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Abstract: This study presents the design of an innovative aptamer-based biosensor for the detection
of circulating microRNAs (miRNAs) associated with cervical cancer development. The selected
panel includes circulating miRNAs known to play vital roles in cervical cancer pathogenesis, regu-
lating processes such as cellular proliferation, migration, invasion, angiogenesis, apoptosis, inflam-
matory responses, and metastasis. The biosensor’s design can be optimized to ensure high sensitiv-
ity, low limits of detection, and robust performance in clinical settings. This novel biosensor design
holds great promise for facilitating non-invasive detection and personalized therapeutic approaches

for cervical cancer patients.
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1. Introduction

Cervical cancer is a significant global health burden with a high prevalence in many
regions [1], being the fourth most common cancer among women and accounting for 90%
of new cases and fatalities in low- and middle-income countries [2]. To address this chal-
lenge, there is an urgent need for innovative diagnostic tools that can enable early detec-
tion and personalized therapeutic interventions. One such promising approach involves
the design and development of aptamer-based biosensors (aptasensors) [3,4]. Aptamers
are single-stranded DNA or RNA molecules that can bind specifically to target molecules
with high affinity. They are often referred to as “chemical antibodies” due to their ability
to recognize and bind to specific targets, including biomarkers associated with various
diseases, such as cancer [5].

This paper refers to a design study for the further development of an aptasensor for
the detection of circulating microRNAs (miRNAs) associated with cervical cancer devel-
opment. In the context of cancer, including cervical cancer, altered expression levels of
specific miRNAs have been identified in the bloodstream, known as circulating miRNAs.
These circulating miRNAs can serve as potential biomarkers for early cancer detection
and monitoring disease progression [6,7].

Aptasensors offer several advantages over traditional diagnostic methods. They are
highly specific and sensitive, allowing for the detection of very small quantities of target
molecules in complex biological samples. Aptasensors can be engineered to detect multi-
ple miRNA targets simultaneously, providing a comprehensive profile of miRNA expres-
sion patterns associated with cervical cancer. Aptasensors offer a non-invasive and cost-
effective diagnostic approach. Blood samples, which are easy to obtain, can be used for
miRNA detection. Aptasensors, when used in place of more intrusive procedures such as
biopsies, reduce patient discomfort and the risk of complications.
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2. Materials and Methods

An extended panel of circulating miRNAs known to play crucial roles in the patho-
genesis of cervical cancer (regulating processes such as cellular proliferation, migration,
invasion, angiogenesis, apoptosis, inflammatory responses, and metastasis) [8] was cho-
sen for the design of the aptasensor.

The RNA sequences of the circulating miRNAs were extracted from the RNAcentral
database (v22) [9].

All the aptamer sequences corresponding to the circulating miRNA panel were pre-
dicted with the help of the web-based software tool NHLBI-AbDesigner [10]. The best-
ranked sequences were selected with the help of the Immunogenicity Score. Immunogen-
icity Score is calculated based on a hydropathy scale (range: —4.5 to 4.5), and helps assess
the likelihood that the chosen peptide sequence will be specifically recognized.

The RNA Folding Form from the mfold web server [11] was used for modeling, dis-
playing, and analyzing the secondary structure of designed aptamers. The preset folding
temperature of software is fixed at 37°; meanwhile, the ionic conditions were set to 1.0 M
NaCl and no divalent ions. The Gibbs free energy (AG) was utilized to predict the stability
of RNA aptamer secondary structures. In this context, a positive value for AG means that
the folding process is not spontaneous and requires an input of energy. This could be due
to an unfavorable change in enthalpy (AH) or a decrease in entropy (AS) that is not com-
pensated by a favorable change in enthalpy. In other words, the RNA molecule is more
stable in its unfolded state than in its folded state under these conditions [12].

3. Results and Discussion

The Immunogenicity Score ranking of NHLBI-AbDesigner was used to select the most
immunogenic aptamers (RNA sequence), while the RNA Folding Form was used to predict
the most stable RNA aptamer secondary structures (Table 1).

Table 1. The best-ranked predicted aptamer sequences (Immunogenicity Score rank = 1) and the
corresponding AG of their secondary structures.

Aptamer (Predicted) Sequence Aptamer Folding— Secondary Structure

miRNA [N1-Nn] (AG in kcal/mol)
miR-10b CGAUUCUAGGGGAAU [8-22] 3xST: -0.5/-0.2/0.4
UCGAUUCUAGGGGAA [7-21] 3xST:0.4/0.7/1.0
miR-15b-3p CAUUAUUUGCUGCUC [6-20] 2xST: 2.0/2.8
miR-15b-5p AGCAGCACAUCAUGG [2-16] 2xST: 0.9/1.9
miR-17-3prc CUGCAGUGAAGGCAC [2-16] 2xST:-1.1/-0.2
GCUUACAGUGCAGGU [7-21] -1.2
miR-17-5prc UGCUUACAGUGCAGG [6-20] -1.9
GUGCUUACAGUGCAG [5-19] 4xST: -2.7/-2.5/-2.5/-2.1
miR-218¢ CAGACUGAUGUUGAC [9-23] -04
miR-27b-3p GUGGCUAAGUUCUGC [7-21] 3xST:0.2/1.0/1.1
miR-27b-5p AGCUGAUUGGUGAAC [8-22] -0.2
AGUGUGUGUGAUAUU [7-21] 1.0
UAGUGUGUGUGAUAU [6-20] 1.3
miR-32-3p UUAGUGUGUGUGAUA [5-19] 3xST: 2.80/3.3/3.3
AUUUAGUGUGUGUGA [3-17] 6xST: 3.2/3.5/3.7/4.0/4.1/4.2
AAUUUAGUGUGUGUG [2-16] 3xST:2.9/3.2/3.7
CAUUACUAAGUUGCA [8-22] 3xST: 2.8/3.2/3.7
miR-32-5p ACAUUACUAAGUUGC [7-21] 3xST: 2.3/2.3/3.2
CACAUUACUAAGUUG [6-20] 2xST: 2.0/2.7
GCACAUUACUAAGUU [5-19] 2xST: 2.0/2.9
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UGCACAUUACUAAGU [4-18] 2xST:2.1/2.8
UUGCACAUUACUAAG [3-17] 2xST:3.2/4.2
miR-124-3prc GGCACGCGGUGAAUG [4-18] 2xST:0.1/1.1
. GUGUUCACAGCGGAC [2-16] -0.9
miR-124-5p"¢ CGUGUUCACAGCGGA [1-15] 2xST: -1.1/-0.5
miR-130a-3p GCAAUGUUAAAAGGG [5-19] 4xST: 3.6/4.1/4.5/4.5
miR-130a-5p UCACAUUGUGCUACU [8-22] 0.9
UUCACAUUGUGCUAC [7-21] 0.9
miR-138-1-3p CACAACACCAGGGCC [8-22] No folding is possible
CACGACACCAGGGUU [8-22] 2xST: 0.6/0.7
miR-138-2-3p UCACGACACCAGGGU [7-21] 0.7
UUCACGACACCAGGG [6-20] 4xST:2.9/3.4/3.7/3.9
GUGUUGUGAAUCAGG [6-20] 2xST: 0.9/1.5
miR-138-5p GGUGUUGUGAAUCAG [5-19] -0.1
AGCUGGUGUUGUGAA [1-15] 2xST: 0.3/0.9
GAUGAAGCACUGUAG [4-18] 5x5T:2.7/2.9/3.2/3.3/3.7
miR-143-3prc GAGAUGAAGCACUGU [2-16] 2xST: 1.8/2.5
UGAGAUGAAGCACUG [1-15] 3xST:1.8/2.2/2.5
miR-143-5prc GGUGCAGUGCUGCAU [1-15] -4.5
miR-146a ACUGAAUUCCAUGGG [7-21] 5xST: 1.3/1.5/1.8/1.8/2.5
UUCCAUAGGUCACAG [8-22] 1.7
miR-192-3p GCCAAUUCCAUAGGU [3-17] -0.4
UGCCAAUUCCAUAGG [2-16] 2xST:1.4/2.3
UAUGAAUUGACAGCC [7-21] 1.6
miR-192-5p CUAUGAAUUGACAGC [6-20] 1.6
CCUAUGAAUUGACAG [5-19] 1.6
GACCUAUGAAUUGAC [3-17] 2xST: 3.1/4.0
miR-214 GGCACAGACAGGCAG [7-21] -0.9
GCAGGCACAGACAGG [4-18] No folding is possible
miR-218-1-3p CGUCAAGCACCAUGG [8-22] 7xST:1.4/1.4/1.7/2.1/2.2/2.3/2.3
miR-218-2-3p CUGUCAAGCACCGCG [8-22] 3x5T:0.4/1.2/1.3
miR-218-5p GUGCUUGAUCUAACC [3-17] 21
GGCCCUCUCUGCCCU [3-17] 24
miR-328-3p UGGCCCUCUCUGCCC [2-16] 24
CUGGCCCUCUCUGCC [1-15] -1.6
miR-328-5p GGGGGGCAGGAGGGG [2-16] No folding is possible
GGGGGGGCAGGAGGG [1-15] No folding is possible
miR-409-3p GAAUGUUGCUCGGUG [1-15] 2xST:1.3/2.1
miR-409-5p GGUUACCCGAGCAAC [2-16] 2xST: -0.40/0.2
miR-429 GUCUGGUAAAACCGU [8-22] 3xST: -1.3/-1.2/-1.0
UGUCUGGUAAAACCG [7-21] 3xST: -1.3/-1.0/-0.6
miR-432-3p CUGGAUGGCUCCUCC [1-15] -1.6
miR-432-5p GAGUAGGUCAUUGGG [6-20] 1.3
GGAGUAGGUCAUUGEG [5-19] 2xST: 1.3/1.9
miR-454-3p AUAUUGCUUAUAGGG [8-22] 4xST:1.4/1.8/1.9/2.4
miR-454-5p CAAUAUUGUCUCUGC [8-22] 3x5T:2.6/3.1/3.5
ACACGCAACACACAU [9-23] No folding is possible
miR-466 UACACGCAACACACA [8-22] No folding is possible
AUACACGCAACACAC [7-21] No folding is possible

CAUACACGCAACACA [6-20]

No folding is possible
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ACAUACACGCAACAC [5-19] No folding is possible
CACAUACACGCAACA [4-18] No folding is possible
ACACAUACACGCAAC [3-17] No folding is possible

[N1=Nn]: corresponding position of the nucleotides from the circulating miRNA sequence; xST =
number of possible secondary structures (predicted folding variants); ¢: circulating miRNA also
expressed in breast cancer [8]; P¢: circulating miRNA also expressed in prostate cancer [8].

From Table 1, it can be observed that for 19 of the selected circulating miRNAs, a
single aptamer sequence was predicted, while for the rest of the 17 circulating miRNAs,
up to seven possible variants of sequence were predicted, with all the presented sequences
having an Immunogenicity Score rank equal to 1. This suggests that the 19 miRNAs may
have relatively straightforward binding requirements, and a single aptamer sequence is
sufficient for specific interaction. However, for the remaining 17 circulating miRNAs, the
prediction process has led to the identification of multiple possible variants of aptamer
sequences. This indicates that these particular miRNAs may have more complex struc-
tural features or binding requirements that necessitate multiple candidate aptamers to
achieve the desired specificity. Regardless of whether a single sequence or multiple vari-
ants were predicted, all the presented aptamer sequences have an Immunogenicity Score
rank equal to 1. This implies that these aptamers are unlikely to trigger an immune re-
sponse when used in practical applications, which is a favorable characteristic for diag-
nostic or therapeutic purposes.

Additionally, from Table 1, it can be observed that for the 19 circulating miRNAs
with only a single aptamer sequence predicted, there was also a single secondary structure
variant predicted for five of them: miR-21 (negative AG, also expressed in breast cancer),
miR-27b-3p (negative AG), miR-143-5p (negative AG, also expressed in prostate cancer),
miR-218-5p (positive AG), and miR-432-3p (negative AG).

In terms of the Gibbs free energy (AG), utilized to predict the stability of aptamer
secondary structures, it can be observed from Table 1 the following outcome:

e At least one valid secondary structure (folding variant) with negative AG for ap-
tamers corresponding to 14 circulating miRNAs. Negative AG values suggest that
these aptamers are likely to form stable secondary structures; the folding process of
RNA aptamers is spontaneous and thermodynamically favored.

e  Atleast one folding variant with positive AG for 19 circulating miRNAs and no fold-
ing secondary structure variants with negative AG. This indicates that for these miR-
NAs, the secondary structures of the aptamers might not be as thermodynamically
stable, which could influence their binding kinetics and specificity.

e In the case of three aptamers, the folding process wasn’t possible, and prediction of
secondary structure failed, namely the corresponding aptamers for miR-138-1-3p (a
single aptamer sequence predicted), miR-328-5p (two aptamer sequences predicted),
and miR-466 (seven aptamer sequences predicted). This suggests that these particu-
lar miRNAs might pose challenges in terms of aptamer design due to their structural
complexity or other factors.

Hereinafter are presented three different case studies for folding predicted aptamer
structures: (1) aptamer for miR-21 (only one predicted aptamer sequence and a single sec-
ondary structure variant with negative AG, Table 2), aptamers for miR-124-5p (two pre-
dicted aptamer sequences and more than one secondary structure variant, all with nega-
tive AG, Table 3), and miR-146a (only one predicted aptamer sequence and multiple sec-
ondary structure variants, all with positive AG—Table 4).
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Table 2. Case study: aptamer for miR-21, predicted sequence and folding of secondary structure.

Folding of Predicted Sequence Thermodynamics of Folding

Structure
Seqqence: CAGACUGAUGUUGAC AG = 0.4 kcal/mol

i AP Structural element  0G Information
L, o External loop -0.5 5 ss bases & 1 closing helix
v o ; - | Stack -1.3 External closing pair is Gs—U"?
. s ‘ Stack -2.2 External closing pair is A*-U"

Helix -3.5 3 base pairs.

Hairpin loop 3.6 Closing pair is C>-G1°

ss: single-stranded; G values are expressed in kcal/mol.

Table 3. Case study: aptamers for miR-124-5p, predicted sequences and folding variants.

Folding of Predicted Sequence

Thermodynamics of Folding

Se_quence 1: GUGUUCACAGCGGAC

Structure

AG =-0.9 kcal/mol

o - Structural element 0G Information
N/ ity External loop 0.0 2 ss bases & 1 closing helix
T = Stack -2.2 External closing pair is G>-C'5
T Stack -1.3 External closing pair is U-A!4
1 - Stack -1.5 External closing pair is U>-G"
[ - Helix -5.0 4 base pairs
Hairpin loop 4.1 Closing pair is Ct—G'?

Structure 1 (red on dot plot folding comparison)

v S~ AN AG =-1.1 kcal/mol
S he u\ /A Structural element 3G Information
! X 6 —¢ External loop -1.3 2 ss bases & 1 closing helix
AN / ’ Lo Stack -2.4 External closing pair is C'-G'
T B \G \ Stack -2.5 External closing pair is G—C?
T i ‘c/ Helix 4.9 3 base pairs
e e e c—o—o— Hairpin loop 5.1 Closing pair is U3-G!!
Structure 2 (green on dot plot folding comparison)
: AG=-05

Structural element 3G Information
External loop -1.3 2 ss bases & 1 closing helix
Stack 24 External closing pair is C'-G'3
Helix -2.4 2 base pairs
Bulge loop 1.6 External closing pair is G>-C'?
Stack 2.1 External closing pair is U3-A1
Helix -2.1 2 base pairs
Hairpin loop 3.7 Closing pair is G*-C°

ss: single-stranded; G values are expressed in kcal/mol.

Table 4. Case study: aptamers for miR-146a, predicted sequences and folding variants.

Folding of Predicted Sequence

Thermodynamics of Folding

(orange on dot plot folding comparison)

Sequence: ACUGAAUUCCAUGGG

AG = 1.3 kcal/mol

Structural element 0G Information

External loop -14 9 ss bases & 1 closing helix
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Hairpin loop 2.7 Closing pair is C*-G4

Structure 2 (green on dot plot folding comparison)
AG = 1.5 kcal/mol

0—CcC—C—»—>»—0—C—0—>

6—0—c—c—>»—>»—0—c—0—>»

Structural element 3G Information
External loop 0.3 7 ss bases & 1 closing helix
o, Stack -1.5 External closing pair is Us-G'®
‘G\ o Helix -1.5 2 base pairs
R Hairpin loop 2.7 Closing pair is C°-G!4
1 (dark-gold on dot plot folding comparison)
¢ . AG =1.8 kcal/mol
o T/ A\U Structural element 3G Information
Sl S External loop -1.8 2 ss bases & 1 closing helix
v ’ Stack 2.1 External closing pair is C>-G'4
o Helix 2.1 2 base pairs
s Hairpin loop 5.7 Closing pair is U>-G"?
B Structure 4 (red on dot plot folding comparison)
AG = 1.8 kcal/mol
Structural element 3G Information
External loop -0.2 6 ss bases & 1 closing helix
Stack 2.1 External closing pair is U-Al!
Helix -2.1 2 base pairs
. Hairpin loop 41 Closing pair is G*-C1°
» Structure 5 (blue on dot plot folding comparison)
- AG = 2.5 kcal/mol
Structural element 3G Information
External loop -0.1 8 ss bases & 1 closing helix
. Stack -3.3 External closing pair is C°-G'5
" L Helix -3.3 2 base pairs
Hairpin loop 5.7 Closing pair is C10-G4

ss: single-stranded; G values are expressed in kcal/mol.

The miR-21 aptamer (Table 2) exhibits a single structure with a negative AG (-0.4
kcal/mol), indicating favorable stability and binding potential. Moreover, as a single struc-
ture was predicted for the miR-21 aptamer, the folding process is straightforward.

Two sequences were predicted for miR-124-5p (Table 3), each with a single structure
variant, indicating some structural diversity but not as complex as in miR-146a (Table 4).
Both miR-124-5p aptamers (Table 3) have negative AG values (-0.9 kcal/mol, respectively
-1.1 kcal/mol), suggesting favorable folding and stability.

In contrast, all structures for the miR-146a aptamer (Table 4) have positive AG values,
ranging from 1.3 kcal/mol to 2.5 kcal/mol, indicating unfavorable folding and instability.

Hairpin loops are significant as they often form the functional binding sites of ap-
tamers. In all case studies, hairpin loops are present, but their thermodynamic contribu-
tions vary. For instance, they contribute positively to the stability of the miR-21 aptamers
(Table 2) and miR-124-5p aptamers (Table 3) but not for the miR-146a aptamers, where
positive AG values dominate (Table 4).
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The AG values play a critical role in aptamer design because they reflect the stability
of the interactions. Aptamers with negative AG values are generally preferred as they are
more likely to form stable complexes with their target molecules. A negative AG value
indicates that the aptamer-miRNA binding is thermodynamically driven and spontane-
ous, which is advantageous for applications such as biosensors, diagnostics, or targeted
therapies. These aptamers are more likely to function effectively. The positive AG values
indicate that these structures may struggle to form stable conformations, which could af-
fect their binding affinity and specificity.

Accurate understanding and prediction of these values are crucial for the successful
design and application of aptamers, especially in the context of cervical cancer-related
miRNA detection. The structural complexity of miRNAs can pose serious challenges, and
some miRNAs have intricated secondary and tertiary structures that may not be accu-
rately captured in silico or even impossible to predict by certain computational tools in
preset conditions (e.g., aptamers for miR-21, miR-124-5p, and miR-146a). This complexity
can lead to difficulties in predicting AG values, especially if multiple conformations are
possible.

It is important to note that computational predictions of AG values are an initial step.
Experimental validation is essential to confirm the actual binding affinities and structural
characteristics of these aptamers for their respective miRNA targets, especially in complex
cases. Techniques such as isothermal titration calorimetry or surface plasmon resonance
can provide precise AG measurements and confirm the binding kinetics.

4. Conclusions

In the context of cervical cancer research, these findings suggest that different circu-
lating miRNAs may require different approaches when designing aptamers for their de-
tection or targeting. The existence of multiple aptamer variants for some miRNAs indi-
cates the need for careful selection and testing to determine which aptamers provide the
best performance in terms of specificity and sensitivity for diagnostic or therapeutic ap-
plications related to cervical cancer.

In conclusion, the design of an innovative aptamer-based biosensor for the detection
of circulating miRNAs associated with cervical cancer development holds great promise
in the fight against this global health burden. By enabling early detection and personalized
therapeutic interventions, this technology has the potential to improve patient outcomes
and reduce the impact of cervical cancer on women’s health worldwide. Continued re-
search, validation, and collaboration are essential to realizing the full potential of this di-
agnostic tool and its translation into clinical practice.
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