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Fabrication of Metal Nuclear Acid Framework to Enable
Carrier-Free MNAzyme Self-Delivery for Gastric Cancer
Treatment

Xiaodong Ma, Jiaqi Yan, Gongting Zhou, Yuanqiang Li, Meixin Ran, Chengcheng Li,
Xiaodong Chen, Weijian Sun,* Hongbo Zhang,* and Xian Shen*

Multi-component deoxyribozymes (MNAzymes) have shown extraordinary
potential in precise gene therapy in vitro, however, the in vivo application is
limited by complicated delivery systems. Herein, a novel DNA-metal binding
mechanism is discovered, and metal-nucleic acid frameworks (MNFs) are built
composed of MNAzymes and metal ions, which enable the carrier-free self-
delivery of MNAzymes. Metal ions have a high affinity to DNA, however, the
binding of metals with DNA at 20–30 base pair long (that normally a MNAzyme
has) to form MNF structure is challenged by stringent high-temperature
synthesis conditions, poor stability of the products, and lack of targeting
capabilities. While, it is discovered that through folding and entanglement of
the MNAzyme with an aptamer tail, and prolonging the sequence to 71 base
pair, the metal MNAzymes binding is significantly improved and stabilized
to MNF structure even at room temperature. Moreover, the aptamer tail also
endows MNFs with targeting capabilities. As proof of concept, a carrier-free
Ca/MNAzyme delivery system at room temperature, loaded with the model
imaging protein BSA-Cy5 is synthesized. This system can effectively target
Her-2 positive gastric cancer cells with the Her-2 responsive aptamer tail and
initiate dual gene regulation, thereby inducing energy depletion in cancer cells.

1. Introduction

Following the confirmation of therapeutic DNAzymes’ effi-
cacy in human trials,[1] they have demonstrated significant
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potential in clinical medical
applications.[2–4] However, a fundamental
limitation of DNAzymes is their inabil-
ity to distinguish between diseased and
normal cells.[5,6] Consequently, during
the treatment process, healthy cells can
also internalize DNAzymes, leading to
collateral damage.[7] Multicomponent
deoxyribozyme (MNAzymes) represent
an advanced structure derived from
DNAzymes,[8] featuring a segmented
catalytic core[9] and additional DNA
recognition arms.[10] These arms en-
dow MNAzymes with the capability to
recognize biomarkers,[11,12] providing a
switch mechanism and the ability to iden-
tify diseased tissues.[13,14] Despite over
a decade of extensive exploration since
their development, MNAzymes have been
primarily explored for signal detection
in biomarker response,[15–17] with scant
reports in therapeutic applications.[18]

The catalytic activity of MNAzymes de-
pends on metal cofactors,[19,20] and due

to the poor permeability of cell membranes, MNAzymes face
challenges in entering cells.[21,22] To address these challenges, the
construction of MNAzyme delivery carriers is often complex, in-
evitably leading to the incorporation of non-therapeutic elements
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into the carriers.[23–25] This not only burdens the body but also re-
sults in a low proportion of therapeutic MNAzymes within these
carriers.[26–28] Furthermore, some tumor microenvironment-
responsive carriers degrade prematurely before being absorbed
by tumor cells,[29,30] releasing MNAzymes extracellularly and
thus compromising treatment efficacy. These issues have slowed
the research and development of MNAzymes.

Constructing MNAzymes and metal ion-based carrier-free
nanomaterials could simplify DNAzyme delivery and overcome
their inability to distinguish diseased cells. We define this novel
structure of DNA-metal ion combinations as Metal-Nucleic Acid
Frameworks (MNFs). However, DNA-metal binding faces many
challenges. Specifically, DNA requires temperatures above 90 °C
for three hours to form MNFs with metals like iron,[31,32] and
120 °C lasting for 3 days for metals like calcium[33] that less
readily form MNF structures. These high-temperature synthe-
sis conditions limit MNFs’ use in delivering large molecu-
lar drugs, confining them to small molecule drugs and CpG
oligonucleotides.[31,32] Moreover, MNFs produced using high-
temperature methods lack targeting specificity and stability, de-
grading rapidly under physiological conditions, and impairing
MNAzyme functionality in vivo. For example, the extensively
studied Fe2+/DNA MNFs completely degrade within two hours
in PBS.[32] These issues impede the construction of carrier-free
MNAzyme materials.

Prior research has primarily focused on the influence of nu-
cleic acid bases and the concentrations of nucleic acids and metal
ions on MNF construction. However, a significant aspect of-
ten overlooked is the impact of nucleic acid sequence length.
Oligonucleotides, characterized by their lack of base stacking
forces and adaptable spatial conformations, present a unique op-
portunity for exploration in MNF synthesis.[34] We hypothesize
that increasing oligonucleotide sequence length theoretically en-
hances the folding probability during reaction. Folded DNA not
only accommodates and coordinates more metal ions spatially
but also concentrates the negative charge of DNA strands, at-
tracting more positively charged metal ions.[35,36] This cumula-
tive charge attraction significantly improves DNA-metal ion bind-
ing efficiency and stability, reducing the required temperature
for MNF synthesis and enhancing product stability, enabling effi-
cient room-temperature production and loading of large molecu-
lar active drugs. Cleverly, extending the length of DNA aids in
the functional amplification of nucleotide sequences, aligning
with the developmental needs of DNA nanotechnology in ther-
apeutic applications. Integrating targeted nucleic aptamers with
MNAzyme sequences into a new multifunctional MNAzyme se-
quence effectively resolves MNF nanoparticle targeting issues
and the difficulty of free DNAzymes entering cells. This design
mitigates the issue of pH-sensitive MNFs degrading in tumor
microenvironments and releasing MNAzymes extracellularly,[37]

improving the efficiency of cellular uptake, and enhances the syn-
thetic efficiency and stability of MNFs.

In this study, we designed a miRNA-21-activated, calcium-
dependent MNAzyme for cleaving Glucose transporter 1
(GLUT1) mRNA, integrating a human epidermal growth factor
receptor-2 (Her-2) targeting aptamer[38,39] into the MNAzyme se-
quence to target Her-2 overexpressing cancer cells. This enabled
room-temperature MNF synthesis with calcium ions and load-
ing of model protein BSA-Cy5 for bioimaging. This design ef-

fectively enhanced MNFs’ synthesis capability and targeted de-
livery to Her-2 overexpressing cells. It also differentiated healthy
cells from cancer cells in the event of off-target effects, ren-
dering DNAzyme-mediated GLUT1 mRNA silencing more se-
lective, crucial for precision DNAzyme therapeutics. By specif-
ically targeting GLUT1 in cancer cells, disruption of the pen-
tose phosphate pathway (PPP) results, causing diminished cys-
teine synthesis and perturbation of GSH/ROS homeostasis,[40]

effectively inducing DNA damage in cancer cells. Compared
to small molecule inhibitors that suppress already produced
GLUT1, MNAzymes can inhibit GLUT1 production from the on-
set, impeding cancer cell glucose uptake. Additionally, calcium
ions, beyond activating the MNAzyme system, mediate mito-
chondrial apoptosis through calcium overload,[41–43] combined
with GLUT1 silencing to enhance ATP depletion (Scheme 1).

In summary, our innovation lies in revealing the pivotal signif-
icance of DNA length in the interaction between DNA and metal
ions. By employing DNA nanotechnology, we have intelligently
designed a multifunctional MNAzyme sequence, enabling mild
condition preparation of the carrier-free MNAzyme/Ca delivery
system and efficient encapsulation of model proteins. Our work
cleverly combines the strengths of DNAzymes and MNFs, over-
coming the limitations of therapeutic DNAzymes while reducing
MNFs″ synthesis conditions. These innovations significantly ex-
pand the medical applications of MNFs and DNAzymes.

2. Results

To construct a miRNA-21 responsive GLUT1 mRNA cleavage
MNAzyme system, a selection was made between two established
DNAzyme models, 17E and 10–23. Recent studies have delved
deeper into the 17E DNAzyme’s catalytic loop sequence and its
affinity with various metal ions. For instance,[44] alterations in
three base pairs within the catalytic center (N3-5, N9-11), and
the replacement of thymine (T) with adenine (A) at position N12,
have been shown to significantly increase the affinity of the 17E
DNAzyme toward Ca2+ (Figure 1a). Additionally, under identi-
cal conditions of metal cofactor concentration, the catalytic activ-
ity of the 17E DNAzyme surpasses that of the 10–23 model.[45]

Calcium, zinc, and magnesium ions are common cofactors for
MNAzymes. Compared to zinc and magnesium, calcium ions
play a unique role in cancer therapy due to their capability to in-
duce calcium overload treatment. Additionally, compared to met-
als like iron and copper, which readily form MNFs with DNA
structures, calcium ions exhibit weaker binding ability with DNA.
Using calcium as an example better illustrates the influence of
DNA sequence length on MNFs synthesis. Consequently, this
study employs the 17E DNAzyme to develop an efficient, Ca2+-
responsive MNAzyme system for dual-gene regulation.

Following the identification of the catalytic center sequence
and corresponding metal ions, miRNA-21 (abbreviated as T)
was selected as the trigger gene. The trigger segment of the
MNAzyme system was designed using a sequence complemen-
tary to miRNA-21, recognizing the elevated levels of miRNA-21
in many cancer cell lines compared to normal cells, marking
it as a classic cancer biomarker.[46–48] The substrate recognition
sequence was crafted to be complementary to GLUT1 mRNA
(abbreviated as S). In terms of structure, the MNAzyme un-
derwent segmentation from its catalytic center, resulting in two
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Scheme 1. Illustration depicting the preparation process of MNFs and their mediated energy exhaustion therapy mechanism. a) Preparation of MNFs.
b) and c) Treatment mechanism of MNFs: After being taken up by gastric cancer cells, MNFs release MNAzyme and calcium ions under acidic pH
conditions. MNAzyme self-assembles into active mode on-site by consuming miRNA-21 and Ca2+, thereby silencing GLUT1 mRNA and inhibiting
GLUT1. This not only affects the PPP pathway-mediated energy exhaustion therapy but also disrupts the homeostasis of GSH/ROS inside cancer cells,
subsequently causing damage to the cell nucleus. In addition, silencing miRNA-21 leads to the upregulation of PTEN, accelerating cancer cell death. The
excess Ca2+ produced by MNFs triggers mitochondrial calcium overload. Mitochondrial calcification reduces the production of adenosine triphosphate
(ATP). Ultimately, dual-pathway control of ATP production achieves precise and efficient energy exhaustion therapy.
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Figure 1. Construction and testing of the catalytic performance of calcium ion-dependent MNAzyme catalytic system responsive to miRNA-21, designed
for the depletion of GLUT1 mRNA. a) General MNAzyme design structure based on 17E DNAzyme. b) Design scheme of a calcium ion-dependent
MNAzyme system triggered by miRNA-21 for the cleavage of GLUT1 mRNA. c) Free energy of DNA complexes when T, R, L, and S are bound, as simulated
by the NUPACK Web application. d) Equilibrium concentrations of L+R+T+S and L+R+S systems as simulated by the NUPACK Web application. e)
Polyacrylamide gel electrophoresis experiments for different formulations of 20% polyacrylamide gel. f) Validation of the impact of Ca2+ concentration
on the catalytic performance of the MNAzyme system. g) Quantification of the catalytic performance of the MNAzyme system under different calcium ion
concentrations using ImageJ software. h) Construction logic of a cancer biomarker-responsive MNAzyme system. i) Validation of the effect of catalytic
time on the performance of the MNAzyme system. j) Quantification of the catalytic performance of the MNAzyme system over different times using
ImageJ software. (Experiments in E–J were independently repeated three times, with similar results. R is the right part enzyme, L is the left part enzyme,
T is the trigger chain, and S is the substrate mRNA.).
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distinct entities: a right-side Partzyme (denoted as R) and a left-
side Partzyme (L), as depicted in Figure 1b. The system was fur-
ther enhanced by attaching Her-2 targeting aptamer sequences
to each Partzyme, creating a Ca2+-responsive MNAzyme system
capable of dual-gene regulation targeting Her-2 overexpressing
cancer cells.

The NUPACK Web application[49] was employed for simulat-
ing the free interaction of four distinct DNA strands. The con-
centrations were set as L = 0.5 μm, R = 0.5 μm, T = 0.5 μm,
and S = 1 μm. At the equilibrium state of the T+R+L+S config-
uration, this combination showcased the most stable secondary
structure with the lowest free energy (−58.43 kcal mol−1), as seen
in Figure 1c and Figure S1 (Supporting Information), indicating
superior stability over other combinations. In the L+R+S mix-
ture (with concentrations of L, R, and S set to 0.5, 0.5, and 1 μm,
respectively), a notable affinity was observed between S and L, re-
sulting in the formation of a complex measured at 0.36 μm, while
the binding efficiency between S and R (right partzyme) was sig-
nificantly lower at only 0.031 μm (Figure 1d). These simulations
suggest that MNAzyme assembly involves two steps: initial cou-
pling of L and S, followed by binding of T or R (preferably T) with
the L-S complex. Eventually, all four strands combine to form a
stable MNAzyme configuration (Figure S2, Supporting Informa-
tion).

After designing the MNAzyme sequence, its dual-gene regu-
latory functionality was assessed using 20% polyacrylamide gel
electrophoresis (PAGE) (Figure 1e). Individual L (0.5 μm), R
(0.5 μm), T (0.5 μm), and S (1 μm) strands displayed distinct bands
in lanes 1, 2, 3, and 4, respectively. To test the MNAzyme sys-
tem’s discriminative ability between cancerous and healthy tis-
sues, lane 5 explored its hydrolytic capacity on GLUT1 mRNA
in the absence of miRNA-21 (including 1 mm Ca2+ and 1 μm
S strand). Despite adequate Ca2+ levels, the MNAzyme failed to
catalyze GLUT1 mRNA cleavage. In lane 6, due to insufficient
metal ions, the S strand remained intact. However, with the ad-
dition of 1 mm Ca2+ and 0.5 μm miRNA-21 in lane 7, the sub-
strate underwent cleavage, effectively vanishing and resulting in
the emergence of two distinct new bands. These results indicated
that the MNAzyme system, activated by miRNA-21, could recon-
nect Partzyme L and Partzyme R to reconstitute a complete cat-
alytic core, restoring catalytic activity for Ca2+-mediated multiple-
turnover cleavage of GLUT1 mRNA and consuming miRNA-21
for dual-gene regulation.

Further verification of the impact of metal ion concentration
on the MNAzyme system was conducted with a 6 h substrate
catalytic hydrolysis test under varying Ca2+ levels (Figure 1f).
L (0.5 μm), R (0.5 μm), T (0.5 μm), and S (1 μm) were added.
The results showed a progressive decrease in S content as the
Ca2+ concentration was progressively increased from 0 to 2 mm,
there was a notable vanishing of the substrate band, and dis-
tinct cleavage bands of the S strand began appearing from
1 μm onward. These findings demonstrate that at 1 mm Ca2+

concentration, MNAzyme achieves optimal cleavage efficiency
(Figure 1g). This verified that in gastric cancer cells overexpress-
ing specific miRNA-21, this unique self-assembly of Partzyme
into an MNAzyme, specifically geared for GLUT1 mRNA cleav-
age. This process led to the consumption of a significant
amount of miRNA-21 within the cancer cells, thereby facilitat-
ing dual-gene regulation that simultaneously targets the disease-

causing miRNA-21 and the therapeutic target gene GLUT1
(Figure 1h).

Finally, the influence of catalytic duration on the MNAzyme
system was examined under conditions of L= 0.5 μm, R= 0.5 μm,
T = 0.5 μm, S = 1 μm, and Ca2+ = 1 mm at 37 °C for varying
periods (Figure 1i,j). As time progressed, a gradual reduction in
the substrate was observed, with clear substrate cleavage bands
appearing at 3 h and almost complete substrate depletion at 7 h.
This confirmed the high efficiency of the MNAzyme in cleaving
the substrate.

To explore whether sequences with multiple segments (longer
in length) exhibit enhanced potential for MNF synthesis, we ob-
tained three functional DNA fragments of different sizes: 20, 42,
and 71 nucleotides from the company. These were mixed with
1 m CaCl2 at equimolar concentrations to assess MNF generation
efficiency. The shortest fragment, comprising 20 nucleotides,
serves as the GLUT1 substrate strand. The 42-nucleotide frag-
ment represents the Her-2 aptamer’s sequence. A 71-nucleotide
segment represents the partzyme sequence of the MNAzyme, ex-
tended with the Her-2 aptamer (Figure 2a). Findings indicate that
the 71-nucleotide segment demonstrated a more effective bind-
ing with calcium ions, leading to a nanoparticle production rate
≈18% higher than the 42-nucleotide fragment. Surprisingly, the
20-nucleotide sequence was unable to bind with calcium ions to
form nanoparticles (Figure S3, Supporting Information). These
results provide clear macroscopic evidence that longer DNA se-
quences surpass shorter ones in terms of MNF synthesis effi-
ciency.

Further analysis was conducted to understand the structural
composition of MNFs, with a focus on the DNA and calcium con-
tent. For the H-GMzmiRNA sequence, with an initial DNA input of
≈44.87 μg, the actual DNA content was close to 40.97 μg, demon-
strating a DNA utilization efficiency of 91.3%. In the case of the
Her-2 aptamer’s sequence, with an input of ≈46.86 μg, the DNA
content in the product was also high at 88.2% efficiency, equat-
ing to ≈41.33 μg. The distinction, however, was in calcium ion
utilization: the H-GMzmiRNA product contained 7.75 μg of cal-
cium (calcium mass ratio of 15.9%), while the Her-2 aptamer’s
group had only 4.49 μg (calcium mass ratio of 9.8%). This sug-
gested that while the DNA utilization efficiency remained con-
sistent for both the Her-2 aptamer and H-GMzmiRNA sequence in
MNF fabrication, longer DNA sequences demonstrated a greater
affinity for calcium ions. Significantly, when the DNA sequence
is reduced to 20 nucleotides, the resulting product, initially com-
prising ≈48.73 μg, becomes barely visible. Subsequent analysis
revealed a mere 2.1 μg of DNA, representing only 4.3% effi-
ciency, and a calcium content of 0.1 μg, corresponding to a cal-
cium mass ratio of 4.5%. These observations highlighted the
pivotal importance of DNA length in optimizing calcium ion
binding.

The findings can be ascribed to the inherent characteristics of
oligonucleotides, characterized by limited base stacking interac-
tions and adaptable spatial structures. Thus, elongating the DNA
sequences, rather than solely augmenting nucleotide concentra-
tion, has the capacity to enhance the folding and intertwining
likelihood during reactions, thereby improving MNF synthesis
efficiency and stability. Additionally, the intertwining of longer
oligonucleotide chains aids in neutralizing the repulsion among
DNA molecules, thereby enhancing the potential of intertwined
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Figure 2. Analysis of the MNF synthesis mechanism based on the binding of long-chain DNA with calcium ions and characterization of MNF nanoparti-
cles. a) The synthesis methodology of GMzmiRNA/Ca and H-GMzmiRNA/Ca MNFs. b,c) Computational modeling outcomes for DNA strands of different
lengths, with identical nucleotide quantities and equivalent calcium ion concentrations. Calcium ions are visualized as purple orbs, and chloride ions are
depicted as green orbs. The horizontal axis represents time, measured in nanoseconds (ns). d) TEM imagery of different MNF nanoparticle formations.
e) Size and f) Zeta potential of different MNF NPs. g,h) The release of DNA and BSA from B@H-GMzmiRNA/Ca MNF NPs in different pH release media.
i,j) Stability for MNF NPs in Milli-Q aqueous solution. K) EDS and elemental mapping assessments of MNF NPs.

DNA clusters to attract more calcium ions and ultimately leading
to a higher MNF yield.

To verify this hypothesis, we established two systems with
equivalent nucleotide counts in molecular dynamics simulation
experiments (Figure 2b,c). System 1 comprised ten Her-2 ap-

tamer sequences, whereas System 2 consisted of six H-GMzmiRNA

sequences. Throughout the 0–100 ns simulation, the shorter Her-
2 aptamer sequences remained unstable and dispersed, showing
little entanglement even at 100 ns. In contrast, H-GMzmiRNA se-
quences entwined significantly, forming dense aggregations by
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100 ns. This observation supports the idea that increased DNA
length enhances the likelihood of entanglement.

Through integrating experimental observations with MD sim-
ulations, we confirmed the substantial influence of DNA length
on MNF synthesis. By extending DNA length, we can enable
the construction of calcium-based MNFs at ambient tempera-
ture, thereby expanding their scope for potential applications.
Next, we delved into the DNA/Ca2+ concentration ratio’s effect on
nanoparticle size. We observed that a lower DNA: Ca2+ concen-
tration (1:2) resulted in smaller nanoparticles ≈190 nm, while ra-
tios of 1:1 and 2:1 produced sizes of ≈210 and 370 nm (Figure S4,
Supporting Information), consistent with other studies. Signifi-
cantly, with the augmentation in particle size, there was a corre-
sponding decline in the electrostatic potential of the nanoparti-
cles, indicating an elevated presence of negatively charged DNA
within the larger particles (Figure S5, Supporting Information).
Due to the group with a DNA/Ca2+ ratio of 1:2 exhibiting the
smallest particle size, this ratio was chosen for MNF preparation
in this study.

After confirming the influence of DNA length and the ratio
of metal ions to DNA on the synthesis of MNFs, we examined
the encapsulation efficiency of MNFs for proteins using BSA-Cy5
as a model protein. TEM results indicated that the morphology
of B@H-GMzmiRNA/Ca NPs remained spherical without signifi-
cant alterations after protein encapsulation (Figure 2d). Addition-
ally, DLS measurements demonstrated a slight increase in the
size of H-GMzmiRNA/Ca NPs after loading BSA, from ≈190 nm
to ≈230 nm (Figure 2e), accompanied by a decrease in zeta po-
tential (Figure 2f). Subsequently, we assessed the release be-
havior of DNA strands (Figure 2g) and BSA-Cy5 (Figure 2h)
from B@H-GMzmiRNA/Ca nanoparticles under various pH con-
ditions. The findings revealed that MNFs are pH-sensitive, with
DNA sequences and BSA-Cy5 exhibiting similar release rates.
In an acidic environment (pH 6), DNA and BSA-Cy5 were al-
most entirely released within 24 h, whereas in a neutral en-
vironment (pH 7.4), only ≈22% of the components were re-
leased in the same timeframe. These experimental observations
demonstrate the refined pH responsiveness of the MNF nanosys-
tem, highlighting its utility for precise and controlled therapeutic
delivery.

Furthermore, to verify the stability of the products formed by
the binding of long-chain DNA with Ca2+, we conducted tests
for 3 days. The results showed that MNFs formed by long-chain
DNA and metals exhibited exceptional stability, with no signif-
icant changes in particle size or PDI in water (Figure 2i) or cul-
ture medium (Figure S6, Supporting Information). Observations
of MNF morphology via TEM after 15 h showed that most MNF
NPs retained their spherical shape, with a few exhibiting a de-
crease in volume. (Figure 2j). These results once again emphasize
the advantages of using long-chain DNA to prepare MNFs, not
only in terms of efficient room-temperature synthesis but also in
the greatly enhanced stability of the MNF products. Finally, EDS
analysis was conducted on H-GMzmiRNA/Ca NPs (Figure 1K).
This analysis revealed the presence of essential elements within
MNF, such as oxygen (O), nitrogen (N), phosphorus (P), and cal-
cium (Ca), thus validating the successful synthesis of MNFs.

Following the effective establishment of the dual-gene reg-
ulatory MNAzyme system and the successful creation of the
MNF delivery system, we proceeded to evaluate the target-

ing effectiveness of B@H-GMzmiRNA/Ca against Her-2 positive
gastric cancer cells. Two distinct MNF formulations were de-
signed: one containing the Her-2 aptamer sequence in the B@H-
GMzmiRNA/Ca and the other with a mutated Her-2 aptamer
sequence in B@MH-GMzmiRNA/Ca (keeping the total number
of bases in both sequences constant). The cellular endocyto-
sis capability of each group was reflected by monitoring the
fluorescence intensity of BSA-Cy5 (represented in red). As de-
picted in Figure 3a, endocytosis was time-dependent, with the
Her-2 aptamer-containing targeting group consistently exhibit-
ing stronger fluorescence at each time point, indicating en-
hanced MNF uptake. Moreover, flow cytometry quantified the
endocytosis results (Figure 3b), showing a trend consistent
with confocal microscopy observations. The incorporation of
the Her-2 aptamer facilitated the endocytosis of MNF NPs in
the gastric cancer cell line, with the uptake efficiency of B@H-
GMzmiRNA/Ca being ≈1.5 times higher than that of B@MH-
GMzmiRNA/Ca (Figure 3c). Additionally, we utilized NCI-N87 cells
to construct a spheroid model to verify the penetrative capa-
bility of B@H-GMzmiRNA/Ca MNFs within tumor tissues. In-
triguingly, groups containing the Her-2 aptamer demonstrated
stronger tumor penetration capabilities within the same dura-
tion compared to those without the Her-2 aptamer. The B@MH-
GMzmiRNA/Ca group remained on the surface of the tumor
spheroid at 10 h (Figure S7, Supporting Information), whereas
B@H-GMzmiRNA/Ca had already penetrated into the interior of
the tumor spheroid (Figure S8, Supporting Information). Subse-
quently, to assess the universality of B@H-GMzmiRNA/Ca MNF’s
targeting of Her-2 overexpressing cancer cells, we also conducted
tests in SNU-216 gastric cancer cells. The experimental outcomes
were similar to those with the N87 cell line (Figure S9, Support-
ing Information), where the Her-2 aptamer also enhanced the
uptake of MNF by this cell line.

To verify the Her-2 aptamer’s effect on the cellular uptake of
free MNAzymes, we tested using Cy5-labeled DNA sequences, H-
GMzmiRNA-Cy5 and MH-GMzmiRNA-Cy5. As shown in Figure 3d,
the uptake efficiency of H-GMzmiRNA-Cy5 was six times higher
than that of MH-GMzmiRNA-Cy5. In contrast, in the NHDF
healthy cell line, the uptake of B@H-GMzmiRNA/Ca and B@MH-
GMzmiRNA/Ca was compared. The experiment involved assess-
ing cellular uptake at 2, 4, and 6 h time points using con-
focal microscopy and flow cytometry to measure the fluores-
cence intensity, indicating nanoparticle ingestion (Figures S10
and S11, Supporting Information). This comparison revealed no
significant differences in uptake, likely attributed to the absence
of Her-2 expression in normal cells. Consequently, the Her-2
aptamer-modified MNF did not enhance nanoparticle ingestion
in healthy NHDF cells. Based on these experiments, we found
that the H-GMzmiRNA showed dual targeting capabilities on NCI-
N87 cells: both in terms of the MNF NPs and the free MNAzymes
(Figure 3e).

Lysosomal escape results (Figure 3f) indicated that the fluores-
cence overlap between MNF nanoparticles (red signal) and lyso-
somes (green signal) decreased after 6 h, with the Pearson Corre-
lation Coefficient (PCC) number dropping from 0.76 to 0.53. By
comparing fluorescence curves at two time points, we observed
almost identical trends at 3 h, but a significant decrease in over-
lap at 6 h (Figure 3g), confirming the effective escape of MNF
NPs from lysosomes.
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Figure 3. Validation of the targeting ability and cytotoxicity of each material. a) Evaluation of the targeting ability of various materials on N87 cells using
fluorescence confocal microscopy. b) Images obtained from flow cytometry analysis to assess the cellular uptake of different materials. c) Statistical chart
of flow cytometry results. d) Images obtained from flow cytometry analysis to assess the cellular uptake of different free DNA. e) Schematic representation
of the targeting mechanism of Her-2 modified materials. f) Assessment of the lysosome escape capability of MNF materials after entering N87 cells
using fluorescence confocal microscopy. g) Analysis of lysosome escapes results using ImageJ software. h) Cytotoxicity experiments of different material
groups on N87 cells. i) Cytotoxicity experiments of different material groups on NHDF cells. j) Analysis of cell apoptosis in N87 cells treated with different
materials using Annexin V-FITC/PI staining.
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Having confirmed the efficient delivery of therapeutic agents
to the cytoplasm, we set up four nanoformulation groups to pre-
liminarily study their toxicity on N87 gastric cancer cells and
normal human dermal fibroblast NHDF cells, using WST-1 and
apoptosis assays. The groups were B@H-GMzNO/Ca with a mu-
tated miRNA recognition sequence, B@H-MGMzmiRNA/Ca with
a mutated GLUT1 substrate sequence, B@MH-GMzmiRNA/Ca
with a mutated aptamer sequence, and the final formulation
B@H-GMzmiRNA/Ca. Results in Figure 3h showed that despite
NP concentrations reaching 2 μm, cell viability remained high,
approximately close to 75% and 68% for the B@H-GMzNO/Ca
and B@H-MGMzmiRNA/Ca groups, respectively, as they lacked
the complete MNAzyme catalytic system. However, the group
with only the Her-2 aptamer mutated, B@MH-GMzmiRNA/Ca,
showed a reduction in cell viability to ≈39%. The final formu-
lation, B@H-GMzmiRNA/Ca, had the highest inhibitory effect on
gastric cancer cells, reducing cell viability to ≈26%, highlighting
the importance of Her-2 aptamer modification. Similar conclu-
sions were also obtained from the SNU-216 cell lines (Figure S12,
Supporting Information). Despite high concentrations, these
four MNF formulations showed no significant cytotoxicity in
healthy cell lines (Figure 3i), likely due to the lower release
of MNAzymes and calcium ions in the microenvironment of
healthy cells, and the absence of miRNA21 to initiate MNAzyme
cleavage. These results indicate that the MNAzyme system has
excellent selectivity, effectively distinguish between cancer and
healthy cells, achieving precise MNAzyme therapy. From apopto-
sis assay results (Figure 3j), ≈10% of cells began apoptosis in the
B@H-GMzNO/Ca group after 24 h of treatment, while ≈27.0%
of cells entered apoptosis in the B@H-MGMzmiRNA/Ca group.
This preliminary result suggests that miRNA silencing can in-
duce apoptosis. Furthermore, ≈47% of cells underwent apopto-
sis in the B@MH-GMzmiRNA/Ca formulation group. Finally, for
the final formulation B@H-GMzmiRNA/Ca, ≈68% of the cells en-
tered late apoptosis, attributable to enhanced cell uptake by the
aptamer, GLUT1 silencing, PTEN regulation, and calcium over-
load synergistically.

Subsequent to initially confirming the toxicity of the MNF for-
mulation on gastric cancer and healthy cells, we delved deeper
into the dual-gene regulatory effects of MNF after its entry into
cancer cells. Initially, we assessed the changes in intracellular
Ca2+ concentrations post MNF introduction. Using Fluo-4 AM
for green fluorescence visualization of intracellular calcium, ob-
servations were made through CLSM (Figure 4a), with relative
Ca2+ intensities further quantified using ImageJ. As anticipated
from MNF in vitro release simulations in the acidic microenvi-
ronment of gastric cancer, all MNF formulations markedly ele-
vated intracellular calcium levels. Interestingly, groups contain-
ing the Her-2 targeting aptamer exhibited ≈37% higher calcium
fluorescence intensity compared to groups without the aptamer,
corroborating the significant role of Her-2 targeting in elevating
intracellular calcium concentration. High intracellular calcium
not only provides the necessary cofactor for the MNAzyme sys-
tem but also contributes to inducing mitochondrial Ca2+ over-
load.

To visually confirm whether the MNAzyme could identify
and capture intracellular miRNA-21, the fluorescence in situ hy-
bridization (FISH) method was used to observe free miRNA-21
within cells (Figure 4b; Figure S13, Supporting Information).

This method tagged endogenous miRNA-21 with green fluo-
rescence. The results demonstrated that the control group ex-
hibited stronger green fluorescence, while upon the addition
of B@H-GMzNO/Ca, there was no decrease in fluorescence in-
tensity. However, upon adding B@H-MGMzmiRNA/Ca, B@MH-
GMzmiRNA/Ca, and B@H-GMzmiRNA/Ca, varying degrees of de-
crease in miRNA fluorescence were observed, with B@H-
GMzmiRNA/Ca showing the most significant reduction, ≈88%.
These outcomes suggest that MNAzyme can effectively cap-
ture miRNA-21 in cancer cells, ensuring the formation of the
MNAzyme catalytic system.

Subsequently, to investigate whether MNAzyme could ef-
fectively cleave GLUT1 mRNA, leading to downregulation
of GLUT1 protein in N87 cells, Cy3-labeled secondary an-
tibodies were used (Figure 4c). These antibodies marked
the GLUT1 protein with red fluorescence. We observed that
the control group displayed stronger red fluorescence, with
negligible differences in fluorescence intensity upon adding
B@H-GMzNO/Ca and B@H-MGMzmiRNA/Ca. Upon adding
B@MH-GMzmiRNA/Ca and B@H-GMzmiRNA/Ca, a noticeable
decrease in GLUT1 protein fluorescence was observed, with
B@H-GMzmiRNA/Ca showing the most marked reduction,
≈91%. These preliminary results suggest that MNAzyme can
cleave GLUT1 mRNA within cells, reducing GLUT1 protein
expression.

Following this, Western blot experiments were conducted to
accurately verify protein expression in cells, with GLUT1/𝛽-actin
and PTEN/ 𝛽-actin ratios calculated using ImageJ (Figure 4d).
In the N87 cell line, we found that B@MH-GMzmiRNA/Ca and
B@H-GMzmiRNA/Ca significantly downregulated GLUT1 expres-
sion (≈38% and 17%, respectively), indicating that the MNAzyme
system in its active state can effectively cleave GLUT1 mRNA, re-
ducing GLUT1 protein. In contrast, B@H-GMzNO/Ca and B@H-
MGMzmiRNA/Ca groups showed no notable change in GLUT1
protein content compared to the control, consistent with CLSM
results. The abnormal loss of miRNA led to an increase in
PTEN protein expression, with B@H-MGMzmiRNA/Ca, B@MH-
GMzmiRNA/Ca, and B@H-GMzmiRNA/Ca groups showing varying
degrees of upregulation in PTEN protein. In the NHDF healthy
cell line (Figure S14, Supporting Information), we found that
none of the formulations could downregulate GLUT1 expres-
sion. These results demonstrate that the MNAzyme system pos-
sesses excellent recognition capabilities, effectively performing
dual-gene regulation in cancer cells while remaining inactive in
healthy cells.

The inhibition of GLUT1 not only works in conjunction with
mitochondrial calcification to enhance energy depletion in can-
cer cells but also disrupts the GSH synthesis pathway, thereby
triggering the breakdown of the GSH/ROS balance within can-
cer cells (Figure 4e). Therefore, we utilized assay kits to test the
relative quantities of key substances in different pathways of N87
cells treated with various MNF formulations. For groups that
effectively exerted GLUT1 inhibitory functions, both B@MH-
GMzmiRNA/Ca and B@H-GMzmiRNA/Ca groups observed a de-
crease in the relative quantities of 6-Phosphogluconate, Cysteine,
ATP, and GSH, while other groups did not show significant
changes compared to the control group (Figure 4f). These out-
comes highlight the dual effects produced by the inhibition of
GLUT1.
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Figure 4. Analysis of Dual Genes Modulation and Calcium Overload. a) Visualization of Ca2+ concentration levels utilizing Fluo-4 AM as the marker
dye. b) The levels of intracellular miRNA-21 were quantified using the fluorescence in situ hybridization (FISH) technique. c) Fluorescence confocal
microscopy was used to assess the impact of various groups on the GLUT1 gene within cells. GLUT1 protein inside cells was identified with an antibody,
emitting red fluorescence, while cell nuclei were marked with DAPI, appearing in blue. d) The levels of GLUT1 and PTEN proteins were analyzed
through western blot analysis. The final concentrations for each experimental group were set at 2 μm for each partzyme. e) Schematic representation
of the selective Ca2+ overload and GLUT1 inhibition for the suppression of tumor energy metabolism and disruption of ROS/GSH homeostasis. f)
Characterization of intracellular PPP metabolism, 6-Phosphogluconate, and Cysteine consumption processes, as well as GSH and ATP synthesis in N87
cells.
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Upon validating the specific bi-functional gene regulation
efficiency of the MNAzyme system incorporating the Her-
2 aptamer (designated B@H-GMzmiRNA/Ca) in targeting gas-
tric cancer cells, our focus expanded to encompass the exam-
ination of various cellular damages post the dual-gene mod-
ulation. This included DNA damage, mitochondrial injuries
from calcium excess, and disruptions in ROS/GSH equilib-
rium due to GLUT1 suppression (Figure 5a). The investiga-
tive study spanned five distinct groups: Control group, B@H-
GMzNO/Ca, B@H-MGMzmiRNA/Ca, B@MH-GMzmiRNA/Ca, and
B@H-GMzmiRNA/Ca.

The decline in mitochondrial membrane potential (ΔΨm), a
marker of early apoptosis, was gauged using the JC-1 dye, with
the relative intensities quantified through ImageJ. ElevatedΔΨm
results in JC-1 forming aggregates emitting red fluorescence,
whereas lowered potential leads to monomeric JC-1 emitting
green fluorescence. Illustrated in Figure 5b, each of the four
treatment groups showed a decrease in red fluorescence com-
pared to the control, indicating that the MNF’s abundant cal-
cium ions induced calcium overload in cancer cells, thus reduc-
ing membrane potential. Particularly, the B@MH-GMzmiRNA/Ca
and B@H-GMzmiRNA/Ca groups evidenced a marked decrease
in red fluorescence, with red-to-green fluorescence ratios signifi-
cantly reduced to 21% and 13%, respectively. This reduction is
likely a result of GLUT1 inhibition disturbing ROS/GSH bal-
ance, further aggravating mitochondrial damage, augmented by
the presence of the Her-2 aptamer.

The mitochondrial permeability transition pore (MPTP), an-
other critical mitochondrial status marker, was also evaluated
(Figure 5c). Post mitochondrial damage, an increase in MPTP
opening was observed. The mitochondrial Calcein fluorescence
intensity in the B@H-GMzNO/Ca, B@H-MGMzmiRNA/Ca, and
B@MH-GMzmiRNA/Ca groups is by ≈56%, 35%, and 18%, re-
spectively, highlighting a significant elevation in mitochondrial
permeability. In the B@H-GMzmiRNA/Ca group, the decrease in
Calcein fluorescence was even more pronounced at 4%, a clear
indication of a substantial increase in mitochondrial membrane
permeability. These outcomes are in sync with the findings from
the mitochondrial membrane potential tests.

Next, bio-TEM analysis was employed to visually examine mi-
tochondrial morphology across the studied groups (Figure 5d).
The control group’s mitochondria maintained normal morphol-
ogy with distinct cristae and intact structures. Contrastingly, in
the groups treated with the MNF formulations, notable mito-
chondrial damage was observed, characterized by membrane
disruptions. The B@H-GMzNO/Ca and B@H-MGMzmiRNA/Ca
groups exhibited less severe and fewer mitochondrial cavi-
ties, while significant mitochondrial damage was evident in
the B@MH-GMzmiRNA/Ca group. Most notably, the B@H-
GMzmiRNA/Ca group displayed extensive mitochondrial damage
with numerous hollow cavities, underscoring the combined im-
pact of calcium overload, GLUT1 inhibition, and the incorpora-
tion of the Her-2 aptamer.

To ascertain if inhibiting GLUT1 expression significantly el-
evated intracellular ROS levels, ROS was marked with green
fluorescence (Figure 5e). In the B@H-GMzNO/Ca and B@H-
MGMzmiRNA/Ca groups, there was little to no change in ROS
fluorescence. However, in the B@MH-GMzmiRNA/Ca and B@H-
GMzmiRNA/Ca groups, there was a significant increase in ROS

levels, with the latter showing an ≈46% enhancement in fluo-
rescence intensity compared to the former. These results provide
compelling evidence of the MNAzyme system’s capability to ef-
fectively elevate intracellular ROS levels.

Finally, immunofluorescence experiments with a green
fluorescent antibody against 𝛾-H2AX assessed the level of
DNA damage (Figure 5f). The B@H-GMzNO/Ca and B@H-
MGMzmiRNA/Ca formulations induced no significant nu-
clear damage. For the effective treatment groups, B@MH-
GMzmiRNA/Ca and B@H-GMzmiRNA/Ca, the latter showed ≈31%
increase in 𝛾-H2AX fluorescence intensity, indicating an en-
hanced DNA damaging efficacy due to GLUT1 inhibition. In the
B@H-GMzmiRNA/Ca group, nuclear damage was also observable
in bio-TEM images (Figure S15, Supporting Information).
These findings, taken together, indicate the significant impact
of the B@H-GMzmiRNA/Ca MNF in triggering ROS-induced
DNA damage, thus demonstrating its efficacy in cancer cell
modulation.

Motivated by the significant inhibitory potency and biocom-
patibility demonstrated in vitro, we extended our study to the
nanosystems’ performance in a live setting. All animal proce-
dures mentioned in our study were conducted strictly in accor-
dance with the Guidelines for the Care and Use of Laboratory
Animals. Approval was granted by the Institutional Animal Care
and Use Committee (IACUC) of Zhejiang Center of Laboratory
Animals (ZJCLA), reference number ZJCLA-IACUC-20020188.
Luciferase/GFP-labeled gastric cancer cells were used to surgi-
cally construct an in situ gastric cancer tumor model. The aver-
age radiance of luciferin bioluminescence was employed to in-
dicate the progression of in situ tumor growth and for ex vivo
visualization of the tumor. We initiated in vivo imaging to track
the distribution of NPs following intravenous introduction, as
depicted in Figure 6a. Interestingly, MNF NPs crafted with an
altered Her-2 sequence (B@MH-GMzmiRNA/Ca) predominantly
gathered in the kidneys due to the natural capture of negatively
charged nanostructures by renal pathways. Contrarily, B@H-
GMzmiRNA/Ca showed marked tumor localization in the stom-
ach, maintaining strong fluorescence signals up to 24 h post-
injection, emphasizing the essential function of the Her-2 ap-
tamer in directing MNF materials to cancer cells.

Subsequent to in vivo imaging, ex vivo analyses at the 24 h
point were conducted to study nanodevice fluorescence across
different organs (Figure 6b). Both MNF variations primarily
accumulated in the kidneys, liver and tumor, with B@MH-
GMzmiRNA/Ca showing the highest kidney retention. However,
kidney retention for B@H-GMzmiRNA/Ca NPs was about half
that of the B@MH-GMzmiRNA/Ca variant. Additionally, the tu-
mor area’s fluorescence for B@H-GMzmiRNA/Ca was signifi-
cantly higher than B@MH-GMzmiRNA/Ca, underscoring the Her-
2 sequence’s contribution to tumor-targeting. To evaluate ther-
apeutic effects, in vivo tumor studies were executed, monitor-
ing tumor growth using luciferin bioluminiscence (Figure 6c).
Tumor sizes in the control, B@H-GMzNO/Ca and B@H-
MGMzmiRNA/Ca groups enlarged over time (Figure 6e,f), while
B@MH-GMzmiRNA/Ca and B@H-GMzmiRNA/Ca significantly re-
duced tumor sizes, with the latter nearly eradicating the tumor by
day 21 (Figure 6g), showcasing a synergistic impact of GLUT1 in-
hibition and calcium homeostasis disruption. The safety profiles
of the groups were thoroughly investigated. Mice body weights
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Figure 5. Analysis of Combined Therapeutic Effects Dual Genes Modulation and Calcium Overload. a)Mechanism of Nucleus and Mitochondrial Dam-
age. b) Evaluation of mitochondrial membrane potential. In cells with intact and functioning mitochondria, JC-1 dye aggregates emitted red fluorescence,
while in cells with diminished mitochondrial membrane potential, JC-1 in its monomeric state produced green fluorescence. c) Utilization of a combined
marker of Calcein AM and CoCl2 for determining mitochondrial membrane permeability. In scenarios with intact MPTP, CoCl2 suppressed cytoplasmic
Calcein fluorescence, highlighting mitochondrial green fluorescence. d) Bio-TEM photographs depicting mitochondria under different cellular states.
e) Determination of intracellular levels of reactive oxygen species (ROS) using the green fluorescent marker 2′,7′-Dichlorodihydrofluorescein diacetate
(DCFH-DA). f) Examination of nuclear DNA damage.
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Figure 6. Analysis of Nanomaterial Distribution and Therapeutic Impact in Murine Models. The study aims to evaluate the regulatory effects of dual
genes and the efficacy of calcium overload., featuring five distinct groups: Control, B@H-MGMzmiRNA/Ca, B@MH-GMzmiRNA/Ca, B@H-GMzNO/Ca, and
B@H-GMzmiRNA/Ca. a) Intravenous injection of MNF NPs and their subsequent distribution within the mice. b) Visualization of these nanomaterials in
dissected organs, encompassing heart, liver, spleen, lungs, kidneys, and stomach. c) An in vivo examination of tumor suppression in murine subjects.
d) Fluctuations in body weight over the course of treatment. e) Observation of time-dependent alterations in fluorescence intensity at the tumor sites
in individual mice. f) Violin plots depicting the group-wise mean shifts in fluorescence intensity at the tumor locations. g) EGF-based fluorescence
imaging and measurement of gastric tumors in the mice. Due to inherent fluorescence from the adjacent gastric substances, analyses were meticulously
concentrated on the demarcated tumor areas. The unit of bioluminescence imaging in (c–g) is [p s−1 cm−2 sr−1].
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Figure 7. Analysis of protein expression levels induced by MNF nanomaterials in mice. a) The expression of GLUT1 and PTEN across different tissue slice
groups. b) Quantitative analysis of GLUT1 and PTEN expression levels using ImageJ. c) The tumor targeting mechanism of smart MNF nanomaterials.
d) Ki-67 and e) TUNEL, along with DAPI-stained tumor slices imaged by DLSM.

were monitored during the treatment period, with no significant
variances found between the treated and control groups, suggest-
ing no detrimental impact on overall health (Figure 6d).

Finally, we assessed the expression of GLUT1 in tumor slices;
significant reduction in red fluorescence (GLUT1) was evi-
dent in tumors treated with B@MH-GMzmiRNA/Ca and B@H-
GMzmiRNA/Ca, while strong red fluorescence was clearly observ-
able in other groups. This phenomenon compellingly demon-
strates that B@H-GMzmiRNA/Ca MNFs can effectively reduce
the expression of GLUT1 in vivo (Figure 7a,b). Subsequently,
further investigation was conducted into the silencing effect
of miRNA-21 mediated by the MNAzyme system. Silencing
miRNA-21 can mediate the upregulation of PTEN, thereby
inhibiting tumor growth. The results in Figure 7a,b reveal
that for the formulation groups capable of capturing miRNA-
21, namely B@H-MGMzmiRNA/Ca, B@MH-GMzmiRNA/Ca, and
B@H-GMzmiRNA/Ca, there was a varying increase in PTEN lev-
els, with the B@H-GMzmiRNA/Ca group exhibiting the highest
level of PTEN protein expression. These outcomes demonstrate
the MNAzyme system’s excellent capability for miRNA-21 recog-
nition and silencing in vivo, effectively reducing GLUT1 expres-

sion in cancerous tissues and upregulating PTEN expression
levels (Figure 7c). Moreover, in tumor slices from the B@MH-
GMzmiRNA/Ca and B@H-GMzmiRNA/Ca groups, negligible Ki-67
(Figure 7d) signal and a significant TUNEL signal (Figure 7e)
were observed, indicating a higher number of apoptotic cells and
fewer proliferating cells.

3. Conclusion

Compared to metal-organic frameworks, the main advantage
of constructing Metal-Nucleic Acid Frameworks (MNFs) using
MNAzyme ligands lies in effectively harnessing the multifunc-
tionality of MNAzyme sequences. These sequences can identify
disease tissues and provide corresponding therapeutic functions.
Integration of aptamer sequences further imparts targeting ca-
pabilities to the MNFs. Therefore, when employing MNF mate-
rials for drug delivery, the construction of the carrier is stream-
lined, circumventing the inclusion of non-therapeutic elements,
while leveraging the multifunctional nature of the MNAzyme se-
quences. MNFs, as emerging functional carriers, offer significant
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research potential in terms of properties and synthesis methods
compared to extensively studied MOFs.

In this work, we designed a multifunctional MNAzyme se-
quence capable of biomarker recognition and targeting Her-
2 overexpressed cancer cells. We explored the mechanism of
this sequence binding with calcium ions, highlighting the crit-
ical importance of DNA length in facilitating the fabrication of
Metal-Nucleic Acid Frameworks at room temperature. Consider-
ing the functionality of DNA sequences, a longer sequence allows
for more flexible and extensive design possibilities. As demon-
strated in our study, integrating the Her-2 aptamer targeting se-
quence into a calcium-ion-dependent MNAzyme sequence, rec-
ognizing the cancer biomarker miRNA-21 for dual-gene regula-
tion of GLUT1 mRNA and miRNA-21, enabled precise and in-
tensified energy exhaustion therapy. Thus, our work ingeniously
combines MNAzyme and MNF, bringing new opportunities to
both research fields.
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