
Direct quantitative analysis of HCV RNA by atomic
force microscopy without labeling or amplification
Yu Jin Jung1,*, Jeffrey A. Albrecht2, Ju-Won Kwak3 and Joon Won Park3,*

1Nanogea Corporation, 6162 Bristol Parkway, Culver City, CA 90230, USA, 2National Genetics Institute, 2440
S. Sepulveda Blvd. Suite #235, Los Angeles, CA 90064, USA and 3Department of Chemistry, Division of
Integrative Biosciences and Biotechnology, Pohang University of Science and Technology, San 31 Hyoja-dong,
Pohang 790-784, South Korea

Received August 5, 2012; Revised September 19, 2012; Accepted September 20, 2012

ABSTRACT

Force-based atomic force microscopy (AFM) was
used to detect HCV (hepatitis C virus) RNA directly
and to quantitatively analyse it without the need for
reverse transcription or amplification. Capture and
detection DNA probes were designed. The former
was spotted onto a substrate with a conventional
microarrayer, and the latter was immobilized
on an AFM probe. To control the spacing between
the immobilized DNAs on the surface, dendron self-
assembly was employed. Force–distance curves
showed that the mean force of the specific unbind-
ing events was 32 ± 5 pN, and the hydrodynamic
distance of the captured RNA was 30–60 nm.
Adhesion force maps were generated with criteria
including the mean force value, probability of
obtaining the specific curves and hydrodynamic
distance. The maps for the samples whose concen-
trations ranged from 0.76 fM to 6.0 fM showed that
cluster number has a linear relationship with RNA
concentration, while the difference between the
observed number and the calculated one increased
at low concentrations. Because the detection limit is
expected to be enhanced by a factor of 10 000 when
a spot of 1 micron diameter is employed, it is
believed that HCV RNA of a few copy numbers can
be detected by the use of AFM.

INTRODUCTION

Significant progress in genome and proteome studies for
disease diagnosis and prevention has created a strong
demand for advanced biomolecular detection with high
sensitivity and specificity (1–5). In particular, early diag-
nosis is important in cancer and other pathologies because
treatment of such diseases at an early stage improves the

survival rate (6). Therefore, nanotechnology enhancing
biomolecular detection is one of the most rewarding
fields. The hepatitis C virus (HCV) is a small, enveloped,
single-stranded, positive-sense RNA virus whose length is
9.6 kilobases (kb) (7,8). It is the only known member of
the Hepacivirus genus in the Flaviviridae family. HCV is
one of the most important causes of chronic liver disease
worldwide, and 3% of the world’s population is estimated
to be infected (7,9–12). Hepatitis C is rarely diagnosed
during the acute phase of the disease, partly because the
majority of people infected experience no symptoms
during this phase (11,13). Moreover, those who do experi-
ence acute phase symptoms are rarely ill enough to seek
medical attention. Untreated HCV induces chronic infec-
tion in 50–80% of infected persons and chronic HCV in-
fection leads to cirrhosis in about 10–20% of patients,
increasing the risk of complications of chronic liver
disease, including portal hypertension, ascites, hemor-
rhage and hepatocellular carcinoma (14–17). To
diagnose acute hepatitis C, serologic screening alone is
insufficient because anti-HCV antibodies may develop
late after transmission of the virus (18–20). In contrast,
HCV RNA is detectable within a few days of infection, so
HCV RNA tests are important clinical tools for
diagnosing HCV infection and guiding its treatment.

To check for the presence of HCV RNA and measure
the amount of the HCV RNA virus, the corresponding
RNA is converted into DNA by reverse transcription.
Amplification is typically achieved by polymerase chain
reaction (PCR) (11,21) or transcription-mediated amplifi-
cation (TMA) (22,23), or by using branched DNA
(b-DNA) (24,25). In addition to the lengthy steps
needed, the use of fluorescent dyes, PCR errors, the
presence of polymerase inhibitor in blood and tissues,
and amplification failure are examples of the drawbacks
of these methods (26–28). Thus, finding an approach in
which RNA is measured directly is desirable, thereby
reducing the errors that occur during the multistep
treatment.
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Here, we offer a new adhesion force mapping-based
approach using atomic force microscopy (AFM) to
measure RNA directly and overcome the limitations of
the current approaches. Recently, force-based AFM has
been widely employed in biological areas because it is
compatible with non-conductive materials, does not
require labeling, and can be operated under physiological
conditions, while allowing single molecule analysis and
achieving enhanced detection limits (29–35). To make
the analysis more reliable and reproducible, the surface
is modified with a nanostructured macromolecule called
a dendron (36). We demonstrated that dendron modifica-
tion fully unleashed the inherent capability of AFM
(36,37). The dendron array on a surface generated by a
self-assembly process enables precise control of the
spacing between the immobilized biomolecules, and the
controlled surface architecture allows a single molecular
interaction between a probe on an AFM tip and a target
on a substrate.

MATERIALS AND METHODS

General

Dendron-modified glass slides were purchased from NSB
Postech Inc. (www.nsbpostech.com). The dendron that
was used for the tip modification—(9-anthrylmethyl-3-
({[tris({[(1-{tris[(2-{[(tris{[2-carboxyethoxy]methyl}me
thyl)amino]carbonyl}ethoxy)methyl]methyl} amino)car
bonyl]-2-ethoxy}methyl)methyl]amino}carbonyl)propyl-
carbamate (or 27-acid dendron)—was purchased from
Panagene (www.panagene.com) after its custom order syn-
thesis. The silane coupling agent N-(3-(triethoxysilyl)pro-
pyl)-O-polyethyleneoxide urethane (TPU) was obtained
from Gelest. All other chemicals were of reagent grade
and were acquired from Sigma-Aldrich. Deionized water
(18M��cm) was obtained by passing distilled
water through a Barnstead E-pure 3-Module system.
Water used in RNA experiments was pretreated overnight
with diethylpyrocarbonate [DEPC, 0.05% (v/v)] and sub-
sequently autoclaved. All DNA oligonucleotides were
purchased from Bionics (Korea).

Sample preparation

AFM probe pretreatment
Standard rectangular silicon nitride probes [DPN�

Probes, Type B (S-4); NanoInk, Inc.; spring constant
(�16 pN/nm)] were oxidized by heating them in a 10%
nitric acid solution at 80�C for 20min. The cantilevers
were washed and rinsed thoroughly with a copious
amount of deionized water. After oxidation, the canti-
levers were dried in a vacuum chamber (30–40mTorr)
for 20min and used immediately.

Slide cleaning
Bare glass slides were immersed in an alkaline solution
(3 l) containing NaOH (300 g), and a reaction bottle con-
taining the solution and slides was incubated at 70�C for
3min. The slides were washed and rinsed thoroughly with
a copious amount of deionized water. The clean slides

were dried in a vacuum chamber (30–40mTorr) for
30min and used immediately.

Silylation
The clean AFM probes were placed in 20ml of anhyd-
rous toluene containing TPU (0.20ml) under a nitrogen
atmosphere for 4 h. After silylation, the probes were
washed with toluene and baked at 110�C for 30min.
Next, the probes were rinsed thoroughly with toluene
and then methanol, and dried under a vacuum
(30–40mTorr). The slide glasses were treated in the
same way.

Preparation of dendron-modified probes and slides
To immobilize the dendron molecule, the silylated probes
were immersed in a methylene chloride solution (5ml)
premixed with DMF (5ml) and containing 27-acid
dendron (0.0474 g), the coupling agent 1,3-dicyclohexy-
lcarbodiimide (DCC) (0.0612 g), and 4-dimethy-
laminopyridine (DMAP) (0.00110 g) for 4 h. After the
coupling reaction, the probes were rinsed thoroughly
with methylene chloride, methanol and water, in that
order. Finally, the probes were washed with methanol
and dried under a vacuum (30–40mTorr). The slides
were treated in the same way.

9-Anthrylmethyloxycarbonyl group deprotection
The dendron-modified probes were immersed in a
methylene chloride solution (37ml) containing 1.0M
trifluoroacetic acid (TFA, 3ml), and the solution was
stirred for 1 h. After deprotection, the probes were
soaked in a methylene chloride solution (20ml) containing
diisopropylethylamine [DIPEA, 20% (v/v), 5ml] for
10min. Then, the probes were rinsed thoroughly with
methylene chloride and then methanol, and were kept
under a vacuum (30–40mTorr). The slides were treated
in the same way.

Preparing N-hydroxysuccinimide (NHS)-modified
probes and slides
The deprotected probes were immersed in an acetonitrile
solution (5ml) containing di(N-succinimidyl) carbonate
(DSC) (0.032 g) and DIPEA (22 ml) for 4 h under
nitrogen. After activation, the slides and probes were
dipped in a stirred dimethylformamide (DMF) solution
for 30min, washed gently with methanol, and kept
under a vacuum (30–40mTorr). The slides were treated
in the same way.

Immobilization of the detection DNA probe on
the AFM probes
The above NHS-modified probes were dipped in a DNA
solution (20 mM in NSB spotting buffer) for 12 h. The
sequence of the 18-mer detection DNA probe is 50-NH2-
CTA GCC ATG GCG TTA GTA-30 (GC content 50%).
After conjugation, the probes were stirred in DNA hybrid-
ization buffer [2� SSPE buffer (pH 7.4) containing
7.0mM sodium dodecyl sulfate (SDS)] at 37�C for 1 h,
and were rinsed thoroughly with water to remove non-
specifically bound oligonucleotides. Finally, the AFM
probes were dried under a vacuum (30–40mTorr).
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Immobilization of the capture DNA probe on an
NHS-modified slide using a microarrayer
Capture probe DNA solution (200 mM) was prepared
using the spotting buffer (0.15� SSC, 0.22M SDS,
14.9mM betaine, 6.2mM NaN3, pH 8.5), and the probe
was printed onto the activated slides using a microarrayer
(Q-Array Mini; Genetix) in a clean room (class 10 000).
The sequence of the 60-mer capture probe is 50-Cy3-CTT
GTG GTA CTG CCT GAT AGG GTG CTT GCG AGT
GCC CCG GGA GGT CTC GTA GAC CGT GCA-30

(GC content 62%). After spotting, the printed slides were
kept in a humidity chamber (�85% humidity) at room
temperature for 12 h. Subsequently, the slides were
placed in DNA hybridization buffer solution [2� SSPE
buffer (pH 7.4) containing 7.0mM SDS) at 37�C for
20min with stirring and then in water for 1min to
remove non-specifically bound oligonucleotides. Finally,
the slide was dried under a vacuum (30–40mTorr).

Preparation of HCV RNA
HCV RNA, which was single-stranded and 9.6 kb in
length, was provided by the Laboratory Corporation of
America (LabCorp). To extract HCV, 0.10ml of plasma
containing HCV was combined with 0.20ml of a
guanidinium isothiocyanate–phenol mixture. Following
the addition of 0.20ml of chloroform, samples were
vortexed and then centrifuged at 12 000� g for 5min at
16�C. The aqueous phase was collected and added to 3.0ml
of 20mg/ml glycogen. Nucleic acids were precipitated by
the addition of an ethanol/ammonium acetate mixture,
stored for 1 h at 4�C, and centrifuged at 23 000� g
for 15min at 4�C. The resulting pellet was washed with
70% ethanol, dried, and redissolved in 30 ml of DEPC-
treated water containing DTT and RNase inhibitor.

Hybridization of HCV RNA
After denaturing the RNA for 10min at 95�C, the RNA,
in RNA hybridization buffer [50% formamide, 10%
dextran sulfate, 1% 100� Denhardt’s solution, 250 mg/
ml yeast tRNA, 0.3M NaCl, 20mM Tris–HCl (pH 8.0),
5mM EDTA, 10mM Na2HPO4, 1% sarcosyl], was
allowed to react with the capture probes on a slide. For
this purpose, a 4-well gasket slide (Agilent Technologies)
was placed in a chamber kit, and after placing an RNA
solution within the gasket, the spotted glass slide was
brought into contact with the solution. After tightening
the chamber kit, the whole part was heated at 45�C over-
night in a hybridization oven (N-Biotek, Inc., Korea).
Subsequently, the slide was washed with DNA hybridiza-
tion buffer solution [2� SSPE buffer (pH 7.4) containing
7.0mM SDS] at 75�C for 5min. Then, the slide was

washed with SSC buffer solutions (2�, 1� and 0.1�)
three times sequentially at 40�C (10min each).

AFM force measurement
AFM measurements were carried out with a Force Robot
300 automated force spectrometer (JPK Instruments,
Germany) using freshly prepared PBS buffer (pH 7.4) at
a measurement velocity of 0.70mm/s. Cantilevers were
calibrated in solution before their use by measuring and
analysing the thermal fluctuation spectrum (using a
built-in program). Adhesion force maps were obtained
by processing the force values recorded during the raster
scanning of an area of 150 nm� 150 nm or
900 nm� 900 nm. Force–distance curves were typically
recorded 10 times for each pixel, and the mean unbinding
force was calculated.

RESULTS AND DISCUSSION

Capture and detection probe design

HCV consists of six major genotypes, and their preva-
lences vary geographically (19). In the USA, 72% of
patients with HCV infection have genotype 1, 16–19%
have genotype 2, 8–10% have genotype 3 and 1–2%
have the other genotypes (38). The 50 non-coding
(50 NC) region of HCV RNAs of 324–341 bases in
length is a highly conserved domain located among the
variable domains of full-length HCV RNA (39).
Although some variation is found in the non-coding
region, three completely invariant sub-domains exist at
positions 246–263, 178–199 and 3–65 (Table 1). To
detect HCV RNA regardless of variation, detection and
capture DNA probes must be designed to interact with the
invariant nucleotide sequences. To avoid detachment
during the force-based detection, a 60-mer capture DNA
whose sequence was complementary to nucleotides 3–62
of the HCV RNA was selected. An 18-mer detection
DNA whose sequence was complementary to positions
246–263 of the HCV RNA was employed because this
position was expected to be more accessible to the detec-
tion probe.

To control the spacing between the capture DNA
probes on a solid substrate and the detection DNAs on
an AFM tip, a third-generation dendron (27-acid
dendron) was introduced on both surfaces before conju-
gation of the DNAs. In previous studies, we demonstrated
that with surface control the 1:1 interaction between
DNAs could be enhanced (36), the individual PSAs
[prostate-specific antigens] captured on a surface could
be counted (40), and that Pax6 mRNA expressed in a
mouse embryonic tissue could be imaged (41). As the

Table 1. Sequences of highly conserved domains in the non-coding region

Position Sequence of HCV RNA Length (bases)

3–65 50-U GCA CGG UCU ACG AGA CCU CCC GGG GCA CUC GCA AGC
ACC CUA UCA GGC AGU ACC ACA AGG CC-30

63

178–199 50-ACU CAC CGG UUC CGC AGA CCA C-30 22
246–263 50-U ACU AAC GCC AUG GCU AG-30 18
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first step, the capture probe DNA (black), with an amine
group at its 30 end, was covalently linked to the apex of the
dendron immobilized on the slide, whereas the detection
DNA (green), with an amine group at its 50 end, was co-
valently linked to the apex of the dendron immobilized on
the AFM tip. Then, HCV RNAs were hybridized with the
capture probe DNAs immobilized on the dendron-coated
slide (Figure 1a). After hybridization, an AFM probe
tethering the detection DNAs was used to measure the
interaction with the captured RNAs. Force maps were
generated by measuring the force within a designated
area at a certain spatial pixel size.

Force–distance curves

When the AFM probe tethering the detection DNAs
scanned a certain area within a microarrayed spot,
specific curves for the unbinding force between the detec-
tion DNA probe and the captured HCV RNA were
obtained. A representative force–distance curve is shown
in Figure 1b and c. The curve shows a non-linear profile in
the retract trace corresponding to extension of the DNA–
RNA complex and flexible organic components (including
the linker and the dendron) prior to the bond rupture
event.

Both single-peak curves (Figure 1b) and multiple-peak
curves (Figure 1c) were observed. The multiple peaks
could be explained by unwinding of various domains of
the secondary structure. Additional interactions with a
neighboring RNA is possible, but only when the neigh-
boring RNA is in close proximity. The HCV RNA
molecule is single-stranded, but forms 3D secondary struc-
tures due to hairpin formation. For the calculation (http://
rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), a part of the 50

NC region (nucleotides 3–263) was considered because
only this part will be stretched during retraction
(Figure 2). Although form A is more stable than form
B, the two forms are expected to coexist because the
largest energy difference is 1.6 kcal/mol. Therefore, the
shapes of the force–distance curves for DNA and HCV
RNA were expected to be complicated.
To obtain the force value distribution, the force was

measured for a substrate hybridized with a HCV RNA
sample (6.0 fM). From 9000 data points (four areas, 225
points per area; 10 times per point; Figure 3a–d), 295
specific curves were noted. The mean force value was
32±5pN (force value±s; the most probable force
value=31±5pN; Figure 4a). The mean rupture force
value for DNA and HCV RNA was close to the reference

Figure 1. (a) Schematic of the experimental setup employed for the force mapping described in this study. Force measurements were recorded at a
pulling rate of 0.70mm/s between the detection DNA and the captured HCV RNA on the surface. The 18-mer detection DNA probe (green)
complementary to nucleotides 246–263 of the HCV RNA (pink) was immobilized on the 27-acid dendron-modified AFM tip. The 60-mer capture
probe DNA complementary to nucleotides 3–62 of the HCV RNA (blue) was immobilized on a 27-acid dendron-modified silicon substrate. Typical
force–distance curve with (b) a single rupture and (c) multiple ruptures between the detection probe DNA and the complementary part of the HCV
RNA.
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value (35 pN) obtained previously for short DNA–short
RNA (41). The corresponding unbinding distance ranged
from 8nm to 70 nm (Figure 4b). This wide range can be
explained by the coexistence of two RNA structures and
variation in the unfolding state at the end of the detach-
ment. The calculated stretching distance of HCV RNA
ranged from 45 nm to 80 nm (Supplementary Data).
Although a stretching distance of 80 nm was observed in
the maps, the distance was typically shorter than this
maximum value. Rupture distances shorter than the
maximal value reflect the fact that the duplex formed
between the detection DNA and HCV RNA is ruptured
before full stretching, and the contact point is not at the
center.

2D mapping

Maps with pixel size of 10 nm showed an individual
captured target HCV RNA. The example in Figure 3a
shows that the hydrodynamic distance was 50–60 nm.
Twenty-three pixels within the box show the specific un-
binding curves. The probability of obtaining the specific
curve was 70–90% at the center and 10–40% near the
boundary. Apart from one pixel (the purple pixel) the
mean force ranged from 22 pN to 42 pN (yellow pixels).
Examination of four other clusters showed that 73 pixels

within the boxes were within the above force range and
that the hydrodynamic distance was 30–60 nm
(Figure 3b–d). To map a larger area, the pixel size was
adjusted to 20 nm so that the map did not miss any
captured RNA and a specific site came as a cluster of
pixels (no fewer than two). The adhesion force curves
were recorded ten times per pixel at the interval across a
selected area (900 nm� 900 nm; Figure 3e). To create a
map for HCV RNA distribution, curves with no events
or linear profiles were deleted using a JPK data processing
program, and the remaining curves were validated one by
one. For example, for the 5.7 fM sample, 200 curves
remained after filtering, and pixels for the remaining
curves were displayed (Figure 3e). For clarity, 29 pixels
of 10% probability were not displayed in the map.
These pixels did not affect the counting because they
were all isolated (in other words, they did not form
clusters, which will be discussed later). The averaged prob-
ability of the cluster-forming yellow pixels was 46%. The
mean force value of each pixel was calculated, and pixels
showing the specific event were categorized according to
the mean force. Five purple pixels (force� 43 pN),
34 yellow pixels (22–42 pN) and two gray pixels
(�21 pN) were noted, along with 1862 no-event pixels
and 93 non-specific-event pixels. All these pixels were
colored black.

Figure 2. Secondary structures of 50 non-coding region (nucleotides 3–263) of HCV RNA (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). There are
two major RNA secondary structures of which minimum free energy is (a) �98.95 kcal/mol and (b) �97.30 kcal/mol, respectively. Three sub-domains
that were completely invariant among seven major genotypes of HCV RNA were indicated by blue (positions from 3 to 65), orange (positions from
178 to 199) and pink (positions 246 to 263).
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Assigning individual RNAs in a map

To assign individual HCV RNAs, only clusters consisting
of two or more yellow pixels (marked by a blue circle)
were counted; the isolated pixels (marked by a red circle
in Figure 3e and Supplementary Figure S1) were not
counted. The smaller (gray) and larger (purple) force
values are believed to have originated from the interaction
between the detection probe DNA and other competing
non-HCV RNAs. Also, note that these pixels are mostly

non-cluster-forming. In some cases, two clusters are close
to each other, and care should be taken to achieve the
correct assignment. For example, the six neighboring
pixels (top middle) were grouped into two clusters
(numbers 2 and 3 in Figure 3e) because the longest
length was 80 nm. However, some ambiguity must be
acknowledged when grouping the five neighboring pixels
(number 8; bottom right). Nevertheless, they were counted
as a cluster because the longest length (60 nm) was within
the range observed in the maps with pixel size of 10 nm.

Figure 3. (a–d) Force–distance curves for target HCV RNA (6.0 fM) were recorded within a 150 nm� 150 nm area with a lateral pixel size of 10 nm.
The number in each pixel represents the percentage of getting the specific event. The diameter of the clusters was within 30–60 nm. The pixels with
the red circle showed the mean value out of the range (22–42 pN). (e) Adhesion force map of a 900 nm� 900 nm area with a lateral pixel size of
20 nm, obtained using target HCV RNA (5.7 fM). Mean force values were categorized into four levels, indicated by different colors. Isolated pixels
are marked with red circles and clusters with blue circles.

Figure 4. The histograms of the unbinding force (a) and the distance (b) derived from the force–distance curves of the interaction recorded on an
area (150 nm� 150 nm) for a sample of 6.0 fM HCV RNA. The mean value of unbinding force was 32±5 (the force value±s) pN (a) and the
unbinding distance ranged from 8nm to 70 nm (b). The probability of getting the specific event was 34%.
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Allowing a 10% error in the assigning process is safe, and
the error is frequently close to the variation obtained from
multiple runs.

Cluster number versus concentration

To count the captured RNAs at various concentrations,
two or three microarrayed spots were examined for each
concentration (6.0, 5.7, 4.3, 2.6 and 0.76 fM), and one or
two maps were generated for each to consider the vari-
ation within and among spots. To minimize the variation
within spots, HCV RNA adhesion force maps were
recorded around the center of the spots at each measure-
ment. Nevertheless, a certain amount of variation
occurred within spots (e.g. 9 versus 6 at 4.3 fM, 6 versus
8 at 2.6 fM and 4 versus 2 at 0.76 fM). One must normalize
the average cluster numbers to a standard diameter
(200mm) because a larger area yields a smaller cluster
number at a fixed concentration (Table 2). The normalized
values showed variation at a fixed concentration
(10.1–12.5 for 6.0 fM, 10.2–10.3 for 5.7 fM, 5.2–9.8 for
4.3 fM, 3.8–6.0 for 2.6 fM and 1.5–3.0 for 0.76 fM). The
average count numbers were 10.8, 10.3, 8.1, 5.4 and 2.3 at
concentrations of 6.0, 5.7, 4.3, 2.6 and 0.76 fM, respect-
ively. The relationship between average count number and
RNA concentration is shown in Figure 5. The open circles
represent the normalized values, the error bars indicate the
standard deviation and the filled squares show the
averaged normalized values. A fairly good linear correl-
ation (r=0.999) was observed between averaged
normalized value and RNA concentration. The filled tri-
angles represent the calculated count number, whose value
was consistently smaller than the observed one. The solid
and broken lines are parallel. The difference with respect
to the observed values was 14% at 6.0 fM and 48%

at 0.76 fM. The difference may have been due to an
error in the mapping and cluster counting and/or inaccur-
acy in the concentration determined by reverse transcrip-
tion and PCR. To understand the difference, investigating
more samples of lower concentration including 0.76 fM is
necessary.

With the current format (spot diameter 2� 102mm, scan
area 900 nm� 900 nm), the lowest detectable concentra-
tion of HCV RNA was 0.76 fM. The detection limit is
expected to decrease when the spot size is reduced or a
larger area is scanned at the same pixel size. Because few
established approaches exist for obtaining small spots
(1–10mm), including polymer pen lithography and
microcontact printing, enhancing the detection limit by a
factor of 100 or 10 000 can be envisaged. The projected
detection limit when the whole area of a 1.0 -mm spot is
examined is several tens of zM (<10 copies).

CONCLUSIONS

Force-based AFM was used to analyse captured HCV
RNAs on a surface. The advantages of this approach
are the lack of need for labeling, modification, reverse
transcription and amplification. By utilizing dendron
self-assembly on the surface, one was able to obtain a
mostly 1:1 interaction between the detection DNA on
the AFM tip and the captured RNA. While the force–
distance curves showed single and multistep stretches
reflecting unfolding of the secondary structures, the
specific force value, probability of obtaining the specific
curve, and stretching distance were useful criteria in
generating the force map. Maps with pixel size of 10 nm
and 20 nm were obtained; the map with former pixel size
provided information about the hydrodynamic distance.
The number of clusters in the map showed a linear rela-
tionship with the concentration of RNA, and the lowest
detectable RNA concentration in the current format was

Table 2. Count number of the cluster versus concentration

Concentration
(fM)

Count
number

Spot
diameter
(mm)

Normalized
count number
(number per
200 mm)

Average
normalized
value (SD)

6.0 15 164 10.1 10.8 (1.2)
15
14 189 12.5
10 203 10.3

5.7 10 202 10.2 10.3 (0.06)
11 198 10.3
10

4.3 10 203 9.8 8.1 (1.9)
9
9 204 7.8
6
5 203 5.2

2.6 6 185 6.0 5.4 (0.9)
8
6 204 5.7
5
3 226 3.8

0.76 4 201 3.0 2.3 (0.9)
2
2 202 1.5
1

Figure 5. Relationship between the average normalized count number
and RNA concentration (copy number). A good linear correlation
(r=0.999) was noted. The open circles represent normalized values,
the error bar indicates the standard deviation, and the filled squares
show the averaged normalized values. The filled triangles represent the
calculated count number, the value of which was consistently smaller
than the observed one. The solid and broken lines are parallel.
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0.76 fM. The difference between the observed number and
the calculated one increased at low concentrations.
Although the current detection limit (0.76 fM) is insuffi-
cient for the clinical application, utilizing AFM in com-
bination with smaller spots (1–10mm) seems promising.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figure 1, Supplementary Data and Sup-
plementary References [42–46].
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