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We report on real-time electrochemical detection of individual DNA hybridization events at an electrode

surface. The experiment is carried out in a microelectrochemical device configured with a working

electrode modified with single-stranded DNA probe molecules. When a complementary DNA strand

labelled with a catalyst hybridizes to the probe, an easily detectable electrocatalytic current is observed. In

the experiments reported here, the catalyst is a platinum nanoparticle and the current arises from
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electrocatalytic oxidation of hydrazine. Two types of current transients are observed: short bursts and

longer-lived steps. At low concentrations of hydrazine, the average size of the current transients is
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Introduction

In this paper, we describe an electrochemical method for real-
time detection of single-oligonucleotide hybridization events.
The approach is outlined in Fig. 1. Briefly, a Au microband
electrode is photolithographically defined, modified with
single-stranded DNA (ssDNA) probes (green strand, Fig. 1),
and then affixed to a poly(dimethylsiloxane) (PDMS) monolith
containing a single microchannel. Next, a flowing aqueous
solution containing hydrazine (N,H,) is introduced at the inlet
of the fluidic channel and a background current versus time (i-
t) transient is obtained (represented by the red i-¢ curve and
red reaction in Fig. 1). In this case, the current is minimal,
because N,H, is electroinactive at the Au electrode at the
potential at which the measurement is performed. Finally, a
solution containing both N,H, and 4 nm Pt nanoparticles
conjugated to complementary DNA targets (PtNP-cDNA) is
introduced, and then the same -t experiment is carried out. In
this case, an increase in anodic current is observed (blue curve
and blue reaction, Fig. 1), corresponding to hybridization of a
single DNA target and subsequent electrocatalytic oxidation of
N,H, at the PtNP (eqn (1)). This finding is significant, because
it provides a basis for studying single hybridization events in
real-time using electrochemical methods and designing highly
sensitive chemical sensors.

Department of Chemistry and Biochemistry, Center for Electrochemistry, and Center
for Nano- and Molecular Science and Technology, The University of Texas at Austin,
Austin, TX 78712-0165, USA. E-mail: crooks@cm.utexas.edu

t Electronic supplementary information (ESI) available: Includes additional
experimental details including: characterization of PtNPs, preparation of PtNP-
DNA conjugates, a figure depicting device fabrication, supplementary
electrochemical data and controls, additional experimental details and XPS data.
See DOI: 10.1039/c21c40993c

This journal is © The Royal Society of Chemistry 2013

proportional to the amount of hydrazine present, but at higher concentrations the hydrazine oxidation
reaction interferes with hybridization.

N,H, = N, + 4H" + 4e~ (1

The results reported here are based on earlier reports
related to PtNP tagging of DNA and electrocatalytic amplifica-
tion (ECA) arising from hybridization." For example, Mirkin
and coworkers previously described a DNA sandwich array
based on DNA probes bound to a glass surface and detection
strands conjugated to Au nanoparticles.”? Utilizing a signal
amplification method involving Ag electroless deposition and
a flatbed scanner, they determined the presence of a DNA
target at a limit of detection (LOD) of 50 fM. When the
detection modality was surface enhanced Raman scattering
spectroscopy the unoptimized detection limit was 20 fM.
Willner and coworkers reported a method for direct faradic
electrochemical detection of DNA based on the electrocatalytic
oxidation of H,O, initiated by hybridization of PtNP-tagged
DNA." They also reported a related approach based on
chemiluminescence detection,” and in both cases the LOD
for DNA detection was 10 pM. We subsequently adopted these
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Fig. 1 Device fabrication and implementation for electrocatalytic amplification
in a microfluidic device.
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types of methods to signal DNA hybridization on bipolar
electrodes.”” Kwon and Bard used an experimental method
similar to that of Willner, and they were also able to detect
DNA hybridization at target concentrations as low as 10 pM.®
However, in some cases their experiments were sufficiently
sensitive that they also detected the signature of individual
electrocatalytic events after equilibrating a DNA-modified
electrode for 30 min with a 10 uM solution of reporter strands
bearing PtNP labels. Presumably this observation was a
consequence of only a small number of surface-bound labels
having access to the electrode

Another important precedent for our study is recent real-
time electrochemical single-particle detection described by
Bard and coworkers.” "' These experiments are set up by
poising the potential of a working electrode at a value at which
little faradic current flows, even in the presence of a high
concentration of a kinetically slow redox molecule. Now, when
NPs, which are catalytic for oxidation or reduction of the redox
molecule, are added to the solution, individual current
transients are observed. These transients represent collisions
between individual NPs and the electrode surface. A number of
different types of NPs (Pt, Au, and IrOy), working electrodes
(Au, Pt, Pt-PtO,, and carbon), and redox molecules (N,H,,
water (OH ), H,0,, H', and BH, ) exhibit this behavior and
demonstrate the generality of the ECA method.’ The Compton
group has also made major contributions to the field of
ECA.""*™'® Their primary focus has been on deriving funda-
mental information about collisions by studying electrodepo-
sition'®'® and electrodissolution'>"® of individual NPs.
However, they have also carried out studies involving NPs
tagged with electroactive groups.™

The focus of the present manuscript is real-time electro-
chemical detection of DNA hybridization. However, other
(non-electrochemical) methods have been reported that also
achieve this goal. For example, a nanoscale field-effect
transducer (FET) device was used to detect unlabeled single-
oligonucleotide hybridization in real-time, and to evaluate
binding kinetics and thermodynamics.'® Another example of
single-oligonucleotide hybridization utilizes an optical
method.>® Here, a silica microparticle-labeled DNA probe is
bound to a glass surface and the displacement of a
microparticle is monitored via evanescent wave scattering.
Our electrochemical approach is quite a bit simpler than these
other methods and better suited to biosensing applications.

In the present study, a Au microband electrode was
modified with ssDNA sequences, and the real-time hybridiza-
tion of individual PtNP-cDNA, present at concentrations as low
as 25 pM, was observed as current steps arising from the
electrocatalytic oxidation of N,H,. Importantly, identical
experiments carried out using PtNP-labelled non-complemen-
tary DNA (PtNP-ncDNA) do not exhibit current transients.
Moreover, experiments carried out using PtNP-cDNA conju-
gates on ssDNA-free (naked) Au electrodes do not exhibit
current steps, indicating that nonspecific adsorption (NSA) is
not a significant barrier to implementing this approach for
chemical sensing applications. This result is similar to the
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E-DNA biosensing approach of Plaxco and coworkers, which
have also exhibited little influence of NSA.>"*>

Experimental

Chemicals

The following chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received: hydrazine monohydrate
(64% N,H,, 98%), tris(2-carboxyethyl)phosphine hydrochlor-
ide (TCEP, 98.0%), tris(hydroxymethyl)aminomethane hydro-
chloride (tris-HCl, 99.8%), chloroplatinic acid (H,PtClg,
99.995%), sodium borohydride (NaBH,, 99.0%), PerfectHyb
Plus Hybridization buffer (hybridization buffer, 1x), and
iodine (99.8%). The following chemicals were purchased from
Fisher Scientific (Fair Lawn, NJ) and used as received: sodium
dihydrogen phosphate dihydrate (100%), hydrochloric acid
(HCl, 37% in water), acetone (99.9%), sodium chloride (100%),
disodium ethylenediamine tetraacetic acid (EDTA, 99.0%). The
following additional chemicals were used as received: sodium
citrate (EM Science, Gibbstown, NJ), sodium hydroxide (NaOH,
97.0%, EMD Chemical) and potassium iodide (KI, 100%,
Mallinckrodt). Deionized water from a Millipore filtration
system (Milli-Q gradient system, Millipore, Bedford, MA)
having a resistivity of 18.2 MQ cm was used for all
experiments.

Preparation of oligonucleotide solutions

All DNA oligonucleotides were synthesized and purified
(HPLC) by Integrated DNA Technologies (IDT, Coralville, IA)
and received as lyophilized pellets. The sequences of each of
these oligonucleotides is listed in Table 1. Prior to use, the
ssDNA, cDNA and ncDNA strands were each rehydrated in a
pH 7.4, 0.10 M phosphate buffered, 10.0 mM TCEP solution
for 1 h at 24-25 °C to cleave the disulfide bond used to
stabilize the thiol modification during shipping. A 100.0 pL
aliquot of this solution was then placed in a G-25 Sephadex
microcentrifuge column (GE Healthcare, Piscataway, NJ) to
remove TCEP and mercaptopropanol produced by the dis-
ulfide reduction. This separation was carried out according to
the protocol provided by the manufacturer. Finally, a 100.0 uL
aliquot of 20.0 mM tris-HCI, 2.0 mM EDTA, and 0.20 M NaCl
(pH 7.4, 2 x TE buffer) solution was added to the filtered DNA
solution. This addition yielded a final TE buffer concentration
of 10.0 mM tris-HCI, 1.0 mM EDTA and 0.10 M NaCl, pH 7.4
(1 x TE buffer). The stock solutions of DNA in TE buffer were
stored at —20 °C until ready for use.

Synthesis of platinum nanoparticles

The synthesis of the PtNPs followed a previously described
method.® Briefly, 15.0 mL of a 500.0 uM H,PtClg solution was
mixed with 1.0 mL of a 50.0 mM sodium citrate solution in a
glass vial. Next, 500 pL of a 30.0 mM NaBH, solution was
added drop-wise with a pipette in 5.0 pL additions, while
stirring at 24-25 °C. The vial was sealed and stirred for an
additional 30 min. Next, the entire solution was transferred to
a 35 mm dialysis sack (12 000 Da MWCO, Sigma-Aldrich) and
placed in a 4 L beaker filled with deionized water for 24 h to
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Table 1 DNA sequences utilized in this study

Sequence name Sequence

5'-CAC GAC GTT GTA AAA CGA
CGG CCA G-(CH,); SH-3'
5'-CTG GCC GTC GTT TTA CAA
CGT CGT G-(CH,); SH-3'
5'-CTG GCC GTC TCC CGA CAA
CGT CGT G-(CH,); SH-3'

Probe (ssDNA)
Target (CDNA)

Non-complementary
target (ncDNA)“

“ Non-complementary region shown in bold.

remove excess salts. Finally, the PtNPs were characterized by
transmission electron microscopy (TEM, FEI Tecnai TEM). A
representative TEM image and size distribution histogram are
provided in the Electronic Supplementary Information (Fig.
S1t).

Device fabrication

The Au microband electrodes were prepared on 25 x 38 mm
glass slides using standard photolithographic methods, which
we have described previously.® A positive photoresist layer
(~10 pm thick, AZ P4620, AZ Electronic Materials,
Branchburg, NJ) was spin-coated onto Au-coated glass (100
nm Au layer, EMF Corp., Ithaca, NY) using a three-step spin
program, and then exposed to UV light through a positive
photomask (CAD/Art Services, Inc., Bandon, OR). The photo-
mask, and ultimately the device pattern, consisted of a 25 pm
x 7 mm microband and a 3 x 5 mm rectangular contact pad.
After removal of the UV-exposed photoresist using a developer
solution (AZ 421 K, AZ Electronic Materials, Branchburg, NJ),
the unprotected Au was removed using an aqueous solution of
5% I, and 10% KI (for ~2 min). Next, the remaining
photoresist was removed with acetone. Finally, contact to a
potentiostat was made to the patterned slide with a ~15 mm-
long copper wire (24 AWG, Fisher Scientific), attached to the
Au contact pad with silver epoxy (Electron Microscopy
Sciences, Hatfield, PA) and insulated with 5-minute epoxy
(Grainger, Inc., Lake Forest, IL). Fig. S2af is a photograph of
the device at this point in the fabrication process.

Following development of the slide, the gold microband was
modified with ssDNA using a procedure similar to that
previously described.® First, a 30.0 pL aliquot of 1.0 puM
TCEP-digested ssDNA solution was prepared in 1 x TE buffer
and placed directly on the microband electrode for 2 h in a
humidity chamber (20-25 °C, 85-90% humidity). Then, the
microband was washed with deionized water for 20 s and dried
with a stream of N,. The ssDNA surface density, measured
using a standard electrochemical method*® and four indepen-
dently prepared electrodes, was (1.8 + 1.0) x 10" molecules
cm “.
The microfluidic channel was prepared via soft lithography
using poly(dimethylsiloxane) (PDMS, Slygard 184, Dow
Corning, Midland MI) and a literature micromolding techni-
que.”* The dimensions of the channel were 6 mm long, 25 um
wide, and 20 pm high. Two reservoirs were punched at either
end of the channel using Harris Uni-Core coring punches (Ted
Pella, Redding, CA). A 0.75 mm-diameter reservoir served as
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the fluidic inlet and a 4.0 mm-diameter reservoir served as the
outlet. The PDMS monolith was then exposed to an air plasma
(60 W, model PDC-32G, Harrick Scientific, Ossining, NY) for 45
s. Then, the microchannel-containing-PDMS monolith was
joined to the ssDNA-modified, Au microband supported glass
slide. The PDMS was oriented so that the microchannel was
aligned perpendicular to the microband (Fig. S2bf) and so that
the reservoir used to host the reference electrode was
positioned only 200-500 um away from the working electrode
to minimize the ohmic potential drop within the channel.*
Next, a 1.5 mm-thick polystyrene plate with an oblong hole cut
into it was placed over the PDMS and three binder clips were
used to secure it in place as shown in Fig. S2ctf. This clamping
arrangement, along with large PDMS monoliths (~25 x ~25
mm), ensured that the microchannel did not leak. Finally, the
hybrid PDMS/glass microfluidic device was connected to a 50.0
pL syringe (Hamilton, Reno, NV) secured in a syringe pump
(Pump 11, Pico Plus Elite, Harvard Apparatus, Holliston, MA)
using Teflon tubing (Cole-Parmer, Vernon Hills, IL).

Pt microband electrodes were prepared via a lift-off
photolithographic method. LOR 10B (Microchem, Newton,
MA) was spin-coated onto silicon wafers having a 1 pm-thick
silicon dioxide layer (University Wafers, South Boston, MA).
After baking for 5 min, an additional S 1811 photoresist
(Shipley, Marlborough, MA) layer was deposited and baked for
1 min. The wafer was then exposed to UV light through a
negative photomask, which patterned ~20 um microband
electrodes connected to rectangular contact pads. Next, the
exposed surface was developed in a 1 : 4 dilution of AZ 400 K
developer (AZ Electronic Materials, Branchburg, NJ) for ~1
min. Following photolithography, the wafers were sent to LGA
Thin Films (Santa Clara, CA) for evaporation of a 5 nm Ti
adhesion layer followed by 100 nm of Pt. Liftoff was performed
for 20 min in 60 °C PG Remover (Microchem, Newton, MA).
The slides were rinsed with ethanol, then deionized water.
Electrical connections were established as described earlier.

The PDMS microchannel was attached to the Pt/silicon
dioxide substrate in a manner similar to that described for the
Au/glass devices. However, in this case, both the silicon
substrate and the PDMS monolith were exposed to the oxygen
plasma for 45 s before pressing the components together
without the use of the binder clip arrangement described by
Fig. S2cf. The completed device was heated on a 60 °C hotplate
for 5 min before use.

Electrochemistry

Cyclic voltammetry (CV) and i-t curves obtained using Au
microband devices were measured using a potentiostat and
Faraday cage similar to that described by Zhang and cow-
orkers.>®*” A Chem-Clamp voltammeter-amperometer (Dagan
Corp., Minneapolis, MN) served as the potentiostat, while the
voltage signal was generated by a PAR 175 (Princeton Applied
Research, Oak Ridge, TN) universal function generator. This
setup was interfaced to a Dell Optiplex 380 computer through
a PCI-6251 data acquisition board (National Instruments,
Austin, TX) via a BNC-2090A analog breakout accessory
(National Instruments, Austin, TX). Two-electrode cell connec-
tions from a preamplifier were housed in a Faraday cage
constructed of copper plate and mesh. The voltammetric data
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and i-t curves were measured using custom software written in
LabView 2010 (National Instruments, Austin, TX). The sam-
pling rate for measuring both CVs and i-¢ curves with this
instrument was 100 measurements s~ .

CV measurements using the Pt microband devices, as well
as the Pt and Au ultramicroelectrodes (UMEs), were made
using a CHI 650C potentiostat (Austin, TX). Additionally, AC
voltammetry was measured using the same CHI potentiostat
from —0.6 to 0.6 V vs. Ag/AgCl. The parameters for the AC
voltammetric measurements were: a frequency of 1 Hz, a step
potential of 20 mV, and amplitude of 3 mV. AC voltammo-
grams were obtained by placing the Au-patterned microband
devices directly in a 50.0 mM phosphate buffer solution (pH
7.0), both before and after ssDNA modification. Attempts were
made to record lower frequency AC voltammograms (0.2 to 0.5
Hz), however, these voltammograms typically exhibited sig-
nificant noise due to the non-ideal electrode geometry (~10-
15 mm long microband). All potentials reported herein were
referenced to a ‘““leakless” Ag/AgCl reference electrode (3.4 M
KCl, model 66-EE009, Dionex, Bannockburn, IL).

Results and discussion

Fig. 2a shows cyclic voltammograms (CVs) obtained at a
ssDNA-modified Au electrode in the absence (black) and
presence (red) of N,H, using the microelectrochemical device
illustrated in Fig. 1. The featureless black CV was obtained
first, and it is characteristic for the conditions used in our
experiments (aqueous 50 mM phosphate buffer, pH 7, flow
rate = 50.0 nL min~").”®?° Next, the same buffer solution, but
now containing 5.0 mM N,H,, was introduced into the
microchannel at the same flow rate (red CV). Consistent with
prior reports, the onset of N,H, oxidation is ~0.15 V vs. Ag/
AgCL5?°

After obtaining the CVs shown in Fig. 2a, a series of
solutions, all containing phosphate buffer and 5.0 mM N,H,,
were sequentially introduced into the fluidic channel, and the
i-t data shown in Fig. 2b were obtained. Note that all of the
data shown in Fig. 2 were collected using the same microelec-
trochemical device. The i-¢ data presented in Fig. 2b were
measured by stepping the electrode potential from —0.20 V to
0.15 V (at the foot of the rising current transient shown in red
in Fig. 2a). The value of the initial potential (—0.20 V) is
important for three reasons: (1) it is sufficiently negative of the
point of zero charge (pzc, 0.2-0.3 V) to inhibit hybridization of
DNA prior to the beginning of the experiment; (2) it is not so
negative as to greatly affect the conformation of the surface-
confined ssDNA;*** (3) it is in a potential region in which
N,H, oxidation does not proceed on a Au electrode. The final
potential (0.15 V) is also important, because at this value N,H,
oxidation is facile on the PtNP labels but very slow on the Au
electrode. This point is illustrated in Fig. S3t, where CVs
collected on naked Au and Pt microelectrodes are presented
alongside CVs obtained at a Au electrode functionalized with
hybridized PtNP-labelled double-stranded DNA (PtNP-dsDNA).
On the naked Pt electrode, the onset of N,H, oxidation is
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Fig. 2 Electrochemical measurements obtained using the microelectrochemical
device illustrated in Fig. 1. (a) CVs obtained in the presence (red) and absence
(black) of N;H,4 at a ssDNA-modified 25 pm x 25 um Au working electrode.

Scan rate = 20 mV s~ . (b) i~t curves measured at 0.15 V vs. Ag/AgCl. The Au
electrode surface was modified with ssDNA (Table 1), and in addition to 5.0 mM
N5Hy, the solution contained (black) no target DNA, (green) 25 pM PtNP-ncDNA,
and (red) 25 pM PtNP-cDNA. The inset shows an expanded region of the red it

curve. Conditions: 50.0 mM phosphate buffer, pH 7.0, flow rate = 50 nL min~".

~0.3-0.5 V more negative relative to naked Au. On the PtNP-
dsDNA-modified Au electrode the onset for N,H, oxidation is
shifted ~0.1 V negative relative to the ssDNA-modified
electrode (Fig. S3df).

The black trace in Fig. 2b represents a control experiment
carried out using an electrode modified with ssDNA, but in the
absence of solution-phase DNA (buffer + 5.0 mM N,H, only).
The only notable feature is the sharply rising current at ¢ = 0,
which may represent the initial nonfaradic charging of the
electrochemical double layer associated with stepping the
potential of the electrode from —0.20 V to 0.15 V.>* Following
this experiment, the solution in the microchannel was
switched to one containing buffer, 5.0 mM N,H,, and, now,
25 pM PtNP-ncDNA. After stabilization of flow (~15 min, see
ESI), the green trace was obtained. Compared to the black
trace, this one displays more noise (we don’t know why), but is
otherwise comparable.

At this point in the experiment, a solution identical to that
used to obtain the green trace, except now containing 25 pM

This journal is © The Royal Society of Chemistry 2013
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PtNP-cDNA, was introduced into the microchannel and the red
trace was recorded. The differences between this result and the
two control experiments are striking. Specifically, the red it
data reveal several sharp increases in anodic current that
persist for up to 100 s, after which the current typically regains
its background value. As will be discussed shortly, results of
this type were obtained in every one of the 15 experiments we
carried out.

The increase in anodic current is due to hybridization of
the PtNP-cDNA conjugates with the ssDNA bound to the Au
electrode. Two types of current transients are observed: some
have a stepped appearance (inset, Fig. 2b) and some are much
sharper (see data between ~50 to 125 s, and i-¢ curves in Fig.
S51). The current transients in Fig. 2b range in magnitude
from 11 to 43 pA and the average is 25 + 10 pA. These values
can be compared to values calculated using eqn (2), where 7 is
the number of electrons transferred (4, eqn (1)), F is the
Faraday constant, D is the diffusion coefficient of N,H, (9.1 x
107° em? s™ 1), C is the concentration of N,H, (5.0 mM), and r
is the radius of the PtNPs.?’ The average value of r is 2.0 + 0.4
nm and its range is 1.4 to 3.0 nm (Fig. S1bt). Using these
values, the anticipated average current transient should be 31
pA and (on the basis of the particle-size distribution) the
transients should span the range from 21 to 45 pA, which is in
good agreement with the experimental observations. We
performed multiphysics simulations of 1.0 to 4.0 nm-diameter
spherical electrodes to ensure the validity of eqn (2) in the
presence and absence of convection (50 nL min~'). The
simulated current values under convection deviated by no
more than 0.02% from those determined in the absence of
convection, and neither value deviated by more than 1.0%
from eqn (2).

i = 4n(ln 2)nFDCr (2)

There were a few exceptions to the range and type of current
transients discussed thus far. Specifically, ~4% of the
transients had a magnitude in the range of 100-200 pA, which
we believe arise from hybridization of PtNP-cDNA aggre-
gates.”*? In addition, we occasionally observed small current
transients in control experiments carried out using PtNP-
ncDNA. In this case, between 1-3 transients were observed per
10 min observation window, and their magnitude was always
<10 pA. One such transient (5 pA) is indicated by the green
arrow in Fig. 2b.

In addition to the control experiments involving PtNP-
ncDNA, controls involving the flow of naked PtNPs (no DNA)
over ssDNA-modified electrodes and PtNP-cDNA conjugates
over naked Au electrodes were performed. These experiments
were used to assess NSA. Data for these additional controls can
be found in the ESI. The i~¢ data obtained for both of these
control experiments did not exhibit the characteristic current
transients associated with NP-electrode collisions (Fig. S4f).
This indicates that NSA is not an important factor in these
experiments.
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As shown by eqn (2), the current amplitude associated with
a collision event should be proportional to the concentration
of the substrate (N,H, in this case). This proportionality has
previously been shown to apply over a substrate concentration
range of 10 mM to 15 mM for collisions of nominally naked
nanoparticles at nominally naked electrodes.®® Fig. 3 is a plot
of average peak current versus the concentration of N,H,
obtained at a ssDNA-modified Au electrode in the presence of
PtNP-cDNA. Representative i—¢ curves from which these data
were extracted are provided in the ESI (Fig. S5t). At concentra-
tions between 5.0 and 10.0 mM N,H,, the current transients
increased from an average of 25 + 10 to 67 =+ 30 pA,
respectively. However, at higher N,H, concentrations, the
currents actually decrease. This is likely due to local
dehybridization of dsDNA arising from oxidation of N,H,
and the corresponding generation of H' (eqn (1)). This effect
will be exacerbated at the highest N,H, concentrations,
particularly as the N,H, concentration approaches that of
the 50 mM phosphate buffer. Note that DNA dehybridization is
known to occur at pH < 3 and pH > 10.** Moreover,
electrogenerated pH changes to dehybridize surface-confined
dsDNA has been previously proposed.®>®

Summary and conclusions

In conclusion, we have reported the first example of real-time
single-oligonucleotide hybridization using electrochemical
methods. The current amplification arising from electrocata-
Iytic oxidation of a relatively high concentration of a sacrificial
redox molecule, N,H, in this case, enables these types of
measurements. Although the results reported here are
unambiguous and easily repeatable, they pose a number of
interesting questions that require additional research. For
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Fig. 3 Plot of the average magnitude of the current transient arising from
electrocatalytic N,H, oxidation as a function of the concentration of NyH, in
solution. The experimental conditions were the same as those used to acquire
the data in Fig. 2, and in all cases the concentration of the labelled probe (PtNP-
cDNA) was either 25 or 50 pM. The error bars represent the standard deviation
of measured transients collected from at least three independent experiments.
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example, we don’t know the molecular-level origin of the sharp
and stepped current transients shown in Fig. 2b. It is certainly
possible that these current transients arise from a combina-
tion of new and old hybridization events. By this we mean that
a hybridization event will give rise to a current transient upon
initial binding, but at a later time during the experiment the
same PtNP may yield subsequent current pulses. If this is true,
can we distinguish between the first hybridization event and
subsequent interactions between that PtNP label and the
electrode? Do all hybridization events result in current
transients, or are there specific molecular environments that
are more prone than others to yield an electrochemical
signature of hybridization? Is it possible to use the concepts
described here to build useful biosensors? How sensitive is
this method to single-base mismatches? Will the principles
reported here translate to other types of detection motifs, such
as DNA and antibody sandwich assays? These are all questions
we hope to be able to answer in forthcoming publications.
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