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Real-time electrochemical LAMP: a rational
comparative study of different DNA intercalating
and non-intercalating redox probes†

Alexandra Martin,a Laurent Bouffier,b Kathryn B. Grant,c Benoît Limoges*a and
Damien Marchal*a

We present a comparative study of ten redox-active probes for use in real-time electrochemical loop-

mediated isothermal amplification (LAMP). Our main objectives were to establish the criteria that need to

be fulfilled for minimizing some of the current limitations of the technique and to provide future guide-

lines in the search for ideal redox reporters. To ensure a reliable comparative study, each redox probe was

tested under similar conditions using the same LAMP reaction and the same entirely automatized

custom-made real-time electrochemical device (designed for electrochemically monitoring in real-time

and in parallel up to 48 LAMP samples). Electrochemical melt curve analyses were recorded immediately

at the end of each LAMP reaction. Our results show that there are a number of intercalating and non-

intercalating redox compounds suitable for real-time electrochemical LAMP and that the best candidates

are those able to intercalate strongly into ds-DNA but not too much to avoid inhibition of the LAMP reac-

tion. The strongest intercalating redox probes were finally shown to provide higher LAMP sensitivity,

speed, greater signal amplitude, and cleaner-cut DNA melting curves than the non-intercalating

molecules.

Introduction

The development of inexpensive point-of-care (POC) nucleic
acid tests for detection and quantification of pathogenic
agents has become increasingly important in applications
ranging from molecular diagnostics and food safety control to
environmental monitoring.1,2 The best POC detection
methods afford fast turnaround times using simple devices
that can be easily operated at resource-limited locations.
During recent years, a growing effort has been made toward
designing POC devices for on-site detection of nucleic acids
combining an in vitro exponential DNA (or RNA) amplification
reaction with real-time monitoring of the amplified DNA pro-
ducts in a single closed-tube. The key advantage of these
approaches is to offer fast quantitative analysis across a wide

dynamic range, including a faster analytical response. Towards
this end, a major effort has gone into the integration of the
gold standard method of nucleic acid analysis, i.e., the fluo-
rescence-based real-time PCR, in portable lab-on-chip minia-
turized devices.3–5 However, to date, real-time PCR has only
seen slow transition to POC, in part because of the need for
precise thermal cycling, but also because of the requirement
for a rather complex, fragile and costly miniaturized fluo-
rescence-based optical detection system. In order to circum-
vent these limitations, isothermal methods for nucleic acid
amplification combined with electrochemical detection, were
recently proposed.6–9 These approaches reduce or eliminate
the need for accurate temperature control and cycling, thus
affording the development of simpler and smaller battery-oper-
ated portable devices.10,11 Also important are the numerous
advantages offered by electrochemical detection, namely lower-
cost, facile integration in a miniaturized format, good sensi-
tivity, high robustness without need for periodic recalibration,
and the ability to operate in non-transparent reaction mixtures
and reaction vessels with complex biological samples.6–8,12

To date, only two isothermal DNA amplification methods
have been coupled to real-time electrochemical monitoring,
i.e. helicase-dependent amplification (HDA)13 and loop-
mediated isothermal amplification (LAMP).14–19 These coup-
lings are almost all based on the time-course electrochemical
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(or electrical) measurement of a binding reaction occurring
between an indicator added to the reaction solution and the
DNA products or pyrophosphate ions generated by the iso-
thermal amplification reaction. One exception is the real-time
monitoring of LAMP reaction through a pH change, but the
resulting LAMP performance suffers from a lack of sensitivity
because of the need to record very small pH variations.18 For
the other approaches, two detection strategies were proposed.
The first one takes advantage of a change in the electrical con-
ductivity of the reaction solution to monitor the progress of an
LAMP reaction,16,17 while the second one is an adaptation of a
detection strategy previously demonstrated for real-time
electrochemical PCR.20,21 The latter relies on the in situ
measurement of the faradaic current response decrease of a
free-to-diffuse intercalating redox probe as the reaction pro-
gresses. This detection strategy was demonstrated first with
the isothermal HDA method13 and thereafter with LAMP.14,15

So far, only three redox-active probes have been reported. The
first one is [Os(bpy)2dppz]

2+ (dppz = dipyrido[3,2-a:2′,3′-c]phen-
azine), a reversible one-electron oxidizing metal complex that
exhibits strong preferential binding to ds-DNA (binding con-
stant Kb > 106 M−1 at 25 °C), good chemical and thermal stabi-
lity, and high electrochemical detection sensitivity. It has
however some shortcomings: (i) it inhibits the polymerase
activity (both under PCR and HDA conditions) at high concen-
tration (>µM) and (ii) it gives significant background drift that
can complicate signal analysis and interpretation.13,20 The
second probe is methylene blue (MB), a two-electron redox-
active molecule that intercalates into ds-DNA with a ∼100-fold
lower binding affinity than the [Os(bpy)2dppz]

2+ complex. This
lower affinity was found to be detrimental in real-time electro-
chemical PCR since no significant electrochemical signal
decrease could be observed,20 but not in real-time electro-
chemical LAMP where an exponential decrease of the current
response with time was reported.15,19 The last probe is the
reversible one-electron metal complex Ru(NH3)6

3+.22 Though
this compound lacks ds-DNA intercalating properties, it was
shown to give a current response decrease during LAMP that
was ascribed to an electrostatic interaction of Ru(NH3)6

3+ with
the anionic DNA backbone of amplicons.22 However, the poor
temporal resolution as well as the high data scattering in the
published work hamper judgement of the LAMP performances
with this particular redox probe.

Though the analytical performances of real-time electro-
chemical LAMPs so far developed look attractive and
potentially competitive with optical fluorescence-based
methods,14–19,22 it is not possible to accurately compare them,
each being carried out under different conditions using
different DNA targets and redox probes. It is therefore not
obvious to identify which redox probes are more favorable for
LAMP. Moreover, there exists a wide range of unexplored redox
compounds that could potentially solve some of the current
limitations of the technique (i.e., poor stability of background
response, inhibition of polymerase, lack of reproducibility and
sensitivity), but it is unclear what criteria must be fulfilled to
the design of an appropriate redox reporter. For all of these

reasons, we present here a comparative study of ten different
redox-active probes for use in real-time electrochemical LAMP,
with the main objective to provide guidelines in the search for
ideal redox reporters but also to establish the criteria that are
required for improving and optimizing the method. These
guidelines are anticipated to be useful to others who are inter-
ested in designing new redox probes, in applying real-time
electrochemical LAMP to downstream applications, and in
extending the detection strategy to others isothermal DNA
amplification techniques.

To ensure a reliable comparative study, each redox reporter
was tested in the same LAMP reaction, i.e. in a target model
system involving the LAMP amplification of a 274 bp DNA
sequence from bacteriophage M13mp18,23 and using the same
entirely automatized custom-made real-time electrochemical
device.13,24 The electrochemical LAMPs performed for each of
the redox-active probes were followed at the end of the reaction
with a melt curve analysis, a useful strategy for identifying and
differentiating well-amplified full-length amplicons from non-
specifically generated DNA products.

Experimental
Reagents

All oligonucleotides were purchased from Eurogentec. The BIP,
FIP, B3 and F3 sequences used to specifically amplify a 274 bp
DNA target in M13mp18 were previously reported in the litera-
ture.23 LB (5′-CGA GCT CGA ATT CGT AAT CA-3′) and LF
(5′-CTT GCA GCA CAT CCC CCT TT-3′) sequences were
designed specifically for this study. The M13mp18 DNA was
obtained from New England Biolabs Inc.

The Bst 2 WarmStart™ DNA polymerase and buffer were
provided by New England Biolabs Inc. Bovine serum albumin
(BSA), polyvinylpyrrolidone (PVP, MW 40 kDa) and betaine
solution were supplied by Sigma Aldrich. For electrochemical
measurements, a 10× homemade detergent-free Tris buffer
(10× TB, pH 8.8: 0.2 M Tris-HCl, 500 mM KCl, 0.1 M (NH4)2SO4

and 0.04 M MgSO4) was used. The osmium complexes
Os(bpy)3(PF6)2, [Os(bpy)2phen](PF6)2, and [Os(bpy)2dppz] (PF6)2
(where bpy = 2,2′-bipyridine, phen = phenanthroline, and dppz =
dipyrido[3,2-a:2′,3′-c]phenazine) were synthetized according
to published procedures.25 Methylene blue (MB), Nile blue,
and ferrocene boronic acid (FcB(OH)2) were supplied by
Sigma-Aldrich. The hexafluorophosphate salt of (ferrocenyl-
methyl)trimethylammonium (FcCH2NMe3PF6) was obtained
by metathesis of the corresponding iodide salt (Alfa Aesar).
The methylene blue derivative (PhP) and the pyridoacridone
derivative (PyA) were synthesized according to published
procedures.26–28

Real-time electrochemical LAMP

The real-time electrochemical monitoring of LAMP was carried
out with a custom-designed instrument consisting of a flat
Peltier-heating block over which a single-use 48-well electro-
chemical microplate was fastened flat and electrically con-
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nected to a multiplexed potentiostat through two underlying
arrays of 72-pin connector integrated to the heating block
(Easy Life Science).13 The flat bottom of each well of the micro-
plate was printed with 3 screen-printed electrodes: a carbon
working electrode, a carbon counter electrode and a silver
pseudo-reference electrode. With this device the content of
each of the 48-electrochemical wells (i.e., working volumes of
solution ranging from 25 to 75 µL) could be held at a constant
temperature (typically 65 °C for LAMP) and scanned by square
wave voltammetry (SWV) at a maximal sampling rate of 0.3 Hz.
(The 48 electrochemical wells could be scanned once by SWV
over 0.6 V in less than 5 s.) With the help of a dedicated
Matlab program, SWV peak current integrations were auto-
matically extracted from raw signals after baseline correction,
before being plotted as a function of the LAMP amplification
time.

Wells of the electrochemical microplate were each filled
with 50 µL of LAMP reaction mixture containing 400 µM of
each of the dNTPs (Qiagen), 5 µL 10× TB, 1.6 µM of each of the
BIP and FIP primers, 0.8 µM of each of the LB and LF primers,
0.4 µM of each of the B3 and F3 primers, 1 mM betaine,
0.025 wt% BSA, 1 wt% PVP, 0.32 U of Bst 2 WarmStart™ DNA
polymerase, a suitable amount of the redox reporter (see text),
and 2 µL target DNA, and then sealed with an adhesive film
(MicroAmp® optical adhesive film, Thermo Fisher Scientific)
to avoid evaporation during the amplification process. LAMP
reaction mixes were maintained at 65 °C during the amplifica-
tion reaction while the SWV responses of each well were
recorded at a suitable sampling rate (i.e., every 40 s). Melt
curve analysis was performed immediately following the LAMP
reaction by applying a linear ramp of temperature starting
from 50 °C to 91 °C at a ramp rate of a 1.1 °C min−1 with con-
current monitoring of the SWV signals every 13 s.

Results and discussion

The principle of the LAMP method under consideration is
recalled in Scheme 1. It relies on the in situ and real-time

electrochemical monitoring of faradaic current response
(using SWV) generated from a free-to-diffuse intercalating
redox probe added to the LAMP reaction mixture. As the reac-
tion progresses, an exponential amount of the redox reporter
intercalates into the exponentially amplified double-stranded
amplicons. The consequence of this binding is a lowering of
the apparent mass transport of the redox indicator to the elec-
trode surface (because of the lower diffusion coefficient of the
bound vs. free redox active probe). This then translates into an
exponential decrease of the faradaic current response as a
function of the amplification time for positive samples, while
there is no change for negative controls (no target).

Description of the redox-active probes

As it was previously reported by us,13,20 an ideal redox probe
should meet the following criteria, having: (i) strong and pre-
ferential binding affinity for ds-DNA, (ii) good chemical and
thermal stability, (iii) a weak inhibitory effect on the amplifica-
tion reaction, (iv) a stable current response in the absence of
target DNA, and (v) good electrochemical detection sensitivity
within an accessible potential window in water. In the present
work, we have selected ten redox-actives molecules which
satisfy more or less these criteria (Scheme 2). Their formal
potentials (E0′) span over a large potential window (i.e., from
−0.51 V to +0.65 V, Scheme 2). Three are one-electron revers-
ible osmium-based bipyridyl complexes, which were chosen
not only because of their large differences in ds-DNA binding
affinity, but also because of their well-defined electrochemical
properties.

Strong ds-DNA intercalation by the first [Os(bpy)2dppz]
2+

complex (Kb > 106 M−1 at 25 °C, ref. 20 and 29) mainly results
from the dipyridophenazine ligand, which stacks in between
the base pairs of ds-DNA.29,30 The second osmium complex
[Os(bpy)2phen]

2+ has a much lower ds-DNA affinity (Kb ∼ 8 ×
103 M−1, ref. 31), while the last one, the Os(bpy)3

2+, completely

Scheme 1 Schematic diagram of the real-time electrochemical LAMP.

Scheme 2 List of redox probes selected for real-time electrochemical
monitoring of LAMP. Formal potentials (E0’) are at pH 8.8 and vs. Ag/
AgCl.
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lacks ds-DNA intercalating properties. Among the remaining
redox intercalating compounds in Scheme 2, two belong to a
class of electroactive heterocyclic polyaromatic dyes able to
reversibly exchange 2e− + 2H+ through their quinoid functional
group. Included in this category are methylene blue (MB; Kb of
104–105 M−1 at 20–25 °C, ref. 32–34) and a MB derivative bap-
tized PhP. The latter is modified with a DNA anchor arm (i.e.,
a piperazinexylene chain) so as to substantially increase (by a
factor ∼10) the binding affinity of the phenothiazine ring to
ds-DNA.35 The MB probe was previously used for the real-time
electrochemical monitoring of LAMP reactions.14,15,19 It can
thus serve as a valuable reference for comparison of the
present study to previously reported works. Additional hetero-
cyclic polyaromatic electroactive dyes in Scheme 2 are Nile
blue and a pyridoacridone derivative (PyA). Both have an
extended flat polyaromatic structure favorable to ds-DNA inter-
calation (Kb ∼ 104–106 M−1, ref. 36 and 37). The list of repor-
ters is completed by several non-intercalating redox
compounds, i.e., the ruthenium hexaamine (Ru(NH3)6

3+), also
previously used,22 and two ferrocene derivatives, the positively
charged (ferrocenylmethyl)trimethylammonium
(FcCH2N

+Me3) and neutral ferrocenyl boronic acid (FcB(OH)2).
Overall, the ten redox reporters selected in this study can be
classified in two categories: those that are recognized for their
ds-DNA intercalating properties and others that are not (separ-
ated by the dashed vertical line in Scheme 2).

Characterization of the probes

In order to have a rigorous side-by-side comparison of the 10-
redox probes, each was examined for its ability to monitor elec-
trochemically and in real-time the LAMP amplification of a
M13mp18 ds-DNA target under identical experimental con-
ditions. Fig. 1 and 2 show the experimental data obtained for
each of the redox-active probes during the real-time electro-
chemical LAMP of M13mp18 (in Fig. 1 are the results for the
intercalating probes whereas in Fig. 2 are those for the non-
intercalating ones). A starting DNA target concentration of 106

copies per well was selected for all of the positive samples,
while the negative template controls were run without DNA.
Depending on whether or not there was a propensity to inhibit
the LAMP reaction, but also to provide at 65 °C a sensitive
SWV response with a large amplitude decrease, the concen-
tration of each of the redox-active probes was suitably adjusted.
The first column of the graphs in Fig. 1 and 2 reports the SWV
responses recorded during LAMP at three different amplifica-
tion times. Well-defined SWV peaks centered on the E0′ of
each redox reporter were obtained for all of the selected com-
pounds except for PyA.‡ Depending on the redox probe, the
SWV peaks of positive samples compared to the negative con-
trols were observed to suddenly decrease and even sometimes
disappear as a function of the LAMP amplification time.

Reporting the SWV peak charges (except for PyA where the
magnitude of the SWV cathodic current at −0.45 V was instead
reported as a function of time) as a function of LAMP reaction
time (graphs in the middle column of Fig. 1 and 2) allow one

Fig. 1 Intercalating redox probe data. Left column: SWV responses
recorded at different time interval during LAMP of a positive sample (106

copies of M13mp18 DNA target) (blue) after 7, (red) 33 and (green)
67 min reaction times. (On the PyA graph, the arrow indicates how the
SWV current at −0.45 V was measured with this particular probe).
Middle column: real-time SWV peak charge (or SWV peak current for
PyA) traces for negative (no DNA target, black) and positive samples (106

copies of M13mp18 DNA target, red). Right column: melt curves
recorded after LAMP for positive (red) and negative controls (black). The
redox reporter is indicated on the left corner of each SWV graph (from
top to bottom): 0.5 µM [Os(bpy)2dppz]

2+, 15 µM MB, 15 µM PhP, 0.5 µM
[Os(bpy)2phen]

2+, 5 µM PyA and 5 µM Nile Blue.

‡The atypical shape of the SWV response of PyA was found to result from the
redox-mediated catalytic reduction of dissolved dioxygen by the electrochemi-
cally reduced form of PyA, a reaction that is expected to occur efficiently at the
low reduction potential of PyA (E0′ = −0.51 V vs. Ag/AgCl).
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to plot the characteristic time-course LAMP amplification
curves for both positive samples (red curves) and negative tem-
plate controls (no DNA, black curves).

Intercalating probes

In Fig. 1, whatever intercalating redox probe was used, a
typical exponential signal decrease from a characteristic time-
to-threshold value (tt, marked on the graph by a vertical dotted
line) is observed for the entire positive samples (red curves),
but not for the negative controls (black curves). This points to
a sudden rise in the concentration of ds-DNA amplicons,
which then leads to an abrupt decrease in the free redox-active
probe concentration at the expense of the intercalated one.
However, comparison of the different probes shows several
marked differences not only in the shape of LAMP amplifica-
tion curves, but also in the time-to-threshold values and signal
decrease amplitudes. These differences well illustrate how the
choice of a redox probe can significantly affect the analytical
response of real-time electrochemical LAMP. Similar to the
results previously reported for the electrochemical monitoring
of HDA in real-time,13 the [Os(bpy)2dppz]

2+ complex displays a
notable positive drift of the SWV response with time. (See the
negative control plot which is 3-fold augmented after 40 min

at 65 °C before reaching a limiting value.) This large signal
increase can be attributed to a favorable partitioning of the
osmium complex on the surface of the working carbon elec-
trode,13 a phenomenon that depends on probe concentration
(Fig. S1†) and that proceeds here at a peculiarly slow rate.
Similar baseline drifts are also observed with the two other
osmium complexes, but with a slightly lower gain and without
showing a saturating value within the time window explored.
The behavior of the osmium complexes contrasts with the
much more stable baseline responses achieved with MB and
PhP and, to a somewhat lower extent, PyA. These higher signal
stabilities indicate a less significant adsorption contribution
of the redox probe to the SWV signal. It is nevertheless worth-
while to note that, at the beginning of the SWV measurements,
the response of MB, PhP or PyA either rapidly or slightly
increases or decreases before stabilizing after a few consecutive
scans. Such a behavior, suggests again some electrode adsorp-
tion effects on the SWV response. These effects however more
rapidly relax and stabilize with these aromatic compounds
than the osmium complexes. In contrast to its congeners, Nile
blue shows such a strong signal decrease with time that at the
end of the amplification the negative control signal is only
10% of its initial value. To understand the origin of this behav-
ior, the UV-visible spectra of Nile blue solutions (5 µM) were
recorded at 65 °C as a function of time, in either the presence
or absence of the LAMP constituents. The UV-visible spectra
slowly but significantly changed in the presence of the LAMP
constituents, but not in their absence (Fig. S2†). This comport-
ment suggests a slow nonspecific binding of the Nile blue with
one of the reagents in the LAMP mix. Independent tests of
each of the LAMP constituents allowed us to establish that the
PVP surfactant was responsible for the absorbance change
(Fig. S2†). We therefore concluded that the slow continuous
signal decrease of Nile blue with time was the consequence of
a nonspecific binding of Nile blue to the PVP surfactant
(which, because of the 40 kDa molecular weight of PVP, leads
to an apparent mass transport decrease of Nile blue to the
sensing electrode surface). This result clearly underlines the
importance of optimizing the adjuvants added to the LAMP
mix to avoid nonspecific electrochemical response decreases
with some redox probes.

Another important inference from the amplification curves
of the positive samples in Fig. 1 involves the dependence of
the onset-signal and signal amplitude decreases on the
nature of the intercalating redox probe. For instance, the
[Os(bpy)2phen]

2+ shows a poor signal amplitude decrease at
amplification times greater than 35 min, while under similar
conditions the [Os(bpy)2dppz]

2+ shows a complete signal
extinction after only 15 min. The total disappearance of the
SWV signal demonstrates that all of the [Os(bpy)2dppz]

2+ mole-
cules in solution are captured by a relatively small amount of
the exponentially grown amplicon. Such contrasting behavior
is clearly the consequence of a marked difference in the
binding strengths of the osmium complexes for ds-DNA. The
stronger the binding affinity of the redox probe to ds-DNA is,
the sooner the onset-signal decrease occurs and the larger the

Fig. 2 Non-intercalating redox probe data. The experimental con-
ditions and color codes on the graphs are the same as in Fig. 1. The
redox reporters associated with each series of graphs are indicated in
the left corner of each SWV graph (from top to bottom): 0.5 µM
Os(bpy)3

2+, 15 µM Ru(NH3)6
3+, 15 µM FcCH2N

+Me3 and 15 µM FcB(OH)2.
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signal amplitude reduction. This conclusion is supported by
the decrease in tt that occurs as binding strength of the inter-
calating redox species is increased (see Table 1).

The other critical parameter that governs the sensitivity of
the onset-signal decrease is inhibition of the LAMP reaction by
the intercalating probe, an effect that generally correlates in
PCR with the binding strength of the probe to ds-DNA.38 To
characterize this inhibitory effect with the stronger intercalat-
ing probes (i.e., [Os(bpy)2dppz]

2+, MB, and PhP), we carried
out a series of real-time electrochemical LAMP experiments
where the starting concentration of the M13mp18 DNA target
was held constant while the redox probe concentration was
varied. The tt value was used as an indicator of the inhibitory
effect on LAMP efficiency. Fig. 3 shows the plots of tt as a func-
tion of redox reporter concentration in the LAMP mixtures.
Linear relationships were obtained wherein slopes indicate the
degree of LAMP inhibition. The latter were clearly related to
the binding strength of the intercalating species, showing a
steeper slope for the stronger intercalator. The LAMP inhi-
bition produced by the redox probe has therefore a negative
impact on the assay sensitivity and assay time. It may thus
explain why in spite of having the strongest ds-DNA affinity,
[Os(bpy)2dppz]

2+ does not generate a significantly shorter tt
value compared to PhP and MB (Table 1). The same reasoning
should also apply to the comparison of PhP with MB.

The electrochemical melting curves recorded immediately
after the LAMP reaction (last column of graphs in Fig. 1 and 2)
also correlate to some extent with the binding strengths of the
redox probes. A characteristic sharp increase of the SWV
response within a narrow temperature range was observed for
the positive samples of all of the intercalating redox reporters.
This transition is characteristic of the melting temperature
(Tm) at which the double-stranded DNA amplicons form
single-stranded DNA (i.e., the temperature at which half of the
DNA duplex is denatured), thereby suddenly increasing the
SWV response according to the release of the intercalated
redox probe in solution. The signal amplitude and, to a lesser
extent, the Tm at which these transitions occur are dependent
on the nature of the redox probe. The largest signal amplitude
increases are observed for the intercalators having the stron-
gest ds-DNA affinity binding, i.e., [Os(bpy)2dppz]

2+ and PhP,
while the smallest amplitude is recorded for [Os(bpy)2phen]

2+.
The melting transitions of the two strongest intercalators are
also localized at slightly higher Tm values compared to the
others probes (Table 1), which points to increasing stabiliz-
ation of the double-stranded amplicons by stronger intercalat-
ing species.38§

The well-defined melting transitions observed for all of the
intercalating redox probes were unexpected because LAMP
typically generates amplicons of different lengths (by the pro-
duction of a series of concatemers of the target). One would
thus expect to see successive transitions in melting curves,
characteristic of the different amplicon lengths. This is clearly
not the case in our experiments. One explanation for the well-
defined single transitions is that when the shorter-length ds-
DNA amplicons are melted at a low temperature, the released
redox probes are rapidly redistributed along the unsaturated
non-opened longer amplicons until the most abundant and
lengthiest amplicon eventually melts at a higher temperature.
This reasoning is consistent with what has been reported for
fluorescent dyes.40,41

Non-intercalating probes

In Fig. 2, for the non-intercalating neutral redox probe
FcB(OH)2, as expected, no significant change in the LAMP ampli-
fication curve was observed. In the case of the non-intercalating
positively charged redox reporters, systematic signal transition
decreases (Os(bpy)3

2+, Ru(NH3)6
3+) or even a signal increase

(FcCH2N
+Me3) were recorded. Most are of very small amplitude

except for Ru(NH3)6
3+ which shows a dramatic change in the

kinetic plot of the positive sample, showing a reproducible
two-step exponential signal decrease, including an initial low
amplitude signal diminution after 26 min followed by a
second much steeper and larger amplitude response decrease
at 40 min reaction time (Fig. 2). This behavior suggests a

Table 1 Parameters inferred from the electrochemical LAMPs per-
formed with the intercalating redox probes

Compound C (µM) Kb
a (M−1) tt

b (min) Tm
c (°C)

[Os(bpy)2dppz]
2+ 0.5 5 × 106 20 15.4 ± 0.8 87.0 ± 0.3

PhP 15 ∼5 × 105 35 16.4 ± 0.5 86.5 ± 0.5
MB 15 ∼5 × 104 32–34 16.8 ± 2.0 84.9 ± 0.1
PyA 5 3 × 105 39 23.2 ± 6.4 86.4 ± 0.1
Nile blue 5 3 × 104 37 22.8 ± 3.9 85.8 ± 0.7
[Os(bpy)2phen]

2+ 0.5 8 × 103 31 30.8 ± 6.4 85.8 ± 0.1

aDetermined at 25 °C and for an ionic strength of ∼0.05 M. b Average
time-to-threshold values recovered from 2 to 5 experiments of real-time
electrochemical LAMP of 106 copies M13mp18 target. c Average value
inferred from duplicate or triplicate melting curve experiments.

Fig. 3 Comparison of the inhibitory effects of [Os(bpy)2dppz]
2+, PhP

and MB on the tt values determined from the real-time electrochemical
LAMP of 106 copies M13mp18 DNA target.

§This statement must be qualified by the fact that the melting experiments
where not all performed at a same redox probe concentration and that it is well-
known that Tm is significantly influenced by the intercalating probe concen-
tration when the latter is far from saturation of the ds-DNA binding sites.
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two-stage drop in the free concentration of Ru(NH3)6
3+ during

the LAMP reaction, a phenomenon that cannot be attributed
to a strong interaction of Ru(NH3)6

3+ with ds-DNA because of
the absence of a signal transition in the melting curve analysis
(clearly confirming no ds-DNA intercalation by Ru(NH3)6

3+).
The onset-exponential decrease also occurs at a much longer
LAMP amplification time than with the strong intercalating
redox reporters, a result that demonstrates that a lower LAMP
sensitivity is associated with this particular probe. Regardless
of this lack of sensitivity, Ru(NH3)6

3+ remains a valuable repor-
ter in real-time electrochemical LAMP because it gives a low
electrochemical response decrease in the absence of target
and a large signal amplitude drop with positive samples (the
SWV current decrease nearly down to zero). This is advan-
tageous for more easily and reliably extracting the time-to-
threshold values from the amplification curves of positive
samples.

The two-step signal decrease observed with Ru(NH3)6
3+

suggests the involvement of different types of non-intercalat-
ing interactions between the cationic redox probe and the
DNA products and/or byproducts generated during LAMP
(either by electrostatic binding of Ru(NH3)6

3+ to the anionic
DNA backbone42 or through ion-pairing reaction between
Ru(NH3)6

3+ and the pyrophosphate anions generated by LAMP).
These non-intercalating interactions have been revealed by
real-time monitoring of the SWV response of Ru(NH3)6

3+

under LAMP conditions during stepwise addition of pyropho-
sphate anion to the solution (Fig. S3†). The abrupt decrease of
the SWV peak charge observed when the pyrophosphate con-
centration is raised to a critical value beyond 1 mM strongly
supports the formation of a co-precipitate between the pyro-
phosphate anions and Ru(NH3)6

3+. This conclusion is corrobo-
rated by the fact that ∼1 mM pyrophosphate is within the
range of concentrations that is normally released at the end of
a LAMP reaction. We thus propose that the second large and
abrupt signal decrease in the LAMP amplification curve
results from the co-precipitation of Ru(NH3)6

3+ with the milli-
molar concentrations of pyrophosphate anion generated enzy-
matically, while the first low amplitude signal decrease is
related to weak nonspecific electrostatic interactions between
Ru(NH3)6

3+ and DNA amplicons. It is worth noting that such
electrostatic interactions are reminiscent of cationic probes
because even in the case of intercalating redox dyes such as
MB and PhP, a systematic second signal decrease of very small
amplitude is observed in the amplification curves of positive
samples (as specified by the dashed arrow on the graphs of
MB and PhP in Fig. 1). Certainly, the most unexpected result
is the small signal increase that was reproducibly obtained
with FcCH2N

+Me3 in the amplification curves of positive
samples. While we have for the moment no explanation to
account for this surprising result, it is possible that electrode
accessibility to the cationic redox compound becomes slightly
more favorable when the amplicon concentration is raised up
to a certain value. Further studies are required to better
understand the underlying reasons for this unexpected
behavior.

Conclusions

Following our screening of different redox probes, we can con-
clude that there are a number of intercalating and non-inter-
calating compounds suitable for electrochemically monitoring
LAMP in real-time. Among the 10 redox reporters tested, the
most attractive are those able to intercalate into ds-DNA, as
they provide higher LAMP sensitivity (or faster LAMP assay)
and a greater signal amplitude compared to non-intercalating
molecules. The intercalating probes also offer the possibility of
determining DNA melting temperature at the end of the LAMP
reaction, and thus possess a decisive advantage over non-inter-
calating probes for identifying and discriminating true from
false amplification reactions. Our comparative study also
shows that the most favorable probes for electrochemical
LAMP are those having a binding strength that is high enough
to allow association with ds-DNA target (improved sensitivity),
while still being low enough to avoid inhibiting the LAMP reac-
tion (decreased sensitivity). There are also some redox probes
leading to significant positive or negative baseline drifts, a be-
havior that can affect a reliable tt recovery from positive ampli-
fication curves. This is particularly true if baseline drifts are
not a linear function of time and not sufficiently reproducible
from one sample to another. It is also important to optimize
the adjuvants added to the LAMP mix, as some of them can
interact with the free-to-diffuse redox probe and thus can lead
to a nonspecific electrochemical response decrease with time.

Among the various redox-active probes we have tested, the
best results were obtained with the strongest ds-DNA intercala-
tors: [Os(bpy)2dppz]

2+, MB, and PhP. While they featured the
earliest and largest signal decreases, not all were equivalent.
For instance, though [Os(bpy)2dppz]

2+ was found to be very
effective for monitoring LAMP, it had a baseline drift that
made signal threshold recovery difficult. It also significantly
inhibited the LAMP reaction at micromolar concentrations (as
previously shown in PCR or HDA13,20), requiring one to
perform LAMP in the presence of barely detectable, submicro-
molar probe concentrations. In comparison, the MB and PhP
probes did not suffer from this drawback, making them far
more suitable and attractive for use in real-time electro-
chemical LAMP.

The non-intercalating compound Ru(NH3)6
3+ has also been

confirmed as a valuable redox reporter, but contrary to what
has been previously published,22 it is not through a direct
electrostatic interaction with ds-DNA that the principal signal
decrease component occurs, but through an ion-pairing inter-
action with the pyrophosphate anion generated by LAMP. It
has however the disadvantage of delivering a retarded onset
signal decrease compared to the intercalating redox reporters,
giving rise to significantly lower LAMP sensitivity.

The present analysis of 10 redox reporters has finally
allowed us to establish guidelines for optimizing real-time
electrochemical LAMPs. These guidelines are expected to
greatly facilitate the design and optimization of new and
improved redox probes for LAMP, and to promote the wide-
spread adoption of this technique toward DNA testing
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applications. It is also anticipated to stimulate the develop-
ment of new real-time electrochemical monitoring of isother-
mal DNA amplifications.
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