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A B S T R A C T   

The detection of a key biomarker in epilepsy, miR-134, using an environmentally sensitive electro-
chemiluminescent luminophore, [Ru(DPPZ)2 PIC]2+, is reported, DPPZ is dipyrido[3,2-a:2′,3′-c]phenazine) and 
PIC is (2,2′-bipyridyl)-2(4-carboxy phenyl) imidazo [4,5][1,10] phenanthroline. A thiolated capture strand is 
first labelled with [Ru(DPPZ)2 PIC]2+ and then adsorbed onto a gold electrode. No significant electro-
chemiluminescence, ECL, is observed for immobilised Ru-labelled capture strands which is consistent with the 
light-switch dye being exposed to the aqueous solution. In sharp contrast, binding of the target turns on ECL. The 
ECL intensity, IECL, depends on the number of adenine “spacer” bases between the end of the capture sequence 
and the dye. The ECL intensity for the optimised system increases linearly with increasing miR-134 concentration 
from 100 nM to approximately 20 μM. Single and double base mismatches produce IECL that are only approxi-
mately 30% and 8% respectively of that observed for the fully complementary target reflecting differences in 
their association constants. Significantly, the presence of BSA protein causes IECL to increase by less 5% in either 
the single or duplex circumstances. Finally, the ability of the sensor to quantify miR-134 in unprocessed plasma 
samples from healthy volunteers and people with epilepsy is reported.   

1. Introduction 

Around 50 million people worldwide have epilepsy, making it one of 
the most common neurological diseases globally [1,2]. The primary tool 
used for diagnosis of seizure disorders is the electroencephalogram 
(EEG) [3,4] which is technically demanding to interpret and can have a 
relatively low clinical sensitivity due to people with epilepsy showing 
normal EEGs while medically normal individuals can show abnormal 
EEG results [5]. MicroRNAs, miR, are emerging as a high impact class of 
biomarkers for the diagnosis and monitoring of a broad range of diseases 
[6] including epilepsy [7,8,9,10]. These short strands of nucleic acids 
(20–25 bases) are noncoding and regulate protein levels in cells by post- 
transcriptional interference in gene expression. In epilepsy, miR-134 is 
selectively enriched in specific brain cell types and it modulates inter- 
neuronal signalling by interacting with proteins that influence 
dendrite formation [11,12]. Upregulation of miR-134 in rodent models 

of status epilepticus and human epilepsy, [13] reveal that silencing miR- 
134 can help to suppress seizures in mice [14]. There is also evidence 
that some miRNAs are at a higher concentration in blood following 
seizures and even prior to seizures in rodents, [15] and in epilepsy pa-
tients [16]. Moreover, miR-134 represents an attractive, druggable 
target [17,18]. The ability to predict an impending seizure through a 
blood test would revolutionise the lives of people with epilepsy, but 
traditional approaches, such as qPCR, have long turnaround times and 
are challenging to implement at the point-of-need. Therefore, there is a 
critical unmet need for novel sensors to sensitively detect the systemic 
concentration of key miRNA to enable data driven clinical decision 
making and to enable patients to monitor their own health outside of the 
clinic. Electrochemical sensors have particular advantages in terms of 
their low cost, portability and multianalyte capabilities [19]. However, 
the concentration of the miRNA can be as low as picomolar requiring 
highly sensitive detection strategies such as electrocatalysis to amplify 

* Corresponding author. 
E-mail address: Robert.Forster@dcu.ie (R.J. Forster).  

Contents lists available at ScienceDirect 

Bioelectrochemistry 

journal homepage: www.journals.elsevier.com/bioelectrochemistry 

https://doi.org/10.1016/j.bioelechem.2022.108150 
Received 24 March 2022; Received in revised form 27 April 2022; Accepted 28 April 2022   

mailto:Robert.Forster@dcu.ie
www.sciencedirect.com/science/journal/15675394
https://www.journals.elsevier.com/bioelectrochemistry
https://doi.org/10.1016/j.bioelechem.2022.108150
https://doi.org/10.1016/j.bioelechem.2022.108150
https://doi.org/10.1016/j.bioelechem.2022.108150
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2022.108150&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Bioelectrochemistry 146 (2022) 108150

2

the signal rather than the target concentration, [20,21,22,23,24,25] or 
the use of complex, high-cost microfluidic devices [26]. Electro-
chemiluminescence [27,28,29,30,31,32] can enable highly sensitive 
detection because the background is dark (ultimately the limit of 
detection is controlled by the signal to noise ratio) and diverse strategies 
to enhance response have been identified [33,34,35,36,37]. 

As shown in Scheme 1, in this contribution we report on the direct 
detection of miR-134 using an environmentally sensitive metal complex, 
[Ru(DPPZ)2 PIC]2+, whose electrochemiluminescence is turned on when 
intercalated within the duplex that forms when the target is present. 

This “light switch” capability simplifies the assay design since the 
luminophore can be coupled to the capture sequence and immobilised 
on the gold electrode surface, but it does not generate ECL until the 
capture-target duplex is formed. Unlike other approaches that use a 
three-strand configuration, i.e., capture-target-labelled probe, which 
requires two distinct hybridisation as well as wash steps, here, only a 
labelled capture strand is needed, and washing can be minimised 
because ECL is turned on only when the duplex forms. New approaches 
to the synthesis of DPPZ based luminophores and their conjugates 
[38,39] have been devised and used previously for the electro-
chemiluminescent detection of diverse analytes including Hg2+, [40] 
ATP, [41] DNA from pathogens, [42] N-acetyl-β-d-glucosaminidase, 
[43] amyloid-β oligomerization, [44] miRNA, [45,46] among others, as 
well as elucidating the interaction of small molecules and DNA [47] ECL 
generation requires the luminophore to intercalate into the duplex 
which requires some flexibility. To investigate this issue, “spacer” 
adenine bases have been inserted between the complementary target 
binding region and the dye attachment point. Significantly, while ECL is 
observed for each system following hybridisation of the target, the 
optimal spacer length shows an ECL intensity that is approximately five 
times higher than that observed in the absence of a spacer. This result 
suggests that giving the luminophore additional flexibility enhances its 
ability to intercalate. Using the optimum spacer length, the ECL intensity 
depends linearly on the miR-134 concentration from approximately 0.1 
to 25 μM. Significantly, the presence of proteins such as bovine serum 
albumin, BSA, at physiologically relevant concentrations does not turn 
on ECL in the absence of the target and the ECL intensity when miR-134 
is bound is less than 5% higher when BSA is present. The presence of a 
single and double base mismatches causes the ECL intensity to decrease 
by approximately 70% and 92%, respectively, relative to the fully 
complementary target. Finally, the ECL responses before and after 
washing are within 7% of one another suggesting that the assay can be 
simplified by eliminating the final wash step. 

2. Experimental 

2.1. Microelectrodes 

For high-scan rate voltammetry, microelectrodes were prepared 
using 25 μm radius gold microwires sealed in a glass shroud that were 
mechanically polished as described previously [48]. Electrochemical 
cleaning of the electrodes was carried out by cycling in 0.1 M H2SO4 
between potential limits chosen to initially oxidize and then reduce the 
surface of the gold electrode. Excessive cycling was avoided in order to 
minimize the extent of surface roughening. The real surface area of the 
electrodes was determined by calculating the charge under the gold 
oxide reduction peak. Typically, surface roughness values were between 
1.4 and 1.8. Determining the real, as opposed to the geometric area of 
the electrodes is important if the area of occupation of the adsorbate is to 
be accurately determined. 

2.2. Instrumentation 

Cyclic voltammetry was performed using a CH Instruments Model 
660 Electrochemical Workstation and a conventional three electrode 
cell. All solutions were degassed thoroughly using nitrogen, and a 
blanket of nitrogen was maintained over the solution during all exper-
iments. Potentials are quoted with respect to a CH Instruments Ag/AgCl 
reference electrode filled with saturated KCl which had a potential of +
0.190 V with respect to the normal hydrogen electrode and was con-
nected to the cell via a salt bridge. All experiments were performed at 
room temperature (22 ± 3 ◦C). 

2.3. Nucleic acid assay 

The oligonucleotides were purchased from Eurogentec (98 %), 
Belgium. The capture probe was a 3′ thiol, 5′ amino modified 
oligonucleotide: 

Capture: NH2– 5′-ACC-AGU-CAC-A-3′-SH; 
Target (miR-134): 5′-UGU-GAC-UGG-UUG-ACC-AGA-GGG-G-3′; 
1-base mismatch (miR-758): 5′-UGU-GAC-UGG-UUG-ACC-AGA- 

GAG-G-3′; 
The metal complex was synthesized and characterised as reported 

previously, [49] and used to label the capture strand in two steps. First, 
Ru (DPPZ)2 PIC was 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 
min at room temperature. A molar equivalent aliquot was then added to 

Scheme 1. Schematic representation of the detection of miR-134. The Ru-DPPZ based luminophore is not ECL active when in water, but upon hybridisation of the 
target to form a duplex, the luminophore can intercalate turning on ECL. The emission intensity is proportional to the quantity of miR-134 that is bound. 
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the amino terminated NA capture probe strand in PBS (pH 7.4) and 
stirred for a minimum of 60 min. The Ru-probe NA was purified using 
the QIAquick® PCR Purification Kit (Qiagen, Valencia, CA, USA) using 
the manufacturer’s protocol. The NA was eluted in water or 1 mM Tris- 
HCl buffer, pH 8.5. The modified NA was precipitated with the addition 
of 0.1 vol of 3 M sodium acetate, pH 5.2, and 2 volumes of absolute 
ethanol. 

Denhardt’s Hybridisation solution (≥99.5%) was used for DNA 
immobilisation and hybridisation and was used as received from Sigma 
Aldrich. The gold (micro)electrodes were functionalised with the cap-
ture strands by immersing in a 1 μM solution of the Ru modified, thio-
lated capture NA in Denhardt’s solution for 14 h at 37C. The 
microelectrodes were then repeatedly (5 x) immersed, washed with 
buffer and then soaked in buffer for 20 min to remove any unbound 
material. Hybridization of the target DNA strand to the capture strand 
was performed at 37 ◦C for 30 min. 

2.4. Human plasma samples 

All studies involving human subjects and samples were approved by 
the Research Ethics Committee of the Royal College of Surgeons in 
Ireland (RED #859) and by the Ethics (Medical Research) Committee of 
Beaumont Hospital, Dublin. Informed written consent was obtained 
from all patients and volunteers. Blood was collected by venepuncture 
into K2-EDTA tube, 10 ml, BD cat. No. 367525, gently inverted 8–10 
times, and processed to obtain plasma within one hour. Plasma was 
prepared by centrifuging the tubes at 1300 g, for 10 mins at 4 ◦C. A 
second centrifugation step was performed at 1940 × g for 10 min at 4 ◦C 
to further reduced cellular contamination [50]. After centrifugation, 
samples were decanted for storage in a cryo-tube (Greiner Bio-one) and 
frozen at − 80 ◦C. 

Plasma was obtained from two healthy volunteers (female, 38; male, 
25) and four temporal lobe epilepsy patients attending the video EEG 
monitoring unit at Beaumont hospital for epilepsy diagnosis. All patients 
were on medication at the time of the study. 

3. Results and discussion 

3.1. General electrochemical properties 

Fig. 1 shows representative background corrected cyclic 

voltammograms for the Ru2+/3+ couple within a spontaneously adsor-
bed film of the thiolated miR capture strand labelled with the [Ru 
(DPPZ)2 PIC]2+. The electrolyte is aqueous 1.0 M LiClO4. The voltam-
metric peak heights change by less than 10% when the monolayer is 
repeatedly cycled for periods up to 2 h in blank electrolyte solutions. 

These voltammograms are consistent with those expected for an 
electrochemically reversible reaction for the surface-confined species 
Ru2+/3+ couple with a formal potential, Eo’, of 1170 ± 10 mV [51,52]. 
The peak shape is independent of scan rate, υ, for 0.5 ≤ υ ≤ 10 V s− 1 and 
the peak height increases linearly with increasing scan rate, rather than 
the υ1/2 dependence observed for the complex in solution. The peak-to- 
peak separation, ΔEp, even at 10 V s− 1 is only 12 ± 3 mV. Fitting the 
scan rate dependent voltammograms (50 ≤ υ ≤ 100 V s− 1) indicates that 
ko is 5.3 ± 0.8x10-1 s− 1. This value is significantly lower than that found 
for structurally related systems that have a shorter electron transfer 
distance, e.g., ko for [Ru(bpy)2(bpySH)](PF6)2 is 0.9 ± 0.1x104 s− 1, 
where bpy is 2,2′-bipyridyl and bpySH is 5,5′-bis(mercaptomethyl)-2,2′- 
bipyridine [53]. However, given that the length of the single RNA strand 
is of the order of 7–8 nm, and ko decreases exponentially with increasing 
distance, the rather large ko observed suggests that the capture strand 
may not be fully extended. The full width at half maximum current is 
125 ± 20 mV indicating that there are weak destabilizing interactions 
between the adsorbates. Integrating the charge passed indicates that the 
surface coverage is 3.4 ± 0.1x10-11 mol cm− 2 using the real surface area 
which corresponds to an area per dye molecule of 440 Å2. The surface 
coverage is significantly less than that expected where the metal com-
plexes are close-packed (≈1x10-10 mol cm− 2). If the adsorbates are 
uniformly distributed across the electrode surface, i.e., the RNA capture 
strands do not form islands, they would be separated by approximately 
8 nm which leaves sufficient space for the target to hybridise and for the 
dye to intercalate within the duplex formed when the target hybridises. 

3.2. Effect of target hybridization on the voltammetry 

Hybridisation is expected to cause changes in the layer structure that 
could affect the voltammetric response. For example, formation of a 
duplex should rigidify the structure and lead to a more extended 
configuration of the RNA strand increasing the electron transfer distance 
and giving a lower rate of heterogeneous electron transfer. More 
significantly, the [Ru(DPPZ)2 PIC]2+ dye is expected to intercalate 
within the duplex through the phenazine ligand, changing its local 
microenvironment which might affect the oxidation or reduction po-
tentials. Fig. 2 shows voltammograms at 10 V s− 1 before and after 
hybridisation using a 50 μM solution of the miR-134 target. A high target 
concentration was used to maximise the formation of the duplexes into 
which the dye can intercalate. 

Even at 0.5 V s− 1, ΔEp increases from 12 ± 3 mV to 71 ± 5 mV 
following miR-134 hybridisation suggesting a significantly lower ko. 
Significantly, the anodic peak shifts in a positive potential direction by 
35 ± 5 mV indicating that it is thermodynamically more difficult to 
create the Ru3+ centres which is consistent with metal complex being 
intercalated within the duplex. The anodic peak also broadens with a 
FWHM of 155 ± 5 mV and develops a distinct shoulder perhaps sug-
gesting that there may be more than one type of binding site, e.g., 
different physical locations for intercalation within the duplex, or the 
capture strands themselves may exist as isolated adsorbate and within 
densely packed islands. 

3.3. Electrochemiluminescence properties 

In the presence of co-reactants such as tripropyl amine or oxalate, 
radicals are electrogenerated that can chemically reduce the electro-
generated Ru3+ leading to a significant electrocatalytic current. Fig. 3A 
shows voltammetry in the presence of 10 mM oxalate as co-reactant 
before and after hybridisation of the miR-134 target. In both cases, a 
significant catalytic current is observed with peak potentials of 1.22 V 

Fig. 1. Scan rate dependent, background corrected, cyclic voltammograms of 
the miR-134 capture-monolayer covalently labelled with [Ru(DPPZ)2 PIC]2+. 
The electrolyte is 1.0 M LiClO4. The electrode is a gold disk with a 25 μm radius 
and a surface roughness of 1.6. The surface coverage, Γ, is 0.34 ± 0.05 × 10-10 

mol cm− 2. From top to bottom, the scan rates are 10, 5, and 1 V s− 1. 
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and 1.30 V, respectively, and the current magnitudes are within 20% of 
one another. These results demonstrate that the ruthenium complex is 
accessible to the co-reactant in both the single and double stranded RNA 
forms and that at slow scan rates, intercalation of the metal complex 
does not significantly impact the generation of the potentially emissive 
Ru2+* state. 

However, Fig. 3B shows that hybridisation of the target has a dra-
matic effect on the magnitude of the electrochemiluminescence with the 
intensity of the ECL observed after target binding being approximately 
400 times larger than that observed for the single stranded RNA despite 
the fact that the electrocatalytic currents are similar in both circum-
stances (Fig. 3A). These data demonstrate that only Ru2+* centres that 
are intercalated within double stranded microRNA can generate ECL. 
When the target is not hybridised, the excited states interact with the 
aqueous solvent and relax to the ground state without the emission of 
light. This finding opens the possibility of simplified and highly sensitive 
detection of miRNA, i.e., labelled capture strand binding the target 
rather than the capture-target-labelled probe strand configuration of 

conventional assays. It may also enable a wash-free assay which is 
considered later. 

The intercalation of the dye requires physical movement of the 
tethered dye which may be influenced by the length of the linker be-
tween the end of the RNA capture sequence and the dye itself. To address 
this issue, we have created thiolated capture strands that incorporate 0, 
3, 6, 9 or 12 adenine spacer groups between the fully complementary 
capture sequence and the dye. These bases do not hybridise with the 
target and are intended to enhance the flexibility of the dye linkage to 
allow deeper intercalation which protects the excited state from 
quenching by water molecules. Fig. 4 shows the dependence of the ECL 
intensity generated from the [Ru(DPPZ)2 PIC]2+ on the number of 
adenine spacer groups. The electrocatalytic current observed is inde-
pendent of the number of spacer bases to within 20%. Significantly, the 
ECL intensity increases substantially with an increasing number of 
spacer groups up to nine adenine bases. The association constant for the 
binding of the miR-134 target is expected to be independent of the 
number of spacer bases since the capture sequence is unchanged. The 
increase in ECL intensity arises because the increased flexibility of the 
longer spacers facilitates intercalation of the environmentally sensitive 
[Ru(DPPZ)2 PIC]2+ dye reducing the fraction of excited states that are 
deactivated by contact with the aqueous solution. The observation that 
nine and 12 spacers give statistically indistinguishable intensities sug-
gests that these spacers are sufficiently flexible to maximise intercala-
tion and protection of the luminophore. Therefore, the following 
investigations were carried out using a capture strand with 9 adenine 
spacers between the end of the sequence complementary to the target 
and the ruthenium dye. 

Fig. 5 shows the dependence of the ECL response on the electrode 
voltage where the capture strands have been hybridised with different 
concentrations of the miR-134 target between 100 nM and 100 μM. 
Consistent with the voltammetry shown in Fig. 2, the ECL response 
shows a shoulder at more positive potentials that dominates the 
response for the higher concentrations of the miR-134 target. This result 
suggests that there may be more than one type of binding site or 
microenvironment for the DPPZ dye within the duplex formed in the 
presence of the target. The inset of Fig. 5 shows the dependence of the 
fraction of the ECL luminophore that is bound within the duplex, θ, and 
hence generates ECL, as a function of the target concentration. The 
quality of the best fit to these experimental data using a single binding 
site model is poor and to probe this issue further the Hill model, Equa-
tion (1), describing cooperative binding at n different binding sites was 
used: 

Fig. 2. Voltammetry of a miR-134 capture-[Ru(DPPZ)2 PIC]2+ monolayer in 
1.0 M aqueous LiClO4. pH 6.9 before (solid line) and after (dashed line) 
exposure to a 50 μM solution of target miR-134 for 30 min. The scan rate is 10 
Vs− 1. The electrode is a gold disk with a 25 μm radius and a surface roughness 
of 1.6. The surface coverage, Γ, is 0.34 ± 0.05 × 10-10 mol cm− 2. 

Fig. 3. (A) Current response of a miR-134 Capture-[Ru(DPPZ)2 PIC]2+ monolayer immersed in in 1.0 M LiClO4 containing 10 mM oxalate as co-reactant before (solid 
line) and after (dashed line) exposure to a 50 µM solution of miR-134. (B) ECL from miR-134 Capture-[Ru(DPPZ)2 PIC]2+ monolayer in 1.0 M LiClO4 containing 10 
mM oxalate as co-reactant before (solid line) and after (dashed line) exposure to a 50 µM solution of miR-134. For both A and B, the scan rate is 0.1 Vs− 1. The 
electrode is gold deposited on silicon, area 0.09 cm2. The surface coverage, Γ, is 0.34 ± 0.05 × 10-10 mol cm− 2. 
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θ =
K[miR − 134]n

1 + K[miR − 134]n
(1)  

where K is the association constant and n describes the number of 
binding sites. Non-linear generalized reduced gradient fitting in which 
both K and n are freely adjustable variables gives a high-quality fit (solid 
line in inset of Fig. 5) where K is 39 ± 3 and n is 1.70 ± 0.15. The 
number of binding sites is close to 2 which is consistent with cooperative 
binding involving two different sites or microenvironments with the 
capture strand-target duplex. It is not clear if these correspond to 
intercalation at different physical locations within the duplex due to the 
flexibility of the linker or if it is due to the capture strands being in 

different states, e.g., isolated vs. within dense RNA islands on the elec-
trode surface. The association constant, 39 ± 3, corresponds to a free 
energy of − 9.1 ± 0.2 kJ mol− 1. This value is significantly lower than 
that expected for this nucleic acid sequence, approximately − 100  kJ 
mol− 1. Despite the relatively low surface coverage of the capture strands 
(approximately 35% of a close-packed monolayer), this weaker binding 
may suggest that the nucleic acids do not exist in aqueous environment 
but are within islands where the local coverage is higher decreasing the 
local dielectric constant and inhibiting hybridisation. 

3.4. Analytical performance 

From an analytical perspective, the inset of Fig. 5 shows that the ECL 
intensity increases linearly with increasing target concentration for 100 
nM < [miR-134] less than 20 μM. The limit of detection could be further 
improved by increasing the binding strength, but this would of course 
reduce the dynamic range. Beyond analytical sensitivity, the impact of 
non-specific binding, NSB, e.g., of proteins present in blood, plasma and 
serum, is another major consideration. Fig. 6 shows the ECL response 
following hybridisation of a 50 μM solution of miR-134 and when the 
capture strands alone are exposed to 0.6 mM BSA (this matches the 
concentration of human serum albumin in blood). Significantly, the 
intensity of the ECL emission for the capture strands exposed to BSA, i.e., 
the negative control, shows less than 0.7% of the intensity observed for 
the duplex. This result suggests that protein, even if it does non- 
specifically adsorb, does not protect the excited state sufficiently from 
exposure to water to block non-radiative relaxation back to the ground 
state. 

The impact of mismatches in the target on the ECL intensity has been 
investigated using 10 μM test solutions. A single base mismatch located 
in the middle of the target decreases IECL from 106 ± 5 A.U. for the fully 
complementary target to 32 ± 6 A.U. for the 1- base mismatch. Thus, 
while the sensor is not suitable for detecting single nucleotide poly-
morphisms, the discrimination even at the single base mismatch is 
acceptable. The ability to discriminate two base mismatches is excellent 
with IECL decreasing by 92% compared to the fully complementary miR- 

Fig. 4. Dependence of the ECL intensity on the number of adenine spacer 
groups between the end of the miR-134 capture sequence and the [Ru(DPPZ)2 
PIC]2+ dye. The miR-134 target concentration is 50 µM. The co-reactant is 10 
mM oxalate and the supporting electrolyte is 1.0 M aqueous LiClO4. 

Fig. 5. ECL from a miR-134 capture-[Ru(DPPZ)2 PIC]2+ monolayer in 1.0 M 
aqueous LiClO4 containing 10 mM oxalate as co-reactant after exposure to so-
lutions of miR-134 where the concentrations are (top to bottom) 100, 20, 10, 5 
and 0.1 µM. The scan rate is 0.1 Vs− 1. The inset shows the dependence of the 
bound fraction on the miR-134 concentration where the solid points are the 
experimental data, and the solid line is the best fit to the Hill equation 
describing cooperative binding at n different binding sites. 

Fig. 6. Comparison of ECL response from a miR-134 Capture- [Ru(dppz)2 
PIC]2+ monolayer for 10 µM miR-134 (solid line, y-axis to the left) and 40 mM 
HSA (dashed line, y-axis to right). The inset shows the calibration in unpro-
cessed human plasma that was first depleted of RNA and then spiked with the 
required miR-134 concentration. The circles (upper line, ECL intensity =
12.258 [miR-134] + 4.5879, R2 = 0.9983) are the ECL intensities measured 
after the target has hybridised in plasma without any wash step while the 
squares (lower line, ECL intensity = 10.218 [miR-134] + 1.7754, R2 = 0.9986) 
are the intensities obtained after a wash step. 
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134. However, it is also important to consider the selectivity over similar 
sequences that could actually be present in a blood plasma sample. miR- 
758 has a sequence of 12 bases that are the same as that found in miR- 
134 and is the most similar RNA to the fully complementary target likely 
to be found in real samples. Significantly, the ECL intensity for miR-758 
is less than 3% of that found for the fully complementary target. These 
data indicate that the sensor is highly selective and capable of 
discriminating between the target and other miRNA that could be found 
within real samples. 

To probe the real-world usefulness of the sensor developed we have 
investigated the performance in unprocessed human plasma. The inset 
of Fig. 6 shows a calibration curve in human plasma that has first been 
depleted of RNA and then spiked with different concentrations of the 
target. Significantly, the ECL intensities observed in serum are within 
10% of those found in clean buffer. Fig. 6 shows that the dynamic range 
of the sensor is from 100 nM to 10 μM which compares favourably with 
that found in clean buffer (Fig. 5). The limit of detection, LOD, can be 
calculated using Equation (2): 

LOD = 3.3*σ/S (2)  

where σ is the standard deviation and S is the slope of the calibration 
curve. For this system the LOD is calculated to be 1 × 10-12 M (1 pM) and 
experiments using an actual 1 pM miR-134 solution given a measurable 
signal above the baseline. 

A potential advantage of this assay format is that the need for wash 
cycles after the target has been hybridised may be reduced since the 
response is insensitive to the presence of protein and ECL requires the 
presence of a duplex. The inset of Fig. 6 reveals that the analytical 
sensitivity is approximately 17% higher before the wash step. However, 
the reproducibility without washing rivals that of the assay following a 
wash step suggesting that miR-134 concentrations can be measured in 
plasma without the absolute need for a wash step. 

3.5. Detection of miR-134 in plasma from people with epilepsy 

Plasma samples were obtained from healthy volunteers and from 
patients with temporal lobe epilepsy. The ECL intensity was measured in 
the unprocessed plasma using 10 mM oxalate as co-reactant and the 
results obtained are summarised in Table 1. 

The healthy controls reveal miR-134 levels that are just above the 
LOD for the sensor while the epilepsy patients show significant variation 
with concentrations ranging from 100 nM to 1 μM. This variation may 
reflect the status of the patient on the day the samples were collected, e. 
g., the temporal proximity of a seizure. The data suggest that miR-134 is 
present at a higher concentration in people with epilepsy compared to 
healthy volunteers. These results are consistent with those found using 
qPCR and a complex centrifugal microfluidic device we reported 
previously.26 

4. Conclusions 

We have demonstrated a simplified, electrochemiluminescent sensor 
for the detection of a miRNA associated with epilepsy. The sensor has 
excellent ability to discriminate against structurally related miRNAs and 
responds only very weakly to a two-base mismatch. The ECL intensity is 
not significantly affected by the presence of proteins such as BSA indi-
cating that protein does not protect the excited state of the [Ru(DPPZ)2 
PIC]2 dye from radiationless quenching by water. This lack of sensitivity 
to the presence of protein is reflected when measuring miR-134 in un-
processed plasma where the assay results are highly reproducible even 
when a wash step is not carried out. The miR-134 concentrations in 
healthy volunteers and people with temporal lobe epilepsy can be easily 
distinguished. Moreover, we have shown that the absolute concentra-
tion of miR-134 varies significantly between epilepsy patients (by a 
factor of approximately 10) which may open the possibility of using a 

panel of miRNA for early diagnosis of epilepsy, the monitoring of disease 
state, compliance with medication and perhaps ultimately, to predict 
impending seizures. Electrochemiluminescence is well placed to deliver 
a low-density array since it can be multiplexed either by changing the 
metal complex structure so that ECL is turned on at different potentials, 
e.g., by changing the identity of the metal centre, or tuning the emission 
wavelength, e.g., by changing the peripheral ligands. 
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