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Assembly of small silica nanoparticles using
lipid-tethered DNA ‘bonds’
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Single-stranded DNA molecules modified with cholesterol functional groups are physically tethered to
silica nanoparticles (diameter 25 nm) that are encapsulated in a lipid bilayer. Such tethering increases the
azimuthal mobility of the DNA molecules across the nanoparticle surface and enables nonspecific
bonding, eliminating the need for specialized surface chemistries (such as silane or thiol ligands).
To induce assembly, double-stranded DNA ‘bridge’ molecules are then added with complementary
nucleotides to the DNA ‘anchor’ molecules that are physically tethered to the lipids on the surface of
the particles. Assembly is observed to occur at room temperature and without the need for temperature
annealing. Using automated liquid handling tools, assemblies are created in high throughput and rapidly
characterized using SAXS. It is determined that the relative concentration of DNA-to-silica and the ionic
strength of the solution are important parameters that affect the resulting assembly. Analysis of
SAXS data is performed using coarse-grained particle dynamics simulations. The results support the
spontaneous formation of semi-crystalline particle assemblies by particle condensation, where the
interparticle distance is tuned by the sequence of the DNA ‘bridge’ used to link the particles. Crystallinity
analysis performed on the resulting simulations, optimized to match SAXS observations, suggest that
particle clusters display increased crystallinity in the center of the clusters, but their maximum size
remains relatively small (sub-micron) before settling occurs, which limits the extent of crystallization.

common approach utilizes single-stranded DNA molecules
functionalized with thiol groups to chemically bind to gold

DNA-mediated assembly has emerged as a powerful strategy for
organizing colloidal particles into ordered structures, owing to
the highly specific and programmable interactions inherent to
DNA molecules.™” DNA’s specificity arises from its nucleotide
sequence-specific complementary base paring. DNA’s program-
mability arises from the vast number of possible nucleotide
base pair combinations, which can be engineered to precisely
control key parameters such as strand length and melting
temperature. In the literature, the most established and
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nanoparticles. These DNA functionalized nanoparticles can
then be programmed with ‘sticky ends’ which are short,
single-stranded DNA molecules designed to hybridize selec-
tively with complementary sequences on neighboring particles.
After thermal annealing, which involves heating the DNA-func-
tionalized particles to a monomeric state beyond the DNA
melting temperature, followed by controlled slow cooling, these
sticky ends reversibly hybridize, leading to the reorganization
of nanoparticles into highly ordered crystal superlattices, as
demonstrated in several foundational studies.**

While gold-thiol chemistry is a well-established method for
anchoring DNA to nanoparticle surfaces, the resulting covalent
bonds render the DNA immobile. This rigidity can potentially
hinder structural rearrangements during the assembly process.
In contrast, anchoring DNA-cholesterol conjugates within a
fluid lipid bilayer via hydrophobic interactions offers an alter-
native strategy, which has also been well documented in the
literature but for micron-sized colloids.>” The bilayer’s inherent
fluidity allows DNA strands to diffuse azimuthally across the
nanoparticle surface, enabling real-time reconfiguration of inter-
particle connections and potentially enhancing the formation of

This journal is © The Royal Society of Chemistry 2025
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ordered superlattices. Given this difference in surface dynamics,
it is important to assess the functional impact of fluid bilayers in
the context of DNA-mediated nanoparticle assembly. In this
work, we investigate how this mode of DNA attachment compares
to conventional gold-thiol systems in assembling three-
dimensional colloidal superlattices.®

There are several possible advantages of DNA surface mobi-
lity in forming colloidal superlattices. For example, DNA shell
flexibility at the nanoscale has been increasingly recognized as
a crucial factor in promoting well-defined crystal formation.>°
In our system, the expected increase in azimuthal mobility
of DNA on fluid-supported nanoparticles introduces an added
degree of freedom that enables the particles to adjust their
positions relative to one another. This dynamic behavior could
facilitate assembly by helping the system escape kinetic traps
and resolve local defects that would otherwise stall the assem-
bly process.” Furthermore, particle dynamics simulations have
demonstrated that bond mobility can give rise to a rich variety
of assembled structures such as aperiodic arrangements,
shape-diverse tilings, and open porous frameworks that are
typically inaccessible in systems with fixed DNA linkers.'°
Despite these insights, experimental investigations into mobile
DNA bonds on nanoparticles remain scarce. This work begins
to address this gap by exploring how physically-bound DNA
with increased surface mobility influences the assembly
dynamics and structural outcomes of DNA-programmed colloi-
dal assembly at the nanoscale.

Materials and methods

Chemicals

LUDOX TM-50 colloidal silica (50% weight) and sodium chlor-
ide (=99%) were purchased from Sigma Aldrich (St. Louis, MO,
USA) and used as received. 1,2-Dioleoyl-sn-glycero-3-phospho-
choline (DOPC) (=99%) was purchased from Avanti Polar Lipids
(Alabaster, Alabama) and used as received. Deionized water was
obtained from a Direct-Q 3 UV water purification system with a
resistivity of 18.2 MQ (Millipore Corporation, Bedford, MA, USA).

DNA

All DNA was ordered from Integrated DNA Technologies (IDT)
(Coralville, IA, USA). Further details such as the sequences can
be found in the SI

Dynamic light scattering

DLS measurements were taken on a Malvern PANalytical
(Malvern, United Kingdom) Zetasizer Nano ZS in a polystyrene
cuvette."""> The wavelength of the laser was 633 nm. The refrac-
tive index of Silica and lipids was assumed to be 1.44'*'* and
that of the water solvent was 1.33. To analyze the data, the
General Purpose algorithm provided by the Zetasizer software
was used, which performs cumulant and CONTIN analyses of
the autocorrelation function (ACF). The hydrodynamic diameter
was determined from the intensity-weighted particle size
distribution.
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Small angle X-ray scattering

Experimental SAXS data was obtained on a Xenocs Xeuss 3.0
(Grenoble, France) instrument with an X-ray energy of 8.04 keV
(wavelength 1.54 A) using a copper K-o microfocus source. Data
was collected in two configurations: low-g (0.003-0.007 A™")
using the ESAXS standard setting for 1200 s and mid-g (0.007-
0.10 A™") for 600 s using the SAXS high intensity setting. The
samples had a volume of 200 pL and were created in a specially
designed wellplate with 48 wells. The wellplate was designed so
that it would collect any sedimentation from samples in a small
pocket at the bottom of the wells. The X-ray beam can then be
positioned on this small pocket to obtain the scattering curve of
the sediment. Design files to create the wellplate can be found
on (Github). Background reduction was performed with the
XSCAT software by subtracting the scattering of water in the
same wellplate and the data was merged automatically using a
Python code.

Small angle neutron scattering

Experimental SANS data were obtained on the Bio-SANS instru-
ment at the High Flux Isotope Reactor at Oak Ridge National
Laboratory. Samples were placed in a 2 mm thick Hellma
(Banjo) cell with a volume of 600 pL, and a sample exposure
time of 1 hour was used. A dual detector system composed of a
curved wing detector at 1.13 m and a flat main detector at
15.5 m provided a continuous range of momentum transfer
values g from (0.003-0.8 A™*). The neutron wavelength (1) was
6 A with a distribution (d//l) of 13.2%. Data reduction was
performed with the DRTSANS reduction software provided by
the facility.

Electron microscopy

Scanning electron microscopy and energy dispersive spectro-
scopy (SEM-EDS) were performed on samples using a Thermo
Fischer Phenom Pharos G2 SEM-STEM. Samples were prepared
by the drop casting of diluted nanoparticles onto carbon film,
200 mesh nickel grids (Electron Microscopy Sciences; Hatfield,
PA). Grids were placed onto a circular piece of filter paper,
carbon side up, and 10 pL of the dilute suspension was dropped
onto the grid and allowed to dry.

Liquid handling

The pipetting to mix samples in the wellplate for SAXS charac-
terization was performed by an Opentrons (Brooklyn, NY, USA)
OT2 liquid handling robot. The OT2 control code can be found
on (Github).

Sonication

Sonication was performed with a Branson 450 digital sonifier
using a probe of 3/4” diameter. Samples were sonicated in
20 mL scintillation vials for 1 minute at a power of 10% with a
pulse interval of 10 s (5 s on/off). Immediately after this first
sonication, they were resonicated for 5 minutes at a power of
30% with a pulse interval of 10 s (5 s on/off). To determine the
delivered power, a calorimetric measurement was performed by
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measuring the change in temperature of 10 mL of deionized
water under the sonication settings. For the setting with 10%
amplitude, the delivered power was 10 Watts, and for the
setting of 30% amplitude, the delivered power was 29 Watts.

Lipid encapsulation with DOPC

To encapsulate the silica nanoparticles in a lipid bilayer, the
total surface area of the nanoparticles was first calculated.
Based on this calculation, the required amount of DOPC to
completely coat their surface was determined. The first step was
to create a silica nanoparticle stock suspension of 60 mg mL ™"
silica nanoparticles in water using the Ludox TM-50 product,
which has a silica weight percent of 50. A DOPC stock solution
was also created containing 50 mg mL~" DOPC in chloroform.
The sample of silica nanoparticles encapsulated in DOPC
was created in a 20 mL scintillation vial. First, 142 pL of the
50 mg mL~ " DOPC stock solution (7 mg of DOPC) was added to
the vial. The uncapped vial was placed in a vacuum oven under
vacuum at room temperature for an hour in order for the
chloroform to evaporate. After this, 333 uL of the 60 mg mL™*
silica stock suspension (20 mg of silica) was added as well as
9666 pL of deionized water. The final step was to sonicate the
sample using the sonicator horn with the settings described in
the sonication section.

Particle simulations

Particle dynamics simulations were performed using HOOMD-
blue (v2.9.4)"* to model the self-assembly of DNA-functionalized
nanoparticles under Langevin dynamics. The simulation setup
closely follows the implicit interaction model described by
Mao et al.,'® in which DNA-mediated attractions are repre-
sented as short-range isotropic pair potentials between sphe-
rical particles. In their work, the pair potentials are validated
using the potential of mean force calculated from a more
realistic coarse-grained simulation of the DNA-mediated
assembly of nanoparticles. Our simulations consisted of N =
5000 spherical particles of diameter ¢ = 1.0, randomly dis-
tributed in a cubic simulation box with periodic boundary
conditions. The box length L was computed based on the
target number density p = N/V, with the initial configuration
generated by randomly placing particles with a minimum
center-to-center distance of 1.1¢ to prevent overlaps. The
interparticle interactions were modeled using a modified
Lennard-Jones potential of the form:

= () ()] 0
n—m r r

where U, is the interaction strength in units of k7T, r is the
interaction distance in units of g, ry is the distance where the
interaction is minimum in units of ¢, and n and m define
the ‘steepness’ of the repulsive and attractive components,
respectively. The potential was tabulated between ry,;, = 0.757,
and rp. = 5.0 using 1000 linearly spaced points and imple-
mented via HOOMD’s pair.table module. All potential values
were pre-validated to avoid non-finite values that could
disrupt force evaluations. The system was simulated under

u(r)
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Langevin dynamics using a time step At = 0.001 (reduced
units), equal to around 18 picoseconds, and thermal energy
kgT = 1.0. Simulations were run for 1.5 x 10’ time steps.
System snapshots were recorded every 1000 steps using GSD
(general simulation data) trajectory output. In addition, the
potential energy of the system was visualized and saved to
confirm that the system reached a state close to equilibrium.

Simulated scattering curves were calculated from particle
configurations of the last six saved snapshots of the simulation
evenly spaced apart by 50000 timesteps using a Monte Carlo
sampling of the Debye equation,'” and averaged to obtain a
single simulated scattering curve of the system at a state close
to equilibrium. The simulated curve was converted into a
structure factor and compared to the experimental structure
factor using the Amplitude-phase similarity metric'® to obtain a
similarity score. The score was then used to inform a Bayesian
optimization algorithm (botorch v0.10.0)"° on simulation para-
meters for the next iteration. A total of 100 iterations were
run for each optimization and each iteration took around
15 minutes to run. Computations were executed on a single
gpu-140 node equipped with 32 Intel CPU cores, 96 GB RAM,
and one NVIDIA L40 GPU (48 GB GDDRS6).

Results and discussion

Overview of assembly strategy

The method presented in this work to assemble silica nano-
particles involves first encapsulating them in a lipid bilayer
composed of DOPC. Next, single-stranded DNA modified with a
cholesterol molecule on the 3’ end (DNA-Chol) is added to the
system. The cholesterol embeds itself into the bilayer due to
hydrophobic interactions, while the DNA forms a corona on the
lipid bilayer. Because the lipids used are unsaturated, the
bilayer is expected to be fluid at room temperature, allowing
for DNA mobility on the surface of the bilayer. To induce
assembly, a double-stranded DNA molecule (DNA-Bridge) is
added. The double-stranded DNA has single-stranded sticky
ends on each side which are complementary to the single-
stranded DNA-Chol molecule previously embedded into the
bilayer. A schematic of this process is shown in in Fig. 1. More
detailed discussions on the choice of nanoparticles, lipids, and
DNA sequences are presented in the following sections.

Choice of nanoparticle

Using the method described in this work, it should be possible
to assemble many different types of nanoparticles of variable
shape, size, and composition, provided that they can be encap-
sulated within the lipid bilayer structure. To demonstrate this
concept, we chose to assemble low polydispersity silica nano-
particles of 25 nm in diameter. This material was chosen for
several reasons. The first reason is that there is high electron
density contrast between silica and water, which facilitates
SAXS measurements on the assembled structure, and there is
also good availability at high particle concentrations, variable
particle sizes, and with low polydispersity. This contrasts to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The DNA design used to assemble the silica particles (figure not drawn to scale). DNA-Chol is first added to functionalize the particles, followed
by a premixed DNA-Bridge that links two DNA-Chol strands together. DNA-Bridge can be inexpensively tuned to test different lengths or binding

energies on the assembly.

traditionally used gold nanoparticles, where typical particle
concentrations are many orders of magnitude lower. A second
reason is that low polydispersity silica nanoparticles can be
inexpensively synthesized using the Stéber method.”® Low
polydispersity is essential for the formation of crystals since
disorder can propagate and result in a loss of periodicity.
Ludox-TM50 meets these requirements and is selected for this
experiment.

Choice of lipid

Several criteria must be met to select the appropriate lipid for
assembling the silica nanoparticles. The first criterion is that
the lipid must be able to encapsulate the nanoparticles with a
bilayer. This means that the lipid heads must have a strong
adsorption affinity to negatively charged silica nanoparticles.
The second criterion is that the lipids must not be cationic which
would cause the adsorption of negatively charged DNA mole-
cules on the surface of the bilayer, preventing them from being
used to induce assembly. Finally, to achieve assembly without
thermal annealing, the lipid must have a low melting point to
allow for a fluid bilayer to form. A lipid that satisfies all criteria is
DOPC, which is chosen as the primary lipid in this work. DOPC
has a critical packing parameter (CPP) of about 0.66 which
results in lamellar self-assembled structures.”’ Despite being
zwitterionic, it has a strong affinity towards silica nanoparticles,
which is well reported in the literature,**** and hypothesized to
originate from hydrogen bonding, ion-dipole, dipole-dipole,
and van der Waals interactions.?® It is also unsaturated, with a
gel phase melting point of —20 °C.>® Thus, it was hypothesized
that a fluid bilayer would form at room temperature, allowing for
increased mobility of the ‘anchored’ DNA on the surface.

DNA sequence

The DNA sequence is also crucial for forming the desired type
of crystal. Factors such as the ‘sticky end’ binding energy and

This journal is © The Royal Society of Chemistry 2025

the total length of nucleotides are common design variables.
In this work, we first functionalize the lipid-encapsulated silica
nanoparticles with single-stranded DNA which is modified with
a cholesterol molecule on the 3’ end (referred to as DNA-Chol).
Separately, two single-stranded DNA molecules are designed
and mixed to hybridize, forming a DNA ‘bridge’ with double-
stranded DNA in the center with unhybridized single-stranded
ends (referred to as DNA-Bridge). These single-stranded ends
are complementary to the ‘sticky ends’ from the DNA-Chol,
which is used to functionalize the nanoparticles. Assembly is
then induced by adding DNA-Bridge to the nanoparticles
functionalized with DNA-Chol. One advantage of this strategy
is that assembly can be triggered simply by adding the DNA-
Bridge. This allows for well-controlled experiments to com-
pare the structures of the nanoparticle assemblies with and
without the addition of the DNA-Bridge. Such comparisons
would not be feasible in a strategy where nanoparticles are
grafted with self-complementary DNA-Chol. The second
advantage is that all DNA-Chol grafted nanoparticles are
identical, making the formation of the crystal statistically
more likely than if nanoparticles were individually grafted
with two different complementary DNA-Chol strands and
then mixed. The last advantage relates to the cost of DNA.
DNA-Chol is considerably more expensive than DNA-Bridge
due to the cholesterol modification. With this approach, we
can test various bridge lengths and ‘sticky end’ base pairs by
adjusting the sequence of the DNA-Bridge, which is more cost-
effective and simpler than altering the sequence of two DNA-
Chol molecules.

A final consideration for the DNA sequence is that the strand
must be shorter than 50 nm, which corresponds to the persis-
tence length of a double-stranded DNA molecule.?” This ensures
that the DNA-Bridge does not bind to DNA-Chol strands on the
same nanoparticle. In our experiments, the DNA length separat-
ing the particles is well below the persistence length, so the DNA

Soft Matter, 2025, 21, 9398-9411 | 9401
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behaves as a stiff rod, making intraparticle binding highly
unlikely.

Lipid encapsulation of silica nanoparticles

The initial step to assemble nanoparticles with lipids and DNA
involved encapsulating the nanoparticles within a lipid bilayer,
as detailed in the Methods section. To test if this structure was
actually formed, a control sample consisting of silica nano-
particles of the same concentration (2 mg mL ") without any
DOPC was also created. The two samples were characterized
using dynamic light scattering (DLS), amall-angle neutron
scattering (SANS), and small-angle X-ray scattering (SAXS).
Small angle scattering techniques are useful to determine if
the silica nanoparticles are successfully encapsulated in lipid
bilayers because they are sensitive to structures over broad
length scales and contrast can be manipulated to highlight
different molecular components in composite systems. For
example, information on the diameter of a lipid vesicle, as well
as the thickness of the bilayer, can be obtained from small
angle scattering. The main difference between SAXS and SANS
is the contrast of silica and DOPC with the suspending solvent.
SAXS is more sensitive to silica than to lipids due to the higher
X-ray contrast (i.e. electron density) between silica and water
versus lipids and water. Because of this, the scattering curves of
bare silica nanoparticles and those of encapsulated particles
are expected to resemble spherical particles with low polydis-
persity. On the other hand, using contrast variation neutron
scattering, high neutron contrasts of both lipids and silica can
be obtained in a solvent of high D,O content, meaning that the
scattering curve would have contributions from both materials.
The solvent composition for the SANS samples was chosen to
be 89% D,O. The solvent composition for the SANS samples
was chosen to be 89% D,O. This reduces the contribution of
incoherent scattering, which results in a lower background in
the SANS measurements and improves data quality. The experi-
ments were not performed in a fully enriched D,O solvent
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because the silica nanoparticle stock suspension was pur-
chased in H,0. To maintain nanoparticle stability, by avoiding
dialysis or filtration into D,0, a small amount of H,O had to be
retained in the sample dispersion. SAXS and SANS characteri-
zation were performed on the two silica samples, one with and
one without DOPC. The scattering curves are shown in Fig. 2.

Fig. 2(A) demonstrates that the SAXS intensity as a function
of wavevector transfer, I(g), for the two silica samples with and
without DOPC are comparable. The spherical model used to
analyze the data fits the data well, demonstrated by the good
alignment between the data and the model. From the fit, a
sphere diameter of 25 nm with a polydispersity index of 0.11
was obtained. The SAXS profile of the sample containing silica
and DOPC is also plotted in Fig. 2(A) and closely resembles the
data of the sample without any lipid. This can be explained
because lipids do not significantly alter the scattering signature
due to their low X-ray contrast with respect to water. The slight
increase in the power-law slope at low g may be attributed to
minor nanoparticle aggregation or to the presence of some
larger DOPC vesicles in solution. Fig. 2(B) shows the SANS data
of the two samples along with the models used to fit the data.
As expected, there are major differences between the two SANS
curves due to the high neutron contrast of the lipids with the
D,O0 enriched solvent. To model the data of bare silica, a sphere
model was used and a diameter of 24.6 nm with a polydisper-
sity index of 0.15 was obtained which is similar to the values
independently obtained from SAXS. To model the data of the
sample containing silica nanoparticles with DOPC, a model
composed of the sum of two core-shell spheres was used. The
first core shell sphere represents the silica nanoparticles
encapsulated in a lipid bilayer and the second core shell sphere
represents large free vesicles. This was done by assigning the
appropriate scattering length densities to each material as
shown in Fig. 3. The parameters describing the size of the
silica nanoparticle inside the lipid bilayer were also fixed since
they were determined from the sphere fit. From the fit of the

102 101

qA1)

Fig. 2 Two samples were characterized with SAXS and SANS. The first sample contains a dispersion of (2 mg mL™) silica nanoparticles. The second
sample contains a dispersion of (2 mg mL™Y) silica nanoparticles encapsulated with DOPC, which is prepared using the techniques discussed in the
Methods section. (A) Shows the SAXS curves of the two samples along with a sphere model fit. Both samples were prepared in water. (B) Shows the SANS
curves of the two samples along with a sphere model fit and a core shell sphere model fit. Both samples were prepared in 89% D,0O, which gives a high
contrast for both the silica and lipids, and also reduces incoherent scattering from H,O, improving data quality.
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Fig. 3 The hypothesized structure of the materials in the sample con-
sisting of silica and DOPC. The table in the figure shows the parameters
obtained from fitting the SANS data of the sample containing silica and
DOPC. The values for the fixed parameters of the silica diameter and silica
diameter polydispersity were obtained from fitting a sphere model to the
sample that only contained silica. The values from the fit parameters were
obtained from fitting the SANS data of the sample with silica and DOPC
using a model consisting of the sum of two core shell sphere.?® The units
of the scattering length densities are (x 107® A~2). References for the
scattering length densities can be found in the SI. The SasView application
was used to fit the data.

sample containing silica and DOPC, additional structural para-
meters such as the thickness of the bilayer were obtained and
are shown in Fig. 3.

The values from the fit show that the sample is consistent
with silica nanoparticles encapsulated in a lipid bilayer of
around 3.6 nm in thickness, which is close to the thickness
of a lipid bilayer of POPC, a lipid with size and structure similar
to DOPC, found in the literature.® This structure makes up the
majority of the sample with a volume fraction of about 0.60.
In addition to this structure, there are also vesicles in the
solution that have a diameter of 41.8 nm and occupy a volume
fraction of about 0.40. The thickness of the ‘free vesicle’ bilayer
is 4.5 nm which slightly increased compared to when it was
supported by the silica nanoparticle. This increase is also
consistent with findings from the literature.>® Overall, the
scattering data from both SANS and SAXS is consistent with
silica nanoparticles encapsulated with a DOPC bilayer.

In addition to small angle scattering, dynamic light scatter-
ing was also performed on the two samples. The hydrodynamic
diameter of the sample with bare silica is around 32 nm and
when the DOPC is added, it increases to about 60 nm. This
increase in size is significantly more than the size increase that
is expected due to a bilayer forming on the particles (7.2 nm).
An explanation for this could be the presence of some larger
vesicles in the sample determined by SANS, which were found
to be around 42 nm in diameter with some polydispersity. It is

This journal is © The Royal Society of Chemistry 2025
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well known that the intensity-weighted analysis for DLS empha-
sizes the contribution of larger species, resulting in the larger
average size. Moreover, DLS can also overestimate size when
there is significant hydration of the interface that can reduce
the expected diffusion coefficient of the particles.

High-throughput assembly screening

To rapidly explore the large experimental design space, auto-
mated robotic synthesis and SAXS characterization were used.
Samples were composed of a mixture of silica nanoparticles
encapsulated in a DOPC bilayer following the procedures from
the previous section, DNA-Chol, NaCl and DNA-Bridge. Water
was added to each sample to obtain a sample volume of 200 pL.
The high-throughput experiment was designed to test different
concentrations of DNA-Chol (20, 60, 100, 140 DNA Molecules
per Particle) and Nacl (0, 10, 20, 30, 40 mM). The concentration
of the DNA-Bridge was set so that there would always be one
DNA-Bridge molecule for every two DNA-Chol molecules in the
sample. The excess addition of the ‘bridge’ DNA construct
could cap the particles and prevent them from binding.
Controlled experiments were also performed where all samples
were recreated with the same formulation, except for the
addition of DNA-Bridge. The purpose of this was to confirm
that assembly is induced by the addition of the DNA-Bridge and
does not occur in its absence. The concentration of silica
nanoparticles encapsulated in DOPC bilayers was kept constant
at 1 mg mL " for all samples. Samples were prepared in a
custom well plate designed to hold 48 samples. Each well
features a small chamber at the bottom to collect the assem-
blies as they sediment due to gravity. This design enables
precise positioning of the X-ray beam on the sediment for
high-throughput SAXS characterization of the resulting assem-
blies. While the sample temperature can be adjusted by placing
the well plate in an oven, SAXS measurements were limited to
room temperature when using this well plate.

The results of the high-throughput screening experiment
presented in Fig. 4 are summarized in Fig. 5, which shows the
resulting SAXS data for the samples assembled at room tem-
perature without any thermal annealing. The SAXS data for
samples that were heated to 50 °C and slowly cooled to room
temperature (i.e. thermally annealed) are almost identical and
can be found in the SI. It was concluded that thermal annealing
did not significantly affect the state of assembly under these
conditions. Based on the SAXS profiles, three distinct structural
regimes were identified and are highlighted in green, purple,
and light blue. In the green region, the SAXS curves are
characteristic of unassembeled, dispersed spherical particles.
Notably, the similarity between the red and blue curves sug-
gests that the presence of DNA-Bridge does not alter the sample
structure in this regime. Since no NaCl is present in this region,
these observations imply that some electrostatic screening is
beneficial for particle assembly. One possible explanation is
that addition of NaCl reduces electrostatic repulsion between
anionic DNA-Chol strands adsorbed onto the lipid bilayer, or
between DNA-Chol and the particle surface, thereby facilitating
a higher density of DNA molecules on the surface.*® It is
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noteworthy that in the sample prepared with 140 DNA-Chol
molecules per particle at 0 mM NaCl, DNA mediated assembly
is observed in the SAXS profile upon addition of DNA-Bridge.
This indicates that some DNA-Chol adsorption onto the parti-
cle surface occurs even in the absence of added salt. These
results suggest that the grafting density of DNA-Chol on the
particle surface is directly proportional to its concentration in
solution, with the proportionality influenced by the solution’s
ionic strength. Therefore, while NaCl is not strictly required
for DNA-Chol adsorption, it enhances the efficiency of grafting,
likely by mitigating electrostatic repulsion between the
negatively charged DNA strands or between the strands and
the particle surface.

9404 | Soft Matter, 2025, 21, 9398-9411

In the purple region of Fig. 5, the SAXS curves exhibit a steep
power-law decay, indicative of large, aggregated structures.
Similar to the green region, the addition of DNA-Bridge does
not lead to significant structural changes. This regime corre-
sponds to conditions of low DNA-Chol density per particle
combined with high NaCl concentration. We hypothesize that
insufficient surface coverage by DNA-Chol prevents effective
steric stabilization, resulting in dense aggregation prior to the
introduction of DNA-Bridge. In contrast, the light blue region
features a pronounced scattering peak near 0.0136 A~*, con-
sistent with an interparticle spacing that arises due to the
length of DNA linking the particles. In this case, the SAXS
curves differ notably upon addition of DNA-Bridge, supporting

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 SAXS intensity data showing the effect of different DNA-Bridge
lengths on the assembly without any thermal annealing protocol. All DNA-
Bridge molecules have the same base pairs on the ends of the molecule,
but different in the amount of base pairs in the center. These samples were
made with 10 mM NaCl and 100 DNA molecules/particle but with DNA-
Bridge molecules of varying lengths.

the conclusion that DNA-Bridge actively drives the formation of
linked particle assemblies. Despite this, it is clear that the assem-
bly is not completely crystalline because of the relatively broad
peak and the absence of additional peaks, which are characteristic
of crystal structures. We would also like to point out that there is
evidence that we are likely saturating the particle surface with
DNA-Chol molecules when we add 100 DNA Molecules/particle. In
Fig. 5, there is not much difference between the SAXS curves of
samples with 100 and 140 DNA molecules/particle. This indicates
that the particle surface could be fully saturated with DNA.

If the DNA-Bridge is indeed responsible for inducing assem-
bly, then varying the length of the DNA-Bridge should result in
assemblies of different interparticle spacings, which would
result in SAXS curves with peaks in different locations. This
hypothesis was tested by using modified DNA-Bridge molecules
that have the same sequence on their complementary ‘sticky
ends’, but a higher number of base pairs in the section of the
bridge that does not interact with DNA-Chol. The results of this
experiment are shown in Fig. 6, where the increase in DNA-
Bridge length clearly shows the peak positions shift to a lower
g, indicating a longer interparticle spacing.

One possibility is that some lipid bilayers may encapsulate more
than one particle, and that this could lead to correlations between
particles. Although we expect this would be rare, we cannot fully
exclude the possibility of multiple particles being encapsulated by a
lipid layer. Still, control experiments performed in the absence of
DNA-Bridge conclusively demonstrate that no assembly is observed.
Thus, cluster formation does not occur via lipid encapsulation
alone and it is only possible when DNA is both available in the lipid
covered particles and when the DNA-Bridge is added.

SAXS analysis

To analyze the experimental SAXS data shown in Fig. 5, a fitting
algorithm that combines Bayesian optimization with molecular

This journal is © The Royal Society of Chemistry 2025
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simulations was used and is shown in Fig. 7. This approach is
inspired by inverse design strategies, where interaction poten-
tials are discovered by matching simulated structures to a
desired target.*! In these simulations, an ultra-coarse-grained
model in HOOMD was used, where each silica nanoparticle of
diameter o = 1 is represented by a single point, and interparticle
interactions are implemented using the modified Lennard-
Jones potential (1) described in Mao et al.*® In that work, the
potential was validated by a more realistic simulation of the
assembly of DNA-coated particles. The modified Lennard-Jones
potential is defined by four parameters which were optimized
using the algorithm, U, (optimization range of 0-150), which
controls the depth of the potential, r,, which is the distance
where the interparticle interaction is minimum, and n (1-30)
and m (1-30), which control the shape and sharpness of
the potential. The range of r, was set to approximately match
the calculated interparticle spacing of the particles based
on the length of DNA-Bridge. In addition, the number density
of particles (0.0005-0.05) in units of particles/c” inside the
simulation box was also added to control the aggregation
kinetics and the resulting structure of the final assembly. The
Bayesian optimization algorithm was free to suggest combi-
nations of these parameters within the specified ranges,
which were then used to perform the molecular simulation.
To capture the system at a state close to equilibrium, SAXS
curves were simulated for six frames that were spaced apart by
50000 timesteps near the end of the simulation using an
efficient Monte Carlo method,"”” and averaged to generate a
representative scattering profile. The potential energy of the
system was plotted for each simulation to verify that the
simulation time was enough for the system to achieve a state
close to equilibrium. The structure factor was then calculated
from the scattering profile and then compared to the corres-
ponding experimental structure factor using a geometry-based
similarity metric.'® The resulting similarity score was then fed
back into the optimization algorithm, which iteratively refined
the parameters over multiple rounds. It is important to acknow-
ledge the limitations of using simulations to fit experimental
scattering data. One limitation is that the optimal parameters
are not unique, meaning that several combinations of simula-
tion parameters could give similar results. Another is that the
simulation parameters (e.g., Uy, m, and n) are not directly
translatable to physical experimental variables such as DNA
concentration or the number of hybridizable sticky ends.
Addressing these limitations would require more detailed and
expensive simulations that consider the effect of DNA sequence
and concentration on the interparticle potential. Nevertheless,
we find this approach to be essential to capture the complexity
of the dispersed semi-crystalline assembled structures that are
observed in SAXS, which cannot be properly represented by
analytical scattering models.

The optimization results are presented in Fig. 8(A) with
reasonable agreement between the simulated and experimental
structure factors. Simulation snapshots of the structure of the
particles are shown in Fig. 9. The good match between the
structure factors at low-g (<1072 A™%) for the samples with
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DNA-Bridge suggests that the cluster size from the simulations
match the experiments. Using the cluster analysis tool from the
OVITO software®” with a cut off distance of 3.5, the average
spherical cluster diameter from the molecular simulations were
determined to be 824 (£) 324 nm for 20 Bridge, 1392 (&)
646 nm for 40 Bridge, and 2282 (£) 648 nm for 80 Bridge.
It is difficult to experimentally verify the cluster size, due to
sedimentation effects. However, in Fig. 11(F), the average size
of the cluster of the sample with 20 Bridge determined by DLS
is around 600 nm which is close to the size of 824 (£) 324 nm
determined from the simulation. At mid-g (>107% A™"), the
agreement between the correlation peaks suggests that the
structures from the molecular simulations are also consistent

9406 | Soft Matter, 2025, 21, 9398-9411

with the interparticle spacing within the clusters, as well as the
relative arrangement of the particles in the experiments. The
optimized simulation parameters, including the interparticle
distance, are shown in Table 1. The values for the interparticle
distance can be compared to calculated values, since the length
of the silica nanoparticle, lipid bilayer, and DNA are known.
The length of a DNA base pair is known to be 0.34 nm per base
pair,®* and the DNA sequences of the samples can be found in
the SI. The lipid bilayer thickness is about 3.6 nm from SANS
data shown in Fig. 3, and the silica particle diameter is 25 nm
from SAXS data. Using all this information, the interparticle
distance of 20 Bridge should be 58.2 nm, 40 Bridge should be
65.2 nm and 80 Bridge should be 79.2 nm. These values are

This journal is © The Royal Society of Chemistry 2025
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Table 1 Optimal simulation parameters found by fitting structure factors
derived from molecular simulations to experimental ones. Ug has units of
kT. The number density has units of particles/a>, where ¢ is the size of one
particle. rq, the interparticle distance, is reported in units of ¢ as well as the
actual length in nm

Sample Num. density U, To n m

Close Packed Agg. 0.0005 150 1.24 (32 nm) 8.41 28.92
20 Bridge 0.0050 46.95 2.25 (59 nm) 1.00 20.89
40 Bridge 0.0050 81.42 2.42 (63 nm) 1.00 21.78
80 Bridge 0.0050 7.46 2.86 (74 nm) 1.00 30.00

close to the interparticle distances in Table 1, suggesting a
reasonable fit. There is a small disagreement between the
interparticle spacing as the length of the bridge gets longer.
This could be explained by the increased flexibility of longer
DNA bridge strands, which may cause the actual distance to
be shorter than the expected one. Although the ‘best’ fit for
the example close-packed aggregate sample was not ideal, the
interparticle spacing of 32 nm from the simulations is close to
the expected spacing between silica nanoparticles encapsulated
in a liposome, which was calculated to be 32.2 nm.

The final kinetically stable structures from the molecular
simulations can be further analyzed to determine the degree
of crystallinity in the structures. The polyhedral template
method** in OVITO was used to do this. This method classifies
particles into categories according to the topology of the local
environment, and is a robust method for structures that are not
completely crystalline. The results of the analysis are shown in
Fig. 9, where the percent of particles categorized in each
structure are shown in a bar plot. From the figure, it is clear
that DNA induces the assembly of the particles into semi-
crystalline composite structures of HCP and FCC (~30%) and
amorphous arrangements of primary particles. For all samples,
most primary particles (>60%) are found in amorphous

This journal is © The Royal Society of Chemistry 2025

regions, which is consistent with the relatively broad peak
observed in the structure factors and the absence of higher-
order reflections. By visualizing a single cluster, shown in
Fig. 9(E), it was observed that the crystalline regions are located
in the center of the cluster, while the amorphous regions are
located on the surface of the clusters. Electron microscopy was
performed of the 20 Bridge sample and the images are shown
in Fig. 10. In the images, there are many dense regions which
we hypothesize to be the particles with crystalline arrange-
ments, while the lighter regions contain particles with amor-
phous ones. Based on these results, we hypothesize that one
way to increase the crystallinity of the sample is to increase the
cluster size, which would maximize the crystalline regions.
Drying effects due to processing for electron microscopy can
have a significant effect on our system by inducing aggregation
of the clusters, resulting in the observation of larger domains in
the images. Our system is also mainly controlled by hydropho-
bic interactions (lipid-lipid, DNA-lipid) that are very sensitive
to drying effects. Free particles, lipid, or DNA in the sample
could also further aggregate during drying, making the clusters
larger that they were in the dispersed state. In Fig. 10, we
highlight that dense darker regions in the clusters can be
evidence for smaller crystalline regions observed in simula-
tions, while the lighter regions are likely amorphous. It is hard
to draw quantitative conclusions from the size of the aggregates
in the images due to the influence of drying effects.
According to these results, crystalline structures can be
achieved without a thermal annealing protocol by using physi-
cally tethered DNA bonds on the nanoparticle surface. This
could suggest that the mobility of the tethers enables particles
to reconfigure and rearrange into ordered arrangements. This
behavior stands in contrast to the more common approach of
using immobile gold-thiol bonds to attach DNA molecules to
nanoparticle surfaces, where crystallinity cannot be obtained

Soft Matter, 2025, 21, 9398-9411 | 9407
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Fig. 10 Electron microscopy images of the 20 Bridge sample taken roughly 24 hours after assembly was initialized. The sample was diluted by a factor of
100 and then dried on a microscopy grid. The parameters for (A) are: Mag. 22 000x, FW 23.7 um, HV 15 kV, Int. Map, Det. STEM, WD 8.091 mm. The
parameters for (B) are: Mag. 42000x, FW 12.3 um, HV 15 kV, Int. Map, Det. STEM, WD 7.896 mm.

without a thermal annealing step.>* Although we have not yet
achieved the well-defined crystal superlattices reported in other
systems, we believe that increasing the cluster sizes in our
system could make this potentially possible.

The SAXS analysis presented in this section also demon-
strates that efficient particle dynamics simulations can be used
to directly fit SAXS data by automatically tuning simulation
parameters, such as the interparticle potential and particle
number density, within a closed-loop optimization framework.
With this method, a simulation file containing the positions of
each particle at a state close to equilibrium can be obtained and
further analyzed for cluster size and crystallinity. This approach
is valuable because it allows for the influence of various
experimental design parameters (e.g., particle shape, particle
size, DNA length) on the final assembly to be evaluated in silico

before conducting the experiment. For example, simulations
can aid in designing large crystalline assemblies with targeted
symmetries (e.g., FCC, BCC) by first identifying, through para-
meter sweeps, the trends that promote their formation. This
information can then be applied to the experimental setup.

Assembly kinetics and mechanism

The mechanism at which the particles assemble was investi-
gated using time resolved SAXS and DLS. The sample contain-
ing 1 mg mL ™" silica encapsulated in DOPC, 10 mM NacCl, and
100 DNA Molecules/Particle and the DNA-Bridge with 20 base
pairs was recreated and characterized at approximately every
10 minutes after inducing assembly. The results of the experi-
ment are shown in Fig. 11. From Fig. 11(A) the peak corres-
ponding to the interparticle spacing at around 0.0136 A™* is
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Fig. 11 Time resolved SAXS and DLS measurements of the sample 20 Bridge. The initial time (t = O) corresponds to the time at which the DNA-Bridge
was added to the sample. (A) Shows the SAXS curves of the first 100 minutes. (B) Shows the SAXS curves of minute 100 to 360. (C) Shows the invariant of
all the SAXS curves as a function of time. (D) Shows the peak prominence of the SAXS curves, which was determined by the height of the peak minus the
trough. (E) Shows the results from DLS of the first 100 minutes of assembly. (F) Is derived from the DLS data and shows the location of the peak position as
a function of time.
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observed to form and dramatically increase in peak promi-
nence in the first 100 minutes. Fig. 11(B) shows the SAXS curves
from minute 100 to 360. These curves mostly have the same
shape, but only increase in intensity, which is a sign of
sedimentation. The invariant of all the SAXS curves is plotted
in Fig. 11(C). The invariant is calculated from the area under
the curve and is proportional to the number of scattering
objects in the beam path. From the data, the invariant stays
relatively constant until 180 minutes when it starts to increase,
which is evidence of the formation of assemblies that are large
enough to sediment due to gravity. Fig. 11(D) shows the peak
prominence of the SAXS curves as a function of time. The
prominence is calculated by subtracting the intensity at the
peak from the intensity at the trough. Therefore, it is insensi-
tive to sedimentation and should represent the amount of
material in the particle assemblies that have an ordered spa-
cing. The data shows that after around 30 minutes, the peak
prominence dramatically increases until about 200 minutes
when it finally converges to a single value. This indicates that
the assembly process is complete by this time and that the
assemblies do not increase in size. In addition to SAXS, DLS
was also used to characterize the sample. Fig. 11(E) shows the
intensity distribution of the sample which is related to the size
of objects in it. We note that DLS is only meaningful when there
is random diffusion of particle suspensions. Therefore, DLS
was only collected and interpreted over shorter time scales
(up to 120 min) before the onset of sedimentation of larger
clusters (>180 min). Fig. 11(F) was created by extracting the
peak positions of the intensity distribution to track the size of
the assembly as a function of time. The data shows that the
assembly process takes around 10 minutes to start, but after
this, the size of the assembly rapidly grows until it reaches a
large size.

Together, the data from SAXS and DLS suggest that the
assembly follows a classical nucleation and growth mechanism.
Initially, small clusters form, and once they reach a critical size,
further growth becomes thermodynamically favorable.*® This is
reflected in the SAXS data, where a correlation peak appears
early during assembly and gradually increases in prominence,
indicating the development of ordered structures.’” DLS data

This journal is © The Royal Society of Chemistry 2025

further support this mechanism, showing a progressive
increase in the size of the assemblies over time. Eventually,
we hypothesize that the clusters coalesce, making them large
enough to undergo sedimentation. This mechanism is consis-
tent with the structures in the particle simulations as shown in
Fig. 12.

Conclusion

This study demonstrates the behavior of DNA-mediated assem-
bly of lipid encapsulated silica nanoparticles. After verifying
that the silica nanoparticles were properly encapsulated using a
combination of scattering techniques, a high-throughput plat-
form was used to test the effect of NaCl and DNA concentration
on the assembly. The results show that while NaCl is not strictly
required for DNA-Chol adsorption on the surface of the parti-
cle, it enhances the efficiency of grafting, likely by mitigating
electrostatic repulsion between the negatively charged DNA-
Chol strands and the particle surface. DNA-Chol strands
anchored to the particle surface provide steric stabilization,
and allows for controlled assembly of the nanoparticles due to
the hybridization between DNA-Chol strands and DNA-Bridge
strands. The resulting structures exhibit well-defined interpar-
ticle spacing that is determined by the grafted strands and the
length of the DNA-Bridge. Molecular simulations combined
with Bayesian optimization are used to fit the experimental
structure factors and optimal simulation parameters are
obtained. The resulting particle configurations reveal structural
arrangements consistent with the expected interparticle dis-
tances derived from the length of DNA linking the particles.
Crystallinity analysis reveals that around 30% of all particles in
the sample are in a crystalline arrangement. Furthermore, the
crystalline particles are located in the center of the cluster of
particles while the surface of the cluster is amorphous. The
ability to form crystalline structures without any thermal
annealing could be due to the azimuthal mobility of DNA on
the surface of the nanoparticles, but further experiments are
needed to validate this. Finally, time resolved SAXS and DLS
measurements are used to monitor the assembly process.
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Together, the data suggests that the assembly follows a classical
nucleation and growth mechanism, where small clusters form
and slowly increase in size, until they coalesce and undergo
sedimentation.
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