REVIEW

'.) Check for updates

small

www.small-journal.com

Shedding Light on DNA-Based Nanoprobes for Live-Cell

MicroRNA Imaging

Fan Yang, Huiting Lu, Xiangdan Meng, Haifeng Dong,* and Xueji Zhang

DNA-based nanoprobes integrated with various imaging signals have been
employed for fabricating versatile biosensor platforms for the study of intra-
cellular biological process and biomarker detection. The nanoprobes develop-
ments also provide opportunities for endogenous microRNA (miRNA) in situ
analysis. In this review, the authors are primarily interested in various DNA-
based nanoprobes for miRNA biosensors and declare strategies to reveal how
to customize the desired nanoplatforms. Initially, various delivery vehicles

for nanoprobe architectures transmembrane transport are delineated, and
their biosecurity and ability for resisting the complex cellular environment are
evaluated. Then, the novel strategies for designing DNA sequences as target
miRNA specific recognition and signal amplification modules for miRNA
detection are presented. Afterward, recent advances in imaging technologies
to accurately respond and produce significant signal output are summarized.
Finally, the challenges and future directions in the field are discussed.

(Ago) protein to generate the RNA-induced
silencing complex (RISC). Then, the RISC
bind to the 3’-untranslated region of target
mRNAs with 2-7 nucleotides to induce
mRNA degradation or suppress the trans-
lation.”) MiRNAs play pivotal roles in
cell development, proliferation, differen-
tiation, apoptosis, and other biological pro-
cesses.[l Notably, their dysregulations are
involved in numerous human diseases,
including malignancies, implying their
potential pathological value as new thera-
peutic indicators in clinical practices.”!

To date, various technologies for
miRNA analysis in vitro including micro-
array, quantitative real-time polymerase
chain reaction (qRT-PCR), Northern

1. Introduction

MicroRNA (miRNA) molecules are highly conserved modula-
tors and mainly responsible for regulating post-transcriptional
gene expression in the cells of human and other animals.l!
These 19-23 nucleotides class of small RNA sequences were
first manifested by the discovery of lin-4 in Caenorhabditis
elegans in 1993.7 So far, about 48 860 mature miRNAs distrib-
uted in 271 organisms are reported.?! Increasing evidences have
revealed that miRNAs are involved in regulation of about 30%
of all genes and almost every genetic pathways. Their tran-
scription regulation mechanism to target gene is described in
Figure 1: Briefly, mature miRNAs are loaded into an Argonaute
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blotting, and RNA sequencing.”) All

these technologies displaced the ability
to analyze miRNAs via extracted RNA samples from cellular
lysate, but ignored cellular heterogeneity and spatio-temporal
dynamics information. Alternatively, fluorescent in situ hybridi-
zation (FISH) technology enables to profile miRNA spatial dis-
tribution in fixed tissues or cells, but with limited throughput.!®!
Although the barcode-based FISH improves the throughput, it
is more suitable for RNA sequences with a length of 300-1500
nucleotides.’l Therefore, it is significant to explore new strate-
gies for monitoring the expression level of miRNA and visu-
alizing their dynamic fluctuation within the context of intact
living cells or tissues.

DNA molecules are pivotal biomolecules that responsible
for storage and the transfer of genetic information in organ-
isms, as well as, highly programmable molecular scaffolds
for the fabrication of various nanostructures with well-defined
form and precisely arranged device.l'] Given their biosecurity,
addressability, and versatilityy, DNA-based nanosystem have
become the robust tools to carry out various tasks in vivo, such
as, biomolecular imaging, cargo transport, and release.'l The
past decade has witnessed ongoing process in DNA-based
nanoprobes. Their basic task is to facilitate detection of a tiny
amount of biomolecules through the generation of a measur-
able output signal.'?l To design the nanoprobes for intracellular
miRNA detection and biological imaging, they must contain
three basic components: a carrier, a receptor, and a transducer.
In common, the carrier has a delivery function, which can facil-
itate nanoprobe sequences to enter the cells. The receptor for
specific miRNA recognition is DNA sequence, that relies on
A:U and C:G base pairing principle for preferential capture of
target miRNA and resolving recognition event. The transducer
is responsible for converting the biorecognition event into valid
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Figure 1. Schematic diagram of miRNA-induced gene regulation mechanisms.

signals, such as, optical and mechanical signals (Figure 2). In
this review, we introduce delivery vehicles, sequence designs,
and imaging technologies of nanoprobes, aiming to reveal how
to design nanoprobes with desired properties for miRNA live-
cell analysis. Finally, the outstanding challenges and future
directions in the field are discussed.

2. Probe Delivery

During the cell journey, the first obstacle for the DNA probe
sequence is the cell membrane that protect the cells from their
surrounding environment."l Tt not only serves as a boundary to
provide the structural support and maintain homeostasis, but
also mediate the exchange of physical and chemical informa-
tion between the cell and its environment.”] As the exogenous
genes, the DNA probe sequences cannot freely traverse the cell
membrane due to their electronegativity and hydrophobicity. To
solve the problem, paraformaldehyde and alcohol are generally
used to pretreat the cells to enhance membrane permeability."®!
However, they may destroy the cell morphology and induce the
cells death, leading the loss of the significance information for
further research. Various of delivery vehicles have been devel-
oped to transport nanoprobes into cells.'] In the section, we
systemically introduce these nanoprobe carriers, including
frame nucleic acids (FNAs), organic/inorganic nanomaterials,
and lipid/cell membranes. The carrier-free intracellular delivery
manner is also described. Their merit and demerit are summa-
rized in Table 1.
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2.1. Carrier-Assisted Intracellular Delivery
2.1.1. Programmatic Frame Nucleic Acids as Delivery Vehicles

The structural DNA nanotechnology has been rapidly developed
from natural immobile Holliday junction to artificial FNAs,
which shed a new light on spatially controllable patterning
of functional biomolecules and biomaterials in vitro and in
vivo.[1%02% Various versatile FNAs have been explored as delivery
platforms for biosensor.?! They show distinct and unique supe-
riorities including intrinsic biocompatibility and high internal-
ized efficiency.??! For example, Huang’s et al had reported that
DNA tetrahedral structure showed much higher cellular uptake
ability than free single strand DNA.I?’l Turberfield’s group had
proved a substantial uptake of tetrahedra into cells without
other transfection agent.l?4

Furthermore, the FNAs showed good protection to the
nanoprobes against nuclease degradation and protein inter-
ference. Dong et al. proved that DNA triangular prism could
protect the hairpin probe from protein interference and
DNase I degradation during the delivery process.?’! Zhang
et al constructed a DNA nanocage with encapsulated nano-
probes for specific recognition and response target molecules.
It was accessible to small miRNA, while large endogenous
nuclease and non-specific proteins was blocked outside the
cage, leading to a better anti-degradation and anti-interference
ability than the probes attached to the outside FNA.?%! Impor-
tantly, the DNA nanocage showed a size-dependent protection
effect.

© 2021 Wiley-VCH GmbH
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Figure 2. Schematic diagram of the procedure for miRNA in situ analysis. The imaging signals include fluorescence imaging (FL imaging), surface
enhanced Raman spectroscopy (SERS) imaging, photoacoustic imaging (PA imaging), dark field microscopy imaging (DFM imaging), as well
as, atomic force microscopy imaging (AFM imaging). SERS image is reproduced with permission.['’] Copyright 2017, American Chemical Society.
PA image is reproduced with permission." Copyright 2019, Wiley-VCH. AFM image is reproduced with permission.['] Copyright 2018, American

Chemical Society.

Additionally, the DNA intrinsic tailorable functionalities
endow FNAs with excellent chemical addressability such as,
DNA polyhedron,??#?l origami,?®! hydrogel structures,?’)
micelles,B3% et al. The precision assembly and the high-ordered
conformation of FNA make it a perfect template to organize
various nanoscale molecules, such as proteinsi*y and nano-
particles (NPs).’? For example, Liu et al. constructed a DNA
nanomachine (DNM) by alternately hybridizing two pairs
of DNA/RNA hybrids to a DNA scaffold. The DNA cascade
replacement reaction of DNA/RNA hybridization along the
DNA scaffold was initiated by specific miRNA, triggering in
situ assembly of siRNA sequences for gene therapy in vivo.

Table 1. Comparisons of probe sequences delivery manners.

(Figure 3A).3% Kuang et al. fabricated a multifunctional nano-
pyramids by rational selection assembly of upconversion NPs
(UCNPs), silver sulfide (Ag,S) NPs, and Au-CugSs NPs via DNA
frame, that realize dual miRNAs bioimaging in living cells and
a tumor-bearing mice (Figure 3B).134

There are several demerits of FNAs in live-cell analysis. For
example, they show a poor specific recognition ability to cells,
that usually need modify molecules (aptamer, peptides, and
folic acids) to enhanced accumulation at target sites. Moreover,
they exhibited inherent low load capability than organic/inor-
ganic nanomaterials-based carriers due to limited functional
sites on their surface.

Delivery manners Merits

Demerits Improvements

FNAs Superior biocompatibility
High internalized efficiency
Good protection to probe sequences
Excellent addressability

Organic/ Mighty load capacity

Inorganic nanomaterials Superior protection to
probe sequences
Controllable release probe

sequences

Liposomes Good biocompatibility
Simple operation
High internalized efficiency for

sophisticated system.

Cell membranes Superior biocompatibility
Low cytotoxicity

Homotypic target ability

Nanoneedle arrays Superior transfection efficiency

Poor target ability Modify molecules (aptamer, peptides,

Low load capability folic acids) to enhance target ability

Potential cytotoxicity Modify molecules (PEG, aptamer,

Poor biocompatibility peptides, folic acids.) to reduce
Poor target ability cytotoxicity, enhance biocompatibility

and target ability

Poor target ability Modify lipid surface (hyaluronic acid)

to enhance target ability
Complicated operation

Simplified operation

Complicated operation Simplified operation
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Figure 3. Carrier-assisted intracellular delivery. A) The miRNA-triggered DNM for intracellular siRNA cascade assemble in living cells. Reproduced
with permission.*3l Copyright 2018, American Chemical Society. B) Nanopyramids for dual miRNAs detection and bioimaging in vivo. Reproduced
with permission.3¥ Copyright 2017, Wiley-VCH. C) The multifunctional SnO, nanoprobe for specific intracellular miRNA imaging. Reproduced with
permission.*> Copyright 2012, Wiley-VCH. D) Near-infrared triggered strand displacement amplification for miRNA quantitative detection in single
living cell. Reproduced with permission.l Copyright 2018, The Royal Society of Chemistry. E) Target miR-34a beacon delivery system based on HA-
coated nanocontainers for targeted intracellular recognition of miR-34a. Reproduced with permission.l¥’l Copyright 2012, American Chemical Society.
F) Target-triggered drug delivery system based on M1mv-DNA-QDs. Reproduced with permission.B Copyright 2019, Wiley-VCH.
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2.1.2. Multifunctional Organic/Inorganic Nanomaterials as
Delivery Vehicles

Various organic and inorganic nanomaterials have attracted
intensive interest to construct nanoprobes delivery vehicles
due to their unique and intriguing properties."#3% Generally,
the surface of the nanomaterials is required to be modified
with different molecules such as PEG, aptamer, peptides, folic
acids, et al. to reduce potential cytotoxicity, to acquire desirable
biocompatibility and target capability.*”] These nanomaterials
show a mighty load capacity to nanoprobes via physical entrap-
ment or chemical conjugation including electrostatic interac-
tions, &7 stacking, hydrogen bonding interaction and classic
chemical reaction (Table 2) owing to the flexibility to func-
tion. The nanomaterials vectors can provide sufficient protec-
tion to the nanoprobes under physiological conditions.!! For
example, Wang et al. reported that the split-DNAzyme probe
loaded on Au NPs showed negligible degradation after DNase
I treatment for 1 h.*2 Huo et al. demonstrated that zeolitic
imidazolate framework-8 (ZIF-8) NPs could protect nano-
probes from DNase I degradation.¥] Ju et al. designed multi-
functional SnO, NPs as efficient delivery vector, which showed
good protection to molecular beacon (MB) probe from nucle-
ases and interfering proteins (Figure 3C).3*l The protection
may be resulted from the steric shielding of the nanomaterials
and the conformational change of nucleic acid strands.
Controllable release of probe sequences is significant for
intracellular miRNA spatiotemporal detection. The pho-
tothermal effect of nanomaterials vectors are reported to

www.small-journal.com

deliver nanoprobe into cells and controllably activate signal
amplification to realize miRNA imaging with high sensi-
tivity. Dong et al. functionalized two types of programmable
oligonucleotide hairpin probes, named as hairpin assistant
probe (HAP) and dye-labeled hairpin detection probe on the
terminal and side surfaces of Au nanorods (THP-AuNRs)
for sensitive intracellular miRNAs detection, respectively.[*®l
The external near-infrared (NIR) triggered HAP release
and strand displacement amplification for miRNA detec-
tion in single living cells or in multicellular tumor sphe-
roids (Figure 3D). Furthermore, his group designed hollow
copper sulfide NPs as carriers and photothermal conver-
sion agent to carry entropy-driven toehold-mediated strand
displacement reaction, that realized miRNA triggered cata-
lytic imaging without additional transfection of fuel DNA
strand.[®%]

2.1.3. Biomimetic Lipid and Cell Membranes as Delivery Vehicles

Cationic liposomes are robust candidates as nucleic acids
transfection reagents that show significant biocompatibility,
biodegradability, biosecurity, controllable size, and surface
manipulations."®3 They form complexes with nucleic
acids to neutralize the negative charge of nucleic acids and
weaken the electrostatic repulsion to the cell membrane.[®4
The commercially produced cationic liposomes, such as
lipofectamine, supply a convenience for probe sequences
delivery since they are simple to operation, cost-effective

Table 2. Summarized representative nanomaterials as delivery vehicles of probe sequences.

Nanomaterials Interaction Surface modification Ref.
MnO; nanotubes Van der Waals force (Electrostatic interaction) [44]
g-C3N, nanosheet -7 interaction [45]
MoS, nanosheet Van der Waals force [46]
MnO; nanosheet Van der Waals force [47]
WSe, nanosheet Electrostatic interaction and 7—r interaction Surface perfluorination [48]
Carbon nitride nanosheet 7T interaction Folate (FA)-Poly A [49]
Hexagonal boron nitride nanosheets -7 interaction [50]
Graphene oxide nanosheet 7-minteraction [51]
MoS; QDs Van der Waals force [52]
SiC QDs Van der Waals force PEG [53]
Graphene QDs Specific adsorption and 77 interaction PEG and polylactic acid [54]
SnO, NPs Van der Waals force and hydrophobic interactions DL-PEG2000-FA and DL-PEG,q00-SPDP-MB [35]
Au@PDA NPs 7—minteraction and hydrogen bonding [55]
UCNP Electrostatic interaction Cationic polymer (poly-lysine) [56]
Dendritic mesoporous silica nanoparticles (DMSNs) Disulfde bond (—S—S—) —SH [15]
ZIF-8 NPs Electrostatic interaction [57]
Gold-nanodot-decorated hollow carbon Specific adsorption and 77— interaction Hyaluronic acid (HA) [58]
nanospheres (AuHCNs),

Au NPs and Au NDs Au—S bond [59]
Au NRs Electrostatic interaction PEI-SH [60]
Au nanocages Au—S bond BSA [61]
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and high-performance for sophisticated detection systems.
For instance, Wang et al. developed a proteinase-free and
nanomaterials-free replicated hybridization chain reaction
(R-HCR) machinery using the cross-invasion of HCR and
DNAzyme catalysis for miRNA detection.®®] Lipofectamine
3000 reagent was used as delivery vehicle to transfect R-HCR
system into cells and living mice for imaging miRNA with
good performance. Wu et al. developed a branched DNA
junction-enhanced isothermal circular strand displacement
polymerization (B-ICSDP) for intracellular miRNAs imaging
using Lipofectamine 2000 transfection.[®® To enhance the
cell targeting ability, Haam et al. constructed hyaluronic acid
(HA) coated liposome nanocontainers containing simple
miRNA-34a beacons (bHNCs). It enabled target-cell-specific
transfection of metastatic breast cancer cells with up-
regulated cell surface adhesion molecule cluster determinant
44 (CD44) through HA affinity to CD44 and intracellular rec-
ognition of miRNA-34a (Figure 3E).1"]

Recently, cell membrane vesicles have emerged as powerful
delivery tools. Besides superior biocompatibility and low cyto-
toxicity, they show fascinating ability to target homotypic cells.
Huang et al. constructed an engineered artificial vesicle of M1
macrophages (M1mv) via a pneumatic liposome extruder with
tumor cells killing capacity (Figure 3F). The hairpin DNA fluo-
rescence quantum dots (QDs)-labeled probes intercalated by
DOX were loaded in M1mv (M1mv-DNA-QDs), which entered
cells through electroporation, and the hairpin probe could be
recognized by miRNA and release DOX for therapy.® The
application of cell membrane vesicles-based carrier is lim-
ited by complex procedure for cell membrane preparation.
Simplified operation could compensate the drawback of cell
membrane.

2.2. Carrier-Assisted Intracellular Delivery

Recently, the nanoneedle arrays have been developed as min-
imally invasive tools for in situ probing specific signaling
transduction and detecting biomolecular in living cells since
their superior transfection efficiency. The technique relies
on controlled force that nanoneedle arrays can temporarily
puncture the cell membrane and induced its deformation via
a well-controlled centrifugation facilitated procedure.l’] At
the same time, the exogenous materials can diffuse into cell
cytosol before the recovery of the membrane deformation.
Shi et al. had applied the nanoneedle arrays for delivering
plasmid DNAs into neurons, the carrier-free intracellular
delivery improved at least eightfold in transfection efficiency
compared to the lipofection transfection approach.l Fur-
thermore, they used the diamond nanoneedles to deliver
probe which hybridized with target miRNA and directly
isolated the double-strand RNA product via RNA binging
proteins from cytoplasm while keeping the cells alive.[®’]
Afterward, the miRNA signal was amplified via HCR. They
proved that the in situ profiling approach could decipher
spatial dynamic information regarding the cells by quanti-
fying the relative distribution of the diamond nanoneedles
with miRNA signals. The demerit of nanoneedle arrays-
based delivery manner is complicated operation procedure.
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Simplified operation may compensate the drawback of
nanoneedle.

3. Probe Sequence Design

The probe sequences are responsible for miRNA capture
and resolving procedure, which endow biosensor the ability
of selectivity and sensitivity. The specific miRNA recognition
event mainly relays on A:U and C:G base pairing principle,
which probes sequences are preferential complementary
to a target miRNA. In the absence of target miRNA, the
probes act as signal locks to avoid premature signal leakage.
The switches that initiate the hybridization between target
miRNA and probe sequences are fallen into two broad cat-
egories: the one is an extended single stranded region
known as toehold. Another is the loop of hairpin structure.
All these structures are key factors to enhance specific selec-
tion of probe sequences. Equally important is the sensitivity
since “one-to-one” signal output could not satisfy the low-
abundance miRNA detection in the cells. Various exquisite
cascade reactions are emerging as attractive candidates for
signal amplification, such as, catalytic hairpin assembled
reaction, HCR, and DNAzyme-powered amplification reac-
tion et al., which have been extensively explored and sum-
marized. Furthermore, the self-calibration strategies, such as
ratiometric signals, dual-signal output, also been exploited
to avoid false positive signals during delivery procedure or
system design defects. In the section, we will concentrate on
other new design strategies of probe sequences for enhanced
miRNA detection.

3.1. Photo-Controlled microRNA Biorecognition

Photo-controlled biorecognition refers to exogenous laser
assisted detection system, which biorecognition sequence
is protected during probe endocytosis process. After the
probe reaches the cytoplasm, the biorecognition sequence is
exposed with an external laser irradiation and initiator the
miRNA biorecognition event. The spatial-temporal protec-
tion effectively avoids passive miRNA-probe interaction and
false positive signals output, which is benefited for accu-
rate biological analysis. For example, Li et al. designed a
NIR light-activatable DNA nanodevice through integration
the photocleavable (PC) bond inserted MBs with UCNPs
that played as the NIR-to-ultraviolet (UV) transducers
(Figure 4A).1°l The miRNA recognition function was blocked
temporarily until a NIR light irradiation. Subsequently, the
PC bonds were cleavage due to the photolysis, and the intra-
cellular miRNA sensors were activated. The feasibility of
nanodevice had been validated for intracellular spatiotempo-
rally control miRNAs sensing and imaging, even expanded
to an activatable imaging of intra-tumoral miRNAs in living
mice. Moreover, they developed a triphenylphosphonium-
functionalized DNA nanoreporter technology for two types
of cancer-related mitochondrial miRNAs imaging in live
cells, which kept silence during delivery process and was
photoactivated after targeted mitochondrial localization
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Figure 4. Probe sequence design. A) The activatable DNA nanodevice for NIR light-controlled miRNA sensing and imaging. Reproduced with permis-
sion.F8 Copyright 2019, American Chemical Society. B) The DNA nanoreporter technology for imaging of mitochondrial miRNAs via NIR light-con-
trolled strand displacement reactions. Reproduced with permission.’% Copyright 2021, Wiley-VCH. C) Entropy-driven DNA nanomachine for miRNAs
analysis. Reproduced with permission.”! Copyright 2017, Wiley-VCH. D) MiRNA-triggered localized DNA cascade reaction alone the linker DNA for
visualization of miRNA in situ. Reproduced with permission.’2 Copyright 2019, American Chemical Society. E) The functional hybridization-mediated
Staudinger amplification reduction reaction for miRNA detection. Reproduced with permission.3l Copyright 2019, American Chemical Society.

(Figure 4B)."% The technology allowed precise control over  tool for investigating mitochondrial miRNA-associated phys-
miRNA imaging at subcellular level, which provided a robust  iological events.
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3.2. Accelerated DNA Cascade Reaction

Accelerated target analyte response or shorten the reaction
time can effectively reduce endogenous interference on the
probes and improve the detection sensivity. In a homogeneous
solution, the intermolecular reaction between analyte mole-
cules and nucleic acid probes depends on the diffusion of the
random spontaneous collision in a typical 3D fluidic space,
which extend reaction time and limit low-abundance miRNA
detection. Localized concentration amplification via integrating
the probes on the surface of NPs or FNAs, has been proposed
by researchers that could increase effective collisions. Based on
the principle, Yin and co-workers tailored an elegant entropy-
driven DNM with predictable and automatic 3D detection track
for intracellular miRNA imaging.”! As showed in Figure 4C,
the target (T) enables to tether a walking leg (W) strand to the
Au NPs surface via hybridization with affinity ligand (L), which
initiated the entropy-driven catalytic reaction of intramolec-
ular toehold-mediated strand migration. The DNM displaced
enhanced sensitivity and reaction kinetics than conventional Au
NP-based intermolecular reaction, attributed to motion com-
ponents co-anchored on a single Au NP resulting in enhanced
local effective concentrations. Dong and co-workers anchored
6 DNA hairpin structures on a DNA nanowire for intracellular
miRNA-155 imaging via localized DNA cascade reaction. When
the miRNA-155 activated the system, the hybridization reaction
occurred from hairpin H1 to H6 to form a DNA “nano wheel”
structure (Figure 4D)."2l The system was superior to miRNA-
triggered 6 free hairpin monomers without fixed on DNA nano-
wires in reaction kinetics and sensitivity since the local effective
concentrations of each DNA hairpin probe was increased by
2748-fold.

3.3. Hybridization-Mediated Staudinger Reduction Reaction

Different from conventional stand-displacement mediated
amplification reaction, Peng and co-worker first applied
hybridization-mediated Staudinger reduction (HMSR) to
design a fluorogenic response strategy for miRNA detec-
tion.”?! As shown in Figure 4E, the HMSR-probe was con-
sisted with 1,8-naphthalimide derivative (DNA-NPAC) and
3-(diphenylphosphino)  propionic acid (DNA-DPPA) to
recognize and hybridize with target miRNA. It would con-
fine the reactive site of azido group and diphenylphosphino
molecule into proximity in a compact space, leading to the
fluorescence recovery of the naphthalimide fluorophore. More
important, it resulted in the separation of HMSR-probe in
physiological environment due to the presence of H,O in the
Staudinger system, accompanied by miRNA re-release and
recycle. As bio-orthogonal “click reaction,” the Staudinger
reduction for miRNA detection was compared with azide—
alkyne cycloaddition (CuAAC) reaction, which showed an
ameliorative detection limit and higher sensitivity. The HMSR-
probes were applied for miRNA-24 analysis in living cells, mice
tissues slice, and clinical patient serum samples. Note that the
fluorescence intensity in serum samples of pancreatic cancer
patients showed a significant enhancement than that in the
serum sample of pancreatitis and healthy people. Meanwhile,
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a negligible difference among the samples from both patients
with pancreatitis and healthy people has been found for a quite
low concentration of target miRNA. The same trend of signal
change among different stages of pancreatic disease also was
observed by conventional qRT-PCR strategy. Taken together, the
exquisite fluorogenic response system could serve as a robust
and reliable tool for miRNA analysis in clinical samples and
supply a new idea for the design of hybridization amplification
reaction.

4. Imaging Signals

Various imaging analysis technologies have offered nonin-
vasive tools for intracellular signal readout and lighting mor-
phological details of cells/tissues or mapping the endogenous
gene expression with subcellular resolution and high detection
sensitivity.”¥l In this section, we will discuss recently developed
intracellular miRNA imaging signal detection and output tech-
nologies including the fluorescence imaging (FL imaging),
surface enhanced Raman spectroscopy (SERS) imaging,
photoacoustic imaging (PA imaging), dark field microscopy
imaging (DFM imaging), as well as, atomic force microscopy
imaging (AFM imaging)

4.1. Fluorescence Imaging

Fluorescence is a cold photoluminescence phenomenon that
light emission accompanied by radiative relaxation when the
substance in an excited state returns to its ground state.’#l
Fluorescence imaging technology has become one of the most
powerful and reliable tool for direct visualization spatial dis-
tribution and monitoring temporal fluctuation of analyte con-
centration in cellular microenvironment.! Various fluorescent
agents including organic molecules, fluorescent proteins, fluo-
rescent NPs et al. have been reported for constructing intracel-
lular miRNA analysis system.

The organic fluorescence dyes have been widely used as
the reporting signals for probe since the amenability to DNA
sequence modification. The conjugation organic fluorescence
dyes to any position of DNA sequence are facile and commer-
cially available, which facilitate to nanoprobes design, especially
in complex and multiple detection systems. For example, Dong
et al. utilized FAM, Cy3, and Cy5 as fluorescence dyes to label
different nanoprobe, realizing simultaneously and sensitively
imaging three types of miRNAs in living cells (Figure 5A).7°
Wang et al. used FAM and Cy3 as fluorophores pairs to pro-
duce a tremendously amplified fluorescence resonance energy
transfer signals for intracellular miRNA-21 detection.”]

Fluorescent proteins are highly attractive as fluorescent
labels in the biological field, which allow specific cellular or
viral protein to be labeled by genetic engineering.’® Jiang et
al. designed a genetically encoded light-up RNA sensor for
intracellular miRNA fluorescence imaging using green fluo-
rescent protein (GFP) co-expression as internal reference.’®l
After transfection into the cells, the RNA sensor output an
orange fluorescence signal in response to target miRNA-21,
whereas the GFP gave target-independent green fluorescence

© 2021 Wiley-VCH GmbH
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Figure 5. Fluorescence imaging for intracellular miRNA detection. A) DNA-capped-Au assembled hydrogels for imaging of multiplex miRNAs. Repro-
duced with permission.”¥l Copyright 2018, The Royal Society of Chemistry. B) The genetically encoded RNA sensor for ratiometric miRNA imaging and
C) fluorescence imaging for Hela cells (a: control; b: treated with 300 nM miRNA inhibitor; c: treated with 300 nM miRNA mimic). Reproduced with
permission.’8l Copyright 2017, American Chemical Society. D) Photoactive hybrid AuNR-Pt and Ag,S core—satellite assembly for miRNA-21 detection
and multimodal imaging guided photothermal therapy. Reproduced with permission.”l Copyright 2017, Wiley-VCH.

as an internal reference (Figure 5B). The red fluorescence
showed different intensities due to up-regulation or down-
regulation of miRNA-21, while the bright and uniform distri-
bution of green fluorescence signals in the nuclei and cytosol
afforded an ideal internal standard signal for ratiometric
imaging. The design provided a new paradigm for devel-
oping sensitive light-up RNA sensors for miRNA imaging
applications.

As alternative to fluorescent dye or protein, QDs possesses
superior optical properties including high quantum yield,
long lifetime, excellent photostability, broad absorption, and
narrow tunable emission, holding great promise for fluores-
cent labels.®% The bioconjugates of QD and DNA molecular
probes are extensively applied for miRNA imaging in vivo.!
For example, Ma et al. designed a DNA-templated Au NP-QD
assembly probes for high-sensitive catalytic imaging of miRNA
in living cells.®? The Ag,S QDs with the NIR window fluores-
cence signal were reported for the ultrasensitive and selective
detection of miRNA in cells and solid tumors of mice with
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lower autofluorescence, reduced photon scattering, deeper
tissue penetrations (Figure 5C).7)

UCNPs-based nanoprobes are intriguing imaging tools that
exhibit significant feature to avoid autofluorescence interference
due to typical anti-Stokes luminescence principle.”*l Kuang et
al. used UCNP to construct luminescence resonance energy
transfer (LRET) miRNA biosensing platform.®3l The core-
satellite superstructures were constructed using DNA as bridge
to assemble UCNPs, Au NRs, and dye molecules (TAMRA and
Cy5.5). The luminescence of UCNP was largely quenched due
to the LRET to Au NRs under a 980-nm laser excitation. After
target miRNAs recognition, the TAMRA dye (588 nm) and Cy5.5
(736 nm) were lighted up due to the dissociation of UCNPs
from the ends. It affords Zeptomolar sensitivity to simultaneous
imaging of two miRNA markers in living cells and in vivo. Bi et
al. designed a LRET-based upconversion nano-sensor using dual
dyes (TAMRA and BHQ1 modified on cDNA) as acceptors to
enhance quenching efficiency, realizing a low background signal
and a high sensitivity for miRNA-21 imaging in living cells.[®4

© 2021 Wiley-VCH GmbH
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4.2, Raman Imaging pass through a material.®) SERS effect refers to the Raman

signal of the Raman molecule is greatly enhanced when it is
The Raman effect was originally applied to identify bonds and  confined on the plasmonic metal (e.g., Cu, Ag, and Au) surface
molecules by measuring the magnitude of energy loss of inelas-  or located in the nanogap of plasmonic metal nanostructures
tically scattered photons to ascertain their vibrational modes.”  because of the enhanced local electromagnetic fields gener-
Raman signal is intrinsically quite weak since only about one  ated nearby the metal NPs."*l SERS is an ultrasensitive vibra-
in a million photons scatters inelastically when the photons  tional spectroscopy technology and has drawn much attention
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Figure 6. Raman imaging for intracellular miRNA detection. A) The Au NR Dimer-UCNP core—satellite nanostructures for the simultaneous analysis
of intracellular miRNA-21 and telomerase. Reproduced with permission.’l Copyright 2017, American Chemical Society. B) The multifunction CuPc@
HG@BH theranostic platform for SERS real-time monitoring of miRNA and photodynamic therapy. Reproduced with permission.’% Copyright 2019,
Wiley-VCH. C) A549 cells were detected with Au NPs-H1 probes (0.18 nM) and Au NDs-H2 probes (0.021 nM), Au NPs-H1 probes (0.18 nM) and Au
NRs-H2 probes (0.021 nM), or Au NPs-H1 probes (0.18 nM) only. D) Raman intensity at 1501 cm™' of A549 cells with different treatment in (C). Repro-
duced with permission.’> Copyright 2018, American Chemical Society. E) TEM image of AHSBS dimer and AHETE dimer. F) Raman spectra of various
dimer and single NRs. Reproduced with permission.®8 Copyright 2020, Wiley-VCH.
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for versatile applications.’®®l In comparison with fluorescence
imaging, it shows better photostability to resist photodegrada-
tion and photobleaching.’*! Importantly, its narrower spectral
width to relieve the spectral peak overlapping problem between
different signal molecules.*”]

Generally, the intelligent integration of nanocomposite can
display good SERS effect. For example, Au NR dimers as SERS-
based probes substrate was connected with UCNPs to form a
core—satellite nanostructures for the simultaneous analysis of
intracellular miRNA-21 and telomerase (Figure 6A).13] The NRs
with curvatures or sharp edges have better Raman enhance-
ment ability to act as SERS substrate fabrication candidate.
Dong et al. developed plasmonic Au (nanodumbbel) NDs as
core and Au NPs as satellites that response to target miRNA
to construct polamonic core-satellite probe (Au NPs-Au NDs)
for miRNA SERS imaging in living cells. It possessed a signifi-
cantly enhanced electromagnetic field and advanced SERS sen-
sitivity than the system that Au nanorods as core and Au NPs
as satellites (Au NPs-Au NRs) (Figure 6C,D).””! Xu et al syn-
thesized arrowhead Au NRs and assembled them end-by-end
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(known as AHETE dimers) and side-to-side (known as AHSBS
dimers, Figure 6E). Compared to typical cylindrical Au NR
dimers, the SERS reporter molecule 4-ATP on the surface of
arrowhead NR dimers showed a stronger signal (Figure 6F),
which was more suitable for miRNA nanoprobes. 8]

Besides plasmonic metal NPs, 2D nanomaterials have also
been reported as promising SERS substrate.®% Tian et al. devel-
oped a multifunctional integrated theragnostic nanoplatform
using hexagonal boron nitride nanosheets (h-BNNS) as SERS
substrate (Figure 6B).% The copper (II) phthalocyanine (CuPc)
molecule was intercalated into hairpin G-quadruplex as SERS
reporter molecule for miRNA detection and photosensitizer
(PS) for photodynamic therapy. The SERS signals was signifi-
cantly enhanced when it was conjugated on the h-BNNS attrib-
uted to the interface dipole interaction between h-BNNS and
CuPc induced by the highly polar B—N bond and resulted sym-
metry-related perturbation in CuPc, achieving a limit of detec-
tion (LOD) as low as 0.7 fM in living cells. Kuang and co-workers
designed a graphene oxide (GO)-gold-nanoparticle (Au NP)
assemblies for simultaneously detection surface glycoprotein

AP LmNINIT U Dl
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C 175
B down
I control
1.504 I wp

Figure 7. PA imaging for intracellular miRNA detection. A) Cancer cell membrane camouflaged nanoprobe for catalytic ratiometric photoacoustic
imaging of miRNA in living mice. B) The PA imaging of mcf-7 cell treated with miRNA-21 inhibitors and miRNA mimics. C) The values of ratiometric
PA signal at 780/725 nm correspond to the groups in (B). Reproduced with permission.” Copyright 2019, Wiley-VCH.
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and miRNA in living cells.’% When the miRNA was hybridized
with a molecular probe, the FAM-modified Au NPs would sepa-
rate from GO and result in a decrease in Raman signal. The
strategy showed a linear range of 0.07-13.68 amol ng 'y, and
LOD of 0.03 amol nglgya.

4.3. Photoacoustic Imaging

Photoacoustic imaging (PA imaging) is an accurate non-
invasive and nonionizing modality to visualize distribution of
pathological biomarkers at the molecular level in vivo.! It har-
vests the advantages of both optical and acoustic imaging that
utilizes short-pulsed light radiation as probing energy and col-
lects ultrasound generated by photon absorption and thermoe-
lastic expansion to generate images.*>?l Due to low scattering
of ultrasound in biological tissue, PA imaging can provide a
deeper photoacoustic signal penetration into tissues (beyond
the limit of the optical window) and a higher spatial resolution
than other optical technologies.”*%3]

Conventional photoacoustic probes utilize endogenous or
exogenous light absorbers as entities to produce accumulated
signals in targeted tissue. To satisfy the target analysis, activat-
able photoacoustic probes that combine molecular recognition
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module to produce modulated photoacoustic signals have been
widely developed. Dong et al. developed a miRNA triggered
photoacoustic nanoprobes that constructed by DNA sequences
bound a NIR PA imaging pair (Figure 7A).>l The system ena-
bles imaging miRNA-21 change in living cells with accuracy
and fidelity (Figure 7B,C), which indicated its enormous poten-
tial in advanced molecular imaging in vivo. Tang et al. devel-
oped a self-assembled HCR PA nanoprobe, which realized
highly sensitive assessment abundance changes of miRNA-155
during breast tumorigenesis and chemotherapy./*/

4.4. Dark Field Imaging

Based on the unique and controllable Rayleigh light-scat-
tering properties of plasmonic nanomaterials (PNMs), dark-
field imaging (DF imaging) technology have provided a type
of robust signal readout mode at the single-molecule level to
monitor a serious of dynamic physiological processes, such as
endogenous gene expression,”” NPs internalization,® and
subcellular movement.””) Generally, the scattering signal of
PNMs is very sensitive to their component, size, shape, refrac-
tive index of the surrounding environment, and the extent of
plasmonic coupling.”%l In addition, in comparison with

Poisson statistics

Time

45 min

105 min

Figure 8. Dark-field imaging for intracellular miRNA detection. A) The detection principle of plasmon rulers induced by miRNA. B) Continuously
imaging of single living HeLa cell after the introduction of plasmon rulers. Scale bars: 10 um. Reproduced with permission.° Copyright 2018, American

Chemical Society.
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fluorophore-based single-molecule-level imaging and analysis
methods, which suffer from the blinking and bleaching prob-
lems of fluorophores, the DFI greatly extend the observation
time for monitoring biological processes in living cells.”
Therefore, DFI technology have received considerable attention
for intracellular single-molecule imaging.

With the aid of dark field microscope (DFM), plasmon
ruler, a core-satellite multimer of PNM linked by polymer,
such as, DNA, peptides,° have been demonstrated to act
as efficient dynamic molecular rulers. In these systems, the
single-molecule recognition event could be transformed into
color change, which can be directly captured by a commercial
color camera and analyzed by RGB channels of color image.
For example, Xu et.al. had utilized it for quantitative detection
of miRNA-21 in living cells."%?] It was proved that the distribu-
tion of the time range for single strand displacement event was
target miRNA concentration-dependent, which obeyed Poisson
statistics (Figure 8A). The concentration of miRNA-21 in Hela

A
mMIRNA K

in a single cell

S S

\VAVA
probe DNA

B D

MAP2A, green position 1

C

force

www.small-journal.com

cells was calculated to be around 2.14 nM according to the sta-
tistical analysis (Figure 8B).

4.5. Atomic Force Microscopy Imaging

The atomic force microscope (AFM) has been explored for
investigating biomolecular interactions at the single cell
level.l'%] Briefly, the nanoscale distribution of the target mol-
ecule can be visualized by tracking the force—distance (F-D)
curve within the relevant interval in force mapping mode.[1%4
Kim and his co-workers had used a hybrid binding domain
(HBD)-tethered AFM tips technology to directly and sensi-
tively visualized and quantified miRNA in a single cell. As
shown in Figure 9A, the HBD was an N-terminal domain of
human RNase H1 could bind to the minor groove of RNA/
DNA hybrid duplex structure in a sequence-independent
pattern. The technology realized in situ resolve individual
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Figure 9. Atomic force microscope imaging for intracellular miRNA detection. A) Schematic illustration for miRNA detection in a single cell by tracking
the single-molecular adhesion of a HBD. B) Primary hippocampal neurons (DIV7), MAP2; green. C) The boxed area in panel a was imaged with AFM.
D) Numbered regions in panel b were examined by adhesion force mapping after the hybridization of miRNA-134 complementary DNA. E) The same
regions were re-examined after the RNase H treatment with the same tip, and no cluster was observed. Scale bars: 50 um in panel B and 20 um in
panel C. Reproduced with permission." Copyright 2016, American Chemical Society.
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miRNAs location by the specific curves at a high lateral reso-
lution (Figure 9B-E).

5. Conclusion and Challenge

Since the miRNA was discovered in Caenorhabditis elegans in
1993, various miRNAs have been published and recorded in a
searchable database and their numbers are still growing. They
are relatively new on the scene as critical post-transcriptional
regulators of gene expression, and captured the imagination
of researchers and stimulated an arouse of activity in design
nanoprobes to explore their functions in vivo. Compared to
conventional miRNA analysis in vitro, the intracellular miRNA
profiling could elucidate spatiotemporal and dynamic physi-
ological and pathological information in intact living cells or
tissues. In the review, we introduced various nanoprobes from
delivery vehicles, sequence designs, and imaging technologies,
aiming to reveal how to design desired nanoprobes for miRNA
live-cell analysis. As a proof-of-concept, nanoprobes exhibit the
ability to distinguish the different diseased cells and normal
cells via single or multiplex intracellular miRNA imagings,
even in co-culture dishes. They also could be a non-invasion
diagnosis tools to guide the therapy of cancer cell-xenograft-
bearing mice.

Despite the advantages and the application potential, there
are several issues needed to be addressed for their widespread
adoption as clinic diagnosis tools. First and foremost, most of
the nanoprobes are absence the clinical verification and evalu-
ation. Although many nanoprobes had been applied in taking
cultured tumor cell lines, multicellular tumor spheroids, or
cancer cell-xenograft-bearing mice, the simple simulation
system in laboratory cannot represent the real clinical samples.
Thus, the availability of nanoprobe system need to be further
evaluated using clinical samples.

Second, single miRNA analysis cannot provide sufficient
evidence for disease diagnosis. For example, it is reported that
miRNA-21 exhibited an overexpression in breast cancer, but it
cannot identify whether the cancer cells has metastasized.[%%!
Thus, it is important to ensure the association between various
miRNAs and other biomarkers (e.g., telomerase, ATP, and
mRNA) for clinical diagnosis. Although there is still a long way
to go, we anticipate that miRNA imaging technologies will be
widespread applied in clinical diagnosis or developing person-
alized medicine in the future.
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