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Bead-enriched catalyzed hairpin assembly for the
flow cytometric detection of microRNA via FRET
signal readout
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The accurate quantification of microRNAs (miRNAs) is of great significance for various biomedical
applications. Herein, a facile bead-enriched catalyzed hairpin assembly (CHA) assay for flow cytometric
miRNA analysis via fluorescence resonance energy transfer (FRET) signal readout is successfully developed.
Different from the traditional homogeneous CHA strategies, the CHA reaction is confined on magnetic
beads (MBs), so that even low levels of fluorescent dye can be enriched on the minuscule space around
the MBs and then sensitively investigated by flow cytometry (FCM), resulting in the improvement of
sensitivity. What's more, with the help of a robust FCM-based FRET signal output, the potential detection
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Accepted 2nd November 2023 decreased by recording the fluorescence intensity ratio of FAM and Cy3 instead of a single fluorescent dye.
In this way, precise miRNA sensing with a detection limit of 0.7 pM is achieved, and the amount of miRNA

target in complex total RNA is successfully analyzed. This work achieves FCM-assisted ratiometric
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Introduction

MicroRNAs (miRNAs) are short noncoding RNA molecules
that play important roles in gene expression." Notably,
increasing research evidence has suggested that aberrant
miRNA expression is associated with the onset and
progression of some diseases, including cardiovascular
diseases and various cancers.>® Consequently, accurate
quantification of miRNAs is essential for clinical diagnosis
and prognosis. Over the last few decades, several techniques
for miRNA analysis have been developed, including northern
blotting and DNA microarrays.*® Given the low levels of
miRNA in the early stage of diseases, series of nucleic acid
amplification strategies have been introduced into the
sensitive analysis of miRNA, which can be classified as
enzyme-assisted and enzyme-free ones.” Although quite
effective, the enzyme-assisted nucleic acid amplification
reactions have their own limitations. For instance, to
guarantee the activity of the enzymes, stringent reaction
conditions are required, such as biological buffers and certain
reaction temperatures.®’
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fluorescence analysis of miRNAs, providing a new route for the DNA machine-based biosensing system.

In contrast to the enzyme-assisted nucleic acid
amplification strategies, the enzyme-free ones are endowed
with some inherent advantages, including simple operation,
high stability, easy accessibility, etc."® Therefore, various
enzyme-free nucleic acid amplification strategies have been
developed, such as hybridization chain reaction (HCR),"
catalyzed hairpin assembly (CHA),"*> and entropy-driven
catalysis (EDC)."®> Among them, the CHA, in which single
stranded DNA or RNA is cyclically used to catalyze the strand
displacement of two stem-loop probes, has been widely used
in biomarker detection."*™"”

Benefiting from the inherent advantages of fluorescence
analysis, including the simplicity of operation, the high
sensitivity and the adaptability to various optical
instruments,'® it has been employed as the main signal
analysis method in CHA-based strategies.'® Despite showing
good performance, they face some difficulties. On the one
hand, most of them employ only one single fluorescent dye
as the signal, whose reliability may be easily disturbed by
external factors, such as the complex matrix medium and the
potential intensity fluctuation of the excitation light
sources.”’ On the other hand, in the traditional fluorescence-
based CHA strategies, the fluorescence signal produced by
the target is always dispersed into a large volume of solution,
resulting in the dilution of the signal and limitation of
detection sensitivity.>"

Herein, we proposed a bead-enriched CHA signal
amplification assay for the flow cytometric detection of
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miRNAs by introducing on-bead fluorescence resonance
energy transfer (FRET) as a signal readout mode. This
approach provides several advantages. First, the signal
amplification is achieved by the enzyme-free CHA reaction,
which simplifies the experimental process and overcomes the
shortcomings of enzyme-catalyzed amplification reactions.
Second, different from the homogeneous CHA,* the target-
initiated CHA reactions in this study are all enriched in the
tiny space around micron-sized magnetic beads (MBs).
Particularly, unlike the traditional bulk measurement by
recording the fluorescence signal of the whole solution,****
in this study, the minuscule sized MBs bearing enriched
fluorophores are investigated as separate reaction units one-
by-one through a flow cytometer (FCM), thus even very weak
fluorescence signals can be detected. Third, an on-bead FRET
readout mode is introduced to be monitored by versatile
FCM. In this way, the miRNA can be ratiometrically sensed
via simultaneously monitoring the fluorescence intensity of
two dyes, offering intrinsic signal correction and avoiding
false positive results caused by the complex biological
matrix.”>>°

Experimental section

Materials and reagents

Dynabeads M-270 Streptavidin (STV-MBs, diameter 2.8 pm)
were purchased from Thermo Fisher Scientific (Invitrogen).
All of the nucleic acid molecules, including miRNAs and
hairpin DNA probes, were custom synthesized by Sangon
Biological Engineering Technology and Services Co. Ltd.
(Shanghai, China), whose detailed sequences are listed in
Table S1. Saline sodium phosphate (SSPE) buffer (20x, 200
mM phosphate buffer containing 3 M NaCl and 20 mM
EDTA, pH 7.4) and Tween-20 were purchased from Sangon
Biological Engineering Technology and Services Co. Ltd. All
the solutions used for miRNA analysis were prepared with
RNase-free water, which was obtained from TaKaRa Bio Inc.
(Dalian, China).

Standard procedures of the bead-enriched CHA for miRNA
analysis

Before use, H1 and free H2 were separately annealed in 5x
SSPE using the following procedure: 95 °C for 5 minutes, 80
°C for 5 minutes, 75 °C for 10 minutes, 70 °C for 10 minutes,
65 °C for 10 minutes, 60 °C for 5 minutes, and 25 °C for 20
minutes. Then, in 100 uL of 4x SSPE buffer solution, 5 nM
H1 and 2 pL slurry of the STV-MBs were mixed. The mixture
was stirred for 0.5 hours at room temperature to produce H1-
MBs. The H1-MBs were magnetically purified and dispersed
in 10 pL of 4x SSPE buffer for further use. Typically, 1 pL of
the abovementioned H1-MBs (~1.2 x 10°> beads) was mixed
with 50 nM free H2 and different concentrations of let-7a in
a final 10 uL of 4x SSPE buffer solution. When ~2.4 x 10°
beads were employed, the above prepared H1-MBs were
diluted 50 times, and 1 nM free H2 was used. The mixture
was incubated at 37 °C for 3 hours to conduct the CHA
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reaction. Finally, the reaction mixture was diluted to 500 uL 1
x PBS and analyzed using a flow cytometer. Unless otherwise
stated, the fluorescence signals of 10000 MBs (1000 MBs
when ~2.4 x 10® beads are employed) for each sample were
monitored at the FL1 (FAM) and FL2 (Cy3) channels under
488 nm excitation. The quantification of the target miRNA in
each sample was achieved by evaluating the mean
fluorescence intensity (MFI) of the detected MBs.

Results and discussion
Principle of the bead-enriched CHA assay

Scheme 1 illustrates the working principle of the bead-
enriched CHA assay for miRNA detection, and the detailed
miRNA-initiated CHA process based on the toehold-mediated
strand displacement is illustrated in Fig. S1. Initially, H1 (a
FAM-labeled probe that acts as a FRET donor) is anchored
onto STV-MBs through STV-biotin interaction. If let-7a is
present, it hybridizes with the toehold of H1 and unfolds the
hairpin structure. Subsequently, the unfolded H1 can further
hybridize with free H2 (a Cy3-labeled probe that acts as a
FRET acceptor), allowing let-7a to re-enter into the solution.
Then, the released let-7a will act as a new catalyst to initiate
another round of CHA on the surface of MBs. In this way,
each let-7a can generate a large number of H1/H2 duplexes
on MBs, in which FAM and Cy3 are close together, generating
an obvious FRET signal. As a result, the miRNA can be
quantified by monitoring the FRET signals with FCM.

Optimization of experimental conditions

In order to achieve the optimal analytical performance,
optimization of experimental conditions was conducted,
which involved the concentration of H1 and free H2, as well
as the reaction time. The loading density of H1 on the MBs
plays an important role in determining the signal intensity.
Therefore, the concentration of H1 was firstly optimized with
other experimental conditions kept consistent. As can be
seen from Fig. 1A, as the H1 concentration increases, the let-
7a-produced FRET signal (relative fluorescence intensity of
cy3 to FAM, I.;/Ipan) firstly increases faintly, and then
decreases when the concentration of H1 exceeds 5 nM,
probably because the excessive H1 loaded on the MBs may
partially lead to steric hindrance. Additionally, the level of H2
hybridized with the H1 is rather low, especially when the
miRNA target is at a low concentration. Hence, the value of
Icys/leam  can  be also  greatly decreased at a high
concentration of H1. According to Fig. 1B, the signal-to-noise
ratio (designated as S/N) reaches a maximum at 5 nM H1, so
5 nM is selected as the optimized H1 concentration for the
experiment.

In addition, the concentration of free H2 in the reaction
system also affects the signal intensity. With the increase of
free H2, the interaction efficiency between free H2 and H1 on
MBs will be higher, along with a stronger background signal.
Therefore, different concentrations of free H2 are added to
evaluate the FRET signal intensity of the bead-enriched CHA
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Scheme 1 Schematic of the bead-enriched CHA strategy for the flow cytometric FRET detection of miRNAs.

reaction at 5 nM H1. As shown in Fig. 1C, the let-7a-induced
FRET signal increases with the free H2 increasing from 5 nM
to 50 nM, and when the concentration of free H2 further
increases, the let-7a-produced FRET signal changes weakly
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Fig. 1 (A) Optimization of H1 concentration. Experimental conditions:

H1, between 5 and 30 nM; free H2, 50 nM; let-7a, 250 pM; the CHA
reaction was performed at 37 °C for 3 hours. (B) The signal-to-noise
ratio (S/N) at different H1 concentrations. (C) Optimization of free H2
concentration. Experimental conditions: H1, 5 nM; free H2, between 5
and 150 nM; let-7a, 250 pM; the CHA reaction was performed at 37 °C
for 3 hours. (D) Optimization of reaction time. Experimental conditions:
H1, 5 nM; free H2, 50 nM; let-7a, 250 pM; the CHA reaction was
performed at 37 °C for different times. The error bars represent the
standard deviation of three replicates for each data point.
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while the blank signal continues to increase gradually.
Therefore, 50 nM is selected as the optimal concentration of
free H2 in this work.

The CHA reaction time is further investigated to achieve
the optimal amplification performance at the optimized
concentration of H1 and free H2. As shown in Fig. 1D, the
let-7a-produced FRET signal increases over time until 180
minutes, and the blank signal remains almost constant.
Therefore, the CHA reaction is conducted for 3 hours.

Analytical performance of the bead-enriched CHA assay

Under the optimized experimental conditions, different
concentrations of let-7a were introduced to assess the analytical
performance of the proposed bead-enriched CHA assay. As
shown in Fig. S2;t the FRET signal continuously rises with the
concentration of let-7a increasing from 50 pM to 300 pM by
using ~1.2 x 10° beads. It is noted that the FRET signal
produced by as low as 50 pM let-7a can be well separated from
the blank signal. In addition, in the case that the density of the
H1 probe on the beads is fixed, fewer beads will lead to a higher
loading efficiency of the miRNA target (miRNA per bead),
resulting in more CHA reaction on each single bead. In this
work, the miRNA target is quantified by investigating the beads
bearing the enriched fluorophores as separate reaction units
one-by-one through flow cytometry, thus a low number of beads
is better for the sensitive detection. However, it is noteworthy
that using an extremely low amount of beads might result in
poor reproducibility of detection. We found that the lowest
detection limit with a high accuracy of the experiment can be
attained by using approximately 2.4 x 10°> beads and collecting
the FRET signals of 1000 MBs for each sample. As shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Fluorescence intensity of Cy3 vs. fluorescence intensity of
FAM scattering plots of the beads in the presence of different
concentrations of let-7a by using 2.4 x 10° beads. (B) Standard
calibration curve between the lg(/cys/lram) and the concentration of
let-7a at employment of 2.4 x 10% beads. (C) Evaluating the analytical
performance of the traditional CHA strategy in homogeneous solution.
(D) Evaluating the specificity of the bead-enriched CHA assay. The
FRET response of let-7a is normalized to 1. The error bars represent
the standard deviation of three replicates for each data point.

Fig. 2A and S3;i as low as 2.5 pM (absolutely 25 amol) let-7a-
produced FRET signal can be reliably discriminated from the
blank sample. The Ig(Icys/Iram) signal is linearly proportional to
the let-7a concentration as shown in Fig. 2B. The corresponding
linear regression equation is 1g(Icys/fran) = 0.0104Cec7a (PM) —
1.3126 (R*> = 0.9961), and the detection limit is calculated to be
0.7 pM according to the 3¢ criterion (see details in the ESI}).
Furthermore, the comparison of the analytical performance of
our assay to other representative CHA-based methods is listed
in Table S3.f

Compared with the traditional CHA-based strategies that
typically detect the fluorescence signal dispersed in a
homogeneous solution with a fluorescence spectrometer, this
bead-based CHA assay can achieve a higher sensitivity. That is
because a small amount of MBs is employed and the target-
produced signal is enriched on the confined surface of these
MBs which can be effectively monitored by FCM as individual
units, resulting in much higher sensitivity. To evaluate the
advantage of this bead-enriched CHA assay, a contrast
experiment is designed, in which the CHA reaction is conducted
in the homogeneous solution and the FRET signal is bulk
measured by using fluorescence spectroscopy with the same
amount of H1 and H2 as those used in the bead-enriched assay
by the use of ~2.4 x 10° beads. As can be seen in Fig. 2C, the
signals are almost undetectable because the low level let-7a-
produced fluorescence signals are distributed into a large
volume solution. Therefore, compared with the CHA reaction in
homogeneous solution, higher detection sensitivity can be
achieved with the bead-enriched CHA assay.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Standard calibration curve of the qRT-PCR protocol for the
detection of let-7a. (B) The determined amount of let-7a in 1 ug total
HepG2 and Hela RNA by using the bead-enriched CHA assay and the
qRT-PCR protocol. The error bars represent the standard deviation of
three replicates for each data point.

To investigate the specificity of the proposed bead-
enriched CHA assay, 250 pM different types of miRNAs such
as let-7e, let-7f, let-7g, let-7i, miRNA-21, and miRNA-195 are
selected and evaluated by the use of let-7a-specific probes. As
shown in Fig. 2D, only let-7e (one-base different) generates
obvious interference for let-7a analysis. This is because only
through the hybridization mechanism, although sometimes
sequence-dependent, it is quite challenging to fully
discriminate the quite similar homologous miRNA sequences
with only one-base difference.>’>° The detection of let-7a will
not be interfered with heterologous nucleic acids; however,
as to other potential practical application scenarios that are
conducted in more complex reaction systems, the potential
interference of quite similar homologous miRNA species
should be taken into consideration.

In addition, we implement the proposed bead-enriched
CHA assay for quantifying let-7a in total RNA extracted from
HepG2 cells and HeLa cells. Following the standard assaying
procedures established, the bead-enriched CHA assay
indicates that the amount of let-7a in 1 pug total HepG2 and
HeLa RNA samples is 910 amol and 1.75 fmol, respectively.
Moreover, the standard quantitative real-time polymerase
chain reaction (QRT-PCR) method was employed to determine
the let-7a level in the same batches of total HepG2/HeLa RNA
samples. Firstly, C, values were obtained from the StepOne
Real-Time PCR system (Applied Biosystems, U.S.A.) and
applied to construct a calibration curve against the logarithm
of synthetic standard let-7a concentrations (Fig. 3A).
According to the constructed calibration curve, the amount
of let-7a in 1 pg total HepG2 and HeLa RNA samples was
determined to be 895 amol and 1.82 fmol, respectively. As
can be seen in Fig. 3B, the results of RT-PCR are in good
agreement with the proposed bead-enriched CHA assay,
indicating that the bead-enriched CHA assay is reliable for
the quantification of miRNAs in complex samples.

Conclusions

In summary, a new bead-enriched assay combining CHA
signal amplification and FRET signal readout was
successfully developed for the flow cytometric detection of
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miRNAs. Benefiting from the FCM-assisted FRET signal
output, the potential detection error caused by the
fluctuation of experimental conditions and instrument
settings can be greatly eliminated. In addition, the CHA
reaction is spatially conducted on MBs rather than in
homogeneous solution, enriching the fluorescence signal and
improving the detection sensitivity. Therefore, let-7a sensing
with a low detection limit of 0.7 pM is achieved, and the
amount of let-7a in complex total RNA is reliably analyzed.
We believe that this on-bead CHA strategy integrated with
flow cytometric FRET signal readout may provide a new
choice for fabricating sensitive bioassays.
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