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The ability to measure many single molecules simultaneously in large
and complex samples is critical to the translation of single-molecule
sensors for practical applications in biomarker detection. The chal-
lenges lie in the limits imposed by mass transportation and thermo-
dynamics, resulting in long assay time and/or insufficient sensitivity.
Here, we report an approach called Sensing Single Molecule under
MicroManipulation (SSM3) to circumvent the above limits. In SSM3,
single-molecule binding processes were dynamically recorded by sur-
face plasmon resonance microscopy in a nanoparticle-mediated
sandwich scheme. The binding kinetics between analyte and probes
are fine-tuned by nanoparticle micromanipulations to promote the
repetitive binding and dissociation. Quantifying the heterogeneous
lifetime of each molecular complex allows the discrimination of
specific binding from nonspecific background noise. By digitally
counting the number of repetitive specific binding events, we dem-
onstrate the direct detection of microRNAs and amyloid-β proteins
with the limit of detection at the subfemtomolar level in buffer and
spiked human serum. Together with the nanoparticle micromanipu-
lation to promote the transportation rate of analyte molecules, the
assay could be performed within as short as 15 min without the
need for preincubation. The advantages over other single-molecule
sensors include short assay time, compatible with common probes
and ultrasensitive detection. With further improvement on the
throughput and automation, we anticipate the proposed approach
could find wide applications in fundamental biological research and
clinical testing of disease-related biomarkers.
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The analytical methods have converged from ensemble meas-
urements of numerous entities to quantized measurements

at the single-molecule level. Single-molecule measurements
could reveal heterogeneities and stochastic processes within
biological systems (1, 2) and set the ultimate detection limit of
chemical and biological sensors. By reducing the measurement
volume to a few femtoliters, the detection of a single molecule
has been realized in various forms [i.e., single-molecule fluores-
cence (3, 4), nanopores (5, 6), localized surface plasmon reso-
nance (7, 8), and surface-enhanced Raman scattering (9, 10)].
These measurements typically require quantifying many single-
molecule events to gain new molecular and mechanistic insights
or to achieve better analytical performance. However, it has
been difficult to perform quantitative analysis with sufficient
efficiency and statistical accuracy because of the concentration
limit from mass transportation (11, 12) and the thermodynamic
limit from probe affinity (13). For quantification of biomarkers
in biological media, in which the required concentrations are
usually at the femtomolar level or even lower (14), the single-
molecule measurements could take inordinately long, and the
nonspecific binding of unwanted species degrades the accuracy.

In the past two decades, several single-molecule approaches
for biomarker detection have been developed to surpass the
above limits by biasing the equilibrium and driving binding
reactions (15, 16). A typical scheme involves the usage of nano-
particles to collect the analyte followed by a digital measure-
ment of single molecules at a confined space (17), such as the
commercialized, single-molecule enzyme-linked immunosor-
bent analysis (digital ELISA) (18). The digital ELISA uses the
antibody-modified magnetic beads to capture the analyte in
solution and loads them into femtoliter-sized reaction chambers
termed single-molecule arrays. It effectively improves the sensi-
tivity of conventional ELISA by three orders with a limit of
detection (LoD) at the subfemtomolar level but requires
sophisticated devices and excessive operation to remove free
analyte molecules. Besides, the performance is still limited by
the probe affinity and false positive arising from detection anti-
bodies that bind nonspecifically to assay surface.

A distinct yet effective strategy is to explore the in-depth het-
erogeneous information of single-molecule interaction (19).
Walter et al. first demonstrated a kinetic fingerprinting
approach to perform highly specific and sensitive detection of
biomarkers via single-molecule fluorescence microscopy
(20–22). This single-molecule recognition through equilibrium
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Poisson sampling technique surpasses the thermodynamic limit
by exploiting the repetitive binding of fluorescently labeled,
low-affinity probes to the analyte (23) and discriminating spe-
cific binding from background noise by a kinetic signature. The
detection limits of microRNAs (miRNAs) and proteins also
reach the subfemtomolar level, but screening probes with
unique kinetic property is not compatible with current pipe-
lines, and the concentration limit implies long incubation time
before detection.

Herein, we present the integration of single-molecule manip-
ulation and dynamic sensing to allow rapid and ultrasensitive
detection of biomarkers beyond the concentration and thermo-
dynamic limits. In this Sensing Single Molecule under Micro-
Manipulation (SSM3) approach, an external force is applied on
the molecular bound between analyte and probes through teth-
ered nanoparticles to actively tune the binding kinetics. This
strategy, together with a dynamic sensing approach to exploit
the heterogeneity at the single-molecule level, is able to beat
the limits in both assay time and sensitivity. We show the princi-
ple and realization of the SSM3 technique and demonstrate
15-min assays to directly measure miRNAs and proteins at the
subfemtomolar concentration.

Results and Discussion
The Principle. The single-molecule detection was performed in a
typical sandwich scheme composed of a high-affinity primary
probe immobilized on a planar sensor chip, the analyte, and a
secondary probe tethered to nanoparticles (Fig. 1A). A

microscope with single-nanoparticle imaging capability, such as
the surface plasmon resonance microscope (SPRM) used
herein, dynamically records the image sequences of nanopar-
ticles to report single molecular interactions (24–27). Consider-
ing the first-order binding kinetics between the analyte and the
secondary probe, SSM3 reports the sum of total binding and
dissociation events during the observation by digital counting at
the single-molecule level (Eq. 1),

NðτÞ ¼ ∫ τ
0
ðkon½A�t½P�t þ koff ½AP�tÞdt, [1]

where kon and koff are the association and dissociation rate con-
stants, [A], [P], and [AP] are the concentration of free analyte,
free probes, and the analyte–probe complexes. This readout
increases continuously with longer observation time, even after
reaching equilibrium, so that the detection limit is only deter-
mined by the background noise from nonspecific binding. This
is obviously different from the conventional endpoint ensemble
measurement in which the limited binding affinity sets the max-
imum readout (SI Appendix).

The SSM3 also reports the duration of each binding event,
which is determined by the binding and dissociation kinetics
(28). As a result, we could count only the specific binding in
Eq. 1 and obtain an ultrahigh sensitivity beyond the thermody-
namic limit. But it is critical to use an appropriate, low-affinity
probe with rapid binding and dissociation kinetics so that
enough number of dissociation events could be identified for
statistical analysis in the limited assay time. SSM3 makes use of
the single-molecule manipulation (29, 30) to fine-tune the

Fig. 1. The principle of SSM3. (A) The SSM3 actively tunes molecular binding kinetics by single-molecule micromanipulation through nanoparticles; single-
nanoparticle imaging with surface plasmon resonance microscopy records the dynamic binding process by a charge-coupled device (CCD) or complementary-
metal-oxide-semiconductor (CMOS) image sensor. Data analysis at the single-particle level reveals the dynamic features of specific and nonspecific binding
events, and digital counting of only specific events enables ultrasensitive detection of analyte concentration. (B) In the one-dimensional elastic model system
of single-molecule interaction, the energy barrier UB determines the binding and dissociation kinetics. (C) When applying an external driving potential (purple),
the energy barrier height could decrease (orange) from original status (green). (D) The molecular bound lifetime is shortened with the decrease of energy
barriers, as determined by the Monte Carlo simulation. Detailed parameter setting is described in the Materials and Methods.
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binding kinetics of commonly used high-affinity probes. Consid-
ering the one-dimensional system (Fig. 1B), the thermodynam-
ics could be described by the Langevin equation (31),

M
d2z

dt2
¼ � dUðzÞ

dz
� 6πηa

dz

dt
þ ξðtÞ, [2]

where M is the mass of the nanoparticle, U(z) is the restoring
potential related to the molecular binding energy, the second
term on the right describes the damping due to viscosity (η is
the solvent viscosity and a is the radius of the nanoparticle),
and ξ is the thermal fluctuation force. The probability, ρ(t),
that a molecule persists in its bound state can be approximately
calculated through the kinetic equation as defined by Kramer’s
transition rate (32),

dρðtÞ
dt

¼ �ω0ω1M

12π2ηa
e
�
�
U�

B
ðtÞ=KBT

�
ρ tð Þ, [3]

where U 0
B is the barrier height, ω0 and ω1 are the effective oscil-

lation frequencies at the bound state and at the maximum
potential, KB is Boltzmann constant, and T is the temperature.
The Monte Carlo simulation (SI Appendix) shows that when
lowering the energy barrier with an external force (Fig. 1C), the
distribution shifts toward the shorter timescale as expected, and
consequently, the frequency of repetitive binding increases
(Fig. 1D).

The Effectiveness of Micromanipulation. To prove the effective-
ness of the nanoparticle micromanipulation and dynamic sens-
ing strategy, we first explored the electrical manipulation of
50-nm Au nanoparticles (AuNPs), owing to the compatibility of

SPRM with electrochemical systems (Fig. 2A) (33, 34). A
50-nucleotide (nt) oligoanalyte and two 25-nt DNA probes
were synthesized (Table S1) as a model system. With the con-
centration of AuNPs at 1010/mL (∼16 pM), the chance of more
than one analyte molecule binding to one AuNP is less than 1.
8% at an analyte concentration below 3.2 pM, according to the
Poisson statistics (35). When examining the distribution of
bound lifetime, the specific binding to the oligoanalyte could be
discriminated from nonspecific binding (Fig. 2B). This was con-
firmed by the nonspecific binding in the control group with the
absence of analyte, in which most nanoparticles hit and ran
quickly, and a very small portion was adsorbed on surface
firmly. (SI Appendix, Fig. S1).

The mean lifetime for nonspecific binding in the control
experiments was found to be 4.11 ± 0.26 s (mean ± SD, n = 3)
by fitting the full-spectrum data from 0 to 100 s with an expo-
nential function (SI Appendix, Fig. S2). A threshold value at 5 s
(mean + 3 × SD of the mean lifetime of nonspecific binding)
was set to exclude nonspecific events and to keep a large num-
ber of specific events. The lifetime of specific binding over the
threshold was fitted to find the mean lifetime, which reflects
the potential barrier height as in Eq. 3. When the voltage was
at 0 V, the mean lifetime of molecular complexes was found to
be 35.04 ± 1.21 s (Fig. 2C), which corresponds well to the
expectation for probes with a typical dissociation constant in
the micromole-to-nanomole range (28). With a negative voltage
applied, the AuNPs (zeta potential: �31.67 mV; Table S2) were
driven away from the surface. The mean lifetime thus
decreased, and the readout in Eq. 1 increased. Note that when
the energy barrier diminished at a higher negative voltage, it
largely impeded the binding process and the readout did not

Fig. 2. Effect of nanoparticle manipulation on the single-molecule sensing performance. (A) The SSM3 system for miRNA detection consists of the Au
film-'capture probe'–analyte-'detection probe'–AuNP sandwich structure and a potentiostat for electrical manipulation of the 50 nm AuNP. (B) The life-
time distribution of binding events in the 50-nt oligoanalyte detection, the corresponding windows of the nonspecific hit-and-run (blue dashed box) and
hit-and-adsorb (green) behavior, and the specific binding (red). (C) The mean lifetime and the number of events recorded with different applied voltages
(fold increase over the number of events at 0 V). (D) The calibration curves for determining the 50-nt oligoanalyte concentration by the number of events
within different lifetime windows. The dashed lines indicate the baseline levels in control experiments with the absence of analyte (mean + 3 × SD of the
number of events).
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further increase. Empirically, the optimal manipulation was
found at �0.2 V, in which the mean lifetime decreased to 29.64
± 0.65 s, and the readout increased by up to threefold.

The discrimination of specific binding by the lifetime of
molecular complex leads to improved LoD. The LoD was
defined as the analyte concentration to generate the number of
events that equals (mean + 3 × SD) of the number of events in
the control experiments. The LoD by direct counting of all
events within the 0 to 300 s lifetime window was 14.88 pM,
which is similar to the previously reported digital assay (24, 36).
When counting only specific binding within the 25- to 250-s
window, within which over 95% of the nonspecific binding was
discarded, the LoD was found to be 0.36 fM with a high linear-
ity (Fig. 2D). Although a large number of events were rejected,
most of them were due to the nonspecific bindings, as could be
seen from the significant lowering of baseline (dashed lines).
When examining the results within 0 to 25 s, it shows a poor
linearity as the nonspecific binding dominates. These results
thus proved the effectiveness of using in-depth heterogeneous
information at the single-molecule level to improve the sensing
performances.

Rapid miRNA-Testing Assay. We then demonstrated the capability
of SSM3 in developing the 15-min assay to detect miRNAs
(Fig. 3A). DNA probes with 12 nt complementary to the target
miRNA were tethered to the AuNPs, while high-affinity locked
nucleic acid probes were immobilized on the planar Au sensor
surface as the capture probes. At a low concentration, the

preincubation of analyte on the coated planar sensor could
take tens of minutes, resulting in long assay time. Instead, in
SSM3, the analyte was mixed with the probe-coated AuNPs and
immediately injected into the testing chamber without further
incubation. A voltage was applied sequentially as +0.4 V for 5
min to facilitate transportation of analyte and AuNPs onto the
sensor surface, followed by �0.2 V for 10 min to promote
repetitive binding. The image sequences were recorded imme-
diately after injection and continuously throughout the assay.
Within 15 min, the time-dependent coefficient of variation
decreased to below 15%, indicating that the assay time is
enough to reach a good stability in readout (SI Appendix,
Fig. S3).

To prove the effectiveness and generality, we tested three
synthetic, disease-related miRNAs, including hsa-miR-21–5p
(miR-21), hsa-miR-155–5p (miR-155), and hsa-miR-362–5p
(miR-362), with corresponding probes (Table S3). The mean
lifetime was found to be 16.54 ± 1.76 s for miR-21, 17.14 ± 1.48
s for miR-155, and 16.35 ± 1.75 s for miR-362 (SI Appendix,
Fig. S2 A–C). Although the lifetime was shorter than that of
the above 50-nt oligoanalyte system because of the lower affin-
ity, specific binding events could be well distinguished from
nonspecific events by setting the threshold as 5 s. The LoD for
miR-21, miR-155, and miR-362 were found to be 0.26, 0.17, and
0.15 fM, respectively, with linear detection ranges over six
orders of magnitude (Fig. 3B). In the receiver operating charac-
teristic plot, the area under curve (AUC) values were 0.997,
0.988, and 0.967, respectively (Fig. 3C). In principle, a more

Fig. 3. The rapid miRNA-testing assay. (A) The workflow of 15-min miRNA assay includes mixing samples with probe-tethered nanoparticles, injecting
the mixture into the reaction chamber, and continuously recording for 5 min at +0.4 V and 10 min at �0.2 V. The calibration curves (B) and the receiver-
operating characteristics (C) for hsa-miR-21–5p, hsa-miR-155–5p, and hsa-miR-362–5p detection. (D) The lifetime distribution of molecular bound between
the probes (complementary to hsa-miR-29a) and hsa-miR-29a or hsa-miR-29c. (E) The calibration curves of hsa-miR-29a and hsa-miR-29c detection. (F)
Measured concentrations of the hsa-miR-29a with (vertical axis) versus without (horizontal axis) the interference of hsa-miR-29c at a 100-fold higher con-
centration. The shadow region indicates the 95% confidence region as determined by Student's t-test. The dashed lines in calibration curves indicate the
baseline level determined with the absence of analyte.
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rigorous threshold setting could further improve the specificity
but at the cost of less countable events and consequently longer
assay time.

The 15-min SSM3 assay could also be used to discriminate
single-base mismatch, owing to its high specificity. Two disease-
related miRNAs, the hsa-miR-29a and hsa-miR-29c, were syn-
thesized with a single-nt difference, and the detection probe
was 12 nt complimentary to hsa-miR-29a (Table S4). The mean
lifetime of hsa-miR-29a and hsa-miR-29c binding to the probes
were found to be 21.47 ± 0.45 s and 10.42 ± 0.96 s, respectively
(Fig. 3D). We, thus, empirically set a threshold at 14 s to discard
the majority of events from hsa-miR-29c and found that the tests
only show dependency on the concentration of hsa-miR-29a
(Fig. 3E). The distinct sensing performance guarantees high spe-
cificity with a discrimination factor over 141 for detection of hsa-
miR-29a and hsa-miR-29c. In the presence of hsa-miR-29c, at a
100-fold higher concentration, the LoD of hsa-miR-29a was
found to be 0.63 fM with an AUC of 0.816 (SI Appendix, Fig.
S4). The detection of hsa-miR-29a with or without the existence
of hsa-miR-29c corresponds well with each other, thus further
verifying the effectiveness (slope = 0.92, R > 0.99) (Fig. 3F).

SSM3 Immunoassay. The SSM3 is also compatible with the immu-
noassay for protein detection by replacing the DNA probes with
corresponding antibodies. We then demonstrate the ultrasensi-
tive detection of beta amyloid protein 42 (Aβ1–42), an important
molecular biomarker for neurodegenerative disease diagnostics
in body fluid. Primary antibodies were coated on the planar sen-
sor surface and on AuNPs in the sandwich system (Fig. 4A).
Under the optimized condition, the electrical manipulation
shortened the mean lifetime for protein detection from 45.05 ±
1.36 s to 29.63 ± 1.03 s (Fig. 4B), and the LoD for Aβ1–42 detec-
tion reached 4.34 fg/mL (1.08 fM) (Fig. 4C) by setting the 5-s
threshold. Note that the mean lifetime of ∼45 s in immunoassay
is longer than that of ∼17 s in miRNA assay because of the
higher affinity between protein and antibody interaction, impos-
ing the requirement for a higher applied force.

To further improve the performance, we introduced the mag-
netic-manipulation scheme, which has been used in magnetic
tweezers to provide the pico–Newton level force to break down
molecular complexes (37). The magnetic manipulation involves
the use of 300-nm magnetic nanoparticles (MNPs) and external
magnetic fields to replace the AuNPs and electric fields (Fig.
4A). The binding kinetics between Aβ1–42 proteins and antibod-
ies could be adjusted in a wider range by changing the distance
between the magnet and the sensor surface, reducing the
bound lifetime to 17.59 ± 1.80 s (Fig. 4B). Under optimal
experimental conditions, the LoD via magnetic manipulation
was found to be 0.21 fg/mL (0.05 fM), which is 20 times better
than that via electrical manipulation (Fig. 4C).

Spiked miRNA and Protein Test in Human Serum. To further verify
the effectiveness of SSM (3) assay in complex samples, we per-
formed the 15-min assay to detect hsa-miR-29a and Aβ1–42 pro-
teins spiked in human serum. Under electrical manipulation,
the LoD for spiked hsa-miR-29a detection was 1.51 fM (Fig.
5A). As the Aβ1–42 protein level in human serum is usually on
the level of picograms per milliliter (38), we pretreated the
serum by proteinase K to digest existing proteins, followed by a
90 °C treatment to further inactivate remaining proteins. The
LoDs for spiked Aβ1–42 protein detection in the pretreated
human serum were 21.87 fg/mL (4.84 fM) via electrical manipu-
lation and 6.76 fg/mL (1.49 fM) via magnetic manipulation
(Fig. 5B). With this calibration curve, we then directly mea-
sured the Aβ1–42 protein level in untreated human serum sam-
ples, yielding the concentration of 18.93 ± 3.73 pg/mL (mean ±
SD, n = 3) that is within the typical range reported (38, 39).

We have presented the SSM3 for ultrasensitive detection of
molecular biomarkers, with analytical performance beyond the
concentration and thermodynamic limits. Instead of screening for

Fig. 4. The rapid immunoassay for Aβ1–42 protein detection. (A) The SSM3 sys-
tem with magnetic manipulation for immunoassay consists of the Au film-
antibody–'protein analyte'-antibody–MNP sandwich structure and a magnet for
manipulation of the 300-nm MNP. (B) The bound lifetime of Aβ1–42
protein–binding events under optimal magnetic manipulation (orange) is
shorter than that under electrical manipulation at �0.4 V (green). (C) The cali-
bration curves of protein concentration under electrical and magnetic manipula-
tions. The dashed lines indicate the baseline level with the absence of analyte.
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unique, low-affinity probes in the kinetic fingerprinting
approaches, the electrical and magnetic manipulation of nanopar-
ticles allows for fine-tuning of the molecular binding kinetics of
high-affinity probes. Compared with the commercialized digital
ELISA technique, the SSM3 is superior in terms of shorter assay
time, lower cost, and simpler workflow, benefiting from the usage
of heterogeneous, single-molecule information. We anticipate that
further improvements on the multiplexing capability, imaging
throughput, and finer manipulation could largely advance the
wide applications in fundamental biological research and clinical
testing.

Materials and Methods
Materials. All oligonucleotides used in this work were synthesized by Sangon
Biotech Co., Ltd. Detailed sequences are listed in the SI Appendix. Phosphate-
buffered saline (PBS) buffer, DEPC-treated water (diethyl pyrocarbonate), and
Tris-EDTA buffer were purchased from Sangon Biotech Co., Ltd. The
streptavidin-functionalized MNP, Tris-(2-carboxyethyl)-phosphine hydrochloride

(TCEP), and sodium dodecyl sulfate (SDS) were purchased from Aladdin. Protein-
ase K and Tris � HCl buffer were purchased from Beyotime Biotechnology. Aβ1–42
peptide and monoclonal antibodies (mAbs) of Aβ1–42 (clone 12F4) specific to the
C-termini and a mAb capable of binding to the N terminus of Aβ1–42 peptide
(clone 6E10) were obtained from BioLegend, Inc. The streptavidin-
functionalized AuNPs were purchased from Nanopartz. Thiol-Poly(ethylene gly-
col) (PEG)-hydroxyl (molecular weight: 500 Da) Thiol-PEG-biotin (molecular
weight: 3,400 Da), and streptavidinwere purchased from Sigma-Aldrich. All solu-
tions were preparedwith deionizedwater (18.2MΩ � cm�1) from aMillipore sys-
tem. All experiments were repeated in triplicates unless mentioned otherwise.

Surface Plasmon Resonance Microscopy. The SSM3 experiments were per-
formed using the previously described SPRM system (26, 27). Briefly, the SPRM
was built on an inverted total internal reflection microscope (IX83, Olympus)
equipped with a 60× oil-immersion objective. Collimated light from a superlu-
minescent diode (SLD635B, Thorlabs) illuminated the 50 nm Au on BK-7 glass
sensor chip at the resonant angle. Images were acquired by a scientific com-
plementary-metal-oxide-semiconductor (sCMOS) camera (Photometrics Prime
95B) with a full field of view of 102.4 × 102.4 μm2 at a frame rate of 16.7 fps.
The image sequences were processed during acquisition by a home-
developed software package (40).

Sandwich-Probing Structure. For miRNA detection, the SSM (3) exploited the
direct binding of a long-detection, probe-labeled AuNPs to an unlabeled oli-
goanalyte captured on a Au film. The surface of Au-coated glass slide was pas-
sivated with 20 μL Thiol-PEG-hydroxyl spacer at a concentration of 1 μM in 1×
PBS for 30 s. Then, the slide was rinsed three times with 1× PBS and incubated
with 20 μL 50-nM thiolated single strand DNA (ssDNA) capture probes in 1×
PBS solution for 2 h. The capture probe was pretreated with 1 mM TCEP to
reduce the thiol groups and activate the thiolated DNA. The surface was
finally passivated by adding 20 μL spacer solution, incubated for 20 min, and
rinsed with 1× PBS three times to remove the unbound molecules. As for
protein sensing, the ssDNA capture probe was replaced by the biotinylated
antibody. In brief, the planar sensor surface was first modifiedwith Thiol-PEG-
biotin at the concentration of 1 μM in 1× PBS for 15 min, followed by
incubation in 1 mg/mL streptavidin in Tris � HCl buffer for 1 h. An mAb probe
(clone 6E10) at a concentration of 5 μg/mL was added and incubated for 2 h.

The 50 nm streptavidin-coated AuNP (C11-50-TS-PBS-50-1) at a concentra-
tion of 1010 NPs/mL was incubated with 100 μL biotinylated DNA detection
probe or biotinylated antibody (clone 12F4) at a concentration of 1 μM in 3mM
PBS for 30 min. To note, 40× diluted PBS with an ionic concentration of 3 mM
was used to prevent the AuNPs from aggregation. For miRNA detection, the
detection probe has the adjustable, complementary length to oligoanalyte.
AuNPs were rinsed by 3mMPBS three times to remove the redundant DNA and
diluted to 1010 NPs/mL. For magnetic manipulation, the 300 nm streptavidin-
coated MNP (S8040-A300nm-1EA) at a concentration of 109 NPs/mL was incu-
bated with biotinylated antibody (clone 12F4) for 2 h, at a final concentration
of 2.5 μg/mL in Tris � HCl buffer. The mAb-coated MNPs were centrifuged and
resuspended for three times to remove the redundant reagent.

Micromanipulation System. The electrical micromanipulation system was built
with an electrochemical workstation (CHI660e, CH Instruments Inc.). The coun-
ter electrode (CHI115 platinum wire) and reference electrode (CHI111 Ag/
AgCl) were placed in a silicon solution cell (flexi-PERM, SARSTEDT), and the Au
film served as the working electrode. The voltage is applied between working
electrode and reference electrode. For verification of the effect in tuning
binding kinetics, the voltage was scanned from �0.4 to +0.4 V. For magnetic
micromanipulation, a magnet was placed above the reaction well at a dis-
tance controlled by a motored stage to adjust the amplitude of mag-
netic field.

The 15-min Assay. For a 15-min miRNA assay, all RNA samples were protected
from RNase by DEPC-treated water and 1% (weight/volume percentage [wt/
vol]) SDS. DEPC treatment was essential for detection of miRNA. A total of 1
μL synthetic analyte miRNA was added into the 19-μL buffer containing
detection–probe-conjugated AuNPs at 1010/mL and diluted to gradient con-
centrations from 10�1 to 107 fM. The mixture was injected into the reaction
well immediately, and the SPRM continuously recorded the nanoparticle
images for 15 min. During image recording, a +0.4 V voltage was applied for
the first 5 min, followed by a �0.2 V voltage for 10 min. For single–base pair
mismatch experiments,miR-29a andmiR-29cweremixed at the concentration
ratio of 1:100 before being mixed with the AuNPs. The detection probe was
designed to be 12-nt complementary to miR-29a. Immunoassay via electrical
manipulation follows a similar workflow. For immunoassay with magnetic
manipulation, 1-μL Aβ1–42 peptide sample was added into the 19-μL buffer
containing 109 NPs/mL MNP and finally diluted to a gradient concentration of

Fig. 5. Detection of miRNAs and proteins spiked in human serum. (A) The
calibration curve for spiked hsa-miR-29a detection in human serum via
electrical manipulation with the same protocol as in Fig. 3A. (B) The cali-
bration curves for spiked Aβ1–42 protein detection in pretreated human
serum (see Materials and Methods) via electrical and magnetic manipula-
tions. The dashed lines indicate the baseline levels in analyte-free human
serum.
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1 to 106 fg/mL. A stack of neodymium magnets was placed at ∼2.5 cm above
the reaction well at 5 min after the sample was injected.

Spiked Tests in Human Serum. This study was approved by the ethic commit-
tee of Shanghai Jiao Tong University. Written informed consent was obtained
from the volunteers. The human serum was collected from healthy volunteer
and then centrifuged at 1500 rpm for 10 min. The supernatant was recovered,
aliquoted, and immediately frozen. 57 μL of freshly thawed human serumwas
mixed with 1% wt/vol SDS and proteinase K (ST533; final concentration 0.25
μg/mL). After incubation for 30 min at room temperature, the EDTA was
added to a final concentration of 20 mM to inhibit the activity of proteinase
K. 3 μL of hsa-miR-29a or Aβ1–42 was added into pretreated-serum to the final
concentrations ranging from 1 fM to 1 nM.

The Monte Carlo Simulation of Single-Molecule–Binding Kinetics. The simula-
tion was done using a collection of 200,000 molecules at the temperature of
298 Kelvin. The temporal resolution was 0.02 s, and the viscosity of the solu-
tion was set to be 825.9 × 10�6 Pa�S. The higher and lower energy barriers of
molecular boundwere set as 0.302 KBT and 0.048 KBT, respectively.

Data Availability. Data of dynamic particle tracking analysis have been depos-
ited in Mendeley Data (DOI: https://doi.org/10.17632/tfmyf98g7r.1) (41). All
other study data are included in the article and/or SI Appendix.
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