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Abstract

Besides being the carrier of genetic information, DNA is also an excellent biological organizer to 

establish well-designed nanostructures in the fields of material engineering, nanotechnology, and 

biomedicine. DNA-based materials represent a diverse nanoscale system primarily due to their 

predictable base pairing and highly regulated conformations, which greatly facilitate the 

construction of DNA nanostructures with distinct shapes and sizes. Integrating the emerging 

advancements in bioconjugation techniques, DNA nanostructures can be readily functionalized 

with high precision for many purposes ranging from biosensors to imaging to drug delivery. 

Recent progress in the field of DNA nanotechnology has exhibited collective efforts to employ 

DNA nanostructures as smart imaging agents or delivery platforms within living organisms. 

Despite significant improvements in the development of DNA nanostructures, there is limited 

knowledge regarding the in vivo biological fate of these intriguing nanomaterials. In this review, 

we summarize the current strategies for designing and purifying highly-versatile DNA 

nanostructures for biological applications, including molecular imaging and drug delivery. Since 

DNA nanostructures may elicit an immune response in vivo, we also present a short discussion of 

their potential toxicities in biomedical applications. Lastly, we discuss future perspectives and 

potential challenges that may limit the effective preclinical and clinical employment of DNA 

nanostructures. Due to their unique properties, we predict that DNA nanomaterials will make 

excellent agents for effective diagnostic imaging and drug delivery, improving patient outcome in 

cancer and other related diseases in the near future.
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1. Introduction

There are many bio-functional molecules, such as small molecules [1–3], peptides [4–6], 

and proteins [7–9], that have proven practical as imaging tracers or therapeutic agents. By 

virtue of the rapid development of nanotechnology, enhanced imaging contrast and drug 

delivery is among several promising futures based on the assumption that nanoplatforms 

may maintain or optimize biological properties of drugs in vivo, while helping to decrease 

necessary pharmaceutical dosages and minimize potential side effects [10, 11]. 

Advancements in nanotechnology have allowed scientists to develop highly sophisticated 

DNA-based drug delivery systems capable of transporting a variety of bio-functional 

molecules directly to sites of interest through active and passive targeting mechanisms [12–

14]. For example, most traditional chemotherapeutics may be loaded into micelles [15], 

polymers [16, 17], carbon-based nanomaterials [18–20], quantum dots [21–23], metallic 

nanoparticles [24], and others for in vivo tumor-targeted imaging and therapy. In addition, 

some inorganic nanomaterials, such as AuNPs [25–27] and mesoporous silica nanoparticle 

[28] may serve as both contrast agents for diagnostic imaging, therapeutic agents for various 

forms of cancer treatment (e.g. photothermal therapy, PTT; or photodynamic therapy, PDT), 

or a combination of both, also known as theranostic agents [29, 30].

Deoxyribonucleic acid (DNA) is commonly used for in vivo biomedical applications in the 

forms of single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), and circulated 

plasmid DNA. Due to its diversity in sequences and consistency in structure, DNA is an 

ideal material for integrating versatile functional groups for targeting of diseased tissues in 

biomedical applications [31]. Based on the Watson-Crick base-pairing principle, 

complementary DNA strands can form DNA double helices under physiological 

environments with almost 100% predictability and reproducibility, which offers an excellent 

model for constructing DNA nanomaterials with high designability. The shape, size, and 

dimension of DNA nanomaterials could be readily controlled by sequence design and 

arrangement of oligonucleotides [32]. Besides the structural designability of DNA 

nanostructures, DNA possesses several unique properties that make it attractive for in vivo 
diagnostic and therapy [33]. For example, taking advantages of the rapid developments in 

the fields of nucleic acid synthesis and conjugation, we can easily construct multifunctional 

DNA nanomaterials with highly modified DNA strands. Moreover, highly sophisticated 

DNA tools, such as DNA ligases, polymerases, and nucleases allow scientists to design and 

edit DNA strands with even higher efficiency. Lastly, DNA and DNA nanocomposites are 

both biocompatible and biodegradable, which can ease most of the toxicity concerns 

associated with traditional nanoplatforms. Together, all these features make DNA 

nanomaterials a suitable and promising tool for molecular imaging and targeted drug 

delivery in vivo.
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While DNA nanotechnology has been previously reviewed in literature focusing on the 

formation, design, and in vitro cellular delivery mechanisms of DNA nanostructures [34–

38], this review extends beyond these basic concepts to investigate the applications of DNA 

nanotechnology for in vivo molecular imaging and drug delivery. First, the origin and 

development of DNA nanomaterials are discussed with an emphasis on designing DNA 

nanoparticles with and without DNA template strands. Next, we examine the methods 

currently employed for purifying and enhancing the stability of DNA nanomaterials. Later, 

we illustrated the in vivo applications of DNA nanomaterials regarding imaging and drug 

delivery before outlining the potential opportunities and challenges of DNA nanomaterials 

for in vivo applications.

2. Evolution of DNA Nanotechnology for Biomedical Applications

2.1. Initial Development of DNA Nanostructures

It was after the discovery of the double-helical structure of DNA and its deformational 

products, including G-quadruplexes (G4-DNA) and X- or Y-shaped DNA [39], when 

researchers recognized that the unique structural properties of DNA could be employed to 

develop 3-dimenisonal (3D) nanostructures. In the early 1980s, Nadrian C. Seeman was 

reportedly inspired by a piece of wood engraved artwork by M. C. Escher called the Depth. 

While examining this intrinsic artwork, he conceptualized the process constructing 3D 

lattices of DNA [40]. During this time, his laboratory exploited the Watson-Crick base-

pairing principle of DNA to modify and compose linear DNA strands into branched DNA 

junctions via the addition of extended overhangs of nucleic acids, also known as sticky ends, 

at each arm of the DNA motif. These sticky ends act as toeholds for self-assembly processes 

and provide active building blocks for precise control over the formation of DNA 

nanostructures (Fig. 1) [41, 42]. However, DNA junctions with sticky ends could only offer 

two-dimensional DNA lattices with limited rigidity and undefined geometries [43]. To 

overcome these issues, researchers have provided modified DNA junctions, including 

double-crossovers [44, 45], triangle tensegrity DNA [46], and 4 × 4 DNA tiles [47]. The 

high designability of DNA nanostructures allows for the construction of highly-ordered 2D 

DNA lattices and 3D polyhedrons by hybridizing the sticky ends to form rigid DNA 

junctions (Fig. 1). While an effective approach, the lateral size of DNA nanostructures 

composed by such strategies were difficult to control; thus, a stoichiometric assembly 

method is required for massive and complex fabrication of DNA nanostructures. Since this 

discovery, the emerging role of DNA as structural nanomaterials has become well 

recognized and has led to the rapid development and growth of the field of DNA 

nanotechnology.

In 2006, Dr. Rothemund from California Institute of Technology developed a novel process 

of synthesizing DNA nanostructures from a template, which was later termed "scaffold DNA 

origami [48].” In the typical process of preparing DNA origami (Fig. 2A), circular genomic 

DNA from the virus M13mp18 (a 7249-nucleotide DNA that was screened for secondary 

structures) is utilized as the scaffold/template, and more than 200 short DNA stranded 

(termed as staple strands, all complementary to some parts of the scaffold DNA) are 

designed to fold the long piece of single-stranded DNA at specific sites [49–51]. The one-
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pot synthesis of DNA origami incorporates the DNA crossover design into the folding 

process while leaving no specific limitations on the molar ratio of staple strands to the DNA 

scaffold. The presence of scaffold DNA not only makes the assembly process stoichiometric, 

but also sets a stopping point for the building of complex DNA nanostructures. In some 

advanced techniques, DNA helices bumps could be designed on the surface of DNA origami 

to enable patterns or characters, which are useful for control of spatial positions of 

molecules or to serve as a matrix for versatile interaction studies.

Meanwhile, Turberfield and co-workers paved another path for constructing three-

dimensional DNA nanocages. Taking advantages of the base-pairing abilities of DNA, they 

developed a simple and rapid method to prepare small DNA tetrahedral nanocages around 7 

nm, which exhibited tunable edge length and substantial structure rigidity [52]. Four single 

DNA strands with designated sequences have been designed to be four surfaces of the 

tetrahedral nanocage; and at each edge, every two strands hybridize with each other. The 

DNA polyhedral nanocages (tetrahedron [53], bipyramid [54], cube [40], and others) formed 

via hybridization of several DNA strands require no additional DNA templates, and the size 

of nanocages could be well controlled due to the self-enclosing structure design (Fig. 2B). 

Thus, these DNA nanocages could be well developed as small building blocks for complex 

higher-ordered DNA nanostructures. Besides the employment of short synthetic 

oligonucleotides for the creation of different DNA nanocages, highly-ordered DNA 

nanostructures can also be formulated with multi-valence DNA building blocks formed with 

short ssDNA (32 nt) using an expandable assembly strategy. Recently, Yin and colleagues 

described a methodology for synthesizing 3D nanostructures using short synthetic DNA 

strands, also called DNA bricks [55]. Each of these DNA bricks has the ability to bind four 

neighboring DNA bricks (Fig. 2C), thus allowing for accurate control of the shape, size, and 

sophisticated surface properties (tunnels and interior cavities) of the DNA nanostructures 

[56]. The high controllability and sophisticated geometric morphology of DNA brick-based 

nanostructures may allow for biological applications requiring the addition of target 

molecules at precise spatial locations. In addition, these DNA brick-based nanostructures 

may be synthesized using synthetic forms of DNA, like informational polymers, to reduce 

immunogenicity and increase nuclease resistance [55].

To date, a large variety of DNA nanostructures has been constructed with unprecedented 

speed, providing robust platforms for integrating other functional materials, such as small 

molecules, fluorescent dyes, tumor-targeting ligands, and inorganic nanoparticles. Taking 

advantages of DNA's unique properties including spontaneous self-recognition under 

physiological condition, stable forming of DNA helices, and the ability to locate any DNA 

bases within the 3D space; it is highly intriguing to explore the potential of DNA 

nanostructures for in vivo biological applications.

2.2. Purification of DNA Nanostructures

Despite continuous efforts in designing highly stable DNA nanostructures, the assembly 

yields using current protocols are suboptimal. It is essential for DNA nanostructures to be 

impurity-free and homogenous for potential preclinical and clinical utilization [57]. Thus, 

purification methods are included as a standard procedure during the preparation of DNA 
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nanostructures. Among all purification methods, agarose gel electrophoresis (AGE) is the 

most widely-employed and cost-effective method for purifying DNA nanomaterials [58]. 

Assembled DNA nanostructures are divided into various bands in agarose gels, separating 

well-folded structures from misfolded DNA aggregates and unfolded DNA strands. Then, 

desired structures could be extracted from the gel and reconstituted in desired buffers with 

the desired concentration. However, traditional AGE methods always lead to low yields, 

structural damages, and/or agarose contaminations [59].

Bellot et al. modified traditional AGE purification methods for DNA origami, presenting an 

electro-elution way of AGE with increased efficiency, higher resolution, and large-scale 

reproducibility [59]. They prepared a dual-layer AGE gel with a layer of 1–2% agarose 

(sample resolving layer) on top of a thinner yet rigid 4% AGE gel (the basement layer). 

After loading DNA samples into the resolving layer and running the AGE gel to separate by-

products, an elution well was cut in front of the band of interest. The well was filled with 

30–50% sucrose buffer, and the band of interest could be eluted out by electrophoresis into 

the sucrose buffer and further collected by micro-pipetting (Fig. 3A). The electro-elution 

AGE could offer an enrichment efficiency of well-folded DNA origami within the range of 

45–71%. With this method, DNA nanostructures could be obtained with high purity and 

minimal agarose contamination, thus more sophisticated 2D or 3D DNA nanostructures 

could be constructed with enhanced control over their designability.

Furthermore, this group presented a scalable protocol for purifying DNA origami using rate-

zonal centrifugation, which showed several benefits over conventional AGE methods with a 

comparable separation resolution [61]. A linear glycerol gradient (15–45%, v/v) was first 

prepared, and DNA origami containing 10% glycerol was loaded on top of the gradient. The 

solution was mixed and subjected to ultracentrifuge at a speed of 50,000 rpm (300,000 g) for 

approximately 2 h at 4°C before being divided into 12–16 fractions and characterized by 

both AGE and TEM to confirm the separation efficiency. Quantification analysis of gel 

electrophoresis showed that ~85% of desired DNA nanostructures were concentrated in 10–

20% volume of the glycerol gradient. Rate-zonal centrifugation offers a universal gradient 

for purification of different DNA origami, and could be adapted to a versatile amount of 

DNA nanostructures (0.1–100 µg), thus enabling the preparation of large-scale DNA 

nanostructures.

The rate-zonal centrifugation method is suitable for large DNA origami, but was proved 

non-effective for small DNA nanocages composed by only several oligonucleotides. Thus, 

the construction of higher-ordered DNA complex using small building blocks is hampered 

by the lack of purified individual DNA nanocages. Recently, Xing et al. introduced size 

exclusion chromatography (SEC) for the large-scale preparation of versatile tetrahedral 

DNA nanocages (TDNs) [60]. Seven TDNs with different edge lengths (7, 10, 13, 17, 20, 

26, 30 base pairs) and one bi-pyramidal DNA nanocage were purified by SEC-HPLC 

method with high purities. SEC-HPLC has several advantages over traditional gel methods. 

First, as for the construction of higher-order DNA complex, unpurified DNA nanocages 

would result in a poor yield of 14% for dimer and 12% for trimer structures. However, the 

SEC-HPLC purified aggregation-free DNA nanocages could propel the assembly efficiency 

to 98% for dimer and 95% for trimer (Fig. 3B). Thus, the SEC-HPLC method offers better 
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quantification than normal gel electrophoresis (PAGE or AGE) for the precise fabrication of 

DNA nanocage complexes. Finally, this method can minimize possible re-aggregation and/or 

degradation that exist in traditional gel methods during the process of recovery and 

reconstitution.

The high programmability of DNA offers precision with designed DNA nanostructures, 

which further opens up diverse possibilities to arrange functional groups for various 

applications with DNA nanostructures. However, when it comes to the actual manipulation, 

functionalized DNA nanocomposites suffer from the existence of unpurified functional 

groups and/or mismatched DNA nanostructures [62]. Shaw et al. provided a systematic 

study comparing seven purification methods for DNA origami nanostructures functionalized 

with either small molecules (Alexa 488 fluorophore), antibodies (human IgG) or large 

proteins (Ferritin), with the aim to provide a guideline for effectively fabricating and 

scalable production of modified DNA origami constructs (Fig. 4) [63]. Other than several 

traditional purification methods including ultrafiltration, gel filtration, glycerol gradient 

ultracentrifugation, PEG precipitation, gel extraction, the authors reported two new 

approaches for purification of DNA origami with function groups: magnetic bead capture 

and fast protein liquid chromatography (FPLC) using a Superose 6 column. As for the 

purification efficiencies for seven methods in terms of recovery yield as well as percentage 

of contaminations: ultrafiltration, magnetic beads and FPLC offered better results for 

Alexa488-modified DNA nanostructures (60–85% recovery yield, and almost no 

contaminations); PEG precipitation, magnetic beads and FPLC provided good outcomes for 

IgG1-modified DNA origami (over 50% recovery yield and <5% contamination left); then 

for Ferritin-DNA origami, gel filtration and PEG precipitation excelled other methods by 

providing a 60–70% recovery yield, though at least 10–20% contamination still existed in 

the modified DNA nanostructures. Overall, scalable production of designed DNA 

oligonucleotides, in addition to proper choices of purification methods, may boost the 

development of biomedical studies using highly modified and purified DNA nanostructures 

for biological applications in vivo.

2.3. Stability of DNA Nanostructures

Before DNA nanostructures can be implemented for clinical use, their safety and stability 

must be thoroughly examined. As with other nanoplatforms, potential toxicity remains a 

critical barrier to successful translation of DNA nanomaterials. There are three essential 

requirements that must be met for successful employment of DNA-based nanoconstructs. 

For example, DNA nanostructures should remain intact within biological environments, 

especially in the plasma once injected into the bloodstream. Also, the nanomaterials should 

not elicit an immune response when injected into animals [64]. Until now, several groups 

have dedicated their intelligence to study and strengthen the stability of DNA 

nanostructures. The physiochemical properties and stability or various DNA nanostructures 

may be found in Table 1.

In a recent study, Keum et al. first realized that for DNA nanocages with dimensions much 

less than 50 nm, the corresponding enzyme recognition process must be somehow different 

from that of linear DNA [65]. Thus, they started to follow the design of Turberfield and 
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constructed DNA tetrahedral nanostructures with a theoretical diameter of about 7 nm. They 

found that, in 10% fetal bovine serum (FBS), the decay time for DNA tetrahedron was 42 h, 

while that of a double-stranded DNA counterpart was ~0.8 h. They demonstrated that 

folding of DNA strands into three-dimensional nanostructures would result in enhanced 

resistance to enzyme digestion when compared to their linear counterparts. The mechanism 

underlying this unique phenomenon was attributed to the steric hindrance introduced by 

each vertex shaping as three-way branch junctions, which may lower the chance of 

enzymatic binding with the DNA helices. Also, DNA tetrahedral nanostructures exhibited 

additional rigidity due to the connectivity of the 3D design, which could prevent the 

conformational change essential for nuclease cleavage of DNA. Moreover, if more multi-

way branched junctions or shorter edges were designed into DNA nanostructures, enhanced 

resistance towards enzymatic digestion was achieved due to stronger steric hindrance and 

lesser possibility of enzyme-caused bending.

The stability of DNA tetrahedrals was examined by Li et al., who discovered that DNA 

tetrahedral nanostructures could effectively deliver cytosine−guanine (CpG) motifs into 

RAW264.7 cells while the DNA nanostructure itself triggered little immune response [66]. 

The stability of DNA tetrahedrals was unaffected in 50% FBS for up to 4 h when assessed 

by gel electrophoresis, and intact structures could still be observed after 24 h incubation. For 

comparison, normal double-stranded DNA (dsDNA) remained stable for <2 h in 50% FBS. 

Moreover, intracellular co-localization testing showed that after internalization into cells, the 

fluorescence resonance energy transfer (FRET) pair (Cy3 & Cy5) dual-labeled DNA 

tetrahedral nanostructures could be visualized for >8 h.

Conway et al. then stepped forward to construct a 3D triangular prism (TP) using chemically 

modified and unmodified single-stranded DNA (ssDNA) [67]. After validating the results 

from Keum et al., they introduced several chemical modifications (Hexaethylene glycol, 

HEG; Hexanediol, C6; and 5'-phosphate, P) to the end of ssDNAs and instantly observed 

enhanced stability when incubated in 10% FBS. However, assembly of TP with unmodified 

or modified ssDNAs provided more stability when comparing to all its components. This 

simple modification strategy suggested that significant resistance to enzyme degradation 

could be achieved by the simple introduction of commercially available end-substitutions of 

ssDNA components.

In the same group, Hamblin et al. further developed a rolling cycle amplification (RCA) 

method to construct a prism-like DNA nanotubes for potential intracellular drug delivery 

[68]. The half-life of RCA generated nanotube (RCA-NT) in 10% FBS/PBS was 2.5 h, 

which was five times longer than dsDNA (0.5 h), and three times longer than that of DNA 

nanotubes (~0.8 h) composed via a modular construction method [69]. Besides the enhanced 

stability against nuclease degradation in FBS, the RCA-NT also displayed a higher tendency 

of entering HeLa cells without the help of transfection reagents, comparing to its dsDNA 

counterparts. The large compact design of negatively-charged DNA and the high repeated 

ratio of prism-like DNA units may contribute to the impaired nuclease binding capacity.

DNA origami is another type of DNA nanostructure that has been under extensive 

investigation regarding their stability. For example, Mei et al. demonstrated that DNA 
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origami with different sizes and shapes could easily tolerate cell lysates from normal cells or 

cancerous cells, and maintain intact for >12 h [70]. They used AGE to extract DNA origami 

from the incubation solution and characterized the structures with atomic force microscope 

(AFM). The stability was assessed by band intensity from AGE and the structure integrity 

was examined by AFM imaging. They also confirmed that some components of DNA 

origami, ssDNA or dsDNA, failed to survive in the harsh environment of cell lysates. It is 

the highly negative charges and limited steric accessibility provided by the compact 

arrangement of DNA helices that contribute to the extraordinary integrity of DNA origami, 

which not only enables them to remain intact, but also allows for further functionalization of 

DNA origami. Later in 2011, Schuller et al. also showed that DNA origami displayed 

enhanced stability when compared to DNA strands and DNA helices in FBS-containing 

medium at 37°C [64].

The incompatibility of cell culture conditions and DNA origami maintenance conditions was 

previously investigated by Hahn et al., who aimed to study the stability of DNA origami in 

normal cell culture medium and revealed the sensitivity of DNA origami to various cell 

culture conditions [71]. After preparing three different DNA origami including DNA nano-

octahedron (DNO), 6-helix bundle nanotube (6H-NT) and 24-helix nanorods (24H-NR), the 

authors first examined the deformation of DNA origami due to the low concentration of 

cation (mainly Mg2+) in the physiological environment of cell culture medium. They found 

that denaturation of DNA origami due to cation shortage was shape and time-dependent. Out 

of all three DNA origami designs, 6H-NT showed the highest stability against Mg2+ 

depletion conditions. Moreover, the addition of Mg2+ into cell culture medium could 

effectively prevent deformation of DNA origami. Next, the authors investigated the digestion 

of DNA origami by nucleases from FBS in Mg2+ adjusted cell culture medium and showed 

that severe degradation occurred when FBS exceeded 5% or incubation time reached 24 h. 

The addition of actin or heat inactivation (75°C) could prevent the nuclease digestion. Also, 

the addition of Mg2+ allowed for enhanced DNA stability and elicited no cellular toxicity, 

yet these concentrations of Mg2+ are not available in vivo, further challenging the possible 

translation of DNA nanostructures into in vivo molecular imaging and drug delivery.

3. DNA Nanostructures for Molecular Imaging and Drug Delivery

In response to the high programmability and spatially addressable properties, researchers 

have gained precise control over the functionalization of DNA nanostructures. Moreover, 

DNA nanomaterials exhibit several valuable properties required for in vivo applications that 

are commonly not displayed by inorganic-organic nanostructures, including their high 

purity, batch-to-batch reproducibility, biocompatibility, and biodegradability [72]. DNA 

nanostructures may be covalently or non-covalently functionalized for in vivo imaging and 

drug delivery purposes through the addition of contrasts agents for visualization of diseased 

tissues, targeting groups for actively targeting tissues of interest, and small molecules and 

drugs for therapeutic delivery. Successful employment of DNA nanostructures for molecular 

imaging and drug delivery requires that (1) the nanomaterial be highly reproducible and 

substantially uniformed, (2) the nanostructure should remain intact or undergo controlled 

degradation within biological environments, especially within the plasma once injected into 
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the bloodstream [73], and (3) the nanomaterial should not elicit an immune response when 

introduced into living organisms [64].

3.1. DNA Nanocages for Molecular Imaging and Drug Delivery

In 2012, Lee et al. took advantage of the simple design and high rigidity of oligonucleotide 

nanoparticles (ONPs) for targeted imaging and delivery of small interfering RNAs (siRNA) 

in mice [74]. ONPs showed a monodispersed size (30 base pairs per edge, about 10 nm) 

through the self-assembly of six complementary oligonucleotides. After the screening of 

four cationic peptides, one amphipathic peptide, 22 zwitterionic peptides, and one small 

molecule (folic acid; FA), the authors found that the FA-conjugated ONPs showed the 

highest gene silencing capacity. Six overhangs were designed on each edge of the ONP, 

three overhangs were used for hybridization of FAs, and the other three overhangs were used 

for ligation of a fluorescent dye (Cy5). The high controllability of the spatial orientation and 

density of the ligands on the nanoplatform allowed for enhanced cell internalization and 

gene silencing. Also, Cy5-labeled FA-ONPs were administrated to mice bearing KB tumors 

overexpressing the folate receptor (FR) to verify the in vivo efficacy of this nanoplatform. 

FA-ONPs showed primary accumulation in the tumor and kidneys, with weaker signals in 

other organs such as the liver, lung, heart and spleen (Fig. 5A). A detailed pharmacokinetic 

analysis revealed that siRNA delivered by ONPs had a longer blood circulation time (t1/2) of 

24.2 min, while siRNA alone displayed a t1/2 of only 6 min. The easy self-assembly, specific 

designable overhangs, as well as the full control over the spatial orientation, position, and 

density of ligands, allowed for the DNA nanostructures to achieve enhanced in vivo tumor 

location for molecular imaging and siRNA delivery.

Shortly after this discovery, Kim et al. developed a fluorescently labeled (Cy5) tetrahedral 

DNA nanoparticle (Td) as a probe for sentinel lymph nodes (SLN) imaging, often the first 

site of metastatic lesions as cancer cells detach from the primary tumor and travel through 

the lymphatic vessels to healthy tissues [75]. Due to the excellent biocompatibility and 

chemical flexibility for fluorescent modification, Cy5-Td is a promising nanomaterial for in 
vivo imaging. In particular, Td was shown to be an excellent SLN imaging agent due to its 

small size of 6–10 nm, which is within the hydrodynamic diameter required for lymphatic 

drainage and lymph node retention (Fig. 5B). Visualization of Cy5-Td in vivo showed 

enhanced translocation in SLNs and lower background signals than the double-stranded 

DNA counterpart, mainly due to the effective cellular uptake and improved structural 

integrity of DNA nanostructures.

Encouraged by this discovery, Jiang et al. developed multiple-armed tetrahedral DNA 

nanostructures (ma-TDNs) for dual-modality in vivo imaging, combining near-infrared 

(NIR) fluorescence and single-photon emission computed tomography (SPECT) together for 

improved tumor imaging [76]. The authors found that the existence of multiple arm-strands 

could significantly enhance the in vitro stability of TDNs in 80% mouse serum, allowing the 

structures to stay intact for >12 h, while double-stranded DNA could only survive for <2 h. 

Using both NIR and SPECT imaging, the plasma half-life of TDNs was measured to be 6 

min, approximately two-times longer than that of single-stranded DNA (3 min). This study 
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also demonstrated the detailed biodistribution pattern of ma-TDN in vivo, showing that the 

nanoplatform displayed excellent tumor contrast for imaging of oral cancer (Fig. 5C).

Recently, tetrahedral DNA nanostructures (TDNs) have been applied as carriers of 

photosensitizers (Methylene blue, MB) for photodynamic therapy (PDT) [77]. Based on the 

binding capacity of DNA helices for MB molecules, the dye could be complexed into TDNs 

with a 16:1 ratio. The DNA nanocarrier could deliver active MB into various cells without 

affecting the PDT properties of the MB molecules, proving TDNs to be a suitable carrier for 

delivering photosensitizers at the cellular level. Furthermore, TDN-delivered MB molecules 

effectively suppressed tumor growth when injected intratumorally in 4T1 tumor-bearing 

mice, while the free MB dye and control group showed limited effectiveness (Fig. 5D). 

Therefore, TDNs may be an ideal vector for in vivo delivery of PDT molecules due to their 

inherent biocompatibility, simple preparation, and effective intracellular delivery.

3.2. DNA Origami for Molecular Imaging and Drug Delivery

While DNA nanocages <10 nm display the diversity to accommodate different functional 

groups for molecular imaging and drug delivery in vivo, many efforts have also examined 

the utilization of DNA origami nanomaterials with various shapes and sizes to determine 

their pharmaceutical profiles and potential application. Bhatia et al. first utilized the 

synthetic icosahedral DNA nanostructures for loading of fluorescent dyes and a targeting 

platform for imaging of the anionic ligand-binding receptor (ALBR) pathway and mapping 

of pH changes in C. elegans [78]. The authors encapsulated a fluorescent biopolymer, 10-

kDa fluorescein isothiocyanate (FITC)-Dextran (FD10), within a synthetic icosahedral DNA 

nanostructures to form a host-cargo complex without requiring any type of molecular 

interaction; thus, demonstrating a general strategy that may be useful for loading various 

types of functional molecules. The FD10-bearing DNA host effectively targeted endosomes 

of the ALBR pathway in coelomocytes of C. elegans, while non-functionalized FD10 

showed limited localization in endosomes and non-specific cellular distribution (Fig. 6A). 

After internalization, the FD10 nanomaterials would break and release the fluorescent dye; 

thus, a correlation would provide insight into the maturation process of endosomes: a 

process that is characteristic with progressively narrowing of pH distributions.

It was only two years later when Shih et al. introduced a lipid-bilayer encapsulated DNA 

nano-octahedron (DNO) to achieve long-term circulation and in vivo stability, which was 

inspired by the unique structure of common virus particles [79]. DNO (~50 nm) with 48 

outer handles was self-assembled by bacteriophage-derived scaffold DNA (p7308) as the 

template strand and 144 short oligonucleotides as staple strands. Next, 48 DNA strands with 

pre-conjugated lipid molecules were arranged around DNO to form the encapsulated DNO 

(E-DNO) (Fig. 6B). The lipid treatment of DNO not only presented a virus-like morphology 

under transmission electron microscopy (TEM), but also exhibited strong protection against 

DNase I digestion. The pharmacokinetics of E-DNO in vivo showed an elimination half-life 

of about 370 ± 38 min, while the half-life of only DNO and normal oligonucleotides were 

only 49.5 ± 1.0 min and 38.0 ± 0.8 min, respectively. Based on the favorable in vitro 
stability and in vivo biodistribution pattern, E-DNO could easily become a platform for in 
vivo imaging and drug delivery when functionalized with active targeting agents via the 
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outer handles or loading with contrast agents inside of the particle through DNA 

hybridization.

Although lipid-bilayers provided extra stability to DNA nanostructures, they can inhibit 

some interactions between DNA nanostructures the cell surface, potentially decreasing cell 

penetrating ability and drug delivery efficacy. To fully explore the biological properties of 

DNA origami, Zhang et al. assembled three DNA origami nanostructures and discovered 

that QD-conjugated DNA origami displayed higher tumor accumulation in MDA-MB-231 

tumor-bearing mice, primarily through the enhanced permeability and retention (EPR) effect 

(Fig. 6C) [80]. Among them, triangular DNA origami possessed the most desired passive 

tumor targeting ability and exhibited long-term tumor uptake in vivo. After conducting 

fluorescent tumor imaging with DNA origami, they loaded it with the anti-cancer drug 

doxorubicin and observed remarkable antitumor efficacy without any noticeable toxicity in 

nude mice bearing orthotopic breast tumors. Compared with traditional drug nanocarriers, 

DNA origami presented highly sophisticated design rationality, enhanced safety, and 

improved biocompatibility. Also, relatively large sizes of different DNA origami, ranging 

from 10 to several hundred nanometers, significantly contributed to the passive targeting 

efficiency due to the EPR effect [81]. Moreover, compact DNA origami offered more 

binding sites for imaging groups and more loading capacities for drug intercalation, when 

compared to small DNA nanocages with sizes ranging from 7 to 20 nm.

Based on their findings, they further assembled DNA origami (DO) with gold nanorods 

(GNR) for in vitro and in vivo cancer theranostics [82]. The authors prepared two DNA 

origami, including triangular origami and tubular origami, and conjugated GNR on their 

surfaces, integrating the passive tumor targeting of DNA origami as well as the optical 

photothermal effects of GNR for cancer therapy. DNA origami, as a biocompatible platform 

for in vivo drug delivery, provided significant enhancement of cell uptake with MCF-7 

cancer cells when compared to bare GNRs. Triangular DO-GNR further exhibited better 

tumor accumulation than tubular origami, and GNR accomplished photothermolysis against 

tumor cells. The organization of the GNR at predesignated locations on the surface of DNA 

origami allowed for enhanced photothermal efficacy.

Overall, the extraordinary programmability and addressability of DNA nanostructures 

provide a practical biodegradable platform for in vivo investigation of biological processes, 

including both noninvasive imaging as well as delivery of functional groups to sites of 

interest in living animals. DNA nanostructures could be easily functionalized with NIR dyes, 

radioactive isotopes, or inorganic nanoparticles. Most importantly, the rational design of 

DNA nanostructures allowed for site-specific modification with various targeting entities.

4. Potential Toxicities of DNA Nanostructures

Living organisms display unique surveillance systems that can recognize and destroy 

exogenous invaders, including foreign DNA and as-formed DNA nanomaterials. The 

interactions between external DNA and cells are highly complex. DNA nanomaterials can 

enhance cellular uptake, which may result in activation of the immune system in some cases. 

Several groups have investigated the potential immune response elicited by incubation of 
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DNA nanomaterials in vitro and injection of DNA nanostructures in vivo. The toxicity of 

DNA nanostructures must be correlated with its biological application, as naked DNA 

nanostructures should elicit minimal immune activation. However, in some instances, DNA 

nanostructures are employed to delivery drugs or other agents that can elicit an immune 

response. For example, Liu et al. loaded CpG and a model antigen into DNA tetrahedral 

nanostructures to show that the nanostructure induced strong and persistent response against 

the antigen, while naked DNA nanostructures triggering no immune response [83].

In another study, Li et al. demonstrated that DNA tetrahedrons did not stimulate cytokine 

release from RAW264.7 cells [66]. However, when functionalized with CpG 

oligonucleotides, a type of nucleic acids with therapeutic effects via its strong immune-

stimulatory activities, DNA tetrahedron dramatically induced the secretion of tumor necrosis 

factor (TNF), interleukin-6 (IL-6), and interlukin-12 (IL-12), excelling those of free CpG or 

free DNA tetrahedron by 9–18 times higher. The authors then exploited the controlled self-

assembly of CpG-modified DNA nanostructures for intracellular delivery of CpG 

oligonucleotides to achieve greater immune stimulation.

Similarly, Mohri et al. constructed polypod-like DNA nanostructures as the delivery 

platform of CpG motifs to immune cells [84]. They demonstrated that polypod-like DNA 

nanomaterials with 3–8 pods display different properties regarding thermal stability, cell 

uptake, and immune response on toll-like receptor 9 (TLR9)-positive cells. A positive 

correlation was found between the number of pods and decreased cellular uptake of the 

DNA nanostructures and increased cytokine production and secretion. Later, Schuller et al. 
set forth to use DNA origami as the delivery platform of CpG [64]. When incubated with 

CpG-modified DNA origami, immune cells were stimulated via TLR9 to produce and 

secrete cytokines, including IL-6 and IL-12, which are cytokines commonly upregulated 

during initial immune stimulation. Pure DNA origami built with the M13mp18 template and 

227 staple DNA strands triggered minimal immune reactivity; however, the coupling of 62 

CpG sequences on DNA origami resulted in a significant enhancement of cytokine secretion, 

equal to that of the commonly employed Lipofectamine® carrier system.

Although many studies reported that free DNA nanostructures elicited minimal immune 

response from cells, Perrault et al. further examined the potential toxicity by developing a 

method for applying a biocompatible PEGylated lipid bilayer to encapsulate DNO [79]. This 

was expected to help maintain the PEG-DNO structural integrity, while also minimizing 

potential immune recognition. Similarly, this virus-inspired membrane enveloped DNA 

nanostructure triggered minimal production and secretion of IL-6 and IL-12, when 

compared with immune response elicited by non-encapsulated DNA nanostructures. Cells 

have the ability to detect and remove foreign DNA through various mechanisms, including 

lysosomal degradation, DNase digestion, and cytosolic receptor internalization [85]. 

Oftentimes, the cells respond to foreign DNA by activating an immune response, including 

upregulation of interferon genes and stimulation of caspace-1 activity [86, 87]. For these 

reasons, investigations into potential toxicities associated with DNA nanostructures remains 

critical for potential translation of these structures to the clinic. Additional data are needed to 

verify that naked DNA nanostructures are intrinsically non-toxic in vivo. As researchers 
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continue to the examine DNA nanostructures for biological purposes, the use of accurate 

control structures will assist in this endeavor.

5. Conclusions and Future Perspectives

Molecular imaging has harnessed the ability to monitor biological processes non-invasively; 

thus, it has been widely applied for detection of disease occurrence and progression in vivo. 

Better imaging abilities require powerful contrast agents to achieve higher imaging 

specificity and lower possible toxicity. DNA nanoparticles have emerged as a new horizon 

for in vivo imaging applications based on their unique structure and high designability, 

simple functionalization, and low toxicity concerns. It is widely believed that the position 

and density of surface ligands can significantly influence the interactions between 

nanoparticles and cell membranes. However, it's hard to control the specific spatial location 

and orientation of functional groups during the synthesis of DNA nanomaterials. This review 

summarized recent advancements in molecular imaging and drug delivery with the 

assistance of DNA nanotechnology.

DNA nanoparticles display several unique properties that make them excellent imaging and 

therapy candidates. First, the Watson-Crick base-pairing principle enables the precise three-

dimensional design of DNA nanostructures and the rapid development of DNA modification 

methods, including but not limited to fluorescent dyes, small molecules, peptides, proteins, 

and drug molecules. This makes it possible to obtain multifunctional DNA nanostructures 

with high accuracy. Next, the self-assembly process of multifunctional DNA constructions 

can be completed by simply mixing pre-designed DNA components with a single annealing 

step, which is much easier than some other nanoplatforms like dendrimers. Also, DNA 

nanostructures presented few toxicity concerns for in vitro and in vivo application. 

Moreover, negatively charged DNA nanostructures can enter cells without the help of 

transfection agents via the anionic ligand-binding receptor (ALBR) pathway, which provides 

more possibilities for in vivo applications. While the design of DNA nanoparticles can be 

better controlled during synthesis than other nanoparticles, the stability of DNA 

nanostructures remains an unavoidable issue. However, several studies have suggested that 

folding of DNA strands into polyhedron scaffolds can effectively prevent the enzymatic 

digestion of DNA nanomaterials. Also, stacking of DNA helix layers into DNA origami not 

only inhibits the enzyme digestion but offers more binding sites for functional groups and 

more intercalation space for drug molecules.

A very different and complex environment must be examined when moving from in vitro to 

in vivo studies with DNA nanomaterials. First, stability testing of DNA nanostructures is 

often performed in 10% FBS, which does not truly represent the physiological environment 

found in vivo. Thus, stability testing will hold more benefit when performed in vivo. 

Secondly, a comprehensive understanding of the biodistribution profiles and 

pharmacokinetic patterns of different DNA nanostructures in vivo should be examined. 

Then, improved strategies for enhancing the delivery of DNA nanostructures should be 

considered. Lastly, the influence of shape, size, surface charge, functional group, coating 

materials, and base sequence on the overall delivery and efficacy of DNA nanomaterials 

should be thoroughly studied, as it will provide vital insight into developing novel DNA 
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nanomaterials in the future. The emergence of DNA nanostructures provides us a potential 

alternative to design and construct nanostructures with unprecedented precision, which is an 

opportunity that many envision with new horizons to investigate unsolved biomedical issues 

regarding disease diagnosis as well as treatment. Currently, toxicity concerns and in vivo 
integrity remain two limiting factors to the successful translation of DNA nanostructures to 

the clinic; yet, extensive investigations into the two topics are currently underway. To date, 

several DNA-based antisense therapies have gained federal drug administration (FDA)-

approval, including fomivirsen (Vitravene®) for the treatment of cytomegalovirus retinitis 

and mipomersen (Kynamro®) for treating familial hypercholesterolemia. Thus, with the 

current progress and further studies, we expect that DNA nanotechnology will play a 

significant role in the development of molecular imaging, imaging-guided drug delivery, and 

therapy.
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Fig. 1. 
Formation of 2D DNA lattices with DNA junctions or DNA crossovers with the sticky end 

design. The colored lines represent different oligonucleotides.
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Fig. 2. 
Schematic display of formation processes of DNA origami and DNA nanocages (DNA 

tetrahedron and DNA bipyramid). Colored lines represent different oligonucleotides. (A) A 

long-circulated plasmid DNA could be folded by many short oligonucleotides (staple 

strands) to form DNA origami nanocomposites with specific patterns, such as rectangles, 

stars, smiling faces, and triangles. Adapted with permission from [48]. (B) Four 

oligonucleotides could hybridize with each other to form 3-dimensional DNA tetrahedron-

shaped nanocages. Adapted with permission from [52]. (C) Formulation of 3-dimensional 

DNA nanostructures with multivalent DNA bricks. Adapted with permission from [56].
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Fig. 3. 
Purification of different DNA origami nanocomposites and DNA nanocages. (A) 

Purification of DNA origami with double-layer agarose gel electrophoresis (AGE), the 

electro-elution AGE could minimize the possible contamination during the gel extraction 

process. Adapted with permission from [59]. (B) Purification of different DNA nanocages 

with high-performance liquid chromatography (HPLC). DNA nanocages with smaller sizes 

are retained longer in the size exclusion column. Adapted with permission from [60].
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Fig. 4. 
Purification process of functionalized DNA origami nanocomposites. DNA origami 

functionalized with small molecules (Alexa 488), antibodies (IgG), and large proteins 

(Ferritin). Samples were purified using one of seven methods with violet indicating the 

starting solution with excess free functional groups and blue indicating purified DNA 

origami with functional groups. Adapted with permission from [63].

Jiang et al. Page 22

J Control Release. Author manuscript; available in PMC 2017 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Molecular imaging and drug delivery with DNA nanocages. (A) DNA tetrahedron 

nanocages are loaded with three folic acid (FA) molecules and three fluorescent dyes (Cy5) 

utilized for tumor targeting in KB tumor-bearing mice overexpressing the folate receptor. 

(B) Fluorescent dye (Cy5)-conjugated DNA nanocages displayed enhanced translocation in 

sentinel lymph nodes and lower background in vivo. (C) With the help of both near infrared 

(NIR) imaging and single-photon emission computed tomography (SPECT) imaging, the 

detailed biodistribution and pharmacokinetic profile of DNA tetrahedron nanocages were 

investigated. Both imaging modalities showed excellent tumor contrast with this 

multifunctional probe. (D) DNA nanocages bearing photosensitizer agents could also be 

utilized for photodynamic therapy in vivo. Adapted with permission from [74–77].
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Fig. 6. 
Molecular imaging and drug delivery with DNA origami nanocomposites. (A) DNA 

icosahedron nanostructures are loaded with pH-sensitive cargo (10-kDa fluorescein 

isothiocyanate – Dextran, yellow spheres) for pH mapping in C. elegans. Adapted with 

permission from [78]. (B) Lipid-bilayer encapsulated DNA nano-octahedron (DNO) 

displayed significantly enhanced blood circulation and stability. Adapted with permission 

from [79]. (C) DNA origami loaded with quantum dots (QDs) could be used for passive 

tumor targeting in vivo. Among three different structures, doxorubicin-loaded QD-Triangle 

DNA origami showed optimal tumor retention and remarkable drug delivery efficacy. 

Adapted with permission from [80].
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