
Fang et al. Journal of Nanobiotechnology          (2023) 21:290  
https://doi.org/10.1186/s12951-023-02071-2

REVIEW

Exploring the diverse biomedical 
applications of programmable 
and multifunctional DNA nanomaterials
Liuru Fang1†, Chen Shi2,3†, Yuhua Wang1*, Zuzhao Xiong1 and Yumei Wang4* 

Abstract 

DNA nanoparticles hold great promise for a range of biological applications, including the development of cutting-
edge treatments and diagnostic tests. Their subnanometer-level addressability enables precise, specific modifications 
with a variety of chemical and biological entities, making them ideal as diagnostic instruments and carriers for tar-
geted delivery. This paper focuses on the potential of DNA nanomaterials, which offer scalability, programmability, 
and functionality. For example, they can be engineered to provide highly specific biosensing and bioimaging capabili-
ties and show promise as a platform for disease diagnosis and treatment. Successful operation of various biomedi-
cal nanomaterials has been demonstrated both in vitro and in vivo. However, there are still significant challenges 
to overcome, including the need to improve the scalability and reliability of the technology, and to ensure safety 
in clinical applications. We discuss these challenges and opportunities in detail and highlight the progress and pros-
pects of DNA nanotechnology for biomedical applications.

Keywords DNA nanomaterials, Biological applications, DNA self-assembly, Tumors

Introduction
DNA serves as a fundamental building block of all life 
on Earth, encoding genetic information [1, 2]. How-
ever, due to its unique chemical and structural proper-
ties, DNA can also be used as a programmable material 

to construct precise and highly specific artificial nano-
materials [3–6]. The rapid development of DNA nano-
technology has led to wide-ranging applications of DNA 
nanomaterials in the field of biomedicine, including sens-
ing, diagnosis, treatment, and imaging (Fig. 1). They can 
be employed as highly sensitive sensors for detecting 
biomarkers. In the realm of diagnostics, DNA nanoma-
terials provide a platform for highly specific biomarker 
detection. As drug carriers, they enable precise drug 
delivery and release. Additionally, DNA nanomateri-
als are utilized in gene therapy and high-contrast imag-
ing. These applications offer new approaches and tools 
for early disease diagnosis and treatment. With ongo-
ing technological advancements, the prospects for DNA 
nanomaterials in biomedicine remain promising [7–10]. 
Compared to traditional nanomaterials, DNA nanoma-
terials possess several distinct advantages. Firstly, they 
are primarily biocompatible, biodegradable, and non-
cytotoxic, as DNA molecules are naturally occurring 
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in living organisms and can be easily recognized by the 
body. Secondly, their properties can be precisely tailored, 
and DNA nanomaterials of specific size or shape, such 
as DNA origami (DO), can be designed and assembled 
with high accuracy. Thirdly, their surfaces can be pro-
grammable modified with molecular-level precision and 
control, allowing for the specific attachment of various 
entities, including proteins, nanoparticles, and drugs. 
Finally, their high sequence specificity makes them ideal 
for preparing specific biosensors and drug delivery sys-
tems, which can enhance therapeutic efficacy while 
reducing adverse reactions. In addition, researchers have 
developed 2D and 3D DNA nanomaterials, including 
DNA nanoporous scaffolds and 3D DNA nanomachines, 
which have opened up new opportunities and challenges 
for biomedical research and therapy [11–14]. This review 
summarizes the latest research on typical DNA nanoma-
terials, their unique properties, and their applications in 
biomedicine over the past five years, with a particular 
emphasis on biosensing, disease diagnosis and treatment, 
and biological imaging. Furthermore, we discuss the 
challenges facing DNA nanomaterials in the biomedical 
field and provide insights into their future development 
direction.

DNA nanomaterials
DNA is a versatile polymer material with a flexible con-
formation that can be precisely designed. It is widely 
used to construct complex microstructures and nano-
structures. DNA nanotechnology has greatly promoted 
the development of DNA nanomaterials, making them 
more complex, convenient, and diverse. The advance-
ment of DNA manipulation technology has facilitated the 
fabrication of DNA-based entities utilizing stiffness as a 

fundamental parameter. These include DNA tile compo-
nents and DNA nano-dynamic mechanical components 
[15, 16], which are used as raw materials for constructing 
nanostructures of various sizes [17, 18]. The specific base 
arrangement and superposition of base arrangements 
can affect the flexibility of DNA. The preparation of DNA 
nanomaterials is based on the self-assembly capabil-
ity of DNA molecules and the principle of specific base 
pairing. The preparation process involves designing and 
synthesizing DNA sequences, mixing DNA sequences, 
self-assembly under controlled conditions, regulation 
and modification of nanostructures, as well as characteri-
zation and validation of the nanomaterials, among other 
key steps. DNA nanomaterials differ significantly from 
other common materials, exhibiting unique mechanical 
properties. Firstly, they demonstrate remarkable flex-
ibility, being able to undergo bending and deformation 
under external stress without breaking or fracturing. This 
flexibility enables DNA nanoparticles to adapt to various 
complex environments and application requirements. 
Secondly, DNA nanoparticles also exhibit good elastic-
ity, meaning they can recover their original shape and 
maintain the integrity and stability of their structure after 
being subjected to force. This elastic characteristic allows 
DNA nanoparticles to resist external pressure and defor-
mation and maintain their functionality and morphology 
under the restorative force. Additionally, under appro-
priate conditions, DNA nanoparticles demonstrate high 
stability, being able to preserve their structure and per-
formance without damage over an extended period. This 
high stability provides reliability and durability to DNA 
nanoparticles in various biomedical applications.

Functional nanomaterials are constructed by using 
various DNA shapes, including round, circular, tetrahe-
dral and branched shapes. Among them, branched DNA 
offers adjustable size, polyvalence, and controllable sym-
metry [19–22]. Liu et al. [23] demonstrated the assembly 
process of various substances based on DNA origami 
technology. DNA origami serves as a foundational tech-
nique in nanomanufacturing for the fabrication of 
shape-controllable nanomaterials. This technology offers 
great potential for the development of highly controlla-
ble nanomaterials, with extensive applications in fields 
such as nanoelectronics, photonics, and biomedical 
engineering.

The introduction of branched DNA is conducive to 
spanning DNA nanomaterials from multiple dimen-
sions. Branched DNA refers to a specific DNA molecular 
structure in which a single-stranded DNA molecule has 
multiple short DNA branches attached to it. These short 
DNA branches can be homologous or heterologous DNA 
sequences. Base pair assembly and chemical bonding are 
the two main methods to construct branched DNA. Base 

Fig. 1 Application of DNA nanomaterials in various aspects 
of biomedicine
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pair assembly includes electrostatic self-assembly and 
dynamic self-assembly of carefully selected nucleotide 
sequences. Additionally, the addition of chemical bonds 
can effectively relieve the tension between branched 
DNA chains and improve the versatility and heat resist-
ance of products. Yang and his team designed and gen-
erated a new supramolecular DNA hydrogel system [24] 
based on DNA with chemical branches. By introducing 
chemical branches into DNA molecules, their spatial 
structure and physical properties can be modified to 
regulate the properties and behavior of DNA hydrogels. 
This highly controllable and adjustable method enables 
the production of hydrogels with diverse properties and 
functions. The new molecule has better responsiveness 
and biocompatibility, making it suitable for various bio-
medical applications. Branched DNA nanomaterials 
come in three main forms: pure DNA materials, func-
tional DNA fragments, and chemically bonded DNA 
(Fig. 2A) [25–37].

Consequently, DNA nanomaterials have evolved into a 
desirable, adaptable, and promising building block for the 
creation of complex designs. The potential biomedical 
applications of DNA nanomaterials are also significant. 
The progress in the field of DNA functional materials is 

increasingly focused on achieving higher levels of func-
tionality and exploring more intricate avenues. This 
encompasses the advancement from three-dimensional 
DNA crystals to crystal devices, the transition from pla-
nar structures to multidimensional irregular structures 
and ordered arrangements, as well as the evolution from 
microscopic DNA polymers to macroscopic hydrogels.

Properties of DNA nanomaterials in biomedical 
applications
DNA nanomaterials have attracted increasing attention 
in the field of biomedicine due to their biocompatibil-
ity, biodegradability, and unique physiological functions. 
Tian et al. [11] reported a method to create a 3D array-
ordered platform using DNA regulation and precise-
controlled material voxels (Fig.  2B). This approach 
enables the precise control and directional arrangement 
of three-dimensional nanomaterials with higher control-
lability and repeatability than traditional self-assembly 
methods. Additionally, it facilitates the combination of 
different nanomaterials to create new functional mate-
rials, expanding the application potential of DNA 
nanomaterials.

Fig. 2 A History of branched DNA [25–37]. B Assembly of octahedra frames into DNA lattice [11]. C Synthesis of binary and ternary SiNP/CNT–DNA 
nanocomposite materials [38]. D Molecular docking study of the potential drug carriers. Stable binding poses of cationic conjugated polymers 
(CCP) and selective cellular uptake by the interaction of cell surface protein and its aptamer [39]. E Application of the DNA nanomesh on the filter 
membrane [40]. F Functionalization of CNT@DNA with DBP molecules containing specific FG and Attachment of multiple NPs onto a CNT [42]. G 
DNA-modified silica and carbon nanotubes were used to amplify the encoding plasmid of interlaced protein in a rolling circle [43]



Page 4 of 11Fang et al. Journal of Nanobiotechnology          (2023) 21:290 

Hu and his team reported SiNP/CNT-DNA nano-
composites with high biocompatibility (Fig.  2C) [38]. 
Compared to traditional nanomaterials, these compos-
ites have several novel features, such as precise drug 
delivery, enhanced stability and drug loading capac-
ity, and the ability to track and monitor drug distribu-
tion and metabolism in vivo using magnetic resonance 
and fluorescence imaging. These features enhance the 
safety and efficacy of the drug, making it a promising 
tool for biomedical research. Wang and his team used 
molecular docking tools based on a DNA framework 
to rationally design nanomaterials with stronger sta-
bility (Fig. 2D) [39]. This novel DNA nanomaterial has 
higher stability, reproducibility, and integrity under 
different conditions, and provides a new tool for DNA 
enrichment. The combination of this DNA nanomate-
rial with magnetic nanoparticles allows for specific 
enrichment of DNA in low-concentration solutions, 
broadening its potential applications. Wang et  al. [40] 
reported a method of using topoisomerase to keep the 
stability of DNA nanomaterials (Fig. 2E). This approach 
transforms the original topological structure of DNA 
into a DNA nano-reticular structure, increasing its sta-
bility and strengthening its enrichment. In biomedi-
cal applications, strong enrichment can gather more 
therapeutic drugs, which have stronger effects [41]. 
Additional methodologies have been devised for the 
fabrication of versatile DNA nanomaterials to address 
specific biomedical requirements, such as precise drug 
delivery, tumor identification, and drug loading. These 
strategies include the encapsulation of DNA within car-
bon nanotubes, incorporating controllable functional 
groups with arbitrary density (Fig.  2F) [42], as well as 
functionalizing silica nanoparticles and carbon nano-
tubes with DNA (Fig. 2G) [43]. These approaches allow 
for the construction of multifunctional DNA nanoma-
terials, expanding the scope of their applications in the 
biomedical field.

In summary, the unique advantages of DNA-guided 
methods, utilizing the programmable properties of 
DNA, and the valence control approach, enabling pre-
cise control over nanomaterials’ oxidation states, in 
conjunction with the development of novel and stable 
DNA nanomaterials and DNA-composite nanomateri-
als, hold great promise in addressing various biomedi-
cal challenges. Specifically, these methods have the 
potential to facilitate the development of highly sen-
sitive and selective biosensors in biosensing, where 
DNA-based nanomaterials can serve as imaging agents 
through direct labeling or as carriers of contrast agents. 
Furthermore, in the field of diagnostics and therapeu-
tics, they can promote targeted delivery of therapeutic 
agents.

Biomedical applications
The successful fabrication of DNA nanomaterials greatly 
relies on the technical capabilities provided by DNA 
nanotechnology. Common transformation techniques for 
DNA nanomaterials include DNA self-assembly, DNA 
nanotemplate-based methods, DNA nanomanipulation 
techniques, and chemical modifications of DNA nanoma-
terials. These techniques enable functional enhancement, 
diversification, and targeted decoration of DNA nano-
materials. Additionally, research efforts have focused on 
achieving large-scale production of DNA nanomaterials. 
With the rapid development of DNA nanotechnology, the 
growth of DNA nanomaterials has proliferated, which 
are being utilized in a wide range of biomedical applica-
tions. These applications offer exciting possibilities for 
biosensing, imaging, diagnosis, and therapy of diseases. 
Specifically, the applications in biosensors are focused on 
detecting nucleic acids, proteins, and cancer, while the 
breakthroughs in disease diagnosis and therapy are cen-
tered around chemistry, immunology, and gene therapy. 
In the following sections, examples of biomedical appli-
cations of DNA nanomaterials from the last five years in 
these three broad categories will be presented by me.

Biosensor
In the biomedical field, biosensors are usually used for 
detection, and DNA plays a very important role in the 
construction of biosensors. In recent years, DNA nano-
materials have played an important role in rapid detec-
tion strategies, and different nanostructures and design 
strategies provide abundant molecular libraries for bio-
sensors. DNAzyme-based sensors are synthetic DNA 
molecules that possess catalytic activity similar to natu-
ral enzymes [44]. They offer several advantages over 
traditional enzyme-based sensors, including higher sen-
sitivity, specificity, and ease of functionalization. Unlike 
traditional enzyme-based sensors, DNAzyme-based sen-
sors are less affected by environmental factors and do 
not require complex preparation or costly purification 
steps. The hyper-branched structure of DNA provides 
abundant binding sites for target recognition probes and 
signal molecules, so DNA nanomaterials have high effi-
ciency and sensitive detection ability and are widely used 
in the field of biosensing [45].

Generally, the DNA nanostructure used for biosen-
sor construction is called the DNA four-complex pro-
ject, which is composed of four strands (Fig. 3A) [46]. 
Here, we can observe a novel class of nanobiomateri-
als in which a layer of protein is coated onto the sur-
face of nucleic acid nanoparticles. By tuning different 
nucleic acid sequences and protein types, diverse pro-
tein-SNAs with distinct properties can be synthesized, 
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making them suitable for various biological applica-
tions. Figure 3B is a DNA nanocomposite that can be 
used for time-controlled sensing [47]. A nanosystem 
that can be remotely controlled using a near-infrared 
(NIR) laser has been designed, which consists of a pro-
grammable DNA nanostructure comprising two parts: 
a ‘lock’ and an ‘unlock’ DNA sequence that can dynam-
ically open and close through nucleic acid hybridiza-
tion reaction under the influence of NIR laser. Due to 
its higher sensitivity, this system holds great promise 
for various biosensing applications. Chen et  al. [48] 
reported an electrochemical DNA biosensor was pre-
pared by using exonuclease and ZrO2-rGO-Thi nano-
composite (Fig.  3C), which provides a simple and 
effective method for manufacturing the biosensor. 
The novel electrochemical DNA biosensor is a simple, 
fast, and reproducible method for detection, which 
overcomes the limitations of traditional sensors and 
improves the sensitivity and reliability of detection. In 
the future, it is expected to be widely used in biomedi-
cal analysis and therapeutic diagnosis. Shen et al. [49] 
made a profound analysis of DNA sensor and their role 
in the field of therapy. The progress of DNA nanotech-
nology has paved the way for the development of DNA 
nanomaterials. Figure  3D is a schematic diagram of a 

biosensor based on DNA nanotechnology. Yuan and 
his team used  Bi2Te3 nanosheets to construct a pho-
toelectrochemical biosensor with a DNA amplifica-
tion strategy, which can be used as a signal amplifier 
switch [50]. The design of this biosensor utilizes  Bi2Te3 
nanosheets as both the light absorber and electron 
transfer material, quantum dots as the sensitizer, and 
a DNA amplification strategy to enhance detection 
sensitivity. By pairing the target molecules with DNA 
probes, they can form DNA-Bi2Te3 complexes that 
aggregate on the surface of  Bi2Te3 and amplify the cur-
rent signal through the electron transfer process under 
light illumination. Figure 3E is the schematic diagram 
of the biosensor developed in this research, which has 
great application prospects for disease diagnosis and 
clinical analysis. Then, in 2022, another study also 
developed a quaternary mesoporous nanosphere using 
a boron-phosphorus co-doped Pb-Pt alloy (Fig.  3F) 
[51]. This sensor utilizes the binding of the target mol-
ecule APE1 to DNA aptamers, which are immobilized 
on the surface of quaternary mesoporous spheres, and 
the interaction between random walk DNA and the 
electrode surface to achieve signal amplification. The 
presence of APE1 is detected by measuring the change 
in the current signal. This method has high sensitivity 

Fig. 3 A DNA configuration of the biosensor [46]. B Intracellular K + sensing based on SNAs fabricated by AuNS with the photothermal property 
[47]. C Schematic illustration of electrochemical nucleic acid fabrication by  ZrO2-rGO-Thi nanocomposite [48]. D Biosensors based on DNA 
nanotechnology [49]. E Synthesis of  Bi2Te3 Nanosheets and Assembly Process of the PEC Biosensor [50]. F construction of this electrochemical 
biosensor [51]
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and selectivity and demonstrates good detection per-
formance in complex biological systems. It provides 
a new approach to the field of biosensors. Further-
more, it is worth mentioning that, in addition to the 
biosensing applications mentioned above, DNA nano-
materials also have great potential in drug delivery and 
therapeutics. DNA nanocarriers, such as DNA origami 
and DNA hydrogels, have been developed for targeted 
drug delivery [52], and their high biocompatibility and 
programmability make them promising candidates for 
various therapeutic applications.

In summary, DNA nanomaterials have emerged 
as versatile and powerful tools in the field of biosen-
sors. With their unique properties and diverse designs, 
DNA nanomaterials offer high sensitivity, specific-
ity, and programmability for biosensing applications. 
However, there is still much to be explored in terms 
of integrating DNA nanotechnology into biosensors, 
and further research is needed to optimize their per-
formance and broaden their application range. None-
theless, the rapid development of DNA nanomaterials 
in recent years has opened up exciting opportunities 
for the development of novel biosensors and has the 
potential to revolutionize the field of biosensing in the 
future.

Therapeutics
DNA nanomaterials have many advantages, making 
them an important tool in targeted drug delivery, tumor 
treatment, and disease prevention in biomedicine. DNA 
materials have been demonstrated to be highly suitable 
raw materials for the design and construction of biomed-
ical devices. TDNs can achieve anti-inflammatory and 
antioxidant effects through appropriate design and func-
tionalization. They can easily target specific cells, mak-
ing them excellent candidates for novel therapeutics [53]. 
Zhang et  al. [54] reported the successful design, prepa-
ration, and purification of TDNs, demonstrating their 
ability to promote cell absorption and maintain biologi-
cal stability. Recent studies have also explored the poten-
tial applications of TDNs in promoting cell proliferation, 
regulating cell differentiation, facilitating cell migration, 
and supporting the bioactivity of the extracellular matrix 
(ECM). TDNs also have broad potential in wound repair 
and regeneration [55].

DNA nanorobot is a special type of DNA nanomate-
rial that has emerged in recent years. Li et  al. [56] have 
successfully constructed DNA robots that can be pro-
grammed to target tumor cells and release drugs in 
response to specific molecular triggers in the tumor 
tissue, inhibiting tumor growth. Figure  4A shows a 

Fig. 4 A Design and characterization of thrombin-functionalized DNA nanorobot [56]. B Design and characterization of the antigen/
adjuvant-functionalized DNA nanodevice vaccine [57]. C Schematic representation of the sgRNA/Cas9/antisense complex in DNA nanoplatforms 
for tumor therapy [35]. D Design of a multifunctional tubular DNA nanodevice [58]. E Key components of AEGIS aptamer-nanotrain assembly [59]. F 
Two CpG molecules have corresponding activation effects at 7 nm and 38 nm apart and the cubic average plot of experimental results [60]



Page 7 of 11Fang et al. Journal of Nanobiotechnology          (2023) 21:290  

schematic diagram of a DNA nanorobot carrying a 
thrombin-carrying agent. Recently, a DNA nanodevice 
vaccine was also reported [57]. The vaccine triggers T 
cell activation and cancer cell toxicity through molecular 
adjuvant and antigen peptides assembled in the lumen 
of DNA origami (Fig. 4B), producing a long-term T cell 
response to avoid tumor recurrence. Effective assem-
bly of DNA nanostructures is crucial in biomolecular 
therapy. Liu et  al. [35] introduced a strategy of using 
branched DNA to construct nanoplatforms (Fig.  4C). 
This DNA-based self-assembling platform is constructed 
from two types of branched DNA: core branch DNA 
and peripheral branch DNA. The core branch DNA con-
tains two complementary sequences, one for binding to 
the target gene and the other for the carrier molecule, 
as well as additional short sequences for connecting 
to the peripheral branch DNA. The peripheral branch 
DNA contains complementary sequences that match 
the connecting sequence of the core branch DNA, as 
well as additional short sequences for binding nucleic 
acid drugs such as sgRNA, Cas9, and ASO. Some stud-
ies have also constructed DNA nanodevices based on 
small interfering RNA, which can insert doxorubicin 
(DOX) into DNA double strands [54]. DNA molecules 
are used to construct nanodevices with a hollow tubu-
lar structure that can protect chemotherapy drugs and 
guide siRNA to tumor cells. By simultaneously target-
ing multiple therapeutic targets in cells, this nanodevice 
can improve treatment efficacy, reduce drug dosage, and 
minimize side effects. However, this DNA-based nano-
material device is still in the experimental stage. Wang 
et  al. [58] achieved a mechanism by constructing DNA 
origami structures loaded with siRNA and coassembling 
them with multiple functional moieties, including tumor-
penetrating ligands and stimuli-responsive DNA locks. 
This mechanism allows for the protection of siRNA upon 
localization to tumor cells and its triggered release at 
an appropriate time. Figure 4D illustrates the schematic 
diagram of a DNA nanodevice. In addition, the research 
team utilized the functional roles of P:Z pairs to success-
fully construct a structure called the ’nanotrains’, which 
were designed for efficient delivery of the anticancer drug 
Doxorubicin (Dox). Figure  4E illustrates the formation 
process of this structure and the corresponding workflow 
[59]. The nanomaterial is constructed from six-base DNA 
molecules and has an internal cavity that can accommo-
date multiple DOX molecules. Through specific binding 
with ASGPR, the nanodevice accurately recognizes liver 
cancer cells and releases DOX to achieve targeted treat-
ment of liver cancer cells, reducing damage to normal 
cells, and enhancing the local concentration of the drug, 
thus improving therapeutic efficacy. Additionally, DNA 
nanomaterials can also fine-tune the immune system 

by spatially controlling the activation of Toll-like recep-
tor 9 (TLR9), thereby inducing an immune response in 
the body [60] (Fig. 4F). Both the DNA nanomaterial and 
CpG sequences were subjected to modulation. Various 
connecting sequences were synthesized to attach CpG 
sequences to the DNA nanomaterial. It is noteworthy 
that the connecting regions of these sequences were not 
phosphorothioated, and their activity and impact have 
not been tested. In addition to controlling the spatial 
relationship between CpG sequences, the connecting 
sequences represent another variable that needs to be 
considered. Therefore, when interpreting the research 
results, it is important to take into account both spatial 
control and the presence and influence of the connecting 
sequences.

While numerous studies have demonstrated the con-
siderable potential of DNA nanomaterials in the field of 
biomedical diagnosis and treatment, it is important to 
acknowledge that several obstacles and hurdles remain. 
Firstly, biomedical applications encompass a broad 
range of areas, and the internal biological environment 
is characterized by its intricacy and limited scale. Sec-
ondly, prior to experimental trials, DNA nanomateri-
als require scaling up from the micro to macro levels in 
terms of manufacturing scale, which is a protracted and 
intricate process. Therefore, in the future, we need to 
continually experiment with the interaction between 
different DNA nanomaterials and organisms and design 
optimal strategies to reduce the time and cost required 
for experimentation.

Bioimaging
In recent years, DNA nanomaterials have been applied 
in various fields, including biomedical imaging. Accurate 
identification of diseased tissue is crucial for effective 
treatment, and DNA nanostructures are promising imag-
ing materials due to their structural designability and 
sequence diversity. For example, Jiang et al. [61] designed 
a self-assembled 3D DNA nanostructure drug delivery 
system for fluorescence imaging analysis of tumors and 
targeted drug delivery to tumor cells (Fig.  5A). This 3D 
nanoscale structure consists of two functional regions, 
one for fluorescence imaging and the other for drug 
delivery, and can release drugs through ATP stimulation, 
achieving precise treatment and fluorescence imaging of 
tumors. In addition, COF-DNA bicolor probes have been 
developed [62] to provide new detection perspectives for 
a variety of biological assays (Fig.  5B). This nanoprobe 
is composed of two parts: one is a DNA oligonucleotide 
sequence that can specifically hybridize with tumor-
related mRNA, and the other is a COF material for flu-
orescence imaging. It can efficiently detect and image 
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tumor tissues and tumor-related mRNA in mice while 
exhibiting good biocompatibility and low cytotoxicity.

It is worth noting that nanoprobes prepared by cryo-
probes have better performance. DNA-templated ultra-
microscopic bismuth sulfide  (Bi2S3) nanoparticles (NPs) 
have been developed as photoacoustic probes for imag-
ing by Zhao et al. [63] and his team (Fig. 5C). They were 
successfully used in the imaging of myocardial infarction, 
exhibiting excellent biocompatibility, stability, and high 
photoacoustic imaging performance. Similarly, DNA-
templated copper nanoparticles were used to stain the 
nuclei of human colon cell lines [64], providing a theo-
retical reference for other DNA-templated nanomateri-
als and improving the bioimaging process. Additionally, 
self-assembled DNA nanospheres have been utilized 
to amplify miRNA in mice imaging by Wang et  al. [65] 
(Fig.  5D). This experiment demonstrated that program-
mable DNA nanospheres have the capability to detect 
the expression of murine miRNA cancer cells with size 
control, self-assembly capabilities, excellent ATP-driven 
cyclic dissociation, and reassembly properties for imag-
ing applications. It has the advantage of efficient signal 
amplification and imaging of microRNAs, making it a 

promising tool for potential biomedical applications. 
Overall, DNA nanomaterials have great potential for 
biomedical imaging applications, but more research is 
needed to improve their performance and optimize their 
design for different imaging modalities.

Different from previous studies, Zeng et al. [66] utilized 
DNA origami to create a photoacoustic contrast agent 
and investigated the mechanism of chemotherapy on 
tumor hypoxia (Fig. 5E). In addition to their applications 
in imaging and cancer therapy, DNA nanomaterials also 
hold promise in topographic optical imprinting. Liang 
et al. [67] utilized DNA patterns, called DNA points, for 
the rapid optical patterning of large, geometrically com-
plex surfaces using light-responsive DNA (Fig. 5F). This 
study also demonstrated the scanning mode of DNA 
points, paving the way for the fabrication of biochips. 
Qin et al. [68] used DNA-modified gold nanoparticles for 
the identification of Mycoplasma pneumonia, a simpler 
and more rapid detection method. These nanoparticles 
can be used for the sensitive and quantitative detection 
of Mycoplasma pneumoniae and have the potential for 
clinical imaging applications. The aforementioned stud-
ies present the latest advancements in the use of DNA 

Fig. 5 A ATP triggered Drug Release for Tumor Fluorescence Imaging Analysis and Targeted Drug Delivery [61]. B Cancer diagnostic imaging using 
COF NPs and COF-DNA bicolor nanoprobes is shown schematically in the illustration, along with confocal images of MCF-10A and MCF-7 cells 
[62]. C An example of a schematic showing how to make DNA-Bi2S3@Z NPs for PA imaging of MI with increased contrast and H&E-stained images 
of a large organ [63]. D ATP-fueled cyclic dissociation and fluorescent pictures of MCF-7 tumor-bearing mice were used to demonstrate the DNA 
nanosphere’s mode of operation for intracellular amplified miR-21 imaging [65]. E Doxorubicin/AQ4/AQ4N interactions with DNA double helix 
are shown schematically in this picture using a chemotherapeutic drug [62]. F A square array coupled with AuNPs and a light-driven DNA-POINT 
network for self-assembly and symmetric patterns [67]
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nanomaterials in biomedicine in 2022. While DNA nano-
materials are currently widely used in imaging and tumor 
therapy, they hold potential for flexible applications in 
various fields in the future.

Conclusion
DNA molecules can combine with unique materials to 
create a diverse range of nanostructures, offering broad 
applications across various aspects of biomedicine. The 
above examples demonstrate the vast potential of DNA 
nanomaterials in biomedicine, including successful 
tumor treatment in animal models and promising ther-
apeutic potential. However, it is crucial to acknowledge 
that the limited stability of these materials under physi-
ological conditions, along with their potential immuno-
genicity, presents inherent risks in the context of utilizing 
DNA nanostructures in vivo. These risks encompass vari-
ous aspects, including impaired biological function, inad-
equate biodistribution, and a shortened circulation time. 
Therefore, when evaluating the stability, biodistribution, 
and pharmacokinetics of DNA nanostructures in  vivo, 
these potential challenges must be taken into careful con-
sideration to ensure their effective and safe application in 
biomedical settings. Over the last three years, there have 
been rapid developments in the field of biosensors, dis-
ease diagnosis, and treatment, with much of the research 
focused on gene and drug delivery, bioimaging, biosen-
sors, and diagnostics. DNA nanostructures have been 
extensively studied in the biomedical field, with continu-
ous advances in design, shape, and size. However, clinical 
research on DNA nanocarriers has not yet been con-
ducted, and further research is necessary to explore their 
potential applications.

This chapter discusses the current status and future 
development trends of DNA nanomaterials in biomedical 
applications, including:

A) More research is needed to determine crucial details 
about possible biomedical applications of DNA 
nanoagents. The in  vivo parameters of DNA nano-
carriers that need to be examined include their cir-
culation half-life, pharmacokinetics, size- and shape-
dependent properties for passive tumor targeting, 
uptake, intracellular fate, and clearance process. 
Additionally, active ligand-based targeting strategies 
should be investigated to enhance the specificity and 
efficacy of DNA nanoagents in biomedical applica-
tions.

B) PEGylation or other polymer coatings can increase 
stability and systemic circulation by functionalizing 
structures with positively charged molecules. This 
approach helps to enhance the overall performance 

and behavior of DNA nanostructures in biological 
systems.

C) Tailored DNA nanocarriers based on smart DNA 
architecture can be anticipated to provide secure 
and effective individualized applications for cancer 
treatment in the future given the growing knowledge 
of DNA structure design, DNA material behaviors 
in vivo, and molecular interactions with cancer.

D) DNA nanostructures exhibit remarkable controllabil-
ity, high drug-loading capacity, excellent biocompat-
ibility, as well as precise targeting and efficient tissue 
penetration in biomedical applications.

E) The limited yield of DNA templates may result in 
increased costs. In the fabrication process of DNA 
nanomaterials, DNA templates are typically nec-
essary for controlling the desired structures and 
sequences. Better methods are needed to obtain 
DNA templates, and the current synthetic processes 
must be simplified to increase product yields.

F) Despite significant efforts in the medicinal uses 
of DNA materials, long-term biological stability 
remains a concern. The precise mechanism of DNA 
nanostructures in  vivo is not yet fully understood, 
highlighting the need for more in-depth investiga-
tions of DNA stability both in vitro and in vivo, call-
ing for interdisciplinary study.

In summary, significant progress has been made in the 
field of DNA nanotechnology in recent years, and DNA 
nanomaterials have become promising tools for various 
biomedical applications. These programmable and mul-
tifunctional nanomaterials possess unique characteristics 
such as high biocompatibility, self-assembly, programma-
bility, and precise molecular recognition, making them 
highly attractive in various biomedical applications. With 
further research and development, DNA nanomaterials 
have the potential to revolutionize the field of biomedical 
research and improve human health. In the future, DNA 
nanomaterials can be used to further explore the mecha-
nisms of human disease and to dissect cellular metabo-
lism levels. Additionally, they could be introduced to 
the fields of precision therapy, gene therapy, biomimetic 
materials, and artificial intelligence.
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