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Abstract This paper introduces the electrically detected  Keywords Microarray - Electrical detection - Biosensor -
displacement assay (EDDA), a electrical biosensor detection =~ HPV- Genotyping

principle for applications in medical and clinical diagnosis,

and compares the method to currently available microarray =~ Abbreviations

technologies in this field. The sensor can be integrated into ~ ACV alternating current voltammetry
automated systems of routine diagnosis, but may also be ~ CP capture probe
used as a sensor that is directly applied to the polymerase = CPG controlled pore glass
chain reaction (PCR) reaction vessel to detect unlabeled CV cyclic voltammetry
target amplicons within a few minutes. Major aspects of = DBU diazabicycloundecene
sensor assembly like immobilization procedure, accessibility =~ DMAP 4-dimethylaminopyridine
of the capture probes, and prevention from nonspecific target ~ DMF dimethylformamide
adsorption, that are a prerequisite for a robust and reliable =~ DMSO dimethylsulfoxide
performance of the sensor, are demonstrated. Additionally,  ds double stranded
exemplary results from a human papillomavirus assay are =~ DTE dithioerythritol
presented. DTPA dithiolphosphoamidite
EC electrochemical
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Introduction

Miniaturization technologies, which integrate engineering
capabilities well established in the silicon microfabrication
industry and microelectromechanical systems with expertise
in molecular biology, allow molecular tests to be carried out
on microchips [1].

Microarrays can be fabricated using a variety of technol-
ogies, including printing with fine-pointed pins onto glass
slides, photolithography using premade masks [1], photoli-
thography that replaces mask sets with a dynamic micro-
mirror device [2, 3], ink-jet printing [4] as initially proposed
by Blanchard and Hood [5], or electrochemistry on
microelectrode.

Tremendous efforts have been made in the past decade to
commercialize miniaturized instruments for molecular
diagnostics, including thermocyclers, microfluidics chips,
DNA microarrays, and other types of biosensors [6, 7].

Instead of detecting and studying one gene at a time,
microarrays allow thousands or tens of thousands of specific
DNA or RNA sequences to be detected simultaneously on a
small glass or silica slide with an area of only 1-2 cm’.
Although the principles of specific DNA and RNA detection
have remained unchanged, the greatly increased scale on
which this can be achieved with DNA microarrays has made
it possible to qualitatively tackle different questions in
biology and medicine.

An integrated molecular testing system involves innova-
tion at each step, such as sample collection, nucleic acid
extraction/separation, gene amplification, and signal detec-
tion/analysis. The major emphasis in the development of
miniaturization technologies has been on highly sensitive
biosensors that can be integrated with new technologies in
other steps. Electronic techniques are of particular interest for
this purpose because they can be directly integrated with
microelectronics and microfluidics systems to gain advan-
tages in miniaturization, multiplexing, and automation.

Traditionally, molecular diagnostic detection has relied on
fluorescent or radioactive labels, and signal transduction is
performed with equipment that greatly increases size and
cost of the whole system. Setups using fluorescence
detection are widely commercially available, but there are a
number of other detection techniques gradually emerging.
Electrochemical methods are among the most popular
electronic techniques that naturally interface the biomole-
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cules in solutions with solid-state electronics [8]. Many
reports have demonstrated individually addressed micro-
electrode arrays for molecular analysis [9-16]. However,
the sensitivity of electrochemical detection based on
microelectrodes is typically substantially lower than con-
ventional laser-based fluorescence techniques [17-20], and
several approaches have been employed to improve
detection sensitivity such as redoxcycling [21, 22], carbon
nanotubes, and semiconducting nanowires [23, 24].

At least for clinical or medical diagnostics, standard
nucleic acid testing using an initial linear or exponential
amplification of the targets, however, set a sensitivity
benchmark that cannot and probably will not be met by any
microarray detection technology. Therefore a state of the art
nucleic acid detection on microarrays in this field will rest on
preamplification of the targets. Therefore, sensitivity require-
ments for microarrays may be low and other needs like easy
workflow and easy integration into standard procedures of
routine clinical or medical diagnosis come to the fore.

Though sensitivity requirements for the detection of
amplified nucleic acid targets are low, sensitivity and
selectivity are still two of the most challenging criteria for
the development of DNA biosensor devices.

In this paper an electrical detection technology will be
introduced that is easy to handle, easy to integrate into auto-
mated diagnosis systems, but can also be applied in a con-
ventional manner, e.g., as a sensor to detect PCR amplicons
directly in the PCR reaction vessel.

Materials and methods
Microarray substrate and cleaning procedures

The microarrays used in this study are shaped as a
“dipstick” that can be immersed into conventional tubes
for direct detection of (PCR) amplicons (cf. Fig. 1). The
actual microelectrode arrays (MEAs) at the bottom part of
the stick consist of 32 square gold electrodes (70 pumx
70 um) on Si with counter and (pseudo) reference electro-
des (both gold) (photolithographically structured; vapor
deposition of 99.99% gold on Si; and leads are sealed with
Si3Ny4; manufactured by HL-Planartechnik, DE-Darmstadt).
These arrays are bonded to printed circuit boards (pcbs) for
electrical connection to a potentiostat. Bond pads and wires
are isolated with glob-top (Emerson Cuming STYCAST
epoxy glue, Polytec GmbH, DE), and the leads to the bond
pads on Si are covered with Si3Ny. At the pcb part of the
stick a solder mask defines the bond pad diameter (100 pum)
and covers the leads to the connector. Sliding contacts at
both sides at the top of the dipstick can be hooked to a
standard plug connector (type FH, Nr. 5177983-1 Tyco
Electronics Ltd.).
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Fig. 1 Photograph of the dipstick-type MEA (leff) consisting of 32
gold-microelectrodes on Si (bottom part of the stick) that is connected
to a standard sliding contact on pcb (macroscopic gold pads on the
upper left part of the stick; an identical number of contacts is at the
back of the stick) via wire bonding (mounted under the black epoxy
glue, next to the Au-on-Si-MEA). The middle photo shows an
enlargement of the Au-on-Si-MEA, when it is immersed in a standard
100-puL PCR tube. The right-hand photo shows the dipstick connected
to the potentiostat

To precondition the MEAs for probe immobilization they
were rinsed with water and ethanol and sonicated in ethanol
for 5 min and subsequently cleaned with Ar plasma (Femto,
Diener Electronic, DE, 2 min, power 3). Afterwards MEAs
were subjected to an electropolishing procedure [25]: the
electrodes were immersed in 1 M H,SO,, while performing
at least three cyclic voltammetry (CV) cycles from 0 to
1.55 V vs. Ag/AgCl at 50 mV/s after being biased to
1.65 V for 10 s using a three-electrode configuration (the
bare gold pseudoreference electrode on the MEA lies on a
potential of about +0.15 V vs. Ag/AgCl in H,SO,, cf.
Electrochemical analysis). Besides the cleaning effect of
this treatment, it is possible to determine the real surface
area of the electrodes by integration of the current of the
reductive oxide stripping peak [26]. The electrodes in this
study had a mean roughness of around 1.1. For the
reduction of possible traces of gold oxide the MEAs were
stored in ethanol for 15 min prior to further use.

For some electrochemical experiments commercial
(Metrohm AG, CH-Herisau) gold disk electrodes with a
diameter of 0.2 cm (encapsulated in PEEK) and/or of
0.3 cm (encapsulated in Teflon) were used (cf. Fig. 10).
These electrodes were polished sequentially with a series of
diamond slurries with gradually decreasing particle sizes
(ranging from 15 pum, over 9 um, 3 um, 1 wm, 0.3 pm
down to 0.1 um) on a polishing pad. The electrodes were
rinsed with ethanol and water after each particle size,
followed by short sonication in ethanol. Before probe
immobilization the electrodes were electropolished (see
above).

Synthesis of DNA oligonucleotides: capture and signalling
probes, reference capture and signalling probes, and target
mimics

For the incorporation of multiple labels or anchoring groups
in the signalling or probe oligonucleotides, three different
methods have been used:

(1) Up to four ferrocene labels have been incorporated at
the 5" end of the signal oligonucleotides by adding four
aminolink phosphoramidites, deprotecting the amino
groups on-column, and derivatizing the amino groups
with ferrocene acetic acid.

(i) One to four osmium labels have been added to the 5" end
of signal oligonucleotides utilizing a single 5’ amino group,
amino acid-derived osmium compounds (compounds VIII
and IX, Fig. 5), and standard peptide chemistry.

(iii) Three dithiolphosphoamidite (DTPA) anchoring
groups have been added to the 3’ end of probe
oligonucleotides by standard phosphoramidite chem-
istry using nonstandard synthesis blocks (compounds
IIT and IV, Fig. 2)

Synthesis of probe oligonucleotides with three
dithiolphosphoramidite (DTPA) groups at the 3' end
(compound I, Fig. 2)

The synthesis strategy for DTPA and DTPA-modified oligo-
nucleotides is illustrated in Fig. 2. Oligonucleotide synthesis
has been carried out on an Applied Biosystems 394 DNA-
synthesizer using standard procedures (users’ manual) on a
0.2-umol scale. Dimethylformamidine-protected deoxygua-
nosine amidite and 5-ethylthio-1H-tetrazole (ETT) activator
were used. Target and probe oligonucleotides were prepared
“trityl-on” and purified by reversed-phase high-performance
liquid chromatography (RP-HPLC).

Modification of CPG (controlled pore glass)

Hemisuccinate of the monotritylated cyclodithioerythritol
[27] (cyclo-DTE, compound II, Fig. 2) Monotritylated
cyclo-DTE (600 mg, 1.32 mmol; compound I, Fig. 2) is
dissolved in dichloromethane. To this solution, cooled in an
ice bath, 198 mg (1.98 mmol) succinic anhydride and
319.4 mg (1.98 mmol) 4-dimethylaminopyridine (DMAP)
are added. The stirred reaction mixture is allowed to warm
to room temperature and stirred overnight. After addition of
30 mL dichloromethane, the reaction mixture is extracted
twice with 50 mL of 0.1 M phosphate buffer pH=5.0 and
twice with 50 mL brine. The organic phase is dried over
sodium sulfate and, after addition of 200 pL triethylamine,
evaporated to a gum. The raw product is taken up in the
minimum quantity of dichloromethane containing 1%
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Fig. 2 Synthesis strategy for dithiolphosphoamidite (DTPA, com-
pound IV) and DTPA-modified oligonucleotides (for details see text)

triethylamine and chromatographed on silica gel 60 (0.063—
0.2 mm) with dichloromethane, 1% triethylamine to dichlo-
romethane, 2% methanol, 1% triethylamine. Yield 293 mg
(0.529 mmol, 40%), mass spectrometry (MS) is as expected.

Esterification of the LCAA-CPG [28] (long-chain alkyl-
amine controlled pore glass) (compound IV, Fig. 2) LCAA-
CPG (1g), 49.2 mg (75 pmol) hemisuccinate (compound
M), 27.5 mg (225 pumol) DMAP, 85.3 mg (225 pmol)
HBTU (O-benzotriazol-1-yl-tetramethyluronium hexafluor-
ophosphate), and 31.4 uL (225 wmol) triethylamine are
shaken overnight in 5 mL dry acetonitrile. The CPG is
filtered and washed four times with 20 mL acetonitrile,
three times with 20 mL diethyl ether and allowed to dry in a
fumehood. For determinating the loading of the CPG, about
5 mg is exactly weighed in a 25-mL volumetric flask and
the dimethoxytrityl group is cleaved with 1 M toluene
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sulfonic acid in acetonitrile. By measuring the absorption at
498 nm, the loading may be calculated:

Loading (umol/g) = (Vpeuit X Absaos X 14.29)/m

Vbewit  volume of detritylation solution in mL
Asog absorption at 498 nm
m weight of support in mg

If the loading is sufficient (>40 pumol/g), unreacted ami-
nogroups of the CPG are capped by shaking the CPG with a
mixture of 3 mL cap A and 3 mL cap B for 30 min. The CPG
is filtered and washed seven times with 20 mL acetonitrile.

1,2-Dithiane-4-O-dimethoxytrityl-5-ol (compound I, Fig. 2)
The cyclo-DTE is dried for several days under high vacuum
at room temperature. Under argon, 6 g (39.4 mmol) cyclo-
DTE is dissolved in 45 mL dry pyridine. Dimethoxytrityl
chloride (15 g, 44.27 mmol) is dissolved in 50 mL dry THF
and added dropwise to the cyclo-DTE solution over 1-2 h
at room temperature. The resulting solution is stirred
overnight. The solution is evaporated to a syrup using a
rotary evaporator; residual pyridine is removed by two
coevaporations with 30 mL toluene. The residue is taken up
in the minimum quantity of dichloromethane containing 1%
of tricthylamine and chromatographed on silica gel 60
(0.063-0.2 mm) with 10% ethyl acetate, 1% triethylamine
in heptane to 20% ethyl acetate, 1% triethylamine in
heptane. The resulting white powder is then chromato-
graphed on 100 g of C18-RP silica gel (Chromabond C18
ec), using 10% 0.1 M TEAA pH 7.4 in acetonitrile.
Product-containing fractions are pooled and concentrated
under reduced pressure until the product precipitates. The
product is then filtered and washed with water to eliminate
residual TEAA. For the synthesis of the phosphoramidite,
as well as for the synthesis of the hemisuccinate, the
product should be dried thoroughly under high vacuum.
Yield 10.7 g (23.6 mmol, 60%), MS as expected.

1,2-Dithiane-4-O-dimethoxytrityl-5-[ (2-cyanoethyl)-N, N-
diisopropyl) ]-phosphoramidite (DTPA [29], compound III,
Fig. 2) Under argon, 8 g (17.6 mmol) of the mono-tritylated
cyclo-DTE (compound I, Fig. 2) is dissolved in 20 mL dry
acetonitrile in a flask stoppered with a septum. The solution
is cooled in an ice bath and 12.3 mL (70.4 mmol) of very
dry diisopropylethylamine is added. Using a syringe,
4.8 mL (21.1 mmol) chloro-diisopropylamino-cyanoethoxy
phosphine is added dropwise over 15 min. The mixture is
stirred for 10 min at 0 °C, then the ice bath is removed and
the reaction mixture is allowed to warm to room temper-
ature. After stirring for 20 min, the reaction is stopped by
addition of 1.5 mL dry methanol. The solution is evaporated
to a syrup-like consistency, taken up in dichloromethane
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with 1% triethylamine, and chromatographed on silica gel 60
(0.063-0.2 mm) with 7.5% ethyl acetate, 1% triethylamine in
heptane to 15% ethyl acetate, 1% triethylamine in heptane.
Yield 7.15 g (10.9 mmol, 62%), MS as expected.

Synthesis of probe oligonucleotides (compound V,
Fig. 2) is done using the dithol-modifed CPG and coupling
two additional dithiol groups to this support using 250 pL
of 0.1 M DTPA in acetonitrile and 10-min coupling time for
each addition (1-pumol scale). It is convienient, to carry out
these two coupling steps on a large scale (1 or 10 pwmol);
the CPG modified with three dithio groups may be stored
for several months under argon at —20 °C.

Synthesis of ferrocene-modified signal oligonucleotides
(compound VI, Fig. 3)

To the 5’ end of the oligonucleotide, four consecutive Fmoc-
protected C3 amino-linked phosphoramidites are added
according to the manufacturer’s recommendations except
for omitting the capping steps, which results in a signifi-
cantly higher yield for the ferrocene-modified oligonucleo-
tide. The cleavage of the Fmoc, as well as the phosphate
protecting groups, is accomplished by flushing the synthesis
column for 5 min with 10% diethylamine in acetonitrile, then
for 5 min with 0.1 M diazabicycloundecene (DBU) in ace-
tonitrile solution. These solutions are installed instead of cap
A and cap B after the synthesis on the machine. After this
partial deprotection, the column is washed with acetonitrile
for 2 min and dried in a stream of argon.

The dry support material is transferred into a screw-
cap-type 1.5-mL reaction tube. For each 0.2-pumol synthesis,
11 mg (45 umol) ferrocene acetic acid, 16.5 mg (135 pumol)

JHZ JHQ JHZ JHz
HO o 0 o, 0 o_,0 0.
P P Py P

HO ‘o

,0— 5"-Oligonucleotide

HO ‘o

ferrocene acetic acid
HBTU

DMAP
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J H J H J H JH
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4 P\\ s P\\ 4 P\\ 4 P\\
HO © HO O HO O HO O

Fig. 3 Synthesis of ferrocene-modified signal oligonucleotides (for
details see text)

DMAP, and 51 mg (135 wmol) HBTU are dissolved in a
mixture of 150 puL acetonitrile, 50 uL DMSO, and 18.75 uL
(135 pmol) triethylamine, added to the support and shaken
for 2-3 h at room temperature in the dark. The support is then
washed three times with 1.5 mL DMSO, three times with
1.5 mL acetonitrile, and dried in a speed-vac for 10 min. The
modified oligonucleotides are cleaved from the support and
deprotected by incubation with concentrated ammonia at
room temperature overnight. The crude oligonucleotide is
purified by RP-HPLC. Identity of the modified oligonucleo-
tides was established by matrix-assisted laser desorption/
ionization—time-of-flight (MALDI-TOF) mass spectrometry.

Synthesis of osmium-modified signal oligonucleotides

Pyridylacryloyl-Fmoc-lysine (compound VII, Fig. 4) Pyr-
idylacrylic acid (1 g, 6.7 mmol) is suspended in 30 mL dry
dioxane. N-Hydroxysuccinimide (772 mg, 6.7 mmol; NHS)
and 1.45 g (7 mmol) dicyclohexylcarbodiimide are added.
The mixture is stirred at room temperature for 4 h, then
filtered from the precipitate, evaporated, and chromato-
graphed on silica gel 60 (0.063—-0.2 mm) with 80% ethyl
acetate, 20% heptane). Yield 0.9 g (3.65 mmol, 54%).

Fmoc-D-lysine (1.05 g, 2.84 mmol) and 104 mg
(0.85 mmol) DMAP are suspended in 30 mL dry pyridine
and 0.7 g (2.84 mmol) of pyridylacrylic acid NHS-ester in
30 mL dry dioxane is added dropwise over 30 min. The
mixture is stirred overnight. The solvent is evaporated under
reduced pressure and the remainder coevaporated twice with
20 mL toluene. The solid is extracted with 40 mL 15%
methanol in dichloromethane and filtered. The insoluble
solid is unreacted Fmoc-lysine and may be reused. The
filtrate is evaporated and chromatographed on silica gel 60
(0.063-0.2 mm) with 8% methanol in dichloromethane to
10% methanol in dichloromethane). Yield 0.63 g (1.26 mmol
44%), MS as expected

Osmium complexes (compounds VIII and IX, Fig. 5)
Osmium-bis-N,N'-(2,2'-bipyridyl) chloride potassium hexa-
chloroosmate(IV) was made according to Sargeson et al.
[30]: 492 mg (0.86 mmol) osmium-bis-N,N'-(2,2'-bipyridyl)
chloride and 0.9 mmol of the amino acid component
(Fmoc-D-3-pyridylalanine or pyridylacryloyl-Fmoc-lysine)
are heated at reflux under argon in 40 mL ethanol and
30 mL water for 7 h. The solvent is evaporated and the

o o] NH
1. NHS
‘ XY OH DCC ‘ XX H OH
N/ 2. Fmoc-Lys N/ 0
viI

Fig. 4 Synthesis of pyridylacryloyl-Fmoc-lysine (for details see text)
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residue chromatographed on silica gel 60 (0.063-0.2 mm)
with 10% methanol in dichloromethane to 20% methanol in
dichloromethane. Yield 50-70%, MS as expected.

Coupling of the osmium complexes to oligonucleotides The
coupling was carried out on the fully protected oligonucleo-
tides still bound to the solid support. The oligonucleotides
were produced with a MMTr-protected C¢ aminolink, which
was detritylated prior to coupling. The MMTr aminolink
should be coupled without capping and the MMTr protect-
ing group requires a prolonged detritylation time (3 min).
The amino group should then be deprotonated by flushing
the column with capB for 5 min, followed by washing with
acetonitrile for 5 min and drying with argon. The support
with the oligonucleotide is transferred into a 1.5-mL screw-
cap-type reaction tube and suspended in 100 uL fresh and
dry DMF. O-Aza-benzotriazol-1-yl-tetramethyluronium
hexafluorophosphate (3.14 mg, 8 pmol;, HATU) and
2.84 pL (16 pmol) diisopropylethylamine and 8 pmol of
the osmium—amino acid complex were dissolved in 100 uL
fresh DMF and preactivated for 1 min, then added to the
support material suspension and shaken for 20 min. The
support bound oligonucleotide is then washed with DMF
and acetonitrile and either cleaved and deprotected with
conc. ammonia for 15 h at room temperature or the Fmoc

group of the osmium amino acid label is cleaved with
0.5 M DBU in acetonitrile for 15 min, and additional labels
are added by repeating the coupling/Fmoc deprotection
procedure. The crude oligonucleotides are purified by RP-
HPLC. Identity of the modified oligonucleotides was
established by MALDI-TOF mass spectrometry.

The sequences for a typical set of capture and signalling
probes (CP, SP), reference capture and signalling probes
(rCP, 1SP), and target mimics (T) for HPV 6 is shown in
Table 1: capture probes contain a spacing sequence 3’ to the
detection sequence (separated by an underscore) that is not
complementary to any targets of a certain assay. The
capture probes are modified with three DTPA groups at
the 3’ end. Signalling probes are modified with one to four
ferrocenium groups at the 5’ end.

Immobilization of DNA capture and signalling probes
onto the MEA

The capture probe monolayers on gold were prepared im-
mediately after electropolishing by contact printing (equipped
with split pins, 90-um footprint) with closed gadget at 80%
relative humidity. Capture probes (50 uM) were dissolved in
125 mM Na,SO, and were spotted onto the electrodes in the
desired pattern. After spotting, the arrays stayed in the
gadget for 1 h, were rinsed with water, and postprocessed
with w-HO-undecanethiol (1 mM in EtOH) for 3 h, rinsed
with ethanol and water, incubated with w-HO-hexanethiol
(1 mM in 10 mM phosphate buffer, pH=7), finally rinsed
with 10 mM phosphate buffer, pH=7, and dried in an Ar
stream. Wrapped MEAs with capture probes immobilized
according to this procedure were stable for at least 1 year
(data not shown). The complexation of capture probes on
these MEAs with complementary signalling probes was
accomplished either by a spotting procedure as described
(without postprocessing) or by incubating the MEAs with a
mixture of all necessary signalling probes (50 nM each, in
250 mM Na,S0,) for 0.5 h and subsequent rinsing (10 mM
phosphate buffer, pH=7) and drying (Ar stream). MEAs

Table 1 5’ to 3’ sequences for capture and signalling probes (CP, SP, complementary sequences are in italics), reference capture and signalling
probes (rCP, rSP, complementary sequences are in italics), and target mimics (T, complementary to the signalling probe SP) for HPV 6

Probe or target Sequence

mimic

CP_HPV-6 TCCGTAACTACATCTTCCACATACACCAA_CATATTTATT

SP_HPV-6 TTGGTGTATGTGGAAGATGTAGTTACG_GATGTACATAATGTCATGT TGGTACTGCG

rCP_HPV-6 AACCACATTCACCTTCTACATCTATGCCT _CATATTTATT

rSP_HPV-6 AGGCATTGATGTAGAAGGTGTATGTGGTIT

T_HPV-6 TGGTAGATACCACACGCAGTACCAACATGACATTATGTACATCCGT AACTACATCTTCACATACA

CCAATTCTGA
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with capture and signalling probes immobilized are currently
being tested for stability but they are stable for at least a
month (data not shown).

Amplification reactions

DNA of clinical specimens were isolated by standard pro-
cedures according to the manufacture’s protocols using a
DNeasy Blood & Tissue kit (Qiagen N.V.). The PCR
protocol includes two subsequent PCR amplifications
with Fw-6 and Rev-6 for amplification of HPV type 6
(Fw-6 ATAATGGCHCAGGGACATAACAATGG/Rev-6
ATTAAGCGTCCMARRGGATACTGATC). In the first am-
plification reaction a PCR product was produced, using
10 puL of the DNA preparation, to amplify the sample with
30 pmol (each) of Fw-6 and Rev-6 in 100 puL 16 mM
ammonium sulfate, 100 mM Tris/HCI pH=8.3, 3 mM Mg2+,
200 uM (each) dATP, dCTP, dTTP, and dGTP as buffer,
and lu Immolase DNA polymerase (Bioline). After 10 min
denaturation and heat activation of the enzyme at 96 °C, six
cycles of a touch down protocol with decreasing annealing
temperature starting at 57 °C and ending at 47 °C, each
cycle with 1 min @ 96 °C, 30 s annealing, and 1 min @
72 °C, followed by 30 amplification cycles with 30 s @
96 °C, 30 s @ 56 °C, and 30 s @ 72 °C, and followed by a
last synthesis step with 10 min @ 72 °C. The amplification
mixture was stored at —20 °C. This amplification product
was used (diluted by 1/10,000, 5 uL) as template for the
preparation of single stranded products with an asymmetric
PCR protocol. In this protocol 2 pmol of the Rev-6 and
40 pmol of Fw-6 were used in 100 pL 16 mM ammonium
sulfate, 65 mM Tris/HCI pH=8.8 , 3 mM Mg2+, 200 uM
each of dATP, dCTP, dTTP, and dGTP as buffer with
BioTag DNA polymerase (Bioline). After 2 min denatur-
ation at 96 °C, 35 amplification cycles with 30 s @ 96 °C,
30 s @ 56 °C, and 30 s @ 72 °C were performed. For the
experiments ten tubes of each PCR product were pooled,
precipitated, and quantified photometrically according to
literature procedures [31], to get homogenous material for a
series of experiments.

Chemicals

Chemicals for DNA synthesis were from ABI, Germany
(phosphoramidites, preloaded supports), Proligo Biochemie,
Germany (LCAA-CPG), Glen Research, USA (MMTr Cgq
Aminolink amidite), Chem Genes, USA (Fmoc C; amino-
link), Mallinckrodt Baker, Germany (acetonitrile, activator
ETT, oxidizer 0.02 M, detritylation solution, cap A, cap B),
Biosolve, The Netherlands (dichloromethane), Machery-
Nagel, Germany (C18 RP Silica), IRIS Biotech, Germany
(HBTU, cyclo-DTT, DMAP, Fmoc-D-3-pyridylalanine),
Sigma-Aldrich, Germany (trans-3-(3-pyridyl)acrylic acid,

diisopropylethylamine), Merck Biosciences, Germany
(HATU), and Acros, Belgium (K,OsClg). All other chem-
icals were from VWR/Merck, Germany. All other chem-
icals used in this study, alkanethiols (propanethiol and
hexanethiol), w-hydroxyalkanethiols (hydroxyundecane-
thiol, hydroxpropanethiol, and hydroxyhexanethiol), NaCl,
Na,SO,4, NaOH, H,SO,4, TRIS, and ethanol, were pur-
chased from Fluka and were utilized as received. All buffer
solutions were prepared using doubly distilled ultrapure
water (Bamstead Nanopure Life Science).

Hybridization

Hybridization (amplicon detection) can be performed directly
after amplification by immersing the dipstick into the tube
containing the amplicons, e.g., the PCR tube. Hybridization
is followed on-line by electrochemical detection. To decrease
detection time, elevated temperature or a temperature gra-
dient is used during hybridization. In general each potential
hybridization is monitored vs. a reference, i.e., relative to an
electrode derivatized with capture/signalling probe hybrid
that has an identical but inverse base sequence (see above)
and thus cannot interact with the expected amplicon(s).
Dehybridization was performed by incubating the MEA in
0.1 M NaOH for 10 min, subsequently rinsing the MEA with
doubly distilled water, and finally drying the MEA (Ar
stream).

Electrochemical analysis

The electrochemical (EC) measurements were performed
with a three-electrode setup in an appropriate electrolyte
(indicated in the respective experiments). For single electro-
des the typical setup was gold disk working electrode, Pt
counter electrode, Ag/AgCl/3 M KCI reference electrode
hooked to a AUTOLABI12 potentiostat (electrodes and
potentiostat were purchased from Metrohm AG, CH-
Herisau) equipped with an FRA2 impedance module, a
SCAN-GEN module for the generation of true linear ramps,
an ADC750 module for time resolution down to 1.3 ps, and
an ECD module for low current measurements. Alternating
current voltammetry (ACV) and (staircase) cyclic voltam-
metry (CV) experiments were designed as suggested by the
manufacturer and in accordance with standard literature [32].

EC measurements of MEAs were performed either on the
AUTOLABI12 with on-chip gold counter electrode and
external Ag/AgCl/3 M KCI or on-chip gold reference
electrode. If the gold on-chip reference electrode was used,
50 nM Os(bipy),Cl, was used as internal reference system.
To electronically address the 32 individual gold micro-
electrodes a homemade multiplexer (MUX-96) [33] was
used to serially switch between the individual working
electrodes. Alternatively a homemade 32-fold potentiostat
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(MP-32) [34] was used to address the 32 working electro-
des in parallel. With MP-32 the standard setup consisted of
the on-chip gold counter electrode, the on-chip reference
electrode, and 50 nM Os(bipy),Cl, as internal reference
system (the reversible oxidation/reduction of Os(bipy),Cl,
occurs at Ey=0 V vs. Ag/AgCl). During hybridization/
detection the temperature of the reaction vessel (PCR tube)
with immersed MEA dipstick is controlled by a homemade
heating unity [35] that is part of the MP-32.

Fig. 6 a Schematic representa-

tion of the EDDA process (for a
details see text). b Hypothetical
curve progression of the elec- 1: th TO

trochemically detected FcAc
oxidation signal according to a
processes illustrated in a (for
details see text)

EDDA detection principle

The EDDA detection principle [26, 36] established to direct-
ly detect hybridization in, e.g., a PCR tube, is illustrated in
Fig. 6. After processing the MEA according to the probe
immobilization guidelines described above the individual
working electrodes (or test sites) consist of a hybrid between
capture and signalling probes. The signalling probe is com-
plementary to the expected target amplicons generated
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Fig. 6 (continued)

during the asymmetric PCR. The electrode distant end of the
signalling probe is not involved in hybridization to the
capture probe but serves as a docking station to targets. At
the electrode proximal ends the signalling probes carry
covalently attached ferrocenium moieties depicted as FcAc
in a closed frame (up to four moieties). These moieties can
be oxidized at about 0.25 V vs. Ag/AgCl in any suitable
electrochemical detection process (indicated by the encircled
e atthe bent arrow between FcAc and the electrode surface).
The corresponding signal is indicative for the full function-

Probe Surface Coverage [a.u.]
'
1

o,o.g

Q\

Fig. 7 Capture probe oligonucleotide surface coverage as a function
of the number of thiol anchoring groups (i.e., one for probe-SH, two for
probe-DTPA, four for probe-(DTPA),, and six for Probe-(DTPA);) after
spotting (dashed bars) of the probe and after postprocessing with w-
HO-hexanthiol (black bars)

ality of the test site on the one hand and a completely not
hybridized state on the other hand (cf. Fig. 6 top line at #,/T,
and Fig. 7 at #/T}).

Target amplicons may dock at the remote end of the
signalling probe that is designed to be a perfect match to
the target and eventually will completely hybridize with the
signalling probe, thus releasing the signalling probe from
the immobilized capture probe. The newly built hybrid of
signalling probe and target amplicon will diffuse in solution.
The concentration of these solution dissolved hybrids may
stay quite low during the complete process, since the
amount of surface-bound signalling probes is low (about
4x107"® mole per test site, see below) thus favoring the
process of target-induced removal of signalling probes (cf.
figure lines for #,/T) to t;/T3).

The hybridization/detection process can be improved at
elevated temperature. A hypothetical curve progression of the
electrochemically detected FcAc oxidation signal according
to the processes illustrated in Fig. 6 is depicted in Fig. 7.

Results and discussion

Test site characterization (stability, activity, surface
coverage)

The immobilization of nucleic acids onto substrates is com-
plex and crucial to the performance of the microarray, since
(1) the capture probe has to form a stable bond to the substrate,
(i1) the spacing of the capture probes has to allow specific
binding of the target, (iii) nonspecific adsorption of the
material to be arrayed has to be prevented.

Chemisorption of thiols on gold (electrodes) is a
common and simple procedure to immobilize probes on
a surface. The gold—sulfur bond with a binding energy of
about 30-45 kcal/mol [37] (cf. at least 100—150 kcal/mol for
a covalent bond [29]) is relatively weak in order to anchor a
biopolymer onto a surface. As reported, monofunctional
thiol-terminated oligonucleotides immobilized on a surface
slowly decompose at temperatures between 60 and 90 °C
and in the presence of buffers with high salt concentration
[38] and are almost completely displaced from the surface
when treated with biological buffer systems containing, e.g.,
dithiothreitol or mercaptoethanol [39, 40].

We used different thiol anchoring groups for the
immobilization of capture probe oligonucleotides, followed
by passivation of remaining gold sites with short-chain
thiols. Besides electrochemical passivation of the electrode
surface, postprocessing with short-chain thiols reduces
background capacitive currents and nonspecific adsorption.
To enable direct electrochemical access to the immobiliza-
tion process, the 20-base-long capture probes were cova-
lently modified with Os complex at the remote end (cf.
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Materials and methods). The coverage with capture probes
is then easily determinable by CV via the integrated oxi-
dation peak.

As depicted in Fig. 8, the number of thiol anchoring
groups per capture probe is essential to surface coverage and
stability of immobilized probes. Though the coverage is
highest for singly HS-anchored probes, these probes are
largely displaced from the surface by short-chain thiol
postprocessing, most probably due to removal of unspecific
and/or displacement of weekly bound probes. Using
multiple anchoring of the probes via DTPA units with two
HS groups per unit reduces the spontaneous surface
coverage to some extent, but the immobilized probes are
increasingly more stable towards postprocessing with
increasing number of anchoring groups as indicated by the
decreasing displacement of capture probes due to thiol
postprocessing with increasing numbers of HS anchoring
groups per capture probe. Best results are obtained in this
series for capture probes with three DTPA groups (corre-
sponding to six HS anchoring groups).

To simulate stability towards mechanical stress and
potential reusability Au-electrode-based sensors were treated
with NaOH (a typical dehybridization procedure), hybridized,
dehybridized, and rehybridized. The surface coverage change
(determined as above) for different thiol anchoring groups due
to this “stress procedure” is compared in Fig. 9. Again
stability/reusability increases with increasing number of thiol
anchors per capture probe. The results depicted in Figs. 8 and
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—_ 01 m I probe-(DTPA),
3 P
© 0,8
g 1
%’ T
G 061
(0]
[&]
£
S 04+
@
(0]
8
a 0,2
0,0 11! . . : T . T .
SIS YOS ¥ ¥
Q SOOI Q D o
2 2 2 Q
s 95{@;\6 & %& &
S

Fig. 8 Capture probe oligonucleotide surface coverage after probe
immobilization and posttreatment (ssDNA), after additional incuba-
tion in 0.2 M NaOH for 10 min (ssDNA after NaOH), after
subsequent first hybridization (dsDNA), dehybridization (ssDNA-d),
and rehybridization (ds-DNA-r) for differently anchored capture
probes (as indicated in the figure)
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Fig. 9 ACV (10 Hz, E,=20 mV) of surface-immobilized Os-
modified capture probe (peaking at +200 mV) hybridized with doubly
ferrocenium-modified signalling oligonucleotide (peaking at
+350 mV) against temperature (20—65 °C)

9 were reproducible in a series of experiments (experiments
were repeated at least ten times with different electrodes.
Mean deviation is shown in Fig. 9 and was less than 10% for
the experiments shown in Fig. 8). Additionally, postprocess-
ing was tested with different alkanethiols (C-2 to C-11, each
CH;-terminated or CH,OH-terminated) resulting in an
optimized procedure for optimal capture probe immobiliza-
tion by using threefold DTPA-modified capture probes and
subsequent posttreatment with w-HO-undecanthiol in EtOH
and a final treatment with w-HO-hexanthiol in aqueous
buffer [41].

The experiments with Os-modified capture probes enable
absolute quantification of surface coverage. The coverage
has to be as high as possible to ensure a maximum of
detectable hybridization events but is restricted to a capture
probe density where probes are still accessible by target
oligonucleotides. Literature values for oligonucleotide sur-
face densities range from 1-4x10'? molecules/cm? for
oligonucleotides shorter than 24 bases [42—44] to 6-9x
10'? molecules/cm? [45, 46]. In a series of experiments the
optimum was adjusted by variation of buffer composition,
capture probe concentration, and immobilization incubation
time using the above findings for an optimized capture
probe anchoring. As a result an optimized value around 4 x
10'? molecules/cm® (+1.5%10'> molecules/cm?) was
obtained (vide infra).

In a two-label experiment under these optimized immobi-
lization conditions the capture probe was modified with one
5'-osmium complex at the remote end and the complementary
signalling oligonucleotide was labelled with two 5'-ferrocene
carboxylic acid moieties (in vicinity of the electrode). In
Fig. 9 the melting behavior of a hybrid between capture and
signalling oligonucleotide is followed by alternating current
voltammetry (ACV). The osmium complex having a peak at
+200 mV (vs. Ag/AgCl/3 M KCl) is well separated in
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potential by 150 mV from the ferrocene carboxylic acid
peak at around +350 mV.

A rough calculation of the surface concentrations of capture
probe and target according to O’Conner et al. [Eq. (1)] [47]
results in 3x10'? molecules/cm® and an accessibility of
capture probes for signalling oligonucleotides of around 50%.

sinh (“£2)

cosh(25L=) + 1

Lyg(Eo) = 2zIf FTA - (1)

surface concentration

E, Nernst potential, formal potential

E,. amplitude of ac voltage

R universal gas constant

T absolute temperature

n amount of substance

z number of electrons for redox reaction
/ number of labels per molecule

The above analysis of surface coverage and capture probe
accessibility does not take into account that peak heights in
ACYV depend on the actual heterogeneous electron transfer
rate (kgt) of the recorded electrochemical label. Peak

Os FcAc

| [uA]

0,0 0,1 02 03 04 05

4 ] T T T T T T T T T T T 1
0,0 0,1 02 03 04 05

E vs. Ag/AgClI [V]
Fig. 10 ACV (E,.=20 mV) of surface-immobilized Os-modified
capture probe (peaking at +220 mV) hybridized with doubly
ferrocenium-modified signalling oligonucleotide (peaking at
+370 mV) at different ACV frequencies: top 10 Hz, middle 50 Hz,
bottom 250 Hz. The hybridized (dsDNA) state is shown as solid line,
the dehybridized state (ssDNA) as dashed line

heights of the ACV increase with increasing frequency
until the frequency matches kgt. As depicted in Fig. 10 the
frequency dependence of the ACV peak heights of Os-
labelled capture probe and ferrocenium-labelled signalling
probe differ significantly, indicating a significantly higher
kgt for the electrode proximal ferrocenium labels compared
with the electrode distant Os label. A more rigorous ap-
proach is based on electrical impedance spectroscopy data
of the two-label experiments [48]. There the surface cover-
age and accessibility of the capture probes immobilized
under optimized parameters resulted in a coverage of about
4x10'? molecules/cm? (+ 1.5x10'* molecules/cm?) and an
accessibility of >85%.

EDDA application: genotyping assay to analyze human
papillomavirus (HPV) infections

Epidemiological and molecular studies over the past two
decades have demonstrated convincingly that certain types of
HPVs are etiologically related to the development of most
cases of cervical cancer [49], the second most common
cancer affecting women. There are at least 100 types of
HPV that can be discriminated by genotyping. Women
infected with high-risk HPV, such as HPV types 16, 18, 31,
33, and 35 are considered to be at a higher risk for the
development of cervical cancer than those not infected with
HPV or infected with low-risk HPV types, such as HPVs 6
and 11 [50].

We are currently establishing a HPV assay based on
multiplexed PCR and subsequent analysis of the PCR product
on a 32 test site microelectrode array (MEA) in EDDA format
covering probes for all relevant high-risk HPV types and some
low-risk HPV types. The dipstick (cf. Microarray substrate
and cleaning procedures) carrying the MEA with capture/
signalling probe hybrids is applied directly to the PCR
solution and detection of screened genotypes started imme-
diately (cf. EDDA detection principle).

In Fig. 11 typical electrochemical responses (here cyclic
voltammograms, CVs) of the individual MEA test sites are
shown for illustration purposes. The 32 microelectrodes
contain capture probe/signalling probe hybrids for 15
different HPV genotypes and their corresponding reference
(Ref) test site (see Materials and methods), two of them
were coincidently not connected (electrodes two and four),
one (number 21) is a control test site (no probes immobi-
lized), two were spotted as duplicate (numbers 25 and 26).
Initial current peak heights (black curves) that correspond to
the absolute amount of capture probe/signalling probe hybrids
at the individual test sites differ by a factor of about 2. This is
probably due to a different capture probe immobilization
behavior for different probe sequences and/or different
accessibility of the different capture probe sequences to the
signalling probes [51]. Hybridization between targets and
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Fig. 11 CV (scan rate 500 mV/s, E vs. internal Os(bipy),Cl,
reference) of an ensemble of different surface-immobilized HPV
capture probes hybridized with fourfold ferrocenium-modified signal-
ling oligonucleotides during hybridization with a mixture of HPV
target mimics (¢c=1 nM). Black lines are recorded at the beginning of
hybridization (1=0, 7=26 °C, red and green lines during hybridization
(t=6 min, T=38 °C, red lines; t=10 min, T=46 °C , green lines).

signalling probes is supported by applying a temperature
gradient to the PCR solution. Therefore, initial current
signals are decreased gradually due to (i) the melting
behavior of capture/signalling probes on the actual HPV test
site or its reference test site and—in the case of the actual
HPV test sites—this decrease is superimposed by the func-
tional decrease due to hybridization between signalling probes
and targets causing an additional displacement of the
signalling probes from the test sites.

The electrochemical responses that are shown in Fig. 11
are for the whole array, but reponses at only three temper-
atures were analyzed in more detail over the complete tem-
perature range observed: hybridization is followed on the
microelectrode(s) while a temperature gradient of 2 °C/min
is applied to the PCR solution and the CVs of the capture
probe/signalling probe hybrids are recorded. A typical
evaluation of the superposition of melting behavior and
signalling probe displacement is shown in Fig. 12 for one
test site and its reference (HPV 6 and Ref, respectively).

In Fig. 12 the integral of the currents obtained during CV
are shown vs. temperature. Values are normalized to the
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Electrodes 2 and 4 were not connected and electrode 21 carries no
probes (control test sites to check for nonspecific effects, especially
nonspecific immobilization of probes). Numbering of electrodes is
line-by-line starting from the fop left. Variations in peak potentials are
due to the use of a pseudoreference electrode on the one hand and the
differing temperatures on the other hand

initial value at /=0, individually for the actual HPV test site
and the reference test site. The applied temperature gradient
results in a gradual melting of the capture probe/signalling
probe hybrids as can be observed by the decrease of the
normalized signal for the reference test site that cannot inter-
act with the target (cf. corresponding curves in Figs. 12a and
b). In the absence of target the actual HPV-6 test site shows
identical behavior to the reference test site indicating that the
reference is well chosen. Repeating that hybridization with a
hybridization solution containing HPV-6 target results in
signal as displayed in Fig. 12b. The reference test site shows
unchanged behavior, as compared to the situation without
target displayed in Fig. 12a, whereas the signal for the actual
HPV-6 test site decreases significantly faster with tempera-
ture due to target-induced displacement of the signalling
probe. Hybridization with a modified HPV-6 target exhibit-
ing at least two mismatches results in less than 10% target-
induced displacement of the signalling probe as compared to
the perfect-matching HPV-6 target.

Once curve progression of the “1-Hybridization” signal of
probe and reference test site are known, hybridization can be
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Fig. 12 Displacement analysis for HPV type 6. Comparison of
melting and displacement behavior of the actual test site (HPV-6) to a
reference test site on the microarray (Ref) that shows identical melting
behavior but whose can signalling probe cannot be displaced by
targets. 1-Hybridization is the integral of the currents obtained during
CV (scan rate 500 mV/s, E vs. internal Os(bipy),Cl, reference) as a
function of time (and temperature). During hybridization a tempera-
ture gradient of 2 °C/min is applied to the PCR solution. Values are
normalized to the initial value at /=0. a Analysis with PCR solution
containing no HPV type 6 amplicon. b Analysis with PCR solution
containing HPV type 6 amplicon (obtained from clinical material in a
standard PCR reaction), diluted by a factor of 3

performed at the temperature of maximum deflection
(between probe and reference site signal approximately 45 °C
in Fig. 12). In Fig. 13 this is shown for the HPV-6 test site
and its reference. It is an alternative recording and
visualization mode of the hybridization analysis enabled
by EDDA ( “1-Hybridization” vs. time at 45 °C instead of
“1-Hybridization” vs. temperature). Thus, in the final test
format it is not necessary to spot and record the reference
test site because reference behavior is known and all 32 test
sites can be used for genotyping.

As already mentioned sensitivity requirements for nucleic
acid analysis on microarrays are low for applications in
medical diagnosis, since it is mandatory to perform an
amplification reaction before microarray detection. Never-
theless we checked sensitivity with artificial targets (120-
base-pair targets matching perfectly) and with PCR products.
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Fig. 13 Displacement analysis for HPV type 6. Comparison of actual
test site (HPV6) to a reference test site on the microarray (Ref) at the
hybridization temperature with maximum deflection (here ca. 45 °C)
between probe and reference site signal (see text). All other
parameters are the same as for Fig. 12

With artificial targets a recordable deviation between refer-
ence test site and HPV test site of more than 10% (the
selectivity threshold) is obtainable for a 30 pM target
solution. Typical PCR product [52] can be diluted by a
factor of 10 to get such a recordable deviation between
reference test site and HPV test site of more than 10%.

It should be noted that both selectivity and sensitivity are
not only an issue of detection format but also are influenced
by hybridization length, temperature, salt concentration,
secondary structures of the target, state of the target (double
strand or single strand) etc. and can/must be adopted to the
actual assay (including amplification procedure and param-
eters) for medical diagnosis purposes.

Summary

We have introduced a new electronic microarray format
(EDDA) that can display hybridization of amplicons within a
few minutes. The microarray can be applied directly to the
amplification reaction. The minimal equipment needed mean
that it is suited for clinical and medical diagnosis tests and is
easy to handle. Moreover, there is no need for labeling or
washing steps. The basic features of the microarray were
characterized and a typical example for a medical diagnostic
test was given. EDDA shows a sensitivity and selectivity very
appropriate for the analysis of PCR products.
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Sensitivity and selectivity of the sensors are not influenced by this
spread of initial signals (data not shown)

A preliminary comparative analysis of the PCR performance by
quantitative PCR (procedure analogous to the one described in:
Swillens S, Goffard JC, Maréchal Y, Alban de Kerchove
d’Exaerde A, Hakim El Housni H (2004) Nucleic Acids Res 32:
e56 ) showed that the PCR was started at about 1,000 copies of
the sequence that was monitored by EDDA
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