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Abstract

Multi-tasking is the pivotal feature in the next generation chemo- or bio-analyses. However, 

simultaneous analyses rarely exceed over three different tasks, which is ascribed to limited space 

to accommodate analyzing units and compromised signal-to-noise (S/N) level as the number of 

tasks increases. Here, by leveraging superior S/N of single-molecule techniques, we analyzed five 

microRNA biomarkers by spatially encoding miRNA recognition units with nanometers resolution 

in a DNA template while decoding the analyte binding temporally in seconds. The hairpin stem is 

interspersed by internal loops to encode recognition units for miRNA. By mechanical unfolding of 

the hairpin, individual internal loops are sequentially interrogated for the binding of each miRNA. 

Using this so-called topochemical spatiotemporal analysis, we were able to achieve sub-picomolar 

detection limits of miRNAs. We anticipate this new single-molecule topochemical analysis can 

massively analyze single-molecule targets.
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INTRODUCTION

Rapid development of internet of things (IOT)1 calls for analytical devices with multiplexing 

capabilities to collect and analyze electrical, chemical, or biological signals from targets2. In 

line with this growing demand, next generation chemo- and bio-analyses require the 

capability to process large-scale of targets. For example, in the emerging lab-on-a-molecule 

field, multiple chemicals or ions are analyzed on a molecular template3–5. However, 

constrained space in a template sets an upper limit of three analyzing units5. In addition, as 

the number of analytes grows, ensemble signals become crowded and indistinguishable from 

each other due to signal-to-noise (S/N) issues. Compared to ensemble approaches, single-

molecule methods provide superior S/N to analyze samples with low concentrations.

In single-molecule sensing, the ultimate mass detection limit of individual molecules can be 

reached. However, multiplex analyses of different analytes are often limited in single-

molecule methods using AFM6–9 or optical tweezers10–12 technique, in which molecules are 

processed one at a time. Parallel processing of many single-molecule templates can be 

achieved by magnetic tweezers13–15 or fluorescence microscopy16–19. In these methods, 

encoding of different recognition units and decoding of the corresponding binding events 

become challenging. To address these coding problems, substrate surfaces in magnetic 

tweezers or fluorescence microscopies can be patterned so that each region hosts only one 

particular analyte. However, involved steps are necessary for surface patterning, which also 

suffers from limited number of different analytes that can be accommodated in a typical 

pattern with micrometer resolutions (microchips20, 21).

Recently, we exploited an alternative approach to increase the multiplexing capacity in 

single-molecule analyses22. In this so-called single-molecule mechanochemical sensing 

method, we expanded the size of a template capable of incorporating multiple sensing units. 
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For example, we used DNA origami nanoassembly as the sensing backbone22. Not only can 

multiple recognition elements be encoded in the DNA origami, the binding events can also 

be differentiated (or decoded) by leveraging the 3D configuration of the origami structure. 

Since such coding strategy utilizes the space of the sensing template, it has limited 

multiplexing capability as the size of the template becomes a bottleneck when the number of 

analytes increases.

To achieve large-scale multiplexing tasks, highly efficient coding approaches are therefore 

critical. As discussed above, current strategies suffer from limited space that can be 

exploited for both encoding and decoding of different analytes. We rationalize that by 

performing encoding/decoding in both space and time, unlimited multiplex tasks can be 

achieved. To demonstrate this goal, we incorporated many recognition units with ~10-nm 

spacing in a DNA hairpin that is interspersed with internal loops23, 24. During mechanical 

unzipping of the hairpin, each internal loop induces a transient drop in the unzipping force, 

partitioning the unzipping process into discrete steps. Due to the sequential unzipping nature 

of the hairpin that propagates from the base of the stem to the loop, the resultant sawtooth 

unzipping force pattern allows us to differentiate individual internal loops that encode 

specific recognition units for analytes. Decoding is achieved by varied size or different 

stability of the fully-addressed recognition units during their mechanical unfolding, which 

reveals the binding status of each analyte. Since both encoding and decoding exploit 

topological arrangement of recognition units, we named our approach as single-molecule 

topochemical analysis, a term closely related to the topochemistry, which investigates 

localized chemical reactions under the influence of the topology of the reaction 

environment. As a proof of concept, we demonstrated that such a spatiotemporal coding 

scheme was able to specifically detect five different miRNAs with detection limits on the 

order of 100 fM in buffer and 1 pM in 10 times diluted serum within 25 minutes. Since any 

number of internal loops can be prepared with a fully addressable fashion based on the 

location and sequential arrangement of internal loops, such a spatiotemporal coding system 

can readily characterize massively different analyte molecules.

EXPERIMENTAL SECTION

Materials and Reagents.

All DNA oligomers were purchased from Integrated DNA Technologies (www.idtdna.com) 

and purified with denaturing polyacrylamide gel electrophoresis (PAGE). HPLC purified 

miRNA 151 and miRNA let 7a were purchased from Integrated DNA Technologies 

(www.idtdna.com). The miRNA 369, miRNA 21 and miRNA 222 were synthesized using 

MEGAscript™ T7 Transcription Kit (www.thermofisher.com). All chemicals including Tris-

HCl, KCl, EDTA, and DEPC were purchased from either Fisher Scientific or Sigma with 

purities > 99.0 %. Unless specified otherwise, all enzymes were obtained from New England 

Biolabs (www.neb.com). The streptavidin or anti-digoxigenin antibody coated polystyrene 

beads for laser tweezers experiments were purchased from Spherotech (Lake Forest, Illinois, 

USA). Human serum and bovine serum albumin (BSA, > 98.0%) were purchased from 

Germini (West Sacramento, CA) and Amresco (Solon, Ohio, USA), respectively.
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Synthesis of the DNA Constructs Used in Single-Molecule Topochemical Experiments.

The DNA construct for single-molecule topochemical sensing of nucleic acid fragments 

(DNA/miRNA) (Table S1) was prepared by sandwiching a DNA hairpin between 2028 and 

2690 bp DNA handles. The DNA hairpin contains multiple internal loops and stems as 

analyte recognition and signal reporting units for multiplex topochemical sensing of 

miRNAs (Figure S1). The 2690 bp dsDNA handle was synthesized by SacI (NEB) and EagI 

(NEB) digestions of a pEGFP plasmid (Clontech, Mountain View, CA). The digested 2690 

bp handle was gel purified using a kit (Midsci, St. Louis, MO). The handle was subsequently 

labeled at the 3′ end by digoxigenin (Dig) using 18 μM Dig-dUTP (Roche, Indianapolis, 

IN) and terminal transferase (Fermentas, Glen Burnie, MD). The biotin labeled 2028 bp 

dsDNA handle was prepared by PCR amplification of pBR322 plasmid (New England 

Biolab, NEB) using a 5’ biotinylated reverse primer (IDT, Coralville, IA). The PCR product 

was purified with QIAquick PCR purification kit (Qiagen, Germantown, MD) and 

subsequently digested with XbaI restriction enzyme (NEB). The digested 2028 bp handle 

was gel purified using a QIAquick gel extraction kit (Qiagen, Germantown, MD).

Different DNA constructs were synthesized by stepwise ligation of different DNA oligomers 

(Table S2) with two long dsDNA handles (2028 bp and 2690 bp) using T4 DNA ligase 

(NEB) (see the schemes in Figure S1). In general, to synthesize the DNA construct 1 (Figure 

S1A), an oligonucleotide 5´ CTAG TG CAT TAG GAA GCA GCC CAG TAG TAG GAA 

AAA AAA GAT CG AAC TAT ACA AC C TAC TAC CTC A 3´ (Oligo-1) which contained 

11-nt toehold to bind with miRNA let 7a (Table S1) and a part of the hairpin stem (11 bp, 

underlined) was annealed with an oligonucleotide 5´ TTT TTT TTC CTA CTA CTG GGC 

TGC TTC CTA ATG CA 3´ (Oligo-2) at 97 °C for 5 min and slowly cooled to room 

temperature for 2 hours. This fragment was ligated with the 2028 bp DNA handle by T4 

DNA ligase (NEB) and gel purified using a QIAquick gel extraction kit (Qiagen, 

Germantown, MD). On the other side of the DNA construct, oligonucleotides 5´ GGAC T 

GAG GTA GTA G CA ACA TAT CAA GC TAG GCC AGC AAG ACG TAG CCC AGC 

GCG TC 3´ (Oligo-3) containing another part of the hairpin stem (15 bp, underlined) was 

annealed with oligonucleotides, 5´ GGCC GAC GCG CTG GGC TAC GTC TTG CTG GC 

3´ (Oligo-4). This fragment was ligated with the 2690 bp handle and gel purified. The final 

DNA construct was synthesized using T4 DNA ligase (NEB) through three-piece ligation of 

the 2028 and 2690 bp DNA handles and an ssDNA fragment, 5´ GTC CGG ACC CTG 

TTTT CAG GGT CC 3´(Oligo-5), which contained a tetra thymine loop with underlined 

regions representing the complementary regions of the hairpin stem. To prepare DNA 

constructs 2, 3 and 4 (Figure S1B–D), the 2028-bp and 2690-bp handles were synthesized 

using a similar strategy described above by employing oligonucleotides listed in Table S2. 

The final DNA constructs 2, 3 and 4 were ligated after self-assembly of appropriate DNA 

oligomers listed in Table S2 according to the schemes shown in Figure S1B–D. The DNA 

construct for large-scale target analyses (Figure 6) was synthesized according to the scheme 

described in Figure S10.

Preparation of Four-Channel Microfluidic Chambers.

The single-molecule mechanochemical studies were performed in a four-channel 

microfluidic chamber in laser tweezers instrument. CorelDraw program (Corel Corporation, 
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Ottawa, Canada) was used to prepare microfluidic patterns (Figure S2) and imprinted into 

the Para-film (BEMIS, Neenah, WI) on a glass cover slip by a laser cutter (VL-200, 

Universal Laser Systems, Scottsdale, AZ). The imprinted para-film was thermally sealed at 

85 °C between two #1 VWR cover glass slips. Two microcapillary tubes (ID 25 μm, OD 100 

μm, King Precision Glass, Inc. California) were used to make an internal conduit between 

middle channels and the top and bottom channels to transport digoxigenin-antibody− and 

streptavidin− coated beads into the buffer and target channels, respectively. The single-

molecule topochemical experiments were performed in the middle of the buffer and the 

target channels to avoid the variation of flow rates from the edge effects. The distance 

between the buffer and the target channels through the conduit was about 500 μm (see 

Figure S2).

Single-Molecule Topochemical Experiments.

The single-molecule topochemical experiments were performed in the four-channel 

microfluidic chamber (Figure S2) in laser tweezers instrument. The detailed description of 

the laser tweezers instrument and methods used for the single-molecule experiments have 

been reported elsewhere25. Briefly, to perform single-molecule experiment, diluted DNA 

construct (~1 ng) was incubated with 1 μL of 0.1 % solution of digoxigenin(Dig)-antibody 

coated polystyrene beads (diameter: 2.10 μm) for about 30 minutes at room temperature 

(25ᵒC), which immobilized the Dig-labelled DNA construct on the bead surface through 

Dig-anti-Dig complex formation. The incubated sample was further diluted to 1 mL in a 10 

mM Tris buffer (pH 7.4, supplemented with 100 mM KCl). Streptavidin-coated polystyrene 

beads (1 μL, diameter: 1.87μm) were also dispersed into the same buffer (1 mL) and injected 

into the microfluidic chamber (Figure S2). A 10 mM Tris buffer (pH 7.4) containing 100 

mM KCl, 1× BSA, and RNase inhibitors (Murine) (www.neb.com) without and with target 

miRNA was flowed in the top (buffer) and bottom (target) channels, respectively. The 

streptavidin-coated bead was trapped in the target channel and moved to the buffer channel 

where the antibody-coated bead was trapped by another laser beam. The DNA construct 

initially on the surface of the antibody-coated bead was tethered between the two types of 

the beads in the buffer channel by escorting one of the beads closer to another using a 

steerable mirror (Madcity Labs Inc., Madison, WI). In the ramping-force detection mode (F-

X mode), the antibody–coated bead was moved away from the streptavidin-coated bead with 

a loading speed of ~5.5 pN/s by using the steerable mirror. The hairpin structure was 

unfolded when the tension inside the tether was gradually increased. The unfolding of the 

hairpin structure was depicted by a sudden change in the end-to-end distance during the 

process. Single-molecule tether was confirmed by a DNA overstretching plateau at 65 pN or 

a single-step breakage event in the force-extension (F-X) curves. The F-X curve for each 

tether was recorded in a Labview 8 program (National Instruments Corp., Austin, TX), and 

data treatment was performed using Matlab (The MathWorks, Natick, MA) and Igor 

(WaveMetrics, OR, USA) programs. The unfolding force was measured directly from the F-

X curves while the change-in-contour-length (ΔL) due to the unfolding was calculated by the 

two data points flanking a rupture event using an extensible worm-like chain (WLC) model 

(Equation 1)26, 27,
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Δx
ΔL = 1 − 1

2
kBT
FP

1
2

+ F
S

(1)

where Δx is the change in extension between the data points of the stretching and relaxing 

curves at the same force (F), kB is the Boltzmann constant, T is absolute temperature, P is 

the persistent length (50.8 ± 1.5 nm)28, F is the force, and S is the elastic stretch modulus 

(1243 ± 63 pN)28.

RESULTS AND DISCUSSION

Strategy of Single-Molecule Mechanochemical Sensing for Nucleic Acid Fragment.

Single-molecule mechanochemical biosensor to detect miRNA in a laser tweezers setup is 

shown in Figure 1. The sensor consists of a DNA hairpin juxtaposed by an ssDNA segment. 

The sensing probe is sandwiched between two long dsDNA handles (Figures 1A and S1A), 

which are tethered to two optically trapped beads via affinity linkages for mechanical 

unfolding and refolding of the single-molecule sensor in laser tweezers. The ssDNA serves 

as a toehold29, 30 recognition site whereas the DNA hairpin functions as both the receptor 

and signal reporter for the binding of complementary miRNA targets (Figure 1A). Target 

binding to the ssDNA toehold region leads to partial unfolding of the hairpin, which causes a 

smaller change-in-contour-length (ΔL) or decreased unfolding force compared to the control 

DNA construct without targets (Figure 1B, see Figure S3 for ΔL comparison).

To characterize the single-molecule mechanochemical sensor, we first performed force-

ramping experiments on the sensor in a 10 mM Tris buffer (pH 7.4) with 100 mM KCl at 

room temperature without and with 100 nM miRNA Let 7a31 (Figure 1C, see Table S1 for 

the sequence) in a four-channel microfluidic chamber in a laser tweezers instrument (Figure 

S2). The Force-Extension (F-X) curves clearly showed that the target-bound DNA hairpin 

was unfolded at lower force with a smaller step size compared to the control DNA hairpin 

(Figure 1C, inset). To determine the nature of these unfolding transitions, we analyzed the 

change-in-contour-length (ΔL) and the rupture force (RF) of the hairpin mechanophore with 

and without target miRNA (Figure 1D and Equation 1 in Experimental Section). The 

observed ΔL (14.2 ± 0.3 nm) and RF (15.8 ± 0.1 pN) (Figure 1D, pink) for target-bound 

DNA hairpin were lower compared to those for free DNA hairpin (ΔL:17.9 ± 0.2 nm; RF:

16.6 ± 0.1 pN; Figure 1D, Grey). The decrease in the ΔL value was expected by theoretical 

calculations (see Equation S1 in Supporting Methods and Figure S3) whereas the decrease in 

RF is due to the shorter stem size of the hairpin32 upon binding of the miRNA target.

It is clear from Figure 1D that in 100 nM miRNA target concentration, the RF and ΔL 
histograms for target and control have some overlaps. These problems may be solved by 

optimizing the stem length of the DNA hairpin. For an example, the length of the DNA stem 

can be made shorter than miRNA sequence so that the latter can effectively invade through 

the entire DNA stem due to increased thermodynamic stability. This will dissolve the hairpin 

to generate distinct histogram patterns with and without targets. To determine the limit of 

detection (LOD) of miRNA target using current sensing template, we compared RF vs ΔL 
plots of individual F-X traces from the same sensing molecule with and without targets 
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(Figure 2). First, we obtained more than 15 ΔL and RF measurements of a sensor in the 

buffer channel to calculate average ΔLaverage and RFaverage with standard deviations (σ). The 

same DNA sensor was then transported to the miRNA channel with specific concentrations 

to collect 50 F-X traces for about 25 minutes. Binding of the miRNA was depicted by 

decreased values (3σ) of either ΔL, or RF, or both, with respect to ΔLaverage or RFaverage 

(Figure 2, yellow region, 99.7% confidence level). Compared to ΔL, the RF was not as 

sensitive to report the binding of miRNA. After evaluating the ΔL–RF plots at different 

miRNA concentrations (see 100 and 10 fM in Figure 2 for example), we found Let 7a 

miRNA had a LOD of 100 fM in 25 minutes (≥ 50% detection probability, n ≥ 4). Further 

concentration decreases to 10 fM did not yield binding events (Figure 2, bottom panel).

Single-Molecule Mechanochemical Sensing for Multiplexing Tasks.

To demonstrate multiplex tasking of the mechanochemical sensor, we incorporated a 

symmetrical internal loop in the DNA hairpin probe (Figure 3A). The internal loop contains 

21 mismatch base pairs, which separate the hairpin into two stems of 23 (stem 1) and 25 

(stem 2) bp in length (See Figure S1C for details). The size of the internal loop (21 nt) was 

determined by the best binding efficiency between the 22-nt ssDNA (DNA Let 7a, see Table 

S1), a surrogate for miRNA Let 7a (Table S1), and a 11-nt toehold29, 30 region in DNA loops 

of different size (11, 22, or 33 nt, see Figures S1B and S4).

Specific miRNA targets first partially hybridize with the 11-nt toehold either in the flanking 

ssDNA or the internal loop (Figure 3A).This is followed by full hybridization to the duplex 

hairpin stem (~11 bp) by displacing one of the complementary strands. As a result, the 

remaining hairpin becomes weakened, reducing both rupture force (RF) and ΔL (Figure 3A, 

right). Sensing experiments confirmed these expected patterns. Mechanical unfolding of the 

free mechanochemical sensor produced two features. While the first feature corresponds to 

the unfolding of the stem 1 and the internal loop, the second feature is for the unfolding of 

the stem 2 and the hairpin loop (Figure 3B, middle, yellow background). Binding of either 

50 nM target 1 (miRNA 369)33 or target 2 (miRNA Let 7a)31 reduced the RF and ΔL of the 

first feature only (Figure 3 B&C, Tier 1), whereas binding of 50 nM target 3 (miRNA 151)34 

reduced RF and ΔL of the second feature only (Figure 3 B&C, Tier 2).

In presence of all three targets 1, 2, and 3, the first feature disappeared due to the binding of 

targets 1 & 2 while the second feature had smaller RF and ΔL due to the target 3 binding. 

During binary target binding, targets 1 & 2 led to disappearance of the first feature whereas 

the second feature was unaffected. In presence of targets 1 & 3 or 2 & 3, both the first and 

the second features showed reduced RF and ΔL values (Figure 3B&C, see Tier 1 and Tier 2). 

These experiments clearly demonstrated that any combination of the three miRNA targets 

can be differentiated by this multi-tasking single-molecule sensor.

After specific recognition of the three miRNAs (Figure 3) at relatively high concentration 

(50 nM) using ΔL or RF histograms, next, we proceeded to determine the LOD of each 

miRNA. At rather low concentrations, most F-X curves did not show binding events, 

generating a histogram indistinguishable with that of the control without any targets. To 

address this issue, similar to Figure 2, RF vs ΔL plots of individual F-X curves with higher 

signal-to-noise ratio were used for LOD determination.
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To increase the confidence level, we also evaluated the recognition events at the 5σ levels 

(99.9% confidence level, see Figure 4). First, we obtained RF vs ΔL plots to identify positive 

target binding events using 50 nM miRNA targets. For miRNA target 1, most bound data 

were beyond 5σ of both ΔLaverage and RFaverage from the 1st unfolding feature (Tier 1 

detection) whereas they were located beyond 3σ for miRNA target 2 (Figure 4). In contrast, 

for miRNA target 3, bound features were concentrated beyond 3σ of ΔLaverage for the 

second feature only (Figure 4, right). We therefore used these criteria as the thresholds in the 

multi-tiered detection schemes to identify binding events of specific miRNA at low 

concentration levels (see Figure 4 middle row for 100 fM miRNAs). We found LOD of 100 

fM for each of the three miRNAs (miRNA 369, Let 7a, and 151) in the Tris buffer; and 1 pM 

(Figure 4, third row) in 10 times diluted serum within a time window of 25 minutes (≥ 50% 

detection probability, n ≥ 4).

To evaluate the specificity of miRNA target binding, RF vs ΔL was also plotted at the 2nd 

unfolding feature (Tier 2 detection) for miRNA 369 & Let 7a, as well as at the 1st unfolding 

feature (Tier 1 detection) for miRNA 151 in buffer and in 10 times diluted serum (Figure 

S5). We did not observe any target binding event during Tier 2 detection for miRNA 369 & 

Let 7a or Tier 1 detection for miRNA 151 according to the criteria as discussed above, which 

indicates that the 2-tiered sensing probe can specifically bind with different miRNAs. The 

100 fM LOD was also observed in any target combinations among the three miRNAs (see 

Figures S6 and S7). It is significant that these LOD’s are already lower than the natural 

miRNA concentration in human serum35, 36, suggesting our single-molecule sensing can be 

directly applied for field samples. Based on the methods described in our previous report37, 

we expect that our topochemical sensor can differentiate single nucleotide polymorphism or 

variation (SNP or SNV). Indeed, when we evaluated the LOD’s of DNA surrogates of 

microRNA Let 7a and Let 7c (5′-TGAGGTAGTAGGTTGTATGGTT, underlined sequence 

depicts the SNV in the Let 7c) 38 (Table S1) using the two tiered sensor shown in Figures 3, 

we found that the Let7a has an LOD ~ 5 orders of magnitude low than the Let 7c (Figure 

S8).

To quantify miRNAs using our topochemical approach, we constructed a calibration curve 

by plotting observation time for the first binding event against known concentrations of 

miRNA Let 7a. Immediately after the sensing probe was switched from the buffer channel to 

the target channel within 10s, F-X curves were recorded at 20s intervals. The time for 

miRNA binding was determined when either RF or ΔL of the hairpin reporter was smaller 

than (RFaverage-3σ) or (ΔLaverage-3σ) (Figure 4). Using two-tiered topochemical sensing 

strategy (Figure 3), we obtained a linear range of 100 fM-100 nM for miRNA Let 7a within 

a time window of ~25 minutes (Figure S9) in 10 mM Tris buffer (pH 7.4) supplemented with 

100 mM KCl. From the first binding time of the target, the unknown concentration can be 

estimated from the calibration curve. Due to the similar binding time at specific 

concentration for different miRNAs used in this report (Table S3), we anticipate similar 

quantification ranges exist among different miRNAs.
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Spatiotemporal Coding Capable of Large-Scale miRNA Analyses.

With successful demonstration of multiplex sensing of three miRNA targets, we set out to 

explore the possibility of large-scale miRNA analyses. We used multiplex sensing of 5 

miRNAs as a proof-of-concept. To this end, we expanded the spatiotemporal coding by 

introducing a total of four internal loops in the hairpin, which separate the hairpin stem into 

five regions (Figures 5A and S1D). Each internal loop serves as a separate toehold to initiate 

different miRNA binding. The probe also contains a flanking ssDNA in the hairpin base to 

serve as an additional toehold (Figure 5A). Without any target, the DNA probe is expected to 

produce five sawtooth unfolding signals corresponding to the sequential unfolding of five 

stems that are interrupted by the four internal loops (Figure 5A, top right). When Target 1 

(miRNA 369)33 is present, it first binds to the 11-nt ssDNA toehold via complementary base 

pairing, followed by invading into the stem 1 by 11-bp hybridization. The resultant stem 1 

becomes shorter with decreased unfolding force and smaller ΔL (Figure 5A, bottom right). 

Similarly, for Targets 2–5 (miRNA 21, Let 7a, 222, and 151, respectively)31, 34, 38, 39, 

bindings start with the 11-nt toeholds in the internal loops 1–4 respectively, which are 

followed by the 11-bp hybridizations to the corresponding stems 2–5 (Figure 5A, left panel).

These predictions were exactly observed when 50 nM of individual miRNA targets were 

tested in the Tris buffer. While the F-X curve showed five distinctive unfolding features 

(Figure 5B, green) without targets, binding of target 1 (miRNA 369) reduced both the 

rupture force (RF) and the size (ΔL) of the stem 1 in the first unfolding feature (Figure 

5B&C, pink). Likewise, binding of miRNA 21, miRNA Let 7a, miRNA 222, and miRNA 

151 reduced the size (ΔL) of the stems 2, 3, 4, and 5, respectively (Figure 5 B&C). Similar 

to previous probes, the decrease in the RF was not as significant as ΔL for these miRNA 

targets. When five miRNAs at 50 nM were tested together, each target was bound with the 

corresponding internal loop-stem region, producing expected ΔL signal in the 5-tiered 

analyzing system (Figure 5C, bottom row).We anticipate that using the approach described 

in Figure 4, we could be able to detect all five miRNAs in fM concentrations.

CONCLUSIONS

As each specific transition event in the sawtooth unfolding pattern exactly corresponds to a 

particular recognition unit, such a single-molecule template contains probing units whose 

identities are fully-addressed. Since the interaction of an analyzing unit and the 

corresponding analyte occurs at a particular location whereas their interaction status is 

probed according to their localized arrangement with respect to other interactions, we call 

this single-molecule method as topochemical analysis. This strategy avoids any ambiguity 

presented in conventional designs in which a signal variation may correspond to more than 

one analyte. For example, bindings of miRNA 369 and Let 7a cannot be differentiated at low 

concentrations by the design described in Figure 4. In current strategy, by interrogating 

characteristic ΔL features for the 1st and the 3rd unfolding events (Figure 5A), bindings of 

these two miRNAs can be readily determined. Another special feature of this spatiotemporal 

coding is its high density. Current design allows a spacing of ~10 nm between adjacent 

analyzing units. This spacing can be further reduced if the targets to be analyzed are small 

molecules, instead of nucleic acids that require relatively bulky toehold or hybridization 
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regions29, 30. In the case that aptamer probes40, 41 are used for small molecule analytes, ~5 

nm/unit coding density is expected to be achieved. For a hairpin made of lambda DNA (48.5 

kbp)42 for example, this suggests ~3000 analyzing units can be incorporated for target 

analyses. Further increase in the unit number can be achieved readily with molecular biology 

approaches to generate longer templates. It is significant that the spatial resolution in this 

spatiotemporal coding well exceeds that of super-resolution fluorescence microscopy16–19. 

Such small spacing between analyzing units is already equivalent to the smallest transistors 

incorporated in the silicon wafer by the most advanced lithography nowadays43. However, to 

reach the reading and writing efficiency of the microelectronics, the temporal resolution in 

the decoding needs to be improved, which can be partially achieved by increasing the 

pulling speed for the hairpin probe.

By adopting a coding strategy that exploits both space and time to differentiate analytes, we 

have successfully demonstrated a single-molecule topochemical platform capable of massive 

analyses of different single-molecules (single-molecule topochemical analyses). The 

spatiotemporal coding principle used here is generic. It can be readily extended to analyze 

massive number of single-molecule targets. For example, by using molecular biology 

methods, hairpins can be easily prepared with a large set of internal loops each serving as a 

recognition element (spatial encoding) (see Figure 6 for a DNA construct with 10 

recognition elements; see Figure S10 for its sequence and synthesis). The analyte binding is 

then decoded by mechanical unfolding events that are sequential in time (temporal 

decoding). When the internal loops are replaced by aptamers, analyses of massive number of 

small-molecules or macromolecules can be accomplished. The spatiotemporal coding can 

also be used for massive screening of bioactive chemicals if the internal loops are replaced 

by peptides or biomolecules other than nucleic acids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
One-tiered mechanochemical analysis of single miRNA molecule in laser tweezers. (A) A 

single-molecule mechanochemical sensing construct consists of a DNA hairpin flanked by a 

single-stranded DNA, which is sandwiched between two long dsDNA handles. (B) The 

miRNA target first binds to the ssDNA toehold region and invades to the DNA hairpin stem 

(blue). After mechanical unfolding, the target bound DNA hairpin shows smaller change-in-

contour-length (ΔL) (bottom right) compared to the free DNA probe (top right, see Figure 

S3 for detailed calculation). (C) Representative F-X curves of the DNA construct in the Tris 

buffer without (green) and with (pink) 100 nM miRNA Let 7a. (D) The RF and ΔL 

histograms of the DNA construct in the Tris buffer without (grey) and with (pink) 100 nM 

miRNA Let7a.
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Figure 2. 
Rupture force (RF) versus change-in-contour-length (ΔL) plots of the unfolding event in 

each F-X curve to determine the limit of detection (LOD) of Let 7a miRNA. Green ellipses 

indicate the data range of 95% confidence level in the buffer channel.
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Figure 3. 
Two-tiered topochemical analyses of three miRNAs. (A) The probe consists of a DNA 

hairpin with a symmetrical internal loop and an adjacent ssDNA fragment serving as 

toeholds. Target 1 binds with the ssDNA toehold and invades into the stem 1. Targets 2 and 3 

bind with the internal loop toeholds and then hybridize to the stems 1 and 2, respectively. 

Binding of all three targets destabilize the internal loop and both stems, yielding a much 

smaller hairpin structure (right). (B) Representative F-X curves of the DNA probe with 

(pink) and without (green) 50 nM miRNA targets in the 10 mM Tris buffer supplemented 
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with 100 mM KCl at pH 7.4. Binding of targets reduces the change-in-contour-length (ΔL) 

and rupture force (RF) of respective unfolding features. (C) The RF and ΔL histograms with 

(pink) and without (grey) 50 nM miRNA targets. Dotted green lines are the guides to the 

eye.
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Figure 4. 
Pattern recognition in the 2-tiered topochemical analyses for miRNAs. Binding of individual 

targets is recognized in the RF vs ΔL plot of either the 1st (Tier 1) or the 2nd (Tier 2) 

unfolding feature of individual F-X curves. Green and pink depict without and with miRNA 

targets, respectively. Ellipses indicate the data range at 95% confidence level without target.
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Figure 5. 
Single-molecule probe capable of large-scale topochemical analyses of miRNAs. (A) 

Schematic of the hairpin sensor that contains four internal loops (IL1-IL4) and 5 stems. 

Target 1 (pink) binds with the toehold at the base of the probe and invades into stem 1. 

Targets 2–4 bind with internal loop toeholds and half-length of the corresponding stems. 

Without target, the DNA construct produces five well addressed unfolding features (top 

right). With target 1, both RF and ΔL of the first feature are expected to be smaller (bottom 

right). Dotted curves depict relaxing F-X traces. Note feature 5 indicates the transition for 
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the stem linked to the hairpin tetraloop. (B) Representative F-X curves of the probe without 

(green) and with (pink) 50 nM miRNAs in 10 mM Tris buffer (pH 7.4 with 100 mM KCl). 

(C) Change-in-contour-length (ΔL) histograms of a particular unfolding feature without 

(grey) and with (pink) 50 nM miRNA targets. Dotted green lines are the guides to the eye.
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Figure 6. 
Single-molecule probe capable of massive multiplex evaluation of targets. (A) Schematic of 

the single-molecule topochemical probe consisting of n recognition units. (B) Representative 

F-X curves in 10 mM Tris pH 7.4 supplemented with 100 mM KCl showed sawtooth 

unfolding features correspond to ten recognition units. (C) The RF and ΔL diagrams [Mean 

± SD, N = 28]. The observed ΔL for different unfolding features is close to the theoretical 

ΔL as calculated by equation S1(see SI Material and Methods).
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