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Tia E. Keyes,a Raymond L. Stallingsc and Robert J. Forster*a

Defects within a self-assembled monolayer (SAM) of dodecanethiol on gold have been used as nucleation

sites for the electrodeposition of mushroom shaped platinum nanoparticles (PtNPs). The top surfaces of

these PtNPs were then decorated with a layer of silver creating a hemispherical – platinum : silver

core : shell nanoparticle (Pt–AgNP). Thiolated probe strand miRNA was then immobilised onto the upper

silver surface. These regioselectively modified particles were desorbed by applying a current jump to yield

nanoparticles capable of hybridising to a complementary miRNA target with electrocatalysis occurring on

the non-functionalized lower surface. A second electrode was functionalized with single stranded capture

miRNA that has a sequence that is complementary to an miRNA, miR-132, associated with the childhood

cancer, Neuroblastoma but leaves a section of the target available to bind the nucleic acid sequence on

the core : shell Pt–AgNPs. Following hybridization of the target and capture strands the surface was

exposed to the miRNA labelled electrocatalytic Pt–AgNPs. The concentration of the target was then

determined by monitoring the current associated with the reduction of hydrogen peroxide in a solution

of H2SO4. Calibration plots of the log[miRNA] vs. faradaic current were linear from 1 aM to 1 µM and aM

concentrations could be detected without the need for chemical amplification of the target, e.g., using

PCR or NASBA. The regioselectively modified particles were also immobilised within the interior of gold

microcavity arrays via miRNA hybridisation and their Raman properties investigated.

Introduction

Neuroblastoma, NB, is the most common extracranial malig-
nant solid tumour found in infants and young children,
accounting for approximately 10% of all childhood cancers
and 15% of all childhood cancer mortality.1 Diagnosis is very
challenging as many of symptoms are initially attributed to
other less serious causes.2 Recently, a 22 base miRNA signa-
ture, miR-132-3p, has recently been implicated in the patho-
genesis of NB.3,4 This miRNA has been associated with
carcinogenesis and aggressive progression of various tumours,
including breast cancer,5 non-small cell lung cancer,6 gastric
cancer,7 prostate cancer,8 osteosarcoma9 and ovarian cancer.10

To determine miRNA levels, a number of techniques have

emerged including oligonucleotide miRNA microarray analysis,11

bead-based flow-cytometric technique,12 real-time PCR,13,14

high-throughput array-based Klenow enzyme (RAKE) assay15

and miRAGE16— a genome-wide miRNA analysis with serial
analysis of gene expression (SAGE). However, near patient
detection is challenging since the concentration can be very
low, i.e., sub nanomolar, as well as sequence homology among
family members coupled with a short sequence length.
However, we recently demonstrated ultrasensitive detection of
nucleic acid biomarkers using regioselectively modified, hemi-
spherical platinum nanoparticles.17,18

In this contribution, we report an ultrasensitive electro-
chemical method for miRNA detection using hemispherical
core : shell Pt : Ag electrocatalytic metal nanoparticles that are
functionalised with probe strand nucleic acids that are comp-
lementary to the target in just one region. This strategy enables
miR-132-3p to be directly detected at sub-femtomolar concen-
trations without PCR amplification of the target (Scheme 1).
The platinum cores are deposited within defects present within
a self-assembled alkane thiol monolayer that are then decorated
with a silver layer creating a hemispherical – platinum : silver
core : shell nanoparticle (Pt–AgNP). This strategy allows the top
surface of these Pt–AgNPs to be selectively functionalized with
thiol terminated probe strand miRNA. This method allows the
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probe strand miRNA to be deposited only on the silver section
of the nanoparticle leaving the platinum surface clean for
efficient electrocatalysis. The silver layer opens up the possibility
of obtaining insights into the target hybridisation using Surface
Enhanced Raman spectroscopy, SERS, especially when the assay
is carried out on a plasmonic surface. Applying a current step
causes rapid desorption of the functionalized Pt–AgNPs. These
miRNA labelled electrocatalytic particles are then used in a
sandwich assay to determine the concentration of the target by
measuring the faradaic current associated with reduction of per-
oxide in solution. These particles are capable of detecting
miR-132-3p with high sensitivity and selectivity.

Experimental section and methods
Materials

1 mM dodecanethiol (12 carbons with a thiol on the end) and
Denhardt’s hybridization solution (P99.5%), for miRNA probe
assembly were used as received from Sigma Aldrich. All
aqueous solutions were prepared using RNase free water. The
oligonucleotides were purchased from Eurogentec and their
purity was >98%. The base sequences are as follows

Capture miRNA 5′-UAG-ACU-GUU-A-3′-SH
Target miRNA (hsa-miR-132-3p MIMAT0000426)
5′-UAA CAG UCU ACA GCC AUG GUC G-3′
Probe MIRNA SH-5′-CGA-CCA-UGG-CU-3′

Instrumentation

A three-electrode electrochemical cell was used at a tempera-
ture of 22 ± 2 °C. The working electrode was a 2 mm diameter

planar gold disc. It was polished with a nylon cloth with 1 µM
diamond polish and thoroughly rinsed with milli-Q water and
ethanol before sonication in milli-Q water for 5 minutes.
Voltammetry in acid was used to determine the surface rough-
ness factor. The counter electrode was a large area coiled plati-
num wire and a silver/silver chloride (Ag/AgCl) in 3 M KCl
acted as reference. SEM images were taken using a Hitachi
S3000N scanning electron microscope at an accelerating
voltage of 5 kV. Fe-SEM was carried out using a Carl Zeiss
Supra Ultra plus microscope. EDX measurements were per-
formed using an Oxford INCA microanalysis system using an
X-Max detection system. Raman measurements were carried
out using a Peltier cooled (−70 °C) charge coupled device
(CCD) camera (255 × 1024 pixels) attached to a HORIBA Jobin-
Yvon Labram HR 1000 spectrometer coupled to a Digital
Instruments Bioscope II with an inverted microscope. Samples
were excited with a 785 nm diode laser source. The spectro-
meter was equipped with diffraction gratings of 600 grooves
per mm and the slit allowed the spectral resolution of 1 cm−1.
The area of the laser spot on the samples was approximately
1 µm in diameter. The laser power at the sample was set
between 1 and 2 mW using the inbuilt laser power control.
Data acquisition times used in the Raman experiments was
30 seconds. The Raman band of a silicon wafer at 520 cm−1

was used along with the Rayleigh line to calibrate the spectro-
meter and the accuracy of the spectral measurement was
estimated to be approximately 2 cm−1. The spectral data
acquired were analysed using LabSpec software. Dynamic
Light Scattering (DLS) was performed at 25 °C on a Nanosizer
NanoZS (Malvern Instruments, Malvern UK) using a detection
angle of 173° and a 3 mW He–Ne laser was operating at a wave-
length of 633 nm. The hydrodynamic diameters reported are
the Z-average diameters (mean hydrodynamic diameter based
upon the intensity of scattered light). The polydispersity
indices were also calculated from the Cumulants analysis as
defined in ISO13321. The intensity size distributions were
obtained from analysis of the correlation functions using the
Multiple Narrow Modes algorithm based upon a non-negative
least-squares fit19 using Dispersion Technology software
(v. 5.3, Malvern Instruments; Worcestershire, UK). The values
used for the viscosity of 0.01 M H2SO4 was 26.7 cPa s at 298 K.
Confocal fluorescence microscopy analysis of captured miRNA
were recorded on a Zeiss LSM510 Meta confocal microscope
using a 40× oil immersion objective lens (NA 1.4) and a
405 nm laser excitation. Capture miRNA was incubated with
Hoechst 33342 (Thermofisher scientific) (2 µg mL−1) for
15 minutes at room temperature. Following incubation,
Hoechst stained miRNA was then fixed with 3.8% PFA solution
for 10 minutes at room temperature and mounted using fluo-
roshield mounting media.

Monolayer self-assembly

The gold electrodes were cleaned by placing them in piranha
solution (3 : 1 mixture of sulfuric acid and 30% hydrogen
peroxide, caution, this mixture reacts violently with organic
material!) for 20 min, followed by thorough rinsing with

Scheme 1 Hemispherical platinum : silver core : shell nanoparticles
formation and regioselective miRNA functionalisation.
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ultra-pure water. The electrode was then scanned at 100 mV s−1

between 0.000 and 1.500 V in 0.1 M H2SO4 to measure the
surface roughness of the gold electrode and to ensure that the
electrode is electrochemically clean. Afterwards, the gold disk
electrode was washed with ethanol and then placed in a 1 mM
solution of dodecanethiol in ethanol. The monolayer was
allowed to self-assemble for 7 hours. After the formation of the
monolayer, the substrate was rinsed 4 to 5 times with ethanol
and dried under a N2 stream.

miRNA probe immobilization and hybridization

Step 1 A–C: Fabrication of regio-selectively miRNA function-
alized platinum : silver core : shell nanoparticles. Platinum
nanoparticles (PtNPs) were electrodeposited from 1 mM hydro-
gen hexachlorideplatinate(IV) hydrate (H2PtCl6) in 0.5 M H2SO4

using the defects within the self-assembled monolayer as tem-
plates. The top surfaces of these PtNPs were then decorated
with a layer of silver creating a hemispherical –platinum : silver
core : shell nanoparticle (Pt–AgNP). Subsequently, the top
surface of the Pt–AgNPs were functionalized with probe oligo
(5′ thiolate) by immersing the nanoparticle functionalized elec-
trode in a 1 µM solution of the probe oligo strand dissolved in
RNase free Denhardt’s buffer for 2 h. The modified electrodes
were then washed with RNase free water for 15 seconds to
remove loosely bound oligo and immersed in 0.01 M H2SO4.
The oligo functionalised Pt–AgNPs were stripped from the
SAM modified electrode by applying a current of +0.01 A for
120 seconds in 0.01 M H2SO4.

Step 2A: Monolayer of capture strand miRNA: a monolayer of
capture strand miRNA was prepared on a freshly polished and
electrochemically cleaned gold disk electrode by immersing it
in a 10 µM solution of the capture strand miRNA dissolved in
Denhardt’s Buffer. After 5 h, the electrode was rinsed with
RNase free water for 15 seconds to remove loosely bound oligo.

Step 2B: Hybridization of target oligo to the capture
surface: hybridization of target oligo at concentrations
between 1 aM and 1 µM to the immobilized capture strand
was performed at 37 °C for 90 min in Denhardt’s Buffer.
Following hybridization, the modified electrode was rinsed
thoroughly with buffer.

Step 2C: Probe hybridisation: the nanoparticle labelled
probe miRNA was then hybridized to the complementary
section of the target not used for binding to the capture strand
for 2 h at 37 °C in Denhardt’s Buffer. Finally, before quanti-
tation, it was thoroughly washed with RNase free water.

Electrochemical detection of neuroblastoma miRNA target

Following assembly of the capture-target-nanoparticle labelled
probe miRNA sequence, the modified electrode was placed in
an aqueous solution of 0.01 M H2SO4 and the current
measured at −0.250 V after equilibration for 10 minutes. Then,
sufficient hydrogen peroxide added to give a final concen-
tration of 200 µM and the current associated with peroxide
reduction at the bound Pt–AgNPs measured at −0.250 V after
10 minutes. The analytical response is taken as the difference
in current, Δi, measured before and after peroxide addition.

miRNA bound within the cavities of a gold nano-cavity array

A 300 nm diameter gold microcavity array was regioselectively
modified with capture strand miRNA only in the cavity
interiors. REF miRNA hybridisation was carried out to selec-
tively confine electrocatalytic silver–platinum nanoparticles
only on the walls of gold nanocavities while the upper surface
remains unmodified. The use of miRNA allows the separation
between the nanocavity surface and the nanoparticle to be con-
trolled. To create the cavity array, gold is first electrodeposited
through an array of 300 nm radius templating polystyrene
spheres. Prior to removal of the spheres, a monolayer of
11-mercaptoundecanoic acid (COOH-C11-SH) is deposited only
on the upper surface from ethanol. This monolayer blocks the
binding of capture strand miRNA to the top surface of the
array. The spheres are then removed by sonication in THF and
thiolated capture strand miRNA immobilised inside before
carrying out the sandwich assay as described previously inside
the microcavities.

Results and discussion
Template formation and nanoparticle deposition

The silver–platinum nanoparticles perform three functions in
this assay. First, they carry a high concentration of the nucleic
acid strand that is complementary to the target, enhancing the
labelling efficiency of the target. Second, they generate a large,
stable electrocatalytic current. Unlike nanoparticles that are
uniformly modified with the biorecognition element, the elec-
trocatalysis occurs efficiently at clean, unmodified platinum
surface of the regioselectively modified core : shell nano-
particles. Third, the unusual shape and composition of the
particles may give rise to strong surface enhanced resonance
Raman responses especially when immobilised within plasmo-
nically active microcavities. By using the nanoscale defects
within a self-assembled monolayer as templates to break the
symmetry of the system and allow silver and capture miRNA to
be deposited on one side of the hemispherical platinum cores,
nanoparticles with unusual geometries and composition have
been created. With this approach, approximately one third of
the total surface area of the particle is unmodified and avail-
able for efficient electrocatalysis. Finally, by creating “mushroom”

shaped particles, where the bulk of the particle grows on top
of the monolayer but is electrically connected to the under-
lying electrode by an easily broken nanowire, the templating
monolayer also facilitates desorption of the nanoparticles.

Here, the formation of self-assembled monolayers (SAMs)
of alkane thiol on 2 mm radius gold electrodes for 7 h pro-
duced an array of well separated defects that are used as tem-
plates for platinum nanoparticle deposition. Fig. 1(A) and (B)
shows typical voltammograms in sulphuric acid for a 2 mm
radius gold electrode before and after deposition of the defec-
tive monolayer, respectively. By comparing the charge passed
under the gold oxide reduction peak centred at approximately
+0.8 V before and after monolayer deposition, the area avail-
able for platinum nanoparticle, PtNP, electrodeposition can be
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determined. The area decreases by approximately 50% follow-
ing monolayer deposition for 7 h, from the value of 0.035 cm2

found for the unmodified electrode (roughness factor of 1.1) to
0.028 cm2. Fig. 1C illustrates the deposition of electrocatalytic
platinum nanoparticles within the defects sites of the mono-
layer from a 0.5 M sulfuric acid solution containing 1 mM
hydrogen hexachloroplatinate(IV) hydrate (H2PtCl6) at an
applied potential of −0.25 V for 180 s.

After the electrochemical deposition of platinum nano-
particles, a peak corresponding to the formation and sub-
sequent reduction of platinum oxide (between 0.05 and 0.3 V
vs. Ag/AgCl) is observed while the area associated with gold
oxide formation and reduction decreased significantly. In the
forward scan, the onset potential for the formation of gold
oxide is 1.3 V. Moreover, a peak corresponding to hydrogen
adsorption/desorption on the platinum is observed at approxi-
mately −0.25 V. In addition, Fig. 1(C) reveals that PtNP
deposition increased the area available for miRNA deposition

by a factor of approximately 7 (0.195 ± 0.05 cm2) compared to
the area of the defects in the dodecanethiol monolayer
(0.028 ± 0.07 cm2), i.e., the radius of the electrodeposited
PtNPs is significantly larger than that of the templating
defects due to the formation of mushroom shaped particles.
Fig. 1(D) shows the voltammetric response obtained after
silver deposition where silver oxidation/reduction is observed
between 400 mV and 600 mV. Simultaneously, after the electro-
deposition of Ag, the peak associated with platinum formation
and reduction has disappeared, i.e. the hemisphere section of
the PtNPs that is exposed to solution is completely covered
with silver. Following binding of the probe oligo, a short
galvanostatic pulse at a current density of +100 mA cm−2 was
applied to the nanoparticle modified electrode with the objec-
tive of breaking the nanowire connecting the hemispherical
nanoparticle to the electrode. These rather aggressive con-
ditions were used to rapidly desorb the nanoparticles, which,
once in solution would diffuse away from the electrode surface
thus minimizing the opportunity for damage to the bound
miRNA. The effect of Pt–AgNP desorption from the electrode
surface is highlighted in Fig. 1(E), with an apparent decrease in
peak height for the silver based processes. A peak corres-
ponding to gold oxide peak reduction reappears following
Pt–AgNP desorption and its area is approximately 10% larger
than that found for the pristine, unmodified electrode
suggesting that the current step not only removes the nano-
particles but also the templating alkane thiol monolayer and
probably induces surface roughening.

Morphological and composition characterisation

Fig. 2(A) shows an SEM image of desorbed platinum nano-
particles that have been drop cast onto a gold sheet. Based on
analysis of more than 500 individual particles, their radius is
80 ± 20 nm. This image also demonstrates that a relatively high
concentration of nanoparticles can be achieved in suspension.
In addition to the SEM characterization, the size distribution
of the suspended nanoparticles was obtained by DLS, (inset
Fig. 2(A)), as 80 ± 25 nm, which is consistent with the SEM data.
Fig. 2(A, right) shows that the energy dispersive X-ray (EDX)
obtained from the suspended nanoparticles is dominated by
platinum. Fig. 2(B) shows an image of a gold substrate onto
which a droplet of the suspended silver–platinum nanoparticles
has been drop cast. SEM and DLS data reveal that radius of the
suspended nanoparticles to be 270 ± 200 nm, i.e., the silver
layer is of the order of 95 nm. The increase in polydispersity
arises predominately because some of the platinum nano-
particles are not coated with silver. EDX obtained from the sus-
pended nanoparticles is dominated by elemental silver with
platinum making a less significant contribution.

Binding of regio-selectively decorated nanoparticles

As illustrated in Scheme 1, an electrode, modified with a
miRNA capture strand was first allowed to hybridize with the
target strand, part of which is complementary to the capture
strand. This electrode was then placed into the NP suspension
for 3 hours during which time the non-hybridized section of

Fig. 1 Cyclic voltammograms of: (A) 2 mm radius unmodified gold
electrode, (B) after deposition of a defective C12 monolayer, (C) follow-
ing electrodeposition of platinumD) silver core : shell nanoparticles into
the monolayer defects and (E) after the platinum : silver core : shell
nanoparticles have been desorbed. The scale bar for (A) and (B) are
10 µA, for (C) and (D) are 55 µA while for (D) and (E) it is 50 µA. In all
cases the supporting electrolyte was 0.1 M H2SO4, the counter electrode
was a large area platinum wire and the reference electrode was a satu-
rated Ag/AgCl (3 M KCl). The scan rate is 100 mV s−1. The voltammo-
grams have been displaced vertically for clarity of presentation.
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the target hybridizes with the oligo bound to the Pt : Ag core :
shell nanoparticle. Fig. 3 shows the response obtained for a
pristine gold electrode modified with capture strand miRNA
after both the target (A) and Ag–Pt nanoparticle functionalized
probe strand (B) hybridization steps have occurred.

Both of these figures show a well-defined peak at approxi-
mately +0.8 V associated with the reduction of gold oxide of
the underlying gold disc electrode. Fig. 3B shows that after
functionalizing with complementary probe miRNA, distinct
peaks associated with the reduction and oxidation of silver,
platinum oxide and hydrogen adsorption/desorption are
observed. The cathodic and anodic peak potential found at
0.331 V and 0.518 V correspond to the Ag portion of the hybri-
dised nanoparticles, whereas the peaks found at approximately
+0.06 V as well as −0.349 V and −0.267 V are related with
the reduction of platinum oxide and hydrogen adsorption/
desorption, respectively. These observations indicate successful
binding of the nanoparticles suggesting that the miRNA func-
tionalized silver platinum nanoparticles can be removed into
suspension using the current jump approach while retaining
their probe strand oligos. In control experiments, electrodes in
which the target is not added or where the nanoparticles are
either not functionalized with miRNA, or are functionalized
with non-complementary miRNA, do not exhibit features associ-
ated with silver/platinum oxide or hydrogen adsorption, i.e.,
non-specific adsorption is not very significant in this system.

Electrochemical impedance spectroscopy sensing of miRNA
hybridisation

Non-faradaic electrochemical impedance studies measure-
ments were employed to verify the electro catalytic activity of
the nanoparticles after modification with miRNA and demon-
stration of the electrochemically effective contact between the

mi-RNA modified Ag : Pt nanoparticles. The EIS measurements
were performed in a solution of 1 mM Dulbecco’s phosphate-
buffered saline (DPBS), pH 7.4, at open circuit potential at ac
amplitude of 25 mV and the frequency range was from 0.01 Hz
to 100 kHz. A dilute electrolyte, 0.001 M DPBS, was utilised for
EIS so that the double layer thickness was comparable to the
thickness of the antibody-target-secondary antibody layer thus
making the measurement sensitivity to changes occurring
within that film. In particular, this dilute concentration of
electrolyte ensures both the cell resistance (intersection of the
right-hand side of the Nyquist semicircle with the x-axis) and
the capacitances are strongly dependent on the miRNA con-
centration (surface coverage).20 The Nyquist plot consists of an
imaginary part (Z″) and real part (Z′). In a typical Nyquist plot,
the semicircle region observed at the higher frequencies
corresponds to the electron transfer-limited process; whereas
the linear part at the lower frequencies range represents the
diffusion-limited electrochemical process. Usually, the charge
transfer resistance (Rct) at the electrode surface can be directly
reflected by the semicircle diameter at the high frequency
region, which can be correlated with modification of the

Fig. 2 (A) SEM images of a gold electrode following deposition of the
templating monolayer and electrodeposition of platinum nanoparticles
for 180 s. (Inlet) DLS particle size distributions of the desorbed platinum
nanoparticles from suspension and energy dispersive X-ray spectrum
for the desorbed platinum nanoparticles. (B) SEM images of a gold
electrode following deposition of the templating monolayer and
electrodeposition of silver onto the hemisphere section of the platinum
nanoparticles. (Inlet) DLS particle size distributions and energy dispersive
X-ray spectrum of the drop cast film of desorbed platinum : silver core :
shell nanoparticles from suspension. The acceleration voltage is 5 kV.

Fig. 3 Cyclic voltammogram of a 2 mm radius gold disc electrode after
modification with capture strand miRNA (A) and hybridization with the
target and platinum : silver core : shell nanoparticles labelled probe
sequence (B) where the miR-132 target strand concentration is 1 µM.
The supporting electrolyte is 0.01 M H2SO4 and the scan rate is 100 mV s−1.
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surface. From the EIS characterization results from Fig. S1(A),
ESI,† it was observed that the Nyquist plot of the bare gold
electrode exhibited a small Rct value (275 Ω), which is a typical
characteristic of electrochemical diffusion process. The pres-
ence of capture miRNA hindered the efficiency of electron
transfer, increasing the Rct 1076 Ω (Fig. S1(B), ESI†) due to the
repulsion effect of the miRNA bound on the electrode surface.
In addition to the EIS measurements, confocal fluorescence
microscopy was employed to determine the extent of miRNA
coverage on the electrode surface, presented in Fig. S3, ESI.†
Hoechst® 33342 nucleic acid stain is a cell-permeant nuclear
counterstain that emits fluorescence when bound to the minor
groove of double-stranded miRNA (dsmiRNA). A sufficiently
dense monolayer of miRNA is observed along with the pres-
ence of minor defect sites across the whole surface suggesting,
in this study, that hybridization at the surface is abundant.

After hybridisation with complimentary miRNA (miR-132) a
further increase in ionic resistance was observed (Fig. S1(C),
ESI†) suggesting that miR-132 had been immobilized on the
surface of the modified electrode. This increase in Rct (1540 Ω)
is due to the blocking effect of the new rigid linear double
helix formed on the electrode. Short ds miRNA molecules are
typically rod like in shape and upon hybridisation of miR-132,
more negatively charged phosphate groups were introduced to
the electrode surface, which enhanced the electrostatic
repulsion of the sensing layer. Binding of the hemispherical
platinum : silver core : shell nanoparticles labelled with the
probe miRNA would be expected to change the impedance
(both resistance and capacitance) properties of the interface.
As shown in Fig. S1(D), ESI,† after binding of the miRNA
modified Pt–AgNPs, Rct decreases from the value of 1540 Ω
observed for gold electrode modified with single stranded
capture miRNA exposed to complementary miRNA, miR-132
(Fig. S1(C), ESI†) to 755 Ω after binding of the electrocatalytic
Pt–AgNPs labelled with probe miRNA. This significant
decrease in Rct can be attributed to the electrically conducting
properties of the Pt–AgNPs.

Raman

Under appropriate conditions, Surface-enhanced Raman
scattering (SERS) is a highly sensitive spectroscopic technique.
It is a data rich method which combines high sensitivity with
molecular structural information, and has been extensively
exploited for ultrasensitive (bio)chemical detection.21 A poten-
tial advantage of the nanoparticle immobilised in a nanocavity
architecture is that that both cavity and the particle can
provide plasmonic enhancement of Raman or fluorescence
response, giving rise to SERS or metal-enhanced fluorescence,
MEF, respectively.18 Silver nanostructures are widely regarded
as some of the most effective SERS substrates with enhance-
ment factors as high as 1014–1015 for colloidal aggregates.20

The SERS properties of platinum nanostructures are less
explored but there is evidence for localized surface plasmon
resonance from nanostructured Pt22 and that Pt can provide
plasmonic enhancement of SERS signals under visible exci-
tation,23 albeit considerably weaker than Ag. Here, we

exploited deposition of silver onto the top surface of the plati-
num nanoparticles to enhance the Raman response from the
bound oligonucleotides.

Fig. S4, ESI† shows the SERS spectra of the completed
miRNA hybridisation steps in the presence of Pt, Ag and the
Ag : Pt core : shell nanoparticles on a planar gold disc elec-
trode. The SERS spectrum of miR-132-Ag : Pt core : shell modi-
fied electrode (Fig. S4 (top), ESI†) has the most spectral fea-
tures of the pure A, C, G and U nucleotides. All of the band
assignments are based on those found in literature and are
summarised in Table 1.20–58 Base vibrations in the region
600–800 cm−1 have been assigned to ring-breathing motions.
Diagnostic bands for miRNA are observed for both cytosine
and uracil at 603 cm−1, guanine at 667 cm−1 and for adenine
at 733 cm−1. The Raman band observed at ∼813 cm−1 orig-
inates from O–P–O stretching, therefore reflecting the length
of the oligonucleotide, and has been noted to be an indicator
of A-form helical structure.24 Distinctive miRNA base related
bands can be observed at 1240 cm−1 (U ring stretching),
1297 cm−1 (C,A ring stretching), 1386 cm−1 (A, G, C ring
mode), and 1484 cm−1 (G, A ring mode).25 The intensity of the
Raman peaks increased 5-fold in the presence of silver coated
platinum nanoparticles compared to the miRNA-platinum
nanostructures (Fig. S4 (bottom), ESI†). RAMAN signals were
negligible when miRNA was excluded from the assay for both
Pt and AgPtNPs. This indicates that the SERS signal was only
amplified in the presence of neighbouring silver-enhanced
platinum nanoparticles immobilized by the hybridization
interaction between miRNAs.

To further amplify the Raman response, we carried out the
nucleic acid sandwich assay within gold microcavities. This
nanoparticle in a microcavity architecture should further
enhance the Raman response depending on the separation
between the core : shell nanoparticle which can be controlled
through the structure of the target.16 The 0.98 µm diameter
arrays were chosen (Fig. S4, ESI†) to investigate SERS as
cavities of this dimension provide good SERS under the exci-
tation wavelength used here. SERS enhancement is dependent
not only on the shape and size of the metal nanoparticles but
also on the distance between the SERS surface and the mole-
cule of interest.26–28 Consequently, in this study, the reproduci-
bility of the SERS will be impacted by the reproducibility of the
positioning and total number of nanoparticles within the
cavity. The impossibility of controlling the positioning and
number of nanoparticles within the cavity as shown in Fig. S5,
ESI,† especially around the rim and base of the cavity where
the SERS is strongest therefore restricts our ability to quantitat-
ively measure the SERS detection of miRNA in this case.

Fig. 4 shows the SERS spectra of the miRNA hybridisation
steps in the presence of silver–platinum (top) and platinum
(bottom) nanoparticles. In both cases, various bands corres-
ponding to the ribose sugar, such as 1026 (PO2

−), 836 and
369 cm−1 (sugar–phosphate stretching) are observed.29

Assignments of the bands in the miRNA spectra are summar-
ised in Table 1. Clear miRNA related bands can be observed
for both nanoparticles at 620 (A ring deformation), 665 (G ring
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breathing mode), 735 (A ring breathing), 796 (C ring breath-
ing), 956 (G bending), 1038 (C stretching), 1157 (A stretching),
1232 (A ring stretching), 1267 (G bending), 1300 (C and G ring
stretching), 1311 (C stretching), 1375 (A bending), 1456 (A
stretching), 1487 (G stretching), 1546 (G ring stretch), 1577 (G
stretching) and 1617 cm−1 (U CvO stretching). Although many
of the bands are common to each spectrum and contain fea-
tures associated with all four bases, the relative intensity of the
spectral features are very different for the Pt and Ag coated par-
ticles. The most intense feature in the spectrum for the PtNPs
is a feature at 733 cm−1 which is a signature mode for adenine
corresponding to a ring breathing mode. Other intense fea-

tures in this spectrum are, 1314 and 1373 cm−1 which are also
assigned to adenine. Interestingly, adenine is the first base on
the capture strand, conjugated to the thiol, which suggests
that the gold surface is plasmonically enhancing the signal at
the capture strand. The overall Raman signal intensity
increased dramatically for the silver–platinum nanoparticles
compared to platinum alone. However, the most intense fea-
tures observed are at 1575, (G ring stretch), 1434 (G ring
stretch) 1001, 903, 629 (attributed to C–S from thiol) and
408 cm−1 (Ag–S-str), i.e., predominantly G modes rather than
the A bands of the PtNPs. There are also a number of miRNA
related bands in the AgNP spectra that are not present for the

Table 1 Band assignments of the spectra of the miRNA hybridised on platinum and silver nanoparticles

Band (cm−1)

Assignment Ref.PtNPs Ag–PtNPs

Adenine
620 630 Def R6 (sqz group C4–C5–C6, N1-C6-N10), def R5 (sqz group C5–N7–C8) 30

684 Def R5 Def R6 (tors C4–C5–c6, wag N3–C4–N9) 30–32
723 Ring breathing mode 33–38

735 733 Ring breathing whole molecule (distorted) 30 and 39
1001 Def R5 (sqz group N7–C8–N9) 30 and 40

1126 Ring vibration 41
1157 1164 Str C5–C6 31 and 42
1232 1237 Ring stretching, rock NH2, str C5–N7, N1–C2, C2–N3 31–33

1262 Bend C8–H, N9–H, str N7–C8, bend C–NH2 30, 32, 36–38, 42 and 43
1300 Ring stretching 33–36, 38 and 43
1375 1378 Bend C2–H, N9–H, str C8–N9, C4–N9 30, 31 and 44
1456 Str N7–C8, bend C8–H, sciss NH2 30 and 42
1487 1482 Bending NH2 33 and 42
1577 1576 Str ring, def NH2 31, 33, 43 and 47–54

Cytosine
603 Def ring 30
701 Bend C2vO7, N1–H 30

796 794 Ring breathing 30, 33, 43 and 46
1038 1039 Str C6–N1, bend C6–H9 30

1203 Str N3–C4 30
1262 Ring stretching C–N stretching 33–36, 38, 40, 42 and 55

1300 Ring stretching 33–35, 43 and 56
1311 1307 Str C2–N1, C4–N8 30, 33, 43 and 46

Guanine
665 Bend N9–H, sciss NH2, ring breathing mode 30, 32, 34, 39, 40, 43 and 56
735 733 Bend CvO C–H 30
956 Bend CvO C–H 30

1267 1267 Bend CvO C–H 30
1300 Str N7–C8, C2–N3, bend N1–H, N7–H 30

1436 Ring breathing 30, 33, 43 and 46
1487 1482 N7vC8, C8–N9 stretching 33 and 44
1546 Str N3–C2, C4–N9, N3–C4, sciss NH2 30
1577 1576 Str C2–N3 31–33, 47–49 and 50–53

Uracil
606 Def R (sqz groups N3–C2–C4, C5–C6–N1) 30
630 CvO, N–C–O vibrations 33, 40, 57 and 58

796 794 Ring breathing 30, 33, 43 and 46
1038 1041 Def R (sqz groups, C5–C6–N1, N3–C4–C5) 30

1104 Str C5–C6, C6–N1, bend C5–H 30
1222 U ring stretching 33, 43 and 47

1232 1237 Ring stretching 33, 34, 38, 40 and 56
1275 Str N3–C4, bend N1–H, C5–H, C6–H 30
1375 Str N1–C2, C2–N3, C4–C5, C2vO7, bend C5–H 30

1617 Str CvO 56

Abbreviations: Def, deformation, str, stretching, sci, scissoring, sqz, squeezing, bend, bending, R5, five-membered ring; R6, six-membered ring.
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PtNPs. These really intense modes in the silver spectra are
found at 603 (C ring deformation), 606 (U ring deformation),
630 (U CvO vibration), 684 (A ring deformation), 701
(C bending), 723 (A ring breathing), 1104 (U stretching), 1126
(A ring vibration), 1203 (C stretching), 1222 (U ring stretching),
1262 (A bending), 1375 (U stretching) and 1436 cm−1 (G ring
breathing).

The relative dominance of G or A suggests that the orien-
tation of the oligonucleotides at the article surface vary or
more likely, that the most dominant source of enhancement
varies; i.e. the modes for nucleotides nearest the Ag dominate
i.e. the signal for the probe miRNA strand, whereas for the
Pt nanoparticles it is the gold from the cavity walls that
dictate maximum SERs enhancement; i.e. from the capture
strand. The Pt–AgNPs and cavity architecture enhances the
Raman intensity by approximately four fold compared to sand-
wich assay carried out on planar gold (Fig. S4, ESI†).
Thus, this single platform allows detection of the miRNA
building blocks by two modes, electrocatalysis (PtNPs) and
SERS (Pt–AgNPs).

Electrochemical detection of miRNA associated with
neuroblastoma

Platinum nanoparticles are well known to catalyse the
reduction of hydrogen peroxide. The capture-target-probe
sandwich assay confines the electrocatalytic Pt–AgNPs onto the
electrode surface. Here, hydrogen peroxide was reduced in a
solution of H2SO4 (Step 2-C of Scheme 1). Recent studies
carried out by Prathamesh et al.59 showed that sufficient quan-
tity of DNA was still obtainable after the first 2 hours of con-
centrated H2SO4 immersion and there was an inverse pro-
portional relationship between mean absorbance ratio and
quantity of obtained DNA on an hourly basis. In this study, the
solution contains 200 µM H2O2 in aqueous 0.01 M H2SO4. Our
focus is firmly on single shot sensors suitable for use with
blood samples making regeneration of the sensor or possible
denaturing of miRNA of minor importance. First; the initial
current in the absence of any deliberately added H2O2 was
measured at a potential of −0.250 V. Then, following the
addition of H2O2 to a concentration of 200 µM, the system was
allowed to equilibrate before the diffusion controlled current
associated with peroxide reduction was measured. The
response is defined as the difference in current, Δi, before and
after the addition of H2O2. Unlike the Impedance experiments,
electrochemical catalysis carried out in H2SO4 instead of DPBS
gives an enhanced reduction current after the addition of
H2O2. The somewhat lower pH of the H2SO4 enhances the sen-
sitivity of the sensor and therefore decreases LOD. Fig. 5 shows
the semi-log concentration vs. Δi calibration curves for detec-
tion of pathogen miRNA where the probe strand is either
unlabelled or is labelled with regio-selectively modified silver
platinum nanoparticles. In each case, an acceptably linear
response is observed for concentrations of sequence–specific
miRNA from neuroblastoma from 1 aM to 1 µM. The sensi-
tivity of the bare electrode (▲) is very low, 3.1 × 10−3 µA−1

dec−1, reflecting the poor electrocatalytic properties of the
miRNA modified gold electrode. This result is significant since
the magnitude of this background current will directly influ-
ence the limit of detection. In sharp contrast, the sensitivity of
the assay involving silver–platinum nanoparticle labelled
probe strands (◊) is approximately 5000 times larger, 15 µA−1.
These dramatically higher currents and wide linear dynamic
range indicates that the desorbed nanoparticles retain both
their electrocatalytic and miRNA binding capabilities. Also, the
high current density observed suggests that heterogeneous
electron transfer from the platinum nanoparticles, through the
DNA linker, to the underlying electrode is relatively facile.
The electrocatalytic current is also likely to be enhanced
by efficient radial mass transfer of H2O2 to the metal
nanoparticles.

Fig. 5 also shows the results obtained from a control experi-
ment (□) where the response for PtNPs that are homogenously
rather than regioselectively modified with probe miRNA were
used in the sandwich assay. An acceptably linear response is
observed for concentrations of sequence–specific miRNA from
neuroblastoma from 1 aM to 1 µM. However, the sensitivity of

Fig. 4 Raman spectra of miR-132 bound within the cavities of a gold
nano-cavity array in the presence (top, offset for clarity) of platinum :
silver core : shell nanoparticle and platinum nanoparticles (bottom).
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the uniform PtNP electrode is 7.2 × 10−2 µA−1, reflecting the
poor electrocatalytic properties of the round PtNPs with a full
miRNA monolayer compared to the regio-selective decorated
Pt–AgNPs. These low currents demonstrate that the regio-selec-
tive decorated Pt–AgNPs where the biomolecule recognition
and signal generation sites are physically separated on the
nanoparticle surface offer superior performance compared to
conventional uniformly decorated particles.

Conclusions

Silver–platinum nanoparticles that are regio-selectively function-
alized (upper surface only) with probe strand miRNA while the
remainder of the particles surface remains clean, generate sig-
nificant electrocatalytic currents when immobilised on an elec-
trode surface in a nucleic acid sandwich assay. The assay is

characterized by a wide dynamic range (more than eight
orders of magnitude) with high sensitivity. The ability to regio-
selectively modify both the array (interior only modified with
capture strand miRNA) and the nanoparticles, opens up
new particle-in-cavity nanoarchitectures for plasmonically
enhanced detection, e.g., SERS. In summary, the present study
demonstrates a novel electrochemical detection based on
regioselective functionalised electrocatalytic nanoparticle suit-
able for the detection of low-abundance molecular biomarkers,
miR-132 of neuroblastoma.
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