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Nanostructures specifically responsive to endogenous biomolecules hold great potential

in accurate diagnosis and precision therapy of cancers. In the pool of nanostructures

with responsiveness to unique triggers, nanomaterials derived from DNA self-assembly

have drawn particular attention due to their intrinsic biocompatibility and structural

programmability, enabling the selective bioimaging, and site-specific drug delivery in

cancer cells and tumor tissues. In this mini review, we summarize the most recent

advances in the development of endogenous stimuli-responsive DNA nanostructures

featured with precise self-assembly, targeted delivery, and controlled drug release

for cancer theranostics. This mini review briefly discusses the diverse dynamic DNA

nanostructures aiming at bioimaging and biomedicine, including DNA self-assembling

materials, DNA origami structures, DNA hydrogels, etc. We then elaborate the working

principles of DNA nanostructures activated by biomarkers (e.g., miRNA, mRNA, and

proteins) in tumor cells and microenvironments of tumor tissue (e.g., pH, ATP, and

redox gradient). Subsequently, applications of the endogenous stimuli-responsive DNA

nanostructures in biological imaging probes for detecting cancer hallmarks as well as

intelligent carriers for drug release in vivo are discussed. In the end, we highlight the

current challenges of DNA nanotechnology and the further development of this promising

research direction.
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INTRODUCTION

DNA nanotechnology has made brilliant accomplishments in chemistry, materials, and other
fields. In the 1980s, Ned Seeman proposed the concept of DNA nanotechnology by introducing
the principle of complementary pairing of DNA bases into the construction of nanostructures
(Seeman, 1982; Kallenbach et al., 1983). Later on, the introduction of DNA origami (Rothemund,
2006) heralded the beginning of a new era in DNA nanotechnology, further increasing the
size and complexity of self-assembled DNA building blocks. DNA technology allows specific
recognition structures to induce the transformation and deconstruction of DNA nanostructures
in the presence of triggers (Yu et al., 2019; Kong et al., 2020) to generate sensor signals or effectors.
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With the structure switch and signal activation, nano-constructs
such as DNA sensors and DNA machinery have been elaborately
devised, holding enormous potential in biological imaging and
biomedical research (Liu S. et al., 2019).

As a global health problem, accurate diagnosis and
efficient treatment of cancer is the current research hotspot.
Chemotherapy is an important means of cancer treatment,
but there are some problems like low drug utilization, less
accumulation at the tumor site, and serious toxic and side effects
on normal tissues. Therefore, the advances of nanotechnology
provide new opportunities for molecular diagnosis and
therapy of cancer. Compared with external stimuli, such
as light, ultrasound, and magnetic field, that enable remote
modulation of nanostructures, endogenous stimuli including
pH, ATP, redox, proteins, and RNAs possess closer ties with
microenvironment in biological systems (Hu et al., 2020). Thus,
the design of endogenous stimuli-responsive nanomaterials
activated by tumor biomarkers and microenvironmental
features is significant for cancer diagnosis and treatment. In this
minireview, we will discuss the latest developments of DNA
nanostructures responsive to endogenous stimuli in recent years,
and elaborate on their design and working principles (Figure 1).
The detection of cancer hallmarks in biological imaging probes
and the application of intelligent carriers to release drugs in vivo
will also be summarized. In the end, more challenges and further
advances of this research direction will be prospected.

ENDOGENOUS STIMULI RESPONSIVE
DNA NANOMATERIALS

pH
pH anomaly is considered a common feature of cancer cells. As
the energy acquisition mode of tumor cells are largely dependent
on glycolysis, the accumulation of glycolytic metabolites such
as lactic acid is a major factor in the change of a tumor’s
microenvironment (Boedtkjer and Pedersen, 2020; Wang C. C.
et al., 2020). Coincidentally, DNA nanostructures such as i-
motif structure and triplex/duplex DNAs could transform along
with pH changes, which show great potential in construction
of stimuli response nanomaterials (Dong et al., 2014; Hu
et al., 2017). Gehring et al. (1993) firstly proposed the i-motif
structure, in which cytosine-cytosine base pairs are protonated
to obtain a tetrameric DNA structure in acidic conditions, and
switch into DNA single strands under neutral environments.
Following the emergence of the i-motif structure, triplex/duplex
DNAs formed by C-G·C+ and T-A·T triplets of Watson Crick
(“–”), and Hoogsteen hydrogen bonds (“·”) was found to show
responsiveness to pH (Figure 1Ai). Under acidic conditions, the
protonated cytosine (C+) tends to bind with the guanine (G)
following the Hoogsteen hydrogen bond, while the central G is
paired with another C according to the Watson Crick model
to form the stable triplex C-G·C+. In neutral conditions, C+

loses a proton to become C, resulting in dissociation of the
triplet C-G·C+ into two or single chain. Since then, a number
of pH responsive nanodevices were designed. For example, DNA
triplex was introduced to build a pH-triggered self-assembly

DNA tetrahedron (Liu et al., 2013). The DNA components could
obtain triplet C-G·C+, which configured DNA tetrahedron at pH
5.0 and dissociated at pH 8.0, achieving reversible assembling
of DNA nanostructure. By employing the foldable i-motifs in
key parts of DNA nanodevices, DNA machines were developed
including DNA tweezers (Wang et al., 2010a), DNA walkers
(Wang et al., 2010b), andDNApendulums (Qi et al., 2013), which
were deformable in response to pH.

Small Molecules
Small molecules of biological functions play an essential role in
physiological processes such as cell growth, cell proliferation and
differentiation. For example, due to the accelerated metabolism,
glucose and glutamine are used by tumor cells to produce ATP
to promote cell growth. The concentration of ATP is lower in the
extracellular environment and higher in the intracellular cytosol
(Leist et al., 1997; Gorman et al., 2007). Therefore, the prominent
difference in ATP levels is used to design ATP-responsive
systems. Since the ATP-binding aptamer can recognize ATP with
high binding affinity, the ligand-aptamer complex is able to
serve as the actuator of stimuli-responsive DNA nanostructures
(Figure 1Ai). Mao’s group presented a double-stranded DNA
motif with three helical domains (Li et al., 2020). Two of the
outer horizontal helix domains were stable, while the central
helix domain was an ATP binding aptamer sequence. In the
ATP environment, the central domain combined with two ATP
molecules and adapted to a stable helical conformation, whereas
the central domain and the raised ring form a larger flexible
inner ring in the ATP-free conditions. Additionally, ATP-induced
DNA conformational variation also created a driven force for
downstream cargo release. Liao et al. (2016) constructed a
microcapsule consisting of DNA shells crosslinked by anti-ATP
aptamers, in which specific recognition of ATP initiated the
dissociation of the DNA outer frames.

Tumor cells have a strong reductive environment because
of the excessive production of intracellular glutathione (GSH)
(Luo et al., 2016). The concentration of GSH in tumor cells is
about four times higher than that in normal cells (Yang et al.,
2018). Typically, incorporation of disulfide or selenium bonds
in the phosphodiester scaffold of DNA nanostructures offers an
effective strategy to develop GSH-responsive nanocarriers. Ding’s
group recently reported DNA origami nanocarriers grafted with
the tumor suppressor gene P53 by disulfide bonds (Liu et al.,
2018), allowing the GSH induced bond cleavage to liberate
therapeutic segments.

Proteins
Aberrant expression of functional proteins including enzymes,
antigens and hormones involves the dysregulation of signal
transduction pathways of cancer cells (Mura et al., 2013). In turn,
DNA nanostructures with responsiveness to tumor-associated
proteins afford predefined nanoplatforms for investigating and
combating cancer. In principle, protein-responsive systems can
be achieved by identifying tumor-associated proteins via nucleic
acid aptamer or by enzymatic reactions in the extracellular
environment (Figure 1Ai) (Mu et al., 2018). For example, a
hollow tube-shaped DNA nanorobot (Li et al., 2018) was
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FIGURE 1 | (A) Versatility of endogenous stimulus response principle of DNA nanomaterials. (i) Triplex/duplex DNAs transform along with pH changes, (ii) Aptamer

structure combined with small molecules, (iii) Enzymatic cleavage of DNA, (iv) DNA strand displacement reaction. (B) (i) Tube nanocarrier opens in response to the

presence of nucleolin, (ii) Oligonucleotides triggered DNA “Nanosuitcases” for siRNA releasing, (iii) DNA hydrogel degrades under the precise excision of

Cas9/sgRNA, (iv) A DNA origami nanocapsule can be opened and closed with the help of pH-responsive latches.

fabricated by rolling up a two-dimensional (2D) origami sheet
containing DNA aptamers that bound nucleolin, a protein
specifically expressed on tumor-associated endothelial cells
(Figure 1Bi). When the robot arrived at tumor-associated
endothelial cells, it was triggered by the nucleolin to expose
the cargo inside. Guo’s group (Lyu et al., 2018) constructed a
stimuli-responsive hydrogel system with liposomes. Upon being
exposed to the endonuclease enzyme, EcoR I, the opening of
the DNA motifs triggers the transformation of the hydrogel to
the subsequent cargo release. Besides, Lu’s group demonstrated
an enzyme-stimulated DNA nanostructure (Zhang et al., 2017).
The aptamer-based activatable photoacoustic DNA probe could
recognize thrombin to separate the fluorophore and quencher,
thus recovering photoacoustic signal for molecular imaging.

Nucleic Acids
Several coding or non-coding nucleic acids including messenger
RNA (mRNA) and microRNA (miRNA) directly regulate the
progression of tumors. Considering the intrinsic affinity to
DNA structures through complementary base pairing, these
endogenous nucleic acids have been working as an ideal activator
of DNA nanostructure in a wide spectrum of biomedical
applications (Figure 1Ai) (Yeung et al., 2005; Keller and
Linko, 2020). Survivin mRNA, a biomarker which had a high
expression in lung adenocarcinoma, was employed to initiate the
hybridization chain reaction (HCR) for the construction of DNA
“nano string light” (Ren et al., 2018). Target mRNA triggered

the HCR reaction between hairpin DNA H1 and H2, leading to
a quick assembling of a DNA “nano string light” with superior
cargo transportation efficiency and remarkable amplification
outcomes. Besides, a highly-ordered self-assembled 3D DNA
nanostructure equipped with electrochemiluminescence emitter
Ru(bpy)2+2 -labeled DNA nipper units was constructed. The
sensing platform could respond to miRNA to induce DNA
nippers opening for signal switching, achieving miRNA analysis
in breast cancer cells (Zhang et al., 2018). In another example,
DNA “Nanosuitcases” were utilized as the host for loading small
interfering RNA (siRNA), capable of releasing siRNA by strand-
displacement of intracellular mRNA or miRNA (Figure 1Bi)
(Bujold et al., 2016). The stimuli-responsiveness not only
enabled site-specific release of siRNA for gene silencing, but
also facilitated exhaustion of intracellular mRNA or miRNA for
synergistic therapy.

APPLICATIONS IN CANCER DIAGNOSIS
AND THERAPY

Since differences in the abundance of proteins and nucleic acids,
activation level of enzymes, and physiological environment exist
between tumor and normal tissues, nanomaterials that respond
to abovementioned tumor-related molecules offer a toolbox to
achieve selective sensing or imaging of tumor markers and
on-demand delivery of therapeutic agents to tumor sites. In
the past decades, the dynamic changes of DNA nanostructures
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caused by the characteristics of the tumor microenvironment
have been used to implement signal modulation and cargo
transportation, aiming at delineating and regulating the tumor
microenvironment to realize the tumor diagnosis and treatment
(Table 1).

Cancer Diagnosis
Biomarker detection and imaging hold promising prospects in
revealing physiological and pathological mechanisms in clinical
medicine, including the definition of benign and malignant
tumors, early pathological information collection, and the design
of metabolically relevant imaging targets (Kumar et al., 2019).
Benefitting from the programmability and modifiability of DNA,
DNAnanostructures permit embedment of activable DNAmotifs
equipped with signal modules that can be governed by tumor
microenvironments (Chen et al., 2015).

HCR reactions offer an amplification tool for outputting the
DNA assembly events triggered by target nucleic acids. InWang’s
study, miRNA first triggered a catalyzed hairpin assembly of
hairpin DNA H1 and H2, which further led to a HCR reaction
between hairpin DNA H3 and H4, achieving a dual-enhanced
system for selective miRNA detection in cell media (Liu C.
X. et al., 2019). Then DNA nanostructures incorporated with
the molecular actuator responsive to pH were also designed
(Zhou et al., 2019). The formation of i-motif structure led a
significant fluorescence resonance energy transfer between Cy3
and Cy5, realizing pH sensing and mapping in the pH range of
5.0–7.4 in living cells. By integrating the above two aspects, a
functionalized DNA nanoprobe activated by high intracellular
pH was constructed to release DNA substrates for miRNA
triggered HCR reaction, achieving both pH sensing and mRNA
imaging in living cells (Zhu et al., 2019). Furthermore, Li’s
study revealed an endogenous multi-stimuli-responsive system
(Peng et al., 2018). Equipped with split-i-motif and halved-ATP
aptamer, the Cy3-modified tetrahedron could only be combined
with Cy5-labled tetrahedron in the milieu of high ATP and low
pH, which can map ATP, and pH in cervical cancer cells.

DNA hydrogels, self-assembled by DNA linker of building
blocks to obtain a three-dimensional network, have great
applications in different fields including biosensing and imaging
due to their unique phase transition between gel and sol caused
by destruction of DNA cross-linking points. Hu and co-authors
(Wang Q. et al., 2020) introduced a protein-responsive DNA
hydrogel for sensitive detection of α-fetoprotein (AFP, biomarker
of hepatocellular carcinoma). By recognition and combination
of linkers and AFP, the encapsulated immunoglobulin G (IgG)
was released and later combined with SERS probes and magnetic
beads, leading a SERS signal for AFP detection with an
ultrasensitive detection limit of 50 pg mL−1. Considering the
requirements of convenient operation and visual inspection
in practical applications, Liu and co-authors constructed
a visual detection strategy based on pH-responsive DNA
hydrogel (Cheng et al., 2009). The individual three-armed
DNA nanostructure (Y-unit) involving part of i-motif structures
underwent self-assembly with other ones to form complete
i-motif structure under the acidic environment, which finally
extended a three-dimensional network of DNA hydrogel. In this

process, the gold nanoparticles dispersed initially into the upper
layer were trapped in the hydrogel as “tracer agents” to indicate
the pH.

Although various stimuli-responsive DNA nanostructures
have received success, visualizing the signals activation initiated
by single or few molecules remains challenging (Jiang et al.,
2019a). DNA origami structures are highly programmable DNA
nanoassemblies with prescribed scaffold shapes and sequence
addressability, which can magnify single-molecule recognition
events to conformational change of a single DNA nanostructure.
Kuzuya et al. (2011) reported versatile DNA origami systems
for sensing endogenous stimuli including tumor-related proteins,
small molecules like ATP, and even miRNAs. In this design,
the functional nanomechanical DNA origami structures were
devised as “DNA origami pliers” with two levers linked at a
fulcrum, following two ends of a lever labeled with fluorescein
and another lever labeled with quencher. By locating aptamers on
the DNA origami pliers, the endogenous IgG, ATP, and miRNAs
could control the opening and closing of DNA pliers, which
finally led to a fluorescence turn-off for targets analyze. Liu’s
group presented a pair of antiparallel DNA origami filaments
that allowed gold nanocrystals-mediate coordinated sliding
powered by DNA fuels, achieving visualization of dynamic
single molecules by transmission electron microscopy and in situ
fluorescence spectroscopy (Urban et al., 2018).

Stimuli-Responsive Drug Delivery
DNA nanostructures are capturing increasing attention owing to
its molecular programmability and precise addressability (Yuan
et al., 2019). Compared with the traditional drug delivery systems
(DDSs), the endogenous stimuli-responsive DDSs have shown
more excellent properties, such as superior bioavailability and
site-specific drug release. In this regard, DNA nanostructures
responsive to endogenous tumor markers point toward a new
way of engineering DDSs for cancer therapy.

DNA-involved nanoaggregates have been constructed
by combining organic or inorganic molecules with DNA
to mediate the spontaneous DNA assembly into various
structures. The principle that endogenous stimuli elicit the
structural transformation of DNA nanomaterials, including
conformational expansion or contraction, assembly or
disassembly, aggregation or dissociation, makes DNA an
attractive scaffold for high-capacity drug loading and controlled
drug delivery (Dai et al., 2017). For example, an example
of DNA nanoaggregates for chemotherapy (Mo et al., 2014)
was a DNA nanogel assembled from DOX-intercalated DNA
scaffolds with the aid of protamine. In the presence of ATP,
the scaffold containing ATP-responsive DNA motif and its
complementary single-stranded DNA was changed from duplex
to tertiary aptamer structure, resulting in the release of the
embedded DOX from the duplex. Additionally, as an expected
immune checkpoint inhibitor, PD-1 DNA aptamers were
selected to construct hydrogels containing sgRNA sequences
(Lee et al., 2019). Upon exposure to Cas9/sgRNA systems,
the PD-1 DNA aptamer hydrogel lost its gel properties and
released the PD-1 aptamer sequence to enhance antitumor
immunotherapeutic effects (Figure 1Bi). In the same year, a
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series of metal-ion-chelated curcumin and DNA nanostructure
conjugates were constructed as drug carriers (Vellampatti
et al., 2018a,b). Triggered by pH, it is found that the metal
curcumin conjugate reaches the maximum release from
the DNA complex under acidic conditions. Subsequently,
self-catabolic DNAzyme nanosponges were designed by
encapsulating pH-responsive ZnO nanoparticles in the
DNAzyme substrate scaffold prepared by roll ring polymerization
(Wang et al., 2019). Zn2+ ions resolved from ZnO in the acidic
microenvironment could catalyze the decomposition of RCA
products and generate intracellular destructive reactive oxygen
species (ROS). Simultaneously, the collapsed nanoparticles
spark the encapsulated chemotherapeutic agents into
the cytoplasm.

Different from the DNA nanoaggregates, DNA origami
(Zhan et al., 2014; Linko et al., 2015; Ijäs et al., 2018; Jiang
et al., 2019b) featured well-shaped nanostructures with structure
rigidity and sequence addressability, has been increasingly
used for drug delivery. In addition to the common merits of
DNA nanomaterials in biological applications, DNA origami
nanostructures are capable of positioning multiple desired
functional components like therapeutic agents and tumor
targeting ligands in a predefined number and pattern throughout
the addressable structure (Nummelin et al., 2020). In 2017, an
example of reconfigurable DNA origami device that encapsulated
enzyme has been reported (Grossi et al., 2017). The locks
are designed to be reversibly opened and closed by toehold-
mediated DNA strand displacement. Similarly, Ryadnov’s group
constructed a hollow cube containing a pH responsive lid
that controlled the encapsulation of functional proteins (Burns

et al., 2018). Later, a cargo-shielding DNA origami nanocapsule
controlled by pH has been assembled (Ijäs et al., 2019). The “pH-
latch,” which comprised of a single-stranded DNA and a double-
stranded DNA, could either form a parallel triplex DNA via
Hoogsteen bonding (closed state, low pH) or freely suspended on
the capsule (open state, high pH) according to the environmental
pH (Figure 1Bi). These nanocapsules can be loaded with a variety
of molecular cargo and selectively display them to the special
external cue.

CONCLUSION

So far, quantities of cancer-related endogenous stimuli-
responsive DNA nanostructures have been developed and
demonstrated in a wide spectrum of application scenarios. Based
on these achievements, we reviewed numerous endogenous
stimuli-responsive DNA nanostructures with the corresponding
actuation mechanisms and applications. Since DNA has good
biocompatibility and excellent modifiability, molecular sensing
and drug delivery can be implemented by combining DNA
nanostructures with signal tags and therapeutic cargoes. Aiming
at characteristic tumor markers and tumor microenvironment,
DNA nanostructures designed for responding these
cancer-associated stimuli offer great opportunities for
early cancer diagnosis and localizable drug release in
biomedical applications.

Although endogenous stimuli-responsive DNA
nanostructures have made remarkable achievements, it still
faces many challenges. Firstly, DNA nanostructures are less

TABLE 1 | Overview of the applications in cancer diagnosis and therapy.

Biomarker detection for cancer diagnosis

Endogenous

stimuli

Working principle Detection

targets

References

miRNA Building a miRNA-triggered self-assembled 3D DNA nanostructure for miRNA detection. miRNA-21 of

MCF-7 cells

Zhang et al., 2018

pH Employing three i-motif strands to develop a DNA triangular prism nanomachine for reversible

pH-responsive structure changing.

pH of HeLa cells
Zhou et al., 2019

ATP, pH Developing a multiple endogenous responses system with split-i-motif and halved-ATP aptamer for

both intracellular ATP and pH mapping.

ATP and pH of

MCF-7 cells

Peng et al., 2018

Proteins Introducing a protein-responsive DNA hydrogel consisting of an AFP-recognized aptamer to release

IgG which further combined with SERS probes for AFP detection.

AFP of human

serum samples

Wang Q. et al.,

2020

Drug delivery for cancer therapy

Endogenous

stimuli

Working principle Cargo/Types of

therapy

References

pH Building a DNAzyme-driven drug delivery system consisting of the rolling circle polymerized

DNAzyme–substrate scaffolds and the encapsulated pH-responsive ZnO nanoparticles (NPs).

DOX/Chemotherapy Wang et al., 2019

ATP Utilizing an ATP-binding aptamer-incorporated DNA motif to selectively release the intercalating

doxorubicin via a conformational switch in an ATP-rich environment.

DOX/Chemotherapy Mo et al., 2014

Enzymes Designing a DNA polyaptamer hydrogel that can be precisely degraded by Cas9/sgRNA for

programmed release of an immune checkpoint-blocking DNA aptamer.

PD-1 aptamer/

Immunotherapy

Lee et al., 2019

Proteins Constructing an autonomous DNA robot programmed to transport payloads and present them

specifically in tumors.

Thrombin/Protein

therapy

Li et al., 2018
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stable under physiological conditions in vivo. Not only does
it require significant ionic strength to maintain a complete
morphology, but it is also easily degraded by nucleases
(Ramakrishnan et al., 2018; Bila et al., 2019). Many methods
were shown to improve the stability of DNA nanostructures,
such as using protective coatings (Ponnuswamy et al., 2017) or
chemical crosslinking (Cassinelli et al., 2015). More endeavors
are anticipated to be devoted to improving the structural stability
via outer protection and structural tailoring for biomedical
use. Secondly, attention on the endogenous stimuli mentioned
is primarily restricted to pH, small molecules, enzymes and
nucleic acids. Other molecules indicative of tumor pathological
features, including peroxynitrite (Wu et al., 2020), H2S (An
et al., 2018), and hormones (Sun and Zhao, 2017), present a
larger library of stimuli for creating stimuli-responsive DNA
nanostructures, conducive to broadening the applications in
bioimaging and biomedicine. Thirdly, due to the complexity
of the cancer treatment mechanisms, DNA nanostructures
responding to multi-stimuli and including multiple therapeutic
components such as proteins, genes, antibodies, photothermal
agents and photosensitizers represent the general trend in
clinical treatment, aiming at improving the medical precision
and augmenting the curative effects. We truly believe that
endogenous stimulus-responsive DNA nanostructures would

establish an appealing toolbox to boost the development of
personalized cancer theranostics.
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