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Abstract

Structural DNA nanotechnology enables DNA to be used as nanomaterials for novel
nanostructure construction with unprecedented functionalities. Artificial DNA na-
nostructures can be designed and generated with precisely controlled features,
resulting in its utility in bionanotechnological and biomedical applications. A tetra-
hedral DNA nanostructure (TDN), the most popular DNA nanostructure, with high
stability and simple synthesis procedure, is a promising candidate as nanocarriers in
drug delivery and bioimaging platforms, particularly in precision medicine as well as
diagnosis for cancer therapy. Recent evidence collectively indicated that TDN suc-
cessfully enhanced cancer therapeutic efficiency both in vitro and in vivo. Here, we
summarize the development of TDN and highlight various aspects of TDN applica-
tions in cancer therapy based on previous reports, including anticancer drug load-
ing, photodynamic therapy, therapeutic oligonucleotides, bioimaging platforms, and

other molecules and discuss a perspective in opportunities and challenges for future
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1 | INTRODUCTION

Nanotechnology has played a crucial role in scientific research and
development of novel materials and devices with unprecedented
properties. Precise manipulation and accurate control on a nanome-
ter scale over sizes and shapes of nanomaterials are still very chal-
lenging. DNA is one of these macromolecules that have been used
as building blocks for nanoscale construction in many biological and
nanotechnological applications. The foundation of the structural
DNA nanotechnology field was laid out after Nadrian C Seeman
had proposed the immobile DNA junction in the early 1980s.!
DNA nanostructures become promising nanomaterials for various
applications due to their significant advantages, such as specific
self-assembly ability through Watson-Crick base pairing, precise
control over size and shape, biocompatibility and biodegradability,

TDN-based nanomedicine.

cancer, DNA nanostructure, nanotechnology, targeted therapy, tetrahedron

and functional modifications with other molecules. So far, a wide
variety of DNA nanostructures have been produced in 2-D or 3-D
conformations, such as cube,? truncated octahedron,?® tube*®
tetrahedron,® icosahedron,” 2D-DNA arrays,&9 and DNA origami
nanostructures.'0? Among these reported DNA nanostructures,
tetrahedral DNA nanostructures (TDN) have been widely utilized
for biomedical purposes.

As a promising candidate in various bionanotechnological ap-
plications, especially in the nanomedical field, not only can TDN
serve as a carrier to deliver different cargoes, such as drugs, nu-
cleic acids, and enzymes, but it can also serve as a bioimaging agent
for specific molecule detection. In this review, we will summarize
different aspects of current TDN applications in cancer therapy
and provide a perspective into future direction of TDN-based
nanomedicine.
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2 | DESIGN AND CHARACTERIZATION OF
TETRAHEDRAL DNA NANOSTRUCTURES

Since Turberfield and coworkers first introduced the single-step
synthesis of TDN,® it has become one of the most popular DNA
nanostructures with a wide range of applications. Normally, TDN
is composed of only 4 oligonucleotides, which self-assemble into a
well-defined tetrahedral shape, as shown in Figure 1A, through base
pairing.'® Similar to other DNA nanostructures, the formation of TDN
is simply carried out by a thermal annealing process with all 4 DNA
oligonucleotides mixed together in an appropriate buffer. Multiple
analytical techniques can be applied for verification and characteri-
zation of successful TDN construction. So far, gel electrophoresis in
a nondenaturing condition is the simplest procedure used to confirm
designed cDNA binding by visualizing band shift.X*2° The dynamic
light scattering technique has been widely used to determine the

size and zeta-potential of TDN!>2423

and the homogeneity of the
nanostructures in solution as it directly measures the hydrodynamic
size in a precise nanometer range.24 Atomic force microscopy and

transmission electron microscopy can be used to directly visualize
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TDN structure and conformation.* In all, these techniques provide
useful information and confirmation of the TDN structure and allow
a better understanding of their overall properties.

3 | STABILITY - IN VITRO AND IN VIVO

For therapeutic purposes, the stability of TDN is among the most
essential requirements for the development of drug delivery carriers
to avoid rapid degradation by nucleases or early elimination from the
circulation system. Previous studies showed that the presence of di-
valent Mg2+ isimportant for structural integrity of DNA-based nano-
structures.? The divalent ions could help in balancing an interhelical
electrostatic repulsion and also stabilizing the stacked form of the
4-way Holliday junction.? However, Mg?* is known as the cofactor
of various nucleases that are involved in DNA degradation,27 so its
presence might lead to the instability of the DNA nanostructures in
the presence of such enzymes. A variety of conditions that mimic
the physiological environment have been used to test TDN stability
and TDN-environment interactions. Several studies have examined
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FIGURE 1 Tetrahedral DNA nanostructure (TDN) structure and stability. A, Left panel, formation of the TDN nanostructure. Middle
panel, space filling model of TDN. Right panel, atomic force microscopy images of TDN. Reproduced with permission.*® B, In vitro stability
of TDN against DNase | compared with the DNA duplex. Reproduced with permission.?® C, L-TDN (red) and D-TDN (blue) in large and
small size (30 bp and 17 bp, respectively). Reproduced with permission.?? D, In vitro stability of D-TDN and L-TDN against serum nuclease.
Reproduced with permission.?? E, Left panel, in vivo stability of D-TDN and L-TDN estimated using fluorescence resonance energy transfer
(FRET) signals. Middle panel, fluorescent intensity of TDN in blood samples. Right panel, fluorescent intensity of TDN in urine samples.

Reproduced with permission??
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the in vitro stability of TDN when incubated with various enzymes
by gel electrophoresis.?!?8-30 Figure 1B shows that TDN exhibited
higher stability than the normal duplex in the presence of DNase
. In 2011, by labeling TDN with Cy3 and Cy5, Walsh et al®** used
fluorescence resonance energy transfer (FRET) to investigate the
structural integrity of TDN in living HEK cells and found that TDN
remained intact for at least 48 hours. In addition, Kim et al* claimed
that different forms of nucleotides can affect TDN stability. They
constructed TDN from L-DNA (L-TDN), instead of natural D-DNA (D-
TDN) (Figure 1C), and claimed that L-TDN is more stable than D-TDN
(Figure 1D). They also examined the in vivo stability of L-TDN using
FRET and the results showed that L-TDN was more stable and re-
mained in the bloodstream longer than D-TDN due to a decrease in
renal clearance, as shown in Figure 1E. This might be because the

unnatural backbone of L-DNA is insensitive to nucleases in serum.

4 | CELLULAR UPTAKE AND
INTRACELLULAR FATES OF TDN

In order for effective use as nanocarriers in drug delivery ap-
plications, TDN need to be taken up by target cells. Therefore,
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understanding not only the routes of TDN internalization but also
the fate of TDN inside the cell is necessary. Most cell types use
the endocytic process to communicate between intracellular and
extracellular compartments. Endocytosis leads to the engulfment
of cargoes through membrane invagination by endocytic machiner-
jes to form a vesicle inside the cell.®?%% Previous reports showed
that nanoparticle uptake relies on many factors, including size,
shape, charge, and cell type.®* In general, DNA is usually impen-
etrable across the negatively-charged plasma membrane without
the aid of transfection reagents. Although the mechanisms of the
cellular uptake of TDN are not well understood,®” many studies
reported that various DNA nanostructures can be taken up by
cells without transfection reagents. It has been shown that smaller
TDN was more rapidly internalized into cells than larger ones.
Walsh et al®! studied the transfection efficiency of naked TDN and
Lipofectin-encapsulated TDN in mammalian cells. They found that
TDN effectively entered mammalian cells both with and without
transfection reagents and remained intact in the cytoplasm up to at
least 48 hours (Figure 2A,B). Previous reports indicated that TDN
entered the cell by endocytosis by way of the caveolin-dependent
pathway.*#37 Using the single-particle tracking technique to study
the transportation pathways of TDN in Hela cells, it has been

With Lipofectin

FIGURE 2 Cellular uptake and internalization of tetrahedral DNA nanostructures (TDN). A, Transfection efficiency of TDN with and
without Lipofectin estimated by flow cytometry. Reproduced with permission.3! B, Intracellular localization of TDN with and without
Lipofectin. Green, centrin-GFP; red, Cy5-labeled TDN. Reproduced with permission.! C, Internalization of TDN at different time points.
Green, DiO-labeled lipid; red, Cy3-labeled TDN. Reproduced with permissionA38 D, Colocalization of TDN (red) and microtubulin (green) in

Hela cells. Reproduced with permission38
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shown that TDN entered the cell by fusing with the plasma mem-
brane over approximately 87 seconds, as shown in Figure 2C and
subsequently reached the lysosomes.%” Also, the intracellular motil-
ity of TDN was microtubule-dependent (Figure 2D), implicating that
TDN was transported in a highly regulated manner. Furthermore,
by adding nuclear localization signals, the subcellular fate of TDN
can be targeted to the nucleus instead of lysosomes, like unmodi-
fied TDN. Later, another study indicated that the kinetics of the
TDN internalization process is cell type-dependent and that the lo-
calization of TDN in lysosomes does not alter lysosome functions.>®
Moreover, TDN does not affect cell cycle progression, resulting in

evenly distributed TDN in 2 daughter cells.

5 | APPLICATIONS AS DELIVERY
VEHICLES IN CANCER THERAPY

5.1 | Targeted delivery

Different kinds of targeting molecules have been modified onto
TDN to construct a targeted drug delivery system that enhances
tissue specificity and prevents adverse side-effects from nonspe-
cific interactions. Aptamers have been used extensively for TDN
modification due to their high affinity and high specificity to their
targets. In general, aptamers, short synthetic ssDNA or RNA oli-
gonucleotides, are developed using the systematic evolution of

ligands by exponential enrichment (SELEX).%’

Aptamers can form
a 3-D structure®® that specifically binds to targets ranging from
small molecules to whole cells.**"** Other targeting moieties, such
as folic acid,* cell-penetrating peptides”’46 and Affibody mol-
ecules,” have also been used to modify the TDN for specificity

improvement.

5.2 | Anticancer drugs

Tetrahedral DNA nanostructures have been utilized as nanocarri-
ers for different types of cargoes. Chemotherapeutic drugs with
planar conformations can be easily loaded by intercalating into the
DNA duplex. Not only can they allow specific delivery of chemo-
therapeutic drugs to target cells, but these DNA nanocarriers can
also overcome drug resistance in various cancer cell types. Kim and
colleagues demonstrated that doxorubicin (dox)-loaded TDN can
circumvent drug resistance in MDR breast cancer cells.* It has also
been shown that dox-loaded TDN accumulated inside MDR cells
more than free dox, as TDN might avoid the recognition of drug ef-
flux pumps. A MUC1 aptamer is widely used as it specifically binds
to Mucin 1 proteins, which are highly expressed in many cancer-
ous cells. Using coculture experiments, Dai et al*® have shown that
MUC1-aptamer-modified TDN with dox exhibited high specificity
to MUC1-overexpressing MCF-7 cells with little binding to MUC1-
negative MDA-MB-231 cells (Figure 3A). Recently, 2 different
aptamers, MUC1 - specific to Mucin 1 and AS1411 - specific to
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nucleolin, were functionalized onto dox-loaded TDN to enhance
specificity and chemotherapeutic efficacy.*’ In addition, Liu et al*°
utilized an sgc8c aptamer to specifically deliver dox to protein ty-
rosine kinase 7 (PTK7)-overexpressing cells. They showed that ap-
tamer modification can increase cytotoxic effects in PTK7-positive
cells.

Xie and coworkers investigated the effects of paclitaxel (PTX)-
loaded TDN on PTX-resistant non-small-cell lung cancer cells and
found that PTX-loaded TDN can overcome drug resistance by
downregulating the expression of mdrl gene and P-glycoprotein,
resulting in reduced drug efflux from cancer cells.® The same group
also reported the use of AS1411-aptamer-modified TDN to deliver
the antimetabolite 5-fluorouracil to specific breast cancer cells
(Figure 3B).>* The modified TDN showed the effect on cell cycle and
apoptotic genes and proteins. Moreover, Chen and coworkers de-
veloped the anticancer metal complex, [Ir(ppy)zphen]+PF6 (Ir)-loaded
TDN, to inhibit vascular mimicry (VM) formation, which enhances
tumor migration and metastasis in glioma.52 They found that metal
complex-loaded TDN showed antimetastasis ability by reducing the
expression of VM-associated proteins.

5.3 | Photodynamic therapy

Photodynamic therapy (PDT) is considered as a recently developed
cancer treatment. Upon light exposure, the photosensitizer (PS) can
undergo 1 of 2 types of reaction, type | or type Il reaction,® re-
sulting in the generation of free radicals and reactive oxygen spe-
cies, which cause oxidative stress and cell damage. There are many
PS, such as phthalocyanine,®® hypericin,®> methylene blue (MB),*¢
and pheophorbide-a,®” that can be used in PDT. However, most PS
have low solubility, poor cell/tissue penetration, and lack of selec-
tivity, leading to low PDT efficacy. To overcome these drawbacks,
several nanocarriers have been used to solve these problems. In
2016, Kim and coworkers utilized TDN as a carrier for MB delivery
(Figure 3C).%8 They reported that TDN can enhance cellular uptake
of MB and increase the stability of MB under reducing intracellular
conditions. The MB-loaded TDN can cause photo-induced cytotox-
icity both in vitro and in vivo. In addition, PDT can be applied to
enhance synergistic effects with other treatments. As a proof of

concept, Chen et al®?

developed DNA nanodevice-based, sense-and-
treat strategy by synergistic chemotherapy and PDT to detect and

kill circulating tumor cells.

5.4 | Therapeutic oligonucleotides

Due to the specificity and therapeutic property of AS1411 ap-
tamer, it has been shown that AS1411 aptamer-modified TDN
is more specific to cancer cells than TDN and can inhibit tumor
cell growth.??%% Moreover, aptamer-modified TDN have differ-
ent effects on cell growth and cell cycle in different cells as they

inhibit cell cycle progression and cell growth in tumor cells while
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FIGURE 3 Tetrahedral DNA nanostructure (TDN) applications as delivery vehicles in cancer therapy. A, MUC1 aptamer-modified TDN
for selective doxorubicin (Dox) delivery to breast cancer cells. Reproduced with permission.*’ B, AS1411 aptamer-modified TDN for selective
5-fluorouracil (5-FU) delivery to breast cancer cells. Reproduced with permission.>? C, Methylene blue (MB)-loaded TDN for in vitro and in
vivo photodynamic therapy. Reproduced with permission.>’ D, Delivery of unmethylated CpG motifs by TND for the immunostimulatory
effect. TLRY, Toll-like receptor 9. Reproduced with permission.®? E, Antisense oligonucleotide (ASO) delivery by nuclear localization signal

peptide (NLS)-modified TDN for protooncogene c-raf silencing. Reproduced with permission

promoting cell cycle progression of normal cells in hypoxic con-
dition. Alternatively, Fan and coworkers designed a multivalent
DNA nanostructure for delivery of an unmethylated CpG motif
(Figure 3D).°! These motifs are found in bacterial and viral DNA
and recognized by Toll-like receptor 9, which results in immu-
nostimulatory effects. They found that when compared with CpG
alone, CpG-TDN has more potential to induce the secretion of in-

flammatory cytokines like tumor necrosis factor-a and interleukins

23

(IL-6 and I1L-12). These data also indicated that TDN can shield CpG
from degradation by nucleases and serves as a nanocarrier for
functional nucleic acid delivery.

Suppression of gene expression has been widely used in can-
cer therapy because this method provides a precise target gene
suppression while avoiding undesired effects. As a proof of con-
cept, Lee et al®? designed TDN with folate and siRNA for silencing

the target luciferase gene in tumors. In vivo experiments showed
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that, after tail vein injection into nude mice, folate-modified TDN
with antiluciferase siRNA highly accumulated in tumor and kidney,
whereas less accumulated in heart, lung, spleen, and liver. By ob-
serving luciferase activity in folate receptor-overexpressing KB cells
in tumor xenograft mice, they revealed that at 48 hours post-injec-
tion these modified TDN can reduce bioluminescent intensity up to
60%, whereas the decrease of a bioluminescent intensity of folic ac-
id-conjugated antiluciferase siRNAs was not observed. To suppress
specific gene expression, Ding and his group use double-bundle
TDN to deliver antisense oligonucleotide (ASO) against protoonco-
gene c-raf for inhibiting cancer cell proliferation (Figure 3E).%° In the
reducing environment, disulfide bond in ASO will be cleaved and
released from TDN to target c-raf MRNA, leading to the inhibition of
cell proliferation. Moreover, deoxyribozymes or DNAzymes, which
are nucleic acids with catalytic activities, can recognize and cleave
their substrates and are considered as therapeutic agents for a vari-
ety of diseases.®®%* Meng and coworkers developed TDN to deliver
a DNAzyme Dz13 for gene regulation.17 This DNAzyme can cleave
c-Jun mRNA, which is involved in cell proliferation. They found that
TDN-Dz13 displayed high cellular penetration and subsequently
decreased cell proliferation by c-Jun mRNA-silencing activity. These

studies revealed the advantage of TDN as a carrier for gene therapy.

5.5 | Other molecules

Peptide nucleic acid (PNA) can specifically hybridize with comple-
mentary DNA or RNA and resulting in the inhibition of gene ex-
pression. In 2018, Zhang and coworkers reported PNA delivery
using TDN as a carrier in methicillin-resistant Staphylococcus au-
reus.®® The ftsZ-asPNA delivered by TDN effectively targeted the
ftsZ gene, which is involved in bacterial cell division, resulting in
bacterial growth reduction in a concentration-dependent manner.
This offers a platform for delivery of DNA antibacterial drugs to
combat bacterial resistance. In addition, many researchers consider
enzymes to be therapeutic agents because of their high substrate
specificity. However, the lack of cell-penetrating properties has
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made it very challenging for therapeutic use of enzymes. To im-
prove cellular uptake, Kim and coworkers have modified TDN with
streptavidin (STV) to use as a multiple enzyme delivery platform
for tumor targeted therapy.® It was found that STV-modified TDN
showed high cell-penetrating properties and effectively delivered
complex enzymes to the target. Moreover, they reported that the
hybrid can also be applied for tumor targeted delivery in vivo. In
addition, Liu et al proposed a platform for synthetic vaccine de-
velopment using TDN assembling with STV and CpG adjuvant to
stimulate the immune response in vivo. They showed that TDN
delivered the model antigen to the lysosome after 2 hours and pro-
moted model antigen internalization by antigen presenting cells in
a time-dependent manner and significantly increased the immuno-

genicity of the model antigen.®”

6 | APPLICATIONS AS CELLULAR IMAGING
PLATFORMS IN CANCER THERAPY

Tetrahedral DNA nanostructures can be functionalized with a
wide variety of fluorophores to be used as biosensing and bioim-
aging platforms. In 2016, Fan and coworkers constructed multiple-
armed TDN for dual-modality in vivo tumor imaging (Figure 4A).°
Tetrahedral DNA nanostructures were decorated with different
probes, near-infrared (NIR) dye Dylight-755 (Dy) and isotope 99mTc
for NIR fluorescence and single-photon emission computed tomog-
raphy (SPECT) (Figure 4B). Along with folic acid (FA) as a targeting
ligand, they showed that FA-Dy-99mTc-TDN can simultaneously use
both NIR and SPECT for in vivo imaging. Also, to show that the tar-
geted drug delivery system can be coupled with cancer cell imag-
ing, Liu and coworkers modified dox-loaded TDN with 2 different
aptamers, MUC1 and AS1411.* The MUC1 aptamer was modified
with a quencher molecule. As the modified TDN were formed, the
quencher was adjacent to Cy5, resulting in no fluorescence signal.
In the presence of MUC1-positive cells, the MUC1 aptamer binds to
MUCI1 protein, leading to enhanced fluorescence signals, which can
be used for cancer cell imaging.

FIGURE 4 Tetrahedral DNA nanostructures (TDN) as bioimaging platforms. A, Multiple-armed TDN modified with Dylight 755

fluorescent dye (Dy), folic acid (FA), and radioactive isotope 99™Te for tumor-targeting imaging. Reproduced with permission.69 B, Fluorescent
imaging of in vivo biodistribution of Dy-*™Tc-TDN, FA-Dy-?"™Tc-TDN, and FA-Dy-**™Tc-TDN and free folic acid (FA) within 1 h in KB tumor-
bearing nude mice. Coadministration of FA-Dy-?’™Tc-TDN and free FA served as control. Reproduced with permission.®’ C, TDN-based
molecular beacon for intracellular TK1 mRNA detection. FRET, fluorescence resonance energy transfer. Reproduced with permission.?° D,
Intracellular TK1 mRNA detection in TK1-positive HepG2 cells and TK1-negative HL7702 cells by TDN-based molecular beacon. Green,
fluorescein (FAM, fluorescent donor); red, carboxytetramethylrhodamine (TAMRA, fluorescent acceptor). Reproduced with permission.2°

E, TDN-based nanoprobe for simultaneous detection of pH and superoxide anion (O) in living cells and in vivo. Green, FAM (pH-sensitive
fluorophore); red, hydroethidine (HE, O -sensitive fluorophore). Reproduced with permission.'® F, Simultaneous intracellular imaging of
05 and pH in Hela cells by TDN-based nanoprobe. a, d, Control. b, e, Phorbol myristate acetate (PMA) induced O production treated

cells before incubated with TDN nanoprobe. c, f, Tiron, O, scavenger, treated cells after PMA treatment. a-f, All conditions were excited at
488 nm. a-c, Emission wavelength was collected at 560-630 nm (HE channel, red). d-f, Emission wavelength was collected at 500-540 nm
(FAM channel, green). Reproduced with permission.*® G, In vivo fluorescence imaging of O3 and pH in lipopolysaccharide (LPS)-induced
inflammatory mice model. a, Control (LPS alone). b, TDN nanoprobe injection. ¢, TDN nanoprobe injection after LPS treatment. a, Emission
wavelength collected at 500-540 nm (FAM channel) after excitation at 480 nm. c, Emission wavelength collected at 580-620 nm (HE
channel) after excitation at 480 nm. b, d, Quantification of fluorescence intensity from (a) and (c). Reproduced with permission18
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Furthermore, TDN could be modified as a biosensing platform to limit of approximately 90 cells/mL and it also exhibited higher selec-
study the intracellular activity of telomerase, which are upregulated tivity to cancer cells than normal cells. In 2019, Miao and coworkers
in various cancer types.®” Chen and coworkers developed a TDN proposed another approach to detect the intracellular telomerase
probe for in situ fluorescence imaging using FRET.”® Their results in- activity using TDN functionalized with FRET.Y? Data showed that the

dicated that the TDN probe had good sensitivity with the detection DNA nanoprobe had the limit of detection at a single cell level. These
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data confirmed that the DNA nanoprobe can also be applied for in-
tracellular telomerase imaging.

Tumor-related mMRNA has received much attention and been used
as a representative tumor biomarker for cancer diagnosis. Recently,
mRNA of the TK1 gene, which is involved in cell division and tumor
cell growth,71 was chosen as a target for tumor biomarker detec-
tion. In 2016, Wang and coworkers designed a TDN-based molecular
beacon for detection of tumor-related mRNA and ATP in living cells
(Figure 4C).%° As shown in Figure 4D, the TDN-based biosensor can
be used to detect TKI mRNA in HepG2 and HL7702 cells. Also, Li

et al'®

developed a TDN-based nanoprobe for detection of pH and
superoxide anion (O;) that are involved in various diseases, includ-
ing cancers (Figure 4E). The TDN was modified with 2 fluorophores,
fluorescein (for pH sensing) and hydroethidine (for O; sensing). Data
showed that the DNA nanoprobe can simultaneously allow the vi-
sualization of pH and O} without toxicity in living cells and mouse
models with high sensitivity and image resolution (Figure 4F,G).
Recently, Xie and coworkers developed a TDN-based biosensor for
imaging of Ago2, the essential protein for RNAi mechanism, in a sin-
gle cell and RNase H detection.”? They showed that the biosensor
could be used with high selectivity for Ago2/microRNA-21 imaging
and to assess the concentration of Ago2 in a single cell. This sug-
gested that the TDN-based biosensor can be used for further diag-
nosis and treatment of diseases.

7 | CONCLUSION AND PERSPECTIVE

Overall, the field of DNA nanotechnology has emerged as a crucial
tool in a variety of biological and biomedical applications. Among
different types of DNA nanostructures, TDN have been a major
research focus due to their structural and biological features. This
review summarized recent data that collectively indicate a great
potential for TDN as drug delivery systems, biosensing and bio-
imaging platforms, and even biological regulators. Nevertheless,
chemically modified TDN still need to meet necessary require-
ments before they can be utilized in clinical trials, including in
vivo stability, suitable pharmacodynamic and pharmacokinetic
properties, and long-term cytotoxicity. This challenge awaits fu-
ture researchers to tackle and continue the development of TDN
and other DNA nanomaterials with real diagnostic and therapeutic

value.
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