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Efficient intracellular delivery of nucleic acids to achieve sensitive detection and gene regulation is essential
for chemistry and biology. Here we developed a novel protein scaffolded DNA tetrad, a four-arm DNA
nanostructure constructed using streptavidin (SA) protein and four biotinylated hairpin DNA probes for
efficient nucleic acid delivery and ultrasensitive miRNA imaging through crosslinking hybridization chain
reaction (cHCR). DNA tetrads were easy to prepare and allowed precise control of the structure of the
probes. DNA tetrads showed rapid intracellular delivery of DNA probes and high efficiency in lysosome
escape by using confocal images for individual cells and flow cytometry for a large population of cells.
cHCR allowed generating clumps of crosslinked hydrogel networks specifically to target miRNA,
affording high sensitivity and spatial resolution for imaging. To our knowledge, this is the first time that
HCR amplification has been realized in situ on nanostructures. Moreover, the FRET based design of
cHCR conferred improved precision with the use of dual-emission ratiometric imaging to avoid false
signals in biological systems. Intracellular imaging experiments further showed that DNA tetrad based
cHCR could realize ultrasensitive and accurate miRNA imaging in living cells. Moreover, DNA tetrad
based cHCR provided a potential tool for quantitative measurement of intracellular miRNA. The results
suggested that this developed strategy provided a useful platform for nucleic acid delivery and low level
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aid of cationic carriers, affording a powerful platform for
developing diagnostic assays,'®** therapeutic drugs,">"* and
gene regulation agents'>'® for live cell and in vivo applications.
Nevertheless, major challenges still exist in facile synthesis or
purification of DNA/RNA nanostructures, high-efficiency

Introduction

Nucleic acids play critical roles in many fundamental cellular
processes involving genetic information carriers, intracellular
regulatory molecules, and catalytic enzymes. Because of their

ability to interact with various molecules via canonical base-
pairing or conformation-fitted binding, nucleic acids have
become a valuable regulatory and analytical tool with exquisite
specificity for cell biology and medicine."* A prime quest to use
nucleic acids for biomedical applications is the transfection
system that allows their efficient delivery into different cells.
DNA/RNA nanostructures represent an attractive option for
intracellular delivery of nucleic acids. Prominent examples are
spherical nucleic acids (SNAs),** and self-assembled nucleic
acid nanostructures.””” These nucleic acid nanostructures have
demonstrated their ability to enter different cells without the
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delivery of nucleic acid reagents into cells and limited sensi-
tivity for intracellular detection.

Proteins provide an alternative promising scaffold for con-
structing DNA/RNA nanostructures. In contrast to synthetic
nanoparticles,"”*® proteins are characterized by a surface with
unevenly distributed reactive sites and a core with well-defined
conformation and diverse oligomeric structures. Motivated by
this advantage, protein-based SNAs, which use proteins as the
core and utilize their surface amine and thiol groups for dense
functionalization of DNA, have been engineered.’** This
particular type of SNAs is shown to not only enhance cellular
uptake of functional proteins, but also offer building blocks for
precisely modulating the nanoparticle superlattice architecture.
However, protein-scaffolded DNA nanostructures that are facile
in synthesis and purification and efficient for delivery of nucleic
acid reagents have rarely been explored.

To allow facile synthesis of the protein-scaffolded DNA
nanostructure, we turn to employing high-affinity non-covalent
interactions for assembling DNA on the protein surface.

This journal is © The Royal Society of Chemistry 2018
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Streptavidin (SA) is known for its exceptionally tight binding of
biotin with the dissociation constant down to 10~** M,* and
fusion to SpyTag has generated assemblies of SA subunits
capable of binding a varying number of biotin conjugates.*
Hence, SA and its recombinant protein fusion have the poten-
tial to provide a modular scaffold for assembling biotinylated
DNA into nanostructures with precise control of the number
and position of DNA. Motivated by this hypothesis, we choose
SA as the model scaffold and develop a simple DNA nano-
structure, a DNA tetrad, in which the surface of SA is provided
with four biotinylated DNA oligonucleotides via high-affinity
SA-biotin interactions. Additionally, nanostructures reported
so far had dense DNA probes on their surface, which may
generate high steric hindrance and inhibit the DNA-assembly
based amplification; the tiny DNA tetrad developed here with
only four DNA probes resulted in a relatively loose structure,
offering the possibility of HCR in situ on nanostructures.
Motivated by this assumption and based on previous work on
DNA circuits for signal amplification by our group and
others,*?° we further demonstrated the utility of DNA tetrads
for ultrasensitive imaging of miRNA using a novel crosslinking
hybridization chain reaction (cHCR), as shown in Scheme 1. As
a proof-of-principle, we chose miR-21, a known biomarker
overexpressed in many cancers,”**> as a case of study to
demonstrate the design of DNA tetrads for intracellular cHCR
imaging. In cHCR, two biotinylated hairpin probes H1 and H2
are designed, one labeled with a Cy3 fluorescence donor and the
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Scheme 1 lllustration of the (A) DNA tetrad enabled cHCR and (B)
ultrasensitive intracellular miRNA imaging strategy.
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other with a Cy5 fluorescence acceptor. Then, DNA tetrads with
H1 and H2 probes separately displayed on SA are synthesized.
In the presence of target miRNA, it opens the hairpin probe H1,
which in turn initializes HCR with a cascade of alternating
hybridization between H1 and H2 and induces crosslinking of
the tetrads and form 3D crosslinked hydrogel networks. In the
cHCR products, Cy3 fluorescence donors and Cy5 acceptors are
drawn into close proximity, which activates a FRET signal as an
indicator for the expression of target miRNA. In the absence of
target miRNA, cHCR between H1 and H2 probes does not occur
and no FRET signal from Cy3 to Cy5 is observed. It is worth
noting that, compared to current DNA circuit based imaging
strategies,*>° this DNA tetrad based strategy shows remarkable
advantages. First, DNA tetrads provide a more robust, convenient
and modular platform because of their fast and easy preparation,
and precise control of the structure and concentration of the
probes. It is also demonstrated that DNA tetrads are able to enter
live cells quickly and efficiently without the aid of transfection
carriers. Most importantly, DNA tetrads showed desirable effi-
ciency in lysosome escape. Second, because each tetrad has four
reactive sites, HCR can induce crosslinking of the tetrads and
form 3D crosslinked hydrogel networks, affording high sensi-
tivity and spatial resolution for imaging. To our knowledge, this
is the first time that HCR amplification has been realized in situ
on nanostructures, providing the first integrated system for DNA
delivery and signal amplified imaging in living cells. Finally, the
Foster resonance energy transfer (FRET) based design confers
improved precision because it allows the use of dual-emission
ratiometric imaging to avoid false signals in complex biological
environments. Therefore, the DNA tetrad enabled cHCR strategy
can offer a highly robust, accurate, and ultrasensitive approach
for RNA based diagnostics.

Results and discussion
Characterization and cellular permeability of DNA tetrads

To study the cellular permeability of DNA tetrads, we synthe-
sized a DNA tetrad by incubating SA with probe H3. As SA is
a tetramer protein with four biotin-binding sites, four types of
SA-DNA complexes can be obtained, corresponding to the 1: 1
SA-DNA complex to the 1 : 4 SA-DNA complex. These SA-DNA
complexes were readily characterized by gel electrophoresis
(Fig. 1A). As anticipated, at different concentration ratios of H3
to SA, the gel image showed one or two bands with varying
mobility in each lane (2-4), and four bands with different
molecular weights were obtained in these lanes. This result gave
clear evidence for the formation of four types of SA-DNA
complexes. Because of the well-separated bands for SA-
complexes, the DNA tetrads were readily purified by cutting
the corresponding DNA band followed by DNA isolation from
the gel. The purified product was also conformed in the gel
image (Fig. S1t). Fluorescence anisotropy analysis and zeta
potential analysis were both used to verify the interaction
between DNA probes and SA (Fig. 1B and C).

The cell permeability of the DNA tetrads was investigated. To
visualize the DNA tetrads, we labelled the DNA tetrads on SA
protein with Cy3 or on the H2 probe with Cy5. After 60 min of
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Fig. 1 (A) Agarose gel (3%) electrophoresis image of the four types of
SA-DNA complexes. (B) Fluorescence anisotropy responses of H2 and
the DNA tetrad. (C) Zeta potential analysis of free SA and the DNA
tetrad.

incubation with the DNA tetrads, the cells displayed bright
fluorescence with typical cytosolic localization (Fig. 2B and C).
The results suggested that DNA tetrads were capable of entering
the cells without the aid of transfection reagents. By contrast, in
a control experiment in which cells were incubated with free SA
protein labelled with Cy3, no appreciable fluorescence was
observed (Fig. 2A). According to this control, it was clear that
surface-immobilized DNA probes were essential for the cell
permeability of DNA tetrads. A further interrogation of cells
incubated using DNA tetrads with SA protein labelled using Cy3
and the H2 probe tagged using Cy5 showed very intense and
highly colocalized fluorescence signals in the cells at both Cy3
and Cy5 channels (Fig. 2D-F). This finding evidenced that DNA
tetrads retained their structural integrity in cells with no
dissociation of the biotinylated DNA probes from SA protein.
Further investigation of cellular uptake of the DNA tetrads in
HeLa cells was performed (Fig. S2t). The confocal microscopy
images showed a bright fluorescence when cells were incubated
with DNA tetrads at 37 °C for 1 h. However, for cells pretreated
at 4 °C before adding DNA tetrads, a dramatic reduction of Cy5

Fig.2 (A-C) Pseudocolored fluorescence images of free SA—Cy3 (A),
DNA tetrads using H4 and SA-Cy3 (B) and DNA tetrads using H2—-Cy5
and SA (C), respectively. (D—F) Pseudocolored fluorescence images of
each channel of DNA tetrads using SA—Cy3 and H2-Cy5 for Cy3 (D),
Cy5 (E) and merge fluorescence (F).
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fluorescence intensity was observed, which suggested that the
reaction with DNA tetrads involved a temperature-dependent
cellular uptake process. Another experiment by pretreating
cells with NaNj;, an inhibitor of ATPase which is involved in all
energy dependent endocytic pathways,* also displayed signifi-
cantly reduced cellular uptake of DNA tetrads.

The trafficking dynamics of DNA tetrad uptake were moni-
tored using both flow cytometry for a large population of cells
and confocal fluorescence microscopy for individual cells. As
shown in Fig. 3A, after incubating the cells with DNA tetrads,
a substantial fluorescence peak shift was observed within 15 min,
which saturated at ~45 min, demonstrating an efficient delivery
approach using DNA tetrads. Confocal microscopy imaging
further verified these results (Fig. S31). The dependency of uptake
efficiency on the concentration of DNA tetrads was also investi-
gated. With the concentration of DNA tetrads increased from 0 to
50 nM, the fluorescence intensity was significantly increased
(Fig. 3B). To elucidate whether the internalization of DNA tetrads
is dependent upon the conformation of the DNA probe, a control
experiment using DNA tetrads with single strand DNA L1 was
performed (Fig. S41). A large peak red-shift was also observed for
cells incubated with DNA tetrads carrying L1, verifying that DNA
tetrads afford an efficient intracellular delivery approach for
either linear or hairpin DNA probes. We next studied the
subcellular localization of DNA tetrads. With the incubation time
increased from 15 to 60 min, the Cy5 fluorescence gradually
increased and spread out from the lysosomes into the cytosol
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Fig. 3 (A) Flow cytometric assay of Hela cells with varying incubation

time with DNA tetrads carrying H2. (B) Flow cytometric assay of Hela
cells treated with varying concentrations of DNA tetrads carrying H2.
(C) Fluorescence imaging of subcellular localization of DNA tetrads
carrying H2 with varying incubation time followed by LysoTracker
staining.
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with lysosome colocalization coefficients decreasing from 69.1%
to 47.2% to 26.8% (Fig. 3C, and S57).

Additionally, a Z-axis optical sectioning study further verified
the efficiency of DNA tetrads in lysosome escape (Fig. S6 and S77).
These results suggested that DNA tetrads could be a useful plat-
form for nucleic acid delivery with efficiency in lysosome escape.

In vitro response of DNA tetrads

To our knowledge, HCR has not been realized in situ on nano-
structures. Presumably, existing nanostructures with dense
DNA probes may generate huge steric hindrance that prevents
the growth of HCR polymers. Because of the tiny size of tetrads
and sparsely tethered DNA probes, we reasoned that DNA
tetrads offer the possibility of HCR amplification in situ on the
nanostructures. As a result, we then investigated the feasibility
of DNA tetrads for HCR amplification. As shown in Fig. 4A,
almost no FRET occurred without target miR-21 due to the
stable intramolecular hybridization of H1 and H2 on the
tetrads, but a strong FRET signal was observed in the presence
of target miR-21. A negative control experiment using inactive
miR-21 merely displayed a low FRET signal. Agarose gel elec-
trophoresis analysis was also performed to verify the design
(Fig. 4B). The formation of crosslinked hydrogel networks was
further demonstrated by atomic force microscopy. In contrast to
the monomers of DNA tetrads with a ~5 nm diameter (Fig. 4C),
clumps with a size in the micron order for the cHCR products
was observed (Fig. 4D); this result clearly evidenced the
formation of crosslinked hydrogels in cHCR assay.

The FRET signals showed dynamic responses to miR-21 with
concentrations ranging from 0.05 to 100 nM with an estimated
detection limit of 6 pM (Fig. 4E, and S8t). This detection limit
was much better than those of the existing miRNA imaging
methods,**** indicating the advantage of our strategy in sensi-
tivity enhancement. We also made a comparison between this
cHCR and conventional HCR using dimer probes of H1 and H2
(Fig. S97). Interestingly, cHCR displayed a higher signal for Cy5
emission and a lower peak for Cy3 emission than those for
conventional HCR. We ascribed the improved FRET signals of
cHCR to the proximity of probes in DNA tetrads, which facili-
tates the reaction kinetics of HCR in the tetrads. Besides the
improved sensitivity, our design also afforded excellent selec-
tivity. As shown in Fig. 4F, target miR-21 triggered an obvious
FRET signal. Control experiments using other miRNAs, a blank
sample of the reaction buffer, RIPM 1640 cell culture medium
or B-actin protein in place of target miRNA all displayed very low
FRET signals, demonstrating the high selectivity of our method
to detect miR-21. Furthermore, a lysate of negative L-02 cells
with no miR-21 expression also did not produce an enhanced
FRET signal, suggesting that our design had excellent resistance
to false signals in complex biological environments. In other
words, these results indicated that the design could improve the
accurate image of miRNA in complex biological systems.

Intracellular cHCR imaging of DNA tetrads for miRNA

On the basis of preliminary results, we next applied DNA tetrads
for imaging miR-21 in living cells. When HeLa cells were

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Fluorescence spectral responses obtained by incubating

DNA tetrads carrying H1 (black), DNA tetrads carrying H1 and H2 (blue),
DNA tetrads carrying H1 and H2 with the target RNA and inhibitor
(pink), DNA tetrads carrying H1 and H2 with the target RNA (red), and
DNA tetrads carrying H2 (green). (B) Gel electrophoresis image for
cHCR assay. Lane 1, DNA marker; Lane 2, H1 and H2; Lane 3, RNA
target plus H1 and H2 probes; Lane 4, DNA tetrads containing H1 and
H2 probes; Lane 5, RNA target plus DNA tetrads containing H1 and H2
probes. AFM images of the (C) DNA tetrads and (D) cHCR products. (E)
Fluorescence spectral responses to the RNA target of varying
concentrations (0 nM, 0.05 nM, 0.1 nM, 0.25 nM, 1 nM, 2.5 nM, 10 nM,
25 nM, and 100 nM). (F) Selectivity of DNA tetrad based cHCR.

incubated with two DNA tetrads carrying H1 and H2, bright
fluorescence was observed both in the green channel and red
channel, suggesting that miR-21 initiated the cHCR reaction to
generate the FRET signal (Fig. 5A, and S10%). To further verify
the specificity of the fluorescence response, HeLa cells pre-
treated with an miR-21 inhibitor, synthetic single-stranded
RNAs designed to specifically bind to and selectively decrease
the active concentration of miR-21,***? showed dim red fluo-
rescence but very bright green fluorescence (Fig. 5B), indicating
the specific response to miR-21. Moreover, HeLa cells pre-
treated with a small chemically modified miR-21 mimic to
imitate miRNA-21 high expression displayed higher red fluo-
rescence intensity but lower green fluorescence intensity than
that observed in untreated HeLa cells (Fig. 5C). These results
revealed that fluorescence signals were dynamically correlated
to the concentration of miR-21. The ratiometric images also
showed similar results, giving direct evidence for cHCR and
distinguishing different levels of intracellular miRNA while

Chem. Sci., 2018, 9, 4892-4897 | 4895
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Fig.5 Fluorescence images of Hela cells treated with DNA tetrads (A),
300 nM miR-21 inhibitor (B) and 300 nM miR-21 mimic (C).

avoiding false signals. Furthermore, we transfected HeLa cells
with dimer probes of H1 and H2 using the Lipofectamine 3000
reagent for conventional HCR assay. As anticipated, cells with
conventional HCR assay showed much weaker FRET signals
than those in DNA tetrad based cHCR assay (Fig. S117),
demonstrating that cHCR afforded higher amplification effi-
ciency and better imaging contrast than conventional HCR. We
ascribed the improved contrast of cHCR to the high delivery
efficiency of DNA tetrads, facilitated HCR kinetics in DNA
tetrads, and highly crosslinked HCR polymers with more
localized signals.

Next, the potential of the strategy for quantitative evaluation
of the miR-21 expression in different cell lines was explored.
Fluorescence images of varying brightness and ratiometric
images were obtained (Fig. 6). HepG2 cells showed the highest
miR-21 expression whereas L-02 displayed the lowest expres-
sion, which were consistent with the previous report for miRNA-
21 expression levels in these cells.* Ratiometric images were
dynamically correlated to the concentration of miR-21, as

Cy3

FRET Merge Ratio

HelLa

HepG2

Fig. 6 Fluorescence imaging of L-02, Hela, and HepG2 cells by DNA
tetrad based cHCR.
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analyzed by RT-PCR (Fig. S121). These results verified the ability
of the cHCR-based strategy for quantitative measurement of
miRNA in living cells.

Conclusions

In summary, we have developed a novel DNA tetrad as a facile
platform for efficient nucleic acid delivery and ultrasensitive
miRNA imaging through cHCR. The DNA tetrads were demon-
strated to be a highly robust delivery agent because of facile
synthesis and purification, precise control of the structure and
concentration of the probes, rapid nucleic acid delivery and
efficiency in lysosome escape. cHCR amplification allows
generating clumps of crosslinked hydrogel networks specifically
to target miRNA, affording sensitive and spatially resolved
miRNA imaging in living cells. To our knowledge, this is the first
time that HCR amplification has been realized in situ on
nanostructures. Moreover, the FRET based signal activation
mode improved the precision of detection, avoiding false
signals in complex biological systems. In virtue of these
advantages, DNA tetrads may provide an effective strategy for
nucleic acid delivery, low level biomarker imaging and related
theranostics.
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