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Aptamer-functionalized nanomaterials for
biological applications

Qiaoli Ren,t? Lu Ga,1® Zhili Lu,° Jun Ai 2 *? and Tie Wang
Aptamers have attracted the attention of many researchers because of their high stability, high affinity
and high selectivity. Over the past decades, considerable intensive exploration and research has been
carried out in this area. These studies have led to the emergence of functionalized nanomaterials, which
have suggested a more diverse range of potential applications. However, despite the many exciting and
remarkable developments emerging at the moment, several challenges and issues remain to be
addressed. Based on currently reported aptamer-functionalized nanomaterials (AFNs), this review
highlights potential applications for AFN platforms in catalysis, detection, cellular analysis, imaging, and
targeted drug delivery. We also focus on explaining controllable syntheses and the unique dynamic
properties of AFNs. Finally, we discuss progress and the challenges associated with AFN applications in
this field.

polysaccharides, lipids and other macromolecules have been
elucidated successively.' Follow this trend, the 21st century

With the rapid development of modern biology in the 20th
century, the structures of proteins, antibodies, nucleic acids,
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has been the century of life science. Aptamers are strands of
oligonucleotides (RNA or ssDNA) or amino acid fragments with
a special tertiary structure, which are selected in vitro from large
random libraries by a process called systematic evolution of
ligands by exponential enrichment (SELEX).>” Aptamer of
SELEX has a high affinity and specificity to non-nucleic acid
targets, such as peptides, proteins, drugs, organic and inorganic
molecules, or even whole cells. Nucleic acid aptamers (RNA or
ssDNA) have been suggested repeatedly as promising emerging
therapeutic agents and recognition elements. A single strand of
DNA or RNA, usually 10-100 nucleotide residues, was obtained by
amplification or screening from the synthetic DNA/RNA library.
Even RNA or ssDNA aptamers acting on the same target have
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different sequences and tertiary structures.® The chemical proper-
ties of aptamers are based on nucleic acid molecules, which has
the obvious advantage that they are small in size, non-toxic, easy
to synthesize, easy to modify chemically with various functional
groups, have low immunity, allow identification of diverse targets,
and show easy surface immobilization in biological applications.
In fact, aptamers are so superior in terms of their advantages over
antibodies that they have been considered ideal substitutes for
antibodies. Furthermore, as a new type of functional molecular
probe, they have overtaken the decades-long dominant position of
antibodies in molecular recognition.”'® Aptamers have found
more and more applications in life science, chemistry and other
fields, including diagnostic and therapeutic tools, biosensor
probes, and drug discovery and release. Of all these areas of
research, the field of life science mainly focuses on the treatment
and diagnosis of diseases. Researchers are currently trying to
develop adaptations that specifically identify targets in diseases
such as cancer and viral infections.

Nanotechnology is a type of technology platform that is
being more and more widely applied.’*® The term describes
the use of technology for design, synthesis, characterization
and application at the nanoscale. Control at the nanoscale and
manipulation of basic molecular structures allows for the
regulation of the macroscopic chemical and physical properties
of materials and devices. As the fields of materials science,
chemistry and engineering have evolved over the past few
decades, nanotechnology is still being developed in all areas
where the small scale plays a crucial role in determining
fundamental properties. To date, nanotechnology has been
widely used in the fields of physics, engineering, chemistry,
biology and medicine."”™°

With the rapid development of nanotechnology and bio-
technology over recent decades, it is now possible to combine
these two exciting fields to realize new possibilities. The wide
range of biological applications of different nanomaterials in
biological analysis, diagnosis and biomedical treatment has
aroused great interest.’”*! Even though some progress has
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been reported in the field of aptamer-functionalized nano-
materials (AFNs), this is such a promising field that further
effort and exploration is required. This review will systematically
explain controllable syntheses, dynamic properties, and potential
applications of AFNs. Finally, we will also offer some perspectives
on the challenges facing future advancements in this field.

2. Aptamer-functionalized
nanomaterials

To fully realize the potential of nanomaterials in biological
applications, they must be biocompatible and able to target
specific biomolecules in order to ensure selective sensing,
imaging and drug delivery in complex environments such as
living cells, tissues, animals and humans.** The immobiliza-
tion of functional aptamers to nanoscale or microsized carriers
is a powerful way to build new multi-functional materials with
desirable properties. In general, nanomaterials can be easily
adapted for functionalization through covalent bonding or
non-covalent action.?*?* This modification aims to improve
detection sensitivity and selectivity, reduce analysis time and
improve the specificity of binding to target objects. Nano-
materials are commonly used as a substrate for fixing aptamers
or as markers for signal amplification because of their ability to
absorb cellular components and metabolites, which can be
modified by aptamers to cells. Therefore, the use of nano-
materials in medicine represents a breakthrough in the
development of materials because the materials are designed
to interact with the human body at a cellular scale with a high
degree of specificity. Nanomaterials, involving quantum dots,
nanoclusters (NCs), nanowires, nanosheets and nanotubes, are
characterized by at least one dimension in the nanometer
range.”*° (i) Quantum dots have the advantages of traditional
organic fluorophores, including light stability, chemical stability,
narrower emission spectra and wider excitation spectra. In addition,
their surface can be easily modified by chemicals or biopolymers.
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This is an advantage that most of bulk materials do not have.
(i) Nanoclusters, such as gold and silver, are a new class of
fluorophores. Au and Ag NCs have an appealing set of features that
complement the properties of organic dyes and quantum dots. They
also have desirable photophysical properties and low toxicity
suitable for biological applications. (iii) Nanowires typically exhibit
better mechanical properties than bulk materials as their
size decreases. As size is reduced, strength and toughness
become greater. (iv) There are only a few reports on aptamer-
functionalized nanosheets currently, most of which are graphene
nanosheets. (v) Nanotubes, such as single-wall carbon nanotubes
(SWCNTs), have a high aspect ratio, high surface area and
excellent material properties, including electrical conductivity,
thermal conductivity and mechanical strength, which offer a wide
range of opportunities and potential applications in biology
and medicine. Nanomaterials can be broadly divided into two
categories: nanoparticles and nanobulk materials. Nanoparticles
are microscopic particles at the nanoscale, defined as particles
less than 100 nm in at least one dimension, or materials made of
them as basic units. Nanobulk materials are blocks formed by
particles with a size of ~1-100 nm. The term describes a one-,
two- or three-dimensional systems constructed and composed on
a nanoscale as a basic unit according to certain laws, in which
the crystal size, crystal boundary width, precipitation phase
distribution, pore size and defect size are all of the order of
nanometers. Nanoparticles have unique properties compared
with bulk materials in terms of optical, thermal, electrical,
magnetic, mechanical, and chemical properties. Because their
basic structural units are on the nanoscale, nanomaterials have
special properties compared with traditional bulk materials, such
as quantum size effect, small size effect, surface effect and
macroscopic quantum tunneling effect. Furthermore, in the case
of DNA, it usually requires the use of cationic transfection agents
to achieve cell absorption.””*® However, it is these substances that
penetrate into cells making it difficult to perform biological
sensing in the living body, and also causing damage to the
nucleus. To address this obstacle, nanomaterials, such as metals,
carbon, silicon or magnetic materials, have been used as DNA
carriers or assistants. By combining the inherent features of
nanomaterials with the specific recognition ability of aptamers,
a range of nanomaterial-aptamer conjugates have proven their
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utility in multiple areas. Aptamers can be used to perform a
variety of functions, across two main directions: (1) based on their
specific binding to target molecules, aptamers have great
potential in biomedical applications, such as drug delivery and
the development of new therapeutic systems. (2) The properties of
aptamer means that they play an important role in the develop-
ment of new biosensors. So far, nanomaterials such as metals,
magnetism, silica, hydrogels and carbon materials have helped
many advances in biology. These nanomaterials typically have a
large surface area and have unique dimensions and shapes, as
well as physical and chemical properties associated with their
composition, including surface plasmon resonance (SPR), fluores-
cence, magnetism and/or load capacity. The cross-linking of these
properties has allowed researchers to synthesize AFNs as needed,
as summarized in Table 1.

This shows that the two areas of nanotechnology and
biotechnology may have broader prospects by complementing
each other. To date, noble metal nanoparticles in these nano-
materials have been reported and have shown particular
potential in achieving these tasks due to their unique chemical
and physical properties, simple synthesis, good biocompatibility
and easy integration with biomolecules. It is well known that
aptamer-coupled Au nanomaterials or Ag provide a powerful
platform for targeted recognition, detection and treatment.*' ™
In 2004, Willner et al. reported that catalytic amplification of
aptamer-functionalized Au nanoparticles (AuNPs) amplifies the
optical detection of aptamer-thrombin complexes in solution and
on the surface.*® Since then, the Liu group were the first to report
aptamer-functionalized AuNPs as probes in a dry-reagent strip
biosensor for protein analysis.** More recently, Xu et al. have
reported the rapid identification of lipopolysaccharide using the
different binding affinities between two aptamer-functionalized
AuNPs.*®

In addition, nanomaterials are fascinating in terms of their
composition-, size-, and shape-dependent properties. For example,
mesoporous silica nanoparticles (MSN) were designed as promising
carriers due to their unique characteristics, such as high loading
capacity, biocompatibility, high thermal stability, uniform porosity,
adjustable pore size (2-10 nm), and easy functionalization of
internal and external surfaces.’® Therefore, silica nanoparticles
have also become an important platform for biomedical

Table 1 Specific categories of functionalization of several functionalized nanomaterials

Aptamer-nanomaterials Immobilization and features Application Ref.
Magnetic nanoparticles Specificity and magnetism Used as imaging agents 29
(e.g. Fe30,, g-Fe,03) (high throughput separation capabilities) Magnetic fluid hyperthermia therapy 30
Drug delivery 31
Metals (e.g. gold, silver) SPR properties Any analyte 32
Heterogeneous assays 33
Silica H density and easy separation, Drug delivery and oxygen sensing (diagnostics) 34
supplied internal doping, biocompatible Targeted recognition and delivery 35
Hydrogels Hold large amounts of water Molecular recognition and separation 36
or biological fluids Signal transduction and amplification 37
Carbon materials (e.g. single-walled  High aspect ratio, high surface area, and Field effect transistors 38
carbon nanotubes) excellent material properties, electrical and Quenchers for fluorophores 39
thermal conductivity and mechanical strength ~ NIR optical protein assay 40

NIR, near-infrared; SPR, surface plasmon resonance.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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applications and biological analysis. Dinarvand and co-colleagues
developed aptamer-functionalized polyethylene glycol coated super-
paramagnetic iron oxide nanoparticle (SPION)/mesoporous silica
core-shell nanoparticles for simultaneous targeted cancer therapy
and magnetic resonance imaging for the development of nano-
materials with thermal diagnostic capabilities.”*

Precise control the structure of metal nanomaterials is also
of great significance for the development of advanced nano-
biological technologies. Some assembly techniques have been
shown to provide methods for the immobilization of nanoscale
particles and to obtain highly dispersed nanomaterials.>*>*
Countless functional aptamers were constructed by coupling
interactions linking the building blocks or by modulating their
agreement pattern. The breakthrough related to the assembly
of functionalized nanomaterials with synthetic aptamers which
allowed a series of new physical and chemical properties to
emerge, including mechanical, wetting, optical, magnetic and
electrical properties. Therefore, the functional performance
of AFN assemblies has allowed practical applications to be
expanded and improved.>*

Numerous studies have shown that aptamers, DNA/RNA-
zymes or aptazymes can generally induce assembly of nano-
materials.>*® To date, the DNA molecule is probably the most
widely used novel biomolecular material designed to regulate
structure and self-assemble. DNA-based sequence-oriented
functional features may include specific recognition properties,
catalytic functions, reactions to enzymes or sequence-specific
binding of proteins; these unique functional oligonucleotides
are widely used to develop DNA-based sensors, construct DNA
machines and assemble DNA nanostructures.’® Some studies
have shown that DNA can mediate surface functionalization,
shape-controlled synthesis, and collaborative assembly of
nanoparticles, such as specific biological probes. In 2013, two
different self-assembly methods for the preparation of red or
yellow nucleic acid stable Ag NC nanowires were reported.®’
As shown in Fig. 1, they used two different approaches to
prepare functional template nanowires, including the hybridization—-
polymerization reaction or the hybridization chain reaction. This
study confirmed that DNA provides a functional template for
the deposition of orderly and stable Ag nanowires, which led to
the production of DNA nanowires, which have adjustable lumi-
nescence functions. This research laid the foundation for the
development of multiple DNA (or aptamer) analysis schemes
based on luminescent nucleic acid stable Ag NC nanowires, and
other sequence-specific metals (e.g:, Au, Cu) can also be imple-
mented. In addition, one study recently described double-
stranded DNA molecules (dsDNA) designed to be anchored on
AuNPs to regulate the crystallization of gold atoms from the
surface of AuNPs to the end of DNA; mainly driven by the
distribution gradient of the gold precursor. Furthermore, star-
like AuNCs (nanometer stars) can be synthesized by single
or multiple branches under the guidance of linear dsDNA.®!
This study reports that DNA, as a molecular regulator of nano-
crystalline growth, makes possible the synthesis and design of
metal nanocrystalline in biomedical imaging, optical antenna and
biomolecular sensors. Modification of nanoparticles by specific

1572 | Mater. Chem. Front., 2020, 4, 1569-1585

View Article Online

Materials Chemistry Frontiers

aptamers has advantages in different application fields. The
properties of aptamer-modified nanoparticles can be used in
biosensors. If cell-specific aptamers are used, the resulting
conjugates can be used for cell targeting, targeted drug delivery
and so on.

3. Properties of aptamer-
functionalized nanomaterials

Systems based on AFN composites not only have the dual
properties of aptamers and nanomaterials, but also have many
new properties, such as high affinity, strong degradation and
high cell uptake between functionalized nanomaterial complexes
and targets. The properties of these functionalized nanomaterials
may play a key role in biomedical applications; for example, the
efficient self-delivery to cancer cells is the first condition for
exploring the intracellular environment.*>**

3.1 Large specific surface area and abundant, easily accessed
metal sites

With decrease in particle size, the specific surface area of
nanomaterials increases greatly, and the number of surface
atoms has also increased substantially as a proportion of the
total number of particles. An increase in the total number of
surface atoms will lead to an increase in the coordination
unsaturated properties of surface atoms, which will result in
a large number of suspended bonds and unsaturated bonds.
Surface defects also increase. Therefore, nanomaterials have
higher catalytic activity compared with large-scale catalysts.
Gold, for example, has long been considered a low-activity
catalytic material, but when gold is dispersed to the nanometer
level, it can show high catalytic activity. AFNs also possess these
properties, having a large surface area and depending on the
unique size and shape, as well as the physical and chemical
properties of the composition.®* Many different materials can
attach biomolecules, such as aptamers, through a variety of
surface chemical reactions. One reason for the specific fixation
of the aptamer on the surface of the nanostructure may also be
that the large surface area of the material increases the density
of the aptamer on the material, thus increasing the area of
interaction between the aptamer and the target analyte.
Another major reason is that the combination of the intrinsic
properties of nanostructured materials with the binding pro-
perties of immobilized aptamers provides possibilities for a
variety of applications.

3.2 Conformational flexibility

In general, aptamers can change their secondary structure after
being combined with the target, folding into a unique secondary
or three-dimensional structure, giving them high affinity and
specific binding abilities toward their corresponding targets.®®
Target binding can induce significant conformational changes in
aptamers, and based on these conformational changes, targets
can be detected. Many efforts have been made to design and build

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 1 (a) Autonomous hybridization—polymerization process that leads to chains consisting of sequence-specific nucleic acid hairpin structures on
DNA scaffolds for the deposition and stabilization of luminescent AgNCs. (b) Excitation (I) and luminescence (ll) spectra of the red-emitting AgNCs
nanowires. (c) Excitation (I) and luminescence () spectra corresponding to the yellow-emitting AQNCs nanowires. Autonomous nucleic acid (target)-
induced activation of the hybridization chain reaction that involves cross-opening of two functional hairpin structures that lead to DNA chains, consisting
of sequence-specific hairpins on DNA scaffolds that stabilize the (d) red- or (e) yellow-emitting AgNCs. Image reprinted from ref. 60 with permission.
Copyright 2013 American Chemical Society. (f) Illustrations and corresponding transmission electron microscopy (TEM) images of star-shaped AuNCs
with controlled branches from 1 to 5, respectively. Scale bars, 10 nm. Image reprinted from ref. 61 with permission. Copyright 2016 Nature.

various logic gates. Based on the conformational flexibility, this
has led to a breakthrough that enables most logic devices that
could previously perform only one operation to perform the
operation of multiple universal logic devices. Our group hypothe-
sized that two or more different sizes of fluorescent transmitters
can be formed by undergoing structural changes in a single DNA
template in some cases. We reported cationic K', H', which
induced a hair clip DNA template (called HP26) into structural
change, regulating the preparation HP26-stabilized Ag fluores-
cence behavior as shown in Fig. 2.%° This study suggested the idea
of constructing more logic devices by changing the specific
sequence of DNA stabilizers to construct logic devices.

3.3 High affinity and specificity

The high affinity and specificity of aptamers toward targets
is generally achieved by a combination of molecular shape
complementarity, hydrogen-bonding interactions, and stacking

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

interactions.®” Based on the specific binding properties of
an aptamer, Yao and co-workers reported a method used to
detect three different chemicals; adenosine, dopamine and
17B-estradiol.®® In the study, Ru complexes and quantum dots
(QDs) were used as fluorescent probes. Ru complexes can
quench the fluorescence of QDs, and QDs also preferentially
bind to the adaptive DNA, resulting in an increase of the
fluorescence of QDs. When the aptamer is specifically bound
to the target, the Ru complex is in an unbound state, so the
fluorescence of QDs is quenched. This method has the advan-
tages of requiring no label, having low cost, high selectivity and
repeatability, which make it significant.

3.4 Biocompatibility

Biocompatibility is the degree that a material is compatible
with the human body after implantation. That is, whether it will
cause toxic effects on human tissues.®® Biomaterials are an

Mater. Chem. Front., 2020, 4,1569-1585 | 1573
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Fig. 2 (a) Schematic diagram of logic operations based on HP26-tuned fluorescent Ag NCs, with corresponding symbols of logic gates. K* and H serve
as two inputs to trigger the allosterism of HP26 and modulate the fluorescence output. (b) HP26-stabilized Ag NCs for multiple logic operations. (c, ®-®)
Fluorescence emission spectra of Ag NCs at different excitation wavelength in 10 mM tris-Ac buffer (pH = 8.0) at four input modes: 1, no input; 2100 mM
K*: 3, H* (pH = 5.0); 4, K" and H*. (d, ®-®) Bar representations of the fluorescence intensity at 570 nm, 646 nm and 601 nm. The same threshold value
(0.4) for output 1 or O is set at all fluorescence channels. Image reprinted from ref. 66 with permission. Copyright 2011 American Chemical Society.

important technology, allowing the development of tissue
engineering, while their respective biocompatibility and host reac-
tion are key factors for the use of biomaterials in tissue engineering.
However, because important concepts around biological reactions,
infections, surface interactions and material properties are still
poorly understood, this limits the application of medical materials.
Therefore, biocompatibility is urgently needed for further develop-
ment, not only because of its importance in interdisciplinary
science but also because of its importance in medicine and various
other applications.” In addition, materials interact with tissues
through cell adhesion, and the biocompatibility of materials is also
closely related to cell adhesion.” Therefore, the first problem to be
solved in developing new materials and modifying surfaces to
create devices that are responsive to the environment is surface
biocompatibility. At present, many methods of improving bio-
compatibility by surface modification have been reported. but there
are still many challenges to overcome. Surface biocompatibility is
important; for example, the properties of bulk materials need to be
carefully considered when selecting biomaterials for specific
purposes. Other functions such as self-cleaning, intelligent healing,
self-repair, control of degradation and function are also important.
In addition, the toxicity of these materials requires further study.

4. Applications of aptamer-
functionalized nanomaterials

Due to the unique size and structure of functionalized nano-
materials, they have many physical and chemical properties

that traditional materials do not, including a surface effect and
small size effect, quantum size effect and macroscopic quantum

1574 | Mater. Chem. Front., 2020, 4,1569-1585

tunneling effect, for example. Combining nanomaterials with
aptamers can effectively improve selectivity and sensitivity
of AFNs.

4.1 Catalysts

Some molecular recognition components, generally including
nucleic acid enzymes and proteins, have catalytic properties.
For example, catalytic DNA is a kind of functional DNA with
catalytic properties. These components can catalyze different
kinds of chemical and biological reactions, including cleavage
of nucleic acid substrates, small molecule decomposition,
nucleic acid ligation, nucleic acid structure rearrangement
and porphyrin metalation. Because of its unique catalytic
properties and extensive catalytic action, catalytic DNA has
been widely used in biosensors, disease diagnosis and nano-
structure assembly.

DNAzyme is one of the most widely used synthetic func-
tional nucleic acids, which can simulate the catalytic activity
of enzymes, and had attracted extensive research in the past
20 years. To date, several strategies for the regulation of
catalytic DNA activity have been proposed.”® Guo et al. reported
thermosensitive catalytic systems in which the surfaces of
AuNPs are simultaneously modified with a thermoresponsive
polymer, poly(N-isopropylacrylamide) (pNIPAM), and catalytic
DNA.”? The system is designed to regulate the catalytic activity
of DNA by changing the temperature. The results show that the
catalytic activity in the designed catalytic system is greatly
affected by temperature. A thermosensitive pNIPAM on the
surface of AuNPs enables controlled catalytic activity over a
narrow temperature range. The catalytic DNA/pNIPAM/AuNP

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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system has little catalytic activity at temperatures lower than
the pNIPAM critical solution temperature (LCST). When the
temperature rises above LCST, it shows high catalysis.
However, the relatively high cost of DNAzymes limits its
broad potential applications, particularly in everyday sensing
applications and in mass production based on DNAzyme
catalysis. In addition, most DNAzyme-based sensing or catalytic
systems require homogeneous reactions in aqueous solutions,
which makes the recovery of these biocatalysts difficult. Therefore,
the development of renewable and recyclable DNAzyme-based
catalysts is of great significance. Based on this vision and previous
works, the Guo group also reported high catalytic and recyclable
DNAzyme functionalized pNIPAM microgels, prepared by one-step
precipitation polymerization. pNIPAM/DNAzyme microgels have
high catalytic activities in aqueous solution at room temperature.”*
When the temperature is higher than the critical solution tem-
perature of pNIPAM, the catalyst will become hydrophobic and
separate from the reaction mixture, which is conducive to the

View Article Online
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recovery of the catalyst. This strategy will pave the way for building
low-cost, high-performance DNA biocatalysts for biometrics and
biosensors, and may help in the development of low-cost DNA-
based catalysts and purification technologies. As shown in Fig. 3,
these pNIPAM/DNAzyme microgel catalysts maintained an initial
catalytic activity of 80-91% after eight cycles.

In addition, DNA also has been reported as a template.
The Huang group developed a simple, one-step strategy for
the rapid synthesis of DNA template copper nanoparticles
(Apt-CuNPs), showing selective targeting and high catalytic
activity of peroxides, and it can be used to detect thrombin as
shown in Fig. 4.”° Interestingly, Apt-CuNPs were rapidly
oxidized to Apt-CuO/Cu,O NPs, showing intrinsic peroxidase
activity in the presence of H,0,. Using Mucin-1 binding
aptamer-templated CuO/Cu,O NPs, they finally applied the
sensing platform to detect Mucin-1-overexpression in tumor
cells. This study suggests that the Apt-T, can be used as a
universal template for the preparation of enzyme-like CuO/Cu,O
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Fig. 3 (a) Schematic illustration of the synthesis of DNAzyme (1) functionalized pNIPAM microgels by redox initiated precipitation polymerization at
45 °C and the thermoresponsive behavior of DNA/pNIPAM microgels. (b) Schematic diagram for the recycling of pNIPAM/DNAzyme microgels by
heating—centrifuging (40 °C) and cooling—oscillation (25 °C) cycle. (c) The catalytic activities of pNIPAM/DNA microgels at 1 x 10~% M DNA substrate for
eight consecutive recycling procedures (relative FL intensity = F/Feycer X 100%). Image reprinted from ref. 74 with permission. Copyright 2018 Wiley

Online Library.
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NPs for the detection of proteins and the labeling of tumor cells
when using appropriate aptamers.

4.2 Imaging

In order to understand cell function, pathology, disease diag-
nosis and drug discovery, it is important to be able to monitor
the distribution of biomolecules within cells. Cell imaging is
a useful approach in understanding the spatial distribution
of biomolecules in cells. Imaging using nanomaterials as con-
trast agents visualizes structures and helps clinicians describe
and recommend appropriate treatments.”®”” We previously
reported the water-soluble DNA encapsulated Ag NCs with
near-infrared (NIR) fluorescence, which can be used for simul-
taneous targeted cancer imaging and enhanced photothermal
therapy (PTT) or photodynamic therapy (PDT) due to the
synergistic effects between the photodynamic agent and NIR Ag
NCs.”® In the study, AS1411 was reasonably connected with the
DNA scaffold of the Ag NC, retained its secondary structure,
and effectively loaded photosensitizer. The binding affinity of
AS1411 to the nucleolin with high fluorescence of Ag NCs
provided opportunities for their application in the intracellular
imaging and nuclear staining. In addition, Li et al. reported
the reconfigurable bioinspired framework nucleic acid (FNA)
nanoplatform, dynamically manipulated in living cells for sub-
cellular imaging.”® They built an FNA logic device on the nano-
scaffold of a DNA triangular prism. By using an i-motif and an
ATP-binding aptamer (ABA) incorporated into the DTP scaffold,
this FNA device logically responds to the changes of lysosomal
pH and ATP levels modulated by external stimuli. Once two
tetrahedral DNA nanostructures enter the acidic lysosomes of
living cells, they assemble into a heterodimer structure to form
a larger framework, which allows subcellular imaging under the
action of endogenous ATP. Recently, the authors also reported a
lysosomal recognition FNA nanometer device as shown in
Fig. 5.%° The i-motif and ATP-binding aptamers bind to the
DNA triangular prism as logical control units. Once inside the
lysosomal vesicles, FNA devices respond to lysosomal pH and
ATP by folding i-motif and ATP-binding aptamers and inducing
structural changes in FNA and releasing the reported structures
of subcellular imaging. This work addresses the challenge of
how to control their activation within a specific cell interval.
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Cell-type-specific imaging is also reported in intracellular
imaging. Zhu et al. propose a simple one-pot method for the
synthesis of AS1411 functional AgNCs with good fluorescence
properties as shown in Fig. 6.5' They demonstrated that AS1411
functionalized AgNCs could be internalized into MCF-7 human
breast cancer cells and specifically stain the nuclei red. Due to
the simple synthesis process and the ability to identify specific
targets, this fluorescent platform has the potential to expand
the application of AgNCs in biosensors and bioimaging.

Aptamers have been proven to be promising molecular
probes for in vivo cancer imaging. However, the application of
aptamers in vivo may be limited by the lack of physiological
temperature affinity in human plasma and the degradation
of aptamer nucleases; some aptamers-functionalized nano-
materials also have been developed for in vivo imaging. Zhang
et al. assembled a three-way junction (3-WJ]) pRNA-human
epidermal growth factor receptor 2 (HER,)apt-siMED1 nano-
particle to target HER,-overexpressing human breast cancer via
an HER, RNA aptamer to silence MED1 expression, and found
that these ultra-compact RNA nanoparticles were very stable
under RNase A, serum and 8 M urea conditions.?* In in situ
xenograft mouse models, these biosafety nanoparticles effectively
target and penetrate tumors that overexpress HER, after systemic
administration.

4.3 Pesticide detection

The application of traditional analytical techniques is limited
due to the long time consumption, large reagent consumption,
complex sample preparation and expensive instrumentation.
Therefore, it is of great importance to realize a sensitive, fast
and simple detection method. Biosensors with an adaptive
recognition unit are called aptamer sensors. Since the aptamer
has many unique features, such as unique characteristics and
chemical structure, they are widely used to detect biomarkers or
factors associated with food, medicine, disease and cancer cells
in analytical fields, and are an ideal choice for analysis equip-
ment and technology. Aptamers can bind to different targets
such as metal ions, small molecules, proteins, live cells, viruses
and bacteria with high affinity and specificity. The use of
nanomaterials that are functionalized with aptamers for the
selective and sensitive detection of analytes such as small

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 (a) Schematic illustration of design and working principle of the FNA logic device. (b) Confocal laser scanning microscopy images of MCF-7 cells
after incubation with PM4S10 at 37 °C for 1-4 h. (c) Yellow fluorescence signal demonstrates the colocalization of the red fluorescence resonance
energy transfer (FRET) fluorescence signal and the green lyso-tracker fluorescence signal. Scale bars: 20 um. Image reprinted from ref. 80 with

permission. Copyright 2019 American Chemical Society.
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Fig. 6 (a) Schematic illustration of cell-type-specific imaging. (b) Confocal laser scanning microscopy of MCF-7 human breast cancer cells, NIH-3T3
mouse fibroblast cells, and MCF-10A human normal mammary epithelial cells incubated with NC-AS1411-T5-stabilized AgNCs at 4 °C for 30 min: (1)
bright-field images; (2) AgNCs fluorescence images (red); (b3) overlap of corresponding fluorescence image and bright-field image; (c3 and d3)
fluorescence images with DAPI nuclear staining (blue). The AgNCs were excited with 543 nm and DAPI with UV. Scale bar, 20 um. Under the same
procedure, there were no detectable emissions from the control cells. Image reprinted from ref. 81 with permission. Copyright 2012 American Chemical

Society.

molecules, metal ions, proteins, and cells has been demon-
strated.®*®> Nanomaterials add signal transduction, as well as
signal amplification. Some researchers have proposed that
the use of multiple molecules (aptamers, small molecules,
polymers, and biopolymers) to prepare functionalized nano-
materials should be a worthwhile attempt to overcome non-
specific interactions of pristine aptamers and stabilize
functionalized nanomaterials while maintaining their bio-
logical functions.®® Replacement of nucleic acid aptamers or
DNA sequences may lead to the application of this sensing
strategy for different target detection. Lin and co-workers reported
a chemiluminescence assay with dual signal amplification, which
was developed based on multi-DNAzymes-functionalized AuNPs
using in situ rolling circle amplification (RCA) for the ultrasensitive
detection of thrombin on a microchip.®” The linear range of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

thrombin chemiluminescence detection was good, ranging
from 1 to 25 pm, and the detection limit was as low as 0.55 ppm.
Furthermore, multi-channel microchips improve the reaction effi-
ciency and shorten the detection time. Lu et al. reported biosensing
based on labelfree aptamers and AuNPs for the detection of
Escherichia coli (E. coli) 0157:H7 and Salmonella typhimurium. The
target bacteria binding aptamer was adsorbed on the unmodified
AuNP surface to capture the target bacteria. The detection was
carried out by inducing the appropriate aggregation of the target
bacteria. The color of the aptamer changed from red to purple
under high salt conditions.®® Pollution due to pesticides has caused
wide public concern, because of the extensive use of pesticide in
agriculture in order to increase crop yields and improve the quality
of agricultural products. The biosensors can achieve the highly
sensitive and rapid detection of pesticides without complex sample
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Elsevier.
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preparation.**° Over the past few decades, a great deal of work has

been done to develop qualitative/quantitative methods for the
detection of chemical contaminants in food. The Wangoo group
reported a study using aptamers, cationic peptides and unmodified
AuNPs to detect malathion, a toxic organophosphorus pesticide
widely used in agriculture, as shown in Fig. 7.* When attached to
the appropriate body, the peptide disassociated the AuNPs, giving
them a red color. However, when the aptamer binds to malathion,
the peptide can still be used to cause the aggregation of nano-
particles and turn the suspension blue. The method used optical
changes of AuNPs to detect malathion colorimetry. It was found that
the method was linear, with a detection limit of 1.94 pM in the
range of 0.01-0.75 nM.

4.4 Lab on a chip

In situations where medical diagnosis and food safety require
quick and on-site results, electrochemical biosensors and
associated on-chip laboratory equipment are the preferred
analytical systems for environmental protection, process control,
wastewater treatment and life science discovery research.”?
To date, reports have also highlighted that lab-on-a-chip (LOC)
biosensors have great application potential because they can be
miniaturized and automated. They also have the potential to
be fast and very sensitive. Some samples may require a more
complex preparation process in order to separate or enrich the
target analytes with a minimum of distractors before reaching
the sensor unit, ultimately improving the analytical performance.
LOC is a platform that allows integration of these modules,
providing a robust automation system for the required applications.
Because a LOC system can perform the complete analysis of a
sample, the components of each system are selected based on
the analysis. LOC systems typically contain microfluidic channels
for sample transport. On the basis of analyzing the problem,
the microfluidic system and LOC system are combined.
The most important characteristics of the analytical LOC
system are the sample preparation, separation and detection.
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Recently, Primiceri et al. reported that biochips can be used to
quantify two of the most common food-related pathogens;
Listeria monocytogenes and Staphylococcus aureus. They all come
from suspension of bacterial stationary phase broth culture.
The detection limit of L. monocytogenes was 5.00 CFU ml™ ', and
the detection limit of S. aureus was 1.26 CFU ml ".>* Their
platform could be a promising real-time medical device for
clinical and food diagnostics, but also for biosafety purposes.
Malhotra et al. reported the preparation of a label-free chip
impedance laboratory (iLOC) for low density lipoprotein (LDL)
detection from protein (bovine serum albumin) and an
apolipoprotein-B-functionalized carbon nanotube nickel oxide
(CNT-NiO) nanocomposite, as shown in Fig. 8. The cytotoxi-
city of CNTs, NiO nanoparticles and CNT-NiO nanocomposites
synthesized in the presence of lung cancer A549 cell lines was
studied using the 3-(45-dimethylthiazol-2-yl)-25-diphenyl tetra-
zolium bromide (MTT) method. CNT-NiO nanocomposites
showed higher cell viability at concentrations of 6.5 ¢ ml™"
compared with those using single CNTs. Cell viability and
proliferation studies showed that the toxicity of CNTs increased
with concentration. This iLOC shows excellent sensitivity of
5.37 kQ (mg dL)~" and a low detection limit of 0.63 mg dL ™"

a wide concentration range (5-120 mg dL™') of LDL. The
binding kinetics of antigen-antibody interaction of LDL mole-
cules reveal a high association rate constant (8.13 M~" s~ ).
Thus, this smart nanocomposite (CNT-NiO)-based iLOC has
improved stability and reproducibility, which has implications
toward in vivo diagnostics.

4.5 Nanomedicine

Nanomaterials can protect the aptamer from the digestion of
nucleases, so the AFNs can be used as drug or gene carriers.
Drug-carrying nanoparticles can sustain drug release, prolong
drug action time and improve target delivery.”> They can even
improve the target location effect.”® Compared to bulk materials,
nanoparticles are more likely to penetrate membrane cells and
travel along nerve cell synapses, blood vessels, and lymphatic
vessels. At the same time, nanoparticles accumulate selectively in
different cells and certain cell structures. The use of nanoparticles
for highly permeable drugs provides effectiveness.

Drug delivery is an important part of medical treatment.
Compared with AFNs, aptamers without modification are
more easily degraded by nucleases in vitro, and as a small
molecule, it is easily filtered by the kidneys. By loading the
nanomaterials, it can overcome the inherent shortcomings of
these aptamers. Most modifications to the aptamers aim to
improve affinity, potency and metabolic stability.”” A key
attribute of therapeutic aptamers is the ability to adjust
pharmacokinetic characteristics by regulating metabolic
stability and by adjusting renal clearance and distribution
rates. There have been several reviews on the discovery of
aptamers, their general pharmacological properties, and even
recent advances in improving the properties of aptamers.”®?
Among them, AFNs are being developed as a promising platform
for targeted therapy and diagnosis, finding a way to overcome the
problem.
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https://doi.org/10.1039/c9qm00779b

Published on 28 February 2020. Downloaded on 2/20/2026 4:48:33 PM.

Materials Chemistry Frontiers

('OOH-(‘NT

Esterified
cholesterol

Phospholipids
Triglyceride
ApoB 100

Free
cholesterol

z'(Q)

CNT-NiO ¢

0 i,_/é'qv NiO
3?’

BSA-AAB/CNT-NiO

View Article Online

Review

AAB/C NT-NIO

R : ’__"v“‘ "W‘n}

Lab on a chip for LDL detection

Fig. 8 Schematic representation of the lab-on-a-chip fabrication for LDL detection. Image reprinted from ref. 94 with permission. Copyright 2015

American Chemical Society.

A prominent application of AFNs is cell targeting. There are
numerous aptamers currently available for various cellular
targets. Targets can be cell-surface binding proteins, viruses, etc.
With nanomaterials as drug carriers, they can be used together
with detection instruments or devices, such as fluorescence. Nano-
materials can improve drug stability and reduce toxicity and side
effects. At present, the development of a multi-functional nano-
platform has been used in biomedical research.'*'®> Aptamer-
guided nanomedicine shows great promise without affecting the
homeostasis of the physiological environment or the integrity of
the nearby tissue in targeted cancer therapies. In the case of
delivery, nanoparticle-based carrier systems have a unique ability
to cross biological barriers. Therefore, nanoparticles can leak into
the tumor through its localized blood vessels and be retained due
to poor lymphatic drainage in the tumor microenvironment.
Tan et al. reported a study on how the physiological environment
affects targeting to investigate the loss of such targeting. Aptamer-
functionalized AuNPs were selected as models and exposed
to human serum to simulate the physiological environment.'*
Liposomes are considered to be one of the most successful
nanoplatforms for drug delivery due to their similarities with the
structure and function of cell membranes, and have been used
to transfer a variety of small molecules, genes,
nanoparticles."””'%® MSN is a kind of surface porous structure
material. When MSN is used as a carrier, internally packaged drugs
are released by using different pore inhibitors and respond to
different stimuli, including pH, temperature, light, enzyme and
competitive binding.'>'*® Aptamer-modified fluorescein mole-
cules or other materials can be applied to imaging localization,
and the aptamer can be used for therapy. Because of the advantages

and even

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

of non-toxicity, rapid targeting and rapid diffusion through blood
circulation, this can increase the certainty of diagnosis, treatment
and clinical analysis. Furthermore, AFNs have been widely used in
tumor therapy and have attracted extensive attention. Different
approaches, including chemotherapy, photodynamic therapy, gene
therapy and immunotherapy, have been reported in terms of
therapy. Shen et al. presented the aptamer-functionalized Fe;0,@
carbon@doxorubicin NPs (Apt-Fe;0,@C@DOX), and its applica-
tion results in cancer synergistic chemotherapy (PTT).""" 1t has a
strong ability to transform 808 nm NIR light into heat, according
to energy spectrum analysis of drug release, meaning that the
aptamers act as markers that allow the cancer cells to target DOX to
attack a chemotherapy drug. The diversity of aptamer targets and
the ease of modification are thought to make this strategy attractive
for cell-based delivery and therapy. Chen et al. developed a novel
aptamer-targeted light-response drug delivery system, namely the
non-covalent assembly of the cy5.5-as1411 aptamer on the surface
of GO coated doxorubicin loaded mesoporous silica nanoparticles
(MSN-Dox@GO-Apt) for light-mediated drug release and aptamer-
targeted cancer therapy.*> The two switches of MSN-Dox@GO-Apt
are respectively controlled by the appropriate body targeting and
light triggering. The Cy5.5-AS1411 ligand provides MSN-Dox@GO-
Apt with nucleoside specific targeting and real-time indication by
turning off the Cy5.5 fluorescence recovery function. In the absence
of laser light, GO acts as a gatekeeper, preventing the load of
GO from leaking, and controlling its release under laser light.
When the GO coating falls off under laser light, the “switch”
photosensitive drug delivery system is activated, inducing chemo-
therapy. Interestingly, with increased laser power, the synergistic
effect of chemotherapy and photothermal therapy on a single
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MSN-DOX@GO-Apt platform was more effective than mono-
therapy in Kkilling cancer cells, providing a new approach to
cancer treatment (Fig. 9).

However, despite many exciting and dramatic developments
emerging at the moment, these functional nanomaterials
still face many challenges in the further clinical application
of cancer therapy. One of the most important issues is the
potential long-term safety of nanomaterials. In particular, non-
biodegradable inorganic materials remain in the body for a
long time after administration. In addition, the future of cancer
treatment is likely to rely on the combination of a series of
different treatments, including surgery, chemotherapy, radiation
therapy, gene therapy, as well as heat and light power therapy.
As a result, the development of multi-functional nanocarriers that
can combine different therapeutic mechanisms to treat tumors
brings great opportunities for a new generation of cancer
therapies.

4.6 Chemiluminescence

Aptamer-functional nanomaterials with chemiluminescence
properties have attracted increasing attention from researchers
due to their excellent chemiluminescence properties, good stability
and reproducibility. Currently, due to the incomplete recognition of
the binding site and conformation change of the target ligand after
binding, it is difficult to observe the marker site, and even labeling
or modification reduces the binding affinity between the target and
its adapter, thus reducing sensitivity and creating other problems.
Facing this kind of challenge, chemiluminescence (CL) has attracted
the attention of many researchers.

CL is an effective and powerful analytical technique with
extremely high sensitivity and other advantages, such as simple

1580 | Mater. Chem. Front., 2020, 4, 1569-1585

instrumentation. CL does not need an external light source to
generate a signal. In fluorescent assays, aptamers can serve as
recognition moieties and control the distance between quenchers.
In recent years, a few aptamer-based sensing platforms have been
proposed to use in CL detection. For example, Li et al. reported a
label-free, aptamer-based chemiluminescent biosensor, which
relies upon the catalytic activity of unmodified AuNPs on the
luminol-H,0, CL reaction, and the interaction of unmodified
AuNPs with the aptamer.'® Wang et al. developed a highly
specific and sensitive CL aptamer sensor for sulfamethazine
(SMZ) by taking advantage of the supernormal selectivity of a
new selected aptamer.''* Finally, the aptamer sensor was applied
to milk samples, and the accuracy was better. In addition, AS1411
is a versatile bioassay aptamer, which has been applied to the
chemiluminescence detection of nucleosides on the surface of
HelLa cells. In view of this condition, our group previously carried
out a study and proposed a new method to prepare AS1411
G-quadruplex and folic acid-double-targeted fluorescent gold
nanocomposite (AF-D-AuNP) with DOX.'® In this study, AF-D-
AuNP cover support AS1411 was successfully developed and shows
significant potential in the early detection of cancer due to its high
light bleaching. Sancenén and co-workers developed a novel
sensing nanometer probe for the selective sensitive detection of
As(m) based on the combination of aptamer and MSN."" The
sensing mechanism depends on the specific interaction between
the capped-shaped aptamer (ARS-3) and As(m). The efficiency of
the sensor has been verified under environmental conditions,
showing great potential in As(u) monitoring. The prepared nano-
probe showed a remarkable limit of detection of 0.9 PPB. The
authors believe that the method is simple and easy to use and has
potential applications (Fig. 10).
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5. Conclusions and perspective

An aptamer is an oligonucleotide sequence that can be speci-
fically bound to a target object, easily synthesized in vitro, and
modified by various simple chemicals. Because the aptamers
are non-immunogenic and non-toxic, and the types of target
aptamers are not restricted, they can be used in the diagnosis
and treatment of diseases in the field of biological applications.
Based on all these advantages, AFNs have become increasingly
important molecular tools for diagnosis and treatment. In this
review, we discuss the development of AFNs in catalytic,
biosensing, imaging, targeted drug delivery and cancer cell
treatment. Despite the many exciting and compelling develop-
ments that are emerging at the moment, several challenges and
important issues still need to be addressed further: (1) to
develop further synthetic strategies for the preparation of
AFNs. Since the immobilization of the aptamer may interfere
with its combined properties, the aptamer density, aptamer
orientation, surface charge and steric hindrance should be
considered. (2) To improve efficiency via optimizing the AFN.
Its main purpose is to solve the problem of optimal binding
performance after the aptamer is fixed on the carrier. (3) To
explore novel physical-chemical properties of AFN structures.
Further consider combining materials of different dimensions
(one-, two-, three-) to construct unique properties. (4) To
promote the development of practical applications of AFNs;
for example, to solve the problem of toxicity of AFNs. So far,
various efficient and practical AFN engineering technologies
have been developed. These nanoscale devices have proven to
be ideal tools for various biological applications, with good

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

biocompatibility, high endocytosis efficiency and high affinity
for target analytes. In the future development of nanomaterials,
increasing attention will be paid to the preparation of new
nanomaterials and the improvement of aptamer properties.
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