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A B S T R A C T   

3D arrays comprising interconnected voids have been created using nanosphere lithography 
(2000≤diameter≤240 nm) followed by electrodeposition of gold. The top surface was blocked with 11-mercap
toundecanoic acid and then the templating polystyrenes were dissolved using THF. The interior surfaces were 
then functionalized with DNA capture strands that are complementary for part of a target sequence associated 
with methicillin-resistant Staphylococcus aureus, MRSA, genomic DNA. Once the target is hybridised, a probe 
sequence that is functionalised with [Ru(bpy)2 PIC]2+, is hybridised to the overhang of the target, bpy is 2,2’- 
bipyridyl and PIC is (2,2′-bipyridyl)-2(4-carboxy phenyl) imidazo [4,5][1,10] phenanthroline. The electro
chemiluminescence, ECL, intensity generated from the hybridised ruthenium dye in the presence of tri-propyl 
amine and normalised for the charge passed depends on the size of the nanocavity. Significantly, the normal
ised ECL intensity is approximately 7-fold higher for the 820 nm array than either the 2000 nm array or a planar 
electrode. The array that is functionalised with the capture-target-Ru probe can be used as a 3D bipolar electrode 
to wirelessly generate ECL. The peak shape and intensity of the wireless ECL spectra depend on the cavity size 
with the brightest ECL being observed for the 820 nm cavity array. The results are consistent with a fraction of 
the ECL light activating the broad cavity plasmon of the array and enhancing the overall ECL intensity. The 820 
nm array has been used to develop an assay for the detection of MRSA DNA giving a linear dynamic range from 
10 nM to 30 µM with an LOD of 1 µM and an LOQ of 3.2 µM. Significantly, the analytical sensitivity of the 
wireless ECL assay is approximately 7 times higher for the 820 nm array than that observed for a planar 
electrode.   

1. Introduction 

Electrochemiluminescence [1], ECL, where light from a luminophore 
is generated using electrochemically driven redox processes, offers 
highly selective detection when the luminophore is conjugated to bio
recognition molecules including proteins, antibodies and nucleic acids 
[2,3,4]. The approach has an extremely high signal to noise ratio [5] 
because the background is dark and no optical excitation is needed, as 
well as a broad dynamic range and excellent temporal resolution [6,7]. 
Nanomaterials [8] and nanostructured surfaces [9] can significantly 
enhance the intensity of optical responses, e.g., Raman and emission, if 
the molecules are located within the near field. While particles can 
deliver significant enhancements, up to 1014 in the case of surface 
enhanced Raman spectroscopy [10], 3D metal nanostructures offer a 
more reliable platform for the development of analytical sensors and 
devices [11]. A wide range of ordered nanostructured metal surfaces 
support localized surface plasmons including nanocavity arrays, metal 

gratings, and colloidal particle arrays. The primary focus of metal 
enhanced fluorescence has been on the impact of the plasmonic electric 
field on excitation where the emission intensity is enhanced due to 
resonance of the exciting radiation with the plasmon of the metal 
structure. The situation with ECL is different since no optical excitation 
occurs. However, by tuning the plasmon into resonance with the ECL 
generated light it ought to be possible to use a fraction of the light 
generated by ECL to excite the plasmon of the metal nanostructure [12]. As 
we have demonstrated in metallopolymers [13,14,15,16], the key to 
enhanced ECL intensity (to enable more sensitive detection) is to 
improve the overall current-to-light conversion efficiency. Under these 
conditions, the ECL efficiency, ϕECL, can be defined as: 

ϕECL(x) = γex(x) ∗ Q ∗ CE(x) (1)  

where γex is the excitation rate of the ECL luminophore that depends on 
its position, x, (relative to the nanostructure), Q is the ECL quantum 
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yield and CE(x) is the collection efficiency Eq. (1)-(2). 
For small amplitudes of the electric field, E, where the excitation rate 

is far from saturation, γex(x) depends on the strength of the electric field: 

γex(x)∝|E⋅μab|
2 (2) 

After excitation, the ECL luminophore can return to its ground state 
by emitting a photon at a longer wavelength λem with a radiative decay 
rate, γr or vibrationally relax with a non-radiative decay rate, γnr. In the 
presence of a gold nanostructures, both γr and γnr (= γnr

0 + γabs, where 
γabs is the absorption rate) are changed due to the increased local density 
of optical states at λem that is associated with plasmon-enhanced field 
intensity |E| [2]. These changes lead to a modified quantum yield for 
electrochemiluminescence [17]. When the separation between the 
nanoparticle and the ECL luminophore is small (< 10 nm), strong 
quenching is expected due to Förster energy transfer between a fluo
rophore and a metal. This quenching is accompanied with a 
metal-enhanced non-radiative decay rate that competes with the desired 
radiative pathway and shortens the lifetime of the excited state of the 
ECL luminophore and decreases the quantum yield of emission. For 
distances that are beyond the quenching zone, but within the decay 
length of surface plasmon field, emission via surface plasmons domi
nates and the radiative decay rate can be enhanced [17]. 

Within this context, nanocavity arrays are highly attractive since 
they support both surface plasmons and void/nanocavity localized 
plasmons that can be tuned by varying the cavity size, e.g., through 
nanosphere lithography [18,19,20]. By functionalising the surface with 
antibody or nucleic acid capture agents, sandwich assays can then be 
performed within the cavity giving a potentially enhanced ECL response. 
Moreover, by using macroscopic samples of the nanostructured mate
rials it ought to be possible to drive enhanced ECL wirelessly using an 
electric field generated using external feeder electrodes in a closed bi
polar electrochemical cell [21]. This approach opens interesting new 
possibilities. For example, conventional bipolar electrochemistry [22] 
uses a pair of planar feeder electrodes to create an essentially uniform 
electric field within a solution that has either low, or no, deliberately 
added electrolyte and induces a uniform potential gradient within the 
bipolar electrode. This potential can then drive electro
chemiluminescence in elegant new ways [23,24]. However, 3D struc
tured electrodes [25,26], such as nanocavity arrays [27], should focus 
and shape the electric field opening up a significant new strategy to 
enhance the performance of bipolar electrochemical and electro
chemiluminescence detection. 

In this contribution, we describe the use of 3D nanocavity array 
electrodes in which the pore diameter ranges from 240 to 2000 nm, as 
bipolar electrodes for the wireless ECL detection of methicillin-resistant 
Staphylococcus aureus, MRSA, genomic DNA. Rapid, point-of-use nucleic 
acid assays of this type play a key role in early detection of bacterial and 
viral infections [28] as well as DNA damage [29]. The interior of the 
cavities is selectively modified with a capture strand that is comple
mentary to part of the target and then a probe strand, labelled with a 
ruthenium poly-pyridyl type dye, hybridises to the overhang of the 
target. Here, we show that even at sub-micromolar concentrations of the 
target, ECL is observed when the probe strand hybridises. Significantly, 
the ratio of ECL intensity to charge passed depends on the size of the 
cavities and can exceed the intensity observed for planar electrode 
surfaces by as much as 8-fold. These results suggest that the Ru elec
trochemiluminescence at approximately 610 nm can excite the cavity 
plasmon thus enhancing the ECL intensity of a fraction of the immobi
lised luminophores. 

2. Materials and methods 

2.1. Gold nanocavity arrays 

Gold nanocavity arrays with diameters of 240, 430, 600, 820, 1000 

and 2000 nm were prepared on gold coated silicon wafers (Amsbio) 
using nanosphere lithography as described previously [18,19]. Briefly, 
the gold electrodes were cleaned by placing them in piranha solution 
(3:1 mixture of sulphuric acid and 30% hydrogen peroxide, (caution, this 
mixture reacts violently with organic material!) for 20 min, followed by 
thorough rinsing with ultra-pure water. The electrode was then scanned 
between -0.300 V and +1.300 in 0.01 M H2SO4 to form and subse
quently reduce an oxide monolayer to measure the surface roughness of 
the gold electrode and to remove any adventitious adsorbates. Between 
3 and 5 hexagonally close packed layers of polystyrene spheres (Bangs 
Laboratories) were assembled on the clean gold-coated silicon wafer. 
Gold (Technic Inc. Sodium gold sulphite solution, Cranston, RI, USA) 
was then electrodeposited at -0.95 V versus an Ag/AgCl reference (sat. 
KCl) electrode through the sphere array to a thickness that is 75-80% of 
the diameter of the top layer of spheres. Following gold deposition, a 
monolayer of 11-mercaptoundecanoic acid, MUA, was formed on the 
top surface with the templating spheres in place, by immersing the 
nanocavity array in 1 mM of MUA in ethanol for 12 h. This is to block 
any binding of the capture DNA capture strands to the top surface of the 
nanocavity array thus avoiding any contribution from the top surface 
plasmons. The polystyrene spheres are then removed by sonication in 
THF for 30 minutes. Complete sphere removal is confirmed by the 
absence of polystyrene bands in the Raman spectrum of the array. 
Raman spectra were recorded using 633 nm laser line (laser intensity 
was 0.4 mW) using a 50x objective and an acquisition times of 5 s. A 
minimum of five replicate samples were measured to ensure that 
representative spectra are obtained. 

The structure of the arrays was characterised using a Bruker Dektak 
XT Stylus Profilometer and a Bruker Dimension 3100 AFM equipped 
with a NanoScope IIIa controller using a silicon nitride tip with a tip 
diameter of 20 nm operating in contact mode. The topology of the 
nanocavity array structures were also investigated using a Hitachi S5500 
Field Emission Scanning Electron Microscope. SEM image analysis was 
carried out using Image J software. 

2.2. Electrochemistry and electrochemiluminescence 

All conventional electrochemical experiments were performed using 
a CH Instruments, Model 760B Electrochemical Workstation in a three- 
electrode cell at 23 C comprising the gold nanocavity array, or a 3 mm 
diameter gold disk electrode (CH Instruments), as the working electrode, 
a CH Instruments silver/silver chloride (Ag/AgCl) as the reference 
electrode and a platinum wire (Sigma Aldrich) as the counter electrode. 

For bipolar experiments, two titanium plates (1 cm x 1 cm) were used 
as feeder electrodes and a direct current power supply (Tenma Bench, 
Output 0 to 30 V dc, 0 to 2A) was employed to generate the electric field 
required. 

The intensity of the ECL was measured with an Oriel 70680 photo
multiplier tube (PMT) biased at -850 V using a high-voltage power 
supply (Oriel, Model 70705) and an amplifier/recorder (Oriel, Model 
70701). In wireless electrochemiluminescence, spectra were collected 
using a Keyence 3D digital Microscope connected to an 77400 MS125 
spectrograph and an Andor Technology gated intensified CCD. Confocal 
imaging was carried out using a Leica TSP DMi8 confocal microscope 
with immersion objective lenses between 10 and 100 x. 

2.3. Nucleic acid assay 

The oligonucleotides were purchased from Eurogentec (98 %), 
Belgium. The probe used in this work was a 5’ thiol modified oligonu
cleotide probe (5’-GTAGAAATGACT-GAACGTCCGATAA-3’) (Probe 1) 
which targets the mecA gene segment found in MRSA [30]. 

2.4. Labelling of probe strand 

The reaction was carried out in two steps. First, Ru PIC-COOH was 
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dissolved in DMSO with a molar equivalent of sodium-4-((4- 
(cyanoethynyl)benzoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate 
(CBTF) and stirred for approximately 10 minutes at room temperature. A 
molar equivalent aliquot was then added to the amino terminated DNA 
probe strand (Probe 2) in PBS (pH 7.4) and stirred for a minimum of 60 
minutes. The Ru-probe DNA was purified using the QIAquick® PCR 
Purification Kit (Qiagen, Valencia, CA, USA) per the manufacturer’s 
protocol. The DNA was eluted in water or 1 mM Tris-HCl buffer, pH 8.5. 
The DNA was precipitated with the addition of 0.1 volume of 3 M so
dium acetate, pH 5.2, and 2 volumes of absolute ethanol. 

2.5. DNA assay 

Denhardt’s Hybridisation solution (≥99.5%) was used for DNA 
immobilisation and hybridisation and was used as received from Sigma 
Aldrich. The nanocavity arrays were functionalised with the capture 
strands by immersing in a 1 µM solution of the thiolated DNA in Den
hardt’s solution for 14 hours at 37 C. The arrays were then repeatedly (5 
x) emersed, washed with buffer and then soaked in buffer for 20 minutes 
to remove any unbound material. Hybridization of the target DNA 
strand to the capture strand was performed at 37◦C for 3 h. The probes 
strands, functionalised with the ruthenium dye were hybridized with the 
complementary section of the target not used for binding to the capture 
strand for 5 h at 37◦C. 

3. Results and discussion 

3.1. Nanocavity array structure 

Fig. 1A shows an SEM of the 830 nm gold nanocavity arrays 
revealing well-ordered, hexagonal close packed, 3D, arrays are formed 
that has a low defect density (<1 defect per 500 cavities) over an area of 
approximately 25 mm2 in the case of larger spheres or 10 mm2 for the 
smaller spheres (<600 nm). The three-fold voids that interconnect the 
discrete layers are clearly visible suggesting that the arrays have sig
nificant porosity. 

3.2. Optical properties 

As discussed previously [18,31], the nanocavity arrays are less 
reflective than smooth gold and the arrays absorb significantly at 
wavelengths longer than approximately 550 nm. While the arrays 
themselves are structurally well ordered, a well-defined peak associated 
with a localised plasmon is not observed because multiple cavity and 
surface plasmons overlap to give a broad absorbance. Given that the 
ruthenium complex emits at approximately 620 nm, it is possible that a 
fraction of the ECL generated light could be used to excite the plasmons 
of the nanovoid arrays. However, several parameters and processes, 
including the electrode area, luminophore surface coverage, as well as 
the electron and mass transport rates, influence the brightness of 

electrochemiluminescence. Conventional electrochemistry can provide 
deep insights into these issues. 

3.3. Electrochemical properties 

Successful immobilisation of the capture strand followed by 
hybridisation of the target and ruthenium dye labelled probe strands can 
be conveniently monitored using cyclic voltammetry since the metal 
complex undergoes a one-electron oxidation at approximately +1.05 V 
[32]. The microscopic or real area, AReal, of each nanocavity array has 
been measured by forming an oxide monolayer using voltammetry in 0.1 
M H2SO4. This area allows the current density to be determined which 
should be independent of the size of the nanocavities. As illustrated in 
Fig. 2, incubation of the capture strand modified array with 1 µM target 
and then the Ru-probe gives a well-defined voltammetric peak at +1.05 
V which is consistent with the Ru2+/3+ redox process. The peak shape is 
approximately gaussian, shows a ratio of anodic, ipa, to cathodic, ipc, 
currents of between 0.9 and 1.05, a full width at half maximum, FWHM, 
of 110 mV and the current increases linearly with increasing scan rate, υ, 
for 0.002≤υ≤0.1000 V s− 1. The peak-to-peak separation, ΔEP, is 55±10 
mV but is independent of υ, for 0.002≤υ≤0.1000 V s− 1 suggesting that 
slow heterogeneous electron transfer is not the origin of the non-zero 
ΔEP. These features are consistent with immobilisation of the 
Ru-probe through the formation of the capture-target-Ru probe within 
the cavities [33]. 

However, it is very important to note that finite diffusion [34] of 
solution phase Ru-probe within the cavities would be expected at scan 
rates slower than approximately 12 Vs− 1 (2000 nm cavities) or 1200 
Vs− 1 (240 nm cavities) because of the very small volumes of the cavities, 
i.e., 10− 15 to 10− 18 litres. Thus, very careful washing of the nanocavity 
array is essential to ensure that the Ru-probe is truly bound and that the 
response is not due to residual Ru-probe. The inset of Fig. 2 shows the 
dependence of the charge under the voltammogram, Q, divided by AReal 
(as measured using oxide monolayer formation/reduction in acidic 
electrolyte) on the number of wash cycles. Here, the arrays functional
ised with the capture strand have been immersed in a 1 µM solution of 
the target followed by 500 µM of the Ru-probe. This figure shows that 
ratio initially depends on the cavity size, but the three cavity sizes 
converge to a single value (±12%) after four wash cycles. This behaviour 
is consistent with the cavity initially being filled with 500 µM of the 
Ru-probe which gets washed out leaving a partial monolayer of 
Ru-probe that is hybridised to the target. The data show that the zero 
wash cycle Q/AReal value is statistically larger for the larger (2 µm) 
cavity array which is consistent with the larger total number of moles of 

Fig. 1. (A) SEM image of the 600 nm gold nanocavity array using a 10 kV 
accelerating voltage. The scale bar is 800 nm. (B) Wireless electro
chemiluminescence following the formation of the DNA capture-target-Ru 
labelled probe where the target concentration is 1 µM and the TPA concen
tration is 25 mM within a porous electrode containing interconnected spherical 
voids with a diameter of 820 nm. This image is collected at the anode end of the 
bipolar electrode and the electric field gradient is small at these length scales 
hence there is little variation in the emission intensity from right to left. 

Fig. 2. Cyclic voltammogram of the 820 nm cavity array following the for
mation of the DNA capture-target-Ru labelled probe where the target concen
tration is 1 µM and the capture probe is 50 µM. The array was washed (5x) 
before the voltammogram was recorded. The scan rate is 0.1 V s− 1 and the 
current density is determined using the real array area. The inset shows the 
dependence of the charge passed in the CV as a function of the wash cycle. The 
cavity sizes are: Δ, 2000 nm; □, 820 nm and ◯ 240 nm. 
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Ru-probe in solution within the cavity. However, the dependence of the 
normalised charge on the wash cycle cannot be quantitatively analysed 
because the efficiency of the wash step depends on the size of the cavity 
opening. Significantly, when the pristine cavity, i.e., where the deposi
tion of the capture strand step is omitted, is exposed to first the target 
and then the Ru labelled probe strand, no redox processes associated 
with Ru2+/3+ are observed. This negative control indicates that 
non-specific adsorption of the Ru-probe is not a significant issue and that 
the Ru-probe can be introduced into the cavities and washed out again. 
Overall, these data suggest that the capture strand has been successfully 
immobilised on the surface of the cavity interiors and that the target and 
Ru-probe strands can hybridise. Based on the limiting value of Q/AReal, 
the surface coverage of Ru is approximately 5×10− 11 mol cm− 2 where 
the target concentration is 1 µM, which, if the capture strands are close 
packed would correspond to approximately 50% of the capture strands 
being hybridised to targets. 

3.4. Conventional electrochemiluminescence 

Fig. 3 shows the ECL response for the nanocavity arrays where the 
cavity size is varied from 2000 to 240 nm. The onset of ECL occurs at 
approximately 0.8 V. Given the formal potential of the Ru2+/3+ couple is 
approximately +1.05 V the concentration of electrogenerated Ru3+ will 
be low at this onset potential and the ECL at these low potentials is most 
likely generated by the reaction of the TPA radical cation with Ru2+. 
This chemical oxidation pathway will be promoted by the use of a high 
TPA concentration, i.e., 50 mM. The ECL response shows a well-defined 
peak with a pronounced diffusional tail rather than a steady state 
response. This behaviour is consistent with depletion of the TPA co- 
reactant within the nanocavities which is reasonable given that, in the 
absence of slow heterogeneous electron transfer, the depletion layer 
thickness at 0.1 V s− 1 is approximately 11 µm, i.e., more than 5 times 
larger than the diameter of the largest nanocavities investigated. It is 
important note that the total amount of ruthenium dye bound within the 
cavities depends on their size. To create the ECL luminophore, the bound 
Ru2+ dye must be oxidised, and the charge passed in the CV recorded at 
the same time as the ECL response reflects the differences in the total 
moles of the ruthenium dye present. Therefore, we have normalised the 
ECL intensity by dividing the ECL intensity, IECL, by the charge passed, 

Q, to estimate the photons emitted per electron passed due to oxidation 
of Ru2+. A striking result of Fig. 3 is that even after correcting for the 
charge passed, the ECL intensity depends on the size of the nanocavity 
and can be significantly larger than that observed at a planar electrode. 
It is important to recognise that ECL is a complex process involving 
heterogeneous electron transfer, mass transport and cross-reaction of 
reactants in solution. However, voltammetry suggests that the standard 
heterogeneous electron transfer from Ru2+ does not influence the ECL 
intensity at 0.1 Vs− 1. Moreover, as shown in the inset of Fig. 3, the 
normalised ECL intensity does not vary systematically with the cavity 
size which would be expected if transport effects dominated, e.g., 
trapping of the electrogenerated radicals within the cavity to give a 
higher local concentration. Significantly, the enhancement factor, i.e., 
the ratio of the normalised ECL intensity for the nanocavity array rela
tive to a planar electrode, reaches a maximum value of 6.6±1.3 for the 
820 nm cavity array. These data are consistent with plasmonic 
enhancement of the electrochemiluminescence in which some of the 
610nm ECL excites the cavity plasmon and the augmented local electric 
field enhances the emission. 

Generating electrochemiluminescence wirelessly by applying an 
electric field using external feeder electrodes is a highly attractive 
strategy for diverse applications including remote monitoring and 
highly sensitive, multianalyte, detection [35]. 3D bipolar electrodes 
open new possibilities including the possibility of focusing the electric 
field to create non-uniform potentials, pre-concentrating electro
generated reagents, avoiding convection and controlling diffusional 
mass transport. Moreover, it may be possible to couple the electric field 
created within the bulk solution and the local electric field of the 
plasmon. 

3.5. Wireless electrochemiluminescence 

Fig. 4 shows ECL spectra obtained for a 0.5 cm x 0.5 cm sample of the 
nanocavity arrays where the electric field strength is 6 V cm− 1. If the 
voltage drops linearly between the two feeder electrodes, this field 
strength will induce a voltage difference of 3 V between the anodic and 
cathodic poles of the nanocavity array (±1.5 V). The voltage at the 

Fig. 3. Potential dependence of the of the ECL intensity normalised for the 
charge passed for nanocavity arrays where the cavity sizes, from top to bottom 
at +1.5 V are, 820, 600, 110, 1000 and 2000 nm. The arrays have been func
tionalised with the capture strand, a 1 µM solution of the target allowed to 
hybridise, and the target overhang labelled using a 50 µM solution of the Ru- 
probe strand. Prior to measurement, the arrays were washed 5 times to 
remove unbound Ru-probe (see inset of Fig. 2). The scan rate is 0.1 Vs− 1 and the 
TPA concentration is 50 mM. The inset shows the dependence of the peak ECL 
intensity normalised for the charge passed on the cavity size. The dashed line 
represents the ECL intensity observed for a planar electrode. 

Fig. 4. Spectra for wireless electrochemiluminescence generated from an 0.5 
cm x 0.5 cm sample of the nanocavity arrays placed within a 6 V cm− 1 electric 
field. The cavity sizes, from top to bottom at 620 nm are, 820, 600, 110, 1000 
and 2000 nm. The arrays have been functionalised with the capture strand, a 1 
µM solution of the target allowed to hybridise, and the target overhang labelled 
using a 50 µM solution of the Ru-probe strand. Prior to measurement, the arrays 
were washed 5 times to remove unbound Ru-probe (see inset of Fig. 2). The TPA 
concentration is 50 mM. The inset shows the dependence of the peak ECL in
tensity normalised for the area of the cavity array as measured using oxide 
monolayer formation/reduction. The dashed line represents the ECL intensity 
observed for a planar electrode. 
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anode should be sufficient to oxidise Ru2+ while oxygen or water is 
reduced at the cathode. The ECL spectra are centred at 630±8 nm while 
that found using optical excitation is 620±5 nm. These minor shifts most 
likely arise due to the different local microenvironment of the lumino
phore when hybridised within the nanocavity compared to dissolved in 
bulk solution or lateral, inter-molecular interactions. The ECL spectra 
are consistent with phosphorescence from the triplet MLCT state [36]. 
There are differences in the peak shape between the ECL and optically 
driven emission and the band shape depends subtlety on the cavity size 
with the high energy side becoming relatively less intense compared to 
the emission at longer wavelength. This behaviour is consistent with a 
fraction of the electrochemiluminescence being absorbed by the nano
cavity. Significantly, as observed for conventional ECL, the area nor
malised intensity of the wirelessly driven depends non-linearly on the 
cavity size (inset of Fig. 4) with the 820 nm cavities showing an emission 
intensity approximately 7-times higher than that observed for either the 
2000 nm cavity array or a cavity-free planar electrode. While recog
nising that it is very difficult to quantify the charge associated with the 
generation of the Ru3+ required for emission in a bipolar electro
chemical experiment, the data shown in the inset of Fig. 2, i.e., Q/AReal 
converging to a single value for all arrays following five wash cycles, 
suggests that the current density is essentially the same for all arrays 
irrespective of the cavity size. Given that the ECL intensity depends on 
the current density, this gives confidence that the changes in ECL in
tensity shown in the inset of Fig. 4 reflect cavity size induced changes in 
the ECL process other than electron transfer. The results presented in 
Fig. 4 are significant since they demonstrate that ECL can be generated 
wirelessly using a 3D electrode array of nanocavities and open the 
possibility of enhancing the ECL intensity by tuning the cavity size as has 
been demonstrated previously for optically induced emission [37]. 

3.6. DNA assay 

The surface coverage of the Ru-probe, and hence the wireless ECL 
intensity, are expected to depend on the concentration of the target 
DNA. Fig. 5 shows that IECL / AReal depends linearly on the concentration 
of the DNA target for the 820 nm microcavity array where the electric 
field strength is 3 V cm− 1. The linear dynamic range extends from 10 nM 
to 30 µM with an LOD (3.3 * standard deviation of intercept / slope) of 1 
µM and an LOQ (10 * standard deviation of intercept / slope) of 3.2 µM. 

The absolute slope is approximately 0.91, i.e., the ECL intensity in
creases by a factor of 1.8 when the concentration is doubled. This value 
is somewhat lower than the value of unity expected for a direct corre
lation between the DNA concentration in solution and the number of 
captured Ru-Probe sequences and hence the ECL brightness. However, 
Fig. 5 clearly demonstrates that the intensity of the wirelessly generated 
ECL depends on the target concentration. Moreover, the analytical 
sensitivity delivered by the nanocavity array is approximately 6 times 
higher than that achieved by the planar electrode under identical 
conditions. 

4. Conclusions 

3-dimensional nanocavity electrode arrays with spherical voids with 
240≤diameter≤2000 nm offer significant advantages in both conven
tional and wireless/bipolar electrochemiluminescence. Significantly, 
the area and charge corrected electrochemiluminescence intensity is 
approximately 7-fold higher at the nanostructured electrode than a 
traditional planar electrode. The enhancement factor depends non- 
linearly on the cavity size with an optimum diameter of the order of 
800 nm. The enhancement does not appear to be related to different 
rates of heterogeneous charge transfer or mass transport but is consistent 
with a fraction of the ECL generated light activating the broad cavity 
plasmons of the array giving rise to an amplified local electric field that 
enhances the ECL intensity. The cavity induced enhancement translates 
into an enhanced analytical sensitivity and lower limit of detection in a 

DNA assay. While significantly lower LODs can be achieved using other 
electrochemical approaches such as electrocatalytic metal nanoparticles 
[38], the wireless ECL strategy is attractive from the perspectives of 
simple, low-cost instrumentation, non-complex, multianalyte capability 
that can be easily scaled to handle a large panel of biomarkers. The 
enhancement factor for other dyes, e.g., organics that have a lower 
quantum yield of emission, could be even larger than those found for the 
DNA bound ruthenium complexes. 
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