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ABSTRACT: DNA nanotechnology has proven to be a powerful platform
to assist the development of imaging probes for biomedical research. The
attractive features of DNA nanostructures, such as nanometer precision,
controllable size, programmable functions, and biocompatibility, have
enabled researchers to design and customize DNA nanoprobes for
bioimaging applications. However, DNA probes with low molecular weights
(e.g, 10—100 nt) generally suffer from low stability in physiological buffer
environments. To improve the stability of DNA nanoprobes in such
environments, the DNA nanostructures can be designed with relatively larger
sizes and defined shapes. In addition, the established modification methods
for DNA nanostructures are also essential in enhancing their properties and
performances in a physiological environment. In this review, we begin with a
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brief recap of the development of DNA nanostructures including DNA tiles,

DNA origami, and multifunctional DNA nanostructures with modifications. Then we highlight the recent advances of DNA
nanostructures for bioimaging, emphasizing the latest developments in probe modifications and DNA-PAINT imaging. Multiple
imaging modules for intracellular biomolecular imaging and cell membrane biomarkers recognition are also summarized. In the end,
we discuss the advantages and challenges of applying DNA nanostructures in bioimaging research and speculate on its future

developments.

KEYWORDS: DNA nanotechnology, DNA-PAINT imaging, bioimaging modules, biomolecules, cellular imaging, in vitro

1. INTRODUCTION

Bioimaging is an essential technique to provide intuitive and
multidimensional information for disease diagnosis, cancer
treatments, and basic pathological studies. A good number of
imaging techniques are used for clinical trials including
magnetic resonance imaging (MRI), fluorescence imaging
(FLI), positron emission tomography (PET), computed
tomography (CT), single-photon emission computed tomog-
raphy (SPECT), and optical super-resolution imaging.
Although imaging methods vary, the requirements for ideal
imaging probes, such as low toxicity and cost, high signal-to-
noise ratio, and biocompatibility, remain consistent. However,
it is still challenging to fabricate an imaging probe with ideal
size, shape, stability, and compatibility."

DNA has been exploited as a building material to construct
nanoscale architectures based on Watson—Crick base pairing.
The control over its shape, size, and dimension can be
achieved by sequence design and oligonucleotides arrange-
ment, allowing the creation of almost any arbitrary architecture
from one-dimensional (1D), two-dimensional (2D) arrays, and
even three-dimensional (3D) crystals with atomic precision.
DNA nanostructure materials provide unique templates for the

© XXXX American Chemical Society
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precise arrangement of guest molecules and functional
materials with defined numbers and addresses.” For example,
small molecules such as dyes, drugs, peptides, and proteins
have been integrated with DNA nanostructures with accurate
amounts and locations as diagnostic imaging or therapeutic
DNA nanodevices. Furthermore, reconfigurable DNA nano-
structures perform dynamic switching in response to specific
stimuli, showing their usage in biomolecular sensing and
imaging. Here, we first list a general timeline of structural DNA
nanotechnology (Figure 1) and discuss the recent strategies for
constructing DNA nanostructure-based probes and labels for
bioimaging applications. In particular, we will focus on the
current developments of DNA-based point accumulation for
imaging in nanoscale topography (DNA-PAINT) imaging in
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Figure 1. Brief timeline of the development of structural DNA nanostructures. DNA branched junction.” DNA cube.” DNA motifs with different
crossover.’ Self-assembled crystalline 2D-DNA arrays. Reproduced with permission from ref 7. Copyright Springer Nature 1998. 2D lattice arrays.
Reproduced with permission from ref 8. Copyright Association for the Advancement of Science (AAAS) 2003. DNA tetrahedron.'” Single-stranded
DNA octahedron. Reproduced with permission from ref 13. Copyright Springer Nature 2004. DNA origami. Reproduced with permission from ref
17. Copyright Springer Nature 2006. DNA motif-based DNA polyhedral. Reproduced with permission from ref 9. Copyright Springer Nature 2008.
3D DNA crystal. Reproduced with permission from ref 11. Copyright Springer Nature 2009. DNA origami box with controllable lid. Reproduced
with permission from ref 18. Copyright Springer Nature 2009. 3D DNA origami designed by caDNAno. Reproduced with permission from ref 19.
Copyright Springer Nature 2009. 2D DNA origami array. Reproduced with permission from ref 25. Copyright Wiley-VCH 2011. DNA bricks in
2D. Reproduced with permission from ref 14. Copyright Springer Nature 2012. DNA bricks in 3D. Reproduced with permission from ref 15.
Copyright AAAS 2012. DNA-origami polyhedral characterized by 3D DNA-PAINT. Reproduced with permission from ref 26. Copyright AAAS
2014. 2D wireframe DNA origami. Reproduced with permission from ref 22., Copyright Springer Nature 201S. 3D wireframe DNA origami.
Reproduced with permission from ref 23. Copyright Springer Nature 201S. Single strand DNA and RNA origami. Reproduced with permission
from ref 24. Copyright AAAS 2017. Assembly of protein—DNA hybrid structure. Reproduced with permission from ref 34. Copyright AAAS 2019.
Micrometre-scale DNA origami. Reproduced with permission from ref 27. Copyright Springer Nature 2017. Meta DNA. Reproduced with
permission from ref 28. Copyright Springer Nature 2020. Assembly ordered 3D lattice nano-objects with DNA frames. Reproduced with
permission from ref 29. Copyright Springer Nature 2020.

59 vitro and the recent studies of modified DNA nanostructures
60 for cellular and in vivo imaging.

2. SELF-ASSEMBLED DNA NANOSTRUCTURES

61 2.1. DNA Tiles. The concept of DNA nanotechnology was
6 first proposed by Ned Seeman in 1982. He proposed the use
63 of several short single-stranded DNA oligos to self-assemble
64 into an immobile Holliday Junction (HJ) tile through
6s hybridization. By employing sticky-end interactions between
66 tiles, H] DNA tiles can be linked with each other through
67 complementary sequences to form 2D arrays. In 1991, Seeman

and co-workers demonstrated a self-assembled DNA cube.” To
increase the rigidity of the DNA tile, Seeman et al. designed
the DNA double-crossover molecule (DX) by introducing two
crossovers between two DNA double helices.® Later on, Erik
and co-workers successfully self-assembled DNA 2D arrays
based on DX tiles using programmable sticky-ends.” In 2003,
Yan et al. extended the DX tiles to a more rigid DNA 4 X 4 tile
with four arms pointing to different directions.® They used a
long central strand to tighten the four arms together into one
tile, and the monomer tiles could be assembled into
nanoribbons and 2D grid-like lattices. After this, small
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repeating DNA motifs that were assembled into 2D and 3D
lattices have been reported. For example, He et al. presented
the polyhedral nanostructures assembled from fixed numbers
of DNA three-arm junction motifs.” These three-arm junction
tiles were programmable and easily modified. They could serve
as a novel platform to carry biological and inorganic
nanocomponents to form 2D or 3D arrays with precise
control in nanoscale. Carter et al. reported that peptides could
recognize and bind with gold nanoparticles and generate a self-
assembled superstructure of DNA peptides and gold nano-
particles by integrating peptide-coupled DNA with the 4 X 4
cross-tile system.'” Furthermore, Zheng et al. proposed the
self-assembled 3D crystal with 4 A resolution based on the
DNA tensegrity triangle tiles.""

More recently, Goodman et al. presented a DNA tetrahedral
nanostructure by annealing four properly designed single
strands together.'” This nanostructure had excellent rigidity
and adaptability, showing great potential to cage other
molecules. Around the same time, Shih et al. reported an
octahedron-shaped DNA nanostructure constructed mainly by
a 1.7-kilobase single-stranded DNA scaffold."* The scaffold is
bound with five 40-nucleotide staples to form a branched arm
structure, connected by paranemic-cohesions at the end of
each arm. Later, to assemble finite and more complex 2D and
3D structures, the Yin group first proposed the “DNA bricks”
concept.'* The DNA bricks are single-stranded tiles (SST),
consisting of defined lengths of single DNA strands with
different sequences composed entirely of concatenated sticky
ends. Each strand would bind to four local neighbors during
annealing and finally grow into complex 2D and 3D
shapes.'*"” Notably, with the precise design of sequence and
connection, 3D nanostructures such as a teddy bear, a bunny,
and a helicoid were achieved as well."®

2.2. DNA Origami. In 2006, Paul Rothemund reported a
novel DNA origami method for DNA self-assembly.'” He used
a long single-stranded DNA as a scaffold and mixed it with
hundreds of short DNA oligos as staples to self-assemble into a
defined shape. The intrinsic composition of DNA origami
allowed the design of different structures with molecular
precision by manipulating the sequence. On this basis, a variety
of prescribed 2D shapes with different sizes have been
constructed including a triangle, a rectangle, a smiley face,
and a star. Following this, Andersen et al. extended the 2D
DNA origami method into 3D structures designing by creating
a box-shaped DNA origami structure with a controllable lid in
2009."% This DNA box had a large cavity that could be filled
with a ribosome or a poliovirus. This device had the potential
to sense or deliver biomolecular targets for in vivo therapeutic
applications. In the meantime, Douglas et al. developed a
software, caDNAno.'” With the help of caDNAno, they
designed many 3D DNA origami shapes with precisely
controlled dimensions ranging from 10 to 100 nm including
a monolith, a square nut, a railed bridge, a genie bottle, a
stacked cross, and a slotted cross.”” Moreover, they
successfully fabricated twisted or curved DNA bundles with
quantitatively controlled angles by manipulating the insertions
and deletions of base pairs.”' After that, the development of
wireframe structures made the origami family more extensive.
For example, the 2D wireframe patterns including a star, a
Penrose tiling, a wavy grid, a fishnet, and a flower-and-bird
pattern were reported by Zhang et al,”* and the 3D wireframe
structures, such as icosahedron, a rod, a waving stickman, a
bottle, and a bunny, were presented by Benson et al.?®

Compared with traditional tightly packed DNA origami
structures, the wireframe structures would be easily incorpo-
rated with mechanical springs or tensegrity properties into the
addressable edges to construct responsive nanodevices.
Furthermore, Han et al. designed and synthesized an
unknotted compact origami structure with a long single
DNA or RNA strand, demonstrating facile replication of the
strand in vitro and in living cells.”*

All the origami units discussed above have defined size and
good monodispersibility. However, the scale of DNA origami
is limited by the length of the scaffold. To assemble larger
DNA structures, the primary method is connecting the
monodispersed origami units into large periodic lattices.
There are two types of general methods of gluing origami
units together. One method is using sticky-end connections
based on sequence-specific base pairings between origami
monomers. The connection between DNA origami monomers
is precisely designed with unique interactions. For instance, Liu
et al. constructed a cross-shaped origami tile and assembled
large 2D lattices through sticky end binding.”® Yin’s group
reported a stiff DNA origami “tripod” monomer with precisely
controlled arm lengths and interarm angles for the hierarchical
self-assembly of polyhedrons.”® The tripod monomers were
bound through sticky ends and were precisely assembled into
the target tetrahedron and hexagonal structure. Later,
Tikhomirov et al. produced the DNA origami arrays with
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weak sticky end interactions on each edge, allowing the
rendering of images such as the Mona Lisa and a rooster.”’
More recently, Yao et al. proposed the “Meta DNA” concept to
assemble diverse and complex structures on the micrometer
scale based on the szpeciﬁc base pairing between different DNA
six-helix bundles.”®* Meanwhile, Tian et al. assembled
polyhedral origami structures into multiple superlattice frame-
works by introducing several single linker strands with sticky
ends to the vertex of the DNA origami structures and
cocrystallized them with nanoparticles of different composi-
tions.”” Additionally, assigning protruding strands to prede-
fined positions enabled the polyhedral origami structures to be
filled with gold nanoparticles with high efficiency and
addressability, which is meaningful for the orderly arrangement
of inorganic nanoparticles.

The second strategy to connect DNA origami monomers is
using base-stacking interactions of blunt ends from parallel
DNA helices. In 2011, Rothemund et al. proposed that the
geometric arrangement of blunt-end stacking interactions
could help create varied bonds.”® They programmed the
blunt end stacking interactions into binary, or shape codes, to
achieve specific hybridization. More recently, Gerling et al.
discussed the rules of shape complementarity to specifically
self-assemble discrete 3D DNA components.”’ They found
that the base stacking interactions could stabilize the origami
units’ assembly by counteracting electrostatic repulsion
between component interfaces. Furthermore, the balance
between stacking force and electrostatic repulsion of DNA
was susceptible to changes in ion concentration and temper-
ature. By adjusting the Mg®" concentration and temperature,
they controlled the interaction between the origami units
switching between “on” and “off” states.

2.3. Modifications of DNA Nanostructures. DNA
nanostructures made of pure DNA strands generally have
limited applications due to the inherent properties of the DNA
material. To increase the diversity of functional DNA
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nanostructures, a wide variety of materials have been
introduced and modified on DNA including small organic
molecules (dyes), proteins, and inorganic nanoparticles. The
key to modifying DNA with other materials lies in creating
connections between DNA and the guest materials. These
connections can be covalent, noncovalent, or electrostatic
binding. As we know, nucleotides are the basic building blocks
to create a DNA strand, and each of them consists of three
subunits: a nitrogenous base, a five-carbon sugar moiety, and a
phosphate backbone. The functional groups on these subunits
provide a lot of reaction possibilities for chemical modifications
of DNA nanostructures. DNA strands as anionic polymers can
also electrostatically bind with ionic polymers or particles that
tremendously broaden the diversity of guest materials.

Small molecules can directly react with a nucleotide and
generate covalent connection. For example, generating
covalent bonds between DNA and dyes is an efficient and
reliable method.”” DNA can be tracked and visualized after
their modification with dye molecules, allowing the sensing
and imaging of specific targets based on DNA recognition.
Moreover, DNA origami structures are known to have high
addressability. Researchers can randomly select specific
locations and seed the dye molecules on them. By doing so,
only a small amount of the dye molecules needs to be loaded,
and fluorescent quenching induced by dye aggregation can be
avoided.”

DNA-—protein conjugates can be formed by a covalent
connection between DNA and protein. For example,
Biotinylated oligonucleotide is a typical conjugate with a
covalent bond, which has high production yield and becomes a
commercial DNA—protein conjugated product. An early
example of DNA tiles consisting of biotinylated oligonucleo-
tides was reported in 2003 by Yan et al.” The biotinylated
oligonucleotides were preassembled into 4 X 4 DNA tiles and
then into a 2D lattice by base pairing. By exploiting biotin—
streptavidin specific interactions and the DNA 2D lattice
template, they could assemble a periodic protein array. Some
proteins can specifically bind with unique DNA sequences,
bringing new insight into DNA—protein conjugates production
and bioimaging application. Praetorius et al. proposed a new
approach to combining the DNA strands with proteins by
specific sequence binding.”* They customized a set of staple
proteins to recognize and link two distinct double-helical DNA
sequences at different positions on a DNA template, thus
folding a double stranded DNA template into a user-defined
shape. More recently, researchers found that small structures
like aptamers, peptides, and enzymes can selectively capture
the target proteins with high affinity. This selective binding
with target proteins opened a new way for recruiting multiple
proteins onto DNA nanostructures. For example, Li et al.
constructed a thrombin-loaded origami structure with its edges
locked by AS1411 DNA aptamer.” Overexpressed nucleolin
binding could open the AS1411 aptamer ‘lock’ when the
locked-state origami structure approached the target tumor site
in vivo. Then the loaded thrombin molecules were exposed,
which induced coagulation inside of blood vessels, thus
forming intravascular thrombosis and inhibiting tumor growth.

Various inorganic nanoparticles such as silver nanoparticles,
gold nanoparticles, lanthanide-doped upconversion nano-
particles (UCNPs), and iron oxide nanoparticles have been
modified onto DNA nanostructures by electrostatic binding,
With the help of the magnetic or optical features of these
nanoparticles, DNA nanostructures can be adapted to different

imaging modules. The connection between DNA and
nanoparticles is mainly based on chemical bonds or electro-

268
269

static attraction. For example, Ge et al. reported the method of 270

creating DNA-modified UCNPs.*® These conjugate nano-
particles had a luminescent UCNP core, which exhibited great
potential as multifunctional imaging agents or therapeutic
candidates for biomedical applications.

3. DNA-PAINT TECHNIQUE AND ITS RECENT
ADVANCES

Over the past decade, developments in fluorescence super-

278

276

resolution microscopy have enabled the visualization of 277

biological systems at the molecular scale with unprecedented
high resolutions. DNA-PAINT can achieve super-resolution

278
279

imaging by using the stochastic and transient binding of 280

fluorescently labeled DNA probes. DNA-PAINT also can be
easily implemented on any sensitive wide-field fluorescence
microscope without further modification.”” However, current
DNA-PAINT strategies have some limitations such as low
throughput and excessive acquisition time. In this section, we
will briefly review the DNA-PAINT technique and discuss the
recent progressions and applications of this technique for in
vitro and cellular imaging.

3.1. Brief Introduction of DNA-PAINT Imaging. DNA-
PAINT imaging is a super-resolution imaging method based
on capturing blinking signals generated by transient binding
and unbinding between short dye-labeled DNA oligonucleo-
tides. During imaging, the targets are labeled with a short DNA
strand acting as immobilized “docking sites”, while a
complementary DNA strand is labeled with a dye molecule
as a free “imager” in solution. When the imager strand is
hybridized with the docking sites, an increased fluorescence
signal, an “on” state, was observed. In contrast, a decreased
fluorescence signal, an “off” state, would be found after the
imager strand left the “docking sites”. The fluorescence signals
of the nanoscale targets were visualized in real-time with the
acquired data being readily analyzed.

With the development of DNA nanotechnology, a DNA
origami structure can serve as a substrate with suitable docking
sites for DNA-PAINT in vitro imaging, owing to its
programmability and spatial addressability. In 2010, Jungmann
et al. first demonstrated a DNA-PAINT technique with DNA
origami substrates as docking sites.”” They constructed a 2D
long rectangular origami structure with three, spaced apart,
docking strand sites (~130 nm). Small dye-labeled DNA
imager strands are reversibly and specifically hybridized with
the docking strands on the surface of DNA origami structures.
The precise and transient interactions between the docking
strands and the imager strands enabled the locating of the
docking sites on the origami surface. Furthermore, DNA-
PAINT imaging has also been used for the visualization of 3D
origami structures in solution. For example, linuma et al.

281
282
283
284
285
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288
289
290

317

designed a stiff three-arm-junction DNA origami tile motif 318

with precisely controlled arm lengths and angles for the
hierarchical assembly of polyhedral 3D structures including
tetrahedrons, trian§ular prisms, cubes, pentagonal prisms, and
hexagonal prisms.”® They successfully characterized these near-
solution shaped 3D origami structures with DNA-PAINT
imaging. Unlike the Cryo-EM, which relies on a class of images
averaging, DNA-PAINT is a relatively straightforward and fast
technique to obtain real-time images of individual 3D
structures.
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Figure 2. Recent technique developments of DNA-PAINT imaging in vitro. (a) Quantitative analysis of staples in origami via DNA-PAINT
imaging including the concept of DNA-PAINT and the general workflow for assessing the abundance of docking sites. Reproduced with permission
from ref 40. Copyright Springer Nature 2018. (b) Multiplexed DNA-PAINT imaging by engineering blinking kinetics allows the creation of
“barcodes” for simultaneous multiplexing and only using a single imager strand species. Reproduced with permission from ref 42. Copyright
American Chemical Society 2019. (c) Design and proof-of-concept experiments of concatenated speed-optimized motifs (the six orthogonal
binding motifs) for multiplexing in Exchange-PAINT experiments. Reproduced with permission from ref 44. Copyright Springer Nature 2020. (d)
Process of stop-and-go assembly of triskelion structures and hexagonal lattices and the corresponding DNA-PAINT images. Reproduced with
permission from ref 45. Copyright American Chemical Society 2019. (e) Overview of the DNA origami switch design and visualization of the
different states of individual switches by DNA-PAINT imaging. Reproduced with permission from ref 46. Copyright Wiley-VCH 2021.

328 Visualizing several distinct cellular species is difficult to
320 implement with the traditional DNA-PAINT technique.
330 Jungmann et al. proposed the idea of Exchange-PAINT
331 imaging for cellular structure detection.”® On the basis of
332 multiplexed-PAINT, orthogonal sequences were employed to
333 label distinct docking sites to achieve imaging specificity. The
334 multiplexing approach could be adjusted by tuning the binding
335 strength and concentration of the imager strands, allowing the
336 sequential imaging of multiple targets with only a single dye
337 molecule and a single laser source. Exchange-PAINT is a new
338 multiplexing approach in which the imager strands are
339 sequentially applied to recognize the different targets on the
340 same sample. In each round of imaging, only one imager strand
341 was introduced to capture the specific target docking sites,
342 followed by a washing step to remove the imager strand. The
343 imaging and washing steps were repeated until all desired
344 targets were imaged, and the multicolor image of the target
345 sample was produced after aligning and combining the
346 collected images. In the end, they achieved the multiplexed
347 2D and 3D DNA-PAINT imaging of different protein
348 components in fixed cells by linking DNA-PAINT docking

349 strands to antibodies.
350 One of the problems in obtaining the super-resolution
351 images of thick biological samples is the requirement of

352 increasingly complex hardware. Schueder et al. combined the

3D DNA-PAINT with a spinning disk confocal (SDC) 353
hardware to overcome the sample thickness limitation for 3s4
imaging.”” They demonstrated that this method could be 3ss
applied to imaging the interior of cells for various cellular 3s6
targets including DNA, RNA, and proteins. The multiplexed 357
3D super-resolution imaging at sample depths of up to ~10 3s8
pum could achieve resolution as much as 20 nm planar and 80 359
nm axial, leading to the high-resolution DNA-PAINT 360
technique for whole cell imaging. 361

3.2. Applications of DNA-PAINT Imaging In Vitro. A 362
DNA origami structure with great programmability and 363
addressability can serve as a suitable docking site for DNA- 364
PAINT imaging. Using DNA nanostructures as docking sites 365
are classified as DNA-PAINT imaging in vitro. The latest 366
progress of in vitro DNA-PAINT imaging will be discussed 367
with emphasis on the quantitative analysis of docking sites” 368
binding rates, multiplexing imaging, acquisition efficiency 369
improvement, and dynamic motion observation. 370

DNA strands can be modified with functional entities and 371
assembled into functionalized DNA nanostructures. However, 372
the quantification and efliciency of functional entity attach- 373
ments are less studied. As shown in Figure 2a, Strauss et al. 374
used DNA-PAINT to quantify both the incorporation and 375
accessibility of all individual strands in a DNA origami 376
structure with molecular resolution in 2018."° They found 377
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Figure 3. Recent advances of DNA-PAINT technique in cellular imaging. (a) Schematic of DNA exchange imaging and its application for the
imaging of eight-target proteins in primary neurons. Reproduced with permission from ref 48. Copyright American Chemical Society 2017. (b)
Site-specific DNA labeling of Affimer reagents and DNA-PAINT images of actin filaments in a Cos7 cell. Reproduced with permission from ref 49.
Copyright Wiley-VCH 2018. (c) Click- and thiol-based strategy to conjugate nanobodies to a docking DNA strand and exchange PAINT imaging
of individual target fluorophores. Reproduced with permission from ref 50. Copyright Wiley-VCH 2021. (d) Quantitative, high-resolution DNA-
PAINT imaging of SOMAmer labeling probes for EGFR targeting. Reproduced from with permission from ref 52. Copyright Springer Nature 2018.
(e) Genetically encoded self-labeling enzymes modified DNA strands for DNA-PAINT imaging of NUP96 proteins. Reproduced with permission
from ref 53. Copyright Elsevier 2019.

378 that the strand incorporation rates were strongly correlated maximum of 95% in the center. This work provided a good 3s1

379 with the position of docking sites inside of the DNA origami example for quantitative analysis of the docking sites” binding 3s2

380 structure, ranging from a minimum of 48% on the edges to a rates, which may also apply to the characterization of the 383
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384 labeling efficiency of antibodies, nucleic acids, and other
385 cellular components. Then Hahn et al. applied DNA-PAINT
386 to visualize the availability of handle sites and leash sites on a
387 catenane DNA template.” This revealed that the availability of
388 programmed handles was measured to be 93%, which was
389 consistent with previously reported yields,40 indicating DNA-
390 PAINT as a reliable, quantitative analysis method.

391 A high acquisition efficiency is necessary for exploring the
392 detailed molecular workings of complex cellular machinery.
393 However, the early staged multiplexed DNA imaging required
394 a very long acquisition time due to the single e of
395 fluorophore and sequential imaging processing cycles.”® To
396 improve the acquisition speed, Wade et al. introduced a new
397 barcoding approach for multiplexed DNA-PAINT imaging by
398 modulating the binding kinetics of transient hybridization.” As
399 shown in Figure 2b, they designed DNA origami structures as
400 docking sites and assigned multiple binding sites to single
401 origami surfaces for analyzing the kinetic barcoding approach
402 in vitro. The binding kinetics of programmable DNA probes,
403 such as blinking frequency and duration, were tuned precisely
404 and used downstream as barcodes for multiplexed detection
405 enabling hundreds or more targets to be imaged simulta-
406 neously. As a result, DNA-PAINT was able to reach 124-plex
407 within minutes in vitro and in situ. Besides, Schueder et al.
408 demonstrated that one can design and optimize DNA
409 sequences and buffer conditions to improve the acquisition
410 speed. In this way, DNA-PAINT could achieve an order of
411 magnitude faster imaging speed without compromising image
412 quality or spatial resolution either in vitro with DNA origami or
413 in situ using cell samples.43 However, this improvement did not
414 reach the ultimate speed limit and was only applicable for
415 single target imaging. Therefore, Strauss et al. recently
416 introduced concatenated periodic DNA sequence motifs to
417 further improve the acquisition speed, leading up to a 100-fold
418 imaging s4peed amplification compared to the traditional DNA-
419 PAINT.* As shown in Figure 2c, they applied this method in
420 six orthogonal sequence models. Each of the sequences
421 contained five or seven pieces of overlapping motifs, which
422 were complementary with corresponding imager strands. This
423 method achieved speed-optimized multiplex imaging with
424 lower imager concentrations and improved the signal-to-noise
425 ratio.

426 DNA-PAINT imaging as a solution-based super-resolution
427 imaging technique provides a valuable tool for observing the
428 dynamic process of binding and unbinding between docking
429 sites and imager strands. Recently, DNA nanostructure-based
430 dynamic devices have been studied as convenient models to
431 explore nanoscale dynamic assembly progress. For example,
432 Kempter et al. found that the behavior of DNA nanostructures
433 and their assembly into higher-order membrane-bound lattices
434 can be controlled in a stop-and-go manner. DNA-PAINT
435 imaging was used to monitor the dynamic process of the DNA
436 nanostructure assembly into lattices.”> As shown in Figure 2d,
437 they designed DNA triskelions and transiently immobilized
438 them on glass-supported lipid bilayers by changing the mono-
439 and divalent cation concentrations inside the surrounding
440 buffer. Then they exchanged the buffer and added another set
441 of oligonucleotides, which triggered the triskelions to diffuse
442 and assemble into hexagonal 2D lattices. This work provided
443 an excellent example in the controlling and observation of the
444 diffusion behavior of DNA nanostructures on lipid membranes.
445 Recently, Giir et al. fabricated a self-assembled DNA origami
446 switch that utilized a strand displacement reaction to achieve
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—

=
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an internally reversible conformational change.46 In Figure 2e, 447
the open and closed states of a DNA origami structure were 448
clearly observed by DNA-PAINT imaging based on the 449
transition between double-stranded and single-stranded DNA. 450
The nine different overlay images of the three imaging rounds 4s1
indicated good repeatability in the switching of the origami 452
structure between the two states. The dynamic states of DNA 4s3
origami structures also demonstrated their continuous 4s4
configuration variability in solution. In addition, Scheckenbach 4ss
et al. applied the DNA-PAINT technique to monitor the self- 4s6
regeneration and self-healing of DNA origami nanostruc- 457
tures.”” The reconfiguration of DNA origami nanostructures 4ss
induced by the self-repair of enzymatic damage and photo- 459
induced defects could be intuitively visualized by DNA-PAINT 460
imaging. 461

3.3. Applications of DNA-PAINT Technique for s
Cellular Imaging. Imagers and DNA docking sites are 463
required to be labeled with small and efficient labeling 464
molecules for high spatial resolution observation of cellular 465
targets. Multifunctional DNA nanostructures provide more 466
options for the designing of imagers and docking sites. 467
Generally, dyes, antibodies, genetically encoded self-labeling 468
enzymes, and DNA aptamers can be conjugated to a single 469
DNA strand with high yield and efficiency. Functionalized 470
DNA strands can easily be constructed into more compact 471
DNA nanostructures to improve structural stability and cell 472
internalization efficiency. By employing these functionalized 473
DNA nanostructures, cellular DNA-PAINT imaging can be 474
achieved with great precision, super-resolution, multiplexing 475
imaging, and a fast acquisition speed. 476

Wang et al. exploited single-round immunostaining with 477
DNA-barcoded antibodies to overcome the acquisition speed 478
restrictions.”® In Figure 3a, the orthogonal DNA docking 479 3
strands (P) were first conjugated with the distinct targets (T) 4s0
labeled with corresponding antibodies. Then the imager 4s1
strands (P*) were sequentially introduced to visualize target 4s2
signals, followed by the rapid (<10 min) buffer exchange of 4s3
fluorophore-bearing DNA imager strands. Eight targets in 484
cultured neurons could be distinguished by multiplexed DNA- 485
PAINT, proving a rapid and versatile multiplexed imaging 486
technique for super-resolution imaging of in situ cells or tissues. 487

Most antibodies face size defects to achieve higher efficiency 4ss
of quantitative DNA-PAINT imaging. Unlike normal antibod- 4s9
ies, Affimer reagents have quantitative labeling capabilities and 490
smaller sizes, which are favorable labeling reagents for the 491
docking sites and imager strands. To tackle the limitation of 492
antibody size, Schlichthaerle et al. site-specifically attached an 493
Affimer reagent to a single DNA strand by cysteine—maleimide 494
conjugation and successfully imaged the Affimer-labeled actin 495
network in fixed Cos7 cells with high efficiency via DNA- 496
PAINT imaging (Figure 3b).*’ Subsequently, Sograte-Idrissi et 497
al. used click chemistry reactions to connect the single- 498
stranded DNA with small nanobodies.’” The nanobodies also 499
were known as small labeling reagents. As shown in Figure 3¢, s00
the immunostaining of three different proteins in different so
organelles with three specific nanobodies such asanti EGFP, s02
mCherry, and mTagBFP allowed them to become fluorescent s03
so that the three corresponding cellular targets could be so4
visualized with 20 nm resolution and within 35 min of sos
acquisition time per target. Recently, Filius et al. proposed that sos
the modification of imager strands also could shorten the so7
acquisition time.”' The imager strands were loaded into sos
protein Argonaute (Ago). Next, the Ago prearranged the DNA s09
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Figure 4. Recent application of DNA nanostructures for intracellular biomolecules imaging. (a) Synthesis of a photocontrollable UCNP and

DNAzyme-based nanodevice and its response to Zn**

in early embryos and larvae of zebrafish. Reproduced with permission ref 60. Copyright

American Chemical Society 2017. (b) Scheme of I-Scel activation of the DNAzyme for intracellular imaging of Mg**. Reproduced with permission
from ref 61. Copyright Wiley-VCH 2019. (c) Design and characterization of TDNs probe in response to lysosomal acidity and ATP binding in
living cells. Reproduced with permission from ref 66. Copyright Wiley-VCH 2019. (d) Mechanism of the aptamer-linked tripartite DNA probe
assembly and fluorescence imaging of the surviving mRNA in different tumor-bearing mice with tripartite DNA probes. Reproduced with
permission from ref 72. Copyright Royal Society of Chemistry 2020. (e) Illustrating the mechanism of FNA logic circuits and the response to
mRNA expression in living cells. Reproduced with permission from ref 74. Copyright Wiley-VCH 2020. (f) Schematic of DNA-based molecular
sieve for size-selective molecular imaging in living cells. Reproduced with permission from ref 76. Copyright Springer Nature 2020.

s1o0 imager strands into a helical conformation, which allowed a
s11 faster binding between the imager strand and complementary
s12 strand. Furthermore, they compared the Ago-assisted DNA-
513 PAINT (Ago-PAINT) with the general DNA-PAINT method
s14 by using a 2D DNA origami structure as the docking site and
sis found that the Ago-assisted method could speed up the
si6 acquisition time by an order of magnitude and maintained
517 higher spatial resolution.

s1s Additionally, small and highly specific labeling reagents also
519 help to obtain higher imaging resolution. For example, Strauss
520 et al. employed seven different slow off-rate modified aptamers
521 (SOMAmers, known as tiny DNA nanostructures) to label the
522 docking sites.”” This work was the first example of using DNA-
523 PAINT imaging in living cells and tracking their membrane
s24 targets in their native state. As shown in Figure 3d, the
525 preimmobilization of the living cells was not required with the
526 help of the staining of transmembrane receptor (EGFR) with
527 SOMAmers. More importantly, the average localization
528 precision of SOMAmer-labeled EGFR proteins was about 3.2
529 nm, and the full-width at half-maximum-limited resolution was
530 less than 8 nm, allowing quantitative sub-10 nm cellular DNA-
531 PAINT imaging. This work also discussed SOMAmers that are
s32 specific for GFP-labeled Nup107, suggesting the flexibility of
533 labeling the intracellular targets. Moreover, the genetically
s34 encoded self-labeling enzymes can be applied for DNA-PAINT

as well. Schlichthaerle et al. presented an approach by using s3s
genetically encoded self-labeling enzymes such as SNAP-tag s36
and HaloTag, to achieve higher resolution.”” They tested BG- s37
modified docking strands targeting SNAP-tags, which were C- s3s
terminally fused to NUP96 proteins in U20S cell lines created s39
by CRISPR/Cas9 engineering. In Figure 3e, the 2D DNA- s40
PAINT images revealed the 8-fold symmetry of NUP96 s41
proteins with super-resolution. They resolved the NUP96 s4
proteins in the Y-complex of the nuclear pore complex with the s43
spacing of only ~12 nm apart and the single copies of s
nucleoporins in the human Y-complex in three dimensions s4s
with the precision of ~3 nm. This work provided a high- s46
resolution imaging tool to investigate individual proteins of s47
higher-order protein complexes in cells. 548

4. OTHER BIOIMAGING EXAMPLES BASED ON DNA
NANOSTRUCTURES 549

Bioimaging plays an important role in the early diagnosis and sso
treatment of diseases. However, the internal, physiological ss1
environment is crowded with complex biomolecules and is ss2
highly compartmentalized by physiological barriers and ss3
membranes. This complexity may lead to the poor perform- ss4
ance of synthetic imaging probes in living systems. Imaging sss
probes with high stability, biocompatibility, and low toxicity ss6
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under physiological conditions need to be fabricated to
improve the performance of imaging in living systems.

DNA materials provide a new strategy for bioimaging probe
construction. Functionalized DNA nanostructures can be used
for biomolecules or cell capture.”® Scientists successfully
assembled several DNA strands into a defined and compact
structure to improve its stability. For example, framework
nucleic acids (FNA) structures (including a tetrahedron, an
octahedron, a DNA triangular prism, and DNA nanotubes)
have good biocompatibility, size controllability, and antide-
gradation ability, all of which can help the structures to
maintain their structural integrity in a complex biological
environment for several hours and even days.55 Moreover,
combining the DNA materials with inorganic nanoparticles
(such as gold nanoparticles, upconversion nanoparticles, and
graphene, etc.) could also improve the stability of the DNA
materials. In this section, we will focus on the recent advances
of other bioimaging methods and targets.

4.1. DNA Nanostructure-Based Intracellular Biomole-
cules Imaging. The visualization of biomolecules in cells at a
nanometer scale led to a greater understanding of how
biological processes operated and provided useful information
for disease diagnosis. However, only a few biomolecules (metal
ions, ATP, RNA, telomerase, and histidine, etc.) were able to
achieve sufficiently high resolution for bioimaging applications.
DNA nanostructures are competitive candidates serving as
imaging agents to tackle this problem due to their specific
binding ability for biological targets, outstanding biocompat-
ibility, and stability. DNA nanostructures can be further
conjugated with dyes, proteins, and inorganic nanoparticles to
achieve diverse features and become a versatile imager, trigger,
or carrier for in vivo imaging of specific targets that can adapt
to different functional imaging modules.

4.1.1. Metal lon Imaging. In a biological system, metal ions
play important roles in stabilizing the conformations of
biomolecules and helping catalyze enzymatic reactions. It is
crucial to probe the distribution of metal ions because their
abnormal distribution can lead to various diseases including
neural malfunction, osmolarity imbalance, and cancers.
DNAzymes, also known as deoxyribozymes, which catalyze a
specific reaction and require metal ions as cofactors, have
emerged as a new class of activity-based metal ions imaging
agents. The DNAzyme substrate has different melting
temperatures before and after the metal-ion-dependent
cleavage. The general strategy to construct DNAzymes-based
probes is attaching a fluorophore and a quencher to a
DNAzyme complex. The cleavage of the DNAzyme structure
will release the fluorophore from its quencher to create an “on”
fluorescent signal, which allows the imaging of the target metal
ions. In 2013, Wu et al. first demonstrated the application of
DNAzymes for imaging intracellular metal ions.’® They
conjugated the uranyl-specific 39E DNAzyme with gold
nanoparticles, then the DNAzyme would deliver into cultured
cells, and the exonuclease-based degradation of DNAzyme
ends could be slowed down. The DNAzyme with gold
nanoparticles only cleaves the fluorophore-labeled substrate
strand in the presence of uranyl, resulting in an increased
fluorescence signal and demonstrating the selectivity for
imaging of uranyl inside live cells. After this work, a set of
DNAzymes-based imaging probes has been reported for the
cellular imaging of Na*,*” Cu?*,*® and Pb**.>°

Recently, Yang et al. reported a Zn*'-specific near-infrared
(NIR) DNAzyme nanoprobe for real-time metal ion tracking

in early embryos and the larvae of zebrafish.” In Figure 4a,
they functionalized the UCNP of a photocaged DNAzyme by
attaching a fluorophore (F) and two quenchers (Ql, Q2) to
the UCNP. The UCNP generated fluorescence emission at
365 nm wavelength and removed the protection of the 2’-
nitrobenzyl photocage group (PG) for the ribonucleotide
adenosine (rA) site under 980 nm laser irradiation. Then the
restored 2'-OH of adenosine ribonucleotide assisted in the
Zn** specific cleavage of the single substrate strand, leading to
an “on” fluorescence signal due to the fluorophore dissociating
from the enzyme strand. This study achieved spatial and
temporal optical control of the DNAzyme-UCNP system for
higher penetration depth metal ions detection in vivo.

More recently, Lin et al. introduced an approach of using
homing endonuclease (I-Scel) to activate the DNAzyme for
the fluorescent imaging of Mg*" in living cells.”" As shown in
Figure 4b, the bioorthogonal method for activating the
DNAzyme catalytic ability is carried out by conjugating the
I-Scel enzyme recognition site with the DNAzyme binding
arms. When the cell expressed I-Scel, the recognition site
cleaved and converted the DNAzyme into its active
conformation, enabling it to catalyze the cleavage of the
substrate strand in the presence of Mg*". Then a fluorescent
signal was detected from the releasing of the strand containing

620 f4
621
622
623
624
625
626

640
641
642
643

the fluorophore. The endogenous and bioorthogonal control of 644

a DNAzyme led to its specific binding to Mg**, which made it
important for the understanding of the distribution and
fluctuation of Mg** in living cells. Using DNAzyme-based
probes for detection of other metal ions has also been reported
such as K*, Ag’, Hg**, and Co*.%% Since metal ions are related
to many diseases, these works help researchers understand the
roles of metal ions in many physiological processes.

4.1.2. ATP Imaging. The characterization of ATP dynamics
is essential for exploring the processes that range from
neurotransmission to the chemotaxis of immune cells.
Researchers found that DNA aptamer-based probes can be
applied for ATP imaging in live cells.”> These self-assembled
DNA probes possessed excellent cell membrane permeability
and biocompatibility. For example, Zheng et al. designed an
ATP aptamer-based DNA probe for ATP imaging in living
cells.”* They anchored two split ATP aptamers labeled with
donor and acceptor fluorophores on a DNA triangular prism.
In the presence of ATP, two aptamer strands were brought
closer and generated a FRET signal, thus enabling the
intracellular ATP imaging. Moreover, the DNA triangular
prism provided the reasonable protection of the split aptamer
from nuclease degradation. Using the split aptamer with “off—
on” mechanism of FRET could efliciently avoid false-positive
signals.

Structure-switching aptamers were also involved in DNA
bioimaging probe design. Zhao et al. reported a luminescence-
activatable DNA nanodevice probe composed of DNA
aptamer and UCNP to detect ATP in a living system.”® The
aptamer strand modified with a fluorophore Cy3 was initially
locked by a complementary DNA strand conjugated with a
quencher strand and a photocleavable (PC) group, providing a
low fluorescence background and preventing its ATP binding
activity. Upon UV light irradiation, the complementary DNA
strand split into two short strands due to the photolysis of the
PC group. The aptamer switched its structure to bind ATP,
resulting in the dissociation of the quencher strand and the
significant increase of the fluorescent signal for ATP imaging.
This approach provided a general method for the NIR-
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683 controlled imaging of various targets by incorporating different
684 aptamers with UCNP.

685  More recently, Peng et al. designed an aptamer function-
686 alized FNA nanoplatform that could be dynamically manipu-
687 lated in living cells for subcellular ATP imaging. The
688 nanoplatform was constructed by two DNA tetrahedrons
689 (TDNs) with different branched vertexes. As depicted in
690 Figure 4c, both of the tetrahedrons carried a bimolecular i-
691 motif and a split ATP aptamer.”® The TDNs were assembled
692 into heterodimeric architectures in the lysosomes of living cells
693 due to their acidic environment and in response to endogenous
694 ATP binding. This dimerization process was reversible so that
695 it could be dynamically manipulated by adjusting intracellular
696 pH and ATP levels with external drug stimuli. By monitoring
697 the structural conformation change, the subcellular ATP could
698 be visualized efficiently.

699 4.1.3. RNA Imaging. RNA molecules play various significant
700 biological roles such as coding, decoding, regulation, and
701 expression of genes. Monitoring the distribution of RNA in a
702 living system is crucial for understanding the biological
703 functions of RNA and identifying RNA-related diseases.
704 However, it is difficult to image cellular RNA due to its low
705 expression level in cells. To tackle this problem, researchers
706 integrated several signal amplification methods (e.g., hybrid-
707 ization chain reaction (HCR),”’ catalyzed hairpin assembly
708 (CHA),*® fuel stimulant-powered amplification (FSP),%’ and
709 DNAzyme motor-powered amplification (DMP)”") with DNA
710 devices. Inspired by these amplification methods, many novel
711 DNA probes for RNA imaging have been developed. For
712 example, He et al. reported an entropy-driven 3D DNA
713 amplifier (EDTD) for the specific mRNA target imaging based
714 on a CHA strategy.”' The EDTD amplifier was anchored on a
715 DNA tetrahedral framework to exhibit significantly enhanced
716 biostability and cellular delivery efficiency. With the help of an
717 entropy-driven force, an autonomous DNA circuit was initiated
718 by the mRNA target/EDTD interaction and achieved
719 significant signal amplification for the target mRNA imaging.
720 Recently, Wu et al. reported a DNA probe using the CHA
721 circuit strategy for the detection of the target mRNA that was
722 in low abundance in cells and mice.”” In this work, a Y-shaped
723 DNA nanostructure was hybridized with both phosphoro-
724 thioated substrate hairpins and an AS1411 aptamer to fabricate
725 a DNA probe (Figure 4d). The DNA probe could recognize
726 the small amount of the target mRNA with good fluorescence
727 signal in vivo, showing great potential for early stage clinical
728 diagnosis and treatment under the guidance of fluorescence
729 imaging. Similarly, Liu et al. demonstrated another Y-shaped
730 DNA nanodevice, which could perform intracellular non-
731 enzymatic in situ growth of 3D DNA nanospheres to detect
73 mRNAs or proteins in living cells.”” The locked triggering
733 probe would open in the presence of target mRNA, leading to
734 a fluorescence signal and marking the intracellular position of
735 the target. Then, mediated by the sequential assembly of the Y-
736 shaped structure, the opened triggering hairpin probes
737 activated the gradual growth of spherical structures to obtain
738 images with different fluorescence signal. Finally, these
739 fluorescence images were merged, and it was demonstrated
740 that the target and self-assembled spherical structures were in
741 the same location. As a result, this Y-shaped DNA nanodevice
742 successfully achieved the real-time in situ imaging of intra-
743 cellular mRNA.

744  Researchers also introduced logic circuits into DNA
745 nanostructures to achieve high-precision RNA imaging. For

—_

—_

instance, Wang et al. created two logic circuits, OR-AND and 746
AND-AND cascades, to improve the accuracy of subcellular 747
mRNA imaging (Figure 4e).”* They constructed a logical 743
control DNA nanodevice by embedding the i-motif structure 749
and ATP aptamers in a truncated square pyramid cage. Then 750
the assembled nanodevice would release the sensing element 751
and achieve the target mRNA imaging in response to the 752
intracellular H* and ATP. 753

Additionally, an enzyme-propelled RNA walker can be 754
applied for amplifying biorecognition signals of microRNA 7ss
(miRNA) imaging. For example, Xiao et al. constructed a 7s6
nanomachine with amplified fluorescence signal outputs for 757
cellular miRNA imaging. They first wrapped a single wall 7ss
carbon nanotube (SWCNT) with a fluorophore (6-FAM) 7s9
labeled DNA diblock oligomers.”” Then the RNA walker 760
(single-stranded RNA) complementary to DNA oligomers 761
would form DNA/RNA heteroduplexes. In the presence of 762
duplex-specific nuclease (DSN), the selective digestion of 763
DNA in heteroduplexes released the FAM-labeled DNA and 764
led to fluorescence diminishing of the target SWCNT. The 765
released RNA walker would subsequently bind to another 766
DNA strand on the SWCNT and initiate the next cleavage 767
cycle, thus amplifying signal outputs achieved by high target 768
recycling kinetics. Finally, the nanomachine complementary to 769
miRNA and DSN could be delivered to HeLa cells to detect 770
the cellular miRNA effectively. 771

Recently, Fu et al. reported a DNA-based molecular sieve for 772
size-selective molecular recognition in living cells.” As shown 773
in Figure 4{, they encapsulated different functional nucleic acid 774
probes (e.g, DNAzymes, aptamers, and molecular beacons) 775
into the inner cavity of cavity-tunable DNA nanocages. 776
Because of the size limitation, only the small target molecules 777
could enter the cavity for efficient molecular recognition, 778
whereas large molecules were prohibited. Furthermore, the 779
DNA nanocages exhibited enhanced anti-interference ability 7s0
against nuclease degradation and nonspecific protein binding. 781
They also found that the DNA molecular sieve could 7s2
selectively recognize the mature microRNA by fluorescence 783
imaging in living cells. 784

4.1.4. Other Biomolecules Imaging. Despite imaging 7ss
cellular metal ions, ATP, and RNA, the imaging of cellular 786
proteins and amino acids has also attracted broad attention. In 787
most intracellular reactions, proteins and amino acids act as the 788
reactive agents or catalysts, which play a vital role in 789
maintaining the cell'’s homeostasis. Although only a tiny 790
amount of them are inside the cell, a small change of the 791
content may be related to, or even cause, some diseases. Thus, 792
capturing the small changes can help us find more solutions for 793
disease diagnose or therapies, requiring the development of an 794
ultrasensitive imaging probe, telomerase and histidine are 795
among the most popularly studied. 796

The length of telomeres in healthy cells undergoes 797
progressive shortening during cell proliferation but they 798
maintain the original length in most cancer cells by 799
telomerase.”” Therefore, telomerase is a promising biomarker 800
for early cancer diagnosis and tumor progression monitoring. 8ot
In an early study, Pavlov et al. exploited the hemin/G- so2
quadruplex HRP-mimicking DNAzyme for chemiluminescent 803
detection of telomerase.”” This method only detected sos
telomerase extracted from HeLa cells. And the chemilumi- sos
nescence intensity correlated to the telomerase content. Note sos
that this imaging probe only applied to in vitro assays, which 807
cannot provide information on telomerase activities in living sos
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809 systems. Later on, amplification methods with high sensitivity
810 for telomerase detection were developed such as polymerase
811 chain reaction (PCR)-based classic telomeric repeat amplifi-
s12 cation protocols”’ and isothermal DNA amplification.*’
813 However, they are still limited to working with cell extracts.
814 To realize the amplified detection of telomerase in living cells,
g1s Fan et al. introduced a cascade amplification reaction-based
816 (CAR) nanoprobe for intracellular telomerase detection by
817 incorporating MnO, nanosheets with DNAzyme and catalytic
818 hairpin assembly.”” A large amount of Mn** ions generated

from MnO, nanosheets degradation can activate DNAzyme as
a metal cofactor and cleave the telomere sequence (T strand)
from DNAzyme strand. The released T strands hybridize to
H1 and further trigger the binding to H2, which results in the
fluorescence recovering from the H2 strand. This cascade
amplification process achieved a higher fluorescence signal
output and enabled the ultrasensitive imaging of telomerase in
living cells. Following that, Guo et al. reported a surface-
enhanced Raman scattering-based DNA tetrahedron probe for
the simultaneous in situ detection of intracellular telomerase.®!
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This probe showed excellent specificity and sensitivity in the
detection of telomerase, with LODs of 7.6 X 10—16 IU,
enabling the distinction between normal cells and cancer cells.
These new developments facilitated researchers in under-
standing the pathogenesis for clinical therapy.

L-Histidine (1-His) is an essential amino acid that cannot be
synthesized de novo in humans but plays an vital role for
human growth, metal transmission, neurotransmission, and
neuromodulation.”” An abnormal level of histidine or histidine-
rich proteins often corresponds to disease development.
Therefore, selective and sensitive detection of histidine in
urine or living cells has become significant and indispensable.
In vitro selection of RNA-cleaving DNAzymes (RCDs) found
that the L-His-dependent RCDs have excellent specificity and
sensitivity of L-His, which brings new insight for 1r-His
detection.”” For example, Kong et al. developed a DNA-
zyme-based sensing platform using an endonuclease-based
enzymatic recycling cleavage strategy for r-His detection.**
This enzymatic signal amplification strategy affords high
sensitivity, resulting in a detection limit of 200 nM for L-His.
Moreover, Meng et al. proposed a DNA dendrimer nanocarrier
with histidine-dependent DNAzyme for intracellular -His and
ATP detection.” This nanocarrier successfully self-delivered
into living cells with no change in sensitivity or specificity and
recognized the histidine and ATP efliciently. To amplify the
signal output, He et al. reported an HCR-based DNAzyme
fluorescent sensor to detect L-His associated with urine
samples.*® Here, L-His was a trigger to initiate the cleavage
of DNAzyme substrate strands; the released substrates were
primers to trigger a cascade of hybridization events. The HCR
amplified the oligonucleotide products, allowing more G-
quadruplex structures to bind with porphyrin molecules and
enhance its fluorescent intensity as efficient signal output.
Recently, Xu et al. fabricated an electrochemical nanotool on
the basis of rational integration between a nanopipette and
synthetic DNAzyme for quantification of amino acids in a
single cell, which is exemplified by L-His.*” Ionic current
rectification response will be efficiently generated upon L-His-
provoked cleavage of the DNA molecules. This work
demonstrated that synthetic DNAzyme facilitating electro-
chemistry quantification could provide a new way for
identifying amino acids in living cells.

4.2. DNA Nanostructures for Imaging Cell Membrane
Biomarkers. DNA nanostructure-based imaging agents were
widely used for the selective recognition of cell membrane
biomarkers. The small DNA structures could be conjugated
with other DNA nanostructures or inorganic nanoparticles to
achieve high targeting ability, stability, cellular internalization,
and versatile functionalities that adapt to different imaging
modules. The DNA nanostructure-based materials have been
proven to be the specific targeting imaging agents for different
imaging modules in vivo including near-infrared fluorescent
imaging (NIRF),*® PET,*” MRL™ CT,”' SPECT,” and
photoacoustic imaging (PA).92

4.2.1. Logic Gates Assisted Selective Recognition of
Target Cancer Cells In Vitro. The precise recognition of
target tumor cells among large amounts of normal cells is still
challenging. Researchers have developed a series of aptamer
logic gate-based DNA nanodevices for the recognition of target
cancer cells. For instance, Peng et al. designed a 3D triangular
prism (TP) DNA structure as a logic gate (AND gate) to
identify bispecific biomarkers.”> They selected two aptamers,
sgc8c and sgedf, as recognition molecules targeting overex-

pressed biomarkers in CEM cells. Moreover, the Ramos cell
membranes under-expressed these biomarkers, thus making it
easy to be distinguished from others. As shown in Figure Sa,
the TP nanodevice performed a strand displacement reaction
and recombination to turn on the fluorescence signal in the
presence of both biomarkers on the same cell only. The change
in the fluorescence signal could be observed by fluorescence
spectroscopy imaging, flow cytometry, and confocal imaging,
thereby enabling the rapid analysis of specific cancer cells.
Furthermore, the accuracy of cell identification was signifi-
cantly improved by this TP nanodevice compared to linear
double strand DNA-based circuits. The TP nanodevice was
easily incorporated with all logic units into one triangular
scaffold. Similarly, Zhou et al. designed a switchable DNA
tetrahedral nanostructure’ with AND logic gates for cancer
cells recognition. The presence of K* helped to stabilize the
formation of G-quadruplexes or T—AeT triplexes between
each monomer DNA tetrahedra structure, thus leading to
dimer or trimer formation. In contrast, the crown ether or pH
conditions separated the dimer/trimer tetrahedral nanostruc-
tures. Then they designed selective dimer structures using
miRNA so that the dimer structures only formed in the

892
893
894 £5

912
913

presence of the target miRNA, enabling the specific imaging of 914

cancer cells.

Recently, Chang et al. employed multiple DNA aptamers to
identify cancer biomarkers based on activation signal
integration and amplification.”” They demonstrated an AND
Boolean logic operation analyzing multiple biomarkers and
precisely labeling the targeted cell subtype with the coexistence
of large populations of similar cells. As shown in Figure Sb, the
logic device consisted of three active elements: the single
stranded DNA detector (aptamer-spacer-toehold [Apt-S-T])
to reduce steric hindrance of structures, the ssDNA connector
to hybridize with different Apt-S-T detectors, and the H1 and
H2 hairpin probes to generate HCR amplification. In this
work, the double aptamer AND logic device achieved single-
step identification and isolation of cancer cells with enhanced
sensitivity and accuracy.

4.2.2. DNA-Based Imaging Modulars for Biomarker
Recognition In Vivo. Radionuclide-based imaging techniques
such as SPECT and PET are more widely used imaging
modalities in clinics than other molecular imaging techniques
due to their great tissue penetration and quantitative analysis
ability. Radioisotopes, such as 1251, 9T¢, and '*F, coupled with
DNA aptamers were able to function as highly specific and
sensitive radiopharmaceuticals. However, the SPECT and PET
required hazardous ionizing radiation and a time-consuming
image reconstruction process. Therefore, there are urgent
needs for the development of nonionizing radiation-based real-
time imaging methods.

Among different imaging methods, FL is the most adapted
imaging module due to its low cost and high sensitivity and has
been interacted with DNA nanostructures. Jiang et al.
proposed a multiple-armed duplex DNA tetrahedron probe
that could specifically bind with folate receptor-positive tumor
cells.*® They first assembled the duplex DNA tetrahedron
structures with different protruding strands at each arm chains
(Figure Sc). Then they modified the tagged single-strand DNA
with NIR fluorescent dye Dylight-75S5, radioactive isotope label
#mT¢, or folic acid to complement the protruding strands on
different arm chains, thereby enabling the target tumor imaging
with both NIRF and SPECT modalities. The results showed
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that this probe had good stability and could keep integrity in
80% mouse serum at 37 °C for 12 h.

In addition to fluorescence imaging, MRI and CT are known
as anatomical imaging modalities for clinics imaging with high
resolution and a spatial penetration depth. Using aptamers as
targeting components, these modalities can be used for
biomarkers or tumor imaging in vivo. For example, aptamer-
based MRI contrast agents are generally designed by
combining an aptamer with superparamagnetic iron oxides.
Zhao et al. reported a DNA-Mn hybrid nanoflower (DMNF)
for tumor site-activated MR imaging,96 in which the
manganese ions mediated enzymatic biomineralization of
DNA nanoflowers. The target probe was synthesized by
using a long DNA strand as a template via nucleation and
growth of Mn2PPi. Then the DNA template was encoded with
a DNA aptamer sequence to achieve enhanced cellular uptake
and tumor targeting, while the paramagnetic Mn*" was
explored as the cofactor of a DNA polymerase for the
extension of the long DNA strand. Because of the acidic
environment of tumor sites, the DMNF showed morphology
collapse and Mn>' release, resulting in an enhanced T),-
weighted MRI effect for the MR imaging of DMNF-treated
tumor sites.

Recently, PA imaging with higher penetration depth and
excellent spatial resolution has emerged as an alternative
method to MRI. Unlike PET and SPECT that suffer from
hazardous ionizing radiation and limited spatial resolution, PA
imaging is a safer, real-time, and noninvasive imaging method.
Aptamer-based PA probes have been investigated for specific
targets imaging in vivo. For instance, Zhang et al. proposed
thrombin activatable DNA aptamer-based PA probes for in vivo
imaging.”> As shown in Figure 5d, the sensing system was
based on the contact quenching between the DNA strands
conjugated with a NIR dye (IRDye 800CW) and its dark
quencher (IRDye QC-1), which was mediated by DNA
aptamer through the duplex formation. The thrombin-induced
disassembly of the DNA complex would inhibit the contact
quenching process and increase the PA signal ratio at 780/725
nm. Therefore, the quantitative analysis of the change of PA
signal enabled the selective imaging of the aptamer recognized
thrombin. In addition, Kim et al. reported that DNA aptamer
conjugated with gold nanoparticles were suitable for PA
imaging of human matrix metalloproteinase-9 (hMMP-9) in
vivo.”” The modification of DNA aptamers enabled sensitive
and selective detection of hMMP-9. The gold nanoparticles
core enhanced the optical absorption to the first NIR window
and made it suitable for PA imaging. All of these examples
suggest that DNA aptamers, combined with inorganic
nanoparticles, can enhance the targeting ability of probes for
application in vivo.

5. CONCLUSION AND OUTLOOK

DNA nanostructures have been demonstrated as great
nanoconstruction material and have shown great potential in
biomedical applications. Studies have demonstrated that self-
assembled DNA nanodevices have higher cellular uptake rate
and greater resistance to nuclease degradation compared to
unassembled DNA.”® The modification of DNA nanostruc-
tures allowed these materials to achieve high biocompatibility,
good robustness, competent responsiveness, and improved cell
permeability. This review summarized the recent applications
of self-assembled DNA nanostructures for bioimaging
applications. We focused on DNA-PAINT imaging and

modification methods of the DNA nanodevice probe. Addi-
tionally, DNA nanoprobes for in vivo imaging were also
discussed. Despite these great achievements, there are several
remaining challenges, as well as opportunities, in DNA
nanostructure-based bioimaging.

The DNA-PAINT imaging technique has achieved tremen-
dous advances such as in multiplexing, minute level acquisition
speed, and molecular level resolution in fixed cells. DNA-
PAINT technique for live cell imaging enables the ability to
locate dynamic features of intracellular proteins, visualize
protein interactions with super-resolution, and quantify the
concentrations of cellular biomolecules. However, the
resolution of DNA-PAINT imaging in living cells is not as
high as that in fixed cells because the living cells have a more
complex, sensitive, and dynamic environment. Moreover, high-
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resolution living cells imaging is influenced by the stability of 1030

DNA materials, potential incorrect interactions between DNA
with cellular nucleic acids or proteins, and targets labeling in
different living cells. These advances and challenges have
opened new opportunities for future research in DNA-PAINT
imaging for living cells. For example, the acquisition speed
needs to be further improved to capture the fast and weak
motions of living cells. In addition, research efforts are needed
on decreasing the nonspecific interactions between DNA
material-based probes and cellular nucleic acids. Finally, it will
be helpful to introduce new functionalities by exploring novel
assembly methods and modification strategies of DNA
nanostructures.

DNA nanostructures, including DNAzyme, DNA aptamers,
and FNA, have been incorporated with small molecules,
proteins, or nanoparticles to fabricate different functional
imaging probes. For example, aptamers have been used to
differentiate disease-specific targets in cancer cell research. In
addition, aptamer-based probes have shown great promise for
targeted cancer diagnostics in a preclinical study. DNA
nanostructures brought exciting features and allowed new
constructions such as multimodal imaging modalities. As
described in section 4, the DNA tetrahedron probes have taken
advantage of the qualitative imaging of NIRF and the high
sensitivity and excellent detecting depth of SPECT. This DNA
tetrahedron served as a NIRF and SPECT dual-modality
tumor target imaging probe, which offered images of the target
tumor with high resolutions and penetration depths. Although
DNA nanostructures have many advantages, applying DNA
nanostructures in physiological environments still has
challenges including limited stability in biological media,
poor cell uptake efficiency, and various immune responses.
For example, most DNA nanostructures need a certain Mg>*
concentration to maintain the integrity of the designed
structure. However, physiological environments with lower
Mg** concentrations and the presence of nucleases will quickly
degrade the DNA nanostructures. Therefore, more external
enzymatic and chemical modification methods need to be
explored in the future to fix these issues. More exciting
functionalities and applications are expected to benefit future
bioimaging studies for disease diagnostics.

In conclusion, the DNA nanostructures-based probes for
bioimaging are undergoing fast development. Many reliable
and practical modification methods have been validated to
improve their properties. These functionalized DNA nano-
structures probes enable fast detection of various targets in the
molecular and cellular level. Future developments in self-

https://doi.org/10.1021/acsabm.2c00128
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX

1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076


www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00128?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

ACS Applied Bio Materials

REVE

www.acsabm.org

1077 assembled DNA nanostructures offer unprecedented oppor-
1078 tunities for bioimaging.
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