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ABSTRACT 

Dysregulation of miRNA expression occurs in many cancers, making miRNAs useful in cancer diagnosis and 
therapeutic guidance. In a clinical context using methods such as polymerase chain reaction (PCR), the 
limited amount of miRNAs in circulation often limits their quantification. Here, we present a PCR-free and 
sensitive singlet oxygen (1O2)-based strategy for the detection and quantification of miRNAs in untreated 
human plasma from patients diagnosed with prostate cancer. A target miRNA is specifically captured by 
functionalised magnetic beads and a detection oligonucleotide probe in a sandwich-like format. The 
formed complex is concentrated at the sensor surface via magnetic beads, providing an interface for the 
photoinduced redox signal amplification. The detection oligonucleotide probe bears a molecular photo-
sensitiser, which produces 1O2 upon illumination, oxidising a redox reporter and creating a redox cycling 
loop, allowing quantification of pM level miRNA in diluted human plasma within minutes after hybridisa-
tion and without target amplification. 
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1. INTRODUCTION 

Cancer remains the second leading cause of death globally, with a projected increase of 28.4 million new 
cancer cases in 2040, a 47% rise compared to 19.3 million cases in 2020 [1]. Such a burden can be reduced 
by detecting cancer at an early stage, effectively treating the patient and monitoring the response to the 
therapy. While early diagnosis leads to a greater chance of survival and less expensive treatment, screening 
individuals will help in identifying if the patient is at risk of developing cancer even before they develop 
symptoms. This is facilitated by liquid biopsies allowing to track biomarker levels for early diagnosis, screen-
ing through the disease course and treatment in a minimally invasive manner [2,3]. Liquid biopsy enables 
the detection of various cancer biomarkers such as circulating tumour cells, circulating tumour DNA, and 
non-coding microRNAs (miRNAs) [4–7]. In particular, the differential amount of miRNAs in circulation has 
been clinically associated with the cancerous site and tumour progression [8,9]. Moreover, the use of 
miRNA levels is promising to predict the chemotherapeutic response of an individual [10]. A striking exam-
ple is the dysregulation of certain miRNAs associated with prostate cancer aiding in diagnosis and progno-
sis. An enhanced plasmatic expression of miR-141-3p [11,12] and miR-145-5p (hereafter called miR-141 
and miR-145, respectively) is associated with prostate cancer progression and prognosis [13–16].  

Currently, the standard techniques for detecting and quantifying miRNA are reverse transcription quanti-
tative real-time PCR (RT-qPCR) and gene sequencing options (i.e. next-generation sequencing) [17–21]. 
While both techniques offer high sensitivity and reliable variant detection, the downsides of these tech-
niques include high cost, complex sample preparation, risks of contamination, long analysis time and low 
miniaturisation potential which limits the use at the point of care (POC) testing [18,20,21].  

Electrochemical and photoelectrochemical platforms offer rapid and sensitive analysis of miRNAs directly 
in biological samples with low concentrations of biomarkers and demonstrated great potential for POC due 
to technological advances in microelectronics and low-cost sensor transducers, i.e., disposable electrodes 
[22–27]. There are sufficient review articles in the literature offering a comprehensive overview of the 
current developments in electrochemical biosensors for miRNA and listing different approaches to the de-
tection of miRNA [23,26,28–30]. Some notable articles include Sfragano et al. [26] summarising recent 
developments and approaches to overcome obstacles in miRNA detection, and Gillespie et al. [31],  who 
have surveyed the latest development of electrochemical sensors combined with amplification steps. Ad-
ditionally, Low et al. [29] have summarised recent advances in nanomaterial-based electrochemical bio-
sensors for detecting different types of miRNAs. It is worth noting that current approaches in this field 



 

often involve complex electrode fabrication using different semiconductors/nanomaterials. Moreover, the 
methods are labour-intensive and typically require catalytic signal amplification with the use of enzymes 
to achieve the desired sensitivity for clinical samples. An overview of photoelectrochemical platforms for 
miRNA detection is presented in Table S1. To overcome the drawbacks of current platforms, the use of 
singlet oxygen (1O2)-based photoelectrochemical detection methodology is proposed. The use of photo-
sensitisers generating 1O2 offers an excellent signal-to-noise ratio, enabling the acquisition of a specific 
response separately from the baseline (matrix) by switching the light on/off [32–35]. Moreover, the pro-
posed methodology uses air instead of internally added reactive reagents or enzymes, which reduces costs, 
and avoids complex electrode functionalisation. 

The new method relies on the hybridisation of the target miRNA with two other shorter DNA probes (cap-
ture and detection) in two steps to form a sandwich-like format (Schematic 1 A). The biotinylated DNA 
capture probe hybridises with half of the target miRNA and binds to streptavidin-coated magnetic beads, 
whereas the labelled DNA detection probe hybridises with the second half of the target miRNA. The latter 
contains a 1O2-producing photosensitiser that is detectable by photoelectrochemistry within minutes after 
the hybridisation (Schematic 1). The photosensitiser chlorine e6 (ChlE6) is selected as a 1O2-producing label 
[33,36] and hydroquinone (HQ) is chosen as a redox reporter to chemically capture short-lived 1O2 in mi-
crometres-thick layers of the magnetic beads, amplifying the signal rather than the target. Here, for the 
first time, a 1O2-based photoelectrochemical technology demonstrates the detection of miRNAs in plasma 
from prostate cancer patients, relevant for clinical diagnostics in addition to clinicopathological infor-
mation. 

 

  

Schematic 1. Schematic representation of (A) the sandwich assay and (B) 1O2-based photoelectrochemical detec-

tion of miRNA. 

 



 

2. MATERIALS AND METHODS 

2.1. Reagents 

The buffer components (Tris, EDTA (Titriplex III), NaCl, HCl, KH2PO4 and KCl) and Tween 20 were purchased 
from Sigma-Aldrich (Merck, Belgium). HQ was supplied by Acros Organics (Belgium). Streptavidin-coated 
magnetic beads (M280-Dynabeads) were purchased from Invitrogen (ThermoFischer Scientific, Belgium). 
Pooled male human plasma (K3 EDTA) was acquired from Bio-connect (The Netherlands). DNA oligonucle-
otides were used as capture oligonucleotide probes with biotinylated 5’ end and as detection oligonucle-
otide probes (from here on will be known as capture probes and detection probes) with ChlE6 or leuco 
malachite green (MalG) (type I photosensitiser control) labels. These bind to the complementary target 
RNA oligonucleotides in a sandwich manner as illustrated in Schematic 1A. The DNA and RNA oligonucleo-
tides were purchased from Eurogentec (Belgium), except for MalG-labelled detection probes which were 
purchased from Metabion (Germany). MalG-labelled probes were used in the experiments as the type I 
control photosensitiser. The sequences and modifications of the oligonucleotides are presented in Table 
S2. The gold-sputtered planar electrodes (AUTR10) were purchased from DropSens (The Netherlands). 

2.2. Buffers and solutions 

A 2X Tris-EDTA (TE) buffer solution (pH 7.5, adjusted using HCl), containing 10 mM Tris, 1 mM EDTA, and 2 
M NaCl was prepared. This 2X TE-buffer was mixed with (i) Tween 20 to yield a 2x TE + 0.05 % Tween 20 
(2XTE-T20), or (ii) ultrapure water (UPW, 18.2 MΩ cm−1 double deionized water, Sartorius Arium® Ultrapure 
Water Systems) and Tween 20 to yield a 1xTE + 0.05 % Tween 20 (1XTE-T20) buffer, herein named hybridi-
sation buffer. The measuring buffer with/without HQ at different concentrations (0.01 to 10 mM), consisted 
of 0.1 M KCl and 0.01 M KH2PO4 adjusted to pH 7 with KOH. 

2.3. Sandwich hybridisation assay 

2.3.1. Hybridisation assay with magnetic beads 

Prior to the photoelectrochemical analysis, the target miRNAs were captured and hybridised with capture 
and detection probes onto the magnetic beads via a sandwich hybridisation assay. First, streptavidin-
coated magnetic particles (10 µL, 10 mg/mL, unless stated otherwise) were dispersed in an Eppendorf 
containing a 1 mL hybridisation buffer (Schematic 1 A). The solution was vortexed and the magnetic beads 
accumulated at the side of the Eppendorf were directed to the magnetic rack (∼1 min). The solution was 
removed and the magnetic beads were resuspended in 500 μL of 2XTE-T20 buffer, then 500 μL of 100 nM 
capture probe in UPW+0.05% Tween 20 was added to the beads leading to a final incubation solution 
containing 1 mL of capture probe at 50 nM in hybridisation buffer. This step lowers the NaCl concentration 
in the 2X buffer from 2 M to 1 M ensuring optimal binding of the capture probes [37]. This concentration 
of capture probes was chosen to ensure saturation of all the beads with capture probes, given that the 
beads have a binding capacity of ~200 pmol of single-stranded oligonucleotides per 1 mg of beads accord-
ing to the manufacturer’s information sheet [37]. This solution was incubated for 15 min at room temper-
ature using continuous rotation (10 rpm, rotary shaker). Following the incubation with capture probes, the 
beads were again accumulated using a magnetic rack, the solution was discarded and the functionalised 
beads were resuspended in hybridisation buffer containing the photosensitiser labelled detection probe 
(24 nM, concentration corresponding to the highest concentration of target used in this study) and target 
miRNA (at different concentrations between 24 nM and 60 fM). This solution was incubated for 1 hour at 
room temperature in a rotary shaker at 10 rpm. Following the incubation, the beads were washed three 
times with 1 mL hybridisation buffer and re-suspended in 10 µL of the same buffer until the photoelectro-
chemical detection was performed.  



 

Standard curves were constructed with different concentrations (from 24 nM to 60 fM) of target miRNAs 
in buffer solution while keeping the concentration of detection and capture probes constant at 24 nM and 
50 nM, respectively. The specificity of the sensing strategy was evaluated by measuring the photocurrents 
for different concentrations of target miRNAs in the presence of two other miRNAs (for example, detecting 
the target miR-141 in the presence of miR-145 and miR-375). Negative control tests were performed using 
a miRNA (i.e. miR-375) that is not complementary to the capture and detection probes and in the absence 
of the target miR-141.  

Optimisation of parameters and standard curves with plasma (diluted 10-fold with hybridisation buffer) 
was performed using pooled male human plasma (K3 EDTA). Eight plasma samples from prostate cancer 
patients in the age group of 62-72 years were obtained from Centro Hospitalar do Porto, Portugal after the 
appropriate informed consent and approval from The Health Ethics Committee (CES) from Centro Hospi-
talar do Porto (Ref: 2017.154(131-DEFI/123-CES). Due to the limited quantity of clinical samples, miR-145 
was analysed in all samples while miR-141 was analysed in six of the samples. 

2.3.2. Chemisorption assay via thiol linking 

A comparative analysis was made with a similar sandwich assay where the capture probe was chemisorbed 
on the surface of the working electrode, via the C6-thiol modification of the 5’-end instead of the biotin-
TEG modification. Hereto, electrodes were incubated in a 1 µM thiolated capture probe containing 0.2 µM 
mercaptohexanol (MH, purity >98.0%, TCI chemicals) in hybridisation buffer (40 µL) overnight (∼16 hours) 
and then in 1 mM MH for 2 h, for backfilling and removing weakly bound DNA molecules. For the hybridi-
sation step, a 40 µL drop consisting of detection probe solution (24 nM) and the target miR-141 (20 nM) in 
hybridisation buffer was placed on the electrode for 1 h and washed with hybridisation buffer before pho-
toelectrochemical detection.  

2.4. 1O2-based photoelectrochemical detection 

Following the sandwich hybridisation step, the photoelectrochemical measurements were carried out us-
ing a PalmSens4 potentiostat (PalmSens, The Netherlands) using PSTrace 5.9 software or a Metrohm Au-
tolab PGSTAT302N potentiostat (Metrohm, The Netherlands) using Nova 2.1 software. A light-emitting di-
ode (LED) operated at 660 nm (Thorlabs, Inc.) was used and the diameter of the light beam was adjusted 
using a collimator to only illuminate the working electrode. The light power was adjusted to 30 mW using 
a  PM100D optical power meter (Thorlabs, Inc.). The measurements were performed with 60 s OFF, 10 s 
ON and 30 s OFF light-chopped conditions for uniformity, with an ON/OFF switch pre-programmed with 
PSTrace 5.9 or Nova 2.1 and controlled by a relay trigger.  

After performing the hybridisation assay, the beads were resuspended in 10 μL of measuring buffer and 
transferred into the measuring drop (90 µL of measuring buffer placed on the electrode surface), where all 
the beads precipitated at the working electrode due to a neodymium magnet underneath it. Photocurrents 
in this setup were measured with reference to. the inbuilt Ag quasi-reference electrode. Polynomial base-
line correction was constructed through background current values (in the dark) and subtracted from the 
chronoamperograms to obtain baseline-corrected photocurrent responses. 

3. RESULTS AND DISCUSSION 

3.1. Validation of the sensing strategy in buffer 

The photoelectrochemical response of the target miRNA hybridised with the capture and detection probes, 
in a sandwich-like format, was first evaluated. Figure 1 A shows the chronoamperogram under light 
chopped conditions (light ON periods are shown as light red bars) recorded after hybridising 20 nM target 



 

(miR-141) with the probes, compared to the control experiment without the target miRNA. Measurements 
were performed in the presence of 10 µM HQ at -0.15 V vs. quasi-internal Ag reference. 

Upon illumination, the photocurrent responses in the presence of the target miRNA exceeded 50 times the 
response of the control. The decay of the photocurrent in time and with the number of illuminations is 
attributed to nucleic acid cleavages by the photogenerated reactive oxygen species, which is well pro-
nounced for the model DNA-duplexes directly attached to the gold electrode surface via Au-thiol linking 
[33,38]. Additionally, the photodegradation of ChlE6 might contribute to the decreasing photocurrents 
[38]. Nevertheless, when the light is switched on, the photocurrent appears near-instantly giving the max-
imal photocurrent in the first three seconds, while the signal decay shows more sluggish kinetics. Thus, the 
photocurrent at three seconds after the start of the first illumination will be used as a representative ana-
lytical response for the sensing strategy. 

Figure 1 B compares the photoelectrochemical responses from the detection of 20 nM miR-141 in the 
absence and presence of 10 μM HQ from three different scenarios; (i) using magnetic beads, biotinylated 
capture probe and ChlE6-labelled detection probe; (ii) hybridised directly on gold electrodes using thio-
lated capture probe and ChlE6-labelled detection probe; (iii) magnetic beads with biotinylated capture 
probe and detection probe labelled with a chromophore (MalG) that does not generate 1O2. The role of 
the redox reporter became clear when comparing the photoelectrochemical responses from the detection 
of 20 nM miR-141 using magnetic beads in the absence and presence of 10 µM HQ. Without HQ, the 
photocurrent was only 5% of that in the presence of HQ (Figure 1 B, magnetic beads). 

 

 

Figure 1. A- Chronoamperogram for the magnetic beads with biotinylated capture probe and ChlE6-labelled detec-

tion probe hybridised with miR-141. B- Comparison of photoelectrochemical responses from the detection of 20 

nM miR-141 in the absence and presence of 10 µM HQ. Error bars represent the standard deviation (n = 3). 

This behaviour agrees with the mechanism in which a comparatively short-lived 1O2 (lifetime ~3.5 µs in 
water) [39,40] generates the photocurrent. Only 30% of the generated 1O2 can diffuse 100 nm and less 
than 0.1 % of 1O2 can diffuse more than 200 nm in water [39,40]. Thus, only 1O2 that is generated close to 
the electrode surface can effectively contribute to the photocurrent in the absence of HQ, whereas most 
photosensitiser-labelled detection probes on the bead surface (2.8 µm in diameter) will not contribute 
unless HQ is added into the solution to transform 1O2 into a stable product, benzoquinone (BQ). HQ was 



 

used as the redox reporter to ensure the electron shuttling between all the sites generating 1O2 and the 
electrode. Thus, HQ is oxidised to BQ on the surface of beads due to the action of 1O2 followed by the 
reduction of BQ at the electrode to form HQ, making the redox cycle complete (Figure 3 A).  

The photocurrent in the absence of HQ (Figure 1 B, magnetic beads) was close to the photocurrent ob-
tained for the same sandwich complex hybridised directly on the gold electrode modified by the thiolated 
capture probe (Figure 1 B, thiol linking). Noteworthy, HQ does not enhance but suppresses the photocur-
rent when the detection probe is captured directly at the electrode (Figure 1 B, thiol linking). This can be 
explained by a relatively fast 1O2 cycloaddition to HQ followed by a slower, rate limiting, molecular reor-
ganisation of the endoperoxide into the peroxide and then BQ (Schematic 2 A). Considering that BQ, but 
not the endoperoxide, is reduced at the electrode, the resulting photocurrent is smaller compared to pho-
toelectrochemistry obtained for the direct 1O2 reduction (Schematic 2 A). However, HQ does enhance pho-
toelectrochemistry on the magnetic beads (2.8 µm in diameter) since in this case most of 1O2 is generated 
at distances > 200 nm and cannot contribute to photoelectrochemistry directly. 

 

 

Schematic 2. Photoelectrochemical reaction pathways in the presence(A) and absence(B) of HQ.  

Thus, the introduction of magnetic beads resulted in (i) a large surface area available for capturing the 
target miRNA (e.g. the calculated geometric surface area (GSA) of 100 µg beads is  1.48− 1.72 cm2 [37], 
compared to the GSA of AUTR10 is 0.13 cm2), thus a large effective concentration of the capture probe; (ii) 
effective mass transfer to the capture probe since the beads are dispersed in the solution and can be stirred 
in there using rotation; (iii) effective washing from non-bound detection probe (seen from negligible pho-
tocurrents in the absence of target); (iv) rapid accumulation of the beads on the sensor surface by a mag-
net; and (v) sensitive amperometric reading of the molecular label due to redox cycling of HQ/BQ without 
the need of direct electrical contact between the detection probe and the electrode. 

Finally, an alternative chromophore, MalG, which does not generate 1O2 but intensively absorbs the light 
used (εMalG is 22000 at 660 nm) and undergoes type I photosensitization mechanism [38] did not produce 
any noticeable photocurrent in the absence or presence of HQ, when used under the same conditions as 
for ChlE6 (Figure 1 B, εChlE6 12000 at 660 nm) [38] with magnetic beads. This demonstrates that the photo-
currents in the absence and presence of HQ are specific to 1O2-generating ChlE6 and not to the beads or 
other type I ROS/ local heating due to light absorbance by the chromophore.  



 

3.2. Optimisation of working parameters and analytical performance 

After demonstrating the photoelectrochemical strategy to detect miRNA using a sandwich assay with mag-
netic beads, the influence of various working parameters on the assay performance was investigated using 
miR-141 as the target miRNA. First, the sensor’s working potential as a major parameter affecting the sen-
sitivity of the system was optimised (Figure 2). The measurements were performed with 10 µM HQ and 
100 µg beads per measurement. 

The photocurrent response of the target increases when ranging from +0.05 to -0.2 V but drops at more 
negative potentials likely due to intense oxygen reduction at the electrode, which is additionally observed 
as an increase in the dark background current (Figure 2 A). Furthermore, the background reduction of O2 
likely leads to the depletion of available O2 at the near electrode space and increased formation of super-
oxide, a known quencher of 1O2  [41].  Hence, the potential of -0.2 V vs. quasi-Ag resulted in the maximal 
response for both 2 nM and 200 nM target miRNA and low blanks and dark current (Figure 2 B), this po-
tential was chosen as the optimal potential and was used in the following experiments.  

Next, the optimal quantity of beads used per analysis was determined (Figure 3 A). The measurements 
were performed with 10 µM HQ at -0.2 V vs quasi-Ag reference.  The volume and concentrations of capture 
and detection probes were kept constant (i.e. 50 nM and 24 nM respectively). An excessive amount of 
capture and detection probes was provided to saturate all the beads (the optimal amount recommended 
by the supplier is approximately 200 pmols per mg of beads).  

 

 

Figure 2. A- Chronoamperograms (raw data without baseline correction) at different electrode potentials in the 

presence of 20 nM miR-141. B- Dependence of the photocurrent response on the applied electrode potentials. Error 

bars represent the standard deviation (n = 3). 

Maximum response was achieved when using 200 μg of beads for 20 nM target. However, for a lower 
concentration (0.2 nM) of the target, there was only a 14% increase when using 200 μg instead of 100 μg 
when compared to the 46% increase for 20 nM target. The decrease in photocurrent response for beads 
more than 200 μg is likely due to the blocking of light penetration for underlying layers of beads by the first 
2-3 layers of beads. This can additionally impede the diffusion of HQ/BQ through the thick layer of beads. 
Moreover, the standard deviation between repetitions and the background increased to 200 μg compared 
to 100 μg. Thus, the use of 100 μg of beads was chosen.  



 

Lastly, the effect of the HQ concentration used during the measurements (with 100 µg beads and a poten-
tial of -0.2 V vs quasi-Ag reference) was optimised to reach the maximum detectability in the low target 
concentration range without any amplification. The detectability of a very low concentration, 10 pM of 
miR-141 compared to the blank control was evaluated at concentrations of HQ ranging from 0.01 to 10 
mM (Figure 3 B). The concentration of 1 mM HQ resulted in a response with a high signal-to-noise ratio 
and demonstrated good reproducibility (standard deviation = 5%) compared to higher HQ concentrations 
(standard deviation = 22%). We hypothesise that the high standard deviation at the higher concentrations 
of HQ are attributed to the natural oxidation of HQ in ambient conditions which competes with the kinetics 
of the photoelectrochemical redox cycle. Thus, 1 mM HQ was chosen as the optimal redox reporter con-
centration for further studies. With these optimised parameters, control experiments were performed with 
only detection probe and target miR-141 (D/T), only capture probe and target miR-141 (C/T) and with only 
capture and detection probe (C/D). This was compared with the signal when the target was present in the 
system along with the capture and detection probe (C/D/T) (Figure S1). In the absence of either capture, 
detection probe, or target, the sandwich duplex did not form, thus no noticeable signal was obtained. 

 

 

Figure 3. A- Effect of magnetic beads quantity used per analysis. B- Effect of HQ concentration used in the measur-

ing buffer. Error bars represent the standard deviation (n = 3). 

Following the optimisation of the assay, the analytical performance of the sensing strategy has been eval-
uated in buffer solution with the optimised parameters (amount of beads per analysis: 100 µg; potential: -
0.2 V vs quasi-Ag reference; HQ concentration: 1 mM).  

 



 

 

Figure 4. Photoelectrochemical detection of miR-145 in hybridisation buffer with optimised parameters. Reference 

lines indicate the photocurrent responses in the absence of target. Error bars represent the standard deviation (n 

= 3). 

Figure 4 shows the calibration plots for miR-141 in the concentration range from 0.06 pM to 10 nM (5-fold 
serial dilution of the target), including two controls. The limit of detection was calculated to be 0.62 pM, 
calculated from the slope (117 nA/nM, LOD =3*S.Dblank/slope [42]) of the calibration curve in the range 
0.31 pM – 1 nM, 1.5 pM was the lowest tested concentration that significantly differed from the blanks.  
The first control tests specificity by measuring the different concentrations of miR-141 in a mixture with 24 
nM of two other miRNAs (miR-145 and miR-375). The method demonstrates good specificity with a pho-
tocurrent response proportional to the concentration of miR-141 despite the presence of the other targets. 
In the second control (negative control), the concentration of a target (in this case, miR-375) not comple-
mentary to the capture and detection probes, was varied in the same range and resulted in negligible 
photocurrents similar to blanks (0 pM target).  

3.3. Matrix effect 

The ability of the system to detect miRNAs in clinically relevant sample matrices ensures future uptake of 
the sensing technology. Plasma and serum are often the matrices of interest for clinical applications. The 
photocurrent responses of 10 pM miR-141 spiked in serum and plasma (both 1:20 diluted in buffer) were 
compared to the response obtained in a buffer solution (Figure 5). The 1:20 dilution was chosen based on 
our previous investigations for miRNA detection in human serum using the electrochemiluminescence 
technique [43].  

 



 

 

Figure 5. Photoelectrochemical responses from miR-141 in different matrices. Error bars represent the standard 

deviation (n = 3). 

The photocurrent response decreased by 24% in serum, similar to the 26% previously observed in an elec-
trochemiluminescent assay [43] and by 59% in plasma in agreement with the complexity of the matrices. 
The blank responses (0 pM target) from serum, and plasma are within the standard deviation of the pho-
tocurrents in the buffer. Also, there were no false positives due to the complexity of the serum or plasma 
matrices. However, the specific response decreased due to the matrix effect, which is expected due to the 
interference from proteins in serum and plasma, lowering the interaction between DNA probes and miRNA 
due to steric hindrance effects [44]. Nevertheless, 10 pM miR-141 in plasma could be detected suggesting 
further applicability of the assays in POC devices without the need for sample processing, such as nucleic 
acid extraction. To ensure the lowest contribution of the matrix on the photocurrent, the effects of the 
plasma dilution and the incubation time on the photocurrent response of the target were studied by spik-
ing miRNA in commercially available pooled plasma from healthy men (supplementary section, Figure S2). 
A 10-fold plasma dilution and one hour incubation time was selected for further experiments with plasma. 
Nevertheless, the results obtained with 15 minutes of incubation showed that when a quick diagnostic test 
is required aiming for POC analysis, the time of analysis might be shortened. 

3.4. Analysis of plasma samples from prostate cancer patients 

The applicability of the sensing strategy to evaluate clinical samples was demonstrated through the analysis 
of samples from prostate cancer patients receiving treatment at Centro Hospitalar Universitário do Porto 
in Portugal. To compare and estimate the levels of miR-145 and miR-141 in patient samples, standard 
curves with optimised parameters were constructed by spiking different concentrations (between 1.5 pM 
and 24 nM, 5-fold serial dilution of the target) of miRNAs in commercially available pooled plasma from 
healthy men, 10-fold diluted (Figure 6 A). A detection limit of 3.5 pM and 8.3 pM was achieved for miR-
145 and miR-141, respectively (Table S3). 

 



 

Figure 6. A- Standard curve constructed with healthy male pooled plasma spiked with different concentrations of 

miR-145 and miR-141. Solid and dashed reference lines indicate the photocurrent response in the absence of target 

miR-145 and miR-141 respectively. B- Photocurrent responses and calculated concentrations of miRNAs from pros-

tate cancer patient samples (P1-P8). Pooled plasma from healthy men ‘H’ was included as a control. Error bars 

represent the standard deviation (n = 3). 

Analysis was done for plasma samples derived from eight patients (P1-P8) with prostate cancer (clinico-
pathological characteristics depicted in Table S4). These plasma samples from prostate cancer subjects 
have been obtained using the protocol mentioned in the supplementary section. Due to the differences in 
the patient sample volume, all the plasma samples (P1-P8) were analysed for the most relevant miR-145 
[15] and six samples (P1-P6) were analysed for miR-141, all diluted 10-fold (Figure 6 B).  

As depicted in Figure 6 B, all the patient samples exhibited different photocurrent responses in the range 
of 8 – 18 nA, all higher than the response from the pooled healthy male plasma which was between 4.5 – 
5.5 nA (considering both miR-141 and miR-145). Photocurrents from the patient plasma samples were 
converted into miRNA concentrations using the slope of the calibration plot (Figure 6 B, Table 1). Results 
correlate well with the expected higher expression of miR-141 and miR-145 in prostate cancer patients, as 
reported in the literature [15,16,45–49].  

 

Table 1. Concentrations of miRNAs calculated for non-diluted patient samples in this study with photoelectrochem-

istry. 

 Calculated levels of miRNA 

miR-145 (pM) miR-141 (pM) 

P1 145 ± 41 59 ± 4 

P2 118 ± 14 98 ± 18 

P3 133 ± 10 69 ± 36 

P4 119 ± 7 113 ± 23 

P5 163 ± 8 196 ± 31 

P6 155 ± 20 215 ± 3 



 

P7 171 ± 64 - 

P8 89 ± 23 - 

 

Interestingly, the photocurrents and, thus, the concentration of miR-145 in patient samples were always 
higher and varied less compared to miR-141. Although, a larger study is needed to include blank control 
samples from healthy individuals to better assess variability in miRNA levels in patients and control groups, 
or by following up with patients to ascertain whether they present disease progression [14]. To the best of 
our knowledge, there is no consensus in the literature about the exact levels of miRNAs in plasma since 
most reports do not use absolute quantification, making it difficult to compare the obtained concentrations 
with the literature [50]. 

The conventional miRNA detection protocols typically include pre-amplification, dilution and detection 
steps, thus requiring careful data normalisation to interpret relative changes in miRNA levels [51]. Our 
assay offers specific and sensitive miRNA detection in untreated plasma without any pre-amplification 
steps, which is straightforward for interpretation and may provide better knowledge regarding variations 
and dysregulation in levels of circulating miRNAs, opening new opportunities for POC usage. 

4. CONCLUSIONS 

This work describes a PCR-free 1O2-based photoelectrochemical method for quantifying miRNA in plasma 
samples. The method combines the usability of (i) magnetic beads to capture target miRNA from a complex 
matrix such as plasma and (ii) our original concept of employing 1O2 in photoelectrochemical sensing for 
robust and sensitive detection and quantification. We were able to quantitatively measure miRNAs in med-
ical samples from prostate cancer patients with a low-cost electrochemical setup equipped using a LED and 
without the need for additional PCR or other amplification techniques. Furthermore, this strategy can also 
be extended to other DNA/RNA sequences by simply choosing different capture and detection probes. 
Additionally, the underlying methodology can be extended to multiplex platforms using commercially avail-
able multi-array electrode platforms (e.g. 96-well plates) modified with a system for photoexcitation. How-
ever, miniaturisation of the LEDs and careful fabrication of the setup is essential for the multiplexed detec-
tion of miRNA panels. This makes our detection method relevant for liquid biopsy applications, demon-
strating the general feasibility and clinical relevance in nucleic acid-based diagnostics. 
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