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1. Detailed Methods and Materials

1.1. DNA and DNA-coated-AulNP synthesis

DNA strands were synthesized using a MM48 DNA synthesizer (BioAutomation). The synthesis
included a 3’ propyl-thiol modification such that the gold-thiol chemistry could be used for
DNA-AuNP attachment. Reagents from Glen Research were used. Synthesized strands included
a 5 -AACAATTATACTCAGCAAAAAAAAAAAA-C;SH-3 (sequence A) and a
corresponding 18 base long complementary strand 5’-TTGCTGAGTATAATTGTT-3’ (sequence
A”). Due to their precedence for lacking off-target effects and promoting particle stability,' these
DNA were utilized to prepare ds-DNA-AuNPs. For ss-DNA-AuNPs, the sequence 5’-T4p-C3SH-
3’ was utilized. The choice of this unibase sequence avoided formation of any secondary
structures.” All sequences were purified using reverse-phase high-performance liquid
chromatography (RP-HPLC). The purity of the sequences was verified via a matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer (MALDI-TOF).

Au nanoparticles (AuNP) of nominal diameter 10 nm were purchased from TedPella.
Thiol-modified oligonucleotides were tethered to the AuNP surface following previously
established methods.” Briefly, 100 mM dithiothreitol (DTT, Sigma Aldrich) was used to reduce
thiolated DNA strands for 1 hr, followed by DTT removal using a size-exclusion NAPS column
(GE Life Sciences). Thiolated DNA strands were added to a 1 mL of 0.01 nM AuNP solution at
a ratio of 300 strands/AuNP. AuNP and DNA concentrations were calculated by applying Beer’s
law to UV-vis spectroscopy measurements (Cary 5000, Agilent) at 520 nm for AuNP and 260
nm for DNA. Sodium chloride (NaCl, Sigma Aldrich) was added slowly to the
DNA/nanoparticle solution along with small amounts of 0.1 % sodium dodecyl sulfate (SDS,

Sigma Aldrich) to ensure particle stability and to screen the electrostatic repulsion between
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negatively charged DNA strands. The salting process was continued to reach a final NaCl
concentration of 1 M to maximize DNA loading. The particles were then purified through three
centrifugation cycles to remove excess DNA and NaCl from solution. Thereafter, these ss-DNA
coated AuNP were suspended in deionized water. Prior to SAXS measurements, ss-DNA-AuNPs
were combined with the appropriate salt solution (NaCl or CaCl,, Sigma Aldrich) to a final
nanoparticle concentration of 50 nM. For ds-DNA-AuNP formation, prior to salt addition,
complementary strands (sequence A’) were added to solutions of AuNP functionalized with
sequence A DNA. A ratio of 200 complements per nanoparticle was used to maximize the
number of duplexes formed. To verify that the observations were not affected by excess of
complementary DNA strands in the solution, additional experiments were performed by inducing
ds-DNA-AuNP formation with 150, 100, or 50 complements/nanoparticle. No differences were
observed for the four different concentrations of complementary DNA. Similar to ss-DNA-AuNP
case, the final concentration of nanoparticles was 50 nM for the ds-DNA-AuNP. Subsequent to
salt addition, all solutions were mixed by vortexing and allowed to equilibrate for at least 30
minutes prior to SAXS measurements.

To measure the number of duplexed strands per nanoparticle, ds-DNA-AuNPs were
purified by centrifugation four times to remove excess complementary DNA from solution. The
ds-DNA-AuNP nanoparticles were then suspended in 8M urea (Sigma Aldrich) at 45°C to cleave
the duplex strand from its complementary thiolated strand, which was directly tethered to the
AuNP. Centrifugation was used to separate the ss-DNA coated AuNP pellet from the released
complementary strands in solution. A Quant-iT OliGreen (Invitrogen) assay was compared
against a standard curve by measuring OliGreen fluorescence (Aex = 480 nm). The number of

duplexed strands per particle was then calculated by dividing the DNA concentration in the
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supernatant by the AuNP concentration, determined by UV-vis spectroscopy. For both ds-DNA-
AuNPs and ss-DNA-AuNPs, the number of thiolated strands directly attached to AuNP was
determined using a similar method. Here, the DNA strands were released by dissolving the
AuNPs in 20 mM KCN at 50 °C before quantification through the OliGreen assay. For ss-DNA-
AuNPs, the average number of DNA strands attached to a AuNP were found to be 65 = 5 and 53
+ 4 for two separately prepared sample sets. For ds-DNA-AuNPs, the average number of
thiolated strands (sequence A) per AuNP was 58 + 2, and the number of duplexed strands was 23
+4,

1.2 X-ray measurements

SAXS experiments were carried out at beamline 5ID-D of the Advanced Photon Source. To
avoid strong fluorescence from Au cores, X-ray energy was tuned to 10.0 keV (A = 1.24 A),
which is below the L absorption edges for Au (11.9-14.3 keV). The X-ray spot size at the sample
position was ~ 0.25 mm (H) x 0.25 mm (V), and the incident flux was ~ 10'> photons/s. The X-
ray data was collected using three Rayonix CCD area detectors at ~ 0.2 m (range: ¢ ~ 4.5 — 26
nm™), ~ 1.0 m (range: g ~ 0.8 — 4.6 nm™) and ~ 7.5 m (range: ¢ ~ 0.015 — 0.9 nm™) from the
sample. The liquid samples were placed in a 1.5 mm diameter quartz capillary tube embedded in
a flow cell. The flow cell was in air. The flight paths between the three detectors were evacuated.
To minimize radiation damage, the samples were continually flowing at a rate of 3 mm/s during
data collection. All measurements were performed at room temperature.

For each DNA coated AuNP sample, five datasets were collected with an exposure time
of 0.5 s each. To estimate background scattering, 5 sets of data for empty capillary and pure
water were collected with 10s exposure, prior to each DNA-coated AuNP sample. To correct for

fluctuations in the incident flux and the changes in X-ray transmission through different samples,
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the incident and transmitted beam intensities were monitored using an ion chamber before the
sample, and a pin-diode embedded in the beamstop placed before the SAXS detector (detector at
~7.5 m from the sample). X-ray polarization, transmission and detector solid angle corrections
were applied to 2D data prior to azimuthal integration for obtaining 1D intensity profiles (using
GSAS-II). The processed 1D data in Fig. 1 (main text) are the average of 5 sets that have been
corrected for background scattering from empty capillary and pure water. The differences in
scattering due to the different salt solutions were treated as parameters in the data fitting
procedure (see, SAXS analysis section below).

Due to limited availability of beamtime at the synchrotron, additional measurements were
performed on an in house Rigaku SMAXS-3000 set-up, which is equipped with a Cu microbeam
anode and multilayer focusing mirrors. Characteristic X-rays with A = 1.542 A (CuKa) were
selected. The X-ray spot size at the sample position was ~ 0.2 mm, and the incident flux was ~
4x10° photons/s. The data was collected using a Vantec 2D multi-wire detector. The sample to
detector distance (1.61 m) was calibrated using a silver behenate standard. The nanoparticle
samples were placed in 1.5 mm quartz capillaries. The solutions were not flowing during these
measurements. Data was collected with an exposure time of 25 minutes per sample. These
experiments tested the reproducibility of the synchrotron measurements. The results from all the
measurements are summarized in Tables S1-S2 below.

1.3. Molecular dynamics simulations

Coarse-grained molecular dynamics (MD) simulations were performed to calculate the effective
interaction between two DNA-grafted nanoparticles immersed in aqueous electrolyte solutions.
Two cases: ds-DNA-AuNPs in 5 mM and 50 mM CaCl, were studied. Our main goal was to

quantify the mean force and the potential of mean force between these two DNA-grafted
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nanoparticles in the absence of specific short-range interactions, i.e., only steric and Coulombic
interactions were considered.

Water was taken as a continuum with dielectric permittivity € = 78.5 at 7= 298 K. The

Bjerrum length is given by [/, = e/ 4meekyT , where e is the proton charge, & is the vacuum

permittivity and kz is the Boltzmann constant. Ions were modeled as repulsive-core spheres of
diameter 0.5 nm with point charges embedded in their centers. To reduce the simulation volume
and the number of aqueous ions, AuNP was represented by a repulsive-core sphere of diameter 3
nm with 12 uncharged point-sites distributed on its surface. These point-sites refer to DNA
attachment locations on the AuNP. The number of DNA/AuNP is consistent with the chosen

AuNP size because for small AuNP (R4, < 10 nm), the maximum number of tethered

DNA/AuNP can be approximated as 47R’*/2.19 * The location of the 12 point-sites over the

AuNP surface was determined by minimizing the potential energy of the sites assuming that they
were interacting via a 1/r Coulombic potential. These point-sites were constrained to move only
over the surface of the spherical nanoparticle core. Afterwards, all point-sites were uncharged
and their relative position among them was rigidified. In order to have the same center of mass
for the nanoparticle and the 12 uncharged rigid point-sites, the center of mass of the rigid sites
was connected to the center of mass of the nanoparticle core by a very rigid spring with
equilibrium length zero and spring constant 1,000,000 kz7/ o, where o= 0.5 nm. Even though the
relative positions of the 12 uncharged point-sites on the surface of the nanoparticle were fixed,
they were allowed to rotate freely with respect to the center of mass of the core-nanoparticle.

A single stranded DNA (ss-DNA) chain, approximating the Ao spacer in ds-DNA-AuNP,
was modeled as a pearl-necklace polymer made of repulsive-core spheres (or beads). The

diameter and valence of an ss-DNA repulsive-core sphere was 1 nm and -3, respectively. Four of
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these ss-DNA repulsive-core spheres were connected linearly by rigid springs, yielding a total
valence of -12 per ss-DNA chain. The centers of adjacent ss-DNA repulsive-core spheres were
connected with each other by a rigid spring of equilibrium length 1 nm and a spring constant of
300 kgT/o, where o = 0.5 nm. The linear charge density of an extended ss-DNA was 3 e¢/nm.
The center of the first repulsive-core sphere of an ss-DNA chain was attached to one of the 12
sites lying on the surface of the uncharged nanoparticle via a rigid spring of equilibrium length
0.5 nm and spring constant 300 k77 0. The last repulsive-core sphere of this pearl-necklace chain
was attached to the first repulsive-core sphere of a double stranded DNA (ds-DNA) chain, which
approximated the 18 base pair long ds-DNA segment in ds-DNA-AuNP. In this instance, the
equilibrium length of the rigid spring connecting the center of last ss-DNA repulsive-core sphere
and the center of the first ds-DNA repulsive-core sphere was 1.5 nm (the sum of their radii) with
a spring constant of 300 kz7/0. A double stranded DNA (ds-DNA) chain was modeled as a rigid
body constituted by five repulsive-core spheres of diameter 2 nm and valence -7.2. The centers
of adjacent ds-DNA repulsive-core spheres were separated from each other by a distance of 1 nm.
The total length of the ds-DNA rigid chain and the total valence were 6 nm and -36,
corresponding to a linear charge density of 6 e/nm. The total valence of a chain constituted by an
ss-DNA chain connected a ds-DNA chain was -48. The total valence of a neutral core-
nanoparticle covered by 12 DNA chains was -576.

Consider the 6 different species of particles associated with the following repulsive-core
spheres: 1) a neutral spherical core-nanoparticle of diameter 3 nm, 2) an uncharged point site on
the surface of the spherical core-nanoparticle, 3) a spherical ss-DNA bead of diameter 1 nm, 4) a
spherical ds-DNA bead of diameter 2 nm, 5) a divalent spherical cation of diameter 0.5 nm, and

6) a spherical monovalent anion of diameter 0.5 nm. The pair interaction between a particle of
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species i and a particle of species j separated at a distance r is given by

rc l
Pu(r) = Puy; (’")"'_b%'qj' (SD).
r
Here, = 1/(ksT). The repulsive-core (rc) interaction potential is modeled as follows: a hard core

potential [J’ul;c = oo for ¥ < A, and a shifted-truncated Lennard Jones potential

ij»

o

s =4 =1+ (82)

for A <r <Ay +2"°g, and Bu;i =0 for r = A +2"°0. The parameter A; = (d;+ d;)/2 — othen

acts as the hard-core diameter in this interaction, where d; and d; are the repulsive-core sphere

diameters for species i and j, defined above, and o regulates the hardness of interactions among

itd;

all particles. In this way, [J’u;]'-c( ) =1 for all particles with non-zero radius, and the form of

the potential guarantees a soft continuous repulsion beyond the inner core, that is, for 7 > A,-j.

Here, we set o= 0.5 nm, which is the diameter of the ions.

Two identical DNA-grafted nanoparticles were placed at symmetric fixed positions along
one of the body diagonals of a cubic simulation box. As described above, the uncharged point-
sites over the surface the core-nanoparticles were free to rotate as a rigid body around the center
of mass of the core-nanoparticles. Mobile ions surrounded both nanoparticles inside a cubic
simulation box under periodic boundary conditions. The total amount of ions was such that the
whole system was electroneutral for a given salt concentration. Molecular Dynamics (MD)
simulations ~were  performed using the LAMMPS  package’ (available at

http://lammps.sandia.cov) in the NVT ensemble via a Nosé-Hoover thermostat’”® at a

renormalized temperature 7' =kzT /€ =1. The time step used was 0.0017, where 7 is the
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associated reduced Lennard-Jones unit of time defined in terms of the mass and diameter of the
ions. For the highest electrolyte concentration, the total number of ions used in the simulations
was around 5000. The mean force exerted over one DNA-grafted nanoparticle is defined as the
total time averaged force acting over this DNA-grafted nanoparticle due to the repulsive-core
and Coulombic interactions with the other DNA-grafted nanoparticle (whose center of mass is
located at a fixed distance) and the surrounding ions. 10 million MD time steps were used to
thermalize the system. The total repulsive-core and electrostatic forces acting over each DNA-
grafted nanoparticle were sampled each 10 MD time steps (in a compromise between efficiency
and reduction of time correlations), and between 40 and 80 millions of MD time steps were
performed to calculate the time averaged forces. Converged mean forces displayed the same
magnitude but opposite direction as it was expected by the symmetry of the whole system.
Several mean forces were calculated for different separation distances between the center of
masses of the DNA-grafted nanoparticles. The potential of mean force was then calculated
integrating the mean forces as a function of the separation distances starting at a position where
the mean force is approximately zero. Thus, the potential of mean force represents the required
work to bring one DNA-grafted nanoparticle from a distant position in the bulk electrolyte up to
a certain distance close to the other DNA-grafted nanoparticle.

Due to the necessity of sampling large number of orientations and configurations for the
DNA-coated nanoparticles in the explicit presence of all the electrolyte ions, the above described
calculations for ds-DNA-AuNP in CaCl, solutions took 1-2 months for each point on the
potential of mean force curve, while using several dozen of the fastest intel processors. A much
longer computational time (at least 6-8 months, with a few hundred of dedicated processors) is

expected for the case of DNA-coated AuNPs in NaCl solutions because of the 10 fold increase in
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the number of electrolyte ions at the onset of crystallizations (750 mM NaCl vs 50 mM CaCl,).
Therefore, we did not perform these calculations. However, we note that our previous MD
simulation and liquid state theory study’ shows that 1:1 electrolytes (eg. NaCl) at high

concentrations (eg. 1M) can induce attractions between like charged spherical colloids.

1.4. Monte-Carlo Simulations

Canonical Monte Carlo simulations of a dense system of hard spheres (random close-packed
spheres) were performed in a cubic simulation box with periodic boundary

conditions.'™"' According to the classical Metropolis algorithm,'®"'

small displacements of the
hard spheres were accepted in the absence of overlaps. As usual, the volume fraction (¢ = 0.634)
was defined as the ratio of the volume of the hard spheres and the simulation box volume. The
algorithm by Clarke and Wiley was used'” to generate an initial configuration. Very small
acceptance ratios, 0.01 or below, were used to adjust the maximum displacement of 1000 non-
overlapping hard spheres. 10 million attempted moves per particle, or Monte Carlo cycles, were

performed initially and then discarded. 30 million additional Monte Carlo cycles were used to

calculate the canonical average of the hard sphere density profiles.

2. SAXS analysis

2.1. Scattered intensity from isolated DNA coated AuNPs

The scattered intensity from DNA-coated AuNPs is largely due to the electron-dense Au cores.
Therefore, for simplicity, we ignore the associated DNAs and the aqueous ions. Under this
approximation, the scattered intensity P(g) from DNA-coated AuNPs in the isotropic gas phase

1s calculated as
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P = Ax([F(q. R, ) +bhe (S3)
A

Here, F(q,R,,) is the g-dependent form factor for an isolated AuNP of radius Ry, i.e., the

scattering amplitude due to the interference of X-rays scattered from different portions of the

same AuNP.

F(quAu) = VAu X (pAu - pwat) x [Sin(qRAu) - (qRAu) X COS(qRAu)] /(qRAu )3 (S4)
Here, V4, and p,, (= 4660 e/nm’) are the volume and electron density of the Au core, and p,,,,

(= 334 e/nm’) is electron density of water. To take into account polydispersity of Au cores, the

2
) is averaged over a Schulz distribution' [Pr(R.,)]

intensity from an isolated AuNP (‘F (g9,R,,)

for Au core sizes.

S EEREITE
RAu <RAu> (SS)

z+1 ]Z+l
(R,) T(z+D)

Pr(R,,) =[

<R Au> is the mean radius for the Au cores, I(z+1) is the gamma function, and the percent

100 100x43

polydispersity is given by W/ . = <R > , Where 5 is the variance of the distribution. For
zZ+ Au

cases where no aggregation of DNA-coated AuNPs is observed, the empty capillary and the
water background subtracted SAXS intensity is fitted with equation S3. The fitting parameters
are <R Au>, z, and the two constants 4 and bkg. The constant A4 is directly proportional to the
number density of nanoparticles in the solution, the scaling factor for converting the intensity to
absolute scale, and the changes in electron density contrast because of changes in salt
concentration. The constant bkg is only affected by the scattering from the aqueous ions; bkg

increases with increasing salt concentration.
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2.2. Structure factor for crystalline lattices

The structure factor S(q) = 1(q)/P(q) arises due to the interference between X-rays scattered from
distinct spatially correlated nanoparticles. Here, I(q) is the background subtracted measured
scattered intensity and P(q) is defined above in Eq. S3. For an aggregate exhibiting crystalline

ordering, S(g) can be written under the “decoupling approximation™'* as

S(q) =[1+ B(g)(Z(q) -1DG(q)] (S6).
As seen from Eq. S6, S(g) is comprised of three functions: Z(q), which reflects the symmetry of
the crystal lattice, B(g) arises due to the presence of nanoparticles of different sizes within a
given crystalline domain and G(g), captures the lattice disorder due to the displacements of

nanoparticles about their mean positions, respectively. These three functions are defined below.

2

Z(q) =L2 > mhklEelzn(hijrkijrlzj) Lyu(q) (S7)
q”~ {hkly 7
2
F(q,R,,

0 =M (S8)

(F(q.R,,))
Gg)=e " W7 (S9).

In the definition for Z(g), the outer sum extends over sets of symmetry-equivalent {h k /}
reflections with my being the multiplicity or the number of elements in each set. The inner sum
extends over all the j particles in the unit cell with each particle center located at a fractional
coordinate position (x;, ¥, zj). Luw 1s the line shape for a given {4 k [} reflection. In our analysis,
we have used Lorentzians, with identical widths for the profiles describing the different {4 k /}
reflections. In the definition for G(g), o parametrizes the relative variations of the particle

positions about their lattice sites and dyy is the mean distance between the nearest-neighbor
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particles in the crystal. In our fits for FCC structure factors (Fig. 2A, main text), the best fit o
ranged between 0.03 and 0.05.

2.3. Radial distribution function

The radial distribution function is defined as the Fourier transform of the renormalized structure
factor [S(¢g)-1]." Specifically,

1

27°r

g(r) =[p(r) = py] = Zq[S(cn ~1]sin(gr)dg (S10).

Here, p(r) is the number density of DNA functionalized AuNPs as a function of radial distance »

from the center of any given nanoparticle, and QO is the average number density in an aggregate.

3. Samples examined by SAXS

The datasets discussed in the main text are summarized in Table S1. To test the reproducibility
of these measurements, additional SAXS experiments were carried out for ss-DNA-AuNP in
NaCl and CaCl, solutions. For ss-DNA-AuNP in NaCl, three ionic strengths were tested for two
separately prepared sample sets: 30 mM and 1500 mM (trial 1) and 1500 mM and 2500 mM
(trial 2). Aggregation of nanoparticles was not observed in any of the cases. The data from trial 1
is shown in Fig. 1A (main text). For this case, the number of DNA on the AuNP was not
measured. For trial 2, the number of DNA on AuNP was 65 = 5. For ss-DNA-AuNP in CaCl,,
three separately prepared sample sets were used. These are summarized in Table S2. The data
from Trial 2 is the same as in Table S1. As can be seen from Table S2, for a given ionic strength
s, the nearest neighbor distance dyy varies by ~ 10% in different datasets. For example at u, =
1500 mM, dyy = 21.5, 19.4 and 20.0 nm are observed in three different trials. The only

experimental control parameter that is variable in these studies is the number density of the DNA.
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Further systematic studies with greater control over the DNA coverage are required to
quantitatively describe the dependency of the dyy on the number of DNA on the AuNP.
Nevertheless, these experiments validate the qualitative argument that the packing of AuNPs
undergoes gas to FCC to glass-like rearrangements as the ionic strength is increased. Specifically,

for ss-DNA-AuNP in CaCl,, the FCC lattice is observed only in a narrow range of us ~ 1050-

1500 mM.
System s (mM) Packing dnn (nm)

ss-DNA-AuNP/CaCl, 150 Gas-like N/A
450 Gas-like N/A

750 Gas-like N/A

900 Gas-like N/A

1050 FCC 20.6

1350 FCC 19.9

1500 Glass-like 19.4

1650 Glass-like 19.2

1950 Glass-like 19.2

ds-DNA-AuNP/NaCl 30 Gas-like N/A
150 Gas-like N/A

300 Gas-like N/A

750 FCC 26.0

1500 Glass-like 24.8

ds-DNA-AuNP/CaCl, 30 Gas-like N/A
150 FCC 24.3

300 Glass-like 23.1

750 Glass-like 23.0

1500 Glass-like 22.7

Table S1. Summary of samples discussed in the main text. Note, for FCC lattices dyy = arcc/V2. For glass-like
assemblies dyy is obtained from the position of the first peak in g(r). The data was collected at beamline SID-D of
the Advanced Photon Source.
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System Trial # DNA/AuNP  u, (mM) Packing dnn (nm)
ss-DNA-AuNP/CaCl, 1 Not measured 30 Gas-like N/A
150 Gas-like N/A
300 Gas-like N/A
750 Gas-like N/A
1500 FCC 21.5
2 65 150 Gas-like N/A
450 Gas-like N/A
750 Gas-like N/A
900 Gas-like N/A
1050 FCC 20.6
1350 FCC 19.9
1500 Glass-like 19.4
1650 Glass-like 19.2
1950 Glass-like 19.2
3 53 600 Gas-like N/A
1200 FCC 20.4
1500 FCC 20.0
1950 Glass-like 18.9
2400 Glass-like 18.8

Table S2. Summary of observations for ss-DNA-AuNP in CaCl, solutions from three separately prepared sample
sets. The data from Trial 1 and Trial 2 were collected at beamline 5ID-D of the Advanced Photon Source. The data
from trial 3 was collected in the Northwestern University X-ray diffraction facility.
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4. Dynamic light scattering measurements
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Figure S1. Dynamic light scattering (DLS) measurements of DNA coated AuNPs and their assemblies. DLS-
derived probability distribution [Pr(R)] for the hydrodynamic radius (R) of (A) ss-DNA-AuNP in pure water, (B) ds-
DNA-AuNP in pure water and (C) aggregates of ss-DNA-AuNP in 500 mM CaCl,. The data shown is the average
of 3 measurements, with the error bars representing the standard deviation. The black lines are fits based on Schulz
distribution for R. The data was collected on a Malvern Zetasizer Nano ZS system (4 = 633 nm laser).

As described in section 2 above, the SAXS intensity is largely dominated by scattering from the
Au cores. Therefore, for DNA coated AuNPs, the radial extent of the DNA shell cannot be
readily extracted from the SAXS data. In order to gain insight into the overall size of the DNA-
coated-nanoparticles, we performed dynamic light scattering (DLS) studies on ss-DNA-AuNP
and ds-DNA-AuNP dispersed in pure water. Fig. SIA-B show that the mean radius (R) of ss-
DNA-AuNP and ds-DNA-AuNP in pure water is R =19.2 and R = 13.0 nm. These R in salt-free

solutions should correspond to the maximum radii for these DNA coated nanoparticles because
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with increasing salt concentration, the radial extension is expected to decrease for the single
stranded DNA segments present on both the ss-DNA-AuNP and the ds-DNA-AuNP.? Therefore,
these DLS-derived R were used to estimate the upper bounds for the volume fraction of these
nanoparticles (main text).

In salt free conditions, the DLS-derived radius of ss-DNA-AuNP is ~ 48% higher than
the radius of ds-DNA-AuNP. By contrast, in 500 mM CaCl,, the SAXS-derived nearest-neighbor
distance dyy = 19.4 nm and 22.7 nm in ss-DNA-AuNP and ds-DNA-AuNP aggregates (table S1).
Assuming tangential contact between nanoparticles, i.e. dyn/2 = R, the radius of ss-DNA-AuNP
becomes ~ 14% smaller than the radius for ds-DNA-AuNP in 500 mM CaCl,. These combined
SAXS-DLS observations are consistent with the architecture of the DNA strands used and the
expected response of these DNA strands to the salt environment, as described below.

Recall, that the DNA strand on ss-DNA is a 40 base long poly-T sequence (T40), and the
DNA strand on ds-DNA consists of a 28 base long ss-DNA, with 18 bases farthest from the Au
surface duplexed with a complementary DNA. In zero-salt condition, where the electrostatic
repulsions between the negative charges along the DNA strand are very weakly screened, the
flexible ss-DNA strands are expected to be stretched, resulting in a larger radial extension for the
ss-DNA-AuNP, where the DNA coating has a longer base sequence (T4). With increasing salt
concentration, the radial extension is expected to reduce drastically for the ss-DNA," but not for
the rigid rod-like duplexed segment (on ds-DNA-AuNP) because of the large persistence length
(L, ~ 50 nm) for ds-DNA.'® Therefore, at high salt concentrations, the R for the ds-DNA-AuNP
is higher that for the ss-DNA-AuNP.

In order to gain information regarding the size of the aggregates of DNA-coated

nanoparticles, DLS measurements were performed for ss-DNA-AuNP in 500 mM CaCl,.

S17



Depending on the sample used (different trials), the mean R of the aggregates was found to vary
between ~ 700 -1000 nm. The average size distribution obtained from 3 different measurements
is shown in Fig. S1C, which shows a mean R = 860 nm. The large error bars are a result of the

aforementioned variations in the size distributions observed in different trials.

5. Comparison between experimental nearest neighbor distances and theoretical estimates

Here, we provide evidence that in the observed assemblies, the DNA-coated nanoparticles are
packed tightly. Tables S1-S2 and Figs. S2A-S2B show that the nearest neighbor distances (dny)
decrease with increasing us to reach a near constant value in the glassy state. To gain some
insight into the packing of nanoparticles, it is necessary to estimate the radial extent of the DNA
corona as a function of u,. Previous studies on the assembly of ss-DNA coated AuNPs via
Watson-Crick hybridization in bulk solutions'’ or via 2D confinement and ion-mediated
attractions at a liquid/vapor interface® show that the radial extent fpna of ss-DNA tethered to
spherical AuNPs can be estimated using the Daoud-Cotton model or its modifications [modified
Daoud-Cotton Model (mDC)]. These models take into account the curvature of the AuNP, the
number density of the tethered DNA and the effect of the salt concentration. Following Tan et.

2
al.,

KNb | _
tpna = Ryl +R_(Sﬂs")1/3]3/5 - Ry, (S11).

Au
Here, N is the number of bases in the ss-DNA strand, b = 0.65 nm is the inter-base separation
along the DNA contour, S is the surface number density of the DNA tethered to AuNP of radius
R4, and K and 7 are constants of the order unity. In particular, for 2D hexagonally packed arrays

of ss-DNA coated AuNPs at the liquid/vapor interface, the observed dyy [assumed to be equal to
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the hydrodynamic diameter for the nanoparticle (Fig. S2C)] could be successfully described by
the mDC parameters (K, 1) = (1.4, 1) and (K, ) = (2.1, 1) for the cases of assemblies in the
presence of MgCl, and NaCl, respectively. Similarly, in FCC crystals of ds-DNA coated
spherical AuNPs via Watson-Crick hybridization in bulk solutions, it was observed that the

radial extent of the ds-DNA corresponds to a ~ 0.26 nm rise/base-pair.'®
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Figure S2. SAXS-derived nearest neighbor distances in assemblies of DNA coated AuNPs. Nearest-neighbor
distance (dnn) as a function of solution ionic strength. (A) ss-DNA-AuNP in CaCl, and (B) ds-DNA-AuNP in NaCl
(blue) and CacCl, (black). Filled circles correspond to FCC lattices and open circles correspond to glassy assemblies.
Solid lines connecting the data points are guide to the eye. Solid curves are estimates for the diameter (2R) of the
DNA-grafted-AuNPs that are based on the parameters from references 2 and 18. The plotted data is from Table S1.
Schematic for DNA-grafted nanoparticles in tangential contact (C) and in interdigitated configuration (D).

Figures S2A-B show the estimates for the hydrodynamic diameter (2R) of DNA-coated
nanoparticles (solid lines) that are based on the combination of the above described ss-DNA and
ds-DNA parameters. Figs. S2A-B show the calculated 2R are larger than the observed dyy by as
much as ~ 25%. There are two possibilities for these differences. First, the aforementioned mDC
parameters” are overestimated because the 2D confinement of nanopaticles in that study could
have induced assembly even in a regime where the interparticle center to center separation was

larger than 2R. This hypothesis is partly supported by the observation that a closer match to the
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observed dyy in the present study is obtained with slightly reduced value of the parameter K: (X,
n) = (1.8, 1) and (K, ) = (0.8, 1) for the cases of aggregates in NaCl and CaCl, (Fig. S3).
Second, it is possible that in the electrolyte-mediated assembly (present study), the DNA chains
on neighboring nanoparticles interdigitate (Fig. S2D). It should be noted however, that a large
region of overlap between DNA coronas on neighboring particles is prohibitive due to the
ensuing steric repulsions between DNA chains, as suggested by our MD simulations (Fig. 3,
main text). In the MD simulations, the minimum in the interparticle interaction potential occurs
at an interparticle separation where the DNA coronas are, roughly speaking, just touching.
Overall, the above observations suggest that DNA coated AuNPs are packed tightly without

strong overlap between the DNA coronas on neighboring AuNPs.
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Figure S3. Nearest-neighbor distance (dyy) as a function of solution ionic strength. (A) ss-DNA-AuNP in CaCl, and
(B) ds-DNA-AuNP in NaCl (blue) and CaCl, (black). Filled circles correspond to FCC lattices and open circles
correspond to glassy assemblies. Solid lines connecting the data points are guides to the eyes. Solid red curves are
estimates for the hydrodynamic diameter of the DNA-grafted-AuNPs that are based on the modified mDC
parameters described above. The plotted data is from Table S1.

6. Ion correlations in the presence of DNA-grafted nanoparticles

To understand the role of ions in mediating the assembly, it is important to analyze the inter-
ionic and the ion-nanoparticle positional correlations. Figure S4 shows the MD-derived average
density profiles of monovalent anions surrounding the divalent cations for the cases of s = 15
mM (Fig. S4A) and 150 mM (Fig. S4B). The calculations are for the case when the two identical
ds-DNA-capped nanoparticles are placed along one of the body diagonals of a cubic simulation
box. Here and hereinafter, the length of the cubic simulation box for both salt concentrations is
34 nm, and both ds-DNA-capped nanoparticles are located at symmetric fixed positions with
respect to the center of the simulation box. The separation between the centers of mass of the two
nanoparticles is 20.45 nm. At this separation, the interparticle interactions are weakly repulsive
for us = 15 mM and weakly attractive for yus = 150 mM (Fig. 3, main text). The two nanoparticles
were allowed to rotate freely about their center of mass. Fig. S4 shows that for anion-cation

separation equal to the ionic diameter (contact distance), the local concentration of monovalent

S21



anions is enhanced with increasing us. A depletion region of monovalent ions is also observed

closer to the surface of divalent cations.
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Figure S4. Average density profile of monovalent anions surrounding divalent cations in the presence of two ds-
DNA-coated AuNPs. Two concentration cases were examined for this 2:1 electrolyte (A) 5 mM (us = 15 mM) and
(B) 50 mM (us = 150 mM).

The above described density profiles can be interpreted in terms of the potential of mean
force as a function of the separation between monovalent anions and divalent cations (Fig. S5).
Fig. S5A shows an attractive interaction between monovalent and divalent ions at low solution
ionic strength (us = 15 mM). The maximum strength of this attraction occurs when the centers of
the cation and the anion are located at a separation of one ionic diameter approximately. At
larger separations, this attractive interaction decreases and a repulsive barrier is observed. When
the concentration of the salt is increased ten times (Fig. S5B), the maximum depth of the

attractive well is nearly doubled, and the repulsive barrier almost vanishes. Thus, the ion pairing
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under such conditions is greatly facilitated as compared to the lower concentration case

displayed in Fig. SSA.
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Figure S5. Potential of mean force between the divalent cation and the monovalent anion as a function of inter-ion
separation. Two concentration cases were examined for this 2:1 electrolyte (A) S mM (ys = 15 mM) and (B) 50 mM
(us =150 mM)

The effect of the ionic strength on the spatial correlations between the ds-DNA capped
nanoparticles and the surrounding divalent counterions is analyzed in Fig. S6. The average
density profiles for divalent cations surrounding a DNA-grafted nanoparticle is displayed for two
salt concentrations: 5 mM (Fig. S6A) and 50 mM (Fig. S6B). These figures show that as the
ionic strength is increased, the local concentration of the divalent cations also increases. This
enhancement is particularly evident for regions very close to and far away from the neutral-core-

surface of the DNA-grafted nanoparticle.
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Figure S6. Average density profiles of divalent cations surrounding a single dsDNA-grafted nanoparticle. In (A) the
salt concentration of the 2:1 electrolyte is 5 mM (blue dashed line), and in (B) the salt concentration of the 2:1
electrolyte is 50 mM (red solid line). Here, ‘r’ represents the distance from the surface of the nanoparticle core.

In order to quantify the neutralization of DNA-grafted nanoparticles charge by the
electrolyte, we have calculated the average number of divalent cations and monovalent anions
associated to a DNA-grafted nanoparticle when the two DNA-grafted nanoparticles are located at
symmetric fixed position with respect to the center of the simulation box. The center-to-center
interparticle separation here too was 20.45 nm. The number of ions associated with a single
DNA-grafted nanoparticle is defined as the number of ions enclosed by a sphere of diameter 17.6
nm, with the center of this sphere matching the center of mass of the nanoparticle. On average, it
was observed that there were 280 cations and 10 anions associated with a single ds-DNA-grafted
nanoparticle, when the salt concentration was 5 mM. When the concentration of the electrolyte
was 50 mM, an average of 349 cations and 134 anions were associated with a single ds-DNA-
grafted nanoparticle. As the valence of a single ds-DNA-grafted nanoparticle is -576, the above

calculations suggest that the charge of a single DNA-grafted nanoparticle is neutralized 95% and
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98% by a divalent salt at ionic concentrations of 5 mM and 50 mM, respectively. These
observations are consistent with previous DFT calculations and SAXS experiments for ion
distribution surrounding a ds-DNA-grafted nanoparticle in the presence of monovalent ions with
different ionic sizes.* The average number of triplets, which are the smallest ion pairs associated
with a single DNA-grafted nanoparticle, can be also estimated from the average number of
monovalent anions previously calculated. We estimate that a single DNA-grafted nanoparticle
has 5 and 67 associated triplets for 5 mM and 50 mM salt concentration, respectively.

All the features discussed above suggest an enhancement of the average long-ranged
electrostatic cohesive energy between divalent cations and monovalent anions at high ionic

strengths in the presence of highly charged DNA-grafted nanoparticles.

7. Like-charge attractions

Like-charge attractions appear in simple bulk electrolytes under a wide range of conditions.
Positive ions attract negative ions that in turn attract other positive ions, which could result in a
mean attractive force between two positive ions (mediated by negative ions). Whether this mean
attraction is significant or present at all, depends strongly on the ion density and electrostatic
coupling strength. To investigate the relevance of this effect, we evaluate the radial distribution
functions of primitive model electrolytes, for parameters that correspond to aqueous solutions of
CaCl, and NaCl, and show results in Fig. S7. The black curves are solutions of the Ornstein-
Zernike equation with a DHEMSA closure'’ and the red curves follow from a mean field theory
(Poisson-Boltzmann). A comparison between the two methods reveals that the mean field results
underestimate the typical range of g(r) and miss typical density oscillations that result from

charge ordering and cluster formation (ionic correlations). The Debye length, which follows as a
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natural decay parameter in Poisson-Boltzmann theory, is therefore not an exact measure for the
electrostatic correlation length at higher ion concentrations. Instead, the ionic correlations
typically extend over several nanometers, even at higher concentrations where the Debye length
is of the order of a few A. Figure S7 shows that every ion influences its environment over about
2.5 nanometers under the given conditions, and that a local excess of like-charge is present
within that environment. The hydrated ion radii used in these calculations are: 3.58 A for Na,

3.32 A for CI', and 4.12 A for Ca®.*°
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Figure S7. Radial distribution functions between two like charges [Na-Na (A); Ca-Ca (B)] and two opposite charges
[Na-Cl (A) Ca-Cl (B)]. Comparison is shown between an almost exact method (OZ, black curves) and a mean field
method (PB, red curves). The OZ results show oscillations that the PB results miss, and the range of the g(r) is
longer than expected by PB theory.

From the radial distribution functions we obtain the mean forces directly via Boltzmann’s

distribution: U,,,,(r) = —kzT In[g(r)], and show the results in Fig. S8. The mean force between
two opposite charges is rather weak, and between two like charges even weaker (< 1 kg7T), but
the effects are cumulative when one considers the mean forces between two highly polyvalent
nanoparticles that offer many charged surface groups. The local environment of a DNA-grafted
nanoparticle may contain up to thousands of ions® such that tiny changes in the free energy per

ion may add up to a significant change in the free energy per nanoparticle. The next section
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describes the effective forces that result from the overlap of two ‘regions of influence’ exerted by

two nanoparticles.
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Figure S8. Mean potentials between the ions in a 2:1 electrolyte and a 1:1 electrolyte (inset), corresponding to the
data in Fig. S7. The potential between Ca and other Ca ions (black), and between Cl ions (blue) shows an attractive
well. The mean field data (dashed lines) miss these attractions. Weak as the attraction may be, it may add up to
strong interactions between polyvalent macroions.

Moving to the next level of complexity, we calculate the ion-induced force between two
parallel boundaries that are smooth, structureless, homogeneously charged, and dielectric. We
use a liquid-state method for anisotropic systems, based on the Ornstein-Zernike equation with

anisotropic hypernetted chain (AHNC) closure,*'™*

and calculate the mean potential as a
function of separation distance, for three concentrations (100, 300, and 500 mM) of monovalent
electrolytes. Two systems are shown in Fig. S9: one with boundaries that are dielectrically
matched with the solvent (¢ = 80) and a surface potential of 50 mV, and a system where the
boundaries have a slightly lower dielectric constant (¢ = 40) and a surface potential of 150 mV. It

is clear from the results that these interaction potentials are negligible for atomistic solutes, but

relevant for nanometer-sized objects; the potential increases quadratically with the size of the
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object, and exceeds the thermal energy for contact areas with a radius beyond ~ 7 nm. It must be
noted that a boundary with homogeneous surface charge has smaller ion-boundary correlations
than a boundary with discrete surface charges. Discrete charges amplify effects like ‘ion-
bridging’ and are expected to reduce the electrostatic repulsion, even more than in Fig. S9. At
short interplate separations (< 0.78 nm), the ions are completely excluded from the confinement,
resulting in a sharp collapse of the osmotic pressure. This leads to a deep potential well for salt
concentrations greater than 300 mM. A similarly strong binding effect for DNA-coated AuNPs
would prevent the nanoparticles from attaining the equilibrium structure of assembly. The crystal
to glass transition that is observed in experiments at very high salt concentrations may be a result

of such depletion-like attractions.
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Figure S9. Mean potentials between two parallel, homogeneously charged boundaries, induced by a 1:1 aqueous
electrolyte, at three different concentrations. The blue lines correspond to a system with boundaries that are
dielectrically matched with the solvent, and have a surface potential of 50 mV, while the inset corresponds to a
system with boundaries that have a slightly lower dielectric constant, and higher surface potential of 150 mV. The
slight dielectric contrast increases the induced attractive potential significantly. The position where the ions are
entirely excluded from the confinement is marked by a maximum in the potential.
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8. Effective forces between functionalized nanoparticles
The average force between nanoparticles in solution results from direct physical interaction,
thermal motion, and the interaction with other solutes. We estimate the strength and range of
such interactions for DNA-grafted nanoparticles, in a dense solution of ions. An algebraic
expression for this effective interaction can be derived from first principles, by taking the
complete multi-component partition sum of nanoparticles and ions, and averaging out the
degrees of freedom of the ions. We aim to keep the notation as light as possible to outline the
process below. The full partition sum can be written as

Z(py, imy N, V, T) = TrpTrg exp{—(Upp + Ups + Uss) /ksT}  (S12).
Here, the subscript p refers to the nanoparticles, the subscript s to the salt ions. Ujis the pair
interaction between species i and j, and 77 (the ‘classical trace’) summarizes the integration over
the degrees of freedom. By a simple reordering of integration, one can rewrite equation (S12) as

Z = Trpexp{—Up,p/ksT} Trsexp{—(Ups + Uss) /kgT}

and define

exp{—Unean/kpT} & Treexp{—(Ups + Uss)/ksT} (S13).
This mean potential depends explicitly on the degrees of freedom of the nanoparticles, but not on
those of the salt ions, and represents an effective force that is mediated by the ions. Although the
potential is in principle a many-body term that depends on the positions of all the nanoparticles,
we focus on the effective interaction between two nanoparticles, assuming the pair contribution
to be the dominant interaction for the moment. The evaluation of the mean potential involves a
complicated high-dimensional integration, which is generally impossible to perform exactly, but
can be avoided with an approximate approach that is more transparent and of general value for a

broader set of interaction potentials.
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To simplify the evaluation of equation (S13), we divide the system into three types of
regions: 1) the region where ions do not correlate with the nanoparticles (bulk solution), IT) the
region where ions can interact with a nanoparticle, and III) the region where ions interact with

two nanoparticles. A schematic representation of this division is shown in Fig. S10.
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Figure S10. Schematic representation of DNA coated nanoparticles in salt solution. Three types of regions are
distinguished; I) bulk solution, II) influence sphere of a nanoparticle, and III) the overlap of two influence spheres.

The ‘sphere of influence’ of a nanoparticle (region II) does not coincide with the hydrodynamic
radius or the maximal extent of grafted chains, but rather with a larger region, that extends
further over the electrostatic correlation length. This length scale ranges from a few nanometers
at high salt concentrations to tens of nanometers at dilute conditions.

We can now simplify equation (S13) by evaluating the integrations within the three
regions separately, ignoring boundary effects. To avoid the complications that arise when Uy, = 0,
we substitute these pair interactions by chemical potential fields w that we could evaluate with a
field theoretical method, in principle. For the purpose of estimating the effective pair interaction
it is not necessary to go into the calculation of these fields. Writing out the integration of the

degrees of freedom of the salt ions,
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ZN+ Ny XN e fdr +dr"- exp {_ Zn=0 (T +wi(ry) | — 2o St +

w_(rm)>} S(14).

The fugacity of the ions is denoted with z, and we introduce the self-consistent chemical
potential fields w that arise from ion-ion correlations. The potential U, is the direct potential
between the two nanoparticles and an ion at position r. The effective potential between two

nanoparticles then becomes

Uyi(R1,R ,r)
Unean(IRy = Ro) = kyT Ticgs, 21 [ dr exp {= 20120 — (s B) (S15)
with R = |R; — R,| the distance between the nanoparticles. Since we are aiming for a simple

estimation of the order of magnitude, and a minimal description of the underlying mechanics we
make the approximation that the self-consistent field is (piecewise) constant within the three
regions: w,(r; R) = q,¢p + us*c. The first constant term is the Donnan potential within the
region times the charge ¢, and the second is the excess chemical potential. The Donnan
potential depends on the density of charges that are bound to the nanoparticle (the grafted chains),
and the excess chemical potential depends on the total density of charges within the region.
Leaving out terms independent of R, we finally obtain

Umean(lRl - RzD

exc —ﬁ— bdr—LBus*c _ﬁ_ o _ [, €XC
= —kgT Vo(lRl — R2|) 2 Z; ([e—ﬁyi ]I + [6 kgT qipp—Bu; ] -2 [e kgT qiPp—Bu; ] )
111 II

ie{+,-}
(S16)

with V) the overlap volume of region III
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V,(r) = —D3(1—3—T+T—) (S17)

and D the diameter of the influence sphere (region II). The square brackets []; indicate that the
potentials in the Boltzmann factor apply to region i. Equation (S16) would simplify greatly for
systems that contain hard spherical colloids and ideal polymer coils. The term in between the
brackets would reduce to 1 in that case, and with D = 2 x (R. + R,), with R, and R, being the
colloid radius and the radius of gyration for the polymer, we derive the famous Asakura-Oosawa

potential >+

This is an effective potential between hard colloids, driven by entropy
maximization of the polymer coils. In our case, however, the effective potential contains
enthalpic contributions as well, caused by ion-ion interactions (included via the excess chemical
potential) and ion-nanoparticle interactions (via U, and the Donnan potential). What both
situations have in common is that the total effective potential is determined by the number of
mediating particles (polymers in the case of Asakura-Oosawa; ions in the current case) in the
overlap volume of the influence spheres. The term within the parenthesis is generally positive
because of the convexity of the Boltzmann distributions, although the potentials in region III
need to be sufficiently larger than those in region II to overcome the negative term (which is
generally the case, as it can be expected that both U,; and @p roughly double in the overlap
region). For the typical parameters of DNA-grafted nanoparticles in NaCl and CaCl, solutions,
one can estimate that the effective potential may exceed 1 k37 if the concentrations are, roughly,
larger than 0.1 M, such that zV is of the order of unity. The overlap volume of two influence
spheres that are 26 nm in diameter and separated by 23 nm (such that the overlap region is only 3
nm wide), has a volume of about 180 nm’ and contains, at a concentration of 0.1 M, about 10 salt

ions. The term in between the brackets, which represents a free energy difference per ion, only

needs to be of order 0.1 to make the effective potential exceed 1 k37. This potential difference
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can be interpreted as the sum of three separate contributions. A direct contribution is commonly
referred to as ‘counterion bridging’, an energy gain by positioning counterions between the
charged sites of two DNA chains, which is described in U,,;. The second contribution results from
a local deformation of the ionic double layer caused by both the charged and neutral aspects of
the DNA. This contribution also involves the salt ions that are not involved in the direct
screening, is contained in u™°, and becomes particularly important at high concentrations.
Finally, the local elevated charge density of the DNA in the overlap region changes the Donnan
potential, which is felt by all the ions. These contributions generally cause attractions, as the
potentials in region III typically double as compared to those in region II, and the term inside the
brackets of equation (S16) increases rapidly with ion valency and concentration, because of the
exponents. These arguments would apply to general classes of nanoparticles in aqueous solution,
and are only distinguished by the relative magnitude of the three contributions. The highly
polyvalent nature of DNA facilitates ion bridging, creates significant differences in the local
Donnan potential, and affects the local structure of salt as expressed by the local chemical
potential. On the basis of these estimates we expect an attractive interaction between DNA-
grafted nanoparticles, induced by the ions, via ion entropy, ‘ion bridges’ and ionic cohesion. The
analysis demonstrates that ion bridges, which are weak in monovalent electrolytes, are not a
requirement for cohesive forces. A specific application of equation (S15) would deserve further
study, and even the more approximate but insightful equation (S16) could be subjected to an
extensive exploration of parameters, to make quantitative comparisons between different
samples of nanoparticles. While the effective potential is generally attractive, the nanoparticles
are stabilized by the opposing direct interaction U,, (Eq. S12), which contains the steric and

electrostatic repulsion between the DNA chains. This interaction increases sharply if the
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nanoparticles interdigitate.
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