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The unprecedented insight into the physical eﬀects influencing the interactions and their relation with
the tunable parameters of the grafted DNA has resulted in innovative DNA coatings, which are
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expected to solve the decennial issues encountered in the self assembly of DNA-coated colloids.

1 Introduction
DNA-coated colloids (DNACCs) appeared for the first time in
1996 with two letters published in the same issue of Nature.
Alivisatos et al.1 reported a strategy to assemble gold nanocrystals into dimers or trimers via base-pairing interactions. Their
approach consisted in attaching single-stranded DNA (ssDNA)
oligonucleotides to nanocrystals and using double-stranded
DNA (dsDNA) to template the oligomerization of the particles.
The authors also anticipated that the novel approach could be
used to build more complex two or three dimensional constructs.
Biological and Soft Systems, Cavendish Laboratory, University of Cambridge,
JJ Thomson Avenue, Cambridge CB3 0HE, UK. E-mail: ee247@cam.ac.uk

Lorenzo Di Michele studied physics
at the University of L’Aqila (Italy),
where he also received his Master’s
Degree. Since 2010 he is PhD
student at the Cavendish Laboratory (University of Cambridge),
where he focuses on experimental and simulation studies of
colloid self-assembly mediated by
(bio)polymers.

Lorenzo Di Michele

This journal is

c

the Owner Societies 2013

Mirkin and coworkers2 were the first to demonstrate the reversible aggregation of gold nanoparticles in a composite colloids/
DNA material. They used a binary mixture of nanoparticles
coated with 2 diﬀerent ssDNA oligonucleotides and induced
aggregation by adding DNA duplexes to link the two strands.
A number of analogous projects were started, triggered by the
technological need for tools capable of controlling the assembly
of mesoscopic building blocks in complex ‘‘metamaterials’’ with
well advertised applications in integrated electronics, photonics,
optoelectronics, quantum computation etc.3–5 The Watson–Crick
base pairing6–8 was identified as the perfect candidate for the
purpose of controlling aggregation of micro- and nano-objects,
due to the high specificity and thermal reversibility of the
bonding, the easy production of arbitrary (short) sequences of

Dr Erika Eiser is Reader at the
Cavendish Laboratory of the
University of Cambridge. After
studying physics at the University of Konstanz (Germany) she
received her PhD from the
Weizman Institute, Israel, in soft
matter physics. Following postdoctoral
research
at
the
University of Montpellier and the
ESRF in Grenoble (France), she
joined the science faculty of the
University of Amsterdam as
Erika Eiser
Assistant Professor, where she
started developing strategies to drive DNA-driven self-assembly of
colloids using various microscopy methods. Her group continues
this work in Cambridge.

Phys. Chem. Chem. Phys.

View Article Online

Downloaded by University of Cambridge on 22 January 2013
Published on 08 January 2013 on http://pubs.rsc.org | doi:10.1039/C3CP43841D

Perspective
nucleotides and the possibility of grafting DNA strands to solid
materials.
The initial enthusiasm about this new self-assembly frontier
slowly faded. It was indeed relatively straightforward to induce
aggregation of DNA coated colloids in amorphous, fractal-like
phases, but the goal of growing ordered structures, and most
important, to engineer them a priori by changing the properties
of the DNA coating, turned out to be challenging.
Physical intuition borrowed from atomic and molecular
physics invited many to think that colloids coated with complementary DNA strands, like any other particles interacting
through attraction, would eventually arrange in crystalline phases
by minimizing the systems free energy. The above intuition may
be correct, but two crucial aspects need to be considered, both
following from the complexity of super-molecular systems with a
large number of degrees of freedom.
The first aspect is kinetics. Even if in suitable conditions a
DNA mediated attraction would drive colloidal particles into a
thermodynamically stable crystalline phase, any pathway to
reach this state starting from a colloidal gas will encounter
metastable free-energy minima, slowing down equilibration
dramatically. The two main reasons for this phenomenon are
the strength of the attraction and the sharp thermal activation
of the aggregation process.9–14 Several strategies have been
attempted or suggested to go around such kinetic barriers, for
instance by reducing the strength of the attraction by including
inert polymers (i.e. double-stranded DNA) in the coating.10,11,15
The most successful strategy, however, consists in using small
nanoparticles (NPs) instead of micron-sized colloids. The obvious
advantages are the weaker intercolloid attraction (due to the fewer
strands per colloid), the broader aggregation/melting transition,
and the increased mobility of the NPs themselves. Systematic
crystallization of single-component16,17 and binary systems16,18–22
of DNA coated NPs has been achieved by diﬀerent groups. In
contrast, there are much fewer examples of successful crystallization of micron-sized colloids.15,23,24
The second aspect that one should consider is that the strength,
range, and temperature dependence of DNA mediated interactions
are related in a non-trivial way to the tunable parameters of the
system, such as the DNA-hybridization free energy, coating density,
or strand length, for instance. Early experimental attempts to achieve
ordered structures relied on guess-and-check methods for the design
of the system, resulting in a list of empiric and poorly understood
design rules. In the last few years, however, a number of theoretical
and computer-simulation groups devoted large eﬀorts to provide
the tools to disentangle diﬀerent contributions to the overall interactions between DNACCs.10–14,25–36
In this perspective we review the latest achievements in understanding and controlling the association–disassociation behavior of
DNACCs. We largely focus on theoretical models and computersimulation studies, which currently represent the hottest area of
investigation, but also summarize up-to-date experimental results.
The remainder of the article is structured as follows. In the
second section we provide a brief overview of the existing types
of DNA coating and binding mechanisms, presenting possible
variations on the original idea of ssDNA grafted NPs. In the
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third sections we describe successful experimental approaches
and open issues about the self assembly of DNACCs in ordered
phases, highlighting the fundamental diﬀerences between
nano- and micro-colloids. In the fourth section we describe
results from direct experimental measurements of DNA-mediated
colloidal interactions, which better clarify the factors limiting
the capability of DNACCs to assemble in ordered structures.
The fifth, and central section of this paper describes in detail
recent theoretical and computational studies of DNA-mediated
interactions, with special attention to the case of micron-size
particles. At the end of the fifth section we describe how a deeper
comprehension allowed an unprecedented control over the interactions between DNACCs, and how this control can be exploited
to design ‘‘smarter’’ DNA coatings, more suitable to achieve
controlled self-assembly in ordered structures. Finally, we summarize the content of the article and give our personal outlook.

2 Overview on DNA coatings
In this section we summarize most of the possible design variations
for DNACCs. We do not enter the details of the coating procedures,
the readership interested in this aspect may find information in
ref. 9 and articles quoted therein.
The original realization of DNACCs made use of gold
nanoparticles (E10–20 nm in diameter) and ssDNA strands
of about 10 base-pairs (bp) covalently linked to the surface via
thiol groups attached to one of the DNA termini.1,2,16–22,37–40
DNA strands can be also grafted to micron-sized colloids
(polymer-based or inorganic). For instance ssDNA can be
labeled with amine groups and linked covalently to the surface
of polystyrene beads modified with carboxyl groups.15 Alternatively, ssDNA can be end-functionalized with biotin and grafted
to the surface of colloids that carry either neutravidin or streptavidin
proteins. The biotin–avidin bond is the strongest non-covalent
bond known in nature and guarantees stability in most of the
experimental conditions of interest.10,11,27,41,42 Nonetheless, it is
reversible and should be used with care when working at high
temperature or with low ionic strength solutions.43
Active ssDNA strands that mediate the interaction are referred
to as ‘‘sticky ends’’. The sticky ends are most often not directly
grafted to the surface of the colloids but connected via an inert
spacer. The spacers could either be made of ssDNA, which must
be non-complementary to any other sequence present in the
system, or made of dsDNA. The function of the spacers is to
increase the volume explored by the active sticky end, thereby
facilitating the bonding. Being significantly longer than the
persistence length of ssDNA (1.5–3 nm depending on the ionic
strength44), ssDNA spacers are flexible [see Fig. 1(a)]. On the other
hand, dsDNA spacers are usually shorter than the persistence
length of dsDNA (about 40 nm45). Indeed, they are often modeled
as rigid rods [see Fig. 1(b)]. The stiﬀness of the joint between rigid
dsDNA spacers and the surface of the particle can limit the
pivoting movement of the spacer. To improve flexibility a short
sequence of ssDNA can be added between the dsDNA spacer and
the grafting point. Alternatively, the spacer can be grafted to short
dangling polymers.10,11,15,27,36,41,42
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Fig. 1 Schematic of variations on DNA coatings. Each panel shows a detail of the gap region between two approaching colloids. (a) Two diﬀerent colloids coated
with complementary ssDNA. Long non-complementary ssDNA is used as a spacer. (b) Two colloids coated with complementary sticky ends tethered via dsDNA rigid
spacers. Note that a short ssDNA spacer is left between the dsDNA spacers and the grafting points to improve flexibility. (c) Two colloids coated with noncomplementary sticky ends. In this case the bonding is mediated by the ssDNA linkers in solution (black strands). (d) Two identical colloids coated with palindromic
sticky ends terminating ssDNA spacers. The sticky ends form hairpins and intra-colloidal loops reducing the number of intercolloidal bridges. (e) Two identical colloids
coated with a mixture of dsDNA spacers with complementary sticky ends. The inter-colloid binding competes with the intra-colloid binding. (f) Schematic of two
strategies to reduce the attraction by adding dsDNA inert strands (left colloid) or an inert polymer (right colloid).

Aggregation between DNA functionalized colloids can be
achieved with a number of diﬀerent strategies. For instance by
taking two species of colloids, one labelled with a ssDNA A and
the other labeled with its complementary strand A 0 . The two
species bind directly, as sketched in Fig. 1(a) and (b). An
alternative way consists of having the two species coated with
non-complementary strands A and B. The linkage is then
achieved by adding a third strand in solution (often a DNA
duplex), as shown in Fig. 1(c). The advantage of using linkers is
the applicability to single-component systems, i.e. linkers can
be used to bind strands A with strands A.2,16,17,46,47 The downside is that the linker-mediated binding is a two-step reaction,
in which strand A hybridizes with the linker, and only then
hybridizes with another non-hybridized strand A. Such a binding
scenario is kinetically unfavorable compared to the linker-free
approach, which is a one-step reaction. Moreover, the linker-free
approach is easier to model and has been used when comparing
theoretical predictions and experimental measurements of melting
curves and eﬀective potentials.10,11,27,36,41,42
An interesting variation of the original linker-free approach
consists in using ‘‘palindromic’’ or self-complementary
sequences.27,41,42 These strands can either bind to identical
strands on a diﬀerent colloid, forming ‘‘bridges’’, or within the
same colloid, forming ‘‘loops’’. A palindromic strand can also
fold on itself and form a ‘‘hairpin’’. The formation of hairpins
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and loops can be controlled by changing the quench rate.27,41,42
Loops and hairpins reduce the overall number of strands available to form inter-colloid bridges and can therefore be exploited
to reduce the strength of the attractive interactions. By using
palindromic sequences, it is also possible to achieve aggregation
of single-component systems. A cartoon of two colloids interacting via palindromic sequences is shown in Fig. 1(d).
A similar coating scheme is shown in Fig. 1(e): Here a
mixture of complementary (non-palindromic) strands A and
A 0 is grafted to the surface of the same colloid. With this design,
loops and bridges can form, but hairpins cannot. Analogously
to the case of palindromic sequences, one-component systems
can aggregate.27
Another way to reduce the attractive strength between
colloids consists of grafting inert polymers or inert DNA strands
together with the active DNA strands10,11,15,23,27,36,41,42 [see
Fig. 1(f)]. The eﬀect is twofold. First, the inert polymers occupy
grafting sites on the surface, reducing the grafting density of
active strands. Second, the inert polymers cause steric repulsion
between the surfaces of two approaching colloids. Both eﬀects
can be exploited to engineer the interactions by changing the
grafting density and the length of the inert polymers. Mixing the
DNA coating with an inert polymer (or double-stranded DNA)
brush also helps to reduce non-specific interactions between
ssDNA and the bare surface of colloids.48
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3 Aggregation in ordered phases
In this section we describe experimental realizations of ordered
assemblies of DNACCs. Generally, self-assembly experiments
are performed by heating up a solution containing all the
components (i.e. DNACCs and eventual linker sequences) above
the melting temperature of the aggregates, then cooling down
and incubating at temperatures for which the crystallization is
expected to be favorable.
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3.1

Nanoscale colloids

As mentioned in the introduction, the main obstacle to the
formation of ordered structure is the kinetic arrest of the
precursor amorphous phases.
To this end, the use of NPs oﬀers substantial advantages
over micron-sized colloids, mainly coming from the smaller
number of DNA tethers involved in the interactions. The resultant
hybridization mediated attraction presents a (relatively) smooth
temperature dependence and is generally weak enough to allow
the annealing of the metastable phases within broad temperature
intervals. Indeed, relatively simple coating designs can lead to the
formation of micron-scale ordered domains with diﬀerent crystal
structures and tunable lattice parameters.16,19,20,38,47,49
The first successful experiments involving NPs were
reported in the same issue of Nature by Gang and colleagues,20
and by Mirkin and colleagues.16 Both groups investigated the
aggregation of binary mixtures of nanocolloids in which the
interspecies attraction was either produced by complementary
sticky ends20 or by linker duplexes.16 The binary mixtures
crystallized into a body-centered cubic (BCC) structure with
CsCl lattice [see Fig. 2(a)].
Mirkin and coworkers also studied a single-component
system in which the intra-species attraction was mediated
by symmetric duplex linkers.16 The single-component system
crystallized into a close-packed face-centered cubic (FCC) structure [see Fig. 2(b)].
The aggregation was monitored via synchrotron based
small-angle X-ray scattering (SAXS), which allowed the identification of the crystal phases and the measurement of the lattice
parameters.
Mirkin et al. found that the unit-cell size depends linearly
on the length of the DNA bridges.46 It was also demonstrated
that crystallization is only possible if the ratio between the
DNA-bridge length and the nanocolloids diameter is within
a given interval.20,46 In fact, for short DNA strands, the polydispersity of the gold NPs leads to a substantial polidispersity
in the eﬀective size of the DNACCs, enough to hinder crystallization. By choosing longer spacers (or linkers) the polydispersity
of the gold nuclei becomes negligible compared to the thermal
fluctuations of the DNA corona and the crystallization can take
place. On the other hand, when very long DNA tethers are used, the
crystallization becomes kinetically hindered, most likely because of
bonds forming between second neighbors in the amorphous
aggregates. The unit cell size was also studied as a function of
temperature and found to increase monotonically up to the melting
point of the aggregates.20

Phys. Chem. Chem. Phys.

Fig. 2 (a) Sketch of the BCC unit cell into which binary mixtures of DNA-coated
NPs with interspecies attraction tend to crystallize. (b) Sketch of FCC unit cell in
which single-component mixtures tend to crystallize. For clarity, only bound DNA
tethers are shown.

Recently, Mirkin and coworkers49 reported the results of an
accurate study of the crystallization of gold NPs and worked out
a set of six empirical rules to determine the structure and the
lattice parameter of the crystals as a function of the particle size
and the length and number of the DNA tethers. In diﬀerent
conditions, the authors observe the formation of nine distinct
crystal structures.
A deeper insight on how tunable physical parameters influence crystallization of DNA coated NPs was provided in recent
years by computer simulations.28,50–60 To simulate a large
enough number of colloids, appropriate to extract meaningful
informations on phase diagrams, it is necessary to produce
coarse grained models for the DNA coatings. For the case of
NPs, given the limited number of DNA tethers that can possibly
be grafted to them, such models explicitly simulate DNA chains.
The same approach is not feasible for the case of micron-size
colloids due to the large number of DNA strands involved. For
micron-sized colloids, simulations involving explicit DNA strands
are only used to calculate pair-interactions,26,25,29 whereas manyparticle simulations usually assume eﬀective pair-interactions
between colloids.25
One of the most successful coarse grained models for ssDNA
coated NPs (or dendrimers) was introduced by Starr, Sciortino
and coworkers.50–54,61 In their model each base of the ssDNA is
modeled with two force centers, representing the phosphate–
sugar backbone and the nitrogenous base. The backbone sites
are connected to each other via finitely extensible non-linear
springs and the appropriate rigidity of the strand is guaranteed
by a three-body bending potential. The bases are connected to
the respective backbones and selectively interact with complementary bases via Lennard-Jones potentials. Based on this
model, Starr and coworkers50,51 reported a complete molecular
dynamics study of the stability of DNA coated NPs crystals upon
changing the sticky ends length, the spacer length, the NP size,
the number and the rigidity of DNA strands.
De la Cruz and coworkers60 recently presented a model of
DNA-coated gold NPs that allows predictive molecular dynamics
simulations. Their model, based on the one introduced by
Travesset and coworkers,59 accurately accounts for the rigidity
of dsDNA spacers compared to the flexible ssDNA, and the
selectivity and the directionality of hydrogen bonds between
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complementary nucleotides. Exploiting this model the authors
were able to trace out a quantitative phase diagram and
reproduce four out of the nine crystal structures experimentally
observed by Mirkin and coworkers.49
We also mention the coarse grained model of DNA developed
in Oxford.62,63 With their model the authors succeeded to
reproduce a vast range of DNA behavior, including duplex and
hairpin formation, as well as structural features such as persistence length and elastic moduli of the duplexes, which will be
useful in further refining binding schemes between DNACCs.
Very recently, Frenkel and coworkers,56 reported a quantitative
Monte Carlo study on the phase diagram of a binary mixture of
DNA coated NPs based on a newly developed coarse grained
model. Their core-blob model treats each DNA sticky end as a
soft blob, connected to an eﬀective core, which accounts for the
presence of the gold NPs as well as the DNA spacers to which the
sticky ends are connected. Compared to the model of Starr and
coworkers50–54,61 or de la Cruz and coworkers,59,60 this level of
coarse graining guarantees a tenfold reduction in the number of
degrees of freedom per nanoparticle.
Some aspects of the structure of the DNA-linked NP assemblies
are strictly related to molecular level details. Among these, we
mention the open questions related to the high-packing of DNA on
gold NPs surfaces, an example of which is given by the recent
study by Lee et al.64 The authors make use of atomistic level
models to investigate the molecular structure of the DNA
strands bridging gold NPs.64–66 Double-stranded DNA can
assume diﬀerent configurations. The most common structure
in physiological environment, originally formulated by Watson and
Crick,6 is known as B-DNA. Other forms have been discovered later
on. One of them, the A-DNA, is characterized by a thicker double
helix structure, which results in a reduced contour length compared
to B-DNA strands with the same number of base pairs.
Experimentally, it was observed that the equilibrium distance
between DNA-linked gold NPs is too short compared to the length
that the dsDNA linkers would assume in the B-DNA form.16,67 It has
therefore been hypothesized that in the particular experimental
conditions used in gold NP experiments, i.e. high packing density
of DNA and high ionic strength, the A-DNA form might be more
stable than the B-DNA form. However, fully-atomistic simulations
by Lee et al.64 demonstrate that in realistic experimental conditions,
B-DNA is more stable than A-DNA, and the shortening of the
dsDNA linkers found in experiments can be explained by partial
absorption of the DNA to the surface of the NPs.
3.2

Micron-sized colloids

Inducing the self-assembly of micron-sized DNACCs in ordered
phases has proven to be much more challenging than for the case
of gold NPs. In most cases only amorphous phases form,15,21,23,68,69
even though a crystal phase is expected to be thermodynamically
more stable. The work of Crocker et al.15,23,24 represents one of
the few exceptions. They reported the DNA mediated crystallization in close-packed lattices of polystyrene microspheres
partially sedimented at the bottom of the sample chambers,
i.e. in a quasi-2D environment. The authors account the
extreme sensitivity of the DNA mediated aggregation process
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to experimental conditions,23 such as the DNA coating density,
the incubation temperature and the steric repulsion between
colloids. In particular, crystallization is only possible if the
hybridization-mediated attraction is strong enough to cause
clustering, yet weak enough to allow structural rearrangement.
The authors estimated that due to the steep temperature
dependence of the binding free-energy, suitable conditions
for crystallization are only realized within a narrow temperature
window of about 0.5 1C.
A less conventional example of DNA mediated colloidal
crystallization has been reported by Eiser et al.70–72 In this case,
density-matched micron-sized colloids coated with very long
dsDNA strands that have some attraction to diﬀerently coated
surfaces were found to crystallize in 2D hexagonal lattices.
Even in favorable experimental conditions, the formation of
microcolloid crystals requires an incubation of several hours,
often days, and involves only a very small fraction of the available
particles. Moreover, the observed close-packed crystals can be
produced much more easily by depletion attraction or simply by
entropic crystallization of hard spheres. Also, the construction
of photonic band-gap materials, one of the most advertised
applications of microcolloids crystals, requires more ‘‘open’’
lattices, for instance the diamond lattice.

4 Measuring the interactions
Once it was clear that the simple assembly strategies that
worked for NP assemblies were not suﬃcient to overcome the
diﬃculties encountered in controlling the aggregation of micronsized colloids, the eﬀorts of some research groups turned towards
the experimental characterization of the DNA mediated interactions,
with the purpose of better understanding their dependence on the
tunable parameters of the systems. In the following section we
discuss the experimental techniques used to measure the DNAmediated colloidal interactions and quantitatively characterize the
aggregation/melting transition of DNACCs solutions.
4.1

Pair potentials between microparticles

Direct measurements of the pair interaction between micron-sized
DNACCs have been presented by Crocker and coworkers.15,34
The measurements were performed by confining two DNACCs
in an elongated optical trap obtained by stretching an ordinary
optical trap with a cylindrical lens. The two colloids are confined
by a weak harmonic potential along the main axis of the trap
and a very strong harmonic potential along the perpendicular
direction. Once two interacting colloids are placed in the trap,
the separation between them is tracked in time with an
accuracy of a few nanometers, and a histogram of the separation distribution is produced. The interaction potential is
obtained via the Boltzmann relation P(h) p exp[F(h)/kBT]
upon correction for the confining optical-trap potential.73 Here,
F(h) is the Helmholtz free energy, kB the Boltzmann constant,
and T the temperature. Measurements have been performed for
the cases of linker-mediated interactions [Fig. 1(c)] and colloids
coated with complementary sticky ends [Fig. 1(a) and (b)], using
both rigid dsDNA [Fig. 1(b)] and flexible ssDNA spacers
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[Fig. 1(a)]. In all cases the interaction curves show a hybridization mediated attraction for h o 2L, where h is the surface–
surface distance and L is the length of the DNA spacer. A steep
repulsive interaction is found for h o L, which is caused by
the steric repulsion between DNA brushes. Both these contributions will be described in detail in the following sections.
The temperature dependence of the interaction curves is
also analyzed. As expected the attractive contribution vanishes
at high temperatures whereas the steric repulsion is always
measured. The shape and temperature dependence of a typical
pair potential between micron-sized DNACCs is sketched
in Fig. 3(a).
4.2

Melting curves and aggregation kinetics measurements

Direct measurements of aggregation/melting transitions of
DNACCs can be achieved by optical imaging of dilute solutions
of micron-sized colloids.10,11,74 The system is left to equilibrate
at a constant temperature until a collection of clusters with a
stable distribution is formed. The fraction of single colloids f
is then measured with basic particle tracking algorithms.
To obtain the melting curves, the singlet fraction f is plotted
as a function of temperature. The melting temperature
Tm of the DNACCs is defined as the temperature at which
f = 1/2. Measurements have been carried out by Chaikin
and coworkers10,11,74 upon changing the DNA coating density.
As sketched in Fig. 3(b), Tm increases when increasing the
DNA surface density, whereas the width of the melting/aggregation region decreases slightly. The melting curves of DNACCs
measured are much sharper than the ones measured for the
same but free ssDNA in solution.

Fig. 3 (a) Sketch of pair interaction between two micron-sized DNACCs coated
with complementary strands for diﬀerent temperatures. (b) Sketch of typical
melting curves for micron-sized DNA coated colloids. The melting temperature
increases significantly with the DNA coverage whereas the width of the transition
decreases only slightly. (c),(d) Fraction of singlets (red solid curves, left axis) as a
function of time in a solution of DNA-coated colloids subject to a cooling–heating
temperature cycle (blue dashed curves, right axis) for the case of DNACCs coated
with (c) simple complementary strands and (d) palindromic sequences.
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The same technique has been applied to characterize the
aggregation kinetics of micron-sized DNACCs by Leunissen
et al.27,41,42 In these experiments the solutions are kept at
T1 > Tm, then the temperature is ramped down with a constant
rate to T2 o Tm and finally up again to T1. The singlet fraction f
is monitored during the entire thermal cycle. A typical diagram
showing the evolution of f is shown in Fig. 3(c). This technique
has been applied by Leunissen and coworkers to study aggregation mediated by complex coatings where inter-colloid bridges
compete with the formation of loops and hairpins. For the case
of colloids coated with palindromic sequences, in which both
loops and hairpins can form, the initial fast aggregation is
kinetically arrested when the temperature becomes low enough to
make intra-colloid bonds favorable. The faster the quench, the
higher the value of f at which the aggregation arrests. When the
temperature is raised again above the temperature at which intracolloid bonds break, colloids start aggregating again because of
the new availability of strands to form bridges. Finally, the
aggregates melt when the temperature reaches the specific melting
temperature of the system. A sketch of the time evolution of f for
this particular case is shown in Fig. 3(d).
For the case of nano-sized DNACCs the aggregation/melting
transition is monitored using UV-visible absorbance measurements,12,20 dynamic light scattering21 or SAXS.16,20 Generally,
the melting aggregation/melting transition of DNA coated NPs
was found to be less steep compared to the case of micron-size
colloids.

5 Modeling and theoretical predictions
Parallel to the direct measurements of DNA mediated colloidal
interactions and DNACCs melting curves, a number of theoretical
models have been developed, trying to explain the relation
between the tunable parameters of the coatings and the resultant
interactions.10,11,15,25–27,29–36,75 In this section we discuss recently
developed techniques to calculate pair-interactions between
DNACCs. Such models are especially designed for the case of
micron-sized colloids for which, as explained above, an extremely
fine control over the interactions is needed to overcome the
kinetic issues encountered in self-assembly experiments. The
last paragraph of this section will present novel coating strategies
expected to (partially) solve such issues.
All the studies reviewed in this section are only concerned
with the calculation of pair-interactions, without taking into
account many-body eﬀects. It can be proven that if the ratio
R/L > 6.5, where R is the radius of the particles and L the length of
the DNA tether, the interactions are strictly pair-wise additive.26 This
condition is easily fulfilled for the case of micron-size colloids. For
nanoparticles, however, DNA tethers can be as long as the diameter
of the particles, or even longer. In such situations pair-wise additivity
cannot be assumed and the calculation of many-body contributions
to the interactions is required for a quantitative description of
the aggregation behavior.56
The two contributions to the interaction free energy are:
(i) the attraction mediated by the hybridization of complementary strands tethered on diﬀerent colloids, and (ii) the repulsion
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due to the compression of the DNA brush between the two
surfaces.
The attractive contribution is the most diﬃcult to capture
quantitatively and requires a two-step calculation. First, one
needs to determine the free energy of hybridization for each
pair of interacting tethered sticky ends in the system. This
quantity diﬀers from the free energy of hybridization of nontethered (free in solution) sticky ends. Once the free energy of
hybridization for each pair of interacting sticky ends is known,
one needs to calculate the overall free energy of interaction
between two DNACCs.
5.1

Free energy of hybridization for tethered DNA

We consider two DNA sticky ends i and j grafted via inert
spacers. The sticky ends can be either grafted to the surface of
the same DNACC or to diﬀerent ones. The hybridization free
energy DGth
ij between such strands diﬀers for the same quantity
DG0ij calculated for sticky ends i, and j freely fluctuating strands
in solution. A number of authors10,11,15,25–27,29,33–36 have presented
the derivation of DGth
ij reported below.
The partition function for non-hybridized species i and j and
for the hybridized molecule ij, is:
QX ðNX ; VX ; TÞ ¼

X
ON
X
X
qN
int;X ;
3NX
L X NX !

(1)

where X = i, j, or ij. NX is the number of molecules, OX is the
available volume in the configurations space, LX = (2ph/mXkBT)1/2
is the de Broglie thermal wavelength, mX is the mass and qint,X is
the contribution coming from the internal degrees of freedom.
The free energy of hybridization is:
DGth
ij ¼ kB T ln




Qij
:
Qi Qj

(2)

By considering a single pair of sticky ends, i.e. Ni = Nj = Nij = 1,
we have:
Qij
Oij qint;ij Li 3 Lj 3
¼
:
Qi Qj 0 Oi Oj qint;i qint;j Lij 3

(3)

Eqn (2) and (3) can be further simplified. To do so, we consider
an equilibrium mixture of freely diﬀusive sticky ends i, j, and ij.
The equilibrium condition requires:

The quantity of the left-hand side of eqn (5) can be rewritten
in terms of DG0ij:


exp DG0ij =kB T
rij
¼
(6)
ri rj 0
r0
where r0 is a reference concentration. DG0ij can be evaluated via
the nearest-neighbors theory of SantaLucia,76 or measured
experimentally,10,11 and it can be rewritten separating the
enthalpic gain and the entropic penalty of hybridization:
DG0ij = DH0ij  TDS0ij.

(7)

By using eqn (2), (3), (5) and (6), we finally obtain the expression
for the free energy of hybridization between the two tethered
DNA strands:


Oij 1
th
0
DGij ¼ DGij  kB T ln
(8)
Oi Oj r0
We emphasize that by substituting eqn (5) into eqn (3) we have
assumed that the internal contributions qint,X are identical for
free and tethered molecules. Hence, eqn (8) can be rewritten as:
conf
).
(9)
DGth
ij = DH0  T (DS0 + DSij


Oij 1
conf
has a purely entropic origin
The term DSij ¼ kB ln
Oi Oj r0
and results from the change in the available volume of the
tethered sticky ends before and after hybridization. DSconf
goes
ij
to zero for Oij = Oi = Oj = 1/r0, recovering the result for nontethered strands.
The dependence of DNACCs interactions on the length and
rigidity of the inert spacers is entirely encoded in DSconf
. For
ij
example, we can consider the geometry sketched in Fig. 4, in
which the inert spacers are rigid dsDNA rods of length L. The
grafting points are assumed to exactly face each other on
the surfaces of two DNACCs held at distance h. In this case, the
phase-space volumes OX reduce to the volumes VX accessible to
the sticky ends, which are treated as point-like particles:10,11,27

Vi ¼ Vj ¼ 2pLh

for 0  h o L

Vi ¼ Vj ¼ 2pL2 for L  h o 2L
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
h
for 0  h o 2L:
Vij ¼ 2pL 1 
2L

(10)

The above equations can be generalized to all possible geometries
of grafting points, including the case of two strands grafted on

mi + mj = mij
(4)

@FX
are the chemical potentials and
where mX ¼
@NX P;T
FX = kBT ln QX are the free energies for each component. By
using eqn (1) and (4), and assuming that free molecules in
solution can explore the same volume V = Oi = Oj = Oij we obtain


rij
qint;ij Li 3 Lj 3
¼
qint;i qint;j Lij 3
ri rj
where rX = NX/V is the concentration of each component.
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(5)
Fig. 4 Configurational space available for (a) non-hybridized and (b) hybridized
complementary sticky ends with rigid spacers.
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the same colloid.25–27,33 For the case of sticky ends tethered via
flexible spacers, OX needs to be calculated via Monte Carlo
methods.33
DSconf
depends on the relative grafting position of the
ij
strands i and j and not only on the length and rigidity of the
spacers. Therefore, it should be calculated for each pair of
interacting strands. Alternatively, DSconf
can be replaced by an
ij
appropriate average or used as a fitting parameter.10,11

is very large, i.e. Nmax c 1, we still obtain Nmaxn exp(bDGhy) c 1
and eqn (12) and (13) can be rewritten as:
hNi ¼ Nmax nebDG

hy

(14)

hy

DFatt ¼  kB TNmax nebDG :
We note that in the intermediate regime
DFatt = kBThNi.
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5.2

(15)

Hybridization interaction between colloids

Eqn (9) is the general expression for the free energy of binding
of two tethered sticky ends. In this section we describe diﬀerent
strategies for the calculation of the binding free energy DFatt
between two DNACCs grafted with many strands for which the
hybridization free energies DGhy
ij are known.
The first approach we present was introduced by Chaikin
and coworkers.10,11,27 This method has the advantage of being
analytically tractable to a large extent and to provide physical
insight in the nature of the interactions. However, it is based on
implicit mean-field assumptions that are only valid for the case
of micron-size colloids with high coating densities.
Here we summarize the results obtained for the case of two
identical micron-sized colloids uniformly coated with DNA strands
carrying complementary sticky ends. A generalization to the case of
complex coatings with competing inter-colloid and intra-colloid
bonds has been presented by Leunissen et al.27
Let Nmax be the maximum number of bridges that can
possibly form between the two colloids, and n the average
number of possible binding partners for each strand. Nmax
and n can be analytically estimated for the case of micron-sized
colloids once the grafting density, the radius of the beads and
the length of the rigid dsDNA spacers are known. The partition
function of the two interacting colloids can then be written as:
!
N
max
Nmax
X
hy
Zatt ¼
nN eNbDG
N
N¼0
(11)

Nmax
hy
¼ 1 þ nebDG
;
where DGhy is an appropriate average of DGhy
ij over all the
involved grafting geometries. DFatt is then readily computable as:
hy

DFatt = kBTNmax ln(1 + nebDG ).

(12)

The intermediate regime is perhaps the most relevant in
experiments involving micron-size colloids, and eqn (15) is
sometimes erroneously regarded as general.
The partition function in eqn (11) relies on mean-field approximations, namely the assumption that all the Nmax strands involved
in the interaction are equivalent and can interact with n identical
near neighbors with the same hybridization free energy DGhy.
However, such a mean-field approach is only justified for the case
of micron-size colloids with a high coating density, and cannot be
generalized to the case of poorly grafted colloids or nanoparticles,
nor to the case of complex coatings in which the local composition
of the coating can fluctuate.
Recently, a more general approach to the modeling of DNAmediated colloidal interactions has been presented by Varilly et al.33
The authors derived a self-consistent theory that treats independently every strand in the system without mean-field assumptions.
Their theory can therefore be applied to DNA coatings of arbitrary
complexity as well as to any other valence-limited type of interaction.
Once the hybridization free energy DGth
ij is known for every
pair of strands in the system, the partition function can be
formally written as:
Zatt X Y bDGthij
¼
e
:
(16)
Z0
f ði;jÞ2f
Here, f is a particular configuration of the system corresponding to a list of bound strands (i, j), and Z0 is the partition
function of the reference state in which no strands are bound.
We can define Zi as the partition function of the system
for which the strand i is not bound. Analogously, the partition
function for which both the strands i and j are not bound is
Zi, j,. It follows that 8i:
X bDGth
ij Z
Z ¼ Zi þ
e
(17)
i;j :
j

The average number of bridges is also available as:
hy

hNi ¼ Nmax

nebDG
:
1 þ nebDGhy

(13)

DFatt and hNi depend on the distance between the colloids
surfaces through the parameters DGhy, Nmax and n. Three regimes
can be identified in the eqn (12) and (13): (i) the strong binding
regime in which n exp(bDGhy) c 1 and the maximum possible
number of bonds is formed, i.e. hNi = Nmax; (ii) a weak binding
regime for, Nmaxn exp(bDGhy) { 1, in which the probability of
forming even a single bond is low; (iii); an intermediate regime for
which the probability of formation of a single bond is low,
i.e. n exp(bDGhy) { 1, but since the number of possible bonds

Phys. Chem. Chem. Phys.

By noticing that pi = Zi/Z is the probability of the strand i to be
unbound, and by approximating pipj E Zi,j/Z, we can derive a
self-consistency condition for pi from eqn (17):
1

pi ¼
1þ

P

hy

ebDGij pj

(18)

:

j

The above set of equations can be solved iteratively or recast
into a minimization problem to calculate the set of pi.33
Once the pi are known, the probability for the two strands
th

i and j to be bound is given by pij ¼ pi pj ebDGij . The attractive
free energy between the colloids is then estimated by using
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thermodynamic integration.77 For instance, by introducing the
hy
integration parameter l, such that bDGhy
ij - bDGij + l, we have
Z(l - N) = Z0 and:
Z 0
@½ lnðZðlÞ=Z0 Þ
dl
bDFatt ¼
@l
1
(19)
Z 1
Z 1 X
dl
pij ðlÞ ¼ 
dlhNðlÞi
¼ 
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ioj

In a very recent development of the theory, Angioletti-Uberti
et al.78 found out the exact analytical solution of the integral in
eqn (19), which can be expressed as a function of the pis only.
The solution is remarkably simple and can be expressed in a
very compact way as:
bDFatt ¼

X
i

ln pi þ

X
ioj

pij ¼

X
i

1
ln pi þ ð1  pi Þ:
2

(20)

Eqn (20) is the result of an ensemble average of an appropriate
free-energy functional over all possible bonding configurations
of the system.78 Notably, the saddle point approximation used
to calculate this average involves a minimisation procedure,
which leads to the same self-consistent equations found in
ref. 33. Use of eqn (20) reduces the computational cost with
respect to numerical integration by orders of magnitude,
extending the practical range of applicability of the theory
developed by Varilly and coworkers to very complex and highly
inhomogeneous coating scenarios, including the case of mobile
linkers. Another important aspect of eqn (20) is that it makes
explicit the connection between this theory and previous
models found in the literature,11,15,30,34 such as those leading
to eqn (11) and (15); which were shown to be a special, limiting
case of the more general eqn (20).
We also mention an alternative approach to the calculation
of DFatt presented by Rogers and Crocker.34 This method is
based on the estimation of hNi and relies on eqn (15) to
calculate DFatt. Since eqn (15) is only valid in restricted regimes,
the method of Rogers and Crocker suﬀers from lack of generality
compared with the approaches presented above. The authors
assume that when two DNACCs coated with complementary
sticky ends A and B interact, the fraction of hybridized AB
strands can be calculated by modeling the hybridization reaction
as a standard equilibrium chemical reaction with non-uniform
concentration profiles for the reactants. By designating rA(r),
rB(r), and rAB(r) as the equilibrium concentration profiles of
the three species, and r0A(r) and r0B(r) as the concentration
profile of the unreacted species, we can write the set of
equations in the following way:
rAB ðrÞ ¼

rA ðrÞrB ðrÞ bDG0
AB
e
r0

r0A ðrÞ ¼ rA ðrÞ þ rAB ðrÞ

(21)

r0B ðrÞ ¼ rB ðrÞ þ rAB ðrÞ
The last two relations follow from the requirement that the
chemical equilibrium condition is fulfilled separately at each
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position r. This approximation has been defined as local
chemical equilibrium (LCE).35,36 The profiles of the unreacted
species r0A(r) and r0B(r) can be calculated by Monte Carlo
techniques for each value of the separation between the two
colloids, and the set of eqn. (21) can be solved for rAB(r).
Finally hNi can be estimated as:
Z
(22)
hNi ¼ drrAB ðrÞ;
and the attractive free energy can be calculated using eqn (15).
If a single type of linkage is present, the approach of Rogers and
Crocker predicts with quantitative accuracy the measured pairinteraction curves for micron- size DNACCs in the intermediate
regime. However, the method suﬀers from two main drawbacks:35,36 (i) the assumption of LCE requires that the initial
concentrations of reactants r0A(r) and r0B(r) are independent of
the degree of hybridization, which is only true if the binding
probability is very low; (ii) the use of eqn (15) is not general, but
only verified if the binding probability is low and the number of
possible bonds is large.
5.3

Steric repulsion

The second free-energy contribution in the interaction between
two DNACCs is the steric repulsion DFrep due to the confinement of DNA, or other polymers grafted to the colloidal surface.
At the experimentally relevant coating densities, the DNA–DNA
(polymer–polymer, or DNA–polymer) excluded volume is negligible
and the confinement is only due to the volume occupied by
the partner colloid. The general expression for the repulsive
free energy is:
!
X
Oi ðhÞ
bDFrep ðhÞ ¼ 
;
(23)
log
O0i
i
where the sum runs over all strands in the system. Oi(h) is the
configuration-space volume available to the strand i when the
distance between the surface of the two colloids is h and O0i is
the configuration-space volume for the case of isolated colloids.
When rigid spacers are used, Oi reduces to the volume Vi that is
accessible to the sticky end and DFrep can be calculated
analytically.10,11,25–27,29,33 By approximating Vi with eqn (10),
Dreyfus et al.11 worked out the analytical expression:
 
L
DFrep ¼ 2Nmax kB T ln
for h  L
h
(24)
0 for h o L;
which is valid for the case of micron-sized colloids.
For the case of flexible ssDNA spacers, Oi can be calculated
numerically by exploiting standard techniques in polymer
physics.33,34
5.4

Predicting melting curves

A number of authors tried to model the melting transition of
DNACCs and explain the shift in the melting temperature and
the sharpness of the transition found in comparison with
melting curves of ssDNA.10–14,79 Most of the community accepts
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that the reasons for these diﬀerences are: (i) the entropic
contribution to the free energy of hybridization for tethered
strands (see eqn (8) and (9)), and (ii) the combinatorial entropy
gain following the fact that many strands are involved in the
overall interaction. Schatz and coworkers12–14 also proposed
a neighboring-duplex cooperativity mechanism that could
sharpen the melting transition of nanoparticles aggregates at
high coating densities, i.e. when the distance between interparticle bridges is o5 nm. They suggest that when hybridized
DNA duplexes are within a certain distance, the overlap of the
ionic clouds surrounding the double helices produces a local
increase in the ionic strength. When one or a few of the duplexes
de-hybridize, the respective ions are released and free to diﬀuse
away. The remaining duplexes then experience a decrease in
the local ionic strength, which triggers their dissociation.
However, Lukatsky and Frenkel79–81 showed that the experimental results of Schatz and coworkers can be explained with
entropic cooperativity only, without invoking ion-mediated
interactions between duplexes.
In what follows, we briefly discuss the approach presented
by Chaikin et al.10,11 to the calculation of the melting curves.
The authors worked out an expression for the fraction f of
singlets (unbound colloids) within an equilibrium ensemble of
2D DNACCs clusters. The calculation is based on the cell model
developed by Sear82 and gives:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 2Kr  1 þ 4Kr
f ¼
:
(25)
2K 2 r2
In eqn (25), r is the overall concentration of colloids and K is
the equilibrium constant for the association/dissociation reaction of a single colloid with a cluster. K can be written as:
K¼

Aw zbDFtot
e 2
L4

(26)

where z is the average number of nearest-neighbor colloids
within a cluster, the parameter Aw is the area within which a
bound colloids can wiggle and L is a measure of the elementary
surface unit of the system. The authors used their analytical
expressions for DFatt (eqn (12)) and DFrep (eqn (24)) to
fit experimental melting curves with the predictions of
eqn (25) by using DSconf and Aw as fitting parameters.10,11 From
eqn (25) the melting temperature Tm of DNACCs is also available as the temperature at which f(T)|Tm = 1/2. By expanding

@f 
f as f ðTÞ  f ðTm Þ þ
ðT  Tm Þ we can also extract the
@T T¼Tm

@f 
. Exploiting
width of the melting transition as dTm 1 ¼
@T T¼Tm
the analytical description of Chaikin et al. it is then possible to
understand, which parameters influence Tm and dTm1.
Besides the expected dependence of Tm from the coating
density, the melting temperature is found to decrease when the
configurational entropy of hybridization DSconf increases. This
allows the possibility of tuning Tm by changing the length of the
inert spacers. The behaviour of dTm1 is more subtle. For the
cases in which few strands are involved in the inter-colloid
attractions, i.e. the case of nanoparticles or poorly coated
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microparticles, the melting occurs in the strong binding
regime, in which hNi E Nmax. In this regime dTm1 p Nmax1,
which explains the strong dependence of the melting transition
width on the DNA coverage found for nanoparticles. On the
other hand, for micron-size DNACCs with high density coatings
and many strands involved in the interactions, the melting
occurs in the weak binding regime, in which hNi { Nmax. In
this regime dTm1 will decrease only slightly upon increasing the
coating density (and therefore Nmax), as found experimentally.10,11
5.5

Computer simulations

The most accurate method to calculate pair-interactions
between DNACCs is via direct Monte Carlo (MC) simulations.
The advantage of the computational approach is the applicability to the cases of micro-25,26,29 and nano-colloids28,56 with
coatings of arbitrary complexity. Here we briefly summarize the
MC approach used by Frenkel and coworkers.25,26,29 The
authors consider the case of sticky ends tethered via dsDNA
spacers. The spacers are modeled as rigid rods of length L freely
pivoting around their grafting points and the sticky ends are
assumed to be point-like. The grafting points are Poissondistributed on flat or spherical surfaces at a given average
density. The minimum distance between the grafting points
is fixed according to the excluded volume of dsDNA.
The interaction energies are calculated for fixed distances
between the surfaces of two spheres or flat plates in the range
(0, 2L). Each MC move consists of randomly selecting one of the
strands i that could be either bound or unbound to a strand j1.
Then, all the possible binding partners j1,. . .,jn are identified
and the entropic correction to the hybridization free energy
conf
DSi;j
between i and each of the partners is calculated. The
k
0
conf
hybridization free energies are then DGth
i;jk ¼ DG  TDSi;jk ,

where the hybridization free energy of non-tethered sticky ends
DG0 is taken as a constant. The strand i is then bound to a
partner jk with probability:

pi;jk



exp bDGth
i;jk

;
¼
P
1 þ exp bDGth
i;jk

(27)

jl

or left unbound with probability:
pi;jk ¼

1þ

P
jl

1

:
exp bDGth
i;jk

(28)

The average number of bonds hNi is sampled and DFatt is
computed by thermodynamic integration77 using the hybridization free energy of non-tethered sticky ends DG0 as integration parameter:
bDFatt ¼ 

Z

0

DG0

0

dDG0 hNijDG0 0 :

(29)

The repulsive part of the attraction is calculated according to
eqn (23).
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Controlling the interactions

The first attempts of rationally designing DNA coatings based
on the refined theoretical and computer simulation techniques
presented above appeared in literature only very recently.
As stated in the introduction, one of the main obstacles to
achieve crystallization of micron-size DNACCs is the kinetic
arrest of the aggregates in disordered gel-like phases due to the
sharp temperature dependence of the DNA mediated interactions. Indeed, the crystallization of conventional DNACCs turns
out to be kinetically allowed only within a narrow temperature
window in which hybridization attraction is weak enough to
enable structural rearrangements of the aggregates.
Mognetti et al.26 proposed an original strategy to weaken the
temperature dependence of the hybridization mediated attraction and potentially broaden the crystallization window. The
authors performed computer simulations on a binary mixture
of colloids X and X 0 , each of them coated with two diﬀerent
strands: a and b for colloids X and a 0 and b 0 for colloids X 0 . The
0
sticky end a can bind to a 0 with a free energy DGhy
a and to b
hy
0
with free energy DGb . Analogously, the strand a can bind to b
0
with the same free energy DGhy
b . The hybridization of b with b is
forbidden. The sticky ends are assumed to be grafted via rigid
dsDNA spacers of length L. The a–a 0 bond is stronger compared
hy
to a–b 0 and a 0 –b, i.e. dDGhy = DGhy
b  DGa > 0. Therefore, the
0
melting temperature Ta of the a–a bonds is higher than Tb, the
one of a–b 0 and a 0 –b. At T > Ta none of the bonds can form [see
Fig. 5(a)], for Tb o T o Ta only the strong bonds can form [see
Fig. 5(b)], and for T o Tb both strong and weak bonds can form.
For each a–a 0 bond breaking, two weak bonds can form,
consequently, even though at T o Tb a single strong bond is
more favorable than a single weak bond, the system can be
designed such that two weak bonds are always more favorable
than a single strong one. In this way it is possible to trigger
the transition between strong and weak binding when the
temperature is lowered below Tb [see Fig. 5(c)]. In Fig. 6(a) we
sketch the temperature dependence of the number of strong
bonds Na and weak bonds Nb as a function of temperature. The
transition temperature between strong and weak bonds, that is
the temperature for which Na = Nb, decreases upon increasing
the free energy diﬀerence between weak and strong bonds
dDGhy. The strong-to-weak transition also results in a weakening
in the temperature dependence of the hybridization mediated
attraction between X and X 0 , as sketched in Fig. 6(b) where the
minimum DFmin of the interaction free energy between X and X 0
is plotted as a function of temperature.
Mognetti et al. also point out that by using diﬀerent spacer
lengths La (for a and a 0 ) and Lb (for b and b 0 ), combinatorial
entropy can be exploited to further enhance the strong-to-weak
transition. For example, we can consider a coating in which the
grafting densities of a (a 0 ) and b (b 0 ) are equal. By taking Lb > La,
the number of possible b 0 (b) binding partners of a single a (a 0 )
sticky end will be larger than the number of a 0 (a) partners.
In this way the weak bonds can be made entropically more
favorable for a fixed dDGhy.
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Fig. 5 Cartoon of the surface coatings designs and binding mechanism
proposed by Mognetti et al.26 (a)–(c) and by Angioletti-Uberti et al.25 (d)–(f).

Fig. 6 (a) Qualitative sketch of the temperature dependence of the number Na
of strong and Nb of weak bonds.26 (b) Qualitative sketch of the smoothing in the
temperature dependence of the DNACCs attraction strength resulting from the
competing linkages approach of Mognetti et al.26 Qualitative temperature
dependence of the interspecies (c) and intra-species (d) interactions for the
binary system designed by Angioletti-Uberti et al. The introduction of a fraction of
inert strand to the coating causes the interactions to become more repulsive and
eventually cancels out the intra-species attraction.

Angioletti-Uberti et al.25,83 demonstrated by computer simulations the possibility of designing a binary mixture of colloids
for which the crystallization is even more facilitated. Such a
system aggregates only within a specific temperature window,
in other words the aggregates can be melted upon cooling as
well as heating. The authors combined the competing-linkage
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approach26 with the idea of self-protected interactions proposed
by Leunissen and coworkers.27 They consider a design similar to
the one proposed by Mognetti et al.,26 with the only diﬀerence
that colloids X are coated with strands a and b 0 , and colloids X 0
are coated with a 0 and b, as sketched in Fig. 5(d)–(f). In this way,
the weak bonds a–b 0 and a 0 –b can occur between strands grafted
on the same colloid (loops) as well as on diﬀerent colloids of
the same species. The resulting binary mixture experiences a
peculiar temperature dependence of the interspecies (X–X 0 ) and
intra-species (X–X or X 0 –X 0 ) interactions. The interspecies attraction is caused by strong a–a 0 bonds and is therefore only active
for T o Ta [see Fig. 5(e)]. For T o Tb the strong bonds are
replaced by weak bonds forming loops within the same colloids
or intra-species bridges [see Fig. 5(f)]. Consequently, the X–X 0
interaction is attractive in the temperature window between Ta
and Tb, as sketched in Fig. 6(c). The magnitude of the interspecies attraction can be arbitrarily increased by increasing
dDGhy. The intra-species interaction is repulsive for T > Tb,
weakly attractive T o Tb and saturates to a constant value at
low temperatures, as shown in Fig. 6(d). It is however possible to
add a third inert DNA strand (g in Fig. 5) to the coating, which by
increasing steric repulsion, oﬀsets both interspecies and intraspecies interactions by the same value [see Fig. 6(c) and (d)]. By
properly choosing the (high enough) value of dDGhy and the
density of inter strands, it is possible to cancel the intra-species
attraction and keep at the same time a significant interspecies
attraction in the temperature window Tb o T o Ta.
Colloids thus designed, only aggregate in a defined
temperature window and the aggregates melt either on cooling
or heating, that is, the phase diagram of the binary mixture
shows a re-entrant fluid phase.25 Most important, the system
shows a very smooth temperature dependence of the interactions. The result is a substantial extension of the temperature
window in which the strength of interspecies attraction is
suitable for crystallization.25

6 Summary and outlook
Few years after the introduction of DNACCs, the initial enthusiasm
about the possibility of using base-pairing interaction to achieve
bottom-up assembly of mesoscopic building blocks in complex
structures seemed hampered by the complexity of the system.
Nevertheless, since then, reliable crystallization strategies of DNAcoated nanocolloids have been developed by more than one group,
achieving remarkable control over the crystal structure, the lattice
spacing, and other parameters.16,17,19,20,37,38,47,84,85 However,
technological applications such as photonic metamaterials
require the same level of control over the assembly of larger
building blocks, which seemed to represent an unrealistic
target using DNACCs.
In this article we described how experimental, theoretical
and computer simulations studies provided a deeper comprehension of the physical eﬀects controlling DNA mediated
colloidal interactions, and how new and rationally designed
DNA coatings can now be used to facilitate a wider range of selfassembly experiments.
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We also reported measurements on colloidal pair-potentials
and melting curves that demonstrated the extreme sensitivity
of the interactions between micron-sized DNACCs on environmental variables, especially temperature.10,11,15,27,34,41,42 These
findings clarify why in most experimental conditions aggregating colloidal mixtures kinetically arrest in amorphous phases,
even though the thermodynamic ground state is expected to
be ordered.
We described the most recent theoretical and computer
simulation studies that are able to reproduce experimental pair
potentials and melting curves and provide an invaluable tool to
develop advanced designs for DNA coatings.10,11,25,26,29,34–36
Important advances recently introduced include are: (i) understanding how length and rigidity of inert-spacers change the
entropic component in the hybridization free energy of two
sticky ends; (ii) clarifying the role played by the combinatorial
entropy following the possibility for one strand to bind to more
than a single partner; (iii) introducing the idea of competing
linkages to manipulate the temperature dependence of the
interactions.
Computer simulations-based studies, already demonstrated
that complex coatings with carefully tuned parameters oﬀer the
possibility of largely increasing the tendency of micron-sized
DNACCs to crystallize.25 Experimental research groups are
presently working to apply the suggested ideas with renewed
enthusiasm.
Though general theories, like the one presented by Varilly
and coworkers,33 allow the calculation of pair-potentials for
coatings of arbitrary complexity, only a small fraction of this
vast parameters-space has been explored so far. By using, for
example, more than two competing linkages per colloids, the
temperature dependence of DNA mediated interactions could
be further manipulated and complex phase diagrams with
multiple ordered phases are likely to be observed. Also, very
little has been done in studying mixtures with more than two
components, or of binary mixtures in which the two species
have diﬀerent sizes or density. Also, DNA mediated assembly of
non-spherical colloids is still at its infancy.
Further, more complex scenarios can be investigated by
controlling the directionality of DNA-mediated interactions
as well as their selectivity and temperature dependence. The
surface of the colloids can indeed be patterned in order to graft
DNA only on selected patches.86,87 Recent work by Pine
and coworkers demonstrated a strategy to create colloidal
analogues of atoms with valence and directional bonding by
controlling the number and orientation of DNA patches on the
colloid.
The list of possible variations is endless and the newly
achieved control over the interactions just opened the door to
their investigation.
We conclude this article by suggesting a possible application
for DNACCs, which has so far been ignored. Most of the eﬀorts
up to this point have been devoted to induce ordered aggregates with lattice spacings on the scale of tens of nanometer up
to several micrometer. Amorphous aggregates have often been
regarded as unwanted byproducts. However, the investigation
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of arrested colloidal phases, that is, gels and glasses, represents
one of the hottest areas in soft matter and bio-physics
research.88–90 In our opinion, DNA coated colloids, with the
new possibility of precisely controlling the interactions, represent an invaluable tool for the experimental investigation of
such poorly understood arrested states of matter. For instance,
DNACCs turn out to be excellent gel formers, in which the
interaction causing the gelation can be switched on and oﬀ
almost instantaneously by changing the temperature by a few
degrees. Combined with the possibility of building patchy
DNACCs, this will allow the experimental investigation of gelforming ensembles of patchy particles.90–92
Moreover, using DNACCs we have the unprecedented
possibility of studying multi-component arrested colloidal
states, in which the interactions between diﬀerent components
can be designed independently of the others and the morphology (i.e. the gels average pore size) can be fully controlled. In
collaboration with Foﬃ and coworkers, we began to explore
these possibilities by designing a binary mixture of DNACCs in
which intraspecies interactions are strongly attractive whereas
inter-species interactions are purely repulsive.93 Upon cooling
below the aggregation temperature, the mixture undergoes an
arrested demixing leading to the formation of two coexisting, yet
spatially independent, colloidal gels. These structures, assembled
with isotropic interactions, resemble for example the doublepercolating gels found in computer simulations using patchy
particles,91,92 but may also be of relevance in the understanding
of protein aggregation on cell membranes.
Beyond the fundamental physical interest in the arrested
demixing process, bigels and multi-component colloidal gels
held together by DNA represent a new whole class of mesoporous
materials with potential technological applications in conductive
networks, battery manufacture, hybrid semiconductors and
photonic band-gap materials. The tip of the iceberg has been
sighted – now we need to discover what lies beneath.
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