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ABSTRACT: Development of a rapid, cost-effective, label-
free biosensor for DNA detection is important for many
applications in clinical diagnosis, homeland defense, and
environment monitoring. A unique label-free DNA biosensor
based on Molecular Sentinel (MS) immobilized on a
plasmonic ‘Nanowave’ chip, which is also referred to as a
metal film over nanosphere (MFON), is presented. Its sensing
mechanism is based upon the decrease of the surface-enhanced
Raman scattering (SERS) intensity when Raman label tagged
at one end of MS is physically separated from the MFON’s
surface upon DNA hybridization. This method is label-free as
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the target does not have to be labeled. The MFON fabrication is relatively simple and low-cost with high reproducibility based on
depositing a thin shell of gold over close-packed arrays of nanospheres. The sensing process involves a single hybridization step
between the DNA target sequences and the complementary MS probes on the Nanowave chip without requiring secondary
hybridization or posthybridization washing, thus resulting in rapid assay time and low reagent usage. The usefulness and potential
application of the biosensor for medical diagnostics is demonstrated by detecting the human radical S-adenosyl methionine
domain containing 2 (RSAD2) gene, a common inflammation biomarker.

D eveloping a highly efficient DNA biosensor is essential to
clinical diagnostics, environmental monitoring, food
safety inspection, biowarfare target detection, and forensics.' ™

Recent developments in nanotechnology provide some
promising solutions. Ultrasensitive detection of DNA based
on nanoparticles,”® nanoarrays,” and nanowires® have been
reported. There has been great interest in the development of
surface-enhanced Raman scattering (SERS)-based analytical
techniques for chemical and biomedical applications.” Our
group has been involved in the development and application of
various SERS plasmonic platforms ranging from nanoparticles
to nanopost arrays, nanowires, and nanochips.lo_14 A unique
SERS platform consisting of a metal film over close-packed
nanosphere substrate was first developed in our laboratory in
1984.'° With this substrate, we have demonstrated the
analytical potential of the SERS effect and its practical use for
trace analysis.'® This type of substrate, referred to “Nanowave”
due its periodic wave-like structure, was later investigated and
used by Van Duyne and co-workers, who employed the term
“metal film over nanosphere” (MFON) to describe it."® The
Nanowave or MFON substrate has been shown to be
particularly effective for SERS applications.'®'” Due to its
relatively low fabrication cost and high enhancement factor, it
has been used in a wide variety of chemical and biological
sensing applications.lg_21

There has been a great interest in the use of SERS for DNA
detection.”” > We have developed a unique SERS-based probe
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for DNA detection, referred to as the “molecular sentinel”
(MS).** The MS probe consists of a DNA strand having a
Raman label molecule at one end and a metal nanoparticle at
the other end. The plasmonics nanoprobe uses a hairpin-like
stem-loop structure to recognize target DNA sequences. Note
that hairpin DNA structures, first developed by Tyagi and
Kramer in 1996, have been used in “molecular beacon”
systems that are based on optical and electrochemical
detection.**™*' The sensing principle of molecular sentinels,
however, is quite different from that of molecular beacons. With
MS systems, in the normal configuration (i.e., in the absence of
target DNA), the DNA sequence forms a hairpin loop, which
maintains the Raman label in close proximity of the metal
nanoparticle designed to induce an intense SERS signal of the
Raman label upon laser excitation. Upon hybridization of a
complementary target DNA sequence to the nanoprobe hairpin
loop, the Raman label molecule is physically separated from the
metal nanoparticle, thus leads to a decreased SERS signal.

In this work, a label-free DNA biosensor based on MS
immobilized on Nanowave/MFON is presented. Gold is
chosen over silver for MFON fabrication due to its resistance
to oxidation, creating a stable SERS enhancement. By using
self-assembly on water—air interface method, we are able to
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Table 1. Single Strand DNA Sequences Used in This Study

name
RSAD2-MS

complementary target DNA
noncomplementary DNA

sequence

§'-SH-AAAAAGTGTAGAAAGCGACTCTATAATCCCTACAC-Cy3—-3'
5’-GTGTAGGGATTATAGAGTCGCTTTC-3’
§'-TAGGTTATCAGACTGATGTTGA-3’

obtain a large area of MFON. Our method is target DNA
labeling-free, secondary hybridization-free, and posthybridiza-
tion washing-free, making it simple-to-use, with short runtime
and low reagent cost. To the best of our knowledge, the use of
MS-functionalized MFON SERS substrate for label-free DNA
detection has not been reported.

To demonstrate the usefulness of the presented biosensor for
disease diagnosis, the RSAD2 (Viperin) gene, a common host
biomarker of inflammation, is used as target DNA in this study.
This gene is expressed as a response of the host immune system
to the infection of various viruses including human influenza
virus, hepatitis C virus, retroviruses, cytomegalovirus, etc. A
recent study showed that, by profiling the host gene expression
in peripheral blood, individuals with symptomatic acute
respiratory infections can be distinguished from uninfected
individuals with >95% accuracy.* Among 30 predictive genes
used in the study, RSAD2 is one of the most highly
differentially expressed genes. Thus, the RSAD2 gene is chosen
as test model for developing our novel DNA biosensor.

B MATERIALS AND METHODS

Materials. Premium precleaned microscope slides (25 X 75
X 1 mm) were purchased from VWR (Radnor, PA).
Poly(ethylene oxide) (PEO) powder (average molecular
weight, M,, of 100000), sodium dodecyl sulfate (SDS),
mercaptohexanol (MCH), mercaptoethanol (ME), sulfuric
acid (H,SO,), ammonium hydroxide (NH,OH), hydrogen
peroxide (H,0,), sodium chloride (NaCl), sodium phosphate
buffer pH 7.0 (SPB), and ethanol (EtOH) were purchased from
Sigma Aldrich (St Louis, MO) and used as received unless
noted otherwise. Polystyrene beads (PS) (5000 series, size 520
nm, CV < 3%, 10% solids) were purchased from Fisher
Scientific (Pittsburgh, PA). Millipore Synergy ultrapure water
(DI) of resistivity = 18.2 MQ cm was used in all aqueous
solutions. Gold pellets were obtained from Kurt Lesker
(Clairton, PA). The single strand DNA sequences used in
this study were synthesized by Integrated DNA Technologies
(IDT, Coralville, IA) and shown in Table 1.

The underlined sequences indicate the complementary arms
of the MS hairpin, and the bold sequence represents the target
sequence complementary to the loop region of the MS hairpin.

Fabrication of Monolayer of Polystyrene Beads.
Microscope glass slides were cleaned by immersion in a freshly
prepared piranha solution (3:1 96% H,SO,: 30% H,0,) for 1 h
at 90 °C. The glass slides were then washed with copious
amounts of DI before being sonicated in a 5:1:1 DI/NH,OH/
H,O0, solution for 1h. The glass slides were stored in DI until
use.

PS (10% solids) were mixed with ethanol (1:2 ratio), and a
trace amount of PEO was added (2 mg PEO for 1 mL mixture
of PS and ethanol). PEO served to bind PS together as PS
assemble.*®

A self-assembly at the water—air interface technique was
modified and used to produce monolayers of PS on glass slides
(Figure 1).*%*7 A thin layer of water was created on a cleaned,
hydrophilic glass slide by pipetting 1.5 mL DI on the glass slide.

water (U
glass

Inject mixture

of PS & EtOH
syringe pump Rem(;i\;e
water film

leccococcocooc il

Figure 1. Fabricating monolayer of PS on glass slide based on self-
assembly on water—air interface method.

A small amount of SDS surfactant (S uL of 2 mM SDS) was
added on the water layer and served as a soft barrier. The PS
solution was injected on the edge of the water layer using a
syringe pump (KD Scientific KDS200). With the assistance of
ethanol, PS quickly spread on the water film and self-assemble
into a monolayer at the water—air interface. PS were
continuously injected until the whole water surface was covered
with a monolayer of PS. The water film was then carefully
removed, leaving a monolayer of PS on the glass slide. To
facilitate water film removal, the glass slide was slowly tilted
manually from 0 to 30 degrees while the water was pipetted off
at one end of the glass slide. The glass slide with a monolayer of
PS was kept in a Petri dish at room temperature with the lid
slightly open so that the rest of the water could evaporate.
Upon water evaporation, a large-area monolayer of PS on glass
slide was obtained.

Metal Coating. Before metal coating, the prepared
monolayer of PS on glass slide was annealed in an oven at
80 °C for 1 h to induce area contact (instead of point contact)
between PS and the glass surface. This annealing process
enhanced the PS and glass slide bonding. The annealed
substrate was then coated with 200 nm of Au (5 A/s) at 5 X
10°° mTorr using Kurt Lesker PVD 75 electron beam
evaporator. The MFON substrate was obtained after metal
deposition. To prevent contamination by contaminant
molecules in the air, the obtained MFON were stored in a
N, box before use.

Scanning Electron Microscope (SEM). SEM images were
taken on FEI XL30 SEM. The accelerating voltage was set at 7
kV, and working distance varied between 11 and 12 mm.

Reflectance Spectroscopy. Reflectance measurements
were performed using a Halogen light source (HL-2000-
FHSA), a reflection probe (R200-7-UV-vis), and a USB
spectrometer (USB2000+VIS-NIR-ES) from Ocean Optics.
Six radial fibers of the reflection probe were used for excitation,
and the center fiber was used for collection. From the
reflectance spectrum, localized surface plasmon resonance
(LSPR) of the MFON substrate was identified.

Theoretical Calculations. Following our previous works
investigating the plasmonic properties of Nanowave struc-
tures,*** the theoretical calculation of the electromagnetic field
for the MFON was performed using the RF module of
COMSOL Multiphysics version 4.3a. A model of the MFON
was built where the PS diameter was 520 nm, the gap between
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PS was 52 nm, and the gold thickness was 200 nm. The PS was
described by a wavelength-independent refractive index of 1.59.
The gold coatin§ was modeled by the Lorentz-Drude
dispersion model.>” Based on this model, the theoretical local
electromagnetic field (EM) enhancement |El was calculated
using the finite element method (FEM). The maximum mesh
size was set to 50 nm. The MFON substrate’s model was
excited by an incident plane wave at 633 nm, propagating from
above along the negative z-direction, and containing only x-
polarized components. Direction of the z-axis and x-axis were
shown in Figure 4(a).

Functionalization of MFON with MS. A 20 L drop of
0.5 uM RSAD2-MS in 0.5 M NaCl and 10 mM SPB aqueous
solution were delivered onto the MFON substrate. The
substrate with MS was then kept in an airtight container for
maintaining a stable humidity. After 2 h, the substrate was
rinsed with DI and soaked in 1 mM MCH aqueous solution to
displace nonspecifically adsorbed MS probes and to passivate
the gold surface.’® Finally, the substrate was rinsed with DI

Surface coverage of MS probe on MFON substrate was
determined using the fluorescence-based method.”> As-
prepared MS-functionalized MFON substrates (0.3 X 0.5 cm)
were soaked in 0.5 M ME solutions. After 15 h at room
temperature, the substrates were removed from the solutions,
which now contained displaced MS probes. Fluorescence
intensities of the solutions were measured using a plate reader
(FLUOstar Omega). Fluorescence intensities of 0.5 M ME
solutions containing known concentrations of MS probe were
also measured and used to establish a standard calibration
curve. From this calibration curve, molar concentrations of MS
probe displaced from MFON substrates were determined. The
average amount of displaced MS probes was calculated by
multiplying the measured molar concentration by the solution
volume. Finally, the surface coverage of MS probe on MFON
substrate was obtained by dividing the number of the displaced
MS probes by the estimated MFON surface area.

Hybridization and SERS Detection. Samples (20 uL
each) of blank, noncomplementary DNA and complementary
target DNA (in 0.5 M NaCl and 10 mM SPB aqueous
solutions) at different concentrations were delivered onto MS-
functionalized MFON substrates and maintained at 37 °C in an
airtight container under constant humidity to promote DNA
hybridization. After 2 h incubation, samples were taken out
without washing. SERS measurements were performed using a
Renishaw InVia confocal Raman microscope. A HeNe laser
(Coherent, model 106—1) emitting a 632.8 nm line was used as
the excitation source. The light from the laser was passed
through a line filter and focused on a sample via a 10X
microscope objective. The focused laser spot size, ~10 pum
diameter, was identified using scanning knife-edge method.>®
The Raman scattered light was collected by the same objective,
and passed through a holographic notch filter to block the
Rayleigh scattered light. An 1800 groove/mm grating was used
to disperse the collected light, providing a spectral resolution of
1 cm™". The Raman scatter was detected using a 1024 X 256
pixel RenCam charge-coupled device (CCD) detector. For
each sample, five SERS spectra were acquired from five
different spots across the detection area using a motorized XY
translational stage internal to the microscope. The exposure
time for each spot was 10 s. The five acquired SERS spectra
were then background subtracted and averaged using Matlab to
represent the final SERS spectrum for each sample. Note that

only 10% of the laser power, that is, 0.5 mW, was used to avoid
damaging the DNA sequences.

B RESULTS AND DISCUSSION

DNA Detection Scheme. The detection scheme is shown
in Figure 2. First, the MFON is functionalized with MS. The

Laser SERS Laser E Quenched

Target SERS
\?/ o N ok
@ Raman label ?Molgiﬁ'a'r"é'éﬁmeu

Figure 2. Label-free complementary target DNA detection scheme.

complementary arms of the MS hairpin hybridize into 6 base-
pair stem sequence with melting temperature (Tm) ~ 46 °C
allowing formation of a stable hairpin structure at room
temperature in the absence of a complementary DNA target.
The 3’-end of MS hairpin probes was modified with Cy3
Raman label. Conjugation of MS probe onto the MFON’s gold
surface was achieved by using an alkyl thiol substituent at the
S’-end. To effectively separate the Raman labels from the
MEFON’s metallic surface upon hybridization to the comple-
mentary target DNA, the length of the DNA hairpins was
designed to be 35 nucleotides. In the absence of target
sequence, the MS’s stem loop is in the closed state. At this
state, the Cy3 dye is in close proximity to the gold surface (<1
nm), inducing a strong SERS signal. When the complementary
target DNA sequence is added, it hybridizes with the MS,
forcing the stem loop to open. At this state, the Cy3 dye is
physically separated from the Au surface. The opened stem
loop results in a quenched SERS signal.

MFON Fabrication and Characterization. The mono-
layer of PS on microscope glass slide is presented in Figure 3.
Due to light diffraction, the structure has different colors under
different angles of view as shown in Figure 3(a) and (b). By
using self-assembling on water—air interface method, a large

Figure 3. (a, b) Photographs of PS monolayer on microscope glass
slide at two different viewing angles. (c) SEM image of a 520 nm PS
monolayer covered by a 200 nm thick Au layer. Scale bars in (a, b): 10
mm, (c): 2 um.
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Figure 4. (a) Theoretical EM field enhancement |El upon 633 nm excitation on the MFON model. The enhancement is normalized by log|El. (b)

Experimental reflectance spectrum. LSPR is identified at 723 nm.

area of PS monolayer (25 X 75 mm) is obtained. Although
there are some long cracks in the monolayer on the microscope
glass slide, by cutting the glass slide into smaller pieces (e.g,, 10
X 10 mm), long crack-free, centimeter-scale monolayers could
be obtained. For DNA detection applications, where the
detection site can be as small as the laser spot size (i.e., a few
micrometers), this centimeter-scale substrate can be extended
into a microarray format consisting of thousands of detection
sites. This substrate, therefore, has potential for high
throughput analysis, which is desirable in many DNA detection
applications. Fabricating the substrate is relatively simple. By
letting the PS self-assemble on the surface of a water film on the
glass slide instead of the surface of water in a tank, transferring
the PS monolayer from the water surface to the substrate is
easily accomplished by simply pipetting the water film from the
substrate. The use of syringe pump for injecting mixture of PS
and EtOH allows that injection speed can be easily adjusted.
SEM image in Figure 3(c) confirms the effectiveness of the
water—air interface method for fabricating PS monolayers. As
shown in the SEM image, self-assembled PS form a periodic
hexagonal pattern.

SERS Enhancement and LSPR of the MFON. Theoretical
local EM field enhancement |El upon 633 nm excitation on the
MFON model is shown in Figure 4(a). The EM field
enhancement is most intense at the interparticle crevice
between adjacent half-shell gold-coated PS. The largest local
EM field enhancement |E| is ~15.64 which created SERS
enhancement [EI* ~ 6 X 10*. Experimental reflectance spectrum
of the MFON substrate is shown in Figure 4(b). LSPR is
identified at 723 nm corresponding to the minimum
reflectance.

Surface Coverage of MS Probe and DNA Detection.
Results from surface coverage measurements show that the MS
probe coverage is ~0.5 X 10" molecules/cm?. This value is
similar to a previous study on molecular beacon probe on Au
surface.’* Figure 5 shows the SERS spectra taken 2 h after
blank, 5 M noncomplementary DNA sequence, and S M
complementary target DNA sequence were added on MS-
functionalized MFON. The 1197 cm™' peak was used to
compare the SERS intensities of the three samples. On one
hand, the intensity difference between the noncomplementary
DNA sample and the blank sample is very small. On the other
hand, the complementary target DNA sample’s intensity is
considerably smaller than the blank sample’s intensity. This
result showed that the presented biosensor can distinguish
between complementary target DNA from noncomplementary
DNA. The decrease in SERS intensity after complementary
target DNA addition indicates that the complementary target
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300 600 1800

Figure 5. SERS spectra from blank sample, noncomplementary DNA
sample, or complementary target DNA sample 2 h after delivery on
MS-functionalized MFON substrates. The dashed lines mark the blank
sample’s SERS intensity. The dash-dot line marks the complementary
target DNA sample’s SERS intensity.

sequences hybridized with the MS probes and opened the MS’s
stem loops. The Cy3 dyes tagged at the 3’-end of the MS were
physically separated from the MFON surface by about 35
nucleotides (approximately 10 nm). Since SERS enhancement
exponentially decreases with increase in Raman label-metal
surface distance,’? the increase in distance between Raman
label Cy3 and MFON surface from <1 nm (prior to
hybridization) to 10 nm upon DNA hybridization leads to a
strong decrease of SERS enhancement and causes a decrease of
SERS intensity. It is noteworthy that the target DNA was
detected without being labeled. SERS spectra were acquired
after a single hybridization step between the sample and MS
preimmobilized on MFON substrate. Secondary hybridization
to form “sandwich” of DNA-capture probe/DNA target/DNA-
27,55

reporter probe is not required. Since DNA reporter probes
are not used, posthybridization washing to remove unhybri-
dized DNA reporter probes is also not required. Our method,
therefore, has rapid runtime and low reagent usage.

The possibility for quantitative analysis is shown in Figure 6.
Complementary target DNA samples (20 pL each) at 1 uM, S
4M, and 10 uM were delivered on RSAD2-MS functionalized
MFON. Upon delivery onto the MFON, the 20 uL target
sample drops spread out to ~1 cm diameter spots. The focused
laser spot of ~10 um diameter excited only a minute fraction
(107%) of the samples (only 20 pl). Thus, the amount of
complementary target DNA excited by the focused laser spot is
approximately 20 attomoles, 100 attomoles, and 200 attomoles,
respectively. As shown in the Figure 6, the SERS intensity
decreases with increasing amount of complementary target
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Figure 6. SERS intensity at different amount of complementary target
DNA (inset: corresponding RDI). Error bars: standard deviation (n =
S).

DNA. This result suggests that more MS hairpins are opened
when higher amount of complementary target DNA delivered
to the chip. As a result, more Cy3 Raman labels tagged at 3'-
end of the MS are physically separated from MFON’s gold
surface which results in smaller SERS intensity. Note that in
this study, SERS intensity reductions are relatively small
although the amounts of complementary target DNA is much
higher than the number of MS probes on the same area. This is
probably due to low hybridization efficiency. Since hybrid-
ization efficiency is highly dependent on probe cov<erage,56_58
fine-tuning and optimizing the probe coverage can enhance the
hybridization efliciency, therefore the sensitivity.

In this work, the lower SERS intensity of a sample, the more
complementary target DNA exists in that sample. This inverse
relationship is inconvenient for quantitative analysis. Alter-
natively, we introduce a new parameter called relative
diagnostic index (RDI). RDI of a sample is defined as:

I — I
SERSblank SERSsample
RDI P

sample LsERSblank (1)
where Igprsample i SERS intensity of that sample, Ippspiank i
SERS intensity of blank sample. Based on the definition, the
higher RDI of a sample indicates the higher amount of
complementary target DNA exists in that sample since its SERS
intensity Isgrgample 1S smaller. RDI-based DNA quantitative
analysis is shown in Figure 6 inset. From the inset, proportional
relationship between the amount of complementary target
DNA and RDI is clearly observed.

B CONCLUSIONS

We have demonstrated a novel label-free DNA biosensor based
on MS immobilized on Nanowave/MFON substrate. This MS-
Nanowave based DNA biosensor is relatively easy to fabricate
at low-cost and can specifically detect a complementary target
DNA, such as the RSAD2 inflammation biomarker gene. The
results indicate the possibility for quantitative analysis. Because
the target does not need labeling and secondary hybridization
or posthybridization washing is not required, the DNA
biosensor is simple to use, has rapid assay time, low reagent
usage, and is cost-effective. The use of SERS as the readout
technique will allow high selectivity, potentially high level of
multiplexing analysis, and avoids photobleaching often
encountered in fluorescence detection schemes. Since the
sensor is based on a solid substrate, our method could be
extended to microarray chip platform, which is suitable for high
throughput analysis. With portable and hand-held Raman
readers now commercially available, this biosensor has potential

applications for point-of-care disease diagnosis and chemical
and biological detection in the field.
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