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Bioimaging Based on Nucleic Acid Nanostructures

HAN Lin"%# WANG Yuang'#, TANG Wantao'?,
LIU Jianbing®* and DING Baoquan'?**

ucleic acid nanostructures with structural programmability,

spatial addressability and excellent biocompatibility have

drawn much attention in various biomedical applications,
such as bioimaging, biosensing and drug delivery. In this review, we
summarize the recent research progress in the field of bioimaging
based on nucleic acid nanostructures with different imaging models,
including fluorescent imaging(Fl), magnetic resonance imaging(MRI),
photoacoustic imaging(PAl) and positron emission tomography/
computed tomography(PET/CT) imaging. We also discuss the re-
maining challenges and further opportunities involved in the bio-
imaging research based on nucleic acid nanostructures.
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1 Introduction

Biomedical imaging technologies, such as fluorescent
imaging(FI), magnetic resonance imaging(MRI), photoacoustic
imaging(PAI) and positron emission tomography/computed
tomography(PET/CT) imaging have been developed rapidly in
recent years. Fast and efficient bioimaging systems with the
subcellular resolution are urgently demanded in diagnosis and
therapy. Imaging reagents, such as organic fluorescent probe,
quantum dot(QD) and contrast agent, are widely employed in
bioimaging systems. The successful loading and efficient
delivery of these imaging reagents into the target region is the
first critical step in precise diagnosis and therapy. Various
delivery systems have been developed, such as polymers,
dendrimers and inorganic nanoparticles!'—%. Considering the
possible cytotoxicity and immune response induced by these
exogenous carriers*’, much attention has been drawn to
the construction of biocompatible vectors for targeted
bioimaging.

Biological macromolecules, such as nucleic acid, protein
and polysaccharides are excellent materials for delivery research

due to their superior biocompatibility. Nucleic acid, as a carrier
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of genetic information, has also attracted much attention to
fabricate the biocompatible nucleic acid nanostructures. In the
early 1980s, Seeman et al.[*®l proposed that nucleic acid could be
applied as the building blocks to assemble nanoscale
architectures through classic Watson-Crick base pairing
[Fig.1(A)]. In 2005, Turberfield and co-workersl®! fabricated a
three-dimensional(3D) tetrahedral nanostructure based on four
rationally designed oligonucleotides[Fig.1(B)]. Subsequently, a
series of other polyhedral nucleic acid nanostructures, such as
bipyramid, octahedra!', and dodecahedron and buckyball'!
have been invented. In 2006, Rothemund™ opened up a new
window for the construction of a novel kind of DNA
nanostructure, named DNA origami[Fig.1(C)], based on a long
single-stranded DNA(scaffold) folded by multiple short
the
hybridization strategy, rolling circle amplification(RCA) has

oligonucleotides(staple  strands).  Besides strands

also been exploited to prepare DNA nanoflower and
hydrogel[Fig.1(D)]141.  Until

nanostructures with rational designs have sprung up to enrich

now, various nucleic acid
the big family of nucleic acid self-assembly!6—24],

Due to structural programmability, spatial addressability
and excellent biocompatibility, nucleic acid nanostructures
have been widely developed for biomedical applications, such

as bioimaging(>**—2°l, biosensing and drug delivery!3°—331,

(B)

©)

Fig.1 Examples of nucleic acid nanostructures

(A) DNA assembled junction!®. Copyright 1982, Elsevier; (B) DNA tetrahedron®.
Copyright 2005, American Association for the Advancement of Science; (C) DNA
origamil™®. Copyright 2006, Nature Publishing Group; (D) DNA nanostructures
based on rolling circle amplification(RCA)!'“. Copyright 2017, American Chemical
Society.
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Multiple functional groups(such as imaging reagents and
targeting ligands) modified oligonucleotides can be precisely
arranged by the nucleic acid nanostructures through
hybridization for efficient loading and targeted delivery. Due
to the excellent biocompatibility, nucleic acid nanostructures

hold great promise as efficient carriers for bioimaging reagents.

2 Fluorescent Imaging Based on Nucleic Acid
Nanostructures

Fluorescent imaging(FI) is a powerful strategy to visualize the
target under subcellular resolution. Various fluorescent probes
can be covalently conjugated with the DNA oligonucleotides
and then attached to the nucleic acid nanostructures through
hybridization. DNA hydrogel assembled from branched DNA
junctions is widely employed for biomedical applications. Tan
and co-workersi® reported the synthesis and characterization
of size-controllable and stimuli-responsive DNA nanohydrogel
for effective cellular imaging and targeted gene regulation
[Fig.2(A)]. This aptamer modified DNA nanohydrogel

achieved an evident cellular uptake in target A549 cells, which
was tracked through the fluorescent signal of the labeled
TAMRA probe. This kind of DNA nanohydrogel with target
ability is promising for bioimaging and drug delivery.

The 3D polyhedral nucleic acid nanostructures, such as
DNA tetrahedron, were extensively studied for subcellular
bioimaging. Tian and co-workers® designed and fabricated
a mitochondria-targeted DNA nanoprobe based on DNA
tetrahedron for real-time subcellular imaging and simul-
taneous quantification of Ca?* and pH[Fig.2(B)]. The Ca?*
fluorescent probe(CD@CaL), pH-responsive dye(FITC) and
mitochondria-targeted molecule(TPP) were simultaneously
assembled in the DNA tetrahedron with an inner-reference
dye(AF660). This mitochondria-targeted nanoprobe de-
monstrated a high spatial bioimaging resolution with a
long-term fluorescent. Moreover, Li and co-workers®! re-
ported a lysosome-recognizing framework nucleic acid
nanodevice for subcellular imaging based on DNA logic
operations[Fig.2(C)]. The ATP-binding aptamer and i-motif

were co-assembled into a DNA triangular prism as the
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Fig.2 Fluorescent imaging(Fl) based on nucleic acid nanostructures

(A) A DNA nanohydrogel for cellular FI®¥. Copyright 2015, American Chemical Society; (B) a DNA tetrahedron based nanoprobe for cellular FI*®. Copyright 2018,
American Chemical Society; (C) a framework nucleic acid nanodevice for cellular FI*®. Copyright 2019, American Chemical Society; (D) a DNA origami-based nanorobot
for Fl in vivo'®. Copyright 2018, Nature Publishing Group; (E) a 3D superstructure based on DNA origami and gold nanoparticles(AuNPs) for cellular FI®”). Copyright

2015, Wiley.
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logic-controlling units. The structural change of the DNA
nanodevice depended on the folding of ATP-binding aptamer
and i-motif, which was triggered by the high concentration of
ATP and low pH value in the lysosome. This DNA nanodevice
with an AND logic gate(ATP and H*) achieved a sensitive
detection of ATP and pH, which would contribute to the
efficient diagnosis.

DNA origami can be folded into tailored nanostructures
to load various fluorescent dyes for bioimaging. Ding and co-
DNA nanorobot

programmed to deliver thrombin specifically to the tumor-

workers® constructed an intelligent

associated blood vessels and result in intravascular
thrombosis[Fig.2(D)]. This DNA nanorobot was constructed
by rolling up a square origami into a tubular nanostructure. It
could load the thrombin in its inner cavity and expose it in the
presence of nucleolin specifically expressed on tumor-
associated endothelial cells. To visualize the targeted delivery,
multiple Cy5.5-labeled oligonucleotides were introduced into
the DNA nanorobot through DNA hybridization in the central
region of the DNA origami. After the intravenous injection
with the Cyb5.5-labeled DNA nanorobot,
accumulation in the tumor site was observed at 8 h after the
The DNA

demonstrated a targeted delivery in vivo and resulted in tumor

a maximal

injection. aptamer-conjugated nanorobot
necrosis and tumor growth inhibition.

Rolling circle amplification is a promising strategy to
construct nanoflower for the loading of imaging reagents.
Song and co-workers®”! developed a novel 3D gold-DNA
hybrid nanostructure by in-situ growth and origami folding of
DNA on gold nanoparticles(AuNPs) for bioimaging and drug
delivery[Fig.2(E)]. AuNPs were first modified with the
thiolated DNA primer for in-situ RCA on the surface. The
obtained multiple long single-stranded DNAs were then
folded by the staple strands to construct DNA origami. This
3D gold-DNA hybrid nanostructure could be easily modified
with QD through avidin-biotin binding. With the attachment
of cell-penetrating peptides, the QD modified nanoplatform

demonstrated efficient cellular uptake in U87 MG cells

detected by confocal imaging.

3 Magnetic Resonance Imaging Based on
Nucleic Acid Nanostructures

Magnetic resonance imaging(MRI), as a noninvasive detection
strategy, is widely employed in clinical diagnosis and therapy.
Magnetic resonance contrast agents are often used to obtain
the effect.

nanostructures have been successfully developed to load the

enhanced imaging Various nucleic acid
magnetic resonance contrast agents for targeted and efficient
MRI in vivo.

Ding and co-workers®®! developed a versatile DNA
bipyramid nanostructure into a tumor-targeted and dual-
modal nanoprobe for in vivo imaging[Fig.3(A)]. The magnetic
resonance contrast agent(gadolinium chelates Gd-DOTA) and
fluorescent dye(Dylight800) were conjugated on the DNA
oligonucleotides and precisely arranged on the DNA
bipyramid nanostructure with nanometer spatial control.
After the modification with the tumor-targeting group(anti-
EGFR aptamer) and protective PEG-Lysine copolymer, the
dual-modal nanoprobe demonstrated enhanced serum
stability. It achieved a targeted co-delivery of magnetic
resonance contrast agent and a fluorescent dye into the triple-
negative breast tumor in wvivo. This stabilized dual-modal
imaging nanoplatform holds the potential for bioimaging in
the clinic.

Yang and co-workers!®! reported a novel strategy to
construct a DNA-Mn hybrid nanoflower for MRI[Fig.3(B)].
The paramagnetic Mn?* was included in the RCA system to
function as the co-factor of DNA polymerase. The DNA-Mn
hybrid nanoflower was fabricated through the enzymatic
biomineralization during the RCA process. Owing to the
aptamer sequences encoded in the circle template, the
constructed MRI nanoplatform demonstrated efficient cellular

uptake and tumor targeting effect. This nanoplatform elicited
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Fig.3 Magnetic resonance imaging(MRI) based on nucleic acid nanostructures
(A) A dual-modal nanoprobe based on DNA bipyramid nanostructure for MRI and Fl in vivo'®®. Copyright 2020, American Chemical Society; (B) a nanoflower based on

Mn?* for MRI in vivo®. Copyright 2021, Elsevier.
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enhanced Ti-weighted MRI effect in tumor site and high
spatial resolution imaging of kidneys and liver. This kind of
DNA-metal hybrid nanosystem is facile to be scaled up, which

is advantageous for future biomedical applications.

4 Photoacoustic Imaging Based on Nucleic
Acid Nanostructures

Photoacoustic imaging(PAI) relies on the combination between
optical excitation and ultrasonic detection. In contrast to FI,
PAI possesses a greater penetration depth(cm vs. mm), which
is critical for the bioimaging in deep tissues. To enhance
the imaging resolution, various PA probes have been
developed.

Lu and co-workers!®! reported a DNA aptamer-based
selective and activatable PA probe for in vivo bioimaging
[Fig.4(A)]. A near-infrared fluorophore/quencher pair(IRDye
800CW/IRDye QC-1) was pulled together through the
hybridization of the DNA duplex. The DNA aptamer-based

PA probe elicited an apparent change of the PA signal ratio at
780/725 nm after the addition of the target(thrombin) in vivo.
This activatable PA probe realized the targeted PAI and can be
developed into a general strategy for bioimaging and
biosensing.

PAI
by self-assembling gold nanorod onto the triangular DNA

Tian and co-workers®l developed a agent
origami nanostructure[Fig.4(B)]. The DNA modified gold
nanorod could be precisely organized on the surface of
triangular DNA origami through DNA hybridization. After
the intravenous injection, the gold/DNA hybrid nanoplatform
achieved a better tumor accumulation with a deeper
penetration at the tumor site than the free gold nanorod.
Simultaneously, the gold/DNA hybrid nanoplatform could
respond to NIR irradiation for photothermal therapy. This
work provided a simple and effective strategy for the

combination of PAI and photothermal therapy in vivo.
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Fig.4 Photoacoustic imaging(PAIl) based on nucleic acid nanostructures
(A) A PA probe based on DNA aptamer for PAI in vivol®. Copyright 2017, American Chemical Society; (B) a PA probe based on DNA origami and gold nanorod for PAI

in vivo®"l. Copyright 2016, Wiley.

5 PET/CT Imaging Based on Nucleic Acid
Nanostructures

PET/CT imaging, as a rapidly developed imaging technology,
has been widely employed in the clinic. Various radionuclides,
such as ®Ga, ¥Zr and *Cu have been optimized and loaded by
multifunctional nucleic acid nanostructures to obtain the
enhanced imaging resolution and detection depth in vivo.
Virta and co-workers!®? synthesized a ®*Ga modified anti-
microRNA-21  to
microRNA-21 for bone targeting and PET imaging in vivo
[Fig.5(A)]. The %*Ga chelate(**Ga-NOTA) was conjugated on the
anti-microRNA-21.  The

biodistribution of this modified RNA duplex was monitored

load a bis(phosphonate) conjugated

3’  terminal of whole-body

by the PET imaging. After the intravenous administration, an
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increased bone accumulation was observed by gamma
counting of excised tissues. This functionalized RNA duplex
provided a simple and efficient imaging platform for bone
targeting.

Fan and co-workers!®! reported a multiple-armed DNA
tetrahedral nanostructure with the modification of radioactive
isotope *mTc and NIR emitter Dylight 755 for dual-modal
in  vivo[Fig.5(B)]. The
computed tomography(SPECT) imaging was performed by

imaging single-photon emission
radioactive isotope *mTc. After the conjugation of the tumor-
this

multifunctional DNA nanoplatform realized noninvasive

targeting folic acid on the prescribed positions,

tumor-targeting imaging in vivo by using both fluorescent and
SPECT imaging modalities.
Cai and co-workers!®! developed an aptamer-conjugated

and %Zr-radiolabeled framework nucleic acid for the repair of



Chem. Res. Chinese Universities

Review

G -
anti-miR-21 Intravenous
® administration
—_—
miR-21
SVA VAN
e

administration
—-

IAOK

X [**Ga]NOTA-chelate

Ep’

PET/CT images

PET images

®)

Br > A

7 - “«#’_’;,‘ ;’?‘/_’ e
FR T R T e, T e

FA-Dy-**"Tc-TDN

—~~~p Folic acid-b’

SPECT-CT
o imaging
E —

¥ onTc.a’

0% ID/g ——— S
[}

|
\

5% ID/g

ma-Dy-TDN FA-Dy-TDN
Dylight755
(©)
Coronal
Axial
” A
v
Sagittal
©)
o
~ . )
“Cy-|
A 7 g Cu-M13
C Y bt
a s
-Q_//gt
Intravenous injection sonm
%‘Cu-Rec-DON

%Cu-Tri-DON

S—
400 nm
%Cu-Tub-DON

Fig.5 PET/CT imaging based on nucleic acid nanostructures

(A) A probe based on anti-microRNA-21/microRNA-21 for PET/CT imaging in vivol®. Copyright 2016, American Chemical Society; (B) a probe based on DNA tetrahedron
for SPECT-CT imaging in vivol®®l. Copyright 2016, American Chemical Society; (C) a probe based on framework nucleic acid for PET imaging in vivo®. Copyright 2019,
American Chemical Society; (D) a probe based on DNA origami for PET imaging in vivo®®. Copyright 2018, Nature Publishing Group.

cerebral ischemia-reperfusion

the

component 5a, anti-C5a) loaded framework nucleic acid could

injury[Fig.5(C)]. After the
intrathecal ~ injection, aptamer(anti-complement
specifically recognize the Cb5a and selectively reduce Cba-
mediated neurotoxicity. The PET imaging based on %Zr-
radiolabeled single-stranded oligonucleotides revealed that
the nanoplatform spread out in the ischemic penumbra.
Moreover, Cai and co-workers!®! constructed ®Cu-labelled
DNA origami nanostructures to alleviate acute kidney
injury[Fig.5(D)]. The ¢#Cu chelate(**Cu-NOTA) was included
through conjugation on the single-stranded oligonucleotides.
After the intravenous injection, the biodistribution resulted by
PET imaging revealed that the DNA origami preferentially
accumulated in the kidney of the mice with rhabdomyolysis-
induced acute kidney injury. Interestingly, the accumulated
DNA origami showed renal-protective activity. This work
provided a novel solution to the treatment of acute kidney

injury by DNA nanostructures.

6 Conclusions and Future Perspectives

Impressive progress has been achieved by using nucleic acid

nanostructures as the carrier for bioimaging. In this review, we

827

summarized the recent developments in the field of nucleic
acid nanostructures assisted bioimaging, including FI, MRI,
PAI and PET/CT imaging. Spatially addressable nucleic acid
nanostructures can be functionalized with multiple imaging
reagents through covalent conjugation or nucleic acid
hybridization. After the modification with active targeting
groups, the nucleic acid nanostructures can transport the
imaging probes to the target tissues and organs and achieve a
subcellular imaging resolution. This biocompatible and
targeted bioimaging strategy based on nucleic acid
nanostructures can be widely employed in diagnosis and
therapy. Different types of imaging probes can be delivered
together to realize multimodal imaging. In addition, the
combination of information technology methods can improve
the image processing and pattern recognition to achieve better
contrast, resolution, sensitivity and signal-to-noise ratio. Some
critical issues about the practical applications of this
bioimaging system based on nucleic acid nanostructures still
need to be properly addressed. The degradation and possible
immunogenicity of nucleic acid nanostructures should be
taken into consideration. Fortunately, chemical modification
and rational sequence design are promising solutions to

mitigate these risks. Another concern is the mass-production

Chem. Res. Chinese Universities , 2021, 37(4), 823—828
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of DN A nanostructures at a low cost, which is critical for broad
the

challenges, we are expecting this tailored and precise

applications in clinics. Despite above-mentioned

bioimaging system based on nucleic acid nanostructures to
play a more important role in pre-clinical and clinical

theranostics.
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