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ABSTRACT: Aptamers have emerged as promising molecular
tools for small-molecule analyte sensing. However, the

performance of such aptasensors is generally limited by

leakage since it has been difficult to completely suppress
signal in the absence of analyte, resulting in a compromise
between sensitivity and specificity. Here, we describe a
methodology for the ultrasensitive detection of analytes
combining aptasensors with single-molecule kinetic finger-
printing. A short, fluorescently labeled DNA probe is utilized
to detect the structural changes upon ligand binding to the
designed hairpin-shaped aptasensor probe. The Poisson

statistics of binding and dissociation events of the DNA

probe to single surface-immobilized aptasensor molecules is

monitored by total internal reflection fluorescence microscopy, permitting the high-accuracy discrimination of the ligand bound
and ligand-free states, resulting in zero background. The programmable dynamics of the hairpin enables fine-tuning of the
hybridization kinetics of the fluorescent probe, rendering the acquisition time sufficiently flexible to optimize discrimination.
Remarkable detection limits are achieved for a diverse set of analytes when spiked into chicken meat extract: the nucleotide
adenosine (0.3 pM), the insecticide acetamiprid (0.35 pM), and the dioxin-like toxin PCB-77 (0.72 pM), which is superior to
recently reported aptasensors. Our generalizable method significantly improves the performance of aptasensors, with the

potential to extend to other molecular biomarkers.

ptamers are synthetic single-stranded oligonucleotides

selected in vitro by systematic evolution of ligands using
the exponential enrichment (SELEX) that recognize a variety
of ligands including metal ions, small molecules, proteins, and
even entire cells.”” An aptasensor is a particular class of
biosensor in which the recognition capability is based on a
DNA or RNA aptamer coupled to a molecular sensor domain.
With the growing need for rapid, low-cost, and high-confidence
methods for environmental analysis and clinical diagnosis,
aptasensors have been increasingly used due to their
robustness, small size, and high binding specificity.”* The
design strategies of an aptasensor can be mainly categorized
into three classes: conformational change mode, split-
combination mode, and competitive mode."” In the conforma-
tional change mode, binding of an analyte causes a conforma-
tional change in the aptamer that can be monitored using, for
example, quenching or fluorescence resonance energy transfer
(FRET) (Figure 1A). In the split-combination mode, the
presence of an analyte leads to the binding of two aptamer half-
motifs, resulting in an optical or electrochemical signal change
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(Figure 1B). In the competitive mode, the binding of an
analyte releases the aptamer from an auxiliary strand that is
fully or partially complementary to the aptamer (Figure 1C).
For practical reasons, the competitive mode is most common
because a ligand-induced conformational change in some
aptamers is small, and many ligands are not conducive to being
split. Regardless, a common problem in all of these systems is
that sensing is typically “leaky”, that is, it is difficult to
completely suppress unwanted signal in the absence of analyte.
For example, in Figure 1D the background signal from a
competitive mode strategy is found not to be negligible,
particularly when the auxiliary probe is short. Conversely,
increasing the length of the auxiliary probe leads to poorer
sensitivity. These observations illustrate a trade-off between
sensitivity and specificity.
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Figure 1. Schematic illustration of three types of aptasensors. (A)
Conformational change mode: Binding of the analyte and aptamer
results in the conformational change in the aptamer. (B) Split-
combination mode: Two split aptamer fragments combine upon
analyte binding. (C) Competitive mode: Binding of the analyte can
release the aptamer from its complementary strand. (D) The bulk
fluorescence response to analyte binding in the competitive mode by
using different auxiliary probes (for sequences see Figure S1A). 200
nM adenosine was used as the analyte. The DNA concentration is 500
nM.

To date, much effort has been invested in improving the
performance of aptasensors. A variety of nanomaterials, such as
gold nanoparticles,’ upconversion nanoparticles,” and gra-
phene,” have been employed as alternatives to the auxiliary
strand. Moreover, downstream amplification strategies, such as
hybridization chain reaction (HCR)’ and exponential
amplification reaction (EXPAR),'’ have been employed to
enhance sensitivity. The implementation of these approaches
has extended the detection limit to nanomolar and, even,
picomolar levels. However, severe background caused by
spurious amplification or the nonspecific interaction of
nanomaterials and analytes inevitably leads to false positives
and a fundamental lower limit of detection. These limitations
create challenges with regard to developing a robust aptasensor
for practical use.'' Developing strategies to achieve an ultimate
detection limit where the signal-to-noise ratio does not
decrease with decreasing analyte concentration is expected to
significantly improve aptamer-based detection. High sensitivity
and specificity can be achieved simultaneously if the ligand
bound and ligand-free states can be discriminated with
arbitrarily high accuracy. Single-molecule measurements have
emerged as an ultimate-sensitivity toolkit to explore systems
from small molecules to living cells.'” These toolkits can reveal
the subpopulations and dynamics of an inhomogeneous
biochemical system that are otherwise hidden in ensemble
measurements.'> Total internal reflection fluorescence micros-
copy (TIRFM) emerges as a powerful platform for single-
molecule detection with both high throughput and high signal-

to-background ratio. Aptasensors can be readily modified to be
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observable at the single-molecule level using TIRFM. For
example, Landry et al. developed an aptasensor for detecting
protein efflux from microorganisms by using the single-
molecule fluorescence of single-walled carbon nanotubes.'*
We and others used single-molecule FRET (smFRET) to
study the conformational changes in aptamer upon ligand
binding,">~"”

Herein, we demonstrate a single-molecule kinetic finger-
printing analysis via TIRFM for maximizing the sensitivity and
specificity of virtually any aptasensor. A short, fluorescently
labeled single-stranded DNA (ssDNA) probe, with a sequence
complementary to a particular region of interest, is used to
probe the structural change in an aptamer containing hairpin
probe in a transient and repetitive manner.”’”"’ The
hybridization kinetics of the short ssDNA probe is highly
sensitive to the number of base pairs™ formed with, and thus
the secondary structure of, the nucleic acid target,17 which was
utilized here to probe the structural change in the aptasensor
upon ligand binding. Our method allows for the absolute
discrimination between the ligand bound and ligand-free states
by discriminating the binding kinetics of the short probe. High
sensitivity was achieved because the ligand-free state can be
confidently screened out based on its distinct kinetics. We
anticipate that this single-molecule kinetic fingerprinting
analysis will find broad applications in detecting tightly binding
single analyte molecules.

B EXPERIMENTAL SECTION

Materials. Oligonucleotides were synthesized and purified
by HPLC (Sangon, Shanghai, China). The sequences of these
oligonucleotides are listed in Table SI. The adenosine, PCB-
77, acetamiprid, (3-aminopropyl)triethoxysilane (APTES),
3,4-dihydroxybenzoate (PCA), protocatechuate dioxygenase
(PCD), and Trolox were obtained from Sigma-Aldrich (St.
Louis, MO). The mPEG-succinimidyl valerate (mPEG-SVA,
MW, 5000), biotin-PEG-succinimidyl valerate (biotin-PEG-
SVA, MW, 5000), and sulfo-disuccinimidyl tartarate (sulfo-
DST) were obtained from SeeBio Co. (Shanghai, China). All
chemicals were used as received without additional purifica-
tion. DNase/RNase-free deionized water from Tiangen
Biotech Co. (Beijing, China) was used in all experiments.

Bulk Fluorescence Measurement for the Competitive
Mode Aptasensors. In a typical assay, in a 1.7 mL centrifuge
tube, 500 nM of double-stranded DNA and 200 nM of
adenosine were incubated for 30 min at room temperature in
1X PBS. The fluorescence (Ex = 530 nm, Em = 590 nm) was
measured on a multilabel reader (EnVision, PerkinElmer, UK).

TIRFM Setup and Imaging Surface Preparation. The
objective-type TIRFM was set up using a Nikon inverted
microscope (ECLIPSE, Ti—U) equipped with a 100X
magnification, 1.49 numerical aperture (NA) TIRFM objective
(Nikon). For TIRF illumination, a 520 nm laser was coupled
into a single-mode fiber (Solamere Technologies). The fiber
optic cable that delivers laser light to the microscope was
secured into a fiber launch fitted with an XY fiber holder
mounted atop a micrometer-driven optical rail for Z adjust-
ment (Thorlabs). Images were captured using an electron
multiplying (EMCCD) camera (Andor). The pixel size of this
camera matches very well with the magnification offered by the
100x TIRF objective, giving a final resolution of 0.15 ym per
pixel. For TIRF microscopy measurements, sample cells were
constructed by fixing a 1 cm length of a cut pipet tip
(Eppendorf) to a coverslip using epoxy adhesive. The single-
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Figure 2. Principle of combining an aptasensor with single-molecule kinetic fingerprinting. (A) Scheme of the single-molecule aptasensor. The
hairpin probe was immobilized on the TIRFM detection surface via biotin—streptavidin interaction. The short fluorescent DNA probe diffuses in
the solution to detect the change in the hairpin probe upon analyte binding. For sequences see Figure S1B. (B) Single-molecule time trajectory in
the absence of adenosine. (C) Single-molecule traces in the presence of adenosine (S0 pM). (D) The distribution of 7, for the fluorescent probe
with/without adenosine. (E) The distribution of 7, for the fluorescent probe with/without adenosine. All of the distributions were from more than
300 molecules. The concentrations of the hairpin probe and the fluorescent probe are 50 pM and 20 nM, respectively. All single-molecule assays

were carried out at room temperature.

molecule imaging surface was coated with a 10:1 mixture of
mPEG and biotin-PEG."®

Single-Molecule Kinetics Analysis for Target Detec-
tion. All solutions were prepared in 1.7-mL microcentrifuge
tubes. The slide surface was briefly incubated with TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) followed by 1 mg/
mL streptavidin for 10 min. Then, excess streptavidin was
flushed with TE buffer. Next, S0 pM of the biotinylated hairpin
probe was annealed from 90 °C to rt in 1X PBS buffer and
added to the reaction cell for 10 min, and the excess was
flushed with 1X PBS three times. The 1X PBS buffer
containing the target was introduced into the sample cell
and incubated for 1 h. The 1X PBS buffer containing an
oxygen scavenger system21 (0SS, 2.5 mM PCA, 25 nM PCD,
1 mM Trolox) and 20 nM of the Cy3-labeled fluorescent
probe was added to the sample cell. The transient binding of
the fluorescent probes to the hairpin probes was monitored
under illumination by the 520 nm laser light. Image acquisition
was performed using the EMCCD camera (100 ms, gain 20). It
should be noted that for the single-molecule assays, the room
temperature was controlled at 25 + 1 °C. Fluorescence time
trajectories were extracted from acquired movies by using a
custom MATLAB code. The trajectories were fitted with a
hidden Markov model (HMM) using vbERET*” to identify the
number of transitions and dwell times of the bound and
unbound states for an individual molecule.

Characterization of the Folding/Unfolding Kinetics of
the Hairpin Probes. The dual-labeled hairpin probes were
used for kinetics characterization. A total of 100 pM of the
biotinylated hairpin probe was annealed from 90 °C to rt in 1X
PBS buffer and was added to the reaction cell for 10 min. The
excess was flushed with 1X PBS three times. The 1X PBS
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buffer containing OSS was added. The dynamics were
monitored under 520 nm last light illumination. Image
acquisition was performed using the EMCCD camera (10
ms, gain 80).

Detection of Acetamiprid- and PCB-77-Spiked Chick-
en Meat Extracts. Pesticide-free chicken samples were
homogenized and incubated with acetonitrile followed by
centrifugation for 10 min at 8000 rpm (4 °C). The
supernatants were collected and stored at —20 °C for future
use. The freshly thawed extract was diluted 100-fold with 1X
PBS containing either synthetic acetamiprid or PCB-77. The
spike-in samples were allowed to bind to the detection surface
for 1 h. The excess solution was removed, and the surface was
washed with 1X PBS three times. Next, a single-molecule
analysis was carried out for these samples, as described above.
The measured concentration of the targets was calculated
using the standard curve collected in buffer.

B RESULTS AND DISCUSSION

Principle of the Aptasensor with Single-Molecule
Kinetics Fingerprinting. As illustrated in Figure 2A, the
aptasensor consists of two probes, a hairpin probe immobilized
on the slide surface through the interaction of streptavidin and
biotin, and a Cy3 labeled short ssDNA probe. The fluorescent
probe is complementary to a particular region of the hairpin
probe (green). The hairpin probe also contains the 27-nt
aptamer sequence (orange) for adenosine (purple), which has
been extensively utilized for adenosine detection.”””>° The
aptamer sequence is appended with the stem of the hairpin
probe, which forms in the absence of analyte. All such DNA
hairpins fluctuate in solution between a folded (closed) and a
denatured (open) state, where only the latter allows for the
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binding of the fluorescent probe. Because of the excitation
geometry of TIRFM, only fluorescent molecules entering the
evanescent field (extending ~100 nm above the surface) are
illuminated, and only when they bind to the complementary
hairpin sequence will they stay in place long enough for a
signal to be detected using our 100 ms camera integration
time. Accordingly, the stochastic switching of fluorescence
signals between the bound (ON) and unbound (OFF) states is
observed in TIRFM mode, which can be attributed to the
binding and dissociation of the fluorescent probe, respectively
(Figures 2B and C). These single-molecule fluorescence-time
trajectories in the presence or absence of adenosine ligand
(Figures 2B and C) are distinct from those arising from
nonspecific surface binding of probes in the absence of
aptasensor, which most likely reflects photobleaching of the
fluorescent probe (Figure S2). These results suggest that the
fluorescent probe is not completely occluded from binding the
hairpin probe in the absence of ligand (Figure 2B). Notably,
when aptasensors are observed in bulk, such background in the
absence of ligand is typically referred to as sensor leakage.
Upon the addition of adenosine, the binding of the ligand to its
aptamer results in hairpin unfolding, enhancing the binding of
the fluorescent probe (Figure 2C) as expected when the
fluorescent probe binds increasingly to its complementary
strand (Figure S3). Accordingly, in this system the change in
hairpin accessibility directly reflects the binding of a single
analyte molecule, provided that ligand dissociation is
sufficiently slow.

The binding equilibrium of a bimolecular complex can
usually be approximated as a two-state system whose kinetics
are characterized by a bimolecular association rate constant.
The transient binding of the fluorescent DNA probe to the
immobilized hairpin is monitored at the single-molecule level
by TIRFM, and the dwell times in the fluorescence-ON (t,,)
state and fluorescence-OFF (t,q) state are both exponentially
distributed.””*® Accordingly, the resulting fluorescence-versus-
time trajectories were fitted with a two-state hidden Markov
Model (HMM) to extract mean dwell times. Fitting of single-
exponential distributions to the experimental dwell time
distributions yields the time constants 7, and 7, respectively.
7,, does not change significantly upon the addition of ligand
(Figures 2D and E). In contrast, 7,4 decreases by
approximately 6-fold (Figures 2F and G). The hybridization
kinetics of the fluorescent probe to the ligand-bound hairpin is
in good agreement with that to just the isolated comple-
mentary strand (Figure S4). The change in accessibility of the
hairpin probe is therefore reflected in the differential 7,4 of the
fluorescent probe. However, while a difference in 7,4 was
found, it is exponentially distributed that cannot be used for
state identification.

Poisson Statistics of Binding and Dissociation Events
of the Fluorescent DNA probe. Because the number of the
repetitive hybridization of probes to an immobilized target is
characterized by Poisson statistics,'® the standard deviation in
the number of binding and dissociation events (Np,q) per
aptasensor molecule is expected to increase only as the square
root of the number, implying that the signal acquisition time
can be prolonged to distinguish states with distinct probe
binding kinetics to arbitrarily high accuracy. That is, as long as
there is a slight difference in the kinetics of probe binding or
dissociation between states, single-molecule kinetics analysis
with a Poisson model is theoretically able to resolve them.'® As
expected, Ny,q of our fluorescent probe follows a Poisson
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process so that the two probability distribution peaks for the
ligand bound and ligand-free states are gradually resolved with
increasing acquisition time (Figure 3). Interestingly, no

Figure 3. Histograms of the number of molecules exhibiting a given
Np,q in the absence (gray) or presence (cyan) of SO pM adenosine
with varying acquisition times with different hairpin probes: (A) 6-nt
stem hairpin and (B) S-nt stem hairpin.

background peak was observed in the presence of ligand
implying that all aptasensors are occupied under the
concentration of ligand we used. This renders a lower
dissociation equilibrium constant than the previously re-
ported.”>*” One possible reason is that the concentrations of
ligand close to the detection surface were underestimated. In
addition, the dissociation rate constant of the ligand is likely
slow, not leading to full equilibration.”” The diffusion-driven
fluorescent probe binding provides resistance against photo-
bleaching as the probe is continuously exchanged with bulk
solution. This allows for a flexible, and essentially unlimited,
acquisition time to separate the Poisson peaks. For a specific
fluorescent probe, different hairpin structures lead to distinct
probe hybridization kinetics, and the hairpin with a higher
stability requires a shorter acquisition time (Figure 3A) than
that with a lower stability (Figure 3B) for good separation of
the bound and ligand-free states. It is therefore possible and
desirable to rationally tune the structure of the aptasensor
hairpin to achieve a desirable time scale to resolve the
detection and background Poisson peaks.

Theoretical Consideration of the Interactions of
Fluorescent Probe and Hairpin-Shaped Aptasensor.
Fortunately, the hybridization kinetics of DNA can be tuned
and predicted in a programmable manner.’*> DNA hairpins
in particular serve as excellent model systems for fine-tuning
hybridization.>>™>* To this end, it was necessary first to
construct the relation of the hybridization kinetics of our
fluorescent probe and the hairpin’s opening and closing
dynamics. The rate constants of the fluorescent probe binding
and dissociation in the ligand-free state are denoted as k,, r and
ks (Figure 4A), and those in the ligand-bound state are k,,},
and kg, (Figure 4B), respectively. We used the two-state
assumption of DNA hairpin formation to simplify the system,
although a more complicated, multistate model with
intermediates can also be used.””*” The rate constants for
unfolding and folding of the hairpin are denoted as k., and
k. oser TESpECtively.

The hairpin equilibrium constant is
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Figure 4. Theoretical consideration of the interactions of fluorescent probe and hairpin-shaped aptasensor (for sequences see Figure S1C). (A)
The binding of the hairpin and the fluorescent probe in the presence of analyte; the forward and reverse reaction rates are denoted as v* and v™. (B)
The binding of the hairpin and the fluorescent probe in the absence of analyte. (C) Two steps of the interaction of the hairpin and the fluorescent
probe in the absence of analyte. The rates of hairpin opening and closing are denoted as v{ and v, and the rates of hybridization and
dehybridization of the open hairpin and the fluorescent probe are denoted as v and v3. (D) The ratio of k¢ and k,,}, as a function of the
equilibrium constant of hairpin Keqp. (E) The ratio of kg and kg, is independent of Kegn- (F) The relation of Kegn and the minimal time to
resolve the Poisson peaks. The markers represent the experimental data (Table S1), and the solid lines (D—F) are derived from eqs 4, 6, and 13,
respectively. The experimental k,}, of 5.13 min~" used in eq 13 was determined from exponential fits of the dwell time in the unbound state

(Figure S4B).

K - Kopen  [H,]
eqH ™ -
k [H,]

(1

close

where [H,] and [H,] are the concentrations of the open and
closed states, respectively.

The reaction in Figure 4A consists of two steps, reversible
hairpin unfolding followed by reversible fluorescent probe
binding (Figure 4C). Single-molecule approaches have
demonstrated that the folding/unfolding rate constants of
DNA hairpins are significantly faster than those of the
corresponding two-strand hybridization.”>*> For our system,
we characterized the folding and unfolding kinetics of hairpin
structures at the single-molecule level by using fluorophore and
quencher labeled hairpins (Figure SSA—C). The kinetics are
closely correlated with the melting temperatures (Figure S6).
The As shown in Figure S7A—D, the rate constant of hairpin
opening and closing is 100- to 800-fold faster than that of
binding of the short fluorescent probe, v{ > v} (Figure 4C).
Therefore
v =

)

kon, ¢ ([Ho] + [HIIF] = k,,  [HI[F] (3)
where [F] is the concentration of the short fluorescent probe.
After substituting K,,y[H] for [H,], we obtain the ratio of
Konfand k1, which is a function of the equilibrium constant of
the hairpin.
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Kon, ¢ _ Ken

ko 1+ Ko )
Similarly, for the reverse reaction

Vo= (%)
We, therefore, have the relation of kg and kg, as follows:
kotif = Koty (6)
The expected Ny,q in a given time window (¢) is

t
Nova = Ton T Toff (7)

The Ny, 4 for the ligand bound and ligand-free states should
be separated by 3-fold of their standard deviations to be able to
construct a high-confidence analytical method. Furthermore,
according to Poisson statistics a minimal time for signal
acquisition is required. This is given by the following inequality

t t

bt b £t Togs

Ton,

t t
>3 +
Tonb T Tofb Ton T Tofif (8)

where 7,,;, and 7.4, are the dwell times of the fluorescent
probe binding and dissociation in the presence of analyte,
respectively, and 7, and 7.4 are the corresponding dwell
times in the absence of analyte. For two-state binding and

Ton,
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Figure S. Sensitivity, selectivity, and performance of the aptasensors for spiked-in analyte samples. Calibration curve for adenosine (A), acetamiprid
(B), and PCB-77 (C). A linear fit was perform from 0 to SO pM and constrained to a y-intercept of 0. The selectivity of adenosine (D), acetamiprid
(E), and PCB-77 (F) aptasensor. Quantification of synthetic acetamiprid- (G) and PCB-77-spiked (H) chicken meat samples with proteinase K
and SDS. The hairpin with a 6-nt stem for adenosine was used. Error bars represent s.e.m. from triplicate experiments. The probes for adenosine are

the same as those in Figure 2. For other probes, see Figure S1D.

dissociation, the dwell times are a function of the rate
constants

1

T = —

o koff (9)
1

Toff = 7

T kg (10)

where the pseudo-first-order rate constant k,, equals k,[F]
because the diffusing probe strand is in large access over the
immobilized hairpin. By substituting the dwell times with the
rate constants, we obtain

! !’
¢ kon,bkoff,b kon,fkoff,f
!
konb + Kottt £+ Ko

>3f\// +\/
k (11)

According to the hybridization of the fluorescent probe we
used in this study, the kg, is ~10-fold larger than k), (Figure
S3). Moreover, k/,}, is larger than k), and kg equals kgy,.
For simplicity, eq 11 can be rearranged into

kl

on,

!’
kon,f koff,f
!’
kont + Ko

on,bkoff b

kff,b

t(konb k(/m,f) = 3\/?(\/ k(;n,b + A\ koln,f) (12)
Using eq 4, we obtain
9
t > o b[1 + Koy + [Kegu(l + Keguo) )

For a certain short fluorescent probe, the minimal
acquisition time is solely determined by the equilibrium
constant of the hairpin. Various approaches have been used to
study the hairpin dynamics, which is believed to mainly depend
on the length of the stem.’*”*® For the dual-labeled hairpin,
the fluorescence-ON time (Topen) decreases with the length of
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the stem (Figure S6). In contrast, the fluorescence-OFF time
(Teose) exhibits the opposite trend. Using the relation between
the rate constant and dwell time, the rate constants and
equilibrium constants were obtained (Figure S8). The
hybridization kinetics of the fluorescent probe were tested by
using different hairpin structures (Table S1). As a theoretical
consideration, the ratio of k,,;, and k,, is a function of K,
(Figure 4D), whereas the ratio of kg, and kg is close to one
and independent of K,y (Figure 4E). Furthermore, the
empirical minimal time shows good agreement with the
theoretical prediction. For all nucleic acid constructs, the
ligand bound and ligand-free states can be discriminated within
20 min (Figure 4F). A hairpin with a longer stem yields limited
accessibility for the fluorescent probe in the absence of analyte
and a larger change in the hybridization kinetics of the
fluorescent probe upon ligand binding (Table S1), rendering
the time needed to resolve the Poisson peaks shorter. Using
this single-molecule kinetics fingerprinting, background signal
because of sensor leakage is completely excluded. Hence, the
probe structure can be optimized for acquisition time and
sensitivity. The binding of aptamer and small molecule ligand
is near irreversible with a slow dissociation rate’” that permits
the open conformation of the hairpin aptasensor within the
detection time scale shown in Figure 4F. As shown in Figure
S9, a hairpin with a shorter stem yields more single-molecule
counts that more quickly resolve the Poisson peaks.
Ultrasensitive Detection of Different Small Molecule
Ligands. We chose a hairpin with a 6-nt stem as the probe for
adenosine detection. A standard curve was constructed with
the linear portion from 0.5 to 50 pM yielding an LOD of 0.3
pM, calculated as three standard deviations above the blank
(Figure SA). The sensitivity is superior to some recently
reported aptasensors.””~*' Furthermore, the selectivity of an
aptasensor is highly dependent on the differential binding
affinity of the analyte compared its molecular analogs. High
sensitivity is usually helpful to achieve high selectivity because
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analogs at low concentration cannot bind the aptamer
effectively. As shown in Figure SD, no other nucleosides,
including guanosine, cytidine, and thymidine, gave a
significantly higher signal than the blank. To demonstrate
the generality of this approach, additional analytes were tested.
Acetamiprid is one of the most extensively used pesticides, and
its accumulation in agricultural products may §ive rise to
potential health risks due to its neurotoxicity. 2 33,4,4'-
Tetrachlorobiphenyl (PCB-77) is a polychlorinated biphenyl
that persists as an organic pollutant found to be associated with
neuroreproductive toxicity, immunotoxicity, and tumor
promotion.”’ A significant difference in the binding kinetics
between the bound and ligand-free states was also found for
these two analytes using similarly constructed aptasensors
(Figure S10). Arbitrarily high discrimination was achieved
within 20 min of kinetic fingerprinting (Figure S11). The
LODs of acetamiprid and PCB-77 were determined as 0.35 pM
and 0.72 pM, respectively (Figure SB and C), which is superior
than recently reported biosensors.**™*" High selectivity was
also achieved for these two analytes (Figure SE and F). The
performance of our single-molecule aptasensors in practical
applications was further evaluated by spiking acetamiprid and
PCB-77 into chicken meat extracts as more biologically
relevant samples. The measured concentrations (calculated
from the calibration curves) were strongly correlated with the
nominal spiked-in concentrations (Figure SG and H, R >
0.98).

B CONCLUSION

In summary, single-molecule kinetic fingerprinting provides a
unique approach to probe the dynamic behavior of aptamer—
ligand binding processes, allowing for high-accuracy discrim-
ination between analyte bound and apo states of single
aptasensor molecules. The leakage of the aptasensor was
suppressed by sorting single-molecule time traces by their
kinetic probing behavior. Three analytes were detected with
remarkable sensitivity. The high sensitivity renders this
aptasensor readout suitable as an alternative approach to
standard methods, such as HPLC-MS. Our generalizable
design holds great potential to be extended to non-TIRFM-
based detection platforms and can potentially find broad
application for nucleic acid based biosensors, ligand-initiated
logic gate computing, and alternative single-molecule immuno-
assays.
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Table S1 The binding and dissociation kinetics of the fluorescent probe with the hairpin

probe in the presence/absence of target.

stemlength  2kons (105 M's")  konp (108 M' s1)  Korif (s7) koftb (s71)
5 1.84 4.01 0.62 0.67
6 0.68 4.21 0.84 0.72
7 0.38 4.38 0.84 0.74
8 0.22 3.86 0.57 0.71

af, the ligand-free state; b, the ligand-bound state.

Supporting Figures
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Figure S1 (A) The DNA sequence used in Figure 1D. (B) The DNA sequences used in
Figure 2. (C) The DNA sequence used in Figure 4. (D) The DNA sequence used in
Figure 5. The arrow indicates the 5’ end. The red marked bases are the stem domains.

The aptamer sequences are highlighted in yellow.
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Figure S2 Single-molecule time trajectories of the nonspecific absorption of the Cy3
labeled strand. Due to the PEG passivation of the surface, the nonspecific molecules

are less than 10% of the total molecules.

Figure S3 (A) The binding of the fluorescent probe with its complementary strand. (B)
Single-molecule time trajectories of the transient binding. The concentration of
fluorescent probe and immobilized strand are 20 nM and 5 pM, respectively. The
sequence of the immobilized strand 5’-biotin-(T)10TGACTTCCTC-3’. The fluorescent

probe is the same as the adenosine fluorescent probe in Figure S1B.
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Figure S4 The dwell times of the fluorescent probe binding with its complementary

strand, generated from 418 molecules.

Figure S5 (A) The scheme of the characterization of the hairpin dynamics based on a
dual-labeled probe. (B) The single-molecule traces of different hairpin probes. The
probe concentration is 50 pM. (C) The sequence of the hairpin probes.
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m Predicted = Experimental
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Figure S6 The predicted (from NUPACK?') and experimental Tm of the hairpin structures
in Figure S5. The experimental Tm were determined by using the dual labeled hairpins

in via bulk fluorescence measurement.
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Figure S7 The dwell times of the hairpin probes with different stem lengths, (A) 5-nt
stem, (B) 6-nt stem, (C) 7-nt stem, (D) 8-nt stem.
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Figure S8 The unfolding (A) and folding (B) rate constants of different hairpin probes,
and the equilibrium constants (C) derived from the ratio of rate constants.

Figure S9 The filtered counts of molecules using the Poisson model based on different
hairpin probes.
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Figure S10 Single-molecule time trajectories of the binding of the fluorescent probes
and the hairpin probes for acetamiprid and PCB-77. For probe sequences, see Figure
S$1D. The concentration of fluorescent probe is 20 nM.
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Figure S11 Resolved Poisson peaks for acetamiprid (A) and PCB-77 (B). The minimal
acquisition times required for acetamiprid and PCB-77 are 15.4 and 7.2 min,
respectively.
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