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RNA-DNA hybrid nano-materials for highly
efficient and long lasting RNA interference effecty
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In attempts to effectively improve RNAI function, we herein report a new RNAi approach using X-shaped
RDNA and Dgel (RNA interfering DNA hydrogel, Ri-Dgel). X-shaped RDNA is a 4 branched nanostructure
which was composed of three dsDNA branches and one dsRNA branch, and the structure was made by
annealing partially complementary ssDNAs and chimeric RNA-DNA oligonucleotides. Ri-Dgel was
synthesized through the ligation of the X-shaped RDNAs using their palindromic sticky ends. In MDCK/GFP
cells transfected with 1 pM of each format of siRNA, Ri-Dgel and X-RDNA, the intensity of GFP
fluorescence was significantly reduced by 65% and 56%, respectively, while dsRNA which is a conventional
siRNA format showed a relatively weak reduction intensity of 7% compared with a negative control. We
also observed the decreased intensity of GFP fluorescence by approximately 59% in MDA-MB-231/GFP
cells transfected with 5 nM Ri-Dgel. Furthermore, the Ri-Dgel showed persistent RNAi efficiency up to 6
days from the treatment. The use of Ri-Dgel to trigger RNAI resulted in enhanced efficacy and longer
duration at lower concentration compared to traditional dsRNA implying the nanostructured DNA-RNA
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Introduction

To treat some disease, interfering with expression of the disease
inducing proteins is essential. RNA interference (RNAi) is
a prominent method by which the expression of a target gene is
effectively silenced or knocked down by complementary (anti-
sense) small interfering RNAs (siRNAs)."® RNase III class endor-
ibonuclease, Dicer, plays a critical role in this process by cleaving
delivered double-stranded RNAs (dsRNA) into 21-23 nucleotide
(nt) siRNAs, which are assembled into RNA-induced silencing
complexes (RISC) and lead to cleavage of the target mRNA in
a sequence-specific manner resulting in silencing the target gene.”
The specific gene silencing effect of siRNA is promising in
medical applications as therapeutic and diagnostic tools.® In
August 2018, the first siRNA-based drug Patisiran (Alnylam
Pharmaceuticals Onpattro) was approved by the U.S. food and
drug administration (FDA) for the treatment of hereditary variant
transthyretin amyloidosis in adults.® Furthermore, dozens of
siRNA-based products are already in clinical trials at different
stages.’ Accordingly, with the increasing importance of siRNA,
the delivery methods, one of the key technologies required for
efficient RNAi, were also extensively studied. Viruses as well as
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hybrid materials have great potential as a platform technology for RNAi-based therapy.

inorganic and organic nanoparticles were used to deliver siRNA
into cells and some of them showed successful results. However,
there are still obstacles to overcome for effective and selective
siRNA delivery and furthermore stability to targeted cells in vivo.

DNA which is well-known as a carrier of genetic information
can also be used as a building block for self-assembly into
molecular nanostructures because of its convenient program-
mability, adequate biocompatibility, biodegradability, and
precise molecular recognition ability."*** Especially, DNA
hydrogels (Dgel) made by ligating branched DNA nano-
structures have been reported for many applications, including
biosensing, drug delivery, immunotherapy, and tissue engi-
neering.'>"” In attempts to effectively improve RNAi function,
we here report a new approach of siRNA delivery using dsRNA
introduced DNA hydrogel. dsRNA has been introduced at one of
the four ends of X shaped DNA (X-RDNA) and hydrogel has been
synthesized by ligating those X-RDNAs. The RNA embedded
nanoscale DNA hydrogel was delivered into cells and siRNAs
were generated by enzymatic cleavage with Dicer followed by
interference on mRNA of a protein (Fig. 1). The dsRNA-
conjugated DNA hydrogel (Ri-Dgel) showed longer lasting and
more potent RNAi effects compared with conventional dsRNA.

Experimental section
Materials

Chemicals including diethyl pyrocarbonate (DEPC), Magne-
sium chloride (MgCl,), Tris-HCI, tris/borate/EDTA (TBE),
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Fig. 1 Schematic illustration of dsSRNA-DNA hybrid hydrogel for RNA interference (Ri-Dgel).

phosphate buffered saline (PBS), and adenine ribose triphos-
phate nucleotide (rATP) were obtained from Sigma Aldrich.
Dulbecco’'s Modified Eagle's Medium/High glucose (DMEM),
fetal bovine serum, and 1% antibiotic-antimycotic were
purchased from HyClone (Utah, USA). MDCK/GFP and MDA-
MB-231/GFP cells were purchased from Gentarget Inc (San
Diego, CA, USA). All oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, IA, USA). The oligo-
nucleotides used in this study are listed in ESI Table S1.t

Methods
Synthesis of dsRNA-conjugated DNA hydrogel

X-DNA sequences in the previously reported literature were
modified and used.” Two RNA-conjugated DNA oligonucleotides
(EGFP-X01 and EGFP-BamHI-X04) and two single DNA oligonu-
cleotides (BamHI-X02 and BamHI-X03) were mixed with DEPC
water including 10 mM MgCl, to a final concentration of 100 uM.
The mixture was annealed with the following condition: denature
at 95 °C for 10 minutes and 60 °C for 5 minutes, 60 °C for 5
minutes, reduce 1 °C to maintain the temperature for 1 minute,
20 °C to maintain 1 minute, and reduce to 4 °C. For buffer
exchange, the annealed X-RDNA solution was centrifuged for
10 min at 14 000 g and 4 °C with 3K Amicon filter (Merk Millipore,
USA) for 4 times. Purified 8 uL of X-RDNA was ligated with T4 DNA
ligase (TaKaRa, Japan) in a 30 pL reaction volume for 24 h at 16 °C.

{-potential measurements

A Malvern Nano Zetasizer (Spectris, United Kingdom) was used
to measure the {-potential of dsRNA, dsRDNA, X-RDNA, and Ri-
Dgel. The samples allowed to equilibrate for 10 min before
being vortexed and inserted into the sample chamber. The ¢-
potential was determined by taking the average of three sets of
individual measurements.

3140 | RSC Adv, 2023, 13, 3139-3146

In vitro dsRNA cleavage assay

1 uM sample of dsRNA, dsRDNA, X-RDNA, or Ri-Dgel was mixed
with 2 pL of recombinant human DICER protein and incubated
at 37 °C for a series of time lengths. All reactions contain
6.6 mM MgCl, and 1 mM rATP in the 66 mM Tris-HCI (pH 7.6)
reaction buffer. Cleavage reactions were analyzed by electro-
phoresis with 8% polyacrylamide gels in 1X TBE with 0.1% SDS.

Quantitative RT-PCR and stem-loop RT-PCR

Total and small RNA use in our experiments were isolated using
TRIzol reagent (Invitrogen, USA) with the PureLink RNA (Invi-
trogen, USA) following the manufacturer's instructions. For
reverses transcription, 4 puL of isolated RNA was reverse tran-
scribed using RevertAid H Minus first strand ¢cDNA synthesis Kit
(Thermo Fisher Scientific, USA) with step-loop reverse tran-
scription (RT) and oligo (dT);s primers for siRNA and mRNA,
respectively. The stem-loop RT primer is an oligonucleotide that
forms a stem-loop structure including a universal reverse
primer sequence on the loop and six-nucleotide extension at 3’
end that are complementary to siRNA of GFP and RNU6."
Sequence data are presented in ESI Table S2.7

Quantitative real-time PCR was performed using 2 pL of the
obtained c¢cDNA and Solg 2X Real-Time PCR Smart mix (SolGent,
Korea) following the manufacturer's instructions and run on Ste-
pOne Real-time PCR System (Applied biosystems, USA). For anal-
ysis of mRNA expression, each 1 pL of GFP and GAPDH specific
primer (5 uM) sets was used. GFP-AS2 and RNU6 primers were
used with universal primer for the study of siRNA detection. The
PCR mixtures were heated to 95 °C for 15 min and then subjected
to 40 cycles of amplification (20 s 95 °C, 60 s 60 °C, 60 s 72 °C).

Transfection experiments

Cells were maintained in DMEM supplemented with 10% fetal
bovine serum and 1% antibiotic-antimycotic in a well

© 2023 The Author(s). Published by the Royal Society of Chemistry
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humidified atmosphere of 5% CO, at 37 °C. Transfection of
each siRNA format to MDCK/GFP and MDA-MB-231/GFP cells
was performed with lipofectamine 3000 according to manu-
facturer's instructions. Briefly, the cells were trypsinized,
counted, and plated at 7000 per well in 96-well plates. After
incubation for 1 day at 37 °C with 5% CO,, each RNA with 0.35
uL of Lipofectamine 3000 was applied in the final volume of 100
uL complete DMEM respectively. To study whether the silencing
effect was processed in a dose-dependent manner, we trans-
fected MDCK/GFP cells with sample of 1, 10, 100, 500, 1000 nM
at 48 h without replacing the medium until subsequent assays.
The cells were incubated for 48 h until they were ready to assay
without replacing the medium.

To study the silencing effect of those siRNA formats in
a time-dependent manner, we transfected MDCK/GFP cells with
500 nM of each siRNA and evaluated RNAi effect at four pre-
selected time points i.e., 3 days, 4 days, and 5 days in plated at
2000 per well in 96-well plates after the transfection. After 3 days
of transfection, the complete medium was replaced for the
subsequent assays.

Assessment of GFP expression

After replacing the media to PBS, the GFP expression was
observed under fluorescent microscopy. Then, the fluorescence
intensity of GFP was analyzed by synergy HTX multi-mode
microplate reader (BioTek, USA) with excitation and emission
settings of 488 and 530 nm, respectively. The number of viable
cells was determined by the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, USA) according to the protocol. The
fluorescence intensity was normalized to luminescence of the
corresponding cell viability, then analyzed and compared with
the measurements of untreated control or transfection of
dsRNA.

Result and discussion
Structure and design of dsRNA-conjugated DNA hydrogel

As an alternative format of siRNA to effectively enhance RNAi
function, dsRNA-conjugated DNA hydrogel (Ri-Dgel) was
proposed and designed. The Ri-Dgel was synthesized by ligating
X-shaped DNAs using T4 DNA ligase. The X-shaped DNAs were
composed of four oligonucleotides which were partially
complementary each other and made by annealing those
strands. The four strands were named as EGFP-X01, BamHI-
X02, BamHI-X03, and EGFP-BamHI-X04, respectively (ESI
Table S1f). Among those four oligonucleotides, two strands
EGFP-X01 and EGFP-BamHI-X04, were designed to be chimeric
sequences including 27 bases of EGFP gene sequence specific
sense and antisense RNA sequences for RNAi function on each
strand in addition to DNA sequences for making X-shaped
nanostructure (X-RDNA). The length of siRNA on the X-RDNA
was decided based on a previous study by Kim et al., (2005)
showing that the duplex length of 27 bp has better inhibitory
activity than the 21-mer siRNA.?° In mammalian cells, dsSRNAs
longer than 30 bp can trigger the interferon signaling pathway
appearing nonspecific inhibition of gene expression, and also

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

leading to apoptosis.** As shown in Fig. 24, four oligonucleo-
tides (EGFP-X01, BamHI-X02, BamHI-X03, and EGFP-BamHI-
X04) were annealed to form X-RDNAs followed by ligation
resulting Ri-Dgel. Stepwise synthesis of X-RDNA and Ri-Dgel
was verified by agarose gel electrophoresis (Fig. 2B). The Ri-
Dgel was further characterized by measuring size and surface
charge. As shown in Fig. 2C and D, the measured gel diameter
was 78.8 + 11.6 nm which is appropriate size for cell uptake and
the surface was negatively charged as expected (—12.05 + 0.8
mvV). In addition to the X-RDNA and Ri-Dgel, 27 bp of dsRNA
(EGFP-R01 and EGFP-R04) and 47 bp of chimeric RDNA (EGFP-
X01 and EGFP-X01-rev) were also prepared as controls to eval-
uate the RNAI efficiency of newly developed siRNA formats for
the cell experiments (Fig. 2A).

The stability of Ri-Dgel was evaluated by treating with Dicer
and monitoring the enzymatic degradation with varied time
intervals. Dicer is a kind of RNase which cleaved dsRNAs
producing siRNAs in cells. Here the RNase was employed to see
a resistance of various formats of RNAs against enzymatic
degradation. To compare the stability, conventional double
stranded 27 bp RNA, linear RNA-DNA chimeric strands
(dsRDNA), and X-RDNA were treated with Dicer as controls for
Ri-Dgel. According to the agarose gel electrophoresis of the
samples treated with Dicer for 1, 3, and 5 hours, Ri-Dgel showed
highest resistance against the RNase attack compared with
other formats (Fig. 3). The intensity of the bands on the gel was
quantified by image] program. As shown in gel image, dsRNAs
were almost completely cleaved by Dicer after 1 hour of incu-
bation. After 5 hours of incubation, of initial amount of dSSRDNA
and X-RDNA were enzymatically digested by about 83% and
64%, respectively. On the contrary, just a small part of RNAs
were cleaved from Ri-Dgel after the 5 hours of digestion reac-
tion. Because dsDNAs of Ri-Dgel were ligated by T4 DNA ligase,
only one band, dsRNA was observed after DICER treatment, and
there was no dsDNA size in the gel. These results meant that the
Ri-Dgel was an effective format of protecting RNA from RNase
attack and this will play a beneficial role during delivery
process.

In vitro evaluation of RNA interference ability of Ri-Dgel

RNAI efficiency of the Ri-Dgel was studied by treating GFP
expressing cells with various types of siRNA. GFP was chosen as
a target protein with its ease of monitoring and quantification
of expression. As GFP expressing cells, Madin-Darby Canine
Kidney (MDCK)/GFP and the human breast cancer cell line
MDA-MB-231/GFP cell were employed for representing normal
and cancer cells, respectively.

To see if the RNAs properly reduce GFP expression, firstly,
the MDCK/GFP cells were treated with 10, 100, 500, and
1000 nM of each RNA sample (dsRNA, dsRDNA, X-RDNA, or Ri-
Dgel) and the expressed GFPs were monitored after 48 hours by
imaging with fluorescence microscope. As shown in Fig. 4A, no
significant fluorescence reduction was observed in the cells
when they were treated with conventional dsRNA, which means
the dsRNA could not effectively interfere protein expression. On
the other hand, when treated with dsRDNA, which is chimeric

RSC Adv, 2023, 13, 3139-3146 | 3141
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Fig. 2 Various dsRNA formats and characterization. (A) Structure of each dsRNA format. (B) Agarose gel electrophoresis image confirmation of
each dsRNA, (C) DLS size analysis of synthesized Ri-Dgel. (D) Zeta potential of each dsRNA format. Error bars refer to standard deviations from

three replicates.

double stranded oligonucleotides composed of fused RNA and
DNA sequences, reduction of fluorescence intensity from GFPs
in the cells were clearly observed at 100 to 500 nM samples. It is
an interesting result that simple fusion of RNA and DNA could
improve RNAI efficiency compared with dsRNA. The improved

efficiency was rationally expected with the enhanced stability of
the dsRDNAs generating siRNA as already shown in Fig. 3.
According to the fluorescence microscope images, further
improved RNAI efficiency were observed when the cells were
treated with X-RDNA or Ri-Dgel. The reduced GFP expression

Fig. 3 Stability assay of each dsRNA format against digestion with RNase. Each of dsRNA sample was incubated with recombinant human Dicer
enzyme for a series of time periods (0, 1, 3, and 5 hours) and analyzed by SDS-PAGE. Each arrow indicates fragments cleaved from RNA-DNA
hybrid nanostructures. Red indicates siRNA fragments, green indicates dsDNA fragments, and yellow indicates tri-branch DNA structures which
left after the cleavage of siRNA from X-RDNA.
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Fig.4 RNA interference effects of nanostructured RNA-DNA hybrid materials. In MDCK/GFP and MDA-MB-231/GFP transfected with Ri-Dgelin
a dose manner for a 48 h exposure. (A) Fluorescence microscope images of MDCK/GFP cells treated with each dsRNA format of various
concentrations. Images were taken after 48 hours of incubation. (B) Quantified fluorescence intensity from each sample measured using
microplate reader. The values were normalized with negative control sample. (C) Fluorescence microscope images of MDA-MB-231/GFP cells.
(D) Quantified fluorescence intensity from each sample measured using microplate reader. Each green fluorescence was normalized with
luminescence intensity measured in relative light units (RLU) with CellTiter-Glo Luminescent Cell Viability Assay. Error bars refer to standard

deviations from three replicates.

were clearly observed from 10 nM samples of both X-RDNA and
Ri-Dgel. The remarkable increase of RNAi effect of those
nanostructured and crosslinked RDNAs also seemed to be
attributed to the stability improvement. To further investigate
the RNAi efficiency improvement depending on a different
dsRNA formats, the GFP expressions were quantified by
measuring the total fluorescence from the cell culturing wells
using a microplate reader. Fig. 4B is showing fluorescence
intensity normalized with the number of live cells from each
RNA treated MDCK/GFP cell culturing well. Compared with
a negative control which was not treated with siRNA, GFP
expression was reduced by only 7% in treated cells even with
1000 nM of dsRNA. The expression interference efficiencies of
other samples were increased correspondingly with the stabil-
ities of each dsRNA format as expected. When 10 nM of X-RDNA
and Ri-Dgel was treated to the cells, the fluorescence intensity of
X-RDNA decreased by 12%, whereas that of Ri-Dgel decreased
by 27%. Our result shows that Ri-Dgel has the significantly
stronger activity at a lower concentrations compared to X-
RDNA. When 1000 nM of each RNA sample was treated to the
wells, 28, 56, and 65% of fluorescence intensity was reduced for
dsRDNA, X-RDNA, and Ri-Dgel, respectively.

In terms of cell viability of MDCK/GFP cells treated with
increasing concentrations of dsRNA, dsRDNA, X-RDNA, and Ri-

© 2023 The Author(s). Published by the Royal Society of Chemistry

Dgel, there were no significant cytotoxicity was observed in all
samples with RNA amounts used in the experiments (Fig. S17).

A cancer cell, MDA-MB-231/GFP cell, was also transfected
with 0.05, 0.1, 0.5, 2, 5 nM of each RNA sample (dsRNA,
dsRDNA, X-RDNA, or Ri-Dgel) with Lipofectamine 3000. The
RNAi efficiencies in the cancer cells were measured using
a fluorescence microscope and plate reader as same as MDCK/
GFP cells. As shown in Fig. 4C and D, the trend of RNAi effi-
ciency of each format of RNA on the cell was correspondingly
similar to that on the MDCK/GFP cells. In other words, the order
of RNAI efficiency was Ri-Dgel, X-RDNA, dsRDNA, and dsRNA.

In addition to the efficiency evaluation, the durability of each
RNA was investigated by time dependent monitoring of the GFP
expression in cells. In detail, to see how long each RNA format
sustain its RNAI effect, MDCK/GFP cells were treated with each
format of RNAs and the GFP fluorescence intensity was
measured in 2, 3, 4, and 5 days using microplate reader.
According to the results in Fig. 5A, the X-RDNA and Ri-Dgel
showed longer-lasting RNAi effect as well as higher efficiency
inhibiting GFP expression. In case of dsRNA and dsRDNA, the
GFP expressions were decreased to 68% and 59% by day 3,
respectively, and gradually bounced up from day 4 to day 5,
recovering to 85-89%. These results meant that the RNAi effect
of dsRNA and dsRDNA lasted for 3 days and lost the effect from

RSC Adv, 2023, 13, 3139-3146 | 3143
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4 days after treatment. In case of X-RDNA and Ri-Dgel, GFP
fluorescence intensities were continuously decreased down to
36-39% by day 4, then recovered to 62% at day 5. The durability
investigation experiment was reproduced using MDA-MB-231/
GFP cells (Fig. 5B). Although the results were similar to those
of MDCK/GFP cells, the Ri-Dgel showed even longer RNAi effect
sustained for 6 days. Those results showed that the X-RDNA and
Ri-Dgel provided longer-lasting and more effective RNAi effi-
ciency inhibiting protein expression.

To ensure that effective knockdown of the target mRNA by
each RNA format, the GFP mRNA and siRNA in treated MDCK/
GFP cells were respectively quantified by total RNA extraction,
reverse-transcription, and real-time qPCR. In case of siRNA
amounts in cell lysates, siRNAs generated from plain dsRNAs
remained less than any other formats of dsRNAs. As shown in
Fig. 6A, in three days after the transfection, in the samples of
linear dsRNA and dsRDNA left similar amounts of siRNAs
which were less than half of those from X-RDNA and Ri-Dgel.
On day 4, difference in the amount of left siRNAs was
enlarged and the siRNAs from dsRNAs were less than 1/4 of Ri-
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Dgel. Although the amounts were generally reduced as days
passed, these trends were consistent on day 5. These results
showed that the dsRNA moieties were effectively protected from
RNase attack in formats of nanostructured X-RDNA or Ri-Dgel
and the more amounts of siRNAs generated from those
dsRNA formats remained showing long-lasting RNAi effects in
cells.

In terms of mRNA amounts relative to the dsRNA treated
sample, it is decreased consistently with the GFP expression
level from dsRNA treated sample to Ri-Dgel, at day 3 after RNA
transfection (Fig. 6B). More quantitatively, just half of mRNA
levels were measured in the cells treated with X-RDNA and Ri-
Dgel compared with those from dsRNA and dsRDNA trans-
fected cells. By day 4, the mRNA levels were kept small in X-
RDNA and Ri-Dgel showing about 1/3 of dsRNA and dsRDNA
samples. As the incubation time went on, on day 5, mRNA
amounts of all the samples bounced back showing similar
levels. But mRNA amount of the sample treated with Ri-Dgel on
day 5 day was 1.2-1.4 times higher than that of dsRDNA and X-
RDNA. The increase in RNA amounts could be due to an
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Fig. 5 Enhanced RNAi duration of nanostructured RNA-DNA hybrid materials. (A) Monitoring of GFP expression profiles in MDCK/GFP cells
using fluorescence measurement after 2 to 5 days following 500 nM of dsRNAs treatment. (B) Monitoring of GFP expression profiles in MDA-MB-
231/GFP cells using fluorescence measurement after 2 to 6 days following 0.1 nM of dsRNAs treatment. Error bars refer to standard deviations

from three replicates.
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Fig. 6 Quantitative analysis of RNA amount in dsRNA treated cells. (A) Amount of siRNA which remained in MDCK/GFP since the dsRNA
treatment. siRNA levels were normalized to RNU6 expression. (B) Amount of GFP mRNA which remained in MDCK/GFP since the dsRNA
treatment. Transcription levels were normalized to GAPDH expression. Error bars refer to standard deviations from three replicates.

increase in transcription or a decrease in siRNA, but the siRNA
amount increased more than 1.4 to 2 times in Ri-Dgel treated
sample compared to dsRDNA and X-RDNA. Consistently, it was
observed that the fluorescence intensity of sample treated with
Ri-Dgel were lower than those of dSRDNA and X-RDNA (Fig. 5).

As a result, the siRNA and mRNA amounts in cells trans-
fected each dsRNA format consistently showed that RNA inter-
ference effect of Ri-Dgel was the highest among the siRNA
generating dsRNA formats tested in this study.

Conclusion

Here, several types of dsRNAs which generate siRNAs by enzy-
matic cleavage in cells were developed and their persistence of
effect as well as RNAi efficiency were studied. The RNAIi effi-
ciency were evaluated by treating GFP expressing cells with
developed dsRNAs respectively. According to the results, hybrid
form of DNA and RNA (dsRDNA) showed higher RNAi efficiency
compared with dsRNA which is used as a conventional RNAi
reagent. As the hybrids of RNA and DNA form more networked
structures, the RNAIi efficiency was improved further. In
a specific condition, X-RDNA and Ri-Dgel showed 8 times and
9.3 times higher RNAI efficiencies than dsRNA, respectively.
This improved efficiency was attributed to the branched struc-
tures of nucleic acids which protected the RNAs from RNase

© 2023 The Author(s). Published by the Royal Society of Chemistry

attack. The improved protection of RNA moieties in the nano-
structures enhanced the persistence of the siRNAs and the RNAi
effect lasted longer than simple dsRNAs. Based on the results,
the nanostructured DNA-RNA hybrid materials are expected to
be good candidates for RNA therapeutics with high and long
lasting efficiencies and will expand the applicability of small
dsRNAs for biomedicines. Furthermore, the hybrid nano-
structures would provide an improved and safe strategies for
long RNAs such as mRNAs which are currently spotlighted as
new vaccines.
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