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NIR-switched DNA tweezer enables reversible miRNA
recognition with erasable signal for in vivo

continuous imaging

Caixia Wang't, Yulin Cong'1, Linlin Yang?t, Liang Liu’, Yuxin Xie', Xuan Ding’, Guixiang Zeng?*,

Huangxian Ju', Ying Liu'3*

Continuous monitoring of miRNA expression in vivo is crucial for understanding complex biological processes. How-
ever, current miRNA imaging probes suffer from irreversible responses, impairing their capabilities for real-time
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tracking concentration fluctuations. Here, we present a near-infrared regulated DNA tweezer (NIR-DNA tweezer)
with reversible binding affinities to target miRNA. Self-quenched DNA tweezer is composed of BHQ3-labeled miRNA
recognition strand and Cy5-labeled competitive strand, while competitive strand is embedded with azobenzene
(Azo) to photo-switch the hybridization zones of DNA tweezer for reversible miRNA recognitions. NIR-DNA tweezer
is obtained by conjugating DNA tweezer to upconversion nanoparticles, which is switched to “transit” status upon
high-power 808-nm irradiation with cis-Azo to allow miRNA recognition with Cy5 fluorescence recovery. Upon low-
power 808-nm irradiation, NIR-DNA tweezer is switched to “closed” status with trans-Azo to release miRNA and erase
signal. The as-presented NIR-DNA tweezer achieves real-time in vivo tracing of miRNA expression fluctuations upon

continuous chemotherapeutic drug and inhibitor treatments.

INTRODUCTION

The concentrations and distributions of microRNAs (miRNAs) are
closely associated with numerous of biological processes (1), includ-
ing disease generation, progression, recovery, and body response to
antitumor drugs (2, 3). MiRNAs exhibit dynamic expression pat-
terns in short periods of time corresponding to physiological condi-
tion changes. For example, miR-1264/1298/448 expression were
up-regulated in cerebral ischemia process and demonstrated rapid
increase in the first 150 min of reperfusion process, followed by de-
crease in 24 hours (4); MiR-30d-5p/miR-125b-5p was reported sub-
stantially enhanced in the initial phase of myocardial infarction (0
to 6 hours) with subsequent declining values in 24 hours (5). There-
fore, continuous tracking its concentration fluctuation in real time is
essential to investigate disease development and treatment process-
es and promote therapy (6, 7).

While substantial advancements have been made for miRNA im-
aging via developing responsive nucleic acids structures and hybrid-
ization strategies (8-12), current reported miRNA probes are limited
by their irreversible response modes, which makes it difficult to erase
signal once it generates. Specifically, the imaging signal increases with
miRNA expression rises but fails to decrease in real time upon miRNA
concentration drops. The “one time” irreversible detection mode
makes it challenging for in situ continuous tracking miRNA expres-
sion fluctuations. Although the in vivo signal would eventually de-
crease upon probe metabolization, it is an uncontrolled process and
usually far lags behind the natural drop of miRNA expression.

Designing recognition probes with reversible binding affinities to
target is the key for continuous tracking its concentration fluctuations.
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Given the high configurability of DNA through Watson-Crick base
pairing (13), DNA self-assembled structures are well-suited for this
purpose. The introduction of an inducer strand that competes with
recognition strand for target molecule could release target and renew
recognition strand (14). However, repetitive extra additions of inducer
strand are required for multiple times measurements, which are labor-
consuming and impair in vivo applications. Light-based manipulation
offers high spatiotemporal control via a noninvasive mode (15), mak-
ing it an attractive and effective approach for DNA configuration
manipulation (16). Azobenzene (Azo) and similar photo-switcher
molecules, which undergo photoisomerization under alternate differ-
ent wavelength light exposures (17-20), have been incorporated with
DNA strands for configuration controls (21-23) and biofunction ma-
nipulations (20). By connecting recognition strand and competitive
strand with an Azo decorated linker strand, photo-reversible DNA
probes have been successfully developed for adenosine 5’-triphosphate
and thrombin detections (24-26). To guarantee the switching efficien-
cy of Azo decorated linker strand, the hybridization zone between
recognition strand and competitive strand are usually control below
~10 base pairs (bp), which limits their applications to small-molecule
targets with weak binding affinities to recognition probes (27, 28).
In addition, the photo manipulation relies on ultraviolet (UV)-visible
(Vis) light with shallow tissue penetration and phototoxicity (29),
which further impede its in vivo application.

Here, we extend the detection target of photo-reversible probe from
small molecules to nucleic acid. Take miRNA-21 (miR-21), whose ex-
pression fluctuation is associated with tumor progression and reflects
different drugs effects (30, 31) for example, its binding affinity to recog-
nition probe has to be modulated in a much wider range to achieve
reversible detection considering its around 21 bp of recognition zone.
Therefore, it is required to directly modulate the hybridization zone of
recognition/competitive strand instead of modulating linker strand
configuration for reversible miR-21 detection. MiR-21 recognition
probe (R-DNA) is consist of recognition region and linker region,
while competitive probe (C-DNA,,) is consist of competitive region
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and linker region. Competitive region in C-DNA ,, contains switch-
able region and clip region, and Azo molecules were incorporated in
switchable region (Fig. 1A, R-DNA and C-DNA,,,). DNA tweezer is
obtained upon mixture of R-DNA and C-DNA,,, and its hybridiza-
tion zones are directly switched upon alternative UV/Vis irradiations
to achieve reversible miRNA detection. R-DNA and C-DNA,,, are
fully hybridized with Trans-isomerization of Azo to keep DNA tweezer
in “closed” status with low binding affinity to miR-21 (Fig. 1A, closed
status). UV irradiation switches Azo to cis-isomerization, which dehy-
bridizes C-DNA 4, and R-DNA in switchable region and converts
DNA tweezer to “transit” status with partial exposure of miR-21 recog-
nition region in R-DNA (Fig. 1A, transit status). The Transit DNA
tweezer with spaced hybridized C-DNAj,, and R-DNA has much
higher binding affinity to miR-21. The partial exposed miR-21 recogni-
tion region in R-DNA acts as toehold for miR-21 binding to DNA
tweezer, which continuously dehybridizes C-DNA4,, and R-DNA in
clip region and turns DNA tweezer to “open” status (Fig. 1A, open sta-
tus). Vis irradiation turns Azo to trans-isomerization and rehybridizes
R-DNA and C-DNA,,, in switchable region. With the linker region
and switchable region acted as “hybridized toehold,” C-DNA 4, is re-
hybridized to R-DNA, which releases miR-21 from DNA tweezer and
renews it to closed status for reversible miR-21 detection (Fig. 1A, Vis).

To facilitate in vivo application, the as-obtained photo-switchable
DNA tweezer is conjugated to upconversion nanoparticles (UCNPs)
that convert near-infrared (NIR) irradiation with higher tissue pene-
tration depth (32) to UV/Vis emissions. Multilayer-structured UCNP
NaYF;:Tm,Yb@NaYF,, Yb,Nd@NaYF,:Nd is synthesized, which pro-
duces high UV/Vis upconversion emission ratio upon high-power
808-nm irradiation and high Vis/UV upconversion emission ratio
upon low-power 808-nm irradiation, respectively (Fig. 1B, UCNPs).
After wrapping with DSPE-methoxy polyethylene glycol (DSPE-
mPEG), DSPE-polyethylene glycol (PEG)- dibenzocyclooctyne
(DBCO) and DSPE-PEG-folic acid (FA) for water dispersion and
cancer cell targeting, the as-obtained UCNPs-DBCO/FA is then
clicked with azide-functionalized DNA tweezer (N3-DNA tweezer)
to obtain NIR power density-regulated DNA tweezer (NIR-DNA twee-
zer) (Fig. 1B, NIR-DNA tweezer). For continuous in vivo miR-21 imag-
ing, C-DNA 4., and R-DNA are labeled with fluorescent dye Cy5 and its
corresponding quencher BHQ3, respectively, to make a self-quenched
DNA tweezer in its closed status (Fig. 1C, NIR-DNA tweezercys/srqs,
closed status). The as-obtained NIR-DNA tweezercys/prqs is intra-
venously administrated to mice and selectively accumulated in folate
receptor (FA)-expressed tumor cells. High-power 808-nm excitation
induces cis-isomerization of Azo and results in “spaced hybridization”
of C-DNA azo/cy5 and R-DNAgq3 for DNA tweezer with high binding
affinity to miR-21. MiR-21 binding switches NIR-DNA tweezercys/srqs
to open status and recovers Cy5 fluorescence for miRNA imag-
ing (Fig. 1C; 808 nm, high power). Considering the dynamic nature
of miRNA expression in various physiological and pathological
processes, resetting NIR-DNA tweezer to the closed status with
signal erasing is crucial for continuous in vivo tracking of miRNA.
Low-power 808-nm excitation, which induces trans-isomerization of
Azo, reverses the binding activity of DNA tweezer to miRNA and
closes NIR-DNA tweezercyspaqgs with Cy5 fluorescence quenched
and miRNA release (Fig. 1C; 808 nm, low power). By alternatively
irradiating tumor grown position with high-power and low-power
808-nm light, NIR-DNA tweezercys/snqs is reversibly switched be-
tween open and closed status, which allows controllable capture and
release of miR-21 for continuous imaging of its in vivo expression
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fluctuations. This approach offers potential for dynamic in vivo mon-
itoring of various nucleic acid markers and would contribute to dis-
ease progression and recovery evaluations.

RESULTS

Synthesis of DNA tweezer with photo-regulated azo
isomerization conversions

MiR-21 recognition probe (R-DNA) and competitive probe (C-DNA 4,)
were prepared by extending both miR-21 recognition region and com-
petitive region with a 12-bp linker region. Four Azo molecules are in-
corporated at alternating bases within the 8-bp C-DNA’s switchable
region that locates between linker region and 14-bp clip region. R-DNA
and C-DNA »,, have complimentary sequence except 2-bp mismatch
in clip region to facilitate miR-21 recognition (Fig. 1A, R-DNA and
C-DNA 5,0). DNA tweezer was synthesized by hybridization of R-DNA
and C-DNA ,,,, competitive region in C-DNA 4,, was responsive for
reversible modulation of miR-21 binding affinity, while linker region
guaranteed structure stability during DNA tweezer status switching
process. The synthesis of DNA tweezer was confirmed by polyacry-
lamide gel electrophoresis (PAGE) analysis, which showed a new band
with lower mobility (fig. S1, lane 3) upon mixture of R-DNA (fig. S1,
lane 1) and C-DNA 5, (fig. S1, lane 2). UV/Vis spectroscopy confirmed
the reversible photoisomerization of Azo. UV irradiation induced de-
crease of 1 — 1* absorption peak at 330 nm (33, 34) and increase of
n — ¥ absorption peak at 440 nm (33, 34) (fig. S2A; UV), confirming
the trans-to-cis isomerization conversion of Azo. Subsequent Vis
irradiation resulted in increase of absorption peak at 330 nm and
decrease of absorption peak at 440 nm, confirming the reverse
cis-to-trans isomerization conversion of Azo (fig. S2A; Vis after UV).
Accordingly, C-DNA,,, demonstrated similar intensity change ten-
dency for 330-nm characteristic absorption peak corresponding to
alternate UV and Vis irradiation, while DNA characteristic absorp-
tion peak at 260 nm remained unchanged (fig. S2B), indicating the
efficient isomerization switch of Azo in C-DNA4,,.

Photo-switchable response of DNA tweezer to miRNA

To verify its reversible binding to MiR-21, fluorescent dye 5-
Carboxyfluorescein (FAM) and its corresponding quencher Black
Hole Quencher-1 (BHQ1) were labeled on C-DNA »,, and R-DNA,
respectively, to prepare self-quenched DNA tweezergam/puqi in its
closed status [Fig. 2A, before irradiation (BI)]. UV light irradiation
caused Azo’s trans-to-cis isomerization, thereby disrupted hydrogen
bonds between DNA double strands in switchable region and re-
sulted in “spaced hybridized” R-DNAgpq; and C-DNA s,o/pam With
high binding affinity to miR-21. Corresponding miR-21 recognition
turned DNA tweezerpan/puqi to open status with FAM fluorescence
recovery (Fig. 2A, first UV). In the absence of miR-21, the clip re-
gion in DNA tweezerpanypHqr remained hybridized in transit status
and barely showed FAM fluorescence [fig. S3, UV(+), miR-21(-)].
In the absence of UV irradiation to generate unhybridized loop in
switchable region, miR-21 failed to hybridize to DNA tweezerpamysrqi
and could not show FAM fluorescence recovery [fig. S3, UV(-),
miR-21(+)]. These results indicated efficient light manipulation of
DNA tweezer recognition capability to target miR-21.

Subsequent Vis irradiation switched DNA tweezergam/prqi to
closed status with release of miR-21 and FAM fluorescence quench
(Fig. 2A, first Vis). By alternately exposing DNA tweezerpamyprqQ1 un-
der UV and Vis irradiations, it was switched between open and closed
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Fig. 1. Schematic illustrations of NIR-DNA tweezer for continuous in vivo miRNA imaging. (A) DNA tweezer construction and its status conversions upon alternate
UV/Vis exposure and miR-21, (B) construction of NIR-DNA tweezer, and (C) its application for continuous in vivo miR-21 imaging.
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Fig. 2. Characterization of photo-switchable NIR-DNA tweezer for in vitro reversible miRNA detection. Fluorescence (FL) spectra of DNA tweezergam/srgr Bl and in
response to alternate UV/Vis irradiations (A) in the presence and (C) absence of miR-21 and (B) corresponding relative FAM fluorescence intensity. (D) PAGE assay of
DNA tweezer for reversible capture and release of miR-21: lane 1: DNA tweezer; lane 2 and lane 4: DNA tweezer with target miR-21 after UV irradiation; lane 3 and lane 5:
lane 2 and 4 after Vis irradiation; lane 6: DNA ladder. (E) Schematic illustrations of MD simulation (400 ns) and corresponding interaction energy for open, transit, and
closed DNA tweezer. (F) FRET-based binding curves of DNA tweezerjex/cy3 to miR-21 and (G) fluorescence kinetics analysis of miR-21 binding to and release from DNA
tweezerajex/sHa1 Upon UV and Vis exposures, respectively. Error bars indicated means + SD (n = 3). a.u., arbitrary unit.

statuses with reversible miR-21 binding and release. The “UV/Vis” al-
ternate irradiation cycles were repeated three times, and the intensity
of recovered FAM fluorescence maintained at similar levels {Fig. 2, A
(second UV and third UV) and B [UV, miR-21 (+)]}. The good switch-
ing reversibility ensured the feasibility of photo-switchable DNA twee-
zer for continuous miRNA imaging. In the absence of miR-21, FAM
fluorescence remained quenched during UV/Vis alternate exposure
cycles {Fig. 2, B [miR-21 (—)] and C}. PAGE analysis also confirmed
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the photo-reversible binding of miR-21 to DNA tweezer. Open status
DNA tweezer with miR-21 binding resulted in a ternary structure and
exhibited lower mobility compared with closed DNA tweezer. There-
fore, alternate UV/Vis irradiations demonstrated repetitive deepened/
lightened patterns for ternary DNA band and lightened/deepened pat-
terns for closed DNA tweezer band (Fig. 2D).

Molecular dynamics (MD) simulations were further performed
to explore the dynamic structural changes of DNA under UV/Vis
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light irradiation and during miR-21 hybridization/dehybridization.
For model construction, Azo was conjugated to the nucleic acid back-
bone using a p-threoninol linker (fig. $4). Two DNA tweezer configu-
rations were established: a closed DNA tweezer with Azo molecules
in the trans-isomer form (fig. S5A) and a transit DNA tweezer with
Azo in the cis-isomer form (fig. S6A). Both systems were simulated
for 400 ns. The closed DNA tweezer maintained a stable double-
helical structure throughout the simulation (fig. S5B). In contrast,
the transit DNA tweezer exhibited a loss of double-helical integrity
near the cis-Azo site (fig. S6B), suggesting that the trans-to-cis isom-
erization of Azo destabilizes the DNA duplex structure. Subsequent-
ly, an open DNA tweezer was constructed by hybridizing miR-21 to
the transit DNA tweezer (fig. S7A). Over the 400-ns simulation, R-
DNA maintained a stable double helix with miR-21 and a segment
of C-DNA,,,, while the remaining bases of C-DNA,,, self-folded
(fig. S7B).

To compare structural stability, the average interaction energies of
the closed, transit, and open DNA tweezers were calculated using 5001
configurations sampled from the 350- to 400-ns MD trajectories. The
interaction energies were —591.5 + 6.0 kcal/mol for the closed state,
—542.9 + 7.4 kcal/mol for the transit state, and —579.7 + 4.8 kcal/mol
for the open state (Fig. 2E, table S1, and fig. $8). UV irradiation pro-
vided energy to the closed DNA tweezer, triggering trans-to-cis isom-
erization of Azo, which weakened interstrand interactions and resulted
in the less stable “transit” state with higher interaction energy. Subse-
quent miR-21 binding restabilized the structure into the open state,
reducing its overall energy (Fig. 2E).

The photo manipulation of reversible miR-21 binding affinities for
DNA tweezer was evaluated through a fluorescence resonance energy
transfer (FRET)-based binding assay. DNA tweezeralex/cy3 Was pre-
pared with Alexa Fluor 488-labeled R-DNA4jex and C-DNAzo/cy3-
Binding of miR-21 to DNA tweezer alex/cy3 caused the separation of
R-DNA pjex and C-DNA 4,0/cy3 with decrease of FRET signal. UV irra-
diation induced transit status of DNA tweezer sle/cy3, partially exposed
miR-21 recognition region, and endowed it high binding affinity
to miR-21 with Ky (dissociation constant) value of ~21.74 nM, while
Vis irradiation induced closed status of DNA tweezer slex/cy3 and de-
creased miR-21 binding affinity to ~1880 nM (Fig. 2F). The photo-
switched hybridization zones exhibited more than 80-fold difference
of miR-21 binding affinities, which was much larger compared with the
binding affinities conversion ranges of photo-switched linker strands
that previously reported (24). The time corresponding fluorescence re-
covery for DNA tweezer in two status was also evaluated with DNA
tweezerleysrQ1 that composed of R-DNAppq; and C-DNAazo/alex-
Upon UV irradiation, transit status DNA tweezer alex/gHq1 in the
presence of 100 nM miR-21 exhibited substantial Alexa fluorescence
recovery with fluorescence saturated at ~20 min, whereas closed sta-
tus DNA tweezer alex/saq1 upon Vis irradiation barely showed Alex
fluorescence recovery (Fig. 2G, binding). Subsequent Vis irradiation
induced efficient release of miR-21 from open DNA tweezersalex/Hq1
and quenched Alexa fluorescence to baseline level within 20 min
(Fig. 2G, release).

Power density switched NIR-DNA tweezer for reversible
miRNA detection

UCNPs were synthesized according to previously reported proce-
dure (35). The upconversion core NaYF4:0.5% Tm, 30% Yb showed
a uniform size of 22.35 + 0.48 nm (fig. S9, A and C) and barely
generated UV/Vis upconversion emission under 808-nm excitation
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(fig. S10). Inner shell NaYF4:10% Yb, 40% Nd grown increased particle
size to 28.09 + 1.0 nm (fig. S9, B and D), and outer shell NaYF4:40%
Nd grown increased particle size to 35.6 + 1.2 nm (Fig. 3A and
fig. SOE) with strong upconversion emission at UV (345/360 nm)
and Vis (450/475 nm) regions under 808-nm excitation (fig. S10,
UCNPs) due to the sensitization of Nd**-doped outer shells. The
intensity ratio of UCNPs upconversion emission at Vis and UV re-
gions (Iyis/Iyy) was modulated through adjusting power of 808-nm
excitation laser (36, 37), which decreased with laser power (fig. S11).
Visible emission dominated the upconversion emission spectrum
with Iy;e/Iyy of 3.06 at low excitation power of 0.028 W (Fig. 3B, low
power), while UV emission was intense at high excitation power,
and Iy;s/Iyy was saturated at 1.39 with excitation power of 1.16 W
(Fig. 3B, high power).

The © — ©* characteristic absorption band of trans-Azo at 330 nm
and n — ©* characteristic absorption band of cis-Azo at 440 nm
overlapped with UV upconversion emission peaks and Vis upcon-
version emission peaks of UCNPs, respectively (fig. S12). The molar
attenuation coefficient of Azo trans-isomer (22,000 M~! cm™!) (38)
is much larger than that of Azo cis-isomer (400 Mt em™) (38).
Therefore, when UV upconversion emission in 345-/360-nm region
is strong enough upon high-power 808-nm excitation, its emission
energy is used more efficiently compared with that of Vis upconver-
sion emission in 450-/475-nm region, which facilitates trans-to-cis
isomerization of Azo. On the other hand, the UV upconversion emis-
sion of UCNPs is too weak to make an effect at low-power 808-nm
excitation; thus, the dominant Vis upconversion emission region in
450/475 nm takes effort to drive the reverse cis-to-trans isomeriza-
tion of Azo. To confirm Azo isomer conversion via manipulating NIR
irradiation powers, its absorbance was kept measured upon 90-min,
high power density 808-nm laser exposure (2 W/cm?), which dem-
onstrated gradual decrease of 1 — 7* characteristic absorption band
for trans-Azo at 330 nm with gradual increase of n — n* charac-
teristic absorption band for cis-Azo at 440 nm, confirming the
trans-to-cis photoisomerization of Azo (fig. S13A). On the contrary,
trans-Azo characteristic absorption band at 330 nm gradually in-
creased with 90-min, low power density 808-nm exposure (0.75 W/
cm?), in accordance with the gradual decrease of cis-Azo character-
istic absorption band at 440 nm (fig. S13B). These results confirmed
the feasibility of modulating Azo isomerization via regulating NIR
irradiation power density.

UCNPs were wrapped with amphiphilic polymer DSPE-PEG,
DSPE-PEG-DBCO, and DSPE-PEG-FA via hydrophobic-hydrophobic
interaction to obtain UCNPs-DBCO/FA with zeta potential of —1.87 +
0.45 mV and hydrodynamic size of 59 + 2.9 nm (Fig. 3C, UCNPs-
DBCO/FA). NIR-DNA tweezer was prepared by conjugating Ns-
DNA tweezer to UCNPs-DBCO/FA, which showed reduced UCNP
upconversion emissions at 345/360 nm due to the absorption of Azo
in DNA strands (fig. S14), confirming the successful conjugation of
DNA tweezer to UCNPs and demonstrating more negative zeta poten-
tial of =17.3 + 0.17 mV and larger hydrodynamic size of 81 + 1.5 nm
(Fig. 3C, NIR-DNA tweezer). To further quantify the amount of
DNA tweezer on UCNPs surface, N3-DNA tweezergay was conju-
gated to UCNPs-DBCO/FA to obtain NIR-DNA tweezergan, which
demonstrated FAM characteristic peak at 520 nm under 480-nm
excitation (fig. S15A). The corresponding FAM fluorescence inten-
sity was quantified (fig. S15, B and C) to obtain surface DNA tweezer
coverage of 132 + 15 per particle. The kinetic reactions of NIR-DNA
tweezeraleypaq1 With miR-21 were studied under high-/low- power
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Fig. 3. Power density switched NIR-DNA tweezer for in vitro reversible miRNA detection. (A) Transmission electron microscopic images of UCNP NaYF4:Tm,Yb@
NaYF4:Yb,Nd@NaYF4:Nd. Scale bar, 50 nm. (B) Upconversion emission spectra of UCNPs in cyclohexane under 808-nm laser irradiation with high-power and low-power
808-nm NIR excitations. (C) Zeta potential and hydrodynamic size of UCNPs-DBCO/FA and NIR-DNA tweezer. (D) Schematic illustrations of NIR-DNA tweezergamsra1, f-NIR-
DNA tweezerpaw/sra1, and o-NIR-DNA tweezergam/sraqi- (E) Fluorescence spectra of DNA tweezer FAM/BHQ1 in the presence of miR-21 Bl and after three cycle of alternate
high power density and low power density 808-nm NIR irradiation. Relative FAM fluorescence intensity of (F) NIR-DNA tweezergam/shar in the presence and absence of
miR-21 and (G) f-NIR-DNA tweezergamsHqr and o-NIR-DNA tweezerpam/srHqr in the presence of miR-21 after three cycle of alternate high power density and low power
density 808-nm NIR irradiation. Relative FAM fluorescence intensity of (H) NIR-DNA tweezergam/srqr in response to 0.2 to 50 nM miR-21 under high-power 808-nm irradia-
tions. Inset shows the calibration curve for miR-21 and (1) miR-21 and nonspecific miRNAs under high-power 808-nm irradiations. Error bars indicated means + SD (n = 3).

808-nm NIR irradiations. Upon high-power 808-nm irradiation,
NIR-DNA tweezers effectively bound miR-21 with Alexa fluores-
cence recovery saturated in approximately 30 min (fig. S16A). Sub-
sequent low-power 808-nm irradiation facilitated efficient release of
miR-21 with Alexa fluorescence quenched to baseline levels within
30 min (fig. S16B).

To trace the status switching of NIR-DNA tweezer with reversible
miR-21 binding and release, N3-DNA tweezergap/puqr was conju-
gated to UCNPs-DBCO/FA via click reaction to obtain NIR-DNA
tweezerpam/paq (Fig. 3D, NIR-DNA tweezerpanmypuqi)- Alternate
808-nm NIR irradiations with high and low power densities switched
Azo trans- and cis-isomers, which modulated hybridization zones in
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DNA tweezer, and converted its status among closed and open with
the participation of miR-21. High power density 808-nm laser irra-
diation converted Azo from trans-isomer to cis-isomer, which hybrid-
ized miR-21 with recognition region and turned DNA tweezergan/saqQ1
to open status and recovered FAM fluorescence (Fig. 3E, first high
power). Low power density 808-nm laser radiation was subsequently
applied, which reversed Azo from cis-isomer to trans-isomer and
thus reversed NIR-DNA tweezerpanyuqi to closed status with re-
lease of miR-21 and FAM fluorescence quench (Fig. 3E, first low
power). The switching of high power density and low power density
808-nm irradiations were repeated for three cycles and demonstrated
regular FAM fluorescence recovery upon high power density 808-nm
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laser irradiation (Fig. 3E, second and third high power) and FAM
fluorescence quench upon low power density 808-nm laser irradia-
tion (Fig. 3E, second and third low power) in three cycles [Fig. 3E
miR-21 (4)], indicating good NIR regulated reversible response of
NIR-DNA tweezergam/paqr to miR-21. In the absence of miR-21,
NIR-DNA tweezerganypaqr Was failed to convert closed to open status
and thus could not recover FAM fluorescence [Fig. 3F, miR-21(—),
and fig. S17A]. As control groups, fastened NIR-DNA tweezerpam/sHq1
(f-NIR-DNA tweezerpam/prqi) that features an azo-free switch-
ing region and always stayed in closed status (Fig. 3D, {-NIR-DNA
tweezerpapm/puqQi) was synthesized and incubated with miR-21 with
alternative high/low power density 808-nm NIR irradiations, which
demonstrated little FAM fluorescence change due to the complete seal
of miR-21 recognition region [Fig. 3G (f-NIR-DNA tweezerpamsrq1)
and fig. S17B]. In addition, opened NIR-DNA tweezerram/sHqQ1
(o-NIR-DNA tweezergam/prqi) that has mismatched 8 bp in switch-
able region instead of Azo modification and always stayed in open
status (Fig. 3D, o-NIR-DNA tweezerganysnaqi) was synthesized and in-
cubated with miR-21 with alternative high/low power density 808-nm
NIR irradiations, which all showed strong FAM fluorescence [Fig. 3G
(o-NIR-DNA tweezerpampaq1) and fig. S17C]. These results con-
firmed the importance of photo-switchable hybridization zones in
NIR-DNA tweezer for reversible miRNA detection.

The biosensing capability of NIR-DNA tweezerpanprqr Was evalu-
ated by incubating with various concentrations of miR-21, demonstrat-
ing a linear range of 0.2 to 2.0 nM and a limit of detection of 92.3 pM
(Fig. 3H and fig. S18A), which was comparable to previously reported
miRNA detection probes (7). Detection specificity was also evalu-
ated by incubating NIR-DNA tweezergam/puqr with 50 nM miR-155,
miR-205, miR-375, and single-base mismatched miRNA-21 (M1),
which all showed negligible fluorescence recovery after high power
density 808-nm laser irradiation (Fig. 3] and fig. S18B), indicating good
detection specificity of NIR-DNA tweezer.

NIR-DNA tweezer for intracellular dynamic miRNA imaging
The Cell Counting Kit-8 (CCK-8) assay was performed to investi-
gate the cytotoxicity of NIR-DNA tweezer and NIR irradiation pow-
er switching. NIR-DNA tweezer (up to 200 pg/ml) and high- (2 W/
cm?)/low power density (0.75 W/cm?) of 808-nm laser irradiation
all showed above 93% cell viability (fig. S19).

NIR-DNA tweezerreq was synthesized by conjugating N3-DNA
tweezergeq to UCNPs-DBCO/FA to trace the internalization and endo-
somal escape of NIR-DNA tweezer. DNA tweezer,.q was synthesized
with R-DNA and Texas red-labeled C-DNA po/red (fig. S20A). Increased
colocalization of Texas red fluorescence with LysoTracker fluorescence
was observed during 6- to 9-hour incubation period with highest
Pearson’s correlation coefficient (PCC) of 0.87 reached at 9 hours, indi-
cating efficient internalization of NIR-DNA tweezerg.q4 (fig. S20, B and
C, 6 to 9 hours). The gradual separation of Texas red and LysoTracker
fluorescence was observed after 9 hours, with PCC decreased to 0.44 at
11 hours and 0.28 at 12 hours (fig. 20, Band C, 10 to 12 hours), indicat-
ing efficient transfer of NIR-DNA tweezergeq from endosome to cyto-
plasm. To verify probe structure integrity during experiment period,
NIR-DNA tweezergeq was incubated with HeLa cells for 24 hours, which
still showed good overlap of UCNP upconversion emission at 450 nm
and Texas red fluorescence at 615 nm with PCC of 0.73 (fig. S21), indi-
cating the intracellular structure integrity of NIR-DNA tweezer.

NIR-DNA tweezercys/prqz Was constructed and incubated with
HeLa cells for continuous intracellular imaging. The as-obtained
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NIR-DNA tweezercys/paq: stayed in closed status and showed little
intracellular Cy3 fluorescence before light irradiation (Fig. 4A, BI).
High power density of 808-nm laser radiation and the correspond-
ing miR-21 binding switched NIR-DNA tweezercys/suqz to open
status and recovered intracellular Cy3 fluorescence (Fig. 4A, high,
first cycle). The subsequent exposure of HeLa cells with low power
density 808-nm radiation quenched intracellular Cy3 fluorescence
(Fig. 4A, low, first cycle), suggesting that NIR-DNA tweezercys/sHq2
was reversed to closed status with the release of miRNA-21. In the
next cycle of alternate high power density/low power density 808-nm
NIR irradiation, intracellular Cy3 fluorescence displayed similar in-
tensity conversion trend of recovery and quench respectively (Fig. 4A,
second cycle). Compared with intracellular Cy3 fluorescence recovery
in response to first high-power 808-nm irradiation, second high-
power 808-nm irradiation recovered 96.5% of intracellular Cy3 flu-
orescence (Fig. 4B, group 2, first high and second high), indicating
good intracellular reversibility of NIR-DNA tweezer. As the “nonre-
sponsed control,” f-NIR-DNA tweezercys/prqz Was prepared with an
azo-free switching region, which always remained in closed status and
showed little intracellular Cy3 fluorescence recovery to both high- and
low power density 808-nm irradiation [Fig. 4B (group 1) and fig.
S22A]. As the “irreversible control,” o-NIR-DNA tweezercys/uqz
was also prepared with mismatched 8 bp in switchable region in-
stead of Azo modification, which remained in open status and showed
intracellular Cy3 fluorescence regardless of 808-nm irradiation power
switch [Fig. 4B (group 3) and fig. S22B]. Intracellular fluorescence ki-
netic studies of NIR-DNA tweezercys/prq: interaction with miRNA-21
were also performed under high-power and low-power 808-nm NIR
irradiations, respectively. High-power 808-nm NIR irradiation re-
sulted in intracellular Cy3 fluorescence saturation within ~30 min
(fig. $23, A and C), while subsequent low-power 808-nm irradia-
tion suppressed signal to baseline level within ~30 min (fig. S23,
B and D), confirming intracellular operational feasibility of NIR-
DNA tweezercys/suqQ2-

To verify the feasibility of NIR-DNA tweezercys/srqz for dynami-
cally tracing intracellular miRNA expression fluctuation, NIR-DNA
tweezercyspaqz—treated HeLa cells were first exposed with one cycle
of alternate high-/low-power 808-nm NIR irradiation, which showed
Cy3 fluorescence recovery and quench, respectively (Fig. 4C, group 1,
BI first cycle). The as-treated cells were then incubated with miR-21
mimic to up-regulate intracellular miR-21 expression, which demon-
strated enhanced intracellular Cy3 fluorescence upon high-power
808-nm laser radiation (Fig. 4C, group 1, second cycle, high). The in-
tracellular Cy3 fluorescence intensity was 1.86-fold compared with
that of HeLa cells under high-power 808-nm laser radiation in first
cycle (Fig. 4D, first cycle, high and second cycle, high). Obvious
quenching of Cy3 fluorescence was observed under subsequent low-
power 808-nm laser radiation, indicating efficient release of miR-21
and renewal of NIR-DNA tweezercys/prqz back to closed status (Fig. 4C,
group 1, second cycle, low). The as-treated cells were subsequently in-
cubated with miR-21 inhibitor to mimic the down-regulation of intra-
cellular miR-21 expression, and intracellular Cy3 fluorescence was
correspondingly largely suppressed after high power density irradia-
tion (Fig. 4C, group 1, third cycle, high). The intracellular Cy3 fluores-
cence intensity was about 16.61% compared with that of HeLa cells
under high-power 808-nm laser radiation in the first cycle (Fig. 4D,
first cycle, high and third cycle, high). Subsequent low-power 808-nm
laser radiation reversed NIR-DNA tweezercys/prqz to closed status
and quenched Cy3 fluorescence back to original level (Fig. 4C, group
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Fig. 4. NIR-DNA tweezer for intracellular dynamic miRNA imaging. (A) CLSM fluorescence imaging of Hela cells incubated with NIR-DNA tweezercys/srq2 and (B) rela-
tive intracellular Cy3 fluorescence intensity in Hela cells treated with group 1 f-NIR-DNA tweezercysrqa, group 2 NIR-DNA tweezercys/ghqz, and group 3 o-NIR-DNA
tweezercy3/prq2 Under two cycles of alternate high (2 W/cmz) and low (0.75 W/cmz) power density 808-nm irradiation. (C) CLSM fluorescence imaging of Hela cells incu-
bated with group 1 NIR-DNA tweezercy3/srq2 and subsequent treated with miR-21 mimic and inhibitor, group 2 NIR-DNA tweezercys/ghqz and subsequent treated with
miR-21 mimic, and group 3 o-NIR-DNA tweezercys/sHq2 and subsequent treated with miR-21 mimic and inhibitor under three cycles of alternate high (2 W/cm?) and low
(0.75 W/cmz) power density 808-nm radiation (NIR-DNA tweezercy3/grq2 Was gently centrifuged, and the supernatant were collected for cellular internalization), and cor-
responding intracellular relative Cy3 fluorescence intensity for (D) group 1, (E) group 2, and (F) group 3. (G) Intracellular relative Cy3 fluorescence intensity of NIR-DNA
tweezercys/prqs and o-NIR DNA tweezercys/ghas, respectively, incubated Hela cells treated with (G) 5-FU (10 pM) and (H) CIB-3b (10 uM) under two cycles of alternate high
2 W/cmz) and low (0.75 W/cmz) power density 808-nm radiation. Error bars indicated means + SD (n = 5). Scale bar in (A) and (C), 20 pm.
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1, third cycle, low). To confirm the Cy3 fluorescence suppression upon
miR-21 inhibitor was due to miR-21 expression decrease instead of non-
specific intracellular fluorescence quench, NIR-DNA tweezercys/prqa—
treated HeLa cells was treated with miR-21 mimic and repeatedly
exposed to alternate high-power, low power density 808-nm laser
irradiations for two times, which showed same intracellular Cy3 fluo-
rescence intensities each time after high-power 808-nm laser irradia-
tion [Fig. 4, C (group 2) and E (second cycle high and third cycle,
high)], indicating good reversibility of NIR-DNA tweezer for intracel-
lular miR-21 imaging. Intracellular miR-21 expression was also quan-
tified via polymerase chain reaction (PCR) (fig. S24, A and B), which
demonstrated similar tendency as intracellular Cy3 fluorescence re-
covery, about 1.58-fold for miR-21 mimic-treated HeLa cells and
13.90% for miR-21 mimic and miR-21 inhibitor consecutively treated
HelLa cells compared with that of untreated HeLa cells (fig. S24, C and
D). These results indicated the feasibility of NIR-DNA tweezer for
monitoring dynamic intracellular miR-21 expression fluctuation. On
the contrary, o-NIR-DNA tweezercys/uq: demonstrated obvious in-
tracellular Cy3 fluorescence once incubated with HeLa cells (Fig. 4C,
group 3, BI), and the fluorescence remained unchanged upon high-/
low-power 808-nm laser irradiations [Fig. 4, C (group 3, first cycle)
and F (first cycle)]. HeLa cells were then successively incubated
with miR-21 mimic and miR-21 inhibitor. Although it showed obvi-
ous Cy3 fluorescence enhancement after miR-21 mimic incubation
[Fig. 4, C (group 3, second cycle) and F (second cycle)], o-NIR-DNA
tweezercys/BHQ2 failed to trace miR-21 expression decrease after
miR-21 inhibitor incubation due to the structure irreversibility and
barely demonstrated decrease of intracellular Cy3 fluorescence [Fig. 4,
C (group 3, third cycle) and F (third cycle)]. Considering that the
intracellular fluorescence intensity could well return to background
intensity each time after low-power 808-nm NIR irradiation, as long
as “signal erasing” step of low-power NIR irradiation is performed
between two high power NIR irradiations, changing signal acquir-
ing order and irradiation power pattern did not affect signal inten-
sity (fig. S25).

NIR-DNA tweezercys/prqz was then applied for dynamically moni-
toring intracellular miRNA expression change corresponding to drug
treatments. HeLa cells were incubated with NIR-DNA tweezercys/pHq2
and irradiated with consecutive high-/low-power 808-nm irradiations,
which demonstrated Cy3 fluorescence recovery and quench, respec-
tively [Fig. 4G (NIR-DNA tweezercys/prqo first cycle) and fig. $26
(first cycle)]. Subsequently, NIR-DNA tweezercys/suqz—-incubated
HelLa cells were treated with 5-fluorouracil (5-FU), a common chemo-
therapeutic drug with the effect of miRNA expression up-regulation
(3). The as-treated HeLa cells demonstrated enhanced Cy3 fluo-
rescence after high-power 808-nm laser irradiation (fig. $26, second
cycle, high), which was about 1.75-fold enhancement compared
with that of untreated HeLa cells (Fig. 4G, NIR-DNA tweezercys/paq2,
first cycle and second cycle, high). Subsequent low-power 808-nm ir-
radiation quenched intracellular Cy3 fluorescence [Fig. 4G (NIR-DNA
tweezercys/sHqz, second cycle, low) and fig. 526 (second cycle, low)],
suggesting the good reversibility of NIR-DNA tweezercys/srqe. In ad-
dition, CIB-3b, as a small-molecule inhibitor that effectively suppresses
intracellular miRNAs expression by interfering with the signaling
pathway between transactivation response RNA binding protein 2
(TRBP) and Dicer (2), was synthesized (fig. S27) and incubated with
NIR-DNA tweezercys/suqz-treated HeLa cells. The as-treated HeLa
cells demonstrated obviously suppressed Cy3 fluorescence after high-
power 808-nm laser irradiation (fig. S28, second cycle, high), which
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was about 52.21% compared with that of untreated HeLa cells (Fig. 4H,
NIR-DNA tweezercys/sHqa first cycle and second cycle, high). Subse-
quent low-power 808-nm laser irradiation also closed NIR-DNA twee-
zercys/suqz and quenched intracellular Cy3 fluorescence [Fig. 4H
(NIR-DNA tweezercys/srqz, second cycle, low) and fig. 528 (second
cycle, low)]. Intracellular miRNA expression for 5-FU-treated HeLa
cells and CIB-3b-treated HeLa cells was also quantified via quanti-
tative reverse transcription PCR (qRT-PCR), respectively (fig. S29),
which were about 1.86-fold and 60.39%, respectively, compared with
that of untreated HeLa cells (fig. S30, qRT-PCR). The tendency of in-
tracellular Cy3 fluorescence intensity for 5-FU-treated HeLa cells and
CIB-3b-treated HeLa cells was similar to that of quantitative expres-
sion levels measured by PCR [fig. S30, confocal laser scanning micro-
scope (CLSM) fluorescence]. HeLa cells was also incubated with the
“irreversible” control o-NIR-DNA tweezercys/puq2 and treated with
5-FU and CIB-3b, respectively. O-NIR-DNA tweezercys/prqz could
effectively traced miR-21 expression up-regulation for 5-FU-treated
HeLa cells and demonstrated enhanced intracellular Cy3 fluores-
cence after high-power 808-nm irradiation in second cycle [Fig. 4G
(o-NIR-DNA tweezercys/sHqa, Second cycle, high) and fig. S31 (second
cycle, high)]. However, it failed to trace miR-21 expression down-
regulation for CIB-3b-treated HeLa cells and still showed high intra-
cellular Cy3 fluorescence in second cycle alternate 808-nm irradiation
[Fig. 4H (o-NIR-DNA tweezercys/prqz, Second cycle) and fig. S32 (sec-
ond cycle)], which indicated the generation of false-positive signal due
to probe structure irreversibility.

NIR-DNA tweezer for in vivo continuous miRNA imaging
Subcutaneous HeLa tumor model was established on right forelimb of
female BALB/c mice to evaluate the feasibility of NIR-DNA tweezer
for in vivo miR-21 continuous imaging. UCNPs demonstrated NIR-II
emission peak at 1060 nm under 808-nm irradiation corresponding
to *Fs, — “I,1, transition of Nd**, and the conjugation of DNA
strands for NIR-DNA tweezercys/srqs did not affect NIR-II lumines-
cence intensity of UCNPs (fig. S33); thus, its NIR-II emission was used
to indicate the tumor accumulation of NIR-DNA tweezercys/srqs.
NIR-DNA tweezercys/srqs was intravenously injected into the tu-
mor bearing mice and reached maximum in tumor grown position at
7 hours postinjection (fig. S34). To switch the reversible responses of
NIR-DNA tweezer cys/HQ3 to miR-21, high power and low power of
808-nm laser irradiations were alternatively performed for 20 and
30 min, respectively, with 1-min “light-oft” interval between every
10-min light exposure periods. During 10-min 808-nm laser irradia-
tion period, the temperature of tumor tissue gradually increased
from 33.5° to 37.5°C and rapidly decreased to 33.0°C during 1-min
“light-oft” interval (fig. S35, A and B). Considering that the normal
physiological temperature of mice is 30° to 42°C (39), the light irra-
diation did not cause tissue damage (fig. S35C). To evaluate the in vivo
stability of NIR-DNA tweezercys/srqs, we have measured the in vivo
fluorescence ratio of Cy5/UCNP (FIcys/Flycnps) for NIR-DNA
tweezercy5/BHQ3—administrated mice corresponding to two complete
cycles of alternating high- and low-power 808-nm NIR irradiations.
During the entire experiment period, Flcys/Flycnes showed con-
stant value of ~0.85 for high-power 808-nm NIR irradiation and an-
other constant value of ~0.60 for low-power 808-nm NIR irradiation
(fig. S36). This result confirmed both the in vivo structure and per-
formance stability of NIR-DNA tweezercys/sHQs-

For in vivo continuous miR-21 imaging, NIR-DNA tweezercys/saqs
was intravenously injected into the mice, which kept in closed status
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during systematic circulation to avoid false-positive signal genera-
tion. Agomir (miR-21 mimic) and antiagomir (miR-21 inhibitor)
were intratumorally injected for up-regulating and down-regulating
tumor miR-21 expression. Agomir was intratumorally injected to up-
regulate miR-21 expression at 7 hours after NIR-DNA tweezercys/prqs
administration, followed by high-density 808-nm irradiation and
imaged at 2 hours later (Fig. 5A, first high power, imaging), which
showed obvious Flcys/Flycnps ratiometric image at tumor site to
indicate in vivo miR-21 expression (Fig. 5, B and C, group 1, first
cycle, high). The tumor site was subsequently irradiated with low-
power 808-nm radiation and imaged at 2 hours later (Fig. 5A, first
low power, imaging), which showed largely suppressed in vivo
Flcys/Flycnps ratiometric image, indicating NIR-DNA tweezercys/HQ2

switching back to closed status with release of miR-21 (Fig. 5, B and
C, group 1, first cycle, low). Antiagomir was then intratumorally in-
jected to down-regulate miR-21 expression. The tumor site was ir-
radiated with high-power 808-nm irradiation and imaged at 2 hours
later (Fig. 5A, second high power, imaging), which demonstrated
Flcys/Flycnps ratiometric recovery from tumor site with much low-
er intensity compared with that after agomir administration (Fig. 5,
B and C, group 1, second cycle, high). Subsequent low-power 808-nm
irradiation again suppressed Flcys/Flycnps ratiometric fluorescence
at tumor site (Fig. 5, B and C, group 1, second cycle, low). These re-
sults indicated the capability of NIR-DNA tweezer for in vivo trace
miRNA-21 expression fluctuations. Group 2 mice were set as the
“constant power” control, which was administrated with NIR-DNA
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Fig. 5. NIR-DNA tweezercysgHqs for in vivo dynamic miRNA imaging. (A) Schematic illustration of NIR-DNA tweezercys/grqs administrated mice treated with agomir
and antiagomir and two cycle of alternate high/low 808-nm irradiation. (B) In vivo Cy5, UCNPs, Flcys/Flycnps ratiometric image, and (C) corresponding ratiometric fluores-
cence intensity Flcys/Flucnps at tumor site for group 1 mice: administrated with NIR-DNA tweezercys/grgs and exposed with two cycle of alternate high-/low-power 808-nm
irradiation. Group 2 mice: administrated with NIR-DNA tweezercys/gnqs and exposed with two cycle of constant high-power 808-nm irradiation. Group 3 mice: adminis-
trated with o-NIR-DNA tweezercys/go3 and exposed with two cycle of alternate high-/low-power 808-nm irradiation. All the mice groups were administrated with agomir
and antiagomir at 0 and 9 hours, respectively. Error bars indicated means + SD (n = 5).
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tweezercys/puqz and treated with agomir and antiagomir at same time
spots as group 1 mice, which kept irradiated with high-power 808-nm
laser irradiation each time. Therefore, group 2 mice remained high
in vivo Flcys/Flycnps ratiometric fluorescence during the whole treat-
ment process due to the lack of low-power 808-nm irradiation to
renew NIR-DNA tweezercys/suqz (Fig. 5, B and C, group 2). Group
3 mice were set as the “irreversible” control, which was administrated
with 0-NIR-DNA tweezercys/pHqz and treated with the same proce-
dure as group 1 mice, which showed strong in vivo Flcys/Flucnps
ratiometric fluorescence from tumor site during the whole experi-
ment process due to the failure of status switch for o-NIR-DNA
tweezercys/snq2 (Fig. 5, B and C, group 3). These results indicated
the importance of NIR power density switching structure for con-
tinuous in vivo miRNA imaging. Major organs and tumors of mice
were also collected for Flcys/Flycnps ratiometric fluorescence quan-
tification, which was consistent with in vivo fluorescence imaging,
and showed weak Flcys/Flycnps ratiometric fluorescence from tumor
position for group 1 mice (fig. 37, group 1) and strong Flcys/ Flucnps
ratiometric fluorescence from tumor position for group 2 mice (fig.
S§37, group 2) and group 3 mice (fig. S37, group 3). Hematoxylin and
eosin staining histopathology analysis of major organs (heart, liver,
spleen, lung, and kidney) harvested from imaging mice exhibited
little lesion compared with the untreated control group (fig. S38),
demonstrating the good biocompatibility of imaging probe.

DISCUSSION

A NIR-DNA tweezer with photo-switchable binding affinities to
miR-21 was presented here, which achieved in vivo tracing of miRNA
expression fluctuations upon continuous chemotherapeutic drug and
inhibitor treatments. Different from DNA probes for small mole-
cules that have relatively lower binding affinities to recognition
strand, designing reversible probes for miRNA with around 21 bp
of recognition zone requires to modulate the binding affinities in a
much wider range. Therefore, instead of modulating linker strand
configuration that usually used for reversible small-molecule detec-
tions, here the hybridization zone of recognition/competitive strand
for miR-21 was directly regulated upon alternate photo irradiations.
UV irradiation induced transit status of DNA tweezer, partially ex-
posed miR-21 recognition region, and endowed it high binding af-
finity to miR-21 with Ky value of ~21.74 nM, while Vis irradiation
induced closed status of DNA tweezer and decreased miR-21 bind-
ing affinity to ~1880 nM. The photo-switched hybridization zones
exhibited ~80-fold difference of miR-21 binding affinities, which was
much larger compared with the binding affinities switching ranges
of reported reversible detection probes (24).

To facilitate in vivo application, self-quenched NIR-DNA
tweezercys/pHqs was obtained by conjugating DNA tweezercys/prqs
to UCNPs. The intensity ratio of UCNPs upconversion emission at
Vis and UV regions (Iyis/Iyy) was modulated through adjusting power
of 808-nm excitation laser (36, 37). Visible emission dominated the
upconversion emission spectrum with Iy;e/Iyy of 3.06 at low excita-
tion power of 808-nm light at 0.028 W, while UV emission was in-
tense at high excitation power of 808 nm light, and Iy;s/Iyy saturated
at 1.39 at 1.16 W. Considering that the molar attenuation coefficient
of Azo trans-isomer (22,000 M~! cm™}) (38) is much larger than
that of Azo cis isomer (400 M~ cm™!) (38), UV upconversion emis-
sion energy was used more efficiently compared with that of Vis up-
conversion emission at high excitation power, which facilitated
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trans-to-cis isomerization of Azo. On the other hand, the UV up-
conversion emission of UCNPs was too weak to make effect at low
excitation power; thus, the dominant Vis upconversion emission
took effort to drive the reverse cis-to-trans isomerization of Azo.
NIR-DNA tweezercys/suqs was intravenously administrated and
originally stayed in closed status with self-quenched Cy5 fluorescence.
By irradiating tumor grown position with high-power 808-nm light,
NIR-DNA tweezer was switched to transit status to expose half of
miR-21 recognition region, and subsequent miR-21 binding recov-
ers Cy5 fluorescence. By irradiating tumor grown position with low-
power 808-nm light, NIR-DNA tweezercys/srqgs Was switched to closed
status, which released miR-21 from DNA tweezer and erased Cy5
signal for reversible imaging. The as-presented NIR-DNA tweezer
demonstrated accurate tracing of miR-21 expression fluctuations both
at cellular level upon continuous chemotherapeutic drug 5-FU and
inhibitor CIB-3b treatments and in vivo upon continuous agomir
and antiagomir treatments. On the contrary, the nonreversible control
DNA tweezer in lack of signal erasing capability showed false-positive
signal both at cellular level and in vivo when miR-21 expression de-
creased. This work would have potential application for in vivo dy-
namic imaging of nucleic acid biomarkers and disease theranostics.

Although the stability of DNA duplexes may lead to relatively slow
Azo isomerization rates (24), miRNA expression change upon drug
or inhibitor treatments usually takes hours (2, 40), which guarantees
enough time for the binding affinities switching of NIR-DNA twee-
zer. Using of 808-nm irradiation light with low heating effect (41) as
stimulus for driving binding affinities conversion and adding “light-
oft” intervals in irradiation periods also help to decrease body dam-
age of photo-irradiation process. By conjugating ternary photoswitch
DNA structures with rapidly switched structures to UCNPs could
dynamically enhance tweezer statuses’ switching efficiency and ex-
tend its application in tracing fast biological processes.

MATERIALS AND METHODS

Materials and reagents

Rare-earth (IIT) anhydrous chloride (Yb, Y, and Tm), sodium hydrox-
ide (NaOH), ammoniumfluoride (NH4F) were purchased from Aladin
Ltd. (Shanghai, China). Ammonium persulfate (APS), acetone, cyclo-
hexane, isopropyl alcohol, N,N,N’,N’-tetramethylethylenediamine
(TEMED) were purchased from SCRC Ltd. (Shanghai, China).
DSPE-PEG-FA [molecular weight (M,,) = 5000], DSPE-PEG-DBCO
(M = 2000), DSPE-mPEG (M,, = 2000), and DSPE-PEG-NH,
(M, = 2000) were purchased from PengSheng Biotech (Shanghai,
China). Oleic acid (OA), 1-octadecene (ODE), and acrylamide (40%)
were purchased from Sigma-Aldrich Co. Ltd. (Shanghai, China).
Dulbeccos modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), and CCK-8 were bought from Keygen Biotech (Nanjing, China).
LysoTracker Green, Lipofectamine 2000 reagent, and Opti-MEM were
purchased from Thermo Fisher Scientific Inc. (Waltham, USA).
RNAiso plus, Mir-X miRNA First-Strand Synthesis assay kit, and TB
Green Premix Ex Taq II were purchased from Bohaode Biotech. Co.
Ltd. (Nanjing, China). MiRNA inhibitor, miRNA mimics, agomir, an-
tiagomir, and DEPC-teated water were purchased from GenePharma
Co. Ltd. (Shanghai, China). The 10X tris-borate EDTA (TBE) pre-
mixed powder and all of the DNA oligonucleotides were synthesized
and purified by Sangon Biotech Co. Ltd. (Shanghai, China) with se-
quences listed in table S2.
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Apparatus

Gel electrophoresis was conducted on the PowerPac basic electropho-
resis analyzer (Bio-Rad, USA). Fluorescence spectra were acquired on
the FluoroMax-4 spectrofluorophotometer (Hitachi, Japan). Upcon-
version luminescence spectra were recorded on F-7000 spectrometer
(Hitachi, Japan) under external 808-nm laser excitations. Absorption
spectra were obtained with an UV-3600 UV-vis-NIR spectrophotom-
eter (Shimadzu Company, Japan). Transmission electron microscopic
images were carried out on JEM-2800 transmission electron micro-
scope (JEOL Ltd., Japan). The cell images were carried out on TCS SP8
STED 3X CLSM (Leica, Germany). CCK-8 assays were performed
on Hitachi/Roche System Cobas 6000 (Bio-Rad, USA). In vivo
fluorescence imaging was carried out using NIROPTICS/ Monet
IGS-1000 in vivo imaging system (Suzhou NIR-Optics Technology
Co., Ltd., China).

MD simulations for DNA tweezer

The models for three status of DNA tweezer were constructed for MD
simulations: (i) closed DNA tweezer with four “trans-” isomer Azo
molecules inserted into the switch region of C-DNA between every
two bases. Azo was linked to nucleic acid backbone via a D-threoninol
linker. (ii) Transit DNA tweezer with four “cis-” isomer Azo inserted
into the switch region of C-DNA between every two bases. (iii) Open
DNA tweezer, a ternary model consisting of the DNA tweezer and
miR-21, with Azo remaining in cis-isomer and miR-21 hybridized
to the recognition region of R-DNA. The atomic coordinates of all
models were generated using Discovery Studio and Materials Studio
software packages.

The DNA complexes were solvated in a periodic rectangular water
box, with a 12-A water buffer maintained between any atom and the
edge of the simulation box. The system was then neutralized by add-
ing Cl~ and Na™ ions to adjust the ionic concentration to 0.137 M. The
CHARMM36 force field (42), along with the TIP3P_CHARMM wa-
ter model (43), was applied to all systems. The CGenFF (44) server
was used to generate parameters for the Azo residue. The Verlet algo-
rithm (45) with a 1.2-nm cutoff was used for van der Waals inter-
actions, while electrostatic interactions were calculated using the
particle-mesh Ewald method with a 1.2-nm cutoft for short-range
interactions. In the following steps 2 to 4, bonds involving hydrogen
atoms were constrained using the linear constraint solver algorithm
with a 2-fs time step. Periodic boundary conditions were applied
throughout the simulations.

MD simulations were conducted using GROMACS 2022.2 (46),
following the steps outlined below: (i) Energy minimization: The sys-
tem underwent energy minimization using the steepest descent algo-
rithm until the maximum force was reduced to below 10.0 k] mol™".
(i) NVT equilibration: The system was equilibrated in the NVT en-
semble at 310 K for 100 ps using the velocity rescaling (47) method for
temperature control, with heavy atoms of the DNA restrained (1000 kJ
mol™ nm™). (iii) NPT equilibration: Following NVT equilibration,
the system was equilibrated at 1 bar and 310 K for 100 ps in the NPT
ensemble, with the same restraints. The temperature was controlled
using the velocity rescaling (47) method, and the pressure was regu-
lated with the Parrinello-Rahman (48) method. (iv) MD simulations
were performed for 400 ns in the NPT ensemble (1 bar, 310 K), with
coordinates and energies saved every 10.0 ps.

The interaction energies between C-DNA,,, and R-DNA were
calculated by defining energy groups and using the GROMACS
rerun trajectory method. In line with the approach reported by
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Barbosa et al. (49), contributions from the DNA backbone atoms,
including the negatively charged phosphate groups, were excluded
in these calculations.

Binding affinity measurements of DNA tweezers

All binding affinity assays were performed in Hepes buffer (10 mM,
pH 7.5) containing 15 mM NaCl, 1 mM MgCl,, and 140 mM KCL
DNA tweezersalex/cys Was prepared by hybridizing 150 pl of 1 pM
C-DNA pz0/cy3 with 150 pl of 1 pM R-DNA 1y in phosphate-buffered
saline (PBS) buffer at 37°C for 1 hour, forming a duplex structure. For
transit state DNA tweezer binding affinities measurements, 150 pl of
0.5 pM DNA tweezersalex/cy3 Was irradiated with a 365-nm laser for
5 min, followed by incubation with miR-21 (final concentration of
0 to 1000 nM) in assay buffer at 37°C for 2 hours. Fluorescence
emissions were recorded at 520 nm (Alexa Fluor 488) and 560 nm
(FRET lexa-cy3) under 480-nm excitation. Closed state DNA twee-
zer binding affinity measurement was assessed identically but with
Vis irradiation.

FRET ratio calculation and binding affinity determination
FRET ratio was calculated according to previously reported ap-
proach (24). Alexa Fluor 488 emission (Fajex) and Alexa-Cy3 FRET
emission (Frrer) were measured with 480-nm excitation and 520-nm
and 560-nm emission, respectively, and Fyjex and Fprgr versus miR-21
concentration (c) data were processed by subtracting the background
values obtained from buffer alone. Each value was obtained from
triplicate measurements, and FRET ratio (Rprgr) for each replicate
was calculated as

Reper = FFRET/(FAlex +FFRET) (1)

To calculate the binding affinity of DNA tweezers to the target
miR-21 in closed and transit status, the above-obtained FRET ratios
were fitted to a Langmuir isotherm

@)
where Kp was the binding affinity, ¢ is miR-21 concentration, y; is

the background FRET ratio in the absence of miR-21, and A is the
range of FRET ratio change.

Rpggr = A*C/(KD +C) + o

Fluorescence kinetics measurements of light-triggered
miR-21 binding to DNA tweezer

All kinetic measurements were conducted in Hepes buffer (10 mM,
pH 7.5) containing 15 mM NaCl, 1 mM MgCl,, and 140 mM KCL
DNA tweezersalex/sq1 Was prepared by hybridizing 100 pl of 1 pM
C-DNA p0/alex With 100 pl of 1 pM R-DNA pyq; in Hepes buffer at
37°C for 1 hour. For miR-21 binding analysis, 90 pl of 0.5 pM DNA
tweezersalexsHQ1 Was photoactivated with UV irradiation (5 min), fol-
lowed by addition of 10 pl of miR-21 (final concentration of 100 nM).
For miR-21 release analysis, the above-mentioned open status DNA
tweezersalex/sHqQ1 Was exposed to Vis irradiation (5 min) and UV ir-
radiation (5 min), respectively. Alexa Fluor 488 fluorescence was re-
corded at 520 nm under 480-nm excitation with 1-min intervals.

Synthesis of UCNPs

Multishell structured lanthanide UCNPs was synthesized via one-pot
successive layer-by-layer protocol. The upconversion core, NaYF,:0.5%
Tm, 30% Yb, was prepared by mixing 0.695 mmol of YCl3, 0.3 mmol of
YbCl; and 0.05 mmol of TmCl; in a three-necked flask containing
5 ml of OA and 15 ml of ODE. The mixture was heated to 150°C for
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90 min under vacuum to obtain transparent solution and cooled
down to 45°C. Subsequently, 10 ml of methanol solution containing
4 mmol of NH4F and 2.5 mmol of NaOH was added dropwise into
the mixture and kept for 30 min. After complete evaporation of
methanol at 80°C for 30 min, the reaction mixture was heated to
300°C gradually and kept for 90 min under nitrogen atmosphere.
After naturally cooled down to room temperature, the as-obtained up-
conversion core NaYF4Tm,Yb was precipitated with acetone, washed
with ethanol, and redispersed in 10 ml of cyclohexane for future use.

Inner shell precursors (NaYF4:10% Yb, 40% Nd) were synthesized
by adding 0.5 mmol of YCl;, 0.1 mmol of YbCls, and 0.4 mmol of
NdCl; in a three-necked flask containing 5 ml of OA and 15 ml of
ODE. The mixture was heated to 150°C for 90 min under vacuum to
obtain transparent solution. After cooling down to 45°C, 10 ml of
methanol containing 4 mmol of NH4F and 2.5 mmol of NaOH were
dropwise added in the above mixture and stirred at 45°C for 30 min.
The reaction mixture was heated to 80°C for 30 min to completely
remove methanol to obtain inner shell precursor NaYF,:Yb,Nd. Outer
shell precursors NaYF4:40% Nd was also synthesized following the
same procedure as described above.

To prepare NaYF,: Tm,Yb@NaYF,:Yb,Nd@NaYF,:Nd, 10 ml of
the above-obtained upconversion core NaYF4:Tm,Yb was mixed with
5 ml of OA and 15 ml of ODE. The mixture was heated to 80°C for
30 min to remove cyclohexane completely and further heated to
300°C under nitrogen atmosphere. After being heated to 150°C, 4 ml
of the above-obtained inner shell precursor NaYF4:Yb,Nd was hot
injected in and stirred at 300°C for 20 min, which was repeated for
three times to obtain NaYF4:Tm,Yb@NaYF,:Yb,Nd. Outer shell pre-
cursor NaYF,:Nd was also hot-injected in and stirred at 300°C fol-
lowing the same procedure as described above to obtain UCNPs
NaYF4:Tm,Yb@NaYF4:Yb,Nd@NaYF,:Nd, which was precipitated
with acetone and washed with ethanol and redispersed in cyclo-
hexane for future use.

Preparation of NIR power density-regulated DNA tweezer
(NIR-DNA tweezer)

The above-obtained UCNPs were transferred to liquid phase via phos-
pholipids wrapping based on hydrophilic-hydrophobic interactions.
The UCNPs-DBCO/FA were prepared according to a previously re-
ported approach (50) with mixture of DSPE-mPEG, DSPE-PEG-
DBCO, and DSPE-PEG-FA (mass ratios = 8:1:1). UCNPs-DBCO/FA/
NH, were also synthesized according to the same procedure with mix-
ture of DSPE-mPEG, DSPE-PEG-DBCO, DSPE-PEG-FA, and DSPE-
PEG-NH, (mass ratios = 7:1:1:1).

To prepare NIR-DNA tweezer, 0.2 mg of above-obtained UCNPs-
DBCO/FA was reacted with 200 pl of 1 pM above-obtained N3-DNA
tweezerpam/puqQi overnight at room temperature. The as-obtained
NIR-DNA tweezerpam/sHq1 Was centrifuged, washed, and redis-
persed in Hepes buffer for further use. The f-NIR-DNA tweezer and
0-NIR-DNA tweezer were synthesized by conjugating N3-f-DNA
tweezerpam/BHQ1 and N3-0-DNA tweezergam/sHQ1 to UCNPs-DBCO/
FA, respectively, following the aforementioned procedure.

PAGE analysis

A 10% polyacrylamide gel was prepared by mixing 2.75 ml of water,
1.20 ml of 5x TBE buffer, 2.00 ml of 30% acrylamide, 48.00 pl of
APS, and 6.00 pl of TEMED in ice bath. A 5 pl of 1 puM DNA sample
was mixed with 1 pl of 6x Orange DNA Loading Dye. The gel elec-
trophoresis was run at 110 V for 60 min in 1X TBE buffer, then
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stained with SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Sci-
entific, USA), and scanned with a Molecular Imager Gel Doc XR.

Fluorescence kinetic studies of NIR-DNA tweezer in vitro

All kinetic measurements were conducted in Hepes buffer (10 mM,
pH 7.5) containing 15 mM NaCl, 1 mM MgCl,, and 140 mM KCL
For miR-21 binding analysis, 90 pl of NIR-DNA tweezer ajex/BHQ1
(1 mg/ml) was exposed to 808-nm laser irradiation for 20 min at
a high power density (2 W/cm?), followed by addition of 10 pl of
miR-21 (final concentration of 10 nM). For miR-21 release analysis,
90 pl of open status NIR-DNA tweezer jex/prq1 (1 mg/ml) and 10 pl
of miR-21 (final concentration of 10 nM) were exposed to 808-nm
laser irradiation for 30 min at a low power density (0.75 W/em?).
Alexa Fluor 488 fluorescence was recorded at 520 nm under 480-nm
excitation with 1-min intervals.

In vitro reversible detection of miRNA-21

Configurations of DNA tweezer were switched by regulating Azo
isomerization via alternate UV/Vis exposure. To switch DNA twee-
zer to open status with Azo in cis-configuration, 250 pl of 0.5 pM
above-prepared N3-DNA tweezerpan/puqr Was exposed to 365-nm
laser irradiation for 5 min and simultaneously incubated with 10 nM
miRNA-21 at 37°C for 30 min, and the corresponding FAM fluores-
cence recovery was measured under 480-nm excitation. To regulate
DNA tweezer to closed status with Azo in trans-configuration, the
above mixture was exposed to 456-nm laser irradiation for 5 min
and simultaneously incubated at 37°C for another 30 min to observe
FAM fluorescence change. This process was repeated for three cycles
to verify the reversibility of DNA tweezer switching between open
and closed status.

Configurations of NIR-DNA tweezer were switched by regulating
Azo isomerization via alternate high and low power density of 808-nm
NIR irradiation. To regulate DNA tweezer to open status with Azo
in cis-configuration, 200 pl of NIR-DNA tweezerpapm/puaq: (1 mg/
ml) was exposed to 808-nm laser irradiation for 20 min at a high
power density (2 W/cm?) and simultaneously incubated with 10 nM
miRNA-21 at 37°C for 30 min, and the corresponding FAM fluores-
cence recovery was measured under 480-nm excitation. To regulate
DNA tweezer to closed status with Azo in trans-configuration, the
above mixture was exposed to 808-nm laser irradiation for 30 min at
alow power density (0.75 W/cm®) and then incubated at 37°C to ob-
serve FAM fluorescence change. This process was repeated for three
cycles to verify the reversibility of DNA tweezer switching between
open and closed status. The {-NIR-DNA tweezer and the o-NIR-DNA
tweezer served as control groups for the detection of miRNA-21, fol-
lowing the same procedure.

To verify the reaction sensitivity of NIR-DNA tweezerpam/saql
to target miRNA, it was incubated with various concentrations (0 to
50 nM) of miRNA-21 after 20 min of high power density 808-nm
NIR irradiations (2 W/cm?), FAM fluorescence recovery was re-
corded under 480-nm excitation. To verify the reaction specificity of
NIR-DNA tweezergapypaq to target miRNA-21, it was incubated with
100 nM single base-mismatched miRNA-21 (M1), miRNA-155,
miRNA-205, and miRNA-375 after 20 min of high power density
808-nm NIR irradiations (2 W/cm?), and FAM fluorescence recov-
ery was recorded under 480-nm excitation.

Cell culture
HeLa cells were cultured in DMEM media containing 10% FBS,
penicillin (100 U/ml), and streptomycin (100 pg/ml) at 37°C in a
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humidified atmosphere containing 5% CO, and 95% air. Cell num-
bers were determined with Countess II automated cell counter
(Invitrogen, USA).

Cytotoxicity of NIR-DNA tweezer

CCK-8 assay was performed to evaluate cytotoxicity of NIR-DNA
tweezer. HeLa cells suspension were seeded in a 96-well plate and
incubated at 37°C overnight and subsequently incubated with vari-
ous concentrations of NIR-DNA tweezer (0 to 200 pg/ml) for an-
other 24 hours under the following conditions respectively: (i) without
808-nm light irradiation, (ii) with high power density 808-nm laser
irradiation (2 W/cm?), and (iii) with low power density 808-nm la-
ser irradiation (0.75 W/cm?). After that, CCK-8 solution (10 pl) was
added to each well and incubated with the cells for 4 hours. Last, the
absorbance of each well was measured at 450 nm by a Bio-Rad mi-
croplate reader.

Characterization of intracellular delivery of

NIR-DNA tweezer

Lysosomal colocalization experiment was performed to verify the
endocytosis of NIR-DNA tweezer. NIR-DNA tweezerreq (100 pg/ml)
was incubated with HeLa cells for different periods of time and sub-
sequently incubated with 50 nM LysoTracker Green PBS solution for
10 min, washed three times, and imaged with CLSM.

Probe integrity of NIR-DNA tweezers

Colocalization experiment of Texas Red and UCNPs upconversion
emission was performed by incubating above-obtained NIR-DNA
tweezergeq (100 pg/ml) with HeLa cells in DMEM for 24 hours and
washed three times. Fluorescence images (Texas Red fluorescence
was collected at 607 to 680 nm with 595-nm excitation, and UCNPs
was collected at 430 to 500 nm with 808 nm excitation) of cells was
captured by TCS SP5 CLSM.

Intracellular fluorescence kinetic studies of

NIR-DNA tweezers

HeLa cells were seeded in four-well confocal dishes and incubated
at 37°C for 24 hours and subsequently incubated with NIR-DNA
tweezercys/srqz (100 pg/ml). After rinsing the as-treated cells with PBS,
it was exposed to high power density 808-nm laser irradiation for
20 min. Real-time Cy3 fluorescence images of cells were captured
with CLSM. The as-treated cells were then subjected to low power
density 808-nm laser irradiation for 30 min. Then, the real-time in-
tracellular Cy3 fluorescence intensity was measured with CLSM.

Dynamic imaging of intracellular miRNA-21

A self-quenched NIR-DNA tweezercys/saqe, f-NIR-DNA tweezercys/
BHQ2 and o-NIR-DNA tweezercys/pHqz were prepared to investigate
dynamic changes of intracellular miRNA-21 expressions. HeLa cells
were seeded in four-well confocal dishes and incubated at 37°C for
24 hours and subsequently incubated with above-obtained NIR-DNA
tweezercys/puqz (100 pg/ml), f-NIR-DNA tweezercys/prqz, and o-
NIR-DNA tweezercys/suqz for 11 hours. After rinsing the as-treated
cells with PBS, it was exposed to high power density 808 nm laser ir-
radiation for 20 min, and incubated at 37°C for 30 min. Intracellular
Cy3 fluorescence recovery was measured with CLSM. The as-treated
cells were then subjected to low power density 808-nm laser irradia-
tion for 30 min and incubated at 37°C for 30 min. Intracellular Cy3
fluorescence intensity was measured with CLSM. This process was
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repeated for two cycles, and Cy3 fluorescence intensity change was
recorded after each time light irradiation.

To mimic intracellular miRNA-21 expression fluctuations, miRNA-21
mimic and miRNA-21 inhibitor were transfected into HeLa cells. Cells
were seeded in four-well confocal dishes and incubated at 37°C for
24 hours, the cells were randomly divided into three groups: In group 1,
the HeLa cells were incubated with NIR-DNA tweezercys/prqz (100 pg/
ml) and successively transfected with 1 pM miRNA-21 mimic and 1 pM
miRNA-21 inhibitor, with 6-hour gap between two transfections. In
group 2, the HeLa cells were incubated with NIR-DNA tweezercys/srqz
(100 pg/ml) for 11 hours and then transfected with 1 pM miRNA-21
mimic for 6 hours. In group 3, the HeLa cells were incubated with
0-NIR-DNA tweezercys/prqz (100 pg/ml) for 11 hours and succes-
sively transfected with 1 pM miRNA-21 mimic and 1 pM miRNA-21
inhibitor, with 6-hour gap between two transfections. The as-treated
cells were exposed to high power density 808-nm laser irradiation
for 20 min and incubated at 37°C for 30 min. Intracellular Cy3 fluo-
rescence recovery was measured with CLSM. The as-treated cells
were then subjected to low power density 808-nm laser irradiation for
30 min and incubated at 37°C for another 30 min. Intracellular Cy3
fluorescence recovery was measured with CLSM.

To evaluate the capability of NIR-DNA tweezer for dynamic imag-
ing of intracellular miRNA-21 expression fluctuation induced by che-
motherapy drugs, HeLa cells was treated with 5-FU (a chemotherapy
drug) and CIB-3b (a small-molecule inhibitor) for up-regulation and
down-regulation of intracellular miRNA-21 expression, respectively.
CIB-3b was synthesized according to a previously reported approach
(2). 'H nuclear magnetic resonance (NMR) (400 MHz, chloroform-
d) 6 =8.01 (d, =89 Hz, 2H), 6.95 (d, ] = 8.9 Hz, 2H), 442 (q, ] =
7.1 Hz, 2H), 3.86 (s, 3H), 2.69 (s, 3H), 1.42 (t, ] = 7.1 Hz, 3H); 1°C
NMR (100 MHz, chloroform-d) & = 162.6, 161.6, 159.8, 155.6, 128.6,
128.3, 1194, 114.1, 61.0, 55.4, 14.4, 12.2. Cells were seeded in four-
well confocal dishes and incubated at 37°C for 24 hours and subse-
quently incubated with NIR-DNA tweezercys/prqz (100 pg/ml) for
11 hours. The as-treated cells were exposed to high power density
808-nm laser irradiation for 20 min, subsequently subjected to low
power density 808-nm laser irradiation for 30 min, and incubated for
30 min after each time irradiations. The as-treated cells were random-
ly divided into two groups: Group 1 was transfected with 10 pM 5-FU
for 6 hours, and group 2 was transfected with 100 pM CIB-3b for
6 hours. The as-treated cells were exposed to high power density
808-nm laser irradiation for 20 min, subsequently subjected to low
power density 808-nm laser irradiation for 30 min, and incubated for
30 min after each time light irradiation. Intracellular Cy3 fluores-
cence was imaged with CLSM after each time light irradiation. The
HeLa cells were incubated with o-NIR-DNA tweezercys/pruq2 and
served as control groups for intracellular miRNA-21 detection ac-
cording to the same procedure.

qRT-PCR quantification of intracellular miRNA-21 expression
Intracellular miRNA-21 expressions levels in HeLa cells, miRNA-21
mimics, miRNA-21 inhibitor, 5-FU, and CIB-3b, respectively, pre-
treated HeLa cells were quantified using qRT-PCR. Total miRNAs
were extracted from target cells by RNAiso Plus according to reagent
protocol. cDNA was prepared by Mir-X miRNA First-Strand Syn-
thesis assay kit. Standard curve was constructed with cycle threshold
(Ct) values for various concentrations of miRNA-21, and the expres-
sion levels of cellular extracted miRNA-21 were calculated on the
basis of standard curve.
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In vivo miRNA-21 dynamic imaging

Female BALB/c nude mice with 5 to 6 weeks old were purchased
from Jicui Yaokang Biomedical Biotech. Co., Ltd. (Nanjing, China).
All animal experiments were performed in accordance with the Na-
tional Institutes of Health (NIH) Guidelines for the Care And Use of
Laboratory Animals (NIH publication no. 85-23 Rev. 1985) and ap-
proved by the Animal Ethical and Welfare Committee of Nanjing
University with approval no. IACUC-2404009. HeLa subcutaneous
tumor model was established by injecting 100-pul mixture of 1x PBS
and matrix glue at a volume ratio of 1:1 containing 2 X 10’/ml HeLa
cells into the armpit of mice. In vivo tumor miRNA expression regu-
lation and imaging were preformed after the tumor size reached
50 mm® (mice reached 2 to 3 weeks).

For in vivo stability assessment of the NIR-DNA tweezers, the as-
obtained HeLa tumor bearing mice were first intravenously injected
with 200 pl of NIR-DNA tweezercys/puqs (1 mg/ml) and irradiated
with high power density 808-nm laser (2 W/cm?) for 20 min at 2,
10 hours, and low power density 808-nm laser (0.75 W/ cm?) at 6 and
14 hours. The Cy5 fluorescence and UCNP (1060 nm) fluorescence
images were collected at 0, 4,8, 12, and 16 hours postinjection through
the NIROPTICS/Monet IGS-1000 in vivo imaging system.

For in vivo miRNA imaging, the as-obtained HeLa tumor bear-
ing mice were first intravenously injected with 200 pl of NIR-DNA
tweezercys/paqs (1 mg/ml) or o-NIR-DNA tweezercys/prqs. To dem-
onstrate the feasibility of NIR-DNA tweezercys/srqs in dynamic
miRNA-21 in vivo imaging, agomir (miRNA-21 mimic) and anti-
agomir (miRNA-21 inhibitor) were used to up-regulate and down-
regulate tumor miRNA-21 expression concentrations, respectively.
A 40 pl of agomir (0.5 mg/kg) was intratumorally injected at 7 hours
after administration of NIR-DNA tweezercys/prqs, and 40 pl of anti-
agomir (1.0 mg/kg) was intratumorally injected after 9 hours. The
as-treated mice were divided into three groups: Group 1 mice was pre-
administrated with NIR-DNA tweezercys/prqs and irradiated with high
power density 808-nm laser (2 W/cm?) for 20 min at 1 and 10 hours
and low power density 808-nm laser (0.75 W/cm?) at 4 and 13 hours
after agomir administration, respectively; group 2 mice was preadmin-
istrated with NIR-DNA tweezercys/grqs and irradiated with high pow-
er density 808-nm laser (2 W/cm®) for 20 min at 1, 4, 10, and 13 hours;
group 3 mice was preadministrated with 0-NIR-DNA tweezercys/srqs
and irradiated with irradiated with high power density 808-nm laser
(2 W/cm?) for 20 min at 1 and 10 hours and low power density 808-nm
laser (0.75 W/cm?) at 4 and 13 hours after agomir administration,
respectively. The Cy5 fluorescence and UCNP (1060 nm) fluorescence
images were collected at 3, 6, 12, and 15 hours postinjection through the
NIROPTICS/Monet IGS-1000 in vivo imaging system. The mice
were euthanized after in vivo imaging, and their main organs, in-
cluding heart, liver, spleen, lung, kidney, and tumor were collected for
ex vivo fluorescence imaging.
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