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ABSTRACT: MicroRNAs (miRNAs) play critical roles in
controlling various cellular processes, and the expression levels
of individual miRNAs can be considerably altered in
pathological conditions such as cancer. Accurate quantiﬁcation
of miRNA at the single-cell level will lead to a better
understanding of miRNA function. Here, we present a direct
and sensitive method for miRNA detection using atomic force
microscopy (AFM). A hybrid binding domain (HBD)-tethered
tip enabled mature miRNAs, but not premature miRNAs, to
be located individually on an adhesion force map. By scanning
several sections of a micrometer-sized DNA spot, we were able to quantify the copy number of miR-134 in a single neuron and
demonstrate that the expression was increased upon cell activation. Moreover, we visualized individual miR-134s on ﬁxed
neurons after membrane removal and observed 2−4 miR-134s in the area of 1.0 × 1.0 μm2 of soma. The number increased to 8−
14 in stimulated neurons, and this change matches the ensemble-averaged increase in copy number. These ﬁndings indicate that
miRNAs can be reliably quantiﬁed at the single cell level with AFM and that their distribution can be mapped at nanometric
lateral resolution without modiﬁcation or ampliﬁcation. Furthermore, the analysis of miRNAs, mRNAs, and proteins in the same
sample or region by scanning sequentially with diﬀerent AFM tips would let us accurately understand the post-transcriptional
regulation of biological processes.

■

INTRODUCTION
MicroRNAs (miRNAs) are a class of short (∼22 nt) noncoding
single-stranded RNAs that subserve post-transcriptional modulation.1−3 The dysregulation of miRNA expression is
associated with diverse human diseases, such as cancers,
cardiovascular diseases, and neurological disorders.4−6 Indeed,
analysis of miRNA levels can accurately classify tumor cells at
an early stage.7 Therefore, the quantiﬁcation of miRNAs has
emerged as an important topic in the biomedical ﬁeld, and
quantitative detection of miRNAs at the single-cell level is of
great interest due to their heterogeneity among cell
populations.8−10
Northern blotting has been regarded as the standard method
for quantiﬁcation of miRNAs, but it requires large amounts of
total RNA for analysis and is insensitive to low-abundant
miRNAs.11,12 The similar lengths of miRNAs and standard
primers have hindered direct usage of quantitative reversetranscription PCR (qRT-PCR) to quantify miRNAs. The
ligation of a universal linker, polyadenylation, or RT primers
with a long overhang have been used to lengthen miRNAs, and
locked nucleic acids have been inserted into primers to enhance
sensitivity and selectivity.13 However, these PCR methods have
been challenged due to limited reproducibility and interplatform discrepancies.14 In addition to PCR, various strategies for
signal ampliﬁcation were introduced to enhance sensitivity: (1)
© 2016 American Chemical Society

recycling target miRNAs, (2) labeling enzymes, (3) accumulating metal ions, and (4) coating nanoparticles with reporter
oligonucleotides.11,12,15,16 However, ampliﬁcation-free detection systems can obviate the need for both multiple signal
transduction steps and indirect reporter systems that are prone
to error. Although nanopore sensors17 and single-molecule
ﬂuorescence microscopes have facilitated single miRNA
detection without ampliﬁcation, their sensitivities are still on
the order of several hundred femtomolar concentrations due to
limited translocation throughput and a subpicoliter laser focal
volume.18−21
In situ detection of intracellular miRNAs requires simple
sample preparation, without cell lysis and RNA isolation, and
provides additional information on the subcellular localization
of miRNAs. Because Northern blotting and qRT-PCR cannot
be used for in situ analysis, ﬂuorophore-labeled probes
including LNAs, peptide nucleic acids (PNAs), and molecular
beacons have been used to measure the expression level of
miRNAs in cells.11,22,23 Carbon nanosheets including graphene
derivatives, nanoparticles, and carbon nanospheres are eﬀective
carriers for intracellular delivery of probes and reversible
quenchers of ﬂuorescence signals to monitor miRNA
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Figure 1. Detection scheme for miRNA in a single cell by tracking the single-molecular adhesion of a HBD. For the quantiﬁcation of a speciﬁc
miRNA, total RNA was extracted from a single cell, and target miRNAs were hybridized to a probe DNA spot. Alternatively, single cells were ﬁxed to
map the in situ distribution of a speciﬁc miRNA, and probe DNAs were hybridized to the immobilized miRNAs. The resultant miRNA/DNA hybrid
was recognized by observing speciﬁc adhesion force−distance curves upon the approach and retraction of the HBD-tethered tip. An individual
miRNA/DNA hybrid appears as a cluster of positive pixels on the adhesion force map.

ﬁxed neuron, which conﬁrmed a signiﬁcant increase in miR-134
expression upon cellular depolarization.

expression in live cells.22−26 Additionally to visualize the
distribution of single miRNAs in a single cell, enzyme-assisted
ﬂuorescence,8 nanoparticles,27 and on-site rolling circle
ampliﬁcation28 have been employed, but the spatial resolution
of these techniques is limited due to diﬀraction.
Atomic force microscopy (AFM) has been used to study
intra- and intermolecular interactions at the single-molecule
level.29−34 In force mapping (i.e., force volume) mode, the
nanoscale distribution of target molecules can be imaged by
recording force−distance (F−D) curves at a relevant interval.35
Additionally, the absolute quantiﬁcation of biomolecules by
AFM force mapping has been realized by capturing molecules
of interest on a well-controlled surface.36,37 An AFM-based
miRNA detection method has been reported, and an attomolarlevel detection limit could be attained by monitoring the
hybridization-induced change in the stiﬀness of probe DNA on
a ﬂat surface.38
Here, we demonstrate a direct approach that allows the
visualization and quantiﬁcation of miRNAs in a single cell
without ampliﬁcation or labeling of ﬂuorescent molecules using
a hybrid binding domain (HBD)-tethered AFM tip. A HBD is
an N-terminal domain of human RNase H1 that binds to the
RNA/DNA hybrid duplex at the minor groove in a sequenceindependent manner through two independent recognition
sites for RNA and DNA.39 Whereas double-stranded RNA
binding domain (dsRBD) and p19 protein that bind to dsRNA
have been used to detect miRNAs with optical or electrical
readout,12,15 the use of HBD enables the employment of DNA
probes rather than RNA, which is more vulnerable to
degradation, and the detection of miRNAs in the intracellular
space, where dsRNAs are abundant. We selectively detected
mature miRNA hybridized to a complementary-DNA spot
while excluding the cocaptured precursor miRNAs during the
force mapping, and the discrimination of precursors was not
addressed in the previous AFM-based miRNA detection
method.38
We took advantage of this novel method to quantify miR134, a brain-speciﬁc miRNA known to regulate spine growth
and dendritogenesis.40,41 miR-134 from a single hippocampal
neuron could be quantiﬁed on a microsized spot of probe
DNA. Importantly, individual miR-134s were mapped on a

■

RESULTS
HBD-Tip Recognizes Captured miRNA. We developed a
direct miRNA quantiﬁcation method based on adhesion force
mapping using HBD-tethered AFM tips (Figure 1). For
orientation-controlled immobilization, glutathione-S-transferase
(GST) was fused to the N-terminus of the HBD, and the
GST−HBD was immobilized on AFM tips through a
glutathione (GSH)−GST interaction. To quantify a speciﬁc
miRNA in sample solution (e.g., total RNA extracted from a
single cell), the amine-labeled oligonucleotide complementary
to a target miRNA (i.e., probe DNA) was covalently attached to
a region of a glass slide, and target miRNAs were then
hybridized. Alternatively, single cells were ﬁxed, and the plasma
membrane was removed using a detergent, and then probe
DNAs were hybridized to the immobilized miRNAs to map the
in situ distribution of target miRNAs. The speciﬁc adhesion
force between the HBD and the miRNA/DNA hybrid was
observed at the sites where the miRNA and probe DNA
hybridized to form a duplex. By recording the speciﬁc curves at
a high lateral resolution, we could localize the individual
miRNAs.
We used three miRNAs, miR-124, -134, and -486, to observe
speciﬁc unbinding events between HBD and miRNA/DNA
hybrids. Each miRNA (10 μM) was hybridized to its probe
DNA spot of (1.5−2.0) × 102 μm in diameter (sequence
information in Table S1). We performed force mapping at
arbitrary positions within the corresponding spots and collected
F−D curves with a nonlinear extension proﬁle before the
unbinding peak for statistical analysis (Figure S1). The most
probable adhesion force values were 23, 20, and 19 pN for miR124, -134, and -486, respectively. The adhesion force was large
enough to be clearly discerned from background noise, and the
values were within the known range for protein−ligand pairs.42
Because the adhesion force between GSH and GST was
measured as 92 ± 2 pN at a similar loading rate,43 the observed
force could be assigned to the unbinding between HBD and the
miRNA/DNA hybrid. The average unbinding distance was 3.8
nm for the three miRNAs, a reasonable value for GST−HBD
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eﬃciency of miR-134 and pre-miR-134 at a concentration of
10−104 pM using microarray, the eﬃciency of pre-miR-134 was
1.4−2.7 times lower than that of miR-134. Therefore, we
incubated pre-miR-134 at 1000 times higher concentration (10
pM) to ensure hybridization, and interestingly, we did not
observe any clusters. To assess how pre-miR-134/DNA was not
recognized by the HBD-tethered tip, we examined DNA spots
capturing pre-miR-134 in the reverse conﬁguration (the probe
DNA was immobilized through 3′-amine instead of 5′-amine),
or pre-miR-134 missing 6-nt at the 5′ end, but were unable to
detect any clusters in either case. In contrast, clusters were
detected for miR-134s with an additional 3- or 6-nt overhang at
the 5′ end at 10 fM (Figure S6).
These results suggest that the long RNA overhang of the premiR-134/DNA duplex disrupts the binding of HBD. It has
been reported that the electrostatic environment determines
the structural conﬁguration of the single-stranded tail of a DNA
duplex.46,47 In a high salt concentration (100 mM Na+), the
electrostatic intrarepulsion of the single-stranded tail and interrepulsion between the duplex and tail are minimized, and the
ﬂexible tail stays close to the duplex. Because pre-miR-134 has a
43-nt 3′ overhang upon hybridization with the probe DNA and
the force mapping was performed in PBS (137 mM Na+), the
long overhang of pre-miR-134 is likely to disturb the binding of
HBD to the minor groove of RNA/DNA. Thus, mature
miRNAs can be selectively detected by observing clusters under
a particular condition. Further studies are required to better
understand the underlying mechanistic aspects.
Quantiﬁcation of miR-134 in Single Cells. When we
analyzed miR-134 at 10 fM (6.0 × 105 copies in 100 μL) on
DNA spots (145−150 μm in diameter), the mean number of
clusters in eight maps (240 × 240 nm2) was 2.4 ± 0.3 (mean ±
SEM). Because the number of clusters in an individual map was
variable, several regions should be mapped to obtain an
accurate number of target miRNAs in a sample.
Under the above parameters (spot size, force map area, and
solution volume), one cluster would be observed in a map for
the target miRNA concentration of 5.0 fM (3.0 × 105 copies).
Scanning a larger region to detect miRNAs with a lower copy
number is preferable; however, the scanning time would
increase linearly with the sensitivity. Thus, it is necessary to
reduce the size of the DNA spot to capture the target miRNAs
in a smaller area, and the detection limit is enhanced by a
power of square at the same scanning time. The average copy
number of a given miRNA species in a cell has been estimated
at approximately 500 (ref 48). To quantify a target miRNA in a
single cell, a probe DNA spot of 3−8 μm diameter was
produced using an AFM-based ﬂuidic tool,49 and the capture
eﬃciency was evaluated by incubating a synthetic miR-134
solution of 10−100 aM (240−2400 copies in 40 μL) on one
such spot (Figure 3 and Figure S7). By recording maps at three
arbitrary positions within a spot for one sample and taking the
average, we calculated the number of captured miR-134s on
each spot. From the slope of the linear regression, we estimated
the capture eﬃciency of miR-134 on a probe DNA spot to be
78%.
The expression level of miR-134, which regulates synaptic
plasticity, increases by 2−4-fold upon depolarization of
hippocampal neurons.41 To determine the absolute copy
number of miR-134 in a single cell, we extracted the total
RNA from cultured mouse hippocampal neurons (DIV7) after
stimulation with KCl (40 mM) for 2 h. The numbers of miR134s in single unstimulated cells were calculated to be 285, 299,

stretching under the observed adhesion force. The speciﬁcity of
the observed unbinding events was conﬁrmed by examination
of ssDNA, dsDNA, and dsRNA spots, and RNase H treatment
(Figure S2).
The hydrodynamic radius of surface-captured molecules is a
criterion to determine the optimal pixel size for quantitative
analysis.36,37 When the pixel size is suﬃciently small, speciﬁc
unbinding events are observed at multiple adjacent pixels
according to the radius of the molecules.44 For a pixel size of
4.0 nm, a cluster of 34 positive pixels was observed on the miR134 (1.0 pM)-captured spot, and the probability of observing
unbinding events was no less than 40% on most pixels (Figure
S3). The cluster was ﬁtted to an ellipse, and the equivalent
circular radius was calculated to be 14 nm. The observed radius
was in agreement with the dimension of the molecules in the
bound conﬁguration. However, no cluster was observed when
the ssDNA and dsDNA spots were examined at the same
resolution. Additionally, we observed clusters only when the
complementary target miRNA was hybridized to the probe
DNA, regardless of the presence of noncomplementary miRNA
in the sample solution (Figure S4). Therefore, the individual
miRNA/DNA hybrid could be mapped by observing clusters in
the adhesion force map at the proper resolution, and the
isolated pixels of a similar force value from a nonspeciﬁc
interaction could be readily discriminated by counting only the
clusters.
Selective Detection of Mature miRNAs. The production
of miRNAs is tightly regulated by a series of processing steps in
cells, and the abundance of a mature miRNA can diﬀer from
that of its precursor.1,45 Accordingly, it is critical to discriminate
pre-miRNAs for the accurate quantiﬁcation of mature miRNAs.
To investigate whether the interaction between the captured
pre-miRNA and HBD showed distinct characteristics, we
examined the miR-134- and pre-miR-134-captured spots
(each 10 fM) sequentially.
We mapped the mature miR-134 captured spot before and
after the examination of pre-miR-134 captured spot to verify
the functionality of tip, and detected clusters only on the miR134-hybridized spots but not on the pre-miR-134 spots (Figure
2 and Figure S5). When we compared the hybridization

Figure 2. Selective recognition of captured miR-134. miR-134 and premiR-134 were hybridized separately to individual probe DNA spots.
Upon examination of a spot capturing miR-134, clusters were observed
in the force maps. By contrast, no cluster appeared on the spot
capturing pre-miR-134. The probability of observing a speciﬁc
unbinding event on each pixel is indicated in gray scale in the force
maps (30 × 30 pixels, 240 × 240 nm2).
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(319 and 1168) of miR-134s in a single cell are similar to the
values determined by qRT-PCR (400 ± 70 and 1300 ± 140
(mean ± SD)) (Figure 4b), and the ratios of the increase upon
KCl stimulation are also comparable (3.7 from AFM vs 3.3
from qRT-PCR). Because the standard deviation observed with
AFM for the unstimulated cells is 15% (data in the left part of
Figure 4a) and that obtained with qRT-PCR is 16%, it can be
concluded that the variation observed with AFM is comparable
to that observed with conventional techniques. It is interesting
to note that the AFM value for the stimulated cells is 30% (data
in the right part of Figure 4a), whereas the corresponding value
for qRT-PCR is 11%. Although it is premature to ascribe the
larger variation to genuine cell-to-cell variation, the current
analytical methodology would be suﬃciently accurate to
investigate such variation.
In Situ Mapping of miRNA in Single Cells. To fully
explore the AFM approach, we mapped the distribution of miR134 on ﬁxed hippocampal neurons (DIV7). After ﬁxation, the
plasma membrane was removed using a detergent, and probe
DNA complementary to miR-134 was applied for the duplex
formation. We observed speciﬁc F−D curves on neuronal soma
with the most probable adhesion force of 23 pN (Figure S8).
Although the adhesion force was similar to that observed on
probe DNA spots on glass slides, the unbinding distance was
much longer and showed a broader distribution, whereas a
single rupture event predominated. In addition, high-resolution
force mapping showed clusters of positive pixels on ﬁxed
neurons (Figure S3). The shapes of the clusters varied due to
diﬀerences in the local environment and random cross-linking
positions of miRNAs. Nevertheless, cluster radius (10−14 nm)
was comparable to that (14 nm) observed on glass substrates,
and we applied the same counting criteria used for the analysis
on the solid substrate to assign miRNAs on ﬁxed cells.
We mapped the arbitrary positions of neuronal soma after
hybridization with probe DNA complementary to miR-134.
Neurons labeled by MAP2 immunostaining were imaged in the
intermittent contact mode, and three positions were selected
for adhesion force mapping (100 × 100 pixels, 1.0 × 1.0 μm2)
(Figure 5). At the soma, 2−4 clusters were observed in a map.
The disappearance of clusters in the same regions after the
RNase H treatment conﬁrmed the speciﬁcity of the observed
adhesion F−D curves. On the ﬁxed neurons, the qualiﬁed
clusters were observed only when the probe DNA was
hybridized, but not upon the hybridization of the complementary RNA or scrambled DNA (Figure S9), validating the
speciﬁc detection of miRNA/DNA hybrids in agreement with
the results obtained on the probe spots on glass slides. Taken
together, the cluster formation in the map is most likely to be
speciﬁc to the sequence of the employed DNA probe.
We analyzed the change in miR-134 expression induced by
membrane depolarization on the ﬁxed neurons. Hippocampal
neurons (DIV7) were depolarized via KCl (40 mM) perfusion
for 2 h before ﬁxation. On average, 9.9 clusters were observed
within the mapped areas of the stimulated neurons (1.0 × 1.0
μm2), whereas only 2.7 clusters were detected in the
unstimulated control neurons (Figure 6). The stimulation of
neurons with KCl was further veriﬁed by imaging the increased
expression of c-Fos with a confocal microscope (Figure S10).
Although further study is required to understand the
interaction depth of the AFM tip and the inﬂuence of sample
preparation, the increase in cluster number observed using this
direct AFM mapping was congruent with what was assessed
macroscopically on probe spots with isolated RNA. The small

Figure 3. Capture and quantiﬁcation of miR-134 on micrometer-sized
spots. (a) Confocal microscope images of a probe DNA (Cy3 at the 3′
end) spot generated on a square-patterned glass slide. Scale bar, 10
μm. (b) Detection of 10−100 aM (240−2400 copies) miR-134 on
separate spots (30 × 30 pixels, 300 × 300 nm2). A ﬁlled circle indicates
that two data points are overlapped. A linear correlation was observed
between the number of captured miR-134 and the initial number of
miR-134 in the sample solution, and the capture eﬃciency was
calculated as 78% from the slope of linear regression.

and 374, and those in single stimulated cells were 948, 983, and
1574 (Figure 4a and Table S2). The observed average numbers

Figure 4. Quantitative analysis of miR-134 in a single neuron. Primary
hippocampal neurons (DIV7) were either unstimulated or stimulated
with 40 mM KCl for 2 h before RNA extraction. (a) Total RNA was
extracted directly from a single neuron by micropipette aspiration. The
solution was divided into two aliquots, and each aliquot was analyzed
on a separate spot with an HBD-immobilized tip. Each symbol
indicates the result for an individual neuron. Mean ± SEM (from two
spots). Statistical comparisons between the data obtained for six cells
were determined by one-way ANOVA followed by a post hoc Tukey’s
test. *p < 0.05. (b) Total RNA was extracted from neurons in a culture
plate under each condition. miR-134 in the total RNA solution was
quantiﬁed by qRT-PCR, and the number of miR-134 in a single
neuron was calculated by assuming 20 pg of total RNA per cell.50 n = 3
for each group. **p < 0.01 (t test).
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Figure 5. Mapping of miR-134 distribution on ﬁxed neurons. (a) Primary hippocampal neurons (DIV7), MAP2; green. (b) The boxed area in panel
a was imaged with AFM. (c) Numbered regions in panel b were examined by adhesion force mapping after the hybridization of miR-134
complementary DNA. (d) The same regions were re-examined after the RNase H treatment with the same tip, and no cluster was observed. (c, d)
Yellow pixels indicate where speciﬁc unbinding events were observed more than once out of ﬁve measurements (100 × 100 pixels, 1.0 × 1.0 μm2).
Scale bars, 50 μm in panel a and 20 μm in panel b.

achievable to selectively detect a target miRNA that belongs to
a miRNA family of similar sequences by optimizing the capture
conditions.
Importantly, in situ mapping of individual miRNAs seems
feasible, and the measured count in a given area correlated with
the miRNA change observed macroscopically. Considering the
high lateral resolution of AFM, we believe this approach is
applicable to other regions of neurons, such as dendrites and
spines, and these sections could be examined in greater detail.
Furthermore, with high-speed AFM machines,32,33,52−54 it is
expected that the whole body of a single cell can be visualized
eﬃciently. Additionally, sectioning of ﬁxed cells and tissues
would enable the inner part of cell and speciﬁc cellular
compartments to be examined.55 We believe that this new
analytical approach opens a new avenue for understanding the
biological role of miRNAs and their cell-to-cell variation. In
particular, the detection of small amounts of miRNA
biomarkers in biological samples would enable this approach
to serve as a cancer diagnostic tool.5−7,56
Because we can detect mRNAs and proteins using
oligonucleotide- and antibody-immobilized AFM tips,36,37 it is
expected that mRNAs and proteins in the single cell can be
quantiﬁed with the current approach. Furthermore, it is likely
that such target molecules can be mapped on the same region
by scanning with diﬀerent AFM probes sequentially. Accordingly, it would let us investigate how post-transcriptional
networks control biological processes at the single cell level.

variance among the examined positions in a cell and among
cells under the same condition reﬂects the global expression of
miR-134 in the soma of hippocampal neurons at DIV7.
To determine whether this approach is applicable to other
cell types, N2a cells were examined using the HBD-tips. The
speciﬁc adhesion F−D curves and the most probable force and
distance values for the unbinding events observed on ﬁxed N2a
cells were similar to those observed on neurons (Figure S8).
Furthermore, clusters were observed only upon the hybridization of probe DNAs that were complementary to miR-134
but not upon incubation of scrambled DNA on the ﬁxed N2a
cells (Figure S11). Therefore, a given miRNA can likely be
detected on various cell types without noticeable diﬀerence in
the interaction between HBD and the miRNA/DNA hybrid.
Collectively, the HBD-tethered AFM tip can be used to
visualize individual miR-134s exposed on the exterior of ﬁxed
cells, and the copy number within the chosen map area can be
reliably obtained.

■

DISCUSSION
Here, we established a novel miRNA quantiﬁcation method
based on adhesion force mapping using AFM. The sensitivity of
this approach was suﬃcient to analyze the copy number of a
speciﬁc miRNA in single cells without modiﬁcation, reverse
transcription, or ampliﬁcation. Because the dendron-coated
surface that we employed in this study has been proved to
provide high SNP discrimination eﬃciency,51 it would be
11668

DOI: 10.1021/jacs.6b05048
J. Am. Chem. Soc. 2016, 138, 11664−11671

Journal of the American Chemical Society

■

Article

EXPERIMENTAL SECTION

AFM Tip Functionalization. AFM tips (DPN Probe Type B-1a,
NanoInk and SiNi, BudgetSensors) were coated with 27-acid dendron
(custom synthesis, VRND NanobioOrganics) as described previously.37 AFM tips were oxidized in a 10% nitric acid solution at 80 °C
for 20 min. The oxidized tips were silanized by reaction with N(triethoxysilyl)-propyl-O-poly(ethylene oxide) urethane (Gelest) in a
toluene solution (1.0% (v/v)) under nitrogen for 4 h with subsequent
dehydration at 110 °C for 30 min. The 27-acid dendrons were
immobilized on the hydroxyl surface via esteriﬁcation of the dendron
carboxylic groups in a dimethylformamide (DMF)/dichloromethane
(DCM) (1:3, v/v) solution containing 1.0 mM 27-acid dendron, 27
mM dicyclohexylcarbodiimide, and 0.90 mM 4-dimethylaminopyridine
for 12 h. Then, the protecting group at the apex of the immobilized
dendrons was removed by treating with triﬂuoroacetic acid (1.0 M in
DCM) for 2 h.
The newly generated amine group at the apex was reacted with 4maleimidobutyric acid N-hydroxysuccinimide ester (GMBS) (10 mM)
in an acetonitrile solution containing 10 mM N,N-diisopropylethyl
amine under nitrogen for 4 h. The AFM tips were placed in stirring
DMF for 20 min, rinsed with methanol, and dried under a vacuum
(30−40 mTorr). Subsequently, the tips were immersed in PBS (10
mM phosphate, 2.7 mM KCl, 137 mM NaCl, pH 7.4) with glutathione
(GSH) (10 mM) for 4 h, rinsed thoroughly with deionized water
(Milli-Q puriﬁcation system, Millipore), and dried under vacuum.
The GSH-immobilized tips were placed in PBS containing GSTfused HBD (200 nM) at room temperature for 2 h and were rinsed
with PBST (0.05% Tween 20 (v/v)) and deionized water. The
prepared tips were stored in PBS at 4 °C and used within a week.
Fabrication of Probe DNA Spots. All oligonucleotides were
custom-synthesized at Bioneer, Inc., or Integrated DNA Technologies,
Inc. (Table S1). To produce a probe DNA spot 150−200 μm in
diameter, amine-labeled probe DNA (20 μM) was dissolved in 3×
SSC buﬀer (pH 8.5) containing 0.17 mM SDS, 14.9 mM betaine, and
6.2 mM NaN3. The DNA solution was printed onto NSB9 NHS slides
(NSB POSTECH, Inc.) using a microarrayer (Q-Array Mini, Genetix)
in a clean room (class 10000), and the slides were kept in a humidity
chamber (85%) at room temperature for 12 h. Subsequently, the slides
were placed in 2× SSPE buﬀer (pH 7.4) containing 7.0 mM SDS at 37
°C for 20 min with stirring and rinsed with deionized water. The
residual water was removed by centrifugation at 1,000g for 1 min, and
the slides were kept under vacuum (30−40 mTorr). The size of the
DNA spots was measured using a ﬂuorescence scanner (4000B
scanner, Genepix).
To prepare a probe DNA spot of 3−8 μm in diameter, the probe
DNA (250 μM) was dissolved in 2× SSC buﬀer (pH 8.5) containing
12.5% (v/v) glycerol. As a guide to locate a probe DNA spot in the
AFM setup, square patterns (20 × 20 μm2) were fabricated on NSB9
NHS glass slides via inductively coupled plasma etching before surface
coating. The DNA solution was printed onto the square patterns using
FluidFM (Nanosurf) with a pyramidal hollow-shaped microchannel
cantilever (300 nm aperture) (Cytosurge). Incubation and washing
steps were the same as described above, and the size of the spots was
measured using a ﬂuorescence microscope (Zeiss).
Hybridization of Target RNA to the Probe DNA Spot. To
avoid RNase contamination, experimental tools and glassware were
cleaned with RNaseZap (Ambion) and ethanol, and deionized water
was treated with diethyl pyrocarbonate (DEPC, 0.05% (v/v)) for 20 h
and subsequently autoclaved. An individual synthetic RNA of interest
or total RNA extracted from neurons was diluted to the desired
concentration in hybridization buﬀer (2× SSPE buﬀer (pH 7.4)
containing 7.0 mM SDS) and denatured at 95 °C for 3 min. The
denatured RNA solution (100 μL or 40 μL) was incubated on a probe
DNA spot using a 4- or 8-well gasket slide and a microarray
hybridization chamber (Agilent Technologies) at 34 °C for 20 h. The
slide was brieﬂy rinsed with hybridization buﬀer and sequentially
placed in hybridization buﬀer and 0.2× SSC buﬀer at 45 °C with
stirring for 15 min in each buﬀer. The slide was stored at 4 °C and
examined within 24 h.

Figure 6. Visualization of the increased expression of miR-134 induced
by membrane depolarization. (a) Primary hippocampal neurons
(DIV7) were either unstimulated or stimulated with 40 mM KCl for
2 h before ﬁxation and then immunostained for MAP2 (green). (b)
The boxed regions in panel a were imaged with AFM. Scale bars, 50
μm in panel a and 20 μm in panel b. (c) The arbitrary positions in
soma marked by a blue arrow in panel b were examined by adhesion
force mapping (100 × 100, 1.0 × 1.0 μm2). The pixels where speciﬁc
adhesion force−distance curves were observed with a probability of
larger than 20% are colored in yellow in the force maps. Clusters are
indicated by red circles. (d) Three regions were examined for a single
neuron (marked using the same legend; a ﬁlled circle or triangle
indicates that two data points overlapped), and three neurons were
examined under each condition. The number of detected clusters in
each map is plotted. Statistical comparisons between the data obtained
for six cells were determined by one-way ANOVA followed by a post
hoc Tukey’s test. **p < 0.01 cells 2−4, cells 2−6, and cells 3−6; ***p
< 0.001 cells 1−4, cells 1−5, cells 1−6, cells 2−5, cells 3−4, and cells
3−5.
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Hybridization of Probe DNA on Fixed Cells. N2a cells and
neurons were ﬁxed with 4.0% paraformaldehyde in PBS (v/v) at 4 °C
for 15 min and permeabilized using 0.20% Triton X-100 in PBS (v/v)
at room temperature for 10 min. The cells were washed three times in
PBS at room temperature for 5 min after each step. The ﬁxed cells
were incubated in hybridization buﬀer containing a probe oligonucleotide (20 μM) at 34 °C for 12 h. The cells were sequentially washed in
hybridization buﬀer, 2× SSC buﬀer and 0.2× SSC buﬀer at 60 °C with
stirring for 15 min in each buﬀer. Then, the N2a cells were analyzed
with AFM.
The ﬁxed neurons were further processed for immunostaining. The
neurons were blocked in 10% normal goat serum (in PBS (v/v),
Gibco) at room temperature for 1 h and double-labeled with
antibodies speciﬁc to MAP2A (MAB378 or AP20, Millipore) and cFos (sc-52, Santa Cruz Biotechnology) (1:500 diluted in blocking
solution) at 4 °C for 1 day. Goat antibodies to mouse (Alexa 488conjugated, AP124JA4, Millipore) and rabbit (Cy3-conjugated, 111165-003, Jackson ImmunoResearch) (1:500 diluted in blocking
solution) were used as secondary antibodies at room temperature
for 90 min. The prepared samples were immediately examined by
atomic force microscopy and confocal microscopy.
AFM Force Mapping and Data Analysis. For the in vitro
quantiﬁcation of miRNA, AFM force measurement was performed in
freshly prepared PBS using a ForceRobot 300 (JPK Instruments)
equipped with a ﬂuorescence microscope (Zeiss). The AFM cantilever
(DPN Type B-1a, NanoInk) was calibrated by the thermal ﬂuctuation
method, and the measured spring constant ranged from 3.5 to 5.5 pN
nm−1. The HBD-tethered AFM tip was brought over the probe DNA
spot, which was marked by its ﬂuorescence (Cy3-tagged probe DNA).
Adhesion force maps were acquired by recording ﬁve force−distance
(F−D) curves per pixel with an approach/retraction speed of 1.0 μm
s−1 and z-length of 200 nm. For the approach, the maximum applied
force was set as 50 pN to minimize mechanical tip damage.
To map the distribution of miRNAs, cells were examined in PBS
using NanoWizard I and NanoWizard III AFMs (JPK Instruments)
equipped with a ﬂuorescence microscope (Zeiss). A silicon nitride
cantilever (BudgetSensors, spring constant 20−40 pN nm−1) that has
tip height of 12 μm was used to examine ﬁxed cells because the short
height of the DPN tip (the value of height is not available in the
speciﬁcation of cantilever) caused physical interference between the
cantilever and cell body. The AFM tip was located on a ﬁxed cell, and
the cell morphology was imaged in intermittent contact mode at a scan
rate of 0.30 Hz (512 × 512 pixels) or in QI mode (128 × 128 pixels)
before force mapping. Five F−D curves were recorded for each pixel
with an approach/retraction speed of 2.0 μm s−1, z-length of 800 nm,
and a maximum applied force of 80−200 pN. The examined neurons
were imaged using a confocal laser scanning microscope (Zeiss, LSM
510) to conﬁrm increased c-Fos expression in the KCl-stimulated
neurons.
On both probe spots and ﬁxed cells, we acquired force maps at a
pixel size of 4.0 nm to observe the hydrodynamic distance of singlemolecular interaction at high resolution. To observe clusters and
visualize individual miRNA/DNA hybrids in the larger area within
reasonable range of time, we acquired force maps at a pixel size of 8.0−
10.0 nm.
Assuming the Poisson distribution of captured miRNAs on a spot of
5 μm diameter, the 95% conﬁdence interval for the miRNA
concentration of 10 aM (240 copies in 40 μL) is 4−16 aM, and the
value for 30 aM miRNA (720 copies) is 19−41 aM when three regions
of 500 × 500 nm2 are examined. The values do not overlap, but they
do when three regions of 300 × 300 nm2 are examined. Therefore, to
quantify miRNAs in single cells, we examined three regions of 50 × 50
pixels (10 nm pixel size) on a probe spot to observe the diﬀerence
between the control and stimulated neurons with statistical
signiﬁcance.
The collected F−D curves were analyzed using JPK data processing
software. The baseline was corrected, and rupture force and distance
were determined from the peak values. F−D curves with a linear
proﬁle (i.e., no stretching of molecules before a rupture event) were
considered to be nonspeciﬁc and were excluded from further analysis.

The most probable force and distance values were determined by
ﬁtting with a Gaussian curve. To measure the size of the clusters in the
high-resolution force map, they were ﬁtted to ellipses using an inhouse MATLAB program.44
To count clusters in the force maps, the pixels of only one
unbinding event per ﬁve measurements were excluded because the
probability of the speciﬁc adhesion was expected to be high.
Considering the hydrodynamic radius of the bound molecules and
the stochastic behavior of the single-molecule interaction, the minimal
number of adjacent positive pixels for a cluster was set as four or three
with a pixel size of 8.0 or 10.0 nm, respectively. When the cluster size
was larger than the hydrodynamic diameter (30 nm), the probability of
two clusters being in proximity of one another was considered. The
oversized cluster was counted as two clusters when no less than three
adjacent pixels resided out of a block of 3 × 3 pixels, which
corresponds to the maximum size of a cluster.
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