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ABSTRACT: We present an experimental investigation of the mechanisms that
can be used to control blunt-end induced effective attractions between densely

packed spherical double-stranded DNA (dsDNA) brushes. Using microscopy and HEEN R

particle tracking, we determine the effects of varying the parameters controlling the "_'_"? _l_'_!lz - ;%é%

Blunt-end attractions

brush and dsDNA fragment conformation, in particular functionality, salinity, and

dsDNA fragment length. The analysis of the structure and dynamics of increasingly

concentrated dispersions reveals that a decrease in functionality or an increase in

salt content leads to a progressive reduction of the effective attractions. For the

functionality, this can be associated with the reduction of the surface density of Funchonahty Salinity
blunt-end, while for the salinity, this can be associated with DNA backfolding. We,

therefore, reveal means of controlling blunt-end-induced interactions that could be used to guide colloidal self-assembly based on
DNA base stacking, a parallel platform to base pairing.

Assembly

B INTRODUCTION of a colloidal particle leads to multivalency and therefore to an
effective short-range attractive interaction. Sticky DNA-grafted
nano- and microparticles have been used to assemble
equilibrium one-component”*® and two-component crystal-

The complex and programmable interactions between DNA
fragments have been exploited in the last decades in
nanotechnology: " as a tool to assemble inorganic nanostruc—

. 27,28 . ) .
tures, such as metals, nanoparucles, and nanow1res with line structures by controlling temperature, grafting density,
applications in electronics,” optics,” and sensors;” to develop and DNA sequences. Additionally, the specificity of DNA
innovative drug del1very systems, with greater ability to interactions allows us to control the structure of DNA-coated
penetrate into cells, " silence gene expression,'~ and perform nanoparticle aggregateSZ)’3° and porous gel structures.”’ Much
selective dellvery, and to mimic protein-membrane activity in less explored is the use of supramolecular interactions to design
conjunction with lipids in synthetic biology.M’15 Different colloidal self-assembly, including blunt-end interactions.>>*>
interactions can be distinguished and used to control DNA Blunt-end-based attractions appear as a promising opportunity
assembly: single-stranded overhangs, also called sticky ends, to combine the specificity of DNA interactions associated with
are short sequences of unpaired nucleotides in the end of base sequences, with the directionality of the stacking
longer dsDNA fragments. They can bind to complementary associated with the attraction between the terminations of
overhangs, driving assembly through Watson—Crick pairing;' facing dsDNA fragments. Such directionality has been already
alternatively, long scaffold single-stranded DNA (SSDNA) can used to assemble large DNA nanostructures by merging blunt-
be folded into desired patterns (DNA origami)'” or DNA end stacking and shape selectivity.”"**~ 36

bricks with predesigned patterns can be assembled; supra- Combining microscopy experiments, theory, and simula-
molecular interactions provide additional, orthogonal assembly tions, we recently showed that polymeric microparticles coated
possibilities, "’ makiglg use of hydrophobic moieties™ or blunt- with dense, long dsDNA fragments assemble into locally
end base stacking.” Different from sticky ends, blunt-end ordered aggregate structures through blunt-end interactions
corresponds to a dsDNA fragment in which both ends are between DNA fragments in contacting brushes.”” The large
base-paired. However, when the blunt-end of different dsDNA local density of blunt-end combined with the stretched

fragments approach each other at a small distance,
complementary bases of the dsDNA ends can attract each
other. Stacking of short rigid dsDNA fragments is induced by
such interactions.”

Beyond DNA nanostructures, the properties of DNA
interactions can be exploited to direct the assembly of colloidal
particles in a programmable manner.”*** Colloids grafted with
DNA strands can be assembled selectively through sticky end
hybridization; the presence of many sticky ends on the surface

configuration of DNA fragments leads to an effective short-
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Figure 1. (a) Sketch of the experimental system consisting of dSDNA-grafted PS beads confined in quasi-2D by a glass coverslip and a microscopy
slide separated by a 10 yum spacer. (b) Position of the first peak of g(r), 7 as a function of 7, for f = 1.0 X 10%, N = 10 kbp and no added salt
(symbols). The line represents the results of theoretical calculations, as described in detail in ref 37. (c) Rendering of sample with = 0.40
evidencing the presence of aggregation. The color scale indicates the value of the 6-fold order parameter of each particle. (d) Sketch of attractive
interactions between blunt-end (in the zoomed view) of dsDNA chains pertaining to contacting brushes.

range attractive interaction between the colloids, which is in
competition with longer-ranged electrostatic repulsion arising
from residual charges. In this work, we use microscopy
experiments and particle tracking to show that the effective
attractive interactions induced by blunt-end between dsDNA-
grafted colloids can be tuned by means of precisely
controllable parameters, such as concentration of monovalent
salt, particle grafting density, and length of the DNA fragments.
This is revealed by analyzing the effects of these parameters on
the microscopic structure and dynamics of the system. The
analysis shows that acting on the density of blunt-end on the
brush surface, either through a reduction of functionality or by
inducing DNA backfolding through the addition of mono-
valent salt, the attractions can be reduced until disappearing.

B MATERIALS AND METHODS

Samples. The complete procedure to obtain colloidal beads
grafted with long dsDNA fragments was described in previous
work.>*** The main steps of the procedure can be summarized as
follows: (i) Synthesis of 10 or 20 kbp dsDNA using polymerase chain
reaction (PCR) to amplify end-biotinylated fragments. (ii) Grafting of
DNA fragments onto the surface of polystyrene (PS) beads (radius
Rps = 0.49 um, Bangs Laboratories) functionalized with streptavidin.
In step (i), the end-biotinylated dsDNA fragments were amplified
using A-DNA as a template (New England Biolabs) and a DNA
polymerase enzyme as part of the Go Taq Long PCR Master Mix
(Promega). The PCR protocols accompanied with this product were
followed in the amplification process. The dsDNA fragments’ end-
functionalization was performed by PCR using reverse and forward
primers, which were synthesized and HPLC-purified at IDT. In more
detail, the forward primer was 5'-biotinylated and included an
extended 1S-atom spacer tetra-ethylene-glycol (TEG), which has the
effect of reducing steric hindrance and therefore increasing the
binding efficiency of the long dsDNA to the streptavidin-function-
alized PS beads. The reverse primers were not modified. Grafting was
obtained using a binding buffer (Dynabeads Kilobase binder Kit,
Invitrogen). Biotin end-modified dsDNA fragments were mixed in
appropriate amounts with the PS beads suspension to achieve a final
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volume of about 35 L and incubated at room temperature under
gentle rotation for 12 h to avoid sedimentation. The unreacted
dsDNA fragments were washed out using sequential washes with
Milli-Q water. This was achieved by centrifuging the suspension and
by pipetting off the supernatant. The DNA-grafted beads were finally
redispersed into 40 uL of Milli-Q water. The procedure was repeated
three times. The number of grafted dsDNA chains per bead
(functionality f) was quantified from the number of the beads
(value that was determined from the concentration of the stock bead
solution) and the number of DNA chains in the reaction bottle before
the cleaning procedure. The DNA concentration was determined by
measuring the absorbance at 260 nm employing a micro-volume
spectrometer (MicroDrop, Thermo Scientific). Grafted particles were
then dispersed in deionized water or in a sterile saline solution
containing 5.0 X 107> M or 1.0 M NaCl. Dispersions with different
particle concentrations were obtained by diluting a sediment obtained
by centrifugation.

Microscopy. Quasi-two-dimensional (2D) samples were prepared
by confining the dispersions between a microscope slide and a
coverslip (#1 thickness, 0.15 mm) (Figure 1a): The distance between
the slide and coverslip was precisely set by means of a PET-based
double-sided tape with thickness # = 10 ym (no. 5601, Nitto). Glass
surfaces were made hydrophobic through cleaning with a Rain X
solution (ITW Krafft) to avoid particles sticking on the glass. After
depositing 1.2 yL of sample onto the microscope slide, the coverslip
was uniformly pressed against the slide until reaching the desired
separation distance and successively glued on the sides using epoxy
resin. The microscopy images were acquired on a Nikon Ti—S$
inverted microscope using a Nikon 50X LWD objective (N.A. 0.9) in
bright-field contrast. The choice of this contrast technique instead of
fluorescence microscopy is due to the possible damage of labeled
DNA fragments induced by prolonged exposure to intense laser
illumination.*® Furthermore, fluorescent labeling of the dsDNA end
fragments can modify their interactions, i.e., blunt-end attractions.”’
For each sample, about 50 series of 1000 images of 1280 X 1024
pixels were acquired at different locations in the sample using a 2.2
Mp Pixelink M2 camera at a frame rate of 15 fps. Longer acquisitions
were not possible due to stability issues. Particle coordinates were
extracted from images employing the Mosaic Suite for Fiji,** while
particle trajectories were determined using TrackMate.* De-drifting
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procedures available in TrackMate were applied to sample trajectories
before calculating the MSDs. To avoid sample degradation,
experiments were run shortly after sample loading. The average area
packing fraction # of the confined dispersions was determined
through the analysis of sample images by particle tracking. For each
dispersion, the results of the analysis of 1000 images were averaged.

B RESULTS AND DISCUSSION

Reference System: Functionality f = 1 x 10°, DNA
Fragment Length N = 10 kbp, and No Salt Added. We
report in this section the results obtained for quasi-2D
dispersions of particles with functionality f = 1 X 10°, DNA
fragment length N = 10 kbp, and no added salt. In the absence
of added salt, counterions are absorbed inside the dsDNA
brush, resulting in a strong repulsion between neighbor DNA
fragments that leads to a fully stretched configuration. For this
reason, the brush thickness equals the contour length L = 3.4
um, as demonstrated in previous work.”® This corresponds to a
brush-core size ratio Lo/Rps = 6.9, indicating a star-like
architecture of the particles. The results obtained for this
system represent a reference for the study of the effects related
to the variation of the control parameters of the dispersions, in
particular the particle functionality, the monovalent salt
content, and the DNA fragment length.

We summarize the detailed investigation described in ref 37,
in which microscopy experiments, theory, and simulations
were combined to analyze the structure and dynamics of the
dispersions: In the absence of added salt, with increasing
colloid packing fraction 1 = nno,*/4, with n (N,/A) the
average particle number surface density calculated using the
coordinates obtained from particle tracking, and 6, = 2R =
2(Rpg + L) the particle diameter in dilute solution, the DNA
brushes deswell (reduce in size). The particle deswelling
measured through the minimum interparticle distance r
(symbols in Figure 1b) extracted from the peak of the radial
distribution function g(r) = N(r)/(2znrAr), with N(r) being
the number of particles in a thin shell of thickness Ar at
distance r from a selected particle, was compared to detailed
theoretical calculations (line in Figure 1b). The theory
developed in ref 37 describes the brush conformation as a
function of increasing packing fraction by considering free
energy and entropic contributions: these include the electro-
static interaction between DNA and counterions, the entropic
elasticity of the DNA fragments, exclude-volume interactions,
the entropic free energy of the noncondensed counterions
inside the brush and the free counterions outside the brush,
and the osmotic pressure exerted by noncondensed counter-
ions of a brush on neighbor brushes. While these terms act in
an antagonistic way, it was found that for thick brushes like
those investigated in this work, the osmotic pressure term is
particularly important and is responsible for the observed
deswelling for increasing packing fraction. Interdigitation of
DNA brushes remains always negligible along the deswelling.

In addition, the evolution of the structural arrangement of
the dispersions with increasing 7 was studied through
variations in the height and position of the first peak of the
g(r), and in the average 6-fold order parameter. This study
evidenced the formation of chainlike structures and aggregates
at intermediate packing fractions, which can be discerned in
the exemplary reconstruction of particle configurations
reported in Figure lc for the sample with # =~ 0.40, and
which can be attributed to the presence of an attractive
interaction between the particles. The origin of attractions was
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attributed to interactions between the blunt-end of contacting
brushes™”**~*” (Figure 1d): when densely grafted brushes are
sufficiently packed and the dsDNA fragment conformation is
stretched, a condition that is satisfied in the absence of added
salt, a sufficiently large number of facing, complementary
blunt-end attract each other, leading to an effective attractive
potential. The proposed hypothesis about the origin of the
attraction was confirmed by the fact that the addition of a small
amount of salt, which induces DNA backfolding as
demonstrated in ref 38, leads to a strong reduction of the
clustering. Furthermore, the local order inside aggregates
increases up to a packing fraction # & 0.68, and then suddenly
decreases, indicating reentrant ordering. For even larger values
of #, the order increases again and finally leads to
crystallization. These trends will be recalled in the next session
and can be seen in Figure 3, where the first peak height and
position, and the average 6-fold order parameter of the
reference system are shown as a function of 7. Reentrant
ordering was explained in terms of a combination between
interparticle attraction and particle deswelling: particles form
increasingly packed aggregates with increasing # until
compression induces a sudden particle deswelling that leads
to particle rearrangements and loss of local order. This
conclusion was confirmed by simulations, which were able to
reproduce the experimental trends by assuming that the
spherical brushes interact through a pair potential composed of
a short-range attraction and a mild, longer-ranged electrostatic
repulsion due to residual charges. A similar reentrance was also
observed in the particle dynamics.

In the following sections, we explore how the blunt-end-
induced attractive interactions that are present for large
functionalities and in the absence of added salt can be
modified by variations of these parameters, and additionally of
the fragment length.

Since we could not directly determine the variation of the
particle size with increasing packing fraction, we use the
packing fraction calculated on the basis of the particle size in
the dilute limit for comparing samples with different
functionalities and salt contents. This corresponds to
comparing samples at similar particle number densities.

Effect of Functionality. To explore the effects of varying
functionality on the interactions between particles, we compare
the structure of dispersions of particles grafted with dsDNA
fragments of length N = 10 kbp, and having different
functionalities f = 1.0 X 10°, 2.5 X 10 and 5.0 X 10°, without
any added salt. All considered values of f correspond to dense
brushes: if we estimate the grafting density of the particles
using the expression p = f/47Rs, which assumes a uniform
distribution of grafting points on the surface of the PS bead, we
obtain 0.00159 < p < 0.031 fragments/nm2 and a packing
distance d =~ p—l/2 in the interval 5.7 < d < 25 nm.
Additionally, previous experimental evidence®® obtained under
similar conditions indicates that for all explored functionalities,
the dsDNA conformation remains fully stretched and the
brush size in dilute conditions remains unchanged (we recall
that this corresponds to L = 3.4 yum). We can therefore
assume that no significant change in particle softness is
induced by changes in the functionality.

Figure 2a,b shows experimentally determined radial
distribution functions g(r) for samples with packing fractions
n = 0.40 and 0.68 and the different functionalities investigated.
We chose to report the radial distribution functions of
dispersions having these packing fractions because in the
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Figure 2. (a, b) Radial distribution functions g() for different values
of the particle functionality (as indicated) and packing fraction # =
0.40 (a) and 0.68 (b). (c) Renderings of particle positions in samples
with 7 = 0.40 and 0.68 and different functionalities (as indicated).
The particle color represents the value of the 6-fold order parameter,
as indicated by the color scale.

reference system with f = 1.0 X 10°, these are the samples that
show the most pronounced aggregation phenomena and the
presence of a larger degree of local order, ie., the effects
associated with blunt-end attractive interactions. Functions for
additional values of # are reported in Figure S1 in the
Supporting Information. For f = 1.0 X 10°, which corresponds
to the reference system discussed in the previous section, and 5
= 0.40 (Figure 2a) chainlike aggregates can be discerned
(Figure 2c, top) and g(r) shows a pronounced first peak, at a
distance smaller than the diameter of the particles in dilute
conditions, and a small second peak. For = 0.68 (Figure 2b),
larger and rounder aggregates are formed and structural
heterogeneity is present (Figure 2c, bottom). In ref 37, we
demonstrated that the presence of aggregates can be attributed
to blunt-end attractions. Additionally, g(r) shows the presence
of pronounced peaks. In particular, the first peak, which is
observed at approximately r, = 0.82(2R), exceeds the value of
4, indicating local crystalline order within the aggregates. The
color scale in Figure 2c represents the value of the 6-fold order
V=3 ¢ with 9, being the
relative orientation angle between particles i and j and N
being the number of neighbors of particle i. As it can be seen,
large values of W indicate the presence of local hexagonal
order within the aggregates.

Decreasing functionality to f = 2.5 X 10* the height of the
peaks of the g(r) decreases significantly for both values of #:
this corresponds to the loss of local order, which is evidenced
in snapshots of the samples (Figure 2c, mid column). The
number of particles with a large value of the 6-fold order
parameter decreases. The peak position is larger than for the
reference system but still smaller than the particle diameter in
dilute solution. The height of the second peak is also smaller,
and the position is found at larger interparticle distances

parameter of particle i,
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compared to the reference system, supporting the interpreta-
tion of the data in terms of the presence of less pronounced
aggregation and a more homogeneous structure. For the
smallest functionality f = 5.0 X 10% a further reduction of the
first peak height (Figure 2a,b) and local order (Figure 2c, right
column) is observed.

The peak becomes also broader, especially in the region of
smaller r values, suggesting that the small grafting density of
the particles may allow in this case a small degree of
interpenetration of the brushes at a sufficiently large packing
fraction, with some particles entangling and forming dimers.
The presence of closely connected particles forming dimers
can be evinced from the images in Figure 2c. The second peak
is also particularly broad and small. The progressive reduction
of the height of the first peak of the g(r) and the smaller
number of particles presenting a large value of Wy with
decreasing f indicate that a reduction of functionality leads to a
reduction of attraction. This is consistent with a smaller
density of blunt-end on the surface of the dsDNA brush
corona.

The tendency to a reduced structuring of the dispersions
with decreasing f is confirmed at all packing fractions by
looking at the values of the height and position of the first peak
of g(r), g and 7™ and of the average 6-fold order

parameter, (¥) = <%Zi1‘{”6>’ with N the number of

particles in an image and () the average over all images
acquired for a sample. Figure 3a shows that for < 0.7, the
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Figure 3. (a) Height and (b) position of the first peak of g(r), and (c)
average 6-fold order parameter (¥¢) as a function of 7, for f = 1.0 X
10° (circles), f = 2.5 X 10* (squares), and f = 5.0 X 10° (triangles).
Lines in (a) and (b) are a guide to the eye. Error bars are smaller than
symbol sizes.

system with f = 2.5 X 10* presents smaller values of g™, Still,
the largest values of this quantity are observed for 7 values
comparable to those of the reference system. Also, (W)
remains comparable to the reference system. For f = 5.0 X 10°,
the values of g™ and also those of (W) are instead
considerably smaller, and in particular, g™ shows a much
smoother increase as a function of #. The reduction of ™
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with increasing 77 becomes less pronounced for f = 2.5 X 10%,
which could be attributed to a reduction in the attractive
interaction and associated aggregation, that was inducing
additional particle compression. Interestingly, the reduction
becomes instead slightly more pronounced than in the
reference system for f = 5.0 X 10°. As also commented in
the discussion of Figure 2, this might be due to the small
grafting density and thus the possibility that particles
interpenetrate.

To investigate the dependence of the dynamics on the
particle functionality, we determined the mean-square displace-
ments (MSD), Ar*(t) = ((r,(t + t,) — r/(ts))*)s,» where r; is the
position of particle i, t is the delay time, t; is the time during
the particle’s trajectory, and (), ; indicates an average over all

times t, and all particles i. Figure 4a,b shows exemplary MSDs
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Figure 4. (a, b) Mean-square displacement Ar*(t) for different values
of the particle functionality (as indicated) and packing fraction # =
0.40 (a) and 0.68 (b). (c) Effective transport coefficient K as a
function of i, for f = 1.0 X 10° (circles), f = 2.5 X 10* (squares), and f
= 5.0 X 10° (triangles). (d) Exponent a obtained by fitting the long-
time part of the MSD with a power law, Ar*(t) = 4Kt* as a function
of 1, same (empty) symbols as in (c).

Ar*(t) obtained for packing fractions 7 = 0.40 and 0.68 and f =
1.0 X 10°, 2.5 X 10* and 5.0 X 10°. The MSD of samples with
additional values of the packing fraction is reported in Figure
S2 in the Supporting Information. These MSDs indicate that a
decrease in f results in a speedup of the dynamics. The linear
dependence of the MSD on delay time at sufficiently long
times indicates an approximately diffusive motion. Only in the
sample with 77 = 0.68 and f = 1.0 X 10°, a diffusive regime is not
attained, which might be associated with the formation of large
aggregates, as discussed in the analysis of the microscopic
structure. Instead, for 7 = 0.40 and f = 1.0 X 10°, where
aggregation is also indicated by the structural analysis, the
dynamics remain diffusive. This might be associated with the
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fact that the small, chainlike clusters that are present in this
sample still present a relatively fast translational diffusion.
Figure 4c,d reports a transport coefficient K and the exponent
a obtained by fitting the long-time part of the MSD according
to the equation Ar*(t) = 4Kt". When a = 1, K equals the
diffusion coefficient or all functionalities, the transport
coeflicient K decreases with increasing #, consistent with the
progressive crowding of the system. Similar to that observed in
the structure, a reentrant behavior is present for f = 1.0 X 10°
around 7 = 0.68, as indicated by a drop in the transport
coefficient and the value of . Values of « significantly smaller
than 1 indicate subdiffusive behavior. For f = 2.5 X 10% the
reentrance is much reduced, especially in K, and it essentially
disappears for f = 5.0 X 10° The values of K at all packing
fractions confirm that the dynamics speed up with decreasing f.
The strongest deviations from diffusive behavior are observed
for f= 1.0 X 10°.

In summary, results on the structure and dynamics for
different particle functionalities show that aggregation effects
observed for the largest value of f progressively reduce with
decreasing f until disappearing. This confirms that blunt-end
attractions inducing clustering for f = 1.0 X 10° is associated
with the large functionality, i.e., the high density of blunt-end
on the surface of the corona. Since the presence of sufficiently
intense attractive interactions inducing aggregation phenom-
ena is intimately responsible for the reentrant ordering
observed for f = 1.0 X 10°, this becomes also less pronounced
for f = 2.5 X 10* and disappears for f = 5.0 X 10°. The large
grafting density also prevents particle interpenetration, which
might become possible for f = 5.0 10° at a sufficiently large
packing fraction.

Effect of Monovalent Salt. We investigated the effect of
the addition of NaCl to the reference system with f= 1.0 X 10°
and N = 10 kbp. A previous study’’ investigated the effects of
the addition of a concentration ¢ = 0.025 M of NaCl, indicating
a strong reduction of aggregation phenomena, which was
attributed to a decrease of the blunt-end effective attraction
due to dsDNA backfolding that reduces the number of facing
blunt-end. Here, we complement these results by investigating
additional larger salt concentrations ¢ = 0.05 and 1.00 M. For
these concentrations, the size reduction that was determined
under dilute conditions in ref 38 and the increased particle
softness measured in ref 39 can play an additional role in the
reduction of the structural order of the samples. We compared
systems with similar number densities n since the addition of
salt induces a progressive collapse of the DNA chains.*® For
consistency with the previous section, for all functionalities, we
report a quantity proportional to n, the packing fraction
calculated by assuming that the radius of the particles is equal
to R, as measured in dilute conditions and without any added
salt.

Figure Sa,b shows the radial distribution functions of the
reference sample without added salt, and of samples with ¢ =
0.05 and 1.00 M, for number densities that correspond to
packing fractions # = 0.40 and 0.68 in the reference sample.
Additional g(r) functions for the remaining investigated
packing fractions are reported in Figure S3 in the Supporting
Information. Corresponding exemplary sample renderings are
shown in Figure Sc, in which the particle color represents the
value of the 6-fold order parameter. A strong reduction of the
first and second peaks of the g(r) is observed in both samples
for ¢ = 0.05 M. While the position of the first peak is
comparable to that of the reference sample, the second peak
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Figure 5. (a, b) Radial distribution function g(r) for samples with
different amounts of added salt (as indicated) and packing fraction 7
= 040 (a) and 0.68 (b). (c) Renderings of particle positions in
samples with #7 = 0.40 and 0.68 and different amounts of added salt
(as indicated). The particle color represents the value of the 6-fold
order parameter, as indicated by the color scale.

moves to larger distances, indicating a less compact second
shell. This is confirmed by the snapshots in Figure Sc, in
particular for # = 0.68, which show a more heterogeneous
structure with larger interparticle distances. In addition, a
significant reduction in the number of particles with large
values of W is also observed. These effects point to a reduction
of the local order associated with less pronounced aggregation.
One should consider that for ¢ = 0.05 M, the reduction of
particle size and the increase in particle softness is already
significant and, in combination with DNA backfolding that
reduces blunt-end induced attractions, might play an important
role in decreasing the degree of average structural ordering. For
the sample with ¢ = 1.00 M, the reduction of the height of the
peaks of the g(r) is even larger and at the same time, the
position of the first and second peaks moves to shorter
distances. This can be associated with the pronounced
reduction of particle size induced by the collapse of DNA
fragments at such large values of c. The degree of local order is
also reduced, as indicated by the smaller number of particles
with large values of the order parameter. Similar to the case of
the smaller functionality investigated, the peak of the g(r)
becomes broader, indicating the possible presence of a small
degree of interdigitation.

Figure 6a shows the height of the first peak of g(r), g™, as a
function of packing fraction for the three systems considered.
For both salt concentrations, the reentrance observed for the
case without added salt around 7 0.68 disappeared.
Furthermore, for the system with ¢ = 1.00 M, the peak height
g™ increases more slowly with increasing #. Similarly, the
dependence of the position of the first peak of g(r), ¥, on 1
(Figure 6b) for the system with ¢ = 0.0S M shows much less
fluctuations and no sign of reentrance compared to the system
without added salt. For the system with ¢ = 1.00 M, an even
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Figure 6. (a) Height and (b) position of the first peak of g(r) and (c)
average 6-fold order parameter (¥¢) as a function of 7, for f = 1.0 X
10°, N = 10 kbp, and salt concentrations ¢ = 0.00 M (circles), ¢ = 0.05
M (triangles down), and ¢ = 1.00 M (Diamonds). Lines in (a) and (b)
are a guide to the eye. Error bars are smaller than symbol sizes.

smoother reduction is observed. For the reference system, the
reduction of the peak position was explained in terms of the
contribution to particle shrinkage coming from the pressure
exerted by noncondensed counterions contained in the brushes
of neighbor particles.

For ¢ = 0.05 M, the counterion pressure contribution is
reduced, but still present, as indicated by the slightly milder,
but comparable dependence of ¥™* on #. Instead, for ¢ = 1.00
M, all free counterions stay outside of the DNA brush and
therefore the contribution disappears. The smoother reduction
of the position for ¢ = 1.00 M can be associated with the
progressive crowding of the dispersion. The average 6-fold
order parameter (Figure 6c) also shows a progressively
smoother dependence on 7 with increasing salt concentration,
especially for the case ¢ = 1.00 M. The reduction of aggregation
phenomena and the average degree of order with the addition
of salt appears to be sharper than observed when changing the
functionality: indeed already at the smallest salt concentration
¢ = 0.025 M investigated in ref 37, aggregation already
disappeared and the g(r) was comparable to that reported here
for ¢ = 0.05 M. This supports the interpretation that in this
case, beyond the reduction of blunt-end attractions due to
DNA backfolding, the decrease of the particle size and the
increase of particle softness additionally contribute to the
observed trends.

The MSDs of the systems with different amounts of salt are
compared in Figure 7a,b for the selected values of 7 = 0.40 and
0.68 (Figure S4 in the Supporting Information reports the
MSD:s of all investigated packing fractions).

For the two samples with added salt, a significant increase of
the MSD is observed for both packing fractions, being more
pronounced for ¢ = 1.00 M. For 7 = 0.68, the dynamics of the
salted systems are also qualitatively different, being diffusive (c
= 1.00 M) or slightly subdiffusive (c = 0.05 M) in comparison
to the slow, subdiffusive dynamics of the reference sample. The
speedup of the dynamics with increasing salt concentration is
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Figure 7. (a, b) Mean-square displacement Ar*(t) for samples with
different amounts of added salt (as indicated) and packing fraction 7
= 0.40 (a) and 0.68 (b). (c, d) Transport coefficient K and exponent
a obtained by fitting the long-time part of the MSD with a power law,
Ar*(t) = 4Kt% as a function of 7, different amounts of added salt,
same (empty) symbols as in (c).

confirmed by the growth of the transport coefficient extracted
from data obtained at all investigated packing fractions (Figure
7a). One can additionally see that the nonmonotonic trend
associated with the aggregation induced by blunt-end
attractions tends to disappear with the addition of salt.
Similarly, the # dependence of the exponent «a is smoother for

¢ = 0.05 and 1.00 M and much more moderate for the largest
salt content.

Summarizing, results on the structure and dynamics for
increasing amount of added salt indicate a sudden disappear-
ance of aggregation and the reduction of ordering, including
the reentrance observed for the system without any added salt.
These effects arise from the combination of the reduction of
blunt-end attractions, induced by progressive DNA backfolding
with increasing salt concentration, and the decrease of particle
size and increase of particle softness.

Effect of Chain Length. The dependence of the structure
and dynamics of the system on the DNA fragment length was
investigated by considering salt-free dispersions of particles
with f = 2.5 X 10* and two different values N = 10 and 20 kbp.
For these values of N, Figure 8a,b reports g™, ™™ (panels a
and b), (¥s) (panel ¢), K, and a (panels d and e) as a function
of packing fraction #.

A smaller value of g™ is observed for the dispersions of
particles with longer DNA fragments (Figure 8a) for # > 0.7,
indicating a smaller degree of ordering.

This is also confirmed by the smaller values of (¥4) (Figure
8c). The reduced degree of order when reaching larger packing
fractions could be an effect of the larger particle softness
associated with the fact that longer DNA fragments form a less
dense corona and are more flexible. It is interesting to note that
a clear reentrance in the structure, indicated by the decrease of
g™, is observed for this system at packing fractions 7 & 1.2. At
that packing fraction, also the order parameter saturates to
about 0.6. Different effects might contribute to this disorder-
ing, like deswelling and/or deformation of the particles.
Additionally, the reduction of ™ (Figure 8b) is significantly
more pronounced than in the N = 10 kbp system, and at the
maximum packing investigated, the minimal interparticle
distance reduced to about 60% of the particle diameter
(Figure 8b). The more pronounced reduction could be the
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result of a stronger counterion-induced deswelling for the
softer corona of the system with N = 20 kbp.

The values of K for samples with N = 20 kbp show a
progressive reduction with a dependence on # similar to that of
the samples with N = 10 kbp (Figure 8d). The transport
coefficient of the samples with N = 20 kbp is however
significantly smaller than that of samples with N = 10 kbp at a
comparable packing fraction, even after normalization with the
particle diameter squared (Figure 8d).

This suggests that the longer DNA chains have important
effects on the hydrodynamics of the system, slowing down the
particle displacements. This is in qualitative agreement with
the corresponding slowdown of the dynamics with increasing
particle functionality at fixed N. The exponents of the long-
time part of the MSDs (Figure 8e) show a progressive
transition from diffusion to subdiffusion, consistent with a
dynamical arrest scenario. The exponents are comparable for
the two values of N (Figure 8e).

B CONCLUSIONS

The analysis of the microscopic structure and dynamics of
increasingly packed quasi-2D dispersions of colloids grafted
with long dsDNA fragments was used to investigate changes in
the interactions of these systems associated with the
functionality, the monovalent salt content, and the fragment
length. Changes in the functionality and salinity have the effect
of inducing a reduction and eventually complete disappearance
of the aggregation phenomena and the nonmonotonic ordering
associated with the presence of attractive interactions between
the blunt-end of dsDNA fragments. In the case of functionality,
while DNA presents in all cases a stretched configuration with
the consequence that the majority of blunt-end are located on
the external surface of the corona, the reduction in their
density leads to a reduction of the effective attractive
interaction between colloids. These results thus confirm that
both the dsDNA fragment configuration and a sufficiently large
surface density of blunt-end are needed to generate significant
attraction between the colloids. In the case of salinity, a
reduction of attraction is also expected due to the salt-induced
DNA backfolding,”® which reduces the probability of direct
interaction between the blunt-end of neighbor DNA brushes.
However, additional effects might play an important role in
this case: the progressive reduction of particle size and the
softening of the brush. This possibly leads to a sharper
reduction of aggregation phenomena and reentrant ordering in
this case. In parallel, the dsDNA fragment length can be used
as an additional parameter to tune the softness of the particles
and thus again the interactions, with important effects on large
packing fractions where particle deswelling and deformation
play an important role. The fragment length induces also
changes in the dynamics, which go beyond the effect associated
with the size increase and could be possibly linked to
hydrodynamics.

Our study determines the conditions under which blunt-end
base stacking interactions induce an effective attraction
between spherical dsDNA brushes and provides simple and
precise means of controlling them during synthesis (changes in
functionality and fragment length) or dispersion preparation
(salt content). Fine control of these parameters can be used to
guide colloidal assembly through blunt-end interactions, which
to date have been mainly exploited in DNA nanotechnology
but provide a valuable parallel route to assembly mechanisms
using base pairing. The control of the attraction intensity
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described before could be combined with a control of the
spatial location of grafting and the sequence of the DNA
primers such as to add directionality control on the
interactions. The realization of particles with directional
blunt-end interactions could allow the assembly of colloidal
materials with desired photonic***’ and plasmonic proper-
ties.””" Additional parameters potentially influencing the
blunt-end interactions and therefore assembly, like temper-
ature, are still to be explored.
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