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Abstract: Cancer is one of the most important causes of
human death. Early diagnosis and treatment can make
patients live longer. Therefore, there is an urgent need to
develop early and accurate diagnosis method for tumors.
Molecular imaging technology can be used for qualitative
and quantitative analyses at cellular and molecular levels,
which provides a new technology for accurate diagnosis of
tumors. In recent years, various nanomaterials with unique
properties have been used for tumor molecular imaging.
Meanwhile, aptamers are becoming an indispensable ele-
ment in the design of functional nanomaterials because of
their small size, high stability, and convenient modification,
especially giving nanomaterials the ability to recognize spe-
cific targets. Therefore, aptamer-functionalized nanomater-
ials (AFNs) provide unprecedented opportunities for the
field of tumor diagnosis. Here we focus on the latest devel-
opment of AFNs in the molecular imaging of tumors. First,
we introduce the characteristics and advantages of common
aptamer-modified organic nanomaterials and inorganic
nanomaterials. Then, the applications of AFNs in fluores-
cence imaging, computed tomography, magnetic reso-
nance imaging, radionuclide imaging, ultrasound imaging,
photoacoustic imaging, and multimode fusion imaging are
discussed. Finally, we provide some perspectives on the
challenges and opportunities that have arisen from this pro-
mising area.
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Graphical abstract: Elaborated AFNs used in molecular imaging
1 Introduction

Cancer is one of the leading causes of death in the world,
and it was estimated that by 2020, nearly one-sixth of the
global population (about 10 million) will die of the disease
[1]. Patients diagnosed with cancer at an early stage may
get early treatment and have long-term survival. For example,
the 5 year survival rate of patients with early diagnosis of lung
cancer is about 57%, while the survival rate of patients with
advanced detection is about 3% [2,3]. Therefore, early detec-
tion or diagnosis of cancer is urgently needed, which can
greatly improve the prognosis and survival rate of cancer
patients [4]. In recent years, researchers have been trying to
find other sensitive and specific biomarkers related to cancer.
However, there are still no effective methods to detect cancer
biomarkers. At the same time, to improve the effectiveness
and accuracy of medical treatment, it is necessary to develop
biomarkers that can target cancer cells [5]. Therefore, it is very
important to explore the application of these markers in order
to diagnose diseases more accurately and use them in the
targeted treatment of cancer.

Among many substances, aptamers are recognized as
one of the most potential biomarkers because of their
unique targeting. The aptamer is a short functional single-
stranded DNA or RNA molecule, usually consisting of 20-80
nucleotides. Adaptive folding can be carried out by pairing
some complementary bases in the chain, electrostatic inter-
action, and hydrogen bonding, and relatively stable three-
dimensional structures such as pseudoknots, quadruplexes,
hairpins, and stem-loops can be formed [6]. Aptamers are
mainly obtained by the systematic evolution of ligands by
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exponential enrichment (SELEX), which is used for library
building, screening, and amplification [7]. Aptamers can
bind to various targets (inorganic metal ions [8], small
organic molecules [9], polypeptides [10], protein [11], intact
living cells [12], and even tissues [13]) specifically and with
high affinity, and are called chemical antibodies. Compared
with protein antibodies, aptamer has the advantages of
small size, rapid and reliable synthesis, flexible structure,
easy chemical modification, good tissue permeability, high
chemical stability, easy storage and transportation, non-toxi-
city, and lack of immunogenicity [10,14,15]. The ability of
aptamers to bind different targets with high specificity
and affinity has been widely used in the cancer research
field. For example, aptamers have been used effectively in
detection, diagnosis, and cancer treatment. In addition, apta-
mers with nanomolar-to-picomolar equilibrium dissociation
constants (Kd) can bind to target molecules and specifically
identify and distinguish target cancer cells from normal
cells. These characteristics of aptamer show strong affinity
and specificity for its target, making it a promising molecule
for cancer diagnosis and treatment [16].

With the rapid development of nanotechnology, many
nanomaterials with unique physical and chemical proper-
ties have been applied in the biomedical field [17-20].
Nanomaterials have ideal physical and chemical properties,
including physical adsorption, chemical catalysis, large sur-
face area/volume ratio, and biocompatibility [21-23], and
can be used in molecular imaging platforms. As a molecular
imaging agent, nanoparticles (NPs) enhance the specificity
of tumor cells, stability in vitro and in vivo, and prolong the
circulating half-life [24]. Nanomaterials have a variety of
therapeutic functions due to their various characteristics,
and have broad application prospects in cancer treatment.
These nanomaterials accumulate non-specificity in cancer
tissues by passive targeting, low dose, and selectivity, and
by enhancing permeability and retention (EPR) effects [25].
However, most nanomaterials have the disadvantages of
dose delivery, and lack of specific targeting ability, and
some nanomaterials have toxic and side effects on non-
target tissues or organs, which has limited the development
of nanomaterials in biological applications [3]. Recently, cell-
specific targeted nanomaterials have developed into poten-
tially powerful cancer treatment technology. Nanomaterials
bind to targeting ligands, especially to over-expressed anti-
gens or proteins in targeted cancer cells [26,27]. The specific
combination of these nanomaterials with target cells increases
the accumulation of NPs at the target site, reduces the toxicity
to normal cells or non-target cells, and significantly improves
the diagnosis of cancer. Therefore, aptamer-functionalized
nanomaterials (AFNs) are produced by integrating aptamers
with nanomaterials, which not only have the specific targeting
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ability of nucleic acid aptamers but also have the unique
physical and chemical properties of nanomaterials. AFNS
may provide an effective, efficient, and low-toxicity method
to meet the growing demand for new cancer diagnosis and
imaging technologies.

In this review, we summarize the research progress of
AFNs in the field of tumor molecular imaging, comprehen-
sively introduce the applications of aptamer-functionalized
organic and inorganic nanomaterials in tumor fluores-
cence imaging (FI), computed tomography (CT), magnetic
resonance imaging, radionuclide imaging, ultrasound ima-
ging (US), photoacoustic imaging (PAI) and multimodal
fusion imaging (Graphical abstract) in recent years. In
the first part, the characteristics, advantages, and biolo-
gical application potential of AFNs are introduced. Then,
we focus on the recent advances of AFNs in several ima-
ging technologies (Table 1). Finally, we discuss the chal-
lenges and opportunities in this promising field.

2 Characteristics of AFNs

Nanomaterials have developed rapidly in the biomedical
field. Nowadays, researchers have designed and manufac-
tured many nanomaterials of different sizes and shapes
[81]. They have the characteristics of a large surface area
ratio, easy modification, high loading capacity, and high
permeability, which attract researchers to explore their
potential clinical application in drug delivery and thera-
peutic imaging [82]. Nanomaterials with specific targeting
have become a research hotspot to further enrich their
diagnostic and therapeutic potential. Nanomaterials (DNA
NPs, hydrogels, gold nanoparticles [GNPs], carbon NPs, or
liposomes) modified by aptamers play an important role in
targeted diagnosis and treatment of tumors because of
their specific molecular recognition ability. Sections 2.1
and 2.2 focus on the characteristics of several common
nanomaterials, their advantages, and their applications
after combining them with aptamers.

2.1 Organic nanomaterials
2.1.1 DNA nanostructures (DNs)

At present, biological nanotechnology has been widely used in
chemistry, biology, medicine, and other fields, among which DNs
are one of the most important in hiological nanomaterials [7].
As natural molecules in the living system, DNs have the
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characteristics of good biocompatibility, high tissue penetra-
tion, and stability in vivo, and can react with a variety of tool
enzymes [83]. DNA can be constructed into nanostructures
with desired shapes and sizes, such as cubes, stars, three-
dimensional geometric figures (such as tetrahedrons and
icosahedrons), nanotrains, and nanorobots [84] (Figure 1a).
With the emergence of DNA origami technology, DNs have
become a candidate material for drug delivery, while icosa-
hedron and tetrahedron nanostructures with wide internal
space can be used as nanocages to contain a variety of
therapeutic or diagnostic drugs [85] (Figure 1b). The precise
programmability of DNs (strict Watson—Crick base pairing
rules) makes them possible to integrate aptamers into DNs
[86] (Figure 1c). Due to the superior performance of DNs and
the inherent targeting and specific binding ability of apta-
mers, more and more researchers focus on integrating apta-
mers into DNs and loading other drugs or reagents for
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specific diagnostics and targeted therapeutics of tumors.
For example, Charbgoo et al. used DNA micelles to deliver
doxorubicin (DOX) and pro-apoptotic peptides to tumor cells
(MCF-7 and C26 cells). In vitro, the results showed that apta-
mers could improve the ability of cells to specifically take up
drug-loaded DNA micelles [87]. In vivo, the experiments
showed that drug-loaded DNA micelles can also significantly
inhibit the growth of tumors in tumor-bearing mice.

2.1.2 Micelles

Micelles are polymer materials that amphiphilic block copo-
lymer self-assembles into nanospheres through a thermody-
namic process at critical micelles concentration, and they
are aggregations of surfactant molecules [88]. Micelles, as
nanocarriers, have been widely used in the biomedical

endesyiosis .

hucicus]

\BYA dimeggs

Figure 1: (a) DNs of various shapes. (b) DNs are loaded with multiple drugs for treatment. (c) It is the active targeting and inactivation of cancer cells
by aptamer-modified DNs. Reproduced with permission from ref. [85], Copyright 2020, Wiley-VCH.
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fields because of their biodegradability, strong biocompat-
ibility, large drug loading capacity, long circulation, reten-
tion time, and so on [89]. To promote their applications in
the therapeutics of tumors, researchers have used aptamers
to modify micelles. Through self-assembly, aptamers
are usually densely stacked on micellar nanostructures,
resulting in polyvalent effects, thus enhancing the recogni-
tion ability of molecules. The combination of aptamers and
micelles was first put forward by the Mizuo Maeda group in
2007 [90]. Since then, various aptamer-micelle conjugates
have been developed for the diagnostics and therapeutics
of tumors. For example, Tian et al. functionalized aptamers
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to identify human breast cancer cells (MDA-MB-231), and
constructed multifunctional aptamer-micelle drug nanocar-
riers (APT-TNP) by integrating pH-activatable fluorescent
probe (BDP-668) and near-infrared (NIR) photosensitizer
(R16FP) [91]. After the aptamer-micelle drug nanocarriers
targeted breast cancer cells, they were irradiated by laser.
R16FP produced reactive oxygen species after laser irra-
diation and mediates lysosomal destruction of MDA-MB-
231 cells (Figure 2a). Meanwhile, the progress of treatment
could be monitored in real-time by the fluorescent probe
(Figure 2b).

BDP-688 for

» R16FP for generation
PH monitoring

of ROS

) Cathepsins- tnggered‘
 cell death parthways

808-nm
irradiation

X2 » »
XX 3

High

Low

Figure 2: (a) Structure, targeted delivery, PH-activated imaging, and PDT therapy of APT-TNP. (b) Targeted imaging of Apt-TNP in vivo, PDT, and
therapeutic monitoring of APT-TNP. Reproduced with permission from ref. [91], Copyright 2014, Wiley-VCH.
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2.1.3 Hydrogel

Hydrogel is a kind of polymer nanomaterial, which can
hold a large amount of water or biological liquid and pre-
sent a three-dimensional grid structure [92]. Hydrogel has
the characteristics of high biocompatibility, low toxicity,
good swelling property, allowing the diffusion of biomole-
cules, and so on. It has been widely used to control the
release of hydrophilic drugs. In addition, it has physical prop-
erties similar to those of living tissues [93]. The designed
hydrogel can respond to the stimulation of pH, temperature,
light, magnetic field, and ionic strength [81]. Various stimuli
can trigger the expansion or degradation of the elastic net-
work so that the hydrogel can respond to environmental
changes, and then release the preload effector. Adding
aptamer to hydrogel provides many advantages, including
targeted drug delivery, gel-sol transition, volume change,
molecular capture of hydrogel system, and enhanced con-
trolled release of loaded drugs [94], which greatly expands
the application range of hydrogel in biomedicine. Yang et al
[29] integrated polyacrylamide hydrogel and ATP-respon-
sive aptamer to form AHB gel with tumor microenviron-
ment (TME) targeting. In vivo, AHB gel can aggregate and
fluoresce in tumor tissues, but there is no fluorescence reac-
tion in normal tissues. In addition, AHB gel has good storage
stability, which provides favorable conditions for future
clinical application. AHB gel is a new type of targeted
hydrogel for the TME, which can realize accurate imaging
of tumor tissue and has a good application prospect in
future fluorescence-guided surgery.

2.1.4 Polymer

Polymer is a kind of solid colloidal system, mainly com-
posed of synthetic hydrophilic polymer. The structure of
the polymer can be a nanosphere or nanocapsule [81]. The
polymer has been widely used in biomedical fields because
of its good water solubility, strong stability, and easy func-
tionalization. Polymer-loaded therapeutic drugs or ima-
ging agents can be passively released by dissolution and
diffusion, or actively released in response to external trig-
gers such as pH, temperature, and magnetic field [95], to
carry out targeted therapy and molecular imaging of dis-
eases. Due to the lack of targeting, polymers cannot speci-
fically aggregate in specific parts when loaded with drugs
for treatment, while aptamers have been tried to functio-
nalize polymer for targeted treatment and molecular ima-
ging of cancer because of their strong targeting and easy
modification. The aptamers can be integrated into different
polymer materials (PLGA [96], PEI [97], PLA [98], PEG [99])
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to enhance cell uptake, improve therapeutic effect, and
reduce non-targeted cytotoxicity. During the process of
synthesis, NPs can be modified by adding imaging agents
such as quantum dots (QDs), magnetic resonance contrast
agents (CAs), fluorescent dyes, and radioactive tracers. For
example, superparamagnetic iron oxide nanoparticles
(SPIONs) and DOX were encapsulated in PLGA-PEG-COOH
copolymer, and the copolymer was further modified with
AS1411 aptamer [100]. The results showed that mice in the
aptamer-copolymers group (C26 colon cancer xenograft) can
detect higher tumor targeting in MRI. In addition, tumor
growth is inhibited, which indicated that these targeted
magnetic composite NPs may be used as CAs for molecular
imaging and anti-cancer drugs for therapy at the same time.

2.1.5 Branched polymers

Branched polymers mainly include dendrimers and hyper-
branched polymers (HBPs), which have attracted wide atten-
tion due to their unique dendritic structures. Dendrimers are
highly branched polymers, and their basic structures mainly
include a central core, repeating branched units, and term-
inal groups, with clear and uniform sizes and shapes [101].
Dendrimers have a high degree of flexibility in drug loading,
and drugs can be covalently bound to the surface of dendri-
mers or physically wrapped in the core [102]. A large number
of in vitro and preclinical studies have shown that dendritic
molecules can help to develop an effective therapeutic plat-
form. HBP consists of three domains: dendritic domain, linear
domain, and terminal domain. Due to their highly branched
topology, HBP has a large number of intramolecular cavities
for drug encapsulation and terminal groups for drug coupling
and has been widely used for drug delivery [103]. Zhang
et al. synthesized a multifunctional complex (LNPs-
PAMAM-AS1411/DOX) which can be used for the diagnostics
and therapeutics of tumors at the same time [104]. PLNPs-
PAMAM has strong renewable NIR lasting luminescence,
which can be used for tumor molecular imaging and
provides abundant terminal groups for further functiona-
lization. Aptamer AS1411 is coupled to the surface of
PLNPs-PAMAM, which can specifically bind to the nuclear
protein overexpressed in the tumor cell membrane and
promote the accumulation of NPs in tumor cells. DOX is
loaded on PLNPs-PAMAM through PH-sensitive hydrazine,
which can be specifically released in an intracellular acidic
environment, leading to apoptosis of HeLa tumor cells and
inhibiting tumor growth. The prepared intelligent drug-
loaded nanoplatform PLNPs-PAMAM-AS1411/DOX with long-
lasting luminescence has a good application prospect in the
precise treatment of cancer.
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2.1.6 Liposomes

Liposomes were established in 1965 at the earliest [105].
They were spherical lipid-based vesicles with a diameter
of 100-200 nm. They were composed of associated phos-
pholipids, forming a lipid bilayer around the water core
[106]. This unique structure allows drugs or other small
molecules to be wrapped in lipid bilayers or water cores
[107]. Liposomes have the characteristics of biodegrad-
ability, simple preparation method, high efficiency, and
low toxicity. In addition, liposomes have the unique ability
to encapsulate lipophilic and hydrophilic compounds, which
enables them to deliver drugs with various physical and
chemical properties. At present, they are one of the most
researched nanocarrier systems. Liposome drugs are mainly
delivered by passive targeting, lacking the ability of active
targeting, and aptamers just make up for this shortcoming.
By coupling one or more aptamers to the surface of lipo-
somes, aptamer-liposomes are formed, which combine with
targeted receptors expressed on the surface of tumor cells,
thus realizing the active targeting of liposomes. Compared
with common drugs, aptamer-liposomes preparation has
many advantages, including reducing the toxicity of encap-
sulated drugs, improving the stability and solubility of
encapsulated drugs, prolonging the time of systemic circula-
tion, improving the controllability of pharmacokinetics and
drug release kinetics, and improving the targeting and speci-
ficity of tumors [108]. These advantages make many liposome
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drug delivery systems enter clinical trials and even practical
applications [109]. People are trying to develop aptamer-
embedded liposomes, which will provide more potential for
diagnostics and therapeutics.

2.2 Inorganic nanomaterial
2.2.1 GNPs

GNPs (gold nanorods [GNR], nano-cages, nano-stars, nano-
cubes, and nano-spheres) are considered to be attractive
molecular delivery carriers for the diagnostics and thera-
peutics of various tumors due to their unique physical and
chemical properties. These properties of GNPs include a
high surface volume ratio, multifunctional surface che-
mical properties (Figure 3a), low toxicity, no immunogeni-
city, easy synthesis, and stable properties [111]. In addition,
GNPs have the characteristics of high permeability and
stability, which make drugs easily permeate and accumu-
late in tumor sites [110]. Among all kinds of organic and
inorganic NPs, GNPs have unique optical and surface
plasmon resonance properties. Gold nanostructures have
good optical, electrical, magnetic, and biochemical properties,
which make them tools for biological imaging, drug release,
radiation, and photothermal therapy (PTT) [112,113] (Figure
3b). Aptamer-modified GNPs expand the application of
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GNPs in drug delivery by enhancing targeting specificity,
including enhancing drug efficacy and controlled drug release.
In addition, multifunctional aptamer-GNPs can simultaneously
realize drug delivery, targeted therapy [38], and molecular
imaging [39], providing a potential multifunctional nanoplat-
form for diagnostics and therapeutics of tumors.

2.2.2 Magnetic nanoparticles (MNPs)

Due to MNPs inherent superparamagnetism, they have
been widely used in MRI, drug delivery, and cancer treat-
ment [114] (Figure 4). To promote the transformation of
these therapeutic MNPs into clinical applications, people
have made great efforts in designing and improving bio-
compatibility, stability, safety, drug-carrying capacity, tar-
geted drug delivery, imaging signals, and thermokinetics
or photodynamic therapy. The aptamers have been intro-
duced into magnetic systems because of their ability to
recognize and bind targeted molecules. Compared with tradi-
tional drugs, aptamers-magnetic nanocomposites have better
pharmacokinetics, can deliver drugs to tumor cells in a tar-
geted manner, and at the same time reduce the systemic
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toxicity of drugs to achieve accurate targeted therapy [116].
In addition, the unique physical, chemical, and optical proper-
ties of magnetic nanomaterials provide opportunities for non-
invasive molecular imaging, drug delivery, and thermal or
light-controlled drug release [117]. The multifunctional NPs
have the potential for targeted drug delivery and molecular
imaging therapeutics of tumors.

2.2.3 QDs

QDs, developed by Mark Reed, were semiconductor nano-
crystals composed of II-VI or III-V elements, which were
mainly composed of CdSe, CdS, CdTe/CdS, ZnS, PbS, and InP
[118]. QDs have unique photophysical properties, such as
high brightness, strong photostability, large absorption,
narrow emission spectrum, and wide ultraviolet excitation
spectrum [119]. They also show great potential in whole-
body imaging. In addition, QDs have highly active surfaces,
which can be combined with biomolecules for targeted drug
delivery and molecular imaging, photodynamic therapy,
and biosensors [119]. Moreover, QDs emitted in the NIR
region are especially promising for deep tissue imaging
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in vitro and in vivo [120,121]. At present, there are still some
shortcomings in the use of QDs, such as complex synthesis
steps, high price, and great toxicity, which make them have
certain limitations in practical application [122]. In recent
years, the application of organic QDs in biological imaging,
biosensor, and drug delivery has surpassed that of toxic inor-
ganic QDs [19]. For example, sandalwood-derived carbon dots
(CDs) are used for biological imaging because of their non-
cytotoxicity and excellent fluorescence characteristics [123],
DNA hiological spots are used for the imaging and treatment
of non-small cell lung cancer [124], and PLECDs have good
biomolecular imaging and cytotoxicity on human breast
cancer, cervical cancer, and mouse melanoma cell lines in
vitro [18]. Due to the lack of targeting, QDs are usually com-
bined with ligands to enhance the accuracy of diagnosis and
the effect of treatment. Aptamers have been usually attached
to QDs by covalent bonds. Due to the spatial interference of
nano QDs being minimal, they can keep their targeting ability
well and realize targeted cancer therapy and molecular ima-
ging. Thus, Akbarzadeh et al coated QDs on the surface of
mesoporous silica, and then the surface of the silica was
functionalized with amine to prepare nanocarriers. Then,
DOX was loaded into the pores of silica, and double hetero-
geneous polyethylene glycol was covalently bonded to the
surface of mesoporous silica nanoparticles (SiNPs) with
core-shell QDs. Finally, EpCAM aptamer was adsorbed on
the surface of polyethylene glycol NPs loaded with DOX,
and the targeted delivery of DOX drugs, therapeutics of
tumors, and dual-mode imaging based on fluorescence
and MR were realized [70]. Therefore, QDs have great
application prospects in medicine.

2.2.4 SiNPs

SiNPs are inorganic nanomaterials with good biocompat-
ibility and tolerance, which have been recognized as safe
and reliable by the Food and Drug Administration (FDA)
[125,126]. SiNPs include dense silica, mesoporous silica
nanoparticles (MSNs) or biodegradable mesoporous silica,
and hollow MSNs. Especially, MSNs have high chemical
stability, large pore volume, large surface distribution
area (internal and external dual-function surface), and
controllable particle size and shape, which can load a large
number of drugs and prevent their premature release,
degradation, and inactivation [127]. Because of their huge
advantages, MSNs were proposed as a candidate for tumor-
targeted drug delivery for the first time in the early twenty-
first century [128]. As special targeting aptamers, they can
deliver SiNPs loaded with drugs and imaging agents to spe-
cific tumor tissues in a targeted manner, thus increasing the

Application of AFNs in molecular imaging of tumors = 11

effective dose of drugs to pathological areas without dama-
ging normal cells of the surrounding healthy tissues [129]. In
addition, since the chemically active surface of SiNPs can be
easily modified, various functional groups can be intro-
duced, and then chelator-based radioactive labeling can be
carried out by combining with chelator so that a multifunc-
tional nanoplatform for drug delivery and cancer therapy
guided by molecular imaging can be constructed.

2.2.5 Carbon nanomaterials (CNMs)

CNMs include carbon nanotubes (CNTs), carbon nano-
horns, graphene (GR), diamond, carbon dots (CDs), and
polyhydroxy fullerenes [130]. Due to their unique electronic,
optical, thermal, and mechanical properties, CNMs have
attracted wide attention in the field of oncology, and have
been usually considered safe nanostructures [131]. CNMs
have been used as carriers of various anticancer bioactive
substances due to their unique surface carbon structure and
inherent hydrophobicity [132]. CNMs loaded with bioactive
substances can be selectively accumulated in the TME through
the EPR effect [133]. In addition, the surface of CNMs can be
chemically linked with a specific targeting aptamer, so that
they can “actively target” the overexpression receptor on
tumor cells, thus delivering the loaded drugs or genes to
tumor cells [20]. CNTs showed strong light absorption, Raman
scattering, and photoacoustic characteristics in the NIR region,
and have the functions of biological imaging and tracking.
Combined with drug delivery, the application range of CNTs
in vivo has been broadened. GRs have the characteristics of
photoluminescence, high loading capacity, high stability, and
full spectrum quenching [134]. In addition, it can protect the
carried RNA/DNA from the damage of enzymes, which makes
it possible to be used as a carrier material for in vivo research.
Due to their unique physical and optical properties, CNTs can
not only be used as a drug carrier but also have the function of
biological imaging, which has great potential application value
in the biomedical field.

Nanomaterials have been widely studied in the diag-
nosis and treatment of diseases due to their unique proper-
ties. However, some nanomaterials have biological toxicity
and are easy to decompose and oxidize in organisms,
which limits their clinical application. DNs have the char-
acteristics of good biocompatibility, high tissue perme-
ability, and can react with various tool enzymes [86], but
they are easy to decompose and metabolize in vivo, with
poor stability and lack of targeting [83]. Micelles, as nano-
carriers, have the advantages of strong biocompatibility
and large drug loading [81]. However, its drug-carrying
stability in vivo is low, and drugs are often released into
normal tissues in advance, which has great toxic and side



12 — Xiujuan Yin et al.

effects on normal tissues. The traditional polymer drug-
loaded micelles have no environmental response or only a
single response, which cannot fully respond to the stimula-
tion of special microenvironment in tumor cells, resulting in
the inability of drug-loaded micelles to release drugs effi-
ciently and controllably in cells, resulting in low drug
delivery efficiency and affects the anti-tumor treatment
effect [135]. The liposome is one of the nanocarriers that
have been studied most. Liposomes have been approved
for clinical use due to their low toxicity and immunogeni-
city. Some cationic liposomes will produce biotoxicity when
used in large doses, which should be paid attention to in
clinical applications [136].

Among all kinds of organic and inorganic NPs, GNPs
have unique optical and surface plasmon resonance char-
acteristics and have certain advantages in drug delivery,
molecular imaging, and PTT. However, GNPs are easy to
oxidize, and difficult to disperse and control [137]. MNPs
have been widely used in the field of MRI because of their
inherent superparamagnetism, but it also has some pro-
blems such as poor stability, easy agglomeration, and
oxidation [138]. QDs have the characteristics of high bright-
ness, strong photostability, narrow emission spectrum, and
high surface activity, and show great potential in whole
body imaging and photodynamic therapy. QDs have high pre-
paration costs, poor water solubility, and are toxic and have
side effects on organisms, and have not been applied to clinics
yet [139]. SiNPs are recognized as safe and reliable by the US
FDA. MSN has a large pore volume and large surface distribu-
tion area, which can load a large number of drugs to prevent
premature release, degradation, and inactivation of drugs,
and is an excellent drug delivery nano-platform [140]. Because
the MSN surface is easy to produce defects, it is easy to absorb
substances such as moisture and gas, which further affects its
application performance [141]. Due to its unique surface
carbon structure and inherent hydrophobicity, CNMs have
been used as the carrier of various anticancer bioactive sub-
stances. As a drug carrier, CNTs may also cause damage to
human tissues, which may become the biggest difficulty in the
application of CNTs in the biomedical field.

3 Application of AFNs in molecular
imaging

Molecular imaging is a noninvasive method to deeply under-
stand cellular and molecular metabolic processes in vivo.
Usually, this is achieved by systemic or local application of
molecular imaging probes, which are then accumulated and
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excreted at the target site to obtain a high signal-to-back-
ground ratio [142]. It can measure the in vivo characterization
of biological processes at the cellular and molecular levels,
and provide accurate information at the cellular and
molecular levels [143]. At present, it is mainly used for
the diagnostics of diseases in vivo, providing an alterna-
tive or supplementary diagnostic tool for clinical diseases.
However, for molecular imaging in vivo, the most critical
factor is the selection of molecular probes. The molecular
probe should ensure that it has no side effects on normal
tissues after being introduced into the human body, and
the distribution between pathological and normal tissues
is obviously different, which can provide a high signal-to-
background ratio or image contrast.

As the target component of molecular imaging agents,
aptamers can be combined with a variety of macromole-
cules and nanomaterials, and they are a kind of biomolecule
with potential clinical applications [144,145]. Due to their
small size and easy metabolism and degradation, aptamers
have the characteristics of rapid tissue uptake and blood
clearance, which can reduce the residence time of imaging
agents in the liver and kidney, and provide potential appli-
cation value for molecular imaging in clinical patients [146].
Although aptamers have been studied as molecular imaging
probes in preclinical experiments for more than 30 years,
they have not yet been applied to clinically approved ima-
ging probes. Based on aptamers, molecular probe therapeu-
tics are superior to molecular probe imaging in clinical
trials. At present, aptamer based molecular probe therapeu-
tics have been applied clinically, and pegaptanib is the only
aptamer that has been clinically approved [147]. Therefore,
aptamers with high sensitivity and selectivity have broad
application prospects as diagnostic molecules.

Molecular imaging mediated by AFNs (imaging agents)
has been used in various imaging methods, such as FI [34],
CT [41], MRI [148], radionuclide imaging [54], US [60], PAI
[56], and multimode fusion imaging [80]. In this section,
various imaging modes are briefly introduced, and the latest
research on molecular imaging guided by aptamer-
nanomaterial complex under various imaging modes are
comprehensively reviewed. Bouvier-Miiller and Ducongé
have comprehensively reviewed the previous research in
2017 [149], and we mainly comprehensively reviewed the
research on molecular imaging of tumors guided by
aptamer-nanomaterial in recent 5 years.

3.1 FI

FI is commonly used in flow cytometry, confocal micro-
scopy, and immunohistochemistry in vitro. It is a non-
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invasive technique in vivo, which can evaluate the phar-
macokinetic behavior and biodistribution of biomolecules
or NPs in the region of interest. It is the most commonly
used imaging method in preclinical research. The principle
of FI is that the fluorescence signal generated by fluores-
cent substances excited by a laser with a certain wave-
length is detected by the corresponding camera, and finally
the corresponding fluorescence image is presented. The
inherent disadvantages of FI are the low penetration depth
and limited resolution of tissues [150], so FI is mainly
limited to superficial site research [151] and fluorescence-
guided surgery [152]. Generally, the laser with a fluoro-
phore absorption spectrum of 650-1,350 nm is chosen.
The laser in this wavelength range has a large penetration
depth into tissues [153], and the resolution provided by NIR
light in tissues with a depth of 0.2 mm can reach a micron
level [154,155]. At present, FI has been used in the develop-
ment of nanomedicine, drug delivery systems, and diag-
nostic probes.

Due to the strong chemical modification ability of apta-
mers, researchers often covalently attach fluorophores to
aptamers directly, usually using standard chemical reac-
tions at the end of 50 or 30 bases or fluorescently labeled
bases for binding. At present, fluorophores with aptamers
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have been widely studied as imaging probes in preclinical
experiments [156]. The clinical applications of aptamers
were limited because of their poor pharmacokinetics and
rapid degradation in vivo [157]. The combination of apta-
mers and nanomaterials can make up for the rapid degra-
dation and elimination of aptamers in vivo, which provides
a potential possibility for the application of aptamer fluor-
escent probes in the therapeutics of tumors.

Various AFNs have been applied to FI of breast cancer,
glioma, pancreatic cancer, colon cancer, and lung cancer in
vitro and in vivo (Table 1). Within minutes to hours after
injection, they usually showed higher tumor fluorescence
than the background. Due to the similar physical and
chemical properties between aptamers and siRNAs, it was
difficult to prepare siRNAs packaging vectors guided by
aptamers. Here Kim et al. prepared aptamer-coupled lipid
nanocarriers loaded with QDs and siRNAs for the diagnosis
of TNBC [34]. They effectively integrated hydrophobic QDs
into the lipid bilayer, assembled therapeutic siRNAs and
QD-lipid nanocarriers (QLs) into QLs, and then inserted
anti-EGFR aptamers into QLs. Finally, through in vitro
and in vivo experiments, the targeting, tumor FI, and ther-
apeutic effect of the nanocomposite in tumor mice were
evaluated (Figure 5). The results show that the nanocarrier
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Figure 5: (a) Schematic of the theranostic strategy for siRNA gene therapy and fluorescence tumor imaging; (b) in vivo fluorescence images of tumor-
bearing mice intravenously treated with QLs, aptamo-QLs, and immuno-QLs were taken with a Maestro 2 imaging system at 1, 4, 8, and 24 h post-
injection. The auto-fluorescence from mice is pseudocolored white and the unmixed QD signal is pseudocolored red. Black arrows indicate tumors.
Reproduced with permission from ref. [34], Copyright 2019, Ivyspring International Publisher.
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can effectively deliver fluorescent QDs and therapeutic
SiRNAs to tumor cells, and the transmitted QDs provide
fluorescence signals in internal organs and tumors for
tumor FI, which revealed valuable information about the
biological distribution of lipid nanocarriers.
Aptamer-targeted ICG NPs can enhance the NIR FI of
pancreatic and prostate tumors, and improve the detection
of early cancer. Abraham et al. coupled calcium phospho-
silicate NPs, also known as nanojackets (NJs), with DNA
aptamer AP153 to synthesize AP1153-N]J nanocomposites
[31]. In vitro tumor imaging confirmed that compared
with non-targeted NJs, aptamer-NJs can specifically aggre-
gate in tumor cells. In vivo, experiments showed that the in
situ accumulation of AP 1153-ICG-NJ in pancreatic tumors
reached its peak 18 h after injection, and the ICG signal was
cleared at 36 h, while non-tumor tissues did not absorb the
signal (Figure 6). The specific binding of AP1153-NJ to the
CCK-B receptor on pancreatic tumor cells was confirmed by
pretreating tumor-bearing mice with CCK receptor antago-
nist proglumide. Through the specific interaction with the
CCK-B receptor, the tumor-targeting NPs containing ICG
were well distributed in the matrix of pancreatic and
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prostate tumors, which proved that tumor-targeting NJs car-
rying various imaging agents can enhance the detection of
tumors. AP1153-N] was a kind of nanocarrier with clinical
application potential, which can be loaded with imaging
agents or drugs for the diagnosis or treatment of early
cancers.

Esmaeili et al. developed a cancer nano-drug system
(GO@PEG/Au/Apt (DOX)) based on PEGylation graphene
oxide-GNPs. The system can be selectively attached to
MUC1 positive breast cancer and colon cancer cells to track,
image, and target chemotherapy drugs to the required loca-
tion [158]. The aptamer can also be used as a quencher
to produce an “on/off” fluorescence biosensor. When the
aptamer specifically binds to the MUC1 receptor, its double
strands separate, resulting in drug release, and the fluores-
cence is restored at the excitation wavelength of 300 nm
(“on” state). GO@PEG/Au can be used for non-invasive FI
of breast and colon tumors by monitoring the changes in
fluorescence signals, taking advantage of its inherent fluor-
escence characteristics. In addition, since AuNPs can be used
as imaging agents for various imaging technologies, this nano-
platform is an ideal platform for multimodal imaging [74]

Figure 6: (a) NIR optical imaging of PANC-1 tumor-bearing mice after injection of non-targeted ICG-NJs and aptamer AP1153-targeted ICG-NJS,
respectively. The arrow indicates the position of the PANC-1 tumor in situ. (b) In vitro NIR imaging of resected tissues from the pancreas and spleen of
mice treated with AP1153-ICG-N]J. (c) Renal and (d) liver tissue sections from mice injected with AP1153-ICG-NJ shows that although there were some
ICG signals (red) in the tissue vasculature (green), there seemed to be no ICG aggregation in the normal cells of these organs. Reproduced with

permission from ref. [31], Copyright 2021, DMP.
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and has the potential to be used for detecting and treating
various tumors.

32 CT

CT imaging is the most widely used imaging technology
with anatomical imaging capability in clinics. The principle
of CT imaging is based on the fact that tissues attenuate X-
rays to different degrees, and they appear on the image at
different gray scales. The image diagnostician identifies the
normal tissue and the abnormal tissue through the differ-
ence in gray levels. However, the limitation of CT imaging
is that only when the gray levels of the normal tissue and
the abnormal tissue are very different, can the abnormal
tissues be identified by the naked eye. Therefore, changing
the contrast of the image by using CAs with higher atomic
numbers and higher density can improve the difference
between normal tissue and abnormal tissues, which is a
more commonly used method in clinical therapeutics [159].
The commonly used CT CAs include iodide, metal complex,
and nanomaterials. Due to the lack of specificity, a consid-
erable dose is usually needed [42]. In addition, the imaging
time of iodine compounds is usually short, and there is a
certain degree of nephrotoxicity. In order to overcome
these obstacles, aptamer-based targeted molecular probes
have gradually attracted attention.

In 2010, Kim et al. first synthesized a multifunctional
GNPs for targeted molecular CT imaging [42]. The experi-
mental results showed that the CT intensity of PSMA
aptamer-bound GNPs in LNCaP cells was more than four
times higher than that in non-targeted PC3 cells. In addi-
tion, the effect of Adriamycin-loaded GNPs modified by
PSMA aptamer on targeted LNCaP cells was significantly
stronger than that of non-targeted PC3 cells, which indi-
cated the specificity of targeted drug delivery. The GNP
conjugate system was modified with other disease-specific
aptamers and could also be used to design similar multi-
functional NPs. Alibolandi et al. synthesized a multifunc-
tional complex (Apt-PEG-AuPAMAM-CUR) based on the
aptamer MUCI on the basis of GNPs and PAMAM dendri-
mers [41]. In vivo, the experiment has proved that the tar-
geting compound accumulates in the tumor site of C26
tumor-bearing mice and the concentration of imaging agent
at the tumor site could be observed in CT imaging. This
study indicated that pt-PEG-AuPAMAM-CUR had good X-
ray attenuation, and was a CT imaging probe, which has a
high therapeutic effect on colorectal adenocarcinoma. At
present, there is little research on aptamer-functionalized
nanomaterials used as imaging agents for individual CT
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imaging. CT imaging is usually integrated with imaging
methods such as PET, MRI, PAI or FI (Table 1), which over-
comes the shortage of a single imaging mode. The research
on the combination of CT with other imaging methods will
be introduced in detail in Section 3.7 on multi-modality
imaging.

3.3 MRI

MRI is a noninvasive and multi-parameter imaging tech-
nology. The principle of MRI imaging is to obtain three-
dimensional anatomical images by exposing protons (mainly
hydrogen protons) in tissues to a static magnetic field and
disturbing the steady-state balance of the magnetic field that
varies with time and space [160,161]. After the corresponding
RF pulses are applied, all the nuclei in the magnetic field
undergo relaxation by spin-lattice relaxation (T1) and spin-
spin relaxation (T2) [162]. MRI has the characteristics of
super-high soft tissue resolution, unlimited imaging depth,
multi-parameter, and multi-plane imaging, no harm to exam-
iners due to ionizing radiation, and relatively safe examina-
tion [163]. It can provide more comprehensive anatomical
information, physiological information, and in vivo biological
metabolism information, and it has been widely used in
disease diagnosis.

By using a CA, the image resolution of the MRI can be
increased to a micron level (10° m). There are many kinds
of MRI CAs, which can be classified into T1 CAs and T2 CAs
according to the degree of their influence on T1 and T2.
Among them, the T1 CAs can enhance the image signal, and
the T2 contrast agent can reduce the image signal. MRI CAs
can be classified into paramagnetic compounds, superparamag-
netic compounds, and ferromagnetic compounds according to
their magnetism. Paramagnetic compounds include chelates
and NPs of Gd*, Mn*, and Fe** [164]. Superparamagnetic
and ferromagnetic compounds are classified into USPIONS,
SPIONs, and micron-sized iron oxide particles [165-167].

At present, both Gd and Mn chelates and SPION have
been used in the clinic. However, these CAs usually need a
large dose and rely on passive distribution and accumula-
tion, lacking targeting and specificity to specific tissues.
Aptamer-based CAs can solve the problem of lack of tar-
geting well. At present, aptamer-based MRI molecular ima-
ging has become one of the hot spots in research. The
aptamers with specific targeting to the protein on the cell
surface have been successfully developed, and organic or
inorganic NPs are used as carriers to achieve targeted
delivery of imaging agents (Table 1). Matrix metalloprotei-
nase 14 (MMP-14) is overexpressed in many types of cancer
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and is associated with poor prognosis [168]. Therefore, the
MMP-14 specific imaging probe has potential application
value in the diagnosis of MMP-14 positive cancer. Huang
et al. obtained a DNA aptamer M17 targeting MMP-14
through cell-SELEX, which could specifically identify MMP-
14 positive cells (MIA PaCa-2 and PANC-1) [64]. By coupling
the aptamer M17 with polyethylene glycol that loaded Fe30,,
the signal strength of MRI T2 weighted imaging could be
reduced, and it was used for targeted molecular imaging
of MRI. Studies have confirmed that aptamer M17 has the
advantages of simple synthesis, small size, low immunogeni-
city, high permeability, high affinity, and so on. It was a
potential molecular probe for the diagnostics and therapeu-
tics of MMP14 positive tumors. In addition, Zhong et al
screened an aptamer that specifically combined with an
endorphin molecule on mouse neovascular endothelial cells
(mouse endorphin aptamer, abbreviated as mEND) [49].
Then, they synthesized magnetic CMCS NPs imaging nanop-
robe (mEND-Fe;0,@CMCS) based on endogenous protein
aptamer (MEND). On the one hand, the self-assembly of
CMCS on the surface of Fe;0, improved the biocompatibility
and non-toxicity of MNPs. On the other hand, the chemical
groups provided by CMCS are helpful to modify more apta-
mers. More importantly, the assembled aptamers signifi-
cantly improved the targeting capability of the probes. The
MRI results showed that the probe could effectively target
the new blood vessels of liver cancer in mice and improve
the imaging contrast of subcutaneous tumors in mice. In this
study, a new MRI probe targeting CD105 positive cells is
provided. This probe not only showed good targeting ability
at the cellular level but also showed good MRI in mice,
which was expected to be used for the early diagnosis of
hepatocellular carcinoma.

T1-T2 double CAs are helpful for MRI to show lesions
more accurately and precisely. The relaxation and inter-
ference between T1 CA and T2 CA are the main consideration
factors in their design. Li et al constructed Fe;0,@mSiO,/
PDDA/BSA-Gd,05 nanocomposites, in which BSA-Gd,O3 NPs
and Fe;0, NPs were used as T1 and T2 MRI CA, respectively,
and 20 nm mesoporous silica (mSi0O,) nanoshells were intro-
duced to reduce the interference between them [47]. At last,
Fe30,@mSiO,/PDDA/BSA-Gd;03-AS1411 nanoprobe targeted by
AS1411 aptamer was used to detect the MRI specificity of
786-0 cells in vitro and in vivo. The results showed that
Fe;0,@mSiO,/PDDA/BSA-Gd,05 nanocomposites had high
longitudinal (r; = 11.47mMs™ Gd) and transverse (r, =
195.1 mM s Fe) relaxation, and had good biocompatibility
in vitro and in vivo. After The Fe;0,@mSiO,/PDDA/BSA-
Gd,05; nanocomposites had specific targeting to 786-O cells
after being coupled with the aptamer of AS1411. When
injected intravenously into mice, Fe;0,@mSiO,/PDDA/BSA-
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Gd,03 nanocomposites can produce renal enhancement
effects and be excreted through the bladder (Figure 7a—c).
The experiment showed that the combination of T1 and T2
CA can not only give consideration to the high tissue resolu-
tion of T1 mode contrast imaging but also the feasibility of
T2 mode contrast imaging in soft tissue detection, which
improved the sensitivity of MRI and was expected to hecome
an effective T1-T2 dual-mode CA for MRI in vivo.

3.4 Nuclide imaging

Nuclide imaging is a noninvasive molecular imaging tech-
nology, including PET and SPECT. The principle of nuclide
imaging is that radiopharmaceuticals are injected into
patients by intravenous injection. With blood circulation,
radiopharmaceuticals gather in the diseased areas. These
drugs emit high-energy photons before decay, which are
measured and recorded by external detectors, eventually
generating radionuclide images [169]. Radionuclide ima-
ging is the most advanced molecular imaging method
available in the clinic at present, with high sensitivity
(10"-10" mol L™, but has poor display of morphological
and anatomical information and low spatial resolution [170].

There is a difference between PET and SPECT in the
types of radionuclides used. The radionuclides (*'C, *°F,
%8Ga, or ®*Cu) used in positron emission PET decay need
to be annihilated by electrons first, and then released by
gamma rays detected by the gamma camera. The radio-
nuclides used in SPECT (**™Tc, *I, or "'In) decay by single
photon emission, which can be directly detected by the
gamma camera. Generally, PET is more sensitive than
SPECT, but the radioisotopes needed for PET imaging are
expensive. Compared with MRI, CT, or US, radionuclide
imaging has high sensitivity, but poor specificity, and it is
also radioactive in the body [171]. Therefore, it is an urgent
problem to reduce the dose of radiopharmaceuticals and
improve the targeting of tumor tissues. The aptamer has
the advantages of high targeting, good tissue penetration,
and rapid pharmacokinetics, and has great clinical appli-
cation potential in radionuclide molecular imaging.

Hicke et al. used aptamer (TTA 1) targeted imaging
agent for tumor imaging for the first time in SPECT mole-
cular imaging [172], and then other aptamers were used in
SPECT tumor imaging one after another. These have been
described in detail in the review published by Bouvier-
Miiller and Ducongé [149]. In this part, we mainly describe
the latest research in recent years. For example, Jiao and
colleagues designed an imaging probe based on aptamer
which was labeled with *™Tc for the specific diagnosis of
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Figure 7: (a) Schematic illustration of the fabrication process of the Fe30,@mSiO,/PDDA/BSA-Gd,03-AS1411 nanoprobes. (b) T1-weighted MRI and T1-
map images (b(a)) as well as T2-weighted MRI and T2-map images (b(b)) of 786-O renal carcinoma cells treated with different concentrations of the
Fe30,@mSiO,/PDDA/BSA-Gd,03 and Fe30,@mSiO,/PDDA/BSA-Gd,03-AS1411. (c) T1-weighted in vivo MRI of mice post-injection of the Fe30,@mSiO,/
PDDA/BSA-Gd,0; at different time points. (d) Schematic diagram of the construction of 8Cu-labeled lipid nanocapsules. (e) In vivo PET/CT fusion

imaging. Mice bearing orthotopic A549 lung tumor was intravenously injected with ®*Cu@LClI-ctrl or ®*Cu@LCI-Apt. Images were acquired at 4 h post-
injection. Figure 7a-c were reproduced with permission from ref. [47], Copyright 2018, DMP. (d) and (e) were reproduced with permission from ref.

[77], Copyright 2022, Elsevier.

prostate cancer. They obtained a chimera by covalently
linking aptamer A10-3.2 and gene therapy drug MDM2
siRNA, and a bifunctional chelating agent SHNH coupled
99mTe with the chimera, thus obtaining a novel molecular
probe that can be used for diagnostics and therapeutics at
the same time [55]. The study showed that the molecular
probe has high labeling efficiency (61.47%), radiochemical
purity (>95%), and stability. SPECT showed that the ima-
ging agent had specific distribution in mice bearing 22Rv1l
xenograft tumor, and compared with the PBS group, the
tumor growth of the experimental group was inhibited (P <
0.01, n = 4).

Nanomaterials have the advantage of small size, which
can increase the concentration of CAs in tumors by EPR
effects, and improve biomedical imaging. For example,
Najdian et al. prepared gadolinium copper nanoclusters
coated with amino-modified silica and combined it with

AS1411 aptamer to obtain the compound Apt-ASGCuNCs,
which was radiolabeled with %™Tc [77]. Meanwhile, it
can be used for SPECT, MRI, and FI in 4T1 tumor-bearing
BALB/c mice, showing considerable tumor targeting, which
makes up not only for the shortcoming of high sensitivity
but also for the low spatial resolution of SPECT. Further-
more, Cai et al also synthesized a self-assembled lipid
nanocapsule [63]. The lipid nanocapsules were formed by
self-assembly of the conjugate of chloride ion e6 (Ce6) and
lysophosphatidylcholine (LPPC) in water. Then 5*Cu was
embedded into the center of the tetrapyrrole ring of Ce6.
Finally, the aptamer GLT21.T (targeting lung cancer) was
coupled with the surface of the lipid nanocapsule, and
iodixanol was loaded into the cavity of the lipid nanocap-
sule to prepare the imaging agent **Cu@LCI-Apt with good
radiolabeling efficiency, stability, and targeting (Figure 7d).
In PET/CT in vivo imaging of early lung cancer mouse
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model, **Cu@LCI-Apt can make it possible to detect tiny
lung cancer (500um in diameter) (Figure 7e). **Cu@ LCI-
APT has an important clinical application value in early,
sensitive, and accurate diagnosis of tumors by dual-mode
PET/CT imaging.

EpCAM is a biomarker that is overexpressed in most
tumors and metastatic lesions. To accurately stage the
tumor and evaluate the curative effect, it is necessary to
detect the expression of EpCAM by noninvasive in vivo
imaging. Li et al prepared an aptamer radiotracer tar-
geting EpCAM by chelating isotope %*Cu and modified
aptamer DOTA-PEGylated NPs and carried out tumor-spe-
cific PET imaging [54]. In vitro, cell uptake experiments
showed that the aptamer radiotracer specifically binds to
breast cancer cells expressing EpCAM. PET/CT imaging of
MDA-MB-231 breast cancer cells (EpCAM-positive) xeno-
graft mice showed that the aptamer radiotracer appeared
quickly at the breast cancer site 2h after administration,
and reached the peak at 24 h, but there was no obvious
tumor imaging in lymphoma 937 tumor (EpCAM-negative)
mice. Aptamer-targeted radionuclide imaging can focus
specifically on tumor tissues, which improves the specifi-
city of radionuclide molecular imaging and has potential
clinical application value.

3.5 US

US imaging is a noninvasive imaging method, which has
the characteristics of non-radiation, high safety, and low
inspection cost. It has become the most widely used ima-
ging method worldwide [173]. The principle of the US is
that the ultrasonic pulse generated from the probe will
be reflected through the tissue interface due to the differ-
ence in density, and the time spent by the reflected ultra-
sonic wave returning to the probe can be used to recon-
struct an image containing anatomical information about
the detected tissue or functional information about blood
movement. However, due to the limitation of probe depth,
it is sometimes difficult for the US to detect some tissues and
organ diseases in the body. In addition, due to the similar
physical characteristics of soft tissues in the body, it is some-
times difficult for users to distinguish between the target
tissues and the surrounding tissues [174]. At present, the
accuracy of the US in predicting the pathological diagnosis
and prognosis of certain diseases is still controversial.

In order to increase the difference between the target
tissue and the surrounding tissue, more and more ultra-
sound CAs are used in the clinic. US CAs can provide infor-
mation about blood flow in blood vessels or organs and are
often used for tumor identification and classification. US
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CAs are bubbles with micron or nanometer sizes, usually
containing inert gas with a relatively high molecular weight.
These bubbles are usually surrounded by a thin layer of
lipid, albumin, or other nanomaterials [175]. Because their
solubility in water is low, and their size and density are
lower than those of blood, a large number of scattered
sound waves are generated. In addition, compared with
the relatively uniform echo of the surrounding tissues, the
deformed bubbles will also produce a broadband acoustic
response [176]. The US CAs based on AFNs can accumulate
in the target site through aptamers targeting, which can
provide more comprehensive diagnostic information for
diseases.

There are three kinds of aptamers used for US imaging
of tumors in Table 1. Zhu et al. detected the specificity of
CAIX aptamer at the cell level by immunofluorescence and
flow cytometry and prepared targeted nanobubbles loaded
with CAIX aptamer by maleimide-thiol coupling reaction
[60]. The results of immunofluorescence showed that tar-
geting nanobubbles could still be loaded with CAIX aptamer
after penetrating tumor blood vessels, and specifically bind
to CAIX-positive 786-O and Hela cells, but not to CAIX-nega-
tive BxPC-3 cells. In vivo, the result showed that the peak
intensity of targeted nanobubbles was significantly higher
than that of non-targeted nanobubbles and the area under
the curve was significantly larger than that of non-targeted
nanobubbles. However, in BxPC-3 xenograft tumor tissue,
there was no significant difference between the imaging
effects of targeted nanobubbles and non-targeted nanobub-
bles. The experiment has proved that targeted nanobubbles
carrying CAIX aptamer have the advantages of small size,
uniform distribution, regular shape, high safety, and so on.
Based on targeting nanobubbles, Fang et al constructed
targeted lipid nanobubbles functionalized with aptamer
AS1411, which can target abnormally high-expressed nuclear
proteins (NCL) in tumor tissues and new blood vessels [61].
The physical and chemical characteristics of AS1411-NBs and
NBs were compared in vivo and in vitro, and the imaging
ability of AS1411-NBs was enhanced due to AS1411 aptamer.
Compared with NBs in vivo, AS1411-NBs can target NCL
in tumor tissues and new blood vessels at the same time,
which effectively prolongs the imaging time of the contrast-
enhanced ultrasound. There were significant differences in
the area under the time-intensity curve between AS1411-NBs
and NBs (P < 0.001), and the drug loading capacity of AS1411-
NBs was also significantly higher than that of NBs (P < 0.0 5).
They have proved that the targeted lipid nanobubbles func-
tionalized with aptamer AS1411 can significantly prolong the
US time and realize the dual-targeted ultrasound molecular
imaging of tumor tissues and new blood vessels. Compared
with NBs, AS1411-NBs have higher drug loading capacity and
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targeted drug delivery capacity, which can provide a new
method and approach for early and accurate diagnosis of
TNBC (Figure 8). In the subsequent experiments, Fang et al
loaded drugs based on AS1411-NBs, which can simulta-
neously realize the early and accurate diagnosis and treat-
ment of TNBC [62]. These studies show that ultrasonic mole-
cular imaging can not only diagnose but also treat at the same
time, which provides ideas for the development of ultrasonic
CAs and ultrasonic therapeutic drugs in the future.

3.6 PAI

PAI is a noninvasive hybrid imaging method with rich
optical contrast and high penetration depth [177]. PAI
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uses molecules to absorb light energy and convert it into
heat energy, resulting in a temperature rise. The expansion
of thermoplastic caused by temperature rise will generate
sound waves, which can then be detected and imaged by
ultrasonic sensors [178,179]. PAI makes up for the short-
coming that pure optical imaging methods cannot obtain
high-resolution imaging in deep biological tissues, and
makes PAI a promising new biomedical imaging method
[180]. PAI is safe, economical, and easy to implement com-
pared to other medical imaging technologies. It can pro-
vide information such as anatomy, function, molecule,
metabolism, biomarkers, oxygen metabolism, and gene
expression. It is a multi-scale imaging method (imaging
from cells to whole organs) [181]. PAI imaging agents are
divided into endogenous imaging agents and exogenous
imaging agents. The endogenous imaging agents
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Figure 8: (a) Schematic illustration of the construction of aptamer AS1411-functionalized targeted lipid nanobubbles (AS1411-NBs) with nucleolin as
the target and the contrast-enhanced ultrasound molecular imaging. (b) Contrast-enhanced US of different nanobubbles in two types of nude mouse
xenograft tumor models. (c) Contrast-enhanced US time-intensity curves of an MDA-MB-231 xenograft tumor model and (d) an MDA-MB-468
xenograft tumor model. Comparison of (e) peak intensity, (f) time to peak intensity, and (g) area under the time-intensity curve of MDA-MB-231 and
MDA-MB-468 xenograft tumor models. Reproduced with permission from ref. [61], Copyright 2020, Springer Nature.
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(hemoglobin, lipid, melanin, etc.) have strong light absorp-
tion ability and photoacoustic contrast. Exogenous ima-
ging agents (metal NPs, carbon-based nanomaterials, QDs,
organic small molecules, macromolecular polymers, etc.)
can be combined with aptamers with active targeting
ability, which not only help to improve imaging contrast
but also makes it possible to image target molecules.

PAI combines the advantages of both optics and acous-
tics. In addition, the combination of targeted aptamers and
imaging agents for PAI has further improved the imaging
accuracy and targeting of PAI and has become a hotspot in
biomedical research. Zhang et al. designed and synthesized
the first activatable PA probe based on DNA aptamers,
which can be hybridized to DNA strands conjugated to
anear fluorescent/quencher pair (Irde800CW/IrdeYQC-1)
with efficient contact quenching [182] (Figure 9a). The
binding of target prothrombin with a quencher initiates
the release of DNA strands, thus reducing contact quenching,
resulting in the change in PA signal ratio at 780/725 nm
(Figure 9b). In vivo PA imaging of living mice showed that
after 45min of thrombin injection, the PA ratio increased
significantly, but there was no change in the control group
injected with PBS only, which indicated that the first aptamer-
based activatable PA probe could be used for advanced mole-
cular imaging of mice (Figure 9c¢). This makes it possible for in
vivo PAI of tumors. For example, Kim et al designed a gold
nanosphere CA based on DNA aptamer (the target is Matrix
metalloproteinase-9), which can selectively target MMP-9 in
the TME and aggregate in tumor cells [56]. Due to the plasma
coupling effect, the aggregation of gold nanosphere enhanced
the optical absorption of the first near-infrared window (NIR-
D), and the aggregation of gold nanospheres at the tumor site
can be detected by ultrasound-guided PAIL This experiment
has proved the targeting selectivity of gold nanosphere based
on aptamer to human MMP-9 and the sensitivity of PAI diag-
nosis. Furthermore, Dai et al synthesized a compound that
can be used for both PAI and therapy of tumors. They inte-
grated semiconductor polymers, azo compounds, and heat
shock protein inhibitors into thermosensitive liposomes,
then modified them with targeting aptamers, and finally
formed the compound Lip (PTQ/GA/AIPH) [75]. Under the
irradiation of second near-infrared (NIR-II) laser, NIR-II
fluorescence/photoacoustic dual-mode imaging guided Lip
(PTQ/GA/AIPH) to treat breast cancer, which can accurately
diagnose and effectively inhibit deep TNBC (Figure 9d and
e), breaking through the bottleneck of insufficient single
treatment effect. In this experiment, a nano-drug based on
aptamers was developed, which can be combined with other
emerging diagnosis and therapy modes for specific diag-
nosis and combined therapy of tumors, providing a new
strategy for future clinical experimental research.
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3.7 Multimodal imaging

Each imaging technology has its characteristics, such as the
sensitivity and convenience of optical imaging, poor tissue
penetration, good soft tissue resolution and poor sensi-
tivity of MRI, and high sensitivity of PET and SPECT, but
low spatial resolution. To overcome the deficiency of a
single imaging mode, multimodal molecular imaging tech-
nology combined with various imaging technologies has
become an important trend in tumor molecular imaging
[149,183]. Multimodal molecular imaging is to introduce
molecular probes with multiple imaging functions into
the body at the same time, and then obtain various infor-
mation of the lesion site through the detection of various
imaging technologies [149,184]. Combining the advantages
of different imaging technologies, it can display the com-
plex biochemical processes in vivo in a noninvasive, real-
time, precise, and specific way, and provide more compre-
hensive and accurate information [185]. At present, small
molecule probes based on aptamers are very challenging
in multimode imaging due to their limited coupling sites
and potential interference with each other. NPs have a
large surface area, which can be combined with various
functional components for multi-modal molecular imaging.
As excellent carriers of aptamers functionalized probes, NPs
are widely used in multimodal imaging.

In recent years, multi-modality imaging of tumors
based on aptamers is not only limited to simple imaging
observation but also a variety of multimodality and multi-
functional imaging methods that integrate diagnostics and
therapeutics have developed rapidly. Sivakumar and col-
leagues encapsulated curcumin and SPIONs in PLGA nano-
capsule and designed multifunctional polymer NPs with
specific targeting ability to tumor cells (PANC-1 and MIA
PaCa-2) through aptamers coupling [78]. These aptamer con-
jugated nanocomposites are multimodal materials, which
can be used as CAs for MR, PA, and optical imaging, as
well as double hyperthermia agents (photothermal ablation
agent under the irradiation of NIR laser and a magnetoca-
loric therapy agent in the presence of an alternating mag-
netic field). They have the potential for multimodal imaging
and targeted therapy. Bionanomaterials with a NIR-II window
response can greatly improve photothermal effect and PAI
performance and have high biomedical application value.
Generally speaking, only when the length of GNR is greater
than 120 nm, the optical response to the NIR-II window can
be generated. Chang et al. adjusted the length-diameter ratio
of GNR and used GNR with a length less than 80 nm as NIR-II
photothermal nanorods, thus realizing the light response span
from NIR-I to NIR-II. Then, using CTA as the carrier to load
GNR and DOX; a novel stimulation-responsive multifunctional
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Figure 9: (a) Proposed mechanism for ratiometric PAI based on functional DNA probes. (b) Scheme of ratiometric PAI of thrombin using a structure-
switching aptamer and a sandwich-type DNA complex. (c) PA imaging of activated PA probe based on DNA aptamer in mice. (d) Synthesis of NIR-II
excitation Lip (PTQ/GA/AIPH) NPs and their application for FI/PAI guided combination therapy. (e) In vivo NIR-II FI and PAI of tumors in mice.

(a-c) were reproduced with permission from ref. [182], Copyright 2017, American Chemical Society. Figure 9d and e were reproduced with permission

from ref. [75], Copyright 2021, Wiley-VCH.

nanosystem for diagnosis and treatment was constructed [76].
In this nanocomposite, GNR@CTA has the characteristics of
thermal imaging and PAI and DOX is combined with the G-C
base pair of CTA. Because the G-C base pair is unstable in the
microenvironment of slightly acidic tumors, CTA showed pH-

controlled release. Under the irradiation of a 1,064 nm laser,
the characteristics of strong light and promoting the release of
goods endowed GNR@CTA NP with excellent synergistic antic-
ancer effects. In this work, an “integrated” nanocarrier with
stimulation response was obtained, and the integration of
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photothermal, chemotherapy, and imaging of tumor cells was
achieved. It is expected to be used for bimodal imaging diag-
nosis and chemo photothermal synergistic therapy. It further
expanded the application of GNPs in the NIR-II window and
provided a new strategy for the design of nano-drug delivery
systems based on DNA aptamer.

To intuitively obtain all-round structural and func-
tional information of lung cancer while carrying out syner-
gistic PTT and tumor-targeted immunotherapy, Xu et al
constructed a lipid-aptamer nanoplatform (UCILA) loaded
with up-conversion NPs (UCNPs) and IR-1048 dye [80].
Researchers found that IR-1048 dye grafted into a lipid
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bilayer can be used as an imaging agent for PAI, optical
coherence tomography, and photothermal imaging of NIR-
IT window, and as a therapeutic agent for PTT (Figure 10).
UCNPs were loaded in UCILA, which has excellent lumines-
cent properties and a high X-ray attenuation coefficient. It
can be used as a CA for CT and Thermosensitive Upper-
Conversion Luminescence (UCL) imaging. The metabolic
activity and temperature of the tumor can be tracked in
real-time, and then the PTT effect can be fed back. In addi-
tion, with the assistance of five-modality imaging and the
accurate monitoring of in situ temperature changes during
PTT, UCILA showed its excellent ability in lung tumor
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Figure 10: (a) Schematic illustration of NIR-II penta-modal imaging guided tumor-targeting precise PTT and CAR-NK immunotherapy based on
temperature feedback UCILA nanoplatform. (b) In vivo PA imaging of tumor vessels. (c) In vivo CT images of A549 tumor-bearing mice. (d) In vitro PAI
tested by phantom assay with various concentrations of IR-1048 in UCILA. (e) £x vivo OCT signal vs concentration. (f) CT imaging ability test of UCILA.
(g) Confocal images of A549 cells after incubation with UCILA. (h) In vivo photothermal images. (i) temperature profiles of tumors after injection of
UCILA and PBS upon 1,064 nm laser irradiation. (j) In vivo UCL images of tumor-bearing mice before and after injection of UCILA upon 980 nm laser
excitation before and after PTT. (k) In vivo temperature measured by PTI and UCL spectra after PTT treatment. (I) In vivo OCT angiography in the tumor
at different time points in the form of an averaging window of three consecutive B-scans along Y-direction for noise reduction, 2D, 3D, and relative 3D
scale bars, respectively. Reproduced with permission from ref. [80], Copyright 2021, Wiley-VCH.
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ablation with few side effects. Meanwhile, after PTT, the
remaining tumor cells can also be treated with CAR-NK
immunotherapy. Therefore, the UCILA nano-platform has
been proved to be a multifunctional therapeutic agent
which can be used for five-modality imaging and tempera-
ture feedback PTT and targeted immunotherapy for lung
cancer. During the whole process of cancer treatment, the
synergistic combination of five different imaging methods
used clinically or preclinically provides all-around intuitive
feedback from organisms. UCILA is an amazing example of
“one for all.” It combines the unique characteristics of various
imaging methods, and it is of great significance to measure
the treatment response more accurately, achieving the ideal
treatment effect, and improving the prognosis of patients.
Each imaging method has its advantages and disad-
vantages. Although PET and SPECT imaging have high sen-
sitivity, their spatial resolution is low and their cost is high.
Compared with PET and SPECT imaging, MRI has the
advantages of high spatial resolution, good soft tissue con-
trast, and no radiation, but its sensitivity is low and its
acquisition time is long. Compared with other imaging
techniques, the US has the advantages of no radiation,
low examination cost, and short acquisition time, but it is
difficult to detect deep tissue lesions. Although optical ima-
ging has the advantages of high sensitivity, no radiation,
and low cost, it is also limited by the depth of tissue and
observation conditions, which makes its clinical applica-
tion limited. Multimodal nano-molecular imaging can inte-
grate the advantages of these imaging methods and make
up for the corresponding deficiencies. When designing the
study of molecular imaging, we should consider the advan-
tages and limitations of each method at present. As a part
of personalized medicine, molecular imaging of tumors
still has many new opportunities. The related AFNs in
molecular imaging research are developing in the direction
of nano-multifunction, high specificity, and biocompatibility,
and are not easy to be metabolized and degraded. Turning
animal experiments and preclinical experiments into clinical
applications is the next focus of molecular imaging. In the
future, early screening with molecular imaging will be greatly
beneficial to the treatment and prognosis of tumor patients.

4 Conclusion

In the recent 20 years, the unique recognition characteris-
tics of aptamers have been widely used in analytical
chemistry, biomedicine, and materials science. At present,
compared with chemically synthesized antibodies used in
cancer detection, aptamers have the characteristics of high
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target specificity, binding affinity, stability, negligible immu-
nogenicity, and easy modification, and have become the focus
of cancer imaging, diagnosis, and treatment research. Due to
the specific targeting characteristics of aptamers and the
unique optical, electronic, or catalytic properties of nanoma-
terials, AFNs have been widely studied in the field of tumor
molecular imaging, which has promoted the development of
nanotechnology in the field of biomedicine.

AFNs have made great progress in biomedical applica-
tions, but most of the research on molecular imaging often
stays at the level of cells and animals. There are still some
obstacles in the clinical application of AFNs. One of the
most important problems is the limited choice of aptamers
used in clinics, which are easy to degrade in in vivo envir-
onments. At the same time, most aptamers are produced by
screening in vitro, so the risk of losing affinity in vivo is
high. Therefore, an appropriate and innovative SELEX
strategy is urgently needed. Second, little is known about
the pharmacokinetics, pharmacodynamics, and off-target
effect of AFNs in vivo. Compared with traditional nano-
drugs based on materials, AFNs may acquire new charac-
teristics in size, structure, and surface charge, which may
affect the behaviors of cell uptake, biological distribution,
metabolism, and excretion in vivo. However, so far, only a
few studies have evaluated these therapeutic systems in
vivo, and different results have been found in different
experimental models of the same nanocarriers [186]. There-
fore, a reliable and standardized animal model should be
established in order to systematically and universally eval-
uate the candidate treatment schemes for aptamer attach-
ment in vivo. Finally, the modification and reconstruction of
the aptamer surface should be considered to further enhance
the binding ability and biological stability of aptamer-modi-
fied nanomaterials and to avoid the risk of exogenous nucleic
acid aptamer genome insertion. To ensure the biological
safety of clinical trials, it is necessary to systematically eval-
uate the toxicity of candidate aptamer integration.

Despite these challenges, many of them are being
solved. For example, nanomaterials with longer fluores-
cence excitation wavelengths are expected to overcome
the limitation of penetration depth and provide more pos-
sibilities for tumor imaging in vivo. For aptamers that are
easily degraded by nucleases, researchers have developed
a variety of chemical modification and recycling methods
to improve their serum stability, some of which can sig-
nificantly stabilize aptamers for long-term in vivo research
[187]. Progress has also been seen in identifying robust apta-
mers with in vivo evolution strategies. Cheng et al. success-
fully selected the RNA aptamer directly from mice, which
greatly reduced the risk of functional change or loss when
used in vivo [188].
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The future development direction is to develop new
nanomaterials based on aptamers to provide personalized
diagnosis and care for each patient, so as to bring safer and
more successful prognosis and well-being to cancer patients.
Nanomaterials used for imaging and diagnosis must be opti-
mized, and clinical efficiency and safety must be ensured
before clinical application. AFNs have great potential as a
tool for cancer diagnosis and imaging, but further efforts
are needed to transform AFNs into clinical imaging and
diagnosis.
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