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ABSTRACT: Double-stranded DNA-grafted nanoparticles
(dsDNA−NPs) exhibit a unique dispersion behavior under
high-salt conditions depending on the pairing status of their
outermost base pairs (pairing or unpairing). The dsDNA−NPs
having complementary (i.e., pairing) outermost base pairs
spontaneously aggregate under high-salt conditions, but not
when their outermost base pairs are mismatched (unpairing).
In this study, we used colloidal probe atomic force microscopy
to examine how the outermost base pairs aﬀect the interaction
between the dsDNA-grafted layers (dsDNA layers). To
precisely assess the subtle structural diﬀerences in the
dsDNA layers, we developed a method for the formation of
a homogenous dsDNA layer on gold surfaces using hairpinshaped DNAs. Homogenous dsDNA layers having complementary (G−C) or mismatched (C−C) outermost base pairs were
grafted onto the surfaces of colloidal probes and gold substrates. Force−distance curves measured in an aqueous medium under
high-salt conditions revealed that the surface forces between the dsDNA layers were bilateral in nature and were governed by the
outermost base pairs. Between complementary outermost dsDNA layers, the surface force changed from repulsive to attractive
with an increase in the NaCl concentration (10−1000 mM). The attraction observed under high-salt conditions was attributed to
the site-speciﬁc interaction proceeded only between complementary dsDNA terminals, the so-called blunt-end stacking. In fact,
between mismatched outermost dsDNA layers, the repulsive force was mostly dominant within the same NaCl concentration
range. Our results clearly revealed that the pairing status of the outermost base pairs has signiﬁcant implications for the surface
forces between dsDNA layers, leading to the unique dispersion behavior of dsDNA−NPs.

1. INTRODUCTION

transition of DNA duplexes formed on the SNA surface or
cross-linked between the SNAs occurs at a higher and narrower
temperature range compared with that of free DNA duplexes of
the same sequence.13,14
More than 10 years ago, we identiﬁed a unique dispersion
behavior of DNA-immobilized NPs, that is, the dispersion state
of double-stranded DNA-grafted nanoparticles (dsDNA−NPs)
under high-salt conditions is governed exclusively by the pairing
status of the outermost base pairs (base pairing or unpairing).15
The dispersion of dsDNA−NPs having complementary (i.e.,
pairing) outermost base pairs shows a non-cross-linking
aggregation response under high-salt conditions, but the
dispersion of dsDNA−NPs having mismatched (i.e., unpairing)
outermost base pairs does not. Interestingly, this behavior is

The properties of DNA strands immobilized at a solid−liquid
interface have received considerable attention in fundamental
and applied research because they play key roles in various
DNA-related functional devices, including biosensors.1−5 The
formation of DNA layers on solid surfaces often results in
restricted ﬂexibility of the conformation of DNA strands
because of crowding molecular packing (steric hindrance) and
an aligned conﬁguration of DNA on the surface. In addition,
the local ionic environment (ionic strength and composition)
surrounding the DNA layer aﬀects the physicochemical
characteristics of the surface-immobilized DNA strands,
yielding characteristics very diﬀerent from those of free DNA
in solution.6−9 For example, it has been reported that singlestranded DNA (ssDNA) that is densely immobilized on gold
nanoparticles (GNPs) [spherical nucleic acids (SNAs)10]
shows a higher aﬃnity for complementary DNA than the
same ssDNA that is free in solution.11,12 Moreover, the melting
© 2016 American Chemical Society
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generally observed irrespective of the material (gold and
polymers),15−17 size,17−19 and shape (sphere, rod, triangle)20 of
the particle core, and it is also independent of the base
sequence of the inner region of dsDNA-grafted layers (dsDNA
layers).15 These observations reveal that a single-base pairing or
unpairing at the outermost surface of the dsDNA layer on NPs
dominates the aggregation or dispersion of dsDNA−NPs,
although the underlying mechanism of this phenomenon is still
unclear. We consider that the unique dispersion behavior of
dsDNA−NPs is caused by an unidentiﬁed but outermost
surface-speciﬁc interaction between the dsDNA−NPs.
Atomic force microscopy (AFM) is a powerful tool to
examine not only the topology but also the interaction between
surface-immobilized molecules such as proteins, peptides, and
nucleic acids under various conditions.21−23 By using AFM
probes with a spherical end of deﬁned radius (so-called
colloidal probes), the surface force at work between two
surfaces can be measured quantitatively.24−26 In this study, we
have employed the colloidal probe AFM (CP-AFM) technique
to examine the interaction between the dsDNA layers. One of
the major issues in precisely assessing the eﬀect of subtle
structural diﬀerences on the surface force using this technique is
the structural homogeneity of the surface layers. The dsDNA
layer is usually prepared via the hybridization of ssDNA strands
with surface-immobilized ssDNA strands. In general, the
hybridization eﬃciency at the solid−liquid interface is lower
than that of the solution phase,27,28 with some amount of
surface-immobilized ssDNA molecules remaining unhybridized,
that is, the resultant dsDNA layer has a heterogeneous
structure. The process of reducing the residual ssDNA by
enhancing the hybridization eﬃciency on the substrate through
the optimization of various factors including the surfaceimmobilized ssDNA density, hybridization temperature, and
buﬀer composition is quite labor-intensive. Nevertheless, a
perfect dsDNA layer cannot be guaranteed even after the
optimization.
In the present study, we developed a simple alternative
method for the preparation of “homogenous” (ssDNA-free)
dsDNA layers on a gold surface: the hairpin DNA (hpDNA)
anchoring method. First, we applied this method to the
dispersion of GNPs and conﬁrmed that the outermost base
pairing-speciﬁc dispersion behavior was similar to that
previously observed for dsDNA−NPs prepared by the surface
hybridization procedure. Then, we adopted this method to
prepare homogenous dsDNA layers on the surfaces of colloidal
probes and gold substrates and measured the force−distance
curves between the dsDNA layers using the CP-AFM
technique. From the analyses of force−distance curves, we
examined the correlation between the dispersion behavior of
the dsDNA−NPs and the surface forces at work between the
dsDNA layers under corresponding conditions. Finally, we
discussed the potential mechanism underlying the outermost
base pairing-speciﬁcity of the surface forces observed for
dsDNA layers.

spectrophotometer equipped with a temperature control unit
(Shimadzu, Kyoto, Japan) at 25 °C.
2.2. Force−Distance Curve Measurements between Two
dsDNA Layers Using Colloidal Probe AFM. For the force−
distance curve measurements, we used a commercial AFM system
equipped with a liquid cell (MFP-3D; Oxford Instruments, Santa
Barbara, CA). The spring constant of each colloidal probe was
determined by monitoring the thermal ﬂuctuations. The colloidal
probe was made to approach the surface until the detection of a 200
pN repulsion with a speed of 200 nm·s−1. All force curve
measurements were performed in sodium phosphate buﬀer (10 mM,
pH 7.4) containing various concentrations of NaCl (10−1000 mM) at
room temperature. To avoid the sample−sample variation, the same
set of colloidal probe−gold substrate was used with diﬀerent NaCl
concentrations through the measurements for a speciﬁc surface
combination, for example, C-DNA-to-C-DNA layers. We measured 20
single-force curves, each at ﬁve diﬀerent positions, for each NaCl
concentration.
2.3. Force−Distance Curve Data Processing. Each single
force−distance curve was smoothed with a moving average of 10
sequential data points to reduce noise. We shifted the curves to set the
minimum distance data to zero for simplicity. A representative single
force−distance curve was picked up for each NaCl concentration to
show the characteristics of the approaching events (Figure 4a,c). A
histogram of the maximum attractive force and the corresponding
distance was deduced from the single force−distance curves for CDNA layers (Figure 5a,b), whereas forces at a distance of 3.0 nm were
used for M-DNA layers (Figure 5c). The averaged force−distance
curves in Figure 4b,d were produced by binning the data points in 0.1
nm bins and subsequent averaging of the data in each bin. Because of
the scattered jump-in events in Figure 4a, the peak depth and position
in Figure 4b do not correspond to the average of the maximum
attractive force seen in Figure 5a.

2. EXPERIMENTAL SECTION

self-complementary sequence spontaneously folds into a stable
hairpin structure consisting of stem and loop moieties. We
introduced an anchor unit containing a thiol group into the
loop moiety to immobilize the hpDNA strands on a gold
surface in a site-speciﬁc manner with Au−S bonding. The
surface-immobilized hpDNA strands formed the outer layer
consisting solely of stem moieties (dsDNA layer). Our hpDNAanchoring method is more facile and advantageous than the

3. RESULTS AND DISCUSSION
3.1. dsDNA−GNPs Prepared Using the hpDNAAnchoring Method. An outline of the hpDNA-anchoring
method is illustrated in Scheme 1. An oligo DNA strand with a
Scheme 1. Outline of the hpDNA-Anchoring Methoda

a

Hairpin structure-folded DNA strands were anchored on the gold
surface in a site (loop moiety)-speciﬁc manner through Au−S bond
formation, resulting in the formation of ssDNA-free outer layers
consisting solely of stem moieties, that is, homogenous dsDNA layers.

2.1. Evaluation of the Colloidal Dispersion Behavior of
hpDNA−GNPs. The hpDNA−GNP stock solution was mixed with
sodium phosphate buﬀer (10 mM, pH 7.4) containing various
concentrations of NaCl. After incubation at 25 °C for 15 min, the
mixture was photographed using a digital camera (CAMEDIA C5050ZOOM; Olympus, Tokyo, Japan). Ultraviolet−visible (UV−vis)
absorption spectra measurements were performed on a UV-2550
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method. Both dispersions were stable in the presence of 50 mM
NaCl and showed a clear red color. The hydrodynamic
diameters of C-DNA−GNPs and M-DNA−GNPs estimated
using dynamic light scattering measurements were 46.4 and
45.6 nm, respectively. The site-speciﬁc immobilization of the
hpDNA-SH strands on the GNPs was conﬁrmed by the
incubation of bare GNPs with anchor-free hpDNA (C-hpDNA,
M-hpDNA) and subsequent addition of 50 mM NaCl, which
resulted in the immediate aggregation of the GNPs (Figure S5).
The immediate aggregation revealed, in turn, that the hpDNASH strands were anchored speciﬁcally on the GNPs with Au−S
bonding. Moreover, the anchoring of hpDNA-SH strands via
Au−S bonding guarantees the formation of a layer with an
exposed stem terminal (dsDNA layer) as the outermost
structure, as we expected in Scheme 1.
The number of hpDNA-SH strands immobilized on the
GNPs was evaluated using the dithiothreitol (DTT) displacement assay.30 The average number of C-DNA-SH strands
immobilized on the GNP surface was 309 ± 17 strands per
particle (surface area of C-DNA-SH of 16.9 ± 0.8 nm2),
whereas that of M-DNA-SH strands was 313 ± 4 strands per
particle (surface area of M-DNA-SH of 16.8 ± 0.2 nm2). The
diﬀerence between the two was suﬃciently small, indicating
that the stem terminal structure of hpDNA-SH had almost no
eﬀect on the eﬃciency of immobilization on the gold surface.
The above-mentioned results clearly demonstrate that the
hpDNA-anchoring method is a powerful means of preparing a
dsDNA layer on gold surfaces with an ssDNA-free, stem
terminal base-pair-independent, and well-controlled DNA
strand conﬁguration.
3.2. Colloidal Dispersion Behavior of hpDNA-Functionalized GNPs. The colloidal dispersion behavior of the
hpDNA-functionalized GNPs exhibited a strong dependence
on their outermost base pairs. As shown in Figure 2a, the
dispersion of C-DNA−GNPs showed a distinctive color change
from red to light purple when the concentration of NaCl in the
dispersion was above 250 mM, indicating that the C-DNA−
GNPs aggregated in a non-cross-linking manner. The UV−vis
absorption spectra also qualitatively supported the NaClinduced non-cross-linking aggregation of C-DNA−GNPs
(Figure 2b,c). By contrast, the M-DNA−GNPs showed an
extremely high colloidal dispersion stability with no visible
change in color (Figure 3a) and no signiﬁcant change in UV−
vis absorption spectra over the entire NaCl concentration range
examined up to 1 M (Figure 3b,c). It should be emphasized
that the diﬀerence between C-DNA−GNPs and M-DNA−
GNPs is only the outermost base pair (complementary or
mismatched) because the other factors such as remaining
unhybridized ssDNAs or unfavorably aligned DNAs were
completely excluded with the hpDNA-anchoring method. The
result, therefore, strongly suggests that the terminal diﬀerence
of the surface-tethered dsDNA evokes a large deviation in the
physicochemical properties of the hpDNA-functionalized GNP
surface, leading to the obvious diﬀerence in the colloidal
dispersion behavior observed. In addition, the clear contrast in
the colloidal dispersion behavior observed for hpDNAfunctionalized GNPs is consistent with our previous observations on dsDNA-grafted NPs prepared using surface hybridization,15−20 where unhybridized ssDNAs might remain on the
surface of the NPs.
One possible explanation for the above-described diﬀerence
in the dispersion behavior of hpDNA-functionalized GNPs is
that these particles may have a diﬀerent surface charge. The

surface-hybridization method because this technique guarantees
a homogenous (ssDNA-free) surface structure of dsDNA layers
on gold surfaces without complicated optimization of hybridization conditions.
The base sequences of 25-mer oligo DNA strands (hpDNASH) used in this study are depicted in Figure 1. The base

Figure 1. (a) Base sequences and folded structures of hpDNA-SH.
Self-complementary regions in hpDNA-SH sequences are shown as
underlined text. Upon folding, each hpDNA-SH forms a 5 mer loop of
T with a hairpin stem. (b) Chemical structure of the anchor unit (X:
dT-SH). A thiol group acts as an anchor for the gold surface.

sequences of hpDNA-SH with a complementary/mismatched
terminal base pair (C-DNA-SH, M-DNA-SH) were designed to
fold into a hairpin structure using an mfold DNA Web-based
program.29 Upon folding, each oligo DNA forms the 5-mer
loop of T (T5 loop) with a hairpin stem. C-DNA-SH has a
complementary stem terminal (G−C pair), and M-DNA-SH
has a single-base mismatch at the stem terminal (C−C pair).
The stability of these hairpin structures was guaranteed by
melting temperature (Tm) measurements (Figure S1). For
anchoring of hpDNA strands on GNPs, a thiol group was
introduced through an alkyl spacer unit (X: dT-SH; Figure 1)
at the ﬁfth position of the thymine base of the T5 loop center.
Through Au−S bonding, the hpDNA-SH strands were sitespeciﬁcally anchored on the gold surface, forming a
homogenous dsDNA layer as illustrated in Scheme 1. Details
of the synthesis and characterizations of hpDNA-SH are
described in the Supporting Information.
Two types of hpDNA-functionalized GNPs (hydrodynamic
diameter of GNP core = 41.0 nm), that is, C-DNA−GNPs and
M-DNA−GNPs, were prepared using the hpDNA-anchoring
13298
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Figure 3. Photographs (a), UV−vis spectra (b), and the ratio of
absorption observed at 520 and 600 nm (A520/A600) (c) for the MDNA−GNP dispersions in sodium phosphate buﬀer (10 mM, pH 7.4)
containing various concentrations of NaCl at 25 °C. Unlike C-DNA−
GNP dispersion, the M-DNA−GNP dispersion showed no signiﬁcant
change in either the color or the UV−vis spectrum even in high NaCl
concentrations.

Figure 2. Photographs (a), UV−vis spectra (b), and the ratio of
absorption observed at 520 and 600 nm (A520/A600) (c) for the CDNA−GNP dispersions in sodium phosphate buﬀer (10 mM, pH 7.4)
containing various concentrations of NaCl at 25 °C. Above 250 mM
NaCl, the C-DNA−GNP dispersion showed a distinctive change in
color and UV−vis spectrum, revealing the aggregation.

aﬀect the surface force between the dsDNA layers, force−
distance curve measurements were taken using the CP-AFM
technique by using hpDNA-functionalized colloidal probes and
substrates. The force−distance dependence between the
dsDNA layers was assessed in sodium phosphate buﬀer (10
mM, pH 7.4) containing various concentrations of NaCl (10−
1000 mM).
3.3.1. Force−Distance Dependence between C-DNA
Layers. Representative single force−distance curves observed
for approaching C-DNA layers at various NaCl concentrations
up to a force of 200 pN are shown in Figure 4a, and their
averaged ones (more than 100 curves) are shown in Figure 4b.
The characteristic attractive force with a jump-in event was
clearly observed for NaCl concentrations above 250 mM in
Figure 4a, and this force increased with the NaCl concentration.

surfaces charge for C-DNA−GNPs and M-DNA−GNPs were
evaluated using zeta potential measurements at various NaCl
concentrations (10, 50, 100, and 250 mM). With an increase in
NaCl concentration, the absolute value of the zeta potential
decreased to −45.1 ± 2.5 (−40.5 ± 0.7) mV for 10 mM and
−24.4 ± 1.1 (−24.6 ± 1.3) mV for 250 mM for C-DNA−
GNPs (M-DNA−GNPs), as shown in Figure S6, but no
signiﬁcant diﬀerence was observed between C-DNA−GNPs
and M-DNA−GNPs. Therefore, we concluded that an
electrostatic factor is not responsible for the clear contrast in
the colloidal dispersion behavior observed for C-DNA−GNPs
and M-DNA−GNPs.
3.3. Interaction between dsDNA Layers Measured
Using CP-AFM. To examine how the outermost base pairs
13299
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Figure 4. Representative single force−distance curves (a) and averaged curves (b) obtained for the approaching C-DNA layers in sodium phosphate
buﬀer (10 mM, pH 7.4) containing various concentrations of NaCl. Straight slopes in the curves in (a) correspond to jump-in events, that is, the
probe was pulled to the surface with a strong attractive force. The deviation in the peak shape between single and averaged curves was due to the
scattered distribution of maximum attraction distances, as plotted in Figure 5 (b). Representative single force−distance curves (c) and averaged
curves (d) obtained for approaching M-DNA layers.

A small dip related to the jump-in event was also observed on
the curves for NaCl concentrations lower than 100 mM,
although the surface force was mostly repulsive. As will be
mentioned later, the jump-in event takes place in a stochastic
manner, resulting in a scattered depth (force strength) and
position (distance) of the valley on the curves. The dependence
of the force−distance curve on the NaCl concentration can be
discussed more qualitatively based on the averaged curves in
Figure 4b, where the increase in the attractive interaction with

the NaCl concentration is also observed and the attractive force
becomes obvious at a distance of approximately 8 nm.
One important point that should be noted from the series of
force−distance curves is that the increase in the NaCl
concentration facilitates the attractive interaction between the
C-DNA layers, rather than reducing the repulsive interaction.
When approaching the C-DNA layers at a NaCl concentration
above 250 mM, the attractive interaction begins at a distance of
8 nm (Figure 4b) and leads to a jump-in event at a distance of
13300
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1−5 nm (Figure 4a). This means that the attractive force
observed here cannot be assigned to van der Waals force, which
usually shows no signiﬁcant dependence on the salt
concentration.31 On the basis of our observation that the
attractive force was strongly dependent on the NaCl
concentration, we consider that the hydrophobic interaction
between the C-DNA layers facilitated by NaCl is the most
probable origin of the attraction. A further discussion of the
hydrophobic interaction, that is, the molecular mechanism of
the attraction between the C-DNA layers facilitated by NaCl,
will be made in a later section.
Figure 5 shows the histograms for (a) the maximum
attraction force (the lowest force value on the curve) observed
above 100 mM NaCl and (b) the corresponding distance where
the maximum attraction was achieved. Upon increasing the
NaCl concentration from 100 mM to 1 M, the distribution of
the maximum attraction force became broad. The distribution
of the corresponding distance was similarly scattered within this
NaCl concentration range. The broad distribution of the
attraction strength and distance indicates that the attractive
interaction between the C-DNA layers varies from event to
event, that is, the jump-in event takes place in a stochastic
manner.
3.3.2. Force−Distance Dependence between M-DNA
Layers. The force−distance curves observed for the approaching M-DNA layers are shown in Figure 4c,d for single and
averaged curves (more than 100 curves). Figure 5c shows the
histogram of the force observed at a distance of 3 nm, revealing
a higher reproducibility of the force−distance curves in Figure
4c, compared with that for C-DNA layers (Figure 4a). Unlike in
the case of the C-DNA layers, the force existing between the MDNA layers was simply repulsive with an exponential-type
decay with distance, except at a NaCl concentration of 1 M.
Notably, the repulsion force starts as it approaches to within a
distance of approximately 8 nm, and the force−distance curves
showed no signiﬁcant dependence on the NaCl concentration
within the range of 50−500 mM (Figure 4d). The observed
distance of 8 nm is far beyond the distance range of the
electrostatic force, which has been evaluated as 1.2 nm for a
NaCl concentration of 10 mM in sodium phosphate buﬀer (10
mM, pH 7.4), deduced as the Debye length.32 The small
deviation observed for 10 mM NaCl was reproducible, but the
reason for the deviation is not clear at the moment. Only at 1
M of NaCl, we observed a weak attractive interaction on the
single force−distance curves, but we rarely observed an
attractive force higher than 50 pN (Figure S7). On the
averaged curve, we observed an attraction of approximately 20
pN at 1 M NaCl (Figure 4d), which was far below that for the
C-DNA layers, revealing that the attractive interaction present
between the M-DNA layers was not signiﬁcant even at higher
NaCl concentrations. Nevertheless, the existence of a weak
attractive interaction between the M-DNA layers was revealed
by the force−distance curve measurements, and such an
interaction cannot be deduced from the dispersion behavior of
M-DNA−GNPs.
The onset of the repulsive force observed on the averaged
curves in Figure 4d was approximately 8 nm for 50−500 mM
NaCl, whereas it was approximately 1 nm for 1 M NaCl. At the
same time, the repulsive force increased slowly for 50−500 mM
NaCl, compared with the steep increase observed for 1 M
NaCl. It seems reasonable to attribute this steep increase to the
soft and direct contact of the M-DNA layers. The diﬀerences in
the force−distance curves suggested that the properties of the

Figure 5. Histograms for (a) the minimum force value (maximum
attraction force) for C-DNA layers within a distance of 20 nm and (b)
the distance of maximum attraction point for C-DNA layers. The
average maximum attraction forces were 18, 21, 45, 90, 181, and 224
pN for NaCl concentrations of 10, 50, 100, 250, 500, and 1000 mM,
respectively, and forces less than 50 pN could be attributed to a
ﬂuctuation error, as evidenced by the distance distribution beyond 10
nm in (b). (c) Force observed at a distance of 3 nm for M-DNA layers.
The standard deviation for the distribution was less than 25 pN for all
NaCl concentrations, which could be attributed to measurement
ﬂuctuations.

M-DNA layers and the surrounding solvent environments were
drastically changed at a NaCl concentration of 1 M.
3.4. Mechanism of the Outermost Base Pair-Speciﬁc
Surface Forces between dsDNA Layers. The average values
of the maximum attraction force for the C-DNA layers and the
force observed at a distance of 3 nm for the M-DNA-layers
were plotted as a function of the NaCl concentration, together
with the absorption ratio (A520/A600) of the corresponding
13301
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ing.35−44 This consideration was experimentally supported by
the force−distance curve measurements taken for the
heterogenic surface combination of an M-DNA layer and a
C-DNA layer. In this measurement, no signiﬁcant attraction
appears even at 1 M NaCl (Figure S9), revealing that the
attraction functions selectively between dsDNA strands with
complementary terminals, that is, the NaCl-facilitated attractive
interaction takes place only between the C-DNA layers.
The appearance of the blunt-end stacking between the DNA
strands has typically been reported at locally concentrated
DNAs such as the DNA tile,36 DNA bundle,37 DNA liquid
crystal,38 and DNA origami.39−42 Pollack and co-workers
reported that divalent salts such as MgCl2 (above 20 mM)
facilitate the blunt-end stacking between complementary
dsDNA strands even in a semidilute solution (∼10 mM).43,44
They also revealed that monovalent salts including NaCl have
no ability to promote the blunt-end stacking even at high
concentrations (∼650 mM).43 By contrast, our present results
revealed that the concentration of NaCl above 250 mM
promotes blunt-end attraction between dsDNA layers with
complementary terminals (Figure 4a,b). This might be due to
the surface-anchoring of the dsDNA strands. The diﬀusional
motion of the dsDNA strands is strongly restricted by
anchoring to the gold surface, and the resultant conﬁguration
promotes terminal−terminal interaction between the dsDNA
layers on approaching. In addition, the reduction in the number
of water molecules surrounding dsDNA with an increase in
NaCl concentration enables dsDNA terminals to approach
more closely. The terminal closure promotes attractive
interactions between complementary dsDNA terminals through
the blunt-end stacking.
On the other hand, dsDNA strands with mismatched
terminals cannot attract each other even by approaching closely
because of their lack of hydrophobic terminal base pairs. In
addition, the number of potential binding sites of water
molecules to the unpairing terminal nucleobases is larger than
that of pairing ones (Figure S10). This leads to the persistence
of tightly bound water molecules surrounding the mismatched
dsDNA terminals even at a higher NaCl concentration,
resulting in the persistent repulsion force between the MDNA layers observed in Figure 6 up to a salt concentration of
500 mM. The working distance of the repulsion observed in
Figure 4c,d was larger than twice the thickness of the dsDNA
layer (estimated to be approximately 7 nm), supporting the
notion that environmental factors such as water conﬁguration
are important for the repulsion interaction of the mismatched
dsDNA terminals. When the number of water molecules
binding to the terminal moiety is reduced at 1 M NaCl, the MDNA layers can approach more closely together, but the
attractive interaction is too weak to form a stable adhesion
(colloidal aggregation), as indicated by the signiﬁcantly small
attraction observed in Figure 6.

hpDNA-functionalized GNP dispersions (Figure 6). The NaCl
concentration dependence of each force agrees well with that of

Figure 6. Correlation between the dispersion behavior of hpDNA−
GNPs and the surface force of dsDNA layers at various NaCl
concentrations. The dispersion behavior of hpDNA−GNPs as
expressed by the absorption ratio (A520/A600) was plotted as a
function of NaCl concentration. The maximum attraction force
observed within a distance of 20 nm was plotted for C-DNA layers,
whereas the force observed at a distance of 3 nm was plotted for MDNA layers.

the dispersion/aggregation behavior of dsDNA-functionalized
GNPs, showing the signiﬁcant correlation between the surface
force and the dispersion behavior. Aggregation of hpDNAfunctionalized GNPs occurred (A520/A600 value was decreased)
when the attractive force between the corresponding dsDNA
layers reached above 89 pN (9.9 N·m−1). The weak attractive
force observed for the C-DNA layers at 100 mM NaCl (ca. 45
pN, 5.0 N·m−1) and the M-DNA layers at 1 M NaCl (ca. 15
pN, 1.7 N·m−1) had no signiﬁcant eﬀect on the dispersion state
of hpDNA-functionalized GNPs, suggesting that the strength of
the attraction force was too weak to maintain contact between
GNPs against their Brownian motion.
Notably, a large attractive force was observed only for CDNA layers with higher NaCl concentrations. This was
attributed to a terminal-speciﬁc attraction between complementary dsDNA terminals facilitated by NaCl. In general, an
increase in the salt concentration reduces the water activity,
leading to a dehydration of polyelectrolytes including DNA.33,34
We observed a characteristic change in the circular dichroism
(CD) spectra of hpDNA solutions with an increase in the NaCl
concentration from 10 mM to 1 M (Figure S8), which could be
assigned to the gradual conformational change of the stem
moiety (B-form to C-form) by reducing the degree of
hydration. Correlating the strong dependence of the attractive
interaction between the C-DNA layers on the NaCl
concentration (Figure 6) with the reduction in the degree of
hydration suggested by the CD spectra, we conclude that a
hydrophobic interaction is the most probable origin of the
attraction. We consider that the terminal-speciﬁc hydrophobic
interaction is the end-to-end attraction of dsDNA strands with
complementary terminals, the so-called blunt-end stack-

4. CONCLUSIONS
We explored the mechanism underlying the outermost base
pairing dependence of the dispersion behavior of dsDNA−NPs.
Site-speciﬁc immobilization of the hpDNA strands enabled us
to prepare homogenous dsDNA layers on gold surfaces with
complementary or mismatched outermost base pairs. The
force−distance curve analyses between the dsDNA layers using
the CP-AFM technique showed that the outermost complementary (mismatched) dsDNA layers attract (repulse) each
other at a higher NaCl concentration. These results agree well
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with the outermost base pairing dependence of the colloidal
dispersion behavior of dsDNA−NPs, indicating that the
outermost base-pairing-speciﬁc interaction between the
dsDNA−NPs dominates their dispersion behavior at a higher
NaCl concentration. We concluded that the NaCl-facilitated
end-to-end hydrophobic interaction (blunt-end stacking)
between complementary dsDNA terminals caused the
attraction between the C-DNA layers, whereas the repulsive
interaction observed between the M-DNA layers was mainly
attributable to a repulsive hydration force. Although the
number of dsDNA pairs involved in the surface force is not
clear at this moment, this is the ﬁrst direct observation of the
terminal-speciﬁc interaction between dsDNA layers in terms of
force, to the best of our knowledge. We believe that our
ﬁndings will contribute not only to designing the dsDNA
interface-based molecular systems45−47 including single-nucleotide polymorphism (SNP) genotyping devices48 but also to
understanding the molecular basis of DNA−DNA interactions
in biology. In fact, the concentration of monovalent cations
(sodium and potassium ions) in the nucleoplasm is reported to
be approximately 500 mM.42,49 Further studies along these
lines are currently under way.
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