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Abstract

There is widespread interest in circulating tumor cells (CTCs) in blood. Direct detection of CTCs (often b 1/mL) is complicated by a
number of factors, but the presence of ∼103 to 104 copies of target RNA per CTC, coupled with simple enrichments, can greatly increase
detection capability. In this study we used resonance frequency shifts induced by mass-amplifying gold nanoparticles to detect a
hybridization sandwich bound to functionalized nanowires. We selected PCA3 RNA as a marker for prostate cancer, optimized antisense
binding sites, and defined conditions allowing single nucleotide mismatch discrimination, and used a hybrid resonator integration scheme,
which combines elements of top-down fabrication with strengths of bottom-up fabrication, with a view to enable multiplexed sensing. Bound
mass calculated from frequency shifts matched mass estimated by counting gold nanoparticles. This represents the first demonstration of use
of such nanoresonators, which show promise of both excellent specificity and quantitative sensitivity.

From the Clinical Editor: Cancer cell detection from blood is an emerging method for more sensitive screening for malignancies. In this
work, RNA detection with nanoresonators is demonstrated to have high specificity and sensitivity, suggesting that such technology may be
feasible for laboratory medicine-based cancer detection.
© 2012 Elsevier Inc. All rights reserved.
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The prognostic and diagnostic use of detection of circu-
lating tumor cells (CTCs) in cancer patients is being actively
investigated,1-4 with potentially important significance for
cancer treatment. A number of reports have clearly established a
relationship between the number of CTCs and patient outcome for
various cancers, particularly breast5,6 and prostate7-9 as well as
other cancers. With respect to early markers for prostate cancer
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(PCa), standard screenings for potential biomarkers such as
prostate-specific antigen are generally not effective and other
molecular biomarkers are needed.10 However, a number of studies
have established the use of CTC levels as a prognostic indicator
and/or a predictor of response to therapy in PCa.4,7-9,11,12

CTCs have been detected using antibody-based methods
targeting a global epithelial marker such as epCAM.4,13 Such
“positive selections” are complicated by the fact that certain
common types of cancers (e.g., normal-like breast cancers) do
not express epCAM,14 and there is growing evidence that
many CTCs have undergone the epithelial-to-mesenchymal
transition, thereby losing expression of epCAM.15,16 More
commonly, CTCs for a given cancer type have been identi-
fied using reverse transcriptase/polymerase chain reaction
(RT/PCR) for pre-selected marker RNAs. In general, two
markers appear to be superior to one for detection of CTCs by
increasing sensitivity.17,18
or strategy for detection of circulating tumor cells: response using PCA3 as
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Table 1
ASOs used for detection of PCA3 RNA transcripts

Name Sequence (5′ to 3′) Description

ASO468 TGACCCAAGATGGCGGCCGG ASO targeting PCA3 at the region immediately 3′ to nt 468
ASO683 TGCCATCAAGATTTTCTCGTC ASO targeting PCA3 at the region immediately 3′ to nt 683
ASO735 GCT GCC TCA TGT CAT CAC AG ASO targeting PCA3 at the region immediately 3′ to nt 735
ASO735 MM1 GCT GCC TCA TCT CAT CAC AG Single-nt mismatch of ASO735

ASO735 MM2A GCT GCC TCA TCT CAT CAC GG Two-nt mismatch of ASO735

ASO735 MM2B GCT GCC TCA TCG CAT CAC AG Two-nt mismatch of ASO735

ASO735 MM4 GCT GCC TCA TCG AGT CAC AG Four-nt mismatch of ASO735

DNA mimic of PCA3 CTG TGA TGA CAT GAG GCA GCT TTT TGA CGA
GAA AAT CTT GAT GGC

45-nt sequence containing the two portions of PCA3 that
the ASOs were complementary to, separated by 5 T's

ASOT683 (TTT) TTT TTT TTG CCA TCA AGA TTT TCT CGTC ASO683 with 7 or 10 Ts added at the 5′ end as noted
ASOT735 (TTT) TTT TTT TGC TGC CTC ATG TCA TCA CAG ASO735 with 7 or 10 Ts added at the 5′ end as noted
ASOnon CTC GTA TCT CAA CTC GTA TTT TTT TTT TTT Non-complementary probe sequence

1018 J.A. Sioss et al / Nanomedicine: Nanotechnology, Biology, and Medicine 8 (2012) 1017–1025
Drawbacks to the approach of identifying CTCs based on pre-
chosen RNA markers are that the CTCs are being identified in
patients only after they have been diagnosed with particular
cancers, and that a relatively limited number of RNAs can be
interrogated. In contrast, our approach is to develop a detection
platform that would be useful for screening purposes, for early
detection of multiple types of cancers, as well as for monitoring
therapy. This approach is based on the original premise that
metastasis is a relatively inefficient process,19-21 and there is
anecdotal but growing support for the usefulness of CTC
detection in diagnosis of early-stage disease. A general
relationship between CTC levels and stage appears to exist in
many different cancers,22 but significant CTC levels are
generally found even in early-stage cancers. For example, in
one early study of breast cancer patients, 68% of patients with
stage N1 disease had detectable CTCs, but 46% of patients with
stage N0 disease also had detectable CTCs.17 Others have found
similar CTC levels in localized versus advanced PCa patients.23

Schmidt and co-workers24 showed that even very small foci of
PCa (0.2 cm3) give rise to CTCs, and recent work has also
identified CTCs in PCa patients with “low-volume” tumors.25

We intend to enrich CTCs from whole blood samples based on
their decreased density using a simple porous membrane
centrifugation device,11 and RNA is then purified from the
enriched CTC-containing fraction. This provides CTC enrichment
of ∼400:1 with respect to white blood cells. The platform we are
developing consists of a chip-based device, which uses antisense
oligonucleotides (ASOs) covalently attached to metallic or silica-
coated nanowires (NWs) to detect marker RNAs for various cancer
types. NWs are first prepared off-chip and then assembled in a
bottom-up manner from suspension and integrated to fabricate an
array of NW-resonator (NR) devices. A hybridization “sandwich”
is used, wherein target RNAs are bound to the ASO-derivatized
NWs.26 A second ASO, attached to a single 50 nM Au-
nanoparticle (ASO:Au NP), is then hybridized to a different site
on the bound target RNA; this requires a second stringent
hybridization, which increases specificity, and also provides a very
substantial increase in mass, which is important for NR sensitivity.
Detection of the hybridization sandwich attached to the NW is
accomplished by optically measuring the shift in resonance
frequency of the NRs. Related recent work toward NR biosensor
design describes the evaluation of resonator clamp quality,27
elastic and dissipative properties of silicon,27 gold and rhodium,28

NW resonance in air,27 and programmed assembly of NWs.29

We chose PCA3 (Gene ID#50652; also known as DD3) as a
marker for PCa. PCA3 is an abundant, non-coding RNA; exon 4
is prostate specific, and PCA3 is significantly upregulated in
PCa.30,31 CTCs in PCa serve as a predictive biomarker in
patients with hormone-sensitive PCa32 as well as a surrogate
marker for outcome33 and clinical management,12 and PCA3 is a
prostate-specific marker for CTCs in peripheral blood,13 and is
of interest as a PCa-specific marker in urine.34

NRs are attractive for biosensing applications because they
offer high mass sensitivity35,36 and can be incorporated onto
integrated circuit chips for electrical transduction and/or
actuation.37 A recent critical review compares several nanobio-
sensor platforms.38 NRs, with their small mass and high
resonance frequency can enable sub-attogram (10−20 g) limits
of mass detection. Our efforts in this area have thus far focused
on assembly and integration of NWs to predetermined locations
on the chip, followed by integration to produce high density
arrays of NR devices.27,29 This hybrid top-down/bottom-up
fabrication method overcomes materials and chemical functio-
nalization limitations imposed by traditional top-down fabrica-
tion, whereas providing excellent NW positioning for high-yield
integration with existing features on the chip.27,29

In this study we present data on the basic parameters of the
PCA3 sandwich hybridizations using microarrays and functio-
nalized NWs, as well as the resonant response of NRs prepared
by our hybrid top-down/bottom-up fabrication method to the
PCA3 complexes. The induced resonance frequency shift is
about 1 kHz per hybridization complex suggesting that single
molecule/particle detection sensitivity should be achievable.
This represents the first demonstration of use of NRs for
detection of a marker RNA sequence for PCa, as well as proof of
the selectivity of the biorecognition that enables it. Based on
RNA measurements and volumes involved, we estimate facile
detection of ∼1 CTC/10 mL blood.
Methods

Detailed experimental methods are presented in Supplementary
Material (available online at http://www.nanomedjournal.com).

http://www.nanomedjournal.com
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Blood and tissue samples were obtained under institutional
review board-approved protocols, with informed consent and
following institutional guidelines.

DNA oligonucleotides used in this work (catalogued in
Table 1 and Supplementary Material, Table 1) were purchased
from Integrated DNA Technologies. Sequences used as ASOs
were synthesized with either a primary amine group, followed
by a C6 or C12 carbon spacer at the 5′ end preceding the
specific PCA3 ASO sequence, or with a 5′-thiol modification,
followed by a tract of T's (T6-10) between the thiol group and
the PCA3 ASO sequence.

Library selection of accessible sites in PCA3 for targeting ASOs

Total RNA was isolated from LNCaP cells (a human prostate
cancer cell line), and a portion of the PCA3 transcript (nt 286-
1005, which contains the prostate-specific exon 4) was cloned
and used for in vitro transcription and purification of PCA3
RNA. We then performed a SELEX-based library selection
protocol for identification of optimal binding sites, using a
random library of N13 oligonucleotides and an RNase H-based
protocol, and cut sites were identified by comparison with the
hydrolysis ladders (Supplementary Material, Figure 1). ASOs
targeted to the three best sites identified (designated 486, 683,
and 735) were subsequently synthesized reverse complementary
to the regions immediately 3′ to the RNase H cleavage sites
(Table 1). These were tested for binding to PCA3 RNA is
pairwise fashion to optimize detection of PCA3 RNA; the
optimal pair was ASO683 and ASO735.

Preparation and hybridization of microarrays with
fluorescent detection

Identified 20-mer ASOs were synthesized with a primary
amine group, followed by a C6 or C12 carbon spacer at the
5′-end, preceding the specific antisense sequence. They were
then coupled to Codelink slides to create microarrays for initial
characterization of hybridization reactions.

PCA3 RNA was labeled with Alexafluor 546 dye (A546, or in
some experiments A647) using standard methods (dye is
generally incorporated every ∼20 nt). Secondary ASO were
labeled with AlexaFluor labels at the time of their manufacture,
in such a way that two colors could be monitored.

PCA3 RNA (and total RNA where appropriate) was heated to
50°C and then cooled on ice before hybridization. The
Alexafluor-labeled 2o ASOs were added at a molar ratio of
∼40:1 PCA3 RNA), and prehybridized (1 hour at 37°C, in
the dark) before hybridization to the array. In experiments
that included total RNA extracted from 293T cells (which do
not express PCA3 RNA), total RNA was also added to this
prehybridization mixture at designated concentrations (at up
to 1000 × excess). Hybridizations were conducted with ArrayIt
1 × 16 Hybridization cassettes. After hybridization under
stringent conditions for 1 hour at 47°C, arrays were rinsed
(twice each for 30 seconds at room temperature) in 2 × SSC+
0.2% SDS, 2 × SSC, and 0.2 × SSC (20 × SSC = 3MNaCl, 0.3 M
sodium citrate, pH 7.0). In some cases, arrays were finally rinsed
in isopropanol (final rinse for NWs was in water). Slides were
scanned using a Microarray scanner and software, and images
were analyzed using the GeneSpring 7 software program.

Synthesis of ASO-functionalized NWs and ASO:Au NPs for
hybridization experiments

Rhodium and striped (bar-coded) Au/Ag NWs (approximate-
ly 320 nM in cross-sectional diameter and 4-6 μM in length,
depending on the experiment) were synthesized by templated
electrodeposition in commercial alumina membranes. These
were then coated with a silica coating. For transmission electron
microscopic (TEM) imaging, the Ag segments of the coated
NWs were removed by etching and then thoroughly rinsed
before attachment.

For ASO attachment to rhodium NWs, thiolated ASOs were
cleaved with DTT and allowed to attach to the NWs via thiol
self-assembly. For ASO attachment to the silica surface of the
Au/Ag NWs, thiolated ASOs were covalently attached via a
bifunctional coupling reagent after removal of the silica from
the Ag segments.

For attachment of second ASOs to 50 nM Au nanoparticles
(Au NPs), DNA-derivatized Au NPs were prepared by adding
ASOT735 (ASO735 containing T6 spacer) to 50 nM Au NPs and
heating at 37°C overnight. After ∼16 hours, sodium phosphate
buffer was added, and samples were rinsed thoroughly.

Hybridization of ASO-functionalized NWs and
fluorescently-labeled ASOs

TheDNA-derivatized stripedNWsweremixed together (10μL
of each type, with different patterns of Ag and Au, which allow
them to be distinguished). PCA3 target RNA was added, and
parallel incubations were also conducted with a non-complemen-
tary RNA as a negative control. Samples were hybridized at 47°C
for 1 hour in hybridization buffer, vortexed, and then rinsed as
described for microarrays. Fluorescently labeled second ASOs
were added, and samples were again hybridized, vortexed, and
rinsed as in the previous step. Finally, the samples were
resuspended in 2 × SSC for imaging. Fluorescence imaging on
NWs was performed with an inverted optical microscope using a
plan fluor lens and Image Pro Plus software for imaging.

Hybridization of ASO-functionalized NWs and ASO:Au NPs
using TEM/FE-SEM

For hybridization experiments with 50 nM ASO:Au NP,
samples were resuspended (separately) in hybridization buffer
and mixed with either target PCA3 RNA or with a DNA “mimic”
(Table 1). The DNA mimic was used instead of PCA3 RNA in
initial experiments for ease of handling; this consisted on a
45 mer, which contained the sequences to which the primary
and secondary ASOs were targeted, separated by TTTTT. Later
experiments used in vitro transcribed PCA3 RNA (at 20 × lower
molar concentation). Samples were hybridized as described
above, and ASO:Au NPs (∼4.5 × 1010 particles) derivatized
with the second ASO were added to each sample, hybridized,
and again rinsed as described. The hybridized conjugates
were dried onto coated TEM grids, and a JEOL TEM or a Leo
field-emission scanning electron microscope (FE-SEM) was
used for imaging.
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Resonance measurements of NWs

The resonance peak frequency shift of NRs on binding of the
RNA target + ASO:Au NPs was measured using an optical
scheme. A laser beam is focused at the NR tip, with light beams
being reflected from the moving NR as well as the chip floor
beneath. As the NR vibrates with respect to the chip, these
reflected beams generate an optical interference signal tracking
the frequency and amplitude of the NR. The optical interference
signal is converted by a photodetector to an electrical signal.
This signal is sent to a spectrum analyzer, which displays the
resonance curve and allows evaluation of the peak frequency. The
peak frequency decreases when the added mass of the target RNA
+ ASO:Au NPs are bound, and the frequency shift is measured.
The measurements were conducted using a custom-designed
setup (Supplementary Material, Figure 5). The ability to resolve
small shifts in the high resonance frequency (f) for the small mass
(M) associated with the NRs makes it possible to achieve a
sensing mass resolution (ΔM = 2 M Δf/f ) down to subattogram
(ag = 10−18 g) levels at a modest vacuum (∼0.1 Torr).
Results

We began by analyzing prostate tissue specimens, using
conventional QPCR. We found that PCA3 RNA was present at
approximately 6000 copies/cell in PCa specimens, which is
∼100 × higher than in noncancerous prostatic epithelium
(Supplementary Material). Thus, the PCA3 marker provides us
with an inherent amplification (equivalent to ∼ 13 rounds of
PCR) of a marker which is greatly increased in PCa epithelium.
We also determined PCA3 transcript levels in three PCa cell
lines. LNCaP cells expressed PCA3 transcripts at ∼1300
copies/cell; 22RV1 cells had barely detectable levels, and PC3
cells did not express PCA3 transcripts.

We then obtained peripheral blood samples from eight
healthy volunteers, and fractionated them using the OncoQuick
devices. QPCR (Supplementary Material for details) for PCA3 in
the RNA from the “enriched” fraction showed that these control
samples did not contain any significant levels of PCA3
transcripts (a value of 16 ± 24 copies/mL was observed, which
did not differ significantly from 0). We then spiked in known
numbers (from 4 to 500 cells/10 mL) of LNCap cells into blood,
and then processed the blood using the OncoQuick system. We
obtained essentially 100% recovery of the LNCaP cells, based on
QPCR for cytokeratin markers 8 and 18 (Supplementary
Material, Figure 6; similar results were observed with 22RV1
PCa cells). We also spiked 1000 copies of PCA3 transcripts into
the RNA isolated from the enriched fractions from normal
volunteers; we obtained QPCR values, which were equivalent to
QPCR amplifications performed in the absence of control RNA,
showing that RNA from controls (without PCA3) did not
interfere with detection (see also below).

Selection of optimal antisense detection sites in PCA3 RNA

RNA adopts complex secondary and tertiary structures in
solution,39 which presents a challenge for design of ASO probes
to detect RNA. We identified ASO-accessible regions in the
native folded RNA structure. This approach avoids potential
difficulties in maintaining a fully denatured state and/or the extra
step of fragmentation. PCA3 RNA was produced by in vitro
transcription, and was subjected to a library selection protocol to
identify optimal sites for binding of ASOs (Supplementary
Material, Figure 1). Three strong sites of RNase H hydrolysis
were identified, designated as 487, 684, and 736; ASO735 and
ASO683 were selected for use after pairwise testing of binding
using the microarray format described below (Table 1).

Hybridization studies using selected ASO735 and ASO683

For microarray hybridization studies, ASO683 was synthe-
sized with a NH2-C12 spacer at the 5′-end, and spotted/coupled
to the Codelink glass slides using an array spotter and standard
amine coupling chemistry. In vitro transcribed PCA3 RNA
(500 ng, either unlabeled or labeled with an Alexafluor dye) was
then prehybridized with Alexafluor-labeled ASO735 (at a ratio of
1:40) for 1 hour at room temperature in the dark. This mixture
was then hybridized to the spotted arrays for 1 hour at 47°C,
with stringent rinsing as described. Hybridizations also included
reactions with spotted ASOs containing nucleotide mismatches
(Table 1).

No hybridization was observed when the spotted primary
ASO (specifically ASO735) was the same as the second ASO735

used for detection (Figure 1, A), and no binding of labeled PCA3
RNA was observed with even single-nucleotide mismatches in
the spotted ASO683 sequence (Figure 1, A, left panel). Similarly,
single nucleotide mismatches in the spotted ASO683 sequence
completely eliminated any sandwich hybridization signal from
Alexafluor-labeled second ASO (Figure 1, A, right panel). Thus,
the formation of the hybridization sandwich requires perfect
matches between PCA3 RNA and both ASOs.

Hybridization signal was not diminished by 1000 × excess of
competing (non-complementary) cytoplasmic RNA (Figure 1,B).
Quantitative evaluation of fluorescent signal showed that addition
of a short stretch of T's as a spacer (designated ASOT735 and
ASOT683; Table 1 and Supplementary Material) increased signal
by ∼40%, and that background non-specific binding was b 0.5%
(Figure 1, C). We also assessed the effects of controlled
fragmentation of RNA, with the idea that any residual secondary
RNA structure would be reduced by the fragmentation. We did
not observe any increase in hybridization after controlled
fragmentation (Supplementary Material, Figure 2). These results
indicate that short spacers increase accessibility, and that residual
second structure or excess non-complementary RNA do not
diminish detection.

We then tested these hybridization parameters on ASO-
derivatized NWs. We initially tested fluorescently-labeled re-
agents with functionalized NWs. ASOT683 was covalently coupled
to amine-functionalized, silica-coated NWs via a 5′-thiol group.
We used three different “barcoded” NWs40 with distinct patterns
of Au and Ag metal along their lengths (patterns 0011, 1001, and
0110, where 0 denotes an Au segment and 1 an Ag segment). The
patterns can be visualized by illuminationwith 430 nM light, under
which Ag appears more reflective than Au. Each batch of NWs
was functionalized with a different ASO: ASOT683 on 0011-
patterned wires; ASOT683MM, which has a single mismatch, on



Figure 1. Sandwich hybridization specificity for PCA3 and effects of competing cytoplasmic RNA. (A) Hybridization specificity for PCA3 RNA. ASOs were
spotted onto Codelink slides as indicated (Supplementary Material). Alexafluor546 (A546)-labeled PCA3 RNA (green fluorescence) was then pre-hybridized
with A647-labeled ASO735 (red fluorescence) for 1 h at 47°C, and the mixture was then hybridized with the Arrays and rinsed. Panels show arrays containing
rows of ten identical spots of ASOs. The ASOs which were spotted are indicated in the center. PM indicates a perfect match, 1 nMM a single nucleotide
mismatch, 2 nMM two mismatches, and 4 nMM four mismatches (Table 1). Left section shows detection of A546-labeled PCA3 RNA, whereas the right section
shows detection of the second A647-labeled ASO735. The row containing spotted ASO683 shows strong hybridization, whereas there is no hybridization
observed with the ASO683 containing even a single mismatch. No hybridization is observed with ASO735, because the second ASO is directed against the same
site as the spotted ASO. (B) Effects of competing cytoplasmic RNA on PCA3 hybridization. The 100 ng A546-labeled PCA3 RNA was hybridized with
ASOT735, and then hybridized to spotted microarrays as before. Each section shows ten duplicate spots in each of three columns, which differ by the sequence of
ASO spotted onto the array, as indicated at the top (PM indicates perfect match, MM indicates one mismatched nucleotide). Sections from left to right had
increasing amounts of competing 293T total cytoplasmic RNA added (0, 10, and 100 μg, respectively). Analogous results were also observed with A647-labeled
second ASO. (C) Quantitative measurement of fluorescent signal from sandwich hybridization format. Hybridizations were performed as in (B) (without
competing cytoplasmic RNA), with comparison of ASO735 with and without the T-spacer tract as indicated.
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1001-patternedwires; and a non-complementary ASOnon probe on
0110-patterned wires. The three NW populations were then mixed
and incubated first with the target PCA3 RNA, rinsed, and then
with fluorescently labeled ASOT735, and reflectance and fluores-
cence optical microscope images were obtained after the
hybridizations. All the NW patterns were visible in the reflectance
image. The corresponding fluorescence image showed bright
fluorescence emission from the 0011 patternwires. Therewas little
or no fluorescence associated with the 1001 and 0110 wires
(Supplementary Material, Figure 3), which were functionalized
with single-mismatch-containing and non-complementary ASOs,
respectively. These results demonstrate high selectivity for
hybridizations on NWs.

Next, ASOT735 was covalently coupled to 50 nM Au NPs
(ASOT735:Au NPs). ASO:Au NPs were used to increase the mass
added to NRs after the hybridization reactions (a 50 nM Au NP
has a mass ∼3000 times greater than a PCA3 RNA molecule +
ASOs). This increase in mass resulted in significant shifts of the
resonance frequency of the suspended NRs, resulting in
increased resolution of the frequency peaks, and significantly
extending the lower limits of detection.

In addition to using the Au NPs to amplify the resonance
frequency shift signal, it was also possible to visualize binding
events directly via TEM and FE-SEM. In initial experiments, a
45 mer DNA “mimic” for PCA3 was hybridized to the NWs,
followed by hybridization with 50 nM ASOT735:Au NPs. TEM
results (Figure 2) showed high specificity with the sandwich
hybridization assay using Au NPs derivatized with the
complementary ASOT735, with very weak or absent hybridiza-
tion for NWs derivatized with non-complementary or



Figure 2. TEM and FE-SEM images for hybridization of PCA3 sequence to functionalized NWs. (A) Hybridizations using PCA3 mimic. NWs were
functionalized with ASOT735, and Au NPs were functionalized with ASOT683. Top sections show TEM and FE-SEM images obtained using 45 nt DNAmimic of
PCA3, and bottom sections show TEM and FE-SEM images obtained using a non-complementary control DNA. Left sections represent TEM images and right
sections show FE-SEM images. Insets in the TEM images are 2 × magnifications to show more detail on the SiO2 coating and attached Au NPs. Scale bars
represent 500 nM. (B) Hybridizations using authentic PCA3 RNA transcripts. Top sections show results with SiO2 coated NWs functionalized with
complementary ASOT735, whereas bottom sections show results using NWs functionalized with a mismatched ASO. As in (A), left sections show TEM images,
and right sections show FE-SEM images. RNA concentration was ∼ 20 × lower than that of the DNA mimic. Scale bars represent 500 nM.
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mismatched ASOs. These results again indicate high specificity
of the sandwich hybridization system.

Au NP surface coverages, as estimated from the FE-SEM
images, were (1.4 ± 0.4) × 1010/cm2 (7100 nm2/particle) for the
complementary target and (3 ± 2) × 107/cm2 (3.3 × 106 nm2/-
particle) for the noncomplementary control. Pre-hybridizing the
target DNA to the ASO-coated Au NPs gave similar particle
coverages compared with initial PCA3 hybridization to the NWs,
followed by hybridization to ASO:Au NP.

In similar experiments where the PCA3mimic DNA sequence
was replacedwith 20 nM in vitro transcribed PCA3RNA,we also
observed excellent selectivity for PCA3 RNA over the non-
complementary control RNA (Figure 2, B), although under these
conditions lower surface densities of Au NPs were observed. In
addition, the wire-to-wire variability in Au NP coverage was
higher for the experiments with authentic RNA samples (on the
same order as the coverage; Figure 2, B). The lower coverage for
the PCA3 RNA as compared with the DNA mimic sequence
could result from a number of factors. For example, multivalency
is known to play a crucial role in the binding thermodynamics of
DNA:Au NP to surfaces,41,42 and reduced multivalency because
of the larger size of the RNA molecules may be responsible for
the lower coverage observed for PCA3 RNA (either for
individual RNAs or the number of molecules involved in binding
of each 50-nM Au NP). For CTC detection, multiple attachments
per particle seem unlikely. Decreased coverage could also simply
reflect RNA degradation, in which case RNAse inhibitors and
stringent precautions will rectify the loss.
Optical measurement of NW resonance frequency shift

Biosensor transduction, involving the correlation between
measured resonant frequency shift and ASO:Au NP target mass,
was tested using Rh NRs. With the complementary PCA3-ASO:
AuNPs in sandwich hybridization assays, we observed substantial
binding of ASO:Au NPs (Figure 3 shows results for a
representative Rh NR with significant numbers of bound particles
and a measured frequency shift ∼200 kHz lower). In comparison,
following the same procedure with the non-complementary ASO:
Au NPs, we observed a negligible frequency shift and no bound
particles visible by SEM (Figure 4), indicating the high
specificity of target capture by the ASO probes (background
resonance frequency shifts were on the order of 1% of that
induced by a single Au NP, but it was in the opposite (increased)
direction, which presumably reflects slight alterations induced by
the hybridization process itself and not non-specific binding).

To estimate bound mass, we used an SEM image count of the
number of Au NPs × 2, assuming an equal number of particles on
the upper and lower halves of the NRs. For a lightly loaded,
single-degree-of-freedom, linear harmonic resonator, the frac-
tional mass change (added mass/NR mass) is twice the fractional
change in frequency (frequency shift/NR resonance frequency).
The best fit straight line through the origin was empirically found
to have slope 2.0 (Figure 5), establishing that this simple
resonator model performs mass detection very well (at least up to
15% mass loading, the maximum we have examined, which is
far above any likely concentrations of PCA3 or other CTC
marker RNAs to be tested).
Discussion

In this study we have determined optimal sites for ASO
binding to PCA3, a PCa marker RNA, in a “sandwich”
hybridization assay. Conditions were developed that showed
essentially no non-specific binding, and target RNA binding was
not adversely affected by addition of non-complementary
competing cytoplasmic RNA (at 1000 × excess).

image of Figure 2


Figure 3. Resonance frequency shift following sandwich hybridization assay
with the complementary probe-PCA3 target. PCA3 target was used in a
sandwich hybridization assay with the complementary ASO combination.
Upper left panel shows a scanning electron micrograph of a single clean
RhNW before hybridization. Upper right panel shows the same RhNW after
the sandwich hybridization assay, with a substantial number of 50 nm Au
NPs bound. Bottom panel shows a significant leftward shift (∼200 kHz lower
frequency) of the resonance peak on particle binding.

Figure 4. Resonance frequency shift after sandwich hybridization assay with
a non-complementary probe-PCA3 target. As a control, a non-complemen-
tary probe-target combination was used in the sandwich hybridization assay.
Upper left panel shows a clean RhNW before hybridization. Upper right
panel shows the same RhNW after hybridization with a non-complementary
target. No Au NP binding was observed. We observed a negligible frequency
shift (bottom panel, requiring a different scale from Figure 3, to be visible),
that represents b 1% of the shift induced by a single Au NP, and this shift was
an increase in resonance frequency, which presumably represents minor
effects produced by the hybridization protocol.
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Binding of ASO:Au NPs to PCA3 target molecules (either
RNA or a “mimic” DNA) on silica-coated NWs retained the high
specificity observed with spotted microarrays. These ASO:Au
NP tags amplify the mass of the nucleic acids in the sandwich
assay by a factor of ∼3000, greatly amplifying resonance
frequency shifts, which facilitates detection of very low levels of
target RNA molecules. Specificity is excellent, because the
sandwich hybridization format requires two high-specificity
binding events. We found that binding of ASO:Au NPs to
derivatized NRs induces a resonance frequency shift, which
is quantitatively proportional to the number of ASO:Au NPs
bound, with each bound ASO:Au NP inducing a shift of∼1 kHz,
which is easily measureable with standard equipment.

There is a growing interest in NW-based sensors41 because
of the many advantages they offer, including high surface-to-
volume ratios, the relatively high densities of functionaliza-
tion moieties such as nucleic acids (although the important
contribution of “nanostructure” also influences capture efficien-
cy42), and their facile integration into addressable arrays. A
variety of materials are suitable for NW synthesis, with particular
interest in use of silicon,43 and many applications use optical
sensing strategies.43,44 In this study we used optical detection of
resonance frequency shifts, in a manner compatible with bottom-
up assembly of arrays. Others have also used silicon NRs (in a
top-down assembly scheme that is also compatible with CMOS
fabrication) in conjunction with piezoresistive detection with
impressive detection efficiency.45

In this study, ASOs were displayed on NWs and Au NPs
for RNA detection; the Au NPs greatly amplify NR resonance
frequency shifts, although Au NPs are also finding wide use in a
variety of other sensing schemes.46,47 Use of aptamers for detection
of proteins or other targets proceeds in analogous manner.44

image of Figure 3
image of Figure 4


Figure 5. Fractional increase in mass because of bound Au NPs. After a
sandwich hybridization, the number of Au NPs bound to NRs was counted by
FE-SEM, and their mass is shown plotted against measured fractional change
(left-shift) in frequency, for several RhNWs subjected to the sandwich
hybridization assay with complementary probe-PCA3 target RNA combina-
tion. Data points and the best fit line through the origin show a slope of 2, in
agreement with the expectation for small mass loading of a linear, single-
degree-of-freedom resonator.
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By using a bottom-up approach, we intend to array many
(potentially hundreds) of different functionalized NRs, each
containing different ASO sequences directed to regions found
within distinct marker RNAs for many different cancers. Given
many recent studies showing that even early-stage lesions can
give rise to significant numbers of CTCs, such a functionalized
array should enable screening for early cancers in a prospective
manner. This approach has many advantages, including high
specificity, sensitivity, and lack of need for amplification steps. It
provides a viable alternative for other approaches, which have
generally relied on positive selection using epCAM. For
example, Chung et al48 described a sensitive electrical biosensor
which involved magnetic concentration, immunochemistry, and
impedance spectroscopy for detection, and Stott et al49 described
a microvortexing chip also using epCAM capture of CTCs.
Other approaches, such as a “negative selection” protocol, which
depletes normal cells to achieve major CTC enrichment,50

although inherently more involved, are also of potential interest
and compatible with our platform approach.
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