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Stability of DNA-linked nanoparticle crystals: Effect of number
of strands, core size, and rigidity of strand attachment
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Three-dimensional ordered lattices of nanoparticles (NPs) linked by DNA have potential applications
in novel devices and materials, but most experimental attempts to form crystals result in amorphous
packing. Here we use a coarse-grained computational model to address three factors that impact the
stability of bcc and fcc crystals formed by DNA-linked NPs : (i) the number of attached strands to
the NP surface, (ii) the size of the NP core, and (iii) the rigidity of the strand attachment. We find that
allowing mobility in the attachment of DNA strands to the core NP can very slightly increase or decrease melting temperature TM . Larger changes to TM result from increasing the number of strands,
which increases TM , or by increasing the core NP diameter, which decreases TM . Both results are
consistent with experimental findings. Moreover, we show that the behavior of TM can be quantitatively described by the model introduced previously [F. Vargas Lara and F. W. Starr, Soft Matter, 7,
2085 (2011)]. © 2011 American Institute of Physics. [doi:10.1063/1.3596745]
I. INTRODUCTION

DNA is a programmable molecule with four nucleotide
types that can selectively and reversibly bind; the DNA double helix has a diameter of 2 nm and is relatively stiff, with a
persistence length of ≈ 60 nm.1 These features make DNA a
promising mediator for the “bottom-up” assembly of nanostructured materials.2–7 One method to realize DNA-linked
materials is to tether single strands of DNA (ssDNA) to a
“hub,” such as a colloid8–17 or nanoparticle (NP).4, 5, 18–32
Through the appropriate choice of nucleotide sequence,
ssDNA tethered to different NPs can hybridize to make
double-stranded DNA (dsDNA) that link complex networks
of NPs. In particular, crystalline arrays of NPs have potential applications in novel optical and electronic devices and
materials, and have been an ongoing focus of experimental
efforts.33 While some experimental success has been achieved
in synthesizing DNA-linked crystals,24, 28–32, 34 most attempts
to form such structures result in amorphous packing.
There are many factors that affect crystal formation and
the stability of the resulting structure, such as the DNA strand
length and sequence, the size of the NP core, and the number of attached strands to the NP, to name a few. Testing
each of these factors individually in a laboratory is time consuming and, in some cases, not feasible. However, with a
computational model, it is relatively straightforward to vary
such parameters and observe the effect each has on crystal stability. The first paper in this series35 examined the effect of the strand length and nucleotide sequence on crystal stability based on a coarse-grained molecular model of
DNA-functionalized NPs. In this paper, we slightly modify
the model in Ref. 35 to examine how crystal stability is afa) Present address: Department of Physics and Astronomy, University of
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fected by rigidity of the DNA attachment to the NP surface,
variable numbers of DNA strands attached to the NP core, and
variable NP core size.
We find that modest mobility of the ssDNA attachment to
the core NP can either increase or decrease the melting temperature TM relative to a system with rigidly attached DNA
strands, but that the effect is weak. The sign of the change in
TM is determined by whether the geometry of rigidly attached
strands matches the local crystal order. By varying the number
of ssDNA attached to a NP, we show that TM of crystals generally increases with the number of attached strands, due to
the possibility for multiple DNA links to cooperatively form
between NPs. By varying the NP core size, we find that TM
generally decreases with an increasing NP size. We interpret
all our results using the model for TM previously. We confirm
that this model accounts for the behavior of TM found in this
work. The applicability of the model is limited to the cases
of strands shorter than the persistence length and where the
melting of the crystal is dominated by the DNA zipper transition. For very densely functionalized NP, the particles act
more like soft spheres reducing the importance of the DNA
specific binding.36 Initial comparisons with experimental data
indicate consistency with our model.
II. MODEL AND SIMULATION METHODS

Atomistic simulations of DNA-functionalized NPs represent a major computational challenge. For example, a recent state-of-the-art atomistic study considered only a single NP functionalized with four 10-base DNA strands.37
Accordingly, using an atomistic model to simulate the interactions between tens or hundreds of DNA-functionalized
NPs for timescales commensurate with DNA zipping is difficult, if not impossible, with current computational resources.
Therefore, we use a coarse-grained model to study many
NPs on timescales long enough to observe the reorganization
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tial, the core can be thought of as a WCA particle with radius
rcore = rs + σ2 , and diameter d = 2rcore .
The first monomer of each DNA strand is attached to the
core via an origin shifted finitely extensible nonlinear elastic
(FENE) bond potential,

 

k R02
r − rs 2
core
ln 1 −
.
(2)
UFENE (r ) = −
2
R0
We choose k = 30/σ 2 and the maximum bond extension
R0 = 1.5σ , as in Ref. 35. We also incorporate a potential that
promotes even spacing of strands on the surface of the core.
Specifically, we use a three-body angular potential
core
core
(1 + cos θ ) ,
= klin
Ulin

FIG. 1. Snapshot of the spherical-core model with 30 DNA “arms”. The
large central red sphere represents the core NP. The blue cylinders represent
the bonds between the backbone monomers (not pictured). The small green
spheres are the “sticky spots” which carry A/C/G/T identity. The simplicity
of this model allows for a variable number of strands attached to an NP of
variable size.

necessary to melt crystalline ordered NPs linked by DNA.
The model includes the specificity of DNA base-pair binding, but excludes effects due to specific chemical or solution
interactions. This model has been shown to capture the relevant features of DNA-mediated assembly.38–42 The model we
use is an adaptation of the model used to study icosahedral
NP functionalized with DNA.35
In this model, each DNA nucleotide consists of two force
sites: one represents the sugar-phosphate backbone of DNA
(monomer), and one carries the A/C/G/T identity of the nitrogenous base (sticky site). Details of the DNA potential can
be found in Refs. 35, 43, and 44. Since the atomistic structure
of a gold NP core (commonly used in experiments) is highly
symmetric, we expect the detailed NP structure plays little
role in crystal stability. In Ref. 35, the NP core was treated as
a collection of “atoms” in an icosahedral geometry; here, we
further simplify by modeling the core NP as a single spherically symmetric particle (Fig. 1). To allow us to easily vary
the core size without changing the scale of the interactions,
we use a repulsive Weeks-Chandler-Andersen (WCA) potential for the core NP where we shift the origin, namely
core
(r ) =ULJ (r −rs ) − ULJ (rc ) − (r − rc )
UWCA


dULJ (r − rc ) 
 ,
dr
r =rc
(1)

where ULJ is the Lennard-Jones (LJ) potential, r is the separation between the core NP and another force site, rs is the
amount by which the origin is shifted, and rc is a cutoff distance for the potential. By shifting the origin in such a manner,
and choosing rc = rs + 21/6 σ (σ is the LJ length parameter),
corresponding to the minimum of the shifted-origin poten-

(3)

where θ is the angle defined by the first monomer of a
pair of strands, with the NP core as the vertex. We choose
core
= 100 to maintain a near unia relatively large value klin
core
= 30, and
form spacing of strands. We also considered klin
found only a minor quantitative difference in our results.
Note that this potential does not keep the orientation of the
strands fixed on the core, but rather allows strands to move
along the surface of the core without detaching, introducing a “surface mobility” to the system. It has been shown
that the surfaces of nanocrystals,45 nanoparticles46 and DNAfunctionalized vesicles47 can have significant mobility, which
may have implications in DNA-linked crystal formation and
stability, which we will examine later in this paper.
We study the model using molecular dynamics simulations with periodic boundary conditions. To control the temperature T , we use the Nosé-Hoover method.48 The equations of motion are integrated using a two-level, three-cycle
velocity-Verlet version of the rRESPA multiple time-step
algorithm,49 with the forces separated into rapidly-varying
bonded forces and more slowly-varying non-bonded forces.
The time step for the bonded forces is 0.002. For the remaining discussion, we use reduced units where length is given
in units of the LJ length parameter σ and energy in units of
LJ energy parameter . Temperature is expressed in units of
/k B , where k B is the Boltzmann constant.
We study crystals with bcc or fcc symmetry consisting of 27 unit cells, which Ref. 35 showed is large enough
to avoid finite size effects. Following Ref. 35, we examine
fcc crystals in a single-component system in which all NPs
are functionalized with the same DNA sequence (NP1-NP1
systems), and bcc crystals in binary systems in which there
are two types of particles functionalized with complementary sequences (NP1-NP2 systems).35 We functionalize particles with strands of DNA that are eight bases in length.
Each strand has a two-base “spacer” region and a six-base
“linker” region. We use the sequence NP-AAGGTACC for
fcc systems, and the two sequences NP-TTTCTTCC and NPAAGGAAGA for bcc systems. The sequences are chosen in
such a way as to avoid binding of strands on the same core
and to minimize partial binding with strands on other cores.
Since the spontaneous formation of crystal states is extremely slow, and in some cases not even accessible on
the timescale of the simulation, we generate initial crystal configurations using knowledge of the crystal lattice
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FIG. 2. Determination of the melting temperature TM for crystals where the NP have d = 2.8 and 12 attached ssDNA, as in Ref. 35. The collapse of the
Bragg peaks in the structure factor S(q) of the (a) bcc and (b) fcc systems unambiguously indicates melting. Here, q0 corresponds to the first peak of S(q).
(c) The melting transition is also apparent from the DNA base bonding energy U/N N P on heating of the crystal. A jump in U/N N P (dashed line) occurs upon
crossing TM .

parameters.35 Since we prepare the initial configurations by
hand, they are free from defects, such as positional permutations of the bcc lattice. We locate the melting temperature TM by heating initially prepared crystal configurations.
As shown previously, TM obtained by this method coincides with the thermodynamic melting temperature for these
systems.

III. EFFECTS ON CRYSTAL MELTING
A. Rigidity of attachment

When DNA strands are attached to a single spherical
NP, the strands are able to move along the surface of the
NP core without detaching (mobile-strand system). Examining the effects of mobility is relevant especially for DNAfunctionalized vesicles;47 additionally, atomic displacements
at the NP surface are also possible.46 This mobility is not
present in the icosahedral core model35 (immobile-strand system), so a comparison of the two systems allows us to determine the effect of surface mobility on the overall crystal
stability. To isolate the effect of mobility alone, we compare
icosahedral and spherical-core systems with the same core diameter d = 2.8 with 12 attached DNA strands. The core diameter of the icosahedral NP is given by that of the sphere
circumscribing the icosahedron.
We determine TM for the mobile-strand system from the
collapse of the Bragg peaks in the static structure factor S(q)
(Figs. 2(a) and 2(b)). The static structure factor is the Fourier
transform of pair correlation function g(r ). The melting transition also causes a jump in energy (Fig. 2(c)). Based on these
data, fcc crystals formed in the immobile-strand system have
a slightly larger TM than fcc crystals formed in the mobilestrand system. The effect is quite weak, with TM changing
by only ≈1%. We can understand the sign of the difference
based on the difference in the core NP symmetry. Specifically, the orientation of strands on the cores in the icosahe-

dral immobile-strand system matches the symmetry of the fcc
crystal. Therefore, bonds more readily form in the immobilestrand system than the mobile-strand system. The matching
symmetry of the core NP and the fcc crystal stabilizes the
crystal in the immobile-strand system relative to the mobilestrand system.
The change in TM for the bcc crystal is opposite to that
of the fcc, i.e., TM of the bcc crystal formed in the immobilestrand system is lower than that of the mobile-strand system.
As in the case of the fcc crystal, the effect is weak, with
TM increasing by ≈ 3%. We can again understand the sign of
the difference from the symmetry difference of the core NP.
Since the icosahedral core NP do not match the symmetry of
the bcc crystal, not all strands are able to form bonds in the
immobile-strand system. In contrast, strands can orient in a
pattern more favorable for the bcc crystal in the mobile strand
system. Quantitatively, this results in 13% fewer bonds in the
immobile-strand system than the mobile-strand system. This
is a difference of ≈1.6 linked strands per NP, and thus promotes a more stable bcc crystal in the mobile-strand system.
For longer strand lengths, the differences between rigid
and mobile attachment systems should be less pronounced,
since, as we approach the strand persistence length, the importance of the symmetry of the core attachment will be diminished. The primary finding is that the effect of mobility on
TM is relatively weak. This is further supported by simulations
core
= 30 to allow strands greater mobility;
with a smaller klin
these simulations found TM values nearly indistinguishable
core
= 100.
from the systems with klin
B. Number of attached strands

In this section, we compare TM of bcc and fcc crystals
with Ns = 12, 20, or 30 attached ssDNA and a core diameter
d = 5.8. Using the known length per base of DNA, we can
map between length and number of bases. Accordingly, this
diameter corresponds to ≈ 2 nm, similar to the experiments
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FIG. 3. Simulation snapshot of bcc crystals generated with core NP having Ns = 12, 20, or 30 attached ssDNA (a, b, and c, respectively).

possible) bases are linked. We say that two bases are linked if
they are complementary to each other (A-T or C-G) and are
within the range of attraction. Figure 5 shows the change in
the number of linking strands on melting. For the Ns = 12 and
20 systems, the change is nearly constant (around 1.1 for fcc

0.17

0.16

TM

of Ref. 50. We use a larger diameter than in Sec. III A, since
the core NP surface area with d = 2.8 does not offer enough
space to attach 20 or 30 strands. The effect of using different
core sizes is examined in Sec. III C. The sequences are as
previously described. Figure 3 shows example crystals from
these simulations.
Figure 4 shows the variation of TM with Ns . Generally, as
Ns increases, multiple strands can make bonds between NPs.
If the bonding of individual strand between NPs was purely
independent, we would expect TM have no dependence on Ns .
Since TM increases with increasing Ns , there is clearly cooperativity among strands linking NPs. For all systems, TM of
fcc crystals is larger than that of bcc crystals, presumably because fcc crystals have a coordination number of 12, while bcc
crystals have a coordination number of 8. Accordingly, each
NP in an fcc system has more nearest-neighbor particles with
which to bind. Hence, more dsDNA is formed in fcc systems
than bcc systems, leading to a larger TM .
In Ref. 35, we showed that, for the case of 12 rigidly attached ssDNA, crystal melting was controlled by the DNA
hybridization. To check if this is also the case when we vary
Ns , we calculate the number of strands linking NPs immediately below and above TM , and the resulting change in the
number of linking strands on melting. To do so, we consider
that two ssDNAs are linked when four or more (out of six
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FIG. 4. Melting temperatures of bcc and fcc crystals with Ns = 12, 20, or
30 ssDNA and core diameter d = 5.8.
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FIG. 5. Change in the number of linking strands per NP on melting the crystal. For Ns = 12 or 20, where hybridization dominates, melting results in the
loss of ≈ 1 linking strand. For Ns = 30, this is not the case.

and 1.0 for bcc) on melting. Accordingly, the unzipping of
dsDNA controls the stability of the crystal for Ns = 12 and
20.
The results for Ns = 30 are in stark contrast. First, the
fraction of bonded strands is nearly zero before melting. Consequently, the change in the number of bonded strands is also
≈ 0. Apparently, the crystal can remain stable simply from
the crowding of non-bonded strands at larger Ns . Hence, the
melting transition in this case is more due to a conformational
shift in the NP crystalline structure than to the unzipping of
dsDNA. Apparently, these crowded systems are more similar
to attractive soft core NP.36 This effect may be a consequence
of the fixed density; if the system was allowed to expand, the
NP might drift apart after strands unzip, reducing crowding
effects of unzipped strands.
An obvious question is how our findings on the role of
hybridization versus crowding compare with the melting of
DNA-linked crystals in experiments where unzipping plays
a dominant role in melting. To relate the experimental and
simulated systems, we compare the relative density of DNA
strands on the NP surface. The density of DNA strands on
the NP surface in our simulations (with fixed diameter 5.8,
≈ 2 nm) ranges from ≈1.0 strands/nm2 (for Ns = 12) to
2.4 strands/nm2 (for Ns = 30). For experiments, the typical
surface density is ≈ 0.1 strands/nm2 .28, 31, 32 Hence, the experimental strand density is consistent with our findings in
which hybridization dominates at densities 1.6 strands/nm2 .
Therefore, we will focus our remaining discussion on strand
densities where DNA unzipping primarily controls crystal
melting.

C. Core diameter and general model for melting
temperature

In this section, we first examine systems with a fixed Ns
and a variable core diameter d. We study six different systems: for Ns = 12 we examine d = 2.8, 5.8, and 8.8, and for
Ns = 20 we consider d = 5.8, 8.8, and 11.8. As discussed

6

8

10

12

diameter
FIG. 6. TM as a function of core diameter for Ns = 12 (lower left) and Ns
= 20 (upper right).

previously, d = 2.8 does not have enough surface area for
Ns = 20. These diameters correspond to an approximate experimental range of sizes from 1–4 nm. We exclude the Ns
= 30 system, since the mechanism for melting there is not
dominated by DNA hybridization. The sequences are the
same as used in Secs. III A and III B.
Figure 6 shows that TM decreases as d increases for both
the Ns = 12 and the Ns = 20 systems. This finding is consistent with the experiments of Ref. 20, where it was found
that increasing the core diameter lowered the temperature
where amorphous aggregates melt. To understand this result,
we need to consider the strain put on dsDNA links as the core
size changes. Energetically, these links prefer to be nearly linear (for short strands). Hence, as the core diameter increases,
any distortion of the crystal order puts a strain (more properly,
a torque) on the dsDNA linkage, and this strain increases with
increasing d. This effect was argued for in Ref. 35, where the
effect of distortions on the energy change at melting decreases
with increasing the core diameter d and spacer region length
s, but Ref. 35 only examined the effect of variable s. Specifically, Ref. 35 proposed that

TM =

c1 Ns  − c2 (s + d/2)
U (TM )
=
,
S(TM )
Ns 

(4)

where Ns is the number of strands attached to the NP surface,
d is the NP diameter,  and s are the number of bases in the
linker and spacer region, respectively.
Our current data, from this section and Sec. III B, allow
us to test the proposed dependence on both Ns and d. In
Ref. 35, Eq. (4) was tested with nine systems each for the
bcc and fcc lattices. We further test Eq. (4) using six more
systems each for the bcc and fcc lattices evaluated here.
Figure 7 shows that TM is well described by this simple model
for all values of d and Ns examined in this research, as well
as the TM obtained for all values of  and s in Ref. 35.
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FIG. 7. Parametric plot of the numerical TM as a function of the expected
TM from Eq. (4) for (a) fcc and (b) bcc lattices. The open symbols are the
results from this work, while the filled symbols are from Ref. 35. The melting
temperature is well described by the simple model of Eq. (4).

IV. CONCLUSION

Through use of a computational model, we have studied
the effect of the number of attached strands and the core diameter on crystal stability. As we increase Ns while keeping
the size of the NP fixed, TM increases, which we attribute to
the increased number of dsDNA linkages between NPs. Our
results indicate that the melting transition of systems with
Ns = 12 or 20 ssDNA is controlled primarily by the unzipping of strands, which destabilizes the crystal structure. For
systems with Ns = 30, melting is controlled by crowding interactions of non-bonded strands, causing NP in such systems
to act more like attractive ultra-soft core particles.36
These results have been obtained using a simulation incorporating DNA strand lengths much smaller than the persistence length of DNA, and NP which only interact through
a repulsive soft-core potential. It is likely that systems with
longer strand lengths and interacting core NP will be influenced differently by strand mobility, a variable number of
strands, or a variable core size, and we intend to refine the
coarse-grained model presented here to consider these factors
in the future. Another important issue to address is the rate
of crystallization, since kinetic constraints play a major role
in successfully generating crystal states.32, 51 Finally, since
DNA-functionalized NPs have the possibility to have complex
phase diagrams with multiple interpenetrating phases,38, 41, 52
it will be valuable to make a similar stability analysis for more
exotic interpenetrating crystal states.
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