
 

Supplementary Figure 1 

Time-averaged fluorescence image showing signal from both specific and nonspecific binding of the fluorescent probe for miR-141. 

Individual fluorescent puncta are analyzed for kinetics of probe binding to distinguish between signal from genuine targets and
background binding (Fig. 1a-d). 
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Supplementary Figure 2 

Impact of probe length and Tm on kinetics. 

a, There is strong negative correlation between the length of the fluorescent probe and the measured dissociation rate 
constant (koff) as well as the pseudo-first-order association rate constant (kʹon). While an increase in kon for shorter probes 
is perhaps intuitively surprising, similar trends have been reported in single-molecule studies by other labs within this 
range of duplex lengths22,23. b, In contrast, no significant correlation is evident between the theoretically predicted Tm of 
the probe-target duplexes and the rate constants of binding or dissociation. Tm values were predicted using the 
OligoAnalyzer application from Integrated DNA Technologies using the following parameters: target type = RNA, 
oligonucleotide concentration = 25 nM, Na+ concentration = 600 mM, Mg++ concentration = 0.�
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Supplementary Figure 3 

 increases as  

The standard deviation in the number of binding/dissociation transitions per molecule, , is plotted against the mean 
number of transitions per molecule, <Nb+d>, on a log-log scale. Both experimental data for hsa-miR-141 (black circles) and 
simulations with kʹon = koff = 6 min-1 (dashed line) are shown for comparison. A linear regression fit to the experimental 
data yields a slope of ~2, showing that  increases as , as expected for a Poisson process. 
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Supplementary Figure 4 

Optimization of the fluorescent probe for miR-141 

While both 10-nucleotide probes yielded poor separation between signal and background, reducing the length of the 
probe to 9 nt yielded a distinct signal peak. 
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Supplementary Figure 5 

Zero-background detection of diverse miRNAs by SiMREPS 

a, Probe and target sequences for the detection of four miRNA targets from H. sapiens and one from C. elegans. The blue 
sequences represent the miRNA targets, the black sequences represent the locked nucleic acid capture probes, and the
red sequences represent the transiently binding fluorescent DNA probes. The underlined letters in the capture probe
sequences signify LNA rather than DNA nucleotides. b, Histograms of Nb+d in the absence (black) or presence (red) of 
miRNA targets. All targets were present at 1 pM except for miR-16, which was present at 500 fM. c, Representative 
fluorescence-versus-time trajectories for single immobilized miRNAs using the probes shown in (a). d, Mean bound (τon) 
and unbound (τoff) state lifetimes for the five  probe-target pairs shown in (a). The symbols correspond to hsa-miR-141
(red squares), hsa-let-7a (cyan diamonds), hsa-miR-16 (green triangles), hsa-miR-21 (blue circles), and cel-miR-39 (black 
crosses). Error bars represent one standard deviation; it is noted that the lifetimes of the 9- and 10-nucleotide probes 
cluster in distinct regions of the plot. e, Specificity of detection of the five miRNA targets as a function of Nb+d threshold. 
The symbols are the same as in (d). 
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Supplementary Figure 6 

On-state dwell time distributions of Cy5 and Cy3 fluorescent probes in presence and absence of target miRNA 

a,b On-state dwell time distributions of fluorescent probes for miR-141 (a, Cy5-labeled probe) and miR-16 (b, Cy3-labeled 
probe) in the presence (red) and absence (black) of the target miRNA. The dwell time distributions in absence of target
(black) likely reflect both photobleaching and dissociation of nonspecifically surface-bound probes, and thus provide 
lower-bound estimates of the photobleaching time constant for each fluorophore. 
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Supplementary Figure 7 

let-7a/c discrimination and Nb+d histogram of let-7c 

a, Discrimination factor Q describing the specificity of let-7a detection over let-7c at varying values of the bound-state 
lifetime threshold, τon,min. b, Nb+d histogram for let-7c detected using the fluorescent probe for let-7a. While the shape of 
the histogram is similar to that for let-7a (Supplementary Fig. 5b), the sensitivity is much lower due to the short binding
events, and the two targets can be more completely resolved using their disparate τon values (panel a and Fig. 2). 
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Supplementary Figure 8 

Protection of miRNA from degradation in serum using proteinase K and SDS 

Synthetic miR-16 is completely degraded by the addition of untreated human serum, but is protected by the simultaneous
addition of proteinase K (1, 2, 4 correspond to 0.08, 0.16, or 0.32 units/μL) and SDS. Subsequent heating to 90 °C for 2
min in the presence of 20 mM EDTA does not result in significant degradation. 
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Supplementary Figure 9 

Current sample cell designs for SiMREPS using prism-TIRF and objective-TIRF microscopy 

a, Closed flow cell constructed for prism-TIRF using double-sided tape sandwiched between a coverslip and a fused silica
slide bearing two ~1-mm holes and Tygon tubing for buffer exchange24. b, Taller objective-TIRF sample cell constructed
by fastening a cut pipet tip to a coverslip. This sample cell permits a taller column of fluid (~1 cm), resulting in greater 
sensitivity than with the prism-TIRF flow cell11. 
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Supplementary Figure 10 

Simulated Nb+d histograms from kinetic Monte Carlo simulations of SiMREPS probing 

a, Signal (red) and background (black) distributions of Nb+d from simulations in which kon+off,signal = 5 min-1, kon+off,background = 
0.5 min-1, and the simulation time is 3.9 min. b, Nb+d distributions from simulations in which kon+off,signal = 5 min-1, 
kon+off,background = 4 min-1, and the simulation time is 161.5 min. In all cases, histograms were constructed from 1,000 
individual simulated trajectories. 
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Supplementary Note 1: Supporting Discussion 

Stable, diagnostically useful miRNAs have recently been detected in several body fluids, including 

blood1, saliva, urine, and sputum2. However, reproducible extraction and quantification of 

circulating miRNAs has proven challenging, presumably due to their typically low abundance and 

frequent association with lipids and proteins3. Moreover, standard assays based on amplification 

by polymerase chain reaction (PCR), while highly sensitive, require time-consuming extraction 

and amplification steps. While next-generation sequencing approaches provide a powerful high-

throughput route to the profiling of RNA transcripts, many of these techniques also suffer from 

problems such as uneven amplification4 and inefficient detection of rare species of interest in 

absence of sufficient sequencing depth,5 as well as generally high error rates, particularly in the 

case of single-molecule sequencing6. Poor agreement with expression level data using other 

techniques such as microarrays has also been reported7. Barcoding approaches such as 

molecular indexing8 improve the accuracy of absolute RNA counting, but are otherwise subject to 

many of the same problems as other next-generation sequencing techniques. An amplification-

free approach to the sensitive and highly specific detection and quantification of miRNAs in 

minimally treated native biofluids and tissue samples would allow more rapid quantification of 

these biomarkers, potentially enabling routine point-of-care diagnosis. 

Amplification-free detection of short nucleic acid targets typically utilizes thermodynamic 

discrimination by a nucleic acid probe that hybridizes to a complementary sequence within the 

target9–14. While quite robust and avoiding time-consuming enzymatic amplification, these 

methods face two main difficulties. First, in absence of amplification, high-sensitivity detection 

generally requires single-molecule measurements that are frequently hampered by background 

signal representing a substantial fraction of the positive signal – i.e., incomplete discrimination 

above background15,16. While it is common to subtract such background signal using a blank 

measurement, this approach is only feasible if the background signal is extremely reproducible 

and robust to changes in the sample matrix. Second, essentially all existing methods rely on 

thermodynamic discrimination, which places fundamental limits on the specificity of detection – 

i.e., incomplete discrimination against spurious targets14. Such limits become particularly 

important in the face of heterogeneous samples containing varying ratios of functionally significant 

isoforms of a target, such as miRNAs bearing single-nucleotide variations that alter their gene-

silencing properties17. While amplification-free approaches to RNA quantification using single-

molecule sequencing have been reported18,19, these require RNA isolation and enzymatic steps, 

and are limited by the high raw error rates that currently characterize single-molecule 

sequencing.6,18 

The use of transiently binding probes in SiMREPS bypasses the fundamental limits of 

discrimination imposed by thermodynamic differences in the context of other amplification-free 

analytical approaches. As long as there is a slight difference in the kinetics of probe binding or 

dissociation between a genuine and a spurious target, repeated sampling is theoretically able to 

resolve them (see Supplementary Note 2 and Supplementary Fig. 9). The SiMREPS technique 

allows not only the zero-background detection of single RNA molecules, but also the reliable 

discrimination of single-base mutants, opening up possibilities for the rapid and reliable detection 

of even scarce single-nucleotide polymorphisms in complex biological specimens. The capacity 
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to identify and count individual target molecules with high confidence sets SiMREPS apart from 

other single-molecule kinetic approaches to quantification, which pool kinetic information from an 

ensemble of surface-bound targets15, limiting their capacity to distinguish closely related targets 

in a complex mixture. 

Of importance for potential applications in clinical diagnostics, we have demonstrated that 

SiMREPS can detect spiked-in and endogenous miRNA targets in crude biological specimens 

following only minimal treatment with SDS and/or proteinase K. In addition to retarding or 

preventing degradation of the target analytes, these additives may serve to liberate the miRNAs 

from the protein and lipid complexes with which they are natively associated. Thus, we bypass 

the more lengthy steps of RNA isolation, reverse transcription, and amplification that are typically 

required for PCR-based assays of miRNAs, including those involving next-generation 

sequencing. The rate-limiting step for SiMREPS is presently the passive mass transport of dilute 

analytes to the surface for capture, which takes ~1 h in our typical flow cell geometry, but can in 

principle be accelerated by incorporating active mechanical, electrophoretic, or magnetic 

manipulation. While data analysis is currently only semi-automated, it requires only seconds of 

computing time and could be fully automated to further streamline the assay pipeline. One current 

barrier to widespread adoption of SiMREPS may be the price tag of a commercial TIRF 

microscope, but this is likely reduced with simplified and specialized instrumentation. 

While we have restricted our analysis to individual targets in a given specimen, SiMREPS can in 

principle accommodate various approaches to multiplexing. In addition to the option of utilizing 

spectrally distinct fluorescent probes to monitor a few targets simultaneously (< 4 on most TIRF 

microscopes), an arbitrary degree of serial multiplexing could be possible by sequential exchange 

of the transiently binding probes20. Still more efficient schemes could be envisioned that exploit 

spatial segregation of capture strands in printed microarrays, perhaps in conjunction with zero-

mode waveguides21 to suppress background fluorescence from the multiple probes that must be 

present in the same imaging chamber.   
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Supplementary Note 2: Theoretical considerations of kinetic discrimination 

For two-state binding with fixed rate constants of fluorescent probe (FP) binding (konʹ = kon[FP]) and 

dissociation (koff), the expected number of transitions between the bound and unbound state per unit time 

is: 
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and probe-bound states, respectively. The expected number of binding and dissociation events observed 

in a given time window is thus: 
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Therefore, 〈𝑁𝑏+𝑑〉𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  will be a constant fraction 𝑓 of 〈𝑁𝑏+𝑑〉𝑠𝑖𝑔𝑛𝑎𝑙, where 0 < 𝑓 < 1. If we wish to 

extend the observation window such that 〈𝑁𝑏+𝑑〉 for signal and background are separated by a given 

multiple of standard deviations, e.g. 3𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 3𝜎𝑠𝑖𝑔𝑛𝑎𝑙, a minimum acquisition time is necessary.  This 

is given by the inequality: 

 〈𝑁𝑏+𝑑〉𝑠𝑖𝑔𝑛𝑎𝑙 − 〈𝑁𝑏+𝑑〉𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 ≥ 3𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 3𝜎𝑠𝑖𝑔𝑛𝑎𝑙 =  3√〈𝑁𝑏+𝑑〉𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 3√〈𝑁𝑏+𝑑〉𝑠𝑖𝑔𝑛𝑎𝑙  (3) 

where 𝜎 = √〈𝑁𝑏+𝑑〉. After substituting 𝑓〈𝑁𝑏+𝑑〉𝑠𝑖𝑔𝑛𝑎𝑙 for 〈𝑁𝑏+𝑑〉𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 , this inequality can be rearranged 

to: 

     〈𝑁𝑏+𝑑〉𝑠𝑖𝑔𝑛𝑎𝑙 ≥ 9
(1+√𝑓)2
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As a concrete example, if 𝑘𝑏+𝑑,𝑠𝑖𝑔𝑛𝑎𝑙 = 5 min-1 and 𝑘𝑏+𝑑,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 0.5 min-1 (similar to the values we 

measure for the miR-141 fluorescent probe in our experiments), the minimum observation time to separate 

the two measurements is ~3.85 min, which compares favorably with the peak separation shown in Fig. 1d. 

However, as long as 𝑘𝑏+𝑑 is not identical for signal and background, it is theoretically possible to achieve 

arbitrary discrimination with increased acquisition time. For instance, if 𝑘𝑏+𝑑,𝑠𝑖𝑔𝑛𝑎𝑙 = 5 min-1 and 

𝑘𝑏+𝑑,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 4 min-1, the distributions are predicted to be separate (by a distance of 3𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 +

3𝜎𝑠𝑖𝑔𝑛𝑎𝑙) after 161.5 min of observation. Both of the above situations are illustrated using simulated Nb+d 

histograms in Supplementary Figure 9. Also, as we have shown with let-7a/c, it may be possible to resolve 

two targets based on distinct bound state lifetimes (Fig. 2a-c) even if their Nb+d distributions are similar.  
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