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Abstract: Circular RNAs (circRNAs) are key post-transcriptional regulators with critical roles in pathogenesis, yet existing 
tools for their precise manipulation and functional analysis in living cells remain to be developed. A compelling therapeutic target 
in this field is the circRNA cerebellar degeneration-related protein 1 antisense (CDR1as), functioning as an oncogenic sponge for 
microRNA-7 (miR-7). Herein, we report a novel multifunctional zeolitic imidazolate framework-8 (ZIF-8)-based nanoplatform 
for the simultaneous disruption and real-time monitoring of the CDR1as/miR-7 regulatory axis. This system, named DZ/
MB@ZIF-8, co-encapsulates a designed set of DNAzymes (DZs) for the catalytic cleavage of CDR1as as well as a molecular 
beacon (MB) for reporting on miR-7 activity. Following cellular uptake and lysosomal trafficking, the acidic microenvironment 
triggers nanoplatform disassembly, concurrently releasing the therapeutic and sensing components along with essential Zn2+ 
cofactors for DZ activation. This system demonstrates efficient CDR1as degradation, which liberates miR-7 and inhibits the 
expression of its downstream oncogenic targets. Crucially, this therapeutic effect is directly correlated with a turn-on fluorescent 
signal from the MB, enabling the real-time, live-cell readout of circRNA regulation. This work establishes a versatile theranostic 
strategy that merges targeted gene regulation with intrinsic biosensing, offering a powerful platform for probing circRNA 
function and advancing RNA-based therapeutics.
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1 Introduction 

Circular RNAs (circRNAs) are a type of non-
coding RNA with a covalently closed circular struc‐
ture (Wu et al., 2024). They are structurally distinct 
from linear messenger RNAs (mRNAs) and show 
higher stability in cells (Jeck et al., 2013). In the past 
decade, circRNAs have become a research hotspot due 
to their important role in gene regulation (Jeck et al., 
2013; Yang et al., 2018; Liu and Chen, 2022; Chen 
et al., 2025). Among them, cerebellar degeneration-
related protein 1 antisense (CDR1as), also known as 

ciRS-7, is one of the earliest discovered and most 
extensively studied circRNAs (Meng et al., 2020). It 
contains more than 70 microRNA-7 (miR-7)-binding 
sites and can act as a “molecular sponge” to adsorb 
miR-7, thereby regulating the expression of down‐
stream target genes (Piwecka et al., 2017; Breuer et al., 
2022; Shao et al., 2023). Studies have shown that 
CDR1as is abnormally expressed in various cancers 
(e.g., gastric cancer, breast cancer, and glioma cells) 
and participates in the occurrence, development, and 
metastasis of tumors through the miR-7-related path‐
ways (Chen et al., 2019; Xu et al., 2025). Further‐
more, the expression level of CDR1as is significantly 
correlated with the clinical stage and prognosis of can‐
cer patients, demonstrating its potential as both a diag‐
nostic marker and a therapeutic target for cancer (Shao 
et al., 2023; Xu et al., 2025).

By interfering with the expression of circRNAs, 
we can better understand their functions and assist in 
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curbing the progression of diseases related to circRNAs, 
including cancers. Various circRNA manipulation tech‐
nologies have emerged as tools for intervention in 
circRNAs (Yang et al., 2021; Liu et al., 2022; Wang 
et al., 2023; Zhang et al., 2023). For example, small in‐
terfering RNA (siRNA) or short hairpin RNA (shRNA) 
targeting the degradation of CDR1as, is applicable to 
pathological conditions (such as neuroinflammation) 
caused by its overexpression (Ruda et al., 2014; Zhang 
et al., 2022; Singh et al., 2024). Artificial circRNA or 
microRNA (miRNA) antagonists are designed to pre‐
cisely regulate downstream pathways (Liu et al., 2021; 
Mao et al., 2021). More recently, clustered regularly in‐
terspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein (Cas) systems have been introduced 
to precisely edit CDR1as expression (Bloomer et al., 
2022; Song et al., 2023). However, technical limita‐
tions hinder the further development and clinical ap‐
plication of these strategies, such as the cost and inst‑
ability of synthetic RNA molecules, the low efficiency 
of intracellular delivery, and the complex protein com‐
ponents required in CRISPR-Cas systems (Behr et al., 
2021). Thus, new, simple, efficient, and low-cost regu‐
latory strategies for circRNAs need to be developed. 
As a catalytically active DNA molecule, DNAzyme 
(DZ) has become an important tool for RNA research 
and application due to its high specificity and efficiency 
(Li et al., 2025; Liu et al., 2025): the high catalytic 
activity of DZ makes it an ideal signal amplifier for 
RNA detection. Scholars have developed various DZ-
based circRNA detection methods, yet the direct utili‐
zation of DZ for cleaving circRNA has rarely been re‐
ported (McConnell et al., 2021; Yu and Zhao, 2023; 
Feng et al., 2025). DZ activation requires divalent 
metal ions such as magnesium, manganese, and zinc. 
However, the endogenous metal ion concentrations 
are insufficient, which restricts its application in liv‐
ing cells (Victor et al., 2018; Fan et al., 2021). In add‑
ition, the intracellular delivery and release efficiency 
of DZ need to be further improved for circRNA cleav‐
age (Wang et al., 2019; Wu et al., 2022; Lee et al., 
2023).

To evaluate the downregulation and therapeutic 
efficiency, it is necessary to extract RNA and analyze 
the expression levels of CDR1as, miR-7, and down‐
stream genes by reverse transcription quantitative 
polymerase chain reaction (RT-qPCR) (Li et al., 2023; 
Odame et al., 2023). This process is cumbersome and 

time-consuming, but more importantly, it is unable to 
assess the therapeutic effect in real time and adjust ac‐
cordingly. MiR-7 is the major effector of CDR1as in 
exerting its regulatory function, and the degradation 
of CDR1as will increase the intracellular abundance 
of miR-7 (Mehta et al., 2023; Wightman et al., 2024). 
Therefore, if the intracellular miR-7 level can be char‐
acterized in real time and visually, it can indirectly re‐
flect the cleavage efficiency and therapeutic effect of 
CDR1as.

Zeolitic imidazolate framework-8 (ZIF-8) has 
emerged as a promising nanocarrier for DZs due to its 
unique properties (Troyano et al., 2019; Zhao et al., 
2023; Zeng et al., 2024). Studies have shown that ZIF-8 
can encapsulate various biomolecules and maintain 
their activity, ensuring biocompatibility under physio‐
logical conditions (Zhang et al., 2021; Wei et al., 2023; 
Gao et al., 2025). ZIF-8 is known to degrade under 
acidic conditions, which are typically found in intra‐
cellular compartments such as endosomes and lyso‐
somes (Mishra et al., 2023). This degradation releases 
the encapsulated DZs in a controlled manner, ensur‐
ing that they reach their target site in an active form. 
Moreover, ZIF-8 serves as an intrinsic Zn2+ source, 
which is essential for the catalytic activity of DZs (Ye 
et al., 2021; Wu et al., 2022). This dual role of ZIF-8 
as both a carrier and a cofactor source is particularly 
advantageous in Zn2+-dependent DZ-based therapeutic 
applications.

In this study, we designed a ZIF-8-based nanoplat‐
form co-encapsulating CDR1as-targeting DZs and a miR-
7-targeting molecular beacon (MB) (DZ/MB@ZIF-8). 
After endocytosis, DZ/MB@ZIF-8 is encapsulated into 
lysosomes and disintegrated. With the help of Zn2+, acti‐
vated DZs can effectively cleave CDR1as. Real-time vi‐
sualization of intracellular miR-7 is achieved via the flu‐
orescence of an MB probe. Furthermore, the regulatory 
effects of the CDR1as/miR-7/mRNA axis are confirmed 
by subsequent inhibition of downstream genes regu‐
lated by miR-7, including Raf-1 proto-oncogene, serine/
threonine kinase (RAF1) and phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit delta (PIK3CD). 
This dual functional DZ/MB@ZIF-8 nanoplatform 
achieves simultaneous circRNA regulation and real-
time monitoring in living cells, providing a novel ap‐
proach to exploring the biological process and ther‐
apeutic regulation of circRNAs (Fig. 1).
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2 Results and discussion 

2.1 Design and in vitro validation of CDR1as-
targeting DNAzyme set

CDR1as has a unique reverse splicing structure 
that distinguishes it from its cognate linear CDR1 
mRNA. DZs are capable of specifically recognizing 
the back-splice junction (BSJ) sequence of CDR1as, 
avoiding interference from homologous linear RNAs. 
We chose 8-17 DZ and 10-23 DZ, two DZs that have 
been widely used in mRNA regulation, and tested their 
ability to cleave CDR1as. The 8-17 DZ is a type of 
Zn2+-dependent DZ that cleaves the rA‒rG base junc‐
tions of RNA substrates (Santoro and Joyce, 1997; 
Cepeda-Plaza and Peracchi, 2020), while the 10-23 
DZ is a type of Mg2+-dependent DZ that cleaves the 
rR‒rY (where R is A or G, and Y is U or C) base junc‐
tions of RNA substrates (Santoro and Joyce, 1997; 

Schubert, 2003). DZs consist of a two-sided binding 
arm for substrate RNA recognition and a middle se‐
quence that forms the cleavage center upon the bind‐
ing and activation of metal ions. The BSJ sequence 
is essential for circular CDR1as formation, and hence 
DNAzyme 1 (DZ1) targeting that region was designed. 
To ensure and enhance the cleavage efficiency of 
CDR1as, additional DZ-targeting sequences outside 
of BSJ were introduced. We designed both a DZ2-
targeting sequence close to BJS and a DZ3-targeting 
sequence far from BJS (Figs. 2a, 2b, S1a, and S1b, 
and Table S1).

Based on the cleavage principle of DZ, its sec‐
ondary structure must align with the corresponding 
catalytic domain (Nurmi et al., 2024). We used the 
RNAstructure software (version 6.4, Mathews Lab) to 
predict the secondary structure formed by the binding 
of the three DZs to the substrate RNA (Zuker, 2003; 

Fig. 1  Schematic illustration of the dual-functional DZ/MB@ZIF-8 nanoplatform for regulating and sensing the CDR1as/
miR-7 axis. (a) DZs are designed to recognize and cleave CDR1as. (b) The acidic environment triggers the disassembly of 
DZ@ZIF-8, resulting in the release of DZ and Zn2+ ions to form activated DZ. (c) The degradation of DZ/MB@ZIF-8 
releases DZ, MB, and Zn2+ cofactors, leading to DZ activation and CDR1as cleavage. The binding of the freed miR-7 to the 
MB generates a fluorescent signal. (d) Following cellular uptake and lysosomal trafficking, DZ/MB@ZIF-8 is disassembled. 
The released Zn2+ activates DZ, which then cleaves CDR1as. This frees miR-7, which can in turn inhibit the expression of 
its downstream target genes (e.g., RAF1 and PIK3CD). The simultaneous binding of the freed miR-7 to the MB generates 
a fluorescent signal, providing a real-time readout of the platform’s therapeutic activity. DZ: DNAzyme; MB: molecular 
beacon; ZIF-8: zeolitic imidazolate framework-8; CDR1as: cerebellar degeneration-related protein 1 antisense; miR-7: 
microRNA-7; RAF1: Raf-1 proto-oncogene, serine/threonine kinase; PIK3CD: phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit delta.
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Agarwal et al., 2015; Sato et al., 2021). All three 8-17 
DZs successfully attached to the targeted sequence 
substrates and formed specific secondary structures of 
catalytic domains (Fig. 2c). To investigate the interac‐
tion and cleavage effects of the designed DZs, three 
RNA sequences derived from CDR1as and the three 
DZ sites therein were concatenated to form a 783-
nucleotide-long RNA, S-CDR1as, serving as an in vitro 
RNA mimic of CDR1as (Fig. S1c and Table S2). Three 
8-17 DZs, either individually or as a combination, were 
separately incubated with the substrate in the presence 
of Zn2+, and their nucleic acid cleavage efficiency was 
examined and compared using gel electrophoresis. 
Upon treatment with DZs, the intensity of the bands of 
CDR1as was reduced and short RNA fragments were 
observed, indicating RNA recognition and cleavage by 
the designed 8-17 DZs (Figs. 2d and 2e). Quantitative 
analysis pointed to DZ2 as the most powerful single 
DZ for CDR1as cleavage. This superior efficiency 

can be attributed to its favorable structural context. 
The target site of DZ2 is located near the 5' region of 
the circRNA, which possesses relatively low second‐
ary structure complexity. In contrast, DZ1 targets the 
highly constrained BSJ, and DZ3 is situated in a region 
densely populated with miR-7-binding sites that likely 
create steric hindrance due to interactions with RNA-
binding proteins (Hansen et al., 2013; Ashwal-Fluss 
et al., 2014; Shafaghat et al., 2025). Furthermore, 
the combined DZ set of DZ1+2 is more efficient than 
BSJ-targeting DZ1 alone, demonstrating a synergis‐
tic effect (Figs. 2d and 2e). This is likely due to the 
spatial proximity of Site 1 and Site 2 within the three-
dimensional (3D) structure of CDR1as, allowing for a 
“cooperative cleavage” effect where initial cleavage 
by DZ1 alters local RNA folding, rendering Site 2 
more accessible for DZ2.

Similarly, three 10-23 DZs targeting the CDR1as 
sequence—at BSJ (DZ1), close to (DZ2) or far from (DZ3) 

Fig. 2  Design and cleavage activity of DZs targeting CDR1as. (a) Schematic representation of CDR1as and the three 
cleavage sites (Site 1, Site 2, and Site 3) recognized by 8-17 DZ. (b) Sequences of the three cleavage sites. The catalytic core 
of the DZ is shown in green. (c) Predicted secondary structures of the DZ-target complexes using RNAstructure software. 
(d) Gel electrophoresis analysis of the cleavage of DZ and S-CDR1as. (e) Cleavage efficiency of individual or combined 
DZs was quantified using ImageJ software. The data are expressed as mean±SD (n=3). DZ: DNAzyme; Crtl: control; 
CDR1as: cerebellar degeneration-related protein 1 antisense; S-CDR1as: substrate RNA derived from CDR1as containing 
three DZ-targeted sequences; SD: standard deviation.

764



Journal of Zhejiang University-SCIENCE B   2026 27(7):761-774    |

BJS—were designed and synthesized (Figs. S2a‒S2c). 
Individual DZs or DZ combinations were incubated 
with the CDR1as mimic RNA in the presence of Mg2+, 
and their nucleic acid cleavage efficiency was deter‐
mined by gel electrophoresis. The gel and quantitative 
analysis results were highly consistent with those ob‐
tained with 8-17 DZ. Combined DZ sets of DZ1+2 
showed more efficient cleavage than other DZ com‐
binations (Figs. S2d and S2e). These results demon‐
strated that both 8-17 DZ and 10-23 DZ could cleave 
CDR1as in vitro, and DZs targeting different parts of 
CDR1as exhibited differences in activity. Thus, com‐
bining the BSJ-targeting DZ1 with a DZ that recog‐
nizes the sequence in proximity may significantly en‐
hance the ability to degrade and inhibit CDR1as.

2.2 DNAzyme-mediated regulation of the CDR1as/
miR-7/RAF1 and PIK3CD axes

Having confirmed the effectiveness of the de‐
signed DZ in cleaving CDR1as in vitro, the functional‐
ity of DZ in live cells was assessed. We hypothesized 
that DZ could cleave CDR1as and disrupt the miR-7 

adsorption sponge. The results showed that increased 
intracellular miR-7 inhibited the expression of down‐
stream genes (Fig. 3a). Individual DZs or their com‐
binations were transfected into MCF-7 cells via a trans‐
fection reagent. After 48 h of co-incubation in the pres‐
ence of 0.5 mmol/L Zn2+, the RNA levels of CDR1as 
were assessed by RT-qPCR. All DZ-treated cells showed 
a significant decrease in CDR1as levels, and the com‐
bination of DZ1+2 appeared to be the most effective 
inhibitor of CDR1as (Fig. 3b). This result validated 
that DZ could serve as a potent tool for cleaving and 
regulating intracellular circRNAs. Next, we investi‐
gated whether the cleavage of CDR1as can regulate its 
downstream gene pathways. Research in osteosarc‑
oma cells has shown that CDR1as regulates the expres‐
sion of cancer-related genes, such as PIK3CD and 
RAF1 through miR-7 (Xu et al., 2018). We also iden‐
tified the miR-7-pairing sequence in the coding regions 
of RAF1 and PIK3CD mRNAs using TargetScan soft‐
ware (Shafaghat et al., 2025), suggesting that these 
genes are directly regulated by miR-7 (Fig. S3). To in‐
vestigate their responsiveness to miR-7 in MCF-7 cells, 

Fig. 3  DZ-mediated regulation of the CDR1as/miR-7/RAF1 and PIK3CD axes. (a) Schematic diagram showing the DZ-
mediated regulation of CDR1as and the downstream gene network. (b) Expression levels of CDR1as upon the indicated DZ 
treatment as quantified by RT-qPCR. (c) mRNA levels of RAF1 and PIK3CD upon miR-7 overexpression as quantified by 
RT-qPCR. (d) mRNA levels of RAF1 and PIK3CD under DZ (DZ1+2) treatment as quantified by RT-qPCR. Data are expressed 
as mean±SD (n=3). ** P<0.01 and *** P<0.001, compared with the control group. DZ: DNAzyme; miR-7: microRNA-7; 
CDR1as: cerebellar degeneration-related protein 1 antisense; Lipo3000: Lipofectamine 3000; OE-miR-7: overexpressed 
miR-7; RAF1: Raf-1 proto-oncogene, serine/threonine kinase; PIK3CD: phosphatidylinositol-4,5-bisphosphate 3-kinase 
catalytic subunit delta; Ctrl: control; RT-qPCR: reverse transcription quantitative polymerase chain reaction.
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exogenously synthesized miR-7 was overexpressed 
(OE-miR-7) in MCF-7 cells, and the expression levels 
of RAF1 and PIK3CD were determined. A signifi‐
cant downregulation of both RAF1 and PIK3CD was 
observed, confirming them as downstream genes regu‐
lated by the CDR1as/miR-7 axis (Fig. 3c). We then 
transfected the cells with the optimal combination of 
DZ1+2 (indicated as DZ) and observed decreased 
mRNA levels of RAF1 and PIK3CD (Fig. 3d). The 
above results proved that the DZ delivered via a stan‐
dard transfection reagent could effectively knock down 
CDR1as in MCF-7 cells and thereby cause a decrease 
in RAF1 and PIK3CD mRNA levels, validating the 
proposed pathway.

2.3 Synthesis and characterization of the DZ@ZIF-8 
nanocomplex

Next, we designed and constructed a nanocom‐
plex to deliver DZ into mammalian cells. ZIF-8 is a 
type of zinc-based metal-organic framework (MOF) 
material with mild synthesis conditions, suitable for 
the carrier and intracellular delivery of biomolecules 
such as proteins and nucleic acids. ZIF-8 can disinte‐
grate in the acidic environment of lysosomes and re‐
lease bioactive cargos. In particular, the released zinc 
ions can serve as essential cofactors to activate 8-17 
DZs. Therefore, ZIF-8 was chosen as the nanocarrier 
for DZ intracellular delivery in the next step (Fig. 4a). 
ZIF-8 nanoparticles were synthesized by rapid colloi‐
dal chemistry at room temperature, and then DZs were 
loaded onto the surface of ZIF-8 by electrostatic ad‐
sorption, forming DZ@ZIF-8 nano-complexes. Scan‐
ning electron microscopy (SEM) analysis revealed that 
the synthesized ZIF-8 nanoparticles exhibited a hex‐
agonal shape, with an average size of (92.8±3.5) nm 
(Figs. S4a and S4b). After the adsorption of DZ on the 
ZIF-8 surface, the original polygonal angles became 
smoother, and the particle size increased to (96.6±
4.6) nm (Figs. 4b and 4c). The hydration radius was 
determined using dynamic light scattering (DLS): 
it increased from 122.4 nm for ZIF-8 to 164.2 nm 
for DZ@ZIF-8 (Fig. S4c). Zeta potential analysis 
showed that the surface charge changed from +15 mV 
for ZIF-8 to −21 mV for DZ@ZIF-8 (Fig. 4d). The 
loading of DZ on ZIF-8 was examined by differen‐
tial subtraction fluorescence, and the loading effi‐
ciency was up to 55.54 μg/mg (Figs. S4d and S4e). 
The biocompatibility of DZ@ZIF-8 was determined 

by methylthiazolyldiphenyl-tetrazolium bromide (MTT) 
assays, and its toxicity at ≤30 μg/mL was negligible 
(Fig. S4f). To ensure its suitability for biological 
applications, the colloidal and structural stability of 
the nanoplatform was evaluated. DZ@ZIF-8 nanopar‐
ticles were incubated in an aqueous solution for 7 d. 
The hydrodynamic size and polydispersity index (PDI) 
remained relatively constant (Fig. S5a), indicating 
excellent colloidal stability. Furthermore, no signifi‐
cant fluorescence from cyanine 3 (Cy3)-labeled cargo 
was detected in the supernatant over a 24-h period 
(Fig. S5b), confirming that the DNA probes had been 
stably encapsulated within the ZIF-8 framework with‐
out premature leakage in physiological media. To in‐
vestigate the intracellular delivery of DZ by ZIF-8, DZ 
labeled with Alexa Fluor 647 (Alexa647) was utilized 
to construct fluorescent DZ@ZIF-8. Both Alexa647-
DZ@ZIF-8 and free Alexa647-DZ were incubated 
with MCF-7 cells for 24 h, and the intracellular fluo‐
rescence was observed using a Leica TCS SP8 confocal 
microscope (Leica Microsystems, Wetzlar, Germany). 
Obvious fluorescence was detected in cells treated 
with Alexa647-DZ@ZIF-8, while no fluorescence 
was detected in cells incubated with free Alexa647-
DZ (Fig. 4e). This result validated ZIF-8 as an effec‐
tive nanocarrier for the intracellular delivery of nu‐
cleic acids.

The key step for DZ@ZIF-8 to exert its expected 
function within cells is disintegration within acidic 
lysosomes (Fig. 5a). The responsiveness of DZ@ZIF-8 
to acidic conditions was investigated by incubating it 
in solutions at either pH 7.4 or 5.5 for 2 h. The mix‐
ture was then centrifuged, and the supernatant was ana‐
lyzed by gel electrophoresis. A DZ band appeared in 
the sample supernatant at pH 5.5, while no such band 
was detected at pH 7.4, indicating that the degradation 
of DZ@ZIF-8 occurred only at pH 5.5 (Fig. S5c). Im‐
portantly, the fluorescence properties of Cy3-DZ re‐
mained stable across different pH buffers (Fig. S5d), 
confirming that the degradation of the material in an 
acidic lysosomal environment does not affect the fluo‐
rescence of Cy3 and ensuring the accuracy of subse‐
quent intracellular detection of miR-7. Furthermore, 
supernatants at different pH values were applied to S-
CDR1as to compare their enzymatic activity in vitro. 
Similarly, only the sample supernatant at pH 5.5 could 
cleave S-CDR1as (Fig. 5b), validating the function‐
ality of DZs and Zn2+ released from DZ@ZIF-8.
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Subsequently, the intracellular disintegration of 
DZ@ZIF-8 was investigated. Alexa647-DZ@ZIF-8 
was incubated with MCF-7 cells for 16 h before ob‐
servation using a confocal microscope, and obvious 
intracellular fluorescence was detected. Importantly, 
the fluorescence of Alexa647-DZ showed significant 
colocalization with stained lysosomes, implying that 
DZ@ZIF-8 accumulated in lysosomes following en‐
docytosis. Cells were then incubated with fresh medium 
for another 2 h and examined by confocal imaging. 

The colocalization ratio between Alexa647 and Lyso‐
tracker dropped from 69% to 31%, indicating the rapid 
lysosomal escape of DZ following DZ@ZIF-8 degra‐
dation (Figs. 5c and 5d).

We next investigated the intracellular cleavage of 
CDR1as by DZ@ZIF-8. Individual DZ1, DZ2, DZ3, or 
their combinations were used to construct DZ@ZIF-8 
nanoparticles. These nanoparticles were then incubated 
with MCF-7 cells for 48 h before quantifying CDR1as 
by RT-qPCR. The RNA levels of CDR1as decreased 

Fig. 4  Synthesis and characterization of the DZ@ZIF-8 nanocomplex. (a) Schematic of the DZ-loaded ZIF-8 nanoparticle 
(DZ@ZIF-8). (b, c) SEM images and corresponding particle size distribution analysis of DZ@ZIF-8. The inset in (b) is a 
magnified view of the area indicated by the white dashed box. (d) Zeta potentials of ZIF-8 and DZ@ZIF-8. The data are 
expressed as mean±SD (n=3). (e) Cells were incubated with Alexa647-DZ or Alexa647-DZ@ZIF-8 for 24 h and imaged by 
confocal microscopy (Alexa647: red; Hoechst: blue). DZ: DNAzyme; ZIF-8: zeolitic imidazolate framework-8; SEM: 
scanning electron microscopy; SD: standard deviation.
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in all DZ@ZIF-8-treated cells. Particularly, the com‐
bination of DZ1+2 appeared to be the most efficient 
for CDR1as regulation (Fig. 5e), consistent with the re‐
sult of transfected DZ (Fig. 3b). The combination of 
DZ1+2 was utilized for the synthesis of DZ@ZIF-8 
complex in the subsequent experiment. The result indi‐
cated that DZ@ZIF-8 could downregulate CDR1as 

without the need of supplement of Zn2+. Then, the 
mRNA levels of downstream genes RAF1 and PIK3CD 
were examined. DZ@ZIF-8 could downregulate the 
expression levels of both downstream genes to approx‐
imately 40% (Fig. 5f). To demonstrate the versatility 
of this DZ-based strategy for circRNA regulation, the 
nanocomplex containing 10-23 DZ (10DZ) targeting 

Fig. 5  Regulation of CDR1as and downstream genes by DZ@ZIF-8. (a) Schematic of acidic degradation of DZ@ZIF-8 and 
DZ activation. (b) Gel electrophoresis analysis of CDR1as cleavage under various pH conditions. (c) Lysosomal colocalization 
of Alexa647-DZ@ZIF-8 (30 μg/mL) was observed by confocal microscopy following a 16-h incubation and LysoTracker 
green staining (lysosome: green; DZ@ZIF-8: red). (d) Colocalization ratio of Alexa647-DZ@ZIF-8 with lysosomes quantified 
using ImageJ software (n=20 cells). (e) RNA levels of CDR1as upon treatment with DZ-loaded ZIF-8 determined by 
RT-qPCR (n=3). (f) RT-qPCR analysis of the mRNA levels of RAF1 and PIK3CD treated with DZ@ZIF-8 (n=3). Data are 
expressed as mean±SD. *** P<0.001. CDR1as: cerebellar degeneration-related protein 1 antisense; ZIF-8: zeolitic imidazolate 
framework-8; DZ: DNAzyme; mRNA: messenger RNA; RT-qPCR: reverse transcription quantitative polymerase chain 
reaction; Ctrl: control; RAF1: Raf-1 proto-oncogene, serine/threonine kinase; PIK3CD: phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit delta.
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Site 1 and Site 2 on CDR1as was synthesized. Simi‐
larly, in the presence of Mg2+ , the 10DZ1+2@ZIF-8 
complex could also downregulate the RNA levels of 
CDR1as and the mRNA levels of downstream RAF1 
and PIK3CD (Figs. S5e and S5f).

2.4 Construction and application of dual-functional 
DZ/MB@ZIF-8 in live cells

DZ@ZIF-8 could downregulate the RNA levels 
of CDR1as, liberating sequestered miR-7. This de-
repression of miR-7 led to the inhibition of its down‐
stream oncogenic targets (e.g., RAF1 and PIK3CD). 
Therefore, by introducing a miR-7-targeting MB, we 
could achieve simultaneous optical observation of the 
nanoplatform’s activity (Fig. 6a). With the predictive 
assistance of MXfold2 (http://ws.sato-lab.org/mxfold2) 
and RNAstructure software, a molecule beacon com‐
plementary to miR-7 was designed, with a fluorescent 
group Cy3 and a quenching group black hole quencher-
2 (BHQ-2) modified at its two ends, respectively 
(Fig. S6a). Recognition and binding between miR-7 
and the miR-7-targeting MB was confirmed by gel 
electrophoresis (Fig. S6b). Next, the MB probe was 
incubated with miR-7 at gradually increasing concen‐
trations from 0 to 200 nmol/L, and the fluorescence 
was measured. The results showed that the fluores‐
cence intensity increased accordingly with the con‐
centration of miR-7 (Fig. 6b).

Having validated the efficiency of MB in miR-7 
detection, we constructed a dual-functional ZIF-8-
based nanocomplex co-encapsulating DZ and MB, in 
which DZ can cleave CDR1as, and MB is responsible 
for evaluating the cleavage outcome by monitoring 
miR-7 levels. DZ/MB@ZIF-8 was synthesized and 
incubated with MCF-7 cells. The expression levels 
of the CDR1as/miR-7 axis were measured by RT-
qPCR. Indeed, DZ/MB@ZIF-8 treatment downregulated 
CDR1as levels and caused an increase in miR-7 accord‐
ingly (Figs. 6c, 6d, and S6c). Notably, DZ/MB@ZIF-8 
was more efficient in upregulating miR-7 than an equal 
amount of DZ that was transfected via a transfection re‐
agent and supplemented with Zn2+, demonstrating the 
superiority of ZIF-8 to provide both effective DZ de‐
livery and supply of essential Zn2+ cofactor.

To ensure that the fluorescence readout provides a 
quantitatively robust reflection of miR-7 levels without 
saturating the sensor, the nanoplatform was engineered 
to load MBs in a significant excess relative to the 

expected physiological miR-7 fluctuations. The reli‐
ability of this optical signal was further validated. 
Control experiments confirmed that the presence of 
MB did not interfer with the reverse transcription or 
amplification efficiency of miR-7, and the robust flu‐
orescence turn-on observed in live cells closely mir‐
rored the miR-7 upregulation detected via RT-qPCR 
(Fig. S6c). Furthermore, the fluorescence properties 
of the Cy3 fluorophore remained highly stable across 
a pH range from 5.0 to 8.0 (Fig. S5d), eliminating the 
possibility of pH-induced artifacts during lysosomal 
degradation. Notably, while free DZ delivered by 
Lipofectamine 3000 (DZ/MB@Lipo3000) could also 
cleave CDR1as, its efficiency was slightly lower than 
that achieved by DZ/MB@ZIF-8 (Fig. 6c).

Next, we explored DZ/MB@ZIF-8 for its capacity 
to monitor miR-7 in live cells. Upon treatment with 
DZ/MB@ZIF-8, obvious fluorescence signals could 
be observed. In contrast, cells treated with MB@ZIF-8 
nanocomplex showed no fluorescence, demonstrat‐
ing that DZ cleavage is necessary for miR-7 release 
(Fig. 6e). Concurrently, the results of flow cytometry 
analysis demonstrated a significant enhancement of 
intracellular fluorescence only in cells incubated with 
complex DZ/MB@ZIF-8 (Fig. 6f). When a bifunctional 
nanocomplex based on 10-23 DZ (10DZ/MB@ZIF-8) 
was applied to MCF-7 cells in the presence of Mg2+, 
both the downregulation of CDR1as RNA levels and in‐
creased fluorescence of miR-7 were observed (Fig. S6d 
and S6e).

Finally, the applicability of DZ/MB@ZIF-8 was 
investigated in cell lines other than MCF-7 cells. 
Human glioblastoma multiforme cells (U87MG) and 
human embryonic kidney cells (HEK293T) were treated 
with DZ/MB@ZIF-8 and analyzed for CDR1as abun‐
dance and miR-7 imaging. DZ/MB@ZIF-8 could eff‑
iciently downregulate the RNA levels of CDR1as in 
both cells and showed increased fluorescence, as de‐
termined by flow cytometry analysis and confocal 
microscopy (Fig. 7). The bifunctional nanocomplex 
10DZ/MB@ZIF-8 was also applied to U87MG and 
HEK293T cells in the presence of Mg2+. The down‐
regulation of CDR1as RNA levels and increased fluo‐
rescence of miR-7 were also observed (Fig. S7). There‐
fore, the DZ-based strategy for simultaneous CDR1as 
cleavage and miR-7 imaging exhibited excellent uni‐
versality, adapting well to nanocomplexes constructed 
from various DZs and proving applicable to multiple 
cell lines.
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3 Conclusions 

In summary, we have developed a versatile ther‐
anostic nanoplatform, DZ/MB@ZIF-8, for the simul‐
taneous regulation and real-time monitoring of the 

oncogenic circRNA CDR1as and its downstream path‐
way. This system elegantly co-delivers a synergistic 
DZ set for the efficient cleavage of CDR1as and an 
MB for miR-7 detection. The ZIF-8 carrier is not merely 
a passive vehicle; its pH-responsive degradation in 

Fig. 6  Regulation and monitoring of the CDR1as/miR-7 axis by DZ/MB@ZIF-8. (a) Schematic diagram of the intracellular 
process of DZ/MB@ZIF-8-mediated CDR1as cleavage and miR-7 sensing. (b) Fluorescence spectra of MB incubated 
with different concentrations of miR-7. (c) Levels of CDR1as treated with DZ/MB@ZIF-8 determined by RT-qPCR. 
(d) Levels of miR-7 treated with DZ/MB@ZIF-8 determined by RT-qPCR. (e) Confocal images of MCF-7 cells treated 
with MB@ZIF-8 or DZ/MB@ZIF-8 (Cy3: red; Hoechst: blue). (f) Intracellular fluorescence intensity of MCF-7 cells 
treated with MB@ZIF-8 or DZ/MB@ZIF-8 measured by flow cytometry. (c, d) The data are presented as mean±SD from 
three independent biological replicates. ZIF-8: zeolitic imidazolate framework-8; DZ: DNAzyme; Cy3: cyanine 3; 
MB: molecular beacon; miR-7: microRNA-7; CDR1as: cerebellar degeneration-related protein 1 antisense; Lipo3000: 
Lipofectamine 3000; RT-qPCR: reverse transcription quantitative polymerase chain reaction; PE-A: phycoerythrin-area.
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lysosomes ensures triggered release of the functional 
agents while also supplying essential Zn2+ cofactors 
for optimal DZ activity.

We have demonstrated that the targeted degrada‐
tion of CDR1as derepresses miR-7, leading to the sub‐
sequent downregulation of key oncogenic targets, 
RAF1 and PIK3CD. Crucially, this therapeutic effect 
is coupled with a direct, real-time fluorescent readout 
via the miR-7-sensing MB, enabling live-cell visual‐
ization of the platform’s efficacy. The broad applicabil‐
ity of this approach was further validated across multiple 
cell lines and with alternative DZ designs.

Overall, this work establishes a powerful strategy 
for the real-time functional analysis of circRNAs, mov‐
ing beyond simple knockdown to integrated perturba‐
tion and validation. By providing a direct window 
into the dynamic circRNA-miRNA-mRNA regulatory 
network, our DZ/MB@ZIF-8 nanoplatform presents a 
promising tool for fundamental biological discovery 
and advances the development of circRNA-targeted 
cancer therapeutics.
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