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Electronic Transduction of Polymerase or
Reverse Transcriptase Induced Replication
Processes on Surfaces: Highly Sensitive and
Specific Detection of Viral Genomes**
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The detection of pathogens or autosomal recessive diseases
is one of the future challenges of medicine and diagnostics.[!!
Sensitive gene detection is accomplished by the polymerase
chain reaction (PCR) amplification or secondary signal
amplification routes.> 3l Major goals in future gene analysis
include the parallel detection of a variety of pathogens and
their quantitative assay. Inherent limitations of PCR prohibit
the application of the method for quantitative and parallel
high-throughput analyses. Microarrays of DNA have attract-
ed substantial research efforts for the simultaneous analysis of
genetic materials. In most of these systems the analyte
samples are amplified by PCR cycles, and the microarrays
act as a sensing interface that lacks amplification capabil-
ities.* ) Herein we address the development of ultrasensitive
DNA-detection methods where in situ amplification proceeds
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on functionalized surfaces (electrodes or piezoelectric crys-
tals) and the detection process is electronically transduced.
The method enables the quantitative analysis of viral DNA
and may be adopted for parallel analyses on arrays. Previous
reports addressed the electrochemical®? or microgravimet-
ric,') quartz-crystal microbalance detection (QCM) of DNA.
Several recent studies reported attempts to amplify DNA
sensing processes: Dendritic, hyperbranched, oligonucleoti-
des were employed to enhance the binding of DNA to
electrodes.''! The biocatalyzed precipitation of an insoluble
product on the electronic transducer, that follows the primary
hybridization between the analyte DNA and the probe
oligonucleotide, was used to amplify the sensing event.[']
Also, labeled liposomes were employed as micromembrane
interfaces that amplify the primary DNA-sensing events by
their association to the probe-oligonucleotide/DNA-analyte
complex generated on the transducer.!'> *l Similarly, dendrit-
ic-type amplification of the analysis of a target DNA was
accomplished by the use of oligonucleotide-functionalized
Au-nanoparticles.™ Faradaic impedance spectroscopy or
frequency changes of the piezoelectric crystal, were used to
transduce the different amplified sensing processes. Here we
report a novel ultrasensitive method for the electronic
transduction of the detection of viral nucleic acids. We
demonstrate the surface polymerase-induced or reverse tran-
scriptase stimulated formation of double-stranded DNA or
RNA on the transducer, and the secondary amplification of
the sensing process by the biocatalyzed precipitation of an
insoluble product. Electrochemical and microgravimetric
QCM methods are used as electronic transduction means
for the DNA detection. The process is exemplified by the
analysis of the M13 mp8 (M13¢) DNA (ca. 300 copies per
10 puL) and of the RNA of vesicular stomatitis virus (VSV; ca.
60 copies per 10 pL).

The method for analysis of the target is depicted in
Scheme 1. The primer thiolated oligonucleotide 1, comple-
mentary to a segment of the target M13 mp8 DNA, is
assembled on an Au-electrode or an Au-quartz crystal
through a thiol functional group.'®!”! The sensing interface
is then treated with the analyte DNA of M13 mp8 (+) strand,
and the resulting complex on the transducer is treated with
dATP, dGTP, dTTP, dCTP, and biotinylated-dCTP (ratio
1:1:1:2/3:1/3, nucleotides concentration of 1 mM) in the
presence of DNA polymerase I, Klenow fragment
(20 UmL1).I'81 Polymerization and the formation of a dou-
ble-stranded assembly with the target DNA is anticipated to
provide the first amplification step of the analysis of the viral
DNA. Polymerase introduces biotin tags to the double-
stranded assembly, thus providing a high number of docking
sites for the binding of the avidin-alkaline-phosphatase
conjugate. The associated enzyme biocatalyzes the oxidative
hydrolysis of 5-bromo-4-chloro-3-indolyl phosphate (2) to
form the insoluble indigo product 3, that precipitates on the
transducer, thus providing a second amplification step for the
analysis of the target DNA.["l The synthesized strand on the
electrode is anticipated to attract a positively charged redox
label that can be assayed by chronocoulometry.?”! This
approach enables us to monitor the polymerization process
continuously. The negatively charged double-stranded assem-
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of the viral DNA to the surface.
This frequency change translates to
a surface coverage of the hybri-
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Scheme 1. Amplified electronic transduction of viral DNA/RNA by the polymerase-induced replication or
reverse transcription and the biocatalyzed precipitation on an insoluble product of the transducer; AP =
alkaline phosphatase, ANTP = mixture of dGTP, dATP, dTTP, and dCTP, broken red line = replicated nucleic

acid, B in hexagon = biotin, A in red star = avidin.

bly is anticipated to repel a negatively charged redox probe,
and to enhance the electron-transfer resistance on the trans-
ducer surface. The barrier for electron transfer to a negatively
charged redox label in solution can be assayed by the Faradaic
impedance spectroscopy technique.?!! Furthermore, hybrid-
ization, formation of the double-stranded assembly, polymer-
ization, and precipitation of the insoluble product 3 alter
the mass on the transducer. Thus, the entire set of detec-
tion steps of the target DNA may be assayed by micro-
gravimetric analysis of the frequency change of a piezoelectric
crystal.

The coverage of the probe oligonucleotide on the trans-
ducer was determined by microgravimetric QCM analysis and
chronocoulometric experiments, using the [Ru(NH;)¢]** ion
as redox label.”” The surface coverage of the probe oligonu-
cleotide on the transducer is controlled by the primer
concentration and by the time of incubation of the transducer
with the primer solution. Upon interaction of the Au-
electrode with the primer 1, 4.2 x 10-°M, for 60 min, a surface
with optimal surface coverage, corresponding to 6.3(£0.3) x
10~" molcm~2, for the sensing of M13 ¢ was generated.

Figure 1 shows the chronocoulometric transients, in the
presence of [Ru(NH;)¢]**, of the probe-oligonucleotide-
functionalized-electrode and of the sensing interface after
hybridization with the analyte DNA. After 4 h hybridization,
the charge associated with the linked redox probe was
estimated to be 54 pC. Assuming that all of the [Ru(NH;)¢]**
ions linked to the hybridized analyte DNA communicate
electrically with the electrode, the surface covered by M13
mp8 DNA is about 9.0 x 1073 molcm=2. Thus, only 1.5% of
the sensing oligonucleotide units underwent hybridization
with the viral DNA. This surface coverage of the hybridized
DNA is supported by microgravimetric QCM measurements
that reveal a frequency change of Af= —445 Hz upon binding

2262 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

dized DNA of 1.1 x 10-* molcm 2,
which corresponds to hybridization
to about 1.7% of the sensing inter-
face.

The increase in the charge asso-
ciated with [Ru(NH;)¢]** ions
linked to the double-stranded as-
sembly (Figure 2) is a result of the
polymerase-induced formation of
the double-stranded assembly with
the analyte DNA which acts as
template. The charge increases
with time, implying that polymer-
ization occurs on the surface, and
levels-off after about 60 min of
polymerization. Note that the
charge associated with the analyte
DNA is 29.2 uC, but the polymer-
ization did not reach this value.
Thus, the replication led only to
54% formation of the double-
stranded assembly (on average

120

100 [

Q/nC

PRLRT 5

Figure 1. Chronocoulometric transients for: a) bare Au-electrode; b) 1-
modified Au-electrode; c) 1-modified Au-electrode after hybridization
with M13¢ (2.3 x 109m) for 1.5 h, and d) after hybridization with M13 ¢
(2.3 x107°m) for 4 h. All transients were recorded in the presence of
[Ru(NH;)g]**, 5 x 10~°M, in 10 mm Tris buffer, pH 7.4. The hybridizations
were conducted in 0.1M phosphate buffer, pH 7.5, that included 30 %
formamide, at room temperature.

Q/nC

1] L L 1 |
0 20 40 60 80 100

t/min —>»

Figure 2. The time-dependent changes of the charge associated with the
polymerase-induced polymerization and measured by chronocoulometry
using [Ru(NH;)s]** ions as the redox label in 10 mm Tris buffer, pH 7.4. The
polymerization conditions are in ref. [18].
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3900 bases were incorporated over each analyte DNA). This
is attributed to steric constraints for the formation of the fully
replicated double-stranded assembly on the surface or to the
interruption of the Klenow fragment induced polymerization
that is known to occur at specific sites during M13¢
replication.[’”) The partial polymerization on the surface is
further reflected by QCM experiments that indicate that
polymerization yields a frequency change of Af=—195Hz,
whereas the attachment of the analyte DNA to the surface
results in a frequency change of Af= —445 Hz.

Figure 3 shows the Faradaic impedance spectra of the
probe-oligonucleotide-functionalized electrode. The electron-
transfer resistance R, (diameter of the semicircle on the x axis)
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Figure 3. Faradaic impedance spectra (Nyquist plots) of: a) 1-functional-
ized electrode; b) after hybridization with M13¢, 2.3 x 10~%M; c) after the
polymerase-induced replication and formation of the double-stranded
assembly for 45 min; d) after the binding of the avidin —alkaline phospha-
tase conjugate to the surface; e) after the biocatalyzed precipitation of 3 for
20 min in the presence of 2 (2 x 1073m) in 0.1M Tris buffer at pH 7.2. The
hybridization and polymerization conditions are in the caption of Figure 1
and ref. [18]. Inset: The changes in the electron-transfer resistance AR,
upon the sensing of different concentrations of M13¢ by the amplified
biocatalyzed precipitation of 3 onto the electrode. The AR, is the
difference in R, at the electrode after the precipitation of 3 for 20 min
and R, at the 1-functionalized electrode.

increases upon the binding of the virus DNA from 3 kQ to
about 20 k€. This is consistent with the fact that binding of the
high molecular weight DNA electrostatically repels the
negatively charged redox label, [Fe(CN)q]*~/[Fe(CN)g*,
from the electrode surface. The DNA polymerase-mediated
synthesis of the complementary strand further increases the
electron-transfer resistance to about R, =33 kQ. Note that
the polymerization does not double the interfacial electron-
transfer resistance, consistent with the partial replication of
the complementary strand on the target DNA molecule. The
binding of the conjugate avidin —alkaline phosphatase and the
subsequent biocatalyzed precipitation of 3 onto the electrode,
results in an insulating layer that introduces a barrier for the
interfacial electron transfer, and the R, increases to =55 kQ.
Similarly, microgravimetric QCM experiments reveal that at
this concentration of the analyte DNA, the biocatalyzed
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precipitation of 3 on the crystal yields a decrease of Af=
—1300 Hz as a result of the mass increase on the transducer.
The extent of the biocatalyzed precipitation of 3 on the
transducers, and consequently the AR, and Af transduced
signals, are controlled by the concentration of the M13 mp8
DNA in the sample, Figure 3 (inset) and Figure 4, respective-
ly. Note that at concentrations of M13 mp8 corresponding to
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Figure 4. Frequency changes of the 1-functionalized Au-quartz crystal
upon the sensing of different concentrations of M13¢$ DNA as a result of
the biocatalyzed precipitation of 3 onto the transducer. The conditions are
in the caption of Figure 3.

2.3 x 10-®M and 2.3 x 10~'M, the hybridization of the analyte
DNA with the sensing interface, and the subsequent polymer-
ization, cannot be detected by Faradaic impedance spectros-
copy or QCM, because of the low coverage of the hybridized
analyte DNA on the respective transducers. In the electro-
chemical transduction, a change in the R, of 2.8kQ is
observed upon the analysis of the DNA, 2.3 x 10715m, as a
result of the precipitation of 3. In the microgravimetric
analysis of the target DNA (2.3 x 10-"M) a change of —36 Hz
is observed as a result of the precipitation of 3 on the
transducer.

A series of control experiments were performed to reveal
the high specificity of the developed approach for sensing the
targeted virus DNA: The foreign oligonucleotide 4 (see
Scheme 1) that is not complementary to M13 mpS8, was
assembled on the electrode or Au-quartz crystal, but it failed
to analyze the target DNA. Also, the 1-functionalized
electrode or QCM crystal were treated with denatured calf-
thymus DNA (2.3 x 10-°m) and the resulting transducers were
subsequently subjected to polymerization, association of
avidin —alkaline phosphatase, and the biocatalyzed precipita-
tion of 3. No binding of calf-thymus DNA with the sensing
interfaces could be detected by impedance spectroscopy or
QCM measurements. After the attempt to stimulate the
biocatalyzed precipitation of 3, a change of Af=—7 Hz was
observed, a value that may be considered as the noise level as
a result of the nonspecific binding of avidin-alkaline
phosphatase to the sensing interface. In another experiment
the 1-functionalized electrode or QCM crystal was treated
with denatured calf-thymus DNA (2.3 x 10-°M) mixed with an
extremely low concentration (2.3 x 10-"M) of M13¢ DNA.
The resulting assembly was subjected to polymerization and
biocatalyzed precipitation. The observed change was Af=
—31 Hz, very close to the frequency change obtained with
the target DNA only, implying that the sensing of M13¢ is
specific in the presence of DNA contaminants.
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A similar approach was used for the amplified sensing of
the 11161 base RNA of vesicular stomatitis virus (VSV),>!
using reverse transcriptase as the replication biocatalyst.[¥
The oligonucleotide 5 (see Scheme 1) was immobilized as the
primer sensing interface on an Au-electrode or an Au-quartz
crystal, surface coverage about 1.4 x 10~ molcm 2! Fig-
ure SA shows the Faradaic impedance spectra of the 5-
functionalized electrode and the results observed upon the
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Figure 5. A) Faradaic impedance spectra (Nyquist plots) upon the ampli-
fied sensing of VSV RNA: a)the 5-functionalized electrode; b) after
hybridization with the VSV RNA, 1 x 10-2m, in a solution consisting of
40mMm PIPES, 1mm EDTA, 400 mm NaCl, 80% formamide, pH 7.5;
c) after the reverse transcription for 45 min (80 UmL!) in the presence of
dGTP, dATP, dTTP, dCTP, and biotinylated dCTP (1:1:2/3:1:1/3, each base
1 mm) in a solution consisting of 50 mm Tris buffer, 40 mm KCl, 8 mm
MgCl,, pH 8.3 at room temperature; d) after the association of the
avidin —alkaline-phosphatase conjugate, bulk concentration 1 mwm; e) after
the biocatalyzed precipitation of 3 for 20 min in the presence of 2 (2 x
10-3m) in Tris buffer pH 7.5. B) Time-dependent frequency changes of an
Au-quartz crystal upon the analysis of the VSV RNA (1 x1072m);
f) frequency changes as a result of the replication of the bound RNA in
the presence of reverse transcriptase and dGTP, dATP, dTTP, dCTP, and
biotinylated-dCTP; g) upon the association of the avidin-—alkaline-phos-
phatase conjugate; h) Upon the biocatalyzed precipitation of 3. The
conditions for the polymerization and biocatalyzed precipitation of 3 are
detailed in Figure 5 A. Inset: Magnification of curve f.

analysis of VSV-RNA according to the sequence out-
lined in Scheme 1. As expected, each of these steps increases
the R, at the electrode surface. For example, upon the
analysis of 1x107"2M VSV RNA the reverse transcription
increases the interfacial R, by AR, =4.5 k€, the association
of avidine —alkaline phosphatase further increases the R, by
5.0 k2, and the precipitation of the insoluble product 3 onto
the electrode increases the R, by 14.0 kQ. The viral RNA
could be analyzed with a detection limit that corresponds to
1 x 107"M. At this concentration, the hybridization process
and the reverse transcription of the VSV RNA were
undetectable, yet the alkaline phosphatase precipitation of 3

2264 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

onto the electrode resulted in an amplification path and the
interfacial R, increased by 2.2kQ. Control experiments
revealed that the interaction of the sensing interface with a
foreign RNA (1 x10°m)®! followed by an attempt to
stimulate the reverse-transcription and the biocatalyzed
precipitation of 3 resulted in a minute change in the R, at
the electrode (AR, =0.3 kQ) indicating that the amplified
detection of the VSV —-RNA is selective. Figure 5B shows the
microgravimetric, QCM analysis of the RNA. Hybridization
with the VSV-RNA, 1 x 1072 results in a decrease of Af=
—72 Hz that indicates a surface coverage of 1 % of the sensing
interface. The replication of the viral RNA in the presence of
dGTP, dATP, dTTP, dCTP, and biotinylated-dCTP (1:1:1:2/
3:1/3 base concentration 1 mm) in the presence of reverse
transcriptase, 80 UmL™!, results in a decrease of —26 Hz,
Figure 5B, curve f. This frequency decrease translates to an
average replication of the surface-associated analyte RNA of
36 %. Binding of the avidin—alkaline phosphatase conjugate
onto the surface is shown in curve g (Af=—52 Hz) and the
biocatalyzed precipitation of 3 results in a significant decrease
in the crystal frequency that corresponds to around Af=
400 Hz, curve h, Figure 5B.

In conclusion, we highlight novel methods for the rapid and
sensitive electronic transduction of viral DNA/RNA by
bioelectronic devices. These methods would find broad
applicability in clinical diagnostics, environmental control,
and food analysis. We have demonstrated highly sensitive
detection methods for long nucleic acids, based on the
polymerization or reverse transcription of the double-strand-
ed assembly of the primers with the target viral DNA or RNA
on surfaces, followed by the amplification of the sensing event
by the biocatalyzed precipitation of an insoluble product on
the transducer. Detection limits of 2.3 x 10~"*M and 2.3 x
10~'m for the analysis of the virus-target DNA, were
achieved by using microgravimetric and impedance trans-
duction, respectively. The RNA detection limit was found to
be 1 x 1071"M (ca. 60 copies in 10 pL). This approach for the
amplification of DNA/RNA sensing has broad and general
potential applicability in biochip array technologies. By using
redox-labeled nucleotides or fluorophore-labeled nucleotides
as polymerization probes, amplified electrochemical or opti-
cal detection of viral DNA/RNA may be accomplished.
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Cesium- and Rubidium-Selective Redox-Active
Bis(calix[4]diquinone) Ionophores**

Philip R. A. Webber, George Z. Chen,
Michael G. B. Drew, and Paul D. Beer*

The synthesis of redox-active molecular receptors designed
to selectively recognize and electrochemically sense charged
or neutral guest species of biological and environmental
importance is an area of intense current interest.l! A number
of research groups have incorporated redox-active transition
metal and organic centers into a variety of macrocyclic
structural frameworks based on crown ethers, cryptands, and
calixarenes, and shown some of these systems to be selective
and electrochemically responsive to the binding of metal
cations, particularly lithium,? sodium,?l and potassium.®
However, the construction of redox-active ionophores for
the selective recognition of the larger cesium and rubidium
metal cations has not, to our knowledge, been reported. This
situation is surprising in view of the environmental concern
for monitoring radioactive cesium in nuclear waste solutionst”
and the potential use of rubidium isotopes in radiopharma-
ceutical reagents.[!) We report here the synthesis, coordina-
tion, and electrochemical investigations of novel bis(calix[4]-
diquinone) receptors L! and L? and demonstrate their
remarkable ability to selectively complex and electrochemi-
cally sense cesium and rubidium cations.

Reaction of a solution of p-tert-butylcalix[4]arene (1) in
acetonitrile with propane-1,3-ditosylate, 1,4-dibromobutane,
or 1,5-dibromopentane in the presence of potassium carbo-
nate gave the bis(calix[4]arene) derivatives 2, 3, and 4 in 30,
23, and 26 % yields, respectively (Scheme 1). Oxidation of
these compounds with TI(OCOCF;); in trifluoroacetic
acid* 7 gave the new bis(calix[4]diquinone) ionophores L',
L?, and L? in respective yields of 28, 10, and 9 % after column
chromatography and recrystallization.[®]

Electrospray mass spectrometry (ES-MS) competition ex-
periments gave the first qualitative indication that L' and L?
displayed notable selectivity preferences for Cs™ and Rb*
ions. The electrospray mass spectra of equimolar Group 1
metal iodides in the presence of solutions of the tetraquinone
ligands in DMSO revealed the most intense peaks occurred at
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