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Abstract: Molecular imaging is an advanced technology that utilizes specific probes or markers in conjunction with cutting-edge 
imaging techniques to observe and analyze the localization, distribution, activity, and interactions of biomolecules within living 
organisms. Tumor molecular imaging, by enabling the visualization and quantification of molecular characteristics of tumor cells, 
facilitates a deeper and more comprehensive understanding of tumors, providing valuable insights for early diagnosis, treatment 
monitoring, and cancer biology research. However, the image quality of molecular imaging still requires improvement, and 
nanotechnology has significantly propelled the advancement of molecular imaging. Currently, nanoparticle-based tumor molecular 
imaging technologies encompass radionuclide imaging, fluorescence imaging, magnetic resonance imaging, ultrasound imaging, 
photoacoustic imaging, and multimodal imaging, among others. As our understanding of the tumor microenvironment deepens, the 
design of nanoparticle probes for tumor molecular imaging has also evolved, offering new perspectives and expanding the applications 
of tumor molecular imaging. Beyond diagnostics, there is a marked trend towards integrated diagnosis and therapy, with image-guided 
treatment playing a pivotal role. This includes image-guided surgery, photodynamic therapy, and chemodynamic therapy. Despite 
continuous advancements and innovative developments in molecular imaging, many of these remain in the experimental stage and 
require breakthroughs before they can be fully integrated into clinical practice. 
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Introduction
Presently, cancer emerges as a paramount challenge in public health, demanding concerted efforts to address its 
multifaceted complexities. Early detection remains elusive, compounded by its formidable invasive potential and 
propensity for metastasis, ultimately leading to substantial patient morbidity and mortality. In fact, cancer ranks 
among the primary contributors to global mortality. Recent statistics have highlighted the severity of this issue, with 
approximately 19.3 million new cases and nearly 10 million cancer-related deaths worldwide recorded in 2020.1 Medical 
imaging technologies are employed to assess tumor, yet the imaging characteristics are primarily represented through 
subjective, qualitative evaluations. However, factors such as the internal composition of the tumor and inflammatory 
hyperplasia of lymph nodes can influence this assessment process and are often limited by the individual’s imaging 
interpretation skills. Therefore, enhancing the objectivity and reproducibility of imaging techniques to comprehensively 
quantify the internal state of tumors could elucidate imaging features that reflect underlying biological changes. 
Molecular imaging offers the potential for a more thorough understanding of tumors. These methodologies afford 
insights into the biological underpinnings, pathological manifestations, and growth dynamics of tumors, thereby guiding 
pivotal aspects of diagnosis, therapeutic intervention, and ongoing monitoring. By precisely delineating the spatial 
dimensions, staging, and treatment response of tumors, molecular imaging equips healthcare practitioners with invaluable 
guidance, facilitating informed decisions regarding treatment modalities and the evaluation of therapeutic efficacy. 
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Moreover, molecular imaging assumes a pivotal role in surgical planning, prognostic evaluation, and the formulation of 
personalized therapeutic regimens, thus optimizing patient outcomes through tailored interventions.

Molecular imaging represents a sophisticated realm within medical imaging, enabling the visualization of molecular 
and cellular processes at a sub-anatomic level. However, its scope transcends mere anatomical depiction, delving into the 
intricate biochemical cascades and target-specific localization patterns that underpin disease progression.2 Molecular 
imaging was initially introduced in nuclear medicine, and with technological advancements, its imaging modalities have 
continuously expanded. These include radionuclide imaging, fluorescence imaging (FI), magnetic resonance imaging 
(MRI), ultrasound imaging (UI), photoacoustic imaging (PAI), and multimodal approaches that amalgamate distinct 
imaging modalities. This burgeoning discipline holds promise in furnishing personalized, noninvasive insights into both 
molecular and anatomical facets of systemic or organ-specific pathologies, leveraging hybrid technologies to achieve this 
end.3

Molecular imaging still faces numerous challenges. Mastering and advancing the labeling techniques for molecular 
imaging probes remains difficult. To meet the increasing demands in medical imaging, the development of molecular 
imaging probes has primarily focused on improving signal-to-noise ratios and enhancing targeting capabilities. Probes 
based on nanomaterials have demonstrated promising imaging potential and have garnered significant attention. Within 
the realm of molecular imaging, nanotechnology and its derivative, nanoparticles (NPs), emerge as disruptive innova
tions, poised to revolutionize diagnostic paradigms.4 NPs, owing to their robust and enduring signaling properties, high 
payload capacity, multimodal imaging capabilities, and precise target-binding affinities facilitated by multifunctional 
ligands, constitute a versatile toolkit for molecular imaging applications. Diverse typologies of NPs, distinguished by 
size, morphology, and material composition, have been conceptualized to cater to distinct diagnostic imperatives. Some 
classifications distinguish between organic and inorganic NPs; the first group includes dendrimers, liposomes, polymeric 
NPs and so on, while the latter includes fullerenes, quantum dots (QDs), gold NPs and so on, and others are classified 
based on whether NPs are carbon-based, ceramic, semiconductor, or polymer.5 Enhancing biosensing and improving 
imaging capabilities can be achieved by modifying the structure of NPs and incorporating other NPs.6,7 Functionally, 
therapeutic NPs serve a dual role, concurrently serving as diagnostic agents to delineate disease localization, subtype, and 
treatment response, while also facilitating therapeutic interventions through targeted drug delivery or intraoperative 
guidance for tumor resection.8

In the following discussion, we will concentrate on the particular pairing of NPs and molecular imaging, their 
applications in cancer, and the latest trends in tumor molecular imaging.

The Novel Techniques and Methodologies Based on Nanoparticles for 
Tumor Molecular Imaging
With their diminutive scale, NPs exhibit an array of unique physical, chemical, and biological characteristics, rendering 
them adaptable to a multitude of imaging modalities. Herein, we succinctly expound upon frequently utilized NPs across 
diverse imaging techniques, elucidating their distinctive attributes, as is shown in Table 1. Through the modulation of NP 
surface properties or structure, bespoke imaging capabilities are engendered, thereby enhancing contrast and resolution in 
images, and potentially transcending conventional imaging modalities. Deliberate design facilitates NPs to selectively 
interface with specific cells or tissues, notably tumor cells, thereby amplifying targeting efficacy and yielding pivotal 
insights into tumor diagnosis. Furthermore, adherence to stringent biocompatibility criteria underscores the extensive 
applicability of NPs, portending promising prospects in the realm of biomedical imaging. Certainly, different imaging 
techniques possess distinct characteristics (Figure 1). Next, we will focus on novel techniques and methodologies to 
describe research in tumors.

Radionuclide Imaging
Nuclear medicine utilizes radioactive isotopes to diagnose and treat medical conditions, such as by using imaging 
techniques with radioactive isotopes to observe the organs and tissues inside the human body. Nanotechnology offers the 
potential for heightened control and precision in this domain, thereby augmenting the accuracy and efficacy of 
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radioactive isotope imaging. Through the integration of nanotechnology, radioactive isotopes can be precisely directed to 
lesion sites, facilitating more refined diagnosis and treatment. Nanocarriers play a pivotal role in aiding radioactive 
isotopes to traverse biological barriers, thereby enabling their targeted delivery to tissues or cells, consequently 
enhancing imaging sensitivity and resolution. Additionally, the application of nanomaterials can mitigate harm to healthy 
tissues, thereby bolstering the safety and efficacy of treatment.

When designing imaging agents, careful consideration must be given to the selection of radioactive isotopes based on 
the imaging technique employed. β+ and γ emitters are considered perfect radioactive isotopes for imaging inside the 
body. Commonly used isotopes for Single Photon Emission Computed Tomography (SPECT) imaging include 99mTc, 
111In, and 188Re.45 For Positron Emission Tomography (PET) imaging, isotopes such as 64Cu, 124I, and 18F can be 
utilized for labeling.46 Radioactive isotopes can either be encapsulated within NPs, serve as the primary constituents of 

Table 1 Nanoparticles Used in Different Imaging Techniques and Their Characteristics

Imaging 
technique

Nanoparticles Properties References

Radionuclide 

imaging

Liposomes Biocompatibility, stability, ease to synthesize, high drug loading efficiency, 

high bioavailability

[9]

Organic polymer Synthetic versatility [10]

Metal oxide nanoparticles Ultrafine size, magnetic, biocompatibility [11–13]

Nanoemulsions Kinetically stable [14]

Bimetallic nanoparticles Beneficial electrocatalytic, magnetic, electrical properties [15]

Metallic nanoparticles Inert, biocompatible, low toxicity [16–18]

Fluorescence 
imaging

Metallic nanoparticles Small molecular size, hydrophilicity [19]

Organic polymer 

nanoparticles

High absolute quantum yield, excellent photothermal conversion efficiency, high 

molar absorption coefficient, high signal-to-noise ratio

[20–23]

Quantum dots Easy surface functionalization, photostable, water-soluble [24–26]

Magnetic 

resonance 

imaging

Doped carbon dots Low toxicity, physicochemical, photostability, excellent biocompatibility [27]

Metallic nanoparticles Large surface area, fast exchange of relaxed water molecules [28]

Metal sulfide 

nanoparticles

Excellent biocompatibility, good photothermal conversion efficiency [29]

Composites 

nanomaterials

Good biocompatibility, safety. [30]

Metal-organic 

frameworks

Large surface area, high porosity, tunable structures [31]

Bioresponsive Nano- 

Sized Contrast Agents

Exhibiting excellent UHF magnetic resonance capability [32,33]

Ultrasound 

imaging

Nanobubbles High stability, longevity and high surface area per volume [34,35]

Gas vesicles Excellent ultrasound contrast signal, high tumor penetration ability [36]

Nanodroplets Faster resolution, longer circulation time, effective tumor vascular permeability [37,38]

Photoacoustic 

imaging

Metallic nanoparticles Strong extinction coefficient, shape dependent optical properties [39–41]

Polymeric semiconductor 

nanoparticles

Excellent photostability, biocompatibility [42,43,118]
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NPs, or be conjugated directly or via chelating agents onto their surfaces. Radioactive isotopes incorporated within NPs 
can be targeted to tumors using passive or active targeting strategies. Liposomes containing radioactive isotopes have 
been employed in studies focusing on biodistribution, pharmacokinetics, and targeting. For instance, research has 
demonstrated that liposomes labeled with 111In, conjugated with cyclic RGDfK, effectively achieve in vivo SPECT 
imaging and targeted delivery to tumors.9 Organic polymer NPs, due to their synthetic versatility, represent optimal 
platforms for the creation of multifunctional theranostic nanosystems. In a recent advancement, a star-shaped copolymer 
with 7–8 center-cross-linked arms was synthesized. By modifying multiple arms, researchers aimed to create radiolabeled 
multifunctional nanoprobes.10

The spatial resolution of radioactive isotope imaging is limited. Iron oxide (IO) NPs possess inherent magnetic 
properties, and when labeled with radionuclides, they facilitate the integration of high-sensitivity SPECT or PET with 
high-spatial-resolution MRI.47 Jang HM et al have developed Cu-64-doped IO NPs without chelating agents, suitable for 
PET-MRI. The 64Cu doping at the core of the core-shell structured IO NPs exhibits excellent in vivo stability.11 NPs of 
nonradioactive elements with high atomic numbers exhibit strong absorption of X-rays, serving both as contrast agents 

Figure 1 Novel Techniques Based on Nanoparticles for Tumor Molecular Imaging (By Figdraw 2.0). The figure illustrates nanoparticle-based molecular imaging techniques 
for tumors, along with their respective advantages and disadvantages.
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(CAs) for radiographic imaging and as sensitizers for radiotherapy. Recent studies have demonstrated that 99mTc-labeled 
natural compound nanoemulsions and dual gold-silver NPs labeled with 68Al synthesized using tryptophan can be 
employed for imaging and biodistribution of breast cancer. 131I labeled polyethylenimine (PEI) captures gold NPs 
functioning as an innovative nano-probe for SPECT/CT imaging and radioisotope therapy, targeting tumors that over
express Matrix Metalloproteinase 2 (MMP 2). Polyethylene glycol (PEG)-coated gold NPs labeled with 211Pb can be 
utilized for α particle therapy in pancreatic cancer and glioblastoma. Fourth-generation polyamidoamine dendrimers 
decorated with neuropeptides and folate, internally embedded with gold and labeled with 177Lu, are effective for imaging 
and treatment of lung cancer. Silver NPs labeled with 131I, synthesized using turmeric as a reducing and coating agent, 
can also be used for lung cancer imaging. Additionally, a novel biodegradable polymer microsphere capable of loading 
177Lu and MgO NPs can be used for interventional radioembolization therapy in liver cancer and real-time SPECT 
imaging.12,14–18

Nanotechnology holds promise for enhancing the imaging efficacy of radioactive isotopes in diagnosis and treatment 
monitoring. Rainone et al conducted a study showcasing the utilization of trastuzumab half-chain conjugated, doxorubicin 
(DOX)-encapsulated, and 99mTc radiolabeled silica NPs for targeted SPECT imaging and therapy of HER2-overexpressing 
breast cancer. Examination of the effectiveness of treatment using PET imaging in vivo demonstrated a notable decrease in 
tumor size compared to conventional drugs, indicating higher efficacy of this silica-based nanomedicine.48 Recently, Wu 
et al developed polyethylene glycol-polylactic acid (PEG-PLA) NPs incorporating chemotherapy drug 5-fluorouracil 
(5-FU) and therapeutic radiopharmaceutical 131I. Functionalization of NPs with tumor-targeting antibody cetuximab 
demonstrated targeted delivery, apoptosis induction, and combined therapy effects in colorectal cancer cells.49

It is noteworthy that there exists an intriguing phenomenon in radionuclides, especially those that emit β particles, 
known as Cherenkov radiation (CR). This refers to the continuous blue light emission resulting from the interaction 
between charged particles moving faster than the speed of light and dielectric materials.51 CR can induce the excitation of 
optical probes in deep tissues through the Cherenkov radiation energy transfer (CRET) process, enabling imaging of 
deep-seated tissues. Additionally, the targeted CR of radioactive tracers provides internal excitation for photodynamic 
therapy (PDT), offering new avenues for tumor diagnosis and treatment. For instance, researchers have designed a nano- 
composite material comprising 89Zr-TiO2-MnO2, utilizing CR generated from the interaction of 89Zr with surface NPs to 
activate TiO2 and MnO2 for reactive oxygen species (ROS) production, thereby promoting tumor therapy. 
Simultaneously, 89Zr serves as a PET imaging agent, providing visualization information for the NP delivery.13 Guo 
R et al demonstrate that extracellular vesicles derived from goat milk can serve as carriers to deliver the photosensitizer 
Chlorin e6 (Ce6), while tumor-avid 18F-FDG can activate Ce6-induced therapy for tumors.52 Furthermore, some 
researchers have utilized 68Ga radiopharmaceuticals as in-situ excitation sources.53 Notably, they have innovated the 
fluorescent probes by exploiting the narrow emission bands of lanthanide element Europium (Eu) complexes in the 
visible and NIR (near-infrared) regions to optimize the probe performance. Experimental findings conducted in living 
organisms show that the in-situ excitation of Eu (III) emission by 68Ga leads to a fivefold amplification of the optical 
signal, thus enabling the removal of tumor tissue. In conclusion, the integration with nanomedicine can significantly 
expand the scope of nuclear medicine, providing unique advantages in terms of sensitivity and specificity in diagnosis/ 
treatment, imaging resolution, and scalability.50

Fluorescence Imaging
FI necessitates an external light source, such as a lamp, laser, or LED, to excite fluorescent substances. Subsequently, the 
emitted fluorescence is detected using an optical imaging system. Compared to traditional MRI and CT techniques, FI 
offers advantages such as super spatial resolution, immediate image capture, and cost-effectiveness.54–58 Near-infrared 
fluorescence (NIRF) probes have garnered significant attention in the field of organic small-molecule fluorescent sensors 
due to their superior optical tissue penetration, minimal impact to biological samples, and low background noise, 
bringing them closer to clinical applications.59

The core structure of fluorescent molecular probes is the fluorophore. Indocyanine green (ICG), a sulfonated cyanine 
dye centered around Cy7.5, has emerged as the sole NIRF dye sanctioned by the US Food and Drug Administration 
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(FDA) for clinical diagnostics due to its excellent safety profile.60 Beyond cyanines, other fluorescent groups such as 
squaraines, rhodamines, BODIPY, and Dicyanoisophorone are also under active investigation.61–64

Fluorescent NPs frequently integrate nanotechnology with fluorescent dyes, offering optimized photon quantum yield 
and photostability compared to conventional dyes due to their facile surface modification and tunable particle size.65 

Despite advancements in accumulation via the enhanced permeability and retention effect and active targeting strategies, 
these probes are often limited by high background noise and false-positive signals due to their persistent “on” state.66 

Activatable probes, dormant in surrounding tissues but selectively triggered at tumor sites, represent a promising 
approach for improved imaging. Generally, fluorescent molecular probes exhibit weak or negligible fluorescence in 
their inactive state; however, under specific conditions, such as the presence of particular chemicals or biological 
processes, they undergo significant changes in fluorescence properties, leading to a strong signal and high signal-to- 
background ratio (SBR). Fluorescence restoration and quenching have been achieved through various mechanisms, 
including Förster resonance energy transfer (FRET) (Figure 2A), photoinduced electron transfer (PeT) (Figure 2B), 
aggregation-induced emission (AIE) (Figure 2C) and so on.67

Figure 2 Schematic Diagram of the Design Principles of Activatable Fluorescent Probes (By Figdraw 2.0). As shown in the figure, the design principle of the activatable 
probes is illustrated. (A) illustrates the mechanism of FRET. In this process, when the energy acceptor and donor are in close proximity, the donor in its excited state 
transfers some of its energy non-radiatively to the acceptor. This energy transfer causes the acceptor to become excited and emit fluorescence, while the donor’s own 
fluorescence is quenched. (B) depicts the mechanism of PeT, which can be categorized into acceptor-excited (a-PeT) and donor-excited (d-PeT) mechanisms. In a-PeT, the 
highest occupied molecular orbital (HOMO) energy level of the recognition group is positioned between the HOMO of the fluorophore and its lowest unoccupied 
molecular orbital (LUMO) energy level. Consequently, electrons from the HOMO of the recognition group can be transferred to the HOMO of the excited-state 
fluorophore. This prevents the electrons in the LUMO of the fluorophore from returning to the ground state, resulting in fluorescence quenching. In d-PeT, the LUMO of 
the recognition group lies between the HOMO and LUMO energy levels of the fluorophore. Upon excitation of the fluorophore, electrons are transferred from its HOMO 
to its LUMO and then non-radiatively jump into the empty LUMO of the recognition group, leading to fluorescence quenching. (C) demonstrates the mechanism of AIE. 
AIEgens, which have a specific molecular structure, experience restricted intramolecular motion upon aggregation. This restriction causes the release of energy in the form 
of radiative transitions, resulting in significantly enhanced luminescence.
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FRET occurs when the emission spectrum of a donor molecule (fluorescent probe) overlaps with the excitation 
spectrum of a receptor molecule (another fluorophore). The donor’s fluorescence leads to the receptor’s fluorescence, 
reducing the donor’s intensity. The extent of FRET is intricately linked to the physical separation between the donor and 
acceptor molecules. A common design strategy involves anchoring the donor-receptor pair in close proximity within the 
same system or molecule, introducing reaction units as specific recognition groups, and ultimately constructing a FRET 
system. When exposed to specific target analytes, the FRET process is initiated or inhibited, and changes in fluorescence 
signal indicate the presence of the analytes. Liu J et al developed a nanoscale probe termed D/I-PNT for NIR-I biological 
imaging to detect endogenous methylglyoxal induced by glyoxalase 1 inhibitors in a 4T1 tumor-bearing mouse model 
using FRET.20

PeT is another mechanism for designing activatable nanoprobes, involving electron transfer within or between 
molecules under light-induced conditions. When the probe molecule is illuminated, electrons transfer from the donor 
to the excited-state fluorophore, resulting in either non-emission or weak emission from the donor molecule. Upon 
binding with the analyte, PeT is hindered, restoring the fluorescence emission of the fluorescent substance.68 Yan R et al 
devised an enzyme-responsive, in-situ self-assembling nanoscale probe (P-CyFF-Gd) for real-time NIR FI. Alkaline 
phosphatase (ALP) recognizes the phosphate groups (-PO3H) appended to the NIR fluorophore (merocyanine, Cy-Cl), 
inducing a PeT effect that ultimately leads to quenching. Upon interaction with ALP, the -PO3H groups are cleaved from 
P-Cyff-Gd, restoring fluorescence. Simultaneously, owing to the presence of hydrophobic dipeptides (Phe-Phe (FF)), the 
self-assembled NPs remain localized on the cell membranes (CMs) to demonstrate ALP activity and localization. The 
retention time in tumor tissue can be extended by the accumulation within the CM or lysosomes, consequently improving 
the contrast of NIR FI.19

AIE can also achieve similar purpose. Traditional organic fluorescent dyes typically exhibit strong emission when 
dispersed, but fluorescence diminishes or is quenched in aggregated states at high concentrations, a phenomenon known 
as aggregation-caused quenching.69 In contrast, AIE represents the opposite phenomenon, where AIE probes emit 
fluorescence when aggregated or when molecular rotation is restricted. Xu L et al initially developed and synthesized 
the NIR aggregation-induced emission luminogen (AIEgen) QM-TPA-Gal. In in vivo experiments using an ovarian 
tumor model, the hydrophilic and non-fluorescent QM-TPA-Gal, upon entering cells, is hydrolyzed by β-Gal to produce 
hydrophobic QM-TPA-OHs. These then aggregate into NPs, “activating” NIRF through the AIE mechanism. This 
process exhibits exceptional sensitivity, specificity, and biocompatibility.21 In addition, different functional groups 
respond differently to the environment. By incorporating them into the AIE framework, the properties of AIEgens can 
be influenced to achieve activation purposes.70 AIEgens exhibit strong fluorescence in aggregated states, providing 
significant advantages for detecting minute residual tumors in the tumor bed and metastatic lymph nodes.22 However, 
most AIEgens are hydrophobic. Encapsulating AIEgens into polymer NPs is an effective method to improve their water 
dispersibility and biocompatibility. Some researchers have encapsulated AIEgens in optimized protein nanocages, 
achieving targeted FI of tumors and mitochondria in in vivo experiments.71

A good fluorescent probe should possess excellent fluorescence stability, characterized by strong photobleaching 
resistance, pH stability, a long fluorescence lifetime, and a high quantum yield. QDs, which are semiconductor 
nanocrystals capable of emitting fluorescence, have emerged as an innovative form of fluorescent labeling material. 
These materials offer distinct benefits for extending the observation of biological processes and tracking activities within 
living organisms. Compared to traditional organic fluorescent reagents, QDs boast numerous advantages, such as 
narrower fluorescence spectra, higher quantum yields, greater photochemical stability, and resistance to decomposition. 
Recently, several new QDs have been developed and utilized in fluorescence imaging.24–26 It is worth noting that it has 
important potential value. Carbon quantum dots exhibit favorable fluorescent properties, and their performance can be 
optimized through surface structure modification and heteroatom doping to achieve fluorescence enhancement, making 
them suitable for biosensing and imaging applications.6,7 Some researchers have combined carbon dots with iron-based 
magnetic NPs, which not only enhance fluorescence but also provide a valuable reference for achieving multimodal 
imaging.72 Ghosh T et al have also doped carbon dots with holmium and manganese ions to create novel nanoprobes for 
pH sensing and MRI imaging.73 Such probes endow carbon dots with the potential to expand imaging modalities.
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Tissue absorption, scattering, and autofluorescence impose limitations on the resolution of in vivo FI. In comparison 
to FI, phosphorescence imaging can alleviate the interference of biological autofluorescence to some extent and achieve 
higher-quality images and higher signal-to-noise ratios (SNRs) through time-resolved imaging techniques. Organic room- 
temperature phosphorescence (RTP) materials have been identified as a novel class of afterglow imaging agents, 
characterized by superior biocompatibility and high SNRs, thus circumventing autofluorescence in in vivo 
imaging.74,75 The spread of tumors to the lungs creates a specialized microenvironment, and the early metastatic stage 
preceding the formation of secondary tumors can be detected using phosphorescence imaging. In the study by Chang 
K. et al, phosphorescent NPs synthesized from phenothiazine derivatives were utilized in a 4T1 lung metastasis mouse 
model. Compared to other major organs (including the heart, liver, spleen, and kidneys), only the lungs exhibited bright 
phosphorescent emission, demonstrating high selectivity for metastatic tumors.23

Magnetic Resonance Imaging
MRI is an emerging modality for molecular imaging, offering high-resolution three-dimensional imaging to evaluate 
biological processes within solid tumors, thereby guiding precision healthcare for individuals with cancer. MRI CAs are 
molecular compounds engineered to modify the magnetic properties of nuclei, particularly proton, thereby enhancing 
contrast between different regions within an image. Gadolinium-based contrast agents (GBCAs) have found widespread 
use in both preclinical and clinical settings.76,77 Nevertheless, gadolinium (Gd) chelates employed in tumor MRI face 
obstacles including insufficient sensitivity, absence of specificity, and the potential for Gd leakage.

Nanoscale targeted CAs have shown potential for enhancing contrast specifically in tumors during preclinical 
investigations. Du J et al synthesized Gd-doped carbon dots (Gd-CDs) through a hydrothermal method and conjugated 
them with folate molecules to form Gd-CDs-FA, enhancing both FI and MRI capabilities. In vitro MRI studies revealed 
that Gd-CDs-FA had a relaxivity rate of 13.56 mM−1s−1, surpassing the relaxivity rate of the clinical CA Gd diethylene
triamine pentaacetate (Gd-DTPA), indicating its superior relaxivity. In vivo experiments on nude mice showed that, 
following the injection of Gd-CDs-FA, the microstructure of organs and tissues showed no histological damage or 
necrosis, confirming their biocompatibility. Additionally, they exhibited targeted MRI of liver cancer, establishing 
a robust foundation for the targeted MRI diagnosis and monitoring of liver cancer.27 Liu S et al proposed a single- 
atom Gd nanocontrast agent (Gd-SA) to enhance tumor MRI. The individual Gd atoms were coordinated by six N atoms 
and two O atoms, distributed on carbon nanospheres with cavities, to optimize the efficiency of Gd atoms utilization and 
reduce the potential for toxic Gd ion release. In vivo MRI findings demonstrated that Gd-SA provided superior spatial 
resolution and a broader imaging time frame for tumors compared to Gd-DTPA, along with lower hematological, liver, 
and kidney toxicity.28

Safety considerations are paramount for the clinical application of any CA by regulatory agencies. With concerns 
raised about the safety of GBCAs due to evidence linking Gd to nephrogenic systemic fibrosis and Gd deposition in the 
brain,78,79 paramagnetic manganese (Mn) complexes are gaining interest in this field due to the superior safety profile of 
Mn (II) ions compared to exogenous Gd, as well as their favorable intrinsic properties such as high magnetic moments, 
slow electron spin relaxation, and unstable water exchange.80,81 Ma G et al prepared a multifunctional polydopamine 
(PDA)-coated manganese sulfide (MnS) nanocluster. The polyhydroxyl structure of PDA increases the affinity of water 
towards pH-responsive MnS nanoclusters by facilitating hydrogen bonding interactions. The spin lattice relaxation rate of 
MnS nanoclusters exhibited a notable increase following the application of PDA coating, which was conducive to 
efficient tumor MRI.29 Pan X et al utilized gold nanocages as carriers loaded with the drug 5-FU, encapsulated with 
a MnO2 shell, providing a suitable strategy for multimodal imaging to facilitate coordinated therapy.30

IOs have been extensively researched as CAs of MRI due to their uniform size distribution, biocompatibility, and 
surface functionalization capabilities. The assembly of IOs into larger aggregates enhances R2 relaxivity, significantly 
improving T2-weighted imaging, while the conjugation of various molecules facilitates tumor targeting. Gholipour 
N et al synthesized biotinylated thiosemicarbazone dextran-coated IOs, which demonstrated enhanced uptake at biotin 
receptor-positive 4T1 tumor sites.82 Qi G et al obtained nanonuclei with excellent magnetic properties and monodis
persity through thermal decomposition. Subsequently, the particles were enveloped with a mesoporous silica shell 
through the Stöber technique, forming a mesoporous material characterized by a substantial drug carrying capacity 
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and pH sensitivity, crucial for the visualization and targeted DOX release system aimed at pancreatic cancer.83 Beyond 
IO, other magnetic NPs have garnered significant attention. For instance, FeWO4, a p-type semiconductor material, 
exhibits outstanding electronic and optical properties, making it suitable for the development of multifunctional imaging- 
guided tumor-targeted diagnostic and therapeutic agents.84 Besides the use as CAs, Prussian blue NPs, characterized by 
a peak absorption range of 690–720 nm and a photothermal conversion efficiency of around 20%, function as effective 
photothermal agents owing to their outstanding ability in converting light into heat energy.85 Magnetic metal-organic 
frameworks (MOFs) combine the advantages of MOF-based drug delivery systems with the inherent magnetic properties 
of metals, presenting a promising platform for diagnosis and synergistic therapy.86 For instance, Fan Y et al developed 
stimulus-responsive nanoagents, namely 19FIMOF-TA NPs, utilizing trivalent iron ions and fluorine-containing organic 
ligands as structural and functional units. These nanoagents were employed for activatable 19F MRI and synergistic 
tumor therapy.31

Ultra-high field (UHF) MRI is gaining increasing popularity in biomedical research and clinical applications, 
becoming a focal point in cancer diagnostics. Although current paramagnetic or superparamagnetic MRI CAs can 
achieve selective tumor signal enhancement in low-field MRI, their efficacy is limited at UHF due to inherent magnetic 
properties. Liang Z et al reported a magnetic conversion nanoprobe composed of silver-gadolinium bimetallic NPs coated 
with 3-mercaptopropionic acid (C3H6O2) ligands. This NP features adjustable ligand structures and magnetization 
intensity, enabling responsiveness to various pH conditions.32 Besides optimizing the structure of CAs, developing 
new UHF-MRI CAs with high sensitivity is clinically significant. Holmium (Ho), a paramagnetic rare earth element, 
exhibits an extremely short electronic relaxation time. Under high magnetic field intensity, Ho (III) with an effective 
magnetic moment of 10.0 μB can induce local magnetic field gradients and shorten transverse relaxation times, making it 
suitable as high-field T2 CAs. Zhang R et al synthesized Ho (III)-doped mesoporous polydopamine (Ho-MPDA, HM) 
containing Mitoxantrone and targeted breast cancer by encapsulating 4T1 CMs. The results revealed significant UHF T2 

MRI characteristics (r2=152.13 mM−1s−1) and a high drug loading capacity of up to 18%. This formulation was used for 
tumor-targeted drug delivery and UHF MRI-guided chemophotothermal therapy.33 In addition to Ho, the paramagnetic 
dysprosium (III) ion (Dy3+) exhibits the shortest electronic relaxation time (τe=0.5 ps) and the most elevated effective 
magnetic moment (μeff =10.6 μB) among lanthanide ions. This affects proton relaxivity through a Curie mechanism, 
predominantly influencing T2. The influence of Curie relaxation significantly rises with the external magnetic field and is 
proportional to the lanthanide ion’s magnetic moment squared, resulting in notably effective r2 relaxation in UHF-MRI 
applications.87

Chemical exchange saturation transfer (CEST) MRI represents a potentially valuable molecular imaging modality, 
capable of specifically detecting metabolites containing exchangeable amide, amine, and hydroxyl protons. CEST CAs 
need to possess exchangeable proton groups, such as alcohol, amine, amide, and acid groups, which resonate at Larmor 
frequencies for selective saturation.88 Various paramagnetic or superparamagnetic nanoscale CAs have been investigated 
for applications in cancer phenotyping and neurological diseases, aiming to characterize tumor metabolism features such 
as hypoxia in tumor cells,89 extracellular pH,90 specific enzymes in tumor regions,91 and water exchange levels on 
CMs.92 For instance, Kombala CJ et al pioneered the development of paramagnetic nanoscale polymers for pH 
measurement using acido CEST MRI. Utilizing 4-aminosalicylic acid ester as a monomer unit facilitated selective 
saturation, potentially allowing for higher saturation levels and thereby improving detection sensitivity. Additionally, the 
concentrations used in acido CEST MRI studies were reduced by 125-fold and 488-fold compared to monomeric CAs 
and iodopamide, respectively.93

Ultrasound Molecular Imaging
The introduction of specific CAs enables molecular UI to achieve highly sensitive detection of particular cells, 
molecules, or biological processes within the body, offering more precise diagnostic and monitoring information. In 
recent years, a range of ultrasound contrast agents (UCAs) have been developed to enhance the precision of disease diag
nosis in molecular ultrasound cancer imaging.94,95 Microbubble CAs are the most commonly utilized in clinical practice, 
widely employed in routine clinical contrast-enhanced ultrasound (CEUS) imaging examinations.96 However, micro
bubbles cannot extravasate from blood vessels.97 In contrast, nano-sized bubbles have the advantage of penetrating blood 
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vessels and reaching extracellular tissue spaces, especially in tumors. Currently, nanobubbles (NBs), gas vesicles (GVs), 
and nanodroplet CAs have been developed for the imaging of tumors.98 Furthermore, UCAs detect specific disease 
markers by binding with various targeting ligands.99

In recent years, lipid-stabilized NBs with diameters smaller than 1000 nm have become a research hotspot as UCAs. 
Wang Y et al pioneered the development of a particularly stable NB CA (diameter ranging from 100 to 500 nm) 
composed of perfluoropropane gas nuclei and stabilized with propylene glycol, phospholipids, and glycerol shells. They 
equipped NBs with specific antibodies or ligands and, using a more clinically relevant in vivo prostate cancer model, 
conducted UI targeting PSMA.34 With advancements in technology, dual-targeted nano-sized CAs are also continuously 
being developed. Mi X et al synthesized small-sized NBs (~49 nm) and surface-modified them with alanine-alanine- 
asparagine (NB-A) or arginine-glycine-aspartic acid peptide (NB-R). These modifications were designed to specifically 
target lectins present in tumor cells and integrins found in the neovascular system of tumors. Dual-targeted NBs serve as 
effective UCAs for specific imaging of breast cancer and demonstrate considerable promise for broader applications in 
cancer diagnosis and surveillance in the future.35

Nanoscale CAs produced through chemical synthesis have been found to exhibit superior acoustic properties, but the 
majority of these agents have diameters exceeding 500 nm, limiting their penetration capabilities into tumors. Recently, 
GVs from halophilic archaea have emerged as promising alternatives to conventional acoustic CAs.36 Nano- 
bioengineered GVs derived from Halobacterium NRC-1 (Halo) with a diameter of 200 nm have exhibited remarkable 
ultrasound contrast signals in the livers of mice and enhanced penetration into tumors.36,100 Increasing evidence suggests 
the significant potential of GVs in UI and therapeutic applications. Abundant evidence indicates a strong correlation 
between the progression and metastasis of tumors and various extracellular matrix (ECM) proteins. Among these, one of 
the most abundant ECM components linked to the formation of new blood vessels in tumors is extra domain-B 
fibronectin (ED-B FN), which is notably increased in numerous highly aggressive cancer types. A cyclic nonapeptide, 
CTVRTSADC (ZD2), has been developed, exhibiting high specificity for binding to ED-B FN. Feng Y et al first reported 
an improved acoustic probe based on bioengineered GVs modified with ZD2 and investigated its potential for early 
diagnosis of bladder cancer.101 Recently, they isolated GVs and modified them with LyP-1 peptide (a cyclic nonapeptide 
ligand specific for targeting p32) and administered the resulting LyP-1-GV system to mice with tumor xenografts, with 
tumor volumes of 70 mm3 and 1000 mm3 after 7 and 21 days, respectively. Through UI, they demonstrated for the first 
time the translocation of p32 protein from mitochondria to the plasma membrane, providing a new strategy for exploring 
molecular events of protein translocation and assessing tumor metastasis at the level of living animals.100

Nanodroplets typically consist of a perfluorocarbon (PFC) liquid core encapsulated by a lipid shell. They can be 
stimulated by ultrasound to convert from droplets to gas-filled bubbles. Due to their faster resolution, prolonged 
circulation time, and efficient tumor vascular permeability, they are being investigated as UCAs.37 Further surface 
coating or functionalization based on PFC is employed for tumor imaging. For instance, some researchers utilized folate- 
conjugated liquid perfluorohexane (PFH) as the core of nano-droplets for imaging mouse liver cancer.38 Yang H et al also 
employed phase-change nano-droplets combined with IR-780 iodide for precise detection of malignant melanoma of the 
skin.102 As an effective synergistic delivery system, nanodroplets can be controlled for release through ultrasound. Li 
J et al assembled targeted nanodroplets for cancer-associated fibroblasts (CAFs), enabling co-delivery for ASCT2 
inhibitor and siRNA targeting glutamine synthetase (GLUL). Through ultrasound-targeted microbubble disruption, 
drugs can be rapidly released, blocking the interaction of CAFs with cancer cells in glutamine metabolism, and 
downregulating the expression of GLUL. This achieves the dual purpose of CEUS imaging while modulating tumor 
metabolism.103 Additionally, they constructed nanodroplets loaded with simvastatin for comprehensive diagnosis and 
treatment in a triple-negative breast cancer mouse model.104

Notably, in recent decades, there has been a growing significance of focused ultrasound (FUS) ablation in the field of 
biomedicine. Its non-invasive nature provides significant advantages, especially for clinically infeasible surgical 
interventions.105 Nanodroplets excited by FUS can induce blood flow occlusion under high pressure, exerting anti- 
vascular effects and holding tremendous potential for tumor therapy.106 Additionally, numerous researchers have 
endeavored to create ultrasound-responsive NPs for diagnostic and therapeutic purposes.
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These NPs have the capability to reprogram gene expression,104 regulate tumor cell metabolism,107 and modulate the 
tumor microenvironment (TME).108 For instance, some researchers developed a tumor microenvironment-responsive 
nano UCA to increase the proportion of mature dendritic cells and proinflammatory macrophages by reprogramming the 
metabolism of immature dendritic cells and tumor-associated macrophages (TAMs), which is utilized for chemotherapy 
and immunotherapy of breast cancer.108 Throughout this process, PFH within the NPs facilitates monitoring of the 
treatment corresponding to ultrasound. Qiu Y et al reported on a nano UCA (arsenic trioxide (ATO)/PFH) NPs@Au- 
cRGD), achieving efficient UI and liver cancer treatment.109 However, nano UCAs still face several challenges in cancer 
therapy, including ensuring their stability and biocompatibility in vivo, enhancing tumor targeting and specificity, 
accelerating clinical translation, and so on. With continual advancements and developments in technology, nano UCAs 
are expected to have an increasingly significant impact on the diagnosis and treatment of cancer.

Photoacoustic Molecular Imaging
PAI stands as a noteworthy clinical imaging technique for the treatment of cancer and other medical conditions, 
demonstrating considerable advancements over the past decade. Nonetheless, the clinical adoption of PAI-based 
methodologies continues to face scrutiny due to perceived shortcomings in imaging quality and the clinical information 
obtained from PA images, which may not always align with findings from alternative imaging modalities. Consequently, 
efforts to enhance PAI efficacy have pivoted towards the integration of exogenous CAs, typically in the form of 
nanomaterials, with the aim of achieving superior image quality coupled with reduced side effects, diminished 
accumulation rates, and enhanced target specificity.110 Materials such as metal NPs, metal sulfide NPs, and semicon
ductor polymer NPs have found widespread application as photoacoustic CAs.111

Metal NPs represent the inaugural materials documented to possess the capability of delivering robust photoacoustic 
signals.112 Gold NPs are currently regarded as highly efficient optical probes for PAI, owing to their robust extinction 
coefficients and morphology-dependent optical characteristics. Modulating the size and shape of NPs allows for the 
adjustment of their localized surface plasmon resonances, thereby facilitating the creation of tailored particles with 
customized optical properties to serve various purposes.113 Gold nanorods have traditionally been the preferred choice for 
PAI due to being the initial anisotropic NPs acquired in the field.114 For example, utilizing functionalized gold nanorods, 
Alfano et al successfully achieved targeted PAI of bladder cancer based on α5β1.39 Sun IC et al ingeniously exploited the 
photocatalytic capability of gold nanorods and the photolysis of azides to develop a dual-mode CA named GLANCE. 
After silica coating and amine functionalization of the gold nanorods, azide compounds were chemically bonded to their 
surface. GLANCE absorbed NIR laser light and generated nitrogen gas bubbles through the photocatalytic properties of 
gold nanorods and the photolysis of azide compounds. These bubbles reduced acoustic impedance and accentuated the 
contrast between the injection site and surrounding tissues, enabling both UI and PAI.40 In recent years, there have been 
other applications of gold NPs for PAI strategies. For instance, gold nanostars have shown promising potential as CAs for 
photothermal therapy (PTT) and PAI due to their excellent photothermal conversion efficiency. Chen Y et al synthesised 
gold nanostars without toxic surfactants and coated them with a silica shell to maintain their shape, thus preserving their 
optical stability. Their outstanding performance was validated through in vitro and in vivo PAI experiments.41 Zhang 
R et al pioneered a novel photoacoustic probe based on a core of nanostars and an outer shell of polymer. Notably, the 
inclusion of a polymer melanin coating led to a signal enhancement of over fourfold, attributed to its intrinsic 
photoacoustic capability, thereby improving PAI performance while augmenting biocompatibility. This innovation offers 
valuable insights for enhancing PAI methodologies.114 However, anisotropic gold NPs such as gold nanorods and gold 
nanostars exhibit polarization-dependent light absorption, rendering them prone to shape modification into spheres when 
exposed to pulsed laser irradiation, leading to changes in light absorption and subsequent attenuation of photoacoustic 
signals, particularly within the NIR window, making anisotropic gold nanostars not ideal for continuous PAI with high 
imaging contrast. Kim et al demonstrated an effective approach to generate optical responses at NIR wavelengths through 
plasmon coupling of isotropic gold nanospheres. When two or more gold nanospheres are very close, typically within 
a few nanometers, their plasmon resonances hybridize, causing the optical absorption peaks to redshift towards longer 
wavelengths. In the phenomenon of plasmon coupling, the strength of absorption is contingent upon both the quantity 
and proximity of gold nanospheres. By fabricating a nanoscale superstructure wherein gold nanospheres densely extend 
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branches in multiple directions, it leads to blackbody-like absorption characteristics at NIR frequencies across various 
light polarization directions, resulting in robust photoacoustic signals and contrast. The findings demonstrate that such 
hyper-branched gold nanostructures (HBGNCs) possess notable optical characteristics, including robust NIR absorption, 
efficient absorption across different polarization angles, and enhanced photostability in comparison to traditional 
plasmonic CAs like gold nanorods and gold nanospheres. In vitro and in vivo experiments have confirmed the 
applicability of HBGNCs as efficient photoacoustic CAs for cancer imaging.115

There are also some other metal NPs used for PAI. Sodium yttrium fluoride doped with ions like ytterbium (Yb3+), 
erbium (Er3+) and terbium (Tb3+) has been documented for its ability to transform NIR into visible light, facilitating the 
production of photoacoustic signals that are evaluated in small animal models. Superparamagnetic iron oxide 
nanoparticles (SPIONs) demonstrated utility in photoacoustic tomography following their encapsulation with a silica 
coating. Xu Q et al outline the production process of MnO2-coated porous Pt@CeO2 core-shell nanostructures (Pt@CeO2 

@MnO2) as an innovative theranostic nano-platform. The porous Pt cores endow the core-shell nanostructures with high 
photothermal conversion efficiency (80%) in the NIR region, allowing for PTT and PAI of tumors.116 Li L et al reported 
a high-performance, reversible temperature-responsive PEG-coated tungsten vanadium dioxide (W-VO2@PEG) NP, 
featuring a robust and switchable NIR-II, enabling greater maximum permissible laser irradiation while reducing light 
scattering, beneficial for contrast-enhanced PAI in deep-seated diseases.117

Semiconductive polymeric NPs represent a significant portion of organic NPs that exhibit photoacoustic and related 
properties due to their NIR absorption property. Semiconducting polymers offer unique advantages in photoacoustic 
applications due to their remarkable photostability and biocompatibility, setting them apart from other NPs. Polymeric 
NPs containing diketopyrrolopyrrole and its derivatives were utilized for enhanced tumor imaging with more than five 
times higher than the background signal at 2 h of the NP injection.42 Benzothiadiazole moiety doubled the PA signal 
provided by the NPs.43 Organic dyes are continuously under investigation for its photoacoustic contrast capabilities due 
to their ability to provide a similar enhancement in PAI as polymeric NPs, while also demonstrating significant 
biocompatibility.110 Recent studies have found that coupling with phospholipids enhances the effectiveness of porphyrin 
NPs in PAI. These NPs have also been reported to be a component of photon bubbles, which can serve as CAs for both 
UI and PAI.118

In conclusion, the combination of PAI technology with NPs enables high-resolution imaging of biological tissues and 
cells. By using NPs as CAs, the photoacoustic signal can be enhanced, improving imaging sensitivity and resolution.

Multimodal Molecular Imaging
Each imaging technique has its own drawbacks. For example, PET/SPECT are associated with poor spatial resolution and 
radiation risks, while MRI has relatively low specificity and a long imaging time. In contrast, FI has low spatial 
resolution and a small penetration depth. Meanwhile, UI has poor resolution and subjective results dependent on the 
particular operator.72 To address these limitations, combining two or more imaging techniques into a new modality— 
referred to as multimodal molecular imaging—can provide more reliable and accurate information.44 This approach 
leverages the unique strengths and capabilities of different imaging modalities to offer a more complete understanding of 
biological processes at the molecular level. Currently, most multimodal imaging technologies exhibit dual modalities. 
The most common combinations, which synergistically enhance detection sensitivity, spatial resolution, biocompatibility, 
and therapeutic precision, include the fusion of FI with MRI, FI with PAI, and MRI with PAI. We provide a brief 
overview of NP-based multimodal molecular imaging and its complementary advantages (Figure 3). Multimodal 
molecular imaging has found extensive application in both preclinical and clinical research, supporting early disease 
detection, staging, treatment monitoring, surgical guidance, and prognostic evaluation.

Dual-Modality Radionuclide Imaging/MRI
When compared to PET/CT, PET/MRI provides superior soft tissue contrast, lowers radiation exposure, and boosts 
spatial resolution. The transition from initially employing a mixture of two probes for imaging to the development of 
PET/MRI probes has been facilitated by the utilization of magnetic NPs, providing a promising avenue. Liolios et al 
devised a probe, 68Ga-mNP-N1/2, with an IO core, for the assessment of PMSA and gastrin releasing peptide receptor 
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(GRPR) expression. Under the premise of excellent biocompatibility, in vitro experiments have yielded specific cell 
binding.119 Gholipour et al used the amino-thiourea moiety as a chelating agent to prepare probes and nanoprobes 
binding to 68Ga3+ on their surfaces. This probe demonstrates accumulation at the reticuloendothelial system and 4T1 
tumor sites (5.4% ID/g).82 Several researchers have developed ultrasmall magnetic iron oxide nanoparticles (99mTc-ZW- 
USIONPs) intrinsically labeled with 99mTc through a one-pot synthesis method. Experimental results indicate that these 
99mTc-ZW-USIONPs exhibit exceptional performance in tumor SPECT and T1-weighted MRI in 4T1 tumor-bearing 
mice.120 Notably, the probe is surface-coated with zwitterionic ions, eliminating the need for chelating agents and 
preventing protein corona formation. This approach reduces RES uptake, thereby enhancing tumor contrast. The 
discovery of these nanoprobes indicates that the combination of dual-modal radioactive nuclide imaging and MRI can 
be used together, complementing each other’s strengths to enhance the accuracy and reliability of diagnosis.

Figure 3 Schematic Diagram of the Design Principles of Activatable Fluorescent Probes (By Figdraw 2.0). The combination of different imaging techniques offers various 
advantages.
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Dual-Modality Radionuclide Imaging/FI
The fluorescent signals generated by semiconductor QDs exhibit limited tissue penetration capabilities. Therefore, the 
development of dual-mode CAs that combine optical imaging with other highly sensitive and quantitative imaging 
techniques is of significant importance. PET provides complementary advantages and is widely used in early disease 
detection, malignant tumor staging, and the assessment of treatment responses. Chen K et al were the first to employ 
amino-functionalized QDs for quantitative examination via NIR FI and PET imaging in tumor-bearing mouse models. 
The targeted application was achieved through surface modification, which also effectively stabilized the colloidal form 
of the QDs.121 Deng H et al developed a multimodal dextran-mimetic quantum dot (Q-Dex) for macrophage imaging. 
Utilizing NIR emission, this approach enables multimodal imaging through in vivo fluorescence, PET, and ex vivo as 
well as in situ fluorescence microscopy. Experimental validation demonstrated that, as a macrophage-targeting agent, the 
Q-Dex probe exhibits excellent targeting at the cellular and tissue levels, with an extended blood half-life.122 This 
advancement paves the way for unprecedented macrophage analysis in vivo and diagnostic applications in related 
diseases such as cancer.

As previously mentioned, using CR generated by radionuclides as the excitation light source for fluorescent probes 
can achieve deep tissue imaging. The commonly used radioactive metals in dual-modality PET/FI include 89Zr, 64Cu, and 
68Ga.123 Shi X et al conjugated folic acid and ICG with DOTA chelation and performed radiolabeling with 64Cu to 
achieve targeted PET and FI of glioblastoma.124

Dual-Modality MRI/FI
Integrating FI and MRI within a single nanostructure has been shown to provide powerful imaging capabilities, greatly 
enhancing the precision of clinical diagnostics. The fundamental design strategy involves combining magnetic NPs with 
fluorescent and targeting moieties. For instance, dual-mode NPs such as Plectin-SPION-Cy7, utilize SPIONs (Fe3O4) 
conjugated with anti-plectin-1 monoclonal antibodies and Cy7 fluorophores. In vivo and in vitro experimental data 
suggest its utility in monitoring pancreatic cancer.125 Pan Y et al synthesized fluorescent polymer NPs termed Gd-FPNPs, 
by a facile one-step etherification copolymerization method. These NPs were conjugated with Gd3+ chelates. The results 
from cell and animal experiments demonstrated excellent biocompatibility and dual-modal FI/MRI capabilities.126 In 
addition, Fu X et al synthesized NPs stabilized by Pluronic F127, which contained ICG and tetra (4-carboxyphenyl) 
porphyrin-Mn (III) (TCPP(Mn)), serving as a dual-modal probe of FI and MRI. Utilizing F127-ICG/Mn NPs, they 
successfully distinguished between normal and metastatic sentinel lymph nodes (SLNs) at both microscopic and 
macroscopic levels via fluorescence imaging and MRI.127

Dendritic polymers have been proven to demonstrate superior performance in enhancing imaging contrast in the 
target area, reducing toxicity, and prolonging imaging duration. A hydrophobic dendritic polymer with multiple Gd3 

+units developed by researchers, which forms nano micelle reagents at the end, exhibits excellent relaxation properties 
for MRI. Encapsulating NIR fluorescent dyes within the core of the nanoprobe creates a dual-mode MR/NIR FI reagent, 
exhibiting efficient MRI performance at lower Gd3+ concentrations and allowing for fluorescence intensity more than 
twice that in NIR imaging.128 This holds promising prospects for development.

Dual-Modality FI/PAI
PAI offers high penetration depth and spatial resolution but lower sensitivity, whereas FI provides high sensitivity, 
temporal and spatial resolution, and SBR but limited penetration capability. The complementary advantages of both 
modalities make the combination of NIR FI and PAI promising for achieving more precise diagnosis of brain tumors.129 

Dual-wavelength NIR-II fluorescence and PAI exhibit remarkable spatiotemporal resolution, deep tissue penetration, and 
high SBR. Guo B et al introduced an innovative approach utilizing conjugated polymer NPs for FI and PAI within the 
NIR-II window. The NPs possess excellent biocompatibility, superior photostability, and tunable optical properties. By 
employing FUS to open the blood-brain barrier and NIR-II PAI, these NPs enable the precise localization of microscopic 
brain tumors smaller than 2 mm in diameter with a high SBR of 7.2. FI allows for the differentiation of blood vessels 
with a diameter of 23.26 µm at a depth of 600 µm.130
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The lipid NPs, facile in surface modification and capable of carrying diverse functional payloads while exhibiting 
excellent biocompatibility, emerge as promising delivery vehicles. However, the complexity introduced by the combina
tion of different functional groups poses challenges for clinical translation. In tackling this challenge, some researchers 
have pioneered the design of a novel nitrogen-substituted BODIPY-lipid nanoparticle (BODIPYsome).131 Characterized 
by a lipid-based nanostructure, this innovative NP showcases unique nanoscale optical properties. Its intact structure 
demonstrates photoacoustic characteristics, and upon destruction within cancer cells, it restores NIRF properties. The 
dual PA/FI capability of this NP was observed in in vivo animal experiments.

In recent years, research on multi-modal nanoprobes based on AIE has made significant progress. Xu R et al 
pioneered the development of two AIEgens, namely C-NTBD and O-NTBD, marking the inaugural application of 
PAI/NIR-II FI in the diagnosis and treatment of neuroendocrine tumors and their SLNs. Notably, under the guidance of 
NIR-II FI with C-NTBD NPs, even SLNs with a diameter as small as 1 millimeter located distant from the primary tumor 
site could be detected and accurately excised.132

Other Multimodal Molecular Imaging Techniques
Other multimodal imaging methods are also constantly evolving, such as the combination of MR/PA/FI.133,134 Each 
imaging technique possesses unique characteristics, and the advancement of nanotechnology has propelled the 
innovation of multimodal molecular imaging technologies. By employing nanostructures, researchers can design 
multimodal imaging probes, leveraging the complementary attributes of different imaging modalities to enhance 
diagnostic capabilities. For instance, a single NP may exhibit both magnetic and optical properties, enabling the 
acquisition of complementary information from MRI and optical imaging modalities. At present, the emphasis in 
designing and developing multimodal molecular imaging probes lies in the exploration of nanomaterials and the 
ongoing refinement of probes. For instance, magnetic NPs demonstrate excellent performance in MRI, and their 
functionality can be enhanced by conjugating targeting moieties and fluorescent tags, thereby conferring FI capabil
ities. However, existing probes face limitations concerning biocompatibility and stability, such as potential toxicity 
associated with metallic NPs. In summary, the advancement of multimodal molecular imaging technology provides 
better support for tumor diagnosis.

Insights from Tumors and Tumor Microenvironment on 
Nanoparticle-Based Molecular Imaging
TME denotes the microenvironment encompassing tumor cells and their surroundings, which comprise adjacent blood 
vessels, immune cells, fibroblasts, diverse signaling molecules, and the ECM.135 It is shown in Figure 4. The abnormal 
physiological conditions exhibited by the TME offer a means of distinguishing tumors from normal tissues, serving as 
a critical basis for the design of molecular imaging probes to enhance tumor targeting. Moreover, NPs might engage with 
the TME, inducing notable alterations in their characteristics. Concurrently, the TME exerts an impact on the self- 
assembly or aggregation status of NPs, offering potential utility in devising activatable probes. Improving the micro
environment through NPs can effectively achieve therapeutic goals.

Cancer cells adapt and evolve by altering metabolic pathways, thereby surpassing normal cells and creating a TME 
that promotes cancer cell survival and metastasis. The robust metabolism of tumor cells and rapid proliferation result in 
oxidative stress within the cells, leading to a high level of ROS intracellularly. Cells tend to maintain redox homeostasis, 
hence exhibiting high expression of reduced glutathione (GSH), which is a characteristic feature of tumors. Tumor cells 
predominantly utilize glucose for glycolysis under aerobic conditions, leading to the accumulation of lactate and 
ultimately causing acidosis in the extracellular microenvironment. This acidosis, along with oxygen depletion in the 
surrounding tissues, including immune cells, impairs immune responses and facilitates immune evasion by tumors. The 
abundance of stimuli leads to abnormalities in growth factors, cytokines, and proteases. The high demand for oxygen also 
promotes angiogenesis, the formation of new blood vessels.136

Hypoxia in TME leads to changes in the expression levels of related factors. High expression of hypoxia-related 
factors in tumors includes various reductases, cyclooxygenase-2, carbonic anhydrase (CA), GSH, HIF-1α, providing 
insights for enzyme-responsive probes.137 For example, PET tracer 68Ga-NY104 targeting CAIX is currently undergoing 
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preclinical and clinical evaluations in tumor, demonstrating its clinical value.138 The acidic tumor microenvironment has 
been extensively employed as an intrinsic stimulus to disrupt pH-labile bonds and trigger material degradation for the 
release of therapeutic drugs.139 Sun R et al obtained SR780@Fe-PAE-COOH by encapsulating pH-responsive polymers 
into the SR780@Fe. Upon entry into the acidic conditions of tumors, it undergoes degradation, exposing SR780@Fe, 
which further releases SR780 and Fe3+ due to the cleavage of coordination bonds. Through laser irradiation, SR780 
promotes cell apoptosis while activating NIR-II FI and PAI. The excessive accumulation of Fe3+ facilitates the 
occurrence of the Fenton reaction, ultimately leading to ferroptosis in cells. Ultimately, this promotes synergistic therapy 
of tumor visualization through photodynamic and ferroptotic mechanisms.140 It is worth noting that a study suggests that 
even slight variations in pH levels may influence the functional properties of NPs on the organism, thus caution needs to 
be exercised in consideration.141 Tumor angiogenesis is the result of dynamic regulation imbalance, influenced by 
various growth factors, with VEGFR and αvβ3 being important imaging targets currently under development. On the one 
side, the immune microenvironment of tumors can be visualized through molecular imaging. For instance, some 
researchers have designed NPs with NIR absorption and utilized them as cell trackers to observe the directed behavior 
of macrophages.142 Conversely, NPs are able to promote immune therapy and monitor treatment. For example, changes 
in TAMs impact cancer prognosis, with their increase reflecting reduced treatment efficacy. Luo X et al developed 
a nano-fluorescent probe to monitor the dynamic changes of TAMs induced by low-dose radiotherapy and zoledronic 
acid, reflecting tumor treatment outcomes.143

Figure 4 Implications of Tumor Microenvironment Characteristics for the Design of Tumor Imaging Nanoprobes (By Figdraw 2.0). As shown in the center of the figure is the 
composition of the tumor microenvironment. The upper left corner depicts tumor cells undergoing aerobic glycolysis, producing large amounts of lactic acid, ultimately 
resulting in an acidic environment. The upper right corner illustrates the formation of incomplete neovasculature within the tumor microenvironment. The middle right 
section shows the use of targeted cells for molecular imaging, the lower left indicates the design of switchable probes, and the lower right represents the visualization-based 
treatment using nanoparticle probes.
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It is noteworthy that with the advancement of nanobody research, the identification and targeting of TAMs towards 
deeper regions have become increasingly crucial. Erreni M et al used monovalent (m) or bivalent (biv) forms of anti- 
Macrophage Mannose Receptor (MMR) nanobodies to evaluate in vivo TAM targeting, conducting a detailed analysis of 
pharmacokinetics in tumor and healthy tissues, offering crucial insights for future cancer therapy based on nanobody 
approaches. TAMs with anti-tumor M1-like and pro-tumor M2-like phenotypes coexist in the TME.144 There has been 
widespread interest in reprogramming TAMs to alter the tumor immune-suppressive microenvironment. Chong L et al 
engineered biomimetic NPs to promote the transition of M2-like TAMs to M1-like TAMs. Under acidic conditions in the 
tumor, the probe can degrade to produce Mn2+ for MRI, enabling tumor tracking.145

Table 2 Clinical Trials of Nanoparticles in Tumor Molecular Imaging

Type Agent and 
modality

Investigated motivation/indication Status Clinical 
Trials. gov 
identifiers

Sulfur Colloid 99mTc, SPECT Investigate whether alkalinization of 99mTc-sulfur colloid capsules can 
reduce the level of pain perception during non-breast sentinel lymph 

node imaging procedures

Completed 
Has results

NCT01660412

Sulfur Colloid 99mTc, SPECT Detecting the spread of oral or throat cancer to the neck lymph nodes 

in patients.

Completed NCT00012168

Gold Nanoshell, 

photothermal

AuroLase (TM) treats patients with refractory and/or recurrent head 

and neck tumors.

Completed 

Has results

NCT00848042

Gold Nanoparticles CD24, qPCR Early detection of cancer stem cells in salivary gland tumors using CD24 

coupled gold nanoparticles

Completed NCT04907422

Silica Nanomolecular 

Particle

124I, PET Study on using 124I-labeled cRGDY mesoporous silica nanoparticles as 

a tracer for PET imaging in patients with melanoma and malignant brain 
tumors.

Active, not 

recruiting

NCT01266096

Iron Oxide Ferumoxytol, 
MRI

Describe the quantitative imaging changes of brain tumor blood vessels 
after anti angiogenic therapy and steroid therapy

Terminated NCT00769093

Superparamagnetic 
Iron Oxide (SPIO)

Feraheme, 
MRI

Detecting lymph node metastasis of pancreatic cancer using 
superparamagnetic iron oxide magnetic resonance imaging

Completed 
Has results

NCT00920023

Superparamagnetic 
Particles of Iron 

Oxide

Ferumoxide, 
MRI

In vivo tracking of magnetic labeled implanted stem cells using MRI 
scanning

Completed NCT01169935

Ultra-small 

Superparamagnetic 

Iron Oxide

Ferumoxytol, 

MRI

Imaging of myocarditis after acute myocardial infarction Completed NCT01995799

Ultra-small 

Superparamagnetic 
Iron Oxide

Ferumoxtran- 

10, MRI

Evaluate the pathological impact of USPIO-MRI on patients with 

pancreatic cancer or periampullary cancer.

Terminated NCT04311047

Ultra-small 
Superparamagnetic 

Iron Oxide

Ferumoxtran- 
10, MRI 
68Ga PSMA 

PET-CT

Verify the accuracy of 68Ga PSMA PET-CT and USPIO-MRI prostate 
cancer lymph node imaging

Unknown NCT03223064

Polysiloxane Gd- 

Chelates based 
nanoparticles

AGuIX, SBRT To determine the safety and effectiveness of Ga-based nanoparticles 

AGuIX (Activation and Guidance of Irradiation X) in combination with 
magnetic resonance guided stereotactic radiotherapy (SBRT) in the 

treatment of pancreatic cancer and lung tumors.

Ongoing NCT04789486
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New Applications in Tumor Molecular Imaging
Currently, various NP-based drugs have entered clinical research on tumor molecular imaging. We have summarized 
recent developments in the clinical application of NPs in molecular imaging in Table 2, demonstrating significant 
potential applications. Nano drug carriers exhibit the capacity for precision drug delivery within the organism, enhancing 
therapeutic efficacy. Additionally, treatment response can be monitored through imaging techniques. This integrated 
approach to treatment and diagnosis is commonly referred to as “theranostics”. Here, we provide a concise summary of 
the integrated tumor diagnosis and therapy platform based on the NP technology, along with its current development 
status.

Image-guided Surgery
The initiation of a new era in image-guided surgery was marked by the pioneering NIR-II fluorescence-assisted human 
liver tumor operation. This advancement underscores the transformative impact of molecular imaging in surgical 
precision and patient outcomes.146 During tumor resection surgeries, surgeons commonly rely on visual observation 
and tactile sensation to locate the position of tumor and determine the boundary of resection. However, discerning tumor 
margins from surrounding normal tissue at a macroscopic level is often challenging. Intraoperative margin assessment is 
typically conducted using frozen section analysis and imprint cytology. While these methods hold promise in reducing 
positive margin rates, they are laborious, time-consuming, and inherently limited in sensitivity because of limitations in 
sampling rates. Intraoperative imaging offers advantages in overcoming these challenges by enabling identification of 
small malignant tumors that may not be detected preoperatively using conventional imaging techniques, and by 
facilitating real-time assessment of residual lesions and surgical margins within the operating room.

In FI, selecting the optimal fluorescent probe is crucial for achieving higher TNR (tumor-to-normal tissue ratio). Xu 
H et al utilized rigid polystyrene NPs as carriers to load AIEgens, thereby constructing highly luminescent nano-probes. 
Experimental results demonstrate that NIR-II@ polystyrene nano-probes exhibit exceptional accuracy in defining the 
boundaries of small peritoneal tumor nodules, attributed to reduced interaction between light and tissue and improved 
spatial resolution of NIR-II light, resulting in high TNR.147 This technology holds vast potential for accurately resecting 
tiny metastatic lesions in fluorescence-guided surgical procedures.

In addition to fluorescence-guided tumor surgery, PAI holds advantages for the resection of deep-seated tumors due to 
its high tissue penetration depth. For instance, Yu Q et al utilized PAI employing endogenous melanin as a contrast to 
target and eliminate B16 melanoma liver metastases. Hepatic melanoma as small as 400 μm in diameter in the liver could 
be detected up to a depth of 7 mm, and precise resection guided by PAI demonstrated its advantages, including high 
resolution, sensitivity, deep tissue penetration, and early detection of liver micrometastases.148 Similarly, Liu JJ et al 
utilized a PAI method employing melanin NPs conjugated with cyclic Arg-Gly-Asp (cRGD) for improved detection and 
accurate resection of breast cancer.149

Image-guided Photodynamic Therapy
PDT is a modern non-invasive therapy that requires the concentration of a photosensitizer in tumor tissue, followed by 
irradiation of the tumor site with light of a specific wavelength.150 This process generates ROS with cytotoxic effects, 
thereby achieving tumor cell destruction. However, the application of PDT is limited by adverse factors in the TME, such 
as the elevated levels of GSH, which are approximately four times higher than those in normal tissues. Numerous 
research efforts have aimed to diminish the level of GSH in the TME to augment the effectiveness of PDT. Nanozymes, 
which possess both nano-material and natural enzyme characteristics, provide a promising approach to improve PDT 
efficacy. Feng S et al first discovered that mesoporous carbon has a glutathione oxidase-like activity that depletes GSH, 
and they found that the depletion of GSH enhanced the efficacy of PDT by loading Ce6 onto mesoporous carbon.151 

Subsequently, they prepared Cu2+ doped carbon NPs (CHC) loaded with photosensitisers for the combined treatment of 
metastatic tumors. They coated the surface of CHC with hyaluronic acid, which was broken down when it reached the 
tumor site and encountered hyaluronidase overexpression, allowing the catalytic activity of CHC to be selectively 
exerted. When exposed to NIR, the accumulation of CHC at the tumor location results in the production of heat in 
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that specific area, leading to the targeted induction of apoptosis in tumor cells, while enhancing the photodynamic effect 
and enzyme-like activity. FI reflected the protective effect of NPs on photosensitisers.

Hypoxia also limits the efficacy of PDT, and improving hypoxia has become a focus of research. Ruthenium (Rh)- 
based nanostructures have been explored as potential biocompatible materials for NIR absorption in tumor PTT. 
Moreover, rhodium exhibits inherent catalase-like activity, capable of decomposing H2O2 into O2. Wang J et al 
synthesized porous Au@Rh core-shell structures as a fundamental platform, with ICG loaded into the pores and coated 
with cancer CMs to form Au@Rh-ICG-CM nanocomposites. When exposed to 808 nm laser irradiation, Au@Rh-ICG- 
CM facilitates the catalytic decomposition of H2O2, improving hypoxia and enhancing PDT therapy. Additionally, FI/PAI 
allows for monitoring the distribution of Au@Rh-ICG-CM within tissues and aids in directing the therapeutic 
interventions.152

Image-guided Chemodynamic Therapy
Chemodynamic therapy (CDT) involves the use of Fenton or Fenton-like reaction to produce extremely cytotoxic •OH 
from H2O2 with the aim of eradicating cancer cells. This approach demonstrates considerable therapeutic potential in the 
treatment of tumors.153 To date, the nanocatalysts that have been subject to the most comprehensive research are still 
those derived from Fe, including Fe3O4, FeS2, and ferrocene-based NPs. This is primarily due to the notable catalytic 
efficacy exhibited by Fe3+/Fe2+.154,155 Fe2+ is prone to oxidation, leading to systemic adverse effects. Hence, the 
development of a manageable Fe2+ delivery system poses a difficulty in preserving its valence state, mitigate toxicity, 
and improving therapeutic effectiveness. He T et al reported a NIR light-triggered Fe2+ delivery agent (LET-6). Under the 
guidance of FI and PAI, the thermal expansion induced by 808 nm laser irradiation triggers the transformation of LET-6, 
exposing Fe2+ from its hydrophobic layer. This subsequently catalyzes the degradation of endogenous H2O2 in TME, 
generating •OH and enhancing CDT efficacy.156 This lays the groundwork for forthcoming collaborative approaches in 
cancer therapy involving metal ions. Besides, other metal-based nanocatalysts, such as Mn−, Cu−, Co−, and Ag-based 
nanomaterials, have been synthesized for applications in Fenton-like chemical reactions. Yang L et al engineered 
multifunctional MOF NPs with dual capabilities. These MOFs utilize redox-active copper-based units to catalyze the 
conversion of H2O2 to •OH, and also emit characteristic NIR luminescence through Yb4 clusters embedded in the 
scaffold.157 Research has confirmed the dual functionality of MOF NPs. In another work, Zhang Z et al developed 
a biodegradable nanosystem (Ag2S-GOx@BHS NYs) with the aim of facilitating tumor therapy through the induction of 
ROS.158

CDT is also influenced by TME, and single therapeutic modalities have inherent limitations. Integrating different 
treatment methods into a single nanocarrier platform can significantly enhance cancer therapy effectiveness. For instance, 
An G et al established a MOF using surface-modified copper NPs to eliminate tumors through multiple cascading 
synergistic therapeutic effects. Nanotherapy with cerium exhibits outstanding oxidative and reductive capabilities, 
facilitating reversible conversion between Ce4+ and Ce3+ to transform H2O2 into •OH. Similar to Cu2+, Ce4+ also 
accelerates GSH consumption through redox reactions, thereby diminishing its efficacy in scavenging •OH. Additionally, 
external energy fields like heat and ultrasound adjunctively enhance the Fenton/Fenton-like reaction for boosting ROS.159

Immunogenic cell death (ICD) is recognized as a programmed form of cellular demise that provides a significant 
theoretical framework for tumor immunotherapy. Cheng M et al devised a straightforward, one-step strategy for 
synthesizing multifunctional copper-cerium oxide NPs (mCu&Ce) featuring mesoporous nanostructures. After encapsu
lating ICG and surface grafting with RGD (Arg-Gly-Asp) peptide, this nanoplatform accurately targets osteosarcoma and 
triggers the release of ICG, copper, and cerium ions within the TME (pH = 6.5). Subsequently, the NPs efficiently 
generate hyperthermia and sequentially enhance •OH production under NIR laser irradiation. This approach enables PTT/ 
CDT both in vitro and in vivo. Furthermore, heat and augmented ROS are critical factors in improving the effectiveness 
of tumor immunotherapy through ICD induction, fostering potent T cell development and triggering a robust immune 
response against osteosarcoma.160 Moreover, the Cu&Ce-based nanoplatform enables accurate early detection of 
osteosarcoma through NIR-II FI and MRI.

The integration of therapeutic and diagnostic modalities, from the initial conceptualization of theranostics to the 
establishment of multifunctional nanoplatforms, offers promising prospects for the precise targeting of tumors. An 
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increasing number of researchers are also continuously developing novel approaches for cancer treatment, such as PTT, 
ferroptosis therapy, sonodynamic therapy, immunotherapy, and gene therapy, all of which hold promising prospects for 
further development.161–164

Summary and Outlook
Molecular imaging provides visual and quantitative support for in-depth tumor research, enabling early diagnosis and the 
potential for precision medicine. The advancements in molecular imaging technologies not only involve the development 
of new techniques but also the research and development of probes/contrast agents. The characteristics of probes/contrast 
agents vary depending on the technology being employed. In recent years, with the maturation of multimodal fusion 
imaging technologies, multimodal imaging has emerged as a significant trend, particularly in the development of 
theranostic probes, which better meet clinical demands and facilitate precision medicine. However, molecular imaging 
still faces numerous clinical challenges, such as the difficulty in standardizing probe preparation, which raises concerns 
about biosafety and increases the pressure of clinical translation. Additionally, the reliability of molecular imaging results 
still requires validation through other diagnostic methods, such as pathology.

To date, nanotechnology has been extensively employed in molecular imaging, with notable advancements in the 
diagnosis and treatment of tumors. Nanotechnology has many potential advantages in molecular imaging applications, 
such as high resolution, targeting, and versatility. With the development and integration of nanotechnology, biomedicine, 
chemical materials science and artificial intelligence, multifunctional nanodrugs with stronger stability, higher safety and 
more precise targeting have emerged. However, nanotechnology has some limitations. For example, nanotechnology is 
still in the development stage in the field of molecular imaging, and some nanoimaging technologies have not yet reached 
the mature level of clinical applications. Most of the current understanding of the distribution and metabolic mechanisms 
of NPs in vivo comes from animal experimental data, and there are very few studies conducted to transplant these 
behaviors into humans. Over the past few years, researchers have devoted significant resources to the application of 
nanomaterials in molecular imaging, with the goal of developing more effective treatments for human diseases.

In the future, we should pay attention to the design and construction of new, efficient, and safe multi-functional 
integrated nanomaterials, and study the distribution, stability, biocompatibility and biotoxicity of nanomaterials in the 
living body to develop suitable nanomolecular imaging probes and enhance imaging quality, thereby ensuring effective 
diagnosis and treatment of tumors. In general, the future development of nanotechnology in molecular imaging 
applications is expected to completely transform the fields of medical diagnosis, treatment, and disease monitoring.
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