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Abstract: Precise control over the assembly of three-dimensional nano-composites offers a
route to orchestrating processes in the biological environment in a manner similar to the
complex spatial processes carried out by the cell itself. Using nucleic acids as programmable
crosslinkers to direct the assembly of inorganic quantum dots (QDs), variations in assembly
strategies are demonstrated for the formation of DNA-scaffolded QD lattices. Morphologies are
evaluated via gel electrophoresis, transmission electron microscopy, and small-angle X-ray
scattering while Dissipative Particle Dynamics modeling is used to predict the morphologies.
The controlled assembly of 3D QD organizations is demonstrated in cells via the colocalized
emission of multiple QDs in the lattice and their immunorecognition is assessed. The RNA
interference inducers are also embedded into the components to be released only upon lattice
assembly, which is demonstrated by specific gene silencing efficacy. The programmability and
intracellular activity of QD lattices offer a strategy for nucleic acids to imbue structure and

therapeutic function into the formations of complex networks of nanostructures.

1. Introduction

Non-random spatial organization at the subcellular and cellular levels and the principles
that govern it are some of the most intricate avenues of biology. The compartmentalization of
cellular processes and the three-dimensional (3D) arrangement of biochemical pathways has a
profound impact on cellular life. The structural configuration of macromolecular complexes is
a dynamic process wherein all organized conglomerates are built and dismantled dependingon
the requirements of the cell. Therefore, the 3D organization of biomolecules has spatiotemporal
characteristics. In addition, many biological structures exhibit the intrinsic ability of self-
organization or self-assembly.!

Many 3D structures of biological origin include inorganic components (e.g.,

hydroxyapatite, silica, magnetite, and calcite) that, together with organic material (e.g.,
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proteins), form precise arrangements from the nano- to macroscale. The formation of hybrid
complexes is precisely controlled by the organism and the final constructions are endowed with
unique properties. These composite structures perform diverse functions: mechanical (e.g.
bones, shells, dental tissues, efc.), magnetotactic (e.g. superparamagnetic particles in
magnetotactic bacteria), piezoelectric (e.g. aragonite platelets in nacre), and optical (e.g. sponge
spicule as optical fiber).? The organization of inorganic materials in various 3D nanostructures
with various degrees of complexity mimics such biological approaches by combining
components of distinct physicochemical properties for promising applications in imaging,
sensing, drug delivery, and tissue engineering, to name a few. Generally, two approaches
employing biomolecules can be applied for the 3D organization of nanoparticles involving
inorganic material: top-down and bottom-up. In the top-down approach, inorganic structures of
cellular origin such as a diatom’s cell walls or viral particles can serve as templates for
organization. Attachment to these template surfaces can be nonspecific, or microorganisms can
be genetically engineered to express functional groups for selective interactions with
nanoparticles or their adsorption with increased affinity.3- The top-down methods for
nanoparticle formation on the cellular scale are intrinsically less controllable and depend on the
structure/shape of the template. Therefore, the de novo organization of inorganic particles by
natural polymers such as polypeptides and nucleic acids offers advantages for regulating the
assembly behavior®. However, despite its attractiveness for biotechnology, the bottom-up
assembly of inorganic elements controlled by rationally designed organic molecules is
challenging.

Since the organization of most of the inorganic material in assemblies is performed by
proteins specific to minerals (e.g., bone morphogentic proteins in bones, or amelogenin in
enamel growth’”®), it is tempting to use engineered peptides to create artificial 3D shapes. Indeed,
several groups have attempted to develop bottom-up methods for the assembly of nanoparticles

with the organization of inorganic material driven by self-assembly of in vifro evolved peptides
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specific to inorganic elements such as metals, oxides, or semiconductors.®!” The limiting
diversity of protein-based geometries can be additionally improved by the combination of
engineered inorganic specific-peptides with nucleic acids. In this DNA-peptide-metal
nanoparticle arrangement, DNA provides symmetrical scaffolding for peptides with affinity to
the nanoparticle (e.g., the two-dimensional grid based on self-assembling cross-tile DNA
template with periodically linked peptides). This model represents artificial biomineralization,
where a single peptide molecule binds one gold nanoparticle.!!

Nucleic acids are materials with programmable, dynamic, and environmentally
responsive functional components for hybrid nanoparticles. Due to their simple primary
structure and known rules that guide the formation of their secondary and tertiary conformations,
nucleic acids are a superior material for scaffolding in comparison to proteins or other
biopolymers. The synthesis of nucleic acids is relatively easy and scalable. In addition, by using
a bottom-up strategy, we can control and rationally program the 3D shape of nucleic acid-based
nanoparticles from nano- to microscale.!>!® Several experiments have demonstrated the
versatility of nucleic acid scaffolds to display functional DNA/RNA motifs with promising
applications in biotechnology or biomedicine. /n vivo transcribed RNA scaffolds with
embedded aptamers have the potential to co-localize enzymatic pathways that result in
enhanced metabolic production, while multivalent DNA nanostructures displaying bi-specific

aptamers have been shown to facilitate cell-cell interactions!#!?

In addition to organizing
proteins via aptamers, RNA is a platform for spatial arrangements of intrinsic functionalities
such as siRNAs with applications in the modulation of gene expression.!*!® The ability to
dynamically respond to the environment makes nucleic acids an attractive biomaterial for
tailormade structures with desired responsiveness. In the past decades, a wide array of
artificially designed dynamic nucleic acid assemblies have been shown to react on the broad

spectrum of physicochemical or biological stimuli (e.g. pH, light, ion concentration, small

metabolites, enzymes, or nucleic acid strands).'®?® As was recently demonstrated in a hydrogel,
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stimuli-responsive DNA may also provide switchable control over the spatial organization of
scaffolds.?’

In a pioneering study which tested the potential of nucleic acids to arrange
macrostructures from nanostructures, Mirkin ez al., used colloidal metal particles. In their
experimental model, colloidal gold nanoparticles coupled to oligonucleotides aggregated upon
the addition of complementary DNA strands. The macroscopic aggregation was shown to be a
reversible reaction, driven by the thermal denaturation of nucleic acids.?® Later, the idea of
nanoparticle assembly mediated by DNA was extended with the use of rationally designed
oligonucleotides that can control the crystallization of gold nanoparticle—oligonucleotide
conjugates through the interactions of programmable base-pairing sequences into various
crystal structures. The position of the metal nanoparticles in the crystal can be influenced by
linker sequence with or without flexor.?® A higher degree of control over assembly can be
further achieved by introducing an asymmetric functionalization of particles where
oligonucleotides are specifically localized on particles and allow for the assembly of unique
heterostructures.°

In addition to gold-DNA constructs, DNA oligonucleotides have been conjugated to
other inorganic particles with distinct physicochemical properties.®! In particular, quantum dots
(QDs) attract increasing attention for the development of nano-theranostic concepts for
simultaneous diagnostics and therapy.? Colloidal QDs are semiconductor nanocrystals
endowed with physicochemical characteristics which allow for their easy readout and quick
analysis. In comparison to organic fluorophores, the QDs are strongly luminescent, have
increased stability, higher brightness, and resistance to photo bleaching as well as narrower and
symmetric fluorescence spectra with tunable colors controlled by their size. Using DNA for
linking, QDs can be utilized to create assemblies with controlled bonding, valency, and
photoluminescence.®* Over the last two decades, numerous studies have developed approaches

for modifying the surface of QDs with biomolecules for the attachment of functionalized
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moieties such as DNA/RNA oligonucleotides, antibodies, peptides, ezc*. Almost exclusively
as optical labels, functionalized QDs have found many applications in biosensing and
bioimaging 3>-37 Instead of fluorescent dyes, QDs can be conjugated to aptamers for the
visualization of aptamer binding and subsequent intracellular trafficking.3® Aptamer-QD
complexes have been examined to detect various targets, from simple metal ions, drugs, or
toxins to proteins.*® An RNA aptamer linked to QDs has also been shown as an alternative for
protein detection in Western blot analysis.*’ The specific binding of engineered endonuclease-
deficient genome editing proteins (e.g. transcription activator-like effectors (TALEs) or
CRISPR/Cas9 labeled with QDs) has been demonstrated as a viable visualization strategy of
single genomic loci in live human cells.#1:4?

Various strategies of visualizing viral components with QDs offers opportunities for
understanding the virus life cycle on a molecular level through the real-time observation of viral
trafficking, molecular interactions, efc. Viral tracking is mediated either by indirect labeling
using viral protein-specific antibodies conjugated to QDs, or by the direct attachment of
streptavidin-coated QDs to viral proteins fused to biotinylated peptide tags.**-*” In addition to
virus tracking, QDs have been used to track plasmid DNA after transfection as well as endocytic
pathways with DNA nanoparticles linked to different endocytic ligands.**4° MicroRNAs
(miRNAs), which are small non-coding RNAs that participate in the regulation of gene
expression, are promising objects for sequence-specific detection by QD-oligonucleotides. The
biosensing is based on the base-pairing between the target miRNA and oligonucleotide with
several means of signal outcome such as by luminescence, triggering its shutdown, or
measurements of changes in intensity.’® The sensitivity of detection can be modulated by other
functional molecules such as DNAzymes or exonucleases.’->? Similarly, amplification of the
signal can be significantly improved by assembling gold nanoparticles with QDs mediated by

DNA oligonucleotides. The in vivo presence of specific disease-related miRNAs catalyzes dis-

assembly of complexes leading to signal release. The process is triggered by toehold
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interactions of miRNA with a DNA linker that subsequently base-pairs with exogenously
delivered “fuel” DNA oligonucleotides.>® Furthermore, DNA strand displacement-driven
dynamic assemblise of binary and ternary multicolor QD complexes can create all seven basic
logic gates (OR, AND, NOR, NAND, INH, XOR, XNOR) that could be applied in logical
biosensing of therapeutically interesting nucleic acids.>* Although most biosensing and
bioimaging applications of QDs rely on the measurement of changes in fluorescence (color or
intensity), QDs offer additional properties for detection. The fluorescence intermittency or
blinking is an inherent random fluctuation between ON (bright) and OFF (dark) states of
individual QDs.>> The phenomenon is observable only in a single QD, while in aggregated QDs,
the signal is semi-steady. Therefore, differences in signal between the single QDs versus an
accumulated group of QDs can be distinguished and used for the detection of target molecules
as has been reported by the first proof-of-concept study. The principle of this strategy is strand
displacement triggered by target sequence, leading to the re-association of two split biotinylated
oligonucleotides that subsequently promote the arrangement of streptavidin-decorated QDs into
lattices. The transition from single state to 3D assembly flattens blinking to a continuous
signal >
Hybrid inorganic-organic component structures have been widely recognized in many

proof-of-concept studies as interesting materials for theranostic applications. The inorganic
components of the nanotherapeutics are endowed with unique physicochemical properties with
relevant diagnostic or therapeutic potential such as magnetic properties, exceptional
luminescent characteristics, and inducibility of physical therapeutic effects (e.g., hyperthermia
in target tumor cells). However, many challenges are awaiting optimization through solubility,
excretion, circulation time, barrier penetration, target specificity/efficiency, and, last but not
least, biocompatibility/toxicity 7.

From this standpoint, the connection of inorganic particles with nucleic acids as a major

organic constituent can be a determinative driving force for addressing current obstacles. Yet
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currently speculative, future research may lead to the development of hybrid nanoparticles
where reversible states between assembly and disassembly of the nucleic acids components can
improve the transfer of nanoparticles to target organ sites, including their cumulative
performance after delivery. Nucleic acids may dynamically respond to physicochemical or
biological patterns of the surrounding microenvironment, change their structures, and thereby
also subsequently change the dimensions and sizes of hybrid assemblies. Hypothetically, hybrid
inorganic-nucleic acid 3D structures may travel through the blood system in a semi-aggregated
state to avoid excretion (renal clearing) and dissociate to a desired extent upon specific binding
to target cell receptors as mediated by aptamers (aptazymes). Subsequently, upon successful
directed or passive endosomal escape, target molecules (e.g. nucleic acid, protein or metabolite)
would trigger particular or combined functionalities (e.g. RNA interference, DNAzymes,
decoys, anti-miRs, efc.). Additionally, depending on the nature of inorganic components, a
physicochemical response can be induced autonomously by the cellular environment or by an
external force (e.g. magnetic field, illumination, ezc.). The final multifunctional outcomecould
resemble already described monodisperse composite nanoparticles, minimally allowing for
targeted imaging, therapy, and sensing. For example, functionalized QDs with the RNA
aptamer targeting prostate cancer cells can deliver doxorubicin (Dox) intercalated in the double-
stranded part of the aptamer. In this form, both QD and Dox are fluorescently in an OFF state,
but the signal turns ON when Dox is released inside the diseased cells.>® Similarly, the specific
detection of a target (thrombin) by aptamer-QD particles induces aptamer refolding, leading to
a decrease in signal of DNA-intercalating dyes and increase in signal of QDs.** Another
promising application of biodegradable inorganic-organic 3D assemblies is scaffolding in tissue
engineering where nanoscaffolds can regulate cell adhesion and differentiation in vifro towards
improvement in transplantation.®

In this work, we set out to describe the functional possibilities of regulation of nucleic

acid-based reconfigurable scaffolds by a simple visual readout mediated by QDs. This system
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uses both RNAs and biotinylated DNAs as a means to drive the 3D organization of streptavidin-
decorated QDs. We first compared several approaches for the formation of bioresponsive
reconfigurable QD 3D assemblies using QDs linked to complementary single-stranded
(ss)DNAs, combined with double-biotinylated DNA duplexes, or decorated with DNA/RNA
hybrids that re-associate to release Dicer Substrate (DS) RNAs. The resulting assemblies from
each method of assembly were extensively characterized via electrophoretic mobility shift
assays (EMSA), transmission electron microscopy (TEM), and small-angle X-ray scattering
(SAXS). Next, we studied relative cellular uptake efficiencies, immunostimulatory properties,
and intracellular co-localization of the 3D lattices and their individual components. We have
shown that intracellular formation of QD lattices in human breast cancer cells releases DS

RNAs and, upon dicing, triggers specific gene silencing.

2. Results and Discussion

The composition of nucleic acids and the manner in which they are introduced offers
versatility in QD lattice formation that results in 3D assemblies with various sizes, kinetics, and
functionalities. Three methods of QD lattice assembly were evaluated. First, through incubation
of double-stranded (ds)DNA oligonucleotides with single biotin present on both ends of each
duplex, binding with streptavidin-coated QDs drives the rapid (~30 seconds) formation of
assembled structures (Figure 1A). As seen in the agarose gel, the QDs alone begin to migrate
upon addition of an ssDNA. However, full assembly into larger-scale organization over time
results in morphologies which are too large to enter the gel and can thus be observed in the
loading wells only. In comparison, if individual complementary DNA strands are added
separately to QDs and then combined, it takes closer to 30 minutes for the aggregate to fully
assemble (Figure 1B). As the third approach, QDs were separately conjugated to
complementary dSDNA/RNA hybrid duplexes via the biotinylated DNA. Once added together,

a 12 nt-ssDNA toehold was utilized in order to initiate the isothermal strand displacement
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reaction that promotes the formation of DNA duplexes while releasing the RNA sequences to
form functional DS RNAs (Figure 1C). The highest proportion of assembled lattices and
released DS RNAs was achieved after 60 minutes. In all three strategies of lattice formation,
the addition of DNase to assembled 3D structures completely voided the formation of

assembled structures, resulting in the increased mobility of QDs.

Dicer Substrate (DS) RNAs

Figure 1. Various protocols of QD lattice formation. Agarose gels show the kinetics of QD lattice formation. TEM
images depict the assembled lattices, with the distribution of center-to-center distances shown in the histogram.
(A) QDs mixed with double-biotinylated DNA duplexes. (B) QDs decorated with complementary ssDNA. (C)
QDs decorated with RNA-DNA hybrids that re-associate via the complementary ssDNA toehold interaction and
release Dicer Substrate (DS) RNAs.
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All three methods to form QD assemblies were assessed via TEM. Analysis of the
center-to-center distances between a given QD and its three nearest neighbors was assessed to
compare QD distributions (Figure S1). For dsDNA duplex-driven QD lattice assembly, the
mean center-to-center distance was 17.84 £ 1.37 nm. For ssDNA-driven QD lattice assembly,
the mean center-to-center distance was 26.76 + 1.82 nm. Finally, for hybrid-driven QD
lattices, the mean center-to-center distance was 26.31 = 4.31 nm. The distribution of distances

for 100 QDs are shown for each TEM image in Figure 1A-C.
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Figure 2. SAXS analysis ofthe assembly of (A) dsDNA-, (B) ssDNA-, and (C) hybrid DNA/RNA-driven QD
lattices. For each lattice, the Structure Factor Plot (top) and Intensity Profile Plot (bottom) are shown.

Given the three-dimensional morphologies ofthe assemblies ofthe QDs in their native

state for each ofthe assembly strategies described previously, synchrotron based small-angle
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x-ray scattering (SAXS) was utilized for probing the structures of each of these systems in-sifu.
The scattering profiles for each of the designs showed a single broad peak as a function of the
scattering vector, g, which corresponds to a disordered, aggregate system with a characteristic
average center-to-center (Dcc) distance of the assembled QDs. Figure 2 summarizes the
structure factor plots, S(g), for each of the designs and the corresponding real-space distances
are indicated on the respective plots based on the center of the peak fit with a Lorentzian
function. For the dsDNA-, ssDNA-, and hybrid-driven QD lattices, these center-to-center
distances were calculated to be 20.29 nm, 20.45 nm, and 20.33 nm, respectively. Compared to
the values derived from TEM images, the values for the dsDNA-driven QD lattice were the
most highly similar, differing only by 2.45 nm between averages. The averages of the two other
methods of lattice assembly are also considered to be in agreement. Additional SAXS plots are
available in Figure S2 and S3.

In addition to experimental approaches, computational modeling techniques offer a
complimentary level of insight into how variables in the assembly result in changes in its
organization. Here, the mesoscale modeling technique Dissipative Particle Dynamics (DPD)
presents the opportunity to understand these materials on the size and time scales relevant to
their assembly. DPD achieves these scales by using a soft potential that pairs hydrodynamics
and the exclusion of volume to considerably increase computational efficiency as it compares
to atomistic scale simulations.®1-°2 The technique has shown success modeling an array of semi-
dilute polymer-based material assembly including block copolymers, polyelectrolytes, and
DNA®-7 Computational modeling of QD and DNA lattices provided a couple of key insights
into the driving forces of the resulting morphologies. The initial system (Figure 3A) consists
of 24 QDs which are decorated with 12 ssDNAs each. Figure 3B are snapshots of the final
morphologies of the simulations conducted as a function of length and salt concentration. As
length increases across any of the salt concentrations, the decorated quantum dots have an

increased willingness to pack versus assembling in a more linear fashion for the shorter DNA.
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This is quantified in the int-RDF ofthe quantum dot center of mass in Figure 3C, where each
DNA length is averaged and then compared against the other lengths simulated. As the DNA
length increases, the quantum dots spread out more. However, they do not spread out nearly as
proportional as the length ofthe DNA increases. This results in the more packed configurations
that are seen in the phase diagram in Figure 3B. Lastly, it is worth noting that while salt was
varied across a wide spectrum of concentrations, it did not play nearly as much ofa role in the

morphology as the DNA lengths.

12~
base pair type A
+

FHFHF

base pair type B

24* QDs

40r.x40r.x40r periodic box

—— 15 bases
----- 10 bases

50 60 70
distance (I‘C) 1/Salt Concentration (a.)

Figure 3. Computational modeling of QD-DNA formations. (A) Snapshot ofinitial DPD configuration. (B) Phase
diagram of assembled QDs as a function of salt and length. (C) Integration ofthe radial distribution function of
averaged lengths.

To fully take advantage ofthe programmable assemblies ofinorganic QDs, assembled
lattices were introduced into cells. Their relative uptake and intracellular assembly in MDA-
MB-231 human breast cancer cells were assessed by separately introducing QDs carrying
complementary DNA/RNA hybrids. Cells were then visualized via fluorescence microscopy
and flow cytometry (Figure 4A). Micrographs labeled a-d correspond with the geometric mean
fluorescence intensity (gMFI) shown to the right, wherein the stepwise introduction ofmaterials
for their intracellular assembly resulted in higher gMFI than for either QD component or pre-

assembled QD lattices. To confirm that the cognate QDs can form intracellular lattices and thus
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co-localizing inside cells, QD545 and QD605 carrying complementary hybrid DNA/RNA
duplexes were introduced and the cells were analyzed by confocal microscopy (Figure 4B).
The co-localization of each QD emission as shown on the superposition image (1+2+3)
demonstrates the heterogenous assembly of lattices composed of both QDs and confirms the
assembly of lattices in cells. Additional confocal microscopy images of the co-localization

studies are shown in Figure S3.

D-H_ant D-H
A '2)QD545 00545~ QD-Hl.an QDA sen

QD-H ant+ QD-H sen QD Lattices 2115

Figure 4. Relative uptake efficiencies and intracellular co-localization experiments. (A) Uptake of functionalized
QD545 was analyzed by the fluorescence microscopy and flow cytometry. (B) Co-localization of QD545 (green)
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and QD605 (red) entering the composition of QD lattices as analyzed by confocal microscopy. Image nmnbers
correspond to: (1) differential interference contrast (DIG), (2) QD605 emission, and (3) QD545 emission. Image

(142+3) is the superposition of three different images.

With uptake established, the potential for functional therapeutics imbued into the
DNA/RNA lattice approach were further investigated. QDs carrying complementary hybrid
duplexes were transfected stepwise into MDA-MB-231 cells engineered to express green
fluorescent protein (GFP). The RNA sequences were designed to assemble into DS RNAs upon
the reassociation of QDs inside the cell (Figure 5). With either QD and hybrid alone, the cells
remained fluorescent with the expression of GFP. However, when both QDs were introduced
to cells, the intracellular QD lattice formation was shown to result in the silencing of GFP
assessed after 72 hours. Flow cytometry was used to confirm a statistically significant reduction
in gMFI as a result of'the lattice assembly. In timecourse studies, silencing with 10 and 20 nM

QD lattice was observed even after up to 14 days (Figure S4).

Figure 5. Activation of RNA interference in human breast cancer cells upon QD lattice formation. Intracellular
QD lattice formation releases DS RNAs that trigger specific gene silencing upon dicing. Three days after the co-
transfection of cells with QDs decorated with cognate hybrids, GFP silencing was confirmed by fluorescent
microscopy and statistically analyzed with flow cytometry. Error bars denote = SEM. Statistically significant
results are indicated with asterisks (* = p-value < 0.05).

As alast step to confirm the downstream biological applications ofthese materials, their
immunostimulation in cell lines was assessed. Hybrid duplexes and their reassociation were

compared with free QDs, QDs with hybrid duplexes, and the reassociation of hybrid duplexes
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when one (QD-H _sen+H ant) or both (QD lattice) hybrids were bound to QDs. The relative
production of cytokines hIL-1f, hIL-6, hIL-8, and hIFN-f in the human microglia-like cell like
hHp were assessed as normalized to cells treated only with Lipofectamine 2000 (L2K), which
was used as a carrier (Figure 6). Overall, no components of the lattice assembly were identified
as potent immune activators. Besides the control, QD-Hybrid1 showed the only statistical
significance in regards to relative hIL-1P activation. The same panel of cytokines was also
investigated for a human astrocyte-like cell line, U87 (Figure SS), in which no conditions

demonstrated statistically significant immune stimulation.
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Cytokine Response

Figure 6. Immunostimulatory activity of QD lattices. A human microglia-like cell line (hHp) was transfected and
cell supernatants were collected 24 hours later. Levels of ML-1(3, ML-6, ML-8, and MFN-(3 were assessed by
ELISA. Error bars denote + SEM. Statistically significant results are indicated with asterisks (**** = p-value <
0.0001, *** = p-value <0.001, * = p-value <0.05).

The colocalization of QDs 545 and 605 within a human breast cancer cell line
demonstrates the assembly of lattices directly within the cellular environment, which is further

validated by the significant fold knockdown of GFP in expressing cells via RNA interference
18



upon lattice formation. Importantly, QD lattices and their components do not invoke a
significant difference in the production of cytokines, which makes this theranostic approach
feasible on top of biosensing. While QDs alone exhibit narrow emission which is advantageous
for tracking, assemblies of QDs offer more opportunities for sensing parameters.>® For example,
one avenue is that the centrifugation of assembled lattices results in the formation of a
precipitate, while individual monomers show no precipitation (Figure S6).

Precise control over the assembly of complex networks of materials requires the
coordination of all the individual components. Nucleic acids offer a straightforward route to
scaffolding due to their programmable basepairing, but also allow for biologically relevant
sequences to be implemented for therapeutic applications, as demonstrated here with the
incorporation of DS RNAs. While three methods of assembly were demonstrated, their
characterization shows similar morphologies despite variations in their kinetics. Based on the
predicted DPD models, variations in morphologies can also be achieved by changing the lengths
of DNAs in the lattice composition, which could also allow for other functional nucleic acids

to be imbedded.

3. Experimental Section

Sequence design and preparation. DS RNAs designed against GFP and their
complementary DNA sequences with 12 nt toeholds were purchased from Integrated DNA
Technologies (IDT), as shown in previous work.%® All sequences are listed in the Supporting
Information. Oligos were diluted in endotoxin-free HyClone™ HyPure Cell Culture Grade
Water (Cytiva) before use.

Assembly of OD lattices: QDs (Qdot™ 545 ITK™ Streptavidin Conjugate Kits from
Invitrogen™) were assembled with either dSDNA, ssDNA, or DNA/RNA hybrid duplexes in

endotoxin-free water with all QDs at 100 nM final concentration.
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For (DNA duplex + QD) lattice: DNA duplexes were assembled by adding DNA oligos
in an equimolar ratio. The sample was heated at 95°C for two minutes before assembly buffer
(final concentration of 89 mM tris-borate (pH 8.2), 50 mM KCI, 2 mM MgCl;) was added,
followed by incubation at room temperature for 20 minutes. Afterwards, QDs were added with
DNA duplex at a 1:10 QD:duplex molar ratio and incubated at 37 °C for 30 minutes.

For (QD+ssDNA1)+(QD+ssDNAZ2) lattice: QDs were assembled in two separate tubes
with each DNA oligo in a 1:10 QD:DNA molar ratio in assembly buffer. Samples were
incubated at 37°C for 20 minutes. Afterwards, the contents of the two tubes were mixed at a
1:1 volumetric ratio and incubated at 37 °C for 30 minutes.

For (QD+H_sen)+(QD+H_ant) lattice: Hybrid DNA/RNA duplexes were assembled in
two separate tubes: H sen (“DNA for Sense 12 Biotin” + “RNA Sense”) and H ant (“DNA
for Antisense 12 Biotin” + “RNA Antisense.”) The Hybrid Duplexes were prepared by adding
their constituent oligos in an equimolar ratio, heating at 95°C for two minutes, and adding
assembly buffer, followed by incubation at room temperature for 20 minutes. QDs were added
to each separate Hybrid Duplex tube in a 1:10 QD:duplex molar ratio and incubated at 37 °C
for 30 minutes. Afterwards, Hybrid Duplexes were mixed in a 1:1 volumetric ratio and
incubated at 37 °C for 60 minutes.

Llectrophoretic mobility shift assays (EMSA): To confirm assembly, QD lattices were
visualized on a 2% agarose gel stained with 0.5 pg/mL ethidium bromide. Gels were run in 89
mM tris-borate, 2 mM EDTA (pH 8.2) for 20 minutes at 220 V, then visualized on a Bio-Rad™
ChemiDoc MP Imaging System using the Multichannel protocol for QD525 (used to view
QD545) and QD605 (used to view ethidium bromide).

For EMSAS of the kinetics of lattice formation as shown in Figure 1, QD lattices were
assembled in 40 pL volumes as described and incubated at 37 °C over a period of 120 minutes
as previously shown ¢ Atthe 0.5, 1,5, 10, 15, 30, and 60 minute timepoints, 4 uL of assembling

QD lattice were added to 4 uL of agarose loading buffer (30% glycerol, 0.25% bromophenol
20



blue, 0.25% xylene cyanol) in a tube, which was immediately placed on dry ice. At the 90
minute timepoint, | pL. of RQ1 RNase-Free DNase (Promega) was added and allowed to
incubate for an additional 30 minutes. Samples were visualized via EMSA as above by loading
4.0 pL ofeach sample per well by descending timepoint, along with controls.

Precipitation of OD Lattices: 50 pL samples of assembled lattice (with final QD
concentration of 100 nM) or controls were centrifuged at 4 °C for 5 minutes at 10, 5, 2.5, or |
G on a ThermoScientific Sorvall Legend Micro 21R Centrifuge. All precipitates were
immediately visualized on a Bio-Rad™ ChemiDoc MP Imaging System.

TEM: Mehedi/Dr. Tracy Three representative images (Figure SI) chosen from each ofthe
three methods of'lattice formation were assessed in Image! using the ND Image! plugin to
calculate center-to-center distances69-70. The radius (ri) of each identified QD point was
calculated as halfthe average ofthe width plus height. The distances from the edge of each
QD to its three nearest neighbors (d) were averaged along with the average wall thickness (n)
ofthe three nearest neighbors using the ND Image! plugin. To calculate each center-to-center
distance, n, n, and d were added together and averaged for the first 100 events in each ofthe
three TEM images. The three average center-to-center distances were then averaged and the
standard error ofthe mean (SEM) was calculated based on n=3 images. For visualizing the
distribution of center-to-center distances, the first 100 events in each ofthe images shown in
Figure 1 were plotted in a histogram and fit with a Gaussian distribution using GraphPad
Prism version 9.0.0 for Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com

SAXS: 40 pL ofassembled lattice samples were loaded into capillary tubes and then
sealed with wax. Samples were then measured under vacuum conditions at the Complex
Materials Scattering beamlines at the National Synchrotron Light Source II at Brookhaven
National Laboratory (Upton, NY). The 2D scattering data was collected on area detectors

downstream ofthe sample. The 2D data was then integrated into one-dimensional 1(g) curves
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as a function of the scattering vector, g. The scattering vector is defined as g = 4 ! sin )#*,
" $

where A and 6 is the wavelength of the incident X-rays and the full scattering angle,
respectively. The resultant 1D curves span from roughly 0.03 nm™'to 1 nm™! with a resolution
of 0.002 nm™!. The experimental S(g) was calculated by dividing the obtained I(¢) 1D curves
by the form factor or P(g) corresponding particles used in the sample preparation. Additional
details of the experimental setup are provided in the SI. After the S(g) curves were obtained,
peaks were fit with a Lorentzian distribution to obtain the center of the peak which was used
to calculate to calculate the center-to-center distances (Dcc) of the assembled particles, where

Dcc = 8L
%

Dissipative Particle Dynamics: As previously stated, DPD is a proven mesoscopic
method to modeling materials such as DNA. To achieve mesoscales, DPD utilizes a coarse-
grained approach where groups of atoms, among which their specific interactions are outside
the scope of concern, are lumped together to form one bead. The movements of the DPD
beads are dictated by Newton’s equations of motion and are subject to a soft potential
comprised of three non-bonded pairwise components along with a harmonic bonded spring
force,
=v,m "=3f f =5F +F +F'8+F-
dt & &g & & & & & &

" Ch
(D
where r;, v; and my;are the position, velocity, and mass of bead 7 The force between two
beads, £, is comprised of three non-bonded components including a conservative force, FCj,
dissipative force, FDy, and random force, FR;;. They are resolved by

T
a C1—- Fr r

g)zA&' - & &
0, rg >0

<r

)
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4
where a;1s the maximum repulsion between the two beads 7and /, rjis the magnitude of

distance between 7and /, vi; = v;— v, and rv is the unit vector along jto 7 yand op are

coefficients that determine the amount of the dissipative and random forces, where

(5)
and Atis the timestep and 8y (¢)is a symmetric random number. Note that w”and w®are

weight functions that must relate by:

re?
Cl——F ,r&<m
T

w58 = ‘w5 8a¥ = A
0, &> 1)

(6)
In addition to the three component non-bonded force, there is an additional force for the
connected beads that form the polymer, /5 This is a harmonic spring type interaction that

follows:

(M
where C'is the spring constant.
To use DPD for this specific material, a combination of two approaches was utilized to
predict the morphology of the material assembly. Svaneborg demonstrated that dynamic
bonding and DPD could be used to model DNA, while Li et al. established that electrostatics

could be calculated implicitly using the novel Implicit Solvent Ionic Strength method (ISIS-
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DPD).5>% The means of dynamic bonding used in this approach is based on a two-bead
model resolution of DNA, where the phosphate and sugar ring is comprised of one bead and
the other is the nucleobase. When two complimentary bases are within the cutoff distance of
each other, they will form a bond as described in Equation 7, ultimately forming the
assembled dsDNA. To compliment the dynamic bonding, using the ISIS-DPD approach the
salt conditions of the solution can be scanned as a function of DNA length to predict the
resulting morphology. This unique combination of two DPD centric methods allows for the
assembly of these materials to be modeled and provide insight into the role of the solvent’s
impact on morphology.

The computational calculations of DPD were conducted using the molecular dynamics
simulator, LAMMPS 7 The initial system consists of 24 quantum dots distributed within a
40r-x40r-x40r- periodic box. Each dot is decorated with 12 ssDNAs of varying length: 5, 10,
15, and 20 nucleobases. In other words, the system starts initially in a disassembled state and
is iterated for 3 million timesteps resulting in the decorated quantum dots assembled via
complimentary base pairing. Of the 24 quantum dots, 12 were decorated with base pair type A
and 12 were decorated with complimentary base pair type B. An example of the initial system
can be seen in Figure 3A. The interactions within the system are comprised of the non-
bonded interactions described in Equation 1, the bonded interactions within the DNA and
complimentary base pairs, and two angular harmonic potentials dictated by

E =K(6 —61)°
®)
where Kis two times the harmonic prefactor, fis the angle at the time of calculation, and 8o
is the equilibrium value of the angle. To reflect the physical orientation of DNA, the angles
within the backbone beads comprised of the phosphate and sugar ring, =20 and 8,~150
degrees. The angle between the nucleobases and the backbone were, K=15 and £,~100

degrees. These angles were chosen based on mapping the center of masses of each resolved
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bead on an atomic weight scale calculation. The bonded interactions established in Equation
8 were harmonically set to (=200 with an equilibrium distance of 0. The a;interactions
established in Equation 2 are referenced in Table 1. The bead comprised of the phosphate
and sugar ring is referred to as the backbone bead.

Table 1. Non-bonded interactions.

Interaction aj
Description
backbone to Varied

backbone from 25-90

backbone to 40
nucleobases

backbone to 27
QD

backbone to 25
water

nucleobase 22
type Ato
type A

nucleobase 5
type Ato
type B

nucleobase 27
to QD

nucleobase 27
to water

water to 25
water

Lastly, the QD core was comprised of 162 beads that were fix grouped, meaning that
for each QD, the forces exerted on each individual bead were distributed throughout the entire
core. This results in a fixed dot that consists of beads moving in concert with each other.
Since computational modeling was conducted, calculations that quantify the morphological
differences were conducted including the integration of the radial distribution functions (int-
RDF). The int-RDF is a convenient method to describe the spatial relative positioning

between the QDs.
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Cell culture: Dr. Viard The human breast cancer cell line MDA-MB-231 (with or
without GFP) was maintained in DMEM, 10% heat-inactivated fetal bovine serum (FBS), and
1% PenStrep in incubators at 37 °C, 5% COz2.

Uptake and co-localization: Dr. Viard Lipofectamine™ 2000 (L2K) was used for all
experiments according to the manufacturer’s guidelines.

Silencing assays: Dr. Viard For silencing experiments, cells were visualized using a
UV 510 confocal microscope (Carl Zeiss, Oberkochen) and a Plan-Neofluar 40x/1.3 Oil lens.
Flow cytometry was performed on a BD Accuri C6 flow cytometer; CellQuest or the CFlow
Sampler software was used to retrieve the geometric mean fluorescence intensity (gMFI) and
the standard error ofthe mean (SEM).

Immune stimulation by ELISA: Dr. Johnson hHp and U87 cells were seeded at 1.5/103
cells/well in 12-well plates 24 hours prior to transfection. For final concentrations of' 5, 10, 20,
or 50 nM of each sample per well, 3 pL of L2K were used per treated well. OPTI-MEM was
incubated separately with each sample and with total L2K for 5 minutes at room temperature.
Afterwards, samples in OPTI-MEM were added to L2K in OPTI-MEM and incubated for 30
minutes at room temperature. Media was aspirated from the wells of each plate and replaced
with 250 pL media + 250 pL of sample with L2K which was left to incubate at 37 °C, 5% CO2
for 4 hours. Afterwards, media was aspirated and replaced with | mL offresh media. Cells were
incubated for an additional 20 hours before cell supernatants were collected and stored at -80 °C
until analysis.

For each graph, the relative amount of cytokine production was normalized to the L2K-
only treatment. To determine statistical significance, treatments were compared to L2K-only
using a one-way ANOVA followed by Dunnett’s multiple comparisons test performed in
GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com. All graphs show means ofat least n=3 repeats + SEM. A p-value of< 0.05

was considered statistically significant.
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Sequences

DNA strands were designed to form RNA/DNA hybrids with sense and antisense strands of
Dicer Substrate RNAs (DS RNAs) selected against Green Fluorescent Protein. Once formed,
those hybrids have single-stranded DNA toeholds (underlined) which are designed to interact
with each other to initiate branch migration.

DNA for Sense 12 Biotin
5’-/5B10sg/ GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCA

DNA for Antisense 12 Biotin
5’-/5Bi10sg/ TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC

RNA Sense
5°-/5Phos/ACCCUGAAGUUCAUCUGCACCACCG

RNA Antisense
5’-CGGUGGUGCAGAUGAACUUCAGGGUCA
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A QD + dsDNA

C QD-Hybrid1 )+(QD-Hybrid2)

HHHIi

Figure SI. Tliree representative TEM images used for calculations of center-to-center distances in Image! Lattices
were formed via (A) QD+dsDNA, (B) (QD-ssDNAD)+(QD-ssDNA?2), and (C) (QD-Hybridl)+(QD-Hybrid2).
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Figure S2. Additional SAXS analysis showing the Structure Factor Plot and Lorentzian Fit of two lattices: (A)
QD+dsDNA and (B) (QD-Hybrid)+(QD-Hybrid2).
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Figure S3. Intensity profiles, ve. for each ofthe system designs described in Figures | and 2.

36



Figure S4. Co-localization of QD545 (green) and QD605 (red) entering the composition of formed intracellularly
QD lattices analyzed by the confocal microscopy. Image numbers correspond to: QD605 emission (1), QD545
emission (2), and differential interference contrast (DIG) images (3). Images (1+2+3) are superposition of three
different images.
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Dicer Substrate RNAs (DS RNA)

Figure S5. Activation of RNAI tlirough QD lattice formation and release of DS RNAs using GFP knockdown
assays for humanbreast cancer cells expressing GFP. Three, five, seven, and fourteen days after the co-transfection
of cells with hybrid-functionalized QDs, GFP expression was analyzed with flow cytometry. As a control,
transfections with the pre-fonned DS RNA duplexes against GFP were used. gMFI corresponds to the geometric
mean fluorescence intensity.
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Figure S6. Immunostimulatory activity of QD lattices in the human astrocyte-like cell line U87. Cells were
transfected and cell supernatants were collected 24 hours later. Levels of hIL-ip, hIL-6, hIL-8, and hIFN-p were
assessed by specific-capture ELISA. Error bars denote + SEM. Statistically significant results are indicated with
asterisks (¥*** = p-value < 0.0001, *** = p-value <0.001).
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Figure S7. Precipitation of QD lattices. Assembled lattices were centrifuged for 5 minutes at various speeds and
show the formation of a solid pellet in the bottom ofthe tube. For all other QD samples which are not assembled,

no precipitation is observed.

Beamline 11-BM CMS
Photon Energy (keV) 13.5
Horizontal x Vertical Beam size 200 x 200
(pm x pm)

Approximate Flux (photons/sec) 1011
Sample-to-Detector Distance (m) 5.05
Detector Manufacturer Dectris
Detector Model Pilatus 1M
Detector Pixel Size (pm x pm) 172172

Table SI. CMS Beamline Experimental Setup
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