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ABSTRACT: MicroRNA (miRNA) is involved in the genesis in
viand development of colorectal cancer. The in vivo imaging of
miRNA at the tumor sites is essential for understanding its role in
colorectal cancer pathology and therapeutic target identification.
However, achieving accurate imaging of miRNA at the tumor sites is
hindered by the low abundance of miRNAs in tumor cells and
nonspecific signal leakage in normal tissues. Here, we report a
multivariate-gated catalytic hairpin assembly (CHA) nanosensor for
the specific amplified imaging of microRNA-21 (miR-21) in human
colorectal cancer tissues to reveal the underlying miR-21-associated
molecular mechanism. The endogenous glutathione and exogenous
near-infrared multivariate-gated design in combination with CHA
probes improves the signal strength of target miR-21 and reduces the
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background interference. The nanosensor enables specific amplified imaging of miR-21 in vivo, and the signal-to-background ratios
are 1.6-fold compared with traditional CHA methods. With the assistance of the designed nanosensor, we achieve the preliminary
identification of tumor tissues and normal tissues from human clinical surgical resection samples. The overexpressed miR-21 is found
to suppress the core mismatch repair recognition protein human mutS homologue 2 involved in DNA damage recognition and repair
to inhibit the therapeutic efficacy of colorectal cancer. The strategy of probe design, which combines multivariate-gated activation
methods with a signal amplification system, is applicable for accurate miRNA imaging and disease-relevant molecular mechanism

research.

B INTRODUCTION

As a common malignant tumor of the digestive system,
colorectal cancer (CRC) has become one of the leading causes

Among them, enzyme-assisted signal amplification systems,
such as rolling-circle amplification'®"”
isothermal amplification,”

and loop-mediated

2! afford the opportunity for RNA

of cancer-related deaths and severely threatens human
health." ™ MicroRNA (miRNA), a crucial endogenous gene
regulator, is involved in numerous biological processes, and the
abnormal expression of miRNA has been proven to be closely
associated with low survival rate and distant metastatic
development of CRC patients."”” The high levels of micro-
RNA-21 (miR-21) in CRC can down-regulate the expression of
the core mismatch repair (MMR) protein human mutS
homologue 2 (hMSH2), further causing a significant reduction
of G2/M damage arrest and apoptosis induced by a chemo-
therapy drug S-fluorouracil (5-FU), ultimately severely affecting
the treatment efficiency of CRC patients.'”"" In vivo miRNA
imaging in CRC is thus a promising approach for understanding
the genesis and development of tumors.'>™'® However, precise
miRNA imaging is hindered by inadequate sensitivity,
originating from the low abundance of miRNA targets in
tumor regions and nonspecific signal leakage in normal tissues.

In the past few years, various signal amplification strategies
capable of sensitive RNA detection have been developed.''”
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detection with high sensitivity, yet these systems are severely
limited for application in vivo. Enzyme-free signal amplification
systems, including hybridization chain reaction (HCR)**™**
and catalytic hairpin assembly (CHA),*>~*” have been proposed
for amplified RNA imaging in vitro and in vivo due to their
simple and nonenzymatic processes.”*>” However, the probes
used in traditional enzyme-free signal amplification systems are
constitutively in an activated state and generally triggered
passively by targets before reaching the desired regions, leading
to severe background signal interference and insufficient
sensitivity in the specific imaging of RNA targets in body
tissues. Moreover, the application of RNA imaging probes in
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Scheme 1. Multivariate-Gated Specific Activation of Signal Amplification in miR-21 Imaging: (a) Schematic of the GSH/UV-
Activated Amplification Mechanism of M-CHA Probes; and (b) Schematic of miR-21 Imaging with the M-CHA/U Nanosensor in
Fresh Tissue Samples Derived from CRC Patients
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Figure 1. Evaluation of M-CHA for miR-21 detection in vitro. (a) Fluorescence spectra of the M-CHA and T-CHA responding to miR-21 (10 nM)
without GSH and UV light. (b) Fluorescence ratio (Fg;s/Fs;s) of M-CHA with or without GSH (10 mM), UV light (365 nm, S mW/cm?, § min), and
miR-21 (10 nM) treatment. (c) Fluorescence ratio (Fg;5/Fs;5) of nGC—CHA, nPC—CHA, nMR-CHA, and M-CHA with or without GSH (10 mM),
UV light (365 nm, 5 mW/cm?, § min), and miR-21 (10 nM) treatment. (d) Fluorescence spectra of M-CHA responding to various concentrations of
miR-21 (0—10 nM) with GSH (10 mM) and UV light (365 nm, S mW/cm?, 5 min) activation. Inset: the plot of the fluorescence ratio (Fg;s/Fsys) at
different concentrations of miR-21. (e) Heat map analysis of M-CHA responding to various concentrations of miR-21 and GSH with UV light (365
nm, $ mW/cm? 5 min) treatment. (f) Fluorescence ratio (Fg;s/Fs;s) of M-CHA responding to various RNAs (10 nM) with GSH (10 mM) and UV
light (365 nm, S mW/ cm?, 5 min) activation. All reactions used 100 nM corresponding molecular beacons. Data presented as mean values & SD, n = 3.

vivo often faces issues of enzymatic degradation in complex The inclusion of activation factors could trigger the selective
signal amplification process in a spatiotemporally controllable
way, thereby providing opportunities for high-sensitivity and
due to the electrostatic membrane barrier.””*° high-specificity RNA imaging.’ ~>* Inspired by the above

physiological environments and low cellular uptake efficiency
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Figure 2. Multivariate-gated strategy for imaging of miR-21 in living cells. (a) Schematic illustration of the synthesis process of M-CHA/U. (b) TEM
image of the M-CHA/U. (c) Emission spectra of M-CHA/U with 980 nm NIR laser irradiation. (d) Schematic illustration of the M-CHA/U, nGC—
CHA/U, nPC—CHA/U, and nMR-CHA/U working mechanism. (e) CLSM images and corresponding quantification of the fluorescence intensity
ratio (F,.q/ Fgrm) of SW480 cells treated with M-CHA/U, nGC—CHA/U, nPC—CHA/U, and nMR-CHA/U, respectively, followed by NIR laser
irradiation. Scale bars: 10 ym. (f) Schematic illustration of M-CHA/U-mediated imaging of miR-21 in normal and CRC cells. (g) CLSM images and
corresponding quantification of the fluorescence intensity ratio (F,.q/ Fgreen) of SW480 cells and L02 cells treated with M-CHA/U, followed by NIR
laser irradiation. Scale bars: 10 ym. Data presented as mean values + SD, n = 3.

considerations, we combined multivariate-gated catalytic hair-
pin assembly (M-CHA) probes with upconversion nano-
particles (UCNPs) to develop a multivariate-gated signal
amplification nanosensor (M-CHA/U) for the specific amplified
imaging of miRNA in human CRC tissues (Scheme 1). In our
design, the activity of M-CHA probes is inhibited by the
glutathione (GSH)-gated module and the light-gated module.
Furthermore, UCNPs are employed as a light transducer and
also serve as the delivery vehicle of M-CHA, which could
effectively enhance the stability of imaging probes in
physiological environments and facilitate intracellular delivery
of the probes.”>*® Based on the multivariate-gated signal
amplification design, the nanosensor could be specifically
triggered by endogenous GSH and exogenous near-infrared
(NIR) light stimulation to achieve improved sensitivity and
spatiotemporal precision for imaging of miR-21 in vivo.
Benefiting from its robust imaging specificity and sensitivity,

the nanosensor enables the amplified imaging of miR-21 in
human CRC clinical histological samples, successfully achieving
the preliminary identification of tumor tissues and normal
tissues. By tracing miR-21 in CRC patients, we demonstrated
that up-regulated miR-21 in CRC could inhibit the level of DNA
MMR protein hMSH2, which may provide evidence for
revealing the miR-21 relevant CRC molecular mechanism.
The unique miRNA imaging design offers a strategy to assist in
therapeutic target identification and to achieve the diagnosis and
prognosis of cancer.

B RESULTS AND DISCUSSION

Design and Evaluation of Multivariate-Gated M-CHA
In Vitro. The multivariate-gated activating amplification
mechanism of M-CHA is shown in Scheme 1 and Figure SI.
In the M-CHA, the GSH-gated module and the light-gated
module are designed through the incorporation of a disulfide
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bond and photocleavable (PC) linker into the hairpin stem of
molecular beacon probes H, and H,, respectively. The toehold
regions in H, and H, are blocked in the stem regions to avoid
undesired triggering. Upon stimulation with GSH and
irradiation with ultraviolet (UV) light, the disulfide bond and
the PC linker on H; and H, will be broken.”” > Due to the
reduced binding affinity of H, and H,, the 8-base single-stranded
fragment will dissociate from H; and H, to yield H,, and H,,
structures, thus exposing the toehold regions. The metastable
probe H), can hybridize with target miR-21 to initiate a branch
migration reaction and open the stem region. Subsequently, the
cascade reaction between H,, and H,, will be triggered by
toehold-mediated strand displacement reaction (TSDR) to
generate an H,,—H,, pair, further releasing miR-21 to
participate in the next round of the CHA cycle.*’ After
numerous cycles, a certain amount of H,,—H,, pairs will be
produced to achieve target signal amplification. When excited at
a wavelength of 490 nm, each H,—H,, pair could generate
fluorescence resonance energy transfer (FRET) between Cy3
and CyS fluorophores which are labeled in H;, and H,,
respectively,*""*” resulting in a “turn-on” fluorescence signal at
675 nm and a “turn-off” fluorescence signal at 575 nm to achieve
high-sensitivity miR-21 imaging.

The feasibility of the M-CHA probes for miR-21 detection
was first tested in an aqueous solution by FRET analysis. As
shown in Figure 1a, the traditional persistently activated CHA
probes (T-CHA) with the addition of miR-21 display a
significant FRET signal, including Cy3 fluorescence decrease
and CyS fluorescence increase. By contrast, M-CHA shows no
obvious FRET signal in the presence of miR-21, indicating that
the activity of CHA is inhibited by the designed multivariate-
gated module. Also, the M-CHA shows a negligible FRET signal
in the absence of any one of the three inputs (GSH, UV, and
miR-21) (Figures 1b and S2). When exposed to miR-21, an
obvious FRET signal is observed for the M-CHA upon
activation with both GSH and UV, suggesting the initiation of
the GSH/UV-controlled CHA process. The GSH and UV
cospecific activation mechanism of the M-CHA was verified by
polyacrylamide gel electrophoresis (PAGE) (Figure S3). After
treatment of H, and H, with GSH and UV, respectively, a band
of lower molecular weight appears (lanes 2 and 4), confirming
the breaking of the disulfide bond and PC linker. Upon the
addition of miR-21, the group of M-CHA with GSH and UV
treatment shows a higher molecular weight band (lane 9),
implying the specific activation of signal amplification. To
further determine the origin of the FRET signal, as the control,
we designed two systems with the same sequences as M-CHA
but without disulfide bond within H; (nGC—CHA) and without
PC linker within H, (nPC—CHA), respectively (Figure S4).
The nGC—CHA and nPC—CHA show no obvious FRET signal
in response to the target miR-21 under the stimulation of GSH
and UV light (Figure 1c), indicating that the disulfide bond and
PC linker are indispensable for the multivariate-gated activation
probe design. As another negative control, nMR-CHA
consisting of H, and H,,;,, with several mutating bases in H,
was designed (Figure S4). The nMR-CHA shows a negligible
FRET signal in response to target miR-21 (Figure lc),
suggesting that the FRET signal in M-CHA is attributed to
miR-21-induced CHA reaction.

After UV irradiation for 5 min, the FRET signal of M-CHA
incubated with GSH and miR-21 increased continuously upon
prolonged incubation time and reached a plateau at an
incubation time of 180 min (Figure SS). Once the feasibility

of M-CHA for specific activation was verified, we evaluated its
performance for miR-21 detection. As depicted in Figures 1d
and S6, the FRET signal of M-CHA shows a gradual
enhancement with the concentration of miR-21 elevating, and
the detection limit of M-CHA is calculated to be 10 pM.
Furthermore, M-CHA exhibits a concentration-dependent
FRET signal in response to both miR-21 and GSH (Figure
le). Next, we introduced a series of interfering miRNA and base-
mismatched miR-21 into M-CHA to investigate its selectivity
and specificity. A negligible FRET signal induced by the
interfering miRNA is observed, demonstrating the excellent
selectivity of M-CHA for discerning target miR-21 (Figures 1f
and S7). In addition, compared with the group of intact miR-21,
no obvious FRET signal could be obtained for mutant miR-21
(Figures 1f and S8), indicating the specificity of M-CHA for
distinguishing the base mutant target from the intact target. The
GSH-based selective activation of M-CHA was further validated
by replacing GSH in three inputs with other amino acids,
showing that the FRET signal of GSH-controlled M-CHA is
much higher than other amino acid groups (Figure S9).

Amplified Imaging of miR-21 in Living Cells. Consid-
ering the deep tissue penetration and low toxicity of NIR light,
UCNPs that could transfer long-wavelength light to short-
wavelength light were chosen as the NIR-to-UV converter for
PC linker photolysis.”*~*® Additionally, UCNPs could serve as a
vehicle for the delivery of M-CHA in vitro and in vivo (Figure
2a). The NaGdF,: Yb, Tm@NaGdF, UCNPs with a core—shell
structure were synthesized by a thermal decomposition
method.*” Transmission electron microscopy (TEM) images
indicate uniform hexagonal UCNPs with an average size of ~30
nm (Figure S10). Elemental mapping and energy-dispersive X-
ray spectroscopy (EDS) line scan confirm the core—shell
structure of UCNPs (Figures S11 and S12). The emission
spectra of UCNPs indicate that the core—shell structure could
significantly enhance the intensity of upconversion lumines-
cence by preventing the surface-induced quenching effect
(Figure S13). The UCNPs were sequentially coated with a
layer of cationic polymer polylysine (PLL) and loaded with M-
CHA to construct an M-CHA/U nanosensor through electro-
static interactions (Figure 2b). The zeta potential increases from
40.5 mV (UCNPs) to 51.1 mV (UC@PLL) and converts to
—29.5 mV (M-CHA/U), indicating the sequential coating of
PLL and M-CHA probes on UCNPs (Figure S14). The average
hydrodynamic size of UCNPs gradually increases during the
coating process (Figure S14). The loading percent of M-CHA is
calculated to be ~70% by fluorescence intensity quantification.
Upon irradiation with NIR light (980 nm), M-CHA/U shows
characteristic UV peaks (346 and 365 nm), which matches with
the UV wavelength requirement of PC linker photolysis,
indicating that the UCNPs could be used for the UV light-
driven activation of M-CHA (Figure 2c). Furthermore, M-
CHA/U activated in cell lysate exhibits similar specificity and
sensitivity compared with M-CHA probes, suggesting the
feasibility of using NIR light to initiate the nanosensor (Figure
S15). Meanwhile, M-CHA/U exhibits comparable performance
to previous RNA detection studies, suggesting its potential for
extending its applicability to diverse diseases (Table S2).

The cellular uptake ability of M-CHA/U was investigated by
confocal laser scanning microscopy (CLSM). SW480 cells, a
CRC cell line with the high level of endogenous GSH and miR-
21,"%*® were incubated with M-CHA/U. As shown in Figure
S16, with the incubation time increasing from 1 to 4 h, the M-
CHA/U exhibits gradually enhanced fluorescence intensity,
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indicating that the effective cellular internalization of M-CHA
was achieved by UCNPs. Moreover, the free M-CHA group
shows no obvious fluorescence signal in the cytoplasm
compared with the M-CHA/U group due to the electrostatic
membrane barrier (Figure S17). The colocalization study
indicates that M-CHA/U could escape from the endo/
lysosomes, which is consistent with the reported endo/lysosome
disruption of PLL (Figure S18).*" Additionally, the cytotoxicity
test reveals that M-CHA, UCNPs, and NIR light show negligible
toxicity on cell viability (Figure S19).

After verifying the efficient cellular uptake of M-CHA/U, we
investigated the performance of M-CHA/U for miR-21 imaging
in living cells (Figure 2d). The SW480 cells with the M-CHA/U
treatment and 980 nm NIR light irradiation show an obvious
FRET signal (Figure 2e). Similarly, we treated SW480 cells with
nGC—CHA/U (UC@PLL loaded with nGC—CHA) and
nPC—CHA/U (UC@PLL loaded with nPC—CHA) under the
same conditions (Figure 2d). As shown in Figure 2e, a negligible
cellular FRET signal can be observed, suggesting that the GSH
and NIR light are essential for the specific activation of miR-21
imaging. As another control, nMR-CHA/U (UC@PLL loaded
with nMR-CHA) also reveals no obvious FRET signal (Figure
2d,e), suggesting that the intracellular FRET signal of M-CHA is
attributed to the target miR-21 triggering instead of a
nonspecific response. The intracellular FRET signal quantifica-
tion is obtained by calculating the ratio of red channel (F,.q) to
green channel (Fgreen) fluorescence intensity. The statistical
analysis of the fluorescence intensity ratio (Fa/Fyeen)
corroborates the findings from CLSM images (Figure 2e). To
confirm that the target miR-21 imaging in CRC cells indeed
comes from the GSH and NIR light specific activation, we
further investigated the miR-21 imaging capability of M-CHA/
U in living cells under different input conditions. To simulate
living cells with different intracellular states, 3-bromopyruvic
acid (3-BP), a GSH inhibitor,”” and miR-21 inhibitor were used
for downregulating the levels of GSH and miR-21, respectively,
and the results of regulation were verified by the GSH kit and
gRT-PCR (Figure S20). As expected, the group of SW480 cells
with NIR light irradiation and without inhibitor treatment
exhibits an obvious intracellular FRET signal, while all other
negative control groups show a negligible FRET signal (Figure
S21). Quantification analysis of the intracellular fluorescence
indicates that the FRET ratio of SW480 cells with NIR light
irradiation is much higher than that of the cells treated with
other control groups (Figure S21). These results demonstrate
that M-CHA/U enables amplified imaging of target miR-21 in
living cells through exogenous NIR light and endogenous
biomolecules (GSH and miR-21) specific activation.

As the varied expression levels of GSH and miR-21 in different
cells, we further evaluated the ability of M-CHA/U to
distinguish target cells from other cells (Figure 2f). We chose
L02 cells, a normal cell line with low expression profiles of
endogenous GSH and miR-21,°"%% as a negative control. As
shown in Figure 2g, SW480 cells show a much higher FRET
signal intensity than LO2 cells after treatment with M-CHA/U
and subsequent NIR light irradiation. By contrast, upon T-
CHA/U (UC@PLL loaded with T-CHA) treatment, both
SW480 and LO02 cells show an obvious FRET signal, which can
be attributed to the nonspecific triggering of T-CHA/U and
background signal leakage (Figure S22). Together, these
outcomes confirm the feasibility of M-CHA/U for target cell-
selective imaging via specific activation.

Amplified Imaging of miR-21 In Vivo. Inspired by the
excellent biocompatibility and imaging performance of M-
CHA/U in vitro, we further evaluated the capability of M-CHA/
U for the imaging of CRC in vivo. M-CHA probes were modified
by a CyS/BHQ3 pair to increase the penetration depth. The
amplification performance assay reveals that M-CHA/U dis-
plays approximately 7-fold and 5-fold higher fluorescence signals
in test tubes and cell imaging than the conventional unamplified
molecular beacon (MB/U), respectively (Figure $23). In
addition, the M-CHA/U modified with Cy5/BHQ3 exhibits
equally superior specificity and sensitivity, which is attributed to
the design of multivariate-gated activation and CHA signal
amplification (Figure S24). The fluorescence assay demon-
strates that M-CHA/U possesses great stability compared with
free probes (Figure S25). Furthermore, the modification with
CyS/BHQ3 has negligible toxicity on cell viability (Figure S26).
Together, these results confirm the applicability of M-CHA/U
for in vivo miRNA imaging.

Next, we constructed a nude Balb/c mice model with
xenograft SW480 tumor and intravenously injected with M-
CHA/U and three negative controls, nGC—CHA/U, nPC—
CHA/U, and nMR-CHA/U, respectively. The fluorescence
images of mice were collected at different time points after probe
injection for 2 h and irradiated with NIR light (Figure 3a). The
results indicate that mice treated with M-CHA/U show an
obvious sustained fluorescence enhancement at the tumor sites,
whereas the mice injected with nGC—CHA/U, nPC—CHA/U,
and nMR-CHA/U show negligible fluorescence intensity
(Figure 3b,c). Quantitative analysis at the tumor region displays
that, after 4 h postirradiation, the fluorescence intensity of M-
CHA/U-treated mice is 2.1-fold, 1.8-fold, and 1.9-fold higher
than that of mice treated with nGC—CHA/U, nPC—CHA/U,
and nMR-CHA/U, respectively (Figure 3c). These results
indicate that the multivariate-gated activation and target miRNA
triggering ability of M-CHA/U generate a specific tumor
fluorescence signal response. The mice were then euthanized
and dissected. Ex vivo tissue imaging demonstrates a variable
fluorescence intensity in the normal organs. Moreover, the
fluorescence signal of the tumor in the M-CHA/U group is 2.3-
fold, 2.2-fold, and 2.1-fold higher than that in the control groups
treated with nGC-CHA/U, nPC-CHA/U, and nMR-CHA/U,
respectively, indicating that the fluorescence signal is highly
tumor-specific (Figure 3d,e). The histological analysis of the
main organs indicates that M-CHA/U exhibits outstanding
biocompatibility in vivo (Figure S27). These findings demon-
strate that M-CHA/U is capable of the specific and sensitive
imaging of miR-21 in vivo.

As we have indicated, specific miR-21 imaging in vivo using
traditional CHA probes is hindered by the low signal-to-
background ratios. As shown in Figure 3f, the normal tissue in T-
CHA/U groups displays much higher fluorescence intensity
compared with those in M-CHA/U groups, which can be
attributed to the unspecific activation of CHA. After 4 h of
injection, quantitative analysis of the fluorescence ratio of the
tumor-to-normal region shows that the M-CHA/U groups
exhibit 1.6-fold higher fluorescence intensity than the T-CHA/
U groups (Figure 3g). Ex vivo imaging of the tumor and normal
organs further confirms the high signal-to-background ratios of
the M-CHA/U groups (Figure 3h). Together, these results
indicate that the design of multivariate-gated activation in M-
CHA/U provides a notable improvement of specificity for CRC
imaging in vivo compared with that of the traditional CHA
probes.
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Figure 3. Multivariate-gated strategy for imaging miR-21 in vivo. (a)
lustration of M-CHA/U for miR-21 imaging through tail-vein
injection. (b) Representative fluorescence imaging of SW480 tumor-
bearing mice at different time points after treatment with M-CHA/U,
nGC—CHA/U, nPC—CHA/U, and nMR-CHA/U, respectively. (c)
Quantification analysis of tumor fluorescence signals of different groups
in (b). (d) Ex vivo imaging and (e) corresponding quantification
analysis of fluorescence intensity of tumor and major organs harvested
from the mice with different probe treatments in (b). (f) Representative
fluorescence imaging of SW480 tumor-bearing mice upon different
probe treatments at 4 h postirradiation. (g) Ratio of fluorescence
intensity of tumor to normal tissue of different groups in (f). (h) Ex vivo
imaging of tumor and major organs harvested from the mice with
different probe treatments in (f). He, Li, Sp, Lu, Ki, and Tu represent
heart, liver, spleen, lung, kidney, and tumor, respectively. The red circles
indicate the tumor regions. Data presented as mean values + SD, n = 3.
###P < 0.001 (P values were determined by an unpaired two-sided ¢ test
or one-way ANOVA followed by Tukey’s post hoc test).

Amplified Imaging of miR-21 in Clinical Surgical
Samples. As a proof of concept, we investigated the feasibility
of M-CHA/U for specific miR-21 imaging in CRC tissue
samples. All of the samples were harvested from human patients
who had undergone the surgical resection of CRC tumors. After
surgical resection, the fresh tissue samples were immediately
treated with M-CHA/U according to the procedures listed in
Figure 4a and then imaged by a living imaging system. In each
case, the tumor tissue and normal tissue in the images were taken
from the same patient. As shown in Figure 4b, the fluorescence
intensity of tumor tissues is much higher than that of normal
tissues. Quantitative analysis of fluorescence intensity in tissue
imaging and relative miR-21 expression of the corresponding
tissues measured by qRT-PCR shows the same trend (Figures 4c

and S28a). In addition, tumor tissues exhibit higher expression
levels of GSH compared to normal tissues (Figure S28b). These
results indicate that the fluorescence intensity of tissue imaging
is positively correlated with the expression levels of GSH and
miR-21, revealing that M-CHA/U may enable specific imaging
of miR-21 in clinical CRC tissues. To further verify the
discrimination capability of M-CHA/U, six representative CRC
surgical resection specimens with adjacent normal tissues were
harvested and treated using the same procedure as above.
Significant differences in fluorescence intensity could be
observed in each sample, reflecting the heterogeneity of miR-
21 expression (Figure 4d). Two regions of interest (ROI) with
obvious differences in fluorescence intensity were collected in
each sample (Figure S29). Hematoxylin and eosin (H&E)
staining of the selecting tissues indicates that the regions with
higher fluorescence intensity exhibit a distinguishable cellular
and structural atypia compared to the regions with lower
fluorescence intensity, suggesting that miR-21 detection could
serve as crucial means for CRC diagnosis (Figure 4e). Together,
these outcomes demonstrate that the designed M-CHA/U
nanosensor could effectively reveal the difference in miR-21
distribution in clinical tissues and distinguish tumor tissues from
normal tissues. It is reported that the expression levels of miR-21
in tumor tissues are correlated with the stage of CRC, and more
advanced tumors show higher expression levels.”*** Of note, the
fluorescence intensity of the tumor exhibits a similar increasing
trend with tumor progression, indicating the potential of the
miRNA-biomarker imaging methods for differentiating different
stages of cancer (Figure S30).

The high levels of miR-21 in CRC have been reported to
directly target the 3’ untranslated region (UTR) of the hMSH2
mRNA in the MMR system, resulting in significant down-
regulation of hMSH2 protein expression.'’ The hMSH?2, a core
MMR protein, plays an important role in DNA damage
recognition and repair, and its absence would severely affect
the course of treatment in CRC patients. Motivated by the
performance of M-CHA/U in miR-21 imaging, we investigated
the feasibility of M-CHA/U for investigating the miR-21-
associated CRC molecular mechanism in clinical samples. The
regions of tumor and normal tissues with obvious differences in
fluorescence intensity after M-CHA/U treatment were selected,
and the hMSH2 protein expression in these selected regions was
analyzed by Western blotting and immunofluorescence imaging
(Figures 4f,g and S31). The results indicate that the expression
levels of hMSH2 protein in tissue regions with high fluorescence
intensity are much lower than those in normal regions with no
obvious fluorescence intensity. These outcomes suggest an
inverse correlation between miR-21 and hMSH2 protein levels
in CRC tissue, which is consistent with the reported conclusion
that high levels of miR-21 would reduce the level of hMSH2
protein expression in CRC tumors. In brief, M-CHA/U with
excellent sensitivity and specificity provides a promising tool for
revealing the miRNA-associated disease molecular mechanism.
Despite the progress made, several limitations should be taken
into consideration in clinical applications. Cancer progression is
associated with the abnormal expression of diverse biomarkers.
Thus, developing multibiomarker-specific amplified imaging
probes combined with the analysis of a large number of clinical
samples in future research may offer the opportunities for more
accurately identifying cancer characteristics, such as tumor
stages and histological grading.’*>*
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Figure 4. M-CHA/U application for imaging of CRC clinical surgical samples. (a) Procedures for clinical sample incubation and fluorescence imaging.
(b) Fluorescence imaging of clinical tumor and normal tissue samples treated with M-CHA/U. (c) Relative fluorescence intensity of clinical tumor and
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B CONCLUSIONS

In conclusion, we designed a clinically applicable multivariable
activation signal amplification M-CHA/U nanosensor for miR-
21 imaging in human CRC tumor samples. The inclusion of
multivariable activation in M-CHA/U enables signal amplifica-
tion imaging of target miR-21 with high selectivity and
sensitivity. The M-CHA/U shows superiority in specific
amplified imaging of miR-21 with a high signal-to-background
ratio in living CRC cells and in vivo. Based on the excellent miR-
21 imaging performance, M-CHA/U also achieves the specific
amplified imaging of miR-21 in clinical CRC tissue samples and
distinguishes tumor tissues from normal tissues. With M-CHA/
U, the overexpressed miR-21 in CRC tissue samples was found
to have an inverse correlation with hMSH2 protein levels. The
designed multivariable activation of the miRNA imaging
strategy provides an option for disease-relevant biomolecule
analysis technology, which is important for cancer diagnosis and
treatment.
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