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Transformations in crystals of DNA-functionalized nanoparticles
by electrolytes

Roger John-Erik Reinertsen®", Felipe Jiménez-Angeles®”, Sumit Kewalramani?, Michael Bedzyk?,
Monica Olvera de la Cruz*®¢

Colloidal crystals have applications in water treatments, including water purification and desalination technologies. It is,
therefore important to understand the interactions between colloids as a function of electrolyte concentration. We study
the assembly of DNA-grafted gold nanoparticles immersed in concentrated electrolyte solutions. Increasing the
concentration of divalent Ca?* ions leads to the condensation of nanoparticles into face-centered-cubic (FCC) crystals at low
electrolyte concentrations. As the electrolyte concentration increases, the system undergoes a phase change to body-
centered-cubic (BCC) crystals. This phase change occurs as the interparticle distance decreases. Molecular dynamics analysis
suggests that the interparticle interactions change from strongly repulsive to short-range attractive, as the divalent
electrolyte concentration increases. A thermodynamic analysis suggests that increasing the salt concentration leads to
significant dehydration of the nanoparticle environment. We conjecture that the intercolloid attractive interactions and
dehydrated states favour the BCC structure. Our results gain insight into salting out of colloids such as proteins as the
concentration of salt increases in the solution.

Introduction

Colloidal dispersions of like-charged particles in deionized water are
stable due to the particles’ mutual electrostatic repulsion; however,
the mobile ions in the medium screen the electrostatic interactions,
resulting in a decrease in the strength and range of these interactions
with increasing salt concentrationl. The screened Coulombic
interactions can be considered using the potential derived in the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 23, which
depends on a screening length A = k1. The screening length can be
adjusted by changing different parameters in the system. In
particular, the inverse of the screening length Kk increases by
increasing the ions’ concentration and valence and decreases by
increasing the temperature and the medium dielectric constant. In
certain solution ionic conditions, charged particles form highly
ordered arrays of particles known as colloidal crystals*-®.

Like-charged, spherical colloidal particles interacting via repulsive
screened Coulombic interactions assemble into different lattice
types depending on screening length; typically, larger screening
lengths, allowing for “softer”, longer-ranged repulsions, favour the
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body-centered cubic (BCC) structure, while smaller screening
lengths, leading to “harder”, shorter-ranged interactions, favour the
face-centered cubic (FCC) structure 7. Here, we show that
nanoparticles functionalized with highly charged flexible ligands,
assemble into FCC crystals at low salt concentrations, and BCC
crystals at high salt concentrations. This is quite unexpected, as in
charged systems, FCC structures do not transition to BCC, including
when co-assembled with highly size-asymmetric oppositely charged
nanoparticles 10-11; exceptions typically require specific interactions
or the presence of an external field.* Our analysis of the present
system suggests that water-mediated interactions between the ions
and the charges in the nanoparticles are responsible of transforming
FCC to BCC as the salt concentration increases.

Some insights into the relative stability of FCC and BCC structures in
ligand-coated nanoparticles may be gleaned from experimental
observations and phenomenology in systems of particles consisting
of hard cores and neutral polymer brush shells (grafted particles or
diblock copolymer micelles). In these systems, the stability of FCC
and BCC structures varies depending on the particle properties. A
small ratio of the brush length-to-core radius favours FCC structures,
while a large ratio favours BCC micelles 12. Low surface densities of
grafted polymer chains favour BCC structures 13. The role of the
effective softness has been quantified 1415, Soft brushes (long and
sparse) stabilize second-nearest neighbour interactions in BCC
structures. High chain flexibility and large brush-to-core ratios
favouring BCC structures also apply to nanoparticle superlattices
assembled via DNA-bases pairing 6. Small nanocrystals grafted with
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Figure 1 (a) Background-subtracted Small-angle X-ray Scattering data for the DNA-grafted nanoparticles assembled at various CaCl, concentrations (b, c) Extracted structure factors

for the nanoparticle aggregates, compared to model fits for FCC (b) and BCC (c) crystals.

(d) A schematic defining the nearest-neighbour interparticle separation, Dyy, Which the

nanoparticles assume in the colloidal crystals (e) A plot of phase and nearest neighbour separation (Dyy) as a function of CaCl, concentration. “Pre-crystal” refers to nanoparticle

suspensions with no visible sedimentation, and very weak scattering peaks. (f) A plot of volume per nanoparticle in the structures, as calculated by the lattice parameters and packing

efficiencies; the volume per particle does not increase across the FCC-BCC transition.

alkyl ligands favour BCC structures when the ligands are longer 17,
These results are explained in a model by assuming that the “packing
of the ligands BCC
Consequently, a smaller number of chains needs to be compressed

frustration” decreases in structures.
or extended to accommodate packing constraints than in the FCC

structure 18,

FCC to BCC transitions have been observed in some systems such as
diblock copolymer micelles in water upon increasing temperature
due to a decrease in the aggregation number of the micelles, thus
making the brush sparser (and “softer) 9. Alkyl-grafted nanocrystals
assembled via slow solvent removal 2° 2! transition from FCC to BCC
structures as they dry. Lattices of oleic-acid functionalized
nanocrystals transition from FCC to BCC structures as a non-solvent
(such as ethanol) is added, which should pull solvent away from the
ligands, destabilizing the particles?2. Related studies show that
swelling of a nanocrystal lattice with solvent vapor drives a transition
from BCC to FCC.23

In ligand-coated systems, FCC structure appear to be favourable over
BCC structures in the presence of solvents favourable to the ligands.
One hypothesis is that the swelling of the alkyl ligands by a solvent
makes the particles behave as hard sphere, so the ligands do not
deform (or interdigitate) favouring FCC structures 24. Similar
reasoning appears in a molecular dynamics study of nanocrystals
suspended in toluene and hexane 25. Missoni and Tagliazucchi use a
molecular theory to show that the presence of solvents in
nanoparticle superlattices favours FCC over BCC structures?e.
Extending these considerations to a charged, ion-containing aqueous
system would be an exciting step forward.

2 | J. Name., 2012, 00, 1-3

Here we analyse assembly as a function of the salt concentration in
a system consisting of gold nanoparticles (R ~ 4.5 nm) that are
densely functionalized by single-stranded (ss-DNA) (~ 65 DNA per Au
nanoparticle). The DNA strands were comprised of 35 Thymine bases
(T3s), which prohibited assembly through base-pairing interactions.
We note that the condensation into crystalline lattices and crystal
phase transitions in this system are due to electrolyte-mediated
effects. We consider monovalent and divalent cations, using NaCl
and CaCl; electrolytes. In solutions containing only NaCl, we do not
observe nanoparticle aggregation, in agreement with expectation
from the interaction potential obtained from Inverse Lattice
Boltzmann simulations of double-stranded (ds)-DNA functionalized
nanoparticles in NaCl electrolytes.?’” In contrast, ssDNA-coated
nanoparticles were previously found to assemble into FCC lattices
above a threshold concentration of divalent ions 28. In that study, our
dynamics (MD)
nanoparticles in divalent ions, without explicit water revealed that

molecular simulations on ds-DNA capped
FCC crystals at low divalent ion concentration arise due to
interparticle attractions of longer range than expected by ion
bridging. Here, we find that contrary to other systems of like-charged
colloids, the FCC phase that appears at a low salt concentration of
divalent ions transforms to the BCC phase as the ions’ concentration
increases. Based on all-atom MD simulations, we hypothesize that
dehydration on nanoparticles at high electrolyte concentration leads

to the phase transformation from FCC to BCC.

The paper is organized as follows: First, we present the results from
our experimental measurements and our analysis using molecular
dynamics simulations. We investigate the
nanoparticle and DNA with the electrolyte. A brief description of the

interface of the

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 (a,b) Extracted structure factors for the DNA-grafted nanoparticles at various NaCl

concentrations, with the solution also containing (a) 0 mM CaCl, and (b) 400 mM CaCl,

(c) A plot of phase and nearest neighbour separation (Dyy) as a function of CaCl, concentration.

experimental and simulation techniques is included in the results’
discussion as well as the relation of our work to the structure of the
water and ions around DNA. Further details are supplied in the
Methods section. Some conclusions and perspectives are included at
the end of the manuscript.

Results

Experimental Results

(ss)-DNA-functionalized
conjugates (DNA-NP) have a high net negative charge, which results
in repulsive electrostatic interactions between particles. These

Single-stranded gold nanoparticle

repulsions prevent the nanoparticles’ precipitation even in
concentrated NaCl solutions. By contrast, in the presence of
sufficient concentrations of Ca2* ions (as provided by the addition of
CaCly), attractive forces drive the precipitation of the conjugates
small-angle X-ray scattering (SAXS)
measurements reveal that the conjugates pack into FCC lattice just
above a threshold CaCl, concentration of ~ 280 mM (Fig. 1a-b). SAXS

also shows that increasing the CaCl, concentration drives the

within  minutes. In-situ

compression of the lattices (Fig. 1b, e). Above 700 mM CacCl,, the
aggregates transition into BCC crystals, with the interparticle
separation continuing to decrease with added salt (Fig. 1c, e). While
the BCC phase features a lower packing efficiency than the FCC
phase, we calculate that the volume per particle within the lattices
continues to decrease across the transition (Fig. 1f). We note here
that our previous study on non-base pairing, ssDNA-grafted
nanoparticles assembled via Ca?* cations instead displayed a
transition from FCC to an amorphous, glassy state at higher CaCl,
concentration.28 We attribute this difference to more homogenous
DNA coverages in the present study, as well as greater intervals
between sample preparation and measurement enabling additional
growth of colloidal crystals.

The monovalent salt, NaCl, is unable to induce the precipitation of
the DNA-NP at any accessible concentration in water (Fig. 2a), with
SAXS patterns only displaying very weak scattering peaks. However,
nanoparticle superlattices formed at 400 mM CaCl; contract upon
increasing the NaCl concentration of the system up to 1 M.
Additionally, increasing [NaCl] to 2 M induces the same FCC-to-BCC
transition observed upon sufficient increase in [CaCly] (Fig. 2b-c).
These observations suggest that while divalent ions are essential for

This journal is © The Royal Society of Chemistry 20xx

inducing DNA-NP crystallization, lattice compression and structural
phase transitions are determined by the overall solution salt content.
Based upon these observations, we hypothesize that increasing the
solution ionic strength modifies the interactions between the grafted
DNA and the Ca?* cations. The addition of salt strengthens the
attractive interactions between CaZ* and the DNA-phosphate groups
and the nanoparticles, and weakens the electrostatic repulsion
between the anionic phosphates. Both these effects lead to denser
nanoparticle assemblies. An effect may be that the salt dehydrates
the DNA and favours denser packing of nanoparticles via a
mechanism analogous to the salting out of proteins 2. In the next
section, we employ molecular dynamics simulations to analyse these
hypotheses.

Molecular Simulation Results

We performed all-atom explicit solvent molecular dynamics (MD)
simulations using the setup shown in Figure 3. The system consists of
a DNA-grafted gold nanoparticle immersed in an electrolyte solution
made of Ca2* and CI- ions. The simulation box is replicated multiple
times by applying periodic boundary conditions in the x-, y-, and z-
directions. The box sizes considered in our study allow the
interaction between the nanoparticles in the neighbouring image
boxes. Therefore, the simulation box is considered a unit in a three-
dimensional crystalline system. We explored different ion
concentrations. The system details are provided in the Methods

section.

The DNA molecules are grafted to the nanoparticle’s surface;
however, they adopt different configurations the
nanoparticle as a function of the electrolyte concentration. Fig. 4a

around

shows the density profiles of the DNA molecules as a function of the
distance to the nanoparticles’ centre. All the DNA profiles have a
common peak at r = 2.7 nm due the grafting on the nanoparticle’s
surface, and a second peak at r = 3.3 nm. At r = 3.3 nm, we see
significantly different behaviours of the grafted DNA molecules at
different electrolyte concentrations. At the two highest electrolyte
concentrations a third peak appears at about r = 3.8 nm; the higher
the electrolyte concentration, the sharper the third peak becomes.
Interestingly, at lower electrolyte concentrations ([CaCl;] < 1.2 M),
the DNA extends beyond r = 3.8 nm, decaying monotonically,
whereas at the higher electrolyte concentrations the profiles do not
extend past this value. This behaviour indicates that the electrolyte

J. Name., 2013, 00, 1-3 | 3
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Figure 3 Simulation setup employed to analyse the chemical equilibrium of a dense phase
made of DNA-grafted gold nanoparticles and CaCl, ions reservoir. (a) Nanoparticle of 4.5
nm of diameter, (b) all-atom model of a single-stranded DNA molecule made of 17 T-
bases, (c) composite system consisting of 18 single-stranded DNA molecules grafted on
the surface of the nanoparticle, and (d) simulation box containing a grafted DNA
nanoparticle immersed in an electrolyte solution made of Ca?* and Cl- ions. Water is
including explicitly in the system (not shown). Note that due to computational
constraints, the DNA-NP in simulations have been scaled down by a factor of ~2. The
number of DNA per Au nanoparticle is correspondingly reduced to roughly match the
DNA grafting density in experiments.

concentration modifies the correlation of the DNA molecules with
the nanoparticle’s surface. At low electrolyte concentrations the
DNA molecules are correlated at longer distances whereas at high
concentrations the DNA molecules are more structured near the
nanoparticles surface.

By analysing the Ca?* distribution around the nanoparticle, we notice
interesting changes as a function of the electrolyte concentration.
The density profiles in Figure 4b show a peak at around r = 2.5 nm
which implies the adsorption of Ca?* ions on the nanoparticle’s
surface. This peak is due to the electrostatic attraction of the grafted
CaZ* cations by the DNA on the surface. The ionic correlations
enhance the Ca?* adsorption on the nanoparticle’s surface,
therefore, the adsorption is small at the lowest concentration and
increases as the ionic concentration increases. A secondary peak is at
r =3 nm and some ionic structure between 3nm <7 < 4 nm
because of the interaction between the Ca?* and the DNA molecules.
The density profiles show that the correlation length decreases as
the electrolyte concentration increases. For example, at 0.2 M the
ionic density profile decay monotonically from r =4 nm and
becomes uniform at about r = 6 nm, whereas at 2.1 M the profile is
uniform from r = 4.5 nm. These changes in the correlation length
and ionic structure around the nanoparticle impact the overall
interaction between the nanoparticles.?’. 30

Water mediates the interactions of biomolecules with ions and other
molecules.3! In Figure 4c, we analyse the aqueous environment using
the water density profile. The water density profiles show a main
peak at r = 2.5 nm that increases as the CaCl, concentration
increases, and three more peaks of decreasing height as the distance
to the nanoparticle’s surface increases. Then, the density profiles
tend to a constant value that is reached at a closer distance from the

4 | J. Name., 2012, 00, 1-3
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Figure 4 Structure of DNA, ions, and water around the nanoparticle. Density profile of (a)
the DNA molecules, (b) Ca? ions, and (c) water as a function of the distance to the
nanoparticle’s centre. The DNA density profiles are calculated using the P atom of the
PO, group of the DNA molecules (see Figure 3b). To aid visualization, the DNA density
profiles are shifted upwards by 0.5 with respect to the contiguous profile; the DNA
density profile at 0.4 M is not shifted. In the Ca?* profiles, the shifts result naturally from
the different concentrations. The line colours represent different CaCl, molar
concentrations. The density units are number of particles/nm3. The light-blue line is
included to show when the profiles reach a uniform value. (d) Instantaneous snapshot
of the simulation box showing the aqueous environment around the DNA-grafted
nanoparticle. The nanoparticle is shown in yellow, Ca%" ions within 0.5 nm from the P
atom are in green, and the DNA backbone is shown as a grey ribbon. The PO, groups
from DNA are displayed as spheres; P: ochre, and O: red. The image is produced using
two contiguous image boxes that self-interact through the DNA strands.

surface as the electrolyte concentration increases. For the highest
electrolyte concentration (2.1 M), the water density plateau is
reached at r ~ 4.5 nm, whereas at the lowest concentration (0.4 M)
the plateau is reached at a r = 6.5 nm. Fig. 4d shows an
instantaneous configuration of the DNA strands and the ionic
environment that mediates the nanoparticles' interaction in the
dense phase.

The correlation between the nanoparticles and the ions occurs
primarily via the DNA charged groups. In Fig. 5a we investigate the
correlations between the DNA PO, groups and the Ca2* ions using the
radial (RDF) at different
concentrations. We find that the PO, groups strongly adsorb the Caz+
ions, which is seen as a peak in the RDF profiles at about r = 0.3 nm.

distribution  functions electrolyte

Furthermore, we observe other peaks at r = 0.6, 0.8, and 1.25 nm
caused by the crossed correlation via neighbouring PO4 groups in the
DNA molecule. By increasing the electrolyte concentration, the
crossed correlations gradually decrease. Consequently, at 2.1 M the
third peak at r = 1.25 nm, almost disappears, and the profile is
uniform at long distances. At the lowest concentration (0.4 M) the
correlations between the PO, groups and the Ca2* ions are of a much
longer range than 2 nm.

It is worth noticing that the grafted DNA nanoparticle enhance the
correlations between the ions. In Fig. 5b, the RDF profiles between
CaZ* ions peak at about r = 0.47 nm, also observed in the bulk
solution. At the lowest electrolyte concentration, the secondary peak

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Radial distribution functions (a) PO - Ca?* and (b) Ca?* - Ca?* at different CaCl,
concentrations. Snapshots of the environment around the PO, groups of DNA (c) Ca?*
ions in the system at 2.1 M, and water molecules and Ca?* ions near a PO4 group in a
system at (b) 0.4 M and (e) 2.1M.

atr = 0.6 nm is much more pronounced in the presence of the DNA
molecules than in bulk. In addition, the ion-ion correlations are of
longer range at the lowest concentration than at the higher ones.
Fig. 5c-e show snapshots of the ions and water around the PO, DNA
groups. We can see that the CaZ* ions coordinate with multiple PO,
groups and induce the bridging between them. Fig. 5d-e shows that
the PO, groups are better hydrated at low than at high electrolyte
concentrations because the Ca?* remove water from the PO,
groups.3?

In summary, the DNA molecules adopt extended configurations at
low electrolyte concentrations, and they become more compact and
layered near the nanoparticle’s surface at high concentrations.
Similarly, the range or spatial extension of ionic correlations reduces
with
increasing the salt concentration in the system, the CaZ* ions replace
the hydration water around the DNA chains. These dehydrated (or

increasing electrolyte concentration. Furthermore, by

less-hydrated) ligands lead to changes in the effective nanoparticles’
interaction favour configurations that better accommodate the BCC
structure. In other words, a low electrolyte concentration favours the
FCC phase, whereas the BCC is more favourable at high electrolyte
concentrations.

A change in the separation distance D, implies a change in the
number of water molecules per unit cell. Therefore, the equilibrium
separation distance Dnn, between the nanoparticles results from a
balance in the interaction forces and the chemical equilibrium
between the crystal and the surrounding ions reservoir. Hence, we
analyze the stable hydration scenarios of the nanoparticles as a
function of the CaCl, concentration. We consider the system outlined
in Fig. 3, and three hydration states represented by the number of
water molecules in the box, N,, = 45000, 55000, and 70000. The
corresponding box size varies from L =11.5 nm to L =13.5 at the
lowest and highest hydration, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6 (a) Gibbs free change due to inserting a triplet consisting of one Ca?* ion and
two Cl- ions into the simulation box containing one DNA grafted nanoparticle, and (b)
equilibrium simulation box Volume. The calculations are performed as a function of the
CaCl, concentration and at different hydration states defined by the number of water
molecules N,, in the simulation box.

The equilibrium ion concentration in the reservoir and the
nanoparticle dense phase are determined by the thermodynamic
equilibrium conditions, namely, p* = p?and p% = u?; where p and p;
are, respectively, the pressure and the chemical potential of species
i (see Phase Equilibrium sub-section in Methods). The superscripts
o and B designate the nanoparticles’ dense phase and the aqueous
phase (B), respectively. The chemical potential is expressed in terms
of the Gibbs free energy as
aG
Hi = (6_M>

DTN jzi
(1)

where N; is the number of particles of species i and n is the number
of species in the system. To maintain the system electroneutrality
during the free energy calculation, we consider inserting an artificial
‘molecule’ with no internal bonds formed by one Ca2* ion and two Cl-
ions. We refer to this artificial molecule as a triplet. We calculate the
chemical potential as the change of the Gibbs free energy by
introducing the ‘molecule’ into the system as

AG
W = (A_,)p.T.Nj=i =G(T,p,Ny,...,Ny,...,N) = G(T,p, Ny, ..., N;
L

—1,...,N,)
(2)

The change of the free energy is calculated using the slow-growth
method in thermodynamic integration33-34 to transform the system
from state A to state B as follows

1
0H
6*(T,p) = GA(T,p) = 46 = [(G)ada
0
(3)

A is a coupling parameter that varies from 0 to 1 to modulate the
interaction between the target molecule and the medium that is
gradually turned in the system’s Hamiltonian, such that the
interaction between the medium and the molecule is switched off at
state A (A=0) and is on in state B (A=1).

Figure 6a shows the change in the Gibbs free energy by inserting a
triplet into the system as a function of the electrolyte concentration

J. Name., 2013, 00,1-3 | 5
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and at three different hydration states, namely, N,, = 45000, 55000,
and 70000. At the highest hydration state (N,, =70000), the change
in Gibbs free energy decreases by increasing the electrolyte
concentration, implying that the insertion of a new triplet into the
system is favorable at this hydration state. For the two lower
hydration states, the change in the Gibbs free energy shows states
that are as likely as the states with the highest hydration. Hence, our
analysis shows that the dehydrated states are energetically favorable
as the electrolyte concentration increases. In Figure 6b, the
simulation box volume shows sensitive increments by increasing the
CaCl; concentration. By changing the number of water molecules, the
changes in the volume are significantly more pronounced. This
simple analysis supports our hypothesis about a significant
dehydration by increasing the salt concentration.

We analyzed the changes in the Gibbs free energy in a system
consisting of a CaCl; electrolyte solution. The Gibbs energy changes
by inserting a triplet in bulk are higher than in the system containing
the grafted DNA nanoparticle. Therefore, our simulation method is
limited to determining the equilibrium conditions between the
reservoir and the crystalline system. We speculate that this limitation
is due to a missing concentration of nanoparticles, free DNA, or other
components in the reservoir that are present in the real system.

Conclusions

In summary, we have presented a system in which nanoparticles
grafted with highly charged polyelectrolytes form lattices of different
symmetries depending on salt content. While divalent cations are
necessary to induce the attractive forces that stabilize the condensed
states, increasing the salinity of the solution with divalent or
monovalent salts drives contraction of the aggregates, as well as FCC
to BCC phase transitions. We hypothesize that the additional salt
dehydrates the grafted DNA, strengthening phosphate-cation
structured DNA
conformations amenable to the BCC structures, as evidenced by our
molecular dynamics studies. Taken together, these results provide

interactions, as well as more compact,

insight on how electrolytes influence charged biomolecule hydration,
and demonstrate how these factors can be utilized to produce
systems which actuate in response to varied ionic conditions. Our
results also demonstrate the importance of surface-electrolyte
interactions in concentrated electrolytes.

Methods
DNA Synthesis

We select the sequence 5'-T3s-C3SH- 3’ to prepare grafted DNA with
a minimal propensity for base-pairing and forming secondary
structure. The 3’ propyl-thiol terminated oligonucleotides are
synthesized using a MerMade solid-state controlled pore glass (CPG)
DNA synthesizer (BioAutomation) via phosphoramidite chemistry.
Following the synthesis, the DNA is released from the CPG beads
using a mixture of methylamine and NH,OH (1:1 volume ratio) at

6 | J. Name., 2012, 00, 1-3

55°C for 30 minutes. The DNA is then transferred to DI water and
purified via reverse-phase high-performance liquid chromatography
(RP-HPLC). The 5’-DMT group, which enables separation via HPLC, is
then removed via a reaction with 20% acetic acid and subsequent
extraction with ethyl acetate. The purity and molecular weight of the
synthesized sequences are verified with matrix-assisted laser
desorption/ionization time-of-flight spectroscopy (MALDI-TOF, from
Bruker). The concentration of the DNA solutions is determined via
UV-Vis spectroscopy at 260 nm.

Gold nanoparticle functionalization

The thiol-terminated oligonucleotides are grafted to the surfaces of
the colloidal gold nanoparticles following established methods3> .
Briefly, the thiolated DNA molecules are reduced in 100 mM
dithiothreitol (DTT) maintained at an approximate pH of 8 via
phosphate buffer. Following the reaction for 30-60 minutes, the DNA
is transferred to the water via purification through size-exclusion
NAPS columns. The reduced DNA is added to colloidal AuNP solutions
of about 10 nM at an approximate ratio of 372 DNA/AuNP. The
solutions are incubated overnight. Sodium chloride (NaCl) and small
quantities of 0.1% Sodium Dodecyl Sulfate (SDS) are then slowly
added to the solution for 8 hours until a final concentration of 1 M
NaCl is achieved. This process enables high grafting density on the
nanoparticles. Unbound DNA is removed via centrifugation using 50
kDa spin filters. To minimize the presence of NaCl, unbound DNA,
and SDS in the final nanoparticle stocks, we transfer the DNA-AuNPs
to DI water and purify them through three centrifugation rounds.
Final DNA-AuNP concentrations are determined by applying Beer’s
Law to the UV-Vis-measured absorbance of the AuUNP at 520 nm.

Oligreen Assay

The number of DNA strands per particle is measured using3® a Quant-
iT Oligreen Assay from Invitrogen. To dissolve the gold cores and
release the DNA into the solution, suspensions of known DNA-AuNP
are briefly reacted in 20 mM KCN solution at 50°C. The liberated DNA
is then stained with the Oligreen fluorescent dye (diluted in TE buffer
as per manufacturer instructions). The fluorescence of these
solutions at 480 nm is measured using a Biotek Cytation 5 imaging
reader. These values are compared to those measured for Oligreen-
stained 5’-T35-C3SH- 3’ solutions of various known concentrations.
Comparison to the calibration curve's fluorescence allows for
quantifying the amount of DNA associated with a known quantity of
DNA-AUNPs, thus determining average loading.

Sample Preparation

To prepare samples with high salt concentrations, saturated
solutions of CaCl, and NaCl in water were prepared at ~22°C and
allowed to equilibrate with precipitated hydrate phase at least 12
hours before use. Solutions were prepared using Calcium Chloride
Dihydrate (99.5% purity, Sigma-Aldrich) and Sodium Chloride
(99.99% purity Suprapur®, Millipore-Sigma). Samples for SAXS
analysis were prepared in total volumes of 30-50 pL, with final DNA-

This journal is © The Royal Society of Chemistry 20xx
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AuNP concentrations of 50 nM, and the CaCl; solution being the final
component added to the mixture. Following the addition of the salt,
the solution was promptly (within 60 seconds) homogenized via
pipette and transferred to 1.0 mm or 1.5 mm quartz glass capillaries
(Charles Supper). The capillaries were then sealed with epoxy, and
24-36 hours were allowed to elapse prior to measurement.

X-ray measurements

SAXS measurements on nanoparticle suspensions were conducted at
beamline 5ID-D of the Advanced Photon Source. To compensate for
the X-ray attenuation of the concentrated salt solutions, the X-ray
energy was tuned to 17 keV (0.7293 A wavelength). The scattered
intensities were measured simultaneously using three Rayonix CCD
detectors positioned ~0.2m, ~1.0m, and ~7.5m from the sample,
allowing for data collection over the range 0.02 nm1 < g <30 nm.
The X-ray spot size on the sample position was 0.25 mm x 0.25 mm,
and the incident flux was ~ 3 x 10! photons/s. Capillary samples were
mounted horizontally on a translating capillary stage. Samples were
scanned for sets of three 5-second exposures, with the capillaries
being translated continuously at 0.508 mm/s during measurement to
minimize radiation damage. The 2D data was reduced to 1D intensity
profiles via azimuthal integration (using GSAS-Il), following
corrections for polarization, detector solid angle, and transmission.

Phase Equilibrium

The thermodynamic equilibrium of the system is governed by the
exchange of water and ions between the nanoparticles’ dense phase
and the surrounding reservoir. Hence, here we revise the
thermodynamics of phase equilibrium in multicomponent systems.
We will employ this formulation to develop a method to investigate
the system formed by the DNA-grafted gold nanoparticles immersed
in a multivalent ions solution. Let us consider a system formed by K

different species (which maybe atoms, ions, and molecules), of

i

number density p; = N; and chemical potential y;; being N; the
number of particles of species i, V the total volume, andi = 1, ..., K.
In the phase equilibrium, the components are divided into J regions
(phases) with corresponding number densities pf‘l, pf‘z, ...,p?’,
where the subscript and superscript designate the species and the
phase, respectively. In general, p;zl * pf‘z * ---p?’. The phase

equilibrium is determined by the thermal equilibrium,

T=T%=T%=...=T%,
(4)
the mechanical equilibrium,
p= p“1 = paz - pa]_
(5)

and the chemical equilibrium
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(6)

T,p, and p; represent the temperature, the pressure, and the
chemical potential of i-th species, respectively; the superscript
designates the phase. In processes at constant p and T, the Gibbs free
energy is the thermodynamic potential that is minimized in
equilibrium,

]
dG = —SdT + Vdp + Z wdN
i=1
)

At constant V and T, the corresponding thermodynamic potential is

the Helmholtz free energy, given by
J
dF = —SdT — pdV + Z wdN;
i=1
(8)

The chemical potential in terms of the Gibbs free energy is given as

_(66)
lui_ aN

V' T,P,Njxi

(9)

In terms of the Helmholtz free energy, the chemical potential is given

_ <6F)
Mi_ aN

YV TV,Njzi

as

(10)

In our study, we will deal with small changes due to the
insertion/deletion of one ionic triplet in an aqueous phase.
Therefore, pdV = Vdp = 0, and AF = AG.

Molecular Dynamics Simulations

Classical all-atom explicit solvent MD simulations are conducted
using the CHARM force field parameters37-38 to model the system's
interactions. The dense phase is represented by a unit cell that
contains a single DNA-grafted spherical nanoparticle replicated in x,
y, and z directions using periodic boundary conditions. The spherical
nanoparticle is 4.5 nm of diameter, approximately, and is made of
uncharged non-polarizable atoms. The spherical nanoparticle surface
is decorated using 18 single-strand DNA chains formed of 17 thymine
bases bearing a total charge of -16e distributed along its length; e is
the positive elementary charge. The structure of DNA is built using
the conformational parameters taken from experimental fiber-
diffraction studies3®. The nanoparticle’s shape is maintained using
harmonic-potential interactions between neighboring atoms. The
DNA chains are attached to the nanoparticle’s surface using a
harmonic potential between a carbon atom at the end of the DNA
strand and an atom at the nanoparticle’s surface. The decorated
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spherical nanoparticle is placed at the center of a cubic simulation of
side L, including (N +144) Ca2+ ions 2N Cl ions, and Nw water
molecules; the extra 144 Ca2+ ions are necessary to maintain the
system electroneutrality. The simulations are performed using the
package GROMACS*-41, To model the electrostatic and van-der-
Waals interactions in the system, we employ the CHARM force field
parameters37-38 to model the system's interactions. The electrostatic
interactions are calculated the PME algorithm. To equilibrate the
molecules in bulk and at the interface we performed microsecond
MD simulations using a time-step of 2.5 fs at T = 298 K. The
temperature is controlled using the Nose-Hoover thermostat, and
the pressure is maintained using the Parrinello-Rahman barostat.
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