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A B S T R A C T

Combined separation and detection of biomolecules has the potential to speed up and improve the sensitivity of
disease detection, environmental testing, and biomolecular analysis. In this work, we synthesized magnetic
particles coated with spiky nanostructured gold shells and used them to magnetically separate out and detect
oligonucleotides using SERS. The distance dependence of the SERS signal was then harnessed to detect DNA
hybridization using a Raman label bound to a hairpin probe. The distance of the Raman label from the surface
increased upon complementary DNA hybridization, leading to a decrease in signal intensity. This work de-
monstrates the use of the particles for combined separation and detection of oligonucleotides without the use of
an extrinsic tag or secondary hybridization step.

1. Introduction

Nanotechnology has led to faster, more sensitive, and more selective
methods of biomolecule detection [1,2]. In addition, it has offered the
possibility of miniaturization and the ability to combine the steps re-
quired for detection into a single platform. By combining multiple steps
(concentration, purification, detection) into a single platform, we can
envisage new applications in point-of-care diagnostics, environmental
testing, and biomolecular analysis.

Magnetic particles are commonly used for separating and con-
centrating specific biomolecules [3–7]. The benefits of magnetic par-
ticles for biomolecule concentration and separation include a simple
and inexpensive set-up (typically requiring only the particles them-
selves and a magnet), no extensive technical training, and result in
highly sensitive and selective separation [8]. Superparamagnetic par-
ticles are considered optimal since they will remain dispersed when
added to a sample, allowing the analyte to bind to their surface, but will
be separated when a magnet is used [9,10]. A challenge with using
superparamagnetic particles is that separation times are often prohi-
bitively long [11,12]. One method that has been used to overcome this
is to use controlled aggregates (150–300 nm) of superparamagnetic
nanoparticles (~ 20 nm) to increases the total magnetic moment while
still maintaining the superparamagnetic properties of the particles.

In most cases where magnetic particles are used, the purified bio-
molecule is dissociated from the magnetic particles for subsequent
analysis. Since the biomolecule is already pre-concentrated and speci-
fically bound to the surface, an interesting possibility is to directly
detect it while still attached using a surface-sensitive detection method.

Surface-enhanced Raman spectroscopy (SERS) relies on the electro-
magnetic enhancement induced by nanostructured metal surfaces (ty-
pically gold or silver) to greatly increase the Raman signal (enhance-
ments on the order of 104–107) [13]. SERS also offers fingerprint
specificity, which leads to the possibilities of highly specific detection
and multiplexing. Coating magnetic particles with a nanostructured
metal can therefore enable combined magnetic separation and SERS
detection of molecules bound to the particle surface.

Several other researchers have investigated forming nanostructured
gold shells on various core particles [14]. Gold nanostars with small
iron oxide cores (gold nanostars: ~ 100 nm, iron oxide cores:< 30 nm)
have been synthesized for use in gyromagnetic imaging [15,16], as
recyclable catalysts [17], for protein separation and SERS detection
[18], and for enhanced electromagnetic properties [19,20]. Others have
formed nanostructured gold shells on cores of various materials in-
cluding polymer beads [21,22], block copolymer assemblies [21], gold
nanowires [23], gold nanorods [24], and other metallic particles
[25–27].

Label-free methods of detection using SERS are of interest because
they can reduce the number of steps required for detection and because
of the fingerprint specificity obtainable by SERS. Label-free detection of
nucleic acids using SERS has been used to quantitatively analyze ssDNA
[28], identify single-base mismatches [29,30], and to differentiate be-
tween ssDNA and dsDNA [31–33]. This latter task can still be chal-
lenging, especially at the low concentrations seen with hybridization
detection, since the same four bases are usually present in both probe
and target. In addition, when this involves selective capture, a capture
probe must first be bound to the surface, leading to an orientation-
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dependent signal [31,34] that can increase the challenge of hy-
bridization detection.

Another approach is to harness the distance dependence of the
signal by using a Raman tag bound to the probe; the probe is designed
so that the proximity of the tag relative to the surface changes upon
target binding, resulting in a signal change [35–40]. While this ap-
proach loses the direct correlation between the molecule and the signal
(and thus potential information on the nature of the binding interac-
tion), it still has the benefit of not requiring an extrinsic tag and has the
potential for quantitative measurement of binding, both being bene-
ficial features in a DNA detection method. It also offers the potential for
multiplexed detection, as different tags providing different Raman
signals can easily be used [41,42].

In this work, we synthesized magnetic particles coated with a na-
nostructured gold shell that acts as a SERS substrate. To show the ef-
fectiveness of the particles in biosensing, we used them to detect oli-
gonucleotide hybridization. This is, to our knowledge, a first example of
combined magnetic separation and SERS detection of oligonucleotides
without the use of an extrinsic tag.

2. Material and methods

2.1. Materials

Gold(III) chloride hydrate (HAuCl4∙xH2O), cetyl trimethylammo-
nium bromide (CTAB), sodium borohydride (NaBH4), silver nitrate
(AgNO3), and ascorbic acid, were purchased from Sigma Aldrich.
Millipore water and reagent grade ethanol were used. Silica-coated iron
oxide particles were synthesized previously at the University of
Waterloo [43].

All oligonucleotides were purchased from IDT (Integrated DNA
Technologies, Coralville, Iowa). DNA stock solutions were prepared in
Millipore water then diluted in buffer purchased as a disulfide and reduced
to a thiol using tris(2-carboxyethyl)phosphine (TCEP), purchased from
Sigma Aldrich. For the oligonucleotide ruler experiment, the sequences
used are listed in Table 1. For the experiment investigating the signal
differences between ssDNA and dsDNA, the sequence of the untagged,
non-hairpin probe was –S-(CH3)6−5′-GIGGTTGGTTGTGTTGGGTGTTGT-
GTCCAACCCC-3′, the complementary target sequence was 5′-ACACAAC
ACCCAACACAACCAACCCC-3′, and the non-complementary target se-
quence was 5′-ACACACACACACACACACACACACCC-3′. The sequence of
the tagged hairpin probe, also used for the hybridization experiments, was
Cy5-5′-TTTTTCGCTCCCTGGTGCCGTAGATGAGCGTTTTT-3′-(CH3)3-S-
(purchased as a disulfide), the complementary target sequence was
5′-ATCTACGGCACCAGG-3′, and the non-complementary target sequence
was 5′-TCACACGGAGGCTAC-3′. Both 3-mercapto-1-propanol (MCP) and
6-mercapto-1-hexanol (MCH) were purchased from Sigma Aldrich.

2.2. Particle synthesis

Particle synthesis was done in several steps: magnetite sphere
synthesis, silica coating and functionalization, gold seed binding, then
growth of the gold seeds into spikes (Fig. 1).

2.2.1. Synthesis of magnetite spheres
Magnetite spheres were synthesized using a previously developed

hydrothermal synthesis [43–45]. In brief, sodium citrate dihydrate,
polyacrylamide (PAM), and FeCl3·6H2O were mixed and dissolved in
Millipore water. A small amount of ammonium hydroxide was then
added to the solution under vigorous stirring. This mixture was poured
into a 125mL PTFE-lined stainless steel pressure vessel (Parr Instru-
ment Company) and heated at 200 °C for 12 h. The product was re-
covered magnetically and washed with deionized water and ethanol by
magnetic decantation, then dried under nitrogen.

Magnetic separation of samples in all steps was performed using
either a small neodymium magnet or a rare earth homogenous mag-
netic separator (Sepmag Lab 2142, inner bore diameter 31mm, radial
magnetic field gradient 45 T/m). The samples were placed in or near
the magnet and left to separate for 1–2min. The supernatant was then
gently removed using a pipette.

2.2.2. Silica coating and functionalization
Silica coating was done in a second step [43]. In brief, the magnetite

particle powder was dispersed into a solution of EtOH and Millipore
deionized water by probe sonication. Ammonium hydroxide was then
added to the dispersion, followed by the slow dropwise addition of
TEOS in EtOH solution over 1 h under vigorous mechanical stirring.
This mixture was then stirred at room temperature for 18 h, after which
the product was recovered magnetically and washed with EtOH by
magnetic decantation, then dried under nitrogen.

Silica-coated magnetite particles were functionalized with thiol
groups by first functionalizing the surface with amine groups using (3-
aminopropyl)triethoxysilane (APTES), then by linking 11-mercaptoun-
decanoic acid (MUA) to these groups. The particles were dispersed in
2:1 ethanol: Millipore water for a final concentration of 5mg/mL by
bath sonication. While mechanically stirring the particles in a 50 °C
water bath, 20% v/v APTES solution was quickly added so that the final
APTES concentration was 2% v/v. After 24 h of stirring at 50 °C, the
particles in solution were magnetically separated and decanted, wa-
shed, and dried. To bind the MUA to the amine groups, the carboxylic
acid groups were activated by adding 12mM of NHS and 12mM of EDC
to 10mM MUA in ethanol and left for 15min. The particles were dis-
persed in the activated MUA solution and mechanically mixed for
90min. The particles were then magnetically decanted and washed
three times in ethanol by magnetic separation.

2.2.3. Gold seed binding
Gold seeds were prepared by warming 5mL of 0.2 M CTAB in

Millipore water to 30 °C using a water bath, then by adding 0.125mL of
0.01M HAuCl4∙xH2O to the vial while magnetically stirring. The bright
yellowish-orange solution was stirred for 5min. While still under
magnetic stirring in the water bath, 0.06mL of 0.05M NaBH4 in
Millipore water was added. The light brown solution was stirred for
10min.

Silica-coated magnetite spheres were dispersed in ethanol at 2mg/
mL using a sonic bath. These were combined with equal parts Millipore
water and gold seeds (1 mL of each) and mixed by gentle shaking. The
mixture was placed on a gentle rotating mixer for 1 h. The particles
were then magnetically decanted, washed three times using magnetic
separation in 1mM CTAB in water, and redispersed in the same volume
of 1mM CTAB as the ethanol that was first used to disperse particles at
2mg/mL.

2.2.4. Gold shell growth
Growth solution (20mL) was prepared by adding 1mL of 0.01M

HAuCl4∙xH2O and 0.2mL of 0.01M AgNO3 to 100mM CTAB, then
partially reducing the metal salts using 0.16mL of 0.1M ascorbic acid
(final concentration of 0.5 mM HAuCl4, 0.1 mM AgNO3, and 0.8 mM
ascorbic acid). The solution was warmed to 30 °C using a water bath
and magnetically stirred for 10min. Following this, 400 µL seeded

Table 1
Oligonucleotide sequences used as “rulers”.

Position of AAA Oligonucleotide Sequence

i 1 5′-CCCCCCCCCCCCAAA-3′-(CH3)3-S-
ii 2 5′-CCCCCCCCCCCAAAC-3′-(CH3)3-S-
iii 4 5′-CCCCCCCCCAAACCC-3′-(CH3)3-S-
iv 5 5′-CCCCCCCCAAACCCC-3′-(CH3)3-S-
v 7 5′-CCCCCCAAACCCCCC-3′-(CH3)3-S-
vi 10 5′-CCCAAACCCCCCCCC-3′-(CH3)3-S-
vii 13 5′-AAACCCCCCCCCCCC-3′-(CH3)3-S-
viii – 5′-CCCCCCCCCCCCCCC-3′-(CH3)3-S-
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particles were added to 20mL of growth solution and gently mixed. The
mixture was kept at 30 °C using for 30min. During growth, the initially
light brown solution turned dark grey. The particles in the bath were
magnetically decanted, washed three times using magnetic separation
in 10mM CTAB, and stored in 400 µL of 10mM CTAB.

2.2.5. Particle characterization
Transmission electron microscopy (TEM, Philips CM10) was used to

characterize the size and shape of the particles. Samples for all methods
were prepared by diluting 25 µL of particles at the final listed con-
centrations with 1mL of Millipore water. Magnetization curves were
acquired by a superconducting quantum interference device (SQUID)
magnetometer at 300 K using particles dried in air.

2.3. Oligonucleotide binding and detection

2.3.1. Oligonucleotide ruler binding
Disulfide-modified oligonucleotides were diluted to 100 µM and

mixed with an equal volume of acetate buffer (500mM, pH 5.2). To
reduce the disulfides into thiol groups, TCEP was prepared at 10mM
and added at 5 µL for every 100 µL of above solution; this was left at
room temperature for 1 h. For each sample, 50 µL of gold-coated mag-
netic particles were used. The particles in CTAB solution were magne-
tically decanted; then 100 µL of Millipore water with 0.1% Tween 20
and 52.5 µL of the above oligonucleotide solution were added for each
of the different oligonucleotides.

2.3.2. ssDNA and dsDNA binding
Disulfide-functionalized probe oligonucleotides (100 µM) were

combined with an equal concentration of complementary oligonucleo-
tides or non-complementary oligonucleotides, or an equivalent volume
of water (for ssDNA samples) and diluted to 25 µM in 100mM acetate
buffer with 0.04% Tween 20. To reduce the disulfides into thiol groups,
TCEP was prepared at 10mM and added at 20 µL for every 100 µL of
stock thiol-functionalized probes added. Hybridization was performed
by heating the oligonucleotide mixtures in an oil bath at 94 °C for 2min
and then allowed to slowly cool in oil bath to room temperature for 3 h.

Following the hybridization, 20 µL of gold-coated magnetic particles
(1 mg/mL) were added to a microcentrifuge tube and magnetically
decanted. The oligonucleotide mixtures were then added to the parti-
cles (100 µL) and the tubes were placed on a rotating mixer for 24 h.
The particles were washed in 20 µL of TE buffer (10mM NaCl, 10mM
Tris, 1 mM EDTA, 0.1% Tween 20).

2.3.3. Hybridization detection
Particles were added to 1mM MCH with 0.1% Tween 20 and left for

24 h on a rotating mixer. Particles were then magnetically decanted and
washed three times in TE buffer.

To bind the oligonucleotides, 50 µL of particles were magnetically
decanted and 100 µL of Millipore water with 0.1% Tween 20 and
52.5 µL of the above oligonucleotide solution were added. The

microcentrifuge tubes were covered with aluminum foil and placed on a
rotating mixer for 2 h. Samples were magnetically decanted and washed
three times in Millipore water with 0.1% Tween 20.

Hybridization was performed by diluting the complementary or
non-complementary oligonucleotides to 5 µM in PBS buffer (0.3 M, pH
7) with 3% dextran sulfate and adding 20–20 µL of particles (1 mg/mL)
following magnetic decantation. Particles were placed in a 94 °C oil
bath for 3min, then placed on a rotating mixer in an oven held at 45 °C
for 4 h, then cooled to room temperature and left for 12 h. Particles
were washed three times in TE buffer and resuspended in the same.

2.3.4. Raman spectroscopy
A 20 µL drop of particles was placed on a glass slide with a hydro-

phobic coating and measured immediately, before drying. Raman
scattering spectra of the particles were recorded in the 160–2400 cm−1

range on a Raman spectrometer (Tornado Spectral Systems) equipped
with a near-IR laser diode (785 nm). The laser output power was
100mW. For each spectrum, 15 acquisitions of 20 s each were recorded.
Spectra were normalized using peak heights associated with the alkane
chain linkers.

3. Results and discussion

3.1. Particle synthesis

We grew gold spikes on silica-coated iron oxide spheres using a two-
step method; first, CTAB-stabilized gold seeds were bound to the silica
surface, then the seeds were grown into spiky particles using an aqu-
eous, CTAB-based growth solution (Fig. 1). To bind gold seeds to the
surface, the silica-coated magnetic particles were functionalized with
thiol groups (11-mercaptoundecanoic acid, MUA) that extended from
the amine-functionalized surface (3-aminopropyltriethoxysilane,
APTES), forming a mixed amine/thiol layer, as shown in previous work
[46]. TEM images showed that gold seed binding occurred on the
particles (Fig. 2a-b). When the seeded particles were placed in the
growth solution, the seeds grew into anisotropic shells (Fig. 2c-d).
UV–Vis absorption spectra show broad absorption and short-term sta-
bility (1 week) of the particles (Fig. S1).

For all steps in the synthesis, magnetic separation was used to wash
the particles. During these steps, the particles were easily dispersed in
solution and quickly separated out under the influence of a magnet. A
SQUID magnetometer was used to obtain magnetization curves of the
particles before and after gold coating (Fig. 3). The saturation magne-
tization M( )s of the silica-coated iron oxide particles was 32 emu/g and
after gold shell coating, it was 9 emu/g. When adjusted to account for
the silica coating (estimated using the TEM-determined particle sizes),
the approximate Ms of the iron oxide cores would> 85 emu/g, as the
silica coating likely reduces the particle magnetization [47,48]. This
result is comparable to values obtained using similar particles in other
work [44]. The silica-iron oxide core of the particles makes up 40–50%
of the weight of the particles (estimated using the TEM-determined

Fig. 1. Schematic diagram of spiky particle synthesis steps. Gold seeds are bound to a silica-coated magnetite particle, then grown into gold spikes using a gold salt and CTAB bath
solution.
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particle sizes) giving an adjusted saturation magnetization of
18–23 emu/g, which when compared with the measured 32 emu/g
before gold shell coating suggests that some reduction in magnetization
occurs upon gold coating. Despite this reduction, particle separation
times were still fast (less than two minutes).

The low remanent magnetization (less than 1 emu/g, Fig. 3 inset)
suggests that the particles are not completely superparamagnetic, but

experimental observations along with theoretical calculations lead to
the conclusion that the particles behave superparamagnetically in
practical applications.

3.2. SERS measurement of oligonucleotide probes

The signal enhancement of SERS is a highly distance-dependent
phenomenon [31,49–53]. To determine which future applications of
the particles would be possible or ideal, it is important to characterize
the distance dependence specific to the particles. Other researchers
have used oligonucleotide “rulers” to characterize the distance-depen-
dence enhancement [49,50,53]; as the actual relationship between
enhancement and distance from the surface will vary with different
substrates [51], oligonucleotide rulers were used to characterize the
relationship for the spiky particle surfaces. We bound seven different
thiolated oligonucleotides to the particles, each featuring three adenine
bases at different positions within a series of cytosine bases (Table 1i-
vii), as well as an all cytosine oligonucleotide for a baseline
(Table 1viii).

The Raman spectra following oligonucleotide binding are shown in
Fig. 4. Spectra were normalized using the peak at 1035 cm−1, which
corresponds to a C-C stretching absorption (mostly due to the alkane
spacer) and varies little between oligonucleotide sequences. Normal-
ization was used because of bound concentration variations with oli-
gonucleotide type. Two replicates were prepared for each oligonu-
cleotide type and are shown overlaid; generally, there was high
reproducibility between samples. The relative peak heights associated
with adenine bases and cytosine bases vary with adenine position.
Specifically, peaks that increase with the proximity of adenine to the
surface are at 748 cm−1, 1338 cm−1, and 1472 cm−1; peaks that in-
crease with the proximity of cytosine to the surface are at 764 cm−1,

Fig. 2. TEM images of a-b) silica-functionalized magnetite particles with gold seeds bound to surface and c-d) gold-shells grown on particles.

Fig. 3. Magnetization curves of silica-coated iron oxide particles before (solid) and after
(dashed) gold/silver shell coating. The inset shows the small amount of hysteresis oc-
curring at low magnetic fields.
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1300 cm−1, and 1645 cm−1. Previous research has shown that non-
thiolated oligonucleotides adsorbed non-specifically to SERS substrates
have signals that vary significantly with adenine/cytosine content but
do not vary significantly when adenine position is changed [54]; we
thus conclude that the oligonucleotides are most likely, on average,
oriented in a stretched, upright or slightly angled position with the
sulfur group bound to the gold surface. Previous research also confirms
that this is the most likely result [31,50,55].

We fit the normalized intensity of the peak at 1338 cm−1 (adenosine
ring stretching) [56] to a theoretical model that others have used to
describe distance dependence [50–53],

= ⎛
⎝

+ ⎞
⎠

−
I x

a
1

10

where x is the distance from the surface and a is the average radius of
curvature of the SERS active structures. The model assumes a surface of
electromagnetically isolated ellipsoidal protrusions of equal radius of
curvature, a; since few real substrates fit this ideal model, the true
distance dependence may not be x−10, but this value is used for com-
parison with other work.

The length of the oligonucleotides includes the spacer group, bound
to gold through the sulfur atom, and the chain of fifteen bases. The
approximate length of the spacer group bound to gold is 0.83 nm [57].
We use 0.7 nm as an upper-limit of the length per base of the single
stranded oligonucleotides [58,59]. Again, as an upper-limit, we assume
that the oligonucleotides are oriented normal to the surface. Thus, we
estimate a maximum distance between each base and the gold surface,
x, to be 0.83 + 0.7n, where n is the position of the base in the chain.

The data was fit to the model by summing the calculated intensities
of the three adenine bases and fitting it to the experimental intensities
using a nonlinear least-squares fit. The solid red line in Fig. 5 shows the
values obtained by the model. The theoretical radius of curvature, a,
was 23 nm, a value which is in the range of the substrate features ob-
served by TEM if the theoretical model is taken to be suitable for the
substrate.

We found that the effective sensing distance was ~ 7 nm from the
surface when examining DNA, which is in line with previous work by
Marotta et al. [50] that found an effective sensing distance of ~ 5 nm
and Lal et al. [49] that found an effective sensing distance of ~ 9 nm.
Due to the quickly diminishing enhancement as the distance from the
surface increases, the first few bases dominate the signal. This means
that recognizing or differentiating between DNA strands would prove

challenging using SERS when oligonucleotides are oriented in a specific
direction.

3.3. Investigating signal differences between ssDNA and dsDNA

Detecting DNA hybridization on the particles presents a challenge.
Ideally, a label-free method would be used, where a change in signal
occurs directly upon target binding to the probe. The above results,
along with those seen in literature [28–33], show that the Raman signal
can vary with base composition, so it might be expected that DNA
hybridization would present a different signal.

An alternative route to detect DNA hybridization that still does not
require an extrinsic tag is to use a hairpin probe with a Raman tag
attached to the end (Fig. 6). This method takes advantage of the dis-
tance dependence of the SERS signal. Before adding a hybridizing
target, the probe forms a hairpin structure that draws the Raman tag to
the surface, so the signal from the Raman tag is high (closed position).
When a target strand hybridizes with the probe, the hairpin will extend
and bring the Raman tag away from the surface, so the signal from the
Raman tag will decrease due to the distance dependence of the SERS
enhancement (open position).

To test these two methods, we first tried performing the hy-
bridization steps in solution using the thiolated probe DNA combined
with complementary or non-complementary DNA, or without any ad-
ditional DNA (binding probe ssDNA to the surface). Assuming that the
complementary DNA fully hybridizes with the probe DNA, this gives a
potential maximum signal change while avoiding the challenge of
performing hybridization to a surface-bound probe.

The signals from the case of label-free, direct detection (where no
Raman tag was used) are shown in Fig. 7a. Spectra were normalized
using the intensity at 1087 cm−1, which corresponds to the C6 alkane
chain linker. No obvious changes could be observed between the case
where dsDNA should have been binding compared with the case where
ssDNA should have been binding.

We performed a similar experiment with the thiolated hairpin
probe, using Cy5 as a Raman tag. In this case, the signal from the Cy5
tag should be lower in the case of dsDNA binding (probe and com-
plementary oligonucleotides) compared with ssDNA binding. Fig. 7a
demonstrates that this is what is observed. Spectra were normalized
using the intensity at 1023 cm−1, which corresponds to the C3 alkane
chain linker. We observe similar peak intensities from the thiolated

Fig. 4. SERS spectra of oligonucleotide “rulers” bound to spiky gold-coated particles. The
rulers (i-vii) correspond to those listed in Table 1. Two spectra are shown overlaid for
each oligonucleotide.

Fig. 5. Raman peak intensity (I1338) after normalization using the peak intensity at
1035 cm−1 for oligonucleotides with different adenine group positions. The red line
shows a fit to the data based on the distance dependence of the SERS signal. Error bars
indicate a 95% confidence interval.
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three carbon alkane chain linker (C-S bonds at 707 and 646 cm−1 and
alkane chain at 1023 cm−1), but lower peak intensities (50–60% of that
from ssDNA only) from the Cy5 tag (558 cm−1, many peaks in region
from 1100 to 1600 cm−1 including 1189, 1363, and 1600 cm−1).

Based on these results, the method using a hairpin probe with a
Raman tag seemed more promising as it resulted in a larger signal
change between ssDNA and dsDNA and validates the efficiency of the
spiky gold shell nanoparticles as SERS transducer.

3.4. Hybridization detection

The above results demonstrated that the signal changes when
double-stranded versus single-stranded oligonucleotides are bound to
the surface (Fig. 7b). A next step is to detect hybridization between
target DNA and probe DNA bound to the surface. We bound the Cy5-
tagged hairpin probe to the MCH functionalized surface of the particles
using an insertion method [60], then compared the signal from hy-
bridization with 5 µM of complementary and non-complementary tar-
gets to the probes. The high concentration of target oligonucleotides
WAS used to ensure that binding was favoured in the equilibrium.

The obtained Raman signal from these samples was normalized
using the intensity of the peak at 1087 cm−1 (corresponding to the six
carbon alkane linker, thus normalizing based on the amount of probe
DNA bound to the surface). The signal of Cy5 is lower when com-
plementary DNA is used compared with non-complementary DNA,
which is consistent with hybridization causing the hairpin probe to
open and increase the distance of Cy5 from the surface (Fig. 8). In
Fig. 8b, the difference is highlighted by the fact that the peak at
712 cm−1, corresponding to the C–S bond of the thiol linker, is of si-
milar intensity for all samples, while the peaks corresponding to Cy5
(558, 1189, 160 cm−1) for the sample using complementary DNA are
60–70% of the intensity of peaks from the probe only or the sample
using non-complementary DNA.

4. Conclusion

We synthesized nanostructured gold-coated magnetic particles and
demonstrated their use as tools for oligonucleotide separation and SERS

Fig. 6. Scheme of hairpin probe with Raman tag, before and after hybridization to target
strand.

Fig. 7. Normalized SERS spectra a) without and b) with a Cy5 tag of i) oligonucleotide
probes only and ii) oligonucleotide probes hybridized with complementary oligonucleo-
tides.

Fig. 8. a) Normalized SERS spectra and b) average peak height of i) Cy5-tagged oligo-
nucleotide hairpin probes, ii) hybridization with complementary oligonucleotides and iii)
hybridization with non-complementary oligonucleotides. Error bars indicate 95% con-
fidence intervals.
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detection. The particles are magnetically separable, exhibiting super-
paramagnetic behavior. The distance dependence of the signal meant
that directly measuring the signal of the DNA bases proved challenging,
but instead the distance dependence was harnessed to detect oligonu-
cleotide hybridization using a hairpin probe with a Raman tag.

This result is the first example, to our knowledge, of using nanos-
tructured gold-coated magnetic particles to directly detect oligonu-
cleotide hybridization using SERS. The method does not require the use
of an extrinsic tag or a secondary hybridization step. It may be possible
to extend the concept to detect other biomolecules using different
probes that change conformation upon biomolecule binding, such as
certain aptamers. The work presented here gives the first steps towards
an advanced assay for biomolecule detection and/or separation. A next
step could involve using the particles in a microfluidic set-up, where
additional control and separation is made possible using magnetic
forces.
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