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Abstract

Microfluidic techniques are widely used for high-throughput quantification and discrete analysis
of micron-scale objects but are difficult to apply to molecular-scale targets. Instead, single-
molecule methods primarily rely on low-throughput microscopic imaging of immobilized
molecules. Here we report that commercial-grade flow cytometers can detect single nucleic acid
targets following enzymatic extension and dense labeling with multiple distinct fluorophores. We
focus on microRNAs, short nucleic acids that can be extended by rolling circle amplification
(RCA). We labeled RCA-extended microRNAs with multicolor fluorophores to generate repetitive
nucleic acid products with submicron sizes and tunable multispectral profiles. By cross-correlating
the multiparametric optical features, signal-to-background ratios were amplified 1600-fold to
allow single-molecule detection across 4 orders of magnitude of concentration. The limit of
detection was measured to be 47 fM, which is 100-fold better than gold-standard methods based
on polymerase chain reaction. Furthermore, multiparametric analysis allowed discrimination of
different microRNA sequences in the same solution using distinguishable optical barcodes.
Barcodes can apply both ratiometric and colorimetric signatures, which could facilitate high-
dimensional multiplexing. Because of the wide availability of flow cytometers, we anticipate that
this technology can provide immediate access to high-throughput multiparametric single-molecule
measurements and can further be adapted to the diverse range of molecular amplification methods
that are continually emerging.
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Single-molecule analytical techniques have had a transformative impact on analytical
chemistry,1-5 biophysics,5-11 enzymology,12-16 and cellular biology,17-22 garnering
numerous Nobel Prizes.23-27 For the most common experimental approaches, individual
molecules are immobilized through surface adsorption, cooling, or optical trapping and are
optically probed or imaged using high-resolution microscopy.28-30 Using these techniques,
diverse molecular processes have been revealed in inhomogeneous media and complex

ACS Nano. Author manuscript; available in PMC 2021 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Smith et al.

Page 3

systems, and the resulting ultrahigh analytical sensitivity is beginning to benefit clinical
molecular diagnostics.31-35 However, a fundamental bottleneck for the application of these
methods is the low-throughput nature of microscopy-based single-molecule analyses, which
typically require long data acquisition times and computationally expensive analysis
pipelines.36-38 Experimental results can also be limited by subjective image processing steps
that bias sampling3940 and insufficient statistical power to analyze rare events or to
characterize heterogeneous molecular populations.29:36:41 These technical challenges limit
broad adoption of single-molecule techniques and limit the rigorous interpretation of
reported outcomes.

For objects with micron-scale dimensions, microfluidic instruments have solved the problem
of achieving both high accuracy and high-throughput analysis at the resolution of individual
objects.4243 Fluorescence-based flow cytometers are microfluidic instruments containing a
flow cell in which dispersed objects in a microscale laminar flow stream are rapidly passed
across high-speed, high-sensitivity optical detectors aligned with laser excitation sources.
These instruments measure fluorescence and scattering of individual events in microseconds,
allowing counting of 10° to 107 cells in just seconds to minutes to generate large statistical
power from small volume samples. These instruments are the standard platform for
quantitative single-cell analysis in biology and are used routinely in clinical diagnostic
laboratories for characterization of blood cells. For basic research studies, these flow-based
methods have been extended from individual mammalian cells** to colloids with submicron
dimensions, including chromosomes,° virions,*8 extracellular vesicles,*” and synthetic
nanoparticles.*® Individual molecules have also been analyzed in fluidic systems for nearly
30 years,49°0 however customized micro- and nanofluidic designs and optics that are not
available in commercial instruments are needed to achieve ultrasensitive detection at the
level of single molecules,>%-52 preventing adoption by applied scientists. Meanwhile, the
past two decades have seen a tremendous advancement of commercial flow cytometry
instruments that allow high-dimensional multiparametric event analyses, including optical
detection instruments measuring 19 coincident optical channels using numerous lasers and
detectors precisely aligned in series along the flow path.#3:53 This results in an extraordinary
combination of rapid data collection in conjunction with high-dimensional characterization.
Furthermore, advances in software for both data collection and statistical analysis have made
these techniques easily adoptable for new users in the biomedical sciences.>* However,
small molecules and biomacromolecules remain below the detection limit of commercial-
grade flow cytometers and have not benefitted from the advances in throughput,
multiparametric analysis, and simplicity.

Here we describe the quantification of soluble macro-molecules at the single-molecule level
using commercial-grade flow cytometers. The key development is a method for molecular
amplification and multispectral fluorescent labeling to generate densely labeled and
fluorescently barcoded products which can be detected with high fidelity. Optical barcodes
are the critical advance that enables cross-correlation analysis to eliminate background
signals intrinsic to individual optical channels. We demonstrate the technique for detection
of microRNA (miR), which are short ~22-mer single-stranded RNAs. We focus on miR-375,
an exosomal blood biomarker that is a prognostic indicator for survival in castrate resistant
prostate cancer.2>26 As depicted in Figure 1, each miR is extended from its 3" end as single-
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stranded DNA (ssDNA) by rolling circle amplification (RCA) using a circular sSDNA
template and DNA polymerase. This reaction appends long sequential repeats of a designed
nucleic acid sequence to each miR, resulting in products that we call “miR amplicons.”>7-59
In a second step, miR amplicons are fluorescently labeled through sequence-specific binding
of dye-conjugated ssDNA probes (dye-DNA) through hybridization, in addition to an
intercalating dye (SYBR Green) that exhibits a 1000-fold fluorescence enhancement when
bound to double-stranded DNA (dsDNA).89-61 This results in amplicon products labeled
with precise ratios of spectrally distinct fluorophores. Finally, amplicons are injected into the
flowstream of a benchtop fluorescence-based flow cytometer to measure optical scattering
and multichannel fluorescence intensity for each detected event. Notably, RCA has
previously been used to quantify miRs at the ensemble level by measuring intensities from
radioisotopic or fluorescent nucleic acids probes.52:63 By instead measuring fluorescence
intensity spikes in a flow cytometer, individual molecules derived from RCA and labeled
with multispectral probes can be discretely measured and classified by their multispectral
profiles. These profiles can be precisely controlled in both color and ratiometric intensity to
generate diverse barcodes to differentiate and quantify distinct molecules in a mixture. This
methodology could, therefore, serve as a framework for multiparametric single-molecule
detection that is not possible at the ensemble level and could be applied to the rapidly
diversifying techniques that use high density fluorescence labeling of molecular targets,
especially those focused on RNA.84.65

RESULTS AND DISCUSSION

Molecular Extension and Fluorescent Labeling.

After RCA amplification and dye-DNA probe hybridization, miR amplicons exhibit intense
fluorescence that can be distinguished amid a large excess of dye-DNA probes. Figure 2a
shows a comparison between the fluorescently labeled amplicons and probes alone after
immobilization on a glass coverslip, showing much higher fluorescence spot intensities of
the amplicons. As a result of the RCA reaction, 22 base miRs are extended to an average
length near 48 kilobases based on gel electrophoresis (SI Figure S1), which is orders of
magnitude longer than their original size. The amplicon products have a polydisperse length
distribution, which is discussed further below. Using a 70 base circular template, miR
amplicons are labeled with an average of 691 concatamer repeats which allow binding of as
many as 691 dyes through dye-DNA probe hybridization. When characterized using
fluorescence microscopy, a portion of amplicons are even larger than the ~200 nm optical
diffraction limit (SI Figure S2). Confocal imaging of a diffraction-limited spot in the
reaction solution also reveals fluorescent molecules with intensities much brighter than the
dye-DNA background signals (Figure 2b) with diffusion coefficients that are nearly 2 orders
of magnitude smaller than those of the dye-DNA probes alone (SI Figure S3).

Molecular Detection Using a Flow Cytometer.

Following extension and labeling, we injected the solution of miR amplicons into the inlet
flow valve of a commercial-grade fluorescence-based flow cytometer with photomultiplier
tube detectors and laser illumination sources, instrumentation typically used to detect, count,
and characterize large scattering particles with micron dimensions. Figure 3a,b shows scatter
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plots of optically detected events in the solution, showing single events exhibiting high-
intensity side-scattering of light (SSC) as well as high-intensity fluorescence deriving from
the SYBR Green intercalating dye and two dye-DNA probes (Cy3-DNA and Cy5-DNA)
bound through sequence-specific hybridization. With this labeling scheme, less than 20% of
the amplicon is labeled with dye-DNA probes and therefore 80% remains single-stranded,
providing molecular regions for multispectral color-coding (described below). These results
show that this extension and labeling method generates individual miR amplicons that are
sufficiently intense to register as distinguishable optical events. However, high levels of
background counts were detected in each independent optical channel (SI Figure S4). In
conventional flow cytometry, true events for individual cells are isolated from events
corresponding to noncellular matter through an initial analysis of forward and side
scattering, as individual cells exhibit distinctive scattering signatures. This metric was
insufficiently specific for the recognition of noncolloidal molecules due to the absence of a
distinguishable forward scattering signal from the labeled miR amplicons (Sl Figure S5), so
an alternative methodology was needed.

In order to differentiate true miR amplicon signals from aberrant events measured for any
individual optical parameter, we developed a method to cross-correlate the signals from
multiple fluorescent labels and optical scattering for each event. Specifically, we used two-
step biparametric gating of the four-dimensional (4D) data sets for each event composed of
SSC intensities and fluorescence intensities from SYBR Green, Cy3-DNA, and Cy5-DNA.
These gates are depicted as black polygonal boundaries in event scatter plots (see Figure
3a,b). Figure 3a shows a first level of gating based on SSC signal and the fluorescence
intensity of SYBR Green. Data points within the gate show a band of events with nearly
linear proportionality (R2 = 0.959), a relationship resulting from the dependence of SSC on
the size of dielectric matter#® and the linearity of SYBR Green fluorescence enhancement
when bound to dsDNA.6%61 |_jkewise, Figure 3b shows that the vast majority of gated
counts correspond to molecules simultaneously bound by sequence specific dye-DNA
probes labeled with Cy5 and Cy3, which exhibit a similar linear proportionality (R2 =
0.954).

The vast majority of events binned within the gated regions in Figure 3a,b were correlated
across all four optical parameters (SI Figure S4), as each parameter pair in the 4D data set
exhibited a Pearson correlation coefficient between 0.884 and 0.976. These correlated events
corresponded to a population only present in RCA reactions containing miR targets (SI
Figure S4). For control RCA reactions without miR-375 added, 5456 events were detected
within an individual channel, of which 5453 were outside of the multiparametric gates,
allowing exclusion of 99.95% of the nonspecific background counts. Simultaneously, for
RCA reactions containing miR-375, 1732 out of 1973 total detected events were within all
gates, allowing retention of 87.79% of the miR-specific events. Therefore, compared to
samples analyzed without gating, this 4D gating strategy resulted in a 1576-fold
improvement in signal-to-background ratio. Notably, it is optimal to tune gates for specific
sample matrices, as fluorescence and scattering intensities of the background solution can
differ; however, once optimized, gates can be consistently applied across different samples
in the same matrix for miR quantification (see below). Importantly, this analytical
methodology for multispectral fluorescence analysis of individual molecules is enabled by
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the standard features of commercial grade flow cytometers, whereas other single molecule
techniques for nucleic acid quantification typically only allow single- or two-color detection.

We further measured the miR count as a function of RCA reaction time, which showed an
abrupt rise and plateau (SI Figure S6). This is unlike the trend observed when amplicon
growth is measured by real time enhancement of SYBR fluorescence, which exhibits a
progressively increasing signal, indicating that further amplicon extension occurs after
reaching a detectable size in the flow cytometer (SI Figure S6). This finding indicates that,
despite significant heterogeneity in amplicon length in the population (Sl Figure S1), miRs
undergoing labeling reactions were successfully extended to a size that is stably detectable
after a 1 h reaction. We note that it is unlikely that the entirety of miRs in solution are
detected as counts across all concentrations, as many of the amplicons may not pass directly
through the focal volume in microfluidic flow streams optimized for micron-scale objects. In
addition, gating strategies were driven primarily to maximize fidelity of miR-specific
signals, so many true target signals were discarded.

miR Quantification.

Gated counts of miRs from flow cytometry were stoichiometrically proportional to the
number of miR targets present. Figure 3c shows counts from solutions containing seven
different concentrations of miR-375 with all other conditions held constant (see also Sl
Figure S7). Using this readout as an assay, miR-375 could be quantified across a dynamic
range spanning more than 4 orders of magnitude, from an upper limit of 100 pM to a lower
limit of 47.0 fM, defined as the concentration for which counts were equal to three standard
deviations above background counts. The sensitivity and wide dynamic range observed for
this test are important for miRs due to the wide range of concentration of distinct sequences
in biological fluids and cells.5® Further, the specificity for miR-375 was sufficient to
quantitatively measure targets in RNA extracts from human plasma (SI Figure S8). A higher
number of background counts was detected in these samples when using the same gates,
likely due to interactions between dye-DNA probes and long RNA sequences present in the
matrix. This could be eliminated by either using miR purification kits or choosing more
stringent gating for the extract matrix. However, neither were necessary for the application
of the assay methodology for miR-375 quantification, as the dynamic range and limit of
detection were similar to those performed in pure solutions. This demonstrates the
compatibility of this platform with complex sample media, although we recommend
analyzing the contribution of matrix to background signals for different sample classes. In
addition, a standard curve using spiked samples may be needed for new matrices to calibrate
absolute native concentrations of the target miR sequence. We also determined that this same
methodology and platform could be used for the detection and quantification of short DNA,
resulting in a similar limit of detection (136 fM) and nearly 5 orders of magnitude of
dynamic range (Sl Figure S9).

In comparison with a flow cytometry-based readout, miR quantification based on net SYBR
Gold intensity from RCA reactions measured using a quantitative polymerase chain reaction
(gPCR) instrument gave a limit of detection of 36.5 pM (Sl Figure S10), nearly a thousand
times higher than flow cytometry-based detection. Likewise, the detection limit for gold-
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standard quantitative reverse transcriptase PCR (QRT-PCR) was 3.7 pM (Figure 3d), nearly
100 times higher. For this assay, we used a commercial grade Applied Biosystems TagMan
gPCR kit for miR-375, which gave similar results as the QIAGEN miScript PCR System
(data not shown).57 Notably, some qRT-PCR assays for miR sequences have been reported
to have higher sensitivity, however this is sequence-specific and lower sensitivity can result
from nonoptimal primer design, differing efficiencies of multiple enzymatic steps, and
interference from secondary structures, particularly for GC-rich miR sequences like
miR-375.68:69 Notably, it is likely that sensitivity in flow cytometry-based detection could be
further improved, as the high target specificity deriving from 4D gating in flow cytometry
results in the exclusion of some labeled miRs which do not achieve a minimum intensity
threshold in all four of the optical channels (SI Figure S4). This challenge could be
addressed through the use of more sensitive optical instruments or dyes with higher
fluorescence intensity. Sensitivity could also be boosted by using longer data acquisition
periods, as the overall count number in flow cytometry increases linearly with acquisition
time (SI Figure S11).

In addition to quantifying miR targets with perfect sequence complementarity to the full
target region on the circular DNA template, we analyzed quantitative differences across the
most common miR-375 isoforms (isomiRs miR-375.1, miR-375.2, miR-375.3, miR-375.4;
sequences in Sl Table S1). The isomiR sequences were derived from next-generation
sequencing of exosomal RNA extracts from plasma, revealing polymorphisms primarily at
the 3" end.”® Both gold-standard gRT-PCR and RCA assays were performed using synthetic
isomiRs, revealing differing degrees of selectivity for the isomiRs across the two analytical
platforms (SI Figure S12). All four were detectable to differing degrees by RCA, whereas
gRT-PCR was highly selective for isomiRs 1 and 3. Unlike sequencing-based quantification
methods, hybridization-based nucleic acid assays exhibit lower degrees of sequence
specificity and can be challenging to predict and interpret. In the case of miR-375, a broader
degree of detectability across the isomiRs is desirable for our purposes, as the clinical
correlation for prostate cancer prognostics was developed by summing the concentrations of
all isomiRs.55 However, for some applications it is desirable to measure a single isoform
alone with high specificity. This can be achieved with RCA amplification by using linear
padlock probes in the place of circular templates with sequence-specific circularization
mediated by SplintR Ligase.” -3 We determined that RCA amplicons deriving from
padlock probes with SplintR Ligase can be labeled and detected in the same way as RCA
alone, which can enable higher sequence specificity (SI Figure S13).

Molecular Barcoding.

In addition to increasing amplicon detection specificity, multiparametric analysis can be
used to independently identify and quantify amplicons with spectrally distinct fluorescent
profiles.”4~78 To this end, circular RCA templates were designed to contain 5 distinct and
tunable probe sites that were each 12-13 bases in length. The amplicons generated from
RCA could then be labeled by hybridization with different combinations of up to five dye-
DNA probes to generate distinguishable multispectral fingerprints (Figure 4a).”* The probe
sites were designed to be as short as possible to maximize the number of color-coding
regions for a fixed RCA template length, which will maximize multiplexing capacity.
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Shorter dye-DNA probes also increase the total density of fluorescent labeling, which can
improve sensitivity, but also result in decreased melting temperatures, which can reduce
probe binding affinity. We therefore balanced these effects to ensure that lengths were
sufficient for efficient hybridization at room temperature, finding that 12-to 13-mer dye-
DNA probes worked well. Probe sequences and binding mechanisms can likely be further
optimized to tune multiplexing capacity and detection sensitivity.

To characterize the capacity to differentiate amplicons using biparametric colorimetric
gating, 10 pairs of 5 distinct fluorophores were analyzed. Figure 4b shows representative
examples, revealing densely concentrated events within target color channels and nearly zero
events in off-target channels. We also characterized the capacity to ratiometrically label
single miR amplicons to generate distinguishable optical signatures within a single
biparametric channel based on relative intensities. Figure 4c shows ratiometrically
differentiated signatures for targets generated from eight different mixtures of Cy3 and Cy5
dye-DNA probes that bind to the same region of an miR amplicon. The resulting optical
signatures are widely tunable and comprise narrow and minimally overlapping bands. These
results indicate that single molecule flow cytometry measurements are compatible with a
variety of fluorophores and that both colorimetric and ratiometric barcodes can be generated
and distinguished.

To investigate the capacity of flow cytometry to independently detect and quantify multiple
miR sequences in the same mixture, a second RCA assay was developed to target
miR-30a-5p. miR-30a-5p is an important target for comparison with miR-375, as it serves as
an endogenous internal reference for normalizing miR levels in serum exosome extract from
prostate cancer patients.>® The circular template for miR-30a-5p was designed to generate
amplicons that bind to two dye-DNA probes labeled with Alexa-430 and Alexa-594 and to
exhibit minimal binding to miR-375 and its distinct dye-DNA probes labeled with Cy3 and
Cy5. The templates and probes are thereby orthogonally reactive and distinguishable in
separate spectral channels, as depicted in Figure 5a,b (sequences are provided in Sl Table
S1). Figure 5¢,d shows that when all of the templates and probes are mixed together,
amplicons generated in the presence of miR-375 result in events detected in the Cy3/Cy5
channels, with minimal events in the Alexa-430/Alexa-594 channels. Likewise, amplicons
generated in the presence of miR-30a-5p result in events detected in the Alexa-430/
Alexa-594 channels with minimal events in the Cy3/Cy5 channels (Figure 5e,f). The labeled
amplicons are therefore amplified independently and can be detected independently in their
distinguishable fluorescence channels without contributing to background counts in off-
target channels. Figure 5g shows miR-375 channel counts from solutions containing seven
different concentrations of miR-375 in the presence and absence of a high concentration of
miR-30a-5p, showing a wide linear range of detection with only a small impact from the
presence of the second target sequence. The lower detection limits were similar, 99.2 fM and
86.5 fM, in the presence and absence of miR-30a-5p, respectively. A similar result was
observed for the detection of miR-30a-5p (Figure 5h), yielding comparable 772 fM and 835
fM detection limits in the presence and absence of miR-375, respectively. Therefore, both
miR-375 and miR-30a-5p could be independently quantified from reactions containing both
miR targets. Small differences in absolute counts due to the presence of multiple targets
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likely arise from differing reaction rates between the two sequences in the competing RCA
reactions, leading to differing rates of reagent consumption.

Based on these experiments validating the capacity for multispectral optical barcoding, we
calculated the theoretical capacity for sequence multiplexing. A primary success metric for
multispectral barcoding is the capacity to minimize signal crosstalk between distinguishable
channels. In the case of fluorescent dye-DNA signatures, optical codes are derived from the
sequence-specific binding sites designed into the RCA template (Figure 6a). For
colorimetric barcoding using biparametric gates with 10 pairs of 2 spectrally distinct
fluorophores from Figure 4, we determined that 87 of 90 off-target channels analyzed
yielded no detectable off-target events with an overall average occurrence of fewer than one
in one million false positive counts (Figure 6b). Likewise, off-target events were nearly
absent when using two fluorophores for ratiometric labeling, and false positive counts were
only observed between a single pair of adjacent gates (Figure 6c¢). Using these data, we
calculated the absolute number of potential molecular barcodes that could be independently
distinguished at different degrees of specificity. On the basis of the observation that
ratiometric amplicon populations fit well to elliptical Gaussian functions (R2 > 0.95; SI
Figure S14), we calculated the overlap integrals for all pairwise ratios and summed these
values to calculate the total false positive rate for each barcode. This process was repeated
iteratively for all distinct ratiometric and colorimetric combinations, and parameters were
optimized to maximize the number of codes resulting in a maximum false positive rate of
either 1073 or 1078, For the Cy5/Cy3 pair analyzed with a ratio range between 1:47 and 47:1
(Figure 4c), as many as 16 distinguishable codes could be generated with fewer than one in
one million false positive counts in any single channel. Figure 6d shows the calculated total
number of distinguishable optical barcodes that could be generated by combining both color-
coding and ratiometric labeling schemes (solid lines), showing the effects of signal crosstalk
between channels resulting in false positive rates of either 102 (dotted lines) or 1076
(dashed lines). When the color channel number is five or higher, hundreds to thousands of
barcodes could be theoretically discriminated with minimal crosstalk.

While we demonstrated the effectiveness of this multiplexed detection and quantification
approach for two sequences using colorimetric codes (Figure 5), further empirical
optimization of orthogonally reactive template sequences and dye-DNA probe sequences
will be needed to approach the theoretical limits of multiplexing using ratiometric codes.
Most importantly, amplification reactions will need to be finely tuned to allow detection of
numerous sequences that may be present at widely differing concentrations. For RCA
reactions in particular, multiple competing reactions could lead to disproportionate
consumption of free dNTPs in solution depending on target concentrations, resulting in
amplicons with different size distributions, which could skew the measured results. This
could be avoided by ensuring that reactions take place independently, such as with the use of
emulsion-based reaction compartmentalization in droplets that has now become common for
PCR.7®
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CONCLUSIONS

Flow-based measurements of single molecules have previously required intricately designed
optical and fluidic setups that are not widely available.5%-52 As a result, single-molecule
quantification methods primarily rely on low-throughput microscopy-based analyses of
immobilized targets. As shown here, benchtop flow cytometers are sufficiently sensitive to
robustly detect individual molecules after dense labeling with multiple emitters that provide
distinct optical signatures. Sensitive miR quantification can be achieved even in complex
media with a detection limit that is better than that of conventional gRT-PCR by 2 orders of
magnitude. Multiple sequences can also be independently quantified in a mixture with the
potential to generate hundreds to thousands of optical barcodes. This provides an exciting
opportunity to multiplex the detection of nucleic acids in solution with an optical capacity
approaching the number of endogenous human miRs, currently estimated at 4076.8° While
we demonstrated the applicability of flow cytometer-based detection for miRs and short
DNA, we have not yet explored applicability for longer sequences of mMRNA or genomic
DNA. However, we expect that similar assays can be developed based on RCA using
priming methods that have already been successfully applied to these nucleic acid classes.
81-83 As a result of the high sensitivity and throughput of flow cytometers, their capacity for
extensive barcoding, and their wide availability, we anticipate that multiparametric flow
cytometer-based molecular analysis can be broadly adopted in research as well as clinical
applications.

METHODS

Chemicals and Reagents.

DNA and RNA oligonucleotides with sequences shown in Sl Table S1 were purchased from
Integrated DNA Technologies. The oligos were resuspended in molecular biology grade
water (Corning), centrifuged (5 min, 5000xg), analyzed for concentration and purity by
absorption at 260 and 280 nm, and stored at —20 °C prior to use. CircLigase Il was
purchased from Lucigen. Deoxynucleotide Solution Mix (ANTP), ©29 DNA polymerase,
Murine RNase Inhibitor, SplintR Ligase, and E. coli exonuclease | were purchased from
New England Biolabs. SUPERase-In RNase Inhibitor, SYBR Green I Nucleic Acid Gel
Stain (SYBR Green), SYBR Gold Nucleic Acid Gel Stain (SYBR Gold), sodium hydroxide
(>97%), glacial acetic acid (>99.7%), sodium bicarbonate (>99.7%) tris(hydroxymethyl)-
aminomethane (Tris), Tween 20, ethylenediaminetetraacetic acid (EDTA), 6x DNA Gel
Loading Dye, and TRIzol LS Reagent were purchased from ThermoFisher Scientific. 10x
TBE was purchased from Bio-Rad Laboratories. Phosphate buffered saline (PBS) was
purchased from Corning. Monomethoxy monosuccinimidyl ester poly(ethylene glycol)
(mPEG5000-NHS, 5000 Da) and monoazido monosuccinimidyl ester poly(ethylene glycol)
(azide-PEG5000-NHS, 5000 Da) were purchased from Nanocs, Inc. In-house purified Milli-
Q water was used throughout. Unless specified, all other chemicals and solvents were
purchased from Sigma-Aldrich and used without further purification. No. 1.5 coverglass was
purchased as 50-well chambers from Electron Microscopy Sciences. Pooled human plasma
was purchased from Innovative Research. Flow-Check Fluorospheres were purchased from
Beckman Coulter.
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DNA Template Circularization.

miR-375 or miR-30a-5p RCA Template (SI Table S1) with 5"-phosphoryl modification was
circularized at 2 uM using CircLigase 11 (2.5 U pL™1) in 0.33 M Tris-acetate, 0.66 M
potassium acetate, 2.5 mM MnCl,, and 5 mM dithiothreitol at pH 7.5 for 1 h at 60 °C.
Unreacted linear DNA was removed by reaction with exonuclease | for 1 h at 37 °C
followed by a 10 min incubation at 80 °C.

Rolling Circle Amplification.

miR or DNA was hybridized with corresponding circular RCA templates (100 nM) in
polymerase buffer (50 mM Tris-HCI, 10 mM MgCl,, 10 MM (NH,4)2SO4, 4 mM
dithiothreitol, 0.5 U uL~1 SUPERase-In RNase Inhibitor, and 0.5 U pL~! Murine RNase
Inhibitor at pH 7.5) for 4 h at room temperature. RCA was then initiated through the
addition of a 2x reaction mixture (0.2 U pL~1 ®29 DNA polymerase, 2 mM dNTPs, 0.2 mg
mL~1 BSA, and 0.002% SYBR Gold). Reactions were performed using an Eppendorf
Realplex 4S Real-time PCR system with SYBR Gold fluorescence monitored using LED
excitation at 470 nm and emission at 520 + 10 nm at 30 s intervals. Reactions were allowed
to proceed for 1 h at 37 °C prior to polymerase heat inactivation at 95 °C for 5 min. For time
course studies, reaction mixtures were stored on ice until reaction initiation at 37 °C, and all
reactions were heat inactivated simultaneously at 95 °C for 5 min. All samples were then
stored at —20 °C prior to analysis.

Padlock Probe Mediated Rolling Circle Amplification.

A linear miR-375 Padlock Probe sequence with 5”-phosphoryl modification (SI Table S1)
was mixed with miR-375 at different concentrations for 2 h at room temperature in a
solution containing 0.625 U uL~1 SplintR Ligase prepared using SplintR Ligase reaction
buffer (50 mM Tris-HCI, 10 mM MgCl,, 1 mM ATP, and 10 mM dithiothreitol, pH 7.5).
RCA was then performed as described above using the 2x reaction mixture.

Amplicon Labeling.

RCA reaction solutions were diluted 20-fold in a solution containing dye-DNA probes at a
final concentration of 3 nM in phosphate buffer (10 mM Nay,HPO,4, 1.8 mM KH,POy, 2%
BSA, pH 7.4) containing SYBR Green at a final concentration of 0.0316%. Samples were
mixed thoroughly and denatured by incubation at 50 °C for 10 min, followed by 4 h of
annealing at room temperature. Unless otherwise indicated, a combination of Cy3-DNA and
Cy5-DNA were used to detect all miR-375 amplicons.

Data Collection by Flow Cytometry.

Labeled miR amplicons were transferred to round-bottom polystyrene tubes for loading into
a BD LSR Fortessa Flow Cytometry Analyzer. All acquisition parameters were tested prior
to each experiment using Flow-Check Fluorospheres to confirm that emission parameters
were within expected intensity ranges. All events were recorded for which intensities were
greater than the minimum detection threshold of 200 r.f.u. for side scattering, SYBR Green,
and optical channels corresponding to all the dye-DNA probes used. Photomultiplier voltage
of 450 V was used for all samples. Data were collected with a 15 s acquisition time and a
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total of 8.75 puL. Lasers and filters used for each probe are provided in Sl Table S4. Fluidics
were cleaned with desalinated water to remove residual sample between experiments.

Data Analysis.

Data from the flow cytometer were analyzed using FCS Express 6 software (De Novo
Software). Events were first gated based on the biparametric intensities of side scattering
and SYBR Green fluorescence and then based on the biparametric intensities of dye-DNA
fluorescence unless otherwise noted. When analyzing two or more fluorophore
combinations, intensity values were compensated to account for overlap between
fluorophore channels. Compensation values were generated based on miR amplicons labeled
with only one fluorophore, and automated compensation levels were manually optimized to
maximize discrimination between different populations.

Multiplexed Detection of miR-375 and miR-30a-5p.

Reactions mixtures were prepared with miR-375, miR-30a-5p, or both miRs, together with
miR-375 RCA Template and miR-30a-5p RCA Template, each at a 100 nM concentration in
polymerase buffer (SI Table S1). When evaluating the effect of off-target miRs on reaction
performance, off-target miRs were added at 10 pM concentration. Templates and miRs were
hybridized for 4 h at room temperature and RCA was initiated with the addition of the 2x
reaction mixture; reactions were performed for 1 h at 37 °C prior to polymerase heat
inactivation at 95 °C for 5 min. All samples were then stored at —20 °C until analysis. RCA
reaction solutions were then diluted 20-fold in a solution containing Cy3-DNA, Cy5-DNA
T2, A430-DNA T3, and A594-DNA T4 dye-DNA probes, each at 3 nM concentration in
phosphate buffer containing 0.0316% SYBR Green. Data were then collected as described
above with events gated using SSC, SYBR, Cy3, Cy5, Alexa 430, and Alexa 594 channels.

Imaging MicroRNA Amplicons on Glass Coverslips.

Glass coverslips were cleaned by sonication in 1 M NaOH for 10 min, washed with water 10
times, and dried by nitrogen flush or centrifugation. The surfaces were further cleaned with
plasma and then incubated in a solution of methanol, glacial acetic acid, and 3-
aminopropyltriethoxysilane (93.46:4.67:1.87 by volume, respectively) for 10 min at room
temperature, for 1 min with sonication, and for an additional 10 min at room temperature.
The coverslips were then washed with water 10 times, dried, and treated with a 100 mM
sodium bicarbonate solution containing mMPEG5000-NHS (2.375% w/v) and azide-
PEG5000-NHS (0.125% wi/v) for 3 h. The surfaces were then washed 10 times with water,
dried, and stored at —20 °C until use. Dibenzocyclooctyneconjugated Amplicon Capture
DNA (40 nM) was then added to the azide-functionalized coverslips in a high salt Tris buffer
(900 mM sodium chloride, 20 mM Tris Base, 1 mM EDTA, 0.1% Tween 20, pH 7.4) for 4 h
at room temperature. The surfaces were washed four times with PBS before miR amplicon
labeling reaction solutions were applied for 1 h at room temperature. Surfaces were then
washed twice with PBS and imaged immediately.
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Single Molecule Fluorescence Imaging.

Imaging was performed with wide-field illumination on a Zeiss Axio Observer.Z1 inverted
microscope with a 100x 1.45 NA alpha PlanFluar oil immersion microscope objective using
a 120 W X-Cite 120Q (Excelitas Technologies) excitation light source with a 550/25 nm
bandpass excitation filter and a 605/70 nm bandpass emission filter. Images were collected
on a Photometrics eXcelon Evolve 512 electron-multiplying charge-coupled device with 200
ms integration time and an electron multiplying gain of 500, controlled with Zeiss Zen
software. Images were exported as 8-bit 512x512 TIFF files.

Single Molecule Fluorescence Image Analysis.

Single-molecule images were analyzed using an automated MATLAB script to identify
fluorescent spots. Spot intensities were calculated from 33 pixel squares centered about the
centroid of each detected spot, using 1000 individual spots from 10 different images for each
sample.

Confocal Fluorescence Measurements in Solution.

Fluorescence intensities of diffraction limited spots were collected from RCA reaction
samples with 0 or 1 nM miR concentration, labeled with Alexa-430-DNA. Measurements
were performed using an Alba FCS single-molecule fluorescence confocal microscope (ISS)
with 470 nm diode laser excitation. All intensity data were normalized so that the mean
background intensity was 1.

Agarose Gel Electrophoresis.

Agarose gels (1.5% wi/v) were prepared by dissolving 0.75 g of agarose in 1x TBE buffer at
100 °C. The solution was transferred to a horizontal gel electrophoresis apparatus and
allowed to solidify for 30 min at room temperature. All samples were prepared using 6x
DNA Loading Dye prior to loading in gel lanes. Electrophoresis was performed at 25 V for 1
h, followed by 50 V for 5 h. Gels were then removed and incubated in 1x TBE buffer
containing a 1:10 000 dilution of SYBR Gold with shaking for 1 h at room temperature.
Gels were then washed with deionized water and imaged using a Bio-Rad Gel Doc XR+
System with ultraviolet illumination.

Quantitative Reverse Transcription Polymerase Chain Reaction.

Reverse transcription of miR-375 was performed using a TagMan MicroRNA Reverse
Transcription Kit, and PCR was performed using a TagMan Universal PCR Master Mix,
following instructions provided by Thermo Fisher Scientific. The reverse transcription
master mix was mixed with miR samples before reaction in an Eppendorf Realplex 4S Real-
time PCR system with incubation at 16 °C for 30 min, 42 °C for 30 min, and 85 °C for 5
min. A gPCR reaction mixture was then prepared and added to each sample before running
on an Eppendorf gRT-PCR machine at 95 °C for 10 min for enzyme activation followed by
40 PCR cycles consisting of a 15 s denaturation step at 95 °C and a 1 min annealing step at
60 °C. Results were analyzed using DataAssist software (Thermo Fisher Scientific) with
custom threshold values set to optimize the assay limit of detection.
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IsomiR Quantification.

For RCA, reactions were prepared as described above using miR-375 isomiRs (S| Table S1)
diluted to 10 pM in PBS, except for miR-375.1, which was prepared across a log(10)-spaced
concentration range. RCA was then performed as described above with SYBR Gold
fluorescence signal measured using an Eppendorf Realplex 4S Real-time PCR system. The
signal measured for each miR-375.1 concentration was then used to prepare a standard curve
to calculate a linear fit for the dependence of the fluorescence signal on concentration. The
effective concentration of each of the isomiRs was then calculated using the measured
fluorescence signal and the linear fit. For gRT-PCR, reactions were performed as described
above using isomiRs diluted to 10 pM in PBS, except for miR-375.1, which was prepared
across a log(10)-spaced concentration range. After reverse transcription and PCR reactions,
the effective concentration of each isomiR was calculated based on a standard curve for
miR-375.1, using the same analysis methodology used for RCA.

RNA Extraction from Human Plasma.

RNA present in pooled healthy human plasma (Innovative Research) was extracted with the
addition of 0.75 mL of TRIzol LS Reagent (Invitrogen) to 0.25 mL of plasma. Samples were
then homogenized through pipetting and allowed to incubate for 5 min at room temperature.
Chloroform (0.2 mL) was then added to each tube and allowed to incubate for 3 min.
Samples were then centrifuged for 15 min at 12 000xg. RNA in the aqueous phase was then
transferred to a new tube, precipitated with 0.5 mL of isopropanol, and incubated for 10 min
before centrifugation at 12 000xg for 15 min at 4 °C. The supernatant was then removed,
and RNA was resuspended in 75% ethanol prior to centrifugation at 7500xg for 5 min at 4
°C. The supernatant was then removed, and the RNA was allowed to air-dry for 10 min
before resuspension in RNase free water. Samples were stored at =20 °C until use.

Measuring Crosstalk Between Color Channels.

RCA amplicons from 1 nM miR-375 were labeled as described above with the following
modifications. All binary combinations of 5 dye-DNA probes were used to dilute the
amplicon solution (2.5 pL) 50-fold. Automatic compensation was then performed using
samples containing individual dye-DNA probes, followed by manual optimization to
minimize signal overlap. Side scattering and SYBR Green gates were then applied to isolate
amplicon signals, and independent gates were generated for each of the 2-fluorophore
combinations. Counts corresponding to the number of amplicons present in each of the gates
were then recorded for each of the 2-fluorophore combinations, and data were normalized
based on the total number of counts in each gate. Any events within 2-fluorophore gates
other than the channels corresponding to the used dyes were counted as false positives.

Measuring Crosstalk Between Ratiometic Labels.

RCA amplicons from 1 nM miR-375 were labeled as described above with the following
modifications. Mixtures of Cy3-DNA and Cy5-DNA probes at a fixed concentration but
varying Cy3:Cyb5 ratios were used to dilute RCA reactions 50-fold by volume. After color
channel compensation, side scattering and SYBR Green gates were applied to isolate
amplicon signals from background fluorescence. Finally, independent gates were generated
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for each of the samples containing different ratios of Cy3-DNA and Cy5-DNA probes, and
event counts were recorded. Any events within gates other than the gates corresponding to
the applied dye ratios were counted as false positives.

Estimating Optical Barcode Numbers.

A Matlab code was written to generate all possible barcodes for a given combination of
fluorescent label numbers and hybridization probe binding sites on the circular DNA
template. Codes were removed if they yielded equivalent multicolor intensity ratios due to
the broad linear range of intensities observed for the miR amplicon bands. Crosstalk
between different ratiometric intensities was estimated based on data in Figure 4c and Figure
6b for Cy3 and Cy5 labels, and crosstalk between color channels was assumed to be zero,
consistent with the vast majority of data in Figure 4b and Figure 6c. Each plot was fit to a
two-dimensional elliptical Gaussian function to calculate overlap integrals between pairs of
ratiometric barcodes with equal enclosed volumes. Gaussian function symmetry was
assumed to extend in all color dimensions. The overlap integrals for all pairwise ratios were
then summed to calculate the total false positive rate for each code, and codes with the
highest false positive count were then individually eliminated. This process was repeated
iteratively until the maximum number of codes was generated for which all of the false
positive rates were a maximum of either 1073 or 1076,

Data Availability.

All data sets generated or analyzed during this study are included in this article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram depicting fluorescent labeling and fluorescence detection of single

nucleic acid molecules using a flow cytometer. In this example, ~22-mer microRNA is
extended by rolling circle amplification using a circular DNA template and DNA
polymerase to generate large molecules with repeating sequence motifs. The products are
then labeled with a mixture of multicolor intercalating dyes and dye-DNA molecules that
bind through hybridization. The products are then analyzed as individual events by
multispectral fluorescence and scattering in a flow cytometer. The schematics illustrate
molecular mechanisms but are not drawn to scale. The specific dye-DNA probes applied
determine the density of labeling and the fraction of amplicon that is double-stranded.
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Figure2.
Characterization of extended and fluorescently labeled microRNA at the single molecule

level. (a) Fluorescence micrographs of Cy3-conjugated dye-DNA probes (left) and miR-375
amplicons labeled with the same dye-DNA probes (right). Scale bars represent 5 pm.
Intensity histograms are shown below for probes alone (blue) and labeled microRNA
products (red). (b) Temporal fluorescence intensity in a diffraction limited confocal spot for
dye-DNA probes in solution (top) and labeled microRNA products (bottom).
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Figure 3.
Detection of fluorescently labeled and extended microRNA in a flow cytometer. (a,b) Scatter

plots show events detected for microRNA amplicons labeled with both dye-DNA probes and
SYBR Green. (a) Correlation between side scattering and SYBR Green fluorescence
intensity. Black lines indicate gates. (b) Same measurement as (a) showing Cy5 and Cy3
intensity channels for each event. (c) Correlation between molecular counts and microRNA
concentration with all other conditions held constant. Red line indicates the linear dynamic
range. (d) microRNA quantification through reverse transcription polymerase chain reaction.
Plot shows the measured cycle threshold for each microRNA concentration using TagMan
gRT-PCR reagents and a real-time PCR instrument. All data points and error bars represent
the mean and standard deviation, respectively, of three technical replicates.
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Cy5

Multispectral labeling of extended microRNA through hybridization with multicolor dye-
DNA. (a) Fluorophore absorption (A, red) and photoluminescence (P.L., blue) spectra for

tested dyes are shown with normalized intensities. Gray highlight indicates emission

bandpass filters. (b) Representative data for event counts in biparametric color channels
using the dye combinations indicated at top. Axes show logarithmically scaled fluorescence

intensity for indicated fluorophores. (c) Ratiometric labeling of miR amplicons with

Cy5

Cy3/Cy5 dye pairs shows discrete bands with narrow intensity profiles. Data were collected

for 10 pM microRNA concentrations and >79 000 counts.
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Figure5.
Multiplexed detection and quantification of microRNA in a flow cytometer. (a,b) Schematic

diagrams depict fluorescent labeling and detection of (a) miR-375 using Cy3-DNA and Cy5-
DNA probes or (b) miR-30a-5p using A430-DNA and A594-DNA probes with each
amplicon labeled with SYBR Green. All templates and hybridization probes are mixed
together to perform the multiplexed assay. The schematics illustrate molecular mechanisms
but are not drawn to scale. (c,e) Scatter plots show events detected in the miR-375-specific
Cy3/Cy5 biparametric color channel or the (d,f) Alexa-430/Alexa-594 color channel for
amplicons generated through RCA reactions containing (c,d) 10 pM miR-375 alone or (e,f)
10 pM miR-30a-5p alone. Events were filtered by SYBR Green and side-scatter prior to
gating in dye-DNA channels. (g) Correlation between Cy3/Cy5 counts and miR-375
concentration in the presence and absence of 10 pM miR-30a-5p. Trend lines represent the
linear dynamic range. (h) Correlation between Alexa-430/Alexa-594 counts and miR-30a-5p
concentration in the presence and absence of 10 pM miR-375. Trend lines represent the
linear dynamic range.
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Figure 6.
Optical differentiation and barcoding of microRNAs. (a) Schematic depiction of multicolor

labeling based on sequence-specific dye-DNA hybridization. (b) Heat map shows false
positive count rates for the biparametric color channels from Figure 4b. Fluorophore pairs
are plotted on the y~axis, and optical channels are plotted on the x-axis. Channels and
fluorophores corresponding to numerical labels are provided in SI Table S2. (¢) Heat map of
empirical false positive count rates between ratiometric channels from Figure 4c.
Fluorophore pairs are plotted on the y~axis, and optical channels are plotted on the x-axis.
Channels and fluorophores corresponding to numerical labels are provided in SI Table S3.
(d) Calculated optical barcode number for indicated color code number and ratiometric code
number. Colors indicate three (green), five (red), or seven (blue), color combinations. Solid
curves show the total code numbers, whereas dashed and dotted lines indicate code numbers
with maximum false positive count rates of 1073 and 1075, respectively.
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