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ABSTRACT: Real-time monitoring of different types of intracellular tumor-related biomarkers is key importance for the identifica-
tion of tumor cells. However, it is hampered by the low abundance of biomarkers, inefficient free diffusion of reactants, and complex
cytoplasmic milieu. Herein, we present a stable and general method for in situ imaging of microRNA-21 and telomerase utilizing
simple highly integrated dual tetrahedral DNA nanostructures (TDNs) that can naturally enter cells, which could initiate to form the
three-dimensional higher-order DNA superstructures (DNA nano fireworks, DNFs) through a reliable target-triggered entropy-driven
strand displacement reaction in living cells for remarkable signal amplification. Importantly, the excellent biostability, biocompati-
bility, and sensitivity of this approach benefited from (i) the precise multi-directional arrangement of probes with pure DNA structure,
and (ii) the local target concentration enhanced by the spatially confined microdomain inside the DNFs. This strategy provides a
pivotal molecular toolbox for a broad application such as biomedical imagine and early precise cancer diagnosis.
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Introduction

The aberrant expression of some crucial cellular biomole-
cules is closely associated with tumor burden and malignant
progression that could be used as biomarkers in early cancer di-
agnosis" 2. Therein, telomerase, a kind of basic ribonucleopro-
tein reverse transcriptase that maintains continuous cell prolif-
eration, is overexpressed in over 85% of human cancer cells but
maintained at a very low level in normal cells®. In addition, ab-
normally upregulated expression of microRNA-21 (miRNA-
21, a typical noncoding RNA) was found in most malignant tu-
mors*>. Thus, simultaneous analysis of intracellular telomerase
and miRNA-21 is important for accurate identification of tumor
cells, which will avoid false-positives results relying on widely
developed single target detection®’. However, this issue has not
yet been well explored due to the low-abundance biomarkers
and complex cytoplasmic environments® °. Furthermore, con-
ventional analytical methods based on cell extracts cannot pro-
vide real-time information related to intracellular biological
dysfunction and tumor progression'® !, To this end, an in-situ
method with high stability and acceptable accuracy is in great
demand for visualization of telomerase and miRNA-21 in living
cells.

DNA nanotechnology recently opens up huge opportunities
for monitoring target molecules in the complex cellular milieu
owing to its high biocompatibility, programmability, and con-
trollability'> 1. Albeit important, grand challenges still remain
at many aspects of DNA nanostructure-based methods': (i) the
weak biostability of complicated probes using nucleic acid
nanostructures make them difficult to resist poor cell permea-
tion and fragility in complex cytoplasmic milieu'> '°; (ii) en-
zyme-based DNA reactions are often accompanied by changes
in the number of base pairs, which reduces the reliability of out-
put results'”- 8; (iii) most DNA nanostructure-based probes are
inefficient due to single orientation and lack of spatially con-
fined arrangement'® %%; (iv) the complex architectures using nu-
cleic acid reagents or nonbiological nanomaterials suffer from
their insufficient delivery into cells and potential toxicity be-
cause of heterogeneity in composition and surface chemistry?"
22, These drawbacks call for a rationally designed DNA nanoar-
chitecture which possess sufficient biocompatibility and easy to

assemble, while maintaining accurate probe arrangement and
high stability in living cells®.

Tetrahedral DNA nanostructures (TDNs), as a robust small-
scale three-dimensional (3D) framework®* ?°, will improve its
enzyme resistance and natural biocompatibility with negligible
toxicity?® ?’. Besides, the design of its unique spatial structure
provides an excellent carrier for the precise arrangement of
probes in multiple directions® ?°. Signal amplification ap-
proaches based on TDNs were considered as effective tools for
sensitive detection of targets owing to their high reliability.
However, traditional hairpin-based amplification strategies us-
ing TDN monomers as carriers, like catalytic hairpin assembly
(CHA) and hybridization chain reaction (HCR), are constricted
by relatively high background and false-positive results®!, im-
plying some hindrances for the application in living cells*2. In
contrast, entropy-driven strand displacement reaction occurs in
a catalytic circuit through toehold-assisted branch migration®,
provides a possibility for in situ quantification of intracellular
targets by means of a simple enzyme-free DNA amplifier. The
reaction is driven by entropy increase without being changed of
the total number of base pairs, therefore this signal amplifica-
tion strategy can effectively reduce the potential circuit leakage
and significantly improves the robustness of self-sustained re-
action in complex cytoplasmic milieu®* 3,

Herein, a TDNs-based entropy-driven signal amplification
strategy was proposed using synthesized simple dual TDNs
probes for simultaneous visualization of intracellular miRNA
and telomerase in real-time. Owing to their small size and
unique architecture constructed by pure DNA nanomaterials,
TDNs probes could achieve cellular self-delivery through en-
docytosis without the help of transfection agents®®, and dis-
played almost nontoxic and highly biocompatible®” 38, The for-
mation of 3D superstructures for cell imaging through intracel-
lular self-assembly triggered by entropy-driven strand displace-
ment reaction looks like dazzling fireworks, named by the
“DNA nano fireworks” (DNFs), indicating excellent sensitivity,
significant biostability, and reliability, which was put forward
by entropy increase instead of free-energy released from base
pairs generation, and showed more reliable and accurate than
that using HCR and CHA*. Furthermore, according to reactive
collision theory, multidirectional probes based on a spatially
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confined arrangement inside DNFs, increased the local concen-
tration and collision probability of reactants. Ascribed to these
advantages, the DNFs-based signal amplification strategy tre-
mendously reduced various interferences from nuclease and
other substances in living cells. Through parameter verification
and systematic investigation, this method has been successfully
applied for imaging intracellular miRNA-21 and telomerase,
showing to be an effective tool in the discrimination of non-
tumorigenic and malignant tumor cells.

EXPERIMENTAL METHODS

Fluorescence experiments in vitro. For the fluorescence re-
sponse of miRNA, different concentrations miRNA single nu-
cleotide sequences were added into the Tris-HCI buffer solution
(25 mM Tris with 5 mM MgCl,, pH=8.0) containing 25 nM
each of P and A-TDNs at 37 °C for 60 min. Similarly, we veri-
fied the ability of the proposed TDN probes to detect telomer-
ase. | mM dNTPs with cell extract containing different concen-
trations of telomerase were added to the solution and reacted at
37 °C for 60 min, then heated to 95 °C for 15 min to inactivate
telomerase. The resulting mixture was directly used for fluores-
cence determination without further treatment. For fluorescence
intensity scan, the excitation (Ex) wavelength for Cy3 is 530
nm, and measured from 550 to 650 nm in 1 nm increment and
the excitation (Ex) wavelength for Cy5 is 635 nm, and measured
from 655 to 710 nm in 1 nm increment. All experiments were
repeated at least three times.

Confocal fluorescence imaging. For confocal imaging stud-
ies, HeLa, HepG2, MCF-7, MCF-10A, and MRC-5 cells were
cultured in 35-mm confocal laser culture dishes for 24 h with
5% O,. After washed three times by PBS solution, the cells were
pretreated with 1 mL medium containing 100 nM of P and A-
TDNs for 6 h. Then, the cells were washed three times again
using PBS solution, 1 mL of medium (without phenol red) was
added for fluorescence imaging. All the imaging pictures of the
cells were acquired using a Leica TCS SP5 II Laser confocal
laser scanning microscopy (CLSM, Leica Microsystems, Inc.,
Wetzlar, Germany) with a 40x objective. Fluorescence signal
of Cy3 was measured by sequential excitation at 535 nm and
collected over 550-650 nm; Cy5 was obtained by excitation at
635 nm and measured over 655-710 nm.

RESULTS AND DISCUSSION

Assembly and working principle of TDN probes. As
shown in Scheme 1 and Table S1, two kinds of TDNs (probe
TDNs, P-TDNs; auxiliary TDNs, A-TDNs) were built using a
set of T17 DNA backbone sequences with the size of 10 nm
(displayed in Figure 1a and b), where four extended cantilevers
at the vertices of the tetrahedral framework were arranged as
the specific probes against two targets (P-TDNs) or the fuel
strands assisted in signals amplification (A-TDNs), which will
be completely quenched by high-efficiency of Black Hole
Quencher (BHQ-2) owing to the special locked sequences of
the modules before their cellular uptake, and they will maintain
the monodispersed state in the absence of targets.

When the quenched P-TDNs were transported into the cells
by endocytosis, displayed by Scheme 1, the intracellular
miRNA-21 would bind to the single-stranded probes (P1 and
P2), resulting in the shedding of the complementary short strand
with the quencher (P5) and the exposure of a domain on the
probes. At the same time, the telomerase primer (TP) sequence
will extend as repeated 5°-TTAGGG-3’ DNA segments to be
continuously added onto the 3’ end, and P6/TP double-stranded
DNA (dsDNA) structures will be completed by elongated se-
quence on the TP region and fall off from the P-TDN

monomers, causing the entire domain exposed on the extended
cantilevers of P3 and P4. Consequently, auxiliary sequences
(A1-4) on the A-TDNs promptly connect the exposed domain
of P-TDNs by entropy-driven strand displacement reaction,
triggering a 3D DNFs through intracellular self-assembly with
“hand in hand” formation, along with significantly enhanced
fluorescent signals for sensitive cell imaging due to the increase
of local probes concentration and orderly arrangement of
Cy3/Cys5 fluorescent dyes inside the 3D space architecture, and
the fluorescent intensity is closely related to intracellular bi-
omarkers levels.

Characterization of DNA nanostructures. The successful
formation of TDNs and DNFs was authenticated by 2% agarose
gel electrophoresis. Seen in Figure. 1a (I) and (II), the migration
speed of the electrophoretic bands decreased significantly after
the gradual addition of oligonucleotide strands, and the slowest
migration was observed in lane 5, demonstrating the successful
preparation of TDNs. In addition, as shown in Figure. 1a (1II),
TDN monomers (lane 6) maintained their monodisperses in a
mixed solution containing two types of TDNs loaded with short
strands (quenchers, P5, P6, A5, and A6). Additionally, accord-
ing to our design, the macromolecular 3D DNA nano-super-
structures (DNFs) were formed after the efficient combination
of two TDNs in the absence of short strands (modified with
quenchers), implying an outstanding blocking effect of well-de-
signed short strands and a high binding efficiency of cantilevers
between TDN modules (lane 5). Meanwhile, atomic force mi-
croscope (AFM) and dynamic light scattering (DLS) were used
for further confirmation of corresponding DNA final products
(two TDNs and DNFs). In Figure 1b, the monomeric TDNs
showed bright dots with good monodisperses (Group I and II)
due to their small size (17-bp side length). By comparison, DNF
superstructures present irregular shape with a diameter of more
than 300 nm (Figure 1b Group III). Moreover, as illustrated in
Figure S1, the results of dynamic light scattering (DLS) are con-
sistent with the characterization by AFM. All of the above data
demonstrated that TDNs and DNFs were well prepared accord-
ing to our pre-planned rational design.

Given that both two TDN probes were key factors to fabricate
DNFs, their reliability was estimated by the fluorescent re-
sponse of short strands on the cantilevers of TDNs with or with-
out quencher modification, and the fluorescence intensity of
Cy3/Cys5 represents the levels of two targets. Figure S2 indi-
cated that the absolute quenching of fluorophores with negligi-
ble fluorescence background appeared after quenching se-
quences hybridized with corresponding sequences on the canti-
levers of TDN monomers. In contrast, strong fluorescence was
observed in the absence of quenching consequence, signifying
that the fluorescent nanoprobes were successfully prepared and
feasible for the presence of the biomarkers. In addition, accord-
ing to our design, as a key step of the entropy-driven strand dis-
placement system, the quencher-free P-TDNs should be able to
trigger the connection with the A-TDNs via hybridization of the
cantilever sequences, which was verified by the results in Fig-
ure 1c and d. When both quencher-free P-TDNs and A-TDNs
exist in this system, a strong fluorescence signal appeared, fur-
ther confirming the successful fabrication of DNFs.

Evaluation of the in vitro sensing performance. The sensi-
tivity of the constructed sensing platform was estimated after
the addition of the solutions containing different concentrations
of both targets. As illustrated by Figure 2a and b, a dynamic
correlation between the Cy3 fluorescent signal and the concen-
tration of miRNA-21 was observed in the range of 0-2000 pM.
Calculated based on the 36 method (Group I in Figure 2a and
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b), the limit of detection (LOD) of this method is 34 pM*- %,
Compared to the reported strategies with fluorescence analysis
based on nucleic acid nanomaterials (displayed in Table S2),
our proposed DNFs showed a higher sensitivity for this target
detection. Similarly, the CyS5 fluorescence intensity proportion-
ally increased with varying concentrations of HeLa cell extracts
(containing the corresponding level of telomerase) ranging
from 0 to 1.6x10* cells/uL (Group II in Figure 2a and b), and
LOD is calculated as 100 cells/uL according to the average sig-
nal of three times of standard deviation of the control*"*?, show-
ing a comparative sensitivity with the previous methods (Table
S3). All the above results demonstrated that our proposed DNFs
can sensitively detect both targets at low abundance. On the
other hand, fluorescence kinetic experience confirmed the high
sensitivity and efficiency of the P/A-TDNs synergic system
(Figure S3).

In addition, the selectivity of proposed nanoprobes for the re-
spective response of miRNA-21 and telomerase was also inves-
tigated since that is a key parameter for this method. As seen in
Figure 2c, after adding single-base mismatched miRNA-21
(SM miRNA-21), three-base mismatched miRNA-21 (TM
miRNA-21), miRNA-155, miRNA-210, and miRNA-221 to the
detection system, respectively, only miRNA-21 with correct se-
quence could initiate a significant Cy3 fluorescence. For com-
parison, the caused fluorescence signals by all other variants
were negligible (around the baseline level), indicating the out-
standing specificity of this sensing platform against miRNA-21.
Besides, in the selectivity evaluation of telomerase, bovine se-
rum albumin (BSA), Bst DNA polymerase (Bst), untreated and
heated HeLa cell extracts (from 5000 cells) were classified as
controls, and untreated HeLa cell extracts containing active te-
lomerase were used as the test Group. Figure 2d showed that
strong Cy5 fluorescence was observed only in the test Group,
meaning that the detection system possesses good specificity
for telomerase, which was also supported by further agarose gel
electrophoresis. As shown in Figure S4, different from the sin-
gle band of individual TP (Lane 1), TP that was incubated with
HeLa cell extracts exhibited elongated bands (Lane 3), imply-
ing that the repeated 5’-TTAGGG-3" DNA segments could be
continuously collected to 3* end of TP by telomerase. To further
verify the selectivity of DNFs against telomerase, a proof-of-
concept assay was performed after respectively adding five cell
lines extracts (HeLa, HepG2, MCF-7, MCF-10A, and HK-2)
into test solution containing DNA nanoprobes to discriminate
non-tumorigenic and malignant tumor cells. Figure 2e illus-
trated that intense Cy5 fluorescence was generated only in tu-
mor cell extracts, on the contrary, signal around baseline was
observed in non-tumor cell lines (MCF-10A and HK-2),
demonstrating the excellent specificity of DNFs for telomerase.
Meanwhile, one interesting finding is that the telomerase activ-
ity is relatively high in HeLa cells while relatively low in MCF-
7 and HepG2 cells, which is consistent with previous litera-
tures*2. The results of the sensitivity and selectivity assessments
revealed that the constructed TDN nanoprobes could be applied
as a sensitive and specific DNA amplifier to identify tumor cells
and non-tumor cells using telomerase and miRNA-21 as cancer
biomarkers.

Furthermore, the fabricated TDN probes and a qRT-PCR ex-
periment (using commercial kits) were applied for analysis of
miRNA-21 in five different cell line extracts. Seen in Table S4,
there was a good correlation between the two methods, imply-
ing the reliability of our method for the detection of miRNA-21.
In addition, shown as Figure S5, after calibrated telomerase lev-
els from different Hela cell extracts with enzyme-linked

immunosorbent assay (based on commercial kits), our method
was evaluated by a spike-recovery experiment using 1% FBS
containing Hela cell extracts with different concentration of te-
lomerase, and the result (Table S5) exhibited that fabricated
TDN probes are reliable for telomerase analysis depending on
its satisfactory accuracy (recoveries, 91.6- 115.3%; RSD, 3.5-
6.4%). All the above assessments demonstrated our method
could be used in real samples or simulated biological samples.

Biostability, cellular cytotoxicity, and uptake study of
DNFs. To investigate the biostability of DNFs responding to
intrinsic interferences caused by enzymatic digestion and side
effects by varied pH conditions inside cytoplasmic milieus,
which will bring about potential false-positive signals, two
commonly existed conditions including 10% FBS and 0.5
U/mL DNase I were incubated with DNFs for 8 hours, respec-
tively, and the final products were confirmed by agarose gel
electrophoresis. Figure S6a showed that negligible fluorescence
intensity changes were observed after continuous incubation,
and the bands at the same positions implied that their structural
integrity remained unaltered (Figure S6b). In addition, the tol-
erance of DNFs under different pH conditions was investigated
in the range of pH 5-9. As shown in Figure S6¢, DNFs displayed
satisfactory resistance at different pH values, and Figure S6d
demonstrated that the macromolecular morphology of DNFs
was not altered. These results indicate that the DNFs have
prominent adaptability for complex cellular milieu and excel-
lent pH tolerance. The prominent biological stability of the pro-
posed DNFs is derived from the steric hindrance and structural
rigidity of its DNA monomer framework structures (TDNs),
which provided an important precondition for subsequent stud-
ies in living cells.

HeLa cells were used as a model to evaluate the cytotoxicity
and cellular uptake of the nanoprobe in living cells. Firstly, Cell
Counting Kit-8 (CCK-8) was implemented for cell viability as-
sessment after co-incubation with DNFs. As shown in Figure
S7, cells retained over 86.2% viability after the treatment of
DNFs, even though 48 hours of incubation and the concentra-
tion up to 200 nM, indicating its excellent biocompatibility, as-
cribed to its unique structure made up of pure DNA nanomateri-
als** %, These results suggested that the TDN nanoprobes did
not cause obvious damage to cells throughout the intracellular
reaction and can be applied to living cell imaging.

At the same time, cellular uptake was tested using confocal
laser scanning microscopy (CLSM) after HeLa cells were re-
spectively incubated with 100 nM P and A-TDNs under a cer-
tain time (0, 4, 8, and 16 hours). As shown in Figure S8a, pre-
liminary fluorescence was observed after the incubation for 4
hours. Subsequently, a bright fluorescence appeared at the in-
cubation time of 8 hours, and this fluorescent intensity could
remain stable for at least 16 hours. Furthermore, fluorescence
intensity-time variations in living cells were confirmed by the
calculation of the fluorescence profile of the designated region
(Figure S8b). Then, we used five different cell lines (Hela,
HepG2, MCF-7, MCF-10A, MCR-5) to verify the cellular up-
take efficiency of TDN probes. As shown in Figure S9, after
incubated with 100 nM TDNs (without quencher) for 8§ h, all
cell lines showed significant Cy3/Cy5 fluorescence signals,
suggesting that most TDN monomers have been absorbed by
living cells. The above findings suggest that our proposed TDN
nanoprobes have high membrane permeability and can enter
living cells without the help of transfection agents due to their
structural rigidity*> 1.



Bioimaging for living cells. The capability of established na-
noprobes was systematically investigated for in situ imaging of
tumor-related miRNA-21 and telomerase in living cells, the
real-time levels of which could reflect the cancer progress, and
fluorescence signals were recorded by CLSM*#. In addition,
TDN fluorescent probes were applied in Hela cells to evaluate
their ability to dynamically visualize the changes of specific in-
tracellular targets. Firstly, to demonstrate that the observed Cy3
fluorescence signal was indeed related to the expression levels
of miRNA-21 in living cells, miRNA-21 inhibitor/mimic was
designed to treat Hela cells for downregulation/ upregulation of
miRNA expression, respectively (Figure 3a), and non-treated
Hela cells were used as controls. Hela cells treated with
miRNA-21 mimic showed stronger Cy3 fluorescence (III) com-
pared to the control Group (II). On the contrary, almost no flu-
orescence was observed in Group I, representing negligible
miRNA-21 was detected in Group I. All of these demonstrate
that the TDN nanoprobes can sensitively visualize different ex-
pression levels of miRNA-21 in living cells. Likewise, to verify
the ability of the nanoprobes for sensitive imaging of telomer-
ase activity and to further validate that telomerase triggered the
Cys5 fluorescence restoration in living cells, HeLa cells with di-
verse concentrations of telomerase activity were pre-treated
with three concentrations (60, 120, and 240 pg/mL) of epigal-
locatechin gallate (EGCG, a well-characterized telomerase in-
hibitor). As shown in Figure S10a, the fluorescence intensity of
Cy5 gradually decreased with the increase of EGCG, which cor-
related with the decrease of telomerase activity. Moreover, Im-
agelJ software was used to analyze the fluorescence profiles of
the middle cross-section in living cells, which showed a con-
sistent Cy3/Cys5 signal change trend (Figure 3b and S10b), im-
plying that the developed nanoprobes held the potential for
highly sensitive miRNA-21 and telomerase detection. In addi-
tion, we noticed that the fluorescence intensity of Cy3/Cy5 can
change individually with the corresponding target level, sug-
gesting that the TDN nanoprobes can independently image a
single target in situ and avoid the mutual interference of two
fluorescent signals.

Meanwhile, three cancer cell lines (Hela, HepG2, MCF-7)
and two control cell lines (MCF-10A, MCR-5) were selected to
verify the practical applicability of the proposed nanoprobes in
accurately identifying non-tumorigenic and malignant tumor
cells, and the Cy3/Cy5 fluorescence signals from living cells
were presented by CLSM. As shown in Figure 4a, three cancer
cell lines (HeLa, HepG2, and MCF-7) simultaneously displayed
two significant fluorescence (Cy3 fluorescence corresponding
to miRNA-21 and Cy5 fluorescence referring to telomerase, re-
spectively). In contrast, almost no Cy3 or Cy5 fluorescence was
observed in normal cell lines (MCF-10A and MRC-5). Further-
more, Cy3/CyS5 fluorescence intensity analysis along the yellow
line is in accordance with the outputs from CLSM (Figure 4b)
and reflected that not only are TDN nanoprobes easily internal-
ized but also they can respond to both targets in living cells,
which is perfectly consistent with the qRT-PCR results (Table
S4) and previous reports** *, These results demonstrate the re-
liability of the constructed method for discriminating normal
cells from tumor cells based on miRNA-21 and telomerase as
biomarkers.

CONCLUSIONS

In summary, a dual TDN nanoprobes system with excellent
biostability and biocompatibility were developed, which can
achieve cellular self-delivery through endocytosis. After trig-
gered by miRNA-21 and telomerase in living cells, it rapidly
forms an enlarged 3D DNA framework (DNFs) by intracellular
self-assembly with significantly enhanced fluorescence for sim-
ultaneously sensitive imaging of the two targets. Besides, inte-
grating the advantages of a rational spatially confined arrange-
ment and a precise entropy-driven enzyme-free strand displace-
ment design, our sensing platform demonstrated its reliability
in accurately discriminate the non-tumorigenic and malignant
tumor cells in real-time. Therefore, we believe that our strategy
has clear potential for early diagnosis of cancer and other dis-
eases.
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Figure 1. Characterizations of the TDNs and 3D DNFs. a Feasibility tests of TDNs and DNFs preparation process using agarose gel
analysis. The self-assembly of TDNs is performed individually. Groups I and II respectively show the step-by-step preparation pro-
cess of the P and A-types TDNs. The concentration of the TDNs was 1 uM. Group III shows the successful assembly of 3D DNA
nano fireworks with two TDNs as units. DNA marker, 100 bp ladder from 25 to 500 bp. b AFM images of FNAs products of each
Group in a. Groups I and II show the monomeric P and A-types TDNs. Group III shows the 3D DNA nano fireworks generated by
two TDNSs. c, d Fluorescence spectral responses of the P and A-types TDNs. The concentration of the TDNs was 100 nM (c and d
are the fluorescence of Cy3 at 570 nm and of Cy5 at 670 nm, respectively).
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Figure 2. a Groups I: fluorescence spectral changes of the sensing system in the presence of different concentrations of miRNA-21, ranging
from 0 to 100 nM. Groups II: fluorescence spectral changes of the sensing system with telomerase extracts come from different amounts of
HeLa cells. b Groups I: miRNA-21 concentration-dependent changes in the fluorescence of Cy3. Inset: the linear relationship between the
fluorescence intensity and the miRNA-21 concentration in the range of 0-2000 pM. Groups II: The relationship between the fluorescence
intensity and different concentrations of HeLa cell extracts. ¢ Fluorescence response of the sensing system to SM miR-21, TM miR-21, miR-
155, miR-210, and miR-221, respectively. Concentration of all the miRNAs is 100 nM. d Fluorescence response of the sensing system to
telomerase extracted from BSA, Bst, extracts, and heated extracts from 15000 HeLa cells, respectively. e Telomerase activity detection for
various cell lines. The concentrations of all tested cells are 15000 cells/pL.
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Scheme 1. Schematic illustrations of 3D DNA nano-fire-
works for the simultaneous real-time imaging of telomerase
and miRNA in living cells. The two monomeric TDNs are
taken up by the cells and triggered by dual targets to form
3D DNA nano-fireworks.
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