
Aptamers as a New Frontier in Molecular Cancer Imaging
Technologies
Yingying Li,# Tong Shao,# Jingyu Kuang, Heqing Yi, Lvyun Zhu,* and Xue-Qiang Wang*

Cite This: Chem. Biomed. Imaging 2025, 3, 267−279 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Molecular imaging has emerged as a transformative
tool in cancer diagnosis, enabling the visualization of biological
processes at the cellular and molecular levels. Aptamers, single-
stranded oligonucleotides with high affinity and specificity for
target molecules, have gained significant attention as versatile
probes for molecular imaging due to their unique properties,
including small size, ease of modification, low immunogenicity, and
rapid tissue penetration. This review explores the integration of
aptamers with various imaging agents to enhance cancer diagnosis
and therapy. Aptamer-based imaging probes offer high sensitivity
and real-time visualization of tumor markers. Aptamer-based
fluorescence probes and aptamer-conjugated magnetic resonance
imaging (MRI) probes, including gadolinium-based contrast agents, improve tumor targeting and imaging resolution. Additionally,
aptamers have been utilized in single-photon emission computed tomography (SPECT) and positron emission tomography (PET)
imaging to enhance the specificity of radiotracers for cancer detection. Furthermore, aptamer-targeted ultrasound and computed
tomography (CT) imaging demonstrate the potential for noninvasive and precise tumor localization. By leveraging the unique
advantages of aptamers, these imaging strategies not only improve diagnostic accuracy but also pave the way for image-guided cancer
therapies. This review highlights the significant role of aptamers in advancing molecular imaging and their potential to revolutionize
cancer diagnosis and treatment.
KEYWORDS: aptamer, Cell-SELEX, specific recognition, precision imaging, targeted therapy, targeted MRI imaging, SPECT imaging,
PET imaging, ultrasound imaging, computed tomography imaging

1. INTRODUCTION
In recent decades, the field of cancer diagnosis has evolved
from solely observing morphological changes to visible live
imaging techniques. Various imaging technologies, such as
optical imaging, magnetic resonance imaging (MRI), ultra-
sound imaging (US), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT),
computed tomography (CT) imaging have emerged to
monitor and capture subtle changes at the molecular level
within biological processes. These technologies aim to unravel
complex biological phenomena and provide insights into
cancer-related phenomena.1

As depicted in Figure 1, aptamers have played a crucial role
in molecular cancer imaging by being labeled with different
tags or functionalized with biocompatible materials. These
modifications have facilitated their widespread application in
various imaging modalities. For instance, aptamers labeled with
fluorophores enable fluorescence imaging, while those
conjugated with paramagnetic molecules enhance MRI
imaging. Similarly, the use of 99mTc-labeled aptamers enables
PET imaging, and aptamer-modified gold nanoparticles serve

as contrast agents for computed tomography (CT) imaging.
These advancements have paved the way for noninvasive
molecular imaging of biomarkers, enabling early cancer
diagnosis and precise therapeutic interventions.2

The discovery and the rapid selection of aptamer greatly
accelerate the development of aptamer-based targeted imaging.
Thence, this review briefly describes the discovery and
development history of aptamers, and then focuses on the
recent developments in aptamer-based technologies for
targeted cancer imaging. It presents how aptamers, through
their versatile labeling and functionalization strategies, offer
immense potential for the field of cancer imaging, to enhance
our understanding of the disease.
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2. APTAMER AND CELL-SELEX TECHNOLOGY

Discovery of Aptamers
The discovery of aptamers could date back to the early 1980s,
when researchers studied human immunodeficiency virus type
1 (HIV-1) and adenovirus. They found that the activation of
HIV-1 gene expression relies on the interaction between the
viral Tat protein and a specific RNA sequence known as TAR
(Trans-activation Response element), which is situated at the
5′ end of all viral mRNAs.3 Subsequently in 1990, the
groundbreaking work by Eli Gilboa’s group demonstrated that
TAR aptamer could bind and inhibit the activity of Tat, thus
establishing TAR as a potential therapeutic agent (Figure 2).4

Around the same time, the laboratories of Gold and Szostak
independently developed experimental evolution methods for
selecting functional nucleic acid molecules that could
specifically bind to their target molecules, which was called
SELEX (Systematic Evolution of Ligands by Exponential
Enrichment). Using SELEX, they identified an RNA sequence
from a pool containing 65,536 species. This specific RNA
sequence exhibited a high affinity for binding to T4 DNA
polymerase, thereby inhibiting its replicative function.5 The lab
led by Szostak coined the term “aptamer” (derived from the
Latin word “aptus”, meaning fit, and the Greek word “meros”,
meaning region) for these functional nucleic acid−based
sequences. They developed an in vitro selection method that
enabled the evolution and isolation of RNA sequences capable
of binding to various organic dyes from an initial pool
containing 1010 random RNA sequences.6 Since these
pioneering discoveries, aptamer research has rapidly ad-
vanced.7

SELEX Technology

Over time, several SELEX-centered strategies have been
devised to generate aptamers that specifically bind to a wide
range of targets, including metal ions, small molecules,
peptides, proteins, living cells, and tissues.8 While conventional
SELEX methods, such as Capillary Electrophoresis-SELEX and
Magnetic Bead-Based SELEX, rely on knowledge of the target
molecules, they may encounter difficulties when the purified
protein does not adopt a stable conformation or when the
native protein exists as a complex.9 In light of these challenges,
the whole cell-based SELEX method, known as Cell-SELEX,
has been developed to overcome the limitations of traditional
technologies.10,11

Cell-SELEX employs living cells as targets, allowing for
aptamer screening without prior knowledge of the exact targets
present in the utilized cell lines. This approach proves
particularly advantageous in biomarker discovery. Further-
more, Cell-SELEX capitalizes on the differences in biomarker
expression levels between two populations of cells, thereby
reducing the need for tedious experimental procedures
associated with target identification and selection.
Cell-SELEX Technology

The Cell-SELEX technology is a highly effective method for
selecting aptamers with high affinity and specificity toward
target cell lines.12 The process begins by generating a pool of
nucleic acids, which contains up to 1016 DNA sequences. This
large pool ensures a high diversity, enabling the formation of
distinct secondary and tertiary structures that can interact with
the membrane proteins of the target cells. As shown in Figure
3, the Cell-SELEX process consists of several key operations,
including positive selection, counter selection, and the
polymerase chain reaction (PCR) process. First, the target
cells are incubated with a library of single-stranded DNA
(ssDNA). The unbound sequences are then removed, and the
bound sequences are then eluted and collected. These bound
sequences are subsequently incubated with a negative control
cell line to eliminate any nonspecifically binding sequences.
The remaining sequences, which specifically bind to the target
cells, are collected and amplified exponentially using PCR. This
amplification step generates an evolved DNA pool that can be
used for the next round of selection. Due to the occurrence of
nonspecific binding events during the selection process,
multiple rounds of selection are performed until a stable
binding profile is achieved. Flow cytometry is commonly

Figure 1. Aptamer-based imaging probes. (A) Fluorophores labeled aptamer for fluorescence imaging. (B) Paramagnetic molecules labeled aptamer
for MRI imaging. (C) Radiolabeled aptamer for SPECT imaging and PET imaging. (D) Acoustically active particles labeled aptamer for ultrasound
(US) imaging. (E) Aptamer modified contract agents for computed tomography (CT) imaging.

Figure 2. Schematic illustration of the TAR aptamer that serves as a
therapeutic agent by preventing the Tat protein from binding the
endogenous TAR RNA.
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employed to assess binding profiles. Once the enriched
sequences demonstrate sufficient affinity and specificity toward
the target cell lines, the DNA pool is cloned and sequenced to
identify candidate aptamers. Additionally, predicting the
secondary structure of these candidates provides insights into
their interaction with proteins. Based on comprehensive

evaluations using flow cytometry or confocal imaging, one
aptamer sequence is typically selected for further optimization
and application studies.

In recent years, advancements in Cell-SELEX have led to the
development of 3D Cell-SELEX, cancer tissue-based SELEX,
and in vivo SELEX. These variations have facilitated the
application of aptamers in more complex biological systems,
allowing for their use in a wide range of research areas.13,14

Many important disease-related cells and cell surface proteins
are present at low abundance, posing challenges for aptamer
selection. Traditional screening and PCR amplification
methods often yield aptamers targeting highly abundant
proteins, while those targeting low-abundance proteins are
overlooked. To address this issue, the Tan group introduced a
digital DNA sequencing strategy known as DiDS selection in
2024.15 By integrating advanced techniques such as ultra-
sensitive DNA barcoding, UMI (Unique Molecular Identifier)
labeling, and high-throughput digital DNA sequencing, DiDS
selection enables aptamer identification through a single-
round, single-cell selection process. This innovative method
not only simplifies the selection process but also ensures
comprehensive aptamer characterization, paving the way for
improved applications in areas such as targeted therapeutics
and diagnostics. Using the DiDS selection strategy, the Tan
group successfully identified high-quality RNA aptamers

Figure 3. Schematic illustration of the general process of Cell-SELEX
for aptamer generation.

Figure 4. (A) Target-triggered conformation-switchable aptamer beacon. Reproduced with permission from ref 21. Available under a CC-BY-NC
license. Copyright 2016 Royal Society of Chemistry. (B) Schematic representation of the novel strategy for in vivo cancer imaging using an
activatable aptamer probe (AAP) based on cell membrane protein-triggered conformation alteration. Reproduced with permission from ref 22.
Copyright 2011 National Academy of Sciences. (C) Schematic illustration of the principle of imaging protein dimerization on the cell membrane by
aptamer recognition and proximity-induced DNA assembly. Reproduced with permission from ref 23. Copyright 2018 American Chemical Society.
(D) System design and operational mechanism of dual-aptamer-based AND logic device for cell identification and isolation. Reproduced with
permission from ref 25. Copyright 2019 American Chemical Society.
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targeting the human colon cancer cell line HCT-8 in just two
rounds of selection. Furthermore, they demonstrated the
method’s versatility by isolating six RNA aptamers for the
mouse myoblast cell line C2C12 in only one round of
selection.16 This groundbreaking approach facilitates rapid
RNA aptamer screening across diverse cell lines, significantly
enhancing the potential for RNA aptamer discovery in
biomedical research, clinical applications, and precision
medicine.

Despite the above success, most aptamers target cell
membrane proteins, with few focusing on transcription factor
(TF)-DNA interactions. To address this gap, in 2024, Tan
group introduced Blocker-SELEX, a structure-guided rational
design strategy aimed at developing inhibitory aptamers
(iAptamers) that disrupt TF protein−protein interactions.17

This method involves screening a single-stranded DNA
(ssDNA) library against TF complex structures, leading to
the identification of aptamers that block specific TF
interactions, such as those between SCAF4/SCAF8 and
RNAP2 proteins. These iAptamers, when tested in tumor
cells, showed the ability to alter cell transcript profiles, disrupt
RNA splicing, reduce cell proliferation, and increase apoptosis.
The strategy was also successfully applied to develop
iAptamers targeting the MYC oncogenic protein. With
ongoing improvements in nucleic acid delivery technologies,
these aptamers could become crucial tools in both basic
research and clinical settings.

3. APTAMER-BASED FLUORESCENCE IMAGING
Aptamer beacons are commonly formulated by directly
modifying them with fluorophores that emit signals in different
wavelengths or attaching to nanoparticle-based optical
probes.18 In 2005, the Bryan M. Clary group incorporated
cyanine dye 5 (Cy5) into an RNA aptamer to specifically
image the endogenous integrin αvβ3.19 Although Cy5-
conjugated aptamers provide stable fluorescence signals,
these “always-on” probes suffered from high background
noise and limited contrast in live imaging. To address these
challenges, the concept of molecular aptamer beacons was
developed for more accurate imaging.20

The Tan group designed an activatable aptamer probe
(AAP) for detecting protein tyrosine kinase 7 (PTK7), an
overexpressed membrane protein in living CCRF-CEM cells.21

The AAP comprised a fluorescent donor (fluorophore FAM)
and an acceptor reporter (black hole quencher 1, BHQ1) at its
termini. Upon binding to PTK7 on the target cancer cell
membrane, the conformation of the AAP switched, activating
the fluorescence signal and resulting in significantly higher
fluorescence intensity (Figure 4A, 4B).22 The signal-to-
background ratio of the aptamer beacon was approximately
2.5 times higher than that of the always-on probe in CCRF-
CEM cells. The AAP also exhibited substantially improved
contrast compared to the always-on probe in CCRF-CEM
tumor-bearing mice. Compared to the specific tagging of
cancer cells, imaging the dynamic movement of proteins on the
cell membrane poses greater challenges

To overcome this, aptamer-based nanodevices have been
designed to perform logical operations on fluorescence signals
based on the DNA strand replacement reaction of aptamers.
For example, Tan and colleagues utilized a 40-mer DNA
aptamer that binds to the mesenchymal epithelial transition
(Met) receptor as a recognition probe to monitor the
dimerization of target Met receptor monomers (Figure

4C).23 The dimerization of receptor proteins brings two
aptamer probes close to each other, triggering a dynamic DNA
self-assembly process that results in the formation of a DNA
duplex. This process leads to the fluorescence recovery of Cy5.
This intelligent design enables real-time imaging of the two
distinct states (monomer or dimer) of a receptor protein on
the living cell membrane, providing a novel strategy for
investigating dynamic protein movement and interactions.

Furthermore, significant efforts have been dedicated to
developing imaging technologies for detecting intercellular
interactions via aptamer beacon. In 2016, Nan Zhang and
colleagues reported the selection of the M17A2 aptamer using
Cell-SELEX technology.24 Once this aptamer specifically binds
to the intercellular connections associated with cell−cell
crosstalk, the fluorescence signal would appear. The M17A2
aptamer differs from previously reported aptamers, highlighting
its potential as a new probe for investigating intercellular
connections and cell−cell communications.

The specific imaging and isolation of subpopulations of
cancer cells from a heterogeneous cell pool are crucial for
personalized medicine and biomedical engineering. In 2019,
Xu Chang and colleagues developed a multiple-aptamer-based
DNA logic device capable of performing cancer cell isolation
and accurate imaging in a cell mixture.25 As pictured in Figure
4D, when the targeting receptors are present in the
subpopulation of cells simultaneously, the APT-S-T construct
binds to the cell membrane. Through the H1 and H2 hairpin
probes, the toehold of the APT-S-T construct is connected to
the connector, leading to the generation of fluorescence
outputs for the target cell subtypes. This process occurs in a
single step and requires fewer fluorescence channels, providing
a more efficient and streamlined approach for imaging and
isolating specific cell subtypes.

Based on the foundational research in in vitro imaging, a
study by Fangzhou et al. demonstrated the use of fluorescence-
labeled aptamers in vitro.26 Specifically, the 56-nt aptamer XQ-
2d, which specifically recognizing transferrin receptor 1 (TfR1,
also known as CD71), was labeled with fluorophores (FAM or
Cy5) and modified with PEG5000-azobenzene-NHS that
could response to hypoxia, here acting as a caging moiety of
conditional recognition. This modified aptamer was exhibited
high specificity and binding affinity in vitro, and its efficacy was
further validated in a tumor-bearing mice model, where it
successfully facilitated in vivo tumor visualization using
fluorescence imaging. This example highlights the critical
role of in vitro studies as a preliminary step in the development
of aptamer-based imaging agents intended for in vivo
applications. Following this advancement, fluorescence-labeled
nucleic acid aptamer imaging has been increasingly utilized in
vivo, particularly in the realm of aptamer-drug conjugates
(ApDCs).27,28

4. APTAMER-BASED MAGNETIC RESONANCE
IMAGING (MRI)

Since the 1970s and 1980s, magnetic resonance imaging
(MRI) has evolved into a widely used medical imaging
technique in clinical radiology. It generates detailed images of
the body by detecting the interaction of protons (1H) in tissue
water or certain atomic nuclei within the body.29,30 The
underlying principle is that different tissues exhibit varying
relaxation times when subjected to a powerful magnet and
radiofrequency energy.31 Exogenous contrast agents can be
used to further enhance the imaging process by selectively
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shortening the relaxation time of proton spins, either in the
longitudinal direction (T1 relaxation) or in the transverse
direction (T2 relaxation), under an external magnetic field.
Aptamer-conjugated paramagnetic molecules, such as super-
paramagnetic iron oxide nanoparticles (SPIONs)32 and
gadolinium-containing compounds,33−35 are commonly em-
ployed as exogenous contrast agents to enhance the MRI
signals. The utilization of aptamers in conjunction with
contrast agents in MRI provides a valuable tool for enhancing
the sensitivity and specificity of imaging, leading to improved
diagnostic capabilities.
Aptamer-Conjugated SPIONs as Contrast Agents

The effectiveness of SPION clusters in reducing the T2
relaxation time, leading to a darker T2-weighted MR image,
has been reported. The Yigit group developed a method for
detecting adenosine using adenosine aptamer-modified SPION
clusters through hybridization (Figure 5A). When these
clusters encounter increased concentrations of adenosine in
human serum (10%), the adenosine aptamer binds to
adenosine, causing the cluster to disassemble and resulting in
a higher T2 compared to the clusters alone.36 In another study,
aptamer-functionalized SPIONs were utilized to detect
thrombin via MRI.37 The formation of clusters through the
interaction of aptamers with thrombin caused a decrease in
MR image brightness (Figure 5B). The contrast change in the
T2-weighted MR image demonstrated the specificity of the
system for thrombin detection, with a concentration sensitivity
of 10 nM.

Figure 5C shows the successful application of VEGFR2-
targeting aptamer-modified carboxylated SPIONs (referred to
as Apt-MNC) in MRI. These particles exhibited a high MR
signal (saturation magnetization value of 98.8 emu g−1 Fe at
1.5 T) and demonstrated efficient detection of VEGFR2.38

Numerous other aptamer-SPION conjugates have also been
developed for target detection using MRI technology. For
instance, aptamerανβ3-conjugated SPIONs (Aptανβ3-MNPs)
were designed for the detection of integrin expressed in cancer

cells.39 SPIONs conjugated to aptamer M17 were used for
MMP14-positive cancer imaging.40 Biotin-labeled aptamer
N55 was coupled with commercially available SPIONs
(Dynabeads MyOne Streptavidin C1) to detect inflamed
endothelial cells.41 Additionally, double-stranded AP1 ap-
tamer-tagged SPIONs were employed to detect transcription
factor proteins AP-1 in live mice using MRI technology.42

Magnetic carboxymethyl cellulose nanoparticles modified with
endoglin aptamer (mEND-Fe3O4@CMCS) were developed as
an MRI nanoprobe targeting endoglin in hepatocellular
carcinoma. These nanoparticles selectively accumulated at
the tumor site and displayed enhanced contrast in tumor tissue
in mice.43

Apart from imaging specific targets using aptamer-modified
SPIONs, there have been advancements in engineering
targeting probes that enhance MRI efficacy while incorporating
model anticancer agents for targeted therapy. SPIONs
functionalized with PSMA (prostate-specific membrane
antigen) targeting aptamer and loaded with doxorubicin
(DOX) were developed as prostate cancer-specific nano-
theranostic agents. These nanotheranostics achieved tumor-
selective drug delivery effects in an LNCaP xenograft mouse
model, demonstrated by T2-weighted MRI both in vitro and in
vivo.44 Similarly, CMC-MNPs conjugated with epithelial cell
adhesion molecule (EpCAM) aptamer demonstrated in vitro
MR imaging capabilities and codelivery of DOX for cancer cell
killing.45 In a recent study, a self-assembly strategy was used to
encapsulate both docetaxel (Dtxl) and SPIONs into a triblock
copolymer modified with Wy5a aptamer. Both in vitro and in
vivo studies showed that these nanoparticles enhanced
antitumor efficacy and improved MRI contrast against
castration-resistant prostate cancer.46

Aptamer-Based Gadolinium-MRI Contrast Agents

Ga3+ is a commonly used agent for MRI contrast imaging,
often combined with multidentate ligands such as diethylene-
triaminepentaacetic acid (DTPA), 1,4,7,10-tetraazacyclodode-
cane1,4,7,10-tetraacetic acid (DOTA), and others.33−35

Figure 5. (A) Smart “turn-on” magnetic resonance contrast agents based on aptamer-functionalized SPIONs. Reproduced with permission with
permission from ref 36. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) MRI detection of thrombin with aptamer
functionalized superparamagnetic iron oxide nanoparticles. Reproduced with permission with permission from ref 37. Copyright 2008 American
Chemical Society. (C) Thrombin aptamer-15 polyT spacer-DTPA-Gd3+. Reproduced with permission from ref 38. Copyright 2013 Kim et al.,
licensee Springer. (D) T2-weighted MR images and their color map for VEGFR2-expressing mouse model with intravenous injection of Apt-MNC
or carboxylated MNC (red line: brain tumor; red arrow: contrast enhanced site).
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Conjugation of thrombin targeting aptamer-Ga3+ (with DTPA
as the ligand for Gd3+) has shown enhancements of 35 ± 4% at
9.4 T and 20 ± 1% at 1.5 T, thanks to the target binding ability
of the aptamer (Figure 5D).47 GBI-10 aptamer-modified
liposomes loaded with gadolinium (Gd) have demonstrated
noticeable enhancements in T1-weighted MR images com-
pared to commercially available Gd-DTPA.33 By conjugating
aptamers and imaging reporters (Gd3+-DTPA) onto a G5
dendrimer, a nanoprobe was developed for targeting
hepatocellular carcinoma (HCC). This nanoprobe enabled
the delineation of orthotopic HCC xenografts with diameters
as low as 4 mm, facilitating the detection of small HCC lesions
for surgical intervention.34 Another macromolecular MRI
contrast agent, AS1411-G2(DTPA-Gd)-SS-PR, was created
using α-cyclodextrin (α-CD) polyrotaxane modified with
second-generation lysine dendron structures via click chem-
istry. This agent carried high payloads of Gd chelates and
AS1411. In xenograft MCF-7 tumor-bearing mice, AS1411-
G2(DTPA-Gd)-SS-PR exhibited significant contrast enhance-
ment in the tumor region compared to the surrounding tissue
within 0.5 h after injection. The longitudinal relaxivity of
AS1411-G2(DTPA-Gd)-SS-PR was measured to be 11.7
mM−1s−1, nearly 2 times higher than that of commercially
available Gd-DTPA.35

5. APTAMER-BASED SPECT AND PET IMAGING
SPECT (Single Photon Emission Computed Tomography)
and PET (Positron Emission Tomography) are nuclear
medicine imaging techniques that provide valuable metabolic
and functional information. SPECT uses gamma-ray emissions
from radioactive tracers that are preinjected into patients, while
PET also utilizes radiopharmaceuticals to create images.
Currently, there are typically two prominent radionuclides
employed in clinical nuclear imaging: (1) SPECT, which
employs γ-emitting radionuclides, including 99mTc (t1/2: 6 h,
physical half-life), 123I (t1/2: 13.2 h), 67Ga(t1/2: 3.3 d), and 111In
(t1/2: 2.8 d); (2) PET, which uses β+-emitting radionuclides,
including 18F (t1/2: 109.8 min), 11C (t1/2: 20.4 min), 13N (t1/2:
9.96 min), 15O (t1/2: 2.03 min), 68Ga (t1/2: 68 min), 82Rb (t1/2:

75 s), 64Cu (t1/2: 12.7 h), and 89Zr (t1/2: 78.1 h). Both
techniques offer excellent tissue penetration capabilities
compared to other radionuclide-based imaging methods.
However, there are certain limitations associated with contrast
agents used in clinical SPECT and PET imaging. These
include a lack of specificity toward pathological tissue and
potential toxicity resulting from their accumulation in certain
tissues. To potentially address these drawbacks, researchers
have developed aptamer-based targeting agents modified with
multidentate ligands for complexing with radioisotopes. These
novel agents aimed to improve the accuracy of biomedical
imaging.
Radiolabeled Aptamer for SPECT Imaging

The use of aptamers in SPECT imaging was first reported in
the late 1990s. In one study, Josephine and colleagues reported
the in vivo imaging of inflammation in a rat model using a
99mTc-labeled aptamer (NX21909) that specifically binds to
activated neutrophils.48 Compared to the clinically used IgG-
mediated inflammation imaging technology, the 99mTc-labeled
aptamer demonstrated a significantly improved target-to-
background (T/B) ratio (4.3 ± 0.6 at 2 h) compared to IgG
(3.1 ± 0.1 at 3 h). The rapid clearance of the aptamer from the
peripheral circulation contributed to this improved T/B ratio,
demonstrating the feasibility of using aptamers for diagnostic
imaging.

In 2006, a 99mTc-labeled aptamer (TTA1) targeting the
fibrinogen-like domain of tenascin-C was used for in vivo
delivery of radioisotopes.49 The 99mTc-labeled aptamer showed
much higher tumor uptake compared to a control aptamer
with rapid blood clearance (1.19 vs 0.04%ID/g at 3 h). SPECT
imaging with an aptamer-based γ-camera revealed that U251
glioblastoma tumors were faintly visible at 10 min, prominent
at 3 h, and showed the strongest signal at 18 h (Figure 6A). In
these SPECT imaging studies, 99mTc exhibited advantages such
as a suitable half-life, appropriate gamma photon energy,
availability, and low cost.

Apart from 99mTc, other radionuclides like 188Re and 111In
have also been conjugated with aptamers for specific molecular
imaging. For example, a 188Relabeled U2 aptamer was tested in

Figure 6. (A) Aptamer-based g-camera images of U251 tumor-bearing mice and breast tumors generated using the cell line of MDA-MB-435.
Reproduced with permission from ref 49. Copyright 2006 Society of Nuclear Medicine. (B) Upper: Imaging of mice by SPECT 1 h after tail vein
injection of free 188Re (left), 188Relabeled GN (middle) and 188Relabeled U2 (right). Lower: Corresponding imaging of ex vivo organs by SPECT 3
h after tail vein injection of free 188Re (left), 188Relabeled GN (middle) and 188Relabeled U2 (right). Reproduced with permission from ref 50.
Copyright 2014 Wu et al.
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a glioblastoma xenograft tumor model with overexpressed
epidermal growth factor receptor variant III (EGFRvIII) in
mice.50 The 188Relabeled U2 showed significantly enhanced
accumulation in U87-EGFRvIII xenograft tumors compared to
free 188Re (Figure 6B). In another study, 99mTc-MAG-F3B
RNA aptamer and 111In-DOTA-F3B RNA aptamer were used
to quantitate the biodistribution of human Matrix Metal-
loProtease-9 (hMMP-9) in A357 tumor-bearing mice.51

SPECT imaging demonstrated that 111In-DOTA-F3B exhibited
significantly higher accumulation at the tumor site compared
to the 111In-DOTA-control oligonucleotide.

To improve the pharmacokinetic properties of aptamer-
based targeted radiopharmaceuticals, the Sotiris Missailidis
group synthesized a novel cyclen-based ligand with a sulfur-
containing arm, aiming to enhance the stability of the ligand−
metal complex.52 However, when tetrameric aptamers were
used, which improved tumor retention and pharmacokinetic
properties compared to monomeric aptamers, there were also
side effects observed, including the accumulation of a large
amount of radioactivity in the stomach. Hollow gold

nanospheres (HAuNS), hollow interior with a thin gold shell
(3−6 nm), are second-generation gold nanostructures with
small size (outer diameter = 30−50 nm), high number of
aptamers/HAuNS (∼250).53 To enhance the pharmacoki-
netics of aptamers, 111In-labeled aptamers coated HAuNS)
were used to target epidermal growth factor receptors
(EGFRs) in micro-SPECT/CT imaging of nude mice bearing
highly malignant human OSC-19 oral tumors. In comparison
to 111In-labeled anti-EGFR antibody conjugated HAuNS or
PEG-HAuNS, 111In-labeled apt-HAuNS exhibited significantly
higher tumor uptake (3.34 ± 0.44% vs 1.62 ± 0.44%, 0.94 ±
0.44%ID/g).53

Radiolabeled Aptamer for PET Imaging

Positron Emission Tomography (PET) is a highly sensitive
technology for preclinical and clinical imaging of cancer
biology, and it is more sensitive than SPECT.54 PET is a
powerful noninvasive imaging technique that utilizes radio-
labeled tracers to visualize metabolic processes within the
body. The primary principle behind PET is the detection of γ
rays emitted indirectly by a positron-emitting radioisotope

Figure 7. (A) Coronal view of microPET image slices obtained at different time points for 64Cu-DOTA-AS1411 and 64Cu-CB-TE2A-AS1411 (%
ID/g). Reproduced with permission from ref 60. Copyright 2014 Elsevier Inc. (B) Representative coronal PET images of 64Cu-NOTA-tenascin-C
aptamer and 64Cu-NOTA-Sc aptamer in different tumor models (tenascin-C-positive [U87MG and MDA-MB-435] and tenascin-C-negative
[H460]) at 6 h after injection. White arrows represent tumor location. Reproduced with permission from ref 61. Copyright 2015 the Society of
Nuclear Medicine and Molecular Imaging, Inc. (C) Whole-body dynamic PET imaging of 68Ga-NOTA-SGC8-injected patient at different time
points postadministration, including 30, 40, 45, 55, and 100 s up to 60 min. Reproduced with permission from ref 64. Copyright 2023 Ding Ding et
al. (D) Quantitative time-radioactivity curves of major organs according to dynamic PET acquisition. Reproduced with permission from ref 64.
Copyright 2023 Ding Ding et al.
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administered to the patient. These isotopes decay and emit
positrons, which collide with nearby electrons, resulting in the
annihilation of both particles and the release of two gamma
photons traveling in opposite directions that can be precisely
located by the scanner. Essentially, PET “maps″ where in the
body the tracer is being actively used by cells, providing insight
into organ function and disease processes.55,56

Although PET’s development can be traced back to the mid-
1970s,57,58 the first instance of aptamer-mediated targeted PET
imaging was reported in 2011.59 Researchers evaluated the
binding affinity of 64Cu-labeled RNA aptamers (A10−3.2) with
different chelators for potential PET imaging. In 2014, the
Chin group assessed 64Cu-labeled AS1411 with four chelators
DOTA, CB-TE2A, DOTA-Bn, and NOTA-Bn, to explore
suitable PET imaging agents both in vitro and in vivo.60

MicroPET image slices obtained at different time points
demonstrated that 64Cu-CB-TE2A-AS1411 may be capable of
detecting lung cancer due to its high tumor-to-background
ratio, lower liver accumulation, and faster clearance compared
to others (Figure 7A). In another study, a tenascin-C targeting
aptamer and its nonspecific scrambled aptamer were
respectively radiolabeled with 18F and 64Cu to evaluate their
in vivo specificity through PET imaging.61 The authors found
that the labeled tenascin-C aptamer exhibited clear visual-
ization in tenascin-C-positive tumors but not in tenascin-C-
negative tumors (Figure 7B).

In 2019, a study demonstrated that the 18F-labeled HER2
aptamer exhibited higher accumulation ability in HER2-
positive BT474 cell xenografted tumors compared to HER2-
negative cell tumors (p = 0.033).62 Both studies proved that
targeting aptamers enhance the accumulation ability of
aptamer-radiolabeled PET imaging agents. In 2016, the
Andre ́ group evaluated the general biodistribution of 68Ga-
labeled HER2 aptamers in mice. However, although a high
accumulation of 68Ga-labeled HER2 radioactivity was observed
by PET/CT in HER2-positive tumors compared to HER2-
negative tumors, ex vivo biodistribution analysis revealed that
the high radioactivity in the different blood fractions would
affect the quality of PET images by causing high background
noise and leading to low image contrast. The research
discovered that the major radioactivity present in the blood
proteins was due to nonspecific aptamer binding to blood
proteins.63

In 2023, Tan group, for the first time, conducted a
prospective clinical trial through the whole-body dynamic
PET real-time, dynamic scanning of 68Ga-NOTA-SGC8 in the
human body, and established relevant pharmacokinetic
models.64 The trial proved the targeting specificity of 68Ga-
NOTA-SGC8 to PTK-7 positive tumors and dynamically
investigated the distribution and metabolism of radiolabeled
nucleic acid aptamers through the kidneys via urine (Figure
7C, 7D). This study not only inspired the future development
of more nucleic acid aptamer-based PET imaging probes, but
also laid a solid foundation for nucleic acid aptamers and the
clinical translation of nucleic acid-related medicine.

6. APTAMER-BASED TARGETED ULTRASOUND
IMAGING

Ultrasound imaging (US) uses high-frequency sound waves
(typically between 1 and 20 MHz) to generate images of the
body’s interior for investigating pathological processes,
including tumors and inflammation. Acoustically active
particles, such as nanobubbles, are commonly used as contrast

agents for ultrasound. Nanobubbles are nanoscopic gaseous
cavities, typically filled with air, that exist in aqueous solutions
and have the unique ability to alter the normal properties of
water.65,66 Microbubbles function as ultrasound (US) contrast
agents by interacting with ultrasound waves in a way that
enhances imaging quality. When an ultrasound wave is applied,
bubbles respond by generating signals at harmonic frequen-
cies�these are multiples of the frequency of the stimulating
pulse. This interaction occurs because the microbubbles
oscillate in response to the pressure changes from the
ultrasound wave, leading to the production of distinct
harmonic signals.67

To perform targeted ultrasound imaging, researchers have
developed aptamer-modified nanobubbles as contrast agents.
In 2011, the Chih-Kuang group reported that sgc8c covalently
modified nanobubbles exhibited enhanced uptake into CCRF-
CEM cells, as indicated by cellular US imaging.68 The same
group, one year later, constructed sgc8c aptamer-conjugated
and DOX-loaded acoustic droplets (lipid nanobubbles).
Cellular US imaging demonstrated that acoustic nanodroplets
could selectively recognize CCRF-CEM cells, leading to
enhanced cancer cell-killing ability (Figure 8A).69

Matthew A. Nakatsuka and his colleagues developed three
thrombin-responsive contrast agents by coupling DNA
oligonucleotides to the stabilizing lipid monolayer. In vitro
experiments showed that this thrombin-activated microbubble
produced ultrasound harmonic signals only when exposed to
elevated levels of thrombin.70 In 2013, in vivo experiments
demonstrated that thrombin aptamer cross-linked micro-
bubbles exhibited a 5-fold increase in acoustic activity in an
acute thrombosis model in rabbits, whereas the scrambled
aptamer cross-linked nanobubbles showed no increase in the
acoustic signal.71 In 2015, the same group improved “smart″
nanobubbles by introducing an aptamer, which could differ-
entiate between active and inactive clots for the diagnosis of
Deep Venous Thrombosis. The test in a rabbit model

Figure 8. (A) Aptamer-conjugated and DOX-loaded droplets for
highly specific targeted therapy (left). Bright-field images showing the
targeting capabilities of nonconjugated (a) and aptamer-conjugated
droplets (b) in CEM cells (right). Reproduced with permission from
ref 69. Copyright 2011 Elsevier Ltd. (B) High-frequency resolution
US imaging under contrast mode for PTX−PLGA NBs and PTX-
A10-3.2-PLGA NBs in xenograft tumors. The enhancement is shown
in green in various groups: the normal saline group, PTX−PLGA NBs
group, and the PTX-A10-3.2-PLGA NBs group. Reproduced with
permission from ref 72. Copyright 2017 Wu et al, Dove Medical Press
Limited.
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demonstrated the versatility of “smart” nanobubbles in sensing
not only the clotting enzyme thrombin but also other soluble
biomarkers in the bloodstream.67

The in vivo imaging of aptamer-modified nanobubbles was
reported in 2017 by the Zhibiao Wang group.72 The authors
used A10−3.2 aptamer-modified poly(lactide-co-glycolic acid)
(PLGA) nanobubbles (NBs) that encapsulated paclitaxel
(PTX-A10−3.2-PLGA NBs) to target PSMA. High-frequency
resolution US imaging of prostate tumor-bearing nude mice
preinjected with PTX-A10−3.2-PLGA NBs showed a more
concentrated and richer distribution of contrast agent echo
signals in the tumor compared to the control PTX−PLGA NBs
without targeting ability (Figure 8B).

7. APTAMER-BASED TARGETED CT IMAGING
Computed tomography (CT) imaging is a commonly used
medical imaging technique that provides detailed images of the
body for diagnostic purposes. It works by capturing the
differential absorption of X-rays by various tissues around a
single axis of rotation. To enhance the contrast of different soft
tissues during a CT scan, water-soluble iodinated contrast
agents (such as OmnipaqueTM or Exypaque) are typically
used. However, these agents have limitations including
nonspecific distribution, rapid clearance, and renal toxicity.73

Gold nanoparticles (GNPs) have emerged as promising
candidates for CT imaging contrast agents due to their

stronger X-ray attenuation per atom compared to iodine, a
high number of atoms per GNP, and ease of modification with
targeting ligands.74 Consequently, aptamer-functionalized
multifunctional GNPs have been designed for targeted CT
imaging. For instance, GNPs functionalized with PSMA RNA
aptamers have been used for specific imaging of prostate
cancer cells, resulting in more than a 4-fold increase in CT
intensity in the targeted LNCaP cell line compared to a control
PC3 cell line (Figure 9A).75

In 2015, a dual-function CT/fluorescent imaging platform
was established using nucleolin-targeted AS1411 aptamers and
diatrizoic acid-modified fluorescent GNPs. This platform
served as a targeted molecular contrast agent for tumor
imaging, allowing the simultaneous acquisition of CT and
fluorescence images for the colocalization and resection of
tumors in CL1−5 tumor-bearing mice (Figure 9B).76 Addi-
tionally, nucleolin-targeting AS1411 aptamer-modified GNPs
(Apt-ALGDG2-Iohexol) made the tumor site visible in vivo
imaging obtained through cross-sectional spiral CT scanning,
as shown in Figure 9C.77 Numerous other gold-based
platforms have been developed for targeted CT scanning,
such as Muc-1 aptamer-modified curcumin-loaded PEGylated
Au dendrimers (Apt-PEG-AuPAMAM-CUR) for CT imaging
of colorectal cancer adenocarcinoma.78 Another example
includes Au-TiO2 nanoparticles with mitochondria-targeted

Figure 9. (A) Schematic illustration of the method for preparing DOX-loaded aptamer-conjugated GNPs. Reproduced with permission from ref 75.
Copyright 2010 American Chemical Society. (B) (left) The sequential synthetic steps of AS1411-DA-AuNPs. (right) The CT image of the CL1−5
tumor-bearing mouse was taken at 30 min postinjection of AS1411-DA-AuNPs. The location of the CL1−5 tumor was marked by the yellow circle
and the axial CT image of the CL1−5 tumor. The location of the CL1−5 tumor was marked by the white arrow. Reproduced with permission from
ref 76. Copyright 2015 Cheng-hung Li et al. (C) Cross-sectional spiral CT images of preinjected and injected mice with Apt-ALGDG2-Iohexol
after 20 min. The red arrows point to the tumor site in each picture. The yellow arrow shows the bladder site. Reproduced with permission from ref
77. Copyright 2017 Pardis Mohammadzadeh et al.
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triphenylphosphine (TPP) and AS1411 aptamers (Au-TiO2-
AS1411-TPP) for organelle-targeted CT imaging.79

8. DISCUSSION AND PERSPECTIVE
In the review, we discussed the typical applications of aptamers
in targeted imaging. However, there are still drawbacks that
limit the in vivo application of aptamers, such as rapid clearance
from the bloodstream and short circulation times. In
comparison to antibodies, which are formed by 20 amino
acids, canonical aptamers are composed of two base pair
genetic alphabets (A-T and G-C), resulting in reduced
diversity. The introduction of artificial bases, which expands
the genetic code and enhance the variety and diversity of
aptamers.80−84 Researchers like Anna Marie Pyle et al. have
explored modified aptamers containing deoxyuridine (2Nap-
dU) substituted at the 5-position with 2-naphthylmethyl,
aiming to enhance stability and half-life. Continued efforts to
expand the chemical diversity and optimize the stability of
aptamers will be crucial for advancing their clinical potential.
Certain aptamers with unusual polar and hydrophobic
elements have demonstrated high affinity (Kd = 7.3 nM)
against IL-1α, showing great potential for clinical applica-
tions.85 As further artificial base pairs are developed, there is
hope that aptamers with clinical potential can be selected and
expanded, broadening their applications in the clinical
setting.This highlights the utility of chemical modifications in
SELEX and the development of aptamers. Additionally, it is
also important to consider that heavy chemical modification of
aptamers can impact their binding affinity. These deficiencies
need to be addressed to achieve further clinical applications.

Up until now, significant progress has been made in the
development of the technology platform for targeted imaging.
There are still many challenges and future prospects that need
to be addressed for their clinical application. These challenges
include:

(1) Enhanced Target Specificity. Aptamers are susceptible to
degradation by serum nucleases, which can lead to off-target
effects. Further research is needed to elucidate the precise
pharmacological mechanisms of aptamer, including their
biodistribution, cellular uptake, and intracellular fate. Under-
standing these details will optimize their design and selection.
Ongoing developments in aptamer selection technologies, such
as advanced SELEX methods, could lead to the discovery of
highly specific and structurally stable aptamers against novel
biomarkers associated with various cancer types. This could
facilitate more precise imaging and improve the detection of
cancer at earlier stages.

(2) Multiplex Imaging. The ability to label multiple
aptamers with different imaging agents could enable
simultaneous visualization of multiple biomarkers within a
single sample. This multiplex approach would provide
comprehensive insights into tumor heterogeneity and the
microenvironment, allowing for better understanding and
treatment of complex cancers.

(3) Integration with Therapeutic Agents. Future advance-
ments may focus on developing dual-function aptamers that
not only serve as imaging agents but also deliver therapeutic
payloads (e.g., drugs, RNA therapeutics) directly to target cells.
This could create a synergistic effect where imaging and
therapy occur concurrently, improving treatment efficacy while
allowing real-time monitoring of therapeutic responses.

(4) Nanotechnology Integration. Combining aptamers with
nanomaterials could enhance imaging capabilities. For

instance, integrating aptamers with nanoparticles that possess
unique optical or magnetic properties could improve signal
strength and resolution in imaging modalities such as
fluorescence, MRI, and CT.

(5) Personalized Medicine Applications. As precision
medicine continues to evolve, aptamer-based imaging agents
could be tailored to individual patients based on their specific
tumor profiles. Incorporating AI and machine learning
algorithms into imaging analysis could improve the inter-
pretation of aptamer-mediated images. Advanced computa-
tional techniques could help identify subtle patterns in imaging
data, aiding in early diagnosis and treatment planning. These
personalized approaches could maximize diagnostic accuracy
and improve treatment outcomes by ensuring that therapies
are directed toward the most relevant targets.

In conclusion, while aptamers hold immense promise for
targeted imaging and clinical applications, several challenges
must be addressed to fully realize their potential. Overcoming
limitations such as rapid clearance, reduced diversity, and
susceptibility to degradation will require continued innovation
in chemical modifications, SELEX technologies, and the
integration of artificial bases. Additionally, advancements in
multiplex imaging, therapeutic integration, nanotechnology,
and personalized medicine will be pivotal in expanding the
clinical utility of aptamers. By addressing these challenges and
leveraging emerging technologies, aptamer-based imaging
agents can be optimized to provide more precise, effective,
and tailored solutions for disease diagnosis and treatment. The
future of aptamer applications in targeted imaging is bright, but
collaborative efforts across disciplines will be essential to
translate these advancements into real-world clinical benefits.
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