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ABSTRACT

Engineered design of synthetic DNA/RNA molecules can generatdefireed structures that can easily ssbemble to

form nanoparticles with multiple functionalities. The identification and selection of highly potent siRNA sequences has
already beemccanplished for many gene targets, and the synthesis of sSiRNAs on a large scale has been achieved.| The field
of oligonucleotidebased nanotechnology for biomedical applications is just emerging, but will play an important role in the
delivery of siRNA. Inpatticular, oligonucleotidébased structural RNAi systems described in this chapter are promising as a
new generation of gene delivery carriers for cancer therapy.

RNA interference (RNAI) is a gene regulation mechanism initiated by RNA molecules th##ssexjuencepecific gene
silencing by promoting degradation of specific mMRNAs. Molecular therapy using small interfering RNA (siRNA) has shown
great therapeutic potential for diseases caused by abnormal gene overexpression or Mh&atoajor challengs b
application of siRNA therapeutics include the stability and effective delivery of siRNAvo. In this chapter, we discuss
recent advances in nanopartichediated siRNA delivery systems and the application of these systems in clinical trials for
cance therapy. Furthermore, we offer perspectives on future applications of siRNA therapeutics.
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INTRODUCTION MRNA cleavage [4,5]. After the dicer process, a short ds
iIRNA shows more specific cleavage of target mMRNA with

In order to activate the RNAi pathway, double strandeI proved oftargeting effects.

siRNA must travel through thieloodstream and gain access
to the cytosol of target cells. The hydrophilic nature anMETHODS
large molepular weight of siRNAs prevent th_e molecule.?o overcome the critical hurdles of siRNA delivery, various
from diffusing across the cellular membrane into the cell

therefore, modifications to the nucleic acid and geimraf delivery sytems have been proposed such as viral and

, : .__synthetic cationic carrier systems. To date, various viral
clever delivery strategies are necessary for the creation
. . systems have been developed to endogenously express
siRNA therapeutics.

shRNAs for gene silencing, and these systems include
STRUCTURAL DNA/RNA-BASED RNAI SYSTEMS retrovirus, adenovirus, ademssociated virus (A¥), and
lent virus [9]. The viral systems have the clear advantage of

RNA interference (RNAJ) has been recognized as thg high transduction efficiency and stable expression of

sequence specific silencing of target MRNA by a long dghRNAs for a prolonged perioddowever, many studies

RNA, e_nablmg effflcmt hsug;_resswn of gene and I?]rott)(ej'.n.have shown the potential drawbacks of viral systems such as
expression [1] After the first report on Caenorha It't‘,orresponding authors. Loutfy H Madkour, Chemistry Department,

elegans in 1998, this phenomenon has been verified in plagdculty of Science Tanta University, 31527, Tanta, Egypel:
insect, fungi, and mammalian cells [2]. RNAi is now+201026724286; Hnail: loutfy_madkour@yahoooen,
considered to be a highly preserved natural mesharipr ~'ha-madkour@gmail.com
the regulation of gene expression in many organisms. Onceigtion: Madkour LH. (2021) Nucleic Acids (DNA/RNA) as
long dsRNA is introduced into the cytoplasm, it isNanoparticles Structures for siRNA Delivery Medical Applicatiods

; Pharm Drug Re<(2): 470-479.
processed by an RNase tylbeenzyme (dicer) to generate a
short dsRNA fragment of 2125 base pairs [3]. The Copyright: ©2021 MadkourLH. This is an opemccess article distributed
processed dBRNA fragmentcan beloaded onto the RNA under the terms of the Creativ€ommons Attribution License, which
induced silencing complex (RISC) and an antisense RNggc:mits unrestricted uselistribution, and reproduction in any medium,

) . vided the originahuthor and source are credited.
strand serves as a sequespecific guide for targeted
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risk of mutation,high initial immune response, nonspecificRESULTS AND DISCUSSION

tisste distribution, and undesirable inflammation. Naral . .
and synthetic cationic carriers are another class of SiRl\ﬁecently, a variety of s_tructura])NA/ RNA-based RNAi
delivery system. systems (structural RN_Al sywns) have been_ suggestgd to
resolve the aforementioned problems of siRNA delivery.
Positively-charged polymers, peptides, and lipids have be&tructural RNAI systems mimic endogenous longR&#A,
widely utilized to formulate siRNAs into a compactbut are prepared by synthetic or equivalent methods to
nanoparticle facilitating the intracellular uptake of siRNAs resemble the thiapeutic efficacy of siRNAs. The
[10]. The main mechanism of preparation of nanoparticlereparation oftructural RNAi systems can be as simple as
complexes is an electrostatic charge interaction betwebase pair hybridization and bioconjugation, or as
anionic nucleic acids and cationic carriers agueous complicated as 3D nucleic acid nanotechnol¢@gble 1).
solution. It is similar to that of cahic delivery systems for The concept of structural RNAi systems is to overcome the
plasmid DNA (pDNA), however, there is a huge differencghysical drawbacks of siRNAs, while providingrustural
in the physical behavior of siRNA compared with londlexibility to generate more condensed and stable
pDNA. siRNA is known to be more rigid due to its flikk  polyelectrolyte complexes. In addition, some of the
helical structue, having a relatively low charge density, anduggested structural RNAI systems aim to act as cdraer
it remains difficult to formulate compact and stable siRNAlelivery systems for siRNAs. Thigproach is particularly
complexes with conventional cationic carriers [11,12]. Tanique due to the fachat the structural DNA or RNA itself
simply achieve enhanced particle stability, the addition of azan serve as a delivery carrier in addition to functioning as a
excess amount of cationic mensing agent is often carriedtherapeutic drug. In this chapter, we have focused and
out to formulateuncompromising siRNAs. However, thisemphasized the current advances and technological
nonspecific and excessive positive charge omlevelopments in structural RNAi systems. The stuval
nanocomplexes can cause severe cytotoxicity and immuR®&lAi systems are beginning to show promise, however, the
responses. impact on the RNAI field and gene therapy will be realized
shortly through the persistent interdisciplinary research in
diverse fields.
Table 1. Pros and cons of structural DNA/RN#ased RNABystems.

Types of siRNA structure Pros/Cons
Long linear siRNA and branche Linear siRNAs [13] High charge density for polyple
siRNA delivery formation, enhanced  seru

stability, and cellulauptake.

Only one gene target ar
relatively fast degradationf dong
SiRNAs.

Linear siRNAs having twc Effective dualtarget gene

different RNAsequences [14,15] knockdown.

Branched siRNAs [16] Multi-gene targeting at the san
time and the synergistic efft of
co-delivery.

Gene silencing of different targ:
genes athe same time.
Higher charge density than lor

linear siRNAs.
Sustainance of RNAi effectén
Vivo.

siRNA micro hydrogels [17] Enhanced cellular uptak
compared with multimesiRNA
in vitro.

Higher binding capacity with lov
molecular weight (LMW) catinic
carriers compared with linee

SiRNAs.
Linear siRNAs with aptamer| Active targeting effect ant
[18,19] minimization of immuneesponse
problem.
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Endolytic activity of aptamers i

not clear.
Threedimensional RNA nanoparticles [2@2] Thermodynamically stable an
oligonucleotide structures  for good resistance to seru
SiRNA delivey ribonucleasén vivo.

High cost and size limit foRNA

synthesis.

Difficulty in RNA NP synthesis
and low retention time in serum ¢
patients.

pRNA structures [226] Generdly stable to changes i
temperature, salt, and pH.
Can deliver various molecules
cell-surface receptors.
Higher genesilencing effect thar
the naked siRNAs.
Degradation by RNasa vivo.

DNA nanostructures [27] Chemicallymodified
oligonucleotides & used to
increase the plasma stability,
well as to reduce the immur
stimulation.
Defined threedimensional
structure can govern the dens
and spatial orientation of th
ligands.
Good for delivery of siRNA
ligand conjugates.

DNA/RNA ball technology RNA micro sponge/ball [28,29] | Enhanced cellular uptake «

siRNA with a high cargeapacity.
Good silencing effecti vitro and
in vivo.
RNA structures with variou:
shapes can be prepared.

DNA scaffolds [30,31] Enhanced stability fol
microscopic DNA stratures.
Shape of DNA structures ce
facilitate the endosomal release
SiRNAs.

. - . genetic disorders, as well as for pain management. In the last
RNA ‘interference (RNAI) is a process by which RNAlO years atremenéj%u§ effort has Peen made in biomedical

mo_l ecules " wi th sequences .therapel.rlﬂg alip&iégtion of Serneysilencilgg in Aumafls® Ph&s8 P
coding sequence, induce degradation of correspondin

) . studies of siRNA for ther¢atment of ageelated macular
messenger RNAs (n¥RAs), thus blocking the translation of . . d ; .
the mMRNA into protein [32.33]. RNAI is iridted by degeneration and respiratory syncytial virus provided

. : . romising data with no sign of nonspecific toxicity [36,37].
exposing cells to long dSRNA via transfection O'Efowever, there are manyhallenges to be overcome for

endogenous expression. dSRNAS. are processe.d Into SmasllﬁNA cancer therapeutics, including safety, stabilitpd
fragments (usually 21 23 nucleotides) of small interfegn effective SIRNA delivery

RNAs (siRNA) [34], which form a complex with the RNA
induced silencing complexd85]. Introduction of siRNA The major barrier facing siRNA therapeutics is the
into mammalian cells leads to downregulation of targedfficiency of delivery to the desired cell type, tissue, or
genes without triggering interferon responses [34prgan. siRNAs do not readily ags through the cell
Molecular therapy using siRNA has showreat potential membrane due to their size and negative charge. Cationic
for diseases caused by abnormal gene overexpressionliposome-based strategies are usually used for the cellular
mutation,such as various cancers, viral infections, and delivery of chemically synthesized d@m vitro transcribed

SciTech Central Inc
J Pharm Drug Re§JPDR) 481



J Pharm Drug Re¢4(2): 480503 Madkour LH

siRNA [38]. However, there are many problems with lpid sSiRNA strand were functionalized with free thiol groups, and
basd delivery systems vivo, such as rapid clearance bythese thiolmodified RNA strands were utilized to form a
the liver and lack of targetissue specificity. Delivery disulfide-polymerized polysiRNA. The polymerized siRNA
systems can be categorized into physical methodsad a broad range of bp length in the order af1B00 bp
conjugation methods, and natural carrier (viruses arnd3]. In the complexation experiment with a low molecular
bacteria) and nonviral carrier methof39]. DNA-based weight polyethylenimine (LMWPEI) (MW: 1800),
expression cassettes that express short hairpin RNIysiRNA formed condensed and compact nanguexes
(shRNA) are usally delivered to target cells ex vivo by at a weight ratio of 1.25 and a size of 235 nm, while mono
viruses and bacteria, and these modified cells are thennaked siRNA generated large and loose particles with a
reinfused back into the patient [40]. The popular adenovirusize over 1000 nm. The stability of pedjRNA was also
and adenassociated viruglerived vectors provide efficient confirmed by a heparincompetition assay and serum
delivery for shRNA expression [41However, there are stability assay. The salts revealed that pol§iRNA was far
problems with delivery using viral vectors, such asnore condensed, overcoming the serum degradation and
insertional mutagenesis and immunogenicity [42]. Nonvirdleing more ionically stable than mesiRNA. In addition,
gene delivery systems are highly attraetfer gene therapy in vitro cellular uptake and gene silencing experiraent
because they are safer and easier to produce than virafified that polysiRNA has a greater efficienower mone
vectors. siRNA due to its high charge density and stability under

Nanotechnology has made significant advances in tﬁ%rmulated conditions.

development of efficient sSiRNA delivery systems. Currentok [14] highlighted thein vivo efficacy of long linear
nonviral delivery systems can be categorized as organic asiBRNA (Figure 1). Multimerized siRNA (multisiRNA) was
inorganic [43]. Organic complexes include lipid complexesprepared by utilizing a cleavable and ndeavable arss
conjugated polymers, and aatic polymers, whereas | i nker [ ‘et ]of each RBA said had a thiol
inorganic nanoparticles include magnetic nanoparticleBjnctional group, which later reacted with a short cross
guantum dots, carbon nanotubes, and gold nanopatrticles. linker to produce a muksiRNA. Since this study utilized
both a cleavable and nareavable linker, a detailed study
igél{l\cﬂ,ﬂj{gmgmc SIRNA DELIVERY of the gene silencingn_gchanisrr_] of muHsiRNA was
accomplished. For mulBiRNA with a cleavable linker,
In order to properly induce systemitvivogene silencing, a once it is internalized, it can dissociate to maifRNA due
large amount of siRNA (@ mg/kg) has often been requiredto the reducing conditions in the cytoplasm as a result of
[44]. However, due to the immune response triggered lglutathione (GSH). However, in the case of msiR@NA
excessive RNA materials and cationic carriers, practicalith a noncleavable linker, dicer is needed to process the
applications oRNAI gene therapy have been hampered [45nulti-siRNA to generate short eBNAs by random
47]. High nolecular weight siRNAs were first proposed incleavage. Therefore, the cleavable linker provided a more
2007 to improve the physical drawbacks of short rigie dsequencespecific degradation of mRNA. In vivo
RNA [48]. For polyelectrolyte complexation, a more flexibleexperiments have revealed that msIRNA show far
chain of dsRNA is favorable to form catensed and enhanced gene silencing efficacy as compared with naked
compact nanoparticles with cationic carsieHowever, as SiRNA. Immunostimulation upon the injection of multi
compared with plasmid DNA that shows a very flexiblssiRNA has also been investigated, and both cleavable and
nature, siRNA has a rigid rdike structure with an non-cleavable multsiRNA showed a relatively low level of
estimated length of 7 nm. Since the persistent length -of dsterferon alpha IEN-U ) when formul ated w
RNA is over 260 bp [@51], siRNA cannot be easily (LPEI). It is important to note that, when noleavable
formulated using conveional cationic carriers that are multi-SiRNA was formulated with N[1-(2,3-dioleoyloxy)
designed for the delivery of pDNA. The physical problemgropyl]-N, N,  N-trimethylammonium methylsulfate
of short dsRNA have been wellocumented in various (DOTAP), a massive increase in IRl was obser ved
studies, and the advantages of high molecular weightggests that immune stimulation is highly affected by not
siRNAshave been highlighted [48,52]. only the genetic material itself but also by the delivery

i i rriers.
Long linear siRNA carriers

ual gene targeted multimeric siRNA conjugates (DGT
ulti-siRNA) was developed to induce simultaneous gene
Rnockdown of two seleate proteins (green fluorescent

rbsf%tein (GFP) and vascular endothelial growth factor

Previously, various methods for preparing long linear siRN/ﬁI
have been investigated. Simple sticky overhan
hybridization and bioconjugation of each sense and antise

strand of siRNA has mainlpeen proposd to generate : :
multimeric blocks of siRNA. Among tlse, a cleavable (i\r/oEs(-s;Ili:rR(.ersUSIgg sg?l;e;p Cfﬁgab;itvga:m;gg\é?g:
r_ )

disulfide linkage between siRNA strands has been popula Y)ntaining multimeric SIRNA was prepared by the thiol

utized [535 5] .  -rds of GidNjsense and antisensi”haleimide reactionfo t Jersl of 3hNj functional group of
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Figure 1A. Schematic illustration of mulsiRNAs with cleavable and nearleavable linkageslB. Gene silencing effect of
multi-siRNA with LPEI complexeén vitro andin vivo. (a) Relative GFP expression of LPEbmplexes with naked/mudti
SsiRNA at various siRNA concdrations inMDAMB-435 cells. (b) GFP fluorescence intensity of LPEI complexes with
naked/multisiRNA at various N/P ratios (siRNA concentration=180 nM). (c) Relative VEGF expression of LPEI canplexe
with naked/multisiRNA at an N/P ratio of 15 and 20,chvarious siRNA lengths (siRNA concentration=90nM) in PC3 cells.

p b 0:05, p b 0:005 compared with the control; ns=not significanin(divo optical images (upper panel) and guantitative
analysis(bottom panel) of GFP expression intensity of the tunfitar docal injection of LPEI complexes with naked/multi
siRNA (n=46). p < 0.005; ns=not significant. Multimeric small interfering ribonucleic acid for highly efficient sequence
specific gene silenng.

the RNA and crosslinker [15]. It is interesting to note that, aargeted gene delivery due to their various advantages such a
the same concentration, the DGT mugiRNA induced high specificity and binding affinity, low immune
enhanced gene sileing of target proteins as compared withstimulation, and the ease of preparation [18]. Amucin 1
the mixture of single gerrgeted multimeric siRNA. Since (MUC1) DNA aptamer was used as a targeting ligand for
simultaneous ikncing of multiple upregulated genes iscancer cells becaeMUCL is highly overexpressed in
highly attractive for anticancer treatment, the surviving anahalignant adenocarcinoma [10,18]. To prepare the eomb
Bcl-2 genes have been dual targetathd a synergistic type aptamérsiRNA conjugats, antisense strands of siRNA
apoptotic effect on cancer cells was achieved. To furtharere first multimerized with a cleavable disulfide linkage,
evaluate the enhanced gene silencing duattargeted and later MUC1 aptamesense strands were hybridi to
SsiRNA delivery, dimerized siRNA was synthesized with dorm a linear multimerized dsRNA structure with repeated
cleavable disulfide bond [56]. Unlike muKkiRNA that is introduction of MUC1 aptamers. As compared with the
the mixture of various long dsRNAs such as a mixed direct one to one conjugate of MUC1 aptamer and SiRNA,
population of multimers, the dimerized siRNA can offer @&nhanced uptake of the corpe aptamdrsiRNA
betterquality contol for synthesis. As compared with conjugates were achieved in MQFcells It is likely that
monomer siRNA, dimerized siRNA showed far enhancethis enhanced intracellular uptake of multivalent cetyye
complexation behaviors with cationic polymers. Initidd, aptamessiRNA conjugates (ComBpt-siR) is attributed to a
enhanced intracellular delivery and gene silencing could Ineore favorable chance of contact with MUC1 and/or the
achieved with the dimerized siRNA with a polydidne synergistic effects of multivalent aptamers for endocytosis.
glycol (PEG) madification to improve the serum stability ofHowever, gene silencing of Corfpt-siR without an
nanocomplexes. additional cationic carrier was not achieved due to the lack
of endbsomal escaping properties. This study highlighted the
fhultivalent ligands can greatly enhance the intracellular
delivery efficiency of ComiApt-siR [19].

Multimerized siRNA systems have been utilized as
scaffold carrier for the delivery of aptamsiRNA
conjugategFigure 2). An aptamer is a short oligonucleotide
with a high tinding affinity for various target molecules
including small molecules, peptides, and oligonucleotides.
Aptamers have been widely used asveioligands for
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Figure 2A. Schematic illustration of the synthesis process of multivalent égpdaptamérsiRNA conjugates (Conmtipt-
siR). 2B. Gene expression effects of CoApt-siRs. (a) Gene expression effect analysis of GépbsiRsusing confocal
microscopy. (b) Fluorescence intensity of Cofiit-siRs in MCF7 cells. (c) Relative GFP expression of CeAit-siRs in
A549 cells (*p < 0.01; ns=not significartMultivalent combtype aptamérsiRNA conjugates for efficient and selective
intracellular delivery.

Branched siRNA Depending on the mixture of dimeric andsiaped SiRNA,
gighly branched and dendrimike structures were
enerated, and this networked structure could form RNA
. ; micro hydrogel. The porosity and networked structure of
Unlike the natural RNA strands that are quickly degraded BNA  micro hydrogel could be controlled by simply

biological fluid, functional RNA structures may pide a . . . : S
prolonged RNAI effect due to their increased serum stabilit'{zlcr(_}aslng the ratio of Y shaped siRNA over dimeric RNA.

and charge density [57]. Nakashima et al. reported t
synthesis of a branched siRNA structure with three four
way junctions [16]. By simple base pair hybridization, trime
and tetrame RNA were efficiently seHassembledFigure
3). To evaluate their prolonged RNAI effects, these branch

As an alternative to long linear siRNA, branched an
dendrimerlike siRNA structures havebeen developed.

ried state an-swollé seatenin aqueous h e
solution. The highly networked structure of siRNA micro
hydrogel offers a greater charge density that facilitates the
‘?c_ mplexation with a weakigharged cationicarier such as
. X . El (MW: 2500). At a nitrogen/phosphate (N/P) ratio of
;l;lt';lits;r;;g::g r\:\lljirIZaggb\?vtaes im;hstrg:teﬂcibriggrége&gﬁ’ _highly condensed nanocomplexes could be prepared with
' size of 120 nm. The compact nanocomplexes of RNA

the linear RNA substrate, the bcired RNA structures L .
. ) hydrogel and LPEI under 150 nm in size were highly
produced active 21 bp SIRNAS at a much slower rate. Tré%‘icient for inducingthe nternalization of these particles

prolonged generation of SIRNAs under cytosolic caads into cells via an endocytic pathway. In addition, due to more

can enhance the overall duration of the RNAI effect, therquvorable condensation with mild cationic polymers, the

maximizing gene regulat_ion under vayious applications. TQ%RNA micro hydrogel exhibited far enhanced gene
tetramer RNA resulted in stable luciferase gene silencin lencina compared with the monomeric and multizet
over a period of 5 days without chemical modification oLRNA 9 with P negligible cytotoxicity. At a SIRNA

RNA bases. concentration of 72 nM, the siRNA micro hydrogel/LPEI
In addition to the simple branched RNA structure, more€omplexes showed significant gene silencing effects (52.8%
complex dendrimelike structures of siRNAs were reduction in GFP expression) over the monomeric
developed by Hong [17]. Two types of RNA dendrimer wersiRNA/LPEI (37.7% reduction in GFP expr&ss). Dicer
prepared by the simple hybridization of dimeric SiRNA angbrocessing of a highly networked structure of RNA has been
Y-shaped siRNA(Figure 4). The dimericand Y-shaped verified. Random dsiRNA fragments could be generated
siRNAs were synthesized by the use of a-pleavable from siRNA hydrogel, and the processed shoHsiERNA
crosslinker  of  1,&is(maleimidodiethylene)  glycol participated in the RNAi mechanism.

(BM(PEG)2) and tr[2-maleimidoethyljamine (TMEA).
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Figure 3A. Schematic illustration of thbranched RNA structure with siRNA and RNAI process of structures. (a) Trimer
RNA. (b) Tetamer RNA.3B. Gene silencing effects of branched RNA structures. (a) Trimer RNA. (b) Tetramer RNA.
Effects of branched RNA analysis after 1, 3, and 5 days in Hells &NA concentration= 25 nM). (Reprinted with
permission from Branched RNA nanostruates for RNA interference.

Gold nanoparticles (AuNPs) can also be used to prepadevel carriers for poly/multimeric siRNA delivery
multimerized and higlyl branched RNA structures [58]. : I . . L
Various cationic carriers for poly/multimeric siRNA have

AuNPs have received much atlem as an excellent .been developed. Unlike monomeric siRNA that requires a

nanoplatform for biomolecule conjugation due to theif. L :
. o igh cationic charge density for stable polyelectrolyte
excellent biocompatibility, controllable morphology, an . - .
complexation, lower catiooally-charged and relatively

ease of surface functionalizatiorf {,58]. Since AuNPs can small molecular weight carriers have been utilized for the

readily react with thiolcontaining RNA molecules, siRNA . 4 A
immobilized AuNPs have been investigated for efficienFel!Very of poly/multimeric SIRNA [14]. Due to rgduced
cationic charges on carriers, the serum stability and

cellular uptake and gene inhibition [B22]. Kong and - ; ;
o . cytotoxicity of siRNA/carrier complexes have been resolved
coworkers utilized 5 nm AuNPs as a platform to build™. . : .
with more potent gene silencing as compared with that of

multimeric/branched RNA structures. TiBeBipds of thiol e : . .

functionalized RNA strands were immobiliztnu;prepare the Monomeric SIRNA delivery [63,64]. For instance, thiolated

sense and antiseng@INPs. Once the two different AuNPsegCOI chitosan (TGC) polymer has been developed to
) formulate a stable nanoparticle structure with pERgNA

were mixed together, they formed multimerized SIRNA- (M hrough chargecharge interadbn and chemical crosslinking

siRNA) crosslinked by AuNPs. Due to the distinct optic . . . .
propertiesof AUNPs, formation of MsiRNA can be verified 65]. U_pon wealchargeinteraction with polysiRNA, _the
TGC first formed loosely bound structures, enabling the

by UV-VIS measurement, exhibiting a blue shift in the. L .
absorbance spectrum. Under reducing conditions, -thi?)t'ght crosslinking of glycol chitosan (GC) polymers for the

modified siRNAs were released from the surface of AuNF%eneratlon of more condensed nanostructures (size ~300

ready for the formation of RISC without dicprocessing in fim). The condensed nanocomplexes were sensitive to

the cytoplasm. The prepared&RNA by AuNPs with LPEI reducing - conditions, and 19 mM .dlth|othre|tol (DTT)
ot{;eatment allowed the totatlissociation of monomeric

(25 kDa) showed enhanced intracellular uptake - of NA from the complexes. There were several advantages
nanocomplexes as measured by computed tomography ( 5 ) TGC polymers as compared with strongtiamic

imaging, and efficient targeted GFP and VEGF geng
siler?cir?g was achieved in MgDNIB-435 cells. 9 polymers such as PEI. When TGC polymers formed

nanocomplexes witpolysiRNA, their surface was slightly
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Figure 4A. Scheme of the synthesis of multimeric sSiRNA-EMRNA), dimeric by ¥shaped siRNAs (D¥%iRNA), and
branched by Yshaped siRNAs (YY8&NA). 4B. AFM images of siRNA/LPEI complexes and gene silencing effects. (a)
Monomeric siRNA/LPEI, MsiRNA/LPEI, DY-siRNA/LPEI, and YY-siRNA/LPEI (scale bar = 400 nm). (b) GFP gene
silencing effects of sSiRNAsS/LPElI complexe&ene silencing by siRNA microbyogels via polymeric nanoscale
condensation.

positive (zeta potential of 3.55 mV) and showed enhancadany types of cancer cells, the active targeting of TR&R a
stability against physiological anionic proteins or the intracellular delivery of therapeutics to tumor tissweha
carbohydrates. This allowed the effige passive targeting been attempted [66]. However, natural TF does not have
of tumors by systemic injection of peBIRNA/TGC sufficient binding affinity for the short nucleic acid drugs
complexes. Unlike the strong cationic PEI carriers that terslich as siRNA, thus is unable to serve as a carrier for
to accumulate in the liver, the TGC carriers exhibitegenetic drugs. Tamprove the molecular interaction between
reduced nosspecific accumulation in the liver and otherRNA drugs and TF, pgtsiRNA has been utilized along
organs, ad extremely high accumulation in the tumor tissuewith thiolated TF (tTF). Due to the increase in charge
The therapetic efficacy of polysiRNA/TGC has been interaction of polysiRNA and tTF, polsiRNA/tTF could
tested in tumcbearing mice, and effective tumorgenerate a loosely conjugated state followed byight
suppression has been achieved upon systemic injectioncohdensation process to form nanoparticles through the
anti-VEGF poly-siRNA. disulfide crosslinking of tTF. To prepare tTF, TF was
Transferrin (TF), a sem protein, is considered to be a gOOJun%tiqnalized ;\Iith 2imir_10thio||an§s7 L:cnder r(])_xyllgelimiting
candidate for an efficien SIRNA carrier due to its o ltions, and approximately 8.7 free thiol groups were
biocompatibility and tumor targeting ability Since'mmducecI on TF .P.OJ'WRN.A and tTF formed st_able

X complexes with a mixing ratio of 1:1@v/w). The particle

transferrin receptors (TFR) are highly overexpressed 8ze before and after the crosslinking process was measured
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by dynamic light scattering (DLS), and the size oproblems of cationic delivery carriers, various self
complexes was decreased to 343 nm. The formulated podssembled structures of short oligonucleotides have been
SiRNAATF complexes were systemically introduced t@xplored. DNA and RNA molecules are genetic and
tumor bearing miceand their biodistribution was obtainedinformative materials; however, they can also serve as an
by realtime in vivo nearinfrared fluorescence (NIRF) excellent genuine material to preparerm complex and
imaging. The results confirmed that siRNA/tTF complexehigher ordered structures for various applications [71]. As a
showed tumosspecific active targeting asell as moderate result of the good biocompatibility and biodegradability of
accumulation of these particles in the livespleen, and DNA and RNA moleculesmultifunctional selfassembled
kidney. Since TF served as both an active targeting ligaménoparticles were prepared for drug delivery by a simple
and a carrier, there was no use of additional cationrogranmable hybridization of complementary strands.
materials in this study of this chapter, and effective targeThese nucleic acid nanoparticles clearly show structural and
genesilencingin vitro and in vivo was achieved without compositional advantages over the conventional carréand
cytotoxicity. various siRNA delivery applications are highlighted in this

Similar to transferrin, human serum albumin (HSA) has beecrpapter.

widely utilized as a drug carrier, owing to its excellenRNA-based nanoparicles for siRNA delivery

physical and biological properties such as water squbiIit)(,arious naturallyoccuring RNA structures have been

plasma stability, low toxicity, and reduced immunogenici%t”ized in living cells as gene regulatory materials for

[67,68]. It is aso known that HSA shows a relatively high RNA transcription, matation, translation, degradation,

uptake in tumor and inflamed tissue. Abraxane is the belY . I X A
example of a commercialized alburtiased formulation for and the catalytic activity of ribozymes [72,73]. For synthetic

anticancer drug delivery, and under cellular stiesscing 2yt 858 BTORETERS, 0 B o o g ave
conditions, HAS been preferentiallfaken up by fast P

growing tumors as the main energy source for growth ar]igr tumor targeting, multivalent characteristi for various

maintenance. For successful encapsulation of -pistA conjugation, and ease of chemical modification. Naturally

within HSA, the thiolated HSA (tHSA) was synthesized b r.l.sy”(;hfe“ca"y gebr;.e‘“ed RNA m.of'fs ar.‘f] modulus can be |
reacting the amine groups of albumins with Traut's reage &llze_t_ or as754e7rg m_lghnan(_)partlc ?S \;V'tl var;?uststruciura
[69]. Thiolaed HSA was utilized to encapsulate the poly b:‘éﬁ:zus; a[ ] IS IS particularly attractive 1o
siRNA by selfcross linking via disulfide bond formation,
generating stable pol§iRNA/HSA nanoparticles. The
optimized formulation resulted with nanoparticles under
size of 200 nm, which showed enhanced tafluptake by

nd clinical applications, since timevivo fate of
nanoparticles is governed by their sizstructure, and
gomposition [21,23,24,787]. The seHassembled nucleic
acid nanoparticles can offer modulation of the therapeutic
half-life, biodistribution, cell-specific internalization, and

albumin transcytosis, and effectiwe vitro gene silencing excretion [88]. Moreover, high affinity aptamers can be
was achieved at a siRNA concentration as low as 50InM. . ol , NIgN € y ap
incorporated into the nucleic acid structures for targeted

vivo systemic gene silencing testing has revealed tumodr i d the int llul tak b

specific accumulation of polgiRNA/tHSA complexes and elivery, an € Intracefiuiar uptake process can be more

the inductionof effective tumor suppression over a period opremsely controlied [89).

30 days. Therefore, along with pedyRNA, the sel Among various RNA anoparticles, selissembling RNA

crosslinked HSA nanocarrier system could be a potentelanor i ngds by inverse kissing

candidate for the systemic delivery of siRNA therapeutiagpated for the delivery of siRNAFigure 5) [20]. Among

for safe and effective anticancer genertpy. the polygons, a hexamer nanoring structure was selected to

Three-dimensional RNA/DNA structures for SiRNA provide a thermodynamically stable structgreaerelatively

delivery applications I_o_w _RNA concentration. As semb
distinct size and shape thatncée later loaded with six

Although the conventional formulation of siRNA deliverysiRNAs by simple hybridization on helical stems.

using cationic materials has shown some promida irivo  Interestingly, the assembled nanoring structures show

animal studies, nompecific charge interactiedriven improved serum stability, butre also processed by dicer to

complexaton of cationic carriers and anionic siRNAs haverelease the loaded siRNAs. When RNA kissing loop

shown multiple drawbacks. These include the heterogeneamnplexes with iRNAs were delivered toMDAVIB-231

size, composition, and surface chemistry of the formulationells, efficient GFP gene silencing was achieved [22].

Due to the lack of precise control of such properties, variedllthough there exist various advantages of functional RNA

in vivo biodistribution andpharmacokinetics have beennanoparticles there remain three major drawbacks for

observed, as well as a lack of correlation betwigenitro SiRNA delivery: 1) cost of long synthetic RNA, 2)

and in vivo studies. Consequently, undesirable andompkxity and difficulty in generating 3D RNA NPs, and 3)

unpredictablein vivo performance of cationic carriers hasshort blood haHife due to serum nuclease and renal

been reported elsewhere [2,64,70]. To overcome the curréifttation. To resolve the aforementioned matter, RNPs
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is enzymatically prepared by @mvitro transcription process L a st FRd,UMB 8] c an be ut il FFzed t
using T7 RNA polymerase. Toptimize the selhssembly modification on RNA strands in order to highly imprave
conditions, Mn2+ was additionally applied to the incubatioserum stability against nucleases [22].

solution to result in a high yield preparation of RNA NPs.
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Figure 5A. Synthesis process of functionalized RNA NP (nanoring) and release of siBRA&nalysis of genexpression
effects using fluorescence microscopy and flow cytometry inMDARBR/GFP cells. Cdranscriptional assembly of
chemically modifiedRNA nanoparticles functionalized with siRNAs.

To further apply RNA nanogsiiRNAA.s, Fimualtliyf,unfcun otniad naRNAn ar
nanoparticlehave been developed for broad applications ingainst HI\V1, and their sitespecific cleavage against six
nanomedicine. Double stranded RNA is utilized toegate different rggions of HIV-1 has been verified. Complete viral

a nanoring scaffold by the toehold interaction. The nanoririghibition was obtained at 1 nM concentrations of
scaffold can be further functionalized with variousmanor i ngos. Aup odppreach ofb RNA o m
molecules such as siRNAs, aptamerspifiscence dyes, and nanotechnology, to generate functional nanoparticles for
proteins. The multifunctional RNA NPs shows enhancesiRNA delivery, is the use of the DNAvackaging motoof

uptake and gene silencings compared with an equalthe bacterial virus phi29 [25]. Six copies of packaging RNAs
concentration of duplex RNA molecules. These results a(BRNA) molecules can form a hexatric ring as a critical

similar to the report of multimerisiRNA delivery, and part of the motor. These molecules can be utlized as a
prolonged gene shcing was also achieved using théuilding block to form supramolecular structures such as
multifunctional RNA NPs. It is likely that the multivalency RNA twins, tetramersand arrays by the intermolecular self

of RNA nanoringds can be atasbbmbky ofo @galei nednrépdsnotteedt esgrude n
prolonged effect of RNAiin vitro. Similarly, for in vivo and right loop [9092]. It is known that these sedssembled

tumor suppression experiments, the intratumimjakction of RNA nanostructures show good stability against changes in
multifunctional RNA NPs was conducted, achieving up to eemperature, salt, and pH [25]. ®to the small size of these

sixfold enhanced GFP gendescing as compared with ds pRNA nanostructures, they have advantages in cell surface
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interactionas well as internalization. This physical propertyallow precise controbf spatial orientation and density of
is particularly pertinent to the delivery of therapeutics anthrgeting ligands, which cannot be controlled by any other
molecular imaging agents, and the bottomassembly of synthetic nanoparticlsystem.

s;::l/ér;lgzatf)fgﬁil ]%F;p;fgh t:ﬁéggogrseparatlon of appropna]t_eee et al. have reported the use of tetrahedron DNA

nanoparticles for the targetéd vivo delivery of folic acid

The trimer pRNA structure, harboring siRNA or otherconjugated siRA (Figure 6). The DNA tetrahedron,
therapeutic molecules, has been fabricated through tbensisting of 186 bp, sefssembled from six DNA strands
interaction of engineered right and tlefterlocking RNA to prepare molecularfidentical oligonucleotide

loops [26]. pRNA with a single strand stem loop does notanoparticles (ONPs). The six edges of the tetrahedron are
require additional likers to incorporate cargo materials30 bp long, with an estimated size of 10 nm. Each edge
within the structure [93]. In fact, the trimer pRNA iscont ains a nick in the-andddl e,
multifunctionalized by incorporating aptamers for cell3-Njligonucleotides meets. To properly incorporate SiRNAs
surface targting, heavy metals, fluorescence dyes, anidto this system,2bp over hangs aendof added
radioisotopes for molecular imaging and diagnosti®].[2 each DNA strand. As a result, six siRNA strands can be

The pRNA/aptamer (CD4) has shown enhanced binding aagplied to each tethedron DNA nanoparticle (one per
accumulation of these chimeras on a Girexpressing edge). In addition, fom vivo applications, RNA strands are

thymic T cell line. The intracellular entry fothe chemi cal |l y mO~Ne tb redude theipotdntial2 Nj
pRNA/aptamer has been confirmed as endocytosis whimune response as well as to improve the serum stability
membranebound molecules. Effectivein vitro gene [100].

regulation by antCD4 siRNA has also been achieved in

targeted manner. aI'he resultant ONPs have a hydrodynadiemeter of ~28.6

nm, which is suitable for the avoidance of renal filtration,
Although 117 nt long pRNA has shown effectivewhile passively being delivered to tumors via the enhanced
intracellular delivery of vadus therapeutics into specific permeability and reteitn (EPR) effect. Since the hybrid
cancer or virainfected cells, the chemical synthesis of suCDNA/RNA nanoparticles show strong negative surface
long RNA is not commercially feasible. To overcome thecharges,the intracellular uptake of these particles is not
synthetic drawback, Yi [94] developed a bipartite approadavorable by chargeepulsion between the particles and cell
to prepare a pRNA structure from two synthetiNAR membrane. To enhance the interfacial interacti@arjous
fragments with variable modification. The two individualtargeting and celpenetrating ligands have been introduced
synthetic RNA strands are sefsemldd, and readily tothe ONP system to fdicate the intracellular uptake of the
formed a dimeric pRNA structure similar to that of wilghbe  particles. Targeting ligands are selected from broad
pRNA. The viral assembly and DNA packaging activity oimaterials such as peptides, small molecules, and sugars.
bipartite pRNA were compad with wildtype pRNA, and Many cationicpeptides show false positive enhanced uptake
their ability was similar. In addition, am vitro gene data due to their negpecific interaction witltONPs through
silencing tet confirmed that the bipartite pRNA/SIRNA electrostatic interactions, forming larger aggregates. Very
could induce effective gene silencing in a targeted mannéew cationic peptides allowed particle stability at neutral pH,
with the incorporation of a folate ligand. To improvee th however these did not siwoenhanced uptake of the ONPs.
multivalency of pRNA, a pRNAX motif was developed by Among the screened ligands, folic acid (FA) has shown a
opening the rightand loop and introducina further nine concentationdependent gene silencing effect. FA receptor
nucleotides within the system [24]. An X motif providesoverexpressing KB cells were utilized to verify the receptor
functional arms for four guest molecules, and is prepared byediated uptake of these particles. Since polgdredNPs
assembling four differdrRNA oligonucleotide strands. The can precisely control the ligand density and location,
pRNA-X motif is thermodynamically stable at ambientstructure function studies ofarious ligand densities and
temperatureand can provide multimodule functionalities toorientations on ONPs have been conducted. It has been
carry four different cargo materials such as aptamershown that at least three FA ligands are required to induce
targeting ligands, and siRNA. appropriate  GFP gen silencing, and that their ligand
orientation also affects the gene silencing efficiencyis It
likely that a higher local FA ligand density may influence
Various polyhedron DNA nanostructures have beethe intracellular trafficking pathway of ONPs and the
developed by Turberfield B) and Mao [96]. These include corresponding gene silencing [27].
tetrahedron, cube, dodecahedron, and buckyball structurﬁgrge_scab preparation of DNA nanostructures for
Similar to that of RNA nanostructures, 3D DNA :

. . . "translational study
nanostructures have been explored for imaging and delivery
applications [9799]. Due to the programmable assembly offhere has been much interest inlizitig oligonucleotide
DNA strands, the size and shape of nanoparticles can tesed drug carriers for gene delivery. Despite the advantages
easily controlled. In addition, various polyhedron particles

DNA polyhedron nanoparticles for siRNA delivery
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Figure 6A. Preparation of tetrahedronDNA nanostruct@B. (a) AFMimage of tetrahedron nanostructure. (b) Analysis of
gene silencing effects after intravenous irftiof ONPs in a tumor mousemodel (n=3). Molecularly-as§embled nucleic
acid nanoparticles foatgetedn vivo siRNA delivery, Nature Nanotechnology.

of precise size control, superior intracellular delivenproduct is sitespecifically cleaved to generate individual
efficiency, and god biocompatibility andbiodegradability, DNA fragments, which can later sesemble to form Y
many oligonucleotide nanostructures require multiple lonBNA nanostructures. The overhang sequences on each arm
nucleotide strands for sedfssembly [17]. The cost and havebeen designed to form stable hybridization with folic
synthetic problems in preparing long nucleotides clearlgcidconjugated siRNAs. In this study, 1 pmol DNA
hamper the practical use of DNA or RNfased template was amplified to approximately 1068 pmol
nanoparticles. In addin to the synthetic method of elongated ss DNA, and 213 pmol ofDINA structure was
preparing long oligonucleotides, there is an enzymatproduced. This approach is widely useful as mps
approach to prepare theses strands thatassémble to platform for the largescale synthesis of various DNA
generate  DNA nanostructures [101]. Rolling circlenanostuctures for therapeutic applications [105].

amplification (RCA) is one of the exahes of enzymatic . .
pregara'on of (DNA nanostructures. This method is a robusIPNA/RNA ball SIRNA  delivery
technique to generate elongated sirgjlanded (ss) DNA applications
around a circular ss DNA template under isotherma&olling circle replication (RCR) has been extensively
conditions [102104]. explored to overcome the instability of RNA and the low

Hong [105] demonstrated RGhased —enzymatic packing eﬁiciency of _the carriers. While ocamtional _
amplification of DNA nanostruares for the delivery of polymerase chain reaction (PCR) requires a thermal cycling

SiRNAs (Figure 7). A selfassembled Yshaped DNA process and is limited to amplification of short DNA

structure (159 nt) was used as the closed circular templ%%ggnneenrfﬁélRiRm'f]eas?s'sg;helg:al Eg%%ﬁggﬁcls g;i?r\fo'\lxhe
for RCA to generate long amplified DNA products. Site P y 9

speific cleavage can be achieved by containing Ps trands Ipy a proces_sweollmg mechamgm [106,107].

endonucleasepecific sequences in the open loop of the Y _ollmg circle r_necha_msms haye been widely at_dapted to
DNA junction. Inter and intramolecular setissembly of an d!fferent_ areas including genomics [108], proteomics [109],
elongated ss DNA product can form hybridization OElosensmg [110,111], drug delivery [112,113], and structure

palindromic Pstl sites without the @itlon of helper DNA uﬂdlng [11.4'1.15]' _The RCR 'Fechnlque ”S?fj for gene
strands. After treatment with Pstl enzy long ss DNA delivery applications is of special interest. Specifically,

technology for
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Figure 7A. Synthesis of Yshaped DNA (¥DNA) nanostructure via rolling circle amplification (RCA)B. AFM images.
(a) Elongated RCA productsb) Cleaved RCA products C. Gene silencing effeof FASIRNA and Y-FA-siRNA

conjugates using flowcytometry and fluorescence microscopy in-KB-Rells (siRNA concentration=100nM). Self
assembled DNA nanostructures prepared by rolling circle amplifichdicthe delivery of SiIRNA conjugates.

rolling circle transcription (RCT) involves T7 RNA for RNA interference were synthesized [113]. According to
polymerase that can continuously generate multiple singlthe formation process of RNAtructures, long replicated
stranded RNA copies from the template circular DNA. ARNA strands show similar behavitw traditional synthetic
number of studies have shown that RCan de used for polymers, which is a key factor for efficient SIRNA delivery
continued RNA synthesis with high efficiencyand high cargo capacity. In the early stage of
[107,116,117]. polymerization, a fiber like structure is gradually entadgle
and forms a shedike structure. As these structures grow
larger, RNA strands eventually selfsemble into sponge
By taking advantage of enzymatic RNA polymerizationlike spherical structures called RNAiicrospongegFigure
condensed RNA structures with predetermined sequends Due to the fact that RNAnicrosponges consist of

RNA microsponge/ball technology for siRNA delivery
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Figure 8A. SEM image ofRNAi-microsponges, having a porous nanoscopic struddielFluorescence microscopy image

of SYBR Il (RNA-specific dyejstained RNAimicrosponges, showing bright greenditascence, which confirms that RNAI
microsponges are composed of RNBC. Low magnfication and high magnification SEM image (inset) of the
monodi sper sed RNAI mi crosponges wi t IBD. Higharmaghification SEM image o f 2
reveals that RNAmicrosponges are composed of a sti&etstructure, having thickness of 12+4 nm. Se#fssembled RNA
interference microsponges for efficient sSiRNA delivery.

multiple copies of tandem RNA units, a large amount dExtension of RNA strands from two complementary circular
siRNA can be loaded onto a singtécrosponge. Moreover, DNAs results in two strands that hybridize with each other,
it is possible that polyethylenimine (PEI), aspolymeric leading to the formation of RNA particle@-igure 9).
transfection agent, can be used to condense the microspoRgsulting doublestranded RNA is ratinally desiged to

for enhancement of cellular uptake of the particle. Indeeynction as a substrate for the dicer enzyme to induce RNA
the RNArmicrosponge/PEI complex showed reasonablieiterference. In the synthesis of RNA particles, T7 RNA
silencing efficiency undein vitro andin vivo conditions polymerase is used to generate RNA strands, and the
0?c)ncentration of the enzymewas found to be critical to the

This study @monstrated a new platform for the synthesis ize of theresulting RVA particles. By controlling the

selrassembled RNA structu_res. By using polymeric RN'Azoncentration of the enzyme in the cRCT reaction, the size
strands, spongelike spherical RNA structures can be .

A . . . ; . RNA nanoparticles was shrun
synthesized, which can achieve a high loading eﬁ'c'enc}ﬁiameter
Furthermore, RNAimicrosponges hich consistentirely of '
RNA strands are able to rapidly deliver a large amount &y taking advantage of cRCT, RNA membranes were also
siRNA to target cells by simply coating with positively developed by Lee [29]. RNA membranes are desigb
charged polyions. This novel approach can reduce tleentain siRNA sequences to be cleaved by the dicer enzyme
limitations of siRNA therapeutics and also be applied to tHer siRNA release, and are the first example of a
syrhesis of vaious RNA structures. macroscopic RNA membrane composed solely of RNA

Since RCT has drawn a great deal of attention, thsérands. Furthermore, its structural and functional properties

complementary rolling circle transcription (cRCT) method 2" be rationally controlledybadpsting the RNA base

also emerged. Without any assistance from a syntheﬁamng’ thus controlled release of chemical molecules and

. . ST sgquencespecific drug release are feasible.
polycation for condensing, enzymatic size control was

feasibe with a reently introduced cRCT method [28].
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Figure 9A. Schematic illustration showing two pdesigned complementary circular DNémplates for the complementary

rolling circle transcription (CRCT) process by T7 RNA polymerase, and the hybridization process of the resulting RNA

strands.9B. By adjusting the concentration of enzyme, the size of the resulting RNA particles from sRGfitriollable.
Enzymatic size controbf RNA particles using complementary rolling circle transcription (CRCT) method for efficient

SiRNA production.
Microscopic DNA scaffolds for gene delivery

By utilizing RCR, DNA structures for gene delivery
applications have also been introddc For intance, seH
assembled hierarchical
densely packed DNA and built multifunctional moieties
for versatile biomedical applications were developed by
Tan's research grouffFigure 10) [30]. The assembly of
DNA NFs is ndependenof the traditional Watso®Crick
basepairing between DNA strands. Instead, it is driven b

dense packaging of the resulting long building block

generated via RCA and liquid crystallization, an anisotrop
process for orderly alignment of highlgoncentréed
polymers. In virtue of this distinctive characteristic

templates for RCA can be flexibly designed to includ

aptamers, antisense nucleotides, and drug loading seque

DNA nanoflowers (NFs) with

polymers (polyL-lysine: PLL) were added for condensing
(Figure 11). By electrostatic interaction and physical
agtation, the average size of ODMS decreasd f r om 2
to 200 nm, which is a desirable size for efficient cellular
uptake. Condensing with PLL also increased the stability of

V&he ODN particles and changed the surface charge from

negative to positive. Sidarly, additional layers such as
ssDNA andPEI could also be achieved by electrostatic
interaction. The LbL assembly has advantages for
Xontrolling surface charge and fibening of their
iﬁwltifunctional properties. This study implies that the
§pherica| OMDI nanoparticles could be nucleic acid oansi

for gene delivery applications with negligible cytotoxicity.
'Moreover, this approach can achieve mfutictionality by
%dding layers of different functional DNAs and selecting

Furthermore, the NFs were featured by sizetunability an
dilution to

stability towads nucleae treatment,

nad‘:‘u'?érent biomaterials.

low Another novel approach to synthesize DNA structusea

concentration, or denaturation by heating or urea treatmentocoonlike seldegradable anticancer drug system that fully

In addition, a layeby-layer (LbL) assembly strategy
offering a potent delivery method for
therapeutics for cancer treatment was introduced b
Hammond [31]. Oligonucleotide antisense microspong
particles (ODNMS) were generated by RCA, then cationi

nucleic acid

utilizes the RCAmechanism [118]. RCA was carried out
with the template DNA that incorporates a palindromic
sequence to facilitate sedbsembly. The elongated DNA
Ystrands have multiple G@air sequences, achieving a high

gdoxorubicin (DOX) loading capacity. Furthermoreist
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Figure 10. Schematic illustration of the synthesis of multifunctional DNA nanoflowers (DNA NFs) by noncanonieal self
assembly. Circularized DNA templaigfirstligat ed, t hen DNA buil ding blocks are e
DNA polymerase. The resulting DNA NFs have adjustable sizes from several hundred nanometers to several micrometers,
and can serve as targeting, bioimaging, and drug delageynts witha predesigned DNA sequence. Noncanonical-self
assembly of multifunctional DNA nanoflowers for biomedical applications.

Figure 11. Stepwise assembly of multifunctional antisense oligonucleotide microsponge particlesMSPRirst, periodic
antisenseODN strands are generated from the circular DNA template having sense ODN sequence by the rolling circle
amplification proces (Step 1). By adding poly-lysine (PLL) for condensation, ODNIS is reconstructed into nanoscopic
particles covered with PLL (S#€2). Through the laydny-layer (LbL) technique, DNAased LbL nanoparticles (LbQDN-

NPs) are generated with given multifttionality. Layerby-layer assembled antisense DNA microsponge particles for
efficient delivery of cancer therapeutics.
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