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T

he use of DNA to link nanoparticles
(NPs) into complex self-assembled
structures is an increasingly popular
approach to the bottom-up design of nanoclusters and materials.15 The selectivity
and reversibility of DNA base-pair recognition, coupled with the relative stiﬀness of
double-stranded DNA (dsDNA)68and a
tunable assembly kinetics,9 make DNA an
ideal choice to create programmable interactions between NPs. This is accomplished
by tethering multiple strands of DNA to a
core NP (gold, silver, or CdSe core).1012 The
outermost part of tethered strands is singlestranded DNA (ssDNA) with a speciﬁc sequence that will either link directly to another NP or connect to another NP via an
additional linking strand.13,14 The hybridization of ssDNA in linking regions directs the
self-assembly of nanoparticles into largerscale structures. Their organization is controlled by the DNA sequences and linker
architecture,1519 as well as by the NP geometry.20 Using this approach, the precise
fabrication of small nanoclusters and the
formation of two- and three-dimensional
superlattices has been achieved.2027
While the approach of single-step, direct
assembly is promising, many biological
materials;such as bone, hair, skin, and spider
silk28;take advantage of a more complex
hierarchical scheme. In such a scenario, assembly at each scale results in units or
structures that enable assembly at a larger
scale. These processes have been evolved
over aeons, so the development of synthetic
multiscale self-assembly will prove challenging. In the context of DNA-tethered NPs,
the most basic unit in such a hierarchical
approach is a dimer of two NPs. As a ﬁrst
step toward a synthetic multiscale assembly, here we examine in detail the structure
of dimer units. The structure of these dimers
is complicated by the fact that the surface
curvature of the NP is on a scale comparable
to the length of the connecting DNA. In such
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Internal Structure of Nanoparticle
Dimers Linked by DNA

ABSTRACT We construct nano-

particle dimers linked by DNA. These
dimers are basic units in a possible
multiscale, hierarchical assembly and
serve as a model system to understand DNA-mediated interactions,
especially in the nontrivial regime
when the nanoparticle and DNA are
comparable in their sizes. We examine the structure of nanoparticle dimers in detail by a combination of scattering experiments
and molecular simulations. We ﬁnd that, for a given DNA length, the interparticle separation
within the dimer is controlled primarily by the number of linking DNA. We summarize our
ﬁndings in a simple model that captures the interplay of the number of DNA bridges, their
length, the particle's curvature, and the excluded volume eﬀects. We demonstrate the
applicability of the model to our results, without any free parameters. As a consequence, the
increase of dimer separation with increasing temperature can be understood as a result of
changing the number of connecting DNA.
KEYWORDS: DNA . nanoparticle . self-assembly . SAXS . cluster

a regime, the behavior of polymer chains
(such as DNA) attached to the surface is
known to deviate signiﬁcantly from the
free-chain behavior.29,30
In this paper, we examine the structure of
DNA-linked NP dimers by a combination of
in situ dynamic light scattering (DLS) and
small-angle X-ray scattering (SAXS), complemented by molecular simulations and
theory. The DLS method probes a hydrodynamic measure of an angular-averaged dimer
size. The in situ SAXS experiments reveal more
detailed information on the interparticle distances within the dimer. The numerical modeling provides a detailed molecular picture
that helps to interpret the experimental ﬁndings and develop a theoretical description.
When the NPs are linked by dsDNA with a
separation less than the persistence length,
the interparticle distance is a linear function
of the DNA length, due to the rigidity
of dsDNA. For longer ssDNA linkers, the
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EXPERIMENTAL DESIGN
The systems of dimers were prepared using a stepwise surface assembly method (Figure 1),22 in which
nanoparticle dimers were assembled in a sequential
manner by a deposition of DNA-encoded particles on a
layer of either surface-grafted ssDNA or DNA-functionalized particles with complementary recognition, as
described below. The micrometer-sized (14 μm)
streptavidin-coated magnetic beads22,36 were used as
surfaces for particle bindings and dimer assembly. The
fabricated dimers were composed of nanoparticles
with an 11 nm gold core (AuNP) covered by a shell of
ssDNA. The particles within a dimer were connected by
ssDNA linkers with ends that are complementary to the
ssDNA on the particle shells. The dimers fabrication
procedure is schematically illustrated in Figure 1: the
ﬁrst particle (Au_1), linker DNAs (DNA_L), and the
second particles (Au_2) were added step-by-step to a
DNA-grafted surface. The assembled dimers were released from the surface by adding strands with a
higher aﬃnity to the surface DNAs, as described in
the Methods section.
To study the dependence of the particleparticle
separation within the dimer as a function of linker
length L, we used a series of single-stranded linkers
DNA_L (Figure 1, pink strand) as interparticle connectors, where L denotes a number of polythymine bases
(T) in a single-stranded linker, not counting recognition
ends. We considered L = 0, 24, 42, 60, or 75 bases. The
ratio of pairs-to-DNA linkers corresponds to the average number of linkages within a dimer, equal to 4 in
CHI ET AL.

ARTICLE

deviations from linear dependence are well described
by the worm-like chain (WLC) model. When the
linkage includes a section of ssDNA;which has an
order of magnitude smaller persistence length than
dsDNA3135;the ﬂexibility of ssDNA introduces signiﬁcant complications to understand the dimer separation, especially if the NPs are linked by strands formed
by a combination of ssDNA and dsDNA regions. Previous work on NP superlattices with ssDNA linkage14
has shown that the interparticle distance can be used
to estimate the end-to-end distance of the DNA chains
using the WLC model and assuming the persistence
length of ssDNA. As we show below, the interparticle
distances of the dimer units are signiﬁcantly smaller
than in the NP superlattice for the same length ssDNA
linkers, and using a naive WLC description would
require an unreasonable persistence length. The molecular simulations reveal that the origin of this discrepancy is in the geometry of NP links. We use this
information to construct a simple analytical model that
captures the observed behavior. Our ﬁndings demonstrate that interparticle separation is dictated by endto-end distance of DNA bridges as well as by the
interplay of a particle's curvature and the excluded
volume eﬀects.

Figure 1. Schematic of the experimental dimer fabrication
process using a stepwise surface-encoded method as described in the text and illustration of NPs connected by
multiple DNA linkers with length L.

this study. Our previous work demonstrated that, at
this ratio, a surface eﬃciently blocks an attachment of
linkers to a particle's hemisphere that faces a surface.22
Therefore, most of the interparticle connections are
established on the top hemisphere of Au_1, opposite
to the surface, allowing for hybridization with DNA_2
located on a lower hemisphere of Au_2. The rigidity of
interparticle linkers can be controlled by adding the
corresponding complementary strand. In this case, a
ﬂexible single-stranded linker becomes a rigid doublestrand connector due to the large increase in persistence length of dsDNA relative to ssDNA.
The DLS measurements conducted during the dimer
fabrication process indicated a considerable increase
of a number-averaged hydrodynamic diameter (Dh) of
nanoclusters, from 20 nm for the isolated DNA-coated
nanoparticle to about 29 and 37 nm for dimers with L
increasing from 0 to 75 bases, respectively (Figure 2a).
The detailed studies, discussed in the Results section,
relate the Dh increase with a linker length change. We
also examined the population of the fabricated clusters, as dried from the solution, by transmission electron microscopy (TEM). We observed that, for the shortest
linker L = 0, the assembled population consists of about
70% dimers, about 25% of unreacted particles, and 5%
multimers (n g 3), which is in agreement with our previous studies. For the longest linker, L = 75, the dimer
assembly yield decreased to about 50% due to the
reduction of DNA binding eﬃciency for longer linkers
(Supporting Information Figures S1 and S2). We further
applied synchrotron-based SAXS methods to investigate
the dependence of the interparticle distance in dimers on
L, as well as on temperature, by probing a structure factor
S(q) of assembled clusters in a solution.
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Figure 2. (a) Representative DLS proﬁles for the solutions of dimers linked by L = 0 and 75 bases. The number-averaged
hydrodynamic diameter, Dh, is obtained using a Malvern Zetasizer ZS instrument analysis software. (b) Dependence of Dh on L
at room temperature; the error bars are estimated from multiple measurements.

COMPUTATIONAL MODELING
To aid in interpreting the experimental ﬁndings, we
use a coarse-grained molecular model that mimics the
experimental system. The model enables us to examine
the molecular detail of the NPs connected by various
numbers of DNA strands as a function of the temperature.
In this coarse-grained model, each DNA nucleotide consists of two force sites: one represents the sugar
phosphate backbone of a DNA nucleotide, and one carries
the A/C/G/T identity of the nitrogenous base (sticky site)
(Figure 3). The model has been studied for a variety of
systems, and details of the DNA potential can be found in
refs 18, 19, 37, and 38, where it has been shown that the
model captures the salient features of DNA-driven assembly. The core NP is represented by a single spherically
symmetric particle (red spheres in Figure 3). Here, each NP
has a diameter d = 14.80σ, where σ is the size of one
nucleotide; distance can be mapped to real units by σ ≈
0.65 nm (the typical spacing of ssDNA), yielding a NP
diameter d ≈ 10 nm, comparable to the experiments.
However, we do not consider the model quantitatively
predictive. Each NP has 30 ssDNA attached on its surface.
Each ssDNA attached to the NP surface is formed by 16
bases. The outer 6 bases of each chain can hybridize with
the linking ssDNA, which is of variable length.
In order to connect the dimers, we add free ssDNA
(pink strands of Figure 3) which, like in the experiments, consist of two regions: (i) a central region of
variable length L and (ii) ends that are complementary
to the ssDNA attached to the NP. The linking region is 6
bases on each end, just like in the ssDNA attached to
the NP. To mimic the experimental protocol in which
only one hemisphere of the NP has linkers attached, we
follow the procedure described in Figure 3. This process can be summarized as follows: two DNA-coated
NPs and four linkers (pink strands of Figure 3a) are
CHI ET AL.

located at random positions. We randomly select four
strands of each facing NPNP hemisphere (Figure 3b)
and hybridize the linkers with the chosen strands
(Figure 3c,d). Once the hybridized dimer has formed,
we allow the system to equilibrate and evolve without
interference. We consider an ensemble of 50 choices
for the linkages to evaluate average separations and
end-to-end distances.
RESULTS
Fully Bonded Dimers. We first examine the dependence of the dimer separation on the length L of the
DNA linker using the DLS method at 26 C, where DNA
strands should be fully linked. The number-averaged
hydrodynamic diameter (Dh) corresponds to an average cluster size in the population, and for the given
particle system, it is indicative of the interparticle
distances. We show the distributions of Dh for representative lengths L = 0 and L = 75 bases in Figure 2a,
which demonstrates a relatively homogeneous cluster
population without the presence of large-scale aggregates. From the mean of these distributions, we probe
the relationship between the average Dh and L, as
shown in Figure 2b. We observe a monotonic, nearly
linear growth of Dh from 29 to 37 nm with increasing L
from 0 to 75 bases. The DLS measurement probes an
average hydrodynamic diameter of a dimer, which we
can relate to the interparticle distance within a dimer
using a model in which a dimer is approximated by an
ellipsoidal object.22 In this model, the shortest axis of
the ellipsoid corresponds to the diameter of the particle combined with the ssDNA shell; the DLS measurements show that this axis has a value of 20 nm,
independent of L. The longest axis relates to the sum
of the particle diameters and the DNA linker. The
model relates the observed change of Dh from 29 to
37 nm, with an increase of interparticle distance (along
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Figure 3. Simulation protocol for dimer formation of two DNA-coated NPs connected by four linkers. (a) Two DNA-coated NPs
and four linkers (pink strands) are located at random positions. (b) Four strands of one hemisphere of each NP are randomly
selected. (c) Hybridization occurs between the linkers and strands of the left NP. (d) Hybridization with second NP followed by
equilibration.

the longer axis of the ellipsoid) from about 17 to 23 nm
for Au particles with a core of 11 nm and a DNA shell
thickness of about 7 nm. We obtain further internal
structural details from SAXS measurements.
The in situ SAXS method provides a direct probe of
the internal cluster structure and allows for the determination of interparticle distances of dimers with subnanometer precision. The typical 2D scattering patterns from the dimer samples exhibit a faded ring
(Figure 4a,b). We show the 1D scattering intensity
proﬁles I(q) obtained from circularly averaging the 2D
scattering patterns and the corresponding structure
factors S(q) for studied systems in Figure 4c,d, respectively. The ﬁrst S(q) peak monotonically shifts
toward smaller wavevector values, q, from 0.0276 to
0.0232 Å1 for a corresponding increase of L from 0 to
75 bases, as determined from a Lorentzian ﬁt. This
clearly indicates an increase of the interparticle separation with increasing L. The S(q) proﬁles of dimer clusters
in the dilute solution can be described by a dumbbell
model39
S(q, D) ¼

sin(qD) 1
þ
2qD
2

(1)

where D is the center-to-center nanoparticle distance.
The surface-to-surface distance r ≈ D  d, where d =
11 nm is the diameter of the NP gold core.
Figure 5 shows the dependence of r on L for dimers
linked with ﬂexible ssDNA or rigid dsDNA connectors
and compares the r values with those measured for
ordered superlattices in which nanoparticles were
linked with ssDNA motifs. For dsDNA connectors, we
see an approximately linear growth of the interparticle
separation r with increasing L. While this behavior is
CHI ET AL.

expected when the dsDNA length is suﬃciently less
than the persistence length of dsDNA (lp ≈ 50 nm),40
our results indicate a linear regime even when the two
lengths are comparable. This can be attributed to the
DNA alignment due to multilinker interactions. The
observed slope corresponds to 0.24 nm per base pair,
which is consistent with the previously reported SAXS
measurements of nanoclusters and 3D systems.13 In
contrast, the dimers assembled with ssDNA show much
weaker dependence of the interparticle separation on
the linker length due the greater linker ﬂexibility. More
puzzling is the observation that r is smaller (for the same L)
for the case of the dimers connected by ssDNA than for
the superlattice system. We note that this deviation
cannot be attributed to the diﬀerence in the salt concentration between those systems: 0.3 M for superlattice and
0.1 M for dimers. In fact, the reduced salt concentration for
dimer systems relative to 3D assemblies should increase
(rather than decrease) the persistence length of ssDNA
and, correspondingly, increase the NP separations.
To understand the origin of the diﬀerence in separation of the dimers as compared to the superlattices, we consider the possibility that the geometry
of linkages between NPs may diﬀer between the
dimers and the superlattice. To do so, we utilize our
simulations to study how the interparticle distance
changes when the NPs are connected by exactly one
or four linkers. Figure 6 shows the probability distribution function (PDF) of the surface-to-surface distance r
of a dimer linked by one or four chains with L = 10 bases
for the linker. The PDF (Figure 6) shows that r is smaller
(on average) when the NPs are connected by more
than one linker. If all links were parallel to the dimer
axis, we would expect little diﬀerence between the
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Figure 4. (a,b) Representative 2D small-angle X-ray scattering patterns of dimers for L = 0 (a) and L = 75 (b). (c) Relative SAXS
intensity, I(q), of dimer systems, as labeled in the inset. (d) Structure factors S(q), obtained as discussed in the method, for
systems with corresponding colors shown in (c).

Figure 5. Surface-to-surface distance r as a function of
linker length L. Red, blue, and black, respectively, correspond to dimers linked by dsDNA, dimers linked by ssDNA,
and crystals linked by ssDNA. The symbols are data from the
SAXS experiments. For dsDNA-linked dimers, there is a
linear relation between r and L. For the ssDNA-linked
systems, the curves are from ﬁts to the worm-chain model
(eq 2), which yields for the crystal lp = 2.1 nm and for the
dimer lp = 0.33 nm.

separation of 1 versus 4 linkers. That r is typically
smaller with 4 linkers indicates that the geometry of
links is more complex. If links cross each other, or occur
closer to the poles, this will constrain the overall
separation. The illustration of Figure 6 (inset) compares
typical geometries for 1 or 4 links, and Figure S6 contrasts
short versus long separation for 4 links, demonstrating
that separation is constrained by non-axial links.
In short, the surface-to-surface distance is restricted
by the linker with the shortest end-to-end distance,
which is typically oﬀ the dimer axis. This ﬁnding can
explain the diﬀerence between dimer and superlattice
separations. For a NP in the body-centered cubic superlattice, the multibody interactions favor conﬁgurations
where the linkers are distributed on a particle surface
CHI ET AL.

Figure 6. Computed distribution of the surface-to-surface
distance r (in a reduced unit, which is base) for a dimer
linked by either one or four chains for linker length L = 10
bases. The NPNP separation is smaller when more than
one linker connects the dimer. The insets show representative dimer conﬁgurations at corresponding linker numbers.

that favors particle-to-particle links that are localized in
the π/2 solid angle between neighboring particles. As a
consequence, almost all links lie along the axis of the
interparticle separation in the superlattice. Such coaxial links will have a separation that is normally longer
than oﬀ-axis links.
We next develop a theoretical description of how
the separation varies with DNA linkage. Our previous
experimental studies indicated that the worm-like
chain model (WLC),41 in which the mean square endto-end distance of the chain is given by
ÆR2e æ ¼ 2Lσlp  2lp2 (1  e Lσ=lp )

(2)

describes reasonably well the L dependence of the
nearest-neighbor interparticle distances of the superlattice for ssDNA linkers with a persistence length lp =
2.1 nm (Figure 5). Motivated by this, we test whether
our experiments for the dimer systems can be described
VOL. 6

’

NO. 8

’

6793–6802

’

6797

2012
www.acsnano.org

ARTICLE

Figure 7. Comparison of the computed end-to-end distance of free ssDNA (blue) in a reduced unit (bases) with
the ssDNA connecting the dimer via one linker (black) or
four linkers (red). The curves are ﬁts to the worm-chain
model (eq 2), which show that the eﬀective persistence
length relative to a free chain is larger for NPs connected by
one linker and smaller for NPs connected by four linkers.

in the same way. To do so, we need the end-to-end
distance of the connecting ssDNA attached to the NP.
We can approximate Re by subtracting from the surfaceto-surface distance 17.8 nm, which is the surface-tosurface distance of dimer linked by L = 0 connectors
obtained from experimental measurement. Using eq 2,
we ﬁnd a surprisingly small value lp = 0.33 nm (about
half a base length of ssDNA) for the dimer systems. To
rationalize this, we consider that the simulations have
shown that the chains can be connected at points far
from the axis between particle centers. As a consequence, using the interparticle separation systematically underestimates the end-to-end distances, resulting in an unphysically small value for lp.
We can quantitatively examine how interparticle
separation underestimates Re directly in simulations by
comparing lp evaluated from the actual Re with that
evaluated from the surface-to-surface distance r. Following the procedure used to analyze the experiments,
we obtain a similarly unreasonably small lp = 0.7 bases
using r. In contrast, Figure 7 shows the explicit calculation of Re for L = 0, 10, 20, 30, and 60 bases with either
one or four linkers connecting NPs; for comparison, we
also show a single free chain of ssDNA. The WLC model
(eq 2) describes the data well, with a physically reasonable persistence length that is larger than free DNA
(lp = 3.95 bases or ≈2.5 nm) for NPs connected by 1 linker
(lp1 = 5.74 bases) and by 4 linkers (lp4 = 4.86 bases).
Thus, the eﬀect of being attached between the NPs
slightly “stretches” the linking chain. Since we cannot
access Re in experiments and the surface-to-surface
separation r used in the WLC model gives unphysical
values for lp, we need to develop an improved description that can be veriﬁed from simulations and applied
to the experiments.
We propose a simple theoretical model that accounts for the eﬀects of NPs being linked by a
CHI ET AL.

Figure 8. (a) Surface-to-surface separation r as a function of
L for the dimer connected via one linker (black) or four
linkers (red). The symbols represent the simulation data and
the curves the theoretical model proposed in eq 5. (b)
Dependence of r on L from experiments at room temperature (26 C) and before melting (35 C); solid curves represent the function of r over L estimated from the analytical
model with 1 (blue) and 4 (red) linkers in a dimer.

combination of ssDNA and dsDNA regions, as well as
multiple linkages. Consider a DNA bridge that connects
the two DNA-grafted NPs that is formed by ssDNA
regions (Lss bases in total, with Lss σ> lp) and dsDNA
regions (each region formed by di bp, with di < lpdsDNA).
The mean square end-to-end distance ÆR2bridgeæ of such
a DNA construct can be estimated by adding the endto-end distances of each individual segment
ÆR2bridge æ ¼ 2lp σLss þ σds 2

∑i di2

(3)

In this expression, we approximate the ssDNA regions
by the Gaussian model (since Lss > lp) and the dsDNA
regions by the rigidrod model (since di < lpdsDNA).
Here σds ≈ 0.35 nm is the length per base pair in
dsDNA. We can approximate that ÆR2bridgeæ1/2 ≈ r, the
surface-to-surface separation for a single connecting
strand. Figure 8a shows that this simple model roughly
describes the linking by a single chain in our numerical
simulations. Note that the whole dependence on the
linker length, including the initial separation at L = 0, is
calculated without any ﬁtting parameters, assuming
the same ssDNA persistence length lp = 3.95 bases
obtained from the simulations of the free ssDNA.
We next extend this model to account for multiple
linkages. When the number of linkers increases, the
competition for the binding sites, together with excluded
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volume eﬀects, results in greater distribution of the
DNA connections over the NP surface. As shown in the
Supporting Information, this eﬀect leads to the following negative correction to the interparticle distance:


d lp σL
Δr ¼ (nL  1)
(4)
þ
N0 3πd
Here nL is the number of linkers in a dimer, and N0 is the
number of ssDNAs that are bound to a single NP (20 for
simulations and about 50 in the experiment). By combining eqs 3 and 4, the resulting expression for the
interparticle separation is obtained:


rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d lp Lσ
r ¼ 2lp σLss þ σds 2 di2  (nL  1)
þ
N0 3πd
i

∑

(5)
The above correction captures the change in interparticle separation due to the multiple linkers observed in
simulations (red curve in Figure 8a). Note that all of the
parameters are known, so no ﬁt is involved.
A direct application of the same theory to experimental data does not give a satisfactory ﬁt. However,
we found that the experimental data for fully linked
dimers (nL = 4) can be successfully described (Figure 8b)
after a minor modiﬁcation of the model:


pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d lp Lσ
r ¼ 2lp σLss þ σds di  (nL  1)
(6)
þ
N0 3πd
i

Figure 9. (a) Design of two studied systems: (system I)
dimers fabricated using a single-stranded linker, and
(system II) dimers fabricated using a combined linker. (b)
Surface-to-surface distance r as a function of linker length L.
For the system II, L = M þ N. Red curves represent the
function of r over L for corresponding systems estimated
from theoretical model at n = 4, lp = 2.2 nm.

∑

Here, the ﬁrst term represents the root-mean-square
size of the ssDNA part of the bridge, the second term is
the total contour length of the dsDNA segments, and
the last term is the multibridge correction (eq 4). Physically, this variation of the model corresponds to the
presence of a modest stretching force that is strong
enough to orient dsDNA segments but not too strong to
signiﬁcantly stretch the ssDNA fragments of the chain.
As a result, dsDNA segments are aligned along the
dimer axis, rather than randomly oriented as assumed
in eq 5. The experimental data suﬃciently below the
melting temperature are well described using this
approach for a physically plausible lp, from 2 to
2.5 nm. The experimental data to test the eﬀect of the
number of linkers will be presented when we discuss the
temperature dependence.
The theoretical model (eq 6) also works for more
complicated systems, such as dimers connected with
combined linkers. In this design, the linker is composed
of two strands of ssDNA terminated by mutually complementary 15 base segments (as shown in Figure 9a).
This design allows for a longer interparticle separation.
We observed that for the 15 bp double-stranded part
that is between of the two single-stranded chains, the
dimer separation increases by about 5 nm, which is
well captured by our theoretical model (Figure 9b).
Temperature Dependence of Dimer Separation. We next
examine the temperature T dependence of dimer
CHI ET AL.

Figure 10. Surface-to-surface separation r as a function of
temperature for various L from experiments (a) and simulations (b). The uncertainties of experiments are estimated
from multiple measurements and SAXS peak ﬁtting. Like
the experiments, the interparticle distance increases with
increasing T. (c) Average number of linkers ÆnLæ connecting
NP as a function of T from simulations, demonstrating that
the change in r is caused by the reducing number of
connecting linkers.

separation via the SAXS technique. We perform a
gradual heating of the systems from 26 to, 33 to 35,
and 37 and 40 C. Figure 10a shows the T dependence
on r obtained by fitting the data using eq 1. All systems
exhibit a modest increase of r with increasing T.42
However, the relatively large error bars do not allow
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us to compare a change of separations with temperature as a function of L. At the same time, a SAXS
monitoring of dimer melting reveals that for shorter
linkers melting occurs at a slightly higher T, with
disassembly of L = 0 dimers at 40 C (Supporting
Information Figures S3S5), which can be attributed
to higher local density of DNA. The observed r increase
exceeds that expected from the T dependence of the
DNA persistence length, which should only change
slightly. To understand the origin of the increase of
r(T) found experimentally, we examine our molecular
simulations.
Following the experimental protocol, in the simulations, we increase the temperature of dimers connected by four linkers from T = 0.096 (fully connected
DNA) to a ﬁnal temperature T = 0.120, where the
dimers are melted. Figure 10b shows r as for this range
of T. Like the experiments, we ﬁnd an increase in r when
T increases, consistent with Figure 10a. To explain this
trend, we directly examine the number of links between the dimers in the simulations. We plot the
average number of linkers ÆnLæ that connect the dimer
in the simulations as a function of the temperature in
Figure 10c. We ﬁnd that ÆnLæ decreases with increasing
T. As previously shown in Figure 6, when there are
more connected linkers, the separation is dominated
by the shortest link. Hence, the loss of linkers on
increasing T results in increased r. This inter-relation

METHODS
The fabrication procedure of dimers is shown in Figure 1. The
ﬁrst particle, Au_1, was functionalized with a mixture of two
types of DNA, denoted as DNA_1 and DNA_1N. These two types
of DNA serve the purposes of (i) recognition to surface-grafted
DNA (DNA_1NS) and (ii) for the consequent attachment of
linkers (DNA_L). Au_1 were deposited on surface functionalized
with DNA_1NS due to 15 bases complementary of DNA_1NS
and DNA_1N. Following the deposition of the ﬁrst particle layer,
a 4-fold excess of linkers DNA_L relatively to surface-attached
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Figure 11. Surface-to-surface separation r as a parametric
function of the mean number of links ÆnLæ. The symbols
represent the data and the lines the theoretical model
proposed in eq 5.

is directly seen by plotting parametrically the dimer
separation r as a function of ÆnLæ (Figure 11). In doing so,
we eliminate the explicit T dependence of the separation and, consequently, can test the theoretical model
proposed in eq 5, generalizing the expression to noninteger values of the number of linkers. Figure 11
shows excellent agreement between the simulation
data and the theoretical predictions (without any
adjustable parameters). This veriﬁes the predicted
dependence on the number of linkers.
Since we now know that increasing temperature
has the eﬀect of decreasing the number of links, we can
use experimental data from relatively low or high
temperature as a way to test the predictions of the
model for dimers connected by single or multiple
linkers (eq 6), respectively. As shown in Figure 8b, the
measured r(T) for all systems is within bounds determined from the analytical model for a single linker
connection (n = 1) and four linker connections (n = 4).
Near the melting point, the number of linkers per dimer
decreases, and the interparticle separation should approach the n = 1 value just before dimer melting occurs.
CONCLUSION
We utilized synchrotron-based small-angle X-ray
scattering to characterize the interparticle distance of
a dimer of gold nanoparticles linked with DNA chains
and interpreted the results with the aid of molecular
modeling, leading to the development of an analytical
description. We showed that, in the regime when
nanoparticles and DNA chains are comparable in size,
the separation distance between the two NPs is directly related to the number of links connecting NPs. In
the regime when particles and links are comparable in
size, the location of links can signiﬁcantly deviate from
the axis between the particles. As a result, the intradimer separation is constrained by oﬀ-axis links that yield
smaller NP separation than expected for a single chain
connecting NPs. We combine these observations in a
theoretical model that describes both our numerical
and experimental data. The eﬀect of temperature is
thus understood as a consequence of changing the
mean number of links between NPs. Our ﬁndings
might play an important role in designing novel materials based on nanoparticles and polymers.

particles Au_1 was added in order to hybridize with DNA_1
through 15 complementarity bases. At the third step, particles
Au_2, functionalized with one type of DNA only (denoted as
DNA_2), which is complementary to 30 -end of linker DNA_L,
were added in a ratio 1:1 relative to Au_1. This resulted in a
formation of surface-immobilized dimers due to the hybridization of linkers between Au_1 and Au_2 particles which are
linked by 4 DNA_L on average (Table 1). Finally, the assembled
dimers were released from the surface using a liberating strand
(DNA_F) which has a higher aﬃnity to the surface-grafted
DNA_1NS than DNA_1N, due to 18 complementarity bases.
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ssDNA

sequence (50 to 30 )

DNA_1N
DNA_1NS
DNA_1
DNA_L
DNA_2
DNA_F

ATT GGA TTG GAA GTA TTT TTT TTT TTT TTT-C6H12-SH
CTT GTG TCT ACT TCC AAT CCA ATT TTT TTT TTT TTT TT-biotin
TTC TCT ACA CTG TCT TTT TTT TTT TTT TTT-C6H12-SH
AGA CAG TGT AGA GAA (T)L ATT GTT ATT AGG
HS-C6H12-TTT TTT TTT TTT TTT TAG CCT AAT AAC AAT
ATT GGA TTG GAA GTA GAC ACA AG

10.

11.

12.

13.
Consequently, particles were dispersed in the 0.1 M PBS (10 nM
phosphate buﬀer, 0.1 M NaCl, pH = 7.1).
We applied synchrotron-based SAXS measurements (beamline X9 at the National Synchrotron Light Source) to probe an
internal dimer structure. The 2D scattering data were collected
with a charge-coupled device area detector (MAR CCD) at
wavelength λ = 0.8856 Å. The SAXS measurements provide
information on the structure factor S(q) of clusters in a solution.
The 1D intensity proﬁles, I(q), were obtained by an azimuthally
integration of the 2D SAXS pattern. The background-corrected
intensity can be represented in a simple form I(q) = S(q)F(q)),
where F(q) is the form factor of free particles measured from the
solution containing the equimolar mixture of free particles. The
center-to-center distances between gold nanoparticles within
the dimer were obtained from S(q) by accounting for the size of
individual AuNPs determined from the separate TEM and SAXS
measurements. SAXS measurements were conducted for the
samples in 0.1 M PBS buﬀer placed in a 1 mm quartz capillary
over the temperature range of 26 to 40 C with 20 s exposure
time.
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