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Precise gene therapy for hepatocellular carcinoma (HCC) remains challenging due to the lack of tumor-
selective activation and biosafety concerns of conventional DNAzyme systems. Herein, we report a logic-
gated, triple-responsive nanoplatform that enables spatiotemporal control of DNAzyme activation ex-
clusively within the tumor microenvironment. The DNAzyme is rendered catalytically inactive through
boronate caging and is loaded into an N-acetylgalactosamine (GalNAc)-functionalized zinc metal-organic
framework (Zn-MOF) for HCC-targeted delivery. The system integrates three tumor-associated stimuli,
acidic pH, Zn?* release, and reactive oxygen species (ROS) generation, as a cascaded logic gate to ensure
sequential and tumor-specific activation. Acidic pH triggers Zn-MOF degradation, releasing both Zn%* and
the caged DNAzyme. Zn?* catalyzes ROS generation, which decages the DNAzyme and enables its Zn2+-
dependent cleavage of oncogenic early growth response protein 1 (EGR-1) mRNA. This logic-gated ac-
tivation strategy ensures high specificity, minimal off-target effects, and synergistic antitumor efficacy
by combining chemodynamic therapy and gene silencing. The proposed nanoplatform offers a robust
blueprint for highly selective and safe DNAzyme-based cancer therapies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hepatocellular carcinoma (HCC) is a highly lethal cancer with
a 5-year survival rate of only 18% [1]. Most cases are diagnosed
at intermediate or advanced stages, where curative treatments like
surgery or ablation are no longer viable [2]. Current therapies,
including transarterial chemoembolization, multi-kinase inhibitors,
and immune checkpoint inhibitors [3], offer limited benefits due
to drug resistance, tumor heterogeneity, and systemic toxicity [4].
Therefore, there is an urgent need for novel therapeutic strategies
that selectively target tumor cells while minimizing off-target ef-
fects and improving treatment outcomes.

DNAzymes are single-stranded DNA molecules capable of cleav-
ing specific RNA sequences, enabling precise gene silencing [5,6].
Due to their programmability, chemical stability, and ease of syn-
thesis, DNAzymes have emerged as promising anticancer agents
targeting oncogenic mRNAs [7,8]. Studies have shown their effec-
tiveness in inhibiting tumor growth across various cancer models
[5,9,10]. However, traditional DNAzymes are constitutively active,
cleaving targets upon contact without regard for biological con-
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text [11], raising concerns about off-target effects and biosafety
[12]. To improve spatiotemporal control, researchers have devel-
oped stimuli-responsive DNAzymes that remain inactive under
normal conditions and are activated by tumor-specific cues, such
as acidic pH or hypoxia [13,14]. These “on-demand” systems en-
hance biosafety by confining activity to the tumor microenviron-
ment [15]. Nevertheless, most of these strategies rely on a single
stimulus, which may also be present in non-tumor tissues, lim-
iting their specificity. Therefore, despite progress, there remains
a need for more precise, multi-responsive platforms that can en-
sure tumor-selective activation and minimize unintended effects
on healthy tissues.

To improve specificity, multi-responsive DNAzyme systems need
to be developed to function as logical “AND” gates, requiring mul-
tiple tumor-associated signals for activation [16]. This strategy en-
hances selectivity by ensuring activation only within the unique
conditions of the tumor microenvironment. Designing such sys-
tems necessitates a robust delivery vehicle capable of integrating
and responding to diverse cues. Nano-scale metal-organic frame-
works (nano-MOFs) offer a promising solution due to their high
surface area, tunable porosity, and modular functionality [17-19].
In gene therapy, nano-MOFs protect DNAzymes from degradation,
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Scheme 1. Schematic illustration of the preparation of triple-stimuli-responsive
nanoplatform and the activating processes of DNAzyme for cancer therapy.

enable high loading capacity, and can be engineered to respond
to stimuli such as pH, redox states, or enzymes [20-22]. Ad-
ditionally, MOFs with biocompatible metal ions can act as cat-
alytic cofactor reservoirs: releasing metal ions upon degradation
to activate metal-dependent DNAzymes [23,24]. These properties
make nano-MOFs ideal platforms for constructing multi-stimuli-
responsive DNAzyme systems, allowing for precise and tumor-
specific therapeutic activation.

In this study, a logic-gated, triple-stimuli-responsive nanoplat-
form was developed by embedding a reactive oxygen species
(ROS)-activated DNAzyme into N-acetylgalactosamine (GalNAc)-
modified Zn-MOFs for precise and safe HCC therapy (Scheme 1).
Zn-MOF protects DNAzyme and releases Zn%* in response to tumor
acidity. Zn?* generates ROS to remove protective boronate groups
and activates the DNAzyme, which cleaves oncogenic early growth
response protein 1 (EGR-1) mRNA. This logic-gated activation, via
pH, ROS, and Zn2*, ensures tumor-specific activity. Additionally,
ROS induces apoptosis through chemodynamic therapy (CDT). This
strategy combines CDT and gene therapy to achieve high speci-
ficity, improved efficacy, and minimal off-target effects, overcom-
ing the limitations of conventional “always-on” DNAzyme systems.
Compared to single- or dual-responsive DNAzymes that are acti-
vated by only one stimulus, this logic gate offers an extra layer of
stringency, greatly reducing the chance of activation in normal tis-
sues.

A phosphorothioate (PS)-modified DNAzyme, referred to as PS-
Dz for simplicity, contains three PS linkages in the catalytic core
and exhibits catalytic efficiency and cleavage behavior that are
nearly identical to those of unmodified DNAzyme. This modifica-
tion allows for the covalent attachment of phenylboronic acid (BO)
groups. Subsequently, the Zn?+ and ROS-activated DNAzyme (re-
ferred to as BO-Dz) was developed by incorporating BO with the
PS groups on the DNAzyme that targets EGR-1 mRNA [25]. BO
modification was confirmed by polyacrylamide gel electrophore-
sis (PAGE) (Fig. 1a and Fig. S1 in Supporting information). After
BO decoration, the band appeared higher on the gel, indicating
an increased molecular weight and confirming the successful at-
tachment of BO to the PS-Dz. A nanoscale Zn-MOF with a MOF-
74 structure was synthesized according to a reported method [26].
The powder X-ray diffraction (PXRD) patterns demonstrate that
the synthesized Zn-MOF sample exhibits a high degree of crys-
tallinity, with diffraction peaks that correlate with the simulated
patterns from Zn-MOF-74 (Fig. 1b), which confirms the structural
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Fig. 1. (a) PAGE analysis of PS-Dz before and after BO caging. (b) PXRD pattern sim-
ulated from the Zn-MOF-74 structure and experimental PXRD patterns of the pre-
pared Zn-MOF. (c) Representative TEM image of prepared MOF. (d) PAGE analysis of
supernatants after incubating BO-Dz with increasing amounts of Zn-MOF. (e) Rep-
resentative TEM image of BO-Dz@Zn-MOF. (f) Zeta potential of Zn-MOF, BO-Dz@Zn-
MOF, and BO-Dz@Zn-MOF-G. Data are presented as mean + standard deviation (SD)
(n=3). (g) Representative TEM image of BO-Dz@Zn-MOF-G. (h) UV-vis absorbance
spectra of GalNAc, Zn-MOF, and Zn-MOF-G. Scale bar: 300 nm.
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integrity of the synthesized MOF as well as its high purity [27].
Transmission electron microscopy (TEM) images revealed a shuttle-
like morphology of Zn-MOF nanoparticles (~300nm in length and
75nm in width; Fig. 1c¢), and dynamic light scattering (DLS) data
showed a hydrodynamic size of 301.6 £2.94nm (Fig. S2 in Sup-
porting information). BO-Dz was then loaded into Zn-MOF to form
BO-Dz@Zn-MOF. PAGE analysis (Fig. 1d and Fig. S3 in Supporting
information) demonstrated concentration-dependent loading, with
an optimal BO-Dz:Zn-MOF ratio of 1:80. TEM images confirmed
that the morphology of the MOF remained unchanged post-loading
(Fig. 1e). Zeta potential changed from —15.57 £0.29 mV (Zn-MOF)
to —17.43+0.31 mV (BO-Dz@Zn-MOF), indicating successful load-
ing (Fig. 1f). For HCC targeting, GalNAc was conjugated to BO-
Dz@Zn-MOF by forming amide bonds between residual carboxyl
groups on MOF and GalNAc-NH, to get BO-Dz@Zn-MOF-G. TEM
(Fig. 1g) showed slightly reduced dispersity after GalNAc modifi-
cation, and the zeta potential increased upon GalNAc conjugation
(Fig. 1f). UV-vis spectra of Zn-MOF-G exhibited a new peak around
195 nm (Fig. 1h), consistent with GalNAc absorption. Fourier trans-
form infrared (FT-IR) spectra further supported GalNAc attachment,
showing characteristic -OH stretching bands around 3300 cm™!
(Fig. S4 in Supporting information). These results confirmed the
successful decoration of GalNAc.

An important feature of the Zn-MOF is its pH-sensitive degra-
dation [28]. In the mildly acidic conditions of tumor microenvi-
ronments, Zn-MOF is expected to dissolve, releasing Zn2* ions and
BO-Dz. We assessed the structural collapse and Zn?* release by in-
cubating Zn-MOF in buffers with pH levels of 7.4 and 6.5. As il-
lustrated in Figs. 2a and b, the morphology of the Zn-MOF was
well preserved at pH 7.4. However, 24 h after incubation at a pH
6.5, almost no morphology of the Zn-MOF was observed, indicating
that its structure had completely degraded. The Zn release experi-
ment showed that negligible Zn?>* was released at pH 7.4, whereas
a substantially higher Zn2* release ratio was detected at pH 6.5
(>95%) and even more at pH 5.4 (Fig. 2c). The Zn2*t released at
pH 6.5 was ~9 times higher than at pH 7.4. This confirms that
Zn-MOF is stable under blood/neutral pH but undergoes degrada-
tion in acidic environments, which is a desirable trait for a drug
carrier. The BO-Dz was specifically designed for activation by ROS.
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Fig. 2. (a) Representative TEM image of MOF incubated in buffer with pH 7.4 for
24h. (b) Representative TEM image of MOF incubated in buffer with pH 6.5 for
24h. (c) Released Zn?* percentage from Zn-MOF after incubation in buffers with
different pH values. Data are presented as mean + SD (n=3). (d) PAGE analysis of
BO-Dz treated with different concentrations of H,0,. (e) Catalytic activity assay of
PS-Dz toward the RNA substrate (Sub) in the presence of Zn?*. Scale bar: 400 nm.

To verify this critical step, we treated BO-Dz with varying concen-
trations of H,0, and analyzed the resulting products using PAGE.
As the concentration of H,0, increased, a corresponding reduc-
tion in the intensity of the BO-Dz band was observed, which is
indicative of the cleavage of the BO group and the subsequent con-
version to the smaller, active PS-Dz (Fig. 2d and Fig. S5 in Sup-
porting information). Densitometric analysis of the bands (Fig. S6
in Supporting information) indicates that significant activation oc-
curred at 250 umol/L H,0,, while >70% of BO-Dz was activated
at 1000 umol/L H,0,. We further examined the catalytic activity
of BO-Dz before and after H,0, activation. An RNA substrate that
represents a conserved region of EGR-1 mRNA was incubated with
BO-Dz or with PS-Dz, in the presence of Zn2* cofactor. The BO-Dz
did not show cleavage of the substrate nor form a cleavage product
band, even in the presence of Zn’*, confirming that caged BO-Dz
is catalytically inactive (Figs. S7 and S8 in Supporting information).
In contrast, the H,0,-activated PS-Dz readily cleaved the substrate
in a Zn%*-dependent manner (Fig. 2e and Fig. S9 in Supporting
information), as evidenced by the disappearance of the substrate
band and appearance of a shorter cleavage fragment on the gel.
These results prove that the PS-Dz’s catalytic function can be tog-
gled “off” and “on” through BO caging and H,0, trigger.

For visualization of cellular uptake, a fluorescent dye (RhB)
was loaded into Zn-MOF and Zn-MOF-G as the probe, since
the DNAzyme has no intrinsic fluorescence. Confocal laser scan-
ning microscopy (CLSM) revealed moderate fluorescence in Hepa
1-6 cells (high asialoglycoprotein (ASGPR) expression) treated
with RhB@Zn-MOF, while RhB@Zn-MOF-G produced significantly
stronger intracellular fluorescence (Fig. 3a). Quantitative analysis
confirmed a ~1.5-fold increase in fluorescence intensity for the
GalNAc-modified group (Fig. 3b). AML-12 cells (low ASGPR ex-
pression) showed low uptake regardless of treatment, suggesting
that GalNAc promotes ASGPR-mediated endocytosis specifically in
HCC cells. Intracellular ROS levels were evaluated using the 2/,7’-
dichlorofluorescein diacetate (DCFH-DA) as the probe (Figs. 3c and
d). Minimal green fluorescence was observed in the control and
BO-Dz groups, while treatment with Zn-MOF-G induced strong
fluorescence, indicating the generation of ROS through Zn2*t re-
lease. BO-Dz@Zn-MOF-G further increased fluorescence compared
to BO-Dz@Zn-MOF, confirming enhanced uptake and ROS produc-
tion through GalNAc targeting. Importantly, BO-Dz loading did not
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Fig. 3. (a) CLSM images of AML-12 and Hepa 1-6 cells after treatment with
RhB@Zn MOF (200pg/mL, in terms of Zn-MOF weight and containing 15pg/mL
RhB) or RhB@Zn-MOF-G (200pg/mL, in terms of Zn-MOF weight and containing
15pg/mL RhB). Scale bar: 100 um. dex =561 nm, Aem =570-590 nm. (b) Quantifica-
tion of cellular fluorescence intensity from (a). (c) CLSM images indicating the in-
tracellular ROS generation in Hepa 1-6 cells after treatment with various formu-
lations (I: PBS, 1I: BO-Dz, IlI: Zn-MOF-G, IV: BO-Dz@Zn-MOF, V: BO-Dz@Zn-MOF-G.
BO-Dz: 10pg/mL; Zn-MOF-G, BO-Dz@Zn-MOF, and BO-Dz@Zn-MOF-G: 200 pg/mL,
in terms of Zn-MOF amount, with a loading ratio of BO-Dz at 1.25% (w/w)). Scale
bar: 250 um. Aex =488 nm, Aem =520-540 nm. (d) Quantified ROS fluorescence in-
tensity for each group (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, IV: BO-Dz@Zn-MOF, V: BO-
Dz@Zn-MOF-G). (e) MTT cell viability assay for Hepa 1-6 cells treated with different
formulations at various concentrations (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, IV: BO-
Dz@Zn-MOF, V: BO-Dz@Zn-MOF-G. The concentrations of Zn-MOF-G, BO-Dz@Zn-
MOF, and BO-Dz@Zn-MOF-G are in terms of Zn-MOF weight and the concentra-
tion of BO-Dz was maintained at 10 pg/mL). (f) Colony formation assay of Hepa 1-6
after various treatments (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, IV: BO-Dz@Zn-MOF, V:
BO-Dz@Zn-MOF-G. BO-Dz: 10ug/mL; Zn-MOF-G, BO-Dz@Zn-MOF, and BO-Dz@Zn-
MOF-G: 200pg/mL, in terms of Zn-MOF amount, with a loading ratio of BO-Dz at
1.25% (w/w)). Data are presented as mean + SD (n=3).

interfere with ROS generation. The elevated Zn levels can disrupt
mitochondrial electron transport and attenuate antioxidant sys-
tems (e.g., glutathione), which leads to the generation of abun-
dant ROS [29-31]. To confirm that Zn2*-triggered mitochondrial
dysfunction, we assessed mitochondrial membrane potential us-
ing Rhodamine 123 (Rh123) as a fluorescent probe. As shown in
Fig. S10 (Supporting information), cells treated with Zn-MOF-G ex-
hibited a pronounced decrease in Rh123 fluorescence compared
with the control group, indicative of mitochondrial dysfunction.
This establishes a feedback mechanism: Enhanced uptake — more
Zn?t - more ROS— faster BO-Dz activation — increased gene si-
lencing and cell killing. MTT assay showed that BO-Dz alone
showed no toxicity, confirming its inertness without activation (Fig.
3e). Zn-MOF-G caused ~50% cell death at 200 ug/mL due to ROS
generation. BO-Dz@Zn-MOF-G was the most potent, reducing via-
bility to ~20%, indicating the added impact of DNAzyme-mediated
EGR-1 mRNA silencing. BO-Dz@Zn-MOF showed intermediate effi-
cacy, highlighting the benefit of GalNAc targeting. Live/dead stain-
ing showed that phosphate buffered saline (PBS) and BO-Dz groups
showed mostly green (viable) cells, while Zn-MOF induced moder-
ate cell death (red staining). BO-Dz@Zn-MOF further reduced vi-
ability, and BO-Dz@Zn-MOF-G caused nearly complete cell death
(Fig. S11 in Supporting information). PBS and BO-Dz groups formed
many colonies. Zn-MOF-G reduced colony formation, while BO-
Dz@Zn-MOF resulted in fewer, smaller colonies. BO-Dz@Zn-MOF-
G showed the greatest inhibition, indicating potent, sustained cy-
totoxicity due to the synergistic combination of GalNAc targeting,
ROS generation, and DNAzyme activation (Fig. 3f).

The HCC-targeting ability of Zn-MOF-G carrier in vivo was then
confirmed. All animal experiments were approved by the Ethics
Committee of Shandong Normal University (approval No. AEECS-
DNU2024098). HCC tumor-bearing mice intravenously (i.v.) in-
jected via the tail vein with IR808@Zn-MOF-G exhibited signifi-



X. Wan, X. Qiao, Y. Zhang et al.

(a) 2h 8h 12h 24h 36h (b)) T
¢ DRl High = 3{ ERIR808@Zn-MOF
- 7| mIrs08@zn-MOF-G
IRS08@ e
y =
Zn-MOF =,
F
T
IR808@ 1
Zn-MOF-G =
= 0
S 2h 8h 12h 24h 36h
4
-~
MO n—m—
&
o20{~ "V
=
15
=
210
E
05
g
=]
z

Fig. 4. (a) Fluorescence images of mice post-injection (i.v.) of IR808@Zn-MOF
(top row, 50pL of 4mg/mL, in terms of Zn-MOF weight and containing 16 pg/mL
IR808) or IR808@Zn-MOF-G (bottom row, 50pL of 4 mg/mL, in terms of Zn-MOF
weight and containing 16 pg/mL IR808) at different time points, Aex =780nm,
XLem =845 nm. (b) Quantification of liver fluorescence intensity in Fig. 4a at differ-
ent time points after injection. (c) Bioluminescence images of representative mice
bearing luciferase-expressing Hepa 1-6 tumors from each treatment group on days
0, 7, 14 (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, IV: BO-Dz@Zn-MOF, and V: BO-Dz@Zn-
MOF-G, the formulations were injected at the concentration of 10 mg/kg in terms
of Zn-MOF, with a loading ratio of BO-Dz at 1.25% (w/w)). (d) Quantified tumor
luminescence vs. time in (c) (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, IV: BO-Dz@Zn-MOF,
and V: BO-Dz@Zn-MOF-G). (e) Immunohistochemical staining of EGR-1 protein in
tumor tissues with different treatments (I: PBS, II: BO-Dz, Ill: Zn-MOF-G, and IV:
BO-Dz@Zn-MOF-G). Scale bar: 50 um. Data are presented as mean + SD (n=3).

cantly higher fluorescence signal in liver area than those receiv-
ing unmodified IR808@Zn-MOF, with a fluorescence signal ~1.4
times greater at 8 h post-injection (Figs. 4a and b). Although over-
all fluorescence decreased by 24-36h due to particle clearance,
IR808@Zn-MOF-G consistently demonstrated enhanced liver local-
ization, confirming successful ASGPR-mediated targeting, a critical
feature for HCC therapy. The anti-tumor efficacy revealed that the
PBS and BO-Dz groups exhibited rapid tumor growth (Figs. 4c and
d), indicating that BO-Dz alone had negligible therapeutic effect.
Zn-MOF-G treatment slowed tumor progression by ~50% on day
14, attributed to Zn?*-induced ROS generation. BO-Dz@Zn-MOF
achieved further inhibition, highlighting the added impact of gene
silencing. Notably, BO-Dz@Zn-MOF-G showed the most potent ef-
fect, with tumor luminescence reduced to ~20% of PBS controls by
day 14. The marked difference between BO-Dz@Zn-MOF and BO-
Dz@Zn-MOF-G underscores the importance of GalNAc-mediated
targeting in vivo. This synergy between targeted delivery, ROS gen-
eration, and DNAzyme activation results in superior therapeutic ef-
ficacy. Histological analysis via hematoxylin and eosin (H&E) stain-
ing (Fig. S12 in Supporting information) supported these findings.
Tumors from PBS and BO-Dz groups displayed densely packed,
atypical cells with little necrosis. Zn-MOF-G and BO-Dz@Zn-MOF
treatments caused moderate cellular disruption. In contrast, BO-
Dz@Zn-MOF-G induced extensive necrosis, significant loss of viable
tumor cells, and structural disintegration. To confirm the thera-
peutic mechanism, EGR-1 protein expression in tumor tissues was
evaluated by immunohistochemistry (Fig. 4e). Strong EGR-1 stain-
ing was observed in PBS, BO-Dz, and Zn-MOF-G groups, indicat-
ing ineffective treatment. In contrast, tumors treated with BO-
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Dz@Zn-MOF-G showed markedly reduced EGR-1 expression, con-
sistent with effective gene silencing and tumor suppression. All
groups exhibited similar weight trends with no significant weight
loss (Fig. S13 in Supporting information). Blood tests and serum
biochemistry showed normal values across groups (Figs. S14 and
S15 in Supporting information), and histological analysis of ma-
jor organs (Fig. S16 in Supporting information) revealed no patho-
logical changes. The results showed the triple-stimuli-responsive
platform exhibited potent and selective antitumor activity with-
out detectable off-target cytotoxicity. In contrast, a single-stimulus
DNAzyme system would likely suffer from compromised specificity.
The AND-gated design therefore provides an optimal balance be-
tween activation stringency and therapeutic efficacy, ensuring that
DNAzyme activation occurs exclusively within the tumor microen-
vironment where all triggering conditions coexist.

In summary, we have developed a logic-gated, triple-stimuli-
responsive DNAzyme nanoplatform for precise HCC therapy. By in-
tegrating GalNAc-mediated targeting with a Zn-MOF carrier, this
system responds sequentially to tumor-associated acidic pH, Zn2+t
release, and ROS generation, constructing an AND logic gate to
tightly regulate DNAzyme activation. Such a triple-triggered mech-
anism ensures that the DNAzyme remains inert in normal tissues
and becomes catalytically active only within the tumor microen-
vironment, significantly enhancing specificity and biosafety. The
combination of ROS-mediated CDT and EGR-1-targeted gene silenc-
ing achieves synergistic antitumor effects both in vitro and in vivo.

This study provides a proof-of-concept for multi-layered,
stimuli-responsive nanotherapeutics, offering a generalizable strat-
egy for safe and precise gene regulation in cancer treatment. The
logic-gated platform presented here is highly versatile and gener-
alizable. Any metal-dependent DNAzyme or ribozyme (e.g., Zn2t-,
Mg?+-dependent) could, in principle, be caged and delivered us-
ing the same strategy. The anti-EGR-1 DNAzyme could be replaced
by sequences targeting other oncogenic mRNAs (such as c-Myc or
VEGF), while the GalNAc ligand may be substituted with alterna-
tive tumor-specific moieties (e.g., folate or RGD peptides) to tar-
get different cancer types. Owing to the high porosity and tunable
surface chemistry of the MOF carrier, a wide range of therapeu-
tic nucleic acids can be incorporated. Therefore, this triple-stimuli
activation framework provides a modular blueprint for developing
next-generation multi-responsive nucleic acid therapeutics beyond
hepatocellular carcinoma.
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