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DNA-guided self-assembly in living cells

Jingiao Liu,"* Jianpu Tang,'* Zhaobin Tong,"* Guangshuai Teng,*>* and Dayong Yang'?*

SUMMARY

Self-assembly processes exist widely in life systems and play essential roles in
maintaining life activities. It is promising to explore the molecular fundamentals
and mechanisms of life systems through artificially constructing self-assembly
systems in living cells. As an excellent self-assembly construction material, deox-
yribonucleic acid (DNA) has been widely used to achieve the precise construction
of self-assembly systems in living cells. This review focuses on the recent progress
of DNA-guided intracellular self-assembly. First, the methods of intracellular
DNA self-assembly based on the conformational transition of DNA are summa-
rized, including complementary base pairing, the formation of G-quadruplex/
i-motif, and the specific recognition of DNA aptamer. Next, The applications of
DNA-guided intracellular self-assembly on the detection of intracellular biomole-
cules and the regulation of cell behaviors are introduced, and the molecular
design of DNA in the self-assembly systems is discussed in detail. Ultimately,
the challenges and opportunities of DNA-guided intracellular self-assembly are
commented.

INTRODUCTION

Self-assembly is the process that structural units spontaneously come together to form more ordered and
stable structures."” There are full of self-assembly processes in cells to maintain cellular activities. Partic-
ularly, the self-assembly of biological macromolecules, such as nucleic acids, lipids, and proteins, achieves
the precise formation of highly ordered structures in complex cellular environments.” These structures of
self-assembly provide a suitable environment for metabolic reactions and also prevent the adverse inter-
ference between biochemical reactions, which is the important material basis of life metabolism.* Conse-
quently, observing and simulating the self-assembly processes of biological macromolecules in living cells
are conducive to investigating the mechanism of cell behaviors and the principle of drug action at the mo-
lecular level, so as to study the artificial regulation of cell metabolism and provide new ideas for disease

treatment at subcellular level.>®

Biomacromolecules are ideal materials for the study of intracellular self-assembly due to their good
biocompatibility. Scientists have developed several biological macromolecules as materials to build self-
assembly systems in living cells, such as polypeptides,'“" deoxyribonucleic acid (DNA)?* and ribonucleic
acid (RNA).”* The self-assembly behaviors of peptides in living cells were usually accomplished through hy-
drophobic interactions among their amino acid residues. Schreiber et al.'® utilized Escherichia coli as host
organism to synthesize amphiphilic peptides through gene regulation. The amphiphilic proteins were self-
assembled based on their hydrophilic and hydrophobic properties, resulting in the formation of distinct
regions in bacteria. The self-assembly behaviors of nucleic acids in living cells were usually through
hydrogen bonding. Aldaye et al.”? designed an assembly module of RNA, which achieved self-assembly
in hydrogen-producing engineering bacteria by forming hydrogen bonds between RNA bases. This
RNA self-assembly regulated the distribution of hydrogen-producing-related proteins in bacteria, and suc-
cessfully improved the efficiency of hydrogen production.

Recently, with the rapid development of DNA nanotechnology, DNA has shown great competitiveness in the
construction of intracellular self-assembly systems due to its programmable sequence, predictable nanostruc-
ture, and designable functions.” On the other hand, the technologies of DNA synthesis are more mature, and
the DNA strands of any desired sequence can be synthesized through established chemical synthesis
methods, which lays the solid foundations of DNA as an ideal material for intracellular self-assembly. In addi-
tion, some DNA molecules with specific sequences have been proven to possess responsiveness toward spe-
cial stimuli with high sensitivity, such as pH, proteins and metal ions, which makes the methods of DNA-guided
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Figure 1. DNA-guided self-assembly in living cells

Based on precise sequence design, the methods of DNA self-assembly included complementary base pairing, the
formation of G-quadruplet/i-motif structures, and the specific recognition of DNA aptamer. The detection of intracellular
biomolecules and the regulation of cell behaviors were accomplished through DNA self-assembly in living cells.
Reprinted and adapted with permission from ref.””'®

intracellular self-assembly more diverse and intelligent.” By integrating these specific DNA sequences in sys-
tems, the self-assembly process can be accurately predicted according to the conditions of the intracellular
environment, thus building the envisioned DNA self-assemblers in cells or on subcellular structures.”*?’ In
this review, we focus on the recent research on DNA-guided intracellular self-assembly and discuss the
methods and applications of intracellular self-assembly. The methods of self-assembly are divided according
to the conformational transition types of DNA molecules. The applications based on DNA-guided intracellular
self-assembly are summarized into the detection of intracellular biomolecules and the regulation of cell behav-
iors, and the design mechanism of self-assembly systems is discussed in detail (Figure 1).

METHODS OF SELF-ASSEMBLY

The fundamental monomer of DNA was nucleotide, which consisted of three parts: base (cytosine [C], gua-
nine [G], adenine [A], or thymine [T]), deoxyribose, and phosphate group. According to the principle of
Watson-Crick complementary base pairing, single-stranded DNA (ssDNA) self-assembled into double-he-
lix structure mainly by forming two hydrogen bonds between A and T, and three hydrogen bonds between
C and G. Besides double-helix DNA structures, there were a large number of non-double-helix DNA struc-
tures that were formed through responding to environmental conditions, such as metal ions, protons, and
small molecules. With a deeper understanding of intracellular environments, the responsiveness of DNA
molecules had been utilized to enable the specific self-assembly of DNA materials at the subcellular level
by responding to the heterogeneity of the cellular environment. According to recent research, the methods
of DNA-guided intracellular self-assembly were divided into complementary base pairing, the formation of
G-quadruplex, the formation of i-motif structure, and the specific recognition of DNA aptamer (Figure 2).
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Figure 2. Methods of DNA-guided self-assembly in living cells, including complementary base pairing, the
formation of G-quadruplex/i-motif structure, and the specific recognition of DNA aptamer

Base complementary pairing, as the most prevalent technique for DNA self-assembly, enabled the ratio-
nally designed DNA materials to accurately self-assemble within cells, even in the subcellular structures.
Based on complementary base pairing, the single-stranded DNA or RNA, especially that over-expressed
in cells, can be utilized as the initiator to trigger the following self-assembly of DNA structural units. Hybrid-
ization chain reaction (HCR) was one of the most common strategies based on complementary base pairing
for DNA-guided intracellular self-assembly.?**? In HCR, the rationally designed hairpin structures, e.g. H1
and H2, were able to coexist stably. When the target DNA (initiator) was present, due to the reaction ki-
netics and the principle of base complementary pairing, the target DNA and H1 underwent chain replace-
ment reaction to open the hairpin structure of H1 into a chain structure; the sequence in H1 complementary
with H2 was exposed to further open H2 into a chain structure; the sequence in H2 complementary with H1
was exposed to promote this reaction to enter the next cycle; finally, a large number of H1-H2 double-
stranded complexes were produced. For example, Wu et al.>* designed the structural units of DNA hairpins
to construct nanoscale assemblers, and the DNA hairpins were opened by recognizing the intracellular
miRNA, thus triggering HCR. Jin et al.** employed graphene oxide as the carrier to deliver DNA hairpins
into cancer cells, and HCR was triggered by the RNA on telomerase. Willner et al.*® developed a method for
breast cancer cell imaging and photodynamic therapy by designing the sequences of DNA hairpins for
intracellular self-assembly; when these DNA hairpins bound with target miRNA in cells, HCR was activated
to expose fluorescent groups, enabling intracellular imaging.

Both G-quadruplex and i-motif were non-double-helix DNA structures. G-quadruplex structure was
composed of G-rich DNA strands, and the formation of G-quadruplex relied on the -7 stacking between
the guanine ring planes and cations, especially potassium ion (K*).>~*® Consequently, the high concentra-
tion of K™ in cells up to 140 mM was often used to trigger the self-assembly based on G-quadruplex. I-motif
structure was formed by C-rich DNA strands with the participation of protons. Protonated cytosine was
connected with un-protonated cytosine through hydrogen bonds, and then C-rich DNA strands formed
i-motif structures in a reverse parallel way. In cells, C-rich DNA strands were able to form i-motif structures
in acidic environments, such as in lysozymes (pH~5.5), which was usually used in the self-assembly based on
i-motif. > For example, Park et al."’ modified C-rich DNA on gold nanoparticles; after entering
lysosomes, the C-rich DNA was induced to form i-motif structures, thus achieving the self-assembly of
nanoparticles. The intracellular self-assembly methods guided by the formation G-quadruplex and i-motif
depended on the specific chemical environment (proton or metal ion), and can be utilized to achieve DNA
self-assembly at the subcellular structures with the same chemical environment.

DNA aptamer was a class of single-stranded oligonucleotide that can form a specific three-dimensional
spatial structure and specifically bind to target molecules with high affinity.**~** There were many kinds
of target molecules discovered to be recognized by DNA aptamer, such as adenosine triphosphate
(ATP), amino acids, metal ions, and proteins. In the presence of target molecules, self-assembly can be
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achieved by the conformational transition of DNA aptamer and the formation of aptamer-target complex.
For example, Li et al.”® integrated semi-ATP aptamer in branched DNA to achieve self-assembly in intra-
cellular high-level-ATP environments. Gopfrich et al.*® developed a DNA-based cytoskeleton simulator
that enabled the self-assembly of DNA filaments through DNA hybridization and aptamer-ATP interac-
tions, replicating the functions of the natural cytoskeleton. This intracellular self-assembly guided by
DNA aptamers depended on specific target molecules in cells, and showed great application potential,
especially in the detection of cellular target molecules. However, the screening processes of DNA aptamer
for new target molecules were complex, and whether the structure stability of aptamer can support the
intracellular self-assembly remained to be verified.

DETECTION OF INTRACELLULAR BIOMOLECULES

The detection of intracellular biomolecules, especially disease-associated biomarkers, was of great signif-
icance in the diagnosis and therapeutic of diseases. However, there were still challenges in achieving the
accurate detection of intracellular biomolecules, including the low concentration of target, the demand for
real-time monitoring, and the insufficient stability of probes in complex intracellular environments.”” In
recent years, DNA-based probes have been widely investigated in the detection of intracellular biomole-
cules and presented the advantages in the specific recognition to target and the efficient amplification of
signals.”®"? Herein, several research were introduced on detecting intracellular biomolecules through the

rational design of intracellular DNA self-assembly strategy.

Precise complementary base pairing endowed DNA molecules with the remarkable capability of specific
recognition of RNA. Recently, a series of probes based on DNA-guided self-assembly had been developed
to detect intracellular disease-associated RNA. Survivin mRNA as a type of cancer-associated biomarker
has been proven to be abnormally expressed in several cancers, such as colon, lung, prostate, pancreatic,
and breast cancers. Li et al.? designed four DNA probes with hairpin structures, denoted as HO, H1, H2, and
H3, achieving the detection of survivin mRNA in cancer cells through the self-assembly of probes. The zinc
oxide nanoparticles (ZnO) coated with polydopamine were used as the carrier to load DNA probes through
electrostatic interaction and promote the cell internalization of DNA probes. After uptake by cells, the DNA
probes were released into the cytoplasm as the dissolution of ZnO in the acidic environment of lysosomes.
Since HO was designed with higher affinity to bind with survivin mRNA than remaining hairpin structures, HO
was able to specifically recognize the highly expressed survivin mRNA in the cytoplasm and then opened its
hairpin structure, which triggered DNA self-assembly through HCR with other three probes (H1, H2, and
H3). Since the DNAzyme sequence was integrated into these DNA probes, there were a large number
of DNAzyme formed in the DNA assembler. After activation with intracellular Mg?*, the DNAzyme cata-
lyzed to cut H3, resulting in the release and fluorescence recovery of the fluorophore on H3. By virtue of
the efficient self-assembly of DNA probes, the fluorescence signal from survivin mRNA was efficiently
amplified. The recovered fluorescence intensity was monitored to detect the relative expression of survivin
mRNA in different cell lines, including normal cells (L02, C166, MCF-10A), and cancer cells (HepG2, SMCC-
7721, MCF-7). The fluorescence intensities in L02, C166, and MCF-10A cells were significantly lower than
that in HepG2, SMCC-7721, and MCF-7 cells, which was consistent with the results of flow cytometry. In
addition, the statistical results of fluorescence intensity also showed a consistent trend to the results of sur-
vivin mRNA expression measured by quantitative real-time PCR (gRT-PCR), indicating the potential of the
DNA probes on the semi-quantitative detection of survivin mRNA.

Thymidine kinase 1 (TK1) messenger RNA (mMRNA) was also utilized as the cancer-associated biomarker in
diagnosis.”®>? Zhu et al.” developed a self-assembly strategy based on strand replacement reaction be-
tween four DNA probes (probe 1, probe 2, assistant 1, and assistant 2), to achieve the detection of TK1
mRNA. They utilized exosomes as a carrier to improve the uptake efficiency of probes by cells. Both probe
1 and probe 2 were composed of two partly complementary single-stranded DNAs (ssDNAs), and the two
ssDNAs were separately modified with a fluorophore and a quencher. At the initial state of probes, the fluo-
rescence of fluorophore was quenched; in the presence of target TK1 mRNA, the cyclic self-assembly of
four DNA probes was triggered. First, the fluorophore-modified ssDNA of probe 1 would hybridize with
TK1 mRNA, and the quencher-modified ssDNA of probe 1 was displaced; the fluorophore-modified ssDNA
of probe 1 hybridized with the fluorophore-modified ssDNA of probe 2, and then the quencher-modified
ssDNA of probe 2 was displaced; the fluorophore-modified ssDNA of probe 2 then displaced the
quencher-modified ssDNA of probe 1 and hybridized with the fluorophore-modified ssDNA of probe 1;
all the displaced quencher-modified ssDNA were disabled through hybridizing with assistant %; finally,
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the DNA assembler only composed of fluorophore-modified ssDNA was formed, and fluorescence was effi-
ciently recovered and amplified. By monitoring fluorescence intensity, Zhu et al.” verified the feasibility of
this strategy in the detection of TK1 mRNA in cells. Since TK1 mRNA was highly expressed in cancer cells
(MCF-7, Hela) compared to normal cells (L02), there was significantly higher fluorescence intensity in MCF-7
and Hela cells than that in LO2 cells, indicating the specificity of this strategy to cancer cell lines and the
potential in the detection of intracellular TK1 mRNA.

MicroRNA was a class of endogenous non-coding RNA (about 22 nucleotides) involved in the regulation of
protein-coding genes.”® MicroRNA-21 (miRNA-21) has been proved as an upregulated biomarker in many
cancers, and the selective detection of miRNA-21 expression was widely used for early diagnosis of can-
cer.”"® In particular, the visualization of the intracellular distribution of miRNA-21 was crucial for under-
standing the biological role of miRNA-21 and investigating potential drug targets. Wu et al.” developed
a strategy based on intracellular self-assembly of the four DNA probes (TH, HA, HB, HC) with hairpin struc-
tures, achieving the detection and visualization of miRNA-21 in cancer cells. The two ends of both HC and
TH were separately modified by a fluorophore (Cy5/FAM) and a quencher; when HC and TH were in hairpin
structures, the Cy5 on HC and the FAM on TH were quenched. Liposome was used as a carrier to deliver
DNA probes into the cytoplasm. In the presence of miRNA-21, the self-assembly was triggered; TH recog-
nized miRNA-21 to open its hairpin structure, and the green fluorescence of FAM on TH was recovered due
to the weakened quenching effect; the exposure part of TH worked as the initiator of HCR between HA, HB,
and HC, to form DNA assembler with nanoscale spherical structure; HCR made the hairpin structure of HC
opened, and the red fluorescence of Cy5 on HC was recovered; as HCR process, the TH was displaced from
the assembler, and continuously triggered the next HCR, achieving the amplification of fluorescence signal.
The nanoscale spherical assembler made it feasible to achieve the intracellular visualization of miRNA-21.
Wu et al. set up five groups to verify the efficiency of this strategy, including MCF-7 cells (l), MCF-7 cells
treated with estrogen (II, low miRNA-21 expression), MCF-7 cells treated with anti-miR-21D (Ill, miRNA-
21 down-regulation), MCF-7 cells without TH (IV) and L-02 cells (V, negative control group). By fluorescence
microscopy imaging, group | showed higher fluorescence intensity than groups Il and Ill, while groups IV
and V showed almost no fluorescence, which showed the same trend to miRNA-21 expression in different
groups. In addition, the fluorescence of the DNA assembler was used for the spatial location of miRNA-21
at the subcellular level, achieving the real-time visualization of the intracellular distribution of miRNA-21.

DNA-guided intracellular self-assembly had been also utilized to detect the compositions in subcellular
structure in real-time. Li et al.'” developed a self-assembly strategy based on two probes of DNA tetrahe-
dron, achieving the real-time detection of pH and ATP levels in lysosomes (Figure 3A). Both two DNA tetra-
hedral probes were designed with half i-motif sequences and half ATP aptamer on different vertices. The
two probes were separately modified with fluorophore Cy3 and Cy5 on the ends of half ATP aptamer. The
two probes were taken up by cells through vesicle-mediated endocytosis. Under the acidic environment of
lysosomes, the halfi-motif sequences on the two probes formed a complete i-motif structure, achieving the
first self-assembly; with the closer distance between two probes, the half ATP aptamer sequences on two
probes bound with ATP, achieving the second self-assembly and the formation of DNA assembler (Fig-
ure 3A). The second self-assembly made the spatial distance between Cy3 and Cy5 decrease and thus re-
sulted in the quenching of Cy3 due to the fluorescence resonance energy transfer (FRET) from Cy3 to Cy5.
Since the efficiency of FRET relied on the concentration of H" and ATP, the relative concentration of H* and
ATP can be detected by monitoring the fluorescence of Cy3 and Cy5. Three groups were set up to inves-
tigate the detection efficiency of this strategy, including MCF-7 cells, MCF-7 cells after chloroquine treat-
ment, and MCF-7 cells after oligomycin treatment. Chloroquine was utilized to change the pH in lysosomal
to 7.0, thus preventing the formation of i-motif structure; oligomycin was utilized to reduce the ATP con-
centration in the lysosomes, so that the half ATP aptamer could not recognize ATP. Compared with the
MCEF-7 cell without treatment, there was a significant decrease in FRET signal after chloroquine and oligo-
mycin treatments (Figure 3B), which demonstrated the feasibility of this DNA self-assembly strategy in the
detection of intracellular pH and ATP.

REGULATION OF CELL BEHAVIORS

The start-up of intracellular DNA self-assembly usually relied on the heterogeneity of physical or chemical
factors in the environment, which may lead to the consumption of these factors in the self-assembly pro-
cess; on the other hand, the formed assembler with a higher-order structure or the introduced functional
units in assembler would influence the intracellular environment. Consequently, it has been a promising
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Figure 3. Detection of ATP and adenosine triphosphate (ATP) levels in lysosomes based on DNA-guided
intracellular self-assembly

(A) Schematic of the intracellular self-assembly of two DNA tetrahedron probes via the sequential formation of i-motif
structure and ATP aptamer in lysosomes, achieving detection through monitoring the efficiency of fluorescence
resonance energy transfer between Cy3 and Cy5.

(B) Fluorescence microscopy images of the MCF-7 cells without treatment (control), treated with chloroquine and treated
with oligomycin, respectively. Lysosomes were stained by Lysotrack. Scale bar: 20 um. Reprinted and adapted with
permission from ref.”

way to regulate cell behaviors through intracellular DNA self-assembly, which can help us to deeply under-
stand the subcellular structures and functions, provide insight into the mechanisms of drug action, and
explore new targets in disease therapy. In this section, recent research on the regulation of cell behaviors
through DNA self-assembly were introduced, and according to the methods of self-assembly, the research
were divided into two parts, G-quadruplex-guided and i-motif-guided self-assembly.

In the G-quadruplex-guided DNA self-assembly, the guanine-rich DNA sequences were integrated into
material systems to respond to intracellular high-level K* and form G-quadruplex structures.”’-*® Basu
et al.'’ synthesized a thiolated conjugate of hyaluronic acid (HASH) grafted with guanine-rich ssDNA
(HASH-DNA). The HASD-DNA chains were able to self-assemble into nanogels within cells through the for-
mation of G-quadruplex structures. Basu et al."' found that the nanogels trapped inside the cytoplasm
would cause the swelling and blebbing of cells, which was closely associated with cell oncosis, a special
kind of non-apoptotic cell death mode. The results of microscopy images showed that at 1 h, the volume
of the cells treated with HASH-DNA was 10-fold of the cells treated with the scrambled DNA-grafted HASH
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Figure 4. Inhibition of mitochondrial functions through the intracellular self-assembly guided by G-quadruplex

(A) Schematic of the self-assembly of G-rich DNA tetrahedron (TDN) modified with triphenylphosphine (TPP) on the surface of mitochondria, inhibiting the
capability of mitochondria on ATP generation.
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Figure 4. Continued

(B) Bio-transmission electron microscopy images of MCF-7 cells treated with TDNs, TDNs-TPP, and TDNs-G-TPP, respectively.
(@)
(D)
(E) Transwell assay of the migration capability of MCF-7 cells and SMCs with different treatments for 48 h. Reprinted and adapted with permission from ref.'

Fluorescence microscopy images showing mitochondrial membrane potential of MCF-7 cells measured with JC-1 assay kit.
Intracellular ATP levels of MCF-7 cells with different treatments for 0, 4, 12, and 24 h, respectively. Data are presented as mean + SD, n = 3, **p < 0.01.

(HASH-Mut). As the concentration of HASH-DNA increased, the viability of Hela cells with HASH-DNA
gradually decreased to 0%, while there was no significant change in the viability of cells with HASH-Mut
compared with control groups, indicating that the G-quadruplex-guided intracellular self-assembly of
HASH-DNA was able to influence the apoptosis of cells.

Yang et al.'* designed a self-assembly strategy based on DNA tetrahedron (TDN) to influence the functions
of mitochondria, thereby regulating the energy metabolism and migration behavior of cells (Figure 4A).
The DNA tetrahedron was modified with triphenylphosphine (TPP) on one vertex, and the guanine (G)-
rich sequence was designed on another vertex to form G-quadruplex under intracellular high-level K*.
Since TPP was able to target the surface of mitochondria, the self-assembly of DNA tetrahedrons occurred
on the surface of mitochondria to form the DNA assembler. Since the dynamic division of mitochondria was
inhibited by the coated DNA assembler, the morphology of mitochondria became swollen. The bio-trans-
mission electron microscopy images demonstrated that the morphology of mitochondria in the MCF-7
cells treated with TDNs (without mitochondrial targeting) was similar to that in the control group, and
the mitochondria treated with TDNs-TPP and TDNs-G-TPP were significantly enlarged (Figure 4B). On
the other hand, the results of mitochondrial membrane potential in MCF-7 cells measured by JC-1 assay
kit showed that the intensity ratio of red to green fluorescence in the TDNs-G-TPP group significantly
decreased compared to the other groups (Figure 4C), indicating that the self-assembly of negatively
charged DNA molecules efficiently decreased mitochondrial membrane potential. Yang et al. proposed
that the negatively charged DNA assembler inhibited the glycolysis process by working as a barrier to
the substrate communication of mitochondria, thus inhibiting aerobic respiration and ATP generation.
The corresponding results were observed that the relative ATP level in the MCF-7 cells incubated with
TDNs-G-TPP was significantly lower than that with other materials (Figure 4D). The lack of ATP impeded
the formation of lamellipodium that was essential for the mobility of cells. Transwell assay demonstrated
that the percentage of migrating cells in the TDNs-G-TPP group was higher than other material groups
(Figure 4E), verifying that the migration capability of cells was inhibited due to the reduced ATP generation
caused by the self-assembly of TDNs-G-TPP. Interestingly, compared to normal cells (SMCs), cancer cells
(MCF-7) showed a significantly decreased capability to migrate (Figure 4E), which indicated that cancer
cells were more vulnerable to mitochondrial interference.

In the i-motif-guided DNA self-assembly, the C-rich DNA sequences were integrated into material systems
to respond to intracellular acidic environments, such as in lysosomes, and form i-motif structures.®” Yang
et al.”® synthesized a double-stranded DNA with C-rich sticky ends (C-monomer) via polymerase chain re-
action, during which 4',5',8'-Trimethylpsoralen was used to improve the thermal stability of DNA (Fig-
ure 5A). C-monomers were then compressed by high-concentration Mg?* at pH 7.4 to nanoscale particles
(C-nanoparticles), which was beneficial to improve the efficiency of cell internalization. In the acidic environ-
ment (pH~5.0) of lysosomes, C-nanoparticles dissociated to C-monomers again due to the weakened in-
teractions between Mg?* and DNA, and then C-monomers assembled into microhydrogel (DNA assem-
bler) through the formation of i-motif structure. The in vitro experiments were performed to investigate
the influence of the DNA self-assembly of C-nanoparticles on the cytoskeleton deformation, and the nano-
particles without C-rich sequences (NC-nanoparticles) were set up as control. U87GM cells were incubated
with fluorophore (FAM)-labeled C-nanoparticles and NC-nanoparticles for 6 h, respectively, and then the
F-actin cytoskeleton of cells was stained with RhB phalloidine. Fluorescence microscopy images showed
that the DNA assembler with significant green fluorescence was observed in the cytoplasm of U87MG cells
incubated with C-nanoparticles, and the F-actin filaments around the assembler were fragmentary; while in
the cells incubated with NC-nanoparticles, the F-actin filaments were long and smooth, which was identical
to thatin untreated cells (Figure 5B). What's more, the analysis results of F-actin orientation showed that the
orientation plots of untreated cells and NC-nanoparticle-treated cells showed monotonous color,
indicating the highly consistent orientation of F-actin filaments; while the orientation plots of
C-nanoparticle-treated cells showed more complex colors (Figure 5B), indicating the reorganization of
F-actin filaments. It was proved that the self-assembly of C-nanoparticles promoted the dynamic organiza-
tion of F-actin, subsequently leading to cytoskeleton deformation. Cytoskeleton was closely associated
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Figure 5. Cytoskeleton deformation through the intracellular self-assembly guided by i-motif structure

(A) Schematic of the intracellular self-assembly of C-nanoparticles through dissociation and reassembly in lysosomes.

(B) Fluorescence microscopy images and corresponding orientation plots of the U87MG cells incubated with FAM-labeled C-nanoparticles and NC-
nanoparticles for 6 h, respectively.

(C) Microscopy images of cell scratch experiment, in which U87MG cells were incubated with C-nanoparticles and NC-nanoparticles for different times,
respectively. Reprinted and adapted with permission from ref."?

with the migration ability of cells. Consequently, cell scratch experiments were performed to investigate
the migration ability of cells, and the results showed that the healing rate of scratch in the
C-nanoparticle group was faster than that in the NC-nanoparticle group, and reached 100% in 30 h (Fig-
ure 5C), demonstrating that the i-motif-guided self-assembly of C-nanoparticles was able to promote
cell migration through deforming cytoskeleton.

To further investigate the regulation of this i-motif-guided DNA self-assembly on cell behaviors, Yang
et al." developed a C-rich DNA nanoframework based on polymeric N-Isopropyl acrylamide (NDHi)
(Figures 6A and 6B). First, they measured the activity of tartrate-resistant acid phosphatase (TRAP), a lyso-
somal enzyme to hydrolyze phosphoric acid bonds at pH 5.0-6.0, to explore the lysosomal interference
caused by the self-assembly. The activity of TRAP was by naphthol-diazonium salt coupling method, and
the DNA nanoframework without C-rich sequence (NDHni) was set up as control. The analysis results
showed that the color of A549 cells incubated with NDHi was significantly deeper than that incubated
with NDHni (Figure 6C), indicating that the activity of TRAP was weakened by the i-motif-guided self-as-
sembly of NDHi. Yang et al. thought that the i-motif-guided self-assembly consumed the H" in lysosomes,
which reduced the lysosomal acidity and thus weakened the activity of TRAP. The weakened activity of
TRAP would reduce the degradation of DNA/RNA in lysosomes, and Yang et al. demonstrated it by inves-
tigating the gene silencing efficiency of siActin that specifically downregulated B-actin expression. There
were six groups of A549 cells with different treatments, including PBS buffer, NDHi loaded with scramble
siRNA chain (NDHi-siScram), lipo-transfected siActin that specifically downregulated B-actin expression
(Lipo), NDHni-siActin, NDHni-siActin with chloroquine pretreatment (NDHni+CQ), and NDHi-siActin, in
which chloroquine was used to increase the pH value in lysosomes. After analyzing the fluorescence
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(A) Synthesis of C-rich DNA nanoframeworks (DNHi) through integrating C-rich DNA hairpin (Hi) into DNA nanoframes (NF) through the HCR between Hi and
another DNA hairpin (HA).

(B) Schematic of the intracellular self-assembly of DNHi in lysosomes, reducing the lysosomal acidity and thus weakening the activity of lysosomal hydrolase.
Microscopy images (C) of tartrate-resistant acid phosphatase staining of A549 cells treated with different materials for 4 h. Fluorescence microscopy images
(D) of the TAMRA-stained B-actin in A549 cells treated with different materials. siActin was able to specifically downregulate B-actin expression. siScram was
the scramble siRNA that didn't regulate protein expression. Reprinted and adapted with permission from ref.'”
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intensity of stained B-actin in cells, the results showed that the fluorescence intensity in the NDHi-siActin
group was significantly lower than that in the NDHni-siActin group, and similar to that in the chloroquine
pretreatment group (Figure D), indicating that the siActin loaded by NDHi was efficiently protected from
the degradation of hydrolase. These results suggested that i-motif-guided DNA self-assembly was able to
weaken the activity of lysosomal hydrolase by reducing the lysosomal acidity.

On the basis of preceding research, Yang et al.'” introduced ceria into the i-motif-guided DNA self-assem-
bly system to construct artificial peroxisome (AP) for the scavenging of high-level reactive oxygen species
(ROS) in cells (Figure 7A). In the material synthesis, C-rich branched DNA was utilized to form the primary
DNA assembler (DAS) that interacted with ceria to form DNA-ceria nanocomplex (DCNC); during cell inter-
nalization, DCNC dissociated in early endosomes (pH~6.5), and then reassembled into the secondary DNA
assembler (AP) through the formation of i-motif; the self-assembly process in lysosomes prolonged the
retention time of AP in cells, thus enhancing the efficiency of the ceria in AP to scavenge ROS (Figure 7A).
The fluorescent probes to ROS were used to evaluate the efficiency of ROS scavenging, and the materials
without C-rich sequences (D,AS and D,,;CNC) were set up as control. The results showed that the fluores-
cence intensity in the DCNC group was significantly lower than the other groups, especially D,;CNC,
indicating that the self-assembly improved the efficiency of ROS scavenging (Figure 7B). In the cells with
oxidative stress, the functions of mitochondria were inhibited due to intracellular high-level ROS, thus re-
sulting in weakened mobility and accelerated irreversible apoptosis of cells. Transwell experiments were
performed to evaluate the mobility of cells with different materials, and compared to other groups, the
mobility of MCF-7 cells was significantly recovered after incubation with DCNC (Figure 7C). The living/
dead cell assay also confirmed that the percentage of living cells in the DCNC group was significantly
higher than that in other groups (Figure 7D). These results demonstrated that the i-motif-guided DNA
self-assembly with ceria was able to regulate the mobility and apoptosis of MCF-7 cells.

Conclusions and outlooks

In this review, we focused on the intracellular self-assembly methods based on the conformational transi-
tion of DNA molecules and introduced the applications for the detection of intracellular biomolecules and
the regulation of cell behaviors. In the self-assembly systems, the specific conformational transition of DNA
mainly relied on the heterogeneity between different cells or at the subcellular level, such as the concen-
tration difference of metal ions (K*), biomolecules (ATP, mRNA, and miRNA), and proton. In the detection
of intracellular biomolecules, the self-assembly systems were designed to be triggered by target molecules
with high specificity and ensure efficient enhancement or weakening of target signals, thus reducing the
influence of non-target factors on detection results. In particular, the properties of complementary base
pairing endowed DNA molecules with natural advantages to recognize intracellular RNA with high speci-
ficity or use RNA as the initiator to trigger self-assembly, which improved the applicability of DNA self-as-
sembly in the investigations on intracellular RNA. As to the regulation of cell behaviors, the self-assembly
process was usually designed to interfere intracellular environment by consuming biofunctional molecules,
applying physical pressure or blocking substance exchange, and the regulation mechanism was investi-
gated via monitoring the change of cell behaviors and corresponding biomarkers.

At present, the studies on DNA-guided intracellular self-assembly are still in the starting stage, and there
aresstill challenges to solve. 1) The stability of DNA assembly precursor is challenged by various nucleases in
biological environments. In particular, compared with detection, the regulation of cell behaviors demands
the DNA assembler to stay longer in cells, to exert its functions. As mentioned in this review, scientists have
improved the stability of DNA materials by carrier (liposome, ZnO), covalent modification, and metal ion
compression, and the topological transformation after self-assembly has been also proved to achieve
the longer retention time of DNA assembler in cells. In future studies, especially in vivo studies, the stability,
delivery efficiency, and assembly strategy of DNA units in more complex physiological environments
should be considered more detailly. 2) To the self-assembly strategies triggered by target DNA/RNA,
such as HCR, sequence design is essential to avoid the unexpected assembly that is triggered by the
non-target molecules with the similar sequences to target molecules in cells, ensuring the high specificity
of self-assembly. 3) The self-assembly efficiency of monomers in living cells is essential for the following ap-
plications, which may be optimized by improving the cellular uptake efficiency of monomers or choosing
more stable self-assembly strategies. 4) It is promising to use other molecules-triggered intracellular
DNA self-assembly to develop more detection methods of disease-related biomarkers, such as enzyme-
triggered self-assembly, or aptamer-guided self-assembly that is triggered by the target of aptamer. It
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is noticed that the stability of self-assembly structures should support the formation of self-assembler in
cells, which is essential to address the problems of signal leakage and false positives in detection applica-
tions. 5) The mechanism to regulate cell behaviors by DNA-guided intracellular self-assembly may be from
a common resultinduced by charge transfer, space interference, and matter consumption, which is not fully
understood. We envision that this review can attract more attention on the DNA-guided intracellular self-
assembly, and with in-depth studies, the self-assembly strategy can provide a new way to explore the

mechanism and treatment of major diseases.
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