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ARTICLE INFO ABSTRACT
Keywords: MicroRNAs (miRs) have emerged as promising biomarkers for early disease diagnosis and personalized treatment
MicroRNAs (miRs) monitoring. However, their clinical utility has been hampered by technical limitations. Dynamic chemical la-

Biomarker detection
Dynamic chemical labeling
Luminescence imaging
Machine learning algorithms

beling (DCL) based on capturing abasic PNA probes and reactive nucleobases, known as SMART bases, is a PCR-
free approach that has proven very useful for the direct interrogation of circulating miRs. In this work, we expand
the palette of tools available for the detection of DCL miR by synthesizing a new SMART nucleobase called
SMART-C-Eu. This nucleobase contains a stable lanthanide cryptate. Using this SMART-C-Eu base and time-gated
(TG) luminescence imaging, we successfully detect and quantify miR-122-5p in human serum samples. miR-
122-5p is a well-known biomarker for drug-induced liver injury. Through a bead-counting analysis approach,
statistical robustness is improved and miR-122-5p concentrations are detected in the nanomolar range.
Furthermore, we extend this approach to multiplexed detection of three different miRs (miR-371a-3p, miR-451a-
5p, and miR-122-5p) using spectral and temporal filtering. Importantly, we designed a user-independent mul-
tiplexed analysis using machine learning algorithms for automatic bead classification. Although the sensitivity of
this technique must be further improved to detect miRs at lower concentrations, the method represents a sig-
nificant advancement in miR analysis by combining ML segmentation using lifetime and intensity images. In
addition, the technique offers multiplexing capabilities and the potential for automation, paving the way for
more accurate and robust clinical applications in the future.

1. Introduction and personalized monitoring of treatments. Among the biomarkers
discovered in a variety of challenging diseases, microRNAs (miRs) have

Over the past decade, exceptional attention has been placed on the been particularly highlighted. miRs play pivotal regulatory roles in gene
search for new biomarkers in liquid biopsies to achieve early diagnosis expression, encompassing gene suppression and posttranscriptional
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regulation [1,2]. The deregulation of circulating miR expression levels
in body fluids has been associated with various conditions, such as
different types of cancer [3-5], neurodegenerative disorders [6-8], and
liver injuries [9]. For instance, in several studies, miR-122-5p
(miR-122) has been identified as a potential biomarker for drug-induced
liver injury (DILI) [10,11]. The distinctive expression patterns of serum
or plasma miRs can serve as disease fingerprints, acting as diagnostic or
prognostic biomarkers for various diseases [1,12]. miRs exhibit several
characteristics of an ideal biomarker, as it shows specificity to the
condition or pathology of interest, reliably indicates a disease before
clinical symptoms appear (early detection), exhibits sensitivity to
changes in pathology (monitoring disease progression or therapeutic
response), and is easy to obtain from biological fluids [13].

Despite the significant potential of miRs as biomarkers, their use in
clinical diagnostics has been constrained by the available analytical
methods for their detection. Current methods present technical chal-
lenges for direct (extraction and amplification-free), accurate and robust
detection and quantification of the usually low miR levels [4,14].
Regarding the latter, the standard techniques for miR analysis involve
RNA extraction and are PCR-based [12], which show important limi-
tations in terms of reproducibility, inability of quantifying isomiR and
potential for translation to clinical diagnostics [14,15]. Other broadly
used methods involve Northern blotting, microarrays or NGS [12,16,
17]. Therefore, highly sensitive, extraction- and amplification-free
detection techniques are urgently needed for the analysis of miRs in
clinical samples, as well as precise data analysis methods [16,18,19]. In
this context, luminescence-based platforms and hybridization-based
methodologies stand out as significant approaches within the field.

Dynamic chemical labeling (DCL) is a well-validated, PCR-free
method for directly detecting miR direct with single-base resolution [5,
20-28]. The method involves using abasic peptide nucleic acid (PNA)
sequences, also known as DGL probes, that are complementary to the
target nucleic acid and labeled with reactive nucleobases, SMART bases
(SBs) [20,26,29]. The dynamic covalent chemical reaction occurs
exclusively after fully complementary nucleic acid strands hybridize
with DGL probes. The reaction occurs solely between the secondary
amine of the DGL probe, which is located at the abasic position, and the
reactive aldehyde group of the labeled SB (Scheme 1). This thermody-
namically controlled reaction produces labeled DGL probe-miR duplexes
that can be detected using various platforms [5,21-27,30]. A dis-
tinguishing characteristic of this technique is its ability to achieve a
resolution of one base, which is not commonly found in the current
published literature [31] and enables robust detection of single nucle-
otide variations (SNVs) [24-26].

Recently, we broadened and upgraded our detection platform port-
folio through applying a time-gated (TG) luminescence imaging meth-
odology by tagging luminophores with a long fluorescence lifetime [32].
This technique is particularly powerful when applied to complex sam-
ples, such as biological media and liquid biopsies; in these scenarios,
undesired interference luminescence, such as scattered light, auto-
fluorescence and impurities, can be reduced using the TG-filtered im-
aging approach [33]. This methodology has been applied to the study of
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miRs. For example, Hildebrandt et al. proposed a multiplexing technique
using luminescence energy transfer (FRET) to analyze multiple miRs.
The technique uses different FRET pairs and controls the energy
donor-acceptor distance [34-37]. In their works, the luminescence
lifetimes were in the nanosecond range due to the combination of
quantum dots and organic fluorophores. A noteworthy group of lumi-
nophores for TG involves organometallic cryptates or inorganic nano-
particles with lanthanide ions that exhibit photoluminescence (PL) [33].
The emission of lanthanide ions typically has remarkably lengthy life-
times, reaching even the millisecond time range for ions such as Eu(III)
or Tb(IID); this effect is primarily due to the emission originating from
forbidden transitions [38], after an antenna-driven energy transfer [39].
By using biotin-europium-tagged streptavidin [40] or lanthanide-doped
nanoparticles [41,42], researchers have recently developed miR sensors
based on the PL emission of lanthanide ions.

Given the rising interest in lanthanide-based TG imaging [43], in this
study, we merged DCL and TG imaging filtering approaches to identify
multiple circulating miRs using a lanthanide-cryptate SB. This new
method significantly broadens the spectrum of time windows available
for the TG imaging analysis of various miRs. As a result, multiplexing
capabilities are promoted and miR fingerprint patterns are generated for
more reliable and precise clinical applications.

2. Material and methods

To expand the methods available for miR detection and quantifica-
tion to PL lifetime imaging (PLIM) using the DCL methodology, a new
SMART nucleobase was synthesized (SMART-C-Eu, Figure S1 in the
Supplementary Materials, SM[72]), including the lanthanide cryptate
DTBTA-Eu —-{2,2’,2,2"’-{4’-{[(4,6-dichloro1,3,5-triazin-2-yl)amino]
biphenyl-4-yl}-2,2’:6’,2’’-terpyridine6,6’’-diyl}bis(methylenenitrilo) }
tetrakis(acetato)} europium (III)- as a very stable lanthanide lumino-
phore [44]. The SMART-C-Eu base (Figure S1) was synthesized, purified
to over 95 % purity, and characterized by DESTINA Genomica SL
(Spain) following the synthetic route described elsewhere [20]. The
PNA-based DGL probes were also synthesized, purified, and character-
ized as described elsewhere [24,26], achieving over 90 % purity.
RP-HPLC is used to purify and characterise both SBs and DGL probes,
and HRMS (ES+) and MALDI-TOF were used as mass spectroscopy
techniques to characterize SBs and DGL probes, respectively. Table S1 in
the SM shows the sequences of the DGL probes. The DGL probes were
coupled with superparamagnetic beads with a diameter of 2.8 pm,
presenting carboxylic acid groups (Dynabeads M-270, Thermo Fisher
Scientific). The coupling protocol was previously optimized by our
group [5,22], and is based on the coupling reaction of the beads car-
boxylic acids with the DGL probes using activation with 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC). A solution containing the DGL
capture probe and an amino-terminated diluent DNA sequence was
added to the activated beads. The mixture was incubated, washed, and
the probe coupling was measured using UV, resulting in ~600,000
probes/bead, and ensuring lot-to-lot reproducibility. Finally, the beads
were stored in a solution of 10 % PEG10K and 0.1 % Tween-20 in PBS
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Scheme 1. Capturing and labeling target miR-122 with the SMART-C-Eu nucleobase for detection using PLIM.
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buffer. SBs and beads containing DGL probes were provided by DESTINA
Genomica SL (Spain).

DCL was performed as previously described [5,20-28,30,32].
Briefly, 5x10° Dynabeads M-270 carboxylic acid (Thermo Fisher)
coupled with DGL-miR122 probes were incubated for 1 h with 25 pL of
proprietary lysis buffer and either 10 pL of commercial human serum
(Sigma Merck) with synthetic DNA oligo miR-122 spike-ins (to prepare
the calibration curve) or 10 pL of serum from DILI patients. Subse-
quently, washes with 0.1 % PBS-T were performed via a Biotek washer,
and DCL was performed by incubating SMART-C-Eu, DCL buffer (2x
SSC, 0.1 % SDS, pH 6) and 1 mM sodium cyanoborohydride (Sigma
Merck) in a total volume of 50 pL for 1 h. After DCL, washings were
performed as described above before microscopy measurements.
SMART-C-FAM and SMART-C-Cy5 have been reported elsewhere [45].

For multiplex experiments, 5x10° Dynabeads M-270 carboxylic acid
coupled with either DGL-miR122 probes, DGL-miR-371a probes, or
DGL-miR-451a were incubated for 1 h with 5 pL of synthetic DNA oligo
(miR-122-5p; miR-371a-3p; miR-451-5p) and 45 uL of DCL buffer
(three distinct assays). After DCL, washings were performed as described
above before microscopy measurements. For multiplexing detection of
the DCL assays, a single solution encompassing 1:1:1 of reacted DGL-
miR-122, DGL-miR451a and mDGL-miR371a was created before
measuring with PLIM.

2.1. Instrumentation

Steady-state fluorescence emission spectra were obtained on a Jasco
FP-8300 Spectrofluorometer (Jasco, Tokyo, Japan). Time-resolved
luminescence spectra were collected using a Varian Cary Eclipse fluo-
rescence spectrophotometer using the following conditions: excitation
wavelength 320 nm; total decay time 15.0 ms; delay time 0.1 ms; gate
time 0.2 ms; and number of flashes 50.

PLIM was performed on an Abberior Expert Line confocal PLIM mi-
croscope (Abberior, Germany) equipped with a fast quad galvanometer
scanner. The excitation source was a pulsed, 375 nm laser, working at a
frequency of 20 MHz. The PL images were collected in two different
temporal windows. For millisecond PL emission of the DTBTA-Eu
luminophore, a train of pulses of the 375 nm laser for 200 ps was
employed for the excitation, followed by a 5 ms detection time window.
The emission of DTBTA-Eu was detected on an avalanche photodiode
(APD) detector after a 605/50-nm bandpass filter. For nanosecond
fluorescence emission of the luminophores Cy5 and FAM, we simulta-
neously employed 488 nm and 635 nm pulsed excitation lasers, working
at a 20 MHz repetition rate. The Cy5 PL emission was collected on an
avalanche photodiode detector with a 685/70-nm bandpass filter,
whereas the FAM PL emission was collected on a Hybrid PMT with a
510/20-nm bandpass filter. Single photon time-tagging and the recon-
struction of nanosecond PL decay traces were performed on a Hydra-
Harp 400 photon counting module (PicoQuant, Germany).

2.2. Image analysis

Analysis of PLIM images was performed using SymphoTime 64
(Picoquant, Germany) and home-coded scripts in Fiji (distribution of
ImageJ) [46]. SymphoTime 64 was employed to reconstruct PLIM im-
ages in the nanosecond time window of Cy5 and FAM from their
respective detection channels. Once reconstructed, we performed
comprehensive PLIM imaging analysis by pixelwise fitting of the PL
decay traces to a single exponential function. PLIM images from
DTBTA-Eu in the millisecond time frame were not fitted because only
the PL intensity was of interest; hence, no lifetime information was
recovered in the DTBTA-Eu channel. The specific image analysis meth-
odology for bead counting and multiplexing applications is described
below.
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2.3. Patient samples

Serum samples were provided by DESTINA Genomica SL through the
University of Edinburgh. Samples were collected from patients and
healthy volunteers. Full informed consent was obtained from the par-
ticipants, and ethical approval was given by the Southeast Scotland
Research Ethics Committee and the East of Scotland Research Ethics
Committee via the Southeast Scotland Human Bioresource as a part of
the MAPP (markers and paracetamol poisoning) study [10]. Samples
were collected and prepared as described elsewhere [47].

3. Results and discussion
3.1. Incorporation of the SMART-C-Eu nucleobase for labelling miR-122

First, we characterized the emission properties of the newly syn-
thesized SMART-C-Eu nucleobase. The PL emission spectra of purified
SMART-C-Eu exhibited the characteristic emission peaks of Eu(IIl)
(Figure S1) and showed a PL lifetime, 7, of 1.09+0.07 ms, in agreement
with the reported value of 1.06 ms [48]. These results confirm that the
linkage reaction with the nucleobase did not alter the emissive proper-
ties of DTBTA-Eu.

Once SMART-C-Eu was successfully obtained, we tested the perfor-
mance of this reagent for the well-established DCL methodology to label
miRs. For this, we employed miR-122 as the target biomarker. We
designed a capture and labeling method using magnetic beads carrying
the PNA-based DGL-122 capturing probe and the subsequent DCL re-
action with the SMART-C-Eu nucleobase (Scheme 1). After the reaction,
the beads carrying the labeled target miR-122 were imaged using PLIM
microscopy. As mentioned above, the main advantage of combining
PLIM microscopy and the millisecond luminescence emission of Eu(III)
is that background- and interference-free images can be generated using
time-gated (TG) filtering [33].

The success in the reaction for capturing and detecting miR-122
using the SMART-C-Eu nucleobase was first tested using control sam-
ples of miR-122 in an aqueous buffer. Fig. 1 shows representative time-
gated PL (TG-PL) intensity images of individual beads after the DCL
reaction with increasing concentrations of miR-122. The images show
that nM concentrations can be easily detected and the TG-PL emission
intensity and the concentration of miR-122 are correlated. Linear fitting
resulted in a limit of detection of 1.4 nM [estimated as the concentration
equivalent to 3x(s.d.) of the blank].

3.2. Optimization of the PLIM analysis settings and beadwise analysis

Once we established the concentration-dependent detection of miR-
122 using the DCL reaction and the new SMART-C-Eu nucleobase, we
enhanced the statistical robustness of our method using a beadwise
image analysis approach. The ratio of DGL probes captured within the
beads and the actual concentration of target miR may result in a sta-
tistical distribution of hybridized duplexes over the imaged beads. This
factor is especially important when the target miR is at very low con-
centrations. For example, a beadwise analysis with single molecule
sensitivity was needed for target miR at down to fM levels, as shown by
our group previously [5,24,26]. Low miR copy numbers may result in
many ’blank’ beads carrying only a few target molecules if any.
Therefore, we improved the method by studying the emitted TG-PL in-
tensity distribution in individual beads. For this, we extended our field
of view (FoV) to 50x50 pmz and fostered an increase in the number of
beads in the FoV by using an external magnet (Fig. 2A). We then per-
formed confocal imaging under continuous irradiation (to identify beads
due to their autofluorescence emission) and PLIM imaging of the FoV.
We implemented a home-scripted routine in Fiji that performed the
following steps (see SM for the complete script): i) the Otsu threshold
criterion [49] was applied as an automatic intensity threshold to the
bead autofluorescence image; ii) individual beads were identified and
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Fig. 1. TG-PL intensity images of individual beads after the DCL reaction using
the SMART-C-Eu nucleobase with different concentrations of miR-122 in
aqueous buffer. A threshold of 250 Hz was employed for pixel segmentation
and photon counting. All images are 10x10 pm?. The total number of detected
photons per bead showed a linear dependency on the concentration of miR-122.
Error bars represent s.d. from at least 3 images of individual beads.

segmented by the particle analyzer tool [46], after the watershed tool
was applied to separate beads in close proximity; and iii) the average
TG-PL intensity and bead area (defined as the ym? of the selected region
of interest, ROI, for individual particles, i.e. beads) in each segmented
particle was measured. Once the code is executed, the results from ROIs
smaller than 30 pixel® were discarded, because they may correspond to
incomplete beads or abnormally bright pixels. With these results, we
built bead intensity distributions and correlated bead intensity with the
corresponding bead area. Fig. 2B compares bead intensity values of a
control sample and the DCL analysis of a 1.5 nM miR-122 test sample in
aqueous buffer. Fig. 2C shows the beadwise intensity distribution of
three different samples. The reproducibility of our results is supported
by the fact that very similar populations are obtained in independent
samples (represented as different symbols in Fig. 2C). Using the negative
samples, we estimated a threshold value for considering positive beads.
The average DTBTA-Eu intensity per bead in the negative beads was 124
+16 Hz. Hence, we established a threshold value of 172Hz (=
<I>pegative + 3-5.d.) to determine if a bead carries sufficient miR-122.
Fig. 2C shows that, overall, three different samples of 1.5 nM miR-122
resulted in an average of 25 % positive beads, whereas the blank sam-
ples yielded 0.6 % positive beads. Positive beads are represented in red
in Fig. 2C. This classification criterion offers a bead-counting approach
to reliably identify the likelihood of a bead carrying detectable amounts
of target miR-122, even at low concentrations. Importantly, the image
analysis process can be automated using optimized criteria for thresh-
olding and particle detection, yielding user-independent results.
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3.3. Calibration in human serum

We then implemented this methodology in human serum test sam-
ples spiked with varying amounts of miR-122. Due to the numerous
other components found in complex biological fluids, transitioning to
human serum samples is difficult; however, DCL technology is perfectly
suited for this task.

Fig. 2F shows a response calibration batch from 0 to 1.6 nM spiked-in
miR-122 in human serum samples. We also compared the beadwise in-
tensity distributions of all the samples (Fig. 2E), clearly showing the
concentration-dependent signal in terms of average luminescence in-
tensity per bead. As performed with the samples in the aqueous buffer,
we employed negative beads to establish a threshold value of <I>pegative
+ 3-s.d., which was 256 Hz, slightly larger than that in aqueous solution,
possibly due to nonspecific adsorption of SMART-C-Eu nucleobases and
the presence of low levels (1-5 pM range) of naturally occurring miR-
122 [24]. We quantified the percentage of positive beads for each
sample (including three repetitions for each), shown as red symbols in
Fig. 2E. Importantly, the percentage of positive beads showed a corre-
lation with the overall miR-122 concentration in serum samples
(Fig. 2F), allowing us to quantify miR-122 levels in the nM range.

3.4. Detection of miR-122 in patient samples

Once the detection in serum was tested, we detected abnormal levels
of miR-122 in the serum of patients with drug-induced liver injury
(DILI). We performed the beadwise analysis described above for two
aliquots of serum from a DILI patient and compared the results with two
samples of healthy individuals. As shown in Fig. 3, the number of pos-
itive beads in a DILI patient serum was 9.4 % and 11.9 % for the two
repetitions, respectively, whereas it was 1 % or 0.1 % for the healthy
patients. Overall, the whole population of beads of DILI samples, with
average intensity values of 225.8+1.4 Hz (s.e.m.) and 220.2 + 0.8 Hz (s.
e.m.), were shifted to higher intensity values than samples from healthy
individuals, exhibiting intensity values of 194.8 + 1.6 Hz (s.e.m.) and
188.4 + 0.8 Hz (s.e.m.). Statistical comparison of the populations
resulted in robust statistically significant differences between the DILI
and healthy samples (p values between 10>* and 1071%%). This result
clearly demonstrates the potential of our method to detect overex-
pressed levels of miR-122 in patients. By interpolating the percentage of
positive beads in the calibration (Fig. 2F), we obtained concentrations of
0.9 £+ 0.2 nM and 1.0 + 0.2 nM, respectively. This high concentration is
consistent with the quantification performed by other techniques for
these samples, including gold-standard qPCR, which yielded miR-122
concentrations on the order of 700 pM [21,26].

3.5. Multiplexed detection of different miRs using time-gated analysis

As mentioned in the previous sections, DTBTA-Eu cryptate exhibits a
luminescence lifetime of 1.09 ms. Interestingly, this provides new pos-
sibilities for multiplexing by using different analysis time windows in TG
imaging. The ms-lived luminescence emission of DTBTA-Eu occurs in a
completely different photon stream than conventional ns-lived fluo-
rophores. A time-resolved image analysis with such different detection
windows would enable error-free multiplex detection while avoiding
any photon cross-talk. Herein, we tested this concept by optimizing a
multiplexing detection of three different miRs using spectral and life-
time filtering tools. We combined the methodology described above for
miR-122 analysis with two additional capturing beads containing a DGL
probe (Table S1 in the SM) for miR-371a-3p (miR-371), a well-validated
biomarker for germ cell tumors [50-52], and miR-451a-5p (miR-451),
an erythroid cell-specific miR [53] and potential biomarker in cancer
and therapeutic activity [54]. For the DCL reaction, we employed spe-
cific SB nucleobases carrying fluorescein (FAM) for miR-371 and Cy5 for
miR-451. These two well-known organic luminophores emit fluores-
cence on the nanosecond time scale with lifetime values of Tpam =
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Fig. 2. A) Using a magnet, the beads are concentrated in the FoV for confocal imaging, as shown in the brightfield image. Then, beadwise analysis and readout were
performed as follows: i) Overlap of direct fluorescence bead image, Aexy = 375 nm, Aepyy = 685/70 nm (red) and TG-PL imaging of DTBTA-Eu, Aey = 375 nm, Aey = 595/
50 nm (cyan). ii) Bead identification and segmentation using the bead fluorescence image. iii) Once the ROIs are selected, the average TG-PL intensity per bead is
read out. B) TG-PL images of 50x50 pm? FoVs of beads after the DCL reaction with 0 or 1.5 nM of miR-122 in aqueous buffer. Yellow ROIs indicate bead identi-
fication using the procedure described. C) TG-PL intensity versus bead area from three different samples (identified as different symbols) of 0 and 1.5 nM of miR-122
in aqueous buffer. The dotted gray line indicates the <I>jegative Value, whereas the dash-dotted line indicates the <I>pegative + 3% (s.d.) threshold value. Symbols
above the threshold are shown in red. D) TG-PL images of 50 x50 um? FoVs of beads after the DCL reaction with different concentrations of miR-122 spiked in human
serum samples. Yellow ROIs indicate bead segmentation. E) TG-PL intensity versus bead area from different concentrations of miR-122 spiked in human serum
samples (at least three different repetitions). The horizontal line indicates the <I>qegative + 3% (s.d.) threshold value in serum samples. Symbols above the threshold
are shown in red. F) Correlation of the percentage of positive beads versus the concentration of miR-122 in human serum samples. Error bars indicate s.d. Small gray
dots indicate the values obtained from the individual samples. The green line is a linear fit (on the semilogarithmic scale), and the gray dash-dotted lines indicate the
confidence limits at the 95 % confidence level.
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Fig. 3. Bead counting analysis, correlating TG-PL intensity of DTBTA-Eu versus
the bead area from serum samples of DILI patients or healthy individuals from
10 different 50x50 um? FoVs containing beads. The color heatmap indicates
the luminescence intensity, with orange dots indicating values > 234 Hz
(<I>pegative + 2%(s.d.)) and red dots indicating values > 256 Hz (<I>pegative +
3x(s.d.)), the latter set as the threshold for counting positive beads. The per-
centage of positive beads for each sample is indicated in the inset.

416 ns and tcys = 1.07 ns [55,56], respectively. Hence, we used
different excitation schemes and spectral and temporal filtering (Fig. 4)
to obtain the following orthogonal layers of information: i and ii) in-
tensity and ns-PLIM images from FAM; iii and iv) intensity and ns-PLIM
images from Cy5; and v and vi) intensity and ms-PLIM images from
DTBTA-Eu.

For these experiments, samples containing spiked miRs (10 nM)
were incubated with the corresponding capture beads carrying the DGL
probes, and the DCL labeling reaction with the different corresponding
SMART bases was carried out. Then, the beads were centrifuged and
washed to remove excess reactant SMART, and the three were mixed at a
1:1:1 ratio. For calibration and optimization, experiments with one type
of bead were performed. Multiplexed imaging acquisition (Fig. 4) con-
sisted of ns-PLIM on a green detector for FAM (miR-371) and a far-red
detector for Cy5 (miR-451) and a subsequent ms-PLIM acquisition,
with a 5 ms detection time window, on a red detector for DTBTA-Eu
(miR-122). Pixelwise fitting to a single exponential function was per-
formed on the FAM and Cy5 images resulting on the actual ns-PLIM
images, containing lifetime information. Positive beads for miR-371
were defined as those with lifetime values above 1.4 ns in the FAM
image, and positive beads for miR-451 were defined as those with life-
time values above 0.8 ns in the Cy5 image (Fig. 5). For the DTBTA
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Fig. 4. A) Scheme of the multiplexed analysis of miR-371, miR-451 and miR-
122 using DGL capturing probes in magnetic beads and three different SBs.
The different spectra and analysis time windows are shown in panels B) and C).

channel, we obtained ms-PLIM images but reconstructed the TG-PL
image by applying a filtering TG window. As explained earlier, this
process achieves images that are totally free from other sources of
luminescence emission apart from DTBTA-Eu. The composite image of
the three types of beads was reconstructed, an automatic, unsupervised
thresholding and particle analysis was performed, and the average in-
tensity per bead in each channel was read out. The samples positive for
the three types of miRs (see Figure S2 for further examples) showed well-



M. Padial-Jaudenes et al.

ns-PLIM image
FAM channel
miR-371 beads
L]

ns-PLIM image
Cy5 channel
miR-451 beads

ms TG-PL image
DTBTA-Eu channel
miR-122 beads

Sensors and Actuators: B. Chemical 417 (2024) 136136

Automatic particle

Composite detection and readout
o o

TPy
; a e 09

miR-371 beads
@ miR-451 beads
miR-122 beads

0.5 [ W27

T/ns

0.5 W 1.2

t/ns

Fig. 5. Process for lifetime and TG bead classification. The ns-PLIM images in the FAM channel and the Cy5 channel are shown in a pseudocolor scale. Beads were
classified as positive for miR-371 when t > 1.4 ns in the FAM channel and positive for miR-451 when © > 0.8 ns in the Cy5 channel. These two images were then
composited with that obtained from the millisecond-range TG-PL image (from DTBTA-Eu). The ms TG-PL image contained only TG-filtered intensity information. The
automatic particle segmentation procedure was applied for bead counting, classification and intensity readout in each channel.

separated populations (Figure S3). Appropriate negative controls
(Figure S4) and controls of samples containing just one type of miR
(Figure S5) showed the robustness of the automatic analysis method, as
no misclassification or cross identification of beads was observed.

The composite images, containing intensity values in the three
channels, were then analyzed using different machine-learning (ML)
algorithms of classification and clustering. First, we used supervised
machine learning to train particle classifiers with measurements of

Table 1

Performance parameters of the different supervised ML classification algo-
rithms. The whole dataset consisted of 871 beads containing miR-451 // Cy5,
563 beads containing miR-122 // DTBTA-Eu, and 478 beads containing miR-371
// FAM. The training dataset was randomly selected in each iteration, main-
taining the abundance distribution of the different classes. Ten different itera-
tions were performed for cross-validation.

. . . : ML algorithm Accuracy Cohen’s
samples containing only one of the miRs as training dataset (Fig. 6 and

. - - . K-nn 99.61 % 0.994
Figure S5). Different algorithms wer k nearest neighbor, K-nn;

gure S5) ere t'ago thms we .e.tested (k nearest neighbor, 5 SUM 5355 0 0.370
support vector machines, SVM; decision trees; and random forest) by Decision Tree 99.22 % 0.988
using partitions of the training dataset and cross-validating the classi- Random Forest 99.50 % 0.992

fication results using 10 different random iterations. All algorithms
tested except one resulted in similar performance (see Table 1), and the
K-nn algorithm generated the best figures. Then, the trained algorithms
were applied to all images of the 1:1:1 mixture, containing beads that
carried each of the labeled miRs. The correlation plots in Fig. 6 show the

color-coded classification of beads. The overall quantification of all the
images using the trained K-nn algorithm yielded 30 % positive beads for
miR-371, 23 % positive beads for miR-451 and 47 % positive beads for
miR-122. The larger number of beads containing miR-122 may occur
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single miR Different algorithms g
tested (cross-validation) £
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@ i Selection of best E
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Fig. 6. Approach of supervised ML classification of beads. The training set was composed of 15 different images containing positive beads of each type, miR-451//
Cy5, miR-371//FAM, or miR-122//DTBTA-Eu, for a total of 1802 beads. The different ML algorithms were trained by randomly splitting the beads in the training/
test dataset 90 %/10 %, cross-validating the performance with 10 different repetitions. The performance figures for each algorithm in Table S2 are the average values
from the 10 iterations. Once the algorithms were trained, they were applied to the images of the 1:1:1 mixture (5 images, 403 detected beads) for bead classification
and counting. The correlation plots show the intensity in the FAM (top) or the Cy5 (bottom) channel vs. the intensity in the DTBTA-Eu channel for each bead. Each

point corresponds to one bead, color-coded according to the classification obtained by the K-nn algorithm as miR-451//Cy5 (in red), miR-371//FAM (in green), or
miR-122//DTBTA-Eu (in cyan).
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because there were more beads in the stock solution before mixing. The
robustness of the ML analysis algorithms is demonstrated by the excel-
lent accuracy figures when applied to test datasets, with a very low
fraction of misclassified events (Table 1).

We also tested an unsupervised ML clustering algorithm by using
only the images of the 1:1:1 mixture. We used the k-means clustering
algorithm, the overall intensities on each channel needed to be
normalized for the algorithm to work successfully. As shown in Fig. 7,
the k-means clustering algorithm satisfactorily defined three different
clusters of beads. The centroids of these clusters, defined by the average
normalized intensity in the Cy5 (Icys), FAM (Iram) or DTBTA-Eu (IptpTa-
Eu) channels, respectively, were as follows: i) Icys = 0.002, Ipanm = 0.014,
IDTBTA-Eu = 0.337; 11) ICyS = 0.450, IFAM = 0.006, IDTBTA-Eu = 0.089; and
iii) Icys = 0.004, Igam = 0.686, IpteTa-E0 = 0.080. Clusters i, ii and iii
corresponded to miR-122//DTBTA-Eu beads, miR-451//Cy5 beads, and
miR-371//FAM beads, respectively. All the beads from the analyzed
images were counted and according to the cluster classification, yielded
30 % of positive beads for miR-371, 22 % of positive beads for miR-451
and 48 % of positive beads for miR-122; these results corresponded
perfectly with the results obtained using the supervised learning
algorithm.

4. Discussion

By introducing the novel SMART-DTBTA-Eu nucleobase, we have
expanded the palette of luminescence techniques available for DCL-
based detection of miRs to ms-TG filtering of the reporting signal and
imaging. In addition, the development of this reagent has facilitated an
elegant method involving multiplexing for the simultaneous detection of
three different miRs using PLIM microscopy and different time windows
for analysis, ranging from nanoseconds to milliseconds. This method for
multiplexing using bead barcoding can pave the way to larger panels of
miR screenings with clinical applications [16,57].

Notably, in the proposed procedure, the samples are analyzed
directly without a preamplification step. Our detection limit is compa-
rable to other recent amplification-free methodologies employed for
miR quantification [58]. While miR-122 levels in DILI patients are
detectable using the presented methodology, other miRs used as sig-
nificant biomarkers usually exhibit much lower expression levels, even
reaching fM concentrations [14,47]. Ultrasensitive electrochemical
detection of miRs at levels as low as pM or even fM has been achieved
[19,59-611, but careful laboratory control is necessary for maintaining
the optimal functionality of these devices.

Although our methodology has progressed, its sensitivity can be
improved for the detection of biomarkers other than miR-122 in patients
with DILL Therefore, with other miRs, we suggest using universal and
random amplification as an initial step in our approach, allowing for
multiple distinctions with a precise resolution of a single nucleotide.
Rolling circle amplification (RCA) shows promise as a potential
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preamplification technique [61,62]. Following RCA, techniques that
employ highly sensitive PL emission and TG have been proposed for miR
analysis, reaching detection limits as low as subfM levels [36]. Other
recent amplification methods for miR detection involve the use of
DNAzymes, such as catalytic hairpin assembly [63], hybridization chain
reaction [64], or combining exonuclease I and tyramine signal ampli-
fication [65], leading to sub-fM limits of detection. Moreover, amplifi-
cation cycles have even allowed detection of miR expression inside
living cells and organoids [66,67]. However, all these methods are based
on measuring fluorescence intensity changes.

While few amplification-free methods can analyze miR using PL,
choosing the right luminophores [68] or employing single-molecule
techniques [24,69] can lower the detection limit to pM levels. Other
potential issues with our methodology include the requirement for
specialized equipment and training. Nonetheless, recent advances in
ultrafast cameras, which can be integrated into pre-existing commercial
microscopes to enable PLIM [70], will lead to automated,
high-throughput PLIM screening [71]. In any case, the strength of our
method currently lies not in its sensitivity but in its specificity and
multiplexing capabilities via lifetime-filtering imaging in different
detection time windows.

5. Conclusions

In this study, we broadened the range of techniques available for the
dynamic labeling of miRs using SMART bases in the DCL reaction. A
novel SMART nucleobase containing a DTBTA-Eu luminophore was
successfully synthesized for millisecond TG and PLIM analysis. This
newly developed reagent effectively detects and quantifies miR-122 in
serum samples as a DILI biomarker through an automated, straightfor-
ward, analyst-independent analysis. The primary goal of this study was
to demonstrate a proof of concept for multiplexed PLIM with varying
analysis time windows, from nanosecond to millisecond detection win-
dows, using the DCL method. We also evaluated the proficiency of su-
pervised and unsupervised ML algorithms for automatically classifying
beads as a proof of concept for reliable and automated analysis. The
combination of lifetime and intensity layers in ML-driven segmentation
is a powerful, novel concept of our approach.

Our team plans to create a universal method of quickly increasing
RNA amounts to be integrated into the analytical process described in
this study. We strongly believe that identifying multiple miR biomarkers
using DCL and TG imaging filtering shows potential and is suitable for
creating a new, advanced miR analysis system, particularly when com-
bined with a universal and random preamplification process. This
method provides an opportunity for straightforward and resilient future
multiplex assessments through which multiple miR biomarkers with
predictive value can be examined in illnesses such as liver damage and
cancer.
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Fig. 7. Approach involving the unsupervised ML clustering of beads. The images of the 1:1:1 mixture (5 images, 403 beads) were fed to the K-means algorithm (with
3 potential clusters), having previously normalized the intensity values in each channel between 0 and 1. The correlation plots show the intensity in the FAM (left) or
the Cy5 (right) channel vs. the intensity in the DTBTA-Eu channel for each bead. Each point corresponds to one bead, color-coded according to the cluster assigned by
the K-nn algorithm as miR-451//Cy5 (in red), miR-371//FAM (in green), or miR-122//DTBTA-Eu (in cyan). The centroid values for each of the identified clusters are

shown as crosses.
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