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ABSTRACT

Ribonucleic acid (RNA) nanotechnology platforms have the potential of harboring therapeutics for in vivo delivery in disease treatment.
However, the nonspecific interaction between the harbored hydrophobic drugs and cells or other components before reaching the
diseased site has been an obstacle in drug delivery. Here we report an encapsulation strategy to prevent such nonspecific hydrophobic
interactions in vitro and in vivo based on a self-assembled three-dimensional (3D) RNA nanocage. By placing an RNA three-way
junction (3W\J) in the cavity of the nanocage, the conjugated hydrophobic molecules were specifically positioned within the nanocage,
preventing their exposure to the biological environment. The assembly of the nanocages was characterized by native polyacrylamide
gel electrophoresis (PAGE), atomic force microscopy (AFM), and cryogenic electron microscopy (cryo-EM) imaging. The stealth
effect of the nanocage for hydrophobic molecules in vitro was evaluated by gel electrophoresis, flow cytometry, and confocal
microscopy. The in vivo sheathing effect of the nanocage for hydrophobic molecules was assessed by biodistribution profiling in
mice. The RNA nanocages with hydrophobic biomolecules underwent faster clearance in liver and spleen in comparison to their
counterparts. Therefore, this encapsulation strategy holds promise for in vivo delivery of hydrophobic drugs for disease treatment.
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1 Introduction unique properties, could be used as a building material to

The past decades witnessed the rapid development of
nanotechnology-enabled therapeutics and medical devices [1].
However, the biggest hurdle to the clinical translation
of nanotechnology lies in the biological barriers wherein
the nonspecific cellular interaction and undesirable organ
accumulation occur [2, 3]. Accumulation of nanoparticles in
healthy organs, such as liver, spleen, and kidneys, can lead to
toxicity and lower efficacy of the administered nanoparticles
[4, 5]. As the in vivo journey of nanoparticles is critically
impacted by their physicochemical properties, much effort has
involved in the creation of nanoparticles with diverse size, shape,
and surface characteristics to modulate the pharmacokinetic
profiles.

Various nanoparticles have been investigated extensively
for the treatment of disease, for example, polymers [6, 7], gold
nanoparticles [8, 9], liposomes [10, 11], silica nanoparticles
[12, 13], ceramics [14], iron oxides [15, 16], and deoxyribonucleic
acid (DNA) nanoparticle [17-19] have shown promises.
Ribonucleic acid (RNA), as a special class of polymers with

controllably self-assemble nanostructures with defined size,
shape, and stoichiometry [20-22]. By virtue of its highly tunable
pattern with high thermostability, RNA nanoparticles have been
developed for delivery of potent anti-cancer therapeutics [23-25].
The advantage of using RNA nanoparticles for therapy is as
follows [26-28]:

1) The negative charge avoids nonspecific binding to negatively
charged cell membrane;

2) Controlled synthesis with defined structure and
stoichiometry;

3) Multi-valency to harbor small interfering RNA (siRNA),
micro RNA (miRNA), ribozyme, riboswitch, fluorophore, drugs,
aptamers, ligands, and drugs;

4) Therapy targeting and detection can be combined into
one particle;

5) Targeted delivery enhances local concentration and allows
for specific cell entry or receptor-mediated endocytosis;

6) Advantageous size of 10-20 nm is large enough to avoid
nonspecific diffusion into cells but small enough to avoid
nonspecific entry to organs trapped by macrophage;
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7) Its fast body execration within several hours after systemic
injection reduces the toxicity and side effect;

8) The nonproteins nature eliminates issues with antibody
induction, allowing for repeated treatment of chronic diseases;

9) RNA nanoparticles are not biologically produced in a
living system, but rather manufactured through chemical
synthesis. As a result, the structure, shape, and physical/chemical
properties are known; homogeneity can be achieved; and
quality control is simpler;

10) The favorable size lead to favorable pharmacokinetics
(PK). Fast clearance (Cl) in circulation and organ, but low
in tumor (< 0.13 kg™-h™") with large volume distribution (V(d)
~1.2kg");

11) RNA nanoparticles are classified as chemical drugs rather
than biological entities. This classification facilitates drug
approval.

With a growing number of RNA nanoparticles being
constructed as nanocarriers, a closer look at their interactions
with biological milieu will provide useful insights [29]. Recent
studies on two-dimensional (2D) RNA polygons such as triangle,
square, and pentagon have elucidated the effects of size and
shape on their in vivo biodistribution profiles [30]. Different
sizes and shapes of RNA nanostructures led to different
circulation time and excretion pathways. Additionally, studies
have shown that the hydrophobic chemicals conjugated to RNA
nanoparticles induced more significant organ accumulation,
thus posing a challenge in bypassing the biological barriers
when the conjugated hydrophobic drug molecules are exposed
to biological environment [31]. To prevent such strong
hydrophobic interactions, the hydrophilic framework of RNA
could be used for the protection of hydrophobic molecules
from nonspecifically interacting with biological membranes
and proteins. Thus, three-dimensional (3D) RNA nanocage
(NC) with inner cavity for loading of hydrophobic molecules
is a desirable approach. As shown in Scheme 1, RNA NCs of
different surface characteristics will presumably exhibit different
nano-bio interface behavior at the cellular membrane level as
well as serum protein binding level. When the hydrophobic
molecules are present on the surface of NC (ie., displaying
mode), it would lead to stronger membrane interaction and
serum protein binding as more hydrophobic surface of nano-
particle is more likely to nonspecifically bind to lipid membrane
and absorb serum proteins [32, 33]. In contrast, when the
hydrophobic molecules are loaded in the cavity of nanocage
(i.e., encapsulation mode), undesirable interactions with cell
membranes and serum proteins could be reduced.

Here we report a simple design of a 3D RNA NC with inner
cavity for precise encapsulation of hydrophobic biomolecules
based on naturally occurring RNA motifs. We specifically
encapsulated the 5S three-way junction (3WJ) carrying
cholesterol as model hydrophobic drug molecules into the
pyramid-shaped RNA NC. The successful assembly of the NC
with displayed or encapsulated cargo was characterized by
native polyacrylamide gel electrophoresis (PAGE), atomic force
microscopy (AFM), as well as cryogenic electron microscopy
(cryo-EM). In vitro flow cytometry analysis and confocal
microscopy imaging demonstrated the reduced nonspecific
interaction of NC with cells and cell-mimicking vesicles,
respectively. In vivo biodistribution profiling results exhibited
the significantly reduced retention of RNA NC in liver and
spleen when the hydrophobic cholesterol was encapsulated com-
pared to its displaying counterpart. Hence, the encapsulation
strategy using RNA NC provides a promising solution to address
the concerns of in vivo hydrophobic drug delivery.
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2 Results and discussion

21 Computer-aided design and construction of 3D
RNA NC for cargo display and encapsulation

The modular design of the RNA nanocage was primarily
based on several naturally occurring RNA motifs following
a bottom-up assembly approach. The 3WJ motif (PDB entry:
4KZ2, Fig. 1(a)) of packaging RNA (pRNA) [23] and the four-
way junction (4WJ) motif of a hairpin ribozyme molecule were
hinged on by the RNA duplex to form an intact pyramid-
shaped nanocage (Fig. 1(b))[34]. 3WJ module was placed at
each corner of the RNA NC and the 4W] motif was placed
at the vertex linking to all 3W] modules. To display cargos
on the surface of NC, two of the strands (P2E, P4E) were
extended with dangling ends at the nick position to produce
diagonal protruding sticky ends, thus enabling the hybridization
of complementary sequences with cargo (top view with sequence,
Fig. S1(a) in the Electronic Supplementary Material (ESM)).
To design a similar NC for encapsulation, a new 55 3W] motif
was positioned within the NC by incorporation of the 55 3WJb
sequence into P24 strand (top view with sequence, Fig. S1(b)
in the ESM) (Fig. 1(c))[35], which forms a connecting bridge
within the cavity of NC. Upon assembly with 5S a and 5S ¢
strands, a 5S 3W] forms within NC. All synthesized RNA
oligos (Fig. S2 in the ESM, see the detailed sequence in Tables S1
and S2 in the ESM) were in vitro one-pot self-assembled into a
pyramid-shaped NC (Fig. S3 in the ESM) with 4 triangular
side faces and 1 square bottom face composed of 8 double-
stranded edges. The extended NC (NC-Ext) displays 2 dangling
ends on the surface while the NC with internalized 3W]
(NC-Int) encapsulates 5S 3W] motif conjugated with cargo.
Swiss PDB viewer (http://www.expasy.org/spdbv/) and PyMOL
Molecular Graphics System (https://www.pymol.org/) were
used to align 4 corners and vertices with RNA helix linkage.
One-pot self-assembly of the NCs was achieved by thermal
denaturation of equimolar RNA oligonucleotides at 85 °C,
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Figure 1 Design and construction of RNA NC. 2D sequence view of (a)
phi29 3W7J, (b) 4W] core derived from a hairpin ribozyme and (c) 55 3WJ.
(d) Native PAGE characterization of NCs with displayed and encapsulated
biomolecules.
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followed by an annealing process (slowly cooling down to
4 °C over 45 min). To obtain intact RNA NC nanoparticles,
component strands were mixed in stoichiometric ratio to form
complex with high efficiency.

To verify the stepwise assembly of RNA NC-Ext and NC-Int,
a native 6% PAGE experiment was carried out (Figs. S4(a) and
S4(b) in the ESM). Component strands were gradually added
into the mixture for assembly followed by gel analysis to verify
the participation of each strand in the assembled complex. To
load bioactive compounds on NC-Ext and NC-Int nanoparticles,
cholesterol modified P4E and 5S ¢ strands were co-assembled
respectively with NC framework strands. As a highly lipophilic
biomolecule, cholesterol has strong interactions with phospholipid
membrane. Therefore, we used cholesterol as a model drug
for encapsulation, thereby preventing its interaction with cell
membranes at the nano-bio interface. As shown in 6% native
PAGE gel, electrophoretic mobility in lanes 1-6 (Fig. S4(a) in
the ESM) and in lanes 1-4 (Fig. S4(b) in the ESM) indicated
a stepwise upshift due to the increased strand composition in
the complex. For NC-Ext assembly, upon hybridization with
two other short strands (P2E-comp-Cy5, P4E-comp-Chol),
a slight upshift in gel mobility was observed (lanes 2-4 in
Fig. 1(d)) while NC-Int did not show noticeable gel mobility shift
after incorporation of 2 other strands (5S a-Cy5, 5S c-Chol)
(lanes 5-7 in Fig. 1(d)) probably due to the less effects on
electrophoretic mobility while strands are encapsulated within
the cavity of complex. Cy5 fluorophore labeled strands further
suggested the incorporation of short strand within the RNA
NC as imaged in Cy5 channel (Fig. 1(d)).

2.2 Physicochemical characterization of RNA NCs

As the physicochemical properties of nanoparticles such as
size, shape, and thermostability are closely related to their
in vivo behavior [4], we first characterized the 2 different
NCs in terms of their size and thermostability. The average
hydrodynamic diameter of NCs was measured using dynamic
light scattering (DLS) assay. As revealed in Fig. S5(a) in the
ESM, the apparent hydrodynamic size of NC-Ext and NC-Int
turned out to be 14.1 + 3.0 and 13.8 £+ 3.1 nm, respectively.
Despite of the pyramidal shape of RNA NCs, we assumed that
the reported size was in good agreement with the predicted
size, considering the rapid tumbling of RNA nanoparticles in
solution. Two NCs exhibit similar hydrodynamic size probably
due to the fact that the dangling ends on NC-Ext are flexible.
We also investigated the size after incorporation of cholesterol
and Cy5 fluorophore on NCs. No significant changes in
hydrodynamic size were observed as shown in Fig. S5(b) in
the ESM. To compare the stability of assembled NCs, the
thermo-stability of NC-Ext and NC-Int was investigated by
temperature gradient gel electrophoresis (TGGE). TGGE is
commonly used for measuring melting temperature (Tm) of
large and complex nucleic acids structures [36]. A gradient
temperature (40-80 °C) was applied perpendicular to the
electrical current on the 4% native polyacrylamide gel, with an
increasing temperature that gradually leads to the dissociation
of RNA nanostructures (Fig. S6 in the ESM). As suggested in
Fig. S5(c) in the ESM, half of the NC-Ext and NC-Int remained
intact at 63 and 69 °C (Tw), respectively, suggesting the high
thermodynamic stability of both nanocage nanostructures.
Taken together, the results from PAGE, TGGE, and DLS
demonstrated the self-assembly of programmable, thermody-
namically stable and intact RNA NCs.
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2.3 Morphological characterization of RNA NC by
cryo-EM and AFM imaging

To explore the structural characterization of 3D RNA NCs in
their native states, the single particle cryo-EM analysis and 3D
reconstruction were performed (Fig.2). Around 2,100 and
1,300 selected particles for NC-Ext and NC-Int, respectively,
were used for final 3D refinement, with 24-A and 26-A resolution
maps achieved (Figs. 2(a) and 2(b)). The cryo-EM images for
both NCs clearly revealed individual particles (Figs. 2(c) and
2(d)). As expected, the 3D reconstructions of NC-Ext and NC-Int
showed the pyramidal shape with the extra density outside
and inside, respectively. The arrows indicate the protruding
density outside of NC for NC-Ext. 2D projections computed from
the 3D reconstructions showed a clear match to the 2D class
averages of the raw particles (Figs. 2(e) and 2(f)), suggesting
that the reconstructed 3D models truly represent the native
structures of the designed RNA NCs.

To visualize and validate the pyramid-shaped structure of
both NCs, we performed AFM imaging and cryo-EM single-
particle analysis. The NC-Ext and NC-Int were well distributed,
as shown in the AFM images (Figs. 2(g) and 2(h)). Since the
nanoparticle samples were deposited on 1-(3-aminopropyl)-
silatrane (APS)-modified mica surface, the 3D NCs were
flattened. Majority of the observed shapes appeared triangular
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Figure 2 Characterization of RN ANC. Cryo-EM 3D reconstruction of
(a) NC-Ext and (b) NC-Int. Single particle raw images of (c) NC-Ext and
(d) NC-Int. Computed 2D projections from 3D reconstructions and their
related 2D class averages (e) NC-Ext and (f) NC-Int. AFM imaging of (g)
NC-Ext and (h) NC-Int. Arrows indicate the dangling ends on the surface
of NC-Ext.
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in the AFM topography images corresponding to the side
views of collapsed pyramidal NCs. The arrows indicate the
protruding dangling ends of NC for NC-Ext (Fig. 2(g)). More
amplified AFM images supported the side-views of pyramidal
shape as well (Fig. S7 in the ESM). Due to the resolution limit
of AFM probe, the detailed cavity structure of NC-Int as well
as the flanking ends of NC-Ext could not be clearly resolved.
Taken together with the cryo-EM characterization, the results
confirmed the formation of the RNA NCs nanoparticles with
good quality.

2.4 The stealth effect of the NC for hydrophobic
molecules investigated by flow cytometry

To compare the interaction of different NCs with cells, we
performed flow cytometry analysis using 3 cancer cell lines (KB,
HT-29. and MCE-7). Given the negatively charged backbone
of RNA molecules, RNA nanoparticles with hydrophobic
molecules inside may avoid the nonspecific interaction
with cell membranes. When the cholesterol was present on
the surface of NC, it induced strong interactions with cell
membranes (Fig. 3(a)) [37]. Among all the tested groups, the
NC-Ext-Cy5-Chol exhibited the strongest cellular interactions
in all the 3 cell lines. In contrast, when the cholesterol was
loaded within the NG, it displayed similar cell interactions as
NC-Int-Cy5 and NC-Ext-Cy5, demonstrating the stealth effect
of hydrophilic RNA NC framework. The mean fluorescence
intensity (MFI) of each analysis was plotted in Fig. 3(b). The
KB cells exhibited higher nonspecific interactions with all NCs
though the NC-Ext-Cy5-Chol displayed the most significant
fluorescent shift after incubation. Similar results were found in
the plot of median fluorescence intensity from flow cytometry
analysis (Fig. S8 in the ESM). In HT-29 and MCE-7 group,
NC-Int-Cy5, NC-Int-Cy5-Chol, and NC-Ext-Cy5 showed little
cell binding revealed by the slight fluorescent shift compared
to cell only control, while NC-Ext-Cy5-Chol had much stronger
cell binding indicated by the 50-fold increase in fluorescent
intensity.

2.5 The shielding effect of the NC for hydrophobic

molecules evaluated by confocal microscopy

Though the flow cytometry experiments well demonstrated
the difference in cellular interactions in a statistically significant
manner with analysis of 10,000 events per run, the active
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Figure 3  Flow cytometry analysis of RNA NCs binding to cells. (a) Fluorescent
intensity shift profiles of cells in three cell lines. (b) MFI plot showing the
fluorescent intensity shift.
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uptake of cholesterol molecules by cells may contribute to the
fluorescent shift observed [38]. To rule out the active uptake
by cells and further compare the interaction of different NCs with
lipid membrane, giant plasma membrane vesicles (GPMVs) [39]
derived from KB cells were used as cell-mimicking vesicles to
investigate the nano-bio interface interaction [40]. The GPMVs
were fluorescently labeled with CellMask™ Orange (similar
spectrum as Cy3 fluorophore) and all NCs were labeled with
Cy5 fluorophore. Confocal microscopy images were taken
under Cy3 and Cy5 channel. As revealed in merged channel
(Fig. 4(a)), the NC-Ext-Cy5-Chol showed strong binding to
the membrane of GPMVss as revealed in the colocalized image
of two channels. As illustrated in the right panel of Fig. 4(a),
spherical Cy5 signal can be observed and colocalized with
CellMask™ Orange signal when NC had a strong binding
to the membrane (Fig. S9 in the ESM). In other cases, the
electrostatic repulsion of negatively charged membrane to
NCs prevented the nonspecific hydrophobic interactions
(Figs. S10-S12 in the ESM). By plotting the fluorescent intensity
in a straight line across the GPMVs under Cy3 and Cy5 channel
(Figs. S13 and S14 in the ESM), 2 peaks of fluorescent intensity
under Cy5 and Cy3 signal which referred to the signal from
each side of membrane were colocalized in NC-Ext-Cy5-Chol
group while other groups showed very low Cy5 colocalization
with Cy3 signal (Fig. 4(b)), indicating the very low binding
of NCs to GPMVs (Figs. S13 and S14 in the ESM). Following
the GPMVs interaction imaging, lipid vesicles were used as
another model to compare the hydrophobic interaction of
cholesterol displaying and encapsulated NCs with membranes. In
brief, small unilamellar vesicles (SUVs)[41] with the fluorescent
label (TopFluor® TMR, similar spectrum as Cy3 fluorophore)
were incubated with NCs overnight before confocal microscopy
imaging. As a result of the small size of SUVs (50-100 nm),
the spherical shape was not clearly seen. However, we examined
the colocalization of NCs with SUVs. Similar results were
found where NC-Ext-Cy5-Chol group displayed the strongest
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Figure4 GPMV:s and liposome binding assay. (a) Confocal microscopy
imaging of pyramid NCs binding to GPMVs. (b) Plot profile of NC-
Ext-Cy5-Chol showing the fluorescent intensity across the GPMVs in Cy5
and Cy3 channels. (c) PCC of different RNA NCs with SUVs. Error bars
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binding to SUVs (Fig. S15 in the ESM). Other groups of NCs
did not show noticeable binding to liposomes (Figs. S16-S18 in
the ESM). Pearson’s colocalization coefficient (PCC) of different
NCs with liposomes was calculated in Image] software and
plotted as Fig. 4(c). As a well-established measure of correlation,
PCC has a range of +1 (perfect correlation) to -1 (perfect
negative correlation) [42, 43]. When PCC is close to 0, it denotes
the absence of a relationship. With a mean PCC of 0.82 found
in NC-Ext-Cy5-Chol group and close to 0 in other NC groups,
we assumed that the encapsulation strategy implemented
on RNA NC for cholesterol could minimize the nonspecific
hydrophobic interactions at the membrane interface.

2.6 Evaluation of the serum protein binding and serum
stability of NCs

The in vitro assays at the cellular and membrane levels
demonstrated the suitability of using NC to encapsulate
hydrophobic cholesterol for minimal nonspecific cellular
interactions. However, the biological barriers include a
complex series of obstacles such as opsonization, subsequent
sequestration by mononuclear phagocyte system (MPS) in
liver and spleen, and nonspecific distribution [3, 44]. As the
process of sequestration in vivo begins with opsonization of
administered nanoparticles, the protein corona formation and
protein adsorption on the surface of nanoparticles critically
affect their biological identity [45, 46]. With a more hydrophobic
surface, protein absorption becomes more significant, leading
to the recognition by Kupffer cells in liver sinusoids and
resident macrophages in spleen [47-50]. Therefore, we first
did an in vitro serum protein binding comparison simply by
incubating NCs with a gradient concentration of fetal bovine
serum (FBS) to elucidate the effects of surface characteristics
on serum protein adsorption. It was reported that the protein
corona forms rapidly on nanoparticles within 0.5 min [51].
Here we incubated different NCs with a range of 0%-35% FBS
in phosphate buffered saline (PBS) buffer for 5 min before 6%
native PAGE characterization (Figs. S19-S21 in the ESM). By
quantification of unbound NCs, we obtained the serum protein
binding profiles of NC-Ext-Cy5-Chol and NC-Int-Cy5-Chol
as illustrated in Fig. 5(a). With an increasing FBS, the unbound
fraction for both NCs decreased dramatically. By determining
the equilibrium serum concentration (i.e., the percentage of
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Figure 5 Serum protein binding, serum stability and in vivo biodistribution
of RNA NCs. (a) Serum protein binding profile of NC-Ext-Cy5-Chol and
NC-Int-Cy5-Chol. Small diagram shows the FBS concentration at which
50% of NCs were unbound. (b) Serum stability of NC-Ext-Cy5-Chol and
NC-Int-Cy5-Chol. (c) Ex vivo organ images at 4, 8 and 24 h post- injection.
H, heart; Li, liver; S, spleen; Lu, lung; K, kidney.
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serum at which 50% of the particle is unbound), NC-Ext-
Cy5-Chol reached as low as 12.1% FBS while NC-Int-Cy5-Chol
achieved 50% serum binding at 18.8% FBS concentration
(Fig. 5(a)). We did not observe a dramatic difference in
serum binding of these 2 NCs probably due to the open cavity
(9 nm x 9 nm) at the bottom of pyramidal NC which still
allows the possible interaction of bovine serum albumin (BSA,
4 nm x 4 nm x 14 nm in dimension), a major component protein
in FBS, with encapsulated cholesterol (see schematic dimensions
in Fig S22 in the ESM). However, the subtle difference in
serum protein interactions may contribute to a different in vivo
behavior of nanoparticles. Human serum albumin (HSA)
has a similar dimension as BSA; thus, we assumed the NC-Int
will show similar effects in reducing human serum protein
adsorption. As little is known about the protein corona formation
on RNA nanoparticles, further comprehensive studies on corona
composition and formation kinetics are needed.

Then we compared the enzymatic stability of these two NCs.
NCs labeled with Cy5 were incubated in 10% FBS solution at
37 °C. At different time points, samples were taken out and
immediately frozen on dry ice to prevent further enzymatic
degradation. 6% native PAGE analysis of the NCs (Figs. S23
and S24 in the ESM) revealed the comparable chemical stability
of 2’-F modified NC-Ext-Cy5-Chol and NC-Int-Cy5-Chol as
both two nanoparticles did not show significant degradation
with up to 24 h incubation in 10% FBS buffer (Fig. 5(b)). Thus,
we assumed the 2 different NCs would have similar in vivo
serum stability.

2.7 The stealth effect of the NC for hydrophobic
molecules assessed by in vivo biodistribution

To investigate the stealth effect of NC in vivo, 100 pL of 5 uM
of NC-Ext-Cy5-Chol and NC-Int-Cy5-Chol were intravenously
administered in BALB/c mice respectively. At post-injection 4,
8, and 24 h, the mice were sacrificed and organs (heart, liver,
spleen, lung, and kidney) were collected for fluorescent imaging.
Interestingly, 2 tested groups showed distinct biodistribution
profiles (Fig. 5(c)). The NC-Ext-Cy5-Chol exhibited significant
retention in vital organs such as liver and spleen until 8 h
post-injection while its counterpart showed much less liver
and spleen accumulation at 4 h post-injection. At 8 h time
point, most of the NC-Int-Cy5-Chol was eliminated from liver.
As a result of the protection by hydrophilic framework of NC,
NC-Int-Cy5-Chol was cleared from mice quickly with less
liver and spleen retention. In addition, renal clearance of
NC-Ext-Cy5-Chol was still seen at 24 h post-injection, while
little was seen for NC-Int-Cy5-Chol. Since glomerular filtration
of nanosized macromolecules is strongly size-dependent
(hydrodynamic diameter < 6 nm) [52, 53], the kidney filtration
may not be applicable for RNA NCs with diameter larger than
10 nm [26]. Nevertheless, we expected that the RNA NCs might
be able to pass through the endothelial layer of glomerulus
and consequently blocked by the glomerular basement
membrane [52]. Thus, we observed RNA NCs retention in the
kidney as well. However, whether the longer retention time
in kidney compartments for NC-Ext-Cy5-Chol was caused by
stronger hydrophobic surface needs to be investigated. Based
on the in vitro cellular membrane interaction as well as serum
protein binding results, we suspected that the NC-Ext-Cy5-Chol
displayed a stronger opsonization upon introduction into
the biological environment which triggered more significant
sequestration by MPS. Therefore, we observed longer retention
and stronger accumulation in the liver and spleen [54]. As such,
we demonstrated the shielding effect of NC for hydrophobic
biomolecule in vivo, which could potentially be exploited to
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improve the bioavailability of poorly water-soluble chemical
drugs such as Paclitaxel, Camptothecin, and Oridonin.
Additionally, a more quantitative biodistribution profiling
strategy such as radiolabeling may be applied in the future
for precise quantification of organ distribution.

3 Conclusions

Using RNA motifs as building blocks for the assembly of
programmable nanoparticles holds great promises for effective
in vivo drug delivery. Physicochemical properties of RNA
nanoparticles such as size, shape, and surface chemistry have
shown to impact their in vivo behavior [32, 55]. Here we
report the controllable surface characteristics of three-
dimensional NCs by loading or displaying hydrophobic model
drugs within the inner cavity or on the surface, respectively.
Native PAGE characterization suggested the assembly of NC-Ext
and NC-Int. Further AFM and cryo-EM imaging confirmed
the intact nanoparticles with a uniform pyramidal shape. The
stealth effect by NC at cellular level was elucidated by in vitro
flow cytometry analysis and confocal imaging based on cell
binding, GPMV's interaction as well as SUVs colocalization.
Serum protein binding assay revealed the subtle difference
between NC-Int and NC-Ext in protein adsorption. Finally,
we obtained a distinct in vivo biodistribution profiles with
different surface hydrophobicity of RNA NCs. Of note, the
liver and spleen retention of NC-Ext-Cy5-Chol was significantly
higher than that of NC-Int-Cy5-Chol. Combining with cellular
and organ level results, we could draw a conclusion that the
RNA NC can be potentially used for hydrophobic drug
encapsulation to achieve favorable in vivo biodistribution. On
the other hand, a comprehensive investigation of the protein
corona composition as a correlation to surface chemistry of
RNA nanoparticles needs to be done in the future and more
quantitative pharmacokinetics studies of RNA NCs in vivo
will provide reliable results to understand the effects of
physicochemical properties of RNA NCs.
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