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We report an integrated chip that senses nucleic acid biomarkers at exceptionally low
concentrations. To achieve such sensitivities we exploit four concepts. 共1兲 Nanostructured electrodes
allow efficient display of probe sequences. 共2兲 The use of uncharged probe sequences lowers the
background signal in our read-out system. 共3兲 Electrocatalysis provides built-in amplification of the
electrical signal that reports hybridization events. 共4兲 An optimal self-assembled monolayer of
thiol-functionalized probe molecules is best achieved with the aid of a short spacer molecule to
confer enhanced accessibility. We show herein that via joint optimization along these four axes we
achieve attomolar sensitivity. © 2009 American Institute of Physics. 关doi:10.1063/1.3226103兴
Sensitive and specific detection of biomarkers is of
critical importance in clinical diagnostics as well as in biological research.1 Nucleic acids are biomarkers of central importance, bringing a great deal of attention to the development of nucleic acids biosensors.2 In previous reports, the
surface of a sensor is typically modified with nucleic acids
probes capable of generating an optical,3–8 gravimetric,9
piezoelectric,10 electrical or electrochemical11–16 signal when
hybridization with a complementary sequence occurs.
Clinical use of direct nucleic acids detection—sensing
the presence of complementary strands without resorting to
enzymatic amplification methods such as Polymerase Chain
Reaction 共PCR兲—demands further progress in sensitivity as
well as specificity. Electrochemical detection of DNA hybridization has been realized in several systems,17,18 and in principle offers the capability to detect small number of analyte
molecules in solution with the aid of very simple, low-cost
instrumentation. Previous studies have reported detection
limits as low as 80 molecules based on multistep enzymatic
labeling.19 Advances in specificity20 have allowed the identification of single base-pair mismatches. Nonetheless, sensitivity, specificity, and the capacity to multiplex a number of
biomarkers on a single chip are crucial features that have yet
to be combined in a single system.
Here we report that a chip-based array of nanotextured
microelectrodes allows ultrasensitive, label-free discrimination of complementary, and noncomplementary DNA analytes. We tether capture probes made of peptide nucleic acid
共PNA兲21 to our electrodes. When the analyte solution is introduced, only complementary targets hybridize with
our surface-anchored probe molecules. The resultant capture
of negatively charged DNA molecules is transduced as a
readily measured electrical current using the electrocatalytic
scheme22 developed in our laboratories. In this approach,
electrochemical current is generated by reduction of posia兲
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tively charged Ru共NH3兲3+
6 , a DNA-binding electron acceptor.
The electrical current is further amplified by introducing
Fe共CN兲3−
6 that serves as an anionic electron acceptor. The
result is an electrocatalytic reporter system for high-gain
hybridization-event signal transduction.
Here we describe the systematic optimization of this system resulting in an unparalleled combination of sensitivity,
specificity, and integration. We begin with a highly nanostructured electrode and prove that sensitivity is vastly enhanced when a conventional thiolated DNA probe 共a charged
molecule兲 is replaced with a neutral PNA probe. Moreover,
we find that only by depositing a mixed monolayer—one that
contains both the capture probes and also short, uncharged
molecules used to moderate the probe density and block the
sensor surface from nonspecific adsorption of mismatched
DNA targets—can we reach below the femtomolar detection
limit. With these optimizations, our detection system allows
us to detect fewer than 100 target DNA molecules.
To create a platform for a multiplexed chip, we use conventional photolithographic fabrication to build our chip as a
template for ensuing controlled deposition of nanomaterials
in an individually electrically addressed array. Figure 1共a兲
shows the schematic of the passive electronic chip. A 350 nm
thick layer of gold is evaporated and subsequently photolithographically patterned on the Si/ SiO2 substrate to provide for later connection of the functionalized nanostructures
that will reside at the tips of 5 m wide planar Au wires to
millimeter-sized bond pads for connection to off-chip instrumentation. The entire chip is then covered with a pinholefree layer of insulating SiO2. 500 nm circular apertures are
dry etched to expose the underlying gold layer. This step in
the chip fabrication defines the template for the precise location of the subsequently grown nanostructured sensing elements.
Motivated by previous reports showing that nanostructuring can provide major improvements in the detection
limits of biosensors,23–25 we sought to incorporate such
nanostructures on our microelectrodes. We found that elec-
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FIG. 1. 共Color online兲 共a兲 Schematic representation of the photolithographically defined chip 共b兲 Scanning electron microscopy 共SEM兲 image showing
aperture before 共left兲 and after 共right兲 template-directed electrodeposition.
Scale bar represents 4 m. 共c兲 SEM image 共top兲 and the electrochemical
response 共bottom兲 of four electrodes on the same chip. 共d兲 Schematic illustrating the electrocatalytic reporter system.

trodeposition of Au, Pd, and Pt resulted in nanostructured
microelectrodes when a suitable plating potential and supporting electrolyte was chosen. However, an extensive analysis revealed that Pd provided the best performance when
modified with thiolated capture probes. This is consistent
with prior work demonstrating stronger interaction of Pd
with thiols compared with Au and Pt.26 Following these findings, we used electrodeposition through the lithographically
defined apertures to reduce palladium ions in solution in order to produce metallic nanostructures, filling the apertures
with metal structures that fan out above the top surface of the
oxide as shown in the SEM images in Figs. 1共b兲 and 1共c兲. We
investigate the robustness and reproducibility of these electrodes in Fig. 1共c兲: cyclic voltammetry 共CV兲 scans, generated
using a three-electrode system in which nanotextured microelectrodes 共NMEs兲 serving as working electrodes immersed
27
in 3 mM Ru共NH3兲3+
6 , show ideal microelectrode behavior.
Lead-to-lead CV variation is less than 5% among nominally
identically grown NMEs.
With a view of creating a DNA sensor having high sensitivity and specificity, we designed and compared different
probe structures: one made of conventional DNA with its
phosphodiester backbone, the other employing PNA having a
pseudopeptide backbone. Both of these probes are known to
hybridize with complementary DNA strands according to
Watson–Crick hydrogen-bonding rules; however, unlike
DNA, PNA is a charge-neutral molecule. As a result, its electrocatalytic background signal in case of an unhybridized
probe monolayer is expected to be dramatically lower than
that of DNA.28
To capture specific analytes in solution, single-stranded
DNA and PNA strands terminated with a single thiol endgroup 共as described elsewhere29兲 were immobilized on the
electrodes. To evaluate further the hybridization of the
electrode-bound probe strands with target analyte strands,
the electrodes 共DNA- or PNA-modified兲 were incubated with
10 pM complementary target for 1 h at 37 ° C. The electrodes were then removed from the analyte solution, rinsed,
and immersed in an electrocatalytic solution depicted in

Appl. Phys. Lett. 95, 143701 共2009兲

FIG. 2. 共a兲 Schematic illustration and differential pulse voltammetry measurements representing hybridization with a DNA probe 共top兲 versus a PNA
probe 共bottom兲. 共b兲 Signal to background ratio comparison of a DNA modified device and a PNA modified device. 共c兲 Signal to background ratio
comparison of PNA devices having different MCH spacer concentrations.

Fig. 1共d兲 to enable the read-out of the state of hybridization
of its functionalized surface.
We show in Fig. 2共a兲 differential pulse voltammetry
traces for the DNA-versus PNA-functionalized chips. PNAmodified electrodes show a 70% lower background current
compared to DNA-modified electrodes. As expected, the
PNA-only electrode produces little electrocatalytic signal.
As a consequence of elevated signal and lowered background, the use of PNA produces a dramatic threefold enhancement in signal-to-background ratio compared to DNA
probe in analyzing 10 pM complementary target. The use of
the uncharged probe layer thus enhances capture of the negatively charged analyte molecules, providing a further advantage to the use of PNA.
We carried out a suite of control experiments that would
challenge the specificity of the system and reveal any artifacts arising due to nonspecific adsorption of target molecules from the analyte solution. When we introduced mismatched target at an elevated concentration of 100 pM, the
signal change 关Fig. 2共b兲兴 under these nonspecific conditions
remains well below 14 percent.
Electrode nanostructuring, electrocatalysis, and PNA
electrode modification made possible the detection of 1 fM
of analyte; this detection limit requires having thousands
of DNA molecules in solution. Clinically relevant,
amplification-free nucleic acids detection to aid in disease
diagnosis requires detection of hundreds of molecules, pointing to the need for further optimization.
To decrease the extent of nonspecific adsorption on the
electrode surface and to find a more favorable density of
capture probes,30,31 we endeavored to functionalize the system using a mixed-monolayer of probe and spacer/blocker
molecules. We thus added to our use of PNA probe a mercaptohexanol 共MCH兲 blocker/spacer, a short, uncharged molecule. We believed that an optimal MCH concentration
would exist: its concentration high enough to favor specific
hybridization of complementary DNA over nonspecific adsorption while allowing a sufficient PNA probe density to
capture analyte DNA and produce detectable signal changes.
As shown in Fig. 2共c兲, 0.1 M MCH produced a 300%
larger signal change than 1 M MCH and 50% enhance-
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FIG. 3. 共a兲 Signal to background ratio of a PNA device 共left兲 and a DNA
device 共right兲 at different concentrations of complementary target. The system noise associated with hybridization with noncomplementary target is
shown for reference. The devices contained 0.1 M MCH acting as a
spacer. 共b兲 Sequences of the nucleic acid targets and probes used herein.

ment relative to the case in which no MCH was employed.
The use of this spacer/blocker layer thus proved a powerful
additional implement in the quest for exceptional sensitivity.
The ultimate goal of this sensing platform is the analysis
of clinical samples containing a small number of copies of a
particular strand within the large background present in a
heterogeneous sample. We critically evaluated the specific
detection limit of our PNA-featured approach by analyzing
10 L solutions containing between 1 aM and 1 fM complementary target alongside solutions containing 100 fM noncomplementary targets. To demonstrate further the advantages presented by the PNA probe we evaluated the limit of
detection of the DNA probe device by looking between 100
fM and 100 pM side by side of 100 pM noncomplementary
targets. As shown in Fig. 3共a兲, we obtain a 10 aM limit of
detection using our optimized chip-based platform as opposed to 10 pM detection limit realized with our DNA device. 关Target and probe sequences are summarized in Fig.
3共b兲.兴 This six orders of magnitude enhancement in sensitivity corresponds to the specific detection of fewer than 100
copies of the target sequence.
The system reported herein offers the low cost and
convenience of simple photolithographic fabrication, yet
combines it with the power of nanostructuring to elevate
biomolecular detection sensitivity. It provides label-free ultrasensitive biomarker detection through the joint optimization of the use of uncharged PNA probes, an electrocatalytic
reporter for electronic signal amplification, and a molecular
spacer that selects in favor of specific hybridization over
nonspecific adsorption.
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