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A “dual-key-and-lock” DNA nanodevice enables
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DNA-based theragnostic platforms have attracted more and more attention, while their applications are still
impeded by nonspecific interference and insufficient therapeutic efficacy. Herein, we fabricate an
integrated “dual-key-and-lock” DNA nanodevice (DKL-DND) which is composed of the inner Dox/
Hairpin/Aptazyme-Au@Ag@Au probes and the outer metal-organic frameworks loaded with Fuel strand.
Once internalized into human breast cancer cells (MCF-7), the DKL-DND is activated by cascaded
endogenous stimuli (acidic pH in the lysosome and high expression of ATP in the cytoplasm), leading to
spatially controlled optical/magnetic resonance multimodal imaging and gene/chemo/small molecule
combined cancer therapy. By engineering pH and ATP-responsive units as cascaded locks on the DKL-
DND, the operating status of the nanodevice and accessibility of encapsulated anti-tumour drugs can be
precisely regulated in the specified physiological states, avoiding the premature activation and release
during assembly and delivery. Both in vitro and in vivo assessments demonstrate that the DKL-DND with
excellent stimuli-responsive ability, biocompatibility, stability and accumulation behaviour was capable of
simultaneously affording accurate tumour diagnosis and efficient tumour growth inhibition. This
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Introduction

During the past few decades, plenty of bottom-up biomimetic
methodologies have been reported to construct a variety of
dynamic structures via assembly of synthetic moieties to fulfil
complex tasks."” Governed by the Watson-Crick base paring
rules, DNAs with unique programmability and affordability
have become unparalleled scaffolds for engineering nano-
devices and molecular machines.>* In particular, owing to the
easy-to-predict thermodynamics and good biocompatibility,
such DNA-based nanostructures have exhibited excellent

“State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing 210023, P. R. China. E-mail:
Jizhu@nju.edu.cn

*College of Chemistry and Chemical Engineering, Key Laboratory of Shandong
Provincial Universities for Functional Molecules and Materials, Qingdao University,
Qingdao 266071, P. R. China. E-mail: bisail1@126.com

‘State Key Laboratory of Pharmaceutical Biotechnology, Department of Sports
Medicine and Adult Reconstructive Surgery, Nanjing Drum Tower Hospital, The
Affiliated Hospital of Nanjing University Medical School, Medical School, Nanjing
University, Nanjing 210093, P. R. China. E-mail: xjp@nju.edu.cn

t Electronic supplementary information (ESI) available: Additional experimental
procedures and supplementary results and discussion that further support
conclusions made in the main document. See DOLI:
https://doi.org/10.1039/d4s5c01493f

1528 | Chem. Sci., 2024, 15, 11528-11539

imaging-guided combination therapy.

performance when interacting with biological elements, which
show great promise in biosensing and bioimaging,>® specific
cargo delivery,”® molecule computation,”** and so on. Despite
the progress made, the majority of current DNA nanodevices
still operate in an “always on” model. In fact, certain
biomarkers overexpressed in tumour cells are widely distrib-
uted in solid tumour microenvironment and systemic
circulation.”* Thus, the “always on” DNA nanodevices lacking
spatiotemporal selectivity could inevitably interact with the
undesired targets during the delivery process, resulting in
nonspecific activation and false-positive signals.

Recently, some “on-demand” activated DNA nanodevices
have been developed for monitoring desired biomolecules.'® In
particular, the endogenous stimuli-controlled strategies (e.g.
pH," small molecules,' enzymes,'>*" etc.) have become prom-
inent tools for regulating the specific imaging ability of DNA
nanodevices, in which the use of endogenous substances can
maintain the native state of live entities and avoid organ
injuries. However, most of these devices are single-locked
designs, which still exist the problem of off-tumour activation
due to the complex biological environments and would largely
compromise the tumour-specific detection. Therefore, creating
DNA nanodevices with excellent spatial controllability still
remains critical to develop precise medical platforms for
molecular diagnosis.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc01493f&domain=pdf&date_stamp=2024-07-20
http://orcid.org/0009-0000-2268-1343
http://orcid.org/0000-0002-7305-8233
http://orcid.org/0000-0002-8201-1285
https://doi.org/10.1039/d4sc01493f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01493f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015029

Open Access Article. Published on 25 June 2024. Downloaded on 10/16/2025 8:05:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

MicroRNAs play an important role in diverse biological
processes. It has been found that the aberrant expression of
some specific microRNAs is closely related to the occurrence
and progression of cancers.”® Thus, the reliable analysis of
microRNAs could provide valuable information for clinical
diagnosis and biological study. At present, fluorescence (FL)
imaging is a powerful technology for monitoring the expression
and distribution of microRNA in living cells with high selectivity
and spatiotemporal resolution.”>** However, due to the target
concentration being usually extremely low and the presence of
complicated biological matrices in abundance, highly sensitive
in situ FL imaging of microRNA is still challenging. Compared
with FL, surface-enhanced Raman scattering (SERS) possesses
advantages including high sensitivity, “fingerprint” signatures
and resistance to photobleaching, which extends our toolbox
for biological analysis.>*** However, the nonspecific accumula-
tion caused by low imaging speed also limits the further
application of the SERS technique at the cell level.>® Alterna-
tively, the combination of multiple imaging modes could ach-
ieve complementary advantages of different single modes to
acquire faster positioning, more accurate detection and multi-
scale diagnostic information.

In addition, immediate diagnosis-guided therapy can effi-
ciently improve the survival rate of cancer patients.”” In recent
years, functional nucleic acid-assisted therapeutic platforms
have shown significant potential against tumors.>®* For
example, DNAzyme has emerged as an effective tool for gene
silencing due to its advantages of flexible design and high
specificity, which can catalyse the specific cleavage of intracel-
lular mRNA to regulate the expression level of tumour-related
proteins.>® However, since tumour cells can easily bypass
apoptosis through a variety of antiapoptotic signal trans-
ductions, a single-mode therapy pathway usually constrains the
treatment performance. Thus, the development of combined
therapy strategies integrated with precise imaging is highly
demanded in biomedical research.

Motivated by the above-mentioned issues, a multifunctional
DKL-DND in response to cascaded endogenous stimuli (acidic
pH in the lysosome and high expression of ATP in the cyto-
plasm) is devised for multimodal imaging in a spatio-gated
manner, accompanied by the controllable drug release for
combined therapy of breast cancer. Through engineering with
two customizable locks, the operation of this nanodevice can be
finely manipulated by characteristic triggers, achieving on-
demand activation and accurate tumour diagnosis and treat-
ment. The fabricated DKL-DND provides a custom-made plat-
form for spatially controllable activation via defining various
locks in response to disease-related biomolecules, making it has
considerable potential for personalized theragnostic systems
based on diverse circumstances.

Results and discussion
Working principle of DKL-DND

Herein, microRNA-21 (miR-21) is selected as the model target
because it is a valuable diagnostic biomarker that is commonly
overexpressed in many human cancers (e.g. breast cancer, lung

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

cancer, and prostate cancer).*** In this system, Au@Ag@Au
Double-Shell Nanoparticles (DSNPs) are first synthesized as the
carrier of DNA probes, which not only exhibit excellent optical
properties to enhance the SERS signal and quench FL, but also
efficiently avoid the oxidation of silver by the outer gold shell to
allow a good biocompatibility. The Hairpin/Aptazyme (HA)
hybrids are then assembled on Au@Ag@Au DSNPs via Au-S
covalent bonds (abbreviated as HA-DSNPs), and the anticancer
drug Dox is further intercalated into the C-G region of HA
hybrids (abbreviated as Dox/HA-DSNPs). Notably, to improve
the spatiotemporally precise imaging ability of microRNA, the
Hairpin contains a reconfigurable molecular switch to connect
the miR-21 binding domains (toehold domain and branch
migration domain) together, and the Aptazyme as the ATP-
responsive lock is composed of the Mn*'-dependent EGR-1
DNAzyme subunits (split DNAzyme 1 and split DNAzyme 2)
separated by the ATP aptamer sequence. The detailed infor-
mation of oligonucleotides is listed in Table S1.f Thereafter,
a MOF shell as the pH-responsive lock is coated on Dox/HA-
DSNPs via the coordination between Mn** and tannic acid
(TA), followed by loading the Fuel strand (a catalytic DNA strand
for signal amplification), achieving the fabrication of DKL-DND
(Scheme 1A).

When the DKL-DND is internalized into MCF-7 cells via
endocytosis (Scheme 1B), the acidic pH in the lysosome envi-
ronment (pH 4.5-5.5) (Key I) promotes the rapid degradation of
the MOF shell, resulting in the release of payloads including the
outer Mn?*, TA and Fuel strand as well as the inner Dox/HA-
DSNPs. After these substrates escape from the lysosome via
the “proton-sponge effect”,*®* ATP in the cytoplasm (Key II)
further induces the disassembly of HA hybrids via specific
recognition of ATP by its aptamer domains, leading to the
unlocking of DNA nanodevices for miR-21 detection. In brief,
the aptamer specifically binds with ATP to form the ATP/
Aptazyme complex, releasing Hairpin-DSNPs and stabilizing
the catalytic loop of two splitting DNAzyme sequences. As
a result, a spontaneously conformational change of molecular
switch in Hairpin occurs, which thus brings the miR-21 binding
domains (toehold domain and branch migration domain) in
close proximity. Then, the intracellular miR-21 triggers the
catalysed hairpin assembly (CHA) reaction between Hairpin and
Fuel strand, forming multiple Hairpin/Fuel (HF) hybrids on
Au@Ag@Au DSNPs (HF-DSNPs). In this case, the FL signal from
Cy5 is quenched resulting from the distance change between
Au@Ag@Au DSNPs and Cy5-tagged Fuel strand, while its SERS
signal is enhanced, thus achieving FL/SERS dual-mode imaging
to provide accurate expression and distribution information of
miR-21 in living MCF-7 cells. Additionally, using Mn>* as a T1-
weighted contrast agent, magnetic resonance imaging (MRI) is
carried out to obtain the multiscale tumour-related informa-
tion. Moreover, the disassembly of HA hybrids results in the
release of Dox and Aptazyme for chemotherapy and Mn>'-
mediated gene silencing on human early growth response-1
(EGR-1) mRNA, respectively. In particular, the down-regulated
expression of EGR-1 can promote the curative effect of chemo-
therapy. Furthermore, the presence of TA enhances the thera-
peutic effect via preventing the invasion and migration of
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Scheme 1 Schematic illustration of the dual-key-and-lock DNA nanodevice (DKL-DND) in response to acidic pH and ATP for on-demand
activation and multimodal imaging guided combined tumour therapy. (A) Design of the DKL-DND. (B) Illustration of DKL-DND for multi-modal

imaging guided combined tumour therapy.

tumour cells. The ingenious combination of these constructs in
DKL-DND endows it with extraordinary performance in optical/
magnetic resonance multimodal imaging guided gene/chemo/
small molecule combined cancer therapy.

Characterization of DKL-DND

First, the Au@Ag@Au DSNPs were prepared via a layer-by-layer
coating process. From transmission electron microscopy (TEM)
characterization (Fig. 1A-a), 17 nm AuNPs are synthesized as the
inner core, and then the uniform Au@Ag NPs are prepared with
less free Ag nuclei using r-ascorbic acid (1-AA) as the reducing
agent (Fig. 1A-b). The thickness of the Ag shell can be modu-
lated by changing the amount of Ag" (Fig. S1A and S1BY). In
particular, the A u@Ag NPs with a 2.0 nm Ag shell exhibits the
best SERS enhancement effect using 4-MBA as a Raman signal
molecule (Fig. S1C and S1DY), which is chosen for further
experiments. Although Au@Ag NPs reveal superior optical
properties, they still suffer from low stability, high toxicity and
poor performance upon surface functionalization. Alternatively,
a uniform layer of Au was further coated on Au@Ag NPs to
obtain the Au@Ag@Au DSNPs through a sulfite-based epitaxial
deposition protocol (Fig. 1A-c), which can efficiently prevent the
galvanic replacement to improve the stability of Au@Ag NPs
and further reduce the toxicity induced by released Ag'.*
Notably, the thickness of the Au shell is optimized to be
~1.25 nm (Fig. S21). The energy-dispersive X-ray spectroscopy
(EDX) mappings intuitively display the distribution of Au and
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Ag elements, indicating the formation of Au@Ag@Au DSNPs
without any galvanic replacement reactions (Fig. S37). It should
be noted that the SERS signal of A u@Ag@Au DSNPs is signifi-
cantly enhanced at 1590 cm™" compared with bare AuNPs and
Au@Ag NPs (Fig. 1B). As shown in the finite difference time
domain (FDTD) simulation data (Fig. 1B, inset), the Au@Ag@Au
DSNPs produce a large area of electric field enhancement and
high electric field intensity. These results indicate the excellent
Raman enhancement activity of Au@Ag@Au DSNPs, which can
be attributed to the synergistic plasmonic interaction among
the Au core, Ag shell and ultrathin Au shell. In addition, the
stability of Au@Ag@Au DSNPs was evaluated via H,0, etching
(Fig. S41). As expected, the ultrathin Au shell plays a significant
role in protecting the Ag shell, which is beneficial for further
biological applications.

Subsequently, by virtue of Au-S bonds, the thiolated HA
hybrids were functionalized on Au@Ag@Au DSNPs. The
amount of HA hybrids immobilized on each A u@Ag@Au DSNPs
is quantified to be ~42 by fluorescence assay (Fig. S51), which
thus provide plentiful Dox-loading sites via intercalating into G-
C base pairs. Finally, the MOF shell was coated through the
coordination between TA and Mn**, which further served as the
carrier to load Fuel strand via hydrogen bonding to obtain the
DKL-DND. The fabricated DKL-DND exhibits an average size of
31 nm with a MOF shell of approximately 3.75 nm (Fig. 1A-d). As
shown in Fig. 1C and S6,f the EDX mappings and X-ray
photoelectron spectroscopy (XPS) spectra display the chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of DKL-DND. (A) TEM images of (a) AuNPs, (b) Au@Ag NPs, (c) Au@Ag@Au DSNPs, and (d) DKL-DND. Scale bar: 20 nm. (B)
SERS spectra measurements of AUNPs, Au@Ag NPs and Au@Ag@Au DSNPs using 4-MBA as a Raman signal molecule. (Inset) FDTD-simulated
electric field distribution of Au@Ag@Au DSNPs with incident light of 2 = 633 nm. (C) Elemental mapping of DKL-DND. Scale bar: 50 nm. XPS
spectra of (D) Mn 2p and (E) P 2p in DKL-DND. (F) UV-vis spectra of AuNPs, Au@Ag NPs, Au@Ag@Au DSNPs and DKL-DND.

element composition (Au, Ag, Mn and P) of DKL-DND. In
particular, Mn (641.4 eV and 653.5 eV) and P (133.05 eV)
elements come from the Mn-TA network and DNA, respectively
(Fig. 1D and E). In addition, Fig. S71 shows the Raman spectra
of TA and DKL-DND. Compared with the pure TA, the charac-
teristic peak at around 655 cm™ ' appears, which can be attrib-
uted to the chelation of Mn*>* by the phenolic oxygen in TA.
The synthesis processes of DKL-DND were further charac-
terized using UV-vis absorption spectra (Fig. 1F). The Au NPs
present a localized surface plasmon resonance (LSPR) peak at
518 nm. After coating with an Ag layer, the corresponding LSPR
peak is blue-shifted to 502 nm, and a weak absorption peak
associated with the Ag plasmon resonance is observed at
395 nm, suggesting the formation of Au@Ag NPs. Compared
with Au@Ag NPs, the characteristic absorption of Au@Ag@Au
DSNPs red-shifts to 504 nm and the Ag peak at 395 nm is not
changed. Furthermore, the characteristic peak of DKL-DND red-
shifts to 516 nm due to the formation of the MOF shell. Both the
particle sizes (Fig. S8At) and {-potential value changes
(Fig. S8BT) further confirm the fabrication of DKL-DND for each
step. Notably, the DKL-DND demonstrates satisfactory stability

© 2024 The Author(s). Published by the Royal Society of Chemistry

since the MOF shell could protect DNA strands from nuclease
degradation (Fig. S97).

In vitro stimuli-responsive ability of DKL-DND and FL/SERS
detection of miR-21

The proposed DKL-DND is composed of inner Dox/HA-DSNP
probes and outer MOFs loaded with Fuel strands, in which
the MOF shell operates as the pH-responsive lock and the
Aptazyme works as the ATP-responsive lock. As the first stim-
ulus, acidic pH in the lysosome (4.5-5.5, Key I) promotes the
rapid dissociation of the MOF shell, releasing Mn>*, TA and
Fuel strand as well as the Dox/HA-DSNP probes. Subsequently,
the high concentration of ATP in the cytoplasm (1-10 mM, Key
II) induces the disassembly of HA hybrids to form ATP/
Aptazyme complex, releasing the Hairpin-DSNPs and Dox
(Fig. 2A).

First, the pH-responsive properties of DKL-DND were verified
via inductively coupled plasma mass spectrometry (ICP-AES)
analysis of the Mn element. Due to the dissociation of the
MOF shell under acidic conditions, an extensive amount of

Chem. Sci., 2024, 15, 11528-11539 | 11531
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Fig. 2 In vitro stimuli-responsive ability of DKL-DND. (A) Cascaded

activation of DKL-DND in response to acidic pH (Key |) and ATP (Key I1).
(B) Release efficiency of Mn?* for DKL-DND under different pH
conditions. (C) Plots of 1/T1 vs. DKL-DND concentrations. Inset: T1-MR
images of DKL-DND with various concentrations under different pH
conditions: (a) 0; (b) 0.0625 mM; (c) 0.125 mM; (d) 0.25 mM; and (e)
0.5 mM. (D) Fluorescence spectra of DKL-DND in the absence or
presence of ATP (5 mM). (E) Specificity of DKL-DND in response to
different nucleoside triphosphates (5 mM for each) under acidic pH.
Error bars represent the standard deviation obtained from three
independent assays.

Mn>" release is observed within 1 h (reaching ~85%) when the
DKL-DND is exposed to a weakly acidic environment (pH 5.5),
whereas a small amount of Mn>" is released from DKL-DND at
pH 7.4 (Fig. 2B). The TEM image further verifies the acidic pH-
controlled dissociation properties of DKL-DND (Fig. S107).
Moreover, the released Mn>" could serve as the contrast agent
for T1-weighted MRI. After incubating in a mildly acidic buffer
(pH 5.5) for 4 h, the DKL-DND presents a concentration-
dependent brightness effect, and the corresponding longitu-
dinal relaxivity (r,) is calculated to be 6.90, which is much
higher than that in a neutral buffer (0.39) (Fig. 2C). These
results indicate that the mildly acidic environment could cause
an efficient decomposition of the MOF shell.

Subsequently, fluorescence assay was performed to investi-
gate the ATP-responsive performance of DKL-DND in an acidic
buffer (pH 5.5). The Aptazyme is labelled with a fluorophore
(Rox) at the middle position. If the DKL-DND is in a locked state,
the Rox-tagged Aptazyme is close to the surface of Au@Ag@Au
DSNPs, and its fluorescence is quenched. In contrast, the
introduction of ATP initiates the disassembly of HA hybrids,
making the fluorophore Rox away from Au@Ag@Au DSNPs and
producing a fluorescent signal output. As expected, compared

1532 | Chem. Sci., 2024, 15, 11528-11539
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with the control group without ATP, the fluorescence signal of
Rox significantly increases with the addition of 5 mM ATP,
suggesting the successful disassembly of HA hybrids (Fig. 2D).
In contrast, UTP, CTP, or GTP induces little fluorescence
change, demonstrating the high specificity of DKL-DND
towards ATP under weakly acidic pH (Fig. 2E). In addition,
since the concentration of ATP is much higher than that of
other adenine nucleotides (ADP and AMP) under physiological
conditions, it will be more successful at competing with ADP
and AMP despite their similar binding constants.’® Therefore,
the DKL-DND exhibits an obvious response to the dual stimuli
of acidic pH and ATP, which lays a foundation to precisely
control the operation of the DNA nanodevice in cancer cells.

After the cascaded response of weakly acidic pH and ATP, the
target miR-21 could trigger a continuous CHA reaction between
the unlocked Hairpin-DSNPs and Fuel strand, forming multiple
HF-DSNPs (Fig. S11At). The feasibility of DKL-DND for FL/SERS
dual-mode detection of miR-21 was investigated (Fig. S11B and
S11Ct). The reaction pathways of CHA and Aptazyme-catalysed
cleavage are characterized by native polyacrylamide gel elec-
trophoresis (PAGE) (Fig. $12A7), and the concentration of Mn**
was also investigated for the Aptazyme-catalysed cleavage
reaction (Fig. S12B¥). Under the optimal conditions (Fig. S137),
miR-21 with different concentrations was detected in the pres-
ence of ATP under weakly acidic conditions (pH 5.5) using FL
and SERS modes, respectively. For FL detection, a good linear
trend is obtained between the fluorescence intensity at 675 nm
and the logarithm of miR-21 concentration ranging from 250
pM to 75 nM, and the limit of detection (LOD) is calculated to be
0.74 pM (30) (Fig. S14A%). For SERS detection, with increasing
the miR-21 concentration from 0.1 fM to 1 nM, the SERS
intensity of Cy5 at 1595 cm™ " increases accordingly with a LOD
as low as 0.14 aM (Fig. S14Bt). The linear range and LOD of this
method are comparable to previously reported strategies for
miRNA detection (Table S27). Also, the SERS signals at
1595 cm ™ * from 11 random spots are recorded, and the relative
standard deviation (RSD) is calculated to be 4.74%, indicating
the excellent reproducibility of DKL-DND for SERS detection of
miR-21 (Fig. S14C and S14Df¥). In addition, this DNA nano-
device enables the highly selective detection of miR-21, and
exhibits excellent anti-interference ability (Fig. S14E, S14F and
S15%).

Dual-mode imaging of intracellular miR-21

The intracellular imaging was conducted using MCF-7 cells with
a high miR-21 expression profile (Fig. 3A). To monitor the
internalization pathway of DKL-DND, the co-localization
experiments were first performed, in which the red/green/blue
fluorescence was derived from Cy5-labelled Fuel strand, Lyso-
Tracker Red-stained lysosomes, and Hoechst 33342-stained
nucleus, respectively (Fig. 3B). The colocalization degree of
DKL-DND and lysosome reaches the highest at 3 h. As incuba-
tion proceeds, Pearson's correlation gradually decreases and
the poor colocalization indicates the successful escape of
loaded cargoes from lysosomes. This result is consistent with
the reported study that the coating of metal-phenolic networks

© 2024 The Author(s). Published by the Royal Society of Chemistry
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obtained from three independent assays.

can cause the osmotic rupture of the endo/lysosome membrane
via the “proton-sponge effect”, which thus facilitates the lyso-
somal escape behaviour of nanoparticles.**

Further, the capability of DKL-DND for intracellular FL/SERS
dual-mode imaging of miR-21 was studied. For FL imaging, the
confocal laser scanning microscope (CLSM) images were
acquired from different incubation time points (Fig. 3C). The
green fluorescence from Rox-labelled Aptazyme gradually
increases with increasing incubation time, indicating the
disassembly of HA hybrids induced by ATP recognition. Mean-
while, the red fluorescence from Cy5-labelled Fuel strand
associated with miR-21-triggered CHA gradually decreases and
reaches the minimum at 6 h, which thus is chosen as the
optimal time for intracellular microRNA imaging. To further
demonstrate the ATP-specific responsiveness, the MCF-7 cells

© 2024 The Author(s). Published by the Royal Society of Chemistry

were pretreated with iodoacetic acid (IAA) to down-regulate the
ATP level via inhibiting glycolysis. After incubation for 6 h, the
DKL-DND doesn't respond to intracellular miR-21. Thus, the
overexpressed miR-21 in MCF-7 cells can effectively trigger the
CHA reaction for signal output only at the acidic pH and high
concentration of ATP conditions. Flow cytometry results also
confirm these phenomena (Fig. S161). In addition, this DNA
nanodevice is able to well monitor the varied expressions of
intracellular microRNAs (Fig. S1771).

To evaluate the miR-21-imaging capability of DKL-DND in
different types of cell lines, the breast cancer cells (MCF-7),
human cervical cancer cells (HeLa) and human embryonic
kidney cells (HEK-293T) were respectively incubated with DKL-
DND for 6 h (Fig. 3D). The green fluorescence signals which
beamed back from Rox-labelled Aptazyme associated with ATP
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are almost the same in MCF-7, HeLa, and HEK-293T cells, which
can be attributed to the high concentrations of ATP in those
cells (4.72 mM in MCF-7 cells, 5.36 mM in HeLa cells, and
3.39 mM in HEK-293T cells) that are sufficient to cause the
disassembly of HA hybrids and eliminate the differences in
activation processes in different cell lines (Fig. S18t). As ex-
pected, the MCF-7 cells with high expression of miR-21 exhibit
the weakest Cy5 fluorescence signals, while a much stronger
signal is observed in HeLa cells which have a trace amount of
miR-21 expression. The HEK-293T cells, known with low miR-21
expression, demonstrate the strongest Cy5 fluorescence signal.
These findings agree well with previous studies,*® and show
good consistency with the results from RT-PCR analysis
(Fig. $197).

For SERS imaging of miR-21, the SERS intensity increases for
Cy5 and decreases for Rox as the incubation time proceeded
(Fig. 3E). We further acquire the SERS spectra of Cy5 from
different locations in MCF-7 cells (Fig. S201). Compared with
the nucleus and surrounding environment regions, the signif-
icantly high SERS intensity is observed within the cytoplasm,
indicating the performance of CHA triggered by miR-21 most
within the cytoplasm.

Evaluation of antitumour therapy in vitro

Because of the precise cascaded activation properties towards
acidic pH and ATP, the proposed DKL-DND has the ability to
collect and process biological signals to adjust their behaviour
within cancer cells, which thus can serve as an ideal nanocarrier
to deliver multiple anticancer drugs and effectively prevent side
effects caused by premature leakage during drug delivery. It is
well known that Dox can intercalate into the G-C base pairs of
the DNA duplex.*” Thus, the as-prepared DKL-DND with a large
amount of HA hybrids can provide plentiful Dox-loading sites
for chemotherapy. In addition, the outer MOF shell could be
dissociated under acidic pH to release Mn®>" and TA. The
released Mn** can be used as the Aptazyme cofactors for
cleaving EGR-1 mRNA to activate gene therapy, which can
further promote chemosensitivity as well as inhibit cell prolif-
eration and migration. Meanwhile, TA as a polyphenolic small
molecule inhibitor is particularly effective for anti-metastasis.*®
Therefore, it is reasonable to suppose that the DKL-DND will be
useful to inhibit proliferation, and migration and promote
apoptosis of tumour cells via combination treatment (Fig. 4A).

Since the fluorescence of Dox can be quenched after inter-
acting with the DNA duplex, we first determined the Dox
loading and release capacity of DKL-DND by fluorescence assay
(Fig. S211). Moreover, we further validated the release behaviour
of Dox at the cellular level via CLSM imaging (Fig. 4B). The
fluorescence signal of Dox released from DKL-DND increases
when the incubation period is lengthened. And the gradual
overlap of red (Dox) and blue (nucleus) fluorescence indicates
the intracellular diffusion behaviour of Dox. Thus, the loaded
Dox can be efficiently released in the cytoplasm, followed by
gradually entering the nucleus for chemotherapy.

To evaluate the Aptazyme-mediated EGR-1 mRNA silencing
in the presence of Mn** coactivators, the qRT-PCR assay was
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performed to analyse the relative expression levels of EGR-1
mRNA within MCF-7 cells (Fig. 4C). To expel a possible Dox
interference, here DKL-DND was prepared using catalytically
active Aptazyme without Dox loading (denoted as A-DKL-DND).
As expected, the expression of EGR-1 mRNA is obviously
decreased by 46.39% through treated with A-DKL-DND (sample
¢), while the catalytically inactive N-DKL-DND (prepared using
catalytically inactive Aptazyme without Dox loading) (sample b)
shows almost identical readings compared with PBS control
(sample a). The down-regulation capability of A-DKL-DND on
EGR-1 protein expression is further measured via western blot
(WB) analysis (Fig. 4D), which agrees well with the qRT-PCR
data of its mRNA codon, indicating the efficient gene regula-
tion ability of DKL-DND.

Next, we investigated whether the released TA from MOF
shells and the silencing of EGR-1 mRNA could inhibit cell
migration via a wound-healing assay (Fig. 4E and S227). After
incubation for 24 h, the relative mobilities of N-DKL-DND and
A-DKL-DND treated groups are 16.25% and 6.81%, respectively.
Its inhibition effect is witnessed compared with the PBS-treated
control group (22.49%). More importantly, the A-DKL-DND-
treated group exhibits the best suppression effect, indicating
a synergistic inhibition from TA and Aptazyme for tumour cell
migration.

Given the excellent drug release and efficient gene regulation
ability of DKL-DND, the anti-cancerous ability of this combined
therapy nanoplatform was investigated. First, the cell viability of
MCEF-7 cells treated with PBS, N-DKL-DND, A-DKL-DND, free
Dox, D-DKL-DND (prepared using catalytically inactive Apta-
zyme with Dox) and DKL-DND for 48 h was measured via CCK-8
assay, respectively (Fig. 4F). The proliferation of MCF-7 cells is
inhibited by 54.04% for DKL-DND treatment (sample f), which
is much higher than those of A-DKL-DND (22.67%, sample c),
free Dox (24.09%, sample d) and D-DKL-DND (28.12%, sample
e) treated cells at the same concentration (5 nM), proving the
effectiveness of combined therapy. To analyse the cell apoptosis
rate, the flow cytometry assay was further carried out using the
annexin V-APC/7-AAD staining kit (Fig. 4G). Clearly, after incu-
bation with A-DKL-DND (sample c), free Dox (sample d) and D-
DKL-DND (sample e), the MCF-7 cells undergo the cell
apoptosis rates of 11.63%, 11.79% and 14.35%, respectively,
while the apoptosis rate of DKL-DND treated cells (sample f) is
up to 27.3%, confirming the higher therapeutic efficiency than
those of mono-treatment systems. In addition, the live/dead cell
double-staining experiments were carried out to visually assess
the therapy efficacy of different treatments, in which the live
and dead cells presented green and red fluorescence, respec-
tively (Fig. 4H). As expected, the therapeutic efficacy of DKL-
DND results in the highest toxicity to MCF-7 cells, which is in
agreement with the above results.

In vivo antitumour efficacy of DKL-DND

Encouraged by the excellent in vitro cell proliferation inhibitory
effect, the in vivo therapeutic potential against MCF-7 tumour-
bearing mice was further investigated. First, the hemolysis
assay demonstrates an excellent biostability of DKL-DND within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vitro antitumor therapy of DKL-DND. (A) Antitumor performance of DKL-DND via a combination of chemo-gene therapy with TA-

assisted anti-migration. (B) Time course CLSM images of Dox released from DKL-DND in MCF-7 cells at indicated time points. Scale bar: 20 pm.
(C) gRT-PCR analysis of EGR-1 mRNA and (D) western blot analysis of EGR-1 proteins in MCF-7 cells incubated with (a) PBS, (b) N-DKL-DND, and
(c) A-DKL-DND. (E) Wound healing abilities of MCF-7 cells with different treatments. Scale bar: 100 um. (F) Cell viability, (G) cell apoptosis, and (H)
Live/Dead cell staining assay of MCF-7 cells treated with (a) PBS, (b) N-DKL-DND, (c) A-DKL-DND, (d) free Dox, (e) D-DKL-DND, and (f) DKL-
DND, respectively. The final concentration of DKL-DND is 5 nM. Scale bar in (H): 100 um. Error bars represent the standard deviation obtained

from three independent assays.

blood (Fig. S23t). Next, the dynamic accumulation behaviours
of DKL-DND were monitored using an animal imaging system
(Fig. 5A). The Cy5-labelled free Fuel strand could be metabo-
lized quickly in vivo after intravenous injection for 12 h. In
comparison, the fluorescence signal of DKL-DND-treated mice
gradually enhances with the prolongation of time and reaches
a maximum at 12 h and sustains for 24 h. Notably, the corre-
sponding average fluorescence intensity at the tumour site from
DKL-DND-treated mice is higher than that injected with free
Fuel strand (Fig. S241). This is because the protective action of
MOFs prolongs the blood circulation of DNA structures, which
facilitates tumour accumulation through the typical enhanced
permeability and retention (EPR) effect. After continuous
imaging, the tumour and major organs of free Fuel strand- and
DKL-DND-treated mice are obtained for further ex vivo fluo-
rescence imaging, and the quantitative analysis results also
support the above statement (Fig. S25). Obviously, the DKL-
DND shows excellent biocompatibility, biostability and effi-
cient accumulation ability at tumour sites after intravenous
injection, which thus ensures its combined therapeutic effects.

Since the released Mn>" could be utilized as the contrast
agent, the in vivo T1-weighted MRI of tumours was acquired for
tumour diagnosis by intravenous injection of DKL-DND into

© 2024 The Author(s). Published by the Royal Society of Chemistry

mice (Fig. 5B). The tumour site is clearly whitened after intra-
venous injection of DKL-DND for 12 h compared to that prior to
injection, indicating that DKL-DND is a promising potential
nanoplatform for multimodal imaging-guided cancer
combined therapy. Subsequently, the inductively coupled
plasma mass spectrometry (ICP-MS) analysis of the Mn element
was used to monitor the distribution of DKL-DND in MCF-7
tumour-bearing mice (Fig. S261). The Mn element is mainly
distributed in the liver, spleen and kidney, and significantly
decreases in these organs with the extended post-injection time,
indicating that DKL-DND could be metabolized without long-
term toxicity.

Based on the satisfactory antitumor efficacy in vitro and the
excellent tumour accumulation of DKL-DND, the synergistic
anticancer efficacy in vivo was further evaluated against tumour
models. When the tumour volume reached ~80 mm?, the MCF-
7 tumour-bearing BALB/c mice were randomly divided into six
groups (4 mice per group) and respectively treated with (I) PBS,
(II) N-DKL-DND, (I1I) A-DKL-DND, (IV) free Dox, (V) D-DKL-DND
and (VI) DKL-DND vig tail vein injection according to the time
schedule (Fig. 5C). During the whole therapeutic process, the
tumour volume was measured every 2 days using a vernier
caliper. As shown in Fig. 5D, the DKL-DND treated group

Chem. Sci., 2024, 15, 11528-11539 | 11535
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In vivo antitumour behaviours of DKL-DND. (A) Dynamic biodistribution of free Fuel strand and DKL-DND in MCF-7 tumour-bearing nude

mice at different times post-injection, respectively. (B) T1-weighted MR images of tumour-bearing mice before and after intravenous injection of
DKL-DND for 12 h. (C) Time scheme of tumour treatment in vivo for DKL-DND. (D) Tumour volume evolution curves during therapy. (E) Photos
and (F) corresponding weights of dissected tumours from mice with different treatments. (G) H&E and (H) TUNEL staining images of tumour
tissues from different treatment groups. From | to VI: (1) PBS, (Il) N-DKL-DND, (lll) A-DKL-DND, (IV) free Dox, (V) D-DKL-DND and (VI) DKL-DND.
Scale bars: 100 um. Error bars represent the standard deviation obtained from three independent assays.

exhibits the best tumour-suppressing effects, suggesting
improved anticancer ability via combined therapy. The mouse
body weights were also recorded to evaluate the safety of DKL-
DND (Fig. S271). Except for the free Dox treated group, the
body weight of other groups gradually increases during
different treatments, indicating the very little systemic toxicity
of this DNA nanodevice. Moreover, after treatment, the tumour
tissues in different groups were collected and weighed. The
morphology and mass of tumours exhibit a significant differ-
ence between DKL-DND and mono-treatment groups, which
summed up all the therapeutic benefits that DKL-DND can
provide during tumour growth inhibition research (Fig. 5E and
F). In addition, the expression level of EGR-1 protein in excised
tumours from different treatment groups was analysed using

1536 | Chem. Sci,, 2024, 15, 11528-11539

WB assay (Fig. S28t), in which both A-DKL-DND and DKL-DND
could downregulate EGR-1 protein expression, indicating the
efficient in vivo gene silencing capacity of Aptazyme.

The synergistic therapy effect of DKL-DND was further
demonstrated using hematoxylin and eosin (H&E) and terminal
deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP)
nick-end labelling (TUNEL) staining assay at the end of treat-
ment (Fig. 5G and H). Meanwhile, the major organs (heart, liver,
spleen, lungs, and kidney) in different treatment groups were
collected to investigate the toxicity of different treatments by
H&E staining (Fig. S297). The histological analysis shows no
obvious tissue damage after being treated with DKL-DND for 21
days, while free Dox causes an observable disorganization in the
heart, further assuring the high biosafety of the constructed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DNA nanodevice. In addition, the blood biochemistry analysis
indicates that the DKL-DND causes little effect on liver and
kidney functions (Fig. S30t). Therefore, the fabricated DKL-
DND can not only enable real-time monitoring of tumour
treatment via in vivo imaging but also enhance the antitumor
efficacy with low systemic toxicity.

Conclusions

In conclusion, we have devised an integrated dual-key-and-lock
DNA nanodevice for accurate diagnosis and combined therapy
of cancers, and its advantages can be summed up as such. (1)
On-demand activation. The endogenous pH/ATP-responsive
locks are introduced to improve the spatial specificity of the
DNA nanodevice and minimize the nonspecific activation
during assembly and delivery. (2) In situ multimodal imaging
for cancer diagnosis. FL/SERS dual-mode imaging of intracel-
lular microRNA provides the complementary advantages of
these two technologies for accurate diagnosis. Benefitting from
the CHA-based signal amplification and endogenous activation
endowed spatial selectivity, it is easy to achieve enhanced
signal-to-background ratios and improved detection sensitivity.
Meanwhile, Mn>* decomposed from DKL-DND setves as a T1-
weighted contrast agent for MRI to obtain the multiscale
tumour-related diagnosis information via combining with
optical imaging tools. (3) Combined therapy and reduced off-
site delivery. This DNA nanodevice produces both excellent
chemotherapy and the gene silencing effect in specific tumour
microenvironments, realizing an enhanced anti-tumour ability
in vitro and in vivo. Meanwhile, TA as a small molecule inhibitor
is particularly effective for anti-metastasis. Overall, our
proposed DNA nanodevice provides a promising nanoplatform
for integrated diagnosis and treatment with improved anti-
interference ability, thus offering a new way for nucleic acid-
based precise medicine and personalized theragnostic systems.

Experimental
Preparation of DKL-DND

First, Dox was added into the prepared HA-DSNP solution with
a molar ratio of 400 : 1, followed by incubation at 25 °C for 24 h
to prepare the Dox/HA-DSNPs. Then, 100 pL of the prepared
Dox/HA-DSNPs was added to 2 mL of ultrapure water under
vigorous stirring and subsequently sonicated for 2 min. A
portion of 2.5 uL TA (20 mg mL ") and 2.5 uL of MnCl, (20 mg
mL~") were rapidly added to the solution in sequence. After
stirring for 5 min, 110 pL of phosphate buffer (0.2 M, pH 7.4)
was added to the mixture, followed by sonication for 5 min and
vigorous stirring at 30 °C in the dark for 2 h. The resulting Dox/
HA-DSNPs@MOFs was collected by centrifugation and then
washed with 1x PBS (pH 7.4). Afterwards, the obtained Dox/HA-
DSNPs@MOFs was incubated with Fuel strand for 30 min at
room temperature, followed by adding 1x PBS (pH 7.4) with an
incubation period of 30 min. Finally, the Dox/HA-
DSNPs@MOFs/Fuel, also called DKL-DND, was collected via
centrifugation and stored in 1x PBS (pH 7.4) at 4 °C. In addi-
tion, different formulations of DKL-DND were constructed as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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follows: the A-DKL-DND was prepared using catalytically active
Aptazyme without Dox loading, the N-DKL-DND was prepared
using catalytically inactive Aptazyme without Dox loading, and
the D-DKL-DND was prepared using catalytically inactive Apta-
zyme with Dox. In this work, both A-DKL-DND and D-DKL-DND
were single-modal treatment groups, which served as the
control experiments.

Intracellular imaging

Confocal laser scanning microscope (CLSM) imaging. An
amount of 10° cells were seeded in a confocal dish (30 mm x 15
mm) and cultured at 37 °C for 24 h. Then, the cells were treated
with DKL-DND with a final concentration of 5 nM for different
time periods. Afterwards, the medium was removed and the
cells were washed three times with 1x PBS (pH 7.4). Finally, the
FL images were collected on an inverted confocal microscope
(Leica TCS SP8, Germany). To regulate the ATP level, the MCF-7
cells were pretreated with iodoacetic acid (IAA) (100 pM) for 4 h
before incubation with DKL-DND. To measure the expression
levels of intracellular miR-21, the miR-21 mimics and anti-miR-
21 sequences were transfected into MCF-7 cells for 4 h,
respectively. For the colocalization experiment, the cells were
treated with Cy5-labelled DKL-DND (without Rox) for different
time periods, and further incubated with the DMEM containing
Lyso-Tracker Red and Hoechst 33342 for an additional 30 min at
37 °C to stain the lysosomes and nuclei, respectively. The exci-
tation wavelengths of Lyso-Tracker Red, Hoechst 33342, Dox,
Rox and Cy5 were 577, 405, 488, 587 and 635 nm, respectively.
Their FL signals were obtained using 585-630 nm, 415-470 nm,
540-620 nm, 595-630 nm and 650-750 nm channels,
respectively.

SERS imaging. The MCF-7 cells (10° cells per well) were
seeded in a glass-bottom dish (35 mm x 10 mm) and cultured
at 37 °C for 24 h. Then, the cells were treated with DKL-DND for
different time periods. The final concentration of DKL-DND was
5 nM. After the removal of the medium, the cells were washed
with 1x PBS three times. Finally, the Raman images were
collected on a Raman microscope with a 633 nm laser (50x
objective lens) (Renishaw inVia, UK). The laser power and the
accumulation were set as 50% and 1, respectively.

Cell apoptosis assessment

The MCF-7 cells were seeded in a 12-well plate at a density of 10>
cells per well and cultured for 24 h. Then, the medium was
removed and the cells were treated with fresh DMEM contain-
ing PBS, N-DKL-DND, A-DKL-DND, free Dox, D-DKL-DND and
DKL-DND, respectively. The final concentration of DKL-DND
was 5 nM. After 48 h incubation, the cells were washed with
1x PBS and stained with Annexin V-APC/7-AAD (MultiSciences
(LIANKE) Biotech, Co., Ltd., Hangzhou). The apoptosis was
quantitatively assessed using flow cytometry (Beckman Coulter
FC500, USA) by counting 30 000 events.

In vivo tumour therapy

When the tumour size reached ~80 mm?, the MCF-7 tumour-
bearing mice were randomly divided into six groups (4 mice
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per group). Then, those mice in different groups were intrave-
nously injected with PBS, N-DKL-DND, A-DKL-DND, free Dox, D-
DKL-DND and DKL-DND, respectively. The therapeutic agents
were injected every third day for eight times. During the treat-
ment, the variation of tumour size and mice body weight was
monitored. Finally, the mice were sacrificed, and the tumours
and main organs (heart, liver, spleen, lungs and kidney) were
removed for further histopathology evaluation at the end of
treatment.

Statistical analysis

The experimental data were presented as mean + standard
deviation. The statistical analysis was performed by the
Student's ¢-test for comparison of two groups using the
GraphPad Prism software (Version 5, GraphPad Software, Inc.,
La Jolla, USA). And the statistical significance was defined by an
asterisk (*p < 0.05, ***p < 0.001).
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