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Abstract 1 

For the early diagnosis of lung cancer, a novel strategy to detect microRNAs encapsulated in 2 

exosomes with immunomagnetic isolation was demonstrated for the selective extraction of exo-3 

miRNAs from patient serum. Here, miRNA was captured from lysed exosomes in specially 4 

designed capture probe modified magnetic beads, followed by T4 DNA polymerase-mediated in 5 

situ formation of chimeric 5´-miRNA-DNA-3´ (Target). The poly-(2,2´:5´,2´-́terthiophene-3 -́(p-6 

benzoic acid)) (pTBA)-modified electrode harbors Probe-1 DNA that hybridizes to the 5´ end of 7 

the chimera, followed by hybridization of Probe-2 DNA to the 3´ end of the chimera, resulting in 8 

the formation of a 20-nucleotide-long dsDNA consensus sequence for p53 protein binding. A 9 

bioconjugate composed of p53 and hydrazine assembled on AuNPs (p53-AuNPs-Hyd) recruits the 10 

p53 protein to recognize a specific sequence, forming the final sensor probe (pTBA-Probe-11 

1:Target/Probe-2:bioconjugate), where hydrazine functions as an electrocatalyst to generate 12 

amperometric signal from the reduction of H2O2. This sensor has double specificity via selective 13 

capture of the target in Probe-1 and p53 recognition, which shows excellent analytical 14 

performance, revealing a dynamic range between 100 aM and 10 pM with a detection limit of 92 15 

(±0.1) aM. For practical applications, we prepared a multiplexed array sensor to simultaneously 16 

detect four exo-miRNAs (miRNA-21, miRNA-155, miRNA-205, and miRNA-let-7b) up to 17 

femtomolar levels from 1.0 mL and 125 µL of cell culture (A549, MCF-7 and BEAS-2B) media 18 

and lung cancer patient serum samples, respectively. 19 

Keywords 20 

Exosomal miRNA; nanoconjugates; Microarray sensor; Conducting polymer, amperometric 21 

detection  22 
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1. Introduction 1 

MicroRNAs (miRNAs) are a class of single-stranded noncoding short RNA molecules (~ 22 2 

nucleotides) that play a critical role in regulating gene expression and are dysregulated in almost 3 

every type of cancer. As a result, circulating miRNAs have become an attractive choice as 4 

diagnostic and prognostic biomarkers (Cortez et al., 2011; Islam et al., 2017). However, the 5 

stability of miRNAs present in biological fluids is questionable, as they suffer from ribonuclease 6 

(RNase) degradation. In this regard, disease-specific miRNAs encapsulated in exosomes, lipid 7 

bilayer-enclosed nanosized (30-150 nm) extracellular vesicles, have become novel biomarkers for 8 

liquid biopsy because they are being protected from RNase and sheer stress in adjacent 9 

environments (Boriachek et al., 2018; Raposo and Stoorvogel, 2013; Shao et al., 2018; Soda et 10 

al., 2019). Notably, exosomal contents precisely reflect the physiological conditions of parental 11 

cells as they originate through the endosomal pathway, and exosomal miRNAs (exo-miRNAs) 12 

were reported to be involved in the progression and metastasis of lung cancer. In addition, all body 13 

fluids, such as blood, urine, saliva, and sputum, have been reported to have exosomes at high 14 

concentrations. Therefore, exo-miRNAs are potential noninvasive diagnostic and prognostic liquid 15 

biopsy for the early detection of lung cancer (Boriachek et al., 2018; Poroyko et al., 2018; Soda 16 

et al., 2019). Recently, the experimental evidence of the involvement of exosomal surface and 17 

exo-miRNAs in the progression and metastasis of lung cancer has been extensively reviewed (Hu 18 

et al., 2020; Li et al., 2019; Reclusa et al., 2017). CD-151, CD-171, and tetraspanin-8 markers 19 

collectively differentiate non-small-cell lung cancer (NSCLC) from other types of cancer with a 20 

high degree of accuracy. Among these three markers, CD-151 is particularly responsible for the 21 

aggressiveness of lung cancer (Sandfeld-Paulsen et al., 2016). Data on the differential expression 22 

of miRNA revealed that more than 30 miRNAs are upregulated in lung cancer exosomes, and 23 
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miRNA-21, miRNA-155, miRNA-205 and let-7b are important for recurrence, progression-free 1 

survival and diagnosis of lung cancer patients (Jin et al., 2017; Liu et al., 2017; Rabinowits et 2 

al., 2009; Reclusa et al., 2017; Zhou et al., 2017). 3 

To date, quantitative reverse transcription PCR (RT�±qPCR) and next-generation sequencing (NGS) 4 

are the most widely used techniques for exo-miRNA detection. Despite the reliability of these 5 

methods, they require major trade-offs among simplicity, cost, false-positive results from off-6 

target amplification, labeling of probes, and complicated primer design. Most importantly, time-7 

consuming execution of sample processing steps, such as isolation of exosomes, extraction and 8 

purification of miRNA, and cDNA synthesis by skilled personnel, restricts the onsite use of these 9 

methods (Islam et al., 2017; Soda et al., 2019). Recently, enzymatic and nonenzymatic isothermal 10 

amplification methods, such as rolling circle amplification (RCA)-assisted CRISPR/Cas9 cleavage 11 

(RACE) (R. Wang et al., 2020), hybridization chain reaction (Guo et al., 2020; Kim et al., 2021), 12 

catalytic hairpin assembly (Zhang et al., 2021), and target-triggered primer exchange reaction 13 

(PER) (Li et al., 2020; L. L. Wang et al., 2020; Zhang et al., 2021), have been adapted for 14 

fluorescence and electrochemical exo-miRNA detection. Apart from these, self-powered (Hou et 15 

al., 2021; F.-T. Wang et al., 2020a, 2020b; Xu et al., 2021) and CRISPR/CAS-powered 16 

electrochemical microfluidic devices (Bruch et al., 2021, 2019) have generated significant 17 

potential for detecting miRNA. Despite the ultralow sensitivity, these techniques require multiple 18 

primers and enzymes for single miRNA detection, which adds extra cost to the assay. Moreover, 19 

each of these techniques has its own limitation like stability of CRISPR system (Phan et al., 2022), 20 

the susceptibility to amplification biases and complicated operational protocols restricts their 21 

implementation in clinical settings. Unlike nanoflares (Zhai et al., 2018; Zhao et al., 2020), 22 

molecular beacon (Lee et al., 2019)-based detection systems have been reported to detect exo-23 
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miRNAs in situ, avoiding degradation or contamination. However, the long incubation time of 1 

probes with sample and the signal interference due to hybridization at the surface of exosomes are 2 

undesirable features of in situ detection. Clinical application of these methods remains elusive due 3 

to the focus on single exo-miRNA detection, which cannot pinpoint the exact stage of a specific 4 

cancer or sometimes fails in diagnosing a patient. Therefore, simultaneous detection of multiple 5 

exosomal biomarkers (e.g., exosomal surface protein and miRNA) or multiplex detection of exo-6 

miRNAs is vital for the diagnosis and prognosis of specific types of cancer with high accuracy and 7 

specificity (Cho et al., 2019). 8 

Amplification-free electrochemical miRNA detection suffers from two critical shortcomings: (i) 9 

sensitivity and selectivity due to the shared homology among related miRNAs and (ii) the design 10 

of a stable sensor probe. Moreover, very few miRNA copies per exosome have increased the 11 

complexity to ensure the reliability of amplification-free electrochemical exo-miRNA detection 12 

approaches (Chevillet et al., 2014). We address all three problems to achieve sensitive and 13 

selective sensing performance by (i) preconcentration of miRNAs through immunomagnetic 14 

isolation of lung cancer-specific (CD-151-positive) exosomes, (ii) addition of the specific p53 15 

protein recognition sequence to the 5´ end of miRNA to remove the barrier represented by short 16 

length, and (iii) highly stable sensor fabrication based on covalent bond formation using a stable 17 

conducting polymer to realize ultrasensitive exo-miRNA detection. 18 

To attain a highly stable sensor on the screen-printed array carbon electrode, amine or carboxyl 19 

group-functionalized polyterthiophene layers can be initially formed on the electrode surface by 20 

electrochemical polymerization. The functional groups of polymers are used for covalent bond 21 

formation with various proteins and specific chemicals, which results in their strong attachment 22 
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on the electrode surface (Kim et al., 2017; Lee and Shim, 2001; Moon et al., 2018; Naveen et 1 

al., 2017). Specifically, a carboxyl group bearing pTBA acts as an antifouling material for the 2 

sensor and blocks the nonspecific adsorption of DNA bases and protein attached to the 3 

bioconjugate. Moreover, pTBA helps to minimize the DNA probe bending effect by electrostatic 4 

repulsion, as the final sensor surface is negatively charged. In addition to the design of chimeras 5 

and fabrication of bioconjugates, the pTBA polymer can significantly impact the sensitivity and 6 

stability of the sensor. 7 

In the present work, we designed a proof-of-concept for the multiplexed detection of lung cancer-8 

specific exo-miRNA targets (miRNA-21, miRNA-155, miRNA-205 and let-7b) in three cell lines 9 

(lung cancer (A549), breast cancer (MCF-7), normal bronchial cell (BEAS-2B) line) and in a small 10 

cohort of patient samples. At the initial stage, exosomes were isolated magnetically and lysed. 11 

Next, specific miRNA was captured and modified in situ with T4DP to produce a chimeric 5´-12 

miRNA-DNA-3´ (chi-miRNA-DNA), and this chi-miRNA-DNA was released from capture probe 13 

(CP) by heating. Then, exo-miRNAs were detected using a sandwich hybridization protocol at a 14 

poly-(�������•�����•�����
�
-terthiophene-���•-p-benzoic acid) (pTBA)-modified array electrode by p53 protein 15 

assembled on AuNPs, and the attached hydrazine functions as an electrocatalyst for the reduction 16 

of hydrogen peroxide (H2O2) to generate an enhanced amperometric signal. We expect that it can 17 

easily be a feasible alternative to current methods for screening and detecting lung cancer in 18 

clinical settings owing to the comparatively shorter assay time (< 2 h) and ultrasensitivity. 19 

2. Experimental 20 

2.1 Materials and instruments  21 
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The detail of the reagents, instruments used in this experiments, and real samples preparation can 1 

be found in Supplementary information under the section 1.1. 2 

 3 

2.2 Magnetic isolation of exosomes from cell culture and clinical samples 4 

A lung cancer cell line (A549), breast cancer cell line (MCF-7), and normal lung epithelial cell 5 

line (BEAS-2B) were obtained from Korean Cell Line Bank (South Korea). RPMI-1640 cell 6 

culture medium was used to culture the cells in 25 cm2 flasks and maintained in a humidified 7 

incubator containing 5% CO2 at 37 °C. Before that the medium was supplemented with 10% 8 

exosome-depleted fetal bovine serum (FBS) and 1% penicillin/streptomycin. Conditioned medium 9 

was collected after 48 hours and centrifuged at 2000 rpm to remove dead cells and debris. After 10 

that, 30 µL of previously prepared CD-151 antibody-modified magnetic beads (see supplementary 11 

section 1.2 for detail procedures of magnetic beads modifications with antibody and CP) were 12 

dispersed in 1.0 ml of the cell culture supernatant for 30 minutes with gentle rotation followed by 13 

magnetic separation and resuspension of exosome-bound magnetic beads in 50 µL of 0.1 M PBS 14 

(pH 7.4). 15 

For clinical samples, serum samples were collected from seven patients undergoing treatment for 16 

lung cancer at Pusan National University Yangsan Hospital, South Korea, and a healthy individual 17 

without any prior history of cancer treatment. The experiment was conducted with the approval of 18 

the Pusan National University Human Research Ethics Committee (IRB number: 05-2020-254). 19 

First, 500 µL of serum sample was diluted with 0.1 M PBS to 1 ml. Then, exosomes were captured 20 

from 250 µL of diluted serum sample following the method mentioned for cell culture conditioned 21 

medium. 22 

2.3 Capture of miRNA and preparation of miRNA-DNA chimera 23 
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For electrochemical detection of miRNAs, this assay requires the T4 DNA polymerase (T4DP)-1 

mediated production of 5´-miRNA-DNA-3´ chimera (chi-miRNA-DNA). Before making chi-2 

miRNA-DNA from immunocaptured exosome samples, synthetic miRNAs were used to make 3 

standard samples. 30 µl of CP-modified magnetic beads and 100 µl of synthetic miRNA of 4 

different concentrations (100 aM, 1 fM, 10 fM, 100 fM, 1 pM, and 10 pM) were mixed and allowed 5 

to hybridize at room temperature for 30 minutes. After that, unhybridized miRNAs were removed 6 

through magnetic pull-down of beads and 3X washing with RNase-free water. After hybridization 7 

of miRNA to the 3´ ends of CP, it generated a 5´ overhang (or gap next to the 3´ end of the miRNA). 8 

At this point, the end filling reaction was performed to make the chimera according to our 9 

previously published report (Umer et al., 2021). In short, 20 µL of PCR master mix with a dNTP 10 

concentration of 0.1 mM and 0.3 µL (5 U/µL) of T4 DNA polymerase (T4DP) were added to 11 

miRNA hybridized magnetic beads and incubated at 12 °C for 15 minutes. Then, EDTA was mixed 12 

with the solution to a final concentration of 10 mM, followed by heating the solution at 75 °C for 13 

20 minutes, resulting in termination of the end filling reaction due to inactivation of T4DP. Finally, 14 

buffer was exchanged to 20 µL of 5X SSC, and chi-miRNA-DNA was heat released (95 °C for 2 15 

minutes) from CP, which was used for electrochemical detection or stored at -20 °C for later use. 16 

However, to produce chi-miRNA-DNA from cell culture and patient serum-derived exosomal 17 

miRNA, 50 µL of 2X denaturing solution of Total Exosome RNA & Protein Isolation Kit was 18 

added to 50 µL of solution containing exosome-bound magnetic beads and vortexed for 30 19 

seconds. After chilling on ice for five minutes, the total solution was pipetted into a new Eppendorf 20 

tube, leaving the magnetic beads at the bottom. Next, as described above, specific miRNA capture 21 

and 5´gap filling reactions were performed. 22 
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2.4 Western blot of exosomal protein 1 

After the immunomagnetic isolation of exosomes, exosome-attached beads were resuspended in 2 

20 µl of PBS followed by the addition of 6 µl of RIPA lysis buffer (Thermo Scientific) with 3 

protease inhibitor. After brief sonication (10 seconds) and heating at 100 °C for 10 minutes, beads 4 

were collected magnetically, and protein fractions were loaded onto 12% Mini-5 

PROTEAN® TGXTM Precast Gels (Bio�±Rad, USA). Each gel was transferred to a nitrocellulose 6 

�P�H�P�E�U�D�Q�H�����������������P�����%�L�R�±Rad, USA), and western blotting was performed with specific antibodies 7 

against CD-63 (1:1000 dilution) overnight at 4 °C, followed by anti-rabbit horseradish peroxidase 8 

(HRP)-conjugated secondary antibodies (1:2000 dilution). Finally, the electrochemiluminescence 9 

signal was detected by a ChemiDoc MP Imaging System (Bio�±Rad, USA) and analyzed by Image 10 

Lab (version 5.2.1; Bio�±Rad, USA). 11 

2.5 Fabrication of the array sensor 12 

SPACE contains eight carbon working electrodes (Fig. S7). Each of them was modified with 13 

AuNPs before electrochemical polymerization of TBA monomers according to a previously 14 

published report (Kim et al., 2017). In brief, TBA monomers were dissolved in a mixture of di-15 

(propylene glycol) ethyl ether and tri-(propylene glycol) ethyl ether (1:1 volume ratio). Then, 0.5 16 

µl of the monomer solution was drop cast on the electrode surface until it dried, followed by 17 

electrochemical polymerization using potential cycling from 0 V to 1.0 V two times. Following 18 

that COOH groups of the pTBA layer were activated by incubating the working electrode with 19 

10.0 mM EDC/NHS for 4 hours at 4°C. Just after activation, 3.0 µl of amine (-NH2)-modified 20 

Probe-1 was dispensed on the electrode for 1 hour to modify the electrode surface through amide 21 

formation. After that, chi-miRNA-DNA (3.0 µl) and Probe-2 (3.0 µl) were drop cast for 30 and 28 22 

minutes, respectively. Then, the prepared electrode was incubated with assembled bioconjugate 23 
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(3.0 µL) supplemented with 1.0 mM oligo-dT1 and oligo-dT2 for 20 minutes to make the final 1 

sensor probe where p53 protein binds to double stranded consensus sequence at the given 2 

experimental condition. After every modification three times washing was performed with 0.1 M 3 

PBS (pH 7.4) to remove unbound or loosely bound substances and all hybridization reaction 4 

including p53 binding to the recognition site were performed in room temperature. Finally, the 5 

amperometric response was recorded at a potential of -550mV in deoxygenated 0.1 M PBS (pH 6 

7.4) containing 8.0 mM H2O2. 7 

3. Results and discussion 8 

3.1 Exosome isolation and detection of miRNA 9 

The proposed method comprises two major steps: (i) sample processing and (ii) electrochemical 10 

detection of miRNA, which involve magnetic isolation of exosomes and specific miRNA detection  11 

with a bioconjugate, as shown in the schematic illustration of Fig. 1. In the sample processing step, 12 

a specific exosome subpopulation was isolated with CD-151 antibody-attached magnetic beads. 13 

As the formation of chi-miRNA-DNA is crucial for selective recognition by p53 protein, it is 14 

produced in situ hybridization with a specially designed, 3´ NH2 terminated-single strand capture 15 

probe (ssCP), where the first 22-24 nucleotides (depending on the length of miRNA) are 16 

complementary to a specific target miRNA, and 20 nucleotides at the 5-́end comprise the 17 

consensus sequence for p53 protein binding. 3´ NH2 was used to couple ssCP to the COOH group 18 

of magnetic beads. Successful hybridization between target miRNAs from captured exosome 19 

lysate and ssCP resulted in a 5´ overhang. Hence, captured miRNA and ssCP function as primers 20 

and templates, respectively, for T4 DNA polymerase (T4DP) to produce chi-miRNA-DNA. After 21 

denaturation at 95 °C, chimeras were collected and used for electrochemical detection, where we 22 

demonstrated the selective binding capability of the p53 protein to its consensus sequence to detect 23 
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the target miRNA. We used SPACE to detect multiple miRNAs by following a sandwich 1 

hybridization procedure. Evidently, long single stranded (ss) oligos are prone to bending toward 2 

the probe surface, which makes it inaccessible for target hybridization (Steel et al., 2000). 3 

Therefore, to minimize the bending effect of oligos, two short ss oligos (Probe-1 and Probe-2) 4 

were used to capture and hybridize the chi-miRNA-DNA. As a result, the proposed bioconjugate  5 

Fig. 1: Schematic representation of (A) magnetic isolation of lung cancer exosomes, capture of 

specific miRNAs and synthesis of 5´-miRNA-DNA-3´(chi-miRNA-DNA) chimeras using T4 

DNA polymerase, (B) electrochemical detection of target miRNAs (Chi-miRNA-DNA) on the 

sensing probe modified on the screen-printed carbon array electrode (SPACE) with p53-AuNP-

Hyd bioconjugate. 
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(p53-AuNPs-Hyd) can easily get access to bind to the double-stranded p53 consensus sequence 1 

through the p53 protein and form a sandwich. Hydrazine group attached to the bioconjugate 2 

functions as an electrocatalyst for the reduction of hydrogen peroxide to reveal an amperometric 3 

signal. Notably, this assay can be multiplexed for any given miRNA sensor by changing only CP 4 

and Probe-1 so that a series of 4 miRNAs (miRNA-21, miRNA-155, miRNA-205, miRNA-let-7b) 5 

is simultaneously detected. 6 
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�V�R�G�L�X�P���F�L�W�U�D�W�H���F�L�W�U�L�F���D�F�L�G�� �E�X�I�I�H�U�����D�Q�G���W�K�H�� �L�Q�V�W�D�Q�W���S�+���Z�D�V���D�G�M�X�V�W�H�G���W�R�����������D�J�D�L�Q�����)�X���H�W���D�O������ ��������������16 

�$�I�W�H�U���W�K�D�W�����H�[�R�V�R�P�H�V���Z�H�U�H���D�Q�D�O�\�]�H�G���X�V�L�Q�J���6�(�0�����U�H�Y�H�D�O�L�Q�J���S�D�U�W�L�F�O�H�� �V�L�]�H�V�� �L�Q���W�K�H���U�D�Q�J�H���R�I�������a��������17 

�Q�P�����D�V���V�K�R�Z�Q���L�Q���)�L�J���������'�������Z�K�L�F�K���F�R�L�Q�F�L�G�H�V���Z�L�W�K���W�K�H���W�\�S�L�F�D�O���V�L�]�H���R�I���H�[�R�V�R�P�H�V�����6�K�D�R���H�W���D�O��������������������18 

�)�X�U�W�K�H�U�P�R�U�H���� �:�H�V�W�H�U�Q�� �E�O�R�W�� ���:�%�����D�Q�D�O�\�V�L�V�� �I�R�U�� �&�'�������� �S�U�R�W�H�L�Q�� �D�V�� �D�� �X�Q�L�Y�H�U�V�D�O�� �H�[�R�V�R�P�D�O�� �V�X�U�I�D�F�H��19 

�P�D�U�N�H�U�����)�L�J���� �����(�������Z�D�V�� �S�H�U�I�R�U�P�H�G�� �I�R�U�� �P�R�O�H�F�X�O�D�U�� �L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �R�I�� �H�[�R�V�R�P�H�V�����,�P�� �H�W�� �D�O������ ��������������20 

�0�R�U�H�R�Y�H�U���� �L�Q�� �W�K�L�V�� �H�[�S�H�U�L�P�H�Q�W���� �:�%�� �R�I�� �&�'�������� �Z�D�V�� �D�� �U�H�I�H�U�H�Q�F�H�� �I�R�U�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �U�H�O�D�W�L�Y�H��21 

�D�E�X�Q�G�D�Q�F�H�� �R�I�� �W�K�H�� �&�'���������� �P�D�U�N�H�U�� �L�Q�� �H�[�R�V�R�P�H�V�� �L�V�R�O�D�W�H�G�� �L�P�P�X�Q�R�P�D�J�Q�H�W�L�F�D�O�O�\�� ���&�'���������� �S�R�V�L�W�L�Y�H����22 

�I�U�R�P�� �$���������� �0�&�)�������� �D�Q�G�� �%�(�$�6�����%�� �F�H�O�O�V���� �6�L�Q�F�H�� �O�X�Q�J�� �F�D�Q�F�H�U�� �H�[�R�V�R�P�H�V�� ���$���������� �V�K�R�Z�� �K�L�J�K�H�U��23 
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�H�[�S�U�H�V�V�L�R�Q���R�I���&�'�����������P�D�U�N�H�U���W�K�D�Q���0�&�)�������D�Q�G���%�(�$�6�����%���H�[�R�V�R�P�H�V�����U�H�O�D�W�L�Y�H�O�\���K�L�J�K�H�U���L�Q�W�H�Q�V�L�W�\���R�I��1 

�W�K�H���&�'���������E�D�Q�G���I�R�U���$���������H�[�R�V�R�P�H�V���Z�D�V���R�E�V�H�U�Y�H�G���W�K�D�Q���I�R�U���0�&�)�������D�Q�G���%�(�$�6�����%���H�[�R�V�R�P�H�V�� 2 

3.3 Characterization of sensor probes 3 

To verify every layer of sandwich formation, electrochemical impedance spectroscopy (EIS) was 4 

carried out in 0.1 M KNO3 solution containing 4.0 mM [Fe(CN)6]3-/4- redox mediator, scanning the 5 

Fig. 2: TEM image of (A) Dynabead-carboxylic acid, (B) Anti CD-151 modified Dynabead, 

inset showing protein clouds on Dynabead surface, (C) Dynabead-bound exosome. (D) SEM 

image of eluted exosomes and (E) Western blot of magnetically captured exosomal surface 

markers (CD-63) of 3 different cell lines (A549, MCF7, BEAS-2B). 
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frequency from 100 kHz to 100 mHz at an open-circuit voltage. Each parameter value was obtained 1 

by fitting the experimental results to a simple equivalent Randle circuit (inset of Fig. 3(A)) using 2 

Zview2 impedance software. As shown in Fig. 3(A), the Rct (charge transfer resistance) values 3 

were 1.67 k����������������N����������������N����������������N������D�Q�G�������������N����I�R�U���S�7�%�$����Probe-1, target (chi-miRNA-4 

DNA for miRNA-21), Probe-2, and bioconjugate on AuNP-deposited SPACE, respectively. This 5 

increase in the Rct value indicates that the interfacial electron transfer resistance increased as a 6 

result of the successful formation of each layer, including nucleotide sequence (target and probe) 7 

hybridization events and binding of the bioconjugate to the final sensor layer. To investigate the 8 

electrochemical behavior of each modified sensor layer, CVs were recorded in 0.1 M KNO3 9 

solutions containing 4.0 mM [Fe(CN)6]3-/4- and [Ru(NH3)6]3+. For [Fe(CN)6]3-/4- (Fig. S3(A)), the 10 

redox peak was observed to be less reversible with the increased peak potential separation for each 11 

successive layer. This can also be explained by the repulsion between [Fe(CN)6]3-/4- ion and 12 

negative charges of each layer contributed by COOH of groups of pTBA, phosphate backbones of 13 

probes, target, and net negative charge (Table S2) of p53 protein. However, CVs in [Ru(NH3)6]3+ 14 

(Fig. S3(B)) showed the opposite trend to [Fe(CN)6]3-/4- due to the negative charge of the sensor 15 

surface, except for the final sensing surface, as the surface was blocked by a bioconjugate. 16 

However, there was no increase in the separation of peak potential, which indicates that the final 17 

layer possesses a net negative charge by the successful binding of bioconjugate to the consensus 18 

sequence of chi-miRNA-DNA. 19 

To further characterize the electrode surface modification, X-ray photoelectron (XPS) spectra were 20 

obtained for (a) SPACE/AuNPs/pTBA, (b) SPACE/AuNPs/pTBA/Probe-1, (c) 21 

SPACE/AuNPs/pTBA/Probe-1/Target, (d) SPACE/AuNPs/pTBA/Probe-1/Target/Probe-2, and 22 

(e) SPACE/AuNPs/pTBA/Probe-1/Target/Probe-2/Bioconjugate. The C1s peak at 284.6 eV was 23 
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used as a reference for all XPS spectra. The survey spectra (Fig. 3(B)) show O1s, N1s, C1s and 1 

Au4f peaks for all of the layers. A new P2p peak appeared from the second to the final layers (b-2 



16 

 

e), attributed to oligonucleotides (probes and targets), whereas the S2p peaks of (a) and (e) can be 1 Fig. 3: (A) EIS spectra recorded in 4.0 mM (Fe(CN)6)3-/4- solution, (B) XPS survey and 

deconvoluted spectra of (C) P2p, (D) C1s, and (E) N1s for (a) SPACE/AuNPs/pTBA, (b) 

SPACE/AuNPs/pTBA/Probe-1, (c)SPACE/AuNPs/pTBA/Probe-1/Target, (d) 

SPACE/AuNPs/pTBA/Probe-1/Target/Probe-2, and (e) SPACE/AuNPs/pTBA/Probe-

1/Target/Probe-2/Bioconjugate. 
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assigned to the pTBA and p53 proteins despite disappearance in (b-d) due to masking by probes 1 

and targets. A more detailed explanation can be drawn from deconvoluted spectra. The 2 

deconvoluted S2p spectra (Fig. S3(C)) of layer (a) show a peak at 163.8 eV, corresponding to the 3 

C-S bond of pTBA. In addition, the presence of C-C/C-H at 284.4 eV and C=O at 288.4 eV from 4 

deconvoluted C1s spectra confirms the electrochemical polymerization of TBA (Fig. 3(D-a)). 5 

After immobilization of Probe-1, the C=O peak shifted to 288.9 eV, and a new peak from the C-6 

N bond appeared at 285.5 eV (Fig. 3(D-b)), which is evidence of amide bond formation between 7 

-NH2-terminated Probe-1 and the COOH group of pTBA. Moreover, phosphate peaks (Fig. 3(C-8 

b)) at 134.0 eV and 135.0 eV indicated successful immobilization of Probe-1. However, dsDNA 9 

(consensus sequence) and p53 protein interacted between themselves at the final layer with 10 

hydrogen bonding and other complex intermolecular interactions, resulting in a shift in the C-N 11 

(Fig. 3(D-e)) and HNC=O (Fig. 3(D-d)) peaks from 285.5 eV to 286.4 eV and 401.1 eV to 401.3 12 

eV, respectively. 13 

3.4 Characterization of the bioconjugate 14 

In the bioconjugate, both hydrazine (Hyd) and p53 proteins were attached to AuNPs. To confirm 15 

the presence of hydrazine on the bioconjugate, CVs of SPACE/AuNPs-Hyd and SPACE/p53-16 

AuNPs-Hyd were recorded in 0.1M PBS.  As shown in Fig. 4(A), both electrodes show a pair of 17 

redox peaks of Hyd at +130/+30 mV. Similar redox behavior was also reported previously 18 

(Rahman et al., 2005). It is noteworthy that the peak current recorded for SPACE/AuNPs-Hyd 19 

was slightly higher than that of SPACE/p53-AuNPs-Hyd. As the AuNP surface was additionally 20 

covered with p53 protein, Hyd had fewer docking sites to be attached, and the fabricated 21 

bioconjugate revealed a somewhat low response current. However, SPACE/AuNPs and 22 

SPACE/AuNPs-p53 did not show any redox peaks, which justifies the attachment of Hyd to 23 



18 

 

AuNPs. To investigate the electrocatalytic behavior of the bioconjugate toward H2O2 due to the 1 

presence of Hyd, CVs of SPACE modified with the as-prepared bioconjugates were recorded in 2 

0.1 M PBS containing 8.0 mM H2O2 (deoxygenated) at a scan rate of 100 mV/s. A reduction peak 3 

appeared at approximately -550 mV in the case of SPACE/AuNPs-Hyd and SPACE/p53-AuNPs-4 

Hyd, indicating the electrocatalytic activity of Hyd in response to the reduction of H2O2 (Fig. 5 

S4(B)). The latter modification showed a lower reduction current (-18.78 µA) than the former 6 

Fig. 4: CVs of (A) as-prepared (a) AuNPs, (b) AuNPs-Hyd, (c) AuNPs-p53, (d) AuNPs-p53-

Hyd-modified SPACE, and (B) final sensor probe with (c) and (d) as bioconjugates in 0.1 M 

PBS (pH 7.4). (C) Deconvoluted XPS N1s spectra for (b), (c), (d), and (D) FE-SEM image of 

(d), inset showing the enlarged bioconjugate functionalized with p53 protein. 
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modification (-21.66 µA). This also confirmed the presence of Hyd on the bioconjugate and 1 

supported the previous argument of having fewer Hyd binding sites (docking sites). To test the 2 

consensus sequence binding capacity of the p53 protein after bioconjugate fabrication, we used 3 

AuNPs-p53 and p53-AuNPs-Hyd as recognition units on the final sensor surface, and CVs (Fig. 4 

4(B)) were taken accordingly. p53-AuNPs-Hyd showed the redox peak of Hyd itself at a potential 5 

of +160/+40 mV, whereas no peak was observed for AuNPs-p53, indicating successful fabrication 6 

of the bioconjugate. A comparison between Fig. 4(A-d) and Fig. 4(B) showed that an increase in 7 

peak-to-�S�H�D�N�� �V�H�S�D�U�D�W�L�R�Q�� ���¨�(p) of approximately 20 mV was due to the combined resistance 8 

imparted by pTBA modification and coupling of oligonucleotides at the sensor probe surface. The 9 

FE-SEM image (Fig. 4(D)) of p53-AuNPs-Hyd (40-50 nm in size) also revealed a uniform layer 10 

of p53 protein around AuNPs. Finally, to understand the chemical nature of the as-prepared 11 

bioconjugate, XPS analysis was performed. During the fabrication of the Hyd-immobilized 12 

bioconjugate, hydrazine sulfate was used, which ionizes to NH2-NH3
+ and SO4

3-. Because of the 13 

net positive charge of the NH2-NH3
+ moiety, it attached to citrate-capped AuNPs (negatively 14 

charged) with electrostatic interactions (Zhu et al., 2013). Analyses of NH3
+ and NH2 peaks are 15 

crucial to explain the chemical bonding in AuNPs-Hyd(b), AuNPs-p53(c), and p53-AuNPs-16 

Hyd(d), as both Hyd and p53 proteins contain those chemical species. It is evident from the spectra 17 

of N1s (Fig. 4(C)) that the two peaks at 401.4 eV and 399.7 eV were from NH3
+ and NH2 present 18 

in AuNPs-Hyd(b), respectively. These peaks shifted to higher binding energies for AuNP-p53 19 

(402.7 eV, 399.8 eV) and p53-AuNP-Hyd (402.8 eV, 399.8 eV). Looking at the S2p spectra (Fig. 20 

S4(C)), it is clear that in the case of AuNPs-Hyd and p53-AuNPs-Hyd, there was little SO43-(169 21 

eV) contamination from hydrazine sulfate either on the AuNP surface or in the p53 protein 22 

structure during the one-pot fabrication of the bioconjugate. Otherwise, human recombinant p53 23 
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protein with a GST tag at the N-terminus (Abcam; ab43615) was used for bioconjugate fabrication. 1 

The GST tag contains four cysteine residues that bear thiol groups which form covalent Au-S 2 

bonds when interacting with AuNPs (Ma et al, 2018). To confirm the Au-S bonding between 3 

AuNPs and the GST tag of the p53 protein, spin-orbit splitting doublets S2p1/2 and S2p3/2 ���¨�(�� 1.2 4 

eV) of Au-p53 and p53-AuNPs-Hyd were fitted. As shown in Fig. S4(C), a pair of splitting doublet 5 

peaks appeared at 162.2 eV and 163.4 eV for S2p3/2 and S2p1/2, respectively, attributed to sulfur 6 

bonded to AuNPs or chemisorption of thiols, whereas the doublets observed at 164.1 eV and 165.4 7 

eV were for weakly bound (physiosorbed) thiols, which agrees with previous findings (Spampinato 8 

et al., 2016). 9 

3.5 Specificity and selectivity of the sensor 10 

p53 is a transcription factor composed of 393 amino acids with a core domain (residues 90-307) 11 

and C-terminal domain (residues 320-393). While the core domain of the p53 protein binds 12 

specifically to the dsDNA consensus sequence, the C-terminal domain is responsible for 13 

nonspecific binding to ssDNA (Bakalkin et al., 1995, 1994). Since the sensor surface harbored 14 

an enormous amount of ssDNA Probe-1 at a lower concentration of the target, it reduced the 15 

specificity and selectivity of the bioconjugate by interacting with ssDNA. To circumvent this issue, 16 

excess amounts (1.0 mM) of the ssDNA sequence of deoxythymine (oligo-dT1 and oligo-dT2) 17 

were drop cast with bioconjugate to block the C-terminal domain of p53, thereby enhancing the 18 

specificity and selectivity (Umer et al., 2021). As shown in Fig. 5(A), in the absence of oligo-dT 19 

during bioconjugate incubation, both concentrations of 10 fM and 10 pM shows almost similar 20 

amperometric responses of the H2O2 reduction reaction, 348.34 J/µA.cm-2 and 350.7 J/µA.cm-2. In 21 

contrast, in the presence of ss oligo-dT, these responses dropped by 67.4% and 19.97% for 10 fM 22 
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and 10 pM, respectively, which indicated that the addition of oligo-dT has provided the capability 1 

to the sensor to detect different concentrations. In addition, the selective nature of Probe-1 was 2 

tested with incorrect target combinations. For miRNA-21 Probe-1, a mixture of four miRNAs (10 3 

pM miRNA-21 miRNA and 1.0 nM of other miRNAs each) was used to fabricate the sensor probe, 4 

whereas Probe-1 for miRNA-155, miRNA-205, and miRNA-let-7b was incubated with excess 5 

nonspecific target mixture (1 nM each) without the corresponding miRNA target. The 6 

amperometric signal of the miRNA-21 probe in the mixed target (278.62 J/µA.cm-2) was similar 7 

to the signal of only the target (280.65 J/µA.cm-2). On the contrary, other sensor probes for 8 

miRNA-155, miRNA-205, and miRNA-let-7b showed very few and similar amperometric 9 

responses (Fig. 5(B)), albeit with incubation with incorrect targets in excess, which confirmed the 10 

selectivity of Probe-1 to the corresponding miRNA targets. 11 

 12 

Fig. 5: (A) Effect of single stranded (ss) oligo-dT mixing to bioconjugate during fabrication of 

the sensor probe to differentiate the concentration of the target. Here, miRNA-21 target is used 

as a model target. (B) Sensor response in the presence of excess nonspecific/incorrect target. 
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���������&�D�O�L�E�U�D�W�L�R�Q���S�O�R�W���D�Q�G���U�H�D�O���V�D�P�S�O�H���D�Q�D�O�\�V�L�V 1 

�8�Q�G�H�U�� �W�K�H�� �R�S�W�L�P�L�]�H�G�� �F�R�Q�G�L�W�L�R�Q�V�� ���V�H�H�� �V�X�S�S�O�H�P�H�Q�W�D�U�\�� �I�R�U�� �G�H�W�D�L�O�V�� �R�S�W�L�P�L�]�D�W�L�R�Q������ �D�P�S�H�U�R�P�H�W�U�L�F��2 

�P�H�D�V�X�U�H�P�H�Q�W���Z�D�V���F�D�U�U�L�H�G���R�X�W���I�R�U���P�L�5�1�$�V���I�U�R�P��100 aM to 10 pM. As shown in the inset in Fig. 3 

6(A), the sensor exhibited a higher response with increasing miRNA concentrations. The 4 

hybridization efficiency of the target to the corresponding Probe-1 varied due to differences in 5 

guanine/cytosine contents, resulting in slight differences in the calibration curves of miRNAs, 6 

Fig. 6: (A) Calibration curve for a standard sample of four miRNAs (miRNA-21, miRNA-155, 

miRNA-205, miRNA-let-7b) with a dynamic range of 10 pM to 100 aM. (Inset) Amperometric 

response of miRNA-21 target. Exosomal miRNA analysis from (B) lung cancer-positive 

(A549), breast cancer-positive (MCF7), and normal epithelial bronchial cell (BEAS-2B) lines 

and (C) serum samples. Error bar indicates standard deviation .  
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which are negligible. Hence, the sensitivity and dynamic range were determined to be 10-fold 1 

dilutions of miRNAs. This method realized a wide dynamic range (100 aM to 10 pM) and showed 2 

�H�[�F�H�O�O�H�Q�W���U�H�S�U�R�G�X�F�L�E�L�O�L�W�\�������5�6�'���”���������� for n = 3) with a correlation coefficient, R2 = 0.99, and a 3 

�G�H�W�H�F�W�L�R�Q���O�L�P�L�W�����/�'�����R�I���������D�0�����G�H�I�L�Q�H�G���D�V�����î���1���6�����Z�K�H�U�H���6���L�V���W�K�H���V�O�R�S�H���R�I���W�K�H���F�X�U�Y�H���D�Q�G���1���L�V���W�K�H��4 

standard error of the y-intercept). Some of the recent electrochemical sensors realized ultralow 5 

LDs of 3.04 aM for combined complicated dual amplification (L. L. Wang et al., 2020), 53 aM 6 

with hybridization chain reaction (Guo et al., 2020), and 65 aM with cascade displacement reaction 7 

(Liu et al., 2020). Otherwise, our sensor demonstrated an almost comparable yet clinically 8 

significant LD of 92 aM without any complicated amplification procedure. This ultralow detection 9 

limit and wide dynamic range of the sensor can be ascribed to the enhanced electrocatalytic activity 10 

of hydrazine on the bioconjugate along with magnetic isolation of exosomes and exo-miRNAs and 11 

the use of a stable conducting polymer for sensor fabrication. Moreover, the storage stability of 12 

the Probe-1 modified conducting polymer bearing SPACE and p53-AuNPs-Hyd had been 13 

evaluated as in practical scenario, it would decrease total assay time down to 2 hours. Both of these 14 

proved to be stable upto 26 days (Fig S5(D)) and 29 days (Fig S5(E)), respectively when kept in 15 

4°C. 16 

 To understand the practical applicability of the proposed sensor, we first analyzed exo-miRNAs 17 

from three different cell lines, the lung cancer-positive A549 cell line, breast cancer-positive 18 

MCF7 cell line, and a normal cell line (human lung epithelial BEAS-2B cells), according to the 19 

assays proposed in this work. As shown in Fig. 6(B), all four exo-miRNAs were upregulated in 20 

A549 and MCF7 exosomes compared to BEAS-2B exosomes. However, upregulation of these 21 

microRNAs in lung cancer-positive (A549) exosomes was more significant than that in exosomes 22 

from MCF7 cells. This might be due to the selection of an exosomal subpopulation (CD-151 23 
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positive), and the relative expression of this marker was higher in exosomes from A549 cells (see 1 

Western blot band in Fig. 2(E)). Although four miRNAs used in the assay to detect lung cancer 2 

have already been reported to be upregulated lung cancer-specific exosomes (Reclusa et al., 3 

2017), a control study is needed to fully understand the expression profile of those miRNAs in 4 

whole lysates of exosomes (without selection of subpopulations) from A549, MCF7 and BEAS-5 

2B cells to further validate the results. 6 

�1�H�[�W�����V�R�P�H���F�O�L�Q�L�F�D�O���V�D�P�S�O�H�V���������O�X�Q�J���F�D�Q�F�H�U���S�D�W�L�H�Q�W���V�H�U�X�P���V�D�P�S�O�H�V���D�Q�G���D���Q�R�U�P�D�O���S�H�U�V�R�Q�¶�V���V�D�P�S�O�H����7 

were tested with our sensor. Altered miRNA expression is prevalent in all samples(S2-S8). High 8 

expression of miRNA-21 was quantified which is a generic marker for cancer diagnosis. Apart 9 

from this, miRNA-155 and miRNA-205 were also upregulated (Fig. S6) compared to normal 10 

healthy sample (Fig. S6) in exosome isolated from patient serum. Our result is consistent with the 11 

previous report (Dejima et al., 2017; Rabinowits et al., 2009).  Comparing the data presented in 12 

Fig. 6(B) and Fig. 6(C), the expression of miRNAs was almost identical except for samples 5 and 13 

7. In these sample, although miRNA-let-7b was upregulated by different degree of fold change 14 

(less than 2-fold). Overall, this result also supports the finding of Jin et al. (Jin et al., 2017). In all 15 

samples (sample 2 to sample 8), miRNA-�������� �Z�D�V�� �K�L�J�K�O�\�� �H�[�S�U�H�V�V�H�G�� ���•�� ������-fold expression) 16 

according to the quantification of our sample. However, each miRNA has the potential to detect 17 

lung cancer alone when CD-151-positive exosomes get captured upstream. 18 

4. Conclusions 19 

In conclusion, we have proposed a conductive polymer-based exo-miRNA array sensor for 20 

ultrasensitive and reproducible electrochemical detection of lung cancer. As a proof of concept, 21 

we modified miRNA with a p53 protein binding sequence (chi-miRNA-DNA) and applied the p53 22 
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protein as a recognition element. It ensures dual specificity which reflected in excellent analytical 1 

performances (LD: 92 (±0.1) aM, dynamic range: 100 aM to 10 pM). Moreover, this sensor 2 

successfully demonstrated practical applicability for detecting miRNAs up to the femtomolar level 3 

(Tables S4 and S5) from 1.0 ml and 125 µL of cell culture medium and serum sample, 4 

respectively. Despite having all excellent analytical parameters, chimera formation is a stringent 5 

multistep process and requires an enzyme (e.g., T4DP) which may increase the cost. However, this 6 

sensor is still cheaper than the gold standard detection technique (e.g., RT-qPCR) and the 7 

robustness of this assay with less fabrication time (<2 hour) has made this likely to be adopted in 8 

clinical settings.  9 

Acknowledgement 10 

This work was supported by the National Research Foundation of Korea (NRF) grant funded by 11 

the Korea government (MSIP) (No. 2019R1A2C1002531 and No. 2020R1A2C2012665) 12 

References 13 

Bakalkin, G., Selivanova, G., Yakovleva, T., Kiseleva, E., Kashuba, E., Magnusson, K.P., 14 

Szekely, L., Klein, G., Terenius, L., Wiman, K.G., 1995. Nucleic Acids Res. 23, 362�±369.  15 

Bakalkin, G., Yakovleva, T., Selivanova, G., Magnusson, K.P., Szekely, L., Kiseleva, E., Klein, 16 

G., Terenius, L., Wiman, K.G., 1994. Proc. Natl. Acad. Sci. U. S. A. 91, 413�±417.  17 

Boriachek, K., Islam, M.N., Möller, A., Salomon, C., Nguyen, N.T., Hossain, M.S.A., 18 

Yamauchi, Y., Shiddiky, M.J.A., 2018. Small 14, 1�±21.  19 

Bruch, R., Baaske, J., Chatelle, C., Meirich, M., Madlener, S., Weber, W., Dincer, C., Urban, 20 

G.A., 2019. Adv. Mater. 31, 1905311. 21 

Bruch, R., Johnston, M., Kling, A., Mattmüller, T., Baaske, J., Partel, S., Madlener, S., Weber, 22 

W., Urban, G.A., Dincer, C., 2021. Biosens. Bioelectron. 177, 112887. 23 



26 

 

Chevillet, J.R., Kang, Q., Ruf, I.K., Briggs, H.A., Vojtech, L.N., Hughes, S.M., Cheng, H.H., 1 

Arroyo, J.D., Meredith, E.K., Gallichotte, E.N., Pogosova-Agadjanyan, E.L., Morrissey, C., 2 

Stirewalt, D.L., Hladik, F., Yu, E.Y., Higano, C.S., Tewari, M., 2014. Proc. Natl. Acad. Sci. 3 

U. S. A. 111, 14888�±14893.  4 

Cho, S., Yang, H.C., Rhee, W.J., 2019. Biosens. Bioelectron. 146, 111749.  5 

Cortez, M.A., Bueso-Ramos, C., Ferdin, J., Lopez-Berestein, G., Sood, A.K., Calin, G.A., 2011. 6 

Nat. Rev. Clin. Oncol. 8, 467�±477.  7 

Dejima, H., Iinuma, H., Kanaoka, R., Matsutani, N., Kawamura, M., 2017. Oncol. Lett. 13, 8 

1256�±1263. 9 

Fu, W., Lei, C., Liu, S., Cui, Y., Wang, C., Qian, K., Li, T., Shen, Y., Fan, X., Lin, F., Ding, M., 10 

Pan, M., Ye, X., Yang, Y., Hu, S., 2019. Nat. Commun. 10, 1�±12. 11 

Guo, Q., Yu, Y., Zhang, H., Cai, C., Shen, Q., 2020. Anal. Chem. 92, 5302�±5310.  12 

Hildonen, S., Skarpen, E., Halvorsen, T.G., Reubsaet, L., 2016. Sci. Rep. 6, 36331. 13 

Hou, Y.-Y., Xu, J., Wang, F.-T., Dong, Z., Tan, X., Huang, K.-J., Li, J.-Q., Zuo, C.-Y., Zhang, 14 

S.-Q., 2021. Anal. Chem. 93, 15225�±15230.  15 

Hu, C., Meiners, S., Lukas, C., Stathopoulos, G.T., Chen, J., 2020. Cell Prolif. 53, 1�±12.  16 

Im, H., Shao, H., Park, Y. Il, Peterson, V.M., Castro, C.M., Weissleder, R., Lee, H., 2014. Nat. 17 

Biotechnol. 32, 490�±495. 18 

Islam, M.N., Masud, M.K., Haque, M.H., Hossain, M.S. Al, Yamauchi, Y., Nguyen, N.-T., 19 

Shiddiky, M.J.A., 2017. Small Methods 1, 1700131.  20 

Jin, X., Chen, Y., Chen, H., Fei, S., Chen, D., Cai, X., Liu, L., Lin, B., Su, H., Zhao, L., Su, M., 21 

Pan, H., Shen, L., Xie, D., Xie, C., 2017. Clin. Cancer Res. 23, 5311�±5319.  22 

Kim, D.-M., Moon, J.-M., Lee, W.-C., Yoon, J.-H., Choi, C.S., Shim, Y.-B., 2017. Biosens. 23 

Bioelectron. 91, 276�±283.  24 

Kim, J., Shim, J.S., Han, B.H., Kim, H.J., Park, J., Cho, I.J., Kang, S.G., Kang, J.Y., Bong, 25 

K.W., Choi, N., 2021. Biosens. Bioelectron. 192, 113504. 26 



27 

 

Lee, J.U., Kim, W.H., Lee, H.S., Park, K.H., Sim, S.J., 2019. Small 15, 1�±10.  1 

Lee, T.-Y., Shim, Y.-B., 2001. Anal. Chem. 73, 5629�±5632.  2 

Li, X., Li, X., Li, D., Zhao, M., Wu, H., Shen, B., Liu, P., Ding, S., 2020. Biosens. Bioelectron. 3 

168, 112554.  4 

Li, Y., Yin, Z., Fan, J., Zhang, S., Yang, W., 2019. Sig. Transduct. Target. Ther. 4, 47. 5 

Liu, P., Qian, X., Li, Xinmin, Fan, L., Li, Xinyu, Cui, D., Yan, Y., 2020. ACS Appl. Mater. 6 

Interfaces 12, 45648-45656. 7 

Liu, Q., Yu, Z., Yuan, S., Xie, W., Li, C., Hu, Z., Xiang, Y., Wu, N., Wu, L., Bai, L., Li, Y., 8 

2017. Oncotarget 8, 13048�±13058.  9 

Ma, W., Saccardo, A., Roccatano, D., Aboagye-Mensah, D., Alkaseem, M., Jewkes, M., Di 10 

Nezza, F., Baron, M., Soloviev, M., Ferrari, E., 2018. Nat. Commun. 9, 1�±9. 11 

Moon, J.-M., Thapliyal, N., Hussain, K.K., Goyal, R.N., Shim, Y.-B., 2018. Biosens. 12 

Bioelectron. 102, 540�±552.  13 

Naveen, M.H., Gurudatt, N.G., Shim, Y.-B., 2017. Appl. Mater. Today 9, 419�±433.  14 

Phan, Q.A., Truong, L.B., Medina-Cruz, D., Dincer, C., Mostafavi, E., 2022. Biosens. 15 

Bioelectron. 197, 113732. 16 

Poroyko, V., Mirzapoiazova, T., Nam, A., Mambetsariev, I., Mambetsariev, B., Wu, X., Husain, 17 

A., Vokes, E.E., Wheeler, D.L., Salgia, R., 2018. Oncotarget 9, 19793�±19806.  18 

Rabinowits, G., Gerçel-Taylor, C., Day, J.M., Taylor, D.D., Kloecker, G.H., 2009. Clin. Lung 19 

Cancer 10, 42�±46.  20 

Rahman, M.A., Won, M.-S., Shim, Y.-B., 2005. Biosens. Bioelectron. 21, 257�±265.  21 

Raposo, G., Stoorvogel, W., 2013. J. Cell Biol. 200, 373�±383.  22 

Reclusa, P., Taverna, S., Pucci, M., Durendez, E., Calabuig, S., Manca, P., Serrano, M.J., Sober, 23 

L., Pauwels, P., Russo, A., Rolfo, C., 2017. J. Thorac. Dis. 9, S1373�±S1382.  24 

Sandfeld-Paulsen, B., Jakobsen, K.R., Bæk, R., Folkersen, B.H., Rasmussen, T.R., Meldgaard, 25 



28 

 

P., Varming, K., Jørgensen, M.M., Sorensen, B.S., 2016. J. Thorac. Oncol. 11, 1701�±1710.  1 

Shao, H., Im, H., Castro, C.M., Breakefield, X., Weissleder, R., Lee, H., 2018. Chem. Rev. 118, 2 

1917�±1950.  3 

Soda, N., Rehm, B.H.A., Sonar, P., Nguyen, N.T., Shiddiky, M.J.A., 2019. J. Mater. Chem. B 7, 4 

6670�±6704.  5 

Spampinato, V., Parracino, M.A., La Spina, R., Rossi, F., Ceccone, G., 2016. Front. Chem. 4, 1�±6 

12.  7 

Steel, A.B., Levicky, R.L., Herne, T.M., Tarlov, M.J., 2000. Biophys. J. 79, 975�±981. 8 

Umer, M., Aziz, N.B., Mahmudunnabi, R.G., Shim, Y.-B., Salomon, C., Shiddiky, M.J.A., 2021. 9 

Analyst 146, 5496-5501. 10 

Wang, F.T., Wang, Y.H., Xu, J., Huang, K.J., 2020a. J. Mater. Chem. B 8, 1389�±1395.  11 

Wang, F.T., Wang, Y.H., Xu, J., Huang, K.J., Liu, Z. hua, Lu, Y. fei, Wang, S. yu, Han, Z. wei, 12 

2020b. Nano Energy 68, 104310.  13 

Wang, L.L., Chen, W.Q., Wang, Y.R., Zeng, L.P., Chen, T.T., Chen, G.Y., Chen, J.H., 2020. 14 

Biosens. Bioelectron. 169, 112555.  15 

Wang, R., Zhao, X., Chen, X., Qiu, X., Qing, G., Zhang, H., Zhang, L., Hu, X., He, Z., Zhong, 16 

D., Wang, Y., Luo, Y., 2020. Anal. Chem. 92, 2176�±2185.  17 

Xu, J., Wang, Y.H., Wei, Z., Wang, F.T., Huang, K.J., 2021. Sens. Actuators, B: Chem. 327, 18 

128933 19 

Zhai, L.Y., Li, M.X., Pan, W.L., Chen, Y., Li, M.M., Pang, J.X., Zheng, L., Chen, J.X., Duan, 20 

W.J., 2018. ACS Appl. Mater. Interfaces 10, 39478�±39486.  21 

Zhang, Y., Zhang, X., Situ, B., Wu, Y., Luo, S., Zheng, L., Qiu, Y., 2021. Biosens. Bioelectron. 22 

183, 113205.  23 

Zhao, J., Liu, C., Li, Y., Ma, Y., Deng, J., Li, L., Sun, J., 2020. J. Am. Chem. Soc. 142, 4996�±24 

5001.  25 



29 

 

Zhou, X., Wen, W., Shan, X., Zhu, W., Xu, J., Guo, R., Cheng, W., Wang, F., Qi, L.W., Chen, 1 

Y., Huang, Z., Wang, T., Zhu, D., Liu, P., Shu, Y., 2017. Oncotarget 8, 6513�±6525.  2 

Zhu, Y., Chandra, P., Shim, Y.B., 2013. Anal. Chem. 85, 1058�±1064.  3 



1 
 

Supplementary material 1 

 2 

Exosomal microRNAs array sensor with a bioconjugate composed of p53 3 

protein and hydrazine for the specific lung cancer detection 4 

 5 

Rabbee G. Mahmudunnabi a, $, Muhammad Umer c, $, Kyeong-Deok Seo a, Deog-Su Park a, ** , 6 

Jae Heun Chung b, Muhammad J. A. Shiddiky c, d, and Yoon-Bo Shima, * 7 

 8 

a Department of Chemistry and Institute of BioPhysio Sensor Technology, Pusan National 9 
University, Busan 46241, South Korea 10 

b Department of Internal Medicine, Pusan National University Yangsan Hospital, Yangsan 11 
50612, South Korea 12 

c Queensland Micro- and Nanotechnology Centre (QMNC), Griffith University, Nathan, QLD 13 
4111, Australia 14 

d School of Environment and Science, Griffith University, QLD 4111, Australia 15 

 16 

 [$] Contributed equally as cofirst authors 17 

 [*]  Corresponding author, Prof. Yoon-Bo Shim 18 

Department of Chemistry and Institute of BioPhysio Sensor Technology (IBST),  19 

Pusan National University, Busan 46241, South Korea. 20 

Tel.: +82-51-510-2244; Fax: +82-51-514-2122.  21 

E-mail: ybshim@pusan.ac.kr 22 

 23 

[* * ] Corresponding author, Prof. Deog-Su Park 24 

Department of Chemistry and Institute of BioPhysio Sensor Technology (IBST),  25 

Pusan National University, Busan 46241, South Korea. 26 

Tel.: +82-51-510-2202; Fax: +82-51-514-2122.  27 

E-mail: dsupark@pusan.ac.kr 28 



2 
 

1.1 Materials and instruments 1 

�6�\�Q�W�K�H�V�L�V�� �R�I�� �W�K�H�� �W�H�U�W�K�L�R�S�K�H�Q�H�� �P�R�Q�R�P�H�U�� �7�%�$�� ���������¶�����¶�����¶�¶-terthiophene-���¶-(p-benzoic acid) 2 

was performed according to a previously reported procedure (Kim et al., 2012) . All 3 

oligonucleotide sequences (Table S1) were ordered from Bioneer (Daejon, South Korea). 4 

�'�\�Q�D�E�H�D�G�V�� �0�\�� �2�Q�H�Œ���&�D�U�E�R�[�\�O�L�F�� �$�F�L�G���� �&�'-151 and CD-63 antibody, Total Exosome RNA & 5 

Protein Isolation Kit, RIPA buffer were purchased from Thermo Fisher Scientific Co. (Waltham, 6 

Massachusetts, United States). Recombinant human p53 protein was purchased from Abcam 7 

(Cambridge, MA, USA). T4 DNA polymerase and PCR master mix were purchased from NEB 8 

(Ipswich, MA, USA). All other reagents were of analytical grade and purchased from Sigma�±9 

Aldrich (USA). 10 

Screen-printed array carbon electrodes (SPACE) composed of eight working electrodes (400 µm 11 

x 400 µm each) and a common Ag/AgCl reference electrode were prepared. Carbon and silver 12 

inks (Jujo Chemical, Japan) were printed on polystyrene-based film using a BS-450HT screen-13 

printing machine from BANDO Industrial (South Korea). Cyclic voltammograms and 14 

amperograms were recorded using a PhysioLab Model P-CH4 Multichannel 15 

Potentiostat/Galvanostat (South Korea). The electrochemical impedance spectra (EIS) were 16 

measured with an EG&G Princeton Applied Research PARSTAT 2263 at an open-circuit voltage 17 

from 100 kHz down to 100 mHz at a sampling rate of five points per decade (AC amplitude: 10 18 

mV). Particles and sensor surfaces were characterized by field-emission scanning electron 19 

microscopy (FE-SEM, Zeiss SUPRA25), transmission electron microscopy (TEM; TALOS 20 

F200X), and X-ray photoelectron spectroscopy (XPS). 21 

 22 

 23 
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1.2 Modification of magnetic bead and bioconjugate fabrication 1 

To extract the exo-miRNA from samples, magnetic beads (Dynabeads, COOH functionalized, 10 2 

mg/ml) were conjugated with CD-�������� �D�Q�W�L�E�R�G�\�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V����3 

Briefly, 0.5 ml of magnetic beads was washed and suspended in 0.1 M MES buffer (pH-5.0), 4 

followed by activation with 10.0 mM EDC/NHS of the final volume. After 30 minutes of 5 

incubation at room temperature, activated magnetic beads were washed three times with 0.1 M 6 

MES buffer and resuspended in 0.5 ml of MES buffer. Then, 100 µl of CD-151 antibody (20 µg/ml) 7 

was added to the solution and incubated for two hours at room temperature. Next, the beads were 8 

separated with a magnet, washed with 0.1 M PBS (pH 7.4) to remove unbound antibody and 9 

resuspended in 0.5 ml of PBS. Finally, beads were stored at 4 °C for further use. Likewise, for the 10 

modification of the magnetic beads with oligonucleotides, 50 µl (100 pmole/µl) of capture probe 11 

(CP) was used, following the steps involved in CD-151 antibody modifications. 12 

For bioconjugate fabrication, hydrazine sulfate solution (10 mg/ml) was prepared in 0.1 M PBS 13 

(pH 7.4), and a fixed volume (10 µl) was added to 1.0 ml of AuNP solution every five minutes to 14 

determine the amount of hydrazine sulfate that could be added without aggregation of AuNPs. A 15 

sudden change in color (red to purple) was observed after the addition of an extra volume over 200 16 

µl due to the aggregation of AuNPs. Therefore, 200 µl of hydrazine sulfate, 20 µl (0.2 mg/ml) of 17 

p53 protein, and 1.0 ml of AuNPs were mixed and incubated at 4 °C for four hours. Then, the 18 

mixture was centrifuged at approximately 15000 rpm for 30 minutes and washed three times with 19 

0.1 M PBS Finally, the prepared bioconjugate was resuspended in 1.0 ml of 0.1 M PBS and stored 20 

at 4 °C for use when needed. 21 

 22 

 23 



4 
 

���������%�L�Q�G�L�Q�J���R�I���F�R�P�S�O�H�P�H�Q�W�D�U�\���S�U�R�E�H���W�R���P�D�J�Q�H�W�L�F���E�H�D�G�� 1 

To confirm the successful conjugation of the magnetic bead and complementary DNA probe, 2 

cyclic voltammogram and FT-IR spectra were analyzed. In CV two peaks appeared ~900 mV 3 

and ~1150 mV. These peaks were previously reported for guanine and adenine, respectively. 4 

This result indicates that magnetic beads were modified successfully with complementary 5 

DNA probe. To confirm further, FT-IR spectra were recorded. Compared to magnetic bead, 6 

complementary DNA probe modified beads shows some peaks around 1500-1700cm-1. These 7 

peaks belong to �W�K�H���&� �1�����&� �2���V�W�U�H�W�F�K�L�Q�J���Y�L�E�U�D�W�L�R�Q���R�I���Q�X�F�O�H�L�F���D�F�L�G���E�D�V�H�V�����7�D�E�R�X�U�\���H�W���D�O�������������������� 8 

 9 

 10 

Fig. S1: (A) CVs in 0.1 M PBS (pH 7.4) and (B) FT-IR spectra of magnetic beads and 11 

complementary probe modified magnetic beads. 12 

 13 

 14 

 15 

 16 

 17 

 18 
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1.4 Electropolymerization of TBA monomer  1 

Fig. S2 is showing the TBA oxidation peak at around +720mV in the first cycle and, AuNPs 2 

oxidation peak appears at around +600mV in the second cycle. In both cycles, the reduction peak 3 

of AuNPs appears at around +140mV. It is noticeable that because of the formation of a polymer 4 

layer reduction peak of AuNPs reduced a bit in the second cycle. Similar behaviour of pTBA 5 

modified electrode had been reported earlier (Akhtar et al., 2018). 6 

 7 

Fig. S2: Cyclic voltammogram of electro polymerization of TBA monomer on SPACE/AuNPs. 8 

 9 

 10 

 11 

 12 
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1.5 Characterization of the sensor surface 1 

A typical polymer shape is observed in Fig. S3(D) whereas the second image showing the surface 2 

coverage of sensor probe with bioconjugate. This result is consistent with previously reported 3 

images of sensor surface (Chung et al., 2018; Zhu et al., 2013).  4 

 5 

Fig. S3: CVs in 4.0 mM of (A) [Fe(CN)6]4-/3- and (B) [Ru(NH3)6]3+ for (a) SPACE/AuNPs/pTBA, 6 

(b) SPACE/AuNPs/pTBA/Probe-1, (c) SPACE/AuNPs/pTBA/Probe-1/Target, (d) 7 

SPACE/AuNPs/pTBA/Probe-1/Target/Probe-2, and (e) SPACE/AuNPs/pTBA/Probe-8 

1/Target/Probe-2/BC. (C) Deconvoluted S2p XPS spectra for (a) and (D, E) FE-SEM image for 9 

(a) and (e). 10 

 11 

 12 

 13 

 14 
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1.6 Characterization of the bioconjugate 1 

 2 

 3 

Fig. S4: (A) UV-Visible spectra of as prepared (a) AuNPs, (b)AuNPs-p53, (c) AuNPs-Hyd, and 4 

(d) p53-AuNPs-Hyd. (B) CVs of 8.0 mM H2O2 in 0.1 M PBS with (a), (b), (c), and (d) modified 5 

SPACE. (C) Deconvoluted S2p spectra for (b), (c), and (d) 6 

 7 

 8 

 9 

 10 

 11 
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���������2�S�W�L�P�L�]�D�W�L�R�Q���R�I���D�Q�D�O�\�W�L�F�D�O���S�D�U�D�P�H�W�H�U�V�� 1 

�$�O�O���W�K�H���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���G�R�Q�H���L�Q���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���W�R���H�Q�V�X�U�H���V�L�P�S�O�L�F�L�W�\���H�Y�H�Q���V�X�S�H�U�L�R�U���S�H�U�I�R�U�P�D�Q�F�H����2 

�)�R�U���K�\�E�U�L�G�L�]�D�W�L�R�Q���R�I���S�U�R�E�H���D�Q�G���W�D�U�J�H�W�����;���6�6�&�����6�D�O�L�Q�H���6�R�G�L�X�P���&�L�W�U�D�W�H�����E�X�I�I�H�U���Z�D�V���X�V�H�G���D�Q�G���D�O�O���W�K�H��3 

�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �U�H�D�G�L�Q�J�� �Z�H�U�H�� �W�D�N�H�Q�� �L�Q�� �S�+������������ �+�R�Z�H�Y�H�U���� �S�U�R�E�H�� �D�Q�G�� �W�D�U�J�H�W�� �K�\�E�U�L�G�L�]�D�W�L�R�Q�� �W�L�P�H����4 

�E�L�R�F�R�Q�M�X�J�D�W�H���L�Q�F�X�E�D�W�L�R�Q���W�L�P�H���D�Q�G���+���2�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�U�H���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���I�D�F�W�R�U�V���W�K�D�W���D�U�H���O�L�N�H�O�\��5 

�W�R���D�I�I�H�F�W���V�H�Q�V�R�U���S�H�U�I�R�U�P�D�Q�F�H�����$�V���V�K�R�Z�Q�� �L�Q���W�K�H���)�L�J�����6�����$�������W�D�U�J�H�W���D�Q�G���S�U�R�E�H�������K�\�E�U�L�G�L�]�D�W�L�R�Q���W�L�P�H��6 

�Z�H�U�H�� �V�H�W�� �L�Q�� �D�� �U�L�J�R�U�R�X�V�� �I�X�O�O�� �U�D�Q�J�H�� �R�I�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �H�[�S�H�U�L�P�H�Q�W�� �Z�K�H�U�H�� ������ �D�Q�G�� ������ �P�L�Q�X�W�H�V�� �Z�H�U�H��7 

�G�H�W�H�U�P�L�Q�H�G�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �,�Q�� �F�D�V�H�� �R�I�� �E�L�R�F�R�Q�M�X�J�D�W�H�� ���)�L�J���� �6�����%�������� ������ �P�L�Q�X�W�H�V�� �Z�D�V�� �E�H�V�W�����$�I�W�H�U�� �W�K�D�W��8 

�V�H�Q�V�R�U���V�X�U�I�D�F�H���E�H�F�D�P�H���V�D�W�X�U�D�W�H�G���Z�L�W�K���E�L�R�F�R�Q�M�X�J�D�W�H���D�Q�G���D�P�S�H�U�R�P�H�W�U�L�F���U�H�V�S�R�Q�V�H���G�L�G���Q�R�W���F�K�D�Q�J�H�����)�R�U��9 

�R�S�W�L�P�X�P�� �+���2�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� ���)�L�J���� �6�����%�������� �&�9�V�� �R�I�� �V�H�Q�V�R�U�� �S�U�R�E�H�V�� �Z�H�U�H�� �W�D�N�H�Q���L�Q�� �������0�� �3�%�6��10 

�F�R�Q�W�D�L�Q�L�Q�J���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���+���2�������,�W���Z�D�V���G�H�W�H�U�P�L�Q�H�G���W�R���E�H�����������P�0�����$�O�O���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V��11 

�Z�H�U�H���G�H�W�H�U�P�L�Q�H�G���L�Q���D���I�H�H�G�E�D�F�N���O�R�R�S���W�R���H�Q�V�X�U�H���P�D�[�L�P�L�]�H���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���V�H�Q�V�R�U���� 12 
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 16 

Fig. S5: Optimization of (A) hybridization time for target (miRNA-21) and ssDNA-2, (B) 17 

incubation time for bioconjugate, and (C) H2O2 concentration for sensor probe. (Inset) showing 18 

the CV of sensor probe in 0.1M PBS (pH 7.4) containing different H2O2 concentration. Long term 19 

stability of (D) SPACE/AuNPs/pTBA/Probe-1 and (E) p53-AuNPs-Hyd bioconjugate. 20 
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���������5�H�D�O���V�D�P�S�O�H���D�Q�D�O�\�V�L�V 1 

 2 

Fig. S6: Log2 fold change of exosomal miRNA expression in serum sample 3 
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��������Screen Printed Array Carbon Electrode 1 
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Fig. S7: Screen Printed Array Carbon Electrode (SPACE) 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

Working electrode 
Pseudo reference and 

counter electrode 



12 
 

Table S1: Oligonucleotide sequences used in this study 1 
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 1 

Table S2: p53 protein sequence, pI and net charge.  2 
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�7�K�H�R�U�H�W�L�F�D�O��

�S�, 
�1�H�W���F�K�D�U�J�H��
�D�W���S�+�������� 

�5�H�F�R�P�E�L�Q�D�Q�W��
�S�������3�U�R�W�H�L�Q 
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Table S3: Equations calculated from the standard curve 6 
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 1 

Table S4: Concentration exosomal microRNAs of 3 different cells (A549, MCF7, BEAS-2B) lines. 2 
(Standard deviation of three replicates is presented in bracket as error) 3 

Name of Cell 
line/microRNA 

Concentration(fM)  

miRNA-21 miRNA-155 miRNA-205 miRNA-let-7b 

A549 0.627 (±0.062) 2.048 (±0.222) 5.633 (±0.668) 3.524 (±0.399) 

MCF7 0.195 (±0.022) 0.175 (±0.019) 0.156 (±0.012) 0.252 (±0.032) 

BEAS-2B 0.12 (±0.013) 0.101 (±0.01) 0.095 (±0.01) 0.116 (±0.013) 

 4 

 5 

 6 

Table S5: Concentration exosomal microRNAs analyzed in 8 serum samples.                                              7 
(Standard deviation of three replicates is presented in bracket as error) 8 

Sample No. 
Concentration (fM) 

Remark 
miRNA-21 miRNA-155 miRNA-205 miRNA-let-7b 

1 0.138 (±0.013) 0.145 (±0.02) 0.12 (±0.019) 0.132 (±0.021) Healthy (Normal) 

2 0.695 (±0.1) 1.388 (±0.163) 2.219 (±0.367) 1.808 (±0.213) Cancerous  

3 0.578 (±0.06) 1.167 (±0.23) 2.618 (±0.316) 1.624 (±0.299) Cancerous  

4 0.6 (±0.094) 1.205 (±0.163) 2.945 (±0.421) 2.647 (±0.363) Cancerous  

5 0.841 (±0.083) 1.02 (±0.292) 4.352 (±0.411) 1.75 (±0.224) Cancerous  

6 0.508 (±0.073) 0.955 (±0.174) 3.629 (±0.463) 2.605 (±0.336) Cancerous  

7 0.342 (±0.052) 1.717 (±0.298) 1.717 (±0.298) 0.617 (±0.079) Cancerous  

8 0.679 (±0.11) 1.294 (±0.202) 2.945 (±0.363) 1.938 (±0.35) Cancerous  
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Fig S6: Comparison with recent electrochemical miRNA detection platforms 1 
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