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Cell imaging

DNAzyme machines play critical roles in the fields of cell imaging, disease diagnosis, and cancer ther-
apy. However, the applications of DNAzyme machines are limited by the nucleases-induced degradation,
non-specific binding of proteins, and insufficient provision of cofactors. Herein, protected DNAzyme ma-
chines with different cofactor designs (referred to as ProDs) were nanoengineered by the construction
of multifunctional metal-phenolic nanoshells to deactivate the interferential proteins, including nucleases
and non-specific binding proteins. Moreover, the nanoshells not only facilitate the cellular internalization
of ProDs but provide specific metal ions acting as cofactors of the designed DNAzymes. Cellular imag-
ing results demonstrated that ProDs could effectively and simultaneously monitor multiple tumor-related
microRNAs in living cells. This facile and rapid strategy that encapsulates DNAzyme machines into the
protective metal-phenolic nanoshells is anticipated to extend to a wide range of functional nucleic acids-
based biomedical applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Functional nucleic acids (FNAs) have been shown as a versa-
tile platform owing to the sensitive molecular recognition capabili-
ties based on the base-pairing principle and the affinity interaction
[1-6]. Materials derived from FNAs play critical roles in the fields
of cell imaging [7-9], disease diagnosis [10-12], and cancer ther-
apy [13-16]. RNA-cleaving DNA enzymes (DNAzymes) are a class
of single-stranded DNA molecules with catalytic activities to cleav-
age specific sequences of RNA or DNA, with the use of metal ions
as cofactors (e.g., Mg?*, Nat, Zn?+, Cu?t) [17-22].

DNAzymes have been explored as biological probes for monitor-
ing microRNAs (miRNAs) [23], metal ions [24,25], and ATP [26] in
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living cells. However, the exposed single-stranded DNA molecules
are easily invalidated by nucleases or non-specific binding pro-
teins [27-29]. Therefore, the strategy of optimizing the struc-
ture of DNAzymes has been explored [3,7,30-32]. For example,
spherical nucleic acids (SNAs) including gold nanoparticle-based
DNAzyme machines (Dzm-machines) show relatively stronger re-
sistance to the nucleases-induced degradation (e.g., deoxyribonu-
clease I, DNase I), because of the negatively charged surface of
the nucleic acid-formed particles driving high local salt concentra-
tions, which can partially inhibit the activity of nucleases [30,33-
36]. Nevertheless, this strategy cannot fully inactivate the nucle-
ases and avoid the non-specific binding of proteins (e.g., single-
stranded DNA-binding protein, SSB protein) to the Dzm-machines.
Therefore, the encapsulation of Dzm-machines within nanostruc-
tured shells possessing extremely small meshes (~10 nm) has been
developed to prevent the DNA-based probes from the interference
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of nucleases and non-specific proteins [37-39]. However, due to
the exceedingly small size of the interferential proteins (e.g., DNase
I and SSB protein, ~5-7nm) [32], the mesh-structured protection
strategies simply based on size exclusion mechanism are syntheti-
cally challenging and complicated in order to construct nanoshells
with ultra-small and uniform meshes [35,40-42]. Furthermore, the
simultaneous detection of multiple miRNAs is pivotal to under-
standing pathological development due to the key regulatory roles
of miRNAs in gene expression [43]. However, the limited variety
and provision number of cofactors significantly hamper the devel-
opment of multiple miRNA recognition nanosystems. Therefore, a
versatile and integral system is urgently needed to systematically
improve the stability of the Dzm-machines in the complex biologi-
cal environment and achieve sufficient multiple cofactors provision
in living cells.

Herein, we show that Dzm-machines can be encapsulated in-
dividually by biocompatible supramolecular nanoshells composed
of tannic acids (TA) and specific metal ions corresponding to
different designs of cofactors, including Zn"-incorporated Dzmy,-
machines (ProDz,), Cul-incorporated Dzmc,-machines (ProDc,),
and Zn''/Cu'l-incorporated Dzmg,c,-machines (ProDzyc,) (Fig. S1
in Supporting information). The constructive building blocks for
this nanoshell are mainly abundant plant extracts and already have
been used as functional materials in advanced therapies and cell
engineering [44-50], due to their high biocompatibility, versatile
functionalization, and pH-responsive disassembly [51-56]. ProDs
with different microRNA (miRNA) recognition capabilities can be
simply prepared by altering the modules of DNAzyme and the
incorporated corresponding cofactors of metal ions. Mechanistic
studies revealed that the protection of ProDs relies on the immobi-
lization of interferential proteins to the metal-phenolic nanoshells
via the multiple intermolecular interactions generated from the
catechol or galloyl groups of the phenolic building blocks. The
pH-responsive coordination network of the protective nanoshells
can also impart intracellular acidic responsiveness and cofactors
self-supplying to cleavage the specific sequences of the designed
DNAzymes during the endocytic process [44,55-59]. The rapid and
highly accurate biosensing performance of the ProDs was eval-
uated by monitoring two abnormal expression miRNAs in living
cells independently or simultaneously. We anticipate that the strat-
egy of encapsulating Dzm-machines within multifunctional metal-
phenolic nanoshells can be further developed in early clinical di-
agnosis with low intrinsic interferences and extended to a wide
range of DNA/RNA-based technologies.

Dzm-machines were prepared by the assembly of substrate
strands (Subgz,-21 and Sub,-200b, Table S1 in Supporting infor-
mation) and DNAzymes (e.g., Dzmz, and Dzm¢,) on ~15nm gold
nanoparticles (AuNPs, Fig. S2 in Supporting information) via the
Au-S bond. The substrate strands were modified with fluorescent
molecules such as carboxyfluorescein (FAM) and Cyanine5 (Cy5),
while the DNAzymes were inactivated by their locking strands
(Lzn-21 and L¢,-200Db, Table S1 and Fig. S1a). As a typical example,
the Dzmgz,-machine remains inactivated in the absence of target
strands 21 (Tz,-21) because of the hybridization between Dzmg,
and Lz,-21. Meanwhile, fluorescence was quenched by the adjoin-
ing AuNPs (Fig. S1a).

We constructed a series of protected Dzm-machines (ProDz,,
ProD¢y, and ProDz,c,) by means of a biocompatible, polyphenol-
based assembly method, which were equipped with various metal-
phenolic nanoshells to protect the Dzm-machines from the inter-
ference caused by nucleases (e.g., DNase I) and interfering proteins
(e.g., SSB protein) (Figs. S1b, ¢ and e). ProDs can be internalized
by cells with high efficiency (Fig. S1d), followed by the disassem-
bly of metal-phenolic nanoshells in the acidic cytoplasm of living
cells. Dzm-machine can be delivered in the cytosol and activated
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with the presence of the self-supplying cofactors (i.e., Zn®+, Cu2t)
to monitor the presence of targeted miRNAs in the cells (Fig. S1d).

The formation of metal-phenolic nanoshells can be confirmed
by UV-vis absorption spectrophotometry and dynamic light scat-
tering (DLS). Compared with AuNPs, the Dzm-machine presented a
5nm red-shift in UV-vis spectra due to localized surface plasma
resonance (520-525nm) and exhibited a more negative zeta-
potential (Fig. 1a and Fig. S3a in Supporting information). Negli-
gible changes were observed on the nanoparticle size by trans-
mission electron microscopy (TEM) (Fig. S3b in Supporting infor-
mation). UV-vis spectra of ProD suspensions showed no obvious
shift at 525 nm after nanoshell wrapping around the Dzm-machine,
which indicated the formed nanoparticles remained monodis-
persed (Fig. S4a in Supporting information). As illustrated by the
TEM images (Fig. 1b), ProDs incorporating different metal ions
were further assembled to form uniform spherical nanoparticles
with diameters of approximately 25nm (Fig. S4b in Supporting
information), in which the nanoshell was about 5nm (Fig. S5 in
Supporting information). In addition, ProDs showed more negative
zeta-potential (§ = —40mV), which also suggested the successful
assembly of nanoshell on the Dzm-machine (Fig. S6a in Supporting
information) [37]. Furthermore, X-ray photoelectron spectroscopy
(XPS) survey scan spectra confirmed the nanoshells wrapped on
the surface of the Dzm-machine. As shown in Figs. S6b and c
(Supporting information), compared with Dzm-machine, the Zn 2p
peaks at 1021.8eV and 1044.8eV, the Cu 2p peaks at 932.6eV
and 952.2 eV were observed in survey scan spectra of ProDz, and
ProD¢,, respectively, and they were simultaneously observed in
survey scan spectra of ProDzyc.

The pH-dependent assembly-disassembly kinetics of the
nanoshells prepared with Zn"-TA and Cu'l-TA were examined.
Nanoshells disassembled rapidly at pH 5.5 compared with that
at pH 7.4 (Fig. 1c and Fig. S7 in Supporting information). At pH
5.5, nanoshells (Zn!-TA and Cul-TA) disassembled within 6h,
releasing more than 75% and 65% of Zn** and Cu?*, respectively,
due to the dissociation of coordination bonds between metal
ions and phenolic groups. These results indicated that the acidic
stimulation accelerated the release of Dzm-machines and metal
ions from ProDs. In addition, the mechanisms of responsiveness
and assembly process of target-initiated Dzm-machines were
investigated by verified catalytic reactions of Dzmy, and Dzmc,
via gel electrophoresis. We used target strand 21 (Tz,-21, Table
S1) and Dzmgy, to evaluate the strand displacement reaction of
Lz,-21. As shown in Fig. 1d, in lane 6, the presence of a strong
band corresponding to the hybrid of Lz,-21 with the Tz,-21 and
the absence of the band of the single-stranded target sequence
(Tzn-21) further supported that the use of Tz,-21 allowed for the
complete displacement of the Dzmgy, by the Tz,-21. The Gibbs
free energy (AG) of hybridization of Lz,-21 with the Dzmgz, was
estimated as -23.99 kcal/mol (Fig. S8 in Supporting information),
whereas the AG value of hybridization of Tz,-21 with Lz,-21 was
-27.10kcal/mol. Thus, the AG value of hybridization of Tz,-21
with Lz,-21 was smaller than that of Lz,-21 with Dzmyg,, which
confirmed the preference of the strand displacement reaction by
Tzn-21.

The performance of the designed Dzmgyz, or Dzmg, highly
depends on the cofactors Zn?t or Cu?* ions. As shown in Fig.
S9a (Supporting information), the group Dzmy,/Subz,-21+Zn%*+
was slightly lower than that of the group Dzmg,/Subz,-21
in the gel images, which indicated that Dzmy, could ef-
fectively shear Subz,-21 under the situation of Zn*t. We
confirmed other metal ions such as Ca?t (1mmol/L), Fe3*
(1mmol/L), K* (1mmol/L), MgZ* (1mmol/L) and Mn%*+
(0.1 mmol/L), showed a little effect to fuel Dzmz, and Dzmg,
to cleave Subz,-21 and Subc,-200b at physiological condition
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Fig. 1. Characterizations, designed recognization of single-stranded target sequences, and interference protection of ProDs. (a) UV-vis absorption spectra of AuNPs and Dzm-
machine. (b) TEM images of different types of ProDs. Scale bars: 20nm. (c) Zn?* and Cu?* release ratios of ProDz, and ProDc, at pH 5.5. (d) Gel images showed strand
displacement of the Dzmyg, strands by the target strand (Tz,-21), forming a duplex between the target and the locking strands (Lz,-21). Lane 1, Dzmz,; Lane 2, Lz,-21; Lane
3, Tzn-21; Lane 4, the mixture of Dzmyz, and Lz,-21; Lane 5, the mixture of Lz,-21 and Tz,-21; Lane 6, the mixture of Dzmy,/Lz,-21 duplex and Tz,-21. (e) Radar plot analysis
of the fluorescence signal of the Dzmg,-machine (Dzmc,-machine) initiated by Tz,-21 (Tc,-200b), one base mutation, three base mutations, or Tc,-200b (Tz,-21) in the
presence. Error bars showed the standard deviations of three independent experiments. (f, g) Fluorescence analysis after ProDz, and Dzmgz,-machine incubated in solutions
containing 5U/mL of DNase I at different time. (h, i) Fluorescence analysis of ProDz, and Dzmgz,-machine detecting Tz,-21 after incubation in 10 pg/mL SSB protein solutions.

(green fluorescence of FAM and red fluorescence of Cy5), where
Dzmy, and Dzm¢, were assembled on AuNPs without the locking
strands (Fig. S9b in Supporting information) [60]. Next, the speci-
ficity of the Dzmg,-machine (Dzmc,-machine) was analyzed by
testing two variants of Tz,-21 (T¢,-200b) and T¢,-200b (Tz,-21).
These two variants were designed to have single-base or three-
base mutations (Table S1). As shown in Fig. 1e, the Tz,-21-induced
fluorescence increase was more significant than that induced by
two variants and T¢,-200b at the same concentration. The high
degree miRNA-specific recognition of the Dzm-machine could be
attributed to the usage of the locking strand.

Functional DNA materials have been applied in diverse biolog-
ical systems. However, the challenge has always stemmed from
extrinsic interferences leading to arising of false-positive signals.
DNase I, a common endonuclease, is capable of effectively de-
grading both single- and double-stranded DNA. SSB protein is a
protein that bonds with single-stranded DNA to prevent repair-
ing and forming double-stranded DNA or being degraded by nu-
cleases. Therefore, to demonstrate the ability of nanoshell to ad-
dress this challenge, the interactions of ProDz, with DNase I and
SSB protein were investigated. Nanoshell-protected ProDz, and na-

tive Dzmgz,-machine were both treated with 0.05U/mL of DNase
I and 5U/mL of DNase I, respectively (Fig. S10a in Supporting in-
formation). When treated with a lower concentration of DNase I
(0.05U/mL) up to 6h, no obvious changes were observed with the
fluorescence intensity of FAM modifying on Sub-21 (Fig. S11 in
Supporting information), which confirmed that even native Dzmy, -
machine could enhance the nuclease resistance of the oligonu-
cleotides. However, when the two samples were treated with a
higher concentration of DNase I (5U/mL) for 2 h, as shown in Figs.
1f and g, a significant increase of the FAM fluorescence intensity
was observed in the Dzmgz,-machine, which leads to the false-
positive signals arisen from the high concentration of nuclease so-
lution. In contrast, ProDz, was still stable in 5U/mL of DNase I so-
lution. ProDz, possessed stability towards nuclease hydrolysis with
6-folds over Dzmy,-machine.

In addition, the effects of SSB protein binding were also studied
by monitoring the changes of the fluorescence intensity of FAM,
which ProDz, and Dzmgz,-machine were used to detect T,-21, re-
spectively (Fig. S10b in Supporting information). As shown in Figs.
1h and i, Subz,-21 from Dzmgz,-machine without the protection
from the nanoshell was obstructed by SSB protein and could not be
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Fig. 2. ProDs activation in the simulated acidic cytoplasm and cellular uptake. (a) Schematic of the ProD cellular uptake and the acid responsiveness. (b) Activation of
Dzmg,-machine by Zn?t and Ty,-21. (c) Schematic of the detection target strands of different concentrations by ProDz, and ProDc,. Fluorescence spectra of (d) Tz,-21 and (e)
Tcu-200b with concentration ranges of 0.05-10 nmol/L and 0.01-10 nmol/L. Insets: plot of increased fluorescence intensity versus the target strand concentrations. (f) ICP-MS
analysis of the number of AuNPs in Hela cells after Hela cells treatment with ProDs at different concentrations and times. (g) ICP-MS analysis of Zn and Cu content in Hela
cells before and after 0.1 nmol/L of ProDz, and ProD¢, treatments. (h) The cell viability of Hela cells that were incubated with different concentrations of Dzm-machine,
ProDgz,, and ProDc,. Error bars showed the standard deviations of three independent experiments.

efficiently cleaved by Dzmg,. However, ProDz, only showed a ne-
glectable effect by SSB protein, which was indicated by the 2 times
higher fluorescence intensity of ProDz, than that of the Dzmgy,-
machine. These results demonstrated that ProDz, was more stable
than the Dzmgy,-machine in the presence of SSB protein.

To further investigate the protective mechanism of the
nanoshell to the Dzm-machine, we synthesized a free-standing
nanoshell without the presence of the Dzmgz,-machine (observed
as hollow structured nanoshells). These nanoshells were added to
the solutions containing 10pg/mL of human serum albumin la-
beled with fluorescein isothiocyanate isomer (HAS-FITC). By an-
alyzing the internal fluorescence intensity of nanoshells, we can
measure the percentage of impermeable nanoshells to indicate the
protective effect of nanoshells. Our results suggested that the pro-
tected efficiency of the nanoshell showed no changes through the
1h incubation (Figs. S10c and d in Supporting information). Previ-
ous works on the metal-phenolic-based materials have shown that
the average pore sizes of the mesh-like network were large enough
for 200 kDa molecules to pass through (Molecule weights of DNase
I, SSB protein, and HSA are 32, 74 and 66 kDa, respectively.) [32].
Therefore, we further investigated the reason why the HSA can-
not pass through the shells. The fluorescence proteins were found

to remain on the nanoshells after being washed 3 times or dis-
assembled, which indicated that the nanoshell could protect the
internal Dzm-machine due to the adsorption of proteins on the
protective shells via intermolecular interactions between proteins
and the polyphenol moieties in the nanoshells (Fig. S10e in Sup-
porting information). miRNAs play critical roles in many biological
processes and are vital biomarkers for disease diagnostics. It is of
significance to develop miRNA biosensors with fast responses, high
sensitivity, and excellent reliability in living cells. Previous works
have demonstrated that the DNAzyme-based SNAs were designed
to detect the biomarkers in living cells. However, the metal ions of
the DNAzyme cofactor need to be added into the culture solution
to activate the DNAzymes [10,25,36,61]. Therefore, we studied the
cellular internalization of ProDs and their self-catalytic detection of
targeted miRNAs (Fig. 2a). Dzmy,-machine was activated and ex-
hibited a strong fluorescence signal in the presence of 0.1 mmol/L
Zn** and 100 nmol/L miRNA 21 (Fig. 2b (i)). Whereas the Dzmy,-
machine was inactivated in the absence of Tz,-21 or Zn%* and
the fluorescence intensity significantly decreased (Fig. 2b (iii, iv)).
Meanwhile, the disassembled nanoshell layer (Zn!l-TA) was added
to the Dzmgz,-machine solution containing 100 nmol/L Tz,-21, and
then Dzmgy,-machine was activated. The fluorescence intensity
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Fig. 3. Biosensing performance of ProDs on the intracellular imaging of targeted miRNAs. Fluorescence images of detecting miRNA 21 and miRNA 200b in Hela cells by (a)
ProDzy, (b) ProD¢, and (c) ProDzyc,. The fluorescence intensity analysis was performed by Image]. The concentration of ProDs was 1 nmol/L. Scale bars: 20 pm.

(Fig. 2b (ii)) showed no difference from that in Fig. 2b (i). The re-
sults further confirmed ProDs could spontaneously self-supply the
requisite metal ions for DNAzyme to cleave substrate strands.

We evaluated the fluorescence increases of ProDz, and ProD¢,
induced by different concentrations of Tz,-21 and target strand
200b (Tc,-200Db), respectively, in the simulated acidic cytoplasm
of living cells. As shown in Fig. 2c, nanoshell could disassemble
in an acidic solution (pH 5.5) to release specific metal ions and
Dzm-machines. The fluorescence intensity was found to increase
with the increase of Tz,-21 and T¢,-200b concentrations. The con-
centration ranges of Tz,-21 and T¢,-200b were 0.05-10 nmol/L
and 0.01-10 nmol/L, respectively, and the inset of Figs. 2d and e
showed linear correlations between fluorescence intensity and log
[target strand] (R2propzn =0.9943 and RZp.ypcy =0.9954) with the
limit of detection (LOD) of 5.4pmol/L and 0.98 pmol/L, based on
the 3o /slope rule.

To evaluate the cellular uptake efficiencies of the ProDs, Hela
cells were treated with ProDz, and ProD¢, for 6h and the con-
centrations of Au inside cells were measured. Inductively coupled
plasma mass spectrometry (ICP-MS) measurements showed that
the content of Au increases with the increase of both the ProDs
concentration and time of incubation (Fig. 2f). The number of
ProDs showed no obvious decrease inside cells compared to Dzm-
machine (Fig. S12 in Supporting information). In addition, the con-

centration of Zn?* and Cu?* in the cells after ProDs (ProDz, and
ProDc,) treatment also increased from 5.59 and 6.33 ng/L to 117.2
and 96.36 ug/L, respectively (Fig. 2g). Collectively, ProDs possessed
a highly efficient cellular uptake, and the released Zn** and Cu%*
ions in the cytoplasm were sufficient for the activation of Dzm-
machines.

To investigate the cytotoxicity of the ProDs, Cell Counting Kit-8
(CCK-8) assay was performed on Hela cells. ProDs with differently
designed cofactors of metal ions were co-incubated with Hela cells
for 24 h. The cell viability remained over 96% when the concentra-
tion of Dzm-machine and ProDs reached up to 5nmol/L (Fig. 2h).
Moreover, after being incubated with the Dzm-machine and ProDs,
the Hela cells were stained with Calcein-AM/Propidium lodide (PI)
cell viability assay kit, followed by intracellular imaging using op-
tical image microscopy, which supported the results of the CCK-8
assay (Fig. S13 in Supporting information). Flow cytometry further
confirmed the low toxicity of ProDs to living cells (Fig. S14 in Sup-
porting information).

We further investigated the ability of ProDs to monitor spe-
cific miRNAs in living cells. Hela cells, with high miRNA 21 and
miRNA 200b expression profiles, were chosen as the model cells
to evaluate the feasibility of ProDs for in situ visualizations of in-
tracellular targeted miRNAs [62]. Confocal microscopy images show
that ProD¢, could continuously monitor miRNA 200b in Hela cells
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and the Cy5 signal (red fluorescence) increased with an incuba-
tion time up to 6 h (Fig. S15 in Supporting information). Therefore,
Hela cells were treated with ProDs for 6 h in the subsequent exper-
iments. Hela cells presented obvious green fluorescence from FAM
after being treated with ProDz, and presented obvious red fluores-
cence from Cy5 after being treated with ProD¢, (Figs. 3a and b).
These results indicated that ProDz, and ProD¢, could provide self-
sufficient cofactors of intracellular Zn?* and Cu?* ions in the Hela
cells (without the external addition of cofactors) and could recog-
nize miRNA 21 and miRNA 200b to generate fluorescent signals,
respectively.

Some significant cellular processes are regulated by multiple
miRNAs collaboratively and simultaneously, especially in some can-
cer cells. Therefore, the precise imaging of multiple miRNAs ex-
pression in living cells is of great significance in clinical diagnosis.
Confocal microscopy images demonstrated that ProDz,c, could si-
multaneously monitor miRNA 21 and miRNA 200b in Hela cells,
as observing green fluorescence signals from FAM and red fluo-
rescence signals from Cy5 (Fig. 3c), which was derived from the
system-specific self-providing different cofactors for different Dzm
probes.

Furthermore, to test the specificity of ProDzyc, for multiple
miRNAs in living cells, human renal epithelial cells (293T), human
breast cancer MCF-7 cells (Overexpress miRNA 21), and human cer-
vical cancer Hela cells (Overexpress miRNA 21 and miRNA 200b)
were chosen to image the levels of miRNA 21 and miRNA 200b.
With the confocal image analysis (Fig. S16 in Supporting informa-
tion), Hela cells showed obvious green fluorescence signals (FAM)
and red fluorescence signals (Cy5). However, MCF-7 cells only dis-
played obvious green fluorescence signals (FAM). In addition, no
obvious fluorescence signals were produced due to the low expres-
sion of miRNA 21 and miRNA 200b in 293T cells. The results fur-
ther confirmed that ProDs designed with a multiple cofactor mech-
anism have a high sensitivity and accuracy to monitor multiple
miRNAs in living cells.

In this work, we constructed a series of ProDs with dif-
ferent cofactor designs, including ProDz,, ProD¢, and ProDgzpcy,
through the encapsulation of Dzm-machines within the metal-
phenolic nanoshells. The nanoshells showed the ability to pro-
tect the Dzm-machines from the interference of DNase I and
SSB proteins to avoid false-positive signals. This protection is de-
rived from the interfacial inactivation of the interferential pro-
teins via the multiple intermolecular interactions between pheno-
lic moieties and proteins. Furthermore, the formation of nanoshells
facilitated the cellular internalization of ProDs. The disassembly
of nanoshells concomitantly released metal ions intracellularly,
acting as self-supplying cofactors to fuel the biocatalytic opera-
tion of different Dzm-machines. Meanwhile, ProDs presented the
specificity and sensitivity in monitoring multiple tumor-related
miRNAs in living cells simultaneously. The ProDs can be ex-
panded to recognize multiple disease-related miRNAs by alter-
ing the modules of the Dzm sequence in the functional core
and the chelated metal ions in the protective nanoshells. Our
work not only presents a facile and rapid strategy for engineered
Dzm-machines to overcome the shortcomings in practical applica-
tions, but also contributes to a conceptual and practical paradigm
for effective protection of DNA/RNA-based materials in a wide
range of applications, such as a vaccine, therapy, and information
storage.
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