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The accurate identification of multiple biomarkers involved in disease plays a vital role in effectively
distinguishing cancer cells from normal cells, facilitating reliable cancer diagnosis. Motivated by this
knowledge, we have engineered a compact and clamped cascaded DNA circuit for specifically
discriminating cancer cells from normal cells via the amplified multi-microRNA imaging strategy. The
proposed DNA circuit combines the traditional cascaded DNA circuit with multiply localized responsive
character through the elaboration of two super-hairpin reactants, thus concurrently streamlining the
circuit components and realizing localization-intensified cascaded signal amplification. In parallel, the
multiple microRNA-stimulated sequential activations of the compact circuit, combined with a handy
logic operation, significantly elevated the cell-discriminating reliability. Applications of the present DNA
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Introduction

Live-cell imaging techniques play a significant role in biomed-
ical research, such as cytology, hematology, histopathology and
immunology.'” It can provide critical information on the basic
properties of different cellular functions, and has been devel-
oped as a powerful tool for monitoring biomarkers of various
key diseases.*” Numerous approaches have thus been devel-
oped for the intracellular imaging of biomarkers,**? including
tools involving DNA, which are helpful for clinical diagnosis
and therapeutics."** Among these DNA-based methods, DNA
circuits have attracted much attention due to their unique
features, such as high programmability, high biocompatibility
and inherent molecular recognition features.'”®* DNA circuits,
based on the toehold-mediated strand-displacement reaction
(SDR), have been widely used for signal amplification,* logic
operation** and drug delivery applications.”> As one of the
classic amplification circuits, the hybridization chain reaction
(HCR) involves the analyte-driven isothermal cross-opening of
two DNA hairpin substrates into long double-stranded DNA
(dsDNA) nanowires.**?” However, the intrinsic low reaction
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illustrating that our DNA circuit is useful for precise cell discrimination and further clinical diagnosis.

efficiency of the HCR prevents their extensive application in
detecting biomarkers with low abundance,*®** and needs to be
urgently solved before their extensive utilization can be
achieved.

To address this issue, effort has been devoted to improve the
sensing performance of the HCR circuit, including localized
HCR,*** cascaded HCR*** and so on. By confining HCR
substrates on DNA scaffolds (e.g. DNA origami) or inorganic
nanoparticles, the local concentration of HCR reactants could
be dramatically increased (10-fold) and the speed of the HCR
assembly process could be increased to achieve sensitive
microRNA (miRNA) imaging in live cells. This faster reaction
kinetics of localized HCR are attributed to the non-diffusion-
controlled DNA assembly process which is known to be the
main reaction-limiting parameter of conventional HCR.
However, most of the localized HCR systems are based on
a non-responsive scaffold that might harm the specificity of the
HCR-sensing system. Apart from localized HCR systems,
various cascaded HCR methods have also been developed to
accelerate the overall reaction rate with improved signal trans-
duction. In a cascaded HCR circuit, the product of the upstream
circuit system acts as a versatile mediator for triggering the
downstream HCR procedure. Compared with the single-stage
HCR circuit, such cascade circuits could achieve an improved
sensing performance. However, they introduce new reliability
concerns originating from the poor uniformity of cell delivery of
the multiple circuitry components and the complex reaction
procedures that might introduce undesired crosstalk between
the multiple components. Additionally, the cell-specificity of
the HCR process is still unsolved considering that some cancer
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cells are integrated with the same biomarkers, and, even worse,
conventional single-stimuli-based sensing procedures could
not distinguish cancer cells from normal cells. Thus, it is highly
desirable to construct a compact and cascaded HCR circuit with
multiply localized responsive features that could achieve the
cell-specific amplified imaging of multiple biomarkers involved
in disease.

Herein, we constructed a compact and clamped HCR (CHA-
control-HCR, CCH) circuit for the more reliable intracellular
imaging of miRNAs. As shown in Fig. 1A and B, to decrease the
complexity of the traditional cascade circuitry system, the two
circuit constituents (CHA and HCR) are integrated and simpli-
fied into only two hairpin reactants. Additionally, benefiting
from the multiple miRNA-stimulated logic design (Fig. 1C), the
current CCH circuit can substantially improve the reliability
and specificity of live cell imaging. Here the CHA (catalytic
hairpin assembly) represents another efficient amplification
circuit that mediates the target-catalyzed assembly of numerous
dsDNA products.**** In upstream CHA, the reaction of these
two compact hairpins was catalyzed by microRNA-155 (miR-155,
input 1) to generate a high number of dsDNA intermediates.
The toehold region of downstream HCR was exposed and acti-
vated by microRNA-21 (miR-21, input 2) to generate numerous
co-polymeric dsDNA nanowires with a remarkably enhanced
fluorescence signal (Fig. 1D). The compact CCH circuit was
capable of accurately discriminating targets from their mutants,
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which is ascribed to the high selectivity of the multiple target-
recognition and the sequential activation of this cascaded
circuit. Our CCH circuit achieved highly selective and sensitive
detection for miRNAs, and realized the discrimination of
different cells by monitoring the variation of miRNA expression
in living cells. Our compact CCH circuit provides a sensitive and
reliable approach towards the intracellular imaging of miRNA
and therefore holds great potential for clinical diagnosis.

Results and discussion

The compact CCH circuit has two integrated signal amplifica-
tion circuits (Fig. 1B), the upstream CHA circuit and the
downstream HCR circuit, in which all the reactants are inte-
grated and simplified into two super-hairpin reactants (H; and
H,). In contrast to the traditional hairpin reactants of a single
DNA circuit, the coexistence of two DNA circuits could allow
elaborate encoding within the super-hairpins, whereby the
clamped upstream CHA hairpins (C; and C,) could thus control
the downstream HCR hairpins (R; and R,). To monitor the
reaction procedure and the amplification performance of the
CCH circuit, a set of fluorophores was introduced with a vari-
able fluorescence signal readout. H; was labeled with a Black
Hole Quencher (BHQ2) at the 5%“end, a carboxyte-
tramethylrhodamine (TAMRA) fluorophore at the 3’-end, and
a carboxy-X-Rhodamine (ROX) fluorophore in the stem (domain

7 I (B)
Traditional circuit Spliting . Grafting R
| J p=
- 9 2 . (R4
e © x Interference 2 isd — Y = @Dt
mediator s
Diffusing )
A 1
A ol — ° © x Complexity R
Input 1 M (Tj nout 2 Output ¢
CHA-to-HCR ediator (Input 2) C Ci R» i
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — — — ¢ H
Our CCH circuit £ 2 )i o8 _giii ‘ !
é Grafting (@
| / ‘ °l l ° Robusiness Traditional circuit Our CCH circuit
nput 2
£ C‘flnputZ £
‘ [—A1’ ‘ o | — |¢° © Compactness C
nput Output Start °® »
CHA-lock-HCR [ CHA
(©) — Cs NxHaHz
Input 1 (1) ‘ L “Output 1 ON” Pass. s o< R
L N
“Output 2 ON" 2 %CR
) Rz

Input 2 (T) —[

T—(H1'H2 N

oTAMRA ¢ROX ¢BHQ2

Fig. 1 Scheme showing the compact CHA-control-HCR (CCH) circuit. (A) Comparison of the activation procedures of a traditional circuit and
our CCH circuit. In the CHA-to-HCR circuit, the exposed toehold of the downstream HCR hairpins might hybridize with the unopened
“mediator”, resulting in the generation of “interference”. (B) Construction of the super-hairpin reactants for the CCH circuit. Four hairpins of
a traditional circuit are split and grafted into two super-hairpins of our CCH circuit. (C) Logic diagram of the CCH circuit in this work. “Output 1
ON" and "Output 2 ON" indicate the fluorescence recovery of TAMRA and ROX, respectively. (D) Detailed reaction process of the compact CCH
circuit for the amplified detection of DNA targets. With input 1 (initiator /), the upstream CHA circuit is activated to generate the CHA product with
the unfolded and CHA-localized HCR reactants. After the additional introduction of input 2 (target T), the downstream HCR circuit is triggered to
generate the ultimate CCH product with the various amplified fluorescence readouts.
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g*). In the initial state of Hj, the fluorescence of both the
TAMRA and ROX fluorophores is simultaneously quenched by
BHQ?2, relying on the close proximity-based Forster resonance
energy transfer (FRET), thus effectively restraining the back-
ground leakage signal. As shown in Fig. 1D and S1,7 when input
1 (initiator I) is introduced, part of H; (C;) is opened via
a toehold-mediated strand-displacement reaction, accompa-
nied by the generation of an intermediate I-H; with the fluo-
rescence recovery of TAMRA and a newly exposed toehold (b-
c*). Then, the toehold b-c* hybridizes with H,, and C, is
opened, forming the intermediate I-H,-H, and further gener-
ating the CHA product H; -H, with the concomitant release of I
for further participation in the upstream CHA circuit. Following
the generation of H; - H,, the toehold e of R, is released with the
unfolded downstream HCR reactants. In the presence of input 2
(target T), the unfolded R, is opened and hybridizes with T to
form an intermediate T-H;-H, (Fig. S27). Concurrently, the
exposed domain g-f* of R; opens R, via CHA-localized molec-
ular hybridization, generating the monomer CHA-HCR product
T-H,-H, with the second fluorescence recovery of ROX. The
accompanying liberated toehold f*-e* contains the same T
sequence that triggers the cyclic cross-opening of R; and R,
from the upstream unfolded H,-H,, consequently generating
HCR-assembled dsDNA nanowires decorated with CHA product
[T-(H;-H,)n]. Meanwhile, the varying fluorescence response of
the integrated upstream-to-downstream circuit is instantly
captured, originating from the stepwise fluorescence recovery of
the two fluorophore pairs.

The CCH circuit was verified by monitoring the stepwise
fluorescence variation via fluorescence assay, in which the
fluorescence changes of TAMRA and ROX were used to trace the
upstream CHA circuit and downstream HCR circuit, respec-
tively. As shown in Fig. S3A and B,} a negligible fluorescence
change of TAMRA was observed without initiator I and target T
(curve a) or with just T (curve c¢). Once I was introduced,
a remarkable fluorescence enhancement of TAMRA was
observed (curves b and d, Fig. S3A and BY), demonstrating that
the I-stimulated activation of the upstream CHA circuit is
indispensable for the fluorescence recovery of TAMRA. In
parallel, a slight fluorescence variation of TAMRA was observed
with the introduction of T, which might be due to the possible
fluorescence interference between TAMRA and ROX. Next, the
fluorescence change of ROX was recorded to visualize the
downstream HCR circuit (Fig. 2A and B). In the presence of I
and T, significantly enhanced fluorescence of ROX was observed
with increasing duration, and the fluorescence intensity
reached a plateau after 2.5 h (group d, Fig. 2A and B). However,
no obvious fluorescence change was observed with no input
(group a, Fig. 2A and B), just I (group b, Fig. 2A and B), or just T
(group c, Fig. 2A and B). Notably, in contrast to the fluorescence
of TAMRA, simultaneous activations of the CHA and HCR
circuits were required for the fluorescence recovery of ROX by
pulling ROX away from BHQ2. These results indicated that the
integrated CCH circuit could be executed by the full exposure of
these two compact DNA hairpins. The upstream CHA circuit
was initiated by I to liberate the downstream HCR circuit and
generate the CCH product [T-(H;-H,)x] via the T trigger.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Feasibility validation of the compact CCH circuit for DNA target
detection. (A) ROX-based fluorescence monitoring of the CCH circuit
under different conditions: (a) no/and T, (b) 50 nM /, (c) 50 nM T and (d)
50 nM and 50 nM T. (B) The corresponding statistical histogram of the
fluorescence intensity changes of ROX from 2A. AF represents the
absolute fluorescence change. (C) Native PAGE image of the CCH
circuit: (i) Hy, (i) Hp, (i) Hy + 1, (iv) Ho + T, (v) Hy + Hy, (vi) Hy + Ha + 1, (vii)
Hy + Hy + T, and (viii) Hy + Hy + / + T. (D) AFM image and cross-section
analysis of the CCH-generated DNA products. The error bars repre-
sent one standard deviation for three independent experiments.

Accordingly, based on the TAMRA-to-ROX fluorescence verifi-
cation, the feasibility of our CCH circuit was confirmed, and the
fluorescence change of ROX was considered as a versatile
readout signal for monitoring CCH assembly.

From the working principle of the compact CCH circuit, it is
clear that the super-hairpin-simplified reactant integration
could reduce the number of reactants and thus increase the
local concentration of HCR reactants, aiding their stimulated
close proximity, via upstream CHA. Thus, a multiply
localization-accelerated reaction format was realized to facili-
tate the amplified detection of the analyte. Here a non-
localization-based CHA-HCR circuit, consisting of three DNA
hairpins (Hy', H,’, and H;'), was introduced to comprehensively
verify the multiply localized CCH circuit. As shown in Fig. S4,}
H,' retains the same sequence as H, of the CCH circuit, and H,
of the CCH circuit is split into H,’ and H;". A fluorophore/
quencher pair (ROX/BHQ2) is labeled in H;' to monitor the
formation of the product T-(H,"-H,'-H3')x. In the presence of I,
the CHA circuit was activated, and H,' was opened to generate I-
H,’ with an exposed toehold b-c*. Then, the exposed toehold b-
c* hybridized with C,’ of H,' and I was released to participate
again in the CHA circuit. Following the generation of the CHA
product H,"-H,’, Ry’ was uncovered with a newly exposed
toehold e. With the additional introduction of T, R, was opened
to cross-hybridize with Hj', thus generating the ultimate
product T-(H,"- H,'- H;') with the fluorescence recovery of ROX.
Then, the feasibility of the three-hairpin CHA-HCR circuit was
evaluated (Fig. S51). A low fluorescence recovery was observed
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with I and T (group d, Fig. S5A and Bf). Note that a remarkable
background fluorescence was observed with just T (group c,
Fig. S5A and Bt), compared to the groups without inputs and
with I (groups a and b, respectively, Fig. S5A and BY), which was
due to signal leakage of the always-exposed toehold g* in the
free Hs'. Accordingly, the localization-based CCH circuit can
provide an enhanced amplification ability for target detection
while removing the signal leakage via CHA-controlled HCR
responsive exposure.

In addition, native polyacrylamide gel electrophoresis
(PAGE) experiments were used to validate the proposed CCH
reaction mechanism (Fig. 2C; for the detailed DNA structures
of the corresponding bands, see Fig. S6 and S77). In accor-
dance with the above fluorescence results, I opened H; to
generate an intermediate product I-H; (lane iii). With the
introduction of H,, I-H; hybridized with H, to generate the
CHA product H; - H, with the unfolded HCR reactants (lane vi),
which were triggered by T to further generate the higher-
molecular-weight CCH product (lane viii). However, neither
the clamped R, (lane iv) nor the clamped R, and R, (lane vii),
could be triggered by T. In parallel, the unfolded R, of H,, as
a result of the I-activated CHA process, was unable to activate
the HCR reaction without T (lane vi). Additionally, the bands of
H, and H, were unaffected in the mixture sample of H; and H,
(lane v). Overall, these phenomena indicated that the inte-
grated CCH circuit could guarantee highly effective amplifi-
cation while retaining low signal leakage. Furthermore, the
morphology of the produced CCH nanostructures was deter-
mined by atomic force microscopy (AFM). Plenty of long
dsDNA nanowires are shown in Fig. 2D, and the height of the
dsDNA nanowires is about 1 nm, which is consistent with the
typical height of dsDNA. Consequently, we can conclude that
the compact CCH can be successfully activated via the CHA-
controlled HCR circuitry mechanism to generate localization-
intensified amplification products.

Having verified the feasibility of the compact CCH circuit,
the sensing performance was investigated for detecting DNA
targets. After optimization of the CCH reaction conditions (for
details, see Fig. S81), the corresponding sensing performances
of the DNA targets were interrogated. For the upstream anal-
ysis of I involving CHA, a concentration-dependent fluores-
cence increase of the CCH circuit was observed at a fixed
concentration of 7 (100 nM). However, a negligible increase of
the T-absent CCH circuit was observed (Fig. 3A and 3A inset).
From Fig. 3B, the detection limit (LOD) of the T-activated CCH
circuit was determined to be 15 pM based on a traditional 3-c
method, which was about 15-fold lower than in the HCR-
inactivated CCH circuit (224 pM). Similarly, with a fixed
concentration of I (50 nM), the downstream detection of T
involving HCR was investigated. As shown in Fig. 3C and its
inset, the fluorescence of the I-incubated CCH circuit showed
an increasing trend with increasing concentration of T.
However, a smaller increase of the fluorescence was observed
for the I-absent CCH circuit, indicating that the I-activated
CHA circuit is indispensable to the downstream HCR circuit
for liberating and localizing the HCR reactants. After calcula-
tions using Fig. 3D, the LOD of the I-activated CCH circuit was

2162 | Chem. Sci, 2023, 14, 2159-2167
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determined to be 80 pM, which is lower than that in the CHA-
inactivated CCH circuit (190 pM). When compared with the
detection of T, a better sensing performance was observed for
the detection of I, which was attributed to the upstream-to-
downstream cascaded signal amplification. Consequently,
the integrated CCH circuit simultaneously enables the assay of
I and T, relying on the localization-intensified cascaded
amplification of the well-coordinated CCH circuit. In addition
to the high amplification capacity, a satisfactory selectivity of
the compact CCH circuit was required for targets I and T.
Thus, the CCH circuit was applied to the analysis of three
groups of mutant DNAs with different mismatches, including
one-, two-, and three-base mismatches in each group (labeled
as I, and T,, I, and T}, and I. and T, respectively) (Fig. 3E). As
expected, a distinctly high fluorescence was observed only
when I and T were matched, meaning they could be clearly
distinguished from any other mismatched group (Fig. 3F).
These results proved that the compact CCH circuit possesses
high sensitivity and selectivity for concurrently detecting DNA
targets.

Motivated by the above successful exploration of the dual-
stimuli CCH system, the practical availability of the current
system was considered. The CCH sensing system was updated
by engineering multiple miRNA-recognizing super-hairpin
reactants to detect the miRNAs involved in disease. MiR-155
and miR-21 with synchronous abnormal expressions can
induce multiple human cancers, e.g. by regulating DNA damage
and repair, and are regarded as a vital clue in early diagnosis
and clinical treatment.**** Hence miR-155 and miR-21 were
chosen as CCH targets to investigate its practicability. As shown
in Fig. 4A, the sequences of H; and H, were replaced by mH;
and mH,, respectively. The upstream CHA circuit could be
initiated by miR-155, and then the unfolded downstream HCR
circuit was triggered by miR-21, further generating the CCH
product [miR-21-(mH; -mH,)y] with a high-gain readout signal.
Similar to the above DNA-triggered system, the feasibility of the
miRNA-targeted CCH system was assessed by monitoring the
stepwise fluorescence variation. As expected, the upstream
CHA-amplified fluorescence recovery of TAMRA was achieved by
the introduction of miR-155 (curves b and d, Fig. S9A and BfY).
However, no fluorescence recovery of TAMRA was observed in
the miR-155-absent CCH circuits (curves a and c, Fig. S9A and
Bf). For the downstream HCR-propelled fluorescence trans-
duction, only the CCH system was fully activated by miR-155
and miR-21, as revealed by the remarkable fluorescence
recovery of ROX (curve d, Fig. S9C and Df). In the absence of any
miRNA, the downstream HCR circuit maintains a passive state
without ROX fluorescence recovery (curves a, b, and c, Fig. S9C
and D¥). Consequently, the construction of a multiple miRNA-
stimulated CCH system is viable for exclusively dual-
biomarker analysis, and the fluorescence transduction of ROX
can facilitate the monitoring of the CCH circuit in a convenient
way. Additionally, a tailored three-hairpin CHA-HCR circuit was
established to validate the localization-accelerated reaction
profiles as mentioned above (for details, see Fig. S10%). The
result demonstrated that the localization-based CCH circuit
could indeed significantly improve the signal amplification

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Performance of the compact CCH circuit for DNA analysis. (A) ROX fluorescence responses of the CCH circuit with a fixed concentration
of T (100 nM) and various concentrations of /: (a) 0, (b) 0.1, (c) 1, (d) 2, (e) 3, (f) 4, (g) 5, (n) 10, (i) 20, (j) 50, (k) 100 nM. Inset: the correlation curves of
ROX fluorescence intensity changes with and without T from the analysis of various concentrations of /. (B) Corresponding calibration curves of
the CCH circuit with and without T from the inset of 3A. (C) ROX fluorescence responses of the CCH circuit with a fixed concentration of / (50 nM)
and various concentrations of T: (a) 0, (b) 0.1, (c) 1, (d) 2, (e) 3, (f) 5, (g) 10, (h) 20, (i) 35, (j) 50, (k) 100, () 200 nM. Inset: the correlation curves of ROX
fluorescence intensity changes with and without / from the analysis of different concentrations of T. (D) Corresponding calibration curves of the
CCH circuit with and without / from the inset of 3C. (E) Demonstration of the various operations of the compact CCH circuit with different inputs.
A ROX fluorescence signal was obtained as the output in the presence of input / and input T. (F) Heat map (ROX fluorescence signal) of the
compact CCH circuit upon detecting diverse mutant analytes (10 nM). The error bars represent one standard deviation for three independent

experiments.

efficiency relative to traditional diffusion-controlled DNA
assembly (three-hairpin CHA-HCR circuit).

After optimization of the reaction conditions of the CCH
circuit (for details, see Fig. S11}), the miRNA-sensing perfor-
mance was explored. For the miR-155 detection involving
upstream CHA, gradually increasing fluorescence was observed
in the miR-21-incubated CCH circuit, as the concentration of
miR-155 increased to 50 nM. However, the miR-21-absent CCH
system enabled a weak fluorescence fluctuation (Fig. 4B and 4B
inset). From the calibration curves in Fig. 4C, the LOD of the
miR-21-incubated CCH circuit was determined to be 21 pM,
which was approximately 11-fold lower than in the miR-21-
absent CCH circuit (153 pM). Then, the miR-21 detection
involving downstream HCR was investigated with a fixed
concentration of miR-155 (50 nM). As shown in Fig. 4D and its
inset, with increasing concentration of miR-21, a clear distinc-
tion between the fluorescence for the miR-155-activated CCH
circuit and the miR-155-absent CCH circuit was observed. The
LOD of the miR-155-activated CCH circuit was determined to be
56 pM (Fig. 4E), which was 4-fold lower than in the miR-155-
absent CCH circuit (279 pM). Therefore, the miRNA-targeting

© 2023 The Author(s). Published by the Royal Society of Chemistry

CCH system can sensitively and simultaneously detect miR-
155 and miR-21. In addition, the selectivity of the CCH system
for miR-155 and miR-21 was investigated (Fig. 4F). The CCH
circuit was used to analyze 16 different combinations of inter-
fering RNAs. As expected, a satisfactory specificity was obtained
(Fig. 4G), and a remarkable fluorescence was observed only with
miR-155 and miR-21. Additionally, the robustness of the CCH
system was verified by monitoring fluorescence fluctuations in
different serum samples. No obvious fluorescence changes were
observed in 5% and 10% fetal bovine serums (Fig. S127), indi-
cating good stability of the compact CCH circuit that could
facilate in-depth  biological applications. A  3-(4,5-
dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
experiment was carried out to evaluate the cytotoxicity of the
CCH system. The cell viability remained high even upon treat-
ment with 400 nM of CCH probe for 24 h (Fig. S137), indicating
low cytotoxicity of the CCH system that further favours its
application in complex intracellular environments.

Based on the above systematic verifications, the compact
CCH system was applied for imaging miRNAs in living cells.
According to previous reports,*>*® the representative cells used

Chem. Sci., 2023, 14, 2159-2167 | 2163
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Fig.4 Performance of the compact CCH circuit for miRNA detection. (A) Summarised logic diagram of the miRNA-targeted CCH circuit. (B) ROX
fluorescence responses of the compact CCH circuit upon the addition of miR-155 at different concentrations (in the presence of 50 nM miR-21):
(@) 0, (b) 0.1, (c) 1, (d) 3, (e) 4, (f) 5, (g) 10, (h) 20, (i) 50, (j) 100 nM. Inset: the correlation curves of ROX fluorescence intensity changes at different
concentrations of miR-155 with and without miR-21. (C) Corresponding calibration curves of the miRNA-targeted CCH circuit with and without
miR-21 from the inset of 4B. (D) ROX fluorescence responses of the miRNA-targeted CCH circuit upon the addition of miR-21 with different
concentrations (in the presence of 50 nM miR-155): (a) 0, (b) 0.1, (c) 1, (d) 2, (e) 4, (f) 5, (g) 10, (h) 20, (i) 30, (j) 50, (k) 100, () 150 nM. Inset: the
correlation curve of ROX fluorescence intensity changes at different concentrations of miR-21 with and without miR-155. (E) Corresponding
calibration curves of the miRNA-targeted CCH circuit with and without miR-155 from the inset of 4D. (F) Demonstration of the various operations
of the miRNA-targeted CCH circuit with different miRNA inputs. A ROX fluorescence signal was obtained as the output in the presence of the
miR-155 and miR-21 inputs. (G) Heat map (ROX fluorescence signal) of the miRNA-targeted CCH circuit upon the analysis of different miRNAs

(10 nM). The error bars represent one standard deviation for three independent experiments.

exhibited different expressions of miR-155 and miR-21, and
included MDA-MB-231 cells (human breast cancer cells) with
overexpressed miR-155 and miR-21 profiles, A549 cells (human
lung cancer cells) with high miR-155 and negligible miR-21
expression profiles, MCF-7 cells (human breast cancer cells)
with overexpressed miR-21 and negligible miR-155 expression
profiles, and MCF-10A cells (human normal breast epithelial
cells) with negligible miR-155 and miR-21 expression profiles.
These cells were used to evaluate the miRNA-imaging compe-
tence of our CCH system. The fluorescence of TAMRA and ROX
was recorded using confocal laser scanning microscopy (CLSM).
TAMRA fluorescence was employed for imaging miR-155, and
ROX fluorescence was employed for simultaneously imaging
miR-155 and miR-21. First, the cellular uptake of the compact
DNA probes was explored. ROX fluorescence of MDA-MB-231

2164 | Chem. Sci, 2023, 14, 2159-2167

cells was monitored by flow cytometry, and an increasing fluo-
rescence signal was detected with increasing incubation dura-
tion up to 4 h (Fig. S141). Evidently, the robust CCH system can
be delivered into living cells for fluorescence transduction. Our
cascaded CCH system was compared with the single-staged
HCR system to evaluate the imaging performance for
biomarkers of low abundance (Fig. S15t). Clear fluorescence
was observed for CCH-treated MDA-MB-231 cells, yet only faint
fluorescence was observed for HCR-treated MDA-MB-231 cells,
demonstrating that the cascaded CCH system can achieve more
sensitive and accurate intracellular imaging in living cells than
the single-staged HCR system. Meanwhile, our homogeneous
CCH system was also compared with the heterogeneous three-
hairpin CHA-HCR system to further assess the delivery effi-
ciency of the DNA probes (Fig. S16f). Remarkably enhanced

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluorescence of the compact CCH system was observed,
demonstrating that the high cell-delivering uniformity of the
CCH system could eliminate the undesired crosstalk between
the heterogeneous multiple-components, and thus could assure
a reliable site-specific signal response.

Next, the CCH system was utilized for discriminating
different cells with diverse miR-155 and miR-21 expressions
(Fig. 5A; for imaging details, see Fig. S17t). As shown in
Fig. 5B, for the miR-155-stimulated TAMRA fluorescence, clear
red fluorescence was observed in the MDA-MB-231 cells with
overexpressed miR-155 (group a, Fig. 5B and C), moderate red
fluorescence of TAMRA was observed in A549 cells with high
miR-155 expression (group b, Fig. 5B and C), and faint red
fluorescence of TAMRA was observed in MCF-7 cells and MCF-
10A cells, both with extremely low miR-155 expression (groups
c and d, respectively, Fig. 5B and C). Thus, the compact CCH
system can distinguish different cells based on their miR-155
expression. In parallel, for ROX fluorescence stimulated by
miR-155 and miR-21, only strong green fluorescence was
observed for MDA-MB-231 cells with overexpressed miR-155
and miR-21 (group a, Fig. 5D and E), yet negligible green
fluorescence was observed for A549 cells with high miR-155
and negligible miR-21 expression, MCF-7 cells with overex-
pressed miR-21 and negligible miR-155 expression, as well as
MCF-10A cells with insignificant miR-155 and miR-21

(A)
N g
miR-155
oo CCH . g
miR-21 Circuit g
F
“signal on”

MDA-MB-231—

Fig. 5
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expression (groups b, ¢, and d, respectively, Fig. 5D and E).
Flow cytometry analysis was executed (Fig. S18 and S19%) and
the results were consistent with those of the CLSM imaging.
The miRNA expression of different cells, as reflected by fluo-
rescence variations, are consistent with the above reports.
Note that MDA-MB-231 cells and A549 cells could not be
clearly distinguished by miR-155 (as revealed by the fluores-
cence of TAMRA), yet could be accurately identified by both
miR-155 and miR-21 (as revealed by the fluorescence of ROX).
Therefore, the CCH system can accomplish cell-specific
amplified imaging of multiple miRNAs without false-positive
signals, as a result of the pervasive distribution of the same
miRNA in different cells. To further explore the imaging
performance of the compact CCH system, MDA-MB-231 cells
with regulated expressions of miRNAs were analyzed (Fig. 6A;
for details, see Fig. S201). Compared to the intact cells with
a distinct fluorescence signal (group a, Fig. 6B-D), a weak
fluorescence signal was discerned for the anti-miR-155-
pretreated cells and the anti-miR-21-pretreated cells (groups
b and c, Fig. 6B-D), and very low fluorescence was observed in
cells that were pretreated with the anti-miR-155 and anti-miR-
21 (group d, Fig. 6B-D). These results provided further support
for the miRNA activation principle, showing that the CCH
circuit can accurately sense multiple miRNAs with diverse
expressions in living cells.

mi.!;;1,\55 @_\

N CCH
; > ©
miR-21 "~ circuit =~ F
no targets —@j
“signal off”

MCF-10A

Intracellular dual-miRNA imaging of the miRNA-targeted CCH system in different cells. (A) Schematic illustration of the miRNA-targeted

CCH imaging circuit in different cells. (B) CLSM imaging (TAMRA fluorescence) of miR-155 in (a) MDA-MB-231 cells, (b) A549 cells, (c) MCF-7
cells, and (d) MCF-10A cells treated with the miRNA-targeted CCH system. Scale bar: 20 pm. (C) The corresponding statistical histogram of the
mean fluorescence intensity (MFI) from Fig. 5B. *p < 0.05, ****p < 0.0001 (one-way ANOVA followed by Tukey's multiple comparison test). The
true/false (1/0) threshold was obtained by calculating the mean value of the maximum background response plus ten times its standard deviation.
(D) CLSM imaging (ROX fluorescence) of miR-155 and miR-21 in (a) MDA-MB-231 cells, (b) A549 cells, (c) MCF-7 cells, and (d) MCF-10A cells
treated with the compact CCH system. Scale bar: 20 um. (E) The corresponding statistical histogram of the MFI from 5D. ****p < 0.0001 (one-
way ANOVA followed by Tukey's multiple comparison test). The error bars represent one standard deviation for three independent experiments.
The true/false (1/0) threshold was obtained by calculating the mean value of the maximum background response plus ten times its standard
deviation.
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Fig. 6 Intracellular imaging of the miRNA-targeted CCH system with
different expressions of miRNAs in MDA-MB-231 cells. (A) Illustration
of the CCH-mediated intracellular dual-miRNA imaging with different
expressions of miR-155 and miR-21. (B) CLSM imaging (ROX fluores-
cence) of the compact CCH systems in MDA-MB-231 cells pre-treated
with (a) no anti-miRNA, (b) anti-miR-155, (c) anti-miR-21, and (d) anti-
miR-155 and anti-miR-21. Scale bar: 20 um. (C) The MFI distributions
determined from 6B. (D) The corresponding statistical histogram of the
MFI of the different cell samples in 6B. The error bars represent one
standard deviation for three independent experiments. ***p < 0.001,
***kp < 0.0001 (one-way ANOVA followed by Tukey's multiple
comparison test).

Conclusions

In summary, we have developed a multiple biomarker-
stimulated and compact CHA-control-HCR (CCH) circuitry
system for precisely distinguishing cancer cells from normal
cells. The compact CCH circuitry system simplified the multiple
components of a traditional cascaded circuit into only two-
hairpin reactants. This guaranteed high cell-delivering unifor-
mity and reaction kinetics determined by the CHA-localized
HCR system. Combined with the logic-screened accurate iden-
tification of multiple biomarkers, the current CCH circuitry
system can be used to implement robust and high-performance
cell imaging with varied and amplified signal transductions. By
virtue of the multi-targeted cell-selectivity and the localization-
intensified cascaded signal amplification, a highly reliable
and sensitive discrimination method for different cells has been
achieved with simpler circuit constituents (two-hairpin reac-
tants), further promoting the operability and universality of the
proposed method. We have verified the feasibility and practi-
cality of the compact CCH circuitry system through systematic
in vitro demonstrations and cellular imaging experiments. We
are encouraged by these satisfactory results, and the compact
CCH circuitry system is expected to have considerable potential
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for early cancer diagnosis and therapeutic intervention
applications.
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