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Intracellular activated logic nanomachines based
on framework nucleic acids for low background
detection of microRNAs in living cellst

*

Xiao-Qiong Li, Yi-Lei Jia, Yu-Wen Zhang, Hong-Yuan Chen and Jing-Juan Xu

DNA molecular machines based on DNA logic circuits show unparalleled potential in precision medicine.
However, delivering DNA nanomachines into real biological systems and ensuring that they perform
functions specifically, quickly and logically remain a challenge. Here, we developed an efficient DNA
molecular machine integrating transfer-sensor-computation-output functions to achieve high fidelity
detection of intracellular biomolecules. The introduction of pH nanoswitches enabled the nanomachines
to be activated after entering the cell, and the spatial-confinement effect of the DNA triangular prism
(TP) enables the molecular machine to process complex information at the nanoscale, with higher
sensitivity and shorter response time than diffuse-dominated logic circuits. Such cascaded activation
molecular machines follow the logic of AND to achieve specific capture and detection of biomolecules
in living cells through a multi-hierarchical response, providing a new insight into the construction of
efficient DNA molecular machines.

Introduction

Molecular machines based on DNA logic circuits have shown
great promise in biosensing," molecular imaging,>* drug
delivery* and data storage.’ However, there are still some chal-
lenges to be solved. First, circuit leakage in the absence of an
input is an important problem to be addressed. Circuit design
defects may lead to initial leakage, and generally speaking, as
the complexity and diversity of molecular circuits increase, so
does the risk of leakage. In addition, input signals are widely
distributed inside and outside the cell, which will cause nano-
machines to be activated before reaching the target site,
generating false positive signals and hindering precise diag-
nosis of diseases. To solve this problem, researchers have
developed a number of on-site activation strategies. Exogenous
light is often used as a stimulating source for intracellular
activation, providing an unparalleled opportunity for spatio-
temporal control of DNA molecular machines.*® Endogenous
stimuli, such as overexpressed enzymes®** or RNA'>** in cells,
solve the problems of phototoxicity and limited penetration
depth of light, maintaining the native state of live entities and
achieving on-site orthogonal activation without interfering with
existing biochemical processes. However, enzyme or RNA
expression levels differ in different cell lines, and using them as
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endogenous stimuli is not conducive to comparing the expres-
sion levels of the target in different cell lines. In order to build
a more general detection platform, we are trying to eliminate
the differences in activation processes in different cell lines.
The probe usually enters lysosomes via endocytosis, and its
inherently acidic environment provides a way to eliminate
differences in activation procedures. In recent years, pH-
dependent DNA nanoswitches such as I-motif,***® A-motif,"”
intermolecular three-strand DNA'?' and DNA tweezers® have
been widely used, which provides a reference for the construc-
tion of pH-activated nanomachines.

The speed of reactions inside the DNA molecular machine is
another important issue. The number of DNA molecules
required varies with the complexity of the reaction network and
the increase in the reaction time is not conducive to the real-
time detection of the target. The challenge for DNA molecular
machines is to deliver complex DNA circuits to real biological
systems and ensure that they work properly and quickly in
complex environments. DNA framework nucleic acids (FNAs)
with high delivery efficiency and excellent biocompatibility have
been widely used in the detection of biomarkers for disease
diagnosis.”*?® Compared with traditional commercial trans-
fection agents lipofectamine 3000 ** and inorganic nano-
materials,”®*® FNAs can precisely control the spatial position of
the loaded cargo and flexibly adjust the stoichiometric ratio
between each element.***** Meanwhile, FNAs have a spatial-
confinement effect, and the components of molecular circuits
can be pre-condensed in a limited space, which has great
potential in the construction of fast reaction probes.** Although
these strategies can improve the speed and efficiency of the
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probe to identify the target, they are also more susceptible to
interference from the extracellular environment. In the process
of delivery, the probe will also respond quickly to an extracel-
lular target, thus making the problem of signal leakage more
serious. So it is even more important to protect this fast
response probe.

Here, we constructed a logic circuit-guided cascaded acti-
vated nanomachine (TP-SFH) for sensitive detection of micro-
RNA (miRNA) in living cells. The pH nanoswitch was combined
with the core entropy driven reaction (EDR), and the DNA
triangular prism (TP) was used as the carrier to realize the
integration of signal input, cascade activation, molecular
computation and signal output. As shown in Scheme 1a, the
components of the EDR (S and FH) are assembled on the TP; the
fuel strand F is partially complementary to the pH nanoswitch
(H strand), so the EDR is blocked due to lack of fuel. When the
nanomachine enters the acid lysosome through endocytosis,
the H strand folds into a triplex structure, releasing the F and
opening the nanoswitch of the logic circuit (Scheme 1b). The
target is first hybridized with S3 to replace S2, and the exposed F
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strand is further hybridized with S3 to replace S1 and the target.
As shown in Scheme 1c, nanomachines without the protection
of H will present a higher background signal (output 1) during
circuit assembly due to the complete exposure of fuel F. During
delivery, it is easy for unprotected nanomachines to perceive
extracellular miRNA, thus generating fluorescence signal 2
(output 2). After entering the cell, the intracellular miRNA is
captured and the circulating circuit is catalyzed to generate the
correct signal (output 3). The signal presented in the cell is
finally composed of output 1, output 2, and output 3, thus
reducing the reliability of the results. The cascaded activated
molecular machine TP-SFH can protect the fuel F from circuit
leakage in the internal circuit of the machine, and the EDR is
always in an inactive state to avoid interference from the
extracellular target. During the process of entering the cell, TP-
SFH is activated and finally only presents output 3, which is
catalyzed by intracellular miRNA, achieving precise intracellular
detection (Scheme 1d). We demonstrated that compared with
freely diffused systems, TP-SFH can rapidly respond to intra-
cellular targets. Based on the powerful logic judgment and
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Schemel Schematic diagram of intracellular activated nanomachine TP-SFH for intracellular miRNA sensitive detection. (a) Construction of TP-
SFH nanomachines. (b) The intracellular activation of TP-SFH. (c) Signal output from unprotected nanomachines during delivery. (d) Signal output

generated by nanomachine TP-SFH during delivery.
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signal amplification function of TP-SFH, low background and
specific detection of intracellular miRNA can be realized.

Results and discussion

Design and characterization of an EDR system

The core reaction of the probe TP-SFH is the EDR. Compared
with the hybridization-based catalyst systems, the EDR does not
require the design of special secondary structures, such as
pseudoknots and hairpins. The reactions all use single-
stranded DNA molecules of similar length, so the design is
more flexible.*® As shown in Fig. 1a, the net EDR consists of
three parts, which are substrate strand (S), fuel strand (F) and
target strand (T). S is a ternary hybrid complex, which consists
of S1, S2 and S3. Among them, S1 and S3 are modified with
fluorescent groups or quenchers. DNA strands are subdivided
into multiple functional domains, of which domain 2 and
domain 4 are termed toehold domains, and domains 1 and 3 are
called specificity domains. The lengths of domain 2 and domain
4 are designed to be 4 and 6 bases, respectively, which are short
enough to be difficult to maintain hybridization without addi-
tional complementary bases. The length of domains 1 and 3 can
be adjusted at will, but the thermal stability of the probe must
be ensured.

We selected microRNA-21 (miR-21) as the target to verify the
reaction. As shown in Fig. 1b, when miR-21 exists, it first binds
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to the toehold domain 4* of S to obtain the intermediate M1.
M1 is rearranged into the intermediate M2 through branch
migration. At this time, there are only 4 bases complementary
between S2 and S3, which is insufficient to maintain the
binding state, so the intermediate M3 and S2 are obtained. F
combines with the exposed toehold domain 2* to obtain the
intermediate M4, and then M4 rearranges through branch
migration to get M5 and release S1 to restore the fluorescence
signal. M5 rearranges to generate waste strand W and release
target strand T, which can be used as a catalyst to enter the next
cycle, thus realizing signal amplification. It can be observed that
the total number of base pairs and complementary regions in
the reactants and products is constant, so the enthalpy change
(AH) is approximately 0. According to the Gibbs free energy
change AG = AH — TAS, the driving force of the reaction is
always TAS, so the reaction is driven by the entropy gain of the
liberated molecule. According to previous literature reports,**
we can estimate that the potential conversion rate of the system
is greater than 99.99% without considering the reaction time
(see the ESIT for calculation details).

The net EDR was demonstrated by gel electrophoresis, which
is shown in Fig. 1c and S1.} Lanes 2-6 are miR-21, S1, S2, S3 and
F, respectively. Lanes 7 and 8 are S1 + S3 and S1 + S2 + S3 (8S),
respectively, and lane 9 is a mixture of S and F without miR-21.
In lane 10, after adding the target, the S disappears, waste W
(which coincides with S1 + S3) appears, and S1 and S2 are
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Fig. 1 EDR verification. (a) The composition of the naked EDR system and its reaction equation. (b) Catalytic pathway of the EDR. (c) Charac-
terization of the EDR by gel electrophoresis. Lane 1: 20 bp marker; lane 2: miR-21; lane 3: S1; lane 4: S2; lane 5: S3; lane 6: F; lane 7: S1 + S3; lane
8:S1+4 S2 4+ S3(S123); lane 9: S123 + F; lane 10: S123 + F + miR-21. (d) Gel electrophoresis characterization of the EDR in the presence of different
concentrations of miR-21. Lane 1: 0 nM; lane 2: 50 nM; lane 3: 100 nM; lane 4: 200 nM; lane 5: 300 nM; lane 6: 500 nM. The concentrations of S
and F were 1 uM. The inset is the intensity value of S1 extracted using Image-J.
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replaced, indicating the occurrence of the EDR. In addition, by
changing the concentration of miR-21, it can be seen that the
bands of S gradually become shallower, and the bands of W, S1
and S2 gradually deepen. Quantization of S1 bands (modified
with FAM) showed that the number of replaced S1 was indeed
increasing gradually, which once again proved the successful
occurrence of the EDR. We next measured the fluorescence
emission spectra of the net EDR, and the excitation wavelength
was selected as 470 nm. As shown in Fig. S2,7 the fluorescence
was effectively quenched by the complementary hybridization
of S1 and S3 in the initial state. After adding F, the fluorescence
intensity increased slightly and a background signal was
generated. When the target strand miR-21 was added, a very
strong fluorescence signal was generated, indicating that miR-
21, as a catalyst, participated in the entropy-driven cycle and
replaced a large amount of S1 from the S, realizing the response
to miR-21.

Construction of a pH response nanoswitch

In order to achieve the specific detection of miRNA in living
cells, to avoid signal leakage during delivery and to prevent
background signals due to thermodynamically driven interac-
tions between the fully exposed F and S, an endogenous acti-
vation strategy to utilize the acidic conditions of lysosomes to
achieve intracellular EDR bioimaging was proposed. We con-
structed a DNA-based pH-triggered triplex nanoswitch con-
taining W-C interaction and parallel Hoogsteen interaction. We
can optimize the pH-response window by changing the
proportion of TAT in the switching element.”® As shown in
Fig. 2a, in this triplex nanoswitch, the first hairpin was obtained
by the W-C hybridization of 8 bases, with a TAT ratio of 50%
and the loop consists of 5 T bases. The sequence of the second
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Fig. 2 Verification of properties of the pH nanoswitch. (a) Schematic
diagram of the pH nanoswitch under acidic conditions (H strand). (b)
Configuration transformation of the pH nanoswitch. (c) The change in
relative fluorescence intensity caused by the conformational change
of the H strand at different pH values (from 4.5 to 8.3). (d) Relative
fluorescence intensities due to conformational change of FH at
different pH values (from 4.5 to 8.3). (e) Intensity curves of pH nano-
switches at different pH values (from 4.5 to 8.3).
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loop is partly complementary to the F strand, and the sequence
is adjustable. We assembled pH response sequence H and F to
form FH, thus blocking the toehold domain of F completely.
The EDR was blocked due to the lack of fuel, and only when the
pH response strand H forms a triplex structure under acidic
conditions to release the fuel strand, the EDR can recover its
activity (Fig. 2b).

First, we explored the pH responsiveness of strands H and
FH. The pH-insensitive dye Alexa Fluor 488 (Fig. S31) was
conjugated at one end of the H strand, and BHQ1 was inserted
into the loop of the hairpin. As shown in Fig. 2¢, under acidic
conditions, the H strand is more inclined to form a triplex
structure, resulting in fluorescence quenching. However, at
neutral pH, the H strand is more likely to form an open struc-
ture, and the fluorophore is separated from the quencher, thus
increasing the fluorescence signal. As shown in Fig. 2e, the pH
sensitive window of the net H strand is 6-7.8, which is basically
consistent with previous literature reports.”® We also find that
compared with a single H, the pH response window of FH is
wider (4.8-7.2) and shifted towards the direction of lower pH
(Fig. 2d). The reason for this phenomenon may be that the
complementary region of F and H inhibits the change in the H
configuration, and only when the pH is low enough, the duplex-
to-triplex transition could occur. Changing the pH response
window makes the pH nanoswitch more stable in a slightly
acidic environment, which greatly reduces the possibility of
signal leakage during probe delivery to tumor cells.

To optimize the pH nanoswitch, we adjusted the comple-
mentary sequences of H and F, and obtained H,, H,, H3, Hy, H;
and Hg by changing the length of the complementary part and
the number of the core sequences of the triplex structure (listed
in Table S31). We hybridized Hx with F respectively to obtain
FHy, and explored the blocking ability of Hy to the EDR. As
shown in Fig. S4a,t in the presence of miR-21, H; almost
completely blocked the EDR at a pH of 7.2. While when the pH
was down to 5.0, a strong fluorescence signal is generated. So,
we selected H; as the pH nanoswitch of this system. Then we
recorded the fluorescence intensity of the net EDR over time,
and the results are shown in Fig. S4b.} It can be seen that the
introduction of H maintains the strong blocking ability at
physiological pH (pH 7.2). In this way, we constructed an AND
logic, that is, only when pH is low enough and miR-21 exists, the
probe can be activated. Such a design can not only avoid the
high background signal brought by the fuel strand when the
EDR module and DNA frame are assembled later, but can also
lay a foundation for the realization of endogenous cascade
activation in the living cells.

Probe assembly and localized-EDR

In order to deliver EDR components into cells, we used a DNA
triangular prism (TP) consisting of three long DNA strands
(Fig. 3 and S57) as the carrier. First, we demonstrated the
successful assembly of the probe TP-SFH by gel electrophoresis.
As shown in Fig. S6a,t lanes 2-4 were TP1, TP1 + TP2 and TP1 +
TP2 + TP3 (TP), respectively, and the band migration speed
decreased successively, indicating the successful assembly of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01162c

Open Access Article. Published on 20 June 2023. Downloaded on 2/28/2026 5:17:15 AM.

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

(cc)

View Article Online

Edge Article Chemical Science
a b c
J Bl P ] [ TP-SFH v CS+CFH
50 50 N y 25007 ¢ TP-SFH
@ \YRYR S
.40+ —_ 409 sgumn m —~2000 7
g S 3
£ 30+ % 301 21500 |
© © 2
3] (] S
g 20+ 20+ £ 1000
10 10 500 1
0 L T 0 T T T 0 T T T T T
1 10 100 1 10 100 0 600 1200 1800 2400 3000 3600
Diameter (nm) Diameter (nm) Time (s)
d (¥ f LEDR
v CS+CFH * TP-SFH 4 262 uM
J 0.8 c=762n
0.8 “K
2z 2 — V=2185102 L
% p % 0.6 r=17.34 nm (S1nt)
€ 0.6 €
T T - |[TTTTTTTS 1
ﬁ 1 ;1\‘) i 1
5 0.4 ] : 5 04 | S Er
3 ! 13 ! c=0.1puM
2 ' 2 [ r V=167*10"7L
0.2 ! 0.2 ! .
r=159 nm
i 0.00 60 120 160 240 1 0.05 "0 40 60 80 \N\NS
0.0 " ' 0.0 —— .
0 50 100 150 0 5 10 15 20
Time (min) Time (min)

Fig. 3 Synthesis and kinetics of TP-SFH nanomachines. (a) DLS analysis of TP. (b) DLS analysis of TP-SF. (c) Time-dependent fluorescence
spectra of the EDR in free EDR probes (CS + CFH) and TP-SFH in the presence of 25 nM miRNA-21. (d) The fluorescence intensity of the free
collision system changes with time until the end of the reaction. (e) The fluorescence intensity of the TP-SFH system changes with time until the
reaction endpoint. Note: the dashed line indicates the time required for half of the reaction to complete. (f) The distance between the reactants S
and F in the naked EDR and TP-SFH systems. V is the local spherical volume, c is the concentration of the reactants, and r is the distance between

Sand F.

TP. Lanes 5-7 indicated that substrate S and fuel F as well as
pH-responsive fuel FH can be assembled into TP by com-
plementing single strands on the upper and lower bottom of the
TP. New bands with low mobility appeared in lanes 8 and 9,
indicating successful assembly of probe TP-SF and TP-SFH. As
shown in Fig. S6c and d,t TP2 was modified by FAM, and TP and
TP-SFH were assembled. Image-J was used to extract gray values
of FAM. The yield of frame TP was 89.31%, and that of probe TP-
SFH was 91.70%. Due to the load of S and FH, the rigidity of the
frame structure is enhanced and the structure is more stable, so
the yield is slightly increased. We further used DLS and AFM
experiments to demonstrate the assembly process of the probe.
As shown in Fig. 3a and b, after TP is assembled into TP-SFH, its
size increased from 15.7 nm to 22.1 nm. A TP structure with
a size of about 15 nm can be observed in Fig. S7a,7 and when
assembled into TP-SFH, the size increases to 23 nm (Fig. S7b¥).

Next, we verified the effect of TP on the kinetics of the EDR.
By contrast, nude S and FH without a TP skeleton were tested as
the control group. Based on previous work,* the addition of the
anchor domain may affect the reaction rate when no TP is
present. In order to avoid the influence of it as much as
possible, we designed cS and cF to complement the anchor
domain of S and F, respectively, so as to study the dynamics of
a diffusion-dominated system. The probes were assembled in
a PBS buffer with a pH of 7.2, and then were transferred to the
PBS buffer with a pH of 5.0, and 25 nM miR-21 was added,

© 2023 The Author(s). Published by the Royal Society of Chemistry

respectively. The results are shown in Fig. 3c, and we can see
that at the end of 60 min, the fluorescence intensity of the TP-
SFH probe was about 2.54 times that of the naked EDR. We
used half-completion time to measure the speed-up factor. As
shown in Fig. 3d, it takes about 220 min for the CS + CFH system
to basically reach equilibrium, and 47.33 min is the time for
half of the reaction to be completed. As shown in Fig. 3e, it takes
only about 50 min for the TP-SFH probe to reach the equilib-
rium, and the half-completion time is only 7.83 min. According
to the experimental data, it can be considered that the local EDR
experiences nearly 6 times the acceleration compared with the
nude EDR.

The collision frequency theory*® is another plausible theory
to explain this phenomenon.

1 4mrd

N 3 (1)
where Vis the local spherical volume, ¢ is the concentration of the
reactants, r is the distance between the reactants and N is the
Avogadro constant (6.02 x 10*%). As shown in Fig. 3f, in a free
EDR system, the concentration of the reactants CS and CFH both
was 0.1 pM. According to eqn (1), we can calculate that the local
spherical volume of a pair of CS & CFH is 1.67 x 10" L, and the
distance between them is 159 nm. For the TP-SFH probe, the
distance between S and FH is about 51 bases including the
anchoring segment and side length of the TP, so r is 17.34 nm,
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and the local spherical volume can be calculated to be
1.40 x 10~2°L, and then the local concentration can be calculated
to be 76.2 uM, 762 times that of the nude EDR system. The
increase in local concentration greatly enhances the collision
frequency of S and F, thus accelerating the reaction and
improving the reaction efficiency. These results showed that the
spatial-confinement effect of TP can enable the EDR to have an
enhanced fluorescence response and faster reaction kinetics,
providing a promising tool for sensitive detection of miRNAs in
living cells.

PpH activation and fluorescence signal amplification

So far, we have built a nanomachine based on AND logic. First,
the ability of intracellular activation was verified by an in vitro
fluorescence experiment. As shown in Fig. 4a and b, compared
with the blank group (curve i), when the pH value is 7.2 and the
target miR-21 is present, the EDR circuit is inactivated due to
the lack of fuel and thus cannot achieve the fluorescent readout
(curve ii), indicating that the pH nanoswitch can effectively
avoid the extracellular interference before the probe enters the
cell. However, at pH 5.0, the fluorescence signal was enhanced
even in the absence of the target (iii), which is because the fuel
strand F is fully exposed at this time, and the circuit itself
suffers from signal leakage. Fortunately, the environment the
probe passes through during delivery is usually neutral or
weakly acidic and cannot turn the pH nanoswitch on
completely. Only when the pH nanoswitch is activated and the
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Fig. 4 Performance of TP-SFH for miR-21 detection in vitro. Fluo-
rescence spectra of different input signals (a) and their histogram (b).
The inset of (b) shows the reaction conditions of each group of
experiments (i) pH 7.2, in the absence of miR-21; (i) pH 7.2, in the
presence of miR-21; (iii): pH 5.0, without miR-21; (iv) pH 5.0, with miR-
21. (c) Fluorescence response in the presence of different concen-
trations of miR-21. (d) Relationship between fluorescence intensity and
different concentrations of miR-21. The inset showed a good linear
correlation in the range of 0.01-1 nM (R?> = 0.998). All experiments
were performed in PBS buffer with pH 5.0 for 30 min, and then
different concentrations of miR-21 were mixed with the solution for
2 h.
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catalyst miR-21 is introduced, can the fluorescence signal of the
TP-SFH system increase sharply (curve iv). This indicates that
our nanomachine has a very low detection background, and is
able to detect intracellular targets sensitively.

Then, we evaluated the sensing performance of the probe TP-
SFH for miR-21 in order to provide a reliable tool for the specific
detection of intracellular miRNAs. We explored the linearity and
selectivity of TP-SFH. As shown in Fig. 4c, the fluorescence
intensity showed a concentration-dependent trend. With the
increase in miR-21 concentration, the fluorescence intensity
also gradually increased and finally reached a plateau. The
results in Fig. 4d show that the fluorescence intensity was
linearly correlated with the concentration of miR-21 in the
range of 0.01-1 nM (R" = 0.998). In addition, we compared the
signals induced by miR-21 with the corresponding signals of
other miRNA simulators such as miR-155, miR-373, miR-122,
miR-221, miR-141, and let-7a and the results are shown in
Fig. S8.7 The fluorescence intensity increased only when miR-21
was present which indicated that the probe TP-SFH had good
selectivity.

Delivery of TP-SFH nanomachines and performance of pH
nanoswitches

After successful establishment of a cascade activation machine
in vitro, we further investigated whether this nanostructure can
play a role in living cells. First, we explored the biocompatibility
of TP-SFH. The cells were incubated with 0 nM-160 nM TP-SFH
for 10 h, and the cytotoxicity of TP-SFH was evaluated by MTT
assay. As shown in Fig. S9,T when the concentration was as high
as 160 nM, the cell viability was still higher than 85%, indi-
cating low toxicity of the probe. A 100 nM probe was selected for
subsequent experiments. We used co-localization experiments
to track the process of endocytosis and release of the probe from
the lysosome. Before that, we first incubated TP-ON (only Cy5
modified) with the cells at different temperatures for 4 h. As
shown in Fig. S10,f the probe hardly entered the cells after
culturing at 4 °C, indicating that the probe based on the DNA
framework entered the cells through the energy-dependent
pathway. After TP-ON was co-incubated with cells for different
times, the lysosomes were stained with the lysosome tracker
Green. Meanwhile, Image J (Fiji) was used to analyze Pearson's
correlation between the probe and lysosome at different incu-
bation times. As shown in Fig. S11, the fluorescence signal
could be seen after the probe was incubated for 1 h, indicating
that the probe is gradually entering the cell. When the incuba-
tion time was 2 h, the colocalization degree of the probe and
lysosome reached the highest. When the incubation time was
extended to 3-4 h, Pearson's correlation decreased gradually,
indicating that the probe was gradually released from the
lysosome. What's more, we recorded the distribution of the
fluorescence signal of TP-ON by using layer scanning tech-
nology, and the results are shown in Fig. S12.1 The blue area is
the nucleus stained with Hoechst 33342, and the red area is the
distribution of Cy5 modified on the probe. It can be seen that
the probe successfully entered the cell and is mainly distributed
in the cytoplasm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Next, we investigated the optimal incubation time and
response speed of the probe. As shown in Fig. 5a and S13,t the
100 nM TP-ON probe was incubated with cells for different
times, and Image-J was used to extract the fluorescence inten-
sity of a single cell. We found that after 4 h of co-incubation, the
probe almost completely entered the cell. Meanwhile, we
explored the intracellular response of TP-SFH, as shown in
Fig. 5b and S14.1 It can be observed that the maximum signal
will not appear until the incubation time reaches 5 h, indicating
that the probe reaction was complete within 1 h. As a control, we
assembled TP-S and TP-FH, respectively (S and FH were
assembled on different TPs) and incubated them with MCF-7
cells for different times (Fig. 5c and S1571). It takes about 6-
7 h to basically stabilize the fluorescence intensity, indicating
that it takes about 2-3 h for the freely dispersed system to fully
react, which indicates that the local effect of the TP can effec-
tively improve the response speed of nanomachines. In the
following experiment, we chose 5 h as the incubation time. As
shown in Fig. S16,1 after incubation for 5 h, Image ] (Fiji)
analysis showed that the Pearson's correlation between Cy5
fluorescence of TP-SFH and green fluorescence of the lysosome
dye was 0.39. The poor colocalization effect again indicated that
the probe TP-SFH could escape from the lysosome to the cyto-
plasm. In addition, we modified Cy3 to the 5" end of S1 and Cy5
to the 3’ end of S3-TP, and assembled the probe TP-S-FRET
using TP1, TP2, TP3, S1, and S3-TP (as shown in Fig. S17b¥).
The probe does not respond to the target and always generates
a FRET signal, which helps us verify the stability of the frame
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probe. As shown in Fig. S17,7 it could be observed that the FRET
intensity hardly changed even if the incubation time reached
8 h, indicating that the probe possessed good stability during
the incubation time of 5 h.

Before conducting next cell experiments, we first verified the
ability of the miR-21 inhibitor to downregulate miR-21 using
fluorescence assay. The miR-21 inhibitor is a nucleic acid
sequence that is completely complementary to miR-21. As
shown in Fig. S18,7 the ability of targets pretreated with the
miR-21 inhibitor to trigger the TP-SFH reaction was greatly
reduced, indicating that the downregulation of miR-21 was
realized. As shown in Fig. 5d, to further explore the protective
ability of the pH nanoswitch, we divided MCF-7 cells into eight
groups and cultured them with protected probe TP-SFH and
unprotected probe TP-SF for 5 h, respectively. Meanwhile, miR-
21 was used to pretreat the extracellular environment (group ii,
iv, vi, and viii) to simulate the delivery process with interference.
The other groups were the control group and cultured with
a normal medium. In addition, MCF-7 cells in i, ii, v, and vi were
not treated, and the cells in group iii, iv, vii and viii were pre-
treated; miR-21 inhibitors were used to downregulate the
expression level of miR-21 in the cells, so as to obtain the false
positive signals output 1 & 2. It is worth noting that in this
experiment, Cy5 was labeled at the end of S3, and BHQ2 was
labeled at the end of S1 to ensure that all the fluorescence
signals generated could be carried into cells by the DNA TP. On
comparing groups i to iv, even with the addition of miR-21 in
the culture medium, the TP-SFH would not be interfered with,
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and only output the correct signal brought by intracellular miR-
21. When the intracellular miR-21 level was down-regulated, TP-
SFH showed almost no fluorescence, indicating that the probe
had an ultra-low background. In contrast, for unprotected
probe TP-SF, because the F strand is fully exposed, the probe is
prone to circuit leakage during assembly and delivery, resulting
in significant output 1. Moreover, TP-SF is easily interfered with
by extracellular miRNA, and a very obvious false positive signal
output 2 can be observed in the experimental groups vii and viii
with the addition of miR-21. As shown in Fig. 5e, we extracted
the fluorescence intensity of each experimental group, so as to
observe the response degree of various signals more clearly. In
addition, we investigated the response effect of a completely
blocked probe. As shown in Fig. S19,1 the fully blocked probe
TP-SFHt (Hr, which adjusted the pH response part of the H
sequence to a normal sequence) did not produce a significant
fluorescence signal due to the lack of fuel in the EDR, and the
nanomachine could not operate normally even in the presence
of the target. It is proved that our DNA machine follows the AND
logic in the cell and achieves the precise detection of intracel-
lular miR-21 through cascade activation.

Performance evaluation of TP-SFH in living cells

We further investigated the ability of TP-SFH to monitor
different concentrations of miR-21 in cells. MCF-7 model cells
were pretreated with miR-21 mimics and miR-21 inhibitors,
respectively, to achieve the up-regulation and down-regulation
of miR-21. The TP-SFH nanomachines were co-incubated with
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these pretreated cells, and the results are shown in Fig. 6a.
Compared with untreated cells (control), the fluorescence
intensity of cells pretreated with an miR-21 mimic was signifi-
cantly increased, while an obviously declined fluorescence
signal was acquired in miR-21 inhibitor pretreated cells. We
collected the fluorescence intensity in a single cell, and found
that the signals were distributed in the cytoplasm, and the
intensity was clearly differentiated. Ten cells were randomly
selected, and their fluorescence intensity is shown in Fig. 6b.
Meanwhile, the average fluorescence intensity of the three
parallel experiments was quantified and is shown in Fig. S20a.7
The results showed that the intracellular activated nano-
machines designed by us could specifically recognize targets in
living cells and reflect the different expression levels of miR-21.

According to previous literature reports, miR-21 is an onco-
gene widely present in cancer cells, and its expression is upre-
gulated in a variety of cancer cells.*”*®* We selected two cancer
cell lines (MCF-7 and HeLa) and one kind of normal cell (MCF-
10A) for observation. As a control, the same concentration of TP-
SFH was incubated under the same conditions. As shown in
Fig. 6¢, both cancer cell lines showed strong red fluorescence
signals associated with miR-21, while in MCF-10A cells, almost
no fluorescence signal was observed, suggesting that our
nanomachines can differentiate between normal and tumor
cells. In addition, we observed that the fluorescence intensity in
HeLa cells was lower than that in MCF-7 cells, because the
expression level of miR-21 in MCF-7 cells was higher than that
in HeLa cells, which was consistent with the results reported in
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Fig. 6 TP-SFH nanomachines were used to image intracellular miR-21. (a) CLSM images for MCF-7 cells treated with miR-21 inhibitors, RPMI-
1640, and miR-21 mimics and then incubated with TP-SFH (100 nM). (b) The corresponding fluorescence intensity of 10 cells randomly selected
from each experimental group in (a). (c) TP-SFH (100 nM)-enabled intracellular detection of miR-21in MCF-7, Hela, and MCF-10A cells. (d) The
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the previous literature.***® We collected the fluorescence
intensity of a single cell, and the results are shown in Fig. 6d.
Meanwhile, the average fluorescence intensity of the three
groups of parallel experiments was extracted, and is shown in
Fig. S20bf. The detection results of TP-SFH were basically
consistent with the traditional qRT-PCR (Fig. 6e), which verified
the ability of our TP-SFH to detect miR-21 in different cells.

Conclusion

In summary, we have successfully constructed an intracellular
activated nanomachine, which realized sensitive and precise
sensing of intracellular biomolecules based on AND logic. With
the EDR as the core, the signal amplification of trace miRNA is
realized. The DNA nanoswitch with an adjustable pH response
window was introduced to block the fuel strand of the EDR,
preventing the non-specific activation during assembly and
delivery. The pH nanoswitch would undergo structural trans-
formation when the nanomachine passed through the acid
lysosome, and realize the pH response activation of TP-SFH, so
as to specifically capture the target in the cell. The DNA
framework is used as the carrier to achieve accurate positioning
of goods assembly. Besides providing better cell permeability
and biological stability, the DNA TP significantly improves the
signal amplification speed and reaction efficiency of the EDR
due to its spatial-confinement effect. According to the evalua-
tion, the TP-SFH nanomachine realized the integration of
delivery-sensing-computing-output  functions, which can
specifically detect miRNA in living cells, with satisfactory
response speed and sensitivity. This hierarchically integrated
circuit improves the fidelity of the output signal through
multiple recognition responses, which provides a promising
tool for the construction of DNA molecular machines in the
future.
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