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ABSTRACT: Ribonucleic acids (RNAs) are key components in
many cellular processes such as cell division, differentiation,
growth, aging, and death. RNA spherical nucleic acids (RNA-
SNAs), which consist of dense shells of double-stranded RNA on
nanoparticle surfaces, are powerful and promising therapeutic
modalities because they confer advantages over linear RNA such
as high cellular uptake and enhanced stability. Due to their three-
dimensional shell of oligonucleotides, SNAs, in comparison to
linear nucleic acids, interact with the biological environment in
unique ways. Herein, the modularity of the RNA-SNA is used to
systematically study structure—function relationships in order to
understand how the oligonucleotide shell affects interactions with
a specific type of biological environment, namely, one that
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contains serum nucleases. We use a combination of experiment and theory to determine the key architectural properties (i.e.,
sequence, density, spacer moiety, and backfill molecule) that affect how RNA-SNAs interact with serum nucleases. These data
establish a set of design parameters for SNA architectures that are optimized in terms of stability.

B INTRODUCTION

Spherical nucleic acids (SNAs) are an emerging class of
nanomaterials that consist of nanoparticle cores densely
functionalized with shells of oriented oligonucleotides.1 SNAs
are promising single-entity constructs capable of actively
moving into cells and effecting nucleic acid-dependent processes
without triggering an unwanted immune response.z’3 Con-
sequently, they have become the basis for hundreds of
biological and medical tools.*”” RNA-SNAs are of particular
interest because of their potential to significantly impact the
field of medicine in areas such as gene regulation, immune
modulation, and cancer therapy.g’9 For example, SNAs
comprising small interfering RNA (siRNA) are promising
agents for treating glioblastoma multiforme'® and diabetic
wounds'' in animal models. In the former case, treatment
strategies take advantage of the ability of SNAs to cross the
blood-brain-barrier, and in the latter case, they take advantage
of the unusual ability of SNAs to penetrate the skin.

Due to their three-dimensional presentation and orientation
of oligonucleotides, the interaction of SNA oligonucleotide
shells with biological environments (i.e., cell surface receptors,
enzymes, proteins) is fundamentally different than what is
observed for conventional linear forms of nucleic acids'>™'°
(linear used here in contrast to spherical nucleic acids, but not
taking into account possible secondary structure). For example,
SNAs, despite their ne%ative charge, readily enter most cells
(except red blood cells)'” without triggering an innate immune
response,” whereas conventional forms of nucleic acids require
transfection agents, which often stimulate an unwanted

-4 ACS Publications  © 2016 American Chemical Society

2124

. . 18-20
immune response, in order to enter cells. It has been

shown that the rapid cellular uptake kinetics and intracellular
delivery of SNAs is an active process that is often dependent on
class A scavenger receptors, which recognize the high-density
spherical arrangement of oligonucleotides and to which the
SNAs bind with high affinity. #1322 15 contrast, oligonucleo-
tides complexed with positively charged transfection reagents
enter cells through an electrostatic interaction with the plasma
membrane and subsequently enter cells most commonly
through membrane destabilization.”*™>°

Despite the advances using siRNA-SNAs in medicine, how
such structures interact with biological enzymes is poorly
understood. This process is fundamentally important, because
in order for the RNA to perform its designated tasks in vitro
and in vivo, interactions between the RNA and specific enzymes
are essential. For example, there is a delicate balance between
evading the enzymes that cause nuclease-catalyzed hydrolysis of
RNA while simultaneously allowing enzymatic recognition of
RNA so that it can perform its designated function.”” For
conventional forms of RNA, it is known that RNase A type
enzymes play a role in the nuclease-catalyzed h?fdrolysis of
RNA, specifically at 5'-3/3'-5" UA/AU motifs.”* " Due to the
high density of oligonucleotides in a spherical arrangement and
the unique interactions of oligonucleotides with biological
enzymes and proteins, we sought to determine whether RNA-
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SNAs, as a class of oligonucleotides, are similarly degraded by
these types of enzymes. Significantly, despite their seemingly
dense structure, we discovered that nucleases could access
SNAs at sites near the surface of the particle core. This
observation led us to ask how macromolecules, such as
enzymes, are able to move in and out of the SNA architecture.
A combination of fluorescence-based assays, designed to probe
structure, as well as molecular dynamics (MD) simulations
were used to answer this question. Collectively, these data
establish the following three design considerations for
synthesizing stable and active SNAs: (1) If one desires RNA
to remain on the nanoparticle surface, avoid motifs of UA/AU
close to the gold nanoparticle (AuNP) surface. (2) Spacer
units, typically composed of hexaethylene glycol or DNA, can
be used to optimize oligonucleotide presentation and to control
distance from the AuNP core. (3) Increased nucleic acid
density retards serum nuclease activity.

B RESULTS AND DISCUSSION

Design of RNA Spherical Nucleic Acid (RNA-SNA)
Nanoparticle Conjugates. RNA-SNAs are typically com-
posed of three key components: (1) a nanoparticle core; (2) an
RNA duplex; and (3) often backfill molecules for passivating
the unmodified nanogarticle surface and stabilizing the SNA
structure (Figure 1).'%""'*'>3% Erom a gene-regulation stand-
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Figure 1. Design parameters studied for RNA-SNAs. RNA-SNAs are
typically synthesized from three components: a thiol-modified RNA
duplex, a nanoparticle core, and a backfill molecule. The SNAs are
highly modular in that each of these components can be fine-tuned to
meet the desired need of the SNA.

point, since many of the properties of SNAs arise from the
dense shell of oligonucleotides,”"*” the chemical identity of the
core is not critical. Therefore, for this study, we have chosen to
work with 13 nm gold nanoparticles since, thus far, they are the
most studied and extensively utilized nanoparticle core for
RNA-SNAs. #1193 GRNA duplexes, each containing one
oligonucleotide with a propylthiol group, were used as the
adsorbates to synthesize the SNA architecture. The propylthiol
group was chosen because it readily adsorbs onto gold and the
precursors to prepare it are commercially available. The RNA
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duplex also contains a spacer region, typically an oligoethylene
glycol spacer ([(C,H40)sPO;™]5; Sp2), that serves to separate
the recognition sequence from the nanoparticle surface. Unless
specified otherwise, two oligoethylene glycol spacers were used
(Sp2). The actual RNA sequence is then chosen based on the
intended application. Specifically for gene knockdown, one
strand of the siRNA duplex (the antisense (AS) strand) is
complementary to the mRNA (mRNA) of interest. Finally,
backfill molecules consisting of (11-mercaptoundecyl)tetra-
(ethylene glycol) (OEG)' or a thiolated polyethylene glycol
(PEG)'" are typically used to passivate remaining gold sites to
increase the colloidal stability of the siRNA-SNAs (SI
Discussion 1.1).

Although each of these three components is necessary for the
successful implementation of RNA-SNAs, the relative impor-
tance of each in the design of stable and active RNA-SNAs for
gene regulation is not known. Of specific interest are the
parameters that lead to functional and potent siRNA gene
knockdown and construct stability, two properties that are
intimately related. Indeed, it is known that foreign nucleic acids
are degraded by serum nucleases,”* and to be functional as gene
knockdown agents, SNAs must avoid such enzymes so that they
can specifically engage with the RNA interference (RNAi)
machinery. In the subsequent sections, we study each of these
SNA components in an effort to determine which parameters
influence nuclease recognition and degradation of this class of
constructs.

Design Parameter 1: Sequence. In practice, any desired
RNA sequence can be synthesized and functionalized on the
surface of an SNA, depending on the desired application, and
thus there is a near-infinite number of RNA sequences and
SNAs that can be synthesized. Previous reports looking at the
interaction of enzymes with two different RNA-SNAs, as well as
conventional linear forms of RNA, suggest that sequence plays
a large role in how serum nucleases interact with RNA.'*'>°
We conducted a systematic study with ten different SNAs, each
synthesized with a unique RNA sequence (Table S1, Figures
S1, S2) to determine how sequence affects RNA—enzyme
interactions when the RNA is oriented on nanoparticle surfaces.
The interaction of each SNA with serum nucleases in the form
of 10% fetal bovine serum (FBS) was studied as a model system
for RNA-SNA-enzyme interactions (Figure 2a and Figure S3).
The AS RNA half-lives were measured to be highly sequence
dependent (Figure 2b), which is in agreement with results for
particle-free RNA.”® The stabilities of linear duplexes of
sequence-1 and sequence-7 were measured, and the same
trend in stability of the RNA-SNAs was observed (Figure S4).
Thus, these data further illustrate that each SNA is a unique
chemical entity, as manifested by the observation that the RNA
sequence is pivotal in dictating the rate at which enzymatic
hydrolysis occurs.

We then analyzed a subset of the data in Figure 2b to
determine the characteristic of the sequence that was the most
significant determinant in the half-life of the RNA on the
nanoparticle surface. The base composition of the sequence was
kept constant, but the position of different components of the
sequence was systematically changed. For this study, we
compared SNAs 4—6, which are variants of SNA-3.'
Specifically, sequence-3 was divided into four different sections
(designated as “blocks”), which were then systematically moved
one “block” away from the nanoparticle surface (Figure 2c and
SI Discussion 1.2). Despite the fact that the same nucleobases
were present in all four sequences, the proximity of different
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Figure 2. Effect of sequence on the rate of nuclease-catalyzed
hydrolysis of RNA-SNAs. (a) Sample data set for measuring the
interaction of RNA-SNAs with enzymes. Here, a plot of %
oligonucleotide remaining versus time for sequence-7 (MGMT) in
10% fetal bovine serum (FBS; circle) and 1X phosphate buffered saline
(PBS; open square) is shown. The data points for 10% FBS were fit to
a first-order decay function and the data points for 1X PBS were fit to
a linear regression. (b) A data set like the one in (a) was generated for
the 10 different RNA-SNAs with sequences written in Table S1. From
the first-order decay function, half-lives were calculated and plotted,
where the error bars represent standard deviation in half-life for n = 3
biological replicates. (c) Sequences 3—6 were generated by taking
sequence-3 (Androgen receptor; AR_Block 1) and dividing it into four
sections (or “blocks”). The first five nucleotides are then moved
systematically farther away from the nanoparticle surface. As shown in
(a), the order of the blocks has a dramatic effect on the stability and
half-life of the RNA.

blocks (or more specifically, motifs) to the nanoparticle surface
greatly affected the RNA halflife in serum nucleases (Figure
2c). The sequences with U-A motifs closest to the nanoparticle
surface (sequence-3 (named Block 1) and sequence-6 (named
Block 4)) showed the fastest rate of nuclease-catalyzed
hydrolysis (z,/, < 1 min). These data, as well as the data for
SNAs-1,2,8,9 (Figure 2b) suggest that this motif, when close to
the nanoparticle surface, is rapidly hydrolyzed by serum
nucleases and is consistent with results for linear siRNA
duplexes.”” Despite the fact that the SNA architecture consists
of a densely packed, oriented array of RNA oligonucleotides,
sequences with motifs recognized by RNases are rapidly
degraded, similar to conventional nucleic acids.”®* 7' This led to
design parameter 1, for retaining RNA on the nanoparticle
surface: avoid motifs of UA/AU close to the gold nanoparticle
(AuNP) surface. This observation begs the question—how do
we think about the SNA architecture and types of macro-
molecules that are able to move in and out of the SNA
structure? The desire to understand the space available for
macromolecules to approach the nanoparticle surface led us to
explore the next design parameter.

Design Parameter 2: Spacer Region. The next design
parameter explored was the spacer region, which is defined as
the distance between the propyl thiol group and the RNA
recognition sequence (Figure 3a). Previous reports for DNA-
SNAs have studied how the spacer region affects the
oligonucleotide Ioading,3'5 and thus we chose the two highest
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Sequence 7 (MGMT):

)-S-(x)-deTACAGCGAGUUUGUAGGUAG
UGUCGCUCAAACAUCCAUCITAT
Sp0: x= nothing
Sp1: x= (C2H40)6-PO3"
Sp2: x=[(C2H40)e-PO3™ ]2
Sp4: x=[(C2H40)6-PO3™ J4
: x=[(C2H40)6-PO3" 8
x= (Thymine)7
x= (Thymine)q4
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Figure 3. How spacer unit affects the stability of RNA-SNAs. (a) The
number of spacer units between the propyl thiol group and the
recognition sequence was altered systematically. (b) Oligonucleotide
density, within error, is kept constant despite changes in the identity of
the spacer moiety. (c) The halflife of the oligonucleotide on the
nanoparticle increases with increasing number of hexaethylene glycol
spacer units up to Sp4, before decreasing. SNAs with a T4 spacer
exhibited similar stability as their size counterpart Sp4, whereas SNAs
with a To spacer had the greatest stability observed. Error bars
represent the standard deviation for n = 3 biological replicates.

density spacer motifs: hexaethylene glycol and polythymine
DNA (polyT). Seven different thiolated sense oligonucleotides
were synthesized with varying numbers of hexaethylene glycol
spacer units ((Spx; (C,H,0)¢-PO;7),), where x = 0, 1, 2, 4,
and 8) as well as different numbers of polyT DNA (T, and Tg;
Figure 3a) and subsequently functionalized on the surface of 13
nm gold nanoparticles (Figure S1b). The sense and AS
oligonucleotide densities were measured and found to be
comparable irrespective of the spacer identity (Figure 3b).

An increase in the diameter of the SNAs was observed by
dynamic light scattering as the spacer region was increased from
Sp0 (2229 nm + 1.1) to Sp8 (3228 nm + 1.58), thus
suggesting that each spacer unit adds ~1.25 nm to the overall
SNA diameter, as opposed to the theoretical length of 3 nm for
a fully stretched hexaethylene glycol chain with phosphate
group®® (Figure S5a). This is consistent with observations for
nanoparticles functionalized with DNA using different numbers
of hexaethylene glycol spacers, where the spacer was coiled in
its equilibrium position on the surface of the nanoparticle.*®
For SNAs with polyT spacers, an increase in hydrodynamic
diameter was also observed (Figure SSa).

We then sought to determine if changing the distance of the
recognition sequence from the nanoparticle surface had any
effect on serum nucleases accessing the oligonucleotide shell.
SNA-7 (MGMT) was used for this study for two reasons: (1)
the measured half-life in 10% FBS is the longest of the ten
sequences studied (Figure 2b), and (2) the sequence has
exhibited potent gene knockdown previously in vitro and in an
animal model.”” RNA-SNAs with Sp0 and Sp1 exhibited very
rapid interactions with serum nucleases, whereas subsequently
slower cleavage and thus longer half-life of the AS
oligonucleotide on the nanoparticle surface was observed for
Sp2 and Sp4, before decreasing again for Spx, when x > 4
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(Figure 3c, Figure SSb). While SNA-7 with a T4 spacer
exhibited similar rates of nuclease-catalyzed hydrolysis as the
similarly sized Sp4, SNA-7 with a T, spacer exhibited the
slowest rate of hydrolysis (Figure 3c, Figure SSb). These data
show that when polyT DNA serves as the spacer region this
slows down the rate of nuclease-catalyzed hydrolysis, which we
speculate is, in part, due to the charged, stiff DNA spacer, which
pushes the recognition sequence away from the nanoparticle
surface compared to the more flexible hexaethylene glycol
spacers.

Thus far, we have seen that serum nucleases are able to
deeply penetrate the SNA architecture and changing the
distance of the recognition sequence from the nanoparticle
surface changes the rate of serum nuclease hydrolysis. In order
to measure how the spacer units affect the ability of the enzyme
to access regions of RNA that appear shielded, we turned to
coarse-grained (CG) MD simulations to measure the radius of
gyration of RNA as a function of the number of spacers for
RNA-SNAs (Figure 4). We based our CG RNA model on a
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Figure 4. Molecular dynamics structural analysis of RNA-SNAs. (a)
Set of nearest-neighbor distance histograms (normalized) for four
SNA spacer lengths. The color bar represents the percentage of surface
accessible area for a model spherical RNase. The vertical dashed line
represents the smallest distance required for an enzyme to reach
nucleotides at the S’ end of the AS oligonucleotide (end near AuNP
surface). The horizontal dashed line is a guide for the eye, where the
distance probability is greater than 80% of the maximum value at 4.05
nm for Sp0. The line is at the same value for the other spacer lengths.
(b) MD snapshot of RNA-SNA with Spl, where free complementary
RNA oligonucleotides are green and tethered RNA is brown. Inset
shows the nearest-neighbor search radius Ryy, which was calculated
around all dsRNA at the 5 end. (c¢) SNA orientational order
parameter S, calculated for dsSRNA on the SNA and ensemble averaged
over the MD trajectories for four spacer lengths. Dashed fit shows a
sigmoidal decay with a proportionality constant C = 0.82, decay length
= 141 nm, and S, = 0.80.

previous model that described the hybridization thermody-
namics of DNA on nanoparticle surfaces.”® The basis of the CG
RNA model is taken from a discrete worm-like chain (WLC)
model with the RNA elastic properties being derived from the
electrostatic repulsion of the negatively charged backbone and
its intrinsic bending stiffness (SI Discussion 1.3).* The
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discretization of the CG RNA model is a “one bead per
base” scheme and is constructed on top of a model 13 nm Au
spherical shell with the CG RNA strands tethered to random
sites on the sphere. Electroneutrality is preserved via sodium
(Na*) counterions, and the bulk salt concentration is controlled
by [Na*][Cl~] ions. We can control the degree of hybridization
for the RNA-SNAs via CG complement RNA strands that are
free to hybridize/dehybridize with the tethered strands and we
can monitor the percentage of double-stranded RNA on the
SNA by tracking the bonding state of each bead.*’ In order to
mimic the addition of hexaethylene glycol spacers, the number
of small elastic beads can be altered to control the length of the
spacer. To mimic experimental conditions, MD trajectories
were run for 40% SNA hybridization, and the RNA structural
properties were analyzed as a function of spacer length. We first
looked at the elastic properties of the model RNA by
computing the radius of gyration components (r, ®, ¢) of
each strand (Rg; SI Discussion 1.4). Considering the difference
between no spacer (Sp0) and Spl, we found that the ssRNA
becomes stiffer when the spacer length is shortened from Spl
to SpO since the average Rg per ssRNA goes from 1.28 + 0.14
nm to 1.46 = 0.15 nm, respectively (Figures S6, S7). For longer
spacers, we observed little difference in the length, and these
data show that the R per ssRNA does not statistically change
going to longer spacer lengths (Sp2, Sp4), suggesting that the
ssRNA does not feel a significant reduction in the repulsion or
tension in the SNA at spacer lengths longer than Sp4.
Additionally, we calculated the Rg of dsRNA and found that
the duplexed strands’ Rg remains invariant to spacer length
(Figure S8), which is consistent with the Spl observation for
DNA-SNAs (Figure $9).** Therefore, we focused on the
unhybridized strands because the R; of the unhybridized
strands is more sensitive to different spacer lengths. We note
however that the orientation mobility and alignment do not
follow the same trends, as dsRNAs gain additional rotational
degrees of freedom with longer spacers (see Figure S10; SI
discussion 1.4).

The change in the overall structure of the RNA with different
spacers affects more than just the length of the RNA
oligonucleotides, because as the stiffness of the RNA changes
so does the available space between the RNA strands. To
measure the distance between neighboring RNA oligonucleo-
tides, we calculated the nearest-neighbor distances between the
RNA and related the distances to a set of normalized
histograms (Figure 4a). This calculation used a search radius
(Ryn) centered over the 3’ sense oligonucleotide of the dsRNA
so as to not double count (see Figures 4b and S10 for SNA
visualization). However, at longer spacer lengths, the neighbor
search was expanded to the 5" end of the sense oligonucleotide
(ie, the end away from the nanoparticle surface). This was
necessary since the RNA oligonucleotides were no longer
consistently splaying normal to the surface of the AuNP core
when the flexible spacer was longer than 3 nm or greater than
Sp2. Because the closest neighboring nucleotide within Ryy
was no longer guaranteed to be oriented from the 3’ end, the
neighbor search scanned over both ends of the RNA
oligonucleotides to find the closest contact. Surprisingly, the
histograms in Figure 4a show that SNAs with either the
smallest or larger number of spacers (Sp0 and Sp4,
respectively) have the greatest amount of accessible free-
volume (area to right of vertical dash in Figure 4a) despite the
fact that the RNA oligonucleotides with Sp0 are closest to the
AuNP core. This is due in part to the radial elastic repulsion
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that the RNA oligonucleotides feel (described above) as well as
the orientational alignment of the dsRNA (Figure 4c). This
leads to a bimodal distribution of close nearest neighbors (<4
nm) and farther nearest neighbors (>4 nm) relative to the size
of ribonuclease (RNase) A (unit cell parameters (in nm): a =
3.66, b =4.05,c= 5.23).41 For longer spacers, the SNA nearest-
neighbor distributions in Figure 4a become more uniform, but
do not show a centered distribution above the RNase spherical
model size of 4.05 nm until Sp4 and larger. Additionally, we
calculated the orientational alignment of the dsRNA on the
SNA to show the effect of the spacer on the directional order of
the dsRNA. Because the rotational degrees of freedom of the
RNA change with the spacer length, a nematic order parameter
(S) based on the departure angle of the dsRNA to the normal
vector of the surface of the AuNP is used (Figure 4c; see SI for
details). We fit S to a sigmoidal curve that has a decay constant
of / = 1.41 nm and maximum S, = 0.8. In Figure 4c the order
parameter S decays to O (i.e.,, no orientational order) when the
spacer length (I;,) becomes larger than the size of the gold core
(~13 nm). The model may provide guidance as to why UA/
AU motifs away from the AuNP surface are longer-lived.
Although this model does not capture secondary structure, it
does recover the known behavior of the terminal bases
switching between hybridized and unhybridized states due to
entropic effects such as end fraying.*” Floppy motifs may be
behind the increase in half-life for SNA-7 due to the enzyme
being forced to wait in order to bind to the RNA. The RNA-
SNA structural analysis of the MD trajectories suggests that the
spacer length can be a critical design parameter to modulate the
available space, and the subsequent rate of enzymatic
hydrolysis, on the nanoparticle surface.

The RNA-SNA structural predictions, taken from the MD
data, are consistent with our previous hypothesis for RNase A
type enzymes causing nuclease-catalyzed hydrolysis of RNA-
SNAs'* and confirm that there is volume available at the
nanoparticle surface to accommodate enzymes of this size. This
leads to design parameter 2, where the spacer region is used to
optimize oligonucleotide presentation and to control the
distance from the AuNP core. Specifically, both experimental
and computational studies corroborate that intermediate spacer
regimes (pr, where x > 1 and <4) are where the surface-
immobilized RNA is most stable. We find that the two SNAs with
the slowest rate of nuclease-catalyzed hydrolysis, SNA-S and
SNA-7 (Figure 2b), were the only two SNAs lacking 5'-3'/3'-5’
motifs of UA/AU close to the nanoparticle surface (<7
nucleotides; Table S1), which is the primary motif recognized
by RNase A.”*7! It has also been observed that the purified
enzyme interacts with SNAs in a similar manner to 10% FBS
(Figure S11). These data demonstrate how the orientation and
presentation of the oligonucleotide shell dictates the response
to serum nucleases, which leads us to study the next design
parameter.

Design Parameter 3: Density. It has been observed
previously that changing the density of duplexes on a DNA-
SNA did not change the rate of degradation in solutions of
DNase 1.'° Thus, we wanted to investigate whether changes in
RNA density would have a similar effect. We synthesized
variants of SNA-7 with different densities and ratios of AS:sense
oligonucleotides on the surface of the nanoparticle (Figure Sa,
Figure S1b). It was observed that interactions between RNA-
SNAs and serum nucleases are dependent on the density of the
SNA (Figure Sb), as the halflives of SNA 7—1 and 7-2, with
similar densities of AS oligonucleotides, are comparable to one
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Figure S. Effect of density on the stability of RNA-SNAs. (a) SNA-7
synthesized with different densities of oligonucleotides. SNA 7-1
represents the SNA with the closest ratio of 1:1 sense:AS
oligonucleotide achieved. SNA 7—2 represents comparable AS loading
to 7—1 but an increase in the density of thiolated sense RNA. SNA 7—
3 represents a comparable density of sense oligonucleotides to
previous SNAs but a decrease in the AS oligonucleotide loading. Error
bars represent n = 4 measurements. (b) Plot of % oligonucleotide
remaining on the SNAs versus time. The SNAs were incubated in 10%
FBS for 2 h and readings were taken to determine the amount of
oligonuleotide remaining on the nanoparticle surface. The exper-
imental data points were fit to a first-order exponential decay function.
Error bars represent n = 2 biological replicates for each time point. (c)
Plots of the half-lives from the first-order exponential decay function in
(b). These data show that the SNAs with the highest density are the
most stable structures. Error bars represent the standard deviation
between n = 2 biological replicates.

another (Figure 5c) and are the longest observed of any SNA in
this study (Figure Sc). For SNA 7—3 (half the density of AS
oligonucleotides), the half-life is substantially shorter than that
of SNAs 7—1 and 7—2 (7 ® 4 min versus >12 min), thus
further illustrating that decreasing the number of duplexed
oligonucleotides on the nanoparticle surfaces renders the SNA
more accessible to enzymes. The modularity of SNAs thus allows
one to keep the sequence the same but change the rate at which
enzymes recognize the RNA, which may be useful when
endowing SNAs with additional functionality such as being
photocleavable® or having pH sensitive linkers."* Tt is also
worth noting that as the materials design space for SNA cores
increases, it is important to retain the high-density architecture
of the oligonucleotide shell to confer nuclease stability. The
importance of filling free volume on the nanoparticle surface
led us to study our final design parameter.

Design Parameter 4: Backfill. When comparing SNA-7—1
to SNA 7, almost identical AS densities were observed, but due
to a longer PEG 2K incubation time (72 h versus 6 h,
respectively), an increase in half-life was observed (7 & 13 min
versus 7 min, respectively; Figure Sb,c versus Figure 2a,b). This
illustrates the important role of the backfill in passivating the
remaining gold surface and decreasing enzymatic access to the
oligonucleotides that has previously not been explored. This
observation not only leads to the important design parameter
(consume as much free volume on the nanoparticle surface
with ligands) but also provides insight into the complex
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structure of the SNA. Even after one fully loads the particle
with negatively charged oligonucleotides, there is still ample
room to add more neutral backfill molecules such as PEG. It is
noted that the choice of backfill molecule is not just limited to
PEG, as a variety of different backfills have also been explored
(SI Discussion 1.5 and Figure S12).*

B CONCLUSIONS

This work is important for the following reasons. First, it
provides an important set of design parameters that guide how
one should prepare RNA-SNAs for different intended uses.
Second, it provides important insight into the unusual structure
defined by the SNA and how that structure can accommodate
the movement of large macromolecules within it. Third, it
uncovers a nonintuitive observation that the spacer motifs,
namely, hexaethylene glycol spacer units, dictate the space
available to macromolecules. Both the absence of spacer
molecules as well as large numbers of spacer molecules leave
the most available space for enzymes due to the charged RNA
molecules and added flexibility, respectively. Fourth, it is
important to consume as much free volume on the nanoparticle
surface as possible with ligands, as there is ample room for
small, neutrally charged molecules on the nanoparticle surface
even after fully loading with RNA. Insights herein on the
complex SNA architecture provide a better understanding for
how tailored free volume within the SNA and RNA flexibility,
enabled by spacer units, can dictate favorable interactions with
cellular components such as scavenger receptors, cellular
machinery, and proteins. Stability is one part of designing a
functional RNA-SNA and future work investigating how
stability correlates to other SNA properties such as cellular
uptake and gene regulation is ongoing.

B EXPERIMENTAL PROCEDURES

Measurement of the Antisense Oligonucleotide
Hybridized to the RNA-SNA. To determine the stoichiom-
etry of the AS RNA oligonucleotide to AuNP in a batch of
siRNA-SNAs, the concentrations of AS RNA and AuNPs were
independently analyzed. To measure siRNA loading on the
nanoparticle, Quant-iT Oligreen (Invitrogen) assays against a
standard curve were used according to previously established
protocols."* To start, 3 X 107> mol of SNA-siRNA was
resuspended in 100 uL of 8 M urea (Sigma-Aldrich) and heated
to 45 °C with shaking for 20 min. The solution was diluted with
0.01% Tween-20, to a final concentration of 4 M urea, and
centrifuged at 15000 rpm for 25 min. A portion of the
supernatant (25 pL) was analyzed by mixing with Oligreen
reagent and measurement of Oligreen fluorescence (4., = 480
nm) in a 96 well plate (Biotek synergy plate reader). The
concentration of the AuNP was measured by resuspending the
pellet in 1 mL of DEPC-treated water and measuring the
absorbance at A, = 520 nm in a Cary-5000 UV—vis
spectrophotometer.

Analysis of the Degradation of the AS RNA
Oligonucleotide of RNA-SNAs in Media. The lifetime of
AS RNA in serum containing media was measured according to
previously established methods."* SNAs (20 nM in AuNP
concentration) were suspended in a solution of 1X PBS or 1x
PBS with 10% (v/v) fetal bovine serum (FBS; HyClone) at 37
°C. For reactions in solutions of FBS, an aliquot (150 uL) was
removed at time points and mixed with 30 mM sodium dodecyl
sulfate (SDS; Sigma-Aldrich) to deactivate serum RNases and
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stop the reaction. The mixture was then centrifuged at 15 000
rpm for 25 min, at which point the supernatant was removed
and the pellet was washed in 0.01% Tween-20 in 1X PBS. After
washing, the SNAs were analyzed to determine the ratio of
noncovalently associated RNA-oligonucleotide to AuNP (with
the protocol described above). The % oligonucleotide
remaining was calculated by dividing the AS RNA oligonucleo-
tide per AuNP remaining after specified time in 10% FBS or 1X
PBS and dividing it by the AS RNA that was initially hybridized
to the AuNP. This ratio is then converted to a percent by
multiplying by 100.

Coarse-Grained Molecular Dynamics Simulations (CG-
MD). In order to robustly classify the structural properties of
the tethered RNA, the gyration tensor S; was calculated for
each tethered RNA strand and its hybridization state (ie.,
hybridized or unhybridized) was classified based on whether
50% of the strand was duplexed to the complement strand. The
gyration tensor was diagonalized and principal component
vectors were tracked. The three calculated eigenvalues can be
related to the spherical components of the radii of gyration:
RG*(©), RG*(¢h), and RG(r). Using the R; components, we
calculate the probability distribution [Rg = [R*(®) + Rg*(¢h)
+ RG*(r)]%] of the unhybridized RNA strands for two spacers
units: Sp0 and Spl for an RNA-SNA with 40% of the RNA
duplexed (Figure 3). We calculate the probability distribution
(Rg = [RG*(®) + RG*(¢) + RG(r)]"?]) of the unhybridized
RNA strands for four spacers units: Sp0, Sp1, Sp2, and Sp4 for
an RNA-SNA with 40% of the RNA duplexed (Figure S7) and
DNA-SNA Spl (Figure S9). In order to robustly classify the
structural properties of the tethered RNA, the gyration tensor
S;j was calculated for each tethered RNA strand and its
hybridization state was classified based on whether 50% of the
strand was duplexed to the complement strand. The gyration
tensor was diagonalized and principal component vectors were
tracked.

The coarse-grained RNA bead model parameters that were
changed from DNA were the angle bending spring constant
and the average H-bond potential per base. This accounted for
the increased persistence length that ssRNA has compared to
ssDNA as well as the relatively weaker AG of hybridization.
The stiffness of the ssRNA was increased by 12.5% from 7 to 8
kT/rad® The average strength of the H-bond interaction was
decreased from 5.5 to 4.35 kT to account for weaker AG of
hybridization per base in this study.
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