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Spectroscopically Enhancing Electrical Nanotraps™*
Gengfeng Zheng, Lidong Qin, and Chad A. Mirkin*

One of the greatest challenges in nanoscience is the develop-
ment of efficient methods for physically probing or trapping a
nanomaterial or small collection of molecules!"! with the
capability to spectroscopically identify these entities. The
small size of nanomaterials often prohibits the use of conven-
tional spectroscopic tools to locate and identify them.
Scanning-probe technologies allow nanomaterials to be
physically placed and characterized on a surface,* and
single-molecule spectroscopies allow individual molecules or
particles to be observed,°! but only if they can be addressed;
to do so, relatively high concentrations of the probe molecules
(ca. 100 pm) are typically required.”” A method for rapidly
concentrating a nanomaterial or set of molecules to be probed
in a nanoscale reaction vessel coupled with the ability to
spectroscopically identify such materials would be a signifi-
cant advance. Herein, we show how nanogap structures,
prepared by on-wire lithography (OWL),®" can be used to
localize biomolecules with an electric field and provide a
powerful means to spectroscopically identify them based
upon surface-enhanced Raman spectroscopy (SERS).!

Recently, we developed the OWL method for fabricating
one-dimensional wire structures with precise control over the
compositional blocks that comprise such wires and the ability
to make gap structures as small as 2.5 nm.”¥l This ability to
modulate gap size by OWL, especially in the context of gold
or silver wire components, allows enhancing “hot-spots” for
Raman spectroscopy to be created. Indeed, the level of
Raman enhancement of such structures can be tuned by
controlling the gap dimensions and separation distance.””’ We
hypothesized that we could use the OWL process to create
gold electrodes separated by a nanoscale distance that would
optimize SERS activity in the gap and, perhaps, allow an
alternating (AC) electric field to drive charged entities into
the gap where the strongest electric field gradient exists
(Scheme 1a).['" With microscale electrodes, electric fields can
be used to enhance hybridization in the context of DNA
detection.">"¥ In this way, we could physically trap a nano-
scopic amount of material at a low concentration in solution
and gain the ability to spectroscopically identify it under
highly enhancing conditions.
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Scheme 1. a) An OWL-gap electrical device, with the trapped target
molecules in the Raman hot spots. b) Schematic view of surface
functionalization of OWL gaps and hybridization with DNA targets.
Alkanethiol-terminated oligonucleotides (the receptor strand) can be
directly linked to the gold segments that form the gap (left), or
coupled to the silica within the gap, which was premodified with 3-
aminopropyl trimethoxysilane and then succinimidyl-4-(p-maleimido-
phenyl)butyrate (SMPB) (right). The target oligonucleotides modified
with Raman (R, left) or fluorescence dyes (F, right) are trapped inside
the gaps when an AC electric field is applied. The oligonucleotide
sequences used in this paper are shown at the bottom of the scheme.

The fabrication of the electrical nanotraps includes three
key steps: the synthesis of Raman-optimized nanogaps by the
OWL method,®* % fabrication of metal microelectrodes by
conventional lithographic techniques, and surface functional-
ization of the nanogaps with the appropriate molecules (e.g.
oligonucleotides or other receptors for the analytes of
interest)."”) Alkanethiol-terminated oligonucleotides can be
directly linked to gold portions of the gap, or coupled to the
silica within the gap that has been premodified with 3-
aminopropyl trimethoxysilane and succinimidyl-4-(p-malei-
midophenyl)butyrate (SMPB) (Scheme 1b and Supporting
Information). Proof-of-concept electrical trap structures
consisting of gold-gap—gold architectures (3, 1.5, and 3 pum,
respectively, Figure 1a,b) fabricated by OWL and function-
alized with DNA were initially characterized by fluorescence
microscopy. These structures were rinsed with phosphate
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Figure 1. a) An SEM image of as-synthesized nanorods. The darker
central nickel portion will be etched away to form gap structures.

b) SEM image and c) corresponding fluorescence image of a represen-
tative microgap device showing the localization of Cy5-labeled DNA in
the gap. The gap position is indicated by the white arrow. d) Line
profile of the fluorescence intensity (solid line), corresponding to the
white broken line in c), and fluorescence line profile of a gap without
an applied field (dotted line). Scale bars in (a), (b), and (c) are

500 nm, 2 pm, and 2 pum, respectively.

buffer, and then interfaced with the prefabricated micro-
electrodes (see Supporting Information). A phosphate buffer
solution containing 1 nm Cy5-labeled oligonucleotide which is
complementary to the DNA functionalized in the gap and
20 mm NaCl was flowed over the immobilized traps by a
microfluidic channel (volume =1 pL). The salt concentration
is deliberately low, as the electric field can cover a larger
distance under conditions where it is less screened.'”! In
addition, under these conditions, the amount of DNA target
binding outside of the active gap area is significantly reduced.
Indeed, lower salt concentration and decreased oligonucleo-
tide concentration favor the unhybridized state. Scanning
electron microscopy (SEM) and fluorescence images of the
trap device under potential control (V,,=0.8-12V, f=1-
10 kHz) clearly show that the fluorophore-labeled oligonu-
cleotide is concentrated in the gap region (Figure 1b,c). In a
control experiment, gaps on the same chip without an applied
field show no detectable fluorescence under identical con-
ditions. Line profiles of fluorescence intensity across the gap
under potential control show an increase in fluorescence by a
factor of 20 as compared to the control experiment with no
applied field (Figure 1d).

The demonstration of analyte localization under an
applied field in a microtrap structure is well known.['>l
However, if nanotrap structures are fabricated with materials
that have surface plasmon resonances, the gap size can be
optimized so that materials localized within the gap are
detectable by SERS.”! SERS is a phenomenon that was
discovered 30 years ago and has been studied in the context of
many types of nanostructured interfaces.'"'¥! In principle,
with nanoscale gaps SERS could be used in conjunction with
applied electric fields to locally concentrate, address, and
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spectroscopically identify charged materials. To evaluate
the potential of nanotraps for simultaneous analyte
recognition and spectroscopic identification, we used
OWL to fabricate sub-100-nm gap structures with gold
segments on the opposite sides of the nanogaps. As such
structures have been shown to act as Raman “hot spots”
with enhancement factors as large as 10% target
molecules electrically driven into them can be efficiently
identified by SERS. In a typical experiment, a nanotrap
device with a 50-nm gap (Figure2a,b) was used to
electrically localize DNA target molecules using an AC
field as described for the aforementioned microgap
architectures, and the Raman spectra and images of the
gap area were measured by a confocal scanning Raman
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Figure 2. a) An SEM image of the as-synthesized OWL nanorods. The
darker central nickel portion will be etched away to form gap
structures. b) An SEM image of a nanogap device contacting with
electrodes. Gap size is 50 nm. ¢) Raman spectrum of the Cy5-labeled
DNA target between 650 and 1450 cm™". The Raman intensity of each
pixel in (d) and (e) was determined by integrating over this spectral
region. d,e) Scanning Raman microscopy images showing that Raman
intensities significantly increased owing to the accumulation of target
DNA (at concentrations indicated) by an electric field into the nano-
gaps that function as Raman hot spots. Scale bars in (a), (b), (d), and
(e) are 200 nm, 2 um, 1 um, and 1 um, respectively.
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microscope (see Supporting Information). For evaluation of
the magnitude of the electrical trapping effect, nanogap
devices were first characterized by hybridizing Cy5-linked
DNA targets in the absence of an electric field. These
structures were then completely dehybridized by immersing
them into deionized water at 80°C (as evidenced by a
complete loss of Raman signal) and then used to capture the
same DNA with an applied AC field. The Raman signal was
measured in a cyclical fashion after each hybridization and
dehybrization step in the absence and presence of an applied
electric field. A comparison of the three-dimensional scan-
ning Raman microscopy images of two nanogap devices, both
with and without an applied electric field, clearly show that
the field effectively localizes and increases the amount of
DNA that enters and gets trapped in the device structure
(Figure 2d,e). It is clear that when the electric field was
applied for target trapping, the center of the nanogaps exhibit
an intense Raman signal, which appears as a bright band
against a dark, smooth background. Little Raman signal is
observed from the flat portions of the nanotrap and chip
surface,”” as both the concentration of bound targets and
the efficiency of Raman enhancement in these areas are much
lower than inside the nanogaps. For the two concentrations of
DNA targets studied (690 and 230 pm), the Raman intensity
increased 40 and 20 times in total integration of the peak area
as a result of applied field, respectively. These experiments
demonstrate that under this electrode configuration, SERS
can be used to obtain spectroscopic information about the
molecules driven into a nanogap by an applied electric field.

These nanotraps can be used to detect DNA in a
moderately sensitive manner (Figure 3a,b). In our proof-of-
concept experiments, the lowest measurable DNA concen-
tration is 230 fM, which is over 20 times more sensitive than
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Figure 3. a) Scanning Raman microscopy images of nanotraps under
an applied electric field in the context of DNA detection. The scale bar
is 1 um. b) Raman intensity as a function of target concentration with
(dark bars) and without (light gray bars) an applied electric field.
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previous nanogap Raman detection results without an applied
field (i.e. 5 pm),'” and at least twice the sensitivity of reported
methods based upon tip-enhanced-Raman spectroscopy
(TERS)."! If taken into account that the OWL approach
allows such structures to be routinely fabricated and interface
them with conventional circuitry, the approach is more
attractive than TERS and near-field scanning optical micro-
scopy techniques that require complicated experimental
instrumentation.* Moreover, our experiments demonstrate
how microfluidic devices can be coupled with the nanotraps to
effectively deliver and concentrate target from 1 pL samples,
making the structures excellent candidates for lab-on-chip
applications. In principle, the new OWL-based nanotrap
method can be further improved by optimizing the electric
field parameters,'” designing different nanogap structures/
materials, or using nanoparticle-functionalized DNA probes
for signal magnification.”! Indeed, this approach, which
combines the relatively high throughput OWL fabrication
approach, the concept of Raman hot spots, and high efficiency
electric field trapping, may open up a host of new oppor-
tunities for integrating SERS nanostructures and lab-on-chip
electrical nanodevices®”!! for many applications in the life
sciences.
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