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Abstract

Precise control over the assembly of biocompatible three-dimensional (3D) nanostructures would
allow for programmed interactions within the cellular environment. Nucleic acids can be used

as programmable crosslinkers to direct the assembly of quantum dots (QDs) and tuned to
demonstrate different interparticle binding strategies. Morphologies of self-assembled QDs are
evaluated via gel electrophoresis, transmission electron microscopy, small-angle X-ray scattering,
and dissipative particle dynamics simulations, with all results being in good agreement. The
controlled assembly of 3D QD organizations is demonstrated in cells via the colocalized
emission of multiple assembled QDs, and their immunorecognition is assessed via enzyme-linked
immunosorbent assays. RNA interference inducers are also embedded into the interparticle
binding strategy to be released in human cells only upon QD assembly, which is demonstrated

by specific gene silencing. The programmability and intracellular activity of QD assemblies offer
a strategy for nucleic acids to imbue the structure and therapeutic function into the formation of
complex networks of nanostructures, while the photoluminescent properties of the material allow
for optical tracking in cells in vitro.
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1. INTRODUCTION

The organization of inorganic materials in diverse 3D nanostructures with hierarchical
complexity mimics biological approaches by combining nanoscale components of distinct
physicochemical properties with promising applications in imaging,! sensing,? drug
delivery,3 and tissue engineering® with a variety of assembly strategies. Generally, there
are two approaches for the fabrication of materials with defined features and functionality
at the nanometer scale: top-down and bottom-up. In several top-down approaches,
inorganic structures of cellular origin can serve as templates for the organization of
nanomaterials. 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.>~" The top-down methods for
nanoparticle organization on the cellular scale are intrinsically less controllable and highly
depend on the structure/shape of the template. Therefore, the bottom-up approach for de
novo organization of inorganic particles by natural polymers such as polypeptides and
nucleic acids offers advantages for regulating the assembly behavior and morphology.®

Nucleic acids are materials with programmable, dynamic, and environmentally responsive
functional components for hybrid nanoparticle systems. Due to their simple primary
structure and known rules that guide the formation of their secondary and tertiary
conformations, nucleic acids are robust materials for scaffolding in comparison to proteins
or other biopolymers. The use of the Watson—Crick base pairing as a means of prescribing
bottom-up assembly strategies has been shown to control and rationally program the

3D self-assembly of functional particles into well-ordered organizations from the nano-

to microscale.®12 Several experiments have demonstrated the versatility of nucleic acid
scaffolds for displaying functional DNA/RNA motifs with intrinsic functionalities and
promising applications in biotechnology or biomedicine.}3-19 The ability to dynamically
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respond to the environment makes nucleic acids an attractive biomaterial for tailor-made
structures with desired responsiveness.20-21 In recent 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).22-31

DNA oligonucleotides have been conjugated to a wide range of inorganic particles

with distinct physicochemical properties.32-32 In particular, semiconductor nanocrystals

or quantum dots (QDs) are attractive for the development of nano-theranostic concepts

for simultaneous diagnostics and therapy.3* In comparison to organic fluorophores,

QDs are strongly luminescent, have increased stability, and have higher brightness and
resistance to photobleaching, 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.3%:36 Over
the last 2 decades, numerous studies have developed approaches for modifying the

surface of QDs with biomolecules for the attachment of functionalized moieties such

as DNA/RNA oligonucleotides, antibodies, and peptides.? Almost exclusively as optical
labels, functionalized QDs have found many applications in biosensing and bioimaging.37-39
Instead of fluorescent dyes, QDs can be conjugated to aptamers for the visualization of
aptamer binding and subsequent intracellular trafficking.?® Aptamer—QD complexes have
been examined to detect a wide range of targets, from simple metal ions, drugs, or toxins to
proteins.41

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.#2 The phenomenon is observable only in a
single QD, while in aggregated QDs, the signal is semisteady. Therefore, differences in the
signal between the single QDs versus an accumulated group of QDs can be distinguished
and used for the detection of target molecules. The principle of this strategy is strand
displacement triggered by a target sequence, leading to the reassociation of two split
biotinylated oligonucleotides that subsequently promote the arrangement and assembly of
streptavidin-decorated QDs.%3

In this work, we set out to design a biocompatible nucleic acid-based scaffold for

the assembly of QDs and delivery of functional therapeutics. The developed system

uses both RNA and biotinylated DNA as a means to drive the 3D organization of
streptavidin-decorated QDs. We first interrogated several approaches for the formation of
bioresponsive QD 3D assemblies using sets of QDs functionalized with complementary
single-stranded (ss)DNAs, combined with double-biotinylated DNA duplexes, or decorated
with DNA/RNA hybrids that reassociate to release Dicer substrate (DS) RNAs via

an isothermal strand displacement reaction.19:44-48 The results from each method of
assembly were extensively characterized via electrophoretic mobility shift assays (EMSAS),
transmission electron microscopy (TEM), and /n situ small-angle X-ray scattering (SAXS).
Next, we studied relative cellular uptake efficiencies, immunostimulatory properties, and
intracellular colocalization of the 3D assemblies and their individual components. We have
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shown that intracellular formation of QD assemblies in human breast cancer cells releases
DS RNAs and, upon dicing, triggers targeted gene silencing.

2. RESULTS

The assembly strategy, as dictated by the way nucleic acids are introduced, offers versatility
in the resulting 3D assemblies with varying kinetics and functionalities. Three methods

of QD assembly were evaluated. First, through the introduction of 39 bp double-stranded
(ds)DNA oligonucleotides with a single biotin present on both ends of each duplex, binding
with streptavidin-coated QDs which are 15-16 nm in diameter drives the rapid (~30 s)
formation of assembled structures (Figure 1A). As seen in the agarose gel, the QDs alone
begin to migrate upon the addition of an sSDNA. However, full assembly at a 1 QD/10
DNA molar ratio into larger-scale organization over time results in morphologies that are
too large to enter the gel and can thus be observed in the loading wells only (Figure S1).43
In comparison, if individual fully complementary DNA strands are added separately to QDs
and then combined, it takes closer to 30 min 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, complementary 12-nt
ssDNA toeholds initiate the isothermal strand displacement reaction that promotes the
formation of double-biotinylated DNA duplexes while releasing the RNA sequences to
form functional DS RNAs (Figure 1C). The complete assembly of QDs and subsequent
release of DS RNAs were achieved after ~10 min. In all three strategies of QD assembly,
the addition of DNase to assembled 3D structures completely reversed the formation of
assembled structures through the digestion of any DNA cross-linkers, resulting in the
increased mobility of QDs. These results additionally confirm the DNA-driven organization
of QDs.

All three methods of QD assembly were conducted, and the products were imaged by
TEM. Analysis of the center-to-center distances between a given QD and its three nearest
neighbors was assessed to compare QD distributions (Figure S2). For the dsDNA duplex-
driven QD assembly, the mean center-to-center distance was 17.8 £ 1.4 nm. For the sSDNA-
driven QD assembly, the mean center-to-center distance was 26.8 + 1.8 nm. Finally, for
hybrid-driven QD assemblies, the mean center-to-center distance was 26.3 + 4.3 nm. The
distributions of distances for 100 QDs are shown for each TEM image in Figure 1A-C.

The assembled distances show much less distribution than free QDs in solution imaged at
the same concentrations, for which the mean center-to-center distance was 76.6 + 17.2 nm
(Figure S2).

While dynamic light scattering is often widely used to assess the morphologies of particles
in preclinical studies, the high polydispersity and broad size distributions of the aggregated
QD assemblies faced limitations by this analysis. Therefore, to investigate the ordered
three-dimensional morphologies of the assemblies of the QDs in their native states for each
of the assembly strategies described previously, synchrotron-based SAXS was utilized for
probing the structures of each of these systems /n situ. 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
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(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 assemblies, these center-to-center distances were
calculated to be 20.3, 20.5, and 20.3 nm, respectively. Compared to the values derived from
TEM images, the SAXS-derived values for the dsSDNA-driven QD assembly were the most
similar, differing only by 2.5 nm between averages. Otherwise, there is good agreement
between the center-to-center distances of the three assemblies between each method of
analysis. The values are also feasible given the lengths of the materials. Additional SAXS
plots are available in Figures S3 and S4.

Computational modeling provides fundamental understanding of how experimental and
environmental variables control the self-assembly process, resulting in changes in the
organization of the QDs. Here, we use the mesoscale modeling technique dissipative particle
dynamics (DPD) to understand these materials on the size and time scales relevant to

the experiment.4950 The technique has been successful in predicting and explaining the
self-assembly of polymer-based materials, including block copolymers, polyelectrolytes, and
DNA.51-58 Computational modeling of QD and DNA assemblies as a function of DNA
length and salt concentration was performed using our implicit solvent ionic strength method
(1S1S-DPD) model®8 and provides key insights into the driving forces of the resulting
morphologies. The initial system (Figure 3A) consists of 24 QDs decorated with 12 sSSDNAs
each based on the experimentally determined number of binding sites per QD.*3 Figure

3B presents the snapshots of the final morphologies of the simulations conducted as a
function of DNA length and salt concentration. As the length increases across any of the salt
concentrations, the decorated QDs have an increased tendency to pack versus assembling

in a more linear fashion for the shorter DNA. This is quantified in the integration of the
radial distribution function (int-RDF) of the QD 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 QDs are pushed further apart but not in proportion to the increase in

the length of the DNA. 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
broad range of concentrations, the length of the DNA strand was the predominant variable
that determined the morphology.

To fully take advantage of the programmable assemblies of inorganic QDs, assemblies were
introduced into cells using a lipid-based carrier for their intracellular delivery. 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 analyzed by flow cytometry (Figure 4A).
Micrographs labeled a—d correspond with the geometric mean fluorescence intensity (gMFI)
shown to the right, wherein the stepwise introduction of materials for their intracellular
assembly resulted in higher gMFI than for either the QD component or assembly. To confirm
that the cognate QDs can form intracellular assemblies and thus colocalize inside cells,
QD545 and QD605 carrying complementary hybrid DNA/RNA duplexes were introduced
and the cells were analyzed by confocal microscopy (Figure 4B). The colocalization of

the emission of each QD shown on the superposition image (1 + 2 + 3) demonstrates the
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heterogeneous assembly of formations composed of both QDs and confirms the assembly of
QDs in cells. Additional confocal microscopy images of the colocalization studies are shown
in Figure S5.

With the uptake established, the potential for functional therapeutics imbued into the
DNA/RNA assembly approach was 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
RNASs upon the reassociation of QDs inside the cell (Figure 5). With either the QDs or
hybrid alone, the cells remained fluorescent with the expression of GFP. However, when
both QDs were introduced to cells, the intracellular QD formation resulted in the silencing
of GFP assessed after 72 h. Flow cytometry confirmed a statistically significant reduction in
the gMFI as a result of the QD assembly. In time-course studies, silencing with 10 and 20
nM QD assemblies was observed even after up to 14 days (Figure S6).

As the last step to confirm the downstream biological applications of these materials, their
immunostimulation in cell lines was assessed. Hybrid duplexes and their reassociation were
compared with assembled QDs, free QDs, QDs with hybrid duplexes, and the reassociation
of hybrid duplexes when one (QD-H_sen + H_ant) hybrid was bound to QDs. The relative
production of cytokines hlL-1, hiL-6, hIL-8, and hIFN-£in the human microglia-like cell
line, huglia, were assessed as normalized to cells treated only with a carrier, Lipofectamine
2000 (L2K) (Figure 6). The panel of these four cytokines was chosen due to their known
roles as modulators of the inflammatory response: hiL-15and hiL-6 as proinflammatory
cytokines, hIL-8 as a chemokine, and hIFN-2 as an interferon. Any recognition of
exogenously introduced nucleic acids resulting in immunostimulation was expected to be
observed from this representative panel as their release has been previously documented
from microglia in response to pathogen-associated molecular patterns or pathogens.59.60
Overall, no components of the QD assembly were identified as potent immune activators.
Only QD-H_sen showed statistical significance in regard to relative hIL-14 production.
The same panel of cytokines was also investigated for a human astrocyte-like cell line,
U87-MG (Figure S7), in which no conditions demonstrated statistically significant immune
stimulation. Importantly, free QDs showed no statistically significant cytotoxicity in either
huglia or MDA-MB-231 cell lines (Figure S8).

3. CONCLUSIONS

The colocalization of QDs 545 and 605 within human breast cancer cells demonstrates

the assembly of QDs directly within the cellular environment, which is further validated
by the significant fold knockdown of GFP in expressing cells via RNA interference upon
QD formation. Importantly, despite the presence of a large number of dsDNAs in their
structures, QD assemblies and their components do not invoke a significant difference in
the production of cytokines, which makes this theranostic approach feasible in addition to
biosensing. While QDs alone exhibit narrow emission, which is advantageous for tracking,
assemblies of QDs offer more opportunities for sensing parameters.*3 For example, one
avenue is that the centrifugation of assembled QDs results in the formation of a precipitate,
while individual monomers show no precipitation (Figure S9).
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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 base pairing and also allow for biologically
relevant sequences to be implemented for therapeutic applications, as demonstrated here
with the incorporation of RNA interference inducers. 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 assembly composition, which could also
allow for the integration of other functional nucleic acids. Further work to fine-tune the
organization of QD assemblies may take advantage of nucleic acids’ programmability in
order to control the size and shape of the network on a larger scale.

4. EXPERIMENTAL SECTION

4.1. 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 a 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.

4.2. Assembly of QDs.

QD545s (Qdot 545 ITK streptavidin conjugate kit, catalog #Q10091MP) composed of a
cadmium selenide core with a zinc sulfide shell and covalently attached streptavidin were
purchased from Invitrogen. QD545s were reported by the manufacturer to be 15-16 nm
in diameter with an emission maximum of 545 + 4 nm and were used for all studies.
QD545s were assembled with either dsSDNA, ssDNA, or DNA/RNA hybrid duplexes in
endotoxin-free water with all QDs at a 100 nM final concentration.

4.2.1. For (DNA Duplex + QD) Assembly.—DNA duplexes were made by mixing
complementary DNA oligos in an equimolar ratio. The mixture was heated at 95 °C for 2
min before the assembly buffer [a final concentration of 89 mM tris-borate (pH 8.2), 50
mM KCI, and 2 mM MgCl,] was added, followed by incubation at room temperature for 20
min.51 Afterward, QDs were added with the DNA duplex at a 1:10 QD/duplex molar ratio
and incubated at 37 °C for 30 min.

4.2.2. For (QD + ssDNA1) + (QD + ssDNA2) Assembly.—QDs were assembled in
two separate tubes with each DNA oligo in a 1:10 QD/DNA molar ratio in the assembly
buffer. Samples were incubated at 37 °C for 20 min. Afterward, the contents of the two tubes
were mixed at a 1:1 volumetric ratio and incubated at 37 °C for 30 min.

4.2.3. For (QD + H_sen) + (QD + H_ant) Assembly.—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 2 min, and adding the assembly buffer, followed by incubation at room temperature for
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20 min. QDs were added to each separate hybrid duplex tube in a 1:10 QD/duplex molar
ratio and incubated at 37 °C for 30 min. Afterward, hybrid duplexes were mixed ina 1:1
volumetric ratio and incubated at 37 °C for 60 min. For cellular colocalization in Figure
4B, one hybrid duplex was added with QD545, while its conjugate was added with QD605
for the 30 min incubation at 37 °C. For this, the Qdot 605 streptavidin conjugate (catalog

# Q10101MP) composed of a cadmium selenide core, a zinc sulfide shell, and polymer
coating to allow for streptavidin conjugation was purchased from Invitrogen. QD605s were
reported to be 15-20 nm in diameter with an emission maximum of 608 + 4 nm.

4.3. Electrophoretic Mobility Shift Assays.

To confirm assembly, QD assemblies were analyzed on a 2% agarose gel stained

with 0.5 gg/mL ethidium bromide. Gels were run in 89 mM tris-borate and 2 mM
ethylenediaminetetraacetic acid (pH 8.2) for 20 min at 220 V and 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).

4.3.1. For EMSAs of the Kinetics of Assembly.—As shown in Figure 1, QDs were
assembled in 40 gL volumes as described and incubated at 37 °C for 120 min as previously
shown.*3 At the 0.5, 1, 5, 10, 15, 30, and 60 min timepoints, 4 2L of assembling QDs were
added to 4 /L of agarose loading buffer (30% glycerol, 0.25% bromophenol blue, and 0.25%
xylene cyanol) in a tube, which was immediately placed on dry ice. At the 60 min timepoint,
1 1 of RQ1 RNase-Free DNase (Promega) was added and allowed to incubate for an
additional 30 min. Samples were visualized via EMSA as mentioned above by loading 4.0
L of each sample per well by descending timepoints, along with controls.

4.4. Precipitation of QD Assembilies.

50 4L samples of assembled QDs (with a final QD concentration of 100 nM) or controls
were centrifuged at 4 °C for 5 min at 10, 5, 2.5, or 1 G on a Thermo Scientific Sorvall
Legend Micro 21R centrifuge. All precipitates were immediately visualized on a Bio-Rad
ChemiDoc MP imaging system.

4.5. Transmission Electron Microscopy.

The QD assemblies were diluted by a factor of 100 in deionized water to a final
concentration of ~1 nM for preparing TEM samples. Immediately after dilution, a drop of
the QD assembly in solution was allowed to dry on a TEM grid with an ultrathin amorphous
carbon support film. Bright-field TEM images were acquired using a FEI Talos F200XG2
microscope with an accelerating voltage of 200 kV. Three representative images (Figure S2)
chosen from each of the three methods of QD formation were assessed in ImageJ using

the ND ImagelJ plugin to calculate center-to-center distances.52:63 After excluding edges,
the radius (r7) of each identified QD point was calculated as half the average of the width
plus height. The distances from the edge of each QD to its three nearest neighbors (d)

were averaged along with the average radii (7>) of the three nearest neighbors using the

ND ImageJ plugin. To calculate each center-to-center distance, r1, f», and dwere added
together and averaged for the first 100 events in each of the three TEM images. The

three average center-to-center distances were then averaged, and the standard error of the
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mean (SEM) was calculated based on /7= 3 images. For visualizing the distribution of
center-to-center distances, the first 100 events in each of the 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.
As a control, free QDs were analyzed at the same concentration.

4.6. Small-Angle X-ray Scattering.

40 21 of assembled QD samples was 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 Il at Brookhaven National Laboratory
(Upton, NY). The 2D scattering data were collected on area detectors downstream of the
sample. The 2D data were then integrated into one-dimensional /(g) curves as a function

of the scattering vector, g. The scattering vector is defined as g = 4%sin(g), where 1 and @

are the wavelength of the incident X-rays and the full scattering angle, respectively. The
resultant 1D curves span from roughly 0.03 to 1 nm~1 with a resolution of 0.002 nm™1,

The experimental S(g) was calculated by dividing the obtained /A g) 1D curves by the form
factor or A(g) corresponding particles used in the sample preparation. Additional details of
the experimental setup are provided in the Supporting Information. 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 the center-to-center distances (Dcc) of the assembled particles,
where Dec =27l q.

4.7. Dissipative Particle Dynamics.

As already stated, DPD is a proven mesoscopic method for modeling materials such as
DNA. For mesoscale simulations, 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 comprising three non-bonded pairwise
components along with a harmonic bonded spring force

dr; do; C D R S
d—tl=Ui, mid—tl= g.fij,fijz(Fij+Fij+Fij)+Fij )
J 1

where r;, vj, and mj;are the position, velocity, and mass of bead /, respectively. The

force between the two beads, f;, comprises three non-bonded components including a

conservative force, F, a dissipative force, FB, and a random force, F,-’}-. They are resolved

ij
by

a(l rij)f Fii <
it — " ij Tij C
FG=1"" )Y

@)
0, r,-j>0

Fij = = yooP(ri))(F - vij)Fij ®)
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R —1/2=
Fij= GDC()R(FI']')QZ'" t 1/27'1']' (@)

where aj;is the maximum repulsion between the two beads 7and J 7;;is the magnitude of
the distance between 7and /; vj;= v;— v;, and 7;; is the unit vector along jto / yand op

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

2
oD
=2 5
V= 2kgT ©
Atis the timestep, and 6;;(2) is a symmetric random number. Note that WP and uR are
weight functions that must be related as
2 (1—2)2 rii<rc
wP(rij) = [w?(ri))]” = re) Y ©)

0, rij>rc

In addition to the three-component non-bonded force, there is an additional force for the
connected beads that form the polymer, F,‘j This is a harmonic spring-type interaction that
follows

F;j = Cr,-j (7)
where Cis 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 1S1S-DPD.53:54.58 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 comprises one bead and the other is the nucleobase. When two
complementary bases are within the cutoff distance of each other, they will form a bond as
described in eq 7, ultimately forming the assembled dsDNA. To complement the dynamic
bonding, using the ISIS-DPD approach, the salt conditions of the solution can be scanned as
a function of the 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
provides insights into the role of the solvent’s impact on the morphology.

The computational calculations of DPD were conducted using the molecular dynamics
simulator LAMMPS.%° The initial system consists of 24 QDs distributed within a 407, x
401, x 401, periodic box. Each dot is decorated with 12 ssDNAs of varying lengths: 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 QDs assembled via
complementary base pairing. Of the 24 QDs, 12 were decorated with base pair type A, and
12 were decorated with complementary base pair type B. An example of the initial system
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can be seen in Figure 3A. The interactions within the system consist of the non-bonded
interactions described in eq 1, the bonded interactions within the DNA and complementary
base pairs, and two angular harmonic potentials dictated by

E=K(0-6)° ®

where K'is 2 times the harmonic prefactor, &is the angle at the time of calculation, and

& is the equilibrium value of the angle. To reflect the physical orientation of DNA, the
angles within the backbone beads consist of the phosphate and sugar ring, K= 20 and

6 = 150°. The angles between the nucleobases and the backbone were K=15and g, =
100°. These angles were chosen based on mapping the centers of mass of each resolved
bead on an atomic weight scale calculation. The bonded interactions established in eq 8
were harmonically set to C= 200 with an equilibrium distance of 0. The aj;interactions
established in eq 2 are referenced in Table 1. The bead composed of the phosphate and sugar
ring is referred to as the backbone bead.

Lastly, the QD core was composed 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 int-RDF. The int-RDF is a convenient method to
describe the spatial relative positioning between the QDs.

4.8. Cell Culture and Transfection.

The human breast cancer cell line MDA-MB-231(with or without GFP) was maintained

in Dulbecco’s modified Eagle medium (DMEM), 10% heat-inactivated fetal bovine serum
(FBS), and 1% PenStrep in incubators at 37 °C, 5% CO,. Cells were plated in 35 mm
dishes to perform confocal visualization (Ibidi, Germany). Lipofectamine 2000 (L2K) was
used for all experiments according to the manufacturer’s guidelines. Briefly, plated cells
were transfected for 4 h in Opti-MEM using a 10 nM concentration of the nucleic acid
transfected. Upon 4 h, the medium was replaced with DMEM, and the cells were further
incubated for 3 days (silencing experiments) or 14 h (uptake experiments). The cells were
then washed three times in phosphate-buffered saline and fixed with 4% paraformaldehyde
before imaging.

4.9. Uptake and Colocalization.

Experiments were performed using a UV 510 confocal microscope (Carl Zeiss, Oberkochen)
and a Plan-Apochromat 63x/1.4 oil lens. To image QD545, a 488 nm laser beam was used
for excitation and a BP filter 505-550 nm for detection. To image QD605, a 561 nm laser
beam was used for excitation and a BP filter 575-615 nm for detection. All images were
taken with a pinhole adjusted to 1 Airy unit. Flow cytometry was performed on a BD Accuri
C6 flow cytometer; CellQuest or the CFlow Sampler software was used to obtain the gMFI.
Data are expressed as the mean + SEM for 7= 20,000 events per treatment.
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4.10. Silencing Assays.

For silencing experiments, cells were visualized using a UV 510 confocal microscope (Carl
Zeiss, Oberkochen) and a Plan-Neofluar 40x/1.3 oil lens. To image GFP fluorescence, a 488
nm laser beam was used for excitation, and detection was acquired using a BP filter 505-550
nm. Flow cytometry was performed on a BD Accuri C6 flow cytometer; CellQuest or the
CFlow Sampler software was used to obtain the gMFI. To determine statistical significance,
treatments were compared to cells-only using a one-way analysis of variance (ANOVA),
followed by a Dunnett’s multiple comparisons test performed in GraphPad Prism version
9.0.0 for Windows, GraphPad Software, San Diego, California, USA, www.graphpad.com.
Data are expressed as the mean + SEM for 7= 20,000 events per treatment. A ~-value of
<0.05 was considered statistically significant.

Immune Stimulation by ELISA.

Dr. Jonathan Karn (Case Western Reserve University) generously provided the human
microglia cell line, hzglia. Cells were maintained in DMEM supplemented with 5% FBS
and 100 U/mL penicillin-100 wg/mL streptomycin at 37 °C 5% CO,. The immortalized
human astrocytic cell line, U87-MG, was obtained from the American Type Culture
Collection (ATCC; HTB-14) and maintained in Eagle’s minimum essential media (EMEM)
supplemented with 10% FBS and 100 U/mL penicillin-100 gg/mL streptomycin at 37 °C 5%
COo. Cells were transfected with final concentrations of 5, 10, 20, or 50 nM of each sample
using lipofectamine 2000 (L2K, Invitrogen) according to the manufacturer’s guidelines.
Ligands were incubated for 30 min at room temperature with lipofectamine 2000 before
transfection of cells with the indicated samples. Cells were incubated at 37 °C, 5% CO, for
4 h with the transfection reaction. Afterward, the medium was aspirated and replaced with

1 mL of fresh medium. Cell supernatants were collected at 24 h post transfection. IL-6, IFN-
B, IL-18, and IL-8 were quantified using specific-capture enzyme-linked immunosorbent
assays (ELISAS). IL-6 was detected using a rat anti-human 1L-6 capture antibody (BD
PharMingen, cat # 554543; Clone M@2-13A5) and a biotinylated rat anti-human 1L-6
detection antibody (BD PharMingen, cat# 554546; Clone MQ2-39C3). IFN-g was detected
using a polyclonal rabbit anti-human IFN- capture antibody (Abcam, cat# ab186669)

and a biotinylated polyclonal rabbit anti-human IFN-£ detection antibody (Abcam, cat#
abh84258). IL-8 (R&D systems, cat# DY208) and IL-18 (R&D systems, cat # DY201) were
detected using DuoSet ELISA kits. For all specific-capture ELISAs, a bound detection
antibody was detected using streptavidin—-HRP (BD Biosciences), followed by incubation
with a tetramethylbenzidine substrate. The cytokine concentration in cell supernatants was
extrapolated from a standard curve generated using a dilution of recombinant cytokines.

For each graph, the relative amount of cytokine production was normalized to the L2K-
only treatment. To determine statistical significance, treatments were compared to the
L2K-only treatment 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. Data are expressed as the mean + SEM for a
minimum of three independent experimental replicates. A P-value of <0.05 was considered
statistically significant.
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4.12. Cell Viability Assay.

To assess the cytotoxicity of QDs, MDA-MB-231 cells and hgglia cells were seeded in
96-well plates in their respective media. Cells were transfected with final concentrations of
5, 10, 20, or 50 nM of each sample using L2K (Invitrogen) according to the manufacturer’s
guidelines. QD545s were incubated for 30 min at room temperature with L2K before
transfection of cells with the indicated samples. Cells were incubated at 37 °C, 5% CO, for
4 h with the transfection reaction. Afterward, the medium was aspirated and replaced with
fresh medium. Cells were assessed 24 h post-transfection using a CellTiter 96 AQequs ONe-
solution cell proliferation assay (MTS, Promega) according to the manufacturer’s guidelines.
For each graph, the relative percent cell viability was normalized to the cells-only treatment.
To determine statistical significance, treatments were compared to the cells-only treatment
using a one-way ANOVA, followed by a Dunnett’s multiple comparisons test performed

in GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, California,
USA, www.graphpad.com. Data are expressed as the mean £ SEM for a minimum of »

= 3 independent experimental replicates. A P-value of <0.05 was considered statistically
significant.
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QD

quantum dot

SS
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single-stranded

DS
Dicer substrate

EMSA
electrophoretic mobility shift assay

TEM
transmission electron microscopy

SAXS
small-angle X-ray scattering

ds
double-stranded

Dcc
center-to-center distance

DPD
dissipative particle dynamics

GFP
green fluorescent protein

DIC
differential interference contrast

gMFI
geometric mean fluorescence intensity

SEM
standard error of the mean

ANOVA
analysis of variance

ATCC
American Type Culture Collection

FBS
fetal bovine serum

L2K
Lipofectamine 2000

IFN
interferon

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 August 25.

Page 15



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandler et al.

Page 16

ELISA
enzyme-linked immunosorbent assay

MEM
minimal essential medium

EMEM
Eagle’s minimum essential medium

DMEM
Dulbecco’s modified Eagle medium
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Figure 1.
Three protocols of QD assembly with kinetics characterized by agarose gels. TEM images

showing the distribution of QDs within their assemblies and measurements of the center-to-
center distances presented in the histogram with their Gaussian fit for n= 100 QDs. Scale
bar = 50 nm. Mean center-to-center distances calculated from 7= 3 TEM images are shown
with + SEM. (A) QDs mixed with double-biotinylated DNA duplexes. (B) QDs decorated
with complementary ssDNAs. (C) QDs decorated with RNA/DNA hybrids that reassociate
via the complementary ssDNA toehold interactions and release DS RNAs.
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Figure 2.

0.01 0.02 0.03 0.04 0.05

q (A1)

SAXS analysis of the assembly of (A) dsDNA-, (B) ssDNA-, and (C) hybrid DNA/RNA-
driven QD formations shown by structure factor plots.
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Computational modeling of QD-DNA formations. (A) Snapshot of the initial DPD
configuration. (B) Phase diagram of the assembled QDs as a function of salt and DNA
length. (C) int-RDF of averaged lengths.
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Figure 4.

Relative uptake efficiencies and intracellular colocalization experiments. (A) The uptake of
functionalized QD545 was analyzed by fluorescence microscopy and flow cytometry. Scale
= 30 ym. Bars denote mean + SEM of /7= 20,000 individual events. (B) Colocalization of
QD545 (green) and QD605 (red) entering the composition of QD assemblies as analyzed by
confocal microscopy. Image numbers correspond to (1) differential interference contrast, (2)

QD605 emission, and (3) QD545 emission. Image (1 + 2 + 3) is the superposition of three
different images, scale = 8 ym.
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Figure 5.
Activation of RNA interference in human breast cancer cells upon QD assembly formation.

Intracellular QD assembly releases DS RNAs that trigger specific gene silencing upon
dicing. Three days after the cotransfection of cells with QDs decorated with cognate hybrids,
GFP silencing was confirmed by fluorescence microscopy and statistically analyzed with
flow cytometry. Samples (a—d) have the same conditions for microscopy and flow cytometry
experiments. (a) Untreated MDA-MB-231 eGFP cells show green fluorescence. Cells treated
with either (b) QD-H_sen or (c) QD-H_ant show no fluorescence knockdown. Silencing is
observed when (d) both QD-H_sen and QD-H_ant are transfected to reassociate in cells and
drive the activation of RNAI. Final concentrations of nucleic acids and QDs are 10 nM and

1 nM, respectively. Bars denote mean + SEM of n= 20,000 individual events. Statistically
significant results are indicated with asterisks (* = P-value < 0.05).
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Figure 6.
Immunostimulatory activity of QD assemblies. A human microglia-like cell line (huglia)

was transfected, and cell supernatants were collected 24 h later. Levels of hIL-1, hIL-6,
hIL-8, and hIFN-B were assessed by ELISA. Bars denote mean + SEM of /7= 3 independent
repeats. Statistically significant results are indicated with asterisks (**** = P-value <
0.0001, *** = P-value < 0.001, and * = P-value < 0.05).
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Table 1.

Non-Bonded Interactions

interaction description ajj
backbone to backbone varied from 25 to 90
backbone to nucleobases 40
backbone to QD 27

backbone to water

25

nucleobase type Atotype A 22

nucleobase type Atotype B 5

nucleobase to QD
nucleobase to water

water to water

27
27
25
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