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ABSTRACT: A proper intracellular delivery method with target
tissue specificity is critical to utilize the full potential of therapeutic
molecules including siRNAs while minimizing their side effects.
Herein, we prepare four small-sized DNA tetrahedrons (sTds) by
self-assembly of different sugar backbone-modified oligonucleo-
tides and screened them to develop a platform for kidney-targeted
cytosolic delivery of siRNA. An in vivo biodistribution study e
revealed the kidney-specific accumulation of mirror DNA
tetrahedron (L-sTd). Low opsonization of L-sTd in serum
appeared to avoid liver clearance and keep its size small enough
to be filtered through the glomerular basement membrane (GBM). After GBM filtration, L-sTd could be delivered into tubular cells
by endocytosis. The kidney preference and the tubular cell uptake property of the mirror DNA nanostructure could be successfully
harnessed for kidney-targeted intracellular delivery of pS3 siRNA to treat acute kidney injury (AKI) in mice. Therefore, L-sTd could
be a promising platform for kidney-targeted cytosolic delivery of siRNA to treat renal diseases.
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B INTRODUCTION reported.” However, carbon nanotubes are yet to be clinically
acceptable.

Wireframe nucleic acid nanostructures are an emerging drug
delivery platform constructed by self-assembly of multiple
oligonucleotides and are highly biocompatible as oligonucleo-
tides are clinically available biocompatible materials that have
already generated several FDA-approved drugs.'’ Because of
its high biocompatibility and cellular uptake property, nucleic
acid nanostructures have been employed as carriers for

Acute kidney injury (AKI) is characterized by the abrupt
decline of renal functions leading to accumulation of
nitrogenous wastes including blood urea nitrogen (BUN)
and creatine (CRE). AKI is found in approximately 20% of
hospitalized patients."” The major causes of AKI are the
ischemic stress due to lowered blood flowing through the
kidney and cytotoxic damages in kidney cells that may happen

during kidney transplantation and chemotherapy, respectively.’ intracellular and in vivo delivery of various therapeutic
While treatment of AKI is mainly based on traditional molecules."' ™" Nucleic acid nanostructures are particularly
interventions for kidney diseases such as dialysis and useful carriers for delivering oligonucleotide cargos such as
transplantation, there is currently no effective therapy for antisense oligonucleotides, siRNAs, and aptamers, as the
AKI available, which makes it a fatal kidney disease with a high cargos can easily be loaded on the carriers via base-paring.
mortality rate.t Previously, small interfering RNA (siRNA)- Moreover, in contrast with other nanomaterials, the size and
based silencing of pS3 mRNA has been suggested as a potential shape of nucleic acid nanostructures can be precisely
therapy for AKI, as pS3 in kidney tubular cells is a key controlled so that their structures can possibly be tailored for
mediator of genes involved in AKI development.*® Although target tissue or target cell preference at the molecular
naked siRNA with chemical modifications such as phosphor- level.'"*~'° This provides a promising opportunity to fabricate
othioate and 2’-O-methylation could reach the kidney upon a nucleic acid nanostructure-based carrier suitable for kidney-
intravenous injection,”® the cytosolic uptake efficiency of specific delivery of siRNA.

naked siRNA is relatively inefficient, requiring a high dose for

the therapeutic potency (5 mg/kg per injection).” Thus, Received: June 11, 2020

kidney-specific delivery carriers are necessary for lowering the Published: November 17, 2020
effective dose with efficient cell uptake after kidney deposition
of siRNA while minimizing the potential side effects upon

nonspecific delivery. Recently, a carbon nanotube-based carrier
for kidney-targeted delivery of siRNA to treat AKI has been
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Figure 1. Systemic kidney delivery of sTds. (a) Intravenously injected small tetrahedrons (sTds) are filtered through the GBM and Bowman’s
space to enter tubules where the nanoconstructs are taken up into tubular cells. (b) AFM images of sTds with their schematic structures. The insets
display representative images of sTds. Scale bars indicate 10 nm. (c) Hydrodynamic sizes of sTds (1 M) in TM buffer measured by dynamic light
scattering. (d) sTds were incubated in 50% mouse serum solution and analyzed in agarose gel (1%) electrophoresis. The control (ctrl.) indicates
sTds in the absence of serum.

In this study, we aimed to develop a kidney-targeted potency of pS3 siRNA delivered by the kidney-targeted DNA
platform based on small-sized DNA tetrahedrons to deliver tetrahedron in recovering kidney function in an AKI mouse
siRNAs specifically to the kidney. We also investigated the model.
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Figure 2. In vivo behavior of sTds. (a) In vivo biodistribution of intravenously injected CyS.5-sTds (2 4M, 200 uL) in healthy nude mice. (b) Ex
vivo distribution of sTds imaged at 7 h post injection. (c) Section images of kidney from mice injected with L-sTd (red) at 7 h post injection.
Nuclei were stained with DAPI (blue). Glomeruli and tubules are indicated with dotted circles and arrows, respectively. Scale bars indicate 40 ym.
(d) Relative distribution levels of sTds in kidney or liver estimated at 7 and 24 h by fluorescence ex vivo imaging. (e) Kidney-to-liver distribution
ratio of serum-stable backbone-based sTds estimated at 7 h post injection by fluorescence imaging and ESI-MS. (f) Cellular uptake efficiency of L-
sTd in mouse kidney tubular epithelial cells (TCMK-1) in the presence of endocytosis inhibitors: chlorpromazine (CPZ, 10 uM, clathrin-mediated
endocytosis), methyl-B-cyclodextrin (M fCD, 1 mM, caveolae-mediated endocytosis), or S-(N-ethyl-N-isopropyl)amiloride (EIPA, 50 uM,
macropinocytosis). The lowered uptake level at 4 °C indicated endocytosis of L-sTd. (g) Cellular uptake efficiency of L-sTd TCMK-1 cells
pretreated with poly inosinate (poly-I, SO yg/mL) or megalin siRNA (siMeg, 100 nM). Data are represented as mean =+ standard deviation (SD) (n
= 3). ***P < 0.001; *P < 0.0S; ns, nonsignificant.
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B RESULTS AND DISCUSSION

Nanoparticles smaller than 100 nm can cross the endothelial
layer in the glomerulus of the kidney.'” The extravasated
nanoparticles will be filtered through the glomerular basement
membrane (GBM), which has a pore size of 2—8 nm (Figure
1a).'® After GBM filtration, the nanoparticles will flow through
the tubule to be cleared into urine. Nanoparticles can be
reabsorbed into tubular cells when they have the tubular cell
uptake property, leading to its accumulation in the kidney
parenchyma. ~ For effective accumulation in the kidney, a
DNA tetrahedron with smaller size and higher cellular uptake
efficiency is desired. However, the duplex side of DNA
tetrahedron should also have a sufficient number of base-pairs
(bp) for stable assembly of the nanostructure at the
physiological temperature (37 °C) while keeping the size of
DNA tetrahedron small enough to be filtered through the
GBM. Therefore, we designed the tetrahedron with 10 bp per
side as the core structure to develop kidney-targeted siRNA
carriers, with a sufficiently small size and melting temperature
much higher than 37 °C (Figure S1).

Four small tetrahedrons with 10 bp per side were prepared
with different sugar backbones such as D-DNA (D-sTd), L-
DNA (L-sTd), 2/-O-Me-RNA (M-sTd), and 2'-F-RNA (E-
sTd) (Figure 1b). The oligonucleotides used for preparation of
sTds were synthesized by using DNA synthesizer and
characterized by electrospray ionization mass spectrometry
(ESI-MS) (Table S1 and S2). The self-assembly of the small
tetrahedrons (sTds) constructed using four oligonucleotides
(S1—S4, Table S1) of each backbone were verified by agarose
gel electrophoresis, which illustrated gradually retarded
mobility of the constructs as the number of oligonucleotide
strands increased (Figure S2). The hydrodynamic size of sTds
was approximately 6 nm, as measured by dynamic light
scattering (DLS) (Figure 1c). The structural features of sTds
including triangular vertices were also evidenced by the
nanoscale images analyzed using atomic force microscopy
(AFM) (Figure 1b). When serum stability of sTds was
estimated in 50% mouse serum, all the unnatural backbone-
based sTds (L-sTd, M-sTd, F-sTd) showed greatly improved
serum stability compared with natural D-sTd, which was
significantly degraded after incubation for 2 h in the serum
solution (Figure 1d).

After characterization of sTds, we examined the in vivo
biodistribution of the nanostructures. Healthy BALB/c nude
mice were intravenously administered CyS.5-labeled sTds and
imaged using the IVIS system (Figure 2a). Only L-sTd was
substantially localized to the kidney, whereas all the other sTds
did not show a considerable level of kidney distribution. The
accumulation level of L-sTd in kidney was maximized at 7 h
post injection and decreased slowly over the next 17 h (Figure
2a). Ex vivo images of the major organs harvested at 7 h after
the injection also displayed significantly high kidney
distribution level of L-sTd (Figure 2b). The accumulation
level of L-sTd in kidney estimated by fluorescence intensity
was 7-times higher than that in liver, indicating that L-sTd is a
kidney-specific nucleic acid nanostructure (Figure 2b,d).

In the histological analysis of the kidney, the fluorescence of
L-sTd was observed in the tubule (Figure 2c), suggesting that
the nanostructure could successfully penetrate into the kidney
tissue after glomerular filtration. D-sTd showed a low kidney
accumulation level possibly due to degradation to small
fragments subject to renal clearance. Other serum-stable
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unnatural backbone-based tetrahedrons such as M-sTd and
F-sTd also showed a low kidney accumulation level. Despite
having similar size and serum stability as L-sTd (Figure lc,d),
M-sTd and F-sTd were more distributed in liver than in
kidney. At 24 h, considerably higher liver accumulation of M-
sTd and F-sTd were observed in ex vivo analysis (Figures 2d
and S3). High liver accumulation of M-sTd and F-sTd could
be due to opsonization of the sTds as opsonized nanoparticles
could be cleared by Kupffer cells in the liver.”’ To investigate
this possibility, we attempted to identify proteins that were
more strongly bound to M-sTd and F-sTd than to L-sTd.
Sodium dodecyl sulfate (SDS)-PAGE analysis of the proteins
adsorbed on sTd revealed that more proteins were coated on
M-sTd and F-sTd than L-sTd (Figure S4a). The distinguished
six protein bands observed with M-sTd and F-sTd were
excised and identified by LC-MS-based proteomic analysis
(Figure S4b). About 30—42% of the proteins in the bands were
opsonizing proteins such as immunoglobulins and complement
proteins involved with the antigen-clearing system by macro-
phages (Figure S4c).”"*” In addition, a major portion of the
proteins including apolipoproteins (2%) having liver-homing
properties” was found to be relevant to the liver (37—38%).
We also estimated binding affinity of sTds to representative
serum proteins having the potential for opsonization such as
albumin, IgG, low-density lipoprotein (LDL), and high-density
lipoprotein (HDL) using pull-down assays based on gel
analysis. As shown in Figure S5, no considerable protein
binding was observed on D-sTd and L-sTd. However, M-sTd
and F-sTd showed binding affinity to these proteins. The
dissociation constants determined for M-sTd and F-sTd
binding to the proteins are displayed in Figure SSf. Taken
together, these results support the opsonization-based liver
distribution of M-sTd and F-sTd.

The biodistribution of nanostructures was also analyzed by
ESI-MS. We initially analyzed metabolic stability of L-sTd in
blood by detecting the mass peak of one (L-S2) of four
oligonucleotide strands assembling L-sTd in blood collected at
different time points after intravenous injection of L-sTd into a
BALB/c mouse. 5'-Biotinylated S2 was used for the
construction of the injected L-sTd to conveniently capture
L-sTd in the blood samples using streptavidin-coated magnetic
beads. The L-S2 strand was finally eluted from the beads and
analyzed by ESI-MS (Figure S6a). The relative mass intensity
of L-S2, compared with that of the internal standard L-DNA
(50 pmol) spiked to the sample, was decreased by time due to
possibly tissue distribution and renal clearance of L-sTd
(Figure S6b). Fragmented forms of L-S2 were not observed,
indicating substantial in vivo stability of L-sTd. We also
analyzed L-sTd level in kidney using the same manner. Kidney
was harvested at 1, 4, and 7 h after intravenous injection of L-
sTd and homogenized to lysate solutions. The L-S2 strand
collected from the kidney lysate solutions was analyzed by ESI-
MS. The relative mass intensity of L-S2 in kidney at 4 and 7 h
was much higher than that at 1 h due to accumulation of L-sTd
in the kidney (Figure S6¢). We further analyzed distribution of
all sTds in the tissues of interest (liver and kidney) at 7 h after
intravenous injection of sTds. The mass of D-S2 strand was
not detected in both the liver and the kidney, indicating that
no considerable level of intact D-sTd could be distributed in
the kidney as well as in the liver (Figures S7a and S8). By
contrast, the mass peaks derived from sTds with modified
backbones (L-sTd, M-sTd, and F-sTd) could be detected
(Figures S7 and S8). L-S2 showed far higher relative mass
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Figure 3. Potency of siP53 delivered by L-sTd. (a) Schematic structure of siPS3 loaded in L-sTd (siPS3@L-sTd). In vitro potency of siPS3
estimated by (b) qQRT-PCR analysis of p53 mRNA level and (c) Western blotting of pS3 in TCMK-1 cells. Primer sequences used for gRT-PCR
are shown in Table S4 (mean + SD, n = 3; **P < 0.01; ns, nonsignificant). (d) Kidney distribution level of siP53 and siPS3@L-sTd (mean + SD, n
= 3; ns, nonsignificant). (e) Preparation of AKI mice and treatment schedule to analyze in vivo potency of siPS3. In vivo potency of siPS3 (0.25 mg/
kg per injection) in AKI mice was estimated by (f) qRT-PCR analysis of p5S3 mRNA level and (g) Western blotting of pS3 in kidney tissue lysate
(mean + SD, n = S; ***P < 0.001; *P < 0.05; ns, nonsignificant). GAPDH was used as the internal control to determine relative pS3 mRNA levels.
f-actin was used as the internal control to determine relative pS3 protein levels. (h) Immunofluorescence analysis of pS3 expression (green) on
kidney sections. Nuclei were stained with DAPI (blue). Scale bars indicate 100 um.

intensity than M-S2 and F—S2 in the kidney, consistent with
the high kidney distribution level of L-sTd observed in
fluorescence imaging (Figure S7 and S8). Only L-S2 showed a
high kidney-to-liver ratio (ca. 6) in mass intensity, demonstrat-
ing that L-sTd has indeed the kidney-preferred biodistribution
property (Figure 2e). M-S2 and F—S2 showed higher mass
intensity in liver than in kidney, indicating that M-sTd and F-
sTd are more distributed in liver than in kidney (Figures S7
and S8). These results are aligned with the biodistribution
observed in fluorescence imaging (Figure 2d)

Although the overall shape and the size were very similar to
one another, the kidney accumulation level of sTds was
surprisingly different depending on the backbone type. Only
the Td with L-DNA backbone (L-sTd) showed substantially
kidney-preferred distribution upon intravenous injection.
While the serum-degradable backbone of D-DNA could be
an obvious factor for the in vivo behavior of D-sTd
distinguished from that of L-sTd, the lack of kidney-preference
in M-sTd and F-sTd based on the backbones similarly serum-
stable as L-sTd could be due to the chemical nature of their
backbones differed from L-DNA. Compared with L-DNA, 2'-

2254

OMe-RNA and 2’-F-RNA are more hydrophobic and thus are
more likely be opsonized by nonspecific adsorption by serum
protein, which makes them easily recognized by phagocytic
cells in liver, the well-known nanoparticle-clearing system.
Relatively increased liver distribution of 2’-OMe-RNA and 2’-
F-RNA backbone-based constructs compared with L-DNA
constructs was also observed in tumor-targeted self-assembled
nucleic acid cages.14 Recently, DNA origami nanostructures
(DONS ) have been developed as kidney-specific platforms and
used as a scavenger of reactive oxygen species for treatment of
AKL'® Despite D-DNA backbone-based structures, the densely
packed structural aspect of DONs greatly improved serum
stability which contributed to their kidney preferential
distribution. The shape-dependent kidney accumulation
property was observed in DONS, although their sizes (90—
400 nm) were much larger than L-sTd. This indicates that
kidney-targeting property of nucleic acid nanostructures is not
driven by just one factor but can be obtained by fine-tuning of
various factors including size, shape, and backbone type.
After observing high kidney accumulation of L-sTd in the
kidney, we examined the uptake mechanism of L-sTd when it
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was internalized into tubular cells (TCMK-1). Uptake of L-
sTd was decreased in the presence of 5-(N-ethyl-N-isopropyl)-
amiloride (EIPA), an inhibitor of macropinocytosis, indicating
that L-sTd was endocytosed into tubular cells by macro-
pinocytosis (Figure 2f). According to the literature,”*°
scavenger receptor-mediated endocytosis is a main mechanism
of the cellular uptake of anionic nanoparticles including DNA
nanoparticles. To examine whether L-sTd uptake is also
mediated by scavenger receptor-mediated endocytosis, we
measured the uptake efficiency of L-sTd into cells in the
presence or absence of poly inosinate (poly-1), an inhibitor for
scavenger receptor-mediated endocytosis. As a result, uptake
efficiency was significantly decreased by poly-I, suggesting that
the enhanced cellular uptake of L-sTd is indeed due to
scavenger receptor-mediated endocytosis (Figure 2g). Further,
since megalin, a scavenger receptor, is mainly involved with the
molecular uptake of tubular cells,””** we additionally tested
whether cellular uptake of L-sTd into mouse tubular cells is
also mediated by megalin. Uptake efficiency of L-sTd in cells
pretreated with megalin siRNA (siMeg) was lower than that in
untreated cells, indicating that the enhanced cellular uptake of
L-sTd in kidney could be based on the megalin-mediated
internalization (Figure 2g).

Having investigated the possible mechanisms that drive L-
sTd into kidney, we attempted to use L-sTd as a carrier for the
kidney-targeted delivery of siRNA to treat AKI. L-sTd loaded
with siRNA targeting pS3 mRNA (siPS3@L-sTd) was
prepared by hybridization of 10-mer 2’-O-Me-RNA linker
with 10-mer D-DNA 3'-overhang of the sense strand of siP53
(Figure 3a, Table S1 and S3). To ensure in vivo stability of
siRNA, 2'-O-Me-modified siP53 was employed as described
previously.” Since L-DNA is unable to hybridize with D-DNA,
2'-0O-Me-RNA, which can form duplex with D-DNA and has
similar serum-stability as L-DNA, was used as the linker. The
mobility of siPS3@L-sTd was slightly lower than L-sTd in
agarose gel (Figure S9). The gene silencing effect of siPS3@L-
sTd was initially examined in TCMK-1 cells. After treatment of
the cells with siPS3@L-sTd, the target mRNA level was
analyzed using quantitative reverse-transcriptase PCR (qRT-
PCR). As shown in Figure 3b, the mRNA level of the cells
treated with siPS3@L-sTd was 60% lower than the gene level
of the untreated control cells. The gene-silencing effect of
siPS3@L-sTd was similar to that of siP53 delivered using the
conventional transfection agent, lipofectamine, indicating that
the target gene can be efficiently down-regulated by treatment
with siPS3@L-sTd. When siRNA with a scrambled sequence
was delivered by L-sTd (siSC@L-sTd), no significant change
in the gene level was observed, showing that the gene silencing
by siPS3@L-sTd is a target-specific event. Accordingly, the
lowered mRNA level down-regulated pS3 protein expression as
observed by Western blotting analysis (Figure 3c and Figure
$10).

After observing the gene silencing activity of siRNA
delivered by L-sTd in cells, we next examined whether the
pS3 gene silencing can be achieved to suppress the
development of AKI in the AKI animal model established
with BALB/c mice. The kidney-specific delivery of siRNA was
successfully performed by L-sTd as evidenced in the ex vivo
biodistribution images obtained at 24 h after intravenous
injection of siPS3@L-sTd into AKI mice (Figure 3d and Figure
S11). Similarly, naked siRNA (siP53) was also accumulated in
the kidney due to its concise structure and serum stability.
Opsonization of siP53 partially modified with 2'-O-Me-RNA
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may not be as effective as that in M-sTd fully modified with 2’-
O-Me-RNA, crafting the size of siP53 still small enough for
kidney distribution. In addition, completely different structural
factors such as sequence, size, and shape of siP53 compared
with those of M-sTd also could differentiate its in vivo behavior
from that of M-sTd.

When we estimated the stability of siRNA in various
nucleases such as exonuclease I/III, DNase I, and RNase A,
siP53, whether naked or loaded on L-sTd, was not degraded by
any of these enzymes, suggesting that the 2'-O-Me
modification in siP53 even without terminal phosphorothioates
can provide sufficient stability for in vivo applications (Figure
S12a). Accordingly, we could detect the intact antisense strand
of siP53 and siPS3@L-sTd in plasma and kidney lysate
solutions in gel analysis (Figure S12b). The level of antisense
from siPS3 in plasma was more rapidly decreased than that
from siPS3@L-sTd. In the kidney, however, the level of
antisense from siPS3@L-sTd was increased for 7 h then
decreased slowly, whereas that from siP53 was maximum at
early time point (1 h) and then decreased quickly. These
results show that compared to naked siP53, siPS3@L-sTd can
show prolonged residence in plasma and increased kidney
distribution over the time.

AKI mice were intravenously administered with siP53@L-
sTd at 2 and 24 h after injection of folic acid to induce AKI
and sacrificed after an additional 24 h to investigate the
therapeutic efficacy of the siRNA (0.25 mg/kg per injection)
(Figure 3e). The qRT-PCR analysis revealed that the pS3
mRNA level in kidney tissue of AKI mice was 9 times higher
than that in healthy mice (Figure 3f). The up-regulated gene
level in kidney tissue of AKI mice was decreased by 70% after
treatment with siPS3@L-sTd. The gene silencing effect by
siP53, vehicle alone (L-sTd), or siSC@L-sTd was not
significant, demonstrating that only the siRNA with target-
specific sequence delivered by L-sTd could down-regulate the
target gene in a sequence-specific manner. Consistently,
substantially decreased pS3 protein expression was observed
by Western blotting analysis only in the group treated with
siPS3@L-sTd (Figure 3g and Figure S13). Down-regulated
pS3 expression level by treatment with siPS3@L-sTd was also
revealed by immunofluorescence analysis of the kidney tissue
section (Figure 3h). In addition, the expression of caspase-3, a
downstream factor in pS53-driven apoptosis signal cascade, was
also lowered by 70% after treatment with siPS3@L-sTd as
analyzed by Western blotting, whereas no significant decrease
in caspase-3 level was observed in the other groups treated
with siPS3, L-sTd, and siSC@L-sTd (Figure S14).

Although naked siP53 was able to reach the kidney, it failed
to down-regulate the target gene. This was due to low cellular
uptake efliciency and unsuccessful endosomal escape of naked
siP53 (Figure S15). Flow cytometric analysis of TCMK-1 cells
treated with fluorescein-labeled siP53 revealed a substantially
lower uptake level of siPS3 than that of siPS3@L-sTd (Figure
S15a). As fluorescein is a pH-sensitive dye showing greatly
reduced intensity at endosomal pH, endosomal entrapment
can also be indicated by the increase of fluorescence intensity
of cells after treatment with chloroquine (CQ) which can
facilitate endosomal escape.’® As shown by the results, CQ
treatment significantly increased the relative mean fluorescence
intensity of siPS3-treated cells (Figure S15b). This shows that
the major portion of siPS3 internalized in the cells was
entrapped in endosome and thereby failed to show an activity
on the target gene in cytoplasm. By contrast, CQ treatment did
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Figure 4. Alleviation of AKI damage by siP53 delivered by L-sTd. (a) Images of kidney sections stained with CyS-labeled annexin V (red). Nuclei
were stained with DAPI (blue). Scale bars indicate 80 ym. (b) Images of cortex and medullar regions in kidney sections stained with H&E.
Representative glomeruli and tubules are displayed in insets. Red arrows indicate widened Bowman’s space in glomeruli. White arrows indicate
enlarged tubules. Scale bars indicate SO ym (c) Relative sizes of glomeruli and tubules estimated in the section images (mean + SD; n = 16 for
glomeruli; n = 49 for tubules; *P < 0.0S; ns, nonsignificant). (d) Creatine (CRE) and blood urea nitrogen (BUN) levels estimated in blood samples

of mice (mean + SD; n = 4; **P < 0.01; ns, nonsignificant).

not affect the fluorescence intensity of siPS3@L-sTd-treated
cells (Figure S15b), suggesting that siPS3@L-sTd could escape
endosome, thereby successfully down-regulating the target
gene in cytoplasm successfully. Current understanding of
endosomal escape mechanisms is limited.”’ While we were
unable to pinpoint specific mechanisms involved in the
endosomal escape of L-sTd, we speculated that the hydro-
phobic base pairs spatially arranged in the nanostructure may
be disturbed at endosomal pH (pH ~ S) and thereby exposed
to interact with endosomal membrane more effectively than
those in siP53, leading to a certain level of destabilization in
lipid membrane of endosomes. To examine this possibility, we
monitored disruption of liposomes prepared in vitro upon
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incubation with L-sTd, siPS3@L-sTd, and siP53. The
disruption level was estimated by measuring the decrease of
optical density (OD) at 595 nm following the literature
procedure.”” Incubation of liposomes with L-sTd and siP53@
L-Td resulted in a substantial decrease of OD at pH S (Figure
S16a), whereas a negligible OD change (less than 10%) was
observed at pH 7.4 (Figure S16b). However, siPS3 alone was
not effective to disrupt liposomes at both pHs (Figure S16).
These results implicate that the endosomal escape of L-sTd is
based on the membrane destabilization by interaction between
L-sTd and lipids at lowered pH in endosomes. Sufficient
cytosolic delivery of siP53 by L-sTd led to the considerable
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silencing effect of the siRNA even at 20 times lower dose than
that used in the previous study.”

To examine whether the lowered p53 level by siPS3@L-sTd
could alleviate apoptotic damages induced in AKI, we
visualized the kidney section after labeling the damaged region
with fluorescent annexin V (Figure 4a and Figure S17).
Compared with the healthy mice, AKI mice illustrated a wide
region of damaged cells in the kidney section. The damage was
significantly alleviated in the siPS3@L-sTd-treated group,
showing that siRNA treatment could considerably prevent
apoptotic damage in AKI. This is consistent with the data
observed in Western blotting and qRT-PCR of p53. However,
siPS3, L-sTd, and siSC@L-sTd did not show any potency
against the apoptotic damage in kidney tissue. We also
examined the extent of damage recovery in cortex and medulla
of kidney tissue sections stained with hematoxylin and eosin
(H&E) (Figure 4b). The integrity of the renal structure in AKI
mice was severely damaged resulting in significantly widened
Bowman’s space of glomeruli (red arrows) in the cortex and
dilation (yellow arrows) of tubules in the cortex and medulla.*
Only treatment with siPS3@L-sTd could restore the
morphology of renal tubules and glomeruli significantly. The
enlarged sizes of glomeruli (10—20%) and tubules (30—40%)
in the AKI model were shrunken to the sizes close to the
healthy size only after treatment with siPS3@L-sTd, while
other treatments were not effective in restoring the sizes
(Figure 4c).

We finally measured BUN and serum CRE levels in mice
which are typical diagnostic indicators for AKL’* The
creatinine and BUN levels in AKI mice was significantly
decreased only after treatment with siPS3@L-sTd (Figure 4d),
which clearly confirms that the pS3 siRNA delivered into
kidney using L-sTd is effective for the recovery of kidney
function.

B CONCLUSIONS

Here, we prepared four small-sized tetrahedral nucleic acid
nanostructures varied on the sugar backbones as the possible
kidney-targeted carriers and screened their kidney distribution
potential. After intravenous injection of the nanostructures into
mice, their biodistribution was analyzed using in vivo imaging
and ESI-MS to examine the kidney accumulation level. The
small-sized L-DNA tetrahedron (L-sTd) was found to be most
preferentially when localized into the kidney and therefore
further employed as a carrier for kidney-targeted delivery of
siRNA to inhibit pS3 mRNA. The siRNA loaded on L-sTd was
successfully delivered to the kidney and uptaken by the kidney
cells, where it down-regulated the target gene, thereby exerting
a therapeutic effect on AKI at considerably low dose (0.25 mg/
kg per injection).

We envision that other therapeutic molecules can also be
loaded in L-sTd as well as siRNAs by following previous
studies’® and can be delivered into the kidney. Therefore, we
expect that L-sTd can be an attractive platform for kidney-
targeted delivery of a wide range of therapeutic molecules to
treat various kidney diseases.
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