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Abstract

DNA  has  been  widely  employed  as  a  building  block  for  the  construction  of  sophisticated
nanostructures with pre-designed sizes and shapes by complementary base pairing. With outstanding
programmability,  addressability,  and  biocompatibility,  DNA  nanostructures  have  been  further
developed as nanocarriers for drug delivery in biomedical researches. Noticeably, DNA nanocarriers
can  be  rationally  designed  for  loading  and  delivering  nucleic  acid  drugs  based  on  their  inherent
homology.  Clustered  regularly  interspaced  short  palindromic  repeats  (CRISPR)/CRISPR-associated
protein  (Cas9)  ribonucleoprotein-based  gene  editing  system  has  also  been  efficiently  delivered  by
DNA nanocarriers.  In  this  review, we  will  summarize  the  recent  progress  in  the  design  of  versatile
DNA  nanocarriers,  such  as  rolling  circle  amplification  (RCA)-based  DNA  nanostructure,  branched
DNA,  and  DNA  origami,  for  delivery  of  single-guide  RNA  (sgRNA)/Cas9  ribonucleoprotein.
Furthermore, the challenges and future opportunities of DNA nanotechnology in the delivery of gene
editing system will be discussed.
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Introduction

DNA, as a carrier of genetic information, has played a
significant  role  in  various  life  processes.  Four  kinds
of  nucleotides  (A,  T,  G,  and  C)  are  included  in  the
DNA  sequences.  Based  on  the  classic  rule  of
complementary  base  pairing,  two  single-stranded
DNAs  can  be  assembled  together  to  form  a  double-
helix  structure,  termed DNA duplex [1].  The genetic

information  of  double-stranded  DNA  can  be
transferred  into  the  mRNA,  and  then  translated  into
the down-stream target  protein, known as the central
dogma  of  life  [2].  The  strict  rule  of  complementary
base  pairing  ensures  the  precise  transmission  of
genetic  information.  Fortunately,  the  rule  of
complementary base pairing can be further employed
to  precisely  organize  multiple  single-stranded  DNA
sequences  into  pre-designed  nanostructures  with
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excellent programmability.

With  the  rapid  development  of  DNA
nanotechnology,  a  variety  of  DNA  nanostructures
have  been  constructed  by  different  assembly
strategies. In the early 1980s, Seeman, the pioneer of
DNA  nanotechnology,  initially  proposed  that  DNA
could  be  utilized  as  the  building  block  for  the
assembly of nanostructures (Fig. 1(a)) [3]. Depending
on  this  strategy,  a  plenty  of  two-dimensional  DNA
nanostructures  were  fabricated  [4–12].  In  addition,
the  three-dimensional  DNA  polyhedral
nanostructures  were  precisely  designed  and
assembled  with  different  morphologies  [13–15].
Meanwhile,  rolling  circle  amplification  (RCA)  is
another strategy to obtain various sophisticated DNA
structures  (Fig.  1(b))  [16–19].  Furthermore,
chemically  modified  DNA  has  also  been  utilized  as
the  functional  building  block.  Especially,  the
chemically  conjugated  branched  DNA  structures
played  an  essential  role  in  the  assembly  of
multifunctional  DNA  nanostructures  (Fig.  1(c))
[20–28].  Besides,  in  2006,  Rothmund  opened  up  a
new  window  for  the  construction  of  a  totally  new
kind  of  DNA  nanostructure,  named  DNA  origami
(Fig. 1(d)) [6]. In this strategy, a long single-stranded

circular  DNA  (scaffold)  was  folded  by  hundreds  of
pre-designed  short  DNA  oligonucleotides  (staple
strands)  into  various  sophisticated  nanostructures  in
one-pot  [29–35].  With  structural  programmability,
spatial  addressability, and excellent biocompatibility,
DNA  nanostructures  mentioned  above  have  been
widely  employed  in  various  research  fields,  such  as
precise fabrication, information storage, bio-imaging,
and drug delivery [36–56]. 

CRISPR/Cas9  Gene  Editing
System

Clustered  regularly  interspaced  short  palindromic
repeats (CRISPR)/CRISPR-associated protein (Cas9)-
based  gene  editing  system  is  an  efficient  molecular
biological  tool  for  the  editing  of  target  gene  in  vitro
and in vivo [57–66]. The single-guide RNA (sgRNA,
for  sequence-specific  recognition of  target  gene)  and
Cas9  protein  (for  the  subsequent  cleavage  of  the
recognized  gene)  were  designed  and  constructed  to
form  sgRNA/Cas9  ribonucleoprotein  for  targeted
gene editing (Fig. 2).

Till  now,  three  delivery  modes  of  the
CRISPR/Cas9  gene  editing  system  have  been
established,  including  the  plasmid  vector  encoding
sgRNA  and  Cas9  protein,  the  transcribed  sgRNA
mixed  with  Cas9  mRNA,  and  the  sgRNA/Cas9
ribonucleoprotein.  Considering  the  long-term protein
expression of plasmid vector and the instability of the
long  mRNA,  the  sgRNA/Cas9  ribonucleoprotein  is
preferred without the need for additional transcription
and translation in cells. To achieve the efficient gene
editing  based  on  sgRNA/Cas9  ribonucleoprotein,  the
construction  of  a  reliable  delivery  system is  the  first
key  step.  To  address  this  issue,  a  variety  of  delivery
vehicles  have  been  rationally  designed  and
constructed,  such  as  liposomes,  polymers,  and
inorganic  nanoparticles  [67–79].  The  sgRNA/Cas9

 

Fig. 1 Representative DNA nanostructures. (a) DNA junction.
Reproduced  with  permission  from  Ref.  [3]  ©  1982  Elsevier
B.V.  (b)  RCA-based  DNA  structure.  Reproduced  with
permission from Ref. [4] © 2014 Royal Society of Chemistry.
(c) Branched DNA. Reproduced with permission from Ref. [5]
©  2002  Nature  Publishing  Group.  (d)  DNA  origami.
Reproduced  with  permission  from  Ref.  [6]  ©  2006  Nature
Publishing Group.

 

Fig. 2 Schematic  illustration  of  the  recognition  and  targeted
gene editing by sgRNA/Cas9 ribonucleoprotein.
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ribonucleoprotein can be loaded in these nanocarriers
by electrostatic interaction, physical encapsulation, or
chemical conjugation for efficient delivery. However,
some of the exogenous components involved in these
delivery systems, such as amphiphilic lipids, cationic
polymers, and heavy metal ions, may induce systemic
toxicity in vivo. 

DNA  Nanocarriers  for  sgRNA/
Cas9 Ribonucleoprotein

Due  to  the  inherent  homology  and  excellent
biocompatibility,  DNA  nanocarriers  can  be  widely
employed  to  load  a  series  of  nucleic  acid  drugs
through  complementary  base  pairing  to  achieve
efficient  gene  therapy.  The  sgRNA  involved  in  the
sgRNA/Cas9  ribonucleoprotein  can  be  exploited  as
the  hybridization  strand  to  be  precisely  organized  in
the  pre-designed  sites  of  DNA  nanocarriers.
Furthermore,  the  active  targeting  groups  (such  as
small  molecules,  aptamers,  and  antibodies)  and
stimuli-responsive  components  (such  as  response  to
glutathione  (GSH),  pH,  and  nuclease)  can  be  site-
specifically  included  in  the  DNA  nanocarriers  for
targeted delivery and controlled release of the loaded
sgRNA/Cas9  ribonucleoprotein  in  vitro  and  in  vivo.
These  multifunctional  DNA  structure-based
nanocarriers  have  realized  the  efficient  gene  editing

of different targeted genes. 

RCA-based DNA nanocarriers

RCA is an efficient strategy to prepare the ultra-long
single-stranded  DNA  with  numerous  tandem
complementary  copies  of  circular  templates  with  the
assistance  of  DNA  polymerase.  The  RCA-based
nanostructures have been widely employed in various
biomedical  applications  [4,  80,  81].  These  DNA
aptamers,  stimuli-responsive  DNA  sequences,  and
sgRNA complementary  sequences  can  be  introduced
in  the  circular  DNA  template  for  efficient  loading,
targeted delivery and controlled release.

In  2015,  Gu  et  al.  designed  a  circular  DNA
template  including  a  region  for  partially
complementary base pairing with sgRNA for RCA to
realize  the  controlled  delivery  of  sgRNA/Cas9
ribonucleoprotein  (Fig.  3)  [82].  The  tailored  circular
DNA template  with  palindromic  sequences  was  first
constructed  for  rolling  circle  amplification.  After
RCA,  a  yarn-like  DNA  nanoclew  was  efficiently
synthesized.  The  sgRNA/Cas9  ribonucleoprotein  can
be  easily  loaded  in  the  DNA  nanoclew  by  partially
complementary base pairing between the sgRNA and
RCA-based  DNA  sequences.  After  loading  of  the
sgRNA/Cas9  ribonucleoprotein,  the  DNA  nanoclew
was  further  coated  with  the  cationic  polymer
polyethylenimine (PEI) for subsequent cellular uptake
and  endosomal  escape.  The  escaped  sgRNA/Cas9

 

Fig. 3 RCA-based nanoclew for loading and delivery of sgRNA/Cas9 ribonucleoprotein. Reproduced with permission from Ref.
[82] © 2015 Wiley-VCH.
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ribonucleoprotein  in  the  cytoplasm  can  be
subsequently  delivered  into  the  cell  nucleus  with  the
guidance  of  nuclear  localization  signal  peptide  fused
in Cas9 protein. The sgRNA/Cas9 ribonucleoprotein-
loaded  DNA  nanoclew  can  achieve  an  efficient
disruption  of  EGFP gene  in  the  tumor  cells  with  the
stable  expression  of  EGFP.  This  RCA-based  gene
editing  system  provided  a  promising  strategy  for
loading  and  controlled  delivery  of  sgRNA/Cas9
ribonucleoprotein in vitro and in vivo.

In  2020,  Zhang  et  al.  constructed  a  DNA
nanoflower  by  RCA  for  targeted  delivery  and
controlled  release  of  sgRNA/Cas9  ribonucleoprotein
(Fig.  4)  [83].  A  circular  DNA  template  was  first
prepared  for  rolling  circle  amplification  to  obtain
multiple  replicates  of  DNA  aptamers  and  miR-21
binding sequences in the DNA nanoflower. To realize
the efficient loading and toehold-mediated release, an
additional  RNA sequence, which is  7  nt  shorter  than
miR-21,  was  inserted  into  the  stem-loop  of  sgRNA.
The  added  RNA sequence  didn’t  affect  the  cleavage
activity  of  sgRNA/Cas9  ribonucleoprotein.  Next,  the
rationally  designed  DNA  nanoflower  can  recognize
and  load  the  newly  prepared  sgRNA/Cas9
ribonucleoprotein  by  RNA/DNA  hybridization.
Meanwhile, the multivalent MUC1 aptamers encoded
on DNA nanoflower  are  responsible  for  specific  cell
targeting.  The  drug-loaded  DNA  nanoflower  can  go
through  the  DNA aptamer-mediated  endocytosis  and
Mg2+-induced  endosomal  escape  in  the  cytoplasm.

After  the  targeted  delivery  and  successful  escape  in
tumor  cells,  the  sgRNA/Cas9  ribonucleoprotein  can
be  replaced  by  miR-21  through  toehold-mediated
sequence  displacement.  The  stimuli-responsively
released  sgRNA/Cas9  ribonucleoprotein  can  be
further  transported  into  the  nucleus  with  assistance
from nuclear localization signal peptide fused in Cas9
for  efficient  gene  editing  in  vitro  and  in  vivo.  This
targeting  group-modified  and  stimuli-responsive
RCA-based  gene  editing  system  demonstrated  an
attractive  solution  for  the  targeted  delivery  and
controlled  release  of  sgRNA/Cas9  ribonucleoprotein
to achieve an effective gene editing.

In  2022, Yang  et  al.  reported  a  proton-activatable
DNA-based  nanocarrier  to  co-deliver  sgRNA/Cas9
ribonucleoprotein  and  DNAzyme  for  combined  gene
therapy  (Fig.  5)  [84].  Multiple  repeated  recognition
sequences of sgRNA, DNAzyme sequences, and Hha
I  enzyme  cleavage  sites  were  included  in  an  ultra-
long single-stranded DNA generated by rolling circle
amplification. The sgRNA recognition sequences can
specifically  capture  sgRNA/Cas9  ribonucleoprotein
by  RNA/DNA  hybridization.  The  Mn2+  ions  were
included as the cofactor of DNAzyme and also played
a role in condensing the drug-loaded DNA chains into
nanoparticles.  In  the  assembly  process,  the
concentration  of  Mn2+  ions  can  be  optimized  to
balance the activity of the Cas9 and DNAzyme. After
loading  and  condensing,  an  acid-degradable  polymer
(poly-glycerol  dimethacrylate)-coated  Hha  I  enzyme

 

Fig. 4 RCA-based  nanoflower  for  delivery  of  sgRNA/Cas9  ribonucleoprotein  with  a  microRNA-responsive  release  behavior.
Reproduced with permission from Ref. [83] © 2020 Elsevier B.V.
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was  assembled  on  the  surface  as  the  corona  of  the
nanoparticle to construct the proton-activatable DNA
nanocarrier.  After  incubation  with  tumor  cells,  the
DNA  nanocarrier  can  be  easily  internalized  through
lysosome  mediated  pathway.  Under  the  acidic
environment in lysosome, the outermost polymer was
gradually degraded. Next, the exposed Hha I enzyme
can  recognize  and  cut  off  the  cleavage  sites  in  the
functional  DNA  nanoparticles  to  release  the
sgRNA/Cas9  ribonucleoprotein  and  DNAzyme  with
the  cofactor  of  Mn2+.  The  released  sgRNA/Cas9
ribonucleoprotein  and  DNAzyme  can  induce  a
remarkable  gene  editing  and  gene  silencing  effect  in
vitro  and  in  vivo.  This  proton-activatable  DNA
nanocarrier  of  both  sgRNA/Cas9  ribonucleoprotein
and DNAzyme presented an inspiring approach for co-
delivery of multiple gene therapeutic drugs to achieve
the combined gene therapy. 

Branched DNA-based nanocarriers

Terminal-modified  DNA  (containing  amino,  thiol,
azide, or  alkyne group)  can  conjugate  with  branched
organic  molecules  to  construct  the  branched  DNA
with  indicated  numbers  of  DNA  arms  for  the
subsequent  assembly  of  crosslinked  DNA  materials.
These  covalently  conjugated  branched  DNA
nanostructures  can  be  designed  for  the  loading  and
delivery of nucleic acid drugs through complementary

base pairing [28, 85, 86].

In 2019, Zhang et al. reported a non-cationic DNA-
crosslinked  nanogel  for  intracellular  delivery  of
sgRNA/Cas9 ribonucleoprotein (Fig. 6) [87]. A DNA-
grafted  polycaprolactone  brush  (DNA-g-PCL)  was
first  efficiently  synthesized  by  the  copper-free  click
reaction  between  azide-modified  polycaprolactone
and  dibenzocyclooctyne-terminated  DNA  (DBCO-
DNA).  The DNA sequence of  the  obtained branched
DNA-g-PCL  was  pre-designed  to  be  complementary
to the tail  of  sgRNA for  the loading of  sgRNA/Cas9
ribonucleoprotein.  After  loading,  a  DNA  linker  was
included  for  further  crosslinking  to  form  a  DNA
nanogel  by  DNA  hybridization.  The  loaded
sgRNA/Cas9  ribonucleoprotein  was  fully  embedded
in the DNA nanogel to enhance the tolerance against
nuclease  digestion.  After  cellular  uptake,  the  DNA
nanogel  can  be  gradually  degraded  by  the  nuclease,
such  as  DNase  I,  for  continuous  release  of  the
embedded  sgRNA/Cas9  ribonucleoprotein.  Based  on
the assembled compact architecture, the sgRNA/Cas9
ribonucleoprotein-loaded  DNA nanogel  presented  an
improved cellular uptake to achieve an efficient gene
editing  in  vitro  and  successfully  knocked  down  the
EGFP expression in tumor cells.  This DNA nanogel-
based  gene  editing  system  provided  a  promising
delivery  tool  for  sgRNA/Cas9  ribonucleoprotein  to

 

Fig. 5 (a)  Construction  of  RCA-based  nanocarrier  for  co-delivery  of  sgRNA/Cas9  ribonucleoprotein  and  DNAzyme.  (b)  The
designed  gene  therapeutic  process  of  this  delivery  system  in  tumor  cells.  Reproduced  with  permission  from  Ref.  [84]  ©  2022
Wiley-VCH.
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elicit an efficient and long-lasting gene editing effect
in vitro.

Meanwhile,  Ding  et  al.  constructed  a  branched
DNA-based nanoplatform for the co-delivery of gene
editing  system  (sgRNA/Cas9  ribonucleoprotein,
targeting  genome  in  the  nucleus)  and  gene  silencing
component  (antisense,  targeting  mRNA  in  the
cytoplasm) for synergistic tumor therapy in vitro and
in  vivo  (Fig.  7)  [88].  The  azide-modified  organic
macromolecule  (7N3-β-Cyclodextrin)  was  first
synthesized for chemical conjugation with the DBCO-
DNA to form the branched DNA. Next, a DNA linker
with two disulfide bonds and an antisense strand was
pre-designed to  be  complementary  to  the  3’  terminal
extended sgRNA for co-assembly of branched DNA-
based  sgRNA/Cas9/antisense  complex.  Based  on  the
host–guest  interaction,  the  adamantane-modified
DNA aptamer  and  endosomal  escape  peptide  can  be
efficiently  included.  The  aptamer-modified
nanoplatform  showed  a  much  enhanced  cellular
uptake than the control groups. After GSH and RNase
H  digestion,  the  antisense  and  sgRNA/Cas9
ribonucleoprotein  can  be  efficiently  released  to
achieve the combined gene editing and gene silencing
in  vivo.  This  branched  DNA-based  nanoplatform

demonstrated an attractive strategy for co-delivery of
nucleic acid drugs for gene therapy.

In  2023,  Yang  et  al.  described  a  precipitation
polymerization-based  DNA  nanoframework  for
controlled delivery of sgRNA/Cas9 ribonucleoprotein
(Fig.  8)  [89].  Acrylamide-modified  DNA,  disulfide
bond-containing  N,N-bis(acryloyl)cystamine
(BACA),  and  N-isopropylacrylamide  (NIPAM)  were
employed  as  the  monomers  for  precipitation
polymerization to construct the branched DNA-based
DNA  nanoframework.  The  partially  complementary
double-stranded  DNA  involved  in  the  DNA
nanoframework  can  function  as  an  initiator  for
cascade hybridization chain reaction. Meanwhile, the
hydrophilic  acylamino  and  hydrophobic  isopropyl
included  in  this  system  are  responsible  for  dynamic
swelling  and  aggregation.  So,  the  DNA
nanoframework  can  swell  below  lower  critical
solution  temperature.  Under  this  condition,  the
sgRNA/Cas9  ribonucleoprotein  can  be  efficiently
loaded  in  the  expanded  DNA  nanoframework  by
RNA/DNA hybridization. The high protein activity of
Cas9 was also maintained during the loading process.
Next, the introduced disulfide bond can be reduced by
GSH in tumor cells for the subsequent disassembly of

 

Fig. 6 (a) Construction of  branched DNA-based nanogel  for  delivery of  sgRNA/Cas9 ribonucleoprotein. (b) The designed gene
editing process of this delivery system in cells. Reproduced with permission from Ref. [87] © 2019 Royal Society of Chemistry.
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the DNA nanoframework. The exposed sgRNA/Cas9
ribonucleoprotein  can  be  further  released  by  the
RNase  H-based  digestion  of  the  RNA  strand  in  the
RNA/DNA hybrid duplex. After administration of the
sgRNA/Cas9  ribonucleoprotein-loaded  DNA
nanoframework,  a  high  gene  editing  efficiency  was
observed  in  vitro  and  in  vivo.  Noticeably,  the
remarkable  biocompatibility  and  low  side  effects
were also verified in normal cells and major organs in
vivo.  This  chemically  conjugated  DNA
nanoframework-based  gene  editing  system  presented
a  hopeful  nanoplaform  for  precise  gene  editing  in
vivo.
 

DNA origami-based nanocarriers

With  the  excellent  structural  programmability  and
spatial  addressability,  DNA  origami  has  been
rationally  designed  for  the  precise  organization  of
multiple  cargoes  [90–101].  The  sgRNA/Cas9

ribonucleoprotein can be loaded and protected by the
structurally  well-defined  DNA  origami  for  drug
delivery.

In 2023, Ding et al. reported a DNA origami-based
gene editing system for gene therapy  in vivo  (Fig.  9)
[102].  The  protospacer-adjacent  motif  (PAM)-rich
region  (6×  NGG)  was  precisely  organized  on  the
surface  of  DNA  origami  to  recruit  the  sgRNA/Cas9
ribonucleoprotein  by  PAM-guided  assembly.
Meanwhile,  the  recruited  sgRNA/Cas9
ribonucleoprotein  can  be  further  loaded  by  the
hybridization  between  pre-designed  DNA  capture
strands  and  the  3’  terminal  extended  sgRNA.  After
that,  the  drug-loaded  DNA origami  can  be  rolled  up
by  the  locking  strands  with  a  disulfide  bond.  For
targeted  delivery  and  subsequent  endosomal  escape,
the  DNA aptamer  (targeting  a  glycoprotein  Mucin  1
overexpressed  on  the  cell  membrane  of  tumor  cells)
and  influenza  hemagglutinin  peptide  were  site-
specifically  attached  at  the  terminals  of  DNA

 

Fig. 7 A  self-assembled  platform  based  on  branched  DNA  for  co-delivery  of  sgRNA/Cas9  ribonucleoprotein  and  antisense  to
achieve synergistic tumor therapy in vivo. Reproduced with permission from Ref. [88] © 2019 American Chemical Society.
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Fig. 8 (a)  Cascade  dynamic  assembly/disassembly  of  branched  DNA-based  nanoframework  for  delivery  of  sgRNA/Cas9
ribonucleoprotein. (b) GSH-responsive disassembly and RNase H-responsive release of sgRNA/Cas9 ribonucleoprotein in tumor
cells. Reproduced with permission from Ref. [89] © 2023 American Association for the Advancement of Science.

 

Fig. 9 DNA origami with PAM-rich region for loading and delivery of sgRNA/Cas9 ribonucleoprotein for gene therapy in vivo.
Reproduced with permission from Ref. [102] © 2023 Wiley-VCH.
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origami. After cellular uptake and endosomal escape,
the locked structure can be opened by GSH reduction
in  the  cytoplasm.  Next,  the  RNase  H  is  responsible
for cleaving the RNA strand in the RNA/DNA hybrid
duplex to release the sgRNA/Cas9 ribonucleoprotein.
The  released  sgRNA/Cas9  ribonucleoprotein  can
enter  the  nucleus  for  targeted  gene  editing  by  the
guidance  of  nuclear  localization  signal  peptide
attached  in  the  Cas9  protein.  After  administration  of
this  DNA  origami-based  gene  editing  system,  a
remarkable anti-tumor effect by disrupting the tumor-
associated  gene  was  observed  in  vivo.  This  DNA
origami-based  gene  editing  system  provided  a
promising  solution  for  targeted  delivery  and
controlled  release  of  sgRNA/Cas9  ribonucleoprotein
to achieve efficient gene therapy in vivo.

In  addition,  Min  et  al.  constructed  a  dual-chain-
locked  DNA  origami  nanocage  for  the  delivery  of
sgRNA/Cas9  ribonucleoprotein  (Fig.  10)  [103].  The
sgRNA/Cas9  ribonucleoprotein  was  first  loaded  in
the  inner  cavity  of  DNA  origami  nanocage  by
RNA/DNA hybridization. After loading, the ATP and
miRNA-21  responsive  double-stranded  DNAs  were
rationally  designed  to  lock  the  nanocage.  During

transportation,  the  locked  DNA  origami-based
nanocarrier  can  protect  the  loaded  sgRNA/Cas9
ribonucleoprotein  from  deactivation  and  premature
release.  After  internalization  into  tumor  cells,  the
locking  chains  can  be  dismounted  in  response  to
molecular  triggers  (ATP  and  miRNA-21).  The
sgRNA/Cas9  ribonucleoprotein  can  be  further
released  from  the  DNA  origami  nanocage  through
digesting  the  RNA  strand  of  the  RNA/DNA  hybrid
sequence  by  RNase  H.  Based  on  this  stimuli-
responsive  design,  whether  and  how  much  of  the
target  gene  can  be  edited  by  sgRNA/Cas9
ribonucleoprotein was solely determined by the level
of  biological  molecular  triggers  in  the
pathophysiological  environment  of  target  sites.  After
administration  of  this  DNA  origami  nanocage-based
gene editing system targeting a tumor-related gene, a
superior  inhibition of  the proliferation of  tumor cells
was  achieved  in  vitro  and  in  vivo.  This  stimuli-
responsive  DNA  origami  nanocage-based  gene
editing  system  demonstrated  an  attractive  platform
for  precise  gene  editing  in  response  to  disease-
associated biomarkers.

As  shown  in  Table  1,  these  representative  DNA
 

Fig. 10 (a) Construction  of  dual-chain-locked  DNA origami  nanocage  for  delivery  of  sgRNA/Cas9  ribonucleoprotein.  (b) ATP
and miR-21 responsive release of sgRNA/Cas9 ribonucleoprotein in tumor cells. Reproduced with permission from Ref. [103] ©
2023 American Chemical Society.
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nanocarriers  for  delivery  of  sgRNA/Cas9
ribonucleoprotein  were  summarized  with  the  details
of  targeting  strategy,  escape  mechanism,  and  release
behavior. 

Summary and Outlook

In this review, we summarized the recent advances in
rationally designed DNA nanocarriers for delivery of
sgRNA/Cas9  ribonucleoprotein.  Various
multifunctional  DNA  nanocarriers,  including  RCA-
based DNA nanostructures, branched DNA, and DNA
origami,  have  been  precisely  constructed  and
highlighted.  These  DNA  nanostructures  with
excellent  structural  programmability  and  spatial
addressability  have  been  developed  as  versatile
delivery  vehicles  for  the  homologous  nucleic  acid
drugs.  The  sgRNA/Cas9  ribonucleoprotein  as  an
RNA/protein  complex  can  be  efficiently  loaded  in
these  DNA  nanocarriers  through  RNA/DNA
hybridization.  Furthermore,  the  active  targeting
groups and stimuli-responsive components can be site-
specifically introduced into the DNA nanocarriers for
targeted delivery and controlled release of the loaded
sgRNA/Cas9  ribonucleoprotein  in  vitro  and  in  vivo.
This  DNA nanostructure-based  drug  delivery  system
has played a significant role in achieving an enhanced
targeted  therapy  and  a  reduced  systemic  toxicity
during the treatments.

Meanwhile,  some  critical  issues  still  should  be
properly  addressed  in  the  practical  application  of
these  DNA  nanocarriers  for  delivering  the
sgRNA/Cas9 ribonucleoprotein in the clinic. First, the
detailed  understanding  of  the  cellular  internalization
mechanism  and  intracellular  fate  of  these  DNA
nanocarriers with different shapes and sizes should be
further  carefully  investigated.  Efficient  package  and

delivery  of  sgRNA/Cas9  ribonucleoprotein  into  the
target  cells  and  nuclei  is  the  first  key  step  for
effective  gene  editing.  Second,  the  systemic
pharmacokinetics  of  DNA  nanocarriers,  including
distribution,  metabolism,  and  excretion  should  be
evaluated  in  detail.  Third, off-target  effect  should  be
further  deliberated  to  reduce  the  possible  systemic
toxicity  during  the  treatments.  Finally,  the  possible
immune  response  induced  by  the  exogenous  DNA
nanostructures  should  also  be  taken  into
consideration.  Fortunately,  the  immunogenicity  of
DNA nanostructures can be highly reduced by careful
sequence design and chemical modifications.

Despite  the  issues  mentioned  above,  these  DNA
nanocarriers  are  still  regarded  as  the  promising
delivery  vehicles  of  gene  editing  system  to  edit  and
repair  multiple  genetic  disease-related  genes  for  the
treatment  of  genetic  disorders.  We envision that  pre-
clinical  and  clinical  studies  based  on  the
multifunctional DNA nanocarriers will emerge in the
near future to achieve an efficient gene editing. 
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