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a b s t r a c t

An electrochemical genosensor in which signal amplification is achieved using p-aminophenol (p-AP)
redox cycling by nicotinamide adenine dinucleotide (NADH) is presented. An immobilized thiolated cap-
ture probe is combined with a sandwich-type hybridization assay, using biotin as a tracer in the detection
probe, and streptavidin-alkaline phosphatase as reporter enzyme. The phosphatase liberates the elec-
trochemical mediator p-AP from its electrically inactive phosphate derivative. This generated p-AP is
vailable online 18 January 2011

eywords:
lectrochemistry
enosensor
mplification

electrooxidized at an Au electrode modified self-assembled monolayer to p-quinone imine (p-QI). In the
presence of NADH, p-QI is reduced back to p-AP, which can be re-oxidized on the electrode and produce
amplified signal. A detection limit of 1 pM DNA target is offered by this simple one-electrode, one-enzyme
format redox cycling strategy. The redox cycling design is applied successfully to the monitoring of the
16S rRNA of E. coli pathogenic bacteria, and provides a detection limit of 250 CFU �L−1.
edox cycling
scherichia coli

. Introduction

In recent years, researchers have been challenged to push the
ensitivity of electrochemical DNA sensor down to subnanomo-
ar levels while keeping these procedures as simple, reliable, and
ost-effective as possible. Signal amplification is the most impor-
ant strategy in lowering the detection limits [1,2]. In particular,

ost of the signal-amplification methods have been developed by
mploying different labels, such as functionalized liposomes [3,4],
ultiple enzyme coated microsphere [5] or carbon nanotube [6],

io-barcode Au nanoparticals [7], arrays of Au [8] and CdS nanopar-
icles [9], and dendritic-like enzyme nanoarchitectures [10]. During

hese labels, enzymes are still the most commonly used ones for sig-
al amplification due to their high turnover frequencies and high
eaction selectivity.

Alkaline phosphatase (ALP) is one of the most used enzymatic
abels for the DNA hybridization assay. For the measurement of ALP,
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nce (Ministry of Education of China), Department of Chemistry, Nanjing University,
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003-2670/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

a standard method is that ALP dephosphorylates p-aminophenyl
phosphate (p-APP) enzymatically to produce electroactive species
p-aminophenol (p-AP), which is detected amperometrically by
substrate electrode. This approach has been widely used in the
electrochemical enzyme immunoassays [11,12], as well as DNA
hybridizations [13]. However, ALP detection suffers from draw-
backs ultimately related to the limited stability of p-APP and
p-AP. Substrate redox cycling, which is related to the regenera-
tion of enzyme-amplified electroactive species after their oxidation
or reduction, is a well-suited means to overcome this defect
[14]. Furthermore, since the redox reaction of the regenerated
species provides an enhanced electrochemical signal, higher signal
amplification could be achieved by the combination of enzymatic
amplification with a substrate redox cycling step [15–17].

Generally, redox cycling can be achieved electrochemically
[18,19], enzymatically [20–23], or chemically [15,24–26]. In the
model of electrochemical redox cycling, the electroactive species
oxidized at one electrode are reduced back at the second electrode,
so two working electrodes or an interdigitated array electrode
are needed, while it conflicts with the requirement of simpleness

and cost-effectiveness for DNA sensor. Enzymatic redox cycling
provides a relatively simple way for redox cycling amplification
[14,20,23]. However, in this model multiple enzymes are required
and the redox cycling efficiency is highly dependent on the enzyme
kinetics.

dx.doi.org/10.1016/j.aca.2011.01.014
http://www.sciencedirect.com/science/journal/00032670
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enzyme binding, followed by washing with water and drying with
ig. 1. Schematic illustration of DNA sensor using p-AP redox cycling by NADH on
u substrate.

Recently, a new upsurge in chemical redox cycling is in the mak-
ng. Hydrazine and sodium borohydride were reported to use in
-AP redox cycling and shown good performance in immunosen-
or. In order to get lower background currents in electrochemical
etection, the use of strong reducing agents, such as hydrazine
nd sodium borohydride, which are easily oxidized electrochemi-
ally at low potentials, is limited on highly electrocatalytic metal
lectrodes, for example, Au electrode. Benefit from both the slow
lectrochemical oxidation on metal electrodes and fast chemical
eaction, nicotinamide adenine dinucleotide (NADH) is a good sub-
titute for strong reducing agents in redox cycling system on metal
lectrodes [16].

16S rRNA gene, which is universal in bacteria, is normally used
or bacterial identification and phylogenetic studies due to its vari-
ble and conserved regions [27]. The goal of the present work is to
esign an amplified electrochemical genosensor for sensitive sens-

ng of 16S rRNA gene with chemical redox cycling using NADH. In
his approach, the cycling was applied to an electrochemical DNA
ensor based on Au working electrodes. Following a sandwich-type
ybridization assay, ALP enzymes are conjugated to the surface
f the genosensor, and enzymatically generate the electroactive
ediator p-AP from p-APP (Fig. 1). The produced p-AP is then elec-

rooxidized at the Au working electrode to p-quinone imine (p-QI).
mmediately p-QI is reduced back to p-AP by NADH, which leads to
he redox cycling of the p-AP to amplify the electrical current. Such
rocedure provides good performance for DNA detection as well as
ensitive measurements of the pathogen E. coli bacteria.

. Experimental

.1. Reagents

6-Mercapto-1-hexanol (MCH), Trizma hydrochloride
Tris–HCl), ethylenediaminetetraacetic acid, sodium chloride,
odium hydroxide, sodium phosphate monobasic, sodium
hosphate dibasic, potassium chloride, potassium phosphate
ibasic, potassium phosphate monobasic, bovine serum albumin,
treptavidin-alkaline phosphatase (SA-ALP), p-AP, and NADH were

urchased from Sigma-Aldrich (St. Louis, MO). The blocking agent
asein was obtained from Pierce (Rockford). p-APP was purchased
rom Biosynth International Inc. (Switzerland). Magnesium sulfate
as received from EMD Chemicals Inc.
ca Acta 689 (2011) 29–33

The buffer solutions used in this study were as follows: The DNA
immobilization buffer (IB) was 10 mM Tris–HCl, 1 mM ethylenedi-
aminetetraacetic acid, and 0.3 M NaCl (pH 8.0). The hybridization
buffer (HB) was a 1 M phosphate buffer solution containing 0.78 M
K2HPO4, 0.27 M NaH2PO4 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 KH2PO4, 0.01 M Na2HPO4 and
0.5% casein (pH 7.2). The buffer for electrochemical experiments
(EB) consisted of 50 mM Tris, 10 mM KCl, and 1 g L−1 MgCl2 (pH
9.0). Solutions of p-AP and p-APP were prepared daily in the EB.

All synthetic oligonucleotides were purchased from Thermo
Fisher Scientific (Ulm, Germany). The sequences of the thiolated
capture probe, biotinylated detection probe, complementary tar-
get, non-complementary target and single-base mismatched (SBM)
target are 5′-Thiol-TAT TAA CTT TAC TCC-3′, 5′-CTT CCT CCC CGC
TGA-Biotin-3′, 5′-TCA GCG GGG AGG AAG GGA GTA AAG TTA ATA-
3′, 5′-CTG GGG TGA AGT CGT AAC AAG GTA ACC GTA GGG GAA
C-3′ and 5′-TCA GCG GGG AGG AAG GGA GTA AAA TTA ATA-3′,
respectively. The specific region of E. coli 16S rRNA gene for the
capture probe is positions from 447 to 461 according to the 5′ → 3′

nucleotide sequence. 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
4.5 × 107 CFU, estimated from optical density measurements at
600 nm) was centrifuged at 10,000 × g for 5 min. The supernatant
was discarded, and the bacteria left in the centrifuge tube were
stored at −80 ◦C to prepare the bacterial isolate pellets.

2.2. Apparatus

Voltammetry and chronoamperometry were performed using
a PalmSens hand-held potentiostat equipped with an 8-channel
PalmSens Multiplexer (CH8) (Palm Instruments BV, Electrochem-
ical Sensor Interfaces, Netherlands). All the experiments were
performed on the 16-sensor array, in which each sensor consisted
of a central Au working electrode surrounded by an Au reference
and an Au auxiliary electrode.

2.3. Genosensor’s fabrication

DNA hybridization was performed on an array of 16 gold elec-
trodes (2.5 mm diam.; GeneFluidics Inc., Monterey Park, CA). The
Au electrodes were incubated with a 6-�L aliquot of the 0.5 �M
thiolated capture probe in the IB overnight at 4 ◦C in a humidi-
fied surrounding. Subsequently, the electrode array was washed
with deionized water and dried with nitrogen. After this, the probe-
modified Au electrodes were treated with 6 �L of the 1 mM MCH in
IB for 50 min to obtain a mixed self-assembled monolayer (SAM).
Finally, the sensors were thoroughly rinsed with water and dried
under nitrogen.

2.4. DNA hybridization assay

The DNA detection strategy is based on a sandwich-type
hybridization assay. Different concentrations of the DNA target
were mixed with the biotinylated detection probe (0.25 �M) in the
HB. Aliquots (4 �L) 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-�L 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
nitrogen. A 50 �L EB containing a mixture of 2 mM p-APP and
2 mM NADH was subsequently dropped on each sensor and the
enzymatic reaction proceeded for 30 min (under dark). Finally, the
bioelectrocatalytic detection of the p-AP was carried out chronoam-
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ig. 2. Cyclic voltammograms of bare Au electrode (A) and SAM-modified Au elect
A) or 0.1 mM (B) p-AP (dashed dotted line) and both 5 mM NADH and 0.5 mM p-AP

erometrically using the chemical recycling electrode system at
0.3 V.

.5. E. coli 16S rRNA hybridization assay

The applicability of the present method was tested with genetic
aterial (16S rRNA) corresponding to E. coli pathogenic bacteria.

o produce the E. coli 16S rRNA, the bacteria were lysed by resus-
ending a pellet containing 4.5 × 107 CFU bacteria (as determined
y serial plating) in 10 �L of 1 M NaOH and waiting for 5 min. A
0-�L aliquot of the biotinylated detection-probe (0.25 �M) in HB
as added to the 10 �L bacterial lysate, leading to genetic mate-

ial with a concentration of 4.5 × 107 CFU per 60 �L. This solution
as serially diluted in the 0.25 �M biotinylated detection probe

olution to provide different concentrations of the bacterial genetic
aterial (16S rRNA). A 10-min incubation was used for hybridizing

he detection probe to the target. Aliquots (4 �L) of this bacterial-
arget/detection-probe hybrid were cast on each capture-probe

odified sensor and incubated for 15 min, followed by capture
f the ALP enzyme. The enzymatic reaction and electrochemical
etection steps are described earlier for the DNA hybridization
ssay. All procedures were carried out at room temperature.

. Results and discussion

.1. p-AP redox cycling by NADH

Redox cycling of p-AP by NADH and its use in electrochemical
mmunoassay has been pioneered by Kwak et al. [16]. Different
rom other chemical redox cycling, this system is unique in the
se of metal working electrodes. However, a ferrocenyl-tethered
endrimer layer was required for electrode modification to fast the
lectron transfer rate. In order to investigate the redox cycling phe-
omenon of p-AP directly on Au electrode without extra mediator

ayer, we obtained the cyclic voltammograms of NADH and p-AP
r their mixture on bare (Fig. 2A)and SAM modified Au electrodes
Fig. 2B), respectively.

A pair of reversible peaks of p-AP were observed with a redox
otential of +0.025 V on bare Au surface (Fig. 2A, dashed dotted

ine). In the presence of NADH, the shape of the voltammogram
hanged to a catalytic sigmoidal curve. The oxidation (anodic) cur-

ent of p-AP was enhanced as the reduction (cathodic) current
ecreased (Fig. 2A, dashed line), which can be ascribed to the elec-
rochemical oxidation of p-AP to p-QI coupled with the NADH
eduction of p-QI back to p-AP. However, the anodic current of
ADH on bare Au electrode was considerable (Fig. 2A, dotted line),
B) in EB (solid line), containing 5 mM (A) or 2 mM (B) NADH (dotted line), 0.5 mM
r both 2 mM NADH and 0.1 mM p-AP (B) (dashed line) at a scan rate of 5 mV s−1.

and was not sufficient to obtain low background currents. When
the Au electrode was modified with a SAM of thiol molecule, the
anodic current of NADH decreased significantly (Fig. 2B, dotted
line), which makes it possible to apply NADH redox cycling on
Au subtrate electrode. Because the insulating SAM may cause slow
electron transfer between the electrode and electroactive species,
only an irreversible anodic peak of p-AP can be observed (Fig. 2B,
dashed dotted line). However, a similar redox cycling response to
that on bare Au surface was obtained on the SAM modified Au.
Upon the addition of NADH to p-AP solution, a greatly enhanced
electrochemcial response with a sigmoidal shape in the voltammo-
gram was observed (Fig. 2B, dashed line), which means it’s possible
to apply p-AP/NADH redox cycling on SAM modified Au electrode,
but without mediator layer.

3.2. Stability of p-AP

p-APP has been widely used as a substrate of ALP, because the
enzymatic product p-AP could be measured amperometrically at
a low potential [28,29]. Nevertheless, it is well known that p-AP
is not stable; it can be easily oxidized by air and is light-sensitive.
Thus, the time of enzyme reaction for accumulation of the prod-
uct was limited, which lowered the sensitivity and reproducibility
in detection of ALP. Recently, redox cycling using reducing agents,
such as hydrazine, is suggested for prevention the aerial oxidation
of p-AP, enabling longer incubation time [15]. Here, the stability
of the electrochemical responses of p-AP with and without NADH,
the reducing agent for p-AP redox cycling used in this study, is
examined (Fig. 3). p-AP (0.1 mM) and the mixture solution of p-AP
(0.1 mM) and NADH (2 mM) were detected voltammetrically every
30 min after freshly preparation, and over a period of 120 min. The
plot of voltammetric response vs time indicates that the electro-
chemical signal of p-AP decreased 84% after 2 h, in contrast, signal
of p-AP in the presence of NADH is stable with a gentle increase,
showing that the use of NADH in detection solution could prevent
the aerial oxidation of p-AP and enable a longer incubation time.

3.3. p-AP/NADH redox cycling based electrochemical
hybridization assay

The schematic diagram of DNA sensor using p-AP redox cycling

by NADH on Au substrate was illustrated in Fig. 1. Hybridization of
the surface-confined capture probe with the target/biotinylated-
detection-probe conjugate results in a sandwich structure on the
modified gold surface. Through a streptavidin-biotin conjugation
ALP was bound to this biotinylated sandwich complex, and the
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ig. 3. Chronoamperometric response of SAM-modified Au electrodes in DB con-
aining 0.1 mM p-AP and both 0.1 mM p-AP and 2 mM NADH at +0.3 V with different
nterval times (0, 30, 60, 90, 120 min) after the preparation of the p-AP solution.

mount of bound ALP is proportional to the concentration of target
NA. After addition of substrate p-APP the enzymatic reaction from
-APP to p-AP proceeded, this was continued for 30 min, followed
y the electrochemical detection of the generated p-AP. In the pres-
nce of NADH p-AP can be cycled after its electro-oxidization on the
lectrode, enabling the increase of the anodic current. Fig. 4 shows
he cyclic voltammograms of DNA sensor in the substrate solution
ith (Fig. 4, curve a and d) and without NADH (Fig. 4, curve b and

). Without NADH, the response for DNA target can be only from
he electro-oxidization of enzymatic generated p-AP (Fig. 4, curve
). Upon the addition of NADH, the anodic current for DNA target
ith the same concentration was greatly enhanced (Fig. 4, curve
), showing signal amplification by redox cycling.

The analytical performance of the DNA hybridization using
-AP/NADH redox cycling was characterized under the optimal
xperimental conditions and using microliter (4 �L) samples.
ig. 5A displayed the chronoamperometric responses obtained at
0.3 V for different concentrations of the DNA target: (a) 0 nM, (b)
pM, (c) 10 pM, (d) 100 pM, (e) 1 nM, (f) 10 nM, (g) 100 nM. The

esulting calibration plot, shown in Fig. 5B, indicates a nonlinear

ogarithmic function between the chronoamperometric signal and
he target DNA concentration, spanning an impressive response
egion of 5 orders of magnitude. Comparing with the previous
tudy using nanocatalyst-based substrate redox cycling [25] strat-

ig. 5. Chronoamperometric response (A) at +0.3 V and calibration plot (B) for different c
f) 10 nM, and (g) 100 nM. Error bars represent the standard deviation of six parallel expe
Fig. 4. Cyclic voltammograms of 0 nM DNA (curves a and b) and 10 nM DNA (curves
c and d) in EB containing 2 mM p-APP (curves b and c) and both 2 mM p-APP and
2 mM NADH (curves a and d) at a scan rate of 5 mV s−1.

egy, the proposed method offered a ∼10 times higher sensitivity.
A detection limit of 1 pM DNA can thus be explored by the pro-
posed method, which corresponds to 4 amole in the 4 �L sample.
This detection limit was 100-fold better than that of a previously
report without NADH [13]. The selectivity of the present assay
was tested by challenging the system with non-complementary
and SBM oligonucleotides. As shown in Fig. 6, the response for
100 nM non-complementary DNA (curve b) is higher than that for
the control (curve a), but it is still clearly smaller than that from
1 pM target DNA (curve c), which is 1 × 105 times lower than the
concentration of non-complementary DNA. However, the signal of
1 nM SBM DNA is 81.2% of that of complementary target with the
same concentration, which might be that the hybridization free
energy between complementary and SBM DNA target to the probe
is close due to the relative long sequence of the target DNA (30
bases with 46.7% GC content) [30]. Further discrimination against
closely mismatched oligonucleotides could be achieved using strin-
gent control of the hybridization and washing conditions or using

specific peptide nucleic acid probes.

The real-life utility of the DNA hybridization assay using p-
AP/NADH redox cycling was illustrated for the detection of 16S
rRNA of E. coli pathogenic bacteria. Fig. 7 displays the chronoam-

oncentrations of the DNA target: (a) 0 nM, (b) 1 pM, (c) 10 pM, (d) 100 pM, (e) 1 nM,
riments. NADH concentration, 2 mM.
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ig. 6. Chronoamperometric responses at +0.3 V to (a) 0 nM target DNA, (b) 100 nM
on-complementary DNA and (c) 1 pM target DNA.

erometric responses obtained for samples containing increasing
evels of the pathogen E. coli bacteria (a) 0, (b) 38, (c) 960, (d)
.8 × 103, (e) 2.4 × 104, (f) 1.2 × 105, and (g) 6 × 105 CFU per sen-
or. The calibration plot indicates a nonlinear logarithmic function
etween the chronoamperometric signals and the levels of the
athogen E. coli bacteria down to 960 CFU per sensor. Consider-

ng the 4 �L sample volume such detection limit corresponds to
50 CFU �L−1. E. coli contains between 5 × 103 and 2 × 104 copies
f 16S rRNA per cell [31]. Therefore, the present detection limit of
50 CFU �L−1 can be translated to the detection of ribosome copies
rom 2 to 10 pM, which compares favorably with the detection limit
f DNA target described in Fig. 5.
The reproducibility of the proposed method was evaluated by
ve parallel measurements using five different chips. Relative stan-
ard deviations of 18.7% and 6.4% were obtained for 100 pM target
NA and 16S rRNA corresponding to 4.8 × 103 CFU per sensor,

espectively, indicating acceptable fabrication reproducibility.

ig. 7. Calibration plot for different concentrations of the pathogen E. coli bacteria
a) 0, (b) 38, (c) 960, (d) 4.8 × 103, (e) 2.4 × 104, (f) 1.2 × 105, and (g) 6 × 105 CFU per
ensor. Error bars represent the standard deviation of six parallel experiments. Insert
gure: relating chronoamperometric response for calibration plot of the pathogen
. coli.
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4. Conclusions

We have described a DNA electrochemical sensor based on sig-
nal amplification by both enzymatic amplification and substrate
redox cycling. The redox cycling is achieved simply by adding a
reducing agent, NADH, to the detection solution, and could be
applied to an electrochemical DNA sensor based on Au working
electrodes. Electroactive product, p-AP, is well protected from oxi-
dation by air in the presence of reducing regent, a long enzymatic
accumulation time is possible in thus chemical redox cycling sys-
tem, which could further reduce the detection limit. The convenient
use of DNA biosensor arrays in association with a simple one-
electrode, one-enzyme format redox cycling strategy led to the
specific and sensitive detection of 1 pM DNA target, as well as
250 CFU �L−1 E. coli pathogenic bacteria, which shows great poten-
tial in clinical application.
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