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Abstract

MicroRNAs (miRNAs) are small oligonucleotides (18-25 bases), biologically relevant for epigenetic regulation
of key processes, particularly in association with cancer. Research effort has therefore been directed towards
the monitoring and detection of miRNAs to progress (early) cancer diagnoses. Traditional detection strategies
for miRNAs are expensive, with a lengthy time-to-result. In this study we develop an oligonucleotide-based
assay using electrochemistry for the specific, selective and sensitive detection of a circulating miRNA (miR-
141) associated with prostate cancer. In the assay, the excitation and readout of the signal are independent:
an electrochemical stimulation followed by an optical readout. A ‘sandwich’ approach is incorporated,
consisting of a biotinylated capture probe immobilised on streptavidin-functionalised surfaces and a
detection probe labelled with digoxigenin. We show that the assay allows the detection of miR-141 in human
serum, even in the presence of other miRNAs, with a LOD of 0.25 pM. The developed
electrochemiluminescent assay has, therefore, the potential for efficient universal oligonucleotide target
detection via the redesign of capture and detection probes.
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1. Introduction

Currently, the standard practice for cancer diagnosis is based on a combination of cross-sectional imaging and
tissue biopsies. Imaging techniques elucidate the presence, location and size of a tumour, but lack information
regarding tumour grading and molecular characterisation [1]. Therefore, the tissue biopsy is subjected to a
histopathological analysis to confirm malignancy and determine the cancer type and subtype. Sometimes,
this examination is followed by molecular testing to identify which biomarkers are present and guide
personalised treatment plans since patients with certain biomarkers are eligible for a specific targeted therapy.
A tissue biopsy is, however, highly invasive and does not account for a tumour’s heterogeneity [2]. The use of
liquid biopsies opens the possibility to collect biofluids in a minimally invasive way and thus track biomarker
levels throughout the disease course and during treatment. Monitoring biomarkers in biofluids allows for
increased accuracy in treatment decisions and reactionary treatment strategies, leading to personalised
medicine [3,4]. This is particularly important when a change from a drug-sensitive to a drug-resistant disease
occurs.

Liquid biopsy allows the detection of various cancer biomarkers, such as circulating tumour cells (CTCs) [5],
circulating tumour DNA (ctDNA) [6] and non-coding microRNAs (miRNAs) [7]. Particularly, aberrant amounts
of circulating miRNAs have been increasingly shown to have a biological impact and are clinically associated
with cancer [8,9]. We have chosen to study miR-141-3p (hereafter miR-141), as this is one of the miRNAs that
has been associated with various types of cancer such as prostate, colon and lung [10]. In prostate cancer,
miR-141 is overexpressed and its levels can be correlated to the total PSA levels [7,11,12]. In fact, data from
clinical studies and meta-analysis demonstrated that the altered expression of miR-141 is consistently
associated with prostate cancer aggression, distant metastasis, biochemical recurrence, and prognosis [13,14].
The high chemical stability of these nucleic acids in body fluids makes them powerful biomarkers that are
present at levels suitable for testing in biofluid samples from patients [15]. To address the drawbacks of
current miRNA detection techniques, research into electrochemiluminescence (ECL) detection of nucleic
acids has been gaining momentum.

In ECL, which combines electrochemistry and chemiluminescence, when applying a potential, the ECL label,
generally called luminophore, undergoes a high-energy electron-transfer reaction in the presence of a co-
reactant, which can generate electronically excited states emitting light. Thus, ECL produces light from an
electrochemical stimulus, combining high sensitivity, low background, and fast response [16,17]. The use of
ECL for miRNA detection has gained interest in recent years with, in particular, ruthenium-based systems in
the presence of a co-reactant such as tripropylamine (TPA) being a textbook example [17,18]. However, there
are other ways to improve the ECL signal, such as a two-stage isothermal strand-displacement polymerase
reaction [19], and the combination of ECL signal quenchers (namely carbon dots) with a duplex specific
nuclease [20]. However, such assays are expensive and complex, thereby limiting their applicability in POC
testing.

Recent reports on the ECL detection of miRNAs associated with oncological diseases include those performed
by the group of Chai and Yuan [21,22] and the group of Zhou [23]. In their first work [21], the group of Chai
and Yuan designed dual miRNAs-fuelled DNA nanogears for detection of the miRNA with a single luminophore.
In buffer, miR-155 was detected down to fM levels and detection of the miRNA was also possible in cancer
cell lysates, although no quantification was performed in this sample matrix. In their second work [22], the
authors developed a DNA walking machine to detect miR-21 and miR-155 but the detection was only



performed in buffer. Even though the work developed by this group is very impressive, it lacks the analysis of
clinical samples and that is key in the development of an assay to be used as POC testing. Zhou’s group
developed an ECL biosensing platform to detect miR-21 and the protein mucin 1 and they were able to detect
both targets in human serum [23]. The catalytic hairpin assembly process is initiated by the presence of miR-
21, whose presence brings CdS:Mn quantum dots to the electrode surface, leading to an ECL response. The
detection of mucin 1 is triggered by its aptamer, which allows Au nanoparticles to approach the CdS:Mn
guantum dots leading to a decrease in the ECL signal. This is a very complex architecture, which limits its
application in a real setting. The three works discussed above highlight the difficulty of working with clinical
samples and confirm that, to date, no routine assay is available to detect miRNAs in serum or plasma from
oncological patients. The ECL assay developed here is straightforward, not requiring complex strategies or
detection mechanisms.

Amgen Research has reported the quantification of oligonucleotides in biological matrices using a
commercially available ECL instrument [24,25]. The use of a sandwich assay, together with locked nucleic
acids (LNA) allowed oligonucleotide detection between 0.3 pM and 16.7 nM in serum. Despite the high cost
of the assays and the need to home-label the reporting antibody, the promising results lead us to develop a
DNA-based sandwich assay for the detection of miR-141 as a term of comparison to the PEC approach we
have developed in parallel.

The aim of this work is to develop an ECL assay for the detection and quantification of miR-141 in human
serum. We have optimised the assay parameters such as concentration of probes, amount of anti-digoxygenin
(anti-DIG) antibody used and optimal serum dilution during hybridisation step. The analytical performance
with the optimised parameters has been evaluated for the detection of miR-141 in hybridization buffer and
diluted serum. The assay possesses the characteristics that POC assays should display, namely robustness,
sensitivity and selectivity while being able to quantify miRNAs in complex biological matrices.

2. Materials and Methods
2.1 Materials

Sodium phosphate monobasic, sodium phosphate dibasic, sodium chloride, magnesium chloride, Tween 20,
trizma (Tris) base (2-amino-2-hydroxymethyl-1,3-propane-diol), hydrochloric acid,
ethylenediaminetetraacetic Acid (EDTA) and human serum were purchased from Sigma-Aldrich (Overijse,
Belgium). DNA and miRNA sequences used in this work were purchased from Eurogentec (Liege, Belgium)
and are shown in Table 1. Stock solutions of 100 uM were prepared by reconstitution in ultrapure water
(UPW).

Table 1: DNA and RNA sequences used to detect miR141 using an ECL assay. TEG = triethylene glycol.

Name 5’ modification Sequence (5’ -3’) 3’ modification

Target (miR-141-3p

UAA CAC UGU CUG GUA AAG AUG G -
(MIMAT0000432))

Capture probe Biotin-TEG CCATCTTTACC -

Detection probe - AGA CAGTGTTA Digoxigenin

Negative Control

. - UUU GUU CGU UCG GCU CGC GUG A -
(miR-375-3p)

Negative Control

. - GUC CAG UUU UCC CAG GAA UCC CU -
(miR-145-5p)




2.2 ECL Assay and preparation

Goat polyclonal anti-DIG antibody (Abcam, Cat. Ab76907) was conjugated with multiple tris(2,2'-bipyridyl)
ruthenium(ll) (Ru(bpy)s?*) labels using the MSD Gold Sulfo-Tag NHS-Ester conjugation kit (Meso Scale
Diagnostics, R31AA-1, protocol in section 1.1 in Supplementary Information). MSD GOLD 96-well Streptavidin
QUICKPLEX Plate Pack (L55SA), MSD GOLD 96-well Small Spot Streptavidin SECTOR Plate (L45SA) and MSD
GOLD Read Buffer (R92TG) were purchased from Meso Scale Discovery, USA.

Before the immobilisation on the well plate, the three strands forming the sandwich were allowed to react
for one hour at room temperature in hybridisation buffer (5 mM Tris, 0.5 mM EDTA, 1 M NaCl and 0.05%
Tween20, pH 7.5 adjusted using HCI) or diluted serum (1:2, 1:5, 1:10, 1:20 or 1:50 serum:hybridisation buffer)
(Figure 1A). Unless stated otherwise, the concentrations of capture and detection probe were 24 nM and the
concentration of the target varied from 24 nM to 1.5 pM (8 dilutions with a 5-fold ratio, including a non-target
control). Upon reaction, 50 pL of the master mix was transferred to a well, that had previously been washed
once with 150 pL of PBS-T (1.8 mM KH;PO4; + 10 mM Na;HPQO,4 + 2.7 mM KCl and 137 mM NaCl with 0.05%
Tween 20) and tap-dried, allowing to interact for one hour at room temperature at 550 rpm in a plate shaker.
The plate was then washed three times with 150 uL PBS-T and tap-dried before adding 25 L of anti-DIG
antibody solution. After one hour of reaction, the plate was washed again three times with 150 uL PBS-T and
tap-dried. Then 150 pL of MSD GOLD Read Buffer A, containing the co-reactant TPA, was added and the plate
was read immediately in the MSD Quick Plex SQ 120 controlled by the Methodical Mind reader software
(Figure 1B).

To assess the specificity and the selectivity of the probes, ECL measurements were performed in the presence
of negative controls (another miRNA), instead of the desired target, and in a mixture containing the target
and two other RNA strands, respectively. The standard curves, in both hybridisation buffer and serum,
obtained in these conditions, were compared to those obtained in the presence of the target only.

3. Results and Discussion

In this work we have evaluated the ECL response of the duplex formed by the target miRNA (miR-141)
hybridised with the capture and detection probe in a sandwich-like format (Figure 1A). The streptavidin-
modified electrodes trap the sandwich duplex via the biotinylated capture probe. The detection probe is
labelled with DIG and will be recognised by the Ru(bpy)s**-labelled anti-DIG antibody which is in close
proximity to the electrode surface for the ECL reaction in presence of the co-reactant TPA (Figure 1B). The
oxidation of TPA generates the TPA radical cation (TPA**) that undergoes deprotonation, resulting in the
formation of the TPA radical (TPA®). TPA® is a strong reducing species that reacts with the electrogenerated
Ru(bpy)s®* to form the Ru(bpy)s** excited state which emits light [25-28]. The emission depends on the
Ru(bpy)s?* concentration which is directly proportional to the concentration of the anti-DIG antibody, and in-
turn the target miRNA.
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Figure 1 — Schematic representation of A) the developed ECL oligonucleotide based assay and B) its detection mechanism. The lower
panel shows the various components of the assay.

3.1 ECL Assay
3.1.1 Optimisation of parameters

With an aim to develop an oligonucleotide-based ECL assay to detect miR-141, we initially optimised the
concentration of capture and detection probes, the amount of anti-DIG antibody and the serum dilution. The
ECL plate supplier indicates that the binding capability of the plate is 0.3 pmol/well, measured by titrating the
plate with biotin-tagged immunoglobuline G (IgG), which corresponds to a concentration of biotinylated
capture probe of 6 nM (the volume used in the well was 50 pL). Because the binding capability was
determined for IgG, and not for oligonucleotides, higher concentrations of oligo (12 nM and 24 nM) were also
tested. As can be seen in Figure 2A, 24 nM allowed the detection of target at higher concentrations without
saturation of the signal, so we decided to perform all the following experiments with this concentration of
capture and detection probes. Next, the concentration of anti-DIG antibody was varied between 0.5 and 2
pg/mL (Figure 2B). The concentration of antibody has no significant effect on the ECL counts. Consequently,
the lowest concentration of anti-DIG antibody (0.5 ug/mL) was used during the remainder of the experiments.
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Figure 2 — Optimisation of various parameters to be used in the ECL assay for the detection of miR-141. A) Concentration
of probe and B) amount of anti-DIG antibody. Mean data is shown with error bars representing standard deviation (n=2).
Axes are in log scale.

To investigate the influence of the serum matrix on the hybridisation of the sandwich assay, the hybridisation
with different concentrations of target (miR-141) was performed in various dilutions of serum (1:2, 1:5, 1:10,
1:20 and 1:50, serum: hybridisation buffer ratio). As can be seen in Figure 3, only at a 1:20 and 1:50 ratio it is
possible to detect the target miRNA at the pM level. For the other dilutions with high concentrations of serum,
matrix effects from high concentrations of serum prevented the generation of ECL signal. Though the
measurements are performed in measuring buffer, during the hybridisation step, most likely, proteins in the
serum at higher concentrations foul the electrode surface and remain on the surface even after the washing
steps, thus passivating the surface. We opted for the dilution 1:20 since it gives similar results to the dilution
1:50 and means a lower dilution of the target. The same dilution has been used by Thayer et al. for the
detection of siRNA in human excreta when using an instrument from Meso Scale Discovery [24,25].
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Figure 3 — Optimisation of the serum dilution to be used in the ECL assay for the detection of miR-141. The serum was
diluted with hybridization bufferin a 1:2, 1:5, 1:10, 1:20, and 1:50 serum:buffer ratio. Mean data is shown with error bars
representing standard deviation (n=2). Axes are in log scale.

3.1.2 Analytical performance in buffer and diluted serum

After optimisation of the parameters, we evaluated the analytical performance of our ECL sandwich assay in
hybridisation buffer and in diluted serum (1:20 dilution) during the hybridisation step (Figure 4). Apart from
varying the concentration of the targets and building a (i) calibration plot, we tested two controls such as (ii)
negative control, by varying the concentration of the target not complementary to the capture and detection
probes, and (iii) specificity, by measuring the different concentrations of target in the mixture with 24 nM of
two other miRNAs. For this purpose, three different target solutions were tested: (i) miR-141, (ii) miR-145-5p
as a negative control, and (iii) miR-141 in the presence of 24 nM of two other miRNAs (miR-145-5p and miR-
375-3p). The concentration of miR-141 ranged from 1.5 pM to 24 nM in both buffer and diluted serum. In the
first control (called negative control), the concentration of miR-145-5p, which is not complementary to the
capture and detection probes, was varied between 1.5 and 24 nM. Addition of this target did not result in an
ECL response for buffer and diluted serum, clearly indicating that the probes are specific for miR-141. The
second control test (termed specificity) shows that different concentrations of miR-141 can be detected in a
mixture with two other miRNAs (miR-145-5p and miR-375-3p), with the detection range not being affected.
The ECL assay demonstrates good specificity with an ECL response proportional to the concentration of miR-
141 and negligible ECL counts for the negative control. These observations are valid for the assays performed
in buffer and in diluted serum, where it is shown linearity within the tested range with good differentiation
in signal between the tested concentrations.

Another interesting remark is that the matrix did not have an effect on the detection range of the assay, with
the target being detected between 1.5 pM and 24 nM in both buffer and diluted serum. The detectability
(lowest detected concentration 1.5 pM) decreased by only 1.6 times in serum in agreement with the
complexity of the matrix. The limit of detection (LOD) in buffer was calculated to be 0.12 pM and calculated
from the slope (157787 ECL counts/nM, LOD =3*S.Dy.ni/slope) of the calibration curve in the range 0.005 nM
—1.5 nM. While in diluted serum, a LOD of 0.25 pM was calculated from the slope (84412 ECL counts/nM,
LOD =3*S.Dyiank/slope) of the calibration curve in the range 0.005 nM — 1.5 nM. Most of the works in literature
report levels of miRNAs as relative quantities (e.g.: [29,30]), nevertheless it has been reported that healthy
individuals present concentrations of miR-141-3p in the high fM range while prostate cancer patients can



present concentrations up to the low nM [31]. Hence the ECL assay developed in this work is indeed suitable
for the detection of miRNAs .

Thus, we successfully demonstrated the analytical performance of our ECL assay with advantages from the
specificity of a sandwich assay and the sensitivity of ECL detection. The use of a 96-well plate for the detection

allows high throughput and could easily be transferred to a POC setting.
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Figure 4 — ECL detection of miR-141 with the hybridization performed in (A) hybridization buffer and in (B) 1:20 human
serum. Mean data is shown with error bars representing standard deviation (n=2). Axes are in log scale. The dashed
lines correspond to the zero concentration of target of the respective condition. The negative control was performed by
varying the concentration of a target not complementary to the capture and detection probes and the specificity
assessment was done by measuring different concentrations of target in a mixture containing 24 nM both miR-145-5p
and miR-375-3p.

4. Conclusions

In this work, we successfully developed an oligonucleotide based ECL assay for the detection of miRNAs in
human serum. The ECL assay showed the ability to detect the target miR-141 at pM levels in human serum.
The assay owes its robustness to simple design, specificity of the sandwich format and sensitivity to signal
amplification provided by the Ru(bpy)s**-TPA system. Combining these characteristics allowed the detection
of miR-141 in human serum at clinically relevant levels.

The accomplishments of this work pave the way for the construction of a multiple analyte platform that could
allow faster and simpler detection of many cancer-related miRNAs. The developed assay has the potential for
universal oligonucleotide detection by redesigning the capture and detection probes. It can also be applied
to other matrices and, optimally, avoids pre-treatment of the sample.
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Supplementary information

1. Materials and Methods
1.1. Anti-DIG labelling

A full protocol and more details about the conjugation can be found in the MSD website
following:

https://www.mesoscale.com/~/media/files/technical%20notes/msd%20sulfo-tag%20nhs-
ester.pdf

SULFO-tag labelling of anti-Digoxigenin antibody (challenge ratio of 20:1)

Pre-Conjugation Procedure

1. Prepare a 1 mg/mL solution of the protein to be conjugated in Conjugation Buffer.

a. Preservatives such as sodium azide or EDTA, buffer components containing primary
amines (e.g., Tris, glycine), and glycerol must be removed by buffer exchange using Zeba Spin
Desalting Columns that have been equilibrated with Conjugation Buffer before starting the
conjugation reaction.

b. Filter the protein using a 0.2 um filter.

c. Measure the concentration of the protein solution to be conjugated (can be
calculated from an ODyg absorbance).


mailto:rui.campos@inl.int
https://www.mesoscale.com/~/media/files/technical%20notes/msd%20sulfo-tag%20nhs-ester.pdf
https://www.mesoscale.com/~/media/files/technical%20notes/msd%20sulfo-tag%20nhs-ester.pdf

2. Equilibrate the protein to be conjugated at the conjugation temperature of 23°C.

3. Calculate the amount of SULFO-TAG NHS-Ester stock solution required.

Protein Conc.(%)

1000 x ,
Protein MW (Da)
nmol of SULFO — TAG reagent required

X Challenge ratio X Vol.of protein solution =

Using this value, one can calculate the volume of MSD GOLD SULFO-TAG stock solution
required for the reaction.

nmol of SULFO — TAG reagent required

Conc.of SULFO — TAG stock solution (m)

uL
= uL of SULFO
— TAG stock solution required for conjugation reaction

Table 1 — Calculation of the volume of SULFO-TAG stock solution required and parameters that led to that value.

Protein Conc. (mg/mL) 1

Ab MW (Da) 150000
Challenge ratio 20
Volume of Ab solution (L) 100
nmol of SULFO-TAG required 13.33
Conc. SULFO-TAG stock solution (nmol/uL) | 3

pL of SULFO-TAG stock solution required 4.44

Conjugation Procedure

1. Immediately prior to use, reconstitute the vial containing 150 nmol SULFO-TAG NHS-Ester
with 50 pL of cold distilled water to generate a stock solution of 3 nmol/uL (gently vortex).
Reconstituted SULFO-TAG NHS-Ester may be kept for up to 10 min. on ice prior to use.

2. Add the calculated volume of reconstituted SULFO-TAG NHS-Ester to the protein solution
and vortex immediately. Discard any remaining SULFO-TAG NHS-Ester.

3. Incubate at 23°C for 2 hours (20-25°C is acceptable). Shield the reaction from light by
covering the tube with aluminium foil or placing it in a dark area (e.g., a closed drawer).

Post-Conjugation Procedure

1. Prepare Zeba Spin Desalting Columns. Remove the storage buffer and wash the column 3
times with MSD Conjugate Storage Buffer. 2. Apply the conjugation reaction to the centre of
the spin column. Centrifuge the column in clean, new collection tube to purify the SULFO-TAG
conjugated protein. The SULFO-TAG conjugated protein will be present in the eluate in the
collection tube (discard the columns).

3. Filter the conjugated protein using a 0.2 um filter.

4. The molar protein concentration of the conjugated protein was determined using a
Bradford colorimetric protein assay. (= 0.32 mg/mL)

5. The absorbance of the MSD SULFO-TAG protein conjugate was measured at 455 nm using
a nanodrop spectrophotometer. (OD = 0.6, optical path length = 1.005 cm)



6. Follow the calculations below to determine the SULFO-TAG label:protein conjugation ratio.

Protein conc. (M)

mlL
=...M(A
Protyein MW (Da) (4)

OD4ss
15400 (extinction coef ficient) X optical path length(cm)

M (B)

A=2.13x10°M B =3.88x10° M
Labeling incorporation ratio (SULFO-tag label:Protein) = (B/A) = 18.2

MSD SULFO-TAG conjugated proteins may be sensitive to extended exposure to light and
should be stored in the dark or in amber or opaque vials. Antibody conjugates are usually
stable for at least 2 years at 2—-8°C in conjugate storage buffer.



