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Herein, a smart nanohydrogel with endogenous microRNA-21
toehold is developed to encapsulate gemcitabine-loaded meso-
porous silica nanoparticles for targeted pancreatic cancer therapy.
This toehold mediated strand displacement method can simul-
taneously achieve specific drug release and miRNA-21 silencing,
resulting in the up-regulation of the expression of tumor suppres-
sor genes PTEN and PDCDA4.

Abnormal expression of intracellular genes is the critical cause
of tumor heterogeneity, which brings significant challenges to
tumor treatment.’ Gene regulation therapy is a promising and
essential means of treating genetic or other gene disorder-
related diseases. Recent studies exhibit that gene expression
can be modulated by many oligonucleotide-based gene regu-
lation tools, including anti-sense oligonucleotides,” or
microRNA.? Specifically, in recent gene therapy tools, supple-
menting endogenous down-regulated genes and silencing
highly expressed pathogenic genes have become the most
popular strategy.*® However, the development of reasonable
design projects and efficient delivery vectors remain the key
technical obstacles in target regulation therapy.”®

DNA hydrogels are biocompatible, and possess molecular
recognition capabilities and nanoscale structure controllability,”*>
which show great potential for target regulation therapy.
Further, they are colloidally stable, enable rapid stimuli
response, and can passively target the tumors relying on the
enhanced permeability and retention effect in tumors.”*™*> A
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microRNA (miRNA) is an endogenous non-coding small RNA
with a length of about 22 nucleotides.>"® It has been found
that the expression of multiple miRNAs is related to the devel-
opment and differentiation of cancer cells."”° The construc-
tion of many miRNA-based antisense nucleic acid delivery
systems is widely studied to achieve gene silencing effects.*!
However, in this way, the ability of nucleic acid sequences as
vector construction materials is wasted. Therefore, the prepa-
ration of miRNA responsive DNA nanohydrogels is a very
promising design approach for the targeted regulation therapy
of cancer.”® However, DNA exhibits a strong electronegativity,
and it is challenging for DNA to be endocytosed by cancer
cells.”*** In addition, the DNA hydrogel bears low hydro-
phobic drug loading capacity,>>” which greatly restricts its
synergistic application with first-line anticancer drugs.”®>°

In this work, we developed a smart nanohydrogel system
with effective drug delivery and endogenous microRNA
toehold self-regulating switches for on-site targeted regulation
therapy in cancer (Fig. 1). The system consists of a protective
DNA nanohydrogel-shell (Fig. 1A) with miRNA recognizing
ability (Fig. 1B), and a hydrophobic drug reservoir mesoporous
silica nanoparticle (MSN),?**" illustrated in Fig. 1C. By com-
bining MSN and DNA nanohydrogel, a new core-shell struc-
ture MSN@DNA will perfectly inherit the advantages of the
two materials. The porous structure of MSN can achieve a high
hydrophobic drug loading rate, and the DNA nanohydrogel
can be used as a gate of the pores of MSN for miRNA respon-
sive decomposition by targeted microRNA toehold self-regulat-
ing switches, thereby controlling the release of drugs and in
the meantime silencing the targeted gene. In this work,
miRNA-21 as a model endogenous target molecule is selected
as a pancreatic cancer precise target and chemo/gene combi-
nation therapy. Our smart nanohydrogel-based system as a
universal platform has great potential to be used for combi-
nation therapy of various diseases.

Two acrydite-modified DNA sequences (strand A and
strand B) were grafted onto linear polyacrylic acid (PAA)
through free radical reactions to form the hydrogel liquid
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Fig.1 (A) Construction and (B) degradation mechanisms of the
designed DNA hydrogel. (C) The combination with MSN for targeted
gene regulation therapy.

precursor (stage I), as depicted in Fig. 1A. Then the added
adhesive strand linked strands A and B together to promote
the formation of hydrogel (stage II). The interior of the hydro-
gel consisted of a lock structure with toehold strand “c”. When
miRNA-21 was used as the key to replace the adhesive strand
through toehold-mediated strand displacement, the lock was
opened, and the hydrogel returned to the liquid state (Fig. 1B).

Subsequently, gemcitabine (Gem) was loaded into the MSN,
and the abovementioned DNA-grafted linear hybrid polymer
was anchored to the 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA) modified MSN surface based on the free radical
reaction mechanism. Then, the miRNA-21 entirely comp-
lementary antisense strand anti-miR-21, which partially comp-
lements strand A and strand B was added as a “glue” for PAA
crosslinking to develop the final nanogel (Gem@MSN@DNA),
as shown in Fig. 1C. Anti-miR-21, which served as the adhesive
strand, constructed the hydrogel shell in our multifunctional
nanosystem. In turn, they were protected by the hydrogel from
degradation by the enzyme during blood circulation. Cationic
polymer PAA also promoted the endocytosis ability of nega-
tively charged DNA strands. After encountering oncogenic
gene miR-21, the DNA adhesive strands inside the nanohydro-
gel layer were competitively paired by miRNA-21 through the
toehold mediated DNA strand displacement mechanism?**?
specific targeting drug
microRNA-21 regulation therapy were achieved.

When designing the DNA hydrogel layer, the loading
content of the miRNA-21 antisense strands is critical for the

and cancer cell release and

efficacy of cancer treatment. For pancreatic cancer cell lines, it
has been reported that a single concentration (100 nmol L)
of miRNA-21 antisense oligonucleotides can achieve an
obvious gene silencing effect for in vitro cytotoxicity study.>*
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Fig. 2 Characterization of nanoparticles. (A) Prescription screening of
the adhesion strand content. (B) Ultraviolet absorbance of Cy3 modified
adhesion strand in the supernatant. (C) The cross-linking process of
each chain was verified by the polyacrylamide gel experiment. (D) The
cross-linking process of each chain was verified by the NUPACK web
application. (E) Macroscopic photos for DNA hydrogels without the
miRNA-21 strand. (F) Macroscopic photos for DNA hydrogels with the
miRNA-21 strand.

Based on this dosage, 6 tubes that contained the same amount
(200 pg) of MSN NPs (Fig. 2A1) were first prepared and num-
bered from one to six. Different concentrations of strand A and
strand B grafted PAA (with concentrations of 10 pM, 50 pM,
100 pM, 150 pM, 200 uM, and 250 pM for each type of strand)
were compared. The same Cy3 modified adhesive strand con-
centration is added to each tube (the final volume and concen-
tration were 50 pL and 200 pM, as shown in Fig. 2A2). After
15 min of incubation at 60 °C, all tubes were centrifuged
(Fig. 2A3) and the supernatant was collected into new tubes
(Fig. 2A4) for UV-vis absorption detection (Fig. 2B). We found
that the Cy3 modified adhesive strand is effectively encapsu-
lated into the DNA nanohydrogel and centrifuged to the
bottom of the tube together with MSN NPs. These results indi-
cated that the adhesive strand, as a functional building block
for the designed miRNA-21 sensitive hydrogel, can successfully
mediate the crosslinking of PAA on the surface of MSN. In the
meantime, by increasing the content of A and B strands,
200 pM of adhesion strand has fully assembled inside the
hydrogel, verified by the supernatant photos and UV absor-
bance results. The centrifuged NPs were repeatedly washed and
diluted into 1 mL. The final concentration of miRNA-21 anti-
sense strand is 10 pM, which is a hundred times higher than
the effective concentration mentioned before, therefore facili-
tating further investigation with a broad concentration range.
Strand A and strand B are partially complementary to the
two ends of the adhesive strand and are riveted on the PAA
linear polymer (Table S1t). Therefore, the adhesive strand will
adhere to the A/B strand and promote the crosslinking of the
polymer. We confirmed this anticipation through a polyacryl-

This journal is © The Royal Society of Chemistry 2022
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amide gel experiment. As shown in Fig. 2C, a strong band is
observed at around 20 bp when strand A or strand B are added
together with the adhesive strand and labelled with GelRed,
accompanied by the disappearance of the band of the A/B
strand. This phenomenon demonstrated the successful combi-
nation between each strand. However, the newly formed
double-strand band seems to overlap with the previous
adhesive strand, resulting in unobvious results. Since we
cannot compare the moving speed of the single-strand and
hybrid double-strand inside the polyacrylamide gel, another
dye DAPI was chosen to verify the synthesis of new double-
strands because DAPI can only bind to A-T base-pair regions
compared to GelRed. As shown in Fig. 2C, after three single
strands were added together, there was indeed only one new
band formed by using DAPI as the labelling dye.

Due to the coincidence of the positions of the newly gener-
ated bands and the excess bands after the reaction of the three
strands (strand A, B and adhesive strand), we used the
NUPACK web application®® to specifically analyze the possible
reactions, as elucidated in Fig. 2D. We found that when each
strand with 1 mM was added together, in addition to the
0.94 mM product, there was 0.017 mM strand A remaining,
which explains that the band at around 14 bp was strand A
(Fig. 2C). Meanwhile, 0.017 mM strand A-adhesive strand and
0.017 mM strand B-adhesive strand were also generated
(Fig. 2D), where the two strands share the same location as the
band of the final product (Fig. 2C).

Then, to verify the “unlock” system of our designed hydro-
gel through the toehold mediated strand replacement mecha-
nism, we first prepared bulk hydrogels to facilitate observation
of their macroscopic changes (Fig. 2E and F). We can clearly
see that the DNA hydrogel changed (Fig. 2E) to a transparent
milky white liquid (Fig. 2F). This result proved that miRNA-21
could competitively bind to the adhesive chains inside the
hydrogel, leading to the disintegration of the hydrogel.

Subsequently, DLS data and TEM results are explored to
confirm the successful combination between the DNA hydro-
gel and pure MSN NPs, and the miRNA-21 sensitivity of the
hydrogel shell. We found that when the MSN surface was
modified with the DNA nanogel, its particle size increased
from 120 nm to about 150 nm, which was reflected in Fig. 3A.
Moreover, the particle size of Gem@MSN@DNA NPs did not
change after one week of storage in PBS buffer (Fig. S17).
However, when incubated with 5 nM miRNA-21 for 4 h, its par-
ticle size returned to 120 nm, which indicates that the nanogel
shell has an excellent miRNA-21 responsive degradation capa-
bility. Meanwhile, from the zeta potential results, we can see
that the TMSPMA modified MSN (Gem@MSN@DNA -+
miR-21 group) is negatively charged at around —33 mV. After
being covered with DNA hydrogel, the zeta potential of the
final NPs becomes neutral (Fig. 3B), which can promote the
phagocytosis ability of negatively charged NPs by cancer
cells.*” Also, the formation of a DNA hydrogel layer is con-
firmed by TEM (Fig. 3C). We can clearly see a hydrogel layer
grown on the surface of MSN NPs. More importantly, after
incubation with 5 nM miRNA-21 for 4 hours, the polymer layer
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Fig. 3 Characterization and intracellular delivery of different nano-for-
mulations. (A) Changes in the particle size of nanoparticles under
dynamic light scattering (DLS). (B) Changes in the zeta potential of
nanoparticles under DLS. (C) TEM results of different NPs before and
after DNA hydrogel coating. (D) The TEM spectrum for DNA-hydrogel
degradation and explanation of the therapeutic agent release mecha-
nism. (E) Free energy of secondary structure of different DNA structures.
(F) miRNA-21 mediated Gem drug release profile. (G) Cy3-labeled anti-
miRNA21 strand release profile. (H) Confocal microscopy pictures of NPs
in PANC-1 cells at different time periods and flow cytometry results of
co-incubation of NPs and PANC-1 cells at different time periods. (I)
Confocal microscopy pictures of NPs in Min6 cells at different time
periods and flow cytometry results of co-incubation of NPs and Min6
cells at different time periods. Scale bar equal to 20 pm.

on MSN surface disappeared (Fig. 3D), indicating the success-
ful construction of a miRNA-responsive gating switch.

The Gem-loaded MSN NPs were protected by the “gate
material” DNA nanogel, to prevent premature drug release
before accumulating into the tumor tissue (Fig. 3D). The
release profiles of Gem and the Cy3-labeled adhesive strand
from DNA hydrogel-covered MSN were tested. Toehold
mediated strand displacement between miRNA-21 and the
adhesive strand is elucidated in Fig. 3E. When strands A and B
were combined with the adhesive strand, their free energy of
the secondary structure, calculated using NUPACK software,
was —25.20 kcal mol™*, which was higher than the combination
between miRNA-21 and adhesive strand (—35.28 kcal mol™"), as
shown in Fig. 3E. These simulated results proved that the NPs
could realize the responsive disintegration of miRNA-21.
Furthermore, along with the degradation of NPs, miRNA-21
will also be consumed and silenced by adhesion strands (anti-
sense sequences), realizing gene/chemo combination therapy.

Upon loading Gem into MSN, a drug loading degree of
22.95% is reached; that is 1 mg MSN can hold about 300 pg of
Gem (Table S27). Subsequently, the miRNA-21 responsive
release experiment was performed, and 0 nM, 1 nM and 5 nM
were selected based on the previous study.*®*° The Gem inside
NPs exhibited an accelerated release profile when the concen-
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tration of miRNA-21 in the release environment increased. We
found that within 40 hours, with a 5 nM concentration of
miRNA-21 present in the release medium, the release content
of Gem could reach more than 80%, but in the presence of
less than 1 nM miRNA-21, only 30% of Gem was released
within the same time frame. Negligible drug release was
observed when there was no miRNA-21 in the release media,
which demonstrated the NPs’ excellent miRNA-21 recognition
ability in controlling the drug release (Fig. 3F). Notably, the
results of the release of Cy3-labeled adhesive strand were con-
sistent with the gemcitabine release profile, which showed a
miRNA-21 responsive release ability (Fig. 3G). However, Cy3
was released more rapidly and at a higher rate, and Cy3-anti-
miRNA-21 was released more than 95% at 4 h with 5 nM
miRNA-21, since the outermost nanogel shell can be easily
degraded when encountering the miRNA-21.

Next, the endocytosis of NPs in pancreatic cancer cell
PANC-1 and pancreatic islet B epithelial cell Min6 are studied.
PANC-1 has a high expression of miRNA-21, and it has also
been reported that after Gem administration, the miRNA-21
was greatly up-regulated, which could significantly reduce the
efficacy of chemotherapy.*® Compared with PANC-1 cells, the
Min6 cells had a very low miRNA-21 expression,*" as shown in
Fig. S2,1 so it is selected as a negative control to evaluate the
NPs’ selectivity towards miRNA-21. We first loaded the FITC
fluorescent dye inside NPs for tracking the endocytosis of NPs
by different cells through confocal microscopy and flow cyto-
metry experiments (Fig. 3H and I).

For the PANC-1 cell line, the results showed that with the
extension of the incubation time, the amount of NP uptake by
cells gradually increased. Within 10 hours, 100% of the cells
had taken up NPs, which indicated that the NPs could be effec-
tively endocytosed. Interestingly, due to high miRNA-21
content in PANC-1 cells, we have observed that the FITC dye
inside the NPs was more likely to diffuse throughout the cells,
which indirectly indicated that the DNA hydrogel shell was dis-
integrated and facilitated the FITC release. In the meantime,
Miné cells also displayed efficient endocytosis ability of NPs,
100% of the cells had taken up within 10 h. This may be
because we did not modify the cell-targeting ligands on the
surface of NPs, different cells possessed relatively the same
endocytosis effect on NPs. However, the FITC inside the nano-
particles did not seem to diffuse after 16 h, but rather accumu-
lated at a certain location in the cytoplasm. This phenomenon
reflected that with less miRNA-21 content, it was difficult for
FITC to diffuse through the intact DNA-hydrogel layer.
Furthermore, since healthy tissue around the tumor can also
internalize the nanosystem, therefore, within a certain period,
the miRNA hydrogel layer would monitor the miRNA-21
content of healthy cells, and treat them in a timely manner
when their miRNA-21 content showed abnormal change.

The fluorescence in situ hybridization (FISH) method was
subsequently utilized to study the silencing effect of miRNA-21
in PANC-1 cells. The FITC green, fluorescent probe was used to
observe the content of miRNA-21. We found that the cytoplasm
of PANC-1 cells exhibited bright green fluorescence without
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the addition of NPs, indicating the presence of a large number
of proliferation miRNA-21 genes (Fig. 4A). Upon the addition
of NPs, the content of miRNA-21 was significantly inhibited
(Fig. 4B), especially when the concentration of NPs exceeded
0.2 ug mL™" (adhesive strand concentration equal to 10 nM).
In addition, when the concentration of NPs reached more than
2 pg mL ™", the cells gradually entered the apoptotic stage, and
the red arrow indicates the occurrence of nuclear fragmenta-
tion (Fig. 4A). The permeability of the nucleus was also found
to increase and green fluorescence was observed inside the
nucleus, since during the process of cell apoptosis, the nuclear
membrane permeability will be increased.””** These results
fully proved the miRNA-21 recognition ability of the DNA
hydrogel layer of the NPs and the silencing function of the
miRNA-21 antisense building block inside the hydrogel.

To further explore the cytotoxicity of Gem-loaded and DNA
hydrogel-wrapped Gem@MSN@DNA NPs, different drugs and
NP groups were studied with the PANC-1 cells and Min-6 cells,
as shown in Fig. 4C and Fig. S3.T7 For PANC-1 cells, pure Gem
showed no obvious difference when Gem concentration
exceeded 0.2 pM (calculated based on the loading degree).
After Gem was loaded into MSN, the efficacy of Gem increased
but still changed modestly when the MSN concentration was
higher than 0.2 pg mL™'. On the other hand, MSN@DNA
showed an excellent therapeutic effect, especially when the
MSN concentration exceeded 2 pg mL~' (miRNA-21 antisense
strand equal to 100 nM). Finally, the Gem@MSN@DNA group
showed a powerful cancer cell suppressing effect. The
Gem@MSN@DNA group killed more than 50% of the cells
only at the MSN concentration of 0.2 pug mL™" (Gem and
miRNA-21antisense DNA concentration equal to 0.2 pM and
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Fig. 4 miRNA-21 silencing effect and cytotoxicity. (A) Silencing effect
of miRNA-21 in PANC-1 cells. (B) Fluorescence quantification of
miRNA-21 in PANC-1 cells. (C) Toxicity evaluation of drugs and DNA
hydrogel-based NPs for PANC-1 cells. (D) Live/dead cell imaging for
PANC-1 cells with different therapeutic groups. (E) Cell apoptosis results
from each treatment group. For each group, the scale bar is equal to
100 pm.
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10 nM) and killed more than 80% of the cells at the highest
concentration (Gem and miRNA-21 antisense DNA concen-
tration equal to 200 pM and 10 mM). These results confirmed
that the nanosystem could achieve excellent synergistic effects
for both chemo and gene therapy. Then, for Miné6 cells, the
Gem®@MSN group showed serious toxicity when the MSN con-
centration becomes 2 pg mL™' (Gem concentration equal to
2 uM). However, when the hydrogel is wrapped on the surface
of the nanoparticle, we can see that the Gem@MSN@DNA
group possessed significantly higher safety than the pure Gem
and Gem@MSN groups. These results indicated that the DNA
hydrogel-encapsulated nanoformulations are highly selective
for miRNA-21. Only under a high concentration of miRNA-21
can the NPs release gemcitabine and miRNA-21 antisense
sequence together.

We then conducted the live/dead cell assay for the PANC-1
cell line with different groups, while green represented live
cells and red represented apoptotic cells (Fig. 4D). The results
exhibited that the GEM/MSN/DNA group possessed enhanced
cytotoxicity, due to the synergistic effect of chemotherapy and
gene therapy. At the same time, the experimental results of
apoptosis (Fig. 4E) were consistent with those of the cyto-
toxicity assay, and over 70% of the «cells in the
Gem@MSN®@DNA group went into the late apoptotic stage
after 24 h of treatment. Gemcitabine can stimulate cells to
further produce excessive miRNA-21,*° which is one of the
reasons for chemo-resistance. Therefore, the nano-system we
designed has great synergistic therapeutic significance.

Later, the intracellular disintegration process of the hydro-
gel layer is verified through confocal microscopy. DAPI is used
to mark the AT base pairs of the double-stranded building
block inside the NPs (Fig. 5A). Through this method, the
unwinding process of double-stranded DNA from the hydrogel
shell of NPs can be observed. Because DAPI is toxic to cells, we
only observed the fluorescence changes in the cytoplasm and
nucleus within 8 h. After DAPI-labelled NPs are internalized
into PANC-1 cells, DAPI will be released due to the unwinding
between the adhesive strand, strand A and strand B. The
released DAPI will increase the fluorescence in the nucleus, as
elucidated in Fig. 5A. We confirmed this phenomenon in
PANC-1 cells, as shown in Fig. 5B. Software Image ] was used
to quantify the fluorescence image (Fig. 5Ba), and the nucleus
and cytoplasm were manually distinguished (Fig. 5Bb), and
fluorescence intensity analysis was performed separately
(Fig. 5Bc and d). Mean fluorescence intensity of PANC-1 cell
nucleus showed that the DAPI blue fluorescence in the nucleus
gradually increased during incubation within 6 h (Fig. 5C).
Furthermore, the blue fluorescence in the cytoplasm gradually
decreased (Fig. 5D), indicating that DAPI is released due to the
degradation of the hydrogel shell from NPs and entered the
nucleus. However, this phenomenon was not observed in Min6
cells (Fig. S4A-Cft), indicating that the Gem@MSN@DNA
nano-platform had great miRNA-21 targeting specificity.

The silencing of miRNA-21 can cause changes in the
expression of various genes in pancreatic cancer cells (Fig. 5E).
It is reported that miR-21 targets and inhibits PDCD4 and
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effect of miRNA-21. (A) Schematic illustration of the unwinding process
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miRNA-21 silencing on the expression of PTEN and PDCD4 protein.

PTEN tumor suppressor genes.>*** By inhibiting miRNA-21,
we discovered that the tumor suppressor genes PTEN and
PDCD4 in the PANC-1 cells significantly increased through
western blot assay (Fig. 5F). It is worth mentioning that in the
process of constructing a DNA hydrogel, we introduced strand
A and strand B, and these two strands have the same sequence
of partial miRNA-21. Hence, they may have the same function
as miRNA-21. Therefore, MSN@DNA NPs with or without
adhesive strands were prepared in comparative experiments, to
ensure that strand A and strand B will not have the same func-
tion as miRNA-21 to cause cell proliferation (Fig. 5F). Of note,
strands A and B can also be anchored to the surface groups of
NPs without the adhesion strand by the aforementioned free
radical reaction. The results found that the MSN@DNA
(without the adhesive strand) group is the same as the PBS
group and had no effect on PDCD4 and PTEN expression.
However, for the adhesive strand group, PTEN and PDCD4 are
significantly up-regulated, demonstrating the successful inhi-
bition of the miRNA-21 gene (Fig. S57).

Conclusions

In conclusion, a simple yet multifunctional targeting strategy
is successfully developed by encapsulating the Gem-loaded
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MSN with an miRNA-21 responsive DNA hydrogel through a
simple in situ growth technology for pancreatic cancer-targeted
chemo/gene synergistic treatment. The antisense strand of
miRNA-21 is used as a recognition building block to partici-
pate in the cross-linking of DNA hydrogels. The targeting strat-
egy applied by the Gem@MSN@DNA nanosystem is comple-
tely different from the receptor-mediated and normal tumor
microenvironment-mediated targeting strategies (such as pH
or redox). Its targeting is based on the unique oncogene gene
of pancreatic cancer cells, and thus will not be heavily inter-
fered with by protein adsorption during blood circulation.
Only after the nanocarrier encounters miRNA-21, which is
highly expressed by the pancreatic cancer cells, can the hydro-
gel layer achieve responsive disintegration through the toehold
mediated strand displacement mechanism. Subsequently, with
the degradation of the DNA protective layer, the Gem inside
MSN is gradually released, which greatly enhanced the bio-
availability of Gem. Moreover, the degradation of the DNA
hydrogel resulted in a significant consumption and silencing
of miRNA-21, leading to an enhancement of the expression of
tumor suppressor genes PTEN and PDCD4, which promoted
cell apoptosis and realized gene/chemotherapy synergistic
therapy. Finally, it is theoretically possible to synthesize DNA
hydrogel structures responsive to any miRNA by designing
different DNA sequences. Thereby different miRNA targeted
therapeutic systems can be designed.
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