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A B S T R A C T   

Aptamers are single-stranded nucleic acid sequences that can bind to target molecules with high selectivity and 
affinity. Most aptamers are screened in vitro by a combinatorial biology technique called systematic evolution of 
ligands by exponential enrichment (SELEX). Since aptamers were discovered in the 1990s, they have attracted 
considerable attention and have been widely used in many fields owing to their unique advantages. In this re
view, we present an overview of the advancements made in aptamers used for biosensors and targeted therapy. 
For the former, we will discuss multiple aptamer-based biosensors with different principles detected by various 
signaling methods. For the latter, we will focus on aptamer-based targeted therapy using aptamers as both 
biotechnological tools for targeted drug delivery and as targeted therapeutic agents. Finally, challenges and new 
perspectives associated with these two regions were further discussed. We hope that this review will help re
searchers interested in aptamer-related biosensing and targeted therapy research.   

1. Introduction 

Aptamers, first raised by two research groups independently in 1990 
[1,2], are single-stranded DNA (ssDNA) or RNA sequences obtained 
through systematic evolution of ligands by exponential enrichment 
(SELEX) that can fold into secondary and three-dimensional shapes, 
enabling them to recognize various target molecules with high speci
ficity and affinity, including proteins [3,4], small molecules [5,6], metal 
ions [7,8], bacterial cells [9,10], viruses [11,12], cancer cells [13,14], 
and even tissues [15]. Owing to the high binding affinity and selectivity 
of an aptamer to its target, it is also termed a chemical antibody with 
dissociation constants (Kd) in the pico to nanomolar range [16–18]. 
Compared to antibodies, aptamers possess the following merits [19]. 
First, aptamers can be obtained via an in vitro process without the need 
for complex cell or animal experiments. This allows them to bind ligands 
that are not recognized by the antibody, such as inorganic ions and small 
molecules [20]. Second, aptamers can be massively amplified by poly
merase chain reaction (PCR) in a short time, which is more time efficient 
and cheaper than the preparation of antibodies [21]. Third, aptamers 
are easily modified with functional moieties (e.g., fluorophores, 
quenchers, and nanomaterials) via physical adsorption or chemical 
coupling because of their simple chemical structures [22–24]. Fourth, 
aptamers are safer in vivo than antibodies owing to their 
non-immunogenic characteristics [25]. Finally, aptamers are more sta
ble under harsh conditions than antibodies [26]. 

Because of these predominant advantages, aptamers are considered 
potential alternatives to antibodies in many fields. Up to now, the ap
plications of aptamers include diagnostics [27,28], therapeutics [29, 
30], cell imaging [31,32], drug delivery [33,34], selective chromatog
raphy [35,36], biosensing [37–40], and biomarker discovery [41,42], to 
name a few (some aptamer-based applications are shown in Fig. 1). 
Numerous reviews on aptamers have been published in recent years 
with different emphases [43–45]. In this review, we provide an over
view of aptamer-based biosensors and targeted therapy. Additionally, 
we also attempt to discuss the challenges faced in these two areas with 
the purpose of paving the way for the better use of aptamers in bioassays 
and clinical treatment. 

2. Aptamer selection 

2.1. General 

Aptamers are developed against any desired molecule using SELEX. 
Fig. 2 displays a typical SELEX process. Generally, the process of SELEX 
includes three steps, which are repeated to generate aptamers that fit 
their targets. In the first step (library generation), a random library is 
artificially designed and synthesized by a combinatorial chemical syn
thesis technique. These oligonucleotides consist of 20–40 bases in the 
middle, flanked by up- and downstream primer binding sites at each 
end, which enabled the library to contain 1012–1015 ssDNA or RNA 
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sequences [46]. In the second step (selection), the target molecule is first 
incubated with the library for several minutes in binding buffer. In 
theory, the aptamers will specifically bind to their targets, and other 
non-specific sequences will stay in the binding buffer. The 
aptamer-target complexes were collected and washed several times with 
washing buffer. Then, the aptamers were separated from the 
aptamer-target complex by treating with elution buffer. In this step, 
counter-selection is usually implemented to eliminate those that do not 
bind to the target of interest. During counter-selection, the target is 
replaced by analogs for one selection round, and the nucleic-acid se
quences that bound to the analogs were excluded from the library prior 
to the next round of selection with the target. In addition, the selection 
parameters will become increasingly stringent with the increase in the 
number of selection rounds. These measures greatly increase the pres
sure in the screening process, making the specific aptamers against the 
target continuously enriched [47,48]. In the third step (amplification), 
the sequences eluted from the target are amplified by employing PCR for 
DNA and reverse transcriptase (RT)-PCR for RNA to produce a 
sub-library for the next round of selection. These three steps consist of 
one cycle of SELEX. When the affinities of the sequences bound to the 
target are saturated, the sequences from the last round are sent to the 
clone and sequence, followed by the identification of aptamer sequences 
that bind the target with high sensitivity and specificity. 

2.2. Nitrocellulose membrane filtration-based SELEX 

Nitrocellulose membrane filtration is the first partitioning technique 
to retain the complexes and remove the unbound oligonucleotide se
quences based on the size of molecules. Hence, it is effective for the 
separation of macromolecules. The nitrocellulose membrane is a popu
lar binding matrix for western blotting because of its high affinity to 
proteins. Many pores of micron size on the surface of nitrocellulose 
membranes allow DNA or RNA oligonucleotides to pass through and the 
protein to be trapped on the membrane. After incubating the target with 
the library, the mixture was transferred onto a nitrocellulose membrane. 
The aptamer-target complex retained by the nitrocellulose membrane 
was washed thoroughly, and the bound aptamers were eluted and 

amplified by PCR or RT-PCR for the next round of reaction. Several RNA 
aptamers, including T4 DNA polymerase [2], reverse transcriptase 
(HIV-1) [49], human IgE [50], vascular endothelial growth factor 
(VEGF) [51], mouse prion protein [52], and ricin A chain [53], have 
been obtained by using this filter binding process, demonstrating the 
suitability of nitrocellulose membranes for efficiently isolating RNA 
from its protein complex. However, nitrocellulose membranes have 
some shortcomings, such as low separation efficiency and showing no 
effect toward small molecules, ions, and peptides. Moreover, at least 12 
selection rounds are needed [54,55]. 

2.3. Affinity chromatography and magnetic bead-based SELEX 

To improve the separation efficiency, affinity chromatography and 
magnetic bead-based SELEX were developed. Affinity chromatography, 
an approach with a highly specific affinity, can separate the targets from 
a complex mixture. It is mainly employed to purify recombinant proteins 
based on the specific recognition between the receptor and the ligand. 
Agarose beads packed onto a column are generally used as the stationary 
phase. After several rounds of washing and elution processes, only the 
oligonucleotides in the library with high affinity to the target can be 
captured, and other unbound oligonucleotides will be eliminated in the 
rounds of selection (Fig. 3A). Various tags are used for the immobili
zation of proteins, such as glutathione S-transferase (GST) and the His- 
tag. Additionally, covalent coupling is utilized for fixing small organic 
molecules onto beads, such as the formation of amide bonds via N-(3- 
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride and N- 
hydroxysuccinimide (EDC/NHS) catalysis [56]. Hence, this method can 
be implemented for the selection of not only aptamers of proteins, but 
also small organic molecules [57,58]. Several aptamers screened by 
affinity chromatography-based SELEX have been reported so far, 
including aptamers against lysozymes [59], biotoxins [60], prions [61], 
and HSV-1 US11 [62]. Magnetic beads are also used for the immobili
zation of the target through a physical interaction or chemical reaction 
between a specific tag and its ligand on the beads. After the target 
protein was immobilized on magnetic beads, an oligonucleotide library 
was added, followed by isolation of the aptamer-target complex from the 

Fig. 1. Various application fields of aptamers.  
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unbound oligonucleotides using a magnet (Fig. 3B) [63]. In this method, 
magnetic beads are regarded as a particularly effective tool for the 
separation of aptamer-target complexes with a magnetic separator, 
which makes it widely used for several aptamer selections, such as 
streptavidin [63], ibuprofen [64], polychlorinated biphenyls [65], and 
Escherichia coli K88 [66]. The above two methods require only very 
small amounts of target and allows easy operation, but cannot be 
executed if the target lacks the affinity tag or functional group required 
for linking to the beads. Moreover, the beads probably close the func
tional site of the target that is suitable for aptamer binding. In this case, 
the selected aptamer did not work in the analysis of actual samples. 

2.4. Capillary electrophoresis and microfluidic-based SELEX 

With the development of equipment, capillary electrophoresis SELEX 
(CE-SELEX) and microfluidic SELEX (M-SELEX) have been reported. CE- 
SELEX is superior to many other analytical separation methods in terms 
of speed, resolution, capacity, and minimal sample dilution. It can be 
performed without immobilizing the target on a solid matrix, and usu
ally requires fewer selection cycles for the identification of aptamers. In 
addition to maintaining the affinity between the aptamer and its target, 
this method can reduce the number of rounds of aptamer selection from 
15 in traditional SELEX to four in CE-SELEX [67–69]. In this method, 
separation of the target bound oligonucleotides from unbound oligo
nucleotides in the electric field depends on the difference in electro
phoretic mobility caused by different charges, frictional forces, and 
hydrodynamic radii (Fig. 4A) [70]. In the capillary, an aptamer can be 
obtained by the migration speeds of the mixture of target, ligand, or 
target-ligand complexes. To date, aptamers against alpha-fetoprotein 
[71], neuropeptide Y [72], human IgE [73], and ovarian cancer 
biomarker HE4 [74] have been selected using CE-SELEX. A modified 
CE-based selection method, called non-SELEX, has been introduced to 
select an aptamer without needing PCR amplification of the 

oligonucleotide sequences. In this strategy, the oligonucleotide–target 
complex is separated from unbound oligonucleotides by a highly effi
cient affinity method named non-equilibrium capillary electrophoresis 
of equilibrium mixtures (NECEEM), and the selection process can be 
completed within 1 h [75]. However, the volume of the library injected 
into the capillary is very small, which limits the number of sequences 
(~1012 sequences) for target binding [76]. To address this shortcoming, 
micro free flow electrophoresis (μFFE) was developed [77]. In this 
improved method, the size of the sequences in the initial pool can peak 
at ~1014 sequences, which is about 300 times that in CE-SELEX. How
ever, owing to the preparation requirements of special μFFE in
struments, the process takes a long time. Moreover, only one aptamer 
can be achieved using this method. The microfluidic system is an 
automated and miniature platform that enables aptamer selection on a 
chip. In order to realize the selection process automatically, several 
modules, including micropumps, microvalves, a pressurized reagent 
reservoir manifold, reagent loading chambers, reagent-loaded micro-
lines, temperature control modules, transportation units, waste cham
bers, and PCR chambers, are orderly integrated. Because this method is 
mainly processed on a chip, it is possible to implement repetitive rounds 
of extraction and amplification in a short time via this automatic device 
[78,79]. The microfluidic SELEX technique can be considerably 
improved by combining it with magnetic bead-based separation. In 
2009, a rapid and automatic aptamer selection system, which integrates 
the magnetic bead-based SELEX process with microfluidics technology 
and a continuous-flow magnetic activated chip-based separation 
(CMACS) device, was designed (Fig. 4B) [80]. Using this approach, an 
enriched aptamer pool, which is specifically bound to recombinant 
botulinum neurotoxin type A, was obtained through only one round of 
selection. However, the magnetic beads in the microchannel might 
aggregate together in the process of selection, resulting in low purity and 
aptamer recovery. Additionally, microbubbles will be produced, which 
might lead to the flow streams being distorted. To overcome these 

Fig. 2. Schematics of SELEX process. The DNA or RNA library are generated by combinatorial chemical synthesis. Identification of high affinity aptamers usually 
involves iterative cycles of aptamer selection. Each selection cycle includes ligand binding, partition, elution and amplification. After several selection rounds, 
cloning and sequencing steps are implemented followed by evaluation of target affinity of the enriched aptamers. 
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disadvantages, using ferromagnetic materials to prepare the micro
channel can greatly improve M-SELEX. Using this method, an aptamer 
with a Kd value of 25 nM against streptavidin was obtained in only three 
rounds of selection [81]. Overall, M-SELEX is an effective method that 
can considerably enhance the efficiency of aptamer selection. However, 
it has its shortcomings, such as an unstable injection volume and the 
requirement of other nanomaterial modifications to enhance the hy
drophilicity of micro-channels. Furthermore, each research group has to 
spend a large amount of time designing microfluidic devices owing to its 
non-commercial property. 

2.5. Other method-based SELEX 

Several methods, such as atomic force microscopy [82], 
high-throughput sequencing [83,84], graphene oxide (GO) [85,86], 
cross-linking by UV [87,88], flow cytometry [89,90], and surface 

plasmon resonance (SPR) [91,92], have been fabricated in connection 
with SELEX for aptamer selection. These methods not only enrich the 
selection measures, but also promote the efficiency of aptamer selection. 
Based on the above strategies, various aptamers have been selected and 
identified, which lay the foundation for the construction of 
aptamer-based biosensors for bioassays and targeted therapies for clin
ical treatment. 

3. Aptamer-based biosensor 

3.1. General 

A typical biosensor consists of two basic components: a recognition 
element (antibody, biological tissue, antigen, nucleic acid, enzyme, etc.) 
and a signal transducer (fluorescent, electrochemical, colorimetric, 
chemiluminescent, etc.) [93,94]. Biosensors that are based on aptamers 

Fig. 3. Schematic illustration of affinity chromatography and magnetic bead-based SELEX. (A) A schematic illustration of the selection step from a library using an 
affinity column. Target is immobilized onto affinity beads, then the DNA/ RNA library is added. After several rounds selection, the oligonucleotides in the library that 
are captured by the target with high affinity are identified; (B) Schematic representation of the fluorescence-monitored SELEX (FluMag-SELEX) for selecting DNA 
aptamers for specific target molecules (here streptavidin) immobilized on magnetic beads. The initial ssDNA library was incubated with the target beads for binding. 
Unbound sequences were discarded and the bound sequences were eluted from the target beads by heat treatment. The bound sequences were amplified by PCR for 
the next SELEX round. The selected aptamers in the last round were sent to clone and sequence followed by affinity evaluation. Fig. 3B adapted from ref. [63]. 

Fig. 4. Schematic illustration of capillary electrophoresis and microfluidic-based SELEX. (A) A schematic of the CE-SELEX strategy. A ssDNA pool is mixed with 
target. The mixture is injected into CE system for separation, and the peaks of aptamer-target complex and the unbound ssDNA are collected. The bound sequences 
are eluted for the next round of selection. Fig. 4A adapted from ref. [70]; (B) Flowchart for the M-SELEX process. A target protein is conjugated to magnetic beads via 
covalent coupling and then mix with ssDNA pool. Aptamers that bind to the target protein are isolated by employing the CMACS device. The bounded aptamers are 
amplified via PCR followed by treatment with sodium hydroxide for generating ssDNA. Fig. 4B adapted from ref. [80]. Copyright (2009) National Academy 
of Sciences. 
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as biorecognition elements are named aptasensors. Aptamers used in the 
field of biosensors make use of their high affinity and tunable properties, 
while their sensitivity is greatly influenced by the transducer. Until now, 
many papers concerning the preparation of aptamer-based biosensors 
have been published. These aptasensors were constructed using various 
methodologies, such as optical aptasensors (fluorescence-based optical 
aptasensors and colorimetric-based optical aptasensors), electro
chemical aptasensors, chemiluminescent aptasensors, and 
surface-enhanced Raman scattering (SERS) aptasensors [95–99]. How
ever, most of the principles of these aptasensors have some versatile or 
analogous elements. Among these design strategies, we will explore 
three general modes that have emerged most frequently in the literature: 
structure-switching mode, enzyme-assisted recycling mode, and split 
aptamer-based mode. 

3.2. Structure-switching designs 

The most common mode reported in previous studies is the structure- 
switching mode. In this mode, a quencher-labeled complementary DNA 
(cDNA) is often designed to bind a fluorophore-labeled aptamer. 
Initially, the fluorescence is quenched owing to the closeness of the 
fluorophore and quencher. When the target is added, the fluorophore- 
labeled aptamer specifically binds to the target, leading to the fluores
cence enhancement (Fig. 5A) [100]. The fluorophore/quencher can also 
be replaced by other types of signal transduction, such as gold nano
particles [101], carbon dots [102], quantum dots [103], or electrode 
surfaces [104]. Xiao et al. designed a redox probe-labeled, signal-off 
electrochemical aptasensor for thrombin analysis. Before adding the 
thrombin, methylene blue (MB) covalently labeled onto the aptamer 
could transfer electrons to the electrode surface because of the flexible 
conformation of the aptamer. After adding thrombin, a G-quaduplex 
structure was formed and the MB moiety was far away from the elec
trode surface, resulting in the electrochemical signal-off (Fig. 5B) [105]. 
The main disadvantage of this signal-off electrochemical method is that 
it easily produces a negative signal. To overcome this shortcoming, Zuo 
et al. designed a target-responsive and signal-on electrochemical 
aptamer switch (TREAS) for the reagentless detection of adenosine 

triphosphate (ATP) [106]. In this strategy, an anti-ATP aptamer dually 
labeled with 3′-SH and 5′-ferrocene that is hybridized to its cDNA is 
self-assembled on gold electrodes in duplex form. In the absence of the 
target, ferrocene could not exchange electrons with the gold electrodes 
because of the large distance between them, which leads to an eT OFF 
state. Upon the addition of the target, the aptamer-target tertiary 
structure was formed, which subsequently denatured the duplex and 
liberated the cDNA. As a result of this structural switch from the duplex 
to the tertiary structure, the ferrocene moiety was close to the electrode 
surface and produced apparent electrochemical signals (eT ON). 
Signal-on designs can generate positive signals, which obviously 
broaden their applications for many analyte assays. Colorimetric-based 
optical strategies based on gold nanoparticles were also developed to 
construct structure-switching aptasensors. Liu and Lu fabricated an 
adenosine-responsive aptamer-linked AuNP disassembly system. The 
system consisted of two kinds of DNA-functionalized AuNPs and linker 
DNA. The linker DNA contained an adenosine aptamer fragment and 
extension sequence. In the presence of adenosine, AuNPs were close to 
each other because of the bridging effect of the linker DNA, leading to 
the aggregation of AuNPs. Hence, the reaction solution displayed a 
purple color. In the presence of adenosine, the aptamer binds to aden
osine and folds to the complex structure. The AuNPs were then released 
into the solution, changing the color from purple to red (Fig. 5C) [107]. 
Structure-switching designs were also employed for the detection of 
other targets, such as vitamin D3 [108], abscisic acid [109], cancer cells 
[110], interleukin-6 [111], and chloramphenicol [112]. These methods 
based on AuNPs are simple and cost-effective because the color change 
can be conveniently assayed by the naked eye. However, they may suffer 
from high background signals, which would affect the sensitivity of the 
aptasensors. 

Some sensors designed as aptamer beacons were frequently con
structed for analyzing many targets. The aptamer beacon (aptabeacon) 
has a hairpin-shaped structure, where its 5′ and 3′ ends are labeled with 
a fluorophore and quencher that forms a stem of the aptamer-predicted 
structure and the loop serving as a recognition element for the target. 
Without the target, the fluorescence is low because of the occurrence of 
fluorescence resonance energy transfer (FRET) between the fluorophore 

Fig. 5. Various signals generated by aptasensor 
based on structure-switching designs. (A) A 
schematic representation of the fluorescent 
aptasensor for thrombin assay. Thrombin- 
induced structure change of the aptamer from 
quenching-state into G-quartet structure could 
lead to fluorescence enhancement. Fig. 5A 
adapted from ref. [100]; (B) A schematic rep
resentation of the electrochemical aptasensor 
for thrombin assay. Before adding the 
thrombin, MB covalently labeled onto aptamer 
could transfer electron with the electrode sur
face due to the flexible conformation of the 
aptamer. Upon adding the thrombin A, G-qua
duplex structure was formed and the MB moiety 
was far away from the electrode surface, 
resulting in the electrochemical signal-off. 
Fig. 5B adapted from ref. [105]; (C) A sche
matic representation of the colorimetric apta
sensor for adenosine assay. Gold nanoparticles 
are functionalized with aptamer. Addition of 
the adenosine results in nanoparticles linking 
together and aggregating, thus causing the 
change in color. Fig. 5C adapted from 
ref. [107]. Copyright (2007) American Chemi
cal Society.   
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and quencher. After introducing the target, the rigid structure of the 
beacon is destroyed, resulting in the restoration of the fluorescence due 
to the farawayness of the fluorophore and quencher [113,114]. Sanzani 
et al. developed an aptabeacon in which a DNA aptamer was used as a 
recognition probe in its molecular beacon form with a fluorescence 
(FAM)-quenching (BHQ1) pair at the stem ends for quantitative deter
mination of ochratoxin A (OTA) in wine. In the absence of the target, the 
aptabeacon maintained its quenched stem-loop structure. In contrast, 
the conformation of the hairpin would be shifted, generating an 
apparent fluorescence signal due to the increased distance between FAM 
and BHQ1 (Fig. 6A) [115]. DNA intercalating dye that could be inserted 
into the stem of the beacon can also be used for this design. Chi et al. 
fabricated a quantum dot (QD)-aptamer (apt) beacon that acts by the 
folding-induced dissociation of a DNA intercalating dye (BOBO-3) for 
label-free thrombin detection. In this strategy, an antithrombin aptamer 
probe, which requires no fluorophore or quencher labels on its 5′ and 3′

sites, is covalently linked to Qdot 565 (peak emission at 565 nm). Then, 
BOBO-3 was intercalated into the double helix, and the QD-apt:B beacon 
was created. Before binding thrombin, the FRET-mediated emission of 
BOBO-3 could be measured when the QD was illuminated at 365 nm. 
After introducing thrombin, the stem-loop structure of the beacon 
changed to quadruplex, leading to the release of BOBO-3 from QD-apt. 
Hence, the FRET-mediated emission of BOBO-3 was terminated 
(Fig. 6B) [116]. The aptabeacon used for bioassays shows advantages in 
simplicity, directness, and rapidity. However, it cannot be used to detect 
non-specific ssDNA-binding proteins, and its conformation is greatly 
affected by some metal ions that will affect the fluorescence detection. 
Additionally, the enhancement of sensitivity is still a crucial issue for 
developing these techniques. With the development of micro-detection 
and spectrum technology, combined with the application of nucleases 
and inorganic nanoparticles in the design of molecular beacons, it is 
possible to improve the sensitivity of the detection methods using mo
lecular beacons [117–119]. 

In addition to using cDNA to lock the initial aptamer conformation 
and designing the stem-loop aptabeacon, a nanomaterial, such as gra
phene oxide (GO), is intensively used as the a nanoscaffold to adsorb 
ssDNA probes. GO, a two-dimensional carbon material, has attracted 
considerable attention owing to its prominent physical, chemical, ther
mal, and mechanical properties [120,121]. GO that can be used to build 
aptasensors is based on these three main properties. First, GO has a large 
surface area for binding nucleic acids via π-stacking interactions or 
chemical modifications [122,123]; second, GO can act as a superb 
quencher through FRET experiments because of its broad absorption 
spectrum and high quenching efficiency [124,125]; finally, GO can 
protect nucleic acids that bind to its surface from being cleaved by nu
cleases in a biological environment [126,127]. Tan et al. designed 
aptasensor for the analysis of chloramphenicol (CAP), which is based on 
double signal amplification and GO as an efficient fluorescence 
quencher. In this method, a nucleic acid probe containing two 
FAM-labeled signal probes (SPs) and a capture probe (CP) was adsorbed 

onto the surface of GO via π-stacking interactions without the CAP. This 
adsorption results in the quenching of the fluorescence of the label. 
Upon addition of CAP, the fluorescence was restored because the apta
mer/CAP complexes were formed, which led to the FAM being away 
from GO (Fig. 7A) [128]. Using a dye-labeled probe/GO quenching 
model, various targets, including IgE [129], aflatoxin B-1 [130], 
platelet-derived growth factor-BB (PDGF-BB) [131], and Salmonella 
[132], have been successfully detected. Ning et al. fabricated a label-free 
fluorescent aptasensor for the determination of ATP. This aptasensor 
was composed of unbound SYBR Green I, graphene oxide, and a 
label-free detection probe. In the absence of ATP, the probe was 
adsorbed on the GO surface and no fluorescence appeared. When ATP 
and cDNA were added, the probe was dissociated from GO, forming a 
DNA-SYBR Green I complex that generated obvious fluorescence. 
Compared to the first method, this approach does not involve labeling at 
the end of the probe, which is simple and cost-effective. In addition, 
false-positive signals can be avoided due to the high transfer efficiency 
between GO and the SYBR Green I-DNA duplex structure (Fig. 7B) [133]. 
Overall, the GO-based aptasensor has the merits of high sensitivity, 
quick response, good reproducibility, and stability, making it a prom
ising candidate for environmental monitoring, medical diagnostics, and 
food safety assays. 

3.3. Enzyme-assisted recycling design 

Enzyme-assisted target recycling and signal amplification designs 
have attracted significant attention owing to their high sensitivity [134]. 
To date, different types of nucleases, such as polymerases [123,135], 
exonucleases [136,137], deoxyribonucleases [132,138], and endonu
cleases [139,140], have been frequently employed to construct apta
sensors for many target assays. The different properties of these 
nucleases can trigger several rounds of target recycling by implementing 
their endonuclease reaction or polymerization reaction. Hence, only a 
small number of targets are needed to produce an apparent signal, which 
greatly enhances the sensitivity of the aptasensor. 

3.3.1. Deoxyribonuclease I 
Deoxyribonuclease I (DNase I) is a common endonuclease that can 

digest ssDNA and dsDNA randomly and simultaneously. Aptamer, an 
ssDNA that can form a special structure after binding to the target, can 
also be cleaved by DNase I, which leads to target recycling. Ning et al. 
developed an amplified aptamer-based sensor for assaying ATP based on 
DNase I and GO. They designed a DNA probe containing two partially 
complementary sequences that represented the CP and SP, respectively. 
In the absence of ATP, GO can strongly adsorb the DNA probe via 
π-stacking interactions, which results in the quenching of the fluorescent 
label and protects the probe from nuclease cleavage. Upon the addition 
of ATP, the probe dissociated from GO due to specific recognition be
tween the aptamer and ATP, inducing an increase in the fluorescence 
intensity. Importantly, DNase I could degrade the aptamer, releasing 

Fig. 6. Aptabeacon designed for bioassay based 
on structure-switching designs. (A) Schematic 
representation of dual labeled aptabeacon for 
OTA assay. Addition of the OTA results in the 
change of stem-loop conformation, causing the 
fluorescence enhancement. Fig. 6A adapted 
from ref. [115]; (B) Schematic representation of 
QD-apt:B beacon for label-free detection of 
thrombin. Thrombin binding triggers the 
conformational change of the aptamer on QD, 
causing the dissociation of the stained BOBO-3 
from QD-apt. Thus, the quantity of thrombin 
can be measured by the decrease of QD 
FRET-mediated BOBO-3 emission. Fig. 6B 
adapted from ref. [116].   
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ATP and FAM fluorophores simultaneously. The released target then 
bound to another aptamer, resulting in the accumulation of free FAM 
fluorophores (Fig. 8A) [141]. Using this approach, the limit of detection 
(LOD) of ATP could reach 0.2 nM. A similar DNase I-based amplification 
method was proposed by Lin et al. for assaying ATP using carbon 
nanoparticles instead of GO. The LOD of this sensing platform was also 
calculated as 0.2 nM [142]. Recently, nano-graphite (NG), similar to GO, 
is a prominent carbon nanomaterial that has attracted attention globally 
because of its unique physical and chemical properties compared to 
those of GO [143,144]. Because they have the same fluorescence 
quenching mechanism, NG can also be used for target analysis based on 
DNase I-based amplification. Wei et al. reported an aptamer/NG sensing 
system for Ag+ detection. In the absence of Ag+, the C-rich ssDNA 
labeled with a fluorescein (ROX) was adsorbed on NG via π-stacking 
interactions, and the fluorescence was quenched as a result of FRET 
between ROX and NG. Upon the addition of Ag+, C-Ag+-C coordination 
triggered the aptamer to form a hairpin structure, which led to the 
dissociation of the aptamer/Ag+ complex from NG. Hence, this resulted 
in the enhancement of fluorescence. Additionally, DNase I-assisted 
digestion of the Ag+-ssDNA complex occurred, releasing the target for 
binding to another ROX-labeled ssDNA. This process led to the recycling 
of Ag+ and accumulation of free ROX fluorophores, which could 
improve the sensitivity toward Ag+ (Fig. 8B) [145]. The LOD of this 
sensing system used for the Ag+ assay was 0.3 nM, which was much 
lower than the standard for Ag+ in drinking water recommended by the 
Environmental Protection Agency (EPA). Besides the detection of ATP 
and Ag+, other targets, including mucin 1 protein (MUC1) [146], 
ochratoxin-A (OTA) [147], and Salmonella enteritidis [148], were also 

detected using DNase I-assisted target recycling and signal amplification 
designs. 

3.3.2. Klenow fragment (KF) 
The Klenow fragment (KF), a large fragment of DNA polymerase I, 

possesses 5′-to-3′ polymerase activity and 5′-to-3′ exonuclease (proof
reading) activity, but lacks the 5′-to-3′ exonuclease activity of DNA 
polymerase I. This characteristic could induce the occurrence of a 
strand-displacement polymerization reaction (SDPR) for target recy
cling, generating many dsDNAs simultaneously. Lin et al. created an 
aptasensor for the rapid detection of enterotoxigenic Escherichia coli 
(ETEC) K88 based on KF-aided target recycling amplification and GO. In 
this strategy, the authors designed a DNA probe containing a CP 
(aptamer sequence) and an SP (primer sequence). The CP has two re
gions, which represent the aptamer sequence of ETEC K88 and the 
complementary sequence of SP, respectively. Before binding the target, 
the two probes formed a partial double-strand complex and adsorbed 
onto GO. This adsorption led to the quenching of the fluorescence of 
FAM. When the target was added, the probe was released from the GO 
because of the formation of the target-aptamer complex. SDPR then 
occurred in the presence of deoxynucleotides (dNTPs) and the KF, dis
placing the target for binding to another probe and forming numerous 
dsDNAs repelled by GO. This triggered an increase in fluorescence 
(Fig. 9A) [149]. The LOD of the established aptasensor for ETEC K88 
detection peaked at 100 CFU/mL. A similar work was also proposed by 
Liu et al. for analyzing Salmonella enteritidis (S. enteritidis). By using 
KF-aided target recycling amplification and exploiting the synergistic 
effects of FAM and the DNA probe SYBR Green I, the fluorescence was 

Fig. 7. GO-based aptasensor for bioassay based 
on structure-switching designs. (A) Scheme of 
the strategy for CAP determination based on GO 
fluorescent nanoprobe. Without CAP, the 
nanoprobe adsorbed onto GO, leading to the 
quenching of the FAM. Addition of the CAP 
leads to the restoration of fluorescence due to 
the removal of the probes from GO. Fig. 7A 
adapted from ref. [128]; (B) Schematic repre
sentation of the probe/GO platform for 
label-free detection of ATP. a) Without ATP, the 
probe adsorbed onto GO and the fluorescence of 
SG was quenched. b) On the contrary, ATP 
binding induced enhancement of fluorescence. 
Fig. 7B adapted from ref. [133].   

Fig. 8. Aptasensor for bioassay based on DNase 
I-assisted target recycling. (A) Schematic illus
tration of the GO-based fluorescent aptasensor 
for ATP detection by using DNase I-mediated 
target cyclic amplification. Without ATP, the 
probe adsorbed onto GO and the fluorescence is 
quenched. When the ATP is added, the probe 
dissociated from GO, inducing the increase in 
the fluorescence intensity. More importantly, 
the fluorescence is greatly amplified by a DNase 
I-mediated target recycling process. Fig. 8A 
adapted from ref. [141]; (B) Schematic illus
tration of the NG-based aptasensor for Ag+

based on DNase I-assisted target recycling. 
Without Ag+, the C-rich probe adsorbed onto 
NG and the fluorescence of ROX was quenched. 
Addition of the Ag+ triggered formation of 
C-Ag+-C complex, causing the enhancement of 
the fluorescence. Additionally, the DNase 
I-assisted digestion of the Ag+-ssDNA complex 
leaded to the recycling of Ag+ and accumula
tion of free ROX fluorophores. Fig. 8B adapted 
from ref. [145].   
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significantly amplified and the sensitivity improved. S. enteritidis could 
be assayed in milk samples by this method, with a detection limit of 300 
CFU/mL [135]. He et al. reported an electrochemical aptasensor for 
cocaine detection based on a KF polymerase reaction that combines the 
aggregation of ferrocene-functionalized oligonucleotide. In the absence 
of cocaine, the recognition probe (R-probe) maintained its stable hairpin 
structure, making the complementary fragment of R-probe close so that 
the CP could not bind with the complementary fragment. In this case, 
SDPR would hardly occur. When cocaine was introduced, the aptamer 
could specifically recognize cocaine and the complementary fragment of 
the R-probe was exposed. This would initiate the SDPR in the presence of 
KF, forming a longer DNA strand that is complementary to the R-probes. 
During polymerization, Fc-dUTP was included in the extended primer, 
which triggered an electrochemical signal change (Fig. 9B) [150]. This 
sensing platform allowed the detection of cocaine at concentrations as 
low as 200 μM. An analogous electrochemical aptasensor based on a 
KF-induced extension reaction was developed for the ultrasensitive 
detection of platelet-derived growth factor (PDGF) protein. This pro
posed aptasensor could detect PDGF protein down to 1.8 pM, which 
makes it a robust biosensing platform for clinical diagnostic applications 
[151]. Using the KF-based method, other targets, such as adenosine 
[152], virus [153], and cancer cells [154], were also detected. 

3.3.3. Exonuclease III (Exo III) 
Exo III, a 3′-5′ exonuclease enzyme, does not require a specific 

enzymatic recognition sequence and can catalyze the stepwise removal 
of mononucleotides of dsDNA from the blunt or 3′-recessed end. It is 
inactive toward ssDNA or the protruding 3′-end of a dsDNA longer than 
four bases. Based on the above properties, the Exo III-assisted target 
recycling strategy has been employed to develop signal-amplified 
aptasensor platforms in recent years. Our group designed an apta
sensor for the determination of mercury(II) based on the use of GO 
serving as a nanoquencher and use of Hg(II)-triggered cleavage of the 
newly formed dsDNA harbored blunt 3′-hydroxyl termini by ExoIII, 
which induces signal amplification. In this system, three DNA probes, 
comprising a CP, an SP, and a help probe (HP), were designed, among 
which the CP and HP were partially complementary to each other. In the 
absence of Hg(II), CP could block the release of the HP for binding to the 
SP, leading to FAM-labeled SP being adsorbed onto the surface of GO 
and quenching the fluorescence of FAM. Upon the addition of Hg(II), the 
T-rich CP could specifically bind to Hg(II) and form thymidine-Hg(II)- 
thymidine duplexes, changing the linear structure of CP to a hairpin 
structure. At the same time, the HP discharged from the CP/HP hybrids 
would release the SP from the GO and restore fluorescence. The signal 
was considerably enhanced with the Exo III-assisted targeting and 

Fig. 9. Aptasensor for bioassay based on KF- 
assisted target recycling. (A) Schematic repre
sentation of a GO-based aptasensor for ETEC 
K88 detection by using KF-aided target cyclic 
signal amplification. a) Without ETEC K88, the 
probe adsorbed onto GO and the fluorescence of 
FAM was quenched. b) Recovery and further 
amplification of the fluorescence after adding 
targets and the KF. Fig. 8A adapted from 
ref. [149]; (B) Schematic representation of the 
electrochemical aptasensor for cocaine detec
tion based on KF extension reaction. In the 
presence of cocaine, the probe changed its 
hairpin conformation into the tripartite com
plex, inducing the occurrence of KF polymerase 
reaction. Fig. 9B adapted from ref. [150].   

Fig. 10. Aptasensor for bioassay based on Exo 
III-assisted target recycling. (A) Schematic rep
resentation of fluorescence aptasensor for Hg2+

based on GO as a nanoquencher and ExoIII as a 
signal amplifier. Without Hg2+, SP adsorbed 
onto GO and the fluorescence of FAM was 
quenched. Upon addition of Hg2+, the linear 
structure of CP changed to a hairpin structure 
due to the formation of T-Hg2+-T duplexes. HP 
is released from the CP/HP hybrids, and this 
causes SP to be released from GO and fluores
cence to be recovered. The signal is strongly 
amplified by using Exo III-assisted targeting and 
recycling of HP. Fig. 10A adapted from 
ref. [155]; (B) Schematic representation of the 
aptasensor fabrication based on Exo III-assisted 
target recycling for amplification. Without ATP, 
the hairpin DNA could not hybridize with the 
capture DNA, which resisted the cleavage ac
tivity of Exo III. With the addition of ATP, ATP 
aptamer formed G-quadruplex structure with 
ATP which resulted in structure-switching of 
the hairpin DNA.Then the hairpin DNA could 
hybridize with capture DNA and form 
double-strand structure. As a result, the MB got 
close to the electrode surface and showed a 
strong signal. The signal is significantly 
enhanced by using Exo III-assisted target recy
cling. Fig. 10B adapted from ref. [156].   
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recycling of the HP via the accumulation of a large amount of FAM. 
Therefore, Hg(II) could be assayed by the strong increase in fluorescence 
(Fig. 10A) [155]. The LOD of this aptasensor used for the Hg(II) assay 
reached 10 fM. In addition, this strategy was used to assay Hg(II) 
harbored in three Chinese medicines and prominent results were also 
achieved. Bao et al. constructed an electrochemical aptasensor for the 
sensitive detection of ATP based on exonuclease III-aided target recy
cling for signal amplification. They designed a hairpin DNA containing 
an aptamer sequence labeled with methylene blue (MB) at its 5′-end, and 
its 3′-end had six bases overhanging to form a hairpin conformation. In 
the absence of ATP, the hairpin DNA could not hybridize with the 
capture DNA because the red region in the hairpin is closed by the 
aptamer sequence, and the 3′-end still retains the single-strand structure, 
which allows it to resist the cleavage of Exo III. In the presence of ATP, 
the ATP aptamer binds to ATP, resulting in the red region being exposed 
for hybridization with capture DNA and forming a dsDNA structure at 
the 3′-end simultaneously. Therefore, MB was close to the electrode 
surface and displayed an obvious signal. Importantly, Exo III could 
cleave the double strand from the 3′-end, leading to the release of ATP. 
The released ATP would recognize other hairpins to enter the next 
recycling process (Fig. 10B) [156]. The proposed electrochemical 
aptasensor could detect ATP with a detection limit of 34 pM. Other 
targets, including cytokines [157], MUC1 [158], lysozyme [159], and 
ochratoxin A [160], were also assayed based on Exo III-assisted signal 
amplification using different design strategies. However, Exo III can 
only implement the enzymatic activity of digesting the double strand 
from the 3′-end, so designers must fabricate methods to meet its unique 
property, restricting its applications to some extent. 

3.4. Split aptamer designs 

It is interesting that when an aptamer splits into two pieces, equi
librium is displayed between its two dissociated parts and the target. If 
the target binds the two fragments with high affinity, the presence of the 
target will induce the equilibrium toward the formation of a sandwich 
structure (apt1-target-apt2) via self-assembly, changing the signal. 
Hence, the accuracy of the target assay can be significantly improved by 
employing two split aptamers instead of a single aptamer to recognize 
the target with high specificity. Using these advantages, numerous 
aptasensors based on sandwich assays have been created for the deter
mination of various targets by splitting the aptamer into two fragments. 
Bai et al. developed a fluorometric aptasensor for the determination of 
19-nortestosterone (NT). A 76-mer aptamer of 17β-estradiol was split 
into two pieces, P1 and P2, where P1 was labeled with a quencher (BHQ) 
and P2 with a fluorophore (6FAM). In the absence of the target, P1 and 
P2 were far away from each other, and strong fluorescence could be 
measured in the detection system. In contrast, the fluorescence sharply 
decreased after P1 and P2 were bound to the target simultaneously by 
proximity-dependent FRET (Fig. 11A) [161]. Additionally, the authors 
found an interesting phenomenon: the sensitivity for NT was higher than 

that for 17β-estradiol in this proposed design. It is likely that the BHQ 
and FAM were closer in the P1-NT-P2 complex than in the 
P1-17β-estradiol-P2 complex. Zhou et al. created a split aptamer-based 
sensor for the determination of ATP via SERS. They designed two split 
aptamers attached to two SERS substrates that were used for the specific 
recognition of ATP. Apt1 was immobilized onto gold 
nanoparticle-decorated graphene oxide (GO/Au3) and Apt2 onto gold 
nanoparticles (Au2). Before the addition of ATP, different elements in 
this system did not connect with each other, and a low signal existed in 
this platform. When ATP was introduced, Apt1 and Apt2 were bridged 
by forming a sandwich structure that led to the GO/Au3 nanolayer and 
the Au2 nanoparticle being in close proximity. Accordingly, the SERS 
signal was greatly restored (Fig. 11B) [162]. Based on this design, HIV-1 
Tat protein [163], cocaine [164], and tumor cells [165] were also 
detected by different research groups. To construct an effective split 
aptasensor, some important issues still need to be considered, such as the 
choice of the splitting site and the aptasensor retaining its binding ac
tivity and affinity. 

4. Aptamer-based targeted therapy 

4.1. General 

Many drugs used for clinical treatment do not precisely discriminate 
between diseased cells and normal cells, which means that these drugs 
not only display toxicity toward pathological cells but also have adverse 
effects on normal cells. Therefore, it is of great importance to implement 
selective and efficacious therapies with minimal toxicity. In recent 
years, targeted therapy has attracted much attention owing to its 
selectivity and efficiency. Targeted therapy can promote the specificity 
of delivered drugs or biological agents for a predetermined position and 
increase their accumulation in diseased tissue cells, aiming to enhance 
the selectivity of therapeutic effects and reduce adverse effects [166, 
167]. One strategy toward this goal is to use target-specific ligands to 
load the less-specific therapeutics, such that the drugs can be delivered 
selectively to pathological tissues or organs. Among these ligands, 
aptamers can specifically bind to disease biomarkers, making them 
promising candidates targeted therapy [168,169]. We will discuss three 
categories: aptamers as therapeutics, aptamer-drug conjugated systems, 
and aptamer-nanomaterial conjugated systems. 

4.2. Aptamers as therapeutics 

4.2.1. Aptamers as therapeutics for infectious diseases 
An inhibitory aptamer that can impair the function of the target 

protein can be used directly as a therapeutic antagonist. Biofilm for
mation is an important cause of multiple-drug resistance and persistent 
infection in clinical settings. Motility and initial attachment assisted by 
flagella are required for biofilm formation [170]. Hence, suppressing the 
flagella function is a possible approach to hamper biofilm formation. 

Fig. 11. Split aptamer-based designs. (A) 
Schematic illustration of homogeneous detec
tion of 19-nortestosterone using a split aptamer- 
based sandwich-format FRET assay. Addition of 
19-nortestosterone leaded to the formation of 
sandwich structure, triggering the fluorescence 
quenching between BHQ-labeled P1 and FAM- 
labeled P2 due to FRET. Fig. 11A adapted 
from ref. [161]; (B) The schematic illustration 
of the sandwich assay SERS detection of ATP 
based on the GO/AuNP/apt1 nanolayer and 
AuNP/apt2. Addition of ATP leaded to the for
mation of sandwich structure, triggering the 
SERS signal enhancement due to the GO/Au3 
nanolayer and the Au2 nanoparticle close to 
each other. Fig. 11B adapted from ref. [162].   
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Ning et al. screened aptamer 3, which that can target the functional 
domains of flagellin of Salmonella choleraesuis (S. choleraesuis), causing 
the suppression of tropism and initial attachment (Fig. 12A) [171]. After 
treatment with aptamer 3, the quantity of the biofilm in the presence of 
aptamer 3 was considerably lower than that in the absence of aptamer 3, 
indicating that the biofilm-forming ability of S. choleraesuis was signif
icantly blocked by aptamer 3. In addition, upon pretreatment with 
aptamer 3, few ampicillin was required to achieve the same rate of in
hibition, preventing the generation of antibiotic-resistant strains. 
Therefore, aptamer 3 exhibits great potential to be developed as an in
hibitor of biofilm formation, which makes it sense in reversing bacterial 
resistance and combating persistent infection in clinical settings. The 
hemagglutinin (HA) protein of influenza virus is a trimeric spike on the 
viral envelope that is responsible for hemagglutination and adsorption 
onto susceptible host cells. This adsorption mediates the subsequent 
entry of influenza viruses into host cells via membrane fusion, which is 
significant for initial viral infection [172]. Hence, HA may be a potential 
target for influenza virus therapy by inhibiting its function. Li et al. 
selected aptamer 1, which is specific to the HA protein of the H1N1 
influenza virus (A/Puerto Rico/8/1934) to inhibit the virus-induced 
hemagglutination of chicken RBCs and block its proliferation in MDCK 
cells [173]. The results of hemagglutination inhibition assay and 
microneutralization assay showed that the binding of aptamer 1 to the 
HA protein is critical for the inhibition of HA-receptor (glycan) in
teractions, which could inhibit its adsorption and proliferation in the 
host cells (Fig. 12B). Research on a similar working mechanism has also 
emerged in the treatment of AIDS. The gp120 protein of HIV interacting 
with its primary receptor CD4 plays an important role in attaching to the 
CD4+ cell surface that is necessary for viral entry. Many aptamers 
against gp120 have been obtained to neutralize the HIV infection by 
blocking the binding between gp120 and CD4. The first anti-HIV 
aptamer, named ISIS 5320, was proposed by Wyatt et al. in 1994. 
[174]. The authors selected a phosphorothioate 8-mer d(T2G4T2) that 
could suppress viral entry by forming a parallel-stranded tetrameric 
guanosine-quartet structure that could bind to the V3 loop of gp120. In 
2009, Zhou screened 2′-F-pyrimidine-substituted RNA aptamers against 
gp120 and showed that they neutralized infectivity in cultured CEM 
T-cells and primary blood mononuclear cells (PBMCs) [175]. These 
aptamers displayed no toxicity, low usage, and high efficacy, suggesting 
that they may have great promise for further development as a HIV-1 
entry inhibitor. In addition to the aptamers against gp120, other 
aptamers against reverse transcriptase [176], integrase [177], protease 
[178], and Gag protein [179] were also used to block HIV from repli
cating in the host, making them good prospects for treating AIDS in a 
clinical setting. Several aptamers have been developed as therapeutics 
for the treatment of viral infections, such as aptamers against severe 
acute respiratory syndrome coronavirus (SARS-CoV) [180], human 
papilloma virus (HPV) [181], and Ebola virus [182]. Overall, the use of 
these aptamers as therapeutic drugs is a promising alternative for the 
treatment of infectious diseases. 

4.2.2. Aptamers as therapeutics for cancers 
Recently, aptamers used for cancer treatment have also been devel

oped as therapeutic agents. AS1411, the most successful aptamer for 
cancer treatment, is an unmodified guanosine-rich 26-mer DNA 
sequence that was the first aptamer to enter clinical trials for cancer 
treatment [183]. AS1411, which was discovered fortuitously in the 
process of screening antiproliferative DNA oligonucleotides, instead of 
the SELEX process, could specifically bind with nucleolin by forming a 
stable G-quadruplex structure. Nucleolin is highly expressed on the 
surface of many cancer cells and is closely related to cell growth, pro
liferation, and survival. After binding to nucleolin, AS1411 was then 
internalized into the cells and the aptamer-nucleolin complex aroused 
the inhibition of DNA replication [184,185]. Soundararajan et al. 
further discovered that AS1411 could significantly reduce the stability 
of BCL-2 mRNA and promote cell apoptosis through cytotoxicity [186]. 
Girvan et al. found that AS1411 could inhibit cell proliferation by 
blocking the NF-κB signaling pathway, which led to the arrest of cells in 
the S phase [187]. Although some potential mechanisms of AS1411 
action have not been fully elucidated, AS1411 still shows a huge 
advantage in inhibiting the proliferation of tumors. Prostate-specific 
membrane antigen (PSMA) is a transmembrane protein that is overex
pressed in prostate cancer (PC) cells. Because of its overexpression, 
PSMA is a potential biomarker for the targeted therapy of PCs. It is re
ported that PSMA plays a critical role in prostate cancer progression by 
executing enzymatic activity [188]. Dassie et al. developed an RNA 
aptamer (A9g) against PSMA that could inhibit the enzymatic activity of 
PSMA, diminishing PC cell migration/invasion in vitro. In addition, A9g 
was confirmed to be safe and nontoxic in vivo, which enabled its 
development as a novel RNA smart drug for PC treatment [189]. Human 
epidermal growth factor receptor 2 (HER2), a member of the EGFR 
family, is a receptor tyrosine kinase that is expressed in a variety of 
cancers, including breast and gastric tumors. Mahlknecht et al. selected 
a 42-nt DNA aptamer targeting HER2 by SELEX using HER2-specific 
polyclonal antiserum. After the 14-nt aptamer was obtained, the au
thors designed a trimeric version (42 nt) to enhance the binding affinity 
to HER2 and improved the internalization of HER2 owing to the for
mation of multimolecular complexes at the cell surface. After treatment 
with the trimeric aptamer, the growth of the gastric cancer cells was 
inhibited by accelerating the lysosomal degradation of the target pro
tein. Moreover, the tumor volume in HER-2-positive immunocompro
mised mice was greatly reduced via intraperitoneal injection of the 
trimeric aptamer [190]. In addition to the above-mentioned tumor-
specific aptamers, some other aptamers against different types of cancer 
cell biomarkers, including AX102 targeting platelet-derived growth 
factor (PDGF)-B chain [191], Gint4.T targeting platelet-derived growth 
factor receptor-β (PDGFR-β) [192], and NOX-A12 targeting CXC che
mokine ligand 12 (CXCL12) [193], were also isolated for cancer treat
ment by inhibiting cell migration and proliferation, inducing cell 
differentiation, impeding tumor growth in vivo, or downregulating 
signaling pathways associated with tumor activation. In addition to 
using aptamers for their direct impact on cancer cells for cancer therapy, 

Fig. 12. Aptamer used for combating infectious 
diseases. (A) The aptamer used for suppressing 
the biofilm formation on an abiotic surface at 
the early stage. Flagella-mediated motility 
makes the cells initial contacts with a matrix 
and forms mature biofilms in absence of 
aptamer 3. Upon adding aptamer 3, the tropism 
and early attachment mediated by flagella were 
suppressed. Fig. 12A adapted from ref. [171]; 
(B) The aptamer used for inhibiting erythrocyte 
agglutination. The binding of HA to its receptor 
can cause erythrocyte agglutination in absence 
of aptamer 1. Addition of aptamer 1 could 
suppress erythrocyte agglutination by inter
fering with HA-glycan interactions.   
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they can also be developed as a regulator of the immune system that can 
inhibit cancer cell growth indirectly. 4-1BB is a major costimulatory 
receptor that can promote the survival and expansion of activated T 
cells, which play an important role in promoting the generation of 
protective antitumor immune responses. McNamara et al. selected 
aptamers targeting 4-1BB and used multivalent aptamers to enhance 
CD8+ T cell proliferation and cytolytic activity, aiming to inhibit tumor 
growth in mice [194]. This study provides a possible new avenue for 
cancer therapy of manipulating the immune system by activating the 
functions of aptamers. 

4.2.3. Aptamers as therapeutics for other human diseases 
Therapeutic aptamers have also been expanded to other human 

disease treatments. Pegaptanib, the first therapeutic aptamer approved 
by the US FDA as an anti-angiogenic medicine, is a 27-nt RNA aptamer 
that specifically binds to VEGF, which can cure neovascular age-related 
macular degeneration (AMD) by blocking intraocular blood vessel 
growth [195]. NOX-H94 is a 44-nt RNA aptamer that specifically binds 
to hepcidin. This binding blocks hepcidin-regulated ferroportin degra
dation and reversed hyperferremia activity, which makes it a potential 
therapeutic strategy for the treatment of anemia of chronic inflamma
tion [196]. ARC1779 is a 49-nt DNA/RNA aptamer that binds specif
ically to von Willebrand factor (vWF), resulting in the inhibition of 
platelet activation and pathological thrombosis by blocking the 
vWF-mediated activation pathway [197]. The development of these 
aptamers not only provides new alternatives for different kinds of 
human disease treatment, but also expands the strategies for treating 
human diseases. 

4.3. Aptamer-drug conjugate (ApDC) systems 

4.3.1. Aptamer-chemotherapeutical drug conjugates 
Aptamers can not only be selected to target and treat a variety of 

human diseases, but they can also be used for targeted cytotoxic drug 
delivery. The direct use of cytotoxic drugs is restricted by their adverse 
effects on normal cells and low maximum tolerated dosage owing to the 
off-target effects. Owing to the high specificity of the aptamers, the 

preparation of aptamer-cytotoxic drug complexes via non-covalent or 
covalent conjugation methods can fulfill cytotoxic drug targeted de
livery, which will increase the accumulation rate of the drug in target 
cells and reduce the adverse effects. Doxorubicin (Dox), an anticancer 
drug that can inhibit DNA replication and transcription by inserting it
self into the double-stranded CG sequences of DNA and RNA, is the most 
widely used chemotherapeutic drug for treating many cancer types, such 
as cell acute lymphoblastic leukemia, breast cancer, and malignant 
lymphomas [198,199]. Dox can lead to cardiotoxicity, including dilated 
cardiomyopathy and congestive heart failure, which makes it possible to 
develop targeted Dox-delivery systems [200]. Bagalkot et al. surveyed 
the targeted delivery of Dox to PC cells by employing the PSMA aptamer 
A10. Dox molecules were non-covalently intercalated in the 
double-stranded region of A10 and formed an aptamer-Dox complex 
(Fig. 13A) [201]. When it was used to treat the target cells, the conjugate 
was assimilated into PC cells via internalization mediated by specific 
binding between A10 and PSMA, followed by the intracellular release of 
Dox. To promote the loading capacity and therapeutic effect of Dox, 
Macdonald et al. designed a bifunctional aptamer-Dox conjugate that is 
capable of penetrating the blood-brain barrier and specifically deliv
ering its cytotoxic payload to epithelial cell adhesion molecule-positive 
brain metastases. The secondary structure of this aptamer consisted of 
two hairpin structures, allowing more Dox to be inserted into the stem 
regions, which will enhance the drug payload and therapeutic efficiency 
(Fig. 13B) [202]. Although the non-covalent method is simple and 
efficient, it still has some flaws. For example, drugs probably dissociate 
from aptamers before they bind to the targeted cells or tissues. This issue 
can be addressed by covalent conjugation between drugs and aptamers. 
Huang et al. conjugated Dox to a DNA aptamer named sgc8c using a 
hydrazone linker for the specific killing of target cells (Fig. 13C) [203]. 
sgc8c can recognize protein tyrosine kinase 7 (PTK7), which is highly 
expressed in T-cell acute lymphoblastic leukemia (TALL) cells. The 
Dox-sgc8c conjugate could be efficiently internalized by TALL cells via 
binding to PTK7. After internalization, Dox could be released from the 
conjugate in lysosomes (pH 4.5–5.5) owing to the pH-sensitive covalent 
linkage between Dox and sgc8c. However, only a few drugs can be 
conjugated onto one aptamer in ApDCs, resulting in a low drug loading 

Fig. 13. Chemotherapeutical drugs were con
jugated to aptamers using different strategies. 
(A) Physical-conjugate formation between the 
A10 PSMA aptamer and Dox. Fig. 13A adapted 
from ref. [201]; (B) Schematic diagram of the 
predicted intercalation of Dox in the bifunc
tional aptamer. Fig. 13B adapted from 
ref. [202]; (C) Covalent coupling of the Dox to 
aptamer sgc8c via a acid-labile linkage for tar
geted delivery to CCRF-CEM cell. Fig. 13C 
adapted from ref. [203]; (D) Automated and 
modular synthesis of aptamer-5FU conjugation 
via photocleavable linker from phosphor
amidites A, T, C, G, and D. Fig. 13D adapted 
from ref. [204].   
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capacity. To overcome these challenges, Wang et al. designed and syn
thesized a therapeutic module for solid phase synthesis, which is a 
phosphoramidite containing an anticancer drug moiety and a photo
cleavable linker (Fig. 13D) [204]. Using these ApDCs, multiple copies of 
drugs can be site-specifically conjugated onto each aptamer molecule, 
which greatly increases the drug loading capacity. Taken together, 
aptamer-drug conjugates designed by non-covalent or covalent methods 
can not only promote the anticancer effect compared to unconjugated 
drugs, but also display low cardiotoxicity and general limited toxicity 
toward non-target cells both in vitro and in vivo. 

4.3.2. Aptamer-small interfering RNA (siRNA) conjugates 
SiRNA, also called silencing RNA, is a powerful tool that offers the 

possibility to silence the expression of specific genes owing to its broad 
applicability and high efficiency, paving the way for precise medicine. 
SiRNA is 20–25 nucleotides that can cause the degradation of target 
mRNA through the formation of the RNA-induced silencing complex 
(RISC) [205,206]. Although researchers have demonstrated the mech
anisms and merits of RNAi, this method still faces many challenges in its 
clinical application. The most serious issue is the lack of safe and 
effective tools for RNAi-specific delivery. The attractive properties of 
aptamers make them prominent candidates for the targeted delivery of 
siRNA. Mcnamara et al. first developed covalently linked 
aptamer-siRNA chimeric molecules to specifically deliver therapeutic 
siRNAs targeting PLK1 and BCL2, two survival genes that are overex
pressed in most human cancers. After binding the PSMA, siRNAs were 
internalized and cleaved by Dicer, leading to silencing of the target 
mRNA and apoptosis in a xenograft model of prostate cancer (Fig. 14A) 
[207]. To increase the loading capacity and therapeutic efficiency, Liu 
et al. attempted to design an RNA-based aptamer-siRNA chimera, which 
is composed of a bivalent aptamer that specifically binds PSMA to 
induce siRNA internalization in PC cells and two siRNAs targeting EGFR 
and survivin, which are covalently fused between two aptamers 
(Fig. 14B) [208]. Since the two aptamers against PSMA are capable of 
loading two different types of siRNA, the chimera can inhibit EGFR and 
survivin simultaneously and induce apoptosis effectively, which will 

significantly suppress tumor growth and angiogenesis. Besides the direct 
inhibition of tumor growth or induction of apoptosis by silencing-related 
gene expression, the activation of anti-tumor immunity is also a good 
approach for cancer treatment. Signal transducer and activator of 
transcription 3 (STAT3) is a key downstream effector oncogene that can 
always be activated in many cancer types. Hence, it is a promising target 
for cancer treatment. Kortylewski et al. fabricated a DNA aptamer-siRNA 
conjugate that combines targeted siRNA delivery and the activation of 
immune cells by covalently linking toll-like receptor 9 (TLR9) oligonu
cleotide agonist aptamer (CpG 1668) to siRNAs. After binding to TLR9, 
the siRNA was internalized by the target cell and disposed of by Dicer, 
resulting in the suppression of STAT3 expression and activation of 
antitumor immunity in the tumor microenvironment [209]. Zhou et al. 
developed an RNA aptamer-siRNA conjugate to inhibit STAT3 expres
sion. The aptamer against the B-cell-activating factor (BAFF) receptor 
(BAFF-R) was linked to a siRNA directed against STAT3 by either co
valent or non-covalent conjugation. The RNA aptamer in this conjugate 
not only blocks BAFF-mediated B-cell proliferation, but also induces the 
internalization of siRNA to silence target mRNA. Therefore, the 
dual-functional BAFF-R aptamer-siRNA conjugates are able to deliver 
siRNAs and block ligand-mediated processes, making them promising 
for B-cell malignancy treatment [210]. The aptamer-siRNA conjugates 
were also used to combat AIDS. Zhou et al. developed aptamer-siRNA 
chimeras for the cell type-specific delivery of siRNAs in a HIV-1 infec
ted RAG-hu mouse model. The aptamer targeting gp120 was covalently 
conjugated to siRNAs targeting the HIV-1 tat/rev gene. gp120 expressed 
on the surface of HIV-1-infected cells permitted binding and internali
zation of the aptamer-siRNA chimeric molecules by endocytosis. After 
the conjugates are taken up by the target cell, the linked siRNA is pro
cessed by Dicer followed by the release of an anti-tat/rev siRNA for the 
specific silencing of the targeted mRNA transcript. In addition to 
silencing the target gene expression by siRNA, the aptamer selectively 
bound to gp120 can block the gp120-CD4 receptor interaction. 
Accordingly, this anti-gp120 aptamer-siRNA conjugate possesses a dual 
inhibitory function. Moreover, the silencing potency can be enhanced 
when the length of the siRNA is increased from 21 to 27 bp, probably 

Fig. 14. SiRNAs were conjugated to aptamers 
using different strategies. (A) Aptamer-siRNA 
chimeras were synthesized via covalent conju
gation. The aptamer-siRNA chimera is endocy
tosed, and subsequently released from the 
endosome to enter the RNAi silencing pathway. 
Fig. 14A adapted from ref. [207]; (B) 
Aptamer-siRNA chimeras consist of a bivalent 
PSMA aptamer and two siRNAs specific to sur
vivin and EGFR, respectively. Upon internali
zation, Dicer will process chimera into 21-nt 
siRNA duplex, inducing targeted mRNA 
silencing. Fig. 14B adapted from ref. [208]; (C) 
Aptamer-siRNA chimeras (a) and 
aptamer-stick-siRNA conjugates (b) for inhibit
ing HIV. Fig. 14C adapted from ref. [212].   
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because the Dicer processing of the 27-mer from the aptamer generates a 
more efficient RISC. [211]. This group also designed a sticky bridge 
strategy by non-covalently conjugating the aptamer with three different 
siRNAs against the HIV-1 tat/rev gene, CD4 molecule, and transportin 3. 
In this design, the two complementary sequences in the GC-rich sticky 
bridge were covalently attached to the 3′-end of the aptamer and one of 
the two siRNAs, respectively. Linker structures were added as spacers 
between the aptamer and siRNA to allow for spatial and structural 
flexibility. After the specific binding and internalization of the 
aptamer-siRNA conjugates into target cells, the aptamer-sticky bridge-
siRNA complexes also acted as dual-function inhibitors that can down
regulate targeted gene expression and suppress HIV replication 
(Fig. 14C) [212]. Compared to that of aptamer-siRNA conjugates, the 
cost of chemical synthesis of the aptamer-sticky bridge-siRNA complexes 
is lower. Furthermore, this sticky bridge-based strategy can be used to 
easily link different siRNAs to a single aptamer, which will prevent the 
virus from developing resistance to the siRNA component. 

4.4. Aptamer-nanomaterial conjugated system 

4.4.1. QDs 
QDs, also known as nanoscale semiconductor nanocrystals, have 

captured the fascination and attention of researchers owing to their 
unique optical properties, such as a high quantum yield, resistance to 
photobleaching, and broad absorption with narrow photoluminescence 
spectra, which makes it a potential drug delivery vehicle [213,214]. 
Bagalkot et al. developed a novel QD-Apt conjugate to be loaded with 
Dox for the targeted delivery of drugs to PC cells based on the mecha
nism of binary (Bi)-FRET (Fig. 15A) [215]. The conjugate consists of 
three components, including QDs that act as fluorescent imaging vehi
cles, the A10 PSMA aptamer covalently linked to QDs using EDC/NHS 
chemical coupling that serves as recognition elements and Dox carrying 
vehicles, and Dox, which intercalates into double-stranded CG se
quences of the aptamer as a therapeutic agent. In this conjugate, the 
fluorescence of the QD was quenched by Dox, while the fluorescence of 
Dox was simultaneously quenched by a double-stranded RNA aptamer. 
After endocytic uptake of the conjugate into the target cell, Dox is 
gradually released from the conjugate, leading to the simultaneous 
restoration of Dox and QD fluorescence. Hence, this multifunctional 
delivery system not only delivers Dox to the targeted cells, but also 

senses the delivery of Dox by inducing the fluorescence of QDs. In 
addition, the authors confirmed that the cytotoxicity of this conjugate 
was almost identical to that of free Dox. Savla et al. designed a 
pH-responsive QDs-mucin 1 aptamer-Dox (QD-MUC1-DOX) conjugate 
for the chemotherapy of ovarian cancer (Fig. 15B) [216]. In contrast to 
the above conjugate, the mucin 1 aptamer and Dox were all linked to the 
QD in this design. QD was conjugated with a DNA aptamer via EDC/NHS 
catalysis that could specifically recognize mutated MUC1 mucin over
expressed in ovarian cancer cells. Dox was coupled to the QD via a 
pH-sensitive hydrazone bond, aiming to maintain the stability of the 
conjugate and implement drug release in an acidic environment inside 
cancer cells. After the conjugate was taken up by ovarian cancer cells, 
Dox was released from the QD-Dox conjugate in an acidic environment 
to destroy cancer cells. The authors have proven that the developed 
QD-MUC1-DOX conjugate had higher cytotoxicity than did free Dox in 
multidrug-resistant cancer cells and specifically accumulated in target 
cells. Although QDs can not only act as nanocarries for targeted drug 
delivery, but also as tools for bioimaging in vivo, they may also pose 
adverse effects on human health and the environment under certain 
conditions due to their potential toxicity. Therefore, the studies inves
tigated by different research groups showed that extremely low con
centrations of QDs may be sufficient to produce obvious effects for 
biomedical applications [217,218]. 

4.4.2. Gold nanoparticles 
Gold nanoparticles (Au NPs or GNPs) have attracted great interest in 

the research community because of their extraordinary physical and 
chemical properties, including low cytotoxicity, excellent biocompati
bility, high cell uptake capability, easy biomolecule modifications, and 
shape- and size-dependent optical and electronic properties [219,220]. 
These beneficial characteristics of Au NPs enable them to be used as 
carriers for a variety of therapeutics. Luo et al. developed an apta
mer/hairpin DNA-Au NP (apt/hp-Au NP) conjugate for the targeted 
delivery of Dox for TALL treatment (Fig. 16A) [221]. The DNA aptamer 
sgc8c, which was used as a recognition ligand for PTK7, was assembled 
onto the surface of Au NPs, and the hairpin DNA on the Au NP surface 
was used for loading the anticancer drug Dox. The results obtained from 
flow cytometry and atomic absorption spectroscopy clearly demon
strated that the aptamer-functionalized nanoconjugates were specific for 
capturing target cancer cells. After the conjugate was taken up into the 

Fig. 15. Aptamer-QDs-drugs conjugated system. (A) Schematic illustration of QD-Apt(Dox) Bi-FRET system. a) The CdSe/ZnS core-shell QD was functionalized with 
A10 PSMA aptamer followed by the intercalation of Dox, leading to quenching of both QD and Dox fluorescence through a Bi-FRET mechanism. b) Specific uptake of 
QD-Apt(Dox) conjugates into target cancer cell through PSMA mediate endocytosis could induce the release of Dox from the QD-Apt(Dox) conjugates, causing the 
recovery of fluorescence from both QD and Dox. Fig. 15A adapted from ref. [215]. Copyright (2007) American Chemical Society; (B) Synthesis of quantum dot-MUC1 
aptamer doxorubicin (QD-MUC1-Dox) conjugate. a) Carboxyl-terminated QD was conjugated with MUC1, then Dox was loaded onto the QD-aptamer conjugate and 
formed the QD-MUC1-Dox conjugate. b) Organ and tumor content of non-modified quantum dots (QD) and tumor-targeted by MUC1 aptamer QD (QD-MUC1) 
conjugate. Fig. 15B adapted from ref. [216]. 
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target cells, Dox was released from the Dox-loaded drug carrier with the 
assistance of photoenergy and the accompanying local photothermal 
heating response induced by illumination with a continuous-wave (CW) 
laser. Additionally, the nanoconjugates displayed enhanced antitumor 
efficacy with few side effects when illuminated with plasmon-resonant 
light at 532 nm. Latorre et al. designed an aptamer/Au NPs/drug con
jugate by covalent modification (Fig. 16B) [222]. The aptamer AS1411 
was conjugated to Au NPs through a dithiolane linker, and the drug (Dox 
or AZD8055) was conjugated to Au NPs through a bifunctional linker 
composed of an anchoring dithiolane moiety and a self-immolative 
spacer. After the conjugate entered into the target cells, the drug was 
released in the presence of glutathione (GSH) due to the cleavage of the 
disulfide group, which could promote electronic movement by the π 
cloud, rendering the release of CO2 and the therapeutic in a 1,6-benzyl 
elimination reaction. To improve the therapeutic efficacy and reduce the 
development of drug resistance, Shiao et al. devised an 
aptamer-functionalized Au NP to co-deliver two different anticancer 
drugs to improve the drug effectiveness (Fig. 16C) [223]. The AS1411 
aptamers were linked to Au NPs via strong gold–thiol linkages, and then 
TMPyP4 and Dox were physically inserted into the AS1411-conjugated 
Au NPs, leading to the formation of the T/D:ds-NPs conjugate. After 
the conjugate penetrated into tumor cells, such as HeLa and 
Dox-resistant MCF-7R cell lines, reactive oxygen species induced by 
TMPyP4 molecules were generated when illuminated at 632 nm light, 
resulting in cell damage. At the same time, Dox was released from this 
conjugate during the photodynamic reaction. Importantly, the toxicity 
of this co-drug conjugate toward the target tumor cells was advanta
geous over individual drug treatments. Although Au NPs display good 
merits for targeted drug delivery, the accumulation and potential 
long-term toxicity of AuNPs have not yet been studied. Moreover, the 
high costs of large-scale production remain a challenge. 

4.4.3. Carbon nanomaterials 
Many carbon nanomaterials, including single-walled carbon nano

tubes (SWCNTs), GO, fullerene, and carbon dots (CDs) have recently 
been used in the biomedical field. Among these, SWCNTs and GO have 
been extensively investigated as promising delivery vehicles for targeted 
drug delivery because of several important properties, such as good 
biocompatibility, cheap preparation, and a large surface area for linking 
specific targeting molecules via either covalent or non-covalent 

modification [224,225]. Zhang et al. fabricated a multifunctional 
tumor-targeting drug delivery system by using SWCNTs as a drug de
livery vehicle, AS1411 as a recognition element, and Dox as a model 
chemotherapy drug. SWCNTs were first modified with F68 to promote 
its water dispersion and biocompatibility. Dox was then added and could 
be easily absorbed onto SWCNTs via π-π stacking, electrostatic adsorp
tion, and hydrophobic interactions. Finally, AS1411 was coupled to the 
formed Dox-SWCNTs by π-π stacking and electrostatic adsorption to 
obtain an AS1411-Dox-SWCNTs delivery system. This conjugate not 
only maintained both the cytotoxicity of Dox and the optical properties 
of SWCNTs, but also enhanced their accumulation in tumor cells, 
endowing this conjugate with dual chemotherapy and photothermal 
therapy functions [226]. Taghavi et al. also constructed a multifunc
tional tumor-targeting drug delivery system combining the selected 
shRNAs with Dox by using SWCNT via covalent coupling. Carboxylated 
SWCNTs modified with polyethylenimine (PEI) through a polyethylene 
glycol (PEG) linker was used as a vehicle for shRNA delivery (Fig. 17A) 
[227]. The AS1411 aptamer was covalently linked to the 
shRNA-SWCNT-PEG-PEI conjugate, followed by the intercalation of Dox 
with pBcl-xL shRNA-SWCNT-PEG-PEI-Apt. This conjugate could not 
only implement shRNA-mediated gene-silencing ability, but also reduce 
the toxic side effects of Dox, providing a valuable and safe approach for 
antitumor activity. 

GO is another carbon nanomaterial that can also be used as a drug 
carrier for targeted therapy. Lu et al. reported an anticancer drug de
livery system based on aptamer-functionalized GO by employing deci
tabine (DAC) and A549 cells as anticancer drugs and target cell models, 
respectively. Aptamer A1, which binds to A549 cells with high speci
ficity and affinity, was attached to GO followed by loading DAC onto 
GO, leading to the formation of the A1-GO/DAC complex. The release of 
DAC from the complex in the target cell is pH-dependent, and DAC is 
released under acidic conditions (pH 5.5). The cell viability assay clearly 
demonstrated that the therapeutic efficacy of the complex for inhibiting 
the growth of cancer cells is much higher than that of the DAC-free drug, 
rendering this system promising for target therapy [228]. Alibolandi 
et al. designed an aptamer-decorated dextran (DEX)-coated nano-GO for 
targeted drug delivery. The DEX was covalently conjugated to the sur
face of nano-GO sheets, forming stable biocompatible dextran-coated 
GO (GO-DEX). AS1411 aptamer targeting nucleolin was introduced in 
GO-DEX by linking hydroxyl groups with DEX. GO-DEX-Apt was then 

Fig. 16. Aptamer-Au NPs-drugs conjugated system. (A) Light-induced Dox release from Dox:apt/hp-Au NP nanocomplexes inside targeted cancer cells. Aptamers or 
hairpin DNAs loaded with Dox were conjugated to Au NPs via Au-S linker. Upon internalization, laser could assist the release of Dox molecules from the Dox-loaded 
drug carrier. Fig. 16A adapted from ref. [221]. Copyright (2011) American Chemical Society; (B) Schematic representation of DNA functionalized GNPs loaded with 
drug. Aptamer is conjugated via a dithiolane linker. The drug is conjugated through a bifunctional linker composed of an anchoring dithiolane moiety and 
self-immolative spacer. The release of Dox or AZD8055 is triggered by GSH breaking the disulfide group. Fig. 16B adapted from ref. [222]; (C) Schematic illustration 
of the co-drugs delivery platform based on aptamer-functionalized Au NPs. The aptamers were conjugated to Au NPs followed by the intercalation of Dox and 
TMPyP4. Light induced the release of Dox and TMPyP4. Fig. 16C adapted from ref. [223]. Copyright (2014) American Chemical Society. 
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used for loading curcumin (CUR) via π-stacking interaction, and the 
GO-DEX-Apt-CUR complex was formed. The complex could efficiently 
enter into nucleolin-overexpressed cancer cells, and displayed a greatly 
higher cytotoxicity toward these target cells, making this targeted 
nanoscale drug delivery vehicle promising for cancer chemotherapy 
[229]. Tang et al. developed a novel photoresponsive drug delivery 
system based on GO-wrapped mesoporous silica nanoparticles 
(MSN@GO) for light-mediated drug release and aptamer-targeted can
cer therapy (Fig. 17B) [230]. Dox was first loaded by MSN, and then 
negatively charged GO nanosheets were wrapped around the surface of 
the positively charged MSN through electrostatic interactions. After
wards, the Cy5.5-labeled AS1411 aptamer was attached to GO via π-π 
stacking, resulting in the quenching of the dye. After the uptake of the 
complex into the target cell, the fluorescence of Cy5.5 was restored. In 
the absence of laser irradiation, GO acted as a gatekeeper to prevent the 
loaded Dox from leaking. After laser irradiation, the photoresponsive 
drug delivery system is activated, causing the release of Dox. Impor
tantly, the MSN-Dox@GO-Apt platform used for killing cancer cells 
could introduce the synergism of chemotherapy and photothermal 
therapy, which is much more effective than monotherapies, providing a 
new approach for cancer treatment. 

Although these two carbon nanomaterials are good candidates for 
targeted delivery, their toxicity should be further considered [231,232]; 
the concentration, degree of functionalization, and physical form might 
all affect the toxicity of carbon nanomaterials [233,234]. In addition, 
the property of easily depolymerizing in vivo restricts their application 
in the biomedical field. 

4.4.4. Liposomes 
Owing to their size and their dually hydrophobic and hydrophilic 

characteristics, liposomes can not only load hydrophobic drugs in their 
lipid bilayer membranes, but also encapsulate the hydrophilic drugs in 
the aqueous core [235]. The liposome surface can be modified with 
different ligands, which could enhance the ability of targeting treat
ment, reduce the side effects of drugs, increase the drug effectiveness, 
extend the systemic circulation time of liposomes, and increase drug 
accumulation in the target cells or tissues [236]. Accordingly, liposomes 
can be developed as an ideal vehicle for drug delivery for disease 
treatment. Xing et al. developed AS1411 aptamer-functionalized lipo
somes as a drug delivery system for targeted anticancer chemotherapy 
(Fig. 18A) [237]. Dox was first doped in the aqueous core of the 

liposome, and then the AS1411 aptamer was conjugated to the liposome 
via the hydrophobic interaction between the lipid bilayer membranes 
and the cholesterol end on the aptamer. The Apt-Dox-Lip complex 
showed selective internalization and enhanced cytotoxicity to MCF-7 
breast cancer cells and xenograft MCF-7 breast tumors in nude mice, 
suggesting that AS1411 aptamer-functionalized liposomes can specif
ically bind nucleolin overexpressed on the MCF-7 cell surface, and 
implement drug delivery with high selectivity. The above work only 
involved one type of aptamer linked to the liposome. Kim et al. designed 
a Dox-loaded liposome linked with two types of DNA aptamers targeting 
the surface marker transmembrane glycoprotein mucin 1 antigen 
(MUC1) on breast cancer cells and cell surface glycoprotein CD44 an
tigen (CD44) on their cancer stem cells (CSCs) (Fig. 18B) [238]. The 
authors have proven that the dual-aptamosome-Dox complex displayed 
considerably higher cytotoxicity to both CSCs and cancer cells than to 
liposomes lacking the aptamers. Therefore, this dual aptamer-labeled 
liposome system is a useful tool for combating breast cancer because 
of its efficiency in targeting breast cancer cells as well as their CSCs. To 
monitor the real-time dynamic process of drug transport and its action, 
Kim et al. developed an aptamer-coupled liposome loading of QDs and 
siRNAs for the theragnosis of triple-negative breast cancer (Fig. 18C) 
[239]. Hydrophobic QDs were included into lipid bilayers, and then 
siRNAs were incorporated into the aqueous core of the liposome. 
Finally, an aptamer targeting EGFR was attached to the QLs and formed 
aptamo-QLs. This complex not only provides fluorescence tumor images 
by QDs, but also inhibits tumor growth and metastasis via RNA inter
ference. To enhance the efficiency of treatment and reduce the genera
tion of drug resistance, Yu et al. constructed an aptamer-functionalized 
cationic liposome to co-deliver paclitaxel (PTX) and PLK1-targeted 
siRNA for the treatment of breast cancer (Fig. 18D) [240]. PTX was 
first encapsulated in the lipid bilayer membranes of liposomes (Lip
o-PTX), and then siPLK1 was attached to the liposome followed by the 
conjugation of AS1411 aptamer onto Lipo-PTX-siPLK1. Using the 
AS1411/Lipo-PTX-siPLK1 delivery system, PTX and siPLK1 can be 
simultaneously transported into MCF-7 cells, which resulted in an in
crease in the number of apoptotic cells and reduced angiogenesis by the 
synergistic effect of these two therapeutic drugs. This platform was 
confirmed to be superior to the combined delivery of PTX and siRNA 
separately by different liposomal drug delivery systems. Hence, this 
delivery method based on the simultaneous delivery of chemotherapy 
drugs and siRNA may be useful for treating breast cancer in clinical 

Fig. 17. Aptamer-SWNTs or GO-drugs conjugated system. (A) Schematic illustration of Bcl-xL shRNA and Dox co-delivery into gastric cancer cells using AS1411 
aptamer-conjugated SWNTs. AS1411 aptamer was covalently linked to shRNA-SWNT-PEG-PEI conjugate followed by intercalation of Dox with pBcl-xL shRNA- 
SWCNT-PEG-PEI-Apt. In target cell, the synergistic effect of Bcl-xL shRNA and Dox could greatly enhance the therapeutic efficacy. Fig. 17A adapted from ref. [227]. 
(B) Schematic representation of Cy5.5-labeled AS1411 aptamer-targeting photoresponsive drug delivery system using GO-wrapped Dox-loaded MSN. The release of 
drug in the target cell was controlled by NIR light. The MSN-Dox@GO-Apt with two “off-on”switches were controlled by aptamer targeting and light triggering, 
respectively. Fig. 17B adapted from ref. [230]. 
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settings. It also provides a new idea for the treatment of other tumors. 
However, liposomes still have some drawbacks: lipid membranes are 
prone to oxidative hydrolysis, which increases the permeability of the 
bilayer membrane structure, leading to the leakage of the drugs. In 
addition, the hydrolysis of liposomes is also closely related to the pH, 
temperature, buffer solution and ionic strength. Thus, complex modifi
cations are needed to overcome these defects during liposome prepa
ration [241,242]. 

5. Conclusions and outlook 

Aptamers, a recognition element that can bind to different types of 
targets with high affinity and specificity, have been widely used in 
diagnosis and therapy. In this review, we discuss the recent development 
of SELEX technology for aptamer selection and its applications for bio
sensors and targeted therapy. First, we summarized different types of 
SELEX technology that have emerged in recent years and been used for 
aptamer selection. The selection method, principle, and advantages and 
disadvantages were all concluded in the text. Second, several biosensors 
based on the strong binding affinity between aptamers and their target 

have been constructed. It is expected that these biosensors could assay 
their target with high selectivity and sensitivity based on different 
principles. Finally, we introduced three aptamer-based therapeutic 
strategies for disease therapy, including aptamer therapeutics, aptamer- 
drug conjugated systems, and aptamer-nanomaterial conjugated sys
tems. These platforms could increase diagnosis accuracy and therapy 
efficiency, which provides the possibility of use in clinical practice. 

Although great progress has been achieved in aptamer selection, 
aptasensor fabrication and nanomedicine technology development in 
recent years, some challenges should also be considered: 1) how to 
rapidly screen an aptamer with high affinity and specificity. The con
ventional SELEX procedure is simple, but time-consuming and labor- 
intensive. Emerging SELEX technologies can greatly reduce screening 
time and improve the affinities of aptamers; however, special equipment 
manipulated by skillful technicians is required. Hence, no standard 
SELEX methods have been established for aptamer screening. In addi
tion, the conformation of aptamers is probably affected by physical and 
chemical factors, whereas the interaction between aptamers and targets 
is dependent on the conformation of aptamers. Accordingly, the 
aptamers obtained by in vitro SELEX might decrease their binding 

Fig. 18. Aptamer-Liposomes-drugs conjugated system. (A) Schematic illustration of nucleolin aptamer-functionalized liposome loading Dox for cancer therapy. 
Cholesterol-modified aptamers were immobilized onto the surface of liposome by intercalating the 3′cholesterol modification into the lipid bilayer. Fig. 18A adapted 
from ref. [237]; (B) Schematic illustration of dual-aptamer-conjugated liposomes loading Dox for cancer therapy. The MUC1 and CD44 DNA aptamers were con
jugated separately with micelles through thiol and maleimide coupling reaction to form dual aptamer-conjugated micelles and subsequently mixed with Dox and 
plain liposomes for postinsertion. This conjugate showed cytotoxicity to both CSCs and cancer cells. Fig. 18B adapted from ref. [238]. Copyright (2019) American 
Chemical Society; (C) Schematic of the aptamer-based RNAi gene therapy and fluorescence tumor imaging. The aptamers targeting EGFR were conjugated to lipid 
nanocarriers loading QDs and siRNAs followed by intravenously administered. This conjugate extravasated through the leaky tumor vasculature and then targeted 
MDA-MB-231 tumors via specific recognition between the aptamer and EGFR. The QDs and siRNAs could provide fluorescence tumor images and inhibitory effects on 
tumor growth, respectively. Fig. 18C adapted from ref. [239]; (D) Schematic illustration of AS1411/Lipo-PTX-siPLK1 fabrication and its application in vivo therapy. 
The AS1411 aptamers were conjugated to liposomes encapsulating siRNAs and PTX to form AS1411/Lipo-PTX-siPLK1. The conjugate could simultaneously carry out 
chemotherapy and RNA interference in vivo. Fig. 18D adapted from ref. [240]. 
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ability to targets, leading to their practical applications being signifi
cantly limited. Future studies should focus on the construction of a 
screening model that is suitable for retaining the original binding 
conformation between aptamers and targets. 2) How to maintain the 
stability and specificity of aptasensors when they are used for assaying 
the target in a complex biological environment. Although many studies 
have been reported for target assays using aptamer-based biosensors, 
most of them were executed in the optimized buffer solution or in vitro 
culture. In fact, many aptamer-based biosensors may only display an 
optimal response under specific conditions. The detection efficiency 
decreases to some extent when these sensors are used in actual samples 
or in vivo experiments. Moreover, signal amplification caused by non- 
specific adsorption can be problematic in terms of the improvement of 
sensitivity. Therefore, we need to design adaptable aptasensors that will 
reserve their optimal functions under diverse conditions with high 
sensitivity and selectivity. 3) How to reduce the toxicity of nano
materials used for in vivo applications, especially for non-degradable 
nanomaterials. Generally, nanomaterials used for loading aptamers or 
drugs exhibit toxicity toward target cells. Additionally, some nano
materials can be enriched in the human body, causing many side effects, 
including inflammatory reactions, oxidative damage, and cell apoptosis. 
Even if some nanomaterials can be discharged from the body, they can 
cause irreversible damage to the environment. This critical issue re
mains to be fully investigated before entering clinical practice. To 
address this issue, future studies should concentrate on developing new 
surface modification technologies to enhance their biocompatibility 
while reducing toxicity, which can be beneficial for clinical applications. 

Taken together, aptamers are appealing multifunctional tools that 
can be employed for the development of biosensors and targeted ther
apies. However, some major challenges must be overcome, and some 
critical issues still need to be resolved. Thus, the investigation and 
development of prospective diagnostic and therapeutic strategies will 
fuel the growth of the aptamer field in the future. 
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