
Chapter 5
The Application and Problems
of Tetrahedral Framework Nucleic Acids
as a Drug Carrier in Biomedicine Fields
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Abstract With the rapid development of DNA nanotechnology and the continuous
improvement of DNA editing technology, various DNA nanostructures have been
constructed. DNA is the carrier of biological genetic information, and almost all
organisms contain DNA, so DNA nanostructure has good biocompatibility. Benefit-
ing from its excellent biocompatibility and editable properties, this emerging mate-
rial is showing promising applications in many fields. Tetrahedral framework
nucleic acids (tFNAs) are one of the most widely used typical structures of DNA
nanostructures. In recent years, DNA tetrahedral frame nucleic acids have become a
focus of biomedical research because of its stable structure, nanometer size, excel-
lent mechanical properties, convenient synthesis, and high yield. Besides, they have
good biocompatibility and biodegradability and are rich in modification sites.
Moreover, because they can cross cell membranes without any help, they have
promising applications in building intelligent drug transport systems. In this paper,
the development of DNA nanostructures, the application of DNA tetrahedral frame
nucleic acid in drug delivery, and the current problems are reviewed.
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5.1 Introduction

Of late years, DNA nanotechnology is advancing by leaps and bounds [1, 2]. In
addition to the structural characteristics brought about by the nanoscale, such as
surface effect, tunnel effect, small size effect, and so on, DNA nanostructures also
possess the characteristics of good biocompatibility, editable property, and strong
stability brought about by the nature of DNA structure. DNA nanotechnology has
made remarkable progress since professor Seeman first prepared DNA
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nanostructures in 1982 [3]. DNA nanotechnology has come a long way since it was
developed in the 1990s, from simple modular assembly to multiple origami struc-
tures. At present, various DNA nanostructures are applied in various fields such as
molecular detection, tumor diagnosis, biomedicine, drug delivery, biomolecular
assembly, biosensors, nanomolecular machines, targeted therapy, and so on
[4, 5]. Tetrahedral framework nucleic acids (tFNAs) are a typical representative of
DNA nanostructure, which is made up of four single strands of DNA that self-
assemble. Tetrahedral framework nucleic acids have been widely studied because of
its simple preparation method and high yield [6, 7]. Tetrahedral framework nucleic
acid, due to its ability to enter cells, makes the biological imaging and intelligent
drug transportation in cells and animals based on DNA nanotechnology become new
development opportunities [8]. This paper reviews the latest research on DNA
nanomaterials and introduces different functional modification methods of DNA
tetrahedral nanomaterials, and the application of DNA tetrahedral frame nucleic acid
in drug delivery and the problems faced are reviewed.

5.2 DNA Nanostructures

5.2.1 The Concept of DNA Nanostructures

DNA nanostructures are two-dimensional or three-dimensional nanomaterials com-
posed of single strands of DNA following the principles of Watson-Crick base
pairing. DNA molecule has remarkable molecular recognition performance and
remarkable structural characteristics, which makes it have unique advantages in
the nanoscale regulation of materials, and also shows a broad application prospect
in many fields. DNA is stored in the nucleus as a vehicle for carrying genetic
information, which is made up of four different deoxynucleotide molecules. It was
Watson and Crick who first proposed in 1953 that DNA is a large molecule with a
double helix structure [9]. Soon after, researchers have focused on DNA that can
make accurate base complementary pairs and gradually applied it to fields such as
medicine, genetics, and ecology. DNA is not only a vehicle for carrying genetic
information of living organisms but also the ideal component of biological func-
tional materials [10]. DNA nanostructures are composed mainly by the self-
assembly of DNA molecules. Self-assembly is one of nature’s main methods for
assembling highly complex materials [11, 12]. DNA strand is assembled into a
double helix structure with its complementary strand under the principle of exact
base pairing by the synergistic action of hydrogen bond, stack, electrostatic, and
hydrophobic. In the preparation of DNA nanostructures, the first step is to have a
positive sequence design, and then the DNAmolecules are spontaneously assembled
into DNA nanostructures by intermolecular or intramolecular hybridization under
appropriate solution conditions [13–15]. DNA self-assembles into DNA
nanostructures following the principle of base complementary pairing. As a kind
of nano-biological materials with precise structure and size, DNA nanostructures
have wide application prospect in many fields.
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5.2.2 The Development of DNA Nanostructures

With the advantages of bottom-up self-assembly strategy, high controllability, and
precision, DNA nanotechnology based on DNA components has attracted the
attention of related research fields. In 1982, professor Seeman put forwarded that
DNA can form specific structure through Watson Crick’s pairing principle and the
structure of the single can form in sticky end complex two-dimensional or three-
dimensional structure, leading the whole of the development in the field of DNA
nanotechnology [16, 17]. After this, the researchers in DNA, for “building mate-
rials,” by “bottom-up” constructing method, designed and synthesized DNA, and the
DNA of different shapes of various functional nanostructures, DNA nanotechnology
has penetrated into many research fields [18–20]. In the early days of DNA nano-
technology, the synthesized structure was only a cross and topological structure
formed by a number of single DNA strands paired with complementary bases. In
1993, Seeman’s team designed multi-crossing structures that guarantee the mechan-
ical strength of DNA nanostructures, such as multiple crossing sites between the
double helix domains that forming rigid planar structures [21]. After all these, a large
number of three-dimensional polyhedron structures were synthesized by the method
of multichain base pairing, such as tetrahedron. Then, Mao et al. made further
improvements, greatly reducing the types of DNA strands needed, reducing costs
and experimental errors [22]. Rothemund invented the DNA origami in 2006, and
the emergence of the technology makes the production of complex DNA
nanostructures ability improved greatly [23]. The DNA origami is a nucleation
self-assembly process, and the whole process passes through several nucleation
points at one time. Therefore, the complexity of self-assembly of graphic modules
generated by DNA origami is greatly increased. Through DNA origami techniques,
researchers have constructed a variety of intricate nanopatterns and nanostructures,
including smiley faces, dolphins, maps of China, huge rocks, nuts, bridges, flask,
stereoscopic vases, pentacle stars, squares, rectangles, triangles, hollow boxes,
tetrahedrons, and cubes [24–26]. In addition, each staple chain in a template
constructed by DNA module or DNA origami can be extended to a specific identi-
fiable sequence, which allows templates constructed by DNA nanotechnology to be
further functionalized and widely used in many research fields [27].

With the continuous progress of technology, DNA nanostructures begin to move
from the purely basic, structural research to specific applications. In the 552 issue of
Nature magazine in 2017, four articles were published in the form of cover articles,
which consisted of the mass synthesis of single DNA strand, the construction of
large-scale DNA structure by DNA nano-tiles, and the 2D DNA origami patterns
made by combining computer programming [28–30]. These directions show us the
wide application prospect of DNA nanostructure. As it turns out, DNA nanostructure
is developing faster and applied in more directions than we thought. When it comes
to applications of biological and medicine fields, DNA nanostructures are widely
used in the design of biosensors [31–34]. Considering the chemical nature of DNA
nanostructures, multiple oligonucleotide sequences or aptamers are connected to
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various DNA nanostructures and constructed as biosensors of microRNA or protein,
so as to be used in the detection of various diseases. DNA nanostructures also show
promising prospects as drug carriers [35, 36]. Through the characteristics of easy
editing of DNA, researchers modified drugs or aptamers on the DNA nanostructure
to obtain the targeted drug delivery with good biocompatibility. For example, Kim
et al. reported for the first time a DNA mirror nanostructure which is self-assembled,
with good biocompatibility and greater serum stability [37]. On this basis, after
incubating doxorubicin, Kim et al. obtained stronger tumor inhibition effect in vivo
and in vitro than the conventional way of drug administration. DNA nanostructures
have also made a breakthrough in the field of gene editing, a hot topic in recent years
[38, 39]. For example, Gu et al. achieved efficient transfection of CRISPR-cas9 by
using the structure of DNA strands, providing a new idea for gene editing. Beyond
biomedicine, DNA nanostructures play a role beyond our wildest dreams
[40]. Organick published an article in Nature Biotechnology in February 2018,
claiming that the writing and reading of binary data in DNA has been realized by
taking advantage of the easy editing of DNA and benefiting from the extremely high
data density of DNA, which is expected to bring technological innovation in big data
storage [41]. It is very clear that with the increasing understanding of DNA
nanostructures, interdisciplinary research is beginning to make groundbreaking
breakthroughs [42]. These researches and advances have shown us a new material
and structure motif with broad application prospect, and it is exerting broad and
far-reaching influence in related fields.

5.3 Tetrahedral Framework Nucleic Acids

tFNA is one of the most widely studied DNA nanostructures in recent years. DNA
tetrahedral nanomaterials are simple and strong pyramidal 3D structural models,
which have high mechanical rigidity and stability, rich in functional modification
sites, simple production process, and high yield [43–46]. In particular, the DNA
tetrahedral nanomaterials based on synthetic models, such as Turberfield, have
shown promising applications in biological detection, in vivo imaging, gene carrier,
and drug delivery [47]. DNA tetrahedral framework nucleic acids have some unique
advantages over traditional DNA nanostructures in terms of biocompatibility, rela-
tive stability, and ease of editing.

5.3.1 Self-assembly

tFNAs are three-dimensional DNA nanostructures with tetrahedral shape, which is
formed by the automatic hybridization of each strand through the clever DNA
sequence design and the principle of complementary pairing [48–50]. Each
ssDNA are divided into three segments, the three pieces respectively with other
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three different pieces ssDNA hybrid tetrahedral structure formation, and each small
piece of the two hybrid combinations form tetrahedron has a double helix structure.
On the tetrahedron vertex, ssDNA 50- and 30- at the end of each intersection, forming
a port or on the edge [51]. DNA materials can achieve fine control of material
molecules at the nanoscale. All at once, making the two adjacent sides of DNA
tetrahedron at a certain angle, so as to ensure the correct formation of the structure of
DNA tetrahedron and a certain degree of stability, each single strand of DNA
between the adjacent two small fragments contains one base or two which are not
paired with other sequences [52, 53]. Furthermore, in order to synthesize a regular
tetrahedron of DNA, each ssDNA fragment must contain the same number of bases
[54–56]. According to the Watson-Crick complementary base pairing principle, the
four ss DNA were added to the TM buffer solution in equal quantities, and the four
single-stranded DNA could be automatically complementary hybridized into a
tetrahedral three-dimensional DNA structure through a one-step annealing opera-
tion. The synthesis conditions are as follows: 10 min at 95 �C, after that cooling to
4 �C for 20 min [57–60].

5.3.2 The Physical, Chemical, and Biological Characteristics

5.3.2.1 The Nanoscale and Editable

The DNAmolecule is 2 nm wide; the distance between the two bases is 0.34 nm, and
as a result the double helix structure increases by about 3.4 nm per 10 base pairs
(bp) [61]. These properties determine the size adaptability of nucleic acid molecules.
The size of DNA molecule determines that DNA material is an ideal nanomaterial.
tFNA is a three-dimensional tetrahedral structure composed by multiple single-
stranded DNA through the principle of complementary pairing of bases. The shape
and size of tFNAs can be precisely controlled [62–64]. Researches show that the
efficiency of the cells uptake of DNA nanostructure was influenced by its size and
shape [65]. DNA nanostructures vary in size from nanometer to micron. This
flexibility allows us to try a variety of sizes to compare and adjust the efficiency of
endocytosis.

DNA molecules have a continuous length of 150 bp. When the double strand
length is less than 150 bp, the DNA strand is rigid and not easily bent. According to
this characteristic of DNA molecule, its rigidity and flexibility can be controlled by
changing the number of bases on the double helix strand. Using this characteristic of
DNA materials, researchers can design different rigid and flexible control
nanomaterials according to different needs [66]. At present, the length of tFNAs
used in most studies is 21 bp, which is rigid.
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5.3.2.2 The Ability to Enter Cells

The efficiency of a material’s uptake by cells is not only affected by its charge but
also largely related to the geometric properties such as the morphology and size of
the material [67, 68]. Many investigations have shown that nanomaterials with a
scale of 10–100 nm are relatively easier to be actively absorbed by cells [69]. Recent
research has shown that DNA nanostructures can freely enter cells with great
efficiency. The cell membrane is the main barrier for DNA oligonucleotides entering
into a cell. Since the cell membrane is negatively charged, common DNA single
strand and double helix can hardly enter the cell through the membrane. While DNA
nanostructures are negatively charged, their unique nanoscale properties allow them
to enter cells through endocytosis (including endocytosis and pinocytosis), an
energy-dependent active transport process rather than simple diffusion [70]. Fan
Chunhai’s team observed the interaction between RAW264.7 macrophages and
fluorescently labeled tFNAs by confocal microscopy. After 2 h of culture, strong
fluorescence signal was observed in the cytoplasm, which indicated that the DNA
tetrahedral nanostructures can be ingested by cells. In the meantime, the single-
stranded DNA that synthesis the tetrahedron was incubated with the cell, and only
very weak fluorescence signals detected in the cytoplasm illustrated the formation of
the tetrahedral structure for effective cells intake is important [71]. Flow cytometry
instrument quantitative analysis results also show that compared with single DNA,
after forming tetrahedral nanostructures, the amount taken up by cells increased
significantly. Moreover, the tetrahedral structure of DNA can effectively resist the
degradation of nucleases in biological culture medium and extracellular and
inactivated fetal bovine serum. The tetrahedron structure remained intact after
4 hours of incubation. After the cells were incubated for 8 h, the cells and the
DNA tetrahedron marked by Cy3 and Cy5 fluorescent markers are still well coinci-
dently aligned, which fully proved that the formation of DNA nanostructures has a
good stability. It is also can be used in biomedical research in the field of one of the
important characteristics. Besides, Liang et al. found that, unlike the traditional DNA
structure, tFNAs can cross the cell membrane to a certain extent and obtain a certain
degree of lysosomal escape by modifying the nuclear nucleic acid aptamer [67]. This
suggests that tFNAs may have a biological effect on cells that ordinary nucleic acids
do not have, and at the same time, it may lead to breakthroughs in targeted drug
delivery as a carrier and in biological imaging and intelligent drug transportation in
animals. However, research on the movement of DNA nanostructures into cells and
where they end up in cells is still in its infancy and controversial.

5.3.2.3 Biocompatibility and Biodegradability

DNA, as a natural biomolecule existing in all biological systems, has a large number
of regulatory tool enzymes. Therefore, DNA nanomaterials have good biocompat-
ibility and have no toxicity to organisms [72]. Moreover, DNA nanomaterials have
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good biodegradability because they it can be degraded by a variety of DNA
enzymes. For DNA nanostructures, the shape and size do not influent their biocom-
patibility, which allows researchers to design the structures according to their needs,
greatly expanding their applications in the life sciences [73].

To verify the safety of DNA nanomaterials in vivo, researchers investigated the
distribution and metabolic behavior of DNA nanostructures of different shapes in
tumor mice [64]. The results showed that DNA nanomaterials had no significant
effect on tumor cell growth, apoptosis, and metabolism-related gene expression.
After 12 days of injection of nanomaterial, the body weight of tumor mice did not
change significantly compared with that of the control group. At the same time,
histopathological analysis showed that these nanomaterials did not cause
hepatorenal toxicity. All these results fully demonstrate that DNA nanomaterials
have good biocompatibility. In addition, DNA of nanomaterials security in vivo and
in vitro was evaluated by other researchers at the same time [74]. Preliminary results
show that all kinds of DNA nanostructures have little cytotoxicity. DNA
nanomaterials are degraded in vivo and excreted through the metabolic system,
which does not lead to the accumulation of toxicity of organs, so it has good
biological safety. It is important to note that although the size and shape of DNA
nanostructures usually will not affect its biocompatibility, research shows that
different DNA nanostructures is greatly different from the absorption and distribu-
tion in the body. Therefore, in order to achieve the ideal application effect of biology,
we need to prepare a variety of DNA nanostructures and compare their distribution
and metabolism in the body, so as to select the most optimal nanostructures for
further research.

5.3.2.4 High Chemical Reactivity and Multiple Modification Sites

DNA and functional molecules can be coupled in a variety of ways: covalent
modification, nucleic acid hybridization, biotin-affinity interactions, and DNA
double-stranded embedding [75]. Based on the precise controllability of DNA
nanostructures, it is possible to precisely control the position of functional mole-
cules. The modification sites of DNA tetrahedron are abundant and it is a high
capacity carrier. According to the modification position of functional groups or
molecules in DNA tetrahedron, there are four main modification methods: vertex,
capsule, mosaic, and cantilever [76].

Vertex modification refers to the modification of functional molecules on the
vertices of DNA tetrahedron [77]. In addition, bioactive molecules or molecular
specific recognition sequence can be modified at the vertices of DNA tetrahedron
according to the experimental requirements. In order to synthesize such modified
DNA tetrahedron, biological active molecules or specific sequences are often mod-
ified at the 50 or 30 ends of ss DNA, so that the two ends of four single-stranded DNA
are joined at the vertex of the DNA tetrahedron. After that the designed four ss DNA
are added to the TM buffer solution in equal quantities, and the DNA tetrahedral
framework nucleic acid is formed through one-step annealing hybridization. Studies
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have indicated that the aptamer AS1411 has the effect of inhibiting the proliferation
of tumor cells [78]. Li Qianshun et al. modified AS1411 aptamer to the vertex part of
DNA tetrahedron. The results of this experimental showed that the DNA tetrahedral
framework nucleic acid modified with AS1411 at the vertices could inhibit the
growth of tumor cells. Moreover, because of the high selectivity of AS1411, it had
almost no adverse effect on the growth of normal cells. This research provides a
reference for the use of DNA tetrahedron as the carrier of collaborative therapy to
deliver a variety of bioactive molecules.

Capsule modification involves wrapping functionalized molecules in a cage at the
center of tetrahedral DNA [79]. The cavity in the center of the DNA tetrahedron can
be used to encapsulate some nanoscale materials. For example, the DNA tetrahedral
framework nucleic acids wrapped in cytochrome C can regulate the entry of apo-
ptotic enzyme activator (Apaf-1). When Apaf-1 and cytochrome C forms a complex,
the complex can initiate the cascade reaction of apoptotic protease. Erben et al.
constructed a tetrahedron DNA nanostructure whose central cavity structure can
contain functional small molecules [80]. They modified cytochrome C to the 50 end
of an oligonucleotide. By changing the sequence of oligonucleotides, the position
(internal or external) of cytochrome C relative to the tetrahedron of DNA is regu-
lated. This design can be used to the regulate function of protein. Zhou et al. prepared
larger tetrahedral dendritic macromolecules by using AuNPs-wrapped DNA tetra-
hedron as monomer [81]. By replacing AuNPs with corresponding antigens, this
DNA tetrahedral dendritic macromolecule gold nanoparticle conjugation method has
promising applications in cancer treatment and immunotherapy.

Mosaic modification refers to the inlaying of functional biological small mole-
cules or groups in the interior of the double helix structure of DNA tetrahedron by
means of conjugation [82]. For example, in order to conduct biological imaging
analysis or the analysis of the transportation route of DNA tetrahedral nanomaterials,
the method of mosaic functionalization is often used to embed fluorescently labeled
biomolecules or dyes in the interior of the double helix structure of DNA tetrahe-
dron. Mosaic modification is widely used in the delivery of small-molecule antican-
cer drugs. The small-molecule anticancer drugs were embedded in the edge of the
DNA tetrahedron, and the anticancer drugs were introduced into the target cells in
the largest number by virtue of their ability to cross the cell membrane indepen-
dently, and the cytotoxicity of DNA tetrahedron is little, so as to effectively improve
the utilization rate of drugs and at the same time reduce the negative effects on
human body to a greater extent. The amount of free doxorubicin (Dox) entering
target cells is relatively small, and it has little cytotoxicity to drug-resistant cells.
Dox, combined with DNA tetrahedral framework nucleic acids, can enter target cells
in a relatively large number and has great toxicity to drug-resistant cells. Using DNA
tetrahedron as carrier to transport Dox into breast cancer cells, which is drug-
resistant, can better overcome the problem of drug resistance. In order to embed
Dox into the double helix structure of DNA tetrahedron, Kim et al. incubated Dox
with tFNAs and filtered unloaded Dox with G25 gel [83]. The experimental results
show that DNA tetrahedron, as a drug transport system, can significantly inhibit the
proliferation of drug-resistant cells and promote cell apoptosis. In summary, tFNAs,
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used as a drug carrier to reverse drug resistance of cancer cells in clinic, has a good
application prospect.

Cantilever modification means the suspension of functional molecules on the side
arms of the DNA tetrahedron. For example, by designing four ss DNA base
sequences, the intersection of the 50 and 30 ends of the ss DNA is located on the
edge of the tetrahedral nanostructure (middle or other non-vertex), where the 50 or 30

ends without complementary pairing extend outward for modification of functional
molecules or groups [84]. Lee et al. used DNA tetrahedron as the carrier to deliver
siRNAs into cells for silencing the expression of tumor-related target genes [85]. At
first, they designed six single strands of ssDNA with complementary overhangs at
the 30 ends and then self-assembled the DNA tetrahedron. Among them, each edge of
the tetrahedron is suspended in the middle of the uncomplementary paired sequence,
which is used to connect the siRNA sequence. Finally, siRNA is immobilized on a
cantilever of a DNA tetrahedron into the cell to silence targeted genes.

5.3.3 The Application of tFNAs as a Drug Carrier
in Biomedicine Fields

As the carrier of drugs (small-molecule drugs, proteins, nucleic acids, etc.),
nanomaterials have been the focus of nanobiology research for accurate drug
delivery and controlled drug release. As an efficient and customizable carrier,
DNA nano-self-assembly structure has the following advantages: good biocompat-
ibility, targeting, controllability of structure, morphology, and surface chemical
modification [86]. Anthracyclines commonly refer to small-molecule anticancer
drugs that can be inserted into double strands of DNA to block the synthesis of
biological macromolecules in living organisms. Nucleic acid drug molecules can be
directly connected to DNA self-assembly structures by base complementary pairing.
The study shows that DNA tetrahedron as a drug carrier can make nucleic acid drug
molecules play a good role in the body [87, 88]. Other studies have reported that
some nucleic acid drug molecules, such as nucleic acid aptamers and siRNA, can
enter the cell with the help of DNA tetrahedron and play a role on cancer cells [89–
91]. Functional DNA tetrahedron is widely used in biosensors, drug delivery, and
biological imaging, due to its advantages of both DNA tetrahedron and specific
functional molecules. Research has fully confirmed that DNA tetrahedron as a
carrier can realize accurate drug delivery and controlled release in vivo, which has
great application potential in the field of nano-diagnosis and treatment.

5.3.3.1 Transport Small-Molecule Drugs for Cancer Therapy

Cancer is a serious disease that seriously affects the health and life of mankind.
Timely and effective treatment after the diagnosis of cancer is very important to
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improve the survival rate of patients. So far, chemotherapy is still the main treatment
for malignant tumors. However, it has shortcomings such as poor solubility, poor
cell penetration, poor specificity, large toxic and side effects, and easy to produce
multidrug resistance. The cytotoxic effect of traditional chemotherapeutic drugs
often causes systemic toxic reaction throughout the body, which reduces the
patient’s tolerance and leads to the decrease of therapeutic effect [92]. Therefore, it
is urgently needed to construct efficient new drug carriers to achieve efficient
targeted drug transport, improve drug efficacy, reduce drug toxicity and side effects,
and reverse the drug resistance of tumors. Ever since it was proposed, DNA
nanotechnology has attracted wide attention in the field of biological detection and
drug transportation, especially in the detection, imaging, and treatment of tumors,
because of its structural programmability, good biocompatibility, no obvious cyto-
toxicity, and immunostimulation [93]. Doxorubicin (Dox) is a first-line antitumor
drug, which can inhibit many kinds of tumors. Dox works by embedding bases into
DNA, preventing mRNA formation and thus inhibiting DNA and RNA synthesis.
Doxorubicin’s mechanism of action is to prevent the formation of mRNA by
embedding DNA double strand, thus inhibiting the synthesis of DNA and RNA. It
has the strongest inhibitory effect on RNA [94]. It is a cyclically nonspecific drug
which has a killing effect on tumor cells in different growth cycles. DNA nanostruc-
ture is used as a carrier to carry Dox for antitumor, which is of great significance for
improving the efficacy of Dox, reducing side effects and overcoming cell resistance.
Using DNA tetrahedron as Dox carrier, Yan et al. obtained Dox-tFNA complex by
incubating the synthesized DNA tetrahedron with Dox, and the Dox load efficiency
was greatly improved [95]. The results indicate that the Dox-tFNA complex is not
only cytotoxicity to human breast cancer cells but also cytotoxicity to Dox-resistant
cancer cells. Furthermore, in comparison with free Dox, the killing effect of
Dox-tFNAs complex on cancer cells was significantly improved and the clearance
efficiency was decreased.

Targeted therapy means that drugs can be combined with targeted tumor cells to
inhibit tumor growth. It is one of the important technical paths to overcome the
toxicity of traditional chemotherapy system. MUC1, a kind of transmembrane
glycoprotein, is overexpressed in a variety of cancer cells. MUC1 also plays a
certain role in tumor growth, metabolism and metastasis [96]. In addition, the
structure of MUC1 expressed in tumor cells is different from that expressed in
normal tissue cells, so MUC1 has become a target molecule with certain tumor
characteristics, which provides a biological basis for its application in targeted
therapy. Studies have shown that monoclonal antibody against MUC1, vaccine,
small-molecule ligand, and other methods can achieve certain initial effects in
tumor inhibition experiments in vitro and in vivo [97]. It has been shown that
tFNAs can be used as a drug deliverer to load the antitumor drug Dox.

Paclitaxel (PTX) is a diterpenoid alkaloid compound separated and purified from
the bark of Taxus cuspidata. It is the most outstanding anticancer drug found in
nature, which has been widely used in the therapy of ovarian cancer, breast cancer,
lung cancer, and partial head and neck cancer. Due to the rapid proliferation of tumor
cells, it can play an antitumor role by inhibiting the mitosis process of tumor cells

146 X. Zhang and Y. Lin



[98]. PTX, as a new anti-microtubule drug, promotes the polymerization of micro-
tubules, thus preventing the depolymerization of microtubules and disrupting the
normal function of cells, thus inhibiting the mitosis of tumor cells and promoting cell
apoptosis. Although the clinical treatment is very good, the wide application of PTX
is limited by multidrug resistance. Recently, tFNAs have been thought as promising
drug nanocarriers. In order to overcome paclitaxel resistance, tFNAs are used to
deliver PTX into MDR cells as an efficient vehicle. Xie Xueping et al. incubated
synthesized tFNAs and PTX to construct a PTX/tFNA drug transport system
[99]. They compared the toxic effects of PTX/tFNA drug delivery system with
that of free PTX on lung cancer cells and explored the mechanism by which
PTX/tFNA drug delivery system reverse drug resistance. This study shows that
PTX/tFNA drug delivery system can inhibit the growth of multidrug-resistant cancer
cells significantly because of highly efficient load rate of PTX by the drug system. In
addition, this study shows that PTX/tFNA drug delivery system has great potential in
revers drug resistance and tFNAs have great application prospects in drug delivery
and the treatment of multidrug-resistant cancers.

5.3.3.2 Transport Functional Nucleic Acids

Functional nucleic acid refers to nucleic acid molecules with special functions,
including two categories: one is the DNA/RNA with similar properties to antibodies,
which can specifically bind to the target molecule, called nucleic acid aptamer;
another is nucleic acid molecule with similar catalytic activity to proteases is called
DNAzymes [100]. Functional nucleic acid has the advantages of strong binding
force, good selectivity, wide range of targets, good biocompatibility, easy synthesis,
and easy functional modification. Functional nucleic acids include aptamer, anti-
sense oligonucleotides, small interfering RNA (siRNA), microRNA, and other
nucleotide sequences with special functions, which are widely used in the diagnosis
and treatment of diseases. However, the unmodified functional nucleic acid mole-
cules are easy to be degraded by various nucleases in the physiological environment,
and the carrier needs to be able to protect the integrity of nucleic acid molecules for a
long time and extend the circulation time of nucleic acid drugs in the body, so as to
ensure that the nucleic acid drug molecules reach the target cells and play a role
[101]. DNA tetrahedron and nucleic acid drug molecule homology is a good nucleic
acid drug carrier. Since both the carrier and the drug are nucleic acids, it is
convenient to carry the drug molecules by nucleic acid hybridization or embedding
[102, 103].

Antisense Oligodeoxynucleotide

Antisense oligonucleotides (AONs) are nucleic acid molecules that inhibit the
expression of a target gene by specifically binding to its DNA or mRNA in a
sequence. By binding with specific target sequences of mRNA or DNA, antisense
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oligonucleotides can block mRNA transcription and translation, regulate the infor-
mation transfer from gene to protein, and inhibit protein expression. The data show
that oligonucleotides designed with 15–20 base sequences can specifically target any
specific single gene in the human genome [104]. Since 1978, when Zamecnik and
Stephenson et al. first reported that antisense oligonucleotides could inhibit the
replication of chicken sarcoma virus, a large number of studies have confirmed the
ability of antisense oligonucleotides to specifically inhibit gene expression, and their
great potential in disease treatment has been gradually recognized [105]. Antisense
oligonucleotides targeting specific oncogenes, growth factors and their receptors,
and signaling pathways have been widely used as a new tool for in vivo and in vitro
studies and as a promising drug for the therapy of diseases such as diabetes, asthma,
cancer, and viral infections, attracting great interest [106]. However, antisense
oligonucleotides are rapidly degraded when they enter the cell without modification,
and the degradation rate is greatly reduced after modification or carrier binding. At
present, most carriers are cationic particles and liposomes, which are cytotoxic.
tFNA is considered to be the most ideal nano-drug carrier because of its editable,
easy modification, and biocompatibility. Zhang Xiaolin et al. designed antisense
oligonucleotides targeting the c-met gene and constructed antisense oligonucleotide-
DNA tetrahedral drug delivery system for the treatment of cancer. The results
showed that DNA tetrahedron could successfully transport antisense oligonucleo-
tides into cells and antisense oligonucleotides could bind to the target gene mRNA,
inhibit the expression of related proteins, and finally achieve the purpose of
inhibiting tumor cell proliferation and promoting cell apoptosis [107]. In addition,
Keum et al. constructed DNA tetrahedrons with antisense characteristics by using
five oligonucleotides, which can bind to targeted mRNA and block the expression of
some specific genes after entering cells [90]. The results indicated that, in compar-
ison with linear DNA, DNA tetrahedrons show higher ability of cell uptake and gene
silencing.

Antisense Peptide Nucleic Acid

Antisense peptide nucleic acid (asPNA) is a kind of synthetic DNA analogue, which
has higher water solubility, stability, and base specificity compared with nucleic
acid. The antisense peptide nucleic acid and double strand of DNA can form a triplet
structure, which can block gene transcription and translation and inhibit gene
replication by inhibiting the extension of DNA primers [108]. Antisense peptide
nucleic acid can downregulate or inhibit expression of the target genes in gene
replication, transcription, and translation, so as to achieve the goal of disease
treatment. Antisense peptide nucleic acid, as third-generation gene therapy agent,
has been widely used in vitro to inhibit the proliferation of tumor cells and the
treatment of bacterial or viral infections. However, without the help of any drug
delivery system, asPNA has a hard time crossing cell membranes [109, 110]. The
further improvement of the intake of asPNA and the ability of asPNA to enter the
nucleus has been a key issue affecting its wide clinical application. The traditional

148 X. Zhang and Y. Lin



drug delivery system has many disadvantages, such as protease sensitivity, insuffi-
cient bioavailability, poor effective targeting, lack of cell specificity, immunogenic-
ity to animal cells, and potential cytotoxicity. It is difficult for the unmodified
synthetic antisense peptide nucleic acid to pass through the bacterial cell wall and
be absorbed by the bacteria [111]. Therefore, bacterial cell wall is the biggest
obstacles to the development of antisense peptide nucleic acid as a therapeutic
antimicrobial agent. The cell penetrating peptide covalently connects with the
antisense nucleic acid to facilitate the asPNA to penetrate the bacterial cell wall
and transfer it into the cell. Although they are very effective carriers of asPNA, they
can’t specifically identify bacterial cell walls and can show growth inhibition at high
doses. In Zhang Yuxin’s study, a complex asPNA-tFNAs drug delivery system was
constructed. In this study, with tFNAs as the carrier, asPNA with high specificity,
high affinity, and specific targeting of ftsZ gene was transported into bacteria, in
order to inhibit the expression of this gene and achieve the purpose of bacteria
inhibition [112]. Guided by the principle of base complementary pairing, asPNA
replaces part of the tFNAs sequence without changing the original structure, shape,
size, or excellent carrier properties of the DNA tetrahedron. The results showed that
the asPNA-tFNA vector system could penetrate the bacterial cell wall and carry
antisense peptide nucleic acid targeting specific genes to block the expression of the
specific genes, thus effectively inhibiting the growth and proliferation of MRSA
bacteria. John has designed a self-assembling DNA tetrahedral framework nucleic
acid as the drug carrier and incorporated a targeted asPNA in its structure to
penetrating the cell wall of bacteria. This research show that the minimum inhibitory
concentration (MIC) was reduced when the asPNA is carried by the DNA tetrahe-
dron, contrasting with no reduction in MIC when PNA4 is used alone [109]. The
drug delivery system has the ability to penetrate the bacterial cell wall and deliver the
targeted synthesis of asPNA, which has a wide range of optimization selection and
potential application.

Aptamer

Aptamer is a small fragment oligonucleotide sequence or short polypeptide selected
in vitro, which can bind with the corresponding ligand and has the advantages of
high affinity and strong specificity. The appearance of aptamers provides a new
research platform for chemical biology and biomedical science to identify nucleic
acid aptamers quickly and efficiently [113]. In 1990, Tuerk and Ellingtong were the
first to screen the specific RNA aptamers of phage T4DNA polymerase and organic
dye, respectively [114, 115]. Since the concept of the aptamer was put forward in the
1990s, researchers have been devoting themselves to the study of the aptamer and
found that the aptamer has many advantages. First of all, adapters have the advan-
tages of short detection cycle, low detection limit, high affinity and strong specific-
ity, which make adapters have larger surface area and a large number of receptor
binding sites.The aptamer can combine with the target material based on van der
Waals forces, hydrogen bonds and hydrophobic effects to form three dimensional
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structures such as helix, hairpin, stem ring, convex ring, clover and pseudo structure.
Secondly, compared with antibodies, the selected aptamers are easy to be synthe-
sized in vitro in large quantities, with good repeatability and high stability, and are
easy to be stored [116]. Since then, aptamers have been widely used in cell imaging,
drug development, disease treatment, and microbial detection. Researchers have
developed a variety of anticancer drugs, and nanomaterials are widely used for
drug delivery, but they have the disadvantages of poor biocompatibility, unable to
deliver in a targeted manner and harmful to other cells. The aptamer can specifically
bind to the target, and the nanomaterial-specific aptamer complex can realize the
targeted drug delivery in the cell. Liu et al. constructed an icosahedral nanomaterial,
which, after binding with the specific aptamer DNA, can carry doxorubicin and
deliver it to the lesion location in a directional manner, specifically leading to the
death of epithelial cancer cells [117].

AS1411 is a guanine-rich aptamer, which can form G-4 chain structure, can
specifically bind to nuclides, and has many special biological activities. Nucleolinins
are highly expressed on the nucleus and the surface of the tumor cell membrane, and
AS1411 can enter the nucleus by the shuttle action of nucleolinins in the cell. At the
same time, AS1411 can inhibit DNA replication; make the cells stay in the S phase,
thus inhibiting cell proliferation; and promote cell apoptosis by interfering with the
binding of nuclides and bcl-2 [118]. AS1411 has a great prospect in the treatment
and diagnosis of cancer. Because of its good biocompatibility, good stability and
modifiability, and simple synthesis method, DNA tetrahedron has a great prospect in
drug loading, tumor therapy, and other fields. DNA tetrahedron can be used as
nanometer drug carrier material with good biocompatibility [119]. Li Qianshun et al.
modified AS1411 aptamer at the vertex of DNA tetrahedron to study the specific
recognition effect of the drug delivery system targeting tumor cells [120]. The results
showed that Apt-tFNA complex could enter McF-7 cells in large quantities and
accumulate in the nucleus. However, relatively few Apt-tFNAs can enter into normal
cells L929, suggesting that AS1411-modified tFNAs are an effective drug delivery
vector targeting tumors. However, the amount of Apt-tFNA complex entering
normal cell L929 was relatively small. These results suggest that tFNAs modified
with AS1411 is an effective drug delivery vector targeting tumors cells. Bermudez
et al. studied the effect of DNA tetrahedron modified with AS1411 aptamer on HeLa
cells. The results showed that AS1411-tFNA drug delivery system was more easily
absorbed than the AS1411 aptamer alone and it could inhibit the proliferation of
HeLa cells significantly for up to 24 h [121]. However, AS1411-tFNA complex had
little effect on the growth of noncancerous cervical cells. This result demonstrated
that the AS1411 aptamer suspended on the tetrahedron of DNA is more easily
recognized by the receptor and inhibits the growth of cancer cells through specific
uptake and absorption.
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siRNA

RNA interference (RNAi) refers to the phenomenon of gene silencing caused by
degradation of target mRNA or inhibition of translation. The advantages of speci-
ficity, efficiency, and stability of RNA interference technology make it a hot topic in
mechanism research in biomedical field in recent years, and it is widely used in
cancer mechanism research and cancer therapeutic drug research [122, 123]. Single-
stranded or double-stranded RNA containing 21–23 bases, namely, small stranded
interfering RNAs (siRNAs), can effectively and specifically block the expression of
homologous genes in vivo through RNA interference, promote homologous mRNA
degradation, and induce cells to show the phenotype of specific gene deletion.
siRNAs combine with proteins, such as eLF2c, Gemin3, Gemin4, and so on,
forming the RNA-induced silencing complex (RISC). RISC can specifically recog-
nize and degrade target mRNAs under the antisense chain of siRNAs [124–
126]. Binding of siRNAs to target mRNA sites is a highly sequentially specific
process, following the principle of complementary pairing of the Watson-Crick
bases. Wilkins et al. found the regulatory program of RNA interference on
Caenorhabditis elegans genes, and they found that RNA interference is the innate
antiviral immune defense mechanism of Caenorhabditis elegans, and it is a con-
served sequence-specific post-transcription gene silencing mechanism in the evolu-
tionary process [127]. The discovery of RNA interference opens the door to the
application of siRNAs therapy. siRNAs have shown great advantages and potential
in basic research in molecular biology and in the treatment of viral infections,
tumors, and genetic diseases. Tumors are often malignant growths of cells caused
by overexpression of proto-oncogenes or loss of control of tumor suppressor genes.
siRNAs can be used to specifically block the expression of these genes in vivo for
therapeutic purposes. The development of RNA interference technology is of great
significance for elucidating signal transduction pathways and discovering new drug
targets, but their safe and effective introduction methods and methods of stable
expression in vivo, as well as the expression of target gene downregulation at mRNA
and protein levels caused by RNA interference effect need to be further studied
[128]. The short time in vivo and short half-life in plasma of siRNA make its
application limited. The lack of safe and effective vectors restricts the application
of siRNA. Anderson et al. introduced siRNA into live nude mouse tumor model by
using DNA tetrahedral nanomaterials as the carrier to inhibit the expression of target
genes for tumor therapy [85]. The team suspended the siRNA on an arm of the DNA
tetrahedron by means of base complementary pairing, which transported the DNA
tetrahedron modified with the siRNA to the lesion site through the ligand connection
with the cancer cell receptor. The results show that DNA nanostructure can improve
the stability of RNA molecules, thus significantly improving the efficiency of RNA
interference. Besides, Kim et al. used DNA tetrahedron as the transporter of siRNA
to silence some genes in cancer cells, which modified folic acid molecule on the
tetrahedron to promote the process of RNA interference [129]. In addition, blood
circulation time of DNA tetrahedron modified by siRNA is longer than that of free
siRNA. Since gene silencing can be carried out by transferring siRNA through
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tFNAs, this drug delivery system can not only silence tumor target genes by
transferring siRNA but also be used to treat other gene-related diseases.

Num, Dpt.

CpG oligonucleotide sequences are widely found in bacterial genomes and a small
amount in mammalian genomes, which are active agents to induce innate immunity
and acquired immune response. It is regarded as the signal of pathogen invading the
immune system and is recognized by toll-like receptor 9 to induce the immune
response [130]. CpG oligonucleotide sequences can be used as a potential therapeu-
tic DNA and immune adjuvant in the adjuvant treatment of infectious diseases,
cancer, allergies, and asthma. However, unmodified CpG oligonucleotide sequences
is generally easy to be degraded by nuclease, with low cell uptake rate, requiring
high dose and repeated administration, which severely limits the application of CpG
[131]. Since natural CpG sequences are easily degraded by nucleases, the develop-
ment of nontoxic nanocarriers with high transport efficiency is of great significance
to improve the stability and clinical treatment effect of CpG. In recent years, the
development of DNA nanotechnology to solve the problem of nucleic acid drug
delivery provides a new tool. A large number of research reports have shown that
nanomaterial-loaded CpG nucleic acid drug has high activity, low toxicity and good
biocompatibility, and is expected to become a new immunotherapy drug for the
prevention and treatment of related diseases [132–134]. Fan Chunhai’s research
group first used DNA tetrahedral nanostructures as CpG carriers. The DNA tetrahe-
dral nanostructures in this experiment were assembled using four single-stranded
DNA strands through a simple annealing reaction [135]. These four vertices of the
tetrahedron extend 1–4 CpG oligonucleotide sequences. The cell uptake of
CpG-tetrahedron was detected by fluorescence imaging and flow cytometry. The
results showed that single-stranded CpG DNA was difficult to be absorbed by cells,
but CpG-tetrahedron could be widely consumed by cells, proving that the tetrahe-
dron structure plays an important role in promoting cell uptake. In addition, a series
of experiments have demonstrated that the tetrahedral nanostructure can enhance the
stability of CpG DNA inside and outside the cell. Moreover, they used
CpG-modified tFNAs to study the immune activation of macrophages (RAW
264.7). Inflammatory cytokines stimulated by CpG-modified tFNAs, such as
TNF-α, IL-6, and IL-12, were much more numerous than single-stranded CpG
sequences. This study indicated that tFNAs can increase CpG load, thus inducing
immune response more obviously, suggesting that tFNAs can be used as a good
carrier for immunotherapy.

5.3.3.3 Transport Peptides and Proteins

Peptides and proteins, including vaccines, immunoglobulin, and enzymes, can be
used as drugs for the prevention, treatment, and diagnosis of diseases. Peptides and
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proteins are endogenous substances of human body or developed for biological
regulators in vivo [136]. Peptides and proteins act by promoting or inhibiting
physiological and biochemical processes in the human body or in bacterial viruses.
Advantages of peptides and proteins include low side effects, high potency, and
strong pertinence, and they will not accumulate in the body and cause poison
[137]. Polypeptides and protein-based drugs are the most active and the fastest
developing drugs in the field of pharmaceutical research and development, and
they are among the most promising industries of the twenty-first century. However,
there are also many problems in the application of peptides and proteins drugs. For
example, the structure of protein drugs is unstable, and it may be inactivated due to a
variety of complex chemical degradation and physical changes in the in vivo and
in vitro environment [138]. In addition, protein drugs have many disadvantages,
such as short half-life, high clearance rate, large molecular weight, poor transmit-
tance, vulnerability to the destruction of enzymes, bacteria and body fluids, and low
bioavailability of non-injectable drugs. Studies have shown that peptides and pro-
teins can bind to DNA nanostructures and enter cells [136, 139, 140]. Yan’s team
reported on the construction of nanoscale vaccines using DNA tetrahedrons. By the
specific binding of biotin-avidin, the biotin-modified DNA tetrahedron loaded a
model antigen of streptomycin into mice [141]. The tetrahedral antigen complex can
induce a strong antibody response in mice continuously and steadily, while the
tetrahedral or antigen alone does not stimulate any immune response. Catabolite
activator protein (CAP) is an important transcription factor that regulates over
100 genes. Recently, Turberfield’s team provided a template for DNA-protein
assembly by designing CAP recognition sites on the side chains of DNA tetrahe-
drons and assembling caps into tetrahedrons in a non-covalent manner [142]. Zhao
et al. found a fast and efficient method for enzyme inclusion: first, attach a single
enzyme molecule to half of the DNA cage, and then combine the two half-cage
structures to successfully load the enzyme into the DNA cage cavity [143]. They also
recorded glucose oxidase (GOX) and HRP in a DNA cage at a ratio of 1:1. As a
carrier of proteins, DNA nanocages (such as tFNAs) can protect proteins from the
influences of external environment (such as the biodegradation of proteins by
enzymes), to protect the activity of proteins and improve the stability of proteins.

5.3.3.4 Transport Multiple Drug Molecules

When two or more drugs are used together, if they act in the same direction, the
effect of mutual enhancement is called synergy. Based on the synergistic effect, the
therapeutic effect can be enhanced when the DNA tetrahedron co-transports multiple
drug molecules which act in the same direction [144]. In many cases, the actual
treatment of a disease requires the synergistic action of multiple drugs for composite
therapy, which requires the nanomaterial delivery system to simultaneously deliver
multiple drug molecules and maintain their respective activity. Because DNA
tetrahedral modification sites are abundant, it can carry different drug molecules at
the same time. To enhance the effect of killing tumor cells and drug targeting, Dai
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Phuendong et al. conjugated MUC1 nucleic acid aptamer (Apt) with DNA tetrahe-
dron to construct a targeted doxorubicin delivery system [145]. This study also
evaluated whether the vector system could bind to MUC1-positive tumor cells
specifically and be cytotoxic to MUC1-positive tumor cells. MUC1 aptamer and
DNA tetrahedron can be used to construct the drug carrier with targeted action. Since
MUC1 aptamer can specifically identify tumor cells, it improves the targeting effect
of DOX and the killing effect on tumor cells. The results showed that Apt-TDN-Dox
drug carrier system could produce significant cytotoxicity to MUC1-positive cancer
cells, which is more effective than the free Dox. In addition, Liu et al. used DNA
tetrahedron to co-transport CpG and streptavidin. CpG sequence can be used as an
adjuvant to enhance the efficacy of vaccine due to its strong immune stimulation
activity, so the antigen-CpG-DNA tetrahedron complex can continuously induce a
stronger immune response [146]. Therefore, the coordinated delivery strategy is of
great significance in reducing the dosage of drugs and improving the therapeutic
effect, which is worthy of further exploration by researchers.

5.3.4 The Current Problems of tFNAs as a Drug Carrier
in Biomedicine Fields We Faced

The simple chemical synthesis connects functional molecules (inorganic small
molecules, biological macromolecules, inorganic nanoparticles, etc.) to the DNA
tetrahedron to form multifunctional DNA composites. These composites have
shown great potential in the field of nano-diagnosis and treatment. However, there
are still some problems in the application of DNA tetrahedron to living system [147–
149]. For example, high cationic concentrations are required for DNA self-assembly
structures to maintain structural stability; DNA’s ability to self-assemble structures
across cell membranes is limited; After DNA self-assembly structure enters biolog-
ical system, it is easily degraded by various biological enzymes in serum. These
problems restrict its application to some extent. Therefore, it is very important to
improve the stability of DNA self-assembly structure and improve kinetic perfor-
mance and cellular uptake efficiency of DNA self-assembly structure.

5.3.4.1 Improves the Stability of DNA Tetrahedron In Vivo

As mentioned above, we believe that DNA tetrahedron has great application pros-
pects in the biomedical field, including the use of DNA tetrahedron alone to regulate
the biological behavior of cells, and the use of DNA tetrahedron as a carrier to
achieve targeted therapy, which requires DNA tetrahedron to have certain stability in
the systemic circulation and to avoid immune recognition to some extent [150]. The
application of DNA tetrahedron to living system requires special consideration of its
stability at low magnesium ion concentration, 37 �C, and nuclease conditions. Fetal
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bovine serum is a mixture used in cell and tissue culture usually. It contains a variety
of biological enzymes that have a strong degradation effect on nucleic acid mole-
cules. However, Bermudez’s team confirmed that the degradation rate of DNA
tetrahedral structure in FBS was only 1/3 of that of a single strand [151]. They
believed that this was mainly because the folded DNA structure affected the binding
of enzymes to DNA strands, thus preventing the degradation of DNA strands by
biological enzymes. In a solution containing 80% mouse serum, tFNAs were
completely degraded after 12 h. However, in in vivo circulation, there are more
adverse factors, including enzyme degradation, protein absorption and conditioning,
RES clearance, etc., which put forward higher requirements for the stability of
tFNA’s in vivo circulation. We need to use various methods to hide the surface
features of DNA nanostructures in order to inhibit nonspecific clearance in vivo. The
researchers added a variety of polymers, cationic particles, and so on to the DNA
structure to coat the nucleic acid, thus achieving better stability and drug carrying
capacity. Among the methods, polyetherimide (PEI) is a classic method. With proper
PEI and nucleic acid ratio, the preparation can be completed after incubation at room
temperature [152]. The synthesized complex has high transfection efficiency in the
gene transfer field and can promote the lysosome escape of nucleic acid through
proton sponge effect. However, due to the cationic characteristics of PEI, the
biocompatibility is poor, in recent years, the academic community has also proposed
a variety of PEI modification or replacement materials, so as to improve the
cytotoxicity of PEI.

In addition, DNA chain modification can also inhibit the degradation of DNA by
nucleases. Sleiman’s team modified a C12-alkyl chain on the DNA strand, using the
complex to connect the DNA cubes to human serum albumin (HSA) to form a
nanoscale superstructure that remained stable in the serum for 22 h, while DNA
cubes without HSA remained stable in the serum for only a few minutes [153]. Dietz
et al. studied the influence of temperature on the stability of DNA self-assembly
structure, and they found that the self-assembly structure of DNA constructed by
multilayer origami has a strong stability, which can be stable at more than 50 �C, and
multilayer origami can effectively inhibit the degradation of nucleases [154]. These
results suggest that DNA dense accumulation, chemical modification of DNA
strands, and end protection are conducive to the good stability of DNA
nanomaterials in the medium containing enzymes and at high temperature. In
addition, the use of virus liposome garment at the end of the shell, such as package
structure of DNA self-assembly, also can improve the DNA stability of
nanomaterials in the physiological environment. Due to the complex internal envi-
ronment of the organism, it has not been determined whether DNA nanostructures
can maintain stability for a long time under the condition of low ion concentration
in vivo. At present, the research of intelligent drug delivery is limited to in vitro, not
involving cell and in vivo applications. How to develop and construct DNA
nanomaterials that can cope with the complex biological environment, effectively
complete the loading, transportation and unloading of macromolecules, and truly
realize the biological motors in nature, so as to truly apply DNA nanomaterials to
clinical medicine, still needs further exploration and solution by researchers.
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5.3.4.2 Improves the Cell Uptake Efficiency of DNA Tetrahedron

Turberfield team first explored cells can ingest DNA self-assembly structure in
without the help of transfection reagents [155]. They modified Cy3 and Cy5
fluorescence on the two edges of the DNA tetrahedron, respectively, and the result
confirmed that the DNA tetrahedron could enter the cell without transfection reagent
through fluorescence imaging. The fluorescence resonance energy transfer between
Cy3 and Cy5 showed that the tetrahedron entering the cell still maintained a good
integrity. Later, Mirkin’s team constructed “spherical nucleic acid” nanostructures
by densifying DNA strands on nanoparticles, which could also enter cells efficiently
without transfection agents, suggesting that three-dimensional DNA nanostructures
were more conducive to cell uptake than single strands [156]. Studies have shown
that the DNA tetrahedron enters the cell through receptor-mediated endocytosis and
then enters the lysosome of the cell, which can remain stable in the cell for at least
8 h. Use the function of target molecules can enhance cell active uptake of DNA
nanostructures. Mao et al. increased the uptake of DNA nanostructures by modifying
folic acid on DNA nanostructures to make folate receptors highly expressed on the
surface of tumor cells [157]. Nucleic acid aptamers can be directly connected to
DNA nanomaterials through DNA synthesis, which can not only improve the uptake
efficiency of DNA nanomaterials but also have specificity. “Hidden” DNA
nanostructures are also an effective way to promote cell uptake of DNA
nanomaterials. Perrault and Shih used viral capsid proteins and liposomes to wrap
the DNA octahedron, which reduced its immunogenicity by 2 times and increased its
biological effect by 17 times [158, 159]. In summary, compared with linear DNA
chains, the symmetry, size, and functional modification of three-dimensional DNA
nanostructures have obvious effects on the uptake efficiency of cells. Moreover,
there is no definitive answer to the question of how DNA nanostructures interact
with cells. The study of cellular uptake of DNA nanostructures is crucial for the
subsequent biomedical applications of DNA nanostructures.

5.3.4.3 Improve the Synthetic Yield and Reduce the Synthesis Cost
of DNA Tetrahedron

At present, using DNA nanostructure as drug carrier also has some disadvantages,
such as low yield and high cost. First, although the construction of a rich and diverse
nanostructure has been achieved, the mechanism of DNA assembly is still not very
clear, and the thermodynamics and dynamics of the assembly process are still
unclear [160]. Because of the unclear assembly mechanism, the mismatch problem
in the assembly process is difficult to solve, and it is also difficult to get a stable high
yield. Therefore, it is still a difficult problem to explore the assembly mechanism and
obtain high yield and stable assembly. Secondly, DNA nanomaterials need to be
purified. To solve this problem, the purification methods such as gel electrophoresis,
high-performance liquid chromatography, and density gradient centrifugation were
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developed to improve the purity of the product to a certain extent [161]. In the end,
although DNA nanotechnology has been applied to biomedicine, electronic science,
and other fields, the high preparation cost of DNA nanostructure restricts the
practical application of DNA nanotechnology [162]. Compared with other
nanomaterials that can be prepared on a large scale, the synthesis cost of
nanomaterials constructed from DNA molecules is still high. Therefore, the devel-
opment of cheaper and more convenient means of DNA amplification is another
challenge to be tackled. In recent years, with the development of DNA synthesis
technology, the cost and price of commercial synthesis are rapidly decreasing
[159, 163]. It is believed that the cost of synthesizing DNA nanostructures on a
large scale commercially will fall to a level that medical applications can afford in
the near future.

5.4 Conclusion

This paper reviews the concept of DNA nanomaterials and the development of DNA
nanotechnology. In this paper, the synthesis and physicochemical characteristics of
DNA tetrahedron, which is the most widely used and most studied of DNA
nanomaterials, as well as the research progress of DNA tetrahedron for intelligent
drug delivery, are also described in detail. By loading small molecules and protein
drugs into DNA tetrahedron, the drug resistance of some drugs was reversed, and the
problems of easy degradation, poor water solubility, and short retention time of some
drug molecules were solved. Translocation of functional nucleic acid molecules by
DNA tetrahedron is a new concept of cross-domain generation. Based on the
compatibility and homology between drug molecules and carriers, DNA tetrahedron
provides an incomparable platform for the transport of nucleic acid drugs. The
intelligent drug delivery system based on DNA tetrahedron realizes the controlled
release of drug molecules at the targeted sites, significantly improves the efficacy,
and reduces the side effects. Functional DNA tetrahedron nanomaterials have the
advantages of simple self-assembly, high yield, stable structure, good biocompati-
bility, and not easy degradation. They show a wide range of applications and good
prospects in biosensors, separation analysis, biological imaging, and drug delivery.

At present, the application of DNA tetrahedral framework nucleic acids as drug
carriers still faces many challenges. First, in the field of diagnosis and treatment of
disease, at present, mice are still the main subjects of in vivo experiments on DNA
tetrahedral framework nucleic acids, which still face many challenges nanostructures
as drug transporters is one of the main targets of future research. Secondly, the exact
mechanism by which cells take up the tetrahedron of DNA is still unclear. Recent
studies have shown that the size, shape, charge, and cell type of DNA tetrahedral
framework nucleic acids affect their cellular uptake, intracellular transport, and
eventual destination. At present, little is known about the final transformation of
DNA tetrahedron in cells, which is an important question for future research. In
addition, the main challenges are to further improve the yield and the stability of
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DNA tetrahedral framework nucleic acids and explore the cellular uptake
mechanism.

Despite many problems, DNA nanotechnology is still an invention with great
potential. We have reason to believe that the development of DNA nanotechnology
will bring new light to human beings in DNA chips, nano-devices, biomedicine, and
other aspects and will certainly promote the progress of related fields. With the
development of related researches, DNA nanostructures will have a broader devel-
opment prospect in the application of drug transporters and intelligent drug carriers.
DNA nanotechnology is still evolving as a cross-cutting science, drawing strength
from fields such as physical chemistry, optics, and electronics. We have reason to
believe that eventually it will show up in the biomedical field and be widely used.
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