
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Impedimetric detection of miRNA biomarkers using paper-based electrodes modified
with bulk crystals or nanosheets of molybdenum disulfide

Yarali, E., Eksin, E., Torul, H., Ganguly, A., Tamer, U., Papakonstantinou, P., & Erdem, A. (2022). Impedimetric
detection of miRNA biomarkers using paper-based electrodes modified with bulk crystals or nanosheets of
molybdenum disulfide. Talanta, 241, 123233. [123233]. https://doi.org/10.1016/j.talanta.2022.123233

Link to publication record in Ulster University Research Portal

Published in:
Talanta

Publication Status:
Published (in print/issue): 01/05/2022

DOI:
10.1016/j.talanta.2022.123233

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 23/05/2023

https://doi.org/10.1016/j.talanta.2022.123233
https://pure.ulster.ac.uk/en/publications/bd02c763-93de-4a06-9825-68eaff2ff2a6
https://doi.org/10.1016/j.talanta.2022.123233


1 
 

Supporting Information 

Impedimetric detection of miRNA biomarkers using paper-based electrodes modified with 

bulk crystals or nanosheets of molybdenum disulfide 

Ece Yarali1,a, Ece Eksin1,a, Hilal Torul 2,a, Abhijit Ganguly3, Ugur Tamer 2, *,  

Pagona Papakonstantinou3, * and Arzum Erdem 1, * 

1 Department of Analytical Chemistry, Faculty of Pharmacy, Ege University, 35100 Bornova, Turkey 

2 Department of Analytical Chemistry, Faculty of Pharmacy, Gazi University, 06330 Ankara, Turkey 

3 School of Engineering, Engineering Research Institute, Ulster University, Newtownabbey BT37 0QB, United 
Kingdom 

Corresponding Authors:  

E-mail addresses: arzum.erdem@ege.edu.tr (A. Erdem), p.papakonstantinou@ulster.ac.uk (P. 

Papakonstantinou), utamer@gazi.edu.tr (U. Tamer) 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:arzum.erdem@ege.edu.tr
mailto:p.papakonstantinou@ulster.ac.uk%20(P
mailto:p.papakonstantinou@ulster.ac.uk%20(P
mailto:utamer33@yahoo.com


2 
 

Paper-based electrode assemble 

 

Fig. S1. The components of paper-based electrode assemble; A) the fluidic channel, B) the reaction 
cell, C) the CE, WE and RE, D) the demonstration of the spread of the sample from the fluidic channel 
to the reaction cell 

Here, Fig. S1 shows the components of paper-based electrode assemble. While the rectangular 
fluidic channel and a reaction cell have been shown in Fig. S1A and B, respectively, Fig. S1C shows the 
CE, WE and RE of the paper-based electrode assemble. Besides, Fig. S1D shows the demonstration of 
the spread of the sample from the fluidic channel to the reaction cell. 

We constructed a paper electrode assemble with 270 angles for providing the maximum fluidic 
spread. This architecture provided a constant flow rate in the hemispherical imbibition, which is 
preferable because of sensitivity of electrochemical responses. However, in the present study, 
certain amount of liquid sample was dropped on the reaction cell and fluid channel was not utilized 
for the developed paper electrode assemble. 

 

 

 

 

 

 

 



3 
 

The base sequences of oligonucleotides and miRNAs were given as below: 

thiol linked miRNA-155 specific DNA probe (Probe-1)  

5’- SH-ACC CCT ATC ACG ATT AGC ATT AA-3’  

miRNA-155 RNA Target   

5’- UUA AUG CUA AUC GUG AUA GGG GU-3’ 

miRNA-155 Non-complementary sequence (NC) 

5’-UGG CAG UGU CUU AGC UGG UUG U-3’ 

miRNA-155 Mismatch sequence (MM) 

5’-UUA AUG CUA AUC GUC AUA GGG GU-3’ 

thiol linkedmiRNA-21 specific DNA probe (Probe-2) 

5’- SH-TCA ACA TCA GTC TGA TAA GCT A-3’ 

miRNA-21 RNA Target   

5’- UAG CUU AUC AGA CUG AUG UUG A-3’ 

miRNA-21 Non-complementary sequence (NC) 

5’- AUG CAU GCA UGC AUG CAU GCA A-3’ 

miRNA-21 Mismatch sequence (MM) 

5’-UAG CUU AUC AGA CUC AUG UUG A-3’ 

DNA probe and miRNA target stock solutions were prepared in Tris-EDTA buffer solution (pH 8.00) 
and kept frozen. The diluted solutions were prepared in PBS (pH 7.40).  

Impedimetric measurements: The impedance was measured in the frequency range between 100 
kHz and 0.1 Hz at a potential of + 0.23 V with an amplitude of 10 mV. The frequency interval was 
divided into 50 logarithmically equidistant measure points. The Randles circuit was used as 
equivalent circuit model used for fitting of the impedance data. The elements of Randles circuit 
values were calculated using the fitting program of NOVA (version 1.11 Eco Chemie, The 
Netherlands). It was comprised of the solution resistance (Rs), the capacitance (Q), the charge 
transfer resistance (Rct) and Warburg impedance (W). The respective semicircle diameter 
corresponds to the charge–transfer resistance (Rct). 

Table S1. The average values (n=2) of anodic peaks (Ia), cathodic peaks (Ic), relative anodic charge 

(Qa), relative cathodic charge (Qc) and calculated surface area were measured by CV technique for 

unmodified, bulk MoS2 and MoS2 nanosheets modified paper-based electrodes.  

Electrodes Ia (µA) Ic (µA) Qa (mC) Qc (mC) A (cm2) 
Unmodified  

paper-based electrode 236.15 ± 24.83 241.36 ± 31.88 2.23 3.10 0.0199 

Bulk MoS2 modified paper-
based electrode 245.66 ± 8.63 302.12 ± 15.91 2.75 3.60 0.0257 

MoS2 nanosheets modified 
paper-based electrode 242.25 ± 6.29 280.60 ± 22.13 2.21 3.91 0.0232 
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Fig. S2. Cyclic voltammograms of (a) unmodified paper-based electrode, (b) bulk MoS2 modified 

paper-based electrode, (c) MoS2 nanosheets modified paper-based electrode. Supporting electrolyte 

solution is 50.0 mM [Fe(CN)6]3-/4- containing 0.1 M KCl. 

Optimization of bulk MoS2 concentration 

The optimum concentration of MoS2 was determined by EIS technique. The average Rct values were 
measured before/after modification of paper-based electrode, with bulk MoS2 at different 
concentrations varying from 1000.0 to 3000.0 µg/mL (Fig. S3). The average Rct values were given in 
Table S2. There was 12 % decrease at Rct value after 2000.0 μg/mL bulk MoS2 modification onto the 
electrode surface. Due to the highest decrease % at Rct value and reproducible results, 2000.0 µg/mL 
was chosen as optimum concentration for further experiments. 
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Fig. S3. (A) Nyquist diagrams, (B) histograms representing the average Rct values obtained by (a) 
unmodified paper-based electrode, (b) 1000.0 mg/mL, (c) 2000.0 µg/mL, (d) 3000.0 µg/mL bulk MoS2 
modified paper-based electrode. Inset was the equivalent circuit model used for fitting of the 
impedance data. Measurements were performed in 5.0 mM [Fe(CN)6]3−/4- prepared in 0.1 M KCl 
(n=3).   

Table S2. The average Rct values measured by unmodified paper-based electrode or after 

modification of bulk MoS2with its various concentrations (n=3). 

Electrodes Rct (Ohm) RSD % 

Unmodified paper-based electrode 7456.7 ± 971.3 13.0 

1000.0 µg/mL bulk MoS2 modified paper-
based electrode 

8840 ± 1760 19.9 

2000.0 µg/mL bulk MoS2 modified paper-
based electrode 

6583.1 ± 873.4 13.3 
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3000.0 µg/mL bulk MoS2 modified paper-
based electrode 

6800 ± 620 9.1 

 

Optimization of probe concentration with bulk MoS2 modified paper-based electrodes 

In order to find optimum concentration of Probe-1, the hybridization was performed with different 
concentrations of Probe-1 (0.5 and 1.0 µg/mL) and 1.0 µg/mL miRNA-155 target and accordingly, the 
Rct value was measured (Fig. S4). The highest Rct value was recorded as 12100 ± 1512.2 Ohm (RSD %, 
12.5 %, n=3) in the presence of 1.0 µg/mL Probe-1. Therefore, 1.0 µg/mL was chosen as optimum 
Probe-1 concentration for the further studies. 

 

Fig. S4. (A) Nyquist diagrams obtained by (a) bulk MoS2 modified paper-based electrode, (b) 0.5 
µg/mL Probe-1 immobilized bulk MoS2 modified paper-based electrode, (c) hybridization of 0.5 
µg/mL Probe-1 and 0.15 µg/mL miRNA-155 target. (B) Nyquist diagrams obtained by (a) bulk MoS2 
modified paper-based electrode, (b) 1.0 µg/mL Probe-1 immobilized bulk MoS2 modified paper-based 
electrode, (c) hybridization of 1.0 µg/mL Probe-1 and 0.15 µg/mL miRNA-155 target. Inset was the 
equivalent circuit model used for fitting of the impedance data. Measurements were performed in 
5.0 mM [Fe(CN)6]3−/4- prepared in 0.1 M KCl (n=3).   
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Table S3. The average Rct values measured before and after hybridization of 0.15 µg/mL miRNA-155 
target and Probe-1 at different concentration level (n=3).  

 The average Rct (Ohm) 

0.5 µg/mL Probe-1 6008.8 ± 735.7 

0.5 µg/mL Probe-1 and 0.15 µg/mL miRNA-155 
Target 

10367.5 ± 1692.0 

1.0 µg/mL Probe 6915.0 ± 873.3 

1.0 µg/mL Probe-1 and 0.15 µg/mL  miRNA-155 
Target 

12100.0 ± 1512.2 

 

 

Fig. S5. (A) Line graph representing the average Rct values recorded by the hybridization of 1.0 µg/mL 
Probe-1 and miRNA-155 target at the concentration level from 0 to 0.2 µg/mL. (B) Line graph 
representing the average Rct values recorded by bulk MoS2 modified paper-based electrode after the 
hybridization of 1.0 µg/mL Probe-2 and miRNA-21 target at the concentration level from 0 to 0.1 
µg/mL.  
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Fig. S6. (A)Calibration plot obtained after hybridization  between 1.0 µg/mL Probe-1 and miRNA-155 
target with its various concentrations from 0 to 0.15 µg/mL (n=3). (B)Calibration plot obtained after 
hybridization  between 1.0 µg/mL Probe-2 and miRNA-21 target with its various concentrations from 
0 to 0.075 µg/mL(n=3). 

Table S4.The average Rct values (n=3) with RSDs % obtained by bulk MoS2 modified paper-based 
electrode after hybridization of Probe-2 with NC, MM, or mixture samples and hybridization 
efficiency (HEff  %) calculated according to the Rct values obtained after hybridization. 

Hybridization Average Rct values (n=3) RSD %  HEff % 

miRNA-21 target 12301.8 ± 888.6 Ohm 7.2 33 

NC 8292.5 ± 1796.8 Ohm 21.7 10 

MM 10316.0 ± 598.2 Ohm 5.8 11 
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miRNA-21 : NC mix 11103.5 ± 87.0 Ohm 0.8 20 

miRNA-21 : MM mix 12737.0 ± 131.5 Ohm 1.0 38 

 

 

Fig. S7. (A) Line graph representing the average Rct values recorded by the hybridization of 1.0 µg/mL 
Probe-1 and miRNA-155 target at the concentration level from 0 to 0.1 µg/mL in FBS medium (n=3). 
(B) Line graph representing the average Rct values recorded by bulk MoS2 modified paper-based 
electrode after the hybridization of 1.0 µg/mL Probe-2 and miRNA-21 target at the concentration 
level from 0 to 0.25 µg/mL in FBS medium (n=3). 
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Fig. S8. (A) Calibration plot obtained after hybridization  between 1.0 µg/mL Probe-1 and miRNA-155 
target with its various concentrations from 0 to 0.75 µg/mL in FBS medium (n=3). (B) Calibration plot 
obtained after hybridization  between 1.0 µg/mL Probe-2 and miRNA-21 target with its various 
concentrations from 0 to 0.2 µg/mL in FBS medium (n=3). 
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Fig.  S9. Selectivity of bulk MoS2 modified biosensor in FBS medium. (A) The average Rct values 
recorded with (a) Probe-1 immobilized paper-based electrode, after hybridization of Probe-1 and (b) 
miRNA-155 target, (c) miRNA-155 NC, (d) miRNA-155 MM, (e) mixture of miRNA-155 target and NC, 
(f) mixture of miRNA-155 target and MM. (B) The average Rct values recorded with (a) Probe-2 
immobilized paper-based electrode, after hybridization of Probe-2 and (b) miRNA-21 target, (c) 
miRNA-155 NC, (d) miRNA-21 MM, (e) mixture of miRNA-21 target and NC, (f) mixture of miRNA-21 
target and MM (n=3).   

Table S5. The average Rct values (n=3) with RSDs % obtained by bulk MoS2 modified paper-based 
electrode after hybridization of miRNA-155 probe with NC, MM, or mixture samples in FBS medium 
andHEff % calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-155 target 17092.4 ± 1693.5 Ohm 9.9 43 

NC 12957.0 ± 801.5 Ohm 6.2 8 

MM 12291.5 ± 412.2 Ohm 3.4 3 

miRNA-155 : NC mix 16049.3 ± 660.6 Ohm 4.1 34 

miRNA-155 : MM mix 17539.0 ± 2444.0 Ohm 13.9 47 
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Table S6. The average Rct values (n=3) with RSDs % obtained by bulk MoS2 modified paper-based 
electrode after hybridization of Probe-2 with NC, MM, or mixture samples in FBS medium and HEff % 
calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-21 target 13225.1 ± 1113.1 Ohm 8.4 53 

NC 10106.2 ± 1290.0 Ohm 12.8 17 

MM 10479.4 ± 1521.2 Ohm 14.5 21 

miRNA-21 : NC mix 13701.2 ± 1690.8 Ohm 12.3 58 

miRNA-21 : MM mix 12415.0 ± 902.0 Ohm 7.3 43 

 

Optimization of probe concentration with MoS2 nanosheets modified paper-based electrodes 

In order to find optimum concentration of Probe-1, the hybridization was performed with different 
concentrations of Probe-1 (0.5 and 1.0 µg/mL) and 1.0µg/mL miRNA-155 target and accordingly, the 
Rct value was measured using MoS2 nanosheets modified paper-based electrode (Fig. S8). The highest 
Rct value was recorded as 8588.0 ±1215.9 Ohm (RSD %, 14.2 %, n=3) in the presence of 1.0 µg/mL 
Probe-1. Therefore, 1.0 µg/mL was chosen as optimum Probe-1 concentration for the further studies. 
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Fig. S10. (A) Nyquist diagrams obtained by (a) MoS2 nanosheets modified paper-based electrode, (b) 
0.5 µg/mL Probe-1 immobilized MoS2 nanosheets modified paper-based electrode, (c) hybridization 
of 0.5 µg/mL miRNA-155 probe and 1.0µg/mL miRNA-155 target. (B) Nyquist diagrams obtained by 
(a) MoS2 nanosheets modified paper-based electrode, (b) 1.0 µg/mL Probe-1 immobilized MoS2 

nanosheets modified paper-based electrode, (c) hybridization of 1.0 µg/mL Probe-1 and 1.0 µg/mL 
miRNA-155 target. Inset was the equivalent circuit model used for fitting of the impedance data. 

Table S7. The average Rct values obtained by different concentrations of probe immobilized onto the 
MoS2 nanosheets modified paper-based electrode and the hybridization between different 
concentration of Probe-1 and 1.0 µg/mL miRNA-155 target. 

 The average Rct (Ohm) 

0.5 µg/mL Probe 7762.5 ± 1478.7 

0.5 µg/mL Probe-1 and 1.0 µg/mL miRNA-155 
Target 

8207.5 ± 2338.2 

1.0 µg/mL Probe 7578.2 ± 1329.0 

1.0 µg/mL Probe-1 and 1.0 µg/mL  miRNA-155 
Target 

8588.0 ± 1215.9 
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Fig. S11. (A) Line graph representing the average Rct values recorded by the hybridization of 1.0 
µg/mL Probe-1 and miRNA-155 target at the concentration level from 0 to 1.0 µg/mL. (B) Line graph 
representing the Rct values recorded by MoS2 nanosheets modified paper-based electrodes after the 
hybridization of 1.0 µg/mL Probe-2 and mİRNA-21 target at the concentration level from 0 to 1.0 
µg/mL. 
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Fig. S12. (A) Calibration plot obtained by MoS2 nanosheets modified paper-based electrodes after 
hybridization  between Probe-1 and miRNA-155 target with its various concentrations from 0 to 0.75 
µg/mL (n=3). (B) Calibration plot obtained by MoS2 nanosheets modified paper-based electrodes 
after hybridization  between Probe-2 and miRNA-21 target with its various concentrations from 0 to 
0.75 µg/mL (n=3). 

Table S8. The average Rct values (n=3) with RSDs % obtained by MoS2 nanosheets modified paper-
based electrodes after hybridization of Probe-1 with NC, MM, or mixture samples and HEff % 
calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-155 target 9128.4 ± 740.2 Ohm 8.1 20 

NC 7756.0± 1250.5 Ohm 16.1 2 

MM 7611.2 ± 1572.7 Ohm 20.7 0.4 

miRNA-155 : NC mix 9640.5 ± 771.5Ohm 8.0 27 
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miRNA-155 : MM mix 8806.3± 660.1 Ohm 7.5 16 

 

Table S9.The average Rct values (n=3) with RSDs % obtained by MoS2 nanosheets modified paper-
based electrodes after the hybridization of Probe-2 with NC, MM, or mixture samples and HEff % 
calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-21 target 11235.5±1024.9 Ohm 9.1 34 

NC 7846.0±185.3 Ohm 2.4 7 

MM 9024.5±1181.6 Ohm 13.1 7 

miRNA-21 : NC mix 10904.5±1294.7 Ohm 11.9 30 

miRNA-21 : MM mix 10023.0±269.4 Ohm 2.7 19 
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Fig.  S13. (A) Nyquist diagrams obtained by (a) Probe-1 immobilized MoS2 nanosheets modified 
paper-based electrode , after the hybridization between Probe-1  and (b) 0.25, (c) 0.50, (d) 0.75, (e) 
1.00, (f) 1.25, (g) 1.50 µg/mL miRNA-155 target in FBS medium. (B) Nyquist diagrams obtained by (a) 
Probe-2 immobilized MoS2 nanosheets modified paper-based electrode, after the hybridization 
between Probe-2 and (b) 0.25, (c) 0.50, (d) 0.75, (e) 1.00, (f) 1.25 µg/mL miRNA-21 target in FBS 
medium. Inset was the equivalent circuit model used for fitting of the impedance data.  

 

 

Fig. S14. (A) Line graph representing the average Rct values recorded by the hybridization of 1.0 
µg/mL Probe-1 and miRNA-155 target at the concentration level from 0 to 1.5 µg/mL in FBS medium. 
(B) Line graph representing the average Rct values recorded by MoS2 nanosheets modified paper-
based electrodes after the hybridization of 1.0 µg/mL Probe-2 and miRNA-21 target at the 
concentration level from 0 to 1.25 µg/mL in FBS medium. 
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Fig. S15. (A) Calibration plot obtained by MoS2 nanosheets modified paper-based electrodes after 
hybridization  between Probe-1 and miRNA-155 target with its various concentrations from 0 to 1.25 
µg/mL in FBS medium (n=3). (B) Calibration plot obtained by MoS2 nanosheets modified paper-based 
electrodes after hybridization  between Probe-2 and miRNA-21 target with its various concentrations 
from 0 to 1.0 µg/mL in FBS medium (n=3). 
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Fig.  S16. Selectivity of MoS2 nanosheets modified paper-based biosensor in FBS medium. (A) The 
average Rct values recorded with (a) miRNA-155 probe immobilized paper-based electrode, after 
hybridization of miRNA-155 probe and (b) miRNA-155 target, (c) miRNA-155 NC, (d) miRNA-155 MM, 
(e) mixture of miRNA-155 target and NC, (f) mixture of miRNA-155 target and MM. (B) The average 
Rct values recorded with (a) miRNA-21 probe immobilized paper-based electrode, after hybridization 
of miRNA-21 probe and (b) miRNA-21 target, (c) miRNA-155 NC, (d) miRNA-21 MM, (e) mixture of 
miRNA-21 target and NC, (f) mixture of miRNA-21 target and MM (n=3). 

Table S10. The average Rct values (n=3) with RSDs % obtained by MoS2 nanosheets modified paper-
based electrodes after hybridization of miRNA-155 probe with NC, MM, or mixture samples in FBS 
medium and HEff % calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-155 target 16750.7 ± 1891.8 Ohm 11.3 31 

NC 10279.0 ± 1595.2 Ohm 15.5 19 

MM 11986.5 ± 270.8 Ohm 2.3 6 

miRNA-155 : NC mix 15427.5 ± 1791.1 Ohm 11.6 21 

miRNA-155 : MM mix 16228.5 ± 2530.7 Ohm 15.6 27 
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Table S11. The average Rct values (n=3) with RSDs % obtained by MoS2 nanosheets modified paper-
based electrodes after hybridization of miRNA-21 probe with NC, MM, or mixture samples in FBS 
medium and HEff % calculated according to the Rct values obtained after hybridization. 

Hybridization  Average Rct values (n=3) RSD %  HEff % 

miRNA-21 target 17694.3 ± 1584.5 Ohm 8.9 84 

NC 14114.7 ± 1261.9 Ohm 8.9 47 

MM 15225.3 ± 1507.8 Ohm 9.9 58 

miRNA-21 : NC mix 18466.7 ± 3283.7 Ohm 17.8 92 

miRNA-21 : MM mix 19307.3 ± 2911.4 Ohm 15.1 100 

 

 

Table S12. LODs calculated for miRNA-155 and miRNA-21 with MoS2 modified electrode and MoS2 

nanosheets modified electrode in buffer (PBS) or FBS medium. 

 

 MoS2 modified electrode MoS2 nanosheets modified electrode 

 Buffer FBS Buffer FBS 

miRNA-155 17 ng/mL 1 ng/mL 103 ng/mL 200 ng/mL 

miRNA-21 9.2 ng/mL 17 ng/mL 168 ng/mL 107 ng/mL 

 

 

 


