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DNA nanostructures have surfaced as intriguing entities with vast potential in biomedicine, notably in the
drug delivery area. Tetrahedral DNA nanostructures (TDNs) have received worldwide attention from

among an array of different DNA nanostructures due to their

extraordinary stability, great

biocompatibility, and ease of functionalization. TDNs could be readily synthesized, making them

attractive carriers for chemotherapeutic medicines, nucleic acid therapeutics, and imaging probes. Their
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varied uses encompass medication delivery, molecular diagnostics, biological imaging, and theranostics.

This review extensively highlights the mechanisms of functional modification of TDNs and their
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rsc.li/nanoscale-advances

1. Introduction

Cancer is a leading cause of death worldwide, with 18 million
new cases and 10 million deaths in 2018 alone." A reliable and
efficient drug delivery system is crucially required to prevent
cancer formation, multidrug resistance, metastasis, and
recurrence. Several studies have been carried out to create and
advance theranostic nano-platforms with diverse uses. An
ideal nano-drug delivery system (NDDS) possesses the
following integrated features: (1) safeguarding drugs from
enzymatic degradation within the body; (2) traversing various
physiological barriers; (3) achieving precise and controllable
drug release; (4) mitigating the adverse effects of the admin-
istered drug; and (5) ensuring safety and compatibility with the
human body. Organic nanocarriers such as liposomes,* poly-
meric micelles,> dendrimers,* metallic nanomaterials,” and
inorganic nanoparticles like carbon nanotubes® and meso-
porous silica” are some of the several nanoscale drug delivery
systems (NDDSs) which are available in the market.® Despite
the clinical use of some NDDSs, the treatment of cancer
remains challenging due to their heterogeneity, inadequate
biocompatibility, and ineffective drug administration. There-
fore, it is essential to develop novel NDDSs that demonstrate
exceptional clinical efficacy to enhance the therapeutic index
of drug delivery systems.

Deoxyribonucleic acid (DNA) has attracted much interest as
a potential solution to the problems stated above because of its
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applications in cancer therapy. Additionally, it discusses critical concerns and unanswered problems that
require attention to increase the future application of TDNs in developing cancer treatment.

programmability, small size, excellent biocompatibility, and
predictable secondary structure.” Additionally, DNA nanotech-
nology, a field that makes use of DNA's biomolecular self-
assembly properties, has several uses across many fields,
including synthetic biology, chemical analysis, and medication
delivery.’ Functional nanostructures with great spatial
programmability, such as a DNA nanodevice that is compatible
with the immune system or a DNA-based smart drug delivery
vehicle, could be readily built by forming specified base pairs in
DNA." A DNA nano-platform that incorporates nanowires,
nanotubes, nanosheets, polymers, quantum dots, gold nano-
particles (AuNPs), and iron oxides can detect cancer early and
provide treatment promptly.*

A “tetrahedral DNA nanostructure” (TDN) is a 3D nano-
structure that possesses a pyramidal shape and is produced by
the complementary interaction of four individual DNA
strands.”® The TDN has been suggested to be a potential
vehicle for pharmaceuticals because of its exceptional stability,
biocompatibility, abundant sites for functional modifications,
compatibility with many medications, and outstanding rates
of cellular absorption.* In the past few decades, various DNA
nanostructures have been reported and widely applied in
chemical biology, analytical chemistry, medicine, and mate-
rials science. The TDN is a widely used structure due to its
geometry.” The shape of the TDN allows minimum interaction
with the plasma membrane while entering from the corner
angle, thus minimizing the repelling charge forces."® The small
size of the TDN makes it a suitable candidate to cross the
blood-brain barrier, making it a suitable candidate for tar-
geting neurodegenerative disorders as well.”” One limitation
with small size is that the loading capacity of the TDN is lower
compared to that of other larger DNA nanostructures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, the functionalization of the TDN can improve tar-
geted delivery of the drug and hence increase the delivery
efficiency. This review specifically examines the functional
alterations of targeted drug nanocarriers, the design of intel-
ligent nanomedicine drug delivery systems (NDDSs), and the
potential of TDN-based drug delivery systems for treating
tumors.

2. Development and assessment of
tetrahedral DNA nanostructures

Following the initial discovery by Turberfield and others, the
single-step synthesis of the TDN has gained significant popu-
larity as a DNA nanostructure, finding various applications.*
Typically, a TDN consists of only four oligonucleotides that
spontaneously arrange themselves into a well-defined tetrahe-
dral structure by forming complementary base pairs."”* TDN
synthesis, equivalent to other DNA nanostructures, requires
a thermal annealing process where all four DNA oligonucleo-
tides are combined in an appropriate solution. Various analyt-
ical methods may be used to confirm and describe the
successful creation of TDNs. Currently, gel electrophoresis
under non-denaturing conditions is the most basic method
used to verify the binding of specified cDNA by observing
a change in bands.” Dynamic light scattering (DLS) is
a commonly used method for measuring the size and zeta
potential of TDNs," as well as assessing the uniformity of
nanostructures in a solution. This approach accurately
measures the hydrodynamic dimensions at the nanoscale
level.*® The atomic force microscopy (AFM) and transmission
electron microscopy (TEM) techniques provide direct observa-
tion of the structure and conformation of TDNs.** In general,
these methodologies provide valuable insights and verification
of the TDN structure, enabling a greater understanding of their
general characteristics.

3. Functional modifications of TDNs

TDNs are mostly used as duplexes and double bundles, with
a specific emphasis on investigating duplex TDNs. The func-
tional modifications of TDNs include several components,
including fluorescent dyes,* bioligand molecules,* functional
proteins,* small molecule anticancer drugs,* and even nucleic
acid molecules,”* among other examples (Table 1). There are
four fundamental methods based on the site for altering the
TDNs by manipulating the functional groups or molecules:
vertex modification, mosaic modification, capsule modifica-
tion, and cantilever modification (Fig. 1).

3.1 Vertex modification

Functional groups at the vertex position of a TDN can be
modified in various ways including sulfhydryl groups,*® amino
groups,** bioactive molecules,** or specific sequences*' for
molecular recognition. One such example is the addition of
azide groups® for subsequent click reactions. One of the four
ssDNA strands is modified at the 5’ or 3’ end, and further, the
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self-assembly of the TDN is carried out for vertex modification.
Zhan et al* linked a DNA aptamer-modified TDN-based
delivery system containing the antimetabolite 5-fluorouracil
(5-FU) (AS1411-T-5-FU) to enhance the treatment efficacy and
targeting of breast cancer. The anticancer drug AS1411 can
decrease Bcl-2 expression, bind selectively to nucleolin, and
inhibit NF-kB signalling.*>** Studies on cell uptake showed that
compared to T-5-FU, AS1411-T-5-FU is more effective in target-
ing breast cancer cells. Additionally, the effects of AS1411-T-5-
FU and 5-FU on cell growth inhibition and associated protein
expression were evaluated. An analysis of the mitochondrial
apoptotic pathway revealed that AS1411-T-5-FU might hasten
apoptosis by upregulating Bax and caspase-3 expression while
downregulating Bcl-2 expression. DNA materials based on
aptamers improve internalization efficiency, bind specifically to
cancer cells, and exhibit great recognition selectivity. To
accomplish mitochondrial targeting, Yan et al®* varied the
amounts of D-(KLAKLAK)2 (KLA) and attached it to the apex of
a TDN. They then loaded the anticancer medication doxoru-
bicin (DOX). Corresponding experimental findings demon-
strated that DOX may be efficiently delivered to mitochondria
by the KLA-modified TDN, leading to cell death. In vitro anti-
cancer effectiveness, mitochondrial targeting, cellular uptake,
and 3KLA-TDN all indicated improvements. Vertex modifica-
tions at the vertex position of TDNs offer promising avenues for
enhancing drug delivery specificity and efficacy in cancer
treatment. These approaches leverage the unique properties of
aptamers and other functional groups to target cancer cells
more effectively, potentially leading to improved therapeutic
outcomes.

3.2 Mosaic modification

Functionalized groups or molecules, such as SYBR Green I** and
other fluorescent labeling dyes*® or anticancer medicines,* are
inserted in the double helix structure of TDNs by conjugation in
a mosaic modification. DOX, an anticancer drug, interferes with
the macromolecular production of cancerous cells via the
insertion of double strands of DNA, which shows promise for
cancer therapy.** DOX-loaded DNA nanostructures have many
promising properties for the treatment of cancer and other
illnesses, including targeted distribution, rapid release,
reduced side effects, and the ability to overcome multidrug
resistance. For drug delivery analysis, Kim et al*' created
DOX@Td, which is DOX loaded onto the side of the DNA
tetrahedral double helix by the physical conjugation approach.
By investigating the absorption mechanism of free DOX and the
interaction of p-glycoprotein (P-gp) with cell membranes, it was
discovered that DOX@Td entered cells by endocytosis and
efficiently overcame multidrug resistance. A PTX/TDN drug
delivery system was developed by Xie et al.>® The A549/T cells
were able to effectively transport PTX/TDN via caveolin-
dependent and exocytosis routes, sidestepping drug efflux
pumps. Additionally, PTX/TDN has the potential to greatly
reduce the number of wild-type and multidrug-resistant cells.
TDNs may inhibit P-glycoprotein (P-gp) and mdr-1 gene
expression. Mosaic modifications involving the insertion of
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Table 1 TDN modifications and their applications for drug delivery
Classification Example Modification Application DNA tetrahedron function Ref.

Small molecule Doxorubicin (DOX)

Paclitaxel (PTX)

Platinum drugs

5-Fluorouracil

Methylene blue
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Protein or peptide Cetuximab

sequence

Cytochrome ¢

Streptavidin

D-(KLAKLAK)2
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Mosaic

Mosaic

Mosaic

Vertex

Mosaic

Vertex

Vertex

Capsule

Capsule
Vertex

Vertex

The effective chemotherapy
medication doxorubicin (DOX)
inhibits DNA replication and induces
cell death; it is extensively used to
treat a variety of malignancies,
including leukemia, and breast and
lung cancers

The chemotherapeutic medication Enhances drug efficacy, enables 26
paclitaxel (PTX) inhibits cancer cell controlled release

development and affects microtubule
activity; it is used to treat a variety of
malignancies, including breast,
ovarian, and lung cancers

In cancer treatment, platinum
medicines, including cisplatin, are
often used to treat a variety of
malignancies by decreasing tumor
development by DNA crosslink
formation, cell division disruption,
and apoptosis induction

Inhibiting DNA synthesis and cell
proliferation, 5-fluorouracil is

a chemotherapeutic medicine that is
used to treat a variety of
malignancies, such as colorectal,
breast, and skin cancers

Methylene blue is a medicinal
remedy for methemoglobinemia,

a disorder in which the blood's
oxygen-carrying ability is diminished
because of abnormally high amounts
of methemoglobin, and a biological
stain for demonstrating cellular
structures in laboratories

In organic synthesis,
triphenylphosphine is a versatile
reagent that is commonly employed
to facilitate a variety of reactions,
including Staudinger reduction and
Wittig olefination

Inhibiting the action of the
epidermal growth factor receptor
(EGFR) inhibits cancer cell
proliferation; this monoclonal
antibody, cetuximab, is used in the
treatment of certain kinds of
colorectal and head and neck
malignancies

The mitochondrial electron transport Facilitates cellular uptake, improves 32
chain relies on cytochrome c, drug efficacy

a protein essential to cellular

respiration

Protein purification, immunoassays, Enhances cellular uptake, reduces 33
and molecular biology detection the dosage needed

techniques are only a few examples of

the various biotechnological uses for

streptavidin because of its high

biotin affinity

A synthetic peptide termed D- Facilitates cellular uptake, enhances 34
(KLAKLAK)2 can cause apoptosis in the therapeutic effect

cancer cells while preserving normal

cells, which makes it a promising

candidate for targeted cancer

treatment

Facilitates targeted delivery, reduces 25
systemic toxicity

Facilitates targeted delivery, 27
enhances the therapeutic effect

Facilitates targeted delivery, reduces 28
the dosage needed

Enhances cellular uptake, improves 29
drug efficacy

Facilitates targeted delivery, 30
enhances the therapeutic effect

Facilitates targeted delivery, 31
enhances the therapeutic effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Classification Example

Modification Application

DNA tetrahedron function Ref.

Angiopep-2 Cantilever

By effectively penetrating the blood- Facilitates cellular uptake, enhances 19
brain barrier and improving the

drug delivery

transport of medicinal substances,
the peptide angiopep-2 indicates an
encouraging potential as

a medication delivery vehicle

KillerRed Cantilever

The genetically encoded
photosensitizer KillerRed has

Enhances drug efficacy, enables 35
precise control

potential uses in cancer treatment
and precise control in biological
research since it may cause specific
cell damage or death when exposed
to light, which makes it an attractive
tool in optogenetics

Tumor-penetrating Vertex

peptide

Tumor-penetrating peptides improve Facilitates cellular uptake, improves 36
targeted therapy for cancer treatment drug delivery

by enhancing medication delivery by
effective traversal of the firm
extracellular matrix of tumors

Nucleic acid sequence ~ AS1411 Vertex

A DNA aptamer called AS1411 can

Facilitates targeted delivery, 37

limit tumor development by binding enhances the therapeutic effect
specifically to nucleolin, a protein

that is overexpressed in cancer cells.

This makes it an intriguing option for

use in cancer treatment

sgc8c Vertex

A potential route for precision cancer Facilitates targeted delivery, 38

therapy is the use of SGC8C in tumor enhances the therapeutic effect
research, which entails specific

therapeutic interventions to disrupt

certain signaling pathways

ZY11-targeting aptamer Vertex

Precision medicine could advance

Facilitates targeted delivery, 39

the treatment of cancer if therapeutic enhances the therapeutic effect
chemicals are delivered to tumor
cells via the ZY11-targeting aptamer

By targeting and cleaving certain

Facilitates targeted delivery, 39

tumor-associated RNA molecules, the enhances the therapeutic effect
17E DNAzyme provides an effective

way of preventing tumor

development and progression and

could be used in cancer treatment

17E DNAzyme Vertex
SiRNA Cantilever
Vertex

A potential therapeutic strategy for
cancer therapy, small interfering RNA enhances the therapeutic effect

Facilitates targeted delivery, 25

(siRNA), has many potential uses in
tumors, such as targeted gene
silencing, which inhibits tumor
development by reducing certain
oncogenes or by encouraging
apoptosis

functionalized groups or molecules within the double helix
structure of TDNs offer promising avenues for targeted drug
delivery and overcoming multidrug resistance in cancer
therapy. The incorporation of molecules like DOX showcases
the potential of TDNs to improve therapeutic outcomes and
address challenges associated with drug resistance.

3.3 Capsule modification

Capsule modification involves the encapsulation of function-
alized molecules inside a confined structure within a TDN.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Erben et al.*® calculated that the inner space of the tetrahedron
may hold a sphere with a radius of about 2.6 nm. The
researchers attached cytochrome c to the 5’ end of an oligonu-
cleotide and modified the sequence of the oligonucleotide to
control the location (either internal or external) of cytochrome c
to the TDN. This design has the potential to activate an
apoptotic protease cascade. Zhang et al*’ synthesized nano-
complexes with a core-shell structure by enclosing gold nano-
particles inside DNA cages. These complexes indicate great
potential for use in treating tumors using photothermal,
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A

Self-
assembly

R

DNA tetrahedron

Fig. 1 Structural representation of Tetrahedral DNA Nanostructures
(TDNs) and their potential for drug loading. (A) Formation of a TDN
through self-assembly. Each single strand comprises a complemen-
tary sequence to another single strand, resulting in the formation of
a tetrahedral structure. (B) Modification in the mosaic region of the
tetrahedron for chemotherapy drugs (e.g., doxorubicin, paclitaxel,
actinomycin D). (C) Modification in the capsule region for nano-
particles (e.g., AuNPs), cytochrome c, or peptides (e.g., melittin). (D)
Modification in the vertex region for molecules such as CpG, aptamers,
monoclonal antibodies (mAbs), 5-fluorouracil, or peptides, and (E)
modification in the cantilever region for ligands like folate, SiRNA,
KillerRed, or camptothecin.

photodynamic, and immunotherapeutic approaches.*® Capsule
modification involves encapsulating functionalized molecules
within the confined space of TDNs. By encapsulating molecules
such as cytochrome c or gold nanoparticles, researchers aim to
trigger specific biological responses or enhance therapeutic
effects. For example, Erben et al*® explored the potential of
attaching cytochrome c to TDNs to activate apoptotic protease
cascades, highlighting the versatility of TDNs for targeted drug
delivery and therapeutic applications.

3.4 Cantilever modification

Cantilever modification allows the suspension of functional
molecules on the side arms of TDNs. To achieve this, the 5’ or 3’
ends that do not have complementary pairing stretch outwards
to modify functional molecules, with the junction of these ends
occurring on the edge (middle or another non-vertex) of the
TDN. Using the DNA nanostructures' hydrophilicity and edit-
ability, Tian et al.™ created ANG-TDN, a modified version of
TDN containing angiopep-2. This molecule exhibited high
binding to the LRP-1 of glioma and BBB cells. At least 12 hours
of serum stability was observed for ANG-TDN. Uppsala 87
malignant glioma (U87MG) cells and brain capillary endothelial
cells might both benefit from a tweak to angiopep-2 that
increases TDN absorption. The ANG-TDN was able to success-
fully target the U87MG human glioblastoma xenograft in naked
mice and breach the blood-brain barrier, according to both in
vitro and in vivo tests. Additional studies indicated that canti-
lever modification may be used to load siRNA or chemotherapy
medicines onto TDNs,***® and that covalent bonds might be
used to further improve TDN stability by replacing hydrogen
bonds in branching DNA structures.

3718 | Nanoscale Adv, 2024, 6, 3714-3732
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TDNs have been linked to many biomolecules for applica-
tions such as medication delivery, biological sensing, and
imaging. However, it is still unclear if TDNs are capable of
transporting molecules that have larger size and molecular
weight than them. The complex balance of a TDN's shape-
changing capabilities could be affected by changing a single
biomolecule on its vertex or arm, which in turn can affect the
stability, stiffness, and geometric structures of the assembled
materials.*® Nanostructures of DNA may have different effects
on their intracellular transport, final destination, and cellular
absorption routes depending on their size, shape, and charge
density.>* Despite the benefits of using smaller and less
charged nucleic acids, more research into the situations in
which their presence could hinder the absorption mechanism
of TDNs is required.’” Cantilever modification allows the
suspension of functional molecules on the side arms of TDN.
By attaching molecules such as angiopep-2 or siRNA to the side
arms, researchers aim to enhance TDN targeting capabilities
and therapeutic effects. For instance, Tian et al.* created
angiopep-2-modified TDNs that exhibited high binding to
glioma cells and successfully breached the blood-brain
barrier, demonstrating their potential for targeted drug
delivery to brain tumors.

4. Applications of TDNs in tumor
therapy

TDNs provide exceptional programmability, biocompatibility,
and minimal biotoxicity, making them ideal drug carriers for
surmounting challenges in cancer treatment. Recently, many
nano-drug delivery systems for cancer treatment have been
developed based on DNA tetrahedrons.

4.1 Targeted delivery

TDNs have been altered with different targeting molecules to
develop a drug delivery system that enhances tissue selectivity
and reduces non-specific interactions, hence minimizing
undesired side effects. Aptamers have been extensively used for
TDN modification because of their exceptional affinity and
specificity towards their targets. “Systematic evolution of
ligands by exponential enrichment” (SELEX) is a common
method for producing aptamers, which are typically composed
of short synthetic single-stranded DNA or RNA oligonucleo-
tides.*® A variety of targets, from small molecules to whole cells,
could be selectively bound to aptamers owing to their ability to
assume a three-dimensional structure.>»* The significance of
the findings lies in their nuanced nature, necessitating further
exploration to fully comprehend their implications for the field.
Additional targeting agents, such as folic acid, cell-penetrating
peptides, and Affibody molecules, have been used to increase
the specificity of the TDN.*

4.2 Chemotherapy drugs

The loading of chemotherapy medications onto TDNs could be
achieved by three primary techniques: chemical modification,
intercalation, and electrostatic interaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.2.1 Inhibition of proliferation. Doxorubicin (DOX), an
anthracycline medication, is frequently employed in cancer
treatment because it effectively inhibits the proliferation of
cancer cells by inserting itself between DNA strands and inter-
acting with them, impeding the production of large macro-
molecules.””*® However, the treatment's efficacy is diminished
because of its substantial negative impact on healthy cells and
organs.” To tackle this issue, researchers have investigated
drug delivery methods that use TDNs as carriers for DOX.
Preliminary investigations revealed the increased buildup and
effectiveness of DOX-loaded DNA tetrahedra, indicating the
possibility of transdermal delivery.®® To enhance precision in
delivering drugs, aptamers, such as MUC1 and sgc8c, were
used, leading to the precise transportation of DOX to certain
cancer cells. The use of aptamers such as MUC1 and AS1411 in
dual or multiple targeting strategies significantly improves
specificity and cellular absorption.®® The DNA tetrahedron,
which has been engineered with a folate receptor (FR) and
incorporates folic acid (FA), is effective in targeted treatment for
cancer cells that overexpress FRs.®” The incorporation of tumor-
penetrating peptides, monoclonal antibodies (cetuximab),
platinum medicines, and metal complexes into DNA
tetrahedron-based drug delivery systems has shown their
capacity to provide precise and efficient cancer treatment.

Camptothecin (CPT), an effective quinoline alkaloid with
cytotoxic properties that effectively inhibits DNA topoisomer-
ase, is extensively used in the treatment of cancer.®® Zhang et al.
used phosphorothioate DNA to attach CPT and form a DNA
tetrahedron (CPT-TET) to create an accurate and manageable
drug delivery system for the treatment of tumors.* Modifying
the quantity and locations of attached CPT molecules on the
DNA structure makes it possible to enhance the drug loading
capacity while maintaining the drug delivery system's ability to
dissolve in water. The cellular absorption of CPT-TET was more
efficient, resulting in increased cytotoxicity. Additionally, CPT-
TET demonstrated a more effective inhibition of tumor devel-
opment in a tumor mouse model.

4.2.2 Inhibition of cell division. Paclitaxel (PTX), a natu-
rally occurring antineoplastic agent, has been extensively used
in the therapeutic management of diverse malignancies such
as breast, ovarian, head and neck, and lung cancer.* Lin et al.
used electrostatic attraction to incorporate PTX onto tetrahe-
dral DNA nanostructures (TDNs) as a method for combating
drug-resistant lung cancer.”® The findings indicated that PTX/
TDN might penetrate the cells via caveolae-dependent endo-
cytosis and exit via exocytosis, circumventing the drug efflux
pump and increasing the quantity of drug within the cells. The
study showed that the combination of PTX/TDN effectively
suppressed the expression of P-glycoprotein, offering great
potential in overcoming medication resistance in lung cancer.
Cai et al. used GMTS8 and Gint4.T aptamers to modify a DNA
tetrahedron to deliver PTX specifically for the treatment of
glioblastoma multiforme (GBM)."” The delivery strategy
significantly suppressed the growth, movement, and infiltra-
tion of GBM cells and triggered programmed cell death in
U87MG cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Temozolomide (TMZ), a chemotherapeutic drug with the
ability to cross the blood-brain barrier (BBB), is considered the
most effective treatment for glioblastoma (GBM), anaplastic
astrocytoma, and anaplastic oligoastrocytoma.®® Lin et al. used
two aptamers (AS1411 and GS24) to modify a DNA tetrahedron
and combined it with TMZ to create nanoparticles for the
therapy of GBM.®® This nanoparticle can pass across the blood-
brain barrier (BBB) and be absorbed by glioblastoma (GBM)
cells. This leads to an increase in the effectiveness of temozo-
lomide (TMZ) in killing GBM cells. Significantly, in contrast to
free TMZ, the nanoparticle exhibited the ability to not only
eliminate TMZ-sensitive cells but also overcome TMZ resistance
by depleting O6-methylguanine-DNA-methyltransferase.

4.2.3 Inhibition of cytoskeletal components. Maitansine
(DM1) is a potent inhibitor of microtubules, specifically tar-
geting B-tubulin. It efficiently prevents the clustering or sepa-
ration of tubulin molecules.” DM1 has a much stronger
antitumor impact compared to other anti-microtubule medi-
cines, with a magnitude ranging from 100 to 1000 times
greater.®® Lin et al. chemically conjugated DM1 to three vertices
of the DNA tetrahedron while modifying the HER2-targeting
aptamer to the remaining vertex. This resulted in the creation
of a new drug delivery vehicle called HTD, which is based on
a DNA tetrahedron. The purpose of HTD is to treat HER2-
positive breast cancer.”” They then used red blood cell
membrane together with conventional liposomes to create
a hybrid membrane that is both tumor-targeting and pH-
sensitive. This membrane effectively enclosed HTD in a biomi-
metic camouflage and combined to make the ultimate hybrid
delivery system. The delivery technique demonstrated a pro-
longed period of effectiveness inside a living organism and
improved effectiveness in fighting against tumors.

5-Fluorouracil (5-FU) is a compound similar to pyrimidine
that works by blocking the activity of thymidylate synthase and
integrating its byproducts into RNA and DNA. It is extensively
used in the treatment of different types of malignancies.” Lin
et al. published a study on the modification of a DNA
tetrahedron-based nanomedicine using 5-FU and AS1411."
This nanomedicine demonstrated increased therapeutic effi-
cacy against breast cancer cells (MCF7 cell line), while not
inducing any adverse effects on normal mammary cells
(MCF10A cell line). Jorge et al. used a DNA tetrahedron as
a novel vehicle to transport 5-fluoro-2’-deoxyuridine oligo-
mers.”* Furthermore, the DNA tetrahedron was chemically
altered by including cholesterol to augment its cellular
absorption. The delivery technique demonstrated increased
toxicity towards cells. Floxuridine, also known as 2'-deoxy-5-
fluorouridine, is a fluoropyrimidine medication that is often
used in therapeutic settings. When it is metabolized in the
body, it becomes 5-FU.” Zhu et al. used solid-phase synthesis to
integrate floxuridine into DNA strands, which were then
assembled into a DNA tetrahedron structure to create a drug
delivery method known as DNA Trojan horses.*® Tetrahedron-
structured DNA Trojan horses have shown enhanced anti-
cancer efficacy, surpassing that of free floxuridine, in both in
vitro and in vivo settings.
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4.3 Combination therapy

Increasing research suggests that a majority of cancer treat-
ments are no longer effective when using a single medication.
Instead, combination therapy with numerous agents has
emerged as a potential treatment method. This strategy could
involve the use of a versatile medication delivery device.
Chemotherapy medications could be incorporated into a DNA
tetrahedron by intercalation inside the DNA double helix,
chemical bonding, direct attachment to the DNA strand, or
hybridization with the DNA strand. Furthermore, the DNA
tetrahedron exhibits both biocompatibility and a notable
absence of toxicity towards living species. Furthermore, it can
efficiently load and dispense many medications concurrently.

4.3.1 Chemogene therapy. The DNA tetrahedron has been
used to encapsulate and disperse a synergistic blend of DOX
and nucleic acid therapeutics to combat cancer. Ren et al.*® used
an aptamer-modified DNA tetrahedron to concurrently admin-
ister DOX and DNAzyme, aiming to accomplish targeted and
synergistic chemogene therapy. The aptamer and DNAzyme
protruded from opposite corners of the DNA tetrahedron, while
one side of the DNA tetrahedron had an i-motif sequence that
exhibited remarkable sensitivity to variations in pH. This
sensitivity facilitated the precise and regulated release of DOX.
Employing this nanocarrier system has the potential to signif-
icantly enhance the efficacy of cancer cell treatment instead of
utilizing a single chemical therapy.”

In a recent study, scientists used a DNA tetrahedron to co-
load DOX and an ASO, together with gold nanoclusters
(AuNCs), for self-assembly into a nanohybrid delivery system.*”
This device was designed specifically to undergo controlled
disassembly and was used for imaging tumors that were trig-
gered, as well as for combined gene chemotherapy.” The
researchers used disulfide bonds to link three segments of the
DNA tetrahedron, enabling the targeting of TK1 mRNA with the
ASO. They then integrated DOX into the double helix of the DNA
tetrahedron. Subsequently, the AuNCs were affixed to the DNA
tetrahedron using electrostatic adsorption. The presence of
legumain in cells enables the breakdown of the ligands of
AuNCs, hence initiating cancer imaging. Similarly, elevated
concentrations of glutathione may disrupt disulfide bridges,
resulting in the release of the ASO and the consequent
suppression of TK1 mRNA. The nanohybrid delivery system
demonstrated antitumor effectiveness in both in vitro cell
cultures and in vivo animal models.”

4.3.2 Chemoimmunotherapy.
immunotherapy is a treatment approach that combines
chemotherapy with immunotherapy to enhance the effective-
ness of tumor treatment.” Wang et al.”” used a DNA tetrahedron
as a vehicle to simultaneously transport the chemotherapeutic
medication DOX and the immunological adjuvant CpG to ach-
ieve a synergistic effect in cancer treatment. They discovered
that this approach amplified the immune-stimulating benefits
of CpG while maintaining the tumor-destroying activity of DOX,
suggesting a combined antitumor impact that is greater than
using either treatment alone. Shen et al.”® used a DNA tetrahe-
dron for the simultaneous delivery of DOX and CpG in the

Cancer chemo-
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treatment of malignant melanoma. The DNA tetrahedron
exhibited exceptional skin permeability in mice, enabling it to
transport DOX and CpG more deeply into tumor tissue
compared to free medicines by transdermal administration.
This led to a significant suppression of tumor growth.
Furthermore, the combination of the PD1 antibody with the
treatment showed an enhanced therapeutic impact, signifi-
cantly extending the life duration of the mice. Significantly, the
study revealed enhanced immune responses against distant
tumors in bilateral tumor models as a result of the generated
systemic immune responses. Liu et al.” used a similar method
to assemble DNA tetrahedrons for the co-loading of DOX and
CpG, which aided in the facilitation of chemoimmunotherapy
associated with immunogenic cell death (ICD). Within this
investigation, DOX functioned as both a chemotherapeutic drug
and an inducer of ICD, whereas the immunostimulatory capa-
bilities of CpG might enhance the effectiveness of DOX-induced
immunotherapy. Thus, this delivery strategy demonstrated
remarkable efficacy in inhibiting tumor growth and
stimulating an immune response. Furthermore, the combined
action of the two substances was far more potent when taken
along with PD-L1.

4.3.3 Gene immunotherapy. Tumor-associated macro-
phages (TAMs) are macrophages that are attracted from circu-
lating monocytes to tumors. They have a significant
involvement in tumor development, invasion, and metas-
tasis.®®®® According to distinct activation modalities, TAMs are
categorized into M1 and M2 phenotypic macrophages.®* M1
macrophages release proinflammatory cytokines, which can
stimulate immunological responses and possess the capacity to
destroy tumors.*” On the other hand, M2 macrophages release
anti-inflammatory cytokines that inhibit the body's ability to
respond to threats and encourage the development and
advancement of tumors.** Regrettably, macrophages present in
the tumor microenvironment (TME) frequently have M2
macrophage characteristics. Hence, the conversion of M2
macrophages to M1 macrophages holds great potential as
a therapeutic approach in the treatment of human
malignancies.

Cheng et al.®* employed a DNA tetrahedron to concurrently
administer siRNA and CpG (DNA tetrahedron-siRNA/CpG) to
convert M2 into M1 macrophages and hence release proin-
flammatory cytokines to target tumors. The findings demon-
strated that DNA tetrahedron-siRNA/CpG exhibited a high level
of macrophage absorption efficiency under laboratory condi-
tions. The presence of CpG and siRNA enabled the reprogram-
ming of macrophages, specifically causing M2 macrophages to
convert into M1 macrophages. In addition, this delivery mech-
anism had the potential to distribute in parallel and caused
significant apoptosis and necrosis of tumor cells. Significantly,
in the 4T1 xenograft tumor-bearing mouse model, the admin-
istration of DNA tetrahedron-siRNA/CpG into the 4T1 xenograft
tumor-bearing animals reliably and consistently suppressed
tumor development while causing minimal harm to vital
organs. Qian et al. used a DNA tetrahedron to simultaneously
transport siRNA and CpG.** This approach effectively trans-
formed TAMs into the M1 phenotype and triggered substantial
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anticancer immune responses. Moreover, the breast cancer
xenograft mice model exhibited remarkable antitumor activity
without any notable systemic adverse effects.

4.4 Photodynamic therapy

Photodynamic therapy (PDT) is a unique approach to cancer
treatment that has been developed in recent years. When
exposed to light, the photosensitizer (PS) may undergo either
a type I or type II reaction, leading to the production of free
radicals and reactive oxygen species.®” These substances induce
oxidative stress and cause damage to cells. Several photosensi-
tizers, including phthalocyanine, hypericin, methylene blue
(MB), and pheophorbide, could be used in photodynamic
therapy (PDT). Nevertheless, the majority of photosensitizers
exhibit limited solubility, inadequate cell/tissue permeability,
and a deficiency in selectivity, resulting in diminished effec-
tiveness of photodynamic therapy. To address these limitations,
several nanocarriers have been used to resolve these issues.***”
In 2016, Tang et al.®® reported that a TDN can improve the
absorption of MB by cells and boost the stability of MB in
a reducing intracellular environment. The TDN with a high
concentration of MB could elicit cytotoxicity when exposed to
light, both in laboratory settings (in vitro) and in living organ-
isms (in vivo). Furthermore, PDT could be used to augment the
synergistic effects of other therapies. Obstoy et al.®® created
a DNA nanodevice-based technique to identify and eliminate
circulating tumor cells using a combination of chemotherapy
and photodynamic treatment (PDT) as a demonstration of its
feasibility.

Quazi et al.® reported a peptide/DNA nanocomplex for tar-
geted co-delivery of chemotherapy drugs and photosensitizers
to cancer cells. The AS1411 aptamer extends from the three
vertices of the DNA tetrahedron, and the G-quadruplex structure
formed by AS1411 binds to the photosensitizer (TMPyP4). After
DOX was loaded on the DNA tetrahedron, the synthesized
polypeptide cationic polymer mPEG-PAsp (TECH) wrapped the
DNA tetrahedron to form the final nanostructure composite.”
They found that the nanocomposite was efficiently taken up by
HeLa cells and escaped from the lysosome efficiently. Under
660 nm laser irradiation, TMPyP4 induced the upregulation of
intracellular ROS, which, in combination with DOX, effectively
inhibited HeLa cell growth and showed excellent chemo-
photodynamic synergistic anticancer activity.®*

This functional DNA nanocarrier could effectively penetrate
the cell membrane and subsequently transport the drug into the
subcellular organelles (mitochondria and nucleus), where the
drug efficiently silenced the gene expression and significantly
inhibited cancer cell growth. The chemical composition and
pharmacodynamics of small-molecule drugs and macromolec-
ular biologics are fundamentally different, so it remains chal-
lenging to load these two drugs into suitable nanocarriers for
synergistic cancer therapy.” Guo et al.®> chemically grafted
a pheophytin A (PPA) photosensitizer to ssDNA pre-designed
with phosphorothioate modification sites, and the four DNA
strands grafted with PPA were assembled into a DNA tetrahe-
dron. The DNA tetrahedron was further hybridized with siRNA
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(PD-L1) containing cohesive ends to form siRNA and PPA co-
loaded DNA nanogels. With dual therapeutic agents inside,
DNA nanogels could photodynamically kill tumor cells and
induce significant ICD. By silencing PD-L1 mRNA in tumor
cells, this strategy also significantly promoted antitumor
immune responses, which synergistically enhanced antitumor
efficacy. In addition, the results of hematoxylin—eosin staining
showed that the DNA nanogels were nontoxic to other tissues
and organs and exhibited excellent biosafety and biocompati-

bility (Fig. 2).

4.5 Immunotherapy

Tumor immunotherapy has emerged as a very promising
approach to the treatment of cancer in recent years. Immuno-
therapy differs from conventional radiation and chemotherapy
in that it uses the body's immune system to eradicate cancer
cells, hence preventing the spread of cancer and its reappear-
ance. CpG ODNs induce immune cells to generate proin-
flammatory cytokines, including TNF-a and IL-6, which activate
the innate immune system via TLR9, hence boosting antitumor
response.®***

The effectiveness of immunotherapy is contingent upon the
dosage of immunomodulatory sequences, which poses diffi-
culty in administering a substantial dosage inside a single
carrier. Materials that have been modified to have certain
motifs with immunomodulatory activity could trigger targeted
changes in the immune system. CpG ODN, a vaccination adju-
vant that is both safe and efficient, has been extensively used in
the field of tumor immunotherapy research and clinical
studies.”

In recent times, scientists have investigated the use of DNA
nanostructures as carriers for delivering CpG, therefore
improving stability and targeting. Liu et al®® used a TDN to
simultaneously transport CpG and streptavidin (as a represen-
tative antigen), resulting in a more robust immune response
compared to using a TDN alone. Li et al.®” used a TDN func-
tionalized with CpG patterns to activate the immunological
response in macrophage-like RAW264.7 cells. The findings
demonstrated that cells internalized the functionalized TDN,
which remained intact for 8 hours. This internalization process
led to the production of cytokines, namely TNF-o, IL-6, and IL-
12. The immunostimulatory activity of the TDN was further
boosted by the presence of multivalent CpG motifs, hence
increasing its importance in the field of tumor immunotherapy.

These investigations emphasize the potential of the TDN as
a flexible carrier for therapeutic drugs, functioning as a stable
vehicle for precise delivery to immune or tumor cells (Fig. 3).

4.6 Protein and peptide drugs

Most malignancies are associated with aberrant protein
expression or functional alterations, which makes protein-
based cancer treatments particularly attractive owing to their
targeted effectiveness and low toxicity.”®* Proteins encounter
obstacles such as enzymatic breakdown and the issue of
entering cell membranes, which restricts their potential use.**®
Researchers have created DNA origami nanostructures to serve
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Fig.2 Schematic representation of the intracellular delivery of methylene blue (MB) using a DNA tetrahedron as a carrier. (A) Synthesis of a DNA
tetrahedron and loading of MB on the DNA-Td. (B) Evaluation of the cellular uptake efficiency and photodynamic therapy (PDT) effect by MB
delivered with the DNA tetrahedron at the cellular level, leading to successful translocation of MB into cells and enhanced potency in vitro. (C)
Subsequent demonstration of the effectiveness of MB delivery by the DNA nanocarrier at the in vivo level, resulting in enhanced potency

compared to free MB.

as carriers for delivering proteins to specific cellular regions.'**
Protein distribution using DNA tetrahedron nanocarriers has
been recently investigated. Frokjaer et al. developed a hybrid
platform comprising a streptavidin-mirror DNA tetrahedron
(STV-Td) to transport enzymes into cells.’®* The biotin-modified
enzymes were bound to STV-Td by the strong interaction with B-
SA, efficiently inhibiting tumor growth in a mouse model by
using STV-Td as a carrier for delivering caspase-3 (CASP3).

Tang et al. proposed a genetically engineered DNA tetrahe-
dron nano-regulator that stimulates “endoplasmic reticulum
(ER)” stress, hence enhancing cancer immunotherapy.'® The
nano-regulator was created by immobilizing “glucose oxidase”
(GOx) onto the corners of the DNA tetrahedron and then
encapsulating it with the cancer cell membrane. Glucose
oxidase (GOx) accumulated in the endoplasmic reticulum (ER)
and initiated a catalytic reaction that utilized glucose and
generated hydrogen peroxide (H,O,). This mechanism led to
the activation of immunogenic cell death (ICD). When
combined with the immune checkpoint inhibitor a-PD-1, this
nano-modulator demonstrated substantial inhibitory effects on
both breast cancer and melanoma.

Li et al.*** used an aptamer-modified DNA tetrahedron as the
container to encapsulate the protein therapeutic RNase A,
aiming to achieve targeted delivery to cancer cells. The DNA
tetrahedron was used to protect and encapsulate protein
medicines, protecting them from degradation. Moreover,
modifying aptamers improved the selectivity of drug transport
and elevated the efficiency of cellular absorption. Glutathione
in cancer cells selectively cleaves disulfide bonds to release
RNase A, leading to death in certain cancer cells.

Kong et al.** described a method using a DNA tetrahedron to
create a cascade of enzymatic reactions to enhance cancer

3722 | Nanoscale Adv., 2024, 6, 3714-3732

treatment in living organisms. It involved the attachment of
glucose oxidase (GOx) and horseradish peroxidase (HRP) onto
a DNA tetrahedron. This complex was successfully taken up by
cells to trigger cancer starvation therapy and increase the levels
of hydrogen peroxide in the immediate vicinity. HRP catalyzed
the synthesis of indol-3-acetic acid (IAA) by reacting with H,0,.
The occurrence of this reaction led to the creation of unpaired
electrons, known as free radicals, which later caused the demise
of cancerous cells. The spatial encapsulation of the DNA tetra-
hedron enhanced the efficiency of delivering intermediate
metabolites across enzyme cascades, therefore demonstrating
potent and mutually reinforcing cancer therapy in both labo-
ratory studies and living organisms.

Tian et al.*® conducted research in which they used a DNA
tetrahedron (TDN) containing melittin to specifically target and
cure melanoma. The mechanism was denoted as a “nano-bee”.
Upon encountering the target protein on the cell membrane,
the DNA tetrahedron framework underwent a conformational
shift, resulting in the release of melittin. As a result, the binding
of melittin to the framework caused an escalation in its toxicity
towards target cells while simultaneously enhancing its selec-
tivity in comparison to unbound melittin. The molecular
dynamics study verified that the DNA tetrahedron effectively
enclosed melittin, hence reducing the adverse impacts of the
nanobee.

4.7 Nucleic acid drugs

4.7.1 Cytosine-phosphate-guanine (CpG). Mammalian
immune systems are activated by unmethylated CpG sequences,
which are often found in bacteria but seldom present in verte-
brate DNA.'” The recognition of toll-like receptor 9 (TLR9)
triggers both innate and adaptive immune responses.’®® TLR9 is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tumor immunogen exposure and enhanced immunotherapy. (A) The tetrahedron structure, modified with Gox as the ER-targeting ligand (TsG
— Gox), facilitates anchoring to ER organelles via binding to cell sulfonamide receptors. Subsequently, Gox-conjugated DNA tetrahedrons are
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kD (GRP78), triggering immunogenic cell death (ICD) of cancer cells to expose damage-associated molecular patterns (DAMPs), including
calreticulin (CRT) proteins and high mobility group box 1 (HMGB1). These DAMPs promote dendritic cell (DC) maturation, characterized by high
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Combined with an immune checkpoint inhibitor (a-PD-1), the nanoregulator demonstrates significant suppression of breast cancer and

melanoma growth in tumor-bearing mouse models.

expressed in several immune cells, including macrophages,
dendritic cells, and B cells. The presence of these cells triggers
the production of proinflammatory cytokines, such as TNF-
o and interleukin-6 (IL-6).'* Both fundamental and applied
research have shown that CpG is a potent and reliable immune
adjuvant, particularly in the environment of cancer immuno-
therapy."® However, the task of introducing and retaining
unbound CpG oligonucleotides inside cells is challenging,
necessitating the use of a suitable carrier.

Fan et al.*” used a DNA tetrahedron as a carrier to encapsu-
late and transport several CpG motifs.*” The study revealed that
the DNA tetrahedron nanocomposite exhibited resilience
against nuclease degradation, maintaining its structural integ-
rity in fetal bovine serum (FBS) for 24 hours and in cells for 8
hours.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The CpG sequences have a DNA composition that allows
them to easily integrate into DNA tetrahedron (DTN) structures,
which increases stability and improves targeted cellular
absorption. The CpG-functionalized DNA tetrahedron effec-
tively penetrated macrophage-like RAW264.7 cells without the
need for a transfection agent. TLRY, situated intracellularly,
recognizes CpG and initiates the significant release of proin-
flammatory cytokines such as TNF-a, IL-6, and IL-12. An
unequivocal correlation was established between the amounts
of secretion and the amount of CpG motifs present on the DNA
tetrahedron.

Another modification was done by Fan and colleagues to
transport an unmethylated CpG motif using a multivalent DNA
nanostructure.”” The immunostimulatory effects are caused by
toll-like receptor 9, which recognizes these patterns in bacterial
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and viral DNA. Results showed that CpG-TDN became more
effective than CpG alone in inducing the release of inflamma-
tory cytokines such as tumor necrosis factor-a. and interleukins
(IL-6 and IL-12). The results also showed that TDN acts as
a nanocarrier for the transfer of functional nucleic acids and
can protect CpG against nuclease degradation. The utilization
of gene expression suppression holds particular relevance in the
realm of cancer treatment, complementing the advancements
in immunotherapy discussed in preceding sections. While CpG
motifs and DNA nanostructures serve as potent immunosti-
mulatory agents, the precise targeting offered by gene
suppression techniques enhances the therapeutic efficacy while
minimizing adverse effects. This synergy underscores the
multifaceted approach adopted in contemporary cancer
therapy, wherein the integration of diverse modalities aims to
maximize treatment outcomes.

4.7.2 Small-interfering RNA (siRNA). siRNA, a 21-23 base
pair double-stranded non-coding RNA,"* is essential for gene
silencing via the RNA interference pathway."> Due to the
promise of siRNA in efficiently treating malignancies caused by
abnormal gene expression, it is crucial to transport synthesized
siRNA into cancer cells.'® Nevertheless, siRNAs encounter
obstacles such as enzymatic breakdown, limited cellular pene-
tration caused by their negatively charged characteristics, and
fast elimination by the kidneys.*** To tackle these problems, it is
necessary to have appropriate transportation methods, and
DNA tetrahedrons (DTNs) have been identified as efficient
carriers for siRNA in the field of cancer therapy.

Anderson et al. became the initial group to employ DNA
tetrahedra to deliver siRNA into cells. This development repre-
sents a significant advancement in the field of gene silencing
inside tumors, as seen in ref. 24. To achieve the best delivery of
SiRNA, at least three folate (FA) molecules per DNA tetrahedron
were required. The effectiveness of gene silencing relied on the
accurate arrangement of folate molecules in terms of their
location and timing. The DNA tetrahedron, which was carrying
siRNA, demonstrated an extended duration of blood circulation
in comparison to siRNA that was not bound. Cheng et al.
successfully delivered siRNA to glioma cells by modifying a DNA
tetrahedron with the AS1411 aptamer, resulting in the induc-
tion of apoptosis.*™® Similarly, Xiao et al®® used an AS1411
aptamer-modified DNA tetrahedron to transport anti-Braf
siRNA, leading to a more effective cleavage of Braf mRNA in
comparison to siRNA that is not bound to the aptamer.

Han et al™® synthesized DNA tetrahedron nanocages by
integrating an i-motif with therapeutic siRNA. Their work
demonstrated the efficient disruption of EGFR expression in
cancer cells by these nanocages. Song et al.'’” used a DNA
tetrahedron as an instrument to deliver CTR1 mRNA-targeting
siRNA into pancreatic cancer cells, leading to a significant
inhibition of cancer progression.

The flexibility of the DNA tetrahedron enables the simulta-
neous loading and distribution of two distinct siRNAs, resulting
in a synergistic approach to cancer therapy. As an example, Han
et al. used an FA-modified DNA tetrahedron to consecutively
provide siRNAs that specifically target PD-L1 and PCSK9,
leading to a synergistic treatment for colorectal cancer."® The
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co-delivery technology demonstrated exceptional tumor accu-
mulation and therapeutic effectiveness in mice without any
adverse consequences.

By altering the dimensions of the DNA tetrahedron and
combining it with diverse sugar backbones, precise organ tar-
geting was accomplished. Ahn et al. developed a DNA tetrahe-
dron to selectively target the liver and successfully reduce the
expression of the ApoB1 protein.”® In addition, researchers
devised a delivery system specifically designed to target the
kidneys and distribute siRNA. This system used an L-DNA
tetrahedron and successfully delivered siRNA into kidney
cells, as shown in a study.*

Cai et al. developed a closed tetrahedron nanobox to over-
come problems related to nuclease degradation and uncon-
trolled release. This nanobox effectively protects siRNA from
degradation and successfully achieves gene silencing in both
laboratory studies and living organisms."°

In addition to serving as carriers, DTNs may be organized into
complex nanostructures to deliver siRNA. Zhang et al. used DNA
tetrahedrons as fundamental units to construct a DNA nanogel
to deliver siRNA, showcasing the potential of noncationic
carriers for RNA delivery in the field of cancer treatment."

Lee et al.** established the notion of using folate and siRNA
to construct TDNs that could silence the target luciferase gene
in tumors. Following injection into the nude mice's tail vein, in
vivo studies revealed that tumor and kidney tissues collected the
highest amounts of folate-modified TDN with anti-luciferase
siRNA, whereas the heart, lungs, spleen, and liver tissues
gathered the lowest amounts. By monitoring luciferase activity
in tumor xenograft mice with folate receptor overexpression in
KB cells, they found that these modified TDNs can decrease the
bioluminescence intensity by up to 60% at 48 hours post-
injection. However, no such effect was observed with folic
acid-conjugated antiluciferase siRNAs.

4.7.3 DNAzyme. DNAzymes are short strands of nucleo-
tides that possess enzymatic capabilities, allowing them to
catalyze a range of processes such as cleaving, ligating, and
phosphorylating DNA and RNA molecules.*” DNAzymes exhibit
activity that is contingent upon distinct cofactors, such as metal
ions and proteins, as well as particular sequences. Conse-
quently, DNAzymes are found to be extensively useful in bio-
sensing and gene silencing treatment.'” Nevertheless, the
negative charge of DNAzymes hinders their ability to pass
through the cell membrane, resulting in difficulties in effec-
tively delivering DNAzymes into cells.

Using a DNA tetrahedron is regarded as an extremely
promising approach for delivering DNAzymes since it may
effectively penetrate cells without the need for transfection
chemicals. Meng et al.*** presented Dz13, a DNAzyme, that
specifically separates the mRNA of c-Jun and inhibits the
development of squamous cell carcinomas by directly attaching
its sequence to the 5’ terminus of a single-stranded DNA. This
modified DNA was then combined to create tetrahedron nano-
structures known as TDN-Dz13. TDN-Dz13 demonstrated
superior cellular absorption and effectively cleaved intracellular
target c-Jun mRNA, resulting in the suppression of cell growth,
as compared to free Dz13. Additionally, several illnesses have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potential therapeutic agents in the form of deoxyribozymes or
DNAzymes, which are nucleic acids with catalytic activity. These
agents may identify and cleave their substrates. Meng and
colleagues used a TDN to transport the DNAzyme Dz13 for use
in gene regulation.'”>'** The DNAzyme can break the mRNA of
the cell-proliferating protein c-Jun. The researchers discovered
that TDN-Dz13 had a high level of cellular penetration and
reduced cell proliferation via c-Jun mRNA-silencing.

4.7.4 Antisense oligonucleotides (ASOs). Antisense oligo-
nucleotides (ASOs) are artificially created short chains of
nucleotides, usually consisting of 12-30 units. They are
designed to match and bind to certain mRNA sequences,
leading to the suppression of gene expression.'”” ASOs may be
used to regulate gene expression and show significant promise
as a gene therapy tool for malignant tumors. However, ASOs are
also subject to the intrinsic limitations of nucleic acid medi-
cines. Specifically, unmodified ASOs undergo fast degradation
in biological matrices and/or are eliminated by the kidneys due
to their low cell membrane permeability."*® Therefore, it is
essential to develop a highly effective ASO delivery system to
overcome these constraints.

In their first investigation, Zhao et al. used a double-bundle
DNA tetrahedron as a carrier for transmitting antisense oligo-
nucleotides (ASOs) to suppress the protooncogene c-raf inside
viable cells.”*® The double-bundle DNA tetrahedron, in contrast
to the standard one, can transmit a larger quantity of ASO,
leading to an augmentation in the effective concentration.
Furthermore, the ASO, which includes disulfide, was located on
the inside surface of the double-stranded “DNA tetrahedron”,
resulting in efficient protection against enzyme degradation.
Furthermore, the double-stranded DNA tetrahedron was altered
by including a “nuclear localization signal” (NLS) peptide to
improve the specificity of the ASO's targeting. The results indi-
cated that the ASO delivery strategy effectively reduced the levels
of c-raf mRNA and protein expression. By using a double-bundle
TDN, Zhao and colleagues can decrease the growth of cancer
cells by delivering an antisense oligonucleotide (ASO) against the
protooncogene c-raf.*** The disulfide link in the ASO will be
broken and liberated from the TDN in a reducing environment.
This will then target c-raf mRNA, which inhibits cell growth.

4.8 Hybrid delivery systems utilizing DNA tetrahedra

Hybrid drug delivery systems, consisting of TDNs and other
nanomaterials, are frequently employed for the delivery of
“anticancer medications”. Future applications that have the
potential to combine the benefits of several nanomaterials
could involve hybrid medication delivery systems.

4.8.1 High-molecular-weight polymers. Yan et al'*® used
redox-responsive “polyethyleneimine” (PEI) that has been cross-
linked with disulfide bonds to coat DNA tetrahedrons loaded
with DOX. This resulted in the formation of a new kind of nano-
complex called PSP/TDNs@DOX NCs. The enzymatic degrada-
tion of PSP/TDNs@DOX NCs was reduced, resulting in
enhanced stability of the serum. This enables DOX to penetrate
cancer cells and tissues more effectively, hence conquering
multidrug-resistant malignancy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Wang et al.*** described the use of a combination of “cationic
conjugated polymers” (CCPs) and “DNA tetrahedron” as a hybrid
carrier for the simultaneous delivery of DOX and ASO (G3139) to
specific targets. It was discovered that the combination of CCPs
and DNA tetrahedron resulted in the formation of a distinct
drug-carrying pocket, which facilitated the loading of DOX. The
hybrid delivery method effectively administered the combined
treatment of DOX and G3139, resulting in exceptional anticancer
efficacy both in laboratory experiments and in vivo subjects.

4.8.2 Liposomes. Shi et al.'” used pH-sensitive liposomes to
encapsulate a DOX-loaded DNA tetrahedron to create a “lipo-
some-based nanostructured drug” (LNSD) with programmable
properties for the treatment of drug-resistant tumors. The LNSD
demonstrated a notable ability to minimize DOX leakage during
administration, resulting in a substantial enhancement in the
effectiveness of anticancer treatment in mice with drug-
resistant breast tumors, exceeding the results achieved with
DOX and liposome-based DOX.

Ren et al. developed an intelligent nano-prodrug called Dox-
MPK@MDL by sequentially constructing a dendrimer using
a DNA tetrahedron, loading pH-sensitive Dox-MPK prodrugs,
and coating liposomes and macrophage membranes. This was
achieved by hierarchical self-assembly.* The findings demon-
strated that Dox-MPK@MDL selectively homed in on lung
metastases of breast cancer by exploiting the biomimetic
metastasis flocking effect (Fig. 4).

4.8.3 Metal nanomaterials. Willner et al. proposed hybrid
nanostructures that combine DNA tetrahedra with metal-
organic frameworks (MOFs), which can detect changes in pH
and miRNA levels. The nanostructures were purposefully
designed to facilitate the transportation of fluorescent dyes and
chemotherapeutic drugs.”** The DNA tetrahedron gates played
a crucial role in ensuring the security of the system, while the
pH and miRNA-triggered reactions served as the mechanism for
activating the hybrid system and releasing the therapeutic
payload. This novel method merged the considerable drug-
carrying capability of porous MOFs with the effective cell-
penetrating characteristics of DNA tetrahedra. Further investi-
gation conducted by Willner et al. examined hybrid nano-
structures that are sensitive to ATP and VEGF.***

Meng et al. devised a nanoparticle system using “tetrahedral
DNA nanostructures” (TDNs) and “gold nanoparticles (AuNPs)”
to tailor the size for the treatment of deeply located cancers
inside the body."** This mechanism effectively disassembled and
discharged DOX when the pH transitioned from normal tissues
to the tumor microenvironment (TME) and cancerous intracel-
lular regions. He et al.*** introduced a nanocomposite composed
of a DNA tetrahedron containing DOX and “gold nanorods”
(GNRs) for chemophotothermal therapy. The AS1411 aptamer-
conjugated DNA tetrahedra, which contained DOX, were then
condensed by “PEI-coated gold nanorods” (GNRs). This led to the
acquisition of photothermal characteristics and enhanced ability
to avoid the lysosomal compartment. The nanocomposite effi-
ciently induced apoptosis and tissue necrosis in cancer cells
upon exposure to “near-infrared (NIR) radiation”, demonstrating
the significant synergistic effect of photothermal therapy and
chemotherapy in eradicating cancer cells.
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Fig.4 Schematic representation of the formation of pH-sensitive liposomes encapsulating nanostructured DOX (LNSD), highlighting its benefits
in overcoming drug resistance in tumor treatment. (A) An LNSD is formed by loading DOX into transdermal patches (TD) to create small
nanostructured DOX (TD/DOX), which is then encapsulated into pH-sensitive liposomes. (B) The resulting LNSD demonstrates enhanced cellular
uptake of DOX, sustained drug concentration within resistant tumor cells, improved penetration into cell nuclei, and accumulation at tumor sites
via the enhanced permeability and retention (EPR) effect of liposomes. Antitumor efficacy and reversal of DOX resistance were assessed using

MCF-7/ADR cells and DOX-resistant breast tumor models.

4.9 Gene silencing

Gene silencing is a technique used to control gene expression,
which involves the use of several tools such as antisense
oligonucleotides, ribozymes, and small interfering RNAs (siR-
NAs)."** SiRNAs, which are often used in genetic therapy,
impede gene expression and protein synthesis by attaching to
mRNA molecules that are complementary to them.™® Never-
theless, the fragility and vulnerability to deterioration of these
substances impose restrictions on their use in living organisms,
often necessitating the use of nanoparticles for transportation.
Conventional nanomaterials have drawbacks such as toxicity
and immunological reactions. However, the DNA tetrahedron
has emerged as a biocompatible vector for gene silencing.'*”

Long et al.®* used a DNA tetrahedron to fabricate a siRNA
delivery device aimed at suppressing the expression of genes in
tumor cells. The technology enabled accurate manipulation of
siRNA spatial orientation and cancer-targeting ligands.'*®
Nanostructures coupled with folic acid (FA) exhibited effective
gene silencing, surpassing the limitations of siRNA, improving
the effectiveness of RNA interference, and remaining stable in
the bloodstream. This underscores the capacity of DNA tetra-
hedron structures to surmount obstacles related to siRNA
transportation for biological purposes.'*

5. Future directions and challenges in
TDN-based cancer treatment

The future of TDN-based cancer treatment presents both chal-
lenges and promising avenues for advancement. Foremost
among these challenges is the limited payload capacity of TDNs,
particularly in delivering larger therapeutic molecules or
combinations of drugs. Additionally, concerns persist regarding

3726 | Nanoscale Adv.,, 2024, 6, 3714-3732

the biocompatibility and potential toxicity of TDNs, necessi-
tating further investigation to ensure their safety for clinical
use. Achieving efficient intracellular transport and precise tar-
geting of cancer cells remain ongoing challenges crucial for
optimizing therapeutic outcomes. Moreover, ensuring the
stability and scalability of TDN synthesis and assembly
processes is paramount for their practical application in cancer
therapy on a larger scale. One major concern includes the fate of
TDNs after entering the cells, the answer to which will revolu-
tionize the field.

However, exciting opportunities exist for advancement in the
field. Future research efforts could focus on enhancing the
payload capacity of TDNs through innovative structural designs
or the development of novel assembly techniques, thereby
enabling the delivery of larger therapeutic cargoes or multiple
drugs simultaneously. Advances in materials science and
biotechnology may lead to the development of biocompatible
TDNs with enhanced stability in biological environments,
facilitating their translation into clinical practice. The
enhanced stability will also help in reducing the clearance of
TDNs from the kidneys in vivo. Incorporating advanced target-
ing ligands or functionalizing TDNs with stimuli-responsive
elements could enable precise targeting of cancer cells, mini-
mizing off-target effects and enhancing therapeutic efficacy.
Integration of TDNs with emerging technologies such as
precision medicine and gene editing techniques holds promise
for personalized cancer treatments tailored to individual
patient profiles, potentially leading to more effective and
personalized therapeutic interventions. Moreover, addressing
the regulatory challenges and streamlining the clinical trans-
lation process for TDN-based cancer therapies are essential
steps towards realizing their full potential in clinical settings.
Collaboration between researchers, clinicians, and regulatory

© 2024 The Author(s). Published by the Royal Society of Chemistry
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agencies will be crucial in navigating these challenges and
expediting the translation of TDN-based therapies from bench
to bedside. By addressing these challenges and capitalizing on
these potential advancements, TDN-based cancer treatment
stands poised to revolutionize cancer therapy and improve
patient outcomes.

6. Conclusions

Exploration of DNA nanostructures as drug carriers shows
immense potential across a range of medical and pharmaceu-
tical advancements. The major advantage of these structures is
their availability for functional modifications. They can deliver
a wide spectrum of compounds ranging from small molecules
to nucleic acids into cells. These structures have promising
applications in not only cancer immunotherapy but also auto-
immune diseases. The ease of synthesis of these structures will
help scale up the structures for translation into clinics. Despite
challenges like improving production efficiency and over-
coming biological barriers, progress is underway through
molecular design and innovative applications. Ongoing efforts
are expected to yield intelligent drug delivery systems with
broader applications, making DNA nanostructures a promising
player in advancing precise and efficient drug administration.
This field represents a compelling avenue for future research,
holding the promise of transformative developments in drug
delivery systems.
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