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ABSTRACT

The real-time quantitative electrochemical monitoring of nucleic acid amplification through PCR is a
promising renowned methodology to detect pathogenic DNAs. In this work, anthraquinone-pyrrole
derivatives based redox intercalating probes (AP probes: AP1, AP2) have been designed, synthesized,
characterized and successfully demonstrated in real-time like quantitative PCR. The rationally designed
AP probes exhibited excellent DNA binding abilities and electrochemical behaviors. The binding para-
meters such as binding constant, binding site size and diffusion coefficient were estimated which were
comparable to literature reports. Besides, the AP probes are highly stable under PCR thermal conditions
and did not inhibit PCR. Therefore, a real-time like quantification of DNA amplification was demonstrated
to quantify the initial copy number of target genes. The probe AP2 has excellent ability to detect ~10>
copies of target tpc DNA with good sensitivity. The AP probes are metal-free, easily synthesizable, non-
toxic, thermally stable and feasible for miniaturized PCR chips.

Molecular design

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The sensitive real-time quantitative gene analysis is extremely
important in clinical diagnostics, food safety testing and environ-
mental monitoring (Hsieh et al., 2015). The point-of-care use in
clinical diagnostics requires simple and portable devices for rapid
monitoring of pathogenic genes directly from untreated samples.
In this regard, real-time polymerase chain reaction (PCR) ampli-
fication strategy is the most successful approach attributed to its
accurate quantification of initial copy numbers of target DNA
(Deféver et al., 2011; Won et al., 2011). Current quantitative PCR
(qPCR) instruments are based on the optical detection methods
incorporated with fluorescent reporters such as intercalating dyes
(GaspariC et al., 2010), primer-based chemistries (Nazarenko et al.,
2002) and sequence specific oligonucleotides based chemistries
(Kutyavin et al., 2000). Despite their significant success, their use
is limited in centralized laboratories due to their high cost, tedious
nucleic acid modification, and bulky (Higuchi et al., 1992). In re-
cent times, electrochemical methods are likely to be the best
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alternative to replace laborious optical methods attributed to their
additional advantages of low cost, portable and easier to handle.
Therefore, current research in this area has been motivated to
develop adaptable electrochemical approaches for the gene de-
tections (Deféver et al., 2011; Patterson et al., 2013). The first such
effort was demonstrated in 2006 by Hsing et al.; within 8 years,
numerous approaches have already been developed which were
shown comparable performances to optical methods. The elec-
trochemical monitoring of DNA amplification is based on electro-
chemical changes revealed by the redox reporters associated with
amplification process (Yeung et al., 2006). Patterson et al. (2013)
classified the electrochemical PCR monitoring methods into four
classes; (1) solid-phase PCR amplification with electrode-bound
redox reporters (Yeung et al., 2006), (2) solution-phase PCR using
intercalating redox reporters (3) solution-phase PCR with redox
labeled probes (Luo et al., 2011; Deféver et al., 2009) and (4) iso-
thermal amplification method (Nagatani et al, 2011). Among
them, the solution-phase PCR coupled with DNA intercalating re-
porter has great possibility for sensitive DNA analysis due to its
principle similarity with DNA-intercalating fluorescent dyes of
optical qPCR. Deféver et al. (2011) developed osmium based in-
tercalating redox probes to detect human cytomegalovirus DNA;
however, the use of Os metal imposed toxicity concern. Won et al.,
developed methylene blue based redox probe to detect Chlamydia
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Scheme 1. The schematic representation for syntheses of anthraquinone-pyrrole redox intercalating probes and their application in real-time electrochemical monitoring of

DNA amplification.

trachomatis genomic DNA; (Won et al., 2011) however, methylene
blue encounters thermal instability in miniaturized PCR chips.
Although numerous intercalating redox probes are available for
DNA binding (Seio et al., 2005), so far only two intercalating redox
probes are exploited in solution-phase PCR.

Anthraquinones are well-known feasible redox system and
critically acclaimed for their DNA binding abilities (Wei et al.,
2012). Besides, polyamide anchors comprising pyrrole moiety are
efficient DNA binding motifs for the recognition of DNA minor
groove (Schmidt and Heckel, 2009). Considering the excellent DNA
binding attributes of anthraquinone and pyrrole, herein, we have
designed anthraquinone-pyrrole (AP1 and AP2) based DNA in-
tercalating redox probes to electrochemically monitor DNA quan-
tification in PCR (Scheme 1 and Scheme S1). Structurally, the
probes AP1 and AP2 are equipped with anthraquinone as redox
reporter and pyrrole as binding motif through amide linkage. The
main objective of this work is to develop anthraquinones-pyrrole
based intercalating redox probes for rapid and low-cost gene de-
tection. The probes are thermally stable under PCR conditions
without causing PCR inhibition. A real-time like electrochemical
monitoring of DNA amplification in PCR was demonstrated which
detects ~103 copies of tpc plasmid DNA.

2. Experimental
2.1. Reagents and instrumentation

Calf thymus DNA was purchased from Sigma and dissolved in
double-distilled water. The concentration of DNA was determined
by spectrophotometry at wavelength of 260 nm with molar ex-
tinction coefficient of 6600 cm~!. The stock solutions were pre-
pared using double-distilled water and stored at 4 °C. DNA ladder
(100-10000 bp), primer TPC-F (CAGGCGCGGATCTCCAG) and pri-
mer TPC-R1 (GTCGTCCAGCGCCGTGA) were purchased from
Genomics. Plasmid miniPREP bought from GeneDireX was em-
ployed for the purification of tpc plasmid. Tag. DNA polymerase
kits bought from NovelGene was used for the PCR amplification
analyses. All the other chemicals were purchased from Sigma-Al-
drich, Alfa Aesar and Wako.

N,N-dimethyl-9,10-diox0-9,10-dihydroanthracene-2-

carboxamide (AQ-amide) was prepared by known procedure
(Degrand and Miller, 1981) and characterized by 'H NMR, 3C NMR
and Mass spectroscopy. The reactions which require anhydrous
conditions were performed in oven-dried glassware under an Ar
or N, atmosphere. Chemicals and solvents were either puriss p.a.
or purified by standard techniques. Analytical thin-layer chroma-
tography (TLC) was performed on a glass plate-mounted silica gel
60F;54 (Merck) (0.2 mm thickness). Flash column chromatography
was performed using Silicycle silica gel 60. The synthesized com-
pounds were characterized using 'H NMR (Bruker Advance
300 MHz) and 3C NMR (Bruker Advance 75 MHz). Mass spectra
were recorded using Finnigan TSQ 700 triple quadrupole mass
spectrometer equipped with an electrospray ionization (ESI) ion
source. The UV-vis spectroscopy and Fourier-transform infrared
spectroscopy analyses were carried out using JASCO V-630, and
HORIBA 720, respectively. The Biometra TPersonal Thermocycler
was employed for thermal cycling process. Circular dichroism (CD)
spectroscopy was performed using Jasco ]J-810 Spectropolarimeter.
Electrochemical measurements were carried out using CHI 612D
electrochemical work station. Electrochemical studies were per-
formed in conventional three electrode cell using gold electrode as
a working electrode (2 mm diameter), AglAgCl (saturated KCI) as a
reference electrode and Pt wire as a counter electrode. Prior to use,
the working electrode was polished with 0.05 um alumina powder
and thoroughly washed with double distilled water. Prior to each
electrochemical experiment, the electrolyte solutions were deox-
ygenated with pre-purified nitrogen for 5 min unless otherwise
specified. All the electrochemical experiments were carried out at
room temperature (20 °C). Differential pulse voltammetry (DPV)
parameters: amplitude 0.05 V, pulse width 0.05 s and pulse period
0.5 s. The PCR amplification tpc (220 bp) sequence conditions were
optimized using gel electrophoresis. The PCR products were elec-
trophoresed using agarose gel and visualized by ethidium bromide
staining.

2.2. Synthesis of AP1 and AP2

2.2.1. Synthesis of tert-butyl methyl(2-(N-methyl-9,10-diox0-9,10-

dihydroanthracene-2-carboxamido Jethyl)carbamate (3)
Anthraquinone-2-carbonyl chloride (1, 0.91 g, 3.4 mmol) was

dissolved in dry dichloromethane (20 mL), subsequently [2-
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(methylamino) ethyl] carbamate (2, 0.98 g, 5.23 mmol) and dry
triethylamine (14 mL) were added to the solution. Next, the reac-
tion mixture was stirred for 4 h at room temperature. The reaction
mixture was added with water and extracted with EA (2 x 50 mL);
the organic layer was dried over anhydrous MgSQO,4, and the sol-
vent was evaporated to get crude product. The crude product was
purified by silica gel column chromatography eluting with hexane/
ethyl acetate, 3:1v/v, to gain yellow oil 3 (1.41 g, 98%). '"H NMR
(300 MHz, CDCl3): 6=1.44(t, 9H), 2.94(t, 3H, J=4.9 Hz), 3.15(t, 3H,
J=2.2 Hz), 3.54(d, 2H), 3.72(d, 2H), 7.78(s, 3H), 8.29(m, 4H).

2.2.2. N-methyl-N-(2-(methylamino )ethyl)-9,10-dioxo-9,10-dihy-
droanthracene-2-carboxamide TFA salt (4)

The anthraquinone derivative 3 (2.3 mmol) was dissolved in
50% of TFA in CH,Cl, (v/v) under Ar atmosphere at room tem-
perature. After being stirred for 2 h, the reaction mixture was
concentrated in vacuo. The obtained crude residue was used in the
next step without further purification.

2.2.3. Synthesis of N,1-dimethyl-N-(2-(N-methyl-9,10-diox0-9,10-
dihydroanthracene-2-carboxamido )ethyl)-1H-pyrrole-2-carbox-
amide (AP1)

1-methylpyrrole-2-carboxylic acid (5a, 0.194 g, 1.55 mmol),
HATU (0.707 g, 1.86 mmol) and dry triethylamine (0.7 mL,
4.65 mmol) were dissolved in dry DMF (6 mL). The mixture was
stirred for 5 min at room temperature. Subsequently, the crude 4
(1.23 mmol) was added to this solution with stirring (Suzuki et al.,
2005). Stirring was continued at room temperature for overnight.
At the end of this period, the reaction mixture was extracted with
EA (3 x 50 mL). The combined organic layers were washed with
brine (3 x 50 mL), and were finally dried over MgSO,4. This was
evaporated to obtain a yellow oil product and the crude product
was purified by silica gel column chromatography eluting with
hexane/ethyl acetate, 3:1v/v, to gain white solid AP1 (0412 g,
78%). 'TH NMR (300 MHz; CDCls, ppm): §=2.98(t, 4 H, ] =28.2 Hz),
3.29(s, 3 H), 3.75(s, 3 H), 3.82(s, 3 H), 5.97(t, 1H, J=2.9), 6.39(d,
1H, J=2.4Hz), 6.61(d, 1 H, J=16.5), 7.70(m, 3 H), 8.19(s, 4 H) ppm.
13C NMR (300 MHz; CDCls, ppm): 6=33.43, 35.77, 37.57, 44.65,
48.59, 106.74, 113.73, 124.09, 124.70, 125.30, 126.41, 127.09, 127.40,
127.68, 132.31, 133.08, 133.24, 133.44, 134.13, 141.67, 164.22, 169.53,
182.08, 182.21. ESI-MS (ESI+): Calcd for C;sHp3N304= 429.17,
found (m/z)= 430.2 [M+H]*.

2.2.4. Synthesis of N,1-dimethyl-4-(1-methyl-1H-pyrrole-2-carbox-
amido )-N-(2-(N-methyl-9,10-dioxo0-9,10-dihydroanthracene-2-car-
boxamido )ethyl)-1H-pyrrole-2-carboxamide (AP2)

The acid 5b (0.872 g, 3.53 mmol), HATU (1.61 g, 4.24 mmol) and
dry triethylamine (1.5 mL, 10.6 mmol) were dissolved in dry DMF
(13 mL) (Thomas et al., 2002). The mixture was stirred for 5 min at
room temperature. Subsequently, the crude 4 (4.24 mmol) was
added to this solution with constant stirring for overnight at room
temperature (Suzuki et al., 2005). At the end of this period, the
reaction mixture was extracted with EA (3 x 50 mL). The com-
bined organic layers were washed with brine (3 x 50 mL), and
were finally dried over MgSO,4. This was evaporated to obtain a
yellow oil product. The crude product was purified by silica gel
column chromatography eluting with hexane/ethyl acetate, 3:1 v/
v, to gain red solid AP2 (1.40 g, 72%). 'H NMR (300 MHz; CDCls,
ppm): 6=2.97(t, 3H, J=34.5 Hz), 3.29(s, 3H), 3.73(s, 3H), 3.84(s,
3H), 3.91(s, 3H), 6.01(t, 1H, J=2.4 Hz) 6.35(d, 1H, J=2.3 Hz), 6.68
(m, 2H), 7.65(d, 1H, J=7.8 Hz), 7.74(m, 3H), 8.23(m, 4H) ppm. 3C
NMR (300 MHz; CDCls, ppm): 6=29.30, 35.50, 36.37, 37.17, 44.24,
105.05, 106.88, 111.70, 117.57, 120.98, 122.13, 125.16, 126.97, 127.25,
131.76, 132.89, 132.93, 133.10, 133.28, 133.94, 133.99, 141.30, 158.94,
163.76, 169.52, 181.97, 182.08 ppm. ESI-MS (ESI+): Calcd for
C31H29N505 551.22, found (m/z)=552.1 [M+H] ™.

2.3. Experimental conditions for PCR

In order to employ AP1 and AP2 in real-time like quantitative
PCR analyses, all the experiments were carried out under PCR
conditions. 1X PCR buffer was used for all experiments which was
prepared by following reagents: 15 mM Tris-HCl (pH=8.75),
50 mM KCl, 2 mM MgCl,, 0.1% Triton X-100 and 1% DMSO. The
real-time like electrochemical PCR analyses of tpc DNA (220 bp)
were carried out in 1X PCR buffer containing 0.25 mM dNTP,
0.25 puM of each forward (Primer-R1) and reverse (Primer-F) pri-
mers, 1.25 units Taq. DNA polymerase, tpc plasmid DNA and DMSO.
The volumes and concentrations of each components used for the
PCR analyses were given in Table S1. The PCR analyses were car-
ried out in accordance with the following thermal cycling condi-
tions (total of 40 cycles): preheating period of 5 min at 95 °C,
followed by denaturation for 30 s at 94 °C, annealing at 55.2 °C for
20 s and elongation period of 1 min at 72 °C.

3. Results and discussions

A detailed scheme for the syntheses of AP1 and AP2 are out-
lined in Scheme S2. The AP1 and AP2 were prepared from three
precursors, anthraqunine-2-carbonyl chloride (1), mono Boc pro-
tected diamine (2) and pyrolic acid 5a-b. Synthesis of AP1 to AP2
was completed in three steps, giving an overall yield of 70-76%
from (1). The chemical structures of the synthetic intermediates
and final products were characterized by NMR, and mass spec-
troscopy, and the results are listed in the experimental section.

3.1. Electrochemical and optical properties of the probes

The electrochemical behavior of AP1 (curve a, Fig. 1A), AP2
(curve a, Fig. 1B) and AQ-amide (curve a, Fig. 1C) were investigated
by cyclic voltammetry. The potential range was applied between -
0.3V and -0.8 V, while the scan rate was held at 50 mV s~ '. Both
AP1 and AP2 exhibits characteristic quasi-reversible redox peaks
of quinone-hydroquinone redox couple which involves two elec-
trons and two protons (Scheme S3). The important electro-
chemical parameters such as anodic peak potential (E,;) and
cathodic peak potential (E,), anodic peak current (I,,) and
cathodic peak current (I,c), peak potential (Ep), half-wave potential
(E1j2) and I,a/Ic ration were evaluated and given as Table S2. Both
AP1 and AP2 exhibit similar redox potential values, while the peak
currents have marginal variation which might be due to the dif-
ferences in number of linked pyrrole moieties (Valencia and
Gonzalez, 2011). UV-visible spectra have been carried out in order
to understand optical properties of the probes. The spectra of AP1
and AP2 exhibited the fundamental absorption peak of anthra-
quinone located around 260 nm which is consistent with literature
values (Spruit, 1949). The values of absorbance and molar ab-
sorptivity (¢) were given in Table S3.

3.2. DNA intercalating abilities of AP1 and AP2

Fig. 1 shows the cyclic voltammograms obtained for AP1
(A) and AP2 (B) and AQ-amide (C) in absence (a) and presence of
200 pM calf thymus DNA. In presence of DNA, the peak currents of
anthraquinone redox couple are significantly reduced which in-
dicates good DNA binding nature of AP1 and AP2. Possibly, the
planar structure of anthraquinone was efficiently embedded and
intercalated by DNA double helix with the help of pyrrole moiety.
In addition, the usually associated week interactions such as van
der Waals, hydrogen bonding and m-7 stacking interactions were
also contributed in binding. The control sample, AQ-amide is un-
able to bind with DNA which is evident from the observation of
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Fig. 1. Cyclic voltammograms obtained for 40 uM AP1 (A), AP2 (B) and AQ-amide (C) in absence (a) and presence (b) of 200 uM calf thymus DNA under experimental
condition. DPVs obtained for 40 uM AP1 (D), AP2 (E) and AQ-amide (F) in absence (a) and presence of 50 pM (b), 100 uM (c), 200 uM (d), 400 uM (e) and 800 uM (f) calf

thymus DNA under experimental condition. Inset: Plot of 1/[DNA] vs. 1/(1-i/io).

same redox peak currents in presence and absence of DNA
(Fig. 1C). These results indicating that the specially designed pyr-
role moieties (binding motifs) embedded in probes (AP1 and AP2)
play an important role in DNA binding process. Also, the number
of pyrrole moieties has significant influence on DNA binding. Fig.
S1 shows the CD spectra recorded for fixed concentration of calf
thymus DNA (100 pM) in absence and presence of AP1 (A), AP2
(B), and AQ-amide (C). The increasing concentrations of AP1 and
AP2 caused significant changes in optical rotation number, while
induced CD signals were observed at 280 nm which are strong
evidences for the DNA-probe interaction. The induced CD signals
are due to the formation of DNA-probe complex which occurred
through interaction between transition moments of probes and
chirally disposed surroundings of DNA base (Zhong et al., 2004).
However, AQ-amide did not show any obvious changes indicating
its impotence to intercalate with DNA.

3.3. Binding constant, binding site size, diffusion co-efficient

Fig. 1 presents the DPVs obtained for AP1 (D), AP2 (E) and AQ-
amide (F) in absence (a) and presence of calf thymus DNA under
experimental conditions. For each addition of DNA, Iy of anthra-
quinone redox couple was decreases which are consistent with
voltammogram results. The plots between 1/[DNA] and 1/(1-i/ip)
for AP1 and AP2 were given as insets to Figs. 1D and E. The fol-
lowing Eq. (1) was used to calculate binding constants (K},) of
probes.

1 1<b<1—,:\) K
PRAL 1 - G5 (1)

where, K}, is binding constant, i and iy are peak currents obtained
for probes with and without DNA and A is proportionality con-
stant. The values of K, obtained for AP1 and AP2 are
3.408 x 10> M~ ! and 6.099 x 10> M~! respectively (Table 1). The
value of K, increased as the number of pyrrole group increases.

Table 1

DNA intercalating parameters estimated for AP1, AP2 and AQ-amide. Here, Kj, is
binding constant, s is binding site size, Dy is diffusion coefficient of free probes
(absence of calf thymus DNA) and D, is diffusion coefficient of bound probes (in
presence of 100 uM of calf thymus DNA). bp=base pairs.

Probes K, (M™1) s (bp) D¢ (cm?s-—1) Dy (cm?s1)
AP1 3.408 x 10° 6 4521 %1012 4160 x 10~ 12
AP2 6.099 x 10° 4 5.842 x 10~ 12 4544 x 10~ 12
AQ-amide - - 1.043x 10~ 1.040 x 10~ 12

The K, values obtained for AP1 and AP2 were comparatively
smaller than previous reports (Table S4). Perhaps, the interactions
between DNA and AP probes were comparatively weaker than
reported probes.

In order to calculate binding site size (s), a plot between G,/C¢
and [DNA] was drawn (Fig. S2), while Eq. (2) was adopted to cal-
culate binding site size (Carter et al., 1989).

G i-ig

K,
= “bDNAJ-K.G
G 25 IDNAI=HGG,

@)

Here, G, is the concentration of bound probes, G, is the con-
centration of free probes, i and iy are the peak currents obtained
for probes in presence and absence of DNA. K}, is binding constant
and s is binding site size per base pair (bp). In literature, the re-
ported s values for DNA intercalated probes are within the size
ranges of 1-20 base pairs (Carter et al., 1989). The obtained s va-
lues for AP1 and AP2 are 6 and 4 respectively (Table 1), which are
in well agreement with the typical ranges reported for the DNA
intercalating probes.

The diffusion co-efficient values in absence and presence of
DNA were calculated using Randles-Sevcik equation (3),

i=269x10°n*? A Ci D'? v!/? 3

Here, n, is number of electrons involved in the rate-
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determining step, D (cm? s~ !) is diffusion coefficient of electro-
active species, v is scan rate and C,* is concentration of electro-
active species. The other terms have their usual meanings. The plot
between peak currents and square root of scan rate is given as Fig.
S3. The experiments were performed in 40 uM AP1, AP2 and AQ-
amide in absence (dotted line) and presence of DNA (solid line) at
the scan rates ranging from 0.01 to 0.1 V s~! under experimental
condition. The diffusion coefficient values in presence and absence
of calf thymus DNA were calculated and listed in Table 1. The
diffusion co-efficient values of probes were decreased con-
siderably after their intercalation with DNA and this behavior is
similar to previous reports. Conversely, AQ-amide is not shown
any obvious difference in the diffusion co-efficient values either in
presence or in absence of DNA.

3.4. Thermal stability and PCR inhibitory studies

In order to obtain stable electrochemical signals, the probes
should be chemically stable under PCR a thermal condition which
is one of the important prerequisite for probes. In order to in-
vestigate thermal stability, two different concentrations of AP1
and AP2 (30 uM and 50 uM) were prepared in PCR reacting buffer
and incubated under optimized PCR conditions for different cycles.
Next, DPVs were carried out for each mentioned cycles; stable DPV
peak currents as function of cycle numbers were obtained for AP1
and AP2. The calibration plots between number of cycles and re-
sponse currents of AP1 and AP2 were given as Fig. S4. More than
95% of initial response currents were retained even after 40
thermal cycles which clearly revealed the good thermal stability of
AP1 and AP2. Another important requirement for the probes to be
used in PCR analysis is that they should not inhibit PCR reactions.
The inhibition properties of AP1 and AP2 were investigated by gel
electrophoresis at both low (40 uM) and high concentrations
(100 uM) of DNA in standard microtubes (Fig. S5). It is worth to
mention that strongly binding probes have high potential to in-
hibit PCR reactions which restricts their application in real-time
PCR analysis. As shown in Fig. S5, the PCR reactions were not in-
hibited in both low and high concentrations of probes. Therefore,
AP1 and AP2 are qualified candidates for real-time quantitative
electrochemical PCR analysis to detect DNA.

3.5. Real-time like quantitative monitoring of DNA amplification

To demonstrate real-time like qPCR, we have chosen AP2 since
it showed better binding affinity over AP1. The PCR materials and
AP2 were incubated under PCR condition for 0, 8, 16, 24, 32, 40
cycles and subsequently, DPVs were carried out at each cycles. The

DPV currents were decreased during PCR amplification process
from O to 40 cycles. However, in the absence of primers, PCR
sample with all other reagents shows no changes in peak currents
(negative control). The normalized response was calculated and
plotted against their corresponding cycle numbers (Fig. 2). As
shown in figure, AP2 sensitively detects DNA as low as 10° copy
number of tpc (220 bp) sequences. Although, the detection limit of
AP2 probe is higher than the optical TagMan probes, it is com-
parable to reported electrochemical redox probes such as methy-
lene blue (10®> copy number) and Os (bpy), DPPZ2* (10° copy
number). Interestingly, the described AP2 probe holds distinctive
advantages over reported probes such as metal-free, high thermal
stability, easy and cheaper production protocols. In addition, the
reported electrochemical determination platform is simple, rapid,
sensitive and selective. Currently, we are developing AP series
based portable microchips for the real-time quantitative mon-
itoring of DNA amplification.

4. Conclusions

In summary, we have successfully synthesized novel anthra-
quinone-pyrrole redox intercalating probes for the quantification
of DNA. Both AP1 and AP2 have shown good DNA intercalating
ability, wherein their binding abilities in terms of binding con-
stant, binding site size and diffusion coefficient were estimated.
The probes are thermally stable under PCR conditions without
causing PCR inhibition. A real-time like electrochemical monitor-
ing of DNA amplification in PCR was demonstrated which detects
~103 copies of tpc plasmid DNA and the detection limit is com-
parable to previously reported probes, Os[(bpy),DPPZ]>* and
methylene blue. The AP probes have additional advantages such as
metal-free and miniaturizable opportunities. Therefore, these an-
thraquinone-pyrrole redox probes have great potential for the
development of real-time electrochemical quantitative PCR.
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