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Catalytic DNA circuits represent a versatile toolbox for tracking intracellular biomarkers yet are constrained
with low anti-interference capacity originating from their severe off-site activation. Herein, by introducing
an unprecedented endogenous DNA repairing enzyme-powered pre-selection strategy, we develop
a sequential and specific on-site activated catalytic DNA circuit for achieving the cancer cell-selective
imaging of microRNA with high anti-interference capacity. Initially, the circuitry reactant is firmly caged
by an elongated stabilizing duplex segment with a recognition/cleavage site of a cell-specific DNA

repairing enzyme, which can prevent undesired signal leakage prior to its exposure to target cells. Then,
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bioorthogonal regulated DNA circuit presents a modular and programmable amplification strategy for

rsc.li/chemical-science highly reliable assays of intracellular biomarkers, and provides a pivotal molecular toolbox for living systems.
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Introduction

The in-depth understanding of exquisite biotransformations
requires the development of a robust toolbox for in situ moni-
toring intracellular biomolecules, especially disease-related
biomarkers, and shows great potential for clinical diagnostics
and therapeutics."™ Artificial biochemical circuits have thus
been developed to explicate these complicated biological
systems and further regulate biochemical reactions. Because of
the intrinsic predictability and programmability of nucleic
acids, DNA biocomputing circuits have been facilely engineered
as intelligent artificial biochemical circuits and represent an
indispensable tool for live cell imaging.*>® The construction of
robust, modular and compact artificial DNA circuits facilitates
the exploration of the essential principles of complex biological
systems, and it paves a facile path for information trans-
missions in molecular biosensing and biocomputing fields.
Particularly, DNA circuits that can effectively integrate various
functional modules of signal amplification hold great potential
for cell imaging of low-abundance biomarkers.”** As a typical
isothermal DNA circuit, the hybridization chain reaction (HCR)
has already been proved for various biosensing applications."***
For HCR, the analyte-triggered cascade hybridization results in
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high-molecular-weight dsDNA copolymers. The low cellular
diffusibility feature of the HCR product makes it suitable for
intracellular imaging and colocalization of various analytes.'®"
However, the analyte, as the single input, directly triggers the
autonomous HCR, which is prone to cause unreliable readouts
for cell imaging."' Even more concerningly, the metastable
DNA probes may nonspecifically respond to surrounding
complicated interferences encountered during the cellular
delivery process, thus leading to compromised specificity and
sensitivity for intracellular sensing. Thus, it is highly desirable
to engineer endogenously programmed DNA circuits that can
proceed via cell-specific exposure and activation to achieve
highly reliable intracellular imaging with anti-interference
capacity.

Currently, a plethora of exogenous and endogenous activat-
able approaches have been exploited to regulate DNA circuits, to
facilitate control over their structures and functions via specific
activation.”® For exogenous regulation, photo activation is
a representative method by virtue of its high spatiotemporal
control property.*~>* However, its application in living systems
is significantly constrained, due to the cumbersome chemical
synthesis of photolabile groups on nucleobases, the limited
penetration depth of light and the potential phototoxicity. As
a result, endogenous cues, such as small molecules,>*
RNAs,**?” or enzymes,”®* represent an alternative way to regu-
late DNA circuits. For the small molecules-activated strategy,
e.g., ATP,* their corresponding aptamers are needed to inter-
correlate with DNA circuits. However, the available aptamers
are always insufficient, and affinity is sometimes unwarrantable
between small molecules and their aptamers. We have reported

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc05214d&domain=pdf&date_stamp=2021-12-06
http://orcid.org/0000-0002-1309-5454
http://orcid.org/0000-0002-3063-2485
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05214d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012047

Open Access Article. Published on 08 November 2021. Downloaded on 4/4/2026 1:37:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

the implementation of multiple endogenous microRNA
(miRNA)-activated DNA circuits for cell discrimination.””
Nevertheless, these miRNA-involved DNA circuits suffer from
complicated designs and a lack of sufficient blocking means to
eliminate off-site activation or nonspecific signal leakage, which
are especially inadaptable in living systems. Among these
endogenously activatable tools, enzymes represent superior
candidates, owing to their high substrate specificity, excellent
catalytic activity and biosafety. Endogenous enzymatic stimuli
are thus introduced for developing various enzyme-responsive
sensors and drug release systems.’*** Especially, the DNA
repairing enzyme represents a more appealing choice, consid-
ering the versatile and specific DNA substrate. Moreover, the
DNA repairing enzyme is overexpressed in cancer cells because
of the ubiquitous upregulation of DNA replication,**** which is
of great interest in designing enzyme-regulated DNA circuitry
with high activation efficiency, favorable cell-specificity, and
minimal toxicity.

Herein, by introducing an endogenous DNA repairing
enzyme-mediated sequential activation strategy, we developed
an on-site bioorthogonally regulated DNA circuit for achieving
specific microRNA imaging with high anti-interference ability.
As illustrated in Scheme 1, the HCR circuitry system was
selected for realizing cancer cell-selective amplified miRNA
imaging. The stem region of one HCR reactant (hairpin H,) is
elongated with a long duplex region to generate a HCR-blunt
DNA pre-probe (H,.p). The elongated duplex segment can not
only stabilize the DNA pre-probe by blocking the toehold
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Scheme 1 (A) Schematic of the on-site and sequential activation of

the enzyme-guaranteed HCR amplification circuit for specific miRNA
imaging in live cells. (B) Illustration of cancer cell-selective miRNA
imaging by the on-site bioorthogonal activatable HCR system.
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domain of the HCR reactant but can also introduce the enzyme-
specific recognition site. The introduction of the sequential and
specific enzyme-controlled DNA pre-probe facilitates the on-site
execution of an HCR circuit via two successive steps of specific
enzyme regulation and amplified target sensing, thus ensuring
selective and sensitive miRNA imaging. By virtue of the over-
expressed DNA repairing enzyme in cancer cells, the DNA pre-
probe is specifically cleaved to expose the circuitry reactant,
which can then participate in target miRNA-triggered HCR for
achieving amplified intracellular miRNA imaging by Forster
resonance energy transfer (FRET) transduction. In contrast, the
DNA pre-probe remains inactive and fails to motivate the HCR-
powered miRNA sensing in normal cells because of the insuf-
ficient enzymes therein. Thus, based on the programmable and
rational design of DNA probes, the precise manipulation of DNA
circuits is available through endogenous enzymatic regulation
in cancer-specific cells, which may provide a facile and effective
tool for complicated intracellular applications.

Results and discussion

The principle of the sequential and specifically activated HCR
amplifier for miRNA detection is illustrated in Scheme 1A (for
the detailed reaction process, see Scheme S1t). As a proof of
concept, the typical DNA repairing enzyme, human apurinic/
apyrimidinic endonuclease 1 (APE1), which primarily resided
in the cytoplasm of diverse cancer cells, was employed to acti-
vate the HCR pre-probe with abasic sites.** Also, microRNA-21
(miR-21), a significant diagnostic cancer biomarker,* was
elected as the target analyte to prove the principle of our engi-
neered system. The HCR amplification circuit was composed of
two hairpins, H; and H,p. Herein, a given miR-21 initiator (I)
recognized by H; via a toehold-mediated strand-
displacement mechanism, generating hybrids I-H;. However,
hairpin H,.p was unable to hybridize with the sequences d—c in
hybrids I-H;, as its toehold domain c*-d* was caged tightly by
the additionally elongated duplex e-e* region, resulting in
a temporarily blocked “inactive” H,p pre-probe and the deac-
tivated HCR circuit. This “inactive” H,p pre-probe could be
specifically activated into the “active” probe H, by an endoge-
nous enzyme APE1-mediated de-caging procedure, by which the
duplex e-e* region of H, p was removed. Then, the liberated H,
could hybridize with sequence d-c in hybrids I-H;, yielding
complex I-H; -H, to trigger the cyclic cross-opening of H; and
H, and eventually generating HCR-assembled dsDNA products.
H; was modified with a fluorophore acceptor (Cy5) at its 5’-end,
while H, p was intermediately labeled with a fluorophore donor
(Cy3) in the stem region. These two fluorophores (Cy3 and Cy5)
were brought into close proximity through the autonomous
cross-hybridization process, leading to an amplified FRET
readout. During the miRNA-sensing process, the blocked DNA
pre-probe H, p was specifically exposed by endogenous enzyme
APE1; then, the target could motivate the HCR amplifier.
Therefore, the specifically activatable DNA pre-probe played an
indispensable role to avoid nonspecific signal leakage, enabling
the selective and sensitive bioimaging in live cells.

was
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The optimum dosage and incubation duration of APE1
enzyme were firstly tested by denatured polyacrylamide gel
electrophoresis (PAGE) analysis (Fig. S17). By incubating the
HCR pre-probe H, ;. p with different concentrations of APE1 for
5 h, the substrate cleavage efficiency was quantified to be higher
than 90% with 5 U mL ™" of APE1. The incubation duration was
further explored by treating H,.y.p with 5 U mL ™" of APE1 for
varied time-intervals, and up to 90% cleavage efficiency was
achieved under the optimum duration of 5 h. Thus, 5 UmL " of
APE1 and 5 h of incubation were selected as the optimum H, p
cleavage conditions for the following assays.

All DNA hairpins were theoretically (by Mfold software) and
experimentally optimized for highly efficient miRNA sensing.
The specifically APE1-recognized DNA pre-probe H,p was
designed with two different structures (H,;p and H,ip)
(Fig. S27). Here, H,.p was grafted with an additional loop
region f between regions e/e* and a/d* as compared with H, y;.p.
This symmetric organization could lead to a more stabilized
configuration for APE1 activation, due to a more synergistic
stabilization effect. However, the symmetric H,; may impede
the highly efficient execution of HCR on account of the steric
effect; thus, the asymmetric H, ; was chosen as the optimized
reactant to be recognized and regulated by APE1 enzyme. Native
PAGE was also employed to evaluate the optimal structure of
DNA pre-probe for APE1 recognition. As expected, the H, 1 p- or
H,.p-containing HCR circuitry failed to proceed without the
initiator miR-21 regardless of the presence or absence of APE1
(lanes 6 and 7, Fig. S37), indicating that the pre-probes H, p
and H, ;.p were tightly blocked by the elongated duplex region.
Moreover, the initiator miR-21 failed to trigger the HCR process
in the absence of APE1 (lane 8, Fig. S31), indicating that APE1
cleavage played a key role in unlocking the miR-21-triggered
HCR circuit. For the APE1-guaranteed HCR, new HCR product
bands with much lower electrophoretic mobility emerged
obviously in the H,.p-involved HCR system after 3 h (lane 9,
Fig. S3t1), indicating that a higher HCR amplification efficiency
was achieved by H, ;.p under the same reaction conditions. In
consequence, the H, p pre-probe was selected as the func-
tional HCR reactant for further study. Furthermore, more DNA
products were assembled with a prolonged 5 h of reaction
duration (lane 10, Fig. S3t), demonstrating the autonomous
and continuous assembly of the HCR circuit.

The APE1-controlled HCR system was further explored by
a fluorescence experiment under the optimized hairpin dosage
(Fig. S4At). The feasibility demonstration of the APE1-regulated
circuitry system is illustrated in Fig. 1A. In the absence of APE1
regulation, almost no fluorescence change was observed with or
without the target miR-21 (curves c and d, respectively, Fig. 1B).
Also, the mixture of H; and APEl-exposed H,.p pre-probe
generated very weak fluorescence response without the target
analyte (curve a, Fig. 1B). Only in the presence of APE1 could the
target miR-21 trigger the cascade hybridization of HCR reac-
tants to generate an increasingly amplified FRET readout signal
(curve b, Fig. 1B). The fluorescence feasibility demonstration
was consistent with the native PAGE experiment (Fig. 1C; for
details, see the ESIt). Thus, for this APE1-regulated miRNA-
targeting HCR circuit, the DNA pre-probe was well blocked
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Fig. 1 (A) Schematic of the feasibility of the sequential specific acti-

vated HCR amplification system. (B) Time-dependent FRET response
of the APE1-liberated HCR system in the absence and presence of
target. (C) Native gel electrophoresis characterization of the bio-
orthogonal activation HCR system. The “+" and "—" refer to the pres-
ence and absence of the corresponding components, respectively. (D)
Evaluation of the specific regulation of HCR amplifier by fluorescence
experiments based on the quantification of the fluorescence emission
ratio of acceptor to donor (Fa/Fp). APEL-blunt groups: Hy + Ho p +
APE1 and miR-21 + H; + Hx_yi.p + APEL; intact groups (without APE1):
Hi + Hooi.pand miR-21 4+ H; + H,__p; APEl-regulated groups: Hy + Hx_
n-p + APE1 and miR-21 + Hl + H2_\|_p + APE1.

and stayed in a temporary dormant state without obvious signal
leakage by avoiding the undesired spontaneous hybridization
chain reaction. To further verify the APE1-specific recognition
and cleavage of the DNA pre-probe, an additional mutant
hairpin H, p without the abasic site was introduced as an
important control (Fig. 1D and S4Bt). Extremely weak fluores-
cence was generated without miR-21, illustrating that the
sensing activity of our HCR system was blocked appropriately by
the afore-engineered DNA pre-probes. In the presence of miR-
21, the intact H; + H,yp mixture and the APE1l-treated
mutant H; + H, rp mixture both displayed no obvious fluo-
rescence change. Meanwhile, the APE1-regulated H; + H,qp
mixture elicited a significant fluorescence response to miR-21,
indicating the crucial role of APE1 exposure for restoring the
sensing property of the HCR amplification circuit. Subse-
quently, live cell imaging was performed to confirm the acti-
vatable miRNA sensing ability by choosing MCF-7 cells in which
both APE1 and miR-21 were overexpressed (Fig. S4Ct). By
incubating MCF-7 cells with H, and the APE1-active H, j;.p (with
the abasic site) for 4 h, a dramatic fluorescence signal was
observed. To ensure that the intracellular fluorescence signal
indeed resulted from the enzyme-programmed DNA pre-probe,
H; and the APE1l-blunt H,yp (without abasic site) were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transfected as a negative control. As expected, the APE1-blunt
H; + Hyqp group elicited a much lower intracellular fluores-
cence response under the same conditions, thus demonstrating
the sequential APE1-specific recognition of the miR-21-activated
HCR amplifier.

Having confirmed the feasibility of our sequentially and
specifically activated HCR amplifier, its miR-21 sensing
performance was assessed in order to provide a useful tool for
sensitive imaging of miR-21 in cancer cells (Fig. 2A and S5AfT).
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Fig. 2 (A) Schematic of the comparison of different signal amplifica-
tion properties of the APE1-regulated or intact HCR system. (B) Fluo-
rescence transduction of the APE1-regulated HCR system in response
to different concentrations of miR-21. Inset: the corresponding cali-
bration curve. (C) Fluorescence transduction of the intact HCR system
(without APE1 involvement) in response to different concentrations of
miR-21. Inset: the corresponding calibration curve. (D) Denatured
PAGE analysis of the specific recognition capability of APE1 (for
detailed information, see the experimental section). The substrate
cleavage efficiency was calculated using ImageJ software. (E) Sche-
matic of the selectivity and specificity exploration of the HCR-ampli-
fied miR-21 detection platform. (F) Selectivity evaluation upon
analyzing 10 nM miR-21, one-base mutant (1-Mut), two-base mutant
(2-Mut), three-base mutant (3-Mut), and blank (no analyte). Specificity
evaluation upon analyzing miR-21 and several interfering miRNAs (10
nM). Inset: Data are means £ SD (n = 3). All fluorescence intensities are
referred to the fluorescence emission ratio of acceptor to donor (Fa/
FD)-
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The summarized calibration curve of the fluorescence emission
ratio of the acceptor to the donor (F,/Fp) revealed a concentra-
tion-dependent tendency (Fig. 2B). From the derived linear
relationship at a concentration range of 0-10 nM (R*> = 0.9997)
(Fig. 2B inset), the limit of detection was calculated to be 66 pM
according to the 3¢ calculation method. For comparison, the
sensing performance of the intact HCR system was also tested
without enzymatic cleavage (Fig. S5Bt). From the derived cali-
bration curve (Fig. 2C), the limit of detection was calculated to
be 2.15 nM from the linear relationship ranging from 0 to 20 nM
(R* = 0.9878) (Fig. 2C inset). It was apparent that the DNA
circuitry was blocked efficiently with negligible signal leakage.
The APE1 enzyme specifically recognized and exposed the active
HCR probe from the inactive DNA pre-probe, thus facilitating
the subsequent HCR-mediated miRNA sensing procedure. The
specific APE1-modulated HCR amplifier enables the sensitive
detection of miRNA and is expected to realize intracellular
miRNA imaging, considering that the endogenous APE1 could
guarantee the on-site activation of DNA circuity in live cells.

Because the aberrant expression and localization of APE1
enzyme are related to the development of various cancers, APE1
has attracted increasing attention as a significant biomarker in
cancer prediction or prognostic applications.***® Considering
the intricate biological matrixes during cellular delivery, the
HCR-sensing platform could be specifically activated on-site by
the overexpressed APE1 in cancer cells, which was expected to
substantially improve the accuracy of miRNA detection in
specific live cells. The APE1-specific activatable DNA circuitry
was testified by both PAGE analysis (Fig. 2D) and a fluorescence
assay (Fig. S6t). The initial PAGE analysis revealed almost
complete exposure of the HCR pre-probe by APE1 enzyme
(Fig. 2D), thus providing a solid basis for the subsequent HCR-
amplified miRNA assay (Fig. S61). Indeed, the fluorescence
signal of the APE1l-involved HCR differs greatly from that of
other nuclease-treated systems, which is close to the back-
ground signal of the APEl-absent system. Therefore, the
designed DNA circuit could be specifically cleaved by APE1, in
sharp contrast to other possibly coexisting nucleases.

Then, the selectivity of the APE1-guaranteed HCR amplifier
was assessed by introducing one-, two-, or three-base mutant
miR-21 target (1-Mut, 2-Mut, and 3-Mut, respectively), as
depicted in Fig. 2E. Interestingly, the fluorescence readout of
miR-21 could be easily discriminated from these of mutant
strands (Fig. 2F and S7t). The specificity was also evaluated by
comparing the fluorescence readout of miR-21 with a series of
interfering miRNAs, including miR-429, miR-141, miR-199a, let-
7a, and miR-155. In contrast with the target miR-21, a much
lower FRET readout was obtained from these interfering miR-
NAs, demonstrating the remarkable specificity of the APE1-
regulated miRNA-sensing DNA circuit. To investigate the
robustness of the present miRNA-sensing system, the miR-21
analysis system was also conducted in buffer containing 5%
and 10% fetal bovine serum (Fig. S8t). The fluorescence
response in diluted serum was comparable to that in ideal
buffer, indicating the robustness of our DNA circuitry in
complex biological fluids. In view of the promising selectivity,
specificity, and anti-interference capability, the endogenous
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APE1-controlled HCR amplifier, as a versatile tool, shows great
potential for facilitating more reliable and robust intracellular
imaging applications.

Based on the above studies, the applicability of the APE1-
guaranteed HCR amplifier for miR-21 imaging in living cells
was further investigated by confocal laser scanning microscopy
(CLSM). The fluorescence emission ratio of acceptor to donor
(Fa/Fp) was adapted as a reliable visualization readout for
improving the anti-interference ability of our miRNA-sensing
system against the complex intracellular environment. The
intracellular sensing capability of the sequentially and specifi-
cally activated HCR amplifier was explored in three kinds of
cells with different APE1 and miR-21 expression levels in the
cytoplasm, human breast cancer cells (MCF-7) with overex-
pressed APE1 and miR-21 profiles, human cervical cancer cells
(HeLa) with moderate APE1 and miR-21 expression profiles, and
human breast normal cells (MCF-10A) with negligible APE1 and
miR-21 expression profiles.*’** Herein, these functional HCR
reactants were transfected into cells via a commercial trans-
fection agent, lipofectamine 3000. The time-dependent
increased fluorescence intensity confirmed the signal amplifi-
cation process in live cells (Fig. S9t). The fluorescence intensity
reached a saturated value after 4 h, which was thus chosen as
the optimized incubation duration for live cells. On account of
the aberrant APE1 expression in cancer cells, the endogenous
APE1-modulated HCR amplifier was used for more reliable
miRNA imaging, aiming to discriminate cancer cells from
normal cells (Fig. 3A). As shown in Fig. 3B (for details, see
Fig. S107), a strong fluorescence signal was observed for cancer
cells (MCF-7 and HeLa) transfected with the APEl-regulated
HCR system (samples a and b, respectively). Meanwhile, the
fluorescence readout was tremendously weak for normal cells
(MCF-10A), with almost negligible expression of APE1 and miR-
21 (sample c). Additionally, the APE1-blunt HCR system was
similarly incubated with the different cancer cells (MCF-7 and
HeLa) and normal cells (MCF-10A). In contrast, a visibly weak
intracellular fluorescence signal was obtained in both cancer
cells (samples d and e, respectively) and normal cells (sample f).
These fluorescence results were further quantified and were
summarized in Fig. 3C and D. Thus, the DNA circuit could only
be specifically liberated by APE1, which is overexpressed in
cancer cells, but remained inactive in normal cells. The pivotal
role of the intrinsic endogenous APE1-programmed activation
strategy was demonstrated for realizing cancer cell-selective
miRNA imaging by our engineered DNA circuit.

The endogenous APE1-regulated HCR system was further
investigated for monitoring cancer cells with varied expressions
of miRNA (Fig. 4A). In order to upregulate and downregulate the
expression of miRNA, the MCF-7 model cells were respectively
pretreated with the miR-21 mimic or anti-miR-21 oligonucleo-
tide,* and then these pretreated cells were incubated with our
proposed DNA circuit (Fig. 4B; for details, see Fig. S117). As
compared with the intact cells (sample a), an increased intra-
cellular fluorescence signal was acquired in miR-21 mimic-
pretreated cells (sample b), while an obviously declined fluo-
rescence signal was elicited in anti-miR-21-inhibitor-pretreated
cells (sample c). All of these fluorescence signals were
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Fig. 3 (A) Ilustration of the endogenous APEl-guaranteed HCR-

amplified miRNA imaging for discriminating cancer cells from normal
cells. (B) Selective miR-21imaging in living cells. Hairpin H,_;,_p with an
abasic site can be specifically recognized and liberated by APE1 for
efficient reactant exposure, while hairpin H,_j;_p without the abasic site
cannot be recognized for reactant exposure. All scale bars correspond
to 20 um. (C) The relative fluorescence intensity distributions of the
different cell samples in (B). (D) Statistical histogram analysis of the
fluorescence readout (Fa/Fp) from numerous cell samples. ****p
<0.0001, ns, not statistically significant (one-way ANOVA followed by
Tukey's multiple comparisons test).

quantified and are summarized in Fig. 4C and D. Clearly, the
specific miRNA-sensing performance of our endogenous
enzyme-guaranteed DNA circuit was demonstrated to distin-
guish cells with varied miR-21 expression profiles.

The satisfying sensing performance of our on-site endoge-
nous enzyme-controlled miRNA-imaging platform motivated us
to explore its in vivo miR-21 imaging capacity in MCF-7 tumor-
bearing mice, where the tumors were encoded with high
expression of APE1 enzyme. Here, H, * was labeled with the Cy5/
BHQ2 pair for whole-body fluorescence imaging (Fig. 5A).
Moreover, the time-dependent in vivo visualization was moni-
tored at different time points after the intratumoral injection of
nude mice with lipo3000-loaded HCR mixture using an in vivo
imaging system (IVIS). Liposomes represent a promising carrier
for effectively delivering therapeutic agents.** An increased
fluorescence intensity was shown in the tumor sites that were
treated with the bioorthogonal APE1-regulated HCR system
(group a, Fig. 5B). The fluorescence signal intensified with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Illustration of the endogenous APEl-modulated HCR-
amplified miRNA imaging in MCF cells with different expressions of
miR-21. (B) CLSM imaging of miR-21 in intact MCF-7 cells, the miR-21
mimic-pretreated MCF-7 cells (with upregulated miR-21), and the
anti-miR-21-inhibitor-pretreated MCF-7 cells (with downregulated
miR-21). All scale bars correspond to 20 um. (C) The relative fluores-
cence intensity distributions of the different cell samples in (B). (D)
Statistical histogram analysis of the fluorescence readout (Fa/Fp) from
numerous cell samples. ****p <0.0001 (one-way ANOVA followed by
Tukey's multiple comparisons test).

prolonged incubation duration and reached the maximum
value 8 h after injection. No significant fluorescence enhance-
ment, however, was observed for tumor sites injected with the
APE1-blunt HCR system (group b, Fig. 5B), thus highlighting the
pivotal role of APE1 exposure in the on-site miRNA imaging with
high reliability. In addition, the miR-21 inhibitor was pre-
injected into tumor sites for downregulating miR-21 expres-
sion. A rather low fluorescence readout was acquired for these
miRNA-inhibitor-treated mice by these APE1l-regulated and
APE1-blunt HCR systems (groups ¢ and d of Fig. 5B, respec-
tively), indicating their miRNA-specific sensing ability. Further
quantification of these intratumoral imaging experiments
showed that the APEl-regulated circuitry system (curve a,
Fig. 5C) achieved 2.57-fold higher fluorescence intensity than
the APE1-blunt circuitry system (curve b, Fig. 5C), 3.12-fold
higher fluorescence readout than the APE1-regulated circuitry
system pretreated with miR-21 inhibitor (curve ¢, Fig. 5C), or
3.51-fold higher than the APE1-blunt circuitry system pretreated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Illustration of the on-site bioorthogonal APEl-regulated
HCR circuitry system for in vivo miRNA imaging by intratumoral
injection. (B) Whole-body fluorescence imaging of tumor-bearing
mice at the indicated time points after injection of different systems: (a)
the APE1-regulated HCR system, (b) the APE1-blunt HCR system, (c)
the APE1-regulated HCR system after miR-21 inhibitor-pretreatment,
(d) the APE1-blunt HCR system after miR-21 inhibitor-pretreatment.
(C) Quantification of the intratumoral fluorescence readout signal in
(B). Data are means + SD (n = 3). (D) H&E staining analysis of the major
organs harvested from nude mice administrated with the bio-
orthogonal APE1-guaranteed HCR circuitry system after 48 h; PBS was
employed as the control group. All scale bars are 300 pm.
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with miR-21 inhibitor (curve d, Fig. 5C) at 8 h post-injection.
These results further demonstrated that the DNA circuitry was
specifically controlled on-site by the overexpressed APE1
enzyme to efficiently expose the initially blocked circuity reac-
tant for selective miRNA imaging.

These different HCR imaging systems were also systemically
administrated into tumor-bearing nude mice through the tail
vein to verify the in vivo enzyme-controlled imaging ability of
our proposed functional DNA circuitry (Fig. S12A and Bf).
Quantitative analysis manifested that at the tumor site, the
APE1-regulated circuitry system (curve a, Fig. S12Ct) achieved
3.36-fold higher fluorescence intensity than the APE1-blunt
circuitry system (curve b, Fig. S12C¥), 3.54-fold higher fluores-
cence readout than the APEl-regulated circuitry system pre-
treated with miR-21 inhibitor (curve ¢, Fig. S12C%), and 3.56-fold
higher fluorescence readout than the APE1-blunt circuitry
system pretreated with miR-21 inhibitor (curve d, Fig. S12C¥) at
8 h post-injection. The ex vivo imaging of the tumors and major
organs was analyzed after 12 h of administration (Fig. S12D and
Et). The tumor fluorescence intensity of the APE1-regulated
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HCR system was 2.80-fold higher than that of the APE1-blunt
HCR system, 2.67-fold higher than that of the APE1-regulated
HCR system pretreated with miR-21 inhibitor, and 3.33-fold
higher than that of the APE1-blunt HCR system pretreated with
miR-21 inhibitor. Moreover, almost no difference was observed
in the normal organs for all these different systems, demon-
strating the specific on-site activation of our functional
circuitry. The high biocompatibility of our APE1-regulated DNA
circuity system was further certified by H&E staining assay
(Fig. 5D), hemolysis assay (Fig. S13f), and hematology and
biochemical analysis (Fig. S14t). These results demonstrated
the versatility and robustness of our proposed endogenous
enzyme-guaranteed DNA circuit for realizing more challenging
in vivo miRNA imaging applications.

The bioorthogonal regulation of DNA circuits provides
a general and versatile toolbox to integrate with other different
endogenous enzyme-guaranteed activation strategies to facili-
tate the on-site detection of various disease-specific biomarkers.
Accordingly, a similar homing endonuclease, I-Scel enzyme,
was also selected to activate the miR-21-sensing circuitry. I-Scel
could induce minimal damage to most host genomes due to
a special target recognition property.*> Here, the intracellular
expression of I-Scel was achieved by transfecting the commer-
cial plasmid pCBAScel into mammalian cells, as demonstrated
by SDS-PAGE. Moreover, the transfection conditions were opti-
mized to facilitate the following intracellular miRNA imaging
experiments (Fig. S15t). The specifically I-Scel-regulated HCR
circuitry system was constructed by introducing the corre-
sponding DNA pre-probe (H,qp) encoded with the I-Scel-
recognition site. The I-Scel-mediated circuitry regulation
condition was firstly optimized (Fig. S167), and the optimum
catalytic conditions were chosen by incubating hairpin Hy i1.p
with 5 U mL™" of I-Scel for 5 h at 37 °C, under which the
substrate cleavage efficiency was higher than 90%. Then, the
fluorescence experiment was performed to explore the miRNA-
sensing performance by using the endogenously regulated
DNA circuit (Fig. S17f). With I-Scel exposure, the time-
dependent fluorescence profiles revealed that the HCR system
proceeded rapidly to the miR-21 target (curve a), while a quite
low fluorescence change was obtained in the absence of target
(curve b). In contrast, without I-Scel, an ultralow fluorescence
response was observed for the circuitry system regardless of the
presence or absence of the target miR-21 (curves c¢ and d,
respectively). Thus, the functional circuitry was effectively
restricted by the I-Scel-recognition site, and the I-Scel regula-
tion was indispensable for motivating the efficient execution of
the miR-21-sensing circuitry platform.

The miR-21-sensing performance of the present I-Scel-
regulated HCR circuitry system was further evaluated. The
miR-21-dependent fluorescence change was obtained
(Fig. S18AT), and the limit of detection was determined to be
40.7 pM (3o/slope) from the calibration curve (Fig. S18Bf).
Without I-Scel, however, the blocked DNA circuity displayed
a poor response to the same miR-21 target (Fig. S18C¥), and the
limit of detection was calculated to be 2.43 nM (Fig. S18Df).
Thus, the unexpected execution of our circuit was successfully
restricted to avoid the potential signal leakage. Only with the
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assistance of I-Scel could the DNA circuit be liberated to
sensitively detect the target miR-21, indicating promising
applicability of the I-Scel-programmed DNA circuit for intra-
cellular miRNA imaging. Subsequently, the I-Scel-modulated
DNA circuitry system was similarly explored for miR-21
imaging in HeLa cells (Fig. S19At). As expected, the genera-
tion of the fluorescence signal indeed proceeded via the control
of I-Scel for only the I-Scel-expressed HeLa cells, which exhibi-
ted a highly distinct intracellular fluorescence readout (group a,
Fig. S19Bt), and not in the intact HeLa cells without I-Scel
expression (group b, Fig. S19Bf). Thus, the miRNA-sensing
execution of the DNA circuit was indeed controlled by the
endogenous I-Scel enzyme. In order to demonstrate the miR-21-
specific imaging ability, the miR-21 inhibitor was similarly
transfected into HeLa cells prior to the transfection of the DNA
circuit. As expected, barely any detected fluorescence signal was
observed in HeLa cells regardless of the presence or absence of
I-Scel expression (groups c and d, respectively, Fig. S19Bt). As
a general and versatile sensing platform, our endogenous
enzyme-programmed DNA circuitry showed great potential for
realizing accurate and robust miR-21 imaging in complicated
biological environments by eliminating the off-site leakage side
effect.

Conclusion

In summary, we have engineered a bioorthogonal regulated
DNA circuit for realizing on-site cancer cell-selective and
amplified imaging of miRNA by means of the endogenous DNA
repairing enzyme-controlled strategy. By ingeniously inte-
grating the endogenous enzyme-recognizing duplex into
a hairpin reactant, undesired signal leakage of the HCR circuit
is substantially diminished via the additional endogenous
enzymatic pre-selection procedure. Hence, this bioorthogonal
regulation strategy provides a good opportunity to facilitate the
application of DNA circuits in sensitive and selective live cell
imaging. This endogenously activatable DNA circuit can be
customized in disease diagnostics by introducing different
enzyme-specific recognition sites. The sequential endogenous
enzyme-preselected circuitry exposure and stringent target
recognition provide a more versatile platform for in vivo bio-
imaging with high reliability and robustness. Additionally, the
sequentially and specifically activated strategy could be simi-
larly adapted to many other functional DNA circuits with
improved anti-interference ability; thus, they hold great
promise for clinical diagnosis and therapeutic evaluation.
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