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Abstract
Liquid biopsy has emerged as a promising non-invasive, cost-effective and real-time approach for cancer diagnosis and 
monitoring, allowing for the detection of biomarkers in bodily fluids. Among these, microRNAs (miRNAs) are a valuable 
choice due to their stability and ability to reflect the tumor’s heterogeneity. Concerning triple negative breast cancer 
(TNBC), an aggressive subtype, several studies have demonstrated consistent upregulation of miRNA-21. Its elevated 
levels, linked to poor prognosis, make it valuable for early detection, risk stratification, and targeted therapies. While 
traditional miRNA quantification methods are accurate, they often require complex procedures and skilled personnel, 
limiting their accessibility in low-resource environments. These challenges can be addressed by electrochemical point-
of-care (POC) platforms, inspired by the glucose strip, offering a good alternative by reducing matrix effects, integrating 
cost-effective and eco-friendly substrates. In this work, miRNA-21 was selectively detected using a complementary DNA 
probe modified with methylene blue, as a redox mediator, immobilized onto an AuNPs-functionalized, paper-based 
screen-printed electrode. Significant experimental parameters and sensor’s selectivity were carefully evaluated, allowing 
miRNA-21 detection in both standard solution and human serum with limit of detection (LOD) 1.2 nM and satisfactory 
repeatability of about 8%. The platform’s performance improved tenfold with an external paper-based origami pre-con-
centration device, enabling pM-level miRNA detection and advancing its potential for real clinical practice applications. 
The platform is envisioned as a starting point for developing accessible, rapid, cost-effective POC testing, with significant 
implications for personalized medicine and early TNBC detection.
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1  Introduction

Liquid biopsy is a diagnostic method involving the analysis of various biological fluids, such as blood, rather than whole 
tissues for tumor-derived components like circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and microRNAs 
(miRNAs). This approach is revolutionizing cancer diagnosis and monitoring by offering a cost-effective and less invasive 
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method for analyzing blood circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and microRNAs (miRNAs). It 
provides a real-time, minimally invasive method for cancer management [1]. In particular, it is aimed to replace traditional 
surgical tissue biopsies: even if these represent the gold standard for obtaining crucial diagnostic information, they are 
painful, risky, and may not be feasible for hard-to-reach tumors or patients with limited financial resources [2]. More 
specifically, several clinical risks and potential complications are associated with the standard procedures. These include 
the possibility of structural damage to surrounding tissues, bleeding, and infections. Additionally, tumors located in hard-
to-reach anatomical areas increase the complexity of the procedure and the likelihood of further surgical complications, 
such as the spread of tumor cells, which could promote metastasis. These risks make tissue biopsy a delicate procedure, 
particularly in immunocompromised cancer patients, either due to the cancer itself or as a result of treatments such as 
chemotherapy and radiotherapy that weaken the immune system. Imaging-based diagnostic methods, such as computed 
tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography (PET) scans, are valuable for 
detecting and tracking cancer progression, however they also have limitations, including high costs, radiation exposure, 
and difficulty in distinguishing between cancerous and non-cancerous tissues [3, 4]. Furthermore, these methods are 
not suitable for continuous monitoring due to the dynamic and heterogeneous nature of cancer.

All these features related to traditional analytical methodologies for cancer diagnosis and prognosis highlight the need 
for alternative and minimally invasive diagnostic methods, such as the emerging approach of liquid biopsy. Accessing 
the bloodstream might give important information regarding the early detection, treatment response assessment, and 
resistance mechanism identification, ultimately improving patient outcomes [5]. Among all the biomarkers that are cur-
rently under investigation, miRNAs represent a valuable choice due to their stability in biological fluids and their ability to 
dynamically reflect tumor biology. miRNAs are single-stranded non-coding RNAs, typically 17–27 nucleotides in length. 
Their remarkable stability has been widely demonstrated under conditions that would typically degrade most RNAs, 
including exposure to temperatures exceeding 100 °C, extreme pH levels, prolonged storage, and repeated freeze–thaw 
cycles. Furthermore, recent studies have demonstrated that miRNAs can be retained in long-term stored human serum 
samples for up to 10 years and in frozen plasma samples for even more than 14 years, remaining detectable [6, 7]. This 
stability is contributed to by their encapsulation within lipoprotein complexes, including small membrane vesicles of 
endocytic origin called exosomes. These vesicles, present in several types of body fluids, such as blood and saliva, help 
protect miRNAs from external damage and nucleotide degradation. MiRNAs play also an essential role in cell signaling 
pathways and regulate gene expression post-transcriptionally, by repressing translation or promoting mRNA degradation 
[8]. Therefore, altered levels of specific miRNAs have frequently been described as a major determinant for the initiation 
and progression of many diseases, including cancer [9].

In the context of triple-negative breast cancer (TNBC), an aggressive subtype of breast cancer lacking estrogen 
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) amplification, miR-
NAs have shown significant promise as diagnostic, prognostic, and predictive biomarkers [10, 11]. Several clinical 
trials have investigated the role of miRNAs in TNBC, focusing on their potential as diagnostic, prognostic, and thera-
peutic biomarkers [12, 13]. For example, the WHEL trial [14] (n = 3008) correlated overall survival in breast cancer (BC) 
patients with altered plasma levels of miRNA-210, miRNA-29c, miRNA-187, miRNA-143, and miRNA-205, highlighting 
their potential as prognostic biomarkers and enhancing risk stratification within Prediction Analysis of Microarray 50 
(PAM50)-defined groups; in the GeparSixto trial (n = 315), involving TNBC patients, increased miRNA-155 was linked 
to an increased likelihood of achieving pathologic complete response (pCR) after neoadjuvant therapy [15].

Another well-known oncogenic miRNA, miRNA-21, has consistently shown elevated levels in TNBC patients and 
correlated with poor prognosis, making it an emerging early detection marker. For instance, in 2023, Kumar et al. 
[16] highlighted the diagnostic and prognostic significance of miRNA-21 using serum samples (n = 190), divided into 
three cohorts based on the disease stage: cohort-I (mixed stage), cohort-II (stage I–II), and cohort-III (stage III–IV). 
The study demonstrated that miRNA-21 exhibited significantly greater variations in advanced-stage (stage III–IV) 
patients compared to early-stage (stage I–II) and healthy individuals. Furthermore, in all three cohorts, the diagnostic 
evaluation showed higher sensitivity and specificity, demonstrating that miRNA-21 successfully distinguished TNBC 
cases across various stages to monitor disease progression.

Although traditional analytical methods, such as Northern blotting [17], RT-q-PCR [18], microarray [19], Next-genera-
tion sequencing [20] and NanoString nCounter [21] are widely used for miRNA quantification due to their accuracy. Nev-
ertheless, they are characterized by high equipment costs and analysis, time-consuming steps and complex experimental 
setup together with the need of skilled personnel. These limitations often hinder their timely accessibility, especially in 
remote areas, and make them less practical for widespread or routine applications. On the other hand, Point-of-Care (POC) 
devices present a promising opportunity to overcome these limitations by offering portable, low-cost and user-friendly 
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tools that require minimal training, making them accessible to non-specialists. The simplicity associated with diabetes 
strips [22] and the recent COVID-19 tests [23], are good examples of ease-of-use and portable POC devices, further 
highlights their ability for rapid and accurate testing outside healthcare facilities, such as in low resource settings or at 
home. Similarly, the design and implementation of POC devices for miRNA detection could transform cancer manage-
ment by providing timely and effective diagnostic solutions at a low cost, bridging the gap between the complexity of 
traditional methods and the need for accessible, real-time diagnostics. In the context of miRNA sequence detection, POC 
devices, have been widely reported in literature for miRNA detection: Raucci et al. recently reported on the application 
of a paper-based electrochemical POC device for the detection of miRNA-652 in serum samples [24]. In another work, 
Gao et al. [25] applied DNA-gold nanoparticles (DNA-AuNPs) based lateral flow nucleic acid biosensor for the analysis 
of miRNA-215 in biological samples. Lastly, the quantitative detection of miRNA-155 has been recently achieved using 
a novel label-free fluorescent biosensing technique based on AuNPs etching in normal human serum [26]. Out of these 
novel POC-based approaches, the electrochemical platforms (same technology as the glucose strip for diabetes) have 
demonstrated clear advantages being user-friendly, simple and rapid, without any interferences from complex matrices 
like serum and whole blood [27]. In addition, POC devices can be even more sustainable with the use of paper-based 
substrates for their manufacturing [28, 29]. Paper provides an inexpensive and biodegradable substrate, available all over 
the world which has led to wide interest for developing paper-based analytical devices for cancer biomarker detection 
[28]. This will also lessen the environmental impact arising from the mass-production and application of commercial 
screening kits [30, 31]. Therefore, the integration of paper in the POC devices development fulfills all the desired criteria 
[32] with the potential to be integrated with a wide range of sensing applications in oncology field.

Taking into consideration the societal and the medical sector needs, in the present study we designed and character-
ized an electrochemical device towards the analysis of miRNA-21 with application in biological fluids, i.e. human serum. 
To this aim, an anti-miRNA-21 probe, labeled with a redox mediator, namely methylene blue (MB), was rationally designed 
and immobilized onto gold nanoparticles (AuNPs). The ultimate device was capable to detect various levels of miRNA-
21 in both buffer solutions and human serum, spiked in the pM-nM range. With regard to the fact that miRNA targets 
are found in traces in biofluids, the proposed POC tool was integrated with an external paper-based origami device. By 
exploiting the paper’s porosity and the 3D-folding configuration, a decrease of the matrix effect and a pre-concentration 
of the mi-RNA-21 were achieved respectively. With this approach, diagnostically significant miRNA concentrations were 
detected, down to pM level, towards real clinical practice applications. This pioneering study opens up novel possibilities 
in the development of portable diagnostics for use by oncologists and patients, comparing it to existing POC miRNA 
detection tools that rely on amplification methods such as PCR, loop-mediated isothermal amplification, duplex nuclease 
amplification strategies, and CRISPR-based systems [33–36]. These methods, despite using alternative signal readouts 
and detection platforms, still require expensive equipment, lengthy protocols, and sample pretreatment. In contrast, 
our method offers faster assay times (30 min without amplification), cost-effective materials, and direct serum analysis. 
Finally, it also offers a widely extensible concept that can be adapted to various miRNAs, not only those relevant to TNBC, 
by appropriately selecting and modifying the corresponding detection probe.

2 � Experimental section

2.1 � Materials and apparatus

Sodium chloride (NaCl), chloroauric acid (HAuCl4), sodium borohydride, sodium citrate, phosphate buffer solution 
(PBS) tablets (140 mM NaCl, 10 mM PBS, 3 mM KCl), 6-mercapto-1-hexanol (MCH, C6H14OS), tris (2-carboxyethyl) 
phosphine (TCEP; C9H15O6P), and Hypo-Opticlear Human serum were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The anti-miR21 DNA probe tagged with MB (5′-Thiol-C6-TCA ACA TCA GTC TGA TAA GCT A-Atto-MB-3′) (MB-
tagged DNA probe) selective to miRNA-21, the target miRNA-21 sequence (5′-uag cuu auc aga cug aug uug a-3′), and 
the control sequences used in the selectivity study were purchased from Metabion GmbH (Steinkirchen, Germany). 
Paper-based graphite screen-printed electrodes (SPEs) were in-house produced using office paper [37]. The three-
electrode configuration was developed through manual screen-printing, following established procedures [27, 38].
The conductive silver ink was purchased from Loctite (Italy) and the carbon ink was purchased from Sun Chemical 
(USA). All the electrochemical measurements were carried out using a portable potentiostat PalmSens 4 (PalmSens, 
Netherlands) equipped with a multi-12 reader and interfaced to a laptop using PSTrace5.10.Filter paper Whatman 
Grade 1 (Merck KGaA, Darmstadt, Germany) was used as the substrate for the paper-based pre-concentration device.
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2.2 � Paper‑based screen‑printed electrodes fabrication

Fabriano (80 g/m2) office paper was used as the substrate for fabricating electrochemical biosensors. A hydrophobic 
wax pattern was printed onto the paper using a well-defined model created with Adobe Illustrator software and a 
Xerox ColorQube 8580 office printer (Xerox, USA). The resulting sheet was then heat-treated at 100 °C for approxi-
mately 1 min to melt the wax and obtain a hydrophobic layer to enable liquid handling. The electrodes were printed 
on the wax layer, using screen-printing technology. The conductive inks and frames used for the printing process, 
enabled the production of SPE in the characteristic three-electrode configuration: a first layer of silver ink was used 
to print the connections and the reference electrode, a second layer of graphite ink was printed with a dedicated 
frame to create the working (4 mm in diameter) and counter electrodes. After each printing step, the sheet was heat-
treated for 30 min at 60 °C to remove the solvent and induce polymerization of the ink’s components. The obtained 
electrochemical strips were approximately 2.5 cm in height and 1 cm in width.

2.3 � AuNPs synthesis

The synthesis of AuNPs was carried out following a previously reported method [39]. First, the glassware and mag-
netic rod used in this synthesis were first cleaned with aqua regia (HCl/HNO3 3:1 (v/v)), rinsed with distilled water, 
and then treated with piranha solution (H2SO4/H2O2 7:3 (v/v)), followed by another rinse with distilled water before 
use. Next, AuNPs were synthesized in a round flask at room temperature (RT). This involved mixing 9 mL of distilled 
water with 1 mL of HAuCl4 at a concentration of 0.01 g/mL and 2 mL of sodium citrate at a concentration of 0.01 g/
mL. Subsequently, 0.5 mL of 20 mM sodium borohydride were added dropwise to the mixture. The solution was left 
to stir in dark overnight. The resulting dispersion of AuNPs was then stored at 4 °C.

2.4 � Preparation of the office paper‑based strip for miRNA‑21 detection

To tailor the biosensor for optimal performance, the surface of the working electrode was initially modified with 4 µL 
of AuNPs via drop casting, enabling mass-scale production and allowing the simultaneous modification of multiple 
electrodes without compromising performance. The AuNPs provide a stable platform for the immobilization of the 
DNA probe, which was functionalized with a thiol group at the 5′ end to facilitate covalent binding through Au–S 
bonds, and with MB at the 3′ end to enable electron transfer at the electrode surface. The Au–S immobilization strat-
egy was chosen over other common approaches (such as biotin-avidin interactions and carbodiimide chemistry) due 
to its high stability, resistance to desorption, excellent reproducibility. Moreover, the superior conductivity of gold 
enhances electrochemical performance by enabling efficient electron transfer, making it the ideal choice for highly 
reliable electrochemical sensors. Prior to immobilization, the 1 μM anti-miRNA-21 DNA probe underwent a reduc-
tion step in the presence of 10 mM TCEP for 1 h at RT. TCEP is essential for reducing disulfide bonds, ensuring that 
the probe is in its active form for covalent attachment to the AuNPs [40]. The resulting solution was then diluted to 
the desired concentration (in the nanomolar range) for immobilization onto the AuNPs-SPE. Subsequently, 20 μL of 
the probe was applied to the working electrode area and incubated for 1 h at RT in a humid chamber. The SPEs were 
gently washed with distilled water and incubated in the humid chamber with 20 μL of 2 mM 6-mercapto-1-hexanol 
for 1.5 h to passivate unoccupied areas of the working electrode. All modification steps were carried out in a humid 
chamber to prevent SPEs drying during incubation steps. Finally, the electrodes were thoroughly washed with double-
distilled water to remove any residue and complete the preparation process.

2.5 � Measurement of miRNA‑21 target

The proposed platform is based on “signal off” detection strategy. In this approach, conformational changes on the electrode 
surface have an impact on electron transfer rates. Briefly, in the absence of hybridization the electroactive labels remain close 
to the surface by preserving the hairpin structure of the probe, which maintains rapid electron transfer between MB and the 
electrode. However, when the DNA probe hybridizes with the target miRNA, the hairpin structure of the probe undergoes a 
conformational shift, which impedes the electron transfer between MB and the electrode [41] (Scheme 1).
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Measurements were performed simultaneously on twelve separate SPEs by inserting them into the 12-channel multiplexer 
connected to the portable potentiostat. For each miRNA analysis, the SPEs were initially assessed in the presence of 70 μL of 
a blank solution (PBS pH 7.4 or untreated serum), allowing the probe to stabilize for 30 min before measurement. Following 
this, the miRNA target was added to the working solution, and the sample was analyzed again after a 30-min incubation to 
promote interaction between the miRNA and the anti-miRNA probe. The signal was recorded using square wave voltam-
metry (SWV) as the electrochemical technique with the following parameters: equilibrium time = 5 s, Estart = 0 V, Eend =  − 0.6 V, 
Estep = 0.001 V, amplitude = 0.01 V, frequency = 50 Hz. All the measurements were carried out in both standard PBS and human 
serum samples. The percentage signal change was calculated using the following equation:

Here, I₀ represents the current recorded in the absence of miRNA, while Iₜ corresponds to the current measured after the 
addition of the target miRNA.

2.6 � Pre‑concentration on paper‑based origami device

The paper-based origami pre-concentration device was prepared as previously reported [42]. The circles pattern was designed 
with Adobe Illustrator and wax-printed on chromatographic paper (Whatman No. 1) through the solid ink printer (ColorQube 
8580). The wax-printed paper was heat-treated for approximately 1 min at 100 °C to obtain a hydrophobic barrier for liquid 
sample handling. The device consisted of nine layers of 3-mm diameter discs and a final layer with a 9-mm diameter disc. 
Briefly, A 10-μL aliquot of each sample was applied to every layer of the pre-concentration device and left to dry at RT. Follow-
ing the drying step, the origami device was folded, and the pre-concentrated target was obtained in the final layer by adding 
10 μL of buffer solution. The last layer was then dried and trimmed, and the pre-concentrated sample was reconstituted in 
50 μL of PBS buffer. The resulting 50-μL sample was subsequently measured using the proposed electrochemical sensor by 
SWV, as described above.

3 � Results and discussion

3.1 � Optimization of the experimental parameters

Several experimental parameters were optimized to assess the sensor’s performance. All the optimization studies were 
performed using the SWV technique. Measurements were performed in triplicate (n = 3) in PBS solution (pH 7.4), with 
a target concentration of 40 nM. Firstly, we optimized AuNPs volume on the working electrode area. Three different 
volumes were tested: 4, 8, and 12 µL as shown in Fig. 1a.

The observed signal variation was plotted in histogram for each AuNPs volume, following the hybridization of the 
DNA probe with the target miRNA. The most significant signal change was observed in the electrodes modified with 4 
μL of AuNPs, which provided a sufficiently functionalized surface area with optimal electrochemical signal resolution. 
Subsequently, the effect of DNA probe density was investigated at different concentrations of 50, 100, 200, 400 nM as 
shown in Fig. 1b. Selecting the appropriate DNA probe density minimizes the signal-to-noise ratio and achieves higher 

Signal change (%) = 100 ×
(

I0 − It
)

∕ I0

Scheme 1   Schematic repre-
sentation for the POC plat-
form for detection of miRNA 
21 in TNBC
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affinity between the probe and the target. By performing this study, we observed that, with increasing the probe density, 
the recorded signal also was enhanced due to the higher number of redox molecules i.e. MB. However, this increases also 
introduced limitations: densely packed probes not only restrict the diffusion of target molecules, but also lead to steric 
hindrance, where the proximity of probes reduces hybridization efficiency. To this, we decided to continue our study 
with the immobilization of 50 nM of probe, considering the right balance between effective signal variation and probe-
target affinity, as shown in Fig. 1b. Subsequently, we optimized the SWV frequency by testing values within the range of 
50, 100, and 200 Hz. As illustrated in Fig. 1c, 50 Hz emerged as the best compromise, offering a balance between signal 
variation and repeatability. In contrary, higher frequencies resulted in a greater average signal change, producing also 
voltammograms with higher noise levels.

3.2 � Selectivity studies

We evaluated the selectivity of the developed platform using three potential interfering (non-complemen-
tary RNA strands): miRNA-125b (5′-ucc cug aga ccc uaa cuu gug a -3′), miRNA-4676 (5′-cac ugu uuc acc acu ggc ucu u 
-3′) and miRNA-107 (5′-agc agc auu gua cag ggc uau ca-3′).

Measurements were performed both in PBS and in human blood serum in presence of 40 nM of each interferent. As 
shown in Fig. 2, the signal change associated with the interferents examined was negligible compared to the observed 
for our target of interest. This highlights the selectivity of the developed platform. Furthermore, its ability to maintain 
high specificity, even in complex matrices such as human serum, underscores its reliability and robustness.

3.3 � Analytical characterization in standard and human serum

After optimizing the key experimental parameters and selectivity of the proposed platform, its analytical performance 
was evaluated in PBS pH 7.4 and in human serum. For all the experiments, SWV was used, and the carefully optimized 
settings were adopted. The analytical characterization was conducted at increasing concentrations of miRNA-21, ranging 
from 0.1 to 1000 nM, as shown in Fig. 3.

As illustrated in Fig. 3a, b, both the buffer solution and human serum measurements exhibited a characteristic semi-
logarithmic sigmoidal correlation between the signal change percentage and the logarithmic scale of the target con-
centration, expressed in nanomolar. The correlations were satisfactory, calculated as the R2, equal to 0.985 and 0.987 for 
buffer and human serum solutions, respectively. The dynamic range of detection was observed to span from approxi-
mately 1.7 nM to 1000 nM, demonstrating the platform’s capability to reliably detect miRNA-21 over a wide range of 
concentrations. In addition, the limit of detection (LOD) was evaluated for both the buffer solution and human serum. 
For the buffer solution, the LOD was approximated to be around 1.7 nM, calculated as the concentration corresponding 
to a 10% signal change. In serum, the LOD was similarly determined, resulting equal to 1.2 nM. A good repeatability 
of ca. 8% was obtained (calculated on five replicates in the presence of a target concentration of 40 nM). These results 
underscore the potential of the proposed electrochemical platform as a rapid, sensitive, and cost-effective solution for 
the clinical detection of miRNA-21.

Fig. 1   a Evaluation of AuNPs volume (4,8, 12 μL); b Study of anti-miRNA-21 specific probe density (50, 100, 200, 400 nM); and c) Optimiza-
tion of the frequency of the square wave (50, 100,200 Hz). Measurements were performed in triplicate (n = 3) in a standard PBS pH 7.4, with a 
target concentration of 40 nM
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3.4 � Pre‑concentration with paper‑based origami device

To tackle the limitations of detecting trace miRNA concentrations in complex liquid biopsy samples, a paper-based 
pre-concentration device was employed. This innovative pre-concentration tool addresses the limitations of existing 
conventional methods, providing increased sensitivity without the use of expensive and time-consuming procedures. 
The paper’s porosity, which enables capillary action and facilitates the retention of analyte molecules, along with the 3D 
folding configuration, were leveraged to enhance detection sensitivity. The 3D origami design optimizes this process by 
creating multiple layers that progressively pre-concentrate the target analyte as the sample flows through the paper’s 
porous structure. As the liquid moves vertically, target molecules are enriched while components of the sample, here 
serum, are filtered through the device, reducing matrix effect. This significantly amplifies the signal response and thereby 
increasing detection sensitivity [42]. Three miRNA-21 concentrations-0.1 nM, 1 nM, and 10 nM- were pre-concentrated 
using the device, resulting in a signal improvement of up to 270% across all samples, as shown in Fig. 4. The pre-concen-
tration protocol was applied in PBS solution and in untreated human serum samples.

Notably, the pre-concetration device amplified the sensor’s signal response corresponding to an order of magnitude 
in target’s concentration, enabling the detection of even the lowest concentration (0.1 nM). In particular, the signal 
obtained from the pre-concentrated 0.1 nM sample was equivalent to that of the non-preconcentrated 1 nM sample, 
demonstrating the device’s capacity to enhance detection ability. This significant improvement in signal response enables 
the integration of the proposed electrochemical sensor into real-world clinical workflows and its application in routine 
diagnostics. By providing highly sensitive, real-time detection of miRNA biomarkers, this approach has the potential to 
support oncologist in making timely clinical decisions for disease diagnosis and therapy monitoring.

Fig. 2   Selectivity studies com-
paring signal change percent-
age obtained in the presence 
of 40 nM miRNA-21 and in the 
presence of three potential 
interferents. a Buffer solution; 
b human serum. Measure-
ments were performed in 
triplicate (n = 3)

Fig. 3   Calibration curve 
obtained in PBS (a) and 
human serum (b) in dif-
ferent concentrations of 
miRNA-652 target from 0.1 
to 1000 nM. Measurements 
were performed in triplicate 
(n = 3). SWV parameters: 
tequilibration = 5 s, Estart = 0.0 V, 
Eend =  − 0.5 V, Estep = 0.001 V, 
Amplitude = 0.01 V, Fre-
quency = 50.0 Hz
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4 � Conclusions

In this study, a paper-based POCT-platform is proposed to be a starting point for the development of a sensitive and 
selective detection method for miRNA-21 for TNBCs patients. In particular, liquid biopsy provides a real-time snapshot 
of circulating biomarkers, such as miRNAs, facilitating TNBC monitoring. Our electrochemical biosensor enables non-
invasive miRNA-21 detection, allowing for longitudinal tracking of treatment response and disease progression. The 
platform aims to provide an accessible, rapid, and cost-effective POCT, paving the way for advancements in personalized 
medicine and early cancer detection strategies. Office paper was used as the substrate for fabricating the device through 
a screen-printing technique. Subsequently, the miRNA detection is achieved via a redox mediator labelled DNA specific 
probe, that is immobilized on the sensing area by modifying it with AuNPs. The sensor was successfully characterized 
analytically, by performing calibration curves both in buffer solution and human serum resulting in a range of 0.1 nM 
to 1000 nM miRNA. Selectivity studies demonstrate the sensor’s ability to discriminate miRNA-21 in presence of other 
potential interferent miRNAs showing also good reproducibility (RSD = 8%). The LOD value was calculated as low as 
1.2 nM in serum, proving the feasibility of the sensor’s application in complex biofluids. To further improve the POCT 
performance, it integrates an office paper-based SPE for miRNA detection with an external paper-based origami device 
for sample pre-concentration. MiRNA abundance varies significantly across patients due to factors like age, sex, cancer 
stage, and therapy type, making continuous monitoring essential for correlating miRNA levels with disease progres-
sion and treatment response [43]. While miRNAs are typically found at lower concentrations in body fluids compared 
to tissue biopsies [44], studies show they can be detected at low nanomolar levels [45], and sequencing studies have 
observed thresholds at the micromolar (μM) level after amplification [46], while in liver biopsy samples in the low fmol 
range per μg of total RNA [47]. Our method, which requires no amplification, achieves enhanced sensitivity through a 
pre-concentration device, offering sensitivity comparable to amplification methods without the need for sample pre-
treatment. This all-in-one system significantly enhances the sensor’s signal response, enabling the detection of even low 
miRNA concentrations in serum samples. Such precision is crucial for clinical applications, as it allows the identification 
of miRNA levels that are significant for the diagnosis and monitoring of TNBC.
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