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ABSTRACT: DNA-mediated programming is emerging as an effective technology that
enables controlled dynamic assembly/disassembly of inorganic nanocrystals (NC) with precise
numbers and spatial locations for biomedical imaging applications. In this review, we will begin &
with a brief overview of the rules of NC dynamic assembly driven by DNA ligands, and the
research progress on the relationship between NC assembly modes and their biomedical
imaging performance. Then, we will give examples on how the driven program is designed by
different interactions through the configuration switching of DNA-NC conjugates for
biomedical applications. Finally, we will conclude with the current challenges and future
perspectives of this emerging field. Hopefully, this review will deepen our knowledge on the
DNA-guided precise assembly of NCs, which may further inspire the future development of
smart chemical imaging devices and high-performance biomedical imaging probes.
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1. INTRODUCTION driving the precise assembly of NCs via the directional base
pairing.> Specifically, Watson—Crick base-pairing interactions
(A—T and G—C) define DNA directionality, and varying base
amounts and sequences can program the geometry of DNA
nanoassembly.’®”” Programmable DNAs are modified on the
surface of NCs and drive their directional movement, hence
manipulating the dynamic assembly of NCs.”*™* In addition
to base complementarity, DNA possesses a variety of unique
biological and chemical features. For example, the designed
DNA sequences can develop a specific secondary structure and
switch their configuration under the interaction of metal
ions,*** small molecules,*®*” and proteins.”’48 Once
stimulated, the switchable DNA structures can act as
during the past decades, ?roce}ilure§ to hdriYe d}'fnamic fassembly/ dfi'selléscembly (l)f N(.Js
NCs is the key to elaborate and verify plasmonic couplin or changing the imaging performance of INLs, resuiting in

o &Y P ping responsive signals. These elegant characteristics indicate that

effects. . . . DNA is a reliable baseband for NCs to realize efficient
By tuning the various assembly/disassembly parameters, biomedical imaging, =2

including the change of interparticle spacing, figgregation state, In this review, the design principle and biomedical imaging
arrangement direction, and assembly composition, the proper- applications of DNA-driven dynamic NC assemblies are

ties ,Of ,Ncig_cﬁgl be regulatgd 'to Sl,nt a gven blol_maglng summarized (Figure 1). First, we briefly discuss the
application.™ However, it is difficult to predict the

organization and structure of nanoscale assembly due to the
lack of interaction with sufficient directionality for driving
NCs.” In the past four decades, with the vigorous develop-
ment of DNA nanotechnology, DNA-mediated self-assembly
has been developed as an effective approach to prepare highly
programmable nanostructures with controllable size and
shape,”®™* which provides a promising methodology for

Nano- and microstructures influence the physical properties of
matter.' In particular for inorganic nanocrystals (NCs),”’
various unexpected properties have been explored, including in
photonics,4’5 thermoelectrics,”” and magnetism.s_10 Surface
ligands play a crucial role in regulating the assembly and
disassembly of NCs, controlling their structures and functions
at multiscales,"'? and making them a strong candidate for the
development of cutting-edge next-generation imaging probes.
As a typical example, controlling the assembly structures of
plasmonic NCs to modulate their plasmonic resonance
properties has been widely exploited to construct functional
nanoarchitectures for biosensors and optical analysis systems
721 in which the precise assembly of
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Figure 1. Schematic illustration of DNA-driven dynamic assembly/disassembly of NCs for biomedical imaging.

fundamental mechanisms of DNA-mediated NC assemblies
and their regulated imaging properties. Then, the biomedical
imaging applications using DNA-driven dynamic NC assem-
blies are reviewed. Finally, the challenges and perspectives in
the biomedical applications of DNA-mediated dynamic NC
assemblies are discussed.

2. CONTROLLABLE ASSEMBLY OF NCS

Controlling the placement of each component is absolutely a
grand challenge to construct materials and tailor their
properties for a given application. The interaction with
sufficient directionality to accurately predict the final arrange-
ment and orientation of components is highly important for
controlled NC assembly.”” As a storage material for genetic
information, DNA strictly follows the Watson—Crick hydro-
gen-bonding rules, which are able to control the hybridization
of DNA strands with high selectivity and specificity by
permuting the nucleobase sequence of DNA strands and
assemble nanostructures via “bottom-up” strategies.”” > Since
Mirkin’s and Alivisatos’s groups demonstrated the powerful
methodology of DNA-guided NC self-assembly in 1996,
the field of material engineering based on the assembly of
homogeneous and hetero%eneous NCs’ crystal structures has
been developed rapidly.”**” The DNA-guided NC self-
assembly methodology developed into two branches: “NCs
template-assisted assembly” and “DNA template-assisted
assembly”. In brief, the former strategy developed by the
Mirkin group describes that DNA mainly acts as connectors,
driving assembly and determining the spacing of NCs, in which
the assembly orientation and arrangement pattern are
dominated by the geometric characteristics of NCs.”” For
the second strategy, a discrete number of DNA strands can
guide the NCs’ directional assembly. Therefore, DNA not only
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cross-links the NCs, but also acts as a template to determine
the arrangement direction and structural pattern of the NCs.*’

NCs as the template can be directionally assembled and
programmed by the interaction forces of DNAs, analogous to
atomic assembly manipulated by covalent bonds.””*'~* The
NCs modified with dense DNA ligands can act as program-
mable atom equivalents (PAEs), and DNA hybridization plays
a role in controlling nanomodule construction as the “value”
and “bond” (Figure 2A).°>%" Similar to the chemical bonds
that control the arrangement of atoms in an ordered crystal
structure, the DNA “bond” can also drive NCs to form various
three-dimensional superlattices.*”**™’" By regulating the
length or sequence of DNA and the size of PAEs, NCs can
be precisely positioned into a variety of crystal structures.** It
is always the most stable state that maximizes the number of
“bands” formed by DNA hybridization in a lattice arrangement,
in which the surface-area contact between NCs bearing
complementary linkers can be used as a proxy for counting
the hybridization events.””* For instance, as shown in Figure
2B: (i) Sharing a single self-complementary DNA sequence
that allows all PAEs to bond equivalently, face-centered cubic
(FCC) crystal assembly maximizes the total number of closest
neighbors for each NC within a lattice. (ii) Two different
sequences as termini on DNA bonds can hybridize with each
other (nonself-complementary) and assemble NCs with a
body-centered cubic (BCC) crystal structure. (iii) Tuning the
hydrodynamic radii of PAEs that are determined by NCs size
and DNA length, NCs can be positioned within a given unit
cell of lattice type to form a variety of crystallographic
symmetry such as AIB2 crystals.

It is crucial to note that the general method is advantageous
for assembling various types of NCs, which examine the effect
of the spatial arrangement of NCs with different chemical

https://doi.org/10.1021/cbmi.3c00028
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Figure 2. (A) Schematic illustration of DNA-NC conjugates acting as programmable atom equivalents (PAEs) for bonding assembly in a manner
analogous to a natural atom assembly system. Reproduced with permission from ref 65. Copyright (2021) American Chemical Society. (B) DNA-
mediated FCC (i), BCC (ii), AlB2 (iii) superlattice assembly of NCs; each panel contains a model unit cell, 1D and 2D (inset) X-ray diffraction
patterns, and a TEM image. Reproduced with permission from ref 40. Copyright (2011) The American Association for the Advancement of
Science. (C) The schematic depiction and single nanoparticle extinction spectra of the superlattices made from either octahedral (green) or
spherical (orange) NCs. (D) SEM image and backscattering spectra of (C). Reproduced with permission from ref 76. Copyright (2017) American

Chemical Society.

o\ 71,72 .71 73,74 .
compositions, sizes,”” or shapes on their macro-

properties.”> For example, by controlling the crystal habit of
plasmonic NCs superlattices assembled by DNA sequence,
Mirkin et al. illustrated how DNA-mediated NC assembly
controls light confinement and far-field extinction in plasmonic
assembly through the optical responsiveness, which is
demonstrated by both experiments and electrodynamic
simulations.”> Meanwhile, the three-dimensional lattice
assembled from octahedral NCs exhibits a unique polar-
ization-dependent optical responsiveness different from
spherical NCs, as determined by finite-difference time-domain
simulations and backscattering measurements (Figure 2C,D),
which indicates that the incorporation of anisotropic NCs
contributes to expanding the diversity of programmable NC
assemblies for optical tools.”® Furthermore, Mirkin and Cruz’s
group first discovered that the small DNA-NC conjugates with
electronic-like properties can act as electronic equivalents
(EEs) to stabilize the larger PAEs and diffuse within the lattice,
analogous to the metallic bonding.77780 Thus, the introduction
of EEs provides an assembly method to break the high
symmetry of NCs superlattice: the DNA as valence bond
connected to NCs is not necessarily completely fixed in space
and no longer restricts NC assembly on a single cell.””~*°
Based on this concept, a series of crystal structures were
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successfully constructed, and the electron microscopy results
and molecular dynamics simulation clearly demonstrated that
the DNA-driven NC assembly can generate lower symmetrical
crystal structures and even create unexpected lattice arrange-
ments.”” Such a programmable assembly approach indicates
that the diverse properties of nanomaterials can be regulated
by both the length of DNA and the geometric configuration of
NC, which facilitates the elucidation of the relationship
between the assembly parameter and performance of NCs
and will guide the development of biomedical imaging
nanoplatforms.

On the other hand, the hybridization of stands is able to
create rigid structures that can be used as a template to
precisely locate NCs. In the DNA template assembly strategy,
DNA modified on the surface drives NC to be arranged at the
predetermined position of the template, instead of cross-
linking between NCs, achieving the nanoscale patterning with
precise spatial location and number of NCs.*'~*° Differing
from the NCs template-assisted assembly, the arrangement of
NC is determined by the geometry of the DNA pattern.
Moreover, the development of advanced DNA nanostructures
has given a new opportunity for DNA template-based NCs-
assembly (such as DNA tiles®”~* and DNA origami’>”*").
As shown in Figure 3A, the rigidity of DNA structure provides
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Figure 3. (A) Schematic illustration of the programmable directional assembly of NCs in a DNA template. (B) Sketch of the DNA origami and two
Au NCs to assemble the optical nanoantenna (left), and its numerical simulation of the electric field intensity (right). (C) Single-molecule
fluorescence transient response for the dimer nanoantenna (black line) or the DNA origami without NCs (red line) at ten times excitation
intensity. Reproduced with permission from ref 98. Copyright (2015) American Chemical Society. (D) Schematic diagram of the tunable angle Au
nanorods hosted on switchable DNA origami template. (E) The circularly polarized light of plasmonic nanostructure modulated by switchable
DNA templates. Reproduced with permission from ref 94. Copyright (2014) Springer Nature.

a rational scheme for decorating NCs in arbitrary patterns or
precisely fixing different NCs in the desired position. As a
proof of concept, Alivisatos and colleagues constructed the
pyramid assembly and chiral arrangement of NCs through the
programming nucleic acids framework, demonstrating that the
larger DNA nanostructures can be exploited as templates to
integrate the monodisperse NCs into complex three-dimen-
sional structures.®® Then, several groups developed the DNA
origami-based NC assembly,”” " which achieved great
changes in properties at macro-scales through the precise
and dynamic displacement of NCs.””~”* Concurrently, a series
of improved functions based on the precise assembly of NCs
have been found. For instance, Tinnefeld et al. assembled Au
NCs dimer at a precise space distance through cylindrical DNA
origami.”” The properties of dimers with various sizes have
been systematically analyzed, which provides a simple solution
for the investigation of the overlapping plasmonic fields in
metal NC systems.”” Furthermore, it is predicted that the
electric field intensity factor increased by more than 500 for
the 100 nm-Au NC dimer with a gap of 12 nm at a dimer-
parallel incident electric field polarization with a wavelength of
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640 nm, which effectively improved the signals of single-
molecule fluorescence transients (Figure 3B,C).”® Keyser et al.
proposed the 40 nm”* DNA origami platforms as templates to
assemble 40 nm Au NCs into dimer formation with a gap of
3.3 + 1 nm. They observed a 7-fold enhancement in the
coefficient for surface-enhanced Raman scattering (SERS).””
Meanwhile, Ke et al. developed a new type of modular DNA
origami laden with magnetic NCs, which exhibit enhanced
magnetic resonance imaging (MRI) contrast through the
dynamic assembly of magnetic NCs.'*’

Furthermore, for the geometric features tuning of high-order
anisotropic nanoscale building blocks, Lied] et al. developed a
method for using DNA origami to guide the conformational
changes of NRs assembly in order to modulate chirality, color,
and intensity of nanodevice.”* By using strand displacement
reactions (SDR), a switchable DNA origami with two bundles
was used to perform dynamic spatial reconstruction driven by
fuel DNA strands (Figure 3D), changing the relative angle of
plasmonic Au NRs into desired states and causing strong
circular dichroism (CD) changes (Figure 3E).”* Ke et al.
constructed a 3D reconfigurable nanostructure by positioning

https://doi.org/10.1021/cbmi.3c00028
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Figure 4. (A) Hyperspectral imaging and finite-difference time-domain simulation of monomeric and dimeric NCs. (B) The schematic diagram for
single copy resolution imaging. Reproduced with permission from ref 119. Copyright (2014) Springer Nature. (C) Schematic illustration of the
imaging model of core—satellite plasmon ruler (left) and the structure switching of plasmon ruler driven by toehold-mediated strand displacements
(right). (D) The dark field microscope (DFM) imaging of plasmon ruler with time elapsing in living HeLa cells. Statistical analysis (E) of the
disassembly events for the plasmon ruler, and cumulative probability (F) of the strand displacement in (D). Reproduced with permission from ref

120. Copyright (2018) American Chemical Society.

three Au NRs on a reconfigurable DNA tripod. The inter-
nanorod distance and angle were precisely regulated through
toehold-mediated strand displacement while operating the
origami tripod.'”" Consequently, dynamic DNA origami
nanotechnology has the potential to assemble high-order
anisotropic building blocks, increase the complexity of
coupling modes, and contribute to the development of signal
conversion networks,”"'%>%?

3. DYNAMIC ASSEMBLY/DISASSEMBLY OF NCS FOR
BIOMEDICAL IMAGING

Owing to the capability of structural conversion of DNA, well-
designed DNA nanostructures allow for the dynamic
assembly/disassembly of NCs, which can be applied in various
biolo%ical stimulations'**™'*° to enhance biomedical imag-
ing."””'® This section focuses on DNA-driven dynamic
assembly/disassembly of NCs with controllable optical and
magnetic properties, and corresponding applications in
biomedical imaging, in which the different interaction

344

approaches of manipulation such as Watson—Crick base
pairing interactions, noncanonical base pairing interactions,
aptamer—target interactions, and enzymatic/DNAzymatic
reaction mediated covalent interactions are summarized.

3.1. Watson—Crick Interaction

The Watson—Crick base-pairing interaction is crucial in both
the control of nanoscaled DNA assembly and the regulation of
dynamic DNA nanostructures. Most dynamic DNA systems
are regulated by classical DNA-exchange reactions such as
toehold-mediated SDR."” The toehold enables the displace-
ment of the original strand by the binding strand, resulting in a
change in DNA configuration and dynamic assembly/
disassembly of DNA-NC conjugates. For example, Gang and
coauthors reprogrammed the DNA-mediated interactions with
the NCs, selectively manipulating the transformations between
NC superlattices, which showed that DNA-exchange reactions
enable dynamic reconfiguration and switchable structures in
NC assembly,” providing multiple-stage activation and diverse
functional capabilities.”” " *'"!

https://doi.org/10.1021/cbmi.3c00028
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In the past decades, several new tools based on SDR have
been developed for enhancing disease-related nucleic acid
sensing, which demonstrates that DNA is capable of
customizing dynamic NC assembly with controllable optical' ">
and magnetic' "’ properties, and expanding the applications of
NCs in biomedical imaging.”“’115 For instance, Ma et al.
created a quantum dots (QD) computing system based on
fluorescence resonance energy transfer (FRET) through the
dynamic assembly of polychromatic QD with DNA, which can
image disease-related nucleic acid molecules (e.g., microRNA
and mRNA).""¢ Interacting with multiple nucleic acid targets,
the imaging signals of QDs were generated, which improved
the efficiency and accuracy of molecular diagnosis in vitro and
in vivo.''® In addition, the change in the assembly state of
superparamagnetic NCs has sensitive and reversible impacts on
the relaxation rate of adjacent water molecules. Weissleder’s
group developed a magnetic resonance (MR) switch for
quantitative analysis of nucleic acids and identification of DNA
sequences with single nucleotide mismatches."'”""” These
nanoswitches for MRI imaging are nontoxic to mammals
without the limitation of penetration depth, providing a
promising option for in vivo nucleic acid sequencing.117
Moreover, Alivisatos et al. developed a DNA plasmonic ruler
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to measure the distance between NCs, utilizing the DNA
double helix as the linear template to control the NCs
distance.*> When plasmonic NCs approach one another, the
scattering spectrum undergoes a spectral shift with the vibrant
colors of NCs under a dark field microscope (DFM). This
DNA plasmonic ruler offers a potential alternative to FRET for
measuring nanoscale distances with a broader range and longer
period, which is advantageous for sensing the interaction
between biological macromolecules.””""® Trudayaraj et al.
combined hyperspectral imaging with plasmon rulers made
of dynamically assembling Au NCs in cells to detect single-
molecule mRNA with precision (Figure 4A).""” By measuring
the position relationship of NCs which were captured by target
sequence on mRNA, plasmon rulers monitored the spatial and
temporal distribution of three selected splice variants of the
breast cancer susceptibility gene BRCA1l in single copy
resolution (Figure 4B)."" Chen et al. fabricated a plasmon
ruler composed of Au NCs core—satellite structures, which
were controlled by the toehold-mediated strand displacement
of complementary micro-RNA (Figure 4C).'*° The strand
displacement induced by the target miRNA disassembles the
plasmon ruler, resulting in synchronous changes in scattering
intensity and wavelength in the DFM. Since miRNA gradually
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displaces, the color of the plasmon ruler changed from pink to
yellow to green, allowing real-time detection of the dynamic
biological distribution of miRNA 21 in HeLa cells at the single-
molecule level (Figure 4D—F). The unique performance of
plasmon rulers allows for single-molecule monitoring of
biological processes in living cells."”” DNA-driven dynamic
NC assembly has great potential to overcome the limitations of
conventional probes, such as photobleaching and photo-
blinking.*>""*~"*° Furthermore, the described dynamic nano-
assemblies are susceptible to “genetic” input, much like living
matter is, potentially opening up new avenues for dynamic
connections between biological and artificial systems. Under-
going the “genetic” modification to structural “evolution”,
these dynamic inorganic nanocrystals have achieved a
promising opportunity to mimic biological systems.””%'"’

3.2. Noncanonical Base-Pairing Interaction

Noncanonical base pairing occurs when bases interact
differently from the standard Watson—Crick rules, which
enriches the diversity of DNA structure and facilitates the
development of functional modules."*""'?** Several DNA
conformations function as natural gene regulators in specific
pathologlcal condltlons, particularly the G-quadruplex'”' and
the i-motif,'** which form unique secondary structures through
Hoogsteen base pairing or C:C" base pairing. For instance, the

low stability of G-quadruplex in K'-deprived environments is
advantageous for gene transcription in invasive cancer cells
containing the c-Myc protooncogene.'”’ The formation of the
secondary structures of i-motif requires weak acidic conditions,
similar to the acidic tumor microenvironment,'**'*> Through
conformation switching, the topological diversity and complex-
ity of noncanonical DNA can provide a novel methodology for
constructing nanoprobes.'*® As shown in Figure SA, there are
three general strategies for fabricating nanoprobes through
noncanonical DNA secondary structures, which can form in
specific disease microenvironments and drive the assembly or
disassembly of NCs: (a) the formation of noncanonical
conformation accompanied by multiple folds with the
geometric change alters the distance between conjugated
NCs;'?” (b) the assembly of NCs is driven by the
intermolecular noncanonical conformation;"*” (c¢) DNA
conformation switching between intramolecular noncanonical
and double helix dynamically regulates the assembly/
disassembly of NCs."*®

At present, a series of probes based on noncanonical DNA-
driven NC assembly have been developed. Liu et al.
established a nanoprobe based on DNA triplets and G-
quadruplex for the subcellular monitoring of K and H" in the
lysosomal cavity.'”” As the concentration of H* or K*
increased, the DNA loading with UCNP and AuNP was
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folded into triplets or quadruplexes, resulting in a shorter
distance between UCNP and Au NC (Figure SB), which can
dynamically respond in the pH range of 5.0—8.2 and 5-200
mM of [K'] conditions. Moreover, it is observed that the
inflow of H* is accompanied by the outflow of K* during ATP-
induced lysosomal acidification (Figure SC)."* In addition, for
the early diagnosis of tumors, Ling et al. designed an intelligent
MRI probe based on the i-motif DNA functionalized ultrasmall
superparamagnetic iron oxide nanocrystals (USIONs)."*" The
USIONSs are assembled by the base pairing interaction of
DNA, which can act as a responsive iron oxide nanocrystal
assembly (RIA) with a high r,/r; ratio (63.28), resulting in
normal liver darkening. Subsequently, the tumor acidic
microenvironment induces the RIA disassembly with i-motif
DNA conformation, then switches into monodisperse USIONs
with ideal T1-weighted imaging performance (r,/r; = 7.12)
(Figure SD). Consequently, the normal tissues were darkened
and the tumor tissues were brightened with a ~4 times
difference in signal intensity, which is highly valuable for the
accurate imaging and early diagnosis of small hepatocellular
carcinomas (Figure SE)."*’

Besides the natural structures of G-quadruplex and i-motif,
artificial noncanonical DNA structures have also been
developed, such as metal base pairs'®" that have been applied
in the detection of heavy metal ions and water quality."*”
While flexible base sequence programmability gives infinite
possibilities to the DNA structures. We believe that more DNA
interactions beyond the Watson—Crick rules could be
discovered, which may further expand the applications of
nanoprobes through the conformation switching of DNA
structures.

3.3. Aptamer—Target Interaction

The DNA aptamer selected from the synthesis library has the
ability to interact with certain bioactive molecules.'*”'** The
strategies have been developed for biomedical imaging through
changes in the assembly state of DNA-NC conjugates by
altering the interaction between the DNA aptamer and
bioactive molecules. The interconversion between secondary
structure conformations formed by the interaction of DNA
with target molecules and the DNA double helix can facilitate
the assembly and disassembly of DNA-NC conjugates. This
section focuses on the typical applications of biomedical
imaging utilizing aptamer—target interaction-mediated DNA-
NC conformation switching.

Bissell et al. developed reversible aptamer-Au plasmon rulers
consisting of Au NCs coupled to a single aptamer strand.'*
When the aptamer interacts with a single protein molecule
with a high level of specificity, the spatial changes in DNA
structures can result in the distance regulation of NCs
conjugation at both ends of DNA (Figure 6A). The
combination of the target secretory molecule MMP3 with
plasmon rulers shows a 12 nm red shift with single molecule
sensitivity, allowing for the visualization and quantification of
MMP3 molecules secreted in the microenvironment of
mammary epithelial cells (Figure 6B)."*> The strategy showed
great potential to characterize the spatiotemporal resolution of
the secreted molecules’ form and evolution in the cell
microenvironment. Meanwhile, Tan’s group created the first
colorimetric technique for cancer cell imaging through the
affinity between aptamer functionalized NCs and the target
molecules.'*® The well-designed aptamer is capable of
recognizing the target protein on the surface of cancer cell
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membranes, and assembling the NCs to effectively enhance the
interaction with light, allowing for the distinction of diverse
types of cells based on the aptamer applied in the analysis.
Then, they proved the universality of this targeted assembly
methodology using a variety of NCs and aptamers to
customize materials for fluorescent visualization of target
cells."*”~"* Moreover, the competition between Watson—
Crick interaction and aptamer—target interaction provides an
additional assembly/disassembly strategy with precise con-
trollability. For example, Lu et al. described a protocol for
disassembling purple Au NC assembly into red Au NCs
through aptamer—target interaction, in which the aptamer
sequence is more likely to bind with analytes and block the
base pair interaction sites."*” Further utilized the interaction of
ATP and related-aptamers as a model, they investigate the
effect of the relative position of the non-base-pairing region
between nucleotides and the Au NC surface.'*' Song et al.
constructed an MRI probe based on the ultrasmall magnetic
NC assembly, which can change contrast performance
according to the ATP concentrations in tumor microenviron-
ments and achieve better tumor resolution.'*” To enable ATP
concentration-dependent disassembly, the probes were de-
signed with a relative position between the pairing regions and
the aptamers. As shown in Figure 6A, the linker 1-ATP
aptamer strand connects DNA-NCs to act as ATP probes with
the performance of T2 imaging in normal tissue. However,
when probes detect an increase in ATP in the tumor
microenvironment, the change in the aptamer conformation
causes the probes to disassemble and switch the MRI from T2
to T1 contrast (Figure 6C), improving tumor resolution
(Figure 6D,E).142

Moreover, owing to the technical advancements in the
selection process and synthesis of aptamers, aptamer-based
probes have favorable performance in advanced imagin
technology, allowing for a wider range of biomarker analysis.'*
This shows that the aptamer-based dynamic NC assembly has
the potential to broaden the scope of biomedical imaging to
include more diverse bioactive molecules.

3.4. Enzymatic/DNAzymatic Reaction Mediated Covalent
Interaction

Protein enzyme and DNAzyme reactions have extended the
boundaries of programs operated by DNA-functionalized
materials via manipulating chemical bonds.'** Inspired by
biological motors, the artificial DNA machines drive NCs to
perform directional tasks via the conversion of chemical energy
into controlled motions, which could be utilized as imaging
probes for advanced imaging applications.'**

A series of enzymes have been created in nature to regulate
DNA replication, transmission, error correction, and other life
processes in order to effectively manage genetic informa-
tion."**'*® It has been demonstrated that the DNA-related
enzymes are equally active with DNA-NC conjugates,"*’~"*
indicating that the natural enzyme toolkits could be employed
to create a more advanced dynamic assembly/disassembly
process, even expand the replication and repair functions of
DNA-NC assembly.*® Kanaras et al. introduced the concept
of protection and deprotection steps into NC assembly
strategy using enzymes.'*” Restriction enzymes such as
EcoRI, Styl, and others are used to cleave DNA duplexes on
NCs at specific recognition sites to generate cohesive ends.
Then, T4 DNA ligase is used to covalently link the nucleic acid
backbone at the hybrid cohesive ends, increasing the diversity
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Figure 7. (A) Schematic illustration of the designed fabrication of the self-assembled satellite nanostructures of Au NR-dimer and UCNPs and their
bioresponsive disassembly process. (B) Raman imaging and (C) confocal images of HeLa, MCF-7, and primary uterine fibroblast cells with core—
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telomerase-triggered DNA hybridization/substitution that can drive NC assembly. (E) The telomerase fluorescence imaging in healthy mice and
tumor mice. Reproduced with permission from ref 160. Copyright (2021) Royal Society of Chemistry.

of the assembly/disassembly of the DNA-NCs conjugation
system.'*”'** The protection/deprotection approach of NC
assembly, similar to protecting-group chemistry, allows NCs to
be programmed and manipulated to synthesize nanoassembled
structures by selectively blocking and activating their
functionality.””" The use of enzyme toolkits has increased
the possibilities for dynamic assembly/disassembly of NCs,
with the discovery of more than 3000 restrictive enzymes
(hundreds of which are commercially available).'*” In addition,
enzyme-assisted reactions improve the traditional DNA motor
mode driven by SDR.">>'* The free energy generated by the
enzyme acting on DNA covalent bonds triggers the next step
of SDR and drives DNA information transmission.'**'** Based
on this fact, it opens up the possibility of developing a novel
DNA motor with autonomous, unidirectional, and progressive
linear translational motion.'** For instance, Salaita et al.
developed a DNA rolling machine, which utilizes RNase H to
selectively hydrolyze highly multivalent DNA-RNA duplexes
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on spherical particles as the driving force, resulting in an
increase in movement by 3 orders of magnitude compared with
the traditional DNA walkers.'*> Wang et al. developed a 3D
DNA rolling machine by integrating DNA walkers with Ag
NCs to recognize the target and expose the toes for rolling,
which provides the cascaded amplified signals.">> With an
efficient chemical/mechanical energy conversion efficiency to
amplify the signal of biomarkers, a DNA rolling machine
driven by enzymes has achieved the accurate detection of pS3
gene in blood samples,'> as well as the imaging of single
nucleotide polymorphism (SNP) for simple equipment,
allowing the possibility of imaging biomarkers with functional
DNA such as aptamers. For in vivo imaging, the interactions
between DNA and various enzymes can be designed to
dynamically assemble NCs for the sensing of highly expressed
enzymes in the disease microenvironment. Telomerase, which
is highly expressed in most cancer cells, is essential for cancer
diagnosis."*”'*” DNA ligands can be designed to monitor
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telomerase activity in vivo by driving the assembly and
disassembly of NCs. Wang et al. reported AuSO@Aul3 core—
satellite nanostructures assembled by two sizes of Au NCs
functionalized by DNA.'"*® Telomerase extends a repeat
sequence (TTAGGG),, the telomerase primer (TP), and
then releases the complementary strands to drive Au NC
assembly, which realizes the significant blue shift of the LSPR
spectrum and in situ monitoring of the change of telomerase
activity.>® Wei et al. used DNA programming to assemble Au
NRs and UCNPs, including two Au NRs (forming a dimer
structure) as a core and the UCNPs as satellites (Figure
7A)."? Then, Micro-RNA 21 triggered the disassembly of the
Au NR dimer and telomerase released the UCNPs, generating
two independent signals in living cells: a Raman signal from Au
NR (Figure 7B) and a fluorescence signal from UCNP (Figure
7C)."” Qu et al. designed a hairpin-shaped TP DNA modified
on Au NC to respond to telomerase.'” When internalized by
cancer cells and recognized telomerase, the TP DNA could be
extended and replaced to release a toehold domain of strand A,
which subsequently interacted with strand B of another Au NC
to generate the aggregation-induced emission (AIE) effect
resulting from the assembly of Au NCs, allowing for the
selective imaging of telomerase activity in living tumor cells in
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vitro and in vivo (Figure 7D,E)."®® However, the limited
number of enzymes with both disease markers and DNA
conformation-switching properties restricts their application in
biomedical imaging. Recently, chemical modification of DNA
skeletons has been considered as a means of expanding the
enzymatic toolkit to construct DNA nanoprobes for identifying
highly expressed enzymes in diverse disease microenviron-
ments. DNA probes containing molecular beacons at apurinic/
pyramidic sites, for instance, can identify the human apurinic/
pyramidic endonuclease 1 in the inflammatory microenviron-
ment'®" or tumor microenvironment.'®> The capability of
peptide-modified nucleic acid triblock copolymers to identify
highly expressed proteases in the tumor microenvironment'®*
demonstrates the potential of using DNA chemical engineering
approaches to customize the nanoprobes driven by enzymes.
Additionally, since the discovery of catalytic nucleic acid
(ribozyme), researchers have screened a series of DNAzymes
with both programmability and catalytic activity, which is
highly valuable for biosensor and medical diagnosis applica-
tions.'®* DNAzyme has excellent affinity and selectivity for a
certain biological target, allowing for the controlled capture
and release of target DNA.'®* Typically, the catalytic core of
DNAzyme is maintained by the complexation of specific metal
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ions, which catalyzes the formation or breaking of phosphate
diester bonds with target DNA or RNA. % Therefore,
DNAzyme is ideally suited for the construction of metal ion
probes, which are capable of combining with ion specificity and
catalyzing the substrate strand to drive the dynamic assembly
of NCs.[0>1% For example, Lu et al. reported a Pb*" sensor
based on a blue-colored aggregate composed of DNAzyme and
AuNP-tagged substrate; in the presence of Pb**, the DNAzyme
cleaves the substrate strand, disassembling the AuNP aggregate
and leading to a color change from blue to red (Figure 8A).""
DNAzymes can identify metal ions and drive the dynamic
assembly/disassembly of Au NCs for a visual color
change,lm’168 which have acted as portable biosensors, such
as transverse flow devices'®”'”” and paper sensors.'”"'”* In
addition, driving magnetic NCs for dynamic assembly
stimulated by metal ions, DNAz7yme has also been proven to
be useful for MRI detection.’”>*”* Furthermore, due to DNA’s
physical and chemical properties, DNAzymes can be
engineered to act as advanced molecular machines that can
control the behavior of NCs to conduct complex mechanical
tasks such as “walking”, “splitting”, and “rotating”.”s_177 For
instance, Choi and collea%ues reported a DNA motor that can
walk along the nanotube.’’® DNAzyme converts the chemical
energy from the substrate RNA on the nanotube into
movement, driving the CdS NCs along the orbit in a
programmatic manner. The movement of a single NC was
observed in real-time with dual visible/near-infrared optical
spectroscopy.'’® Inspired by ATP synthetase, Liu et al. created
a rotating plasma nanoclock made of DNA and Au NR."”’
Two Au NRs are assembled and immobilized into stator and
rotor by DNA, respectively. The rotor is able to rotate in a
reversible, and omnidirectional manner, driven by DNAzyme-
RNA interactions, which can be monitored in real-time using
optical spectroscopy (Figure 8B).'”” By leveraging the high
energy conversion efficiency of DNAzyme and the exquisite
programmability of DNA, it is anticipated that DNAzyme
toolkits can enhance the capabilities of DNA and accelerate the
speed of NC movement in programs with delicate signals of
biological markers, making huge progress in the field of
biomedical imaging.

Overall, switching DNA configurations, through natural
biological processes or synthetic chemical modifications, has
broadened the scope of using dynamic assembly/disassembly
of NCs for the specific imaging of various biomarkers.
Furthermore, with the use of editable DNA, it is easy to
alter the sequence of an interaction region to specifically
respond to target molecules, creating a useful toolbox for
developing universal and modular platforms for advanced
biomedical imaging and clinical diagnoses.

4. CONCLUSION

The controllable assembly/disassembly of inorganic NCs
remains a major challenge in nanotechnology. DNA nano-
technology provides a promising method tool to arrange NCs
precisely into assemblies with the desired optical, electrical, or
magnetic properties.”” Although several biomedical imaging
strategies have been proposed based on DNA-driven dynamic
assembly of NCs, the relevant research remains in its infancy,
and there are still several challenges to be addressed. First, in
order to enrich the library of structures for NC self-assembly,
reasonable surface engineering is urgently needed to improve
the modification efficiency of DNA with NCs, which enables
more precise and programmable assembly with inorganic NCs,
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especially those without DNA affinity on surface sites. Second,
DNA not only can manipulate the assembly state of NCs, but
also has the potential to directly affect imaging-related
parameters owing to their unique structures. For instance,
when close to guanine-rich DNA sequences, the red
fluorescence of DNA/Ag NCs is greatly amplified.'”® The
extensive and in-depth studies on the mechanisms of DNA that
promote the imaging performance of NCs are helpful in
expanding the applications of DNA-driven NC assembly in
biomedical imaging. Third, the DNA-based dynamic NC
assembly in response to a single endogenous stimulus (e.g.,
pH, redox, enzyme) could suffer from nonspecific excitation by
the nontarget area in the complex microenvironments in vivo,
resulting in false-positive imaging results. Notably, the design
of DNA-driven NC assembly with responsiveness on both
endogenous and exogenous stimuli (e.g, light, sound,
magnetic) holds promise to improve the response accuracy
and imaging specificity through precise spatial—temporal
manipulation.

Taken together, DNA nanotechnology has revolutionized
inorganic NC assembly with precise and programmable
features, leading to the creation of functional materials with
customized chemical and physical properties. Then, by
utilizing stimuli-responsive DNA, dynamic NC assembly has
been produced with the potential for sensing various
biomarkers. Through “genetic” modification, NCs could
undergo structural “evolution”, providing a methodology for
the designed fabrication of advanced biomedical probes with
outstanding imaging performance.
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B VOCABULARY

NC, inorganic nanocrystals: Inorganic nanocrystals are special
particles that are composed of atoms in either a single- or poly
crystalline arrangement, with sizes typically in the range of 1—
100 nm; PAEs, programmable atom equivalents: Program-
mable atom equivalents are oligonucleotide—nanoparticle
conjugates that emulate the behavior of individual atoms,
allowing for the precise assembly of larger structures; SERS,
surface-enhanced Raman scattering: Surface-enhanced Raman
scattering is a spectroscopic technique that enhances the
Raman scattering signal of molecules adsorbed on some
nanostructures, leading to highly sensitive detection and
analysis of trace amounts of molecules; MRI, magnetic
resonance imaging: Magnetic resonance imaging is a non-
invasive medical imaging technique that creates two and three-
dimensional detailed anatomical images of living subjects;
SDR, strand displacement reactions: Strand displacement
reactions are biochemical processes in which a single-stranded
nucleic acid molecule displaces a complementary strand from a
double-stranded nucleic acid molecule.
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