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Recent Advances in DNA-Based Nanoprobes for In vivo

MiRNA Imaging

Caixia Wang,”” Xuefang Song,” Jieyu Shen,” Yuxin Xie,”’ Huangxian Ju,” and Ying Liu*

As a post transcriptional regulator of gene expression, micro-
RNAs (miRNA) is closely related to many major human diseases,
especially cancer. Therefore, its precise detection is very
important for disease diagnosis and treatment. With the
advancement of fluorescent dye and imaging technology, the
focus has shifted from in vitro miRNA detection to in vivo miRNA
imaging. This concept review summarizes signal amplification
strategies including DNAzyme catalytic reaction, hybrid chain
reaction (HCR), catalytic hairpin assembly (CHA) to enhance
detection signal of lowly expressed miRNAs; external stimuli of
ultraviolet (UV) light or near-infrared region (NIR) light, and

Introduction

MicroRNAs (miRNAs) are a class of short single-stranded
endogenous non-coding RNA molecules with a length of 21-23
nucleotides.™ The biogenesis of miRNAs involves multiple steps,
starting from the transcription of miRNA genes to generate
primary miRNA (pri-miRNA).”' Pri-miRNA is processed by the
Drosha enzyme in the cell nucleus to produce precursor miRNA
(pre-miRNA), which is then transported to the cytoplasm and
further processed by the Dicer enzyme to form mature double-
stranded miRNA (ds-miRNAs).®) The final step involves the
unwinding of ds-miRNAs to release the mature single-stranded
miRNA."¥ MiRNAs play a crucial role in the regulation of gene
expression, particularly in the regulation of messenger RNA
(mRNA) expression. By binding to complementary target
mRNAs, miRNAs post-transcriptionally regulate gene expression,
leading to mMRNA degradation and inhibition of mRNA
translation.” Through this mechanism, miRNAs participate in
the regulation of various physiological processes such as cell
development, differentiation, proliferation, apoptosis, hemato-
poiesis, as well as immune development and response.’
MiIRNA-124 enhances neural development and is overexpressed
in mature neurons.” MiRNA-296 expression level decreases
during stem cell differentiation process, while miRNA-21 and
miRNA-22 expression levels increase during the progression
process.”” MiRNA-155 is usually upregulated following B cell
activation.®
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internal stimuli such as adenosine triphosphate (ATP), gluta-
thione (GSH), protease and cell membrane protein to prevent
nonspecific activation for the avoidance of false positive signal;
and the development of fluorescent probes with emission in
NIR for in vivo miRNA imaging; as well as rare earth nanoparticle
based the second near-infrared window (NIR-I) nanoprobes
with excellent tissue penetration and depth for in vivo miRNA
imaging. The concept review also indicated current challenges
for in vivo miRNA imaging including the dynamic monitoring of
miRNA expression change and simultaneous in vivo imaging of
multiple miRNAs.

Clinical evidence are emerging which suggest that the
abnormal expression of miRNAs are closely related to many
serious human diseases, For example, miRNA-21 is upregulated
in breast cancer patients, and is associated with tumor
progression;” miRNA-132, miRNA-185 are upregulated in gastric
cancer patients;"” and miRNA-196, miRNA-106 are overex-
pressed in cancer metastatic stages."” These make miRNA
potential diagnostic biomarkers with clinical application pros-
pect for early cancer detections"” and treatments. Therefore,
obtaining quantitative information on miRNA expression is
crucial for understanding miRNA-related physiological and
pathological processes, diagnosing miRNA-related diseases, and
developing miRNA-based therapeutic approaches." Due to the
stable release of MIRNA in body fluids, liquid biopsy has
become an important non-invasive diagnostic method for
circulating miRNA.™ However, liquid biopsy faces challenges
such as complex sample processing process and strong back-
ground interference from body fluid components. In addition,
the concentration of miRNAs were diluted by body fluids and
lost spatial localization information once released into systemic
circulation.™ In addition to in vitro miRNAs detection, in vivo
imaging the location and expression level of miRNAs is also
important. Due to the short length, low abundance, sequence
homology of miRNAs,"® as well as the complexity of the in vivo
physiological environment, precise imaging of miRNAs in vivo
still faces major challenges: (1) low abundance miRNA in live
cells, (2) dynamic changes in miRNA expression levels in the
physiological environment, (3) nonspecific responses of nanop-
robes during delivery in the complex physiological environ-
ment, and (4) high background signals from spontaneous
fluorescence in live tissue. Therefore, it is crucial to develop
appropriate nanoprobes with good detection sensitivity and
selectivity for precise miRNA imaging.

DNA is not only the carrier of genetic information, but also
the base unit for construction of bio-nanomaterials. It has
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excellent biocompatibility and ease of functionalization
modification."” Through phosphorothioate modification of
DNA backbones,"® self-assembling to rigid structures,"® and
conjugating with nanomaterials,”” stability of DNA nanostruc-
tures could be enhanced which efficiently prevent them from
nuclease degradation. Due to the highly specific and program-
mable nature of DNA based nanostructures, their applications
in materials science and biology are growing explosively.?"
Currently, an increasing amount of research is focusing on
designing DNA nanoprobes to identify target molecules and
convert recognition events to readable signal outputs. In
particular, significant efforts have led to the design of DNA-
based nanostructures for detecting and imaging a wide range
of analytes, including metal ions, small molecules, RNA, and
proteins,*? which show great potential in revealing the
fundamental mechanisms of pathophysiological processes at
the molecular level and promoting disease diagnosis. DNA
nanoprobes could also be conveniently assembled with gold
nanoparticles, iron nanoparticles, and various fluorescent mole-
cules, which obtain corresponding surface-enhanced Raman
scattering (SERS),”” photoacoustic imaging (PAN®¥ and mag-
netic resonance imaging (MRI)® signal change in response to
target molecules, such as miRNAs.

In this concept, we summarize the recent progress on the
application of functional DNA nanoprobes for in vivo miRNA
imaging. As shown in Scheme 1, DNA nanoprobes can be
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integrated with nucleic acid cascade reactions for signal
amplification, incorporated with competitive binding strand, pH
responsive strand, and light responsive strand for regulating
and monitoring dynamic hybridization/dehybridization events,
combined with DNA logical operation strands to prevent false
positive signals, and conjugated with the second near-infrared
window (NIR-Il) materials for in vivo bioimaging. This concept
highlights the design of signal amplification strategies for
intracellular and in vivo miRNA imaging, discusses DNA calcu-
lation strategies for avoidance nonspecific miRNA signal,
introduces NIR-Il nanoprobes for in vivo miRNA imaging, as well
as prospects current challenges and future opportunities in this
emerging field.

DNA Signal Amplification Strategies for Low
Abundance miRNA Detection

Fluorescent nanoprobes can be utilized for real-time monitoring
target concentration changes at local environments.”® How-
ever, traditional fluorescent nanoprobes are designed with a
1:1 signal output to input ratio, which is not sufficiently
sensitive for detecting low abundance targets in biologyical
environments.”” Given the minimal miRNA content in living
cells (miRNA comprising only 0.01% of total RNA mass),"”
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Scheme 1. Schematic illustration of the application of DNA signal amplification strategies, activatable DNA probes, and rare earth nanoparticles (RENPs) for

in vivo miRNA imaging.

various signal amplification techniques such as entropy-driven
catalyst DNAzyme,” hybrid chain reaction (HCR),*" catalytic
hairpin assembly (CHA),”” rolling circle amplification (RCA),>"
and strand displacement amplification (SDA)®? are employed as
signal amplification strategies to achieve high detection
sensitivity.

Chem. Eur. J. 2024, e202402566 (3 of 12)

DNAzyme Signal Amplification

DNAzymes are catalytic nucleic acids,®® which have been
widely applied for signal amplification of nucleic acids targets
due to their good heat and chemical stability, as well as easy
synthesis and modification processes.”¥ DNAzyme based cata-
lytic reaction was successfully developed for metal ions
detection in homogeneous solution.®™ The enzyme-activatable
DNAzyme sensor (E-DZM) was established by incorporating
DNAzyme with an abasic (AP) site for cancer cell specific Zn**
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detection. E-DZM was delivered into cell with its substrate
strands, where human apurinic/apyrimidinic endonuclease 1
(APE1) recognized AP site, activated DNAzyme to cleave
substrate strands in presence of Zn?" with fluorescence
recovery. Though efficiently amplified detection signal, DNA-
zyme cascade reactions that proceeds in homogeneous reaction
environment impairs reaction efficiency and requires long
reaction time. Confining continuous DNA reactants in a
compact space can maintain high local reagent concentrations,
promote substrate transport, protect them from damage, and
accelerate reactions. Li et al. reported a DNAzyme driven DNA
walker for intracellular miRNA detection.®® The nano-system
was constructed on gold nanoparticle (AuNP) decorated with
hundreds of substrate strands serving as DNA tracks and dozens
of DNA walker strand that modified with DNAzyme at its
terminus. DNAzyme was silenced by a locking strand. The
intracellular target miRNA released locking strand, activated
DNAzyme and initiated its continuous cleavage of DNA tracks
with fluorescence recovery, which enabled amplified detection
signal of target miRNA in cancer cells (Figure 1a). The signal
amplification effect and specific activation was confirmed by
intracellular confocal laser scanning microscope imaging (Fig-
ure 1b). The DNAzyme-imaging machinery shows substantially
high amplification gain without signal leakage, which was
especially promising for in situ amplified detection of trace
amount of analytes. Additionally, DNAzyme can perform
synergistic functions: as a signal amplifier for visualizing low-
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abundance biomarkers and as a therapeutic tool for miRNA
responsive treatment activation. Liu et al. reported a miRNA-
responsive multifunctional nanocabinets (MFNCs) that utilize
DNAzyme catalyzed cascade reactions for both Cy5
fluorescence recovery to visualize miRNA and DOX release for
breast cancer therapy.®”

Catalytic Hairpin Assembly (CHA)

CHA doesn't require enzyme participation in reaction process,"”
which is more appropriate wider application environments. In a
typical CHA system, the initiator strand, usually the target
miRNA, catalyzes the assembly of nucleic acid hairpins into
biphasic products via continuous hybridization process driven
by isothermal free energy.®® The nucleic acid target triggers the
opening of a first hairpin by hybridizing in the stem region. The
target is then displaced by the binding of a second hairpin, and
is thus recycled in the process.

The cycling characteristics of CHA initiators make it
particularly suitable for amplification analysis of low abundance
biomarkers of clinical importance.”” Liu et al” reported a
miRNA-triggered CHA reaction for low-abundance miRNA
detection. The nanosystem consists of capture probe H1
modified with Cy5 which is immobilized on AuNPs, and catalytic
probe H2 modified with Cy3/BHQ. Target miRNA hybridizes
with H1, initiating a branch migration reaction to recover Cy5

Bright field

Mutant DNAzyme

MDA-MB-231

Figure 1. a) Schematic of DNAzyme motor operation initiated by intracellular miRNA. b) Confocal fluorescence imaging of MDA-MB-231 cells treated with
DNAzyme system, and control groups that only treated with DNAzyme substrate, in the absence of Mn?", treated with a mutant DNAzyme motor system and
Mn?*, Reproduced from Ref.?® with permission. Copyright 2016 Springer Nature.
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fluorescence and exposing the hybridization zone for H2
(Figure 2a, Step b). Hybridization of H2 recovered Cy3
fluorescence and released target miRNA for next round of H1/
H2 assembly on AuNPs (Figure 2a, Stpe c-e). The signal
amplification effect and dual-color fluorescent recovery were
confirmed by intracellular confocal laser scanning microscopy
imaging (Figure 2b). Similar strategies were also developed for
three-dimensional (3D) high-resolution profiling of key miRNA
molecules in migrating cells.”*"

Hybridization Chain Reaction (HCR)

HCR appears as an autonomous DNA hybridization process,
which produces a long, notched, tandem, double stranded DNA
nanowire through the cross opening of DNA hairpins.*”? HCR
has a high signal amplification ability while maintaining a low
background.”® Wu and coworkers”*? developed a novel fluo-
rescent probe that for the first time enabled RNA imaging in
living mice via an invivo HCR using a cell-targeting tripartite
DNA probe which constructed by assembling three DNA motifs
to form a Y-shaped probe via sticky-end hybridization. One
motif is a cell targeting DNA-peptide (poly-lysine) conjugated
folate probe (FAP) and the other two motifs are hairpin probes
H1 and H2, which undergo HCR assembly in response to a
target RNA. When systemically administered into a living mouse
via intravenous injection, the tripartite DNA probe can be
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Figure 2. a) Structure and design of miRNA triggered CHA reaction for signal
amplification b) Fluorescence imaging of H1 modified AuNPs (H1-Au) (a); H1-
Au NPs with miR-21 (H1-Au/miR-21) (b); H1-Au NPs with H2 (H1-Au/H2) (c);
H1-Au NPs with miR-21 and H2 (H1-Au/miR-21/H2) (d). Reproduced from
Ref.“” with permission. Copyright 2020 American Chemical Society.
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selectively taken up into tumor cells. The presence of target
RNA mediates a cascade of alternating assembly between
probes H1 and H2 via the HCR circuit, generating an activated
NIR fluorescence response for in vivo RNA imaging in the living
mouse. The realization of an invivo HCR signal amplification
strategy allowed visualization of low-abundance RNAs in living
animals. Wang et al. also constructed an autocatalytic DNAzyme
(ACD) bio-circuit for amplified miRNA imaging invivo by
coupling HCR and DNAzyme biocatalytic reaction sustained by
a honeycomb MnO, nanosponge (hMNS)s,*® which served as a
precursor of the DNAzyme cofactor for facilitating intracellular
DNAzyme biocatalysis. MiRNA-21 initiated HCR for autonomous
assembly of DNAzyme nanowires, while endogenous GSH
released Mn>* from hMNSs to act as cofactor of DNAzyme.
However, the kinetics of HCR and CHA depends on the
diffusion of DNA reactants for random collision and interaction
in the homogeneous environment.”” The reaction proceeding
requires continuously searching for the next hybridizing probe
in a three-dimensional fluidic space, which greatly prolongs the
reaction time and compromises the reaction efficiency. Confin-
ing successive reactants together in a compact space maintains
high local concentrations of reagents and thus promotes
substrate transportation, protects them against damage, and
accelerates reactions.”® DNA self-assembled nanocages™” and
cell membrane were used as confined reaction areas, which
effectively accelerated enzymatic reactions.”® We designed a
DNA “nano string light” (DNSL) as confined reaction area to
perform DNA cascade reaction (DCR) for efficient target mRNA
imaging in living cells™ (Figure 3a). DNSL was constructed by
interval hybridization of modified DNA hairpin probe pairs (H1
and H2) to a DNA nanowire produced via RCA reaction. Target
mRNA initiated HCR, which was accelerated via domino effect
on DNA nanowire. The confined area effectively enhanced local
concentration of H1/H2 and enhanced reaction rate about 6.7
times to shorten over 2 hours reaction in 20 minutes (Fig-
ure 3b,c). In addition, we extended the application of accel-
erated HCR to multiplex detection with a photonic crystal (PC)
array, which not only spatially distinguished different miRNA
targets, but also further amplified miRNA detection signals.>”
The confined area accelerated HCR was also coupled with
upconversion nanoparticle (UCNPs),”" DNA polymers®? for
miRNA detections. We designed a photo-caged DNA nanocomb
for preparation of NIR photo-switched cascade reaction trig-
gered by specific microRNA and precise PDT of early-stage
cancers (Figure 3d). This amplifier was composed of photo-
caged DNA nanocombs and UCNPs with multiple upconversion
luminances. The photozipper could be cleaved under NIR light
to expose a sequence complementary with miRNA-21 for
triggering the miRNA-responsive cascade hybridization reaction
between H1 and H2, which activated the PPa’ molecules
arrayed in photo-caged DNA nanocomb for enhanced PDT. The
photozipper was cleaved upon 808 nm laser radiation to expose
miRNA recognition region, which induced subsequent cascade
hybridization reaction upon miRNA-21 recognition to recover
Cy3 fluorescence (Figure 3e,f). The recovered Cy3 fluorescence
intensity reached the maximum value with NIR radiation for
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Figure 3. a) Schematic illustration of DNSL synthesis based on interval hybridization of H1 and H2 to a DNA nanowire and targeted delivery of DNSL and
imaging of target mRNA in living cells based on accelerated DCR along DNA nanowire. b) Time-dependent fluorescence spectra of DCR in 100 nM DNSL and
HCR in a homogeneous solution containing 100 nM H1 and 100 nM H2 in response to 10 nM survivin mRNA (smRNA). c) Comparison of the reaction area and
local concentration of H1 and H2 for DCR and HCR. Reproduced from Ref."? with permission. Copyright 2018 American Chemical Society. Schematic
illustrations of d) NIR photo-switched miRNA ampilifier for precise PDT and e) NIR-induced photozipper cleavage and miRNA-responsive cascade hybridization

reaction on CSUCNPs-DNCPc—Cy3 and f) corresponding fluorescence recovery in presence/absence of NIR irradiation and miRNA-21. Reproduced from Ref.!
with permission. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

30 min due to the increased local concentration of hairpins and
thus accelerated the DNA cascade reaction.

Activatable DNA Nanoprobes for miRNA
Imaging

Traditional DNA fluorescent nanoprobes adopt an “always
active” design, which rely on tumor accumulation of nanop-
robes to light up the tumor position. However, this “always
active” DNA nanoprobe is vulnerable to the tumor micro-
environment in the systemic circulation or extracellular target
miRNAs in serum, resulting in non-specific fluorescence signal
recovery outside the cells, leading to false positive signals.”® To
avoid non-specific responses of the “always active” DNA nano-
sensor during delivery, researchers have developed “active”
nanoprobes where the probes remain in “off” state in the
absence of stimuli and couldn’t recognize targets, and become
active with recovered recognition capability of detection
targets. The stimuli include external stimuli including light,

Chem. Eur. J. 2024, e202402566 (6 of 12)
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ultrasound, and internal stimuli including enzyme and small
molecules.

DNA Nanoprobes with External Stimuli

Due to its high spatiotemporal controllability, light is often used
as an external stimulus for various specific activation of nano-
machine switches to enhance precision of target imaging. The
Deiters et al. developed a ultraviolet (UV) light activated DNA
logic gate for intracellular miRNA imaging.*¥ UV irradiation
disrupted the “light cage” at specific time points and initiated a
chain displacement reaction to produce signal output. Sub-
sequently, Lu et al. designed a UV light activated DNAzyme for
highly specific imaging of intracellular Zn**.*¥ In this design,
the adenosine ribonucleotide was replaced by 2’-O-nitrobenzyl
adenosine, which avoided DNAzyme non specific activation
during the delivery. UV irradiation disrupted 2’-O-nitrobenzyla-
denosine and promoted the recovery of deoxyribonuclease
activity, thereby achieved intracellular Zn** specific imaging.
Despite the success of UV irradiation activatable nanop-
robes, the high phototoxicity and limited tissue penetration
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depth of UV irradiation restrict their in vivo applications. Due to
the enhanced tissue penetration capabilities and lower photo-
toxicity of near-infrared light, researchers have explored their
possibilities as nanoprobes activation stimuli. Upconversion
emission of rare earth nanoparticles (RENPs) convert NIR
irradiation to UV emissions, therefore become an appropriate
substitute for UV irradiation. Li etal. reported NIR-activated
DNA nanodevices for the first time by utilizing UV upconversion
emission of RENPs under NIR irradiation, and achieved specific
invivo ATP imaging.”® The nanodevice not only enabled
efficient intracellular delivery of nanoprobes, but also allowed
the temporal control of nanoprobe activation via NIR irradiation.
Zhao etal. also designed a NIR controlled activated DNA
nanodevice by using upconversoin emission of RENPs, and
achieved spatiotemporal controllable imaging of miRNAs in
cells and mice.”” A hairpin structured DNA probe was designed
which contained a blocked miRNA recognition region and a
photocleavable bond molecule (PC bond). Under NIR light
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—_—————=
uv
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miRNA +
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b Bright field
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irradiation, UCNPs acted as light conversion centers to convert
NIR into UV light, and the emitted UV light cleaved the PC
bond, and caused the closed hairpin chain to partially detach.
After exposure to miRNA, the blocker strand released in
accompany with fluorescence recovery (Figure 4a), thus suc-
cessfully achieved spatiotemporal controllable miRNA imaging
both intracellularly (Figure 4b) and in mice (Figure 4c,d). In
order to avoid “false positive signal amplification” by extrac-
ellular analytes, we design a photo zipper locked miRNA
responsive  DNA nanomachine (PZ-DNA nanomachine) to
protect the DNA nanomachine against nonspecific extracellular
activation and allowed satisfactory signal amplification for
sensitive miRNA imaging.”® The-PZ-DNA nanomachine was
composed of RENPs with surface functionalization of a target
miRNA responsive DNA walker and its corresponding substrate
DNA strands labelled with quencher BHQ2. Dye Cy3 was also
co-immobilized on RENP surface to facilitate energy transfer
from the interior RENP emission at 540 nm under NIR irradiation
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Figure 4. a) Schematic illustration of NIR irradiation-controlled miRNA imaging through the engineering of a photosensitive hairpin structured miRNA
recognition probe which coupled with rare earth nanoparticle. b) Confocal fluorescence images of Hela cells treated with photosensitive miRNA probe in the
presence and absence of NIR irradiation. c) Fluorescence imaging of mice injected with photosensitive miRNA probe in the presence and absence of NIR
irradiation at the tumor sites. d) The intratumoral fluorescence intensity of mice in (c). Reproduced from Ref.*” with permission. Copyright 2019 American
Chemical Society. e) Schematic illustrations of photo zipper locked DNA nanomachine and its operation in response to miRNA in living cells. Reproduced from

Ref.®® with permission. Copyright 2020 American Chemical Society.
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to BHQ2 labelled at the terminus of the substrate DNA strands.
After photo-activation, the PZ-DNA nanomachine was operated
by intracellular miRNA and continuously cleaved the BHQ2
labelled substrate DNA strands, with corresponding Cy3 fuor-
escence recovery for intracellular miRNA imaging (Figure 4e). In
conclusion, light serves as a satisfactory external stimulus with
high spatiotemporal controllability for precise imaging of intra-
cellular and in vivo targets.

DNA Nanoprobes with Internal Stimuli

Though NIR activation of nanoprobe provided satisfactory
performance for mice subcutaneous tumor model. However,
light illumination area usually lie in mm/cm size, which limits its
resolution and hardly achieves precise imaging or regulation at
cellular level.” Internal stimuli, such as tumor microenviron-
ment highly expressed molecules, were also used for activatable
nanoprobes. Compared with normal tissues, the expression of
various small biomolecules (such as glutathione (GSH),® pH,*"
adenosine triphosphate (ATP)®®) in tumor tissues is abnormally
elevated, which serves as a common endogenous stimulus
switch to design DNA nanomachines, thereby enhance the
invivo miRNA imaging specificity. Zhang etal. designed an
endogenous ATP-driven DNA walker and successfully devel-
oped a ATP feuled DNA system for insitu spatiotemporal
imaging of miRNAs in living cells.®® A DNA walker system was
coupled to gold nanoparticle which included a DNA walker
strand and reactant DNA strands. The reactant DNA strands
contain fluorescent dye, whose fluorescence was quenched by
gold nanoparticles. The target miRNA activated DNA walker
strand and released the fluorescent labelled DNA strand from
gold nanoparticle to recover fluorescence. ATP, the small
molecules that highly expressed in tumor microenvironment
acted as the fuel strand to release fluorescent DNA strand from
gold nanoparticle with enhanced fluorescence recovery. Chai
et al. reported a GSH-activatable, aptamer-based DNA nano-
device sensor combined with nanoparticle-based targeting
capability to achieve a AND-gated controlled ATP and GSH
imaging in mitochondria.®® The DNA nanodevice was deco-
rated with mitochondria-targeting molecules to achieve spa-
tially differentiation of imaging signal. Self-quenched DNA
nanodevice was consists of an ATP adapter and a block chain
modified with disulfide bonds, which illuminated the probe in
the presence of both GSH and ATP and achieved simultaneous
imaging of GSH and ATP. This nanosystem can only be
illuminated when encountered ATP and GSH simultaneously,
enabling specific imaging of tumor tissue.

In addition to the small molecules that highly expressed in
tumor microenvironment, enzymes also act as endogenous
stimuli to activate nano-probes for specific biomaker imaging.*”
Many enzymes, including protease and DNA repair enzymes,
are overexpressed in tumor cells, therefore become biomarkers
of malignant tumors.®® Li etal. reported a generalizable
approach via the combination of enzymatically gated CHA (E-
CHA) with lipid nanoparticles (LNPs)-based delivery strategy for
tumor specific activation of signal amplification and sensitive

Chem. Eur. J. 2024, e202402566 (8 of 12)

miRNA imaging.®® In this system, the enzyme-responsive

molecular beacon (EMB) containing an abasic site was designed
to prevent the target miRNA-induced conformational change of
EMB and corresponding CHA reaction. Reaction with enzyme
APE1 exposed target miRNA recognition position, which
initiated CHA with strong fluorescence signal generation. In
2021, the Li group developed a protease-activated DNA nano-
machine by introducing a peptide nucleic acid (PNA) to control
the seal/exposure of ATP recognition region, and achieved
precise ATP imaging in cells and mice.** The ATP-aptamers
were effectively shielded by PNA to prevent nonspecific
activation. Upon entry into tumor cells, the overexpressed
cathepsin B (CaB) cleaved the peptide, released the blocked
sequence and recognized miRNA and resulted in intracellular
fluorescence recovery (Figure 5a). Both confocal fluorescence
image and flow cytometry confirmed the selective activation of
nanoprobes by intracellular CaB protease for precise ATP
imaging (Figure 5b—d).

In addition to intracellular small molecules and protease,
membrane proteins/receptors that highly expressed on tumor
cell membrane also act as specific stimuli to activate the DNA
nanoprobes for miRNA recognition. We designed a trans-
membrane DNA logical computation strategy to activate a DNA
nanomachine only in cancer cells from a complex solid tumor
microenvironment®” (Figure 5e). The DNA nanomachine was
prepared by modifying DNA strands on UCNPs. LA-apt, a DNA
strand anchoring to a cancer cell membrane overexpressed
receptor, served as inputs 1. Hybridization with input 1 at the
cell membrane to activate DNA nanomachine for intracellular
miRNA-21 recognition, which served as inputs 2. The cascade
hybridization with intracellular input 2 completed the “AND”
gate operation and released a DNA strand L2 as output to
operate the DNA nanomachine and correspondingly activated
the photosensitizer for subsequent photodynamic therapy.
Confocal fluorescence image demonstrated that only correct
operation of input 1 (LA-apt) in the DNA logic gate ensures the
following reaction with input 2 (miRNA-21), realizing activation
of DNA nanomachine (Figure 5f,g). Incorrect DNA logic compu-
tation can trigger nonspecific activation and deactivation of
DNA nanomachines (Figure 5f,h).

NIR-II Nanoprobe for In Vivo miRNA Imaging

Despite the success of signal amplification and nonspecific
signal suppression strategies, most currently reported miRNA
imaging probes has emission window located in visible (Vis)
light region,’®® where biomolecules (flavins, lipofuscin, reticulin)
would generate autofluorescence as background signal®” and
impaired the accuracy of in vivo application. However, miRNA
imaging window has rarely extended to NIR-Il (1000-1700 nm)
region with deeper penetration, higher spatial resolution, lower
photon scattering and background. RENPs generate multiple
emissions with narrow bandwidths in a wide range from UV/Vis
to NIR-Il by adjusting rare-earth ions doping types and ratios.”
This feature makes them appropriate materials for in vivo
imaging.

© 2024 Wiley-VCH GmbH
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Recently, we developed a NIR programmed in vivo miRNAs
magnifier by conjugating activatable DNAzyme walker set to
RENPs, which achieved effective NIR-Il imaging of early stage
tumor” (Figure 6a). Dye FD1080 (FD1080) modified substrate
DNA quenched NIR-Il downconversion emission of RENPs under
808 nm excitation. MiRNA recognition region in DNAzyme
walker was sealed by a photo-cleavable strand to avoid “false
positive” signal in systemic circulation. Upconversion emission
of RENPs under 980 nm irradiation activated DNAzyme walker
for miRNA recognition and amplified NIR-II fluorescence recov-
ery of RENPs via DNAzyme catalytic reaction to achieve in vivo
miRNA imaging. This study presented a novel approach for
detecting low levels of biomarkers in vivo and diagnosing early-

Chem. Eur. J. 2024, e202402566 (9 of 12)

stage tumors. Tumor cell imaging indicated DNA nanomachine
could realize activatable intracellular miRNA-21 imaging (Fig-
ure 6b, DNA nanomachine, NIR(+)), while showed little intra-
cellular NIR-II fluorescence in the absence of 980 nm irradiation
(Figure 6b, DNA nanomachine, NIR(—)) and “always active” DNA
nanomachine (AA-DNA nanomachine) produced strong NIR-II
fluorescence recovery from M-Hela cells as “false positive”
signal (Figure 6b, AA-DNA nanomachine, NIR(—)). This system
successfully achieved accurate invivo miRNA imaging (Fig-
ure 6¢, DNA nanomachine, NIR(+)), while avoided nonspecific
activation signal (Figure 6¢, AA-DNA nanomachine, NIR(—)) and
realized in vivo early tumor imaging (Figure 6d).
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Summary and Outlook

In this concept, we have reviewed the progress of functional
DNA nanoprobes design and their applications in intracellular
and in vivo miRNA imaging. Precise in vivo imaging of miRNAs
faces significant challenges due to their short length, low
abundance, sequence homology, and the complexity of the
in vivo physiological environment. Therefore, various signal
amplification strategies including DNAzyme reaction, HCR, CHA
have been employed to amplify miRNA imaging signal. Stimuli-
responsive DNA nanoprobes have also been developed with
external stimulus such as NIR light and internal stimuli including
tumor highly expressed small molecules such as ATP, GSH and
enzymes such as APE1, CaB. With the advancement of imaging
technology, the fluorescence detection region has shifted from
visible region to NIR-Il region with deeper tissue penetration
depth and lower autofluorescence to improve the signal-to-
noise ratio of in vivo imaging. Taking advantages of RENPs with
programmable upconversion and downconversion emissions,
in vivo miRNA imaging in NIR-Il region has been reported.
Despite the progress made, there are issues that should be
taken into consideration in future research of invivo miRNA
imaging. (1) miRNA expression are affected by many biological
processes, which are keeping changing in live process. How-
ever, most currently reported nanoprobes all share the
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Reproduced from Ref.”" with permission. Copyright 2023 Wiley-VCH Verlag

limitations of irreversible imaging signal, which can only trace
the accumulation value of miRNA in the disease process, but
cannot indicate the expression concentration decrease monitor
the real-time concentration and spatiotemporal localization of
miRNA in various dynamic equilibrium processes.” Therefore,
dynamic visualization of both miRNA expression increase and
decrease is important.”® Reversible DNA structure transforma-
tion was successfully achieved via adding substitution chains to
achieve dynamic miRNA detection.” Besides, state-adjustable
fluorescent RNA (FLRNA) molecule was prepared which
achieved dynamic analysis of miRNA concentration and its
spatiotemporal localization in live cells.”? More methodologies
and strategies for dynamic monitoring miRNA expression
change are expected. (2) Many physiological processes, as well
as disease progression and therapy require the participation of
multiple miRNAs. Cellular and in vivo multiple miRNAs imaging
strategies have been reported via optically programming strand
displacement reactions and developing combinational fluores-
cent dye bar-codes.” However, the emission probes are mainly
organic dyes with wide detection windows located in visible
region, which would lead to emission spectra overlap and
in vivo intensity impairing due to tissue absorption and
reflection. Multiple miRNA imaging in NIR-Il region has not
been achieved. Rare earth nanomaterials provide strong NIR-II
emission with sharp band and programmable wavelength
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regions, would become appropriate probe material for in vivo
multiple miRNAs imaging.
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CONCEPT

This concept review summarizes
signal amplification strategies
including DNAzyme catalytic reaction,
hybrid chain reaction (HCR), catalytic
hairpin assembly (CHA) to enhance
detection signal of lowly expressed
miRNAs; external stimuli and internal
stimuli to prevent nonspecific activa-
tion; and the development of NIR-II
fluorescent probes for in vivo miRNA
imaging and indicated current chal-
lenges for in vivo miRNA imaging.
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