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S
ince the discovery of the double helix
structure of DNA byWatson and Crick,1

extensive efforts have been made to
explore biological functions based on the
DNA structure. Atomic force microscopy
(AFM)2 is one of the few real-space observa-
tion tools capable of visualizingbiomolecular
structures in solution. However, imaging the
submolecular structure of double-stranded
DNAby AFMhas not been successful because
of the poor ability to control interaction forces
acting on DNA; only a few researchers have
reported imaging of double-stranded DNA
in solution, with limited spatial resolution
in which grooves of double-stranded DNA
were barely resolved.3�5 Recently, AFM with
frequency modulation detection method
(FM-AFM)6,7hasbeenused toobservemorede-
tailed DNA structures in solution.8,9 However,
there has been no information other than the
helical symmetry of B-form DNA, which has
already been determined by crystallographic
studies.1,10 Here, we directly visualize closed-

circular plasmid DNA in an aqueous solution
by using FM-AFM. The major and minor
grooves were clearly resolved, and the highly
improved force sensitivity allowed us to dis-
tinguish individual phosphate groups in the
DNAbackboneswithout sample deformation.
In addition, we demonstrate sub-molecular-
scale imaging of self-assembled DNA cryst-
als11 in an aqueous solution, which directly
relate to DNA nanotechnology.12,13

Underphysiological conditions,mostdouble-
stranded DNA (dsDNA) molecules adopt the
B-form conformation.14 B-form DNA (B-DNA)
molecules have right-handed helical struc-
tures anddistinctivemajor andminorgrooves,
which are ideally describedby thewell-known
Watson�Crick model of DNA. The groove
structures on the B-DNA surface are closely
related to gene functions, such as formationof
the nucleosome core15 and control of gene
expression by DNA-binding proteins.16

We used FM-AFM, where the tip�sample
interaction forces are measured as the
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ABSTRACT The DNA double helix was first elucidated by J.D. Watson and F.H.C. Crick

over a half century ago. However, no one could actually “see” the well-known structure

ever. Among all real-space observation methods, only atomic force microscopy (AFM)

enables us to visualize the biologically active structure of natural DNA in water. However,

conventional AFM measurements often caused the structural deformation of DNA because

of the strong interaction forces acting on DNA. Moreover, large contact area between the

AFM probe and DNA hindered us from imaging sub-molecular-scale features smaller than helical periodicity of DNA. Here, we show the direct observation of

native plasmid DNA in water using an ultra-low-noise AFM with the highly sensitive force detection method (frequency modulation AFM: FM-AFM). Our

micrographs of DNA vividly exhibited not only overall structure of the B-form double helix in water but also local structures which deviate from the

crystallographic structures of DNA without any damage. Moreover, the interaction force area in the FM-AFM was small enough to clearly discern individual

functional groups within DNA. The technique was also applied to explore the synthesized DNA nanostructures toward the current nanobiotechnology. This

work will be essential for considering the structure�function relationship of biomolecular systems in vivo and for in situ analysis of DNA-based

nanodevices.

KEYWORDS: double-stranded DNA . frequency modulation atomic force microscopy . nanobioimaging . DNA nanotechnology .
molecular self-assembly
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Figure 1. FM-AFM images of plasmid DNA. (A) Typical FM-AFM topographic image of the supercoiled structure of the closed-
circular plasmid DNA (2686 base pairs) in aqueous solution (50 mM NiCl2) (Supporting Information Figure S5). (B) High-
resolution FM-AFM topographic image of the plasmid DNA in aqueous solution (50 mM NiCl2). The red and blue arrows
indicate the positions of major and minor grooves of B-DNA, respectively. Local melting regions of the plasmid DNA are
indicated by gray arrows. Inset: molecular structure of the B-DNA. (C) Averaged cross-sectional profile along the helix axis of
DNA measured in the area indicated by the white rectangle in (B) (Supporting Information Figures S6 and S7). The red and
blue arrows indicate the positions of the major and minor grooves, respectively.

Figure 2. Comparison of the FM-AFM and simulated AFM images. (A) Magnified image of the area indicated by the white
rectangle in Figure 1B. (B) Cross-sectional profile along the A�B line in (A), which is perpendicular to the helix axis. (C�E)
Simulated AFM images of B-DNA assuming tips with a radius of 0.2, 1.0, and 2.0 nm. (F�H) Cross-sectional profiles along the A�B
lines in (C�E), respectively, which are perpendicular to the helix axes. The profile in (B) is superimposed on (G) (dashed line).
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resonance frequency shift of the self-oscillated canti-
lever. The resonance frequency shift is sensitive to the
forces acting on the probe tip at the closest approach
distance to the sample surface during an oscillation
cycle. The force sensitivity is enhanced compared with
that of other conventional AFMmethods, in particular,
when the oscillation amplitude is reduced to the same
order as the decay length of the interaction forces
between the tip and sample.7 Recently, we reported
the use of FM-AFMwith small oscillation amplitude of a
cantilever for atomic-resolution imaging of a musco-
vite mica substrate in water.17

Bacterial plasmid pUC18 (2686 base pairs), which is a
closed-circular DNA, was immobilized onto a freshly
cleaved muscovite mica substrate, and FM-AFM imag-
ing was performed in 50 mM NiCl2 solution. Because
both the cleaved surface of muscovite mica and the
sugar�phosphate backbone are negatively charged,
nickel ions weakly bind DNA onto the mica substrate by
electrostatic interactions.18 The tip�sample distancewas
regulated by keeping the frequency shift constant at
about þ80 Hz, which corresponds to the tip�sample
interaction force of about þ40 pN (Supporting Informa-
tion Figures S1�S4).

RESULTS AND DISCUSSION

FM-AFM of Plasmid DNA Revealing the B-Form Structure with
Conformational Varieties. A typical FM-AFM topographic
image of the plasmid DNA in 50 mM NiCl2 solution is
shown in Figure 1A. The plasmid DNA molecules are
interwound, as previously reported.19 In a high-resolution
FM-AFM image of the plasmid DNA in the 50 mM NiCl2
solution (Figure 1B; see also Supporting Information
Figure S5), deep grooves between the sugar�phosphate
backbones of DNA are clearly resolved. We found that
two distinct types of grooves with different widths
appeared alternately, as partly indicated by the red and
blue arrows in Figure 1B, respectively. By carefully mea-
suring the groove widths (distances between the adja-
cent DNA backbones) along the local helix axis of DNA,
two groove widths were quantitatively differentiated
(Figure 1C and Supporting Information Figure S6). These
grooves are attributed to themajor andminor grooves of
B-DNA. The sum of the major and minor groove widths,
which correspond to the B-DNA helix pitch, was 3.7 nm
with a standard deviation of 0.15 nm (Supporting Infor-
mation Figure S7). The helix pitch of B-DNA in water has
been reported to be 3.6 nm (axial rise: 10.5 bp/turn on
average20), and this value was determined to be slightly
larger than that of the classic Watson�Crick model
(3.4 nm) on the basis of an X-ray fiber diffraction study.1

In addition, plasmid DNA isolated from cells is regularly
underwound (negatively supercoiled).21 Therefore, we
conclude that the helix pitch of 3.7 nm with a standard
deviation of 0.15 nm observed in our study reflects the
nature of real plasmid DNA under physiological condi-
tions. Note that there were some regions where the base

pairings of DNA were partially melted, as indicated by
gray arrows in Figure 1B. The local conformational varia-
tions may also be caused by undertwisting of plasmid
DNA, and these regions were excluded in the analyses of
the groove widths and helix pitch (Supporting Informa-
tion Figures S6 and S7).

Comparison with Simulated AFM Images of B-DNA. The
area indicated by the rectangle in Figure 1B is magni-
fied in Figure 2A. The cross-sectional profile measured
along the A�B line in Figure 2A, which is perpendicular
to the helix axis, shows the apparent molecular width
broadening of B-DNA because of the finite tip radius
(Figure 2B). For precise estimation of the tip size, we
simulated AFM images of B-DNAwith a tip radius of 0.2,
1.0, and 2.0 nm by using the atomic coordinate data of
B-DNA obtained from Protein Data Bank (Figure 2C�E;
see also the Methods section). The cross-sectional
profiles measured along the A�B lines in Figure 2C�E,
which are vertical to the helix axes, show different
molecular widths (Figure 2F�H). While the full width
at half-maximum (fwhm) of the experimental height

Figure 3. Comparison of cross-sectional profiles along the
adjacent DNA backbones in simulated AFM and FM-AFM
images (Supporting Information Figures S8 and S9). (A) Cross-
sectional profiles along two adjacent sugar�phosphate back-
bones in FM-AFM image. Lexp and Rexp were measured along
the left (green) and right (purple) lines in Figure 2A, respec-
tively. (B) Cross-sectional profiles along two adjacent sugar�
phosphate backbones in a simulated AFM image. Lsim and
Rsim were measured along the left (green) and right (purple)
lines in Figure 2D, respectively (see also Supporting Informa-
tion Figure S10). (C) Arrangements of the phosphate groups in
the DNA backbones. The arrows in both figures indicate
locations of protrusions corresponding to the phosphate
groups in the DNA backbones.
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profile in Figure 2B is about 3.8 nm, the fwhm values of
the simulated height profiles in Figure 2F�H are 2.5, 3.6,
and 4.4 nm, respectively. By comparing these simulated
values with the experimental results, we found that the
simulated AFM image with a tip radius of 1.0 nm
(Figure 2D,G) was the best simulation. We also found
that the angles between the DNA backbones and helix
axes in the simulated images increased with increasing
tip radius, and theangle in the simulated image (Figure2D)
matches that in the experimental image (Figure 2A). Note
that the DNA profile tail in Figure 2B was slightly different
from that in Figure 2G. This is assumed tobe causedby the
adsorbates since the mica surface was partially covered
with adsorbates from the NiCl2 solution, such as nickel
hydroxides (Ni(OH)2), as shown in Figure 1B. Considering
that the nominal tip radius as obtained from the manu-
facturerwas7nmand thatwe routinely resolved themajor
and minor grooves of B-DNA, it is proposed that an
atomically sharp tip with a radius of about 1 nm occasion-
ally formed on the tip apex. This may have contributed to
the high-resolution images obtained by FM-AFM.

Positions of Single Functional Groups within DNA Backbones
Determined by FM-AFM. The experimental cross-sectional

profilesmeasured along the twoadjacentDNAbackbones
were compared with corresponding simulated profiles
along the neighboring DNA backbones (Figure 3A,B;
see also Supporting Information Figures S8 and S9).
The phosphate groups are recognized as the protrud-
ing corrugations in the simulated profiles (arrows in
Figure 3B). The periodic corrugations along the neigh-
boring backbone are slightly out of phase with each
other. Correspondingly, we also found the shift of the
corrugation phase in the experimental profiles (arrows
in Figure 3A). It is strongly suggested that the periodic
corrugations in the experimental profile correspond to
the individual phosphate groups in the DNA back-
bones, as modeled in Figure 3C. From additional
simulated results using other atomic coordinate data
available in the Protein Data Bank, we confirmed that
this relative phase shift is the essential feature of
B-DNA, independent of the nucleic acid sequence
(Supporting Information Figure S10). The measured
height of the DNA backbones from the substrate in
Figure 3A is about 2 nm. This value agrees well with the
diameter of B-DNA (2.0 nm), although it has been
reported that the height of B-DNA measured by AFM

Figure 4. FM-AFM images of the DNA tiles (DAO-E lattice). (A) High-resolution topographic image of the DNA tiles (DAO-E
lattice) in aqueous solution (50 mMNiCl2) by FM-AFM. (B) Magnified image of the area indicated by the white rectangle in (A)
and theoretical model of the DNA tile unit. The red and blue arrows indicate the major and minor grooves of B-DNA,
respectively. (C,D) Topographic images of the unit connections of theDNA tiles by FM-AFM in aqueous solution (50mMNiCl2).
The red and blue arrows indicate the locations of themajor andminor grooves of B-DNA, respectively. (E,F) Molecularmodels
of the unit connections of the DNA tiles corresponding to the FM-AFM images in (C,D), respectively.

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn400071n&iName=master.img-004.jpg&w=300&h=326


IDO ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

E

was often much less than 2.0 nm because of the
sample deformation caused by high tip�sample inter-
action forces.22 Therefore, the plasmid DNA was im-
aged by FM-AFM in aqueous solution without causing
deformation.

Submolecular Structure of Self-Assembled DNA Nanostruc-
tures Resolved by FM-AFM. Finally, we present results of
sub-molecular-scale imaging using FM-AFM of DNA
tiles (DAO-E lattice) in an aqueous solution. We ob-
tained an FM-AFM image of the DNA tiles in 50 mM
NiCl2 solution (Figure 4A). In a magnified image of the
DNA tile unit, the major and minor grooves of B-DNA
are successfully resolved (Figure 4B). The angle be-
tween the DNA backbones and the helix axis indicates
the right-handedness of the B-DNA in the tile. The DNA
tile units are connected by Watson�Crick base pairing
between sticky ends. Themajor andminor grooves are
also resolved in the FM-AFM images taken on the
connecting parts of the DNA tile units (Figure 4C,D).
There are two different unit connections in the DAO-E
lattice, which are shown as the molecular models in
Figure 4E,F. Comparing the FM-AFM images with
the models, we suppose that the connections of the
DNA chains resolved in Figure 4C,D correspond to
two different connecting conformations. The FM-AFM
images and models are consistent with a previous
report showing that the DNA chains are not straight
at the connection but instead have kinks.23 We con-
cluded that the two different types of unit connec-
tions were successfully imaged as the two different
major/minor groove arrangements in an aqueous
solution. High-resolution visualization by FM-AFM of
the crossover structure within the DNA tile unit, which
is close to the Holliday junction24 formed during
DNA recombination, is underway to determine the

structural differences between the crossover struc-
ture and the ideal B-form conformation.

CONCLUSIONS

We used FM-AFM to directly visualize the double
helix structure of plasmid DNA in an aqueous solution.
The major and minor grooves between the sugar�
phosphate backbones of B-DNA were differentiated,
and periodic corrugations corresponding to individual
phosphate groups in the DNA backbones were re-
solved. We determined the AFM tip radius as 1.0 nm
by comparing the simulated AFM images assuming
various tip radii with the FM-AFM image, and the
interpretation of the experimental results was vali-
dated by the precise comparison of the cross-sectional
profiles on the DNA backbones. In addition, we used
FM-AFM to perform high-resolution imaging of DNA
tiles in an aqueous solution, which showed the right-
handedness of B-DNA in the tile and the two different
connecting configurations. The results demonstrate
the applicability of AFM to sub-molecular-scale inves-
tigations of correlations between the structures and
functions of DNA under physiological conditions.
For example, the approach may allow determination
of the structures of various protein�nucleic acid
complexes or reveal the mechanisms of sequence
recognition by DNA-binding proteins. Finally, it
should be noted that the technique presented here
is one of the most promising analytical tools for
investigating the structures of self-assembled DNA
nanostructures, such as DNA tiles and DNA origami,
which are being developed for applications in DNA
computing and other DNA-based nanoscale devices
that use the structures and functions of DNA in
solution.

METHODS

Plasmid DNA. Plasmid pUC18 (2686 base pairs, GenBank
accession number: L09136) molecules in TE buffer solution
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) were purchased from
Takara Bio. We obtained a solution with a concentration of
1.0 ng/μL by dilution with ultrapure water (Millipore). A 20 μL
droplet of the DNA solution was deposited onto a freshly
cleaved muscovite mica substrate. Fifteen minutes later, the
substrate was gently rinsed five times with a solution of 50 mM
nickel(II) chloride hexahydrate (NiCl2 3 6H2O, 99.9998% purity,
Alfa Aesar). We performed FM-AFM imaging in the same 50mM
NiCl2 solution before drying it. The Chimera package (Resource
for Biocomputing, Visualization and Informatics, University of
California, San Francisco)25 was used to generate molecular
drawings of the sugar�phosphate backbones of plasmid DNA
(Figure 3C).

DNA Tile. Synthesized single-stranded DNA (ssDNA) oligo-
mers (HPLC purified) that construct the DAO-E (double-
crossover, antiparallel junction, odd intramolecular spacing,
even intermolecular spacing) lattice were purchased from
BEX. The ssDNAmolecules were all dissolved to give concentra-
tions of 0.1 μM in a TE buffer solution, and a thermal cycler
(ASTEC) for two-dimensional crystal formation was used to
anneal the solution from 90 to 20 �C for 40 h. We deposited

the solution of the DNA crystals onto a muscovite mica sub-
strate in the samemanner as used in the FM-AFM imaging of the
plasmid DNA molecules described above. The atomic coordi-
nate data of the DNA tile unit were provided byWinfree and co-
workers (Figure 4B).26 NAMOT (Nucleic AcidMOdeling Tool)27,28

was used for buildingmolecular models of the unit connections
with DNA curvature29 in the DNA crystal, and QuteMol (Visual
Computing Laboratory, ISTI-CNR)30 was used to generate molec-
ular drawings of the models (Figure 4E,F).

FM-AFM Imaging. We used customized AFM instruments,
JSPM-4200 (JEOL) with an analogue controller and SPM-9600
(Shimadzu) with a home-built digital controller programmed in
LabVIEW (National Instruments). The noise-equivalent displace-
ment density was reduced to approximately 20 fm/

√
Hz by

modification of the optics and electronics (Supporting Informa-
tion Figure S11).31We used a silicon cantilever with a Au coating
on the backside (PPP-NCHAuD; Nanosensors). The nominal
spring constant of the cantilever was 42 N/m. The resonance
frequencyandquality factor in the solutionwere about 150kHzand
7, respectively. The cantilever was self-oscillated at its resonance
frequency, and home-built electronics were used to detect the
frequency shift.32 An automatic gain control system (constant
amplitude mode) was used to maintain constant oscillation ampli-
tude. The typical oscillation amplitude was 0.4�0.5 nm. Because of
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the nonlinearity of the piezoelectric scanner, distances measured
by AFM may contain a calibration error of up to about 5%.
WSxM (Nanotech Electronica)33 was used to process all of the
AFM images.

Simulation of Topographic AFM Images. GeomAFM Simulator
software (version 1.1) in SPM SimSoftware Suite34 was used to
simulate AFM images of B-DNA by calculating the tip trajectory
when the outer surface of the conical tip touched and followed
the outermost atoms of DNA. The tip was modeled as a sphere
with a radius of 0.2, 1.0, or 2.0 nm and a cone with a half cone
angle of 10�. Atomic coordinates of B-DNA were obtained from
the Protein Data Bank (PDB ID code: 1LAI35).
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