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anosponge for triggered
amplification of gene-photodynamic modulation†

Dan Luo,‡ Xue Lin,‡ Yun Zhao, Jialing Hu, Fengye Mo, Gege Song, Zhiqiao Zou,
Fuan Wang and Xiaoqing Liu *

Nucleic acid therapeutics has reached clinical utility through modulating gene expression. As a potential

oligonucleotide drug, DNAzyme has RNA-cleaving activity for gene silencing, but faces challenges due

to the lack of a safe and effective delivery vehicle and low in vivo catalytic activity. Here we describe

DNAzyme-mediated gene regulation using dynamic DNA nanomaterials with intrinsic biocompatibility,

stability, tumor-targeted delivery and uptake, and self-enhanced efficacy. We assemble programmable

DNA nanosponges to package and deliver diverse nucleic acid drugs and therapeutic agents such as

aptamer, DNAzyme and its cofactor precursor, and photosensitizer in one pot through the rolling circle

amplification reaction, formulating a controllable nanomedicine using encoded instructions. Upon

environmental stimuli, DNAzyme activity increases and RNA cleavage accelerates by a supplementary

catalytic cofactor. In addition, this approach induces elevated O2 and 1O2 generation as auxiliary

treatment, achieving simultaneously self-enhanced gene-photodynamic cancer therapy. These findings

may advance the clinical trial of oligonucleotide drugs as tools for gene modulation.
Introduction

Nucleic acids can be used to modulate gene expression for
treating or preventing diseases.1–4 In very recent years, oligo-
nucleotide therapeutics has received numerous regulatory
approvals.5–7 As an ideal oligonucleotide drug, the RNA-cleaving
DNA enzyme (DNAzyme) is a cofactor-dependent DNA that can
site-specically cleave disease genes, and features low-cost
synthesis, exible design, and high specicity.8–10 Compared
with other gene regulation approaches, the cleavage activity of
DNAzyme does not require accessory cellular proteins, showing
a simple, controllable, and stable catalytic cleavage.11–13

However, the efficient and safe oligonucleotide delivery and the
in vivo cleavage activity of DNAzyme remain two major chal-
lenges for its applications in clinical trials.

Specically, due to the low biological stability and non-
specic distribution of oligonucleotides under physiological
conditions, the inefficient delivery of DNAzyme is an obstacle to
clinical applicability.14,15 To tackle this challenge, various
delivery vehicles16–18 have been explored, mainly viral vectors,
liposomes,19 inorganic nanoparticles,20,21 and cationic poly-
mers.22 These delivery approaches protect the nucleic acids
from degradation and enhance cellular uptake, yet oen suffer
, Wuhan University, 430072 Wuhan, P. R.
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from potential cytotoxicity or off-target effects.23,24 Even some
vectors show improved delivery ability; however, due to the
insufficient and inefficient cofactor supply in live cells and
tissues, the in vivo catalytic efficacy of DNAzyme is restricted.25,26

This results from the fact that the enzymatic activity of DNA-
zyme is strongly dependent on the level and type of enzyme
cofactor, but the DNAzyme delivery systems mostly rely on the
intracellular Mg2+ ion (0.2–2 mM) as the cofactor, failing to
reach an ideal level (5 mM) for high catalytic efficiency.27

Besides, the Mg2+ ion is not usually the most efficient metal ion
cofactor that can promote the highest DNAzyme cleavage
activity.28,29 It has been reported that a low level of Mn2+ ions
(0.2 mM) is sufficient to trigger a complete substrate cleavage,
while 15 mM Mg2+ ions are needed under the same situation.30

To overcome this limitation, we and others30,31 recently
demonstrated a cofactor self-sufficient method via DNA
adsorption onto pre-synthesized particles, yet common to the
above gene delivery procedures are the limited cargo loading
amount and the requirement of multiple-step and labor-
intensive synthesis. As such, the existing DNAzyme carriers
and their therapeutics can be inefficient and nonspecic.

Advanced DNA materials show promise to overcome these
limitations. Beyond being a genetic material for life, DNA is
a building block to create new materials, in particular, assem-
bling or organizing nanomaterials with inherent biocompati-
bility, complexity and function in a programmable way.32–34

Particularly, DNA materials can be encoded with versatile
functional oligonucleotide sequences, integrated with unique
nanoparticles or molecules of interest,35–37 and endowed with
Chem. Sci., 2022, 13, 5155–5163 | 5155
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responsiveness to chemical, biological, and physical cues.38–41

These aspects make them emerging delivery vehicles for oligo-
nucleotide drugs and therapeutics. We envisage that a new
generation of dynamic DNA materials are ready to effectively
package and deliver DNAzyme with perfect compatibility,
convenience, and precision in a controllable manner; however,
there is a lack of exploration. We hypothesize that assembled
DNA nanostructures comprising DNAzyme and its cofactor
precursor could enhance cleavage activity, and the corre-
sponding therapeutics may be controlled in a programmable
manner using encoded instructions in response to signal
molecules or stimuli.

Here we present a nucleic acid delivery approach with
biomimetic DNA nanoassemblies in a controllable and self-
enhanced manner for gene-photodynamic regulation (Scheme
1). This is achieved with DNA drug-encoded and therapeutic-
incorporated dynamic nanosponges via one-pot synthesis
using the rolling circle amplication (RCA) reaction, incorpo-
rating aptamer, DNAzyme and its cofactor precursor. Upon
DNA-mediated crystallization, the synthetic material is encoded
with copious different functional oligonucleotides and inter-
calated photosensitizers or encapsulated particles. Such
a densely packed composition ensures large loading capacity
and high biological stability. The multivalent nanosponges with
AS1411 aptamers allow specic recognition, delivery, and
internalization of the Mn2+-dependent DNAzyme. Aer tumor
targeting by the aptamer, the entrappedMnO2 reacts with acidic
H2O2 to generate Mn2+ and oxygen in the tumor microenvi-
ronment. This self-supplied sufficient and effective DNAzyme
Scheme 1 Illustration of designer dynamic DNA nanosponges for self-
boosting gene-photodynamic therapy. (A) Design and assembly of
responsive, biomimetic DNA nanosponges via one-pot synthesis. (B)
Illustration of the dynamic DNA nanostructures for simultaneously
enhanced gene-photodynamic therapy by endogenous and exoge-
nous triggers. After tumor targeting by the aptamer, endogenous
trigger of the acidic H2O2 environment induces the encapsulated
MnO2 to generate Mn2+ ions and O2. The self-supplied metal ions act
as effective cofactors of the encoded DNAzyme for the catalytic
cleavage of target RNA. Meanwhile, exogenous trigger of light controls
the photocytotoxic reactions of the photosensitizers intercalated into
DNA, and the resulting singlet oxygen can be further enhanced by the
O2 supplement.

5156 | Chem. Sci., 2022, 13, 5155–5163
cofactors, which is vital for effective silencing of target mRNA in
tumor cells. In addition, the stimulus-triggered, self-supplied
O2 enhances photosensitizer-mediated ROS generation for
auxiliary photodynamic therapy (PDT). This dynamic DNA
material achieves self-enhanced gene silencing and self-
amplied photodynamic therapy with high tumor specicity,
providing a safe and effective delivery approach for DNAzyme
based gene regulation and cancer therapy.

Results and discussion
One-pot synthesis and characterization of dynamic DNA
nanosponges by biomimetic crystallization

With a designed template DNA comprising sequences comple-
mentary to the AS1411 aptamer andMn2+-dependent DNAzyme,
the RCA reaction proceeded in the presence of the DNAzyme
cofactor precursor (MnO2) and porphyrin photosensitizer
(TMPyP4) (Fig. S1†) via one-pot synthesis (Scheme 1A and Table
S1†). The encoded AS1411 aptamer not only acts as a targeting
agent to specically recognize the nucleolin of cancer cells for
precise drug delivery, but also offers the binding site to inter-
calate the photosensitizer. The encoded DNAzyme is a catalytic
oligonucleotide that can specically recognize and then cleave
its substrate sequence in the presence of DNAzyme cofactors.
Here c-Myc mRNA, one of the proto-oncogenes identied in
many cancers,42 is used as an example of target gene. A porous
DNA nanoassembly can be formed via anisotropic nucleic acid-
driven crystallization,43,44 and the DNAzyme cofactor precursor,
MnO2 nanocluster, is spontaneously incorporated into the
growing polymer DNA strands and inorganic crystals produced
during the RCA process. This enables high loading efficiency
and enhanced stability of the respective functional components
and drugs, and effective embedding of the enzyme cofactor
precursor. Besides, such an approach involves pretty simple and
moderate reaction conditions compared to the labor-intensive
or postsynthetic modications related to the preparation of
multifunctional DNA nanostructures.45

Aer conrming the successful generation of the circular
template and high molecular weight RCA product by native
polyacrylamide gel electrophoresis (PAGE) (Fig. 1A), the
morphology and size of the particles were investigated by
scanning electron microscopy (SEM) and dynamic light scat-
tering (DLS). The SEM image indicated that the DNA nano-
assembly incorporating the aptamer, DNAzyme, MnO2, and
photosensitizer (ADMP) was spherical in shape with sponge-like
porosities and uniformly sized with a 350 nm diameter (Fig. 1B),
which was consistent with the DLS results (Table S2†). Then, we
calculated the average replicated copies for each template DNA
(Table S3†). The high replication efficiency of the RCA method
veries that the DNA nanosponge delivery vehicles ensure
functional nucleic acid cargo delivery. Such a monodisperse
and densely packed DNA nanostructure may be the result of the
porous structure of the assembly andmultiple interactions such
as van der Waals forces and inner-sphere coordination between
the MnO2 nanocluster and nucleic acid.46–48

MnO2 provides Mn2+ and O2 upon tumor microenvironment
stimuli, which plays an indispensable role in the catalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and characterization of DNA nanosponges with a self-supplied enzyme cofactor, enhanced cleavage activity, and supplemental
oxygen and singlet oxygen under environmental stimuli. (A) Native PAGE for determining DNA structure. (B and C) SEM image (B) and the
corresponding elemental mapping (C) of nanosponge ADMP. (D) UV-vis absorption spectra of AD, ADM, ADMP, and TMPyP4. (E) Acidic H2O2-
triggered degradation of ADMP. (F) Higher catalytic cleavage activity of AD with Mn2+ (0.4 mM) than that with Mg2+ (8 mM) as the DNAzyme
cofactor. Substrate RNA was labelled with a fluorophore (FAM) and quencher (BHQ1), and the fluorescence was recovered when the substrate
was cleaved. (G) Catalytic cleavage activity of AD and ADM in an acidic buffer (pH 5.0) in the presence of H2O2. (H) Time-dependent O2

generation upon separately mixing AD, ADP, and ADPMwith H2O2 at pH 5.0. (I) Consumption of DPBF over irradiation time due to 1O2 generation
by H2O, ADMP (pH 7.4), ADMP (pH 5.0), ADMP (pH 7.4) plus 100 mM H2O2 and ADMP (pH 5.0) plus 100 mM H2O2 under 0.2 W cm�2 of 660 nm
laser irradiation. AD, DNA nanoassemblies with the aptamer and DNAzyme; ADM, DNA nanoassemblies with the aptamer, DNAzyme, and MnO2;
ADP, DNA nanoassemblies with the aptamer, DNAzyme, and photosensitizer; ADMP, DNA nanoassemblies with the aptamer, DNAzyme, MnO2,
and photosensitizer. Data in (F) and (G) are presented as means � standard deviation (SD) (n ¼ 3).
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reaction of DNAzyme and therapy enhancement. During the
RCA process, the successful incorporation of MnO2 into the
polymer DNA was veried using energy dispersive X-ray spec-
troscopy (EDX) spectra (Fig. S2†) and the corresponding
element mapping (Fig. 1C), indicating the presence of homo-
geneously scattered carbon (C), oxygen (O), phosphorus (P), and
manganese (Mn). Besides, X-ray photoelectron spectra (XPS)
illustrated that the split energy of Mn 2p3/2 and Mn 2p1/2 was
11.72 eV (Fig. S3A†), which also indicated that the oxidation
state of Mn was +4 in ADMP.49 Simultaneously, the mass ratio
between the DNA nanosponge and MnO2 was calculated to be
1 mg : 47.3 mg by inductively coupled plasmamass spectrometry
(ICP-MS) analysis. These results validated that the one-pot
synthesized nanocarriers could co-deliver DNAzyme and its
cofactor precursor for self-sufficient gene regulation. Besides
MnO2 encapsulation, the successful loading of photosensitizer
TMPyP4 in the RCA nanoassemblies was conrmed by UV-vis
absorption spectra (Fig. 1D). Compared with the control
formulations including DNA nanoassemblies incorporated only
with the aptamer and DNAzyme (AD), and DNA nanoassemblies
incorporated only with the aptamer, DNAzyme, and MnO2

(ADM), ADMP showed a classic absorption peak similar to
TMPyP4. A high encapsulation efficiency of 91.4% and a drug
loading capability of 11.4% (wt/wt) were obtained when 0.1 mM
TMPyP4 was used (Table S4†).

As a potential drug vehicle, remaining stable under complex
physiological conditions is crucial. The stability of the ADMP
was evaluated by incubating them in PBS, DNase I (1 U mL�1),
and DMEM (10% serum) for 24 h (Table S5 and Fig. S4†). As
© 2022 The Author(s). Published by the Royal Society of Chemistry
revealed by DLS and PAGE, the nanoassemblies exhibited high
stability, which is essential for drug delivery and therapy.
Enhanced catalytic activity of DNAzyme through the self-
supplied Mn2+ cofactor in the presence of signal molecules

To prove the acid/H2O2 responsiveness of the nanosponges, the
degradation behavior of the encapsulated MnO2 in DNA nano-
assemblies was explored at different pH and H2O2. The degra-
dation of MnO2 could be reected by the disappearance of its
typical absorbance peak at 350 nm (Fig. 1E). Time-dependent
absorbance showed that MnO2 was rather stable under physi-
ological conditions (pH ¼ 7.4); in contrast, MnO2 decomposed
rapidly in acidic buffer (pH ¼ 5.0) with H2O2. These data were
consistent with the elemental (Mn) analysis by XPS (Fig. S3B†)
and ICP-MS (Fig. S5†).

Such reactivity upon acidic H2O2 stimuli releases Mn2+ ions,
which are effective cofactors of DNAzyme for triggering
substrate RNA cleavage. The cleavage activity of the DNA
nanoassemblies composed of DNAzyme was then investigated
by PAGE and uorescence analysis. We rst added exogenous
metal ions either Mn2+ or Mg2+ ions at different concentrations
to AD, a DNA nanoassembly incorporated with the aptamer and
DNAzyme, in the presence of substrate RNA (Fig. S6, S7† and
1F). Denaturing PAGE analysis indicated that 0.4 mM of Mn2+

ions were sufficient to trigger effective substrate cleavage
(cleavage efficiency, 85.61%), while 8 mM of Mg2+ ions only
induced a cleavage efficiency of 55.23% (Fig. S6 and S7†).
Similarly, with the extension of cleavage time, the uorescence
intensity of substrate RNA labeled with both a uorophore and
Chem. Sci., 2022, 13, 5155–5163 | 5157
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quencher was signicantly increased when 0.4 mM ofMn2+ ions
were used as the cofactor, while 8 mM of Mg2+ resulted in
limited uorescence change (Fig. 1F). These results suggest that
Mn2+ ions could greatly enhance hydrolysis activity, and
promote a dramatically higher DNAzyme activity than Mg2+

ions.
To verify the self-enhanced cleavage activity, we designed

and took ADM, a DNA nanoassembly incorporated with the
aptamer, DNAzyme and MnO2 nanocluster, as an example
(Fig. S8† and 1G). Both denaturing PAGE and uorescence
results demonstrated efficient substrate cleavage by ADM in an
acidic H2O2-rich medium, and stronger cleavage was obtained
with an elevated amount of ADM (Fig. S8†). Comparison of
time-dependent uorescence changes of ADM and AD indicated
that the DNA nanoassembly without MnO2 (AD) had a negligible
cleavage capacity, while ADM had a drastic catalytic activity
(Fig. 1G). This resulted from the fact that stimuli of acidic H2O2

on ADM induce sufficient Mn2+ generation, and these self-
supplied Mn2+ ions act as enzyme cofactors to increase enzy-
matic activity. All the data indicate that the one-pot synthesized
DNA nanosponges have promising potential in self-promoted
RNA-cleaving activity.
Elevated 1O2 generation via the acidic H2O2-triggered O2

production

As a crucial component, MnO2 can not only be reduced into
Mn2+ as an efficient DNAzyme cofactor for gene regulation, but
also generate oxygen for alleviating hypoxia and further
enhance PDT that requires the interaction of light, a photosen-
sitizer, and molecular oxygen. Correspondingly, O2 generation
under acidic H2O2 conditions was investigated using an oxygen
electrode (Fig. 1H). As expected, ADMP showed a signicant
increase in oxygenation. In contrast, AD and the DNA nano-
assembly incorporated with the aptamer, DNAzyme,
and photosensitizer (ADP) only led to background signals. This
clearly evidenced that due to the incorporated MnO2, ADMP
could catalyze H2O2 into O2.

To verify the nanoassembly-mediated photocytotoxic reac-
tions, we evaluated singlet oxygen (1O2) production by the
activated photosensitizer using 2,2,6,6-tetramethylpiperidine
(TEMP) and 1,3-diphenylisobenzofuran (DPBF) (Fig. S9, S10†
and 1I). Upon laser irradiation, the typical 1 : 1 : 1 triplet signal
characteristic was measured by electron spin resonance (ESR)
spectroscopy, which indicated that the reactive oxygen species
produced by TMPyP4, ADP and ADMP were 1O2.50 The DPBF
could be oxidized by 1O2 which caused a decrease of its char-
acteristic absorbance peak at 410 nm. The maximum absorp-
tion of DPBF was decreased to 73.72% within 5 min upon
exposing ADMP to light irradiation under neutral conditions
(pH ¼ 7.4). Comparatively, the decrease of DPBF absorption
accelerated signicantly aer the addition of H2O2, particularly
in acidic media (48.01%), indicating an elevated generation of
1O2, which was ascribed to the generation of oxygen under
acidic H2O2 conditions. Besides, compared with free TMPyP4,
ADMP showed improved 1O2 generation efficiency (Fig. S11†).
Thus, these results demonstrated that ADMP could be utilized
5158 | Chem. Sci., 2022, 13, 5155–5163
as a multifunctional and simultaneously self-enhanced thera-
peutic nanoplatform for gene silencing and auxiliary PDT.
Targeted and intensied intracellular gene silencing and ROS
generation with self-sufficient therapeutic DNA nanosponges
in response to environmental cues

The performance of the dynamic DNA nanomaterials encoded
with diverse functionalities and responsiveness was then
investigated in live cells (Fig. 2A). Targeted delivery to specic
tumor cells is a prerequisite for cancer therapy, and we rst
tested the cellular uptake capacity of ADMP by ow cytometry
and confocal laser scanning microscopy (CLSM). As the enco-
ded AS1411 aptamer in ADMP can specically recognize the
nucleolin of cancer cells, we used 4T1 cells (mouse breast
cancer cell line, nucleolin overexpressed) and MCF-10A (human
normal breast cell line, low nucleolin expression) as the target
and control cells, respectively. Upon incubating 4T1 cells with
Cy5-labeled ADMP, the uorescence intensity of the cells grad-
ually increased and reached a saturation point at 8 h (Fig. 2B
and C). Moreover, confocal imaging analysis demonstrated that
the uorescence signal was stronger in cancer cells than in
normal cells (Fig. S12†). These results conrmed that the DNA
nanoassemblies encoded with the AS1411 aptamer can speci-
cally recognize and target cancer cells, and then achieve selec-
tive cellular uptake. To further examine the enhanced uptake
mediated by the specic binding between AS1411 and nucleo-
lin, the 4T1 cells were preincubated with an excess amount of
free AS1411 for 1 h to block the nucleolin acceptor and then
treated with Cy5-labeled ADMP under the same conditions. A
noticeably lower uorescence signal was observed in 4T1 cells
than that in an unblocked group under CLSM (Fig. S13†), con-
rming the reliable cancer cell-specic uptake. Moreover, the
intracellular distribution of ADMP was evaluated by incubating
4T1 cells with Cy5-labeled ADMP. Aer incubation for 6 h,
a Pearson's correlation coefficient of 0.78 was calculated from
the colocalization of ADMP and lysosomes, which indicated
that Cy5-labeled ADMP could be localized in lysosomes aer
internalization by 4T1 cells (Fig. S14†). As time extended, ADMP
could eventually escape from the lysosomes.

Next, we explored the DNAzyme-mediated, cofactor-self-
supplied mRNA cleavage and O2-evolving

1O2 generation upon
light illumination in 4T1 cells. Here c-Myc mRNA, a proto-
oncogene, was used as an example of target gene to cleave.
Down-regulation of c-Myc mRNA could inhibit the progression
of a wide range of cancers and has been identied in many
different types of cancers such as breast cancer.42 As demon-
strated before, the encapsulated MnO2 in ADM could be
decomposed into Mn2+ ions in the tumor microenvironment,
which acted as DNAzyme cofactors to improve substrate
cleavage efficiency. Correspondingly, we designed control
nanoassembly AD (no MnO2 encapsulated) to verify the role of
MnO2 in ADM for gene silencing. Meanwhile, to examine the
RNA-cleaving activity of DNAzyme, we used mutant DNAzyme
(mutD) and designed control nanoassemblies AmutD and
AmutDM, which had no DNAzyme activity and were unable to
cleave the mRNA substrate.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 DNAzyme-mediated enhanced gene silencing and 1O2 generation in cancer cells by the active targeting and responsive DNA nano-
assembly. (A) Depiction of cancer-targeted, stimulus-triggered, and self-reinforced gene knockdown and 1O2 generation in live cells. (B and C)
Time-dependent internalization of Cy5-labeled AMDP into 4T1 cells determined by flow cytometry. Representative histogram results (B) and
quantification of the mean fluorescence intensity (MFI) (C) are shown. (D) qRT-PCR analysis of c-Myc mRNA in 4T1 cells incubated separately
with PBS (I), AmutD (II), AmutDM (III), AD (IV), and ADM (V). Results are presented as means � standard deviation (SD) (n ¼ 3). Statistical
significance was calculated by one-way ANOVAwith Tukey's post hoc test: ***p < 0.001. (E) Western blot analysis of c-Myc protein expression of
4T1 cells with different treatments. (F) Detection of 1O2 generation in 4T1 cells by DCFH-DA. The cells were incubated with PBS, AmutDP, and
AmutDMP in both normoxia and hypoxia under 660 nm laser irradiation (0.2 W cm�2) for 5 min. AmutD, the DNA nanostructure with the aptamer
and mutant DNAzyme; AmutDM, the DNA nanostructure with the aptamer, mutant DNAzyme, and MnO2; AmutDMP, the DNA nanostructure
with the aptamer, mutant DNAzyme, MnO2, and photosensitizer.
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Aer incubating with different materials, the relative
expression of c-Myc mRNA in 4T1 cells was investigated using
quantitative real-time polymerase chain reaction (qRT-PCR)
assay (Fig. 2D). The mRNA level of c-Myc was successfully
inhibited by 77% aer the treatment with ADM. As crucial
controls, the catalytically inactive AmutD and AmutDM
showed negligible inuence on the expression of c-Myc mRNA
in 4T1 cells, while cofactor decient AD reduced the mRNA
level of c-Myc mRNA by 27%, showing a weaker mRNA-
cleavage ability than ADM. Besides, the expression of protein
c-Myc was monitored using western blot (Fig. 2E), and the
result was consistent with that of the qRT-PCR assay. These
data demonstrated strongly that the crystalized DNAzyme/
MnO2 nanosponges could efficiently cleave their target mRNA,
as this approach offers a prospective gene regulation that self-
supplied effective enzyme cofactors and copious therapeutic
DNAzymes.

To explore the feasibility of auxiliary PDT, we further
designed a DNA nanoassembly incorporated with the aptamer,
mutant DNAzyme and photosensitizer (AmutDP), and a DNA
nanoassembly incorporated with the aptamer, mutant DNA-
zyme, MnO2, and photosensitizer (AmutDMP) and evaluated the
intracellular ROS generation under illumination (Fig. 2F). A
ROS probe, 20,70-dichlorouorescein diacetate (DCFH-DA),
which could be oxidized by 1O2 and generate a uorescence
indicator DCF, was applied to monitor 1O2 generation in 4T1
© 2022 The Author(s). Published by the Royal Society of Chemistry
cells. It should be noted that under normoxic conditions (21%
O2) the oxygen level is enough for 1O2 production. Therefore,
upon 660 nm laser irradiation, both AmutDP- and AmutDMP-
treated 4T1 cells displayed bright green uorescence under
normoxia. However, under hypoxic conditions (1% O2), the cells
incubated with AmutDMP showed an evidently stronger uo-
rescence than those treated with AmutDP, suggesting that the
encapsulated MnO2 in DNA nanosponges self-supplied oxygen
in situ, and further induced elevated 1O2 generation. Thus, the
auxiliary photocytotoxic reaction of the DNA nanosponges could
be utilized for enhancing the therapeutic effect.
Simultaneously enhanced and synergistic gene-photodynamic
therapy in vitro

The enhanced gene silencing and intensied ROS generation in
cancer cells using the dynamic materials provided an opportu-
nity for tumor-specic treatment with high efficacy; subse-
quently, we evaluated the in vitro synergistic gene-
photodynamic therapy (Fig. 3A). First, cell viability was deter-
mined with cell counting kit-8 (CCK-8) assays. In the dark,
treating 4T1 cells with different concentrations of AmutDMP
caused negligible phototoxicity (Fig. S15†). Besides, when using
nucleolin-negative MCF-10A cells as control cells, lower cyto-
toxicity was obtained aer incubating with different DNA
materials with or without light exposure (Fig. 3B). These results
indicated satisfactory biocompatibility of the nanoparticles.
Chem. Sci., 2022, 13, 5155–5163 | 5159
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Fig. 3 DNA nanoassemblies induce strong and specific cancer cell apoptosis through simultaneously enhanced gene-photodynamic therapy.
(A) A schematic diagram of in vivo synergistic cancer-specific therapy. (B–D) Cell viability of MCF-10A (B) and 4T1 cells incubated with PBS (I), AD
(II), ADM (III), AmutDP (IV), AmutDMP (V), and ADMP (VI) in normoxia (C) and hypoxia (D) with or without irradiation. Results are presented as
means � standard deviation (SD) (n ¼ 3). (E and F) Flow cytometric analysis (E) and live/dead staining (F) of 4T1 cells treated with PBS, AmutDMP,
AD, ADM, PBS plus laser, AmutDP plus laser, AmutDMP plus laser, and ADMP plus laser. Laser, 660 nm; power density, 0.2 W cm�2; duration,
5 min. Scale bar, 50 mm.
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Then the therapeutic performance of the DNA nano-
assemblies was evaluated in vitro by comparing the viability of
4T1 cells incubated with different materials with or without
irradiation including PBS (I), AD (II), ADM (III), AmutDP (IV),
AmutDMP (V), and ADMP (VI) (Fig. 3C and D). Consistent with
the results of qRT-PCR and western blot, the cytotoxicity of the
AD-treated group was obviously weaker than that of ADM. This
is because the MnO2-encapsulated DNAzyme nanoassemblies
could release cofactor Mn2+ ions under the tumor microenvi-
ronment (acid/H2O2 conditions), to enhance gene therapy (GT)
effectively. Moreover, when exposed to laser irradiation, the
photocytotoxicity of AmutDP and AmutDMP was similar under
normoxia; however, the cytotoxicity of AmutDP was obviously
lower than that of the latter under hypoxia, demonstrating that
the O2 generated from MnO2 could relieve tumor hypoxia and
enhance PDT efficacy. In addition, among all the materials
ADMP with activated gene regulation and the auxiliary photo-
dynamic effect caused the highest cell death aer 660 nm
photoirradiation. Subsequently, the cytotoxicity of ADMP was
further evaluated at various concentrations both in the dark and
with light exposure (Fig. S16†). A dose-dependent cytotoxicity
was observed in the dark via gene regulation, while the viability
of 4T1 cells was further decreased once exposed to laser irra-
diation, suggesting a synergistic gene-photodynamic therapy.
Secondly, the in vitro therapeutic performance of ADMP was
investigated by ow cytometry assay and live/dead cell staining
(Fig. 3E and F). Comparisons of the extent of apoptosis in 4T1
cells using different materials and conditions suggested most
remarkable cytotoxicity of ADMP treatment. Also, the deter-
mined live/dead ratio of tumor cells with different treatments
5160 | Chem. Sci., 2022, 13, 5155–5163
proved a maximum effect by cofactor self-sufficient gene regu-
lation and O2-supplied photodynamic therapy.
Effective and safe cancer therapy in 4T1 tumor-bearing mice
using the self-sufficient DNA nanoassemblies

In 4T1 tumor-bearing BALB/c mice, the in vivo antitumor effi-
cacy of DNA nanosponges was explored using seven mice
groups (n ¼ 5) with different treatments (Fig. 4A). As shown in
Fig. 4B, neither PBS (group I) nor AmutDMP (group II) could
inhibit tumor growth. However, the mice treated with AD (group
III) and ADM (group IV) had a relatively slow tumor growth rate,
demonstrating the gene regulation effect. Moreover, the treat-
ments with AmutDP plus laser (group V) and AmutDMP plus
laser (group VI) effectively inhibited tumor growth, ascribed to
the photodynamic therapy. Furthermore, the superior tumor
restraining of ADM (group IV) over AD (group III) well-
illustrated the MnO2-enhanced gene silencing. Meanwhile,
when exposed to laser irradiation, an enhanced PDT perfor-
mance was observed with AmutDMP (group VI) than with
AmutDP (group V) under hypoxic conditions, revealing that the
oxygen generated from these nanosponges could promote the
generation of 1O2. Among all the groups, the mice treated with
ADMP under irradiation (group VI) had the maximum anti-
tumor inhibition effect, which was ascribed to the cooperative
effort between the DNAzyme cofactor self-sufficient gene regu-
lation and O2-supplement photodynamic therapy. All the data
were in accord with the results of size and weight changes of
tumors aer treatment (Fig. 4C and D).

Pathological studies further conrmed the therapeutic
outcome (Fig. 4E–G). Immunouorescence (IF) images
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vivo antitumor efficacy of the therapeutic DNA nanostructures. (A) Scheme of the therapeutic procedure in 4T1 tumor-bearing BALB/c
mice. (B) Tumor growth curves. (C and D) Representative tumor picture (C) and weight (D) after different treatments. (E–G) Histological analysis
including immunofluorescence (IF) (E), H&E (F), and TUNEL (G) analysis of tumor slices after respective treatment. Each group was injected with
50 mL of the material (corresponds to 3.66 mg kg�1 DNA nanoassemblies) and irradiated at 12 h post-injection twice a week. Here the power of
photoirradiation (660 nm) was 0.2 W cm�2 for 5 min. Scale bar, 100 mm. Error bars represent standard deviations, with n ¼ 5 independent
replicates. Statistical significance was calculated by one-way ANOVA with Tukey's post hoc test: **p < 0.01, ***p < 0.001.
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displayed a weaker red emission of tumor slices treated with
ADM (group IV) than those treated with AD (group III) (Fig. 4E),
indicating that the MnO2-encapsulated DNAzyme nano-
assemblies could inhibit the expression of c-Myc protein via the
self-supplied gene regulation. Subsequently, the pathological
morphology of tumor tissue was investigated by hematoxylin-
eosin (H&E) staining (Fig. 4F). There was a more severe
destruction and more disintegrated nuclei in the tumor cells
treated with photoirradiated ADMP, but only partial brosis was
obtained for the ADM or photoirradiated AmutDMP group.
These observations indicated that the combinational therapy
achieved the best tumor regression efficacy. Similarly, terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining demonstrated that our therapy (group VII)
induced the most drastic level of tumor cell apoptosis (Fig. 4G).
Finally, we conrmed the tumor-targeting ability by uores-
cence imaging using different materials (Fig. S17†), which was
ascribed to the aptamer-mediated targeting and the enhanced
permeability and retention (EPR) effects. Furthermore, we
evaluated the biosafety of the therapy by long-term body weight
monitoring, hemolysis test, H&E staining of major organs, and
biochemical index analysis, and observed no systemic toxicity
(Fig. S18–S21†). These observations indicated that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
therapeutic nanoassemblies possess excellent biocompatibility
and may be promising for use in clinical applications.

Conclusions

Overall, RNA-cleaving DNAzyme holds great promise for gene
regulation, but its clinical utility is hindered because of the
inefficient delivery and limited enzymatic activity in vivo. To this
end, we have assembled a dynamic DNA nanomaterial as a safe
and effective delivery vehicle that can improve catalytic cleavage
efficacy and targeting specicity in response to environmental
cues. These DNA nanoassemblies can be programmed to
package and deliver diverse cargos via one-pot synthesis,
leading to densely packed Mn2+-dependent DNAzyme and its
cofactor precursor for better stability and DNAzyme activity. In
addition, the vehicle is encoded with an aptamer and porphyrin
photosensitizer as auxiliary molecular therapeutics for specic
and effective cancer cell uptake and apoptosis. Upon tumor
microenvironment stimuli, the programmable DNA materials
not only self-supply the enzyme cofactor but also generate O2 in
situ, which leads to targeted and intensied mRNA cleavage and
photosensitizer-mediated ROS generation. These data demon-
strate a simultaneously self-enhanced gene silencing and self-
enhanced adjuvant PDT both in vitro and in vivo. Our study
Chem. Sci., 2022, 13, 5155–5163 | 5161
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provides a safe and targeted delivery of therapeutics for cancer
treatment with programmable and dynamic DNA materials.
This delivery approach may improve the utility and translation
of DNAzyme to regulate disease-related genes. Furthermore, the
delivery platform can be programmed to encode different
oligonucleotide drugs and cargos of interest for disease
prevention and treatment.
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