
Article Not peer-reviewed version

Nanoribbon Biosensor-Based Detection

of Three Different Types of Non-Coding

RNAs in Plasma for Early Revelation of

Urogenital Cancers in Humans

Yuri Ivanov * , Ivan Shumov * , Dmitry Enikeev , Kristina Goldaeva , Andrey Kozlov , Alexander Ableev ,

Vladimir Popov , Alexander Glukhov , Ekaterina Nevedrova , Angelina Vinogradova , Svetlana Kapustina ,

Maria Agletdinova , Daria Orlova , Natalia Potoldykova , Vadim Ziborov , Alexander Dolgoborodov ,

Oleg Petrov , Oleg Kovalev , Nina Ivanova , Vadim Tatur , Andrei Lukyanitsa , Andrey Morozov ,

Nikolay Kushlinskii , Alexander Archakov

Posted Date: 17 September 2025

doi: 10.20944/preprints202509.1315.v1

Keywords: urogenital cancer; nanoribbon; biosensor; non-coding RNA; biomarker detection; silicon

nanowire

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/332067
https://sciprofiles.com/profile/3267790
https://sciprofiles.com/profile/1380654
https://sciprofiles.com/profile/1687391
https://sciprofiles.com/profile/3818603
https://sciprofiles.com/profile/3814481
https://sciprofiles.com/profile/3815610
https://sciprofiles.com/profile/3042475
https://sciprofiles.com/profile/1479303
https://sciprofiles.com/profile/4071320
https://sciprofiles.com/profile/3818862
https://sciprofiles.com/profile/1675392
https://sciprofiles.com/profile/4874454
https://sciprofiles.com/profile/2672410
https://sciprofiles.com/profile/4082815
https://sciprofiles.com/profile/4068646
https://sciprofiles.com/profile/2569835
https://sciprofiles.com/profile/578384
https://sciprofiles.com/profile/1877063


 

 

Article 

Nanoribbon Biosensor-Based Detection of Three 
Different Types of Non-Coding RNAs in Plasma for 
Early Revelation of Urogenital Cancers in Humans 
Yuri D. Ivanov 1,2,*, Ivan D. Shumov 1,*, Dmitry V. Enikeev 3,4,5,6, Kristina V. Goldaeva 1,  
Andrey F. Kozlov 1, Alexander N. Ableev 1, Vladimir P. Popov 1, Alexander V. Glukhov 1, 
Ekaterina D. Nevedrova 1, Angelina V. Vinogradova 1, Svetlana I. Kapustina 1,  
Maria A. Agletdinova 1, Daria I. Orlova 1, Natalia V. Potoldykova 3, Vadim S. Ziborov 1,2, 
Alexander Y. Dolgoborodov 2, Oleg F. Petrov 2, Oleg B. Kovalev 7, Nina D. Ivanova 8,  
Vadim Y. Tatur 9, Andrei A. Lukyanitsa 10, Andrey N. Morozov 11, Nikolay E. Kushlinski I 12  
and Alexander I. Archakov 1 

1 Institute of Biomedical Chemistry, 10, Pogodinskaya st., Moscow, 119121 Russia 

2 Joint Institute for High Temperatures of the Russian Academy of Sciences, 13 Bd.2, Izhorskaya st., Moscow, 
125412 Russia 

3 Sechenov First Moscow State Medical University (Sechenov University) Moscow, 119992 Russia 
4 Department of Urology, Rabin Medical Center, Petah Tikva 4941492, Israel 
5 Faculty of Medicine, Tel Aviv University, Tel Aviv 69978, Israel 
6 Department of Urology, Comprehensive Cancer Center, Medical University of Vienna, 1090 Vienna, Austria 
7 Faculty of Infectious Diseases in Children, N.I. Pirogov Russian National Research Medical University, 1, 

Ostrovityanov st., Moscow, 117997 Russia 
8 Moscow State Academy of Veterinary Medicine and Biotechnology Named after Skryabin, 23, Academician 

Skryabin st., Moscow, 109472 Russia 
9 Foundation of Perspective Technologies and Novations (FPTN), 8 bld. 1, 2nd Ambulatorny rd., Moscow, 

125315 Russia 
10 Faculty of Computational Mathematics and Cybernetics, Lomonosov Moscow State University, Leninskie 

Gory, 1, Moscow, 119991, Russia 
11 Federal State Autonomous Educational Institution of Higher Education «Bauman Moscow State Technical 

University», 5 Bd. 1, 2nd Baumanskaya st., Moscow, 105005 Russia 
12 N.N. Blokhin National Medical Research Center of Oncology, 24, Kashirskoe shosse, Moscow, 115522 Russia 
* Correspondence: yurii.ivanov.nata@gmail.com (Y.D.I.); shum230988@yandex.ru (I.D.S). 

Abstract 

Urogenital cancers represent one of leading causes of death, and thus novel simple, highly sensitive 
and reliable methods are required for their revelation at early stages in order to provide effective 
therapy and improve patients’ survival rate. Here we demonstrate parallel rapid label-free detection 
of a pool of (urogenital cancer)-associated non-coding RNA molecules of three different types — 
microRNAs, circular RNAs (circRNAs) and small nucleolar RNAs (snoRNAs) — in human blood 
with sub-femtomolar concentration sensitivity. This is achieved by employing a biosensor, whose 
nanotechnology-based sensor chip bears an array of oligonucleotide-sensitised silicon-on-insulator 
(SOI) nanoribbons fabricated using a ‘top-down’ technology. The simultaneous detection of different 
types of cancer-associated ncRNAs in one sample will increase the reliability of the diagnostic results, 
helping to avoid both false-positives and false-negatives. Owing to the high detection sensitivity, 
which reaches several thousands of target ncRNA molecules in 1 mL of the analysed sample, the 
nanoribbon biosensor proposed herein represents a promising tool for early revelation of urogenital 
cancers in humans. 
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1. Introduction 

Urogenital cancers are widely spread across the globe, being responsible for every fifth cause of 
cancer [1] and every seventh death of cancer [2]. Namely, the prostate cancer (PrC) is the fifth leading 
cause of death worldwide [3]. Furthermore, ovarian cancer (OvC) is the fifth leading cause of death 
of cancer among women [4]. Kidney (KiC) and bladder (BlC) cancers also occur quite often, 
amounting to 2 and 3% of all cancers registered worldwide, respectively [5] — while urethral cancer 
is relatively rare [6]. Urogenital cancers can be quite effectively cured at early stages, and their early 
diagnosis improves treatment outcomes and survival rate [7]. Unfortunately, the existing methods, 
which are employed in clinical practice for the diagnosis of urogenital cancers, do not allow their 
early revelation due to either poor sensitivity [8] or use of insufficiently specific markers (such as 
prostate specific antigen (PSA) in case with PrC [9,10] or carbohydrate antigen 125 (CA 125) in case 
with OvC [11]). Namely, cystoscopy [12,13] and biopsy are invasive and painful procedures, which 
potentially can cause complications [14]. Furthermore, in case of using tumour visualisation using 
ultrasound, magnetic resonance imaging and/or computer tomography one may lose sight of very 
small tumours and have troubles with correct interpretation of the results [15]. In this respect, non-
invasive methods based on the so-called “liquid biopsy” are quite convenient [16], and so the task 
consists in the development of methods, which provide the detection of sufficiently specific 
biomarkers of urogenital cancers with high sensitivity. 

The problem consists in proper selection of sufficiently specific biomarkers in order to reliably 
reveal urogenital cancers in humans at the early stages [9,10]. In this respect, various types of non-
coding ribonucleic acids (ncRNAs) such as microRNAs [17,18], circular RNAs (circRNAs) [19] and 
small nucleolar RNAs (snoRNAs) [20–22] were reported to be promising cancer-specific biomarkers. 
At that, it should be emphasized that polymerase chain reaction (PCR)-based methods of RNA 
detection (such as northern blotting, next generation sequencing and in situ hybridisation) are very 
sensitive to contamination [23–25], which can cause RNA degradation [26] — in contrast to 
amplification-free nanoribbon-based detection. In contrast, nanotechnology-based approaches imply 
direct amplification-free and label-free detection of the target ncRNAs. These approaches to studying 
biological macromolecular compounds such as proteins and nucleic acids have allowed the scientists 
to detect and visualise single biomarker macromolecules, performing their in-deep studies [27,28]. 
The great potential of diagnostic use of nanotechnology-based biosensors with nanowires and 
nanoribbons as sensing elements was shown in 2000s [29], and one of the first reports on the use of 
nanowire-based biosensor, for direct label-free biomarker detection in blood samples was in 2009 
[30]. The very high surface-to-volume ratio of nanowires and nanoribbons, achieved owing to their 
low thickness, provides their extremely high charge sensitivity, which can reach the value of several 
charged molecules per one nanoribbon [31]. This is why nanoribbon and nanowire biosensors allow 
one to directly detect proteins [32] and nucleic acids [33,34] at subfemtomolar concentrations, and 
single viral particles [35]. 

Herein, we propose the use of nanoribbon biosensor with the sensor chip bearing an array of 
twelve oligonucleotide-sensitised silicon nanoribbons for non-invasive, highly sensitive and 
amplification-free parallel detection of three different types of (urogenital cancer)-associated ncRNAs 
in human blood. Such an approach provides early diagnosis of urogenital cancer with increased (as 
compared to the analysis of only one ncRNA type) diagnosis reliability. The use of sensor chips 
bearing a large array of multiple nanoribbons/nanowires on a single chip provides parallel detection 
of multiple biomarkers [35], and this is what we have realised in our work reported. For fabrication 
of SOI nanoribbons, we have employed a complementary metal oxide semiconductor (CMOS)-
compatible ‘top-down’ technology, whose advantages were justified by M. Reed et al. [29]. The 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 September 2025 doi:10.20944/preprints202509.1315.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1315.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 14 

 

application of CMOS-compatible “top-down” technology for fabrication of nanoribbon sensor chips 
allows to avoid typical problems of “bottom-up” approach [36]. 

2. Results 

The optical image of the entire nanoribbon chip (bearing an array of twelve individual 3-µm-
wide nanoribbons) is shown in Figure 1a), and Figure 1b,c display optical and scanning electron 
microscopy (SEM) images of an individual nanoribbon. 

 

Figure 1. Physical dimensions and typical electrical properties of a single nanoribbon. Optical image of the sensor 
chip bearing an array of twelve nanoribbons (a), and optical (b) and SEM (c) image of a single nanoribbon, whose 
physical dimensions are shown in d. Typical CVC curves reflecting characteristic right-shift of CVC curves after 
silanisation (orange curve) of the nanoribbon and immobilisation of oDNA probes (violet curve) onto it in 
comparison with bare nanoribbon (red curve) are shown in e. 

The very high surface-to-volume ratio (Figure 1d) of nanowires and nanoribbons, achieved 
owing to their low thickness, provides their extremely high charge sensitivity, which can reach the 
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value of several charged molecules per one nanoribbon [31]. The latter circumstance favours the use 
of nanoribbon biosensors for highly sensitive detection of nucleic acid markers (which bear strong 
negative charge), explaining very low (down to ~10-17 M = 10 aM) limit of ncRNA detection observed 
in our experiments. The surface of the nanoribbons has been coated with an amine-terminated silane 
layer and sensitised with DNA oligonucleotide probes (oDNAs) complementary to the target 
ncRNAs to be detected (Figure 1e). The latter procedure has allowed us to selectively capture the 
target ncRNA molecules onto the nanoribbons’ surface. The sensitisation efficiency has been 
confirmed by a characteristic right-shift of drain-source current vs. gate voltage (Ids(Vg); current-
voltage charateristics, CVC) curves towards higher Vg values, which indicates successful 
immobilisation of oDNAs onto the nanoribbon surface (Figure 1e). Each nanoribbon has been 
sensitised individually, thus allowing us to simultaneously determine the presence of three different 
types of ncRNAs — namely, miRNAs, circRNAs and snoRNAs — in one and the same sample by 
recording time dependencies of the biosensor response signal (drain-source current flowing through 
respective functionalised nanoribbons of the chip). This approach, if introduced into clinical practice, 
will increase the reliability of cancer diagnosis results, since simultaneous analysis of several different 
types of ncRNA markers of a particular cancer helps to avoid both false-positives and false-negatives. 

The operation of oDNA-functionalised nanoribbons in solutions containing known 
concentrations of DNA-analogues of the target ncRNAs has indicated high sensitivity of (nanoribbon 
biosensor)-based detection of ncRNA biomarkers of urogenital cancers; Figure 2 displays typical time 
dependencies of the biosensor response obtained in this way. 

  

 

Figure 2. Typical ΔIds(t) curves obtained in experiments on the determination of the lower limit of detection of 
target nucleic acid molecules with the nanoribbon biosensor. Purified solutions of oDNA analogues of target 
ncRNA (microRNA (a), circRNA (b) and snoRNA (c) markers of kindey cancer in 1 mM potassium phosphate 
buffer (pH 7.4) were used.. The concentrations of the oDNAs in the solutions were 1 aM (black curves), 10 aM 
(red curves), 100 aM (blue curves), and 1 fM (green curves). Arrows indicate the time points of addition of oDNA 
solutions into the biosensor’s measuring cell. Error bars indicate standard deviation obtained in three 
independent technical replicates of each experiment. 

The target cancer-specific ncRNAs have been selected based on literature sources reporting that 
the change in blood level of certain miRNAs [37–40], circRNAs [41–44] and snoRNAs [22,45,46] is 
associated with the development of urogenital cancers (Table 1). 
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Table 1. Target ncRNA markers of urogenital cancers considered in our study. 

Pathology ncRNA type ncRNA name Ref. 

BlC 

microRNA miRNA-590-3p [37] 

circRNA circRNA_0020792 [41] 

snoRNA 
snoRNA 

_SNORD58С 
[22] 

KiC 

microRNA miRNA-195-3p [38] 

circRNA circRNA_0016825 [42] 

snoRNA snoRNА_SNORА77 [45] 

PrC 

microRNA hsa-mir-198 [39] 

circRNA circRNA 57558 [43] 

snoRNA SNORA55 [21] 

OvC 

microRNA hsa-mir-21 [40] 

circRNA hsa_circ_0049116 [44] 

snoRNA 
snoRNA 

_SNORD58С 
[22] 

In the experiments on the determination of the lowest detectable concentration of the target 
ncRNAs, we have used purified buffered solutions containing known concentrations of their 
respective oDNA analogues (see Methods and Table 2 therein). 

The resulting time dependencies of the biosensor response indicate that the biosensor response 
was still registerable at oDNA concentrations of 10 aM, while at lower (1 aM) concentration it was 
indistinguishable from the noise level observer with pure (nucleic acid)-free buffer (Figure 2). 
Accordingly, the lower concentration limit of detection of target nucleic acids with the nanoribbon 
biosensor was determined to be 10 aM. 

After the assessment of biosensor operation at known concentrations of target nucleic acids and 
the determination of the lower limit of detection, we switched to analysis of target ncRNAs in blood 
plasma of patients suffering from urogenital cancers. With this purpose, target ncRNAs have been 
determined in samples of total RNA isolated from patients’ plasma (Figure 3). 
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Figure 3. Typical ΔIds(t) curves obtained upon the analysis of total RNA samples isolated from human plasma 
samples. The RNA samples were isolated from plasma of urogenital cancer patients (with I and II stages of the 
diseases) (red curves) and patients with non-oncological diseases (blue curves). The nanoribbon was 
immobilised with oDNA probes against microRNA (a, d, g, j), circRNA (b, e, h, k), or snoRNA (c, f, i, l) markers 
of bladder (a-c), kidney (d-f), prostate (g-i), or ovarian (j-l) cancer. Arrows indicate the time points of addition 
of the sample into the biosensor’s measuring cell. Error bars indicate standard deviation obtained in three 
independent technical replicates of each experiment. 

Typical ΔIds(t) curves obtained upon the analysis of total RNA samples isolated from urogenital 
cancer patients (with I and II stages of the diseases) indicate markedly high biosensor response after 
the addition of the analysed samples (Figure 3, red curves). In contrast, with samples obtained from 
patients with non-oncological diseases there was either virtually no response from the biosensor, or 
its magnitude was low (Figure 3, blue curves). We emphasise that this consentient behaviour of the 
signal from the nanoribbons sensitised with oDNAs against three different types of target ncRNAs 
(microRNAs, circRNAs, and snoRNAs) has been observed in each sample analysed. This fact clearly 
demonstrates how the simultaneous determination of different ncRNA types improves reliability of 
urogenital cancer diagnosis. 

3. Discussion and Conclusions 

Herein, we propose the non-invasive and highly sensitive approach to the early diagnosis of 
urogenital cancer, and parallel analysis of three different ncRNA types increases the diagnosis 
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reliability. This is in contrast to the methods commonly employed in clinical practice. Namely, 
cystoscopy and biopsy require invasive and painful procedures, which potentially can cause 
complications [46]. Visualisation using ultrasound [47], magnetic resonance imaging [48] and/or 
computer tomography [15] have certain limitations on the tumour size (one may lose sight of very 
small tumours), and the interpretation of the results [15] (that is, it can be difficult to distinguish 
between benign and malignant tumours). Liquid biopsy with further analysis of cancer biomarkers 
in blood helps to avoid invasive procedures [16]. And this is where nanoribbon-based approach is of 
use [30], since its high sensitivity meets the requirements for the methods of early diagnosis of cancer 
[8]. 

In this regard, one just needs careful selection of cancer biomarkers suitable for reliable 
diagnosis. The example of insufficiently specific biomarker is prostate specific antigen (PSA), whose 
use can lead to false-positives [9,10] and, consequently, to hyperdiagnosis of PrC. Other example is 
the use of carbohydrate antigen-125 (CA 125) in OvC, whose level can be elevated in endometriosis, 
during menstruation or in menopause [17]. Various ncRNA types represent good alternative to 
insufficiently specific protein biomarkers of urogenital cancers. Of those, microRNAs are short 
(typically 21 to 25 nt [49]) molecules, which are stable against degradation in blood (and also in urine) 
[50]. Inhibition or overexpression of certain microRNAs was reported to be associated with the 
development of cancers, including urogenital ones [17,18,50]. Another type of ncRNAs, circRNAs, 
represent single-stranded non-coding molecules with a covalently closed loop structure devoid of 
both the 5’cap and the 3’ poly-A sequence [51]; these structural features provide stability of circRNAs. 
Certain circRNAs are involved in the development of urogenital cancers [37,38]. Furthermore, to date, 
the third type of ncRNAs considered in our study — snoRNAs — attract growing attention as 
promising cancer biomarkers [52]. These relatively short (60 to 300 nt) RNA molecules are present in 
stable state in blood and in other fluids of the body [53], and certain snoRNAs were reported to be 
associated with urogenital cancers [21,22,37–45]. 

At that, polymerase chain reaction (PCR)-based methods of RNA analysis (such as northern 
blotting, next generation sequencing and in situ hybridisation) are quite sensitive to contamination 
and require long multistep procedures, thus complicating the analysis, limiting the reliability of its 
results and impairing its cost-effectiveness [23,24]. In contrast, nanotechnology-based approach 
employed in our study implies direct amplification-free and label-free detection of the target 
ncRNAs. Since nanoribbon biosensor proposed has been demonstrated to provide simultaneous real-
time label-free detection of three different cancer-associated ncRNAs, it represents a very attractive 
tool for revelation of various urogenital cancers in humans at early stages (I and II). The simultaneous 
detection of three different types of cancer-associated ncRNAs in one sample helps to avoid false 
results, thus preventing overdiagnosis, providing timely revelation of cancer and increasing the 
treatment effectiveness. Furthermore, immobilisation of oDNA probes against ncRNA markers of 
several different cancer types and use of high-throughput electronic circuits for simultaneous 
acquisition of signal from numerous sensor chips will further expand the capabilities of the approach 
proposed, making it suitable for cancer screening of humans. This is a considerable societal impact 
of nanotechnology, since nanoribbon-based approach to cancer diagnosis can make a significant 
contribution to improving the quality of human life. 

4. Materials and Methods 

The silicon nanoribbons were arranged in pairs on the surface of a sensor chip (Figure 1). The 
nanoribbons were fabricated using a ‘top-down’ CMOS-compatible technology [33,34]. The process 
of sensor chip fabrication comprised the following steps. At the first step, a 500 to 600-nm-thick 
“silicon-on-insulator” structure was fabricated by hydrogen delamination. The second step was the 
reduction of the SOI layer to the nanoscale by a serial cycle of thermal oxidation followed by oxide 
removal in HF solution. At the third step, lateral structuring of SOI layers was performed by optical 
and electron beam lithography in order to form nanowire structures and Ohmic contacts on the SOI 
layer. At the fourth step, the SOI layers were structured laterally by electron beam lithography and 
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gas–chemical plasma etching. The final steps included metal sputtering, contact wiring, and chip 
packaging [33,34]. The nanoribbons’ thickness, width and length were 32 nm, 3 µm and 10 µm, 
respectively. 

Biospecific capturing of target ncRNA molecules on the surface of the nanoribbons was achieved 
by covalent immobilisation of oDNA probe molecules (whose nucleotide sequences were 
complementary to those of the target ncRNAs; see Table 2) on the nanoribbon surface coated with 
amino silane layer. 

Table 2. Nucleotide sequences of oDNA analogues (employed in the experiments on the determination of the 
lower limit of detection) and nanoribbon-immobilised oDNA probes. All oDNAs were synthesised by Evrogen 
LLC (Moscow, Russia). 

ncRNA name oDNA analogue sequence 
Nanoribbon-immobilised oDNA probe 

sequence 

miRNA-590-3p TAATTTTATGTATAAGCTAGT 
(NH2)-TTTTTTTTTT 

ACTAGCTTATACATAAAATTA 

miRNA-195-3p CCAATATTGGCTGTGCTGCTCC 
5’- (NH2)-(T)10-

GGAGCAGCACAGCCAATATTGG 

hsa-mir-198 

CCGCAGAGTGTGACTCCTGTTCT 

GTGTATGG 

CACTGGTAGAATTCACTGTGAAC 

AGTCTCAG 

TCAGTGAATTACCGAAGGGCCAT 

AAACAGAGCAGAGACAGATCCAC

GA 

(NH2)-(T)10-

TCGTGGATCTGTCTCTGCTCTGTTTA 

TGGCCCTTCGGTAATTCACTGACTGAG

A 

CTGTTCACAGTGATTTCTACCAGTGCC

A 

TACACAGAACAGGAGTCACACTCTGC

GG 

hsa-mir-21 

TGTCGGGTAGCTTATCAGACTG 

ATGTTGACTGTTGAATCTCATGGC

AA 

CACCAGTCGATGGGCTGTCTGACA 

5’- (NH2)-(T)10-

TGTCAGACAGCCCATCGACTGGT 

GTTGCCATGAGATTCAACAGT 

CAACATCAGTCTGATAAGCTACCCG 

circRNA_0020792 

AGCCTCCTGGGGGGCACT 

GGCCACTGAGCCCCCTTGGA 

GAAGTCAGAGGG 

(NH2)-(T)10-CCCTCTGACTTCTCCAA 

GGGGGCTCAGTGGCCAGTGCCCCCCA 

GGAGGCT 
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circ_0016825 

TATTTATAGTCTCAAAA 

TTCCTAAAGCAATGCTACAACCA 

TTGAATTTGC 

(NH2)-(T)10-GCAAATTCAATGGTTG 

TAGCATTGCTTTAGGAATTTTGAGA 

CTATAAATA 

circRNA 57558 TCACTGCAGGCATGT (NH2)-(T)10-ACATGCCTGCAGTGA 

hsa_circ_0049116 TGGAGTGGATGCCAT (NH2)-(T)10-ATGGCATCCACTCCA 

SNORA55 GCAGAGGAAATCCAG (NH2)-(T)10-CTGGATTTCCTCTGC 

snoRNA 

_SNORD58С 
TTAGGACACCTTTGG (NH2)-(T)10-CCAAAGGTGTCCTAA 

snorRNА_SNORА

77 
TCCAGGGTGCTGTGG (NH2)-(T)10-CCACAGCACCCTGGA 

snoRNA 

_SNORD58С 
TTAGGACACCTTTGG (NH2)-T10-CCAAAGGTGTCCTAA 

The silanisation was performed in order to form a monolayer of silane with terminal primary 
amine groups on the surface of the nanoribbons. The silane monolayer was formed by vapour-phase 
silanisation with 3-aminopropyltriethoxysilane (APTES) of the sensor chip according to the technique 
reported by Yamada et al. [54] The oDNA probes were further immobilised onto the silanised 
nanoribbons’ surface, which was activated with a bifunctional 3,3′-dithiobis (sulfosuccinimidyl 
propionate) (DTSSP) cross-linker [33,34]. The DTSSP cross-linker was allowed to bind to these amine 
groups with its one end, while the other end of the cross-linker further was bound to the (NH2)-(T)10 
linker at the 5’-end of either of the oDNA probes. The nanoribbons were immobilised with the oDNA 
probes individually: ~3 nL droplets of 1 mM solution of either oDNA probe in 10 mM phosphate 
buffer were precisely dispensed onto the surface of individual nanoribbons with a Perkin Elmer 
Piezorray dispensing system and incubated thereon for 24 hours in a humid chamber, and then 
washed off with ultrapure water. In such a way, covalent immobilisation of oDNA probes 
complementary to the target oDNA and RNA molecules on the surface of the nanoribbons was 
achieved. Silicon nanowires with immobilised oDNA probes were used as working ones for specific 
capturing of the target nucleic acid molecules from the analysed samples. The nanoribbons, whose 
surface was not immobilised with the oDNA probes, acted as control nanoribbons. The signal from 
the control nanoribbons was used to account for non-specific binding of sample components with the 
nanoribbon surface. 

All blood plasma samples, used in the experiments, were obtained from patients suffering from 
either urogenital cancer (working samples) or non-oncological diseases (control samples) (Table 3). 

Table 3. Characteristics of plasma samples analysed in the study. 

Plasma Sample No. Diagnosis 

#1 Bladder cancer (T3N0M0) 

#2 Right kidney stone (T0N0M0, control sample) 
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#33 Bladder cancer (T3N0M0) 

#3c Left kidney cyst (T0N0M0, control sample) 

#4 Renal cell carcinoma (T1aN0M0) 

#3 Urolithiasis (T0N0M0, control sample) 

#8pr Prostate cancer (T2N0M0) 

#38 Left kidney cyst (T0N0M0, control sample) 

#6ov Ovarian cancer (T2N0M0) 

#10 Urolithiasis (T0N0M0, control sample) 

#44 Prostate cancer (T1cN0M0) 

#8 Ovarian cancer (T2N0M0) 

#7 Urethritis (T0N0M0) 

The blood plasma samples were obtained and prepared in Institute of Urology and 
Reproductive Health (Sechenov University). The study was conducted according to the guidelines of 
the Declaration of Helsinki, and approved by independent ethical committee organized on the basis 
of Institute of Urology and Reproductive Health (Sechenov University) (Protocol No. 10–19 of 17 July 
2019). All experiments with human plasma were carried out in compliance with Order no. 1177n 
(Ministry of Health of Russian Federation, 20 December 2012). Written voluntary consent to 
participate in the study was obtained from each patient. 

The 1.5 mL samples of venous blood were taken before treatment on an empty stomach from the 
cubital vein into containers with 3.8% sodium citrate anticoagulant (S-Monovett®, SARSTEDT, 
Germany). These blood samples were then centrifuged at 3000 rpm for 6 min at room temperature. 
500 µL volume of each of the so-obtained plasma samples was collected into two dry sterile test tubes, 
frozen and stored at −80 °C until further use. 

RNA samples for the analysis were isolated from the plasma samples prepared as described 
above. For the isolation of total RNA from the plasma samples, ExtractRNA RNA isolation kit 
(Evrogen, Russia) was used according to the kit manufacturer instructions. 

Biosensor measurements were performed in real time with a ten-channel data collection and 
storage system (Agama+ LLC, Moscow, Russia). Buffer solutions, used in the biosensor 
measurements, contained low (1 mM) concentration of buffer salts in order to avoid Debye screening 
effect [55,56]. Throughout the measurements, time dependencies of the drain-source current were 
monitored at drain-source voltage Vds = 0.1 V and gate voltage Vg = 50 V. 

In order to determine the lower limit of detection of target nucleic acids, measurements with 
purified buffered (in 1 mM potassium phosphate buffer, pH 7.4) solutions containing known 
concentrations of synthetic oDNA analogues of the target ncRNAs were performed. In the 
measurements, a 150 µL volume of the oDNA solution (with oDNA concentration of 3.3 aM, 33 aM, 
330 aM or 3.3 fM) was pipetted into the measuring cell containing 300 µL of pure potassium 
phosphate buffer. Accordingly, the final concentrations of the synthetic oDNAs in the measuring cell 
were 1.1 aM, 11 aM, 110 aM or 1.1 fM, respectively. In blank measurements, pure (nucleic acid)-free 
buffer was pipetted into the measuring cell instead of oDNA solution. After each measurement, the 
sensor chip was washed with 50 mL of pure hot (60°C) ultrapure water. 

The experiments with the samples of total RNA isolated from samples of patients suffering from 
either urogenital cancer (working samples) or non-oncological disease (control samples) were 
performed analogously, but the volume of pure puffer in the measuring cell was 100 µL, into which 
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a 7 µL volume of the sample was pipetted. With each sample studied, the measurements were 
performed in at least three independent technical replicates. 

The signals acquired from each nanoribbon were normalized to 1 by dividing the signal value 
by the initial value of drain-source current. In order to exclude the signal caused by non-specific 
adsorption of sample components onto the nanoribbon surface, the signals obtained in the control 
measurement in pure 1 mM PPB, were subtracted from the signals obtained during the detection of 
target nucleic acid molecules. The difference signal was obtained by subtracting the values of the 
signal received from the control nanoribbons from those received from the working nanoribbons. 
The results were presented as sensorgrams, which show the time dependencies of the signal. The 
standard root-mean-square deviation function was used to check the reliability of the results [33,34]. 
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