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Abstract

Here we report on a highly sensitive potentiometric detection of DNA hybridization. The new assay
uses a low-volume solid-contact silver ion-selective electrode (Ag*-1SE) to monitor the depletion of
silver ions induced by the biocatalytic reaction of the alkaline-phosphatase enzyme tag. The resultant
potential change of the Ag*-ISE thus serves as the hybridization signal. Factors affecting the
potentiometric hybridization response have been optimized to offer a detection limit of 50 fM (0.2
amol) DNA target. The new potentiometric assay was applied successfully to the monitoring of the
16S rRNA of E. coli pathogenic bacteria to achieve a low detection limit of 10 CFU in the 4 pL
sample. Such potentiometric transduction of biocatalytically-induced metallization processess holds
great promise for monitoring various bioaffinity assays involving common enzyme tags.

Introduction

Electrochemical devices have received considerable attention recently in the development of
sequence-specific DNA hybridization biosensors.1=3 Such devices offer elegant and effective
routes for interfacing the DNA-recognition and signal-transduction elements, and are uniquely
qualified for meeting the size, cost, and power requirements of point-of-care DNA diagnostics.
Enzyme labels, such as alkaline phosphatase (ALP) or horseradish peroxidase (HRP) have
been widely used for such bioelectronic detection of DNA hybridization in connection to
amperometric monitoring of the biocatalytic reaction product.*:>

The present article describes the use of an ion-selective electrode (ISE) transducer for highly
sensitive potentiometric detection of enzyme-linked DNA hybridization connected to a
biocatalytic metallization. Recent advances in direct potentiometry®:7 have led to powerful
solid-contact ISE sensing devices, with remarkable selectivity and sensitivity (down to the sub-
nanomolar level). Since the signal or detection limit of potentiometric transducers are not
expected to deteriorate upon reducing the sample volume it is possible to use miniaturized ISEs
for detecting femtomole amounts of ions in microvolume samples. Despite of these latest
advances, the low-cost and simplicity of potentiometric ISEs and the inherent miniaturization
and portability of the supporting instrumentation, such devices have rarely been applied for
bioelectronic detection of DNA hybridization, with the exception of a recent work involving
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cadmium-sulfide nanocrystal labels.® Such procedure involved the use of a Cd2*-ISE for
detecting the hybridization event and required the dissolution of the captured nanoparticle
tracer prior to the potentiometric detection, in a manner similar to analogous to the stripping-
voltammetric measurements of nanoparticle tags.®1°

The new potentiometric DNA hybridization protocol, illustrated in Figure 1, involves the
formation of the nucleic-acid sandwich, capturing of an ALP tracer and reduction of silver ions
by the p-aminophenol (p-AP) product of the enzymatic reaction. The silver ISE transducer
(shown in Figure 2B) offers a highly sensitive and rapid measurement of the depleted silver
ion, with the decreased potential response serving as the hybridization signal. An analogous
stripping-voltammteric detection of ALP-induced biometallization process was described
recently by the groups of Kwak!! and Costa Garcia.1? Potentiometric microsensors were shown
recently to be very attractive for probing in real-time biocatalytic metallization processes, as
was illustrated for the NADH/ADH-mediated reduction of copper.12 Such direct and sensitive
monitoring of biocatalytic metallization processes indicates great promise for potentiometric
transduction of bioaffinity interactions in connection to common enzyme tags generating a
reducing agent. The new silver-based biometallization potentiometric strategy represents an
attractive alternative to the use of metal nanoparticle tags for potentiometric measurement of
DNA hybridization,8 as it obviates the need of dissolving the nanocrystal tracer. Separating
the hybridization and detection cells (Figure 1) prevents also the common problem of silver
deposition onto the DNA and minimizes related background contributions. Such procedure
thus holds great promise for detecting DNA hybridization, as illustrated below for highly
sensitive potentiometric measurements of the E. coli bacterial pathogen.

Experimental Section

Materials

6-mercapto-1-hexanol (MCH), Trizma hydrochloride (Tris-HCI), ethylenediaminetetraacetic
acid, sodium chloride, sodium hydroxide, sodium phosphate monobasic, sodium phosphate
dibasic, potassium chloride, potassium phosphate dibasic, potassium phosphate monobasic,
bovine serum albumin, streptavidin-alkaline phosphatase (SA-ALP), p-aminophenol (p-AP),
glycine, gold nanoparticles (Au NPs) (10 nm diam.), and silver nitrate were purchased from
Sigma-Aldrich (St. Louis, MO). The blocking agent casein was obtained from Pierce
(Rockford). p-aminophenyl phosphate monosodium salt hydrate (p-APP) was purchased from
Biosynth International Inc. (Switzerland). Magnesium sulfate was received from EMD
Chemicals Inc., while potassium nitrate was obtained from Fisher Scientific (Fair Lawn, NJ).

The buffer solutions used in this study were as follows: The DNA immobilization buffer (1B)
was 10 mM Tris-HCI, 1 mM ethylenediaminetetraacetic acid, and 0.3 M NaCl (pH 8.0). The
hybridization buffer (HB) was a 1M phosphate buffer solution containing 0.78 M Ky;HPOy,
0.27 M NaH,PO,4 and 2.5% bovine serum albumin (pH 7.2). The binding buffer (BB) for
associating with SA-ALP consisted of 0.14 M NaCl, 0.003 M KCl, 0.002 M KH5PQy4, 0.01 M
NayHPO,4 and 0.5% casein (pH 7.2). Glycine (50 mM, pH 9.0) was used as the potentiometric
detection buffer (DB). Solutions of 0.5 uM p-AP and 0.2 mM p-APP were prepared daily in
the DB containing 10 mM KNO3 and 5 mM MgSQ4 and were stored at 4 °C.

All synthetic oligonucleotides were purchased from Thermo Fisher Scientific (UIm, Germany).
The sequences of the thiolated capture probe, biotinylated detection probe, and of the
complementary target are listed in Table 1. The E. coli pathogen isolates were obtained from
the University of California-Los Angeles (UCLA) medicine department. One milliliter of
bacteria in Luria broth (containing 2.25x107 CFU, estimated from optical density
measurements at 600 nm) was centrifuged at 10,000g for 5 min. The supernatant was discarded,
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and the bacteria left in the centrifuge tube were stored at -80 °C to prepare the bacterial isolate
pellets.

The following chemicals were used for preparing the Ag*-I1SE: The ionophores o-xylylenebis
(N,N-diisobutyldithiocarbamate) (copper(Il) ionophore(l)), sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (Na-TFPB) and lipophilic salt tetradodecylammonium tetrakis
(4-chlorophenyl)-borate (ETH 500) were purchased in Selectophore® or puriss grade from
Fluka (Buchs, Switzerland). The methylene-chloride solvent was obtained from Fisher
(Pittsburgh, PA), poly(3-octylthiophene) (POT) was synthesized following the procedure of
Jarvinen et. al'* and was purified according to the patent application.1® The synthesis of methyl
methacrylate-decyl methacrylate (MMA-DMA) copolymer matrix was described previously.
16 All stock and buffer solutions were prepared using double-deionized water (18.2 MQ cm).

Preparation of Ag*-ISE

Membranes—The membrane for the Ag*-ISE was prepared by dissolving a total weight of
50 mg components including copper(11) ionophore (1) (17 mmol kg'1), Na-TFPB (7 mmol
kg™1), ETH 500 (12 mmol kg'1), and copolymer MMA-DMA (~98%) in 0.8 mL of methylene
chloride, in accordance to earlier studies!”-18 with slight modifications. The membrane
‘cocktail” was degassed by sonication for 1 min prior to coating the microelectrodes.

Potentiometric Microelectrode—The solid-contact Ag*-I1SE was prepared by using a 2
cm long gold wire (200 um diam.) that was soldered to a copper wire for electrical contact.
Before use, the gold wires were thoroughly cleaned with diluted sulfuric acid, rinsed with
water, then acetone and were left in chloroform for 10 min. The POT solution was applied by
dip coating along the length of the gold wire at least three times until the color of the wire
turned black. After the gold wires were fully covered with POT they were allowed to dry.
Subsequently, the wires were inserted into a 10 puL polypropylene pipette tip, reaching the end
of the micropipette tip. Finally, the membrane ‘cocktail’ was applied to the tip of the POT-
coated wire for three times at 15 min intervals and was allowed to dry for at least 1 hour. The
resulting microelectrodes were conditioned prior to use for one day in a 103 M AgNO3
solution, and for another day in a 10 M AgNO3.18

Formation of Oligonucleotide Probe at the Gold Surface

DNA hybridization was performed on an array of 16 gold electrodes (2.5 mm diam.;
GeneFluidics Inc. Monterey Park, CA; Figure 2A). The Au sensors were incubated with a 6
pL aliquot of the 0.05 mM thiolated capture probe in the IB overnight at 4 °C in a humidified
surrounding. Subsequently, the probe-modified Au sensors were treated with 6 pL of the 1 mM
MCH aqueous solution for 40 min to obtain a mixed self-assembled monolayer. Finally, the
sensors were thoroughly rinsed with water and dried under nitrogen.

DNA Hybridization Assay

The DNA detection strategy is illustrated in Figure 1. Different concentrations of the DNA
target were mixed with the biotinylated detection probe (0.25 pM) in the HB and were incubated
for 10 min at room temperature to allow the target-probe hybridization. Aliquots (4 uL) of this
target/detection-probe hybrid solution were cast on each of the oligonucleotide-modified gold
sensors and were incubated for 15 min. After the sensors were washed and dried, a 4 pL aliquot
of 2.33 U mL"1 SA-ALP (in the BB) was cast on each sensor and was incubated for 15 min to
allow the enzyme binding, followed by washing with water and drying with nitrogen. An 8
pL aliquot of the 0.2 mM p-APP substrate solution was subsequently dropped on each sensor,
and the enzymatic reaction proceeded for 30 min (under dark). Subsequently, the supernatant
was immediately transferred to the ISE detection cell for the potentiometric measurement.
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E. coli 16S rRNA Hybridization Assay

The applicability of the present method was tested with E. coli 16S rRNA. To produce the E.
coli 16S rRNA, the bacteria were lysed by resuspending a pellet containing 2.25x107 CFU
bacteria (as determined by serial plating) in 10 uL of 1 M NaOH and waiting for 5 min. A 50
uL aliquot of the biotinylated detection-probe (0.25 uM) in HB was added to the bacterial
lysate, leading to 2.25x107 CFU per 60 pL. Different concentrations of the pathogen were
obtained by serial dilutions of this bacterial-lysate/detection-probe mixture with the 0.25 pM
biotinylated detection probe solution to give E. coli solutions ranging from 288 to 4.5x10°
CFU per 60 pL. A 10 min incubation was used for hybridizing the detection probe to the target.
Aliquots (4 pL) of this bacterial-target/detection-probe hybrid were cast on each capture-probe
modified sensor and incubated for 15 min, followed by capture of the ALP enzyme and the
enzymatic reaction step (described earlier for the DNA hybridization assay). All procedures
were carried out at room temperature.

Potentiometric Measurements

Potentiometric measurements were performed with a multifunctional data acquisition board
(779026-01 USB-6009 14 Bit, National Instruments, Austin, TX) connected to a six-channel
high Z interface (WPI Inc., Sarasota, FL). A conventional two-electrode configuration was
employed all through the experiment, involving an Ag*-ISE and an Ag/AgCl reference
electrode along with a home-made double junction compartment (Figure 2B). The detection
process was carried out in a microcell containing 100 uL 106 M AgNO3 in DB in the presence
of 2.5 uL Au NPs and using a small magnetic stirring bar (Figure 2B). Changes in the potential
of the Ag*-ISE were monitored after adding the enzymatic-reaction solution (containing the
p-AP product); the potential change after 2 min served as the hybridization signal. All
measurements were carried out at room temperature and under stirring. Activity coefficients
of silver were calculated according to the Debye-Huckel approximation and the potential values
were corrected for liquid-junction potentials with the Henderson equation.

Results and Discussion

The goal of this work was to develop a highly sensitive potentiometric detection of enzyme-
linked DNA hybridization connected to a biocatalytic metallization based on a highly sensitive
Ag ISE transducer that delivers nM detection limits. The resulting potentiometric hybridization
assay relies on a thiolated DNA probe, confined to the gold surface through a mixed monolayer
(Figure 1 and Figure 2A). Hybridization of the surface-confined capture probe with the target/
biotinylated-detection-probe conjugate results in a sandwich structure on the modified gold
surface. Subsequent ALP binding and addition of the p-APP substrate leads to the biocatalytic
generation of the p-AP reducing agent. The resulting solution is then transferred to the detection
cell containing the Ag*-ISE, the silver ion and the gold nanoparticle seeds (Figure 2B). The
change in the ISE potentiometric response, due to the decreased activity of the silver ion (by
the p-AP reduction), thus reflects the level of target DNA in the sample.

Recently, solid-contact Ag*-ISE with a very high selectivity toward silver ions and femtomole
detection limits have been successfully prepared and characterized.8:19 we used a
micropipette-based Ag*-I1SE and an Ag/AgCl reference electrode (along with a home-made
double junction compartment) for measuring changes in the Ag* concentration in the 100 L
microwell detection cell (Figure 2B). The attractive analytical performance of the new ISE
transducer was examined first from a calibration experiment over a broad Ag* concentration
range, 1 nM — 0.1 mM, in a 100 uL glycine (pH 9.0) solution (Figure 3). The ISE responds
rapidly to these nM and uM changes in the Ag* concentration, and displays a nearly Nernstian
response with a slope of 55.1 and a detection limit of 108 M (inset, Figure 3). Such detection
limit corresponds to 1 pmol Ag* in the 100 pL sample. Such low detection limit makes the
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micropipette-based Ag*-ISE attractive to the potentiometric DNA measurements described
below. Note that unlike analogous stripping-voltammetric measurements, such nanomolar
detection limits are achieved without a preceding accumulation step.

Factors affecting the potentiometric transduction of the p-AP induced biometallization were
evaluated and optimized. The amount of Au NPs was examined first owing to their pronounced
effect upon the silver deposition process. While the p-AP enzymatic product can spontaneously
reduce silver ions to metallic silver this reduction process is too slow without the Au NP
nucleation sites.20 Figure 4A displays the influence of the level of Au NPs on the silver
deposition at a fixed (108 M) Ag* concentration. The potential-change signal (AE) increases
linearly with the volume of the Au NPs solution up to 2.5uL (in 100 pL of the DB) and levels
off for higher volumes of Au NPs.

Other experimental variables, including the levels of Ag* and of the p-APP enzyme substrate,
have also been optimized. Figure 4B displays the dependence of the percentage potential
change upon the level of Ag* in the presence of 0.5 pM p-AP. No apparent potential change
was observed for Ag* concentrations higher than 10> M. Such negligible change reflects the
very low (0.5 uM) level of the p-AP reducing agent compared to the large excess of Ag*. Yet,
the relative response increases rapidly between 10 and 10°°M Ag* and levels off at
approximately 100% at lower (submicromolar) silver concentrations. An Ag* concentration
of 10 M was selected for all subsequent measurements.

Other parameters, such as the concentration of the thiolated capture probe, the concentration
of the enzyme (SA-ALP) and substrate (p-APP), the pH of the DB were also evaluated.
Optimum signals were obtained for a 0.05 mM thiolated capture probe, 2.33 U mL™1 SA-ALP,
0.2 mM p-APP and a pH of 9.0 of DB (data not shown).

The analytical performance of the new DNA hybridization potentometric assay was
characterized under the optimal experimental conditions and using microliter (4 uL) samples.
Figure 5A displays the potential-time potentiometric response obtained at the Ag*-ISE (in the
presence of Au NPs and 10 M Ag*) for different concentrations of the DNA target: 0(a), 100
fM (b), 1 pM (c), 10 pM (d), 100 pM (e), 1 nM (f), and 10 nM (g). Well-defined potentiometric
signals are obtained for each target concentration. The potential decreases rapidly within the
first 120 sec and then slowly, reaching its steady-state value. Compared to common optical or
voltammetric detection the ISE allows real-time monitoring and can be used for probing the
kinetics of such biometallization processes, as it responds continuously and instantaneously to
the changes in the Ag* concentration. The small contribution observed without the DNA target
(a) reflects the contribution of p-AP generated from the non-specifically adsorbed ALP. The
resulting calibration plot, shown in Figure 5B, indicates a linear relationship between the
potential response (AE, corresponding to the Ag™ depletion) and the logarithm of the target
DNA concentration over the entire 100 fM to 10 nM range, i.e., over 5 orders of magnitude
(correlation coefficient, 0.986). A detection limit of 50 fM DNA can thus be estimated from
the signal-to-noise characteristics of these data. Such detection limit corresponds to 0.2 amol
in the 4 puL sample, and represents a 175-fold improvement in the detectability compared to
analogous stripping-voltammetric detection of ALP-induced silver biometallization processes.
12 The fM detectability of the new ISE based DNA detection compares favorably with common
ALP-based amperometric DNA assays that offer nM — sub-pM detection limits.21-24 This was
confirmed in analogous amperometric measurements of the p-AP product, carried out under
identical (immobilization, hybridization) conditions as the new ISE protocol, that yielded a
detection limit of 1.5 nM DNA (not shown). The new potentiometric protocol is also
comparable with advanced fluorescence-based enzyme-linked DNA assays that yield detection
limits in the pM — fM range,2%:26 but requires bulky and expensive instrumentation. Further
improvements in the detection limits are expected through modern amplification schemes (used
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in amperometric DNA assays), involving nanoscale ‘carriers’ to maximize the number of
enzyme tags per binding event.2’

The real-life utility of the new potentiometric DNA assay was illustrated using the detection
of 16S rRNA of E. coli pathogenic bacteria. Figure 6 displays potential-time recordings
obtained for samples containing increasing levels of the E. coli bacteria from 288 to 4.5x10°
CFU per 60uL (b-e). Well-defined potentiometric signals are observed for these low levels of
E. coli. The corresponding semi-log calibration plot (Figure 6B) exhibits a well defined linear
dependence between the potential change and the log[E. coli] (correlation coefficient, 0.988).
The data of Figure 6A indicate a detection limit of around 150 CFU per 60uL. Considering the
4 uL sample volume such detection limit corresponds to a total of 10 CFU per sensor. This
value is significantly lower than the 2600 CFU per sensor value reported previously for
amperometric measurements of 16S rRNA of E. coli based on a HRP tag.28

The reproducibility of the potentiometric response for E. coli bacteria was also examined.
Figure 7 displays 10 simultaneous measurements of E. coli, at 12000 CFU per sensor, using
different sensors of the same array. Well defined and reproducible potential signals are
observed. A favorable relative standard deviation (RSD) of 3.83% was thus obtained for the
E. coli potential signal (after 2 min). The accuracy was estimated from a recovery experiment
(that yielded a 6.7% error at the 36000 cfu/60uL level) and from correlation to the established
HRP-based amperometric method.28 Orthogonal regression analysis of the resulting
correlation plot (present method vs amperometric method, for the pathogen bacteria) yielded
the equation of y = 1.02x — 0.08937 (R? = 0.9864; not shown). These data reflect the good
accuracy of the new method.

Conclusions

We described an attractive electrochemical method for detecting DNA hybridization based on
the potentiometric monitoring of the ALP-induced depletion of silver ions in the presence of
Au NPs. This represents the first example of using ISEs for probing hybridization-induced
biometallization processes. Such effective monitoring of enzyme-linked DNA hybridization
events reflects the rapid, direct, continuous and sensitive potential response of modern ISEs.
The present potentiometric technique exhibits an improved performance compared to other
electrochemical techniques that use nanoparticle tags, as it obviates the need for particle-
dissolution or electrodeposition/preconcenration steps and problems associated with
metallization of the DNA itself. Advanced amplification schemes involving nanoscale
‘carriers’ are expected to push the detectability of potentiometric DNA bioassays to the sub-
fM level. The new protocol thus holds great promise for various bioaffinity assays (including
immunoassays) involving common enzyme tags, and for related diagnostic testing, in general.
The compact and portable supporting instrumentation makes such ISE transduction mode
particularly attractive for decentralized and point-of-care DNA diagnostics.
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Figure 1.

Representation of the potentiometric detection of DNA hybridization. (A) Formation of the
mixed thiol monolayer (thiolated DNA capture probe and MCH) on the gold substrate; (B)
hybridization of the target DNA/biotinylated detection-probe mixture with the surface capture
probe; (C) binding of the SA-ALP enzyme; (D) addition of the ALP substrate to initiate the
enzymatic reaction and (E) potentiometric detection of changes in the level of the silver ion
upon adding an aliquot of the enzymatic reaction mixture to the Ag*-ISE cell.
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Figure 2.

Photographs of the (A) 16-sensor electrochemical gold array for the DNA hybridization and
of the (B) potentiometric detection setup. The latter involves the micropipette-based Ag*-ISE
and the Ag/AgCl reference electrode (RE) along with a home-made double junction
compartment, immersed in a microcell containing the silver ion solution, Au NPs and a
magnetic stirring bar.
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Figure 3.

Potential-time potentiometric response of the Ag*-ISE to increasing levels of Ag*: (a) 10°;
(b) 10°8; (c) 10°7; (d) 10°5; () 10 and (f) 10 M in a 100 puL glycine (pH 9.0) solution. Inset
displays the corresponding calibration plot.
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Figure 4.
(A) Influence of the amount of Au NPs on the silver deposition caused by 0.5 uM p-AP at

Ag* concentration of 10 M. (B) Percentage decrease of the potential response at different
Ag* concentrations from 10°7 to 104 M in glycine buffer (pH 9.0) containing 0.5 uM p-AP.
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Figure 5.

Potential-time potentiometric hybridization response (A) and calibration plot (B) for increasing
concentrations of the DNA target: (a) 0, (b) 100 fM, (c) 1 pM, (d) 10 pM, (e) 100 pM, (f) 1
nM, (g) 10 nM. (B) The corresponding calibration plot obtained using the potential change
after 2 min as the hybridization signal. See Experimental Section for details.
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Figure 6.

Potential-time potentiometric hybridization response (A) and calibration plot (B) for increasing
levels of E. coli: (a) O, (b) 288, (c) 7200, (d) 180000, (¢) 4500000 CFU per 60uL. (B) The
corresponding calibration plot using the potential change after 2 min as the hybridization signal.
See experimental Section for details of the E. coli sample preparation.

Anal Chem. Author manuscript; available in PMC 2010 December 15.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 14

LA

2 min

E/mV

20 mV

Time

Figure 7.
Reproducibility study involving 10 parallel measurements of 12000 CFU E. coli per sensor at
the different sensors of the same array chip (of Figure 2A); 4 uL sample droplets.
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Table 1

Sequence of Oligonucleotides Employed in This Work

Oligonucleotide

Sequence

Thiolated capture probe

5'-Thiol-TAT TAA CTT TAC TCC-3'

Biotinylated detection probe 5-CTT CCT CCC CGC TGA-Biotin-3'

Target probe

5-TCA GCG GGG AGG AAG GGA GTA AAG TTA ATA-3'
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