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ARTICLE INFO ABSTRACT

Keywords: Chemically modified oligonucleotides can solve biosensing issues for the development of capture probes, anti-
OPtical sensors sense, CRISPR/Cas, and siRNA, by enhancing their duplex-forming ability, their stability against enzymatic
Bioreceptors degradation, and their specificity for targets with high sequence similarity as microRNA families. However, the
iﬁiﬁisnmkm acids use of modified oligonucleotides such as locked nucleic acids (LNA) for biosensors is still limited by hurdles in
Sensitivity design and from performances on the material interface. Here we developed a fluorogenic biosensor for non-

coding RNAs, represented by polymeric PEG microgels conjugated with molecular beacons (MB) modified
with locked nucleic acids (MicroLOCK). By 3D modeling and computational analysis, we designed molecular
beacons (MB) inserting spot-on LNAs for high specificity among targets with high sequence similarity (95%).
MicroLOCK can reversibly detect microRNA targets in a tiny amount of biological sample (2 pL) at 25 °C with a
higher sensitivity (LOD 1.3 fM) without any reverse transcription or amplification. MicroLOCK can hybridize the
target with fast kinetic (about 30 min), high duplex stability without interferences from the polymer interface,
showing high signal-to-noise ratio (up to S/N = 7.3). MicroLOCK also demonstrated excellent resistance to highly
nuclease-rich environments, in real samples.

These findings represent a great breakthrough for using the LNA in developing low-cost biosensing approaches
and can be applied not only for nucleic acids and protein detection but also for real-time imaging and quanti-
tative assessment of gene targeting both in vitro and in vivo.

Nuclease resistance

1. Introduction

Biosensors utilizing nucleic acids bioreceptors, where sensing is
based on the measurable signal of nucleic acid hybridization, have
shown considerable potential for biomedical applications (Mishra, et al.,
2021; Mana et al., 2022). However, nucleic acid biosensors are still
limited, because of reduced bioactivity, nonspecific signals, lack of
reproducibility, and susceptibility to degradation by enzymes present in
biological fluids (Lahiri et al., 2019; Chowdhury et al., 2022; Mana et al.,
2022).

Recently, chemically modified nucleic acids have shown increased
stability and hybridization affinity to the target. Among these modifi-
cations, locked nucleic acids (LNAs) have emerged as extremely prom-
ising for revolutionizing biomarker detection and nucleic acid

therapeutics (Kulkarni et al., 2021; Kamali et al., 2023). LNAs are
characterized by a ribose modified via a methylene bridge (Koshkin
et al., 2001; McTigue et al., 2004a), which efficiently restricts the flex-
ibility of the sugar ring and confers a rigid conformation. This rigidity
improves affinity toward the target sequences by increasing melting
temperature and reducing the entropic penalty upon hybridization. As a
result, LNAs exhibit high resistance to nuclease enzymes and enhanced
binding specificity (Kim et al., 2022).

Molecular beacons (MBs) are advantageous probes for biosensors
due to their wide dynamic range, high signal-to-noise ratio, rapid hy-
bridization kinetics, sensitivity, and specificity (Wang et al., 2009).
However, the most recent literature on the effects of LNAs substitutions
on MB oligonucleotides date to 2005 (Wang et al., 2005) and 2009
(Martinez et al., 2009). Currently, no fully developed biosensors using
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LNAs as bioreceptors for direct target analyte detection exist, mainly due
to challenges in design, that may hinder target recognition or lead to
unwanted interactions with biosensor components (Treasurer and Lev-
icky, 2021; Gooding, 2023).

The application of LNAs can offers advancements across various
fields, both in vitro and in vivo such as, diagnostic liquid biopsies, anti-
sense therapies, and genome engineering, addressing concerns
regarding enzyme resistance and target specificity (Wang et al., 2022a;
Khvorova and Watts, 2017). For instance, for liquid biopsies, the spec-
ificity and resistance of biosensors to nuclease degradation is essential
for reliable results (Shi et al., 2018), considering that the DNase activity
in plasma is high (Ershova et al., 2017) and further increase in patho-
logical conditions, such as abnormal pregnancy (Tamkovich et al.,
2006).

In genome engineering, incorporating LNAs in CRISPR-RNAs
(crRNAs) significantly reduces off-target effects both in vitro and in
cells (Rozners, 2022; Cromwell et al., 2018) and LNAs modified oligo-
nucleotides have enabled more efficient and flexible genome editing
(Stojic et al., 2018; Renaud et al., 2016). As antisense agents, LNAs
enhance the specificity and stability of antisense oligonucleotides like
siRNAs and antimiRNAs (Bajan and Hutvagner, 2020; Nedorezova et al.,
2022). LNAs modified oligonucleotides can also be extended to protein
detection, for example, in developing aptamers with high efficiency and
at low cost (Karlsen and Wengel, 2012; Ni et al., 2021; Pal et al., 2023).

Recent efforts have focused on integrating LNAs with sensing plat-
forms. Wang et al. have demonstrated nanopore biosensing using LNAs,
characterized by slow detection speed with low DNA input but neces-
sitating target amplification (Wang et al., 2017), or double-strand
probes for biosensing with LNAs modifications have been optimized
(Vilchez Mercedes et al., 2022). However, these approaches exhibit
sensitivity in the nanomolar range. Therefore, challenges persist for all
biosensor types, including electrochemical, optical, piezoelectric,
gravimetric, and pyroelectric (Shaver and Arroyo-Curr s, 2022a). In
particular, implementing biosensors with LNAs may present drawbacks
due to bioconjugation on material surfaces (Xu et al., 2022) such as
molecular crowding, non-specific oligonucleotide-surface interactions,
and conformational constraints that compromise hybridization effi-
ciency and sensitivity (Ma et al., 2016; Teng and Libera, 2018; Elder
et al., 2015; Rao and Grainger, 2014; Ravan et al., 2014).

Among the diverse types, optical biosensors stand out for their im-
munity to external disturbance, stability, and low noise in optical signals
(Chen and Wang, 2020; Dey et al., 2023). Additionally, the utilization of
colloidal particles for optical biosensing offers antifouling properties
and a large surface area for probe bioconjugation and the hybridization
process (Vinogradov, 2006; Plamper and Richtering, 2017; Agrawal and
Agrawal, 2018). Recent biosensor development exploits a variety of
innovative materials, such as nanoparticles, functionalized polymers,
graphene, and quantum dots, enhancing sensor performance and
introducing new functionalities (Singh et al., 2023; Singh et al., 2023a,b;
Singh et al., 2024; Li et al., 2023; Zhang et al., 2023; Gomes et al., 2024).
In such landscape, polymeric microgels, including those derived from
PEG, PNIPAM, PVP, and PAA, offer distinct advantages as sensitivity,
selectivity and rapid response, enabling the creation of highly sensitive
and adaptable sensors for diverse applications (Wang et al., 2019; Xu
et al., 2022; Li et al., 2024).

We have already developed fluorescently encoded microgels for
optical biosensing using unmodified DNA-MB probes as bioreceptors
(Causa et al., 2015; Caputo et al., 2019a; Napoletano et al., 2023). By
immobilizing MBs with a fluorescent dye at one end and a fluorescence
quencher at the opposite end on microgels, we concentrated the hy-
bridization events on the surface of the microgel. This allowed to
directly quantify the target amount in the analyzed sample by measuring
the fluorescence emitted from the MBs after hybridization, without
target amplification (Caputo et al., 2019a; Napoletano et al., 2023).

The let-7 family is the largest microRNA (miRNA) family discovered
to date, ubiquitously expressed across human tissues (Chirshev et al.,
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2019). In particular, the let-7a miRNA has gained significant attention
across various fields, including development and stem cell biology,
aging, metabolism, and cancer (Yazarlou et al., 2021; Jiang, 2019).
Notably, it has emerged as a diagnostic and prognostic biomarker for
cancer precision medicine (Chen et al., 2023) and as a potent antagomir
in injured peripheral nerve regeneration, indicating its suitability for
both diagnostic and therapeutic applications (Su et al., 2012). However
let-7a shares high sequence similarity (95%) with other family members,
which poses a significant challenge for detection specificity.

Driven by the extraordinary features of LNAs and the excellent
sensitivity of MBs probes conjugated to microgels, we present here the
development of a highly stable and amplification-free optical biosensor
for the detection of let-7a. In detail, we have developed a fluorogenic
biosensor for non-coding RNAs, which consists of polymeric PEG
microgels conjugated with LNAs modified MBs (MicroLOCK).

We designed and tested probes with various LNAs modifications
identifying the most suitable for microgels-based detection, particularly,
to investigate the effects of LNAs modifications on RNA binding and
duplex conformation (Tolstrup et al., 2003a; Sim et al., 2012). There-
fore, to fully understand the impact of LNAs, we carried out modeling of
three-dimensional (3D) structures with and without LNAs chemical
modifications of the probes. We evaluated different physical parameters
such as base-pairing interactions, tertiary contacts, electrostatic in-
teractions, and entropy, all of which can affect nucleic acid folding and
structure (Zheng et al., 2009; Poppleton et al., 2020; Patro et al., 2017).
In addition, we performed in silico molecular simulations for the anal-
ysis, reconstruction, and visualization of three-dimensional nucleic
acids (Pabon-Martinez et al., 2017; Xu et al., 2016, 2019; Jo et al., 2008,
2013).

We then demonstrated the applicability of MBs probes modified with
LNAs to obtain highly stable, nuclease-resistant, and binding-efficient
microgel biosensors capable of detecting let-7a and distinguishing it
from other components of the let-7 miRNA family, even those differing
by as little as a single nucleotide. The MicroLOCK biosensor provides a
useful method for sensitive, stable, and specific capture and detection of
non-coding-RNAs. Furthermore, we demonstrated the use of the LNA-
microgel biosensor for a one-stage hybridization assay for let-7a with
single-nucleotide specificity, in the presence of a very low concentration
(fM) of the target.

2. Materials and methods
2.1. DNA and LNA probes design and 3D molecular modeling analysis

The miRNA sequences were extracted from the database miRBase
(https://mirbase.org/), and probes were designed accordingly by Oli-
goAnalyzer and UNAfold tools. Thermodynamic parameters and sec-
ondary structures of the probes were evaluated by online tools,
https://eu.idtdna.com/calc/analyzer/Ina, and UNAfold (Fig. 1,
Figs. S2A-B, Table S1 and Table S2). All probes were synthesized by
Metabion and purified by high-performance liquid chromatography
(HPLC). The 3D-DNA duplex structures were built as canonical A-DNA
duplex models using the w3DNA server http://w3dna.rutgers.edu. the
PDB files were typed using BIOVIA Discovery Studio Visualizer to add
LNA residues. Molecular docking of the hybridization of each probe to
the targets was performed with the graphical processing unit CHARMM
GUI https://www.charmm-gui.org/(Fig. S2C and Table S3). Free energy
calculations of hybridization were performed in solution using the
Monte-Carlo Ion placing method, keeping the system kept at pH 7 in a
water box-type rectangular.

2.2. Microgels synthesis
Microgels labeled with the ATTO532 fluorophore were synthesized

via free-radical pre-precipitation polymerization as previously described
(Causa et al., 2015). The microgel size, zeta potential, conductivity, and
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Fig. 1. (A) Secondary structures of the molecular beacon probes conjugated to microgels. (B) Tridimensional visualization of the probes-target duplexes with ev-
idence of the modified nucleotides. DNA-MB: unmodified molecular beacon. LNA1: molecular beacon probe with LNAs modifications on the mismatch sites of let-7

family members. LNA2: molecular beacon with 50% LNA modifications.

electrophoretic mobility were characterized by dynamic light scattering
(DLS) (Malvern Zetasizer Nano ZS instrument, 633 nm laser, 173°
scattering angle) (Table S4). The carboxyl group content on microgels
was quantified by potential titration before the bioconjugation of the
MBs.

2.3. Probes bioconjugation to microgels

MBs with the dye (ATTO647N) at one end and a quencher (BBQ-650)
at the opposite end were conjugated to microgels as previously
described (Napoletano et al., 2023). Briefly, 1 mg of microgels in 250 pL
of (2-(N-morpholino)ethanesulfonic acid) (MES) at pH 6, and MBs in 50
pL of MES pH 6 were incubated for at least 5 h. Then, the carboxylic
groups on the microgel were activated using 0.5 M of the coupling agent
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) by stirring

vigorously briefly and leaving them in ice for 20 min. Subsequently, MBs
solution was added to the microgels by incubating overnight at 300 rpm
at 4 °C. Microgels conjugated with MBs were washed three times to
remove the unreacted MBs and suspended in Tris(hydroxymethyl)ami-
nomethane (TRIS) 0.1 M. Bioconjugation was optimized by coupling
0.25 nmol of the MB Unconjugated and conjugated microgels were
characterized by DLS (dynamic light scattering). Briefly, the Z-potential
and size of microgels unconjugated and conjugated with 0.25 nmol of
MBs, were measured by dispersing microgels in HyO, PBS, KCl 10 3Mor
Tris-EDTA (pH 8) at a concentration of 50 pg/mL. A total of three runs,
each comprising three cycles, were conducted.

2.4. MicroLOCK assay calibration curve

Microgels conjugated with MBs at a concentration of 0.5 pg/mL
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(corresponding to 1.45 107 microgels) were used for the final assay by
directly mixing with the target let-7a. A calibration curve was done
using serial dilutions of synthetic let-7a in TE. The samples were
analyzed by confocal microscopy with an objective 63x 1.40 oil (Zeiss)
using lasers 543 nm and 633 nm. Lasers power and detector gains were
kept constant with a scan speed of 8000 Hz. For each target concen-
tration, 20 images were collected and analyzed by ImageJ software. The
assay for each concentration of let-7a took about 1 h and was done in
triplicate. Data are from 5 sets of 3 independent tests. To estimate the
limit of detection (LOD), 20 replicates of the blank sample (microgels
without the target) were measured. To assess the performance of both
MicroLOCK and MB-DNA microgels in human serum, we conducted the
assay after adding 100 pM of synthetic let-7a target.

2.5. Fluorescence plate reader assays

Microgels at the concentration of 500 pg/mL were suspended in TE
and measured at room temperature before and after the addition of 100
mM NaOH, in Flat-Bottom Corning 384-Well Microplates using an
EnSpire multimode plate reader (PerkinElmer). As a negative control
(NC) we measured wells with buffer solution only.

2.6. Nuclease resistance

Nuclease treatment of both MicroLOCK and microgels with MB-DNA
was performed using the RNase-free DNase I (Cat No 79254). For each
reaction: 500 pg/mL of microgels resuspended in 87.5 pL of H30, 10 pL
of buffer RDD, and 5 pL of DNase I enzyme (13.63 Kunitz units). All
reactions were performed at 25 °C and measured with a multimodal
spectrofluorometer (PerkinElmer) after 15 min. For serum stability
assay, both MicroLOCK and microgels with unmodified MB-DNA were
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incubated at 37 °C in 100 pl of human serum type AB (male) from Sigma
Aldrich. Samples were measured after 15 min.

2.7. Statistics

All results are expressed as the mean of three different experiments;
each sample was tested in triplicate. Data have been analyzed using a
student t-test, and only statistically significant as p < 0.05 were
considered. For nuclease experiments a two-sample t-test was per-
formed, p-value = 0.01. Error bars are the standard deviation of the
data.

3. Results and discussion
3.1. MicroLOCK working mechanism

This study presents the development of MicroLOCK, a nuclease-
resistant fluorogenic biosensor for non-coding RNAs, consisting of
microgels conjugated with MBs modified with LNAs. MBs oligonucleo-
tide probes consist of a fluorescent dye at one end and a fluorescence
quencher at the opposite end. Upon binding to the target, the probe
undergoes a conformational change, activating fluorescence following
target detection. Microgels conjugated with MBs allow direct measure-
ment of emitted light from the assay and target quantification in real-
time, without prior pretreatment, purification of the target or reverse
transcription and amplification. Fluorescence reading on the microgel
surface can be performed using fluorescence imaging techniques. In this
study, we have LNA as a bioreceptor, in which the 2'-oxygen bridged to
the 4'-carbon, prevents them from adopting a zig-zag conformation and
thereby increases their stability and affinity for their targets. Further-
more, LNA forms additional hydrogen bonds with the complementary
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Scheme 1. Illustration of the development and working mechanism of MicroLOCK biosensor for direct, amplification-free and enzyme—free detection of microRNA.
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bases in the target sequence, stabilizing the probe-target complex. The
steps of MicroLOCK development and the working mechanism are
depicted in Scheme 1.

3.2. Design of the one-pot LNA probe and three-dimensional hybridization
analysis

LNAs follow specific design guidelines, including the positioning
within a sequence, the length, and probe type (Tolstrup et al., 2003a).
The effectiveness of LNA modifications depends on the specific context,
such as the nucleotide sequence, the conformation, the material of the
structures to which LNAs are bound, and the type of biological
application.

In this study, LNAs have been strategically placed within the probe
sequence. Initially, we identified positions along the target sequence
where enhanced binding affinity was desirable, based on sequences of
all targets of the let-7 family, showing high sequence similarity (95%)
(Fig. 1 and Fig. S1). Accordingly, we have incorporated LNAs at strategic
positions around the mismatch sites. Before selecting the optimal LNA
bioreceptor, we have conducted in silico evaluations of the melting
temperature (Tm) and we have assessed the formation and nature of any
secondary structures. The LNAs have been strategically placed to avoid
regions that may be obstructed or inaccessible due to structural con-
straints or interactions with other biomolecules. As shown in Fig. 1 and
Table S1, we designed a MB probe with canonical bases (DNA-MB), a
molecular beacon with LNA modification on the mismatch sites (LNA1),
and a molecular beacon with 50% LNA-modified bases (LNA2).

3.3. Insilico and experimental characterization of probe hybridization

Thermodynamic parameters were calculated considering the exper-
imental conditions, including the concentration of the probes and salt/
ionic strength of the environment (Fig. S2 and Table S2).

These values demonstrate the higher stability conferred to MBs
probes by LNAs modifications. Moreover, a most favorable AG value
increases the affinity of the probe with the target which results in the
faster kinetic of hybridization of the target in solution, as we have
validated through experimental assay in solution (Fig. S3).

We then tested in silico probes-targets duplexes stability and the
duplex percentage in a range of temperatures between 0 and 100 °C,
these analyses further confirmed the increased duplex stability
conferred by modified LNAs probes compared to DNA unmodified
probes (Fig. S4, Fig. S5, and Fig. S6). Furthermore, we studied the
binding features of LNAs over unmodified MBs when forming the
duplex, by thermodynamic calculations and structural 3D modeling. We
calculated intermolecular interaction on 3D models of probes-targets
duplexes hybridization (Fig. S2C and Table S3) demonstrating a stron-
ger interaction of the target with LNAs probes than unmodified DNA
probes. Further details are in Paragraph S1.

3.4. Effects of bioconjugation of probes to microgels

Probe density, orientation, and distance from the microgel surface
are key parameters that can strongly influence the biosensor perfor-
mance. Overcrowded surface coverage of the immobilized probe can
lead to steric hindrance and influence the efficiency of hybridization but
also the kinetics of capturing the target molecule. (Mahjour et al., 2020;
Meng et al., 2023).

For the microgels biosensor development, each probe was conju-
gated to microgels using an optimized coupling protocol previously
employed in our laboratory (Causa et al., 2015; Napoletano et al., 2023),
detailed in Section 2 Materials and Methods and Scheme 1. Briefly, the
microgels have been synthesized with free carboxylic groups which have
been subsequently activated with EDC for the immobilization of nucleic
acid bioreceptor. The coupling occurred through the formation of a
peptide bond between the amine group on the oligonucleotide probe
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and the carboxylic acid group on the microgel.

Proper bioconjugation was assessed by measuring the fluorescence of
the ATTO647N on the MB, both with and without the addition of the
target, at a microgels concentration of 25 pg/mL (Fig. S7). It is worth
noting that we did not observe the same results as in the solution for the
hybridization of LNA2 (Fig. S3) when the probes are conjugated to the
microgels. This discrepancy may be attributed to the incorrect opening
of LNA2 (Fig. S7) on the microgels upon contact with the target. We
hypothesize that modifying the probe with 50% of LNA modifications
may confer too much rigidity, thus hindering the opening of the LNA2
once immobilized on the microgel.

Instead, for LNA1, the optimal coupling amount has been found to be
0.25 nmol, where we have observed optimal biosensor performance.
This result means that, using such amount of the MB, the probes are
appropriately spaced on the surface of microgels and exhibits a low
background signal as shown in Fig. 3A-B (No Target signal) where we
used a lower concentration of microgels 0.5 pg/mL. This minimal
background signal is optimal for achieving proper probe folding, target
binding, and signal transduction. Furthermore, we have demonstrated
that immobilizing LNAs on microgels surfaces supports a higher signal-
to-noise ratio compared to microgels traditionally prepared with un-
modified MBs and a lower background in the absence of the target
(Fig. 3A-B).

3.5. — MB:s reversibility on MicroLOCK

The reversibility of MBs conformational changes is a crucial aspect of
biosensor reusability. We tested the correct opening and reversibility of
both LNA1 and MB-DNA probes once immobilized on the microgel
surface. Verifying the correct opening and closing of MBs on the surface
of microgels, particularly in response to temperature changes, is crucial
to evaluating functional performances. Verifying that conformational
changes occur correctly ensures that the biosensor functions as intended,
providing reliable and accurate detection of the target analyte. We have
done this evaluation by measuring fluorescence over a temperature
range from 25 °C to 95 °C (refer to Fig. 2). After reaching 95 °C, we
returned the temperature to 25 °C to observe whether the MB could
return to its closed state. These results demonstrate that we designed the
MB with spot-on LNA modifications that can hybridize the target upon
bioconjugation to microgels without constraint due to the bio-
conjugation or interferences from the material surface. These data
confirm the stability and functionality of the biosensor across diverse
temperature conditions. Furthermore, they ensure that the properties of
the microgels do not interfere with the function of the MB-based
biosensor. These results open the way to future experiments for opti-
mizing regeneration protocols and demonstrate the reusability of
MicroLOCK.

3.6. Analytical performance of MicroLOCK biosensor

Following preliminary characterizations, calibrations were con-
ducted to determine the limit of detection (LOD) and the dynamic range
of MicroLOCK and to compare it with microgels conjugated with MB-
DNA (Fig. 3). We found that MicroLOCK can detect let-7a with high
sensitivity as the LOD was calculated to be 1.3 fM (Fig. 3A and Fig. S9).
In contrast, microgels conjugated with MB-DNA exhibit lower sensi-
tivity, with a LOD of 3.7 fM (Fig. 3B and Fig. S9). The higher sensitivity
of MicroLOCK is also attributed to its lower fluorescence background
(Fig. 3A-B), resulting in a high signal to noise ratio (S/N = 7.3).

Moreover, MicroLOCK shows improved performance in the detection
of let-7a in human serum without sample pretreatment or RNA purifi-
cation. At a concentration of 100 pM, the fluorescence value of Micro-
LOCK closely matches that measured in saline buffer at the same
concentration (100 pM). In contrast, a greater deviation is observed for
the fluorescence of the microgel with MB-DNA in serum compared to the
measurement in saline buffer (Fig. 3C). We can speculate that the more
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Fig. 2. MicroLOCK reversibility. (A) Fluorescence measurement of MicroLOCK bringing the temperature Up and Down (25 °C-95 °C). (B) Fluorescence measurement
of MB-DNA on microgels bringing the temperature Up and Down (25 °C-95 °C). (C) Comparison of fluorescence measurement of microgels conjugated with MB-DNA
and MicroLOCK during a temperature ramp from 25 °C to 95 °C (Up). (D) Comparison of fluorescence measurement of microgels conjugated with MB-DNA and
MicroLOCK during a temperature ramp from 95 °C to 25 °C (Down). LNA1: MicroLOCK. MB-DNA: microgels with unmodified molecular beacons. The results of each
temperature point represent the mean of three different technical replicates. Error bars are SD (standard deviation) of the data from the mean.

rigid backbone of the probe used to develop MicroLOCK may support a
more upright open backbone structure, thereby increasing the affinity
for the target. Indeed, as reported in Fig. 3E, there is enhanced stability
observed in the duplex formed by the target and the LNA compared to
the conventional MB probe. This stability is beneficial for preventing
nonspecific interactions of the LNA1 capture probes with the underlying
solid surface of the microgel and avoiding unspecific signals. A sche-
matic workflow illustrating how the assay with MicroLOCK is conducted
is depicted in Fig. 3D and Scheme 1.

Three different replicates were tested for each concentration; the
results represent the mean of three different technical replicates for each
sample. Error bars are SD (standard deviation) of the data from the
mean.

3.7. Nuclease resistance

Most importantly, we observed the resistance of MicroLOCK to the
action of nuclease enzymes by treatment with DNAase I (90 U/mL) for
15 min (Fig. 4A). Nuclease resistance was monitored by fluorescence
measurement assuming that the increased fluorescence without the
target is due to the hydrolysis of the nucleotide chain that releases the
fluorophore in solution. We compared these results with the maximum
opening measured after the addition of sodium hydroxide (NaOH)
(Fig. S8). We demonstrate that MicroLOCK is more resistant to the action
of nuclease enzymes than microgels conjugated with MB-DNA.

We observe a 42% increase in optical signal for MB-DNA between
treated and untreated, which is statistically significant. In contrast, only
a 10% increase for LNA1 shows a non-statistically significant difference

(Fig. 4A). MicroLOCK also demonstrates enhanced resistance to nucle-
ases in human serum, both at room temperature and at the physiological
temperature of 37 °C (Fig. 4B). We can explain this nuclease resistance
since LNAs contain a methylene bridge that connects the 2"-oxygen and
4'-carbon of the ribose sugar in the nucleotide. This modification hinders
the accessibility of nucleases to the phosphodiester bonds in the back-
bone, making LNAs more resistant to degradation by nucleases. Addi-
tionally, LNAs exhibit enhanced binding affinity to their target
sequences, which can further contribute to their resistance to nuclease
degradation. Although the nuclease resistance of LNAs has been re-
ported in the literature, it has never been evaluated with this sequence
and with these particular modifications. Especially here, we demon-
strate that this property is preserved even when the LNA probe is
immobilized and in contact with the material of the microgel.

3.8. MicroLOCK performances in real samples

The performance of biosensors necessitates defining the limit of
detection (LOD), especially in complex biological samples (Masson,
2020). The matrix effect commonly interferes negatively with analyte
detection, reducing sensor sensitivity. A common strategy to address this
issue is sample dilution, but it does not accurately reflect realistic con-
ditions and further reduces analyte concentration, particularly in cases
involving low concentrations such as circulating biomarkers for liquid
biopsies. An ideal sensor should effectively perform in pure real samples
without dilution or processing (Li et al., 2017). We have previously
evaluated the antifouling properties of the microgels used in developing
the MicroLOCK biosensor (Causa et al., 2015; Caputo et al., 2019a;
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without pretreatment or dilution, as shown in Figs. 3C and 4B. In
complex environments like serum samples, the microgel assay selec-
tively identifies the miRNA target due to advanced stability, specificity,
and high microgel antifouling properties.

Napoletano et al., 2023). In this study, we conducted tests to verify
MicroLOCK sensitivity (fM) in real biological samples, maintaining
selectivity without interference from other miRNAs. The assay demon-
strates stability and maintains detection capability in serum samples
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3.9. MicroLOCK shelf-life and stability

The MicroLOCK biosensor, designed for practical applications
involving storage and transportation, exhibits remarkable stability
attributed to its key components. Incorporating stable materials such as
PEG and the ATTO647N fluorophore, like the MB modified with locked
nucleic acid (LNA), ensures robustness. LNAs, known for their stability
and specificity, extend the bioreceptor’s functional lifespan by
enhancing resistance to degradation. The stability of the peptide bond
bioconjugation further fortifies the structural integrity of the biosensors,
Fig. S10 illustrates the biosensor’s sustained performance over one
month. Overall, the MicroLOCK biosensor demonstrates longevity and
reliability, offering promising prospects for various practical applica-
tions. The data reported in Fig. S10 and Fig. S11, show how the
MicroLOCK biosensor maintains excellent stability and how it retains
the capability to detect the target even after being stored under storage
conditions (4 °C) for up to one month.

3.10. MicroLOCK specificity

Finally, to test the specificity of MicroLOCK, we performed detection
experiments with various targets of the let-7 family at 100 pM concen-
trations for both MicroLOCK and MB-DNA microgels demonstrating the
higher efficiency of MicroLOCK in discriminating let-7a from the other
components of the let-7 family (Fig. 5A-B-C). These data are the great
breakthrough of this work, compared to previous publications, and open
the way to the potential use of microgels conjugated with LNAs not only
for bioanalytical purposes but also for therapeutic in vivo applications
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Fig. 5. MicroLOCK specificity. Fluorescence values of the assay in the presence
of the let-7 family targets. (A) Sequences of mature let-7 family members (B)
MicroLOCK. (C) Microgels with MB-DNA probes. LNA1: MicroLOCK. MB-DNA:
microgels with unmodified molecular beacons. Three different replicates were
tested for each concentration; the results represent the mean of three different
technical replicates for each sample. Error bars are the SD (standard deviation)
of the data from the mean. Two-samples t-test was done to reveal significant
differences between MicroLOCK and MB-DNA. The -calculated p-values
<0.01**, indicating statistical significance for MicroLOCK and p-values <0.05*
for MB-DNA.
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Future directions for the MicroLOCK biosensor could involve several
enhancements to further optimize its performance and expand its utility.
One effort could be to increase sensitivity by exploring novel strategies
such as incorporating fluorophores with higher quantum efficiency or
selecting more efficient fluorophore-quencher pairs.

Expanding the application of the MicroLOCK biosensor beyond
microRNAs presents another promising opportunity. By adapting the
biosensor’s design and probe sequences, it could potentially be tailored
to detect a broader range of targets, including proteins, nucleic acids, or
small molecules, using the bioconjugation method described in this
paper. This expansion would significantly broaden its applicability in
various fields, such as diagnostics, therapeutics, and environmental
monitoring.

The MicroLOCK biosensor is easily integrable with emerging tech-
nologies like microfluidics or wearable devices, enhancing its porta-
bility, user-friendliness, and scalability, enabling rapid on-site detection
in various settings. Its significant scalability and potential cost-
effectiveness stem from miniaturization and mass production capabil-
ities via advanced techniques such as microfluidics. This results in lower
unit production costs due to reduced material consumption and the use
of low-cost reagents, as the process is enzyme-free, (see Table S5) (Li
et al., 2019; Pu et al., 2021; Yang et al., 2022; Nie et al., 2023, 2024).
With reduced material needs and potential integration into existing
diagnostic platforms, this biosensor holds promise for significant impact
in clinical settings, improving access to diagnoses and enabling more
efficient remote monitoring.

4. Conclusions

In conclusion, in this work, we have developed a highly sensitive and
nuclease-resistant optical biosensor for the detection of non-coding
RNAs. MicroLOCK utilizes PEG-based microgel polymers conjugated
with MB modified with LNAs, representing a significant advancement in
biosensors for miRNA detection. MicroLOCK successfully employs one-
pot LNA modification which have proven to be highly effective.
Notably, MicroLOCK achieves remarkable sensitivity detecting targets at
a concentration as low as 1.3 fM, while also exhibiting fluorescence
reversibility. Moreover, it demonstrates exceptional specificity, dis-
tinguishing targets with high sequence similarity. Excellent discrimi-
nation of let-7a from other components of the same family was obtained
by rational design of LNA modifications on MB. After effective bio-
conjugation on the microgel interface, we also demonstrate the
enhanced binding stability and nuclease resistance of MicroLOCK.
Moreover, our biosensor is ready to use without complicated and time-
consuming operations for RNA extraction, reverse transcription and
amplification. Additionally, it does not require the use of enzymes, is
low-cost, it is easy to store, further enhancing its practicality and
convenience.

These findings candidate MicroLOCK as a new tool in biosensing for a
wide range of bioanalytical and therapeutic applications.

Its high sensitivity and specificity make it ideal for early and accurate
detection of biomarkers, such as let-7a, in medical diagnostics. Addi-
tionally, the nuclease resistance and stability of LNA-modified probes
suggest their potential therapeutic use in targeted drug delivery or gene
therapy contexts. The MicroLOCK biosensor holds promise for real-time
imaging and precise gene targeting, both in vitro and in vivo, enabling
dynamic monitoring of cellular processes like RNA dynamics. Moreover,
its quantitative gene targeting capability allows for accurate gene
expression analysis and manipulation in cell cultures or tissues, as well
as non-invasive imaging of gene expression patterns in live animals for
therapeutic modulation.
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