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The proper design of DNA sequences allows for the formation of well de-
fined supramolecular units with controlled interactions via a consecution of self-
assembling processes. Here, we benefit from the controlled DNA self-assembly
to experimentally realize particles with well defined valence, namely tetravalent
nanostars (A) and bivalent chains (B). We specifically focus on the case in which
A particles can only bind to B particles, via appropriately designed sticky-end se-
quences. Hence AA and BB bonds are not allowed. Such a binary mixture system
reproduces with DNA-based particles the physics of poly-functional condensation,
with an exquisite control over the bonding process, tuned by the ratio, r, between
B and A units and by the temperature, T . We report dynamic light scattering ex-
periments in a window of T s ranging from 10°C to 55°C and an interval of r around
the percolation transition to quantify the decay of the density correlation for the
different cases. At low T , when all possible bonds are formed, the system behaves
as a fully bonded network, as a percolating gel and as a cluster fluid depending on
the selected r.

Keywords: DNA constructs, dynamic light scattering, gels, percolation, self-
assembly

I. INTRODUCTION

Starting from the seminal work of Seeman1, several complex all DNA-made nanoparticles
have been designed and realized in the laboratories. These novel colloidal particles have
potential applications in several fields due to their ability to operate at the nanoscale2,3. The
possibility to selectively control the binding of complementary sequences and the different
pairing ability of strands with different number of nucleotides are key elements in DNA
design.

Beside technological applications, DNA-made particles can be tailored to convert in
charta or in silico intuitions into experimental realizations4,5. Indeed, it is not only possible
to design the particles and their relative interactions with exquisite precision, but it is also
feasible, exploiting self-assembly, to create them in bulk quantities and investigate their
collective behavior. One interesting field of application is the physics of patchy colloids,
particles interacting with a limited number of neighbours due to selective lock-and-key type
binding. These particles have stimulated a broad research for the peculiarities of their phase
diagrams and unconventional physical properties6–12. The performance of these patchy-
systems is strongly related to the number of patches present on particles’ surfaces. In the
single-bond-per-patch condition, the number of patches determines the maximum number of
bonds that particles are able to form and thus it is also referred to as valence f . For example,
theoretical studies suggest that f controls the width of the gas-liquid phase separation13,14.
By reducing f , the phase separation boundary shifts to small densities, opening a density
region in which, at low enough temperatures (T ), an ”empty” homogeneous arrested state,
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or gel, is formed13. Interestingly, it has been recently suggested that the evolutionary pro-
cess has exploited the different gelation ability of proteins with small valence to construct
self-assembled biologically-relevant optical devices15. Beside proteins, concepts developed
for patchy colloidal particles also apply16 to telechelic and poly-functional polymers, car-
rying complementary end-groups, which have been investigated with the aim of controlling
the strength of the resulting gel17,18.

Previous experimental studies have shown the suitability of DNA to produce bulk quan-
tities of particles in the lab to investigate the influence of f on the phase diagram of patchy
colloids 4,19. Moreover, experimental studies of binary mixtures of DNA particles of valence
one and valence four have been able to reproduce with high fidelity theoretical predictions11
even for unconventional re-entrant gels, capitalizing on the competition between different
bonding sequences19. Here, we demonstrate how to design and implement an all-DNA
system that constitutes the colloidal analog of poly-functional condensation but with the
additional control of thermal reversibility and/or bond lifetime. This is a desirable step
in the design of biocompatible systems with innovative dynamic properties such as DNA-
vitrimers20, networks with self-healing properties21,22. It also constitutes an advantageous
stage for testing recent predictions on the long-range nature of the effective interaction be-
tween colloidal particles immersed in a solution which is itself close to percolation23. For
this case, the ability to control the lifetime of the clusters is crucial24.

We investigate, via dynamic light scattering (DLS), a binary mixture of valence four (A)
and valence two (B) DNA particles, with selective AB bonds for different ratios r ≡ NB/NA,
where NA(NB) indicates the number of A (B) particles (see Fig. 1-(a-b)). Specifically, we
demonstrate, guided by the Flory-Stockmayer polymerization models25,26, how either liquid
or gel states can be produced by tuning r. Indeed, for the stoichiometric composition r = 2
(in which there are two B for each A), every B acts as a bridge between As and, at low T
when all possible bonds are formed, the system gels in a tetravalent structure. On increasing
the concentration of Bs, the network starts to break. At this point, some of the Bs are
connected to only one A particle, preventing the bridging between the tetravalent nodes
of the network. For a critical r, the system reaches the percolation point where a highly
polydisperse cluster size distribution is present. On further increasing the number of B
respect to that of A, the system becomes composed by isolated finite size clusters. DLS
provides a clear quantification of these structural changes.

Different from covalently bonded systems we are able to control, by changing T , the AB
bond lifetime, being thus able to observe the cross-over between physical and chemical gels.

II. MATERIALS AND METHODS

Materials and Sample preparation

Tetravalent A nanostars are assembled by mixing in solution equimolar quantities of four
different DNA single strands (ss-DNA) (Seq. A1-A4, in Fig. 2) while bivalent B particles
by two ss-DNA (Seq. B1-B2). As shown in Fig. 1 (a) the A nanostars are an artificial
replication of the 4-way DNA intermediates or Holliday junctions27,28 which play a key role
in homologous recombination and DNA repair and which have been of particular interest
for biological studies29,30. Differently from the biological relevant cases, the base sequences
departing from the junction are asymmetric, preventing the sliding of the junction and thus
locking the strands in the desired position. Following previous studies4,31–33, the designed
sequences incorporate a structural component which determines the particle formation and
a binding component (the sticky-end sequence) designed to allow interparticle linking, but
only between A and B. Indeed, each arm of the nanostar is composed by two complementary
sequences, marked with the same color, of 20 nucleotides, while B particles are constituted
by a double strand (ds-DNA) composed of 21-bases. Since the persistence length of ds-
DNA is about 150 nucleotides, the B particle can be considered as a rigid rod. The two
adenine nucleotides in the A1−A4 sequences labeled in red in Fig. 2) have no complementary
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FIG. 1. Representation of the DNA-made particles, highlighting how the different single strands
bind to form (a) the tetra A and (b) the bifunctional B particles. In the (c) pane the A and B
particles are shown bonded via the sticky-end sequence. (d) Schematic representation of the system
beyond the percolation threshold (r < 6.0). The A-particles in the spanning percolating cluster are
colored in red, clusters with one A particle in green, clusters with two A particles in orange and
clusters with three A particles in golden yellow. The B particles linked to tetramers are plotted in
blue while the non-bonded B particles are represented in black.

FIG. 2. Sequences of DNA used in this study.

partners in other sequences. Their role is to provide flexibility to the core of the A particle4.
The melting T (Tm) at which ss-DNA sequences pair to form ds-DNA is determined by the
number of nucleotides in the bonding sequence. Since the lengths of the binding parts of
the ssDNA are comparable, both A and B particles are formed at approximately the same
T (65°C). Both A and B ends terminate with an 8-bases (emboldened in Fig. 2) long sticky
sequence preceded by an extra adenine nucleotide which permits the sticky-ends to bend
and to rotate, easing the linking between A and B binding sites. The smaller number of
nucleotides of the sticky-ends forces the A−B bonds to start forming well below 65°C, e.g.
after the A and B structures have properly self-assembled.

Fig. 1(a-c) shows the three-dimensional representation of the two particles and of their
binding.

The presence of the adenines at the center of the sequences generates a significant flex-
ibility of the nanostar arms. Thus we can not exclude the possibility that both ends of a
bridge particle bind with two different arms of the same nanostar. This case constitutes the
simplest example of a intra-cluster bond, a possibility which is not included in the loop-free
calculations of Flory and Stockmayer34. This type of intra-cluster link is expected to be
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more frequent at low concentration, when the probability of encountering distinct bridge
particles is decreased and in the limit of small ratio of bridges to nanostars. Since we work at
large concentrations (see Table I) and in the limit of large ratio of bridges to nanostars, the
presence of such configuration is expected to be rear. We also note that such intra-cluster
bond transforms a nanostar into a bridge, essentially acting as a minor renormalization of
the ratio r.

DNA was provided by Integrated DNA Technologies (IDT) with PAGE purification.
Equimolar concentrations of A and B ss-DNA sequences were mixed in deionized and fil-
tered H2O and NaCl buffer, to prepare initial volumes of solutions of A and B particles, at
concentrations of 191 µM and 652 µM, respectively. Nanodrop35 measurements confirmed
the lack of contaminants. The final NaCl concentration was fixed at 200 mM. A centrifu-
gation process ran at 25°C/4.4 krpm for 10 minutes facilitated the complete solution of the
DNA strands in the buffer. Subsequently, each sample was kept 20 minutes at 90°C before
being slowly cooled down back to room T overnight.

We prepared 4 samples at r = 9.0, 4.9, 6.0 and 2.0. In all samples, the concentration
of the total number of particles has been fixed at the value ≈ 2.4 1020 per litre. Table I
provides detailed information on the prepared samples.

We performed experiments in the region of concentrations where the system is homoge-
neous. It has been recently demonstrated that particles with small valence do phase separate
in gas-like and liquid-like regions but only in a very limited range of concentrations13. The
phase diagram for the studied mixture has been calculated within the Wertheim formal-
ism36,37, confirming that the phase-separation region is limited to concentrations lower than
the one of the fully bonded network38. To provide a feeling of the values of the selected
concentrations consider that a fully bonded (r = 2.0) diamond-like structure composed by
tetrahedral particles linked by the bifunctional ones (as silicon and oxygen in silica for ex-
ample) would require a total molar concentration of particles (both A and B) of ≈ 400µM.
Thus, all investigated samples do not suffer from phase-separation38 being well inside the
equilibrium-gel region14.

Dynamic Light Scattering

DLS measures the intensity correlation functions g2(q; t). Experiments were performed
at a fixed angle θ = 90° on a setup composed by a Newport 633 nm He-Ne laser (source
power 17 mW) and a Brookhaven Inst. correlator. Volumes of 45 µl for every sample
were held in borosilicate glass tubes with internal radius of 1.5 mm and immersed in a
water bath connected to a thermostat. Thermalisation intervals between 30 and 40 minutes
were considered to optimise the proper stabilisation of the samples at every T , followed
by measurements of 25-30 minutes. The electric field correlation function g1(q; t) can be
estimated via the Siegert relation39

g2(q; t) = 1 + β|g1(q; t)|2, (1)

where β represents the experimental coherence factor.

DNA melting curves

An additional gain of working with DNA nanoparticles is the well characterized ther-
modynamic binding behavior of DNA sequences41. This allows us to properly select the
binding temperature of the sticky sequence, controlling the AB bonds. The T dependence
of the bonded fraction of A and B sticky-ends pA and pB can be quite accurately esti-
mated exploiting the Santalucia thermodynamic formulation41 as coded for example in the
open access NUPACK42 oligo-calculator. Using as input to NUPACK the concentration
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TABLE I. Relative ratios r ≡ NB/NA, composition x ≡ NA/(NA + NB), and corresponding
concentrations ρA and ρB for each sample. The last three columns report mean-field theoretical
predictions40 for the case when all possible bonds are formed (low T ): (i) the fraction of bonded
B interacting sites pB ; (ii) the mean number of A particles in finite size clusters (MCS) and the
fraction of A particles in the infinite cluster P∞.

r x ρA (µM) ρB (µM) pB MCS P∞
9.0 0.10 39.76 357.86 0.22 3.7 0
6.0 0.14 56.46 341.16 0.33 77 0
4.9 0.17 67.59 330.03 0.40 5.9 0.59
2.0 0.33 132.54 265.08 1.0 0 1

of A and B sticky sequences and the 200 mM NaCl salt concentration, the program pro-
vides the T -dependence of the fraction of unbonded pairs funb which easily transforms
to pA = (1 − funb)(0.5 + r) and pB = 2pA/r (see Sec. III). Fig. 3 shows the predicted
T -dependence of pA for the investigated samples. pA changes from 0 to 1 in a small T
interval, centred around 60°C, with a width of about 20°C. There is a weak dependence
on r originating from the progressive larger amount of B particles on increasing r. Below
T = 40°C, pA has reached its asymptotic unit value indicating that at this T essentially all
possible bonds in the system are formed.

10 20 30 40 50 60 70 80
T (°C)

0.0

0.2

0.4

0.6

0.8

1.0

p A

r = 9.0
r = 6.0
r = 4.9
r = 2.0

FIG. 3. Probability of observing a A binding site involved in a AB bond as a function of T ,
evaluated according to the SantaLucia thermodynamic formulation41 for different ratios r

.

III. THEORETICAL BACKGROUND: THE A4 −B2 MIXTURES WITH ONLY AB BONDS

To grasp the motivation behind the selected values of r, we briefly review the seminal
work by Flory25 and Stockmayer26 on the condensation of polyfunctional molecules as a
function of the extent of reaction. In order to better link this theoretical formalism with
our experimental research it is desirable to introduce the composition x of the system as
the fraction of A particles present in the system, x ≡ NA/(NA + NB). The values of x
are listed in Table I and are related to the ratio according to r = (1 − x)/x. Neglecting
the formation of close loops of bonds (what today we identify with the Bethe lattice43)
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Flory and Stockmayer were able to provide mean-field predictions for the location of the
percolation (gelation) transition and for the evolution of the cluster size distribution. During
the years, they focused on several chemical reaction types, including mixtures of particles
of different type and functionality34. An interesting case is offered by the binary mixture of
particles with functionality f (f = 4 in the present study) and particles with functionality
two when only AB bonds are present. When this is the case, the composition of the system
is defined by the number of particles of each type NA and NB and by the probabilities that
a randomly selected A or B binding site is involved in a bond pA and pB . Since each bond
involves one A and one B bonding site, pA and pB can be calculated as

pA =
Nbonds
4NA

pB =
Nbonds
2NB

(2)

where Nbonds indicates the total number of formed bonds. Thus, the presence of only AB
bonds fixes a connection between pA and pB through the total number of bonds

pB =
2pANA
NB

=
2pA
r

(3)

The fully bonded network condition (when all bonding sites are involved in bonds) requires
both pA = 1 and pB = 1 and hence rfb = 2.0. Another important relative composition
is provided by the percolation threshold, when an infinite spanning cluster first forms. As
shown in Ref.40, this specific point is

pApB =
1

(f − 1)
. (4)

An interesting case is the one for which the reaction has proceeded to completion, e.g.
when all possible bonds are formed. This is the infinite time limit in poly-functional conden-
sation. When r = rfb, this corresponds to a perfect network, in which all possible binding
sites are engaged into bonds. For larger values of r, all A binding sites remain bonded while
some of the B sites do not participate into bonds. In all these cases (r > rfb), pA = 1 and
thus pB = 2/r. Similarly, when r < rfb all B sites are bonded, pB = 1 and pA = r/2.
When all possible bonds are formed, percolation is thus achieved at r = 2/3 and r = 6.
For intermediate values of r, an infinite spanning cluster is present whereas for values of r
outside this interval, the system is composed by polydisperse clusters of finite size.

The cluster size distribution N(n, l), according to Stockmayer40 is, indicating with n the
number of particles in the cluster of type A and with l the number of particles in the cluster
of type B,

N(n, l) = fNA
(1− pA)(1− pB)

pB
(fn− n)!(2l − l)!

(fn− n− l + 1)!(2l − l − n+ 1)!n!l!
xnfx

l
2

where

xf = pB
(1− pA)(f−1)

(1− pB)

x2 = pA
(1− pB)
(1− pA)

Note that n − 1 ≤ l ≤ 1 + 2n. In addition, when pA = 1 the value of l is slaved to the
value of n by the relation l = 3n+1. From Eq. 5 it is possible to evaluate the mean cluster
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size MCS and the fraction of particles in the infinite cluster P∞ (the gel). These data for
the studied systems are also reported in Table I.

The mean field predictions presented above, based on the absence of loops of bonds in
finite size clusters, are bound to fail close to the percolation threshold where the cluster
distribution function must deviate from the mean field predictions to acquire the scaling
behavior characteristic of the percolation universality class44. How close the system must
be to percolation to feel the non-mean field effects (the Ginzburg criterium44) is a system
dependent property. It has been speculated that in the case of low valence colloidal particles,
the mean field predictions are rather robust45. In the Appendix we report comparisons
between Eq. 5 and Monte Carlo simulations at the same r values experimentally studied to
provide evidence that in this small valence systems, the mean field predictions are sufficiently
accurate (especially far from percolation) to guide the interpretation of the experimental
results.

IV. RESULTS AND DISCUSSION

As previously discussed, on decreasing r, the sample changes from a collection of diffusing
clusters to a percolating system and finally to a fully bonded network. The number of bonds
in the system, quantified by pA and pB , is T dependent. Still, as shown in Fig. 3, pA changes
from 0 to 1 in a small T interval. Below 40°C, all changes in the dynamics can be attributed
to the opening and closing of the bonds and the associated reshuffling of the clusters. The
lifetime of the bonds is itself T dependence and it follows an Arrhenius law with an activation
enthalpy proportional to the number of bases in the sticky sequence46,47.

Fig. 4 shows the "fluid" case r = 9.0. For this r value, even when all bonds are formed,
the large amount of B particles prevents the formation of large clusters. The cluster size
distribution (Eq. 5) predicts that essentially most A particles are involved in small aggre-
gates, coexisting with several isolated B particles. The MCS (see Table I) indicates that
the average cluster is composed by about three A particles. Indeed, we observe that the
correlation function does not significantly vary with T and it approaches zero at about
104µs, consistent with the expectation that the clusters in the system are of limited size
and do not grow on cooling.

The sample at r = 6.0 corresponds to six B particles for each A particle. This r value
has been selected since, according to mean-field predictions (Eq. 4), when all possible bonds
are formed, the system is close to percolation and thus composed by highly polydisperse
clusters, power-law distributed in size. Different from cases in which percolation results as
an effect of an irreversible polymerization process (and as such controlled by curing time),
here we tune the ratio r between B and A particles to approach the percolation point. At
low T , when the lifetime of the bonds is larger than the experimental time, the system is
expected to behave as a chemical gel at percolation45,48,49. The corresponding DLS results
are presented in Fig. 5. At the highest T (T > 53°C), the density fluctuations still decay at
times comparable to those observed in the sample at r = 9.0 previously discussed. However,
when T < 50°C the initial decay (which is possibly associated to the excess free B particles
and to the vibrational motion within clusters), is followed by a clear logarithmic decay
which extends for several decades, a signature of a highly polydisperse system.

DLS techniques have been successfully applied to investigate gelation in chemical and
physical gels50–54. In the limit of very dilute samples, when correlation between different
clusters can be neglected, the DLS correlation function can be interpreted as resulting by
the diffusive motion of the clusters (e.g. the self-component of the collective behavior). Un-
der these conditions, the self-similarity in the cluster size, coupled to the scaling behavior of
the cluster diffusion coefficient and of the size dependence of the cluster scattering intensity
generates a very wide (often power-law) decay of the density fluctuations50. When cluster
interactions are present the correlation function retains its very wide spectrum of decay
times which can manifest as a power-law, a logarithmic behavior or a stretched exponen-
tial decay with small stretching exponent55. Our sample has a non-negligible density and
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t (µs)
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0.2

0.4
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0.8
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11.7°C
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FIG. 4. DLS measurements at r = 9.0 where a liquid-like behavior is observed for every T .

100 101 102 103 104 105

t (µs)

0.0

0.2

0.4

0.6

0.8

1.0

g 2 20.1°C
25.1°C
29.9°C
34.7°C
38.9°C
43.7°C
48.5°C
53.3°C
57.4°C

FIG. 5. DLS measurements at r = 6.0. Note that below 50°C all curves follow a logarithmic
decay.

cluster-cluster excluded volume interactions prevent the possibility of describing the system
as an ideal gas of polydisperse clusters and as such the decay of the correlation function
can not be written as a sum of a independent decays. Still, the large polydispersity char-
acterizing the proximity of the percolation point reveals itself in the observed logarithmic
decay.

The third sample, prepared with r = 4.9, is beyond the percolation threshold. The
system is composed by a spanning cluster complemented by a polydisperse set of finite size
clusters, composing the sol fraction. According to Eq. 5, at low T the average number of
A particles in finite size clusters is about six (see Table I), while the fraction of A particles
in the infinite cluster is about 59%. The corresponding measured correlation functions are
displayed in Fig. 6. Again, at T > 50°C, most of the particles are isolated, or forming
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FIG. 6. DLS measurements at r = 4.9 where the system is beyond percolation.
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FIG. 7. DLS measurements at r = 2.0 where the system continuously evolves from a liquid-
like behavior at high T to a gel at lower T . The relaxation time increases more than 3 orders of
magnitude, while the plateau increases its height.

unconnected small clusters, and so the density fluctuations decorrelate at times comparable
to those measured at the same T in all studied samples. The mixed nature of the sample
(sol+gel) determines a complex shape of the correlation function, in which the logarithmic
decay, which we attribute to the diffusion of the finite size clusters, is complemented by a
more exponential decay originating from the gel component.

Finally, Fig. 7 shows the case for r = 2.0, matching the stoichiometry of the system
with the particles valences. For this r, at low T all particles belong to the infinite cluster.
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3.00 3.10 3.20 3.30 3.40 3.50
1000/T (K-1)

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

τ 
(s

)

Fast (Heating)
Slow (Heating)
Fast (Cooling)
Slow (Cooling)

∆H ~ 66 +/- 4 kcal/mol

20
°C

15
°C

~2 min

~10 min

FIG. 8. Decay times τf and τs as a function of T of the xfb system. Results on heating (red) and
on cooling (blue) are reported. τs (full circles) follows an Arrhenius behavior while τf (full squares)
does not show any detectable T dependence. Arrhenius fit to τs are indicated with dashed lines.
The green and yellow shaded surfaces indicates the 2 and 10 minutes timescales, corresponding to
T = 20°C and 15°C.

The decay of the correlation function closely reproduces the one previously measured in a
one-component valence-four DNA nanostar system in which the sticky-end sequence was
selected to be self-complementary, enabling bonding among identical particles4. In the
present experiment the bond between A particles is mediated by the presence of the B
particles. Despite this difference, the decay of the correlation function is very similar,
displaying a two-step relaxation process (a fast and a slow process) in which the slow decay
time progressively increases on cooling. We first note that experiments in this sample are
limited to T > 36°C. For smaller T , the characteristic time becomes longer than a few
seconds, which is the maximum time accessible with our light scattering apparatus. This
indicates that for T < 36°C we can consider the system as non-restructuring for the duration
of the measurement (chemical gel). As in Ref. 4, the correlation functions can be fitted as

g1(τ) = (1− α) exp
[
−
(
τ

τf

)]
+ α exp

[
−
(
τ

τs

)βs
]
, (5)

where α is the amplitude of the slow process and τf , τs and βs stand for the fast and slow
relaxation times and for the stretching exponential factor, respectively. In agreement with
the valence-four nanostar case4,5 βs is comprised in the range 0.63−0.79. Also in agreement
with previous data, the fast relaxation mode does not show any significant dependence on
T , while τs follows an Arrhenius dependence (Fig. 8). The associated activation energy,
≈ 66 ± 5 kcal/mol, has a value comparable with the Gibbs free energy associated to the
breaking/formation of the AB bonds (69 kcal/mol41). For our purposes it is important to
note that the slowing down of the dynamics reflects the progressive increase in the bond
lifetime. Indeed, the bond breaking and reforming processes constitute the elementary steps
by which the local topology of the network changes, allowing the relaxation of the density
fluctuations56.
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FIG. 9. DLS measurements at T = 58°C. The decay of the correlation is rather insensitive to r.
Measurements at T = 58°C after heating from 10°C are displayed in the inset.
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0.4
0.6
0.8
1.0

Heating

FIG. 10. DLS measurements at T = 35°C. At this T all possible AB bonds are formed. Measure-
ments at 35°C after heating the samples up from 10°C are displayed in the inset.

Next we compare the decay of the correlation functions at different r but at the same T ,
to attempt to disentangle the role of the network connectivity from the role of the bond
lifetime. In Fig. 9 and Fig. 10 we show two different T values, one corresponding to a
high T (58°C) where only a fraction of the possible bonds are formed (see Fig. 3) and one
corresponding to 35°C. In the latter case, the structural evolution of the system is already
completed and the only dynamic events altering the clusters connectivity are related to
breaking and reforming of bonds. The value of τs measured in the r = 2.0 case at this two
T s, an estimate of the bond lifetime, are respectively 103µs and 106µs. Fig. 9 demonstrates
that the decay of the correlation functions at this T is very similar in all samples. This is
consistent with the idea that, independently of r, the clusters are small and they change
their identity due to the fast bond breaking, well within the experimental sampled time
window. Fig. 10 shows the case of T = 35°C. Here extremely diversified behaviors can be
observed: the cross-over from a liquid (sol) to a fully bonded network state, through the
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percolation threshold is spelled out. The fast decay observed for r = 9.0, indicating the
presence of small clusters, turns into a remarkable logarithmic decay when r is close to
the percolation transition, changing finally into a two-step relaxation process for smaller r,
when a gel component is present.

We have repeated the experimental study on the same samples following an inverted
thermalisation route, ten days after the original measurements. Starting from low T the
samples were progressively thermalised on heating, up to 57°C. The insets of Fig. 9 and
Fig. 10 show a satisfactory agreement between cooling and heating ramps, demonstrating
the equilibrium nature of the systems, supporting that the all-DNA design here presented
is completely thermoreversible.

V. SUMMARY AND CONCLUSIONS

We have demonstrated how DNA-made particles can be designed and created in the lab
to closely behave as tetra- and bi-functional units for which it is possible to control selective
binding (AB binding in the present case) as well as the T at which the fully reversible
binding process takes place. Specifically, we select four complementary single strands of
DNA to self-assemble tetravalent A nanostars and two sequences to compose the bivalent B
particles. The B particles act as bridges which connect A particles via complementary sticky
overhangs attached to the particle arms. The investigated system provides the (reversible)
colloidal analog of the (irreversible) A4−B2 polyfunctional polymerization condensation44.
By modulating the ratio of A and B particles we have investigated different states on the
sol-gel route, from a fluid of small clusters to a fully bonded stoichiometric gel. In addition,
by selecting the binding temperature between 40 and 60°C, we have investigated both the
effect of progressive bond formation as well as the almost chemical case, where the bond
lifetime becomes longer than the accessible experimental observation time window.

Guided by the mean-field predictions of the classical models of Flory and Stockmayer40
(and corroborated by the comparison with simulation data reported in the Appendix), we
have performed light scattering experiments, probing the decay of density fluctuations. We
have observed on cooling a progressive slowing down of the dynamics associated to the
formation of larger and larger clusters. Below 40°C, when all possible bonds are formed,
the structural evolution of the system is completed and the dynamics becomes controlled by
the bond lifetime, which is represented by an Arrhenius T -dependence with an activation
energy fixed by the number of base pairs of the sticky-end sequence. Around percolation,
we observe a very clear logarithmic decay of the correlation function. This functional
form is observed also in glass-forming systems when different competing arrest mechanisms
are present57–60. Logarithmic decays have also been reported in mixtures of polymeric
systems61 and in glassy wormlike chain polymers62. Finally, in the fully bonded case we
observe a clear two-step relaxation process. All percolating samples are examples of low
valence equilibrium gel-forming systems14, fully reversible with T .

In conclusion we observe that the condition of full bonding is achieved in the present
DNA system for T < 40°C (Fig. 3). According to the measure activation enthalpy, below
T < 15°C, the bond lifetime is longer than ten minutes, effectively transforming the system
in a stable chemical gel. Different from the chemical case, in which aggregation is irreversible
and stresses are frozen in, here the process is fully reversible and a slow annealing allows
the system to sample equilibrium stress-free configurations. We expect these results to
be interesting for further investigations, specifically in the bottom-up self-assembling of
biocompatible nanomaterials, in DNA-based plastics20, and in all cases in which a medium
close to percolation is demanded23.
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FIG. 11. Cluster size distribution N(s)/N for r = 9.0, 6.0 and 4.9 for ρσ3 = 0.05 and kBT/ε = 0.1
as function of the number of particles in the cluster s. Large black symbols denote Flory-Stockmayer
(FS) theoretical predictions (Eq. 5) while smaller red symbols denote the Monte Carlo results. The
curves for r=9.0 have been divided by 100 while the curves for r=4.9 have been multiplied by
100 to improve visibility of the comparison. The non-monotonic behavior as small cluster size s
originates by the smaller probability of observing clusters with un-bonded A binding sites.

VI. APPENDIX

In this Appendix we report a comparison between a Monte Carlo simulation of a binary
mixture of patchy particles with valence four and two and the Stockmayer theoretical pre-
dictions (Eq. 5) with the aim of accessing the quality of the theoretical predictions and the
possibility to build on the theoretical data to interpret the experimental results.

In the simulation the particles are modelled as patchy spheres of diameter σ with patches
arranged in tetrahedral (A) and polar (B) geometry. Particles interact via the widely used
Kern-Frenkel model63. The angular square-well is defined by an opening angle cos θ = 0.92,
a width 0.15σ, and a depth ε. We investigate N = 50000 particles in a cubic box of
size L = 100σ (corresponding to a number density ρσ3 = 0.05) with periodic boundary
conditions at three of the r values studied in the experiments. Finally, to sample a reasonable
number of distinct configurations, we fix kBT/ε = 0.1, corresponding to pA > 0.8. A cluster
algorithm is used to identify the clusters of bonded particles and their distribution. The
number of bonds observed in equilibrium in the simulation (which coincides rather precisely
with theoretical expectations calculated using the law of mass action describing a chemical
equilibrium between bonded and unbonded sites, see for example Eq. 4 and 5 in Ref.45)
provides via Eq. 2 the corresponding values of pA and pB . The resulting theoretical cluster
size distributions (Eq. 5) are compared with the corresponding Monte Carlo results in
Fig. 11.
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