNA target requires the
incorporation of 70 equiv of 7-deaza-dGTP (assuming equal
incorporation efficiency of 7-deaza-dGTP and dGTP), the signal
decrease of 2% should thus represent the indirect detection of
∼15 nM of amplified target DNA.

Conclusion

Although the sensitivity is not as high as conventional optical-
based real-time PCR, the methodology described here offers
many of the advantages of real-time PCR, such as a high
dynamic range of detection with quantitative potentialities and
the elimination of post-PCR processing. The method also has
the specific advantage of simplicity because it only requires the
addition of a minute amount of redox catalyst into the PCR
mixture, and even though the approach does not offer the
additional specificity afforded by labeled hybridization probes,
it simplifies the design issues and allows for rapid development.
Moreover, compared to fluorescent approaches based on inter-
calating dyes such as SYBR Green, the electrochemical detec-
tion is not prone to inhibition artifacts, and the redox catalysts
Ru(bpy)3

2+ and Os(bpy)3
2+ are much more stable than fluores-

cent probes, which is an advantage for handling and storage.
The detection scheme was also demonstrated to be feasible with
a relatively long DNA fragment. This is clearly a benefit
compared to the existing fluorescent methods based on labeled
hybridization probes which generally failed to monitor real-
time PCR of long DNA sequences. The proposed method can
finally be viewed as a complementary approach to existing
methods, well adapted to measure an optimized standard PCR
reaction.

An additional significance of the work is that it demonstrates
the viability of electrochemically monitoring in real-time (i.e.,
at every PCR cycle) the exponential amplification of a homo-
geneous PCR reaction using a low-cost disposable multiplexed
array of electrochemical cells (an important prerequisite for the
manufacturing development of an economically viable instru-
ment). Under these conditions, it was possible to plot, for the
first time, a fully resolved kinetic PCR curve using a nonoptical
method. This is a substantial improvement over the previous
electrochemical solid-phase real-time PCR that was based on
the use of rather cost-effective DNA probe-modified ITO
electrodes, itself restricted to only one electrochemical measure-
ment per electrode because of problems of memory effects and/
or stability of the DNA-functionalized electrodes during the PCR
experiment.34 We expect that such a significant advance should
open new opportunities to further development of electrochemi-
cal-based real-time PCR.

Further effort is now required to improve the practicality of
the method and its analytical performance. Significant progress
can be expected from the development of an entirely automated
device with an improved cell design for faster thermal heat
transfer. The detection scheme can also be simplified by
attaching the redox catalyst to the electrode surface, a strategy
that should improve both the selectivity and sensitivity of the
catalytic detection and also eliminate the presence of catalyst
in the final PCR product. Another important advancement can

also be obtained through integration of the detection scheme in
a miniaturized system, such as a microchip platform34 or a
microfluidic device.32 This is supported by the fact that, in
contrast to optical methods, the analytical performances of the
electrochemical methods are relatively insensitive to downscal-
ing. At the same time, the method would benefit from many
improvements brought by miniaturization of PCR, including
faster thermal response rate, reduced reagent consumption, and
higher sample handling, without the drawbacks associated with
fluorescent optical systems. Work is in progress aimed at
achieving these goals.

Material and Methods

Reagents. The OsII(bpy)3(PF6)2 was synthesized as previously
described,59 and RuII(bpy)3Cl2 ·6H2O (Aldrich) and 7-deaza-dGTP
(TriLink Biotechnology) were used without further purification.

The positive biological sample containing the DNA template of
resistant A. xylosoxidans was obtained from the sputa of a cystic
fibrosis patient. Before PCR amplification, the genomic DNA was
simply extracted from the cells by boiling the biological sample at
100 °C, and the residual fragments of cells in the supernatant were
eliminated by centrifugation. The positive biological sample was
kindly provided by the Département de Bactériologie of the Hospital
of Dijon (France).

The quantified biological extract of hCMV DNA template (2 ×
105 copies/µL) was obtained from a MRC5 cell line extract infected
by AD169 CMV stain. The hCMV DNA extraction was realized
with QIAamp DNA Blood Mini kit (Qiagen). The concentrated
amplicon of 283-bp hCMV DNA (2.6 × 1010 copies/µL) was
obtained from standard PCR amplification of the biological extract
of hCMV DNA template. The copy number of hCMV target
sequences contained in the concentrated amplicon was calibrated
by gel electrophoresis.

PCR products were electrophoresed on a 2% agarose gel and
were visualized by ethidium bromide staining.

Sample Holder. The sample holder shown in Figure 2 has been
design around a disposable array of eight independent electrochemi-
cal cells. The eight self-contained electrochemical cells were
assembled from eight-strip polypropylene-domed caps (ABgene)
sealed over an array of 8 × 3 band-electrodes (a carbon working
electrode, a carbon counter electrode, and a Ag/AgCl reference
electrode) screen-printed on a flexible planar polyethylenterephtalate
film. For a tight seal of the strip caps over the planar polyester
substrate, the eight electrochemical cells were sandwiched between
two copper plate holders clamped with six screws. Such an assembly
defined for each cell a working electrode area of 0.02 cm2, the latter
being delimited by the inside diameter of the polyethylene cap
apertures, and a working cell volume of 75 µL allowing the PCR
to be performed in a reaction volume of 25-75 µL. The backside
of the copper holder was mounted inside the chamber of a
thermocycler (Swift Maxi thermal cycler from Esco).

A slight cell-to-cell variability in the magnitude of catalytic
current was sometimes observed. This was caused by small cell-
to-cell fluctuation of the working electrode areas, depending on
the pressure used to seal the strip caps over the planar substrate of
screen-printed electrodes. These electrode area fluctuations are not
a problem because the electrode area remains constant within the
same cell throughout the overall PCR experiment and also because
the goal is to measure the percentage decrease of catalytic current.

Real-Time PCR Conditions for the A. xylosoxidans. Forward
primer L1, 5′-GGCATCCAAGCAGCAAGC-3′, and reverse primer
R1, 5′-AAGCAGACTTGACCTGAT-3′, were used to amplify a
2300-bp fragment of resistant A. xylosoxidans, specific for a class
1 integron gene cassette.51 The PCR buffer consisted of 50 mM
Tris-H2SO4 buffer (pH 8.7), 1.5 mM MgSO4, and 3 mM NH4SO4.

(59) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem.
1988, 27, 4587–4598.
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In the case of catalytic oxidation of dGTP by Ru(bpy)3
3+, the

PCR reaction mixture (50 µL) included the PCR buffer, 20 µM
Ru(bpy)3(PF6)2, 0.15 mM each of dNTPs, 0.5 µM each of forward
and reverse primers, 0.75 units of polymerase blend from the
Expand High Fidelity PCR system (Roche Diagnostics), and
positive control templates (2.5 µL). For the negative control, the
DNA template suspension was replaced by water. PCR cycling
conditions were as follows: initial denaturation at 94 °C for 210 s,
followed by 30 cycles of 94 °C for 90 s, 140 s annealing at 54 °C,
and 210 s extension at 72 °C. After the 10th cycle, the extension
step was iteratively incremented for 5 s (the increment of the
extension step duration is important for improving the amplification
of long DNA fragment). The cyclic voltammograms were recorded
(V ) 0.3 V s-1) during the annealing step at 54 °C and for each
cycle.

In the case of catalytic oxidation of 7-deaza-dGTP by Os(bpy)3
3+,

the PCR reaction mixture (50 µL) was composed of 10 µM
Os(bpy)3(PF6)2, 0.2 mM each of dATP, dCTP, and dTTP, (0.2 -
x) mM dGTP, x mM 7-deaza-dGTP (with x ) 0.025, 0.05, or 0.15
mM), 0.5 µM each of forward and reverse primers, 0.75 units of
polymerase blend from the Expand High Fidelity PCR system kit
(Roche Diagnostics), 2.5 µL of positive control templates, and the
PCR buffer. PCR cycling conditions were exactly the same as those
used the preceding case, except that instead of using 20 supple-
mentary cycles, 27 were applied. The cyclic voltammograms were
again recorded (V ) 0.3 V s-1) during the annealing step at 54 °C
and for each cycle.

Baseline correction of the kinetic PCR curves was achieved by
subtracting a least-squares fitted line across 10 cycles immediately
before signal decreases. Current normalization was next ac-
complished by offsetting the data sets to align the value of the 11th
PCR cycle.

Real-Time PCR Conditions for the hCMV DNA. Specific
primers, provided by Argene (proprietary sequences), were used
to amplify a 283-bp hCMV DNA fragment targeting UL83 gene
coding for phosphoprotein pp65.46 The PCR reaction was performed
in Qiagen buffer 1X (50 µL) containing 10 µM Os(bpy)3(PF6)2,
0.2 mM each of dATP, dCTP, and dTTP, 0.15 mM dGTP, 0.05
mM 7-deaza-dGTP, 0.2 µM each of forward and reverse primers,
1 unit of HotStartTaq polymerase (Qiagen), and 2.5 µL of serial
dilution of the calibrated 283-bp hCMV DNA amplicon (2.6 ×
1010 copies/µL) or 5 or 0.5 µL of the quantified biological extract
of hCMV DNA (2 × 105 copies/µL). The PCR was performed
according to the following thermal cycling: preheating period of
15 min at 92 °C followed by 45 cycles of 95 °C for 60 s, 53 °C for
120 s, and 72 °C for 120 s. The cyclic voltammograms were
recorded at 53 °C during the annealing step of each PCR cycle.

The conventional fluorescent-based method (TaqMan PCR) was
performed on a Rotor-Gene (Corbett Life Science). The PCR
reaction was performed in 25 µL containing Qiagen buffer 1X, 0.2
mM of each dNTP, 0.5 µM of specific primers, 0.1 µM of specific
probe (primers and probe provided by Argene), 1.875 units/PCR
of HotStartTaq polymerase (Qiagen), and 10 µL of standard diluted
solutions of the quantified biological extract of hCMV DNA
template (final quantity ranging from 10 to 105 copies per assay).
The PCR was performed at 95 °C for 15 min, followed by 45 cycles
at 95 °C for 10 s, 60 °C for 40 s. The acquired fluorescence was
measured during the step at 60 °C. For mimicking the electro-
chemical PCR conditions, the PCR reaction was performed similarly
to standard conditions, except that 0.1 mM each of dATP, dCTP,
and dTTP, 0.05 mM of dGTP, 0.05 mM 7-deaza-dGTP, and 10
µM Os(bpy)3(PF6)2 were added to the PCR solution.

Electrochemical Measurements. Cyclic voltammetry was car-
ried out with a PST20 Autolab potentiostat (Eco-Chemie) interfaced
to a PC computer and connected to the electrochemical cell array
through a homemade connector equipped with an eight-position
selector switch. During our preliminary work, the voltammetric
measurements at each cycle of PCR were started manually. We
also later succeeded in the development of a homemade eight-
channel multiplexed potentiostat entirely synchronized to the
thermal cycles of the PCR. With such equipment it was possible
to scan by cyclic voltammetry the eight electrochemical cells
quasisimultaneously at the end of each annealing step of PCR cycle.

The screen-printed electrodes were prepared from a semiauto-
matic screen-printer (Presco, USA), using carbon (PF 407A) and
silver (418SS) carbon inks (Acheson Colloid). For homogeneity
and clarity, all potentials in the text were quoted relative to a normal
hydrogen electrode (NHE).
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