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ARTICLE INFO ABSTRACT

Handling Editor: J.-M. Kauffmann Low abundance, small size, and sequence similarities render microRNA (miRNAs) detection challenging,

particularly in real samples, where quantifying weakly expressed miRNAs can be arduous due to interference of

Keywords: more abundant molecules. The standard quantitative reverse transcription polymerase chain reaction (QRT-PCR)
miRNAs detection requires multiple steps, thermal cycles, and costly enzymatic reactions that can negatively affect results. Here we
Biosensor di i f based on microgels particl jugati lecular b MB

Microgel present a direct, precise, enzyme-free assay based on microgels particles conjugating molecular beacons (MB)
Sensitivity capable of optically detecting low abundant miRNAs in real samples. We validate the applicability of microgels

assay using qQRT-PCR as a reference technology. As a relevant case, we chose miR-103-3p, a valuable diagnostic
biomarker for breast cancer, both in serum samples and MCF7 cells. As a result, microgels assay quantifies
miRNA molecules at room temperature in a single step, 1 h (vs. 4 hrs for qRT-PCR) without complementary DNA
synthesis, amplification, or expensive reagents. Microgels assay exhibits femtomolar sensitivity, single nucleotide
specificity, and a wide linear range (10%-107 fM) (wider than qRT-PCR), with low sample consumption (2 pL)
and excellent linearity (R?= 0.98). To test the selectivity of the microgel assay in real samples, MCF7 cells were
considered where the pool of 8 other miRNAs were further upregulated with respect to miRNA 103-3p. In such
complex environments, microgels assay selectively detects the miRNA target, mainly due to MB advanced sta-
bility and specificity as well as high microgel antifouling properties. These results show the reliability of
microgels assay to detect miRNAs in real samples.

Real-sample

1. Introduction molecules are considered insufficient for clinical applications, primarily
due to the lack of large-scale validation and inconsistencies among

microRNAs (miRNAs)-guided diagnostics could become a powerful detection devices [7-9], affected by assay variability and

molecular approach for deriving clinically significant information from
patient samples [1,2]. Recently miR-103-3p was described as a diag-
nostic and prognostic marker in several diseases, including several
cancers [3] and Alzheimer’s disease [4]. It has also been associated with
the prognosis of brain stroke [5]. So, the simple and fast evaluation of
circulating miR-103-3p, alone or in combination with other biomarkers,
could represent an essential tool for clinical applications. However,
miRNAs only represent 0.01% of total RNA mass and need to be detected
from highly complex media; in blood plasma, the concentration of
miRNAs is in the sub-picomolar (pM) range [6]. Therefore, miRNA

non-standardized statistical analyses. The different miRNA expression
profiles obtained from polymerase chain reaction (PCR)-based methods
currently used for miRNA quantification often lead to discrepancies in
the abundance of miRNAs [10]. In addition, weak signals caused by low
miRNA abundance in biofluids decrease the signal-to-noise ratio and
complicate the measurement of rare miRNAs [11].

Quantitative reverse-transcription PCR (qRT-PCR) is currently the
standard for quantitating miRNAs abundance [12]; despite it being very
sensitive, qRT-PCR for miRNAs can be labor-intensive and
time-consuming, requiring an elaborated reverse transcription reaction
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that already provides enzyme and gene-specific biases [13,14], followed
by amplification, with consequently unreliable specificity [15]. The
reason for qRT-PCR’s poor performance also resides in PCR inhibition by
stabilizers or by impurities that co-purify with samples. QqRT-PCR inhi-
bition is the most common cause of qQRT-PCR failure when adequate
copies of the target are present [16,17]. In most molecular tools for
nucleic acids analyses, the inhibition by nucleic acid extracts is a
well-known phenomenon; for instance, ethylenediaminetetraacetic acid
(EDTA), commonly used in elution buffers for nucleic acids, can produce
various degrees of inhibition. The effects of these inhibitors can range
from partial inhibition and underestimation of the target nucleic acid
amount to complete amplification failure [18]. Inhibitors can affect
enzymes used in the reaction for miRNAs analyses (DNA polymerase and
reverse transcriptase), the chelation of necessary co-factors, or can
interfere with primers binding [19,20]. Moreover, relying qRT-PCR on
exponential amplification, biases, and errors are amplified exponen-
tially. A hypothetical 3% per cycle bias in a 30-cycle PCR would develop
a >2-fold quantitative error; this is problematic when disease diagnosis
relies on miRNAs differential expression [20]. This unaccounted un-
certainty from PCR efficiency estimates entails uncontrolled false posi-
tive rates that are a significant problem in using qRT-PCR as a diagnostic
tool [21-25].

As a result, there is a need to develop analytical platforms for
detecting and quantifying miRNAs in complex biological samples,
ideally without reverse transcription and amplification; however, it still
needs to be solved, especially keeping the same sensitivity and speci-
ficity as qRT-PCR.

New biosensing techniques can provide many advantages in the
detection of miRNAs; already exists a suite of tools enabled by DNA
nanotechnology, the most relying on nucleic acid probes hybridizing
[26,27]. Generally, biosensors have several advantages, such as low
price, flexibility, portability, ease of use, fast analysis, short reaction
time, speed, uncomplicated operations, robustness, reproducibility,
long-term stability, minimal need for sample pretreatment, miniaturi-
zation, and on-site/in situ analysis [28]. However, in many cases,
biosensors-based technologies, despite declaring to reach a limit of
detection of low femtomolar (fM), need to incorporate amplification
strategies (enzymes-based or enzyme-free) or temperature steps to
detect the presence of low-abundant targets [29-32] or while main-
taining sensitivity, they lack specificity being unable to discriminate a
single nucleotide polymorphism (SNP) [33,34]. Moreover, the perfor-
mances of biosensors depend on the environment where they measure,
and the limit of detection (LOD) of many biosensors still needs to be
defined in complex biological samples [35]. We have already described
a biosensing approach for detecting miRNAs based on fluorescently
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labeled microgels particles conjugated with DNA probes [36-38]. The
use of microgels with the fluorescent signal confinement of the specific
probes into a small volume allows them to perform ultrasensitive direct
target detection, avoiding complicated sample preparation and enzy-
matic reactions such as reverse transcription into complementary DNA
and amplification (Fig. 1).

We demonstrate that the assay has a LOD down to about 10 fM in PBS
with a spiked synthetic target and is easily tunable over a wide range of
target concentrations (10 fM — 10 nM) using MB probes [38]. MB is a
dual-labeled oligonucleotide probe with a fluorescent dye at one end
and a fluorescence quencher at the opposite end. MB includes a
target-specific hybridization domain (loop) between short sequences
(stem) that are self-complementary and emits a fluorescence that is
proportional to the amount of target in the analyzed sample. Using
microgels conjugated with MB, the emitted light from the microgels
sensing assay can be directly measured to quantify the target. Moreover,
microgels demonstrated selectivity of 1 nucleotide that is difficult to
achieve using other methods. Because of its sensitivity, selectivity, and
ease of use, we propose a microgels-based assay as an excellent candi-
date to overcome the issues of miRNAs detection in real samples for
clinical purposes. Although we have already demonstrated the accuracy
of a microgels-based detection system [36,38], our previous studies
didn’t investigate the analytical performance of this method in real
samples and the influence of a complex matrix on the reliability of our
approach, in particular, to define if microgels sensing assay can repre-
sent a valid alternative to PCR-based assays.

Here, we validate the microgels assay in real biological samples for
the first time. Furthermore, a new molecular beacon probe (MB) to be
conjugated on microgels for a fluorescent emission is proposed for
sensitive and specific detection of miR-103-3p, prognostic and diag-
nostic markers of breast cancer. With this scope, we evaluated the per-
formances of microgels assay in RNA extracted from serum samples and
MCF7 breast cancer cells with up-regulated miRNAs other than the an-
alyte and compared results with qRT-PCR. While we have previously
demonstrated detection using microgels-based assay, we emphasize that
this work represents the first example of detecting miRNA from true
biological samples. As relevant results, we demonstrate microgels assay
as areliable method for detecting miRNAs from samples with a high rate
of interferents. The proposed assay is competitive with the qRT-PCR
technique for precision, linearity, and trueness and can eliminate limi-
tations of enzymatic assays reducing risks of sample contamination
during the detection process.

Here we considerably validate microgel assay as a user-ready, low-
cost, specific, and sensitive technology to detect and quantify miRNAs
from a small amount (2 pL) of RNA extracts in one step, without
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Fig. 1. Microgels assay workflow: A) Microgels in the detection of miRNA target by Molecular Beacon probe B) Microgels assay steps for miRNAs quantification in

the real samples.
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laborious protocol and sophisticated laboratory supplies, and in as little
as 1 h. This study takes microgels assay one step closer to practical
biosensing applications by demonstrating detection from biological
samples and could help bring miRNA detection to everyone’s fingertips
with mix-and-read innovative reagents.

2. Experimental
2.1. Probe design

To achieve high specificity in identifying miR-103-3p, the MB probe
was suitably designed according to alignment studies and the simulation
of thermodynamic parameters. We evaluated the specificity of the probe
in silico using the Primer-BLAST tool (https://blast.ncbi.nlm.nih.gov).
Using bioinformatic analyses, we assessed the specificity of the probe by
carrying out the probe sequence’s alignment with the target sequence
miR-103-3p and with the human transcriptome. The Raw Score (S)
alignment data and the E-value (expected value) demonstrate a high
specificity of the MB for the selected target and, consequently, of the
test. The thermodynamic parameters (melting temperature, stability,
and folded fraction at the dosage conditions) were calculated using
appropriate tools (OligoAnalyzer 3.1; IDT- Integrated, D.N.A. 2014 and
Oligocalc). Gibbs free energy (AG) of MB hybridization to the target was
calculated to allow stable matching between the probe strand and the
target at physiological ionic strength. The correct folding of the probe
and hybridization to the target were evaluated through the UNAFold
web server.

2.2. Microgels synthesis

Microgels labeled with the ATTO532 fluorophore were synthesized
via free-radical pre-precipitation polymerization [35]. Briefly,
sub-micrometer particles were obtained by mixing PEGDMA 1% (w/v),
Acrylic Acid (0.034 mM), and ATTO532-maleimide dye (0.0094 mM) in
PVA 1% (w/v). KPS (2.2 mM) was used as the initiator, and polymeri-
zation was conducted at a constant temperature of 65° C for 6 h under an
No atmosphere. Subsequently, microgels with ATTO532 fluorophore
were dialyzed for 15 days, purified several times by centrifugation (for
15 min at 6500 rpm) to remove unreacted monomer, oligomers, and
surfactants, and then stored at 4°C until further use. The microgel size,
zeta potential, conductivity, and electrophoretic mobility were charac-
terized by dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS
instrument, 633 nm laser, 173° scattering angle). The content of car-
boxylic groups on microgels was quantified by potential titration before
the conjugation of the MB.

2.3. MB bioconjugation to microgels

MB probes with the fluorescent dye (ATTO647 N) to the 5'-end and a
fluorescence quencher (BBQ-650) to the 3'-end, were conjugated to
microgels labeled with the fluorophore ATTO532. Bioconjugation was
optimized by coupling 0.25 nmol of the MB. Briefly, 1 mg of microgels
was incubated in 250 pL of 2-(N-morpholino)ethanesulfonic acid (MES)
at pH 6, whereas MB was incubated in 50 pL. MES pH 6 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, MB solution was added to the microgels by incubating
overnight at 300 rpm at 4 °C. Microgels conjugated with MB were
washed three times to remove the unreacted MB and suspended in tris-
(2-idrossimetil)-amminometano cloridrato (TRIS) 0.1 M. Unconjugated
and conjugated microgels were characterized by DLS (dynamic light
scattering). Briefly, the Z-potential and size of microgels with ATTO532
fluorophore, unconjugated and conjugated with 0.25 nmol of MB, were
measured by dispersing microgels in H,0, PBS, KCl 10 ~3 M or Tris-
EDTA (pH 8) at a concentration of 50 pg/mL. A total of three runs,
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each comprising three cycles, were conducted (Table S2), results are the
mean of the three runs.

2.4. Spectrofluorometer characterization

Fluorescence recovery by spectrofluorometer (DUETTA-HORIBA
scientific) was measured at a concentration of 25 pg/mL of microgels
with ATTO532 fluorophore and conjugated with 0.25 nmol of MB in
TRIS-EDTA (TE). ATTO532 fluorescence was measured at an excitation
wavelength of 524 nm; an emission range from 540 nm to 600 nm, an
excitation and emission bandpass of 5 nm, an integration time of 0.05 s,
a detector accumulation of 1, and an emission increment of 0.5 nm (1
pixel). ATTO 647 fluorescence was measured at an excitation wave-
length of 647 nm; an emission range from 600 nm to 750 nm, an exci-
tation and emission bandpass of 3 nm, an integration time of 0.2 s, a
detector accumulation of 1, and an emission increment of 1 nm (2
pixels). For both fluorophore, three repetitions were made. The fluo-
rescence of ATTO647N was moreover recorded during a temperature
ramp starting from 750C (opened MB) and decreasing temperature to
250C (closed MB) (Figure S2), results are the mean of three runs.

2.5. Microgels-sensing assay calibration curve

For the final assay were used 0.5 pg/mL (corresponding to 1.45 x 107
microgels) of microgels, conjugating 0.25 nmol of MB probe. The assay
was performed by mixing the microgels (with ATT0532 fluorophore and
conjugated with MB) to the target sequences, without preliminary steps
of amplification. A calibration curve was done plotting the fluorescence
of microgels over serial dilutions of synthetic miR-103-3p in TE. The
samples were analyzed by confocal microscopy with an objective 63 x
1.40 oil (Zeiss) using lasers 543 and 633 nm. Power lasers and detector
gains were always kept constant with a scan speed of 8000 Hz. For each
target concentration, 20 images were collected and analyzed. Images
were processed and analyzed by ImageJ software. The assay for each
concentration of miR-103-3p took about 1 h and was done in triplicate.
Data are from 5 sets of 3 independent tests. To estimate LOD, 20 repli-
cates of the blank sample (microgels without miR-103-3p target) were
measured [39].

2.6. Reverse transcriptase and quantitative polymerase chain reaction
(qRT-PCR)

For the qRT-PCR assay, 2 pL of the sample at different concentrations
was reverse transcribed using the TagMan ™ Advanced miRNA cDNA
Synthesis Kit - Thermo Fisher Scientific. In detail, the mature miRNA
sequence was extended using 3’ poly-A tailing and 5’ ligation of an
adaptor sequence. For cDNA synthesis, universal RT primers were used
to recognize the universal sequences on both the 5’ and 3’ extended ends
of the mature miRNAs. All mature miRNAs in the sample were reverse-
transcribed to cDNA. Then 5 pL of cDNA was used as a template for Taq
Man Advanced miRNA Assay - cDNA was tested in triplicate. The Taq-
Man PCR was performed with the following protocol: 95 °C for 20 s,
followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. The CFX-96 real-
time thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was
amplified. A calibration curve was done using serial dilutions of syn-
thetic miR-103-3p in TE.

2.7. Detection of miR-103-3p in human serum

We tested the capability of both microgels assay and qRT-PCR to
detect miR-103-3p in purified RNA from human serum (Sigma-Aldrich).
Freshly thawed human serum (50 pL) was spiked with different con-
centrations of miR-103-3p (10 fM — 10° fM and 500 fM as the last point),
and full miRNA content was extracted using miRNeasy Serum/Plasma
Kit (Qiagen) according to the manufacturer’s protocol and increasing
the elution time to 5 min. Microgels assay and qRT-PCR were performed
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in the same sample using the previously described protocols. Three
different spiked samples (biological replicates) were tested for each
concentration, results represent the mean of three different technical
replicates for each sample. QqRT-PCR were compared with those from the
calibration curve in TE in Fig. 5 (black squares). qRT-PCR data are re-
ported as Ct (cycle threshold) values (Fig. 5) and as ACt values
normalized on endogenous control miR-16-5p (Fig. S4).

2.8. Detection of extracellular miR-103-3p in MCF7 cells

Cells were plated at a density of 20.000 cells/cm? in flasks of 75 and
grown in culture medium (MEM, 10% FBS, 1% L-GLUT, 2% P/S). Once
they reached the confluence of 80-90%, corresponding to about 1 x 107
cells, the culture was left in cell culture medium without serum (MEM,
1% L-GLUT, 2% P/S) for 48 h, then cell culture medium was harvested
for the analysis. To isolate miRNAs, 1 mL of culture medium was pro-
cessed with 700 pL of Trizol; the aqueous phase was then purified using
the mirVana™ miRNA Isolation Kit from Thermo Fisher Scientific.
Before extraction samples were spiked with 1 pL of 1 nM Cel-miR-39-3p
synthetic miRNA, to check the correct extraction and purification pro-
cedure. The extracts were measured using a Nanodrop 2000 spectro-
photometer. Both microgels assay and qRT-PCR were performed on RNA
extract from MCF7 cells media as previously described. Three MCF7
samples (biological replicates) were tested. For each miRNA, the qRT-
PCR and microgels assay were performed in triplicate, data represent
the mean of three different technical replicates.

3. Data analysis and statistical analysis

All results from the microgels sensing assay and qRT-PCR are
expressed as the mean of three different experiments; each sample was
tested in triplicate. The coefficient of variation (CV) was calculated for
each miRNA concentration in three replicates of one sample and was
considered non-informative if CV > 4%.

Data were analyzed using by student t-test, and only statistically
significant as p < 0.05 were considered.

4. Results and discussion

The most widely used method for miRNA analysis relies on qRT-PCR.
However, despite promising findings, qRT-PCR tests present severe
limitations in their clinical application due to their technical variability
[40]. Despite its high sensitivity, QqRT-PCR suffers biases due to sample
reverse-transcription and amplification and remains a costly and labo-
rious assay. In the last few years, various innovative analytical methods
have been implemented for circulating miRNA determination. However,
a simple, low-cost, and rapid assay, which could be routinely used in
clinical practice, is still required [27].

This study aimed to explore the performance of microgel sensing
assay for miRNAs in terms of sensitivity, specificity, and tolerance to
interferents in real samples compared with qRT-PCR. The proposed
assay presents many advantages over qRT-PCR: minimal sample
handling, reduced bench and reaction time, and closed-tube reactions,
thanks to direct detection of the target without reverse transcription and
amplification (Fig. 2).

The microgels assay is based on microgels particles conjugated with
an MB that emits a fluorescence proportional to the amount of target
present in the analyzed sample. To ensure the analytical performances of
the microgels assay, we first checked MB hybridization to its target. MB
for miR-103-3p presented challenges in design:(i) loop interference;
complementary loop nucleotides hybridize with each other, thus making
folded conformation more stable and less accessible by the target ana-
lyte. (ii) stem-loop hybridization; separating the fluorophore from the
quencher. Due to these issues, the folding free energy of the MB pre-
dicted structure is not negative enough to guarantee the stability for MB
closing (AG = —3.00 kcal/mol) (Fig. S1). To have the optimal MB, we
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made an addition of bases (ATA) between the stem and the loop (Fig. 3),
overcoming the challenges of design and decreasing MB folding free
energy (AG = —5.75 kcal/mol) (Table S1).

Furthermore, MB hybridization free energy (AG = -30.9 kcal/mol)
shows that miR-103-3p detection occurs spontaneously at 25°C
(Table S1). MB efficiency was further verified experimentally by tem-
perature steps to test the proper folding of the MB before and after
conjugation to microgels (Fig. S2). After MB conjugation on microgels,
we calibrated the microgels assay (Fig. 4A and Fig. S3) and the qRT-PCR
assay with serial dilutions of synthetic miR-103-3p, spiked in TE, as the
target analyte (Fig. 5).

Black squares represent different serum samples spiked with
different concentrations of miR-103-3p (10 fM — 10° fM and 500 fM as
the last point) detected by qQRT-PCR and compared with those from the
calibration curve in TE. Three different spiked samples (biological rep-
licates) were tested for each concentration; the results represent the
mean of three different technical replicates for each sample. Error bars
are SEM (standard error of the mean). In the figure, the linear regression
equation and the coefficient of correlation (R?) are shown.

Our data show that the calibration curve performed using the RNA
target has a good regression coefficient for microgel assay (R = 0.98)
(Fig. S3). The calibration curve demonstrates that microgels assay can
properly detect miR-103-3p at the ionic strength of TE, which is the
eluting buffer used to dissolve nucleic acids after extraction from real
samples and to protect them from degradation. In comparison, we
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Fig. 3. Hybridization of Molecular Beacon probe (MB). A) Folding of the MB
designed for miR-103-3p, AG = —5.75 kcal/mol. In green is the stem of the MB.
In blue, the loop of the MB and bases in bold were added to the target sequence
to allow the correct folding of the MB, quenching the fluorophore in the absence
of the target. B) Spontaneous hybridization at room temperature of MB probe to
the target, AG = —30.9 kcal/mol. In blue is the loop of the MB probe, in green is
the stem of the MB probe, and in red is the miR-103-3p target.

constructed a calibration curve by serial dilutions of synthetic miR-
103-3p in TE by qRT-PCR (Fig. 5). The graph (Fig. 5) shows the linear
relationship between Ct values and serial dilutions of miR-103-3p with a
coefficient of determination (R2 = 0.98). Comparing calibration curves
in TE for both microgels assay and qRT-PCR, we have a straight line and
the same coefficient of correlation (R> = 0.98) (Fig. S3 and Fig. 5).
Meanwhile, amplification failed when we performed qRT-PCR on sam-
ples spiked with 10 nM of miR-103-3p. We determined the limit of
detection (LOD) of the microgels assay in TE buffer being about 100 fM
using the method of the limit of Blank [39]. The LOD of qRT-PCR was
considered the minimum concentration of nucleic acid, which always
gives a positive PCR result in all replicates tested [41], and was identi-
fied at Ct > 29 in this assay. We conclude that the microgels assay
provides a linear response as qRT-PCR for miRNAs quantification in TE.
Moreover, we demonstrate that the microgels assay has a higher dy-
namic range (100 fM - 10 nM) than qRT-PCR in real samples without
protocol rearrangement.

At this point, we tested the performances of both assays to detect
miRNAs from serum samples. We aimed to evaluate the effect of inter-
ferent molecules that may be co-purified with miRNAs from a real
sample. Both microgels assay and qRT-PCR were used to detect miR-
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103-3p spike-in at defined concentrations in serum samples.

By microgels assay, in serum samples, we observed a lower fluores-
cence recovery comparing the same concentrations on the calibration
curve in TE (Fig. 4B). However, by gqRT-PCR in serum samples, we also
observed an increase of about two cycles than the same concentrations
on the calibration curve in TE (Fig. 5 and Fig. S5). The same results were
observed by normalizing the data on the endogenous control miR-16-5p
detected in serum samples by qRT-PCR together with miR-103-3p
(Fig. S4). Moreover, using the qRT-PCR manufacturer’s protocol for
miR-103-3p detection in serum, we have a ‘hook-affect’ in the shape of
the amplification curve (Fig. S5) meaning that fluorescence values
decrease following an initial amplification phase. The ‘hook effect’ may
be due to the errors during denaturation and annealing cycles of
amplification [42], bringing false-negative results. For both assays, the
lower signal detected in serum samples compared to TE is due to not
fully complete recovery of RNA from serum samples that typically affect
the column extraction kit [43]. From the analyses in serum samples, we
can conclude that off-target miRNAs or other biomolecules do not
interfere with signal transduction of microgels assay giving false results
in real samples. Moreover, microgels assay, not foreseeing, denatur-
ation, and annealing cycles do not incur in “hook effect” and is more
reliable than qRT-PCR, mostly at high concentrations.

To further validate microgels assay in real samples, we compared the
detection of circulating miR-103-3p in cancer cells (MCF7 media) with
qRT-PCR. To explore the complexity of the MCF7 media, we performed
qRT-PCR to detect both miR-103-3p and a set of miRNAs selected from
the literature among the most overexpressed in MCF7 cells (Fig. 6A). As
shown in (Fig. 6B), in MCF7 media we detected by qRT-PCR others
miRNAs more expressed than miR-130-3p. The analyses by microgels
assay in MCF7 media demonstrate its capability to specifically detect a
low expressed miRNA (Ct of qRT-PCR ~29) in real samples and in the
presence of more expressed miRNAs (Fig. 6B and C). Additionally, to
confirm that microgels assay specifically detects miR-103-3p in MCF7
media (Fig. 6C), we tested MCF7 media in which no cells were cultured
with the addition of a synthetic miRNA (miR-21) with a non-matching
sequence to MB, in this, we didn’t observe fluorescence emission. So,
microgels assay can detect low abundant miRNAs in real samples,
having good sensitivity compared to qRT-PCR. Both assays, qRT-PCR
and microgels assay detect the same concentration of approximately
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100 fM in MCF7 cells sample (Fig. S6). Moreover, we want to underline
that each round of PCR doubles the amount of target starting material at
each cycle, so at Ct~29, qRT-PCR fluorescence detection is performed
on a larger amount of material than the starting one in MCF7 media. By
qRT-PCR, we can detect miR-103-3p in the femtomolar range following
29 cycles of amplification (Table S4), after which we have 24 more
copies of the miRNA. Conversely, microgel assay directly detects the low
amount of miR-103-3p without amplifying the starting material, which
avoids the challenges of PCR inhibition. This is achievable thanks to the
confinement of the target miR-103-3p on microgels that enhance fluo-
rescence signal [36].

miRNAs detection is challenging for their low abundance and also for
their sequence similarity, so the specificity evaluation is crucial to define
the quality of a new assay. qRT-PCR is usually specific for single
nucleotide polymorphisms (SNPs) but has the issue of off-target se-
quences. In SNP genotyping, these events can lead to false negative or
false positive calls, complicating analyses and reducing confidence in
results [44]. Microgels assay being amplification-free can improve the
reliability of SNPs detection compared to qRT-PCR. To this end, we
tested microgels’ capability to discriminate SNPs in the target sequence.
We performed microgels assay using miR-107 as a synthetic target.
miR-107 belongs to the same miRNAs family as miR-103-3p; conse-
quently, it shares with miR-103-3p all but one of the target nucleotides.
A further test with microgels assay was performed using a synthetic
oligonucleotide bearing two SNPs in the target sequence. We observe a
decrease in the fluorescence signal in the presence of one SNP and two
SNPs compared to the microgels assay performed with wild-type (WT)
miR-103-3p. This demonstrates that the probe correctly hybridizes to
the target only in a wild-type sequence, thus recognizing mismatched
targets (Fig. S7). We can conclude that microgels assay represents a valid
and advantageous alternative for miRNAs quantification and discrimi-
nation advantages over qRT-PCR, being amplification-free and
time-saving.

5. Conclusions

In this work, we test microgels assay in the presence of multiple
factors that are recognized as affecting the performance of qRT-PCR. We
prove that microgels assay reaches a high sensitivity (fM) in real

Fig. 6. miRNA-103-3p detection in real samples to
validate the microgels-based assay. A) Graphical
. representation of the real sample (MCF7 cells media)
used to perform miR-103-3p analysis with the Taq-
Man qRT-PCR assay and with the microgels-based
assay. The miRNAs listed in the test tube are those
screened by TagMan qRT-PCR (Fig. 6B) to evaluate
the presence in the real sample of over-expressed

miR-106
s 2 miR-16 R ,\,?’Q R <R

miR-16

o¥
miR-108 6'\3“ &
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50
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10 4

miRNAs other than miR-103-3p. B) ACt values of
the pool of circulating miRNAs listed in Fig. 6A,
N miRNAs were detected in MCF7 cells media using
TaqMan qRT-PCR assay. ACt for each miRNA in the
graph was obtained by normalizing the mean of the
values of Ct of each miRNA on the mean of the values
of Ct of an exogenous control Cel-miR-39-3p
(Table S4). C) Microgels-based assay for miR-103-3p
in MCF?7 cells media. In the confocal image are shown
microgels following miR-103-3p detection. In blue is,
the fluorophore of the molecular beacon, (Atto647N)
in red is the fluorophore of the microgels (ATTO532).
The graph shows microgels assay quantifying circu-

Fluorescene Intensity (a.u.)

=10 = MCF7

MEDIA

I MEDIA + miR21 lating miR-103-3p in cell culture media from MCF7
cells. MCF7: is media taken from MCF7 cell culture.
MEDIA: cell culture media in which no cells were
cultured. MEDIA + miR-21: cell culture media in

which no cells were cultured and with the addition of

3 pL di 1 nM synthetic miR-21. Error bars are SEM. ACt: Delta Cycle threshold. SD: Standard Deviation. CV: Coefficient of Variation. SEM: Standard Error of the Mean.
All values are expressed as the mean of at least three independent experiments (each sample was tested in triplicate).
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biological samples and maintains a good selectivity without interference
from other over-expressed miRNAs. It is also adaptable to a broader
range of concentrations without protocol optimization. In contrast, for
gqRT-PCR at higher concentrations, we observe a “hook-effect” in the
curve shape that can affect the results. The proposed assay is easily
performed with a small amount of biological sample (2 pL) in a volume
as that of qRT-PCR (20 pL) at 25 °C. We demonstrate that it can be
performed directly in RNA extracts. A small amount of target can also be
detected in the presence of more concentrated miRNAs in the same
sample with high specificity.

In conclusion, microgels assay represents a feasible tool to improve
discrepancy in the results of current methods based on laborious and
time waste sample preparations and target amplification. Thanks to its
analytical capabilities, microgels assay can satisfy the need for a fast and
amplification-free method to validate the findings in which current
methods are yet affected by false positive and false negative errors.
Therefore, this method can open the venue for creating an array for
multiplex screening of different miRNAs, as for several classes of bio-
markers with which current detection methods are hardly dealing. The
system also has the potential to be further integrated and validated using
a microfluidic approach for ultrasensitive miRNA detection directly in
biological fluids, and this will also eliminate the RNA extraction steps.
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