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Figure 1.9 Schematic illustration of the design of (a) aptamer-functionalized exosomes
(Apt-Exos) and (b) aptamer-cholesterol-modified vesicle for targeting delivery to cancer
cells. Source: (a) Reproduced with permission from Zou et al. [106]. 2019 American
Chemical Society. (b) Reproduced with permission from Luo et al. [107]. 2019 American
Chemical Society.

with chemotherapeutic drugs were functionalized with this aptamer-diacyllipid
conjugate, leading to aptamer-functionalized exosomes (Apt-Exos) for targeting
delivery to cancer cells. Due to the natural delivery advantages of exosomes and
specific molecular recognition properties of DNA aptamers, Apt-Exos can act as an
efficient delivery tool for targeted cancer theranostics, Figure 1.9a.

Beyond the natural exosomes, biomimetic liposomes were also integrated with
DNA aptamers for targeted therapeutics [108]. Liposomes self-assemble into vesi-
cles with giant cavities mimicking the living cell membranes. They can be readily
loaded with different kinds of cargo, from imaging reagents, drugs, and genes to
biomolecule tools, aiming for various applications. However, the non-selectivity
of liposome delivery is considered unfavorable for its practical applications. DNA
aptamers’ splendid molecular recognition properties make them ideal targeting
modules to decorate with liposomes toward multifunctional target-specific delivery
systems. Luo et al. exploited a new aptamer-cholesterol-modified vesicle loaded
with therapeutic agents for cancer therapy, Figure 1.9b [107]. DNA aptamer-
functionalized liposomes can precisely deliver the cargo into targeted cells. More
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promising applications of the DNA aptamer-based liposomes involve the delivery
of miRNAs and CRISPR/Cas9 complex into specific cells to selectively manipulate
cellular activities.

DNA aptamer-based assemblies represent a versatile and promising platform for
various biomedical and biotechnological applications. They hold great potential for
advancing our understanding of in vivo self-assembly principles and target delivery
processes and improving the treatment of various diseases.

1.4.4 DNA Aptamers Engineered with Nanotechnology

DNA nanotechnology, where nucleic acids can be regarded as building blocks to
orchestrate nanostructures and nanodevices with tunable sizes and shapes, signif-
icantly improves the capability to control molecular self-assembly [40]. Integrating
DNA aptamers into nanotechnology has opened new possibilities for developing
highly sensitive and specific biosensors, targeted drug delivery systems, and diag-
nostic molecular tools.

The major advantage of DNA aptamer-based nanotechnology lies in the molec-
ular recognition ability of DNA aptamers. DNA aptamers screened by SELEX or
cell-SELEX can bind to specific receptors, making them ideal probes for visualiz-
ing and detecting these receptors. This feature allows the advanced design of DNA
aptamer-based nanodevices to detect and capture target molecules in complex bio-
logical samples precisely. In the study reported by Chen et al. [109], a DNA aptamer
tool was developed for one-step fluorescence detection of antibody production and
quality control. Trastuzumab, a humanized IgG1 antibody to the human epidermal
growth factor 2 receptor, is selected as the model antibody drug. A DNA aptamer
against trastuzumab is screened and identified by in vitro SELEX process. By using
this DNA aptamer tool, the quality control and traceless purification of antibody
drugs are demonstrated, which can support and accelerate the manufacture of anti-
body drugs.

Also, DNA aptamers can be engineered to undergo conformational changes to
switch their molecular recognition abilities, which allows for the creation of “smart”
nanomachines responding to specific environmental cues, such as pH changes or
specific molecules. For example, Huang et al. designed a logic-gated nanodevice
[110], as shown in Figure 1.10a. This nanodevice consists of a tetrahedron mod-
ified with a Sgc8 aptamer tail (Sgc8-CT) and a pH-responsive C-rich nucleic acid
complementary with Sgc8 aptamer (i-motif/Sgc8-CT) to block the molecular recog-
nition between Sgc8-CT and the target cell. Then the logic-gated DNA nanodevice
is immobilized on the surface of nanovesicles filled with gold carbon dots (GCDs),
forming a logic-gated nanovesicle capable of controlling the transportation of GCDs
into the target cell. Initially, the C-rich domain of the nanodevice adopts a confor-
mation interacting with the Sgc8 aptamer, which hinders its binding to target cells.
Once the logic-gated nanovesicle is exposed to an acidic environment, the C-rich
domain reconfigures into an i-motif structure, leading to its dissociation from Sgc8
aptamer and the recovery of Sgc8 aptamer’s targeting ability. Thus, the nanovesicle
can stimulate cargo delivery in the presence of an acidic environment and is a target
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Figure 1.10 Schematic diagram of (a) the design of a logic-gated DNA nanodevice and its
targeted GCD delivery process induced by an acidic environment and the overexpression of
PTK-7. Source: Reproduced with permission from Huang et al. [110]. 2021 American
Chemical Society. (b) A logic gate-guided DNA nanomachine for bispecific recognition and
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biomarker for Sgc8-CT. As GCDs delivered into target cells, the intracellular redox
status variation is monitored by the fluorescence changes of GCDs.

Furthermore, DNA aptamer-based nanotechnology has demonstrated enormous
potential in DNA computing. Instead of traditional silicon-based computer chips,
nucleic acids can be leveraged for implementing computing functions in living
systems. Using DNA aptamers as molecular recognition elements, researchers have
developed precise and efficient algorithms for solving logic problems in complex
biological environments. Peng et al. fabricated a logic gate-guided DNA nanoma-
chine for bispecific recognition and computing on cell surfaces [111], Figure 1.10b.
A DNA triangular prism is decorated with two DNA aptamers, namely, Sgc8c
and Sgc4f. These aptamers are designed to target two different overexpressed
cancer biomarkers. Initially, their binding abilities are blocked by two specific
single-stranded DNAs: cF (blocking Sgc4f) and cS (blocking Sgc8c). When two
DNA aptamers interact with the respective biomarkers, two single-stranded DNAs,
cF and cS, are released and tend to replace strand S from the DNA duplex structure
(R/F/S) cooperatively. The coexistence of cF and cS turns the Boolean operator into
an “AND” state, where the logic gate-guided nanomachine generates a true value.
As a result, the released S strand triggers the fluorescence of the system, which
indicates the simultaneous overexpression of both target biomarkers on the cancer
cell, thus offering valuable information for cancer cell analysis.
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In addition, the combination of DNA aptamers with nanotechnology provides
exciting prospects for constructing complex nucleic acid-based dynamic networks
[112–115]. These artificial networks aim at mimicking complex signaling dynamic
behaviors and emerging functions observed in living systems. They are typically
constructed using modular design principles, where a DNA aptamer is facilely
integrated to generate a more extensive network. In the network, DNA aptamers
can provide promising signal-recognizing and transmitting tools for the reception,
processing, and feedback of biological signals. High binding affinity and specificity
of DNA aptamers enable the network to function in the presence of low signal
molecule concentration and substantial interference, which is essential for signal
sensing, amplification, and processing as well as functional regulation in complex
biological systems. He et al. presented a DNA-based signal transducer module that
converts complex signal information into easy-to-read temperature output [116]. In
this study, a switchable DNA G4 aptamer–Hemin complex (DGAH) was designed
as a temperature-output DNA transducer. When DGAH is switched on to catalyze
the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) in the presence of hydrogen
peroxide, the system’s color changes from colorless to deep blue. Since the oxidized
form of TMB exhibits strong and broad absorption of complementary colors
across the yellow to near-infrared (NIR) regions, strong thermal conversion can be
anticipated upon absorbing photons. Upon incorporating the temperature-output
DNA transducer module into DNA reaction networks, the information encoded in
nucleic acids can be successfully received, processed, amplified, and transduced
into a high-sensitivity temperature output.

Integrating DNA aptamers into nanotechnology promotes the development of
a versatile DNA aptamer-based toolbox. Combining controllable physicochemical
properties and precise addressability of DNA nanotechnology with high binding
specificity and affinity of DNA aptamers provides molecular recognition accessories
for nanostructures and nanomaterials to target biomolecules, cells, or tissues with
ultra-high sensitivity and specificity. These outstanding performances advance their
applications in biosensing, bioimaging, targeted drug delivery, bioregulation, and
biomimicry.

1.5 Summary and Outlook

Cells are highly complex systems whose structures and functionalities have been
studied from many perspectives for decades. However, we are still far from a
comprehensive understanding of their inner workings. In recent years, the advent
of cell-SELEX technology has revolutionized the research field of DNA aptamers,
making them valuable tools for molecular recognition and cell targeting. Also,
the high affinity and specificity, programmable molecular structures, and facile
chemical modification of DNA aptamers render them highly versatile tools for
cellular applications. The development of the DNA aptamer toolbox has rapidly
progressed through the incorporation with chemical modifications and advanced
nanotechnology. These advancements have created aptamer-based molecular tools
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with exceptional versatility, such as ApDCs, aptamer-based molecular probes,
aptamer-based nanodevices, and aptamer-based molecular computers, holding
tremendous potential for numerous cellular applications, including sensing,
imaging, targeted drug delivery, bioregulation, and biomimicry.

Despite the enormous potential and impressive advancements in DNA
aptamer-based tools, their actual impact on biological and biomedical appli-
cations is yet to be fully realized. A few challenges remain in this emerging field,
including complex DNA aptamer discovery strategies, limited understanding of the
binding mechanisms between aptamers and bio-targets, low stability and efficacy
of aptamer tools in biological research, and concerns regarding biosecurity in
their applications. To push this emerging field, persistent efforts are required to
address these fundamental gaps and challenges, such as the exploration of new
aptamer screening methods and instruments, the investigation of the structural
information of aptamer-target in complex physiological environments, and the
development of the DNA aptamer toolbox to enhance the biological performance
and biosecurity. With these efforts, it is conceivable that DNA aptamer tools will
open up new ways for cell research, ultimately realizing clinical applications in the
future.
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