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Drugs with ideal pharmacokinetic profile require long half-life
but little organ accumulation. Generally, PK and organ accu-
mulation are contradictory factors: smaller size leads to faster
excretion and shorter half-lives and thus a lower tendency to
reach targets; larger size leads to longer circulation but stronger
organ accumulation that leads to toxicity. Organ accumulation
has been reported to be size dependent due in large part to en-
gulfing by macrophages. However, publications on the size ef-
fect are inconsistent because of complication by the effect of
shape that varies from nanoparticle to nanoparticle. Unique
to RNA nanotechnology, size could be tuned without a change
in shape, resulting in a true size comparison. Here we investi-
gated size effects usingRNA squares of identical shape but vary-
ing size and shape effects using RNA triangles, squares, and
pentagons of identical size but varying shape. We found that
circulation time increased with increasing RNA nanoparticle
size from5–25 nm,which is the common size range of therapeu-
tic RNA nanoparticles. Most particles were cleared from the
body within 2 hr after systemic injection. Undetectable organ
accumulation was found at any time for 5 nm particles. For
20 nm particles, weak signal was found after 24 hr, while accu-
mulation in tumor was strongest during the entire study.
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INTRODUCTION
The past decades have seen the emergence of nanotechnology as the
next potential solution for advancing the field of medicine.1,2 Diverse
types of nanoparticle platforms have been developed, including but
not limited to polymer-based nanoparticles,3–5 dendrimer-based
nanoparticles,6–8 lipid-based nanoparticles,9–11 metal-based nano-
particles (such as gold,12–14 silver,15–17 and iron18–20), and nucleic
acid-based nanoparticles.21–24 Nanotechnology displays distinct
advantages over traditional treatments because of the increased circu-
lation of nanoparticles over their small-molecule counterparts.25,26

When combined with targeting ligands, peptides, or aptamers,
nanoparticles possess the potential for cell-specific drug delivery.27,28

The enhanced permeability and retention (EPR) effect allows even
non-targeted nanoparticles to accumulate in tumor tissue because
of the large amount of leaky vascularization at the tumor site.29 It
has been reported that accumulation of nanoparticles into tumors
is based on the EPR. This is true in preclinical animal models, but
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data on the EPR effect in human clinical trials are limited, and
the observation is controversial, pending further investigation. How-
ever, many nanoparticles, although effectively targeting tumor and
cancerous cells, accumulate non-specifically in healthy tissues,
causing toxicity and side effects.30 Non-biocompatible materials
cause toxicity because they are never fully excreted from the body.

Size and shape have been shown to greatly affect the pharmacoki-
netics and biodistribution profiles of nanoparticles.31–33 Small parti-
cles (<5 nm) are filtered by the kidneys and excreted in the urine.34

Larger particles (20–100 nm) are engulfed by macrophages or seques-
tered in healthy tissue, reducing the rate of successful navigation to
the desired target.35 Large, rigid particles that get stuck in healthy
organs have even more difficulty escaping, remaining trapped.

RNA nanotechnology, in which the scaffold and ligands can be
composed solely of RNA, is an emerging technology that has shown
promise to overcome several current challenges in nanotech-
nology.36–42 The concept of RNA nanotechnology was first shown
in 199821 and since then has been expanding rapidly.36,43–45 RNA
nanoparticles can be engineered to diverse size and shape while
retaining the high thermostability necessary for in vivo applica-
tions.46–50 Simple sequence engineering can be applied to use an iden-
tical RNA motif for the construction of multiple RNA nanoparticles,
reducing the number of RNA oligomers needed for the construction
of myriad RNA nanoparticles.51–53 Furthermore, modifications to the
ribose sugar (such as 20-fluorine, 20-O-methyl, 20-amine, or locked
nucleic acid [LNA] modification54) of RNA bases confers stability
in serum for more than 24 hr.55,56 The unique base-pairing mecha-
nism that occurs during the assembly of RNA nanoparticles leads
to consistent assembly properties, resulting in defined-size nanopar-
ticles. Thus, a particular RNA nanoparticle will display homogeneity
from batch to batch of assembly. In order to optimize drug delivery, it
is important to have nanoparticles that are consistent in assembly and
will display a narrow size distribution, as this will lead to consistent
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Figure 1. RNA Nanoparticle Design

(A) Structures of the 5, 10, and 20 nm 20F nanosquares.

(B) Structures of 10 nm RNA triangle, square, and

pentagon.

www.moleculartherapy.org
pharmacokinetics and biodistribution in vivo.57 Furthermore, RNA is
a flexible biomaterial by nature, therefore allowing some structural
deformity, unlike many rigid nanoparticles under development.58,59

The pRNA three-way junction (3WJ) derived from the packaging
RNA (pRNA) of bacteriophage phi29 has recently been shown to
display high thermostability37,60 and fast kinetic assembly61 and has
been successfully used in vivo for microRNA (miRNA) and small
interfering RNA (siRNA) delivery and tumor growth suppres-
sion.62–64 The 3WJ is an RNA motif that has been extensively used
for drug delivery and cancer treatment.65–67 It is an RNA nanoparticle
composed of three component strands: 3WJ-a, 3WJ-b, and 3WJ-c.37

These three strands interact to form a unique 3WJ motif. This 3WJ
motif was used as a module for construction of the RNA polygons
used in this study.46,68,69 The addition of aptamers and targeting
ligands allow the 3WJ to successfully enter tumor cells specifically.
Interestingly, 3WJ particles have repeatedly displayed little to no
accumulation in healthy tissue, including the liver, kidneys, lung,
and spleen.37,62,63 Despite the small size of the 3WJ (<5 nm), total
clearance by the kidneys does not occur, while accumulation in tumor
tissue is still observed.62–64

In this study, we investigated the effects of RNA nanoparticle size and
shape on biodistribution using previously constructed and character-
ized RNA triangles, squares, and pentagons.46,68,69 Analysis by fluo-
rescence imaging of whole mice and their organs demonstrated a
strong correlation between increased size and increased circulation
time using RNA nanosquares. Unlike many nanoparticle systems,
with which it is hard to study size and shape independently,
RNA nanoparticle size and shape are precisely controlled from nano-
particle conception. Therefore, different-size nanoparticles that have
identical shape could be studied. This study demonstrates the effect
RNA nanoparticle size and shape have on their biodistribution and
elimination pathways.
Mo
RESULTS
Design and Assembly of RNAPolygonswith

Variable Size and Shape

In vivo biodistribution studies of RNA nano-
particles were carried out using previously
designed, constructed, and characterized RNA
polygons.46,69 The nanosquares tested were
designed to be 5, 10, and 20 nm along each
edge (Figure 1A), while RNA triangle, square,
and pentagons were each designed to be
10 nm along each edge (Figure 1B). Throughout
this report, nanosquares are referred to by their
designed edge length (5, 10, or 20 nm). As pre-
viously described, RNA polygon size is determined by selecting the
number of base pairs between each 3WJ at each vertex, and the shape
is determined by selecting the number of total 3WJs in the particle.
Each polygon is constructed from multiple single-stranded (ss)
RNA oligonucleotides: short external strands (one along each edge)
and one long core strand connecting each external strand (Figure 1).
RNA strands were chemically synthesized with fluorine modifications
at the 20 sugar position (20F) of cytosine and uracil, which confers
enzymatic and thermodynamic stability.55 Polygons were assembled
by mixing equimolar amounts of each strand in buffer, followed by
thermal denaturation at 85�C and slow cooling to 4�C over 1 hr.

Assembly of the particles was analyzed by visualization of total RNA
using agarose gel electrophoresis (Figure 2A). Gel analysis indicates
successful formation of RNA nanoparticles, as distinct RNA bands
are seen for each nanoparticle. Further size characterization was per-
formed using dynamic light scattering (DLS) (Figures 2B–2D). Sizes
for the small, medium, and large nanosquares were found to be 5.60 ±
1.01, 9.42 ± 1.80, and 17.51 ± 3.64 nm, respectively, and 9.91 ± 1.86
and 10.90 ± 2.09 nm for the triangle and pentagon, respectively.

Labeling only one of five strands with Alexa Fluor 647 was used to
confirm that the particles were not dissociating in vivo (Figures 3,
4, and 5). It has been shown previously that ssRNA is eliminated
rapidly through the kidneys after intravenous (i.v.) injection.70,71

Therefore, if the particles were indeed dissociating, signal would
have been lost within 5 min of polygon injection.

In Vivo Biodistribution of RNA Polygons with Variable Sizes

Subcutaneous xenograft tumors were developed in male nude mice
with KB cells. After tumors were fully developed (�2 weeks),
100 mL of 15 mMnanosquares harboring chemically conjugated Alexa
Fluor 647 were injected i.v. via the tail vein. It is important to note that
the same volume of the same concentration nanoparticles of variable
lecular Therapy Vol. 26 No 3 March 2018 785
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Figure 2. Physical Properties of RNA Nanoparticles

(A) Assembly of 20F RNA nanoparticles. (B) DLS size

summary of RNA nanoparticles. (C) DLS graphs of same-

shape, different-size RNA nanosquares. (D) DLS graphs

of same-size, different-shape RNA polygons. PENT,

pentagon; SQR, square; TRI, triangle; ULR.
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sizes was injected, thus resulting in the same number of particles
injected per sample. Additionally, single-fluorophore labeling of
each particle among all size particles further demonstrates compara-
ble in vivo results among all nanoparticles. Whole-body fluorescent
images were taken at 0.5, 1, 2, 4, 8, 12, and 24 hr (Figure 3). A diverse
set of biodistribution profiles is seen when comparing different size
20F nanosquares. 20 nm nanosquare fluorescence is observed
throughout the mice at 4 hr, while both the 5 and 10 nm nano-
squares are sequestered mainly in the tumor. As seen previously,
the 3WJ nanoparticle shows no accumulation in vital organs in
mice.37,62–64

The same trend is seen from the organ images as from whole-body
scans of the mice. At 12 and 24 hr, mice were sacrificed, and
their liver, spleen, kidneys, heart, lung, and tumors were collected
(Figure 4). The 5 nm nanosquare is eliminated quickly from
vital organs, localizing in only the tumor after 12 hr. For the
786 Molecular Therapy Vol. 26 No 3 March 2018
10 and 20 nm nanosquares, fluorescence is
much more intense in organs, especially after
12 hr. However, the 10 nm nanosquares
localize only to the tumor after 24 hr. Some
fluorescence is still seen in the liver and kid-
neys of mice injected with 20 nm nanosquares
after 24 hr, but we expect that at longer time
points, the nanosquares would circulate out of
all healthy organs.

Serum testing was performed on the 20F RNA
nanoparticles (Figure 6). Nanosquares labeled
with Alexa Fluor 647 were incubated at 37�C
in 10% fetal bovine serum (FBS) solution, and
time points were taken by immediately freezing
the samples on dry ice to stop enzymatic degra-
dation. After incubation, nanosquares were
analyzed using 2% agarose gels scanned for
Alexa Fluor 647 fluorescent signal and
ethidium bromide signal (Figure 6A). ImageJ
was used to quantify gel band intensity, and
values were plotted (Figure 6B). Gel band in-
tensity was normalized to the initial band
intensity at time zero. The plots were fit to
exponential decay curves, and half-lives (T1/2)
were calculated to be 10.6, 22.9, and >100 hr
for the 5, 10, and 20 nm squares, respectively.
It is important to note that the half-lives of
each nanoparticle are far greater than their
apparent fluorescent half-lives seen during in vivo biodistribution
experiments.

Serum binding to the nanoparticles was tested by titrating the percent-
age of serum incubation to determine an equilibrium serumconcentra-
tion (i.e., the percentage of serum solution at which 50% of the particle
is boundby serum).A gel shift assaywas used to determine serumbind-
ing to theparticles, anda representative gel image is shown inFigure6C.
Alexa 647-labeled 20F RNA nanoparticles were incubated in 0%, 10%,
20%, 30%, 40%, and 50% serum for 5 min and then directly loaded on
agarose gels for analysis. Both a decrease in EtBr signal of the lower
nanoparticle-only band and an increase in the Alexa 647 signal of the
upper nanoparticle-serum band indicate nanoparticle binding with
serum. Interestingly, different equilibrium serum concentrations are
seen among the nanoparticles (Figure 6D). These observed differences
in serum binding also contribute to differences seen in the bio-
distribution of the different size and shape nanoparticles.



Figure 3. In Vivo Biodistribution of Different-Size RNA Nanoparticles

Time-course fluorescence images of 5, 10, and20nm20F nanosquares.SQR, square.
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In Vivo Biodistribution of RNA Polygons with Variable Shapes

Next, we investigated the role shape plays in biodistribution profiles
of RNA nanoparticles using previously constructed RNA polygons:
triangle, square, and pentagon. The shape of RNA nanoparticles is
easily controlled by modulating the inner angle of the 3WJ motif,
which was used as the module for polygon construction. The inner
angle is increased by extending the core strand by 22 nt, correspond-
ing to two helix turns of A-type RNA duplex, and adding one external
strand.46 RNA polygons were assembled using the same method as
the nanosquares mentioned above. 20F-modified polygons were
used for in vivo biodistribution analysis.

Subcutaneous xenograft tumors were developed in male nude mice
with KB cells. After tumors were fully developed (�2 weeks),
100 mL of 15 mM20F polygons harboring chemically conjugated Alexa
Fluor 647 were injected i.v. via the tail vein. After 12 and 24 hr, mice
were sacrificed, and their organs were collected and imaged for Alexa
Fluor 647 signal (Figure 5).
It is evident that shape plays some part in the excretion routes and
times of 20F nanoparticles. Triangular nanoparticles appear to clear
the fastest, showing only low fluorescent signal in the kidneys after
12 hr and only fluorescence in the tumor after 24 hr. Square-shaped
nanoparticles show high fluorescent signal in the kidneys and low
fluorescent signal in the spleen after 12 hr. However, after 24 hr,
fluorescent signal remains only in the tumor. Pentagon-shaped nano-
particles show low signal in the kidneys after 12 hr, with higher
fluorescence seen in the spleen. Importantly, pentagonal along with
triangular and square nanoparticles only show fluorescence in the
tumors after 24 hr of circulation.

DISCUSSION
Effect of Size on RNA Nanoparticle Biodistribution

In cancer treatment, nanoparticles accumulate at solid tumors by tak-
ing advantage of the EPR effect. However, EPR is principally affected
by the circulation time of nanoparticles.29 Larger nanoparticles gener-
ally show much higher circulation times, allowing them to capitalize
on the EPR effect. Therefore, nanoparticle size is an important factor
for nanoparticles that rely on the EPR effect to localize at tumors.

RNA nanoparticle size is easily controlled, and the assembly process is
highly reproducible and homogeneous, resulting in narrow size
distributions and batch-to-batch reproducibility. This is an advantage
of RNA nanoparticles over other systems, whose assembly processes
are less controlled. Demonstrated by in vivo biodistribution results,
the size of RNA nanoparticles greatly affects circulation time and
accumulation in healthy organs and tumors. A strong correlation
between increased nanosquare size and increased circulation time is
seen, indicated by higher fluorescent signal in whole-body and organ
images of mice (Figures 3 and 4). There are numerous reasons for
these observations. Particles less than 15 nm, such as the 5 nm nano-
square, are excreted primarily through the kidneys, a quicker route of
elimination compared with liver excretion.34 Larger particles up to
100 nm, such as the 10 and 20 nmnanosquares, havemore interaction
with macrophages and are excreted more slowly through the liver.35

Another reason for different observed rates of RNA nanoparticle
clearance is protein binding to the nanosquares, referred to as the
protein corona.72 Differences in nanoparticle size have been shown
to dictate the amount and identity of proteins bound to nanoparticles,
affecting their circulation time and excretion pathways.57 It is possible
that differences in protein binding to the nanosquares greatly affect
their elimination routes and therefore how long they stay in circula-
tion. Additionally, increasing nanoparticle size increases its hydrody-
namic viscosity. Thus, increased interactions of the larger squares
with its surrounding environment (i.e., water) will slow down its
diffusion, contributing to the increase in circulation time of larger
particles.

Because of the high-fidelity assembly of RNA nanoparticles, they have
a high likelihood to display consistent and controllable in vivo prop-
erties. Therefore, the same nanoparticle system can be used, easing
nanoparticle preparation strategies while displaying diverse but
controllable in vivo properties. On the basis of the trend found in
Molecular Therapy Vol. 26 No 3 March 2018 787
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Figure 4. Organ Images of 5, 10, and 20 nm 20F Nanosquares

Fluorescent organ images of diverse-size RNA nanosquares after 12 and 24 hr of circulation. H, heart; K, kidneys; Li, liver; Lu, lung; S, spleen; T, tumors.
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this study, it is possible that the construction of larger RNA nano-
particles would extend their circulation times even further.

The biodistribution is the consequence resulting from two factors.
Small RNA nanoparticles, from one side, are less prone than the larger
particles to be captured by macrophages of the reticulo-endothelial
system. On the other hand, small nanoparticles are more rapidly
eliminated by the kidneys, as is the opposite with the larger RNA
nanoparticles. Thus, the final blood circulation properties of RNA
nanoparticles will result from the balance between these two elimina-
tion pathways (i.e., macrophages and urinary excretion).

Effect of Shape on RNA Nanoparticle Biodistribution

Although size is a determining factor of in vivo circulation properties
of nanoparticles, shape is also very important. Like size, the shape of
RNA nanoparticles can be easily tuned. In this study, RNA polygons
788 Molecular Therapy Vol. 26 No 3 March 2018
of different shape but the same size along each edge were analyzed in
mouse models. The organ biodistribution was similar among the
particles after 24 hr, but after 12 hr, there appear to be differences
in biodistribution, per the intensity of fluorescent signal in different
organs (Figure 5). For example, nanosquares show high fluorescence
in kidneys after 12 hr, whereas the triangle shows none and the
pentagon very little. And in the spleen, the highest fluorescence is
seen in mice injected with pentagonal nanoparticles.

Different shape nanoparticles interact very differently with the in vivo
environment.33 The protein corona is drastically changed by the
shape of nanoparticles, which will affect the elimination pathways
of nanoparticles. Additionally, previous studies have shown that
symmetric nanoparticles can increase interaction with the immune
system and trigger toxicity because of similarity in size and shape
to pathogenic microorganisms.73 Although RNA nanoparticles have
Figure 5. In Vivo Biodistribution of Different-Shape

RNA Nanoparticles

Time-course fluorescence images of RNA triangle,

square, and pentagon. H, heart; K, kidneys; Li, liver; Lu,

lung; S, spleen; T, tumors.



Figure 6. Serum Assays

(A) Gel images of serum degradation of 5, 10, and 20 nm 20F nanosquares. Different sizes of squares result in different intensities seen by gel band visualization. (B) Plots of gel

band intensity from serum degradation gels of 5, 10, and 20 nm 20F nanosquares. (C) Representative gel of serum binding experiments. (D) Equilibrium serum binding

concentrations for 20F RNA nanoparticles. Error bars indicate SD from three independent experiments. PENT, pentagon; SQR, square; TRI, triangle.
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been proved to trigger very low immune responses,46 shape is still
something to consider, and each nanoparticle should be tested to
determine immune responses.

Additionally, when considering entry into cells, both size and shape
will be very important. Cell receptors vary in size and shape, and it
will be beneficial to design nanoparticles that can fit precisely into
the receptor binding pockets, enhancing recognition and uptake.74

This is an area in which RNA nanoparticles could potentially excel,
as size, shape, and properties of RNA nanoparticles can be controlled
and finely tuned to fit specific protein receptors.

Conclusions

The size of RNA nanoparticles has a large effect on circulation
time and biodistribution in vivo. A strong correlation between
increased size and increased circulation time was observed, evi-
denced by the increased duration of fluorescent signal in whole-
body images of tumor-bearing nude mice over 24 hr. Despite
increased size from 5–25 nm, there was still minimal fluorescent
signal in healthy organs such as the liver and kidneys after 24 hr
compared with tumors. Here, shape was seen to have less effect
on the biodistribution of RNA nanoparticles. However, the obser-
vance of fluorescent signal after 12 hr suggests that elimination
pathways could be different on the basis of the shape of RNA
nanoparticles. This study demonstrates a unique property of RNA
nanoparticles that allows them to evade accumulation in healthy
organs while still accumulating in tumor tissue by the EPR effect.
Importantly, we have shown that the circulation time of RNA
nanoparticles can be tuned simply by modulating their size.
Circulation time is an important factor in drug delivery, as
Molecular Therapy Vol. 26 No 3 March 2018 789
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sometimes a short-lived particle is preferred to reduce toxicity,
and other times a long-circulating particle could be beneficial for
slow-acting therapies. RNA is an advantageous biomaterial for
nanoparticle construction, as the base-pairing self-assembly mecha-
nism results in nanoparticles with defined size and shape. Thus,
in vivo drug delivery attributes, such as circulation time, can be
controlled and tuned via construction of the nanoparticle. It will
be possible to use this unique property of RNA nanoparticles to
enhance the current state of nucleic acid nanotechnology and
drug delivery.

MATERIALS AND METHODS
RNA Nanoparticle Synthesis and Assembly

RNA strands were prepared as previously detailed75 by either T7
in vitro transcription (strands longer than 70 nt) or typical phos-
phoramidite oligonucleotide chemical synthesis (strands shorter
than 70 nt) using an automated oligo-synthesizer. DNA strands
used as primers for double-stranded DNA (dsDNA) transcription
templates were ordered from Integrated DNA Technologies (IDT).
Assembly was carried out by mixing equimolar amounts of RNA
strands in PBS buffer containing 1 mM MgCl2 followed by thermal
denaturation at 85�C for 5 min and then slow cooling to 4�C over
1 hr. For each nanoparticle, one strand was fluorescent-labeled with
Alexa Fluor 647 for fluorescent tracking in vivo. To confirm
nanoparticle assembly, each nanoparticle was run on 2% agarose
gel electrophoresis in TAE buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA) for 1 hr at 90 V and room temperature.
Sequences for all nanoparticles used in this study can be found in
the Supplemental Information.

DLS Measurements

The hydrodynamic diameter of the RNA nanoparticles was deter-
mined at a concentration of 5 mM in 150 mL PBS buffer using a
Zetasizer nano-ZS (Malvern Instruments) at 25�C. Average size was
determined by fitting data points to a Gaussian distribution.

In Vivo Biodistribution Experiments

KB cells were cultured in vitro and subcutaneously injected under
the skin of 4-week-old male nude mice (NU/NU; Taconic). A total
of 2 � 106 cells were injected into each mouse. Tumors were grown
for 2 weeks before mice were injected i.v. through the tail vein.
Mice were administered PBS as a blank control. Mice were imaged
for whole-body fluorescence at time points of 0.5, 1, 2, 4, 8, 12, and
24 hr with an In Vivo Imaging System (IVIS) imager (Caliper Life
Sciences). For this study, two mice were used for the 0.5 through
12 hr time points. At the 12 hr time point, one mouse was sacri-
ficed, and its organs were removed. At 24 hr, the second mouse
was sacrificed, and its organs were removed and imaged. Tumors,
hearts, kidneys, livers, spleen, and lungs were collected and imaged
on the IVIS system. Two mice were used per particle time point.
All animal experiments were housed and performed in accordance
with the Subcommittee on Research Animal Care of The Ohio
State University guidelines approved by the institutional review
board.
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Serum Stability Assays

20F nanosquares were assembled and purified using PAGE prior to
serum degradation testing. After purification, 0.5 mM fluorescently
labeled squares were incubated at 37�C in 10% FBS. Enzymatic
degradation was stopped by freezing on dry ice at 0, 1, 2, 4, 8, 16,
and 32 hr. Samples were then analyzed using 2% agarose gel electro-
phoresis. Gels were then scanned for Alexa Fluor 647 fluorescent
signal. Gel band intensity was integrated using ImageJ software.76

Values were normalized to initial band intensity and then plotted
using OriginPro.

Serum Binding Assays

RNA nanoparticles at a concentration of 500 nM were incubated at
0%, 10%, 20%, 30%, 40%, and 50% concentrations of FBS solution
in 1� PBS buffer for 5 min at 37�C followed by analysis on 2%
agarose gel electrophoresis. Serum binding experiments for each
particle were repeated twice, and error is indicated by error bars.
To measure serum binding, EtBr signal from the RNA nanoparticle
bands (lower bands) was integrated using ImageJ software. EtBr
signal for each lane was normalized to the 0% serum band, and
values were then plotted (the y axis is the percentage of nanopar-
ticles bound by serum, and the x axis is the percentage of serum
used in incubation) and fit to an exponential decay model with
the y intercept set to 1, representing 0% serum binding at 0%
serum incubation. Equilibrium serum concentration, at which
50% of the particles are bound, was calculated using the plots by
setting the y value to 50%.
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All RNA nanoparticles in this study used 2’-fluorine modified RNA 
at the pyrimidine bases, C and U.

5 nm Square
A GCCGUCAAUCAUUCAAACUUUGUUGCACGC 
B GCGUGCAAUCAUGAGGACUUUGUUGCGACC 
C GGUCGCAAUCAUGCAGACUUUGUUGGCUGG 
D CCAGCCAAUCAUGGAUACUUUGUUGACGGC 
F GAAUGUGUAUCCAUGUGUCUGCAUGUGUCCUCAUGUGUUU 

10 nm Square
A GCCGUCAAUCAUGGCAAGUGUCCGCCAUACUUUGUUGCACGC 
B GCGUGCAAUCAUGGCAAGCGCAUCGCAUACUUUGUUGCGACC 
C GGUCGCAAUCAUGGCAACGAUAGAGCAUACUUUGUUGGCUGG 
D CCAGCCAAUCAUGGCAAUAUACACGCAUACUUUGUUGACGGC 

F
GGACACUUGUCAUGUGUAUGCGUGUAUAUUGUCAUGUGUAUGCUCUAUCGUUGUCAUGUGUAUGCG
AUGCGCUUGUCAUGUGUAUGGC

20 nm Square
A GCCGUCAAUCAUGGCAAGUGUCCGCAAGCAUAGCUCGGAUAGCCUGCCAUACUUUGUUGCACGC 
B GCGUGCAAUCAUGGCAAGCGCAUCGCAUUCCGUGUCGUAGUCCUUCGCAUACUUUGUUGCGACC
C GGUCGCAAUCAUGGCAACGAUAGAGUGGCAUAGUCGACCUAUGCAUCCAUACUUUGUUGGCUGG 
D CCAGCCAAUCAUGGCAAUAUACACGGACGAGUUGCCACGAGGACGCUCAUACUUUGUUGACGGC 

F

GGACACUUGUCAUGUGUAUGAGCGUCCUCGUGGCAACUCGUCCGUGUAUAUUGUCAUGUGUAUGGA
UGCAUAGGUCGACUAUGCCACUCUAUCGUUGUCAUGUGUAUGCGAAGGACUACGACACGGAAUGCG
AUGCGCUUGUCAUGUGUAUGGCAGGCUAUCCGAGCUAUGCUUGC 

Triangle
A GCCGUCAAUCAUGGCAAGUGUCCGCCAUACUUUGUUGCACGC 
B GCGUGCAAUCAUGGCAACGAUAGAGCAUACUUUGUUGGCUGG 
C CCAGCCAAUCAUGGCAAUAUACACGCAUACUUUGUUGACGGC
D GGACACUUGUCAUGUGUAUGCGUGUAUAUUGUCAUGUGUAUGCUCUAUCGUUGUCAUGUGUAUGGC

Pentagon
A GCCGUCAAUCAUGGCAAGUGUCCGCCAUACUUUGUUGUAGGG
B CCCUACAAUCAUGGCAAAUAUGCGCCAUACUUUGUUGCACGC
C GCGUGCAAUCAUGGCAAGCGCAUCGCAUACUUUGUUGCGACC 
D GGUCGCAAUCAUGGCAACGAUAGAGCAUACUUUGUUGGCUGG
E CCAGCCAAUCAUGGCAAUAUACACGCAUACUUUGUUGACGGC

F
GGACACUUGUCAUGUGUAUGCGUGUAUAUUGUCAUGUGUAUGCUCUAUCGUUGUCAUGUGUAUGCG
AUACGCUUGUCAUGUGUAUGGCGCAUAUUUGUCAUGUGUAUGGC

Supplemental Table 1
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