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Abstract 13 

Paper-based electrodes modified with molybdenum disulfide (MoS2) in the form of bulk crystals or 14 
exfoliated nanosheets were developed and used as a biosensing platform for the impedimetric 15 
detection of miRNAs (miRNA-155 and miRNA-21) related to early diagnosis of lung cancer. For this 16 
purpose, MoS2 crystals or nanosheets were used for the modification of the working electrode area 17 
of paper-based platform for the first time in this study. The proposed assay offers sensitive and 18 
selective detection of microRNAs by electrochemical impedance spectroscopy (EIS) technique. The 19 
entire assay, both the electrode modification and the miRNA detection being completed in 30 20 
minutes and a single sample droplet (5.0 µL) was enough to cover working electrode area which 21 
enabled analysis in low sample volumes. The limit of detection (LOD) for miRNA-21 and miRNA-155 22 
were calculated both in buffer and fetal bovine serum media. It is found that the LOD is varying 23 
between 1.0 to 200.0 ng/mL. In comparison to nanosheets, a larger electroactive surface area was 24 
obtained with bulk MoS2 resulting in lower LOD values on miRNA detection. The paper-based 25 
electrodes showed high specificity towards to their target miRNAs: miRNA-155 or miRNA-21 26 
sequences. Moreover, they effectively discriminated single base mismatched non-target sequences. 27 
The advantages of these MoS2 paper based electrodes include high sensitivity, and low-cost provide 28 
great potential for improved monitoring of miRNA biomarkers even in artificial serum media. 29 

Keywords: Paper-based electrode; molybdenum disulfide; 30 
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Introduction 35 

Recent studies have shown that cancer and other diseases, such as neurodegenerative diseases, are 36 
linked with the miRNA expression levels [1–6]. miRNA-21 has been identified to be over expressed in 37 
gastric, esophagus, prostate, glioblastoma, neuroblastoma, breast, and lung cancer [7,8]. In addition, 38 
miRNA-155 has been widely reported to be involved in lymphoma, and solid cancers [9]. In recent 39 
years, microRNA sensing has been performed by northern blotting [10], reverse transcription 40 
polymerase chain reaction (RT-PCR) [11] and microarray methods [8]. However, these methods have 41 
some limitations such as, requirement for costly commercial-grade kits, well-equipped laboratory, 42 
and qualified lab workers. Furthermore, Northern blotting is not a timesaver and quantitative 43 
method. In addition, RT-PCR requires short primers, which decreases the assay stringency. On the 44 
other hand, electrochemical methods provide direct analysis of various analytes within minutes. Due 45 
to the advantages of simple instrumentation, easy to use, low cost and low sample volume 46 
requirements, electrochemical biosensors can be considered as the most suitable tool for point of 47 
care testing [12–15].  48 

Cellulose-based material (e.g. paper) has been proposed as a support for conducting material 49 
(metals, organic polymers), in recent years.  50 

There are several reports in the literature regarding the use of different type of nanomaterials, 51 
assisting surface area enlargement and conductivity enhancement on electrochemical sensors. 52 
Exfoliated Molybdenum disulfide (MoS2), is one of these nanomaterials that can offer large surface 53 
area due to its two dimensional layered structure [16]. In MoS2 crystals the Mo atoms are 54 
sandwiched between S atoms in a triangular prismatic arrangement. The S–Mo–S sandwich layers are 55 
bonded together by weak Van-der-Waals, with well known semiconducting properties.  56 

In our study, impedimetric detection of miRNA-155 and miRNA-21 was carried out by MoS2 bulk 57 
crystals and MoS2 nanosheets modified paper-based electrodes in order to assess if there are any 58 
differences in their performance. Bulk MoS2 modified electrodes and MoS2 nanosheets modified 59 
electrodes were used as a sensing platform for immobilization of DNA probe and subsequently, the 60 
target miRNAs were recognized by their complementary DNA probe sequence. The hybridization 61 
between DNA probe and its complementary miRNA target was performed in two different media: 62 
phosphate buffer solution (PBS) and diluted fetal bovine serum (FBS). The selectivity of biosensors 63 
was tested against non-complementary (NC) and mismatch (MM) miRNA sequences, or in the 64 
presence of miRNA:NC (1:1) and miRNA:MM (1:1) mixtures.  65 

Materials and Methods 66 

Instrument 67 

An AUTOLAB-302 PGSTAT electrochemical analysis system with NOVA 1.11 software package 68 
(EcoChemie, Netherlands) was used for electrochemical measurements, which were performed in a 69 
Faraday cage. XEROX ColorQube™ 8570 brand wax printer (Norwalk, USA) was used to fabricate the 70 
paper-based electrodes. 71 

 72 

 73 



3 
 

Chemicals 74 

Carbon paste was purchased from Deajoo Electronic Materials Co. LTD. (Siheungsi, Korea). Ag/AgCl 75 
(9:1) ink was purchased from Henkel (Dusseldorf, Germany). miRNA-155 or miRNA-21 specific DNA 76 
probe, and their target miRNA-155 or miRNA-21 and the other oligonucleotides were supplied from 77 
TIB Molbiol (Germany) as lyophilized powder (see Supplementary information for more information).  78 

Development of paper-based electrodes 79 

Firstly, the paper-based electrode assemble was carried out as reported in our previous studies 80 
[17,18]. Briefly, in order to fabricate the paper-based electrode assembly for the detection of miRNA 81 
biomarkers, nitrocellulose membrane (NC) was used as a support, which includes a fluidic channel 82 
and a reaction cell. A specific architecture was designed with 270 angles for providing the maximum 83 
spread speed of liquid, to form electrochemical reaction cell of paper-based electrode assemble (Fig. 84 
S1). Besides, an additional barrier was used to provide sealing of the electrochemical reaction cell. 85 
The hydrophobic barriers were created by using a wax printer. The length of resulting channel was 86 
0.6 cm with a diameter of 1.5 mm. The electrochemical reaction cell with about 20 mm2 surface area 87 
was placed at the end of the fluidic channel. After preparing the wax pattered NC membrane, the 88 
three electrodes system was created onto the patterned NC membrane. The working (WE) and 89 
counter electrode (CE) were printed by using carbon paste, whereas the reference electrode (RE) was 90 
formed by using Ag/AgCl ink. For this purpose, a pattern was prepared by cutting a 0.1 mm-steel 91 
sheet with a laser cutter. The prepared steel stencil was placed onto the wax patterned NC 92 
membrane and then carbon paste and Ag/AgCl ink were applied on the steel stencil evenly. 93 
Subsequently, the electrodes were created onto the NC membrane surface by removing the steel 94 
stencil. The fabricated paper-based electrode assemble remained at ambient temperature until it 95 
dried. Subsequently it was backed at 100°C for 5 minutes to let the wax melt penetrate through the 96 
nitrocellulose membrane layers and cure the carbon paste as well. Ultimately, an adhesive copper 97 
wire as conductive pad was cut into 4 mm-pieces and attached to the electrodes.  98 

Synthesis of MoS2 nanosheets 99 

Few-layer MoS2 nanosheets were prepared by ionic-liquid-assisted grinding exfoliation, followed by 100 
sequential centrifugation steps, as described in our previous study [19]. The aqueous MoS2 solution 101 
was prepared as 2.0 mg/mL by a sonicator. 102 

Preparation of bulk MoS2 and MoS2 nanosheets modified paper-based electrodes  103 

The aqueous bulk MoS2 solution was prepared in the same way. Then, 5.0 µL of bulk MoS2 aqueous 104 
solution was drop-cast on the working electrode and electrode surface was dried under tungsten 105 
lamp for 5 min to obtain bulk MoS2 modified paper-based electrode. In order to prepare the MoS2 106 
nanosheets modified paper-based electrode, same procedure was applied, using an aqueous MoS2 107 
nanosheet solution. 108 

DNA probe immobilization onto bulk MoS2 or MoS2 nanosheets modified paper-based electrode  109 

The surface of bulk MoS2 or MoS2 nanosheets modified paper-based electrodes was covered by 5.0 110 
μL of thiol linked Probe-1 or Probe-2, which are complementary sequences of miRNA-155 and 111 
miRNA-21, respectively. As mentioned in our previous work [17], 10 min probe immobilization time 112 
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was used. After 10 min of immobilization step, the electrodes were washed with PBS (pH 7.4) to 113 
eliminate non-specific binding. 114 

DNA probe and miRNA-21 or miRNA-155 hybridization 115 

The hybridization of DNA probes (Probe-1 or Probe-2) and target microRNAs was achieved by drop-116 
casting 5.0 μL of miRNA-155, or miRNA-21 onto the surface of probe immobilized MoS2 (bulk or 117 
nanosheets) modified paper-based biosensors. The hybridization lasted for 5 minutes. The resultant 118 
biosensors were washed as mentioned above. 119 

Impedimetric measurement 120 

Fig. 1 shows the paper-based biosensor design and the detection assay, which involves 121 
immobilization of the miRNA probe at MoS2 (bulk or nanosheets) modified paper-based electrodes 122 
and hybridization of the immobilized probe and miRNA target.  123 

 124 

125 

Fig. 1. Fabrication of MoS2 (bulk or nanosheets) modified paper-based electrodes and impedimetric 126 
assay. (a) bulk MoS2 or MoS2 nanosheets modification, (b) miRNA probe immobilization, (c) 127 
hybridization of miRNA probe and miRNA target onto the surface of MoS2 modified paper-based 128 
biosensors 129 

The redox probe solution of 5.0 mM K3[Fe(CN)6] and 5.0 mM K4[Fe(CN)6] was prepared in 0.1 M KCl 130 
and used for impedimetric measurements. The detailed information is given in Supplementary 131 
information.   132 

The entire assay completed in 30 min which was calculated by the sum of bulk MoS2 or MoS2 133 
nanosheets modification time (5 min), probe immobilization time (10 min), probe and target 134 
hybridization time (5 min), and the duration of impedimetric measurement (10 min). 135 

Results and Discussion 136 

Characterization studies of bulk MoS2 modified paper-based electrodes 137 

The detailed characterization using Scanning Electron Microscopy (SEM), High-Resolution 138 
Transmission Electron Microscopy (HRTEM), Atomic Force Microscopy (AFM), UV-vis absorption 139 
spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) of bulk MoS2 and MoS2 140 
nanosheets was reported in our previous study [18]. Here, we studied the surface morphology of the 141 
coated electrodes by SEM. 142 
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The presence of MoS2 can be clearly seen on the electrode surface (Fig. 2b).  143 

144 

Fig. 2. SEM images of (a) unmodified paper-based electrode, (b) bulk MoS2 modified paper-based 145 
electrode (Scale: 10µm). 146 

The characterization of bare and modified electrodes was also carried out using cyclic voltammetry 147 
technique. The anodic and cathodic peak currents (Ia, Ic), relative charge (Q), and the electroactive 148 
surface areas of bare, bulk MoS2 modified and MoS2 nanosheets modified paper-based electrodes 149 
were listed in Table S1. Both anodic (Ia) and cathodic (Ic) peak currents of bulk MoS2 modified paper-150 
based electrode (Fig. S2) were much larger than the respective values of bare electrode (Fig. S2). 151 
Owing to the fact that enlarged surface area in the presence of bulk MoS2 modification, an increase 152 
at the current value was observed [19–21]. Additionally, the electroactive surface areas (A) were 153 
determined as 0.0257 cm2 and 0.0199 cm2 for bulk MoS2 modified paper-based electrode and 154 
unmodified electrode, respectively [22]. The electroactive surface area of the semiconducting bulk 155 
MoS2 modified paper-based electrode was 29.1% higher than the unmodified electrode [19–21]. 156 

Optimization studies with bulk MoS2 modified paper-based electrodes  157 

A significant change at the charge transfer resistance (Rct) that measured before/after the 158 
hybridization can be assumed as an indicator of the biorecognition event [23–27].  159 

In order to find optimal conditions for the efficient miRNA hybridization, the paper-based electrodes 160 
were prepared by using bulk MoS2 and probes of various concentrations. Accordingly, the results 161 
were shown in Fig. S3, Fig. S4, Table S2 and Table S3. All experiments were explored according to the 162 
optimum conditions. 163 

Analytical performance of bulk MoS2 modified paper-based biosensors in PBS 164 

The hybridization between 1.0 µg/mL Probe-1 and the different concentrations of miRNA-155 target 165 
from 0.05 to 0.20 µg/mL was performed and the Rct values were recorded (Fig. 3). The Rct was 166 
increased till 0.15 µg/mL miRNA-155 target concentration and then started to decrease (Fig. S5-A). 167 
The linear range of the developed Probe-1 immobilized bulk MoS2 modified paper-based biosensor 168 
was found between 0.05 and 0.15 µg/mL. Similarly, the hybridization between 1.0 µg/mL Probe-2 169 
and the different concentrations of miRNA-21 target from 0.025 to 0.10 µg/mL was performed (Fig.  170 
3), and the linear response was obtained between 0.025 and 0.075 µg/mL. (Fig. S5-B). 171 
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 172 

173 

Fig. 3. (A) Nyquist diagrams obtained by (a) Probe-1 immobilized bulk MoS2 modified paper-based 174 
electrode, after the hybridization between Probe-1 and (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20 µg/mL 175 
miRNA-155 target. (B) Nyquist diagrams obtained by (a) Probe-2 immobilized bulk MoS2 modified 176 
paper-based electrode, after the hybridization between Probe-2 and (b) 0.025, (c) 0.050, (d) 0.075, 177 
(e) 0.100 µg/mL miRNA-21 target.  178 

The limit of detection (LOD) was estimated as explained by Miller and Miller [28] with a regression 179 
equation and the definition as “y = yB + 3SB” (yB is the signal of blank solution and SB is the Standard 180 
deviation of the blank solution). The LOD was calculated to be 17.0 ng/mL (2.3 nM, 11.5 fmol in 5.0 181 
µL of sample) for miRNA-155 via linear fitting of the calibration curve (Fig. S6-A) with the equation y = 182 
34979x+ 6528 and R2 = 0.99. Similarly, the LOD of miRNA-21 was calculated to be 9.2 ng/Ml (1.3 Nm, 183 
6.5 fmol in 5.0 µL of sample) by fitting the calibration curve (Fig. S6-B) using the equation y = 35271x+ 184 
9325.2 and R2 = 0. 99. Additionally, the sensor sensitivity was estimated from the slope of the 185 
calibration curve, divided by the surface area of the MoS2 paper-based electrode, for miRNA-155 and 186 
miRNA-21, and found to be 1361 kOhm.mL.µg-1.cm-2 and 1372.4 kOhm.mL.µg-1.cm-2, respectively. 187 
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Selectivity studies with bulk MoS2 modified paper-based biosensors in PBS 188 

The selectivity of the assay was then tested against different miRNAs (Fig. 4A and Fig. 4B). The 189 
average Rct value was obtained as 11985.7 ± 1009.0 Ohm (RSD %= 8.4 %, n=5) after hybridization of 190 
Probe-1 and miRNA-155 target, whereas the Rct value was measured as 9910 ± 975.8 Ohm and 10475 191 
± 206.2 Ohm with the RSDs % (n=3) as 9.9 %, 2 %, after the hybridization of probe and NC and MM, 192 
respectively. The selectivity of the assay was also tested in the mixture samples of miRNA-155 and 193 
NC or MM. In the presence of the mixture of miRNA-155 : NC, miRNA-155 : MM, the average Rct 194 
values were measured as 12650 ± 919.2 Ohm and 11700 ± 608.28 Ohm, with the RSDs % as 7.3 % 195 
and 5.2 %, respectively (n=3). Similarly, the same study was performed for miRNA-21 and the same 196 
selective behavior was obtained (Fig. 4B) and average Rct values with hybridization efficiency % were 197 
given in Table S4. 198 

The efficiency of hybridization (HEff %) was calculated as an indication of the probe and miRNA 199 
hybridization effectiveness [19].  200 

The HEff  % = [(∆Rct * 100) /Rctprobe] represents the hybridization efficiency, where ∆Rct = Rcthybrid – 201 
Rctprob 202 

203 
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Fig. 4. Selectivity of bulk MoS2 modified paper-based biosensor. (A) The average Rct values recorded 204 
with (a) Probe-1 immobilized electrode, after hybridization of Probe-1 and (b) miRNA-155 target, (c) 205 
miRNA-155 NC, (d) miRNA-155 MM, (e) mixture of miRNA-155 target and NC, (f)mixture of miRNA-206 
155 target and MM. (B) The average Rct values recorded with (a) Probe-2 immobilized electrode, 207 
after hybridization of Probe-2 and (b) miRNA-21 target, (c) miRNA-155 NC, (d) miRNA-21 MM, (e) 208 
mixture of miRNA-21 target and NC, (f) mixture of miRNA-21 target and MM (n=3).  209 

Analytical performance of bulk MoS2 modified paper-based biosensors in FBS medium 210 

The hybridization of Probe-1 and different concentrations of miRNA-155 target from 0.05 to 0.20 211 
µg/mL was performed in 1:400 diluted FBS medium using bulk MoS2 modified paper-based biosensor 212 
(Fig. 5A). There was an increase at Rct value till 0.075 µg/mL miRNA-155 target concentration, then it 213 
leveled off (Fig. S7-A). Similarly, the hybridization of Probe-2 and different concentrations of miRNA-214 
21 target from 0.05 to 0.25 µg/mL was performed, and the highest Rct value was obtained in the 215 
presence of 0.20 µg/mL miRNA-21 target concentration (Fig. S7-B).  216 

217 

Fig. 5. (A) Nyquist diagrams obtained by (a) miRNA-155 probe immobilized bulk MoS2 modified 218 
paper-based electrode, after the hybridization between Probe-1 and (b) 0.025, (c) 0.05, (d) 0.075, (e) 219 
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0.100 µg/mL miRNA-155 target in FBS medium. (B) Nyquist diagrams obtained by (a) Probe-2 220 
immobilized bulk MoS2 modified paper-based electrode, after the hybridization between Probe-2 221 
and (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20, (f) 0.25 µg/mL miRNA-21 target in FBS medium.  222 

The LOD [28] was estimated as 1.0 ng/mL (139 pM, 695 amol in 5.0 µL of sample) for miRNA-155 in 223 
FBS with the equation y = 55115x + 11975 and R2 = 0.99 (Fig. S8). The LOD of miRNA-21 was 224 
calculated as 17.0 ng/mL (2.4 nM, 12 fmol in 5.0 µL of sample) in FBS using the equation y = 19823x + 225 
8602.8 and R2 = 0.99 (shown in Fig. S8) by MoS2 nanosheets modified paper-based biosensors. 226 

Selectivity studies with bulk MoS2 modified paper-based biosensors in FBS medium 227 

The hybridization between 1.0 µg/mL Probe-1 and miRNA-155 target, NC and MM was also 228 
performed in FBS medium (Fig. S9-A), as well as the selectivity of the assay was tested for miRNA-21 229 
(Fig. S9-B). The average Rct values with HEff % were given in Table S5 and S6. It could be concluded 230 
that our assay presented a selective behavior. 231 

 232 

Characterization studies of MoS2 nanosheets modified paper-based electrodes  233 

The microscopic characterization of modified electrodes was performed by SEM. The MoS2 234 
nanosheets can be seen on the electrode surface (Fig. 6b).  235 

236 

Fig. 6. SEM images of (a) unmodified paper-based electrode, (b) MoS2 nanosheets modified paper-237 
based electrodes (Scale: 10µm). 238 

The characterization of bare and modified electrodes was also explored by CV and the results are 239 
given in Table S1. As can be seen from Fig. S2, the Ia and Ic of MoS2 nanosheets modified paper-based 240 
electrode were much larger than those of bare electrode (Fig. S2-a). These results were proof of the 241 
accelerated electron transfer by means of MoS2 nanosheets [19–21]. The electroactive surface area 242 
of the MoS2 nanosheets modified paper-based electrode was 16.5 % larger than the bare electrode 243 
due to the semiconductive nature of MoS2 nanosheets [19–21]. The smaller electroactive area of 244 
MoS2 nanosheets when compared to bulk MoS2, is related to the lower electrical conductivity of 245 
nanosheets. It is well known that the band gap of MoS2 decreases as the number of layers increases. 246 

Optimization studies with MoS2 nanosheets modified paper-based electrodes  247 
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The optimization of Probe-1 concentration was performed, and results are shown in Fig. S10 and 248 
Table S7. All experiments using MoS2 nanosheets modified paper-based electrodes were explored 249 
under the optimum conditions.  250 

Analytical performance of MoS2 nanosheets modified paper-based electrodes in PBS 251 

The hybridization between 1.0 µg/mL Probe-1 and the different concentrations of miRNA-155 target 252 
from 0.25 to 1.0 µg/mL was performed and the Rct values were recorded (Fig. 7A). The Rct value was 253 
increased till 0.75 µg/mL miRNA-155 target concentration, then started to decrease (Fig. S11-A). The 254 
linear range of the developed Probe-1 immobilized bulk MoS2 modified paper-based biosensor was 255 
found between 0.25 and 0.75 µg/mL. Similarly, the hybridization between 1.0 µg/mL Probe-2 and 256 
different concentrations of miRNA-21 target from 0.25 to 1.00 µg/mL was performed, and the linear 257 
response was obtained between 0.25 and 0.75 µg/mL (Fig. S11-B). 258 

259 

Fig. 7. (A) Nyquist diagrams obtained by (a) Probe-1 immobilized MoS2 nanosheets modified paper-260 
based electrode, after the hybridization between Probe-1  and (b) 0.25, (c) 0.50, (d) 0.75, (e) 1.00 261 
µg/mL miRNA-155 target. (B) Nyquist diagrams obtained by (a) Probe-2 immobilized MoS2 262 
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nanosheets modified paper-based electrode, after the hybridization between Probe-2 and (b) 0.25, 263 
(c) 0.50, (d) 0.75, (e) 1.00 µg/mL miRNA-21 target. 264 

The LOD [25] was also calculated and found to be 103.0 ng/mL (13.8 nM, 69 fmol in 5.0 µL of sample) 265 
for miRNA-155 with the equation y = 2118.3x + 7605 and R2 = 0.99 (Fig. S12-A). The LOD of miRNA-21 266 
was calculated and found to be 168.0 ng/mL (24 nM, 120 fmol in 5.0 µL of sample) using the 267 
equation y = 3882x + 8811.7 and R2 = 0.97 (Fig. S12-B) by MoS2 nanosheets modified paper-based 268 
biosensors. 269 

Additionally, the sensitivity of the MoS2 nanosheets modified paper-based biosensor was estimated 270 
for miRNA-21 and miRNA-155 and found to be 91.3 and 167.3 kOhm.mL.µg-1.cm-2, respectively. 271 

Selectivity studies with MoS2 nanosheets modified paper-based electrodes in PBS 272 

The selectivity of the MoS2 nanosheets modified sensor was then tested against different miRNAs 273 
(Fig. 8A and Fig. 8B). The average Rct value was obtained as 9128.4 ± 740.2 Ohm (RSD %= 8.1 %, n=8) 274 
after hybridization of 1.0 µg/mL Probe-1 and 0.75 µg/mL miRNA-155 target whereas the Rct value 275 
was measured as 7756 ± 1250.5 Ohm and 7611.2 ± 1572.7 Ohm with the RSDs % (n=3) as 16.1 %, 276 
20.7 %, after the hybridization of probe and NC and MM, respectively. The selectivity of the assay 277 
was also tested in the mixture samples of miRNA-155 and NC or MM. The average Rct values with 278 
hybridization efficiency % were given in Table S8. Similarly, the average Rct value was obtained as 279 
11235.5 ± 1024.9 Ohm (RSD %= 9.1 %, n=5) after hybridization of 1.0 µg/mL Probe-2 and 0.75 µg/mL 280 
miRNA-21 target whereas the Rct value was measured as 7846 ± 185.3 Ohm and 9024.5 ± 1181.6 281 
Ohm with the RSDs % (n=3) as 2.4 %, 13.1 %, after the hybridization of probe and NC and MM, 282 
respectively. The average Rct values with hybridization efficiency % were given in Table S9. 283 
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284 

Fig. 8. Selectivity of MoS2 nanosheets modified paper-based biosensor. (A) The average Rct values 285 
recorded with (a) Probe-1 immobilized electrode, after hybridization of Probe-1 and (b) miRNA-155 286 
target, (c) miRNA-155 NC, (d) miRNA-155 MM, (e) mixture of miRNA-155 target and NC, (f) mixture of 287 
miRNA-155 target and MM. (B) The average Rct values recorded with (a) Probe-2 immobilized 288 
electrode, after hybridization of Probe-2  and (b) miRNA-21 target, (c) miRNA-155 NC, (d) miRNA-21 289 
MM, (e) mixture of miRNA-21 target and NC, (f) mixture of miRNA-21 target and MM (n=3).  290 

Analytical performance of MoS2 nanosheets modified paper-based electrodes in FBS medium 291 

The hybridization of 1.0 µg/mL Probe-1 and different concentrations of miRNA-155 target from 0.25 292 
to 1.50 µg/mL was performed in 1:100 diluted FBS medium using MoS2 nanosheets modified paper-293 
based electrode s (Fig. S13).  There was an increase at Rct value till 1.25 µg/mL miRNA-155 target 294 
concentration, then it leveled off (Fig. S14-A). Similarly, the hybridization of 1.0 µg/mL Probe-2 and 295 
different concentrations of miRNA-21 target from 0.25 to 1.25 µg/mL was performed, and the 296 
highest Rct value was obtained in the presence of 1.0 µg/mL miRNA-21 target concentration (Fig. S14-297 
B).  298 

The LOD [28] was found to be 200.0 ng/mL (26.8 nM, 134 fmol in 5.0 µL of sample) for miRNA-155 in 299 
FBS with the equation y = 4171.9x + 12500 and R2 = 0.98 (Fig. S15-A). The LOD of miRNA-21 was 300 
calculated as 107.0 ng/mL (15.1 nM, 75.5 fmol in 5.0 µL of sample) in FBS using the equation y = 301 
5981.9x + 9361.6 and R2 = 0.99 (shown in Fig. S15-B) by MoS2 nanosheets modified paper-based 302 
biosensors. 303 
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Selectivity studies with MoS2 nanosheets modified paper-based electrodes in FBS medium 304 

Then, the hybridization between Probe-1 and miRNA-155 target, NC and MM was also performed in 305 
FBS medium (Fig. S16-A), as well as the selectivity of the assay was tested for miRNA-21 (Fig. S16-B). 306 
It could be concluded that our assay presented a selective behavior. The average Rct values with 307 
hybridization efficiency % were given in Table S10 and S11. 308 

Conclusion 309 

Paper-based electrodes have been developed successfully with the modification of their working 310 
electrode surface by using bulk or nanosheet form of molybdenum disulfide and then they were 311 
applied for electrochemical sensing of microRNAs. The electroactive surface areas of bulk MoS2 and 312 
MoS2 nanosheets modified paper-based electrodes are increased by 29.0 % and 16.5 % in comparison 313 
to unmodified paper-based electrode, respectively. Despite their larger geometric surface area, MoS2 314 
nanosheets possess a relatively smaller electroactive area compared to bulk MoS2, which is related to 315 
the lower electrical conductivity (increased band gap) of exfoliated nanosheets. Our results showed 316 
that bulk MoS2 modified paper based electrodes has a larger electroactive surface area and they 317 
provide lower LOD values in comparison to MoS2 nanosheets modified paper-based electrodes (Table 318 
S12). 319 

These electrochemical biosensors based on paper electrodes exhibit relatively high sensitivity and 320 
low LODs (between 1.0 to 200.0 ng/mL) for miRNA-21 and miRNA-155. 321 

The entire assay including both electrode modification and miRNA detection could be completed in 322 
30 minutes and using only a single sample droplet (5.0 µL) was enough to cover the surface of 323 
working electrode which enables the analysis in a low sample volume. These advantages can be 324 
considered as a sign of the suitability of paper-based electrochemical biosensors to medical device 325 
applications. The LODs were lower than those of our earlier biosensor studies related to miRNA 326 
detection [30–36]. Additionally, LODs were lower than those of our previous works [17], which 327 
included the same support electrode with AuNP, AuNPs/RGO or AuNPs/MoS2 modification instead of 328 
molybdenum disulfide. As another advantage, the detection of miRNA targets is performed without 329 
using any indicator or inosine base substituted probe, which makes our assay more practical and 330 
cost-effective than earlier studies [37–39]. In summary, impedimetric assay with paper-based 331 
electrode resulted herein in a relatively shorter assay time and hence more practical sensing in 332 
comparison to earlier studies related to miRNA detection [40–45]. 333 

The paper-based biosensors showed high specificity for the target miRNA-155 or miRNA-21 334 
sequences, and effectively discriminated single base mismatched non-target sequences. This paper-335 
based biosensing platform can find consequential applications in PoC diagnosis and on-site testing.  336 
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